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We review recent theoretical studies of the photodissociation of ozone in the wavelength region
from 200 nm to 1100 nm comprising four major absorption bands: Hartley and Huggins (near
ultraviolet), Chappuis (visible), and Wulf (near infrared). The quantum mechanical dynamics
calculations use global potential energy surfaces obtained from new high-level electronic structure
calculations. Altogether nine electronic states are taken into account in the theoretical
descriptions: four 1A 0 , two 1A00 , one 3A 0 and two 3A00 states. Of particular interest is the analysis
of diﬀuse vibrational structures, which are prominent in all absorption bands, and their
dynamical origin and assignment. Another focus is the eﬀect of non-adiabatic coupling
on lifetimes in the excited states and on the population of the speciﬁc electronic product
channels.

I.

Introduction

The ability of ozone (O3) to absorb harmful solar UV radiation in the upper atmosphere makes this trace gas vital for life
on Earth.1,2 No wonder that ozone is one of the best studied
triatomic molecules. A short overview of the history of ozone
research, starting with the discovery of ozone in the early
nineteenth century, can be found in the booklet by Schmidt.3
O3 is constantly formed and destroyed in the atmosphere. The
dynamical aspects of both processes are very complicated and
even after many decades of intensive research not completely
understood. The formation is often viewed as a two-step
process,
O þ O2 Ð O3 ;

O3 þ M ! O3 þ M;

where the ﬁrst step describes the creation of an intermediate
complex and the second step its stabilization. The current
status of dynamical studies of ozone formation recently has
been reviewed by Schinke et al.4 Ozone is destroyed via a
number of channels, or ‘cycles’, which include reactions with
solar radiation, hydroxyl radicals, nitrogen oxides, and chlorinated ﬂuorocarbons. In this paper we focus on only one
destruction channel included in the ‘Chapman cycle’,5 namely
the photodissociation via light absorption,
O3 þ ho ! O þ O2 ;
and give an overview of our quantum dynamical investigations.
In Fig. 1(a) we show the measured absorption cross section
of ozone in the range from about 1 eV to 6 eV.6,7 Four distinct
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absorption bands can be identiﬁed: Wulf,8 Chappuis,9 Huggins,10 and Hartley.11 The UV radiation is absorbed by the
strong Huggins/Hartley band system. All four bands exhibit
more or less pronounced diﬀuse vibronic structures which, at
ﬁrst glance, look quite similar. However, these structures
reﬂect diﬀerent details of the intramolecular vibrational dynamics in the particular excited electronic states and the nonadiabatic couplings between diﬀerent states.12 Explanation of
the diﬀuse structures in Fig. 1(a) using full-blown quantum
mechanical dynamics calculations is a central aspect of this
article.
Fig. 1(b) depicts one-dimensional cuts along the O–O bond
through the potential energy surfaces (PESs) of those
nine electronic states, which are most important for the
photodissociation: The ground state (X̃1A 0 ), the three
lowest triplet states (13A 0 and 1,23A00 ), and the ﬁve lowest
excited singlet states (1,21A00 and 2,3,4 1A 0 ). The Wulf band
originates from excitation of the three low-lying triplet states
and the Chappuis band is due to the two 1A00 states. The
Huggins band reﬂects excitation of the (quasi-bound)
vibrational states in the Cs wells of the (diabatic) B state
[31A 0 at the Franck–Condon (FC) point] and the Hartley
band originates from excitation of the strongly repulsive
branch of the same B state at much higher energies and near
C2v geometries. Note that already the lowest excited electronic
state is higher than the ﬁrst dissociation threshold, O(3P) +
O2(3S
g ).
Several electronic states are either repulsive or excited above
their thresholds. As a result, the lifetimes of photoexcited
ozone are short. Even if the optically bright electronic state
is bound (for example, in the Chappuis or Huggins bands),
non-adiabatic couplings to adjacent repulsive states shorten
the lifetime. Dissociation is so fast, that in almost none of the
vibrational bands rotational structures are developed. Exceptions are the ﬁrst two vibrational bands of the Wulf band
which have the longest lifetimes in the entire spectrum,
B50 ps.
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Fig. 1 (a) The measured absorption cross section (in cm2; logarithmic scale) of ozone as function of the excitation energy. The data up to 5.4 eV
(solid line) are those of Bogumil et al.7 for 203 K and the data above 5.4 eV (dashed line) are those of Freeman et al.6 for 195 K (http://
cfa-www.harvard.edu/amdata/ampdata/cfamols.html). (b) One-dimensional cuts through the potential energy surfaces relevant for the photodissociation of ozone. R1 is one of the O–O bond lengths; the other one is ﬁxed at R2 = 2.43 a0 and the bond angle is a = 1171. E = 0 corresponds
to O3(X̃) in the ground vibrational state (zero point energy). A, B, and R indicate the three (diabatic) 1A 0 states relevant for the Hartley and
Huggins bands. The horizontal arrows illustrate the electronic assignments of the absorption bands. Color coding in (a) and (b) stresses the relation
between the absorption bands and the underlying electronic states.

O3 þ ho ðEph: 41:051 eVÞ ! Oð3 PÞ þ O2 ðX 3 S
gÞ

ð1Þ

O3 þ ho ðEph: 42:026 eVÞ ! Oð3 PÞ þ O2 ða1 Dg Þ

ð2Þ

referred to the reviews which can be found, for example, in
ref. 13 and 20–22. We start with short descriptions of the
electronic structure and dynamics calculations and then discuss the four bands in order of decreasing intensity. In the last
chapter we summarize questions which are still open and
require additional work.

O3 þ ho ðEph: 42:678 eVÞ ! Oð3 PÞ þ O2 ðb1 Sþ
gÞ

ð3Þ

II. Computational tools

O3 þ ho ðEph: 43:016 eVÞ ! Oð1 DÞ þ O2 ðX 3 S
gÞ

ð4Þ

The following product channels successively open with
increasing excitation energy:

1

1

O3 þ ho ðEph: 43:999 eVÞ ! Oð DÞ þ O2 ða Dg Þ:

ð5Þ

Channels (1) and (5) are spin-allowed and have the largest
quantum yields, for example, in the Hartley band.13 However,
also the very weakly populated spin-forbidden channels
(2)–(4) have been observed experimentally in the wavelength
range corresponding to the Huggins band.14–18 These channels
can be accessed via spin–orbit (SO) coupling to one or more
triplet states.19
In this article we discuss the quantum mechanical studies of
the four absorption bands performed in our group in the past
few years and the interpretation/assignment of the spectra in
terms of the underlying molecular dynamics. Calculations of
other research groups will also be considered. The presented
account of the experimental work is not meant to be comprehensive. The reader interested in experiments on ozone is
This journal is
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A. Electronic structure calculations
Because of the relatively high density of low-lying states the
electronic structure of ozone is complicated and the ab initio
determination of complete PESs is challenging. Extensive
electronic structure calculations were ﬁrst performed in the
1970s.23–26 The ﬁrst three-dimensional (3D) PES of the 31A 0
state, suitable for studying the photodissociation in the Huggins/Hartley band system, was constructed by Hay et al.27 and
empirically adjusted by Sheppard and Walker.28 About one
decade later Yamashita et al.29 calculated an improved PES of
the same state, which was subsequently used in several dynamical studies. Investigations of the electronic origin of the
Chappuis and Wulf bands started at about the same time.
Banichevich et al.30 calculated two-dimensional cuts of PESs
of the eight lowest (singlet and triplet) electronic states. These
calculations evinced the complexity of the electronic structure
and attributed the Chappuis band to the ﬁrst two 1A00 states.
Braunstein and Pack31 determined the spectroscopic constants
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2045

of the three lowest triplet states in C2v geometry and concluded
that these states might be responsible for the Wulf band.
Subsequent calculations of the transition dipole moments
(TDMs) and oscillator strengths for these spin-forbidden transitions further supported this assignment.32,33 Vertical excitation
energies, equilibrium geometries, and vibrational frequencies of
two singlet states (Chappuis band) and three triplet states (Wulf
band) were determined by Borowski et al.34 Palmer and Nelson35 performed high-accuracy electronic structure calculations
at the FC point and determined vertical excitation energies for
many excited states. Global 3D PESs for the states 1,21A00 and
the nonadiabatic coupling between them were ﬁrst calculated by
Woywod et al.36 Near-equilibrium 3D PESs for the lowest two
3 00
A states were calculated by Xie et al.,37 and Deppe et al.38
constructed a global 3D PES for the state 13A 0 . Incidentally we
note, that a trustworthy global PES for the ground state X̃1A 0
was not calculated until 2002 by Siebert et al.39
As a result of these eﬀorts, electronic assignments of all bands
but one (Huggins) were established by the mid-1990s. In contrast, the assignment and analysis of the diﬀuse vibrational
structures, which require accurate and global full-dimensional
PESs and extensive quantum dynamical calculations, remained
largely fragmentary. Thanks to the drastic increase in computer
power the previous electronic structure calculations could be
substantially extended. It is currently possible to calculate at high
levels of electronic structure theory global 3D PESs—covering
both the FC region and the dissociation channels—for many
states. In addition, the non-adiabatic couplings between states of
the same symmetry, SO matrix elements between the spin
components, as well as TDMs with the ground electronic state
can be determined as functions of all nuclear degrees of freedom
with similar accuracy. This allows one to perform dynamical
calculations on a level of sophistication not tractable before.
In 2003 we started consistent electronic structure calculations for all states involved in the photodissociation in the four
absorption bands.19,40 The multi-reference conﬁguration interaction (MRCI) method with single and double excitations was
used.41,42 The CI wave functions were based on state-averaged
full-valence complete active-space self-consistent ﬁeld
(CASSCF) orbitals with 18 electrons in 12 orbitals and 6
electrons in three fully optimized closed-shell inner orbitals.
In the subsequent MRCI calculations all 18 valence electrons
were correlated while the 6 electrons in the 1s atomic orbitals
were frozen. In the calculations for the 1A 0 states, the most
important conﬁgurations were selected with a 0.025 cutoﬀ
threshold.43 The Davidson correction was applied to approximately account for contributions of higher excitations and for
size-extensivity.44 The correction is of the order of 1.5 eV and
slightly decreases with increasing O–O2 separation. For example, it is 1.58 eV for the ground state near the equilibrium
and 1.40 eV in the product channel. Dunning’s standard
augmented correlation-consistent polarized triple-zeta (augcc-pVTZ) basis set45 was used in all calculations (except for the
13A 0 state for which we used the cc-pVQZ basis set38). In order
to test the convergence of equilibrium and saddle point
geometries, excitation energies, dissociation thresholds and
barriers, also larger basis sets were exploited. The details are
given in the original publications. All calculations were carried
out with the MOLPRO suite of programs.46
2046 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

Potential energy calculations were performed for singlet and
triplet states of A 0 and A00 symmetries. In Fig. 2 we show an
overview of one-dimensional potential curves of the 25 lowest
states of ozone. Even in this one-dimensional representation
the electronic structure is involved: Electronic terms experience multiple avoided or actual crossings. The complexity
further increases when all three internal coordinates are
considered; several crossings turn into conical intersections.
In view of the high density of electronic states it is not
surprising that non-adiabatic couplings in ozone are generally
strong, and the Born–Oppenheimer separation of electronic
and nuclear degrees of freedom is violated along the dissociation path. In the course of the dissociation, the initial population spreads over several electronic states, so that in all bands a
rigorous analysis should be based on multistate calculations.
Additionally, the manifolds of singlet and triplet states are
coupled through SO interaction. Although this relativistic
interaction is weak, it opens new eﬃcient dissociation channels
for the narrowest spectral lines in the Wulf band.47
We have constructed 3D global PESs for all nine electronic
states depicted in Fig. 1(b). For each state, generally several

Fig. 2 Upper frame: One-dimensional potential cuts along the O–O
bond for the lowest ﬁve singlet and seven triplet states of A 0 symmetry.
Lower frame: One-dimensional potential cuts along the O–O bond for
the lowest six singlet and seven triplet states of A00 symmetry. The
second O–O bond length is 2.4 a0 and the bond angle is 116.81.
Adiabatic energies are depicted. A, B, and R indicate the diabatic
PESs for dissociation in the Huggins/Hartley band system. The states
responsible for the Wulf, Chappuis, and Huggins/Hartley absorptions
are shown in red, green, and blue, respectively.19
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Table 1 Characteristic data of the potential energy surfaces important for the photodissociation of ozone from near IR to near UV: threshold
energy D0 (in eV) of product channel, equilibrium bond lengths R1,e and R2,e (in a0), equilibrium bond angle a (in 1), vibrational frequencies o (in
cm1; ss: symmetric stretch, as: asymmetric stretch, b: bend), vertical transition energy Tv (in eV) at the X̃ state equilibrium (with X̃ state zero-point
energy of 0.176 eV taken into account), band origin T0 (in eV), and TDM m (in D) at FC point. The energy of the ground state at its equilibrium for
this level of electronic structure theory is 225.20357642 hartree
Cs
C2v
Band
diss. channel

