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The strange mass-independent isotope effect for the enrichment of ozone and the contrastingly
unconventional strong mass-dependent effect of individual reaction rate constants are studied using
statistical (RRKM)-based theory with a hindered-rotor transition state. Individual rate constant
ratios of recombination reactions and enrichments are calculated. The theory agduinaes

“ p-effect,” which can be interpreted as a small deviation from the statistical density of states for
symmetric isotopomers, compared with the asymmetric isotopomers2aneeak collisions for
deactivation of the vibrationally excited ozone molecules. A partitioning effect controls the
recombination rate constant ratios. It arises from small differences in zero-point energies of the two
exit channels of dissociation of an asymmetric ozone isotopomer, which are magnified into large
differences in numbers of states in the two competing exit channel transition states. In enrichment
experiments, in contrast, this partitioning factor disappears exgdtthorn and Marcus, J. Chem.

Phys. 112 9497 (2000], and what remains is they-effect. Both aspects can be regarded as
“symmetry driven” isotopic effects. The two experiments, enrichments and rate constant ratios, thus
reveal markedly different theoretical aspects of the phenomena. The calculated low-pressure ozone
enrichments, the low-pressure recombination rate constant ratios, the effects of pressure on the
enrichment, on the individual recombination rate constant ratios, and on the recombination rate
constant are consistent with the experimental data. The temperature dependence of the enrichment
and of the recombination rate constant ratios is discussed and a variety of experimental tests are
proposed. The negative temperature dependence of the isotopic exchange rate constant for the
reaction®0+180'%0—160%0+ 180 at 130 K and 300 K is used for testing or providing information

on the nature of a variationally determined hindered-rotor transition state. The theory is not limited
to ozone formation but is intended to apply to other reactions where a symmetrical stable or unstable
gas phase molecule may be formed. 2002 American Institute of Physics.

[DOI: 10.1063/1.1415448

I. INTRODUCTION pomers of @, while in scrambled systems XY also exists

Many observations have been made of isotopic effects i Y ="°0."0,!%0). Accordingly, in unscrambled experi-
ozone formation from the recombination of oxygen atomsMents vibrationally excited ozone isotopomers XY 'ére
and oxygen molecules. The results are summarizeformed only from X+YY —XYY*, while in scrambled ex-
elsewheré. The experiments involve a “mass-independent” periments they are also formed from+XY —XYY*. The
isotope effect in ozone formation in scrambled sysfe‘ﬁ?s relative importance of the two dissociation channels of
and contrastingly different experimental restité® in un- XYY * in the theory**%’is determined by a “partitioning
scrambled systems. The latter show, instead, dramatic uncofactor,” which in turn depends on whether the access to
ventional mass-dependent effects. Additional experiments inXYY * is from one or both channels. This difference in con-
clude the effect of temperature on the low-pressurditions leads in the kinetic scheme to a marked difference in
recombination rate constant, on the isotopic exchange ratie theoretical expressiofis’ for the two types of experi-
constant® and on the isotopic enrichmerifsand the effect ments. In the current thedryveak collisions play an impor-
of pressure on isotopic enrichmént*3?and on individual  tant role. Their use in the literature for treating activation—
recombination rate constant ratis,and on the rate deactivation process¥s“® and treating pressure effects is
constant! The field itself may provide added insight into well known*4-4°
diverse phenomena, such as stratospheric/tropospheric mix- RRKM theory®®! was used as the zeroth-order theory
ing, oxidative processes in the stratosphere and mesospheigith a small correction for the effective density of states of
interpretation of ancient and of planetary atmosphere, andymmetric isotopomeric ozone molecules, XXX and XYX,
other aspect& _ as compared with the asymmetric ones YXX or YXZ. This
~ Both unscrambled and scrambled experiments are stu@yprrection is apart from the usual symmetry numbers, which
ied in theory. The former contain only XX and YY isoto- 5re also included. The “non-RRKM” correctiom is as-

sumed to be small, the density of states for the symmetric
3Electronic mail: ram@caltech.edu ozone isotopomers being reduced by a fagipchosen later
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to be 1.18 at 300 K, bug is large in its consequence for the weak collision model, using a step-ladder model for deacti-
“mass-independent” phenomendri® More generally, an vating and activating collision§2) a hindered-rotor varia-
asymmetric ozone such as YXX may also show deviatiortional transition state, which is also compared with the re-
from the statistical behavior, but the deviation is assumedults from a free rotor, and3) the treatment of a greater
greater for the symmetric ozones by a faciot In the sym-  variety of experimental effects as a consequence, such as
metric XXX* or XYX* certain anharmonic vibrational cou- pressure and temperature effects. Earlier the room tempera-
pling and Coriolis rotational—vibrational coupling terms areture data on ratios of reaction rates were treated with very
absent, because of symmetry restrictions, so leading to encouraging result¥, but because of the limitations of a
larger nonstatistical effect for the symmetric isotoponiérs. loose transition state and of a strong collision modeladn
The coupling terms are responsible for intramolecular statishocassumption was introduced: The calculated rate constant
tical behavior. In principle, the #-effect” could also origi- ratios at room temperature were assumed to equal those at
nate from collisional rather than intramolecular properties. 130 K, where the transition state is indeed nearly lodse.
We amplify on this point later. This assumption is eliminated in the present paper.
In a weak collision model rate equations are obtained for ~ We use extensively equatiofiselating the enrichments
the population density of the vibrationally excited ozoneto the ratios of recombination rate constants. This relation is
molecules as a function of the ener§yand of the total independent of approximations such as hindered versus free
angular momentund. We use a strong collision model for rotor and weak versus strong collisions. A chemical kinetic
the collisional angular momentum transfer of ozone, and obscheme was used to obtaif®iand is essential in any treat-
tain a one-dimensional energy space model for ozone. Anent of observables such as enrichments. The need for a
similar reduction has been used for unimolecularscheme has sometimes been overlooked in the literature.
dissociatiorr? The paper is organized as follows: the kinetic scheme, a
An important quantity in weak collisions is the average master equation approach, and the treatment of the hindered-
energy(AE) of downward transfeAE for deactivating col- rotor transition state theory are described in Sec. Il. Expres-
lisions. Energy transfer is typically described by tkiSE) sions are obtained for the individual recombination reaction
and is relatively insensitive to the possible functional form ofrate constants, the enrichmersand E,*® and the rate con-
the energy transféf-*> For simplicity, we use a step-ladder stants of isotopic exchange reactions. A numerical and par-
model, in which energy is transferred between the excitedially analytic procedure is used for treating pressure effects
ozone molecule and a bath gas molecule in discrete steps @ifr a recombination reaction. The expressions are used in
AE per collision. At low pressures only one collision is im- Sec. Il to calculate rate constants, enrichments, and pressure
portant during the lifetime of a vibrationally excited ozone and temperature effects, and the results are discussed in Sec.
molecule and so then only energetic ozone molecules withV, which also contains a simple explanation of how small
energy less thahE above the threshold lead to a deacti- differences in zero-point energies of the competing exit
vated ozone. channels of the dissociating molecule are magnified into
We also consider the isotopic exchange reaction ofarge unusual mass-dependent isotopic effects. Temperature
ozone: Information about the transition state for any recomeffects on isotopic enrichments and on rate constant ratios
bination reaction, such @80+3%0,—%0,, would normally  are also discussed there. Several experiments are suggested
be obtained from the magnitude and temperature dependent®test different aspects of the theory.
of its high pressure rate constant. However, the behavior of
the ozone formation rate constdq} versus third-body pres- 1I. THEORY
sure is complex at high pressuféand f:annot t_>e used for A. Kinetic scheme and rate constants
this purpose. Instead, we can obtain information from low
pressure data on the isotopic exchange reacfibrs)* For the ozone formation we have the kinetic scheme

160+ 180, 160180+ 180 (1.1) X+YZ—XYZ(EJ), k¥EJ), (2.2

The negative temperature coeffici&hof its rate constant XYZ(E)+M—=XYZ(E'J)+M,  w(EI-E'J),

shows that the transition state is not “loose,” meaning that 22
the rotation of the reacting diatomic molecule in the transi-  XYZ(E'J")—X+YZ, k§(E'J"), (2.3
tion state is hindered: A free rotation leads to a positive or b

only an extremely small negative temperature depend®nce. ~ XYZ(E'J')—=XY+Z, ky(E'J'), 2.4

The theory is also used to treat three pressure effects ogng, in a series of steps to form a stable ozone molecule of
ozone formation: the effect on individual recombination rategnergyE!,

constant ratios for forming ozone isotopom&tsn the iso- L |
topic enrichmen?*21328and on the rate of the recombina- ~ XYZ(EJ)+M—=XYZ(E,J")+M, w(EJ—-E,J),
tion reaction °0+%0,—%%0; at different temperatureg. (2.9
The temperature effect on the isotopic enrichnifeand on  whereE' is any energy sufficiently below the dissociation
the individual recombination rate constant ratios is also disthreshold that the XYZ has a negligible chance of reacquir-
cussed. ing enough energy to dissociate. Orifyand total angular

