Ab Initio and Transition State Theory Study of the OH + HO2 → H2O + O2(3𝚺𝐠− )/O2(1∆g)
Reactions: Yield and Role of O2(1∆g) in H2O2 Decomposition and in Combustion of H2
M. Monge-Palacios1,2, S. Mani Sarathy1

Abstract
Reactions of hydroxyl (OH) and hydroperoxyl (HO2) are important for governing the reactivity
of combustion systems. We performed post-CCSD(T) ab initio calculations at the W3XL//CCSD=FC/cc-pVTZ level to explore the triplet ground-state and singlet excited-state potential
energy surfaces of the OH + HO2 → H2O + O2(3Σg− )/O2(1∆g) reactions. Using microcanonical
and multistructural canonical transition state theories, we calculated the rate constant for the
triplet and singlet channels over the temperature range 200–2500 K, represented by 𝑘(𝑇) =
3.08 × 1012 𝑇 0.07 exp(1151/𝑅𝑇) + 8.00 × 1012 𝑇 0.32 exp(−6896/𝑅𝑇)

and

𝑘(𝑇) = 2.14 ×

106 𝑇 1.65 exp(−2180/𝑅𝑇) in cm3•mol-1•s-1, respectively. The branching ratios show that the
yield of singlet excited oxygen is small (<0.5 % below 1000 K). To ascertain the importance of
singlet oxygen channel, our new kinetic information was implemented into the kinetic model for
hydrogen combustion recently updated by Konnov (Combust. Flame 2015, 162, 3755-3772). The
updated kinetic model was used to perform H2O2 thermal decomposition simulations for
comparison against shock tube experiments performed by Hong et al. (Proc. Comb. Inst. 2013,
34, 565-571), and to estimate flame speeds and ignition delay times in H2 mixtures. The
simulation predicted a larger amount of O2(1∆g) in H2O2 decomposition than that predicted by
Konnov’s original model. These differences in the O2(1∆g) yield are due to the use use of a
higher ab initio level and a more sophisticated methodology to compute the rate constant than
those used in previous studies, thereby predicting a significantly larger rate constant. No effect
was observed on the rate of the H2O2 decomposition and on the flame speeds and ignition delay
times of different H2-oxidizer mixtures. However, if the oxidizer is seeded with O3, small
differences appear in the flame speed. Given that O2(1∆g) is much more reactive than O2(3Σg− ),
we do not preclude an effect of the singlet channel of the titled reaction in other combustion
systems, especially in systems where excited oxygen plays an important role.
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I. Introduction
Hydrogen combustion is the simplest combustion problem and a potential source of clean
energy. Depsite the large number of theoretical and experimental works carried out to understand
its chemistry and physics, new reactions involved in the system H2–O2 are still being reported,1
and some uncertainties on previously reported reactions still remain.
This is the case of the hydrogen abstraction reaction OH + HO2 → H2O + O2, which can take
place on two different potential energy surfaces (PESs). The barrier-less reaction
OH + HO2 → H2O + O2(3Σg− )

(R1)

occurs on the triplet ground-state PES and produces stable molecules, and thus is a chain
termination reaction. There have been several theoretical and experimental studies to determine
the rate of the reaction, with a particular emphasis on the temperature dependence. These two
radicals can also react on the singlet excited-state PES,
OH + HO2 → H2O + O2(1∆g)

(R2)

producing singlet excited oxygen, which is much more reactive than the ground state oxygen
formed in reaction (R1). To the best of our knowledge, only one theoretical kinetic study has
been reported for reaction (R2) by González et al.2, using the conventional transition state theory
with Wigner correction for tunneling based on MP4/6-31G** ab initio calculations.
Despite numerous theoretical and experimental studies on the reaction (R1), it has not been
until recently that the magnitude and temperature dependence of its rate constant has been
clarified. This motivates similar sophisticated studies to cast light on reaction (R2).
3
As for the reaction OH + HO2 → H2O + O2(3Σ−
g ), Mozurkewich performed a RRKM (Rice-

Ramsperger-Kassel-Marcus) study on the fate of the complex HO2OH, and reported a rate
constant value of 6.510-11 cm3•molecule-1•s-1 at 298 K for the formation of H2O + O2(3Σg− ) and a
negative temperature dependence over the 250 K–450 K range. Toohey and Anderson4
calculated a classical barrier height, ∆V≠, of 2.5 kcal•mol-1 at the UMP2/6-31G** ab initio level,
but suggested that a saddle point with an energy below that of the reactants might explain the
magnitude and the temperature dependence of the rate constant reported by Mozurkewich.3
González et al.2,5 calculated the rate constant for the reactions (R1) and (R2), concluding that
the reaction on the singlet PES is negligible, due to its large barrier height (∆V≠ = 14.4 kcal mol-1
at the MP4/6-31G** level). They found two saddle points on the triplet PES, one with a planar
configuration and one with a non-planar configuration with classical energy barriers at the
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MP4/6-31G** ab initio level of 1.67 kcal•mol-1 and 2.18 kcal•mol-1, respectively. Using these
barrier heights, they obtained transition state theory rate constants for the triplet channel that are
smaller than the experimental values reported by Keyser6 for the 254–382 K temperature range.
They pointed out that better ab initio methods are necessary for accurate predictions of the
energy barrier to reaction (R1). In fact, an arbitrary reduction of the energy of the non-planar
saddle point to -5.8 kcal•mol-1, with respect to the reactants, leads to agreement between their
results and experiment. They predicted a barrier-less reaction in accord with Toohey and
Anderson’s4 suggestion.
Recently, Burke et al.7 used a multi-scale modeling approach (implemented for the H2O2
decomposition system) to determine the temperature dependence of the rate constant of OH +
HO2 → H2O + O2(3Σg− ). In their study, they incorporated for the reaction OH + HO2 → H2O +
O2(3Σg− ) ab initio information calculated at the MS-CASPT2/CBS//MS-CASPT2/aug-cc-pVTZ
level and rate constants obtained with the two-transition-state model.8,9 Other reactions important
in H2O2 decomposition were also included in the model. They obtained the following two-term
Arrhenius expression (in cm3•mol-1•s-1) for OH + HO2 → H2O + O2(3Σg− ) for the temperature
range 200–3000 K
𝑘(𝑇) = 1.93 × 1020 𝑇 −2.49 exp(−294/𝑇) + 1.21 × 109 𝑇 1.24 exp(658/𝑇)

