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The geometry and relative energy of the seven low-lying electronic states of ozone and the ground
state of ozonide anion have been determinedCyy symmetry by the complete active space
self-consistent field[CASSCH and the multireference Mier—Plesset perturbatioiMRMP)
methods. The results are compared with the photodetachment spectgaaifsérved 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 enéagiggnment of Arnold

et al.in parenthes@of ozone aréA, 0.90 eV(1.18 eV}, °B,, 1.19 eV(1.30 eV}, °B,, 1.18 eV(1.45

eV), 'A,, 1.15 eV(~1.6 eV), 'B;, 1.65 eV(2.05 eV}, and'B,, 3.77 eV(3.41 eV}, respectively.
Overall the present theory supports the assignment of Arretldl. However, the simple
considerations of geometry and energy are insufficient to determine a specific assignmenBegf the
and®B; states. The dissociation energy of the ground state of ozone is computed to be 0.834 eV at
the present level of theory. The present theory also predicts that none of the excited states lies below
the ground state dissociation limit of;0© 1995 American Institute of Physics.

I. INTRODUCTION by the analysis of the rotational structure of the spectrum.
Several techniques other than photoabsorption have been

In order to understand the underlying chemistry andused to study @in the visible and near-infrared regiots.*’
physics of ozone depletion, a wide range of laboratory exSome of them suggested the existence of energy levels which
perimental and theoretical studies have been directed tare bound with respect to the dissociati8i?® There are
wards the characterization of the; @issociation dynamics three electronic states in addition to th&; ground state
and electronic structure. Our understanding of this fundawhich correlate with Q)'*P)+02(325)_ These are théA,,
mental molecule has improved greatly but still there are’B,, and'A, states and these lie near the dissociation thresh-
many puzzling phenomena. old of the ground stat¢D,=1.05 eV;D.=1.13 e\j. How-

The diradical character of ozone leads to the existence afver, no complete state assignment exists and some uncer-
several low-lying excited states. The fact that 0zone absorbsinty remains concerning whether there are bound electronic
weakly in the visible and near-infrared was first noted byexcited states. The A, and 3A, states also correlate with
Chappui$ and Wulf? respectively. The symmetry allowed the ground state dissociation limit but these are predicted to
transition from the ground state is only thg,—X A, tran-  lie well above the dissociation limit.
sition and*A,— X A, transition is vibronically allowed via Very recently Arnoldet al?* provided a more complete
the v; antisymmetric stretch. The remaining low-lying elec- picture of the Q electronic and vibrational structure by the
tronic states are triplet states. Two absorption bands in thignalysis of the anion photoelectron spectroscopy gf. O
region implies some form of coupling to enable absorption taThey observed transitions to five lowest excited statesof O
at least one dark electronic state. Chappuis and Wulf bandselow 3 eV in energy®A,, °B,, °B,, 'A,, and !B, states.
were assigned with the aid of earfip initio results to the They assigned the transitions tentatively with the help of the
'B—X 'A; and *A,—X 'A; transitions, respectively. Re- previous calculations. Of importance is the fact that they did
cently Andersoret al>* re-examined the Wulf and Chappuis not observe any evidence of electronic states lying below the
bands and measured the isotopic shifts of the absorptioground state dissociation asymptote. The large amount of
spectra of*%0; and %0;. They concluded that the weaker vibrational structure above the dissociation limits of the ex-
Wulf band is more likely due to théA, state and that the cited states suggests that interesting dissociation dynamics
stronger Chappuis band is due to the absorption of two ele@ccurs on these surfaces.
tronic states; namely théB; state and a still unassigned The G; ion is believed to be an important intermediate
state. On the other hand, Vaidd al® concluded that the in the D region of the earth’s ionosphere. The ®as not
Chappuis band is due mainly to tha, state, based on their been observed by high resolution spectroscopic techniques
measurements of condensed phase absorption of ozor@though the frequencies of thg symmetric stretching and
Theoretical studies by Braunstedt al.”~® and Banichevich v, bending bands have been fairly well determined in the
et al1®~? showed that the Chappuis band results from thegas-phase by photodissociatithphotodetachmertf and
significant interaction between tH&, and A, states. This photoelectroff spectroscopy. The laser photoelectron work
implies that low-lying Wulf band is due to transitions to one of Novick et al®* and the photodetachment spectrum of
or more triplet states. Andersaet al® reassigned the spec- Wang et al?® also provided estimates of the equilibrium
trum and concluded the weaker Wulf band is due to¥he  structure of @ through Franck—Condon analysis. Much of
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the experimental work of this radical has been carried out in The 1 A, state of ozone
the rare gas matrices by Raman or infrared spectroscopy usu- (&)
ally in the presence of cerium or sodium counterions.

