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Abstract: The recombination of oxygen atoms with oxygen molecules to form ozone exhibits several strange
chemical characteristics, including unusually large differences in formation rate coefficients when different
isotopes of oxygen participate. Purely statistical chemical reaction rate theories cannot describe these
isotope effects, suggesting that reaction dynamics must play an important role. We investigated the dynamics
of the 18O + 32O2 f O3* f 16O + 34O2 isotope exchange reaction (which proceeds on the same potential
energy surface as ozone formation) using crossed atomic and molecular beams at a collision energy of
7.3 kcal mol-1, providing the first direct experimental evidence that the dissociation of excited ozone exhibits
significant nonstatistical behavior. These results are compared with quantum statistical and quasi-classical
trajectory calculations in order to gain insight into the potential energy surface and the dynamics of ozone
formation.

Introduction

Statistical theories of chemical reaction rates have been
largely successful in describing and estimating thermal rate
coefficients for a variety of unimolecular and bimolecular
reactions.1 The fundamental tenet of statistical theories for
complex-forming reactions is that energy flow in an energized
collision complex is significantly faster than dissociation to
products so that energy is randomly redistributed in the complex,
any memory of how the complex formed is lost, and the initial
conditions are therefore irrelevant for predicting how the
complex proceeds to products, thus greatly simplifying the
calculations. Reactions that cannot be unambiguously modeled
with statistical theoriessfor example, those in which dynamics
must be explicitly accounted for due to an energy transfer
bottleneck and/or a very fast dissociation rate2sare thus of both
fundamental and practical interest.3

An intriguing example in which dynamics likely plays an
important role is the recombination of oxygen atoms and
molecules to form ozone (O3).4,5 In particular, extremely large
and unusual kinetic isotope effects (KIEs) have been observed.6,7

Marcus and co-workers8 reproduced the relative isotope-specific
formation rate coefficients using Rice-Ramsperger-Kassel-
Marcus (RRKM) theory, showing how small zero-point energy
(ZPE) differences between various isotopologues of O2 reactants
could be amplified into large KIEs, but only when an empirical
nonstatistical (i.e., dynamically driven) factor was included.
Quasi-classical trajectory calculations9-12 that included isotope-
specific ZPEs also revealed a nonstatistical effect since some
trajectories formed an excited ozone complex (O3*) but dis-
sociated before energy was randomized, with the magnitude
depending on the specific isotopes involved.11,12 Babikov and
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co-workers13 performed full quantum reactive scattering calcula-
tions for formation of various O3* isotopologues that may
qualitatively explain the ZPE dependence of the formation rate
coefficients but which were limited to total angular momentum
J ) 0 due to computational constraints. A full quantum
treatment, including O3* formation, dissociation, and collisional
stabilization,14 is clearly beyond current capabilities. One means
of circumventing this problem is to experimentally probe and
model only the O3* formation and dissociation steps through
oxygen isotope exchange reactions

in which X, Y, and Z can be any combination of16O, 17O, and
18O. This reaction proceeds on the same O3(X1A′) potential
energy surface (PES) as that for ozone formation and also
exhibits unusually large isotope effects.12,15 While thermally
averaged rate coefficients have been measured and modeled for
several isotopic variants of Reaction 1 (11, 12, 15-17), the
dynamics have not been directly investigated experimentally.
Here, we report experimental reactive scattering results for the
18O(3P) + 32O2(3Σg

-) f 16O(3P) + 34O2(3Σg
-) reaction and

compare the results to predictions from two approximate
theoretical methods, a quantum statistical (QS) model18,19(which
includes quantum effects such as tunneling and zero-point
energies) and quasi-classical trajectory (QCT) calculations.
These results directly demonstrate the nonstatistical behavior

of O3* and provide insight into the O3 PES and the applicability
of statistical and approximate dynamical theories for describing
O3* dissociation.

Results and Discussion

The angular and velocity distributions of the34O2 product
resulting from collisions of18O(3P) with 32O2 were measured
using a universal crossed-molecular beam apparatus.20,21 An
atomic beam of 50%18O(3P) and 50%18O(1D) was crossed with
a molecular beam of32O2 at a collision energy,Ecoll, of 7.3 (
0.5 kcal/mol ((2σ), and the time-of-flight (TOF) spectra of the
product34O2 were measured at various laboratory angles. The
background-corrected TOF spectra (Figure 1, symbols) reveal
two peaks that we assign to isotope exchange on the O3(X1A′)
PES: a main peak corresponding to34O2 produced in its ground
vibrational state (V ) 0) and a second peak (or a shoulder on
the V ) 0 peak depending on laboratory angle) corresponding
to the first vibrationally excited state (V ) 1). Collisions of O(1D)
with O2 are not expected to contribute (see methods section
below).

