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Using a wave packet based statistical model, we compute cross sections and thermal rate constants for various
isotopic variants of the & O, exchange reaction on a recently modified ab initio potential energy surface.

The calculation predicts a highly excited rotational distribution and relatively cold vibrational distribution for

the diatomic product. A small but important threshold effect was identified for'de+ 20, reaction,

which is suggested to contribute to the experimentally observed negative temperature dependence of the rate
ratio, k(80 + 160,)/k(*60 + 180,). Despite reasonable agreement with quasiclassical trajectory results, however,

the calculated thermal rate constants are smaller than experimental measurements by a factor from 2 to 5.
The experimentally observed negative temperature dependence of the rate constants is not reproduced. Possible
reasons for the theoryexperiment discrepancies are discussed.

. Introduction with the earlier data of Anderson et®&land Wiegell et af?

One of the quantities measured by the most recent experimental
work!8 is the ratio of two rate constant® & k(180 + 160,)/

k(6O + 180)), which itself has a negative temperature
dependence.

Theoretical investigations of the exchange reaction also have
@ long history}518:19.23:24.3338 ht the lack of an accurate PES
and in laboratorie:3 The rate for third-body assisted recom- and difficulties in quantum mechanical characterization of the
bination of @ from O and Q was found to depend on the reaction dynamlgs I|r_n|ted the.rellablllty of thelr.conclusmns.
isotope combination of the three oxygen atoms involved. It is Recently, the situation has improved dramatically for the
now experimentally established that these so-called umass_desgnptlon of th_e ground-state ozone PES. For example, Siebert,
independent” isotope effects have a quantum mechanical origin, Schinke, and Bitterero?4SSB) constructed a new global PES
evidenced by a linear correlation between the recombination P@seéd on high level ab initio (MRCl/cc-pVQZ) calculations.
rate constants and zero-point energy differences of varius O | "€ SSB PES is very accurate in the ozone well, as evidenced
isotopest These observations have stimulated many theoretical PY the excellent agreement of the calculated ozone vibrational

investigations of the potential energy surface (PES) of ogolle, ~ SPectrum with experimental results up to a high energy (85%
as well as the nuclear dynamits?’ of dissociation energy)Because it possesses a qualitatively

In addition to the formation of ozone. the collision of O and incorrect barrier in the dissociation channels, however, the SSB
0, may lead to isotopic exchange reactions: PE_S_ls not_ well suited f_o_r_dynam|ca_ll studl_es_ of ® O,
collisions. Higher level ab initio calculatioh¥%indicated that
3 Y3 Y G3g — (3 this barrier should be below the dissociation limit, making it a
O(P)+00O"(X 2 )~ 00X e ) +0°(P) “reef-like” structure with an asymptotic van der Waals well.

which are the focus of this theoretical study. Although interests Th2e3 SSB PES was thus modified e_mpmcally by Babikov et
al.2*to produce the correct asymptotic potential topology, and

. e .
on the_ exchange reactions started a long time?8g#8 reliable this version of the PES was used in this work.
experimental measurements have only been reported recently. . . .

Because the isotope effects are likely originated from the zero-

Anderson et at! published the first trustworthy experimental : gift i callv diff The d .
study on the exchange reaction rates at room temperature, whicHPoInt energy differences of isotopically differen,the dynamic
model must include the proper treatment of the quantum

showed significant isotope effects. As in the ozone recombina-

tion reaction, the origin of the isotope effects in the exchange POPerty. The rigorous inclusion of zero-point energies in a
reaction is also believed to be quantum mechanical. Later, classical model is difficult (see ref 18), so a quantum treatment

