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We presenta methodfor obtainingthe thermalrate constantdirectly (i.e., without first solving the

state-to-stataeactive scatteringproblem from the time integral of the flux-flux autocorrelation
function, C¢(t). The quantum mechanicaltrace involved in calculating C¢(t) is efficiently

evaluatedby taking advantageof the low rank of the Boltzmannizedflux operator.The time

propagatioris carriedout with a Hamiltonianwhich includesimaginaryabsorbingpotentialsin the

reactantand productexit channelsThesepotentialseliminatereflectionfrom the edgeof the finite

basisandensurehat C;¢(t) goesto zeroatlong times.In addition,the basiscanthenbe contracted
to represent smallerareaaroundthe interactionregion.We presentresultsof this methodapplied
to the O+HCI reactionusing the J-shifting and helicity conservingapproximationsto include
nonzerototal angularmomentum.The calculatedrate constantsare comparedo experimentabnd
previoustheoreticalresults. Finally, the effect of deuteration(the O+DCI reaction)on the rate
constantis examined. © 1997 Americanlnstitute of Physics[S0021-9606(97)01701-7]

I. INTRODUCTION

As implied by the title, this article is a continuationof
our questto find the most powerful generalprocedurefor
calculatingthe thermalrate constanof a bimolecularchemi-
cal reactioncorrectly and directly, i.e., onethatis in prin-
ciple exact(given a potential energysurface and also one
that avoidshavingto solve explicitly the completestate-to-
statequantumreactivescatteringproblem.Our efforts 2 and
those of a numberof other workers®~! are basedon the
formally exactexpressiorfor the rate constantas the time
integral of the flux-flux autocorrelatiorfunction‘?*3

k(T)=Qr(T)_1jmdt Ci(1), (1.1a)
0
where

Cff(t)ztr[[‘:eiﬁt:/ﬁl‘:e—iﬁtcm], (1.1b)

or, formally equivalently,asthe long time limit of the flux-
side correlationfunction*®14

K(T)=Q,(T) tlim C(1), (1.2a)
t—oo
where
Cre(t) =[N EMFeHic/H], (1.2b)

In Egs.(1.1) and(1.2) H is the Hamiltonianoperatorof the
molecularsystem,F is the symmetrizedflux operator(de-
fined with respectto somedividing surfacethroughthe in-
teractionregion), h is a stepfunction thatis 1 or 0 on the
reactantbor productsideof the dividing surface respectively,
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andt.=t—iaB/2, where B is relatedto temperaturen the
usualway, 8= (kgT) " %; Q,(T) is thereactanpartitionfunc-
tion per unit volume.

Our mostrecentwork? (hereaftereferredto asPartl) on
this topic utilized Eq. (1.2) andemphasizedhat, by evaluat-
ing Cy4(t) at a sufficiently large but finite time t, one could
avoid havingto introducean absorbingpotentialto enforce
outgoing wave boundaryconditions. Thoughthis is indeed
true, our presentfeeling is that the price paid for dispensing
with the absorbingpotentialis too great,i.e., the size of the
L2 basis(or grid) mustbe enlargedoo muchto makethis the
optimumprocedureThis becomegarticularlyevidentwhen
dealingwith multidimensionalsystemswherethe flux exit-
ing the interactionregionhasa broaddistribution of transla-
tional energiestheflux exiting mostrapidly will hit theedge
of the grid (and undergounphysicalreflection before the
more slowly exiting flux hasescapedhe interactionregion.

The primary changein strategyfrom Partl, therefore,is
to utilize absorbingpotentialsto makethe L? basis(e.g.,a
discretevariablerepresentatiori~)) assmallaspossible—in
essentially the same way they have been used
beford®-2*_andto put up with the minor nuisanceof having
to performtestcalculationsto insurethat the resultsarein-
sensitiveto them.

Onceanabsorbingpotentialis addedto the Hamiltonian,

H—H-ie, (1.3)
one canno longeruse Eq. (1.2) to obtain the rate constant
(becausethen C;¢(t)—0 ast—»). Eq. (1.1) is still valid,
however,becauseonly the long time behavioris influenced
by the absorbingpotentials, and the exact C¢;(t)—0 as
t— oo andis thusunaffectedby them.Sectionll describeshe
generalprocedurefor evaluatingCg(t), whereagaina key
featureis to exploit the low rank of aneffectiveflux operator
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to minimize the numberof operationsof the time evolution
operatorthatis required.Of previouswork, the methodology
presentedin Sectionll is most akin to that of Park and
Light*® and Brown andLight,® thoughtherearekey differ-
encesprimarily in the basisusedto evaluatethetraceandin
the useof iterative methodsfor the Boltzmannoperatorand
the time evolution operator.