(1)

which gives k(298 K) = 1.010-10 cm3•molecule-1•s-1 and k(2000 K) = 3.610-11
cm3•molecule-1•s-1. The agreement with González et al.5 is good at high temperatures but not at
the low temperatures. Eq. 1 shows a much more significant influence of temperature, and both
sets of data disagree at temperatures between 298 K and 2000 K. Burke et al. predicted a
minimum in the rate constant at 1125 K.
Pioneering experimental studies6,10 of reaction (R1) showed weak and negative temperature
dependence at low temperatures (252 K–420 K). Shock tube studies by Hippler et al.11 and
Kappel et al.12 showed strong and non-Arrhenius temperature dependence at high temperatures,
1100–1600 K and 950–1250 K, respectively; with a minimum at 1250 K and 1100 K,
respectively. Both proposed a complex mechanism involving bound intermediate complexes to
explain their observations. However, Srinivasan et al.13 and Hong et al.14 observed weak
temperature dependence over the 1200–1700 K and 1600–2200 K ranges, respectively, and could
not confirm the existence of a minimum.
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Hong et al.15 recently improved upon their previous study, which was based on laser
absorption of H2O and OH, by considering the HO2 absorption as well. By combining the results
of their two studies, which cover the temperature range 1072–2200 K,14,15 with those from other
experiments6,10,16-19 over the range 298–420 K, they proposed the following two-term Arrhenius
expression (in cm3•mol-1•s-1) for the temperature range, 250 K–4000 K
𝑘(𝑇) = 7.0 × 1012 exp(550/𝑇) + 4.5 × 1014 exp(−5500/𝑇)

(2)

This is in good agreement with the theoretical results reported by Burke et al.7 Only Hong et al.15
and Burke et al.7 have reported rate constants over a wide enough temperature range to clearly
show the two different regions of the Arrhenius plot.
Consequently, the most recent kinetic models for hydrogen combustion, as the one recently
updated by Konnov,20 include Hong’s15 rate constant for the reaction OH + HO2 → H2O +
O2(3Σg− ), that is, Eq. 2, and González’s2 rate constant for the reaction OH + HO2 → H2O +
O2(1∆g), given by
𝑘(𝑇) = 1.1 × 105 𝑇 1.71 exp(12535/𝑅𝑇)

(3)

In this work, we performed high-level electronic structure and variational transition state
theory calculations over the temperature range 200–2500 K. The goals were to accurately
characterize the saddle points on the triplet ground-state and singlet excited-state PESs of the
reactions OH + HO2 → H2O + O2(3Σg− )/ O2(1∆g) to determine their rate constant over a wide
temperature range. Special attention was devoted to the excited channel, for which the current
accepted rate constant is based on low level ab initio and kinetic calculations. We also shed light
on the anomalous temperature dependence of the rate constant of OH + HO2 → H2O + O2(3Σg− )
and calculated branching ratios to OH + HO2 → H2O + O2(1∆g). With this kinetic information we
updated Konnov’s kinetic model and performed simulations using CHEMKIN-PRO21,
determining the yield of O2(1∆g) and its role in the H2O2 thermal decomposition and in the
combustion of H2.

II. Computational methods
II. 1. Ab initio calculations
The singlet excited-state and triplet ground-state PESs for OH + HO2 → H2O + O2 were
explored by performing post-CCSD(T) ab initio electronic structure calculations using the
Gaussian 0922, Molpro23 and MRCC24 packages, at the W3X-L//CCSD=FC/cc-pVTZ level. The
4

geometry optimizations and frequency calculations were done using the CCSD=FC coupledcluster method25 with the cc-pVTZ basis set26 with Gaussian09. The energy was refined by using
the W3X-L composite method27 with Molpro and MRCC, which has been proven to be efficient
for estimating CCSDT(Q)/CBS energies and handeling problems with moderate multireference
character.
We also calculated the minimum energy path (MEP) of both reactions over the range -2.0
bohr to +2.0 bohr of the reaction coordinate s with step size 0.05 bohr in mass-scaled coordinates
with a scaling mass equal to 1 amu. The Hessian was evaluated every third step. The MEP was
calculated using the Gaussrate code,28 which is an interface between the Gaussian 03 package29
and Polyrate 9.5.30

II. 2. Rate constant calculations
The rate constant calculations were carried out using the polyatomic rate constant codes
Polyrate 9.530 and Polyrate 2016-2A.31 MSTor code32 was used to account for multistructural
anharmonicity.
We performed a normal mode analysis along the MEP, calculating the ground-state
vibrationally adiabatic potential energy curve
𝑉𝑎𝐺 (𝑠) = 𝑉𝑀𝐸𝑃 (𝑠) + 𝑍𝑃𝐸(𝑠)

(4)

where 𝑉𝑀𝐸𝑃 (𝑠) is the classical potential energy and 𝑍𝑃𝐸(𝑠) is the zero-point energy at s.
The thermal rates for the reaction OH + HO2 → H2O + O2(3Σg− ) were estimated using the
microcanonical variational theory (μVT),33 in which the “best” dividing surface is variationally
∗
determined at each total energy, E; the dividing surface 𝑠𝜇𝑉𝑇
is that surface where the sum of
∗
vibrational-rotational states of the transition state 𝑁𝑣𝑟
(𝐸) is a minimum. The microcanonical rate

constant is given by
𝑘𝜇𝑉𝑇 (𝐸) =

∗ (𝐸)
𝑁𝑣𝑟
ℎ𝜙𝑅 (𝐸)

(5)

where 𝜙 𝑅 (𝐸) is the reactants density of states per unit energy and volume. The thermal rate
constant is obtained from 𝑘𝜇𝑉𝑇 (𝐸) and the Boltzmann distribution 𝑃(𝐸)
∞

𝑘(𝑇) = 𝜎 ∫ 𝑘𝜇𝑉𝑇 (𝐸)𝑃(𝐸)𝑑𝐸

(6)

