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Introduction

The oxidative cleavage of unsaturated compounds with ozone
was first studied in detail by Harries [1] at the beginning of
the century. With very few exceptions, a double bond is
cleaved quantitatively under extremely mild conditions, usu-
ally at or below -78ºC in dilute solutions in the absence of
acids and bases. The products of this cleavage were charac-
terized as aldehydes, ketones, their peroxidic derivatives or
carboxylic acids, depending on the type of the alkene. Rieche
et al. [2] observed cyclic peroxides or "ozonides", shown to

have the structure of 1,2,4-trioxolanes, as the reaction prod-
ucts of the ozonolysis reaction. In 1958, Criegee and
Schröder [3] succeeded to detect primary ozonides experi-
mentally and confirmed the results of Rieche et al. Later,
Criegee [4, 5] postulated the reaction mechanism now widely
accepted in the literature, and confirmed the participation
of ozonides. Criegee’s mechanism is schematically shown
in Figure 1. The first step is the addition of ozone to the
carbon-carbon double bond and the formation of the pri-
mary ozonide (PO), 1,2,3-trioxolane. In the second step, the
primary ozonide decomposes into a carbonyl compound and
a carbonyl oxide. The next step is the addition of these two
species to form the final ozonide (FO), 1,2,4-trioxolane, that
may decompose into different products depending on reac-
tion conditions. The ozonolysis mechanism has been recently
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reviewed [6, 7] and the properties of Criegee intermediates
have received some attention (see for instance [8, 9]).

The ozonolysis of alkenes has also been investigated theo-
retically, most of the investigations being due to Cremer and
coworkers [10-14]. In particular, the molecular structure and
conformation of primary and final ozonides have been ex-
amined by considering ring puckering parameters and em-
ploying split-valence and augmented split-valence basis sets
[10]. Cremer has found, in contrast to Ruoff’s MC-SCF cal-
culations [15, 16], that the most stable structure of PO is the
envelope form. Later, McKee [17] confirmed the structure of
PO to be an O-envelope and the theoretically predicted ge-
ometry was found to be in excellent agreement with the mi-
crowave structure [18]. For FO, the twist conformation has
been found to be most stable. The ozonolysis of ethylene has
indicated that small alkene POs cleave via a transition state
that favors the formation of a syn rather than an anti carbonyl
oxide [13]. The formation of complexes between ethylene
and ozone has been examined at the SCF, MP2 and MP4
(SDTQ) levels of theory with a split-valence-plus-polariza-
tion basis. A π-complex has been predicted to be stable [17].
Gillies et al. [19] have combined microwave spectra and ab
initio results to argue that the ozone/ethylene complex lies in
a shallow energy minimum along the reaction coordinate.
Another π-complex, formed by carbonyl oxide and an alde-
hyde, has been described by some authors [20-22]. Dewar et
al. [23] studied the reaction profile of ethylene ozonolysis
with AM1 and their results support the Criegee mechanism.
Olzmann et al. have studied the energetics, kinetics and prod-
uct distributions of the reactions of ozone with ethene and

2,3-dimethyl butene [24]. Their results have shown that POs
are not collisionally stabilized under atmospheric conditions
and dissociation of carbonyl oxide intermediates produces
OH radicals. Recently, Anglada et al. [25] have reinvestigated
the gas phase ozonolysis of ethylene including for the first
time the decomposition of FO and side reactions of the inter-
mediates.

Most of the computations cited above have assumed iso-
lated molecules and comparison with experiments carried out
in solution cannot be made directly. Indeed, the role of sol-
vent effects on the ozonolysis reaction might be important
[6]. In particular, the reaction intermediate, carbonyl oxide,
is expected to undergo a noticeable solvent effect since it
may formally be represented as a combination of diradical
and zwitterionic electronic configurations. Indeed, some theo-
retical studies have been carried out to analyze the role of
solvation on the nuclear and electronic structure of this spe-
cies [22, 26-29]. Del Rio et al. [22] have considered the role
of solvation on the formation of secondary ozonide from car-
bonyl oxide and formaldehyde but a complete theoretical
study of the ozonolysis reaction in solution is still lacking.
The aim of the present work is to achieve such an investiga-
tion.

