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The H + O, — 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 ¢f@e\tbrational
quantum number = 0) reaction was investigated experimentally employing a pulsed laser-pprape

technique and theoretically by means of quantum mechanical scattering calculations. The present results indicate

that there is no sharp increase in reactivity for translational enegies1.4 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 about the reaction mechanism were dré&w# from these
studies, while at the same time inherent limitations of the TST
and QCT approaches became obvituBetailed analysis of
}he QCT calculations indicated the presence of a large number
of trajectory recrossings of transition state dividing surfaces (in

The development of laser-based “puagrobe” techniques
which combine pulsed laser photolysis to generate energy state
selected reagents with time- and quantum state-resolved lase
spectroscopic reaction product detectiatong with the progress violation of transition state theory) and further revealed that

made in the guantum mechanical treatment of reactiye scatteringmany reactive trajectories lead to the formation of OH products
Fr:gliisusljrs g;: arﬁii:vsegf g;gmvgﬁfarf;; ad:;a;:gasde rségilf?;mc;. the with less than the. quantum mechanical vibrational zero-point
ever, in contrast to the benchmark atemolecule reaction H ene.rgy%5AIthouglh na numper of subsequent QCT. calculations
+ HZ’ — H, + H for which impressive quantitative agreement various a posteriori correction Sche".‘es_ were ?Pp"ed to account
between experiment and theory has been achieved in recenfIn an approximate way) for the Intrinsic |nab|I|ty_ of classical
years}~’ key features of the microscopic dynamics of the mec?egm::s to cct)rr]lserve zgro-p;nlrt er&e{rﬁjy, nci.saltlsfacttc.)ry agree-
. . ment between the experimental and theoretical reaction cross
simplest gas-phase reaction of molecular oxygen sections was obtained. (More sophisticated “active” methods
which control the flow of zero-point energy during the course
of individual trajectories have been discus$eout have not
. ) . yet been applied to the H O, reaction.) It was concluded that
which represents one of the most important elementary reaction,ther reaction cross section measurements along with rigorous

H + 04X °%;) — OCP) + OH(IT) (1)

in combustion chemistfy are ;till not.res_olved. ) guantum mechanical calculations were required to resolve the
An unresolved feature for this reaction is the sharp maximum discrepancy between theory and experinfentgeneral, such

in the total reaction cross sectio(Ey) for the H+ O(v = 0) rigorous quantum mechanical calculations can serve as a test

reaction located at a reactant translational enekgy of for the employed potential energy surface (PES) as well as for

approximately 1.8 eV)'* which was observed in reaction 4re approximate methods, e.g. based on classical meckanics
dynamics studies employing translational energy-selected H o agvanced statistical rate theories such as the statistical
atoms in combination with laser spectroscopic quantum-state- 5yiapatic channel model (SACM¥22 However, converged

i iogR—14 Thi . . ; L e
resolved OHRIT) reaction product detectio. ** This remark-  q,antum mechanical calculations are notoriously difficult and
able finding initiated a number of theoretical studies comprising computationally expensive. Thus, only a handful of atom
statistical calculations based on transition state theory (TST) giatom gas-phase reactions have been treated rigorously using

as well as of quasiclassical trajectory (QCT) calc_ulati%ﬁ)sl.5 _ quantum mechanics so far, such as e.g+ Hi/D2*24and F
Although these calculations were not successful in reproducing - H, 25

the experimental reaction cross section, important conclusions

- - - Accurate Quantum Mechanical Scattering Calculations
* Corresponding author: E-mail a.meijer@ucl.ac.uk. Faxd4-(0)20-

7619-7463._" _ There are three particular features associated with reaction 1
. \L/Jvr;{;ﬁ:esgatt;eegﬁ!\?ggﬁy which make accurate quantum mechanical scattering calculations
S Institut fur Physikalische Chemie der Univergi@ottingen. for this reaction challenging. First, the ground-state PES has a
'University College London. deep well (see Figure 1A,B), corresponding to the stable
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Figure 1. (A) Energy level diagram for the H- O, — 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+ O; reagents. The maximum reagent
translational energy H 1.7 eV) considered in the quantum

Abu Bajeh et al.

results presented in the following represent an extension of these
studies toward the calculation of total reaction cross sections
on the basis of the accurale> 0 total reaction probabilities in

the translational energy randgg < 1.7 eV.

