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ABSTRACT

I. The Generalized Valence Bond Descrintion of 0,

Ab initio calculations using the generalized valence bond (GVB)
method have been carried out for the lowest triplet and singlet states of
O, at internuclear distances (R) between 2a, and 6a,. In contrast to other
orbital descriptions, GVB leads correctly to ground state oxygen atoms
as the bond length is increased to infinity. This proper behavior requires
optimization of the spatial orbitals themselves and of the permutational
coupling between them as well. Analysis of the results as a function of R
is straightforward. Constructing a simple configuration interaction (CI)
wavefunction using the GVB orbitals leads to excellent potential curves,
accounting for 94% of the bond dissociation energy. The calculated
adiabatic separation of the singlet and triplet states is 1.09 eV compared

with the experimental Te of 1.01 eV.

II. Configuration Interaction Studies on Low-Lying States of C,

Configuration interaction calculations are reported as a function -
of R for the nine state of O, corresponding to the (Bcvg)2 (11111)4 (17Tg)2
and (3og)2 (1z ) (lng)3 conficurations (xs'zé, a’Ag, b’z;, ’z;, SAu,
ASZZ, BSZ"I, lAu, 1Zfl). By using the generalized valence bond
(GVB) orbitals of the X SZé state we obtain gocd quality GVB-CI
wavefunctions with only amoderate number of configurations
(72 to 98 spatial configurations) despite the use of a large basis
set (double-zeta plus polarization functions). The calculated Dg
for the X’z state is 4.88 eV, 93 of the experimental value.

The calculated adiabatic excitation energies are on the average

about 0.1 eV from the experimental values,



PART ONE:

The Generalized Valence Bond Description of O,



I. INTRODUCTION

An early major success for the molecular orbital (MO) description of
molecules was obtained for O, where Mulliken4 predicted a triplet ground state

and two very low-1lying singlet states (1-2 eV), all later verified by experiment. d

In contrast, a simple valence bond (VB) description :Q = o suggests a singlet

6

ground state.” However, despite the useful description at small internuclear distance (R,

the MO wavefunction cannot lead to ground state oxygen atoms as the molecule is

pulled apart. Indeed, at large R a simple VB wavefunction would be better.

Since we are interested in studying formation of various states of O, from O
atoms, neither the MO nor VB methods are suitable. The simplest wavefunction
leading to a proper description as O, dissociates is the generalized valence bond

79 The GVB wavefunction is a generalization of the VB

(GVB) wavefunction.
wavefunction in which the orbitals are solved for self-consistently (rather than
taken as atomic). Alternately, the GVB method can be considered to be a
generalization of the MO or Hartree-Fock (HF¥) method in which dominant pair-
correlation effects are included self-consistently.

A special point in this paper is the self-consistent optimization of the
permutation coupling of the orbitals (hereafter referred to as orbital coupling).
In calculations on large molecules it has generally been convenient to couple
various orbital pairs in either a singlet or triplet manner, as this greatly

simplifies the variational equations. 10 However, in O, we find that the optimum

orbital coupling changes markedly as the bond is stretched from the equilibrium bond

length (R e) to infinity and that these changes must be included to permit proper
dissociation. In order to allow for this and yet retain computational tractability,

a new formulation11 of the GVB equations has been made to facilitate these studies.



IO. QUALITATIVE GVB DESCRIPTION OF O,

A. Near Re

In order to provide a framework for discussing the calculations, we first
consider the various ways of orienting the atomic orbitals of two oxygen atoms
to form O,. The ground °P state of oxygen atom has the configuration

(13)2(25)2(2p)4. Ignoring the (1s) and (2s) electrons, we can visualize this as

.8‘ (1)
O

where the two lobed figures such as C>Q represent p orbitals in the
plane, and O represents a p orbital pointing out of the plane. The dots
indicate the number of electrons in each orbital.

As there are three possible orientations of (1) (corresponding to the three
components of a °p state), there are nine ways of pairing two ground state atoms.
Including spin, this gives rise to a total of 81 possible (unique) states of O,.
However, we are only interested in those states that can result in a strong bond.
Thus, we will consider only those cases in which two singly-occupied orbitals

are oriented so that a sigma bond can be formed

(2a)

(2b)




y
T__.,, (32)
z

(3b)

where the straight line connecting the orbitals comprising the sigma bond
indicates that they are singlet-paired.

Configurations (2a) and (2b) are equivalent and each leads to triplet and
singlet states with the singlet state much lower (a 7 bond); thus we will consider
only the singlet state in the following.

Conﬁguratibns (3a) and (3b) are equivalent and each leads to a singlet and
triplet state; in this case the unpaired orbitals [pyﬂ and p_ . of (3a)] are

orthogonal so that the singlet and triplet states differ only in the exchange

integral
EX - E, -K (4)
3a ° ye,xXr
S
Ega = Eo+ Kyp wr

and hence the triplet state must be lower.



