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Accurate 3D quantum state-to-state reaction probabilities and collision lifetimes for the
H1O2→OH1O combustion reaction for total angular momentumJ50 are reported. The reaction
probabilities are dominated by resonances, many of which overlap. The total reaction probability is
not enhanced by vibrational or rotational excitation of the reactants. The first accurate final state
distributions are presented, and probability is found to spread out into all open product vibrational
and rotational channels, with a rather strong tendency to produce highly excited product rotational
states. The first calculated collision lifetimes are presented, and resonances with lifetimes of 1–10
ps are found at most energies. Whether the reaction behaves statistically is discussed, and future
extensions needed are also discussed. ©1995 American Institute of Physics.
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I. INTRODUCTION

The endoergic reaction,

H~2S!1O2~
3Sg

2!→OH~2P!1O~3P!, ~1!

is well known to be the single most important reaction
combustion chemistry.1–4 In the combustion of hydrogen an
all hydrocarbons~including natural gas, gasoline, diesel fue
coal, etc.! it is the rate-limiting, chain-branching step. It d
termines explosion limits and flame propagation rates
accounts for 80% of the O2 consumption. As a result of thi
‘‘overwhelming importance to combustion,’’2 this reaction
has been very extensively studied both experimentally
theoretically, and the literature on it is very extensive. W
refer the reader to several reviews.2,5–7 of the subject and
give only a limited review here.

The rate of reaction~1! has been measured many time
and the measurements at low temperatures agree well
leave little uncertainty in the rate coefficient. However, un
very recently, the results diverged at higher temperatu
with a factor of two difference between the lower8,9 and
higher10,11 values of the rate coefficient obtained at 2500
As a result, there has been considerable controversy2 over
whether or not the rate displays Arrhenius behavior at h
temperatures. It appears that this controversy has now b
resolved by new measurements4,12 to much higher tempera
tures~5300 K!. These have been combined with lower te
perature measurements13,14 to give a rate coefficient4 which
appears to be accurate over a wide range of tempera
~960–5300 K! and is fit by a simple Arrhenius form.

Although the rate of reaction~1! displays Arrhenius be-
havior, the reverse reaction,

OH~2P!1O~3P!→H~2S!1O2~
3Sg

2!, ~2!

whose rate coefficient is related to the rate of reaction~1! via
the equilibrium constant, displays very non-Arrhenius beh

a!Present address: Department of Mechanical Engineering, Auburn Un
sity, Alabama 36849.
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ior because it is an exoergic reaction with no barrier. Its rate
coefficient decreases as temperature~T! increases at lowT
and becomes flat at highT.4

Experiments in which fast H atoms are produced by la-
ser photodissociation of a precursor in the presence of O2

and the products are monitored with laser spectroscopy3,15–23

are currently yielding more detailed information about reac-
tion ~1!. While many of these experiments are at high ener-
gies, some16,17,22 include energies low enough to be impor-
tant to chemical kinetics. Such experiments have yielded the
integral reaction cross section as a function of energy,21,22the
O-atom spin–orbit distributions;19,20 and the vibrational, ro-
tational, spin–orbit, andL-doublet distributions of the OH
products.3,15–18They are now yielding the differential reac-
tion cross section.23 Hence, a wealth of experimental infor-
mation is available.

There have also been many theoretical studies. Severa
authors24–30have performedab initio calculations, with vari-
ous levels of sophistication, of points on the relevant poten-
tial energy surface~PES!; namely, theX 2A9 ground elec-
tronic state of the HO2 system. These studies and available
experimental information make it clear that reaction~1! is an
endoergic one with a well instead of a barrier. Along the
minimum energy path28 the potential falls smoothly with no
barrier from the reactant asymptote into a deep well which is
due to the bound hydroperoxyl radical, OOH. Then, from
there out to products, the potential rises rapidly, contains a
very small barrier and well, and then continues out to prod-
ucts. This small barrier and well both lie below the product
asymptote and thus do not constitute any real barrier to the
reaction. They are due to a transition from a chemically
bonding potential to a long range potential due to the inter-
action of the quadrupole moment of the O(3P) atom with the
dipole moment of the OH radical; itsR24 behavior is much
longer ranged than the usual van der Waals~R26! potential.

Several global, analytic PES’s suitable for reaction dy-
namics calculations have been reported.25,26,31–34The one
used herein, which was the best available at the time this

ver-
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5999Pack, Butcher, and Parker: The H1O2 combustion reaction
study began, is the DMBE IV PES of Varandas an
co-workers.34 It incorporates all the experimental informa-
tion known in 1990 and also many28,29 of the accurateab
initio results of Walch and co-workers. With the energy zer
chosen to be the bottom of the asymptotic H1O2 well, the
HO2 minimum of the DMBE IV PES is at an energy of
22.378 35 eV, and the bottom of the asymptotic OH chann
is at 0.581 51 eV. The energy of ground state H1O2~0,1! is
0.097 87 eV, and the energy of ground state OH~0,0!1O ~the
reaction threshold! is at 0.811 47 eV, so that the relative~col-
lision! energy at the threshold for reaction is 0.713 60 eV
Consistent with experiment, this PES gives a hydroperox
radical with an O–O bond length of 2.5413a0 , an O–H
bond length of 1.8345a0 , and an OOH bond angle of 104.29
deg. Also, its force constants are chosen to given fundame
tal vibrational frequencies in fairly good agreement with th
experimental35 values ofv153436.1951,v251391.7, and
v351097.6 cm21.

There have also been a number of theoretical studies
the dynamics of reaction~1! and its reverse. Variational tran-
sition state theory~VTST! calculations36 using the Melius–
Blint ~MB! PES ~Ref. 25! did not give a rate coefficient
agreeing very well with experiment; it was not clear whethe
that was due to the theory or the PES used. Troe,37–39 who
avoided the MB PES, has reported statistical adiabatic cha
nel model calculations that do agree quite well with exper
ment.

Approximate quantum dynamics calculations have bee
reported27,40,41 for the rate of the reverse reaction, reaction
~2!. However, the fact that reasonable agreement with expe
ment was obtained27,40 is not very reassuring because the
simple capture model41 used only includes the long range
and centrifugal interactions of O1OH and assumes that all
systems that enter the OOH well region exit into the H1O2

arrangement.
In addition, quasiclassical trajectory~QCT! studies of

reactions ~1! and/or ~2! have been reported by many
authors.1,16,17,26,31,34,42–48These studies have contributed
much to the understanding of the reaction and have give
many properties in agreement with experiment. Howeve
they have also caused some confusion. They show the ex
ence of many long-lived, snarled trajectories that often ten
to recross most transition state dividing surfaces that mig
be chosen, and this has led to a controversy. Statistical arg
ments lead one to expect that the rates of decay of su
long-lived complexes into the various arrangement channe
will be determined by the phase space volumes of the cha
nels. Instead, Miller1 and Varandas and co-workers34,44 ob-
served importantnonstatisticalrecrossing effects, with many
more trajectories started out in the O1OH arrangement re-
turning there than expected, which also contradicts th
simple quantum capture model27,40,41 discussed in the pre-
ceding paragraph. On the other hand, Troe37,38 argued that
those effects are due to the PES used and do not requ
invoking nonstatistical effects. Also, Nyman and
Davidsson43 have noted that the amount of recrossing ob
tained depends on the details of how different QCT method
handle quantum zero-point energies. We discuss these ne

