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Abstract

The MEG (multi-exponentially generated)/EX (excited)-MEG method, which is a multi-reference version of the SAC (symmetry-
adapted cluster)/SAC-CI (configuration interaction) method, has been applied to the valence excited and ionized states of ozone that
has a quasi-degenerate bi-radical nature in its ground state. The MEG/EX-MEG result shows a remarkable improvement over the sin-
gle-reference SAC/SAC-CI general-R one in both the correlation energy and the ionization potential. The present results were compared
with the previous theoretical and experimental data. The theoretical ionization spectrum reproduced the experimental spectrum observed
from outer- to inner-valence regions (~28 eV). This is the first report that gives a theoretical interpretation up to a high-energy region.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ozone has attracted many researchers for a long time
due to its important photo-chemical and photo-physical
roles in the atmospheric ozone layer surrounding the earth.
In the electronic spectrum, the four bands, Wulf, Chappius,
Huggins and Hartley bands, have been observed in the
energy region up to 6 eV [1]. The photo dissociation and
recombination processes that are induced through these
four excitations are important steps in the atmospheric
reactions [1-3], and therefore these photo reactions have
received much attention for many years.

The ground state of ozone is characterized as biradical
electronic structure. Hartree-Fock (HF) single determinant
becomes inadequate approximation due to the quasi-
degenerate electronic structure. Therefore, ozone has been
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a benchmark molecule [4-11] in the methodological devel-
opments of the multi-reference type theories in modern
quantum chemistry.

Ionization spectra of ozone have also been extensively
studied both by experiments [12-18] and theories
[4,6,9,19-27]. The quasi-degeneracy in the ground state
causes a breakdown of the Koopmans’ picture. Many-elec-
tron processes that include the excitations to LUMO appear
even in the low-lying ionized states. Therefore, multi-
reference theories are required for accurate descriptions of
the ionized states. For example, a problem in the assignment
of the first three peaks had been discussed for many years
but seems to have been settled recently [4,6,9,15,22]. How-
ever, only qualitative assignments [14,19,20] were given for
many correlation peaks that were observed in the higher-
energy region of the He II photoelectron spectrum [15].

In addition, the Born-Oppenheimer approximation
severely fails in several main bands of both the ionization
and excitation spectra, and accurate electronic structures
of excited states and the explicit treatment of nuclear
dynamics are required for the theoretical account of
experiments. Domcke and co-workers investigated the
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photodissociation in Chappuis band using complete-active-
space (CAS) self-consistent field (SCF) and CAS second-
order perturbation theory (PT2) wave functions and
time-dependent wave-packet calculations, and succeeded
in interpretation of very diffuse structure in the spectrum
[28-30]. For the two lowest ionized states, Miiller et al.
reproduced the vibronic structure in the spectrum using
CASSCF and multi-reference (MR) CI wave functions
and a multi-mode vibronic coupling Hamiltonian [26,27].

We have studied excited and ionized states of many
molecular systems using the SAC (symmetry adapted clus-
ter) [31)/SAC-CI (configuration interaction) [32] method
[33-35] and showed that the SAC-CI method is able to
reproduce the experimental spectra in wide energy regions
[35]. An advantage of the SAC-CI method is that it can
describe many different kinds of excited states simulta-
neously in a similar accuracy. Therefore, the SAC-CI
method is very useful for studying many different kinds
of spectroscopies. However, since the SAC method is a
single-reference theory, the SAC-CI method may loose its
reliable accuracy when the HF single determinant approx-
imation becomes inadequate [36]. Such situation would cer-
tainly occur in ozone for its quasi-degenerate nature of the
ground state and also generally in the near-dissociation
limits of homopolar chemical bonds. To overcome this dif-
ficulty, the MEG4 (multi-exponentially generated 4th)/EX
(excited)-MEG4 method was proposed [37] as a generaliza-
tion of the SAC/SAC-CI method to the multi-reference
case. In The MEG4/EX-MEG4 method, non-separable
(static) correlations which require multi-reference descrip-
tion are expressed by exponentially generated (EG) CI
[38,39]. The MEG4/EX-MEG4 method has been applied
to the potential energy surfaces of small molecules in their
ground and excited states and reproduced the full-CI
energy within a error of a few milli-hartrees [37].

In this article, we describe the applications of the MEG4/
EX-MEG4 method to the singlet and triplet excited states
and the ionized states of ozone, and discuss the accuracy
and the applicability of the MEG4/EX-MEG4 method. The
ionization spectrum of ozone up to 28 eV is assigned and
compared with the previous theoretical assignments. We also
compare the MEG4/EX-MEG4 result with the SAC/SAC-CI
one, to evaluate the effect of the multi-reference.

