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Orbital energies, ionization potentials, molecular constants, potential energy curves, and the
excitation spectrum of O2 are calculated using time-dependent density functional theory �TDDFT�
with Tamm-Dancoff approximation �TDA�. The calculated negative highest occupied molecular
orbital energy �−�HOMO� is compared with the energy difference ionization potential for five
exchange correlation functionals consisting of the local density approximation �LDAxc�, gradient
corrected Becke exchange plus Perdew correlation �B88X+P86C�, gradient regulated asymptotic
correction �GRAC�, statistical average of orbital potentials �SAOP�, and van Leeuwen and Baerends
asymptotically correct potential �LB94�. The potential energy curves calculated using TDDFT with
the TDA at internuclear distances from 1.0 to 1.8 Å are divided into three groups according to the
electron configurations. The 1�u

41�g
2 electron configuration gives rise to the X 3�g

−, a 1�g, and b 1�g
+

states; the 1�u
31�g

3 electron configuration gives rise to the c 1�u
−, C 3�u, and A 3�u

+ states; and the
B 3�u

−, A 1�u, and f 1�u
+ states are determined by the mixing of two or more electron configurations.

The excitation spectrum of the oxygen molecule, calculated with the aforementioned exchange
correlation functionals, shows that the results are quite sensitive to the choice of functional. The
LDAxc and the B88X+P86C functionals produce similar spectroscopic patterns with a single strongly
absorbing band positioned at 19.82 and 19.72 eV, respectively, while the asymptotically corrected
exchange correlation functionals of the SAOP and the LB94 varieties yield similar excitation spectra
where the computed strongly absorbing band is located at 16.09 and 16.42 eV, respectively.
However, all of the exchange correlation functionals yield only one strongly absorbing band
�oscillator strength greater than 0.1� in the energy interval of 0–20 eV, which is assigned to a X 3�g

−

to 3�u
− transition. Furthermore, the oxygen molecule has a rich spectrum in the energy range of

14–20 eV and no spin allowed absorption bands are predicted to be observed in the range of
0–6 eV. © 2006 American Institute of Physics. �DOI: 10.1063/1.2217733�
INTRODUCTION

The oxygen molecule plays an important role in human
health, atmospheric photochemistry, and terrestrial chemis-
try. It is also one of the most abundant molecules in the
Earth’s atmosphere. Furthermore, the oxygen molecule is an
interesting subject to many chemists, physicists, and aerono-
mists. Knowing the potential energy curve of the oxygen
molecule, in various electronic states, should help in under-
standing its rich spectrum,1 to calculate transport properties,2

and to model the energy flow in the atmosphere of Earth and
Venus.3

The six lowest bound electronic states of the oxygen
molecule �X 3�g

−, a 1�g, b 1�g
+, c 1�u

−, C 3�u, and A 3�u
+� pos-

sess long radiative lifetimes �from 150 ms for A 3�u
+ to

4000 s for a 1�g�. This metastability allows the oxygen mol-

a�
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ecule to provide a significant reservoir of energy in chemical
reactions and photochemistry in the atmosphere, and at the
same time, it greatly impedes the spectroscopic study of the
oxygen molecule.4 The a 1�g state of oxygen is important in
biological chemistry and the b 1�g

+ state appears in afterglow,
dayglow, nightglow, and in auroras.4

These six lowest bound electronic states have been stud-
ied experimentally and theoretically. Experimental character-
ization of these six bound states can be found in the
literature.4,5 Many theoretical calculations for these six
bound states have also been published in the literature;
Schaefer and Harris6 as well as Beebe et al.7 using configu-
ration interaction �CI� method with minimum basis sets stud-
ied these six bound states and many other electronic states.
Furthermore, Schaefer8 using a larger basis set and an exten-
sive CI method calculated the potential energy curve of the
X 1�u

− ground state. Moss and Goddard9 employed the same

method, but studied all the six bound states plus three extra

© 2006 American Institute of Physics14-1
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excited states. Later, Partridge et al.10 using a multireference
CI method obtained accurate results for the six bound states
and their spectroscopic constants. Recently, Minaev and
Minaeva1 using an ab initio multiconfiguration self-
consistent field �MCSCF� response method calculated poten-
tial energy curves of the six lowest bound states plus the
double minima curves of the A 1�u and f 1�u

+ excited states
as well as the important state B 3�u

− which makes up the
Schumann-Runge absorption band.5 Whereas there are sev-
eral studies of O2 using traditional ab initio CI and MCSCF
methods, there is no study of these six lowest bound states
with time-dependent density functional theory �TDDFT� in
the literature. The present work uses the TDDFT method11–13

for open shell molecular systems14–16 at the Tamm-Dancoff
approximation �TDA� level17 and the spin-flip formalism
published in the literature18,19 to study the potential energy
curves of the six lowest bound states, plus the important state
of B 3�u

− for the Schumann-Runge absorption and the two
extra excited states A 1�u and f 1�u

+. Spectroscopic constants
for all of these electronic states and the excitation spectrum
of the oxygen molecule are also presented here.