Because of the large endoergicity of reaction~1!, it re-
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quires an incident relative energy of 0.71 eV or~8200 K! to
reach the threshold for reaction. Because of the large vibra
tional zero-point energy of the OH product, the quantum
threshold for OH formation lies 0.23 eV above the classica
threshold. As a result, even at energies well above the qua
tum threshold, most reactive classical trajectories form th
OH product with less than its quantum zero-point energy
This has caused much concern1,43–48 about the validity of
classical mechanics for reaction~1! and continuing
attempts43,45–48to develop ways to incorporate zero-point ef-
fects into the classical mechanics. These have not yet bee
very successful, and QCT methods are still unable to specif
the threshold behavior. There have been no experiment
measurements of the threshold behavior, and the first reliab
information about that behavior appeared in a preliminary
report49 of the present work.

In this paper we report accurate 3D quantum coupled
channel~CC! calculations of reaction probabilities and colli-
sion lifetimes for reaction~1! for total angular momentum
J50; a preliminary account of this work has already been
published.49 In similar work, Leforestier and Miller50 have
recently published a calculation of the cumulative reaction
probability, and Zhang and Zhang51 have just published cal-
culations of the total reaction probability out of several initial
states. The present work is the first able to calculate detaile
state-to-state reaction probabilities for this reaction.

There have been no accurate quantum dynamics studi
of this reaction earlier than those noted49–51 because it is
significantly more difficult than most reactions treated to
date. It has two heavy~nonhydrogenic! atoms, and the large
endoergicity of the reaction causes many of the closel
spaced O2 vibration-rotation states to be open before the en
ergy reaches the threshold for product formation. In addition
the deep OOH well causes many states that diabatically co
nect to OH product vibration-rotation states to dip down to
become locally open in the well region and thus contribute
additional coupled channels. The hydroperoxyl radical is
nonlinear, and, at reactive collision energies, it can access a
configurations from the linear prolate symmetric top through
all asymmetric tops to the triangular oblate symmetric top.52

This floppiness causes much more angular momentum co
pling than occurs in linearly dominated reactions and
assures53 that there exists no optimum body-frame axis sys-
tem for this reaction. In addition, two other effects conspire
to require integration to large distances before applying th
boundary conditions. The exchange of the H atom betwee
the two O atoms, which is allowed at all scattering energies
has a heavy–light-–heavy~HLH! mass combination with its
attendant small skew angle, and the aforementioned dipole
quadrupole~R24! potential in the product arrangement is
much longer ranged than the usual van der Waals~R26! po-
tentials. This large number of coupled channels and larg
integration distance would make this an especially difficult
reaction to treat in detail with those methods which use ra
dial basis functions and arrangement channels internal bas
functions. The hyperspherical method used herein makes th
reaction feasible because it uses locally adiabatic interna
basis functions, and the cost of the radial propagation is sim
ply linear in the distance propagated.
, No. 15, 15 April 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6000 Pack, Butcher, and Parker: The H1O2 combustion reaction
In the next section we describe the calculations p
formed. Section III contains our results and a discussion
them, and Sec. IV contains our conclusions and a discuss
of future work needed on this system.

II. CALCULATIONS

A. APH method: Potential energy surface

We use the APH method which we have detaile
elsewhere.54–56 In brief summary, it uses the adiabaticall
adjusting principal axes hyperspherical~APH! coordinates
and expands the wave function for a given total angular m
mentum ~J! in terms of WignerD functions of the Euler
angles, ‘‘surface functions’’F of the APH hyperanglesu and
x, and unknown functionsc of the hyperradiusr. The set of
F form a compact basis of internal states determined
solving, at a series ofr values, a two-dimensional Schro¨-
dinger equation that depends parametrically onr. The set of
F for a given value ofr are used in a sector centered at th
r value and are independent ofr on that sector. Thec~r! are
determined by propagating the coupled channel~CC! equa-
tions, keeping all coupling, from smallr, where they are
regular, to asymptoticr, where a similarity transformation
takes theR matrix from APH coordinates to arrangemen
channel Delves’ hyperspherical coordinates, and then
boundary conditions, which have been transformed from
cobi to Delves’ coordinates, are applied directly to obtain t
K matrix and the scattering~S! matrix.

As noted in the Introduction, we use the DBME IV
PES,34 and consistent with the use of this single-value
ground state potential and in common with similar studie57

of simpler reactions involving OH, we neglect all couplin
of the nuclear motions to the electronic orbital and spin a
gular momenta. This amounts to treating both O2 and OH as
Hund’s case~b! molecules.58 For the H~2S!1O2~

3Sg
2! reac-

tants this is an accurate approximation; for th
O~3P!1OH~2P! products it is much more approximate a
discussed in Sec. IV. Thus, the diatomic angular mome
denoted here byj correspond to the nuclear orbital angula
momenta usually59 calledRby spectroscopists.16O2 has only
odd integerj states as required by its electronic and nucle
spin symmetries,60 so that its ground vibration-rotation stat
is O2(v, j )5O2~0,1!. OH has all integerj. In the present
calculations, the total nuclear orbital angular momentum,
noted here byJ, is fixed at zero.

Plots of the behavior of the DMBE IV PES in othe
coordinates have been given elsewhere.34 To give some idea
of its behavior in APH coordinates, plots of it vsu andx at
fixed r are shown in Fig. 1. All energies are measured re
tive to the bottom of the asymptotic H1O2 well. The hyper-
radiusr is large~10 a0! in Fig. 1~a!, so that the arrangemen
channels are separated from each other. The larger chan
are those of the H1O2 arrangement; the smaller ones a
those of the two O1OH arrangements. Six channels sho
because each arrangement appears together with its m
image as discussed elsewhere.54 Rotation of each of the di-
atomic fragments corresponds to movement in the poten
wells parallel to the contours; vibration corresponds
movement perpendicular to the contours. The two OH1O
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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channels appear close together because H atom exchange
a HLH mass combination as noted in the Introduction. In
Fig. 1~b!, r54.7 a0 is in the potential well region near the
OOH minimum which occurs at 4.5a0 . Here the arrange-
ment channels are overlapping. Looking at the upper half o
the figure, the ‘‘eyes’’ in the ‘‘mask’’ are the potential wells
corresponding to bound OOH; the ‘‘nose’’ and ‘‘ears’’ are
potential hills. Motion inu near the minima corresponds
mostly to the highest frequency~v1! OH stretching vibration
of OOH; motion inx is mostly the intermediate frequency
~v2! bending vibration; and motion inr ~not shown! is
mostly the lowest frequency~v3! OO stretching vibration of
OOH. This order is consistent physically with the order in
which the APH theory treats the variables.