Methodology

The importance of electron correlation has been emphasized
in earlier studies for the ozonolysis reaction in the gas-phase
[17, 20]. In our study, calculations have been carried out us-
ing either the Møller-Plesset approach (MP2 or MP4 (SDQ)
[30]) or density functional theory (DFT) with both the re-
stricted and unrestricted formalisms giving the same results.
These methods have been chosen as a compromise between
computational cost and accuracy, taking into account the
conclusion of previous studies. For instance, if one considers
the carbonyl oxide species, the results are quite dependent
on the theoretical method. At the Hartree-Fock level, the
diradical structure is preferred, [31] whereas coupled cluster
calculations [32] predict mainly zwitterionic character. The
MP2 level overestimates the diradical structure a little [32]
but higher-order perturbation corrections do not improve the
results much. Besides, Gutbrod et al. [33] have demonstrated
that density functional calculations at the B3LYP/6-31(d,p)
level reproduce the geometrical parameters of carbonyl ox-
ide obtained by CCSDT(T)/TZ+2P calculations [32] and have
used this method to optimize geometries.

In MP2 and MP4 calculations, the frozen-core approxi-
mation has been used. DFT results have been obtained with
the B3LYP exchange-correlation energy functional [34]. The
basis set used, 6-31+G(d), is a double zeta one augmented
with polarization and diffuse functions on heavy atoms.

To represent the solvent we use the self-consistent reac-
tion field (SCRF) approach developed at Nancy [35-37]. The
solvent is simply described as a polarizable dielectric con-
tinuum and the solute is placed in a cavity created in this
continuum (for details, see the original references). We have
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Figure 1 Schematic Criegee mechanism for ozonolysis
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considered the case of a high dielectric medium (ε=78.5) in
order to evaluate the upper limit of the electrostatic solvent
effect. Obviously, the electrostatic effect of a less polar sol-
vent may be expected to go in the same direction and to be
less intense. Note that experimental data in water is available
[38, 39], although in such a solvent other effects are expected
to take place that would require the explicit consideration of
water molecules. A theoretical study of the reaction of car-
bonyl oxide with a water molecule has been reported else-
where [40]. In solution, the calculations have been carried
out at the MP2/6-31+G(d) level only since the MP4 approach
is not available in this case. One should note that, although
the MP2 level is probably not very accurate for computing
absolute reaction energies (see below however), it is expected
to yield suitable predictions for the solvent effect.

Full geometry optimization has been done in the gas phase
and in solution and the nature of the structures (minimum or
transition state) has been verified as usual using the Hessian
matrix eigenvalues. Zero-point energy corrections (ZPE) are
estimated in the gas-phase and assumed to be unmodified by
the solvent. Calculations were carried out with Gaussian 94
(Revision C.3) [41] and Gaussian 94W (Revision D.3) [41].

The calculations in solution were carried out with the
SCRFPAC links [42].

Results and discussion

According to our computations, the ozonolysis of ethylene
involves several elemental reaction steps, which confirm the
mechanism of Criegee, as summarized in Figure 1. Results
in the gas-phase and in a polar medium lead to the same
reaction mechanism. However, compared to the schematic
mechanism in Figure 1, our computations deserve a few com-
ments. First, we have predicted the formation of a stable com-
plex between ozone and ethylene prior to the formation of
the PO. Besides, another complex is predicted between car-
bonyl oxide and formaldehyde prior to the formation of FO.
Finally, for the FO decomposition reaction, we have only
investigated a process in which formic acid and formalde-
hyde are obtained as the final products.

