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ABSTRACT: The impacts of Criegee intermediates (ClIs) on atmospheric
chemistry depend significantly on the CI conformation. In this Perspective, I
highlight examples of how electronic structure and statistical rate theory
calculations, in conjunction with experiment, have revealed conformation-
dependent details of both CI ground-state reactivity and electronic excitation.
Calculations using single-reference electronic structure methods and conven-
tional transition state theory have predicted that CIs with syn-alkyl or syn-vinyl
substituents isomerize rapidly to vinyl hydroperoxides (VHPs) or dioxoles, both
of which can decompose rapidly under atmospheric conditions. Ongoing
computational research on hydroxyl radical (OH) roaming initiated by VHP
dissociation requires the application of multireference electronic structure
methods and variational transition state theory. CIs that lack both syn-alkyl and
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syn-vinyl substituents undergo either bimolecular reaction or 7* < 7 electronic excitation in the atmosphere. Accurate predictions of
CI ultraviolet—visible spectra require multireference calculations with large active spaces and at least a second-order perturbative
treatment of dynamic electron correlation. The extent to which electronic spectra can be diagnostic of the presence of specific CI

conformers varies significantly with CI chemical identity.

I. INTRODUCTION

In the atmosphere, alkene ozonolysis produces Criegee
intermediates (CIs). Since the 1990s, computation—in
particular, electronic structure and statistical rate theory
calculations—has played a critical role in revealing how CI
reactivity on the electronic ground state depends on
conformation. Computation has also identified CI conformers
whose unimolecular and bimolecular reactivities are both slow
enough to make electronic excitation and photochemistry their
dominant atmospheric fate. In this Perspective, I describe both
historical and recent insights yielded from computation, discuss
both agreements and disagreements with experiment, and
identify current methodological challenges.

Il. CONFORMATIONAL DEPENDENCE OF
GROUND-STATE CRIEGEE INTERMEDIATE
REACTIVITY

IILA. OH Production from Syn-Alkyl Cls. My consid-
eration of conformation-dependent reactivity starts with the
smallest substituted CI, acetaldehyde oxide, CH;CHOO.
Scheme 1 presents the dichotomy in reactivity for the syn (1)
and anti (6) conformers of CH;CHOO.

Seminal quantum chemical studies in 1996 by Gutbrod et al."
and Anglada et al? predicted that, with respect to unimolecular
reactivity, CIs with an alkyl group syn to the peroxy bond (e.g.,
1) preferentially undergo an intramolecular 1,4-hydrogen shift
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(via TS-2) to form vinyl hydroperoxides (VHPs, 3) that often
quantitatively decompose to afford vinoxy and hydroxyl (OH)
radicals (4 + 5).> (We will consider an alternative VHP reaction
pathways in Section IID below.) In contrast, formaldehyde oxide
(CH,00) and CIs with alkyl groups only anti to the peroxy
bond (e.g., 6) preferentially cyclize (via TS-7) to dioxiranes (8).
Early CCSD(T) and MR-AQCC calculations by Cremer et al.*
predicted that 8, in turn, largely isomerizes to carboxylic acids
(9) via open-shell diradical intermediates (not shown). Early
work by Kroll et al.® attributed the ~15% yield of OH from
ethene ozonolysis, which can generate only the parent CI,
CH, 00, to the decomposition of chemically activated 9 to 10 +
S. However, more recent work by Nguyen et al.” employing the
HEAT-345(Q) quantum chemical method” and a two-dimen-
sional (energy and angular momentum) master equation
simulation attributed virtually all of the OH from ethene
ozonolysis to decomposition of primary ozonide diradical
intermediates (not shown).
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Scheme 1. Unimolecular Reactivity of syn-Methyl and anti-
Methyl Criegee Intermediates”
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“Adapted from ref 24. Copyright 2010 American Chemical Society.

Given that OH is the most important oxidant in the
troposphere,” the predicted conformational dependence of CI
reactivity has high atmospheric significance. Conformation-
specific CI syntheses, coupled with infrared (IR) CI excitation
and ultraviolet (UV) OH detection, by Liu et al,”'’ Lu et al,"!
and Fang et al.'”'"’ have provided direct experimental
confirmation of the predictions of significant OH production
from syn-alkyl CI.

Predicting the atmospheric impact of CIs based solely on
conformation-dependent unimolecular reactivity suffices for the
fraction of CI that is formed chemically activated via alkene
ozonolysis. However, as predicted back in 2001 by Kroll et al.,"*
a significant fraction of even small CIs (i.e., Cls containing four
or fewer carbon atoms) is either formed vibrationally “cold” or
experiences collisional stabilization under atmospheric con-
ditions. These stabilized CI (SCI) are susceptible to bimolecular
reactions in the atmosphere, particularly with water'>~"" and
sulfur dioxide."® " In this Perspective, I will focus on the water
reaction. In 2003, Hasson et al.”” provided both experimental
and theoretical evidence that the a-hydroxy hydroperoxide (14,
Scheme 2) formed in the SCI + H,O reaction does not
decompose to afford OH.

Scheme 2. Bimolecular Reactions of Stabilized syn and anti
Criegee Intermediates with Water Monomer®?
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“Numbers in blue are IUPAC-recommended second-order rate
constants (cm® molecule™ s™') at 298 K from Cox et al.”* “Adapted
from ref 24. Copyright 2010 American Chemical Society.

Thus, determining the relative rates of the unimolecular 1,4-
hydrogen shift reaction and the bimolecular hydration reaction
of syn-alkyl Cl is critical for assessing the atmospheric impact of
SCIs. In 2010, Kuwata et al.”* predicted that the syn-methyl SCIs
1, 16a, and 16b (Scheme 3) formed in trans-2-butene ozonolysis

Scheme 3. syn-Methyl-Stabilized Criegee Intermediates
Studied by Kuwata et al.”*
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(in the case of 1) and isoprene (2-methyl-1,3-butadiene)
ozonolysis (in the case of 16a and 16b) will isomerize and
decompose to OH faster than the SCIs will react with water at
typical atmospheric temperatures and H,O concentrations; that
is, the OH yields from trans-2-butene and isoprene ozonolysis
should not depend on relative humidity in the atmosphere.
Subsequent conformer-specific CI hydration kinetics meas-
urements by Taatjes et al,”> experimental and modeling studies
by Novelli et al.,** and highly accurate electronic structure and
transition state theory (TST) calculations by Long et al.”’
largely substantiated the prediction that OH production from
syn-CH3;CHOO is unaffected by the water reaction. More recent

https://doi.org/10.1021/acs.jpca.4c04517
J. Phys. Chem. A XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.4c04517?fig=sch3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c04517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Scheme 4. Fastest Unimolecular Reactions for the Four Conformers of Methyl Vinyl Ketone Oxide Produced in Isoprene

