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Modified Ab Initio Potential Energy Surface
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A modifiedab initio potentialenergy surface~PES! is usedfor calculationsof ozonerecombination
and isotopic exchangerate constants.The calculatedlow-pressureisotopic effects on the ozone
formation reactionare consistentwith the experimentalresultsand with the theoreticalresults
obtainedearlier @J. Chem.Phys.116, 137 ~2002!#. They are therebyrelatively insensitiveto the
propertiesof thesePES.Thetopicsdiscussedincludethedependenceof thecalculatedlow-pressure
recombinationrateconstanton thehindered-rotorPES,theroleof theasymmetryof thepotentialfor
a generalX1Y Z reaction(YÞZ), and the partitioning to form eachof the two recombination
products:XY Z andXZY . © 2002 American Institute of Physics. @DOI: 10.1063/1.1488577#

I. INTRODUCTION

We havetreatedtheunusualisotopiceffects1–28 of ozone
formationearlierusingboth looseandhindered-rotortransi-
tion states.29,30 Becauseof the lack of an accuratepotential
energy surface~PES! in the vicinity of the hindered-rotor
transitionstate,a modelPESwasusedfor recombinationand
isotopicexchangereactions.29,30This modelPESwaschosen
to fit the experimentally31 obtainednegativetemperaturede-
pendenceof theozoneisotopicexchangerateconstant.In the
presentstudya modified32 ab initio PESis usedinsteadand
the effect on the calculatedrateconstantratiosof the many
isotopicsystemsis discussed.

In additionto usinga modifiedab initio PES,a newand
more sophisticatedway is given for weighting the relative
yields of the reactionproductsXY Z andXZY in the recom-
binationof X andY Z. Themethodcanalsobeusedfor more
generalPES. For simplicity, this weighting factor was as-
sumedearlier29,30 to be 1/2 for eachproduct.The moregen-
eralweightingin thepresentstudyis obtainedby an integra-
tion of thesquaredmagnitudeof eachwavefunctionoverthe
angularspacethat leadsto the desiredproduct.Thesetwo
methodsarethencomparedin the treatmentof ozoneisoto-
pic exchangeandrecombinationreactions.

Themicroscopicrateconstantsthemselvesarecalculated
usinga modifiedRRKM theorywith the transitionstatefor
eachquantumstatedeterminedvariationally, as before.29,30

An h effect,which reducesthelow-pressurerateconstantfor
the formationof a symmetricmoleculemorethanthat for an
asymmetricone,is alsoincluded.29,30Theh effect is a small
correction (;15%) and its origin has been described
previously.29,33,34 This correction is apart from symmetry
numbers,which arealso included.

For the deactivationof the vibrationally excited ozone
moleculesa masterequationformalism is used.It was ob-
tainedearlier30 using a weak collision model. In this weak
collisional energy transfermodel, the energy transferis as-

sumedto be stepwise,and a strongcollisional angularmo-
mentumtransferassumptionis used.30,35 In the low-pressure
limit thevibrationallyexcitedozonemoleculeswith energies
abovethedissociationthresholdcanonly experienceat most
a singlecollision with the bathmoleculesbeforeredissocia-
tion. As a result in a weakcollision modelonly low energy
statescan be stabilized significantly at low pressuresand
form stableozonemolecules.29,30

One differencebetweenthe two exit channelsX1Y Z
andXY1Z for the dissociationof any asymmetricmolecule
XY Z (XÞZ) is the differencebetweenthe zero-pointener-
giesof Y Z andY X. At any given energy, this differenceof
zero-pointenergies favors the reactionthroughthe channel
with the smaller zero-point energy becauseof the greater
numberof quantumstatesin the transitionstatefor that exit
channel.This differencebetweenthe respectivenumberof
quantumstatesof the transitionstatesfor the two exit chan-
nelsis large at low energies.30 Sinceweakcollisionssample
mainly low energy states,a large differenceoccursbetween
the rate constantsvia the two recombinationchannelslead-
ing to an XY Z at low pressures.30 Sincethe zero-pointen-
ergy differencebetweenY Z andY X dependsmainly on the
massdifferencebetweenZ andX, this weakcollision effect
leadsto a strikingly largemassdependenceof individual rate
constantratioswhenreactionoccursonly via oneof the two
channels~‘‘unscrambledsystems’’ !.24–28 In particular, in un-
scrambledexperimentsvibrationally excited ozone isoto-
pomersXY Y * are formed only from X1Y Y→XY Y * and
not from Y 1Y X→XY Y * .

