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Electronic structure and bonding of ozone
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The ground and low-lying states of ozone (Os) have been studied by multireference variational
methods and large basis sets. We have constructed potential energy curves along the bending
coordinate for (1,2) 'A’, (1,2) 'A”, (1,2) *A’, and (1,2) A" symmetries, optimizing at the same
time the symmetric stretching coordinate. Thirteen minima have been located whose geometrical
and energetic characteristics are in very good agreement with existing experimental data. Special
emphasis has been given to the interpretation of the chemical bond through valence-bond-Lewis
diagrams; their appropriate use captures admirably the bonding nature of the O; molecule. The
biradical character of its ground state, adopted long ago by the scientific community, does not follow
from a careful analysis of its wave function. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2960629]

I. INTRODUCTION

The ozone molecule (O3) can be thought of as a tri-
atomic allotrope of dioxygen (O,). It is well known by now
that it is diamagnetic, thermodynamically unstable with
respect to O,, and has a v-shaped geometry with an
<000 angle 6,=116.7542+0.0025° and a bond distance
r,=1.27276+0.000 15 A, as obtained from high resolution
infrared spectra.l It is fair to mention, however, that the first,
in essence, definitive geometry of O3 was obtained as early
as 1953 by Trambarulo et al? through microwave spectro-
scopy. These workers obtained r,=1.278+0.003 A, 6,
=116.82£0.50°, and a dipole moment ©=0.53=0.02 D.
The most accurate experimental dipole moment recorded so
far is ©=0.533 747(3) D.}

A very large number of experimental and theoretical
studies have been devoted to the low-lying states of Os. The
interest on ozone was increased dramatically after the paper
by Molina and Rowland in 1974, referring to its interaction
with man-made chlorofluorocarbons and its subsequent
depletion in stratosphere, resulting in turn to the diminishing
shielding of the Earth’s inhabitants from the ultraviolet ra-
diation due to the strong O; absorption between 220 and
290 cm! (Hartley band).

The electronic structure of O3 has been the subject of a
plethora of theoretical studies, starting mainly in the early
1970s.>”’ Nevertheless, it does not seem to exist a recent,
systematic, and comprehensive high level study of the
ground and low-lying states of O3, focusing on its electronic
structure and bonding through the construction of potential
energy profiles (PEPs) and with no symmetry constraints
other than C,. On the other hand, the remarkable work of
Schinke’s group extending to 39 publications starting in
1997, centers, primarily, on the O; dynamics and
spectroscopy.
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The authors of the earliest group,5 employed generalized
valence bond (GVB)+configuration interaction (CISD) cal-
culations coupled with [4s2p] or [3s2pld] basis sets, to
study the ground and a series of excited states, spanning an
energy range of 5.5 eV. In the introduction of Ref. 5(d) it is
stated that, “These studies showed that the ground state of
ozone is well represented as a biradical

o)
0/ \O

with weak bonding between the singly occupied 7 orbitals
on the terminal oxygen atoms.” This view, i.e., the biradical
character of the ground state of O3, has been well accepted
from the scientific community and holds good up to these
da1ys.7(b)’7(c)’9_14 However, our variational multireference cal-
culations do not show a biradical character, or at least, the
consistent interpretation of our results do not need to invoke
any open singlet biradical interpretation (vide infra).

The Peyerimhoff glroup6 performed MRD-CI calcula-
tions (multireference+selected singles and doublets
+extrapolation), using 6s4p1d contracted Gaussian basis sets
augmented by a set of s or s and p bond-type functions
located between the oxygen atoms of Os. In these series of
papers the authors have calculated potential energy surfaces
(PES) and potential energy profiles (PEP) of the ground and
certain excited states, transition moments, and dissociation
energies, aiming, mainly, in interpreting the experimental
spectroscopy of ozone.

Relevant results from the collection of papers given in
Ref. 7 will be discussed later on in the present work.