2. Computational details

We calculated vertical excitation and ionization energies
using the experimental C,, geometry [40] for the ground
state of ozone. The O-O bond length and the O-O-O angle
are 1.272 A and 116.8°, respectively. The basis set used was
TZ (Dunning) [5s3p] [41] set augmented with the Rydberg
basis (1s1p)/[1s1p] for 3s and 3p orbitals on each atom. The
total number of bases was 54. The active space in the
EGCI, MEG4 and EX-MEG4 calculations consists of 9
occupied and 39 virtual orbitals. Three 1s and the corre-
sponding virtual MO’s were frozen. The number of solu-

tions was 3 for each symmetry in the singlet and triplet
states, and 15 for each symmetry in the ionized states.
The perturbation selection [42] was carried out for the
linked operators, Sj and E}( in Egs. (14) and (21) of Ref.
[37]. For the ground state, the HF determinant was used
as the reference for the selection. To obtain reference con-
figurations for the excited and ionized states, preliminary
SD-CI calculations within a small active space (9
occ. X 15 vir.) were performed, and we selected single and
double excitations having the coefficients larger than 0.1
for selecting double excitations. Using these reference con-
figurations, the perturbation selection was carried out with
the energy thresholds of 1 x 107 and 1 x 107 (a.u.) for the
ground and excited (ionized) states, respectively. For the
unlinked operators, all linked operators having coefficients
larger than 0.05 were included.

The ionization cross-sections were calculated using the
monopole approximation [43,44] to estimate the relative
intensities of the peaks in the ionization spectrum. For
calculating the monopole intensities, the MEG4 wave func-
tion was used for the ground state. To compute the excita-
tion energy and ionization potentials (IPs), the ground
state energy calculated by the EX-MEG4 method was used.

The Hartree—Fock calculation was performed using
HONDO95 program [45]. The SAC/SAC-CI and the
MEG4/EX-MEG#4 calculations were performed with a
development version of the program system for the EGWF
and EX-EGWF methods [46].

3. Results and discussion
3.1. Ground state

The Hartree-Fock electronic configuration for the
ground state of ozone is written as

(core)(4a;)*(5a1)*(3b2)* (1by)* (4by)* (6a;)* (1a)*(2by)".

The orbitals, 1b;, la, and 2b; are out-of-plane 7 orbitals
with bonding, non-bonding, and antibonding characters,
respectively. The 5a;, 4b,, and 6a; are in-plane © orbitals
with bonding, non-bonding, and antibonding characters,
respectively. The 3b, orbital has ¢ antibonding character.

First, we examine the ground state correlation energy
that is dependent on the reference function. All calculations
employed the same excitation operators, SI and E L for the
MEG4 and EX-MEG4 wave functions. Therefore, the
only difference is in the reference function, @, in Eq. (16)
of Ref. [37].

In Table 1, the results of the MEG4/EX-MEG4 method
for the ground state are summarized. The MEG4 (1 Ref.)
and EX-MEGH4 (1 Ref.) wave functions, which have single
reference function (HF determinant) in @, are identical to
the SAC and SAC-CI general-R wave functions, respec-
tively. In the MEG4 (2 Ref.) wave function, a double
excitation (HOMO)? — (LUMO)? is also included in the
reference function @,. As seen in Table 1, the MEG4
(1 Ref.) calculation is insufficient, and the MEG4 (2 Ref.)
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Table 1

Singlet and triplet states of ozone calculated by the MEG4/EX-MEG4 method

State Exptl.* MEG4/EX-MEG4
1 Ref® 2 Ref.® 3 Ref.d
EE(eV) EE(eV) EE(eV) EE(eV) Main configuration (C > 0.2)

Singlet states
X'A; MEG4® (—0.41255)  (—0.42216)  (—0.42454)  —0.92(HF) + 0.37((1a,)* — (2by)?)

EX-MEG4° (—0.44837)  (—0.44915)  (—0.45264)  —0.87(HF)+ 0.27((1a,)> — (2b;)?)
2'A, 425 4.28 438 —0.74((6a;)* — (2b1)?) + 0.51( (4bs)* — (2by)?) + 0.23(4b,, 3b, — (2b))?)
1'A, ~1.6 2.15 2.18 221 —0.74(4by — 2by) + 0.52(1a,, 6a; — (2by)?)
1'B, 2.1 2.06 2.08 2.18 —0.82(6a; — 2b;) + 0.46(4bs, 1a, — (2b;)%)
1'B, 49 5.11 5.16 527 0.80(1a, — 2b;)—0.45(1a,, 1b; — (2b,)?)
Triplet states
1’A, - 1.95 1.97 2.07 —0.83(4by — 2by) + 0.43(1a,, 6a; — (2by)?)
1°B, - 1.65 1.67 1.77 0.86(6a; — 2b1)—0.38(4b,, 1ar — (2b,)?)
1°B, - 1.67 1.71 1.78 —0.96(1a, — 2by)

@ Ref. [1].

® 1dentical to the SAC/SAC-CI general-R method.
© Reference function is 0.94(HF) — 0.34((1a,)* — (2b)?).

4 Reference function is —0.92(HF) + 0.37((1a5)*> — (2by)?) — 0.12((1b;) — (2by)).
¢ For the X'A, ground state (MEG4 and EX-MEG#4), the correlation energy in a.u. is shown in the parentheses. For the other states, X'A, state
(EX-MEG4) was used for the ground state to calculate the excitation energy (EE).

result improves about 10 mhartree in the correlation
energy. In the MEG4 (2 Ref.) wave function, the cluster
amplitude ¢; for (HOMO)? — (LUMO)? is 0.1, which is
smaller than that in the SAC wave function (0.2). This
decrease is due to the fact that the effect of this double
excitation is already taken into account by the MR-part
of the wave function. Third important operator, 1b; (out-
of-plane w orbital) - LUMO, was also included in the
MR -part of MEG4 (3 Ref.). However, the difference from
the MEG4 (2 Ref.) result is only about 2 mhartree, show-
ing that the multi-reference effect is almost saturated at
the MEG4 (2 Ref.) level of calculation.