In a scrambledsystemboth suchchannelsare allowed
sinceextensiveisotopicexchangeoccursvia XY Z* between
X1Y Z andZ1Y X. As a result,it wasshownthat the parti-
tioning effect between the two exit channelsdisappears
exactly.33 Instead,one observesthe differencebetweenthe
formationratesof symmetricandasymmetricmoleculesand
the resultingmass-independenteffect ~‘‘symmetry driven’’ !
arises.29,30,33,34

The presentstudywasperformedto test further the nu-
merical aspectsof the theory using a more elaborateozone
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PES.We suggestedin anearlierpaper30 thatthelow-pressure
resultson enrichmentsandrateconstantratioswould berela-
tively insensitiveto the hindered-rotorpotentialenergy sur-
face used.The presentstudy providesa test of this sugges-
tion. The ozonerecombinationrate constantratios and the
enrichmentsfor different isotopomersare calculated, to-
getherwith the rateconstantof the ozoneisotopicexchange
reaction16O1

18O18O→
18O1

16O18O andits temperaturede-
pendence.Theyarecomparedwith theexperimentaldataand
with the previoustheoreticalresults.

Thepaperis organizedasfollows: ThePESusedis sum-
marized in Sec. II. The hinderedrotor eigenstatesare ob-
tainedin Sec.III, andareusedto calculaterateconstantsin
Sec.IV. The resultsarediscussedin Sec.V.

II. POTENTIAL ENERGY SURFACE

Theunderlyingab initio ozonePESis thatof Morokuma
andco-workers,36 who usedthe MOLPRO programwithin the
rangeof 95°<a<135°, 2.1a0<r1<3.0a0 , and 2.1a0<r2

<5.0a0 , wherea is the bond angleand r1 and r2 are the
bond lengths.This PESwasfitted by the sameauthorsto a
Murrell–Sorbieanalyticalfunction.To beconsistentwith the
experimentallydeterminednegativetemperaturedependence
of the recombinationrate constant,37 an exponentialterm
was added to the Murrell–Sorbie analytical function by
CrossandBilling32 in their moleculardynamicstudiesof the
ozonerecombinationreaction.It removeda local ;0.15eV
maximum in the energy barrier for recombinationon the
original ab initio PES.This modifiedPESis the oneusedin
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 energy surface is written as V0(R)
1V(R,u), where V0(R) is taken as the minimum of the
potential energy at R, minimized with respectto u, and
V(R,u) is theangulardependenceof thePESat thegivenR;
u is the anglebetweenthe oxygenmolecularbond and the
line connectingthe centerof massof this oxygenmolecule
andthe oxygenatom.The V(R,u) is fitted to

V~R,u !5(
i50

d

b i~R !cosi u, ~1!

where d is the highestorder of the expansion.Only for a
homonuclearfragmentY Y do all the odd terms in Eq. ~1!
vanish.The V0 is given as a function of R in Fig. 1, and
V(R,u) anda fitting function aredepictedfor differentval-
uesof R in Fig. 2. A contourplot of the PESis given as a
function of R andu in Fig. 3.

III. THE HINDERED-ROTOR EIGENSTATES

The orbital and hindered-rotationalcomponentsof the
Hamiltonianfor the transitionstateregion for a threebody
systemX¯Y Z is written as

H5
\2

2mR2 l21
\2

2I
j2

1V~R,u,f !, ~2!

wherem is the reducedmassof X¯Y Z, R is the distance
betweenX and the centerof massof Y Z, I the momentof
inertiaof Y Z, l\ theorbital angularmomentumoperator, and
j\ the angularmomentumoperatorfor the rotation of the
fragmentY Z

j2
52

1

sinu

]

]u S sinu
]

]u D1
m2

sin2 u
. ~3!

