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Introduction

Ozone is a minor constituent of the earth’s atmosphere,
but one that plays a disproportionately important part
in atmospheric physics and chemistry’. Atmospheric
ozone absorbs solar radiation strongly, and conse-
quently influences the temperature structure and
dynamics of the stratosphere. There is a powerful
interrelation between circulation and other meteoro-
logical phenomena, the radiation ficld and stratospheric
chemistry. One outstanding feature, of course, 15 the
relationship between the absorption spectrum of ozonc
and the protection of living organisms from unatfe-
nuated solar ultraviolet radiation. Because ozone has a
positive enthalpy of formation, reactions involving the
molecule have a tendency to be exothermic and thermo-
dynamically favoured, and reaction rates are often high,
If ozone absorbs radiation, the energy of the system is
further elevated and yet other reactions become
accessible. In particular, at wavelengths shorter than
about 310 nm, ozone is photodissociated by ultraviolet
radiation, and two exciied fragments are formed
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O, + >0 {(:D)+0,(*A)) (1)

in a large proportion of the photodissociation events.
The excited atomic fragment is able to participate in
key reactions such as

O(*D)+H,0-0OH+OH (2)
Q('D)+CH,—~OH+CH, (3)
O('D)+N,0-NO+NO (4)

which generate radicals, especially OH i the strato-
sphere and the troposphere, and NO in the strato-
sphere, With excited atomie oxygen the reactions are
fast, but with ground-state oxygen they are too slow to
be of importance. The radicals themselves are of para-
mount significance in the atmosphere. lndeed, 1
daytime tropospheric chemistry, many transformations
involve the OH radical, and it 1y difficult to postulate
sources of this radical that do not start with the
nhotadissociation of ozone.

Not only is the atomic frugment of the ultraviolet
photodissociudion of ozone clectronically excited. but so
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i the metecular mowty, The strongest feature of the
terrestrial dayglow s the ‘infrared atmosphenc band’ at
;= {270 nm. resalting from the O,({'A,—~"Z;) transi-
ton. and the upper state s excited mainly through
photodissoctation of Oy 1n reaction (1) Indeed, if the
efficieney  of excitanon s known, measurements of
arrglow intensity can be used for the remote monitoring
of atmosphenic ozone concentration, this method s
used. for mstance on the SME satellite® 3.

The simple examples just presented make it cvident
that a knowledge of the cefficiency of the production of
evcited species in the photodissociation of ozone 1s a
prerequisite in the quantitative interpretation of many
aspects of atmospheric chemistry, The information
needed can only come from laboratory experiments.
Ozone photochemistry has been studied in  the
laboratory for well over a century and aeronomers and
atmospheric chemists have been able to apply the
results of the experiments to their own endeavours.
However. there is also a great fundamental interest In
the physical chemistry of ozone photochemistry that
has prompted investigation of the detaids of dissociation
at increasingly sophisticated levels. The development of
time-resobved methods, together with direct identifica-
tion of the fragments, has allowed successively more
detatled examination of the dynamics of dissociation. In
seneral, the effort has been directed towards investiga-
tion of the energy and angular distributions of the
fragments as they are bornm, and eaperiments on the
femtosccond timescale have been applied to investigate
the molecule immediately after it has absorbed
radiation and as it is in the process of falling apart*>. It
is becoming increasingly evident that studies ol this
kind are not only of interest to physical chemists, but
that they may also be of considerable relevance in
atmospheric science. Even at the level of the electro-
nically excited states of atomic and molecular oxygen
with which this introduction started, it is clear that the
systems concerned are far from thermodynamic equili-
brium. Vibrationally excited species derived from ozone
photodissociation may also be important, even in the
stratosphere®. Interpretation of ozone chemistry in the
mesosphere and thermosphere certainly requires explicit
state-to-state dynamic information because the distribu-
tion of energy amongst electronic, vibrational, rota-
tional and translational modes can only be assessed il
the nascent distributions are known. In addition, the
more detailed our understanding of the phenomenon of
photodissociation, the more reliable will be the
predictions of behaviour under conditions not accessi-
ble in the.laboratory. but which may be relevant to
atn ospheric studies. An understanding of chemical
dynamics at the molecular level often provides a key to
the understanding of behaviour of bulk systems®.

[n this review, developments in the study of ozone
photochemistry ure surveyed First, the important
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spectral transitions in ozone are described and some
information 1s presented on the electronic states
involved 1n ozone photochemistry. Subsequently, the
photodissoctation 1itself is considered, first in terms of
the elcctronic states of the products, and then in terms
of vibrational excitation in the molecular fragment.
Finally, the dynamics of dissociation are considered at
the most dctailed level for which data are available,
More extensive, but less up-to-date, reviews of ozone
photochemistry have been published elsewhere” ¥,

Spectroscopy and electronic states of ozone

A full and critical survey of ozone spectroscopy has
been prepared by Steinfeld et al®; a summary only is
provided here.

Four distinct systems are recognized for the optical
absorption of ozone in the near infrared to conven-
tional ultraviolet regions of the spectrum. The longest
wavelength electronic absorption i1s that of the Wulf
system in the near infrared, which blends into the
Chappuis bands in the visible region. The Huggins
bands appear in the near ultraviolet, with an inferred'? -
(but not observed) orgin at 1=368.7 nm. All these
three systems consist of diffuse bands. At wavelengths
somewhat longer than 300 nm, the Huggins bands are
replaced by the Hartley continuum. This system 15 the
strongest of all, with a peak absorption near £=250 nm.

