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An intramolecular theory of the mass-independent isotope effect for ozone.
[I. Numerical implementation at low pressures
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A theory is described for the variation in the rate constants for formation of different ozone
isotopomers from oxygen atoms and molecules at low pressures. The theory is implemented using
a simplified description which treats the transition state as loose. The two principal features of the
theory are a phase space partitioning of the transition states of the two exit channels after formation
of the energetic molecule and a smalh. 15%) decrease in the effective density of state$a
“non-Rice—Ramsperger—Kassel-Mardi®RKM) effect”], for the symmetric ozone isotopomers

[B. C. Hathorn and R. A. Marcus, J. Chem. Phi/t1, 4087(1999]. This decrease is in addition to

the usual statistical factor of 2 for symmetric molecules. Experimentally, the scrambled systems
show a “mass-independent” effect for the enrichmedéitdor trace and E (for heavily) enriched
systems, but the ratios of the individual isotopomeric rate constants for unscrambled systems show
a strongly mass-dependent behavior. The contrasting behavior of scrambled and unscrambled
systems is described theoretically using a “phase space” partitioning factor. In scrambled systems
an energetic asymmetric ozone isotopomer is accessed from both entrance channels and, as shown
in paper |, the partitioning factor becomes unity throughout. In unscrambled systems, access to an
asymmetric ozone is only from one entrance channel, and differences in zero-point energies and
other properties, such as the centrifugal potential, determine the relative contribgtiens
partitioning factors of the two exit channels to the lifetime of the resulting energetic ozone
molecule. They are responsible for the large differences in individual recombination rate constants
at low pressures. While the decrease ifor symmetric systems is attributed to a small non-RRKM
effect », these calculated results are independent of the exact origin of the decrease. The calculated
“mass-independent” enrichments,andE, in scrambled systems are relatively insensitive to the
transition statgTS), because of the absence of the partitioning factor in their ¢asea fixed
non-RRKM 7). They are compared with the data at room temperature. Calculated results for the
ratios of individual isotopomeric rate constants for the strongly mass-independent behavior for
unscrambled systems are quite sensitive to the nature of the TS because of the partitioning effect.
The current data are available only at room temperature but the loose TS is valid only at low
temperatures. Accordingly, the results calculated for the latter at 140 K represent a prediction, for
any givenz. At present, a comparison of the 140 K results can be made only with room temperature
data. They show the same trends as, and are in fortuitous agreement, with the data. Work is in
progress on a description appropriate for room temperature20@ American Institute of Physics.
[S0021-960600)01445-9

I. INTRODUCTION sphere and mesosphere, the evolution of an atmosphere like
In a recent paper, hereafter called papkitiwas postu-  hat of Mars and the ancient atmosphere on E%?ﬁ_ﬁl' _
lated that a smalica. 15%) non-Rice—Ramsperger—Kassel— ~ AS we have noted in paper |, the difference in physical
Marcus (RRKM) effect gave rise to a dramatic effect, the terms in this theory of the two types of experiments is that in
so-called mass-independent isotope effect, in ozond€ unscrambled experiments only one of the entrance chan-
formation?~24 Recently, experiments on specific elementaryn€ls to form a vibrationally excited ozone isotopomer, such
reaction step&~2® in contrast with scrambled systems, @ XYY*, is accessed, e.g.,-XYY —XYY*. In scrambled
showed dramatic mass-dependent effects. This dichotom@xperiments XYY is also formedvia an additional channel,
between the behavior of individual recombination steps and *XY —XYY*, since the isotopic exchange reaction
of scrambled systems is treated in the present paper, usinft+YY=XY +Y is extensive under scrambled conditions. A
the formalism given in paper |. The focus there was thedifferent and mass-specific percentage of the transition state
derivation of equations to treat these experiments. The fielphase space of the two exit channels, described by a “parti-
itself, it has been suggested, provides added insight into diioning factor,” is occupied when the access to it is from
verse phenomena, such as stratospheric/tropospheric mixingnly one channel. This difference in conditions led in the
stratospheric dynamics, oxidative processes in the stratdinetic scheme to a marked difference in the theoretical ex-
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pressions in paper | for the two types of experiments. II. EQUATIONS FOR RATE CONSTANTS AND FOR
We describe in the present paper the numerical resultENRICHMENTS
arising from the theory of paper | and compare them withy Recombination rate constant at low pressures
experiment. Theoretical expressions for several other quanti- _ ) )
ties treated there are also calculated and compared with the Most studies of the mass-independent isotope effect
data. As noted previously, to make the calculations we usBave been made in the low pressure regitmee-body re-

RRKM theory, modified to include a small non-RRKM cor- combination regionand we focus on it in the present paper.

rection for the symmetric molecules. For the calculations deHOWeVer, to obtain more information on the transition state,
scribed in the present paper, we employ in addition a simpliVé shall also refer to data for the recomblnatlpn reaction at
fied model of the transition state, a loose transition statef9h .prsess_%lér% and to data on the isotopic exchange
numerically for the density of states of the vibrationally ex- "€éaction:
cited molecule and the transition state sum of states. The The low pressure formula for the rate constafyf for
enrichment results for scrambled systedsndE, are rela- recombination in a reaction chanrels, when there are two

tively insensitive to the nature of the TS and a comparisor?Xit channels for redissociation of an energetic moletule,

can be made directly with the body of the data, which are at 0a o et

room temperature. Results for the ratios of individual isoto- kréc:w; fE[Na/(Na_I_Nb)]pe 8 dE/Q,

pomeric rate constants are, however, quite sensitive to the

nature of the TS, because of the partitioning factor. Since the o E ElkgT

loose TS is valid only at low temperatures, the calculated =Q_a 3 EYape dE,

results(here at 140 Kfor the individual rate constants of the ) o o .

unscrambled systems are compared with the room temper#here o is the deactivation collision frequency in the low

ture data. They represent predictions for future low temperaPressur&low energy region, p(E,J) is the density of states

ture data. Further numerical calculations using a model mor8f @n energetic molecule atTenergyand total angular mo-

appropriate for the negative temperature coefficient of thénentum quantum numberN,(E,J) is the number of quan-

recombination and exchange rates is in progress. tum states in the transition state for entrance channel
As discussed in paper |, RRKM theory is used as the?‘"\‘;r)(EvJ)_i.S that for the alternative exit channiel andQ,

zeroth-order theory, with a small perturbation correction for'S the partition function of the recombining pair in chanael

the effective density of states of the symmetric isotopomeridn their center of mass frame, and includes the electronic

ozone molecules, XXX and XYX, as compared with the partmqn function. Fpkréc the expression is the samr-:\r(aslg

asymmetric ones YXX or YXZ(This correction is apart PUt TW'th a and b In‘t‘erch_qnggd_ The f:’:\ctovas NI/(N]

from symmetry numbers, which are also includet.ratio- 1 No) represents a “partitioning factor” between the two

nale, in terms of sparsity of states and fewer overlappiné:han“elsi and is defined to be zero unless at least one of the

resonances for the symmetric molecules, was described #/© channels is open for a given energy and angular momen-

