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The singlet and triplet potential energy surfaces (PESs) for the gas-phase bimolecular self-reaction of HOO•,
a key reaction in atmospheric environments, have been investigated by means of quantum-mechanical electronic
structure methods (CASSCF and CASPT2). All the reaction pathways on both PESs consist of a first step
involving the barrierless formation of a prereactive doubly hydrogen-bonded complex, which is a diradical
species lying about 8 kcal/mol below the energy of the reactants at 0 K. The lowest energy reaction pathway
on both PESs is the degenerate double hydrogen exchange between the HOO• moieties of the prereactive
complex via a double proton transfer mechanism involving an energy barrier of only 1.1 kcal/mol for the
singlet and 3.3 kcal/mol for the triplet at 0 K. The single H-atom transfer between the two HOO• moieties of
the prereactive complex (yielding HOOH+ O2) through a pathway keeping a planar arrangement of the six
atoms involves a conical intersection between either two singlet or two triplet states of A′ and A′′ symmetries.
Thus, the lowest energy reaction pathway occurs via a nonplanarcisoid transition structure with an energy
barrier of 5.8 kcal/mol for the triplet and 17.5 kcal/mol for the singlet at 0 K. The simple addition between
the terminal oxygen atoms of the two HOO• moieties of the prereactive complex, leading to the straight chain
H2O4 intermediate on the singlet PES, involves an energy barrier of 7.3 kcal/mol at 0 K. Because the
decomposition of such an intermediate into HOOH+ O2 entails an energy barrier of 45.2 kcal/mol at 0 K,
it is concluded that the single H-atom transfer on the triplet PES is the dominant pathway leading to HOOH
+ O2. Finally, the strong negative temperature dependence of the rate constant observed for this reaction is
attributed to the reversible formation of the prereactive complex in the entrance channel rather than to a
short-lived tetraoxide intermediate.

1. Introduction

The hydroperoxy radical (HOO•) is a key transient intermedi-
ate in the combustion of hydrocarbon fuels, atmospheric
photolysis cycles, and biochemical processes. In particular, the
gas-phase bimolecular self-reaction of HOO• plays an important
role in atmospheric chemistry,1 but also in the oxidation
reactions with ozone and oxygen2 or biochemical systems.3 This
reaction has been shown4-11 to be dominated by the formation
of hydrogen peroxide (HOOH) plus molecular oxygen (O2) (eq
1) and is a key process controlling steady-state concentrations
of HOx radicals in the troposphere, as well as the main source
of HOOH in the atmosphere.12

The kinetics of reaction eq 1 has been extensively studied
experimentally4-6,13-27 and computationally (RRKM modeling
studies)19,28,29for a wide range of temperatures and pressures.
The rate constant for reaction of eq 1 in the gas phase at 298 K
and 1 atm pressure is about 3× 10-12 cm3 molecule-1 s-1.1b,30

The temperature dependence of reaction of eq 1 has been
investigated by several groups,4,8,15,16,18-24 and these studies all

observed strong negative temperature dependence; namely, the
rate constant decreases with temperature. At around room
temperature, the rate constant also shows a pressure dependence,
increasing by a factor of∼2 between 10 and 1000 mbar at 298
K. This pressure and temperature dependence is attributed to a
mechanism involving the formation of a short-lived intermediate,
H2O4, which can either dissociate into the reactants or react to
form the stable products. However, the nature of the postulated
H2O4 intermediate is still uncertain and is open to speculation.
An additional unresolved question concerns the electronic state
of the H2O4 intermediate. When two HOO• molecules in their
electronic ground state (2A′′) combine, 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 1 are formed in their electronic ground state, namely singlet
HOOH (1A) plus triplet molecular oxygen (O2,3Σg

-), designated
by 3O2, then these products can only be reached on the triplet
potential energy surface (PES). This arises the question of
whether H2O4 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 whether the
formed products are singlet HOOH (1A) and excited singlet
molecular oxygen (O2, 1∆g), designated by1O2.

The geometrical structure, energetics, and vibrational fre-
quencies of the H2O4 intermediate was investigated in detail
by Fitzgerald and Schaefer31 by means of quantum mechanical
calculations at the self-consistent field (SCF) level of theory
with double-ú (DZ) and double-ú plus polarization (DZP) basis
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sets. It was found that a straight covalently-bonded closed-shell
chain ofC1 symmetry with HOOOOH connectivity was more
stable than a cyclic dimer (HO2)2 consisting of two HOO•

radicals hydrogen-bonded head to tail in a planar six-membered-
ring of C2h symmetry with the two unpaired electrons loosely
coupled to an overall triplet state of Bu symmetry. One six-
membered-ring dimer structure showing a geometry essentially
identical to that of3Bu but with the two unpaired electrons
loosely coupled to an open-shell of Bu symmetry was also
located at the two-configuration SCF wave function and found
to be energetically nearly degenerate with that triplet.31 By using
Davidson-corrected configuration interaction singles and doubles
(CISD) single point energy calculations at the SCF/DZP
optimized geometries, Fitzgerald et al.32 also found that theC1

chain andC2h ring structures were bound by 9.9 and 8.6 kcal/
mol, respectively, with respect to dissociation into two HOO•

radicals. The question of the most stable form of H2O4

intermediate was reinvestigated later by Schaefer and co-
workers,33 using extensive basis sets and electron correlation
methods. This agreed with their earlier study and showed that
the global minimum is a closed-shell chain structure ofC1

symmetry. At the highest level of theory, namely, coupled
cluster singles doubles and triples (CCSD(T)) with a triple-ú
plus double polarization and additional f-polarization basis set
and including the zero-point vibrational energy (ZPVE) cor-
rection, theC1 chain lies 1.6 kcal/mol below the planarC2h

