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The H + O2 f O + OH chain-branching reaction, one of the most important elementary reactions in
combustion chemistry, represents a challenging benchmark system for testing dynamical theories against
experiments. The translational energy dependence of the total reaction cross section of the H+ O2 (vibrational
quantum numberν ) 0) reaction was investigated experimentally employing a pulsed laser pump-probe
technique and theoretically by means of quantum mechanical scattering calculations. The present results indicate
that there is no sharp increase in reactivity for translational energiesEtr g 1.4 eV as was suggested by earlier
experiments and approximate dynamical calculations. Furthermore, our results indicate that the potential energy
surface needs to be improved to achieve quantitative agreement between experiment and theory.

Introduction

The development of laser-based “pump-probe” techniques
which combine pulsed laser photolysis to generate energy state-
selected reagents with time- and quantum state-resolved laser
spectroscopic reaction product detection1 along with the progress
made in the quantum mechanical treatment of reactive scattering
processes2 has paved the way for detailed studies of the
molecular dynamics of elementary gas-phase reactions.3 How-
ever, in contrast to the benchmark atom-molecule reaction H
+ H2 f H2 + H for which impressive quantitative agreement
between experiment and theory has been achieved in recent
years,4-7 key features of the microscopic dynamics of the
simplest gas-phase reaction of molecular oxygen

which represents one of the most important elementary reaction
in combustion chemistry8,9 are still not resolved.

An unresolved feature for this reaction is the sharp maximum
in the total reaction cross sectionσR(Etr) for the H+ O2(ν ) 0)
reaction located at a reactant translational energyEtr of
approximately 1.8 eV,10,11 which was observed in reaction
dynamics studies employing translational energy-selected H
atoms in combination with laser spectroscopic quantum-state-
resolved OH(2Π) reaction product detection.12-14 This remark-
able finding initiated a number of theoretical studies comprising
statistical calculations based on transition state theory (TST)
as well as of quasiclassical trajectory (QCT) calculations.8,10,15

Although these calculations were not successful in reproducing
the experimental reaction cross section, important conclusions

about the reaction mechanism were drawn16-18 from these
studies, while at the same time inherent limitations of the TST
and QCT approaches became obvious.15 Detailed analysis of
the QCT calculations indicated the presence of a large number
of trajectory recrossings of transition state dividing surfaces (in
violation of transition state theory) and further revealed that
many reactive trajectories lead to the formation of OH products
with less than the quantum mechanical vibrational zero-point
energy.15 Although in a number of subsequent QCT calculations
various a posteriori correction schemes were applied to account
(in an approximate way) for the intrinsic inability of classical
mechanics to conserve zero-point energy, no satisfactory agree-
ment between the experimental and theoretical reaction cross
sections was obtained. (More sophisticated “active” methods
which control the flow of zero-point energy during the course
of individual trajectories have been discussed19 but have not
yet been applied to the H+ O2 reaction.) It was concluded that
further reaction cross section measurements along with rigorous
quantum mechanical calculations were required to resolve the
discrepancy between theory and experiment.8 In general, such
rigorous quantum mechanical calculations can serve as a test
for the employed potential energy surface (PES) as well as for
more approximate methods, e.g. based on classical mechanics20

or advanced statistical rate theories such as the statistical
adiabatic channel model (SACM).21,22 However, converged
quantum mechanical calculations are notoriously difficult and
computationally expensive. Thus, only a handful of atom-
diatom gas-phase reactions have been treated rigorously using
quantum mechanics so far, such as e.g., H+ H2/D2

23,24 and F
+ H2.

25

Accurate Quantum Mechanical Scattering Calculations

There are three particular features associated with reaction 1
which make accurate quantum mechanical scattering calculations
for this reaction challenging. First, the ground-state PES has a
deep well (see Figure 1A,B), corresponding to the stable
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H + O2(X̃
3Σg

