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We report the first theoretical study on the formation mechanism of tropospheric formic acid anhydride (FAA).
Experimental studies on this subject have raised controversy, and the reaction mechanisms proposed are
examined here with the help of theoretical calculations at the density functional theory and various correlated
ab initio levels (MP4, CCSD, CASSCF, CASPT2) using extended basis sets. The investigated processes are
initiated by the reaction of carbonyl oxide with either formaldehyde or formic acid. In the first case, a secondary
ozonide is formed that then isomerizes to hydroxymethylformate (HMF). Stepwise and concerted mechanisms
have previously been proposed for the isomerization process on the basis of experimental results. Our
calculations confirm the existence of both mechanisms, but the stepwise one appears to be more favorable.
HMF decomposition into FAA and H2 is shown to be unlikely (activation barrier about 90 kcal/mol).
Conversely, reaction of HMF with molecular oxygen in the singlet state leads to FAA and H2O2 through a
small barrier close to 9 kcal/mol at the B3LYP level. In the case of the carbonyl oxide+ formic acid pathway,
the transitory product is hydroperoxymethylformate (HPMF). Decomposition of HPMF into FAA and H2O
proceeds through a large activation barrier (about 50 kcal/mol). The process may be assisted by a formic acid
molecule, lowering the activation barrier for FAA formation to 29.8 kcal/mol at the B3LYP level. Reactions
energies are-113.7 kcal/mol for H2COO+ H2CO f FAA + H2, -174.6 kcal/mol for H2COO+ H2CO +
O2 f FAA + H2O2, and-101.7 kcal/mol for H2COO + HCOOH f FAA + H2O (values at the B3LYP
level with ZPE corrections). Therefore, the mechanism involving singlet O2 appears to be the most favorable
one in atmospheric conditions, both kinetically and thermodynamically.

1. Introduction

In the urban atmosphere, an important number of chemical
processes take place. Pollutant gases, such as hydrocarbons or
oxides of nitrogen and sulfur, react to create a variety of products
including ozone, which in turn might be involved in a variety
of oxidation processes. Among these reactions, that with alkenes,
and in particular with ethene, has received much attention in
recent years because it plays a major role in urban air pollution
phenomena.1 In addition, it has been shown that the gas-phase
ozonolysis of biogenic compounds, as isoprene and terpenes,
is a nighttime source of hydroxyl radicals.2 The main features
of ozonolysis have been first described by Criegee3 and are now
relatively well understood. Initially, the alkene double-bond
cleavage by ozone leads to a primary ozonide, which rapidly
decomposes in carbonyl compounds and carbonyl oxides
RR′COO,4,5 that are produced in vibrationally excited states (see
Scheme 1).

Carbonyl oxides can undergo decomposition and isomeriza-
tion reactions to yield CO, CO2, H2O, OH, H2, HCOOH, or
dioxirane2,6-8 or can be collisionally stabilized and react with
carbonyl compounds,6,9,10 CO,9 SO2,11 or HCOOH,12 for ex-
ample. All these processes are summarized in Scheme 2 for
H2COO. The decomposition/stabilization ratiok1/k2 is very
dependent on the alkene considered and on the total pressure.11,13

For ozone addition to ethene, about 60% of the H2COO

produced undergoes unimolecular reactions, whereas the other
40% gives rise to bimolecular reactions.14

There are many unknown aspects on the gas-phase chemistry
of carbonyl oxides. Several mechanisms, rate constants, and
products from the above reactions are uncertain. In particular,
there is some experimental controversy on the reaction mech-
anism leading to formic acid anhydride (FAA) formation. This
compound was shown to be a major product of the ozonolysis
reaction when carried out in atmospheric conditions, typically
O3 (11.8 ppm) and C2H4 (9.56 ppm) in O2 (25 Torr) and N2

(675 Torr).9 The influence of adding about 10 ppm of aldehyde
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(CH2O or CH3CHO) to the initial O3-C2H4 mixture was also
investigated. The authors concluded that carbonyl oxide may
survive decomposition and take part in bimolecular reactions
involving CH2O and CH3CHO as well as other species present
in the polluted atmosphere. Other experiments were carried out
by Neeb et al.12 that compared the effect of adding CH2O (5-
30 ppmv) and HCOOH (1-10 ppmv) to the mixture.