11A 0 (X̃)
1
A1

D0 b
R1,e
R2,e
ae
oss
oas
ob
Tv
T0, calc.
T0, exp.
mo

1.01
2.409
2.409
116.9
1101.9c
1043.9c
698.5c

3

13A 0
B2
Wulf
3 3
P/ S (1)

13A00
B1
Wulf
3 3
P/ S (1)

23A00
A2
Wulf
3 1
P/ D (2)

11A00
A2
Chapp.
3 3
P/ S (1)

21A00
B1
Chapp.
1
D/1D (5)

31A 0
1
B2
Hart./Hugg.
1
D/1D (5)

1.01
2.565
2.565
108.6
1098d
368d
554d
1.561
1.305
1.297k
4.6 (4)

1.01
2.482
2.482
126.8
860e
660e
560f
1.588
1.483
1.455l
2.5 (3)

2.00
2.538
2.538
98.7
1130f
390f
490f
1.717
1.217
1.184m
8.9 (3)

1.01
2.547
2.547
99.4
1050g
—
550j
1.923
—
—
0

3.95
2.522
2.522
121.4
920h
1020h
560h
1.991
2.086
2.059l
6.0 (2)

3.95
3.20
2.28
108
702i
1495i
387i
4.936
3.44
3.361n
2.13

3

P/3S (1)a

3

3

1

1

a
Numbers in brackets refer to the dissociation channels in eqn (1)–(5). b The corresponding experimental threshold energies are given in eqn
(1)–(5). c Ref. 39. d Ref. 38. e Ref. 48; obtained from the diabatic 3B1 PES. f Ref. 48; obtained from two-state calculations. Experimental energies
are given in ref. 20. g Obtained from the adiabatic 11A00 PES. h Ref. 49. Experimental energies are given in ref. 20. i Ref. 43; see Section IV for
deﬁnition of the stretching modes. Experimental energies are given in ref. 50. j Ref. 49; obtained from two-state calculations. k Ref. 38. l Ref.
20. m Ref. 51. n Ref. 52. o Numbers in brackets indicate powers of ten; the TDMs for the triplet states were calculated as described in Section VI,
while those for 21A00 and 31A 0 are taken from ref. 43 and 49, respectively.

thousand points have been calculated on 3D grids incorporating two O–O bonds, termed R1 and R2, and the bond angle a.
Interpolation between the grid points is performed either by
3D cubic splines or by analytical ﬁt expressions. The topographies of these PESs and the interstate couplings will be
thoroughly discussed in the following sections.
The characteristic features of the potentials responsible for
the four absorption bands are summarized in Table 1. The
equilibrium geometries, energies of the dissociation channels,
vertical energies, and band origins were determined by new
electronic structure calculations with the aug-cc-pVQZ basis
set. The calculations were performed speciﬁcally for this
article, in order to have a consistent set of high-accuracy data.
The energies of the band origins T0 can be directly compared
with the experimental band origins. The zero-point energies in
the excited states, entering the deﬁnition of T0, are taken from
quantum dynamics calculations. The calculated T0’s are all
slightly larger than the experimental values; the discrepancy is
the smallest for the 3B2 state of the Wulf band (8 meV) and the
largest for the Huggins band (80 meV). The frequencies
quoted in Table 1 are extracted from the calculated absorption
cross sections or their derivatives with respect to energy; they,
too, can be directly compared with experimental results.

state PES. The index ‘Y’ in the initial wave packet is dropped
in what follows. The absorption spectrum, corresponding to a
given F0, is found by solving the Schrödinger equation in the
upper electronic state with Hamiltonian Ĥ. Methods of solving the Schrödinger equation are reviewed, for example, in
ref. 12, 53, and 54. The absorption cross sections discussed in
this work are calculated using the Green’s function Ĝ+(E) of
the time-independent Schrödinger equation,55,56
þ

sabs ðEÞ / 
hohF0 jIm G^ ðEÞjF0 i;

ð7Þ

where 
ho is the photon energy. As mentioned above, photoexcitation of ozone inevitably leads to dissociation. The
boundary conditions appropriate for the dissociation continuum are approximately imposed by augmenting the Hamiltonian Ĥ by a coordinate dependent complex absorbing
potential57 in the asymptotic region of the PES. The vector
ImĜ+(E)|F0i is constructed using a modiﬁed Chebyshev
recursion relation introduced by Mandelshtam and Taylor.56
The time-independent expression (7) is equivalent to the more
familiar time-dependent one12,58
sabs ðEÞ / 
ho

Z1

SðtÞeiEt=h dt;

ð8Þ

0

B. Quantum dynamics calculations
Incident light promotes the molecule from the ground electronic state X̃ to a certain excited electronic state Y. Within the
dipole approximation, the molecular state (a ‘wave packet’)
immediately after the excitation is given by
~

X
FY
~ Cðv1 ;v2 ;v3 Þ ;
0 ¼ mXY

ð6Þ

where mX̃Y is the TDM between X̃ and Y. The wave function

for a particular vibrational state (v1,v2,v3) in X̃, Cxðv
, is
1 ;v2 ;v3 Þ
calculated by solving the Schrödinger equation with the X̃
This journal is
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where
^

SðtÞ ¼ hF0 jeiHt=h jF0 i;

ð9Þ

is the autocorrelation function. Distributions of the O2 fragments over the ﬁnal (asymptotic) rotational and vibrational
states can be calculated within the same Chebyshev-like
expansion using the method developed by Balint-Kurti et al.59
Two coupled electronic states are simultaneously excited in
the Chappuis and Wulf bands. In the basis of these electronic
states, the Hamiltonian Ĥ becomes a 2  2 matrix, and the
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2047

TDM and the initial wave packet become two-component
vectors. While the theory outlined in eqn (6)–(8) remains
largely unchanged, construction of the Hamiltonian Ĥ from
the raw ab initio data requires extra computations. The
original adiabatic representation, in which the electronic
Schrödinger equation is solved, is inconvenient for the dynamics calculations. In both bands, the coupling originates
from the conical intersection (CI) between the two electronic
states. The kinematic non-adiabatic couplings are singular
along the CI seams and the adiabatic potentials and TDMs
have cusps. The nuclear Schrödinger equation is therefore
commonly solved in the so-called diabatic representation,
which is obtained from the adiabatic one by a 2  2 coordinate-dependent unitary transformation (see, for example, ref.
60 for an in-depth presentation of the theory of CIs). The
kinetic energy is non-singular and approximately diagonal in
the basis of the transformed diabatic electronic states, while
the potential energy has, in addition to two diagonal elements
VA and VB, two oﬀ-diagonal coupling elements VAB = VBA.
All potential terms, as well as the diabatic TDMs, are smooth
functions of the internal coordinates everywhere including the
CI region. For this reason, spline interpolation on the ab initio
grid is suﬃciently accurate. The 2  2 transformation matrix is
parameterized by a single ‘mixing’ angle f calculated pointwise on a grid using the ab initio method of Simah et al.61 as
implemented in MOLPRO.46 Two-state calculations are also
mandatory in the analysis of the diﬀuse structures in the
Hartley band. They, too, are performed in the diabatic representation using a simple model for the oﬀ-diagonal coupling
matrix elements derived from ab initio data. Generalization of
the dynamics equations to more than two coupled electronic
states is straightforward and, in fact, necessary in ozone. For
example, up to four electronic states coupled through SO
interaction are required in the calculation of the linewidth of
the lowest state in the Wulf band.47 Explicit diabatization—which generally can become computationally demanding for more than two electronic states—is unnecessary in this
case, because the diabatic representation is directly realized by
the ‘zero-order’ states calculated without SO coupling.
Stationary wave functions, CY(Ei), of bound or metastable
vibrational states with (complex) energy Ei in the excited
electronic state Y are helpful in the analysis of the diﬀuse
vibrational structures. The nodal structure of CY(Ei) frequently oﬀers a clear-cut assignment in terms of three vibrational quantum numbers. We calculate CY(Ei) using ﬁlter
diagonalization (FD),56,62 which is based on essentially the
same numerical methods as described for the absorption cross
section. FD is also used to determine directly the energetic
widths Gi of the narrower absorption features, which in the
language of scattering theory are resonances.12,53 All quantum
mechanical calculations described in this work are performed
for 16O3 in Jacobi coordinates appropriate for one of the
arrangement channels O + O2. The total angular momentum
J and its body-ﬁxed projection Ka are kept zero for all band
systems except Huggins/Hartley. The calculated absorption
spectra are studied as functions of the excitation (or photon)
energy, Eph.. For a particular initial rotational state of the
parent molecule, Eph. is reconstructed from the energy in the
calculations, Ecalc., measured with respect to the equilibrium of
2048 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

the X̃ state, according to
Eph: ¼ Ecalc:  ZPEðJ; Ka Þ;
where ZPE(J, Ka) is the zero-point energy in X̃ for given J and
Ka. For the X̃ state PES used in the dynamics calculations,63
ZPE(J = 0, Ka = 0) equals 0.178 eV.

III. Hartley band
The UV Hartley band11 below 300 nm is the most intense band
in the ozone spectrum. It starts with an excitation energy of
about 4 eV and extends up to about 6.2 eV.64 This broad
absorption band features weak diﬀuse vibrational structures,
which are most clearly visible near the maximum [Fig. 3(a)];
the structures gradually disappear towards higher energies.
The Hartley band originates from photoexcitation of the
repulsive branch of the third 1A 0 state, which commonly is
termed ‘B state’ (see Fig. 1).27 Its TDM near the FC point is
large (Table 1) which explains the large absorption cross
section. The diabatic PES of the B state is a helpful starting
point in the analysis of the UV dissociation. Dynamics calculations using this PES explain quantitatively the shape and the
intensity of the absorption envelope as well as the vibrational–rotational distributions of the fragment oxygen molecules,
O2(a1Dg) (Section III A). The single-state approach is equally
successful in the assignment of the Huggins band (Section IV).
Detailed analysis of the apparently simple and smooth
absorption spectrum reveals, however, that photodissociation
in the Hartley band is a complicated dynamical process.
Firstly, its accurate description requires more than one electronic state. In the UV excitation range, the B state interacts
with two other excited 1A 0 states, called A and R, through a set
of (avoided) crossings (Fig. 2).43,65 The main eﬀect of nonadiabatic transitions from B to R is the noticeable population
of the triplet dissociation channel after the UV excitation
(Section III B). Transitions from B to A might lead to
production of highly vibrationally excited cyclic ozone.66,67
Secondly, the experiments are performed in the temperature
range between 200 K and 300 K,68 so that the observed

Fig. 3 (a) Comparison of the measured absorption cross section for
195 K (solid line; ref. 6) and the calculated low-resolution spectrum for
the diabatic B state and J = Ka = 0 (dashed line). The calculated
spectrum is shifted by 700 cm1 to higher energies. (b) Theoretical
non-adiabatic rotationally-averaged absorption spectrum of Fig. 7(c)
(T = 200 K) convoluted with a Gaussian function (FWHM
130 cm1). Arrows indicate positions of low-resolution bands for
which ‘band states’ are illustrated in Fig. 10.
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absorption corresponds to a spectrum of a thermal ensemble
of molecules in many diﬀerent rotational states. We analyze
the inﬂuence of non-adiabatic interactions and rotational
averaging in Section III C and demonstrate that these
factors—along with several others—are essential for modeling
and understanding the origin of the weak diﬀuse structures in
the Hartley band.
A.

