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The Ozonolysis of Ethylene: A Theoretical Study of the Gas-Phase

Reaction Mechanism

Josep M. Anglada,*?! Ramon Crehuet,!®! and Josep Maria Bofill'"!

Abstract: The gas-phase reaction mech-
anism of ethylene ozonolysis has been
investigated from a theoretical point of
view. The formation of the ethylene
primary  ozonide  (1,2,3-trioxolane,
POZ) from the ozone-ethylene reac-
tion is calculated to be exothermic by
49.2 kcal mol~! with an activation energy
of 5.0 kcalmol! at 0K, in agreement
with experimental estimates. We have
found two different paths for the cleav-
age of POZ, namely a concerted and a
stepwise mechanism. The concerted
path leads to the formation of Criegee
intermediates (carbonyl oxide —formal-
dehyde pairs), for which we have
calculated an activation energy of
18.7 kcalmol! at 0 K. The non-concert-
ed mechanism involves three different
routes for the POZ decomposition,
leading to the formation of Criegee
intermediates with a computed activa-
tion energy of 21.6kcalmol™! at
0 K; to hydroperoxyacetaldehyde with
a calculated activation energy of

22.8 kcalmol~!' at 0K; and to oxirane
+ excited molecular oxygen (*A, ) with
a higher activation energy. Moreover,
hydroperoxyacetaldehyde is formed
with an excess of energy, so that it can
decompose yielding OH radicals. The
reaction of carbonyl oxide and form-
aldehyde produces the ethylene secon-
dary ozonide (1,2,4-trioxolane, SOZ)
and involves the formation of a van der
Waals complex on the reaction coordi-
nate, prior to the transition state. The
process is calculated to be exothermic by
46.0 kcalmol~! and the energy of the
transition state is computed to be lower
than that of the reactants: this process
can therefore be considered barrierless.
SOZ cleaves by a stepwise mechanism
and we have found two different fates
for its decomposition: dioxymethane +
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formaldehyde, and hydroxymethyl for-
mate. The former is calculated to be
endothermic by 33.3 kcalmol~! with an
energy barrier of 48.7 kcalmol~!, where-
as the tautomerization of SOZ leading
to hydroxymethyl formate is highly
exothermic (72.2 kcalmol~!) and has an
activation energy of 32.6 kcalmol~! at
0 K. The unimolecular decomposition of
dioxymethane, following three different
paths, is also reported: dissociation into
CO, + H,, which is highly exothermic
(111.6 kcalmol~') and has a low energy
barrier (3.0 kcalmol~'); isomerization to
formic acid, also highly exothermic
(101.9 kcalmol ') with a low activation
energy (2.2 kcalmol! at 0 K); and rad-
ical fragmentation into H + HCOO,
in a slightly endothermic process
(4.9 kcalmol~!) with an activation en-
ergy of 18.4 kcalmol~! at 0 K. The dis-
sociation of formic acid into H,, CO,,
CO and H,O and the decomposition of
HCOQO into H radicals + CQO, are also
discussed.
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The gas-phase reaction of ozone with olefins has received
much attention in the last few years due to its importance in
atmospheric chemistry, especially in air pollution processes in
urban areas!'# It is now generally accepted that the
ozonolysis of olefins follows the mechanism proposed by
Criegee,P! which involves three main reactions; for ethylene
these can be described as: a) formation of the ethylene
primary ozonide (1,2,3-trioxolane, POZ) (1); b) decomposi-
tion of POZ into a carbonyl compound (formaldehyde) (2)
and a carbonyl oxide (3) pair, commonly termed the Criegee
intermediates; and c) cycloaddition of the carbonyl oxide to
the carbonyl compound to yield the ethylene secondary
ozonide (1,2,4-trioxolane, SOZ) (4).

Further experimental and theoretical investigations®'4
indicate that the carbonyl oxide formed in the POZ cleavage
can decompose unimolecularly following three alternative
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pathways: i) the ester channel, which involves unimolecular
isomerization to dioxirane, which subsequently decomposes
into simpler species (H,O + CO, H, + CO,,2H + CO);ii)
the hydrogen atom migration or hydroperoxide channel, for
carbonyl oxides with a-hydrogen atoms, involving tautome-
rization to the corresponding hydroperoxide, which can
decompose yielding OH radicals; iii) the oxygen-atom
channel, involving the splitting off of O(°P) atoms after an
intersystem crossing between the ground singlet state and the
lowest triplet state of the carbonyl oxide.

Many investigations, both experimental and theoretical, of
the ozonolysis of olefins have been undertaken.[*'53] The

