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The collisional removal of vibrationally excited OH radicals by O atoms is studied by the quasiclassical
trajectory method. To evaluate the effect of different topological features on the scattering processes two
different global potential energy surfaces, DMBE IV and TU, are used. Results for reactive, exchange, and
inelastic scattering probabilities are reported for central collisions (with zero total angular momentum) with

a fixed relative translational energy for vibrational levels of OH ranging fsom 1 to » = 8. Vibrational

state distributions of product molecules are also compared on the two potential energy surfaces. Both surfaces
predict higher probabilities for reaction than for exchange or inelastic scattering. The vibrational state
distributions of the product diatomic molecules are different on the two surfaces. In particular, the two surfaces
give substantially different probabilities for multiquantum OH vibrational relaxation transitiong)OHQO

— OH(v") + O.
Introduction O + 0?— O'0? + H (2a)
In the terrestrial mesosphere (at altitudes 088 km), the 1 5 2 1
highly exothermic reaction of ozone with atomic hydrogen, OH+O—~OH+O0 (2b)
O'H+ 0*—O'H + 0? (2¢c)

O;+H—OH+ O, 1)

. . ) ) o Reaction 2a is exothermic by about 13.4 kcal/mol and proceeds
produces vibrationally excited hydroxyl radicals, mainly in the through a deep well corresponding to the Haydroperoxy
v = 6—9 states:? The excited hydroxyl radicals thereby (54ical.
produced (henceforth written OH¥) can lose vibrational energy  gyperimental measurements of the vibrational-state-specific
through emission of infrared photons or through collisions with - a6 for these processes are scarce. Spencer and Glass reported
other species. In the mesosphere, &, and O are considered o 15om-temperature rate for the reaction of @H( 1) + O
to k_)e the primary collision partr_lers that can deactivate OH* {4 pa greater than that for OHE 0) + O reaction by a factor
radicals® Knowledge of the collisional relaxation rates of OH* of 2 to 38 Recently, Khachatrian and Dagdigfdmave reported
by these collision partners is necessary to determine the role ofihq rate for coIIisio,naI removal of Okl(= 1) by O atoms to be
reaction 1 in the mesospheric energy balance. only slightly larger than that for Okl(= 0). The dearth of
Collisional quenching of OH* by blis significant only for  experimental information about the rates of reactions 2a
TS o : _ al in >
OH* radicals in th?’ = 8 state, where there is a near resonance for higher vibrational states of OH makes it difficult to construct
between the OH* and Nvibrational frequencies. The N 5ccyrate models of the atmospheric heating due to reaction 1.
collisional relaxation rates for other OH* vibrational levels were gq, example, the effective heating rate of reaction 1 could
recently measured and found to be very fotolecular oxygen change by as much as 1 K/day if the rate for OH* removal,
is a more effective quencher of OH*, and ® OH* collisional ~\yhether by inelastic or reactive channels, changes by a factor
relaxation rate constants have been measured for OH* radicalsy¢ 231011 ncertainty in the rates of reactions-22c is therefore
in the vibrational levelsy = 1-9°77 These rate constants  one of the most important factors limiting the accuracy of
increase substantially as the OH* vibrational quantum number ygdels of mesospheric chemical heating by reacti8l1.
v Increases so that Os very effective at quenching highly . In order to provide a better understanding of these energy
excited OH* vibrational levels but less so at quenching OH* yransfer processes, a number of theoretical investigations have
radlc_als with only moderate vibrational faxcn_auon. . also been carried out using at least two different potential energy
This leaves atomic oxygen as a potentially important collision g faces. Varandas recently performed an extensive quasiclas-
partner for the collisional relaxation of mesospheric OH* g trajectory (QCT) study of reactions 2a2c using the

radicals, particularly those OH* radicals in the= 1—4 levels. double many body expansion (DMBE)4 potential energy
The collisional removal of OH* by atom@ oxygen can proceed gyrface (PES) for the Hbystem developed by Pastrana efal.
via either inelastic or reactive channels: The state-specific vibrational quenching rates obtained in this

" - — study for OH*+ O collisions afl = 210 K showed substantial
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to about 3x 1071 cm¥s; with further increases in, however, TABLE 1: Equilibrium Geometries, Energies, and
the quenching rate constants began to decline, once again\E/'brfJ‘t"mSal fE“egt')eS on the DMBE IV and TU Potential
reaching values of about % 107! cmé/s atv = 9. By nergy surtace

comparison, a recent model of the mesospheric energy balance H+ O, HO; OH+O
assumed that the overall OH* quenching rate for reactions 2a DMBE IV PES
2c was 2x 1071° cm?/s, independent of. This would appear Fom 1.83 1.83
to be an oversimplification. foo 2.28 102-?5:1

A series of semiempirical DMBE potentials have been Z‘nergy ~13.4 682 0.00
developed for this reactiof¥=1” These semiempirical potentials TU PES
were fit to ab initio data by Melius and Blifit. The ab initio Fon 1.88 1.85
calculations on the doublet ground state of H&®?A"") used a loo 2.54 2.57
multiconfiguration self-consistent field (MCSCF) method with a 100.1
Dunning’s [4s2p1d/2s1p] Gaussian type basis sets augmented ~€Neray —136 —60.7 0.0

with an additional d function on the O atom and an additional 2 Distances are measured in au and angles in tEgergies are
p function on the H atom. The DMBE parameters were chosen reported in kcal/mol relative to the Ot O asymptote.

tq fit the 406 ab initio points. DMBE Il and DMBE I_II potentials TABLE 2: Internal Energy of OH and O , as a Function of
differ in the short-range three-body terms uehile DMBE the Vibrational Level, for j = 0@