: font
paper |. The lifetime of the small and vibrationally excited tUM; I-€,,Na+Np=1. _
ozone molecule, as estimated from the dfata, of the order Thepin Eqg. (2.1) does not include a symmetry number.

of 3 ps at room temperature, which is also in the neighbor\Vhen the reaction is *YTX_’?r(YX:’ where Y may or may
hood (0.1 to 1 p$ of the time scale expected for some non-"0t €qual X, the factoN,/(N;+Np) becomes 1/2 and the
RRKM behavior. The “non-RRKM” correction is smalta. energetic molecule is symmetric. This factor of 2 can then be
15%) relative to what such a correction could be, but is large?°SOrbed irp which for this case now has a symmetry num-

in its consequence for the phenomena discussed in tHeer Of 2.

present paper. Its importance is magnified in its effect on the

er}nchment.fgctorss and E given later, and is suph that it g High pressure recombination rate constant

might be difficult to detect in usual thermal unimolecular o o

reaction rate experiments. The recombination rate consta4t? of a reaction in the
Although we have suggested a non-RRKM origin for thehigh pressure region is

reduced density of states of the symmetric molec(dese- 1

duction apart from symmetry number efféctare note that kﬁ;ca:h_z J N;e* ElkeT 4 E. 2.2

the results described below are independent of the exact ori- QT Je

gin of the reduction. There are, also, further experimentaFor reactions such as XYY —XYY or YXY, there is a

consequences of the suggested origin, described later. separate rate constant for forming each reaction product. For
In Sec. Il we recall the relevant equations, includingreaction X+YZ—XYZ when YZ is heteronuclear, when the

those for the rate constants of individual reactions as well agransition state in the entrance channel is lodseely rotat-

an effective rate constamfgfc contributing to studies made ing YZ in the transition stade the right-hand side of Eq.

with isotopically scrambled conditionextensive isotopic (2.2) for the high pressure rate constant should be multiplied

exchangg and so contributing to the theoretical expressionby 1/2, since only 1/2 of the transition state species

for & or E. The expressions are used in Sec. lll to obtain(X+YZ)" leads to XYZ, the other half leading to the iso-

equations for the rate constants and for the enrichment. Theer XZY*. If the transition state for this heteronuclear YZ

numerical implementation of the expressions is described icase is not loose, a weighting factor different from 1/2 is
Sec. IV, applied in Sec. V and discussed in Sec. VI. needed. For example, if 1 and 2 denote the two reaction

(2.1
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paths in the entrance channel, {héor the vibrationally ex- where Z£X, are extensive, and a local isotopic equilibrium
cited molecule obtained from entrance chanaehas ap  between atomic and diatomic species is readily established.
weighted byN] //(N! ;+ N ,) for reaction path IN] ; being ~ Reaction(2.7) occursvia a highly energetic intermediate,
the number of states for pathWhen the transition state is XYZ*, which can either dissociate to form productyf7)
loose, this factor reduces to 1/2. or the reactants, or more rarely be deactivated by collision to
While this factor of 1/2 is not explicitly cited in Eq. form XYZ. We denote the recombination rate constants to
(2.2), it would be used when appropriate in applications.form this XYZ by k?e’i and k?étg, whereb is later defined as
When there are two distinguishable isomeric products posthe channel having a diatomic reactant with the higher zero-
sible, the recombination rate constéfy, refers to forming a  point energy, say XY,
specific ozone isotopomer.

X+YZ—XYZ k%2, 2.9
C. Isotopic exchange rate constants Z+XY —XYZ K8, 2.9
Two exchange reactions are ©¥,—XY+Y and The rate of formation of XYZ under these conditions of
X+YZ—XY +Z when Z#Y,X. When the entrance channel rapid isotopic exchange is
is denoted bya and the exit channel of this exchange reac-
tion by b, the isotopi h t tant h i dXYZ _ sa 0b eff,a
vy b, pic exchange rate constant was shown in  ZZ_= _ poay vz 4 (07 xy —efftay vz, (2.10
paper | to be, at low pressures, dt
1 NINT where
k&=ra 2 f e FkeT g, (2.3
hQ, T Je Na+Ng Q
keff,a: kO,a+ kO,bK _ kO,a+ kO,b_b (2 11)
whereN] andN| again depend of andJ. If the transition e ree Treeex e T TeeQ,

state is loose and if ZY, one again multiplies Eq2.3 by pere K, is the equilibrium constant for reactid@.7) and
1/2. The » does not appear if2.3), and the equation as- e (s are conventional partition functions containing the
fr‘]*mes tt.hatEtheréaJls l}lcihmer;notry, fo?r:er th?n the cr?nstarlltg 9Ero-point energies. The combination of rate constants in
e motionE andJ, of the state of the entrance channel in ; ;
any subsequent dissociation of the molecule (2.1 appears below, and in paper I, kg | kqsdexin an
y a : expression for the isotopic enrichment the superscript
“as’ denoting the formation of an asymmetric isotopomer.
D. Relation between k%.#(w=0) and k2 (w—0) The theoretical expression fbﬁfc'a is simpler, it will be seen,
than that fork%2 or k% alone, as was also noted in paper |I.

As shown in paper I, the value &f;. for the reaction In particular, the “partitioning factor,” N;/(N;+ N;',),

X+X,—X3 (w—®) (2.4)  present in Eq(2.1) is absent in the equation fa€?,

can be inferred from the rate constdqt for the isotopic B

exchange reactio(2.5), ket = w; fEPe BT dE/Q,. (212
X+Y,—XY+Y  (0—0). (2.5

For thek®™ we have similarly
For example, when the former is unknown or very uncertain
because of some complication occurring in the high pressure k,ef(;b= KOb 4 KOA/K o= wg pre‘ EkeTdE/Q,.

. oo oo . rec re
region where it is measuréa,krec can be approximately es-
timated fromkg,(w—0). (2.13

FrOT Eqs.(TZ_.Z) and (2.3), neglecting differences be- |n each of these expressions, the domain of the integral and
tweenN, andNy, in Eq. (2.3, we have summation is restricted to the region whétg+N/=>1.