Ozonolysis™”
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“Numbers in green are CBS-QB3 zero-point-corrected electronic energies (kcal mol™), all relative to the energy of 16a, from Kuwata et al®
Numbers in blue are first-order transition state theory rate constants (s7') at 298 K calculated for this article using CBS-QB3 energies, B3LYP/6-
311(2d,d,p) partition functions, and the Eckart tunneling method.*® “Adapted from ref 39. Copyright 2005 American Chemical Society.

experimental work by Robinson et al.”® confirmed that
isomerization of syn-CH;CHOO via a 1,4-hydrogen shift, with
2298 K rate constant of ~150 s, will be faster than its reaction
with water monomer and SO, under atmospheric conditions;
with concentrations of [H,0] and [SO,] typical of the lower
troposphere,” the pseudo-first-order rate constants are <60 s~
and ~0.65 s, respectively. Master equation modeling by
Robinson et al.”*® performed with the MESMER code™
predicted that, were it not for hydrogen-atom tunneling, the
1,4-hydrogen shift rate constant would be only ~5 s at 298 K.
Since we still do not have an experimental value for the rate
constant of the syn-CH;CHOO + (H,0), reaction, we cannot
exclude the possibility that the water dimer reaction could
measurably decrease OH yield under certain atmospheric
conditions, as previously noted by Novelli et al.*®

Work published since the 2010 Kuwata study”* has also
confirmed the contention that the production of OH from
isoprene-derived syn-methyl CI will not be affected by relative
humidity. Using structure—activity relationships, Vereecken et
al.*” estimated that syn-methyl vinyl ketone (MVK) oxide (16a
and 16b, Scheme 3) has a unimolecular rate constant ~1000
times greater than this CI's pseudo-first-order rate constant with
respect to water monomer and dimer in the troposphere, making
both chemically activated and stabilized syn-methyl vinyl ketone
oxide potentially substantial tropospheric OH sources. Sub-
sequent work supported Vereecken et al.’s predictions: Barber et
al.”" combined IR action spectroscopy and RRKM/master
equation simulations to determine that syn-MVK oxide has a
unimolecular decay rate of 33 s™'. Caravan et al.’* used direct
UV—visible absorption spectroscopy to determine an upper
limit for the syn-MVK oxide + H,O reaction rate constant of 4.0
% 107" cm® molecule™ s7!, leading to a pseudo-first-order rate
constant of <10 s™". With respect to the atmospheric fate of syn-
MVK oxide, it is important to note that its unimolecular loss rate
is ~5 times slower than that of syn-CH;CHOO, making syn-
MVK oxide more prone to photodissociation than syn-
CH;CHOO, as noted by Caravan et al.>* This would attenuate

the OH yield from syn-MVK oxide. We will consider the
electronic excitation of MVK oxide in Section IIIC below.

I.B. Cyclization and Hydration Reactions of anti-Alkyl
Cls. The atmospheric chemistry of anti-CI is fundamentally
different from that of syn-CI. First, the anti conformers react
much faster with water. Multiple quantum chemical studies
using CCSD(T) theory with triple-{ basis sets’ > and the
MCG3 method™* (a QCISD(T)-based composite method
designed by Lynch and Truhlar®®) all predicted an activation
barrier for the anti-CH;CHOO + H,0 reaction 6—7 kcal mol™
lower in energy than the barrier for the syn-CH;CHOO + H,0
reaction. Kuwata et al.”* attributed this difference in barrier
heights both to the lower steric hindrance against the approach
of the H,O to anti-CH;CHOO and to the loss of homoaromatic
stabilization in syn-CH;CHOO®*® as the syn conformer
distorts from planarity to interact with H,O. This barrier height
difference is the main reason that anti-CI reacts several orders of
magnitude faster with water than does syn CI (see Scheme 2
above). Based on an extensive structure—activity relationship
analysis, Vereecken et al.’’ concluded that, for typical alkyl
substituents, the loss of anti-CI in the atmosphere due to
dioxirane formation (Scheme 1 above) has a rate constant of
~50 s~', while atmospheric loss of anti-CI due to reaction with
water monomer has a pseudo-first-order rate constant of ~7000
s™'. Thus, CIs with a syn-hydrogen and an anti-alkyl substituent
will not be a significant source of carboxylic acid (via dioxirane)
in the atmosphere.

Scheme 4 presents the fastest unimolecular reaction pathway
for each of the four conformers of MVK oxide. The atmospheric
fate of anti-methyl MVK oxide (conformers 16¢c and 16d) is
fundamentally different from the fate of anti-CH;CHOO due to
the presence in 16c and 16d of a syn-vinyl group. As first
predicted by Kuwata et al”’ on the basis of CBS-QB3
calculations (energies in Scheme 4), the lowest-barrier isomer-
ization process for MVK oxide is a 1,5-electrocyclization (via
TS-214d) to dioxole (22d), with a activation barrier of only 11.0
keal mol™! with respect to the anti-cis CI conformer (16d).
Kuwata et al. also reported RRKM/master equation simulations
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Scheme 5. Fastest Unimolecular Reactions for the Four Conformers of Methacrolein Oxide Produced in Isoprene Ozonolysis™”
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“Numbers in green are CBS-QB3 zero-point-corrected electronic energies (kcal mol™"), all relative to the energy of 23¢, from Kuwata and Valin.*®
Numbers in blue are first-order transition state theory rate constants (s_l) at 298 K calculated for this article using CBS-QB3 energies, B3LYP/6-
311(2d,d,p) partition functions, and the Eckart tunneling method.* bAdapted with permission from ref 46. Copyright 2008 Elsevier.

Scheme 6. Eight Conformers of 2-Butenal Oxide™?
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“The three-character stereochemical labels indicate the following: The first character indicates if the C=C and C=0 bonds are cis or trans. The
second character indicates if the geometry around the C=0 bond is E or Z. The third character indicates if the geometry around the C=C bond is
E or Z. "Numbers in green are CCSD(T)-F12b/ cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ zero-point-corrected electronic energies (kcal mol™?), all
relative to the energy of 28-cZE, from Hansen et al."” “Adapted from ref 47. Copyright 2022 American Chemical Society.

