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Study of low-lying electronic states of ozone by multireference
Mo” ller–Plesset perturbation method

T. Tsuneda, H. Nakano, and K. Hirao
Department of Applied Chemistry, Graduate School of Engineering, The University of Tokyo,
Tokyo, Japan 113

~Received 12 June 1995; accepted 18 July 1995!

The geometry and relative energy of the seven low-lying electronic states of ozone and the ground
state of ozonide anion have been determined inC2v symmetry by the complete active space
self-consistent field~CASSCF! and the multireference Mo” ller–Plesset perturbation~MRMP!
methods. The results are compared with the photodetachment spectra of O3

2 observed recently by
Arnold et al. The theoretical electron affinity of ozone is 1.965 eV, which is 0.14 eV below the
experimental result of 2.103 eV. The calculated adiabatic excitation energies~assignment of Arnold
et al. in parentheses! of ozone are3A2 0.90 eV~1.18 eV!, 3B2, 1.19 eV~1.30 eV!, 3B1, 1.18 eV~1.45
eV!, 1A2, 1.15 eV~;1.6 eV!, 1B1, 1.65 eV~2.05 eV!, and1B2, 3.77 eV~3.41 eV!, respectively.
Overall the present theory supports the assignment of Arnoldet al. However, the simple
considerations of geometry and energy are insufficient to determine a specific assignment of the3B2
and3B1 states. The dissociation energy of the ground state of ozone is computed to be 0.834 eV a
the present level of theory. The present theory also predicts that none of the excited states lies below
the ground state dissociation limit of O3. © 1995 American Institute of Physics.
x
t

a

y

-

t

o

en

ch

-

er-
ic

to

e

e
of
-
cs

es
I. INTRODUCTION

In order to understand the underlying chemistry an
physics of ozone depletion, a wide range of laboratory e
perimental and theoretical studies have been directed
wards the characterization of the O3 dissociation dynamics
and electronic structure. Our understanding of this fund
mental molecule has improved greatly but still there ar
many puzzling phenomena.

The diradical character of ozone leads to the existence
several low-lying excited states. The fact that ozone absor
weakly in the visible and near-infrared was first noted b
Chappuis1 and Wulf,2 respectively. The symmetry allowed
transition from the ground state is only the1B1←X 1A1 tran-
sition and1A2←X 1A1 transition is vibronically allowed via
the n3 antisymmetric stretch. The remaining low-lying elec
tronic states are triplet states. Two absorption bands in th
region implies some form of coupling to enable absorption
at least one dark electronic state. Chappuis and Wulf ban
were assigned with the aid of earlyab initio results to the
1B1←X 1A1 and

1A2←X 1A1 transitions, respectively. Re-
cently Andersonet al.3,4 re-examined the Wulf and Chappuis
bands and measured the isotopic shifts of the absorpti
spectra of16O3 and

18O3. They concluded that the weaker
Wulf band is more likely due to the1A2 state and that the
stronger Chappuis band is due to the absorption of two ele
tronic states; namely the1B1 state and a still unassigned
state. On the other hand, Vaidaet al.6 concluded that the
Chappuis band is due mainly to the1A2 state, based on their
measurements of condensed phase absorption of ozo
Theoretical studies by Braunsteinet al.7–9 and Banichevich
et al.10–12 showed that the Chappuis band results from th
significant interaction between the1B1 and

1A2 states. This
implies that low-lying Wulf band is due to transitions to one
or more triplet states. Andersonet al.5 reassigned the spec-
trum and concluded the weaker Wulf band is due to the3A2
6520 J. Chem. Phys. 103 (15), 15 October 1995 0021-9606/
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by the analysis of the rotational structure of the spectrum.
Several techniques other than photoabsorption have be

used to study O3 in the visible and near-infrared regions.
13–17

Some of them suggested the existence of energy levels whi
are bound with respect to the dissociation.18–20 There are
three electronic states in addition to the1A1 ground state
which correlate with O~3P!1O2~

3Sg
2!. These are the3A2,

3B2, and
1A2 states and these lie near the dissociation thresh

old of the ground state~D051.05 eV;De51.13 eV!. How-
ever, no complete state assignment exists and some unc
tainty remains concerning whether there are bound electron
excited states. The 21A1 and

3A1 states also correlate with
the ground state dissociation limit but these are predicted
lie well above the dissociation limit.

Very recently Arnoldet al.21 provided a more complete
picture of the O3 electronic and vibrational structure by the
analysis of the anion photoelectron spectroscopy of O3

2 .
They observed transitions to five lowest excited states of O3

below 3 eV in energy;3A2,
3B2,

3B1,
1A2, and

1B1 states.
They assigned the transitions tentatively with the help of th
previous calculations. Of importance is the fact that they did
not observe any evidence of electronic states lying below th
ground state dissociation asymptote. The large amount
vibrational structure above the dissociation limits of the ex
cited states suggests that interesting dissociation dynami
occurs on these surfaces.

