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Abstract: We have carried out a theo-
retical investigation of the gas-phase
reaction mechanism of the H2COO�
H2O reaction, which is interesting for
atmospheric purposes. The B3LYP
method with the 6-31G(d,p) and
6-311�G(2d,2p) basis sets was em-
ployed for the geometry optimization
of the stationary points. Additionally,
single-point CCSD(T)/6-311�G(2d,2p)
energy calculations have been done for
the B3LYP/6-311�G(2d,2p) optimized
structures. The reaction begins with the
formation of a hydrogen-bond complex
that we have calculated to be
6 kcal molÿ1 more stable than the reac-

tants. Then, the reaction follows two
different channels. The first one leads to
the formation of hydroxymethyl hydro-
peroxide (HMHP), for which we have
calculated an activation barrier of
DGa(298)� 11.3 kcal molÿ1, while the
second one gives HCO�OH�H2O,
with a calculated activation barrier of
DGa(298)� 20.9 kcal molÿ1. This process
corresponds to the water-catalyzed de-

composition of H2COO, and its uni-
molecular decomposition has been pre-
viously reported in the literature. Addi-
tionally, we have also investigated the
HMHP decomposition. We have found
two reaction modes that yield
HCOOH�H2O; one reaction mode
leads to H2CO�H2O2 and a homolytic
cleavage, which produces H2COOH�
OH radicals. Furthermore, we have also
investigated the water-assisted HMHP
decomposition, which produces a cata-
lytic effect of about 14 kcal molÿ1 in the
process that leads to H2CO�H2O2.
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I. Introduction

Many degradation reactions of importance in tropospheric
chemistry begin with the ozonolysis of alkenes. The reaction
of ozone with terminal alkenes (such as isoprene, b-pinene,
and other biogenic hydrocarbons) proceeds via the formation
of a primary ozonide (1,2,3-trioxolane),(1) which decomposes
to the Criegee intermediates (carbonyl oxide and aldehyde
pair (2, 3)) as two of the major products.
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In the gas phase, carbonyl oxide (H2COO) is formed with
an excess of energy and may either, decompose unimolecu-
larly (among 37 ± 50 %) or become collisionally stabilized
(among 63 ± 50 %),[1±5] and then undergo bimolecular reac-
tions with other tropospheric gases. The gas-phase unimolec-
ular decomposition of H2COO leads to the formation of
HCOOH, CO2, CO, H2O, H2, H, HCO, OH, H2CO, and
O.[4, 6±15] With respect to the stabilized carbonyl oxide, its
reaction with water vapor is one of the most important
reactions in atmospheric chemistry, and it is believed that it
constitutes the major degradation reaction in the atmos-
phere.[16, 17] It is known that this reaction leads to the
formation of hydroxymethyl hydroperoxide (OHCH2OOH
or HMHP), formic acid, and H2O2.[18±23] These species are
important in environmental chemistry. They have been
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detected in air and precipitation and have been measured in
rural, forested, and urban areas under polluted condi-
tions.[24±30] It is also believed that these compounds have a
direct impact on the control of plant growth and forest
damage. HMHP may also act as an enzymatic inhibitor of
peroxidases, while H2O2 is a very important oxidant.[31±33]

Moreover, the reaction of carbonyl oxides with water is also
important in drinking water and wastewater processes, in
which ozonolysis is widely used.[34]

Several investigations have been carried out to explain the
formation of HMHP, HCOOH, and H2O2 in the presence of
water vapor.[18±23, 35±37] In a first stage, the reaction proceeds by
the addition of the H2O to the Criegee biradical, which leads
to HMHP, and then it decays to give HCOOH�H2O or
H2CO�H2O2. However, in a recent study, Neeb et al.[21]

found that the decomposition of HMHP results almost
exclusively in HCOOH�H2O, while the formation of
H2CO�H2O2 should be of minor importance.

