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The low-lying electronic states of dioxiran#)( their ring opening to dioxymethan&)( and the dissociation

of 2 into CO, and H have been investigated by means of CASSCF and MRB¢Chuantum chemistry
calculations. The ground state bis a singlet with 4 electrons, 1A;(4x), while the ground state & is a
27-electron singlet, A,(27), lying 5.8 kcal/mol higher thad in energy. A 0 K activation energy of 21.4
kcal/mol is predicted for the thermal ring opening Iofnto 2, which takes place via a transition structure
approximately corresponding to the crossing between the [6%é4z) andA,(27) states of both molecules.
Twelve excited states have been calculatedLfamith 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 shol@@EO in the 106.3-120.2 range, so they should

be considered as excited states2of Minimum energy points of the intersection seam between the-1
(3m)/11B1(37), 1'B1(3m)/*A1(27), 1*'A(3m)/*A1(47), and EB4(37)/*A1(4) potential energy surfaces have been
located in arf]OCO range of 91.8104.6. The photochemical ring opening dfinto 2 may occur through
vertical excitation to either the'®1(3) or 1'A»(37) states ofl 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-stageinto CO, and H 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 stat2sacé all
predicted to be endothermic.

1. Introduction H’C/(l) H"/«.C/O
Dioxiranes represent the class of the most strained cyclic 7 H” O\
organic peroxides, containing one carbon and two oxygen atoms H 0 0
in a three-membered ring. They can be formed by thermal or 1 2
photochemical isomerization of carbonyl oxides during the
ozonolysis of alkenes or the oxidation of carbehgédn 1977, Following Goddard’s nomenclature, this structure is referred

the parent dioxirane moleculewas identified by microwave  to as the'A;(4n) state ofl, and the electron occupation of the
spectroscopyand was also detected by mass spectrostiopy  oxygen 2p orbitals can be depicted by the following diagrams:
the gas phase as an intermediate in the low-temperature reaction

between ozone and ethylene. To date only a few dioxiranes H/,,'ﬂ ()
appear to have been isolated as relatively stable compd&unds. ,C\
The involvement of dioxiranes and their isomeric counterparts H )

carbonyl oxides as short-lived reaction intermediates has been
postulated in many oxidation reactions (e.g., ozonolysis, Baeyer
Villiger reactionf~8 and enzymatic process&sFurthermore,
dioxiranes are currently of interest because of their importance
in the chemistry of urban air pollutiéhand as effective oxygen ot glectrons in each orbital. The weakest bondlifis the
carriers for regio- and stereoselective epoxidatigns. peroxide bond, which has an estimated OO bond dissociation
In a seminal theoretical study on the mechanism of olefin energy of about 36 kcal/mék. It was suggested that methyl-
ozonolysis Wadt and Godddfdfound that generalized valence enebis(oxy) (“dioxymethane”p}, resulting from homolytic OO
bond (GVB) calculations described the ground statel afs bond cleavage df, could make a contribution to the chemistry
singlet {A; in Cy, molecular symmetry) that has thetype of dioxiranel22 The ground state & was found to be a singlet
atomic 2p orbitals on both oxygen atoms doubly occupied. diradical of A symmetry that has the-type atomic 2p orbitals
on both oxygen atoms singly occupied with the two oxigen lone

A, (4n)

Here, each oxygen 2p orbital perpendicular to the plane of the
paper is represented by a circle and dots indicate the number
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state of2 was found to be thes2electron triplet state of B
symmetry, referred to as tRB,(2x) state of2, originating from
the latter diradical electron configuration by triplet spin coupling
of the two unpaired electrons.

'A,(2m), *B,(2m)

At the GVB-CI level this®B; state lies only 0.04 eV above the
ground state oR.120 |n addition, two singlet and two triplet
states of A and B, symmetry, arising from thes8electron
configuration of2, were found to be 0.120.66 eV above its
ground staté2>

L}Az(}n)’ ]'381(3717)

The singlettA1(4x) state of2 with the twoz-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-sthig(2r).12b
Finally, the®B; 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 stat@.&¥

A (4n), 3B,(47)

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 Karlstr and co-workers predicted the
ground states ol and 2 to have almost the same enerdy,
being 0.07 eV more stable. The adiabatic energy barrier for
the ring opening ol to 2 was calculated to be 0.66 eV. More
recently Bach and co-workéfshave studied the structure and
relative energy ofl and 2 at a variety of levels including

complete active space self-consistent field (CASSCF), second-

and fourth-order MollerPleset perturbation theory (MP2 and
MP4), and quadratic configuration interaction with singles,
doubles, and perturbative estimation of triples method (QCISD-
(T)). Their best calculation of th&'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 state®, abrre-
sponding to 3- and a 4-electron singlets, were optimized at
the MP2/6-31G(d) level. Single-point QCISD(T)/6-31G(d)
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and co-worker$¥ have reported a theoretical study of the
geometry and electronic spectra bf 2, and its anion using
CASSCF and second-order perturbation theory (CASPT2). the
ground state of was located 0.48 eV above and an energy
barrier of 1.12 eV was calculated for the ground-state isomer-
ization of 1 to 2. The first vertical excitation energy dfwas
found to be 4.1 eV and to correspond tosa@&ectron singlet
of B1 symmetry. No other vertical excitations df 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 @&for 2 were, however, not
included in that theoretical study.

We feel that the excited states band2 merit further study.
It is the purpose of this paper to examine with accuadénitio
calculations the electronic structure and relative energies of the
low-lying electronic states of and their ring opening t@. 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 reacttéthe dissociation
of the low-lying electronic states @finto CO, and H has also
been investigated by means of accuraleinitio calculations.