The motivation of the present study is the examination
of the ground and a series of excited states, specifically sta-
tionary states located on optimized PEPs of symmetries A’
and 'A”. We employ quantitative basis sets, multireference
variational methods (internally contracted MRCI=CASSCF
+single+double replacements), and we have constructed
PEPs with respect to the <£<OOO(=6) angle ranging from
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TABLE 1. Total energies E(E,,), geometries re(A), 6, (degrees), dipole moments w,(D), separation energies T,(cm™'), and barrier to linearity BL(kcal/mol) of

13 states at the MRCI(MRCI+Q)/4Z level.

State® -E T, 0, He T, BL
X ALK 'A) 225.142 16 1.2724 116.82 0.546 0.0 88.8 to 'A,
(225.1959) (1.277) (116.75) (85.7)
Expt 1.272 76(15) ° 116.7542(25)° 0.533 747(3) ©
13A%(A,) 225.093 67 1.3412 98.78 0.617 10 643 4351073
(225.1504) (1.342) (98.64) (9968) (41.7)
Expt 1.345¢ 98.9¢ 9963+4°
1'A;('A) 225.092 51 1.4401 60.0 0.0 10 896.5
(225.1467) (1.441) (10 790)
1°A.(B,) 225.091 75 1.3542 108.55 0.197 11 063 57.6 to °TI,
(225.1467) (1.355) (108.47) (10 793) (50.5)
Expt' 10 485
1'47('A,) 225.085 14 1.3460 99.45 0.615 12514 529 10 'A,
(225.1413) (1.348) (99.04) (11 972) (51.3)
Expt’ ~12905
13A47(B)) 225.083 59 1.3120 126.44 0.156 12 853.5 37210 7%
(225.1404) (1.316) (126.80) (12 178) (35.2)
Expt 11695111 937+242 ¢
23AL 225.078 21 1.3342 115 0.206 14 035.7 69.2 to °TI,,
(225.1349) (1.335) (115) (13 385) (43.2)
21A7 225.066 20 1.3504 120.10 0.208 16 669.3 72.9 to 'TI,
(225.1231) (1.353) (118.0) (15 966) (71.0)
Expt 16 454242 ¢
16385420 "
214'('A) 225.047 33 1.3924 85.0 0.186 20 810 36.0 to 'S}
(225.1035) (1.393) (85) (20 272) (35.1)
23A,(B,) 225.026 79 1.4234 103.71 0.040 253233 38.7 to 'S}
(225.0812) (1.424) (103.7) (25 158) (37.0)
i, 225.007 37 1.4501 180.0 0.0 29 582.3 0.0
(225.0660) (1.450) (28 509)
234, 224.997 00 1.4749 154.95 0.024 31 859 20.0 to *I,
(225.0557) (1.473) (154.4) (30 761) (21.0)
21Ay 224.991 97 1.7196 46.43 0.284 32961
(225.0493) (1.703) (46.6) (32 160)

G and L refer to global and local minima, respectively; in parenthesis C,, symmetry species.

"Reference 1.
“Reference 3.

dReference 17. From the analysis of the rotational structure of the high resolution FT 08 absorption spectrum of the 3A2<—)? 'A, band system of the isotopomer

190;; rgoo and By values.
“Reference 18. Absorption spectra.
"Reference 13, T, value.
£Reference 19(b).

T‘Reference 19(a).

'This state can be considered as the local minimum of the two Renner-Teller components, 1 3A” and 2 3A".

180° through complete dissociation to O,+O, optimizing at
the same time the bond distances at every 6 point in a C,,
fashion at the icMRCI level. However, all calculations have
been done under C, constraints.

In all present calculations the correlation consistent po-
larized valence basis set of quadruple cardinality, cc-pVQZ
=12s6p3d2flg was used, generally contracted to
[5s4p3d2f1g] (=4Z)." For the O; molecule, this basis set
creates a functional space of 165 spherical Gaussians. The
zeroth order (CASSCF) wave function has been constructed
by distributing the 18 valence electrons [(2s*2p*) X 3] in 15
orbitals, 12 of @' and 3 of ¢” symmetry species. Depending
on the symmetry, CASSCF expansions range from about
8000 to 11 500 configuration functions (CF), with icMRCI
expansions from 5 to 8 X 10° CFs.