METHODOLOGY AND COMPUTATIONAL DETAILS

Excitation energies, �, are calculated in TDDFT based
on Eq. �1�,11–13,20,21

�A B

B A
��X

Y
� = ��1 0

0 − 1
��X

Y
� , �1�

where A and B are given as follows:

Aia,jb = ��a − �i��ij�ab + � �Fia

�Pjb
�, Bia,bj = � �Fia

�Pbj
� �2�

in terms of the Fock and density matrix elements Fia and Pjb,
respectively. In the above equations, i , j , . . . are indices used
for occupied orbitals and a ,b , . . . are indices for empty orbit-
als whereas p ,q. . . are indices for general orbitals. These
orbitals are all unperturbed and calculated from a Kohn-
Sham equation in the absence of a frequency dependent per-
turbation as

F�u = �u�u, �3�

where

F��̂�ia = F��,s�ia

=� 	i
+�−

1

2
�2 + VNe�r� + Vc��� + VXC��,s�		ad
 .

�4�

We can assume without loss of generality that the unper-
turbed orbitals that are solutions to Eq. �3� are either � or �
orbitals and written in the two component representation as

	p = �p
�� = ��p

�

0
� and 	q = �q

�� = � 0

�q
� � . �5�

Thus the spin-density matrix due to the occupied unper-
Downloaded 01 Aug 2006 to 139.184.30.17. Redistribution subject to
turbed orbitals can be written in diagonal form without loss
of generality as

�̂0 = 

i

occ

	i	i
+ = ���� 0

0 ��� � =
1

2
�0I +

1

2
���� − ����z.

�6�

Here

z = �1 0

0 − 1
� �7�

is the Pauli z matrix, where

��� = 

i

occ

�i
���i

��* and ��� = 

i

occ

�i
���i

��*. �8�

In the case where the spin-density matrix is diagonal the spin
density can readily be defined as

s = ��� − ���. �9�

The matrices A and B are according to Eq. �2� defined in
terms of

�Fia

�Pjb
= �F��̂�ia − F��̂0�ia

�Pjb
�

��Pjb=0�
, �10�

where �̂0 is the unperturbed spin-density matrix of Eq. �6�
and

�̂ = �̂0 + �Pjb	 j	b
+. �11�

In the case where j and b are of the same spin both �̂ and �̂0

are diagonal. Thus, F��̂�ia as well as F��̂0�ia are readily
evaluated based on the regular collinear expression for the
exchange correlation potential,

�VXC
�� 0

0 VXC
�� � =

�EXC��,s�
��

I +
�EXC��,s�

��s�
sz

�s�
. �12�
We obtain the expression
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�Fi�

�Pjb
=� 	i

+�r1�	a�r1�	 j
+�r2�	b�r2�

1

�r1 − r2�
d
1d
2 +� �	 j

+	b��	i
+	a�

�2EXC

��2 d
 +� ��	 j
+z	b��	i

+	a� + �	 j
+	b�

��	i
+z	a��

mz

s

�2EXC

���s
d
 +� �	 j

+z	b��	i
+z	a�

�2EXC

�s2 d
 �13�
that is nonzero provided that i has the same spin as a and j
the same spin as b.

On the other hand if j and b are of different spins, then
the spin-density matrix �̂ of Eq. �11� is nondiagonal. In this
case Eq. �12� does not apply.22–24 However, we can perform
a unitary transformation

���

��
� = U��

�
� �14�

such that the density matrix �̂ becomes diagonal,

U+���� ���

��� ��� �U = ������ 0

0 �����
�

=
1

2
�I +

1

2
������ − ������z, �15�

where s�=�����−����� is the new spin density. In this repre-
sentation we are able to make use of the collinear exchange
correlation potential given by

�VXC
���� 0

0 VXC
����� =

�EXC��,s��
��

I +
�EXC��,s��

��s��
s�z

�s��
. �16�

We can finally obtain an expression for the exchange
correlation potential in the original nondiagonal �� ,�� rep-
resentation by applying a unitary back-transformation on
both sides of Eq. �16� to obtain

