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Chapter 8

A Theoretical Study of Ozone Isotopic Effects Using a
Modified Ab Initio Potential Energy Surface

[This chapter appeared in the Journal of Chemical Physics 117, 1536 (2002).]
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A modifiedab initio potentialenegy surface(PES is usedfor calculationsof ozonerecombination
and isotopic exchangerate constants.The calculatedlow-pressureisotopic effects on the ozone
formation reaction are consistentwith the experimentalresults and with the theoreticalresults
obtainedearlier[J. Chem.Phys. 116, 137 (2002]. They are therebyrelatively insensitiveto the
propertiesof thesePES.Thetopicsdiscussedncludethe dependencef the calculatedow-pressure
recombinatiorrateconstanon the hindered-rotoPES therole of theasymmetryof the potentialfor
a generalX+YZ reaction(Y+#2), and the partitioning to form eachof the two recombination
products:XYZ and XZY. © 2002 American Institute of Physics. [DOI: 10.1063/1.148857%7

I. INTRODUCTION

We havetreatedthe unusuaisotopiceffects 2 of ozone
formationearlierusing both looseand hindered-rotoitransi-
tion states?®*° Becauseof the lack of an accuratepotential
enepgy surface(PES in the vicinity of the hindered-rotor
transitionstate,a modelPESwasusedfor recombinatiorand
isotopicexchangeeactions?®*° This modelPESwaschosen
to fit the experimentally* obtainednegativetemperaturale-
pendencef the ozoneisotopicexchangeateconstantin the
presentstudy a modified? ab initio PESis usedinsteadand
the effect on the calculatedrate constantratios of the many
isotopic systemss discussed.

In additionto usinga modifiedab initio PES,a newand
more sophisticatedvay is given for weighting the relative
yields of the reactionproductsXYZ and XZY in the recom-
binationof X andYZ. Themethodcanalsobe usedfor more
general PES. For simplicity, this weighting factor was as-
sumedearlief®*to be 1/2 for eachproduct.The moregen-
eralweightingin the presenstudyis obtainedby anintegra-
tion of the squarednagnitudeof eachwavefunctionoverthe
angularspacethat leadsto the desiredproduct. Thesetwo
methodsare thencomparedn the treatmentof ozoneisoto-
pic exchangeand recombinatiorreactions.

Themicroscopicateconstantshemselvesrecalculated
using a modified RRKM theorywith the transitionstatefor
eachquantumstate determinedvariationally as before?®=°
An 7 effect, which reduceghelow-pressuraate constantor
theformationof a symmetricmoleculemorethanthatfor an
asymmetricone, is alsoincluded?®>*° The 7 effectis a smalll
correction (~15%) and its origin has been described
previously?®3334 This correctionis apart from symmetry
numberswhich arealsoincluded.

For the deactivatiorof the vibrationally excited ozone
moleculesa masterequationformalismis used.It was ob-
tained earlier® using a weak collision model. In this weak
collisional enegy transfermodel, the enepgy transferis as-
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sumedto be stepwise,and a strongcollisional angularmo-

mentumtransferassumptioris used®*2®In the low-pressure
limit the vibrationally excitedozonemoleculeswith enegies

abovethe dissociatiorthresholdcanonly experienceat most
a single collision with the bathmoleculesbeforeredissocia-
tion. As a resultin a weak collision modelonly low enegy

