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In an attempt to understand the mechanism of the reaction of alkylperoxy radicals with hydroperoxy radical,
a key reaction in both atmospheric and combustion chemistry, the singlet and triplet potential energy surfaces
(PESs) for the gas-phase reaction between CH3O2

• and HO2
• leading to the formation of CH3OOH and O2

have been investigated by means of quantum-mechanical electronic structure methods (CASSCF and CASPT2).
In addition, standard transition state theory calculations have been carried out with the main purpose of a
qualitative description of the strong negative temperature dependence observed for this reaction. All the
pathways on both the singlet and triplet PESs consist of a reversible first step involving the barrierless formation
of a hydrogen-bonded prereactive complex, followed by the irreversible formation of products. This complex
is a diradical species where the two unpaired electrons are not used for bonding and is lying about 5 kcal/mol
below the energy of the reactants at 0 K. The lowest energy reaction pathway occurs on the triplet PES and
involves the direct H-atom transfer from HO2 to CH3O2 in the diradical complex through a transition structure
lying 3.8 kcal/mol below the energy of the reactants at 0 K. Contradicting the currently accepted interpretation
of the reaction mechanism, the observed strong negative temperature dependence of the rate constant is due
to the formation of the hydrogen-bonded diradical complex rather than a short-lived tetraoxide intermediate
CH3OOOOH.

1. Introduction

Alkylperoxy radicals play important roles as reaction inter-
mediates in the tropospheric oxidation and combustion of
hydrocarbons (RH).1-5 These processes are initiated mainly by
the attack of hydroxyl radical (HO•). As a hydrogen atom is
abstracted, an alkyl radical (R•) forms (eq 1), and the subsequent
addition of molecular oxygen (O2, 3Σg

-), designated by3O2, to
R• yields an alkylperoxy radical (RO2•) (eq 2). The alkylperoxy

radicals generally exhibit low reactivity toward closed shell
molecular species, and, consequently, they essentially react with
themselves and with other radical species. When nitrogen oxides
are present in low concentration, the reactions of alkylperoxy
radicals with hydroperoxy radical (HO2•) are among the most
important combination reactions of alkylperoxy radicals.6 This
importance results from the abundance of HO2

•, which can be
formed from various sources in the atmospheric oxidation of
hydrocarbons.

The RO2
• + HO2

• reactions are generally rapid, with rate
constants at room temperature in the range (5-20)× 10-12 cm3

molecule-1 s-1, and, therefore, contribute significantly to the
chemistry of alkyl peroxy radicals.6,7 The only product of

reaction of unsubstituted alkylperoxy radicals RO2
• (e.g.,

CH3O2
•, C2H5O2

•, etc.) with HO2
• that has been characterized

is the alkyl hydroperoxide ROOH (eq 3). This reaction is chain
terminating because ROOH is stable under atmospheric condi-
tions. For instance, the methylperoxy radical (CH3O2

•) and HO2
•

react giving methyl hydroperoxide (CH3OOH) in 100% yield
(eq 4), which can be removed from the troposphere via
precipitation.1,2,6Understanding the kinetics and mechanism of

RO2
• + HO2

• reactions is therefore crucial to model the
oxidation processes of hydrocarbons under atmospheric condi-
tions.

The temperature dependence of RO2
• + HO2

• reactions has
been investigated by several groups, and these studies all report
strong negative temperature dependences, namely, the rate at
which RO2

• is consumed decreases with increasing temperature.1-4

This observation suggests that a major fraction of the reaction
proceeds via channel(s) that involve the formation of a short-
lived tetraoxide intermediate (ROOOOH), which can either
dissociate into the reactants or react to form the products. The
RO2

• + HO2
• reactions are thought to proceed via the mecha-

nistic pathways given in Scheme 1 (CH3O2
• used as example).2

Pathway “A” involves the formation of a loosely bound
tetraoxide adduct, CH3OOOOH, which either decomposes back
to reactants or rearranges yielding CH3OOH and O2 through a
four-membered-ring transition state in which the methyl group
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does not participate itself. However, the nature of the postulated
tetraoxide intermediate is still uncertain and is open to specula-
tion. Pathway “B” consists of a simple direct H-atom transfer
from HO2

• to CH3O2
• and is thought to be a channel of minor

importance. Nevertheless, it is possible that both pathways
contribute to the overall rate constant of the CH3O2

• + HO2
•

reaction.
An additional unresolved question concerns the electronic

state of the CH3OOOOH adduct. When a CH3O2
• and a HO2

•

in their electronic ground state (2A′′) react, the spin state of the
overall system they form can be either a singlet spin state or a
triplet one. However, if one assumes that the products of reaction
eq 4 are formed in their electronic ground state, namely, singlet
CH3OOH (1A) plus3O2, then these products can only be reached
on the triplet potential energy surface (PES). There arises the
question of whether (a) CH3OOOOH is a bound-triplet-state
species, which may be possible for a hydrogen-bonded species
where the unpaired electrons would not be required for bonding,
or (b) the formed products are ground-state singlet CH3OOH
and excited singlet molecular oxygen (O2, 1∆g), designated by
1O2. To elucidate the mechanism by which CH3OOH is formed
and ascertain the spin multiplicity of the transition state involved,
there is need for rigorous quantum-chemical calculations of the
singlet and triplet PESs of the CH3O2

• + HO2
• reaction.

Recently, Hou and Wang have reported the first theoretical
calculations on the reactions of HO2

• with CH3O2
• and CH2-

FO2
•.8 Using various ab initio methods, including MP2, CISD,

QCISD(T), and CCSD(T), as well as density functional theory
(B3LYP), both singlet and triplet PESs were investigated. On
the basis of CCSD(T)/cc-pVDZ energy calculations performed
at the B3LYP/6-311G(d,p)-optimized geometries of stationary
points (minima and saddle points) located on the PESs, Hou
and Wang conclude that the CH3O2

• + HO2
• reaction proceeds

only on the triplet PES through hydrogen abstraction and that
CH3OOH is the dominant product, while the reaction paths on
the singlet PES cannot be competitive because of significant
barriers. Taking into account the expected multireference
character of the wave function of various stationary points on
the singlet PES, the predictions based on single-determinant
B3LYP and single-reference CCSD(T) calculations are at least
questionable.

