
Theoretical Studies of the Isoprene Ozonolysis under Tropospheric Conditions. 2.
Unimolecular and Water-Assisted Decomposition of ther-Hydroxy Hydroperoxides

P. Aplincourt †,‡ and J. M. Anglada*,†
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Theoretical studies of the unimolecular and water-assisted decomposition reactions of theR-hydroxy
hydroperoxides compounds produced during the isoprene ozonolysis have been investigated in this paper.
Geometrical parameters of all the stationary points as well as energies and rate constants have been computed
by means of several ab initio and DFT methods (B3LYP, CCSD(T), and G2M-RCC5 levels). Our calculations
indicate that only the water-assisted decomposition of theR-hydroxy hydroperoxides could be active in the
atmosphere. The main reaction products are predicted to be H2O2 plus methyl vinyl ketone (MVK ) or
methacroleine (MAC ), depending on the particularR-hydroxy hydroperoxide considered. In both cases the
reaction is endothermic by about 19 kcal mol-1.

Introduction

The gas-phase reaction of ozone with biogenic and anthro-
pogenic olefins has received considerable attention because of
the reported formation of OH radicals, H2O2, organic acids, and
aldehydes into the atmosphere.1-8 OH and H2O2 are among the
most important oxidants in the atmosphere. Hydroxyl radical
oxidizes many gaseous trace compounds, principally CO, CH4,
and nonmethane hydrocarbons. H2O2 is mainly responsible for
the conversions of SO2 into sulfuric acid (H2SO4).9 Due to its
high solubility it can deposit efficiently, both wet and dry, but
also photolyze or react with OH. In the gas phase, it acts as a
reservoir of atmospheric OH radicals.10 Recent ice core records
in Greenland show an increase of hydrogen peroxide, mainly
over the past 20 years,11 which enhances the atmospheric
importance of this molecule. Consequences of increasing H2O2

are oxidative stress to vegetation13 and possibly to people and
animals. The mechanistic knowledge about its formation is
therefore of great interest to explain atmospheric variations of
this oxidant as well as to verify if the alkene ozonolysis
represents an important source of H2O2 beside the recombination
reaction of two HO2 radicals.13

Isoprene (2-methylbuta-1,3-diene) is one of the most impor-
tant nonmethane hydrocarbons in the atmosphere,14 and its gas
phase reaction with ozone represents an important atmospheric
sink for this alkene. The general features of its mechanism are
reasonably well established and are summarized in Scheme 1.

The reaction proceeds via the formation of the 1,2 and 3,4
primary ozonides, respectively. They decompose to produce
carbonyl compounds and carbonyl oxides, which are also called
Criegee intermediates (CI ). These are methyl vinyl carbonyl
oxide (CI-a, derived from 1,2-ozonide), isopropyl carbonyl
oxide (CI-b , derived from 3,4-ozonide), and the parent H2COO
carbonyl oxide, derived from both 1,2- and 3,4-ozonides (see
Scheme 1). These Criegee intermediates are formed with an

excess of energy and can decompose unimolecularly. The
decomposition mechanisms have been extensively investi-
gated.15,16Moreover, Zhang et al.16 have shown that an important
fraction ofCI-a andCI-b and almost all the H2COO compound
are vibrationally stabilized and may react with other atmospheric
species such as water. The reaction of H2COO with water as
well as the formation and decomposition of HMHP have been
reported in the literature17 and will not be commented here.
The reaction ofCI-a and CI-b with water is reported in our
previous paper.18 Our calculations indicate that theR-hydroxy
hydroperoxidesHP-I and HP-II are almost exclusively
formed as reaction products, although a small amount ofCI-a,
which possesses a syn-methyl hydrogen in theâ-position with
respect to the COO moiety, could produce OH radicals (see
Scheme 1).

Very recently, Sauer et al.8 pointed out thatR-hydroxy
hydroperoxides RR′C(OH)OOH formed during the reaction
between carbonyl oxides and water may have different fates
according to the nature of the R and R′ substitutes. The different
possibilities have been summarized in eq 1.