The O3
2 ion is believed to be an important intermediate

in the D region of the earth’s ionosphere. The O3
2 has not

been observed by high resolution spectroscopic techniqu
although the frequencies of then1 symmetric stretching and
n2 bending bands have been fairly well determined in the
gas-phase by photodissociation,22 photodetachment,23 and
photoelectron24 spectroscopy. The laser photoelectron work
of Novick et al.24 and the photodetachment spectrum of
Wang et al.23 also provided estimates of the equilibrium
structure of O3

2 through Franck–Condon analysis. Much of
95/103(15)/6520/9/$6.00 © 1995 American Institute of Physics
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6521Tsuneda, Nakano, and Hirao: Electronic states of ozone
the experimental work of this radical has been carried ou
the rare gas matrices by Raman or infrared spectroscopy
ally in the presence of cerium or sodium counterions.

In an attempt to provide a more reliable characterizati
of the excited states of O3, we have studied six lowest ex
cited states of ozone using multireference Mo” ller–Plesset
perturbation method~MRMP!, which has been successful i
recent years in predicting details of molecular electron
spectra.25–29We explored a range ofC2v geometries around
the minima of these states of ozone as well as the gro
state of ozonide anion. In this paper we will report the pro
erties of low-lying excited states of O3 and present an inter-
pretation of the photodetachment spectra of O3

2 .
The focus is the explanation for the experimentally d

termined adiabatic excitation energies and observed vib
tional progressions in the photodetachment spectra of O3

2 .
Section II summarizes the computational details and c

culated results and discussions will be given in Sec. III. Co
clusions will be summarized in the final section.

II. METHOD OF CALCULATIONS

The calculation was carried out for the ground and lo
lying singlet and triplet excited states of ozone and t
ground state of ozonide anion. All calculations were pe
formed with a triple-zeta plus polarization quality basis
Dunning’s cc-pVTZ ~Ref. 30! augmented with the diffuse
functions (1s1p1d). The diffuse functions are indispensab
particularly to describe O3

2 and the ionic1B1 excited state of
O3 ~all other states treated here are covalent states!. As has
been pointed out previously, the ground state of ozone can
viewed as two distinct spatial configurations~with the excep-
tion of the 3B2 state where a single configuration suffices!.
Thus, the active space of the CASSCF should be cho
large enough such that all near degeneracy effects are
cluded and the accurate assessment of the relative ene
will require the explicit inclusion of additional dynamica
correlation effects. All valence 18~19 for O3

2! electrons are
treated as active electrons and distributed among all vale
12 orbitals. The complete state-specific CASSCF~Refs. 31–
33! calculation is carried out for each individual state wi
proper spin and symmetry to obtain an optimal geome
The range of coordinates inC2v symmetry are 1.1–1.7 Å in
steps of 0.05 Å for the bond length and 75.0° to 135.0°
steps of 5° for the bond angle. By analytically fitting the
two-dimensional grid points, we obtained the entire poten
energy surfaces and calculated properties for the ground
excited states. The higher level of MRMP was only used
calculate excitation energy at minimum point of each ind
vidual state. Oxygen 1s orbitals were optimized in the
CASSCF calculations but were uncorrelated in the MRM
calculations. Vertical excitation energies were computed
the experimental geometry for the ground state of ozone
the MRMP level. Adiabatic excitation energy for each sta
was determined by computing the MRMP energy at the c
culated geometry for the state and subtracting the energ
the ground state at its calculated geometry. Then1 and n2
vibrational frequencies were calculated with CASSCF a
used to estimate the zero-point energy~ZPE! corrections.
The n3 vibrational frequencies are not available and its co
J. Chem. Phys., Vol. 103,
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tribution to the ZPE is not considered here. The transiti
moments were also calculated at the level of CASSCF a
proximation.