We report geometric and electronic features of O5 for 13
states spanning an energy distance of 4 eV. All calculations
were done with the MOLPRO suite of codes.'®

Il. RESULTS AND DISCUSSION

In what follows, Secs. II A-II D, we present details of
PEPs of similar symmetry, namely, (1,2)'A’, (1,2) 'A”,
(1,2) *A’, and (1,2) *A”. Table 1 lists pertinent numerical
results of 13 states, whereas Fig. 1 displays all calculated
PEPs, and Figs. 2-5 PEPs of the same C; symmetry. We
remind that all calculations were performed at the
icMRCI/4Z level; no corrections of any kind, i.e., core elec-
trons (~1s2), basis set superposition errors, or scalar relativ-
istic effects were taken into account, deemed of minor im-
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FIG. 1. MRCI/4Z PEPs of (1,2) 'A’, (1,2) 'A”, (1,2) ’A’, and (1,2) *A”
symmetries.
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FIG. 2. MRCI/4Z PEPs of (1,2) 'A’ symmetries.
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FIG. 3. MRCI/4Z PEPs of (1,2) 'A” symmetries.
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FIG. 4. MRCI/4Z PEPs of (1,2) *A’ symmetries.

portance within the scope of the present work. Size
nonextensivity errors are mitigated through the Davidson
correction for unlinked clusters (+Q). In all calculations the
05 molecule lies on the yz plane, the z axis being defined by
the internuclear line O(1)-O(2) with the O(1) atom located at
the origin.

A.1'A" and 2 'A’

The ground state of O5 is of 'A’ (C,) symmetry, or 'A,
in the C,, point group, determined as global (G) minimum
on the 'A’ curve and denoted as X 'A/; in Table I. The cal-
culated geometry (r,, 6,) and dipole moment (u,) are in ex-
cellent agreement with the experimental values. With respect
to O5(X *%,)+O(’P) our D, at the MRCI(+Q) level is 22.71
(23.3) kcal/mol; this should be contrasted with the experi-
mental number D,=26.105=*0.392 keal/mol.*® For com-
parison, we give the best theoretical values so far at the
MRCI level (MRCl/cc-pV5Z level) [Ref. 7(f)] r,=1.271 A,
0,=116.9°, and D,=23.8 kcal/mol, practically identical to
ours. The same authors give a D, value obtained at the
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FIG. 5. MRCI/4Z PEPs of (1,2) *A” symmetries.
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multireference average quadratic coupled cluster, MR-
AQCC/cc-pV5Z level, but the results cannot be considered
as reliable judging from the last two columns of Table IV of
Ref. 7(f). Finally, our calculated harmonic frequencies,
w;(ss;a,)=1140.8,  w,(b;a;)=718.6, and ws(as;b,)

J. Chem. Phys. 129, 054312 (2008)

=1102.5 cm™!, are in very good agreement with the corre-
sponding experimental Values,21 1134.9, 716.0, and
1089.2 cm™!.

The leading CASSCF configurations for the X 'A/ state
are as follows:

X TAL) = 0.91|1a'%2a'*3a"*4a"*5a"*6a'*Ta'*8a"*9a'*10a"*1a"24"?)

-0.29/1a'*2a'*3a'*4a"*5a"*6a'*1a’*8a'*9a'*10a'*1a"*3a"?)

=[7a'*8a'*9a"*10a'*[(0.91)1a"*2a"

suppressing finally the first six a' orbitals, which are, in es-
sence, linear combinations of the 15> and 25> atomic oxygen
orbitals. Notice that the a’ and a” orbitals lie on the molecu-
lar plane (yz) and along the x axis, respectively.

The configurations above point clearly to a closed shell
(regular) singlet; the “0.29” component is a usual 2a">
— 3a"? excitation, or in a slightly different language, a GVB
correlation. As the <{O00(=6) angle increases from 6, to
0=180°, the 0.29 component diminishes monotonically until
it reaches a value of “0.15” at the linear arrangement lAg. In
the linear configuration the O3 molecule is described ad-
equately by two configurations of equal weight,

I'A,("A")) = 0.66(|7a'*8a"*9a"*1a"*2a"*3a"?)
_ |7a/28a/29a/210a/21a1122a//2>).