In summary, in the present paper we build on two pre-momentum] are conserved in individual reaction stéfsl),
vious papers from our grod)®’and adds new feature) a  (2.3), and(2.4). Thek?(EJ), k3(EJ), andk5(EJ) areE- and
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J-dependent rate constants of the recombination and disso- Particularly in large systems it has been convenient to
ciation reactions, respectively, aed EJ—E’J’) is the rate  choose the position of the transition state to be gt ahich
per unitE of forming XYZ at (E'J’) from (EJ) by a colli-  depends only od andE.%’ In this case Eq(2.8) again ap-
sion with a third body M. The units &?(EJ) are(energy™ !  plies but N(EJ) now denotes all accessible states at the
(concentratioji * (time)~*, and those ok are (time) 1. given g. The g now is chosen to minimiz&(EJ) (varia-

For the dissociation of XYZ there exist the two distin- tional RRKM theory. Sometimes it is convenient to choose
guishable exit channelsandb when X#Z. For a symmetric  the position of the transition state so as to be determined by
molecule, where %Z, the designationd,b) is omitted. By = EJ and by some quantum numbers whose totality is denoted
conventior:®%” channela is the one with the lower zero- by a. In that case Eqg2.8)—(2.9) become, instead,
point energy of the diatomic species. Thus, the YZ in Eq.

(2.3) has a lower zero-point energy than.the XY(4). k,(EJ)=> N(EJa)e E*sT/hQ,, (2.10

We let c(EJ) denote the concentration of ozone mol- a

ecules in quantum states having any specified)(per unit whereN(EJ«) is the number of quantum states of a speci-

energy E. The rate equation for a distribution function fied transition stat&Ja and theq' for each EJa) is deter-
: i <55
g(EJ), defined ax(EJ)/[X][YZ], is mined variationally.
dog(EJ) . a b We consider next the rate constant for the dissociation of
—ai k(B ~[ky(E) +ky(EI) + w]g(EJ) a vibrationally excited molecule. For any quantum statiee
number of quantum states alompis againdq dp'h, and
+> w(E'Y —EJg(E'I)dE', (2.6 _dividing by dq and multiplying byq we again havey dp/h,

3 JE i.e.,dE/h. The number of quantum states of the parent mol-
ecule at the givenH,E+dE) and J is p(EJ)dE, where
p(EJ) is the density of the quantum states of the dissociating
molecule, and each quantum statel) of the transition state
thereby contributes a valug E— Eﬂ)/hp(EJ) to the disso-

whereg(EJ) has units of(energy concentration® and w
denotes the total collision frequency,

wZ? «(EJ-E'J)dE". @D iation rate constarky(EJ),%"*8and so we have
The step-ladder model fas(EJ—E’J’) is introduced later. kq(EJ)=N(EJ)/hp(EJ), (2.11
. where N(EJ) is again given by Eq(2.9) and thep(EJ)
B. Expressions for k., (EJ) and ky(EJ) contains a (2+1) factor.

We consider first a general formulation which includes ~ When the states are grouped together so that all states of
triatomic molecules as a special case. A molecule with totathe sameEJa are taken to have the same position of the
energy in €,E+dE) and total angular momenturd is  transition state Eq¢2.9) and(2.11) yield
formed from the reacting pair. The ener&ﬂ(q) of a par-
ticular quantum stataJ along the reaction coordinatehas kq(EJ)= >, N(EJda)/hp(EJ). (2.12
a maximum at somg", and its energy there is denoted by “«

E; . In a recombination step, the probability of finding a pair ywhen all quantum states are taken to have the same value of

of reactants with the specifiedand in a phase space volume q', Eq.(2.12 yields the usual variational RRKM expression,
element dqdp for motion along g is (2J+1)

X exp(—E/kgT)dq dphQ,, whereQ, is the partition func- kq(EJ)=N(EJ)/hp(EJ). (2.13
tion for the colliding pair. To obtain the incident probability To treat thek*(EJ) in Eq. (2.1) for ozone formation we

flux we divide bydq and multiply byq, the velocity along  consider an energetic ozone molecule XYZ formed from
the reaction coordinate. The contribution to the rate constank . yz with given J and in the energy rangéE( E+dE) in

from this J and energy rangeE, E+dE) is obtained by the center of mass system of coordinates. THiEEJ) is
summing over all accessible state®f the transition state. given by Egs. (2.8-(2.9 for the homonuclear case,
The recombination rate constak{(EJ) is then X+YY —XYY, with a superscripg added to thé, (EJ) and
k. (EJ)=N(EJ)e F*eT/hQ, (2.89)  N(EJ). In the heteronuclear case;t¥Z—XYZ with Z#Y,
two reaction products, XYZand XZY*, can form. The rate
constant for forming XYZ then contains a weighting func-
3 tion introduced onto the right-hand side of EQ.8), as dis-
N(EJ)=(2J+ 1); h(E—E), (2.9 cussed in Appendix A. The quantum numbaersf the tran-
sition state consist al, its spaced-fixed projectioNl;, the
and h(E—E;) is a unit step function. We used the relation principal quantum number of the hindered rotatiprthe
qdp=(p/x)dp=d(p?/2u)=dE, u being the reduced mass quantum numbef) of the transition state that corresponds to
of motion alongq, and then divided bylE to obtain a rate the body-fixed projection of along the axis of least moment
per unit E. Equations(2.8) and (2.9) are equivalent to an of inertia, and the vibrational quantum number of the oxygen
earlier result for bimolecular collisio®§.When the reaction fragment. Before collision four appropriate quantum num-
path leads to two different molecules and so bifurcate, Egbers of the colliding pair were the diatomic rotation quantum
(2.9 requires a modification given later. number, the orbital quantum number of the colliding pair,

where
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Em ders, each differing in their energy within the intervsiE.
, @y We first obtain the solution for a single ladder which begins
Ev, ko with any particular energf, . The total rate constant is ob-
ONTON tained by integrating oveE; in the intervalAE.
““““““““ xy A deactivating collision in the step-ladder model can be
E @ 0y XY+Z written as
N ) ¥
X+yz o ‘md K‘ W(E'Y SEd)=wg()'—J)8(E' —E—AE), (219
B ro o wherewy is the deactivation collision frequency, treated as a
\ _________ m“ vd ______ / constant in the region close to the dissociation threshold,
\ O)a? on which is the region of interest. ThéJ’ —J) is the transition
a Ei \ Ly ! b probability from J’ to J and equalsP(J) when a strong
‘(Dd collision is assumed for rotational angular momentum trans-
fer. P(J) is the thermal distribution of the rotational states
of XYZ at the given temperatur®. The frequencyw, for
activation collisions is related t@4 by microscopic revers-
XYZ ibility, and satisfiedAppendix B

FIG. 1. The step-ladder model for the deactivation of XYi&olecules
formed by the recombination reaction. The schematic curve is the sum of the  wyp(E)e 2F/*eT=w p(E—AE), p(x)= E p(xJ).
potential energy and the local zero-point energy. J

(2.19

and their projections on space-fixed axes. They are now rd=0r a range of energies near the dissociation threspgk)

placed byJM;Qj. The M; gives rise to the well known is appr%;rkngted by a constant, and ER.16 becomesw,

2J+1 factor in Eq.(2.8). The sum ovenis now a sum over =®g€ ~— 8 . The total collision frequency in Eq.(2.6) is

j and Q. The vibrational quantum number of the, @ag- @at ®q-

ment atq" can be taken as zero. In a step-ladder and strong rotational collision model the
Thek3(EJ) in Eq. (2.3 is the rate constant for dissocia- Population densityg(E,J) of XYZ at E,J, obtained from

tion of the vibrationally excited XYZ back into the incident Eds.(2.6) and(2.19, satisfies

channel X-YZ. Modifying Egs. (2.8) and (2.9), it is given

by KR(End) — [Kg(End) +ka(End) + 0]g(End)

A(EJ)=N4(EJ)/hp(EJ) TP wqgn+11 P(J)wadn-1=0, (217

in the steady-state approximatmig(E,J)/dt=0. Eachg,
=122 (2 DhE-EHNp(E), (214 denotes

whereN,(EJ) is the number of quantum states in the tran-
sition state of XYZ —X-:-YZ—X+YZ which arise from
this dissociation of XYZ. The 1/2 in Eq(2.14 occurs only
when YZ is heteronucle&® The sum in Eq(2.14 overjand  Upon dividing Eq. (2.17) by k3(E,J)+kg(EsJ)+w and