Recent theoretical studies of these processes on model sys-
tems6,17 have also pointed out that the unimolecular decomposi-
tions described in eq 1 require very high activation enthalpies.
However, the reaction between water andR-hydroxy hydro-
peroxides leads to the same products encountered during the
unimolecular decomposition but requires smaller activation
enthalpy. In this case, the water acts as a catalyst, which is
regenerated at the end of the reaction. Following those theoreti-
cal studies, we have considered in this paper the unimolecular
and water-assisted decomposition of ther-hydroxy hydroper-
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H2C(OH)OOHf HCOOH+ H2O (1a)

RHC(OH)OOHf RHCO+ H2O2 (1b)

RHC(OH)OOHf RC(O)OH+ H2O (1c)

RR′C(OH)OOHf RR′CO + H2O2 (1d)
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oxidesHP-I and HP-II formed from the reaction of water
with the different isoprene carbonyl oxides.

Computational Details

Geometry optimization of all the species considered in this
study have been first carried out using DFT at the B3LYP/
6-31G(d,p) level of theory.19,20 At this level, harmonic vibra-
tional frequencies have been calculated to verify the nature of
the corresponding stationary point (minima or transition state)

as well as to provide the zero point vibrational energy (ZPE)
and the thermodynamic contributions to the enthalpy and the
free energy. Moreover, to ensure that the transition states connect
the desired reactants and products, intrinsic reaction coordinate
calculations (IRC) have been performed for each transition state
of every elementary reaction.

In a second step, all stationary points have been reoptimized
using DFT with the more flexible 6-311+G(2d,2p) basis set,21

which allows a better description of hydrogen-bond complexes

SCHEME 1

Figure 1. Schematic enthalpy diagram for the unimolecular (in dashed lines) and water-assisted (in solid lines)HP-I decomposition pathways.
Enthalpies are computed at the G2M-RCC5 level of theory.
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and transition structures involving hydrogen transfer considered
in this work. At this level of theory, basis set superposition errors
(BSSE) have been corrected for all the hydrogen-bond com-
plexes by the counterpoise method of Boys and Bernardi.22

In a third step, high-level single-point energy G2
(G2M-RCC5)23 calculations have been performed on the
B3LYP/6-311+G(2d,2p) geometries of all the stationary
points in order to obtain more reliable energy values. The G2
(G2M-RCC5) model suggested by Mebel et al. requires
RCCSD(T)/6-311G(d,p),24 RMP2/6-311G(d,p),25 and RMP2/
6-311+G(3df,2p) single point calculations and includes “high
level corrections” (HLC) based on the number of paired and
unpaired electrons and zero point energy (ZPE) corrections.

Finally, rate constants for several elementary reactions of
interest have been computed using classical transition-state
theory. G2M-RCC5 and B3LYP/6-31G(d,p) partition functions
and zero point corrections have been used. The tunneling
corrections to the rate constants have been considered and
computed by the zero-order approximation to the vibrationally
adiabatic PES with zero curvature. The unsymmetrical Eckart
potential energy barrier approximates the potential energy
curve.26

All the geometry optimizations and the CCSD(T) calculations
have been performed using the Gaussian 9427 and Gaussian 9828

suit of programs. The RCCSD(T) calculations over an ROHF
wave function for the radicals have been done with the Molcas
4.129 program package and the kinetic results have been obtained
with the TheRate program.30

Results and Discussion

Along the text, the structures of closed shell minima and
radicals are designated by the lettersM and R, respectively,
and are followed by a number (1, 2, and so on). To distinguish
different isomers of a minimum, we have appended the small
lettersa, b, .... In addition, we have added the prefixX for the
compounds derived fromHP-I and the prefixY for those
derived fromHP-II . Thus, for instance,XM3a andXM3b are
different isomers of the same compound in theHP-I + H2O
reaction. The transition states are named byTS followed by
the names of the two minima connected by them. In this paper
we report only relative energies and some selected geometrical
parameters. The Cartesian coordinates of all the structures as
well as the absolute energies are available as Supporting
Information.

(a) Decomposition of Methylvinyl r-Hydroxy Hydroper-
oxide (HP-I). In Figure 1 is presented a schematic G2M-RCC5
reaction enthalpy profile for the unimolecular and water-assisted
decomposition ofHP-I . The corresponding reaction and
activation energies, enthalpies, and free energies are included
in Table 1, while selected geometrical parameters of some
representative stationary structures are displayed in Figure 2.

