
Internationale Ausgabe: DOI: 10.1002/anie.201509685Criegee Intermediates Hot Paper
Deutsche Ausgabe: DOI: 10.1002/ange.201509685

The Origin of the Reactivity of the Criegee Intermediate: Implications
for Atmospheric Particle Growth
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Abstract: The electronic structure of the simplest Criegee
intermediate, H2COO, is practically that of a closed shell. On
the biradical scale (b), where 0 corresponds to the pure closed
shell and 1 to a pure biradical, its b value is only 0.10,
suggesting that its ground electronic state is best described as
a H2C=Od+¢Od¢ zwitterion. However, this picture of a nearly
inert closed shell contradicts its rich reactivity in the atmos-
phere. It is shown that the mixing of its ground state with the
first triplet excited state, which is a pure biradical state of the
type H2CC¢O¢OC, is responsible for the formation of strongly
bound products during reactions inducing atmospheric particle
growth.

The role of Criegee intermediates (carbonyl oxides) in the
chemical processes that occur in the troposphere has recently
received a lot of attention[1–10] as their role in atmospheric
particle formation has been recognized.[11–14] Taatjes and co-
workers produced the Criegee intermediate through the
reaction of CH2I with O2.

[1] They recorded its photoionization
mass spectrum and studied its reaction kinetics with NO, H2O,
SO2, and NO2. Using the same reaction to produce H2COO,
Lester and co-workers reported its ultraviolet spectrum; the
absorption at 320–350 nm was attributed to the B1A’!X1A’
electronic excitation and leads to photodissociation.[10] More
recently, its infrared absorption spectrum,[15] self-interaction
mechanisms,[13] and its reaction with water vapor[9] have been
described. These intermediates are produced when unsatu-
rated hydrocarbons react with ozone (ozonolysis),[16] and their
immediate environment determines their fate. For this
reason, their reactions with atmospherically abundant species,
such as H2O, NO, SO2, and RO2, have also been consid-
ered.[11,17–20] Note that the smallest member of this series,
H2COO, is isoelectronic to O3 and can participate in
ozonolysis-type reactions.[21, 22]

Owing to its significance, the H2COO intermediate has
been the subject of numerous experimental[1–10, 15, 23–31] and
theoretical[23, 32–39] studies. Although early theoretical work
indicated that H2COO is of biradical nature, H2CC¢O¢OC,[40,41]

this view has changed over the years. Indeed, two recent
reports have clearly demonstrated that H2COO is better
described as the H2C=Od+¢Od¢ zwitterion, both from the

theoretical[42, 43] and experimental viewpoints.[15] Our own
analysis[43] suggested that a value as small as 0.10 should be
assigned to its biradical character (b), where a value of b = 0
corresponds to a purely closed-shell molecule and b = 1 to
a genuine biradical. It is noteworthy that the first multi-
configuration calculations, which were reported by Karlstrçm
et al. in 1979 and certainly are of limited accuracy compared
to current computational capabilities, suggested two different
optimum geometries for the ground state of H2COO.[44]

However, the notion of a seemingly inert closed-shell
molecule (consistent with a small value of b) contradicts its
observed rich reactivity in the atmosphere. The H2COO
intermediate forms bound complexes when interacting not
only with radical systems such as NOC or CH3COOC,[11] but also
with closed-shell molecules such as H2O,[17] SO2,

[11]

H2C=CH2,
[21] O3,

[45] and other organic compounds.[2, 4] Its
reaction with alkyl radicals is one of the key steps in
atmospheric particle formation.[11]

To understand this apparent inconsistency between its
theoretically predicted electronic structure and the observed
behavior, we focused on the electronic manifold and in
particular on its first few excited electronic states with the
intent to investigate how they influence its atmospheric
reactivity and especially the particle formation process.
Surprisingly, we are aware of just two recent theoretical
studies that deal with the excited states of this species, and
only one of them considered the optically accessible excited
states of singlet spin multiplicity. Aplincourt et al.[32] reported
vertical excitation energies for the four singlet states (two of
1A’ and two of 1A’’ symmetry) and predicted that the
photochemical reactivity of H2COO in the troposphere is
associated with the aforementioned transitions, something
that was subsequently experimentally confirmed by Lester
and co-workers.[10] Lee et al.[23] examined the same vertical
excitations aside from the B1A’!X1A’ adiabatic one by
applying about 30 different electronic-structure theory levels,
including density functional, complete active space self-
consistent field, coupled cluster, and configuration interaction
calculations with different basis sets. A recent detailed
analysis of the ground-state wavefunctions for the isomers
of H2COO revealed quite complex electronic-structure pat-
terns, especially around the transition states of their inter-
conversion pathways.[34]