Il parameters representing the short-range potential were
obtained as a fit to ab initio data, the DMBE Il parameters
were obtained to reproduce spectroscopic force fields of. HO

quantum DMBEIV TU exptt DMBEIV TU exptl
no. OH OH OHP O, O, O

The DMBE IV PES of Pastrana et al. is a further improvement g éf"?‘ gf'g gi'i %g'g %g'g %g'g
of the DMBE Il PES and includes additional ab initio dafa. 6 59.5 597 593 28.0 276 280
The additional ab initio data treat the region of the HiOtential, 7 66.8 66.5 67.1 32.1 31.6 320
referred to as the H atom exchange region. Large basis sets 8 73.6 728 741 36.1 354 36.0
and correlated multireference wave functions were used in these g gg-g gg-g gg-?
calculations. The ab initio potential energy was calculated for 5 78.4 749 788
two different doublet statedm; and?A,) of HO,. The?B; state _ )

is repulsive and corresponds to the ground state of 1D, aEnergies are reported in kcal/méIRef 41.¢ Refs 42-47.

products, while the?A, has an attractive interaction and
correlates with the excited state 0f.(0rhe DMBE 1V surface
was one of the first global potential surfaces for the-HD, <
HO, <= OH + O reaction. It is a fit not only to ab initio quantum
chemical calculations collected from three sout&e8 but also

a fit to an estimate of the depth of the KPotential well and
to the quaderatic force field for the HQadical.

After the DMBE |V surface was developed, more extensive
and more accurate ab initio calculations for thedHystem  ,6nching probabilities for OH# O collisions; our ultimate
became available; observatiéhthat the DMBE IV surface did 454 is a better understanding of how changes in the topography
not adequately fit these later ab |n_|t|o results very well motivated 55 te underlying PES affect the dynamics of OH* O
the development of other potential surfaces for the- 1D, < collisions and the subsequent quenching of OH* by atomic
HO, <> OH + O reaction. Kendrick and Paékfor example,  oxygen. Here we present results for central (zero impact
used a diatomics-in-molecules approach to fit the ab initio parameter) collisions with zero total angular momentum and a
calculations of Walch and co-workefswith particular emphasis  relative translational energy of 0.6 kcal/mol, which corresponds
on understanding the shape of the PES near the conicaltg the average center-of-mass collision energy at 200 K, a
intersections of the HOsystem. temperature representative of the terrestrial mesosphere. By

More recently, Troe and Ushak®(TU) developed a global ~ doing so, we focus our attention on the role of the OH*
PES for the H+ O, <= HO, <= OH + O reaction based on a  Vibrational energy in the reaction dynamics. The importance of
set of ab initio calculations by Harding and co-work&t3? reagent vibrational excitation in simple A BC systems has
These ab initio calculations used the augmented, correlation-long been a subject of considerable intefést? Studies of the
consistent polarized triplé{aug-cc-pvtz) basis set of Dunning OH* + O reaction not only provide further insight into this
and co-workerg8-28 The calculations used the multireference subject but might also provide kinetic data that could improve
configuration interaction method. In these ab initio calculations, current models of the mesospheric energy balance.
the orbitals were optimized in a state-averaged MCSCF calcula- ] )
tion by equally weighting the six doublet states that correlate COmputational Details

with the products, OHP) + OFP). While the DMBE IV PES Potential Energy SurfacesTwo PESs are used in the current
provides a satisfactory global PES for the H§ystem, the ab  study. The DMBE IV PES, as noted above, was fit to ab initio
initio data for the TU PES focuses on the region of the minimum calculations collected from three sources as well as the HO
energy paths for the H& O and H+ O, approaches. In order  well depth and force field. The TU PES was also fit to a set of
to obtain a global PES, the ab initio data calculated for the H ab initio calculations largely concentrated in the vicinity of the
+ Oy and HO+ O sides have been combined using a switching minimum energy path for the reaction H O, — OH + O.
technique. As we point out in more detail below, the barrier ~ Table 1 shows some key characteristics of the two potential
for H atom transfer in reaction 2b is substantially lower for the surfaces. The two surfaces give very similar exothermicities for
TU surface than for the DMBE IV surface. In this regard, itis the process OH- O — H + O, (reaction 2a). The stable HO

interesting to note that Varandas found a very low probability
for reaction 2b in QCT simulations employing the DMBE IV
PES!2

Both the DMBE IV and TU PESs have been used in a number
of theoretical studies of the OHt O reactiont??There has so
far been no direct comparison of the results obtained by using
these two PESs. In this work, we use both the DMBE IV and
TU potential surfaces to compute initial-state-specific OH*
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Figure 1. (a) Contour plot of the DMBE IV PES as a function BfO---OH), the distance of an O atom from the center of mass of OH (in au),
anda, the angle (in deg) between the OH and the line joining the O atom and the center of mass of OH. The contours are shown at intervals of
0.01 au with the lowest contour at0.27 au. The OH is fixed at its equilibrium bond length of 1.83 au. (b) Contour plot of the TU PES as a
function of R(O-:-OH), the distance of an O atom from the center of mass of OH (in au)patite angle (in deg) between the OH and the line
joining the O atom and the center of mass of OH. The contours are shown at intervals of 0.01 au with the lowest ceft@Tr ati. The OH is
fixed at its equilibrium bond length of 1.85 au. (c) Contour plot of the DMBE IV PES as a functi®ibf-00), the distance of an H atom from

the center of mass of {fin au), anda, the angle (in deg) between,@nd the line joining the H atom and the center of mass ofT@e contours

are shown at intervals of 0.01 au with the lowest contour@27 au. The @is fixed at its equilibrium bond length of 2.28 au. (d) Contour plot

of the TU PES as a function &(H---O0), the distance of an H atom from the center of mass ofifdau), anda, the angle (in deg) between,O

and the line joining the H atom and the center of mass ofl@e contours are shown at intervals of 0.01 au with the lowest contou®.2f7 au.