The only way that a lowest IA symmetry can be realized is
through the interaction of 0,(a 'A )+O( D;M,;=0)
—05('A o). Using valence-bond-Lewis (VbL) diagrams we
have the followmg bonding scheme

2px
( - )
O O» 0O—0

Oya {AX)

+(2 — o§0 — 0,(A)

O('D; M=0)

We recall that a lAg and 'D are the first excited states of O,
and O, located experimentally (theoretically) 22.64 (22.37)
and 45.15 (45 82) kcal/mol above the X 32 and P states,
respectlvely

The bond distance and energy of the lA linear configu-
ration are r=1.308 A and E=—-225.000 59 Eh

The smooth correlation of the X 'A/, state to the lAg
linear configuration suggests that the ground state of ozone is
formed from Oz(a A) and O(! D) The linear attack of
O('D) to O,(a 'A o) gives rise to A O; symmetry, whereas

a perpendicular one leads to the X 1AG state, the bent struc-

-(0.29)1a"*3a")),

ture being more stable, obviously because the p . electrons of
O, are easily accessible as compared to the o ones along the
Z axis.

The upshot of this discussion is that the ground state of
O4 is a genuine closed shell singlet formed from O,(a 'A o)
and O('D), or that one of the in situ oxygen atoms is in its
first excited 'D state, and the remaining in situ O, in the
a lAg state. This is shown schematically by the vbL diagram
given below

This diagram rationalizes the bent structure of O; and the
positively charged, +0.24 at the CASSCF or MRCI/4Z level,
of the central atom. Following a more conventional chemical
language the previous diagram can be written as

in conformity with the traditional “bonding” textbook
icons.>** This picture explains as well the low adiabatic dis-
sociation energy of O'; with respect to O,(X °3 )+O( P),
D,=26.1 kcal/mol.*® However, with respect to 02(a A)
+O( D) the experimental (theoretical, MRCI+Q) b1nd1ng
energy is  D,=26.1+22.64(a 'A,—X 3 )2 +45.15('D
—3P)? kcal/mol=93.9(91.9) kcal/mol a much more
“reasonable” value. In comparlson the binding energy of
0,(X %)) is D,=120.2 keal/mol.2
Movmg now further to the left of the 1 'A’ curve and
after passing a barrier of 55.2 kcal/mol due to the avoided
crossing between the 1 'A’ and 2 'A’ curves at §=85°
(Fig. 2), the ozone molecule is trapped in a local (L) mini-
mum with Dy, geometry (1 'A;). This equilateral cyclic iso-
mer of O3 has not been observed experlmentally but it has
been extensively studied theoretically. 5(0).25-27.7(0.28.29 e
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best theoretical numbers so far are those of Ref. 7(f) at the
MRCl/cc—pV5Z level: r,=1.438 A and T7,=10912.4 cm™,
in very good agreement with the results of the present work
(Table I). With respect to O,(X 32;)+O(3P), the 1 IAL state
is unbound by 8.45 (7.5) kcal/mol. Our three calculated har-
monic frequencies (two degenerate) are w;,=794.1 and
@;=1115.1 cm™!, as compared to the calculated vibrational
energy differences AG(01+00)=790.8 cm™' and AG(10
—00)=1088.4 ¢cm™' of Qu et al.”