Next, we compare the EX-MEG4 result for the ground
state with the MEG4 one. In the MEG4 wave function, the
S} operators are defined as single and double excitations
from the HF determinant, not from all the reference func-
tions. This was also pointed by Hirao [47]. However, the
effect of the neglected operators is included in the EX-
MEG4 wave function as the excitations higher than dou-
bles in the E}( operator. As shown in Table 1, this improves
considerably the ground state energy of ozone. The EX-
MEG4 method gave larger correlation energy than the
MEGH4 method in all calculations and the calculated corre-
lation energy was almost independent of the number of
the reference functions. Together with the exp operators
that mainly describe the ground state dynamical correla-
tions, the EL operators take into account both of the
non-dynamical and the remaining dynamical correlations
in a balanced way.

Total energies by the MEG4 and EX-MEG4 methods
are —224.66841 and —224.69651 a.u. using Dunning
TZ + Rydberg [Islp] basis sets, and —224.83023 and
—224.84703 a.u. using cc-pVDZ basis sets [48], respec-
tively. Despite smaller basis sets and less configuration
state functions (CSFs) used in our calculations, these val-
ues are lower than the MC-SCF results —224.66625

(QZVP + Rydberg (Uncontracted)), —224.62019 (QZVP
+ Rydberg), and —224.62221 (TZVP) a.u. [24] due to the
dynamical correlations introduced by the MEG4 method.
However, they are higher than some MRD-CI results
—225.08975 (van Duijneveldt (13s8p)/[8s5p]+ Pol. [2d1f])
[25] and —224.97656 a.u. (Dunning (9s5p)/[5s3p] -+ diff.
[1slp] + Bond pol. [Islp]) [49]. In MRD-CI method,
extrapolations after solving secular equations are supposed
to make the total energies lower. To our knowledge the
MRMP method gave the lowest energy —225.0954 a.u. so
far using the cc-pVTZ basis set augmented with the diffuse
functions (1slpld) [8].

3.2. Ionized states

The ionized states of ozone calculated by the EX-MEG4
method and the SAC-CI general-R method are summa-
rized in Table 2. The theoretical ionization spectrum is
compared with a He II photoelectron spectrum [15] in
Fig. 1. The experimental spectrum shown in Fig. 1 covers
the widest energy range in the spectra so far reported.
The full width at half-maximum (FWHM) of the calculated
monopole intensities was set to 0.4 eV for all the computed
ionized states. For calculating the ionized states, two-
reference functions was used in the MR part &g, since
the MEG#4 correlation energy seemed to converge at the
2-reference level, as discussed above.