Abstract in Catalan: S°ha estudiat, des d’un punt de vista
teoric, el mecanisme de la reccio en fase gas de I'ozonolisi de
Petile. El calcul de la formacio de I'ozonid primari de [etilé
(1,2,3-trioxola, POZ) inidica una exotermicitat de 49.2 kcal -
mol™ i una energia d’activacié de 5.0 kcalmol™ a 0K, en
acord amb estimacions experimentals. S han trobat dos camins
diferents per a la ruptura de I'ozonid primari: un de concertat i
un de no-concertat. El concertat porta a la formacio dels
intermedis de Criegee (I’oxid de carbonil i el formaldehid), pel
qual hem calculat una energia d’ativacié de 18.7 kcalmol™ a
0 K. El mecanisme no-concertat dona lloc a tres possibles
destins pel POZ: el primer, un cami que porta a la formacio
dels intermedis de Criegee amb una energia d’activacio
calculada de 21.6 kcalmol™ a 0K; el segon, que porta a
Phidroperoxiaceltaldehid amb una energia d’activacio calcu-
lada de 22.8 kcalmol™ a 0 K; i el tercer, amb una energia
d’activacioé més alta, que porta a oxira més oxigen molecular en
estat excitat ('A,). A més a més, U'hidroperoxiacetaldehid es
forma amb un excés d’energia, de manera que es pot
descomposar produint radicals OH. La reaccio de I'oxid de
carbonil amb el formadehid déna I'ozonid secundari de Ietilé
(1,2,4-trioxola, SOZ) i implica la formacio d’'un complex de
van der Waals en la coordenada de reaccio, previ a Uestat de
transicio. Segons els calculs, aquest procés és exotérmic en
46.0 kcalmol™ i I'energia de estat de transicio es troba per
sota de la dels reactius. Per tant, aquest procés es pot considerar
sense barrera. El SOZ es trenca en un mecanisme per etapes
amb dos possibles camins que donen dioximeta més formal-
dehid i formiat d’hidroximetil. La descomposicio en dioximetd
més formaldehid és endotérmica en 33.3 kcalmol™" amb una
barrera energética de 48.7 kcalmol™, mentre que la tautome-
ritzacié de SOZ per donar formiat d’hidoximetil és altament
exotérmica (72.2 kcalmol™) i té una energia d’activacio de
32.6 kcalmol™ a 0 K. Finalment també es descriu la descom-
posicio unimolecular del dioximetd. Aquesta espécie es des-
composa per tres camins diferents: dissociacio en CO, més H,,
que és altament exotermica (111.6 kcalmol™) i té una barrera
energética molt baixa (3.0 kcalmol™); isomeritzacié a acid
formic, també altament exotérmica (101.9 kcalmol™) i amb
una energia d’activacié baixa (2.2 kcalmol™ a 0 K); i frag-
mentacio radiacalaia en H més HCOO, en un procés
lleugerament endotérmic (4.9 kcalmol™) i amb una energia
d’activacio de 18.4 kcalmol™ a 0 K. També es descriu la
dissociacio de Uacid formic en H, CO, CO i H,O i la
descomposicié de HCOO en el radical H més CO,.
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experimental investigations have shown that several products
and intermediates of the ozonolysis of olefins are highly
reactive. These can initiate secondary reactions, introducing
uncertainties in the reaction mechanisms. Especially impor-
tant is the hydroxyl radical (OH) that is produced in high
yields in ozone-—alkene reactions and reacts rapidly with
alkenes and carbonyl compounds. Although several kinetic
studies have provided rate constants of many reactions
involved in the ozonolysis of olefins, other product studies
suggest that the mechanism of these reactions is not fully
understood.B3+31 Most of the theoretical work has been
addressed to the study of carbonyl oxides and their unim-
olecular reactions.!!'"1440-44] T ess attention has been paid to
other reactions involved in the ozonolysis of olefins. In the
early work of Wadt and Goddard!”! and Harding and
Goddard!" it was assumed that the decomposition of POZ
is a stepwise process involving biradical intermediates, but the
geometries of the postulated intermediates were not opti-
mized and no transition structures were calculated. In
contrast, other theoretical studies at both semi-empirical3"]
and ab initio levels!'®? suggest a concerted mechanism for the
decomposition of POZ and SOZ. We believe that further
theoretical study of the ozonolysis of olefins is necessary in
order to elucidate the mechanism of the elementary reactions
involved.

The aim of the present investigation was to perform a
systematic theoretical study of the gas-phase mechanism of
the reaction of ozone with ethylene by using high-level
ab initio quantum chemical calculations. The study includes
the formation of POZ from O; + CH,, the sub-
sequent decomposition of POZ and the formation and
decomposition of SOZ. We have found that the cleavage
of POZ yields the Criegee intermediates (carbonyl oxide and
formaldehyde) [Eq. (1)], hydroperoxyacetaldehyde [Eq. (2)]
and oxirane + O, in its 'A, excited state [Eq.(3)].
Reaction (2) involves hydrogen atom 1,4-migration from
carbon to oxygen. Since CHOCH,OOH is formed with an
excess of energy, it can decompose into OH and CHOCH,O
radicals.

The cleavage of SOZ takes place in a non-concerted
mechanism that produces dioxymethane + formaldehyde
[Eq. (4)], and hydroxymethyl formate [Eq. (5)].
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Dioxymethane is also an intermediate in the unimolecular
decomposition of carbonyl oxide via dioxirane (in the so-
called ester channel), and we have investigated its unim-
olecular decomposition into different products [Eq.(6)].

o H, + CO,
H”“"'C/ (6)
H= > H,0 + CO

© 2H + CO,

Computational Details

The molecular geometries of the stationary points located on the ground
singlet state potential energy surfaces (PESs) were optimized by use of
CASSCF wavefunctions!®! employing analytical gradient procedures.[*-
The CASs were selected according to the fractional occupation of the
natural orbitals (NOs)*! generated from the first-order density matrix
calculated from an MRD-CIF2l wavefunction, correlating all valence
electrons. The active space composition changes according to the different
reactions studied.’® To compare the calculated geometries with other
results from the literature, some stationary points involved in the formation
and decomposition of POZ were also calculated using the DFT meth-
0dP*+%l with Becke’s three-parameter hybrid functional B3LYP.*” Since
many of these intermediates possess a strong biradical character, the
B3LYP calculations were carried out with a UHF wavefunction of broken
symmetry. Furthermore, the geometries of a few stationary points
(formation of POZ and its concerted decomposition) were also calculated
using the QCISD method.’® The zero-point vibrational energies (ZPVEs)
were determined from the CASSCF harmonic vibrational frequencies. The
CASSCF ZPVEs were scaled by 0.8929.1]

The split-valence-d-polarized 6-31G(d) basis set was used for the geometry
optimizations,® except for the unimolecular decomposition of dioxy-
methane, for which the 6-31G(d,p) basis setl® was employed.

The effect of the dynamic valence-electron correlation on the relative
energy of the CASSCF-calculated stationary points was incorporated by
performing single-point calculations by the QCISD(T) method.® In this
case, the more flexible 6-311G(2d,2p) basis setl®'! was used. In the
decomposition of POZ, we found two particular cases where the quadratic
configuration interaction calculations gave unreliable results. In these cases
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we performed single-point calculations using the CCSD(T) method.!%:62.3]
The 6-311G(2d,2p) basis set was also used in these calculations. For those
structures showing a clear biradical character, the QCISD(T) and
CCSD(T) calculations were based on a reference UHF wavefunction of
broken symmetry. However, in some cases, the relative stability of the
biradicals may have been underestimated because of spin contamination
when a UHF reference function was used. Therefore some of the
QCISD(T) and CCSD(T) single-point calculations were repeated over an
RHF wavefunction (see the Supporting Information). The calculations
were carried out using the GAMESSIl and GAUSSIAN 94! program
systems. Additionally, for the key structures with a clear biradical character
in the POZ and SOZ decompositions, we performed further CASPT2[]
calculations, based on a common CASSCF(6,6) reference function, in order
to compare the relative order of the energies of the different decomposition
channels. The 6-311G(2d,2p) basis set was also used in these calculations,
employing the Molcas version 2 packagel®’].