In an attempt to provide a more reliable characterization 1.60

of the excited states of £ we have studied six lowest ex-
cited states of ozone using multireference Ilgio-Plesset
perturbation methodMRMP), which has been successful in
recent years in predicting details of molecular electronic
spectre?®~2°We explored a range df,, geometries around
the minima of these states of ozone as well as the ground
state of ozonide anion. In this paper we will report the prop-
erties of low-lying excited states of,@nd present an inter- 120
pretation of the photodetachment spectra gf.O
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The focus is the explanation for the experimentally de- L 1o — |
termined adiabatic excitation energies and observed vibra- 80 90 100 110 120 130 (deg)
tional progressions in the photodetachment spectrazaf O (@ bond angle

Section Il summarizes the computational details and cal-
culated results and discussions will be given in Sec. Ill. Con- The 1 2B, state of ozonide anion
clusions will be summarized in the final section. (4)

IIl. METHOD OF CALCULATIONS 1.60

The calculation was carried out for the ground and low-
lying singlet and triplet excited states of ozone and the
ground state of ozonide anion. All calculations were per-
formed with a triple-zeta plus polarization quality basis of
Dunning’s cc-pVTZ (Ref. 30 augmented with the diffuse
functions (Is1pld). The diffuse functions are indispensable
particularly to describe Pand the ionic'B, excited state of
O, (all other states treated here are covalent stafes has
been pointed out previously, the ground state of ozone can be
viewed as two distinct spatial configuratiofvgith the excep-
tion of the B, state where a single configuration suffices
Thus, the active space of the CASSCF should be chosen
large enough such that all near degeneracy eﬁe,CtS are ITll_lG. 1. Electronic energies of the ground states of ozone and ozonide anion
cluded and the accurate assessment of the relative energigs, function of bond angle and bond length for@g geometry. Points are
will require the explicit inclusion of additional dynamical calculated every 5° and 0.05 A. The dot and triangle show the minimum
correlation effects. All valence 1&9 for O\;) electrons are points of t_he ground state of_ ozone and the ozonide anion, respecti\(e_ly. The
treated as active electrons and distributed among all Valencg%mgurs increase monotonically in steps of 0.01 a.u. from the minimum
12 orbitals. The complete state-specific CASSBEfs. 31—

33) calculation is carried out for each individual state with

proper spin and symmetry to obtain an optimal geometry.

The range of coordinates i@,, symmetry are 1.1-1.7 A in tribution to the ZPE is not considered here. The transition
steps of 0.05 A for the bond length and 75.0° to 135.0° inmoments were also calculated at the level of CASSCF ap-
steps of 5° for the bond angle. By analytically fitting theseproximation.

two-dimensional grid points, we obtained the entire potential

energy surfaces and calculated properties for the ground and

calculate excitation energy at minimum point of each indi-

vidual state. Oxygen 4 orbitals were optimized in the In Fig. 1 we show contour diagrams summarizing results
CASSCF calculations but were uncorrelated in the MRMPfrom CASSCF calculations of the ground state of ozone and
calculations. Vertical excitation energies were computed aits anion inC,, symmetry. The contour plots of the excited
the experimental geometry for the ground state of ozone atates of ozone are summarized in Fig. 2. The minimum
the MRMP level. Adiabatic excitation energy for each statepoint and the Franck—Condon projection from the ozonide
was determined by computing the MRMP energy at the calanion are also shown in each contour map. Conical intersec-
culated geometry for the state and subtracting the energy dions betweerfA, and °B, states and betweeW\, and B,

the ground state at its calculated geometry. Theand v,  states are also drawn in Fig. 2.

