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Introduction

In the last decades, interest in detailed studies of polyatomic reaction dynamics
has blossomed. Improved experimental techniques, more powerful quasiclassical
dynamical methods, and accurate electronic structure capabilities have all combined
to focus attention on detailed dynamical questibns for larger and larger systems.
Many of these questions have previously been tackled primarily for atom-diatom or
diatom-diatom collisions or isolated triatomics. Thus the “polyatomic” will be
operationally defined to refer to a collision in which at least one collision partner or
product is a triatomic or larger or to a unimolecular process involving four or more
atoms. Clearly, such collisional processes play a very important role in many fields
such as atmospheric chemistry, combustion chemistry, laser processes, and so on.
In fact, a detailed knowledge of the properties of such collisional processes is a key
element both for modelling the chemical components arising in environmental
problems and for the interpretation of work with lasers. This study is therefore an
intriguing topic since it offers an understandable bridge between reaction
mechanisms and many complicated phenomena which have practical and even social
implications. '

As far as atmospheric chemistry is concerned, the processes addressed in this
book refer to the hydrogen-oxygen system of reactions in the chemistry of

ozone, namely

OH(v)+0O;(E, )—>HO: +0; ey
—0,+0,+H (2)
—(0,+0OH+0 3

and the reverse of reaction (1)
Oz('v)"‘HOz(Ev)‘__’Os* /Og""OH (4)
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—0,+0,+H (5)

—0, +OH+0 (6)

—>HQO,; +0+0 (7
where the star indicates that the ozone formed has an internal energy above the
dissociation limit.

The hydroxyl radical OH, in both the ground and vibrationally excited states,
is of particular interest because of its importance as a chain carrier in a number of
systems. In addition, it plays a preeminent role in the chemistry of both the lower
and upper atmosphere. Indeed, atmospheric OH in the ground state has been
measured and vibrationally excited OH has been identified in the upper atmosphere
and auroras. Though reaction and relaxation dynamics of OH are reasonably well
understood in the troposphere and stratosphere, complete characterization in higher
atmospheric layers has remained elusive. Since hydroxyl radicals are produced
vibrationally excited, OH(v<(9), in the upper stratosphere and mesosphere by the
reaction of hydrogen atoms with ozone, they are also important in the study of
infrared emission from the earth’s upper atmosphere. In fact, spectral and temporal
information from such emissions is commonly used in monitoring atmospheric
phenomena and in creating models of atmospheric chemistry and kinetics.

Once produced, hydroxyl radicals either uoresce, react, or undergo deactivation
in collisions with the ambient species such as O, O, O3, N;, CO,, and so on. Over
the past decade, significant progress has been made in measuring the vibrational
level dependence of the total removal rate constants for collisional processes in the
laboratory. However, essentially absent from the list of collision/reaction partners
is O, which is a major constituent of the atmosphere. Yet, the reaction OH+ Qs
—>HO, +0; influences the steady state concentration of many traces gases which
are important in stratospheric chemistry, and'is part of the HO, catalytic cycle for
ozone depletion in the natural stratosphere.

On the other hand, as it has been well established, ozone plays a crucial role in
the stratospheric and mesospheric chemistry. Vibrationally excited O, Z;) ,

generated in the ultraviolet photolysis of ozone, has been proposed to explain the
limitations of atmospheric ozone models. [** ) Indeed, there has been a long-standing
problem with ozone models for the upper stratosphere and mesosphere, where the
models underpredict the measured ozone concentrations, and this unexpected ozone
source was viewed as a possible explanation for the discrepancy. The “ozone deficit”
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problem has prompted much effort to identify new sources of ozone, (3%
Spectroscopic  detection of highly vibrationally excited O, produced from
photodissociation of Os at!®l 248 and"! 226 nm has shown that states as high as v=
27 are formed with significant efficiency. The reaction of highly vibrationally excited
O, upon collision with a variety of species has been studied extensively. However,
remarkably absent from the list of species is HO,, which is a vital natural
component of the atmosphere. In addition, the HO, radical is also an important
intermediate for many chemical reactions such as those involved in atmospheric
chemistry, stratospheric formation and destruction of ozone, and photochemical air
pollution. Clearly, investigation of the collisional properties of highly vibrationally
excited O, with the HO, radical is of great interest.

There have been very few experimental reports on the OH(v) +Q; reaction,
with the work of Coltharp et al. "' being the only study carried out to investigate
the influence of vibrational quanta of OH on the OH + O; interaction.
Unfortunately, these results are now suspect because of faulty kinetic analysis of the
raw data. ['*'% Time-dependent measurements of absolute rate constants were
initiated by Greenblatt and Wiesenfeld. ['*! They measured the relaxation of OH(v=9) by
O;, and found that O; is efficient at removing such vibrationally excited hydroxyl
radicals. Thus, we may distinguish three distinct sets of v states: v=0 for which
the rate of reaction with Os is well established; "] v =9 which has been the subject
of a reliable absolute rate constant measurement for OH(v) removal; 1<v<(8 and
v2210 states where there is essentially no experimental data.