Sectionlll thendescribeghe specificsof the methodol-
ogy with regardto a nontrivial application,a full threedi-
mensional calculation of the rate constant for the
O+HCI—OH+Cl reaction.SectionlV discusseshe results
of thesecalculationgncludingtheH— D isotopeeffect,over
the temperatureangeT=200-700 K.

Il. EVALUATION OF THE FLUX-FLUX
AUTOCORRELATION FUNCTION

A crucial elementin the efficient calculationof the flux
correlationfunctionof Eq. (1.1b)is to exploitthelow rank of
someappropriateoperator.(The operandof the tracein Eq.
(1.1b) is itself of low rank, but it is not possibleto exploit
this aswasdonein Partl for C;¢(t), becauséherewe need
Cs¢(t) for arangeof t while in Partl we neededC¢4(t) only
for one (large) value of t.) For this purposeit is useful to
“unbundle” the Boltzmannand (real) time evolutionopera-
torsin Eqg. (1.1b) and write the correlationfunction in the
following equivalentform

Cyrl(t)=tr[F(B)eMiFetHun), (2.1a)

whereﬁ(,B) is the Boltzmannizedflux operator(similar to
the one definedby Parkand Light*®),

F(B)=e PHI2Ee AR (2.1b)

Thoughthe flux operatorF itself is not of low rank for a
multidimensionakystemthe Boltzmannizedlux operatorof
Eq. (2.1b) is effectively so. To seethis, let us supposefor
illustrative purposeghatthe reactioncoordinate(the onede-
greeof freedomfor motion normalto the dividing surface

v F(B) - vyt SO,
2.3
V% F(B)-vi+ SO, 23
etc., where “SO” implies a Schmidt orthogonalizationto
previousvectors. The matrix of F(B) in this orthonormal
basis,

Fr (B)=VE-F(B) - Vi,

is generatecautomaticallyby this procedure EachLanczos
iteration, i.e., each new Krylov vector generatedvia Eq.
(2.3), requiresone action of F(8) onto a vector, and the
nontrivial aspectof this is the action of the Boltzmannop-
eratore”#"2 onto a vector, which is accomplishedby the
split-operatoralgorithmdescribedn Sectionlll.

Diagonalization of this (relatively small) matrix
Fwx'(B) produceshe eigenvectordu,} with the largest(in
absolutevalue)eigenvaluegf .}, sothat F(8) is thenrepre-
sentedas

(2.4)

F(B)=2 fn-upul, (2.5)

andthetracefor the flux correlationfunctionin Eq. (2.1a)is
readily evaluatedo give

Ci(1)=2 faup(D):F-un(D), (2.6)
whereu,(t) is the time evolvedeigenstatef F(B),
uy(t)y=e M.y . 2.7

This (real) time evolution is also carried out by the split-
operatoralgorithm, which is the methodof choice sinceit
produces,at no additional computationaleffort, the time
evolvedstate—anahusthe flux correlationfunction via Eq.
(2.6)—atall intermediateimesnecessaryo performthe in-
tegralof Cy(t).

Also, since the split-operatoralgorithm generatesthe

were separable from all the degrees of freedom for motion ofime evolution sequentiallyfrom one time stepto the next,

thedividing surface(the “activated complex”); IA:(ﬂ) would
thenbe given by

~ ~ _ "i ~ _
Fsed B)=F1ip€ AH :F1D§; |n*)<n*|e BEn?, (2.2)
n

whereF ;5 is theonedimensional1D) flux operator(of rank
2)%25 and H* the Hamiltonian for the activated complex,
with eiggnfunctionén*) andeigenvalue<, +. The effective
rank of Fsc{B) is thus twice the numberof statesof the
activatedcomplexthat are significantly populatedthermally
attemperaturd . Oneexpectgherankof thetrue Boltzman-
nizedflux operatorto be similar.

The first stepof the calculationis thereforeto find the
eigenfunctionf the Boltzmannizedflux operator,F(3) of
Eq. (2.1b),thathavethe largest(in absolutevalug eigenval-
ues, and the Lanczosalgorithnt® is ideal for this purpose.
Starting with an initial random unit vectey, (in a finite basis
set representation)the sequenceof Krylov unit vectors
{Vn} is generatedy

the time integral of C¢;(t) canbe evaluatedsimultaneously
while doing the time evolution, therebyalleviating the need
to storethe vectorsu,(t) asa function of t. Specifically, if
the time evolutionis carriedout in time incrementsAt, then
the time integral of the flux correlationfunction on this grid
of time values(t,=1At,1=0,1,...,) gives

K(T=Q:(M)™* 2, wiC(t), 2.8
where{w,} aretheweightsfor the numericaltime integration
(e.g.,trapezoidrule, or Simpson’srule, etc). With Eq. (2.6)
this becomes

k<T>=Qr<T>*1; fn; WUl () - F-ug(t)). (2.9)

Sincethe split-operatoralgorithm (seeSectionlll D) gener-
atesthe time evolutionby the iterative process

Un(tiq)=e A u (1)), (2.10)
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FIG. 1. The Jacobicoordinatef the H+OCI arrangement.

after u,(t,) is usedin Eq. (2.9) to obtainits contributionto
therateandin Eq. (2.10) to produceu,(t) at the nexttime
stept;, 1= (I +1)At, it canbe discarded.

