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The low-lying electronic states of dioxirane (1), their ring opening to dioxymethane (2), and the dissociation
of 2 into CO2 and H2 have been investigated by means of CASSCF and MRD-CI+Q quantum chemistry
calculations. The ground state of1 is a singlet with 4π electrons, 11A1(4π), while the ground state of2 is a
2π-electron singlet, 11A1(2π), lying 5.8 kcal/mol higher than1 in energy. A 0 K activation energy of 21.4
kcal/mol is predicted for the thermal ring opening of1 into 2, which takes place via a transition structure
approximately corresponding to the crossing between the lower1A1(4π) and1A1(2π) states of both molecules.
Twelve excited states have been calculated for1 with vertical excitation energies ranging from 3.07 to 13.11
eV. The energy ordering of these states changes dramatically upon relaxation of the molecular geometries.
The optimum geometries of these excited states show an∠OCO in the 106.3-120.1° range, so they should
be considered as excited states of2. Minimum energy points of the intersection seam between the 11A2-
(3π)/11B1(3π), 11B1(3π)/1A1(2π), 11A2(3π)/1A1(4π), and 11B1(3π)/1A1(4π) potential energy surfaces have been
located in an∠OCO range of 91.0-104.6°. The photochemical ring opening of1 into 2may occur through
vertical excitation to either the 11B1(3π) or 11A2(3π) states of1 and subsequent radiationless decay to ground-
state2 via minimum energy intersection points on the potential energy surfaces of the appropriate states.
The dissociation of ground-state2 into CO2 and H2 is predicted to be exothermic by 105.2 kcal/mol with a
0 K activation energy of 3.2 kcal/mol, while the dissociations of the first four excited states of2 are all
predicted to be endothermic.

1. Introduction

Dioxiranes represent the class of the most strained cyclic
organic peroxides, containing one carbon and two oxygen atoms
in a three-membered ring. They can be formed by thermal or
photochemical isomerization of carbonyl oxides during the
ozonolysis of alkenes or the oxidation of carbenes.1,2 In 1977,
the parent dioxirane molecule1 was identified by microwave
spectroscopy3 and was also detected by mass spectroscopy4 in
the gas phase as an intermediate in the low-temperature reaction
between ozone and ethylene. To date only a few dioxiranes
appear to have been isolated as relatively stable compounds.5

The involvement of dioxiranes and their isomeric counterparts
carbonyl oxides as short-lived reaction intermediates has been
postulated in many oxidation reactions (e.g., ozonolysis, Baeyer-
Villiger reaction)6-8 and enzymatic processes.9 Furthermore,
dioxiranes are currently of interest because of their importance
in the chemistry of urban air pollution10 and as effective oxygen
carriers for regio- and stereoselective epoxidations.11

In a seminal theoretical study on the mechanism of olefin
ozonolysis Wadt and Goddard12afound that generalized valence
bond (GVB) calculations described the ground state of1 as
singlet (1A1 in C2V molecular symmetry) that has theπ-type
atomic 2p orbitals on both oxygen atoms doubly occupied.

Following Goddard’s nomenclature, this structure is referred
to as the1A1(4π) state of1, and the electron occupation of the
oxygen 2p orbitals can be depicted by the following diagrams:

Here, each oxygen 2p orbital perpendicular to the plane of the
paper is represented by a circle and dots indicate the number
of electrons in each orbital. The weakest bond in1 is the
peroxide bond, which has an estimated OO bond dissociation
energy of about 36 kcal/mol.13 It was suggested that methyl-
enebis(oxy) (“dioxymethane”) (2), resulting from homolytic OO
bond cleavage of1, could make a contribution to the chemistry
of dioxirane.12a The ground state of2was found to be a singlet
diradical of A1 symmetry that has theπ-type atomic 2p orbitals
on both oxygen atoms singly occupied with the two oxigen lone
pairs in the OCO plane. GVB configuration interaction (GVB-
CI) calculations by Harding and Goddard12b predicted this
diradical structure, referred to as the1A1(2π) state of2, to be
0.48 eV more energetic than ground-state1. The lowest excited
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state of2 was found to be the 2π-electron triplet state of B2
symmetry, referred to as the3B2(2π) state of2, originating from
the latter diradical electron configuration by triplet spin coupling
of the two unpaired electrons.

At the GVB-CI level this3B2 state lies only 0.04 eV above the
ground state of2.12b In addition, two singlet and two triplet
states of A2 and B1 symmetry, arising from the 3π-electron
configuration of2, were found to be 0.12-0.66 eV above its
ground state.12b

The singlet1A1(4π) state of2with the twoπ-type atomic 2p
orbitals on both oxygen atom doubly occupied and two oxygen
singly occupied atomic 2p orbitals in the plane of the ring was
calculated to lie 0.49 eV above the ground-state1A1(2π).12b
Finally, the3B2 state arising from the latter electron configu-
ration by triplet spin coupling of the two unpaired electrons
was located 0.56 eV above the ground state of2.12b

It should be pointed out that all these GVB-CI calculations were
performed at the equilibrium geometry assumed for the ground
state of2. Later multiconfiguration self-consistent field (MC-
SCF) calculations by Karlstro¨m and co-workers14 predicted the
ground states of1 and 2 to have almost the same energy,1
being 0.07 eV more stable. The adiabatic energy barrier for
the ring opening of1 to 2 was calculated to be 0.66 eV. More
recently Bach and co-workers15 have studied the structure and
relative energy of1 and 2 at a variety of levels including
complete active space self-consistent field (CASSCF), second-
and fourth-order Moller-Pleset perturbation theory (MP2 and
MP4), and quadratic configuration interaction with singles,
doubles, and perturbative estimation of triples method (QCISD-
(T)). Their best calculation of the1/2 relative energy was 12.4
kcal/mol (0.54 eV) and was obtained from QCISD(T)/6-31G-
(d) energies computed at the QCISD/6-31G(d) optimized
geometries. The geometries of two excited states of2, corre-
sponding to 3π- and a 4π-electron singlets, were optimized at
the MP2/6-31G(d) level. Single-point QCISD(T)/6-31G(d)
calculations located these excited states 0.50 and 1.15 eV,
respectively, above the ground state. Quite recently, Cantos

and co-workers16 have reported a theoretical study of the
geometry and electronic spectra of1, 2, and its anion using
CASSCF and second-order perturbation theory (CASPT2). the
ground state of2 was located 0.48 eV above1, and an energy
barrier of 1.12 eV was calculated for the ground-state isomer-
ization of1 to 2. The first vertical excitation energy of1 was
found to be 4.1 eV and to correspond to a 3π-electron singlet
of B1 symmetry. No other vertical excitations of1 were
calculated in the theoretical study of Cantos and co-workers.
For 2 seven vertical excited states were located below 2 eV.
The adiabatic excited states of1 or 2 were, however, not
included in that theoretical study.
We feel that the excited states of1 and2merit further study.