Methylvinyl R-hydroxy hydroperoxide (HP-I ) has R and R′
* H. According to eq 1d, we only expect the formation of
methyl vinyl ketone (MVK ) plus H2O2 from this compound.
The different reaction paths involved in the unimolecular and
water-assisted decomposition ofHP-I begin with different
conformers (XM1a, XM1b , XM1c, andXM1d , respectively),

TABLE 1: Zero Point Energies (ZPE in kcal mol-1), Entropies (S in eu) and Reaction and Activation Energies, Enthalpies, and
Free Energies (E, H, and G in kcal mol-1) for the Unimolecular and Water-Assisted Decomposition of HP-Ia,b

compound ZPE S relative to E + ZPE H298 G298

Unimolecular Decomposition

(a) Formation ofMVK + H2O2

XM1a 75.8 85.6 0.0 0.0 0.0
XM1b 75.8 87.3 XM1a 1.5 1.6 1.1
TS-XM1bXM2 71.5 90.7 XM1b 41.7 42.0 41.0
XM2 74.5 99.5 TS-XM1bXM2 -40.2 -39.5 -42.1
MVK + H2O2 72.8 129.4 XM2 15.1 15.1 6.1

(14.6) (14.6) (5.6)

(b) Cleavage of the O-OH Bond
XR1a + Ohc 70.1 12.1 XM1a 41.9 43.5 31.4

Water-Assisted Decomposition

(a) Formation ofMVK + H2O2 + H2O
XM1a + H2O 90.0 132.0 0.0 0.0 0.0
XM1c + H2O 89.1 132.2 XM1a + H2O 2.3 2.5 2.0
XM3a 91.8 100.9 XM1c + H2O -6.4 -7.1 2.5

(-5.8) (-6.5) (3.1)
TS-XM3aXM4a 87.5 96.3 XM3a 28.0 27.5 28.5
XM4a 90.1 117.1 TS-XM3aXM4a -26.4 -24.6 -31.0
XM1d + H2O 88.9 133.3 XM1a + H2O 3.2 3.5 2.7
XM3b 91.7 100.5 XM1d + H2O -6.1 -6.9 2.9

(-5.5) (-6.3) (3.5)
TS-XM3bXM4b 87.2 98.0 XM3b 27.8 27.3 28.1
XM4b 90.4 115.9 TS-XM3bXM4b -27.5 -26.0 -31.3
MVK + H2O2 + H2O 86.2 174.6 XM4a 20.5 20.9 4.0

(19.5) (19.9) (3.0)

(b) Formation of Enol (E) + H2O2 + H2O
XM1d + H2O 88.9 133.3 XM1a + H2O 3.2 3.5 2.7
XM5 91.7 102.3 XM1d + H2O -5.5 -6.2 -3.1

(-5.0) (-5.7) (-2.6)
TS-XM5XM6 87.4 98.7 XM5 53.7 53.1 54.2
XM6 92.1 107.2 TS-XM5XM6 -39.5 -38.5 -41.1
E + H2O2 + H2O 86.7 172.4 XM6 18.4 19.3 0.1

(17.2) (18.1) (-1.1)

a The energies have been computed at the G2M-RCC5 level of theory.b XM1 are isomers ofHP-I . The energy values in parentheses are BSSE
corrected.c These values are computed taking into account the CCSD(T)/6-311+G(2df,2p) energies as explained in ref 18.
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Figure 2. Selected B3LYP/6-311+G(2d,2p) geometrical parameters of some stationary points for the unimolecular and water-assistedHP-I
decomposition pathways.

Figure 3. Schematic enthalpy diagram for the unimolecular (in dashed lines) and water-assisted (in solid lines)HP-II decomposition pathways.
Enthalpies are computed at the G2M-RCC5 level of theory
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as indicated in Table 1, although they are not shown in Figure
1. The unimolecular process involves the isomerXM1b , the
transition stateTS-XM1bXM2 , and the hydrogen-bond complex
XM2 before the formation ofMVK plus H2O2. Figure 2 shows
that the transition state is a four-membered ring in which
simultaneously occur the cleavage of the CO bond of the
hydroperoxide group (R(CO)) 2.093 Å), the migration of the

hydrogen of the hydroxyl forming H2O2 (R(OH) ) 1.110 Å
and R(HO)) 1.365 Å), and the formation of the double bond
of the carbonyl group (compare the R(CO)) 1.308 Å inTS-
XM1bXM2 with the corresponding value of 1.407 Å inXM1b).
The computed activation enthalpy is 42 kcal mol-1. It is about
the same energy required for the cleavage of the OO bond in
XM1a to produceXR1a + OH (see Figure 1). However, in