-) f O(3P) + OH(2Π) (1)
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hydroperoxyl radical HO2(X̃2A′′), which supports many bound
states and resonances. Second, the PES in the O(3P) +
OH(2Π) product arrangement channel is governed by a long-
range dipole-induced quadrupole interaction potential which is
longer ranged (∝R-4, with R being the distance between the O
atom and the center-of-mass of the OH radical) than the usual
van der Waals (∝R-6) interaction. Third, there are two “heavy”
(i.e. non-hydrogen) atoms involved in this reaction. Hence, large
grids and consequently large propagation times (in case of an
iterative method) are needed to converge the calculations. As a
consequence, quantum mechanical calculations for this reaction
have become possible only recently. Most of these calculations
were performed for total angular momentJ ) 0 (nonrotating
HO2 system) only26,27 or were based on results obtained forJ
) 0 in combination with theJ-shifting approximation to account
for J > 0 contributions.28 Unlike in the case of reactions with
a barrier, however, theJ-shifting approximation was found to
be of questionable validity in case of reaction 1 emphasizing
the need for rigorous calculations forJ > 0.27 Such rigorous
coupled channel (CC) calculations on the double many-body
expansion (DMBE IV) potential energy surface (PES) of
Varandas and co-workers29 were recently performed.30 The

results presented in the following represent an extension of these
studies toward the calculation of total reaction cross sections
on the basis of the accurateJ > 0 total reaction probabilities in
the translational energy rangeEtr e 1.7 eV.

To calculate total reaction cross sectionsσR
(ν,j) out of an

given initial O2 rovibrational state (ν, j) as a function of the
reagent translational energy (Etr), in the present study the
following relation is used

wherekνj is the wavenumber associated with the translational
energyEtr (kVj ) x2µEtr) with µ being the reduced mass of the
H + O2 reagent collision pair.PJK0p

(ν,j) (Etr) is the reaction
probability out of the initial state O2(ν, j) reagent state for a
given total angular momentum quantum numberJ, parity p of
the wave function, and initial projection quantum numberK0

of the total angular momentum vectorJh onto thez-axis of the
coordinate system (in this case the vector connecting the H atom
with the center-of-mass of the O2 molecule). In eq 2, the factor
of 1/g (with g ) 3) accounts for the electronic degeneracy of
the H(2S) + O2(X̃ 3Σg

-) reagent system and represents the
probability of a given collision to occur on the ground-state
(2A′′)-PES which correlates adiabatically with O(3P) +
OH(2Π) products.31-33

Besides the factors mentioned above, which are more or less
specific to the H+ O2 system, there are two additional factors
which make the calculation of total reaction cross sections
computationally expensive. First, the summation overJ in eq 2
can run to large values ofJ, making a large number of
calculations for different values ofJ necessary. Second, even
thoughJ andp are conserved during a calculation,K is most
definitely not. This means that for a given value ofJ there are
either J + 1 or J substates, labeled byK, which need to be
taken into account (note that this number would be 2J + 1 had
we not parity-adapted the wave function). As a result a
calculation for e.g.J ) 10 is approximately 10 times more
expensive than a calculation forJ ) 0. However, the Coriolis
coupling between states with a different value ofK is tridiagonal
in nature; i.e., a state with quantum numberK only couples to
states with quantum numberK + 1 or K - 1. This fact can be
exploited by performing the calculation on a parallel computer,
whereby each processor is assigned a part of the waVe function
with a specific quantum number K. This “Coriolis coupled
method”,29 is highly parallel, meaning that aJ ) 10 calculation
on 10 or 11 (depending on parity) processors can be performed
in the same time as aJ ) 0 calculation on one processor. This
makesJ > 0 calculations on a system like H+ O2 feasible.

In the present work the time-dependent wave packet formal-
ism in combination with the flux method of ref 25 was used to
calculate reaction probabilitiesPJK0p

(0,1)(Etr) for the H +
O2(ν ) 0, j ) 1) f OH + O reaction. We had to introduce an
approximation to calculate the reaction cross sections. It turns
out to be unfeasible to calculatePJK0p

(0,1)(Etr) for each value ofJ
that contributes to the sum in eq 2. Instead, we have chosen to
calculate PJK0p

(0,1)(Etr) on a grid of J values. These reaction
probabilities were subsequently used to generate the reaction
probabilities for other values ofJ in order to evaluate the sum
overJ in eq 2. The complete procedure for calculating the cross
sections is as follows: First we calculate the reaction prob-
abilities on a grid ofJ values (in the present caseJ ) 0, 1, 2,
5, 10, 15, 20, 25, and 35). These reaction probabilities were
subsequently smoothed using a [25,25,2]-Savitzky-Golay

