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A theoretical study of ozone isotopic effects using a modified ab initio
potential energy surface
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A modified ab initio potential energy surfad®ES is used for calculations of ozone recombination

and isotopic exchange rate constants. The calculated low-pressure isotopic effects on the ozone
formation reaction are consistent with the experimental results and with the theoretical results
obtained earliefJ. Chem. Phys116, 137 (2002]. They are thereby relatively insensitive to the
properties of these PES. The topics discussed include the dependence of the calculated low-pressure
recombination rate constant on the hindered-rotor PES, the role of the asymmetry of the potential for
a generalX+Y Z reaction (Y#2), and the partitioning to form each of the two recombination
products:XYZandXZY. © 2002 American Institute of Physic§DOI: 10.1063/1.1488577

I. INTRODUCTION sumed to be stepwise, and a strong collisional angular mo-

We have treated th | isotonic effsdof mentum transfer assumption is uséd® In the low-pressure
€ have treated Ine unusual Isotopic 0ZON€  Jimit the vibrationally excited ozone molecules with energies

fprmauon ega;(!'er using both loose and hindered-rotor ransi b ve the dissociation threshold can only experience at most
tion states>3° Because of the lack of an accurate potential

energy surfacePES in the vicinity of the hindered-rotor a single collision with the bath molecules before redissocia-

transition state, a model PES was used for recombination antéfn' As a result in a weak collision model only low energy

isotopic exchange reactiof$*°This model PES was chosen ?o?rfitgg[:a l())t;oit:t::lgltzc(i:ufé%rgglcantly at low pressures and
to fit the experimentalf§ obtained negative temperature de- '

pendence of the ozone isotopic exchange rate constant. In the One difference _betwge_n the two exit chan_nKIdJ'YZ
present study a modifiédlab initio PES is used instead and and XY+ Z for the dissociation of any asymmetric molecule

the effect on the calculated rate constant ratios of the mang.! £ (X#2) is the difference between the zero-point ener-
isotopic systems is discussed. gies of YZ andY X. At any given energy, this difference of

In addition to using a modifiedb initio PES, a new and zero-point energies favors the reaction through the channel
more sophisticated way is given for weighting the relativeWith the smaller zero-point energy because of the greater
yields of the reaction product§Y Z andXZY in the recom- number of quantum states in the transition state for that exit
bination ofX andY Z The method can also be used for morechannel. This difference between the respective number of
general PES. For simplicity, this weighting factor was as-duantum states of the transition states for the two exit chan-
sumed earlié?*°to be 1/2 for each product. The more gen- nels is large at low energi€8 Since weak collisions sample
eral weighting in the present study is obtained by an integratainly low energy states, a large difference occurs between
tion of the squared magnitude of each wave function over théhe rate constants via the two recombination channels lead-
angular space that leads to the desired product. These twid to anXY Z at low pressure¥) Since the zero-point en-
methods are then compared in the treatment of ozone isot&@y difference betweel Z and Y X depends mainly on the
pic exchange and recombination reactions. mass difference betweehand X, this weak collision effect

The microscopic rate constants themselves are calculatdgads to a strikingly large mass dependence of individual rate
using a modified RRKM theory with the transition state for constant ratios when reaction occurs only via one of the two
each quantum state determined variationally, as bé&fdfe. channels“unscrambled systemg:®*~?®In particular, in un-

An 75 effect, which reduces the low-pressure rate constant foscrambled experiments vibrationally excited ozone isoto-
the formation of a symmetric molecule more than that for arpomersXY Y* are formed only fromX+Y Y—XYY* and
asymmetric one, is also includé®*° The 7 effect is a small  not from Y +Y X— XY Y*.

correction (~15%) and its origin has been described In a scrambled system both such channels are allowed
previously?®3334 This correction is apart from symmetry since extensive isotopic exchange occursX¥#z* between
numbers, which are also included. X+YZandZ+Y X As a result, it was shown that the parti-