III. CALCULATED RESULTS AND DISCUSSIONS

In Fig. 1 we show contour diagrams summarizing resu
from CASSCF calculations of the ground state of ozone a
its anion inC2v symmetry. The contour plots of the excite
states of ozone are summarized in Fig. 2. The minimu
point and the Franck–Condon projection from the ozoni
anion are also shown in each contour map. Conical inters
tions between3A2 and

3B1 states and between1A2 and
1B1

states are also drawn in Fig. 2.
The CASSCF configurations for the various states

ozone in terms ofC2v symmetry orbitals are given in Table I
The CASSCF wave function for the ground state of ozone

FIG. 1. Electronic energies of the ground states of ozone and ozonide a
as a function of bond angle and bond length for theC2v geometry. Points are
calculated every 5° and 0.05 Å. The dot and triangle show the minimu
points of the ground state of ozone and the ozonide anion, respectively.
contours increase monotonically in steps of 0.01 a.u. from the minimu
point.
No. 15, 15 October 1995



state of

FIG. 2. Electronic energies of the excited states of ozone as a function of bond angle and bond length for theC2v geometry. Points are calculated every 5°
and 0.05 Å. The dot shows the minimum point of each excited state of ozone and the triangle shows the Franck–Condon projection from the ground
ozonide anion. The contours increase monotonically in steps of 0.01 a.u. from the minimum point. The line crossing the contours in3A2 and

3B1 states is the
seam where the two states are degenerate. The seam between1A2 and

1B1 states is also drawn.
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TABLE I. Types of transitions in ozone and CI coefficients of CASSCF wave function.

State Coefficients

Configurationsa

6a1 4b2 1b1 1a2 2b1 7a1 5b2

1A1 0.9045 2 2 2 2 0 0 0 CA

20.2946 2 2 2 0 2 0 0 CB
3A2 0.8844 2 1 2 2 1 0 0 CA(4b2→2b1)

20.3400 1 2 2 1 2 0 0 CB(6a1→1a2)
3B2 0.9537 2 2 2 1 1 0 0 CA(1a2→2b1) or

CB(2b1→1a2)
3B1 0.8889 1 2 2 2 1 0 0 CA(6a1→2b1)

20.3160 2 1 2 1 2 0 0 CB(4b2→1a2)
1A2 0.8605 2 1 2 2 1 0 0 CA(4b2→2b1)

20.4001 1 2 2 1 2 0 0 CB(6a1→1a2)
1B1 0.8359 1 2 2 2 1 0 0 CA(6a1→2b1)

20.4468 2 1 2 1 2 0 0 CB(4b2→1a2)
1B2 0.7051 2 2 2 1 1 0 0 CA(1a2→2b1)

20.4074 2 2 1 1 2 0 0 CB(1b1→1a2)
20.3310 2 1 2 0 2 1 0 CB(4b2→7a1)
0.2113 1 2 2 2 0 0 1 CA(6a1→5b2)

aThe 1b1, 1a2, and 2b1 arep orbitals, perpendicular to the molecular plane while 6a1 and 4b2 are in-plane lone-pair orbitals.
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represented by two configurations, the Hartree–Fock c
figuration andp→p* double excitation, (1a2)

2→(2b1)
2

configuration

@core#~3a1!
2~2b2!

2~4a1!
2~5a1!

2~3b2!
2~1b1!

2

~6a1!
2~4b2!

2@0.905~1a2!
220.295~2b1!

2#1••• .

Other low-lying excited states except the3B1 state also re-
quire at least two spatial configurations. The configuratio
relative to the Hartree–Fock andp→p* (1a2)

2→(2b1)
2

configurations are also listed in the table. These exci
states are covalent in nature except the1B2 state and are
basically represented by single excitations relative to
ground state configurations. The1B2 state is an ionic state
and is a mixture of singly excited configurations but includ
a fairly large fraction of the doubly excited configuration
On the other hand, the anion state2B1 can be well described
by a single configuration inC2v symmetry as

@core#~3a1!
2~2b2!

2~4a1!
2~5a1!

2~3b2!
2~1b1!

2~6a1!
2

~4b2!
2~1a2!

2~2b1!
1.

Judging from the characteristics of the CASSCF wave fun
tions, we can expect that the3B1 state is well described even
at the level of CASSCF but inclusion of dynamical correl
tion effects through MRMP will make a significant contribu
tion to the positions of other excited states, particularly to t
1B2 state.

A. The ground states of ozone and ozonide anion

The optimized geometry of the ground state fro
CASSCF calculations is in good agreement with experime
The predicted bond length (r e) of 1.291 Å is slightly~0.02
Å! longer than the best experimental value of 1.2717 Å. T
theoretical bond angle~ue! of 116.6° differs only by 0.1°
from the experimental value of 116.7°. Our results are ve
close to the previous MRD-CI results.9 The state-specific
CASSCF and MRMP gave2224.573 95 a.u. and
2225.095 44 a.u. at this geometry, respectively. The pot
J. Chem. Phys., Vol. 103,
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tial energy surface of the ground state of ozone has th
double minima, the open structure (C2v) and the equilateral
triangle ring structure (D3h). The latter state is dominated by
thep→p* doubly excited configuration. We can see imme
diately from the contour plot of ozone shown in Fig. 1 tha
contours have the conical intersection of these two stat
along nearly vertical line whereu has a value of about 85.5°.