FIG. 1. Contour plots of the DMBE IV PES at fixed values ofr. These are
stereographic projections of the surface of an upper half sphere. The AP
angleu runs from 0 at the north pole~center of plots! to ~p/2! at the equator
~heavy circle!. ~Points outside the equator are not physical.! The APH angle
x is measured from the positivex axis on these plots and grows as one goes
counterclockwise. The repulsive regions with energy above the solid conto
at 2.0 eV are shaded. The dashed contours are at energies of22.0,20.4,
0.2, 0.83, and 10.0 eV.~a! r510 a0 ; ~b! r54.7 a0 .
, No. 15, 15 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6001Pack, Butcher, and Parker: The H1O2 combustion reaction
B. Surface functions

The APH coordinates make the symmetry of the syste
very clear as is apparent from Fig. 1, and this symmetry w
utilized in the calculations of the surface functionsF to re-
duce the size of the calculations and only generate functio
of the symmetry desired. The surface functions fromr53.3
a0 , where all the surface function energies are strongly r
pulsive, to 6.5a0 were calculated using a discrete variabl
representation~DVR! method which we have detailed
elsewhere.55 The calculations used 55 intervals inu and 90
intervals inx. TheEcut parameter varied from 23.0 to 2.8 eV
across the range, and theVmax parameter was kept equal to
1.5 timesEcut. All these parameters were carefully chosen t
give the eigenvalues of all states lying below 1.3 eV con
verged to within about 0.3 meV at allr on this range. With
the sequential truncation-diagonalization method this r
quired solving eigenvalue equations of dimensions rangi
from 415 to 1665, and the lowest 350 eigenfunctions an
eigenvalues were kept.

The surface functions fromr56.5 to 30.0a0 were de-
termined using the analytic basis method~ABM ! which we
have recently described in detail.56 This large finalr value is
necessary to make the magnitude of the long-range~R24!
potential in the product arrangement less than 0.5 meV f
all OH orientations and its average33 magnitude less than 0.3
meV and thus allow calculation of resonance positions
that accuracy. Attempting to stop at much shorter distanc
will give inaccurate threshold and resonance positions. T
parameters and size of the basis were optimized to give
asymptotic diatomic eigenenergies accurate to better than
meV, to give the eigenvalues of all states lying below 1.3 e
accurate to about 0.3 meV at allr, to keep the quadratures an
order of magnitude more accurate than the energies, and
join onto the DVR results smoothly with good completenes
of the overlap matrix. The parameters of the primitive bas
are given in Table I and II. With symmetry, this basis give
an eigenvalue problem of dimension 671, and the lowest 3
eigenfunctions and eigenvalues were again kept.

The centers of the sectors at which the surface functio
were determined were spaced logarithmically, with eachr
being 1.01 times the previous value.~This is a conservative
spacing which assures good overlaps between sectors.! The
DVR functions were thus calculated for 68 sectors and t
ABM functions for 155 sectors for a total of 223 sectors. Th

TABLE I. Input parameters for the H1O2 ABM calculations.

Arrangement 1 2 and 3

atomic mass~amu! 1.007 825 03 15.994 914 61
scale factord 0.591 208 29 1.717 087 40
ve ~a.u.! 7.199 889~23!a 1.703 049~22!
vexe ~a.u.! 5.458 9~25! 3.867 48~24!
r e~a0! 2.281 88 1.832 39

nmax 10 7
jmax 73 32
nhermt 13 24
nglegn 74 61

aThis notation implies 7.199 88931023.
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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overlap matrix between the last set of DVR functions and the
first set of ABM functions were calculated. Then, the results
were combined, so that the propagation, which only requires
the coupling and overlap matrices, could be done as if the
surface functions had all been calculated by one method.

The surface function eigenvaluesE~r! show many cross-
ings and avoided crossings as a function ofr. If the eigen-
values are connected from oner to the next in simple energy
~adiabatic! order, they often look rather like ‘‘spaghetti’’,61

and it becomes very difficult for the eye to follow them, as
demonstrated by Fig. 2~a!, which shows the eigenvalues that
lie between 0.5 and 1.0 eV forr between 6 and 9a0 . If,
however, one connects the eigenvalues at oner with those at
the next using algorithms62 which maximize the eigenfunc-

TABLE II. Variational parameters for the H1O2 ABM calculations.

Arrangement 1 2 and 3

r x 1.035 1.15
ca 0.94 0.82
an 0.95 0.88
z 1.0 1.0
d 0.01 0.01

FIG. 2. Surface function eigenvalues~eV! plotted vsr over a small range of
energy and distance.~a! Adiabatic connection of the points.~b! Diabatic
connection of the points. See the text for a definition of the diabatic method.
, No. 15, 15 April 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Diabatic surface function eigenvalues plotted over a wider range of energy and distance. See text for discussion.
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tion overlaps, one gets ‘‘diabatic’’ curves, such as thos
shown in Fig. 2~b!, which appear much smoother and mor
continuous. One sees gently rising and falling curves whi
asymptotically approach reactant H1O2 states and steeply
rising curves, some of which have barriers, which asympto
cally approach product OH1O states.

All the ‘‘diabatic’’ curves obtained from the 350 adia-
batic curves are plotted over a wider range of energy a
distance in Fig. 3. In the interest of space, the curves forr
from 11.5 to 30a0 , which change slowly with distance, are
not plotted. In Fig. 3 one can clearly see where each of t
vibrational states of O2 lie at large distances, and one als
sees clearly that the strongly bound surface functions co
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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nect diabatically solely with O1OH products rather tha
with the H1O2 reactants. This should perhaps not be surp
ing; the bond length and OH stretching frequency in OO
are very little changed from those of isolated OH. Howev
it does explain why so many coupled channels are requ
in this problem; for any energyE, the number of open chan
nels at anyr is the number of curves lying below thatE. At
threshold~0.811 47 eV!, at asymptotic distances there are
open O2 vibration-rotation states and one open symmetri
OH state for a total of 96 open channels. At this same en
there are a maximum of 155 locally open channels atr55.0
a0 . At the highest energy considered~1.42 eV!, 246 channels
are open asymptotically—220 O2 reactant states and 26 sym
, No. 15, 15 April 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6003Pack, Butcher, and Parker: The H1O2 combustion reaction
metrized OH product states. This number rises to a ma
mum of 308 locally open channels at 5.7a0 . From Fig. 3 it
is seen that these extra channels that are locally open in
well region connect diabatically to asymptotically closed O
vibration-rotation states.

C. Propagation: Final state analysis

The coupled channel~CC! equations, including all cou-
pling, were propagated using the log derivative method.63All
propagations were started atr53.3a0 where all theE~r! are
so repulsive that the amplitudes of all thec~r! are negligible.
Calculations were performed at a few random energ
across the full energy range to test convergence with resp
to the rend at which the propagation was stopped, and t
production calculations were then ended at 30.0a0 . Calcu-
lations were also performed to test convergence with resp
to the number of steps taken per shortest asymptotic wa
length, andNsteps524 was then used. Calculations were al
performed to test convergence with respect to the numbe
CC equations propagated, andNchanl5350 was then used.