Figure 1. (A) Energy level diagram for the H+ O2 f O + OH
reaction together with a schematic representation of the minimum
energy path on the DMBE IV potential energy surface (shown as a
solid curve). Energies are given with respect to the vibrational zero-
point energy of the H+ O2 reagents. The maximum reagent
translational energy (Etr ) 1.7 eV) considered in the quantum
mechanical reaction cross section calculations is indicated with an
arrow. (B) Contour map and three-dimensional representation of the
DMBE IV potential energy surface for a collinear collision geometry.
RO-H denotes the distance between the hydrogen atom and the “middle”
oxygen atom.RO-O denotes the distance between the two oxygen atoms.
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smoothing filter.34 This ensures that no unphysical resonances
will appear in the cross sections. The smoothed reaction
probabilities were fitted at one particular collision energy to a
second-order polynomial inJ. This fit was performed for a range
of collision energies. Subsequently, these fits were used to
interpolate the reaction probabilities to get the reaction prob-
abilities at intermediate values ofJ. We used a simple linear
extrapolation for values ofJ beyond 35. The extrapolation was
stopped as soon the reaction probability reached zero. In
practice, this meant we extended our calculations up untilJ )
65 for some translational energies. A number of different
interpolation/extrapolation algorithms and fitting polynomials
were tried but were found to have an insignificant influence on
the final result.

Detailed quantum mechanical calculations of state-to-state
reaction probabilities revealed that the initial rotational excitation
of O2 has no pronounced effect on reactivity,26 and QCT
calculations further demonstrated that the value of the reaction
cross section only varies slightly over the range of O2(ν ) 0, j
) 1, 3, ...) rovibrational states35 typically populated at room
temperature.10 Therefore, the reaction cross sectionsσR

(0,1)(Etr)
obtained from thePJK0p

(0,1)(Etr) reaction probabilities should allow
for a meaningful comparison with results of reaction cross
section measurements carried out with room-temperature O2

reagents which will be most likely in the rotational states
j ) 7, 9 of the O2(ν ) 0) vibrational ground state.

Before we compare the calculated reaction cross sections with
experimental measurements we will briefly discuss theJ-
dependence of the (unfiltered) total reaction probabilities
PJ

(0,1)(Etr)-wherePJ
(0,1)(Etr) is the average of allPJK0p

(0,1)(Etr) for a
given J-and its consequences on approximate quantum me-
chanical dynamical treatments. As it can be seen in Figure 2,
the J ) 0 reaction probabilities are much larger than those
obtained forJ > 0. Therefore, reaction cross section calculated
using dynamical information from onlyJ ) 0 calculations will
overestimate the “true” reaction cross section (see e.g. refs 36
and 37). A second implication of the pronounced reduction in
reaction probability forJ > 0 as observed in the present
calculations is that the maximum value ofJ actually needed to
calculate converged cross sections is much less than would be
estimated by an extrapolation method based solely on the
PJ)0

(0,1)(Etr) reaction probabilities, since these methods usually
assume a smooth decay of the reaction probability as a function
of J. Another important effect concerns the appearance of
resonance structures in the reaction cross section. An ap-

proximate treatment based onPJ)0
(0,1)(Etr) will yield a reaction

cross section with a rich resonance structure (closely resembling
the resonance features of thePJ)0

(0,1)(Etr) reaction probability),36

whereas rigorous calculations will result in a much smoother
translational energy dependence. The latter is a direct conse-
quence of the summation over the individual reaction prob-
abilities with J > 0. For J > 0 the resonances in the reaction
probabilities become less pronounced, because differentK states
have their resonances at slightly different translational energies.
Correct treatment of the Coriolis coupling is very important in
this respect.29 For a more elaborate discussion of the theoretical
results, see ref 38.

Absolute Reaction Cross Section Measurements

Along with the quantum mechanical calculations absolute
reaction cross section measurements were performed using the
photochemical technique of Kuppermann for the preparation
of “fast” H atoms with well-defined translational energies.39 In
the present experiments pulsed laser flash photolysis of H2S or
HBr at an UV wavelength of 222 nm was employed for the
generation of translationally excited H atoms.40 In combination
with time-resolved pulsed laser induced fluorescence detection
of O(3P) atom products this experimental approach allows the
direct determination of the complete O(3Pj′)2,1,0) reaction product
fine-structure state population,41 contrary to earlier gas-phase
reaction dynamics studies in which the complementary OH
reaction products were probed. As has been demonstrated in
refs 42 and 43, total reaction cross section measurements based
on O atom detection can be used to eliminate the uncertainties
originating from the various extrapolation schemes that had to
be applied in earlier measurements in order to estimate the
contribution of spectroscopically inaccessible rovibrational OH
product states to the total reaction cross section.44