0
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The factor 𝜎 is the number of equivalent reaction paths; that is, the reaction degeneracy,34
calculated with the rotational symmetry numbers of the reactants 𝜎𝑟𝑜𝑡,𝑂𝐻 and 𝜎𝑟𝑜𝑡,𝐻𝑂2 , and
transition state 𝜎𝑟𝑜𝑡,𝑇𝑆 (see SP1 (3A) in Figure 1),
𝜎𝑟𝑜𝑡,𝑂𝐻 ∙ 𝜎𝑟𝑜𝑡,𝐻𝑂2
𝜎=
𝜎𝑟𝑜𝑡,𝑇𝑆

(7)

Since the rotational symmetry number is one for the three species in OH + HO2 → H2O +
O2(3Σg− ), the reaction degeneracy is one. However, due to the non-planar geometry of the saddle
point on the triplet PES (see SP1 (3A) in Figure 1), we should also consider a non-superimposed
structure that corresponds to an equivalent transition state. Therefore, although the reaction
degeneracy is one, the total rate constant for OH + HO2 → H2O + O2(3Σ−
g ) should be multiplied
by two.34
The rate constants for the reaction OH + HO2 → H2O + O2(1∆g) were computed by
employing the multistructural35-37 canonical transition state theory38-39 including torsional
anharmonicity with a coupled torsional potential, MS-T(C). In this version of the transition state
theory, the conformational rotational-vibrational partition function of each stationary point is
defined as
𝐽
𝑀𝑆−𝑇(𝐶)
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

=

𝑡

̅
∑ 𝑄𝑟𝑜𝑡,𝑗 𝑒𝑥𝑝(−𝛽𝑈𝑗 )𝑄𝑗𝐻𝑂 ∏ 𝑓𝑗,𝜂
𝑗=1
𝜂=1

(8)

where the summation runs over the set of conformers J. 𝑄𝑟𝑜𝑡,𝑗 is the classical rotational partition
function, 𝛽 is 1/𝑘𝑏 𝑇, 𝑈𝑗 is the energy defined with respect to the global minimum structure, set
̅ is used
to j = 1, and 𝑄𝑗𝐻𝑂 is the normal-mode harmonic oscillator partition function; the term 𝑓𝑗,𝜂
to introduce the torsional anharmonicity associated to the coupled torsion 𝜂 by adjusting the
partition function 𝑄𝑗𝐻𝑂 . One of the advantages of the vibrational partition function defined by Eq.
(8) is that there is no need to assign the torsional motions to specific normal modes.
𝑆𝑆−𝑇(𝐶)

The singlestructural rotational-vibrational partition function for the conformer j, 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑗 ,
including torsional anharmonicity and coupled torsions is defined as
𝑡
𝑆𝑆−𝑇(𝐶)
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑗

̅
= 𝑄𝑟𝑜𝑡,𝑗 𝑒𝑥𝑝(−𝛽𝑈𝑗 )𝑄𝑗𝐻𝑂 ∏ 𝑓𝑗,𝜂

(9)

𝜂=1

The partition function 𝑄𝑗𝐻𝑂 , used in Eqs. (8) and (9), is given by
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𝑄𝑗𝐻𝑂 = exp(−ℎ𝜔/2𝑘𝑏 𝑇)[1 − exp(−ℎ𝜔/𝑘𝑏 𝑇)]−1

(10)
𝑀𝑆−𝑇(𝐶)

The multistructural torsional anharmonicity factor 𝐹𝑋
𝑀𝑆−𝑇(𝐶)

(reactants, 𝐹𝑅
𝑀𝑆−𝑇(𝐶)

𝐹𝑋

𝑀𝑆−𝑇(𝐶)

) and saddle points (𝐹≠

𝑀𝑆−𝑇(𝐶)

is defined for the minima

) as

𝑆𝑆−𝑇(𝐶)

= 𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏 ⁄𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏,𝑗=1

(11)

This factor is also defined for the reaction as
𝑀𝑆−𝑇(𝐶)

𝐹𝑀𝑆−𝑇(𝐶) = 𝐹≠

𝑀𝑆−𝑇(𝐶)

⁄𝐹𝑅

(12)

The electronically excited-state 2Π1⁄2 of the reactant OH, which lies 140 cm-1 (≈ 0.4
kcal•mol-1) over the 2Π3⁄2 ground-state, was included in the calculation of its electronic partition
function, 𝑄𝑒𝑙𝑒𝑐 , in both reactions, OH + HO2 → H2O + O2(3Σg− )/O2(1∆g). The first electronically
excited state of HO2, 2A’, lies about 20.3 kcal mol-1 above the ground state, 2A’’.40,41 So, we
assumed that the HO2 radical has a significant population in the ground state, not including the
2

A’ excited state in the reactants electronic partition functions.
The frequencies were scaled by a factor of 0.94142 for a better description of the torsional

anharmonicity as well as to obtain a more accurate 𝑉𝑎𝐺 (𝑠) curve. To account for the quantum
effects on the reaction coordinate of both reactions, we used the small-curvature tunneling
(SCT)30,43 approach, obtaining the transmission coefficients 𝜅 𝑆𝐶𝑇 .
The final rate constant for the reaction OH + HO2 → H2O + O2(1∆g) is calculated as
𝐶𝑉𝑇/𝑆𝐶𝑇
𝑘𝑀𝑆−𝑇(𝐶)

=𝜅

𝑆𝐶𝑇

𝑀𝑆−𝑇(𝐶),≠
≠
𝑘𝑏 𝑇 𝑄𝑒𝑙𝑒𝑐
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
Γ
exp(−𝛽𝑉 ≠ )
𝑀𝑆−𝑇(𝐶),𝑅
𝑅
ℎ Φ𝑡 𝑄𝑒𝑙𝑒𝑐
𝑄

(13)

𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏

where the superscripts ≠ and R stand for conventional transition state and reactants, respectively.
Since the reactants OH and HO2 do not have torsional motions and thus multiple conformers,
𝑀𝑆−𝑇(𝐶),𝑅
𝑄𝑐𝑜𝑛−𝑟𝑜𝑣𝑖𝑏
is equivalent to the singlestructure partition function. The factor Γ is the recrossing

transmission coefficient, given by the ratio of the CVT rate constant to the TST one. Both, 𝜅 𝑆𝐶𝑇
and Γ terms, are calculated using the global minimum structure and the harmonic oscillator
approach.