cyclic doubly hydrogen-bonded structure.
In a subsequent theoretical work by Zhu and Lin,34 the hybrid

density functional theory (DFT) B3LYP method with the
6-311G(d,p) basis set was employed to investigate both the
singlet and triplet PESs for the gas-phase bimolecular self-
reaction of HOO•. The energies were calculated employing the
G2M(CC5) model chemistry,35 which uses a series of calcula-
tions with the B3LYP/6-311G(d,p) optimized geometry to
approximate the CCSD(T)/6-311+G(3df,2p) level of theory
including a “higher level correction (HLC)”. The results showed
that the singlet H2O4 chain-structure withC1 symmetry is the
most stable intermediate, which lies 19.1 kcal/mol below the
energy of two HOO• radicals. Furthermore, the planar six-
membered-ring structure with two hydrogen bonds and the two
unpaired electrons coupled to the3Bu triplet state was calculated
to be bound by 9.5 kcal/mol with respect to dissociation into
two HOO• radicals. By using the spin-unrestricted version of
the B3LYP method (UB3LYP), Zhu and Lin located a singlet
six-membered-ring doubly hydrogen-bonded structure ofC2h

symmetry. At the G2M(CC5) level, the energy of this singlet
is 0.1 kcal/mol lower than that of the corresponding triplet state.
The calculations showed that the most favored product channel,
producing HOOH+ 3O2, occurs by the formation of the triplet
six-membered-ring complex followed by direct H-atom transfer
between the two HOO moieties via a transition state lying about
0.5 kcal/mol below the energy of two HOO• radicals. At this
point we note that because of the self-interaction error of the
DFT methods the H-atom transfer between two HOO• radicals
cannot be correctly described.36 As regards the hypothetical
formation of HOOH+ 1O2, Zhu and Lin found four channels
over the singlet PES. All the transition states associated with
these channels were calculated to lie above the reactants by 2.8-
5.6 kcal/mol at the G2M(CC5) level. However, 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 calculations are
at least questionable. Furthermore, Zhu and Lin assumed that
the formation of the H2O4 chain-structure intermediate is a

barrierless process involving the simple addition between the
terminal oxygen atoms of the two HOO• radicals. Therefore,
no transition structure was searched for this process.

Recently, Donaldson and Francisco37 have located various
stationary points on the triplet PES connecting3O2 + HOOH
with two HOO• radicals using quadratic configuration interaction
with singles doubles (QICSD) calculations in conjunction with
the 6-311G(2df,2p) basis set. The energies were obtained at the
QCISD with a perturbative treatment of triple excitations
(QCISD(T)) level using the 6-311++G(3df,3pd) basis set and
the QCISD/6-311G(2df,2p) optimized geometries. For the
reaction reverse of reaction eq 1, these authors predict a
mechanism that consists in a simple hydrogen abstraction, with
a barrier of 35.5 kcal/mol, followed by formation of a six-
membered complex with two hydrogen bonds, which breaks
up into two HOO• radicals. Regarding the singlet PES connect-
ing 1O2 + HOOH with two HOO• radicals, Donaldson and
Francisco have not reported any stationary point.

We feel that the conclusions drawn from the theoretical
calculations of Zhu and Lin concerning the reaction pathways
on the singlet PES of the HOO• self-reaction merit further study.
With this purpose, here we report the results of multireference
second-order perturbative energy calculations carried out on the
geometries pertaining to the reaction pathways explored on both
the singlet and triplet PESs of the HOO• + HOO• reaction, in
a continued effort to elucidate the mechanism of this important
reaction.

2. Computational Methods

The geometries of the relevant stationary points on the lowest
energy singlet and triplet PESs of the HOO• + HOO• reaction
system, were optimized by use of multiconfiguration self-
consistent field (MCSCF) wave functions of the complete active
space (CAS) SCF class38 with the triple split-valence 6-311+G-
(3df,2p) basis set39 (which includes a single diffuse sp shell,40

triple d-polarization, and a single additional f-polarization on
heavy atoms and double p-polarization on hydrogen atoms)
employing analytical gradient procedures.41,42The CAS of each
stationary point was selected following the procedure suggested
by Anglada and Bofill,43 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 two
electrons in two molecular orbitals (MOs), labeled as (2,2), for
HOOH to fourteen electrons in twelve MOs, labeled as (14,-
12), for several stationary points. Thus, for HOO• the fractional
occupancies of the natural orbitals indicated that there are five
electrons in four MOs, labeled as (5,4): theσ, σ* and π, π*
orbitals of the OO fragment. In the case of the products, the
CAS of HOOH comprised theσ, 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 calculations44 at the latter level of theory
using the second-order algorithm of Gonzalez and Schlegel.45

Zero-point vibrational energies (ZPVEs) were determined from
unscaled harmonic vibrational frequencies.
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In addition to the study of the adiabatic reaction paths on the
lowest energy singlet and triplet PESs, the regions where surface
crossings between these PESs and those of low lying excited
electronic states may occur were investigated. The lowest energy
points on the crossing seam of singlet-singlet and triplet-triplet
surface crossings (conical intersections) were optimized at the
CASSCF(14,12)/6-311+G(3df,2p) level of theory using the
algorithm by Anglada and Bofill.46

To incorporate the effect of dynamical valence-electron
correlation on the relative energy ordering of the stationary
points and conical intersections, second-order multiconfigura-
tional perturbation theory calculations based on the CASSCF
reference function (CASPT2)47 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.