To calculate total reaction cross sectiozm%‘” out of an
given initial O, rovibrational statey(, j) as a function of the
reagent translational energ¥), in the present study the
following relation is used

a1 .
T % 23+ 1)P§D
(21 + 1) p( ) JKop(Etr)

AIE) ==

9i2

wherek,; is the wavenumber associated with the translational
energyEy (k,; = 4/2uE,) with i being the reduced mass of the
H + O, reagent collision pairPy(Ey) is the reaction
probability out of the initial state &, j) reagent state for a
given total angular momentum quantum numbgparity p of
the wave function, and initial projection quantum numbgr
of the total angular momentum vectdmonto thez-axis of the
coordinate system (in this case the vector connecting the H atom
with the center-of-mass of the,@nolecule). In eq 2, the factor
of 1/g (with g = 3) accounts for the electronic degeneracy of
the HES) + Ox(X %,) reagent system and represents the
probability of a given collision to occur on the ground-state
((A")-PES which correlates adiabatically with ®)f +
OH(AT) products?1—33

Besides the factors mentioned above, which are more or less
specific to the H+ O, system, there are two additional factors
which make the calculation of total reaction cross sections
computationally expensive. First, the summation avereq 2
can run to large values of, making a large number of
calculations for different values af necessary. Second, even
thoughJ andp are conserved during a calculatidf,is most
definitely not. This means that for a given valueJahere are
eitherJ + 1 or J substates, labeled b, which need to be
taken into account (note that this number would Ber21 had
we not parity-adapted the wave function). As a result a

)

mechanical reaction cross section calculations is indicated with an calculation for e.gJ = 10 is approximately 10 times more
arrow. (B) Contour map and three-dimensional representation of the expensive than a calculation fdr= 0. However, the Coriolis

DMBE IV potential energy surface for a collinear collision geometry.

Ro-+ denotes the distance between the hydrogen atom and the “middle”

oxygen atomRo-o denotes the distance between the two oxygen atoms.

hydroperoxyl radical HGX2A""), which supports many bound
states and resonances. Second, the PES in tRe) Of
OH(?II) 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™%) 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

coupling between states with a different valud<a tridiagonal

in nature; i.e., a state with quantum numlgeonly couples to
states with quantum numb&r+ 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 theedanction

with a specific quantum number. Krhis “Coriolis coupled
method"2%is highly parallel, meaning thath= 10 calculation

on 10 or 11 (depending on parity) processors can be performed

jin the same time as &= 0 calculation on one processor. This

makesJ > 0 calculations on a system like # O, feasible.
In the present work the time-dependent wave packet formal-
ism in combination with the flux method of ref 25 was used to

IS , : i (0,1

iterative method) are needed to converge the calculations. As acalculate reaction PfObab"'t'eSPSKOB(Etr) for the H +
consequence, quantum mechanical calculations for this reaction@2(v = 0,j = 1) — OH + O reaction. We had to introduce an
have become possible only recently. Most of these calculations@PProximation to calculate the reaction cross sections. It turns

were performed for total angular momeht= 0 (nonrotating
HO, system) onl§%27 or were based on results obtained for

= 0 in combination with thg-shifting approximation to account
for J > 0 contributions’® Unlike in the case of reactions with

a barrier, however, thé-shifting approximation was found to
be of questionable validity in case of reaction 1 emphasizing
the need for rigorous calculations fdr> 0.27 Such rigorous

out to be unfeasible to calcuIaRg?gg(Etr) for each value of]

that contributes to the sum in eq 2. Instead, we have chosen to
calculate PS%&(EU) on a grid of J values. These reaction
probabilities were subsequently used to generate the reaction
probabilities for other values ofin order to evaluate the sum
overJin eq 2. The complete procedure for calculating the cross
sections is as follows: First we calculate the reaction prob-

coupled channel (CC) calculations on the double many-body abilities on a grid of values (in the present case= 0, 1, 2,

expansion (DMBE 1V) potential energy surface (PES) of
Varandas and co-workéfswere recently performe¥. The