The G is fixed at its equilibrium bond length of 2.54 au.

radical is the minimum energy configuration for both surfaces. which correspond to the O atom approaching from the O end
The DMBE IV surface predicts this configuration to be 7.5 kcal/ of the hydroxyl radical. The geometries and energies of the
mol more stable than does the TU surface. The equilibrium complex are similar on the two surfaces. In Figure 1, parts c
geometry of the H@radical is roughly the same for the two and d, a similar Jacobi plot is shown as a function of the
surfaces, although the OH and OO bonds of this radical are distance,R4-00, and the anglep.o-on, of the H atom with
each about 0.05 au longer for the TU PES. One substantialrespect to the diatomic oxygen molecule. The-@ bond
difference between the two surfaces is in the equilibrium bond distance in the oxygen molecule is fixed at its equilibrium value.
length of the @ product of reaction 2a; the DMBE IV PES The two symmetrically located potential wells correspond to
gives an Q@ equilibrium bond length of 2.28 au, in good the OOH complex on both surfaces. The TU PES exhibits a
agreement with experiment, while the TU PES gives an O repulsive ridge for values dRyq—oo less than 2.5 au.
equilibrium bond length of 2.54 au. We note that the switching  The potential energy barriers for the H atom exchange
function used in the TU PES uses a value ifgof 2.54 au in between these two complex geometries are different on the two
the Morse potential for the £diatomic. potential energy surfaces. The saddle point geometry for the H
Table 2 presents the energies of selected OH and O atom exchange reaction is expected to h@yesymmetry. We
vibrational levels computed from the two surfaces. These have, therefore, graphed the potential energy of the $ff@cies
energies were calculated by computing the classical vibrationalin the C,, geometry as a function of the distance of the H atom
action, as described below in further detail. The experimentally from the Q center of massRy-o0) in Figure 2a. The potential
measured energies are also shown for comparison. The vibra-energy for each value &—oo corresponds to the optimal value
tional energies of the OH reagent are nearly the same for bothof the O-0O bond distance. The major difference between the
surfaces and agree well with experimental data. The vibrationaltwo PESs appears to be for the saddle point geometries for
energies of @calculated on the two surfaces are also in good Ry-oo distances below 3.5 au. While the energy predicted by
agreement with each other and with experiment for low the TU PES is lower foR4—oo values up to about 2.2 au, the
vibrational levels ¢ < 6). For higher vibrational levels, the  saddle point energy also rises very steeply on this PER{foso
vibrational energy predicted by the TU PES is lower than that values smaller than 2.5 au. The saddle point energies are larger
calculated on the DMBE IV PES and the experimental results. on the DMBE IV PES, but the increase in energy is observed
Figures 4 depict the overall topography of the two surfaces. only for R4_oo values smaller than about 1.8 au, and the increase
In Figure 1, parts a and b, the potential contours are plotted asis not as steep as for the TU PES.
a function of the Jacobi coordinatd®_on andoo-on, for the Figure 2b shows the barrier for H atom exchange between
DMBE IV and the TU PESsRo-on is the distance of the O  these two potential wells, on the two different potential energy
atom from the center of mass of OH, and-on is the angle surfaces, as a function of the-@ bond distance. The barrier
between the axis of OH and the line joining the center of mass heights for H atom exchange are calculated as the difference
of OH and the O atom. The ©H bond distance is fixed at its  between the saddle point energy and the energy corresponding
equilibrium value on both surfaces. The TU PES exhibits a to the complex, for fixed &0 bond length. As seen from the
repulsive ridge, particularly for large values of the anmie op, figure, for large values of the ©0 bond distance, the barrier
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Figure 2. (a) Potential energy of O+ H at theC,, geometry on the
DMBE IV (@) and TU PES©) as a function of the HO, center-of- R(O---OH)

mass distance. For fixed values of the-8, distance, the potential

energy is plotted for the optimal value of the-©@ bond distance. (b)  the O atom from the center of mass of OH, on the DMBE IV PES.
Barrier for exchange of an H atom on the DMBE I®)(and TU PES The OH bond is held at the outer turning point associated with the
(©) as a function of the ©0 bond distance. For each value of the yjprational levelv = 0 (W), 2 (a), 4 (x), 6 (A), and 8 ©). The angle,

00 bond length, the maximum and minimum potential energy values ¢, ., betweerRo_on and the G-H bond is optimized for each value
are found by searching the grid of potential energy values for Zau  of Ry_,,. (b) Potential energy as a function Bé_ow, the distance of

Ru-0o =5 au and 40 < an-oo = 120°. Ru—oois the distance between  the O atom from the center of mass of OH, on the TU PES. The OH
the H atom and the center of mass of @ndaw-oois the angle between  pong is held at the outer turning point associated with the vibra-