K? ~2k 26 For the present paper we first consider the enrichment

rec™> 2Kex (2.6) ; _
_ factor 98 where two of the three isotopes are present in trace

where theke, is measured at¢—0). amounts, the trace isotope being denoted by Q. We consider

Equations2.2) and(2.3) differ only in thatN}in oneis  studies of the enrichment in these trace isotopes in the low
replaced byN;Ny/(Na+Np) in the other. Neither integrand pressure “three-body” region. We then consider the enrich-

depends on a density of states of the ozone, for example. OnfientsE of the various isotopomers in heavily enriched sys-
can obtain a more accurate relation by evaluating the specifigms.

expressions forky,. and kex, and we have done so in In terms of rate constants and equilibrium constants of
Sec. VE. the reactions
O+0,—0; kg e, (2.14

E. Effective rate constants and enrichments in
scrambled systems O+Q0—-Q00 k3. (219

For a scrambled system at low pressures the isotopic
exchange reactions, e.g.,

X+YZ=Z+XY, 2.7) Q+0,—~Q00 ki%e, (217

0+Q0—-0Q0 kS, (2.16
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Y=1
E T 11 /
\E = Bop + b
\13 =Afe
Eop
\E = Boo+af®
Eou
0
Zﬁ
FIG. 1. Description of the contributions I, I, and Il to the integration

region fork?ec in (E,/ %) space, for the casgq,,=Eq, anda=b.

O0+Q0=0Q+0, (Kgy, (2.18

the rate of formation of QOO, using E@2.11) above, is
(kg g6t Kg66Ke) O-QO, whereKe, is the equilibrium con-
stant for reaction2.18. The rate of formation of OQO is
kquOQO, the s denoting the formation of a symmetric

B. C. Hathorn and R. A. Marcus

Gas T KGseKex in EQ. (2.193 for 96, the 6+q6 being the
a channel, since oxygeq6 has a lower zero-point energy
than 66.

For Ej;; in general, Eqs(4.189 and (4.18h of paper |
can be combined to yield
(K, +kee) ,
= ':i,kg 6r:C Kgllo—1 (j#6), (2.20

wherec denotes or b, according to whether thietij chan-
nel is ana or b channel. Thes is 1 or 2, according a
#6 orj=6, respectively.Kgﬂ is the equilibrium constant
for reaction(2.5), when X=%0 and Y=10. Ejj; » given by
Eq. (4.2)) in paper |, is

K iKE
2k3 66

(0]

>

E.= = S
Qa 6,66 J

1

J' pe*E/kBT dE— 1,
E
(2.21

where w, p, andQ are the relevant quantities for the- jj
recombination reaction.

Ejj for unequali, j, andk is given in paper | by Eqg.
(4.26), where eaclk?®® now denotes the total formation rate
constant for the sum of the two isotopomeric ozones. It is
also given by Eq(4.34) there as a sum and an integral over
(J, E) space. Once again, the partitioning factor becomes
unity throughout.

molecule. The net rate of formation of an ozone molecule

containirg a Q isthus (k§ge+ ki %eKext Kgq6)0-QO. Since
the rate of formation of @is kg 5O-O,, the ratio of reaction
products formed (QO®0QO)/0; is [(K§ge+ kg seex
+kg46)/ Kz 661 (QO/QD,). The enrichment factdts is defined
as the QO/Q ratio in the products divided by that in the
oxygen reactant, minus one, and so, using Ejl2 or

(2.13,

as as s
a5= 2( 6,q6+ kq,GSBKex+ k6,q6) -1
3k6,66

(2.19a

2 33/ (paest pege)e” =/ 8T dE
3 S peee E*eTdE

1, (2.19b

where pg3, is the density of states of the asymmetric mol-

ecule, *°0™090, pg is that for the symmetric molecule,
18090%%0, andpgggis the density of states for tHEO0%0
molecule, which can only be symmetric. Hegss 17 or 18.
There are clearly no partitioning factors i(2.19H. In

(2.199—(2.19H we have set the various deactivation colli-

lll. IMPLEMENTATION WHEN A LOOSE TRANSITION
STATE IS ASSUMED

When a loose transition state is assumed for simplicity
(e.g., as in “phase space theonythe orbital angular mo-
mentum quantum numbef of the colliding reactants, the
rotational angular momentum quantum numbef the di-
atomic reactant, and the vibrational quantum numbef the
diatomic reactant, are good quantum numbers in the region
of the transition state in the entrance charméNhenk;.¢ is
calculated using Eg.2.2) and a loose transition state is as-
sumed, it is convenient to ugeand / for the angular mo-
mentum quantum numbers in the sum, instead of introducing
the total(rotational plus orbitalangular momentum quantum
numberd.*6-3However, when there are either two channels
involved in the process, as in E.3) for ke, or when the
density of states of the vibrationally excited intermediate
plays a role, as in Eq2.1) for kf’éi, it is necessary to intro-
duce the total angular momentum quantum numben Eq.
(2.3 it is assumed that there is no memory of tfig/)

sion frequenciesy, equal to each other for notational brev- values in the initial channeh by the outgoing(j, /)’s in
ity. However, in the equations we actually use, this approxichanneb, subject to the constraints of const&andJ (and,

mation is not made. As in Eq2.19b, this quantity?s was
expressed in Eq(2.20 of paper | as a sum ovel and an
integral overE in the (J, E) integration domain where either
NI=1 orN/=1.

Turning next to the enrichments;;; , Ej;; , andE;j in
paper I, we note that the integration (.12 and (2.13 is
over a region wherél!=1 or N/=1 or both. In the loose

transition state approximation this integration region consistgculg, and a centrifugal potential/(/ + 1)%2/2ur?.

of I, Il, and Ill in Fig. 1. A particular case 0f2.1)) is the

conceivably, some other quantum numbén this case the
sum overj, 7/, m;, andm, is replaced by a sum ovgr/, J,
andM;. The sum oveM, yields (2J+1) as a factof?

For a loose transition state the effective potential for the
relative motion of the colliding pair is the sum of an attrac-
tive potential, written often as-Cg/r®, r being the separa-
tion distance(atom to center of mass of the diatomsié: QOI'

2 —

The energy barrier is found, as usual, by locatingrthere
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this sum is a maximunithe bottleneck to the reactipriThe
energy barrierfE! , for channela and that forb are then
found to b@0-3841-43

El =%l /(/+1)*% El,=l/(/+1)]%?
(3.13

and where

5 = (6Ceup) .

1

= (6Ceug)"4h°, (3.1b
To calculateN] the sum at a gived andE is made over

all thej, /" and vibrational quantum numbertswhich satisfy

the energy condition

EBEJ\a_I— ET/,a+E0,a+ Eva: (3.2

whereE; , is the rotational energy of the diatomic molecule,
j(j+1)Bp a, Bp  being the rotational constant/2| D.a Of
the diatomic molecule in channel The third and fourth
terms on the right-hand side ¢8.2) denote the zero-point
energy and the additional vibrational energy of the diatomi
molecule in channek. A second condition on the expression
for N; is thatj, /, andJ satisfy the triangle inequalitif
|j—/|<J<j+/. Thereby, we can write

[’

J+j
N;(E,J):JZ,O /z%n (2J+1)h(E-E; ,—E} .

(3.3

whereh(x)=0 for x<0 and=1 for x>0 and where in the
present casg, , in (3.2) equals zero to an excellent approxi-
mation at room or low temperatures, sinkgT<hv. The

- Eg,a)/O'D,av

0p.a Is the symmetry number of the diatomic molecule in the

transition state foN;. For NE(E,J) thea's are replaced by
b’s.