To extract center-of-mass (COM) product energy and angular
information, the TOF spectra were fit empirically (Figure 1,
lines) using an iterative forward-convolution method23 in which
trial COM product angular and translational energy probability
distributions (P(θ) andP(Et), respectively) were used to simulate
the TOF spectra accounting for machine parameters, beam
characteristics, and the COM-to-lab-frame conversion. Two
channels with separateP(θ)s andP(Et)s for 34O2 in V ) 0 and
V ) 1 were included in the fits (Figure 2). Two important
characteristics are immediately apparent. First, the best-fit total
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Figure 1. Time-of-flight spectra form/z ) 34 (18O16O) at eight different
laboratory angles. Note differenty-axis scales. Open circles are the
experimental data; solid lines are the empirical simulation.22

X + YZ T XYZ* f XY + Z (1)

Figure 2. Product angular and translational energy distributions used to
empirically simulate the data (black) and from QS and QCT predictions
(red and blue, respectively). (A)V ) 0 P(θ). (B) V ) 1 P(θ). (C) Total
P(Et). (D) V ) 0 P(Et). (E) V ) 1 P(Et) (note differenty-axis scale).
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P(Et) (i.e., for V ) 0 + V ) 1 in Figure 2C) peaks near the
collision energy limit, indicating minimal rovibrational excitation
of the 34O2 product. Second, the best-fitP(θ)s for V ) 0 and
V ) 1 (Figure 2A,B) are forward/backward peaking but biased
toward the forward direction. Forward/backward symmetric
scattering results from collisions that proceed through complexes
that are long-lived relative to their rotational periods and are
expected to behave statistically. Thus, this forward scattering
bias indicates that the reaction has some nonstatistical character.
This conclusion is robust despite uncertainty in theV ) 0
backward scattering region (see methods section below).

To examine these nonstatistical effects in more detail, we
simulated the18O + 32O2 isotope exchange reaction using a
QS model18,19 and the QCT method24 on the ab initio PES of
Babikov et al.13 Both methods were used to predictP(θ)s and
product rovibrational populations atEcoll ) 7.3 kcal/mol;P(Et)s
were derived from these rovibrational populations using a
Gaussian convolution method25 to account for the width of the
experimentalEcoll distribution. The QS- and QCT-predicted
P(θ)s andP(Et)s (Figure 2) were then used to simulate the
laboratory-frame TOF data (Figures 3 and 4, respectively).

The QS model captures the major features of the experimental
P(Et)s, which peak nearEcoll, as demonstrated by the QS
calculation of the correct times for the TOF peaks (Figure 3)
and the similarities between the QS-calculated and empirically
derived P(Et)s (Figure 2). However, the QS calculations
underpredict the TOF data at long times (>175µs) and therefore
underestimate the production of highly rovibrationally excited
34O2, which may indicate that34O2 exhibits a nonstatistical
internal energy distribution. Furthermore, since the QS model

assumes long-lived O3*, the P(θ)s are necessarily forward/
backward symmetric, and thus the QS model cannot reproduce
the nonstatistical forward scattering bias.

Like the QS model, the QCT calculations reproduce the peaks
near Ecoll in the TOF spectra (Figure 4) and yield similarly
shapedP(Et)s (Figure 2C-E). Since the QCT method results
in more34O2 in the V ) 1 state than the QS model (12.5% vs
8.3%, respectively), it better predicts the nonstatistical rovibra-
tional distribution, specifically, more scattering at TOFs> 175
µs. However, the QCT method still underpredicts the slow side
of the V ) 0 TOF peak, indicating that it still underestimates
highly rotationally excited34O2. Importantly, the QCT calcula-
tions predict a strong forward scattering bias forV ) 0 andV )
1, a consequence of∼75% of the calculated reactive trajectories
going through short-lived (<1 ps), nonstatistical complexes in
which intramolecular vibrational redistribution is not complete.
However, the QCT-predicted forward bias is larger than those
in the empiricalP(θ)s (Figure 2A,B), as is also evident in
comparison with the TOF data in Figure 4 where the QCT
simulation overpredicts theV ) 0 forward scattering (i.e., at
10°-20°) and underpredicts sideways scattering (i.e., at 35°-
60°). Thus, although the QCT model correctly predicts the
occurrence of nonstatistical effects, the nonstatistical forward
bias is overestimated while the nonstatistical character of the
rovibrational distribution is underestimated. The origins of the
QCT-experiment discrepancies are not yet clear. The treatment
of ZPE may contribute to the disagreement, but we note that
the angular distributions are forward-biased with or without the
ZPE-violating trajectories. This point will be discussed further
in a future publication. Other potential factors include inaccuracy
of the PES and electronic non-adiabatic effects.