In order to compare the energies of (2a) and (3a) we must also consider
the doubly-occupied 7 orbitals. In (2a) we form a 7 bond in the yz plane, but in the xz
plane there are doubly-occupied Ty orbitals on each oxygen, leading to large repulsive
interactions. On the other hand, in (3a) each doubly-occupied orbital overlaps
a singly—occupiéd orbital. This allows the doubly-occupied orbital to delocalize
onto the adjacent center, leading to a significant reduction in the electron
repulsion between the electrons in this orbital and in the kinetic energies while
maintaining a low nuclear-attraction energy (that is, the doubly-occupied orbital
gets bonding character). Because of the Pauli principle, the singly-occupied
orbital starting on the second center must get orthogonal to the delocalized
doubly-occupied orbital, leading to considerable antibonding character. How-
ever the net effect of the doubly-occupied orbital dominates, leading to a net

8,12 In contrast, for (2a)

bonding of ~ 30 kcal for each three-electron 7 bond.
each doubly-occupied orbital must get orthogonal to the other (essentially
because of the Pauli principle), leading to antibonding rather than bonding
interactions.

From these considerations we expect the best configuration of O, to be (3) and
for the triplet state to be the lower state of (3). Thus a VB-based analysis of
O, does correctly predict a triplet ground state. Early VB amalyses6 neglected

the important role of the doubly-occupied 7 orbitals in arriving at a singlet

ground state.

B. Large R

At large R, we cannot assume that the p, orbitals are paired into o

bond as in (2) and (3). Instead we must [for (3a)] take the p_, and Pyg orbitals

yL
to be triplet-coupled and the Pyp and P, orbitals to be triplet-coupled. This

allows us to form three states: a singlet, triplet, and quintet. In this case
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an analysis of the exchange terms yields permutational numbers
and -1 for the Py and Py orbitals of the singlet, triplet, and quintet states,
respectively, as compared with +1 for (3a). Thus at large R the singlet state
should be lowest.

Clearly the permutational coupling changes significantly with R and
variations inthis quantity must be allowed.

In the Hartree-Fock method the permutational coupling is fixed; however,
there are other even more serious limitations. Thus in the conventional HF
wavefunction for the ground state of O, there are seven doubly-occupied and
two singly-occupied orbitals at all internuclear separations. However, each
ground state O atom has three doubly-occupied and two singly-occupied orbitals ,
leading hence to an excited description of the separated atoms.

The GVB approach is conceptually more consistent in that each electron
can have a separate orbital. Thus, as the molecule is pulled apart, the orbitals

can be equally distributed on the two centers. The GVB wavefunction for N

electrons has the form
Yovp = L AL6,(Dey(2) -0 MIX(L,2, N}, (5)

where ¢Z- is the antisymmetrizer. The spin function X, which is an eigen-
function of &, defines (through the antisymmetrizer) how the orbitals {¢} are
coupled permutationally. Optimization of (5) consists of self-consistently
determining the optimal set of orbitals and the optimal form of X. 9,14
Because of the complexity of spin eigenfunctions for many-electron
systems, it is convenient to use diagrams to represent the ways in which
various orbitals are permutationally coupled. The overall shape of a diagram

. Indicates the number of electrons and the eigenstate of § being considered.

Internal partitions denote the specific coupling pattern involved. Two orbitals



placed horizontally within a rectangle are singlet-paired, and two or more
orbitals placed vertically within a rectangle are coupled to high spin.
The standard (linearly independent) couplings for four-electron singlets and
triplets are given in Figure 1.

In O, at small R, we expect the two highly overlapping orbitals comprising
the sigma bond to be singlet-paired. Taking the internuclear axis to coincide

with the z-axis and ignoring the orbitals which are doubly-

occupied for R = «, . the wave functions for the lAg and 3Eé states [from
(3a)] are
Pze Pzr
¥y, (Re) =
By Pys Pxr (6a)
Pze Pzr
YaggRe) = |Pye (6b)
Pxr

where we have labeled the self-consistent orbitals according fo their atomic
origin. At large internuclear distances, however, the orbitals on each center
must be coupled as in the ground state atom. Since °p oxygen atom has two

singly-occupied orbitals triplet-coupled, the wavefunctions at large R are

pz.e pzr
Vi, () = (72)
9 Py.e pxr
pu pzr pz£ pxr
| o
Vg (@) = £ Pye + /3 |Pye )
g
pxr pzr
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= }_a‘ {pzﬁpyﬂpzrpxr[aa(aig + Ba) - (@B + Ba)aa]} .

