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A new potentid energ surfae for the lowest®A” electront stae of the O(P)+HCI systen is
presentedThis surfa@ is basel on electronc energis calculatel at the multireferene configuration
interactian levd of theoly with the Davidsa correction (MR-CI+Q) using the Dunning cc-pVTZ
one-electra bass sets The ab initio energies thus obtainel are scal@ using the scalel external
correlatimm (SEQ methal of Brown and Truhlar. The SEC-scald energie are fitted to a simple
analytica expressia to yield a potentid energy surfa@ which correlats the reactars O(°P)

+HCI(*S ™) to the producs OH(?II)+CI(°P). The reacti barrig on this surfa® lies a an
O—-H-Cl angk of 131.4 at an energy of 9.78 kcal/md abowe the asymptott O-+HCI minimum.
This barrie is 1.3 kcal/md highe than tha on the potentid energy surfa@ obtaina by Koizumi,

Schatz and Gordm (KSG) [J. Chem Phys 95, 6421 (1991)] and 1.1 kcal/md lower than the S2
surfa@ of RamachandrarSenekowitschand Wyat (RSW) [J. Mol. Struct (Theochem 454, 307
(1998]. The dynamic of the reactim O(°P)+HCI(v=2; j=1,69)—OH(v’,j’)+Cl on this
potentid surfae is studied using quasi-classidatrajectoy (QCT) propagatio and the resuls are
compare to the experimenthobservatios of Zharg et al. [R. Zhang W. J. van der Zande M. J.
Bronikowski and R. N. Zare J. Chem Phys 94, 2704 (1991)]. The broal distribution of collision
energis in the experimemis modela by computirg weightel averags of the quantities of interest
with the weighting facta at ead collision energy determine by the collision energy distribution.
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I. INTRODUCTION

The reactian of O(3P) with HCI plays an importart role
in the chemisty of the stratosphed ozore layer! It isals a
heavy-light-heay type reaction amenal# to both experi-
mentd ard theoretich study? It is nat surprising therefore,
tha there have been mary experimenthstudies of this reac-
tion, which range from measuremestof the thermaf~* and
reagen state-resolveld—° rate coefficiens to the determina-
tion of state-to-sta integrd cross sections’’?! The theoret-
ical studies of this reaction to be detailel below, have
rangel from estimation of therma rate coefficiens using
transition stae theoy and quasiclassidatrajectoy (QCT)
method to extensie quantum mechanichcalculations.

Theoretich investigatiors of this reactio prior to the
early nineties were carried out using modd potentid energy
surface constructd unde the assumptia that the minimum
enery saddé point corresponde to a collinea O—H-CI
geometry??~?° |n 1989 the ab initio investigatiors of Gor-
don et al.?® establishd tha the minimum enery saddle
point for this reaction which lies on the lowest3a” electronic
state correspond to a bert geometry As acontinuatio of
this work, Koizumi, Schatz ard Gordm (KSG)?’ con-
structal the first realistc potentid enery surfa@ for this
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systen by fitting an extendel LEPS modéd to scalel ab initio
energis calculatel at the MP2/6-31Qd, p) levd of theory.
The scalirg of the ab initio energis were dore in orde to
bring the approximag (totd angula momentun J=0) quan-
tum therma rate coefficiert into goad agreemenwith the
experimenth value at 293 K.?” The KSG potentid energy
surfa@ thus obtainal has aminimum energy sadde point at
an O—H-Cl angk of 133.4, at an energy of 85 kcal/mol
abowe the asymptott O+HCI minimum This reaction bar-
rier has bean shown to be too low by more recent anrd more
extensie quantun mechanichcalculations®=3

This pape preserd anew potentid enery surfa@ for
the 1 3A” electronc stae of the O(?P) +HCI systen ard a
quasiclassidatrajectoy simulation of the experimens of
Zharg et al.?! on this surface This work is acontinuatio of
the efforts of RamachandranSenekowitsch and Wyatt
(RSW)**3® to construt a realistc potentid enery surface
for this reaction which has led to aseries of fitsto scalel ab
initio dat culminatirg in the one presentd below. Previous
publishe fits, denotel as S1, S1A, and S2, were determined
to hawe reactio barriess tha were too high (rangirg from
10.(8 to 10.8 kcal/mo) and too “thick’ ’ in the sen® of not
permitting enoud tunnelirg at low temperature®® These
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conclusios were basel on variationd transition state
theory’® calculatiors usirg the improved canonich varia-

tiond theory (ICVT)®” with the microcanonickmultidimen-
siond tunnelirg correction (wOMT).28 In fact, thes calcu-
lations indicatal that the KSG surfae establishd a lower

limit for the corred barria height wherea the RSW surfaces
establishd an uppe limit. This work presené anew scaling
ard fit of the ab initio data tha yields abarrig heigh be-

tween the KSG arnd RSW limits which, basel on preliminary
calculatiors of VTST therma rate coefficients®® appeas to

be very close to the actua barrier.

It is well-known tha the temperatue dependene of
therma rate constars is not particulary sensitie to the finer
detaik of the potentid enery surface For instance sone of
the modé surface usal in earlie attemps to study this re-
action yielded very goad agreemenof QCT ard experimen-
tal therma rate coefficienté??3in spite of the wrong saddle
point geometry Recently however thanks to the pioneering
work from the laboratoy of Zare?®?! experimenthstate-to-
stak integrd cross sectiors for the elementay reactions
OCP)+HCI(v=2;j=1,69)—0H (v'=0,Lj')+Cl have
becone available Produd¢ rotationd distributiors depend
sensitivey on the natue of the three-bod interaction poten-
tial and due to the relatively high totd energia involved in
this case their theoretich reproductio depend not only on
the corred position and heigtt of the reaction barrier but also
on the accurag representatio of the potentid at geometries
quite far from the minimum energy path.

Onre of the main motivatiors for our attemps to generate
an accurag potentid enery surfa@ for this reactim has
been the desie to accoun for the rathe unique nonmono-
tonic rise in produd rotationa state populatiors in the OH
(v'=0) manifold observe in the experiment of Zhang
et al.?! The observe produd rotationd distributiors from
the HCI (v=2;j=1,6) clearly shov a two pe& structure,
with alow amplituce pe& occurrirg at j’ =10, followed by
arathe dramatc dip at j’ =11 and then arapid monotonic
risetothe )’ stake with the highes population This structure
in the rotationa distributiors becoms less pronouncd as
the initial j quantun numbe increasesand reducs to a
“shoulder” in the ca® of reactiors initiated in the (v,j)
=(2,9 stake of HCI. This type of structue is, of course,
rathe unusua (in fact, initially the experimentalist did not
trust their result4®) and therefore apotentid energ surface
that can accoun for it can provide valuabk insight into the
reaction dynamic responsite for it.