On the basis of these laboratory experiments, two main FAA
formation mechanisms have been envisaged. The first one starts
with the reaction of carbonyl oxide and formaldehyde and was
initially studied by Su et al.9 and later by Hull et al.15 and Kan
et al.16 The mechanism is represented in Figure 1. Su et al.9

studied the kinetics and products of the reaction between ozone
and ethene by Fourier transform infrared (FTIR) spectroscopy.
In addition to the expected products, CO, CO2, CH2O, or
HCOOH, they observed additional bands on their spectra that
were assigned to two other products, FAA and hydroxymethyl
formate (HMF). The latter was assumed to be a transitory
product for FAA. In the first step, carbonyl oxide1 and
formaldehyde2 react to form the secondary ozonide3 (SOZ).
Next, this highly reactive ozonide yields HMF5 through either
a two-step mechanism (via a diradical intermediate4)9 or a
concerted one.15 Finally, dehydrogenation of HMF yields FAA
6. This final step could also proceed by the reaction of HMF
with molecular oxygen yielding FAA and H2O2 7.16 Note that
a photolytic decomposition of HMF has also been reported.17

The second main pathway for FAA formation assumes that
carbonyl oxide reacts with formic acid8. The corresponding
mechanism was described by Neeb et al.12 and is given in Figure
2. On the basis of some thermochemical considerations and on
the reaction of1 with alcohols in the liquid phase,18 the authors
suggested a two-step mechanism in which the transitory product
would be hydroperoxymethyl formate9 (HPMF), which would
decompose slowly to FAA and water.

Many theoretical works have been devoted to the chemistry
of carbonyl oxides from the first ab initio calculation of Ha et
al.19 25 years ago (see, for instance, refs 2 and 19-34). They
have focused on unimolecular processes, mainly isomerization
to dioxirane, reactions with carbonyl compounds to yield SOZs,
oxygen-transfer reactions, etc. However, the mechanisms that
lead to FAA in the atmosphere have not been theoretically
investigated, in contrast with the interest that they have raised
experimentally. In this work, we study those reactions that have
previously been invoked to explain FAA formation.9,10,12,15,16

One should note that the concentrations of the compounds in
the troposphere may vary considerably, and therefore, the
relative importance of the reactions needs to be considered. Our
work focuses on the description of transition states and reaction
energetics. Theoretical computations have been carried out to
explore the potential energy surfaces, locate transition structures,
and evaluate activation barriers and reaction energies. Different

Figure 1. Proposed mechanisms for FAA formation. The initial reaction is H2COO + H2CO.

Figure 2. Proposed mechanisms for FAA formation. The initial
reaction is H2COO + HCOOH.
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theoretical approaches have been used including density fun-
tional methods and high-level correlated ab initio techniques.

2. Computational Method

To get a good compromise between accuracy and computa-
tional cost, the methodological level has been chosen on the
basis of conclusions reached in previous studies for related
systems. For instance, Gutbrod et al.30 have demonstrated that
density functional calculations at the B3LYP/6-31G(d,p) level
reproduce the geometrical parameters of carbonyl oxide obtained
by CCSDT(T)/TZ+2P calculations7 and have used this method
to optimize the structures of interest, in particular, transition
states with H-atom transfers close to those encountered in our
work (see ref 35 for technical details and references on
theoretical methods and basis sets cited in this paper). Accord-
ingly, the structures studied here have been optimized at the
B3LYP/6-31G(d,p) level. Afterward, using such geometries,
single-point energy calculations have been made at the B3LYP,
MP4(SDTQ), and CCSD(T) levels with the 6-311G(d,p) basis
set.