Wiegell et al®2 measured the rate constant at different temper- is preferred. Q“amum cha}racterization of the exchang_e reaction
atures with mixed isotopes, which showed a negative temper- has, however, met stiff resistance due to the heavy particle nature

ature dependence. Very recently, Fleurat-Lessard.$tgalb- of the system and the involvement of a deep potential well,

lished detailed experimental and theoretical investigations of V‘r’]h'crllq ls(;lppr(])rt? long-lived c;esonan_ces _a(;)ove dthe reaction
various isotopic variants of the exchange reaction at multiple treshold. The first converged exact time-independent quantum

temperatures. Their experimental results are in general consistenfSaCtive scattering studies of the exchange reaction was restricted
to J = 0.1923.24These investigations discovered that the reaction

T Part of the special issue “John C. Light Festschrift". is dominated near the reaction threshold by extremely long-
* Corresponding author. E-mail: hguo@unm.edu. Fax: 505 2772609. lived resonances, which require a very large basis to achieve
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Ozone is one of the most extensively studied small polyatomic
molecules due to its crucial importance in atmospheric chem-
istry. Despite vast efforts, however, our understanding of this
molecular system is still far from complete. The recent surge
of activities stems largely from the discovery of unexpected
isotope effects in the formation of ozone in the earth atmospher
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convergence. An impressive quantum wave packet study of the The basic premise of the statistical apprddct? is that the
total reaction probabilities for the hypotheticO + 160, reaction complex lives sufficiently long so that dynamic
(vi = 0j; = 0) exchange reaction was later reportedJap to information is completely scrambled. As a result, the state-to-
2515 Strong oscillations were also found, which can be attributed state reaction probabilityy—(E), can be expressed as a product
to the long-lived resonances. As a result, the propagation time of the capture probabilityp(®) in the reactantif channel and
was exceedingly long. The coupled-state (CS) approxim#&if§n  the fraction of population decaying into the produtchannel
was found to introduce significant errors, consistent with earlier (wherei or f collectively denotes the particular quantum states

findings for other complex-forming reactiofs*? In addition, in the reactant or product channel):

the wave packet work was for thie= 0 state ofl®0O,, which is

forbidden by nuclear spin statistics. No state-to-state scattering O(E
X . : : pr(

attribute has been reported. Even systematic classical studies (E) = pYE 1
. - . . pf~|( ) p| ( ) ( )

of final state distributions are to our best knowledge nonexistent ©

in the literature. Zpl (E)

As discussed in recent literatut&*° the long lifetime of

collisional resonances in complex-forming reactions often allows Th ion in the d . f 1 Il th
a statistical characterization, because the dynamical memory is e summation In the denominator of eq 1 runs over all the
scrambled by the long-lived reaction intermediate. The-O open channels at ener@yCons_erved indices, such as the total
O, exchange reaction, which is dominated by the long-lived angular m‘?",‘e”t“mll and parity () are suppressed. .
ozone intermediate and nearly thermoneutral, seems to suggest !N the ongmaézphase space theory (PST) proposed by Light
itself as an ideal candidate for such a treatment. (We note, ad Pechuka®5?the capture probabilities were obtained using
however, that nonstatistical behaviors have been noted by a2 classical model. No realistic potential is needed, and dynamical
recent classical study of ozone decompositdin the statistical ~ €ffects are ignored. Recgq;ly, PST was improved by Manol-
model, state-to-state reaction probabilities are obtained from ©Poulos and co-worker8, > who computed explicitly the
capture probabilities, which can be readily computed quantum c&pture probabilities using a time-independent quantum method.
mechanically in each arrangement channel. Provided that theS€Miquantitatively accurate integral and differential cross sec-
asymptotic capture dynamics is treated accurately using ations were obtained for several insertion reactions dominated
realistic PES, the agreement with exact quantum results has beeRY 'ong-lived resonances, with only a fraction of the costs. In
demonstrated for a number of complex-forming atediiatom contrast to direct quantum calculations of reaction probabilities,
reactions to be quite accurate. Encouraged by the success othe capture probablllltles are much more efficiently obtainable
these quantum statistical studies, we investigated in this work Pecause of two major reasons. First, only one arrangement
the following three isotope variants of the exchange reaction channel needs be considered in each calculation, so that

using a wave packet based statistical méidel coordinate transformation is unnecessary. Second, long-time
propagation is avoided, because the capture process is fast. In
160 + 1802 — 16180 4 184 (R1) addition, only potentials in the asymptotic regions are needed.