Our first attemp at modelirg the reactiors of O(P)
with HCl (v=2;j=1,69) using the QCT methal on the S1
surfacé” did, in fact, reprodue the bimodd distribution ob-
serval in the experimentsHowever thes calculatiors were
dore at a single collision energy (3.2 kcal/mol the average
collision enery in the experimers of Zharyg et al.) and used
a smal enseml® of trajectories (20 000 per initial statg. It
was discovere later tha calculatiors which accumulated
bette statistic and included the distribution of collision en-
ergies presemin the experimemhaveragd out the structue in
the rotationa distributions The bimodd rotationa distribu-
tions could nat be reproducd using QCT dynamic on the
S1A ard S2 surfacesThe recer work of Aoiz et al.>3 shows

The O(*P)+HCI reaction 3863

tha the QCT rotationa distributiors on the KSG surfae also
shav no indication of the observe structue in produd ro-

tationd distributions On the othe hand the QCT resuls on

the potentid enery surfa@ presentd here clearly shows a

bimodd structue in the OH(v' =0) rotationd distributions
for reactiors initiated in the HCI (v=2,j=1) state ard a

broad shoulde in this region for the othe two initial states,
even when the collision energy distribution is taken into ac-

count Moreover at collision energis close to the average
value of 3.2 kcal/md reportel by Zharg et al., the present
surfa@ yields OH (v’ =0) rotationa distributiors tha bear
striking qualitative similarities to the experimenthdistribu-

tions for the othe two initial states.

It shoul be notal that, in spite of the recer advancsin
atom-molecug reactive scatterilg calculatiors using quan-
tum mechanicsa completey quantun mechanichtreatment
of this reacti;n to obtan produd rotationa distributions
comparal® to the experimenthresuls is still very difficult.
The mog extensie quantum calculatiors to dake for this
reaction are those of Nakamua and co-workeré®3° on the
KSG potentid surface Thes calculationswhich employ the
extende constah centrifugd potentid approximation
(CCPA) in orde to keep the computationheffort manage-
able show tha totd angula momentun quantun numbers
up to J=~120 hawe to be considerd in orde to converg the
reaction cross sectiors out of HCI (v=0, j=0—10) for col-
lision energis less than 0.70 eV (internd energis <0.33
eV). The even highe totd energis requiral to acces the
HCI v=2 states probal in the experimend (internd energies
are betwea 0.9 and 1.1 eV) may further increag the upper
limit of the totd angula momentun quantun numbe that
mug be included.

On the othe hand quasiclassidarajectoy (QCT) meth-
0ds can easily ded with this reaction without additiond sim-
plifying approximations. The work of Aoiz and
co-worker§'™ has shown that provided sufficiently large
numbes of trajectories can be compute and goad statistics
compiled the QCT methal can reprodue mary of the de-
tails of the quantum mechanichcalculatiors even for highly
“quantum mechanical’ systens suc as D+H, with nearly
quantitative accuracy Obviously, the QCT methal cannad be
expecte to be reliable at energis nea the reactio threshold
where barrig penetratio and tunnelirg throuch vibrationally
adiabatt effective potentias may play importart roles How-
ever, the reactiors studial in the Zare experimers occu at
energis well abowe the reaction barrie and arg therefore,
likely to be essentiall free from sud quantum mechanical
effects Further it has been observe tha QCT resuls for
vibrationally excited reagens in the D+ H, reactiod* and
the Li+HF reactioff® are in much bette agreemen with
quantum calculatiors than thos for the vibrationally unex-
cited reagents.

The remainde of this pape is organizel as follows: In
Sec I, we presen the detaik of the computatios for the
potentid surface the modé usal for its analytica represen-
tation, and examire the genera topographt features of the
potentid and ched the accurag of the fit. This sectio also
summarizs the detaik of the quasiclassidatrajectoy calcu-
lations including the modelirg of the collision distributions
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presemin the experimentsin Sectio I, the resuls of these
calculatiors are analyzel and compare to the experimental
resuls of Zharg et al.?! Secti IV is adiscussia of this
work.

Il. CALCULATIONS
A. Ab initio energies and the scaling procedure

The potentid energy surfae for the 1 3A” state corre-
lating O(P)+HCI(X '3 *) to OH(?II)+CI(?P), is based
on scalal ab initio energies obtainel using the MOLPR0O92
packa@ of programé® at the MR-CISD leve of theory.
Thes calculatiors usal full valene CASSG- wawve func-
tions as referencesand employeal the internally contracted
Cl algorithm of Werne and Knowles?’ The correlatian con-
sistert polarized valene triple zeta (cc-pVT2) bask ses of
Dunnindg® were used which resultel in a bass of H
(5s2p1d)/[3s2pld], O (10s5p2dif)/[4s3p2dif], and
Cl (15s9p2d1f)/[5s4p2d1f], amountiry to 78 symmetry
adapte contracted Gaussia bass functions The atomic
core orbitals for the CASSG- calculatiors were initially ob-
tained by closal shel Hartree—Fodk calculatiors on the
doubk anion HCIO?~. An additiona CASSCF run was then
mack to relax the core orbitals which were still treatel as
closal shells and the resultig molecula orbitals usal as
referencs for the MRCI calculations The ClI calculations
correlatel all fourteen valene electrons but did not include
the effects of core-valene correlation.

As describé in Ref. 34, the MRCI energis lead to a
potentid surfae on which the reaction barrie is too high.
This was verified by a few QCT calculatiors in which tra-
jectories were initiated in the HCl v=2,j=1,69 state at
collision energies of 3.2 kcal/mol, the avera@ collision en-
ergy estimatel by Zharg et al.?! in their experiments The
reactian probability on the MR-CISD surfae for the= initial
states were found to be lessthan 2 10 # (no reactive events
from ensembls of 5000 trajectories for ead initial state. In
orde to lower the reaction barrieg without resortirg to arbi-
trary scalirg procedureswe first examin& the Davidson
correctel energis (MR-Cl+Q)***°which are also computed
by the CI progran in MOLPRO92 It was found that an even
further lowering of the reactian barrie was required and this
was achieva by scalirg the MR-CI+Q energis basel on
the differene betwea the CASSG and MRCI+Q energies
at ead geometry** Thisis essentialf the sane as the Scaled
Externa Correlation (SEQ methal of Brown and Truhlar?!
whetre the scalirg is basel on the differene betwea the
CASS( ard MRCI energies.