It is worth noting that at the CASSCF level of theory the
energy difference between the crossing states at the conical
intersections is calculated to be close to the expected value of
zero kcal/mol, whereas at the CASPT2 level this energy
difference rises to a few kcal/mol. This is due to the sensitivity
of the optimum geometries of the conical intersections to the
inclusion of dynamical valence-electron correlation and indicates
that the usual computational strategy to perform single-point
CASPT2 calculations at CASSCF optimized geometries may
fail for these points. Unfortunately, the geometry optimization
of conical intersections at the CASPT2 level are too costly at
present even for systems such as H2O4. Therefore, we assumed
that the value of the CASPT2 relative energy of a conical
intersection ideally optimized at the CASPT2 level of theory
lies within the range of values bound by the relative energies
computed at this level of theory for the two crossing states using
the CASSCF optimized geometry.

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.48

To examine the characteristics of the bonding and interactions
in the most relevant structures, we have also performed an
analysis of the electronic charge density within the framework
of the topological theory of atom in molecules (AIM).49 The
first-order electron density matrix obtained from the CASSCF/
6-311+G(3df,2p) wave function was used in this analysis.

The CASSCF calculations were carried out by using the
GAMESS50 and MOLCAS-651 program packages, whereas the
CASPT2 computations were performed with the latter program
package. The PROAIM and EXTREME programs of Bader et
al.52 were used to carry out the AIM analysis of the electronic
charge density.

Although this article focus on the reaction pathways on both
the singlet and triplet PESs of the self-reaction of HOO•, rather
than on the rate constants of this reaction, we have estimated
the tunneling effect on the elementary reactions involving single
or double H-atom transfer. According to Wigner,53 the effect
of tunneling on a reaction is to enhance the specific rate constant
by a factorΓ(T) given by

whereT is the absolute temperature,h is the Plank constant,k
is the Boltzmann constant, andν- is the frequency of the
imaginary mode of the transition state (written asν-i).

3. Results and Discussion

Figures 1and 2 display schematic energy profiles showing
the most relevant structures concerning the reaction pathways
on the singlet and triplet PES, respectively, calculated for the
gas-phase bimolecular self-reaction of HOO•. The nomenclature
used for labeling the structures is composed of two parts. The

Figure 1. Schematic energy profiles showing the most relevant structures concerning the reaction pathways on the singlet potential energy surface
for the self-reaction of HOO•. Relative energy values obtained from the ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies. The CASPT2/
6-311+G(3df,2p) relative energy was used for the conical intersectionCI-S.

Γ(T) ) 1 + 1
24 (hν-

kT )2

(1)
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first part indicates the nature of the structure, namely, hydrogen-
bonded complex (CX), intermediate (M ), transition state(TS),
and conical intersection (CI ). The structures are distinguished
from each other by appending the numbers1, 2, etc., as they
are introduced. The second part of the label designates the spin
multiplicity of the electronic state, namely, singlet (S) or triplet
(T). For example,CX2-T is the equilibrium structure of the
second hydrogen-bonded complex on the triplet PES,M1-S is
the equilibrium structure of the first intermediate on the singlet
PES, andTS3-T is the third transition state on the triplet PES.

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, are
collected in Table S1 (Supporting Information). Table 1 gives
the energies of the most relevant structures, relative to the
isolated reactants, computed at different levels of theory.
Relative energies discussed in the text refer to values determined
from the ZPVE-corrected CASPT2 energies, designated by
CASPT2+ZPVE, unless stated otherwise. Finally, the ap-
proximate tunneling factor for the reactions involving single or
double H-atom transfer are given in Table S2 (Supporting
Information).

3.1. Reactants and Products.Selected geometrical param-
eters of the reactant HOO• (labeled as1) and products HOOH,
1O2, and3O2 (labeled as2, 1O2, and3O2, respectively) of reaction
1 are shown in Figure S1 (Supporting Information). It is worth
noting that the geometries calculated for HOO• and HOOH
compare well with results in the literature.54 However, it should
be emphasized that because of the lack of dynamic electron
correlation effects the O-O bond lengths calculated at he
CASSCF level of theory are always too long. The geometry of
1 (O-O ) 1.350 Å, H-O ) 0.947 Å, and H-O-O ) 104.1°)

agrees reasonably well with that (O-O ) 1.335 Å, H-O )
0.971 Å, and H-O-O ) 104.4°) calculated at the QCISD(T)/
6-311G(2df,2p) level,55 which is in remarkable agreement with

Figure 2. Schematic energy profiles showing the most relevant structures concerning the reaction pathways on the triplet potential energy surface
for the self-reaction of HOO•. Relative energy values obtained from the ZPVE-corrected CASPT2/6-311+G(3df,2p) total energies. The CASPT2/
6-311+G(3df,2p) relative energy was used for the conical intersectionCI-T.

TABLE 1: Relative Energies (kcal/mol) Calculated with the
6-311+G(3df,2p) Basis Set for the Most Relevant Structures
on the Lowest Singlet- and Triplet-State Potential Energy
Surfaces for the HOO• + HOO• Reaction Systema

structure symmetry state CASSCF(14,12) CASPT2b CASPT2+ZPVEc

1 + 1 0.0 0.0 0.0
2 + 3O2 -39.0 -40.3 -39.5
2 + 1O2 -18.6 -16.9 -16.2
CX1-S C2h 1Bu -5.9 -11.6 (-10.7) -9.1 (-8.2)
CX1-T C2h 3Bu -5.9 -11.2 (-10.3) -8.8 (-7.9)
CX2-S C1

1A -3.3 -6.0 (-5.1) -4.5 (-3.6)
CX2-T C1

3A -3.3 -5.8 (-4.9) -4.3 (-3.4)
TS1-S C1

1A -2.9 -4.8 -5.1
TS1-T C1

3A -2.9 -4.6 -4.8
TS2-S D2h 1B2u 21.1 -6.4 -8.0
TS2-T D2h 3B2u 23.6 -3.8 -5.5
CI-S Cs