It is the purpose of this paper to examine with accurateab initio
calculations the electronic structure and relative energies of the
low-lying electronic states of1 and their ring opening to2. It
is our goal to shed light on the implication of these states on
the thermal and photochemical fate of the dioxiranes produced
in the low-temperature gas-phase reaction between ozone and
olefins. In addition, since carbon dioxide is one of the major
reaction products formed in the latter reaction,17 the dissociation
of the low-lying electronic states of2 into CO2 and H2 has also
been investigated by means of accurateab initio calculations.

II. Electronic Structure Considersiderations

Previous studies on1 have shown that at all levels of theory
its electronic ground state is a closed-shell singlet with 4π
electrons which hasC2V molecular symmetry.18 Considering
only the valence electrons of the CO and OO bonds and the
out of plane lone-pair electrons of the oxygen atoms, the ground
state of1, denoted 11A1, can be quantitatively described by the
electronic configuration

Essentially, the 5a1 and 3b2molecular orbitals (MOs) correspond
to the symmetric and antisymmetric combinations, respectively,
of the two COσ-bonds, whereas 6a1 describes the OOσ-bond.
The 2b1 and 1a2 MOs areπ-type orbitals corresponding to the
symmetric and antisymmetric combinations, respectively, of the
out of plane p nonbonding orbitals of the oxygen atoms. The
ground state of1 therefore has 4π electrons.
At the self-consistent-field (SCF) level of theory, the lowest

unoccupied MO is the 4b2 orbital, which corresponds to the
OOσ*-bond. The low-lying excited states of1 arise from single
and double excitations from the three highest occupied orbitals,
namely 6a1, 2b1, and 1a2, to the unoccupied 4b2 orbital. Thus,
single excitation (relative to configuration eq 1) from the 1a2

orbital to the 4b2 orbital yields an open-shell electronic
configuration with 3π electrons, which can be written in short
form as

This configuration gives rise to one singlet and one triplet states
of B1 symmetry. Single excitation (relative to configuration
eq 1) from the 2b1 orbital to the 4b2 orbital yields another open-
shell electronic configuration, which can be written as

This configuration gives rise to one singlet and one triplet states
of A2 symmetry with 3π electrons.
The low-lying electronic states of B2 symmetry, namely the

open-shell states3B2 and 1B2, may arise from the electronic
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configuration obtained from single excitation (relative to con-
figuration eq 1) from the 6a1 orbital to the 4b2 orbital that can
be written as

This configuration has 4π electrons. Regarding possible low-
lying excited states of1 generated from double excitations
relative to configuration eq 1, it will be shown below that there
is another3B2 state with 2π electrons, which arises from the
electronic configuration

Finally, double excitation (relative to configuration eq 1) from
either the 1a2 or 2b1 orbitals to the 4b2 orbital gives rise to
closed-shell electronic configurations with 2π electrons, which
can be written as

The combination of configurations eqs 6 and 7 leads to a 2π-
electron singlet state of A1 symmetry, denoted 21A1. As
mentioned above, the 4b2 orbital is OO antibonding; therefore,
one would expect the optimum molecular geometries of the
states in which this orbital is singly (i.e.,1,3B1, 1,3B2, 1,3A2) or
doubly (i.e., 21A1) occupied to show a wider OCO bond angle,
as compared with the geometry of the ground state1A1.
As noted in section I, earlier studies on2 indicate that its

ground state showsC2V symmetry, has 2π electrons, and
possesses singlet diradical character.12,14-16 The relevant
valence MOs of2 are the orbitals described above for1, except
that now the 6a1 and 4b2 MOs correspond to the symmetric
and antisymmetric combinations, respectively, of the in-plane
p nonbonding orbitals of the oxygen atoms. The wave function
for the ground state of2 (1A1) is obtained as a combination of
two nearly degenerate closed-shell configurations which are just
the doubly excited configurations eqs 6 and 7 of1.14,16

Therefore, the ground state of2 correlates with the doubly-
excited state 21A1 of 1. On the other hand,2 has a low-lying
doubly excited singlet state of A1 symmetry with 4π electrons
whose wave function is obtained as a combination of config-
uration eq 1 with another closed-shell configuration which can
be written in short form as

Therefore, this doubly excited state of2 correlates with the
electronic ground state of1. As shown by Cimiraglia and co-
workers,19 it turns out that the ground-state symmetric ring
opening of1 yielding the ground state of2 involves a crossing
of the 11A1 and 21A1 adiabatic potential energy surfaces (PESs)
of these species.

III. Methods and Computational Details

The ab initio MRD-CI (multireference single and double-
excitation configuration interaction) method with configuration
selection, energy extrapolation, and full CI estimate was
employed for the calculation of the various low-lying electronic
states of1 and2, using the program package of Buenker and
Peyerimhoff.20 In this procedure the reference set consists of
all configurations which appear in the final CI expansion with
a coefficient of roughlyc2 g 0.02. The SCF MOs for the

respective states are employed to construct the configurations;
all nonvalence MOs are frozen. Configuration selection is
undertaken at a thresholdT in a standard manner20a and the
resulting secular equation solved directly. Next, the first-order
density matrix corresponding to this MRD-CI calculation
employing SCF MOs is simply diagonalized for obtaining the
natural orbitals, which are subsequently employed in a final
MRD-CI calculation. The effect of the remaining configurations
of the total MRD-CI space on the energy of the system is
accounted for by a self-correcting perturbation-type (extrapola-
tion) procedure.20b,c Finally, the energy corresponding to the
full CI space of the given basis set, designatedE(MRD-CI+Q),
is estimated in analogy to the formula given by Langhoff and
Davidson21 as

where the sum is taken over all spin-adapted configuration state
functions in the reference set andE(MRD-CI) andE(ref) are
the total energies of the MRD-CI and reference set wave
functions.22