0-0 bond andR+-oo. tional levely = 0 (M), 2 (4),4 (x), 6 (»), and 8 0). The anglego o,
betweenRo-on and the G-H bond is optimized for each value of
heights for the two surfaces are comparable in magnitude.RO*OH'
However, for G-O bond distances smaller than about 3.5 au,
the barrier on the TU PES decreases with decreasing distanceing O atom in order to follow the minimum energy pathway.
reaching a minimum barrier of about 62 kcal/mol at an@ The well depth, corresponding to the formation of the HO
distance closer to the equilibrium geometry of By compari- complex, calculated relative to the OF(+ O asymptote,
son, on the DMBE IV PES, the barrier increases with decreasing increases with increasing vibrational state of the OH on both
O—0 distance and reaches a maximum of about 97 kcal/mol, surfaces. The potential energy of the complex, however,
at a O-0 distance of about 2.93 au, and then decreases withincreases fromr = 0 tov = 2 and then decreases with increasing
decreasing distance, reaching a minimum barrier height of aboutvibrational quantum number. The variations of well depths
48 kcal/mol. For G-O distances between 3.5 and 2.4 au, TU predicted by TU and DMBE IV PES are in qualitative and
PES predicts a substantially smaller barrier for H atom exchange.quantitative agreement. Fer= 0—2, the shapes of the curves
The difference in the location of the minimum in the exchange and the well depth are almost the same. Beginning withwthe
barrier on the two surfaces is probably a consequence of the= 3 level, the potential energy decreases very sharply at large
very different O-O equilibrium bond lengths predicted on these distances, reaches a plateau, and then decreases more slowly
surfaces. If the calculated results on the TU PES are translateduntil the minimum corresponding to the complex is reached.
so that the location of the minima match on the two surfaces, There is also a substantial increase in the well depth between
we still find that the exchange barriers predicted by TU PES = 0—2 andv > 3 for DMBE IV PES andv > 4 for TU PES.

Figure 3. (a) Potential energy as a function Rb-on, the distance of

are smaller than that for the DMBE IV PES for-@ distances In Figure 4, the potential contours are plotted as a function
greater than that at the minimum, while the opposite is true for of the O-O and O-H bond distances for two different OOH
O—0 distances smaller than that at the minimum. angles. Figure 4a corresponds to the DMBE IV PES for OOH

In Figure 3, we show the potential energy corresponding to angle equal to 104°3and Figure 4b is for the TU PES for an
the minimum energy path for the approach of the O atom to OOH angle of 100.1 These OOH angles correspond to the
the OH radical for the different vibrational states of OH equilibrium geometry of the HOcomplex on the two surfaces.
considered in this study. The €4 bond distance is held The TU PES exhibits a very small barrier in the exit channel
constant at the outer classical turning point for a given OH* around an G-H bond distance of 4 au, while no such barrier is
level. The optimum approach angle is determined for the various found in the exit channel on the DMBE IV PES. The repulsive
atom—diatom distances. At low translational energies, it is wall around the complex geometry is again different on the two
probable that the OH radical will reorient itself to the approach- surfaces. Parts ¢ and d of Figure 4 are corresponding figures
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Figure 4. (a) Contour plot of the DMBE IV PES as a function of the-O distance X-axis, au) and the ©H distance Y-axis, au) for an OOH
angle of 104. The contours are shown at intervals of 0.01 au with the lowest contotu®.&7 au. (b) Contour plot of the TU PES as a function
of the O-0 distance X-axis, au) and the ©H distance Y-axis, au) for an OOH angle of 100The contours are shown at intervals of 0.01 au with
the lowest contour at-0.27 au. (c) Contour plot of the DMBE IV PES as a function of the@distance X-axis, au) and the ©H distance
(Y-axis, au) for an OOH angle of 80The contours are shown at intervals of 0.01 au with the lowest contou®.23 au. (d) Contour plot of the
TU PES as a function of the-©0 distance X-axis, au) and the ©H distance Y-axis, au) for an OOH angle of 80The contours are shown at
intervals of 0.01 au with the lowest contour-a0.23 au.

TABLE 3: Scattering Probabilities as a Function of OH Vibrational Quantum Number

reaction
type v=1 v=2 v=3 v=4 v=>5 v==~6 v=7 v=2=8
DMBE IV

reaction 0.178 0.003 0.360G+ 0.003 0.448+ 0.004 0.452+ 0.003 0.403t 0.003 0.438+0.003 0.468t 0.003 0.645+ 0.003
exchange 0.169- 0.003 0.168+ 0.003 0.19G+ 0.003 0.173+0.003 0.193+ 0.003 0.192+ 0.003 0.152+ 0.002 0.129+ 0.002
inelastic 0.653+ 0.003 0.473+ 0.003 0.364 0.003 0.375-0.003 0.404+ 0.003 0.37G+ 0.003 0.38H 0.003 0.22°A 0.003
total removal 0.674 0.744 0.895 0.933 0.899 0.945 0.924 0.959

probability

TU

reaction 0.516+ 0.003 0.498+ 0.003 0.513+ 0.004 0.47H 0.003 0.444+ 0.003 0.376+ 0.003 0.49%: 0.004 0.487 0.004
exchange 0.036: 0.001 0.026+ 0.001 0.05H-0.002 0.179+0.003 0.203:0.003 0.262+ 0.003 0.204+ 0.003 0.226+ 0.003
inelastic 0.447 0.003 0.475- 0.003 0.435-0.003 0.350+ 0.003 0.353+ 0.003 0.362+ 0.003 0.305+ 0.003 0.287 0.003
total removal 0.777 0.828 0.810 0.819 0.803 0.739 0.831 0.858