These propagations are the most time consuming par
the calculations.~To calculate all the surface functions at a
distances took less cpu time than to do the propagation
eight energies.! The propagations were performed on ne
works of SUN and HP workstations at Los Alamos and t
University of Oklahoma. For example, a typical propagati
at one energy required 7339 symmetric matrix inversions
propagate across the 223 sectors and 444 matrix multipl
tions to transform at the sector boundaries and required 9
on a HP 735 or 49 h on a SUN Sparc 2 workstation. T
main group of calculations for the present work includes 1
energies. To speed the process a simple but effective dis
uted processing algorithm was implemented as follows:
grid of 1241 energies spanning total energies from 0

TABLE III. Convergence of reaction probabilities with respect to distance
which boundary conditions are applied.Nchanl5350. See text for discussion

E~eV! rend N0(E) P0,1~tot! P0,29~tot! P3,1~tot! P0,1~0,0!

0.8170 14.248 1.151 2.425e22 0.911e22 6.623e23 1.937e22
21.213 1.286 3.049e22 1.135e22 2.292e23 2.938e22
30.051 1.304 2.699e22 1.046e22 4.159e23 2.524e22

0.8440 14.248 1.210 2.260e22 8.460e23 0.907e22 3.510e23
21.213 1.261 1.946e22 8.991e23 1.314e22 7.583e23
30.051 1.262 2.169e22 9.020e23 1.059e22 7.430e23

0.8755 14.248 2.256 4.954e22 6.582e23 4.439e22 7.381e23
21.213 2.379 8.230e22 5.673e23 3.290e22 9.417e23
30.051 2.375 8.860e22 5.344e23 3.412e22 8.178e23

1.0200 14.248 3.608 7.469e22 4.271e22 7.625e22 8.074e23
21.213 3.601 8.529e22 4.486e22 6.738e22 9.155e23
30.051 3.592 7.779e22 4.194e22 8.900e22 9.304e23

1.2200 14.248 5.594 1.567e21 4.529e22 1.088e21 1.968e22
21.213 5.612 1.566e21 4.982e22 1.183e21 2.315e22
30.051 5.605 1.586e21 4.758e22 1.190e21 2.246e22

1.4200 14.248 9.820 3.534e21 4.619e22 1.849e21 1.365e22
21.213 9.897 3.417e21 4.599e22 1.438e21 1.767e22
30.051 10.012 3.348e21 4.630e22 1.556e21 1.675e22
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through 1.42 eV in steps of 0.0005 eV was defined, and a
blank R matrix was created for each. Then, those for the
energies wanted were deleted. As each computer finished
given energy, it would look to find the first missingRmatrix,
recreate a blank copy, and then do the calculation at tha
energy. In this way, several workstations could simulta-
neously work steadily without interfering with each other.
The present work includes every point from point 23~0.8110
eV! though point 121~0.8600 eV! with 0.0005 eV spacing,
every other point from 123~0.8610 eV! through 221~0.9100
eV!, i.e., with 0.001 eV spacing, and every 50th point from
241 ~0.9200 eV! through 1241~1.4200 eV!, i.e., with 0.025
eV spacing, for a total of 170 energies.

In addition to the above calculations, runs at 11 selected
energies were made in which the energy derivative of the log
derivative matrix was propagated along with the log deriva-
tive matrix to allow the direct calculation64 of the energy
derivative of theR, K , andSmatrices and thus of Smith’s65

collision lifetime matrix~Q!. The energies of these calcula-
tions were chosen to span the full energy range of the main
set of calculations, and those at the lower energies were cho
sen to be where there appeared to be peaks or valleys in th
probabilities. Then, because very narrow peaks were found

atTABLE IV. Convergence of reaction probabilities with respect to the num-
ber of propagation steps per asymptotic wavelength.Nchanl5350 and
rend530.051. See text for discussion.

E~eV! Nsteps N0(E) P0,1~tot! P0,29~tot! P3,1~tot! P0,1~0,0!

0.8170 24 1.304 2.699e22 1.046e22 4.159e23 2.524e22
30 1.308 2.709e22 1.035e22 4.328e23 2.558e22

1.4200 24 10.012 3.348e21 4.630e22 1.556e21 1.675e22
30 10.012 3.341e21 4.640e22 1.548e21 1.678e22

TABLE V. Convergence of reaction probabilities with respect to the number
of coupled channels propagated.rend530.051. See text for discussion.

E~eV! Nchanl N0(E) P0,1~tot! P0,29~tot! P3,1~tot! P0,1~0,0!

0.8170 300 1.326 2.786e22 1.077e22 4.269e23 2.619e22
330 1.303 2.714e22 1.045e22 4.230e23 2.541e22
350 1.304 2.699e22 1.046e22 4.159e23 2.524e22

0.8440 300 1.263 2.169e22 9.130e23 1.014e22 7.538e23
330 1.263 2.180e22 9.048e23 1.046e22 7.513e23
350 1.262 2.169e22 9.020e23 1.059e22 7.430e23

0.8755 300 2.368 8.646e22 5.255e23 3.512e22 7.848e23
330 2.370 8.696e22 5.278e23 3.398e22 7.949e23
350 2.375 8.860e22 5.344e23 3.412e22 8.178e23

1.0200 300 3.571 7.938e22 4.380e22 8.584e22 9.964e23
330 3.593 7.763e22 4.216e22 9.040e22 9.265e23
350 3.592 7.779e22 4.194e22 8.900e22 9.304e23

1.2200 300 5.595 1.912e21 3.889e22 1.201e21 1.345e22
330 5.601 1.595e21 4.683e22 1.161e21 2.085e22
350 5.605 1.586e21 4.758e22 1.190e21 2.246e22

1.4200 300 10.495 4.146e21 5.869e22 1.331e21 2.247e22
330 10.017 3.475e21 5.197e22 1.521e21 2.216e22
350 10.012 3.348e21 4.630e22 1.556e21 1.657e22
, No. 15, 15 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6004 Pack, Butcher, and Parker: The H1O2 combustion reaction
in the probabilities, additional calculations, including the e
ergy derivative, were performed for 26 more energies n
0.817 eV with a grid that could be made as fine as 0.000
eV to see just how narrow the peaks there are and how la
the collision lifetime becomes in their vicinity. We discus
the results in the next section.

The symmetry of the resultingK matrices~and hence the
unitarity of theSmatrices! is excellent. However, the energ
derivatives obtained are not so stable, and it was found n
essary to symmetrize the calculateddK /dE to obtain colli-
sion lifetimes that are always stable, smooth functions of
energy.