To summarizethe overall procedure,absorbingpoten-
tials areusedto keepthe grid (or otherL? representationas
localizedaboutthe interactionregionaspossible A Lanczos
calculationis first carriedoutto obtainall the eigenvectoref
the Boltzmannizedflux operator which have sufficiently
large(in absolutevalue)eigenvalueso contributeto therate;
this is approximatelytwice the numberof statesof the acti-
vated complex that contribute to the rate. Each of these
eigenvectorss time evolvedby the split-operatoralgorithm

(which is also used to generatethe operatore™#"2 in
F(B)) and the time integral of Cy(t) evaluatedsimulta-
neously.

Sectionlll givesmorespecificsof the methodologywith
regardto the O+HCI reaction. The significant differences
from the earlierwork of Light and co-workeré° arethe use
of the eigenstatesf F(B) asthe basisto evaluatethe trace
(and the Lanczos method to find them) and an iterative
method(split operator)to carry out the real (andimaginary)
time evolution.

Ill. DETAILS OF CALCULATION
A. Coordinate system and J=0 Hamiltonian

We have chosento use the Jacobicoordinatesof the
H+OCI arrangements shownin Figure 1: r is the O-ClI
bond distance R the distancefrom H to the center-of-mass
of O—CIl, and y the anglebetweenr and R. Thesecoordi-
natesdescribethe interactionregionwell, andthey providea
frameworkfor approximateangularmomentumdecoupling
schemegsuch as the helicity conservingapproximationor
the J-shifting approximatiof’) sinceto a good approxima-
tion one expectsthe projectionof the total angularmomen-
tum along the O—CI axis to be conserved(becausehe H
atomis so light comparedo O andCl).

The J=0 Hamiltonianin this coordinatesystemis given

by

- K2 9% K% PP 1 1.,
H=—s— 552t o2t 52|
2ur dR® 2u, or 2ugR®  2u,r
+V(R,T,7), (3.1)

where /2 is the orbital angularmomentumoperatorassoci-
atedwith the motion of H aboutthe centerof massof O—CI.
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Mg and u, arethereducedmassesssociatedvith the coor-
dinatesR andr, respectively.

B. Nonzero total angular momentum

We have included the effects of nonzerototal angular
momentumby meansof two approximatemethods.In the
J-shifting approximatior?’ it is assumedhat rotationalmo-
tion andinternal motion are separableso that the rotational
energy E;x simply addsto the J=0 Hamiltonian of Eq.
(3.1),andfurthermore E ;« is usuallyapproximatedy using
rotationconstantcorrespondingo the transitionstategeom-
etry of the potential energy surface. Following Koizumi
etal.,?8 thetransitionstategeometryis assumedo be a sym-
metric top andthe rotationalenergylevels are given by

J(I+1)h? 1 1Y) .,

S TR *(FA_TB)K w
wherethe momentof inertial g andl 5 areeffectivelythatof
O-Clandof H aboutthe O—Claxis, respectivelyThevalues
used by Koizumi etal. are 1g=4.16xX10° a.u. and
I ,=1.70X10° a.u. The total rate constantcan then be ob-
tainedby a single calculationfor J=0 as

(3.2)

K(T)=K;-0(T)Qy4(T), (3.33)
J
QM= (23+1) > e FEx, (3.3b)
J=0 K=-1J

whereQ;T) is the rotationalpartition function.

The centrifugalsudden,or helicity conservingapproxi-
mation (HCA), is a more sophisticatedapproximationin
which the Coriolis coupling termsin the body-fixedrepre-
sentatiorof the Hamiltonianareneglected®® A differencein
our presentireatmentrom the usualhelicity conservingap-
proximationis that we havechosenthe diatomvectorr (the
O-Cl vector) as the body-fixed quantizationaxis—because
the projection of total angularmomentumonto it is most
nearly conserved—rathethan the atom-diatomvectorR as
is usually done® This resultsin the following term,

- [J(J+1)—2K?]42
HCA™ 2,urr2
being addedto the J=0 Hamiltonian of Eqg. (3.1). Within
this approximationJ andK are conservedjuantumnumbers
and appearsimply as parametersn the Hamiltonian. One

calculateshe ratevia Eq. (2.9) for eachJ andK, andthen
the total rate constantis given by
J

K(T)=2, (20+1) 2 K(T).

