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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 th#A, and 3B; 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 Physic§DOI: 10.1063/1.1417502

I. INTRODUCTION predominately attributed to th&\, state, which mixes with
the higher’B, state. All three triplet states are energetically

The photochemistry of the ozone {QOmolecule plays a pigher then the ground-state dissociation liiit° although
central role in many important processes in the earth’s UpP&jgnificant dissociation barriers exist.
atmospheré. Its absorption starts in near infrarg@Vulf The triplet states involved in the Wulf band may impact
band and extends to visibl€Chappius bandand ultraviolet  seyeral kinetic, isotopic, and spectroscopic issues related to
(Huggins and Hartley bangisregions” These absorption ozone chemistr.For instance, the recombination reaction
bands all have diffuse structures, indicative of strong predispetween @P) and Q(3S ") may be influenced by the par-
sociation. It is thus difficult to spectroscopically extract in- ticipation of the3A, and/or®B, states which correlate to the
formation about the structure and rovibrational dynamicsgame asymptotic limit of the ground electronic state. If long-
Consequently, theoretical investigations are indispensable if,ed metastable states exist on these PESs, they may also
helping to interpret the spectra and understanding the dyyrovide an efficient reservoir for the “missing” ozone in the
namics. In fact, it is the interplay between theory and experiypper atmosphere. These and other related effects are impor-
ment that has greatly advanced our understanding of thigyt for developing accurate atmospheric models.
complex system. This is particularly true for the weak Wulf Despite the wealth of experimental and theoretical
band from 10000 to 15000 cm.? knowledge gained in the past decades, there are still quite a

Experimental study of the Wulf band has been difficult fe\, unresolved issues related to the Wulf band. For example,
because of its extremely low intensity. As a result, the elecyhe antisymmetric vibrational frequency of tRa, state is
tronic character of the excited state has been misassigned 8Site uncertain. Experimentally, the symmetric stretching
a singlet until recentl{. The correct assignment to triplet and bending frequenciesy{=1190+15 cm! and v,
(°*A; with possible contribution fronB,) states was first =529 4+0.7 cni?) have been determined from the vibra-
made theoretically based on high levedb initio  iongl features in the Wulf barft® 4 but the antisymmetric
calculations™” The singlet-triplet transition, facilitated by stretching frequency was estimaed from the triplet state zero-
spin-orbit coupling with higher singlet states, explains thepoint energy ¢,=367+17 cm Y).** Theoretical results to
low intensity of the absorption. Theory was even able togate provide little insight since mosth initio calculations
assign the vibrational progression in this band. Both the eleqyaye peen either restricted to tBg, geometry~"Cor lim-
tronic and vibrational assignments were later placed on firmked in a few cuts of the PESE Other outstanding questions
experimental footing by high-resolution spectroscopic analyincjude the mechanism and dynamics of the observed predis-
sis of the rotational structure of several low-lying vibrational ggciation of nearly all the rovibrational leveis:®® Appar-
featur_e§‘14 _ ~ently, such questions cannot be answered definitively without

It is now well established that there are three low-lying 5 clear picture of the three-dimensional topology of the rel-

triplet (°B, °A,, and 3'?11)5 states that are involved in the evant PESs and the nonadiabatic interaction betweetrthe
Wulf band absorption-"*>~*" Absorption to the®B, state  gnq 3B, states.

can be neglected because of extremely small oscillator
’7 . . .
strength®’ The vibrational features in the Wulf band can be Il. COMPUTATIONAL DETAILS

AVisiting Professor from Department of Chemistry, Sichuan University, In this work, we report the first three-dimensional hlgh

Chengdu, Sichuan, P. R. China. level ab initio calculation of the near-equilibriuim PESs of
YCorresponding author. Electronic mail: hguo@unm.edu the 3A,, and®B; states of ozone and their nonadiabatic in-
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teraction. Like our previous work on the ground-state
ozone?! the calculation was carried out using th®LPRO
suite ofab initio programs?? The 3B, state, which as been
shown to possess a negligible oscillator strefidtinvas not
considered. We also ignored the spin-orbit coupling and con-