Optimized anion geometric parameters arer e51.376 Å
and ue5115.5°. The present calculation predicts a longe
bond length and a larger bond angle than those in the ga
phase obtained by Franck–Condon analysis of the photod
tachment observation by Wanget al.23 ~r e51.341560.03 Å
andue5112.6°62.0°!. However, comparison of the ozonide
geometry obtained from the previous calculations34–36 and
the present work finds reasonable agreement in many cas
especially for a bond angle. For instance, the best estimat
values by Kochet al.35 arer e51.35 Å andue5114.5°. Table
II summarized the electron affinity and dissociation energ
of ozone. The computed electron affinity of ozone is 1.96
eV ~ZPE correction is included! at the MRMP level, which

TABLE II. Calculated and experimental dissociation energy and electro
affinity of ozone.a

Method
De

~eV!
EAa

~eV!

MP4b 1.80 1.69
MRCIb 2.04 1.92
CASPT2c 0.82 2.18
CASPT2~g2!

c 1.08 2.22
MRMP 0.834 1.965
Expt.d 1.13 2.103

aZPE corrections are added to the electron affinity.
bReference 25.
cReference 41.
dReference 21.
No. 15, 15 October 1995
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6524 Tsuneda, Nakano, and Hirao: Electronic states of ozone
can be compared to the experimental value of 2.10
60.0025 eV determined by Novicket al.24 using threshold
photodetachment. The MRMP underestimates the elec
affinity only by 0.14 eV while CASPT2 overestimates th
electron affinity. It is noted that a single reference bas
method such as MP4 gives a poor description of the elect
affinity. The dissociation energy of the ground state,De , is
computed to be 0.834 eV at the same level of theory, wh
is within 0.30 eV of the experiment of 1.13 eV.

The photoelectron spectrum measured by Arnoldet al.21

with a photodetachment energy of 2.977 eV shows the vib
tional progressions, which provides information about t
changes in equilibrium geometry between O3

2 and O3. The
long symmetric stretch progression indicating that there i
significant difference between the bond lengths of the an
and neutral is consistent with our results~see Fig. 1!. The
spectrum also shows the shorter progression in the bend
modes, implying that the bond angle also differ but not
substantially. It is expected that the removal of electron fro
a 2b1 antibondingp orbital should lead to an increase of
bond angle but the present calculation shows that the cha
of a bond angle is rather insensitive to an electron deta
ment.

B. Vertical excitation energies

Vertical excitation energies and oscillator strengths a
summarized in Table III. We carried out MRMP calculation
based on the state-specific CASSCF wave function at
experimental geometry~r e51.2717 Å,ue5116.7°!. Results
with the state-averaged CASSCF plus MRMP are also lis
in parentheses in the table. Oscillator strengths were ca
lated by using transition moments computed at the CASS
level and the MRMP transition energies. The results ha
been compared with data from the previous calculatio
available; the polarization configuration interactio
~POL-CI!,37,38 the multiconfigurational SCF plus configura
tion interaction ~MCSCF-CI!,12 the multireference based
doubly excited configuration interaction method~MRD-CI!,9

and the Fock space multireference coupled-cluster~FSM-
RCC! method.39 In all cases a double-zeta plus polarizatio
quality basis set has been used. The comparison with
multiconfiguration linear response~MCLR! ~Ref. 40! with a
larger basis has also been made. In preparing the paper
multiconfigurational second-order perturbation@CASPT2
and CASPT2~g2!# results have been reported by Borows
et al.41 and cited in the table.

The present calculation indicates the five lowest sta
lie at less than 2 eV above the ground states. MRMP w
state-specific CASSCF gives larger excitation energies co
pared to MRMP with state-averaged CASSCF although
difference is minor. Most studies found the three triplet sta
3B1,

3B2, and
3A2 to be lowest in energy. Our MRMP vertica

excitation energies,Tv , are 1.51 eV~1.47 eV! for 3B1, 1.65
eV ~1.57 eV! for 3A2 and 1.71 eV~1.56 eV! for

3B2, respec-
tively. However, the ordering is not necessarily the same
other theoretical studies. This is understandable becaus
the small energetic separation between the three states.
MRMP predicts that three triplet states are very close in e
ergy and the spacing is less than 0.2 eV. There are no exp
J. Chem. Phys., Vol. 103,
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mental values for the3B1 and
3A2 states but the

3B2 excita-
tion energy is estimated to be;1.7 eV. Our computed3B2
excitation energy of 1.71 eV is close to the experimen
value.