J=0

, |IK|<min(J,7), (3.4)

(3.5)

The helicity conservingapproximationis thus more ex-
pensiveto apply than the J-shifting approximationbecause
the latter requiresonly the J=0 calculation(cf. Eq. (3.3))
whereaghe former requiresa separatealculation—eaclof
which is essentiallythe effort of the J=0 calculation—for
eachvalueof J andK. In practice though,thingsaregreatly
simplified becauseghe dependencef k;x onJ andK is very
simple. For example,if the J-shifting approximationwere
accuratethenEq. (3.3) showsthe J andK dependencés

In kyx(T)=constant-wJ(J+1)— pK?2. (3.6)
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It will be seenin Sectionlll D that Eqg. (3.6) is not quantita-
tively correct,but neverthelesene needsto carry out calcu-
lations for only a few valuesof J and K and interpolate
betweenthemin orderto evaluatethe sumin Eg. (3.5).

C. Basis set

We havechoseno usea discretevariablerepresentation
(DVR) basis'® '’ This hasthe advantageshat the Hamil-
tonianis sparsein a multidimensionalcaseand no integrals
overthe potentialneedto be evaluatedSpecifically,we have
usedtheradial sinc-functionDVR developeddy Colbertand
Miller!’ for ther andR coordinatesand a Gauss-Legendre
DVR for the y coordinateln the casewherethe HC approxi-
mationis used,an associated_egendreDVR is usedsince
the projectionquantumnumberis nonzerc®~3*

The basis set is defined by the parametersNg, N,
Veut, @and Ry .. The radial sinc-functionDVR hasevenly
spacedpoints with the grid spacingAx determinedby the
maximumkinetic energyin the problem.The grid constant,
Ng, determineghe numberof pointsperthermalde Broglie
wavelengthfor the R andr coordinates:

2,LLkBT
ﬁ2

2 —-1/2

Ng
Forthe presentapplicationsve havefoundNg=11-13 to be
sufficientlylarge.N,, is the numberof Gauss-LegendrBVR
pointsusedfor the y coordinatgusually,N,=30). A “raw”
grid is laid down in the Jacobicoordinatesof the H+OCI
arrangemenandtruncatedoy an energycuttoff; if the poten-
tial energyat a DVR pointis greaterthanV,,, thatpointis
discardedThe grid is alsotruncatedin the asymptoticreac-
tant, O+HCI, valley if the translationalJacobicoordinateis
greaterthan R4, It is similarly truncatedin the OH+CI
and H+OCI valleys using the translationalJacobicoordi-
natesof thosearrangements.

AX (3.7)

D. Time propagation

The Hamiltonianin Eq. (3.1) canbe written as

H=Tot T, +T,+V, (3.8)
including the total angularmomentumcentrifugal potential
in the term V. Note that the radial kinetic energyoperators,
Tg andT,, do notcommutewith the angularkinetic energy
operator T, or the potential operator.\Following Zhang and
Zhang® we first form a split-operatompropagatoby dividing
the Hamiltonianinto the radial kinetic energytermsandthe
angularkinetic energyplus the potential.Noting that T and

T, commutewith eachother,this gives
—iT, At/2%

e—i(ﬁ—ié)m/h —iTRAU2A

=e e
x @ 1Ty HV-T9AUA g —iT A2 oI TRAUR. (3.9)

Since'i'7 andV alsodo not commute anothersplit-operator
propagatotis formedfor the centralterm:
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—i(V=ie)At/h

e (T, HV-9aun &

—iT Ati2f —iT,Av2n

(3.10)

Thenthe final form of the propagatorin termsof the indi-
vidual 1D propagatorss given by

=e e

—i(H—ie)At/h —i%RAt/zﬁe—if,At/Zhe—ifyAt/zﬁ

e =e

X efi(Vfie)At/hefiTyAtIZh efiTrAtIZh e

iTRAL2A

(3.11)

The 1D propagatorsare applied sequentiallyusing a sparse
matrix multiplication scheme Sinceonly the 1D kinetic en-
ergy matricesand the values of the potential needto be
stored,the memoryrequirementsre quite low: usuallyless
than 10 MB of core memory and never more than 30 MB
evenfor the largestbasisof about19 000DVR grid points.
The optimumtime stepis determinedoy calculatingthe rate
constantfor successivelgmallerAt until the resultdoesnot

change The Boltzmannoperatore ™ #"/2 is appliedusingthe
samemethodbut in imaginary time, At——iAAB/2 (and
without the absorbingpotentials).

For the radial coordinatesan analyticalform for the free
particlepropagatoin the sinc-functionDVR canbefoundin
termsof error functions.In addition,in the DVR the poten-
tial energypropagatoris approximatedas a diagonalmatrix
with the diagonalelementsequalto the exponentialof the
potentialevaluatedat the specifiedDVR point. The angular
kinetic energypropagatoin the Gauss-LegendrBVR is ap-
plied to a vectorby transformingto the finite basisrepresen-
tation of Legendre polynomials where T, (and thus

e“va”Z") is diagonal. The diagonal propagatoroperates
and then the resulting vector is transformedback to the
DVR.