Despite the importance of the reaction of carbonyl oxide
with water, the detailed mechanism is not known. Therefore,
in the present investigation we aim to shed light on it by
means of a theoretical study. Thus, in a first step, we have
considered the addition of one water molecule to form-
aldehyde carbonyl oxide, which leads to the formation of
HMHP [Eq. (1)]. In a second step, we have studied the
unimolecular decomposition of HMHP as shown in Equa-
tions (2) ± (4). Furthermore, we have also considered the
decomposition of HMHP assisted by a water molecule
[Eqs. (5) and (6)] and finally, we have investigated an

additional reaction mode between H2COO�H2O that does
not lead to the formation of HMHP but releases OH and
HCO radicals [Eq. (7)].

H2COO�H2O!H2C(OH)OOH (1)

H2C(OH)OOH!HCOOH�H2O (2)

H2C(OH)OOH!H2O2�H2CO (3)

H2C(OH)OOH!H2COOH�OH (4)

H2C(OH)OOH�H2O!HCOOH� 2 H2O (5)

H2C(OH)OOH�H2O!H2O2�H2CO�H2O (6)

H2C(OH)OOH�H2O!HCO�OH�H2O (7)

II. Technical details : The geometry optimizations for all
stationary points were performed by using the hybrid density
functional B3LYP method.[38] In a first step, the geometries of
each structure were fully optimized using the 6-31G(d,p) basis
set.[39] The harmonic vibrational frequencies were also calcu-
lated to verify the nature of the corresponding stationary
point (minima or transition states) and to provide the zero-
point vibrational energy (ZPE) and the thermodynamic
contributions to the enthalpy and free energy for T� 298 K.
In order to take into account the anharmonicity effects, the
ZPE energies were scaled by 0.9806.[40] Moreover, to ensure
that the transition states connect the desired reactants and
products, we have performed intrinsic reaction coordinate

Table 1. ZPE [kcal molÿ1], entropies S [e.u.], relative energies DE, relative enthalpies DH(298), relative free energies DG(298) [kcal molÿ1], and dipole
moments [debye] for the optimized structures computed at B3LYP and CCSD(T) levels of theory using the 6-311�G(2d,2p) basis set.[a]

B3LYP B3LYP B3LYP CCSD(T) CCSD(T) CCSD(T)
Compound Relative to ZPE S[b] DE DH DG DE DH DG m

H2COO�H2O 32.4 104.7 0.0 0.0 0.0 0.0 0.0 0.0 ±
M1 H2COO�H2O 34.8 74.8 ÿ 8.2 ÿ 6.4 2.5 ÿ 8.8 ÿ 7.0 1.9 3.1

ÿ 7.8[c] ÿ 6.0[c] 0.9[c]