probability

for an OOH angle of 60 on DMBE IV and TU PES, value for /P, dr equals ¢ + 0.5)r to within the allowed error.
respectively. These figures are representative of contours forThe converged results for the inner and outer turning points,
OOH angles smaller than for the equilibrium geometry of the vibrational period, and the total energy of the diatomic molecule,
complex. On the TU PES, approach of the O atom at small E(v, j), are then stored as a function of the vibrationglgnd
angles encounters a rather large repulsive wall even-aDO  rotational {) quantum states. These calculations are carried out
distances greater than 3 au. On the DMBE IV PES, a similar for OH and Q on both potential surfaces used in this study.
approach of the O atom does not encounter such a repulsiveThe results obtained are compared with experimental data in
wall, though there is now a small barrier in the exit channel. Table 2. Note that our definition of the classicalj) analogues
Dynamics. Classical analogues of the quantized, {) omits consideration of either the OH electronic orbital angular
rovibrational levels of OH and ©Omolecules are defined prior momentum or the quantum statistical effects associated with
to our QCT simulations using the following procedure. For each the homonuclear character 050
vibrational and rotational quantum state of the diatomic species, For a given initial ¢, j) state of the OH* reactant, a batch of
an initial guess is made for the coordinates of the atoms at theclassical trajectories is prepared. Each trajectory in the batch
inner turning point. The equations of motion are integrated, and has the same value of the impact paramétéb = 0 unless
the radial momentum vectoR,, and the radial coordinate, otherwise specified) and relative translational energy (0.6 kcal/
are stored as a function of time. The time integration is continued mol). The OH* reagent has rotational quantum number0
until the radial momentum changes sign (at the outer turning for each batch of trajectories. The trajectories are initiated with
point). The value of the integraJP; dr, between the inner and  the O atom 10 au from the OH center of mass. The initial OH*
outer turning points is then calculated and compared to the actionconditions for a given trajectory are obtained by starting the
variable, ¢ + 0.5)z. If the relative error between these quantities OH molecule at its inner classical turning point and propagating
is greater than X 1073, the initial guess for the inner turning it forward in time for a time interval randomly chosen to lie
point is changed and the calculation repeated until the calculatedbetween zero and the classical vibrational period of the OH*
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Figure 5. (a) Vibrational state distribution of the,®@roduct calculated on the DMBE IV — —) and TU (- - -) PES. The initiaboy = 4. The

length of each bar represents the magnitude of the normalized exchange probability. (b) Vibrational state distribution pfatiecDcalculated

on the DMBE IV (— — —) and TU (- - -) PES. The initiabon = 5. The length of each bar represents the magnitude of the normalized exchange
probability. (c) Vibrational state distribution of the;@roduct calculated on the DMBE IV{— —) and TU (- - -) PES. The initiaboy = 6. The

length of each bar represents the magnitude of the normalized exchange probability. (d) Vibrational state distribution pfatiecDcalculated

on the DMBE IV (— — —) and TU (- - -) PES. The initialoy = 7. The length of each bar represents the magnitude of the normalized exchange
probability. (e) Vibrational state distribution of the; @roduct calculated on the DMBE IV — —) and TU (- - -) PES. The initiaboy = 8. The

length of each bar represents the magnitude of the normalized exchange probability.

reagent’s initial ¢, j) state. The orientation of the OH* reagent -IgerEzjlfJEtdi:/ibFr;atl%ir?Q of Total Available Energy Present as
is then chosen randomly; as the initial OH* state has0, no

randomization of the OH* angular momentum vector is needed. _ % available
The equations of motion defining the trajectory are integrated __YoH (G Em(C2)(v™, j = 0) energy
using a fourth-order RungeKutta method. An integration step DMB E IV

size of 1.2x 10717 s is used. Integration accuracy is checked 4 3 154 27

by conservation of energy and momenta and by back-integration. g ig Zg'g 2(7)
Total energy, total angular momentum, and tota_ll linear mo- 7 14 58.7 73
mentum components are conserved to one part i1f.10 8 21 81.4 93

The diatomic distances are inspected periodically, and the TU

product AB is assumed to be formed if all three of the following 4 10 42.8 74
criteria are met: 5 15 59.9 91
6 18 69.2 94

fag <Tfge and rug <rae; fge and r,. > 15au ! 20 74.9 94
AB BC AB AC BC AC 8 22 79.6 91

(3)
a(0O2)™P is the most probable vibrational level of the product. The
The angle betweeRc-ag, the distance vector of C to the internal energy of @is calculated corresponding to this vibrational
center of AB, andP¢, the momentum vector of C, corresponds level and a rotational level of 0.
to C moving away from AB:

_ _ _ whereEy, is the relative kinetic energyq is the total potential
E= B — (Vi = Vas+d) = 0 (4) energy, and/ag+c is the potential energy of the products. The
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Figure 6. (a) Vibrational state distribution of the exchange produéH alculated on the DMBE IV+£ — =) and TU (- - -) PES. The initiakon

= 4. The length of each bar represents the magnitude of the normalized exchange probability. (b) Vibrational state distribution of the exchange
product, GH, calculated on the DMBE IV — —) and TU (- - -) PES. The initiaboy = 5. The length of each bar represents the magnitude of

the normalized exchange probability. (c) Vibrational state distribution of the exchange pro#idctalzulated on the DMBE IV — —) and TU

(- --) PES. The initialvoy = 6. The length of each bar represents the magnitude of the normalized exchange probability. (d) Vibrational state
distribution of the exchange product?) calculated on the DMBE IV — —) and TU (- - -) PES. The length of each bar represents the magnitude

of the normalized exchange probability. (e) Vibrational state distribution of the exchange pro#tictalzulated on the DMBE IV — —) and

TU (- - -) PES. The length of each bar represents the magnitude of the normalized exchange probability.

final rotational quantum number of the diatomic product is The probability that OH* reagents in the initial vibrational state
calculated using the following: v produce AB products in vibrational stateis then

jag = int(—0.5+ 0.5 sqrt(1.0+ 4.0L,5?) (5) P,(AB, v') = N(AB, v')/N (7

where Lag? is the square of the total rotational angular The 68% confidence limit interval fde,(AB, v') is computed

momentum of the AB molecule. Knowing the final total internal  2ccording to

energy Eint, of the product diatomic molecule, and the rotational ) /2 )
quantum numberjag, the E(v, j) grid of internal energies AP =[N — N(AB, v')/N,;N(AB, v')]"“P,(AB, ') (8)
(previously calculated and stored for each diatomic species) is . .