1A′ 29.3 8.5
CI-S Cs

1A′′ 29.6 12.5
CI-T Cs

3A′ 23.8 6.5
CI-T Cs

3A′′ 24.1 3.4
TS3-S C1

1A 23.0 9.9 8.4
TS3′-S C1

1A 28.8 17.0 14.8
TS3-T C1

3A 14.2 -0.6 -3.0
TS3′-T C1

3A 15.1 1.5 -1.1
M1-S C2

1A -3.7 -9.5 -6.7
M2-S C2

1A -4.2 -10.0 -7.2
M3-S C1

1A -4.7 -10.5 -7.6
TS4-S Cs

1A′ 3.5 -1.1 1.8
TS5-S C1

1A -2.2 -7.2 -5.1
TS6-S C1

1A -0.6 -5.9 -3.2
TS7-S C2

1A -0.7 -3.1 -1.8
TS8-S C1

1A 48.0 38.9 37.6

a The values given in parentheses include the basis set superposition
error correction for theCX1-S, CX2-S, CX1-T, andCX2-T complexes.
b Calculated using the geometries optimized at the CASSCF level.
c Relative CASPT2 energies including the zero-point vibrational Energy
correction.
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the experimental geometry (O-O ) 1.331 Å, H-O ) 0.971
Å, and H-O-O ) 104.1°) reported by Lubic and Amano.56

Concerning the product HOOH, the values of the geometrical
parameters of2 (O-O ) 1.478 Å, H-O ) 0.943 Å, H-O-O
) 99.9°, and H-O-O-H ) 118.0°) compare well with those
(O-O ) 1.455 Å, H-O ) 0.964 Å, H-O-O ) 100.2°, and
H-O-O-H ) 123.5°) calculated at the CCSD(T)/6-311G(d)
level54 and those of the experimental geometry (O-O ) 1.464
Å, H-O ) 0.965 Å, H-O-O ) 99.4°, and H-O-O-H )
120.0°).57 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.58

According to Table 1, the self-reaction of HOO• leading to
the formation of HOOH plus3O2 is predicted to involve an
energy of reaction (designated by∆Ur) of -40.3 kcal/mol.
Inclusion of the thermal correction to enthalpy, obtained by
assuming ideal gas behavior from the unscaled harmonic
frequencies and moments of inertia by standard methods,59 leads
to an enthalpy of reaction at 298 K (designated by∆Hr(298
K)) of -39.6 kcal/mol, which is in reasonable agreement with
the ∆Hr(298 K) of -38.2 kcal/mol derived from experimental
enthalpies of formation.60 Regarding the self-reaction of HOO•

yielding HOOH+ 1O2, it is predicted to involve a∆Ur of -16.9
kcal/mol. Inclusion of the thermal correction to enthalpy leads
to a∆Hr(298 K) of-16.3 kcal/mol, Although the experimental
value for this reaction is unknown, an estimate of-15.7 kcal/
mol can be obtained from the∆Hr(298 K) of -38.2 kcal/mol
determined60 for the self-reaction of HOO• leading to HOOH
+ 3O2 and the experimental3O2-1O2 energy gap of 22.5 kcal/
mol.58

3.2. Prereactive Hydrogen-Bonded Complexes.As it is not
uncommon in many gas-phase reactions of interest in atmo-
spheric chemistry, the bimolecular self-reaction of HOO• on both
the singlet and triplet PESs begins with the barrierless formation
of a prereactive loosely bound complex in the entrance channel.
The optimized geometries of the lowest-energy singlet and triplet
states of this complex, labeled asCX1-S andCX1-T, respec-
tively, are shown in Figure 3. These nearly identical structures
have C2h symmetry and were characterized as a true local
minimum on the corresponding PES. As compared with the
bond distances in1, the HOO units ofCX1-SandCX1-T show
a 0.006 Å lengthening and a 0.006 Å shortening of the H-O
and O-O bond distances, respectively. Interestingly enough,
the AIM topological analysis of the electron charge density in
CX1-SandCX1-T revealed the presence of a bond critical point
between the atoms O1 and H2 and of another bond critical point
between the atoms O3 and H1, indicating that there is a bonding
interaction between these atom pairs. The low value of the
electron charge density at these bond critical points (0.0193 and
0.0190 e bohr-3 for CX1-S and CX1-T, respectively), the

positive value of the its Laplacian (0.0779 and 0.0767 e bohr-5

for CX1-S andCX1-T, respectively), and the positive value of
the local energy density61 (0.0017 and 0.0018 hartree bohr-3

for CX1-S andCX1-T, respectively) calculated for these bond
critical points is typically associated with hydrogen-bond-like
interactions. In addition, a ring critical point with a small
electron charge density (0.0089 and 0.0088 e bohr-3 for CX1-S
andCX1-T, respectively) was located in the middle of the six-
membered-ring of both structures. These electronic features
indicate the formation of two hydrogen bonds between the HOO
moieties inCX1-SandCX1-T, which leads to a six-membered-
ring equilibrium structure with two abnormally long H‚‚‚O
intermolecular distances (2.046 and 2.053 Å forCX1-S and
CX1-T, respectively). It is to be mentioned that the geometries
of the doubly hydrogen-bonded complexes LM6 and LM8 in
ref 34, located at the UB3LYP/6-311G(d,p) level by Zhu and
Lin, are qualitatively similar to those ofCX1-S and CX1-T,
respectively. However, the hydrogen-bond distances in the latter
structures are significantly longer than in LM6 and LM8. The
same trend is observed when the geometrical parameters of
CX1-T are compared to those of the doubly hydrogen-bonded
complex optimized at the QCISD/6-311G(2df,2p) level of theory
reported by Donalson and Francisco.37