The case of diradical species has received a specific treatment
and requires further comments. On one hand, the value of〈S2〉
corresponding to the Hartree-Fock wave function indicated that
the singlet electronic state was strongly contaminated by the
first triplet state (computed value being 0.7-1.0 instead of 0.0).
This feature may lead to unrealistic energies, and following
previous works,36 we have decided to correct spin contamination
effects in MP4 results by annihilating the largest spin contami-
nant (projected MP4 or PMP4 method).37 Previous studies have
shown that this correction leads to a much better agreement
between experimental and theoretical barrier heights.38 On the
other hand, CASSCF and CASPT2 have been used to evaluate
the barrier heights in this case, since these approaches, which
allow us to define pure spin configurations, are suited to treat
diradical species. The active space has been adjusted to each

individual reaction step since the chemical bonds involved
change and a general scheme was not possible. For the reaction
SOZ3 f diradical4, we have considered six electrons and six
active molecular orbitals corresponding to the OO and CO
bonding and antibonding orbitals (CASSCF(6,6)). For the
diradical4 f HMF 5 process, the choice has been four electrons
and four active molecular orbitals corresponding to the OO and
CH bonding and antibonding orbitals (CASSCF(4,4)). CASSCF
and CASPT2 calculations have been carried out using the ANO
basis set (contractions are (10s6p3d/3s2p1d) for C and O and
(7s3p/2s1p) for H).

For all the transition structures (TSs), we have verified that
the Hessian matrix leads to only one imaginary frequency, and
we have carried out intrinsic reaction coordinate (IRC) calcula-
tions39 in order to identify the species connected by a particular
TS. Zero-point energy (ZPE) was calculated by scaling analytical
harmonic B3LYP/6-31G(d,p) frequencies by 0.963 [40]. All the
calculations have been carried out with Gaussian 94 [41] and
MOLCAS programs,42 the latter being used for the multicon-
figuration approach calculations.

For simplicity, in the discussion below we use B3LYP values
with ZPE corrections (unless otherwise stated) because they are
available for all the reaction steps. In general, all the methods
predict the same trends. When significant differences are found
in a particular case, it is commented in the text.

3. Study of the H2COO + H2CO Reaction

We first analyze the mechanism depicted in Figure 1, first
proposed by Su et al.9 and later by Hull et al.15 and Kan et al.16

The presentation of the results is separated in the following
reaction steps: (1) formation of SOZ, (2) formation of the
transitory product HMF, and (3) formation of FAA. The B3LYP/
6-31G(d,p)-optimized geometries for all the species of interest
are collected in Figure 3. Experimental values are given when

Figure 3. B3LYP/6-31G(d,p)-computed structures for species in the FAA formation mechanisms initiated by the reaction H2COO+ H2CO. Values
are in angstroms and degrees. Available experimental values are in bold. C, O, and H atoms are drawn in black, gray, and white, respectively.
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available. In Table 1, we give the relative energies and ZPE
corrections for all the reaction steps considered.

3.1. Formation of SOZ.Geometrical parameters for SOZ3
are given in Figure 3 and are in good agreement with
experimental data.43

On the basis of MP4 results, Cremer26 has suggested that
formation of SOZ from H2COO and H2CO proceeds through
the formation of a van der Waals complex that lies in a very
flat potential energy surface and displays a very low activation
energy toward SOZ formation. The existence of such an energy
minimum depends substantially on computational level. In
particular, it is not found at the B3LYP/6-31G(d,p) level but
exists at the B3LYP/6-31+G(d,p) level.44 Since such a structure
does not play a fundamental role in our context (see below),
we have simply employed previously reported geometries.44

Inspection of energy values in Table 1 for this reaction step
reveals a good agreement between results obtained at different
levels. The complexation energies compare well with the MP4-
(SDQ)/6-31G(d,p) calculation performed by Cremer et al. (-8.9
kcal/mol without ZPE).14 The activation energy to form the
secondary ozonide3 is 0.8 kcal/mol, confirming the small
magnitude of the activation barrier. This is explained by the
close similarity between the complex and TS geometries, as
shown in Figure 3. The reaction is characterized by a substantial
exothermicity (∆EB3LYP + ∆ZPE ) -45.8 kcal/mol).

3.2. Formation of the Transitory Product (HMF). Kinetic
and spectroscopic characterizations of HMF5 were made by
Niki et al.10 The authors have interpreted the results obtained
in their residual spectra by the occurrence of an equilibrium
between two isomers of5, trans and cis. In addition to these
conformations, we have found an intermediate gauche structure.
Our calculations give the cis form as the most stable isomer

whatever the method used. For instance, at the B3LYP level
and taking into account ZPE, the trans and gauche structures
are 2.9 and 2.4 kcal/mol above the cis conformation, respec-
tively. This may be understood by the presence of an intramo-
lecular OH hydrogen bond in the cis conformer. Only the HMF
cis geometry is drawn in Figure 3.