For the evaluation ok2 using Eq.(2.1) it is necessary,
in addition, to calculatep. For this purpose the triatomic

molecule will be treated here as a “near-symmetric” top for joint density of state

simplicity of presentation. Its rotational ener@y,, is then
given by

E,o=BaJ(J+1)+(Bc—Ba)K?2, (3.9

whereK=J (K is the projection of] along the body fixed
axis), B, and B¢ are the rotational constants’/2l, and
#2l¢. | is the smallest moment of inertia of ozone. Fgr

Isotope effect for ozone. Il 9501
Here,D is the electronic dissociation energy of the triatomic
molecule anckE,;, is the vibrational energy of that molecule
in excess of the zero-point energy. For any giyemd/ in
the entrance channdt itself can be no less than the value
given in Eq.(3.2), the excess being the initial translational
energy in the center-of-mass system.

The value ok, for a reaction2.4), i.e., X+X,—Xa, is
given bf7'38’41_43

Kiee=2(27/ 1) Y%(2Cq) Y3k T) YT (2/3)/Qq, (3.6)

whereI" denotes the usual gamma function, &g repre-
sents the electronic partition function of the @)
+02(329) pair, calculated from the energies and degenera-
cies of the individual electronic energy levéfsThis result is
obtained by using classical partition functions for the transi-
tion state region and molecular fragments, when only colli-
sions leading to the ground electronic state are reactive. Al-
though not used directly in the present calculation, this
analytic formula provides a useful check on the numerical
calculations, agreeing to within 1%, when applied to the
omonuclear X X,— X3 reactions.

IV. NUMERICAL IMPLEMENTATION

Three critical quantities are involved in the implementa-
tion of the formulas for the rate constants, the sums and
densities of states, the partition functions for the collision
pair (which also arises in the calculation of the equilibrium
constants for the exchange reacjiand the collision fre-
quencies. The methods by which these quantities were ob-
tained are outlined below.

A. Sums and densities of states

Molecular densities of states were determined numeri-
cally, making use of densities of states determined for non-

interacting modes, and using a convolution to determine a
%8,39,45,46

E
p1AE)= fo p1(E")p(E—E")dE". (4.7)

In order to accomplish this numerically, the grain six&
=dE was varied until suitable convergence was obtained, in
the present case a grain size&E=1 cm ! produced con-
vergence of the numerically calculated PST value to the

we use the geometric mean of the other two moments o¥alue which is obtained by a classical evaluation of the high

inertia®® pressure rate constant. Under this procedure, a density of
The quantum numbe is either treated adiabatically or states for a single mode is expressed as a veg{®), the

as “active.” In the former case some particular correlation tocomponents of which are the number of states within the

the initial (j, ~) must be postulated. In this case tié&s and
p's become functions oK also. In contrast, in th& active
case, thep is calculated by convolution of the number I§f
states and the vibrational density of states, the limitgkdn
being the lessor of and the maximum allowed by the en-
ergy condition(3.2). We denote this value oK by K-

That is,K ax IS the lesser of
Kma=J, (3.59

(Bc—Ba)K2 ,=E—BpJ(J+1)+D—Ep. (3.5b

interval (E,E+ 8E). A grain size smaller than=1 cm !
would not be meaningful, for a molecule with a lifetime of 3
ps, without invoking uncertainty principle-broadened energy
levels of the molecule and a discussion of isolated vs over-
lapping resonancés.

Vibrational densities of states are obtained numerically
by a direct count of the states. For the vibrational states,
anharmonicities, are not included, and the spectrum for a
single mode is given by

E,=(n+Hhv. (4.2)
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The implementation of the convolution integidl.1) is per- kT

formedvia a Beyer—Swinehart algorithi{:*8 Q=75 (4.9
The rotational density of states for ozone molecules has

been obtained by treating the molecule as a “near-symmetric 2mukT\%?

top,” %9 trans ( h2 ) (4.10
E(J,K)=BCJJI+1)+(A—BC)K? (4.3  wherec is the usual symmetry numbeB, is the rotational

) constant, ang is the reduced mass of the atom—diatom pair.
where A, B, and C are the molecular rotational constants. The electronic and vibrational components of the parti-

Each(J, K) energy level appears with a degeneracy o (2 {jon function are calculated using the quantum partition
+1)/o, whereo is the usual symmetry number and is sub-,nctiond4
ject to the usual restrictionr J<K<J. Since the ozone mol-
ecules of interest are on the grouh®d; potential surface, no exp(—hv/2kT)
convolution with an electronic degeneracy is necessary to Vib:1_exq_hy/k1—)’ (4.19
obtain the total density of states.
For the transition state, the angular momentum con-  Qelec= 15+ 9 exp — 158.5KT) + 3 exp —226.5KT),
served states for channedsand b are obtained by a direct (4.12

enumeration of the energy states in each of the two channel§here » is the vibrational frequency of the diatomic mol-
ecule, and the energies appearing in the electronic partition

j,/)=3al/(/+1)]¥%+B,j(j+ : . .
Ball, )=zl A (/DI Baj (j+1), @4 function are in wavenumbefé.
Ep(j,/)=3b[/(/+1)]¥*+Bpj(j+1). (4.5  c. collision frequencies
Each state being assigned a degeneracy df-(2) and be- We have assumed that the deactivating collision between
ing restricted by conservation of total angular @ vibrationally excited ozone molecule and a bath gas mol-
momentunt?-37:40 ecule is governed by a Lennard-Jones-type potetttial,
13—/|<j<d+/. (4.6)

VLJ(r):4E y (413)

o 12

- -
The value ofCg for the atom—diatom interaction is taken to
be half that of the ©-0, collision pair*® 2.78 Whereo ande are standard interaction parameters for which
X 10" "8JnP. The results are not strongly dependent on theve have 5(:):1ssumed_ literature  values=3.889A and e
exact value of this constant, as in the high pressure limit, the= 107.3 K> The collision frequency is then given By
dependence of the rate constant scales ®@}fi. The vibra- T 20
tional density of states is obtained, as in the case of the ,=48710"4\/— +/——
molecule, by a Beyer—Swinehart algorithm, with the excep- 1000 Hog,N,
tion that in the present case the lowest harmonic energy level
is given byD + 3hv, to account for the electronic dissocia- % g
tion energy. The total density of states is obtained by a con- S

volution integral(4.1), and the sum of states for the respec-Tne quantity is the reduced mass of the ozone—nitrogen

tive chgnnels is obtained from the integration over thepair in amu, which depends on the mass of the isotopes in-
respective densities of states,

volved, T is the absolute temperature, and the collision inte-
gral Q3 , is approximately given b§="