TABLE 2: Zero Point Energies (ZPE in kcal mol-1), Entropies (S in eu), and Reaction and Activation Energies, Enthalpies,
and Free Energies (E, H, and G in kcal mol-1) for the Unimolecular and Water-Assisted Decomposition of HP-iia,b

compound ZPE S relative to E + ZPE H298 G298

Unimolecular Decomposition

(a) Formation ofMAC + H2O2
YM1a 76.5 86.9 0.0 0.0 0.0
YM1b 76.1 88.5 YM1a 1.3 1.4 1.0
TS-YM1bYM2 71.8 89.5 YM1b 42.8 42.9 42.6
YM2 74.3 100.5 TS-YM1bYM2 -37.6 -36.6 -39.9
MAC + H2O2 72.8 125.7 YM2 12.3 11.7 4.2

(11.8) (11.2) (3.7)

(b) Formation ofsyn-MTA + H2O
YM1c 76.1 89.3 YM1a 0.3 0.6 -0.2
TS-YM1cYM3 71.4 89.5 YM1c 42.5 42.6 42.5
YM3 75.3 97.5 TS-YM1cYM3 -121.6 -120.9 -123.2
syn-MTA + H2O 73.5 123.8 YM3 2.5 2.6 -5.2

(2.2) (2.3) (-5.5)
YM1d 76.2 87.8 YM1a 0.3 0.4 0.2
TS-YM1dYM4 71.0 86.2 YM1d 46.5 46.2 46.7
YM4 76.2 91.1 TS-YM1dYM4 -131.0 -130.3 -131.8
syn-MTA + H2O 73.5 123.8 YM4 7.9 8.7 1.0

(7.4) (8.2) (0.5)

(c) Cleavage of the O-OH Bond
YR1a + OHc 70.2 107.1 YM1a 39.5 41.2 29.2

Water-Assisted Decomposition

(a) Formation ofMAC + H2O2 + H2O
YM1a + H2O 90.0 132.0 0.0 0.0 0.0
YM5a 92.0 102.9 YM1a + H2O -6.1 -6.5 2.2

(-5.5) (-5.9) (2.8)
TS-YM5aYM6a 87.7 96.8 YM5a 33.8 33.1 34.9
YM6a 90.2 112.2 TS-YM5aYM6a -26.9 -25.2 -29.8
YM1e + H2O 89.9 135.8 YM1a + H2O 3.1 3.5 2.3
YM5b 91.9 102.4 YM1e + H2O -5.5 -6.3 3.7

(-4.9) (-5.7) (4.3)
TS-YM5bYM6b 87.6 97.9 YM5b 27.5 26.9 28.3
YM6b 90.3 114.4 TS-YM5bYM6b -26.8 -25.3 -30.2
MAC + H2O+ H2O2 86.2 170.8 YM6a 18.0 18.1 0.6

(16.9) (17.0) (-0.5)

(b) Formation ofsyn-MTA d + 2H2O
YM7a 92.0 103.9 YM1a + H2O -3.7 -4.0 4.4

(-3.2) (-3.5) (4.9)
TS-YM7aYM8a 87.4 96.8 YM7a 37.5 36.7 38.8
YM8a 91.2 111.0 TS-YM7aYM8a -117.4 -115.8 -120.0
YM1f + H2O 89.9 133.2 YM1a + H2O 0.7 0.8 0.4
YM7b 91.3 108.3 YM1f + H2O -4.2 -4.3 3.1

(-3.7) (-3.8) (3.6)
TS-YM7bYM8b 87.3 97.3 YM7b 39.2 38.0 41.0
YM8b 89.8 120.4 TS-YM7bYM8b -119.2 -116.8 -123.5
syn-MTA + 2H2O 86.9 168.9 YM8a 7.2 8.0 -9.2

(6.2) (7.0) (-10.2)

(c) Formation ofanti-MTA d + 2H2O
YM1g + H2O 89.3 133.7 YM1a + H2O 2.0 2.2 1.7
YM9a 92.2 99.9 YM1g + H2O -5.7 -6.6 3.4

(-5.1) (-6.0) (4.1)
TS-YM9aYM10a 86.6 95.9 YM9a 32.4 31.9 33.1
YM10a 91.6 108.1 TS-YM9aYM10a -112.3 -111.0 -114.6
YM1h + H2O 89.5 133.4 YM1a + H2O 2.0 2.1 1.7
YM9b 91.2 103.4 YM1h + H2O -6.0 -6.4 2.5