The Wulf bands involve the 1' 4, « 114, transition,
which is not allowed for vibrationally unexcited species,
but which becomes vibronically allowed 1n the
asymmetric stretching mode. The most recent’' analysts
of the absorption spectra near 1 um suggests that the
lowest point on the A, surface lies at 9990+ 70 cm ™’
or 1.24 eV, above the minimum of the '4, ground statc.
The Chappuis bands lie at somewhat higher energices.
Vaida et al.'® have suggested, on the basis of structure
seen in condensed-phase spectra, that the upper level of
these bands is the ' A4, state. However, this conclusion is
disputed'', and the consensus is that the 1'B,«1" 4,
transition gives rise to the Chappuis bands. The
observed vibrational spacing is rather larger than the
prediction of Hay and Dunning'”.

Hay et al!® assign the Hartley band to the
| !B, 114, transition, and the shape of the continuum
arises largely from a symmetric stretching progre-
ssion'4~ 17 dissociation along the asymmetric stretch-
ing mode being responsible for the vibrational broaden-
ing that produces the continuum®'*'% One of the
uncertainties concerning the photodissociation of ozone
is the source of the structure n the centre of the Hartley
band'®. Johnson and Kinsey'® have shown. by Fourier
transformation of the absorption spectrum, that the
structure corresponds to recurrent features in the
autocorretation function n the first hundreds of
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femntoseconds following absorption. Unstable periodic
or nearly periodic orbits in the photodissociation
dynamics (sec section on ‘rotational energies and the
dissociating motecule’) are thought to give rise to these
time-dependent features. Subsequent effort has recently
been directed to a theoretical interpretation of the
recurrences!® %2,

A locally bound region on the 1'B, surface may be
responsible!® for the Huggins bands, although there is
also speculation®” that the 2'4, state may be involved.
Bands arising from odd v, appear in the Huggins
system; such bands should be forbidden if the molecule
has C,, symmetry. However, recent experiments®® on
the excitation of fluorescence suggest that the upper
state of the Huggins system is, indeed, effectively the
1'B, state, but with C, symmetry (as predicted*>~"3:23
by calculation} rather than C,, symmetry. The
fluorescence excitation studies employed jet cooling of
the ozone to ca. 3 K to remove rotational congestion,
and partial resolution of rotational structure was
possible that led both to the identification'®** of the
upper state in the Huggins system and 1o an upper
bound for its lifetime?* of 3.6 ps.

Considerable theoretical effort’>:2%2>73! has gone
into calculating the energies and properties of electro-
nically excited states and potential energy surfaces for
ozone that assist in understanding the spectroscopy,
photochemistry and dissociative pathways. A great deal
of attention®! has been paid recently to sophisticated
treatments of ¢lectron correlation in ozone, especially in
the ground state. Incidentally, this type of calculation’?
shows that the cyclic (D,,) form of ozone lies at energies
above the dissociation limit of the open form to ground-
state fragments.

Figure 1 shows some potential energy curves for
singlet states of Oj calculated recently?® by ab initio
methods. The curves represent sections through the
potential surfaces in which one bond distance and the
bond angle are held constant at their ground-state
equilibrium values. The correlation of these states with
O,+0O states is indicated, and is relevant to the
discussion to be presented in the next section.

Experimental evidence for bound excited states of
ozone is rather sparse. High resolution inclastic
scattering data have been used to infer’? information
about singlet and triplet states at relatively high
energies (>3.75¢Y). Shi and Barker’® have studied
time-resoived infrared fluorescence following laser
photoexcitation of O, in the Hartley band. Scveral
bands are observed, of which one, at A>~1-9 pm, may
result from a triplet state of O;. The only other direct
observation of low-lying triplct excited states 18 that of
Swanson and Celotta®®, who observed a broad peak
near 1.65 eV tn an electron impact study for a scatlering
angle of 90 degrees, where spin-forbidden transitions
should be most prominent. The 1?8, state is accessible,
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Figure 1. Potential energy curves?® for some singlet states of ozone.
The encrgies are shown as a function of one O-Q bond distance with
the other inter-bond disiance {2.413 au) and the bond angle (116.8%)
held at the ground-state equilibrium values. The electronic states are

given first for C, symmetry, and then in parentheses for C,, symmetry
of the molecule.

although the abserved’® features may include contribu-
tions from the lower triplets (1°B,, 1°A4,). McGrath and
co-workers®® have reported an absorption transient
following trradiation of ozone mn the visible region by a
dye-pumped flash system. Enhanced absorption in the
ultraviolet region was observed, at a peak wavelength
of 320 nm. Arguments were presented to support the
assignment of the absorption to electronically excited
ozone, probably in the 1'A4, state, with a radiative
lifetime of about 4 ms. Circumstantial corroboration
comes from the experiments of Shi and Barker’* and
von Rosenberg and Trainor®’, who observed infrared
emission on the recombination of O with O,. Most of
the emission results from vibrational transitions 1in
sround-state ozone, but part of the chemiluminescence
may derive from electronically excited ozone. Wraight?®
suggests that the upper state involved is the 1' 4,, and
provides explanations for why this state should be
populated. Further experiments by Bairr and co-
workers®*?'4% on the recombination of O with O, seem
to be consistent with more than 60 per cent of the
ozone first formed being electronically excited, probably
in the 7B, state, and the same state is invohed by
Ramirez et al.*! as one of the routes to formation of O,
in the pulsc radiolysis of oxygen. Nevertheless, it scems
at present that the identification of the excited states in
the enhanced absorption®®, infrarcd emission®* 7 or
kinetic?? ~* experiments is far from certain.