The SEC method* is asemiempirichtechniqe tha at-
temps to accoun for all of the dynamicé correlation energy
remainirg unrecoverd after a CAS/C calculation The as-
sumptiors mace are tha (a) the core correlation energy is
independenof the molecula geometry (b) a “reasonably
large one-electra bass set” will accoun for almog all of
the geometry-dependémondynamichcorrelation energ in
the multiconfiguratian SCF calculation (c) the difference be-
tween the MCSCF or full valene CASSG- enery and the
MR-CISD energy provides a measue of the missirg dy-
namicd correlation energy and (d) the dynamic# correlation
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enery isindependenof geomety and can be expressd as a
constan (i.e., geomety independentfraction of the differ-
ene betwea the CAS and Cl energies|n contras to the
Davidsa correction which is basel on the expansio coef-
ficients of the CI wawe function, the SEC procedue uses
empiricd information typically experimenth dissociation
energis of the diatomic fragments to estimae the fraction
of the “external” or dynamic# correlation energy unrecov-
eral by the Cl calculation The SEC methal has been usal to
develp potentid enery surfacs for the F+H,,%%%3
Cl+H,,%* and more recently the O(°P) + HCl reactions’*>®
In the case of the O(®P) +HCI system as explaineal above,
we scak the CI+Q energis in essentialf the sarre manner.
The SEC scalel CI+Q energies denot@ her as Cl+Q/
SEC are obtainel as

(Eciro—Ecas)
Eciraisec= Ecast —F 1

whetre the scalirg factar F is determine from calculata di-
atomc dissociatio energiesas

Cl+Q__ ~CAS
Deag—Deng

T NExpt._ CAS
De,AB De,AB

Fas (2
whetre the D,'s are the dissociatio energias at the indicated
levd of theory In the cas of the S1, S1A and S2 surfaces
mentionel earlier, the factar F appearig in Eq. (1) was ob-
tainal asthe averag of Fyc ard Foy. The scalirg facta for
the presen potentid surfa® is obtainel as®

F=3(FuartFontFeo)- 3

The mog importart differene betwee the surface S1-S2
ard the presem one is in the magnituc of the scalirg factor
F. It is obvious from aboe tha the smalle the value of F,

the more dramatt the effects of the scaling The magnitude
of F depend inversey on the amourn of dynamica correla-
tion energy that remairs unrecoverd at the CASSC- stage a
quantiy tha depend very strongy on the molecuk studied
ard the completenesof the one-electra basis In the course
of thee calculations it becane rathe obviouws tha it was
especial difficult to extrad correlation energ from the CIO

fragment Therefore compare to the HCl and OH mol-

ecules the scalirg factar calculatel in Eq. (2) for CIO was
consideraly smaller This has the effed of lowering the av-

erag scalirg factar and hene the barrie heigh on the sur-
face A recen calculation on the X A’ stae of the HOCI

molecuk using the significanty large “augmented’ cc-

pPVTZ (cc-pAVTZ) bass se yielded much large diatomic
dissociatim energis at all levels of theoly and therefore a
large” averag value for F.>®

B. The S4 potentia | energy surface

The potentid enery surfa® presentd hereis basel on a
sa of 463 scalal ab initio points calculatel over a nonuni-
form grid in {ron,M 4 Ooncy in the ranges 1.25a,<Rgy
<6.0ag, 1.759<Ryc=6.58y, a Oonc Values of 70, 90,
110, 130 150, and 17¢° ard a smalle grid spanniig the
saddé point region at fonc=125,135,140amd 175°. The
H+CIO channé does not becone energeticall accessible
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until the totd enery exceed 420 kcal/md measurd from
the asymptott O+HCI minimum and therefore was not
included in the fit for the presem surface Sinae no ab initio
points were computel for 05c<70°, at 20° intervak in the
range 10°< Ogpc<90°, in the vicinity of the appropria¢ r
value we placel 5 points generatd from ead of the two
body terms (a totd of 10 points pe angle at a distan@ of
10a, from the third atom in orde to “guide’’ the fit. This
was found to be necessar to avoid unphysicé behavio of
the fit at shot internuclea distancesThes 503 points were
fit to amary body type expansia given by

V(r oM cio) = V(1 o) + V(1 o) +VR(r o)

+VO(ron,Macr, fomc) -

(4)

In this expressionthe totd enery of the three atons at
infinite separatia is se to zera The two body potentias V(?)
were provided by the bond-orde expansio of Garca and
Lagana’

N

V@(r)=-Dc2] ¢i7, 5
=1

where n=exd —B(r—rg)] and N=4. In orde to guarantee

tha this expansia has aminimum equd to —D, a r=r,,

the expansia coefficiens were forced to satisk the follow-

ing conditions:

N N

> ci=1; > ic;=0. (6)

i=1 i=1

The linear parametes ¢; and the nonlinea parameteB were
found by requiring the w, and weX, values for ead diatomic
to be equa to their experimentavalues® following the pro-

cedue of Garca ard Lagana’ This procedure combined
with the restrictiors in Eq. (6) yields identicd coefficients
{c;} for all molecules The terms with ¢, and c; accoun for

the attractive patt of the potentid while the terms with c,

ard c, represehthe repulsive part Note tha for the case
N=2, this modé reduce to the Morse expressionwith c;

=2 ard c,=—1. The r, value for ead diatomc was set
equa to the value found by fitting scalel ab initio data dur-

ing the constructim of surfae S13* A repulsiwe potentia VR

was also introducel to preven the unphysica situatian of Cl

ard O atons approachig ead othe without experiencing
ary repulsiwe force This potentid has the form

VR(r)==Delcan+csn’]. (7

Note tha the powess of the variable » have been reduced
from the values of 2 and 4 suggesté by Eq. (5) to increase
the range of the repulsive potential This was found to be
necessar to avoid unphysica wells at intermediate
(ron»Hen) values for Ogyc<70°.

The three body term was expandd in coordinats simi-
lar to the one introducel by Aguacb ard Paniagu&?® and the
cosire of the O—H-Cl angle as

6 7
V@):jéll;)ijP{)HPhQCOé(aoml)? jtk+1<9 (8
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TABLE |. Saddeé point properties of the potentid enery surface available
for the 3A” state.