Therefore, the simplest wavefunction capable of correctly describing dissocia-

tion of these states must be a linear combination of these atomic and molecular

couplings
'
'Ag
325 (R) = Cm

(R) = Cp
pz.e pzr
Dyz
pxr

pZ.Z pZ r

P P

Xr

pzx! pzr
+ Cq (8a)
py.e pxr
~N
pz.e |:’zr pz.e pxr
Pye + /= |Pye > (8b)
pxr < pzr
W,

The GVB wavefunction (5) for any R can alway515

be cast in the form of (8)

[where the atomic labels of (8) serve only to identify the orbitals, they are

no longer localized atomic orbitals].



IL__CALCULATIONAL DETAILS

A. The Wavefunction

In the GVB method we can allow all orbitals to be singly-occupied;
however the separated atoms each involve three doubly-occupied orbitals so
that the minimal GVB description is to allow six doubly-occupied orbitals
(four sigma and two pi) and four singly-occupied orbitals (two sigma and two
pi). We found that splitting further pairs with GVB led to only minor effects
and hence used this level of GVB [ often denoted as GVB(2) indicating that all
but four orbitals are doubly-occupied] throughout this paper.

As GVB calculations involving more than a very few electrons acquire
immense computational complexity, two approximations are made in most GVB
calculations. These approximat}ions, which are actually restrictions, are
perfect pairing and strong orthogonality. 10 The former approximation restricts
the spin function in (6) to singlet couple as many orbital pairs as is possible for

a given eigenstate of §. That is, for a state of spin S

xpp = [@(DB(2) - BL(2][ a(3)8(4) - AB)a@)] «-+  (9)

with the last 28 spins being . The strong orthogonality restriction requires
each orbital to be orthogonal to all other orbitals except for the other orbital
in the same pair. As this perfect pairing (GVB-PP) wavefunction can be cast
in a form requiring only simple HF-like variational equations for solution,
GVB-PP calculations can easily be performed on relatively large numbers of
electrons. 10

While the perfect pairing restriction is often an excellent approximation,
it is inadequate for cases where significant orbital coupling changes can be

- expected (e.g., chemical reactions). The case at hand clearly demonstrates

this in that the GVB-PP wavefunctions (6) are unable to properly describe
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dissociation. To overcome this limitation, the GVB equations were reformu-

lated, removing the perfect pairing restriction, but maintaining the requirement

of strong orthogonality (orbitals are still grouped into nonorthogonal pairs, but

are not required to be coupled in any specific manner). As this strongly

orthogonal (GVB-S0O) wavefunction retains much of the computational simplicity

of GVB-PP, it too can readily handle fairly large numbers of electrons. 11 Because
of symmetry the orbitals of the GVB(2) wavefunction of O, satisfy the strong orthog-
onality condition and use of these programs leads to the (unrestricted) GVB

wavefunction.

B. Basis Set

The calculations were carried out using the double-zeta (DZ) basis set
[4s2p] of Dunning, 16 contracted from the [9s5p] Gaussian set of Huzinaga, 17
and augmented by five uncontracted d-functions on each center, each having an
exponent of 0.9.

This basis is often referred to as [4s2pld] and denoted as DZd. The
double-zeta set by itself is inadequate to describe the molecular bond formation,

since with this basis the energy of the A o state at 4 bohr is lower than that of

both the 3Zé and lAg states at R, (see Table I).
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IV. RESULTS

A. Orbitals and Orbital Coupling

The orbitals from the GVB calculations on the 3zé state are shown for
various R in Figure 2. The orbitals for the lAg state are essentially the same.
As expected, the 1s orbitals (not shown) and the 2s orbitals remain localized
as the atoms are brought together. The sz orbitals, which are paired to form
a bond, do not change significantly until around R = 4a, = 2.1 A. Because of
the Pauli principle the O 0 2pz orbital must remain orthogonal to the OrZS
doubly-occupied orbital and this seems to be a dominant influence upon the
changes in the shape of both orbitals. (Similar results of course apply to
Or?‘pz and O 225.) Orthogonalizing the O 0 2pZ orbital to O rZS would lead to just
the type of character built up in OQZpZ as R decreases. The way to decrease
this effect on O!ZZPZ is to hybridize the Or2s orbital to the right (decreasing its
overlap with OQZpZ) and by R = 3a, we already see such changes in OrZS. As
the internuclear separation decreases, the overlap between the ZpZ orbitals
continually increases, reaching a value of 0.24 at R = 4a, and a value of 0. 80
atR e

At R = 4a,, the four 7 orbitals are still basically atomic. Indeed,
significant changes in these orbitals do not occur until around 3a,. At this
point, the doubly-occupied O £2px and O r2py orbitals begin to delocalize in a
bonding manner onto the other center. The singly-occupied Oerx and OJZ :Zpy
orbitals also delocalize, but do so in an antibonding manner in order to remain
orthogonal to the doubly-occupied orbitals. By Rq» these orbitals are almost
equivalently delocalized onto both centers.