Spectral envelope and population of the singlet channel

Fig. 4(a) shows a two-dimensional cut through the diabatic B
PES for a ﬁxed bond angle. This PES is obtained by an
analytic ﬁt to the ab initio points as described in ref. 63. It
has two equivalent potential minima (well depth B0.6 eV65),
each having Cs symmetry. Along the C2v symmetry line, the
wells are separated by a barrier which lies slightly above the
singlet dissociation threshold (5). Actually, the B state PES has
six potential wells, if one considers all three possible permutations of the oxygen atoms. The two O–O bond distances at
equilibrium are quite diﬀerent: 2.28 a0 (short bond) and 3.20 a0
(long bond). Fig. 4(b) illustrates the angular dependence of the
B state PES. With 1081 the equilibrium angle is close to the
equilibrium in the ground electronic state, 1171.
The diabatic state corresponding to the second 1A 0 state at
the FC point is termed A (Fig. 1 and 2).27 It also correlates
with the singlet channel (5). The other 1A 0 diabatic state
important in the UV range is called R. It is repulsive, crosses

Fig. 4 Two-dimensional representations of the B state PES. (a) a =
1171; (b) R2 = 2.42 a0. The lines labeled B/R (B/A) indicate the
crossings of states B and R (B and A). The black dot represents the FC
point. Reproduced with permission from ref. 63. r American Institute
of Physics 2005.
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both A and B, and correlates with ground-state products
[triplet channel (1)].
The crossing patterns between state B, on one hand, and
states A and R, on the other, depend strongly on nuclear
geometries (Fig. 4). At certain internal coordinates, all three
states closely approach each other.43 The explicit diabatization
of three interacting states is conceptually complicated and,
moreover, involves computationally demanding multi-state
electronic structure calculations. The problem was drastically
simpliﬁed in ref. 43, where the diabatic potential for the B state
(and also for the states X, A and R) was constructed using
diabatization ‘by eye’.27 Ab initio energy points which obviously belong to the same diabatic state were selected and
then interpolated.43,63 The oﬀ-diagonal diabatic couplings
necessary for calculation of the transition probabilities, were,
of course, left unknown, but could be reconstructed from ab
initio data using a simple model (see Sections III B and III C).
Two-dimensional potential cuts for states X̃, A and R are
shown in ref. 63.
PESs qualitatively similar to the one shown in Fig. 4
had been constructed before by Hay et al.,27 Sheppard and
Walker,28 and Yamashita et al.29 They have been crucial for
establishing the qualitative one-state picture of the dissociation dynamics.69–74 However, because of insuﬃcient accuracy,
the experimental data, especially the vibrational and rotational
state distributions of O2 in the singlet channel, have not been
satisfactorily reproduced in these early calculations. Parallel to
our work, Baloı̈tcha and Balint-Kurti75,76 also calculated the
energies of the ﬁve lowest 1A 0 states of ozone, using almost the
same level of electronic structure theory and the same approximate diabatization procedure as in our work. Their B PES is
similar to our PES.
The initial wave packet in the diabatic B state is formed
according to eqn (6) with the ground vibrational state of
rotationless ozone, CX̃
(000), and the ab initio coordinate dependent TDM. Propagation for 15 fs leads to the structureless
low-resolution spectrum shown in Fig. 3(a). The full width at
half maximum (FWHM) is very close to the experimental
FWHM of 6500 cm1 and the absolute absorption cross
section at the maximum is within 15% of the experimental
value indicating the quality of the TDM.43 Like the experimental spectrum, the calculated spectrum in Fig. 3(a) is
broader at the blue side as predicted by the reﬂection principle
for a potential, which becomes steeper with increasing energy.12 The spectrum in ref. 75 shows the opposite behavior;
an explanation for this surprising eﬀect was not given by the
authors.
Product state distributions in the singlet channel are found
from the asymptotic analysis of the propagated wave packet.
Because the observed quantum yield of this channel is as high
as 85–90%,13 the comparison of a one-state calculation with
experiment is justiﬁed. The calculated63 vibrational state distributions of O2(a1Dg) agree well with the measured ones13 for
a wide range of excitation wavelengths. They show the general
behavior common to direct dissociation of triatomic molecules
with C2v symmetry and a saddle between the two identical
dissociation channels.12 The distributions peak at the lowest
vibrational state, v = 0, and then more or less smoothly
diminish with growing vibrational quantum number. With
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2049

nuclear spin statistics of O(3S
g ) and the coupling between
states B and R—two eﬀects not accounted for in these
calculations.
B. Non-adiabatic dynamics in the B and R states and
population of the triplet channel
About 10–15% of the products reach the triplet channel (1),13
accessed by a non-adiabatic transition from state B to state R
[Fig. 1(b)]. The distribution of the translational energy of the
O–O2 fragments in this channel has been measured by imaging
techniques in several laboratories (ref. 13 and references therein). We treated the B/R transition using a simple trajectory
surface hopping approach.78 The calculations, summarized
below, gave a rather accurate description of the non-adiabatic
dynamics. They also helped to establish a model for the B/R
coupling element used in the quantum mechanical calculations
described in Section III C.
An ensemble of classical trajectories is started in the FC
region and propagated on the B state PES until it reaches the
B/R crossing seam. In the crossing region a Landau–Zener
transition probability is calculated by
Px ¼ 1  exðp DEx t=2Þ :

Fig. 5 Comparison of experimental77 (K), classical (J), and quantum mechanical (red solid lines) rotational state distributions of
O2(a1Dg) in diﬀerent vibrational states n for a photolysis wavelength
l = 266 nm. Reproduced with permission from ref. 63. r American
Institute of Physics 2005.

increasing excess energy the distributions gradually become
‘hotter’ and reach larger values of v, up to the highest
accessible state.
The rotational state distributions of O2(a1Dg) are typical for
the rotational reﬂection principle.12 They are inverted (i.e.,
peaked at high rotational quantum numbers j) and have the
shape of an approximate Gaussian function. In other words,
they qualitatively reﬂect the angular dependence of the
ground-state wave function. Fig. 5 shows the rotational distributions for one wavelength and the various populated
vibrational states.63 The quantum mechanical distributions
as well as the distributions obtained from classical trajectories
reproduce the measured distributions77 quite closely. However, the experimentally observed intriguing propensity for the
even rotational states is absent in the calculated distributions.
As convincingly argued by Valentini et al.,77 it is related to the
2050 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

ð10Þ

where t is a typical time that the trajectory spends near the
crossing seam. The energy separation between the adiabatic
potentials at the crossing of the diabatic states, DEx, is taken
from the electronic structure calculations. For large DExt the
probability for hopping from B to R is large, Px E 1, and the
molecule behaves adiabatically. Adiabatic dynamics leads to
the triplet channel. For small DExt ozone remains with the
probability 1  Px E 1 in the B state and behaves diabatically.
The parameter x in eqn (10) is of the order of one. It is
introduced to roughly adjust the quantum yield of the triplet
channel. After passing the crossing seam the trajectories
continue to move on the repulsive R state PES, where they
quickly lead to the products O(3P) and O2(3S
g ). Finally, the
ensemble is weighted by Px in the calculation of the ﬁnal
vibrational and rotational state distributions of O2(3S
g ) and
the distribution of the O–O2 translational energy, Etrans.
The essential result of this study is that Px depends strongly
on the O2 bond distance r along the crossing seam: It is almost
zero around r E re (O2 equilibrium), but rapidly increases with
increasing r. This dependence has two origins. First, DEx
increases with r.43 Second, the time t spent near the crossing
seam increases because the available kinetic energy becomes
smaller if O2 is stretched and, moreover, the component of the
velocity normal to the crossing seam is smaller at large r than
at r E re. Thus, the probability of hopping from B to R
increases when the O2 fragment is stretched far from its
equilibrium. Starting the trajectories on the R state PES with
large bond distances r naturally leads to highly excited
O2(3S
g ) and thus to small translational energies.
The calculated Etrans distribution agrees well with the measured one79 (Fig. 6). The maximum at small translational
energies reﬂects the strong r dependence of the non-adiabatic
coupling: If Px is artiﬁcially assumed to be coordinate independent, the surface-hopping trajectories yield a distribution
which peaks at large Etrans, in severe disagreement with the
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Fig. 6 Comparison of the calculated (yellow histograms) and the
measured79 (solid line) translational energy distributions for photolysis wavelength l = 234 nm (arbitrary units). The dashed line shows
the calculated distribution with Px = 1 for all trajectories. Theoretical
probability scale is normalized to the maximum of the experimental
distribution. Reproduced with permission from ref. 78. r American
Institute of Physics 2005.

experimental result. Incidentally we note that—as a consequence of the very high excess energy—O2(3S
g ) is produced
with a large amount of rotational energy. The subsequent twostate quantum mechanical calculations, performed in order to
realistically model the diﬀuse structures, conﬁrm the results
from the surface hopping approach (Section III C).
C.

Origin of the diﬀuse structures

The high-resolution theoretical spectrum for non-rotating
ozone in the B state is shown in Fig. 7(a). It consists of many
densely spaced intense narrow resonances.53 Their intensities
ﬂuctuate and signiﬁcantly exceed the intensities of diﬀuse
structures in the experimental spectrum (measured for B200
K). Strong intensity ﬂuctuations are observed in most theoretical spectra calculated for the Hartley band so far.28,63,69–71,73
The amplitude of ﬂuctuations depends on the PES: It is
smaller for the PES of Sheppard and Walker70,73 and larger
for the PES of Leforestier et al.69,71 Pronounced ﬂuctuations
are also found in the calculations using the PES of ref. 63. The
only exception is the spectrum published in ref. 75, where the
ﬂuctuations are even noticeably smaller than in the experimental spectrum.y In exploratory calculations performed for
the present paper we realized that the widths and amplitudes
of the diﬀuse structures depend sensitively on the shape of the
PES near the C2v barrier. Because the analytical ﬁt expression
of ref. 63 does not represent the barrier region of the B PES
with the required accuracy, we used a slightly modiﬁed version
based on 3D cubic spline interpolation of the original (diabatic) potential energies. The results in Fig. 3 and 7–10 were
obtained with the modiﬁed B state PES.
y Our own calculations using the B state potential generated from the
ab initio data of ref. 75 and interpolated with 3D cubic spline gave a
structured absorption spectrum very similar to the one shown in
Fig. 7(a).
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Fig. 7 Hierarchy of calculated absorption spectra for the Hartley
band. (a) One-state calculation including only the B state; J = Ka = 0.
(b) Boltzmann averaged spectrum for the single B state and J r 50,
Ka r 6. (c) Boltzmann averaged spectrum of non-adiabatically
coupled B and R states for J r 50, Ka r 6. Spectra in (a) and
(b) are vertically shifted in order to avoid overlapping. Temperature in
(b) and (c) is 200 K.

The origin of the resonance structures can be conveniently
explored by following the evolution of the initial wave packet
in time.68–70 The autocorrelation function S(t), deﬁned in eqn
(9), is depicted in Fig. 8. After the initial steep drop to zero
within B10 fs, |S(t)| exhibits for t o 150 fs several more or less
pronounced maxima labeled A–D, so-called recurrences. At
longer times the autocorrelation function slowly decays to
zero, its appearance becomes rather noisy and it does not show
any distinct recurrences. In contrast, the experimental ‘autocorrelation function’, obtained by Fourier transformation of
the measured spectrum, is much less structured.68 It decays
faster and the amplitudes of the recurrences are smaller by a
factor of 4–6.

Fig. 8 Calculated autocorrelation function in the ﬁrst 200 fs. The
main recurrences are labeled A–D. Positions of recurrences in the
‘experimental’ autocorrelation function68 are indicated with vertical
bars. Experimental recurrence times are also shown (in fs).
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Fig. 9 Two-dimensional projections of three-dimensional periodic
orbits for the B state PES at the photon energy of 39 000 cm1. The
plane of the two O–O bonds is shown. (a) Orbits starting from the FC
point and contributing to the recurrences A (black), C (green), and D
(red) in Fig. 8. (b) Orbits representing the ‘fundamental’ types of
motion near the saddle.