Q) is subject to the restrictiong)|<j and|Q|<J. For the =~ sSumming overJ we obtain a one-dimensional master equa-
kB(EJ) in Eq. (2.4 for the dissociation of XYZ to XY+z,  tion:

theain Eq. (2.14 is replaced by, and now the sum is over

gn=§ 9(Epd). 2.18

the jQ states of the exit channél 9n=Un+Vnln+1+Wnln-1, (219
where
C. Step-ladder model for the collisional
energy transfer k3(Epd)
The step-ladder model is depicted schematically in Fig. Un= T KY(End) +KYEd) + @' (220
1: only a certain amount of energhk is transferred from an
ozone molecule to a bath molecule per collision, and there is P(J)wq
a ladder ofM steps for the energids,=E;+(n—1)AE, n Vo= 2 5 , (2.21
=1,2,... M. The M is some upper cut-off beyond which 3 Kg(End) +kg(End) + o
any contribution to ozone formation is negligibk, is cho-
sen so that states with energies less tRarare sufficiently W _z P(J)wq (2.22
below the dissociation threshold that their probability of re- N4 K3(Epd) +KYEd) + o '

acquiring energy to dissociate is negligible. They are treated

together as a sink. The energy of this lowest dfgps later  The flux below the threshold is treated analytically in Appen-
varied to ensure that the calculated rate constant convergesdax C (cf. Ref. 60. We next treat Eqs(2.19—(2.22) in the

a finite value. There exist an infinite number of sets of lad-low pressure limit.
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D. Recombination at low pressures mined from the remaining equations. An analytic relation

For energiesE,, above the dissociation thresholdl,, betW(_ae_nN of th? varie_lbles Is given ‘!" Appendix C. Th?
there are “open” and “closed” states for dissociation, ac- remaining c_aquanons yield an expression for the pqpulgtlon
cording askg(EnJ)+kg(EnJ)>O or kS(EnJ)Jrkg(EnJ):O, density g, in Eg. (2.29. The Iovx_/—pressure recombmanon
respectively. The effective dissociation barrier height for Jate (;ﬁnst?nt fqr ;2?””:' 1S ozt.a"g’d by integratingqg;
state depends od because of thel-dependent centrifugal over ihe step siz&k In Appendix .-

barrier®* To avoid zero denominators in the low-pressure wy—w, [ [AE
fo 2 p(E)Ya(EY)

limit in Egs. (2.19-(2.22, it is necessary to keep track of kﬁ'?:

the two types of states. Qa
The rate equations for the population dengtyE,J) of o IAE
the closed states are obtained by settidg:0 andk3+ kS xe Eel ————dE+ > p(EJ)YL(EJ)
=0 in Eq.(2.17), which now contains only collisional terms. wgt 0aP°(E) AE 1V
Upon summing oved, Eq. (2.17) then yields ot w0 PS(E—AE) . 25
Pﬁwdgn+1_wgn+Pﬁwagn—1: —wgﬁ, (2.23 wy+ waP°(E— AE) ! ’
wherePy, is the sum ofP(J) over the closed states aE,, where
andg, andg® are given by Eqs(2.25 and(2.26),
" . " YA(EJ)=N,(EJ)/[NL(EJ)+Ny(EJ)] (2.33
Pc=> P(J), (2.24 is the partitioning factot;***" P°(E)=1-P(E), and
J PS(E) denotesPy,. The states with energies higher than
9,=g%+g° (2.29 2AE have negligible contributions to E(R.32 at low pres-
noeno S ' sures(cf. Appendix B and can be neglected.
where

E. Effective rate constants and enrichments
QOIEJ: 9°(E,J), gg:; g%(EpJd). (2.26)  in scrambled systems
When YZ and XY are both present we can write for the

WhenE, <Dy, thePy, in Eqg. (2.23 is unity, since only  formation of a stabilized ozone molecule of structure XYZ,
closed states exist, argf=0. Thereby,

axyz .. ob
®4Ons1— ©dn+ wa0p_1=0, 1<n=N-1, (2.27 gt~ Koi X-YZ+kpi Z-XY. (2.39
and forn=1, When there is a rapid equilibrium between atomic and di-
w402~ g, =0. (2.28  atomic species this equation becomes
Since states with energy less thapare treated together dxyz —kefhay .yz (2.35
as a sink, their total population density grows at a @te dt bi ' ’
S=wyg; - (229  where
The rate constant for the formation of a stable ozone mol- effa_ o,b%

ke 2= kO + KpPK o= KD+ K (2.36

ecule equals the integral ofyg, over the step sizAE, and i Q,’

has the u;uallb|molegljllar rgact_lon rate constant units Ogtnd Key IS the equilibrium constant for reactiontXYZ=2z
(concentratioii - (time)” *. This bimolecular rate constant XY The k&2 appears ak® .+ k™K. in the isotopic
itself can be a pressure-dependent pseudo-rate constant. ' bi -~ 8PP 646 6 ex b

. ! q.6 . -
We consider next the open states in the IOW_pressurenrlchmenw in Refs. 36 and 37. The superscript as in the
limit. The collision terms in Eq(2.17) are now small com-

fatter denotes the formation of the asymmetric isotopomer.
pared with the terms containirgs and can be neglected, so Equations(2.32 and (2.3 lead to
that for the open states we have

Wg— W AE B
K== ( J > p(Ede Fha
a o J

. K3(Eqd)
0°(End) = e (2.30
d(End) +kg(End) Xh[Na(EJ)+Np(EJ)]
Summing Eq(2.30 over these open states yields »
X—— —  dE
k3(E,J wy+ w,P°(E)
go=y E) (N=n=M).  (2.3) .
I kg(End) +kg(End) 2AE

, , +| 2 p(EDN[NL(ED+Ny(EJ)]
Equations(2.23 and (2.27)—(2.29 constitute a system AE J

of (N-1)+2(M—N+1) linear equations for the same c A
number of variablesM —N+ 1 of these variables are given x e~ E/keT wgP*(E—AE) dE|l. (2.37)
explicitly by Eq. (2.3)), leavingM closedg, to be deter- wy+ w,P°(E—-AE)
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A similar expression is obtained f&€™, with Q, replaced Energy vs R
by Q,. The partitioning factorsy, and Y defined in Eq.

(2.33 are seen to have disappeared in ttﬁé an exact 600
result, just as they did in the strong collision model of Refs.
36 and 37. The various enrichments are then calculated fron

Eq. (2.37) using expressions fdts andE in Refs. 36 and
3782 20T

400 |, *® ., Hindered-rotor

(40,10,10)

F. Pressure dependence of rate constants

and enrichments -200 |

Energy (cm")

We next solve Eqs(2.19-(2.22 for the g,’s at any
given pressure. As long as a finite is retained in the de-
nominators in these equations it is no longer necessary to us
the open or closed labels to avoid zero denominators.

For theM-ladder system described in Fig. 1, the ozone 800 . ‘ ‘
formation rate constant is again given by thgg, in Eq. 25 3.5 45 55
(2.29, and a method for obtaining, is given in Appendix Reaction Coordinate R (A)

D. In the high-pressure limitU,, V,, and W, in Egs. FIG. 2. The total energ¥(Jj€;R) of a hindered rotor stateJ{()) as a
(2.20—(2.22 becomeU == k¥(E,J)/w, Vo=wq/w, and  function of R for 10 - - 1%01%0. The maximum of the hindered rotor states
W,=w,/w, respectively, and yield the usual high-pressure(symbol$ are shifted inward compared to that of a free rotdj) (solid

-400 |

-600 |

recombination rate constahfi , lines), increasingly shifted with increasing j(2).
k‘gi=i > J Na(EJ)e EkeTdE, (2.39
Qah 77 Je stead, we use a very simplified model potential energy sur-
face in Appendix E to fit the isotopic exchange reaction rate
G. The isotopic exchange reaction constant at both room and loW.30 K) temperatures, and
and the hindered-rotor transition state later for all other reactions. When an improved potential en-

The rate constark?, of the isotopic exchange reaction, ergy surface becomes available, this approximation can be
Eq. (1.), is¥’ removed. A new potential energy surface has recently been

developed and used to calculate resonafitéswill be in-
@ = 1 D f Na(EJ)Np(EJ) teresting to see how well its use reproduces the negative
& hQ, T Je Ni(EJ)+Nyx(EJ) temperature dependence of the isotopic exchange reaction
rate constant.
The hindered-rotational potential in E#\3) and Appen-