II. 3. Numerical simulations of the H2O2 decomposition
The H2O2 thermal decomposition experiment carried out by Hong et al.15 behind reflected
shock waves was simulated in CHEMKIN-PRO21 using a closed homogenous batch reactor and
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Konnov’s kinetic model20 with the kinetic information obtained in this work for the reactions OH
+ HO2 → H2O + O2(3Σg− ) and OH + HO2 → H2O + O2(1∆g).
The initial conditions were the same as those in Hong’s experiment, that is, initial gas
temperature and pressure of 1182 K and 1.672 atm, respectively. The initial composition of the
bulk was also defined as in Hong’s experiment: 0.996285 Ar, 0.001113 H2O, 0.002046 H2O2 and
0.000556 O2(3Σg− ) (in mole fraction). We used the default value of 1 cm3 for the initial volume,
and the ending time for the simulation was set to 0.1 sec.
Additional simulations were run using the same initial conditions but at different
temperatures of 1000 K, 1500 K and 1800 K, with the goal of analyzing the effect of our updated
rates on H2O2 decomposition at various conditions.
We have also estimated flame speeds and ignition delays in different H2 mixtures using a
premixed laminar flame-speed simulator (ambient temperature and initial gas pressure of 300 K
and 1 atm, respectively) and a closed homogeneous batch reactor, respectively. For the flame
speeds we used three different oxidizers: air, air seeded with O2(1∆g), that is, 22.18% O2(3Σg− ) +
1.11% O2(1∆g) + 76.71% N2, and O2(3Σg− ) seeded with O3, that is, 60.9% O2(3Σg− ) + 39.1% O3, at
different equivalent ratios. As for the ignition delay times simulations, a mixture of 0.81% H2 +
4.03% O2(3Σg− ) + Ar was used, testing different initial gas pressures, 1 bar, 4 bar and 16 bar, at
temperatures between 900 K and 2000 K.

III. Results and discussion
III. 1. Topology of the triplet and singlet potential energy surfaces
The reactions OH + HO2 → H2O + O2(3Σg− )/O2(1∆g) can proceed through several
intermediate complexes and saddle points. While the triplet channel is correlated to the groundstate products, H2O + O2(3Σg− ), the singlet channel leads to the excited-state products, H2O +
O2(1∆g). Table 1 lists the optimized geometric parameters, harmonic vibrational frequencies,
energy, and enthalpy at 0 K defined with respect to the reactants OH + HO2 computed at the
W3X-L//CCSD=FC/cc-pVTZ ab initio level for the intermediate complexes and saddle points
located on both PESs. The optimized structures are shown on Figure 1.
On the triplet ground-state PES, two intermediate complexes were optimized and
characterized: a hydrogen-bonded complex in the entry channel, Complex-1 (3A), and another in
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the exit channel, Complex-2 (3A), due to dipole-induced dipole interactions between the polar
H2O and the non-polar O2. Complex-1 (3A) is accommodated by a well that is -3.21 kcal mol-1,
with respect to the reactants. This complex has been previously reported. Jackels and Phillips44
optimized it using the CI(SDQ) method and a polarized double-ζ basis set, obtaining an energy
of -5.3 kcal•mol-1. González et al.5 reported values ranging from -4.2 kcal•mol-1 to -9.6 kcal•mol1

at different single point levels based on HF/6-31G** and MP2/6-31** optimized structures.