We feel that the conclusions drawn from the theoretical
calculations of Hou and Wang concerning the reaction pathways
on the singlet PES of the reactions of HO2

• with CH3O2
• merit

further study. With this purpose, here we report the results of
multireference second-order perturbative energy calculations
CASPT2/6-311+G(3df,2p) carried out on the CASSCF/6-
311+G(3df,2p) geometries pertaining to the reaction pathways
explored on both the singlet and triplet PESs of the CH3O2

• +
HO2

• reaction, in a continued effort to elucidate the mechanism
of this important reaction.

2. Computational Methods

The geometries of the relevant stationary points on both the
singlet and triplet PESs of the CH3O2

• + HO2
• reaction system

were optimized by use of multiconfiguration self-consistent field

(MCSCF) wave functions of the complete active space (CAS)
SCF class9 with the triple split-valence 6-311+G(3df,2p) basis
set10 (which includes a single diffuse sp shell,11 triple d-
polarization, and a single additional f-polarization on heavy
atoms and double p-polarization on hydrogen atoms) employing
analytical gradient procedures.12,13The CAS of each stationary
point was selected following the procedure suggested by
Anglada and Bofill,14 based on the fractional occupation of the
natural orbitals generated from the first-order density matrix
calculated from an initial multireference single- and double-
excitation configuration interaction (MRDCI) wave function
correlating all valence electrons. The CAS varied from four
electrons in four molecular orbitals (MOs), labeled as (4,4), for
CH3OOH to twelve electrons in ten MOs, labeled as (12,10),
for several stationary points. Thus, for CH3O2

• the fractional
occupancies of the natural orbitals indicated that there are seven
electrons in six MOs, labeled as (7,6), namely, theσ, σ* orbitals
of the CO fragment and theσ, σ* and π, π* orbitals of the OO
fragment, whereas for HO2• the fractional occupancies of the
natural orbitals indicated that there are five electrons in four
MOs, labeled as (5,4), namely, theσ, σ* and π, π* orbitals of
the OO fragment. In the case of the products, the CAS of CH3-
OOH comprised theσ, σ* orbitals of the CO fragment and the
σ, σ* orbitals of the OO fragment, whereas the CAS of O2

comprised eight electrons in six MOs, labeled as (8,6), which
included theσz, σz* and πx, πx* and πy, πy* orbitals of the OO
bond.

All the stationary points were characterized by their harmonic
vibrational frequencies as minima or saddle points. The
harmonic vibrational frequencies were obtained by diagonalizing
the mass-weighted Cartesian force constant matrix calculated
at the CASSCF/6-311+G(3df,2p) level. Connections of the
transition structures between designated minima were confirmed
in each case by IRC calculations15 at the latter level of theory
using the second-order algorithm of Gonzalez and Schlegel.16

All CASSCF calculations were carried out by using the
GAMESS system of programs.17

To incorporate the effect of dynamical valence-electron
correlation on the relative energy ordering of the stationary
points, second-order multiconfigurational perturbation theory
calculations based on the CASSCF(12,10) reference function
(CASPT2)18 were carried out with the 6-311+G(3df,2p) basis
set. CASPT2/6-311+G(3df,2p) single point energies were
calculated at the geometries optimized at the CASSCF/6-
311+G(3df,2p) level, and all valence electrons were correlated.
Since the “normal” CASPT2 method, sometimes denoted as
CASPT2-0, is known to underestimate the energy of some open-
shell relative to closed-shell electronic states, the CASPT2-g1
procedure with the full Hartree-Fock matrix was used in the
construction of the zeroth-order Hamiltonian.19 Moreover, for
the hydrogen-bonded complexes found in this work, the basis
set superposition error (BSSE) was calculated at the CASPT2/
6-311+G(3df,2p) level by using the counterpoise method of
Boys and Bernardi.20 The CASPT2 computations were per-
formed with the MOLCAS 5 program pakage.21

Zero-point vibrational energies (ZPVEs) were determined
from unscaled harmonic vibrational frequencies. Absolute
entropies and thermal corrections to enthalpy and Gibbs free-
energy values were obtained assuming ideal gas behavior from
the unscaled harmonic frequencies and moments of inertia by
standard methods.22 A standard pressure of 1 atm was taken in
the absolute entropy calculations.

To examine the characteristics of the bonding and interactions
in the most relevant structures we have also performed an

SCHEME 1
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analysis of the electronic charge density within the framework
of the topological theory of atom in molecules (AIM) making
use of the PROAIM and EXTREME programs of Bader et al.23

The first-order electron density matrix obtained from the
CASSCF/6-311+G(3df,2p) wave function was used in this
analysis. The theory of AIM has been reviewed in the literature
and in a monograph.24 For the convenience of the reader, we
will summarize some important points here. The topological
characteristics of the electronic charge density,F(r ) (r ∈ x,y,z),
give rise to a rigorous partitioning of the real space comprising
a molecule into different atomic basins. In AIM theory, an atom
consists of a nucleus and its associated atomic basin. Properties
such as charges, dipole, and quadrupole moments can thus
unequivocally be assigned to individual atoms by integration
of the desired property over their atomic basin. Chemical bonds
between pairs of atoms can be identified by (3,-1) critical points
(also called “bond critical points”) of the electronic charge
density F(r ). At such pointsrb the gradient vector ofF(r )
vanishes. The notation (3,-1) implies that, in addition, the
Hessian matrix ofF(r ) at rb has three nonvanishing eigenvalues,
two of which are negative and one positive. The line of
maximum charge density linking the nuclei of the pairs of atoms
passes throughrb. This line is called a bond path. The charge
density at the bond critical point,F(rb), provides a measure for
the covalent bond order between a given pair of atoms.
Furthermore, the value of the Laplacian ofF(r ) at the bond
critical point,∇2F(rb), i.e., the sum of the three eigenvalues of
Hessian matrix, indicates whether covalent or closed-shell
interactions prevail between the two bonded atoms.∇2F(r )
identifies regions of space whereinF(r ) is locally concentrated
(∇2F(r ) < 0) or depleted (∇2F(r ) > 0). Therefore, a negative
value of ∇2F(r ) in the internuclear region of two interacting
atoms implies the formation of a covalent bond, since electron
density is built up in that region, while positive values are
characteristic of closed-shell interactions, such as ionic, van der
Waals, and hydrogen bonding, where the electron density is
depleted from the internuclear region and concentrated on the
corresponding atomic basins. Useful information is also related
to (3,+1) critical points of the electron density (also called “ring
critical points”). The notation (3,+1) implies that the Hessian
matrix of F(r ) at such pointsr r has three nonvanishing
eigenvalues, two of which are positive. A ring critical point
occurs as consequence of the fact that some bond paths are
linked so as to form a ring of bonded atoms. Then a ring critical
point is found in the interior of the ring.