Despite the noticeable diﬀerences between the experimental
and the calculated correlation function, the periods of the
main recurrences agree quite well. The molecular motion
behind the recurrences can be understood either quantum
mechanically or classically. In quantum mechanics, we
have to analyze the time dependent wave packet F(t) 
exp(iĤt/h)F0. This is carried out in Section III D. In classical
mechanics, the main objects of interest are the periodic orbits
(POs) in the classical phase space.12 Both pictures are closely
interrelated, but POs are instructive to start with because—
unlike F(t)—they describe the dynamics at a well speciﬁed
energy. Much work has been devoted in the past to the
analysis of POs which pass through the FC point and thus
lead to the recurrences in Fig. 8.80–83 Such POs have been also
identiﬁed for our B state PES (Fig. 9). The POs with periods of
about 40 fs, 100 fs, and 125 fs corresponding to the recurrences
A, C, and D, respectively, are illustrated in Fig. 9(a) for the
excitation energy of 39 000 cm1. The shortest (and the weakest) recurrence A reﬂects symmetric stretch motion along the
saddle separating the two Cs wells.58 The others also include
antisymmetric stretching motion. The shapes of the POs, and
the corresponding molecular motions, gain in complexity with
increasing periods. Moreover, while recurrences A–C can be
uniquely related to a single PO, the relationship becomes less
unique for the recurrences and POs with larger periods. For
example, the PO of type D is not the only one with period
between 120 and 130 fs. Only the analysis of motion of the
quantum mechanical wave packet (Section III D) demonstrates the importance of this PO. The same analysis suggests
that the PO corresponding to the recurrence B near 60 fs [not
shown in Fig. 9(a)] leaves no visible traces in the wave packet
motion. All POs show large-amplitude stretching motion. In
contrast, the bond angle along the POs varies only between
roughly 951 and 1201.
The POs are unstable in the sense that small deviations
destroy the periodicity and quickly lead to dissociation. The
amplitudes of the recurrences are controlled by the stability of
the corresponding POs,68 which is closely related to the
imaginary frequency, ioz, of the antisymmetric stretch mode
near the saddle point. If ioz is large, i.e. the barrier separating
the two Cs minima is steep, the POs are strongly unstable, and
2052 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

the corresponding recurrences are small. We systematically
investigated the inﬂuence of the barrier steepness on the
absorption spectrum and found that the intensity ﬂuctuations
could be signiﬁcantly reduced by increasing ioz.84 Conversely,
decreasing ioz increases the spectral ﬂuctuations. The spectrum in Fig. 7(a) corresponds to oz E1600 cm1, which is the
ab initio value for our PES. In the analytical representation of
the B state PES63 the barrier steepness was somewhat underestimated by the ﬁt (oz E 1100 cm1) and, as a result, the
absorption spectrum was signiﬁcantly more structured.63
The agreement between the periods of the POs on one hand
and the experimental recurrence times on the other hand is a
strong indication that our B state PES properly describes the
vibrational dynamics near the saddle and above the Cs wells.
There is still, of course, some room for improvement of our ab
initio calculations, but the mismatch between the experimental
and the calculated intensity patterns very probably has other
roots. Two lines of argument were advocated in the past. First,
the diﬀuseness of the experimental spectrum was linked to
temperature eﬀects, i.e. incoherent Boltzmann averaging over
many absorption spectra corresponding to diﬀerent angular
momenta J.68,70 Extrapolating the autocorrelation function
obtained from the observed spectrum to T = 0 K, Johnson
et al.68 suggested that the largest recurrence might increase by
a factor of 5–6. This is supported by experiments of Gejo
et al.85 who measured parts of the Hartley absorption spectrum by a hole-burning depletion technique in a cold molecular beam. The results show that the cold spectrum is
deﬁnitely more structured than the 195 K absorption spectrum. The second missing point in all theoretical models up to
now is the possibility of non-adiabatic transitions to other
electronic states, primarily A and R. Several authors speculated63,69,72 that non-adiabatic coupling would accelerate the
decay, reduce the resonance wave functions near the saddle,
and thereby decrease the amplitudes of recurrences. However,
since the global potentials for the crossing states have been
calculated only a year ago,63 this suggestion could not be
seriously investigated until recently.
The quantum dynamics package developed in our group
allows the generation of absorption spectra for molecules
having large angular momenta J and evolving in several
coupled electronic states. The inﬂuence of the rotational
averaging and the non-adiabatic dynamics can therefore be
directly assessed.84 We ﬁrst consider the uncoupled diabatic B
state and calculate absorption spectra for angular momenta
J r 50. The initial wave packet in each calculation corresponds to the ground vibrational state and a particular rotational state in X̃. Selection rules for transitions in a near
symmetric top molecule with TDM along the b-axis are
assumed (DJ = 0, 1, DKa = 1). The projection of J on
the body-ﬁxed axis, Ka r 6, is ﬁxed in these calculations (i.e.,
the Coriolis coupling is neglected). The calculated spectra are
averaged over the Boltzmann distribution of the initial rotational states. The result for T = 200 K is shown in Fig. 7(b).
The intensity of spectral ﬂuctuations is indeed signiﬁcantly
reduced as a result of incoherent averaging over resonance
lines, which reveal non-systematic shifts with J and Ka. In the
time-dependent representation the damping of the diﬀuse
structures results mainly from averaging of the phases of the
This journal is


c

the Owner Societies 2007

real and imaginary parts of S(t) for diﬀerent J and Ka. The
absolute values of S(t) are nearly independent of the rotational
state, at least in the ﬁrst 500 fs—in agreement with the
observation made by Alacid and Leforestier.72
The inﬂuence of non-adiabatic coupling is assessed by twostate model calculations including states B and R; the interaction with state A is assumed to be weak84 and is neglected.
The coordinate-dependent B/R coupling element is constructed as
2
1
VBR ðR1 ; R2 ; aÞ ¼ DEx ðRo ; aÞekðR4 Rx Þ
2

ð11Þ

where R4 and Ro are the long and the short bond distances,
respectively (equal to either R1 or R2), DEx is the energy gap
between the adiabatic potentials at the crossing (see Section III
B), and Rx is the crossing distance along R4. Both DEx and Rx
are functions of Ro and the bond angle a. As in the surfacehopping analysis of Section III B, they are taken from the
electronic structure calculations. The width parameter k B 1 is
found to have no notable eﬀect on the results. This simple
model gives an astonishingly realistic description of the transitions from B to R. For example, the quantum mechanical
population of the triplet dissociation channel (1) is about 16%,
in good agreement with experiment. The rotational and vibrational state distributions of O2(3S
g ) agree well with the
classical results described in Section III B. Moreover, the
non-adiabatic coupling does not signiﬁcantly aﬀect the spectrum of the low-lying vibrational states in the Cs wells of the B
state. Transitions to the repulsive R state broaden these lines
by 5–20 cm1, which is in agreement with the available
experimental data for the Huggins band (cf. Section IV).
The absorption spectra for the coupled B and R states are
calculated for many rotational states (J, Ka) and averaged over
the Boltzmann distribution. The resulting ‘non-adiabatic’
thermally averaged spectrum is shown in Fig. 7(c). The eﬀect
of the B/R dynamics is not as strong as one might have
expected. Nevertheless, the ﬂuctuations further shrink, and
the overall intensity pattern is in much better agreement with
experiment than for the original spectrum in Fig. 7(a).
Several reﬁnements of the calculations might additionally
attenuate the residual ﬂuctuations in the spectrum. First, higher
level ab initio calculations are necessary to accurately determine
the barrier frequency ioz and, more generally, the potential in
the vicinity of the saddle. Second, test calculations show that
Coriolis coupling, neglected so far, reduces the ﬂuctuations for a
particular J by 10–15%. Finally, it is important to remember
that the B state is crossed by about 30 components of repulsive
triplet states (cf. Fig. 2). Besides, there are many quintet states.86
SO coupling between them is weak (see Section VI), but the
number of interacting states is large. Multiple crossings and the
associated non-adiabatic interactions, especially in the FC
region, might have a further destabilizing eﬀect on the wave
packet motion, introducing a weak ‘disorder’ in the B potential.
Thermal averaging would entail additional ‘disorder’ averaging
and, thus, more eﬃcient reduction of the ﬂuctuations. The
expected cumulative eﬀect of all these factors can be estimated
by convoluting the spectrum in Fig. 7(c) with a Gaussian
function. The result for FWHM of 130 cm1 is shown in Fig.
3(b). The agreement of the experimental and the convoluted
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spectrum is encouraging, so that 130 cm1 gives an estimate of
the ‘missing’ broadening.
D.

Assignment from short time dynamics

The convoluted spectrum in Fig. 3(b) consists of a series of
broad low-resolution bands which one might hope to assign
more or less ‘good’ vibrational quantum numbers.87 Note
that, unlike other absorption spectra considered in the subsequent sections, the Hartley spectrum comprises highly vibrationally excited states of the molecule. The absorption
maximum lies about 1.5 eV above the potential minima of
the B state and, moreover, the FC point is located at the C2v
saddle surface, far away from the two Cs wells. Under these
circumstances, we cannot expect the molecular motions to
follow simple low-energy normal modes. From this viewpoint,
a recent attempt to assign the Hartley peaks to symmetric
stretch and bending quantum numbers50 is certainly an oversimpliﬁcation. Instead, we shall try to build a consistent
assignment using the short-period POs discussed above
[Fig. 9(a)].
The positions of the low-resolution bands in the calculation
[Fig. 3(b)] follow a rather clear pattern. The bands are
separated by two diﬀerent alternate spacings of about 380
cm1 and 290 cm1. The average spacing around the absorption maximum is 340 cm1. The corresponding period is 98 fs,
in agreement with the time of the strongest recurrence C in
Fig. 8. Thus, the motion along the PO of type C in Fig. 9(a)
should contribute to the assignment. Next, the smallest of the
two inter-band spacings corresponds to the period of 115 fs,
pointing to the recurrence D (120 fs) in Fig. 8 and the
associated PO.
Both PO families C and D are combinations of the symmetric and antisymmetric stretch motions. To facilitate the
subsequent discussion, we decompose them into simpler ‘fundamental’ constituents [Fig. 9(b)].12,84 During one period, the
orbit C travels between the ﬁxed points represented by POs A0
(A) and C0; the orbit D is trapped between A0 and D0. Note
that A0 represents the purely symmetric stretch mode, and D0
and C0 are both close to the antisymmetric stretch. Although
the orbits A0, C0, and D0 by no means exhaust the variety of
short-period POs near the C2v line,84 the structure of the phase
space at the saddle can be understood using these three
fundamental POs. At the saddle energy, only the A0 family
exists. Above 34 000 cm1, also the D0 trajectories can be
found, and the ﬁrst PO of the C0 family appears around 37 500
cm1. Near the absorption maximum, all three families A0, C0,
and D0 coexist.
The relation between the POs and the absorption spectrum
is provided by the short-time evolution of the initial quantum
mechanical wave packet.12 This link is at the core of the wellknown ‘scar’ phenomenon.88,89 Relevant for our present purpose is the extension suggested by Borondo and co-workers.90,91 The wave packet dynamics in the m-th band can be
visualized using a non-stationary ‘wave function’ obtained by
short-time Fourier transformation of the wave packet F(t)
near the band center Em:90
Z TPO
Cm ¼
expðiEm tÞFðtÞdt;
ð12Þ
0
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Fig. 10 Two-dimensional representations of squares of the three-dimensional ‘band states’, eqn (12), calculated for the low-resolution bands
marked with arrows in Fig. 3(b). The plane of the two O–O bonds is shown. Photon energies are equal to 34 650 cm1 (a); 38 120 cm1 (b); 39 140
cm1 (c). The fundamental POs for these energies are also shown. TPO in eqn (12) is ﬁxed to 130 fs. Color coding in Fig. 9 and 10 coincides.

where the time integration is limited to the period, TPO, of a
particular PO which ‘scars’ the wave packet. We constructed
such ‘band states’ propagating the initial wave packet eqn (6)
for all low-resolution bands in Fig. 3(b). The ‘states’ for the
three bands marked with arrows in Fig. 3(b) are presented in
Fig. 10. The propagation time is 130 fs; the results for TPO =
100 fs are very similar. Two other propagation times, 40 fs and
60 fs, gave no resolvable nodes indicating that the corresponding recurrences A and B are irrelevant for the assignment.
The nodal patterns of the ‘band states’ in Fig. 10 clearly
follow the fundamental POs and their bifurcations. At low
energies [Fig. 10(a)], the states develop nodes only along A0
and D0. Close to the absorption maximum [Fig. 10(b) and (c)],
the dynamics is more complicated. The states are excited along
the symmetric stretch A0, the inner nodal lines near the FC
point follow D0, while the outer nodal lines are aligned along
C0. We would like to stress, that the ‘band states’ do not reﬂect
the nodal structure of the true high-resolution eigenstates
(resonances) in the B state potential, the majority of which
are unassignable.84 Instead, the ‘band states’ provide means to
visualize early stages of the time evolution of the initial
excitation.
The nodal structures of the ‘states’ show systematic variations from band to band, compatible with the alternating
pattern of the inter-band spacings. For example, the ‘state’
in Fig. 10(a) has a single node along A0 and 10 nodes
along D0. In the preceding band (not shown in Fig. 10), which
is 385 cm1 lower in energy, a single node along A0 is
preserved, while the number of nodes along D0 is decreased
by two. This feature is common to all bands separated by
B380 cm1: They diﬀer by two quanta of excitation along
D0/C0. Upward transitions between the bands which are
narrowly spaced (B290 cm1) involve an exchange of excitations between the fundamental POs: Two nodes along D0/C0
are removed and one node along A0 is added. Since both D0
and C0 are born in bifurcations, the progression of lowresolution bands does not have a clear-cut origin (0,0). Already the ﬁrst ‘band states’ above the saddle are substantially
excited along D0.
In summary, the low-resolution bands reﬂect symmetric and
various antisymmetric stretch excitations at the saddle of the B
state; bending excitation is negligible. The three fundamental
POs, indicated in Fig. 9(b) and 10, are robust features which
are largely independent of the details of the potential and the
2054 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

initial excitation. It is nevertheless premature to literally
transfer this assignment to the experimental spectrum. The
reason is that the relation of the calculated ‘band states’ to the
experimental bands is not ﬁrmly established. The experimental
low-resolution bands diﬀer signiﬁcantly from the calculated
ones. The strongest recurrence in the experimental autocorrelation function lies at 128 fs. As a result, the average interband spacing in the measured spectrum is merely 220 cm1,
about a factor of 1.5 smaller than in the calculation. The bands
are densely spaced and the spacings do not follow the simple
alternating pattern of the calculation. Accurate assignment of
the experimental spectrum, therefore, still awaits a more
realistic ab initio model.