The geometries, electronic configurations, as well as both
the vertical and adiabatic excitation energies for the first five
electronic states of H2COO under Cs symmetry, namely X1A’,
a3A’, b3A’’, A1A’’, and B1A’, are listed in Table 1. Our
MCSCF/cc-pVTZ bond lengths and angles are within
< 0.02 è and < 188 from the recently reported CCSD(T)-
F12/aug-cc-pV5Z values.[30] Based on the MCSCF electronic
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configurations and the corresponding natural orbitals, we
composed the simple Lewis diagrams shown in Table 1 that
best describe these states. The carbon and the central oxygen
atoms are connected by a double bond in the ground state
X1A’ as opposed to the single C¢O bond present in the next
three states. This picture is consistent with the corresponding
CO bond lengths. The values of R(CO) for the first three
excited states of Table 1 are in the range of 1.40� 0.02 è,
whereas the bond length for the ground state is 1.285 è and
thus approximately 0.1 è shorter. The bonding in the B1A’
state is less clear. The wavefunction for that state is a mixture
of the ground state, the open singlet counterpart of the a3A’
state, and additional components that are less important. The
R(OO) bond length of this state is much longer than that of
any other state. As a result, its vertical and adiabatic
excitation energies differ by as much as 1.55 eV, whereas
this difference is < 0.5 eV for the other four states. The
geometries of the 1,3A’’ states are very similar to each other as
expected from the fact that they are associated with identical
Lewis diagrams describing their electronic structure. The
ground-state geometry of Table 1 is the global minimum with
the nine harmonic frequencies being 540, 653, 849, 881, 1245,
1294, 1581, 3300, and 3460 cm¢1. However, the planar
geometry of the first triplet state is a first-order transition
state. An unconstrained geometry optimization yielded
a structure with the two hydrogen atoms being out of the
plane in the same direction, with the two dihedral angles
being qa(HaCOO) = 47.688 and qb(HbCOO) = 32.888 and the
rest of the geometrical parameters practically unchanged
from the ones of the planar transition state. The B1A’ state
had experimentally been found to be dissociative.[12]

If the ground state of H2COO were a true biradical, in
which case an electron would be localized on the carbon
atom, the formation of a covalent bond between that lone
electron and an approaching H atom would be spontaneous.
The full potential energy curves (PECs) for the first three
electronic states describing the approach of H to H2COO are
shown in Figure 1 with respect to the distance between the
two reactants. The rest of the geometrical parameters were
fully optimized for the ground-state PECs, and these values

were used for the calculation of the
two excited-state PECs. It was
found that only the C¢O bond
length of the H2COO moiety
changes appreciably during the
H++H2COO approach. Figure 2
shows the optimal H2C¢OO and
H2CO¢O lengths with respect to
the H¢CH2OO distance along the
PEC.

The ground-state adiabatic frag-
ments at large separations are
H2COO (X1A’) and H (2S). As
already mentioned earlier, the
ground state of H2COO is rather
a closed shell, and thus the PEC
correlating with the lowest-energy
fragments (2A’) is expected to be

repulsive (green line in Figure 1). The first excited dissocia-
tion channel, H2COO (3A’)++H (2S), shown in blue in Figure 1,
correlates with a state of the same symmetry (2A’) and a more
conventional binding motif: One of the two lone electrons of

Table 1: Geometric parameters, adiabatic and vertical excitation energies, and Lewis structures for the
first five electronic states of H2COO with Cs symmetry at the MCSCF/cc-pVTZ level of theory.