N EJ) is th ber of stat f the t i tate f dix E yield elements of the Hamiltonian matrix. The energies
ab)(EJ) is the number of states of the transition state for,¢ o pindered rotational states are its eigenvalues

exit channelk(b) of ozone dISSOCIatIOIfl at the glV&gde. E(JjQR) for the state JjQ),
Each of the two exit channels has its own transition state

e FkeTdE, (2.39

whereQ, is the partition function of the reacting pair in the
center of mass system of coordinates for charmelnd

(T9). _ Ja+1-20%
EJjQ;R)=——ha°+€e(jQ;R), (3.1
uR?
IIl. RESULTS . . . .
_ _ where the first term is the orbital tertof. Appendix A and
A. Isotopic exchange reaction rate constant €(jQ;R) is an eigenvalue of a two-dimensional hindered

To implement Eq.(2.39 a potential energy surface is rotor state with quantum numberand Q). The e(jQ;R) is
needed, particularly for configurations appropriate to the hinobtained numerically and depends & partly via the
dered rotational transition state. The longer O—O bond lengthindered-rotor potentidVpendR,6).
of O} in this region is estimated in the calculations given  The hindered-rotor eigenvaluggJj(;R) plus a bond
below to be in the neighborhood of 2.6 Ab initio calcula- ~ fission potential(R) are plotted versui in Fig. 2, where
tions of the potential energy surface for ozone have beef1€y are compared with those of a free rotor for the same
optimized mainly for configurations near the equilibrium (JJ{2). The transition state for each quantum state is seen to
configuration or near the equilateral triangle one, where &"0ve to7s7rQaIIeRW|th increasing, as expected from other
conical intersection occufS.However, an extrapolated po- studies?’” The maximum ofE(JjQ;R) +Vi(R) anng:;R
tential energy surface near the transition state gives a poor&®r @ state with quantum number3j(2) is denoted byEj, .
resulf* for the temperature coefficient of the isotopic ex- The Na(EJ) in Eq. (2.39 is now given by
change rate constant, as did an empirically modified 1
version® The modificatiof® eliminated the potential energy Na(EJ)=5(23+ 1)> > h(E-Ej),—E), (3.2
barrier in the extrapolated surface: The absence of a barrier is boe
clear from the observed negative temperature coefficients afihere the 1/2 is absent when the YZ in X¥ZX+YZ is
the recombination and isotopic exchange rate constants. Imomonuclear(cf. Ref. 59. The effect of the hindered rota-
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FIG. 3. The number of state¥ as a function ofR for the recombination  FIG. 4. The fit of the known vibrational frequenciéRef. 89 (taken from
reaction'®0+320,—%0,. The upper curve is obtained using free rotation Ref. 83 of 1%0%00 using up to second-order anharmonicity corrections.
in the transition and the lower curve is obtained using the hindered-rotor

transition state described in Appendices A and E.

perturbation formulation, which gives the unknown frequen-
tional barrier is illustrated in Fig. 3, which gives a plot for cies to an accuracy of about 1 chf! The present calcula-
the term NoNp/(N,+Np) as a function of energy for tion of density of statep(EJ) includes anharmonicity. The
X+YZ, Z#Y. The plot is similar to the plot ofN for a latter was obtained using vibrational quantum state energies

symmetric system XXX—X:--XX. of *%0,. The energy of a state with vibrational quanta
The rate constant for the isotopic exchange reaction obvv,v3) is given by
tained from Eq(2.39 yields the results for 130 K and 300 K 3 )

3
in Table I, together with the experimental results and the g, 4., )= wai<vi+l)+z hcx”(viJrE
=1 2] =1

loose transition state results. Th& and » are absent in the 2
equation used for the isotopic exchange rate constant.

1
Ui+§

2 1
< hCX” (Uj+§)’ (33)

- . +2

B. Anharmonicities and other properties =i
The density of states for ozoneis obtained’ from a  and is fitted to the data in Ref. 83 up to 6000 ¢niThe fif*

convolutiort**54%8%f the rotational and vibrational density to the vibrational frequencies is given in Fig. 4. The total
of states. The vibration frequencies of the ozone isotopomensumber of states in the range of 0 to 2000 ¢nabove the

used in the calculation were obtained using a second-ordeatissociation threshold is calculated with and without inclu-

TABLE I. Calculated and experimental rate constants.

Calc. Calc.
k Reaction T(K) Expt. (presenk (strong or loosg
ko2 %0+ %20, + N, — %05 +N, 130 4 5% 7.0
Kpioc TN 130-300 n=2.6 n=2.3 n=0.77

300 0.3 0.76 3.7
Kes® 160 + 80'%0— 60'%0 +180 130 5.6 4.3 9.2
300 2.9 2.7 9.5

Ket T™M 130-300 m=0.88:0.26 m=0.53 m=—0.07
kp; 160+320,— 480, 130 1¢ 10.4 21.7
300 >4P 6.5 20.8

4Units are 103 cmPs™t,

PExperimental data from Hipplest al, Ref. 31.

‘Calculated from Eq(2.32 using a value of 210 citt for AE. 7 is 1.13 at 130 K. WherAE=180 cm ! the
values are 4.1, 0.59 and wheyE =250 cni* the values are 5.4, 1.1. The results obtaineckfprandn using
a free rotor transition state are, for the weak collision case, exactly the same as those given in the first three
rows of the penultimate column in this Table.

dCalculated using the strong collision assumption.

®Units are 10*2 cn® molecule *s™L,

Experimental data from Wiegeéit al, Ref. 30.

9Calculated from Eq(2.39 using the hindered-rotor transition state.

"Calculated using the loose transition state.

fCaIcuIated from Eq(2.38 using the hindered-rotor transition state.

ICalculated from Eq(2.38 using the loose transition state.

Downloaded 08 Mar 2006 to 131.215.225.174. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



144 J. Chem. Phys., Vol. 116, No. 1, 1 January 2002 Y. Q. Gao and R. A. Marcus

TABLE Il. Relative rate coefficients of an atom plus homonuclear diatomic TABLE Ill. Reaction rate coefficients for ozone formation processes relative
formation channels (% YY — XYY relative to X + XX — X3) at low  to *%0 + 320,— *80; at low pressure.
pressure at 300 K.

Reaction Expt. Calc.
Reaction Expt Cal.

P 160 + 150150 1.00 1.00
160 + 360,/ %0+ %0, 1.53+ 0.03 1.53 0 + 1700 1.02 1.02
0-+3%0, /10 +3%0, 1.29 + 0.07 1.36 180 + 180%0 1.03 1.03
160 + 340,/ %0+ %20, 1.23+ 0.03 1.38 180 + 16010 0.93 0.93
0 + %20,/ Y'0+%0, 1.01+ 0.05 1.01 170 + 1%0t%0 1.03 1.03
180 + %40, /*%0+3%%0, 1.00 = 0.06 1.04 80 + 700 1.03 1.07
180 + 320, / 180+ %60, 0.90+ 0.03 0.90 0 + 18080 1.31 1.39
%0 + 0’0 1.23 1.38
#From Mauersbergest al, Ref. 26. 160 + 180180 1.53 1.53
160 + 60170 P 1.17 1.19
160 + 150180 P 1.27 1.25

. .. . 1 . 17, 1617~ b
sion of the anharmonicity. This 2000 crhis more than the 178 i 1:813&’ i;i 1'23
maximum range of energy needed for the present study of a5 1551800 101 0.99
ozone formation reaction. An averaged factor of 1.5 is ob- 189 4 17018 b 1.09 1.05
tained as the anharmonic correction to the harmonic density, %0 + '0*0" — 1.43
and was taken to be the same for all ozone isotopomers. 'O +'%0¥0® — 1.21
180 + 150170 P — 1.01

Also needed in the equations for the rate constants are
the sums Of states fOI’ the hindel’ed-l’otor, the partition funCaFrom Mauersberg%t al, Ref. 26, at room temperature.
tion for the collision pair given by Eq$4.8)—(4.12 in Ref.  "This rate constant here is the sum of both channels,YZ — XYZ and
37, and the collision frequencies. The Lennard-Jones colli-X+YZ— XZY. Each of the rate constants were calculated separately, with
sion frequency is used with a unit collision efficiency and is 1€ Non-RRKM correction applied to any symmetric channel.
given by Eq.(4.14 of Ref. 37.

used for the enrichment calculations are listed in Tables Il
and IV. Results are also given in Fig. 7 using=1 for
comparison withy=1.18.