The gas-phase energy profile at different levels is shown
in Figure 2. Solvent effects on the reaction profile are dis-

Figure 2 Predicted reaction profiles in gas phase for ethylene ozonolysis reaction. The curves are computed using MP4
(single), MP2 (dashed) and B3LYP (dotted) approaches
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Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2       Exp [a]

ozone
OO        1.264        1.301        1.270        1.299        1.272
OOO    118.1    116.5    117.7    116.3    116.8

ethylene
CC        1.335        1.340        1.341        1.342        1.339
CH        1.088        1.086        1.088        1.086        1.086
CCH    121.8    121.6    121.8    121.6    121.2
HCH    116.4    116.8    116.4    116.8

[a] See References 17 and 43
for ozone, and Reference 17
for ethylene

Table 1 Calculated param-
eters for ozone (1) and ethyl-
ene (2) (in Å and degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

OO        1.274        1.332        1.269        1.334
CO        2.705        2.433        3.270        2.413
CC        1.346        1.357        1.341        1.360
OOO    116.4    113.6    117.7    113.2
OOC      96.0      94.2      89.0      94.3
OCC      98.7    100.3      97.3    100.4

Table 2 Calculated param-
eters for ethylene-ozone com-
plex (3) (in Å and in degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

OO        1.290        1.334        1.298        1.331
CO        2.346        1.990        2.240        2.052
CC        1.364        1.397        1.371        1.390
OOO    113.6    108.4    112.4    109.0
OOC      97.0      97.7      96.4      97.7
OCC      99.8    101.1    100.1    100.9

Table 3 Calculated param-
eters for TS (4) (in Å and in
degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2       Exp [a]

OO        1.446        1.461        1.449        1.462        1.453
CO        1.428        1.434        1.435        1.442        1.417
CC        1.557        1.549        1.549        1.547        1.546
OOO    101.4    100.3    100.7    100.4    100.2
OOC    102.0    101.1    101.3    101.4    102.1
OCC    103.8    104.0    103.7    104.0    103.9

Table 4 Calculated param-
eters for ethylene primary
ozonide (5) (in Å and in de-
grees)

[a] Reference 19

cussed below. The optimized parameters for all the relevant
structures in gas-phase and in solution are listed in Table 1 -
11. The experimental values are given where available. For
the numbering of the structures, see Figure 2. Relative ener-
gies and enthalpies at T=0 K are given in Table 12. Finally,
Table 13 summarizes the solvent effect on dipole moments
and the solvation energies.

Gas phase results

The whole process may be divided into four steps: formation
of PO, decomposition of PO, formation of FO and decompo-
sition of FO. Some of these elementary processes have al-
ready been investigated in the gas-phase and our results con-
firm the reported conclusions [13, 14, 16, 17, 21-23, 25, 43,
44]. Therefore, we describe them very briefly. It may be noted



612 J. Mol. Model. 2000, 6

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

O1O2        1.325        1.289        1.340        1.296
O2C3        1.324        1.354        1.333        1.333
C4C3        1.934        2.276        1.882        2.183
O5C4        1.266        1.255        1.279        1.269
O1O5        2.178        2.267        2.119        2.282
C3O2O1    111.7    116.4    109.7    116.2
C4C3O2      96.9      90.3      97.7      92.1
O5C4C3    102.8      99.2    102.5    100.6
O5O1O2      90.7      90.2      91.4      88.9
C4O5O1    101.3    105.6    101.9    103.6

Table 5 Calculated param-
eters for TS (6) (in Å and in
degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

carbonyl oxide
OO        1.356        1.312        1.349        1.390
CO        1.261        1.290        1.270        1.259
CH(syn)        1.088        1.085        1.088        1.086
CH(anti)        1.085        1.081        1.085        1.083
OOC    119.3    119.9    118.8    117.3
OCH(syn)    119.2    118.4    118.7    119.4
OCH(anti)    115.3    114.1    115.1    114.9
HCH    125.5    127.6    126.2    125.8

formaldehyde
CO        1.209        1.225        1.220        1.231
CH        1.109        1.102        1.105        1.098
OCH    121.9    121.7    121.7    121.4
HCH    116.3    116.6    116.6    117.3

Table 6 Calculated param-
eters for carbonyl oxide (7)
and formaldehyde (8) (in Å
in degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

O1C2        1.228        1.236        1.229        1.237
O3C2        2.363        2.406        2.519        2.478
O4O3        1.377        1.355        1.379        1.389
C5O4        1.259        1.269        1.260        1.260
O1C5        2.514        2.548        2.629        2.614
O3C2O1    101.6    100.6    100.2    100.0
O4O3C2      94.5      93.7      92.7      94.3
C5O4O3    116.7    117.1    116.8    116.1

Table 7 Calculated param-
eters for carbonyl oxide-for-
maldehyde dipole complex
(9) (in Å and in degrees)

in Figure 2 that the energy profiles obtained with the three
computational levels employed here (B3LYP, MP2, MP4) are
in good qualitative agreement, although the relative energy
of some species appear to be quite dependent on the method.