S1  S1A s2 S4 KSG
rici(@o) 2712 2687 2691 2.664 2620
ron(ao) 2372 2382 2394 2416 2328
Obnc(deg) 132.1 1346 1329 1314 1334
wi(em™h 1446 1395 1408 1523 1332
wg(cm™h 316 309 267 290 429
wi(em™ 1531 1603 2042 1619 1331
AV*(kcal/mol) 1003  10.32 1098 9.78 850
AVE o(kcal/mol) 847 830 910 813 6.75

wherep=r exd —a(r—rg)], and the parametera was fixed

at 0.753 after some numerical experimentation. This expan-

sion result@ in 112 linear parametes Cj; whose optimal
values were found using standad methods The root-mean-
squae errar of the fit is 0.48 kcal/mol The minimum energy
sadde point separatig the reactans from the product was
located at (r&,,ric)=(2.422,,2.66,) and fopc=131.4°
at an energy of 9.78 kcal/md abowe the asymptott O+HCI
minimum There is a secondar saddé point, locatad at
(rEy.ric) =(2.260,2.72a,) and Ooyc=18CF, a an en-
ergy of 12.% kcal/mol The structurd and spectroscopic
properties of thee saddé points are compare to those on
the S1, S1A S2 ard KSG surfaca in Table I. In this Table,
the subscrips$ to the vibrationd frequencisindicatke the sym-
metric stretch bend and asymmetig strethh modes the last
of which isimaginay at the saddé point The barrig heights
reportel are the classic barrie’ height AV* ard the barrier
heigh correcte for the zer point energis (zpe of the re-
actar ard the sadde point, AVZ..

Prior to obtainirg this fit, we had attempte to construct
a “global’’ surfa® using a slightly differert modé by in-
cluding 80 scala ab initio points leadirg from the three-
body interactio region towards the asymptott H+CIO re-
gion in the datase useal for the fit. However all attemps to
produe@ aphysicaly reasonald surfae employirg areason-
ably smal numbe of linea parametes and acceptabyl low
rms errar failed. A fit using 120 linear parametes did yield a
low rms erra (=0.5 kcal/mol), but warnings abou false
convergene and possibé discontinuities in paramete space
were generatd during the fitting procedureMoreover QCT
modelirg of the experimens of Zharg et al.?* on the result-
ing fit, which we called the S3 surface yielded produd ro-
tationd distributiors that were too “cold’’ by 2-4 rotational
guanta Therefore we abandoné thos attemps and pro-
ceede to construt the presem surface which we cal the S4
surface.

Contou plots of the $4 surfa@ at four values of Ggpc
are shown in Fig. 1. The pané Fig. 1(a) shows tha even at
Oonc=10°, wher no ab initio points are presen in the
datase usd for the fit, the surfae remairs physically rea-
sonableonce allowane is mack for the fact that the H+CIO
arrangemenis absent The repulsive contributian from the
term VR is clearly visible at this anglg preventig commu-
nication betwee the entrane ard exit channelsOf particu-
lar interes in panes (b) ard (d) of Fig. 1 arg respectively,
the wells on the produd side of the barrie at 6gpc=80.4°
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FIG. 1. Contous of the $4 surfae at O—H-Cl angles of (a) 10°, (b) 80.4°, (c) 131.4, ard (d) 18C°. The dashé contou lines represetinegatie values with
respet to the asymptott entrane channé minimum The contous are drawn a —5, —3, —1 kcal/md ard in incremens of 5 kcal/md from 5 to 100

kcal/md in pané (a) ard from 5 to 70 kcal/md in the othe three panels.

and on the reactan side of the barrie at 6gpc=180°. From
the calculatiors of Allison et al.,®° the minimum of the en-
trance channel well is located at (ron.Muc)

=(3.8%, 2.46,) a Oonc=18C, while the exit channel
well minimum is located at (roy,rye) =(1.908y,4.128,) at

Oonci=80.£. The deptls of these two minima with respect
to the asymptott entrane channé minimum enery are re-

spectively —1.64 and —5.18 kcal/mol.

An examinatia of the angula dependeneof the poten-
tial with (ron,ryey) fixed at their saddé point valuesis pre-
sente in Fig. 2(a). Ab initio points a 10° intervak in 90°
< Oonuc=170C at the CAS, Cl, ard CI+Q levels of theor as
well as the correspondig Cl+Q/SEC energie are shown as
symbols The origin of the energ axis has been adjustel so
that in eat case the enery plotted is the relative energy
with respet to the asymptote O(°P) +HCI minimum at the
leve of theol consideredin the ca® of the CAS, Cl and
CI+Q energiesthe symbok are connectd by smooh lines
to guide the eye In the ca® of the CI+Q/SEC energiesthe
comparisa is mack to the fit itself. The dashe lines above
ard below the solid line representig V calculatel from Eq.
(4) indicae the range defina by V= AV,. It is clea that

althoudh the fit does naot pas exactly throuch every scaled
ab initio point, all of them do lie within the errar of the fit.
The angula dependene of the potentid with (rgoy,ryc)
fixed at the values correspondig to the minimum of the well
in the exit channé is shown in Fig. 2(b). The format is the
sane as tha of Fig. 2(a). Once again mog of the scalal ab
initio points are found lie within the errar of the fit, although
the agreemenis nat quite as goad as tha in Fig. 2(a). The
scalel ab initio point at 65,c=80° lies just inside the line
representig V—AV,,s, a —5.60 kcal/mol Although not
shown a similar quality of agreemenbetweea scala ab
initio points and the values calculatel from the fit is also
observed for the entrane channé well for Ogpc=<175.
Two points neal to be emphasizé abou thes compari-
sons The first one is tha the ab initio points represente as
symbokin the panes of Fig. 2, were calculatel a posteriori
i.e, after the fit was alread obtained Since thes points
were nat pat of the datase usel for the fit, thee compari-
sors provide astringen teg of the quality of the surface The
secom observatio has to do with the role of dynamical
correlation energ in determinirg the location as well as the
enery of the points of interest Pané (a) of Fig. 2 reveals
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tha nat only the height but also the location of the saddle
point is affectad by the extert of recovey of correlation en-
ergy. At the CAS levd of theory, the minimum energ point
in the angula dependene curve appeas to lie between
Oonc) angles of 150 and 160°. At Cl and CI+Q levels of

theory, the location of this point has shifted to Ogpc

=140, ard the SEC scalirg of the CI+Q energies further
decreasethe angk to 131.4. Gordm et al.?® also found that
at the HF level, the saddé point for this systen lies at a
collinea geometry but that recovey of correlation enery at
post-H- levels of theol [e.g, MP2 ard CCSIOT)] leads to

the bert minimum enery saddé point A similar depen-
dene of the exit channé van der Waak minimum on corre-
lation energy is sea in the ca® of the curves plotted in Fig.