searched to determine the value for the final vibrational quantum Results and Discussion

number,vag. vag is defined as the value affor which |Ein — Our calculated probabilities for the scattering events 2a, 2b,
E(v, jag)l is @ minimum. and 2c on the two potential surfaces are given in Table 3, as a

State-specific reaction and quenching probabilities are cal- fynction of, the initial vibrational state of OH. Each value in
culated for reactions 2&2c as follows. We consider a batch of  the table is the result of an ensemble of 20 000 trajectories.
NtOt trajeCtorieS for which the initial OH* rovibrational state is The error bars represent the 68% confidence interval. The
(v, ] = 0). If N(AB, +', |') is the number of trajectories in the  probability of reactive scattering for these central collisions is
batch that form the AB product in the final rovibrational state larger than that for exchange by a factor ef2on the DBME
(', ]'), we defineN(AB, ') as IV PES forv = 2—7. The ratio of the probability for reaction

) to exchange reaches a minimum value of 2.09%fe¢ 5, then
N(AB, v') = sum over al’ N(AB, v, |') (6) increases to almost 5 for= 8. The probability for reaction is
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Figure 7. (a) Vibrational state distribution of the inelastic productHQcalculated on the DMBE IV — —) and TU (- - -) PES. The initiabon

= 4. The length of each bar represents the magnitude of the normalized inelastic probability. (b) Vibrational state distribution of the inelastic
product, GH, calculated on the DMBE IV — —) and TU (- - -) PES. The initiabloy = 5. The length of each bar represents the magnitude of

the normalized inelastic probability. (c) Vibrational state distribution of the inelastic proddidt, @lculated on the DMBE IV — —) and TU

(- --) PES. The initialvoy = 6. The length of each bar represents the magnitude of the normalized inelastic probability. (d) Vibrational state
distribution of the inelastic product,’@&, calculated on the DMBE IV — —) and TU (- - -) PES. The initiaboy = 7. The length of each bar
represents the magnitude of the normalized inelastic probability. (e) Vibrational state distribution of the inelastic pfétluca)ddlated on the

DMBE IV (— — —)and TU (- - -) PES. The initiakoy = 8. The length of each bar represents the magnitude of the normalized inelastic probability.

greater than that for exchange on the TU PES as well. This probabilities remain high on the TU PES, while it decreases to
ratio, however, is not as strongly dependentioas on the about 20% forv = 1 on the DMBE IV PES. This could be
DMBE IV PES, for 4 < v < 8. The reaction to exchange attributed to the very similar ©0 equilibrium bond lengths
probability ratio increases with decreasin@nd is almost 20 for O, and the H@ complex on the TU PES. Hence, it will be
for v = 2; for other vibrational levels this ratio is between 2 very easy for the H9complex to dissociate to the vibrational
and 3. Thus, the exchange probabilities at low values afe ground state of @ On the DMBE IV PES, however, due to
significantly smaller on the TU PES than the DMBE IV PES. the mismatch of the ©0 equilibrium bond distances in,O
The probability for reaction on the two surfaces is between and HQ, the G molecule will probably have to be formed in
40% and 50% fowr = 3—7; it appears to reach a plateau on the an excited vibrational state. Vibrational energy generally tends
TU PES aroundr = 4 with minor oscillations, while on the  to remain vibrational energy rather than be transformed to
DMBE IV PES, forv = 8, a much larger reaction probability  rotational or relative translational energy. Thus, vibrational
is observed. This feature can be attributed to the highly repulsive excitation of OH has a significant effect on the reaction
wall encountered on the TU PES for small OH bond distances. probability on the DMBE IV PES, while such an effect is not
From Figure 4, parts b and d, we see that as the O atomobserved on the TU PES.
approaches the OH closer to its inner turning point, it encounters  The results reported by Varandaasing the DMBE IV PES
a strong repulsive potential on the TU PES. The repulsive wall show a similar pattern for the rate coefficients calculated at a
is even stronger for smaller OOH approach angles (Figure 4d).temperature of 210 K; however, these rate coefficients cannot
For higher vibrational levels of OH, there is a greater probability be directly compared with the results shown in Table 3. Our
of trajectories encountering the repulsive wall, and such trajectories are computed using fixed values for the impact
trajectories are less likely to lead to reaction on the TU PES parameter and relative translational energy, whereas the calcula-
compared to the DMBE IV PES. Foroy < 3, the reaction tions reported by Varandas are averaged over a linear distribu-
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tion of impact parameters and are performed at a fixed similar result is observed for the other initial vibrational
temperature. It is interesting to note that our results agree excitations of OH. Table 4 compares the fraction of the total
qualitatively with the earlier results of Varandas, where different available energy appearing as the vibrational energy of the O
values for the maximum impact parameter were used for eachmolecule for the most probable vibrational state gfdd both
initial vibrational state of OHy. The exchange probabilities the PESs. On the TU PES a larger fraction of the total available
reported here on the DMBE IV PES reach a maximum value energy appears as product vibration. The product vibrational
for v =5 or 6 and decrease for higher valuesrofrhe results distribution, calculated on the TU PES, is bimodal. As the initial
reported by Varandas for the exchange rate constants also showibrational excitation of OH is increased, the bimodality of the

a similar behavior with a maximum for = 4, but forv = 8, distribution is enhanced, and the second peak at the higher
the rate constant is the largest. This is in qualitative disagreementvibrational excitation has a much larger probability. For 4,
with our results. the distribution is very broad and the bimodal behavior has