Product clectronic states in ozone photolysis

Ozone has a peculiarly rich photochemistry partly n
consequence of the rather weah encrgy of the O, O
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bond (ust over 106 kJ mol™! or 1 eV). Both atomic and
molecular oxygen have several accessible excited statces.
Table 1 shows some of the thermochemical thresholds,
expressed as wavelengths in nm, for different dissocia-
tion channels. The experimental evidence shows that
absorption in the Chappuis bands of the visible region
of the spectrum leads to the formation of two triplet,
ground state, fragments, while in the strong part of the
Hartley band, at A< 300 nm, the products are mainly —
but not exclusively-—the ftwo singlets shown by the
table to be energetically accessible (O, (*A)}+O(* D))
Circamstantial evidence first led to these conclu-
sions*2~**: other indirect and direct identifications of
the products of photolysis have subsequently become
available, and will be described later. At wavelengths
shorter than 237 nm, O(!S) becomes an energetically
possible product, although experiments*® in the wave-
length range 170-240 nm show that the 'S state atom is
not produced to a significant extent. Indeed, at
A=157.6 nm, about half the ozone molecules fragment
to O('D)+0,('%;), the remainder of the ozone
dissociates via a new route to O+ QO+ O (ref. 46).

The experimental data thus show that absorption of
a sufficiently energetic photon does not guarantee that
an energetically accessible route will in fact be followed,
although thermodynamics, as embodied in Table 1,
may impose a limiting constraint on the dissociation
chaonnels. QOther c¢onditions may also need to be
satisfied for the actual occurrence of fragmentation by
any given pathway. In particular, reactions are
generally efficient only  they proceed adiabatically;
that is, if a single continuous potential energy surface
connects products with reactants. Of the correlation or
conservation rules that are based on this concept, the
important ones in the decomposition of ozone are those
concerned with spin and with orbital symmetry. For
example, if the O and O, fragments of the dissociation
are to correlate with a singlet excited state of O;, the
spin-conservation argument runs that both fragments
must be singlets or both must be triplets. With this rule
imposed, some of the pairs of products suggested by
Table 1 are excluded. Figure 1 illustrates more fully the
correlations between different singlet states of O, and
the states of O+0O,. A certain amount of caution is
needed sn applying the spin and other conservation
rules. Spin-orbit coupling can relax the rigour with
which the AS=0 rule must be applied in both optical

Table 1. Thermochemical thresholds {expressed as

wavelengths in nm) for photodissociation of ozone to
different electronic states of the products.

Molecule
Atom 01(32;] Oltlﬁg] 01(11:;] 0,CL)Y 0,CZ))
O(PpP) 1180 612 4613 230 173
o', 411 310 267 168 136
Q%) 237 199 i81 129 109
714

and radiationless transitions; the excitation process
could also occur without conservation of spin, and the
subsequent dissociation might be non-adiabatic. The
other point that should be made is that the rules show
excluded possibilities rather than permitted ones. We
shall return several times later to consideration of the
validity of the spin conservation rule.

As emphasized in the introduction, O('D) drives
chemical transformations of great importance in the
stratosphere and troposphere. Photolysis of ozone by
ultraviolet radiation is the source of the excited atomic
oxygen, so that a knowledge of the efficiency of O('D)
production is vital to a quantitative understanding of
much of atmospheric chemustry. The wavelengths
indicated in Table | would be the absolute limits for the
formation of any particular product pair, were it not for
the possible utilization in dissociation of internal energy
in the molecule. Vibrational and rotational energy can,
in fact, contribute towards the total energy necessary
for dissociation, so that the onset of participation of a
channel does not have to be a step-function of
wavelength, and it may be a function of temperature.
One particularly sigmificant photochemical region is the
long-wave tail of the Hartley-Huggins bands. In this
region, solar intensity rises rapidly, but is accompanied
by a sharp decrease in absorption cross section. The
variation with wavelength of quantum yield for O (! D)
praduction thus has a profound ettect on the predicted
rate of excited atom formation. Many experiments have
shown that there is a marked decrease in ¢ ('D) as 4
increases from 254 nm to 334 nm, the yield being
essentially zero at the longer wavelength. At A=310 nm,
¢ (*D) is around 0.1 of its value at A=254 nm. Such
behaviour is, at least qualitatively, that expected if
photolysis 1s spin conserved, since, as shown i1n Table 1,
A=310 nm is approximately the thermochemical thres-
hold for formation of two singlet products. Subsequent
¢xperiments, both static and those using laser flash
photolysis, have greatly refined the early results*’ >4,

The absorption spectrum of ozone 1s temperature-
dependent, and vibrational excitation of ozone seems to
be responsible for the changes!®:?°~*7. The exact form
of the ¢ {'D)-1 curve is also temperature-dependent®,
probably because vibrational excitation can contnbute
to the total energy available for dissociation of ozone.
Moortgat and Kudszus®* have cast the experimental
data for both the wavelength and temperature de-
pendences of ¢(!D) in an analytical form. With
modification for the likely absolute values of ¢(*D), to
be discussed next, the expression i1s the basis for the
quantum yields quoted in current data evaluations®.

Most measurements of the quantum yields for O (' D)
production at wavelengths around the fall-off region at
the energetic threshold (1.e. ca. A=310nm) have been
made relative to those for shorter wavelengths, where
the quantum yield has often been assumed to be unity

CURRENT SCIENCE, VOL. 63, NO. 12, 25 DECEMBER 1992
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on the basis of the spin-conservation arguments
discussed earlier. Several pieces of information show
that the O ('D)+ 0, ('A)) channel may not be the only
one operating for czone photolysis at wavelengths
shorter than the thermodynamic threshold, although it
may be the dominant one.

Two time-of-flight photofragment spectroscopy stu-
dies have indicated that the quantum yield for ground
state, O{°P), atom formation is about 0.1 at wavelengths
arcound 270 nm. Sparks et al.°? showed that most of the
atomic oxygen photofragments can be identified with
formation of O,(*A}+O('D), with four peaks corres-
ponding to v=0, 1, 2, and 3 in the O,; a broad high

energy feature, however, can only result from dissocia-"

tion in the O,(°%;)+O(P) channel, which must
contribute roughly 10 per cent to the total dissociation.
Fairchild et al.5! reached similar conclusions from their
study of the atomic oxygen fragment. More recent
experiments of Kinugawa et al®?, using REMPI
detection of O(’P) with laser photolysis of O, at
A=226 nm, have also shown that ground-state atomic
oxygen is formed, although these experiments addressed
primarily details of the fragmentation dynamics (see
later) and do not give a quantitative measure of the
fraction of dissociation events leading to ground-state
products.