140

120

centrated on the three-dimensional topology of the PESs, as

well as the corresponding vibrational frequencies. 0
The results reported here were obtained with Dunning’s

correlation consistent triple-zetac-pVT2) basis set for the 100

oxygen atom$® The basis set was augmented by a set of

diffuse functions (%,1p) taken from the standard aug-cc-

pVTZ basis sef? A total of 102 contracted functions were 80

employed. This basis is smaller than that used in our ground-

state calculatioR? mainly because of computational re-

straints, but larger than the recent PES calculation of the

singlet state$® The internally contracted multireference con-

figuration interaction(icMRCI) was based on the state-

averaged complete active space self-consistent field

(CASSCH orbitals. The active space consists of the 9 orbit-

als arising from the @ atomic orbitals of oxygen for the 12

valence electrons. Thesland % inner orbitals were fully 0

optimized, but constrained to be doubly occupied. This led to

a total of 1710 configuration state functiof@SF$ in Cq 1007

symmetry. In the subsequent MRCI calculations, the refer- ]

ence function was the same as the CASSCF active space and

the six low-lying orbitals were frozen. All single and double 80 T %

excitations with respect to the reference function were in- T

cluded and the doubly external configurations were internally 2.25  2.50 2.75  3.00

contracted® The total number of configurations was about R

0.7 million, while the number of uncontracted configurations

was about 44 million. In order to take into account highergig. 1. piabatic potentials of th#A, (upper panéland?B; (lower panel

excitations, the Davidson correction was emplo$ed. states aC,, . The crossing seam is also displayed in the plots. The contour
The®A, and®B, states cross at,, geometry, but inter- intervalis 0.1 eV.

act atCg asA” states. As discussed earlier, the nonadiabatic

interaction between the two states is essential in understand-

ing the specirum and dynamics. To this end, we have CaICL{/'yorkstation. A total of 739 symmetry unique points were

lated the quasidiabatic energies of these two states and th@élected. The final PESs were interpolated using a three-
interaction, using the method of Werner and co-workers. ?imensional cubic spline method

The quaS|d|a.1b_at|_zat|cr>]n.trarr]lsformsf both the o;bltals an: C Both the®A, and3B, PESs have their minima i@, as
vectors to minimize their changes from tg, reference. shown by Fig. 1. The equilibrium geometries are listed in

distinct advantage OT the m.ethod. Is .th(.a exprgssion of therable . Between the two, the equilibrium of tRa, state is
PESs as a 22 potential matrix, which is immediately ame- much better determined. Our results are in good agreement

qable to quantL_Jm studies. In addition, the PESs in the OllabE\I/T/ith the latest experimental values derived from rotational
tic representation are generally much smoother and bett onstantd? For the3B; state, no equilibrium geometry has

behaved than their adiabatic counterparts. A similar metho_ een measured, but our results are consistent with previous
has been used to generate the singlet PESs for the Chapplis ipio gata. The calculated adiabatic excitation energy

band of ozoné? (T.) and band origin T,) of the 3A, state also agree well
with experimental values obtained from different
. RESULTS sources?141® The T, value of the®B; state is somewhat
larger than the reported experimental valdHowever, the
The adiabatic and diabatic potential energies as well akatter may contain significant uncertainty. Our results reaf-
the nonadiabatic coupling were computed on a threefirm that both triplet states are above the dissociation limit of
dimensional grid in the internal coordinateR( R,, 6), the ground electronic statddg=1.13 e\j. The excess en-
whereR; and R, are the two bond lengths andl is the  ergy of the well-characterizeth, state is 0.13 eV, in good
enclosed bond angle. One of the distances was varied in tregreement with experimental estimate-ef.1 eV.
range[2.1,4.0 ay, the other one withif2.1,3.9 a,, and As shown in Fig. 1, théA, and 3B, PESs cross near
the angle was varied between 75 and 155°. The calculatiortheir minima. The crossing seam is nearly independent of the
are computational intensive, with each point costing approxiO—0O bond lengths and located approximately at 115°. The
mately 1.5—-2.0 hour on a 500 Mhz Compagq AlpliV/6) corresponding adiabatic PESs form a conical intersection
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TABLE I. Calculated and observed equilibrium geometries and excitation enérgies.

State Method Re 0O Te To T,
3A, MRD-CIP 1.36 100 0.90 0.86 1.73
CASPTZ 1.344 97.8 1.16 1.1 1.77
MRMP® 1.369 99.2 0.90 0.88 1.65
MRCI+Q (Diabatig 1.332 99.1 1.30 1.26 1.94
Expt. 1.345 98.9 1.239 1.189n
°B, MRD-CIP 1.35 ~122.5 1.49 1.91
CASPTZ 1.310 129.8 1.35 1.62
MRMP® 1.348 123.7 1.18 1.51
MRCI+Q (Diabatig 1.315 123.8 1.77 1.98
Expt. 1.48 1.484

#The bond length is in angstrom, the angle in degree and the energy in eV.
PReference 15.

“Values derived using the zero-point energy calculated in this work.
‘Reference 17.

°Reference 16.

'Reference 12.

9Reference 14.