2(b). The well in the exit channé& is presem only in the ClI,

CI+Q, ard the CI+Q/SEC curves indicating that these
minima are describé only throudh the recovey of dynami-
cd correlation energy Asin the cas of the sadde point, the
SEC scaling of the CI+Q energis appea to shift the loca-
tion of the minimum from abou 82° to avalue close to 80°.

0.05

0.04

CAS

0031

E (au)

0021

0.0t
90 100 110 120 130 140 150 160 170 180

0.03

0021
CAS

0011

E (au)

FIG. 2. The angula dependenre of the potentid at (a) the saddé point
values of (roy,rye) amd (b) at the values of (roy,ryc) correspondig to
the minimum in Fig. 1(b). Smooh lines connet the ab initio dat at the
CAS, CI, ard CI+Q levels of calculation The CI+Q/SEC dat are com-
parda to the fitted surfae itself, shown as the solid line, with the dashed
lines abowe ard below representig the limits V= AV, .
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C. Quasiclassica | trajector y calculations

Our quasiclassidatrajectoy propagatio coce is based
on Muckerman$ progran CLASTR, a versim of which is
availabk as Progran No. 229 of the Quantun Chemistry
Progran Exchang (QCPB. The progran is basel on the
approab outlined in Refs 60 ard 61. The accuray of the
numericé integration of the trajectories was verified by the
standad method of monitoring the conservatia of totd en-
ergy and angula momentun as well as back-integratig a
few trajectories at eat energy The optimd value for the
maximum impad parameterb,,,y, was found to be 3.0 A for
the range of energis usal in thes calculation§? althoudh at
one or two energies a by, value of abou 3.1 A was re-
quired to captue all reactie trajectories initiated in the HCI
(v,j)=(2,6) state In the presen sd of calculations 10 000
trajectories were initiated from ead HCI initial stat exam-
ined by the experimend of Zharg et al., at collision energies
rangirg from 0.30 kcal/md to amaximum of 11.0 kcal/mol.
The collision energy was scannd in stegs of 0.10 kcal/mol
in the intervd 0.3<E.y<1.0 ard in steps of 0.5 kcal/md in
the intervd 1.0<E ;<110 kcal/mol A maximun of
280 000 trajectories were propagatd from ead initial state
or, in othe words 10 000 trajectories for ead initial stae at
ead of the 28 collision energis examined.

As statal in the Introduction one of the aims of these
calculatiors is to compae the QCT produd rotationd distri-
butiors to those observé in the experimens of Zharg et al.
The O(®P) in thes experimens were generatd by photoly-
sis of NO, at 355 nm. The photofragmetimaging experi-
mens of Hradi et al.%% shaw tha the O atam velocity distri-
bution from lase photolyss of NO, at 355 nm has two peaks
centerel at 900 and 1400 ms ™! correspondingrespectively,
to the formation of the v=1 ard the v=0 states of the NO
molecule The HCI molecules in the experimem can be as-
sumel to hawe the therma velocity distribution given by the
Maxwel—Boltzmam distribution It is now well-recognized
that the spreal in the velocity distributiors of the photolytic
precurso (in this case NO,) as well as the targe (HCI) has
very profourd effects on the distribution of collision energies
in the O(®P) + HCl reaction®" Taking the effecs into
accoun gives rise to “superthermal’ width* to the colli-
sion energ distributions In order to mimic the distribution
of collision energies in the experimers of Zharg et al., we
hawe useal a collision energy distribution function nearly
identicd to the one usal by Aoiz et al.*3in arecen study of
this reaction on the KSG surface This distribution is calcu-
lated from the experimentbO atam velocity distributiorf® by
the method outlined in Refs 65 and 67. In the presenwork,
we fitted the expression

f(X)=(ag+ax+ax%+azx3)exp(—bx?), 9

where x=E_ gy, to 500 points from the distribution used in

Ref. 33. A very accurag¢ fit was obtained with a standard
deviatin of less than 2x 10 # for the function which is

scalel sudh that its maximum value is 1.0. The distribution
decreaseto amagnituc less than 10~ ° for E.,;=110 kcal/

mol, which iswhy highe collision energis were not consid-
eral in the presen calculations.
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D. Produc t Rotationa | Distributions

The main quantitiesin this study that can be compare to
experimenthobservatios are the rotationa distributiors of
the produd¢ OH molecules In QCT simulations the rota-
tiond quantun numbe of the produd¢ molecuk is found by
equatimy the rotationa angula momentun to j'(j’+1)4?
from which the (nonintegey j’ is calculated The vibrational
enery is obtainal as the differene betwea the internd en-
ergy ard the rotationd enery calculatel from the j’. The
vibrationd quantum numbe is then calculatel by equating
the vibrationd enery to a Dunhan expressia for the di-
atomic The rotationa distributiors at ead vibrationd level
populatel is accumulatd by a binning schene in which the
non-intege value of j’ isroundel to the nearesinteger The
produd rotationd distribution obtainel in this fashim at
ead enery is multiplied by the factar f(E.y) calculated
from Eqg. (9), and addeal togethe to get the totd product
rotationd distribution observe in the experiment In other
words we accumulate

F(v',i) =2 f(Bean)Ne(V'j " Ecani), (10
where N, is the numbe of reacti\e trajectories in the state
(v’,j") out of the totd numbe N propagatd at the collision
enery Eq i . Finally, thes accumulatd rotationa distribu-
tions are normalizel by dividing them by the sum of the
distributiors in the OH v’ =0 ard v’ =1 manifolds as done
in the ca® of the experimenthresuls of Zharg et al.,?* to
yield the distributions

o F(vLY)

PR
wher Fi=2,[F(0,j")+F(1,j')]. The statistica errar in
thes distributiors is evaluatel a$®

oy’ oy’ /
:FW,J%FM—HVJ))”
Foor |\ FoF(v',j") |

The quantities P(v',j’)=AP(v’,j’) are compare to the
experimenthdistributions.

13

AP(V',j") (12

Ill. RESULTS

The resuls of the QCT calculatiors are presentd in this
section and compare to the experimenthresuls in Ref. 21
where appropriate The totd reactiom cros section
aﬁj(Eco”) from QCT calculatiors is calculate as
N,

U\?,j (Econ) = szmaxﬁ*

where N, is the totd numbe of reactiwe trajectories out of
the totd N propagatd at a specift collision energy The
statistica errar in the cross sectiors is evaluatel as®

N, [N—N |
A()-\'jl,j(Ecoll)z77'b2maxﬁr( NN f
r

The of,f j(Econ) for the three initial states considere are plot-
ted as functiors of the collision energy in Fig. 3. Figure 3(a)
shows the full range of collision energis examinel while

Ramachandran, Schrader 11, and Wyatt

Figure 3(b) provides amagnified view of the near-threshold
region Also shown in Fig. 3(a) is the collision enery dis-
tribution function usal to weight the rotationa distributions,
calculatel using Eq. (9).