Throughout the text all geometric discussions refer to the CASSCF values
and the relative energies considered are those obtained at CCSD(T) or
QCISD(T) levels of theory. Because of the marked biradical character of
several intermediates in the POZ and SOZ decompositions, a comparison
of the energy barriers with those computed at the CASPT?2 level of theory
is also made for the key structures in the POZ and SOZ cleavage processes.
Further comparisons with results obtained using other theoretical methods
are included as Supporting Information. The Cartesian coordinates of the
stationary points, the B3LYP, CASSCF, QCISD(T), CCSD(T) and
CASPT2 absolute energies, and the dipole moments (calculated at the
CASSCEF level of theory) of all the structures reported in this paper are also
available as Supporting Information.

Results and Discussion

The structures of the stationary points are designated by M for
the minima and TS for the transition states, followed by a
number (1, 2 and so on) indicating the order of introduction.
The most relevant geometric parameters of the optimized
structures for the stationary points are given in Figures 1, 3, 4
and 7. The computed relative energies and the ZPVEs are
collected in Tables 1, 2 and 3 and schematic potential energy
diagrams are presented in Figures 2, 5 and 6.

Formation of ethylene POZ (1,2,3-trioxolane): The symme-
try-allowed [4+2] cycloaddition of ozone to ethylene is the
first step of the reaction. The process involves the formation
of a van der Waals complex between O; and C,H, %] along the
reaction path prior to the transition state. Studies of this
van der Waals complex, several conformations of POZ and
the transition structure have been reported,/®®72l and we have
focused our attention on the reactants, POZ (M1) and the
transition structure (TS1) connecting the POZ with the
van der Waals complex.

Our computed geometric parameters (Figure 1) are com-
parable with other results from the literature.[s7-5] The most
significant difference among the experimental values of M17!]
is in the C—O bond length, which is predicted to be 0.032 A
longer by our CASSCEF calculations. Our calculations indicate
that the formation of POZ (M1) is exothermic by
49.2 kcalmol~! at 0 K (Table 1). This exothermicity is com-
parable with the experimental value of 45 46 kcalmol~! and
other theoretical estimates (in the 43.7-57.3 kcalmol~!
range).l'4232%71 The activation energy relative to the reactants
is computed to be 5.0 kcalmol ' at 0 K. If we take into account
the prediction from ab initio results in the literature that the
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Figure 1. Selected geometric parameters of the CASSCF/6-31G(d)-opti-
mized structures for the stationary points involved in the ethylene POZ
formation. Distances are given in angstroms and angles in degrees. Values
in parentheses correspond to experimental data.

stability of the vander Waals complex would be
0.74 kcalmol [ we can conclude that the computed activa-
tion energy should be about 5.8 kcalmol~!, which is compa-
rable with the experimental estimates (in the 4.2-
5.8 kcalmol ! range)?’! and other theoretical determinations
(in the 2.5-5.5 kcalmol ! range).l?l

Due to the large exothermicity involved, the formation of
POZ turns out to be the rate-determining step for the whole
ethylene ozonolysis.

E (kcal mol™)
18.7 19.7 19.4
17.8
TSA M2 TS3
TS2
0.0
M1 (POZ)

Table 1. Zero-point vibrational energies (ZVPE, [kcalmol~'])l and
relative energies (E [kcalmol~'])< for the optimized structures involved
in the formation and decomposition of Ethylene POZ.

E

Compound ZPVE CCSD(T)/

6-311G(2d,2p)
0; + GH, 335 0.0 (0.0)
TS1 359 2.6 (5.0)
M1 (POZ) 39.5 —552(—49.2)
TS2 38.8 —34.9 (-29.5)
M2 385 —364 (-31.4)
TS3 38.1 —345(—-29.8)
M3 383 —37.3(-325)
TS4 36.5 —33.5(-30.5)
TS5 36.4 —30.5 (—27.6)
M4+ M5 33.8 —47.6 (—47.3)
TS6 353 —282 (—264)
Mo 382 —103.6 (—99.0)
M7 + OH 343 —55.3 (—54.6)
TS7 359 3.0 (54)
M8 + 0, ('A) 358 —52.1(—49.8)

[a] Obtained from CASSCF/6-31G(d) harmonic vibrational frequencies
scaled by 0.8929. [b] ZPVE corrected values are given in parentheses.
[c] The energy barriers, relative to M1 (POZ) for the key structures TS4,
TS5, TS6 and TS7 are computed to be 21.7, 24.7, 27.0 and 58.2 kcal mol !,
respectively at the CCSD(T) level of theory and 14.4, 17.0, 23.0 and
55.5 kcalmol !, respectively at the CASPT?2 level of theory.

Cleavage of ethylene POZ: We have found two different
paths for the cleavage of ethylene POZ (M1), by a concerted
and a stepwise mechanism respectively. The concerted
mechanism leads to the Criegee intermediates, which have
been discussed in the literature.l'%?22] The stepwise path
begins with the cleavage of the O-O bond leading to the
biradical OCH,CH,00, which in turn decomposes into
different molecular fragments. Figure 2 shows a schematic
potential energy level diagram for the decomposition of POZ.

16.7

M3

19 M8+ O, (*Ag)
M4+ M5 -0.6
-5.4
M M7+ OH
[VaVaval
-49.8
M6

Figure 2. Schematic potential energy diagram showing the relative energies of the stationary points involved in the POZ cleavage. Energy values were

obtained from ZPVE-corrected CCSD(T)/6-311G(2d,2p) energies.
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The CASSCF geometries of the Criegee intermediates are
taken from previous work.["*!