Zhang et al.45 using the CCSD(T)=FC/aug-cc-pVTZ//CCSD=FC/6-311G(d,p) level obtained -8.0
kcal•mol-1. We attribute these differences to the more robust method used in our calculations.
The W3X-L method failed to obtain the energy of Complex-2 (3A) due to convergence
problems; its CCSD(T)=FC/cc-pVTZ//CCSD=FC/cc-pVTZ energy is only 0.9 kcal•mol-1 below
that of the products H2O + O2(3Σg− ) at the same level, as a result of the weak dipole-induced
dipole and dispersion interactions between the polar H2O and the non-polar O2(3Σg− ) molecules.
To the best of our knowledge, Complex-2 (3A) has not been reported.
We also found a non-planar saddle point on the triplet PES, which we label SP1 (3A). The
imaginary frequency is 2105 cm-1. The classical and adiabatic energies are -2.38 kcal•mol-1 and 3.45 kcal•mol-1, respectively, with respect to the reactants. The classical barriers reported by
González et al.5 for this saddle point are 18.82 kcal•mol-1 and 2.89 kcal•mol-1, respectively, at the
HF/6-31G** and MP2/6-31** levels. Using the CCSD(T)=FC/aug-cc-pVTZ//CCSD=FC/6311G(d,p) level, Zhang et al.45 obtained classical and adiabatic barrier heights of 0.5 kcal•mol-1
and -0.62 kcal•mol-1, respectively. This illustrates that the barrier height of this system is very
sensitive to the ab initio level used, which in part accounts for the large differences in the
theoretical values of k(T) in literature. We also attribute these differences to the more
sophisticated ab initio method used in this work.
One intermediate complex in the entry channel, Complex-3 (1A), and two intermediate
complexes in the exit channel, Complex-4 (1A) and Complex-5 (1A), were optimized and
characterized for the singlet excited-state PES. Zhang et al.45 obtained an energy value of 9.1
kcal•mol-1 for Complex-3 (1A), which is 1.0 kcal•mol-1 larger than that obtained in this work. The
intermediates Complex-4 (1A) and Complex-5 (1A) are formed as a consequence of the dipoleinduced dipole and dispersion interactions, being weakly bonded with respect to the products
H2O + O2(1∆g), with classical energies of -0.26 kcal•mol-1 and -0.44 kcal•mol-1, respectively.
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Two saddle points were identified on the singlet excited-state PES, SP2 (1A) and SP3 (1A),
with imaginary frequencies of 1012 cm-1 and 1005 cm-1, respectively. The classical and adiabatic
barrier heights are also similar, 0.23 kcal•mol-1 and 2.31 kcal•mol-1 for SP2 (1A) and 0.16
kcal•mol-1 and 2.23 kcal•mol-1 for SP3 (1A), respectively. Zhang et al.45 also found these two
saddle points, with classical energies of 3.0 kcal•mol-1.
We verified that there are no more saddle points on the studied low-lying triplet and singlet
PESs by exploring the conformational space of the structures SP1(3A), SP2(1A) and SP3(1A).
The dihedrals H(3)–O(2)–H(1)–O(4) and O(2)–H(1)–O(4)–O(5) were rotated by 120o and all the
possible combinations of these two angles were optimized. Only SP1(3A), SP2(1A), SP3(1A) and
their mirror image pairs were optimized and characterized as addle points. These structures are
non-superimposable mirror images connected by internal rotations, thus all of them were
considered in the kinetic calculations.
Figure 2 shows the classical potential energy profiles for OH + HO2 → H2O + O2(3Σg− ) and
OH + HO2 → H2O + O2(1∆g) computed at the W3X-L//CCSD=FC/cc-pVTZ ab initio level. The
difference in the barrier heights of the triplet ground-state and singlet excited-state PESs is -2.54
kcal•mol-1 and -5.68 kcal•mol-1 for the classical and adiabatic barriers, respectively. While the
reaction on the triplet PES is energetically favored, the difference in the barrier heights are not
large enough to completely preclude the OH + HO2 → H2O + O2(1∆g) reaction at the high
temperatures reached in combustion. This reaction could serve as a source of O2(1∆g), which can
play a role in hydrogen combustion under certain conditions, as has been demonstrated
theoretically46 and experimentally,47-50 since it is much more reactive than ground-state oxygen.
Given that the electronic transition from the triplet to the singlet electronic state implies a
change in the total spin angular momentum, we expect that transition to be forbidden or unlikely
probable. Electronic triplet→singlet transitions have been reported as probable for other reactive
systems in which both PESs cross in the proximity of a bound intermediate. This is the case of
the reaction O2 + C2H4 studied by Park et al.,51 who reported a possible enhancement of that
transition due to a trapping in the well of an intermediate complex of the triplet PES. However,
due to the larger energy gap between the two PESs studied in this work, which do not show any
crossing point, we do not expect the intermediate Complex-1 (3A) to promote a triplet→singlet
transition.
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We will use the shock tubes rate constants measurements by Hong et al.15 as a test to our
electronic structure and kinetic calculations. As an additional test to the level of theory used in
our calculations, we compare the enthalpy of reaction at 0 K obtained in our work for the OH +
HO2 → H2O + O2(3Σg− ) channel, ∆𝐻𝑅𝑜 (0 𝐾) = -69.3 kcal•mol-1, to the value obtained from the
Active Thermochemical Tables (ATcT) approach,52-54 ∆𝐻𝑅𝑜 (0 𝐾) = -69.6 kcal•mol-1. These tables
include a more accurate value of the enthalpy of formation of the HO2 radical, for which large
uncertainties exist, obtaining a more accurate value of ∆𝐻𝑅𝑜 (0 𝐾) than the one given in the
JANAF Tables,55 -67.6 kcal•mol-1. Our result differs from the experimental value by only 0.3
kcal•mol-1. As for the reaction OH + HO2 → H2O + O2(1∆g), we obtained ∆𝐻𝑅𝑜 (0 𝐾) = -45.9
kcal•mol-1, also in good agreement with the value from ATcT, -47.1 kcal mol-1.

III. 2. Rate constants
(a) Reaction on the triplet PES. We used the microcanonical variational transition-state
theory to calculate the rate constant for the reaction OH + HO2 → H2O + O2(3Σg− ) at
temperatures between 200 K and 2500 K (dark blue curve in Figure 3) using information from
the electronic structure calculations at the W3X-L//CCSD=FC/cc-pVTZ level. Figure 3 shows
the Arrhenius plots of the experimental and theoretical values of the rate constant available in
literature, as well as ours, for OH + HO2 → H2O + O2(3Σg− ) over the temperature range 200–4000
K for comparison.
González et al.5 (green curve in Figure 3) using the low level MP4/6-31G** predict
essentially no influence of temperature, which is in disagreement with the other results in Figure
3. Burke et al.7 performed more accurate electronic structure calculations using the MSCASPT2/CBS//MS-CASPT2/aug-cc-pVTZ ab initio level and predicted a strong influence of
temperature on the rate constant (light blue curve in Figure 3), with a negative dependence at
temperatures below 1125 K. In agreement with the results by Burke et al., we also predict a
significant influence of temperature in the rate constant and a minimum in the Arrhenius plot,
although at 850 K. The discrepancies among the rate constants by González et al.5 and those by
Burke et al.7 and ours are due to the low ab initio method and basis set used by González et al. to
determine the barrier height and the different methods used to calculate the rate constants;
despite the low level ab initio method used by González et al. 25 years ago, their results are
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approximately within an order of magnitude to the more recent calculations reported by Burke et
al. and by us.
As for the experimental studies included in Figure 3, only Hong et al.15 and Hippler et al.11
(red and purple curves, respectively, in Figure 3) based on laser absorption and shock tubes
experiments, respectively, cover wide enough temperature ranges to reveal the different
behaviors of the rate constant at low and high temperatures; their results indicate a minimum at
925 K and 1250 K, respectively.
The Burke et al.7 results and ours, based on high levels of theory, are the most accurate
theoretical results available to date. The Hong et al.15 experiments provide the critical data
extending over the temperature range that includes the minimum in the rate constant for
validation of the theoretical predictions. Thus, it is informative to examine in detail these three
sets of results.
Table 2 lists the predicted values of the thermal forward rate constant for OH + HO2 → H2O
+ O2(3Σg− ) over the temperature range 200–4000 K from Refs. 7 (Eq. 1), 15 (Eq. 2), and the
present work. We fitted our rate constants to the following two-term Arrhenius expression
(cm3•mol-1•s-1) over the 200–2500 K range:
𝑘(𝑇) = 3.08 × 1012 𝑇 0.07 exp(1151/𝑅𝑇) + 8.00 × 1012 𝑇 0.32 exp(−6896/𝑅𝑇)