TS1 M1 35.1 66.7 8.1 7.3 9.7 9.7 8.9 11.3 4.1
M2 a TS1 37.0 68.7 ÿ 43.5 ÿ 40.7 ÿ 41.3 ÿ 46.8 ÿ 44.1 ÿ 44.6 2.1
M2 d M2a 37.2 69.7 0.8 0.7 0.4 0.8 0.7 0.4 2.6
M2 b M2a 37.3 69.6 0.2 0.2 ÿ 0.1 0.2 0.2 ÿ 0.1 1.2
M2 e M2a 37.0 70.6 3.6 3.4 2.8 3.7 3.6 3.0 0.9
M2 c M2a 37.1 69.9 1.3 1.1 0.8 1.6 1.4 1.0 1.9
TS2 M2d 36.9 67.1 3.5 2.9 3.7 4.0 3.3 4.1 1.7
TS3 M2b 32.5 69.8 50.0 45.2 45.1 49.2 44.3 44.2 0.5
TS3 a M2b 32.2 70.2 53.3 48.3 48.0 52.6 47.5 47.4 3.0
TS4 M2b 32.3 66.5 47.9 42.4 43.3 52.7 47.2 48.2 1.5
TS5 M2d 32.8 70.0 48.1 43.7 43.6 52.0 47.5 47.5 3.1
H2COOH�OH M2a 30.8 106.4 40.4 35.1 23.8 44.4 39.0 27.8 ±
H2O2�H2CO TS5 32.7 106.7 ÿ 31.4 ÿ 30.2 ÿ 14.6 ÿ 34.5 ÿ 33.3 ÿ 44.2 ±
syn-HCOOH�H2O TS3 34.1 104.4 ÿ 121.5 ÿ 118.7 ÿ 129.0 ÿ 120.6 ÿ 117.7 ÿ 128.0 ±
anti-HCOOH�H2O TS4 33.8 104.6 ÿ 115.2 ÿ 112.0 ÿ 123.3 ÿ 119.9 ÿ 116.7 ÿ 128.0 ±
TS6 M2a�H2O 47.9 77.8 31.7 27.7 38.4 38.3 34.2 44.9 2.7
TS6 a M2b�H2O 47.7 77.8 33.7 29.4 40.5 40.4 36.1 47.1 4.0
TS7 M2c�H2O 47.1 75.7 31.0 26.1 37.8 38.6 33.6 45.3 3.2
TS7 a M2d�H2O 47.4 76.1 42.2 37.5 49.1 40.2 35.5 47.1 1.2
TS8 M2e�H2O 48.8 78.1 21.2 18.2 29.4 25.6 22.6 33.8 2.0
TS9 M2a�H2O 48.9 73.4 31.2 27.6 39.6 33.1 29.5 41.5 2.0
TS10 M1 31.0 68.1 21.1 16.3 18.3 23.7 18.9 20.9 3.4
HCO�OH�H2O TS10 26.3 141.3 ÿ 18.2 ÿ 19.5 ÿ 41.3 ÿ 23.2 ÿ 24.5 ÿ 46.3 ±

[a] The ZPE (scaled by 0.9806) and the thermodynamic contributions to enthalpy and free energy are computed at the B3LYP/6-31G(d,p) level of theory. The
dipole moments are computed at the B3LYP/6-311�G(2d,2p) level of theory. [b] The computed entropies S for the reactants and products are: 59.6
(H2COO); 45.1 (H2O); 63.8 (H2COOH); 42.6 (OH); 54.5 (H2O2); 52.2 (H2CO); 59.3 (syn-HCOOH); 59.5 (anti-HCOOH). [c] Includes the BSSE corrections.
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calculations (IRC) at this level of calculation for each
transition state. In a second step, all stationary points were
reoptimized using the more flexible 6-311�G(2d,2p) basis
set.[41] Finally, we have performed single-point CCSD(T)
calculations[42±44] using the 6-311�G(2d,2p) basis set at the
geometries obtained at B3LYP/6-311�G(2d,2p) level of
theory. Moreover, in order to obtain a better estimation of
the stability of a complex structure found in this investigation,
we have also computed the basis set superposition error
(BSSE) according to the counterpoise method by Boys and
Bernardi.[45] All calculations were done using the Gaussian 94
program package.[46]

Throughout the text, all geometry discussions will refer to
the B3LYP/6-311�G(2d,2p) values, and the energies will
refer to those computed at CCSD(T)/6-311�G(2d,2p)//
B3LYP/6-311�G(2d,2p). The ZPE and enthalpic corrections
are calculated with the B3LYP/6-31G(d,p) values. Moreover,
the relative energies computed at B3LYP/6-311�G(2d,2p)
are also tabulated for the sake of comparison. The Cartesian
coordinates of all stationary points, their absolute energies,
and the relative energies computed at B3LYP/6-31G(d,p) are
also available as Supporting information.

III. Results and Discussion

In the text, the structures of the stationary points are
designated by M for the minima and by TS for the transition
states, followed by a number (1, 2 and so on). Moreover, in
order to distinguish different conformational isomers, we have
also added the letters a, b, and so on. The most relevant
geometrical parameters of the calculated stationary points are
shown in Figures 1 ± 5 and 7 ± 10, while the corresponding
relative reaction and activation energies, enthalpies, and free
energies are listed in Table 1. Throughout the text we will
compare reaction channels that involve one water molecule
with reaction channels that involve two water molecules, and
consequently the entropic effects become important. There-
fore, unless otherwise stated, free energies obtained with the
larger basis set will be discussed throughout the paper.
Figure 6 shows a schematic free-energy reaction diagram.