statescan be stabilized significantly at low pressuresand

form stableozonemolecules?®=°

One differencebetweenthe two exit channelsX+YZ
andXY +Z for the dissociationof any asymmetricmolecule
XYZ (X#2Z) is the differencebetweenthe zero-pointener
giesof YZ and YX. At any given enengy, this differenceof
zero-pointenegies favors the reactionthroughthe channel
with the smaller zero-pointenegy becauseof the greater
numberof quantumstatesin the transitionstatefor that exit
channel.This differencebetweenthe respectivenumber of
quantumstatesof the transitionstatesfor the two exit chan-
nelsis large at low enepies®® Sinceweakcollisions sample
mainly low enegy states,a large differenceoccursbetween
the rate constantsvia the two recombinationchanneldead-
ing to an XYZ at low pressured® Sincethe zero-pointen-
emy differencebetweenYZ and YX dependsmainly on the
massdifferencebetweenZ and X, this weakcollision effect
leadsto a strikingly large massdependencef individual rate
constantratioswhenreactionoccursonly via oneof the two
channelg*‘unscrambledsystems’).24=28|n particular in un-
scrambled experimentsvibrationally excited ozone isoto-
pomersXYY* are formed only from X+YY—XYY* and
not from Y+ YX—XYY*.

In a scrambledsystemboth such channelsare allowed
sinceextensiveisotopicexchangenccursvia XYZ* between
X+YZ andZ+YX. As aresult,it wasshownthatthe parti-
tioning effect betweenthe two exit channelsdisappears
exactly®® Instead,one observesthe differencebetweenthe
formationratesof symmetricandasymmetriomoleculesand
the resulting mass-independergffect (‘‘symmetry driven”)
arise9.3033.34

The presentstudy was performedto testfurther the nu-
merical aspectf the theory using a more elaborateozone

© 2002 American Institute of Physics
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PES.We suggestedh anearlierpapef® thatthe low-pressure
resultson enrichmentsindrateconstantatioswould berela-
tively insensitiveto the hindered-rotompotentialenegy sur
face used.The presentstudy providesa testof this sugges-
tion. The ozonerecombinationrate constantratios and the
enrichmentsfor different isotopomersare calculated, to-
getherwith the rate constantof the ozoneisotopicexchange
reaction'®0+ 00— 0+ 10'%0 andits temperaturale-
pendenceTheyarecomparedvith the experimentatiataand
with the previoustheoreticalresults.

The paperis organizedasfollows: The PESusedis sum-
marizedin Sec.ll. The hinderedrotor eigenstatesare ob-
tainedin Sec.lll, andareusedto calculaterate constantsn
Sec.IV. Theresultsarediscussedn Sec.V.

Il. POTENTIAL ENERGY SURFACE

Theunderlyingab initio ozonePESis thatof Morokuma
and co-workers>® who usedthe MoLPRO programwithin the
rangeof 95°=a=<135° 2.la,<r;<3.08y, and 2.1ap<r,
=<5.08y, Wherea is the bondangleandr, andr, arethe
bondlengths.This PESwasfitted by the sameauthorsto a
Murrell-Sorbieanalyticalfunction. To be consistentvith the
experimentallydeterminechegativetemperaturelependence
of the recombinationrate constant’ an exponentialterm
was added to the Murrell-Sorbie analytical function by
CrossandBilling * in their moleculardynamicstudiesof the
ozonerecombinatiorreaction.Ilt removeda local ~0.15eV
maximum in the enegy barrier for recombinationon the
original ab initio PES.This modified PESis the one usedin
the presentstudy

The reactioncoordinateis againtaken,for simplicity, as
the distanceR betweenthe oxygenatom and the centerof
massof the oxygen molecule fragment. The modified ab
initio potential enegy surface is written as Vy(R)
+V(R,0), where Vy(R) is taken as the minimum of the
potential enegy at R, minimized with respectto 6, and
V(R, 0) istheangulardependencef the PESatthegivenR;
0 is the angle betweenthe oxygenmolecularbond and the
line connectingthe centerof massof this oxygenmolecule
andthe oxygenatom.The V(R, 6) is fitted to

d

V(R, 9):20 b;(R)cos 6, (1)
=

whered is the highestorder of the expansion.Only for a
homonucleafragmentYY do all the odd termsin Eq. (1)
vanish.The V; is given as a function of R in Fig. 1, and
V(R,6) anda fitting function are depictedfor differentval-
uesof R in Fig. 2. A contourplot of the PESis givenasa
function of R and @ in Fig. 3.