U�VXC
���� 0

0 VXC
����U+ = �VXC

�� VXC
��

VXC
�� VXC

�� �
=

�EXC��,s��
��

I

+
�EXC��,s��

��s��
U�s�z�U+

�s��
. �17�

After some manipulations25 one can express the right hand
side of Eq. �17� in terms that are completely defined in the
nondiagonal �� ,�� representation. Thus,

�VXC
�� VXC

��

VXC
�� VXC

�� � =
�EXC��, �m��

��
I +

�EXC��, �m��
��m�

m · 

�m�
. �18�

Here

x = �0 1

1 0
� and y = �0 − i

i 0
� �19�
and
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���� + ���� = 

i

occ

	i
+x	i = mx, �20a�

i�− ��� + ���� = 

i

occ

	i
+y	i = my , �20b�

���� − ���� = 

i

occ

	i
+z	i = mz. �20c�

The expression given in Eq. �18� is referred to as the non-
collinear formulation for the exchange correlation potential.
It deals with the relativistic limit where the spin-orbit opera-
tor can mix orbitals of different spins. However, we have
shown17,18,24 that it also is the formulation of choice in the
nonrelativistic limit where a perturbation such as a spin flip
mixes orbitals of different spins. Recently, a TDDFT formal-
ism based on the noncollinear exchange correlation func-
tional of Eq. �18� was published in the literature18,19 to deal
with spin-flip transitions. In the spin-flip transition case, the
derivative �Fia /�Pjb is written as

�Fia

�Pjb
=� �	 j

+x	b��	i
+x	a�

1

s

�EXC

�s
d


+� �	 j
+y	b��	i

+y	a�
1

s

�EXC

�s
d
 . �21�

Here i ,a should be of different spin as should j ,b. We shall
in the following make extensive use of Eq. �21� and the
newly implemented spin-flip TDDFT method.18,19

If the TDA �Ref. 17� is used, Eq. �1� for calculating
excitation energies can be simplified as

AX = �X .

All of the present calculations are performed using TDDFT
with TDA approximation, which is referred to as TDDFT/
TDA.

To calculate excitation energies using the Amsterdam
density functional26–29 �ADF� program, first a SCF calculation
is performed to obtain the orbitals and orbital energies. Dif-
ferent exchange correlation functionals were used in this
step. Next, excitation energies are calculated as a post SCF
step using the adiabatic local density approximation
�ALDAxc�.30 The five exchange correlation functionals
tested in the SCF step were the local density approximation31

�LDAxc�, Becke exchange32 plus Perdew correlation33

�B88X+P86C�, gradient regulated asymptotic correction
�GRAC�,34 statistical average of orbital potentials �SAOP�,35
and van Leeuwen and Baerends asymptotically correct ex-
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change correlation potential36 �LB94�. Finally, the LB94 ex-
change correlation functional is chosen for computing the
potential energy curves, molecular spectroscopic constants,
and the excitation spectrum of the oxygen molecule. In the
post SCF step, the ALDAxc �Ref. 37� was utilized for the
exchange correlation kernel for all of the calculations, hence
only the exchange correlation functional used in the SCF
step will be used as reference in this paper. The ground state
potential energy curve was calculated with the LDAxc func-
tional. The excited state potential energy curves were ob-
tained by combining the LDAxc ground state energies and
the LB94 excitation energies.

The basis set used in the present calculations is the even-
tempered quadruple zeta plus three polarization functions
and three diffuse functions �ET-QZ3P-3Diffuse� in the ADF

basis set library. However, the effect of basis set on the ex-
citation energies was assessed and will be presented in the
next section. All of the convergence criteria used are the ADF

default values, except the integration accuracy parameter,
which is set to 6.

RESULTS AND DISCUSSION

In order to evaluate the quality of the basis used for
further excitation energy calculations, the lowest eight exci-
tation energies for the first excited state of each symmetry of
the oxygen molecule have been calculated at the experimen-
tal bond length �1.2075 Å�,38 using the LDAxc exchange
correlation functional with different qualities of basis sets
�see Table I�. The results in Table I show that the excitation
energy calculations with a spin flip are less sensitive to the
choice of the basis set. For example, excitation energies to
the singlet excited states of 1�g and 1�g

+ do not change when
the quality of the basis set is increased from the TZ2P to the
highest quality basis of ET-QZ3P-3Diffuse. However, spin-
preserved electronic transitions from the highest occupied
molecular orbital �HOMO� to the lowest unoccupied molecu-
lar orbital �LUMO� demand higher quality basis sets, e.g.,
the excitation energy to the triplet excited state 3�g�1�g