Il. Electronic Structure Considersiderations

Previous studies oh have shown that at all levels of theory
its electronic ground state is a closed-shell singlet with 4
electrons which ha€,, molecular symmetry® 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 ofl, denoted 3A;, can be quantitatively described by the
electronic configuration

1)

Essentially, the 5aand 3k molecular orbitals (MOs) correspond
to the symmetric and antisymmetric combinations, respectively,
of the two COo-bonds, whereas gaescribes the O0-bond.
The 2h and 1a MOs ares-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 ofl therefore has 4 electrons.

At the self-consistent-field (SCF) level of theory, the lowest
unoccupied MO is the 4borbital, which corresponds to the
OO0 o*-bond. The low-lying excited states afarise from single
and double excitations from the three highest occupied orbitals,
namely 6g, 2bn, and 1a, to the unoccupied 4lorbital. Thus,
single excitation (relative to configuration eq 1) from the l1a
orbital to the 4b orbital yields an open-shell electronic
configuration with 3r electrons, which can be written in short
form as

... 537 63, 3h,° 2b,” 1a,°

... 58°6a°3b,° 2b”* 1a," 4b," 2)

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

... 537 6a,°3b,7 2b," 18, 4b," (3)

This configuration gives rise to one singlet and one triplet states
of A, symmetry with 3r electrons.

calculations located these excited states 0.50 and 1.15 eV, The low-lying electronic states of Bymmetry, namely the
respectively, above the ground state. Quite recently, Cantosopen-shell statedB, and 'B,, may arise from the electronic
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configuration obtained from single excitation (relative to con-
figuration eq 1) from the Ggorbital to the 4b orbital that can
be written as

... 53° 6a,° 3b,” 2b” 1a,° 4b," (4)

This configuration has#4 electrons. Regarding possible low-

lying excited states ofl generated from double excitations
relative to configuration eq 1, it will be shown below that there
is another3B, state with Zr electrons, which arises from the

electronic configuration

... 58”63 3b,° 2b" 1a," 4b,° (5)

Finally, double excitation (relative to configuration eq 1) from
either the laor 2by orbitals to the 4p orbital gives rise to
closed-shell electronic configurations with 2lectrons, which
can be written as

... 53%6a,%3b,22b? 4h,? (6)

...53° 63 3b,” 13,2 4b,? )

The combination of configurations eqs 6 and 7 leads tara 2
electron singlet state of Asymmetry, denoted ;. As
mentioned above, the 4brbital is OO antibonding; therefore,
one would expect the optimum molecular geometries of the
states in which this orbital is singly (i.€-3B;, 1B,, 13A,) or
doubly (i.e., 2A;) occupied to show a wider OCO bond angle,
as compared with the geometry of the ground state

As noted in section |, earlier studies @nindicate that its
ground state show£;, symmetry, has 2 electrons, and
possesses singlet diradical charaétéf-16 The relevant
valence MOs o® are the orbitals described above figrexcept
that now the 6aand 4B 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 d (*A,) is obtained as a combination of
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TABLE 1: Geometrical Parameterst and Relative Energies
(eV) of the Low-Lying Electronic States of Carbon Dioxide

relative energy

geometry MRD-C#QP
state R(CO) 0OOCO BS1basis BS2basis MRCTI expt
5+ 1162 180.0 0.00 0.00 0.00 0.00
B, 1.251 1185 4.51 4.84 4,75 <4.88
A, 1.261 1274 5.15 5.40 5.42
1A, 1.262 127.0 5.29 5.63 5.61 <6.2-7.2
1B, 1.260 117.8 5.46 5.77 5.74 ~5.7

a Optimized at the MRD-CI/BS1 level. Distances are in angstroms;
angles, in degP All energies relative to the energy of the electronic
ground state'g;"): E(MRD-CI+Q/BS1)= —188.10950 hartree and
E(MRD-CI+Q/BS2) = —188.19734 hartreé.Internally contracted
multireference configuration interaction calculations from ref 30.
4 Energy regions in which bent states of Citave been detected. See
ref 30.

respective states are employed to construct the configurations;
all nonvalence MOs are frozen. Configuration selection is
undertaken at a threshollin a standard mann& 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) proceduré®-c Finally, the energy corresponding to the
full Cl space of the given basis set, designa&sIRD-CI+Q),

is estimated in analogy to the formula given by Langhoff and
Davidsor! as

E(MRD-CI+Q) = E(MRD-CI) +
a- ZCOZ)(E(MRD-CI) — E(ref)) (9)

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

two nearly degenerate closed-shell configurations which are justfynctions?22

the doubly excited configurations eqs 6 and 7 b#+16
Therefore, the ground state @fcorrelates with the doubly-
excited state A; of 1. On the other hand has a low-lying
doubly excited singlet state ofissymmetry with 4r 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

... 58” 3b,% 1a,° 2b,* 4h,? (8)

Therefore, this doubly excited state Bfcorrelates with the
electronic ground state df As shown by Cimiraglia and co-
workers?®® it turns out that the ground-state symmetric ring
opening ofl yielding the ground state & involves a crossing

of the 2A; and 2A; adiabatic potential energy surfaces (PESs)
of these species.