"Reference 18.

iReference 9.

near theC,, seam. The lower adiabat retains the minimumhas a shallow minimum, which is separated from the
of the 3A, state, while the upper adiabat forms a minimumOCP)+0,(32 ~) dissociation limit by a barrier, which is lo-
near the crossing seam. In Fig. 2, the adiabatic, diabatic, anthted atR;=2.98a,, R,=2.33a,, and 6=104.6°, with a
nonadiabatic PESs are plotted in the two O-O stretchindgieight of 0.095 eV.

coordinates at#=99°. Both the diabatic PESs are quasi- Since both PESs are quasibound relative to the
bound and they strongly interact with each other via theO(’P)+0,(33 ~) asymptote, the vibrational levels are predis-
nonadiabatic coupling, which varies smoothly with the coor-sociative. We have determined both energy positions and
dinates and is antisymmetric with respect to the exchange difetimes of several low-lying vibrational levels using a
the two O—0 bonds. The resultant upper adiabat is stronglgomplex-symmetric Lanczos algorithin®° The calculation
guasibound and correlated to th(?E)JrOz(lAg) asymptote. was carried out on a discretized Raday,(,,y) coordinate
The lower adiabat, which is most relevant to the Wulf band,grid of the size ne, Xng, X n,=60x60x50. A negative

'

W

w

[N]

FIG. 2. Diabatic and adiabatic potentials of the thJ’ states at9=99°. The contour interval is 0.1 eV and dashed lines indicate negative contours. The
artificial features ir?\/‘{2 at largeR,, R, are due to the truncation of the grid.
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TABLE |I. Positions and widthgin cm™) of low-lying resonance statés. V. SUMMARY

Level REE) r Eepr To summarize, we have calculated the near-equilibrium
(000 0.00.0 0.00090.0009 PESs of two .Iow-lylng triplet ;tate; of ozone and dgtermmed
(001 422.2427.3 4.023.52 36717 the frequencies of all three vibrational modes. Our investiga-
(010 496.6501.5 9.549.04 529.4:0.7 tion clarified a number of important issues regarding the
(020 1002.51010.3 98.498.1) Wulf band of ozone. In particular, we reconfirmed that both
(100 1180.41179.9 44.149.3 119015 the 3A, and 3B, states are quasibound wit®,, minima

ZPE 1103.6 1046 above the ground-state dissociation limit. The three-

dimensional PESs allowed us to study low-lying predissocia-
:\/alues in parentheses were calculated using the adiabatic potentials.  tjve vibrational states. To this end, we reported both positions
Reference 14. and widths of several such resonance states. The vibrational
frequencies are in good agreement with known experimental
values. We stress that the PESs reported here are certainly
not of spectroscopic accuracy, but they should provide a rea-
imaginary potential was placed at the edges of the radiadonably reliable picture of the nuclear dynamics. We are in
grids. The strength of the absorption potential was varied inhe process of generating maoab initio points for studying
search of the stabilization point of each resonance. The cathe nonadiabatic dissociation dynamics.
culation was performed in the diabatic representation with

the nonadiabgtic coupling. _ _ ACKNOWLEDGMENTS
Table Il lists resonance energies B¢(and widthsT’ _ .
(=21m(E)) for several lowest-lying vibrational levels up to The authors acknowledge financial support by the U.S.

1200 cm! above the zero-point energy. Three quantumNational Science FoundatiofG, CHE-009094h the Na-
numbers for the symmetric stretching, bending, and antisymtional Natural Science Foundation of Chi(@X, Grant Nos.
metric stretching modes were assigned to each level. Highe?9872162 and 299730%,2and the Chemical Sciences Divi-
energy levels are not reported because of limitations of th&ion in the Office of Basic Energy Sciences of the U.S. De-
PESs. Our calculations yielded the fundamental frequenciegartment of EnergyKAP). The William R. Wiley Environ-
for all three vibrational modes. Both the symmetric stretch-mental Molecular Sciences Laboratq&MSL) is located at
ing and bending frequencies are in reasonable agreemetfite Pacific Northwest National Laboratoi?’NNL). Opera-
with experimental values. For the antisymmetric stretchingion of the EMSL is funded by the Office of Biological and
mode, our result of 422.2 cm is consistent with the experi- Environmental Research in the U.S. Department of Energy
mentally estimated value of 367 c¢rh** We stress that esti- (D.O.E). The Pacific Northwest National Laboratory is oper-
mation from the zero-point energy can be misleading sinc&ted by Battelle for the U.S. Department of Energy under
the excited states are very anharmonic, particularly in théontract No. DE-AC06-76RLO 1830.
antisymmetric stretching coordinate. Our calculated zero-
point energy(1103'5 crﬁl) is also close to the observed 1J. I. Steinfeld, S. M. Alder-Golden, and J. W. Gallagher, J. Phys. Chem.
value (1046 cm1).1* Much of the remaining error can be Ref. Datal6, 911 (1987.
attributed to not correlating the oxygers-ike electrons in ~ °R. Bacis, A. J. Bouvier, and J. M. Flaud, Spectrochim. Acta, P&#,A47
the M_RCI t.reatment. .Calculations ha\(e aIsp been.carried ougg_ggéwulf’ Proc. Natl. Acad. SciParig 16, 507 (1930,
on adiabatic PESs without the nonadiabatic coupling and thes . anderson, J. Morton, and K. Mauersberger, J. Chem. FRi%/8826
results are listed in parentheses in Table Il. The small differ- (1990.
ence with those obtained with coupled diabatic potentiaIsZM- Braunstein and R. T Pack, J. Chem. P36, 6378(1992.
indicates that the system is close to the adiabatic limit. xggéa“”smm' R. L. Martin, and P. J. Hay, J. Chem. PI§e2 3662