An inspection of the CASSCF(14,12) natural orbitals obtained
for CX1-S revealed the presence of two nearly singly occupied
orbitals: one of au symmetry with electron occupancy of 0.9864
and one of bg symmetry with electron occupancy of 1.0549.
Basically, these singly occupied orbitals are the positive and
negative combinations of theπ-type orbitals (a′′ symmetry)
describing the unpaired electron of each isolated HOO• radical.
Therefore,CX1-S is a doubly 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
Bu symmetry. Similarly,CX1-T has a natural orbital of au

symmetry with electron occupancy of 1.0208 and an orbital of
bg symmetry with electron occupancy of 1.0203. Again, these
singly occupied orbitals are the positive and negative combina-
tions of theπ-type orbitals describing the unpaired electron of
each HOO• radical in the isolated reactants. Therefore,CX1-T
is also a doubly hydrogen-bonded species where the unpaired
electrons of the two radical moieties are coupled to an overall
triplet of Bu symmetry. These electronic features indicate that
CX1-S andCX1-T can be considered as the singlet and triplet
states, respectively, of a doubly hydrogen-bonded diradical
complex. We also note that in addition to the two singly
occupied orbitals of au and bg symmetry,CX1-S and CX1-T
have two doubly occupied orbitals of au and bg symmetry.
Therefore, these complexes have a total of sixπ-type electrons.

According to Table 1,CX1-S and CX1-T lie 9.1 and 8.8
kcal/mol, respectively, below the energy of the isolated reactants.
Inclusion of the correction for the BSSE leads to a stabilization
energy ofCX1-S andCX1-T toward decomposition into their
components of 8.2 and 7.9 kcal/mol, respectively. It is worth
noting that the BSSE-uncorrected energy (8.8 kcal/mol) of
CX1-T relative to the separated reactants compares reasonably
well with the values (8.6 and 9.5 kcal/mol) of earlier theoretical
calculations.32,34

In addition to the above doubly hydrogen-bonded diradical
complex, we also found a one-hydrogen-bonded diradical
complex. The optimized geometries of singlet and triplet states
of this complex, labeled asCX2-S and CX2-T, respectively,
are shown in Figure S2 (Supporting Information). Both struc-
tures were characterized as a true local minimum on the
corresponding PES. As found for the doubly hydrogen-bonded

Figure 3. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the singlet (CX1-S)and triplet (CX1-
T) doubly hydrogen-bonded complexes. Distances are given in Å and
angles in deg.
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diradical complex, the geometrical parameters ofCX2-S and
CX2-T are nearly identical. These complexes lie 4.5 and 4.3
kcal/mol, respectively, below the energy of the isolated reactants
(see Table 1). Inclusion of the correction for the BSSE leads to
a stabilization energy ofCX2-S andCX2-T toward decomposi-
tion into two HOO• radicals of 3.6 and 3.4 kcal/mol, respec-
tively. At this point, it is worth noting that the geometry of the
one-hydrogen-bonded complex LM7 in ref 34, optimized at the
UB3LYP/6-311G(d,p) level, is qualitatively similar to that of
CX2-T, though the H‚‚‚O bond in the latter structure is
significantly longer.

We found that the above doubly hydrogen-bonded and one-
hydrogen-bonded complexes can isomerize to each other through
the rotation of one HOO group along a hydrogen bond. The
optimized geometries of the rotational transition structures for
the isomerizations ofCX2-S to CX1-S (labeled asTS1-S) and
CX2-T to CX1-T (labeled asTS1-T) are shown in Figure S3
(Supporting Information). At the CASPT2 level, the energy
barriers for these processes are calculated to be of only 1.2 kcal/
mol (see Table 1). After inclusion of the ZPVE corrections, it
turns out thatTS1-SandTS1-T lie 0.6 and 0.5 kcal/molbelow
the energy of the complexesCX2-S andCX2-T, respectively.
These results lessen the relevance of the one-hydrogen-bonded
complexesCX2-SandCX2-T as compared to the energetically
more stable doubly hydrogen-bonded complexesCX1-S and
CX1-T.

3.3. Double H-Atom Transfer. As shown in Figures 1 and
2, after forming the prereactive doubly hydrogen-bonded
complexesCX1-S andCX1-T on the singlet and triplet PESs,
respectively, the lowest energy reaction pathway on both PESs
is predicted to be the concerted transfer of two H-atoms between
the two HOO• moieties, leading to the formation of an identical
equilibrium structure of the same complexes. These degenerate
reactions take place on the singlet and triplet PESs through the
transition structures labeled asTS2-SandTS2-T, respectively,
displayed in Figure 4, which haveD2h symmetry. Interestingly
enough, the four interatomic distances between the hydrogen
and oxygen atoms at these transition structures are notably short
(∼1.2 Å), indicating a strong hydrogen bonding interaction
between these atoms. It is worth mentioning that none of these
two transition structures were reported in earlier theoretical
studies on the self-reaction of HOO•.

The natural orbitals calculated forTS2-SandTS2-T revealed
in each case the presence of two nearly singly occupied
orbitals: one of au symmetry and the other of b2g symmetry,
which are perpendicular to the plane containing the six atoms.
Again, these singly occupied orbitals are the positive and
negative combinations of theπ-type orbitals describing the
unpaired electron of each HOO• moiety. At the same time, the
MOs of TS2-S and TS2-T describing the bonds involved in
the double hydrogen exchange between the two HOO• moieties

are found to lie on the plane containing the six atoms. Therefore,
the unpaired electrons ofTS2-SandTS2-T do not participate
in the double hydrogen-exchange process but are coupled to an
overall open-shell singlet or triplet of B2u symmetry. These
electronic features indicate that the double hydrogen exchange
in CX1-S andCX1-T through theTS2-SandTS2-T transition
states, respectively, correspond to adouble proton transfer
reaction pathway rather than a doublehydrogen atom transfer
mechanism.62,63

Table 1 shows thatTS2-SandTS2-T lie 8.0 and 5.5 kcal/
mol, respectively, below the sum of the energies of the separated
reactants and 1.1 and 3.3 kcal/mol above the energies of the
CX1-S and CX1-T complexes, respectively. Therefore, the
double proton transfer in these complexes involves a remarkably
low-energy barrier. In addition. the calculated values of theΓ
factor (see Table S2, Supporting Information) for the transition
structuresTS2-SandTS2-T (i.e., 5.94 and 6.14, respectively)
indicate that the tunneling effect should enhance significantly
the rate constant of double H-atom transfer inCX1-SandCX1-
T.