For the deactivation of the vibrationally excited ozonetioning effect between the two exit channels disappears
molecules a master equation formalism is used. It was obexactly>® Instead, one observes the difference between the
tained earlie®’ using a weak collision model. In this weak formation rates of symmetric and asymmetric molecules and
collisional energy transfer model, the energy transfer is asthe resulting mass-independent eff¢&tymmetry driven”)

arisesz_9,30,33,34
dAuthor to whom correspondence should be addressed. Electronic mail: The present study was performed to test further the nu-
ram@caltech.edu merical aspects of the theory using a more elaborate ozone
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PES. We suggested in an earlier papérat the low-pressure 05
results on enrichments and rate constant ratios would be rele
tively insensitive to the hindered-rotor potential energy sur-
face used. The present study provides a test of this sugge:
tion. The ozone recombination rate constant ratios and the
enrichments for different isotopomers are calculated, to-~
. ) . S
gether with the rate constant of the ozone isotopic exchang@
reaction'®0+ %0'%0— **0+ %00 and its temperature de- &
pendence. They are compared with the experimental data an2
with the previous theoretical results. . _05 }
The paper is organized as follows: The PES used is sum
marized in Sec. Il. The hindered rotor eigenstates are ob-
tained in Sec. lll, and are used to calculate rate constants il
Sec. IV. The results are discussed in Sec. V.

0.0 |

-1.0 L L L L
1.0 2.0 3.0 4.0 5.0 6.0

Il. POTENTIAL ENERGY SURFACE R (&)

The underlyingab initio ozone PES is that of Morokuma FIG. 1. V, as a function oR.
and co-workers® who used thevoLPRO program within the
range of 95%<a=<135°, 2. hy=<r;<3.0ay, and 2.hy=r,
<5.089, wherea is the bond angle and, andr, are the \yhere is the reduced mass of--YZ, R is the distance
bond lengths. This PES was fitted by the same authors to getweenx and the center of mass 8Z, | the moment of
Murrell-Sorbie analytical function. To be consistent with thejnertia ofY Z, 17 the orbital angular momentum operator, and

experimentally determined negative temperature dependen¢g the angular momentum operator for the rotation of the
of the recombination rate constafitan exponential term fragmenty Z

was added to the Murrell-Sorbie analytical function by

Cross and Billing? in their molecular dynamic studies of the 5 1 9

ozone recombination reaction. It removed a loed.15 eV V=" Sine a0

maximum in the energy barrier for recombination on the

original ab initio PES. This modified PES is the one used inIn Eq. (3) m is the projection of onto the axis connecting

the present study. the X and the center of mass &fZ. The total angular mo-
The reaction coordinate is again taken, for simplicity, asmentum operatod is then

the distanceR between the oxygen atom and the center of Jeid] @

mass of the oxygen molecule fragment. The modifad T

initio potential energy surface is written a¥o(R)  the projection of which along the line connecting the centers

+V(R,0), whereVy(R) is taken as the minimum of the of mass is alsan.

potential energy aR, minimized with respect tof, and Combining Egs.(2) and (4) and neglecting terms off

V(R, 0) is the angular dependence of the PES at the gRien diagonal inm, as discussed in Refs. 30 and 38, one obtains
0 is the angle between the oxygen molecular bond and the

line connecting the center of mass of this oxygen molecule
and the oxygen atom. Thé(R, 6) is fitted to
d

V(R, a)=20 b;(R)cod 6, (1)

(9 2

ing—
S 080

m

whered is the highest order of the expansion. Only for a

homonuclear fragmenY Y do all the odd terms in Eql) < 020 | l
vanish. TheV, is given as a function oR in Fig. 1, and @

V(R, 6) and a fitting function are depicted for different val- Z

ues ofR in Fig. 2. A contour plot of the PES is given as a EJ

function of R and 6 in Fig. 3. U540

Ill. THE HINDERED-ROTOR EIGENSTATES

The orbital and hindered-rotational components of the

Hamiltonian for the transition state region for a three body ' 05 0.0 05 1.0

systemX---Y Z is written as coso
2 hZ
H= . 12+ —'2+V(R, 6,), 2) FIG. 2. V(R, 6) vs cosé for a symmetric fragmerTfo X, yvhereX may or
2uR 21 may not be the same a§ for different values oR (in units of A).
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Using the recurrence relatith