A) Formation of the hydrogen-bond complex : The reaction
between H2COO and H2O begins with the formation of a
hydrogen-bond complex that we have labeled as M1 (Fig-
ure 1), and whose existence has been recently pointed out by
Aplincourt et al.[47] Our calculations indicate that M1 is
6 kcal molÿ1 more stable than the reactants (including the
BSSE corrections, see Table 1) and, taking into account the
different entropic effects between M1 and H2COO plus H2O
(DS�ÿ29.9 e.u.), we have computed a DG�ÿ

r (298) of
0.9 kcal molÿ1. After M1 the reaction can follow two different
channels, which involve the formation of HMHP via TS1 and
the production of OH and HCO radicals via TS10.

B) The formation of HMHP : After M1, the reaction goes on
through TS1 before the production of HMHP, and the
corresponding minimum has been labeled as M2a (Figure 2).
This path can be envisaged as a 1,3-dipolar interaction

Figure 1. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). M1 and TS1 for the stationary points
of the reaction between H2COO and H2O.

between the carbon and the terminal oxygen of H2COO with
the OH of water. Our results in Table 1 indicate that the
process is exoergic by about 33 kcal molÿ1 with an activation
barrier of 11.3 kcal molÿ1. Regarding the transition structure,
TS1 is a five-membered ring and shows how the oxygen of
water is linked to the carbon atom (R(CO)� 1.969 �), while a
hydrogen atom is transferred to the terminal oxygen of
H2COO (R(OH)� 1.549 �). The peroxide OO bond (R�
1.455 �) has been elongated 0.103 � with respect to the
carbonyl oxide reactant, and the peroxide bond thus loses its
double bond character.

In addition to M2a, we have also studied several conforma-
tional isomers of HMHP (labeled as M2 b ± M2 e in Figure 2
and Table 1), which connect HMHP with the final products of
its decomposition (see below). These isomers are between
0.2 ± 3.6 kcal molÿ1 more energetic than M2a, and their
interconversion barrier is very low [3.3 kcal molÿ1 for TS2
(Figure 3), which connects M2 d and M2 e (Figure 2 and
Table 1)].

C) The unimolecular decomposition of HMHP : We have
found four different reaction modes for the unimolecular
decomposition of HMHP: (a) and (b) lead to the formation of
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Figure 2. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). M2a, M2b, M2 c, M2 d, and M2 e for
several conformers of HMHP.

formic acid (HCOOH) plus H2O, (c) produces H2O2 plus
H2CO, and (d) involves the homolytic cleavage of the
hydroperoxide group in HMHP and yields OH and hydroxy-
methoxy (H2COOH) radicals.
a) The fate of the first reaction mode is HCOOH plus H2O

and corresponds to the unimolecular decomposition of
M2b. We have found two different paths (TS3 and TS3 a)
that produce the syn and anti isomers of formic acid,

respectively. Both transition structures are four-membered
rings and differ only in the orientation of the hydrogen of
the hydroxide group. The most relevant geometrical
parameters of TS3 are R(HO)� 1.615 �, R(HC)�
1.208 �, R(OO)� 1.963 �, and R(CO)� 1.287 � (see
Figure 3). The reduction of 0.111 � in the CO bond with
respect to M2 b shows that the double bond of the formic
acid is formed. The large HO bond length (1.615 �) is
similar to that found previously in intramolecular hydro-
gen transfer from a CH2 group to an oxygen atom (see for
instance TS6, TS12, and TS14 from ref. [14] or TS6 below).
Table 1 shows that the computed activation barriers are
44.2 and 47.4 kcal molÿ1, respectively; the barrier through
TS3 is slightly smaller than the excess of energy
(44.6 kcal molÿ1) involved in the HMHP formation (see
Table 1 and Figure 6). Thus, we conclude that this path
may be active in the gas phase.