Flash phctolysis experiments confirm that some of
the dissociation proceeds wvia the tnplet channel
Photolysts at 2=248 nm®*%* and at A=266 nm®°
indicates that about 10 per cent of O(°P) is formed
promptly after the photolytic flash (i.e., in the primary
step), while additional O (*P) builds up subsequently as
a result of the secondary reactions anticipated. Wine
and Ravishankara®® have measured ¢ ('D), and obtain
a value of 0.9 at /=248 nm, 1n substantial agreement
with the interpretation put on the measurements of
¢ (*P). Experiments at wavelengths near the threshold
for O('D) production suggest®® that ¢ ('D)=0.96 at
4A=300 nm. That is, the quantum yield 1s apparently
higher at the threshold than it is at shorter wavelengths.
Brock and Watson*® 5 also find evidence that ¢ ('D)
decreases slightly between A=304 nm and A=275nm.
The trend is even more apparcnt in relative mcasure-
ments of ¢ (D} made by Trolier and Wiesenfeld®’ over
the wavelength range 275-325nm. At wavclengths
between 300 and 285nm, the relative yicld stays
essentially the same; however, at shorter wavelengths
the yicld declines, and by 2=274 nm it has decrecased to
0.86 4 0.06 (rclative to unity at the longer wavelengihs).
Absolute measurements®® at 2=222nm show that
¢ (2P)=0.134 002, and indirect, but absolute, measure-
ments of the yicld of OQ('D) suggest a value of
¢ (*D)}=0.87 1 0.04 at the same wavclength, That s, the
total yvicld of atomic oxygen in the ' and *P states is
confirmed to be unity at this wavelength, A decrease in
' at waveclengths shorter than those near the
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threshold is not excluded on theoretical grounds,

although 1t is not necessanlly predicted, either. The
formation of any triplet products in the ultraviolet
region is presumably a result of a predissociation from
the electronic states that more frequently yield the
singlet fragments by direct dissociation. With reference
to the potential energy curves?> of Figure 1, for
example, crossing from the B' A’ state first populated by
absorption to the A' 4" state could lead to ground-state
products. The efficiency of crossing will be determined
by the mixing of the electronic states and the velocity of
approach to the intersection. The variation of this
efficiency with wavelength will thus depend also on the
exact energy and geometry of the surfaces. At shorter
wavelengths again, quite different behaviour may be
expected as new electronic states are populated. As
stated earlier, Taherian and Slanger*® identified a
channel leading to three oxygen atoms at A=157.6 nm.
Evidence exists®® for the operation of a similar
dissociation channel at A=193nm. At this latter
wavelength, there appears also to be coproduction of
O('D) and O, ('Z)).

Valentini and co-workers®®:7? have obtained experi-
mental confirmation of the curve-crossing process {rom
the rotational quantum-state distributions in the
O,(*A)) fragment of the Hartley band photodissocia-
tion of ozone. The expertments themselves, and their

interpretation, are discussed in the section ‘rotational
cnergies and the dissociating molecule’. It suffices to say
here that these experiments provide a way of
dei:rmining the quamtum yield for the triplet channel
Valentini et al.7° find that their resuits do nor fit in with
a value of ¢ {!D) that is unity at wavelengths near the
encrgetic threshold, but which decreases at shorter
wavelengths.  Rather, they argue for a constant
branching ratio for the singlet channel of 0.89 over the
wavelength range 266 to 311 nm. In fact, the apparent
constancy of the values of the triplet yield at the longest
wavelengths 1s ttself rather puzzling, since most other
studies indicate values of ¢ (°P) substantially above 0.11
for A> 308 nm. One possible explanation s that there 1s
an additional, spin-forbidden, dissociation channel 1
the long-wavclength tail of the Hartley absorption
band. This ideca will shortly be explored [urther.
Atthough therc is cnough encrgy (cf Table 1} for O,
('A,} to be a product of the photolysis of ozone in the
Chappuis region, all the available cvidenge®! 71774
indicates that excited products are not formed in the
visible-region  photolysis. That is, spin conservation
determines the pathway of photolysis an the visble
region of the spectrum, On the other hand, labortory
experiments, deseribed  in detail elewhere?t 7Y R
show eaplicily that O,('A)) is the molecular fragment
of osone photolysis in the ultrviolet. Although
O, ('L} could be produced at A=2537 nm (see Tuble
D, a it of less than five per cent has been placed ¥ on
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its excitation efficiency at this wavclength. Absolute
calibratton for O,('A) emission intcnsities allowed
Jones and Wayne®® to show that the species was
formed with an efliciency of 0.83 £0.11 at A=253.7 nm,

Other experniments confirm that O, ('4)) is a product
of photolysis of ozone by ultraviolet radiation. The
photolragment  spectroscopy experiments®™® ! show
encrey releases consistent only with the formation of
the excited singlet oxygen. Furthermore, the coherent
Raman studies®®™® directly examine the O,('A)
molecule, and are able to resolve detailed vibrational
and rotational structure.