lll. THE HINDERED-ROTOR EIGENSTATES

The orbital and hindered-rotationatomponentsof the
Hamiltonianfor the transition stateregion for a three body
systemX:--YZ is written as

2 2
12+

= * o)

2+ V(R,6,9), 2
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FIG. 1. V, asa function of R.

where w is the reducedmassof X---YZ, R is the distance
betweenX andthe centerof massof YZ, | the momentof
inertiaof YZ, | the orbital angulaiTmomentunoperatorand
jh the angularmomentumoperatorfor the rotation of the
fragmentYZ
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In Eqg. (3) m is the projectionof j onto the axis connecting

the X andthe centerof massof YZ. The total angularmo-
mentumoperatorJ is then

(€©)

J=j+1, 4)

the projectionof which alongthe line connectinghe centers
of massis alsom.

Combining Egs. (2) and (4) and neglectingterms off
diagonalin m, as discussedn Refs.30 and 38, one obtains
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FIG. 2. V(R, 0) vs cosé for asymmetricfragmentYY + X, whereX mayor
may not be the sameas Y, for differentvaluesof R (in units of A).
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(In Appendix A of Ref. 30 m is denoted by ().) The first two
terms on the right-hand side of Eq. (5) are constants for
given J and m. To obtain the eigenvalues of H we focus first
on the third and fourth terms on the right-hand side of Eq.
(5). Using Eq. (3) these two terms can be written as

(WP )d , d
==+ g | O

%2 %2 m?
ﬁJFW)l_igz*VR(D, (6)

+

where {=cos # and Vg(¢) denotes V(R, #). The angle when
Z in ZY is the closer one to X lies in the interva (0,7/2)
whilewhen Y iscloser to X, @liesin theinterval (/2,).*

The solution W,y of HyW ;= E Wy can be written as
alinear combination of associated Legendre polynomials Py
for the given m

V()= 2, dIPRL(D). (7)
Substitution of Eq. (7) into Eq. (6) and using™
4 (1f§)21P’" + i PP=n(n+1)Py (8)
d§ d{ n 1_52 n n:
one obtains
(ﬁz h )é dm k k+1)—E
§+m P [(m+K)(M+k+1)—Egy]

o

XPRe(O+ 2 dOVR(OPR (=0, ©)
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Using the recurrence relation®

(2n+1){PR()=(n+m)P ()
+(n—m+1)P, (), (10)

and the expansion Vg(£) =32 jb;¢' theterm VR(£)PM, (2)
can be written as a sum of associated Legendre polynomials

d

vR<§>Pm+k<§>:i2d

aipm+k+i(§)- (11)

Combining Egs. (9) and (11) and noting the indepen-
dence of the Pj7, s one obtains a set of linear equations for
the coefficients di” in Eg. (9)

a_gdi g+t o di +d
X[(M+K)(M+k+1)—Ep]
+adi 4+ agdf 4=0. (12)

The eigenvalues and the eigenvectors are obtained from Eq.
(12). The wave functions of the hindered-rotor states with the
quantum number m and all j=m are then obtained using
Eq. (7).

IV. RATE CONSTANTS AND ENRICHMENTS

The rate constant for an exchange reaction, such as
160 + 180180 N 180 + 160180 (13)
can be written as**

Na(EJ)Ny(EJ)
eNa(EJ) +Ny(EJ)

a _ 1 —E/kgT,

kgthag e FkeTdE,  (14)
where Q, is the partition function of the reacting pair in the
center of the mass system of coordinates for channel a, and
Napy(EJ) is the number of states of the transition state for
exit channel a(b) of ozone dissociation at the given E and J.
The a denotes the exit channel with the smaller zero-point
energy. In the case of the reaction in Eq. (13) it is 0
+180%0. Each of the two exit channels has its own transi-
tion state, determined variationally, as discussed later.

