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The reaction between CH2 (X3B1) + O2 in the gas phase was investigated by carrying out CASSCF and
CASPT2 calculations with the 6-31G(d,p) and 6-311+G(3df,2p) basis sets. The reaction proceeds by the
addition of O2 to methylene and may follow a singlet and a triplet potential energy surface. In both cases, its
fate is the carbonyl oxide (H2COO). The reaction in its singlet multiplicity is computed to be exothermic by
50.9 kcal/mol with an activation enthalpy of 1.9 kcal/mol at 298 K. The reaction in its triplet multiplicity is
computed to be exothermic by 26.9 kcal/mol with an activation enthalpy of 5.4 kcal/mol at 298 K. According
to classical transition state theory, the branching ratio for the reaction in its triplet state multiplicity changes
from negligible at 298 K to about 26% at 1800 K, and this ratio equals the formation of atomic oxygen (O,
3P). The following unimolecular decomposition of carbonyl oxides in its singlet and triplet multiplicity was
also considered.

Introduction

The reaction of methylene (CH2) with O2 is one of the most
important reactions in the combustion of unsaturated hydrocar-
bons1-3 and has been investigated by several experimental
techniques.1-9 Bley et al. and Dombrowsky et al.4-6 observed
OH radical and H and O atoms by atomic resonance absortion
spectroscopy and ESR, while as stable products, CO, CO2,
H2CO, HCOOH, and H2O were reported.3,9-12 Estimates of the
rate constant measured in the 295-1800 K range have been
also reported in the literature,3,6,14-17 and the recommended
values atT ) 298 K are in the (1.2-1.7) × 10-12 cm3

molecule-1 s-1 range. In addition, photolysis of CH2CO in the
presence of O2 produces H2CO + O3. Here, the ketene
photolysis produces CH2, and the formation of H2CO + O (3P)
was suggested as a first-step reaction between CH2 (X3B1) and
O2, preceding the formation of O3 by reaction between O2 and
O (3P).13

Regarding the reaction mechanism, Dombrowsky et al.5 and
Su et al.9 suggested that the first step of the CH2 + O2 reaction
could be the formation of the carbonyl oxide (H2COO)
intermediate, which can rearrange to dioxirane and methyl-
enebis(oxy) isomers before dissociation. However, as far as we
know, there is not a theoretical study concerning the detailed
mechanism of the reaction between CH2 and O2. On the other
side, the intermediate carbonyl oxide and its isomerization and
dissociation processes have received a great amount of interest
in the past few years, both experimentally18-24 and theoreti-
cally,25-35 because of its importance in atmospheric chemistry
as a result of the alkene ozonolysis. In fact, the stable compounds
CO, CO2, H2CO, HCOOH, and H2O are observed as a fate of
the unimolecular decomposition of carbonyl oxide.18-20

The aim of the present study is to perform a theoretical
investigation on the reaction between CH2 (X3B1) and O2

(X3Σg
-). This reaction can proceed via singlet, triplet, and

quintet potential energy surfaces (PESs). The quintet state
requires a parallel alignment of the four electrons of both triplet
reactants, and therefore, the corresponding PES is expected to
have repulsive character and was not considered. However, the
triplet and singlet PESs are expected to have bonding character
and have been investigated in the present work. Both reaction
channels proceed via the carbonyl oxide (H2COO) intermediates
in these singlet and triplet electronic states, and therefore, we
have also considered the processes that lead to their unimolecular
decomposition.

Computational Methods

The geometries of all stationary points were located by the
use of CASSCF wave functions36 with analytical gradient
procedures.37-39 The character of each stationary point (minima
or saddle point) was checked by performing frequency analysis
calculations, which are also used to derive the corresponding
zero-point energies (ZPE) and the corresponding enthalpy and
entropy corrections. The ZPEs were scaled by 0.8929 to take
into account the anharmonic effects.40 Furthermore, to ensure
that each transition structure connects a reactant with a product
in every elementary reaction, we have carried out intrinsic
reaction coordinate (IRC) calculation starting at the correspond-
ing transition state. The active spaces of the CASSCF wave
functions were selected according to the fractional occupa-
tion of a set of natural orbitals (NOs)41 generated from a
multireference single and double configuration interaction
(MRD-CI) wave function42-44 correlating all valence electrons.
The active space composition of all stationary points considered
is schematized in Table 1 of the Supporting Information.

In a first step, all geometry optimizations were performed
using the 6-31G(d,p) basis set.45 However, for the reactants (CH2

and O2), the carbonyl oxides, and the corresponding transition
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structures, in both the singlet and triplet states, CASSCF
geometry reoptimizations were also carried out by using the
larger 6-311+G(3df,2p) basis set.46 In these cases, the frequency
analysis was also done employing the larger basis set. In some
other selected cases also, geometry optimizations were carried
out employing this larger 6-311+G(3df,2p) basis set.