All the experiments that suggest a valuc for ¢ (O'D)
of less than unity for ultraviolet photolysis also imply
that the quantum yield for O,(*4,) production will be
less than one in the photolysis of ozone. It thus seems
that the measurement of ¢('A))=0.83+0.11 of Jones
and Wayne®® should be taken at face value. The
significance of this conclusion for atmospheric studies 1s
that the production rates of O,('A)) in the atmosphere
must be scaled by the primary quantum yield. One
application, for example, where a value of ¢ =~0-8-09
might have an impact is in the derivation of ozone
concentrations from airglow intensities in the infrared
atmospheric band, O, ('A,—°Z,), as applied to data
from the SME infrared instrument® >,

One [urther finding upsets the simple idea of spin-
conserved photodissociation of ozone giving rise
entirely to two singlet or two triplet products with the
threshold being set by thermodynamic constraints. This
finding concerns the production of O,(*A)) at wave-
lengths longer than the A=310nm threshold. The
evidence suggests®! ~®3 that O,{*A)) formation remains
efficient at A=3341nm, even though production of
O(!D) no longer .occurs., That 1is, the dissociation
appears to be spin forbidden in this weak absorption
region. The fragments O(*P)+0,('A)) correlate with
the 1*B, and 2°B, states of ozone; the vertical
excitation energy of the 2* B, state of O, lies at about*®
3.27 ¢V, corresponding to an onset of absorption at
i=379 nm. Direct, but forbidden, population of the
23B, state might therefore be achieved by the weak
optical absorption at A=334 nm. An alternative route
to the photolytic fragments that correlate with tripict
states of ozone would, of course, be optical absorption
in the singlet system, and (forbidden) crossing to the
triplet.

Rotational quantum-state populations’® in the
0,('A,) product of ozone photolysis at the long-
wavelength end of the Hartley continuum also suggest
that there is a dissociation channel additional to that
yielding the O ('D)}+0O,{'A)) singlet pair. However, the
CARS spectra show no evidence for the appearance of
a O(*P}+0O,('A) channel, which should be accompa-
nied by changes in rotational and vibrational distribu-
tions at the longer wavelengths (1=308-311 nm} in
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these experiments. An alternative possibility for the
additionat channel 1s that the O, is formed in the
second, b'E) state, for which, unfortunately, a search
was not made. The quantum yikeld for a OCP)+
O, ('Z;) channel would have to be as high as 0.56 at
A=311 nm to explain the observations’®. What is clear,
however, 15 that there is experimental support for the
idea of a singlet molecular fragment being formed along
with a triplet atom in the tail of the Hartley band.
From the point of view of atmospheric chemistry, it
may not even matter which singlet molecular state is
formed, since at altitudes below about 70 km quenching
by N, is the most probable fate of O,(*Z), and the
product of quenching is believed to be O, ('A,)"".

The direct or indirect production of O,('A)) at
A>310 nm needs to be considered :f IR atmospheric
band intensities are to be used to estimate ozone
concentrations in the lower stratosphere and below3?.
Long-wavelength photolysis is likely to show the largest

influence for large solar zenith angles and at low
altitudes.

Vibrationally excited oxygen from ozone photolysis

Even relatively modest experiments have been used to
look at the products on a time scale short enough that
vibrational relaxation has not wiped out more detaited
information. Klais et al.®® were able to use flash
photolysis, followed by absorption in the vacuum
ultraviolet region, to study vibrationally excited
0,('A,). The experiments not only provide further
confirmation that O,('4,) is a primary product of
photolysis, but also give an idea of the partitioning into
the accessible vibrational levels. Time-of-flight photo-
fragment spectroscopy provides even more detailed
information. For example, Sparks er al®® used the
product energy information in conjunction with
polarization dependence data to show that the relative
vields of photolysis at A=266 nm into v'=0, 1, 2 and 3 of
0, (*A,) are 0.57, 0.24, 0.12, and 0.07.

Coherent anti-Stokes Raman spectroscopy (CARS)
has been employed by Valentini and co-workers to
investigate dissociation of ozone in the Chappuis’'*"?
and Hartley®®-7® absorption regions. CARS is a
multiphoton spectroscopy dependent on nonlinear
effects resulting from the use of high-intensity lasers.
Very high time resolution is inherent in the techmque,
because the time scale 15 that of the Raman process
itself. and the true nascent molecular oxygen photo-
fragments are probed. In the Chappuis region,
vibrational levels in O, (°Z;) up to v=4 are seen and
the vibrational distribution remains virtually the same
for photolysis from 1=560 to 638 nm, even though at
the longest wavelength v=4 is the highest accessible
vibrational level, while at the shortest v=6 could be
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populated. One interesting observation is a small
population inversion between v=3 and v=2 at all
wavelengths. The constancy of the distribution indicates
that the dissociation is vibrationally adiabatic, with the
exit channel dynamics being involved only in the
partitioning of energy between rotational and transla-
tional modes. Simple kinematics explain’? the vibrational
adiabaticity. Because the equilibrium bond angle in O
is quite small (ca. 117°), the repulsive impulse between
the photofragments has a small projection along the O-
O bond in the O, product. Only about five per cent of
the available energy could appear as vibration even if
the interaction were purely impulsive’!, Appreciable
rotational excitation is expected to follow repulsion of
O from O, because of the small bond angle, and such
excitation is, indeed, seen.

CARS spectra have been obtained’® at 17 different
wavelengths in the Hartley band. At each photolysis
wavelength, all energetically accessible vibrational
states are populated (with v up to 7 for photolysis at
A=230 nm), in contrast to the behaviour for photolysis
by visible radiation described above. Nevertheless, the
most probable vibrational state is always v=0, and the
vibrational distribution 15 nearly independent of
photolysis wavelength, apart from the population of the
higher vibrational levels of O,('A,) at the shorter
wavelengths. Figure 2 shows the spectrum for photo-
lysis at A=240nm, One most remarkable feature of
these CARS spectra concerns the rotational distribu-
tions, and we shall return to this aspect in the next
section. For the moment, we note that even though
high-J rotational states are produced, conservation of
angular momentum prevents a large fraction of the
available energy from appearing as rotation. Thus, since
r =0 predominates in the vibrational distnibution, most
of the energy difference between the photon energy and
that needed to form O('D)+0O,(*A,) appears as
translation. Figure 3 shows the good agreement
between the CARS measurements of vibrational state
distributions for photolysis at A=266 nm and those
obtained by photofragment tme-of-flight spectro-
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Figure 2. Coherent Roman anti-Stokes specirum {whmuun Q0
branch} of O,('A }pmdtm,d i the photolysis ol ozone at 4= 240 nm,