(2n+1)¢P(O)=(n+m)PT ()

+(n—m+ 1P 1(£), (10

and the expansio¥(¢) =39 b the termVg(2)P™. (£)
can be written as a sum of associated Legendre polynomials

d

S
XN

VRIOPR(O= 2 aiPRyi(0). (11)

Combining Egs.(9) and (11) and noting the indepen-
dence of thePp, ;s one obtains a set of linear equations for
the coefficientdy"” in Eq. (9)

a_gdM o+ +a_dM +d

X[(m+K)(m+k+1)—Ep]

FIG. 3. Contour plot of the potential energy surface as a functioR ahd

6 for 60+ 16060 +a1dml+"'+addkmld=0. (12
The eigenvalues and the eigenvectors are obtained from Eq.
(12). The wave functions of the hindered-rotor states with the
h? h? N quantum numbem and all j=m are then obtained using
H = > Jz_ > m2+ ) + — J2 E 7
2uR uR 2uR? " 2 q. (7).
+V(R, 6). )

(In Appendix A of Ref. 30m is denoted by).) The first two
terms on the right-hand side of E¢b) are constants for
givenJ andm. To obtain the eigenvalues bf we focus first

on the third and fourth terms on the right-hand side of Eq.

IV. RATE CONSTANTS AND ENRICHMENTS

The rate constant for an exchange reaction, such as

(5). Using Eq.(3) these two terms can be written as 150+ 18080 180+ 150180 (13
#? 2 d d .
— | —(1—s2— can be written &%
Hl (2|+—2MRz)d§%l g)dz}
hZ ﬁZ m2 a_ 1 J Na(EJ)Nb(EJ) CE/KaT
o el Ve ©  %CReS e e e (9

where{=cosf andVg({) denotesV(R, #). The angle when
Z in ZY is the closer one tX lies in the interval (0g/2)
while whenY is closer toX, 6 lies in the interval ¢/2,1).%°

The solutionW ,; of H, ¥ ;= E,,j ¥ ,; can be written as
a linear combination of associated Legendre polynonigls
for the givenm

whereQ, is the partition function of the reacting pair in the
center of the mass system of coordinates for chaaneind
Nap)(EJ) is the number of states of the transition state for
exit channek(b) of ozone dissociation at the giv&handJ.
The a denotes the exit channel with the smaller zero-point
energy. In the case of the reaction in E43) it is %0

o _ +0'%0. Each of the two exit channels has its own transi-
Vni()= > dy'PRL (D). (7)  tion state, determined variationally, as discussed later.
k=0 Since the reactants+Y Z (Y+#Z) can lead to two dif-

ferent recombination productsY ZandXZY, and the phase

Substitution of Eq(7) into Eq. (6) and using®
space for the transition state can be divided into two sub-

- i (1_5)21pm + m_zzpm:n(n+ 1)P™, (8)  Spaces, each leading to a different ozone product. A weight-
d¢ d¢- "] 1-¢2 " " ing factor @, (P,+Pp=1) for each quantum state is
one obtains assigned to each product. THe,y, is taken as the squared
amplitude of the normalized wave functioftis;({), inte-
h? 7?2\ < mi grated over half of the space, the half that corresponds to
" 2uR? go dic Lm+k)(m+k+1)=Em] the desired producXY Z

[

XP$+A§>+;§)dWVR@de+A§)=O. (9)

1
|\ij(§)|2d§-

@4mn=f (15
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In the other half of the# space lies in the interval
(-1,00%° N ) ( 2 (EJ)Y,(EJ)
When an asymmetric 0zone molec& Zis formed, it a

is helpful to distinguish between two different weighting fac- ®

tors: The®, defined in Eq.(15) arises from the fact that Xe‘E’kBT—wd+waP0(E)dE
whenY#Z there exists a competing channel in which the
same reactant{+Y Z, lead toXZY instead ofXYZ We N 2AE

define a “global” transition stateX---Y Z as one for the en- £ ; P(EIYA(EJ)