The main CASSCF 1'A] configuration and
Mulliken atomic populations are I lAL}
~0.93|7a'?8a'*9a'*1a"*2a"*3a"%) and

251922p1%2p 1 092093309 jdentical for all three atoms by

symmetry. Obviously, the in situ atoms are in their ground *P
state with the bonding clearly pictured by the vbL diagram

0,(1'4,)

The instability of the 1 IAL isomer is due to the nonoptimum
direction of the 2p, and 2p, atomic orbitals leading to a
small overlap and the Coulomb—Pauli repulsion of the three
2p, electron pairs perpendicular to the molecular plane (yz).
This “strained” cyclic configuration reminds the cyclopro-
pane molecule (C3H) isoelectronic to Os. The oxygen atom

is isoelectronic to the parent carbine CH,(X *B,); its ground
state being also of B | symmetry under C,, constraints. It is
remarkable that by bringing together in a proper fashion

three CH, species in their X 3B, state, the highly strained
cyclopropane molecule is obtained. Cyclopropane, although
highly strained, is quite stable with a boiling point of
—-32.9 °C and a melting point of —127 °C, and a topology
identical to that of the cyclic ozone, from which the former is
obtained upon substitution of the six p, electrons by six
H(®S) atoms distributed above and below the planar
skeleton.

The 2 'A’ PEP correlates to the IE; structure (#=180°),
6.8 (7.3) kcal/mol higher than the corresponding linear
'A (1 'A") arrangement. At 6=85° and r,=1.3924 A we
have a minimum ('A,), the result of an avoided crossing
between the 1 'A’ and 2 'A’ profiles; see Table I and Fig. 2.
The barrier to linearity (12;) is BL=36.0 kcal/mol, whereas
the barrier to dissociation, from 6#=85° to #=60°, is 85.6
kcal/mol. The same avoided crossing has been previously
discussed by Banichevich and Peyerimhoff.6(e) However,
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their numerical results are considerably different from ours
(0=87°, r,=1.46 A, T,=20 164 cm™"), mainly due to the
size of their basis set. The leading CASSCF configurations
of the 2'A" state is [2'A’)=|[(0.87)7a'*8a'*9a’?
—(0.33)7a’?8a'?10a’*]1a"*2a"*34"?), similar to the charac-
ter of the cyclic 1 lAi state, and with practically identical
Mulliken populations, mirroring the in sifu P ground state
of the oxygen atoms.

B.1'A”and 2 'A”

The 1 'A” PEP is the second Renner—Teller companion
of the lAg linear configuration, the first one being the 1'A’
previously discussed: Figs. 1 and 3. As the <<OOO angle
decreases the 1 'A” curve suffers an avoided crossing at
#=120° with the 2 'A”; the latter correlates to the linear
structure 'TT,. Under C,, restrictions the 1 'A” and 2 'A”
cross each other at #=120°, belonging to the symmetry spe-
cies 'B; and 'A,, respectively.®®” The 1 'A” correlates to
the ground state fragments O,(X 3E;)+O(3P), it is unbound
with respect to these products by 13.1 kcal/mol and has an
energy barrier of 75.1 kcal/mol at =60°.

The first experimental measurement on the low-lying ex-
cited states of O3 was published in 1990 by Anderson et al.®
These workers reported that 7,(1 lA"(1A2)<—f 1A'G(IAI))
=9990+70 cm™, ,(ss)=1200 cm™!, w,(D)
=528+15 cm™!, and w;(as)=90+80 cm™!. A few years

later Amold et al" through anion photoelectron
spectroscopy ~ obtained Ty=~12905 cm™' and w,(b)
=690*+100 cm™". Our 7T, MRCI(+Q) value is

12 514(11 972) ecm™!, with w;(ss)=1085.8 cm™' and w,(b)
=557.2 cm™!. However, our asymmetric stretching fre-
quency ws(as) is imaginary, i.e., w;(as)=223i cm™'. As far
as we know the w; frequency has never been calculated be-
fore, but it has been stated as early as 1991 that it is
imaginary.”’ Our MRCI(+Q) r, and 6, values, Table I, are in
perfect agreement with the recent ones calculated by
Grebenshchinkov et al.**

The main equilibrium CASSCF CFs of the 1 'A” state
are

|1 'A") = |7a"?8a"*9a'*1a"*2a"[0.62(10a" '3a""!
- 10a''3a""])
+|7a'*8a'*10a'*1a"*3a"*[0.27(9a’ '2a"!
-9a'24")])

clearly an open shell singlet. As was already mentioned, the
1 'A” state correlates to the linear lAg configuration whose
CASSCEF CFs are very similar to the ones of the bent state,
simply the “0.62” and “0.27” coefficients become “0.65” and
“0.15,” respectively.