(using Barker’s MultiWell code*”*') of the chemically activated existence of a number of radical-forming decomposition
fraction of MVK oxide formed in isoprene ozonolysis. These pathways for the chemically activated dioxole, pathways that
simulations indicated that the barrier for rotation of the vinyl were confirmed in multiplexed photoionization mass spectro-
group in the anti-methyl MVK oxide (~8 kcal mol™" according metric (MPIMS) measurements by Vansco et al."* In sum, the
to CBS-QB3) is low enough for virtually all of the chemically major atmospheric fate of anti-MVK oxide is unimolecular
activated anti-trans conformer (16c) to convert to the anti-cis isomerization and decomposition, not photodissociation. In
conformer (16d) and then cyclize irreversibly to 22d. Thus, contrast, syn-MVK oxide conformers isomerize 3 orders of
formation of dioxirane 20c is negligible. More recent computa- magnitude slower than the anti conformers, making electronic
tional work by Barber et al.’' confirmed the kinetic favorability excitation and photodissociation of the syn conformers a major
of dioxole formation, predicting a barrier for Reaction 4 atmospheric fate.*
(Scheme 4) of 15.06 kcal mol™ using the highly accurate The MVK oxides discussed thus far arise from addition of O,
ANLO-B2F composite method.* Barber et al. also predicted the to the isoprene 1,2-double bond. Addition of Oj to the isoprene
D https://doi.org/10.1021/acs.jpca.4c04517
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3,4-double bond produces methacrolein (MACR) oxide
(conformers 23a, 23b, 23c, and 23d in Scheme 5). Scheme 5
shows the fastest unimolecular reaction pathway available to
each of the four MACR oxide conformers. Unlike MVK oxide,
none of the MACR oxide conformers is capable of a 14-
hydrogen shift leading to a VHP; the only low-barrier pathways
are formation of dioxole 25a (via TS-24a) and formation of
dioxirane conformers 27b and 27d (via TS-26b, TS-26¢, and
TS-26d). In 2008, Kuwata and Valin*® reported the CBS-QB3
energies shown in Scheme 5, predicting that Reaction S, dioxole
formation, has a barrier of only 11.9 kcal mol™.

Kuwata and Valin*® used MultiWell*>*' to perform RRKM/
master equation simulations of the chemically activated MACR
oxides formed in isoprene ozonolysis. At 1 atm pressure, all of
the chemically activated syn conformers (23a and 23b) formed
dioxole 25a, indicating facile conversion of the syn-trans CI to
the syn-cis conformer. More recently, Vansco et al.** provided
experimental confirmation of the kinetic favorability of the
dioxole pathway, reporting the detection via MPIMS* of
multiple species derived from the decomposition of 25a. The
TST first-order rate constants noted in Scheme S show that the
anti-MACR oxide conformers isomerize roughly 3 orders of
magnitude slower than the syn-cis conformer. Thus, we expect
electronic excitation and subsequent photochemistry to play
much larger roles in determining the atmospheric fate of the
anti-MVK oxide conformers.

Il.C. Ongoing Challenges: Multiple CI Conformations.
As presented above, the synergy of theory and experiment has
provided a rigorous and conformer-specific understanding of the
unimolecular and bimolecular chemistry of MVK oxide and
MACR oxide. One outstanding challenge is to achieve the same
level of chemical understanding for CIs with even more
conformational forms. In this regard, a logical system to
consider is the structural isomer of MVK oxide and MACR
oxide; namely, 2-butenal oxide, which possesses eight con-
formers. Scheme 6 presents these conformers along with their
stereochemical labeling and relative stabilities as reported by
Hansen et al.*’

With the increase in conformational complexity also comes a
new reactive pathway arising from the presence of C—H bonds
in 28 that are both allylic to the C=C bonds and gamma to the
carbonyl oxide C. Specifically, Vereecken et al.””** predicted
that structures like 28-¢ZZ can undergo a rapid 1,6-hydrogen
shift (via TS-29 in Scheme 7) to form a VHP (30). Vereecken et
al. estimated the hydrogen-shift barrier in syn-2-butenal oxide
(28-cZZ) to be 8.5 kcal mol™' lower in energy than the
hydrogen-shift barrier in syn-acetaldehyde oxide (1). Compared
to the five-membered ring of TS-2, the seven-membered ring of
TS-29 has much less ring strain and a nearly linear C--H--O
bond angle.*” The dramatically lower activation barrier leads to a
thermal (298 K) rate constant for the 1,6-hydrogen shift of 28-
¢ZZ that is 4 orders of magnitude higher than for the 1,4-
hydrogen shift of 1. This, in turn, leads to a predicted rapid
formation of OH ($) along with the vinoxy radical coproduct
(31).

Hansen et al.*’ provided both explicit experimental
confirmation of, and conformational specificity to, the predicted
1,6-allylic hydrogen shift. Using a combination of isomer-
specific synthesis, IR excitation of the 2-butenal oxide C—H
stretches, and time-dependent UV detection of OH, in
conjunction with high-level ANLO-B2F calculations,*” the
authors determined that OH formation is triggered by excitation
of the more stable (see Scheme 6 above) 28-tZZ conformer; the

Scheme 7. Intramolecular H-Atom Abstractions from an
Alkyl vs an Allyl Group”
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16.8