In Eq. ~3! m is the projectionof j onto the axis connecting
the X and the centerof massof Y Z. The total angularmo-
mentumoperatorJ is then

J5j1l, ~4!

theprojectionof which alongthe line connectingthecenters
of massis alsom.

Combining Eqs. ~2! and ~4! and neglectingterms off
diagonalin m, as discussedin Refs.30 and38, oneobtains

FIG. 1. V0 asa function of R.

FIG. 2. V(R,u) vs cosu for a symmetricfragmentYY1X, whereX mayor
may not be the sameas Y , for differentvaluesof R ~in units of Å!.
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H5
\2

2mR2 J2
2

\2

mR2 m2
1S \2

2mR2 1
\2

2I D j2

1V~R ,u !. ~5!

~In Appendix A of Ref. 30 m is denoted by V.! 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

H152S \2

2I
1

\2

2mR2D d

dz
F ~12z2!

d

dz
G

1S \2

2I
1

\2

2mR2D m2

12z2 1VR~z !, ~6!

where z5cos u and VR(z) denotes V(R ,u). The angle when
Z in ZY is the closer one to X lies in the interval (0,p/2)
while when Y is closer to X , u lies in the interval (p/2,p).39

The solution Cm j of H1Cm j5Em jCm j can be written as
a linear combination of associated Legendre polynomials Pn

m

for the given m

Cm j~z !5 (
k50

`

dk
m jPm1k

m ~z !. ~7!

Substitution of Eq. ~7! into Eq. ~6! and using40

2
d

dz
F ~12z !2

d

dz
Pn

mG1
m2

12z2 Pn
m

5n~n11 !Pn
m , ~8!

one obtains

S \2

2I
1

\2

2mR2D (
k50

`

dk
m j@~m1k !~m1k11 !2Em j#

3Pm1k
m ~z !1 (

k50

`

dk
m jVR~z !Pm1k

m ~z !50. ~9!

Using the recurrence relation40

~2n11 !zPn
m~z !5~n1m !Pn21

m ~z !

1~n2m11 !Pn11
m ~z !, ~10!

and the expansion VR(z)5( i50
d b iz

i the term VR(z)Pm1k
m (z)

can be written as a sum of associated Legendre polynomials

VR~z !Pm1k
m ~z !5 (

i52d

d

a iPm1k1i
m ~z !. ~11!

Combining Eqs. ~9! and ~11! and noting the indepen-
dence of the Pm1k

m s one obtains a set of linear equations for
the coefficients dk

m j in Eq. ~9!

a2ddk2d
m j

1¯1a21dk21
m j

1dk
m j

3@~m1k !~m1k11 !2Em j#

1a1dk11
m j

1¯1addk1d
m j

50. ~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

16O1
18O18O→

18O1
16O18O ~13!

can be written as34

kex
a

5
1

hQa
(

J
E

E

Na~EJ !Nb~EJ !

Na~EJ !1Nb~EJ !
e2E/kBTdE , ~14!

where Qa is the partition function of the reacting pair in the
center of the mass system of coordinates for channel a , and
Na(b)(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 16O
1

18O18O. Each of the two exit channels has its own transi-
tion state, determined variationally, as discussed later.

Since the reactants X1Y Z (YÞZ) can lead to two dif-
ferent recombination products, XY Z 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 Fa(b) (Fa1Fb51) for each quantum state is
assigned to each product. The Fa(b) is taken as the squared
amplitude of the normalized wave functions Cm j(z), inte-
grated over half of the u space, the half that corresponds to
the desired product XY Z

Fa~m j !5E
z50

1

uCm j~z !u2dz . ~15!