Two basis sets have been used in this study. The basis set
designated BS1 is the split-valence d-polarized 6-31G(d) basis,23

consisting of 49 contracted Gaussian functions for the CH2O2

system. The other basis set, designated BS2, is the standard
Huzinaga-Dunning double-ú basis (9s5p/4s2p) contractions for
C and O, (4s/2s) for H,24,25 augmented by a diffuse p-type
function on C and O (orbital exponentsRp(C) ) 0.03426 and
Rp(O) ) 0.0527), two d-type polarization functions on C and
O (orbital exponentsRd(C) ) 1.097 and 0.318, andRd(O) )
2.314 and 0.64528), and a p-type polarization function on H
(orbital exponentRp(H) ) 1.029). For the CH2O2 system, BS2
consist of 85 contracted Gaussian functions. Such a basis set
was chosen to reproduce accurately the adiabatic excitation
energies of carbon dioxide, since it will be shown below that
several low-lying electronic states of1 and2 dissociates into
various excited states of this molecule. The adiabatic excitation
energies of the four lower excited electronic states of CO2

calculated at the MRD-CI+Q level of theory using the BS1
and BS2 bases are compared in Table 1 with those computed
by the internally contracted multireference configuration interac-
tion (MRCI) method with a more flexible basis set and known
experimental data.30 It is to be noted that the excitation energies
computed with BS2 are reasonably close to experiment, whereas
those computed with the BS1 basis deviate by about 0.3 eV.
The molecular geometries of the stationary points were

optimized at the MRD-CI level by employing numerically
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TABLE 1: Geometrical Parametersa and Relative Energies
(eV) of the Low-Lying Electronic States of Carbon Dioxide

relative energy

geometry MRD-CI+Qb

state R(CO) ∠OCO BS1 basis BS2 basis MRCIc exptd

1Σg+ 1.162 180.0 0.00 0.00 0.00 0.00
3B2 1.251 118.5 4.51 4.84 4.75 e4.88
3A2 1.261 127.4 5.15 5.40 5.42
1A2 1.262 127.0 5.29 5.63 5.61 e6.2-7.2
1B2 1.260 117.8 5.46 5.77 5.74 ≈5.7

aOptimized at the MRD-CI/BS1 level. Distances are in angstroms;
angles, in deg.b All energies relative to the energy of the electronic
ground state (1Σg

+): E(MRD-CI+Q/BS1)) -188.10950 hartree and
E(MRD-CI+Q/BS2) ) -188.19734 hartree.c Internally contracted
multireference configuration interaction calculations from ref 30.
d Energy regions in which bent states of CO2 have been detected. See
ref 30.

E(MRD-CI+Q)) E(MRD-CI) +
(1- ∑c0

2)(E(MRD-CI) - E(ref)) (9)
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calculated gradients31 in a recently proposed restricted quasi-
Newton-Raphson procedure32 using the BS1 basis. To estab-
lish that the optimized molecular geometries are converged with
respect to the basis set, additional geometry optimizations were
performed for the ground state of1 and2, as well as for the
first excited state (3B2) of 2, with the BS2 basis. The MRD-CI
calculations carried out with the BS1 (T ) 2 µhartrees) and
BS2 (T ) 3 µhartrees) basis sets generated MRD-CI spaces
whose size varied roughly from 6× 105 to 22× 106, while the
size of the selected subspaces, namely the dimensions of the
secular equations actually solved, was on the order 17 000-
32 000.
The normal modes and harmonic vibrational frequencies of

the stationary points of the lowest state of each symmetry and
multiplicity were obtained by using the CASSCF method33with
the BS1 basis by diagonalizing the mass-weighted Cartesian
force constant matrix calculated analytically.34 The zero-point
vibrational energies (ZPVEs) were determined from the har-
monic vibrational frequencies scaled by 0.8929 (the reciprocal
of 1.12).35 The CASSCF wave function of each electronic state
was obtained by distributing six-electrons in the 6a1, 2b1, 1a2,
and 4b2 MOs. As mentioned in section II, these orbitals define
the smallest active space that can describe the low-lying
electronic states of each symmetry and multiplicity. The
CASSCF geometry optimizations and harmonic vibrational
frequencies calculations were carried out by using the GAMES36

and Gaussian 9437 codes, respectively.
The vertical excitation energies of the low-lying excited

electronic states of1 were computed at the MRD-CI+Q level
with the BS2 basis using the MRD-CI/BS1 equilibrium geom-
etry of the ground state of1. The electronic transition moment
of the dipole-allowed vertical transitions were evaluated by
employing the length operator. Finally, the adiabatic excitation
energies were determined from the MRD-CI+Q/BS2 energies
of each state calculated using the molecular geometries opti-
mized at the MRD-CI/BS1 level.

IV. Results and Discussion

Ground-State Ring Opening of Dioxirane. The most
relevant geometrical parameters of the MRD-CI/BS1 optimized
structures for the ground state of1 and2 are given in Table 2,
along with the calculated electric dipole moments, ZPVE, and
total energies. For comparison, the geometrical parameters
obtained at the same level of theory with the BS2 basis are
shown in parentheses. Overall, the geometrical parameters
computed with both basis sets agree closely. It is satisfying to
note that the calculated geometrical parameters of1 are in
excellent agreement with the reported experimental data obtained
from microwave spectroscopy (R(OO) ) 1.516 Å,R(CO) )
1.388 Å, ∠OCO ) 66.2°, ∠HCH ) 117.3°).3 Recently,
Schaefer and co-workers18g have reported a theoretical study
demonstrating the importance of using f-type polarization
functions in theab initio description of the geometry and

vibrational frequences of1. As concerns the equilibrium
geometry, the present MR-DCI calculations indicate that
satisfactory results are obtained for1 using Pople’s split-valence
d-polarized 6-31G(d) basis set. Furthermore, the calculated
dipole moment of 2.67 D is reasonably close to the experimental
value of 2.48 D.3 Regarding2, the computed geometrical
parametersR(CO)) 1.361 Å and∠OCO) 120.1° are in fairly
good agreement with the values obtained from previous calcula-
tions at the MP2 (R(CO)) 1.367 Å and∠OCO) 118.5°),15b
QCISD (R(CO) ) 1.306 Å and∠OCO ) 129.6°),15b and
CASPT2 (R(CO)) 1.321 Å and∠OCO) 127.0°)16 levels of
theory, although the QCISD and CASPT2 calculations predict
a shorter CO bond length and a wider∠OCO. As noted in
section II, the wave function for the ground state of2
corresponds chiefly to a combination of two nearly-degenerate
closed-shell configurations and it is not expected that single-
configuration-based methods will be adequate in this case. It is
therefore surprising the close agreement between the MRD-CI
and MP2 results for ground-state2.
At the MRD-CI+Q/BS2 level, the ground state of2 is