~100% yieldl l~100% yield
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“Numbers in green are CCSD(T)//M06-2X/ aug-cc-pVTZ zero-
point-corrected reaction barriers (kcal mol™), both with a + 0.4 kcal
mol™! correction, from Vereecken et al.** Numbers in blue are first-
order transition state theory rate constants (s™') at 298 K calculated
using the barriers in green, M06-2X/aug-cc-pVTZ partition functions,
and the Eckart tunneling method.*

excitation allows it to interconvert to 28-cZZ, which has the
requisite geometry to undergo the 1,6-hydrogen shift. The
ANLO-B2F energetics, combined with the use of the Master
Equation System Solver (MESS) code,*® leads to an effective
thermal rate constant for OH formation from 2-butenal oxide
(via the pathway in Scheme 7) of 8 X 10° s™ at 298 K. Thus,
under atmospheric conditions, the lifetimes of the 28-cZZ and
the 28-tZZ conformers should be extremely short. Moreover,
based on the 2-butenal oxide energetics reported by Hansen et
al,*” and in analogy with MVK oxide and MACR oxide results
considered above, we would also anticipate short lifetimes for
the 28-tZE and the 28-cZE conformers. This is because 28-cZE
can rapidly cyclize to a chemically unstable dioxole and there is a
modest barrier for the interconversion of 28-tZE and 28-cZE.
Therefore, we would expect UV—visible excitation and photo-
dissociation to dominate the atmospheric fates of the less
reactive anti conformers (28-cEZ, 28-tEZ, 28-tEE, and 28-cEE).
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Scheme 8. Criegee Intermediates Generated in @-Pinene Ozonolysis
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Scheme 9. Unimolecular Reactions of the 1-Methyl Vinyl Hydroperoxide with Roaming Transition Structures in Red™"
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bAdapted from ref 68. Copyright 2018 American Chemical Society.
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2-Butenal oxide is perhaps the largest CI for which it is
reasonable to locate and optimize all conformers manually.
Calculations on larger CIs, such as those formed in the
ozonolysis of the atmospherically abundant a-pinene®"* (34a,
34b, 34c, and 34d in Scheme 8), almost necessarily require
some automatic generation of conformers. Studying Cls of this
size and conformational complexity is necessary to gain a better
understanding of the formation of atmospheric aerosols,>’
which have large impacts on climate®* and human health.>

A noteworthy conformational-searching approach by the
Kurtén laboratory is to use either the molecular mechanics
engine in Spartan®® or the semiempirical tight-binding methods
in CREST*"*® to generate all possible conformers of a
covalently bonded framework, optimize all of these conformers
with an inexpensive density functional theory (DFT) model
chemistry, and then reoptimize a subset of the DFT-optimized
structures within a certain energy of the ground-state conformer
with a more accurate model chemistry. One can treat transition
structures and noncovalent complexes with the same approach
by performing the initial screening with appropriately frozen
atom—atom distances. This automated approach has been

successful in modeling experimental results from studies of the
formation of highly oxygenated molecules in a-pinene
ozonolysis®” and the reaction of isoprene and terpenes (all
with molecular formula C,oH,¢) with acylperoxy radicals.®’

I.D. Ongoing Challenges: Dissociation vs Roaming of
the OH from the VHP. Theoretical treatments of the
unimolecular and bimolecular reactions of the smaller Cls
discussed in sections IIA and IIB have been methodologically
accessible in that the use of single-reference electronic structure
methods (with extrapolations to complete-basis-set limits),
RRKM theory for calculating microcanonical rate constants, and
the simple Eckart method to model tunneling have produced
predictions in excellent agreement with experiment. However,
more technically demanding multireference electronic structure
and variational TST methods are proving necessary for the
accurate modeling of the unimolecular reactivity of VHPs.

For decades, there has been experimental evidence suggesting
that some fraction of the VHP formed in alkene ozonolysis
rearranges to a hydroxycarbonyl under certain conditions.’’ ~**
Definitive observation by Taatjes et al.”® of hydroxyacetone
formation from the dimethyl CI (43 in Scheme 9) along with
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theoretical insights from Kurtén and Donahue,66 Kidwell et al.,67
and Kuwata et al,,*® established the key mechanistic features of
unimolecular VHP (37a and 37b) reactivity, as shown in
Scheme 9.

Consistent with the definition of roaming by Suits,”” in the
VHP system, the dissociation of the OH radical is “frustrated” by
its attraction to the vinoxy radical (44), resulting in shallow
radical pair minima 40a and 40b. The long-range nature of the
radical—radical interaction gives the OH freedom to roam along
a flat potential either between different conformers of the radical
pair (via TS-41) or toward the other radical center (via TS-42a)
to form hydroxyacetone (43). The atmospheric significance of
roaming is that it has the potential to reduce the OH yield from
syn-alkyl CIs. Roaming is not strictly confined to the minimum
energy path defined by the submerged (relative to free vinoxy
and OH radicals) saddle points TS-41 and TS-42a, but, as
rigorously demonstrated by Klippenstein et al,,’” a statistical
model of roaming can predict branching fractions in excellent
agreement with trajectory-based simulations.

In their 2018 study, Kuwata et al.® performed statistical rate
theory simulations of the mechanism in Scheme 9 for both
chemically activated and thermalized 35. Multiwell**”*
simulations of chemically activated 35 predicted only two
possible outcomes: dissociation to 44 + § or collisional
stabilization of 35. In contrast, MESMER* simulations of
thermalized 35 predicted not only dissociation to 44 + S, but
also formation of 43 and temporary accumulation of the VHP
(37a + 37b); branching to the latter two outcomes increased
with decreasing temperature.

More recently, the Klippenstein laboratory has provided
detailed theoretical descriptions of roaming in the vinoxy—OH
systems derived from MVK oxide,”' the methyl—ethyl CI,”*"°
and the CIs formed in a-pinene ozonolysis.”” These studies,
which focus on VHPs formed from thermalized CIs, illustrate
state-of-the-art approaches in computational treatments of VHP
roaming.

The first methodological challenge is the participation of
numerous open-shell-singlet (OSS) species (e.g., TS-39a, TS-
39b, 40a, 40b, TS-41, and TS-42a in Scheme 9 above) whose
electronic structure can be significantly multireference in
character. Klippenstein’s approach is to apply a high-level, but
nevertheless single-reference, electronic structure method such
as CCSD(T)-F12 to all species in the mechanism, treating each
OSS as a triplet (obtaining energy *E). The next step is to use a
multireference method to calculate the singlet—triplet energy
gap (obtaining energy AEg 1) for each OSS species. One then
obtains an accurate estimate for the OSS energy with the
expression E(OSS) = °E + AEg 1. The virtue of this approach is
that, as demonstrated by Pfeifle et al,”® one can use a
significantly lower level of multireference electronic structure
theory to predict an accurate AEg_ 1 than one would need to use
if he were computing E(OSS) directly. The study of VHPs
formed from the methyl—ethyl CI’° confirms the same
methodological finding: using a (3,3) active space and
extrapolations to the complete-basis-set limit, the mean average
deviation between CASPT2 and the MRCI+Q_predictions of
AEg 1 is only 0.14 kcal mol ™. Being able to use a multireference
method with a lower level of dynamic electron correlation like
CASPT?2 has made possible Klippenstein and Elliott’s”” accurate
modeling of the C;, VHPs derived from a-pinene ozonolysis.