tire 6 interval (0, ) in which part of thisé interval leads to

XYZ and the other part t&XZY (cf Fig. 5. On the other o~ ElkgT wyP°(E—AE) dE+--. 17
hand, for the formation of any produktY Z there also exist wy+ w,P°(E—AE) '

two competing entrance channels, one fr¥nt Y Z and the

other fromXY+Z whenX# Z. The weighting factors for the Where

dissociation ofXY Z* into X+YZ and XY+ Z were termed

partitioning factor$®** and denoted by, andY,. The Ys Y, (EJ)= Na(EJ) (18)
are given later by Eq(18). 2 Na(EJ)+Ny(EJ)

This global transition state for any given quantum state
(Jjm) in the full 6 space(0 to =) is determined by the
maximum of its energE,JT;]a alongR. The Efnf contains three
componentS' the bond fission enendy(R), the eigenvalue

is the partitioning factdP3*** mentioned earlier. A step-
ladder energy transfer model and a strong collisional rota-
tional angular momentum transfer assumption were used in
L o . .

Em;j of the hindered rotor with quantum numben{), and derlvmg Eq.(17). The P (E). 1S the fraction of the“ q“a”t,,“m
the centrifugal-type energyd(J+ 1)— 2m2)# /2R in Eq. states in the_ global transition state that are “open,” i.e.,
(5). The vibration frequency of the diatomic fragment is gzgsﬁ;\fesztrlStl;lyeN‘?éIE‘s]()eg"'\lskEgtEeJ;?(g)zit 1th_eP%|(vEe)nI§d we
taken to be a constant, although such an approximation is The quantities appearing in ,EqSLZ) and (17) .for the
readily removed by the use of a sufficiently accurate PES, q pp g

. fate constants are seen to be the number of states for the

ehindered rotor, given by Eq16), the partition function for

the collision pair given by Eq94.8—(4.12 in Ref. 34, the
contains the zero-point energy of the oxygen fragment in
collision frequencies, and the density of states. The Lennard-
channela. The number of states in the transition state for a_

given (EJ) can then be written as Jones collision frequency is used with a unit collision effi-
ciency and is given by Ed4.14) of Ref. 34. The density of
states for ozone p(EJ) is obtained* from a
AED=2 (204 Hh(E-EL)D4(m)) (16)  convolutior?**~*of the rotational and vibrational density
mj of states at eack andJ. The vibration frequencies of the
ozone isotopomers used in the calculation were obtained us-
with ®,(mj) given by Eq.(15), andh(E—E}: a) is a unit  ing a second-order perturbation formulation, which gives any
step function forE — E a . Equationg(15) and (16) are next unknown frequencies to an accuracy of about I &ff The
introduced into the approprlate rate expressions. calculated density of statgg EJ) also includes the anhar-
In the present paper we focus on the isotopic effects fomonicity, which was obtainéd using experimental vibra-
the O+0O,+M recombination reaction at low third-body tional quantum state energies®80;. The anharmonic count
(M) pressures, rather than considering all pressures. For efer p(EJ) was typically only a factor of 1.5 greater than the
isting experiments that is the most important pressure regiorharmonic one.
In the low-pressure limit the recombination rate constant for ~ The individual low-pressure rate constants at 300 K for
the X+YZ—XYZ (X+#Z) is given by the following equa- the formation ofXY Z molecules were calculated for each
tion, which was derived earli# using the weak collision channel using Eq17). In Tables I-IIl we give the calculated
model: recombination rate constant ratios for all reactions and com-

due to the large @vibration frequency. Thereb)EJ 2 also

TABLE |. Relative rate coefficients of atom plus homonuclear diatomic formation chafXely Y— XYY
relative toX+ XX— X3) at low pressure at 300 K.