It is interestig to contras the behavio of the reaction
cross sectiors on the $4 surfae to thos calculatel by Aoiz
et al.,* on the KSG surface Ther appea to be no clear
trerd in the classicé threshotl behavig for this reaction on
eithe potentid surface On the $4 surface the reactio ini-
tiated in the HCI (v,j) =(2,1) stak yields anonzeo reaction
cross sectio for E,;=0.4 kcal/mol The classicé reaction
threshold for reaction initiated in the (2,6) and (2,9) states
occur, respectively at collision energis of 0.7 and 0.3 kcal/
mol. On the othe hand on the KSG surface the HCl (v,j)
=(2,1) stae is unreactie for collision energis less than
1.55 kcal/md (0.08 eV), while the threshold for the (2,6)
ard (2,9) states occur, respectively at collision energie of
approximatel 1.27 kcal/md (0.0% eV) ard 1.50 kcal/mol
(0.065 eV). The much highe classicareaction threshold on
the KSG surface in spite of the lower reaction barrier, is
suggestie of a highe degre to which vibrationd adiabatic-

(a)

Reaction Cross Section (A%)

Eqgy (keal/mol)

(b)

z
T
Pt

Reaction Cross Section (A?)

0.0 05 1.0 15 20 25
Eoy (keal/mol)

FIG. 3. Thetotd reactian cross sectia as afunction of collision energy for
reactiors initiated in the HCl (v=2,j=1, 6,9) states Pané (a) shows the
full range of collision energis examinel as well as the broa collision
enery distribution useal to weight the cross-sectiosiwhen computirg the
produd rotationa distributions Pané (b) expand the low energy region to
reved sone detaik of the near-threshal behavior The symbok represent
the energies at which the QCT calculatiors were carried out, and the lines
are spline interpolatiors throuch them For ead initial state 10 000 trajec-
tories were propagatd at eat energy.
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ity ispreservd on tha surfa® as the three particles approach
ead other.

An importart differene betwea the reaction cross-
sectiors calculatel on the S4 and KSG surface lies in the
marked increa in reactivity on the $4 surfae with rota-
tiond excitatim of the reageh molecuk compare to a
marked decreas on the KSG surface As evidert from Fig.
3, 02 , isthe smalles of the three curves plotted at nearly aII
collision energis examined Also, 02 ¢ IS greate than 02 9
excep at the lowesg and higheg collision energiesThere is,
however a suggestia from Fig. 3(a) tha for E.,>11.0
kcal/mol the (2,9 stae may hawe ahighe reactim cross
section An avera@ of the reaction cross sectionsot; v, over
the collision energis examined weighted by the collision
energ distribution function,

> wb, Zf (Ecani) [2 f(Ecolh)}

yields 0.6043 1.2692 ard 0.850% A ? respectively for the
initial states j=1,6,9. This mears tha the averag cross-
sectian increase by a factar of 2.1 betwee j=1 ard j=6
ard by a factar of 1.41 betwea j=1 and j=9. This en-
hancemenof reactivity with rotationd excitation of HCI ap-
peas to be in agreemeh with the observatio of Zhang
et al.?! tha the experimenthreaction cross sectia increases
by afacta of 1.5+0.5 asj increass from 1 to 9. An earlier
repot from the Zare group® had indicatel tha this increase
is not necessanyl monotonc with j. Thes observatios are
in excellert agreemenwith the presen results A similar
trerd (02 1< 02 005 X in reaction cross sectiors were ob-
serval also on the S1 surfacé* where calculatiors were lim-
ited to asingle collision energy.

The OH rotationa distributiors resultirg from the reac-
tion of O(®P) with HCI(v=2,j=1,6,9) are shown in Figs.
4-6. The rotationd distribution in the OH v’ =0 manifold is
shown in the paneé (a) of thes figures while that in the v’
=1 manifold is presentd in panes$ (b). The QCT rotational
distributions represente as empy circles connectd by solid
lines are compiled and normalizel as describé in the pre-
cedirg section Also shown in thes figures are the experi-
mentd distributiors observe by Zharg et al., taken from
Ref. 21, and representg as solid circles connectd by dashed
lines. The errors in the experimenthdistributiors hawe been
reportal to be abou 10% of the value of the distribution in
eat case The statistich errois from the QCT calculations,
which deperl mainly on the numbe of trajectories propa-
gated and the numbe of reactie trajectories accumulated,
are calculatel using Eq. (12) ard are also shown in the fig-
ures The QCT errors in the preseih work are on average,
abou an orde of magnituek smalle than those reportel in
ou earlig work on the Sl surface®

The mog importart observatio to be made from Fig.
4(a) is that the QCT calculatiors appea to reprodue the
experimentall observel nonmonotort rise in the rotational
distribution The QCT distribution has ape& at j' =10 and
adip at j'=11, in nearly perfe¢ agreemenwith the experi-
mentd results However the absolue magnitude of the
QCT distribution at thes values of |’ are only abou 50% of
the experimenthresults Also, the dominart partt of the QCT

1
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FIG. 4. The OH rotationd distributiors for reactiors initiated in the HCI

(v=2,j=1) state Panes (a) and (b) compae the QCT ard experimental
distributiors for OH (v'=0) and (v’ =1), respectively The QCT distribu-
tions are compiled from propagatig a totd of 270000 trajectories,
weightal by the collision energ distribution function of Fig. 3(a) and nor-

malized as describé in text The experimenth resuls are taken from

Ref 21.

distribution spars an extremey narrov range of j’, although
it appeas to be superimpose on a broade distribution that
spars aslightly large range of j’ values than the experimen-
tal distribution The QCT distribution shown in Fig. 4(b)

only has aqualitative similarity to the experimenthdistribu-
tion. The QCT distribution peals at j' =7 while the experi-
mentd one peals at j’=10. However the QCT and experi-
mentd distributiors hawe similar averag magnituds and
span asimilar range of j’ values.