Step I: PO formation (1+2 → 5): In the first reaction step,
ozone (1) attacks ethylene (2) to form the PO (5). The inter-
mediate complex (3) was described formerly by McKee et

al. [17] and is the precursor of the transition structure (TS)
(4) that leads to PO (5). Ozone (1) and ethylene (2) structures
are described adequately with MP2, MP4(SDQ) and B3LYP
calculations. Ozone has been confirmed to be a biradical with
all the methods and its structure is in good agreement with
experiment [45]. The structure calculated for TS (4), has Cs
symmetry and an envelope-like conformation, with the cen-
tral oxygen placed out of the plane. The PO (5) has an enve-
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lope structure, as also predicted by Cremer’s computations
[46] and in agreement with the experimental results of Gillies
et al. [19]. The relative energy (including ZPE) for the for-
mation of the ethylene-ozone complex (see Table 12), is only
-0.7 kcal/mol at the B3LYP level whereas it reaches -6.8 kcal/
mol at the MP4 level. This substantial difference is probably
due to the important role played by dispersion forces in
complexation, not accurately predicted by DFT. It is also
noteworthy that BSSE (Basis Set Superposition Error) reduces
the relative energy of 3 to -6.0 kcal/mol, indicating that this
correction has a minor effect on the relative stability of 3 at
the MP4 level. Starting from this complex (3), the activation
barrier to form (5) is also dependent on the model. The en-
ergy obtained at the MP2 and MP4 levels is in good agree-

ment with the experimental findings (~8 kcal/mol) [47, 48].
The reaction energy in step I (5–3) is large, reaching -54.0, -
38.8 and -57.1 kcal/mol at B3LYP, MP2 and MP4 levels, re-
spectively. The exothermicity of step I has been evaluated
with AM1 (-46.0 kcal/mol) [23]. CCSD(T)/6-311G(2d,2p) (-
49.2 kcal/mol) [25], HF/4-31G (-41.0 kcal/mol) [44], MP2/
6-31G* with unfrozen core (-49.0 kcal/mol) [13] and GVB
calculations (-53.0 kcal/mol) [49]. All these values are com-
parable to ours.

Step II: PO decomposition (5 → 7 + 8): This step involves
the cleavage of the PO (5) into carbonyl oxide (7) and for-
maldehyde (8). In the corresponding TS (6), one may note
that the O1O2, O2C3 and C4O5 bond lengths are relatively

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2

O1C2        1.238        1.252        1.256        1.257
O3C2        2.220        2.140        2.091        2.140
O4O3        1.382        1.368        1.393        1.394
C5O4        1.263        1.271        1.270        1.270
O1C5        2.329        2.262        2.166        2.218
O3C2O1    102.3    102.7    103.0    101.7
O4O3C2      94.7      94.7      94.5      95.0
C5O4O3    114.9    114.0    112.1    113.0

Table 8 Calculated param-
eters for TSIII (10) (in Å and
in degrees)

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)       MP2      Exp [a]

OO        1.466        1.481        1.467        1.483        1.470
C2O3        1.417        1.422        1.421        1.426        1.395
C2O1        1.422        1.427        1.424        1.430        1.436
COC    104.8    104.4    104.8    104.9    102.8
OCO    105.6    105.6    105.3    105.3    106.3
COO      99.7      98.5      99.1      98.8      99.2

Table 9.  Calculated param-
eters for ethylene final ozo-
nide (11) (in Å and in de-
grees).