The reaction cross section measurements were carried out
using the pulsed laser “pump-and-probe” setup described in
detail elsewhere.42,43It consists of a flow reactor through which
sample gas mixtures containing the H atom precursor com-
pounds (H2S or HBr) together with O2 at room temperature are
slowly flowed with partial pressures of typically 20-40 and
90-150 mTorr, respectively. The reaction is initiated by
irradiating the H2S/O2 and HBr/O2 mixtures with a UV “pump”
excimer laser pulse (pulse duration∼15 ns, emission wavelength
222 nm), which selectively photodissociates the H atom
precursor molecule. This generates energetic H atoms with
average translational energies ofEtr ) 1.56 eV andEtr ) 1.66
eV, respectively, which subsequently react with O2 molecules.
The O(3Pj′) reaction products are detected under single-collision
conditions by a subsequent “probe” laser pulse (pulse duration
∼10 ns), delayed with respect to the “pump” laser pulse by
typically 120-150 ns. Fine-structure resolved detection of
nascent O(3Pj′) atoms (see Figure 3A) is achieved by laser
induced fluorescence (LIF) excitation of the O(3s3S° r 2p
3Pj′) spectral transitions atλprobe ) 130.22 nm (j′ ) 2), 130.48
nm (j′ ) 1), and 130.60 nm (j′ ) 0) using tunable vacuum-UV
probe laser light. It was found that the VUV probe beam itself
produced appreciable O(3Pj′)2,1,0) atom LIF signals via the
photolysis of O2 and NO2, respectively. To subtract these
“background” O(3Pj′)2,1,0) atoms from the O(3Pj)2,1,0) atoms
produced in the H+ O2 reaction and in the 222 nm photolysis
of NO2, respectively, an electronically controlled mechanical
shutter was inserted into the photolysis beam path. At each point
of the O atom spectral line scan, the signal was first averaged
with the shutter opened and again averaged with the shutter
closed. A point-by-point subtraction procedure was adopted, to

Figure 2. Quantum mechanical reaction probabilitiesPJ
(0,1)(Etr) for

different values of the total angular momentumJ plotted against the H
+ O2 reagent translational energyEtr.
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obtain directly and on-line a fluorescence signal free from
“probe-laser-generated” background O atoms. In the reaction
measurements the background O atom LIF signal was typically
about 2% of the background corrected LIF signal, and in the
NO2 dissociation measurements the background signal was about
5% of the background corrected signal. From the background-
corrected fluorescence excitation spectra shown in Figure 3A
the relative populationnj′ of the three fine-structure states of
the O(3Pj′)2,1,0) atom reaction products and hence their relative
contribution to the total reaction cross section could be obtained
(see e.g. Figure 3B) taking into account the different oscillator
strengths of the spectral transitions. As outlined in ref 12 in
order to obtain an absolute value for the reaction cross section
from LIF measurements an independent calibration of the
product detection sensitivity is required. In the present experi-

ments this calibration was performed by comparing the O(3Pj′)2)
LIF signal intensities obtained in the H+ O2 reaction with the
O(3Pj′)2) LIF signal intensities of well-defined O(3Pj′)2) atom
reference concentrations generated via the photodissociation of
NO2, respectively.39,41For those measurements in which the UV-
photodissociation of H2S was employed for H atom generation
the total absolute reaction cross sectionσR can be by obtained
employing the following formula:40,41

HereVrel is the relative velocity which corresponds to the average
translational energy ofEtr ) 1.56 eV of the H+ O2 reactant
pair. φO ) 0.61 ( 0.07 stands for the total O(3P) product
quantum yield in the 222 nm photolysis of NO2 and σH2S )
(9.3 ( 0.3) × 10-19 cm2 andσNO2 ) (4.2 ( 0.2) × 10-19 cm2

are the optical absorption cross sections of H2S and NO2 at the
pump laser wavelength of 222 nm. In eq 3 [NO2], [H2S], and
[O2] denote the respective gas-phase concentrations of NO2, H2S,
and O2 and∆t is the time delay between pump and probe laser
pulses.nj′)2 andNj′)2 are the relative populations of the O(3Pj′)2)
fine-structure state determined in the H+ O2 reaction (nj′)2/
nj′)1/nj′)0 ) 0.58( 0.03/0.33( 0.02/0.09( 0.01; see Figure
3B) and in the 222 nm photolysis measurements of NO2,
respectively (Nj′)2/Nj′)1/Nj′)0 ) 0.52( 0.03/0.33( 0.01/0.15
( 0.02).SR(j′) 2) andSC(j′) 2) are the integrated LIF signal
intensities (obtained from the integrated areas below the
respective fluorescence excitation curves depicted in Figure 3C)
measured in the H+ O2 reaction and in the corresponding NO2

