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Ab initio characterization of low-lying triplet state potential-energy surfaces
and vibrational frequencies in the Wulf band of ozone
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Accurate ab initio potential-energy surfaces of the3A2 and 3B1 states of ozone and their
nonadiabatic coupling are reported near the ground-state equilibrium geometry using an internally
contracted multireference configuration interaction method. These coupled three-dimensional
potential-energy surfaces enable the first theoretical characterization of all three vibrational modes
in the Wulf band. Reasonably good agreement with recent experimental observations is obtained.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1417502#
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I. INTRODUCTION

The photochemistry of the ozone (O3) molecule plays a
central role in many important processes in the earth’s up
atmosphere.1 Its absorption starts in near infrared~Wulf
band! and extends to visible~Chappius band! and ultraviolet
~Huggins and Hartley bands! regions.2 These absorption
bands all have diffuse structures, indicative of strong pre
sociation. It is thus difficult to spectroscopically extract i
formation about the structure and rovibrational dynami
Consequently, theoretical investigations are indispensab
helping to interpret the spectra and understanding the
namics. In fact, it is the interplay between theory and exp
ment that has greatly advanced our understanding of
complex system. This is particularly true for the weak W
band from 10 000 to 15 000 cm21.3

Experimental study of the Wulf band has been diffic
because of its extremely low intensity. As a result, the el
tronic character of the excited state has been misassigne
a singlet until recently.4 The correct assignment to triple
(3A2 with possible contribution from3B1) states was first
made theoretically based on high levelab initio
calculations.5–7 The singlet–triplet transition, facilitated b
spin-orbit coupling with higher singlet states, explains t
low intensity of the absorption. Theory was even able
assign the vibrational progression in this band. Both the e
tronic and vibrational assignments were later placed on fi
experimental footing by high-resolution spectroscopic ana
sis of the rotational structure of several low-lying vibration
features.8–14

It is now well established that there are three low-lyi
triplet (3B2 , 3A2 , and 3B1) states that are involved in th
Wulf band absorption.5–7,15–17Absorption to the3B2 state
can be neglected because of extremely small oscill
strength.6,7 The vibrational features in the Wulf band can
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predominately attributed to the3A2 state, which mixes with
the higher3B1 state. All three triplet states are energetica
higher then the ground-state dissociation limit,16–20although
significant dissociation barriers exist.

The triplet states involved in the Wulf band may impa
several kinetic, isotopic, and spectroscopic issues relate
ozone chemistry.9 For instance, the recombination reactio
between O~3P) and O2(

3S2) may be influenced by the par
ticipation of the3A2 and/or3B2 states which correlate to th
same asymptotic limit of the ground electronic state. If lon
lived metastable states exist on these PESs, they may
provide an efficient reservoir for the ‘‘missing’’ ozone in th
upper atmosphere. These and other related effects are im
tant for developing accurate atmospheric models.

Despite the wealth of experimental and theoreti
knowledge gained in the past decades, there are still qu
few unresolved issues related to the Wulf band. For exam
the antisymmetric vibrational frequency of the3A2 state is
quite uncertain. Experimentally, the symmetric stretch
and bending frequencies (n151190615 cm21 and n2

5529.460.7 cm21! have been determined from the vibr
tional features in the Wulf band,4,9,14 but the antisymmetric
stretching frequency was estimaed from the triplet state z
point energy (n35367617 cm21!.14 Theoretical results to
date provide little insight since mostab initio calculations
have been either restricted to theC2v geometry5–7,16or lim-
ited in a few cuts of the PESs.15 Other outstanding question
include the mechanism and dynamics of the observed pre
sociation of nearly all the rovibrational levels.11–13 Appar-
ently, such questions cannot be answered definitively with
a clear picture of the three-dimensional topology of the r
evant PESs and the nonadiabatic interaction between the3A2

and3B1 states.

II. COMPUTATIONAL DETAILS

In this work, we report the first three-dimensional hig
level ab initio calculation of the near-equilibriuim PESs o
the 3A2 , and3B1 states of ozone and their nonadiabatic

,

4 © 2001 American Institute of Physics
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teraction. Like our previous work on the ground-sta
ozone,21 the calculation was carried out using theMOLPRO

suite of ab initio programs.22 The 3B2 state, which as been
shown to possess a negligible oscillator strength,6,7 was not
considered. We also ignored the spin-orbit coupling and c
centrated on the three-dimensional topology of the PESs
well as the corresponding vibrational frequencies.