The geometric parameters of the transition structure (TS4
in Figure 3) for the concerted POZ decomposition agree
qualitatively with other theoretical results!'*7! except for the
O1-05 bond length, which is predicted by the CASSCF

109.8

0000y = 541
a0y = 647 005050, = 1765

OO = 729

‘@

1.355

1356

I

04050, = =749
00 = TRE Oy Oy =-1237

CAT0,0, = 696

M2 T3

Oy =-153.1 0

CoyiyDem 53,3
CL0,0H, =378
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approach to be more than 0.3 A longer. The computed
activation energy at 0K is 21.7 kcalmol~' (18.7 kcalmol~!
taking into account the ZPVE corrections) is also comparable
with other results from the literaturel! (Figure 2). The
Criegee intermediates (carbonyl oxide M4 and formaldehyde
MS5) are computed to be 1.9 kcalmol~! higher energetically

1029
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Figure 3. Selected geometric parameters of the CASSCF/6-31G(d)-optimized structures for the stationary points involved in the ethylene POZ cleavage.
Distances are given in angstroms and angles in degrees.
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than POZ, so that the global process takes place without a
significant energy change.

Regarding the stepwise mechanism, the transition structure
for the first step of the POZ decomposition is TS2 and we
have found two rotational isomers (M2 and M3) of OCH,.
CH,OO0 that are connected through TS3. Structures TS2, M2,
TS3 and M3 have similar geometric parameters (Figure 3).
The cleavage of the O — O bond in POZ (compared with M1 in
Figure 1) leads to a shortening by 0.12 A of the O—O bond
and a shortening by 0.7 A of the aldehyde C-O bond and an
increase in the O-O-C-C dihedral angle of about 43°. These
geometric changes indicate (O-O) & bond formation in the
biradical structures. The formation of this & bond is allowed
because after the relaxation of the O-O-C-C dihedral angle,
the lone pairs of the two oxygen atoms overlap. Figure 2 and
Table 1 show that the energy barrier is computed to be
19.7 kcalmol ! at 0 K, and the biradical structures M2 and M3
are calculated to lie 17.8 and 16.7 kcalmol~!, respectively,
higher in energy than POZ, the anti isomer M3 being around
1.0 kcalmol~! more stable energetically than M2. The calcu-
lated energy barrier for the conformational change from M2
to M3 is 1.6 kcalmol .

The next step of the reaction is the decomposition of the
biradical intermediate M3. As schematized in Figure 2, we
have found three different routes for the M3 cleavage.

One possible route is decomposition through scission of the
C-Cbond to yield the Criegee intermediates (carbonyl oxide
M4 + formaldehyde M5). TS5 is the transition structure
connecting M3 with M4 + MS. The geometric features of the
transition state include a C—C bond length of 1.970 A and a
reduction of both C—O bonds relative to the biradical M2 and
M3 structures (by 0.12 A in the formaldehyde moiety and
0.09 A in the carbonyl oxide moiety). Thus, the C—O and O -
O bond lengths resemble very closely those of the final
carbonyl products.¥! These geometric changes indicate that
the (C-0O) x bond of both products is being formed at the
same time as the C—C bond is being broken. The energy
barrier for the scission of the C-C bond in M3 is
4.9 kcalmol~! (Table 1 and Figure 2) and the global activation
energy at 0 K for the decomposition of POZ (M1) into the
Criegee intermediates (M4 and MS5) through TS5 is
21.6 kcalmol~!, which is about 3 kcalmol~! higher than that
for the concerted path (via TS4); we therefore conclude that
the energy barrier for the concerted path is lower than that of
the stepwise mechanism.

Another route for the biradical structure M3 leads to
hydroperoxyacetaldehyde (M6), by hydrogen atom 1,4-mi-
gration from carbon to oxygen. The transition structure found
for this isomerization (TS6) is a five-membered ring where the
migrating hydrogen atom is linked to the carbon and oxygen
atoms through the long bond lengths R(CH)=1.228 A and
R(OH)=1.617 A. The 04— 05 bond length is computed to be
1.455 A, which is about 0.1 A longer than the corresponding
distance in M3, and the O-O-C-C and H-C-C-O dihedral
angles are — 53.3° and 40.6°, respectively. It is also interesting
to compare the geometric parameters of TS6 with those of the
transition structure for the tautomerization of acetaldehyde
carbonyl oxide to hydroperoxyethylene,[¥! which is a nearly
planar five-membered ring having O-H and C-H bond
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lengths of 1.322 and 1.382 A, respectively. These differences
reflect the distinct electronic structure of the COO moieties in
the two transition structures. Thus, in the tautomerization of
acetaldehyde carbonyl oxide to hydroperoxyethylene [*! the
carbon atom is sp?>-hybridized and the 7z bond is delocalized on
the COO moiety, whereas in TS6 the carbon atom has sp®
hybridization.

The computed energy barrier for the hydrogen atom
migration in M3 is 6.1 kcalmol~! and the global barrier for
the conversion of POZ (M1) to M6 is computed to be
22.8 kcalmol~!. This energy barrier is about 1 kcalmol™!
higher than that calculated for the decomposition of M1 into
the Criegee intermediates through TS5. In any case, we can
conclude that, since POZ is formed with an excess of energy,
M6 will also be formed in the gas-phase ozonolysis of
ethylene. Our calculations also indicate that the conversion
of POZ (M1) to hydroperoxyacetaldehyde (M6) is exother-
mic by 49.8 kcalmol!. Despite the relatively low energy
computed for M6, there is no experimental evidence recorded
in the literature for the formation of this compound. How-
ever, Atkinson and Finlayson,['"in a mass spectrometric study
of the cis-2-butene —ozone reaction, observed a peak at m/z
104 and considered that the most likely product correspond-
ing to this peak was 3-hydroperoxybutanone. This compound
is the analogue of M6 in the ozonolysis of cis-2-butene and we
believe that it could be formed through the same mechanism.