III. RESULTS AND DISCUSSION

A. Convergence tests

The results of the convergence test calculations are gi
in Tables III–V. One sees in all of them that the most high
averaged quantity, the cumulative reaction probability66–69or
number of reacting states,N0(E), quickly converges, the
larger partially averaged total reaction probabilities out
given initial vibration-rotation (v, j ) states show intermedi-
ate convergence, and the smaller total probabilities and
state to state reaction probability to go from ground sta
(v, j )5~0,1! reactants to ground state~0,0! products are the
most sensitive. The results of the tests of convergence w
respect to therend at which the propagation was ended a
given in Table III. One sees that, except at the lowest ene
shown, N0(E) seems converged to within about 5% b
rend514 a0 and, at all the energies, to within about 1% b
rend521a0 . For the total and individual probabilities shown
many are fairly close atrend514 a0 , but others are inaccu-
rate by as much as a factor of 2. Even atrend521 a0 , where
most of the entries agree with those obtained withrend530
a0 , there are several that differ by 15%–25%, and one t
differs by almost a factor of 2. Part of this sensitivity
caused by the fact that any approximation can shift narr
resonances onto or off a given energy. However, since
wanted these calculations to be benchmarks with accu
probabilities and locations of resonances, we chose to
rend530 a0 in all the production calculations. We note tha
this is feasible here because the cpu time required by the
method, while cubic in the number of internal states~Nchanl!
used, is strictlylinear in the distance propagated, and
could be made even less than that if we were to propag
separately in each arrangement channel outside the exch
region. On the other hand, the cpu time required by all of t
current time-dependent or time-independent methods wh
use grids or basis functions in all variables, while ofte
touted to be less than cubic, grows significantly faster th
linear with the distance covered.

The results of calculations testing convergence with t
number of propagation steps per shortest wavelength
given in Table IV. There one sees that, at both the high
and lowest energies, most of the probabilities are conver
to well within 1%, with the smallest one at its most sensiti
energy~see Table III! within 4%, for the two values ofNsteps
shown. Accordingly,Nsteps524 was used in all the produc
tion calculations.
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The convergence with the number of coupled channels
~Nchanl! propagated is shown in Table V. One sees that most
of the probabilities show convergence to within 1%–3%
with 300–330 internal channels. However, from the results at
the highest two energies, it is clear that calculations with

FIG. 4. Cumulative reaction probability or number of reacting states plotted
vs total energy. The points give the raw data; the line is only to guide the
eye.~a! Plot over the full energy range of the calculations.~b! Blow up of
the low energy region to show the structure.~c! Further blow up of a very
narrow energy region showing smoothness of the structures with a very fine
grid.
, No. 15, 15 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6005Pack, Butcher, and Parker: The H1O2 combustion reaction
FIG. 5. Total~summed over all final product states! reaction probability starting from O2~0,1! plotted vs total energyE and compared with the results of Zhang
and Zhang~Ref. 51! ~ZZ!. ~a! Plot over the full energy range of the calculations. The points are the present results; the line gives the results of ZZ.~b! Blow
up of the low energy region to show the structure. The points are the present results; the line gives the results of ZZ.~c! Blow up of the low energy region;
both the points and the line are the present results.~d! Further blow up of a very narrow energy region showing smoothness of the structures with a very
grid; both the points and the line are the present results.
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these smaller numbers of channels are becoming inadeq
there. To get results accurate within a few percent at
highest energies and assure accurate description of na
resonances at low energies, we elected to useNchanl5350 in
all the production calculations.

We believe that all the other numerical parameters in
steps of the calculation are consistent with accuracy at l
as great as given by the parameters tested in these
tables, and that the convergence in these tables is repre
tative of the real accuracy with which the present calcu
tions treat reactive scattering on the DMBE IV PES. We n
that the present results are slightly different from and be
converged than the results in our preliminary report49 of this
work.

B. Reaction probabilities

1. Cumulative reaction probability

Figure 4 shows the cumulative reaction probability
number of reacting statesN0(E). This quantity was defined
by Miller66 who showed that the thermal rate coefficient
essentiallyNJ(E) summed over allJ and averaged over
J. Chem. Phys., Vol. 10Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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Boltzmann distribution. Figure 4~a! showsN0(E) over the
whole energy range at which calculations were done. W
note that it shows much fine structure as a function of energ
at the low energies at which a fine energy grid was used. W
hasten to point out that we expect this structure to continu
to all energies shown; the only reason that less structure a
pears at higher energies is because a coarse energy grid w
used, and for that reason the actual points at which the ca
culations were done are shown. A blowup of the low energy
portion of Fig. 4~a! is shown in Fig. 4~b!. There one sees that
there is much sharp resonance structure which is still no
fully resolved at the 0.5 meV grid spacing at which these
calculations were performed. Accordingly, Fig. 4~c! shows
calculations on a much finer grid yet in a narrow region
about the peaks near 0.817 eV; this plot shows that the re
sults in this vicinityare smooth and fully resolved on this
scale.

Much of the current interest in the cumulative reaction
probability stems from the recognition67–69 that steplike
structures inN0(E) are a signal of quantized transition
states. As we showed in Ref. 49, smoothing68 of Fig. 4~b!
2, No. 15, 15 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6006 Pack, Butcher, and Parker: The H1O2 combustion reaction
produces a plot which shows some faint steplike structure
about 0.83, 0.855, and 0.885 eV, and these are approxima
the energies of the barriers in three effective potentials in
8 a0 region of Fig. 2~b! that correlate with rotationally ex-
cited states of the OH product. However, the correlation
not perfect, and we do not wish to claim too much for
Because this reaction has no real potential barrier and ha
many open coupled channels, one should perhaps not ex
quantized transition states to be very obvious.

We note at this point that a calculation ofN0(E) which
should be comparable with Fig. 4 has recently been p
lished by Leforestier and Miller.50 Their results agree quali-
tatively with the present results; however, on the avera
theirN0(E) is smaller than the present results by about 20
We believe that the results of Ref. 50 are not converged
two reasons~1! The convergence tests discussed above in
cate that the presentN0(E) is converged to well within 1%,
and ~2! the magnitudes of the results of Zhang and Zhan51

for some of the probabilities that contribute significantly
N0(E) agree very well with our results as discussed belo

FromN0(E), one could calculate theJ50 contribution
to the rate coefficient exactly; however,J50 contributes a
small fraction of the total rate coefficient. Also, with aJ
shifting approximation,70 one could estimate the experimen
tal rate coefficient. Leforestier and Miller50 have done that
and found that, because the present reaction lacks a w
defined transition state at which to calculate the rotatio
energies, the uncertainties in the procedure allow one to g
rate coefficient either larger or smaller than experiment. W
do not reportJ shifting approximate results here; similar ap
proximations and their results for the present reaction
being studied by Yang and Klippenstein.71

2. Total reaction probabilities

Now let us consider a less—but partly—averaged qua
tity, namely, the probability for reaction from a given initia
vibration-rotation state of the O2 reactant summed over al
possible final product states, denotedPv, j

R ~total!. We first
consider P0,1

R ~total!, the total reaction probability out of
ground state reactants; it has very recently also been ca
lated by Zhang and Zhang51 ~ZZ! using a time-dependen
method, and their results are compared directly with t
present results in Fig. 5. In Fig. 5~a! the solid line gives the
results of ZZ, and the points are the present results. We n
that their results51 confirm what had been expected;49

namely, that the narrow structures continue to all energ
Also, we note that the agreement is generally very go
their line passes through or near most of our points, so t
they agree to within mutual uncertainties~a few percent in
each!. This confirms both calculations because complet
different methods are used.