As shown in Figure 1, two different ways have been
considered to explain the decomposition reaction SOZ3 f HMF
5. The first one is a two-step mechanism proceeding through
the formation of an intermediate diradical4.9 The second one
is a concerted mechanism in which OO bond cleavage and
hydrogen transfer are simultaneous.15

Stepwise Process. The homolytic cleavage of the OO bond
in 3 is accompanied by a small shortening of the two CO bond
types (cf. Figure 3). The transition structure already displays a
strong diradical character with spin-densities concentrated on
oxygen atoms (B3LYP values being(0.701). Obviously, this
trend is enhanced in the diradical4 ((0.866). Afterward,4
isomerizes to HMF5 by H-atom transfer, so that the process is
accompanied by a loss of the C2 molecular symmetry. The
geometry of the corresponding transition structureTSc is close
to that of the diradical, and accordingly, oxygen atoms spin-
densities are still large (+0.590 and-0.643).

As previously described, projected-MP4 and multiconfigu-
rational CAS energy calculations have been carried out in this
case (see the computational section for details). CASSCF and
CASPT2 results are presented in Table 2. Looking at the
energies in Tables 1 and 2, the following remarks might be
made. The differences between projected-MP4 and unrestricted-
MP4 results are substantial, as expected on the basis of strong
Hartree-Fock spin contamination. Independently of the com-
putational level, the diradical formation is clearly more difficult
(activation energy being 18.9 kcal/mol at the CASPT2 level
with ZPE) than HMF formation from the diradical (7.3 kcal/
mol with the same method). The predicted energy difference
between the highest TS (TSc) and SOZ is consistent with
experimental activation energy measurements (27.5( 1.5 kcal/
mol).15

Activation energies for the diradical formation may be
compared to other OO bond homolytic cleavage in related
systems. Indeed, the activation energy for reaction3 f 4 is
substantially lower than the one found experimentally for simple
peroxides45,46such as diethyl peroxide (31.7 kcal/mol), dipropyl
peroxide (35 kcal/mol), or hydrogen peroxide (54 kcal/mol).
Note that B3LYP calculations for H2O2 and (CH3CH2)2O2

dissociation energies are in good agreement with experiment,
predicted values being 54.1 and 36.3 kcal/mol, respectively.

Concerted Process. B3LYP calculations led to transition
structureTSd in Figure 3. The energy of this TS is much higher
than that computed for the stepwise transition structures. The
activation energy is therefore substantial (43.9 kcal/mol), and
a concerted isomerization of SOZ to HMF is not likely to occur.

TABLE 1: Relative Energies (in kcal/mol) for the Reaction
of Carbonyl Oxide with Formaldehydea

B3LYP MP4 (SDTQ) CCSD (T) ZPE

SOZ Formation
H2COO (1) + H2CO (2) 0.0 0.0 0.0 0.0
1-2 complex -8.8 -8.2 -7.5 +1.7
TSa -8.4 -7.7 -6.7 +2.1
SOZ (3) -51.8 -56.9 -55.0 +6.0

HMF Formation
stepwise process

SOZ (3) 0.0 0.0 0.0 0.0
TSb 21.9 20.8 (36.1) -3.4
DR (4) 17.8 15.0 (28.4) -4.0
TSc 24.7 25.8 (45.5) -6.1
HMF (5) -78.3 -80.1 -78.6 +0.1

concerted process
TSd 48.1 33.6 40.4 -4.2

FAA Formation
dehydrogenation

HMF (5) 0.0 0.0 0.0 0.0
TSe 93.1 95.6 97.3 -6.4
FAA (6) + H2 19.4 18.6 20.2 -9.1

reaction with O2

HMF (5) + O2 (
1∆g) 0.0 0.0 0.0 0.0

TSf 11.8 20.9 25.9 -3.2
6-7 complex -54.2 -46.7 -46.3 -0.2
FAA (6) + H2O2 (7) -49.1 -40.7 -40.7 -1.5

a The geometries have been optimized at the B3LYP/6-31G(d,p)
level. Energies are computed using those geometries and the 6-311G(d,p)
basis set with the methods indicated. ZPE corrections are obtained using
the B3LYP/6-31G(d,p) computed frequencies scaled by 0.963. The
energies are relative to the total energy of initial reactants for each
reaction step. MP4 values for HMF formation have been computed
using the projected MP4 method (unrestricted-MP4 values are given
in parentheses for comparison).