5, 10, 15, 20, 25, and 35). These reaction probabilities were
subsequently smoothed using a [25,25,2]-Savitz&play
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0.6 ' ' ' ' ' proximate treatment based cﬂﬂil)(Etr) will yield a reaction
cross section with a rich resonance structure (closely resembling
the resonance features of tﬁé’;%,)(Etr) reaction probability$®
whereas rigorous calculations will result in a much smoother
translational energy dependence. The latter is a direct conse-
guence of the summation over the individual reaction prob-
abilities withJ > 0. ForJ > 0 the resonances in the reaction
probabilities become less pronounced, because diff&rstdtes
have their resonances at slightly different translational energies.
Correct treatment of the Coriolis coupling is very important in
this respect? For a more elaborate discussion of the theoretical
results, see ref 38.
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Absolute Reaction Cross Section Measurements

0.0 Ll

E, (oY) ‘ ' Along with the quantum mechanical calculations absolute
Figure 2. Quantum mechanical reaction probabilitB¢(Ey) for reaction cross sectior} measurements were performed using the
different values of the total angular momenturlotted against the H ~ Photochemical technique of Kuppermann for the preparation
+ 0, reagent translational enerdy. of “fast” H atoms with well-defined translational energi€sn
the present experiments pulsed laser flash photolysis&fdd
HBr at an UV wavelength of 222 nm was employed for the
generation of translationally excited H atofi$n combination
with time-resolved pulsed laser induced fluorescence detection
of O(P) atom products this experimental approach allows the
direct determination of the complete®8(=,,1,9 reaction product
fine-structure state populatidh,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 sectfon.

The reaction cross section measurements were carried out
using the pulsed laser “pump-and-probe” setup described in
detail elsewheré&?43|t consists of a flow reactor through which
sample gas mixtures containing the H atom precursor com-

smoothing filter3* 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 ih 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 df We used a simple linear
extrapolation for values af beyond 35. The extrapolation was
stopped as soon the reaction probability reached zero. In
practice, this meant we extended our calculations up dntil

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 O, has no pronounced effect on reactiifyand QCT
calculations further demonstrated that the value of the reaction
c:roic, 333 eCt;Orr;\?iglga;isz s:;%ggi/ygrczllg]%g;rd?aieggﬁ r(())’ (im pounds (HS or H_Br) tog_ether with @at room temperature are

A : Q) slowly flowed with partial pressures of typically 2@0 and
temperaturé Ther(gflore, the reaction cross sectians"(Ex) 90-150 mTorr, respectively. The reaction is initiated by
obtained from thePSK’Og(Etr) reacnon probabilities shou[d allow irradiating the HS/O, and HBr/G mixtures with a UV “pump”
for a meaningful comparison with results of reaction cross excimer laser pulse (pulse duratierL5 ns, emission wavelength
section measurements carried out with room-temperature O 222 nm), which selectively photodissociates the H atom
reagents which will be most likely in the rotational states precursor molecule. This generates energetic H atoms with
j =17, 9 of the (v = 0) vibrational ground state. average translational energiest®f= 1.56 eV andEy, = 1.66