[a] Reference 50

Gas Phase Solution
B3LYP        MP2 MP4(SDQ)        MP2

O1C2        1.296        1.303        1.302        1.315
C2O3        1.341        1.342        1.340        1.331
O4O3        2.023        1.921        1.978        2.385
C5O4        1.265        1.305        1.284        1.325
O1C5        1.877        1.718        1.828        1.621
C2H9        1.208        1.261        1.216        1.271
O3H9        1.516        1.381        1.493        1.389
O3C2O1    117.5    114.5    116.3    113.6
O4O3C2      89.8      91.7      90.0      91.8
C5O4O3      94.3      92.6      94.6      90.4
C5O1C2      97.9    100.0      98.1    102.9
O4C5O1    106.0    108.6    106.6    109.6

Table 10 Calculated param-
eters for TS (12) (in Å and in
degrees)
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short whereas C3C4 and O1O5 distances are large. Thus, this
TS has late character. The energy barrier is much higher than
that for step I, as pointed out earlier [13]. Besides, step II is
endothermic.

Step III: FO formation (7 + 8 → 11): Species 7 and 8 may
form an intermediate complex (9) which has already been
described through MP4 (SDQ)/6-31G(d,p) [20]. All the meth-
ods used here have allowed to locate this stationary point and
predict complexation energies in the range 5-8 kcal/mol. Note
that in complex (9), the molecular dipole moments are aligned
in antiparallel way leading to dipole-dipole attraction. From
the complex, the species undergo a cycloaddition reaction
forming FO (11) through a small energy barrier. Indeed, the
fact that carbonyl oxide intermediates in ozonizations can be
efficiently trapped [50] suggests that there must be a barrier
to recombination of (7) and (8), in agreement with our re-
sults.

The geometry of TS (10) corresponds to a distorted enve-
lope leading to maximum orbital overlap. Actually, the ge-

Gas Phase Solution
B3LYP       MP2 MP4 (SDQ)      MP2

C1O2        1.207        1.217        1.212        1.223
C1O4        1.348        1.354        1.352        1.347
CH        1.098        1.095        1.097        1.094
OH        0.978        0.982        0.980        0.984
O4C1O2    125.1    125.0    125.0    124.9
O4C1H3    109.4    109.8    110.0    110.3
C1O4H5    107.8    107.1    107.4    108.5
O2C1H3    125.1    125.2    125.0    124.8

Table 11 Calculated param-
eters for formic acid (13) (in
Å and in degrees)

Gas Phase Solution
B3LYP MP2 MP4 (SDQ) MP2

 1 + 2 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

 Step I
    3 -2.0 (-0.7) -6.0 (-4.5) -2.3 (-6.8) -6.0 (-4.5)
    4 -1.7 (-0.1) 2.5 (3.3) 5.6 (2.3) 3.5 (4.3)

 Step II
    5 -59.8 (-54.7) -47.0 (-43.3) -64.1 (-63.9) -50.4 (-46.7)
    6 -39.4 (-36.7) -36.3 (-35.4) -35.9 (-38.2) -40.3 (-39.4)
 7 + 8 -54.8 (-55.0) -37.7 (-39.6) -56.6 (-62.3) -48.4 (-50.4)

 Step III
    9 -62.0 (-60.1) -46.3 (-45.8) -65.2 (-68.8) -52.1 (-51.6)
   10 -61.9 (-59.7) -45.9 (-44.6) -63.3 (-65.7) -51.0 (-49.7)

 Step IV
   11 -106.4 (-100.4) -97.4 (-92.6) -114.0 (-112.8) -99.7 (-94.9)
   12 -62.8 (-62.2) -50.1 (-50.5) -59.2 (-63.6) -53.5 (-53.9)
 8 + 13 -166.1 (-164.8) -161.0 (-161.2) -175.7 (-179.6) -167.4 (-167.7)

Table 12 Relative energies
(kcal·mol–1)  for the ozonoly-
sis of ethylene. Values in
paranthesis include zero
point corrections

Table 13 MP2 results for dipole moments and solvation en-
ergies of the studied structures

Dipole Moment (D) ESOLV
Gas Phase Solution (kcal/mol) [a]

1 0.00 0.00 -1.0
2 0.81 0.94 -0.6
3 1.36 2.13 -1.6
4 4.81 6.62 -0.6
5 4.14 5.09 -5.0
6 6.56 9.15 -5.7
7 5.82 7.60 -8.8
8 3.08 3.80 -3.5
9 2.79 3.76 -7.4
10 2.73 3.93 -6.7
11 1.27 1.53 -3.9
12 2.93 4.93 -5.1
13 1.71 2.22 -4.6