b) A second reaction mode for the unimolecular decompo-
sition of HMHP (M2 b) leads to the formation of anti-
HCOOH�H2O, and the corresponding transition struc-
ture (TS4, Figure 4) involves a five- and a three-membered
ring. Figure 4 shows how the OO peroxide bond is broken
(R� 1.875 �) as the hydrogen atom from the hydroxyl
group migrates to the terminal oxygen of the hydro-
peroxide group, and thus one water molecule is formed. At
the same time, one hydrogen of the CH2 moiety migrates
to the oxygen, which results from the cleavage of the OO

Figure 3. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS2, TS3, and TS3 a for the stationary
points of the reaction between H2COO and H2O and the unimolecular
decomposition of HMHP.
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peroxide group (see the three-membered ring part), and
this leads to the formic acid molecule. The computed
energy barrier is 48.2 kcal molÿ1, close to the energy
barrier of TS3 a.

c) The decomposition of HMHP (M2 d) into H2CO�H2O2 is
slightly endoergic (DG�ÿ

r (298)� 3.3 kcal molÿ1) and has an
activation barrier of 47.5 kcal molÿ1 (TS5, Table 1 and
Figure 4). This transition structure corresponds also to a
four-membered ring, in which the hydrogen of the
hydroxide group is transferred to the peroxide oxygen as
the CO bond is broken to form the H2O2 molecule. The CO
bond length of the formaldehyde moiety (1.297 �, TS5
Figure 4) is 0.094 � shorter than the corresponding
distance in M2 d, which shows that the double bond of
the aldehyde is formed.

d) Finally, we have also considered the homolytic cleavage of
the hydroperoxide group in HMHP that produces OH and
hydroxymethoxy (H2COOH) radicals. Table 1 and Fig-
ure 6 show that this is the process that requires the lowest
energy in the unimolecular decomposition of HMHP
(DG�ÿ

r (298)� 27.8 kcal molÿ1), and since M2 is formed with
an excess of energy of about 44 kcal molÿ1 (see Figure 6),
we conclude that some OH radicals may be released into
the atmosphere throughout this mechanism. Moreover, it is
known that the H2COOH radical reacts with atmospheric
O2 to produce formic acid and OOH radicals.[48, 49] Thus,
the by-reaction between O2 and H2COOH will also
contribute to the gas-phase formation of formic acid.

D) The water-assisted decomposition of HMHP : The exper-
imental results from the literature that refer to the formation
and later decay of HMHP[21, 27, 50] indicate that a fraction of the
formed compound is collisionally stabilized in the gas phase
and can undergo further bimolecular reactions. Therefore, we
have also considered the reaction between HMHP and water.
This process should be highly probable in a water vapor
atmosphere, in which the water concentration is very high. For
this reaction we have found three different reaction modes
[(e), (f), and (g)], which function in the same way as the
unimolecular decomposition via TS3, TS4, and TS5, respec-
tively, as described in the previous section. Moreover, with
regard to the HMHP moiety, the same bond-breaking/bond-
making processes occur as in the unimolecular processes, and
the only difference lies in the fact that the hydrogen atoms
move through the water molecule. That is, one hydrogen atom
from HMHP is transferred to the water molecule while
another hydrogen from water is transferred back to HMHP as
it decomposes, so that the water molecule is regenerated after
the reaction has taken place. In general, the computed
activation enthalpies for these HMHP water-assisted decom-
positions (TS6 ± TS8, Table 1) are between 10 and
25 kcal molÿ1 smaller than those for the unimolecular proc-
esses described above (compare TS6 with TS3, TS7 with TS4,
and TS8 with TS5, respectively, for the same processes, non-
assisted and water-assisted). Therefore, we could say that this
second water molecule produces a catalytic effect in the
HMHP decomposition. A similar water catalytic effect on the
decomposition of carbonic acid has been recently reported in
the literature.[51] However, in the reaction of HMHP with a
water molecule there is a significant entropic effect that
should be taken into account. Thus, for instance, a DSa of
ÿ37 e.u is computed for the reaction between M2 a�H2O
through TS6 (this is the difference S(TS6 a)ÿ S(M2 a�H2O))
while a DSa of 0.1 e.u is computed for the unimolecular
decomposition of M2b via TS3 (this is the difference S(TS3)ÿ
S(M1b)); both represent the same process, that is, the production
of formic acid plus water. Consequently, the entropic con-
tributions reduce the importance of the water catalytic effect
as pointed out for the free-energy values in Table 1.
e) The reaction between HMHP and H2O via TS6 and TS6 a