Since the reactants X+YZ (Y#2) can lead to two dif-
ferent recombination products, XYZ and XZY, and the phase
space for the transition state can be divided into two sub-
spaces, each leading to a different ozone product. A weight-
ing factor @, (P,+P,=1) for each quantum state is
assigned to each product. The @, is taken as the squared
amplitude of the normalized wave functions W ;(¢{), inte-
grated over half of the 6 space, the half that corresponds to
the desired product XYZ

1
@y(mi)= | Wm0 (15)
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In the other half of the 6 space ¢ lies in the interva
(-1,0).%

When an asymmetric ozone molecule XYZ is formed, it
is helpful to distinguish between two different weighting fac-
tors: The &, defined in Eq. (15) arises from the fact that
when Y #Z there exists a competing channel in which the
same reactants, X+YZ, lead to XZY instead of XYZ. We
define a *globa’ transition state X---YZ as one for the en-
tire @ interval (0, ) in which part of this @ interval leads to
XYZ and the other part to XZY (cf Fig. 5). On the other
hand, for the formation of any product XYZ there also exist
two competing entrance channels, one from X+ YZ and the
other from XY +Z when X+ Z. The weighting factors for the
dissociation of XYZ* into X+YZ and XY +Z were termed
partitioning factors®™* and denoted by Y, and Y,,. The Ys
are given later by Eq. (18).

This global transition state for any given quantum state
(Jjm) in the full 6 space (0 to =) is determined by the
maximum of its energy Ey;? along R. The E;,* contains three
components: the bond fission energy V,(R), the eigenvalue
Ep; of the hindered rotor with quantum number (mj), and
the centrifugal-type energy (J(J+ 1) —2m?)#2/2uR? in Eq.
(5). The vibration frequency of the diatomic fragment is
taken to be a constant, athough such an approximation is
readily removed by the use of a sufficiently accurate PES.
The diatomic fragment remainsin its ground vibrational state
due to the large O, vibration frequency. Thereby, Efnf‘ also
contains the zero-point energy of the oxygen fragment in
channel a. The number of states in the transition state for a
given (EJ) can then be written as

a

Na(EJ)=2, (2J+1)h(E—E}H)d4(mj) (16)
mj

with ®,(mj) given by Eqg. (15), and h(E—Ef,;ja) is a unit
step function for E— E;’ma Equations (15) and (16) are next
introduced into the appropriate rate expressions.

In the present paper we focus on the isotopic effects for
the O+0O,+M recombination reaction at low third-body
(M) pressures, rather than considering all pressures. For ex-
isting experiments that is the most important pressure region.
In the low-pressure limit the recombination rate constant for
the X+YZ—XYZ (X#2Z) is given by the following equa-
tion, which was derived earlier™® using the weak collision
model:
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O,a_wd_wa AE
ko= ( fo 2 p(E)Y4(ED)

(0]

« o~ E/kgT
€ wat 0P (E) OF

2AE
+ f > p(EJ)Y4(EJ)
AE J

wgP(E—AE)

« e~ ElkgT
€ wgt @,PY(E—AE)

dE+--- |, (17)

where

Na(EJ)

Ya(BY)= NL(EJ)+ Np(EJ)

(18)
is the partitioning factor?®333* mentioned earlier. A step-
ladder energy transfer model and a strong collisional rota-
tional angular momentum transfer assumption were used in
deriving Eq. (17). The P°(E) is the fraction of the quantum
states in the globa transition state that are ‘‘open,” i.e.,
whose Js satisfy N,(EJ)+Ny(EJ)>0 at the given E. We
also have for the “closed” states, PS(E)=1— P°(E).*