The effect of the dynamic valence electron correlation on
the relative energy of the CASSCF stationary points was
incorporated by carrying out single-point CASPT2 calcula-
tions47,48and using the larger 6-311+G(3df,2p) basis set. In this
case, the CASPT2 calculations were based on a common
CASSCF(18,14) wave function, which leads to more than 4×
106 determinants inC1 symmetry. In this active space, only the
1s electrons of the carbon and the two oxygen atoms are
considered as a core while the virtual orbitals were also selected
according to the occupation of the NOs derived from a single-
point MRD-CI calculation. The results presented in this work
were obtained employing the Gaussian 98,49 GAMESS,50

Molcas 4.1,51 and MRD-CI program packages.
For the CH2 + O2 elementary reactions, we have also

computed the rate constants using classical transition-state
theory. These rate constants were calculated employing the
CASPT2/6-311+G(3df,2p) energies and the partition functions
and zero-point corrections energies obtained at the CASSCF/
6-311+G(3df,2p) level. The tunneling corrections to the rate
constant were also considered and computed by the zero-order
approximation to the vibrationally adiabatic PES with zero
curvature,52 where an unsymmetrical Eckart potential energy
barrier approximates the potential energy curve. The Rate
program by Truong et al.53 was used for this purpose.

Results and Discussion

We have designated the structures of the stationary points
by im for the minima andimts for the transition states, followed
by a number (1, 2, and so on). To distinguish the structures of
the singlet and triplet PESs, we have appended the letterT to
indicate that the corresponding structure has triplet multiplicity.
Otherwise, it is assumed that the corresponding structure
possesses singlet multiplicity. In Table 1, we have collected
for each structure the zero-point energy (ZPE), entropy (S), and
the relative energies and the ZPE-corrected relative energies of
all elementary reactions considered, which were obtained with
the best theoretical treatment in each case. The enthalpies and
free energies computed at 298 K are also included to allow
comparison of the data with other results from the literature.
Figures 1 and 3 collect the most relevant geometrical parameters
of each optimized stationary structure, while Figure 2 displays
a schematic potential enthalpy profile of the whole process
considered. Table 3 displays the calculated rate constants for
the CH2 + O2 reaction as well as the computed branching ratio
for the triplet PES, while Table 4 contains the harmonic
vibrational frequencies and IR intensities forim1, im2, and
im1T. The Cartesian coordinates and absolute energies of all
structures reported in this paper are available as a Supporting
Information or from the authors upon request.

The Reaction between CH2 (X3B1) and O2 (X3Σg
-). The

first stage of the reaction corresponds to the addition of
molecular oxygen to CH2, which can proceed via singlet and
triplet electronic states. In each case, the fate of the reaction is
the intermediate carbonyl oxide (H2COO) in its singlet and
triplet multiplicities, respectively.

Regarding the singlet PES, Figure 1 shows that the formation
of carbonyl oxideim1 (CS , X1A') occurs through the symmetric
transition stateimts1 (CS, 1A'). The attack of the molecular

oxygen to CH2 is of the end-on type, and all five atoms lie in
the same plane as in the reaction productim1. Thus, the reaction
takes place entirely in theCS plane. The analysis of the
geometrical parameters displayed in Figure 1 shows a large CO
bond distance (2.205 Å) and a small OO bond length (1.219
Å), which suggest an early transition state. Moreover, comparing
the results obtained using both basis sets, we observe quite
similar geometrical parameters, the larger difference being the
CO bond length inim1, which is 0.02 Å smaller in the best
treatment. Forim1, the geometrical parameters compare also
with previous results from the literature,29,31,32,35although the
OO bond distance is 0.024 Å larger than the most accurate
results reported at the CCSD(T) level with a large basis set.35

In the triplet PES, the oxygen attack to CH2 is also of an
end-on fashion. Figure 1 shows that the corresponding transition
structure (imts1T) is not symmetric anymore but deviates
slightly, about 20°, from the plane. The CO bond length is
computed to be 2.096 Å, which is about 0.1 Å shorter than the
corresponding one in the singlet PES. The C atom is slightly
pyramidalized as one of the unpaired electrons is going to be
mainly located on it in the final product (triplet H2COO,im1T),
Please note thatim1T hasCs symmetry (3A'') and that the OOC
and HCH planes are perpendicular to each other as discussed
previously in the literature.32 The geometrical parameters
obtained in both basis sets are also quite similar and forim1T
compare very well with previously reported values.32

In addition, we have also looked for other possible reaction
modes in both the triplet and singlet PESs. In particular, we
have found saddle-point structures (for the singlet and triplet
PESs), which correspond to a side-on attack of O2 to CH2.
However, these saddle points possess two imaginary frequencies.