TABLE 2: Relative Energies (in kcal/mol) Calculated for
the Formation of Transitory Product (HMF) from
Secondary Ozonide by a Stepwise Mechanisma

CASSCF CASPT2

(6,6) (4,4) (6,6) (4,4)

stepwise process
SOZ (3) 0.0 0.0
TSb 26.9 22.3
DR (4) 23.5 0.0 21.2 0.0
TSc 7.7 9.4

a Energy calculations at the CASSCF and CASPT2 levels with ANO
basis sets over optimized geometries at the B3LYP/6-31G(d,p) level.
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Notice, however, that in this case the difference between B3LYP
and MP4 calculations is noticeable so that more accurate results
would require to perform geometry optimizations at higher
levels.

3.3. Formation of FAA. Before discussing HMF decomposi-
tion mechanisms, let us make a few comments on the structure
of the final product, FAA. Electron diffraction and microwave
spectroscopic studies led to the conclusion that the most stable
conformation of FAA in the gas phase is the synperiplanar,
antiplanar [sp,ap] one (defined by the two torsion angles Od
C-O-C) at room temperature.47 Our results confirm this result
since the two others conformers, [sp,sp] and [ap,ap], lie,
respectively, 2.8 and 3.3 kcal/mol above the [sp,ap] one at the
B3LYP level. Only the structure of the most stable conformer
is given in Figure 3. Comparison with experimental data reveals
that the B3LYP method correctly predicts geometry parameters.

In addition, we have computed the rotation barrier connecting
theCs [sp,ap] and theC2V [sp,sp]. The B3LYP value (5.2 kcal/
mol) is not far from the barrier measured by dynamic NMR in
solution (4.3 kcal/mol48). Note that the effect of the environment
is expected to lower the activation barrier since the dipole
moment increases from the [sp,ap] to the [sp,sp] conformation.

Previous work9 suggested that decomposition of HMF
requires the passage through a four-membered-ring transition
state, yielding FAA6 and H2. We have succeeded in locating
such a transition structure (TSe, see Figure 3), but the corre-
sponding activation energy (see Table 1) is extremely high (not
far from 90 kcal/mol), and therefore, this first-order process is
very unlikely to take place under atmospheric conditions.

Kan and co-workers16 have hypothesized that FAA is formed
from the reaction between HMF and molecular O2, which also
yields H2O2. In principle, both singlet and triplet molecular

Figure 4. B3LYP/6-31G(d,p)-computed structures for species in the FAA formation mechanisms initiated by the reaction H2COO + HCOOH.
Values are in angstroms and degrees. Available experimental values are in bold. C, O, and H atoms are drawn in black, gray, and white, respectively.
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oxygen may react with HMF. Indeed, singlet O2 is at a relatively
high concentration in the troposphere. It is mainly generated
by the photolysis of ozone and contrary to the O(1D) atom, and
it is quenched only slowly at atmospheric pressure. The singlet-
triplet energy difference is large, about 23 kcal/mol,49 so that
one may expect the singlet state to be more reactive than the
fundamental triplet state. Taking into account these remarks,
we have decided to investigate the FAA+ O2 (a1∆g) reaction
only. The reaction with triplet O2 can also be envisaged, but it
is computationally much more complex and would deserve a
separate study.