[a] ESOLV = EELEC(Solution) - EELEC(Gas)
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ometry of (10) is very similar to that of complex (9) explain-
ing that activation energies are rather small. All the methods
lead to a C2O3 bond length around 2.1 Å and O1C5 bond
length around 2.2 Å. The structure for FO (11) agrees quite
well with previous theoretical results [10, 11]. Compared to
experimental results of Gillies and Kuczkowski [50], the C2O3
bond is overestimated by all the methods. For the O1C2 bond,
the situation is reversed and all the methods used underesti-
mate its length. Hence, our computations predict a more sym-
metric structure for FO than that found experimentally.

Step IV: FO decomposition (11 → 8 + 13): Several reactions
may be envisaged for the decomposition of FO. In particular,
formic acid anhydride has been detected in atmospheric con-
ditions [51]. A theoretical study of the corresponding proc-
ess has been reported [52]. Here, as pointed out above, we
focus on the decomposition of (11) in formaldehyde (8) and
formic acid (13). Such a process occurs via migration of hy-
drogen accompanying ring cleavage. As seen in Figure 2,
hydrogen has partially migrated to O3 in the TS (12), the
C2H9 bond length has increased to 1.26 Å and the O3H9
distance has shortened to 1.38 Å. The O3O4 (1.92 Å) and the
O1C5 (1.72 Å) bond lengths indicate that the O3O4 bond has
cleaved to a greater extent. Step IV is highly exothermic (68.6
kcal/mol at MP2 level), the transition state is early but the
activation barriers are substantial (the order of magnitude is
40-50 kcal/mol).

Solvent effects

All the species located in gas-phase have also been found in
solution. Recently, it has been shown that the energies of
activation of 1,3-dipolar cycloadditions are larger in solution
than in the gas phase, whereas the reaction energies are lower
[53]. This has been explained by the higher solvation ener-
gies of the 1,3-dipoles. Cossío et al. [53] have indicated that
the large zwitterionic character of 1,3-dipoles diminishes
along the reaction coordinate, thereby resulting in lower sol-
vation energies for the transition structures and the reaction
products. During the addition of ozone (2) to ethylene (1),
the activation barrier increases in solution by 1 kcal/mol as
expected (Table 12). However, in contrast to the results of
Cossío et al. [53], the exothermicity of the reaction increases
by 3.4 kcal/mol due to the higher stabilization of the primary
ozonide (5) in solution. It is noteworthy that the complex
formed by carbonyl oxide and formaldehyde (9) remains sta-
ble in solution. This is an interesting result since one could
expect the separated species to be more stable. Indeed, the
solvation energy of 7 + 8 (-12.3 kcal/mol) is significantly
larger than that for complex 9 (-7.4 kcal/mol). However, this
trend is not able to reverse the relative stability in the gas
phase (9 is more stable by 6.2 kcal/mol at the MP2 level with
ZPE corrections). According to this, one may hypothesize
that in solution the PO decomposition does not necessarily
lead to the separated species 7 + 8. These two species could
rearrange in the solvent cage [54] to yield 9, which is slightly
more favorable energetically. Obviously, the continuum model

employed here prevents us giving a definitive conclusion on
this point. That would require solvent dynamics to be taken
into account.

Let us consider the modifications induced by the solvent
on the geometric and electronic structures of reaction inter-
mediates and transition states. Medium effects on the geom-
etry of some intermediates have already been described in
our previous work [22, 26]. In particular, a large effect has
been pointed out for the carbonyl oxide 7 due to an increase
of its zwitterionic character in presence of a polar medium
[22, 26-29]. Such a large effect is confirmed here. The high-
est change appears for the OO distance, which increases by
almost 0.08 Å (see Table 6). The effect is accompanied by a
large polarization, as shown by the value of the dipole mo-
ment in Table 13. In Table 13, one also sees that carbonyl
oxide exhibits the largest solvation energy of all the species
along the reaction path. One may then expect that these struc-
tural modifications of the carbonyl oxide influence its chemi-
cal properties substantially. For instance, the double bond
character in C=O-O changes with solvation. These conse-
quences of such effects on reaction energetics are commented
below.