2
03, cm®mole *s L. (4.14

N(E,J)=J p(E,J)dE. (4.7) *
5,=1.16145T*) %1487440.524 82 %7"%7

As prev!ously noted, an additional factor of 1/2 must be in- +2.1617@ 2437887 (4.15

cluded, in the case of a homonuclear fragment, to account for

the symmetry number of the diatomic fragment, but also inwhereT* is the reduced temperature,

the case of the heteronuclear fragment, where half of the

phase space represented by the sum of states is correlated to 1« — I (4.16
each of the two possible products in the recombination. €
B. Partition functions We also note that in the ratios of third-order rate con-

The partition functions for the atom—diatom pairs are_stants required for the calculation of enrichments, the factors

given by a product of rotational, vibration, electronic andm the collision frequency cancel with the exception of the
translational partition functiorf¥ ' ' ' square root of the ratio of the reduced magsasn Eq.(5.1)

below]. This result is consistent with the experimental obser-
Q12=QroQuitQeleQrans (4.8  vation(Ref. 28 that the ratios of rate constants have a neg-
’ ligible dependence on the nature of the third-body molecule
The rotational and translational partition functions are givereven though the absolute values of the recombination rate
by their classical valué$ constants have varied significantly.
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TABLE |. Estimated vibrational frequencies for ozone isotopomers. TABLE Il. Calculated and experimental isotopic enrichments at 300 K and
room temperature.

Isotopomer 121 123 V3

Isotope Calc? (%) Calc® (%) Calc® (%) Calc® (%)
160160180 1104 701 1043 . ; _ _ _ _
ST 1071 680 1012 combination Experimefit 7=1.15 n=1 n=1.15 n=1
18000 1041 661 984 160160160 0.0 0.0 0.0 0.0 0.0
1000 1096 693 1037 ot’oo -1.8 -1.4 -1.4 -2.2 -2.2
1601700 1088 697 1025 18080180 —-4.6 -5.5 -5.5 -5.2 -5.2
15000 1088 684 1032 16ot60t70¢ 11.3 12.7 2.4 10.4 0.4
16018010 1074 693 1008 160160180 13.0 14.5 4.1 10.9 0.9
"ol70t%0 1080 689 1019 ot’oteod 12.1 12.0 1.7 9.7 -0.4
ol%0t0 1087 684 1031 ol7oteod 9.5 10.9 0.7 7.9 -1.8
ol"0t0 1063 672 1006 1801801601 14.4 13.1 2.4 9.4 -0.8
0t%o0 1057 677 995 18ot8ot70d 8.3 8.8 -1.2 6.6 -3.2
1808010 1057 677 996 18ot70te0d 18.1 18.9 3.4 15.0 0.0
Boteo!o 1072 668 1019
180180170 1049 669 990 “Experimental data at 300 K are from Mauersberggeal., Ref. 19.
180170180 1056 665 1001 PCalculated from Eqs(4.183, (4.18B, and(4.26) of paper |. The definition
160170180 1072 681 1013 of enrichment is given by Eq4.13 in paper I. In order to make a com-
160180170 1065 685 1002 parison to the data at 300 K, the rate constant ratios from 140 K were used
176160180 1080 676 1025 together with the equilibrium constants at 300 K. This assumption invokes

the approximation that there is only a weak temperature dependence of the
rate constant ratios.

As in footnote b, but the calculated rate constants are those at 300 K.
9dEnrichment is for all possible isotopomers.

V. NUMERICAL RESULTS

A. Isotopic enrichments 12
o' MogM
To calculate the various isotopic enrichments and the —= (5.0

recombination rate constants the values for the moments of ¢ Koy M

inertia and vibration frequencies of the various isotopome.r%hen the ul, \ denotes theu for some isotopomer of

are needed. The former are known. A formula for the latter is , 3

availabl&? for symmetric isotopomers XYX and XXX. We 03,05

have tested it using known values where availdbRg;>*and

have also derived an approximate formula for asymmetri

isotopomers, which we have also tested using known The results for the experimental individual rate constants

values®*°3**|n each case the calculated and experimentafor X +YY relative to °0+1°0, are plotted in Fig. 3 versus

results agree to within less than 4 chwhich is quite ad-  the ratios of rotational constants of the diatomic molecules in

equate for our calculation gf. The formula and tests will be the two exit channels, prompted by the theoretical model in

submitted for publication elsewhere. The calculated isotopothe present paper. The straight line there is merely to guide

meric vibrational frequencies used in the present calculatiothe eye. Because of correlation of differences in diatomic

are given in Table I. rotational constants with differences in zero-point energies
Calculated results for isotopic enrichments for and with ratios of reduced masges| isotopomers obey the

“scrambled” systems with large concentrations of heavyrelation of(a, b) and Ega,Eqp) seen in Fig. 1the plot in

isotopes are presented in Table Il and Fig. 2 #p£1.15.  Fig. 3 could also have been vs the ratio of reduced masses in

They are obtained from individual isotopomeric rate con-the two channels, or vs the difference in zero-point energies

stants and Eqs(4.183, (4.18h, and (4.26 of paper I. In

order to make a comparison with the existing experimental . .

data, we have used the ratios of rate constants calculated : Isotopic Enrichments

low temperature, where the phase space theory transitiol

state is valid, together with the equilibrium constants from

300 K, where the experiments are performed. This approxi-=

mation should be valid to the extent that ratios of the rate .

constants are not strongly temperature dependent, apart frol& sg |

any dependence aof on T (more precisely on energyWe

63. Individual rate constant ratios

250

150 -

m

Clexgt. . Room T
Duncorrected, T-140 K
Mcorected, T=140 K

Enrichment (pe

use a value ofy chosen to fit the experimental data at 300 K. -50 -

For the calculation of absolute rate constants the fre-; Er: pggrigooglovE
guencies in Table | are needed, together with the deactivatg -150 1% = # ¢ PEE R T
ing collision frequenciesp. We have used a Lennard-Jones 050

collision frequency with a unit collision efficiency. It is
worth noting that in relative rate constants andithe ratio Isotopic Combination
of collision frequelnC|es IS mdependent of both the temperalee. 2. Experimental and calculatédsing rate constant ratios at 140 K

ture and the choice of Lennard-Jones parameters, and rptopic enrichments for scrambled systems heavily enriched in heavy iso-

duces to topes at room temperature, wit=1.15.
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1.1
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FIG. 3. Experimental rate constants for+XY reactions, relative to
1 1 . . ; )

+ vs ratio of diatomic rotational constant: B for th . . X
"0+7%0; vs ratio of diatomic rotational constants, eBp ga/Bps for the rate constant ratioy vz /Ks. g With 7=1.15. @, X-+XX reactions,O,

160+180, reaction. The straight line is a guide the eye. The plot could . ] T
equally be made vs differences in zero-point energies or versus differenceé(JrYY reactions, +, X+XY reactions(sum of both channglsAs in Fig. 4

in reduced masses in the two exit channels, since all three quantities a %re ;ﬁ;i”gﬁgtSaL;erS;gscifsgnrgogete::plirgtllire_rild "trr:: Sﬁ:ﬁﬂa:gdriseﬂzs
related, as noted in Sec. VI. ’ P

perfect agreement of the ratios.