In the‘HF description the 7 orbitals are of Lo (bonding) and ng (antibond-

ing) symmetries. The GVB orbitals at R o are close to this description, but
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as R increases we see that the optimum orbitals become more and more
localized. The problem in the HF description can be seen by expanding the

s ox and rrgy orbitals in terms of atomic components,

‘ngx(l)wgy(Z) = (Qx + rX)(Q_y + ry)
= (!ZX!Zy + rxry) + (ery + rxﬂy). (10)
ionic covalent

Thus use of symmetry functions as in HF leads to equal amounts of ionic and covalent
character in the wavefunction. Putting in the other 7 elecirons shows that the HF
wavefunction is a superposition of the covalent configurations (3a) and (3b) along

with the ionic configurations

(including the HF description of the o bond leads to additional ionic configura-
tions).

Changes in the coupling between the orbitals are also straightforward
and in line with our qualitative expectations. Results of analysis of the GVB
wavefunctions in terms of the atomic and molecular couplings of (9) are shown
in Figure 3. As we see, concurrent with increasing overlap between the sz
orbitals, molecular coupling becomes of ever increasing importance as R is
decreased from infinity to R,. As expected, at Rg molecular coupling vastly

predominates over any residual atomic coupling. Comparing these curves,
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we note that the degree of 'molecular' coupling in the triplet always exceeds
that of the singlet state. The reason for this is that while the exchange inter-
actions between the singly-occupied 7 orbitals in (6b) are favorable, these
same interactions are quite unfavorable in (6a). (This was the same reason
used to conclude that the 32&, and not the 12; , was the ground state of O,.)
The optimum orbitals for the szé state at R o are grouped together in

Figure 4.

B. Spatial Symmetry and CI

In the GVB method we use a simple orbital product such as in (5) and
optimize the orbitals and spin coupling. The result as shown in Figures 2 and
4 is to obtain orbitals localized more on the left or right side of the molecule.
This is fine except that closer examination shows that this wavefunction corre-
sponds to symmetry D, 4 rather than D oh The origin of this difficulty can be
spotted in (3a) and (3b), neither of which describes D oh symmetry. To obtain

proper symmetry functions we must combine (3a) and (3b) as

states [use of a minus sign in (12) leads to 121'1 and 3Au
18

leading to A g and 3Eé

states] . The GVB method has been extended™" to allow for such spatial

proje»ction techniques (denoted as GVB-SP); however the calculations are

expensive and the programs are not suitable for Paoh symmetry. However,

from previous experience the GVB-SP orbitals for O, are expected to be similar to the

GVB orbitals and in this paper we have obtained wavefunctions of the proper
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total symmetry by carrying out small configuration interaction (CI) calculations
using the GVB orbitals.

These CI calculations were carried out as follows: The GVB orbitals
corresponding to combinations of Ols and O2s orbitals on the atoms are denoted
as log, lou, Zog,
combined into symmetry orbitals denoted as 3¢ o and 3c7u. The doubly-occupied

and 20u; The GVB orbitals corresponding to the o bond are

7 orbitals (both x and y) are combined into symmetry functions denoted as lnu and
27 and the singly-occupied 7 orbitals (both x and y) are combined into symmetry

g

functions denoted as 27, and lwg . The 27 and 27Tg orbitals obtained by
this process are very similar to lwu and lfrg. For the CI calculations we

obtain 2?11 and 27 _ orbitals by orthogonalizing to the 17 u and 17 g orbitals.
o

In terms of symmetry functions the GVB wavefunction has the form

2 2 2 2 2 2 2 2
Aol 05 05 05 (02 -n05 NP by A0S b )
1og lou Zog Zau 3og 1 30u lﬂux 17 2¥ 37 l'zrux

i (13)

2 2
X (¢ ¢ - 7\2¢ ¢ )X}
lﬂuy 17 oy 17 gy lvruy

(if we assume that 27 = 17 and 21rg =17 g)' Expanding out (13) leads to the

12 terms above the line in Table II. [In (13) we assumed the molecular orbital coupling
(6) and did not include the (30g)1(30u)1 term; for more general couplings

these terms are réquired as noted in Table II.] Half the configurations in

Table IT have u symmetry and could be omitted for the g states. The. remaining six
spatial configurations would lead to a wavefunction quite close to the spatially

projected GVB wavefunction, except for the slight restrictions we have made

in the 7 orbitals (2% = 17ru, 21rg = lwg). In order to allow for readjustments

in these 7 orbitals we allowed single excitations from the 12 configurations of

Table II (above the line) into the 2Fu and Z?g orbitals. In order to allow for

readjustments in the orbitals due to the presence of spatial projection terms,
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we allowed a full CI among the eight valence orbitals.