An important feature of this improved version of the statistical

18 16~ _, 18~16 16 model is that quantum effects in the capture process, including
O0+70, 070 +70 (R2) tunneling and zero-point energy, are rigorously included.

16 16 1616 16 The capture probabilities can also be calculated using a wave
O+70,—~70"0+70 (R3) packet method® Because the energy global approach yields

) ) reaction probabilities at all energies with a single propagation,
The integral cross sections as well as thermal rate constantsy js jgeally suited for calculating the rate constant which requires
were calculated for R1 and R2. For R3, only initial state- energy dependency of the reaction probabilities. In addition,
specified total cross sections and rate constants for two selecteqyaye packet approaches typically scale better than time-
initial states f = 1, 9) were computed. These results were jngependent methods. In this work, we employed the wave
compared with available experimental data and previous packet implementation of the statistical model with the Cheby-
quasiclassical trajectory results. This paper is organized asshey propagatd® The capture probabilities were computed

follows. In the next section (Sec. Il), the theoretical method is using a flux approach. The readers are referred to the original
briefly outlined. In section Ill, numerical implementations and york%6 for details.

the calculated results are presented and discussed. Finally in o, 4 cautionary note, it should be stressed that the validity

section IV, conclusions are made. of the statistical model is based on the statistical nature of a

reaction, which can only be established by comparing with

experimental or exact quantum mechanical data. However, the
The ground-state PES fors(X!A') features three symmetry  results reported here can always be considered as a limiting

equivalent potential minima corresponding to t@g, ozone case to measure how statistical the exchange reactions really

molecule. These minima can be accessed from thé¢ O are.

asymptotes via barrierless pathways and the dissociation energy With the state-to-state reaction probabilities for varidys

is slightly more than 1.0 eV. The ozone wells support many initial state-specified total integral cross sections (ICSs or

bound and resonance states, and some of them participate iny(Ec)) can be calculated by summing over all partial waves

the exchange reaction. The lifetimes of these resonance stateand final states. The corresponding rate constant can then be

have been reported to be on the ns scale, using both quantunbbtained by a Boltzmann average @{E.) over the collision

mechanic&f2*and classical method8Their dominance inthe  energyE:

reaction presents a huge challenge for exact quantum charac-

terization of the exchange reaction. Paradoxically, these char- 3 .

acteristics offer an opportunity to understand the reaction from k= Qg " /—3 j(; oi(E) exp(—EJkgT)E. dE, (2)

a statistical perspective. mu(ksT)

Il. Theory



Quantum Statistical Study of & O, Isotopic Exchange J. Phys. Chem. A, Vol. 110, No. 16, 200&307

whereu, kg, andT are the translational reduced mass, Boltzmann
constant, and temperature, respectivédy, is the electronic 151
partition function for the exchange reaction, which is giveffby %0 +0,()

10+

Q. = 3[5+ 3 exp(-227.6M) + exp(—=325.9M)] (3)

whereT is in the unit of Kelvin. The thermal rate constant can
finally be obtained by averaging the initial state-specified rate
constants for all thermally accessible initial states weighted by
the Boltzmann factor. The statistical treatment of the electronic
degeneracy in the asymptote is reasonable as suggested by recent

work of Tashiro and Schink#. 104
With an additional random phase approximation, the dif- _

ferential cross section (DCS) can also be calculétatie have
obtained the DCS for these reactions, but the results are not
shown because the difference between the R1 and R2 reactions
is not significant and all of them show typically forward 0.0 01 02 03 0.4
backward symmetry, which is mandated by the random phase E (eV)
approximation. °

0 T - T )
0.0 0.1 0.2 0.3 0.4

130 + ‘602(ii)

Cross sections (A%)

Figure 1. Energy dependence of initial state € 0,;) specified total
cross sections for R1 (upper panel) and R2 (lower panel) reactions.