E. Dividing surface and flux operator

We notethatthereexistmultiple expressiongor the flux
operatorthatdo not possessdenticalnumericalpropertiesn
anL? basisrepresentationVe havechoseto expresghe flux
operatoras

~ | ~

F=2[H.h(s(a)], (3.12)
becauset is more straightforwardlygeneralizedto higher
dimensionsandis easilyappliedwith a sparsematrix multi-
ply routine. It is especiallymore convenientthanthe differ-
ential form whenthe dividing surface—definetby the equa-
tion s(q)—is expressedn termsof coordinatesother than
thoseusedto representhe Hamiltonian. In the DVR, the
matrix elementsof the flux operatorare easily evaluatedas

[
whereh(s;) is the stepfunction evaluatedat the jth DVR
point, and T; ;, is the kinetic energy matrix. The dividing
surfaceusedin this studyis definedby r oy—r g+ 0.29=0
(with all distancesn atomicunits).
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F. Absorbing potential

The absorbingpotentialis takento be a function of the
translational Jacobi coordinate in each arrangement,
e,= €. (R,). There are severalsatisfactorychoicesfor the
functional form of the absorbingpotential. However, any
choice mustturn on slowly enoughnot to causereflection,
yet be strongenoughto absorball outgoingflux. We have
found the quartic potentialto work well,

4
5 —_p | (3.14)
max,s RO,T)

where 7 is the arrangementindex. Ry, and R, are the
startingand ending points of the absorbingpotentialin the
T arrangement\ is a strengthparameterepresentinghe
maximum value of the absorbingpotential, generallyit is
takento be aboutl eV. The beginningof the absorbingstrip
is chosensuch that the imaginary potential has significant
value only wherethe interactionpotentialis small.

R)=\ T_RO,T
67( 7)_ R

IV. RESULTS AND DISCUSSION

We have calculatedthe thermal rate constantsfor the
O+HCI reaction on the Koizumi, Schatz, and Gordon
(KSGY® potentialenergysurfacewhich is an analyticalfit to
ab initio calculations?®3® but with the barrier heightscaled
down from 18.8to 8.5 kcal/moleto matchthe experimental
rate’’ at T=295 K. This reactionprovidesa rigid testof a
method for calculating thermal rate constants.The heavy
massesnvolved demanda large basisand the heavy-light-
heavy nature of the reaction requiresthat the correlation
function be calculatedfor long times.

There have beennumerousexperimentaimeasurements
of the thermalrate constantfor the O+HCI reaction®’~*?in
addition to severaltheoretical studies?®384344Brown and
Smith*® and Perskyand Broid&*® carried out quasiclassical
trajectory calculations on semi-empirical London-Eyring-
Polanyi-Sato(LEPS) surfaces Thesesurfacesall featureda
collineartransitionstategeometry However,ab initio calcu-
lations on the systemindicatethat the transitionstateis sig-
nificantly bentwith an O—H—Cl angleof about135°28:36:45
The KSG potential energy surface,with a bent transition
state wasoriginally usedby Koizumi et al. to calculatetotal
and state-selectethermalrate constantsThesecalculations
were carriedout by integratingcoupledchannelequationsn
hypersphericatoordinatesto obtain the state-to-stateeac-
tion probabilitiesthat werethen usedto obtainthe rate con-
stants (with a J-shifting approximation).Moribayashiand
Nakamurahavealso carriedout quantumreactivescattering
calculationson the KSG surface(aswell asa LEPSsurface
of PerskyandBroida) by integratingcoupledchannelequa-
tions in hypersphericakoordinate$? They obtainedstate-
selectedand cumulative reaction probabilities as well as
state-selectecbut not total) rate constantslin additionthey
examineddifferent approximationdor including the effects
of nonzerototal angularmomentum.

Recently,ab initio calculationswere carried out and a
potential energy surface obtained by Ramachandran,
Senekowitsch,and Wyatt with a barrier height of 17.8
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FIG. 2. The flux-flux autocorrelatiorfunction for the O+HCI reactionat
T=300K. Theunitsof the correlationfunction are(atomicunits of time) 2.

kcal/mole®® This is in reasonablegreementwith the ab ini-
tio barrierheightof 18.8 kcal/moleusedin the KSG surface
before scaling. Their bestab initio estimateof the barrier
heightis below 11 kcal/molé® comparedto 11.9 kcal/mole
obtainedby Gordonet al.3® Rateconstant$hiavenot yet been
computedon this surface.