calculated to lie 7.1 kcal/mol above the ground state of1. This
energy difference compares well with the earlier value of 6.2
kcal/mol obtained from two-reference CISD calculations by
Karlström and co-workers14 but is about 4-5 kcal/mol lower
than the values obtained from previous calculations at different
levels of theory: 11.3 kcal/mol (PMP4),15b 12.5 kcal/mol
(QCISD(T)),15b and 11.1 kcal/mol (CASPT2).16 The ZPVE
correction lowers to 5.8 kcal/mol the relative energy of2 with
respect to1.
The ground-state symmetric ring opening of1 into 2 was

first studied by computing the adiabatic potential energy curves
(PECs) for the 11A1 and 21A1 states of these species as a function
of ∠OCO. For both states∠OCO was varied and all other
parameters were optimized at each fixed value of∠OCO
keepingC2V symmetry. These calculations were performed at
the MRD-CI level with the BS1 basis. An intersection between
the two PECs was found at∠OCO≈ 100°. This result is in
good agreement with earlier calculations at the CIPSI19 and
CASPT216 levels of theory which predicted a crossing between
the 11A1/21A1 PECs to occur at∠OCO of 102 and 100°,
respectively. The changes in the composition of the MRD-CI/
BS1 wave function of the 11A1 and 21A1 states throughout the
ring opening of1, in terms of the weight of the dominant 2π-
and 4π-electron configurations in the CI expansion, were also
studied. As expected, for∠OCO smaller than 100° the MRD-
CI wave function of 11A1 is dominated by the 4π-electron
configuration eq 1, while the MRD-CI wave function of 21A1

is mainly described by a combination of the 2π-electron
configurations eqs 6 and 7. Nearby the intersection of the two
potential curves, that is at∠OCO≈ 100°, the composition of
the two wave functions is suddenly reversed, so for∠OCOg
100° the MRD-CI wave function of 11A1 corresponds chiefly
to an almost equal mixture of the 2π-electron configurations

TABLE 2: Geometrical Parameters,a Electric Dipole Moments (µ, D),b Zero-Point Vibrational Energies (ZPVE, kcal/mol),c
Total Energies (E, hartree),d and Relative Energies (Erel, kcal/mol),d,e Calculated for Dioxirane (1), Dioxymethane (2), and the
Transition Structure (TS1) for the Ring Opening of Ground-State 1 into 2

structure R(CO) R(OO) R(CH) ∠OCO ∠HCH µ ZPVE E Erel

1 1.384 (1.386) 1.512 (1.508) 1.086 (1.083) 66.2 (65.9) 116.4 (116.3) 2.67 19.6-189.215 41 0.0
TS1 1.377 2.108 1.086 99.9 110.7 2.55 18.4 -189.179 36 22.6 (21.4)
2 1.361 (1.363) 2.359 (2.356) 1.101 (1.099) 120.1 (119.6) 107.4 (107.7) 2.12 18.3-189.204 10 7.1 (5.8)

aOptimized at the MRD-CI/BS1 level exceptTS1, which was optimized at the CASSCF(6,4)/BS1 level. The results in parentheses were obtained
with the BS2 basis;C2V symmetry, with distances in angstroms and angles in deg.bCalculated at the MRD-CI/BS2 level of theory.cObtained from
CASSCF(6,4)/BS1 harmonic vibrational frequencies scaled by 0.8929.dMRD-CI+Q/BS2 energies at the MRD-CI/BS1 optimized geometries except
for TS1, where the CASSCF(6,4)/basis A optimized geometry was used.eZPVE corrected values are given in parentheses.
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eqs 6 and 7, whereas 21A1 is dominated by a combination of
the 4π-electron configurations eqs 1 and 8.
The ground-state ring opening of1 into 2 was further

investigated by employing the CASSCF(6,4) wave function
described in section III with the BS1 basis. A transition
structure ofC2V symmetry,TS1, connecting the equilibrium
structures calculated for1 and2 was located. The optimized
geometry ofTS1 is given in Table 2, along with the calculated
dipole moment, ZPVE, and total energy. The geometrical
parameters found forTS1are in good agreement with the values
(R(CO)) 1.382 Å,∠OCO) 103.0°, and∠HCH) 113.7°) of
the transition structure optimized by Karlstro¨m and co-workers14

using an MCSCF wave function consisting of 10 closed-shell
determinants. It is worth noting that the geometry ofTS1 is
close to the found at the MRD-CI level for the 11A1 state of1
with ∠OCO fixed at 100°, namelyR(CO) ) 1.400 Å,R(CH)
) 1.092 Å, and∠HCH ) 111.5°, which approximately
corresponds to the structure of the intersection point between
the 1A1(4π) and1A1(2π) adiabatic PECs. Indeed, at theTS1
geometry the MRD-CI+Q/BS2 energy of the1A1(4π) state38 is
only 0.1 kcal/mol higher than that of the1A1(2π) state.
According to Table 2, the potential energy barrier for the ground-
state ring opening of1 to 2 is predicted to be 22.6 kcal/mol at
the MRD-CI/BS2 level. This energy barrier can be compared
with the earlier values of 15.2 and 25.8 kcal/mol obtained from
MCSCF14 and CASPT216 calculations, respectively. It should
be noted the CASPT2 calculations of Cantos and co-workers
were performed optimizing∠OCO with all other parameters
held fixed at their values in1. The ZPVE correction to the
MRD-CI+Q/BS2 energy barrier leads to a 0 Kactivation energy
of 21.4 kcal/mol.
Low-Lying Excited Electronic States of Dioxirane and

Dioxymethane. Table 3 shows the calculated vertical excitation
energies for the first 12 excited electronic states of1, along
with the dipole moments and oscillator strengths. To character-
ize the electronic structure, each state is labeled according to
the number ofπ electrons. Detailed information about the
MRD-CI/BS1 wave functions for these states is given in the
penultimate column of Table 4. Summarized there are the most
important configurations and their weights (in percent) in the
CI expansion. As seen in Table 3, the first four vertical excited
states of1 are found to be triplet and singlet states of B1 and
A2 symmetry. According to Table 4, the dominant configuration
of these states corresponds to the singly excited configurations
1a2 f 4b2 (eq 2) and 2b1 f 4b2 (eq 3), respectively. Following
the orbital energy ordering shown in section II, that is 2b1 <