A blowup of the low-energy fine-grid region is shown i
Fig. 5~b!. It is clear from it that not only do our results an
those of ZZ~Ref. 51! have the same magnitude, but they a
also describing the same resonance structures. The di
ences seen are due to the fact that ZZ can only propag
over a finite time, and that gives their results a finite ener
resolution which tends to smear the results a little, so t
their peaks are a little lower and their valleys a little high
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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than ours. It also causes their method to miss a few of the
very narrowest peaks. This can be seen by comparing Fig
5~c!, in which the line simply connects the present points,
with Fig. 5~b!. Our time-independent CC calculations have
essentially infinite energy resolution, and, if they are done on
a fine enough grid, as shown in Fig. 5~d!, whereP0,1

R ~total! is

FIG. 6. Total ~summed over all final product states! reaction probability
starting from O2~0, j ! plotted vs total energyE over the full energy range.
The panels are for small initialj ~3, 5, 7, and 9! as labeled.

FIG. 7. Total ~summed over all final product states! reaction probability
starting from O2~0, j ! plotted vs total energyE over the full energy range.
The panels are for large initialj ~11, 21, 31, and 41! as labeled.
, No. 15, 15 April 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6007Pack, Butcher, and Parker: The H1O2 combustion reaction
plotted over a very narrow energy range with a very fin
grid, they show that the peaks are smooth and have fin
widths. However, to carry out CC calculations on a very fin
grid over a very wide energy range gets expensive. Thus,in
practice, our energy resolution is better than that of ZZ in
our fine grid region, and theirs ismuchbetter in our coarse
grid region shown in Fig. 5~a!.

At this point we compare the costs of the calculations
ZZ ~Ref. 51! and ourselves. About 20 cpu hours of CRAY
YMP time were required72 to produce the ZZ results shown

FIG. 8. State-to-state reaction probabilitiesP0,1
R (0, j ) vs total energyE for

going from ground~0,1! state reactants to product states (v, j ) with v50
and j equal to~a! 0–7 and~b! 8–15, as the panels are labeled.
J. Chem. Phys., Vol. 102,Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject¬
te
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in Fig. 5. From our experience, the CRAY-YMP is roughly
10 times faster than the HP 735 for our programs, so that
with the times noted in Sec. II, that effort was about the same
as that required for 20 energies via our CC calculations. To
get a resolution equalling that of ZZ across the whole energy
range shown in Fig. 5~a! would require CC calculations at
roughly 600 energies. That means that, to generate Fig. 5, th
time-dependent method of ZZ is faster than our CC method
by a factor of about 30. However, their method, which gives
the total reaction probability out of a given initial state, can-
not presently give final state distributions, and it must be
repeated for every initial state wanted. The present CC
method, on the other hand, gives the completeSmatrix with
all its detailed information at each energy at which it is run.
That means that, if one wantsPv, j

R ~total! for relatively fewv
and j at a large number of energies, the method of ZZ is
much faster; however, if one wants many initial states or
detailed final state distributions at relatively few energies, the
present CC method is much faster. ZZ give results for four
initial states, and we present results for a total of about 200
energies, so the results of this paper actually cost about 2 t
3 times the cpu time as those of ZZ’s paper.51

In our earlier report49 we noted that this reaction, in con-
trast to the similar He1H2

1 reaction,69,73 showsno enhance-
ment due to initial vibrational or rotational excitation of the
O2 reactant, and we presented plots ofPv, j

R ~total! for (v, j )
5~3,1! and ~0,29! there. Zhang and Zhang51 have shown
results for~1,1!, ~2,1!, and ~3,1! which agree with present
results. The presentPv, j

R ~total! for ~4,1!, ~5,1!, and~6,1! ~not
shown! grow slowly smaller as the initial vibrational excita-
tion v grows larger but show no interesting new structure or
behavior.

To give the reader a better idea of the dependence of th

FIG. 9. State-to-state reaction probabilitiesP0,1
R (1, j ) vs total energyE for

going from ground~0,1! state reactants to vibrationally excited product
states (v, j ) with v51 andj equal to 0–7 as the panels are labeled.
No. 15, 15 April 1995to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6008 Pack, Butcher, and Parker: The H1O2 combustion reaction
P0, j
R ~total! on j, Fig. 5~a! shows it forj51, and Fig. 6 shows

it for j53, 5, 7, and 9. One sees that the magnitudes of th
total probabilities are similar, but that, even though the
rotational states of O2 are closely spaced in energy, the na
row resonance structures vary strongly withj. The same
quantities for the larger values ofj511, 21, 31, and 41 are
shown in Fig. 7. One sees that, due to rotational and centr

FIG. 10. State-to-state nonreactive~elastic and rotationally inelastic! prob-
abilitiesP0,1

N (0, j ) vs total energyE for going from O2 ground~0,1! state to
O2 states (0,j ) with small final j equal to 1, 3, 5, and 7 as labeled.

FIG. 11. State-to-state nonreactive~rotationally inelastic! probabilities
P0,1
N (0, j ) vs total energyE for going from O2 ground ~0,1! state to O2

states (0,j ) with large finalj equal to 11, 21, 31, and 41 as labeled.
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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gal effects ~ j5 l for J50!, colliding reactants with large
initial j are kept out of the region of strong interaction with
product states and have small total reaction probability. Th
P0, j
R ~total! for j>45 ~not shown! are never larger than 0.01

on this range even though O2~0, j ! states with much largerj
are open asymptotically.

At this point we note that thePv, j
R ~total! for bothv and

j excited~not shown! are similar in appearance to those al-
ready shown. Also, we were curious to see whether the
would be any enhancement of reaction probability out o
those H1O2 states, such as (v, j )5~0,63!, ~1,53!, ~2,43!,
~3,29!, ~3,27!, and~4,1!, which are at nearly the same energy
as the ground O1OH~0,0! state, so that the incident and final
translational energies are nearly equal. There is none; hen
plots of those results are not shown here.

TABLE VI. Properties of the collision lifetime matrix at several energies.
Energies are in eV, and times are in femtoseconds. See the text for disc
sion.

E~eV! tmax tmin traceQ Largest components

0.812 00 1 688 216 607 225 994 Reactants
0.816 30 1 164 224 564 248 831 Reactants
0.817 44 4 078 210 288 216 668 Products and reactants
0.818 00 2 638 28 680 215 188 Products and reactants
0.833 50 2 101 24 206 28 284 Products and reactants
0.844 00 477 25 394 215 887 Reactants
0.854 00 2 397 23 120 27 422 Products
0.875 50 3 430 22 833 27 695 Products
1.020 00 379 26 097 219 163 Reactants
1.220 00 9 542 21 613 22 268 Reactants
1.420 00 6 719 24 891 226 523 Products

FIG. 12. State-to-state nonreactive~vibrationally inelastic! probabilities
P0,1
N (v,1) vs total energyE for going from O2 ground~0,1! state to O2 states

(v,1) with final v equal to 1–5 as labeled.
, No. 15, 15 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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6009Pack, Butcher, and Parker: The H1O2 combustion reaction
3. Final state distributions

Now, let us consider detailed state-to-state reaction pr
abilities. Because there is so much resonance structure in
the plots, the final state distribution varies much with ener
and we do not attempt to simply give a few final state d
tribution plots or perspective plots but instead give in Figs
and 9 the reaction probabilities for going from the groun
~0,1! state reactants to each of the open product~v8, j 8!
states. Figure 8 gives the probabilities to form~0, j 8! product
states. There one sees that the resonance peaking dep
strongly on j 8. Also, it is seen that, averaged over ener
enough to smear the resonance peaking, the reaction p
ability tends to grow withj 8 and to peak at high energies a
the high product rotational states withj 8513 and 14. This
peaking of the product rotational distribution at largej 8 for
high energies is consistent with both experimental3,15–18,22

and classical trajectory studies47 of this reaction. Figure 9
gives the probabilities to form the vibrationally excited pro
uct ~1, j 8! states. Even the lowest of these is only open
energies greater than 1.2559 eV. From the figure one s
that their probabilities tend to peak at smallerj 8, depend
more weakly onj 8, and to be half as large as the probabi
ties to form the groundv850 product states.