Ill. Results and Discussion
A. Numerical Aspects.The appropriate Jacobi coordinates, tions. The calculations were repeated for all possibl@lues
R (O—00 distance)r (O—0O distance) ang’ (Jacobi angle), up to Jmax = 100. We focused our attention to tH& + 160,
were used in each arrangement channel. The Hamiltonian wasand®O + 180, reactions, whose cross sections were calculated
discretized in a mixed discrete variable/finite basis representationup to j; = 23 to obtain thermal rate constants. For #f® +
(DVR/FBR). ForR, an equidistant grid was defined and the 160, reaction, we only reported results fpr= 1 and 9.
translational kinetic energy operator was evaluated using fast B. Total Integral Cross Sections and Rate Constant3/\Ve
sine Fourier transformatio®®. For r, the corresponding ro-  first examine the initial state dependence of the total integral
vibrational Hamiltonian was discretized with potential optimized cross section. In Figure 1, the integral reaction cross sections
DVR (PODVR)5%657 For the angular dimension, both the FBR  of the 180 + 180, and 180 + 160, reactions are plotted as a
(associate Legendre functions) and DVR (Gauss-Legendrefunction of the collision energyE;) for a number of initial
quadrature point8j were used interchangeably. The rotational rotational states of the diatomic reactant. Note that all even
kinetic energy operators were calculated in the FBR, whereasrotational states of the reactan @e unpopulated because of
the potential energy operator is the DVR. The modified SSB the nuclear spin statistics. For both reactions, the cross section
PES® was employed. The numerical parameters were deter- depends sensitively on the initial rotational state. Such a strong
mined through extensive convergence tests and their values arelependence on the initial rotational excitation has been noted
summarized below. before in quasiclassical trajectory studies of the exchange
As the masses of different isotopic variants are slightly reaction on a number of PES%!93334 The reduction of
different, the parameters required for convergence can vary. Wereactivity by exciting the @rotational state can be attributed
chose parameters that are somewhat oversized so that the same the narrow bottleneck of the reactibn®i.e., the transition
parameter set applies to all arrangement channels. An exceptiorstate in the entrance channel, which renders a rotating molecule
is the angular basis size which is different in 1§ + 160,, more difficult to enter the reaction region. Similar dependence
180 + 160,, 160 + 180, arrangement channels and in #© + of the rate constant on the initial rotational state can also be
160180,180 + 16080 arrangement channels. For the former, expected. Indeed, the initial state-specified rate constant (not
the permutation symmetry can be applied, and as a result, theirshown) decreased sharply with the increase of initial rotational
angular basis is smaller than the latter by a factor of 2. For the excitation.
angular dimension, 30 Gauskegendre quadrature points As j; increases, the cross section increasingly exhibits a
betweeny = 90° and 180, andj = 1, 3, ..., 59 were chosen reaction threshold. This is understandable because of the
for those arrangement channels involving homonuclear diatoms,escalating dominance of the centrifugal barrier in the entrance
whereas 60 Gausd.egendre quadrature points betweers channel. At large collision energies significantly above the
0° and 180, andj =0, 1, ..., 59 were chosen for those channels centrifugal barrier, however, the cross section typically levels
involving heteronuclear diatoms. F&; 255 grid points were off. Unlike the quasiclassical trajectory results in which the
taken between 0.1 and 17a9and 2 PODVR points were used dependence diminishes at lardg,'81° the statistical cross

forr. sections still show significantly differences at large collision
Damping functions with the exponential (€~ Ri?) form energies. The energy dependence of the cross section ultimately
were applied in both the asymptotic region starting friegm= determines the temperature dependence of the thermal rate

13.0a with absorption coefficient oft = 0.001a, 2 and the constant. As discussed in earlier work on this reactfotne
capture region starting fromR. = 3.8 a, with absorption energy dependence is in turn related to the topology of the PES
coefficient of 0.1ap™2 The flux entering into the well was in the transition state region.