calibration experiments, respectively. The factorγ is a correction
accounting for the different degrees of absorption of the VUV
probe laser radiation by the H2S/O2 mixture and NO2, respec-
tively. Absorption corrections were determined directly from
the known distances inside the flow reactor and the relative
difference in the VUV probe laser absorption measured in the
reaction and calibration runs. Under typical experimental
conditions absorption corrections were in the rangeγ ) 0.91-
0.93. With this calibration method a value ofσR(1.56 eV))
0.22 ( 0.05 Å2 was obtained. The experimental error was
calculated from the errors of the entries of the calibration
formula given above on the basis of simple error propagation.
With the same calibration procedure a value of 0.24( 0.06 Å2

was obtained for the translational energy ofEtr ) 1.66 eV.

Discussion

The results of the present measurements are depicted in Figure
4 as filled circles along with the results of previous studies and
compared with the results of the present quantum mechanical
cross section calculations (solid line). As is obvious from Figure
4, the measurements based on O atom product detection (filled
symbols in Figure 4) indicate a much less pronounced variation
of the reaction cross section with translational energy than the
earlier OH product state resolved measurements represented by
the open symbols in Figure 4. In particular, the relatively sharp
increase in reactivity in the energy range 1.2 eV< Etr < 1.7
eV is clearly absent in the O atom based measurements as well
as in the accurate quantum mechanical calculations. The
decrease of the reaction cross section at higher translational
energies (Etr > 1.7 eV) which was also clearly observable in
the recent O atom based measurements40,41has been tentatively
attributed to the onset of nonadiabatic coupling to the electroni-
cally excited repulsive HO2(2B1) PES.30 However, the latter
hypothesis can only be properly tested in the framework of

Figure 3. (A) Fluorescence excitation spectra of the three fine-structure
states (j′ ) 2, 1, 0) of O(3P) product atoms formed in the reaction of
translational energetic H atoms (Etr ) 1.56 eV) with room-temperature
O2. The spectra were recorded 120 ns after pulsed UV-laser flash
photolysis (222 nm) of 34 mTorr of H2S in the presence of 149 mTorr
of O2. The measured fluorescence intensity is plotted against the O
atom Doppler shift. The centers of the spectra correspond to the (3s
3So r 2p 3Pj′)-transitions of thej′ ) 2, 1, 0 fine-structure states of
O(3P) at λprobe ) 130.22, 130.48, and 130.60 nm, respectively. (B)
Relative population of thej′ ) 2, 1, 0 fine-structure states of the nascent
O(3P) reaction products derived from the integrated areas of fluorescence
excitation spectra shown in (A). (C) Comparison between the fluores-
cence excitation spectrum of O(3Pj′)2) atoms produced in the H+ O2

reaction (experimental conditions as in (A)) and an O(3Pj′)2) reference
fluorescence excitation spectrum recorded after pulsed UV-laser flash
photolysis of 25 mTorr of NO2 (both spectra are on the same vertical
scale). Details about the photolytic calibration method for the deter-
mination of absolute reaction cross sections for the H+ O2(ν ) 0) f
O + OH reaction are given in refs 40 and 41.

σR(1.56 eV)) γ
SR(j′ ) 2)Nj′)2

SC(j′) 2)nj′)2

φOσNO2
[NO2]

σH2S
[H2S][O2]Vrel∆t

(3)
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multisurface quantum scattering calculations on multiple PESs
of HO2.32 An the other hand, comparison of the energy
dependence of the present quantum mechanical cross sections
obtained for translation energies below theC2V conical intersec-
tion energy30 with the revised experimental data suggests that
the DMBE IV PES provides an reasonable representation of
the HO2(X̃2A′′) ground-state potential. However, the fact that
the absolute values of the calculated reaction cross sections are
significantly lower than the experimental ones emphasizes the
need for further improvements of this PES. This conclusion is
in line with the results of most recent theoretical kinetics studies
of the closely related H+ O2 f HO2* recombination reaction
carried out by Troe and co-workers,45,46 which revealed
significant deficiencies of some of the previous ab initio data
considered in the construction of the DMBE IV PES.

In summary, the agreement between experiment and quantum
theory achieved in the present dynamics studies of the H+
O2(ν ) 0) f O + OH chain-branching reaction is encouraging
and it can be expected that the consideration of the new ab initio
information which was recently obtained44 will soon results in
an improved PES with a high enough accuracy to be used in
quantum scattering calculations of thermal rate coefficients.
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