The individual low-pressure rate constants at 300 K for
the formation of XYZ molecules are calculated for eachE. Pressure effect on the enrichment 86
channel using Eq(2.32. A small n-effect was assumed for and individual rate constant ratios
the fprmation of the symmetric ozones by dividing the values The rate constants for reactionsfO+ 80180
obtained from Eq_(2.32) by 7. _The values ofy and of AE 160180180 and80+ 8O0, 1808080 were calculated
were chosen to fit two experimental low-pressure recombi-
nation rate constant ratios°0+ 80'%0/%%0+ 100 and
180+ 1601%0/*%0+ 080, Using the hindered-rotor transi- TABLE IV. Reaction rate coefficients for asymmetric and symmetric chan-
tion state the valuegy=1.18 andAE=210 cm* are ob- nels of recombination reactions, relativef® + 0,— %0, at low pres-
tained and vyield the results shown in Tables II-1V and in>e
Figs. 5 and 6. When a free rotor transition state is used in- Reaction Expt Calc.
stead with7=1.18 andAE=260 cm ?, the results for the )

. Symmetric products

rate constant ratios for these free-rotor systems at these loweg | 170165_, 165170160

C. Individual rate constant ratios

pressures agreed to withirt0.02 of the values for the  16p+1800 ., 160060 0.54+0.01 %.5;12
hindered-rotor usind E=210 cm ! in Tables Il and Il for Y0+1%00— 000 — 0.51
all reactions. gg*iogg—’ ggi%igo — 0.51
The sensitivity of the rate constant ratio to the choice of 1801178180: 180170188 0'52i 001 8'5522
AE was tested using other values, 180 ¢rand 250 cm™. Asymmetric products '
The calculated rate constant ratio fofr%0+ %60, 180 4 170160, 180170160 — 0.47
—1600%0/1%0 + %20, 160%01%0 was 1.55, 1.53, and  “o+f0%0- 000 0.46+0.03 0.47
1.50 whenAE was 180, 210, and 250 cth respectively. ~ , O+°0 %0~ /000 — 0.52
Unless otherwise stated AE=210 cm ! and »=1.18 is 1881188178: 188188178 - 8'23
used throughout this paper for all calculations at 300 K. 1801 160170, 180160170 _ 053
o+1%0*¥0—, 000 — 0.70
160 +160170— 1601010 — 0.68
D. Isotopic enrichments 170+ 17080 170700 — 0.70
1 1817, 161817,
Calculated results for isotopic enrichments at low pres- 1%1168188: 1%1%188 0_73:0_02 %_‘;i
sures for “scrambled” systems with large mole fractions of 1604170180, 150170180 _ 0.74

heavy isotopes are given in Table V and Fig. 7. They were

obtained from individual isotopomeric rate constants usingé‘From Janssent a_l., Ref. 27. See also Ref. 85 for a definition of the value
used for the particular rate constant.

Eqs_- (4.183, (4-18l_j: _a_nd (4.26 of Ref. 36 for the PReactions are ordered in the sequence of an increasing zero-point energy
enrichment$® The individually calculated rate constants difference.
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TABLE V. Calculated and experimental isotopic enrichments at 300 K.

1.6 v
’J—LJ ’
15 6+86/6+66 Isotope combination Experimént Calc? (%)
o 1
8 e 160160150 0.0 0.0
g 14 [ee7776+66 | d 1000 ~18 2.1
£ ) ® 0 .’ 180800 —4.6 —4.7
® 7+887+77 |, # 1000 11.3 12.3
§ 13 7 legleglsg © 13.0 12.7
© L’ 1ot0t0 © 12.1 12.2
g 1.2 S ot’oto © 9.5 10.4
o ’, 18o'8otep © 14.4 12.7
£, . 018010 © 8.3 9.2
3 16017080 © 18.1 17.4
8 14 HE 3Experimental data at 300 K are from Mauersbergeal., Ref. 26.
bCalculated from Eq94.183, (4.18h, and(4.26 of Part |. The definition of
enrichment is given by Eq4.13 there.
0.9 “Enrichment is for all possible isotopomers.
09 1 1.1 1.2 1.3 1.4 1.5 1.6

Experimental Rate Constant Ratios

temperature are needed to determine that dependence. In the
current absence of such data, we assumeAEais relatively
temperature independent in the interval 140—-300 K and then

_ _ fit the experimental enrichment 8f0'®0'%0 at 140 K. We

as a function of pressure and used to obtain the pressufg,in an,=1.13 at 140 K. Predicted rate constant ratios for

dependence of the rate constant ratibggs/kses and  rocompinations at 140 K are given in Table VI, using
kg 66/ Kg gs- The calculated and experimental results are COM-—1 13 andAE=210 cm'X

pared in Fig. 8.

Recombination rate constants for the reactiofi®
+160180_, 160160180 160+ 160180, 16018060 and 80  G. Recombination rate constant for ~ '°0+3%20,—*0;
+10%0—1%0"%0"%0 were also obtained as a function of  The rate constant for the recombination reactié®
the pressure, and used to _calcul_ate the pres_surelgdelgenden,gazoz_)wog is calculated using the hindered-rotor and, for
Ofléh‘iee?“‘:hm?m of the isotopic combinatidfO OO comparison, the free rotor, transition states, together with the
+1%0'°0™0, using Eq(4.184 of Ref. 36. The experimental \eak collision assumption and the step-ladder energy trans-

FIG. 5. A comparison of calculated and experimeiRef. 26 ratios of the
recombination rate constants,,yy /Ky xx , at 300 K.

and calculated results are compared in Fig. 9. fer model. The calculated values k{; given in Table | are
. : . compared there with the experimental values and with results
F. Temperature effect on isotopic enrichments btained f h llisi del .
and on individual rate constant ratios obtained from the strong co |sl|on model. For comparison
with the results fod E=210 cm -, values ofAE of 180 and

Both  and AE can in principle be temperature depen- 250 cm ! were also used and are given in Table I, footrmote
dent, and data on two ¥XX—YXX reactions at a second In the case of°0+320,— #80, the results using a free rotor
(“loose™) transition state are found to be the same as those
obtained using a hindered-rotor transition state and the same

16
' d _ _
R AE: The values ok, for the free rotor are 5210 2 cm®
15 4
8 i
& 1.4 - s 20 578
P L 4 ’
£ , 886
2 ’ 15 [—
213 > 667 668 776
(6] —~
2 //. & 10
E 12  Zond 2
o ’ 5
b} , g °
214 4 <
3 ® ., 2 666 777 888
3 & % g 9
1 »
// -5
'Y
0.9 1
0.9 1 11 12 13 14 15 16 -10
Experimental Rate Constant Ratios Isotopic Combinations

FIG. 6. A comparison of calculated and experimefiRef. 26 ratios of the FIG. 7. Experimentdf (gray bar$ and calculated isotopic enrichments for
recombination rate constants vz /g5, at 300 K. Some of the experi- scrambled systems enriched in heavy isotopes at 300 K, #vith.18 (dark
mental rate constants are “derived quantitié8.” barg and »=1 (light barg, respectively.
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14.0 r TABLE VI. Temperature effect on enrichments and rate constant ratios.
Cal. Expt. Cal. Expt.
(140 K} (140K* (300 K)  (300K)°
10.0 7 113 - 118 -
160+-160180/160+ 1600 075 - 0.74 0.73
3 180+1%01%0/1%0+1%0%0 083 - 0.93 0.93
e 1604180160160+ 1600 052 - 0.52 0.54
g 60 Enrichment of'®0'%0*0 8.2% 8.3% 12.7% 13.0%
5 160+180180/1%0+1501%0 153 - 153 153
S 1804180160160+ 1600 0.44 - 0.47 0.46
1804160180160+ 1600 052 - 0.52 0.52
20 Enrichment of'®0'¥0%0 3.0% - 14.1% 14.4%
80+1800 /10 + 1600 1.03 - 1.03 1.03
Enrichment off0®0%0  -16.6% — —47% —4.6%
3 xperimental results are taken from Ref. 12.
_2'01 Q° 162 164 PExperimental results are taken from Ref. 26.