The quantities appearing in Egs. (14) and (17) for the
rate constants are seen to be the number of states for the
hindered rotor, given by Eg. (16), the partition function for
the collision pair given by Egs. (4.8)—(4.12) in Ref. 34, the
collision frequencies, and the density of states. The Lennard-
Jones collision frequency is used with a unit collision effi-
ciency and is given by Eq. (4.14) of Ref. 34. The density of
states for ozone p(EJ) is obtained® from a
convolution®*~% of the rotational and vibrational density
of states at each E and J. The vibration frequencies of the
ozone isotopomers used in the calculation were obtained us-
ing a second-order perturbation formulation, which gives any
unknown frequencies to an accuracy of about 1 cm~*.* The
calculated density of states p(EJ) also includes the anhar-
monicity, which was obtained® using experimental vibra-
tional quantum state energies of “®05. The anharmonic count
for p(EJ) was typicaly only afactor of 1.5 greater than the
harmonic one.

The individual low-pressure rate constants at 300 K for
the formation of XYZ molecules were calculated for each
channel using Eq. (17). In Tables |11l we give the calculated
recombination rate constant ratios for all reactions and com-

TABLE I. Relative rate coefficients of atom plus homonuclear diatomic formation channels (X+YY— XYY

relative to X+XX—X3) at low pressure at 300 K.

Calc. (present) Calc. (present) Calc. (Ref. 30)
Reaction Expt.2 AE=190cm™* AE=210cm™* AE=210cm !
160+ 380, /150+ 320, 1.53+0.03 153 151 1.53
70+ 30, /70+ %0, 1.29+0.07 134 1.35 1.36
%0+ %40, /1%0+ %0, 1.23+0.03 1.36 135 1.38
70+ %0, |70+ %0, 1.01+0.05 0.99 1.01 1.01
B0+ %40, /80+ %0, 1.00+0.06 1.06 1.07 1.04
1804 320, /180+ 30, 0.90+0.03 0.90 0.92 0.90

#From Mauersberger et al., Ref. 25.
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TABLE Il. Reaction rate coefficients for ozone formation processes relative
to 180+ %20,— %0, at low pressure.

Calc. (present) Calc. (present) Calc. (Ref. 30)
Reaction Expt? AE=190cm ! AE=210cm ' AE=210cm !
180+160%0  1.00 1.00 1.00 1.00
o+0Y0  1.02 1.03 1.02 1.02
80+180%0  1.03 1.03 1.03 1.03
80+160%0  0.93 0.93 0.95 0.93
T0+0%0  1.03 1.02 1.04 1.03
80+170Y0  1.03 1.09 1.10 1.07
Yo+®0%0 131 1.39 1.38 1.39
¥0+10Y0  1.23 136 135 1.38
60+180%0  1.53 153 151 153
%0+ 180l 1.17 1.18 118 1.19
Bo+1%0%0 127 1.25 1.24 1.25
o+%0Y0 111 1.03 1.04 1.04
Yo+v0%0 121 122 122 1.20
Bo+160%0  1.01 1.00 1.01 0.99
B0+170%0  1.09 1.06 1.07 1.05
Bo+0%0  — 1.43 141 1.43
o+10%0  — 121 121 121
Bo+10'0  — 1.01 1.03 1.01

3From Mauersberger et al., Ref. 25.

5This rate constant and those in the subsequent rows are the sum of both
channels, X+YZ—XYZ and X+YZ—XZY. Each of the rate constants
was calculated separately, with the non-RRKM correction applied to any
symmetric channel.

pare them there with the experimental values and with the
calculated results obtained earlier?® The column labeled
“Calc. Ref. 30" gives the results obtained before using AE
=210 cm Y. The column “Cac. AE=210cm 1" gives
present results obtained with the same AE. The column la-
beled “Calc. AE=190 cm™ 1" gives the present calculation
but where the values of 7 and of AE were chosen, asin Refs.
29 and 30, to fit two experimental low-pressure recombina-

Gao, Chen, and Marcus

TABLE V. Calculated and experimental isotopic enrichments at 300 K.