Furthermore, hydroperoxyacetaldehyde (M6) can also
decompose into the radicals M7 and OH. Table 1 and Figure 2
indicate that this decomposition is endothermic by about
44.4 kcalmol~'. However, since M6 is also formed with an
excess of energy (about 79 kcalmol '), we conclude that OH
radicals might be generated in the gas-phase ozonolysis of
ethylene through this mechanism. Therefore, this pathway
may also contribute to OH-radical production in the gas-
phase ozonolysis of ethylene. This step could offer an
explanation of the differences in the measured (8-12%)
and predicted (2% ) OH yields in ethylene ozonolysis./1214]

The third alternative route, decomposition of M3 into
oxirane (M8) and molecular oxygen in its excited 'A, state,
takes place through a concerted mechanism via TS7 (Fig-
ure 3). The computed geometric parameters of oxirane (M8)
agree quite well with the reported experimental values.[”"]
Figure 2 shows a value of 54.6 kcalmol~! for the global energy
barrier with respect to M1, which is therefore higher than the
energy barriers calculated for the other two channels descri-
bed above, implying that this process would not compete with
them. Moreover, Table 1 also shows that TS7 has about the
same energy as TS1, in the first step of the ethylene ozonolysis.
Therefore it is possible that small amounts of oxirane are
produced in the gas-phase ozonolysis of ethylene through this
mechanism. This result is consistent with the suggestion of
Martinez et al.® that a peak at m/z 44 that they observed in
the mass spectra of the ethylene—ozone reaction was
probably due to acetaldehyde, but included a contribution
from oxirane. Martinez et al. also suggested that a further
peak at m/z 32 had a possible contribution from O, ('A,).
These peaks in the mass spectra were not assigned to any
mechanism. Figure 2 also shows that the whole process occurs
without a significant energy change ( — 0.6 kcalmol~!). How-
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ever, this value is underestimated by about 10 kcalmol~},
since the CCSD(T) calculations on O, based on a UHF
wavefunction of broken symmetry result in an O, (3=~ -'A)
excitation energy of 10.1 kcal mol~!, about 10 kcal mol~! lower
than the experimental value of 22.6 kcal mol .17

It is also interesting to compare the magnitude of the
computed CCSD(T) and CASPT2 energy barriers for the key
structures TS4, TS5, TS6 and TS7, relative to M1 (POZ) (see
footnote [c] in Table 1). Although the CASPT2 activation
energies are between 3.3 and 7.7 kcalmol~! lower than the
corresponding CCSD(T) values, the relative ordering of the
different energy barriers is maintained at both levels of
theory.

The stepwise mechanism described above agrees well with
the O’Neal-Blumstein mechanism for gas-phase ozone-—
olefin reactions.’>”! Our results also agree with the stepwise
mechanism suggested by Wadt and Goddard!'”! and Harding
and Goddard,!"! who postulated several biradical intermedi-
ates in the course of POZ decomposition.

Formation of the ethylene SOZ (1,2,4-trioxolane): The
reaction of carbonyl oxide with formaldehyde giving SOZ is
a [4+2] cycloaddition. As one would expect, this reaction has
many similarities to the formation of POZ (see above), since
in both cases the reactants are isoelectronic. Thus, we have
found the formation of a van der Waals complex (M9) in the
reaction coordinate, prior the transition state (TS8) and the
formation of SOZ (M10).

The C-O distances between the carbonyl oxide and form-
aldehyde are 3.084 and 2.872 A, respectively, in the van der
Waals complex M9 (Figure 4), while the geometry of the two
moieties is almost the same as that calculated for the separate
reactants.’¥ Since 6-31G(d) is a poor basis set to describe
van der Waals complexes, we have also re-optimized M9 at
the same level of theory with the more flexible 6-311G(2d,2p)
basis set. The results, shown in brackets in Figure 4, indicate
that the latter basis set expansion does not lead to significant
geometric changes. Table 2 and Figure 5 show that M9 is
6.3 kcalmol~! more stable than the reactants. Comparing the
van der Waals complex M9 with the dipole complex computed
by Cremer and co-workers, [l at the MP4 level of theory the
latter is reported to be 8.9 kcalmol~' less energetic than the
separate components (carbonyl oxide and formaldehyde), a
value that is close to the 7.3 kcalmol~! computed for M9 in this
work (without considering the ZPVE corrections; see Ta-
ble 2). Moreover, in the complex reported by Cremer et al.,
the separation of the two components is about 2.5 A, in
contrast to the distance of about 2.9 A found in M9. We
believe that the dipole complex reported by Cremer et al. and
M9 represent the same structure and that the differences in
the computed distances between the two components (car-
bonyl oxide and formaldehyde) may be due to the different
theoretical approaches used in the two calculations. In a later
study, Cremer et al.**! concluded that the MP4 method was
not adequate to predict the carbonyl oxide geometry; this
deficiency may have affected the calculated long-range
interactions between carbonyl oxide and formaldehyde.

The most relevant geometric features of TS8 are the lengths
of the forming C—-O bonds between the two moieties (about
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2 A) and a slight elongation (0.06 A) in the O—O bond of the
carbonyl oxide moiety. Thus the ; bonds in the formaldehyde
and carbonyl oxide moieties are retained. Previous exper-
imental and theoretical studies® 8! indicated that the most
stable conformation of SOZ had C, symmetry. We have
considered the 'A state of this symmetric conformer (M10),
which is characterized by the 10a?9b? electronic configuration.
The most relevant geometric parameters of the CASSCEF-
optimized structure for SOZ (M10) compare quite well with
the reported experimental data obtained from microwave
spectroscopy (R(00)= 1461 A, R(C-0)=1412 A, r(C-
0)=1416 A, ¥ (0-C-0)=105.5°, ¥ (C-0-0)=99.3° and
X (C-O-C) =104.8°).180

The results displayed in Table 2 and Figure 5 show that the
SOZ formation from the Criegee intermediates is exothermic
by 46.0 kcalmol~t. Moreover, the energy of the transition
structure is lower than that of the reactants by 4.4 kcalmol !,
and the energy barrier with respect to the van der Waals
complex is calculated to be 1.9 kcalmol~'. From Table 2, the
single-point QCISD(T)/6-311G(2d,2p) energies place TS8
lower in energy than M9, but the relative energy order is
changed after the ZPVE corrections are included. This
result is due to the different positions of the stationary points
along the reaction coordinate at the CASSCF and QCISD(T)
levels of theory. Our results clearly indicate that the reaction
of carbonyl oxide with formaldehyde to yield SOZ is
barrierless; that is, in the potential energy diagram, the
transition state for the formation of SOZ lies below the
reactants. Similar results were found by Ponec et al. in their
study based on AMI1 calculations.’”] These results are in
accordance with the matrix experiments carried out at
cryogenic temperatures by Samuni et al.,”® who observed
formation of POZ and SOZ at temperatures as low as 25 K
and indicated that any contribution to the progress of the
reaction from temperatures lower than 30 K could be neither
neglected nor quantified.