Until recently, no single theoretical study of the OH(v)+Q;(E,) reaction and
its reverse reaction has been reported in the literature. Such a lack of theoretical
work can only be attributed to difficulties in calculating a reliable HO, (2A) potential
energy surface by correlated ab initio methods. Although largely due to the number
of electrons involved, such computational difficulties get compounded by the fact
that it is a five-atom system spanning a nine-dimensional (9D) configuration space.
In fact, although there has been an increasing number of studies on four-atom
reactions, very few have so far been carried out on five-atom ones using global
potential energy surfaces that cover all possible reaction channels. To our
knowledge, the only available studies refer to five-atom®' and six-atom[:
hydrogenic systems (Hn), and hence benefit from the small number of electrons and

high permutational symmetry of the molecular system. Based on previous
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work,[2?] we have developed the required realistic surface by using the double
many-body expansion®?! (DMBE) method as implemented for single-valued
functions. Moreover, we have used this novel HO; surface to study the OH(v)+0;s
reaction. (2#3] In particular, for the state v=0, good agreement has been found with
the data recommended by the IUPAC Subcommittee on Gas Kinetics Data Evaluation
for Atmospheric Chemistry;™" for 1<<v<(4 states, since there is essentially no
experimental data, a comparison with available results on the OH (v) quenching
based on nonreactive collisions has been presented. The results indicate that
vibrational excitation strongly enhances reactivity, with the removal of vibrationally
excited OH occurring predominantly through chemical reaction.

It should be noted at this stage that available experiments for v=9 did not
monitor the products of reaction, and hence the possibility exists that such results
might not be due to reéactive quenching. This issue has been raised by Teitelbaum
et al. 15 who were the first to suggest that OH(v=9) removal was dominated by
vibrational relaxation and not by chemical reaction. However, it is well established
that OH in v=0 does react with O;. Although this rate constant has a relatively
small value,[™ 6. 7 X 10 cm® molecule! s', there is no reason in principle why
reactivity could not be maintained or even enhanced for vibrationally excited OH
radicals. Furthermore, new chemical channels accessible at these higher energies
can provide a simple rationale for large vibrational enhancement effects. For
example, bond breaking to form O; +0O,+H or O, +OH~+0O becomes energetically
open for OH(v=>3). According to the Polanyi rules they might be sensitive to OH
vibrational excitation. One might argue that the increased OH (v =9) quenching
cross-section with O; is the result of chemical reaction occurring in parallel with
vibrational relaxation. In fact, theoretical work!®? for the states v=6 and 9 using
the HO, DMBE potential energy surface produced total (reactive plus nonreactive)
removal rate constants in good agreement with both the measurements of Greenblatt
et al. 12 and the latest experimental report of Nizkorodov*!! while supporting the
view that reactive scattering cannot be discarded, and even be dominant over non-
reactive scattering.

In addition, based on such a reliable potential energy surface for HO, (A), we
have also reported the theoretical study of the O, (v) + HO, (E,) multichannel
reaction,®?**) which gives the first information for HO; as a collision partner. The
results indicate that it can be a potential source of ozone in the upper atmosphere.
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Furthermore, theoretical investigations of vibrational relaxation of highly
vibrationally excited HO,/O; in collisions with O,/OH have also been
presented. [*%") Finally, we investigated the dynamics of HO, +0; reaction using a
global DMBE potential energy surface for HO; (?A) developed by us, B4

Ten of the atmospheric reactions in the present review of this book have great
relevance to stratospheric ozone chemistry, Although they are only a subset of the
reactions necessary for modelling the chemistry of stratospheric ozone, such
reactions are the most influential since only natural species which have a high
abundance in the atmosphere are involved. Thus, they may be used to provide a
model prediction from first principles of the hydrogen-oxygen atmosphere in which
contamination by other chemicals is absent. Hopefully, this account of the present
status of OH(v) +0; (E,) and its reverse reaction dynamics will stimulate more
experimental and theoretical interest in these important species which relate rather
intimately in one way or another to our daily life. Finally, it would be interesting to
see the extent to which the methodology discussed in this account is working its way
to address other five-atom and larger polyatomic reactions which are currently at the
forefront of reaction dynamics.

This book is organized in two parts. The first part gives theoretical
introduction, while the second part presents detailed case studies. In particular, the
first chapter of the second part presents a single-valued potential energy surface for
HO, ((A) from the double many-body expansion method and dynamics studies of
OH (v) + O; (E,) atmospheric reaction, [?833%3] The second chapter provides
detailed investigation of O; (v) + HO; (E,) reaction,? 33%) and HO, + O
reaction, 3%

The system of units adopted throughout the book is not uniform since we have
used, depending on the context, the units which best suit the particular subject or

which make comparisons with other studies easier.
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