→4g� changed by 0.61 eV by adding a second diffuse func-
tion to the ET-QZ3P-1Diffuse basis, whereas the highest
quality basis, the ET-QZ3P-3Diffuse, has little improvement
on the excitation energy, which is only changed by about
0.03 eV, and appears reasonably converged. While other
kinds of transitions demand even higher quality of basis set,
such as the triplet 3�u

− excited state, corresponding to the
electron transition 1�g→2�u, its excitation energy changes
by 0.32 eV from ET-QZ3P-2Diffuse basis to ET-QZ3P-

TABLE I. Vertical excitation energies �eV� calculat
different qualities of basis sets.

02
1�g

1�g
+ 1�u

−

TZ2P 1.05 2.06 7.11
ET-QZ3P 1.06 2.07 7.11
ET-QZ3P-1Diffuse 1.06 2.06 7.07
ET-QZ3P-2Diffuse 1.06 2.06 7.01
ET-QZ3P-3Diffuse 1.06 2.06 6.85
3Diffuse basis. Since the ET-QZ3P-3Diffuse is the highest

Downloaded 01 Aug 2006 to 139.184.30.17. Redistribution subject to
quality basis set for oxygen in the ADF program basis library
and the excitation spectrum of the oxygen molecule involves
many
Rydberg transitions, the ET-QZ3P-3Diffuse basis has to be
used in the present calculations.

Orbital energies of the oxygen molecule calculated with
ET-QZ3P-3Diffuse basis set and using LDAxc, B88X+P86C,
GRAC, SAOP, and LB94 exchange correlation functionals
are given in Table II. It can be seen from Table II that the
LDAxc, the B88X+P86C, the GRAC, and the SAOP function-
als produce the same ground state electron configuration,
which is as

1g
21u

22g
22u

23g
21�u

41�g
2.

But the LB94 functional predicted that the 1�u orbital energy
is lower than the 3g orbital energy, which is contrary to the
other functionals. However, this is due to the basis set used,
as the orbital ordering of the ground state electron configu-
ration can be corrected by using a “special diffuse” basis set,
which contains triple zeta functions for the valence electrons
plus one 3p, two 3d, one 4s, and one 4f functions, labeled as
O.1s.spd in the ADF basis library. Using this very diffuse
O.1s.spd basis, the LB94 functional gives the same level
ordering of the ground state as the other four functionals and
is in agreement with the electron configuration of the oxygen
molecule in the literature.1,6 The ground state electron con-
figuration is simply written as 1�u

41�g
2. It is noticed from

Table II that the orbital energies are less stable in the calcu-
lations of the LDAxc, the B88X+P86C, and the GRAC func-
tionals compared to those computed by the SAOP and the
LB94 functionals. In fact, the GRAC functional produces no
bound virtual orbitals, while the LDAxc and the B88X+P86C

functionals produce only three bound unoccupied orbitals.
The SAOP and the LB94 functionals yield six and seven
bound virtual orbitals, respectively. However, the previous
Hartree-Fock �HF� calculations in the literature,39 although
giving a reasonably stable HOMO, gave no bound virtual
orbital. This is to be expected since virtual HF orbitals see
one electron more than occupied HF orbitals.40

On the other hand, DFT virtual and occupied orbitals see
the same number of electrons. According to fundamental
DFT theory41 �Koopmans’ theorem is for HF�, the negative
of the HOMO energy is equal to the ionization potential �IP�
energy, if the exchange correlation functional is exact. In
practice, the IP derived from this Koopmans-type theorem is
not usually the same as the IP calculated from the energy
difference of the neutral and the cation species. This is due to