With regard to the first three intense peaks at 12.7, 13.0,
and 13.5 ¢V, there are many theoretical [4,6,9,19-27] and
experimental [12-18] studies. From the Koopmans’ theo-
rem, these three peaks are assigned to 1?A,, 1A, and
1°B, states, respectively. However, the Koopmans’ approx-
imation breaks down for ozone, since the Hartree-Fock
single determinant is not an adequate approximation due
to the quasi-degeneracy in the ground state. Initial state
effects play an important role for the correct order of the
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Table 2
Ionization potential(eV), monopole intensity, and main configuration of the ionized states of ozone
State Exptl.? SAC-CI  EX-MEG4°
L.P.(Peak)® LP. L.P.(Intensity)® Main configuration (C > 0.3)
12A, 12.73(1) 13.12 12.98(0.671) 0.80(6a;1) 0.33(1a;22b36a; ")
1B, 13.00(2) 13.36 13.29(0.621) 0478(4b2 ) —0.33(la, '2b;6a; ")
1A, 13.54(3) 13.78 13.79(0.705) —0.90(1a;")
1°B, 14.65 14.66(8.0 x 107) —0.72(6a1 22b1) +0.52(4by 22by)
2’A, 15.10 15.12(5.0 x 1079 0.59(4b, '2b,6a;!) — 0.45(6a;'2b,4b, ') —0.37(4b; ' 1b;'2b76a; )
2’B, 15.6(A) 15.59 15.63(0.0103) 0.82(6a7'2by1as") + 0.32(1ay'2b;6a7")
2%A, 16.20 16.24(0.00263) —0.80(4b; 12b; 1a;1)
2%B, 16.50(4) 16.86 16.75(0.139) ~0.80(1a;22b;) + —0.34(1b; ")
3%A, 17.18 17.21(0.00166) —0.60(6a;'2b;4by 1) — 0.51(4b, 12b,6a; ") — 0. 35(6a;22b21agl)
3°B, 17.6(5) 17.78 17.78(0.0227) 0.61(4by%2by) + 0.45(6a;722by) + 0. 36(6a;14b2 2bllay!)
3°A, 17.6(5) 17.95 17.88(0.180) 0.56(1ay'2by4by ") — 0.39(5a;!) — 037(1a;22b26a;1)+o30(1a;14b;12b%1b;1)
3’B, 17.6(5) 18.29 18.25(0.0950) —0.58(1a5'2b; 6a;! )+0.34(1a222b24b ) —0.31(1ay'6a7'2b31b; ")
4B, 19.4(6) 18.94 18.97(0.00651) 70.78(6a(22b24b ) —0.30(4b; '5a712b%6a; ")
42A, 19.50 19.52(0.0) —0.50(6a;22bj1a; ") + 0.46(4b,22b7 1ay 1) + 0.34(4b, ' 2b;6a; ')
4B, 19.48 19.52(6.0 x 107°) 0.77(1a;" 6arlzb24b2 ) +0.38(6a; '4b, 12b31a; 1)
4A, 20.0(6) 19.98 20.01(0.0745) 0.71(4b, 22b? 6a;1)
5’B, 20.0(6) 20.18 20.14(0.144) 0.49(4b, 12b1 1b, ') — 0.46(5a;'2b; 1a; ') — 0.36(3b; 1)
5%A, 20.0(6) 20.39 20.16(0.189) 0.39(5a;1) 0.32(4by%11ay) + 0.32(6a; % 11a;)
6°B, 20.0(6) 20.74 20.57(0.379) 0.59(3b,') — 0.36(5a; '2b; 1a; ') 4 0.34(4b; '2b; 1b; 1)
5%A, 21.31 21.33(0.0) —0.52(1a216a"2b25a’1) 0.49(4b, '1b; '2b36a7!) — 0.35(5a7'2b4b, 1)
5B, 20.8(6) 21.64 21.44(0.354) 0.56(1b; 1) +0.52(1a;22b;) — 0. 30(1a;22b21b;')
6%A, 20.8(6) 21.45 21.61(0.0288) 0.37(1a;22b36a7!) + 0.35(4b, ' 1b; 12b%1a5") + 0.31(6a;'2bs 1b; ")
6°B, 21.87 21.89(0.00328) —0.57(6a114b212b21ag‘) O33(3b212b14b2 ) 4 0.33(4b, '3b,'2b% 1a51)
A, 20.8(6) 22.06 22.06(0.0181) 0.40(1b; '2b,6a; ) 0. 39(6a1’211a1 ) 4 0.30(6a;'2bs 1b; ")
7°B, 21.99 22.10(0.00203) 0.46(1a,22b34b, 1) — 0.38(1b; 2b14b;1)
8%A, 20.8(6) 22.44 22.26(0.0935) 70.52(6af211a1) + 0.30(6a;'2by 1b; 1)
7°B, 22.48 22.352.7x107%)  —0.55(4b; '2b;3b; )+030(5d;‘2b164 ) — 0.30(1a;'6a; '2b24b, )
6%A, 22.41 2244(1.0x 107 —0.40(4b, Zzbzlagl) 0.38(3b, '2b6a;!) + 0.32(6a; ' Sa; 12bf 12y )
7*A; 22.69 22.63(3.9x 1074 0.52(6a;'2b;3b, " ) +0.36(1a; ' 11a;6a; 1) 0.35(1a;'4b5'2b23b5 1)
8%A, 22.90 22.92(0.00118) 0.54(1a;"'11a;6a; ) 0.43(6a;'2b;3b, ")
8°B, 22.7(B) 23.20 23.03(0.0211) 0462(661111161.4132 )
9%A, 22.7(B) 23.12 23.11(0.0402) —0.70(3b, '2b; 1ay )7 0.37(1a;'2b;3by ")
9%A, 23.13 23.16(8.3 x 107%) —0.62(641]114114 ) 0.41(lay'11a;6a;")
8°B, 23.18 23.20(1.7 x 104 0.53(1a;"'11a,4b, ")
9’B, 23.42 23.44(0.00363) —0.50(5a;'2b;1a;") — 0.41(4b; '2b; 16, 1)
9B, 23.46 23.54(0.00619) —0.50(6ay'2b; 5a;! )70.36(5a1’12b16a1")
10°B, 23.97 23.83(0.00247) —0.49(4by ' 11a;6a;") — 0.45(11a;29b,)
10°A, 24.16 24.10(0.00385) —0.48(4b, % 11a) - 0.40(1a;211a;)
10%A, 24.1(C) 24.43 24.49(0.00674) 0.44(1b;'2bs1a5") — 032(6a;15a;12b21a;1)+0.31(1a512b]1b;1)
11°B, 24.1(C) 25.09 24.77(0.0115) 0.42(4b5%9b,) + 0.33(6a; ' 11a;2b; 12y )
1124, 24.1(C) 24.77 24.94(0.0300) 0.65(1a, ’1 la)
10°B, 24.38 25.03(3.9x107%)  —0.48(3b,'2b;4b;y ') — 0.38(1a;'6a; ' 2b24b; 1)
12?B, 25.28 25.16(0.00115) —0.46(1b;! 2b14b2 Y +0.40(1a,'2b; 5, ") — 0.32(1a; '6a; ' 2b71b7 )
122A, 24.1(C) 25.09 25.16(0.0518) 70.44(1a212b13b Y 4+ 0.44(1a;211a;) +0.35(1b; '2bs6a; )
117A, 25.52 25.42(0.0) —0.53(3b, 2b16a1])
13°A, 25.51 25.47(0.00363) —0.60(4b, '9b,6a; )
112B, 25.97 26.00(1.7x 107  —0.65(1a, '9by6a; 1) 0.31(6a;'9by1a;")
12°A, —d 26.60(0.0037) —0.42(1a;'9by4b, 1) +0.41(1a5'2b; 1b; 1)
13%B, d 26.62(3.0 x 107%) 0‘50(6a1211312b11a ) — 0.30(4b;%9b,)
14°B, 27.03 27.07(0.00121) 70.72(1a2’9b2) 0.30(1a;'11a;1b; )
13%A, 27.20 27.15(0.00202) —0.62(4b, '9by1a5") — 0.31(1a;'9b, '4b, )
14°A, 26.8(D) 27.13 27.23(0.124) 0.34(4a;")
14°A, 27.78 27.40(3.6x 107 —0.38(1ay'9by4b, ') — 0.36(4b;'9a, 1b; ") — 0.36(1b; ' 11a;4b, ') + 0.33(4b; ' 1ay211a;2by)
15%A, 26.8(D) 27.78 27.54(0.0151) 0.66(4b; llb ‘2b21a;1)
15%A, 27.67 27.67(2.6x 1079 0.40(1b; ! 11a14b2 ) —0.33(1a;'9bydby ") — 0.31(4b; ' 11a,1b; ")
12°B, s 28.22(1.3x 1074 0.58(1b; '11a;6a;"') — 0.30(6a; '11a;1b; 1)
13?B, d 28.80(2.0 x 107°) 0.60(1b; 111a16a1 )
 Ref. [15].