The states following three triplet states are the sing
states1A2, 1.88 eV~1.78 eV! and 1B1, 1.97 eV~1.87 eV!.
The present excitation energies for1A2, and

1B1 states are in
reasonable agreement with the experimental values;1A2, 1.6
eV, and1B1, 2.1 eV. The intensity of

1B1 state is very low as
expected. We can see in Table III that the oscillator streng
is also reproduced well. The1B2 state is computed to lie 4.81
eV ~4.62 eV! above the ground state. It is clearly related
the most intense feature of the O3 spectra~Hartley band!.
Peaks around 4.86 eV were reported as the vertical excita
energy, which is in good agreement with the calculated va
of 4.82 eV. Previous theoretical calculations have obtain
considerably larger transition energies. The1B2 state is an
ionic excited state. As shown in Table I, the wave function
dominated by the transition ofp→p* but includes a large
fraction of other singly and doubly excited configuration
Due to the multiconfigurational character of this state, t
theoretical difficulties encountered in previous studies. T
computed oscillator strength is 8.0231022, which corre-
sponds to the observed value of 8.831022.

C. Adiabatic excitation energies and interpretation of
the photodetachment spectra

Adiabatic excitation energies,Te andT0, and the opti-
mized geometry are summarized in Table IV. In the follow
ing, we show the adiabatic MRMP excitation energies wi
the state-specific CASSCF and those with the state-avera
CASSCF in parentheses. The calculated adiabatic excita
energies are3A2, 0.90 ~0.96! eV, 1A2, 1.15 ~1.18! eV, 3B2,
1.19 ~1.20! eV, 3B1, 1.18~1.24! eV, 1B1, 1.65~1.67! eV, and
1B2, 3.77~3.79! eV, respectively. Again, there is little differ-
ence between the state-specific and state-averaged calc
tions. The ZPE corrections to the excitation energies a
0.01–0.02 eV in magnitude. The present theory predicts t
the four lowest-lying excited states exist below 2 eV in e
ergy above the ground state. The dissociation energy of
ground state is computed to be 0.834 eV~D051.05 eV;
De51.13 eV! at the same level of theory. Thus, the prese
theory also predicts that none of the excited states lies be
the ground state dissociation limit of O3. The

1B1 and
1B2

states correlate with the dissociation limit, O~1D!1O2~
1Dg!

while the 3B1 correlates with O~3P!1O2~
1Dg!. These states

are predicted to lie below their dissociation limit of 4.08 an
2.11 eV, respectively. The present adiabatic excitation en
gies are very close to those with the original version
CASPT2 reported recently by Borowskiet al.41

Previous calculations have predicted various orderin
of the excited states, depending on the level of theory e
ployed. While all of these states are fairly low-lying, th
n→p* 3A2 andp→p* 3B2 states are usually found to be th
lowest excited states. The MRD-CI, CASPT2~g2!, and
MRMP predicted that the lowest excited state is the3A2. On
the other hand, POL-CI and MCSCF-CI predicted the lowe
excited states to be the3B2 state. MRMP predicts that three
states,3B2,

3B1, and
1A2, following

3A2 appear at the range
No. 15, 15 October 1995
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TABLE III. Calculated and experimental oscillator strengths and vertic
excitation energies in ozone.a

State Method Oscillator strength
Excitation energy

~eV!