Ill. Methods and Computational Details

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

Two basis sets have been used in this study. The basis set
designated BS1 is the split-valence d-polarized 6-31G(d) Fasis,
consisting of 49 contracted Gaussian functions for the@H
system. The other basis set, designated BS2, is the standard
Huzinaga-Dunning double: basis (9s5p/4s2p) contractions for
C and O, (4s/2s) for K%25 augmented by a diffuse p-type
function on C and O (orbital exponenis(C) = 0.03426 and
ap(O) = 0.0527), two d-type polarization functions on C and
O (orbital exponentsy(C) = 1.097 and 0.318, and4(O) =
2.314 and 0.64%), and a p-type polarization function on H
(orbital exponenti(H) = 1.079). For the CHO, 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 &fand2 dissociates into
various excited states of this molecule. The adiabatic excitation
energies of the four lower excited electronic states of, CO
calculated at the MRD-GtQ 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 daté 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 2: Geometrical Parameters2 Electric Dipole Moments (¢, D),° Zero-Point Vibrational Energies (ZPVE, kcal/mol),©
Total Energies (E, hartree)d and Relative Energies E, kcal/mol),4¢ 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) 0oCco OHCH u  ZPVE E Ere
1 1.384 (1.386) 1.512(1.508) 1.086(1.083) 66.2(65.9) 116.4(116.3) 2.67 196189.21541 0.0
TS1  1.377 2.108 1.086 99.9 110.7 255  18.4 —189.17936 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  18:3189.20410  7.1(5.8)

a Optimized at the MRD-CI/BS1 level excep&1, which was optimized at the CASSCF(6,4)/BS1 level. The results in parentheses were obtained
with the BS2 basisC,, symmetry, with distances in angstroms and angles in i€glculated at the MRD-CI/BS2 level of theoyObtained from
CASSCF(6,4)/BS1 harmonic vibrational frequencies scaled by 0.89RD-CI4+-Q/BS2 energies at the MRD-CI/BS1 optimized geometries except
for TS1, where the CASSCF(6,4)/basis A optimized geometry was $s#VE corrected values are given in parentheses.

calculated gradientsin a recently proposed restricted quasi- vibrational frequences ofl. As concerns the equilibrium
Newton—Raphson proceduféusing the BS1 basis. To estab- geometry, the present MR-DCI calculations indicate that
lish that the optimized molecular geometries are converged with satisfactory results are obtained foasing Pople’s split-valence
respect to the basis set, additional geometry optimizations wered-polarized 6-31G(d) basis set. Furthermore, the calculated
performed for the ground state &fand 2, as well as for the dipole moment of 2.67 D is reasonably close to the experimental
first excited state3g,) of 2, with the BS2 basis. The MRD-CI  value of 2.48 D Regarding2, the computed geometrical
calculations carried out with the BST & 2 uhartrees) and parameterfR(CO)= 1.361 A and1OCO= 120.T are in fairly
BS2 (T = 3 uhartrees) basis sets generated MRD-CI spaces good agreement with the values obtained from previous calcula-
whose size varied roughly from 10° to 22 x 105, while the tions at the MP2R(CO) = 1.367 A andJOCO = 118.5),150
size of the selected subspaces, namely the dimensions of th&QCISD (R(CO) = 1.306 A and0OCO = 129.6),1%* and
secular equations actually solved, was on the order 17000 CASPT2 R(CO)= 1.321 A andJOCO= 127.0))16 evels of
32 000. theory, although the QCISD and CASPT2 calculations predict
The normal modes and harmonic vibrational frequencies of a shorter CO bond length and a widé©CO. As noted in
the stationary points of the lowest state of each symmetry andsection Il, the wave function for the ground state »f
multiplicity were obtained by using the CASSCF metfioalith corresponds chiefly to a combination of two nearly-degenerate
the BS1 basis by diagonalizing the mass-weighted Cartesianclosed-shell configurations and it is not expected that single-
force constant matrix calculated analyticaify The zero-point configuration-based methods will be adequate in this case. Itis
vibrational energies (ZPVEs) were determined from the har- therefore surprising the close agreement between the MRD-CI
monic vibrational frequencies scaled by 0.8929 (the reciprocal and MP2 results for ground-stale
of 1.12)% The CASSCF wave function of each electronic state At the MRD-CH-Q/BS2 level, the ground state & is
was obtained by distributing six-electrons in the,62b, 1a, calculated to lie 7.1 kcal/mol above the ground stat#. oThis
and 4 MOs. As mentioned in section II, these orbitals define energy difference compares well with the earlier value of 6.2
the smallest active space that can describe the low-lying kcal/mol obtained from two-reference CISD calculations by
electronic states of each symmetry and multiplicity. The Karlstram and co-workerd but is about 45 kcal/mol lower

CASSCF geometry optimizations and harmonic vibrational than the values obtained from previous calculations at different
frequencies calculations were carried out by using the GAMES  |evels of theory: 11.3 kcal/mol (PMPAaY® 12.5 kcal/mol

and Gaussian 94 codes, respectively. . . (QCISD(T))1%° and 11.1 kcal/mol (CASPTZ2f. The ZPVE
The vertical excitation energies of the low-lying excited correction lowers to 5.8 kcal/mol the relative energy2ofith
electronic states of were computed at the MRD-€RQ level respect tol.