In the early report49 of the present work, we noted tha
there is an increase in the slope ofP01

R ~total! above 1.256 eV
@see Fig. 5~a!#, attributed it to the opening up of thev851
OH channel, and suggested that, if a similar increase occ
at the opening of thev852 OH channel at 1.680 eV, it could
provide an interpretation of the steep rise seen in the exp
mental cross section21,22 beginning at that energy. On close
examination of Figs. 8 and 9, it appears that the situation
more complicated. The highly excited rotational states of O
with v850 that are becoming open at these energies app
to be contributing as much to the increased growth
P01
R ~total! as the product states withv851. Hence, what

might cause the steep rise at the higher energy is not
clear.

The final state distribution of the nonreactively scatter
H1O2 is also of interest. Selected state to state probabilit

FIG. 13. Maximum eigenvaluetmax in femtoseconds of the collision lifetime
matrix plotted vs the total energy in eV with a very fine grid over a ve
narrow energy range to trace out a resonance.
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for elastic and rotationally inelastic scattering are shown
Figs. 10 and 11, and some for vibrationally inelastic scatte
ing are shown in Fig. 12. One sees from them that the elas
scattering probability, while larger on average than any of th
other state to state inelastic or reactive probabilities, is n
very large, and represents a small fraction of the total sca
tering. Significant rotationally inelastic scattering starting
from the ground O2~0,1! state extends up to O2~0,41! but is
very small past~0,45!. Significant vibrationally inelastic
scattering extends up to O2~4,1! but gets rapidly smaller for
vibrational quantum numbers greater than 5. We note th
vibrationally inelastic scattering is about as probable as rot
tionally inelastic scattering for this system because the stro
potential well mixes both the motions strongly.

C. Collision lifetimes

In Table VI are shown results of the collision lifetimes
calculations performed at the 11 selected energies spann
the full energy range of the present work. One sees from
that, at all of the energies, the maximum eigenvaluetmax of
Smith’s65 collision lifetime matrixQ is always greater than
379 fs, corresponding to a significant delay due to the inte
action. At many of the energies,tmax is of the order of several
picoseconds; this shows that the reaction is, in fact, dom
nated by long-lived resonances. We note that the minimu
eigenvalue ofQ is always negative and of the order of sev
eral picoseconds. The reason for this is that the eigenvalu
of Q represent thedifference65,74between the actual lifetime
of the collision and the time required if the reactants wen
past each other with no interaction. Looking at Fig. 3, on
can see that particles that sense the deep attractive well
accelerated by it and also hit the repulsive wall, shortenin
the distance traveled relative to no interaction. Both thes
effects can make the collision lifetime significantly negative
especially for those channels that are very near threshold a
thus for which the lifetime of passage with no interaction
gets very long.

We have also tabulated the trace ofQ because this quan-
tity is important in recombination kinetics;74,75 it is seen that
this trace is negative at all but one of the energies in Tab
VI. We discuss this more in a future paper.76 Also, we note
thatQ is labeled by the asymptotic channels, so that thos
channels which are the largest components of its eigenvec
with the largest eigenvaluetmax are those asymptotic states
which interact most strongly with the longest-lived resonan
state at that energy. In the last column of Table VI we hav
noted that those states are sometimes dominated by state
the reactant arrangement, sometimes the product arran
ment, and sometimes both. It is these latter resonances t
connect reactants and products efficiently and enhance
reaction probability. For example, the largest components
the 4 ps lifetime resonance at 0.817 44 eV are~in order! the
~v, j ! states~0,0! of the OH product and the states~2,17!,
~0,17!, and ~2,1! of the O2 reactant, and the reaction prob-
abilities between them have peaks near this energy.

To show the behavior oftmax with energy it is plotted in
Fig. 13 on a very fine grid for energies near 0.817 eV. On
sees that it smoothly rises from about 1 ps to 4 ps and th
declines again as it traces out the resonance. We note t

y
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6010 Pack, Butcher, and Parker: The H1O2 combustion reaction
tmax peaks near 0.817 44 eV, but the probabilities plotted
Figs. 4~c! and 5~d! peak near 0.817 24 eV, and so doe
P2,17
R ~0,0! ~not shown!, the reaction probability connecting

the largest components of the resonance. This difference
0.2 meV occurs here because the probabilities depend o
on theSmatrix while the lifetimes also depend on its energ
derivative; it can occur because the energies of resonan
are only defined to within the width of the resonance, and
value obtained depends on the method of calculation.

D. Origin of resonances

A resonance is a nonstationary state with a prolong
lifetime. In the present system they correspond to fragme
colliding, getting trapped and oscillating for a time, and th
separating into products or reactants. To analyze in detai
the overlapping resonances evidenced in the results of
work would take considerable effort and has not been do
yet. However, the basic mechanism for their formation
qualitatively visible from Fig. 3; the system comes in o
some curve that is asymptotically open, transitions or tunn
to one of the curves that is asymptotically closed~Feshbach!
or has a barrier higher thanE ~quasibound!, and oscillates in
that curve until it transitions or tunnels to and exits on t
original or another asymptotically open curve.

E. Is this reaction statistical?

For reactions that form long-lived complexes~reso-
nances! the standard argument is that the complex forg
from which arrangement channel it was formed and dec
statistically into the different arrangements according to th
available phase space volumes. However, as we noted in
I, there has been considerable controversy1,34,37,38,43,44about
whether the present reaction displays statistical behavior.
present results have some bearing on this question. If
look at a specific resonance at a specific energy, its deca
clearly not statistical. From Table VI it is clear that som
resonances connect mostly to reactant states, some mos
product states, and some connect to both reactants and p
ucts. Furthermore, it is clear from Figs. 5~c! and 5~d! for
example, that the peak reaction probability at specific re
nances is not determined by the product and reactant ph
space available. On the other hand, if we look at the state
state probabilities of Figs. 8–12, we see thaton the average,
there is a great tendency for the probability to be spread
into many final states and to be of the same order of mag
tude for a large number of final product and reactant sta
Similarly, if we look at the cumulative reaction probabilit
shown in Fig. 4, which is the important quantity for chemic
kinetics, it is clear that on a fine energy scale it does n
behave statistically. Whether it behaves statistically when
eraged over energy or summed overJ is not yet clear. Yang
and Klippenstein71 are currently doing calculations on thi
reaction using several statistical methods, and their res
may help to answer this question.