Pressure (Tor) ngtl%ionles(é t;)t/ {I;t(l)n& the experimental value of the isotopic enrichment of
FIG. 8. The pressure dependence of the ratios of recombination rate cor‘i'gbtailneclj b)g fittirllg 229 eXDlesfim‘intﬁg V611|Ue ?f tl\glo rate constant ratios,
stants. The filled circles and triangles are the experimental reets 28 0+'%0'%0/*%0+1%0"%0 and'®0+'%0"0/%0+%0"0, at 300 K.
for the rate constant ratios offO+3%%0,—%0%0%0 and 0+ %0,
—50,, and 0+ %0,—180'"0%0 and %0+ %0,—0;, respectively.
The solid lines are the calculated results using the hindered-rotor transitio “ . - .
state. fects. Two symmetry driven” isotopic effects occuit) the

difference in zero-point energies of the two exit channels of
the asymmetric isotopomers causes the partitioning factors
s tat 130 K and 0.78610 *2cm ® st at 300 K, using the Y, andY,, to differ from 1/2, resulting in a large unconven-
7=1.13 obtained at 130 K in Sec. IVF, in exact agreementional mass-dependent effect for the rate constant ratios in
with the hindered rotor results in Table |. unscrambled system$2) An n-effect (y=1.18 at 300 K
The pressure dependence of the rate constant for the ratso occurs, reducing the recombination rate for the symmet-
action %0+ %20,— 480, was calculated at 130 K and 300 K ric isotopomers XYX at low pressures. The possible origin of
using the methods described in Sec. Il. The experimental antghe 7-effect is a larger deviation from RRKM behavior for
calculated pressure dependence are compared in Fig. 10. the symmetric specié$®3” or a collisional effect:®"8 In
principle, the lower density of states of symmetric molecules
IV. DISCUSSION could make the collisional energy transfer less efficient for
these molecules and thus makesmaller. Since a collisional
frequency, such a®, andp occur as a product in the expres-
There is reasonable agreement in Figs. 59 for the ratiosions for the rate constants, one may not be able to distin-
of the recombination rate constants for the formation of theguish between an effect gnand an effect o on the basis
ozone isotopomers, the enrichments, and for the pressure eff current kinetic data alone. Experiments discussed later

A. The effects of symmetry

A A Experiment ' ' vy '
16 | @ Experiment| - 10"
Calculated
@ 6+88/6+66
9 14
©
e 5
— 0
E *g 10
2 8
8 1.2 E %
[+
2 o
o
1.0 | 8+66/8+88 1 107
v e e
@
0.8 L L . . .
10’ 10° 10° 10° 10’ 10° 10°
Pressure (Torr) Pressure (Bar)

FIG. 9. The pressure dependence of the enrichiféntThe filled diamonds ~ FIG. 10. The pressure dependence of the recombination rate constant for
are the experimental resuliRef. 28 and the solid line gives the calculated %0+°%20,—%0, at 130 K and 300 K. The units are 18
results using the hindered-rotor transition state. cm 3 molecule s L. The experimental data are taken from Ref. 31.
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8000.0 they differ very little, especially at energies lower than 300
cm L. As a result, the calculated recombination rate constant
for a symmetric molecule is almost independent of the nature
i of the transition state at low pressures.

The effect of pressure on an asymmetric reaction is
somewhat different: For an asymmetric molecule, Yhele-
pends on the functional form di’'s. The ratios of rate con-
stants for the two different entrance channels thereby show a
somewhat greater dependence on the nature of the transition
state. In particular the low-pressure experimental results of
] the rate constant ratios could be fitted using the free rotor
transition state, but usind E=260 cm! instead of AE
=210 cm ! for the hindered-rotor transition state. An expla-

‘ ‘ ‘ nation for the best fil E being smaller for the hindered-rotor
Enerzgo(-com—1)400-o 5000 6000 transition state is given in Ref. 89.
Since the negative temperature dependence of the re-

FIG. 11. The effective density of statgsp(EJ)h[N(EJ)] as a function of ~ COmbination rate constant at low pressures f@+3%0
R for the recombination reactiolfO+30,—%0;, wherehis the unit step  — 4305 in the present model is mainly due to the small value
fqnction. The dashgd_ and solid curves are obtained u_sing free_ rotor ang AE,QO one expects the negative temperature coefficient to
hindered-rotor transition states, respectively. Hig are given relative to be less when this collisional deactivation of ozone does not
the lowest state of the separated O and O . .

affect the rate. Indeed, th&E is absent in Eq(2.39 for the

isotopic exchange reaction and the experimental ratio of the
would distinguish them. In the meanwhile from an opera-exchange rate constants at 130 K and 300 Kfer+%0*0
tional viewpoint the precise origin of does not affect the —%0'%0+80 is about 1.9. It is substantially smaller than

6000.0

I Hindered-rotor
4000.0 TS

Effective Density of States

2000.0 |

0.0

0.0 100.0 200.0

present predictions. the experimental factor of 8 found for the low-pressure re-
combination. In terms of @~ ™ behavior of the rate constant,
B. Weak collision aspect and temperature effect the coefficientm obtained in the present calculations is 0.53

The present weak collision assumption provides an ex]for the |sotop|cb9xcthange r?.acuon, and 2.2 Jor_ttaethlow—
planation of the large negative temperature dependence gfessure recombination reaction, as compared wi e ex-

the recombination rate constant at low pressures. The expeﬁ_enmental values of 0.860.26 and 2.6, respectively. In the

mental rate constant fdfO0+ 320,40, at 300 K in Table ¢2S€ of isotopic exchange reaction, the negative temperature
| is about 8 times slower than that at 130 K, and the Wealﬁgpendence n the pregent thepry arises from the increasingly
collision model[Eq. (2.32] yields a factor of 6 at low pres- .mdergd rotation with Increasing due to theiweI.I known
sures. In contrast, when a strong collision assumption igghtenlng gﬁ?gt of the transition state with increasing
used, the calculated ratio is less than 2. In the present theoFﬁmPriratur ) q d fth binati

the large observed negative temperature coefficient thus " epressurte d_e[()jen ence o te"ozorf1e retcr?m ina I(t)'n re-
arises from the fact that at the higher temperatures mor%sC '02 Waig studied ~ expenimentally for the reaction
0+320,—40; at various temperatures. However, only at

energetic ozone states are populated but only a smaller frag[:— ' below 160 K imol imolecul
tion can be stabilized by a single collision wh&i is small. emperatures below was a simple unimolecuiar reac-

When the weak collision assumption is used it was seettnion dependence on pressure observed. At higher tempera-

in Table | (footnote ¢ that the choice of transition state for Ures there is a su?den ”i‘? ;1” a log-log plor: of the rate—
160420, %0, has effectively no effect on the low- Pressure curves at very high pressures, whose source is

pressure recombination rate constant and on its temperatuvgcerta'rﬁ Nevertheless, the data do indicate a less negative

dependence: The weak collision permits only ozone state§Mperature dependence at higher pressures than that at low

with low energies to be stabilized in a single collision, and atpressureé?
low energy the transition state is largely “loose.” Thus, the C. Ratios of recombination rate constants
free rotor transition state theory and the more realistic™
hindered-rotor theory yield similar results. The isotopic effect on the ratios of the individual recom-
The individual rate constants at low pressures are detebination rate constants at 300 K is dramatic. The rate con-
mined approximately by the integral of w{ stant for the channel with the lower zero-point energy for the
—w,)23pY.e” FkeT over energy, as in Eq2.32. The latter ~ fragments is substantially larger than that for the other chan-
integral depends on the transition state via the partitioningiel. The weak collision enters importantly into the explana-
factor Y,. In the case of a symmetric molecule, the ratiotion, since the calculated differences in the rate constant ra-
reduces to a heaviside step functiofN,) multiplied by 1/2,  tios at 300 K are too small in the strong collision lifitThe
and is then relatively insensitive to the choice of the transi+teason is that the higher energy states are now accessible for
tion state. This behavior is easily understood using Fig. 11lrecombination in the strong collision limit, and they have
In this figure the free and hindered-rotor transition states ar& ;~1/2. For example, the calculated ratios of the rate con-
compared for the effective density of statsp(EJ)h(N,)  stants for %0+¥0'%0—-%0'%0%0/*%0+3%0,—-*0, and
for the formation of*305. Due to the weak collision effect 180+180'%0—160*0%0/ %0+%°0,—~*0,; are 1.27 and
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Channel b FIG. 14. Results for a model for the pressure effects on the rate constant and
the rate constant ratiosk§sst kgse/Ke es- The high-pressure limit for the
0.0 o L L L . . . ! ' ,ll 73 71
0.0 80.0 160.0 240.0 320.0 recombination rate constant is taken as 0 - cm °s ~. The curves are

Energy (cm'1) described in the text.
FIG. 12. Density-weighted partitioning factoBsp(EJ)Y, /2 ;p(EJ) are
plotted vs energy. T_he zero of the ener_gyl'ato is that for t_he channel with_ threshold is readily understood in terms of a crude maﬂel.
the_ smaller zero—pomt_energy. The solid I_|r_1es and the trlangl_es are obtalnegecause of the quadratic behavior a small difference of the
using free rotor and hindered-rotor transition states, respectively. ) . -
zero-point energy causes a relatively large difference be-
tween the rate constants for the two channels, even for ener-
0.58, respectively, when the strong collision is used. Thesgies up to 300 cm', since it magnifies the effect of the
results differ relatively little from 1.18 and 0.59, the ratios differences in the partitioning factohs, andY,,, as seen in
expected from am-effect alone. Fig. 13.