with the BS2 basis using the MRD-CI/BS1 equilibrium geom- The ground-state symmetric ring opening binto 2 was

etry of the ground state df. The electronic transition moment gt oy died by computing the adiabatic potential energy curves

of the dipole-allowed vertical transitions were evaluated by (PECs) for the 1A, and 2A, states of these species as a function
employing the length operator. Finally, the adiabatic excitation o 1oco. For both stateSlOCO was varied and all other

energies were determined from the MRD4Q/BS2 energies _parameters were optimized at each fixed value[@CO
of. each state calculated using the molecular geometries Opt"keepingCZU symmetry. These calculations were performed at
mized at the MRD-CI/BS1 level. the MRD-CI level with the BS1 basis. An intersection between
the two PECs was found &OCO ~ 100°. This result is in
good agreement with earlier calculations at the CP@hd
Ground-State Ring Opening of Dioxirane. The most CASPTZ25 |evels of theory which predicted a crossing between
relevant geometrical parameters of the MRD-CI/BS1 optimized the 1!A;/2'A; PECs to occur aflOCO of 102 and 100
structures for the ground state band2 are given in Table 2, respectively. The changes in the composition of the MRD-CI/
along with the calculated electric dipole moments, ZPVE, and BS1 wave function of the\; and 2A; states throughout the
total energies. For comparison, the geometrical parametersring opening ofl, in terms of the weight of the dominanz2
obtained at the same level of theory with the BS2 basis are and 4z-electron configurations in the Cl expansion, were also
shown in parentheses. Overall, the geometrical parametersstudied. As expected, fatOCO smaller than 100the MRD-
computed with both basis sets agree closely. It is satisfying to Cl wave function of 1A; is dominated by the #electron

IV. Results and Discussion

note that the calculated geometrical parameterd @fre in configuration eq 1, while the MRD-CI wave function of&;
excellent agreement with the reported experimental data obtaineds mainly described by a combination of ther-2lectron
from microwave spectroscopyR(O0) = 1.516 A, R(CO) = configurations egs 6 and 7. Nearby the intersection of the two

1.388 A, 0OCO = 66.2, OHCH = 117.3).2 Recently, potential curves, that is &OCO ~ 100, the composition of
Schaefer and co-workéf§ have reported a theoretical study the two wave functions is suddenly reversed, sod@CO >

demonstrating the importance of using f-type polarization 100° the MRD-CI wave function of 3A; corresponds chiefly
functions in theab initio description of the geometry and to an almost equal mixture of therzlectron configurations
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TABLE 3: Vertical Excitation Energies (Ty, eV)2 Electric
Dipole Moments (, D),P and Oscillator Strengths )¢ of the
Low-Lying Excited States of Dioxirane

Anglada et al.

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

state Tv u f orbital occupation nos. 1)
13B4(37) 3.07 2.55 State 52 6a 3 2b la 4b |2 11b
1
1351(3n) 4.23 2.57 0.0005 TAadn 2 2 2 2 2 o0 8780
11A2(371) 5.72 3.30 _ 2 6 2 2 3 2 0.43
13A2(3n) 6.14 3.38 forbidden 19B4(37) > > > > 1 1 8797 6086
IBy(4) 6.39 290 2 1 2 1 2 2 056 2524
’ . .
21A,(27) 8.44 2.54 0.005 1
3 11B4(37) 2 2 2 2 1 1 87.07 48.88
2'Ba(2m) 9.91 2.13 2 1 2 1 2 2 130 3486
1 . .
11B,(47) 9.97 2.23 0.1 A
. 031) 2 2 2 1 2 1 8597 7238
2%B1(37) 1181 2.85 2 1 2 2 1 2 122 1377
a . .
23A,(3) 11.95 2.93 1
| 1A,(37) 2 2 2 1 2 1 8277 6304
2'B1(37) 12.42 2.86 0.00001
21A,(3) 13.11 3.09 forbidden 2 ! 2 2 L 2 352 2Ll4r
2 : : 13B,(47) 2 2 2 1 1 2 90.47
aCalculated at the MRD-CGIQ/BS2 level.? Calculated with the 2 1 2 2 2 1 75.90
MRD-CI/BS2 wave function of each state using the optimized geometry 1 2 2 2 2 1 13.60
of dioxirane.¢ Calculated at the MRD-CI/BS2 level. 2ABm) 2 2 2 2 0 2 7374 29.45
2 2 2 0 2 2 13.49 60.28
3]
egs 6 and 7, whereasA; is dominated by a combination of Z’BA(2m) g i g % % i 9039 81.75
the 4r-electron configurations eqs 1 and 8. 11B,(47) 2 1 2 2 2 1 8014 72.90
The ground-state ring opening df into 2 was further , 1 2 2 2 2 1 2.90
investigated by employing the CASSCF(6,4) wave function 2B1(37) g ; g i i % sé%sg ﬁgi
described in section Il with the BS1 basis. A transition 5 1 5 1 5 5 : 21.24
structure ofC,, symmetry, TS1, connecting the equilibrium 1 2 2 1 2 2 11.27
structures calculated fdr and2 was located. The optimized — 23A,37) 2 2 1 1 2 2 9.91 2522
geometry ofTS1is given in Table 2, along with the calculated 2 2 2 1 2 1 29.78
dipole moment, ZPVE, and total energy. The geometrical _ 2 1 2 2 1 2 6536 2725
parameters found foFS1are in good agreement with the values 2'B4(37) g g ; g 1 i 83.19 225'9%3
(R(CO)=1.382 A,00CO=103.¢, andOJHCH = 113.7) of 2 1 2 1 2 > 1851
the transition structure optimized by Karlatm@and co-workerd 1 2 2 1 2 2 2.26 20.16
using an MCSCF wave function consisting of 10 closed-shell 2Ax(3x) 2 2 1 1 2 2 4736 3852
determinants. It is worth noting that the geometryT&1 is % i g % i % o413 2121-9991
close to the found at the MRD-CI level for théAl state ofl 1 5 5 5 1 5 1047 1450

with JOCO fixed at 100, namelyR(CO) = 1.400 A, R(CH)
1.092 A, and OHCH 111.8, which approximately

2 At the ground-state equilibrium geometry of dioxiraRét the

corresponds to the structure of the intersection point between©Ptimized geometry of each stateThe optimum geometry of this state

the 1A (4x) and'A,(27) adiabatic PECs. Indeed, at tAi&1
geometry the MRD-CHQ/BS2 energy of théA,(4x) staté8is
only 0.1 kcal/mol higher than that of th&A,(27) state.
According to Table 2, the potential energy barrier for the ground-
state ring opening of 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
MCSCP4 and CASPTZ calculations, respectively. It should

is the ground state of dioxymethanéAl1(2rx).