IV. Huggins band
The Huggins band, ﬁrst observed in 1890,10 ranges from B310
nm to B370 nm (corresponding to excitation energies of
3.4–4.0 eV). The high-energy tail of the Huggins band continuously goes over into the Hartley band system [Fig. 1(a)].
The band is weak: The absorption cross section at the onset of
the band is about six orders of magnitude smaller than at the
maximum of the Hartley band. The absorption rises steeply
with increasing excitation energy and shows several quite
regular vibrational progressions (Fig. 11). The temperature
dependence, measured between 190 K and room temperature,
was found to be markedly strong92 (see below). Even the
190 K spectrum does not show any indication of rotational
structure. Partially resolved rotational lines for two vibrational states could be observed only for jet-cooled ozone with
rotational temperatures of B3 K.93 The homogeneous linewidths estimated from these measurements are of the order of
2 cm1, corresponding to lifetimes of roughly 3 ps. This is the
only experimental estimate of the true predissociation lifetime
in the Huggins band.
The electronic assignment has been debated for a long time;
for a résumé see the article of O’Keeﬀe et al.50 The two
possible upper states are the second and the third state with
1 0
A symmetry, i.e. the states A and B. Both alternatives can
explain the low intensity of the band. In the ﬁrst case, the
absorption cross section would be very small, because the
transition 21A 0 ’ X̃1A 0 is forbidden with regard to the
dominant electronic conﬁgurations.50 The A state correlates
diabatically with the deep minimum of cyclic ozone, which has
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Fig. 11 The low-energy part of the Huggins band (arbitrary units; logarithmic scale). The upper continuous curve represents the measured cross
section of Malicet et al. for 218 K (ref. 92). The numbers above the experimental spectrum give the assignments due to O’Keeﬀe et al.50 Blue
numbers and solid lines refer to cold bands, red numbers and dashed lines refer to hot bands. The red numbers and black arrows below the
experimental spectrum indicate the theoretical assignment of the hot bands. Solid and dashed lines represent excitation from state (0,0,1)X̃ and
(1,0,0)X̃, respectively. The stick spectrum in the lower part shows the calculated FC factors for four initial states in the ground electronic state; the
‘cold’ bands starting in (0,0,0)X̃ are given by the solid vertical lines and are marked with blue numbers. Black numbers in parentheses indicate hot
band assignments. The continuous line is the broadened spectrum described in the text. The theoretical spectrum is shifted by 400 cm1 to lower
energies so that the (0,0,0) cold band agrees with the experimental origin at 27 134 cm1. Reproduced with permission from ref. 96. r American
Institute of Physics 2005.

D3h symmetry with all three bond angles equal to 601.24,66,67
Because the bottom of this potential well is roughly 16 000 cm1
below the onset of the Huggins band,39 the A state cannot be
the origin of the Huggins band: At such high excitation energies
the spectrum would be denser and much more complex; especially highly excited bending states would appear in the spectrum, which, however, is not observed experimentally.
As suggested by Sinha et al.93 and later by Le Quéré and
Leforestier94 and Bludský and Jensen95 the Huggins band
originates from excitation of the vibrational states in the
shallow potential wells of the diabatic B state PES (Fig.
1)—the same state which is responsible for the Hartley band.
Unfortunately, the PESs used in the previous theoretical
analyses were not suﬃciently accurate to allow a unique
electronic assignment.50 Our one-state calculations with the
analytically ﬁtted B state potential quantitatively conﬁrmed
this assignment.43,65 The topology of the B state has already
been discussed in Section III A. The aspect most relevant for
the Huggins band is that the equilibrium has Cs symmetry with
one long and one short O–O bond. In all previous (experimental and theoretical) studies the vibrational structures were
assigned to the symmetric stretch (v1), the bending (v2), and the
antisymmetric stretch (v3) mode. This notation in a distinctly
non-symmetric potential well is unreasonable. Instead, it is
more useful to apply a local-mode terminology and to classify
the stretching modes as long-bond stretch (v1) and short-bond
stretch (v3). The ﬁrst mode, with a frequency of about 700
cm1 (Table 1), describes vibration along the dissociation
coordinate, i.e., O2–O. The second stretching mode describes
the vibration of the O2 entity; the frequency of about 1500
cm1 is close to the frequency of the product O2(a1Dg). The
bending frequency is approximately 380 cm1 and thus
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roughly half of the long-bond stretch frequency. The latter,
in turn, is roughly half of the short-bond stretch frequency,
i.e., the eigenvalue spectrum in the Huggins band shows an
approximate 2 : 4 : 1 anharmonic resonance.
The low intensity of the vibrational bands is not related to
the magnitude of the TDM: The 31A 0 ’ X̃ 1A 0 TDM is large,
not only at the FC point but also near the equilibrium of the B
state.43,75 Instead, the small intensity is the consequence of the
large separation of about 0.8 a0 between the equilibrium of the
X̃ state and the equilibrium of the B state (Table 1).
Excitation of the long-bond stretch increases the overlap
between the vibrational wave functions in the lower and the
upper state and the absorption cross section rapidly increases
with v1 (Fig. 11): The extended progression of diﬀuse vibrational structures is built on excitation of the long-bond
stretching mode. Because the equilibrium angles in both
electronic states are not very diﬀerent, only low bending states
are excited, mainly in combination with excitation of the v1
mode. Unlike excitation of the long-bond stretch, excitation of
the short-bond stretch does not signiﬁcantly push the wave
function towards the FC point and therefore excitation of the
v3 mode is suppressed—at least in the experimental spectrum
and in the low- and medium-energy theoretical spectrum (see,
however, the discussion below).
Using the diabatic B state PES we calculated the wave
functions for the bound vibrational states, CBðv1 ;v2 ;v3 Þ , and
determined a ‘stick’ spectrum according to
D
E2
~


ðiÞ
B
Iðv1 ;v2 ;v3 Þ ¼  CX
ð13Þ
~ jCðv1 ;v2 ;v3 Þ  ;
i jmXB
where CX̃
i is the wave function for a particular vibrational state
i in the X̃ state and mX̃B is the TDM function. The brackets
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indicate integration over all three internal coordinates. In
addition to the lowest vibrational state, (0,0,0)X̃, also excited
vibrational states with up to two quanta in each mode were
considered in order to include ‘hot’ bands in the analysis.96
The temperature-dependent experimental spectra are simu(i)
lated by summing up the contributions I (v
of each initial
1,v2,v3)
X̃
vibrational state i with energy Ei (measured from the zeroX̃
point energy of X̃), weighted by g(i)
T = exp(Ei /kBT).
43
The calculated spectrum (for T = 250 K) is compared
with the measured 218 K spectrum92 in Fig. 11. In order to
alleviate comparison with experiment, we also show a broadened theoretical spectrum in which each line is replaced by a
50 cm1 broad Gaussian function. This broadening is intended
to model the thermal and the non-adiabatic eﬀects discussed in
Section III C. Both spectra increase on average nearly exponentially with excitation energy. Incidentally we note that the
new two-state calculations of the rotationally averaged Huggins/Hartley band system satisfactorily reproduce the magnitude of the cross section and the widths of the vibrational
Huggins bands.84 This has to be considered as the ultimate
proof that the Huggins band is due to excitation of the
vibrational states in the B state minimum.
The experimental spectrum has been assigned in terms of
only two quantum numbers, v1 and v2, throughout the entire
Huggins band.50 The assignment of the ‘cold’ bands, i.e., those
originating from (0,0,0)X̃, are indicated by the vertical solid
lines above the experimental spectrum. The pure long-bond
stretching states (v1,0) build the main progression. In addition
there are progressions with one and two quanta of the bending
mode like (1,1) and (2,2), for example. Because of the above
mentioned 2 : 1 resonance between the long-bond stretch and
the bending frequency the states (v1, 2) are close to the states
(v1 + 1, 0). In the energy range displayed in the ﬁgure there is a
one-to-one correspondence between the measured and calculated spectrum in terms of both positions and intensities. The
predicted spectrum obviously shows more lines; but the additional lines have usually very small intensities.
Above state (4,0) the correspondence is less unique.43 The
theoretical spectrum becomes more complex and states with
excitation in the short-bond stretching mode, v3 = 1, also get
sizable intensities. This is the consequence of anharmonic (i.e.,
non-linear) couplings which change the behavior of the quantum mechanical wave functions at higher energies. For example, the wave functions for states (5,0), (6,0) etc. have a
diﬀerent nodal structure than the states (v1 r 4, 0). An
analysis of the classical phase space in terms of POs and the
so-called continuation/bifurcation diagram provides more details of this change.43,97 Qualitative changes in the shapes of
wave functions as the dissociation threshold is approached are
not unusual.98,99 The simplicity of the experimental absorption
spectrum and of the photofragment excitation (PHOFEX)
spectra, obtained at low temperatures in a molecular
beam,15,18 suggests that the true B state PES leads, if at all,
to considerably weaker non-linear dynamics eﬀects than the
calculated PES.
The measured spectrum in Fig. 11 shows in the lower energy
range several low-intensity hot bands, i.e., bands which originate from excited vibrational states in the ground electronic
state. They often appear as doublets with a constant spacing of
2056 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