The second methodological challenge is the accurate
treatment of roaming kinetics. There are multiple loose
transition states in the roaming region of the potential energy

surface and there is still ambiguity about the choice of statistical
model. The Klippenstein laboratory uses variable reaction
coordinate-transition state theory (VRC-TST)””* for loose
transition states in conjunction with the MESS master equation
code,” which automatically invokes the statistical model of
roaming formulated by Klippenstein et al.”* The methyl—ethyl
CI study by Liu et al.”” does an excellent job of illustrating how
predicted branching fractions depend on assumptions about the
relative rates of dissociation on the ground state vs coupling of
ground and excited electronic states as well as whether or not to
assume rapid roaming; that is, instantaneous equilibrium of
different radical pair conformers. Another practical option for
treating loose transition states is the ktools variational transition
state theory code®’ incorporated into Barker’s MultiWell master
equation package.””"

lll. RECENT COMPUTATIONAL STUDIES OF CRIEGEE
INTERMEDIATE ELECTRONIC EXCITATION

lll.LA. Benchmarking against the Parent Cl Experimen-
tal Spectrum. Thanks to the synergy of experiment and theory,
we now have a firm understanding of the impact of conformation
on (smaller) CI unimolecular and bimolecular reactivity in the
ground electronic state. It is therefore appropriate now for
theorists to focus more on the role of electronic excited states in
determining the atmospheric fate of CIs. Guided by experiment,
theorists have been seeking to capture the conformational
dependence of the UV—visible absorption spectrum and
photodissociation to carbonyl and O atom moieties caused
principally by excitation to the B'A’ state, a 7* « 7 transition
that dissociates the Criegee’s O—O bond.* In this Perspective, I
will restrict my discussion to predictions of absorption spectra. I
focus on recent work by Nikoobakht and Karsili, starting with
their treatments of the UV—visible spectrum of the smallest ClI,
CH,00, and then describing how they extend their method-
ologies to larger CIs that can adopt more than one conformer.

Nikoobakht has published several computational studies of CI
UV—visible spectroscopy. In their 2021 study of CH,0O0,
Nikoobakht and Képpel®* posited four keys to accurate
modeling of CI electronic spectroscopy and excited state
dynamics: (1) using an electronic structure method that
explicitly treats both static and dynamic electron correlation,
(2) a quantum-mechanical treatment of wavepacket dynamics,
(3) quantifying how CI UV—visible spectra depend significantly
on wavepacket dynamics along more than the O—0 dissociation
coordinate (R(O—0)), and (4) treating more than the ground
X'A’ and the B'A’ excited electronic state. Specifically, in
modeling CH,00, Nikoobakht and Koppel used the MRCI+Q-
F12b(18,14)/aug-cc-pVTZ (and the EOM-CCSD/aug-cc-
pVTZ) model chemistries to compute electronic excited state
potentials, the Multi-Configuration Time Dependent Hartree
(MCTDH) approach®™ to describe wavepacket propagation,
computed electronic structure and dynamics as a function of
both R(O—0) and the C—O—0 bond angle (§(C—0-0)),
and treated coupling between the B'A’ and C'A’ electronic
excited states. The active space used in their MRCI calculations
comprised all of the valence electrons and orbitals in CH,00. A
subsequent study of CH,OO by Nikoobakht and Koppel®®
tested a explicitly correlated multireference method, CASPT2-
F12, that, unlike MRCI+Q-F12b, treats dynamic electron
correlation only to second order.*” This follow-up study also
incorporated three CH,0O internal coordinates: R(O—0),
0(C—0-0), and the C—O distance, R(C—0).
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Figure 1. Top and side views of the 7* molecular orbital populated upon UV excitation of the (a) syn and (b) anti conformers of CH;CHOO. Note
that the syn conformer has a through-space 7* interaction between the terminal O and the out-of-plane methyl Hs, while the anti conformer lacks this
destabilizing interaction. The probability contours shown are from HEF/STO-3G calculations conducted by the author.

Karsili and co-workers have also published several computa-
tional studies of Criegee intermediate UV—visible spectroscopy,
taking a more affordable approach than that of Nikoobakht and
Koppel. In their 2021 study of CH,00, McCoy, Marchetti,
Thodika, and Karsili (McCoy et al.**) proposed the following
methodology: (1) using lower levels of ab initio theory than
MRCI+Q_along with calibrated variants of time-dependent
density functional theory (TDDFT), (2) eschewing an explicit
quantum-mechanical treatment of dynamics, and (3) sampling a
large set of distortions of the ground-state equilibrium geometry
via a nuclear ensemble method. Specifically, McCoy et al.*®
tested CASPT2-F12/aug-cc-pVDZ with (12,10) and (10,8)
active spaces; they also tested TDDFT with the @B97X-D and
CAM-B3LYP functionals and the 6-311+G(d,p) basis set.
McCoy et al. used these electronic structure methods to
calculate the excitation energies and transition dipoles for a
Wigner distribution of ground-state geometries89 (i.e., distorting
the ground state equilibrium geometry along all 3N — 6 normal
modes). The CASPT?2 active spaces used by McCoy et al. were
both smaller than that used by Nikoobakht and Koppel.**

Overall, both Nikoobakht and Képpel®* and McCoy et al.**
successfully reproduced the experimental UV—visible absorp-
tion spectrum of CH,OO as reported by Beames et al,”’
Sheps,91 Ting et al,,”” and Foreman et al.”® In the Nikoobakht
and Koppel work, the MRCI+Q vertical excitation energy (3.75
to 3.83 eV, depending on the active space) and peak width (~70
nm full-width at half- maximum) agree best with the measure-
ments of Beames et al.”’ The EOM-CCSD vertical excitation
energy of 4.01 eV is significantly higher than experiment,90_92
which suggests that an explicit treatment of static electron
correlation, which is missing from EOM-CCSD theory, is
necessary for quantitative accuracy. With respect to dynamics,
Nikoobakht and Koppel acknowledged that the simpler
treatment of Dawes et al.”* also agreed well with experiment.
(Dawes et al. predicted the CH,00O UV—visible spectrum based
upon Heller’s™ short-time-scale excited wavepacket propaga-
tion on the adiabatic B-state potential energy surface, which is
highly repulsive in the Franck—Condon region.) Like
Nikoobakht and Képpel,** McCoy et al.* also achieved the
best agreement with the experimental vertical excitation energy