FIG. 5. Comparison of calculated and experimental relative atdistomic

of the diatomic species in the two channels, which can béuture data on these unscrambled systems at low tempera-
shown to exhibit a parallel behavior. The results for the in-tures, remembering thag itself may be lifetime dependent
dividual ratios of rate constantkl.,’s, obtained at 140 K and hence temperature dependent.

from Eq.(2.2) are given in Figs. 4 and 5, as well as in Tables

[Il'and V. In the tables the results faj=1.15 are compared C. Rate constants for symmetric and asymmetric

with those atn=1.0. The results represent predictions for channels

Most recently, the rate constant ratios for the symmetric
and asymmetric channels for the reactions involi#@'o
20 have been measurédThe experimental rate constant ratios
(compared td%0+1°0%0) for the symmetric and asymmet-
ric channels of thé®0+ 1600 reaction are 0.54 and 0.73 at
room temperature, respectivéi§®® The rate constant ratios
we obtain for the symmetric and asymmetric channels, albeit

15 - at somewhat lower temperatures where phase space theory is
accurate, are 0.50 and 0.68, using a factonefl.15 for the
. e asymmetric channel. For th’§0+_160180 reaction the rate
(m)cﬂ constant ratios for the syr_nmetrlc and asym_metnc channels
’ are 0.52 and 0.46, respectivély>°compared with calculated
. values of 0.51 and 0.52. The complete set of specific rate
1.0 ]
TABLE lIl. Relative rate coefficients of atom plus homonuclear diatomic
formation channels (XYY —XYY) at low pressure. Experimental results
are at room temperature, calculated results are at 140 K.
0.5 : | : Reaction Expt. n=1.15 n=1
0.5 Loy L5 2.0 1%0+1%0, /*°0+*%0, 1.53+0.03 1.53 1.33
<;;;) » Y0+1%0,/M'0+170, 1.29+0.07 1.33 1.16
160+170, /*%0+1%0, 1.23+0.03 1.31 1.14
FIG. 4. Comparison of calculated and experimental relatve YO+0,/*’0+0, 1.01+0.05 1.00 0.87
atom+-homonuclear diatomic rate ratids, vy /Ky.xx » With 7=1.15. Ex- 180+170, /*%0+180, 1.00+0.06 1.04 0.90
perimental results are at room temperature, calculated results for these ratios 80+1%0, /*%0+180, 0.90+0.03 0.93 0.81

of rate constants are at 140 K. The line would represent perfect agreement ef
the ratios. % rom Mauersbergeet al, Ref. 26.
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TABLE IV. Reaction rate coefficients for ozone formation processes rela-TABLE VI. Calculated equilibrium constants for isotopic exchange reac-

tive to 1%0+1%0,—%0; at low pressure. tions at 300 K.

Reaction Expt 7=1.1% n=1° Reaction Keq Value
160+1%0, 1.00 1.00 1.00 1604-170,=170+1%00 K 1.92
0+170, 1.02 1.03 1.03 1604 180,180+ 160180 KEse 1.85
180 +180 1.03 1.02 1.02 17~ 16 .1 1617, :

1601 160 093 0.95 083 0+1%%0,=1%0+1%0'0 KSS: 2.08
2 . . . 17, 180 g180+17 18, 8,78
17 1 O+0,= 00 K 1.93
0+1%0, 1.03 1.02 0.89 1o 162 16 . 1816 788
1 17, 80+160,=1%0+180'%0 Kg 2.16
80+170, 1.03 1.06 0.93 o 17l 4 o 8,60
10+1%0, 131 1.37 1.19 #0+1'0,=1"0+1'0"%0 Kazy 2.08
160+170, 1.23 1.40 1.21 160+170%0=1"0+160'%0 Kese 0.96
80+180, 1.53 1.53 1.33 160+170%0=180+1%0'"0 k8o 0.92
o +1%0t0o° 1.17 1.20 111 170+160180=1%0+1%00 K&l 0.96
160+ 160180° 1.27 1.28 1.18 :
0+1%0t70° 1.11 1.02 0.96
Y0 +1700° 1.21 1.22 1.13
180+ 160180° 1.01 1.01 0.95
1801 170180¢ 1.09 1.06 0.99 tal values. The observed pressure dependenkg ait room
160+170%80° 1.47 1.28 and nearby temperatures is compfékut the data at 130 K
0+ 16080° 1.22 1.06 i » i i
180 1 160170y Toi e are simpler. Calculated 'resu!ts Ift,. andk’;,. obtained using
Egs.(2.1) and(2.2) are given in the table. One uncertainty in
% rom Mauersbergegt al. Ref. 26, at room temperature. the calculation of the absolute value kf},. and its tempera-
PResults calculated at 140 K. ture dependence is the value and temperature dependence of

“The rate constant which appears here is the sum of both channels, e.g. bo&p F i N yat i
P &G nd the efficien f th ivatin llisions.
X+YZ—XYZ and X+YZ—XZY. Each of the rate constants were deter- and the efficie cy of the deactivat g coflisions

mined separately, with the non-RRKM correction only applied to the sym-
metric channel, where applicable. E. Exchange rate constants

The results from the application of E¢.3 for the ex-

constant ratios is provided in Table V. The equilibrium con-change rate constant at low temperature are given in Table
stants used in obtaining the results in Table Il and Fig. 2 ar/1l. As Eq. (2.3 contains no explicit pressure dependence,

given in Table VI. these results are independent of such quantities as the colli-
sion rate and the collision efficiency, and can be indepen-
D. Recombination rate constants for ~ 60+10,—1%0, dently compared to the existing experimental data on the

o " 16~ 16 16 exchange rate. In the present case, the calculated exchange
Calculated values fokiec andkpe for O+70,—~"03 5165 are in reasonably close agreement with the experimen-
are given in Table VI, and compared there with experimen,| .y observed ones at low temperature, indicating that the
transition state is well represented by a phase space theory
TABLE V. Reaction rate coefficients for asymmetric and symmetric chan-transition state. The disagreement at higher temperatures is
nels of recombination reactions, relative'f®+%0,—%0; at low pressure.  indicative that the transition state may tighten somewhat at
higher energies.

Reaction Expt. 7=1.1%8 n=1°
Symmetric products . o
1604+ 170150 1501010 0.51 0.51 F. Calculation of k. from ke,
ijoﬁgiioﬁjoigﬁo 0.54£0.01 0.52 0.52 Itis useful to use the very approximate estimate given by
0+%%0t"0-10'%00 0.50 0.50 ; ;
”O+18017o:17018017o 0.52 0.52 Eq. (2.6) and the experimental value kf, to obtain a rough
%0 +1%00— 18000 0.52+0.01 0.51 0.51
%0 +170t%0 18000 0.52 0.52

TABLE VII. Calculated and experimental rate constants.