The reaction of5 with singlet O2 is predicted to proceed via
a six-center transition stateTSf drawn in Figure 3. The activation
barrier found, 8.6 kcal/mol (see Table 1), is indeed much lower
than the one computed for the process5 f FAA + H2. The
products, FAA and H2O2, form a complex which is 3.8 kcal/
mol more stable than the separated compounds. The predicted
reaction energy is substantial (-50.6 kcal/mol) and comparable
to that found for SOZ formation. Taking into account the
singlet-triplet energy difference for O2 (23 kcal/mol49), the
computed reaction energy is consistent with the experimental
data of Kan et al.16 (∆H = -14 kcal/mol).

4. Study of the H2COO + HCOOH Reaction

We consider now the mechanism depicted in Figure 2,
proposed by Neeb et al.12 The results are presented by
considering the following steps: (1) formation of the transitory
product HPMF and (2) formation of FAA. The B3LYP/6-31G-
(d,p)-optimized geometries for all the species of interest are
collected in Figure 4. Experimental values are given when
available. Energies are gathered in Table 3. As before, we give
the relative and zero-point energies (ZPEs) for the reaction steps
considered.

4.1. Formation of the Transitory Product, HPMF. In
principle, the carbonyl oxide+ formic acid reaction may
proceed in two different modes. On one hand, carbonyl oxide
may attack the OH group, similarly to reaction with alcohols,18

yielding hydroperoxymethyl formate HPMF9 (see Figure 4).
On the other hand, carbonyl oxide may attack the CO double
bond, similarly to the reaction with aldehydes (see above),
yielding a hydroxylated ozonide HSOZ (see Figure 4). In both
cases, the adduct formation appears to be barrierless. Indeed,
no transition state or stable complex could be located in our

study despite a detailed analysis of the potential energy surface.
Moreover, geometry optimizations with different starting points
systematically led to the adduct. Therefore, exothermicity should
be an essential factor. The reaction energies for HPMF and
HSOZ formation are-42.0 and-27.5 kcal/mol, respectively.
Thus, our computations indicate that HPMF is substantially more
stable than the hydroxylated ozonide by 14.5 kcal/mol. Ac-
cordingly, HPMF should be the transitory product, as suggested
by Neeb and co-workers.12

HPMF, like HMF, exhibits three different conformations cis,
trans, and gauche, the former being the most stable one. The
larger stability of the cis conformer is explained by the presence
of an intramolecular O-H hydrogen bond, clearly seen in Figure
4 and confirmed by spectroscopic measurements.12 The trans
and gauche conformations lie 2.0 and 4.2 kcal/mol above the
cis one, respectively (B3LYP level with ZPE).

4.2. Formation of FAA. The reaction mechanism for HPMF
decomposition is unknown. We have postulated here two
different pathways shown in Scheme 3: Mechanism I involves
an intramolecular H-transfer, whereas mechanism II corresponds
to a bimolecular reaction in which H-transfer is promoted by
an ancillary formic acid molecule.

Transition structures for both mechanisms have been located
and are described in Figure 4. Computed energies in Table 3
show that the activation energy for reaction mechanism I is
substantially larger than for mechanism II (49.0 vs 29.8 kcal/
mol).

The computed value for the HPMFf FAA + H2O reaction
energy (-59.7 kcal/mol) is in very good agreement with
thermochemical data (-56.2 kcal/mol12). Note that the reaction
is more exothermic than the reaction of HMF with singlet
molecular oxygen to yield FAA and H2O2 (-50.6 kcal/mol).
Note that this trend is more marked at the MP4 and CCSD levels
because the predicted exothermicities for the HPMFf FAA
+ H2O reaction are larger whereas those for the HMF+ O2 f
FAA + H2O2 are smaller.

5. Discussion

Let us now compare all the processes described above. We
focus our discussion on the reaction energetics but one should
keep in mind that the actual reaction kinetics in the atmosphere
depends on the initial concentrations of the reactants. These data
may vary importantly in polluted atmosphere or laboratory
experiment conditions. As before, we mainly use B3LYP values
for comparison purposes but the trends are reproduced by all
the methods.