The results reported here were obtained with Dunnin
correlation consistent triple-zeta~cc-pVTZ! basis set for the
oxygen atoms.23 The basis set was augmented by a set
diffuse functions (1s,1p) taken from the standard aug-c
pVTZ basis set.24 A total of 102 contracted functions wer
employed. This basis is smaller than that used in our grou
state calculation,21 mainly because of computational re
straints, but larger than the recent PES calculation of
singlet states.25 The internally contracted multireference co
figuration interaction~icMRCI! was based on the state
averaged complete active space self-consistent fi
~CASSCF! orbitals. The active space consists of the 9 orb
als arising from the 2p atomic orbitals of oxygen for the 12
valence electrons. The 1s and 2s inner orbitals were fully
optimized, but constrained to be doubly occupied. This led
a total of 1710 configuration state functions~CSFs! in Cs

symmetry. In the subsequent MRCI calculations, the re
ence function was the same as the CASSCF active space
the six low-lying orbitals were frozen. All single and doub
excitations with respect to the reference function were
cluded and the doubly external configurations were intern
contracted.26 The total number of configurations was abo
0.7 million, while the number of uncontracted configuratio
was about 44 million. In order to take into account high
excitations, the Davidson correction was employed.27

The 3A2 and3B1 states cross atC2v geometry, but inter-
act atCs asA9 states. As discussed earlier, the nonadiab
interaction between the two states is essential in underst
ing the spectrum and dynamics. To this end, we have ca
lated the quasidiabatic energies of these two states and
interaction, using the method of Werner and co-worker28

The quasidiabatization transforms both the orbitals and
vectors to minimize their changes from theC2v reference. A
distinct advantage of the method is the expression of
PESs as a 232 potential matrix, which is immediately ame
nable to quantum studies. In addition, the PESs in the dia
tic representation are generally much smoother and be
behaved than their adiabatic counterparts. A similar met
has been used to generate the singlet PESs for the Cha
band of ozone.25

III. RESULTS

The adiabatic and diabatic potential energies as wel
the nonadiabatic coupling were computed on a thr
dimensional grid in the internal coordinates (R1 , R2 , u),
where R1 and R2 are the two bond lengths andu is the
enclosed bond angle. One of the distances was varied in
range@2.1, 4.0# a0 , the other one within@2.1, 3.1# a0 , and
the angle was varied between 75 and 155°. The calculat
are computational intensive, with each point costing appro
mately 1.5–2.0 hour on a 500 Mhz Compaq Alpha~EV6!
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workstation. A total of 739 symmetry unique points we
selected. The final PESs were interpolated using a th
dimensional cubic spline method.

Both the3A2 and3B1 PESs have their minima inC2v as
shown by Fig. 1. The equilibrium geometries are listed
Table I. Between the two, the equilibrium of the3A2 state is
much better determined. Our results are in good agreem
with the latest experimental values derived from rotatio
constants.12 For the3B1 state, no equilibrium geometry ha
been measured, but our results are consistent with prev
ab initio data. The calculated adiabatic excitation ene
(Te) and band origin (T0) of the 3A2 state also agree wel
with experimental values obtained from differe
sources.12,14,18 The Te value of the3B1 state is somewha
larger than the reported experimental value.9,18 However, the
latter may contain significant uncertainty. Our results re
firm that both triplet states are above the dissociation limit
the ground electronic state (D051.13 eV!. The excess en-
ergy of the well-characterized3A2 state is 0.13 eV, in good
agreement with experimental estimate of;0.1 eV.

As shown in Fig. 1, the3A2 and 3B1 PESs cross nea
their minima. The crossing seam is nearly independent of
O–O bond lengths and located approximately at 115°. T
corresponding adiabatic PESs form a conical intersec

FIG. 1. Diabatic potentials of the3A2 ~upper panel! and3B1 ~lower panel!
states atC2v . The crossing seam is also displayed in the plots. The con
interval is 0.1 eV.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 20 D
TABLE I. Calculated and observed equilibrium geometries and excitation energies.a

State Method Re ue Te T0 Tv

3A2 MRD-CIb 1.36 100 0.90 0.86c 1.73
CASPT2d 1.344 97.8 1.16 1.12c 1.77
MRMPe 1.369 99.2 0.90 0.88c 1.65

MRCI1Q ~Diabatic! 1.332 99.1 1.30 1.26c 1.94
Expt. 1.345f 98.9f 1.235g 1.18f,g,h

3B1 MRD-CIb 1.35 ;122.5 1.49 ••• 1.91
CASPT2d 1.310 129.8 1.35 ••• 1.62
MRMPe 1.348 123.7 1.18 ••• 1.51

MRCI1Q ~Diabatic! 1.315 123.8 1.77 ••• 1.98
Expt. 1.48i 1.45h,i

aThe bond length is in angstrom, the angle in degree and the energy in eV.
bReference 15.
cValues derived using the zero-point energy calculated in this work.
dReference 17.
eReference 16.
fReference 12.
gReference 14.
hReference 18.
iReference 9.
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near theC2v seam. The lower adiabat retains the minimu
of the 3A2 state, while the upper adiabat forms a minimu
near the crossing seam. In Fig. 2, the adiabatic, diabatic,
nonadiabatic PESs are plotted in the two O–O stretch
coordinates atu599°. Both the diabatic PESs are qua
bound and they strongly interact with each other via
nonadiabatic coupling, which varies smoothly with the co
dinates and is antisymmetric with respect to the exchang
the two O–O bonds. The resultant upper adiabat is stron
quasibound and correlated to the O~3P!1O2(

1Dg) asymptote.
The lower adiabat, which is most relevant to the Wulf ba
ec 2001 to 198.128.85.26. Redistribution subject to A
nd
g

e
-
of
ly

,

has a shallow minimum, which is separated from t
O~3P!1O2(

3S2) dissociation limit by a barrier, which is lo
cated atR152.98a0 , R252.33a0 , and u5104.6°, with a
height of 0.095 eV.