Calc. (present)  Calc. (present)  Calc. (Ref. 30)
Resction  Expt® AE=190cm ' AE=210cm ' AE=210cm™*
16016010 0.0 0.0 0.0 0.0
o000 -1.8 -21 -16 -21
BOBO®¥o  —46 —43 —43 —4.7
BO00P 113 115 12.1 12.3
000 130 12.7 127 12.7
ol"o%0 121 11.2 11.2 122
ol"ot0 95 1.7 11.3 10.4
BOBOvO 144 127 12.6 127
1801800 8.3 9.9 10.3 9.2
Bol"oo 181 17.2 17.3 17.4

“Experimental data at 300 K are from Mauersberger et al., Ref. 25.
PEnrichments for this and &l following rows are for &l possible isoto-
pomers.

tion rate constant ratios, 60+ 180'80/160+- 1800 and 80
+160160/180+ 1800, For the present hindered-rotor tran-
sition state the value AE=190 cm™~! was obtained. An 7
=1.18, obtained both in thisfit and that in Ref. 30, isused in
al the calculations.

The rate constant ratios given in Tables Il and Il were
then used for the calculation of the enrichments of al pos-
sible species of ozone. The latter are given in Table IV to-
gether with the experimental and previous calculated results.
The calculated results were obtained from individual isoto-
pomeric rate constants using Egs. (4.18a), (4.18b), and (4.26)
of Ref. 33.

The rate constant for the isotopic exchange reaction
160+ 18080 180+ 16080 was calculated using the modi-
fied ab initio PES. It is independent of any » and AE ap-
proximations, but it does assume a loss of ‘“memory” in
the intermediate 1500 0* formed in the reaction. For the
partitioning between the formation of 0%0'%0* and

TABLE I11. Reaction rate coefficients for asymmetric and symmetric channels of recombination reactions, relative to 0+ 60, — 0, at low pressure.

Calc. (present) Calc. (present) Calc. (Ref. 30)
Reaction Expt.2 AE=190cm*! AE=210cm™* AE=210cm*!
Symmetric products
160+ 170160 _, 160170160 — 0.51 0.51 0.51
50+ 80100, %0010 054+0.01 052 052 052
170+ 160170, 70180170 — 0.51 0.51 0.51
1704 180170, 170180170 — 0.52 0.52 0.51
%0+ 1600 000 0.52+0.01 0.52 0.52 0.52
1804 170180, 1807080 — 0.52 0.53 0.52
Asymmetric products®
1804 170160, 1807060 — 0.48 0.49 0.47
1804 180160, 18018060 0.46=0.03 0.48 0.49 0.47
1704 180160 _, 170180160 _ 0.53 0.54 0.52
1704 170160, 70700 — 0.52 0.53 0.53
1804 180170, 1801800 — 0.54 0.54 0.53
180+ 160170, 180160170 _ 0.53 0.54 0.53
170+ 160180, 170160180 — 0.69 0.68 0.70
160+ 160170 _, 160160170 — 0.67 0.67 0.68
1704 170180, 70700 _ 0.70 0.69 0.70
160+ 180170, 160180170 _ 0.69 0.68 0.69
160 4 160180, 160160180 0.73+0.02 0.74 0.73 0.74
160+ 170180 _, 15017080 — 0.74 0.73 0.74

#From Janssen et al., Ref. 26.

PReactions are ordered in sequence of increasing zero-point energy difference.
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TABLE V. Calculatedand experimentakate constants.

Ozone isotopic effects 1541

Calc. Calc.
k Reaction T (K) Expt. (Ref. 30) (presenf®
kg 160+ 320,+ N,— %80, + N, 130 4P 5.2 4.8
300 0.8 0.76 0.58
Kpioc T~ 130-300 n=2.6 n=2.3 n=25
Ked 160+ 18080 %00+ 180 130 5.6 43 2.6
300 2.F 2.7 1.9
Ky T~ 130-300 m=0.88+0.26 m=0.53 m=0.36

3Units are 10 %3 cmP 72,
PExperimentaldatafrom Hippler et al., Ref. 37.