IV. CONCLUSIONS AND FUTURE WORK

In this paper we have presented accurate 3D coup
channel~CC! calculations of reactive scattering for the titl
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subject
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reaction using the DMBE IV~Ref. 34! potential energy sur-
face. The convergence tests presented herein show that t
results are accurate to within a few percent. All the results
show many narrow and overlapping resonances. The resu
ing cumulative reaction probabilities appear to be better con
verged than those of Leforestier and Miller.50 The total reac-
tion probabilities agree very well with those of Zhang and
Zhang,51 and, as we have discussed in more detail in an earl
report of this work,49 they show that the reaction probability
is not enhanced by the initial excitation of either vibration or
rotation of the reactants. We have also presented the fir
detailed state to state probabilities and final state distribu
tions. We find that the probabilities are very highly structured
due to resonances, that these structures vary strongly fro
one transition to another, and that the probability spreads ou
into very many final vibrational and rotational channels in
both the product and reactant arrangements. In particula
there is a rather strong tendency to produce very highly ro
tationally excited products. Significant differences between
this reaction and the similar He1H2

1 reaction were discussed
in Ref. 49.

We have also presented herein the first accurate calcul
tions of the collision lifetimes for this system. Resonances
with lifetimes of one to ten picoseconds are found at mos
energies. Some of these resonances connect mainly to pro
uct, some mainly to reactants, and some ‘‘reactive’’ reso
nances connect reactants to products and enhance reactiv
All these resonances result from the system getting trappe
in states behind barriers or that are locally open but asymp
totically closed.

Whether this reaction behaves statistically has also bee
discussed. We conclude that on a detailed level the reactio
is certainly not statistical, but that, at the resolution involved
in chemical kinetics, it not yet clear whether it behaves sta
tistically.

The present results represent an accurate solution of th
problem attacked in this paper. However, much still remain
to be done on this system before one can say that the re
physical problem has been solved. For example, the prese
results are all for total angular momentumJ50. We estimate
that to calculate integral or differential cross sections or rat
constants at the energies at which most experiments ha
been done would require calculations withJ up to about 100.
In addition, the intermediate in the reaction, HO2, is very
floppy; Fig. 1~b! shows that configurations varying all the
way from linear through all asymmetric tops to the oblate
symmetric top geometry are accessible. That means that a
componentsL of the total angular momentum, 0<L<J, will
be accessible and coupled. To do full CC calculations includ
ing this coupling would be computationally very expensive,
and we currently do not have enough support for this work to
attempt them. Using angular momentum decoupling approx
mations would make calculations at allJ feasible; however,
this floppy system is far from optimum for use of currently
available decoupling approximations, so that the accuracy o
the results would not be clear. Work along this line is con-
tinuing.

In addition, although the DMBE IV PES~Ref. 34! used
herein describes much about reactions~1! and~2! well, it has
, No. 15, 15 April 1995¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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serious limitations. Its most obvious deficiency, in our opin
ion, is that it is a smooth, single-valued function which rep
resents only the ground (X 2A9) state of the HO2 system and
contains no information about any excited electronic state
In fact, it is known from the recent accurateab initio calcu-
lations of Walch and co-workers28–30 that the true ground
state surface has two conical intersections with higher s
faces. One of these hasC2v symmetry, and the other has
collinear ~C`v! symmetry. Paths completely encircling both
are accessible at energies far below the reaction thresho
Hence, geometric phase effects due to both conical inters
tions need to be included at all reactive scattering energi
In addition, from the collinear conical intersection on in
ward, there is a collinear saddle point,30 occurring at energies
as low as 0.4 eV and thus accessible at all reactive energ
at which theX 2A9 state and the lowest2A8 state become the
two degenerate components of aP electronic state, and there
will thus be Renner–Teller coupling between them.

In addition to the intersections and degeneracy ju
listed, Graff and Wagner27 have pointed out that, due to the
nonzero electronic angular momentum of the OH radical a
the O atom, there are several PES’s which all become nea
degenerate in the O1OH region of the reaction where they
display27 many narrowly-avoided crossings and are sp
apart only by spin–orbit coupling. Several of these can g
involved in the real process. One of these is again the low
2A8 state, and this is the electronic state involved in th
reaction

H~2S!1O2~
1Dg!
OH~2P!1O~3P!. ~3!

Several authors4,22,39,77have noted that the accessibility o
this excited-state PES may mean that, particularly und
some experimental conditions, reaction~3! may contribute
to, compete with~via its reverse reaction!, or crossover~via
the collinear degeneracy! to reaction~1!. Hence, all these
intersection and degeneracy effects need to be included.

In other work we78 have used the diatomics in molecule
~DIM ! method as a framework to fit the best availableab
initio calculations28–30on this system and have thus obtaine
global fits to all the low-lying2A9 and 2A8 PES’s of this
system that explicitly contain the conical intersections an
degeneracies. We79 are currently studying their geometric
phase and coupling effects; that work, which will also in
clude fully the indistinguishability of the two O atoms, will
be reported later.

Also, as noted in Sec. II, the present work, consiste
with the use of a single-valued ground state potential, h
neglected all coupling of the nuclear motions to the ele
tronic spin and orbital angular momenta. In the reactant a
rangement channel, where the only electronic degenerac
are due to the spin degeneracies of the H~2S! and the
O2~

3Sg
2!, and the O2 is well described as a Hund’s case~b!

molecule,80 the spin splitting is very small~;1 cm21 or 0.1
meV!, and neglecting coupling to the electronic angular mo
menta is an excellent approximation.80As the reactants come
together to form the OOH~X 2A9! intermediate, in most con-
figurations the only degeneracy is again just spin degenera
the splitting of the two components of the doublet is negl
gible, and the approximation is again justified. The plac
J. Chem. Phys., Vol. 102Downloaded¬28¬Aug¬2002¬to¬129.15.30.25.¬Redistribution¬subjec
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where it fails are the vicinities of the conical intersections
and collinear degeneracies discussed in the preceding para
graphs and being considered in other work.79 However, as
the system exits into the product arrangement channel, both
the O~3P! and the OH~2P! have nonzero electronic orbital
and spin angular momenta. The spin–orbit splitting~;100
cm21 or 10 meV! is not negligible, and several27,28 nearly
degenerate electronic states and their couplings should be
included and allowed to affect the motion of the nuclei. As
part of such an extension, the coupling of the electronic spin,
electronic orbital, and nuclear orbital angular momenta in the
OH~2P! product need to be included to reproduce the experi-
mental observation81 that it is neither Hund’s case~a! nor ~b!
but a nearly equal mixture of the two cases. These exten-
sions, which we hope to include in some future work, will
complicate the calculations considerably and will signifi-
cantly affect the probabilities and cross sections at the reac-
tion threshold.
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