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In a recent article, Nguyen et al.' report the discovery of a
new decomposition pathway for small Criegee intermediates.
Prior to this publication, the lowest known pathway for
decomposition of Criegee intermediates involved ring closure
to form a dioxirane followed by ring opening to make
a methylenebisoxy biradical, which can then isomerize or
decompose via a variety of pathways.”® The new pathway
reported by Nguyen et al.' involves the partial cleavage of the
OO bond of the Criegee intermediate forming nascent H,CO
and O('D) fragments. The O('D) fragment then orbits around
the H,CO fragment in a manner reminiscent of roaming radical
reactions’ and eventually inserts into one of the CH bonds
of the H,CO fragment leading directly to formic acid. They
report saddle point geometries for this pathway determined at
a number of different levels of theory in which the distance
between the oxygen atom and the formaldehyde varies from
20A t035A depending on the level of theory. Density
functional theory (DFT) calculations are found to give more
compact, planar saddle point structures while coupled cluster,
CCSD(T), and complete active space self consistent field,
CASSCEF, optimizations lead to looser saddle point structures
in which the O atom orbits above the plane of the H,CO
fragment.

The most surprising feature of this new saddle point is the
energy relative to the O('D) + H,CO asymptote. For example,
at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ level of
theory, the saddle point is predicted to lie 38 kcal/mol below
the O('D) + H,CO asymptote. An essentially identical energy
difference is obtained using CCSD(T)/CBS//CCSD/aug-cc-
pVTZ. Such a large binding energy between two neutral
fragments at distances >2 A is unprecedented. It also appears
to be inconsistent with the CASPT2, minimum energy path
(MEP) shown in Figure S6 of Ref. 1. In this figure, it can be
seen that at a distance of 2 A, the interaction energy between
the two fragments is <0.01 hartree (6 kcal/mol) and becomes
much smaller at 3 A. This is the expected behavior for the
interaction of two neutral fragments.

The key question then is why are the H,CO-O('D),
CCSD(T), interaction energies at the saddle point geometries
~6 times more attractive than the interaction energies at
comparable distances on the CASPT2, H,CO-O('D) MEP?
The only way we have found to reproduce these large,
CCSD(T), interaction energies at the saddle point geometry
is by doing spin-unrestricted calculations for the saddle
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point and spin-restricted calculations for the O('D) + H,CO
asymptote. Taking the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-
cc-pVTZ calculations as an example, a spin unrestricted,
UCCSD(T), calculation® places the saddle point energy
16 kcal/mol above the energy of the Criegee intermediate (for
the Criegee intermediate, there is no difference between spin-
restricted and spin-unrestricted calculations) consistent with
the results shown in Figure 1 and Table S4 of Ref. 1. Similarly,
a spin restricted, RCCSD(T), calculation places the energy of
the O('D) + H,CO asymptote 54 kcal/mol above the Criegee
intermediate, again consistent with the results of Ref. 1.
However, a UCCSD(T) calculation places the O('D) + H,CO
asymptote only 15 kcal/mol above the Criegee intermediate,
within 1 kcal/mol of the UCCSD(T) saddle point energy. We
also note that if one does a RCCSD(T) calculation on the
saddle point, one obtains an energy of 54.5 kcal/mol relative
to the Criegee intermediate, again very close to the RCCSD(T)
energy for the asymptote. So, comparable calculations on
both the asymptote and the roaming saddle point predict, as
expected, that the saddle point energy is very close to that of
the asymptote.

The UHF calculations on both the saddle point and the
O('D) + H,CO asymptote are found to have S? expectation
values of 1.0, half way between that of a pure singlet, 0.0, and
a pure triplet, 2.0. This implies that these nominally “singlet”
wavefunctions are highly contaminated with the lower energy,
H,CO + O(®P), triplet wavefunction.

We conclude that while there may be a roaming type
mechanism for the direct isomerization of the Criegee inter-
mediate to formic acid, the barrier for this reaction will be
within a few kcal/mol of the O('D) + H,CO asymptote. We
estimate the O('D) + H,CO asymptote to be 53.3 kcal/mol
above the Criegee intermediate (this comes from high level
calculations, as defined in Ref. 9, on the energy difference
between the Criegee intermediate and the O(P)+ H,CO
asymptote together with the observed O(*P)—~('D) splitting
of 45.37 kcal/mol). The predicted barrier for the dioxirane
pathway is 19 kcal/mol.! Thus, the new roaming barrier
must be ~30 kcal/mol above the barrier for ring closure to
form dioxirane. For this reason, this new roaming pathway
will not compete significantly with the well-known dioxirane
decomposition pathways.

These calculations should serve as a cautionary example
of the pitfalls of using single-reference, spin-unrestricted
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methods to treat problems that are inherently multi-reference
in nature.
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