3. Results and Discussion

The Cartesian coordinates of all structures reported in this
article are available as Supporting Information. Total electronic
energies computed at the CASSCF and CASPT2 levels of theory
with the 6-311+G(3df,2p) basis set, as well as the ZPVEs,
absolute entropies, and thermal corrections to enthalpy and
Gibbs free energy, are collected in Table S1 (Supporting
Information). For all stationary points, Table 1 gives the relative
electronic energies (∆U), the relative energies including the
ZPVE correction (∆E(0 K)), and the relative enthalpies (∆H(298
K)) and Gibbs free energies (∆G(298 K)) at 298 K, calculated
at the CASPT2/6-311+G(3df,dp) level.

3.1. Reactants and Products.Selected geometrical param-
eters of the reactants CH3O2

• and HO2
• (labeled as1 and 2,

respectively) and products CH3OOH, 1O2, and3O2 (labeled as
3, 1O2, and 3O2, respectively) of reaction eq 4 are shown in
Figure 1. It is worth noting that the geometries calculated for
CH3O2

• and HO2
• compare well with previous results in the

literature.25-39 Thus, the values of the most relevant geometrical
parameters of1 (C1-O1 ) 1.456 Å, O1-O2 ) 1.336 Å, and
C1-O1-O2 ) 109.2°) agree reasonably well with those (C1-
O1) 1.443 Å, O1-O2) 1.325 Å, and C1-O1-O2) 110.3°)
calculated by Aplincourt et al.35 for CH3O2

• at the QCISD/6-
311++G(d,p) level, which appears to be the best ab initio
calculation reported for this molecule. The geometry of2 (O1-
O2) 1.350 Å, H1-O2) 0.947 Å, and H1-O2-O1) 104.1°)
also agrees reasonably well with that (O1-O2) 1.335 Å, H1-
O2 ) 0.971 Å, and H1-O2-O1 ) 104.4°) calculated by
Francisco and Zhao for HO2• at the QCISD(T)/6-311G(d,p)
level,30 which is in remarkable agreement with the experimental
geometry (O1-O2 ) 1.331 Å, H1-O2 ) 0.971 Å, and H1-
O2-O1) 104.1°) reported by Lubic and Amano.40 Concerning
the geometry of3, the values of the most relevant geometrical
parameters (O1-O2 ) 1.471 Å, C1-O1 ) 1.433 Å, H1-O2
) 0.943 Å, C1-O1-O2) 105.1°, and H1-O2-O1) 100.0°)
compare reasonably well with those (O1-O2 ) 1.468 Å, C1-
O1 ) 1.419 Å. H1-O2 ) 0.967 Å, C1-O1-O2 ) 104.5°,
and H1-O2-O1 ) 98.4°) calculated by Wallington et al.41 for

TABLE 1: Relative Energies (kcal/mol) of the Most
Relevant Stationary Points on the Lowest Singlet and Triplet
State Potential Energy Surfaces for the CH3O2

• + HO2
•

Reaction Systema

stationary
pointb ∆Uc ∆E(0 K)d ∆H(298 K) ∆G(298 K)

1 + 2 0.0 0.0 0.0 0.0
CX-S -5.8 (-6.4) -4.9 (-5.5) -4.6 (-5.2) 3.5 (2.9)
TS1-S 6.6 5.5 4.4 17.1
TS1′-S 14.0 11.9 11.3 22.4
3 + 1O2 -13.1 -12.6 -12.6 -11.2
TS2-S -3.6 -1.8 -2.6 9.2
4 -9.1 -6.4 -7.4 5.0
TS3-S 39.5 38.2 37.3 49.3
TS4-S 20.4 18.7 17.6 30.4
CX-T -5.6 (-6.2) -4.5 (-5.1) -4.4 (-5.0) 3.6 (3.0)
TS1-T -1.1 -3.8 -4.4 6.3
TS1′-T 1.4 -1.5 -2.0 8.0
3 + 3O2 -37.5 -36.9 -36.9 -35.5

a Calculated at the CASPT2/6-311+G(3df,2p) level of theory includ-
ing the BSSE correction forCX-S and CX-T hydrogen-bonded
complexes. The values given in parentheses do not include the BSSE
correction.b See Figures 2 and 8.c Relative electronic energies.d Rela-
tive energies including the ZPVE correction.

Figure 1. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the reactants and products of the
CH3O2

• + HO2
• reaction. Distances are given in Å and angles in deg.
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CH3OOH at the MP2/6-31G(d,p) level. Finally, we note that
the O-O bond lengths of 1.227 and 1.214 Å of1O2 and3O2,
respectively, are in good agreement with the experimental values
of 1.22 and 1.21 Å.42

3.2. The Singlet Potential Energy Surface. Figure 2 displays
schematic energy profiles showing the most relevant stationary
points concerning the reaction pathways on the singlet PES
leading to3 + 1O2. The relative energy values were obtained
from ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies
calculated at the CASSCF/6-311+G(3df,2p)-optimized geom-
etries (see∆E(0 K) in Table 1).