of Beames et al.;”* the agreement with the peak width of Beames
et al. is a somewhat fortuitous consequence of an arbitrarily
chosen broadening factor. The CASPT2(12,10) predictions
agreed with experiment slightly better than CASPT2(10,8) and
MRCI(10,8), which suggests that a more complete treatment of
static electron correlation, achieved with a larger active space, is
more important for quantitative accuracy than the level of
treatment of dynamic electron correlation, which is greater for
MRCI than for CASPT2.”° (However, at least some treatment
of dynamic electron correlation greatly enhances the accuracy of
predicted excitation energies, as demonstrated by CASSCF vs.
MRCI+Q calculations for the 7* « x transition in CH,00 by
Takahashi.””) The wavelength of maximum absorbance (4,,,)
values for the @B97X-D and CAM-B3LYP spectra were both at
~275 nm, ~ 75 nm to the blue of the experimental 4, values.
Thus, shifting the TDDFT spectra ~0.7 eV to the red brought
them into agreement with experiment.

The most obvious difference in the Nikoobakht and
Koppel***° and McCoy et al.*® predictions was the treatment
of vibrational structure in the low-energy side of the peak
observed by Sheps,”’ Ting et al,”> and Foreman et al.”
Nikoobakht and Koppel predicted vibrational progressions due
both to the O—O stretching and the C—O—0O bending modes of
roughly the same spacing as experiment (~0.08 €V and ~0.07
€V, respectively). They attributed the vibrational structure to the
reflection of the wavepacket at the barrier created by the avoided
crossing (at R(O—0) =~ 2.1 A) between the B and C states. A
one-dimensional model based only on R(O—O) accurately
predicted the locations of the observed vibrational peaks, while
inclusion of the (C—0-0) and R(C—O0) coordinates
predicted fine spectral features not currently resolvable by
experiment. It is also noteworthy that the vibrational features
predicted using CASPT2-F12 theory agreed far better with
experiment that the features predicted by MRCI+Q-F12b
theory. The nuclear ensemble method used by McCoy et al.
cannot reproduce the observational vibrational structure, but the
authors contended that the computational efficency of the
method, if coupled with a highly accurate or calibrated electronic
structure method, can predict peak locations and photo-
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absorption cross sections accurate enough to guide experimental
exploration and interpretation.

lll.B. Conformational Dependence in the Cl UV-
Visible Spectra of CH;CHOO. In their aforementioned 2021
article on CH,00, McCoy, Marchetti, Thodika, and Karsili*®
also predicted UV—visible absorption spectra for the syn and anti
conformers of CH;CHOO (1 and 6, Scheme 1 above). As they
found for CH,00, McCoy et al.** found that the CASPT2-
(12,10)/aug-cc-pVDZ model chemistry outperformed MRCI-
(10,8)+Q_theory in predicting CH;CHOO spectra that agree
quite well with the experimental syn and anti spectra of Sheps et
al.”® and reasonably well with the syn spectrum of Smith et al.”
and of Beames et al.'”’ Based on EOM-CCSD/6-311++G(d,p)
calculations, Beames et al. predicted that syn-CH;CHOO would
be more destabilized by UV excitation than anti-CH,CHOO
due to greater antibonding 7* interactions in the B state between
the methyl group and the carbonyl oxide group in the syn
conformer. Figure 1 provides a qualitative depiction of this
argument.

The higher energy of the B state in syn-CH;CHOO, coupled
with the greater stability of ground-state syn-CH;CHOO due to
7 stabilization between the methyl group and the terminal O,”
can account qualitatively for the syn-CH;CHOO absorption
peak’s being ~50 nm to the blue of the anti-CH;CHOO
absorption peak.”® The relatively efficient nuclear ensemble
method, coupled with the CASPT2(12,10)/aug-cc-pVDZ
electronic structure method, successfully predicted the differ-
ence in the syn and anti UV—visible absorption peaks. It is also
noteworthy that the same —0.7 eV shift that brought TDDFT
and experimental UV—visible spectra for CH,OO into agree-
ment also successfully corrected the TDDFT spectra of syn- and
anti-CH;CHOO.

lIl.C. Predicted UV-Visible Spectra of Isoprene-
Derived Cls. The presence of vinyl substituents in MVK
oxide and MACR oxide makes the electronic excitation of these
CIs more atmospherically relevant and theoretically richer. First,
the presence of the vinyl groups shifts the 7™ « 7 absorption of
the carbonyl oxide moieties to longer wavelengths.'”" This
increases the overlap of the CI absorption envelopes with the
solar spectrum, making O—O photodissociation a potentially
important limiter of CI atmospheric lifetime.'®* Second, the
vinyl group doubles the number of MVK oxide and MACR oxide
conformers compared to CH3;CHOO. Thus, there is the
potential for the UV—visible spectra to reveal the presence of
up to four conformers of each of the isoprene-derived Cls.
Finally, the vinyl group orientation in the anti-methyl MVK
oxide conformers (Scheme 4 above) and the syn-MACR oxide
conformers (Scheme S above) makes possible the rapid
formation of dioxoles®*® and their subsequent decomposi-
tion,"* thereby enhancing the contributions of syn-methyl MVK
oxides and anti-MACR oxides to the observed UV—visible
spectra.

With this context in mind, let us consider how Karsili and
Nikoobakht modeled the UV—visible spectra of the four
conformers of MVK oxide (Scheme 10).

In 2022, McCoy, Léger, Frey, Vansco, Marchetti, and Karsili
(McCoy et al'”®) computed vertical excitation energies and
transition dipole moments for a Wigner distribution of
geometries on the ground state potential energy surface; that
is, the nuclear ensemble method. McCoy et al. computed the
requisite electronic structure data with CASPT2(12,10) theory
and the aug-cc-pVDZ basis set, as well as with TDDFT with the
CAM-B3LYP functional and the 6-311+G(d,p) basis set. The 10

Scheme 10. Four Conformers of Methyl Vinyl Ketone Oxide
Produced in Isoprene Ozonolysis”
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16a 16b 16¢c 16d
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0.00 1.76 2.57 3.05

“Relative energies (0 K, kcal mol™) as reported by Barber et al.*'
based on a modified version of ANLO-F12 theory."

orbitals in the CASPT?2 active space comprised the 6/6* and 7/
7% orbitals associated with the carbonyl oxide and vinyl groups.
McCoy et al. also tested (10,8) and (8,6) active spaces.