Before we compare the calculated reaction cross sections withgy/, respectively, which subsequently react withrolecules.
experimental measurements we will briefly discuss the  The OgP;) reaction products are detected under single-collision
dependence of the (unfiltered) total reaction probabilities congitions by a subsequent “probe” laser pulse (pulse duration
PYEy)—wherePP(Ey) is the average of aH’S?gj,g(En) for a ~10 ns), delayed with respect to the “pump” laser pulse by
given J—and its consequences on approximate quantum me-typically 120-150 ns. Fine-structure resolved detection of
chanical dynamical treatments. As it can be seen in Figure 2, nascent JF;) atoms (see Figure 3A) is achieved by laser
the J = 0 reaction probabilities are much larger than those induced fluorescence (LIF) excitation of the O@ — 2p
obtained forJ > 0. Therefore, reaction cross section calculated 3p,) spectral transitions ayrone = 130.22 nm | = 2), 130.48
using dynamical information from only = 0 calculations will nm (' = 1), and 130.60 nmj'(= 0) using tunable vacuum-UV
overestimate the “true” reaction cross section (see e.g. refs 36probe laser light. It was found that the VUV probe beam itself
and 37). A second implication of the pronounced reduction in produced appreciable &R —10 atom LIF signals via the
reaction probability forJ > 0 as observed in the present photolysis of Q and NQ, respectively. To subtract these
calculations is that the maximum value béctually needed to “pbackground” OfPy—19 atoms from the GP—2109 atoms
calculate converged cross sections is much less than would beproduced in the H+ O, reaction and in the 222 nm photolysis
estimated by an extrapolation method based solely on theof NO,, respectively, an electronically controlled mechanical
PS%)(Eu) reaction probabilities, since these methods usually shutter was inserted into the photolysis beam path. At each point
assume a smooth decay of the reaction probability as a functionof the O atom spectral line scan, the signal was first averaged
of J. Another important effect concerns the appearance of with the shutter opened and again averaged with the shutter
resonance structures in the reaction cross section. An ap-closed. A point-by-point subtraction procedure was adopted, to



3362 J. Phys. Chem. A, Vol. 105, No. 13, 2001 Abu Bajeh et al.

A ments this calibration was performed by comparing th#Qf)

LIF signal intensities obtained in the H O, reaction with the

=2 =1 i’=0 OCP,=,) LIF signal intensities of well-defined €®,—,) atom
reference concentrations generated via the photodissociation of
NO,, respectively®*For those measurements in which the UV-
photodissociation of & was employed for H atom generation
the total absolute reaction cross sectigncan be by obtained
employing the following formul#?41

Fluorescence intensity

S =2N,,  $ooNOJ
("= 2=, 0y, o[H,S][O,] v At

0x(1.56 eV)=y 3)

Hereuwr is the relative velocity which corresponds to the average

translational energy oty = 1.56 eV of the H+ O, reactant

pair. ¢o = 0.61 & 0.07 stands for the total €¥) product

quantum yield in the 222 nm photolysis of N@nd on,s =

(9.340.3) x 10 cn? andono, = (4.24 0.2) x 10719 ¢cm?

are the optical absorption cross sections g&tdnd NQ at the

pump laser wavelength of 222 nm. In eq 3 [BJHS], and

[O] denote the respective gas-phase concentrations gf S,

c and Q andAt is the time delay between pump and probe laser

pulsesny—; andN;— are the relative populations of the¥B(=,)

H+02 OH+O(Fj) | NOz+hv = NO + OCPyp) fine-structure state determined in the-HO; reaction (=y/

Ny=1/Ny=o = 0.58 £ 0.03/0.33% 0.02/0.09+ 0.01; see Figure

3B) and in the 222 nm photolysis measurements of,NO

respectively Kj=o/Nj=1/Ny=o = 0.52 £ 0.03/0.33%+ 0.01/0.15

+ 0.02). %('= 2) and<(j'= 2) are the integrated LIF signal

intensities (obtained from the integrated areas below the

e . respective fluorescence excitation curves depicted in Figure 3C)

40 A 2 -1 0o 1 2 measured in the H O, reaction and in the corresponding MO
O(3P,) Doppler shift (cm") calibration experiments, respectively. The fagtds a correction

accounting for the different degrees of absorption of the VUV

relative population ny

Fluorescence intensity

Figure 3. (A) Fluorescence excitation spectra of the three fine-structure L . )
states | = 2, 1, 0) of OfP) product atoms formed in the reaction of probe laser radiation by the,B/O, mixture and N@, respec

translational energetic H atom&(= 1.56 eV) with room-temperature  V€ly. Absorption corrections were determined directly from