Carbonyl oxide reacts exothermically with formaldehyde and
formic acid. If both substances are present, the reaction with
formaldehyde is slightly preferred thermodinamically. Indeed,
the formation energy for the transitory product HPMF (-42.0
kcal/mol) is slightly smaller than that for SOZ formation (-45.8
kcal/mol). Moreover, both HPMF and SOZ are formed without
significant activation barriers. The decomposition of these

TABLE 3: Relative Energies (in kcal/mol) for the Reaction
of Carbonyl Oxide with Formic Acid a

B3LYP
MP4

(SDTQ)
CCSD

(T) ZPE

HPMF Formation
H2COO (1) + HCOOH (8) 0.0 0.0 0.0 0.0
HPMF (9) -45.7 -50.4 -47.8 +3.7

FAA Formation
unimolecular process

HPMF (9) 0.0 0.0 0.0 0.0
TSg 53.8 50.4 53.1-4.8
FAA (6) + H2O -55.5 -60.0 -58.6 -4.2

assisted process
HPMF (9) + HCOOH (7) 0.0 0.0 0.0
TSh 33.9 39.6 -4.1
FAA (6) + H2O + HCOOH (8) -55.5 -60.0 -4.2

a The geometries have been optimized at the B3LYP/6-31G(d,p)
level. Energies are computed using those geometries and the 6-311G(d,p)
basis set with the methods indicated. ZPE corrections are obtained using
the B3LYP/6-31G(d,p) computed frequencies scaled by 0.963. The
energies are relative to the total energy of initial reactants for each
reaction step.
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intermediate species yields FAA and always involves an
activation barrier.

A comparison of the predicted energy profiles for the most
favorable reaction mechanism is presented in Figure 5. As noted,
all the methods lead to similar conclusions although the absolute
quantities may change a little. The whole reaction energies for
the relevant processes are:

This comparison shows that reactions 1 and 3 are substantially
less exothermic than 2 by about 60-70 kcal/mol. Reaction 1 is
more exothermic than 3 by a little more than 10 kcal/mol.
Examination of the activation barriers shows that reaction 2 is
kinetically more favorable than either 1 or 3. The rate-limiting
step of such a mechanism is the isomerization of SOZ into HMF.
The activation energy required (18.6 kcal/mol for the relative
energy ofTSc with respect to SOZ) is significantly below the
value for the decomposition of HPMF (29.8 kcal/mol).

6. Conclusion

All the methods employed in this work lead to the same
qualitative conclusions. In most cases, they give close results
so that the B3LYP approach appears to be a good compromise
between computational cost and accuracy. This is an interesting
result that should be useful in future applications to investigate
the reactions of substituted carbonyl oxides.

Though the mechanism of FAA formation from carbonyl
oxide in the atmosphere appears to be rather complex, our
computations allow us to elucidate a few points. First, the
original mechanism of Su et al. is very unlikely since the
decomposition of HMF into FAA and H2 requires a very large
activation energy. Second, carbonyl oxide reacts spontaneously
with formadehyde or formic acid but the exothermicity is larger
in the first case. Besides, our results predict that the reaction

with formic acid proceeds through attack to the OH group rather
than to the CO group. Another interesting result is that the
homolytic breaking of the OO bond in the secondary ozonide
is much easier than in the case of open peroxides, so that
isomerization of the ozonide into the transitory product HMF
is less difficult than expected. Moreover, isomerization through
a concerted process appears to be unlikely.

According to our computations, if molecular oxygen is
available, in particular in singlet electronic states, the most
efficient way for FAA formation would be the reaction of
carbonyl oxide with formaldehyde followed by the reaction of
the corresponding transitory product HMF with O2. Analysis
of both, reaction and activation energies, supports this conclu-
sion. Nonetheless, the reaction of carbonyl oxide with formic
acid yields a transitory product HPMF that may decompose to
FAA and water. A striking result is that the latter process can
be assisted by a bifunctional molecule that is able to accept
and give a proton simultaneously. We have considered the case
of an ancillary formic acid molecule, but other compounds, such
as water, could also be invoked.

In conclusion, both HMF and HPMF are expected to play a
role in the gas-phase ozonolysis reaction. Direct formation of
FAA from those intermediates is, however, unlikely. Reaction
with another molecule, for instance, O2 in the case of HMF
and HCOOH in the case of HPMF, appears to be a prerequisite.
Therefore, the reaction kinetics is expected to change with the
experimental conditions, although in the troposphere the reaction
of HMF with molecular oxygen is probably the leading
mechanism.
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