FIG. 3. Contour plot of the potential energy surface as a function of R and
u for 16O1

16O16O.
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In the other half of the u space z lies in the interval
(21,0).39

When an asymmetric ozone molecule XY Z is formed, it
is helpful to distinguish between two different weighting fac-
tors: The Fa defined in Eq. ~15! arises from the fact that
when YÞZ there exists a competing channel in which the
same reactants, X1Y Z , lead to XZY instead of XY Z . We
define a ‘‘global’’ transition state X¯Y Z as one for the en-
tire u interval ~0, p! in which part of this u interval leads to
XY Z and the other part to XZY ~cf Fig. 5!. On the other
hand, for the formation of any product XY Z there also exist
two competing entrance channels, one from X1Y Z and the
other from XY1Z when XÞZ . The weighting factors for the
dissociation of XY Z* into X1Y Z and XY1Z were termed
partitioning factors33,34 and denoted by Y a and Y b . The Y s
are given later by Eq. ~18!.

This global transition state for any given quantum state
(J jm) in the full u space ~0 to p! is determined by the
maximum of its energy Em j

J ,a along R . The Em j
J ,a contains three

components: the bond fission energy V0(R), the eigenvalue
Em j of the hindered rotor with quantum number (m j), and
the centrifugal-type energy (J(J11)22m2)\2/2mR2 in Eq.
~5!. The vibration frequency of the diatomic fragment is
taken to be a constant, although such an approximation is
readily removed by the use of a sufficiently accurate PES.
The diatomic fragment remains in its ground vibrational state
due to the large O2 vibration frequency. Thereby, Em j

J ,a 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

Na~EJ !5(
m j

~2J11 !h~E2Em j
J ,a!Fa~m j ! ~16!

with Fa(m j) given by Eq. ~15!, and h(E2Em j
J ,a) is a unit

step function for E2Em j
J ,a . Equations ~15! and ~16! are next

introduced into the appropriate rate expressions.
In the present paper we focus on the isotopic effects for

the O1O21M 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 X1Y Z→XY Z (XÞZ) is given by the following equa-
tion, which was derived earlier30 using the weak collision
model:

kbi
0,a

5
vd2va

Qa
S E

0

DE

(
J

r~EJ !Y a~EJ !

3e2E/kBT
v

vd1vaPo~E !
dE

1E
DE

2DE

(
J

r~EJ !Y a~EJ !

3e2E/kBT
vdPc~E2DE !

vd1vaPo~E2DE !
dE1¯ D , ~17!

where

Y a~EJ !5
Na~EJ !

Na~EJ !1Nb~EJ !
~18!

is the partitioning factor29,33,34 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 Po(E) is the fraction of the quantum
states in the global transition state that are ‘‘open,’’ i.e.,
whose Js satisfy Na(EJ)1Nb(EJ).0 at the given E . We
also have for the ‘‘closed’’ states, Pc(E)512Po(E).30

The quantities appearing in Eqs. ~14! and ~17! for the
rate constants are seen to be the number of states for the
hindered rotor, given by Eq. ~16!, the partition function for
the collision pair given by Eqs. ~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 r(EJ) is obtained34 from a
convolution35,41–43 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 cm21.44 The
calculated density of states r(EJ) also includes the anhar-
monicity, which was obtained30 using experimental vibra-
tional quantum state energies of 48O3 . The anharmonic count
for r(EJ) was typically only a factor of 1.5 greater than the
harmonic one.

The individual low-pressure rate constants at 300 K for
the formation of XY Z molecules were calculated for each
channel using Eq. ~17!. In Tables I–III 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 ~X1YY→XYY
relative to X1XX→X3! at low pressure at 300 K.

Reaction Expt.a
Calc. ~present!
DE5190 cm21

Calc. ~present!
DE5210 cm21

Calc. ~Ref. 30!

DE5210 cm21

16O1
36O2 /16O1

32O2 1.5360.03 1.53 1.51 1.53
17O1

36O2 /17O1
34O2 1.2960.07 1.34 1.35 1.36

16O1
34O2 /16O1

32O2 1.2360.03 1.36 1.35 1.38
17O1

32O2 /17O1
34O2 1.0160.05 0.99 1.01 1.01

18O1
34O2 /18O1

36O2 1.0060.06 1.06 1.07 1.04
18O1

32O2 /18O1
36O2 0.9060.03 0.90 0.92 0.90

aFrom Mauersberger et al., Ref. 25.