‘Calculatedusingthe modifiedab initio PESandAE=190cm™ 1. WhenAE=210cm™ ! thevaluesare5.1and

0.72,respectively

9Units are 10~ 2 cm® molecule * s™2.
*Experimentaldatafrom Wiegell et al., Ref. 31.
fCalculatedusing the integratedwave function method.

160%0%0* from *0+1%0%0, the partitioning factor
wascalculatedusing Eq. (15). For comparisorthis partition-
ing wasalsoapproximatedas 1/2. Theintegratedvavefunc-
tion method yielded for the isotopic exchangereaction
160+ 180180180+ 1%0'%0 a rate constant of 1.94
X102 cm™3 at 300 K and 2.62<10" 12 cm™2 at 130 K.

(Thesevaluesareroundedoff in TableV.) When®, and®,,

are assumed,nstead,to be 0.5 thesevalues are virtually

unchanged:1.98< 10 2 cm 3 and 2.74x10 2 cm™ 3, re-
spectively (The numberof “significantfigures’ is significant
for comparisorof thesenumberswith eachotherandnot for

comparisonwith the experimeny. Resultsfor the isotopic
exchangereaction and for the recombinationreaction are
comparedwith the experimentaband previoustheoreticalre-
sultsin TableV.

V. DISCUSSION

A modified ab initio PESavailablein the literaturewas
usedin the presentRRKM calculationsfor ozonerecombi-
nationandisotopicexchangeateconstantsTheratiosof the
recombinatiorrate constantsagreedwith thosein our earlier
studie$®3® which employedinsteada free-rotor transition
stateanda hindered-rototransitionstateusinga modelPES.
Given the methodof choosingthe two unknownsAE and
from two specificrecombinatiorrate constantratios, the re-
sults for the numerousrate constantratios and enrichments
areseento be virtually unchangedrom our previousvalues.

Although the PESusedin the presentstudyis very dif-
ferentin detail from the model PES usedin the previous
study as seenfrom the two potentialenegy profiles(labeled
000 in Fig. 4, thetwo surfacegive rathersimilar resultsfor
the isotopic exchangereaction'®0+ %0'%0— 180+ 160%0:
The model PESusedin Ref. 30 givesan isotopic exchange
rateconstan{300K) about40%largerthanthatgivenby the
modified ab initio PES.This differenceis partly dueto the
existenceof aneffective barrierin the presenfPESat about2
A (Fig. 1). It causeshetransitionstateto occurat smallerRs
andthus decreaseshe value of the calculatedrate constant
(smaller‘‘cross section”) for the recombinatiorcollision. If
the negativetemperaturedependencef the rate constantis
written as T~ ™, the experimentalalue of m is 0.88+ 0.26.
The presentcalculationyielded a smallervalue,0.36, which

is also smallerthan the result (0.53 obtainedearlier using
themodel PES® In contrastthe free-rotortransitionstateis

very different from either of the two tight transition states,
sinceit gives® a positivetemperaturelependencef the iso-

topic exchangerate constantand a rate constantat 300 K

morethanthreetimeslarger thanthe presentresult.

The similarity of exchangeate constantbtainedusing
the two very different potentialenegy surfaces(the model
PESusedin Ref. 30 andthe modifiedab initio PESusedin
this study) is not accidentallt occursbecauséoth surfaces
wereadjusted®*?to fit the isotopicexchangeate constants.
Although the detailsof the adiabaticcurvesfor each(JKj)
statearevery differentfor the two potentialenegy surfaces,
the effective barrierheightsareseenin Fig. 4 to be similar. A
reflection of this point is that the sumsof quantumstates
S ;N(E,J)*® for the transitionstateare also similar for both
potentials(Fig. 5). Also shownin Fig. 5 isthe 2 ;N(E,J) for
a loosetransition state.As seenin the comparisonsn that
Figure (andalsofrom the temperaturesoefficientsdiscussed
above both hindered rotor-transition statesare relatively
tight.
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FIG. 4. Theenegy E(JjQ;R) of ahinderedrotor state(Jj(2) as a function
of R for 160 - -160%0. Symbolsareobtainedusingthe modelpotential(Ref.
30) andlines are obtainedusing the modified ab initio PES.
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FIG. 5. The number of states Ne=3;N(EJ) as a function of E for the
recombination reaction 0+ %0,—*0;. The curve labeled **Loose” is for
a loose transition state, the one labeled “Tight 1" is obtained using the
model PES (Ref. 30), and the one labeled “Tight 2" is obtained using the
modified ab initio PES.