3.4. Single H-Atom Transfer. First of all, we investigated
the transfer of a single H-atom between the two HOO• moieties
of theCX1-SandCX1-T complexes through a reaction pathway
keeping a planar arrangement of the six atoms. Scheme 1 shows
a pictorial representation of the electronic structure of the
complexes and the resulting products (HOOH+1O2 or HOOH
+ 3O2). Following the convention of Goddard et al.,64 we have
ignored the core orbitals 1s and 2s for oxygen, which are tightly
bound and remain relatively unchanged as the atoms are brought
together to form the molecules. The 1s orbital of the hydrogen
atoms is represented by a thin circle, and the oxygen 2p orbitals
perpendicular to the plane of the paper are represented by heavy
circles. Dots indicate the number of electrons in each orbital,
tie lines indicate the coupling of two singly occupied orbitals
into a bonding pair, and dashed lines indicate hydrogen-bonding
interactions. As noted above, theCX1-S andCX1-T structures
possessC2h symmetry, have a total of sixπ electrons, and
correspond to an electronic state of Bu symmetry. If we assume
a planar arrangement (Cs symmetry) of the HOOH and O2
molecules, it follows that the reaction products have a total of
sevenπ electrons and the overall system is either a singlet or
triplet state of A′′ symmetry. When the point group symmetry
of both CX1-S and CX1-T is lowered fromC2h to Cs by
considering only the symmetry plane containing the six atoms,
then the symmetry of the electronic states of these structures
becomes A′. Thus, within the common point groupCs the
electronic states ofCX1-S and CX1-T do not correlate with

Figure 4. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the singlet (TS2-S) and triplet (TS2-
T) transition structures for the double H-atom transfer in theCX1-S
and CX1-T complexes. Distances are given in Å and angles in deg.

SCHEME 1: Pictorial Representation of the Electronic
Structure Features of the Doubly Hydrogen-Bonded
Complex and the Reaction Products Resulting from a
Single H-Atom Transfer
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those of the corresponding reaction products. As a consequence,
the transfer of a single H-atom between the two HOO• moieties
of CX1-S andCX1-T through a reaction pathway retaining the
symmetry plane containing the six atoms is a nonadiabatic
reaction. Therefore, such aCs constrained reaction pathway must
involve a surface crossing between the PESs of the A′ and A′′
states. In fact, a singlet-singlet and a triplet-triplet conical
intersections, labeled asCI-SandCI-T, were located on these
PESs.65 Selected geometrical parameters ofCI-S andCI-T
are shown in Figure 5. The short interatomic distance O1-H2,
as well as the long O3-H1 and O4-H2 distances, indicate that
the conical intersectionCI-S is closer to the reaction products
(2 + 1O2) than to theCX1-S complex. In contrast, the short
O1-H2 and O4-H2 interatomic distances inCI-T suggest
that the geometry of this structure is intermediate between the
geometry of theCX1-T complex and that of the reaction
products (2 + 3O2).

At the CASPT2 level of theory,CI-S and CI-T are
calculated to lie respectively 8.5-12.5 and 3.4-6.5 kcal/mol
above the energy of the isolated reactants, but 20.1-24.1 and
14.6-17.7 kcal/mol above the energies of theCX1-S and
CX1-T complexes, respectively (see Table 1). Therefore, the
transfer of a single H-atom between the two HOO• moieties of
both CX1-S andCX1-T through a reaction pathway retaining
the planar arrangement of the six atoms involves a considerable
energy barrier.

At this point, we note that single H-atom transfer between
the two HOO• moieties ofCX1-S andCX1-T could also take
place along an adiabatic reaction pathway if the initial molecular
symmetry of these structures is destroyed along the reaction
pathway. This would allow an interaction between the electronic
states of A′ and A′′ symmetries, which obviates the need for
crossing and forces the correlation between the ground states
of the reactants and products. In fact, we have found two
nonplanar transition structures (C1 symmetry) on the singlet PES,
labeled asTS3-S and TS3′-S, and two nonplanar transition
structures on the triplet PES, labeled asTS3-T andTS3′-T, for
the transfer of a single H-atom inCX1-S and CX1-T,
respectively (see Figure 6). In each case, these transition
structures differ one from the other essentially in the relative
orientation of the O1-O2 and O3-O4 bonds,TS3-SandTS3-T
with both bonds in acisoid position, andTS3′-S andTS3′-T
with both bonds in atransoidposition. Zhu and Lin have located
at the B3LYP/6-311G(d,p) level a single transition structure
(referred as TS12 in ref 34) for the transfer of a H-atom between
the two HOO• moieties of a doubly hydrogen-bonded complex
on the triplet PES (referred as LM8 in ref 34). Although such
a transition structure shows acisoid conformation, the O-H

distances of the breaking and forming bonds (1.075 and 1.377
Å) differ significantly from the values (1.175 and 1.211 Å)
obtained for TS3-T. Regarding the QCISD/6-311G(2df,2p)
calculations by Donalson and Francisco,37 a single transition
structure showing also acisoidconformation has been reported
for the same H-atom transfer on the triplet PES. The geometrical
parameters of such a transition structure compare reasonably
well with those ofTS3-T.