1539J. Chem. Phys., Vol. 117, No. 4, 22 July 2002 Ozone isotopic effects

Downloaded 26 Jul 2002 to 131.215.21.170. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



134

pare them there with the experimental values and with the
calculated results obtained earlier.29 The column labeled
‘‘Calc. Ref. 30’’ gives the results obtained before using DE
5210 cm21. The column ‘‘Calc. DE5210 cm21’’ gives
present results obtained with the same DE . The column la-
beled ‘‘Calc. DE5190 cm21’’ gives the present calculation
but where the values of h and of DE were chosen, as in Refs.
29 and 30, to fit two experimental low-pressure recombina-

tion rate constant ratios, 16O1
18O18O/16O1

16O16O and 18O
1

16O16O/18O1
18O18O. For the present hindered-rotor tran-

sition state the value DE5190 cm21 was obtained. An h
51.18, obtained both in this fit and that in Ref. 30, is used in
all the calculations.

The rate constant ratios given in Tables II and III were
then used for the calculation of the enrichments of all 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 Eqs. ~4.18a!, ~4.18b!, and ~4.26!
of Ref. 33.

The rate constant for the isotopic exchange reaction
16O1

18O18O→
18O1

16O18O was calculated using the modi-
fied ab initio PES. It is independent of any h and DE ap-
proximations, but it does assume a loss of ‘‘memory’’ in
the intermediate 16O18O18O* formed in the reaction. For the
partitioning between the formation of 18O16O18O* and

TABLE II. Reaction rate coefficients for ozone formation processes relative
to 16O1

32O2→
48O3 at low pressure.

Reaction Expt.a
Calc. ~present!
DE5190 cm21

Calc. ~present!
DE5210 cm21

Calc. ~Ref. 30!

DE5210 cm21

16O1
16O16O 1.00 1.00 1.00 1.00

17O1
17O17O 1.02 1.03 1.02 1.02

18O1
18O18O 1.03 1.03 1.03 1.03

18O1
16O16O 0.93 0.93 0.95 0.93

17O1
16O16O 1.03 1.02 1.04 1.03

18O1
17O17O 1.03 1.09 1.10 1.07

17O1
18O18O 1.31 1.39 1.38 1.39

16O1
17O17O 1.23 1.36 1.35 1.38

16O1
18O18O 1.53 1.53 1.51 1.53

16O1
16O17Ob 1.17 1.18 1.18 1.19

16O1
16O18O 1.27 1.25 1.24 1.25

17O1
16O17O 1.11 1.03 1.04 1.04

17O1
17O18O 1.21 1.22 1.22 1.20

18O1
16O18O 1.01 1.00 1.01 0.99

18O1
17O18O 1.09 1.06 1.07 1.05

16O1
17O18O — 1.43 1.41 1.43

17O1
16O18O — 1.21 1.21 1.21

18O1
16O17O — 1.01 1.03 1.01

aFrom Mauersberger et al., Ref. 25.
bThis rate constant and those in the subsequent rows are the sum of both
channels, X1YZ→XYZ and X1YZ→XZY . Each of the rate constants
was calculated separately, with the non-RRKM correction applied to any
symmetric channel.

TABLE III. Reaction rate coefficients for asymmetric and symmetric channels of recombination reactions, relative to 16O1
16O2→

16O3 at low pressure.

Reaction Expt.a
Calc. ~present!
DE5190 cm21

Calc. ~present!
DE5210 cm21

Calc. ~Ref. 30!