Asymmetric products

180417010180 "0%0 0.49 0.42 k Reaction T (K) Expt. Calc.
1 181 181181 .

13811%1%:138128128 0.46:0.03 g:gg g'_jz Ke2 160,4-160+N,—1%0;+N, 130 & 7.0

170+ 170160, 170170160 0.52 0.45 300 0.5 3.7

1801180170, 180180170 0.54 0.47 Ko, 160+180, 190180+ 180 130 5.6 8.1

180+ 160170 180160170 0.52 0.45 300 2.9 8.3

170+ 160180 170160180 0.69 0.60 Ko 160+160,1%0, 130 18 190h
160+160170 180010 0.69 0.60 300 >4° 180

170+101%0 1000 0.70 0.61

160+ 18017016000 0.70 0.61 aUnits are 108 cmPs™

160+ 18018016000 0.73+0.02 0.76 0.66 PCalculated from Eq(2.1).

160+ 170180, 160170t80 0.77 0.67 ‘Experimental data from Hipplest al, Ref. 32.

dUnits are 10*2cm® molecule*s ™%,
%From Janssest al, at room temperature, Ref. 27. See also Ref. 55 for a®Experimental data from Wiegedt al, Ref. 34.

definition of the value ok used. fCalculated from Eq(2.3).
PCalculated at 140 K. 9Calculated from Eq(2.2).
‘Reactions for asymmetric products are ordered in sequence of increasir‘_i&stimated to be 11 from the very approximate Exj6).
zero-point energy difference. 'Estimated to be 5.8 from the very approximate Ef6).
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estimate ok, and compare it with the observed values for *°0+%0, is about® 5.2x 10 *?cm®s™%, compared with the
160+%60,—1%0,. Only the data at 130 Kappearto be un-  value calculated from Eq2.3), 8.1x 10" *2cm®s™%. At 300
complicated. In applying Eq(2.6), the isotopic exchange K, the calculated value is 8810 *?cn®s !, where the ex-
reaction used for thé,'s was %0+%0,—®0+%0%0.  perimental result is about 2010~ *2cm? s™2, indicating that
Experimental and calculated valueskgf, are given in Table the transition state may be tighter by perhaps a factor of 3—-4
VII. The experimentak,, at 130 K, using the formula given at the higher temperature. Nonetheless, the results at low
by Wiegell et al.3* is 5.6<10 *?cm®molecule's™*. The temperature show that PST is a good approximation for low
value of k. predicted from Eg.(2.6) is then 11 energies.
x 10" 2cm® molecule s~ while the observed value at 130 The results of the model for phase space partitioning,
K is 18x 10 2cm®*molecule s, together with the non-RRKM correction for the symmetric
At 300 K, the thermal data of Hipplest al3? show com-  molecules, yield several interesting results. In particular the
plexities not typical in unimolecular falloff behavior. The general features of the “mass-independent” enrichments for
results appear to approach a limit, and then have an upsweeipe scrambled systems are well reproduced by the calcula-
to a higher value with increased pressure. The valuk@f tion, as seen in Fig. 2. As noted previously, these results are
predicted from Eg. (26 at 300 K is 5.8 based on the assumption that the rate constant ratios calcu-
x 10" *2cm®molecule *s™?, but the upsweep indicates that lated at low temperature, where PST appears to be valid, are
a value higher than 4 will be reached. the same as those obtained at room temperature, where the
transition state may be somewhat tighter and PST does not
provide its best representation. In essence, this assumption
means that the calculated rate constant ratios are assumed to
We note that the recent experiments on the rate constankigive a small temperature dependence over this temperature
of the individual channefd (symmetric vs asymmetric prod- region, apart from any dependencepbn temperature.
uctg validate the present assumption that the addition is pri-  The highest enrichment, both in the experiment and in
marily “end on,” with very little contribution, if any, to the the calculations, occurs for the isotopomers which contain all
products resulting from insertion of an oxygen atom into thethree isotopes:°O, O, and*®0. The only parameter used
O, bond. (The current experimental results indicate that in-for the figure wasyp=1.15, which was chosen to have the
sertion into the bond is less thanl% of the end-on attack. Same value as that in Tables Il and IV and Figs. 4 and 5 for
As noted previously, the PST transition state utilized inthe unscrambled systems. The importancey@ind the rela-
these calculations is quite loose, and cannot correctly adive unimportance of differences in zero-point energiesd
count for the well knowrf~®8 tightening of the transition diatomic rotational constants and centrifugal potentiats
state which typically occurs at higher energies, and thus aheir effect on the enrichmentg;; , is seen by examining
higher temperatures. At low pressure the recombination ratéhe striped blocks in Fig. 2: In each case the calculated en-
depends weakly on the transition stétéa the effective en- richment is small whery=1. That is, the effect of differ-
ergy barriers in the exit and entrance channalsd also on ences in zero-point energies, rotational densities of states and
the density of statesp of the ozone molecule and on the in centrifugal potentials in the two exit channels is “washed
deactivation collision efficiency. To assess better the validityout” for E;j; (and for96), since the partitioning effect has
of the PST transition state it is best to examine the numericalisappeared: the “partitioning factor” for the scrambled sys-
results which are independent of pressure and depend ontgm is now unity in Eqs(2.12 and(2.13 for k&2 andke™P,
on the transition state, namely the exchange rates and tivéhich appear in the Eq2.20 for Ejj; .
high pressure rate constants, E(&2) and(2.3). The negative enrichment of theé’O"0Y0 and
The data for the high pressure rate constants at highfO'®0'™0 molecules are also well reproduced in Fig. 2.
temperature appears to be atypical in its falloff behavior forThese negative values &f;; in Fig. 2 forj=7 and 8 are not
bimolecular recombination reactions, and thus, such comdue to a decrease ki, for 1’0+1’0, or 1%0+%%0,. Indeed,
parisons may be suspect. Nevertheless, we include them hetieesek’, s are seen in Table IV to be slightly larger than the
as a matter of completeness. At 130 K the high pressurkf’ecfor 160+160,. Instead, the negative enrichmeadg; for
recombination rate for the ©0,—O; reaction approaches a j=7 and 8 can be shown from E.21) for E;;; to be due
limit of approximately/? 1.9x 10~ **cm®s 1. This compares to a reduced concentration 10, and*é0, in the scrambled
favorably with the numerically calculated value of 1.9 mixture, as reflected in the presence of the equilibrium con-
x 10 *cns . The corresponding values at room tempera-stantKs®" appearing in the first half of that equation. Simi-
ture aré? 3.9-4.6<10 *cm’s ™%, depending on the bath larly, the appreciably negative values fgr=1 in Fig. 2 for
gas collision partner used, and X80 *cm®s™?, indicat-  Ejj; for i=7, j=8 and fori=8, j=7 are due to the same
ing that the transition state is somewhat tighter at highngﬂ appearing in Eq(2.20.
temperatures, perhaps by a factor of as much as 5. However, The comparison of experimental and calculated results
the room temperature recombination rate data are, as notddr the recombination rates for the unscrambled systems are
earlier, complex. given for X+YY —XYY in Table Ill and Fig. 4, and the
The experiments for the exchange rates do not containesults for all recombination reactions are given in Table IV
this complication and thus we can now make a ready comand Fig. 5. We see that these results show very large mass-
parison between the experimental and the calculated resultdependent isotope effects of up to approximately 50%, in
At 140 K, the experimental value of the exchange rate forcontrast with the nature of the enrichment observed in the