As expected, the energies calculated at the CASSCF level of
theory forTS3-SandTS3-T are considerably lower than those
calculated forCI-S and CI-T, respectively (see Table 1).
Furthermore, at all the levels of theoryTS3-SandTS3-T are
less energetic thanTS3′-S andTS3′-T, respectively. As shown
elsewhere,66,67the lower energy of the transition structures with
a cisoid arrangement of the O-O bonds, as compared to the
energy of those with atransoidarrangement, is ascribed to a
noncovalent O‚‚‚O bonding interaction between the terminal
oxygen atoms in the former transition structures.

According to last column of Table 1, a single H-atom transfer
in CX1-S leading to the formation of2 + 1O2 via TS3-S
involves an energy barrier of 17.5 kcal/mol, whereas a single
H-atom transfer inCX1-T yielding 2 + 3O2 throughTS3-T
involves an energy barrier of only 5.8 kcal/mol, Moreover, the
latter transition state lies 3.0 kcal/mol below the energy of the
separated reactants. It is worth mentioning that such an energy
difference is significantly higher than the value of 0.5 kcal/mol
obtained by Zhou and Lin34 with the GM2(CC5) model
chemistry but compares reasonably well with the value of 2.3
kcal/mol calculated by Donalson and Francisco37 at the QCISD-
(T)/6-311++G(3df,3pd) level of theory.

As expected for a H-atom transfer process, the calculated
values of theΓ factor (see Table S2, Supporting Information)
for the transition structuresTS3-S, TS3′-S, TS3-T, andTS3′-T
(i.e., 16.99, 30.69, 22.54, and 24.29, respectively) indicate that
the tunneling effect should enhance substantially the rate
constant of the reactionsCX1-S f 2 + 1O2 andCX1-T f 2
+ 3O2.

Figure 5. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the singlet-singlet (CI-S) and
triplet-triplet (CI-T) conical intersections concerning the single
H-atom transfer in theCX1-S andCX1-T complexes along a reaction
pathway keeping a planar arrangement of the six atoms. Distances are
given in Å and angles in deg.

Figure 6. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized structures of the singlet (TS3-S and TS3′-S) and
triplet (TS3-T and TS3′-T) transition structures for a single H-atom
transfer in theCX1-S andCX1-T complexes. Distances are given in
Å and angles in deg.
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3.5. Stepwise Mechanism.The straight covalently-bonded
H2O4 adduct with the HOOOOH connectivity was indeed found
to be an intermediate on the singlet PES. For such a tetraoxide
intermediate we located three minima arising from rotation of
a HOO group along the newly formed O-O bond of the chain
structure. The optimized geometries of these minima, labeled
asM1-S, M2-S, andM3-S are shown in Figure 7. In agreement
with earlier theoretical calculations,31-34 the global minimum
of the H2O4 straight chain intermediate is found to be the
structure of symmetryC1, namelyM3-S. This structure lies 7.6
kcal/mol below the energy of the separated reactants. This value
is in reasonable agreement with that (9.9 kcal/mol) obtained
by Schaefer and co-workers32 from Davidson-corrected CISD
calculations but is less than half the value (19.1 kcal/mol)
determined by Zhu and Lin34 by using the G2M(CC5) model
chemistry. As regards theM1-S andM2-S structures, both have
C2 symmetry and are 0.9 and 0.4 kcal/mol, respectively, more
energetic than the global minimumM3-S. These energy
differences compare well with the G2M(CC5) values of 0.9 and
0.6 kcal/mol, respectively.34

For the sake of completeness, the rotational transition
structures for the interconversion betweenM1-S and M2-S
(labeled asTS4-S), M2-S andM3-S (labeled asTS5-S), and
M1-S andM3-S (labeled asTS6) were located on the singlet
PES. The most important bond lengths and bond angles of these
transition structures are displayed in Figure S4 (Supporting
Information). The optimized geometries and relative energies
of TS4-S, TS5-S, andTS6-Sare found to be similar to those
of the rotational transition structures calculated by using the
UB3LYP/6-311G(d,p) and G2M(CC5) methods (referred as
TS7, TS8, and TS9 in ref 34). Therefore, we skip the discussion
on the geometry and relative energy of these transition structures.

As shown in Figure 1, the first step of the self-reaction of
HOO• producing the H2O4 chain-structure intermediate is the
formation of theCX1-Scomplex without surmounting an energy
barrier. The second step is the simple addition between the
terminal oxygen atoms of the two HOO• moieties of the complex
leading to theM1-S structure. This step involves the passage
through a transition structure ofC2 symmetry, labeled asTS7-
S, whose optimized geometry is shown in Figure 8. The most
remarkable geometrical feature of this transition structure is the
long distance (2.560 Å) of the bond being formed between the
oxygen atoms O1 and O3. As expected for the transition
structure of a reaction involving the addition of two radicals
(or the homolytic dissociation of the corresponding adduct), the
wave function ofTS7-Sdisplayed a large amount of multiref-
erence character. In fact, an inspection of the CASSCF natural
orbitals obtained forTS7-Srevealed the presence of two orbitals
with electron occupancies of 1.2563 and 0.7798, which are the
positive and negative combinations of theπ-type orbitals
describing the unpaired electrons of the two HOO• units.

Although the energy ofTS7-S is calculated to be 1.8 kcal/mol
lower than that of the isolated reactants, the formation ofM1-S
from CX1-S involves an energy barrier of 7.3 kcal/mol (see
Table 1). These findings are in clear contrast with the results
of the calculations by Zhu and Lin34 predicting a barrierless
formation of the H2O4 chain-structure adduct from the direct
addition of two HOO• radicals. The failure of the B3LYP/6-
311G(d,p) calculations in locating a transition structure for this
reaction is ascribed to the inadequacy of the B3LYP method
for dealing with species showing a large degree of multireference
character.