calculated aR; = 3.9a,. An initial wave packet with a standard The cross sections computed using the statistical model appear
Gaussian form was launchedRit= 10.0ay with width of 0.2 to be significantly larger than their quasiclassical trajectory
ao—2and an average kinetic energy of 0.15 eV. The wave packet counterparts, as reported by Schinke and co-workeksdirect

was propagated up to 10 thousand Chebyshev steps. The C&omparison was not possible because of only results for even
approximation was employed in the capture probability calcula- rotational states were reported in the quasiclassical trajectory
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Interestingly, the behavior of the cross section is quite g O Tl
different for the R1 and R2 reactions involving the lowest = o oo_ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

. . . e B T
rotational state of @ In Figure 2, we compare the cross sections £ ogro o 5T
for the three isotopic reactions fgr= 1 and 9. For both the <l
180 + 180,(j; = 1) and!®O + %0,(j; = 1) reactions, the cross el —m—m— R
sections decrease sharply wila at low collision energies, ] A 4
indicating a (nearly) barrierless reaction pathway. On the other 50 100 150 200 250 300 350 400
hand, the cross section of tR8O + 180,(j; = 1) reaction is T(K)

small at low collision energies and increases wWih For a
higher rotational stateji(= 9), however, this difference

Figure 4. Temperature dependence of thermal rate constants for
reactions R1 and R2, calculated by the quantum statistical model, by

disappears. The decreasing cross section at very low collisiona quasiclassical trajectory meththnd their comparison with experi-

energies is due to the kinematic factok@/in the cross-section.

A careful examination of the reaction exothermicity explains
the isotopic effect. The threshold effect observed forlfae+
180,(j; = 1) reaction is due to the small endothermicity of the
R1 reaction £20 cntl), counting the zero-point energy

mental resultd8-31.32

statistical rate constants for reactions R1 and R2 are .38
10*2and 1.44x 10712cm?® molecule s71, respectively, which
can be compared with the latest experimental values of42.7

difference between the reactant and product. On the other hand(.4) x 10712 and (3.44= 0.6) x 1072 cm?® molecule’? s 118 |n

R2 is exothermic by 25 cmt and R3 is thermoneutral. In other
words, the threshold effect in R1 is essentially due to the
endothermic barrier, which in turn stems from the zero-point

addition, our results show that the thermal rate constants for
the two reactions are almost temperature independent, whereas
experimental investigatiofs32reported clear negative temper-

energy difference between the reactant and product. At largeature dependence.

collision energies, understandably, the isotopic difference is very

small as the contribution of the threshold effect diminishes.

Interestingly, our quantum statistical model shares many
common features with the quasiclassical trajectory results

The threshold effect observed in the cross section is alsoreported by Fleurat-Lessard et Hlwho used a similar version

reflected in the rate constant. In Figure 3, the initial state-
specified [ = 1 andj; = 9) rate constants are compared between
three different isotopic reactions. As expected,jfor 1, the
rate constant for th®0 + 180, reaction is substantially smaller
than those for the other two, especially at low temperatures.
Forji = 9, the difference between them becomes negligible.

of the SSB PES. Both underestimate the rate constants and failed
to reproduce the experimentally observed negative temperature
dependence. This quantum-classical similarity essentially rules
out the possibility that the neglect of quantum effects in the
guasiclassical trajectory calculations is responsible for the failure
in reproducing the experimental findings. Other possible causes