All vibrational levels were found to predissociate. The 7g. Minaev and H. Agren, Chem. Phys. Le217, 531 (1994).
ground vibrational level is the most stable, with a lifetime #s. M. Anderson, P. Hupalo, and K. Mauersberger, J. Chem. Pigy3.37
(7= 1/F) of apprOXima-'tely >.9 ns: This is consistent with 9ggl\g/’la,‘&nderson and K. Mauersberger, J. Geophys. R&.3033(1995
e_xpenmentgl o_bservanons of rptanonal contditghe rele}- . 1A J. Bouvier, R. Bacis, B. Busse@t’al; Chem. bhys. Lett255 263
tively long lifetime can be attributed to the fact that this is (1996.
the only vibrational state below the adiabatic dissociation'B. Abel, A. Charvat, and S. F. Deppe, Chem. Phys. L&tF, 347 (1997.
barrier. Higher overtones are significantly more predissocia- A+ J: Bouvier, D. Inard, V. Veyreet al, J. Mol. Spectrosc190, 189

: . (1998.
tive as they are all above the barrier. Tf@1) and (002 D, Inard, A. J. Bouvier, R. Bacis, S. Churassy, F. Bohr, J. Brion, J. Mal-

levels are so short-lived that their energies and lifetimes can- icet, and M. Jacon, Chem. Phys. Le287, 515 (1998.

not be accurately determined. As a result, they are not listetfJ. Ginther, S. M. Anderson, G. Hilpert, and K. Mauersberger, J. Chem.

; P ; i1 Phys.108 5449(1998.

in th(_e table. T_he lifetimes of other Igvels in the energy region,, Banichivich. S. D. Peyerimhoff, and F. Grein, Chem. PHyE8 155

are in the picosecond and subpicosecond range, in goodgg3.

agreement with experimental estimates of the predissociatio¥T. Tsuneda, H. Nakano, and K. Hirao, J. Chem. Pi@8 6520(1995.

lifetime, which range from 0.1 p5to 1 ns®® We do caution, ~*'P. Borowski, M. Fischer, P.-A. Malmqvist, and B. O. Roos, Chem. Phys.
L - Lett. 237, 195(1995.

hoyvgver, that. our.cqlculatlon |gnored the potentially more s "y Armold, C. Xu, E. H. Kim, and D. M. Neumark, J. Chem. Ph®L

efficient predissociation channel via the ground-electronic g1 (1994,

state. 19M. Allan, N. J. Mason, and J. H. Davies, J. Chem. PHy5 5665(1996.

Downloaded 20 Dec 2001 to 198.128.85.26. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10408  J. Chem. Phys., Vol. 115, No. 22, 8 December 2001 Xie, Guo, and Peterson

20\, C. Garner, K. A. Hanold, M. S. Resat, and R. E. Continetti, J. Phys.?C. Woywod, M. Stengle, W. Domcke, H. Flimann, and R. Schinke, J.
Chem.101, 6577(1997. Chem. Phys107, 7282(1997).

?!D. Xie, H. Guo, and K. A. Peterson, J. Chem. Phys2, 8378(2000. 2614 -J. Werner and P. J. Knowles, J. Chem. PI88.5803(1988.

2yoLprois a package ofb initio programs written by H.-J. Werner and P. 275, R. Langhoff and E. R. Davidson, Int. J. Quantum Chené1 (1974.
J. Knowles with contributions from R. D. Amos, D. L. Cooper, M. J. O. 23 Simah, B. Hartke, and H.-J. Werner, J. Chem. Ptg4, 4523(1999.

Deegarnet al. 29 ) )
2T, H. Dunning, J. Chem. Phy§0, 1007 (1989. J. K. Cullum and R. A. Willoughbyl.anczos Algorithms for Large Sym-

24R. A. Kendall, T. H. Dunning, and R. J. Harrison, J. Chem. PBgS6796 metric Eigenvalue ComputatioriBirkhauser, Boston, 1985
(1992. %0D. Xie, R. Chen, and H. Guo, J. Chem. Phg&2, 5263(2000.

Downloaded 20 Dec 2001 to 198.128.85.26. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