It is clea from Fig. 5(a) that the QCT resuls do not
reprodue the nonmonotort behavia of the experimental
rotationa distribution in this case However the QCT distri-
bution for j’>11 is, in fact, in relatively good agreement
with the experimenthdistribution Both distributiors pe&k at
nearly the sane |’ and are rathe similar in their overall
shape The QCT ard experimenthdistributiors in Fig. 5(b)
shows the sane 3 rotationd quant discrepang in the loca-
tion of the pe& of the distribution observe in Fig. 4(b).
Once again the two distributiors hawve similar relative mag-
nitudes and span similar ranges of j'.

The QCT rotationa distribution of Fig. 6(a) is in excel-
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FIG. 5. Sare as Fig. 4, but for the HCI (v=2, j =6) initial state The QCT
distributiors are compiled from propagatig atotd of 230 000 trajectories.

lent agreemenwith the experimenthdistribution excep for

the fact tha the former appeas to be shifted abou 2 rota-
tiond quant to the right. The shoulde observe in the ex-

perimenta distribution at j'=9—10 is presen in the QCT
distribution at j'=12—-13 a nearly the same magnitude.
The QCT distribution in this case peals at a highe value of

j" than the experimenthone and shows an interestiry step-
like structue at j' = 19— 20. The two distributiors plotted in

Fig. 6(b), on the othe hand are once agan differert from

ead othe in nearly identicd ways tha the distributiors in

Figs 4(b) ard 5(b) wereg including the 3 rotationd quanta
difference in the relative positiors of the peals of the distri-

butions.

In spite of the difference betwea the QCT ard experi-
mentd rotationd distributions it is clea tha the QCT dy-
namics on the S4 surfa@ accouns for the high degre of
rotationd excitatiln of product ard the significart branch-
ing to the OH v’ =0 manifold observe experimentally In
examinirg the rotationd distributiors more closely; it was
found tha the behavio at the lower values of j’ was domi-
nated by reactiwe trajectories at lower collision energiesin
particular the reactiwe trajectories at E.,=3.0 kcal/mol
were found to yield rotationa distributiors which displayed
striking qualitative similarities to the experimenthdistribu-
tions for j’<14. This becoms clea upon examinirg Fig. 7,

Ramachandran, Schrader Ill, and Wyatt

where the enery dependene of the OH (v’ =0) rotational
distributiors from the three initial states are presentedThe
quantities plotted are the “unnormalized’ F(v’,j') quanti-
ties of Eq. (10), ard the dampirg influence of the collision
enery distribution is clearly visible as one approaches
highe collision energiesIn plotting thes distributions we
hawe interpolatel betwea dat points using splines to get
roughly twice the numbe of grid points in ead direction as
there are data points However care has been taken to ensure
tha spuriots structurs hawe not been “created” as aresult
of this interpolation In ead pane] the distribution at E
= 3.0 kcal/md is highlighted by athick line. It is clea from
Fig. 7(a) that the structue in the QCT F(0,j’) distribution
from the HCI (2,1) stak arises mainly from collision ener-
gies in the vicinity of 3.0 kcal/mol It is alo clea tha the
shouldes in the rotationa distributiors resulting from the
(2,6 ard (2,9 initial states also are due to the dynamic of
the reaction nea this collision energy It is especialy inter-
estirg tha the distribution at E.,;=3.0 kcal/md in Fig. 7(b)
shows sone evidene of a pe&k at j' =9 followed by a weak
trouch at j'=10—11. However as eviden from Fig. 5(a),
this structue gets averagd out when all collision energies
are taken into accountIn this context it isimportart to point
out that althoudh the QCT P(0,j’) at E.,=3.0 kcal/mol
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FIG. 6. SaneasFigs 4 and 5, but for the HCI (v=2, j =9) initial state The
QCT distributiors are compiled from propagatig atotd of 280 000 trajec-
tories.
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tions plotted in Figs 4—6. Therefore the contribution to

servatiom becaus of the fact tha acces to the OH v’ =1
manifold is energeticall much more favorabk from the v

3 @ ) P(0,j") from the othe collision energis are importart in
3" A determinirg the shape of the overal distribution particularly
} i A for j’=14.
| /“s/"‘»\‘.; - It was mentionel abowe that the QCT dynamic accounts
§ \\g/!;o‘%o,o‘o’ X for the experimentaif observe high degres of vibrational
} (\\'O{);'::”:““ A branchirg to the OH v’ =0 manifold This is arelevar ob-

XSORSSS
$le % <SS,
(ISR
SN
SIS
SIS
SIS

- e e =2 states of HCI. Populatiry the v/ =0 states requires the
RO T conversim of a consideral# amourn of vibrationd energy
RS o into rotationa or translationh energy It is also interesting

tha no OH v'=0 produd¢ was observe in the cas of the
O(®P) +HBr reaction®® Zhary et al. found tha in the case
of the O(®P)+HCI reaction the ratio OH(v'=1)/OH(v’
=0) was 2.6-0.1,3.0+£0.1, ard 4.1+0.2 for the initial
states j=1,6 and 9, respectively Interestingly no v'=2
produd was detectéd in the experimentsVibrationd ratios
obtainal from QCT calculatiors neal to be interprete with

§§ sone cautian since zem point energy is not conservd in
3 the calculationsAlso, the vibrationd quantum numbe cal-
3‘ culated from the vibrationd energy could, in sone instances,
§ turn out to hawe anegatie value Therefore all trajectories
= with v’ <05 are assignd to the v’ =0 level, those with
e 0.5<v’'<15to v'=1 ard tho® with 1.5<v’'<25 to v’
7N =2. Becaus of this assignmen of vibrationd quantum
numbersseveratrajectories with v’ values betweea 1.5 and
2.0 are assignd to v’ =2 in the QCT calculations Keeping
the limitations of the QCT methal in mind, we hawe com-
= puted collision energy weightel vibrationd branchimg ratios
° as
Ei f(Econ,i)Z P(1,j")
RJ = : y
© M > f(Eeoni) 2 P(0")
M ' i
! 0“'1/1,//‘%\\\\\\\‘80. o | o
n§ "Q'/'[I"‘\\");;‘:“‘\\\\ for ead initial stae j. These calculatiors ylel_d ratios of
%x / “’//"/"““%0“\‘\\\“\ 4.303.00 ard 3.73 for j=1,6 ard 9, respectively These
i ““;‘"‘é/‘/[,,///@“‘%“"‘\\\\\l‘ numbes are highe then the ratios 1.52 1.45 ard 1.38 calcu-
\ M&%M‘W%‘\ s lated on the KSG surfacé® and at leag for the ca® of (2,6)
§ o ”tzﬁm“,’;"{%\\‘\‘:‘t‘:‘:\\“ ard (2,9 statesin bette agreemenwith the experimental
- SR e observations.
AN “’g IV. SUMMARY AND CONCLUSIONS
- =%y This work presend a new potentid enery surface,
T called the S4 surface for the lowest A" stae for the

3 .