Insight into how a small difference in zero-point energy
can produce a large difference in a rate constant ratio is
provided by Fig. 12. The Javeraged quantity D-Pressure effects
3 pe F%8TY,/3p is plotted there as a function & For a Pressure effects were investigated for @ enrichment
better understanding of how a small difference between thén the %00 0+ 1608060 28 the rate constant ratios,
zero-point energies dramatically influencésandY,, at the |<16'1818/|<1(,3Y1616{,md|<18’161(4kl&lgl&28 and the formation rate
relevant energies plots are given in Fig. 13 using a simpleonstant of*®05.3! The experimental and calculated results
model for N, and N,: The N, (Np) is assumed to be a are in reasonable agreeméRtgs. 8—10. Some discrepancy
quadratic function ofE—E,(E,) with E, (Ep) being the exists between the calculated and experimental results for the
threshold energy for dissociation via chanrel(b). This  pressure effect on the recombination rate constant%or
approximate quadratic behavior &f, and N, above the +320—480 in Fig. 10. Its origin is presently speculatiVe.

A striking feature of the pressure effects is that the effect
on the rate constant ratios 1514'K16 16162Nd 0N the enrich-

A A AS ment is evident at pressures lower than that on @
+180'%0 recombination rate constant: A large effect of pres-
sure on the first two is apparent at’IDorr, but that orkg gg
becomes evident only at 40rorr (cf. Figs. 8—10. Some
insight into this difference in pressure effects is obtained by
noting that the rate constant ratios in Fig. 8 and the enrich-
Loose TS ments in Fig. 9 are each the ratios of two slopes of rate
constant versus pressure plots, since both the numerator and
] denominator in each are proportionaldoat low pressures.
Changes in slopes are more easily detected than any devia-
tion from linearity of a logk,; versus log pressure curve, as
can also be seen from their comparison in Fig. 14.

The pressure effect seen in Fig. 8 for86/6+66 can be
. . understood as follows: An 866molecule formed from

160.0 240.0 320.0 channel & 66 can dissociate via two exits at any given en-
Energy (cm™ ) ergy above the dissociation threshold, just as a*66&n.

FIG. 13. Density-weighted partitioning factos;p(EJ)Y,(EJ)/Z ;p(EJ), Th.ere are two opposing effects (.)f increasing pressure on the
are plotted vs energy. The points are the same as in Fig. 12 for the channk@tio: It increasesr, because of increased mean energy but
with a larger zero-point energy, chanrel the increased pressure decreasesstfedfect and hence de-

0.4 | Hindered-rotor
TS

Partitioning Factors
<
n

0.0 -
0.0 80.0
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15.0 ' ' ' case. In contrast, the temperature dependence of the isotopic
exchange reaction rate constant is sensitive to the potential
energy surface. It does not suffer the complicated behavior of
the high-pressure recombination rate constant, and so was
used to provide an “effective” potential energy surface. The
latter was in turn used in the calculation of the recombination
reaction rate constants. Repeating the calculations when an
improved potential energy surface is published would be of
interest.

Most of the experimental data treated in the present
study are obtained at 300 K and thg and AE for this
temperature were chosen to fit the two rate constant ratios,
160+ 180'80/1%0+ %00 and 80+ %0'%0/ %0+ 800,

. . They were then applied to obtain all other reaction rate con-
T 10° 10° 10" 10° stants, and from them, the isotopic enrichments. It would be
Pressure (Torr) desirable to have similar data on these two rate constant ra-
FIG. 15. A comparison between the calculated pressure dependence of tljilé)s at other temperatures, which would prc_)wde information
enrichment of%%0,, namely 1000 and 000 (i.e., 1000 on the temperature dependencesofind AE in the present
+ 1601800 and'®0'¥0"%0+ 180'*0™0). model. Currently, experimental results in the temperature
range of 140 to 373 K, have been reported for the tempera-

; 1601618 12 i
creases the ratio. The net ratio of rate constants is then atll-Jre dependence of the enrichment 8p'°0'%0.™ e ob

most pressure-independ@Atin contrast, when a 688is tained ann of 1.13 at 140 K by fitting the experimental

- 18 . _ 71 -
formed from ana channel 6-88, the 688 can dissociate at eprl_chm(_::nt 9, assumingAE=210 cm™. It yields the pre-
low energies only via one exit channel;+88, and so its dictions in TainVI. )
mean lifetime is longer than that of 666The ratio of their The 210 cm™ for AE and other values in the range 180

_1 . .
rate constants is therefore high at low pressures. The pressif@250 ¢m ~ gave reasonable agreement with experiment for
effects of aY, decreasing to 1/Zhigher energyand a de- the rate constant for the low-pressure recombination reaction

creasingz-effect now reinforce each other. Thus, the@s/  ©Of 16OJF3202_.’4803 at both 130 K and 300 K and gave the
6+66 ratio decreases substantially with increased pressur€0rTect negative temperature dependence of the latter. These
as in Fig. 8. values ofAE are also not inconsistent with classical trajec-
The ratio kﬁfif/kf;‘i’m, given by [Zw(Na+Np)/[w+ (Ng tory energy trar!sfer st_udles for hlghly excited ozone mol-
+Np)/ 7p)l fZoNI[w+(N)/p], whereN=2N,, is plotted €cules: In classical trajectory studies on the collisional en-
in Fig. 14 as a function of pressut&The results forp=1 ergy transfer between highly energetic ozone molecules and
and »=1.18 are contrasted there for the rate constant ratiodr, He, and N, it was found that an averaged magnitude of
and show, thereby, that the-effect is essential for interpret- the energy transferred per collisidbut both deactivation
ing the large pressure dependence of the enrichment. THnd activation collisions are countets about 0.4kgT at
contribution to the enrichment from the symmetric term such2500 K (~600 cm*) and 0.5-0.6kgT at 500 K (~200
as thek§ e/kg 6 IN EQ. (2.13 of Ref. 36 is approximately cm 4.
pressure-independent and so does not contribute to the pres- It would be particularly helpful to obtaidE and # in-
sure effect. The dependence of enrichment on pressure tependently. For example, in a pump—dump laser experi-
Fig. 9 is also observed in a strong collision calculation:ment or a direct overtone experiment a vibrationally-excited
While a strong collision model is inadequate for treatllg  ozone molecule could be produced in the ground electronic
or Y, alone and hence for treating the effect of pressure ostate with an energy just above the threshold. The real-time
the individual rate constant ratios, it is found to be adequat®ehavior of the dissociating ozone could be studied to see if
for the enrichment, since the latter involves ts only via it were bi- or multi-exponential rather than single exponen-
the sum,Y,+Y,,, which is unity, and so does not influence tial. Again if an asymmetric isotopomer such ¥©¢0*0
the pressure effect. The pressure effect on the enrichment gfere studied similarly, measurement of the ratio of the yields
1%0'%01%0+1%0"%0™0 is also calculated in the present of 1600 and %00 in real time would provide a direct

study, and compared in Fig. 15 with the pressure dependen¢geasure of the partitioning effect and its energy dependence.

100 |

Enrichment (%)
4]
o

0.0 |

of the enrichment of°0*°0*?0+*%0"%0"®0. Direct studies ofAE would be helpful, but of the small
. amounts of AE rather than of the rare “supercollisions”
E. The potential energy surface, #, and AE studied in the vibrational energy transfer to £&

Most of the important experimental results in the present  From a theoretical viewpoint classical trajectories can
study are obtained at the low-pressure limit, and so are forreveal the biexponentiality, as reported recently by Schinke
tunately relatively insensitive to the type of transition stateand co-worker§® For the 5-factor, however, suitably rota-
and thus to the details of the potential energy surface. Futionally averaged and state-averaged quantum mechanical re-
ther, the transition state is almost loose for low energy statesults may be needed. In this case one should treat not only
which are the only important states in the weak collisionstates produced in scattering calculations but also states of
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ozone which might be nondissociative even they satisfy thef j along thisz-axis. In this representatiojf and J? are
(EJ) requirement for dissociation. diagonal, but not?. In terms ofJ andj we have
If the n-effect reflected a long-lived region of the phase 9 . T S 5

space of ozone, or in quantum mechanical terms long-lived I"==)- (=) =9"=2j-I+]% (A2)
resonances, then at sufficiently low pressures they too woulgh body-fixed componentgsJ is i+ ixdxtiydy. It equals
contribute to recombination and caugeto approach unity. j.J.+j,J_+j_J,, whereJ. =J,*iJ,, and similarly for
Only if some long-lived states were completely decoupled; . . They are the usual raising and lowering operators. In the
dynamically from the dissociation products wouiddiffer matrix (j'Q'|H|jQ) in the body-fixed|jQ) representation
from unity at very low pressures. However, studies at lowthe JM, is suppressed for notational brevity. There is a well

pressure can be complicated by increased participation @nown result for the elements diagonal@(Q’ =Q),°%7~10°
wall reactions.