3A2 POL-CIb 0.0 2.09
MCSCF-CIc ••• 1.92
MRD-CId 0.0 1.44
MCLRe 0.0 1.81
FSMRCCf 0.0 1.95
CASPT2g 0.0 1.56

CASPT2~g2!
g 0.0 1.77

MRMP 0.0 1.65~1.57!
Expt ••• •••

3B2 POL-CI 0.0 1.60
MCSCF-CI ••• 1.14
MRD-CI 0.0 1.20
MCLR 0.0 1.14

FSMRCC 0.0 1.37
CASPT2 0.0 1.58

CASPT2~g2! 0.0 1.67
MRMP 0.0 1.71~1.56!
Expt ••• •••

3B1 POL-CI 0.0 2.01
MCSCF-CI ••• 2.00
MRD-CI 0.0 1.59
MCLR 0.0 1.81

FSMRCC 0.0 1.62
CASPT2 0.0 1.45

CASPT2~g2! 0.0 1.62
MRMP 0.0 1.51~1.47!
Expt ••• •••

1A2 POL-CI 0.0 2.34
MCSCF-CI ••• 2.17
MRD-CI 0.0 1.72
MCLR 0.0 2.14

FSMRCC 0.0 2.17
CASPT2 0.0 1.77

CASPT2~g2! 0.0 2.03
MRMP 0.0 1.88~1.78!
Expt ••• 1.6h

1B1 POL-CI 4.031025 2.41
MCSCF-CI ••• 2.32
MRD-CI 1.531025 1.95
MCLR 7.331026 2.17

FSMRCC 2.8531025 2.13
CASPT2 1.631025 1.87

CASPT2~g2! 1.631025 2.11
MRMP 2.2031025 1.97~1.87!
Expt 2.031025 2.1h

1B2 POL-CI 2.331021 6.12
MRD-CI 1.7631021 4.97
MCLR 9.331022 5.10

FSMRCC 1.3031021 5.52
CASPT2 8.931022 4.51

CASPT2~g2! 8.931022 4.69
MRMP 8.031022 4.81~4.62!
Expt 8.831022 4.86h

aValues in parentheses are excitation energies calculated with MRMP b
on the state-averaged CASSCF.
bReference 38.
cReference 12.
dReference 9.
eReference 40.
fReference 39.
gReference 41.
hReference 3.
he

J. Chem. Phys., Vol. 103,
of 1.4–1.8 eV above the ground state. The CASPT2~g2! also
placed3B2 and

3B1 placed at the same position of 1.33 eV
We can see from Table I that3B2 state is described well even
by a single configuration but other excited states are of mu
ticonfigurational character. Thus, the balanced description
quires a careful treatment. Unless both the dynamical a
nondynamical correlations are fully included, other excite
states with multiconfigurational character will be placed a
higher energies compared to the3B2 state. This must be the
reason why POL-CI and MCSCF-CI predicted the lowe
excited states to be the3B2 state.

Arnold et al.21 studied the low-lying electronic states of
ozone using photoelectron spectroscopy of O3

2 . The spectra
show photodetachment transitions from O3

2 to the five
lowest-lying electronic states in addition to the ground sta
of ozone. These correspond to excitation energies of 1.1
1.30, 1.45,;1.6, and 2.046 eV, respectively. The excite
state spectra are dominated by bending vibrational progr
sions which, for some states, extend well above the dissoc
tion asymptote without noticeable lifetime broadening e
fects. The geometric differences between the anion a
neutral govern the Franck–Condon factors and thus the
brational profile for each electronic state. Since the bon
lengths of these excited states are approximately equal to t
of the anion except1B2, very little excitation of the symmet-
ric stretch is expected for any of the excited states. For1B2

state, significant difference is found in the bond length com
pared to that of the anion. But this state is not measured
the photodetachment experiment of Arnoldet al. Anderson
et al.3,4 also obtained independent evidence that excite
states may exist at excitation energies of 1.1833, 1.29, a
1.45 eV using absorption and isotropic substitution tec
niques. However, no evidence for an excited state with;1.6
eV has been found in any absorption spectra as of yet.

As to the optimized geometries for excited states, re
sonable agreement is found with the previous theoretical v
ues. A slight disagreement is found for the bond length of th
1B2 state. The

1B2 potential energy surface near the minimum
is very flat but our bond length gives 1.470 Å which is longe
by about 0.1 Å than the previous results. However, excelle
agreement is found for bond angles. Based on our compu
results shown in Fig. 2, one can expect significant bendi
mode excitation upon photodetachment of the ozonide ani
for both the3A2 and

1A2 states, medium length progression
for 3B2 and

3B1 states and very little excitation for1B1 and
1B2 states.

Arnold et al.21 assigned that the lowest excited states a
the 3A2 state with a long vibrational progression. The corre
sponding excitation energies are determined to be 1.18 e
Our excitation energy is 0.90 eV for the3A2 state. A large
difference of the bond angle between the ozonide ani
~ue5115.5°! and the3A2 state~ue599.2°! suggests the sig-
nificant bending mode excitation upon photodetachment
the ozonide anion. MRMP also confirms their assignme
that the lowest excited state is the3A2 state. The Wulf band
was found to have a long progression in the bend superi
posed on a shorter progression in the stretch.3,4 This is con-
sistent with the calculated geometry difference between t

al

sed
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TABLE IV. Calculated and experimental geometries and adiabatic excitation energies in ozone.a

State Method
Bond length
~angstrom!

Bond angle
~degree!

Excitation energy~eV!

Te T0

1A1 POL-CIb 1.299 116.0 0.00 0.00
MCSCF-CIc 1.277 116.1 0.00 0.00
MRD-CId 1.29 116.0 0.00 0.00
CASPT2e 1.287 116.8 0.00 0.00

CASPT2~g2!
e 1.284 116.9 0.00 0.00

MRMP 1.291 116.6 0.00 0.00
Expt 1.2717 116.7 0.00 0.00

3A2 POL-CI 1.366 99.7 1.35 1.33
MCSCF-CI 1.348 101.5 1.34 1.33
MRD-CI 1.36 103.6 0.86 0.86
CASPT2 1.350 98.6 0.96 0.95

CASPT2~g2! 1.344 97.8 1.16 1.15
MRMP 1.369 99.2 0.90~0.96! 0.92
Expt ••• ••• ••• 1.18,f 1.24g