1a2, the 13B1(3π) and 11B1(3π) states are predicted to lie below
the 13A2(3π) and 11A2(3π) states. The vertical excitation energy
of 4.23 eV found for the first excited singlet, 11B1(3π), is in
agreement with the earlier value of 4.1 eV obtained from
CASPT2 calculations.16 The fifth vertical excited state of1 is
found to be the 13B2(4π) state arising mainly from a mixture
of the singly excited configurations 6a1 f 4b2 (eq 4) and 5a1
f 4b2. The singlet state arising from the same singly excited
configurations, 11B2(4π), is found to lie 3.58 eV above the 13B2-
(4π) state. This singlet-triplet energy splitting is much larger
than the calculated for the lower excited states of B1(3π) and
A2(3π) symmetry, namely 1.16 and 0.42 eV, respectively. This
result can be rationalized in terms of the different spatial
localization of the singly occupied MOs 6a1, 1a2, and 2b1, which
distinguish the above B2(4π), B1(3π), and A2(3π) states. Thus
the exchange integral, causing most of the energy splitting
between the singlet and triplet states originating from the same
electronic configuration, is expected to be larger for the orbital
pair 6a1-4b2 than for either the 1a2-4b2 or 2b1-4b2 orbital
pairs.
The remaining excited electronic states of1 shown in Table

3 are placed in an energy range of 8.44-13.11 eV above the
ground state. All these states arise from double excitations
relative to the dominant configuration (eq 1) of the ground state.
The electronic spectrum of1 is not known experimentally.
However, the dimethylated and bis(trifluoromethylated) com-
pounds have in solution a UV absorption maximum at 335 nm

TABLE 3: Vertical Excitation Energies (TV, eV),a Electric
Dipole Moments (µ, D),b and Oscillator Strengths (f)c of the
Low-Lying Excited States of Dioxirane

state TV µ f

13B1(3π) 3.07 2.55
11B1(3π) 4.23 2.57 0.0005
13A2(3π) 5.72 3.30
11A2(3π) 6.14 3.38 forbidden
13B2(4π) 6.39 2.90
21A1(2π) 8.44 2.54 0.005
23B2(2π) 9.91 2.73
11B2(4π) 9.97 2.23 0.1
23B1(3π) 11.81 2.85
23A2(3π) 11.95 2.93
21B1(3π) 12.42 2.86 0.00001
21A2(3π) 13.11 3.09 forbidden

aCalculated at the MRD-CI+Q/BS2 level.bCalculated with the
MRD-CI/BS2 wave function of each state using the optimized geometry
of dioxirane.cCalculated at the MRD-CI/BS2 level.

TABLE 4: Weight of the Most Important Configurations in
the MRD-CI/BS1 Wave Function (ω, %) for the Low-Lying
Electronic States of Dioxirane

orbital occupation nos. ω

state 5a1 6a1 3b2 2b1 1a2 4b2 Ia II b

11A1(4π) 2 2 2 2 2 0 87.80
2 0 2 2 2 2 0.43

13B1(3π) 2 2 2 2 1 1 87.97 60.86
2 1 2 1 2 2 0.56 25.24

11B1(3π) 2 2 2 2 1 1 87.07 48.88
2 1 2 1 2 2 1.30 34.86

13A2(3π) 2 2 2 1 2 1 85.97 72.38
2 1 2 2 1 2 1.22 13.77

11A2(3π) 2 2 2 1 2 1 82.77 63.04
2 1 2 2 1 2 3.52 21.47

13B2(4π) 2 2 2 1 1 2 90.47
2 1 2 2 2 1 75.90
1 2 2 2 2 1 13.60

21A1(3π)c 2 2 2 2 0 2 73.74 29.45
2 2 2 0 2 2 13.49 60.28

23B2(2π) 2 2 2 1 1 2 90.39
2 1 2 2 2 1 81.75

11B2(4π) 2 1 2 2 2 1 80.14 72.90
1 2 2 2 2 1 2.90

23B1(3π) 2 2 2 2 1 1 1.13 42.23
2 2 2 1 1 2 85.69 11.81
2 1 2 1 2 2 21.24
1 2 2 1 2 2 11.27

23A2(3π) 2 2 1 1 2 2 9.91 25.22
2 2 2 1 2 1 29.78
2 1 2 2 1 2 65.36 27.25

21B1(3π) 2 2 1 2 1 2 83.19 23.96
2 2 2 2 1 1 24.98
2 1 2 1 2 2 18.51
1 2 2 1 2 2 2.26 20.16

21A2(3π) 2 2 1 1 2 2 47.36 38.52
2 2 2 1 2 1 22.99
2 1 2 2 1 2 24.13 11.91
1 2 2 2 1 2 10.47 14.50

a At the ground-state equilibrium geometry of dioxirane.b At the
optimized geometry of each state.c The optimum geometry of this state
is the ground state of dioxymethane, 11A1(2π).
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(3.70 eV)5a,39and 306 nm (4.05 eV),5b respectively, which can
be related to the dipole-allowed vertical transition to the 11B1-
(3π) state described above.
Within C2V molecular symmetry constraints, the optimum

geometries of the above 12 electronic excited states of1 were
calculated at the MRD-CI/BS1 level. The most relevant
geometrical parameters of the optimized structures are given
in Table 5, along with the dipole moments calculated at the
MRD-CI/BS2 level. Analytical harmonic vibrational frequen-
cies were calculated at the CASSCF(6,4)/BS1 level for the
lowest state of each symmetry and multiplicity. Excluding the
11B2(4π) state, which showed an imaginary frequency (ν )
4473i cm-1), in all cases the harmonic vibrational analysis of
these states indicated that the optimized structure was a true
potential energy minimum (no imaginary frequencies). The
ZPVE calculated from these vibrational frequencies scaled by
0.8929 are also included in Table 5. The energies of the 12
excited states relative to the ground state of1, namely the
adiabatic excitation energies, computed at the MRD-CI+Q/BS2
level are shown in last column of Table 5. Detailed information
about the MRD-CI wave functions calculated for each excited
state is given in last column of Table 4.
First of all, we note that all calculated excited states show

an optimum∠OCO ranging from 106.3 to 120.1°. The OO
bond in these states is thus fully broken, so it is more appropriate
to consider them as excited electronic states of2 rather than of
1. For the purpose to facilitate possible comparisons, the
adiabatic excitation energies relative to ground state of2 are
also given in parentheses in last column of Table 5. As pointed
out in section I, no previous adiabatic excitation energies have
been reported for2, except the values of 0.50 and 1.15 eV,
calculated at the QCISD(T)/6-31G(d) level using MP2/6-31G-
(d) optimized geometries, reported by Bach and co-workers15b

for two excited states, corresponding to a 3π- and a 4π-electron
singlets. Since the symmetry of these excited states was not
specified, a comparison with the present results is not possible.
A comparison between Tables 3 and 5 reveals that the energy