about 60 cm1. Examples are the two lines near 27 400 cm1 or
the doublet around 28 000 cm1. The assignments of these hot
bands as given by O’Keeﬀe et al.50 are indicated by the dashed
vertical lines above the experimental spectrum. O’Keeﬀe et al.
assumed that the two lines of a doublet originate from the
same vibrational state in the X̃ state, namely the fundamental
of the symmetric stretch (1,0,0)X̃, and terminate in diﬀerent
vibrational states, e.g. (2,0) and (1,2) or (3,0) and (2,2), more
generally (v1,0) and (v1  1,2). This assignment is not plausible: It is unlikely96 that starting from (1,0,0)X̃ instead of
(0,0,0)X̃ inverts the intensity for the transitions to the upper
states (2,0) and (1,2), for example.
Our assignment is diﬀerent: The two lines of a doublet
originate from the symmetric and antisymmetric stretch states
(1,0,0)X̃ and (0,0,1)X̃ and terminate in the same upper state, for
example, (3,0). The spacing of about 60 cm1 inside a doublet
is almost identical to the diﬀerence of frequencies, o1  o3, in
the lower state. Note that excitation from the antisymmetric
state (0,0,1)X̃ does not contradict the selection rules. The
assignment of the upper states, e.g. (3,0), is intrinsically local
and refers to only one ‘isolated’ Cs well. The true eigenfunctions of the B state are symmetric and antisymmetric combinations of the states in the two equivalent Cs wells. The states
with the same local assignment, therefore, exist in pairs.
Depending on the symmetry of the initial vibrational state in
X̃, either a symmetric or an antisymmetric component can be
excited.93 The energies of both components remain nearly
degenerate as long as they lie below the C2v barrier separating
the Cs wells. This is the case for the spectrum shown in Fig. 11.
Excitation of the antisymmetric stretch fundamental is apparently more eﬃcient than excitation of the symmetric stretch
fundamental in increasing the overlap with the wave function
in the upper state. Consequently, the second line of the doublet
has a slightly larger intensity than the lower band. The stick
spectrum in Fig. 11 shows a few hot bands in the low-energy
region, calculated with Boltzmann factors for 250 K.
The relatively large intensities of hot bands—despite the
very small Boltzmann factors—are a consequence of the
drastic increase of the FC factors with increasing excitation
of the stretching motion along the dissociation bond, irrespective of whether the excitation occurs in the lower or the upper
electronic state. Photoexcitation probes the tails of the vibrational wave functions in the classically forbidden region under
the barrier separating the two equivalent Cs minima, and the
overlap integrals are exponentially sensitive to any reduction
in the tunneling length. For this reason, more and more hot
bands show up in the spectrum when T increases as illustrated
in Fig. 12.96 At the same time, the cold bands become less
prominent. The 295 K spectrum shows additional doublets
with a spacing of about 50 cm1. These doublets can be
uniquely assigned to excitations of the (0,0,2)X̃ and (1,0,1)X̃
states in the lower state. The intensities for (2,0,0)X̃ are
signiﬁcantly smaller and therefore only very vaguely seen in
the spectrum. Thus, even the weakest features observed in the
295 K spectrum in Fig. 12 can be unambiguously assigned. In
conclusion, on the basis of the new diabatic B state PES and
bound state calculations—and, of course, the assignment due
to O’Keeﬀe et al.50 of the cold bands at higher excitation
energies, where the results of the calculations gradually
This journal is
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Fig. 12 The low-energy part of the Huggins band (arbitrary units) for three temperatures (ref. 92). The thick short lines below the 295 K spectrum
indicate the cold bands. The quantum numbers refer to the vibrational excitation in the upper electronic state; for the cold bands they are marked
blue. The thin solid lines represent the excitation energies for transitions originating from the states (1,0,0)X̃ (ﬁrst line for a particular ‘doublet’) and
(0,0,1)X̃ (second line for a particular ‘doublet’). The corresponding quantum numbers are marked red. The short lines at the bottom represent the
excitation energies for transitions originating from the states (2,0,0)X̃ (dotted lines), (1,0,1)X̃ (dashed lines), and (0,0,2)X̃ (dashed-dotted lines). The
corresponding quantum numbers are marked green. The vertical arrows indicate hot-band transitions from initial states with two quanta of
stretching, which correspond to peaks in the 295 K spectrum labeled by letters A, B, etc. and a, b, etc. Reproduced with permission from ref. 96. r
American Institute of Physics 2005.

become less trustworthy—the Huggins absorption spectrum is
mainly understood.

V. Chappuis band
The Chappuis band9 in the visible, extending between 400 nm
and 700 nm (excitation energies of 1.8–3.1 eV), has a broad and
slightly asymmetric background [Fig. 13(a)]. Near the maximum,
it is about three orders of magnitude weaker than the Hartley
band. The diﬀuseness of the vibrational structures, superimposed over the background, points to very short lifetimes in the
excited states. Rotational ﬁne structure has not been resolved in
the experiments performed at temperatures between 140 and 300
K.100–102 The measured absorption cross section is only weakly
temperature dependent (variations are within 3%),101,102 which
makes the visible range useful in the atmospheric remote sensing
of ozone.103 A consistent assignment of the diﬀuse vibrational
bands has been a problem for a long time.20
The Chappuis band is due to excitation of the two lowest
singlet states with A00 symmetry, 11A00 and 21A00 (1B1 and 1A2 in
C2v; see Table 1). The 1B1 state is dipole allowed whereas 1A2 is
dipole forbidden; in Cs, both states are dipole allowed. The
lower adiabatic state correlates with the triplet channel (1). Its
PES is repulsive and has a barrier separating the two arrangement channels.104 The upper adiabatic state correlates with the
singlet channel (5) and is bound [Fig. 1(b)]. The two states are
strongly coupled through non-adiabatic interaction arising
from a symmetry-allowed CI: The distinct symmetries allow
these states to cross in C2v geometries. The CI seam runs close
to both the FC point and the equilibrium of the upper state.
One-dimensional dynamical calculations using a potential
cut along the dissociation coordinate were performed by
This journal is
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Banichevich et al.105 Such a model is not adequate for the
fragmentation of a molecule with C2v symmetry because
symmetric stretch motion is neglected.12 A more realistic 3D
model with spectroscopic parameters based on ab initio calculations106 was considered by Braunstein and Pack.107 However, even after empirical adjustment of the parameters, the
agreement of the calculated and the measured spectra was at
best fair. The ﬁrst 3D dynamics calculation was performed by
Flöthmann et al.104 using ab initio PESs determined by
Woywod et al.36 These calculations provided an accurate
overall picture of the dissociation process, but also required
adjustments in order to bring the calculated absorption spectrum into agreement with the experiment.
The dissociation dynamics in the adiabatic representation can
be summarized as follows. The initial state after photoexcitation
is distributed equally between the two electronic states because
the two adiabatic TDMs are similar in the FC region (see Fig. 7
in ref. 49). The lower component of the initial wave packet,
corresponding to the repulsive 11A00 state, dissociates within a
few tens of femtoseconds and gives rise to the structureless
background in Fig. 13(a). The upper component performs one
or two vibrations in the bound (21A00 ) electronic state and then
dissociates via a non-adiabatic CI-driven transition to the lower
state. These (damped) vibrations give rise to several weak
recurrences in the autocorrelation function and are responsible
for the diﬀuse structures in Fig. 13.
Global PESs of the two adiabatic states have recently been
recalculated49 at an ab initio level surpassing that of ref. 36.
The quantum mechanical calculations on the new PESs conﬁrmed the dissociation mechanism sketched above, accurately
reproduced the measured absorption spectrum and the product state distributions without any adjustable parameters,
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2057

Fig. 13 (a) Calculated (thick line) and experimental (thin line)
absorption spectrum of the Chappuis band. The experimental spectrum is shifted vertically by 2  1021 cm2. (b) Second derivative of the
calculated spectrum (thick line; arbitrary units) and the bandpassﬁltered experimental spectrum (thin line). The adiabatic assignments
of the calculated bands are indicated. The calculated spectra are
shifted by 200 cm1 to higher energies. The experimental spectra,
measured at 203 K, are taken from ref. 7. Reproduced with permission
from ref. 49. r American Institute of Physics 2006.

and—most importantly—clariﬁed the assignments of the diffuse bands.
The two-state quantum calculations are performed in the
diabatic representation.49 Fig. 14(a) shows one-dimensional
cuts through the adiabatic and diabatic PESs along the bond
angle a. The intersection around 1181 is clearly seen. The
optically bright 1B1 state has a shallow minimum near 1211,
close to the equilibrium angle (1171) of the X̃ state. The dipole
forbidden 1A2 state has a strongly displaced minimum at about
1001. The one-dimensional cuts along the bond distance R1 in
Fig. 14(b) illustrate a peculiar property of the diabatic representation. By construction, the diabatic potentials approach
the same value VN in the product channels, which lies halfway
between the adiabatic energies of channels (1) and (5). The
diabatic coupling element VdAB, on the other hand, becomes
large for R1 - N reaching the value VN. Thus, although the
adiabatic and diabatic representations are equivalent and the
diabatic picture is computationally convenient, it is the adiabatic representation which provides a physically more meaningful description in the fragment channels.
The quantum mechanical spectrum reproduces the general
shape and the absolute intensity of the measured spectrum7
quite well [Fig. 13(a)]. The calculation, using an ab initio
2058 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

Fig. 14 One-dimensional cuts through the adiabatic (dashed lines;
superscript a) and diabatic (solid lines; superscript d) PESs for states
11A00 and 21A00 and the diabatic coupling VdAB along the bond angle a
(a) and the O–O bond distance R1 (b). The other two coordinates are
ﬁxed at (a) R1 = 2.44 a0, R2 = 2.55 a0; (b) R2 = 2.4 a0, a = 1181.
Adapted from ref. 49.

TDM, overestimates the absolute value near the maximum
by 25% and underestimates the full width at half maximum by
roughly 6%. Both spectra show two strong bands near 16 600
and 17 400 cm1, followed by a sequence of asymmetric poorly
resolved lines. At higher energies, the spectra regain their
regularity and display two progressions of evenly spaced
bands, one strong (termed A in ref. 7 and 20) and one weak
(progression B, ref. 7). The weak progression B is clearly seen
in the second derivative of the spectrum with respect to energy
[Fig. 13(b)]. The agreement between theory and experiment is
also satisfactory for isotopically substituted 18O3.49
The absorption spectrum is assigned using the wave functions of resonance states corresponding to individual vibrational bands.49,53 The resonances underlying the spectrum in
Fig. 13 are broad (of the order of several hundred cm1) and
overlapping. Consequently, the bands A and B often comprise
two or more resonances with diﬀerent nodal structures, i.e.,
the assignments are not always unique. Those summarized
below always refer to the resonance state which has the largest
intensity and makes the largest contribution to the vibrational
band in question. A comprehensive description of the resonance spectrum can be found in ref. 49.
Because the diabatic coupling VdAB is strong in the Chappuis
band, the resonance wave functions are best analyzed in the
adiabatic representation. The upper adiabatic state is bound
This journal is
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and the corresponding components of the two-state wave
functions are fully localized in the potential well. The assignment is based on the nodal patterns of these bound components. The scattering components, belonging to the lower
adiabatic states, are ignored in the analysis. In the following
v1, v2 and v3 denote the quantum numbers for the antisymmetric stretch, the symmetric stretch, and the bending mode,
respectively. [The labeling is in order of decreasing frequency
(see Table 1) and is diﬀerent from the notation used for the
other bands.]
All but one of the A bands can be uniquely attributed to the
pure symmetric stretch progression (0,v2,0). The ﬁrst strong
band in the spectrum, 1A, is the origin (0,0,0) of the Chappuis
spectrum. The nodal structure of the second strong band, 2A, is
diﬀerent from the rest of the progression. Although the state
clearly has one quantum of excitation, the direction of the nodal
line is neither symmetric stretch nor bend. It is attributed to a
member v2 = 1 of a short progression termed (0,v2,0)x which,
we believe, results from a bifurcation at energies close to the
bottom of the 21A00 adiabatic PES.49 Bifurcations in spectra are
common in the presence of strong non-linear potential couplings (see, for example, ref. 98 for a review). The bifurcation
removes the ‘true’ (0,1,0) state from the spectrum. Because onestate calculations with the 21A00 PES do not show states like
(0,v2,0)x, we conjecture that the bifurcation is a consequence of
the two-state dynamics and the strong non-adiabatic coupling.
The bifurcated band 2A is diﬃcult to assign without dynamics
calculations. Anderson and Mauersberger20 termed it X and
attributed it to another electronic state.
All states in the weak progression B have an additional node
along the bending coordinate and therefore are assigned
(0,v2,1). The ﬁrst state in this progression, (0,0,1), lies energetically close to the bifurcated state (0,1,0)x, and is strongly
perturbed by the non-adiabatic coupling resulting from the CI.
Only the upper adiabatic components of the resonance wave
functions have been analyzed in the assignments above. The
origin (0,0,0) of the Chappuis band is therefore related to the
ground vibrational state of 21A00 . The two-state calculation
additionally reveals a series of extremely weak bands in the
second derivative spectrum at energies E r 16 000 cm1,
which reﬂect the lower adiabatic state 11A00 [Fig. 13(b)].49
These states are located below the ‘origin’ (0,0,0). The experimental bandpass-ﬁltered spectrum20 is also structured in this
energy region. All observed bands except one20 are usually
attributed to the Wulf absorption (Section VI) and the contributions of the 11A00 state have not been clearly isolated yet.