3B2 POL-CI 1.382 107.9 0.92 0.91
MCSCF-CI 1.360 108.3 1.09 1.09
MRD-CI 1.34 108.5 1.10 1.10
CASPT2 1.365 108.9 1.23 1.22

CASPT2~g2! 1.363 108.9 1.34 1.33
MRMP 1.379 108.3 1.19~1.20! 1.18
Expt ••• ••• ••• 1.30f

3B1 POL-CI 1.347 123.8 1.74 1.71
MCSCF-CI 1.343 121.3 1.34 1.31
MRD-CI 1.36 123.5 1.27 1.27
CASPT2 1.319 128.1 1.22 1.20

CASPT2~g2! 1.310 129.8 1.35 1.33
MRMP 1.348 123.7 1.18~1.24! 1.16
Expt ••• ••• ••• 1.45f

1A2 POL-CI 1.374 100.7 1.66 1.64
MCSCF-CI 1.351 101.5 1.57 1.56
MRD-CI 1.34 100.0 1.44 1.44
CASPT2 1.355 99.3 1.20 1.19

CASPT2~g2! 1.348 98.5 1.45 1.44
MRMP 1.374 99.7 1.15~1.18! 1.14
Expt ••• ••• ••• ;1.6f

1B1 POL-CI 1.370 117.7 2.06 2.03
MCSCF-CI 1.362 116.2 2.01 1.98
MRD-CI 1.35 117.2 1.82 1.81
CASPT2 1.340 122.6 1.67 1.65

CASPT2~g2! 1.325 125.6 1.90 1.88
MRMP 1.376 117.4 1.65~1.67! 1.64
Expt ••• ••• ••• 2.05g

1B2 POL-CI 1.405 108.4 5.54 •••
MRD-CI 1.38 110.1 4.34 4.34
CASPT2 1.427 110.7 3.87 3.84

CASPT2~g2! 1.416 109.8 4.08 4.05
MRMP 1.470 111.6 3.77~3.79! 3.76
Expt ••• ••• ••• 3.41g

aValues in parentheses are excitation energies calculated with MRMP based on the state-averaged CASSCF. Zero-point energy corrections inT0 were
estimated withn1 andn2.
bReference 38.
cReference 12.
dReference 9.
eReference 41.
fReference 21.
gReference 3.

6526 Tsuneda, Nakano, and Hirao: Electronic states of ozone
.
a

ground state and the3A2 state. The Wulf band structure is
most likely due to the3A2 state.

The two peaks following3A2 appear at 1.30 and 1.45 eV,
respectively, with a short or a medium length vibrationa
progression. Arnoldet al. assigned the first peak due to the
3B2 state and the second peak due to the3B1 based on the
J. Chem. Phys., Vol. 103, N
l

previous theoretical results that the3B2 is much lower in
energy than the3B1. However, MRMP predicted that both
3B2 and

3B1 states appear at 1.19 and 1.18 eV, respectively
The geometry change as shown in Fig. 2 also suggests that
medium lengthn2 progression is expected on the photode-
tachment pattern both for the3B1 ~r e51.348 Å,ue5123.7°!
o. 15, 15 October 1995
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and3B2 ~r e51.379 Å,ue5108.3°!. Thus, the simple consid-
erations of geometry and energy are insufficient to determ
a specific assignment of these states. The most re
CASPT2 also showed the similar trend to the present resu

The 3B2 state is dominated by ap-p* single excitation
while the3B1 state is a singly excited state from the in-plan
6a1 lone-pair orbitals to 2b1p* orbital, perpendicular to the
molecular plane. The difference of the electronic configu
tions may reflect in the dependence of the features in
photoelectron spectrum on the laser polarization direction

Vertically 3B1 lies slightly below 3A2. Adiabatically,
however,3A2 moves well below

3B1. As shown in Fig. 2,
3A2

and 3B1 states are close in energy and have a seam.
existence of such an intersection inC2v constrained symme-
try has been studied previously.7,8The seam is crossing in the
Franck–Condon region and also near the minimum region
3A2 which becomes a conical intersection inCs symmetry,
where these states become the lowest two3A9 states. The
lower state is dissociative; it has a saddle point~where it is
3A2! and displacement from the saddle point leads to
ground electronic state O2~

3Sg
2!1O~3P! products. The upper

state~the cone state! is bound~3B1 at its minimum! and can
support vibrational levels. It correlates with electronical
excited O2~

1Dg!1O~3P! products. Every vibrational state o
3B1 manifold will extend with appreciable amplitude acros
this intersection. This feature of the surface will have a p
found effect on the photoabsorption and photodissociat
dynamics. This may provide information to determine t
specific assignment.