(-5.4) (-5.8) (3.1)
TS-YM9bYM10b YM9b 33.5 32.8 34.4
YM10b 90.4 113.1 TS-YM9bYM10b -112.8 -111.2 -115.7
anti-MTA + 2H2O 86.6 169.3 YM10a 12.6 13.9 -4.4

(11.3) (12.6) (-5.7)

a The energies have been computed at the G2M-RCC5 level of theory.b YM1 are isomers ofHP-II . The values in parenthesis are BSSE
corrected.c These values are computed taking into account the CCSD(T)/6-311+G(2df,2p) energies as explained in ref 18.d MTA stands for
methacrylic acid.
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our previous paper,18 we have already pointed out that meth-
ylvinyl R-hydroxy hydroperoxide (HP-I ) is formed with a
lesser excess of energy (about 38 kcal mol-1), and consequently,
we expect that these unimolecular processes would not occur.

For the bimolecular reaction ofHP-I with water, producing
MVK + H2O2 + H2O, we have considered two different
reaction paths involving the cis and trans isomers with respect
to the methyl and vinyl groups. For each path, the reaction
begins with the formation of a hydrogen-bond complex (XM3a
or XM3b ) between an isomer ofHP-I and H2O. In the first
path considered, this complex evolves to another hydrogen-bond
complex (XM4a or XM4b ) via a six-membered ring transition
state (TS-XM3aXM4a or TS-XM3bXM4b ). The XM4 com-
plexes are formed with the three fragmentsMVK , H2O, and
H2O2 corresponding to the products of the reaction. Comparison
of TS-XM3aXM4a and TS-XM1bXM2 structures displayed
in Figure 2 clearly shows that the unimolecular and water-
assisted processes are essentially the same. However, the water
molecule facilitates the transfer of the hydrogen atoms in the
bimolecular one. Let us compare the four-membered ring of
the unimolecular reaction with the six-membered ring in the
water-assisted process in Figure 2. The bimolecular formation
of MVK from HP-I is endoergic by 19.2 kcal mol-1 with
respect to the most stable isomerXM1a and requires an
activation enthalpy of about 27.5 kcal mol-1 (TS-XM3aXM4a
relative toXM3a, or TS-XM3bXM4b relative toXM3b ; see
Table 1). The activation enthalpy is about 15 kcal mol-1 smaller
than the one encountered for the unimolecular process (TS-
XM1bXM2 in Table 1), which can be associated with the
catalytic effect of water. It is also interesting to point out the

large stability computed for the hydrogen-bond complexes
XM4a andXM4b , which are about 20 kcal mol-1 more stable
than theMVK , H2O, and H2O2 products.

For a shake of completeness we have also considered another
possible reaction involving the water-assisted abstraction of one
hydrogen from the methyl group in the methylvinylR-hydroxy
hydroperoxide compound. The fate of this process is 2-hydroxy-
1,3-butadiene (E) plus H2O2. This reaction requires a very large
activation enthalpy (53.1 kcal mol-1 for TS-XM5XM6 ; see
Table 1 and Figure 1), which makes this process unlikely.

(b) Decomposition of 2-Propenylr-Hydroxy Hydroper-
oxide (HP-II). In Figure 3 is presented a schematic G2M-
RCC5 reaction enthalpy profile for the unimolecular and water-
assisted decomposition ofHP-II . The corresponding reaction
and activation energies, enthalpies, and free energies are
included in Table 2, while the most relevant geometrical
parameters of some selected stationary points are displayed in
Figures 4 and 5. In the 2-propenylR-hydroxy hydroperoxide, a
substitute is a hydrogen atom and, according to eqs 3b and 3c,
the fate of its decomposition could be methacrolein (MAC ) plus
H2O2 and methacrylic acid (MTA ) plus H2O. An important point
here is to predict which product is formed and to what extent.