The KSG potentialenergysurfacehasa benttransition
stategeometrywith an O—H-Cl angleof 133.4°anda bar-
rier height of 8.5 kcal/mole?® The O-+HCI—OH+Cl reac-
tion is endothermicln contrast,the H+OCI asymptoticar-
rangemenis ~40 kcal/molehigherin energythan O+HCI
and is thereforenot a relevant product channel. Thus we
referto OH+Cl as*“products” without ambiguity.

Thereis an excited(3A’) electronicstatesurfacewhich
is degenerateat linear geometrieswith the (*A”) ground
state.The detailsof this surfacearenot fully knownandit is
not included in the scatteringcalculationshere. However,
following Koizumi et al.?® the rate constantspresentechere
havebeenmultiplied by the factor

f(T)=3/(5+3e 22814 g~ 326M) (4.1)

to approximatelyaccountfor collisions that end up on the
excitedstateas opposedo the groundstatesurface.

Figure 2 showsthe J=0 flux-flux autocorrelatiorfunc-
tion for the O+HCI reactionat T=300 K. At very short
times the correlation function decays rapidly and goes
throughzeroaround? fs, correspondingo aninitial passage
of flux acrossthe dividing surfacetowardsproducts.This is
followed by a negativelobe indicating flux returningacross
thedividing surfacefrom productsto reactantslt is expected
that a heavy-light-heavysystemsuchas O+HCI shouldex-
hibit significantrecrossingof the transitionstate.In a classi-
cal picturethe H atomin theregion of the transitionstateis
trappedbetweerthe massiveO andCl andbouncesackand
forth betweerthesetwo collision partnersThis is manifested
in the oscillationsin the correlationfunction—thenegative
lobe is immediatelyfollowed by a positive onerepresenting
a secondpassageof flux towardsproducts.(Of coursethe
oscillationsobserveddependon the position of the flux di-

J. Chem. Phys., Vol. 106, No. 1, 1 January 1997


https://kcal/mole.28
https://kcal/mole.45
https://coordinates.44

W. H. Thompson and W. H. Miller: Calculation of thermal rate constants. Il 147

C, (O x10°

0 5 10 15 20 25 30 35 40 45
Time (fs)

FIG. 3. The flux-flux autocorrelationfunction for the O+HCI reactionat
T=700K.

viding surfacethat was not optimizedherefor minimum re-

crossing.) The correlationfunction eventually dies to zero
around50 fs. This is twice the time that would be expected
in tlr;e caseof a direct reaction(which would be ~# =25

fs).

Figure 3 showsthe J=0 flux-flux autocorrelatiorfunc-
tion for the O+HCI reactionat T=700 K. This correlation
function is similar to that shownin Fig. 2 for T=300 K.
Thereis a rapidinitial decayto zerofollowed by a negative
lobe andthen a postivelobe. At this temperaturehe corre-
lation function decaysto zero in approximately35 fs (cf.
f B=11fs). However,in this casethe negativelobe is much
smaller(relative to the initial value of the correlationfunc-
tion) than for the lower temperaturewhile the following
positive lobe is about the same magnitude.However the
smaller oscillations observedat T=300 K are not present
here.While in avariationaltransitionstatetheorypicturethe
optimum dividing surfacefor minimizing recrossingmay
changewith temperaturewe have usedthe samedividing
surfaceat all temperatures.

Figure 4 showsthe (J-shifted) rate constantversusthe
numberof Lanczositerationsfor T=400K. Recallthateach
Lanczositeration correspondgo an eigenvalue(and eigen-
vector)of the Boltzmannizedlux operatorthatis includedin
the calculationof the rate. At this temperaturehe rate con-
vergeswith around20 iterationsimplying thatthereare9 or
10 thermally accessiblestatesof the activatedcomplexcon-
tributing to the reactionrate. With the heavy massef the
oxygenandchlorineit is expectedherewill be more states
accesibleat a given temperaturethan for a reaction like
H+H, whereall the atomsare “light.” The numberof ei-
genvalueshatit is necessaryo includechangewery slightly
with temperature;at the highesttemperature(T=700 K)
about24 Lanczositerationsare required.Note that the rate
constantis within 2% of the final result after 14 iterations
andwithin 1% after 18 iterations.