Figure 1. Selected geometrical parameters of the CASSCF/6-31G-
(d,p) and CASSCF/6-311+G(3df,2p), in square brackets, for the
stationary points involved in the reaction between CH2 and O2.
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The analysis of the vector corresponding to the second imaginary
frequency indicated a movement toward the end-on-type attack
as described above, and therefore, we concluded thatimts1 and
imts1T are the unique reaction modes for this reaction.
Furthermore, we have also looked for the possible existence of
van der Waals complexes between CH2 and O2, but no such
like complexes were found in the present investigation. Because
we have used a CASSCF approach, which does not include
dynamical correlation energy, we cannot definitely exclude the
possible existence of such van der Waals complexes. Because
of the multiconfigurational character of the wave function (see
below), a proper treatment of these structures would require a
multireference method as CASPT2. However, the Molcas 4.1
has not gradients available at CASPT2 level, and a point-wise
search using a CASSCF(18,14) reference function is beyond
our computer facilities.

From an energetic point of view, our best calculations from
Table 1 show that reactions are computed to be exothermic by
56.2 kcal/mol (∆H ) -50.9 kcal/mol) and 30.9 kcal/mol (∆H
) -26.9 kcal/mol) for the singlet (im1) and the triplet (im1T)
PES, respectively, the singletim1 being 25.3 kcal/mol more
stable than the tripletim1T (24 kcal/mol considering the
enthalpy corrections), which compares with the 24.1 kcal/mol
value reported in the literature.32 The corresponding energy
barriers are computed to be 0.5 kcal/mol (∆H ) 1.9 kcal/mol)
for imts1 and 4.0 kcal/mol (∆H ) 5.4 kcal/mol) forimts1T,
respectively. It is here remarkable that the energy barrier for
the singlet PES is considerably lower than that of the triplet
PES. This fact can be rationalized by looking at the electronic
structure of the corresponding CASSCF wave functions, which
are displayed in Table 2. The triplet transition stateimts1T is
mainly characterized by two electronic configurations, which
differentiate from each other by the double excitation 11a2 f
14a2. The natural orbital occupation of the CASSCF wave
function, 1.62 for the 11a orbital (σ(CO) character) and 0.41

for the 14a orbital (σ*(CO) character), points out the formation
of the CO bond, while the unpaired electrons are already located
on the C and the terminal O, respectively, as in the product
im1T (CS, 3A'') (see Figure 1 and ref 32). On the other side,
Table 2 shows that the transition structure for the singlet PES
(imts1) possesses a very complex electronic description, with
five electronic configurations having a very important weight.
This fact makes clear the need to use theoretical approaches
that can take into account the multiconfigurational character of
the wave function to obtain a correct description of this process.
It is interesting to note the natural occupation of the 10a' and
11a' orbitals (1.52 and 0.52), which possessσ(CO) and
σ*(CO) character, respectively, and that of the 2a'' and 3a''
orbitals (1.23 and 0.81), corresponding to theπ(CO) and
π*(CO), respectively. This fact reflects clearly the simultaneous
formation of theσ and π bonds in the singlet PES, which
produces an extra stabilization of this transition structure with
respect to the triplet transition state.

Finally, to determine the competition between the singlet and
the triplet PESs, we have computed rate constants in the 250-
1800 K range, utilizing classical transition-state theory. The
corresponding values,Ks for the singlet andKt for the triplet,
are displayed in Table 3, which also contains the computed
branching ratio,Γ, corresponding to the triplet PES. Here,Γ is
simply calculated asKt/K whereK is the sum of rate constants
Ks + Kt. Table 3 shows important discrepancies for the
computed rate constant atT ) 298 K. Our calculated rate
constant is about 300 times smaller than the estimated experi-
mental values (in the (1.2-1.7) × 10-12 cm3 molecule-1 s-1

range atT ) 298 K).14-16 Despite this difference, this should
not have a strong effect in the calculation of the branching ratio
of the triplet PES because both the single and the triplet paths
are computed at the same level of theory and the corresponding
activation energies are expected to suffer the same error.
Becauseim1T dissociates into H2CO+ O (3P),32 the branching
ration of the triplet PES is equivalent to the O atom production
in its ground state (3P). The computed values displayed in Table
3 indicate thatΓ(O) is very low or negligible at lowT but rises
up to about 26% at 1800 K. These values may be compared
with an estimated mean channel distribution of O (3P) of about
10% reported in the 1000-1800 K range.5,6