ordering found for the vertical excited states of1 changes
dramatically upon relaxation of the geometrical parameters to
the corresponding optimum values. For instance, the first
vertical excited state of1 is predicted to be a 3π-electron triplet
of B1 symmetry, while a 2π-electron triplet of B2 symmetry

comes out to be the first adiabatic excited state of2. In addition,
the energy ordering calculated for the lower3B2(4π) and3B2-
(2π) states is reversed in passing from the ground-state
equilibrium geometry of1 to the optimum geometry of each
state. This result indicates that when the geometry is relaxed
from the Frank Condon to the adiabatic region, the PESs of
these electronic states cross one another. This feature was
explored by computing the adiabatic PECs for the3B2(4π) and
3B2(2π) states as function of∠OCO. The MRD-CI/BS1 energy
was used in these computations. For both states∠OCO was
varied and all other parameters were optimized at each fixed
value of ∠OCO keepingC2V symmetry. An intersection
between the two PECs was found at some molecular geometry
close to∠OCO) 92.5°.40 A comparison between the equi-
librium geometries predicted for the3B2(2π) and3B2(4π) states
shows that∠OCO is 8.5° wider in the first structure. This result
is in accordance with the double occupation of the OO-
antibonding 4b2 MO in 3B2(2π), as compared with the single
occupation of this orbital in3B2(4π).
Another interesting result is that the energy ordering of the

13A2(3π) and 13B1(3π) states, as well as that of the 11A2(3π)
and 11B1(3π) states, is reversed in passing from the equilibrium
geometry calculated for the ground state of1 to the optimum
geometries of these states. Thus, at their equilibrium geometries
the 13A2(3π) and 11A2(3π) states lie below the energies of the
13B1(3π) and 11B1(3π) states. This relative energy ordering is
just opposite of the calculated ordering for these states at the
equilibrium geometry of ground-state1 (see Table 3). These
features suggest possible 13A2(3π)/13B1(3π) and 11A2(3π)/11B1-
(3π) PES intersections. Both surface intersections were inves-
tigated by computing at the MRD-CI/BS1 level the correspond-
ing adiabatic PECs as function of∠OCO angle keepingC2V
symmetry and optimizing all other geometric parameters. A
13A2(3π)/13B1(3π) intersection point was found at some mo-
lecular geometry close to∠OCO ) 95.0°.41 It is worthy of
mention that such an intersection point is just one arbitrary point
on the intersection seam between the PESs of these states and
not necessarily anywhere near the minimum energy crossing
point. Analogously, the PECS calculated for the 11A2(3π) and
11B1(3π) states showed an intersection point near∠OCO )
87.5°.42 Similar intersections have also been found between
the 11A2 and 11B1 states of the isoelectronic ozone mol-
ecule.27,43,44 The remarkable finding that in the adiabatic region
the 13A2 and 11A2 states of2 are lower in energy than the 13B1-
(3π) and 11B1(3π) states may be explained by analyzing how
the MRD-CI wave function of these states changes in passing
from the Franck-Condon to the adiabatic region. As shown in
Table 4, at the ground-state equilibrium geometry of1 the wave
function of both the 13B1(3π) and 11B1(3π) states is domin-
ated by a configuration (eq 2) involving a single excitation from
the π OO-antibonding 1a2 MO to the σ OO-antibonding 4b2
orbital, whereas the wave function of both the 13A2(3π) and
11A2(3π) states is dominated by a configuration (eq 3) involving
a single excitation from theπ OO-bonding 2b1 MO to the 4b2
orbital. Since the latter excitation is likely to be of higher energy
than the former, it follows that in the Franck-Condon region
the triplet and singlet states of B1 symmetry are expected to lie
below the triplet and singlet states of A2 symmetry. In the
adiabatic region the wave functions of these B1 and A2 states
still are dominated by the above singly excited configurations,
but a second doubly excited configuration appears to have an
important weight. This doubly excited configuration involves
a single excitation from theσ OO-bonding 6a1 MO to theσ
OO-antibonding 4b2 orbital together with one of the two

TABLE 5: Geometrical Parameters,a Electric Dipole
Moments (µ, D),b Zero-Point Vibrational Energies (ZPVE,
kcal/mol),c and Adiabatic Excitation Energies (Te, eV),d of
the Low-Lying Excited States of Dioxirane

state R(CO) R(CH) ∠OCO ∠HCH µ ZPVE Te

21A2(2π)e 1.361 1.101 120.1 107.4 2.12 18.3 0.31 (0.00)
13B2(2π) 1.386 1.093 115.8 108.1 2.09 18.6 0.47 (0.16)
13A2(3π) 1.386 1.105 109.9 109.9 2.40 19.3 0.61 (0.30)
11A2(3π) 1.389 1.104 110.8 108.8 2.30 19.9 0.74 (0.43)
13B1(3π) 1.407 1.087 106.3 109.8 2.18 19.5 0.81 (0.50)
11B1(3π) 1.407 1.086 109.6 109.4 2.12 19.5 1.04 (0.73)
23B2(4π) 1.421 1.090 107.3 110.4 2.04 1.21 (0.90)
23B1(3π) 1.409 1.111 116.3 113.0 2.32 3.62 (3.31)
21A2(3π) 1.415 1.086 113.5 113.6 2.56 3.65 (3.34)
23A2(3π) 1.404 1.091 113.6 114.0 1.99 3.87 (3.56)
11B2(4π) 1.422 1.084 109.2 110.3 2.43 4.12 (3.81)
21B1(3π) 1.464 1.100 114.6 117.0 2.44 4.42 (4.11)

aOptimized at the MRD-CI/BS1 level;C2V symmetry, with distances
in angstroms and angles in deg.bCalculated at the MRD-CI/BS2 level.
cObtained from CASSCF(6,4)/BS1 harmonic vibrational frequencies
scaled by 0.8929.dCalculated at the MRD-CI+Q/BS2 level. The
adiabatic excitation energies from the ground state of dioxymethane
are given in parentheses.eThis state is the ground state of di-
oxymethane, 11A1(2π).
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aforementioned single excitations, namely 2b1 f 4b2 for the
B1 states and 1a2 f 4b2 for the A2 states. On the basis that the
former single excitation is likely to be of higher energy than
the latter, it is easily understood why in the adiabatic region
the 13A2(3π) and 11A2(3π) states of1 are predicted to be lower
in energy than the 13B1(3π) and 11B1(3π) states.
In connection with the observed photochemical decomposition