3.2.1. Prereactive Hydrogen-Bonded Complex.As it is not
uncommon in many gas-phase reactions of interest in atmo-
spheric chemistry, the reaction between CH3O2

• and HO2
• on

the singlet PES begins with the barrierless formation of a
prereactive loosely bound complex in the entrance channel,
labeled asCX-S (see Figure 3). The optimized structure ofCX-S
hasCs symmetry and was characterized as a true local minimum
on the PES. As compared with the bond distances in1 and2,
CX-S shows a 0.026 Å lengthening of the H1-O4 distance
(see Figure 3 for atom numbering) and a 0.035 Å shortening of
the C1-O1 bond. Interestingly enough, the AIM topological
analysis of the electron charge density inCX-S revealed the
presence of a bond critical point between the atoms O1 and H1
and of another bond critical point between the atoms O3 and
H2, indicating that there is a bonding interaction between these
atom pairs. The low value of the electron charge density at the
bond critical point (i.e.,F(r ) ) 0.0141 and 0.0033 e bohr-3,
for the H1‚‚‚O1 and O3‚‚‚H2 atom pairs, respectively) and the
positive value of the Laplacian (i.e.,∇ 2F(r ) ) 0.0627 and
0.0133 e bohr-5, for the H1‚‚‚O1 and O3‚‚‚H2 atom pairs,

respectively) calculated for these bond critical points are
typically associated with hydrogen-bond-like interactions. In
addition, a ring critical point with a small electron charge density
(F(r ) ) 0.0300 e bohr-3) was located in the middle of the six-
membered ring formed by the O1, C1, H2, O3, O4, and H1
atoms. These electronic features indicate the formation of two
hydrogen bonds between the CH3O2 and HO2 moieties ofCX-
S, which leads to a six-membered-ring equilibrium structure
with two abnormally long H‚‚‚O intermolecular distances (i.e.,
H1‚‚‚O1 ) 2.133 Å and H2‚‚‚O3 ) 3.021 Å). At the CASPT2
level of theory,CX-S lies 6.4 kcal/mol below the energy of the
isolated reactants1 plus 2. Inclusion of the correction for the
BSSE leads to a stabilization energy ofCX-S toward decom-
position into1 and2 of 5.8 kcal/mol. Inclusion of the ZPVE

Figure 2. Schematic energy profiles along an arbitrary reaction coordinate showing the stationary points involved in the reaction pathways on the
singlet PES leading to CH3OOH + 1O2. Relative energy values obtained from the ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies.

Figure 3. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the singlet (CX-S) and triplet (CX-
T) hydrogen-bonded complexes. Distances are given in Å.
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correction to the latter value gives a stabilization energy of 4.9
kcal/mol at 0 K.

An inspection of the CASSCF(12,10) natural orbitals obtained
for CX-S revealed the presence of two orbitals of a′′ symmetry
with electron occupancies of 1.022 and 1.017, which are shown
in Figure 4. Basically, these singly occupied orbitals are the
positive and negative combinations of theπ-type orbitals
describing the unpaired electron of the isolated radicals1 and
2. Therefore,CX-S is a hydrogen-bonded species where the
unpaired electrons of the two radical moieties are not used for
bonding but are coupled to an overall open-shell singlet of A′
symmetry. It is to be mentioned that no hydrogen-bonded
complex on the singlet PES was found at the B3LYP level of
theory in the recent study of Hou and Wang.8 In this regard,
we note that single-reference-based methods, including B3LYP,
MP2, CISD, QCISD(T), and CCSD(T), become inadequate to
deal with open-shell singlet species such asCX-S.

3.2.2. Direct H-Atom Transfer. We have found two transi-
tion structures, labeled asTS1-S and TS1′-S (see Figure 5),
for direct H-atom transfer between the HO2 and CH3O2 moieties
of CX-S on the singlet PES. These transition structures differ
one from the other essentially in the orientation of the O3-O4
bond of the HO2 moiety with respect to the O1-O2 bond of
the CH3O2 moiety,TS1-Swith both bonds in acisoidposition,
and TS1′-S with both bonds in atransoid position. In both
transition structures the O2-H1-O4 angle deviates significantly
from the “optimum” value of 180° expected for an intermo-
lecular H-atom transfer.43 Hou and Wang8 have located at the
B3LYP/6-311G(d,p) level a single transition structure (referred
a TS3) for the direct H-atom transfer from HO2

• to CH3O2
• on

the singlet PES. This transition structure shows atransoid
conformation similar to that ofTS1′-S, but the distances of the
O-H breaking and forming bonds (1.000 and 1.630 Å) differ
significantly from our values (1.166 and 1.214 Å).

At the CASPT2 level of theoryTS1-Sis calculated to be 7.4
kcal/mol less energetic thanTS1′-S (see∆U values in Table
1). On the basis that the O1-O3 distance inTS1-S(2.271 Å)
is 0.529 Å shorter than twice the oxygen atom van der Waals
nonbonded radius (1.40 Å),44 one would expectTS1-S to be

higher in energy thanTS1′-Sowing to the electrostatic repulsion
between the lone pairs of the O1 and O3 atoms inTS1-S. What
is the origin of the lower energy found forTS1-Sas compared
with that of TS1′-S? At this point it is worth noting that the
AIM analysis of the electron density inTS1-S revealed the
presence of a bond critical point between the atoms O1 and
O3, indicating that there is a bonding interaction between this
atom pair. The small electron charge density (F(r ) ) 0.0359 e
bohr-3) and the positive value of the Laplacian (∇2F(r) ) 0.1591
e bohr-5) calculated for this bond critical point suggest that O1
and O3 are weakly bonded by an intermolecular noncovalent
O‚‚‚O interaction. Although unusual, this kind of interaction
has been found in other species45-49 and its origin has been
analyzed elsewhere.46 Consequently, the lower energy ofTS1-S
with respect toTS1′-S can be ascribed to an intermolecular
noncovalent bonding interaction between the O1 and O3 atoms,
which is lacking inTS1′-S due to the long distance between
these atoms. It is worth noting that at the CASSCF level of
theory the energy difference betweenTS1-SandTS1′-S is 5.5
kcal/mol (see Table S1, Supporting Information), whereas at
the CASPT2 level this energy difference rises to 7.4 kcal/mol.
Therefore, the dynamic valence-electron correlation plays an
important role in the aforementioned intermolecular noncovalent
O‚‚‚O interaction.