® Two reference functions, 0.94(HF) —

0.34((1a2)*> — (2by) 2), are used for the MEG4/EX-MEG4 calculation.
¢ 1.P.s were calculated from the ground state calculated by the EX-MEG4 method.
4 No corresponding solutions were found.
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Fig. 1. (a) He II photoelectron spectrum of ozone'>, and (b) theoretical
ionization spectrum calculated by the MEG4/EX-MEG4 method. In the
theoretical spectrum, the calculated pole strength is shown by the solid
vertical lines at each ionization potential, and the Gaussian curves are
drawn with the averaged line width (0.4 eV FWHM).

lowest three ionized states as discussed using valence bond
picture by Kosugi et al. [22]. Therefore, the EX-MEG#4 cal-
culation gave the different order from Koopmans’ theorem:
1?A; (12.98 eV) < 1°B, (13.29 eV) < 1A, (13.79 ¢V). The
calculated IPs showed reasonable agreement with the

Table 3

experimental data, 12.73, 13.00, and 13.54, respectively
[12-18]. The theoretical ionization spectrum reproduced
well the experimental one, as shown in Fig. 1. This assign-
ment is the same as that reported in the previous studies
[4,6,9,14,15,20,22-25], as summarized in Table 3. The main
configurations of the 12A,, 1°B,, and 1A, states are one-
electron ionizations from the 6a; (in-plane © antibonding),
4b, (in-plane © non-bonding), and 1a, (out-of-plane © non-
bonding, HOMO) orbitals, respectively. However, for the
1°A, and 1°B, states, three-electron processes mix strongly
with the one-clectron ionizations. These configurations are
characterized as the one-electron ionization (6a,)”" from
the doubly excited configuration, (la,, HOMO)> — (2by,
LUMO)?, as shown in Table 2, which reflects the quasi-
degeneracy in the ground state.

The EX-MEG4 results are also compared with the
SAC-CI general-R ones in Table 2. In contrast to the for-
mer subsection, the improvements were obtained by the
multi-reference projection space: (HOMO)? — (LUMO)?
excitation included in the projection space (®Py| in Eq.
(22) of Ref. [37]. It is seen that IPs were especially improved
in the ionized states dominated by one-electron processes,
1?A,, 1°B,, 3%A,, 5°A,, 14*A,, 5°B,, and 6°B, states, and
their IPs were reduced by 0.07-0.23 eV. For example, the
IPs for the 1°A; and 1°B, states were reduced by about
0.1eV due to the EX-MEG4 method and became closer
to the experimental IPs. On the other hand, there are two
cases where the IPs calculated by the EX-MEG4 and
SAC-CI general-R methods were very close to each other.
The first one is the ionization from HOMO (1°A, state),
and the second one is the two-electron process including
the excitation to LUMO. A possible reason is that the pro-
jection space, (@|, which consists of an EGCI expansion,
gave only small effect. Although the reference function
includes the double excitation from HOMO to LUMO,
G¥ in Eq. (13) of Ref. [37], this operator has no effect to
the equation, if the ionization operator E; that removes
an electron from HOMO, or E;‘k that adds an electron to

Vertical ionization energy (eV) of ozone calculated by the MEG4/EX-MEG4 method and other theoretical methods

State MEG4/EX-MEG4* Exptl.© Previous theoretical studies

2 Refl® MRD-CIY FSMRCC® GVB-CI' = MCSCF+CI¥ MCSCF+CI" MRCI  MCSTEP
12A, 12.98 12.73 12.46 12.69 12.91 12.53 12.40 12.44 12.87
1°B, 13.29 13.00 12.53 12.82 13.03 13.09 12.79 12.49 13.16
1?A, 13.79 13.54 13.05 13.43 13.59 12.81 12.97 13.17 13.53
2°B, 15.63 15.6 19.02
2°B, 16.75 16.54 16.37 16.67 15.91

* Dunning TZ + Ryd[1s1p] (each atom).
® Reference function is 0.94(HF) — 0.34 ((1a,)> — (2by)?).
¢ Ref. [15].