Cleavage of the ethylene SOZ: The decomposition of SOZ
takes place by a stepwise mechanism and shows a pattern
similar to that found for the decomposition of POZ discussed
above. The first step is the cleavage of the O — O bond yielding
the biradical OCH,0OCH,0. The second step is the decom-
position of this biradical.

The cleavage of the O—O bond of SOZ is a symmetrical
process, so the C, symmetry of M10 is retained in the
transition structure (TS9) and in the biradical (M11). Figure 5
shows that the computed energy barrier is 28.8 kcalmol~! and
the process is endothermic by 24.1 kcalmol~!. We have found
another rotational isomer of OCH,OCH,O (M12), which is
linked to M11 through TS10. The corresponding energy
barrier is 3.1 kcalmol~! (Figure 5 and Table 2). We observed
very little change in the geometric parameters relative to SOZ
(Figure 4). The only remarkable differences are a shortening
by 0.07 A of the C— O bond and an increase of about 10° in the
0O-C-0 and C-O-C angles.

Figure 5 shows two different fates for the cleavage of the
biradical intermediates M11 and M12 in the second step.

One alternative is the cleavage of the O3 -C4 bond in M11,
forming dioxymethane (M13) + formaldehyde (MS5). In the
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311G(2d,2p) basis set. Values in parentheses correspond to experimental data.

corresponding transition structure (TS11 in Figure 4), we
observe that the C—O bond that is being broken is 1.814 A
long, while the C— O bond length in the formaldehyde moiety
is reduced by 0.16 A relative to the corresponding bond in
SOZ. The CASSCF-optimized geometric parameters of
dioxymethane (M13) are in very good agreement with those
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reported previously in the literature.** Figure 5 shows that
the energy barrier is 24.6 kcalmol~!. The products are
computed to be 33.3 kcalmol~! higher in energy than SOZ
and the calculated global energy barrier between TS11 and
SOZ is 48.7 kcalmol~'. That is, TS11 is 2.7 kcalmol~! higher in
energy than the Criegee intermediates M4 + MS5 (see also
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Table 2. Zero point vibrational energies (ZPVE,[kcalmol~']) and rela-
tive energies (E [kcalmol~'])*¢ calculated for the CASSCF/6-31G(d)-
optimized structures involved in the formation and decomposition of the
ethylene SOZ.

E

Compound ZPVE QCISD(T)/

6-311G(2d,2p)
M4 + M5 338 0.0 (0.0)
M9 34.8 ~73(-63)
TSS 37.8 — 84 (—44)
M10 (SOZ) 41.0 ~532 (—46.0)
TS9 39.6 ~23.0(-172)
M11 394 —275(-219)
TS10 39.0 ~239 (—188)
M12 39.1 —242 (- 19.0)
TS11 37.1 —0.3(2.7)
M13 + M5 332 121 (—127)
TS12 36.6 —16.1 (—13.4)
M14 407 —125.1 (- 1182)

[a] Obtained from CASSCF/6-31G(d) harmonic vibrational frequencies
scaled by 0.8929. [b] ZPVE-corrected values are given in parentheses. [c]
The energy barriers, relative to M10 (SOZ), for the key structures TS11
and TS12 are computed to be 52.9 and 37.1 kcalmol~! at the QCISD(T)
level of theory and 57.3 and 26.4 kcalmol~! at the CASPT2 level of theory.

Table 2 and Figure 5). Consequently, very little SOZ will
decompose through this channel.

The second possible fate is the formation of hydroxymethyl
formate (M14) through an hydrogen atom 1,4-migration from
carbon to oxygen in M12. The transition structure for this
rearrangement (TS12) corresponds to a five-membered ring,
in which the migrating hydrogen atom is linked to the carbon
and oxygen atoms through the long bond lengths R(C-H) =
1.231 A and R(O-H) =1.606 A. The O-C-O-C and H-C-O-C
dihedral angles are 44.0° and —31.3°, respectively. This
transition structure resembles very closely the transition
structure TS6 calculated for the cleavage of POZ. The

0.0
4.4
M4+M5| (3
TS8
M9
E (kcal mol™)
M10 (SOZ)

corresponding energy barrier is computed to be only
5.6 kcalmol~'. Table 2 and Figure 5 show that the energy
barrier of the global process, with respect to SOZ, is
32.6 kcalmol %, which is about 16 kcalmol~' lower than that
for the cleavage of the C—O bond leading to dioxymethane
+ formaldehyde. Moreover, the process is highly exothermic
(72.2 kcalmol!). These values indicate that M14 will be the
major product of the SOZ cleavage. Hydroxymethyl formate
was initially identified as a transitory product in the gas-phase
ozonolysis of ethylene, 2082 and was supposed to be formed
as a product of the carbonyl oxide + formaldehyde reaction,
but further experimental work indicated that this transitory
product could be hydroperoxymethyl formate,*>! although
the mechanism for its formation is only speculative.

The energy barriers for the key structures TS11 and TS12,
relative to M10 (SOZ), computed at CASPT?2 levels of theory,
differ by 4.4 and 10.7 kcalmol™! respectively from the
QCISD(T) values (see footnote [c] in Table 2). Despite these
energy discrepancies, the relative ordering of the different
energy barriers is maintained; consequently, these results do
not affect the reaction mechanism discussed above.