vibrational frequencies were calculated with CASSCF and The CASSCF configurations for the various states of
used to estimate the zero-point ener@PE) corrections. o0zone in terms o€,, symmetry orbitals are given in Table I.
The v vibrational frequencies are not available and its con-The CASSCF wave function for the ground state of ozone is
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FIG. 2. Electronic energies of the excited states of ozone as a function of bond angle and bond lengtiCjprgs@metry. Points are calculated every 5°

and 0.05 A. The dot shows the minimum point of each excited state of ozone and the triangle shows the Franck—Condon projection from the ground state of
ozonide anion. The contours increase monotonically in steps of 0.01 a.u. from the minimum point. The line crossing the cAAwansliB, states is the

seam where the two states are degenerate. The seam béfyeamd 1B, states is also drawn.
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TABLE I. Types of transitions in ozone and CI coefficients of CASSCF wave function.

Configurationd
State Coefficients 6a, 4b, 1b, la, 2b, 7a, 5b,
I, 0.9045 2 2 2 2 0 0 0 LR
—0.2946 2 2 2 0 2 0 0 Vg
A, 0.8844 2 1 2 2 1 0 0 W A(4b,—2by)
—0.3400 1 2 2 1 2 0 0 Wy(6a;—1ay,)
3B, 0.9537 2 2 2 1 1 0 0 ¥ A(1a,—2b;) or
Wg(2b;—1ay)
3B, 0.8889 1 2 2 2 1 0 0 W ,(6a;—2b;)
-0.3160 2 1 2 1 2 0 0 V(4b,—1ay)
a, 0.8605 2 1 2 2 1 0 0 W \(4b,—2b;)
—0.4001 1 2 2 1 2 0 0 Pg(6a;—1ay)
B, 0.8359 1 2 2 2 1 0 0 W ,(6a;,—2b;)
—0.4468 2 1 2 1 2 0 0 V(4b,—1ay)
B, 0.7051 2 2 2 1 1 0 0 P A(la,—2b;)
—0.4074 2 2 1 1 2 0 0 Vg(1b,—1ay)
-0.3310 2 1 2 0 2 1 0 Py(4b,—7a,)
0.2113 1 2 2 2 0 0 1 W ,(6a;—5b,)

#The 1b,, 1a,, and 2, are = orbitals, perpendicular to the molecular plane whibg @nd %, are in-plane lone-pair orbitals.

represented by two configurations, the Hartree—Fock cortial energy surface of the ground state of ozone has the
figuration and =—* double excitation, (&,)>—(2b;)>  double minima, the open structur€4,) and the equilateral

configuration triangle ring structure@3,). The latter state is dominated by
[core](3a,)2(2b,)%(4a,)2(5a,)%(3b,)2(1b,)? the 7—a* doubly excited configuration. We can see imme-
diately from the contour plot of ozone shown in Fig. 1 that

(6a1)%(4b,)?[0.9051a,)°~0.2952b;)?]+ -+ . contours have the conical intersection of these two states

Other low-lying excited states except tf, state also re- along nga.rly verti;al line wher@ has a value of about 85.5°.
quire at least two spatial configurations. The configurations ~ OPtimized anion geometric parameters age-1.376 A
relative to the Hartree—Fock ang—7* (1a,)’—(2b,)? and 6,=115.5°. The present calculation predicts a longer
configurations are also listed in the table. These excitedond length and a larger bond angle than those in the gas-
states are covalent in nature except fis state and are Phase obtained by Franck—Condon analysis of the photode-
basically represented by single excitations relative to thdachment observation by Wared al** (r,=1.3415-0.03 A
ground state configurations. TH8, state is an ionic state andf,=112.6°-2.0°). However, comparison of the ozonide
and is a mixture of singly excited configurations but includesgeometry obtained from the previous calculattyng’® and
a fairly large fraction of the doubly excited configurations. the present work finds reasonable agreement in many cases,
On the other hand, the anion st&&l can be well described especially for a bond angle. For instance, the best estimated
by a single configuration i€,, symmetry as values by Koctet al® arer,=1.35 A andd,=114.5°. Table
2 2 2 2 2 2 2 Il summarized the electron affinity and dissociation energy

[corel(3a,)7(2b,)™(481)7(5a1)"(3b)"(1b1)"(6a,) of ozone. The computed electron affinity of ozone is 1.965

(4b,)%(1ay)%(2b;)t. eV (ZPE correction is includedat the MRMP level, which

Judging from the characteristics of the CASSCF wave func-

tions, we can expect that tHB, state is well described even

at the level of CASSCF but inclusion of dynamical correla-

tion effects through MRMP will make a significant contribu- tagLE 11. Calculated and experimental dissociation energy and electron
tion to the positions of other excited states, particularly to thexffinity of ozone?