In Figure 4, the temperature dependence of thermal ratefor the disagreement will be discussed later.
constants of two isotopic reactions, R1 and R2, is depicted and One key quantity that has been measured experimentally and

compared with available experimerif&i'32 and previous
theoretical data®1%As the figure shows, the agreement is not

computed theoretically is the ratio of the rate constants for
reactions R1 and R2R = k(80 + 160,)/k(*60 + 180,).18 Apart

guantitative. Our statistical model predicts significantly smaller from the higher precision achievable in the experimental
rates than the experimental data. The difference is as large asneasurement, this quantity has also the advantage that potential
an order of magnitude at very low temperatures and a factor of errors introduced in the statistical treatment of the nonadiabatic
2 ~ 5 at higher temperatures. At 300 K for example, the effects in the entrance channel are likely equali#dd. Figure
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Figure 5. Temperature dependence of the ratio of thermal rate 2+
constants of R2 and R1 calculated by quantum statistical model and 1 S
its comparison with experimental results. 0 T ; :
5, this ratio is plotted as a function of temperature and compared v

with the experimental data. The calculated ratio has the samefigure 6. Product vibrational state distributions (for initial state of
trend as the experimental data; i.e., both ratios show negatives; = 0,; = 1) for the R1 (upper panel) and R2 reactions (lower panel)
temperature dependence and are larger than unity. Quantita-at three selected collision energies.

tively, however, our result is somewhat smaller than the

experimental counterpart. At 300 K, our ratio is 1.04 whereas

the experimental value is 1.2Z 0.04. The quasiclassical reactions (R1 and R2) are displayed for several selected collision
trajectory calculation®® on the other hand, reported a room- €nergies. The diatomic reactant was in its lowest possible state
temperature ratio of between 1.0 and 1.3, depending on how(vi = 0,ji = 1), but rotational excitation in the incoming diatom

the zero-point energy is treatéThe discrepancy between the ~does not significantly change the picture. As the figure shows,
theory and experiment is still not elucidated. in both reactions, the products are predominantly generated in

The negative temperature dependence of the rate ratio carfn€ 9round vibrational state, with increasing populations in
be attributed, at least in part, to the threshold effect discussed€Xcited vibrational states at higher energies. Such a monotoni-
in Figure 2. Due to its endothermicity, reaction R1 has a small cally decaylng V|brat|or1al state distribution is a fingerprint of
reaction threshold for the lowest rotational stiate 1, whereas ~ COMPlex-forming reactions. _ _
reaction R2 has none. This small disparity due to zero-point _ In Figure 7, rc_>tat|onal state resqlved integral cross sections
energy difference is shown in Figure 3 to result in a substantial N the =0 manifold for two isotopic exchange reactions (R1
difference in the initial state-specified rate constants at low @nd R2) are depicted for two initial rotational stajes 1 and
temperatures. Because the thermal rate constant is dominated = 9- In contrast to the vibrational state distributions, the
in this temperature region by the lowest reactant state and SmaHrotauonal state dlstrlbutlor_ls are hlghly excited. With the increase
collision energies, the small threshold isotope effect is amplified ©f collision energy, the distributions broaden and the quantum

in R. As temperature increases, the role of the threshold effect 'umber corresponding to the maximum population shifts toward
diminishes ancR approaches unity. higher rotational states. The high rotational excitation in the

products has also been seen in quasiclassical trajectory calcula-
tions1® The highly excited product rotational state distribution

is another signature of complex-forming reactions. The differ-
ence between the two isotopic variants is not significant.

Schinke and co-worket¥shave reported results obtained from
the statistical adiabatic channel model (SACWInterestingly,
the SACM results showed significantly larger deviations from
the quasiclassical trajectory data than those obtained from the
statistical model used in this work. Because tunneling is
expected to be negligible in this heavy system, the major
difference between the current statistical model and SACM is  |n this work, we presented a quantum statistical study of the
that the latter assumes adiabaticity for the internal states of theQ + O, exchange reaction with various isotopic variants. The
reactants. As a result, the success of our statistical model isstatistical treatment appears to be reasonable judging by the long
presumably due to the quantum dynamical treatment of the |ifetime of the ozone intermediate which dominates the exchange
capture processes. Indeed, significant rotational nonadiabaticityreaction at low energies, although its validity has to be
was observed in the quasiclassical trajectory studies of theseestablished ultimately by comparing with exact quantum me-
exchange reactiori$. chanical calculations. This work differs from previous theoretical