It is also interesting to compare the cleavage of POZ and
SOZ (Figures2 and 5, respectively). The lowest energy
decomposition pathway for the POZ cleavage corresponds
to the scission of the C—C bond that yields the Criegee
intermediates, whereas for the SOZ cleavage it corresponds to
the hydrogen atom 1,4-migration yielding hydroxymethyl
formate; the decomposition pathway that produces dioxy-
methane + formaldehyde has a higher energy barrier. These
differences may be rationalized by taking into account the
facts that in the cleavage of POZ the scission of the O - O and
C-C bonds is associated with the formation of 7 bonds in the
carbonyl oxide moiety (which implies an sp®—sp? hybrid-
ization change), involving energy stabilization, whereas in the

2.7

M13 + M5

-118.2

Mi14

Figure 5. Schematic potential energy diagram showing the relative energies of the stationary points involved in the formation and cleavage of ethylene SOZ.
Energy values were obtained from ZPVE-corrected QCISD(T)/6-311G(2d,2p) energies.
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cleavage of SOZ the scission of the COO bond occurs without
a hybridization change.

It should be noted that this stepwise mechanism contrasts
with the concerted mechanism proposed on the basis of AM1
calculations.?37!

Unimolecular decomposition of dioxymethane: As men-
tioned in the previous section, dioxymethane (M13) can be
formed in the cleavage of SOZ (M10), but it is also an
intermediate in the unimolecular decomposition of carbonyl
oxide (M4), which in turn is one of the products of POZ (M1)
cleavage. This unimolecular process corresponds to the so-
called ester channel, and involves the previous M4 conversion
to dioxirane.[>3-10.13.3%4] There are three different pathways
for the unimolecular decomposition of dioxymethane (M13):
a) dissociation into H, and CO, in their ground states; b)
isomerization to formic acid; and c¢) decomposition into H and
HCOO radicals. Further, formic acid also decomposes into
H,, CO,, H,O and CO in their ground states, while HCOO
decomposes into H + CO, in their ground states.

The dissociation of M13 into H, and CO, takes place
through a concerted mechanism through TS13 (Figure 7) and
involves synchronous breaking of the two C—H bonds and
formation of the H-H bond; it has already been discussed
extensively in the literature.**! The calculated energy
barrier is 3.0 kcalmol™' and the dissociation process is
computed to be exothermic by 111.6 kcalmol~! (Figure 6
and Table 3). These values are in very good agreement with
results reported from MRD-CI calculations.[*

The geometry of the transition structure (TS14) for the
isomerization of dioxymethane (M13) into syn-formic acid
(M15) (Figure 7) shows a relative long O —H bond (1.691 A),
which is of the same order as those formed in the transition
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structures TS6 and TS12. The M13 —M15 isomerization is
calculated to be exothermic by 101.9 kcalmol~' with an
energy barrier of 2.2 kcalmol~!, which is only 0.8 kcalmol~!
lower than that calculated for the symmetrical dissociation of
M13 into CO, + H, (TS13) (see Figure 6 and Table 3).
Therefore we conclude that the isomerization of M13 to syn-
formic acid and the dissociation of M13 into CO, + H, are
competitive processes.

Since formic acid is formed with an excess of energy, it can
undergo a further unimolecular decomposition yielding CO,,
H,, CO and H,O. Figure 6 and Table 3 show that the syn
isomer of formic acid (M15) is energetically more stable than
the anti isomer (M16) by 3.8 kcalmol™'. The syn-—anti
interconversion (TS15) takes place through rotation of the
COH plane with a computed energy barrier of 11.5 kcalmol .
Dissociation of syn-formic acid (M15) into CO + H,O takes
place without a significant energy change (0.3 kcalmol™!),
while the dissociation of anti-formic acid (M16) into CO, +
H, is slightly exothermic ( — 13.5 kcalmol!). The calculated
energy barriers are 66.6 (TS16) and 65.7 kcalmol~' (TS17) at
0 K, respectively, which are slightly lower than the energy
barriers reported for the analogous processes in the unim-
olecular decomposition of acetic acid.[®’!

The last alternative pathway for the unimolecular decom-
position of dioxymethane is the dissociation into an hydrogen
atom and a formyloxyl radical (HCOO) (Figure 6) through
the homolytic cleavage of the C—H bond, which involves a
computed energy barrier of 18.4 kcalmol™' (Table 3 and
Figure 6). This value is about 15 kcalmol™" higher than the
energy barriers computed for the two decomposition paths
discussed above, and the process is calculated to be endo-
thermic by 4.9 kcalmol~!. Among the geometric parameters
of the corresponding transition state (TS18, Figure 7), the
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Table 3. Zero point vibrational energies (ZPVE,[kcalmol~!]) and rela-
tive energies (E [kcalmol'])P! calculated for the CASSCF/6-31G(d,p)-
optimized structures involved in the decomposition of dioxymethane.

E

Compound ZPVE QCISD(T)/

6-311G(2d,2p)
M13 17.4 0.0 (0.0)
TS13 14.9 5.5 (3.0)
CO,+H, 11.6 —105.8 (—111.6)
TS14 15.9 37 (22)
M15 20.3 —104.8 (—101.9)
TS18 13.5 223 (18.4)
H+HCO,! 10.9 11.4 (4.9)
TS15 18.8 —91.8 (—90.4)
Mi6 19.6 —100.3 (—98.1)
TS16 15.3 —332(-353)
CO + H,0 14.8 —99.0 (—101.6)
TS17 14.0 —29.0 (—32.4)
TS19 + H 6.5 16.2 (5.3)
CO, + 2H 5.9 1.6 (—9.9)

[a] Obtained from CASSCF/6 -31G(d,p) harmonic vibrational frequencies
scaled by 0.8929. [b] Corrected values are given in parentheses. [c] Re-
lative to 2B, state.

bond length (1.523 A) calculated for the breaking C—H bond
and the different lengths of the C— O bonds are noteworthy: a
symmetrical (C,) transition structure might have been ex-
pected, with the homolytic cleavage of the C—H bond taking
place in the symmetry plane of the molecule, but we believe
that the asymmetrical structure of TS18 may be due to the
well-known doublet instability of the formyloxyl radical
(HCOO) wavefunction.[?3 Moreover, the COO moiety of
TS18 resembles very closely the structure of the 2A’ electronic
state of HCOO.I>86.87