FIG. 7. The enery dependeneof OH (v’ =0) rotationa distributions The O(P)+ HCI—OH+Cl reaction base on SEC scalel ab
distribution at Ecol — 3.0 kcal/md is highlighted using thick lines The ~ INitio da@ at the MR-CI+Q level of theory. As can be seen
mes plotted is spline-interpolaté to yield roughly twice the numbe of grid from Fig. 1, this potentid enery surfae is physicaly rea-
points as dat in eat direction Distributiors from (a) (v=2,j=1), (/)  sonabé for totd energis belov 42 kcal/mol Above this
(v=2,j=6), and (c) (v=2,j=9) states of HCl are shown At 30 keall  anergy the H+CIO channé which is not representg in the
mol, thee bea qualitative similarities to the experimenthresulsin Ref. 21. .

4 surfa@ would, presumablybecone accessitd to the re-

agents Below this energy however the potentid surface

appeas to be quite faithful to the underlyirg da@ as evi-
shows qualitative similarities to the experimenth distribu-  dencel by the low rms errar of the fit (0.48 kcal/mo) ard the
tions for smalle values of j’, the shape of the QCT distri-  comparisa of the fit to ab initio data calculatel a posteriori
butiors at this energy for highe values of j' are in much  as shown in Figs 2. The presene of two van de Waals
poore agreemenwith experimemn than the overal distribu-  minima one ead in the entrane and exit channels makes
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the minimum energ reaction path quite complicatel in con-

figuration space If one were to follow the minimum energy
path the reagens would approab at a collinea geometry,
samplirg the shallov entrane channé well. The three-atom
systen would then assune abert configuration to cross the

reaction barrig at an O—H-CI angk of 131.#, followed by

arapid decreas of thisangkto 80.4 asthe systen fallsinto

the deg exit channé well. This bendirg motion could im-

pat a consideral® amoun of rotationa energy to the OH

fragmen and could accoun for the high rotationa excitation
observe in the experimend and QCT calculatiors even in

for reagens prepare in the v=2 state.

We hawe studial the classich dynamic of the reaction
of OCGP)+HCI(v=2;j=1,6,9) at sever collision ener-
gies from the reactian threshotl to 11.0 kcal/mol The distri-
bution of collision energis expecté to be presen in the
experimers of Zharg et al.?! has bee includel in the
analyss of the resuls so tha dired comparisa of QCT re-
sults to experimentall observe quantities sudh as totd re-
action cross sectiors and produd rotationd distributions
could be made Thes comparisos indicatke tha the $4 sur-
face is capabé of reproduciig mary of the experimenthob-
servationsat leag qualitatively. For instancethe $4 surface
appeasto predid asignificart enhancemetrof reaction cross
sectian due to rotationa excitation of the reageh molecule,
in keepirg with experimenthobservationsThisisin marked
contras$ with the exactlyy opposie behavio observe for the
KSG surface where rotationa excitatian of HCI was found
to resut in amarked decreas in the magnitue of the reac-
tion cross section It was also found that, in spite of the lower
reaction barrier, the classic&reaction threshold for reactions
from the HCI (v=2) states were highe on the KSG surface
than the $4 surface presumaby due to bette preservatia of
vibrationd adiabaticiy on the former.

The QCT produd rotationad distributiors P(v',j’) in
the OH(v'=0) manifold for the HCI (v=2,j=1) stake on
the $4 surfa@ shav the non-monotorg behavio observe in
the experimerd even after the distributiors are averaged
over the full range of collision energies studied In the case
of the HCI (v=2, ] =6) state oscillatiors qualitatively simi-
lar to those observe experimentalf are presemnin the QCT
P(0,j") nea E.y=3.0 kcal/md but these being much less
pronouncd than thos in the (v=2,j=1) case tend to get
“smoothal out” into a broal shoulde when all collision
energis are considered The QCT P(0,j’) resultirg from
the HCl (v=2,j=9) on the othe hand appeas to have
gualitatively the same shaye as the experimenthdistribution,
but appeas to be too “hot’’ by abou one or two rotational
guanta An examinatio of the enery dependenre of the
rotationd distributiors in the OH v’ =0 manifold shows that
the shaps of the distributiors at lower j’ are mainly deter-
mined by reactiwe trajectories at low collision energiesThe
QCT rotationa distributiors in the v’ =1 manifold for all
three initial states examinel is observe to pe«k at value of
j" too low by 3 rotationd quant compare to the corre-
spondiry experimenthdistribution However there are im-
portart qualitative similarities betwee the QCT ard experi-
menta rotationd distributions The $4 surfa@ accouns for
the experimentalf observe high rotationa excitatian of the
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OH molecules Moreover in spite of the independennor-
malizatiors of the QCT and experimenthrotationa distribu-
tions they appea to hawe very similar avera@ magnitudes
ard span approximate} the sane range of j’ values.

Although the QCT vibrationd branchirg ratios hawe to
be interpretel with some caution those calculatel on the S4
surfa@ for the initial states (2,6) and (2,9) of HCI are in
better agreemenwith the experimenthresuls than thos ob-
tainad on the KSG surface However the ratio calculatel for
the (2,1) stak on the $4 surfa® is highe than the othe two
and therefore the overal trend of vibrationd branchimg ra-
tios with increasiig j quantum numbe is at odds with ex-
periment.

Onre question not addressé in the presem study or that
of Aoiz et al. is the role of the 3A’ electront stae in this
reaction This stae becoms degeneratwith the 3A” stae at
asymptott and collinea geometriesbut appeas to lie above
it at othea geometriesThis mears tha the minimum energy
reaction barrig on the A’ surfa@ shoul coincide with the
collinear sadde point on the presemn surface This barrier
heigh is 12.% kcal/mol, which rules out the possibility of
the uppe surfa@ having significart contributiors to the ther-
mad rate coefficiens at T<1000 K. However the energies
probal in the presen study as well as the experimers of
Zhary et al., lie well abow the barrig heigt on the A’
surface Therefore there is still a possibility that the experi-
mentally observe produd rotationa distributions totd cross
sectionsand vibrationd branchirg ratios could be influenced
by the dynamis on the 3A’ surface We arg at present,
exploring this possibility using a LEPS modéd surfa@ con-
structel basel on the geomety of the S4 surfa@ at 6pc
=180, and the angula dependenre of the A’ surfa® at
(r&n.riic), obtainel from SEC-scald ab initio calculations.
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