C. Product State Distributions. So far, there has been no studies in several important aspects. First, it treats the complex-
experimental information on either the final state or angular forming and complex-decomposition dynamics quantum me-
distribution of the product in the exchange reaction. Theoretical chanically on the most accurate ab initio PES to date. As a result,
predictions are also scarce. In this work, we report ro-vibrational quantum effects such as the zero-point energy and ro-vibrational
state distributions using the statistical model, hoping to stimulate nonadiabaticity are all included in the model. Second, it includes
experimental exploration of the state-to-state aspects of theall the partial waves so that the calculated attributes, such as
exchange reaction. In Figure 6, the product vibrational state cross sections and rate constants, can be directly compared with
resolved integral cross sections of two isotopic exchange experimental measurements.

IV. Conclusions
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reactions at six selected collision energies.

To this end, state resolved integral cross sections and thermain the theoretical treatment of the dynamics that may cause
rate constants for various isotopic variants of the title reaction errors. One is the neglect of nonadiabatic effects in the
have been calculated. In all reactions, the integral cross sectionasymptotic channels. There are 27 degenerate electronic states
decreases with increasing excitation in the rotational state of in the O + O, asymptote, and most of them are repulsive.
the reactant, due apparently to the narrowness of the transitionTashiro and Schinké& have shown that the statistical treatment
state in the angular coordinate. Quantitatively, the calculated of the spir-orbit components is a good approximation. How-
thermal rate constants were smaller than the experimentalever, other nonadiabatic couplings have not been examined. We
measurements by a factor of-8. The isotopic effects observed note in passing that the statistical model works well in other
in our theoretical calculations were not as pronounced as in reactions involving electronically near-degenerate asymptotic
experimental observations. The statistical model predicts that states'®> Another possible source of error is the accuracy of the
the product of the exchange reactions is vibrationally cold and PES. Previous theoretical studies have demonstrated that detailed
rotationally hot, and the angular distributions were found to be topology near the transition state has a surprisingly large effect
forward—backward symmetric. on the rate constant and its temperature dependence. Despite

The behavior of the exchange reaction can be quite different much work in this aspect, it is still too early to conclude on the
for different isotope combinations at very low collision energies. accuracy of the PES.

We showed that from the lowest reactant rotational state Significant errors can of course be introduced through the
(ji = 1), the'®O + 180, reaction exhibits a reaction threshold, statistical approach. Nonstatistical factors have been shown to
which signifies a barrier, whereas other exchange reactions showbe important in reproducing the experimental rate constant of
no such threshold. The observed threshold is attributed to theozone formatiord?13 Fleurat-Lessard et al. have also shown
small (~~20 cnm?) endothermicity of the reaction R1 stemming explicitly with classical trajectories that the decomposition of
from the zero-point energy difference between the reactant andozone is not statistical, particularly at high enerdfesor
product. Such a difference near the reaction threshold is exchange reactions, the reasonably good agreement between
amplified in the low-temperature rate constant but becomes lessstatistical and quasiclassical rate constants seems to suggest that
pronounced at higher temperatures when rate constants forthe nonstatistical factor may be small. However, rate constants
higherj; states and higher collision energies bury the isotope are highly averaged quantities that might harbor substantial
effect. This observation provides a rationalization of the canceling errors in more detailed attributes such as state-resolved
observed monotonic decay of the rate ratio< k(R1)k(R2)) cross sections. Thus, it is important to compare our state-
as a function of temperature. resolved scattering information with both exact quantum and

Our quantum statistical model yielded results that are quasiclassical results in the future. Experimental studies on these
qualitatively consistent with recent quasiclassical trajectory quantities, though difficult, will provide further assessment about
studies, which were also performed on similar PESs. Both the validity of the statistical model.
showed significant deviations from the experimental rates and
their temperature dependence. The consistency between quantum Acknowledgment. This work is dedicated to Prof. John C.
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that some quantum effects are responsible for the theory- physics, pioneered the statistical treatment of complex-forming
experiment discrepancy. There are several other possible sourceshemical reactions. Financial support from the Department of
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