The spectrum predicted for the syn-trans conformer of MVK
oxide with CASPT2(12,10) theory agreed well with the 4,
values and widths of UV—visible spectra collected under two
rather different experimental conditions: a 298-K sample
measured via UV—visible direct absorption by Caravan et al.*”
(Amax ® 370 nm) and a jet-cooled sample measured via depletion
of the MVK oxide ion signal (at m/z = 86) created by 118 nm
vacuum-UV radiation by Vansco et al.'”® (4, & 390 nm). The
TDDFT syn-trans spectrum, shifted to the red by the same
correction term (~0.7 eV) found for CH,00 and
CH;CHOO,*® also agreed well with experiment. The syn-trans
UV—visible spectra predicted with the smaller (10,8) and (8,6)
active spaces were shifted 50—100 nm to the red of the
experimental spectra, indicating the importance of a sufficiently
large active space for quantitative accuracy.

The spectra predicted by McCoy et al.'*” for the other three
MVK oxide conformers were all 50—100 nm to the red of that
predicted for the syn-trans conformer and did not match the
experimental spectra of Vansco et al.'* and Caravan et al.** It is
reasonable that in both experiments, the most abundant form of
MVK oxide was the ground state syn-trans conformer. Based on
the relative energies reported in Scheme 10, McCoy et al.
predicted that at 250 K, 96% of MVK oxide would be in the syn-
trans form. Moreover, the relatively long lifetime of syn-trans
(16a, Scheme 4 above) with respect to unimolecular reaction is
consistent with its high relative abundance in the spectroscopy
experiments. The Vansco et al. spectrum, with a peak ~20 nm to
the red of the Caravan et al. spectrum, may reflect the presence
of less stable MVK oxide conformers in the Vansco experiment.
Significant populations of these conformers could have been
generated during photolysis of the diiodoalkene precursor and
“locked in” by the subsequent supersonic expansion, giving rise
to a non-Boltzmann distribution of conformers.

I now consider the treatments of the MVK oxide UV—visible
spectrum by Nikoobakht.'”*™'°° An initial study in 2022'**
followed the same rigorous quantum dynamics approach taken
in the 2021 CH,OO study,** but the only electronic structure
method used was EOM-CCSD/aug-cc-pVDZ. Nikoobakht’s
spectrum for the syn-trans conformer agreed best with the
spectra measured by Vansco et al.'"” and Caravan et al;>* this
conformer-specific agreement was consistent with the theoreti-
cal findings of McCoy et al."** Nikoobakht also predicted that all
four conformers possess a strong avoided crossing between the
B'A’ and C'A’ states, leading to barriers of 5.8—6.0 eV along the
R(O—-0) coordinate of the B state potential. As described above
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for the Nikoobakht and Koppel CH,00 spectrum,** these
barriers cause reflection of the wavepacket on the B potential,
giving rise to vibrational progressions with peak spacings of
~0.07 eV. However, for the MVK oxide spectrum, the predicted
vibrations were attributed to excitations of the C—O-0O
bending mode, not the O—O stretching mode. Neither the
Vansco et al. nor the Caravan et al. spectrum exhibited any
unambiguous vibrational structure.

Nikoobakht’s subsequent 2023 study of MVK oxide'*>'*®
took the same quantum dynamics approach combined with the
RS2C(12,10)/aug-cc-pVDZ model chemistry. (RS2C is, like
CASPT?2, a version of second-order multireference perturbation
theory.'””) Nikoobakht's main argument for using a multi-
reference electronic structure method, in contrast to EOM-
CCSD, was the need for more accurate calculations of electronic
energies at values of R(O—0) far from the equilibrium bond
length in ground-state MVK oxide. Compared to the EOM-
CCSD calculations, the RS2C(12,10) calculations predicted
significant red shifts in each of the conformer-dependent
spectra, from ~—20 nm for anti-cis to ~—70 nm for anti-trans.
Overall, the RS2C(12,10) spectra of the syn-cis and syn-trans
conformers agreed best with the experimental spectra of Vansco
etal.'” and Caravan et al.** as well as with a more recent room-
temperature UV—visible spectrum measured by Lin et al.'*® via
depletion of MVK oxide absorption at 352 nm. The RS2C-
(12,10) calculations also predicted pronounced vibrational
structure for the spectra of all four conformers due to excitations
of the O—O stretching and the C—O—0O bending vibrations.
These spectroscopic features are not evident in the experimental
spectra reported to date.*>'%'%®

Taking a step back, UV—visible spectroscopy with accurately
measured absorption cross sections has the potential to be an
effective way to quantify specific conformers of MVK oxide.'*
Based on the locations of absorption maxima, according to the
predictions of McCoy et al,'”* one could readily selectively
detect the syn-trans and anti-cis conformers, while there is
significant spectral overlap for anti-trans and syn-cis. In contrast,
Nikoobakht'” predicted well-separated absorption maxima for
the anti-cis and anti-trans conformers, with significant spectral
overlap for syn-cis and syn-trans.

I next consider the UV—visible spectroscopy of the four
conformers of MACR oxide (Scheme 11).

McCoy, Léger, Frey, Vansco, Marchetti, and Karsili (McCoy
etal.)'*” applied the same methodology to MACR oxide as they
applied to MVK oxide. Unlike the predicted UV—visible spectra
for the MVK oxide conformers, the predicted spectra for the
MACR oxide conformers overlapped considerably, with the 4.,

Scheme 11. Four Conformers of Methacrolein Oxide
Produced in Isoprene Ozonolysis”
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“Relative energies (0 K, kcal mol™") as reported by Vansco et al.'%
based on a modified version of ANLO-F12 theory.”