Comparison of our experimental and theoretical results also
yields important new insights into the O3(X1A′) PES. Although
the34O2 product is rovibrationally hotter than the QS prediction,
it has relatively little rovibrational energy compared to products
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Figure 3. Time-of-flight spectra form/z ) 34 (18O16O) (open circles) and
the QS prediction (solid lines). Note differenty-axis scales.

Figure 4. Time-of-flight spectra atm/z ) 34 (18O16O) (open circles) and
the QCT prediction (solid lines). Note differenty-axis scales.
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of other triatomic reactions with deep wells, such as O(1D) +
H2, S(1D) + H2, and N(2D) + H2,25,26 which all yield more
internally excited products. This unique rovibrational distribution
of O2 is likely due to the structure of the PES13 in the transition
state region of the exit channel which is characterized by a
submerged “reef” structure that becomes a dominant centrifugal
barrier at largeJ and/or diatomic rotational quantum number
j.27 This results in a very narrow transition state that attenuates
the reaction probability for highly rotationally excited products.
In contrast, the aforementioned insertion reactions all feature
rather broad transition states for complex dissociation. Although
both the QS and QCT calculations for O+ O2 result in
rovibrational energy distributions that peak at low energies and
qualitatively match the experimentalP(Et)s, both sets of
calculations also underestimate rovibrational energy compared
to experiment. To improve agreement with experiment, a better
characterization of the O3 PES, including electronic nonadiabatic
interactions, and a full quantum treatment of the dynamics are
needed.

Finally, we note that, although the isotope exchange reaction
takes place on the same potential energy surface as the ozone
formation reaction, the exchange reaction may be dominated
by dynamics that are not easily accessed in the formation
reaction. For example, the isotope exchange reaction can proceed
through short-lived O3* complexes while the ozone formation
reaction proceeds primarily through longer-lived O3* complexes
that survive long enough to be collisionally stabilized to O3.
Indeed, this expectation is consistent with our QCT calculations
which show that at our experimental collision energy of 7.3
kcal/mol the majority of reactive trajectories for isotope
exchange are impulsive and do not visit the depths of the ozone
potential well. Since laboratory studies have shown that the
unusual KIEs in ozone formation tend to decrease as the pressure
of the third body increases,28-30 which in turn suggests that long-
lived O3* complexes likely contribute more to the formation
isotope effects than do short-lived O3* complexes, this distinc-
tion between the dynamics of the isotope exchange reaction
versus those for the formation reaction is likely important when
considering the origin of the formation KIEs. Nevertheless, our
results here for the O+ O2 isotope exchange reaction provide
new benchmarks for future dynamics and PES computational
studies needed to gain further insight into the origin of unusual
KIEs for ozone formation.

Conclusions

In summary, we combined reactive scattering experiments
and theoretical calculations for the18O + 32O2 isotope exchange
reaction to investigate directly the existence and nature of any
nonstatistical effects in O3* formation and decomposition and
to probe the O3 PES. Our results demonstrate that this reaction
involves a robust nonstatistical bias toward forward scattering
at a collision energy of 7.3 kcal/mol, which cannot be
reproduced in the QS model at all and which is predicted but
overestimated by the QCT calculations. Further evidence for

nonstatistical behavior is exhibited in a product rovibrational
distribution that is hotter than the QS prediction. On the other
hand, the reaction yielded products with minimal rovibrational
excitation compared to other triatomic complex-forming reac-
tions, which we conclude is likely due to the nature of the PES
near the transition state. Both the QS and QCT theories
overestimate this tendency toward rovibrationally cold products,
demonstrating that improvements in electronic structural and
dynamical treatments of this important system are required. Our
scattering data should guide such improvements, while our
observation of nonstatistical effects in the O+ O2 isotope
exchange reaction provides the first direct experimental evidence
that O3* dynamics are not purely statistical. Thus, these results
should ultimately facilitate a deeper understanding of the
unusual, dynamically driven isotope effects in ozone formation
and, more generally, the nature and consequences of nonstatis-
tical energy flow in chemical reactions.