For the unimolecular decomposition ofHP-II , we have
found two reaction paths yieldingMTA + H2O (via TS-
YM1dYM4 andTS-YM1cYM3 , respectively) and one reaction
path producingMAC + H2O2 (via TS-YM1bYM2 ). In addition,
the cleavage of the O-OH bond producingYR1a + OH is
also envisageable (see Figure 3 and our previous paper18). All
the transition structures relative to these processes have been
displayed in Figure 4. They essentially show the same features

Figure 4. Selected B3LYP/6-311+G(2d,2p) geometrical parameters of the stationary points for the unimolecularHP-II decomposition pathways.
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discussed in the literature.6,17Table 2 indicates that the activation
enthalpies for all the unimolecular processes lie between 42 and
46 kcal mol-1. These values are larger than the excess of energy

released in the formation ofHP-II (see the preceding paper).
It is therefore expected that these unimolecular decomposition
pathways would not be active under atmospheric conditions.

Figure 5. Selected B3LYP/6-311+G(2d,2p) geometrical parameters for some of the stationary points of the water-assistedHP-II decomposition
pathways.

Figure 6. Schematic reaction mechanism of the reaction between deuteratedHP-II and D2O.
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For the bimolecular reaction betweenHP-II and water, the
cis and trans isomers with respect to the 2-propenyl group have
been considered. Six different reaction paths have been found,
four producingMTA plus H2O and two yieldingMAC plus
H2O2. In all cases, the catalytic water molecule is regenerated
at the end of the reaction. The structures of only one isomer of
MTA andMAC have been displayed in Figure 5.

All the bimolecular reactions begin with the formation of a
hydrogen-bond complex betweenHP-II and H2O. They
involve a second H bond complex just before the formation of
the products,MTA + 2H2O and MAC + H2O2 + H2O,
respectively. As forHP-I , the structures of the water-assisted
transition states (see Figures 3 and 5) clearly show the same
features as the corresponding transition state of the unimolecular
decomposition pathways (compareTS-YM1dYM4 with TS-
YM9aYM10a, TS-YM1cYM3 with TS-YM7aYM8a, andTS-
YM1bYM2 with TS-YM5aYM6a in Figures 4 and 5). How-
ever, the water molecule acts as a catalyst and facilitates the
transfer of the hydrogen atoms in bimolecular reactions. The
energetic values gathered in Table 2 and reported in Figure 3
indicate that the initial hydrogen-bond complexes are about 6
kcal mol-1 more stable than the corresponding reactants,
whereas the outgoing hydrogen-bond complexes are between
10 and 12 kcal mol-1 more stable than the products. In addition,
it can be seen that the formation ofMAC + H2O2 is
endothermic by about 19 kcal mol-1. On the other hand, the
formation ofMTA + H2O is exothermic by about 75 kcal mol-1

(relative to the most stable isomerYM1a of HP-II ). Regarding
the activation enthalpies, Table 2 shows that the most favorable
process is the formation ofMAC + H2O2 + H2O via
TS-YM5bYM6b , with a computed activation enthalpy of 26.9
kcal mol-1. The reaction that involves the other isomer (via
TS-YM5aYM6a) has a larger activation enthalpy (33.1 kcal
mol-1). In addition, the corresponding barriers for the formation
of MTA plus H2O (via TS-YM9aYM10a; TS-YM9bYM10b ;
TS-YM7aYM8a and TS-YM7bYM8b ) range from 32 to 38
kcal mol-1. Thus, these results suggest thatMAC + H2O2 +
H2O will be the product formed principally, despite the reaction
being endothermic. Furthermore, it is also worth pointing out
that the catalytic effect of water in theHP-II decomposition
processes lies between 10 and 15 kcal mol-1 (see Table 2).

The results of the mechanistic study carried out in the present
work show that the different reaction paths of the water-assisted
HP-II decomposition are clearly distinguishable by performing
experiments with D2O instead H2O, and accordingly, we have
schematized in Figure 6 the fates of the different reaction paths
in such hypothetical experiments with deuterated water. In the
previous paper18 we have pointed out that isoprene ozonolysis
with D2O will produceHP-II with deuterated hydroxyl and
hydroperoxyl groups, as shown in Figure 6. Then, the further
reaction of this deuteratedHP-II with D2O will yield deuterated
MTA plus DHO, if reaction takes place throughTS-YM7aYM8a,
nondeuteratedMTA if the reaction takes place through

TS-YM9aYM10a, and D2O2 in the reaction path leading to the
formation ofMAC (via TS-YM5bYM6b )

Finally, to estimate the competition between the reactions
between water andHP-II producingMAC + H2O2 andMTA
+ H2O, respectively, the unimolecular rate constants have been
computed using the classical transition state theory. The
corresponding branching ratios for these processes are showed
in Table 3. Our values show that practically only theTS-
YM5bYM6b channel, producingMAC + H2O2 + H2O, is
active, and therefore, these results lead to the conclusion that
the reaction ofHP-II with water is given by eq 2.