la, the £B1(37) and £B,(37) states are predicted to lie below
the BA,(37) and LA,(37) states. The vertical excitation energy
of 4.23 eV found for the first excited singlet!®;(3x), is in
agreement with the earlier value of 4.1 eV obtained from
CASPT2 calculation& The fifth vertical excited state df is
found to be the 3B,(4x) state arising mainly from a mixture
of the singly excited configurations 6a> 4b, (eq 4) and 5a

be noted the CASPT2 calculations of Cantos and co-workers — 4b,. The Sing|et state arising from the same S|ng|y excited

were performed optimizinglOCO with all other parameters
held fixed at their values il. The ZPVE correction to the
MRD-CI+Q/BS2 energy barrier leads & 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 stateslpflong

configurations, 1By(4m), is found to lie 3.58 eV above théB,-
(47) state. This singlettriplet energy splitting is much larger
than the calculated for the lower excited states giBB) and
A(31) 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 d &, and 2l, which
distinguish the above #4x), B1(37), and A(37) states. Thus

with the dipole moments and oscillator strengths. To character-the exchange integral, causing most of the energy splitting
ize the electronic structure, each state is labeled according tobetween the singlet and triplet states originating from the same
the number ofr electrons. Detailed information about the electronic configuration, is expected to be larger for the orbital
MRD-CI/BS1 wave functions for these states is given in the pair 6a—4b, than for either the La-4b, or 2b—4b, orbital
penultimate column of Table 4. Summarized there are the mostpairs.

important configurations and their weights (in percent) in the  The remaining excited electronic stateslaghown in Table

Cl expansion. As seen in Table 3, the first four vertical excited 3 are placed in an energy range of 8448.11 eV above the
states ofl are found to be triplet and singlet states qfdhd ground state. All these states arise from double excitations
A, symmetry. According to Table 4, the dominant configuration relative to the dominant configuration (eq 1) of the ground state.
of these states corresponds to the singly excited configurationsThe electronic spectrum of is not known experimentally.
1la — 4b, (eq 2) and 2b— 4b, (eq 3), respectively. Following  However, the dimethylated and bis(trifluoromethylated) com-
the orbital energy ordering shown in section Il, that ig 2b pounds have in solution a UV absorption maximum at 335 nm
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TABLE 5: Geometrical Parameters? Electric Dipole comes out to be the first adiabatic excited stat2. ofn addition,
Moments (u, D).> Zero-Point Vibrational Energies (ZPVE, the energy ordering calculated for the lov#gs(477) and3B,-
I:ﬁ:I/Lrg\?vl_)Lyﬁ]ngdEAX%gggtlSctaEtégutgftl%?Osirrwgrr]%les (Te, €V)/" of (27) states is reversed in passing from the ground-state
equilibrium geometry ofl to the optimum geometry of each
state R(CO) R(CH) LOCO UOHCH u ZPVE T state. This result indicates that when the geometry is relaxed
2'Ax(27)* 1.361 1.101 120.1 107.4 2.12 18.3 0.31(0.00) from the Frank Condon to the adiabatic region, the PESs of
1222(?”) 1-%22 i-ggg 1(1)3-3 igg-é g-gg 13-2 8-21 (8%8) these electronic states cross one another. This feature was
11A§E3zrg 1380 1104 1108 1088 230 19.9 074 E0:43§ explored by computing the adiabatic PECs for #Bg(4r) and
1°By(37) 1407 1.087 106.3 109.8 2.18 19.5 0.81(0.50) B2(27) states as function afOCO. The MRD-CI/BS1 energy
1!By(37) 1.407 1.086 109.6 109.4 2.12 195 1.04(0.73) was used in these computations. For both stal@€O was

2°By(4n) 1421 1.090 107.3 1104 2.04 1.21(0.90) varied and all other parameters were optimized at each fixed
giilgg 1-322 i-ééé ﬁgg ﬂgg ggg g-gg 82411; value of JOCO keepingCy, symmetry. An intersection
23A§(3”) 1404 1091 1136 1140 199 387 (3:56) between the two PECs was found at some molecular geometry
UB,(47) 1422 1.084 1092 110.3 2.43 4.12(3.81) Close toDOCO = 92.5.4° A comparison between the equi-
21By(37) 1.464 1.100 114.6 117.0 2.44 4.42 (4.11) librium geometries predicted for tR8,(2:7) and®B,(4x) states

2 Optimized at the MRD-CI/BS1 leve€,, symmetry, with distances shows that]OCO is 8.8 wider in the first structure. This result

in angstroms and angles in déCalculated at the MRD-CI/BS2 level. 1S In accordance with the double occupation of the OO-
¢ Obtained from CASSCF(6,4)/BS1 harmonic vibrational frequencies antibonding 4b MO in 3B,(2), as compared with the single
scaled by 0.8929!Calculated at the MRD-GtQ/BS2 level. The occupation of this orbital ifBx(4r).
adlabgtlc excitation energies 'from the _ground state of dloxymethane Another interesting result is that the energy ordering of the
are given in parenthesesThis state is the ground state of di- 3
13A,(37) and PB,(37) states, as well as that of théAL(3x)
oxymethane, 1A,(27). . . . )
and 1B,(3x) states, is reversed in passing from the equilibrium