In Table 3, we also report the total removal probability which almost disappeared. In each case, the fraction of available energy
includes the removal of excited OH* by reaction, exchange, or in product vibration is calculated based on the second peak at
inelastic collisions. The total removal probability on the DMBE  the higher vibrational level. The vibrational distribution calcu-
IV PES increases with, and increases to over 90% for= 4. lated on the DMBE IV PES exhibits different features. The
On the TU PES, the total removal probability does not depend distribution is rather broad and lacks a bimodal feature. The
as strongly on the vibrational excitation of OH, though a small fraction of total available energy resulting in product vibration
increase is observed on going from= 1 tov = 2. It is is much smaller than on the TU PES.
interesting to note that the DMBE IV and TU PES differ The vibrational distribution of the exchange productHO
considerably in the results for scattering probabilities obtained is plotted in Figure 6ae for the DMBE IV and the TU PES.
for low vibrational excitations,y < 3. This difference is Here again, the errors in the probability distribution calculated
especially significant, since OH* with = 1—4 are expected  at the 68% confidence interval range from 5% to 6%. The results
to be removed primarily by collision with O atoms. are significantly different for the two surfaces. The probability

A batch of 20 000 trajectories was also run with an impact Of vibrational quenching through an exchange reaction is much
parameter ob = 5 au andv = 6 on the DMBE IV PES. The smaller on the TU PES for all initial vibrational states
scattering probabilities for reaction, exchange, and inelastic wereinvestigated. A large fraction of the exchange scattering events
0.465, 0.181, and 0.353, respectively. An additional batch of is vibrationally adiabatic on this surface. For example, for the
10 000 trajectories was run for the same initial conditions but initial statev = 6, greater than 50% of the exchange product is
averaging over the impact parametbr= &bmax, 0 < § < 1) formed in they' = 6 state. For initial states = 7 andv = 8,
with a maximum impact parameter of 10.0 au. The reactive, the quenching probability is dominated by = 1. For initial
exchange, and inelastic scattering probabilities were 0.457,statess =5 or 4, there is a slight increase in the multiquantum
0.203, and 0.359, respectively. We note that the scattering vibrational transitions. Multiqguantum transition probabilities
probabilities are of similar magnitude for batches of trajectories increase with a decrease in the initial vibrational excitation of

with b = 0, b = 5 au, and a linear distribution &f values. OH. On the DMBE IV PES, multiquantum vibrational transi-
Exchange probabilities are higher on the TU PES for the tions occur for all initial vibrational states of OH with a
initial vibrational excitations of OH in the range of4y < 8. significant probability. The vibrational distribution of the

Forv <4, the exchange probability drops sharply on TU PES, €Xchange product on the DMBE IV PES is rather broad, and
while in this rangev has a negligible effect on exchange single-quantum transitions are not the most probable. For both
probabilities for the DMBE IV PES. As seen from Figure 2, surfaces, the vibrational state distribution of the inelastic product
the barrier for exchange is lower on the TU PES for values of 1S similar to that for the exchange product, as shown in Figure
the O-O distance between about 3.5 and 2.5 au, and reaches #& €. The TU PES leads predominantly to vibrationally

minimum barrier of about 62 kcal/mol at an-@ distance of adiabatic inelastic scattering. The DMBE IV PES, on the other

2.5 au. Though the barrier for exchange on the DMBE IV PES hand, leads to inelastic scattering products with multiquantum
is lower by about 20 kcal/mol, this minimum is reached only transitions. Varandd$ has also observed that multiquantum
at an O-O bond distance closer to its equilibrium value of about transitions become less probable with decreasin@imilar
2.2 au. At longer G-O bond distances, the exchange barrier is multiquantum transitions were also observed for the quenching
lower on the TU PES. The smaller exchange barrier could of OH by 048
account for the larger exchange probabilities observed on this  In order to understand the differences in the pathways leading
surface, particularly for collisions with > 4. to the three different scattering processes, we examined a large
In Figure 5a-e we plot the vibrational distribution of the number of trajectories on the two PESs through animations using

product G molecule for initial vibrational state of OH ranging YMD.*°A large number of reactive scattering processes on both
from v = 4 tov = 8, for the DMBE IV and TU PES. The PESs seem to occur when the O atom approach to the OH

errors in the probability distribution calculated at the 68% radical corresponds to an obtuse OOH angle. For the small
confidence interval range from 5% to 8%, except in cases with number of reactive scattering events that occur when the O atom
very low probabilities where the errors are higher. The energy approach to the OH radical correspond to an acute OOH angles,
released in the highly exothermic reaction 2a appears predomi-One or more H atom exchange events occur between the two O
nantly as vibrational energy of the product, ©n both surfaces. ~ atoms, the G-O distance gets closer to the equilibrium bond
On the TU PES, on the average, the product molecules arelength and the H atom leaves. |rrespeCtiVe of the approach angle,
formed with higher vibrational excitation. For example, for the the mechanism for reactive scattering appears to be through
initial vibrational state ofs = 7, the most probable vibrational ~complex formation, as expected.

level of the Q diatomic is 20, with an internal energy of 74.9 On the other hand, inelastic and exchange scattering events
kcal/mol. This corresponds to about 94% of the total available occur predominantly for the O atom approach corresponding
energy (internal energy of OH, reaction exothermicity, and to acute OOH angles on both PESs. There are rare inelastic
relative translational energy) appearing as product vibration. A scattering events with one or more H atom exchanges. For
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inelastic processes associated with an@collision, the product (5) Dodd, J. A.; Lipson, S. J.; Blumberg, W. A. NJ. Chem. Phys.
is hi ; i ; .~ 1991 95, 5752.