1B, state.
D EA,
A. The ground states of ozone and ozonide anion Method (eV) (eV)
The optimized geometry of the ground state from MP4bb 1.80 1.69
CASSCF calculations is in good agreement with experiment¥IRC! 2.04 1.92
The predicted bond lengtir ) of 1.291 A is slightly(0.02 gﬁgﬁgg . e P
A) longer than the best experimental value of 1.2717 A. Thgryp - 0.834 1.965
theoretical bond angléd,) of 116.6° differs only by 0.1°  Expt® 1.13 2.103

from the experimental value of 116.7°. Our results are very _ —
close to the previous MRD-CI resuftsThe state-specific béZfEerCeor:ézcgg”S are added to the electron affinity.

CASSCF and MRMP gave —224.57395 a.u. and creference 41.
—225.095 44 a.u. at this geometry, respectively. The poterfReference 21.
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can be compared to the experimental value of 2.1028nental values for théB, and>A, states but théB, excita-
+0.0025 eV determined by Novickt al?* using threshold tion energy is estimated to bel.7 eV. Our computedB,
photodetachment. The MRMP underestimates the electroexcitation energy of 1.71 eV is close to the experimental
affinity only by 0.14 eV while CASPT2 overestimates the value.
electron affinity. It is noted that a single reference based The states following three triplet states are the singlet
method such as MP4 gives a poor description of the electrostates’A,, 1.88 eV(1.78 eV} and'B,, 1.97 eV(1.87 eV}.
affinity. The dissociation energy of the ground stdde, is  The present excitation energies féx,, and'B; states are in
computed to be 0.834 eV at the same level of theory, whiclieasonable agreement with the experimental valtfes; 1.6
is within 0.30 eV of the experiment of 1.13 eV. eV, and'B,, 2.1 eV. The intensity ofB; state is very low as
The photoelectron spectrum measured by Arreildl??  expected. We can see in Table Il that the oscillator strength
with a photodetachment energy of 2.977 eV shows the vibrais also reproduced well. TH®, state is computed to lie 4.81
tional progressions, which provides information about theeV (4.62 e\j above the ground state. It is clearly related to
changes in equilibrium geometry betweeg @nd Q. The the most intense feature of the; Gpectra(Hartley bangl.
long symmetric stretch progression indicating that there is #eaks around 4.86 eV were reported as the vertical excitation
significant difference between the bond lengths of the aniomnergy, which is in good agreement with the calculated value
and neutral is consistent with our resultee Fig. L The  of 4.82 eV. Previous theoretical calculations have obtained
spectrum also shows the shorter progression in the bendirgpnsiderably larger transition energies. Tig state is an
modes, implying that the bond angle also differ but not adonic excited state. As shown in Table |, the wave function is
substantially. It is expected that the removal of electron frondominated by the transition of—#* but includes a large
a 2b, antibondingr orbital should lead to an increase of a fraction of other singly and doubly excited configurations.
bond angle but the present calculation shows that the chandgue to the multiconfigurational character of this state, the
of a bond angle is rather insensitive to an electron detachtheoretical difficulties encountered in previous studies. The
ment. computed oscillator strength is 8.820 2, which corre-
sponds to the observed value of 880 2.
B. Vertical excitation energies
eC. Adiabatic excitation energies and interpretation of