The IRC calculations showed that bothTS1-S and TS1′-S
go backward to the hydrogen-bonded complexCX-S and go
forward to give the products3 plus1O2. According to Table 1,
the H-atom transfer from2 to 1 on the singlet PES leading to
the formation of these products is predicted to involve an energy
of reaction of-12.6 kcal/mol at 0 K. Inclusion of the thermal
correction to enthalpy leads to the same value for the enthalpy
of reaction at 298 K (∆Hr(298 K)). Although the experimental
value for this reaction is unknown, an estimate of-15.5 kcal/
mol can be obtained from the∆Hr(298 K) of -38.0 kcal/mol
determined6 for the H-atom transfer from HO2• to CH3O2

•

yielding CH3OOH plus 3O2 and the experimental3O2-1O2

energy gap of 22.5 kcal/mol.42

The direct H-atom transfer from2 to 1 on the singlet PES
through the lowest energy transition structureTS1-S involves
a 0 K activation energy (∆Eq(0 K)) of 5.5 kcal/mol. We note
that this activation energy is much lower than that (9.31 kcal/
mol) obtained from the ZPVE-corrected CCSD(T)/cc-pVDZ//
B3LYP/6-311G(d,p) energies reported by Hou and Wang.8 This
discrepancy is mainly ascribed to the fact that the transition
structure found by the latter authors (referred as TS3) possesses
a transoidorientation of the O1-O2 and O3-O4 bonds, which
prevents the aforementioned intermolecular noncovalent O‚‚‚
O interaction.

3.2.3. Stepwise Mechanism.The adduct CH3OOOOH was
indeed found to be a minimum on the ground-state singlet PES.
The lowest energy conformer of such a tetraoxide, labeled as
4, is shown in Figure 6. The main geometrical findings for4
are that the intraradical O-O bond distances show an increase
of 0.078 (O1-O2) and 0.093 (O3-O4) Å when going from
the isolated reactants1 and 2 to the tetraoxide4 and the
significant long distance (1.461 Å) of the newly formed O2-
O3 bond. The latter feature suggests that the addition (recom-
bination) between the terminal oxygen atoms of radicals CH3O2

•

and HO2
• leads to the formation of a rather weak O-O single

bond. While the experimental∆Hr(298 K) of this reaction is
unknown, our calculations (see Table 1) predict a∆Hr(298 K)
of only -7.4 kcal/mol, which is consistent with the predicted
long O2-O3 bond distance.

Figure 4. Representation of the natural orbitals with electron occupa-
tions of 1.022 (left) and 1.017 (right) in the hydrogen-bonded singlet
diradical complexCX-S.

Figure 5. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the transition structures for direct
H-atom transfer from HO2• to CH3O2

• on the singlet PES. Distances
are given in Å and angles in deg.
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At this point we note that the first step of the addition of1
to 2 leading to 4 is the formation of the hydrogen-bonded
complex CX-S without surmounting an energy barrier (see
Figure 2). The second step is the formation of a single bond
between the oxygen atoms O2 and O3 inCX-S, which involves
the passage through a transition structure, labeled asTS2-S,
whose optimized geometry is shown in Figure 6. As expected
for the transition structure of a reaction involving the addition
of two radicals (or the homolytic dissociation of the corre-
sponding adduct), the wave function ofTS2-Sdisplays a large
amount of multireference character. In fact, an inspection of
the CASSCF(12,10) natural orbitals obtained forTS2-Srevealed
the presence of two orbitals with electron occupancies of 1.6181
and 0.4122, which are the positive and negative combinations
of the π-type orbitals describing the unpaired electrons of the
CH3O2 and HO2 components. Although the energy ofTS2-Sis
calculated to be lower than that of the isolated reactants1 plus
2, the formation of4 from CX-S involves a∆Eq(0 K) of 3.1
kcal/mol. These findings are in clear contrast with the results
of the B3LYP/6-311G(d,p) calculations by Hou and Wang8

predicting the barrierless direct formation of the tetraoxide
adduct from the CH3O2

• and HO2
• radicals.

The subsequent rearrangement of4 yielding3 plus1O2 takes
place through a strained four-membered-ring transition structure,
labeled asTS3-S (Figure 7), in which the CH3O group does
not participate itself. It is worth noting that this transition
structure involves the concerted breaking of two bonds (i.e.,
O2-O3 and H1-O4) and forming of a bond (i.e., O2-H1).
As expected for such a strained structure,TS3-S is calculated
to lie high in energy above the tetraoxide4. In fact, the

rearrangement of this intermediate yielding3 plus 1O2 is
predicted to involve a∆Eq(0 K) of 44.6 kcal/mol (see Table
1), which is significantly lower than the value of 50.78 kcal/
mol obtained from the ZPVE-corrected CCSD(T)/cc-pVDZ//
B3LYP/6-311G(d,p) energies reported by Hou and Wang.8 It
is likely that this discrepancy is due is to the multireference
character ofTS3-S arising from the fact that this transition
structure connects the closed-shell intermediate4 with the 1∆g

open-shell singlet state of oxygen1O2.
Although our investigation focused on the mechanism of

reaction eq 4, for the sake of completeness we also calculated
the transition structure, labeled asTS4-S (Figure 7), for the
rearrangement of tetraoxide4 giving CH2O, HO2

•, and HO•.
This reaction channel yielding a carbonyl compound has been
found to be unimportant for unsubstituted alkylperoxy radicals.
However, in the case of halogenated alkylperoxy radicals (e.g.,
CH2FO2

•, CH2ClO2
•, CHCl2O2

•, etc.) the formation of the
corresponding halogenated carbonyl compound (e.g., CHFO,
CHClO, CCl2O, etc.) appears to be dominant.41,50,51We note
that TS4-S contains a five-membered ring and involves the
concerted breaking of three bonds (i.e., O1-O2, O3-O4, and
H2-C1) and forming of a bond (i.e., O3-H2). As a result of
this energetically unfavorable process,TS4-S is calculated to
lie high in energy above the tetraoxide4. Thus, the rearrange-
ment of this intermediate yielding CH2O, HO2

•, and HO• is
calculated to involve a∆Eq(0 K) of 18.7 kcal/mol (see Table
1), which is significantly larger than the value of 10.3 kcal/mol
obtained from the ZPVE-corrected CCSD(T)/cc-pVDZ//B3LYP/
6-311G(d,p) energies reported by Hou and Wang.8 As expected
for the transition structure of a reaction leading to the formation
of two radical species (i.e., HO2• and HO•) from a closed-shell
reactant, the wave function ofTS4-S is found to show a
significant degree of multireference character. Therefore, the
predictions concerning the relative energy of this transition
structure based on single-reference CCSD(T) calculations are
questionable.