DE5210 cm21

Symmetric products
16O1

17O16O→
16O17O16O — 0.51 0.51 0.51

16O1
18O16O→

16O18O16O 0.5460.01 0.52 0.52 0.52
17O1

16O17O→
17O16O17O — 0.51 0.51 0.51

17O1
18O17O→

17O18O17O — 0.52 0.52 0.51
18O1

16O18O→
18O16O18O 0.5260.01 0.52 0.52 0.52

18O1
17O18O→

18O17O18O — 0.52 0.53 0.52

Asymmetric productsb

18O1
17O16O→

18O17O16O — 0.48 0.49 0.47
18O1

18O16O→
18O18O16O 0.4660.03 0.48 0.49 0.47

17O1
18O16O→

17O18O16O — 0.53 0.54 0.52
17O1

17O16O→
17O17O16O — 0.52 0.53 0.53

18O1
18O17O→

18O18O17O — 0.54 0.54 0.53
18O1

16O17O→
18O16O17O — 0.53 0.54 0.53

17O1
16O18O→

17O16O18O — 0.69 0.68 0.70
16O1

16O17O→
16O16O17O — 0.67 0.67 0.68

17O1
17O18O→

17O17O18O — 0.70 0.69 0.70
16O1

18O17O→
16O18O17O — 0.69 0.68 0.69

16O1
16O18O→

16O16O18O 0.7360.02 0.74 0.73 0.74
16O1

17O18O→
16O17O18O — 0.74 0.73 0.74

aFrom Janssen et al., Ref. 26.
bReactions are ordered in sequence of increasing zero-point energy difference.

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

Reaction Expt.a
Calc. ~present!
DE5190 cm21

Calc. ~present!
DE5210 cm21

Calc. ~Ref. 30!

DE5210 cm21

16O16O16O 0.0 0.0 0.0 0.0
17O17O17O 21.8 22.1 21.6 22.1
18O18O18O 24.6 24.3 24.3 24.7
16O16O17Ob 11.3 11.5 12.1 12.3
16O16O18O 13.0 12.7 12.7 12.7
17O17O16O 12.1 11.2 11.2 12.2
17O17O18O 9.5 11.7 11.3 10.4
18O18O16O 14.4 12.7 12.6 12.7
18O18O17O 8.3 9.9 10.3 9.2
16O17O18O 18.1 17.2 17.3 17.4

aExperimental data at 300 K are from Mauersberger et al., Ref. 25.
bEnrichments for this and all following rows are for all possible isoto-
pomers.
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16O18O18O* from 18O1
16O18O, the partitioning factor

wascalculatedusingEq. ~15!. For comparisonthis partition-
ing wasalsoapproximatedas1/2.Theintegratedwavefunc-
tion method yielded for the isotopic exchangereaction
16O1

18O18O→
18O1

16O18O a rate constant of 1.94
310212 cm23 at 300 K and 2.62310212 cm23 at 130 K.
~Thesevaluesareroundedoff in TableV.! WhenFa andFb

are assumed,instead,to be 0.5 thesevalues are virtually
unchanged:1.98310212 cm23 and 2.74310212 cm23, re-
spectively. ~Thenumberof ‘‘significantfigures’’ is significant
for comparisonof thesenumberswith eachotherandnot for
comparisonwith the experiment.! Resultsfor the isotopic
exchangereaction and for the recombinationreaction are
comparedwith the experimentalandprevioustheoreticalre-
sults in TableV.

V. DISCUSSION

A modifiedab initio PESavailablein the literaturewas
usedin the presentRRKM calculationsfor ozonerecombi-
nationandisotopicexchangerateconstants.Theratiosof the
recombinationrateconstantsagreedwith thosein our earlier
studies29,30 which employedinsteada free-rotor transition
stateanda hindered-rotortransitionstateusinga modelPES.
Given the methodof choosingthe two unknownsDE andh
from two specificrecombinationrateconstantratios,the re-
sults for the numerousrate constantratios and enrichments
areseento bevirtually unchangedfrom our previousvalues.

Although the PESusedin the presentstudy is very dif-
ferent in detail from the model PES used in the previous
study, as seenfrom thetwo potentialenergy profiles~labeled
000! in Fig. 4, thetwo surfacesgive rathersimilar resultsfor
the isotopicexchangereaction16O1