The GVB wavefunction for the states corresponding to (2a) and (2b) leads
to the 18 configurations below the line (12 of g symmetry). In order to describe
all the low-lying states of O, with a CI compatible with a spatially projected
GVB wavefunction, we added these 18 to the above 12 and carried out similar
types of excitations. The result was 72 configurations for Szé and 98 config-
urations for *A_ or 12;. Later we will report a study of a number of addi-

g
tional excited states of O, using this set of configurations.

C. Energies

The energies from the GVB calculations are tabulated in Table I and plotted
in Figure 5, where we see that the GVB wavefunctions do behave properly,
leading to ground state O atoms as the bond is stretched to inﬁﬁity. This is
in clear contrast to the HF and GVB-~PP curves which do not exhibit this correct
behavior at large R. At R, the 'A_ - °Z

g g
agreement with experiment (1.01 eV).19 However, there is little point in

separation is 0.87 eV, in good

dwelling upon these curves since they do not include the spatial projection
effects. It is, rather, the potential curves obtained from the CI calculations
using the GVB orbitals that are of importance.

The CI results are reported in Table I and plotted in Figure 4. The
calculated values for the bond distance (R e)’ bond energy (D e)’ and vibrational
frequency (w e) are listed in Table II and compared with experimental results.
Thus these calculations account for 92.9% of the bond energy and lead to an R e

20 carried out "first-order' CI

too large by 1.7%. For comparison, Schaefer
calculations on the °Z_ state obtaining 90.6%

of the bond energy and an R e 1.1% too large.
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The excellence of these CI results suggests to us that the GVB orbitals
contain the essential features of these states of O, and hence that the concepts

developed here and based on these orbitals are valid.
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TABLE I. Energies from GVB and GVB-CI calculations on O, using the
DZd basis. (Add the quoted number to -149. to obtain the total

energies in hartrees).

3= 1

Internuclear : Zg “¢

Distance (a,) GVB GVB-CI GVB GVB-CI
2.0 -0.62241  -0.71401  -0.57513  -0.66951
2.285616%  -0.65978  -0.78030  -0.62773  -0.73923
2.5 -0.64978  -0.77278  -0.63437  -0.73559
3.0 -0.61954  -0.70471  -0.62084  -0.67998
3.5 -0.60156  -0.64204  -0.60821  -0.63387
4.02 -0.59847  -0.61167  -0.60353  -0.61346
4.5 -0.59976  -0.60480  -0.60210  -0.60665
5.0 -0.60064  -0.60362  -0.60155  -0.60433
6.0 -0.60107  -0.60313  -0.60118  -0.60298

AWith the DZ basis the GVB energies of the SZé and lAg statesare

-149.60154 and -149.54193 at 2.285616 a, and -149.59797 and
-149.60301 at 4.0 a,.
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TABLE II. Parameters of the potential curves of O, from the
GVB-CI calculations.
37 1
Zg Ag
a a
Calc. Exp. Calc. Exp.

Re (A) 1.238 1.208 1.249 1.216
D, (eV) 4, 88 5.21 3.179 4,23
w,(cm™) 1693. 1580. 1595, 1509.
AE (eV) - - 1.09 1.01

a Experimental values are from Ref. 19.
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u

the 10g and lo_ orbitals are

TABLE III. Basic configurations for GVB-CI (

doubly-occupied).

Inversion
Symmetry

gy

ox lvruy im

20 30 30 17

20

all six cases

1
2

all six cases
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FIGURE CAPTIONS

Standard couplings for four-electron systems.

GVB orbitals for O, as a function of internuclear distance.
Long dashed lines indicate zero amplitude. Solid and short
dashed lines indicate positive and negative amplitude. Spacing

between successive contours is 0.05 a.u.

GVB orbital coupling coefficients for O, as a function of

internuclear distance. They have been normalized so that lCm l* lCa[: 1

and sz 0.
The GVB orbitals for the 3zé state at R .

Potential energy curves for the s e and ‘A o states of O, from

HF, GVB-PP, GVB, and GVB-CI calculations.
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COUPLING COEFFICIENTS
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PART TWO:

Configuration Interaction Studies on Low-Lying States of O,



I. INTRODUCTION

The first great success of MO theory was the rationalization of the
paramagnetic behavior of the ground state and the prediction of the low-
lying excited states. 2 However, full Hartree-Fock (HF) Wa.vefunctions120
of O, account for only 1.43 eV out of 5.21 eV of the bond energy (besides
providing a potential curve going to the wrong limits as the internuclear
distance R — «). On the other hand, for a basis adequate for describing
dissociation (double zeta plus d polarization functions) a full configuration
interaction (CI) calculation would involve ~10" determinants and just
including all single and double excitations from the dominant configurations
of the states being examined here (7731 frzg and 112. nfl) would lead to ~2000
configurations, without excitation from the log and Zog orbitals. Thus studying
a number of states of O, would lead to considerable expense.