Vertical excitation energies and oscillator strengths ar
the photodetachment spectra

summarized in Table Ill. We carried out MRMP calculations
based on the state-specific CASSCF wave function at the Adiabatic excitation energied,, and T, and the opti-
experimental geometryr ,=1.2717 A, 6,=116.79. Results mized geometry are summarized in Table IV. In the follow-
with the state-averaged CASSCF plus MRMP are also listeéhg, we show the adiabatic MRMP excitation energies with
in parentheses in the table. Oscillator strengths were calcuhe state-specific CASSCF and those with the state-averaged
lated by using transition moments computed at the CASSCEASSCF in parentheses. The calculated adiabatic excitation
level and the MRMP transition energies. The results havenergies aréA,, 0.90(0.96 eV, *A,, 1.15(1.18 eV, °B,,
been compared with data from the previous calculationd.19(1.20 eV, B;, 1.18(1.24 eV, 'B,, 1.65(1.67 eV, and
available; the polarization configuration interaction 'B,, 3.77(3.79 eV, respectively. Again, there is little differ-
(POL-CI),*"*8 the multiconfigurational SCF plus configura- ence between the state-specific and state-averaged calcula-
tion interaction (MCSCF-C),*? the multireference based tions. The ZPE corrections to the excitation energies are
doubly excited configuration interaction methddRD-CI),°  0.01-0.02 eV in magnitude. The present theory predicts that
and the Fock space multireference coupled-clugiSM-  the four lowest-lying excited states exist below 2 eV in en-
RCC) method® In all cases a double-zeta plus polarizationergy above the ground state. The dissociation energy of the
quality basis set has been used. The comparison with thground state is computed to be 0.834 éV,=1.05 eV,
multiconfiguration linear respong®CLR) (Ref. 40 witha  D,=1.13 e\} at the same level of theory. Thus, the present
larger basis has also been made. In preparing the paper, theeory also predicts that none of the excited states lies below
multiconfigurational second-order perturbatidf€ASPT2  the ground state dissociation limit of;OThe 'B; and'B,
and CASPTRy,)] results have been reported by Borowski states correlate with the dissociation Iimit(10)+02(1Ag)
et al*! and cited in the table. while the ®B, correlates with @'P)+0,(*A ). These states
The present calculation indicates the five lowest stateare predicted to lie below their dissociation limit of 4.08 and
lie at less than 2 eV above the ground states. MRMP witt2.11 eV, respectively. The present adiabatic excitation ener-
state-specific CASSCF gives larger excitation energies congies are very close to those with the original version of
pared to MRMP with state-averaged CASSCF although th&€ASPT2 reported recently by Borowsét al*!
difference is minor. Most studies found the three triplet states  Previous calculations have predicted various orderings
3B,, 3B,, and>A, to be lowest in energy. Our MRMP vertical of the excited states, depending on the level of theory em-
excitation energiesT, , are 1.51 eM1.47 e\j for °B;, 1.65 ployed. While all of these states are fairly low-lying, the
eV (1.57 eV for °A, and 1.71 eM1.56 e\) for °B,, respec- n—=* A, andm—7* 3B, states are usually found to be the
tively. However, the ordering is not necessarily the same idowest excited states. The MRD-CIl, CASR@2, and
other theoretical studies. This is understandable because BfRMP predicted that the lowest excited state is tAg. On
the small energetic separation between the three states. ThHee other hand, POL-CI and MCSCF-CI predicted the lowest
MRMP predicts that three triplet states are very close in enexcited states to be thi8, state. MRMP predicts that three
ergy and the spacing is less than 0.2 eV. There are no expestates’B,, B, and'A,, following 3A, appear at the range
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TABLE Ill. Calculated and experimental oscillator strengths and vertical Of 1.4—1.8 eV above the ground state. The CAS@Jralso