18O18O→
18O1

16O18O:
The modelPESusedin Ref. 30 givesan isotopicexchange
rateconstant~300K! about40%largerthanthatgivenby the
modified ab initio PES.This differenceis partly due to the
existenceof aneffectivebarrierin thepresentPESat about2
Å ~Fig. 1!. It causesthetransitionstateto occurat smallerRs
and thus decreasesthe value of the calculatedrate constant
~smaller‘‘crosssection’’ ! for the recombinationcollision. If
the negativetemperaturedependenceof the rate constantis
written asT2m, the experimentalvalueof m is 0.8860.26.
The presentcalculationyieldeda smallervalue,0.36,which

is also smaller than the result ~0.53! obtainedearlier using
themodelPES.30 In contrast,the free-rotortransitionstateis
very different from either of the two tight transitionstates,
sinceit gives30 a positivetemperaturedependenceof the iso-
topic exchangerate constantand a rate constantat 300 K
morethanthreetimeslarger thanthe presentresult.

Thesimilarity of exchangerateconstantsobtainedusing
the two very different potentialenergy surfaces~the model
PESusedin Ref. 30 andthe modifiedab initio PESusedin
this study! is not accidental.It occursbecauseboth surfaces
wereadjusted30,32 to fit the isotopicexchangerateconstants.
Although the detailsof the adiabaticcurvesfor each(JK j)
statearevery differentfor the two potentialenergy surfaces,
theeffectivebarrierheightsareseenin Fig. 4 to be similar. A
reflection of this point is that the sumsof quantumstates
(JN(E,J)45 for the transitionstatearealsosimilar for both
potentials~Fig. 5!. Also shownin Fig. 5 is the(JN(E,J) for
a loose transitionstate.As seenin the comparisonsin that
Figure~andalsofrom the temperaturecoefficientsdiscussed
above! both hindered rotor-transition statesare relatively
tight.

FIG. 4. Theenergy E(J jV;R) of a hinderedrotor state(J jV) as a function
of R for 16O¯

16O16O. Symbolsareobtainedusingthemodelpotential~Ref.
30! andlines areobtainedusingthe modifiedab initio PES.

TABLE V. Calculatedandexperimentalrateconstants.

k Reaction T ~K! Expt.
Calc.

~Ref. 30!

Calc.
~present!c

kbi
0 a 16O1

32O21N2→
48O31N2 130 4b 5.2 4.8

300 0.5b 0.76 0.58
kbi}T2n 130–300 n52.6 n52.3 n52.5

kex
d 16O1

18O18O→
16O18O1

18O 130 5.6e 4.3 2.6f

300 2.9e 2.7 1.9f

kex}T2m 130–300 m50.8860.26 m50.53 m50.36

aUnits are10233 cm6 s21.
bExperimentaldatafrom Hippler et al., Ref. 37.
cCalculatedusingthemodifiedab initio PESandDE5190cm21. WhenDE5210cm21 thevaluesare5.1and
0.72,respectively.

dUnits are10212 cm3 molecule21 s21.
eExperimentaldatafrom Wiegell et al., Ref. 31.
fCalculatedusingthe integratedwavefunction method.
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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 a low
pressure recombination rate constant for 16O1

16O16O
→

48O3 within 10% of that given by the model PES at both
130 and 300 K when the same DE 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
I–III, by comparing the third with the fourth and fifth col-
umns. The third and fifth columns were obtained using a DE
optimized for each PES and the third and fourth columns
were obtained using the same DE , 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(Na(EJ)), and that of the recombination rate
constant for an asymmetric molecule, Na(EJ)/(Na(EJ)
1Nb(EJ)), are both expected to be weaker than that of the
isotopic exchange rate constant. The latter is not only pro-
portional to Na(EJ)/(Na(EJ)1Nb(EJ)) but also to
Nb(EJ), as discussed earlier.30 In addition, since the DE per
collision was varied to fit two experimental recombination
rate constant ratios and then used to calculate all 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 cm21 were chosen for
DE 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

enrichments are essentially the same under the three different
conditions.

Since a recombination reaction X1Y Z (YÞZ) 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 XY Z 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 half of the u space, the space that leads to that particular
molecule as in Eq. ~15!. As noted in Sec. IV, 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 (Fa5Fb50.5) 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,34 differences in zero-point
energies,34,46 and ratios of reduced masses.34 Indeed, all three
quantities are mathematically related to each other34 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.34,47 The theory29,30 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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