Unimolecular Decomposition of the Singlet Carbonyl
Oxide (H2COO, X1A '). The unimolecular decomposition of
carbonyl oxide has received much interest in the past few years
because of its importance in tropospheric chemistry because it

TABLE 1: Zero-Point Energy Corrections (ZPE in kcal/
mol), Entropy (S in eu) and the Best Values Corresponding
to the Relative Energies, Energies Including the ZPE
Corrections, Enthalpies, and Free Energies (in kcal/mol) for
the Singlet and Triple PES

compound ZPEa S relative to ∆E ∆(E + ZPE) ∆H ∆G

Singlet PES
imts1 13.4 67.6 CH2 + O2 0.5 2.4 1.9 10.3
im1 17.7 59.7 imts1 -56.7 -52.3 -52.8 -50.5
imts2 16.7 59.6 im1 20.1 19.0 18.9 18.9
im2 19.1 57.5 imts2 -48.7 -46.3 -46.1 -48.7
imts3 15.4 59.4 im1 35.2 32.9 32.5 32.6
im3 17.4 60.5 imts3 -26.7 -24.7 -24.2 -24.6
imts4 17.3 59.3 im2 20.6 18.8 18.5 18.0
im4 17.3 58.6 imts4 -15.2 -15.1 -14.9 -14.7
imts5 15.7 59.5 im4 3.8 2.2 1.9 1.6
im5b 19.9 59.2 imts5 -98.0 -93.9 -93.4 -93.3
imts6 15.0 58.2 im4 0.6 -1.7 -1.9 -1.8
imts7 15.6 62.1 im5b 69.8 65.5 65.4 64.6
im5a 19.6 59.5 im5b 4.7 4.4 4.5 4.4
imts8 14.1 59.2 im5a 68.3 62.8 62.1 62.2
imts10 18.7 58.9 im5b 11.1 9.9 9.7 9.8
CO2 + H2 11.0 83.6 imts8 -82.7 -85.7 -84.4 -91.7
CO + H2O 14.8 92.4 imts7 -61.7 -62.4 -61.0 -70.1
Imts9 13.5 59.9 im4 24.9 21.1 20.6 20.2
HCOO+ H 11.8 87.5 imts9 -5.0 -6.7 -5.5 -13.7
CO2 + 2H 5.4 107.2 HCOO+ H -16.4 -22.8 -22.3 -28.2

Triplet PES
imts1T 13.6 69.0 CH2 + O2 4.0 6.1 5.4 13.1
im1T 16.3 66.2 imts1T -34.9 -32.2 -32.3 -31.4
imts2T 15.4 64.9 im1T 4.1 3.2 2.9 3.4
H2CO + O (3P) 15.7 53.6imts2T -31.8 -31.5 -32.0 -28.8

a The ZPE values are scaled by 0.8929 to consider the anharmonic
effects.

TABLE 2: Character of the CASSCF Wave Function
Corresponding to imts1 and imts1T Transition States

imts1 (Cs, 1A')

coeffa 8a' 9a' 10a' 1a'' 2a'' 11a' 12a' 3a''

0.63 2 2 2 2 2 0 0 0
-0.47 2 2 2 2 0 0 0 2

0.33 2 2 1 2 1 1 0 1
-0.30 2 2 0 2 2 2 0 0

0.27 2 2 0 2 0 2 0 2
occa 1.96 1.96 1.52 1.96 1.23 0.52 0.04 0.81

imts1T (C1, 3A)

coeffa 8a 9a 10a 11a 12a 13a 14a 15a

0.84 2 2 2 2 1 1 0 0
-0.35 2 2 2 0 1 1 2 0

occa 1.96 1.96 1.96 1.62 1.05 0.99 0.41 0.05

a The abbreviations coeff and occ stand for the coefficient of the
leading configuration and the natural orbital occupation of the CASSCF
wave function, respectively.
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is involved in the alkene ozonolysis processes. The different
elementary reaction mechanisms are displayed in Figure 2.
Several theoretical studies exist in the literature that covers the
unimolecular decomposition of H2COO.25-35 However, the
different electronic structure of the distinct intermediates along
the decomposition path has made the theoretical study of these
species difficult. Therefore, we have considered it to be worth
extending our investigation to include high-level CASPT2
calculations on these systems.

The geometrical parameters of the corresponding stationary
points displayed in Figure 3 were basically reported previ-

ously32,34 and compare quite well with other results from the
literature.31,35 Moreover, in some cases, additional CASSCF
geometry optimizations were carried out using either the larger
basis set or a larger active space. Further single-point CASPT2
energy calculations were done on the optimized geometries.