In summary, the present calculations indicate that the currently
accepted stepwise mechanism “A” (Scheme 1) on the singlet
PES is predicted to be energetically very unfavorable, as
compared with the direct H-atom-transfer mechanism “B”.
Moreover, the alternative reaction channel leading to the
formation of CH2O from the rearrangement of the tetraoxide
intermediate cannot compete with the direct H-atom transfer,
either, because it involves a large energy barrier.

3.3. The Triplet Potential Energy Surface.Figure 8 displays
schematic energy profiles showing the most relevant stationary
points concerning the reaction pathways on the triplet PES
leading to3 plus3O2. The relative energy values were obtained
from ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies
calculated at the CASSCF/6-311+G(3df,2p)-optimized geom-
etries (see∆E(0 K) in Table 1).

3.3.1. Prereactive Hydrogen-Bonded Complex.The reac-
tion between CH3O2

• and HO2
• on the triplet PES begins with

the barrierless formation of a prereactive loosely bound complex
in the entrance channel, labeled asCX-T (see Figure 3), which
was characterized as a true local minimum. The optimized
geometry ofCX-T hasCs symmetry and is nearly identical to
that of CX-S. The AIM topological analysis of the electron
charge density inCX-T also revealed the presence of a bond
critical point between the atoms O1 and H1 and of another bond
critical point between the atoms O3 and H2, indicating the
formation of two hydrogen bonds between the CH3O2 and HO2

moieties ofCX-T , which leads to a six-membered-ring equi-
librium structure with two abnormally long H‚‚‚O intermolecular

Figure 6. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the tetraoxide intermediate (4) and
the transition structure (TS2-S) for the addition of HO2

• to CH3O2
• on

the singlet PES. Distances are given in Å.

Figure 7. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the transition structures for the
rearrangement of4 yielding CH3OOH + 1O2 (TS3-S) and CH2O +
HO2

• + HO• (TS4-S) on the singlet PES. Distances are given in Å and
angles in deg.
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distances (i.e., H1‚‚‚O1 ) 2.133 Å and H2‚‚‚O3 ) 3.020 Å).
An analysis of the CASSCF(12,10) natural orbitals calculated
for CX-T indicated the presence of two orbitals of a′′ symmetry
with electron occupancies of 1.0195 and 1.0193, which are
nearly identical to the natural orbitals ofCX-S shown in Figure
3. Therefore,CX-T is a hydrogen-bonded species where the
unpaired electrons of the two radical moieties are not employed
for bonding but are coupled to an overall triplet of A′ symmetry.
It is to be noted that, at variance with the open-shell singlet
CX-S, the single-reference based methods such as UB3LYP
can give a reasonable description of the hydrogen-bonded triplet
complexCX-T . In this connection it is worth mentioning that
the geometry of the hydrogen-bonded complex located at the
UB3LP/6-311G(d,p) level on the triplet PES by Hou and Wang8

is qualitatively similar to that calculated forCX-T .
At the CASPT2 level,CX-T lies 6.2 kcal/mol below the

energy of the isolated reactants1 plus 2. Inclusion of the
correction for the BSSE leads to a stabilization energy ofCX-T
toward decomposition into1 and2 of 5.6 kcal/mol. On the basis
of the ∆U values given in Table 1, the hydrogen-bonded
complexesCX-S and CX-T are essentially degenerate and,
therefore, correspond to the singlet and triplet states of a
diradical species. Inclusion of the ZPVE correction to the relative
energy ofCX-T with respect to the reactants1 and2 gives a
stabilization energy of 4.5 kcal/mol at 0 K, which is only 0.4
kcal/mol lower than that calculated forCX-S.

3.3.2. Direct H-Atom Transfer. As in the case of the singlet
PES, two transition structures, labeled asTS1-T and TS1′-T
(see Figure 9), have been found for direct H-atom transfer
between the HO2 and CH3O2 moieties ofCX-T . Again, these

transition structures differ one from the other essentially in the
orientation of the O3-O4 bond of the HO2 moiety with respect
to the O1-O2 bond of the CH3O2 moiety, TS1-T with both
bonds in acisoid position, andTS1′-T with both bonds in a
transoidposition. We note that the O2-H1-O4 angle inTS1-T
(176.0°) and TS1′-T (174.6°) is closer to the “optimum”
expected value of 180° than in the case of bothTS1-S(145.8°)
and TS1-S (154.4°). Hou and Wang8 have found at the
UB3LYP/6-311G(d,p) level a single transition structure (referred
as TS1) for the direct H-atom transfer between the HO2 and
CH3O2 partners of a hydrogen-bonded complex on the triplet
PES. This transition structure shows acisoid conformation
similar to that ofTS1-T, but the distances of the O-H breaking
and forming bonds (1.030 and 1.509 Å) differ significantly from
the values (1.179 and 1.205 Å) calculated forTS1-T.

Figure 8. Schematic energy profiles along an arbitrary reaction coordinate showing the stationary points involved in the reaction pathways on the
triplet PES leading to CH3OOH + 3O2. Relative energy values obtained from the ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies.

Figure 9. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the transition structures for direct
H-atom transfer from HO2• to CH3O2

• on the triplet PES. Distances
are given in Å and angles in deg.
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At the CASPT2 level of theoryTS1-T is calculated to be
2.5 kcal/mol less energetic thanTS1′-T (see∆U values in Table
1), whereas at the CASSCF(12,10) level this energy difference
is calculated to be only 1.1 kcal/mol (see Table S1, Supporting
Information). As mentioned earlier for the direct H-atom transfer
on the singlet PES, the lower energy ofTS1-T with respect to
TS1′-T is attributed to an intermolecular noncovalent O‚‚‚O
bonding interaction between this pair of atoms, which is lacking
in TS1′-T. However in the case ofTS1-T such interaction is
weaker than that found forTS1-Sbecause the O1-O3 distance
in TS1-T (3.026 Å) is significantly longer than inTS1-S(2.271
Å). The long O1-O3 distance inTS1-T is related to the wider
O2-H1-O4 angle inTS1-T (176.0°) as compared withTS1-S
(145.8°).