Resultsfrom helicity conservingcalculationsare pre-
sentedn Figs.5 and6. The HCA rateconstant§or K=0 are
plotted asa function of J(J+1) on a semilogplot in Fig. 5

K(T) x 10" (cm® molecule’ s™)

8 10 12 14 16 18 20 22
# of Lanczos Iterations

FIG. 4. Thethermalrate constantvs the numberof Lanczositerations(i.e.,
the numberof eigenvaluef the Boltzmannizedlux operatorusedto cal-
culatethe trace at T=400K.

for T=250and400K. At bothtemperaturea straightline is
obtained Figure6 showsthe HCA rateconstantisa function
of K2 for fixed J. Resultsare shown for T=250 K with
J=24 and T=400 K with J=24 and 48. As shownon a
semilogplot, ky(T) vs K? is nonlinearbut can be reason-
ably well approximatedas a straight line. Note that for
T=400K, the slopeof theline is independenof J.
Theseresultscan be interpretedin termsof the discus-
sion in Section Il B. In principle one needsto calculate
k;k(T) within the HC approximationfor all J and K that
contribute.However,if the dependencef the rateon J and
K is smooth,interpolationbetweenrthe calculatedvaluescan
be usedto give the total rate constantln that sensea rough
“interpolation” can be made by assuming In k;k(T)
=—aJ(J+1)andIn ky(T)=—7K? (i.e., fitting the curvesas
straightlines). This is equivalentto the J-shifting approxi-
mation (for fixed temperaturgas discussedn Sectionlll B
andis tantamounto extracting“effective” momentsof in-
ertia. (We refer to rate constantsobtainedby this procedure
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FIG. 5. Thepartialrateconstank,y (within the helicity conservingapproxi-
mation)vs J(J+ 1) for K=0. Resultsfor T=400K (solid line with circles)
andT=250K (dashedine with squaresare shown.
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-1

Ky (T) («:m3 molecule s_l)

40

FIG. 6. Thepartialrateconstank;y (within the helicity conservingapproxi-
mation) vs K? for J fixed. Resultsare shownfor T=400 K with J=24
(solid line with circles and J=48 (dot-dashedine with triangles and
T=250K with J=24 (dashedine with squares

as HCA “adjusted.”) Doing this we obtain at
lg=4.73x10° a.u.andl ,=1.96x10% a.u.at T=400K and
lg=4.96x10° a.u. and | ,=1.86x10° a.u. at T=250 K.

This indicatesthat the momentsof inertia do not depend
stronglyon temperatureln addition,thesevaluesarein rea-
sonableagreementith thoseobtainedby Koizumi etal.?®
from the transitionstategeometry.The changein the value
of the rate constantis 20% at T=250K and 8% at T=400
K. (SeeTablel andFig. 7.)

Figure7 presentsanArrheniusplot of the calculatedrate
constantas comparedto the resultsof Koizumi etal. and
experiment’*! The presentresultsare larger than both the
experimentaland previoustheoreticalratesat all tempera-
tures. Unfortunately, since the thermal rate constantis a
highly averagedjuantity, it is not possibleto extracta par-
ticular feature of the potential energy surfaceto hold ac-
countablefor the discrepancyWith regardto experiment f
the barrier height were raised only ~0.8-1.0 kcal/mole—
recall thatthe ab initio value of the barrierwas scaledfrom
18.8to 8.5 kcal/molein the KSG potentialenergysurface—
thenour calculatedrateswould be in muchbetteragreement

TABLE I. Total thermal rate constantswithin the J-shifting and helicity
conservingapproximationscomparedor the three-dimensionaD+HCI re-
actionin units of cm® molecule* s™%.

k(T)
TemperaturgK) J-shifting HCA “adjusted”®
200 9.8(—18§
250 1.0(—16) 1.2(—16)
300 5.8(—16)
350 2.0(—15)
400 7.1(—15) 7.7(—15)
500 3.7(-14)
600 1.0(-13)
700 2.8(-13)

aSeeSectionlV.

The numberin parentheseis the powerof 10.
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FIG. 7. Arrhenius plot of calculatedand experimentalthermal rate con-
stants.The present]-shifted calculationsare shownas a solid line and the
resultsof Koizumi et al. asadashedine. The asterisksarethe presenHCA
“adjusted” rateconstantgseethe text). The experimentatesultsof Brown
and Smith (Ref. 37) areshownasfilled circlesandthat of Mahamudet al.
(Ref. 41) as opensquares(The resultsof Koizumi et al. were measured
from their Fig. 2 andhencemay be consideredapproximate.

with experiment.The lack of agreemenbetweenour results
and Koizumi et al.’s is harderto understandAt presentwe
haveno explanatiorfor this. We notethat the rate constants
calculatedby Moribayashiand Nakamur&* for the initial
HCI rotationalstatesj =0,1,2,—thoughot directly compa-
rableto the presentesultssincetheyarenot fully Boltzmann
averagedverall initial states—aralsolargerthantherates
of Koizumi etal. (thoughsmallerthan ourg. Moribayashi
and Nakamuraalso suggesthat higher j states(j>2) may
contributeevenmoresignificantlyto the rateand,if so,then
their fully Boltzmannaveragedate constantwould be even
larger.