Here, according to the elementary processes described above,
HP-II corresponds toYM1e, the HP-II‚‚‚H2O is the hydrogen-
bond complexYM5b , and the transition state connecting this
complex with the products corresponds toTS-YM5bYM6b . At
this point it is interesting to provide an estimate of the rate
coefficient of this reaction. Our calculated entropy values and
free energy differences displayed in Table 2 show that the
complex YM5b is highly shifted to the reactants, and upon
applying steady state theory, the whole rate constant is given
by eq 3.

According to transition state theory, the equilibrium constant
Keq and the rate constantk2 of the second step are given by eqs
4 and 5 respectively

where the variousQ denote the partition functions of the
reactantsYM1e and H2O, the hydrogen-bond complexYM5b ,
and the transition stateTS-YM5bYM6b ; ER, EC, andETS are
the total energies of the reactants, hydrogen-bond complex, and
transition state, respectively;kb and h are the Boltzmann and
Planck constants, respectively; andκ is the tunneling parameter
contained in Table 3. Then, the computed rate constant for the
overall reaction 2 is given by eq 6.

Here, (ETS - ER) ) 22.6 kcal mol-1, which includes the ZPE

TABLE 3: Calculated Tunneling Parameters, K, and Rate Constants,k (s-1), for the Water-Assisted Decomposition of HP-II at
298.15 Ka

TS-YM5aYM6a TS-YM5bYM6b TS-YM7aYM8a TS-YM7bYM8b TS-YM9aYM10a TS-YM9bYM10b

κ 8.446 8.754 2.861 1.769 4.080 4.324
ki 1.3585× 10-12 1.0417× 10-7 6.3540× 10-16 8.6864× 10-18 1.700× 10-11 1.5401× 10-12

Γ ) ki/κb 99.98 0.02

a The partition functions have been calculated at the B3LYP/6-31G(d,p) level of theory and the energies at the G2M-RCC5 level of theory.b k
) ∑i ki is the total rate constant andΓ ) ki/κ corresponds to the branching ratio (in percent) for each process.

HP-II + H2O y\z
k1

k-1
HP-II‚‚‚H2O 98

k2
MAC + H2O2 + H2O

(2)

k )
k1

k-1
k2 ) Keqk2 (3)

Keq )
QYM5b

QYM1eQH2O
e-(EC-ER)/RT (4)

k2 ) κ
kbT

h

QTS

QYM5b
e-(ETS-EC)/RT (5)

k ) κ
kbT

h

QTS

QYM1eQH2O
e-(ETS-ER)/RT (6)
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energy and the BSSE correction (see Table 2), andk is calculated
to be 1.4967× 10-30 cm3 molecule-1 s-1.

Conclusions

In this paper, a theoretical investigation on the unimolecular
and water-assisted decomposition of theR-hydroxy hydroper-
oxydes HP-I and HP-II has been reported. These two
compounds are formed during isoprene ozonolysis.18 The results
of the present study lead to the following conclusions that are
of interest in atmospheric chemistry.

(1) The unimolecular decomposition of bothHP-I and
HP-II requires very high activation enthalpies (about 44 kcal
mol-1). This value is larger than the energy released during the
formation of these two species by the reaction of isoprene
carbonyl oxides with water.18 We therefore predict that the
unimolecular decomposition ofHP-I andHP-II would not
be active in the atmosphere.

(2) The R-hydroxy hydroperoxidesHP-I and HP-II can
react with a water molecule, which acts as a catalyst, to produce
the same species as those found for the unimolecular decom-
position pathway. The reaction betweenHP-I and H2O
producesMVK + H2O2 exclusively. The reaction between
HP-II and H2O has two possible fates,MAC + H2O2 and
MTA + H2O, respectively, and in this case, experiments with
D2O are proposed that allow clear identification of the different
reaction mechanisms considered. The activation enthalpies and
the computed unimolecular reaction constants indicate that the
reaction betweenHP-II and water yields almost exclusively
MAC + H2O2. In this case, the calculated rate constant is 1.4967
× 10-30 cm3 molecule-1 s-1.
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