Carbonyl oxide (im1) can decompose according to two
different paths, the fates of which are dioxirane (im2) or
HCOOH (im3). The decomposition path leading toim3 occurs
throughimts3 (see Figures 2 and 3) in a process that involves
a H migration from the carbon atom to the terminal oxygen.
This process has been already reported by Gutbrod et al.31 who
indicate thatim3 decomposes into HCO+ OH with nearly a
nonexistent barrier. This is one of the mechanisms that may
produce atmospheric formation of OH radicals, and therefore,
it is important in tropospheric chemistry. Our computed energy
barrier is 35.2 kcal/mol (∆H ) 32.5 kcal/mol), which agrees
very well with the best-reported values buy Gutbrod et al.31

The im1 isomerization to dioxirane (im2) has been exten-
sively studied in the literature,26-28,32,35and the corresponding
transition structure is labeled asimts2 (see Figure 2). It is
gratifying to observe that our best computed energy barrier (∆E
) 20.1 kcal/mol and∆H ) 18.9 kcal/mol) and reaction energy
(∆E ) -28.6 kcal/mol and∆H ) -27.2 kcal/mol, see also
Table 1) are in very good agreement with the high-level CCSD-
(T)/(4s3p2d1f/3s2p1d) calculations by Cremer et al.35 In Table
4, we have also displayed the computed harmonic vibrational
frequencies and IR intensities forim1 and im2. Our CASSCF
values compare with previous CASSCF reported frequencies32

and differ from previous CCSD(T) reported values by an average
of 110 cm-1 for im129 and 70 cm-1 for im254. The most intense
bands correspond to OO and CO stretching for both structures
(see Table 4) in agreement with previous calculated values;29,32,54

calculated values of the relative intensities have proved to be
strongly dependent on the theoretical method used.29,54

The following unimolecular decomposition of dioxirane (im2)
goes on through isomerization to methylenebis(oxy) (im4),
which may produce formic acid (im5), CO2 + H2 or CO2 +

TABLE 3: Calculated Rate Constants (in cm3 molecule-1

s-1) at Different Temperatures (T in K) for the CH 2 (X3B1)
+ O2 (X3Σ-) Reactiona

T Ks Kt Ks + Kt Γ

250 3.317× 10-15 1.422× 10-18 3.318× 10-15 0.04
298 6.453× 10-15 1.130× 10-17 6.464× 10-15 0.17
350 1.151× 10-14 5.901× 10-17 1.157× 10-14 0.51
400 1.982× 10-14 2.003× 10-16 2.002× 10-14 1.00
450 3.172× 10-14 5.341× 10-16 3.225× 10-14 1.66
500 4.735× 10-14 1.199× 10-15 4.854× 10-14 2.47
600 9.119× 10-14 4.263× 10-15 9.545× 10-14 4.47
700 1.538× 10-13 1.114× 10-14 1.650× 10-13 6.75
800 2.373× 10-13 2.386× 10-14 2.612× 10-13 9.14
900 3.435× 10-13 4.457× 10-14 3.880× 10-13 11.5

1000 4.738× 10-13 7.542× 10-14 5.492× 10-13 13.7
1100 6.298× 10-13 1.185× 10-13 7.483× 10-13 15.8
1200 8.128× 10-13 1.757× 10-13 9.885× 10-13 17.8
1300 1.024× 10-12 2.491× 10-13 1.273× 10-12 19.6
1400 1.264× 10-12 3.402× 10-13 1.605× 10-12 21.2
1500 1.535× 10-12 4.509× 10-13 1.986× 10-12 22.7
1600 1.837× 10-12 5.826× 10-13 2.420× 10-12 24.1
1700 2.172× 10-12 7.369× 10-13 2.909× 10-12 25.3
1800 2.540× 10-12 9.152× 10-13 3.456× 10-12 26.5

a Ks refers to the singlet PES,Kt refers to the triplet PES;Ks + Kt

stand for the total, single plus triplet, PESs;Γ is the branching ratio
(in %) of the triplet PES. The computed tunneling parametersκ are
1.497, 1.198, and 1.023 forKs atT ) 250, 298, and 350 K, respectively.
For the remaining temperatures and forKt at all temepratures considered,
κ is <1, and therefore, tunneling was not taken into account.

Figure 2. Schematic potential enthalpy diagram showing the relative enthalpies of the whole process considered.
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2H. These reaction modes have been also considered in the
literature.27-30,33,35However, the carbonyl oxide (im1), dioxirane
(im2), methylenebis(oxy) (im4), and the transition structure
(imts6) of the corresponding symmetric unimolecular dissocia-
tion into H2 + CO2 deserve special interest.