We notethatin Fig. 7 the presentesultsshownindicate
thatthe slopeof Ink(T) vs 1T increasesvith increasingem-
perature This is alsoobservedn the ratesobtainedby Koi-
zumi et al. aswell asin the experimentatesultsshownhere.
In fact the activationenergyreportedby Brown and Smith
over the temperaturerange 293—440K is 5.9 kcal/mole®’
while a valueof 7.3 kcal/moleis obtainedby a leastsquares
fit of the data of Mahamud,Kim, and Fontijn** over the
range 353-1486K. Indeed,the resultsof Mahamudetal.
show a non-Arrheniusincreasein the activation energyas
the temperatures raised.Our resultsgive an activationen-
ergy of 5.7 kcal/moleover the rangeof 200—700K ascom-
paredto about5.0 kcal/mole from the resultsof Koizumi
etal. over 285—-667K. Thusthe theoreticallycalculatedac-
tivation energiesare lower than those obtainedby experi-
ment though the correct non-Arrheniusbehavioris repro-
duced.

We havealsoperformedcalculationsfor thethermalrate
constantof the O+DCI reaction.Theseare comparedo the
resultsfor the O+HCI reactionin Fig. 8. The deuteratedate
constantswere obtainedby using the samebasisset at a
given temperatureas was neededfor the O+HCI reaction.
The most interestingresult here is the tunneling enhance-
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k(T) (t:m3 molecule™ s™)

1000/T (1/K)

FIG. 8. Calculatedthermalrate constantsk(T) vs 1000/T for the O+HCI
(solid line) and O+DCI (dashedine) reactions.

ment of the rate when H is substitutedfor D. While the

thermalrate constantsfor the reactionwith DCI follow an

Arrheniusform (i.e., In k(T) vs 1T is a straightline with the

slopeequalto the activationenergy, with HCI the activation

energybecomesmallerasthe temperaturds lowered. This

changen the activationenergyat lower temperaturesanbe

attributedto the tunnelingof the H atom. In the deuterated
casethe tunnelingrate is reduceddue to the heaviermass
andtheratethereforeremainsArrheniusat low temperature.
Indeed,the activationenergyfor the O+DCI reactionis 6.7

kcal/mole, larger than that for O+HCI. Experimentalmea-

surementof Brown and Smith found the ratio of the rate

constanto yc1/Ko+pc at T=400K as2.4 +0.78 Thisiis

smallerby a factor of 2 thanthe ratio of 4.8 obtainedin the

presentcalculations.

V. CONCLUDING REMARKS

A methodfor directly calculatingthermalrate constants
for chemicalreactionsdby meansof the flux-flux autocorrela-
tion function was presentedThe methodhasthreemain fea-
tures:(1) Thelow rankof the Boltzmannizedlux operatoris
usedto advantagein evaluatingthe quantum mechanical
trace. An iterative Lanczosschemeis usedto obtain the
eigenfunctionsof F(B8) correspondingo the largest(in ab-
solute value) eigenvaluesand the traceis evaluatedin this
(much smaller) basis.(2) Absorbing potentialsare usedin
the (real) time propagationto preventreflection from the
edgeof thefinite basis(herea DVR grid) makingthe method
stableand therebyallowing the size of the basisto be re-
duced.(3) A split-operatomlgorithmis usedfor boththereal
andimaginarytime propagationFor the real time propaga-
tion, this producegthe time correlationfunction at all inter-
mediatetimes necessaryo performthe integralof Cy¢(t) at
no additionalcomputationakffort.

We haveappliedthis methodto the calculationof ther-
mal rate constantgor the O+HCI reactionoverthetempera-
ture rangeT=200-700 K. Significantrecrossingof the di-
viding surface is seen at all temperaturesfrom the
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oscillationsin the flux correlationfunction. It is found that
about20—24Lanczosterationsareneededor the Boltzman-
nizedflux operatorto obtainthe full rate constantimplying

that,in thistemperatureange betweerf and12 statesof the

activated complex contribute significantly to the rate. The

calculatedrate constantsdisplay a non-Arrheniustempera-
ture dependencen agreementwith experiment.However,
the presentrateconstantarelargerthanexperimentaftesults
and previoustheoreticalcalculations.

We haveincluded the effects of nonzerototal angular
momentumusing the J-shifting and helicity conservingap-
proximations.Thesetwo approximationsyive resultsin rea-
sonableagreementwithin 10%—20% with eachother. It is
expectedthat the HC approximationwill be in good agree-
ment with exact calculationssince the projection quantum
numberalongthe O—Cl axis shouldbe well conserved.

Rate constantswere also calculatedfor the O+DCI re-
action.In the deuteratedeaction,the ratesobeythe Arrhen-
ius relationshipover the entire temperaturgangecalculated
(T=200-500 K). Comparingtheseresultsto thosefor the
O+HCI reactionillustratesthe effect of the tunneling en-
hancemenbf the rate constantat low temperaturesThe re-
action involving H showsa non-Arrheniusincreasein the
rate below about350 K thatis not presentin the deuterated
case.
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