Calc. (present Calc. (present Calc. (Ref. 30
Reaction Expf AE=190 cm? AE=210 cm! AE=210 cm?
160+ 360, /1%0+ %20, 1.53+0.03 1.53 1.51 1.53
170+ 360, /170+ %0, 1.29+0.07 1.34 1.35 1.36
160+ 340, /1%0+ %20, 1.23+0.03 1.36 1.35 1.38
0+ 320, /Y0+ %0, 1.01+0.05 0.99 1.01 1.01
180+ 340, 1180+ %60, 1.00+0.06 1.06 1.07 1.04
80+ 320, 1180+ %60, 0.90+0.03 0.90 0.92 0.90

% rom Mauersbergest al, Ref. 25.
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TABLE II. Reaction rate coefficients for ozone formation processes relativeTABLE V. Calculated and experimental isotopic enrichments at 300 K.
to %0+ %20,— %0, at low pressure.

Calc. (present  Calc. (present  Calc. (Ref. 30
Calc. (present Calc. (present  Calc. (Ref. 30 Reaction Expf AE=190cm® AE=210cm! AE=210cm?

H _ —1 _ 1 _ —1
Reaction Expf. AE=190 cm AE=210cm~ AE=210cm ITINTARTN 0.0 0.0 0.0 0.0
160+ 1600  1.00 1.00 1.00 1.00 ol'"o%0 —1.8 -21 -1.6 -21
Yo+00  1.02 1.03 1.02 1.02 ooty —4.6 -43 -43 -4.7
¥o+1%0%  1.03 1.03 1.03 1.03 oteo’0> 11.3 11.5 12.1 12.3
%0+1%0%0  0.93 0.93 0.95 0.93 160160180 13.0 12.7 12.7 12.7
0+1%0%  1.03 1.02 1.04 1.03 70170160 12.1 11.2 11.2 12.2
%0+0Y0  1.03 1.09 1.10 1.07 170170180 9.5 11.7 11.3 10.4
0+1%0% 1.31 1.39 1.38 1.39 180180160 14.4 12.7 12.6 12.7
%o+100  1.23 1.36 1.35 1.38 18018010 8.3 9.9 10.3 9.2
%0+1%0% 1.53 1.53 1.51 1.53 1600180 18.1 17.2 17.3 17.4
60+ 100> 1.17 1.18 1.18 1.19
160+ 160180  1.27 1.25 1.24 1.25 3Experimental data at 300 K are from Mauersbergeal., Ref. 25.
1704 160170 1.11 1.03 1.04 1.04 PEnrichments for this and all following rows are for all possible isoto-
Yo+Y0%0  1.21 1.22 1.22 1.20 pomers.
B0+1%0%  1.01 1.00 1.01 0.99
80+1701%  1.09 1.06 1.07 1.05 tion rate constant ratio2®0+ 18080/10+ 1800 and %O
*o+0o  — 1.43 141 1.43 +160'%0/*8%0+ 80%0. For the present hindered-rotor tran-
[0+0"0  — 121 121 121 sition state the valudE=190 cni ! was obtained. Any
¥o+%00  — 1.01 1.03 1.01 )

=1.18, obtained both in this fit and that in Ref. 30, is used in
3 rom Mauersbergeet al, Ref. 25. all the calculations.
ST RS ke et s Th rae constan ratios given in Tables 1| and I were
was calc;JIated separately, with the non-R.RKM correction applied to anythen used_for the calculation of the en”_Chme_ntS of all pos-
symmetric channel. 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-
pare them there with the experimental values and with thggomeric rate constants using E¢$.183, (4.18b, and(4.26
calculated results obtained earff&rThe column labeled of Ref. 33.
“Calc. Ref. 30" gives the results obtained before usihg The rate constant for the isotopic exchange reaction
=210 cm'l. The column “Calc. AE=210 cmi!” gives %0+ 00— 80+ %00 was calculated using the modi-
present results obtained with the satkE. The column la- fied ab initio PES. It is independent of any and AE ap-
beled “Calc. AE=190 cm 1" gives the present calculation proximations, but it does assume a loss of “memory” in
but where the values of and of AE were chosen, as in Refs. the intermediaté®0'®0™0* formed in the reaction. For the
29 and 30, to fit two experimental low-pressure recombinapartitioning between the formation of?0*0'%0* and

TABLE Ill. Reaction rate coefficients for asymmetric and symmetric channels of recombination reactions, relfie 160,— %0, at low pressure.