The photodetachment spectra show that the next p
has a longn2 progression, corresponding to the transitio
energy of;1.6 eV. Arnoldet al.21 assigned tentatively tha
the peak with a long progression is due to the1A2 state. The
simple consideration of geometry suggests that a longn2
progression is expected for the1A2 state. The

1A2 state has a
large enough difference in bond angle from the ozonide
ion to be consistent with the observed long bending progr
sion. MRMP also confirms that the peak is due to the1A2

state. However, the present theory predicts the1A2 state lies
at 1.15 eV above the ground state. There is some discrepa
between theory and experiment for the position of the1A2

state. On the other hand, Andersonet al.3,4 has determined
the adiabatic excitation energy of the1A2 state as 1.24 eV,
studying the isotopic shifts between the absorption spectra
16O3 and

18O3. However, the absorption was reassigned
the 3A2 by an analysis of the rotational structure of th
spectrum.5

The optimized geometry of singlet and tripletA2 states is
very similar and both states are dominated by the single
citation 4b2→2b1 ; the 4b2 is the in-plane orbital while the
2b1 is p* orbital. Hence we expect that the energy splittin
between singlet and triplet is rather small. The compu
energy splitting is 0.25 eV while the splitting estimated b
Arnold et al. is 0.42 eV. At present we cannot explain th
discrepancy between theory and experiment on the posi
of the 1A2 state.

The next excited state is the1B1 state, which is com-
puted to appear at 1.65 eV. The Chappuis band absorp
were tentatively assigned to the transition to the1B1 state
J. Chem. Phys., Vol. 103,
ne
ent
lts.
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~Te52.046 eV!. The1B1 state has its minimum atr e51.376
Å and ue5117.4°. The1B1 equilibrium geometry is very
close to that of ozonide anion. This suggests that the pho
detachment pattern from the anion is primarily governed b
the Franck–Condon factors. On the other hand, the abso
tion spectra of Chappuis band have a long progression in
symmetric stretch and a short progression in the bend.3,4 We
can see from Table IV that there is a significant difference
the bond length between the ground and the1B1 state while
bond angles are very close. The present results also supp
the assignment that the Chappuis band originates from
1B1 state.

The singletA2 andB1 states also have a seam crossing
the Franck–Condon region as shown in Fig. 2. The low
state leads to the ground electronic state of O2~

3Sg
2!1O~3P!

and the upper state will lead to the excited O2~
1Dg!1O~1D!

state.
The p–p* 1B2 state is the upper state of the intens

Hartley bands. The minimum energy of the1B2 state is found
at r e51.470 Å andue5111.6°. The present calculations re
produced longer bond length by 0.06–0.09 Å compared
the previous calculations. The contour lines~Fig. 2! charac-
terize the state as possessing a very wide potential well. T
MRMP predicts the1B2 state lies at 3.77 eV above the
ground state. The agreement between theory~3.77 eV! and
experiment~3.41 eV! is satisfactory. The1B2 state is of ionic
character and previous theoretical calculations place th
transition at higher energies.

IV. CONCLUSIONS

To conclude, the geometry and relative energy of th
seven low-lying electronic states of ozone and the grou
state of ozonide anion have been determined inC2v symme-
try by CASSCF and multireference Mo” ller–Plesset perturba-
tion methods. The results are compared with the photod
tachment spectra of O3

2 observed recently by Arnoldet al.
The theoretical electron affinity of ozone is 1.965 eV, whic
is 0.14 eV below the experimental result of 2.103 eV. Th
calculated adiabatic excitation energies,Te ~assignment of
Arnold et al. in parentheses! of ozone are3A2 0.90 eV~1.18
eV!, 3B2, 1.19 eV~1.30 eV!, 3B1, 1.18 eV~1.45 eV!, 1A2,
1.15 eV ~;1.6 eV!, 1B1, 1.65 eV~2.05 eV!, and1B2, 3.77
eV ~3.41 eV!, respectively. Overall the present theory sup
ports the assignment of Arnoldet al. However, the simple
considerations of geometry and energy are insufficient to d
termine a specific assignment of the3B2 and

3B1 states. The
dissociation energy of the ground state of ozone is comput
to be 0.834 eV at the present level of theory. The prese
theory also predicts that none of the excited states lies bel
the ground state dissociation limit of O3.

For the complete assignment of the spectra and the u
derstanding of the excited state dissociation dynamics, w
need further calculations including the quantitative potenti
surface not just the restricted~two-dimensional! C2v space
but the full ~three-dimensional! Cs space and the time-
dependent wave packet dynamics. The study in this line
now going on and will be published in the forthcoming pub
lications.
No. 15, 15 October 1995
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