The subsequent decomposition ofM1-S yielding 2 + 1O2

involves the previous conversion ofM1-S to M3-S via the
rotational transition structureTS6-S, followed by the passage
through a strained four-membered-ring transition structure,
labeled asTS8-S(Figure 8). Zhu and Lin have also located at
the UB3LYP/6-311G(d,p) level a transition structure (referred
as TS3 in ref 34) for the decomposition of the H2O4 chain-
structure intermediate yielding H2O2 + 1O2. Although TS3 and
TS8-S are qualitatively similar, the bond lengths of these
transition structures are significantly different.

It is worth remarking thatTS8-S involves the concerted
breaking of two bonds (i.e., O1-O3 and H2-O4) and forming
of a bond (i.e., O1-H2). As expected for such a strained
structure,TS8-S is calculated to lie high in energy above the
H2O4 tetraoxide intermediate. In fact, the decomposition of
M3-S yielding 2 plus 1O2 is predicted to involve an energy
barrier of 45.2 kcal/mol (see Table 1), which is more than twice
the value of 21.1 kcal/mol obtained by using the G2M(CC5)
method.34 It is likely that this discrepancy is due is to the
multireference character ofTS8-Sarising from the fact that this
transition structure connects the closed-shell intermediateM3-S
with the 1∆g open-shell singlet1O2. The present calculations
indicate that the self-reaction of HOO• producing H2O2 + 1O2

through a stepwise mechanism on the singlet PES requiring the

Figure 7. Selected geometrical parameters of the CASSCF/6-311+G(3df,2p)-optimized geometries of the three minima found for the H2O4

intermediate. Distances are given in Å and angles in deg.

Figure 8. Selected geometrical parameters of the CASSCF/6-311+G-
(3df,2p)-optimized geometries of the transition structure (TS7-S)
connecting theCX1-S complex with theM1-S minimum and the
transition structure (TS8-S) connecting theM3-S minimum with the2
+ 1O2 products. Distances are given in Å and angles in deg.
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previous formation of a H2O4 tetraoxide intermediate is predicted
to be energetically very unfavorable, as compared with the single
H-atom transfer mechanism.

As regards the triplet PES, it was found that the geometry
optimization of a H2O4 species with the HOOOOH connectivity
and triplet multiplicity leads to either theCX1-T complex or
the2 + 3O2 products. Therefore, the H2O4 tetraoxide is not an
energy minimum on the triplet PES. Consequently, any hypo-
thetical stepwise mechanism for the self-reaction reaction of
HOO• yielding H2O2 + 3O2 based on the formation of a triplet
H2O4 chain-structure intermediate can be discarded.

In summary, the present calculations suggest that the observed
strong negative temperature dependence of the rate constant for
reaction of eq 1 cannot be attributed to a stepwise mechanism
involving the formation of a short-lived H2O4 intermediate with
the HOOOOH connectivity. Therefore, the observed strong
negative temperature dependence should be ascribed to the
reversible formation of the prereactive doubly hydrogen-bonded
complex in the entrance channel. We have recently led to a
similar conclusion for the CH3OO• + HOO• reaction.67

4. Summary and Conclusions

In an attempt to understand the mechanism of the gas-phase
bimolecular self-reaction of HOO•, a key reaction in atmospheric
environments, the singlet and triplet potential energy surfaces
(PESs) for the gas-phase reaction between two HOO• radicals
leading to HOOH+ O2 have been investigated by means of
quantum-mechanical electronic structure methods (CASSCF and
CASPT2). From the analysis of the results, the following main
points emerge.

(1) All the reaction pathways on both PESs consist of a first
step involving the barrierless formation of a prereactive doubly
hydrogen-bonded complex, followed by the formation of the
subsequent reaction products. This complex is a diradical species
lying about 8 kcal/mol below the energy of the reactants at 0
K.

(2) The lowest energy reaction pathway on both PESs is a
degenerate double hydrogen exchange between the HOO•

moieties of the prereactive complex via a double proton transfer
mechanism involving an energy barrier ranging from 1.1 kcal/
mol (singlet) to 3.3 kcal/mol (triplet) at 0 K. Earlier theoretical
studies on the self-reaction of HOO• have not considered such
a low energy-barrier process.

(3) The single H-atom transfer between the two HOO•

moieties of the prereactive complex, yielding HOOH and O2,
involves a conical intersection between either two singlet or
two triplet states of A′ and A′′ symmetries if a plane containing
the six atoms is maintained along the pathway. The lowest
energy reaction pathway for this H-atom transfer occurs via a
nonplanarcisoid transition structure. At 0 K, the energy barrier
for this transition structure on the triplet PES is 5.8 kcal/mol,
whereas that for the transition structure on the singlet PES is
17.5 kcal/mol. Therefore, the single H-atom transfer on the
triplet PES is the dominant pathway for the self-reaction of
HOO• leading to HOOH+ O2.

(4) The simple addition between the terminal oxygen atoms
of the two HOO• moieties of the prereactive complex, leading
to a covalently-bonded H2O4 adduct with the HOOOOH
connectivity on the singlet PES involves an energy barrier of
7.3 kcal/mol at 0 K. The decomposition of this intermediate
into HOOH+ 1O2 entails an energy barrier of 45.2 kcal/mol at
0 K. Furthermore, this H2O4 chain-structure species is not an
energy minimum on the triplet PES. Consequently, the strong
negative temperature dependence of the rate constant observed

for the self-reaction of HOO• leading to HOOH+ O2 cannot
be attributed to the formation of a short-lived H2O4 intermediate
with the HOOOOH connectivity, but to the reversible formation
of the prereactive doubly hydrogen-bonded complex in the
entrance channel.
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