produces HCOOH� 2 H2O, and has been reported re-
cently by Aplincourt et al.[47] Both transition structures
differ in the orientation of the hydroxide group so that TS6
is the transition state for the M2 a�H2O! syn-
HCOOH� 2 H2O, while TS6 a is the transition state for
the M2 b�H2O! anti-HCOOH� 2 H2O reaction (see
Figure 7). In these processes, one hydrogen of the carbonyl
oxide moiety is transferred to the water molecule while
one hydrogen from water moves to the terminal oxygen of
the peroxide group as the OO bond cleaves (Figure 7).
Moreover, with regard to the HMHP moiety, these
reactions involve the same bond-breaking/bond-making
processes as for TS3 and TS3 a in the unimolecular
decomposition as discussed in the previous section. Table 1
and Figure 6 show that the computed free-energy barriers
for TS6 and TS6 a are 44.9 and 47.1 kcal molÿ1, respective-
ly; this is of the same order as those of the unimolecular
process.

Figure 4. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS4 and TS5 for the unimolecular
decomposition of HMHP.
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Figure 5. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). Carbonyl oxide 1A'(Cs), HOOH 1A
(C2), H2COOH, HCO 2A' (Cs), syn-HCOOH 1A' (Cs), and anti-HCOOH
1A' (Cs).

f) HMHP, M2 c, and M2 d react with H2O via TS7 and TS7 a,
respectively, to produce anti-HCOOH� 2 H2O. With re-
gard to the HMHP moiety, these reactions involve the

same bond-breaking/bond-making processes that occur in
the unimolecular process via TS4 (see above), and both
TS7 and TS7 a involve a seven- and a three-membered ring.
The activation barriers are computed to be 45.3 and
47.1 kcal molÿ1 for TS7 and TS7 a, respectively, with no
significant catalytic effect with respect to the unimolecular
process.

g) The last reaction mode between HMHP (M2 e) and H2O
produces H2CO�H2O2�H2O. The corresponding transi-
tion structure (labeled as TS8 in Figure 9) is a six-
membered ring and constitutes the water catalytic partner
of TS5 in the unimolecular process. The computed free-
energy barrier is 33.8 kcal molÿ1 (Table 1 and Figure 6),
which is 13.7 kcal molÿ1 smaller than that for the uni-
molecular process via TS5. Consequently we observe an
important catalytic effect, which makes this the process
with the lowest energy barrier in the HMHP reaction.

The distinct features of these three reaction mechanisms
will enable us to distinguish them easily from one another. If
the experiments are performed with D2O instead H2O and the
origin of the protons that are moved in these processes is
taken into account, the reaction through TS6 and TS6 a
(Figure 7) will lead to HCOOH�HDO. The reaction through
TS7 and TS7 a (Figure 8) will produce HCOOH�D2O, and
the reaction through TS8 must produce DOOD�H2CO�
D2O. Moreover, it is also worth pointing out that the same
isotopic effects would occur if the unimolecular decomposition
modes through TS3, TS4, and TS5, respectively, were active.