In this paper we use the generalized valence bond (GVB) 0rbita153’4
for the carrying out of the CI calculations. Since the GVB wavefunction
leads to the correct description of the wavefunction as R — = the CI
wavefunctions are expected to be adequate even for large R. The excitation
energies for small R are accurate to about 0.1 eV while the bond lengths
are generally about 0.02 A too long.

The calculational details are presented in Section II. A gualitative
description of the wavefunctions in terms of GVB diagrams is given in
Section III, followed in Section IV by an analysis of the corresponding

configurations for the CI calculations. The results and discussions are

presented in Section V.



II. CALCULATIONAL DETAILS
The basis set used in these studies is the double zeta basis of

2 and Huzinaga, supplemented by a

contracted Gaussians from Dunning
set of d basis functions on each oxygen (orbital exponent a = 0.9).
Such a basis is expected to yield a good description of the potential curves
for valence states.

As shown previouslys the orbital permutational coupling (also called
spin coupling) must be allowed to vary with R,
in order to obtain the proper description of dissociation. Thus the
perfect pairing restrictions are unsuitable here, and they are not imposed.
These GVB wavefunctions for O, are described elsewhere. 3

The CI calculations were carried out with the Caltech CI program. 6



III. QUALITATIVE DESCRIPTION

Ignoring the Ols and O2s orbitals for the moment, the oxygen atom

may be pictured as '
.:o 0

where D@and O represent p orbitals parallel and perpendicular

to the piane of the paper and the dots indicate the oc:cupa.tion.4 Combining

such configurations in the two atoms so as to describe a sigma bond

between them leads to

(7

(XD : t (2)
C -
+ (3a)
- (30)
where the line indicates singlet pairing of the connected orbitals. Each
configuration in (2) and (3) leads to both a singlet and a triplet state
depending on the coupling of the singly-occupied 7 orbitals. The overall
symmetries obtained with (2) and (3) are:
2a) . °z° !
( ) . Eg > Ag
@p): 'z, Ca
Ga). izt Szt (4)
. g’ “u

. 1 3
@b): Ay, A,

(the two components of each A state appear separately).
As would be expected from (2) and (3) the states in (4) all go to the limit
of two ground state (SP) oxygen atoms as R — «, However, for small R

they partition into two groups:



3= 1
>0, A

o and 'z g (5)

g’

with large bond energies (3.5 to 5.2 eV) and

17, %A

iy and °27 (6)

u’

with small bond energies (0.8 to 1.1 eV). In this VB description these
states (5) and (6) just correspond to the resonant and antiresonant

combinations, respectively, of the four component configurations,
ozo O )
etc.
In the MO description7 the lowest configuration is
2 2 2 2 2 4 2
(Log)* (Loy)* (20,)* (20,)* (30,)* (ta)* (my) (®)
leading to the states in (5). The first excited configuration is
3 3
() (iry) (%)
(the o occupations are unchanged) leading to
(10)

and the states in (6). Thus the resonant valence bond states (5) correspond
to the ground MO configuration while its antiresonant valence bond states
(6) correspond to half of the states of the first excited MO configuration.

Higher valence bond states are obtained with configurations such as



I S

involving an excited state at R = «, Configuration (11b) gives rise to the
*27 and ‘s, states of (10) leading at R = = to O('D) + O(*D) for *Z
and O(*D) + O('D) for 1A.u. The other configuration (11a) leads to states

@3zt 2 lAg) that at small R correspond to the
2 4
Qmy) A7) - (12)

MO configurations (that is, doubly-excited states).



1V. THE CI CALCULATIONS

The GVB calculations were carried out for the triplet and singlet
states corresponding to the configurations in (7). This led to doubly-
occupied lo o and lou orbitals corresponding closely to combinations
of the Ols orbitals and ZGg and Zou orbitals corresponding closely to

combinations of the O2s orbitals. The sigma bond pair of (7) can be

written in ferms of natural orbitals as

((l)oﬂ ¢°r N qbor qboﬁ) = (¢3og ¢3Og - A ¢30u ¢30u) (13)
(requiring normalization). The pi orbitals of (7) are localized but are
combined into symmetry functions for the CI, leading to two sets of T
orbitals and two sets of 7 g orbitals. These combinations were taken so
that 117u corresponds to a symmetry-projected doubly-occupied orbital while
1y e corresponds to a symmetry-projected singly-occupied orbital. The

27 g and 21ru orbitals each correspond to the other possible projection but Schmidt™

orthogonalized to 17_ and lnu.