Experimental and Theoretical Methods

Experimental Details. The 18O atomic beam (50% O(3P), 50%
O(1D)) had an average velocity of 2170( 4 m/s, a speed ratio of 28,
and an angular divergence of(4.5° fwhm and was produced by 157.6
nm photolysis of a skimmed molecular beam of36O2 (<0.1%16O) from
a pulsed valve (50 psig backing pressure) oriented almost perpendicular
to the reaction plane to minimize background from the trace34O2

impurity in the molecular beam. A spherical-cylindrical MgF2 lens
focused the 50-60 mJ output of a F2 excimer laser (Lambda Physik,
LPX 210i, 50 Hz) to a spot size of 3 mm× 4 mm to photolyze the
36O2. The 32O2 molecular beam had an average velocity of 783( 5
m/s, a speed ratio of 18, and an angular divergence of(1.7° and was
produced by a pulsed valve (50 psig backing pressure) and skimmed.
Both beams passed through apertures in a He-cryocooled copper cold
plate (∼20 K) that reduced background from ambient O2 in the chamber.
After the beams were crossed, the products were ionized by electron
impact and34O2 was selected by a quadrupole mass filter and directed
to a Daly detector coupled to a multichannel scaler, which recorded
time-of-flight (TOF) with 1µs resolution. The detector was rotated in
the plane of the reaction to record TOF spectra at eight laboratory angles
between 10° and 60° (with the 18O beam defined as 0°), selected to
best cover the center-of-mass angular distribution of the products but
limited to e60° due to the large background from34O2 (at 0.4% natural
abundance in the32O2 beam) at 90°.

The raw TOF spectra were corrected for the background34O2 that
undergoes inelastic scattering with the O atomic beam by measuring
the large32O2 inelastic scattering signal at each angle, scaling to the
natural abundance of34O2, and then subtracting this scaled background
from the raw34O2 TOF spectra; the correction ranged from 6% of the
V ) 0 signal height at 10° to 48% at 60°. The data were also rebinned
to 3 µs to improve the signal-to-noise ratio.

Theoretical Methods. The QS model is based on a statistical
treatment of reactive scattering assuming a long lifetime of the reaction
intermediate. In particular, the state-to-state reaction probability is given
as: Pfri ) pi

(c)pf
(c)/Σlpl

(c), where pi,f
(c) are respectively the quantum

capture probabilities for the reactant (i) and product (f) channels, and
the sum runs through all open channels.31 The differential cross sections
were obtained using a random phase approximation, which necessitates
a forward-backward symmetry in the angular distribution. The quantum
treatment of the capture processes allows an accurate description of
quantum effects such as tunneling and zero-point energies. By design,
however, the QS model is incapable of describing short time events
but serves as a useful limiting case for long-lived complex-forming
reactions.
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The QCT calculations were based on the Newtonian mechanics with
quantized initial conditions and carried out using a custom-designed
version of the VENUS code.32 While the QCT approach accounts for
the full dynamics, its treatment of the zero-point energy and other
quantum features such as resonances is often unsatisfactory.

Possible Interference from O(1D) + O2. Both theory and our
experimental results rule out significant contributions to the observed
signal from O(1D) + O2 isotope exchange due to the presence of O(1D)
in the 18O atomic beam. First, the quenching reactions O(1D) +
O2(X3Σg

-) f O(3P) + O2(X3Σg
-), (a1∆g), or (b1Σg

+) are exothermic
by 46, 23, or 8 kcal/mol for the respective product O2 electronic states
and would therefore produce O2 products much more energetic than
observed. Furthermore, the relevant potential energy surfaces are all
repulsive and cross either at energies above the collision energy or at
long O-O2 distances (>1.8 Å),33 prohibiting isotope exchange. A
second possible reaction,18O(1D) + 32O2 f 16O(1D) + 34O2, is also
believed to be unimportant since O(1D) + O2 correlates with a repulsive
electronically excited state of ozone34 and therefore is not likely to
undergo isotope exchange. Furthermore, experiments with a pure18O-
(3P) beam from the photolysis of18O labeled SO2 (but with poor speed

resolution) produced more isotope exchange signal than the 50:50 beam
of O(3P) and O(1D), allowing us to conclude that 100( 15% of the
observed34O2 signal is from O(3P) + O2.

Uncertainty in Experimental Angular Distribution. The backward
scattering region for theV ) 0 channel is not well sampled by the
experiment since good sampling of theV ) 0 backward peak would
require detection at laboratory angles that are too close to the32O2 beam
and are therefore dominated by the natural abundance34O2. To verify
that the TOF data require a forward bias, a second empirical fit was
performed in which theV ) 0 channel was constrained to be forward/
backward symmetric, which resulted in an increased signal in the slower
of the two TOF peaks at 60°. To compensate, the new fit required that
the V ) 1 channel have no backward peak. Thus, despite large
uncertainties in the shape of theP(θ)s in the backward scattering region,
the data do in fact require a bias toward forward scattering in one or
both channels and therefore do demonstrate nonstatistical character.
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