In contrast, if they-effect is due to collisions then no Hio,jra=(1Q[H[j"Q)
approach ofy to unity would _bg expected at very reduced_. (+1) J@+1)+j(j+1)—202
pressures. Of course, at sufficiently low pressures a stabili- = +
zation would occur by a radiative rather than by a collision. 2l 2uR?

We have formulated the present theory so as to be more CH28 4V (A3)
general than for ozone formation. A mass-independent en- e
richment may occur via a transfer of ozone effect to otherFor the elements off-diagonal i (Q’ #Q) we havé’ 1%
molecules, such as possibly in gOvia O;+hv—0,

+0(*D) followed by OD)+ CO,—O(P)+CO,. It may Hiajrar=(1Q[H[]'Q")

also occur directly via reactions such as-8i0—Q0SiO* or 52

O+X0,,—XOj, ,, where X is another element, and the =_ 2[J(J+ ]_)_QQ’]UZ

product XJ is symmetric. The latter may be stable or un- 2uR

stable species. Similar remarks apply to sulphides, such as X[j(j+1)_QQ,]1/25“’5Q’011- (A4)

S+XS—SXS", and the stabilized SXS could also undergo a

further chemical reaction. The field of recombination of iso-The potential energy matrix elements in the body-fixed frame
topically symmetric or a symmetric intermediates has theVjq j o are given by

promise of providing a very rich one for further experimental

and theoretical mvestlgatlon,.wnh implications for atmo- ViQ’i'Q:f J faV(r,R,0)Yj od(cosh)d e, (A5)
spheres as well as for meteorites.

where theY’s are spherical harmonics. Integration is imme-
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and similarly when these quantities have primes.
APPENDIX A: THE EIGENVALUES OF In calculating the energy levels of the transition state, we
A HINDERED ROTOR neglect the elements off-diagonal i (Q)'#(), and so
N . . diagonalize the matrix by settinigd;, ;- — Edj;|=0. The
For the orbital-hindered rotational part of the Hamil neglect of off-diagonal elementst)( £Q) in treating the

tonian, we use body-fixed axes with the line of cent@rs g . .
. . : radial motion of the two reactants has been termed in the
between the atom and the diatomic molecule serving as the

body-fixed z-axis. Apart from the kinetic energy for the ra- g?;[{':'?r;rd}/g:nr?i?j |2|e (rja;;;i tlf:ﬁj E'Zonfg)r(\i/::g{ioﬁoo_?pl?_d
dial coordinateR, the HamiltonianH can be written as ' 9 pling" app - YP

cally a zeroth-order body-fixed description is better at short

j ) separation distancdsthan the space-fixed, and vice versa at
H=l57F 2R A+ V(r,R,0), (A1)  largeR8 At very large initialR, Q is the projection of and

K of J along the initial wave vectok, the initial line of the
wherej? is the operator for the square of the angular momeneenters. The evolution d? asR decreases is of much inter-
tum for the diatomic moleculd, moment of inertia of the est in a full collision dynamics calculation, but for our sta-
latter, I? the operator of the square of the orbital angulartistical calculation we are principally interested in the acces-
momentumR the distance between the atom and the centesibility of the quantum states rather than in the detailed
of mass of the diatomic fragment, the instaneous bond coupling between states of differefifs.
length of that fragment, an@the angle betweeR andr, the When YZ in X+YZ is heteronuclear, the two channels
vector along the axis of the diatomic molecule. We transformin any staten of the hindered rotor transition state are
from a space-fixedjlm,—m|) representation to another space- X+YZ—X---YZ—XYZ or XZY. They should each be
fixed |jIIM;) representatioil ~**°and then from the latter to  weighted by the square of the hindered-rotor wavefunction,
a body-fixed representatidpJM;(2), whereQ) is the com- integrated over the solid angle leading to the respective prod-
ponent ofJ along the body-fixed-axis. Sincel is perpen-  uct 27 for each product. Ultimately we plan to make such a
dicular to the body-fixed-axis, the() is also the component calculation, but for the present paper we adopted a simpler

P2 |2
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though more approximate approach which does not involv&Ve combine these equations for &tladder system with

these integrated wavefunctions, as in the use of the weightN—1 of them below the dissociation threshold.

ing factor of 1/2 in Egs(2.14) and(3.2). To derive Eq.(2.32 and higher approximations, we first
In the present formulation we have usBdas the reac- consider the regiol,<D,. From EQq.(2.27) we have

tion coordinate. It is known that when the transition state B + -0 (C1)

becomes sufficiently tight the distance between the atoms @dOn+17 @GnT @an-1= 1.

becomes a better approximation to the reaction coordinat&he flux Sis given by Eq.(2.29 and is also given by

because it provides a deeper minimum of(q) at

q=q".””~"® The Hamiltonian then becomes more compli-

cated, however. Thus, even with an accurate potential energy/hen multiplied by (q/w,)" the first half of Eq.(C2) can

surface the use dR as a reaction coordinate would not nec- be rewritten as

essarily give an accurate value WE; in the transition state. (gl 0,)"S= w,[(0g]0)" " 1gs 1~ (g w,)"gy].

S=wyOn+1— 0 0h=wqg1 (1snsN-1). (C2

(C3
APPENDIX B: DERIVATION OF EQ. (2.11) Upon summing ovemn from 1 to p, where psN-—1, we
From Eg.(2.195 we have obtain
©(E'Y —E)=wgt(J'—I)S(E' ~E-AE)  (BY) oo lCa @it o (1cp=N-1).  (C)
and 1—(walwg)?
Py , o To make contact with the formalism in a recent p&Dere
@(BJ=E )= 0 t(J=J) S(E-E'+AE). (B2) note that Eq.(C4) can be rewritten in terms of a diffusion
Because of microscopic reversibility we have coefficientk}jy defined in(3.16 there. In the present notation
it is
2 w(E’J’HEJ)p(E’J’)e_E'/kBT N
T kchj‘iff:wd/n}::l(wa/wd)m1
=D w(EJ—E'JY)p(EJ)e FkeT, (B3)
3 = (04— 0a)/[1— (wa/wg)"]. (CH
When the strong collision is introduced for the transferThus, the fluxSin Eq. (C4) can be written as thb('fiﬂg,\,, as
of rotational energy one obtains also in Eq.(3.19 of Ref. 60.
We next consider the derivation of E@.32. For that
E wyd(E' —E— AE)p(E'J')e*E’/kBT(z\]Jr 1) purpose we truncate the Eq8.23 by settinggy, »=0. This
3’3 system of Eqs(2.23 then reads as
Xe—EJ/kBTZE waa(E_E/+AE)p(EJ) _ng+l+P(lil+lwagN:_wgﬁl+l’ (CG)
= PR@dOn+1~ @On+t PRoaOn-1=— 00y - (C7)
xe FkeT(2) +1)e  Bi/keT, (B4  The population densitgy.; can be eliminated from the two
ie. equations, yielding
(0= PRPR 110204/ @)~ PRogdn-1
wgd(E'—E—AE)S) p(E+AE,J )e (E+A0)kgT e
y =PRogON 1T 09y - (C8)
_ When Eqgs(C4) for p=N—1 andN—2 are introduced into
_ N =4 E/kgT
= wa5(E-E +AE); p(EJ)e =78, (BS) Eq. (C8), and when we writgy=gn_1=5 (04— w,), EQ.
q (C9) yields, to an adequate approximation,
and so

o] C [e]
ogNT Progdn+1(0g— 0,)

- : S= : C9
wd? e AEkeT ) (E+ AE,J )=wa§ p(EJ).  (B6) 0at Powg—PEPE Lonwglo (C9)

This result yields Eq(2.16 of the text. Typically, the product of thé>®’s in the denominator can be
neglectedcf. Fig. 16, yielding Eq.(2.32 upon integration
overE.

APPENDIX C: DERIVATION OF THE LOW-PRESSURE

RECOMBINATION RATE CONSTANT APPENDIX D: SOLUTION OF THE RECOMBINATION

The states above the dissociation threshold are dividegATE CONSTANT AT AN ARBITRARY PRESSURE

into open and closed states, and their steady-state equations The solution forg,; can be written as the ratio between
are given by Eqgs(2.23 and(2.31), respectively. The states the determinants of the matriceB and A, where the
below the dissociation threshold contain only closed stateslements of A are A(i,i)=1 (i=1,2,..M), A(i,i—1)
with population densities described by Eq2.27)—(2.29. =-V;(i=23...M), A(i+1j)=—-W,(i=1,2,...M—-1),
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1.0 - - - - are roughly consistent with the experimental values. When
R, is taken as 2.6 Ay, has a value of 0.35 eV, andis 5.5
AL For a comparison, some calculations are in progress
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