0.. The spectra were recorded 120 ns after pulsed UV-laser flash the known distances inside the flow reactor and the relative
photolysis (222 nm) of 34 mTorr of 4% in the presence of 149 mTorr  difference in the VUV probe laser absorption measured in the
of O,. The measured fluorescence intensity is plotted against the O reaction and calibration runs. Under typical experimental
?tom Dop3p|er shn‘t._ The center_§ of the spectra correspond to the (3sconditions absorption corrections were in the rapge 0.91—

S - 2p *Ry)-transitions of theg’ = 2, 1, 0 fine-structure states of g g3 \yth this calibration method a value o&(1.56 eV)=

OCP) at Aprobe = 130.22, 130.48, and 130.60 nm, respectively. (B) 5 . .
Relative population of thg = 2, 1, 0 fine-structure states of the nascent 0.22 £ 0.05 & was obtained. The experimental error was

O(CP) reaction products derived from the integrated areas of fluorescencec@lculated from the errors of the entries of the calibration
excitation spectra shown in (A). (C) Comparison between the fluores- formula given above on the basis of simple error propagation.
cence excitation spectrum of ®f—,) atoms produced in the H O, With the same calibration procedure a value of 428.06 A2
reaction (experimental conditions as in (A)) and afRR(,) reference was obtained for the translational energyFaf= 1.66 eV.
fluorescence excitation spectrum recorded after pulsed UV-laser flash
photolysis of 25 mTorr of N@(both spectra are on the same vertical

scale). Details about the photolytic calibration method for the deter- Discussion
mination of absolute reaction cross sections for the ;(v = 0) — The results of the present measurements are depicted in Figure
O + OH reaction are given in refs 40 and 41. 4 as filled circles along with the results of previous studies and

compared with the results of the present quantum mechanical
obtain directly and on-line a fluorescence signal free from cross section calculations (solid line). As is obvious from Figure
“probe-laser-generated” background O atoms. In the reaction4, the measurements based on O atom product detection (filled
measurements the background O atom LIF signal was typically symbols in Figure 4) indicate a much less pronounced variation
about 2% of the background corrected LIF signal, and in the of the reaction cross section with translational energy than the
NO, dissociation measurements the background signal was abouearlier OH product state resolved measurements represented by
5% of the background corrected signal. From the background- the open symbols in Figure 4. In particular, the relatively sharp
corrected fluorescence excitation spectra shown in Figure 3A increase in reactivity in the energy range 1.2 e\VE, < 1.7
the relative populatiom; of the three fine-structure states of eV is clearly absent in the O atom based measurements as well
the O€Py—2,1,0 atom reaction products and hence their relative as in the accurate quantum mechanical calculations. The
contribution to the total reaction cross section could be obtained decrease of the reaction cross section at higher translational
(see e.g. Figure 3B) taking into account the different oscillator energies &, > 1.7 eV) which was also clearly observable in
strengths of the spectral transitions. As outlined in ref 12 in the recent O atom based measurenféritsias been tentatively
order to obtain an absolute value for the reaction cross sectionattributed to the onset of nonadiabatic coupling to the electroni-
from LIF measurements an independent calibration of the cally excited repulsive Hgi?B;) PES3® However, the latter
product detection sensitivity is required. In the present experi- hypothesis can only be properly tested in the framework of
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Figure 4. Total reaction cross sections for thetHO,(v = 0) — OH

+ O reaction. The solid line describes the results of the present quantum

scattering calculations. The open symhtdlanda represent results of

reaction cross sections measurements based on OH product detectio@

as reported in refs 13 and 14, respectively. Filled symbols denote
experimental reaction cross sections based on O atom dete@tzme;

the results of the present work, alland o denote reaction cross
sections reported in refs 40 and 41, respectivglylenotes the reaction
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