The 2 'A” PEP, or 'B, under C,, restrictions, presents a
global and a local minimum at 6= 120.10(21Ag) and 6
=46.43°(2 1AZ): see Fig. 3. At the MRCI(+Q) level we ob-
tain r,=1.3504(1.353) A, 6,=120.1(118.0)°, and T,(2 'A;
—X 1A’G)=l6 669.3(15 966) cm™!, as contrasted to the ex-
perimental 7, value of 16385+20 cm™' [Ref. 19(a)] or
16 454 +242 cm™.""®  The corresponding numbers of
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Grebenshchinkov ef al.® are r,=1.3346 A, 0,=121.38°, and
T,=15776 cm™'. Although two of the experimental frequen-
cies are known,'”® namely, w,;=1213%5 cm™! and o,
=638*=5 cm™!, we were unable to calculate them as our
minimum sits on an avoided crossing because of the C; sym-
metry presently used. Under C,, constraints the two curves
1 'A” and 2 'A” transform to “quasidiabatic” 'A, and 'B; and
cross each other. The calculated frequencies of the
2 1A"('B,) state at the MRCI/aug-cc-pVQZ level given in
Ref. 8 are w,(ss)=920 cm™', w,(h)=560 cm™!, and w;(as)
=1020 cm™!, differing considerably from the experimental
ones.'?®

The leading CASSCF CFs of the 2 lAg state and its
corresponding linear companion 'TI,, are as follows:

12 'AL) = 0.60|7a'*8a"?10a"*1a"*2a"*(9a" '3a""!
-9a''3a"))
+0.31|7a'*8a'%9a'*14"*3a"*(10a’ ' 2a"!
- 10a''2a"")34",

I'I1,) = 0.59|7a'*8a'*9a'*1a"*2a"*(11a' '3a""
—11a''3a"")
-0.19|7a'*8a'*10a'*1a"*2a"*(11a' '3a"!
—11a''3a""),

with no doubt open singlets.

With respect to the adiabatic species O,(a 'A )+O( D)
the binding energy of 2 'A'é is D,=43.24 kcal/ mol but it is
unbound with respect to O,(X 3Eg)+0( P) by 24.35 kcal
/mol.

On the 2 'A” PEP a shallow local minimum is observed
(2 'A)) at =46.43° and r,=1.720 A, with a barrier to dis-
sociation of 5.45 kcal/mol (Fig. 3). With respect to the
0,(a 'A )+O( D) fragments this “state” is higher by 3.3
kcal/mol The 2 'A] minimum has also been located by
Xantheas et al.’! at the CASSCF level.

C.13A’ and 2 3A’

The PEPs of the 1 *A” and 2 A’ are displayed in Fig. 4.
Under C, symmetry the global minimum of the 1 A’ curve
(1°A]) correlates to a linear *II, configuration due to an
avoided crossing at near 160° with the 2 A’ PEP. In other
words, diabatically, the 1 AG traces its ancestry to the 3l_[
linear arrangement, whereas the %H is inherently of repul—
sive nature.

The only experimental findings for the 1 3A’G (°B, under
C,,) are the To(1°A,—X 'A;)=10485 cm™' and w,(h)
=580+50 cm™! (Ref. 13); a second T value of
10 405+242 cm™' is given in Ref. 19(b). At the MRCI(
+0) level we obtain T,=11063(10793) cm™, 7,
=1.3542(1.355) A, and 6,=108.55(108.47)°; see Table I.
Similar geometrical results have been reported in Ref. 7(e) at
the CASPT2/4s3p2d1f level, and the MRCl/cc-pVQZ.>
With respect to O,(X 3E;)+O(3P) the 1 A/, state is unbound
by 9.0 kcal/mol, but the energy barrier to dissociation with
respect to 6 is 107.7 kcal/mol. However, we were unable to
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calculate the three harmonic frequencies due to severe tech-
nical problems. At #=60° the two curves 1 A’ and 2 *A’ are
degenerate, marking a conical intersection.