Dioxirane (im2) is characterized by the electronic configu-
ration [...6a123b2

22b1
21a2

2]; im1 is mainly described by the
electronic configurations [0.94.10a'21a''22a''2-0.20.10a'21a''2-
3a''2], while im4 and imts6 possess a very strong biradical
character. Productim4 is described mainly by the electronic
configurations [0.83...6a123b2

22b1
24b2

2-0.50...6a123b1
21a2

24b2
2]

andimts6 by [0.89...6a123b2
22b1

24b2
2-0.34...6a123b1

21a2
24b2

2]
(see also ref 33). Please note that b1, a2, and a'' orbitals are
π-type orbitals and the projection of theim4 and imts6
configurations intoCs symmetry leads to comparable electronic
descriptions for these species to that ofim1. The distinct
electronic description of these species makes it difficult to obtain
a balanced description of these electronic structures, and this
fact is clearly shown by looking at previous theoretical results
from the literature. Thus, for instance, computed relative energy,
∆E(im4-im2), values of 12.4 kcal/mol (QCISD(T),28 11.1 or
8.1 kcal/mol (CASPT2(6,4) or CASPT2(14,12)),30 7.1 kcal/mol

Figure 3. Selected geometrical parameters of the CASSCF stationary points involved in the unimolecular decomposition of H2COO, X1A' and
A3A'' electronic states. Values optimized at different levels are designated as follows: single values correspond to CASSCF(8,8)/6-31G(d,p), values
in parentheses correspond to CASSCF(12,11)/6-31G(d,p), values in square brackets correspond to CASSCF(18,14)/6-31G(d,p), and values in braces
correspond to CASSCF(18,14)/6-311+G(3df,2p).
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(MRD-CI),33 5.1 kcal/mol (B3LYP),35 or 4.6 kcal/mol
(MR-AQCC) have been reported.35 These results indicate
differences in the predicted relative energy of these species of
up to 7.8 kcal/mol, a value which is about 4 kcal/mol larger
than the lowest relative energy predicted. Consequently, we
believe that this point merits a more detailed investigation.
Because of the impossibility of performing a CASPT2 geometry
optimization, we opted, in a first step, to go on combining
CASSCF geometry optimizations with single-point CASPT2-
(18,14)/6-311+G(3df,2p) energy calculations at the optimized
geometries. In a first step, we have limited ourselves by using
the 6-31G(d,p) basis set in the CASSCF geometry optimization,
but we have enlarged systematically the active space considering
up to 18 electrons in 14 orbitals. In a second step and for
carbonyl oxide (im1), dioxirane (im2), and methylenbis(oxy)
(im4), we have also performed single-point CASPT2(18,14)/
6-311+G(3df,2p) calculations on the most reliable geometries
from the literature obtained by Cremer et al.35 by using the
MR-AQCC/6-311+G(3df,3pd) theoretical approach. In a third
step and forimts6, we have also performed a CASSCF-
(18,14)/6-311+G(3df,2p) geometry optimization followed by
a single-point CASPT2(18,14)/6-311+G(3df,2p) energy calcula-
tion. With this series of calculations, we gain dynamical
correlation energy in the geometry optimization, which allows
us to check its importance in the geometrical parameters and
in the relative energies as well. The corresponding results are
displayed in Table 5. It shows that forim1 and im2 a very

small stabilization (0.12 and 0.17 kcal/mol, respectively) is
obtained on going from the geometry optimized at CASSCF-
(8,8)/6-31G(d,p) to the geometry reported by Cremer et al.35

However, forim4, an important stabilization of 2.61 kcal/mol
is obtained on going from the geometry optimized at CASSCF-
(8,8)/6-31G(d,p) to the geometry optimized at CASSCF-
(18,14)/6-31G(d,p), and this stabilization is enlarged to 3.53
kcal/mol if we consider the best geometry reported by Cremer
et al.35 In a similar way,imts6 is destabilized up to 1.6 kcal/
mol on going from the geometry optimized at CASSCF(8,8)/
6-31G(d,p) to the geometry optimized at CASSCF(18,14)/
6-31G(d,p) or up to 1.86 kcal/mol when the optimized geometry
was obtained at the CASSCF(18,14)/6-311+G(3df,2p) level.
The interest of these results is clearly reflected by the∆E relative
energies displayed also in Table 5. Thus, taking the geometries
optimized at CASSCF(8,8)/6-31G(d,p), we obtain a∆E(im2-
im4) of 8.8 kcal/mol and the transition stateimts6 is computed
to be lower in energy than the corresponding minimaim4
(∆E(im4-imts6) ) -4.8 kcal/mol). However, considering the
best geometry that we have available to perform the CASPT2
single-point calculations (see Table 5), we calculated a∆E(im2-
im4) of 5.45 kcal/mol in very good agreement with the result
reported by Cremer et al.35 and∆E(im4-imts6) ) 0.63 kcal/
mol. On the other side, no appreciable changes are observed
for ∆E(im1-im2) obtained with the CASSCF or the best MR-
AQCC geometries. These results point out the importance of
the dynamical correlation energy for theim4 andimts6 species,