excitation energies in ozorfe. placed®B, and®B, placed at the same position of 1.33 eV.
— We can see from Table | th3B, state is described well even
Excitation energy . . . .
State Method Oscillator strength @V) py a s_mgle_conﬁgurauon but other excited states are o_f mul-
3A v——— v e t|c9nf|gurat|0nal character. Thus, the balanced descn_pnon re-
2 MCSCF-CF - 1o2 quires a careful treatment. Unless both the dynamical and
MRD-CI 0.0 1.44 nondynamical correlations are fully included, other excited
MCLR® 0.0 1.81 states with multiconfigurational character will be placed at
FSMRCC 0.0 1.95 higher energies compared to tf, state. This must be the
CASPT2 0.0 1.56 reason why POL-CI and MCSCF-CI predicted the lowest
CASPT4g,)" 0.0 1.77 .
MRMP 0.0 165157 excited states to be th#8, state.
Expt Arnold et al?! studied the low-lying electronic states of
%, POL-CI 0.0 1.60 ozone using photoelectron spectroscopy gf. @he spectra
MCSCF-Cl 114 show photodetachment transitions from; Qo the five
MMRCDL'FS ! 8:8 izﬁ lowest-lying electronic states in addition to the ground state
ESMRCC 0.0 1.37 of ozone. These correspond to excitation energies of 1.18,
CASPT2 0.0 1.58 1.30, 1.45,~1.6, and 2.046 eV, respectively. The excited
CASPT2g,) 0.0 1.67 state spectra are dominated by bending vibrational progres-
M;(':;'tp 0.0 1'7.1.1.'56) sions which, for some states, extend well above the dissocia-
B, POL-CI 0.0 201 tion asymptote without noticeable lifetime broadening ef-
MCSCF-CI 2.00 fects. The geometric differences between the anion and
MRD-CI 0.0 1.59 neutral govern the Franck—Condon factors and thus the vi-
F’g"ﬁ'éic 00-00 11~8612 brational profile for each electronic state. Since the bond
CASPT2 00 145 lengths of these excited states are approximately equal to that
CASPTZg,) 0.0 1.62 of the anion exceptB,, very little excitation of the symmet-
MRMP 0.0 1.511.47 ric stretch is expected for any of the excited states. 'Bgr
" Pgtlff‘u 00 X 3‘4" state, significant differe_nce is four_nd in the_ bond length com-
2 MCSCECI . 217 pared to that of the anion. But this state is not measured in
MRD-CI 0.0 1.72 the photodetachment experiment of Arnatlal. Anderson
MCLR 0.0 2.14 et al®* also obtained independent evidence that excited
FSMRCC 0.0 2.17 states may exist at excitation energies of 1.1833, 1.29, and
c;?gg?;gzg 0960 21.6737 1.45 eV using absorption and isotropic substitution tech-
MRMP 0.0 1.881.79 niques. However, no evidence for an excited state with6
Expt 1.6 eV has been found in any absorption spectra as of yet.
‘B, POL-CI 4.0<107° 241 As to the optimized geometries for excited states, rea-
MMCSSFC'IC' Lo 10 igg sonable agreement is found with the previous theoretical val-
MCLR 73%10°6 517 ;Jes. A slight dlsagreemgnt is found for the bond Ieng.th' of the
FSMRCC 2851075 213 B, state. The1B2 potential energy surface near the minimum
CASPT2 1.6¢10°° 1.87 is very flat but our bond length gives 1.470 A which is longer
CASPT2g,) 1-6><107f5 2.11 by about 0.1 A than the previous results. However, excellent
M;('\:tp g'ﬁgxlégs ;'2.3(1'87) agreement is found for bond angles. Based on our computed
1B, POL-CI 2 3¢10°L 6.12 results shown in Fig. 2, one can expect significant bending
MRD-CI 1.76x10°! 4.97 mode excitation upon photodetachment of the ozonide anion
MCLR 9.3x10 5.10 for both the®A, and'A, states, medium length progressions
FSMRCC 1.30c10°* 5.52 for 3B, and B, states and very little excitation fd8, and
CASPT2 8.%10 451 1
CASPT2g,) 8.9x10°2 4.69 B, states.
MRMP 8.0x1072 4.81(4.62 Arnold et al?! assigned that the lowest excited states are
Expt 8.8x10°? 4.86' the A, state with a long vibrational progression. The corre-

&/alues in parentheses are excitation energies calculated with MRMP basegjondmg e_XCItatlon engrgles are determined to be 1.18 eV.
on the state-averaged CASSCF. ur excitation energy is 0.90 eV for th@, state. A large

PReference 38. difference of the bond angle between the ozonide anion

‘Reference 12. = 3 = ig-
Reforomoe o (#,=115.59 and the”A, state(6,=99.29 suggests the sig

eReference 40. nificant bending mode excitation upon photodetachment of
'Reference 39. the ozonide anion. MRMP also confirms their assignment
JReference 41. that the lowest excited state is tA&, state. The Wulf band

h . . .
Reference 3. was found to have a long progression in the bend superim-

posed on a shorter progression in the stréttfhis is con-
sistent with the calculated geometry difference between the
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TABLE IV. Calculated and experimental geometries and adiabatic excitation energies infozone.