4 Ref. [4]. Dunning (10s5p)/[4s2p] + Ryd. [1s1p] (central oxygen) + Bond pol. [1s] (each bond).

¢ Ref. [6]. [14s7p3d/5s4p2d] basis set.

 Ref. [20]. DZ basis set.

& Ref. [19]. DZ basis set.

b Ref. [24]. TZVP.

i Ref. [25]. van Duijneveldt (13s8p)/[8s5p]+ Dunning [2d1f].
I Ref. [9]. CBS.
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LUMO, was multiplied. In both cases, the projection space
becomes qualitatively equivalent to that of the SAC-CI
general-R as follows:

(@] E; = (0l(gy + £ G)E; = go(0|E, (1)
(@] £4, = (0](go + g2 G2)EY, = go(0|EY,, 2)

where the indices i and a represent HOMO and LUMO,
respectively, and j and k are arbitrary occupied orbitals.
These results show that the EX-MEG4 method is useful
for describing ionized states when initial state effects are
important. It is interesting that the strong peaks observed
in the spectrum show large improvements by the present
multi-reference treatment.

A weak band A at 15.6 eV (hereafter, we conform the
peak notations used in Ref. [15]) was assigned to 2”B, state
with the calculated IP of 15.63 eV, which supports the
previous proposal [22]. As shown in Table 3, a pioneering
MCSCF-CI calculation [19] performed in 1975 overesti-
mated the IP for the 2°B, state. Due to the present calcula-
tion, the 2°B, state is characterized as a satellite peak of
the 1B, state and the main configuration is a two-electron
process represented by (6a;'2b;1as!) (see Table 2).

The peak 4 at 16.50 eV was assigned to 2°B; state calcu-
lated at 16.75 ¢V. The main configuration was dominated
by the two-electron process (la,*2b;) and the intensity
was borrowed from the ionization from the 1b; orbital
(out-of-plane 7 bonding). This assignment agrees with that
reported in Refs. [4,20,22]. The parent peak of the peak 4
(2°B; state) is actually in the higher energy region: a broad
shoulder in the higher-energy side of the peak 6 (5°B; state
shown in Table 2).

A broad peak 5 which has the peak maximum at 17.6 eV
was assigned to a composite of the 3°B,, 3%A, and 3°B,
states with the calculated IPs of 17.78, 17.88 and 18.25,
respectively. The 3°B; state has a relatively small intensity
(0.0227) and can be ascribed to a shoulder in the low-
energy side. The 3%A; and 3°B, states have relatively large
intensities (0.180 and 0.095, respectively) and, therefore,
can be assigned to the peak maximum and the higher-side
shoulder, respectively. All of these three states are due to
the two-electron processes, as shown in Table 2. The
3%A, state would correspond to one of the main peaks of
the ionization from the 5a; orbital (in-plane © bonding),
though the intensity was rather small as a main peak.
The intensity contribution from the 5a;! configuration
splits mainly into other three states, 4°A,, 5°A,, and 8%A,
states, as seen from Table 2.

As seen in Fig. 1, a rather strong peak labeled 6 starts
from around 19 eV, and has a maximum and a broad
shoulder at 20.0 and 20.5-22.0 eV, respectively. In the
experiment [15], the peak 6 was assigned as a composite
of three absorptions: a shoulder at 19.4, a peak at 20.0,
and a shoulder at 20.8 eV. Contamination of CO, peak
was also implied, which gave a small peak at around
19.5 eV [15]. In this energy region, we obtained many states
as shown in Table 2. The 4”B, state calculated at 18.97 eV

can be ascribed to the onset of the peak 6, although the
peak of CO, appears in this region. The main configuration
of the 4°B, state is three-electron process which is charac-
terized as one-electron ionization, 4b; ' from the (6a1)2-
(LUMO)? configuration. For the absorption around the
peak maximum, we assigned four states, 4°A,, 5°B,,
5°A,, and 6°B,, which have relatively large intensities
(0.075, 0.144, 0.189, and 0.379, respectively). The 4°A,;
state is due to the three-electron process and its intensity
originates from 5a;' configuration. The 5°B, state is due
to the two-electron process and its intensity originates from
3b; ! configuration (ionization from o antibonding MO).
The 5%A, state is characterized as a linear combination of
(5a;') and the two-electron processes including Rydberg
excitations, (4b2_211a1) and (6a;?1la;), where 1la; is 3s
orbital. Together with the 3%A, state, the 4°A;, 5*°A, and
82A, states are characterized as the correlation peaks that
originate from 5a;' configuration. The 6°B, state, which
has the largest intensity in peak 6, is dominated by the sin-
gle ionization from 3b, orbital. The large shoulder in the
higher-energy side of peak 6 is assigned to the 5°B; state.
This state is characterized as the one-electron ionization
from 1b; (out-of-plane m bonding) orbital. The 6°A,
7?A,, and 8%A, states have intensities 0.0228, 0.0181, and
0.0935, respectively, that also contribute to the tail of peak
6 and the latter two states include excitations to the Ryd-
berg orbitals. As shown in Table 2, there are other states
with very small intensities, 4°A5(19.52¢eV), 4°B(19.52
eV), 5°A,5(21.33 eV), 6°B1(21.89 eV), 7°B5(22.10 V), 7°B;
(22.35eV), and 6°A,(22.44 eV). As a result, the intensities
of peak 6 were mainly obtained by the ionizations from
5a; (in-plane m bonding), 3b,(c antibonding), and Ib;
(out-of-plane © bonding) orbitals.