TABLE 4: Calculated CASSCF Harmonic Vibrational Frequencies (cm-1)a and IR Intensities (km mol-1) for im1, im2, and
im1T

im1 im2 im1T

sym assignment frequencies IR int sym assignment frequencies IR int sym assignment frequencies IR int

a' OOC deform 540 0.7 a1 OOC deform+ OO deform 746 1.3 a'' CH2 twist 75 2.4
(482) (666) (67)

a'' CH2 twist 647 5.9 b2 CO str asym 931 21.5 a' OOC deform 453 9.8
(578) (831) (404)

a' OO str 867 301.4 a2 CH2 twist 1096 0.0 a' CH2 wag 799 14.7
(774) (979) (713)

a'' CH2 wag 903 34.9 b1 CH2 rock 1249 3.5 a' OO str 928 22.9
(806) (1115) (829)

a' CO str+ CH2 rock 1271 175.7 a1 CO str sym 1279 45.3 a' CO str 1077 39.0
(1135) (1142) (962)

a' CH2 rock +
CO str

1306 62.25 b2 CH2 wag 1367 4.1 a'' CH2 rock 1192 6.5

(1166) (1221) (1064)
a' CH2 scissor 1590 31.6 a1 CH2 scissor 1671 5.3 a' CH2 scissor 1563 10.6

(1420) (1492) (1396)
a' CH str sym 3297 20.9 a1 CH str sym 3250 3.6 a' CH str sym 3268 15.5

(2944) (2902) (2918)
a' CH str asym 3456 0.2 b1 CH str asym 3350 5.9 a'' CH str asym 3414 7.0

(3086) (2991) (3048)

a Values in parentheses are scaled by 0.8929 to account for the anharmonic effects.40

TABLE 5: Single-Point CASPT2(18,14)/6-311+G(3df,2p) Absolute Energy (in hartree) and Relative Stabilization Energies
(values in parentheses, in kcal/mol) for im1, im2, im4, and imts6 Obtained at Different Geometries and Relative Energies (∆E
in kcal/mol) between im1 and im2, im2 and im4, and im4 and imts6

geometrya im1 im2 im4 imts6
∆E

(im1-im2)
∆E

(im2-im4)
∆E

(im4-imts6)

8,8 -189.286 48 (0.00)-189.331 98 (0.00)-189.317 95 (0.00)-189.325 52 (0.00) -28.55 8.80 -4.80
8,8-c -189.286 40 (0.05)
12,11 -189.319 30 (-0.85) -189.323 62 (1.19) -2.71
18,14 -189.332 03 (-0.03) -189.322 11 (-2.61) -189.322 97 (1.60) 6.22 -0.54
18,14-c -189.32256 (1.86) 0.63b

R -189.286 67 (-0.12) -189.332 25 (-0.17) -189.323 57 (-3.53) -28.60 5.45

a The designations 8,8; 12,11; and 18,14 stand for the geometry optimized at CASSCF(8,8), CASSCF(12,11), and CASSCF(18,14) with the
6-31G(d,2p) basis set. The designations 8,8-c and 18,14-c stand for the geometry optimized at CASSCF(8,8) and CASSCF(18,14) with the
6-311+G(3df,2p) basis set. R stands for the geometry taken from ref 35, optimized at the MR-AQCC/6-311+G(3df,3pd) level of theory.b Relative
to the best value ofim4 (-189.323 57 hartree).
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which possess a very strong biradical character, not only for
obtaining good estimates of the relative energies but also for
obtaining a good prediction of the optimized geometries. Please
also note from Tables 4 and 1 that even considering the best
treatments at the MR-AQCC geometry reported by Cremer et
al.35 for im2 and CASSCF(18,14)/6-311+G(3df,2p) forimts6,
the corresponding energy barrier is still negative when consider-
ing the ZPE or the enthalpy corrections. This fact indicates that
we still do not have an optimum geometry for the transition
state, provided that the minima were optimized with a method
that considers explicitly the dynamic correlation energy. These
energy data and the corresponding geometrical parameters
displayed in Figure 3, especially forim4 andimts6, make also
evident the well-known fact that CASSCF exaggerates the bond
lengths.