Excitation energyeV)

Bond length Bond angle
State Method (angstrom (degree Te To
A, POL-CP 1.299 116.0 0.00 0.00
MCSCF-CF 1.277 116.1 0.00 0.00
MRD-CI¢ 1.29 116.0 0.00 0.00
CASPTZ 1.287 116.8 0.00 0.00
CASPT2g,)® 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
A, 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
CASPTZg,) 1.344 97.8 1.16 1.15
MRMP 1.369 99.2 0.900.96 0.92
Expt 1.18{ 1.24
°B, 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
CASPTZg,) 1.363 108.9 1.34 1.33
MRMP 1.379 108.3 1.191.20 1.18
Expt 1.3d
%B, 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
CASPTZg,) 1.310 129.8 1.35 1.33
MRMP 1.348 123.7 1.181.24 1.16
Expt 1.48
A, 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
CASPTZg,) 1.348 98.5 1.45 1.44
MRMP 1.374 99.7 1.151.18 1.14
Expt ~1.6
B, 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
CASPTZg,) 1.325 125.6 1.90 1.88
MRMP 1.376 117.4 1.651.67) 1.64
Expt 2.09
B, 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
CASPTZg,) 1.416 109.8 4.08 4.05
MRMP 1.470 111.6 3.713.79 3.76
Expt 3.419

&/alues in parentheses are excitation energies calculated with MRMP based on the state-averaged CASSCF. Zero-point energy cofigotiEnes in
estimated withv; and v,.

PReference 38.

‘Reference 12.

‘Reference 9.

°Reference 41.

Reference 21.

9Reference 3.

ground state and th#A, state. The Wulf band structure is previous theoretical results that thB, is much lower in
most likely due to the°’A2 state. energy than the°’Bl. However, MRMP predicted that both