The calculated results for low-pressure recombination
rate constants and their ratios are less sensitive to the transi-
tion state (and thus to the PES) than the isotopic exchange
rate constants. The differences between results obtained us-
ing the two tight transition states (this work) and between
those obtained using a loose and a tight transition state (Ref.
30) are both small. For example, the model PES gives alow
pressure recombination rate constant for °0+ 00
—%0, within 10% of that given by the model PES at both
130 and 300 K when the same AE is used (footnote c of
Table V). The insensitivity of the low-pressure recombina-
tion rate constant ratios to the PES is seen clearly in Tables
I1-I11, by comparing the third with the fourth and fifth col-
umns. The third and fifth columns were obtained using a AE
optimized for each PES and the third and fourth columns
were obtained using the same AE, which is optimized for the
present surface.

The reasons for the weak dependence of the low pres-
sure recombination results on the PES are several-fold: The
dependence of the low pressure recombination rate constants
for symmetric molecules on the number of states at the tran-
sition state, h(N4(EJ)), and that of the recombination rate
constant for an asymmetric molecule, NL(EJ)/(N,(EJ)
+Np(EJ)), are both expected to be weaker than that of the
isotopic exchange rate constant. The latter is not only pro-
portional to NL(EJ)/(N.(EJ)+Ny(EJ)) but aso to
NL(EJ), as discussed earlier.* In addition, since the AE per
collision was varied to fit two experimental recombination
rate constant ratios and then used to calculate al the other
ratios, the differences in the rate constant ratios obtained
using the two different surfaces are further reduced. For ex-
ample, to fit the experimental recombination rate constant
ratios, values of 260, 210, and 190 cm~* were chosen for
AE when the loose transition state and the previous and
present tight transition states were used, respectively. Ac-
cordingly, the calculated rate constant ratios and thus the

Gao, Chen, and Marcus

enrichments are essentially the same under the three different
conditions.

Since a recombination reaction X+YZ (Y#Z) can lead
to two different products, the partitioning between the two
products at the same hindered-rotor transition state is of in-
terest. In earlier studies, it was assumed that half of the quan-
tum states of the transition state in the entrance channel lead
to one ozone isotopomer XYZ and half to the other, XZY. In
the present study, a more general approach is used, where the
assignment of the transition quantum state to each product
was determined by an integral of its wave function (squared)
over haf of the 6 space, the space that leads to that particular
molecule as in Eq. (15). As noted in Sec. |V, no significant
difference between the two sets of results was found for the
isotopic exchange rate constants, or for the recombination
rate constants, between the approximate (® ,= ®,=0.5) and
the integrated wave function treatment for this partitioning.

It has been pointed out that the large variation in recom-
bination rate constant ratios correlate empirically well with
ratios of moment of inertia® differences in zero-point
energies, % and ratios of reduced masses.* Indeed, all three
quantities are mathematically related to each other® and so
one cannot determine which of the three factors dominates
simply from a plot of the rate constant ratios versus any one
of them.3**" The theory?®% brings out that of the three it is
the zero-point energy difference that is the primary source of
the large mass-dependent effect in the recombination rate
constant ratios, because of its effect on numbers of states in
transition states of the two dissociation channels.
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