In terms of sym%netry functions (2) leads to the 12 configurations of
Table Ja, and (3) leads to the 18 configurations of Table Ib. Carrying out
the CI over these configurations leads to a close approximation to the GVB
wavefunction (as discussed in more detail below) except that the orbitals
are obtained from calculations on the 3}3;; state and hence need not be
optimum for the other states: In addition the procedure of symmetrizing
the GVB orbitals leads also to 27rg and 21ru orbitals omitted in Table I.
To remedy these two effects we have included all single excitations from
the valence orbitals of the 30 configurations in Table I, allowing the 27

g
and 21ru orbitals to also be occupied. In addition we have included all



configurations involving various occupations of the eight valence orbitals

of Table I. This leads, for example, to 98 configurations and 360 deter-
minants for the '=* state and 72 conficurations and 224 determinants for
the °> state. In contrast, a full CI among these 14 orbitals would involve
about 10° determinants. This approach (exciting from all configurations
required for describing the various states at R = «) is necessary to obtain

a consistent treatment of the various states for all R.



V. RESULTS

The calculated potential curves are shown in Fig. 1, and 2 summary
of relevant quantities is given in Table II. The calculated energies are
tabulated in Table III.

A, Small R

The calculated dissociation energy for the ground state is De =4.88eV
which is 93% of the exponential value?-9 5.21 eV. The calculated excitation
energies to the six experimentally known excited states of Table I are off
by 0.11, 0.06, -0.16, -0.13, -C.14, and 0.13 eV respectively, an average
error of 0.12 eV.

The calculated bond lengths for the lowest seven states are calculated
to be 0.030, 0.033, 0.033, 0.008, 0.022, 0.007, and 0.021 A longer than
the experimental values. Using a cubic spline fit to obtain the
calculated wWg leads to values about 5 to 7% higher than the experimental w e
for the first six states and about 6% too low for B Z .

The error in the calculated dissociation energies is 0.4 eV for the states
in (5), 0.2 eV for the states in (6) and 0.2 eV for Bs}il'1 . Thus the error is
0.4 eV for states with R, ~ 1.2A and 0.2 eV for states with R, # 1.64,

a reasonable result since the correlation errors should decrease exponentially
with R.  Assuming a similar 0.2 eV error in the calculated D for lAu and
12:; (both with Re ~ 1.65A) leads to a predicted T of 8.4 eV for 1Au and
10.3 eV for 123 .

7,19,20

There has been some difficulty in establishing the Te for the

transitions to the CIE;, CBAu and A:"E:L1 states due to difficulty in establishing
the vibrational numbering in the observed transitions., The numbering in the
A:*Zf1 state seems, however, to finally be e:s.ta.blished19 although the CIE;

20

and especially the C 8Au states are uncertain, Using the present numbering
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schemes yields energy separations7 of 0.21 and 0.08 eV for ¢-C and C—A

in good agreement with our calculated values of 0.24 and 0. 08 eV (vibrational
spacings are ~0.1 eV). Thus our results indicate that the vibrational
numbering of the clzl'l and CSAu states has been correctly assigned |
(assuming A’Z]] to be correct).

No direct measurements are available for the vertical excitation
energies for the 121'1 and higher states (although indirect evidence10 favors
the Baz; state as lying around 8.5 eV). Careful absorption measurements.
indicate that the maximum for the A3zj; - X32é absorption is >5.90 eV
(the threshold for B3ZL'1 - st;1 is at 6. 05 eV), avalue consistent with our
results.

These results indicate that our potential curves are reliablie approxi-
mations to the exact potential curves for these states.

Previous accurate calculations on the X 32é and BBE;1 states have been
reported by Schaeferlz using 'first order' CI wavefunctions. For the
B state he finds a D_ of 0.76 eV and an R of 1.64 A, For the X state he
finds a D, of 4.72 eV and an R of 1.22 4,

Ohno and co-workers.> suggested that the B°Z_ state is diffuse but a

later study by Morokum324 showed that it is not -~ a result in agreement

with our studies and that of Schaefer, 12

B. Large R

Except for BE‘E:1 , there currently is no reliable experimental information
on the potential curves for these states for R > 2A. There are interesting
crossings in the first six states in the region of 33 to 6a, as shown in Fig. 2,
and we will examine here some of the reasons for this behavior.

Of these six states only 32,: is found to have a hump inthe potential

curve (calculated value 0.32 mh = 0.0087 eV). For R >4.5a, the "Z]



11

is found to be the lowest state. Given these variations, we would expect
significant differences in the cross sections for formation of O, in the

various states

0+O+M—’O;+M. (14)

16

It should be possible to use our results to calculate™ = approximate rate

constants for these processes and it should be possible to design experimental

17 of distinguishing between the various processes. With such

methods
studies one may get a better understanding of the mechanisms of forming
molecules in excited states and hence in some of the processes involved
in gas discharges, flames, chemical lasers and in the upper atmosphere.