VI. DISCUSSION
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scrambled systemsvhere the enrichments are typically less Isotopic Enrichments
than about 15% and approximately mass independ8mhi-

lar remarks apply to the more general reactions 250
X+YZ—-XYZ+XZY in Table IV and Fig. 5. In physical =
terms, these large isotope effects for unscrambled systems i E 150 1
the present model have their origin in the partitioning fac- & 50 -
tors. By comparison with the results fgr=1, it is seen that + e ook
for these individual rate constants the partitioning factor ef- 8 59 _ Booriected T-000 K
fect contributes about 50% to the differenceskfly’s while 5 e & s I g M-8
the »#1 (1.15 in these tabl¢ontributes the other 50%. & -150 4 £ = = §8 FE 98 4
Upon examining Tables Il and IV more closely we see -

that the various results in these tables can be understood i =250
terms of Fig. 1. In Fig. 1 we make an estimate that/, Isotopic Combination
which is used only for the purposes of this illustration and

not in the actual calculations. When the diatomic reactant ha§'C: 8- Experimental and calculatddsing rate constant ratios at 300 K.
iISotopic enrichments for scrambled systems heavily enriched in heavy iso-

a lower gero-point energy than _the _diatomic mOIG?Ule in thegpes at room temperature, with=1.15. No attempt was made to readjust
other(exit) channel, the integration is over the regions | andy from the value in Fig. 2 to obtain a better fit for this plot.

[Il 'in Fig. 1 where in | the partitioning factoh(; iS unity,

while in 11l it is NI/(NI+N/). Thus, at low and accessible

E’'s and/®'s there is a significant contribution from the,  culation at room temperature, in Fig. 6. In this case it is
=1 region, causing’? to be high. Moreover, the diatomic known, by a direct comparison between the calculated and
reactant with a lower zero-point energy also has a higheexperimental results, that the transition state is too loose by a
moment of inertia and so a higher density of rotational state§ctor of 3—4, yet similar trends are observed in the calcu-
and a higher partitioning factor. Indeed, all three factors, thdated and experimental results.

ratio of the diatomic rotational constants for-¥Z to that A key factor in Fig. 2 is seen to bg, since the striped

for XY +Z, the ratio of the reduced mass of2¥Z to that of ~ results (7=1) show very small enrichments, in contrast

XY +Z, and the ratio of zero-point energies of XY to YZ, are With the black results £=1.15) and also with experiment.

all closely related: The first two equalmy(m,  The origin of 5 is attributed in this paper to a non-RRKM
+m,)/m,(my+my), and the third equals the square root of €ffect, but the calculated results in these tables and figures
this quantity. Accordingly, all of these differences in proper-are, as noted earlier, independent of the exact originy.of
ties of the two channels are related to each other. Effectivelyl he non-RRKM effect we have supposed arises from fewer
at low energiesE and at low/®'s i.e., when region | is resonance couplings in symmetric molecules where some
important, the second exit channel is energetically exclude@ortion of the ozone phase space in such molecules is as-
and so the excited molecule has a longer lifetime. It has §umed to be only weakly connected or disconnected from the
greater chance to be deactivated, therefore, by collision anehase space leading to the exit channels. Thereby, the sym-

so has ak% ratio higher than unity(in the =1 calcula- metric molecule has a lower effective in Eq. (2.1) and

: 0 i iven in Fi
tions). hence a lowek,. For comparison we have given in Fig. 7

In contrast, when the diatomic reactant has a higheth® enrichment plot for;=1.30 for comparison with Fig. 2
zero-point energy than the diatomic molecule in the othetVhere»=1.15. . o
(exit) channel, the integration is over the regions Il and Il in N summary, we believe that the data for individual re-
Fig. 1, where in Il the partitioning factorg is unity, while in combination rate constants in Tables Ill and IV and Figs. 4
Il it is NJ/(NJ+N[). The region where the relevait;
=1 (region l) is now both in terms of and/® less acces- . .
sible, and so now th&22 ratio is expected to be less than Isotopic Enrichments
unity. These ratios are, in Tables Il and IV, all relative to
some symmetric recombination reacti@fl three atoms con-
sisting of a single isotope For this latter reaction, the two E
lines coalesce in Fig. 1 into a single line, sinég,=Eg), .
and the slop@=b. The exclusive regions | and Il have now ﬁ- S
disappeared, and in Il there is, in effect, a partitioning factor ‘S’ ummesd. 140K
of 1/2, corresponding to a symmetry number. Thus, the ex-E -
clusive regions have disappeared and with it have the signifi-e -50
cant deviationgfor »=1) of the ratios from unity. The role IE 150 4 &
of »# 1 is superimposed on the trends in these two cases. 250 :
We note that the calculated results for the ratios of the
rate constants are approximately temperature independer . Isotopic Combination
when calculated with the loose transition state of the preser}_th. 7. Experimental and calculatédsing rate constant ratios at 140 K

model. Such approx_imat_e tem_perature independe_nc_e of th&topic enrichments for scrambled systems heavily enriched in heavy iso-
rate constant ratios is evident in the results of a similar caltopes at room temperature, with=1.30.

250

n=1.30

15,18,16
17,17.17
18,18.18
16,18,17
16,18,18
17,17.18
17,1718
18,18,17
18,18,16
16,17.18
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: : : : : : J. Sehested, O. J. Nielsen, H. Egsgaard, N. W. Larsen, T. Pedersen, L. K.
tems given in Fig. 2. The ag_reement with gxpenment is by Christensen, and M. Wiegell, J. Geophys. REg0, 20079(1995.
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It is known that loose transition state theory, or phase, Serensen, and H. Egsgaard, J. Mol. Spectrd25, 220 (1996
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space theory, does not agree W_Ith th_e hegative tempe_ra@ug . M. Anderson, D. Hsebusch, and K. MauerF;b)(lerger, J. Chem. P193.
dependence so often seen in bimolecular associationszgs 1997,

reactions® % Phase space theory, for example, gives Eq2°K. Mauersberger, B. Erbacher, D. Krankowsky, Jn@er, and R. Nickel,
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