The solvent effect is also important in species like the
complex 9, where the C2O3 bond length increases by 0.07
Å. Another interesting trend is the decrease of the OO bond
length in ozone by 0.03 Å which may be interpreted as due
to a weight increase of the zwitterionic structures O=O+–O–.

Let us now consider in some detail the transition struc-
tures 4, 6, 10 and 12. All the transition structures are substan-
tially polarized by the solvent (for example, the induced di-
pole moment of 6 is as large as 2.59 D). The main geometri-
cal change for TS 4 is the lengthening of the CO bond by
0.05 Å, the structure being therefore more reactant-like than
in gas phase. For TS 6, the main change is the large increase
of the CC bond length (0.07 Å), which is one of the bonds
being broken. The other coordinate directly implied in the
reaction coordinate is the O1O5 length. It also increases
through the solvent effect but the change is smaller (0.02 Å).
Thus, the transition state is in this case closer to the products
and the reaction is advanced by the solvent, the effect also
increasing the asymmetry of this structure. Other changes in
4 are the lengthening of the O1O5 (0.02 Å) and C4O5 (0.01
Å) bonds and the shortening of the O2C3 bond (0.02 Å). In
TS 10, the distances of the bonds being formed are short-
ened, especially that for the O1C5 bond (0.04 Å) so that the
reaction is advanced, too. Finally, for TS 12, the main change
is for the O1C5 bond, which is shorter in solution (0.06 Å).
All the other parameters directly involved in the reaction
coordinate (C2H9, O3H9, O3O4) are lengthened more or less
by 0.01 Å.

Considering now the energetics of the process (see Tables
12 and 13), one notes that the solvation energies for 7, 9 and
10 are the most important ones. The activation energies for
steps I and III slightly increase (by 1.0 kcal/mol and 0.7 kcal/
mol respectively) whereas those for step II and IV slightly
decrease (by 0.6 kcal/mol and 1.1 kcal/mol respectively). The
effect on reaction energies is much more pronounced. The
formation of PO, is more exothermic by 3.4 kcal/mol. In step
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II, the reaction energy increases in absolute value by 7.3 kcal/
mol and in step III the reaction energy decreases by 8.4 kcal/
mol. Finally, step IV is more exothermic by 4.2 kcal/mol. If
one considers the global process ethylene (1) + ozone (2) →
FO (11), the exothermicity increases a little, by 2.3 kcal/mol.
The increase is larger if one considers, as final products, for-
maldehyde 8 and formic acid 13 (6.5 kcal/mol).

Conclusion

A theoretical study of the Criegee mechanism for the ozonoly-
sis of ethylene in solution has been reported here. Such a
reaction had already been studied by different authors but
neglecting the role of the solvent. Our results confirm the
main reaction steps, in which two van der Waals complexes,
not generally considered in the literature, are also involved.
The activation barriers of the elementary steps are not funda-
mentally different from those for the gas phase reaction and
this explains why previous theoretical studies with isolated
systems lead to plausible conclusions. This result is due to
the fact that the solvation energies for the different transition
states are very close to those for the corresponding precur-
sors, which is not surprising considering their similar struc-
tures in the four reaction steps. Conversely, the individual
step reaction energies change notably whereas the whole re-
action exothermicity is increased by 6.5 kcal/mol. Besides,
the medium effect is quite large concerning the structures of
the species. The zwitterionic nature of several species is as
expected favored and the transition states in solution display
notable differences with respect to gas phase structures.

The relative energies in solution of the species (6), (7+8)
and (9), suggest that a cage reaction mechanism, already sug-
gested for ozonolysis reactions [53], cannot be excluded. In-
deed, the separation of the carbonyl oxide and carbonyl com-
pound does not seem to be in general more favorable than
the recombination within a cage created by the solvent. In
this work we did not succeed to find a transition state joining
(5) and (9) directly but the existence of such a structure can-
not be completely discarded. The main problems to solve in
order to achieve a definitive conclusion are related to the
computational level and solvent model. Improving them rep-
resents a substantial increase of the computational cost, es-
pecially considering the fact that solvent dynamic effects are
probably important. Such a question is however interesting
and merits further research efforts.
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