Note the d!h..rna[mn in intensitics between neighbourning J levels,
Reproduced from refl 70.
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Figure 3. Vibrational state distributions in the O,{!A )} fragment of
photolysis of ozone at A=266 nm obtained by CARS"'é and time-of-
flight®? techniques. Reproduced from ref. 70.

scopy®® at the same wavelength. Initial bond lengths in
the '4, state of O, and in the 'A, state of O, are not
much different, so that wvibrational excitation is not
expected from the Franck-Condon overlap of reactant
and product. However, the upper state of the Hartley
system (1'B,} has a calculated'* bond length of 1.405 A,
as against 1.271 A for the ground state of O, The
relative lack of vibrational excitation must thercfore
mean that the gradients on the potential energy surface
are sufficient to drive the dissociating system out of the
Franck—Condon region so rapidly that there is no time
to excite the preserved O-0O bond.

Vibrational energy release in the miner channel of
the Hartley-band dissociation to yield O(CP)+ 0O, (°Z;) is
implicit in the various photofragmentation experi-
ments®® %2, In the most recent of these®?, REMPI
detection was coupled with both time-of-flight spectro-
scopy and high-resolution Doppler profile measure-
ments on the O(°P) fragments. The recovered transla-
tional energy distribution is sufficiently well resolved for
the vibrational distribution in O, to be inferred,
Excitation is seen up to beyond v=20, with a maximum
(and mean) at roughly v=12 to 15, as indicated In
Figure 4. It should be noted that a rotational
temperature is needed to obtain the vibrational
distribution, and the valuc adopted by Kinugawa et
al®? is based on an impulsive model of ozone
dissociation®®. Angular distributions were probed in
these experiments by measuring the spectra as a
function of the angle between the polarization vector of
the dissociation lascr and the detector awis. The
anisotropy factor that is derived gives information
about the dissociation lLifctime, which is dependent on
the time taken for the wave pachet prepared on the
upper surface of the Hartley system to reach the seam
of the predissociating potential surface {see Figure T for
a two-dimensional representation of some calvulated
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Fizure 4. Tramslational energy distnibution®® function, P(E), of
O(*P) fragments from the photodissociatton of ozone at 4=226 06 nm,
The vibrational quantum states 1n ground-state O, are indicated. A

rotational temperature of 4000 K 1s assumed n denving the
distnbution.

surfaces). According to one set of calculations®’, this
evolution time is 10 fs, and the excitation of the product
O, 1s a consequence of the extended geometry reached
at this time. A simple relationship for a harmonic
oscillator®? predicts an averaged vibrational level of 11,
in good agreement with the experimental value of 14.
The mference of high degress of vibiational extwa-
tion in the minor channel of ozone photodissociation in
the Hartley band is of particular interest 1n relation to
upper stratospheric and mesospheric ozone densities.
Slanger et al.®® showed ozone could be generated with
/=248 nm laser radiation incident on O,, even though
at this wavelength there is insuffictent energy to
dissociate molecular oxygen. The key feature of the
solution proposed by Slanger et al®® was that
photodissociation of O, led to vibrationally excited O,
as just described, and that this excited O, is capable of
being dissociated at the laser wavelength. Slanger er al.
went on to speculate that a process of this kind, which
ultimately 15 capable of vielding three oxygen atoms
(and thus three ozone molecules) for each molecule of
ozone photolysed, might be of atmospheric importance.
There 15 a need for such a mechanism, since most
modcls of upper stratospheric and mesospheric ozone
photochemistry underestimate the amount of ozone
present. The quantitative experimental data of Kinugawa
et al®? now permit incorporation of these ideas into
atmospheric models. Toumi et «al” show that the
enhanced production of odd oxygen with the new
source allows model and observations to be reconciled.
As an additional piece of evidence for the importance of

vibrationally excited oxygen, these workers show that
the observed enhancement of infrared emission from

water vapour could be explained by energy transfer
from excited O, to H,0.
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Rotational energies and the dissociating molecule

Although the motivation of most of the laboratory
investigations of nascent product energy distributions
in the photolysis of ozone has becen pnimarnily that of
understanding the photodissociation dynamics, 1t has
nevertheless emerged that the results, even at the detail
of the disposal of energy into rotation, have applica-
tions to atmospheric problems. In this section, we
consider experiments that probe the dissociation of
ozone at the most intimate level, and present the results
without overemphasizing the interpretations of dyna-
mics. Qur remarks in this section are confined to
photodissociation in the ultraviolet region.

Possibly the most remarkable feature of the CARS
studies of the photodissociation of ozone in the ultra-
violet region®® 7% is the rotational structure in the
0, (*A,) product. There is an anomalous propensity for
evenl J, as indicated in Figure 2. Intensity alternations
of this kind cannot be due to spectroscopic effects or
nuclear degeneracy differences®®. Rather, a dynamical
bias in the photodissociation must be behind the
alternations. Nuclear exchange symmetry restrictions
allow only odd-J leveis in ground state 0 1°0 (°X),
because the nuclei have zero spin; in O,('A)), the
situation is complicated by the existence of A-doubling,
but again there are restrictions, even-J levels being
associated with the A* components, and odd-J with the
A~ components. Nuclear-spin statistical effects might
thus be a good place to look for an interpretation of the
photodissociative bchaviour. Valentini et al.”® have

carried out CARS photofragment spectroscopy on

0Q,(*A,) formed in the dissociation of isotopically

substituted ozone. Both '*0'°0 and '*0'?0 products

show the same propensity for even-J rotational states,

but the heteronuclear isotopomer '°0O*'*Q does not.