X1A’ a3A’ b3A’’ A1A’’ B1A’

R(O¢O) [ç] 1.351 1.360 1.418 1.437 1.764
R(C¢O) [ç] 1.285 1.421 1.390 1.386 1.351
f(O-O-C) [88] 118.2 108.0 107.9 107.2 100.3
R(C¢Ha)

[a] [ç] 1.070 1.064 1.064 1.064 1.063
R(C¢Hb)

[a] [ç] 1.069 1.066 1.064 1.064 1.070
f(O-C-Ha)

[a] [88] 119.4 117.7 120.0 120.2 120.6
f(O-C-Hb)

[a] [88] 114.7 113.8 112.7 112.6 113.7
Te (adiabatic) [eV] 0.00 1.40 1.94 2.00 2.87
Te (vertical) [eV] 0.00 1.87 2.27 2.37 4.42

Electronic structure mixture[b]

[a] Ha is found towards the terminal O side, whereas Hb resides at the opposite side. [b] The B1A’’ state
has a composite wavefunction, see text.

Figure 1. Potential energy curves describing the H–H2COO interaction.
The ground-state complex (blue curve) clearly originates from the first
triplet excited state of the Criegee intermediate. The Lewis structures
of the various stable complexes as well those of their asymptotic
products are shown.

Figure 2. Optimal H2CO¢O (red) and H2C¢OO (blue) bond lengths as
a function of the H–CH2OO distance for the ground-state potential
energy curve in Figure 1.
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the triplet state of H2COO couples with the single electron of
H to form a covalent bond, whereas the other one remains
practically unaffected (i.e., it is an observer). The same is true
for the next dissociation channel, H2COO (3A’’)++H (2S),
shown in red in Figure 1, but now the observer electron
occupies a different orbital (see the valence-bond Lewis
structures in Figure 1). These results suggest that there are
two attractive PECs emanating from the first two excited
adiabatic channels, whereas the one correlating with the
ground-state fragments is repulsive. Their “mixing” results in
the final picture that is shown in Figure 1. The lowest PEC of
Figure 1 describes a binding interaction for distances shorter
than approximately 2.0 è owing to the mixing with the first
excited adiabatic channel. The repulsive character of the
ground state is conveyed to the next two PECs, which cross at
approximately the same distance. The question of whether
this is a real or an avoided crossing involves the consideration
of a multidimensional potential energy surface and is beyond
the purpose of the present study.

An additional indication of the strong interaction of the
two lowest PECs is the sudden elongation of the C¢O bond
for H¢CH2OO distances between 2.0 and 2.5 è (avoided
crossing region). In this region, the C¢O bond length
increases from 1.285 è (equilibrium value for the X1A’ state
of H2COO) to 1.375 è at R(H¢C) = 2.0 è and to even larger
values for shorter H¢CH2OO distances. The equilibrium
C¢O length of the a3A’ excited state of H2COO is 1.421 è
(see Table 1). This observation further supports the gradual
exchange in the electronic structure between the two PECs.
The H2C¢O¢O skeleton is practically unaffected during the
reaction whereas the change in R(C¢O), which is due to the
mixing of the electronic states, occurs in the avoided crossing
region; this is consistent with the complex wavefunction
structure reported by Kalinowski et al.[34] for the “off-
equilibrium” geometries. At equilibrium, we have two distinct
electronic doublet states (X2A’’, A2A’) within approximately
20 kcal mol¢1 that can be distinguished by the fact that the
lone electron resides in different orbitals that are localized
mostly on the end oxygen atom, reflecting the electronic
structure of the first two excited (triplet) states of H2COO
(see also the Lewis diagrams in Figure 1). In simple terms, the
Criegee intermediate at its equilibrium geometry is mainly
a closed shell (b = 0.1) but when the H atom approaches, its
incipient electronic structure changes and adopts the charac-
ter of the first excited state (which is a biradical), a fact that is
consistent with the corresponding changes in the geometry in
the region where the two states mix. A more pedagogical
example would be the fact that the electronic state of carbon
in methane is not that of the atomÏs ground state but rather
that of its 5S excited states, a change that is facilitated by its
interaction with the H atoms.[46, 47]