(3.70 eV§a®and 306 nm (4.05 e\ respectively, which can geometry calculated for the ground sta.teldb. th optimum .
be related to the dipole-allowed vertical transition to tAB;1 geometries of these states. Thus_, at their ethbnum geometries
(37) state described above. the BA,(37) and LA,(37) states I_|e belqw the energies qf th_e

Within C,, molecular symmetry constraints, the optimum 1°B4(37) and £By(37) states. This relative energy ordering is
geometries of the above 12 electronic excited statelsvoére Justlgpposne of the calculated ordering for these states at the
calculated at the MRD-CI/BS1 level. The most relevant €quilibrium geometry of ground-state(see Table 3). These
geometrical parameters of the optimized structures are given{€atures suggest possibAL(3)/1°B1(3) and FAx(37)/1'By-
in Table 5, along with the dipole moments calculated at the (_Sn) PES intersections. Both surface intersections were inves-
MRD-CI/BS2 level. Analytical harmonic vibrational frequen- igated by computing at the MRD-CI/BS1 level the correspond-
cies were calculated at the CASSCF(6,4)/BS1 level for the INg adiabatic PECs as function 6fOCO angle keepingz,
lowest state of each symmetry and multiplicity. Excluding the Symmetry and optimizing all other geometric parameters. A
11B,(47) state, which showed an imaginary frequeney=¢ 13A,(37)/13B1(37) intersection point was founq at some mo-
4473 cmY), in all cases the harmonic vibrational analysis of lecular geometry close tolOCO = 95.0°.%* It is worthy of
these states indicated that the optimized structure was a trugnention that such an intersection point is just one arbitrary point
potential energy minimum (no imaginary frequencies). The ON the intersection seam between the PESs of these states and
ZPVE calculated from these vibrational frequencies scaled by Not necessarily anywhere near the minimum energy crossing
0.8929 are also included in Table 5. The energies of the 12 Point. Analogously, the PECS calculated for tH&437) and
excited states relative to the ground statelpfnamely the  1'B1(37) states showed an intersection point neEDCO =
adiabatic excitation energies, computed at the MRB-Q/BS2 87.5.42 Similar intersections have also been found between
level are shown in last column of Table 5. Detailed information the TA, and IB; states of the isoelectronic ozone mol-
about the MRD-CI wave functions calculated for each excited ecule?”4344 The remarkable finding that in the adiabatic region
state is given in last column of Table 4. the BA, and 1A, states of are lower in energy than théf;-

First of all, we note that all calculated excited states show (37) and £B1(37) states may be explained by analyzing how
an optimumOOCO ranging from 106.3 to 1201 The OO the MRD-CI wave function of these states changes in passing
bond in these states is thus fully broken, so it is more appropriate from the Franck-Condon to the adiabatic region. As shown in
to consider them as excited electronic state® wfther than of ~ Table 4, at the ground-state equilibrium geometry tifie wave
1. For the purpose to facilitate possible comparisons, the function of both the 4By(37) and £B;(37) states is domin-
adiabatic excitation energies relative to ground stat@ afe ated by a configuration (eq 2) involving a single excitation from
also given in parentheses in last column of Table 5. As pointed the = OO-antibonding 1aMO to the ¢ OO-antibonding 4p
out in section |, no previous adiabatic excitation energies have orbital, whereas the wave function of both th#\1(37) and
been reported foR, except the values of 0.50 and 1.15 eV, 1'Ax(37) states is dominated by a configuration (eq 3) involving
calculated at the QCISD(T)/6-31G(d) level using MP2/6-31G- a single excitation from the OO-bonding 2p MO to the 4k
(d) optimized geometries, reported by Bach and co-wotRers  orbital. Since the latter excitation is likely to be of higher energy
for two excited states, corresponding tosa and a 4-electron than the former, it follows that in the FranelkCondon region
singlets. Since the symmetry of these excited states was notthe triplet and singlet states of Bymmetry are expected to lie
specified, a comparison with the present results is not possible.below the triplet and singlet states of, Aymmetry. In the

A comparison between Tables 3 and 5 reveals that the energyadiabatic region the wave functions of thesgadd A states
ordering found for the vertical excited states bfchanges still are dominated by the above singly excited configurations,
dramatically upon relaxation of the geometrical parameters to but a second doubly excited configuration appears to have an
the corresponding optimum values. For instance, the first important weight. This doubly excited configuration involves
vertical excited state df is predicted to be as8electron triplet a single excitation from the OO-bonding 6a MO to theo
of By symmetry, while a Z-electron triplet of B symmetry OO-antibonding 4p orbital together with one of the two
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-0.02 —

T — T T ; y TABLE 7: Dissociation Energies De, kcal/mol) of the Five
1A,

2'A,2n) Lower Electronic States of Dixoymethane

0.04 | P g dissociation channel De
18,3 24,4 1 H.CO, (1'A)) — CO, ((2g7) + Ho (1=47)  —99.7 (-105.2)
% 008 i ] H2CO; (13B,) — CO, (°B2) + H2 (1=41) 8.1
£ 1 HoCO; (13A2) — COs (BAL) + Hz (124T) 17.9
§ i ] H2CO;, (1'A2) — CO; (FA2) + Ha (*241) 20.2
2 o0 I . H.CO; (13B1) — CO;, (°By) + H2 (*=41) 78.5

a Calculated at the MRD-GtQ/BS2 level. Energies of the dissocia-

010 | 114,27 - tion products (hartrees):-188.19734 (CQ@(*Z4")), —188.01954 (CQ
1A, (47) (®By)), —187.99876 (CQ(3A,)), —187.99036 (CO(*A,)), —187.89488
s L . L 1 (CO: (°By)), and—1.16567 (H (*=¢")). ® ZPVE corrected value. ZPVE
012 of the dissociation products are obtained from CASSCF/BS1 harmonic
40 0 80 100 120 140 160 vibrational frequencies scaled by 0.8929 (kcal/mol): 6.6 {C8;%))

<0CO (degrees) and 6.2 (H (*=g%)).