(14)

Quantum effects on the reaction coordinate are not important (𝜅 𝑆𝐶𝑇 = 1 over the entire
temperature range), as expected for a barrier-less reaction. Our results (dark blue curve in Figure
3) are in good agreement with the experiments (red curve in Figure 3), with similar predcitions
for the minimum (our: 850 K, Hong et al.’s: 925 K), and also with the values calculated by
Burke et al.7 (light blue curve in Figure 3), who predict the minimum at 1125 K. We infer that
the discrepancies between these two sets of calculated data are mainly due to the differences in
the barrier heights predicted by the different levels of theory; Burke et al. did not report a value
for the barrier height.
In the 850–2500 K temperature range, the rate constant calculated in this work obeys the
Arrhenius equation, but not at temperatures below 850 K. Non-Arrhenius temperature
dependence has been observed for others barrier-less reactions with an intermediate complex in
the entry channel.56,57 The temperature dependence of the rate constant of the reaction OH + HO2
→ H2O + O2(3Σg− ) can be explained by analyzing the variation of the activation energy with
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temperature. In the absence of tunneling, the activation energy for a gas-phase bimolecular
reaction is given by58
𝐸𝑎 = ∆𝐻 ≠o + 2𝑅𝑇

(15)

where ∆𝐻 ≠o is the activation enthalpy. The activation energy to the reaction OH + HO2 → H2O
+ O2(3Σg− ) is represented as function of temperature in Figure 4, together with ∆𝐻 ≠o and 2𝑅𝑇. It
can be seen that at temperatures higher than 850 K the activation energy is positive, resulting in a
negative slope of the Arrhenius plot over the 850–2500 K range. However, at temperatures lower
than 850 K, the positive term 2𝑅𝑇 does not balance the activation enthalpy ∆𝐻 ≠o, which is
negative in the whole temperature range. As a result, 𝐸𝑎 becomes negative, and results in a
positive slope of the Arrhenius representation, and then in a non-Arrhenius behavior. At 850 K
the activation energy is zero, leading to a minimum in the rate constant at that temperature.
(b) Reaction on the singlet PES. We used the multistructural transition state theory with
torsional anharmonicity and a coupled torsional potential, MS-T(C), as described in Secion II. 2,
to compute the rate constants of the singlet channel, OH + HO2 → H2O + O2(1∆g). For the saddle
points found on the singlet PES, SP2(1A) and SP3(1A), the dihedrals H(3)–O(2)–H(1)–O(4) and
O(2)–H(1)–O(4)–O(5), 𝜏1 and 𝜏2 , respectively, are strongly coupled, thus the Voronoi method,
as implemented in MSTor,32 was employed to estimate the periodicity parameters 𝑀𝑗,𝜏 and carry
out the partition function calculations. Thus, the scheme NS:SC = 0:2 was used, where NS and
SC stand for nearly separable and strongly coupled.
The multistructural torsional anharmonicity factor 𝐹𝑀𝑆−𝑇(𝐶) (Eq. 12) of the reaction OH +
HO2 → H2O + O2(1∆g) is shown in Table 3, together with the transmission coefficient, the rate
constant (Eq. 13), and the branching ratio (BR) to the singlet channel, calculated as the ratio of
the rate constant of the singlet channel to the sum of the rate constant of the singlet and triplet
channels. The values calculated by González et al.2 using the conventional transition state theory
with Wigner correction for tunneling (𝑘 𝑇𝑆𝑇/𝑊 ) are also included for comparison. Since the
𝑀𝑆−𝑇(𝐶)

reactants do not have conformers, 𝐹𝑅
𝑀𝑆−𝑇(𝐶)

𝐹≠

is equal to 1, and thus 𝐹𝑀𝑆−𝑇(𝐶) reduces to

. The rate constant was fitted to the following Arrhenius expression (cm3•mol-1•s-1) over

the 200 K – 2500 K range
𝑘(𝑇) = 2.14 × 106 𝑇 1.65 exp(−2180/𝑅𝑇)

(16)
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It can be seen that the rate constant of the reaction OH + HO2 → H2O + O2(1∆g) is
significantly smaller than that of the reaction OH + HO2 → H2O + O2(3Σg− ) across the entire
temperature range. As a result, the branching ratio to the singlet channel is also small, and high
temperatures are necessary to produce a small amount of O2(1∆g). For instance, at temperatures
as high as 2000 K, the yield of singlet excited oxygen is only 1.43%. The branching ratios
suggest that the reaction OH + HO2 → H2O + O2(1∆g) is not competitive, being the reaction OH
+ HO2 → H2O + O2(3Σg− ) dominant even at very high temperature. However, the role of the
singlet excited oxygen formed in OH + HO2 → H2O + O2(1∆g) may not only depend on its yield,
but also on its reactivity relative to that of the ground state oxygen. These issues are discussed in
Section III. 3.
Table 3 also shows that the rate constants reported by González et al.2 are much smaller than
those predicted in this work. Given that we are using higher levels of theory for the electronic
structure calculations, as well as more sophisticated methods to estimate the rate constant and the
tunneling contribution, we consider our results more accurate.
III. 3. Role of the O2(1∆g) in H2O2 decomposition and in combustion of H2-O2 mixtures
We have carried out simulations using CHEMKIN-PRO21 to simulate the shock waves
experiment by Hong et al.15 for H2O2 decomposition at 1182 K and 1.672 atm, as described in
Section II. 3.
First, we compare the results obtained in that simulation with Konnov’s model and an
updated model with our rate constants. Figure 5 shows the species concentration profiles for
H2O2, OH, HO2, H2O, O2(3Σg− ) and O2(1∆g). Both models reproduce the concentration profiles
for the OH and H2O species obtained in Hong’s reflected shock wave experiments (see Fig. 1 in
Ref. 15); both models also predict very similar results for H2O2, HO2 and O2(3Σg− ), but not for
O2(1∆g), for which our updated model predicts a larger yield. At the end of the H2O2
decomposition process we predict a concentration of O2(1∆g) of 2.99 ppm, while Konnov’s
model predicts 0.70 ppm. These discrepancies in the yield of O2(1∆g) are due to the larger rate
constants obtained in this work for the reaction OH + HO2 → H2O + O2(1∆g), compared to those
included in Konnov’s model, which come from Ref. 2 (see Table 3).
However, given that the rate constants for OH + HO2 → H2O + O2(3Σg− ) are significantly
larger, the triplet channel is prominent, and we do not observe a significant amount of singlet
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oxygen when H2O2 decomposes. Thus, the H2O2 decomposition at 1182 K and 1.672 atm is not
significantly affected when the new rate constants for OH + HO2 → H2O + O2(1∆g) are included
in the kinetic model developed by Konnov.20 We performed the same simulations at 1000 K,
1500 K and 1800 K and observed no differences in the H2O2 decomposition using Konnov’s and
our rate constants.
The new reaction kinetics for OH + HO2 → O2(3Σg− )/O2(1∆g) was also tested in the H2oxidizer mixtures specified in Section II. 3 by predicting flame speeds and ignition delay times.
The flame speeds and ignition delay times estimated with both models are included in the
Supporting Information. Our findings show that the reaction OH + HO2 → H2O + O2(1∆g) has a
negligible effect on the combustion of H2 unless the oxidizer is seeded with O3, because the yield
of O2(1∆g) may not be large enough to make a difference even at high temperatures. In mixtures
with an oxidizer made of 60.9% O2(3Σg− ) + 39.1% O3 small differences appear in the flame speed
predicted by both models, being that of our updated model slightly larger. However, large
amounts of O3 should be added to notice a small effect. As was pointed out by Konnov,20 the
reaction
H + HO2 → H2 + O2(1∆g)