VI. Wulf band
The Wulf absorption band8 is detected in the near IR at
wavelengths larger than 700 nm. Its origin lies around 1050
nm, i.e., 1.2 eV above the zero-point energy of the X̃1A1 state
and slightly above the threshold of the triplet channel (1).
Since the near-threshold electronic states were suspected to
play a role in the O + O2 " O3 kinetics, the Wulf band has
been spectroscopically analyzed in great detail.20 The band is
weak, with the intensity at the origin being six orders of
magnitude below the maximum of the Hartley band. The ﬁrst
two peaks in the band are narrow, of the order of a few tenth
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of cm1, so that their rotational ﬁne structure is resolved.51,108
The diﬀuse vibrational bands form a regular progression
which, however, is rather short: Towards its absorption maximum the Wulf band is completely overlayed by the lowenergy tail of the much stronger Chappuis band.
Already the early calculations of Hay et al.24 and Hay and
Dunning25 suggested that the weak Wulf band is due to a spinforbidden transition to the lowest three triplet states, i.e., 13A 0
(3B2 in C2v) and 1,23A00 (3A2 and 3B1 in C2v). Using spectroscopic parameters from electronic structure calculations for
the 3A2 PES, Braunstein and Pack31 modeled the absorption
spectrum and predicted the order of magnitude of the 1A1/3A2
TDM. Later, Minaev and Ågren32 and Braunstein et al.33
calculated the TDMs for all three triplet states and convincingly proved that the Wulf band is mainly due to excitation of
the 3A2 state with some contribution from the 3B1 state. The
TDM for the 3B2 state was found to be exceedingly small.
The PESs of the three electronic states involved in the Wulf
transitions have recently been calculated at the same level of
theory as the singlet Chappuis states. The state 13A 0 (ref. 38) is
well separated from all other states of the same symmetry (see
Fig. 2). Without SO interaction, this state is also uncoupled
from the two 3A00 states and therefore makes an independent
contribution to the spectrum. The state is repulsive and
correlates with the triplet channel (1) [Fig. 1(b)]. It has a
shallow local minimum lying B0.5 eV above the threshold.
The new calculations48 of the global PESs of the two 3A00 states
extend the near-equilibrium results of Xie et al.37 and include
the inner part of the potentials as well as the asymptotic
regions. These states are coupled through a non-adiabatic
interaction. As in the case of 2A00 states, the coupling stems
from the symmetry-allowed CI in the C2v symmetry plane.
Even the CI geometries for the triplets and singlets are similar:
The 3A00 states also cross near the X̃ state equilibrium angle of
1171. The crossing behavior can be seen in Fig. 15, where the
three triplet PESs are shown versus the bond angle. The ab
initio adiabatic 3A00 PESs are diabatized as described in Section
II B and interpolated using 3D cubic splines. The two diabatic
states are labeled 3A2 and 3B1. As in the Chappuis band, we
reserve the Cs labels for the adiabatic representation.
Photoexcitation of the triplet states from the singlet X̃ state
is possible due to mainly SO interaction. It splits each triplet
state into three components and, more importantly, mixes
triplets with the neighboring singlets thus making the transitions weakly dipole allowed.32,33 The TDMs are calculated at
the MRCI level of theory using MOLPRO. The CASSCF
wave functions are averaged over the ﬁve lowest singlet and
the three lowest triplet states of A 0 and A00 symmetry. The
TDMs for the three triplet states at the FC point are given in
Table 1. The TDM for the 3B2 is about one order of magnitude
smaller than for the other two states, which supports the
conclusions of ref. 32 and 33 that excitation of 3B2 makes
only a small addition to the Wulf band.
The eﬀect of SO interaction on nuclear dynamics is determined mainly by three energy scales: The SO energy splitting,
DESO (B1 cm1), the distance between the rotational sublevels, DEJ, and the homogeneous (dissociation) width of the
diﬀuse structures, G. While DESO o DEJ throughout the Wulf
band [Hund’s coupling case (b), ref. 21], the width G is strongly
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2059

Fig. 15 Cuts through the near-threshold electronic states, relevant for
the Wulf band, along the bond angle a. The bond distances are ﬁxed at
R1 = R2 = 2.5 a0. Triplet (singlet) states are shown with thick (thin)
lines. The positions of the vibrational levels (0,0,0), (0,1,0), and (0,2,0)
of 3A2 and (0,0,0) of 3B2 are indicated. The arrow marks the FC point
and the two circles emphasize the main coupling regions. Diabatic
(adiabatic) potentials are shown for the triplet (singlet) states. Energies
are measured with respect to the bottom of the triplet channel (1). 3A00
states are indicated with red; 3A 0 state is green; singlet states are black.

energy dependent, so that the relative importance of SO
coupling varies with the excitation energy. Two energy regions
are considered below: the main portion of the Wulf spectrum,
E Z 10 000 cm1, in which the linewidths are determined by
fast dissociation, and the low-energy wing E r 10 000 cm1,
where the decay rate is small and controlled by SO coupling.
A.

Overview spectrum of 3A2/3B1

The linewidths in the Wulf band are signiﬁcantly smaller than
in the Chappuis band. Coupling to the dissociation continuum
is weaker because a low barrier separates the inner part of the
13A00 PES from the asymptotic region. Above 10 000 cm1, the
linewidths quickly grow from a few tens of cm1 to more than
100 cm1, so that one has
DESO oDEJ  G:

ð14Þ

The SO splitting of the triplet states can be neglected and the
role of the SO interaction thus reduces to providing the TDMs
for the initial excitation. We therefore prepare the initial wave
packet according to eqn (6) with CX̃
(0,0,0) and m being a vector
consisting of the TDMs for the 3A2 and 3B1 states. This wave
packet is then propagated using the unsplit (zero-order) diabatic PESs of the two interacting triplet states, 3A2 and 3B1,
calculated without SO coupling. The TDMs are ﬁxed to their
values at the FC point (Table 1). This is not a severe limitation
because the TDMs are small and their coordinate dependence
is weak.48
The dynamics calculations yield the absorption spectrum
shown in Fig. 16(a). It is rather broad, extends well into the
visible range and shows several sharp vibrational bands. The
absorption cross section is only B1.4  1022 cm2 at the
maximum. Adding the low-energy tail of the calculated Chappuis spectrum (Section V), one obtains the spectrum in Fig.
16(b) which can be compared with the measured one. The
2060 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

Fig. 16 (a) Absorption spectrum of the isolated Wulf band calculated
with two 3A00 states as described in text. (b) Comparison between the
experimental7 (thin line) and the calculated (thick line) absorption
spectra. The experimental spectrum is shifted vertically by 1  1022
cm2. The low-energy wing of the calculated Chappuis band (Fig. 13) is
added to the theoretical spectrum. The calculated Wulf spectrum is
shifted to higher energies by 100 cm1 and its intensity is artiﬁcially
increased by 20%. Also shown are the positions of the quantum
mechanical resonances in the two-state calculation and their diabatic
assignments. Note that excitation energy scales in (a) and (b) are
diﬀerent.

intensities as well as the positions of the diﬀuse bands are in
good agreement with experiment. The apparent simplicity of
the band structure in Fig. 16(b), however, is misleading as
evinced by the second derivative of the spectrum with respect
to energy;48 it shows a series of strong bands with one or more
minor bands between them, in qualitative agreement with the
measured band-pass ﬁltered spectrum of ref. 20.
The calculated spectrum is assigned using the wave functions of the underlying resonance states. In contrast to the
Chappuis band, however, the diabatic representation is better
suited for the assignment:48 The oﬀ-diagonal diabatic coupling
VdAB is comparatively weak in the Wulf band with the consequence that the vibrational wave functions can be uniquely
attributed to either the 3A2 or the 3B1 state. The states are
assigned using the nodal patterns along the symmetric stretch
(v1), the bending (v2), and the antisymmetric stretch (v3)
modes.
At low excitation energies, E r 11 000 cm1, the spectrum is
dominated by the pure bending excitations (0,v2,0)3A2 of 3A2
(Fig. 16). This is in agreement with the experimental assignment.20 Around 11 000 cm1 the intensity of this progression
decreases and the progression (1,v2, 0)3A2 with one quantum in
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the symmetric stretch mode takes over. At B12 000 cm1
another replacement takes place and the progression
(2,v2,0)3A2 provides the dominant assignment. In the same
energy region, the ground vibrational state of 3B1, (0,0,0)3B1,
appears as a weak peak in the calculated second-derivative
spectrum. The 3B1 state shows up in the spectrum only
through a pure bending progression (0,v2,0)3B1. The intensity
of the bending states grows with excitation energy, reaches its
maximum at (0,3,0)3B1 near 13 300 cm1, and then gradually
decreases again. The same intensity pattern is observed for the
major peaks in the measured band-pass ﬁltered spectrum
above 12 000 cm1.20 The widths of the 3B1 resonances below
16 000 cm1 are due to non-adiabatic coupling to the repulsive
3
A2 state.
Our main conclusion, therefore, is that the Wulf spectrum is
a superposition of two almost independent spectra corresponding to the two diabatic electronic states 3A2 and 3B1.
As in the Chappuis spectrum, most calculated structures in the
Wulf spectrum are ‘composite’, i.e., the bands consist of
several resonance states with diﬀerent vibrational assignments
and diﬀerent intensities. This is in part due to an anharmonic
1 : 2 resonance between the frequencies of the symmetric
stretch and the bend in the 3A2 state (1130 and 490 cm1,
respectively; Table 1). Because of this resonance, the vibrational states are combined in near degenerate polyads (cf. ref.
98). The assignment is further complicated by the accidental
degeneracy between the states (0,0,0)3B1 and (2,0,0)3A2. The
bending frequency in the 3B1 state (560 cm1) is also close to
that in 3A2.
B. SO-induced predissociation of (0,0,0)3A2 and (0,0,0)3B2
The barrier to dissociation of the 3A2 PES is about 750 cm1.
The ground vibrational state (0,0,0)3A2, is trapped by this
barrier and its tunneling width is small, G E 0.001
cm1.37,47 Already the ﬁrst excited state in the calculations,
(0,1,0)3A2, lies far above the barrier and is signiﬁcantly
broadened, G E 15 cm1. In the measured spectrum, however,
both states (0,0,0)3A2 and (0,1,0)3A2 are narrow51,108 (G E
01–0.4 cm1). The substantial overestimation of the width of
(0,1,0)3A2 indicates that the calculated dissociation barrier is
too low. This conclusion is supported by more accurate ab
initio calculations.47 On the other hand, the width of (0,0,0)3A2
is underestimated by more than two orders of magnitude. The
SO coupling for this state exceeds the purely dissociative
linewidth,
G o DESO o DEJ ;

ð15Þ

and the SO interaction has to be explicitly taken into account.
As was shown in ref. 47, the role of the SO interaction is to
shorten the lifetime through coupling with the ground electronic state X̃1A 0 , whose PES intersects the 3A2 PES at a bond
angle of about 901 (Fig. 15). This scenario was conﬁrmed using
multistate dynamics calculations. The oﬀ-diagonal SO matrix
elements were calculated and used in a Hamiltonian comprising seven spin components of various singlet and triplet states.
The SO-controlled theoretical linewidth of 0.2 cm1 is in good
agreement with experiment.51,108 With other words, state
(0,0,0)3A2 predominantly dissociates via highly excited ‘doorThis journal is
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way’ states of the ground electronic state; the doorway states
are required to have a large degree of bending excitation.
SO interaction is also important for the photodissociation
via excitation of the 3B2 state.47 In the measured spectrum109
the 3B2 band appears as a tiny hump at 10 463 cm1 on the red
side of the (0,2,0)3A2 vibrational band and corresponds to the
(0,0,0)3B2 ground vibrational state.38 Similar to the 3A2 state,
the PES of 3B2 has a low barrier to dissociation, which delays
the fragmentation. Although the barrier in the ab initio
calculations is slightly too low, as tested by more accurate
electronic structure calculations, the theoretical linewidth of
about 0.3 cm1 is nevertheless nearly one order of magnitude
smaller than the measured one.38 The condition (15) is again
fulﬁlled indicating that the dissociation dynamics of this state
is aﬀected by SO interaction. As seen in Fig. 15, the 3A2 state
crosses 3B2 near the minimum. Therefore, SO-induced coupling to 3A2 is likely to accelerate the dissociation of (0,0,0)3B2.
This was indeed observed in the dynamics calculations: Inclusion of the SO interaction yielded a linewidth of 2 cm1 in
agreement with the experimental estimate.47 The most likely
candidates for doorway states are (0,2,0)3A2 and (0,0,0)3A2; the
latter one is almost degenerate with (0,0,0)3B2 (Table 1 in
ref. 47).