The most significant configuration is

|1 3A5(B,)) = 0.96|7a'*8a"*9a"*10a'*1a"2a"3a""),

with 1a"~O.83(2px(2))+0.29(2px(1)+2px(3)), 2a"
zO60(2[7)6(2))—066(2[7)6(1)+2px(3)) and 361”“0.72(2}7/\.(1)
-2p,@3))- In accord also with the CASSCF Mulliken atomic
populations, the bonding can be represented by the following
vbL graph

Note that the in sifu oxygen atoms are in their 3p ground
state with the two uncoupled electrons distributed perpen-
dicularly to the molecular plane. Alternatively, an in situ O,
(0,05 or 0,-0,) is 1n the X 32 state with the third
oxygen (O, or O;) in the *P state.

The shallow minimum of the 2 A’ at §=155° results
from the avoided crossing between the 1 *A’ and 2 A’ PEPs
under C, symmetry. A second avoided crossing occurs with
an incoming (not calculated) 3 A’ curve that transfers
its character to the 2°A/(°B,) state; see Fig. 4. The

MRCI(+Q) molecular parameters are T,(2 3A’G<—)? lA'G)
=253223(25 158) cm™!, r,=1.4234(1.424) A, and 6,
=103.7(103.7)°. The leading configuration is

12 3AL(B,)) = 0.95|7a'*8a"*9a" ' 10a’ ' 1a"2a"*3a"™),

with  9a’ = 073(2pv(1)+2pz(3)) and 10a’ = 067(2[))(1))
=0.60(2p,3))+0.35(2p,(3)). The CASSCF atomic Mulliken
densities are identical to those of the 1 lAi (cyclic isomer),
indicative of the ground state *P in situ character of the three
oxygen atoms. The emerging bonding picture is given below

the same with the previous one but with the singly occupied

2p orbitals lying on the molecular plane (yz). Clearly, cou-

pling the singly occupied orbitals into a singlet, the cyclic

isomer 1 'A; obtains (vide supra). It is also interesting to

notice that an in situ O, (0O,—03 or O;-0,) molecule is in

the a IA electronic conﬁguratlon the third oxygen (O, or
03) atom being in the *P state.
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D.13A" and 2 34"

Figure 5 shows the 1 *A” and 2 *A” PEPs which suffer
an avoided crossing at 6=117°. At #=180° the 1 *A” curve
becomes * 2 represented adequately by the leading CASSCF
P25y =0.93|7a'%8a"29a"10a" 1a"2a"3a").
Upon bendlng We meet the first (local) minimum 1 3A" (or
3B, under C,,) at 6=126.44°, whose main conﬁguratlon is
identical with that of the linear 32; arrangement but with a
variational leading coefficient of “0.90.” The vbL diagram
below captures the bonding nature of the 1°A7(*B,) state,
supported also by the CASSCF Mulliken atomic populations

Observe that all three oxygen atoms are in the ground °P
state with the singly occupied 2p orbitals perpendicular to
each other. Alternatively, we can consider the 1 3AZ state of
O3 molecule as a “resonance” structure of an in situ
Oz(lAg) +0(°P) and 02(32;)+O(3P). It should be noted that
the electronic structure of this state is of the same type with
that of the 1 'A” previously discussed, but with the two 2p
electrons of the latter coupled into a singlet. This is the rea-
son that these states are practically degenerate, differing by
1.5mE,, the singlet being lower; see Table I. From Table I we

can see that our calculated 7,(1 3AZ<—)? 1Aé;) separation is in
a very good agreement with the corresponding experimental
values.' "