values for the syn-cis, syn-trans, and anti-trans conformers all
being ~400 nm; 4, for the anti-cis conformer is ~440 nm. The
predicted syn-cis, syn-trans, and anti-trans spectra all agreed
reasonably well with the experimental UV—visible spectra
recorded by Vansco et al."”” (for a jet-cooled sample measured
via depletion of MACR oxide ionized at 118 nm) and by Lin et
al."'® (for a thermalized sample at 298 K measured by direct
absorption). Given the short lifetimes of the syn-MACR oxides
with respect to dioxole formation (Scheme S above), it is
reasonable to assume that the most abundant MACR oxide
conformer in the Vansco and Lin experiments was anti-trans.
One feature of the Vansco et al. spectrum that McCoy et al.
could not capture was the weak oscillations, spaced by ~850
cm™, in the long-wavelength side of the absorption peak.
Vansco et al. attributed the oscillations to vibrational resonances
associated with the O—O stretching mode, among other normal
modes, in the MACR oxide. It would be illuminating to model
the MACR oxide UV-—visible spectra with the quantum
dynamics approach of Nikoobakht and see if the oscillation
pattern can be replicated.

ll.D. Predicted UV—Visible Spectra of Other Cls. While
the combination of the Multi-Configuration Time Dependent
Hartree (MCTDH) approach® to quantum dynamics and the
RS2C electronic structure method did not provide the most
accurate model of the MVK oxide UV—visible spectrum, this
approach was quite successful in modeling the spectrum of 1-
propanal oxide, CH;CH,CHOO (Scheme 12).

Scheme 12. Three Conformers of 1-Propanol Oxide”

H H39 ’ H O
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“Numbers in green are CBS-QB3 zero-point-corrected electronic
energies (kcal mol™"), all relative to the energy of 45a, calculated for
this article. In the stereochemical labels, anti and gauche characterize
the relative orientation of the C—C and the C=0O bonds.

In 2023, Nikoobakht and Koppel''' reported theoretical
spectra of both the more stable conformer of syn-
CH,CH,CHOO (labeled as syn-anti in Scheme 12) and anti-
gauche-CH;CH,CHOO. The predicted syn-CH;CH,CHOO
spectrum a%reed well with the experimental spectrum recorded
by Liu et al."* via depletion of the CH;CH,CHOO as monitored
by the intensity of parent ion which was generated by ionization
at 118 nm. Observation of only syn-CH;CH,CHOO is
consistent with its being the most stable conformer. Notably,
neither the experimental nor the theoretical spectrum, treated
with a dephasing time of 10 fs, had any oscillatory features. The
predicted A, value for syn-anti is ~50 nm to the blue of the
predicted A, value for anti-gauche, which is a manifestation of
the same effect predicted for syn-CH;CHOO and anti-
CH;CHOO discussed above. It would be interesting to predict
the UV—visible spectrum of the syn-gauche conformer and see if
a convolution of the syn-anti and syn-gauche spectra agrees even
better with the experimental spectrum.
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I end by considering the UV—visible spectroscopy predicted
by Wang, Liu, Zou, Sojdak, Kozlowski, Karsili, and Lester (Wang
etal.''?) for the first 7% < 7 transition of the eight conformers of
2-butenal oxide (Scheme 6 above) using CASPT2(14,12)/aug-
cc-pVDZ and the nuclear ensemble method. There is little
variation with conformation in the spectra predicted for the four
lowest-energy conformers: there is significant overlap among the
four spectra and A,,,, values range only from ~380 nm for the
ground-state cZE conformer to ~420 nm for the tZE conformer.
The experimental spectrum was of a jet-cooled sample measured
via depletion of the 2-butenal oxide ion signal created by 118 nm
vacuum-UV radiation. This spectrum had peaks at 343 and 373
nm; the absorbance dropped sharply at short wavelengths (the
half-maximum absorbance was at ~320 nm), but extended
significantly to the red of the 373 nm peak (the half-maximum
absorbance was at ~420 nm). Overall, the spectrum predicted
for the ¢ZE conformer agreed best with the experimental
spectrum for 4 > 350 nm. The only conformer with a predicted
first 7% « 7 vertical excitation energy to the blue of the ¢ZE
conformer was cZZ. The ¢ZZ conformer could help account for
the absorption local maximum at 343 nm; however, it is the least
stable of the eight conformers and the one (Scheme 7 above)
prone to a rapid unimolecular 1,6-hydrogen shift and
subsequent decomposition. It may be instructive to repeat the
experiment under different sets of source conditions; this would
presumably generate different distributions of CI conformers
and corresponding changes in the absorption spectrum.

In conclusion, we see that the UV—visible spectrum of
Criegee intermediates has the potential to be a conformationally
selective method for determining CI concentration. However,
this selectivity naturally decreases as the number of
conformations increases. The ability to assign spectral features
is also contingent on the specific properties of the CI; for
example, the predicted spectra of the four conformers of MVK
oxide differ from one another significantly more than the spectra
of the four conformers of MACR oxide.'”” Tt does not appear
necessary to treat wavepacket dynamics to predict the main
features of CI UV—visible spectra, but an explicit treatment of
quantum effects is of course necessary to model spectra features
such as vibrational progressions.

IV. CONCLUSIONS

Computation has played an essential role in delineating how the
unimolecular and bimolecular reactions of small Criegee
intermediates depend on CI conformation. In conjunction
with state-of-the-art experimental measurements, computation
has predicted that CIs with syn-alkyl groups typically undergo
rapid 1,4-hydrogen shift reactions to form unstable vinyl
hydroperoxides, CIs with syn-vinyl groups undergo very rapid
cyclization reactions to form unstable dixoles, and other Cls
react with water or sulfur dioxide faster than they cyclize to
dioxiranes. Single-reference electronic structure methods
applied to manually located conformers, conventional transition
state theory, and the Eckart tunneling method have been
sufficient to make predictions in excellent agreement with
experiment. However, computational modeling of larger ClIs
that can make significant contributions to atmospheric aerosol
formation will require use of automated conformational
searching methods. Understanding how roaming mitigates
OH production from VHPs will require electronic structure
calculations that include treatments of both static and dynamic
electron correlation as well as a variational treatment of loose
transition states.

Electronic excitation, specifically the (first) 7* « 7 transition,
and subsequent O—O photodissociation are atmospherically
significant for the less reactive conformers of conjugated Cls.
Whether or not an explict treatment of excited-state wavepacket
dynamics is necessary depends on the desired resolution of the
predicted UV—visible absorption spectrum. CASPT2 theory
with large active spaces can generate accurate spectra even with
only double-{ basis sets. A combination of experiment and
theory can be diagnostic for the presence of specific CI
conformers if there is sufficient spectral difference among the
individual conformers.
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