In addition, we have also found a further reaction path,
which involves a conformational change in HMHP (from M2 a
to M2b) assisted by a water molecule. The corresponding
transition structure is labeled as TS9 in Figure 9 and shows

0.0

G(kcal mol–1)

-115.3

-27.8

TS1 (13.2)

M2a 

HCOOH + H2O

H2CO + H2O2  

H2COO  + H2O 
-3.6

H2C(O)OH  + OH

TS10 (22.9)

HCO + OH + H2O 

TS4 (16.6)

TS3 (12.7)

TS5 (16.4)

TS7 (15.0)

TS6 (13.5)

TS8 (5.3)

-23.5

-31.4

 + H2O

 + H2O

M1(0.9)

 + H2O
 + H2O

 + H2O

Figure 6. Schematic free-energy diagram for the reaction between H2COO and H2O.
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Figure 7. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS6 and TS6 a for the stationary
points of the water-assisted decomposition of HMHP.

how this process implies a migration of three hydrogen atoms.
The computed free-energy barrier is 41.5 kcal molÿ1, a value
that is in the range of the other processes assisted by a water
molecule, but it is much more energetic than the paths
originated by single bond rotations such as TS2 (see above),
because in this case, bonds have to be broken and formed.

Finally, we comment on a technical point. The geometrical
parameters computed at B3LYP/6-31G(d,p) and B3LYP/
6-311�G(2d,2p) agree quite well (see Figures 1 ± 5), and the
relative energies obtained at CCSD(T) and B3LYP using the
larger basis set differ in the range of 2 ± 5 kcal molÿ1. However,
the relative energies obtained at B3LYP using the smaller
basis set are of lower quality and differ up to 19 kcal molÿ1

with respect to the CCSD(T) values (see Table 1 and
Supporting information); this emphasizes the need to use a
large basis set containing diffuse and polarization functions.

E) The water-assisted formation of OH radicals : We have
found a further reaction mode between carbonyl oxide and
H2O through the hydrogen-bond complex M1 that leads to the
formation of HCO�OH radicals. In this case, the oxygen
atom of the water molecule borrows the hydrogen atom of the
H2COO that is placed in the syn position, while one hydrogen
atom from water is transferred to the terminal oxygen of

Figure 8. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS7 and TS7 a for the stationary
points of the water-assisted decomposition of HMHP.

carbonyl oxide. The corresponding transition state (TS10,
Figure 10) is a quasiplanar six-membered ring, which shows
how the OO bond length (R� 1.453 �) has been elongated by
0.09 � from carbonyl oxide. Moreover, the hydrogen atom
transferred from water (R(OH)� 1.306 �) is closer to the
terminal oxygen of carbonyl oxide (R(OH)� 1.135 �), while
the hydrogen atom transferred from H2COO to H2O is
halfway (R(CH)� 1.325 � and R(OH)� 1.270 �, respective-
ly). The computed activation free energy (relative to M1) is
20.9 kcal molÿ1, which is about 10 kcal molÿ1 higher than the
barrier involved in the formation of HMHP via TS1 (Figure 6
and Table 1). Thus, the high value of this energy barrier makes
this process unlikely in the gas phase. A closer look at the
geometrical structure of TS10 in Figure 10 will show us that
this process corresponds to a hydrogen-atom migration from
the carbon atom to the terminal oxygen in H2COO, catalyzed
by a water molecule. The hydrogen-atom migration in the
noncatalyzed path involves a four-membered ring and has
been reported by Gutbrod et al.[10] They report an activation
barrier of 30.8 kcal molÿ1 so that the catalytic effect of the
water molecule results in a reduction of the barrier of about
9 kcal molÿ1. The products of this process are HCO plus OH
radicals and one H2O molecule that is regenerated. In fact our
IRC calculations indicate the formation of the carbene
HCOOH plus H2O before the decomposition of HCOOH
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Figure 9. Selected geometrical parameters of the B3LYP/6-311�G(2d,2p)
and B3LYP/6-31G(d,p) (in brackets). TS8 and TS9 for the stationary points
of the water-assisted decomposition of HMHP.