Calc. (present Calc. (present Calc. (Ref. 30
Reaction Expt. AE=190 cm* AE=210cm* AE=210cm*
Symmetric products
60+ 1700 10100 — 0.51 0.51 0.51
160+ 18050 — 1508060 0.54+0.01 0.52 0.52 0.52
170+ %00 10'%00 — 0.51 0.51 0.51
Yo+ 00— 1"0'%0"0 — 0.52 0.52 0.51
%0+ %0'%0— %000 0.52+0.01 0.52 0.52 0.52
80+ 100 18000 — 0.52 0.53 0.52
Asymmetric products
80+ 1700 180100 — 0.48 0.49 0.47
180+ 18050 — 1808060 0.46+0.03 0.48 0.49 0.47
0+ 00— 10800 — 0.53 0.54 0.52
Y0+ 10%%0— 10100 — 0.52 0.53 0.53
80+ 00— 180800 — 0.54 0.54 0.53
180+ 150 "0— 18000 — 0.53 0.54 0.53
Y0+ %00 10600 — 0.69 0.68 0.70
160+ 16010 %000 — 0.67 0.67 0.68
Y0+ 10%0— 1000 — 0.70 0.69 0.70
60+ 00— 10800 — 0.69 0.68 0.69
160+ 160180 1601600 0.73+0.02 0.74 0.73 0.74
160+ 17080 — 15000 — 0.74 0.73 0.74

3 rom Janssest al, Ref. 26.
PReactions are ordered in sequence of increasing zero-point energy difference.
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TABLE V. Calculated and experimental rate constants.

Calc. Calc.
k Reaction T (K) Expt. (Ref. 30 (presenf
ko2 160+ 320, + N,—*80,+ N, 130 4 5.2 4.8
300 0.8 0.76 0.58
Kpioc TN 130-300 n=2.6 n=2.3 n=25
Ked 160+ 1800 — 150180+ 180 130 5.6 4.3 2.6
300 2.9 2.7 1.9
Kec T™M 130-300 m=0.88+0.26 m=0.53 m=0.36

@Units are 102 cmP s 2.

bExperimental data from Hipplest al., Ref. 37.

‘Calculated using the modifieab initio PES andAE=190 cnm*. WhenAE =210 cni* the values are 5.1 and
0.72, respectively.

YUnits are 102 cnt molecule * s,

°Experimental data from Wiegedt al, Ref. 31.
fCalculated using the integrated wave function method.

160%0%0* from 80+1€0'%0, the partitioning factor is also smaller than the resuld.53 obtained earlier using
was calculated using E¢15). For comparison this partition- the model PES? In contrast, the free-rotor transition state is
ing was also approximated as 1/2. The integrated wave fundery different from either of the two tight transition states,

tion method yielded for the isotopic exchange reactionsince it give$® a positive temperature dependence of the iso-
160+ 180180180+ 160180 g rate constant of 1.94 topic exchange rate constant and a rate constant at 300 K

x1072cm™3 at 300 K and 2.6210 2 cm™3 at 130 K. more than three times larger than the present result.
(These values are rounded off in Table When®, and®, The similarity of exchange rate constants obtained using
are assumed, instead, to be 0.5 these values are virtualtpe two very different potential energy surfadgise model
unchanged: 1.9810 ?cm 3 and 2.7410 2 cm™3, re- PES used in Ref. 30 and the modified initio PES used in
spectively(The number of “significant figures” is significant this study is not accidental. It occurs because both surfaces
for comparison of these numbers with each other and not fowere adjusted?*to fit the isotopic exchange rate constants.
comparison with the experimentResults for the isotopic Although the details of the adiabatic curves for eadKy)
exchange reaction and for the recombination reaction arétate are very different for the two potential energy surfaces,
compared with the experimental and previous theoretical rethe effective barrier heights are seen in Fig. 4 to be similar. A

sults in Table V. reflection of this point is that the sums of quantum states
> ;N(E,J)* for the transition state are also similar for both
V. DISCUSSION potentials(Fig. 5. Also shown in Fig. 5 is th& ;N(E,J) for