OH is highly rOtatlont?‘”y ?letid' on thﬁ U Pg{%’DEnons.t .melasuc (6) Chalamala, B. R.; Copeland, R. A.Chem. Phys1993 99, 5807.
processes occur without H atom exchange offisions. (7) Knutsen, K.; Dyer, M. J.; Copeland, R. A. Chem. Phys1993

Exchange scattering processes that occur through multiple1o4 579s.
H atom exchange events between the two O atoms and are (8) Spenceer, J. E;; Glass, G.IRt. J. Chem. Kinet1977 11, 97.
predominantly vibrationally adiabatic. Exchange processes lead- (%) Khachatrian, A Dagdigian, P. Them. Phys. Let2005 414, 1.
ina to vibrati | hi t hen the O at (10) Higgins, C.; Ju, Q.; Seiser, N.; Flynn, G. W.; Chapmanl. hys.
ing to vibrational quenching appear to occur when the O atom cpém’ A2001, 105, 2858,
approach corresponds to obtuse OOH angles or when there are (11) Frost, R. J.; Smith, I. W. MChem. Phys1987, 117, 389.
O—0 collisions. On the TU PES, ©0 collisions are less (12) Varandas, A. J. @Chem. Phys. Let2004 396, 186.
favorable owing to the large repulsive interaction at smat@ 83 xz::ggzzl ﬁ- j grwlg:égngSEﬁ?gs?l %30261
dIStahceS' This should, therefore, make Vlbrat,lonal quen,c,hmg (15) Pastrana,’M. R.; Quintales, L. A. M.; Brandao, J.; Varandas, A. J.
less likely. Our results showing smaller quenching probabilities c. J. Phys. Chem199q 94, 8073.
for exchange and inelastic scattering processes on the TU PES (16) Varandas, A. J. C.; Brandao,Mol. Phys.1986 57, 387.
support this. On the DMBE IV PES, on the other hand, for 192(3%7)92@??:‘2‘1351 A.J.C.; Brandao, J.; Quintales, L. AJvPhys. Chem.
both _exchange and inelastic processes there_ are one or more” ;g Melius, C. F.: Blint, RJ. Chem. Phys. Letl979 64, 183.
collisions between the two O atoms. The higher quenching  (19) (a) Walch, S. P.; Rohlfing, C. M.; Melius, C. F.; Baushlicher, C.
probabilities on the DMBE IV PES for both these processes W., Jr.J. Chem. Physl988 88, 6273. (b) Walch, S. P.; Rohlfing, C. M.

; ; ; ; J. Chem. Phys1989 91, 2373.
could therefore possibly arise from the difference in the@® (20) Varandas, A. J. Cl. Chem. Phys1989 90, 4379,

short-range potential. (21) (a) Walch, S. P.; Duchovic, J. R. Chem. Phys1991 94, 7068.
(b) Walch, S. P.; Duchovic, J. R. Chem. Physl992 96, 4050. (c) Walch,

Conclusions S. P.; Rohlfing, C. M.; Melius, C. F.; Bauschilch&r Chem. Phys1998
88, 6273.

Classical trajectory calculations were used to study the (22) Kendrick, B.; Pack, R. TJ. Chem. Phys1995 102, 1994.
collisional quenching of vibrationally excited OH radicals by (23) Troe, J.; Ushakov, V. Gl. Chem. Phys2001, 115(8), 3621.
O atoms on two different PESs. The reaction probabilities on 20(()%4)2 "é'grld'”g' L. B.; Troe, J.; Ushakov, V. ®hys. Chem. Chem. Phys.
the two PESs were much larger than exchange and inelastic " 75" Harding, L. B.: Maergoiz, A. I.; Troe, J.: Ushakov, V. & .Chem.
scattering probabilities. The Oproduct formed is highly Phys.200Q 113 (24), 11019.
vibrationally excited, and a large fraction of the total available  (26) Dunning, T. HJ. Chem. Phys1989 90, 381.
energy appears as product vibration. One important difference (27) Kendall, R. A.; Dunning, T. H.; Harrison, R. H. Chem. Phys.
between the two PESs investigated is the probability of 1992 96, 6796. ;

etwe ) g the pr Y (28) Woon, D. E.; Dunning, T. HJ. Chem. Phys1993 98, 1358.
vibrational quenching through exchange or inelastic scattering.  (29) Miynczak, M. G.; Solomon, Jseophys. Res.993 98, 10517.
These quenching events are much rarer on the TU PES. On the (30) Miynczak, M. G.; Zhou, D. K.; Adler-Golden, S. Meophys. Res.
DMBE IV PES, vibrational quenching through multiguantum Le?éifgfoﬁa:ﬁ'uan v Gulding. J.- Rettner. C. T.- Auerbach. D. J.-
transitions is found to occur with a significant probability. The  \yqogtke, A, Mgcienceﬁ’ggé’ 284, 16%{7_" T T
mechanism for multiquantum and single-quantum quenching (32) Levine, R. D.; Manz, JJ. Chem. Phys1975 63, 4280.
events appears to be the approach of the O atom at close (33) Ben-Shaul, A; Levine, R. D.; Bernstein, R.BChem. Physl974
distances to the O atom of the hydroxyl radical. This is 61,(?2)37l5rocaccia I Levine, R. 0. Chem. Physl975 63, 4261
accompanied by one or more-@ collisions before product (35) Pollak, E.; Levine, R. DChem. Phys. Lett.976 39, 199.
formation. The highly repulsive potential encountered for short  (36) Levine, R. D.; Bernstein, R. B.; Kahana, P.; Procaccia, I.; Upchurch,
O—O0 distances on the TU PES, especially for certain approachE. T.J. Chem. Phys1976 64, 796.
geometries, prevents such close approach of the two O atoms. 83 g?gflalnj ':ér'as"'ge'CFéh%r’nMggz'l‘ggghgg"lzgﬂgm 12, 447.
This decreases the probability of vibrational quenching through  (39) \weston, R. E.: Fiynn, G. WAnnu. Re. Phys. Chem1992 43,
exchange or inelastic scattering on this surface. 559.
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