Regarding the two additional decomposition modes of meth-
ylenebis(oxy) (im4), the first one is labeled asimts5 (Figure
2) and producessyn-formic acid (im5b). The computed energy
barrier is very low (∆E ) 3.8 kcal/mol or∆H ) 1.9 kcal/mol),
and the highly exothermic reaction energy (∆H ) -91.5 kcal/
mol) compares quite well with other values from the litera-
ture.34,35 The second one, which is labeled asimts9, involves
the homolytic cleavage of one CH bond forming H+ HCOO.
Here, we report an energy barrier of 24.9 kcal/mol (∆H ) 20.6
kcal/mol), a value that is about 3 kcal/mol larger than those
reported previously34 and that reflects the best description of
im4 obtained in the present work. HCOO was also reported to
decompose into H+ CO2 with a very small energy barrier.34

Finally, the computed unimolecular decomposition of formic
acid (im5a and im5b, which isomerizes throughimts10) into
CO2 + H2 (throughimts8, ∆E ) 68.3 kcal/mol and∆H ) 62.1
kcal/mol) and into CO+ H2O (throughimts7, ∆E ) 69.8 kcal/
mol and∆H ) 65.4 kcal/mol) (see also Table 1 and Figure 2)
compares also well with previous results from the literature.34,35

Unimolecular Decomposition of the Triplet Carbonyl
Oxide (H2COO, A3A''): The Formation of H2CO + O (3P).
This reaction proceeds by an elongation of the OO bond inim1T
leading to the formation of formaldehyde (H2CO) and atomic
oxygen (3P) (seeimts2T in Figure 2). This process has been
already reported in the literature,32 and here, we aimed only to
provide better activation and reaction energies obtained using
a much better basis set than previously. Our computed energy
barrier of 4.1 kcal/mol (∆H ) 2.9 kcal/mol) compares very well
with the previous value reported in the literature.32 This reaction
is computed to be exothermic by 29.1 kcal/mol, which also
compares with the results from the literature.32 At this point it
is also worth reminding the reader that, besides the unimolecular
decomposition ofim1T, the triplet PES crosses the singlet PES
in a geometry close toim1T. However, calculations of the spin-
orbit coupling matrix indicated that this intersystem crossing
(ISC) should be inefficient.32

Conclusions

In this work, we have investigated the reaction between CH2

(X3B1) and O2 (X3Σ-) by means of CASSCF and CASPT2
quantum chemistry calculations. The following points come out
from the present investigation.

(1) The reaction between CH2 (X3B1) and O2 (X3Σg
-) may

follow both a singlet and a triplet potential energy surface. The
singlet PES leads to the formation of carbonyl oxide H2COO,
(im1, X1A', Cs) in a process that is computed to be exothermic
by about 52 kcal/mol and for which we have calculated an
enthalpy barrier of about 2 kcal/mol. The triplet PES follows
throughout an enthalpy barrier of 5.4 kcal/mol and produces

also carbonyl oxide in its triplet excited state (im1T, A3A'', Cs).
This process is computed to be exothermic by about 32 kcal/
mol.

(2) We have computed the rate constants for both the singlet
and triplet PES, in the 250-1800 K range, applying the classical
transition-state theory, which allow us to estimate the corre-
sponding branching ratio (Γ). The computed rate constants are
about 300 times smaller than the estimated experimental values.
However, despite these differences, we believe that we calculate
accurateΓ values because both the singlet and triplet PESs are
computed at the same level of accuracy. Thus, we have
estimated the branching ratio for the triplet PES (which leads
to the formation of O (3P) atom) to be negligible at 250 K but
to rise up to 26% at 1800 K.

(3) We have also considered the unimolecular decomposition
of carbonyl oxide (im1) (X1A') and the obtained results compare
quite well with previous results reported in the literature.34,35

Compoundim1 can either isomerize to HCOOH (im3), which
dissociates into HCO+ OH with an activation enthalpy of 32.5
kcal/mol, or isomerize to dioxirane (im2) requiring an activation
enthalphy of 18.7 kcal/mol. The subsequent decomposition goes
on through isomerization to methylenebis(oxy) (im4), which
may decompose producing CO2 + H2, HCOOH, and H+ HCO.
Carbonyl oxide (im1), dioxirane (im2), methylene(bis)oxy
(im4), andimts6 have deserved special interest. The very strong
biradical character ofim4 and imts6 leads to a strong
dependence on the theoretical method used to obtain accurate
results. Our calculations indicate the need to use methods that
include dynamical correlation energy for both the optimized
geometry and the relative energy to obtain accurate results for
these species. For the remaining structures, which do not possess
as strong a biradical character, our results, which compare with
others from the literature,35 indicate that large scale CASPT2
calculations carried out over CASSCF optimized geometries
provide good results.

4) The triplet H2COO (im1T) (A3A'') decomposes into
H2CO (X1A1) + O (3Pg). The process is computed to be exoergic
by about 27 kcal/mol and has an activation enthalpy of 2.9 kcal/
mol.
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