The experiment suggested the existence of the extremely
small peaks, B (22.7¢V), C (24.1eV), and D (26.8 eV) in
the higher-energy region of peak 6 [15]. As described by
the experimental paper [15], it would be difficult to inter-
pret these peaks only from the experimental data. In our
calculations, we got many peaks as shown in Fig. 1. For
peak B, 8°B, (23.03 eV) and 9°A; (23.11 eV) states can be
assigned, since other states in this energy region, 7°A,
(22.63eV), 8%A, (22.92eV), 9%°A, (23.16eV), &°B;
(23.20 eV), 9°B, (23.44 ¢V), and 9°B; (23.54 eV) have very
small intensities. The peak C can be interpreted to be
10°A,, 11°B,, 11°A;, and 12°A, states at 24.49, 24.77,
24.94, and 25.16 eV, respectively. However, 11°A;, and
12°A, states may be covered with the higher-side of the
strong He peak observed next to the peak C.

For the peak D, the 14°A, and 15%A, state at 27.23 and
27.54 eV, respectively, can be the candidates. The 14°A,;
state has large intensity due to the single ionization nature
from the 4a; orbital, which has 2s antibonding character.
The 15°A, state is dominated by the three-electron process,
(4b;'1b;'2b71a;"). Other states around peak D have very
small intensities. The 13*A; (25.47 eV), 11°B, (26.00 V),
12°A, (26.60 eV), 14°B, (27.07 ¢V), and 14°A, (27.40 V)
states are characterized as the two-electron processes
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including the excitations to the 9b, orbital, which has 3s
and 3po characters.

Although we got the states corresponding to all peaks
observed, the calculation using the basis sets larger than
the current basis set (Dunning TZ + Rydberg basis [1slp])
would be required to verify the present assignment.

3.3. Vertical singlet and triplet valence excited states

Table 1 summarizes the vertical excitation energies and
the main configurations of the valence singlet and triplet
states calculated by the EX-MEG4 method. To compute
excitation energy, the X'A, state obtained by the EX-
MEG4 method was used as the ground state. The excita-
tion energies for the three triplet states, 1°A,, 1°B; and
1°B,, were calculated at 2.07, 1.77, and 1.78 eV, respec-
tively, with the EX-MEG#4 (3 Ref.) calculations. The main
configurations of the 1°A,, 1°B;, and 1°B, states are single
excitation to LUMO: 4b, — 2b;, 6a; — 2b;, and
la,(HOMO) — 2by, respectively. For the 1°A, and 1°B,
states, double excitations to LUMO mix significantly, as
shown in Table 1. The singlet excited states are calculated
to have higher excitation energies than the three triplet
states. The vertical excitation energies for 1'A,, 1'By,
1'B,, and 2'A; states were calculated at 2.21, 2.18, 5.27,
and 4.38 eV, respectively. The main configurations of the
1'A,, 1'B;, and 1'B, states were single excitations to
LUMO, 4b2 — 2b1, 631 — 2b1, and 132(HOMO) — 2b1,
respectively. As in the triplet states, the double excitations
strongly mixed as main configuration, as seen in Table 1.
The 2'A, state was dominated by the double excitations
to LUMO: (6a,)> — (2b;)* and (4b,)> — (2b,)*. These large

contributions from the doubles reflect the quasi-degenerate
nature in the ground state of ozone.

In Table 4, the present results are compared with the
experimental data [1] and other previous theoretical
results [4-8,10,11,24,51]. We briefly summarize the previ-
ous calculations. The MRMP calculation [8] used the
cc-pVTZ basis set augmented with the diffuse functions
(1slpld). The CASPT2 calculation [7] used ANO [4s3p2-
d1f] basis set. The reference CASSCF calculations for the
MRMP and CASPT2 calculations used all valance active
space. The MCLR [5] and EOM-CCSDT-3 [11] calcula-
tions was performed with TZ2P level basis. Three
MRD-CI calculations published in 1978 [4], 2002 [24],
and 2003 [51] used DZP basis set which included the
bond polarization and Rydberg functions, TZVP plus
Rydberg basis set [3s2p2d], and aug-cc-pVTZ respectively.
FSMRCC [6,10] calculations used DZP basis set. In all
these theoretical results, the three triplet states were calcu-
lated to be lower than the four low-lying singlet states.
The 1'B, state was assigned to the Hartley band at
4.9 ¢V, which lies in the energy region much higher than
the other three low-lying singlet states. However, as
shown in Table 4, the singlet excitation energies for the
1'A, and 1'B; states were calculated to be very close to
each other. Therefore, there are different assignments,
depending on the method and the basis set used. The
same is also seen in the triplet excitation energy for the
1°B, and 1°B, states.