(R3)

with a rate constant at room temperature of k(298 K) = 1.210-12 cm3•molecule-1•s-1, that is,
much larger than that of the reaction OH + HO2 → H2O + O2(1∆g) (k(298 K) = 1.110-15
cm3•molecule-1•s-1), might be the main source of O2(1∆g), and very large [OH]/[H] ratios might
be necessary for the reaction OH + HO2 → H2O + O2(1∆g) to have a remarkable effect on the
studied systems.

IV. Conclusions
By means of ab initio calculations at the W3X-L//CCSD=FC/cc-pVTZ level we have
calculated the rate constants of the reactions OH + HO2 → H2O + O2(3Σg− )/O2(1∆g). Our results
for OH + HO2 → H2O + O2(3Σg− ) using the microcanonical variational transition state theory are
in good agreement with the most recent theoretical and experimental measurements by Burke et
al.7 and Hong et al.,15 confirming the non-Arrhenius temperature dependence and the presence of
a minimum in the rate constants at 850 K. This temperature dependence is due to the formation
of a hydrogen-bonded intermediate complex located in the entry channel, which induces a
change in the activation energy from negative at temperatures below 850 K to positive at higher
15

temperatures. Due to its large rate constant values, the barrier-less radical-radical reaction OH +
HO2 → H2O + O2(3Σg− ) is expected to play a role in hydrogen combustion and atmospheric
chemistry.
The rate constants for OH + HO2 → H2O + O2(1∆g) were calculated using the multistructural
variational transition state theory. Our results improve the only set of data available for this
reaction, reported by González et al.2 by using lower level ab initio calculations, MP4/6-31G**,
and a less sophisticated method to compute the rate constants and the tunneling contribution. We
predict rate constants that are significantly larger than those predicted by González et al.2.
The reaction on the triplet PES is energetically favored over the reaction on the singlet PES;
there is about 2.5 kcal•mol-1 difference in the barrier heights, resulting in very small branching
ratios to the singlet channel even at high temperatures: 1.43% at 2000 K.
Using these rate constants we updated the kinetic model recently developed by Konnov,20
which includes the rate constants from González et al.2 (singlet channel) and Hong et al.15
(triplet channel), to simulate the shock waves experiment by Hong et al.15 for H2O2
decomposition using CHEMKIN-PRO. The model was also used to estimate flame speeds and
ignition delay times of different H2-oxidizer mixtures. We did not observe any effect of the
reaction OH + HO2 → H2O + O2(1∆g) on the rate of the H2O2 decomposition compared to
Konnov’s model, even though we predict a larger yield of O2(1∆g); the effect is also negligible on
the flame speeds and ignition delay times of the H2 mixtures, unles the oxidizer is seeded with
O3. In this case, our model predicts slightly larger flame speeds.
We conclude that the reaction OH + HO2 → H2O + O2(1∆g) do not form enough singlet
excited oxygen to play a remarkable role in these systems, and the reaction will primarily take
place on the triplet PES. However, the new set of rate constants reported in this work for OH +
HO2 → H2O + O2(1∆g) may be useful in other systems/simulations that are more sensitive to the
presence of singlet excited oxygen, such as systems with ozone addition or plasma assisted
combustion.59-62
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Table 1. Ab initio properties of the stationary pointsa on the low-lying triplet ground-state (3A)
and singlet excited-state (1A) PESs at the W3X-L//CCSD=FC/cc-pVTZ level.b
Frequencies

∆V

∆H (0 K)

1.039
1.393
161.7
76.6
-35.6

3775, 1543, 1469,
1146, 663, 477,
212, 104, 2105i

-2.38

-3.45

1.959
2.211
-0.3
0.3

3709, 3597, 1548,
1193, 513, 468,
286, 213, 164

-3.21

-0.98

2.642
3.418
0.1

3981, 3877, 1677,
1669, 91, 85,
78, 64, 43

-70.33

-68.29

1.008
1.505
100.8
107.0
-64.6

3825, 3090, 1465,
1289, 870, 502,
298, 260, 1012i

0.23

2.31

1.006
1.516
100.3
105.4
58.5

3843, 3134, 1411,
1307, 816, 498,
306, 272, 1005i

0.16

2.23

1.481
4.1

3717, 3665, 1464, 1269,
1086, 853, 660, 416, 360

8.14

12.93

3.177
3.100

3979, 3876, 1678, 1599,
95, 94, 87, 60, 8

-47.53

-45.60

Geometry
(3A)