The direct H-atom transfer from2 to 1 on the triplet PES
through the lowest energy transition structureTS1-T involves
a ∆Eq(0 K) of -3.8 kcal/mol (see Table 1). We note that this
activation energy is close to that (-3.43 kcal/mol) obtained from
the ZPVE-corrected CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p)
energies reported by Hou and Wang.8

The IRC calculations showed that bothTS1-T andTS1′-T
go backward to the hydrogen-bonded complexCX-T and go
forward to give the products3 plus3O2. According to Table 1,
the H-atom transfer from2 to 1 leading to the formation of the
latter products is predicted to involve an energy of reaction of
-36.9 kcal/mol at 0 K. Inclusion of the thermal correction to
enthalpy leads to the same value for the∆Hr(298 K), which is
in reasonable agreement with the∆Hr(298 K) of -38.0 kcal/
mol derived from experimental enthalpies of formation.6

3.3.3. Stepwise Mechanism.The geometry optimization of
the lowest energy triplet state of the CH3OOOOH adduct was
found to lead to the hydrogen-bonded complexCX-T without
surmounting an energy barrier. Therefore, it turns out that the
CH3OOOOH tetraoxide is not an energy minimum on the triplet

PES. As a result, the hypothetical stepwise mechanism “A”
(Scheme 1) can be discarded on the triplet PES.

In summary, the direct H-atom transfer from HO2
• to CH3O2

•

appears to be the most viable pathway for reaction eq 4 on the
triplet PES. If one assumes that such H-atom transfer takes place
through the lowest energy transition structureTS1-T, then a
∆Eq(0 K) of -3.8 kcal/mol is predicted for this reaction. This
activation energy is 9.3 kcal/mol lower than that calculated for
the direct H-atom transfer on the singlet PES via theTS1-S
transition structure. Consequently, it can be concluded that the
direct H-atom transfer on the triplet PES is the dominant
pathway for reaction eq 4.

At this point it is worth mentioning that the mechanism
predicted for reaction eq 4 is analogous to that predicted by
Zhu and Lin37 for the self-reaction of HO2•. These authors
explored the singlet and triplet PESs of the H2O4 reaction system
at the B3LYP/6-311G(d,p) level of theory and calculated the
relative energies of the stationary points with the G2M method
to approximate the CCSD(T)/6-311+G(3df,2p) level of theory.
The results of the calculations showed that the most favored
product reaction pathway, producing hydrogen peroxide (HOOH)
and O2, occurs by the formation of a triplet hydrogen-bonded
six-membered-ring complex through head-to-tail association,
lying 9.5 kcal/mol below the reactants. This complex fragments
to give HOOH and3O2 via a transition structure showing a
geometry similar to that ofTS1-T, which lies below the
reactants by about 0.5 kcal/mol. More recently, Donaldson and
Francisco38 have found the same six-membered-ring complex
and transition structure on the triplet PES calculated at the
QCISD/6-311G(2df,2p) level of theory for the reaction of3O2

with HOOH leading to the formation of two molecules of HO2
•.

3.4. Kinetics.With the main purpose of showing a qualitative
description of the experimental trend concerning the strong
negative temperature dependence for reaction eq 4, we carried

TABLE 2: Equilibrium Constant ( Keq in molecule-1 cm3; See Eq 7) of the First Step, Tunneling Factor (Γ) and Rate Constant
(k2 in molecule-1 cm3 s-1; See Eq 8) of the Second Step, and Rate Constant (kRP in molecule-1 cm3 s-1; See Eq 6) for Five
Reaction Pathways Located on the Singlet and Triplet Potential Energy Surfaces of the CH3O2

• + HO2
• Reaction System

225 K 250 K 275 K 300 K 325 K 350 K 375 K

Singlet Reaction Pathways
Keq 1.12× 10-21 4.26× 10-22 1.97× 10-22 1.06× 10-22 6.35× 10-23 4.16× 10-23 2.92× 10-23

TS1-S
Γ 3.56x 105 4.15× 104 7.59× 103 1.95× 103 6.47× 102 2.64× 102 1.26× 102

k2 3.05× 105 3.55× 105 4.22× 105 5.12× 105 6.33× 105 7.91× 105 1.00× 106

kRP 3.42× 10-16 1.51× 10-16 8.31× 10-17 5.41× 10-17 4.01× 10-17 3.29× 10-17 2.92× 10-17

TS1′-S
Γ 3.29x 1013 7.47× 1011 3.43× 1010 2.66× 109 3.10× 108 4.97× 107 1.03× 107

k2 9.51× 107 9.98× 107 1.05× 108 1.11× 108 1.17× 108 1.24× 108 1.32× 108

kRP 1.07× 10-13 4.25× 10-14 2.07× 10-14 1.17× 10-14 7.44× 10-15 5.17× 10-15 3.86× 10-15

TS2-S
Γ 1.04 1.03 1.03 1.02 1.02 1.02 1.02
k2 3.46× 107 6.99× 107 1.24× 108 1.99× 108 2.96× 108 4.16× 108 5.60× 108

kRP 3.88× 10-14 2.98× 10-14 2.44× 10-14 2.10× 10-14 1.88× 10-14 1.73× 10-14 1.63× 10-14

Triplet Reaction Pathways
Keq 7.90× 10-22 3.20× 10-22 1.56× 10-22 8.73× 10-23 5.44× 10-23 3.67× 10-23 2.65× 10-23

TS1-T
Γ 6.78 5.24 4.26 3.59 3.12 2.77 2.51
k2 9.32× 1010 9.25× 1010 9.24× 1010 9.24× 1010 9.27× 1010 9.32× 1010 9.40× 1010

kRP 7.36× 10-11 2.96× 10-11 1.44× 10-11 8.06× 10-12 5.04× 10-12 3.42× 10-12 2.49× 10-12

TS1′-T
Γ 2.77x 102 1.35× 102 7.56× 101 4.69× 101 3.16× 101 2.26× 101 1.70× 101

k2 6.86× 1010 7.24× 1010 7.62× 1010 8.01× 1010 8.42× 1010 8.82× 1010 9.26× 1010

kRP 5.42× 10-11 2.32× 10-11 1.19× 10-11 6.99× 10-12 4.57× 10-12 3.24× 10-12 2.45× 10-12