In our result, the excitation energy of the 1'B; state
(2.18 eV) is slightly lower than that of the 1'A, state
(2.21 eV). Since the 1'A, state is optically forbidden, the
1'B, state is preferably assigned to the experimental peak

Table 4
Vertical excitation energy (eV) of valence singlet and triplet excited states of ozone calculated by the MEG4/EX-MEG4 method and other theoretical
methods
State Present®  Exptl.® Previous theoretical studies
CASPT2(g,)° MRMPY MCLR® FSMRCC' FSMRCC: EOM-CCSDT3 MRD-CF MRD-CI® MRD-CI®
Singlet states
2'A, 4.38 433 5.95 4.39 3.60 4.24
1'A, 2.21 ~1.6 2.03 1.88 2.14 2.17 1.87 2.23 2.27 1.72
1'B, 2.18 2.1 2.11 1.97 2.17 2.13 1.98 2.29 2.15 1.95
1'B, 5.27 4.9 4.69 4.81 5.10 5.52 5.32 5.21 4.85 497 4.99
Triplet states
1A, 2.07 - 1.77 1.65 1.81 1.95 1.68 1.94 2.15 1.44
1°B, 1.77 - 1.62 1.51 1.66 1.62 1.53 1.79 1.85 1.59
1°B, 1.78 - 1.67 1.71 1.14 1.37 1.18 1.64 1.46 1.20

* MEG4/EX-MEG4 result with TZ + Rydberg basis set. Reference function is —0.92(HF) + 0.37((1a,) 2. (2b1)2) — 0.12((1by) — (2by)).

° Ref. [1].

[
4 Ref. [8]. cc-pVTZ + diff. [Islpld].
¢ Ref. [5]. POLI [5s3p2d] basis set.
! Ref. [6]. Huzinaga-Dunning (9s5p/1d)/[4s2p1d] basis set.
£ Ref. [1

0]. DZP basis set.
]

b Ref. [4]. Dunning (10s5p)/[4s2p] + Ryd. [1s1p] (central oxygen) + Bond pol. [1s] (each bond).

" Ref. [11]. POLI [5s3p2d] basis set.

1
I Ref. [24]. TZVP for triplet, TZVP + Rydberg basis set [3s2p2d] for singlet.
[51
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at 2.1 eV which has the intensity much larger than the peak
around 1.6 eV [50]. More elaborate calculations using lar-
ger basis set would be necessary for obtaining a conclusive
result about the ordering of these states.

In the previous studies [4,5,7,8,10,11], the 1'A, state was
calculated to have smaller excitation energy than the 1'B,
state, although the difference was very small as seen in
Table 4. For the 2'A, state, which produced by the two-
electron process, the present EX-MEG4 calculation gave
4.38 eV for the excitation energy, which is close to the
CASPT2 and the recent MRD-CI results [7,24,51], while
the previous MRD-CI excitation energy was very small,
3.60 eV. The EOM-CCSDT-3 gave much higher excitation
energy of 5.95 eV, which could be due to the lack of qua-
druple excitation operators in the wave function. For the
1'B, state, the present calculation gave the excitation
energy of 5.27 eV. This state was assigned to the Hartley
band observed at 4.9 ¢V [4,5,7,8,11].

As shown in Table 1, the excitation energy calculated by
the EX-MEG4 method showed only minor changes with
the different number of the reference functions. Even
EX-MEGH4 (1 Ref.) result, which is identical to the single-
reference SAC-CI general-R calculation, was comparable
to the EX-MEG#4 (2 and 3 Ref.) calculations. The previous
EOM-CCSDT-3, single-reference coupled-cluster including
triples, calculation [11], also gave the excitation energy sim-
ilar to the present result for the one-electron excited states.
This is probably due to the projection space, (| as in the
ionized states. Because the low-lying excited states were
excitations to LUMO, the projection space becomes almost
equivalent to that of the SAC-CI general-R method (EX-
MEGH4 (1 Ref))).

(@|E* = (0](gy + £G)E = go(0|E“. 3)

The indices i and a represent HOMO and LUMO, respec-
tively, and j is arbitrary occupied orbital.

4. Conclusion

The MEG4/EX-MEG4 method has been applied to
the singlet and triplet excited states and the ionized states
of ozone. The ground electronic structure of ozone has a
bi-radical character and the MEG4 method significantly
improved the correlation energy over the SAC method.
This is because the HOMO-LUMO double excitation
operator was included in the multi-reference configura-
tions of the wave function. The ionization spectrum was
also improved by 0.07-0.23 eV, and the experimental
spectrum was reproduced in a wide energy range from
the outer-valence to the high-energy inner-valence regions
up to 28 eV. For the satellite peaks, our calculation sup-
ported the previous assignments for the peak A and 4.
New assignments were proposed for the peaks 5 and 6
in the experimental spectrum [15]. We have also given
new assignments for the peaks B, C, and D lying in the
higher-energy region of peak 6.

The present results for singlet and triplet excited states
are comparable with the other recent theoretical results.
However, the 1'A, and 1'B; states were calculated to be
very close to each other and the same for the 1°B; and
1°B, states.

The MEG4/EX-MEG4 method can describe well quasi-
degenerate electronic structures and give nice agreements
with the experimental data, which is better than those
obtained with the SAC-CI general-R method.
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