The product of the model reaction described in Figure 1 is
the H3COO radical with a lone electron localized on the
endmost oxygen atom. This molecule has been considered as
the initiator for the polymerization of H2COO. First H3COO
binds to a H2COO molecule, producing a new radical
(H3COOCH2COOC), which in turn reacts with another
H2COO molecule and so forth.[11] For this reason, we
investigated the first step in the above polymerization

reaction, namely the approach of a H3COO radical to
a Criegee H2COO intermediate. Four PECs, which are
shown in Figure 3, were constructed to describe the
H3COO–H2COO interaction. These PECs were constructed
by varying the distance between the terminal O atom of
H3COO and the C atom of H2COO. We kept all internal
coordinates of the two fragments fixed at their ground-state
equilibrium values, while we optimized their relative orienta-
tion (five angles). The geometries used for the excited PECs
are those of the ground-state PEC. More accurate geometries
of the stationary points of the ground-state PEC can be found
in Ref. [11]. According to our previous discussion, the first
two states of H3COO have one lone electron localized on the
terminal oxygen atom. In the ground state, this electron is
“perpendicular” to the COO plane, whereas it lies in that
plane in the first excited state. Combining the states of the
H3COO and H2COO fragments, the first four adiabatic
channels correspond to H3COO (X2A’’)++H2COO (X1A’),
H3COO (X2A’’)++H2COO (a3A’), H3COO (A2A’)++H2COO
(X1A’), and H3COO (X2A’’)++H2COO (b3A’’). As in the case
of the H–H2COO interaction, we have a system with one lone
electron approaching the Criegee intermediate, but now the
steric repulsion is also a factor. Overall, we have the same
scenario as that shown in Figure 1. The fragments based on
the practically closed-shell ground state of H2COO are
expected to yield a repulsive PEC, and the triplet states of
H2COO are expected to produce strongly bound PECs.
Indeed, this is the case, with the red and blue PECs in Figure 3
being attractive and strongly interacting whereas the black
and green PECs are originally dissociative. The interaction
between all of these PECs yields the adiabatic ones shown in
Figure 3. In both Figure 1 and Figure 3, the two bound PECs
(shown in blue and red) are parallel to each other for short
distances (� 2 è), a fact that suggests a similarity in their
bonding mechanism. Furthermore, the equilibrium structure
of the first excited state (red curve) asymptotically correlates
with the fragments that are highest in energy among the four
considered here, and it is stabilized by complex interactions
between the PECs that occur at approximately 2.4 è.

In conclusion, we have studied the interaction of the
smallest member of the Criegee intermediates, H2COO, with

Figure 3. PECs for the H3COO–CH2OO interaction. The ground-state
complex (blue) clearly originates from the first triplet excited state of
the Criegee intermediate (red). The Lewis structures of the various
stable complexes as well those of their asymptotic products are
shown.
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radical systems. Our analysis is consistent with the hypothesis
that the H2COO intermediate is indeed a closed-shell system,
with its ground-state minimum geometry best represented as
the H2C=Od+¢Od¢ zwitterion. However, its first triplet
excited state, which is a pure biradical with the Lewis
structure H2CC¢O¢OC, is responsible for its reactions. The
current results can be generalized for larger Criegee inter-
mediates by replacing the terminal H atoms with larger
organic chains.[3]

Experimental Section
We employed the multiconfiguration self-consistent field (MCSCF)
method. For the approach of H to H2COO, the active space consisted
of 19 electrons and 13 orbitals, yielding 104104 configuration state
functions (CSFs). The two C¢H “antibonding” molecular orbitals
were excluded from the complete active space of 15 orbitals; these
two orbitals were not considered to be essential because none of the
C¢H bonds were broken in the process. The same active space, but
without the 1s orbital of hydrogen, was used for the isolated H2COO
molecule. For the H3COO–H2COO interaction, we used an active
space of 7 electrons and 5 orbitals (40 CSFs), which are needed for
describing the first four doublet electronic states. We used the triple-z
quality correlation consistent basis set (cc-pVTZ) of Dunning and co-
workers,[48] consisting of the segmented contractions of 3s2p1d basis
functions for H and 4s3p2d1f for C and O.
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