Figure 1. Plots of total energy of the lowéA(4x), B1(37), As- . . . .
(37), and!A1(27) states of dioxane and dioxymethane as a function of crossing point, this energy difference comes out to be somehow

the OCO angle. The total electronic energies are relative89.00 larger (i.e., in the 0.92.4 kcal/mol range) at the MRD-&1Q/

hartree. BS1 level. The existence of minimum energy intersection points
) _ between the low-lying singlet statesb$uggest that, in addition
Egr?rlég)gbggglgtitg?g: fhfgal\r/lri]r?itrirusamalg(rj\e-l;gilalclrzcr)]sesr?nlgs €. to the thermal ring opening df to give 2 taking place on the
Points between the Potential Energy Surfaces of the ground-stat_e PES_’ the ring opening b_flnto 2 may occur
Low-Lying Singlet States of Dioxirane photochemically via a mechanism involving a vertical electronic
L : L 1
states R(CO) R(CH) 0OCO OHCH E excitation to e!thgr the B1(37) or 1'A,(37) states and
- - subsequent radiationless decay to the ground st&2étwbugh
TAy37)/1'By(3r) 1.414 1.078 91.0 111.4 _1:3%835%6366(52’3) minimum energy intersection points on the PESs of the
1B,(37)As(27) 1.395 1.083 967 111.0 —189.062 79/ appropriate states. These photochemical pathways might ac-
—189.064 56 (1.1) count for the observed photochemical decomposition of sub-
11A,(37)*Aq(47) 1.381 1.085 101.4 110.8 —189.076 46/ stituted dioxirane4s—47
18907263 (2.4) Dissociation of Dioxymethane into CQ and H,. Table 7
1'By(3)/*A1(4) 1.388 1.084 104.6 110.6 —189.068 65/ _ Y A2 T
—189.067 27 (0.9) summarizes the MRD-G1Q/BS2 calculated dissociation ener-
aOptimized at the CASSCF(6,4)/BS1 level,, symmetry, with gies O.f Fhe .Iower singlet and triplet 'Stlates Bffor their
distances in angstroms and angles de@alculated at the MRD-GHQ/ dissociation into ground-stateytglus CQ in its ground or low-
BS1 level. The energy differences between the two crossing states ardying excited states. As seen in Table 7, the dissociation of
given in parentheses in kcal/mol. ground-state into the ground states of G@nd H is predicted
to be exothermic by 105.2 kcal/mol at the MRD-GD level
aforementioned single excitations, namely 2b 4b, for the with the BS2 basis plus ZPVE correction. @, symmetry is

B states and La— 4b, for the A, states. On the basis that the maintained, a transition structuré€2) interconnectin@ with
former single excitation is likely to be of higher energy than the dissociation products in their ground states was located on
the latter, it is easily understood why in the adiabatic region the ground-state PES &fat the MRD-CI/BS1 level. The saddle
the BA,(37) and LA,(37) states ofl are predicted to be lower  point nature off'S2 was confirmed by computing the harmonic
in energy than the®B1(37) and B,(37) states. vibrational frequencies of this structure after its geometry

In connection with the observed photochemical decomposition reoptimization at the CASSCF(6,4)/BS1 level. The geometrical
of substituted dioxirane;#7 it is worthy to examine all together ~ parameters, electric dipole moment, ZPVE, and total energy of
the PECs calculated for the first four singlet states, narfely TS2are compared in Table 8 with those calculated at the same
(47), 1'B1(37), 1*Ax(37), and*A4(2), shown in Figure 1. Itis  level of theory for the ground state & The calculated
readily seen from inspection of Figure 1 that several intersectionsgeometrical parameters dfS2 are in fairly good agreement
between the different PECs occur in &©CO range of 96 with the only earlier MCSCF results of Karlstroand co-
110°. Besides the!A;(47)/*A1(27) and LA,(37)/1'B1(37) workers4 namelyR(CO)= 1.240 A,R(CH) = 1.210 A,R(HH)

PECs intersections discussed above, we note that'B§3kr) =1.240 A, andJOCO= 139.0. TheC,, symmetry found for
PEC intersects théA;(27) andA(4x) PECs atJOCO near TS2 indicates that the dissociation of ground-stateto CO,
96 and 104, respectively. Moreover, thelA,(37) PEC and H takes place via a concerted mechanism involving the

intersects théA;(47) PEC nearJOCO = 100°. The region synchronous breaking of the two CH bonds along with the
corresponding to anOCO ranging from 90 to 1FX0wvas further formation of the HH bond. According to Table 8, a potential
investigated by searching at the CASSCF(6,4)/BS1 level the energy barrier of 5.8 kcal/mol is predicted for this dissociation
minimum energy points on the'A,(37)/11B1(3), 1'B1(3m)/ at the MRD-CH-Q/BS2 level. This energy barrier can be
1A1(27), 12A,(37)/*A1(4r), and 1B (37)/*A1(4) intersection compared with the earlier reported value of 28.3 kcal/mol
seams using the constrained optimization algorithm of Ragazoscomputed at the MCSCF level by Karlstnoand co-workers,
and co-worker® implemented in Gaussian 94 program package. which is about five times highéf. On the basis of the
The geometrical parameters of the CASSCF(6,4)/BS1 optimized reasonable agreement found between the geometrical parameters
structures for the minimum energy points on the aforementioned calculated fo2 andTS2 at the MRD-Cl and MCSCEF levels of
intersection seams are given in Table 6 along with the total theory, the origin of the much larger energy barrier predicted
energies of the crossing states calculated at the MRD-CI/BS1by the MCSCF calculations is unclear. However, this discrep-
level. As expected, while at the CASSCF(6,4)/BS1 level the ancy points out the importance of including dynamical electron
energy difference between the two crossing states was calculatedorrelation in computing the energetics for the dissociation of
to be less than 0.1 kcal/mol for each optimized minimum energy ground-state2 into CO, and H. From the ZPVE corrected
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TABLE 8: Geometrical Parameters2 Electric Dipole Moments (¢, D),° Zero-Point Vibrational Energies (ZPVE, kcal/mol),©
Total Energies €, hartree),d and Relative Energies E,, kcal/mol),4¢ Calculated for the Ground State of Dioxymethane (2) and
the Transition Structure (TS2) for its Dissociation into the Ground States of CQ and H,