The global minimum of the 1 °A” curve, 1 3A’(’; (or A,
under C,,), results from an avoided crossing with the 2 *A”
curve near 6=117°; the latter has already suffered an avoided
crossing at about 165° with another (not calculated) PEP of
the same symmetry. The main CASSCF CFs of the 1 3Ag
state are

|1 3A%) =~ 0.89]7a'*8a"*9a"*10a’ ' 1a"*2a"*3a"")
+0.33|7a'%8a'%9a""10a'*1a"*24""3a"),

not very different from those of the local minimum 1 *A}. As
a result the bonding is of the same nature as in the
1 3AZ(SBI), but its structural characteristics are dissimilar. At
the MRCI(+Q) level we obtain r,=1.3412(1.342) A, 6,
=98.78(98.6)°, and T,(1 A}, —X 'A)=10 643(9968) cm".
Corresponding experimental numbers are r,=1.345 A, 6,
=98.9°," and T,=9963*+4 em™'® in excellent agreement
with the present values. With respect to O,(X >3 )+O(3P)
the 1 %A” state is unbound by 7.78 (4.9) kcal/mol and has an
energy barner to dissociation with respect to the 6 coordinate
of 67.07 (65.71) kcal/mol. At 60° the two PEPs, 1 3A” and
2 3A", show a Jahn-Teller degeneracy; see Fig. 5.

The 2 3A” curve correlates to the linear 3Hu state; as the
molecule is bent (*B;) the energy raises up to 165° where it
meets a third *A” curve. Subsequently, the energy plummets
along a *A, branch ending to a minimum at 115°. The rest of
the 2 A” curve follows a *B; path until a maximum at 60°
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when it becomes degenerate with the 1 *A” PEP. Numerical
values of the global minimum 2 3AZ;, the local being the
linear configuration, are presented in Table I.

lll. SUMMARY AND REMARKS

The present study examines the electronic structure of a

few low-lying states of the ozone molecule, namely,
X'AGX A, 1°A3CA),  1'A[(A),  1°AGCB)),
1'A"(Ay), 1°A1CB),  2°AG, 24 2'A'('A)),

2°AL(By), °l,, 2°4;, and 2 'A}, a total of 13 minima
spanning an energy range of 4 eV. All calculations were per-
formed at the valence MRCI (=CASSCF+1+2)/cc-pVQZ
level of theory under general C, symmetry conditions. We
have constructed PEPs along the bending coordinate from
180° to dissociation products O,(X * 2 or a'A 2
+0(CP or 'D), optimizing at the same time the O 0-0 dlS-
tance(s) in a symmetrical fashion. The 13 states presently
studied were found as global (G) or local (L) minima on the
constructed PEPs. All our numerical results are in very good
agreement with available experimental values.

The focus of this work is the critical examination of the
structure and bonding of certain low-lying states, some of
which are studied systematically and at this level for the first
time.

For the ground X 'A,(X 'A,) state, the analysis of our
results indicates clearly that it is a regular singlet, not an
open singlet as it was accepted up to now, with all the in situ
oxygen atoms in their ground P state. Our results consis-
tently support that the bonding in the X state is formed from
the first excited states of O,(a 1Ag) and O('D) through a
perpendicular attack of the latter to a p, electron pair of O,.
In the elusive cyclic isomer, 1 'A;('A,), the in situ oxygen
atoms are in the ground P state with the three 2p oxygen
electron pairs perpendicular to the molecular plane. An inter-
esting similarity of the 1 'AL state is noticed with the isoelec-
tronic highly strained but stable molecule cyclopropane
[CsHe=(CH,)5].

In the states 1 *A/.(°B,) and 2 *A/(*B,) the three in situ
oxygen atoms are in the P state, with the two unpaired
electrons perpendicular and parallel to the molecular plane,
respectively. In other words an in situ O, finds itself in the
%E state (1 *A[) and in the 'A, state 2 *A/..

The bonding in the 1 Al (°A § ,) and 1 %AZ 3B,) states is
similar and indeed intriguing. All three oxygen atoms are
also in their ground P states, but the unpaired electrons are
perpendicular to each other. Alternatively, the molecule can
be thought of as a resonance of the in situ species
[0,(°2,)+0CP)] = [05('A,)+OCP)].

Finally, calculated dipole moments range from 0.024 to
0.617 D, most of them obtained for the first time. Based on
the very good agreement between experiment and theory for

the X 'A/, state, 0.5337 vs 0.546 D, we strongly believe that
the values of all calculated dipole moments should be close
to reality.
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