A modified ab initio PES iable in the i a loose transition state. As seen in the comparisons in that
modified ab initio available in the literatiure was Figure (and also from the temperature coefficients discussed

usgd n thg presgnt RRKM calculations for ozone r(,ecomb"above) both hindered rotor-transition states are relatively
nation and isotopic exchange rate constants. The ratios of t

recombination rate constants agreed with those in our earlier
studie4®3® which employed instead a free-rotor transition
state and a hindered-rotor transition state using a model PES.
Given the method of choosing the two unknowkE and »
from two specific recombination rate constant ratios, the re-
sults for the numerous rate constant ratios and enrichment 400 |
are seen to be virtually unchanged from our previous values
Although the PES used in the present study is very dif- __ 200 |
ferent in detail from the model PES used in the previous™
study, as seen from the two potential energy profilelseled
000 in Fig. 4, the two surfaces give rather similar results for
the isotopic exchange reactidfO+ 180'%0— 180+ 16010:
The model PES used in Ref. 30 gives an isotopic exchange
rate constant300 K) about 40% larger than that given by the
modified ab initio PES. This difference is partly due to the -400 |
existence of an effective barrier in the present PES at about :
A (Fig. 1). It causes the transition state to occur at sméatter ~600 ‘ . . .
and thus decreases the value of the calculated rate consta 1.5 2.5 3.5 4.5 5.5
(smaller “cross sectionf for the recombination collision. If Reaction Coordinate R (A)
the, negat|v€ temperature_ dependence of t_he rate constantﬁ%. 4. The energ¥(JjQ;R) of a hindered rotor statel{€2) as a function
written asT~ ™, the experimental value of is 0.88-0.26. ot R for 160-- %010, Symbols are obtained using the model poteriE.
The present calculation yielded a smaller value, 0.36, whicl30) and lines are obtained using the modifid initio PES.
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4.0e+05 ‘ enrichments are essentially the same under the three different
conditions.
Since a recombination reactiot+Y Z (Y#Z) can lead
3.0e+05 | . 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

2.0e+05 | Loose : h
to one ozone isotopomefyY Zand half to the othelXZY. In
the present study, a more general approach is used, where the
) assignment of the transition quantum state to each product
1.0e+05 | Tight 1 -

was determined by an integral of its wave functisquared
Tight 2 over half of thef space, the space that leads to that particular
molecule as in Eq(15). As noted in Sec. IV, no significant
I 1000 2000 3000 4000  500.0 Qiffere_nce between the two sets of results was found for t_he
Energy (cm™) isotopic exchange rate constants, or for the recombination
rate constants, between the approximalg € ®,=0.5) and
FIG. 5. The number of statee=3;N(EJ) as a function ofE for the  the integrated wave function treatment for this partitioning.
recombination reactio#fO-+ *0, 0. The curve labeled “Loose" is for It has been pointed out that the large variation in recom-
a loase transition state, the one labeled « Tight s obtained using thebination rate constant ratios correlate empirically well with
model PES(Ref. 30, and the one labeled “Tight 2" is obtained using the
modifiedab initio PES. ratios of moment of inertid! differences in zero-point
energies**®and ratios of reduced massésndeed, all three
quantities are mathematically related to each dthand so
one cannot determine which of the three factors dominates
imply from a plot of the rate constant ratios versus any one
f them3*4" The theory®3°brings out that of the three it is
the zero-point energy difference that is the primary source of
utg_e 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.

0.0e+00
0

The calculated results for low-pressure recombinatior®
rate constants and their ratios are less sensitive to the tran
tion state(and thus to the PEShan the isotopic exchange
rate constants. The differences between results obtained
ing the two tight transition state@his work) and between
those obtained using a loose and a tight transition $R&¢
30) are both small. For example, the model PES gives a low
pressure recombination rate constant fdio+160%0 ~ ACKNOWLEDGMENT
— %0, within 10% of that given by the model PES at both |t is a pleasure to acknowledge the support of this re-
130 and 300 K when the samkE is used(footnote ¢ of search by the National Science Foundation.
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