Since both PESs are quasibound relative to
O~3P!1O2(

3S2) asymptote, the vibrational levels are pred
sociative. We have determined both energy positions
lifetimes of several low-lying vibrational levels using
complex-symmetric Lanczos algorithm.29,30 The calculation
was carried out on a discretized Radau (r 1 ,r 2 ,x) coordinate
grid of the size nr 1

3nr 2
3nx560360350. A negative
. The
FIG. 2. Diabatic and adiabatic potentials of the two3A9 states atu599°. The contour interval is 0.1 eV and dashed lines indicate negative contours
artificial features inV12

d at largeR1 , R2 are due to the truncation of the grid.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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imaginary potential was placed at the edges of the ra
grids. The strength of the absorption potential was varied
search of the stabilization point of each resonance. The
culation was performed in the diabatic representation w
the nonadiabatic coupling.

Table II lists resonance energies Re(E) and widthsG
(52 Im(E)) for several lowest-lying vibrational levels up t
1200 cm21 above the zero-point energy. Three quantu
numbers for the symmetric stretching, bending, and antis
metric stretching modes were assigned to each level. Hig
energy levels are not reported because of limitations of
PESs. Our calculations yielded the fundamental frequen
for all three vibrational modes. Both the symmetric stretc
ing and bending frequencies are in reasonable agreem
with experimental values. For the antisymmetric stretch
mode, our result of 422.2 cm21 is consistent with the experi
mentally estimated value of 367 cm21.14 We stress that esti
mation from the zero-point energy can be misleading si
the excited states are very anharmonic, particularly in
antisymmetric stretching coordinate. Our calculated ze
point energy~1103.5 cm21! is also close to the observe
value ~1046 cm21!.14 Much of the remaining error can b
attributed to not correlating the oxygen 2s-like electrons in
the MRCI treatment. Calculations have also been carried
on adiabatic PESs without the nonadiabatic coupling and
results are listed in parentheses in Table II. The small dif
ence with those obtained with coupled diabatic potent
indicates that the system is close to the adiabatic limit.

All vibrational levels were found to predissociate. Th
ground vibrational level is the most stable, with a lifetim
(t51/G) of approximately 5.9 ns. This is consistent wi
experimental observations of rotational contours.8,9 The rela-
tively long lifetime can be attributed to the fact that this
the only vibrational state below the adiabatic dissociat
barrier. Higher overtones are significantly more predisso
tive as they are all above the barrier. The~011! and ~002!
levels are so short-lived that their energies and lifetimes c
not be accurately determined. As a result, they are not lis
in the table. The lifetimes of other levels in the energy reg
are in the picosecond and subpicosecond range, in g
agreement with experimental estimates of the predissocia
lifetime, which range from 0.1 ps11 to 1 ns.13 We do caution,
however, that our calculation ignored the potentially mo
efficient predissociation channel via the ground-electro
state.

TABLE II. Positions and widths~in cm21! of low-lying resonance states.a

Level Re~E! G E
exp

b

~000! 0.0~0.0! 0.0009~0.0009!
~001! 422.2~427.3! 4.02~3.52! 367617
~010! 496.6~501.5! 9.54~9.04! 529.460.7
~020! 1002.5~1010.3! 98.4~98.1!
~100! 1180.4~1179.4! 44.1~49.3! 1190615

ZPE 1103.6 1046

aValues in parentheses were calculated using the adiabatic potentials.
bReference 14.
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IV. SUMMARY

To summarize, we have calculated the near-equilibri
PESs of two low-lying triplet states of ozone and determin
the frequencies of all three vibrational modes. Our investi
tion clarified a number of important issues regarding
Wulf band of ozone. In particular, we reconfirmed that bo
the 3A2 and 3B1 states are quasibound withC2v minima
above the ground-state dissociation limit. The thre
dimensional PESs allowed us to study low-lying predissoc
tive vibrational states. To this end, we reported both positi
and widths of several such resonance states. The vibrati
frequencies are in good agreement with known experime
values. We stress that the PESs reported here are cert
not of spectroscopic accuracy, but they should provide a
sonably reliable picture of the nuclear dynamics. We are
the process of generating moreab initio points for studying
the nonadiabatic dissociation dynamics.
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