a

SP1
r O(4)–H(1)
r O(2)–H(1)
α O(2)–H(1)–O(4)
β O(5)–O(4)–H(1)–O(2)
β H(3)–O(2)–H(1)–O(4)
Complex-1 (3A)
r O(2)–H(1)
r O(5)–H(3)
β O(5)–O(4)–H(1)–O(2)
β H(3)–O(2)–H(1)–O(4)
Complex-2 (3A)c
r O(4)–H(1)
r O(5)–H(1)
β O(5)–O(4)–H(1)–O(2)
SP2 (1A)
r O(4)–H(1)
r O(2)–H(1)
α O(2)–H(1)–O(4)
β O(5)–O(4)–H(1)–O(2)
β H(3)–O(2)–H(1)–O(4)
SP3 (1A)
r O(4)–H(1)
r O(2)–H(1)
α O(2)–H(1)–O(4)
β O(5)–O(4)–H(1)–O(2)
β H(3)–O(2)–H(1)–O(4)
Complex-3 (1A)
r O(2)–O(4)
β O(5)–O(4)–O(2)–H(3)
Complex-4 (1A)
r O(4)–H(1)
r O(5)–H(1)
Complex-5 (1A)
r O(4)–H(1)
r O(5)–H(1)
β O(2)–H(1)–O(4)–O(5)
The notations are defined in

2.238
2.771
10.2
Figure 1.

b

3975, 3875, 1687,
-47.71
-45.48
1597, 196, 164,
115, 49, 40
Distances are in angstroms, angles in degrees,

frequencies in cm-1 and energies and enthalpies in kcal∙mol-1. c Complex-2 (3A) is reported at the
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CCSD(T)=FC/cc-pVTZ//CCSD=FC/cc-pVTZ level due to convergence problems with the W3XL level.
Table 2. Thermal rate constants (cm3•molecule-1•s-1) for the OH + HO2 → H2O + O2(3Σg− )
reaction.

a

T (K)
200
298
400
500
600
700
800
900
1000
1100
1200
1600
2000
2500
3000
3500
4000
This work, microcanonical

μVTa
1.3410-10
5.4610-11
3.2510-11
2.4310-11
2.0610-11
1.8910-11
1.8310-11
1.8410-11
1.9010-11
1.9510-11
2.1110-11
2.8310-11
3.8610-11
5.5610-11

Burke et al.b
1.7610-10
1.0410-10
6.8510-11
5.0510-11
4.0510-11
3.4710-11
3.1310-11
2.9410-11
2.8510-11
2.8110-11
2.8310-11
3.1310-11
3.6310-11
4.3710-11
5.1910-11

Hong et al.c

7.3610-11
4.6010-11
3.4910-11
2.9110-11
2.5810-11
2.3910-11
2.3110-11
2.3210-11
2.4210-11
2.6010-11
4.0410-11
6.3110-11
9.7310-11
1.3310-10
1.6910-10
2.0210-10
variational transition state theory at the W3X-L//CCSD=FC/cc-

pVTZ level. b Values calculated using equation 1. Values are given only for the range over with
equation 1 was fit to data. c Values calculated using equation 2.
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Table 3. Multistructural anharmonicity factor, SCT transmission coefficient, rate constant
(cm3•molecule-1•s-1) and branching ratio (%) for the reaction OH + HO2 → H2O + O2(1∆g). The
rate constant from Ref. 2 (cm3•molecule-1•s-1) is also included for comparison.
T

a

𝑭𝑴𝑺−𝑻(𝑪) a

𝜿𝑺𝑪𝑻

𝑪𝑽𝑻/𝑺𝑪𝑻

𝒌𝑴𝑺−𝑻(𝑪) a

𝑩𝑹

𝒌𝑻𝑺𝑻/𝑾 b

(K)
200
3.39
1.45
9.4710-17 7.0710-5 2.7610-29
298
3.49
1.18
1.0710-15 1.9510-3
400
3.54
1.09
4.3410-15 1.3310-2
500
3.56
1.06
1.0810-14 4.4510-2 2.5810-20
600
3.58
1.04
2.1210-14 1.0310-1
700
3.59
1.03
3.6110-14 1.9110-1
800
3.60
1.02
5.5710-14 3.0310-1
900
3.61
1.02
8.0410-14 4.3510-1
1000
3.62
1.01
1.1010-13 5.7910-1 3.7610-17
1100
3.64
1.01
1.4610-13 7.4310-1
1200
3.65
1.01
1.8410-13 8.6410-1
1600
3.68
1.01
3.4210-13 1.201000
2000
3.71
1.00
5.6110-13 1.431000 3.7310-15
2500
3.74
1.00
9.2610-13 1.641000
Our results, including torsional anharmonicity with a coupled torsional potential and tunneling

using the SCT method.

b

Values from Ref. 2, using conventional transition state theory and

Wigner corrections for tunneling.
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FIGURE CAPTIONS
Figure 1. Optimized structures of the saddle points and intermediate complexes (also see Table
1) on the low-lying triplet ground-state (3A) and singlet excited-state (1A) PESs of the reaction
OH + HO2 → H2O + O2 at the CCSD=FC/cc-pVTZ level. The oxygen and hydrogen atoms are
shown, respectively, in red and white.
Figure 2. Classical potential energy profile at the W3X-L//CCSD=FC/cc-pVTZ level in
kcal∙mol-1 for the low-lying triplet ground-state (green) and singlet excited-state (blue) PESs.
The energies of the stationary points are defined with respect to those of the reactants.
Figure 3. Plots of ln k (cm3•molecule-1•s-1) versus 1000/T (K): Experimental (Refs. 6, 10, 11, 12
and 15) and theoretical (Refs. 5, 7, and this work) results.
Figure 4. Plots of the activation energy, activation enthalpy, and 2𝑅𝑇 as functions of
temperature for the reaction OH + HO2 → H2O + O2(3Σg− ).
Figure 5. Species concentration profiles for H2O2, OH, HO2, H2O, O2(3Σg− ) and O2(1∆g) obtained
in the shock waves simulations with CHEMKIN-PRO at 1182 K and 1.672 atm.
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