Comparisons of the relative populations for *°Q**Q
and '®0Q'¢Q rotational levels demonstrate clearly that
it is the odd-J levels in the homonuclear isotope that
are depleted relative to the even-J levels, rather than
the even-J levels that are preferentially populated. This
result thus excludes an explanation that calls for a
preference in the photodissociation for the A* A-

doublet components of O, (*A,). The data are, however,
consistent with a preferential removal of the odd-J
levels in the curve-crossing process discussed earlier. It

was pointed out then that there is a considerable body
of evidence for about 10 per cent of the photolysis of
ozone in the Hartley region resulting in the formation
of two triplet products, O(*P)+ O, (?°Z"), by means of 2
radiationless energy transfer process. Figure | was used
to illustrate the principle with reference to diatomic-like
potential energy curves calculated for the ozone
molecule?’. Crossing is assumed to occur at large
enough internuclear distances that the system behaves
as separate atomic and diatomic species. Radiationless
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transitions require that the parity of the two states
invelved should be the same, and thus that J remain
unchanged, or change by an even number of quanta.
Because the level to which transfer is to occur,
effectively O,(°Z.), has only odd-J levels available,
transfer is possible only from odd-J levels of O, (A}
Relative to these odd levels, therefore, there is an
apparent propensity for the even-J levels in the O, ('A))
channel that remains. Here we observe a striking effect
on nascent populations that arises from the dynamics of
photodissociation coupled with quantum-spin effects.

The results just described are not only fascinating for
the light they shed on the dynamics of dissociation but
the phenome¢na may also have chemical and atmo-
spheric consequences. One of these consequences
concerns enrichment of stratospheric ozone in the
isotope 20, first suggested by Cicerone and
McCrumb®®. Subsequent experiments®® =3 have-confir-
med this idea, with the most recent’® measurements
suggesting an enrichment in °°Qj that is 12-16 per cent
in the altitude range 26-35 km and that increases with
altitude. The isotope 17O is apparently also enriched to
roughly the same extent. It seems that the 1sotopic
anomaly in ozone can even be transferred to CO, In
the atmosphere®®, possibly through the addition of
O('D) to form a transient CQ, species®>. Laboratory
studies, notably by Thiemens and co-workers®®, show
that ozone can become isotopically enriched in a
vaniety of sources. Valentini®’ has suggested that the
interpretation of the isotopic enrichment may be sought
in the rotational propensity observed in the nascent
products of photolysis. The preference for even-J
rotational quantum states in the O,('A]) fragment is
ascribed to a relative depopulation of the odd-J levels,
as just explained. Since the nuclei in *O'*0O or in
170160 are not cquivalent, there are no symmetry
restrictions, in agreement with the observed absence™
of a propensity for odd- or even-J in '20'°0Q('4).
Valentini®’” gives detailed consideration to how the
observed isotope effects might lead to isotopic enrichment
in both the laboratory and the atmospheric systems.
However, this explanation is not universally accepted,
since some of the more recent laboratory studies”®®”
seem to indicate isotopic enrichment even where only
groundstate reactants are present'®®, and other expla-
nations for the observed eflects in Oy and CO, have
been advanced'®".

We now return to the dynamics of the photodissocia-
tion of ozone. The general features of the rotational
distributions make 1t clear that vibrationally adiabatic,
rotationally impulsive energy release must dominate the
dissociation. However, there are changes™ of vibra-
tional and rotational populations with wavelength, so
that the enerpgy rclease cannot be perfectly impulsive,
The agreement between prediction  of the most
populited rotational level by the impulsive model and
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experiment Is not perfect, even when allowance is made
for the rotation and zero-point vibrational energy of the
initial ozone reactant. Nevertheless, the width and
shape of the rotational distributions can be well
matched by the calculations. One essential component
of the calculations is the incorporation of a vector
correlation that requires the rotational angular mo-
mentum of the O, fragment denved from the in-plane
rotatioh of the O, to be parallel to the angular
momentum induced by the impulsive release of
dissociation energy.

Yet more detailed information about the dynamics of
dissociation requires a study of the ozone molecule
while it 1s 1n the process of falling apart: that is, on a
time scale of a few femtoseconds. Experiments conducted
in frequency, rather than time, space® %2 are able to
examine processes on this time scale. Weak emission
can be observed even from melecules that photodisso-
ciate if a high enough intensity of illumination is uscd.
The emission process can be considered either as
fluorescence or as resonantly enhanced Raman scatter-
ing; the point of consequence is that the emitted
photons refer to the shortest possible time scale, while
the two photofragments are still close to each other,
Thus they probe the unbound potential surfaces on
which dissociation occurs. Emission from the upper
(dissoctating) clectronic state to discrete vibrattonal
levels of the lower state reflects the projection of the
time-evolving reaction onto the known vibrational
wave functions of the ground electronic state. The
frequencies of the fluorescence spectra are characteristic
of the vibrational spacing of the electronic state from
which absorption arises, while the intensities reflect the
dynamics on the upper surface. Because the molecule 15
dissociating, 1t passes through infinite displacements,
thus allowing effective Franck-Condon overlap over a
wide range of lower-state vibrational levels. In the
dissociation of ozone the initial equivalence of the two
O-0O bonds means that the dissociation tnvolves the
spreading of the wave packct on the upper surface,
Observations of the emission have permitted character:-
zation of the repulsive upper potential energy surface
and of the dynamics of dissociation™® %% as well as
allowing investigation®?, via eacitation spectroscopy, of
the Huggins absorption spectrum. Figure 5 reproduces
the photoemission spectrum obtained by Imire ef oY
for excitation at 4=266 nm. The spectrum consists of
overtones and combination bands i v, {symmctric
stretch) and cven quanta in v, tantisymmetne stretchd,
No bands with ;>0 (bending) are cvident. Ay
anticipated from the explanation of the emission
process given in  the preceding  paragraphs,  the
vibrational progression in the fluorescence spectrun s
unusually tong, Vibrational levels of the ground, * 4,,
stite of ozone are seen up to (700} at ¥=7523 em ),
which is within SO0 em ™! of the enerey of dissogiation
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Figure & Photoemiwion spectrum® of O, eacited at =266 nm
yresolution =08 am FWHM) The Raman lundamental of ground
state O, appears aeakly. and s labelled on the figure.