Figure 10. Selected geometrical parameters of the B3LYP/6-311�
G(2d,2p) and B3LYP/6-31G(d,p) (in brackets). TS10 for the stationary
points of the water-assisted decomposition of HMHP.

into HCO�OH. However, Gutbrod et al.[10] showed that this
carbene should be unstable so we have considered the final
products. Our calculations indicate that the process is exoergic
by 25.5 kcal molÿ1. As pointed out previously, the features of
this reaction mode will allow its easy identification if experi-
ments are carried out with D2O instead of H2O. In this case,
the isotopic products will be HCO�OD�HDO.

IV. Relevance of these results : There are several points in the
results of the present study that are of direct interest for
atmospheric chemistry. The first point of interest is the
addition of H2O to H2COO. The reaction begins with the
formation of a hydrogen-bond complex (M1) and follows two
reaction modes. The energetically most favorable corresponds
to the formation of HMHP with a free-energy barrier of
11.3 kcal molÿ1. However, it is also of interest for atmospheric
chemistry in terms of the second reaction mode, which results
in the decomposition of carbonyl oxide into HCO and OH
radicals. This reaction path has a high activation barrier
(21 kcal molÿ1), and therefore it is unlikely that this process
occurs in the gas phase. However, this reaction mechanism
becomes more important in substituted carbonyl oxides.[49]

The second point of interest refers to the unimolecular
decomposition of HMHP. Our calculations indicate that the
energetically most favorable path corresponds to the homo-
lytic cleavage of the peroxide OO bond in M2 that leads to the
formation of OH and hydroxymethoxy (H2COOH) radicals.
This decomposition is endoergic by 27.8 kcal molÿ1. Since
HMHP is formed with an excess of energy of about
44 kcal molÿ1, we can conclude that this path will be active
in the gas phase. At this point, it is also worth recalling that
other mechanisms for the formation of OH radicals in the gas-
phase ozonolysis of alkenes have been proposed in the
literature.[12, 14, 15, 52] Consequently this process will help to
explain the release of OH radicals in the atmosphere as a
result of the alkene ozonolysis. Besides the release of OH
radicals into the atmosphere by this mechanism, it is also
known that the H2COOH radical reacts with O2 to form
HCOOH.[48] This reaction is very probable in the atmosphere,
since O2 exists in high concentration. Moreover, as a by-
product, the highly reactive OOH radical is formed. With
regard to other possible decomposition modes of HMHP, our
calculations indicate an activation barrier of 44.2 kcal molÿ1

for the reaction path though TS3. Since HMHP is formed with
an excess of vibrational energy (DH�ÿ

r (298)�ÿ44.1 kcal molÿ1,
see Table 1), we believe that the formation of HCOOH by this
mechanism is also energetically feasible. The formation of
HCOOH through TS4 or the formation of H2O2 plus H2CO
through TS5 can be ruled out because these paths require a
higher activation energy. These results agree with the
experimental observation by Neeb et al.[21] that indicates
almost only the formation of formic acid in the decomposition
of HMHP.

A third important point derived from the present inves-
tigation refers to the reaction between HMHP and a water
molecule. Although the enthalpic results displayed in Table 1
indicate a large stabilization in the processes assisted by a
water molecule, the consideration of the entropic contribution
minimizes this catalytic effect. Thus, only the activation
barrier of the path that leads to the formation of H2CO plus
H2O2 is significantly reduced and may become active in the
gas phase (compare TS8 with TS5 in Table 1). In view of this
result, one would expect some formation of H2CO plus H2O2.
However, Figure 6 shows clearly that the energetic require-
ments for this process are larger than those for the homolytic
cleavage of HMHP that produces H2COOH�OH, and this
makes the formation of H2CO plus H2O2 unlikely. In fact
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Neeb et al.[21] concluded that the formation of these species is
of minor importance, and HMHP decomposes to yield almost
exclusively formic acid, which agrees with the unimolecular
process described above.
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