All Reaction Pathwaysa

kTOTAL
b 1.11× 10-11 5.85× 10-12 3.57× 10-12 2.41× 10-12 1.78× 10-12 1.40× 10-12 1.15× 10-12

kTOTAL
c 1.28× 10-10 5.29× 10-11 2.63× 10-11 1.51× 10-11 9.64× 10-12 6.68× 10-12 4.96× 10-12

expd 1.22× 10-11 8.61× 10-12 6.48× 10-12 5.12× 10-12 4.19× 10-12 3.53× 10-12 3.04× 10-12

a Sum of thekRP calculated for the five reaction pathways.b Without tunneling correction.c With tunneling correction.d Reference 56.
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out standard transition state theory calculations for the reaction
pathways that may contribute to the overall rate constant
measuring the rate of CH3O2

• disappearance. In the previous
sections it has been shown that all these reaction pathways on
both the singlet and triplet PESs consist of a reversible first
step involving the barrierless formation of a prereactive complex
(CX-S or CX-T ), followed by the irreversible formation of
products (i.e., CH3OOH + 1O2, or CH3OOOOH, or CH3OOH
+ 3O2). Therefore, each reaction pathway is a two-step process
as described by eq 5, where the corresponding complex is in
equilibrium with the reactants

If k1 andk-1 are the rate constants for the first step andk2 is
the rate constant for the second, a steady-state analysis leads52

to a rate constant for the reaction pathway under consideration,
denoted askRP, which can be approximated as

whereKeq stands for the equilibrium constant in the first step,
which can be written as

where the variousQs are the partition functions of the reactants
(QCH3O2

• andQHO2
•) and prereactive complex (QCX); ER andECX

are the total electronic energy plus the ZPVE of the reactants
and prereactive complex, respectively;R is the ideal gas
constant; andT is the absolute temperature. The rate constant
k2 can be evaluated using the standard transition state theory
equation:53

where QTS and ETS are the partition function and the total
electronic energy plus ZPVE, respectively, of the transition state
andΓ is the tunneling factor.

According to the standard formulas,22 theQs were evaluated
using the CASSCF/6-31+G(3df,2p)-optimized geometries and
harmonic vibrational frequencies, while theEs were taken as
the ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies.
The Γs were evaluated by zero-order approximation to the
vibrationally adiabatic PES model with zero curvature.54 In this
approximation the tunneling is assumed to occur along a
unidimensional minimum energy path. The potential energy
curve is approximated by an unsymmetrical Eckart potential
energy barrier55 that is required to go through the ZPVE
corrected energy (denoted asE) of the reactants, transition state,
and products. The equations that describe the Eckart potential
energy function were adapted from Truong and Truhlar.54

Solving the Schroedinger equation for the Eckart function yields
the transmission probability,κ(E). Then Γ is obtained by
integrating the respectiveκ(E) over all possible energies:

Table 2 lists the values ofKeq, Γ, k2, and kRP for the five
reaction pathways considered in this study, along with the

overall rate constant, denoted askTOTAL, calculated in the range
of temperatures between 225 and 375 K. This range of
temperatures was chosen thinking on the interest of reaction eq
4 in environmental science. The most recent experimental
values56 of the rate constant for this reaction are also included
in Table 2.

First we note that the contribution tokTOTAL of the three
reaction pathways considered on the singlet PES is negligible.
In the case of the two direct H-atom-transfer pathways, this
result is a consequence of the large energy barrier predicted for
these pathways, as compared with those calculated for the two
direct H-atom-transfer pathways on the triplet PES. As regards
the third pathway on the singlet PES, its contribution tokTOTAL

is negligible because the values ofΓ are calculated to be very
close to 1. Second we note that the value of 15.1× 10-12 cm3

molecule-1 s-1 calculated forkTOTAL at 300 K is roughly in
reasonable agreement with the experimental value of 5.12×
10-12 cm3 molecule-1 s-1, differing by a factor of 2.9.
Interestingly enough, thekTOTAL values calculated without
tunneling correction are underestimated as compared to the
experimental values by a factor ranging from 1.1 to 2.6 when
going from 225 to 375 K. On the other hand, thekTOTAL values
calculated with tunneling correction are overestimated with
respect to the experimental values by a factor ranging from 10.5
to 1.6 when passing from 225 to 375 K. Therefore, it is likely
that the tunneling corrections employed here are overestimated.
This feature is more pronounced at low temperatures.

In good agreement with experimental findings, the results
listed in Table 2 predict significant negative temperature
dependence for the overall rate constant in the range of
temperatures considered. This trend is observed for thekTOTAL

values calculated either with or without tunneling correction.
Since the values ofk2 increase with the temperature while the
values ofKeq decrease, it can be concluded that the negative
temperature dependence predicted for the overall rate constant
is related to the formation of the prereactive diradical complex
along all the reaction pathways considered in this study.

4. Summary and Conclusions

In an attempt to understand the mechanism of the reaction
of alkylperoxy radicals with HO2•, a key reaction in both
atmospheric and combustion environments, the singlet and triplet
potential energy surfaces for the gas-phase reaction between
CH3O2

• and HO2
• leading to the formation of CH3OOH and O2

have been investigated from the theoretical point of view by
means of quantum-mechanical electronic structure methods
(CASSCF and CASPT2). In addition, standard transition state
theory calculations have been carried out with the main purpose
of a qualitative description of the strong negative temperature
dependence observed for this reaction. From the analysis of the
results, the following main points emerge.

(1) All the reaction pathways on both the singlet and triplet
potential energy surfaces consist of a reversible first step
involving the barrierless formation of a hydrogen-bonded
prereactive complex in the entrance channel, followed by the
irreversible formation of products. This complex is a diradical
species where the two unpaired electrons are not used for
bonding and lies about 5 kcal/mol below the energy of the
reactants at 0 K.

(2) The lowest energy reaction pathway occurs on the triplet
PES and leads to the formation of CH3OOH and O2 (3Σg

-). It
involves the direct H-atom transfer from HO2 to CH3O2 in the
diradical complex through a transition structure lying 3.8 kcal/
mol below the energy of the reactants at 0 K.
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(3) Contradicting the currently accepted interpretation of the
reaction mechanism, the observed strong negative temperature
dependence of the rate constant is due to the formation of the
hydrogen-bonded diradical complex rather than a short-lived
tetraoxide intermediate CH3OOOOH.
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