structure R(CO) R(CH) R(HH) 0OCo OHCH u ZPVE E Eel
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)

aQptimized at the MRD-CI/BS1 leve(,, symmetry, with distances in angstroms and angles in @€glculated at the MRD-GHQ/BS2 level.
¢ Obtained from CASSCF(6,4)/BS1 harmonic vibrational frequencies scaled by 0 89D-CI+Q/BS2 energies at the MRD-CI/BS1 optimized
geometries® ZPVE corrected values are given in parentheses.

(1) The ground state of dioxirane is a singlet witlx 4

electrons, 1A;(4x), while the ground state of dioxymethane is
51 a 2r-electron singlet, 1A,(27), 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
1A(47) and®A(27) states of both moleculesA 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@ectron triplet of B
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-

) ) ) i ) romethylated) dioxiranes maxima at 3.70 and 4.05 eV, respec-
Figure 2. Schematic potential energy profile showing the two-step tively.

process required for the ground-state dissociation of dioxirane into CO . . o )
and H. Energy values obtained from the ZPVE-corrected MRBQ! (3) The adiabatic excitation energies of the above 12 states
BS2 energies are relative to that of dioxirane. range from 0.47 to 4.42 eV. The optimized geometry of these

) o states show anlOCO ranging from 106.3 to 120.1 Conse-
MRD-CI+Q/BS2 energies of Tabl8 a 0 Kactivation energy  quently, these should be considered as excited electronic states
of 3.2 kcal/mol is predicted. Itis worthy noting this low energy  of dioxymethane rather than of dioxirane. A-2lectron triplet
of activation is consistent with the large exothermicity of 105.2 ¢ g, symmetry lying only 0.16 eV above the ground state of
keal/mol predicted for the dissociation of ground-staté? dioxymethane is predicted to be the first excited state of this

Combining the MRD-C+Q/BS2+ZPVE relative energies of  gpecies. The remaining excited states of dioxymethane are
Tables 2, 7, and 8 allows us to construct the schematic potential|j.ated in an energy range of 0:30.11 eV.

energy profile depicted in Figure 2, which summarizes the two-
step process required for the ground-state dissociatidnirad
COy and H. From this energy profile we conclude theB1is
the rate-determinant transition structure for the overall process,

which involves an activation energy of 21.4 kcal/mol and a | L 1 .
reaction energy of-99.4 kcal/mol at 0 K. A1(4r), and 1B1(37)/ A 1(4w) PESs were located in anOCO

Regarding the first four excited states Af Table 7 shows ~ ange of 91.6-104.6. These findings suggest that, in addition
that at the MRD-CFQ/BS2 level the dissociation into ground- 0 the thermal ring opening of ground-state dioxirane to
state H and the corresponding excited state of G€found to dioxymethane, this isomerization may occur photochemically
be endothermic for all these states, the predicted endothermicityV!a & mechanism involving vertical electronic excitation to either
ranging from 8.1 to 78.5 kcal/mol. This result can be rational- the TB1(37) or 1'Ax(37) states and subsequent radiationless
ized by comparing Tables 1 and 5. Thus for Ofe BB, decay to the ground state & through minimum energy
13A,, and 1A, excited states lie high in energy above the ground intersection points on the PESs of the appropriate states. These
state (i.e., 111:6129.8 kcal), while in the case @fthese states ~ photochemical pathways might account for the observed pho-
lie much lower in energy (i.e., 10-817.1 kcal/mol). Therefore,  tochemical decomposition of substituted dioxiranes.
the larger energy gap between the ground and excited states (5) The dissociation of ground-state dioxymethane into the
found for CQ, as compared witl2, does not compensate the ground states of Cand H is predicted to be exothermic by
99.7 kcal/mol energy lowering accompanying the dissociation 105.2 kcal/mol with an activation energy of 3.2 kcal/mol at 0

Erel

keal/mol

99.4
€O, (1'E,") + H (1'Z5Y

(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 ¥A,(37)/1'B1(37), 1'B1(37)/*A1(27), 1*Ax(37)/

of ground-state. K. The dissociation takes place viaGy, transition structure
) involving the synchronous breaking of the two CH bonds along
V. Summary and Conclusions with formation of the HH bond. On the contrary, the dissocia-

In this paper, we have investigated the low-lying electronic tions of the first four excited states of dioxymethane, namely
states of dioxirane, their ring opening to dioxymethane, and the 13B2(27), 13A2(37), 1'Ax(37), and £B4(3x), into ground-state
dissociation of dioxymethane into G@nd H by means of H, and the corresponding excited state of Gie all predicted
CASSCF and MRD-CHQ quantum chemistry calculations. The to be endothermic, with endothermicities ranging from 8.1 to
following points emerge from this investigation: 78.5 kcal/mol.
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