For R ~ 6 a, we find that the three triplet states are equally spaced
as are the singlet states (both about 0.12 mh) but that the singiet states
are about one step below the triplet states, leading to four groups,

'Z lowest, °2_ and 'A, next, ‘A and lzg next and °Z7 highest.

This pattefn of everiy spaced levels can be understood as follows:
Assuming that the overlap of orbitals ondifferent centers is zero, we
coupled the orbitals as in (2) and (3) except that the singly-occupied orbitals
on each center are taken as triplet paired (as a result the P, orbitals

opposite centers are no longer singlet paired). This leads to a spacing

of the triplet levels by
€ EZIY‘;Xilerr] (15)

which with atomic orbitals (at 6 a,) is €, = 0.1174 mh. The corresponding

calculation for the singlet states leads to
E(ag) - ECZ)) = & + [y, xplx, v, 1+ [y v lx, %, ] (162)

E(lzg) - E(_lAg) =€ + [yrxﬂlxryﬁ] (16b)
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which with atomic orbitals (at 6 a;) leads to 0.1208 mh and 0.1176 mh,
respectively. Although this simple approximation accounts for these
spacings correctly, it does not lead to the proper spacing between singlet
and triplet states; the average of the singlet states should be 0.18 mh
below the triplet states rather than 0.15 mh above them as calculated with
ZEero overlapzl (@t 6 a, the overlap of atomic pr orbitals is 0. 003
while the overlap of atom po orbitals is 0.023).

In order to indicate the relative importance of configurations for the

various states we have calculated the energy contribution of each configuration

using the formula

= C(E - 1-02 1
AEu C“(E Hw)/( Cu)‘ (17)

This corresponds to the energy increase that would occur if configuration p
is deleted while keeping all other CI coefficients fixed. In the case of several
spin eigenfunctions corresponding to one spatial configuration we have merely
added the §eparate contributions. Although the AE“ serve to indicate the
important configurations, the total energy is not the sum of AELL; for the
dominant configurations the resulting AE,J is of little significance.

Table IV shows the important configurations for the X SZ{; state for
various R. All configurations with AEu > 1 mh at R are included. The
configurations occurring in an expansion of the GVB wavefunction are listed
above the line in Table IV. At large R the GVB configurations are all
important and are clearly dominant. For small R the HF configuration is
the major configuration and some significant non-GVB configurations are
found. In characterizing these configurations we use the notation described

in footnote b of Table 1IV.
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o_and lou orbitals

g

Configurations for the CI calculations (the 1

TABLE I.

are doubly-occupied).

Symmetry

gy

1n

(@)

& w B

b B

=

0 o B

(b)

t W =

all six cases

1

all six cases
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TABLE V. Energy contributions of dominant configurations of the GVB-CI wavefunctions

for the IAE and 12; states of O,.

19

Energy Contribution

Configuration )
ux Tex Tuy Tay )
Lo+ +
No. Character Zog Zou 30g 30u 1 2 1 2 1 2 1 2 Ag Zg
1 HF 2 2 o 2 9 2 2 303.6  253.3
2 Clr) 2 2 o 9 2 2 2 30. 42.9
3 C@oy 2 2 2 3 9 2 2 14, 14.1
0 2 2 2
4 - 2 2 2 9 2 2 . 2. 3.1
1 1 2 2
5 I(3Ug, ‘nu) 2 2 1 9 9 1 1 29. 26.9
1 0 1 0 2 1 1 0
6 I(ug,wu) 2 2 0 2 1 1 0 1 o 1 0 10. 4.4
2 0 00 2 1 1 0 '
T WBogm) 22 A O T R 8. 9.1
10 1 0 1 0 2 1
8 Ity 2 2 © 190 21 10 1 0 2. 2.4
2 0 00 1 0 2 1
9 1Bogmy) 2 2 1 290 00 20 21 3. 3.5
o0 2 0 21 1 0
10 18q,7,,#2) 2 2 29 20 2.0 10 2. 2.2
2 0 2 0 1 0o o0 1
11 R, #5) 2 2 20 20 10 02 3. 3.5
12 Clry) 2 2 2 2 0 00 2 0 0 0 0. 1.3
13 C(2oy) 0 2 o 2 0 2 0 2 0 2 0 0. 1.9
14 2 0 o 2 0 2 0 2 0 2 0 0. 6.4

C(Zou)
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Au
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S+
Eu,
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u’

TABLE VII. Energy contribution of dominant configurations of the GVB-CI wavefunction for the °A

state of O, -

Energy Contribution (mh)

Configuration

ux

T
1

u

3°g 30

u

Zog 20

Character

.

124.0 443.8 345.1

133.7

HF

19.5 4.4 3.8

19.5

(AR

-

- N3

C(3ag)

2

68.8

66.5

1.4

1.4

NO

[N K]

o

a N
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