The two peaks followingA, appear at 1.30 and 1.45 eV, °B, and®B; states appear at 1.19 and 1.18 eV, respectively.
respectively, with a short or a medium length vibrational The geometry change as shown in Fig. 2 also suggests that a
progression. Arnolcet al. assigned the first peak due to the medium lengthy, progression is expected on the photode-
3B, state and the second peak due to iBg based on the tachment pattern both for thi, (r,=1.348 A, 6,=123.79
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and®B, (r,=1.379 A, 6,=108.39. Thus, the simple consid- (T,=2.046 eV}. The'B, state has its minimum at,=1.376
erations of geometry and energy are insufficient to determind and 6,=117.4°. The!B, equilibrium geometry is very
a specific assignment of these states. The most recentose to that of ozonide anion. This suggests that the photo-
CASPT2 also showed the similar trend to the present resultsletachment pattern from the anion is primarily governed by
The °B, state is dominated by a-7* single excitation the Franck—Condon factors. On the other hand, the absorp-
while the®B; state is a singly excited state from the in-planetion spectra of Chappuis band have a long progression in the
6a, lone-pair orbitals to B,7* orbital, perpendicular to the symmetric stretch and a short progression in the Génae
molecular plane. The difference of the electronic configuracan see from Table IV that there is a significant difference in
tions may reflect in the dependence of the features in ththe bond length between the ground and tBe state while
photoelectron spectrum on the laser polarization direction. bond angles are very close. The present results also support
Vertically 3B, lies slightly below °A,. Adiabatically, —the assignment that the Chappuis band originates from the
however3A, moves well belowB, . As shown in Fig. 23A,  'B; state.
and °B, states are close in energy and have a seam. The The singletA, andB, states also have a seam crossing in
existence of such an intersection@3, constrained symme- the Franck—Condon region as shown in Fig. 2. The lower
try has been studied previoudi§The seam is crossing in the state leads to the ground electronic state of’E);)+O(*P)
Franck—Condon region and also near the minimum region ofnd the upper state will lead to the excited@4)+O('D)
3A, which becomes a conical intersection @ symmetry, State.
where these states become the lowest fb states. The The m—=* B, state is the upper state of the intense
lower state is dissociative; it has a saddle pgimbere it is  Hartley bands. The minimum energy of tH#, state is found
3A,) and displacement from the saddle point leads to thétr=1.470 A andf,=111.6°. The present calculations re-
ground electronic state 5%, )+O(*P) products. The upper Produced longer bond length by 0.06—0.09 A compared to
state(the cone stajeis bound(3Bl at its minimum and can  the previous calculations. The contour linésg. 2) charac-
support vibrational levels. It correlates with electronically terize the state as possessing a very wide potential well. The
excited Q(*Ay)+O(CP) products. Every vibrational state of MRMP predicts the'B, state lies at 3.77 eV above the
3B, manifold will extend with appreciable amplitude acrossground state. The agreement between the8ry7 eV} and
this intersection. This feature of the surface will have a pro-€xperiment(3.41 e\ is satisfactory. TheB, state is of ionic
found effect on the photoabsorption and photodissociatioﬁharaCter and previous theoretical calculations place this
dynamics. This may provide information to determine thetransition at higher energies.
specific assignment.
The photodetachment spectra show that the next peak
has a longy, progression, corresponding to the transition V. CONCLUSIONS
energy of~1.6 eV. Arnoldet al?! assigned tentatively that To conclude, the geometry and relative energy of the
the peak with a long progression is due to tAg state. The  seven low-lying electronic states of ozone and the ground
simple consideration of geometry suggests that a lofg state of ozonide anion have been determine@ jp symme-
progression is expected for tha, state. The'A, state has a  try by CASSCF and multireference Mer—Plesset perturba-
large enough difference in bond angle from the ozonide antion methods. The results are compared with the photode-
ion to be consistent with the observed long bending progresachment spectra of Dobserved recently by Arnolét al.
sion. MRMP also confirms that the peak is due to th¢  The theoretical electron affinity of ozone is 1.965 eV, which
state. However, the present theory predicts'thestate lies s 0.14 eV below the experimental result of 2.103 eV. The
at 1.15 eV above the ground state. There is some discrepanegiculated adiabatic excitation energids, (assignment of
between theory and experiment for the position of tAe  Arnold et al. in parenthesgwof ozone aréAz 0.90 eV(1.18
state. On the other hand, Andersenal®* has determined eV), °B,, 1.19 eV(1.30 eV}, 3B,, 1.18 eV(1.45 eV}, 'A,,
the adiabatic excitation energy of tHa, state as 1.24 eV, 1.15 eV (~1.6 eV), B,, 1.65 eV(2.05 eV}, and'B,, 3.77
studying the isotopic shifts between the absorption spectra &V (3.41 eV}, respectively. Overall the present theory sup-
%0, and *®0,. However, the absorption was reassigned toports the assignment of Arnolet al. However, the simple
the A, by an analysis of the rotational structure of the considerations of geometry and energy are insufficient to de-
spectrun® termine a specific assignment of tf, and>B, states. The
The optimized geometry of singlet and tripkef states is  dissociation energy of the ground state of ozone is computed
very similar and both states are dominated by the single exto be 0.834 eV at the present level of theory. The present
citation 4b,— 2b; the 4b, is the in-plane orbital while the theory also predicts that none of the excited states lies below
2b, is 7 orbital. Hence we expect that the energy splittingthe ground state dissociation limit of;0
between singlet and triplet is rather small. The computed For the complete assignment of the spectra and the un-
energy splitting is 0.25 eV while the splitting estimated by derstanding of the excited state dissociation dynamics, we
Arnold et al. is 0.42 eV. At present we cannot explain the need further calculations including the quantitative potential
discrepancy between theory and experiment on the positiosurface not just the restrictegiwo-dimensional C,, space
of the 1A, state. but the full (three-dimensional C, space and the time-
The next excited state is th#, state, which is com- dependent wave packet dynamics. The study in this line is
puted to appear at 1.65 eV. The Chappuis band absorptiamw going on and will be published in the forthcoming pub-
were tentatively assigned to the transition to fifly state lications.
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