of substituted dioxiranes,45-47 it is worthy to examine all together
the PECs calculated for the first four singlet states, namely1A1-
(4π), 11B1(3π), 11A2(3π), and1A1(2π), shown in Figure 1. It is
readily seen from inspection of Figure 1 that several intersections
between the different PECs occur in an∠OCO range of 90-
110°. Besides the1A1(4π)/1A1(2π) and 11A2(3π)/11B1(3π)
PECs intersections discussed above, we note that the 11B1(3π)
PEC intersects the1A1(2π) and1A1(4π) PECs at∠OCO near
96 and 104°, respectively. Moreover, the 11A2(3π) PEC
intersects the1A1(4π) PEC near∠OCO) 100°. The region
corresponding to an∠OCO ranging from 90 to 110° was further
investigated by searching at the CASSCF(6,4)/BS1 level the
minimum energy points on the 11A2(3π)/11B1(3π), 11B1(3π)/
1A1(2π), 11A2(3π)/1A1(4π), and 11B1(3π)/1A1(4π) intersection
seams using the constrained optimization algorithm of Ragazos
and co-workers48 implemented in Gaussian 94 program package.
The geometrical parameters of the CASSCF(6,4)/BS1 optimized
structures for the minimum energy points on the aforementioned
intersection seams are given in Table 6 along with the total
energies of the crossing states calculated at the MRD-CI/BS1
level. As expected, while at the CASSCF(6,4)/BS1 level the
energy difference between the two crossing states was calculated
to be less than 0.1 kcal/mol for each optimized minimum energy

crossing point, this energy difference comes out to be somehow
larger (i.e., in the 0.9-2.4 kcal/mol range) at the MRD-CI+Q/
BS1 level. The existence of minimum energy intersection points
between the low-lying singlet states of1 suggest that, in addition
to the thermal ring opening of1 to give2 taking place on the
ground-state PES, the ring opening of1 into 2 may occur
photochemically via a mechanism involving a vertical electronic
excitation to either the 11B1(3π) or 11A2(3π) states and
subsequent radiationless decay to the ground state of2 through
minimum energy intersection points on the PESs of the
appropriate states. These photochemical pathways might ac-
count for the observed photochemical decomposition of sub-
stituted dioxiranes.45-47

Dissociation of Dioxymethane into CO2 and H2. Table 7
summarizes the MRD-CI+Q/BS2 calculated dissociation ener-
gies of the lower singlet and triplet states of2 for their
dissociation into ground-state H2 plus CO2 in its ground or low-
lying excited states. As seen in Table 7, the dissociation of
ground-state2 into the ground states of CO2 and H2 is predicted
to be exothermic by 105.2 kcal/mol at the MRD-CI+Q level
with the BS2 basis plus ZPVE correction. IfC2V symmetry is
maintained, a transition structure (TS2) interconnecting2 with
the dissociation products in their ground states was located on
the ground-state PES of2 at the MRD-CI/BS1 level. The saddle
point nature ofTS2was confirmed by computing the harmonic
vibrational frequencies of this structure after its geometry
reoptimization at the CASSCF(6,4)/BS1 level. The geometrical
parameters, electric dipole moment, ZPVE, and total energy of
TS2are compared in Table 8 with those calculated at the same
level of theory for the ground state of2. The calculated
geometrical parameters ofTS2 are in fairly good agreement
with the only earlier MCSCF results of Karlstro¨m and co-
workers,14 namelyR(CO)) 1.240 Å,R(CH)) 1.210 Å,R(HH)
) 1.240 Å, and∠OCO) 139.0. TheC2V symmetry found for
TS2 indicates that the dissociation of ground-state2 into CO2
and H2 takes place via a concerted mechanism involving the
synchronous breaking of the two CH bonds along with the
formation of the HH bond. According to Table 8, a potential
energy barrier of 5.8 kcal/mol is predicted for this dissociation
at the MRD-CI+Q/BS2 level. This energy barrier can be
compared with the earlier reported value of 28.3 kcal/mol
computed at the MCSCF level by Karlstro¨m and co-workers,
which is about five times higher.14 On the basis of the
reasonable agreement found between the geometrical parameters
calculated for2 andTS2at the MRD-CI and MCSCF levels of
theory, the origin of the much larger energy barrier predicted
by the MCSCF calculations is unclear. However, this discrep-
ancy points out the importance of including dynamical electron
correlation in computing the energetics for the dissociation of
ground-state2 into CO2 and H2. From the ZPVE corrected

Figure 1. Plots of total energy of the lower1A1(4π), 1B1(3π), 1A2-
(3π), and1A1(2π) states of dioxane and dioxymethane as a function of
the OCO angle. The total electronic energies are relative to-189.00
hartree.

TABLE 6: Geometrical Parametersa and Total Energies (E,
hartree)b Calculated for the Minimum Energy Crossing
Points between the Potential Energy Surfaces of the
Low-Lying Singlet States of Dioxirane

states R(CO) R(CH) ∠OCO ∠HCH E

11A2(3π)/11B1(3π) 1.414 1.078 91.0 111.4 -189.060 65/
-189.056 96 (2.3)

11B1(3π)/1A1(2π) 1.395 1.083 96.7 111.0 -189.062 79/
-189.064 56 (1.1)

11A2(3π)/1A1(4π) 1.381 1.085 101.4 110.8 -189.076 46/
-189.072 63 (2.4)

11B1(3π)/1A1(4π) 1.388 1.084 104.6 110.6 -189.068 65/
-189.067 27 (0.9)

aOptimized at the CASSCF(6,4)/BS1 level;C2V symmetry, with
distances in angstroms and angles deg.bCalculated at the MRD-CI+Q/
BS1 level. The energy differences between the two crossing states are
given in parentheses in kcal/mol.