Since the structure of the HCOO radical has received much
attention in the literature,[®°% our results will be only briefly

Chem. Eur. J. 1999, 5, No. 6
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discussed here. The dissociation of the HCOO radical into H
and CO,, which has also been studied theoretically by Feller
et al.,® is undergone by the so-called o radical of HCOO,
which has two low-lying electronic states of C,, symmetry,
namely ?B, and ?A,. In addition, these two states yield the 2A’
state after lowering the molecular symmetry to the C, group.
Our CASSCF["loptimized geometric parameters and relative
energies are comparable with other results from ab initio
calculations.®%-87 Qur QCISD(T) calculation for the tran-
sition structure for the hydrogen atom loss from HCOO
(TS19, Figure 6) predicts an energy barrier of 4.9 kcalmol~! at
0 K, which is about 5 kcalmol~! lower than that predicted by
Feller et al.®l Inclusion of the ZPVE corrections lowers this
energy barrier to only 0.4 kcalmol~'. It should be noted that
the hydrogen atom loss is exothermic by 14.8 kcal mol .

From the energy barrier heights in Figure 6 one may infer
that the yield of CO, obtained through this process should be
slightly greater than that of CO, which contrasts with the
measured yields of these products in gas-phase ethylene
ozonolysis.>621:382 However, Neeb et al.? recently conclud-
ed that a fraction of the CO produced in ethylene ozonolysis is
due to a bimolecular reaction other than H,COO unimolec-
ular decomposition.

Conclusions

From our theoretical study of the gas-phase ozone —ethylene
reaction, the principal trends of the mechanism are displayed
in Scheme 1; for completeness, we have also included the
main features of the unimolecular decomposition of carbonyl
oxide, taken from other theoretical work reported in the
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literature.['1340-41 From the results obtained in the present
investigation we emphasize the following important points:

1) The formation of POZ from the ozone-ethylene
reaction is computed to be exothermic by 49.2 kcalmol~!
with an energy barrier of 5.0 kcalmol~! at 0 K. These values
are in agreement with experimental estimates and other
theoretical results from the literature.['232%2%72] The opti-
mized geometric parameters of the POZ are comparable with
the reported experimental values.!

2) Our calculations indicate two pathways for the POZ
cleavage: a concerted and a stepwise mechanism. The
concerted mechanism leads to the formation of the Criegee
intermediates (M4 + MS5) with a computed activation energy
of 18.7 kcalmol ! at 0 K, in agreement with other results from
the literature.' This is the lowest energy path for the POZ
decomposition. The first step of the stepwise mechanism
involves the cleavage of the O—-O bond yielding the two
isomers M2 and M3, which possess a strong biradical
character. We have found three different fates for these
biradicals, namely: a) the Criegee intermediates, the forma-
tion of which involves a scission of the C—C bond in M3; b)
hydroperoxyacetaldehyde (M6), which is formed after tauto-
merization of M3; ¢) oxirane (M8) + molecular oxygen in the
'A, excited state through a concerted mechanism from M3.
The computed global energy barriers for the decomposition of
POZ are 21.6 kcalmol™! for the decomposition into the
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Criegee intermediates and 22.8 kcalmol~! for the tautomeri-
zation to M6. The energy barrier for the decomposition into
oxirane + molecular oxygen in the 'A, excited state is much
higher in energy and only very little oxirane should be formed
through this process. Since POZ is formed with an excess of
energy, the other three paths will be active in the gas-phase
ozonolysis of ethylene. Moreover, hydroperoxyacetaldehyde
is formed with an excess of energy and can dissociate into the
OH and CH,0OCHO radicals. Therefore this step can con-
tribute to the release of OH radicals to the atmosphere.

3) The mechanism of formation of SOZ from the Criegee
intermediates is analogous to that of POZ. The carbonyl oxide
+ formaldehyde reaction involves the formation of a van der
Waals complex on the reaction coordinate prior to the
transition state and SOZ. The van der Waals complex lies
6.3 kcal mol~! below the energy of the reactants. The reaction
is computed to be exothermic by 46.0 kcalmol~! and the
transition state has a lower energy than the reactants. This
implies that the carbonyl oxide + formaldehyde reaction is
barrierless. The optimized geometric parameters of SOZ
agree quite well with the reported experimental values.®]

4) The cleavage of SOZ follows a stepwise mechanism with
the formation of a biradical intermediate with two isomers,
M10 and M11. The second step involves two different fates: a)
dissociation into dioxymethane + formaldehyde, which is
endothermic; b) tautomerization to yield hydroxymethyl
formate (highly exothermic). The computed global energy
barriers for the decomposition of SOZ are 48.7 kcalmol~! for
the dissociation into dioxymethane (M13) + formaldehyde
(M5), and 32.6 kcalmol~! for the tautomerization yielding
hydroximethyl formate (M14). This stepwise mechanism
contrasts with the concerted mechanism proposed on the
basis of AM1 calculations.*3"]

5) We have also considered the unimolecular decomposi-
tion of dioxymethane. This compound can be formed in the
cleavage of SOZ but it is also an intermediate in the
unimolecular decomposition of carbonyl oxide, which in turn
is one of the products from the POZ cleavage. The sym-
metrical dissociation into CO, and H, is calculated to be
exothermic by 111.6 kcalmol~' with an activation energy at
0 K of only 3.0 kcalmol~'. The isomerization to formic acid is
also highly exothermic (101.9 kcalmol~') and the computed
activation energy at 0 K is even lower (2.2 kcalmol~!), which
means that the two processes are competitive. Since formic
acid is formed with an excess of energy, it can also decompose
into CO, + H, (with an activation energy of 69.5 kcalmol ' at
0K) and CO + H,O (with an activation energy of
66.6 kcalmol~' at 0 K). Dioxymethane can also undergo a
radical decomposition yielding H and HCOO radicals. This
process is endothermic by 4.9 kcalmol~' and the correspond-
ing energy barrier is calculated to be 18.4 kcalmol~! at 0 K.
The energy barrier for the dissociation of HCOO into H +
CO, has been calculated to be only 0.4 kcalmol~' at 0 K.
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