to O(*P)+ Q,{(*E ). The absence of v, activity suggests
immedidtely that the bending mode 1s not much
mvolved in the carly stages of fragmentation. Thus the
change in bond angle with excitation must be small,
and both upper and lower surfaces must possess stmilar
curvature with respect to the angle of bending. The
relative intensities of the (100) and (002) bands yields
quantitative iformation about the excited state, and
demonstrates that the upper state potential has a
maximum rather than a minimum with respect to the
normal coordinate g, for the v; mode. The upper state
1s therefore better described as possessing C, rather than
C,. symmetry, in agreement with several calculated
potential surfaces'* 2. The force along g5 vanishes at
the initial configuration of the wave packet, and a low
intensity 1n this mode might be expected. However,
rapid spreading of the wave packet along the vy mode
permits the overtone tramsitions in this mode. The
spreading motions maintain symmetry about the C,,
axis. Odd quanta in vy ar¢ antisymmetric, and therefore
vanish, leaving the observed even quanta.

Photodissociation itself starts by the transference of
the wave packet to the excited state near the top of a
saddle point along the C,, axis. The initial displace-
ment from the energy minimum along ¢, leads to a
rapid acceleration along the g, coordinate, and the
generation of the long v, progression in emisston. The
absorption spectrum of ozone shows only very weak
fine structure, which indicates that the wave packet
does not revisit thé Franck—Condon region many times
before the irreversible motion in the g3 coordi-
nate?® 2!-1%2 Some information is thus provided about
the rate of spread relative 1o the rate of motion along
the symmetric stretch.

A considerable amount of theoretical work pertinent
to the dynamics of photodissoctation has been
published recently. Further developments that are
anticipated® include wavelength tuning to obtamn
further time resolution, higher-resolution spectroscopy,
and accurate calculations of the motions of the wave
packets on adjustable model surfaces to gencrate
intensity distributions for comparison with experiment.
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Detailed analyses of the dynamics may ultimately
provide the solutions to the remaining problems of

ozone photochemistry that both physical chemists and
atmospheric scientists await.

Conclusions

This review has concentrated on just one aspect of
ozone photochemistry, that of photodissociation. The
research has a long history, but it is evident that much
effort continues to be put into both experimental and
theoretical aspects. Descriptions of photodissoctation
are becoming ever more sophisticated, and new puzzles
are emerging. As the underlying physical chemistry has
unfolded, so have new ideas become available for the
interpretation of atmospheric phenomena. Alongside
the work on photodissociation have been studies on
other facets such as the vibrational photochemistry of
ozone®. Vibrationally excited ozone molecules in the
atmosphere are of interest for several reasonst?* %% for
example, they can exhibit a red shift in the ultraviolet
absorption spectrum of ozone, they can show enhanced
rates of photodissociation and reaction with other
molecules, and they can produce infrared airglow from
the atmosphere. Chemical reactions of vibrationally
excited ozone are likely only in the mesosphere and
above!?® but changes in absorption cross section and
in quantum yield for O('D) formation might be
important at lower altitudes, especially for photolysis in
the threshold wavelength regton. Atmospheric measure-
ments of infrared emission’®? 1% from ozone are
supplemented by laboratory experiments!®*1°6.107
that should help in the interpretation of the meso-
spheric and thermospheric processes that involve the
species; testing of the concepts and models 15 eagerly
anticipated'??. Here, as in all other aspects of
atmospheric ¢hemistry, laboratory studies are seen to
be the key to quantitative interpretation of the
atmospheric phenomena; in turn, the atmospheric
observations provide a powerful stimulus to exciting
and innovative laboratory investigations.
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Ozone observations and research in New
Zealand — A historical perspective

E. Farkas

80 Ranuj Crescent, Wellington 4, New Zealand.

Introduction

THis paper 1s a summary of the ozone work carried out
it New Zealand, mainly within the New Zealand
Meteorological Service, during the last seven decades.
[ts main aim has been to link local research activities to
the progression of many new ideas and discoveries
reported internationally in atmospheric physics, chemis-
try and dynamics, particularly in the last four decades.
Resuits of analysis of up-to-date series of total and
Umkehr ozone observations made in New Zealand are
also discussed.

Early ozone projects in New Zealand, 1929-1960

Total ozone observations in 1929

The earliest total ozone observations were carried
out in New Zealand at Christchurch (43.5°S,
172.5°E) during August to November 1929 with a

Fery spectrograph, as part of the first global
122

ozone-monitoring network organized by Dobson
from Oxford. The instrument was on loan for
the duration of the experiment, and the photographic
plates were evaluated at Oxford. Since in those days it
was practically impossible to obtain copies of weather
charts from distant places on a regular basis, Dobson
had invited local meteorologists to contribute short
discussions on the relationship of daily ozone variations
with meteorological conditions in their own regions, to
be included in the final publication of the network
results. Kidson of the New Zealand Meteorological
Service did so for the New Zealand observations!,
laying the foundations of interest in ozone research
within the Meteorological Service.

Acquisition of Dobson spectrophotometer No. 17

After a satisfactory commercial production of three
prototypes of Dobson’s ‘new’ photo-¢lectric ozone
spectrophotometer in the early thirties, building of a
larger batch of 20 instruments was planned for 1936 at
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