TABLE 7: Dissociation Energies (De, kcal/mol) of the Five
Lower Electronic States of Dixoymethanea

dissociation channel De

H2CO2 (11A1) f CO2 (1Σg
+) + H2 (1Σg

+) -99.7 (-105.2)b
H2CO2 (13B2) f CO2 (3B2) + H2 (1Σg

+) 8.1
H2CO2 (13A2) f CO2 (3A2) + H2 (1Σg

+) 17.9
H2CO2 (11A2) f CO2 (1A2) + H2 (1Σg

+) 20.2
H2CO2 (13B1) f CO2 (3B1) + H2 (1Σg

+) 78.5

aCalculated at the MRD-CI+Q/BS2 level. Energies of the dissocia-
tion products (hartrees):-188.19734 (CO2 (1Σg

+)), -188.01954 (CO2
(3B2)),-187.99876 (CO2 (3A2)),-187.99036 (CO2 (1A2)),-187.89488
(CO2 (3B1)), and-1.16567 (H2 (1Σg

+)). b ZPVE corrected value. ZPVE
of the dissociation products are obtained from CASSCF/BS1 harmonic
vibrational frequencies scaled by 0.8929 (kcal/mol): 6.6 (CO2 (1Σg

+))
and 6.2 (H2 (1Σg

+)).
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MRD-CI+Q/BS2 energies of Table 8 a 0 Kactivation energy
of 3.2 kcal/mol is predicted. It is worthy noting this low energy
of activation is consistent with the large exothermicity of 105.2
kcal/mol predicted for the dissociation of ground-state2.49

Combining the MRD-CI+Q/BS2+ZPVE relative energies of
Tables 2, 7, and 8 allows us to construct the schematic potential
energy profile depicted in Figure 2, which summarizes the two-
step process required for the ground-state dissociation of1 into
CO2 and H2. From this energy profile we conclude thatTS1 is
the rate-determinant transition structure for the overall process,
which involves an activation energy of 21.4 kcal/mol and a
reaction energy of-99.4 kcal/mol at 0 K.
Regarding the first four excited states of2, Table 7 shows

that at the MRD-CI+Q/BS2 level the dissociation into ground-
state H2 and the corresponding excited state of CO2 is found to
be endothermic for all these states, the predicted endothermicity
ranging from 8.1 to 78.5 kcal/mol. This result can be rational-
ized by comparing Tables 1 and 5. Thus for CO2 the 13B2,
13A2, and 11A2 excited states lie high in energy above the ground
state (i.e., 111.6-129.8 kcal), while in the case of2 these states
lie much lower in energy (i.e., 10.8-17.1 kcal/mol). Therefore,
the larger energy gap between the ground and excited states
found for CO2, as compared with2, does not compensate the
99.7 kcal/mol energy lowering accompanying the dissociation
of ground-state2.

V. Summary and Conclusions

In this paper, we have investigated the low-lying electronic
states of dioxirane, their ring opening to dioxymethane, and the
dissociation of dioxymethane into CO2 and H2 by means of
CASSCF and MRD-CI+Q quantum chemistry calculations. The
following points emerge from this investigation:

(1) The ground state of dioxirane is a singlet with 4π
electrons, 11A1(4π), while the ground state of dioxymethane is
a 2π-electron singlet, 11A1(2π), lying 5.8 kcal/mol above the
ground state of dioxirane. The ground-state ring opening of
dioxirane to dioxymethane takes place via a transition state
approximately corresponding to the crossing between the lower
1A1(4π) and1A1(2π) states of both molecules.A 0 K activation
energy of 21.4 kcal/mol is predicted for this thermal ring
opening.

(2) Dioxirane has 12 excited states with vertical excitation
energies ranging from 3.07 to 13.11 eV. At the ground-state
geometry, the lowest excited state is a 3π-electron triplet of B1
symmetry. A vertical excitation energy of 4.23 eV is found
for the corresponding singlet state, which is predicted to be the
lowest excited singlet state of dioxirane. The vertical transition
to the latter state is dipole-allowed and can be related to the
observed UV absorption of the dimethylated and bis(trifluo-
romethylated) dioxiranes maxima at 3.70 and 4.05 eV, respec-
tively.

(3) The adiabatic excitation energies of the above 12 states
range from 0.47 to 4.42 eV. The optimized geometry of these
states show an∠OCO ranging from 106.3 to 120.1°. Conse-
quently, these should be considered as excited electronic states
of dioxymethane rather than of dioxirane. A 2π-electron triplet
of B2 symmetry lying only 0.16 eV above the ground state of
dioxymethane is predicted to be the first excited state of this
species. The remaining excited states of dioxymethane are
located in an energy range of 0.30-4.11 eV.

(4) The energy ordering found for the excited states of
dioxirane changes dramatically upon relaxation of the molecular
geometries. Minimum energy points of the intersection seam
between the 11A2(3π)/11B1(3π), 11B1(3π)/1A1(2π), 11A2(3π)/
1A1(4π), and 11B1(3π)/1Α1(4π) PESs were located in an∠OCO
range of 91.0-104.6°. These findings suggest that, in addition
to the thermal ring opening of ground-state dioxirane to
dioxymethane, this isomerization may occur photochemically
via a mechanism involving vertical electronic excitation to either
the 11B1(3π) or 11A2(3π) states and subsequent radiationless
decay to the ground state of2 through minimum energy
intersection points on the PESs of the appropriate states. These
photochemical pathways might account for the observed pho-
tochemical decomposition of substituted dioxiranes.

(5) The dissociation of ground-state dioxymethane into the
ground states of CO2 and H2 is predicted to be exothermic by
105.2 kcal/mol with an activation energy of 3.2 kcal/mol at 0
K. The dissociation takes place via aC2V transition structure
involving the synchronous breaking of the two CH bonds along
with formation of the HH bond. On the contrary, the dissocia-
tions of the first four excited states of dioxymethane, namely
13B2(2π), 13A2(3π), 11A2(3π), and 13B1(3π), into ground-state
H2 and the corresponding excited state of CO2 are all predicted
to be endothermic, with endothermicities ranging from 8.1 to
78.5 kcal/mol.

TABLE 8: Geometrical Parameters,a Electric Dipole Moments (µ, D),b Zero-Point Vibrational Energies (ZPVE, kcal/mol),c
Total Energies (E, hartree),d and Relative Energies (Erel, kcal/mol),d,e Calculated for the Ground State of Dioxymethane (2) and
the Transition Structure (TS2) for its Dissociation into the Ground States of CO2 and H2

structure R(CO) R(CH) R(HH) ∠OCO ∠HCH µ ZPVE E Erel

2 1.361 1.101 1.775 120.1 107.4 2.12 18.3 -189.204 10 0.0
TS2 1.290 1.135 1.333 133.4 71.9 3.21 15.7 -189.194 78 5.8 (3.2)

aOptimized at the MRD-CI/BS1 level;C2V symmetry, with distances in angstroms and angles in deg.bCalculated at the MRD-CI+Q/BS2 level.
cObtained from CASSCF(6,4)/BS1 harmonic vibrational frequencies scaled by 0.8929.dMRD-CI+Q/BS2 energies at the MRD-CI/BS1 optimized
geometries.eZPVE corrected values are given in parentheses.

Figure 2. Schematic potential energy profile showing the two-step
process required for the ground-state dissociation of dioxirane into CO2

and H2. Energy values obtained from the ZPVE-corrected MRDCI+Q/
BS2 energies are relative to that of dioxirane.
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