VII. Outlook
Quantum mechanical dynamics calculations on accurate PESs
explained the principle features of photodissociation of ozone
in the wavelength region from the near IR to the near UV.
Nevertheless, there are several aspects which still require more
theoretical (and possibly experimental) work. Needless to say,
they are the most challenging.
The explanation of the weak diﬀuse vibrational structures of
the Hartley band—the most important absorption band of
ozone—is still incomplete. The calculations84 partly described
in Section III C clearly show that both non-adiabatic transitions to other singlet states and thermal averaging over many
rotational states are mandatory for a realistic description of
the diﬀuse structures. The shape of the B state PES near the
saddle between the two Cs wells is also very important. In view
of our present knowledge, future investigations should concentrate on the following aspects: (i) recalculation of (at least)
the lowest three excited 1A 0 PESs on a level of electronic
structure theory higher than in ref. 63 and 75; (ii) simultaneous
diabatization of the three lowest states A, B, and R; (iii)
dynamics calculations for high rotational states including
Coriolis coupling. Nevertheless, even such calculations, which
already extend far beyond those performed up to date, may
not be suﬃcient for reproducing the diﬀuseness of the structures. The necessity to introduce a phenomenological damping
with a FWHM of 130 cm1 [Fig. 3(b)] strongly indicates that
additional eﬀects may contribute, for example, the coupling to
the numerous triplet and/or quintet states. Dynamics calculations including many PESs are, of course, not tractable. Thus,
one has to search for a model which, on one hand, takes the
coupling to the many triplet and quintet states into account
and, on the other hand, is still tractable. The introduction of
an artiﬁcial damping function (in the energy or time domain)
Phys. Chem. Chem. Phys., 2007, 9, 2044–2064 | 2061

without any relationship to the real underlying dynamics is not
suﬃcient.
The Huggins and Hartley bands originate from the same 1A 0
state. Therefore, any new calculations improving our understanding of the Hartley band will also strengthen the knowledge of the dynamics in the Huggins band. No conclusive
answer has yet been found to the question of the statedependent homogeneous linewidths. The ﬁeld is open for both
theoretical and experimental investigation. Once a realistic
three-state diabatization of the states B, A, and R based—ideally—on new electronic structure calculations is available,
dynamics calculations will lead to reliable linewidths for each
vibrational band. The Huggins band is more strongly aﬀected
by thermal broadening than any other band, i.e., its spectrum
shows a pronounced temperature dependence. Exact threestate dynamics calculations are possible today even for high
rotational states. This opens the fascinating possibility to
determine linewidths for many rovibrational states as functions of rotational quantum numbers J and Ka. With such data
at hand, the construction of temperature dependent absorption spectra would be a relatively simple extension.
What has just been said about the Huggins band applies
equally to the Wulf band. As discussed in Section VI the
lowest vibrational states of 3A2 and 3B2 mainly decay via
predissociation to another electronic state. The theoretical
linewidths in multi-state calculations, which include SO coupling, agree well with the measurements. Extending these
calculations to excited rotational states is possible. One probably has to additionally explore the role of another relativistic
coupling in the triplet states, the spin-rotation coupling.110
The resulting J and Ka dependent linewidths could be compared one-to-one with the high-resolution spectroscopic
data.108 However, these calculations should also wait for more
accurate PESs; our quantum mechanical results clearly show
that the dissociation barriers are underestimated by the presently available PESs.
The measured O + O2 translational energy distribution in
the triplet channel exhibits—for excitation energies larger than
approximately 5 eV—a very narrow maximum at Etrans close
to zero (not shown in Fig. 6) corresponding to vibrational
states of O2(3S
g ) larger than v = 23; the excess energy is
almost exclusively stored in the internal energy of the products. This result obtained in several independent experiments
(ref. 13 and references therein) has not yet been explained. The
key for understanding this astonishing observation very likely
lies in the behavior of the PESs in regions where all intramolecular O–O distances are large, i.e., where the highly excited
O*3 complex approaches the three-body breakup channel. In
this region the electronic structure calculations are exceedingly
diﬃcult and avoided crossings other than those already discussed may become important. The explanation of the nearzero maximum in the Etrans distribution in the triplet-channel
is one of the challenges still remaining.
In this article we exclusively discussed so-called scalar
quantities like absorption cross section and product state
distributions. Vector correlations (e.g. translational anisotropy and angular momentum alignment) yield additional and
more detailed information about the fragmentation dynamics.111–114 Of course, the calculation of such quantities is
2062 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

much more demanding, but still tractable with our present day
knowledge of the PESs involved. In order to understand the
unusual isotopic fractionation of ozone in the atmosphere115
isotopic eﬀects in photodissociation are important.116 Photodissociation calculations for any possible ozone isotopomer
are straightforward and may be helpful in modeling atmospheric processes.
The ozone absorption spectrum extends into the vacuum
UV range far beyond the Hartley band.64 The high-energy
spectrum consists of a series of bands of varying intensity
corresponding to the valence and, at energies above 9 eV, the
Rydberg states. Electronic assignment of these bands and their
dynamical interpretation is another stimulating task for both
theory and experiment. For example, the unnamed band next
to the Hartley band peaks around Eph = 7.3 eV and has an
approximately ten times smaller intensity.64 Brouard et al.114
concluded from the angular momentum polarization study of
O(1D) that at least two electronic states are excited in the
193 nm (6.4 eV) photodissociation. Preliminary ab initio
calculations, which extend those discussed in our review,
indeed show that two states, 51A 0 and 41A00 , have large TDMs
in this energy range. These initially excited states undergo
several avoided crossings with other electronic states along the
dissociation path, and the dissociation mechanism is much
more complicated than in the low energy bands. At least three
diﬀerent product channels have been observed in the 193 nm
photodissociation:114,117,118 Channels (1) and (5) of the Introduction and the next higher singlet channel, O(1D) +
O2(b1S+
g ), with a threshold energy of 4.651 eV. Unraveling
the photodissociation dynamics in the 7 eV band and particularly at 193 nm is a tremendous challenge for future
dynamical studies.
The availability of accurate excited state PESs for ozone has
paved the road for theoretical investigations, which can go
beyond those discussed in this article. We hope that this article
helps experimentalists to solve some of the puzzling questions
of their measurements and stimulates future theoretical
activities.

Acknowledgements
Financial support by the Deutsche Forschungsgemeinschaft is
gratefully acknowledged.

References
1 R. P. Wayne, Principles and Applications of Photochemistry,
Oxford University Press, Oxford, 1988.
2 H. S. Johnston, Annu. Rev. Phys. Chem., 1992, 43, 1.
3 M. Schmidt, Pioneers of Ozone Research, A Historical Survey,
Max-Planck-Institut für Aeronomie, Katlenburg-Lindau, 1988.
4 R. Schinke, S. Yu. Grebenshchikov, M. V. Ivanov and P. FleuratLessard, Annu. Rev. Phys. Chem., 2006, 57, 625.
5 S. Chapman, Mem. R. Meteorol. Soc., 1930, 3, 103.
6 D. E. Freeman, K. Yoshino, J. R. Esmond and W. H. Parkinson,
Planetary Space Science, 1984, 32, 239.
7 K. Bogumil, J. Orphal, J. P. Burrows and J. M. Flaud, Chem.
Phys. Lett., 2001, 349, 241.
8 O. R. Wulf, Proc. Natl. Acad. Sci. USA, 1930, 16, 507.
9 J. Chappuis, C. R. Acad. Sci., 1880, 91, 985.
10 W. Huggins and Mrs. Huggins, Proc. R. Soc. London, 1890, 48,
216.
11 W. N. Hartley, J. Chem. Soc., Trans., 1881, 39, 111.

This journal is


c

the Owner Societies 2007

12 R. Schinke, Photodissociation Dynamics, Cambridge University
Press, Cambridge, 1993.
13 P. L. Houston, in Advanced Series in Physical Chemistry. Modern
Trends in Chemical Reaction Dynamics; Experiment and Theory
(Part 2), ed. X. Yang and K. Liu, World Scientiﬁc, Singapore,
2005, vol. 14.
14 W. Denzer, G. Hancock, J. C. P. de Moira and P. L. Tyley, Chem.
Phys., 1998, 231, 109.
15 K. Takahashi, M. Kishigami, Y. Matsumi, M. Kawasaki and A.
J. Orr-Ewing, J. Chem. Phys., 1996, 105, 5290.
16 K. Takahashi, N. Taniguchi, Y. Matsumi, M. Kawasaki and M.
N. R. Ashfold, J. Chem. Phys., 1998, 108, 7161.
17 P. O’Keeﬀe, T. Ridley, S. Wang, K. P. Lawley and R. J.
Donovan, Chem. Phys. Lett., 1998, 298, 368.
18 P. O’Keeﬀe, T. Ridley, K. P. Lawley, R. R. J. Maier and R. J.
Donovan, J. Chem. Phys., 1999, 110, 10803.
19 H. Zhu, Z.-W. Qu, M. Tashiro and R. Schinke, Chem. Phys.
Lett., 2004, 384, 45.
20 S. M. Anderson and K. Mauersberger, J. Geophys. Res., 1995,
100, 3033.
21 R. Bacis, A. J. Bouvier and J. M. Flaud, Spectrochim. Acta, Part
A, 1998, 54, 17.
22 Y. Matsumi and M. Kawasaki, Chem. Rev., 2003, 103, 4767.
23 W. A. Goddard III, T. H. Dunning, Jr, W. J. Hunt and P. J. Hay,
Acc. Chem. Res., 1973, 6, 368.
24 P. J. Hay, T. H. Dunning, Jr and W. A. Goddard III, J. Chem.
Phys., 1975, 62, 3912.
25 P. J. Hay and T. H. Dunning, Jr, J. Chem. Phys., 1977, 67, 2290.
26 K. Thunemann, S. D. Peyerimhoﬀ and R. J. Buenker, J. Mol.
Spectrosc., 1978, 70, 432.
27 P. J. Hay, R. T. Pack, R. B. Walker and E. J. Heller, J. Phys.
Chem., 1982, 86, 862.
28 M. G. Sheppard and R. B. Walker, J. Chem. Phys., 1983, 78,
7191.
29 K. Yamashita, K. Morokuma, F. LeQuéré and C. Leforestier,
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Schinke, J. Chem. Phys., 1997, 107, 7282.
37 D. Xie, H. Guo and K. A. Peterson, J. Chem. Phys., 2001, 115,
10404.
38 S. F. Deppe, U. Wachsmuth, B. Abel, M. Bittererová, S. Yu.
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104 H. Flöthmann, C. Beck, R. Schinke, C. Woywod and W.
Domcke, J. Chem. Phys., 1997, 107, 7296.
105 A. Banichevich, S. D. Peyerimhoﬀ, J. A. Beswick and O. Atabek,
J. Chem. Phys., 1992, 96, 6580.

2064 | Phys. Chem. Chem. Phys., 2007, 9, 2044–2064

106 M. Braunstein, P. J. Hay, R. L. Martin and R. T. Pack, J. Chem.
Phys., 1991, 95, 8239.
107 M. Braunstein and R. T. Pack, J. Chem. Phys., 1992, 96, 891.
108 A. J. Bouvier, G. Wannous, S. Churassy, R. Bacis, J. Brion, J.
Malicet and R. H. Judge, Spectrochim. Acta, Part A, 2001, 57,
561.
109 J. Günther, S. M. Anderson, G. Hilpert and K. Mauersberger, J.
Chem. Phys., 1998, 108, 5449.
110 W. T. Raynes, J. Chem. Phys., 1964, 41, 3020.
111 S. M. Dylewski, J. D. Geiser and P. L. Houston, J. Chem. Phys.,
2001, 115, 7460.
112 G. Hancock, S. J. Horrocks, P. J. Pearson, G. A. D. Ritchie and
D. F. Tibbetts, J. Chem. Phys., 2005, 122, 244321.
113 S. K. Lee, D. Townsend, O. S. Vasyutinskii and A. G. Suits, Phys.
Chem. Chem. Phys., 2005, 7, 1650.
114 M. Brouard, R. Cireasa, A. P. Clark, G. C. Groenenboom, G.
Hancock, S. J. Horrocks, F. Quadrini, G. A. D. Ritchie and C.
Vallance, J. Chem. Phys., 2006, 125, 133308.
115 K. Mauersberger, D. Krankowsky, C. Janssen and R. Schinke,
Adv. At. Mol. Opt. Phys., 2005, 50, 1.
116 C. E. Miller, R. M. Onorato, M. C. Liang and Y. L. Yung,
Geophys. Res. Lett., 2005, 32, L14814.
117 D. Stranges, X. Yang, J. D. Chesko and A. G. Suits, J. Chem.
Phys., 1995, 102, 6067.
118 K. Takahashi, N. Taniguchi, Y. Matsumi and M. Kawasaki,
Chem. Phys. Lett., 1998, 231, 171.

This journal is


c

the Owner Societies 2007