ith the LDAxc exchange correlation functional and

1�u
3�u

3�u
+ 3�g

3�u
−

8.02 7.03 7.17 7.94 9.33
8.02 7.03 7.17 7.96 9.30
8.00 7.02 7.16 7.18 8.40
7.26 7.04 7.16 6.57 7.19
6.88 6.85 6.88 6.60 6.87
ed w
approximations used in the exchange correlation functionals
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and relaxation around the hole. Table II shows that Koop-
mans’ IPs computed using the LDAxc, the B88X+P86C, and
the GRAC functionals are 6.90, 6.94, and 6.82 eV, respec-
tively, which are much lower than the energy difference IPs
calculated using the same functionals �12.75 eV for the
LDAxc and 12.74 eV for both the B88X+P86C and the
GRAC� and experimental result �12.1 eV�.42 This indicates
that these exchange correlation functionals underestimate the
HOMO orbital energy due to the fact that they do not have
correct asymptotic behavior, except for the GRAC func-
tional. While the asymptotically correct exchange correlation
functionals of the SAOP and the LB94 calculated Koop-
mans’ IPs �12.27 eV for the SAOP and 13.27 eV for the
LB94� are very close to energy difference IPs computed by
the same functionals �12.25 eV for the SAOP and 13.25 eV
for the LB94�, the difference between the two calculations of
IP is only 0.02 eV for both the SAOP and the LB94 func-
tionals. Furthermore, the calculated energy difference IP us-
ing either the SAOP or the LB94 functionals is comparable
with experiment �12.1 eV�;42 the deviations are 0.15 and
1.15 eV, respectively. The present Koopmans-type IP calcu-
lated from the SAOP functional agree well with a previous
exact exchange potential DFT calculated Koopmans’ IP of
12.9 eV by Veseth39 with a deviation of 0.63 eV, but Koop-
mans’ IP calculated by the LB94 functional agree well with
the exact local exchange potential DFT Koopmans’ IP calcu-
lation of 13.6 eV by Görling42 with a deviation of 0.33 eV.
This indicates that the SAOP and the LB94 functionals pro-
duce better HOMO orbital energies than the LDAxc, the
B88X+P86C, and the GRAC functionals. In addition, the
HOMO and LUMO orbital energy differences calculated by
the LDAxc functional �6.62 eV� and the B88X+P86C func-
tional �6.59 eV� are much smaller than those computed by
the SAOP functional �8.89 eV� and the LB94 functional

TABLE II. Orbital energies and energy difference I
3Diffuse basis and different exchange correlation fun
electron volts �eV�. The experimental IP=12.1 eV w

Orbital
LDAxc

�IP=12.75�
B88X+P86C

�IP=12.74� �I

1g −510.672 −514.937
1u −510.669 −514.935
2g −32.940 −32.994
2u −20.288 −20.605
3g −13.837 −13.659
1�u −13.717 −13.655
1�g�HOMO� −6.897 −6.937
4g�LUMO� −0.277 −0.349
3u −0.045 −0.177
4u 0.154 0.033
5g 0.153 0.040
5u 0.618 0.531
2�u −0.017 −0.055
2�g 0.182 0.137

aReference 39.
bThe LUMO calculated by the GRAC functional is 3
�9.30 eV�. However, the GRAC functional, which yields dif-

Downloaded 01 Aug 2006 to 139.184.30.17. Redistribution subject to
ferent LUMO orbital �3u� from the other functionals �4g�,
gives the largest HOMO and LUMO orbital energy gap
�10.14 eV�. Since different exchange correlation functionals
give different orbital energies and orbital energy gaps, and
orbital energies are an important ingredient in the calcula-
tions of excitation energies using TDDFT/TDA method, fur-
ther evaluation of different exchange correlation functionals
in excitation energy calculations is required.

Exchange correlation functionals are further evaluated in
excitation energy calculations of oxygen molecule by com-
paring with available experimental results and other theoret-
ical calculations. The excitation energies of the oxygen mol-
ecule calculated with ET-QZ3P-3Diffuse basis using the
LDAxc, the B88X+P86C, the GRAC, the SAOP, and the LB94
functionals are given in Table III. This table shows that the
exchange correlation functional has a dramatic impact on the
excitation energies, which can vary by as much as 3 eV with
different functionals. For example, the excitation energy for
the 3�u

− state differs by 3.24 eV between LDAxc and GRAC.
It is noticed that the excitation energies calculated by the
LDAxc and the B88X+P86C functionals are very similar; the
excitation energies computed by the two functionals differ by
0.00–0.32 eV. While the asymptotically corrected SAOP
and LB94 functionals also yield similar excitation energies,
the differences between the SAOP and the LB94 calculated
excitation energies are 0.01–0.40 eV. However, the GRAC
functional always gives the largest excitation energies for the
listed excited states. Overall, excitation energies computed
using the LB94 functional are closest to the experimental
results and previous theoretical calculations. The deviations
between the LB94 functional calculated excitation energies
and experiment5 are 0.15 and 0.23 eV for the singlet excited
states of 1�g

+ and 1�g. For the triplet excited states 3�u
+ and

the 3�u
−, the excitation energies calculated with the LB94

the oxygen molecule calculated with an ET-QZ3P-
ls based on � electron orbital energies: the unit is in
en from Ref. 42.

T

HFa
C
.74�

SAOP
�IP=12.25�

LB94
�IP=13.25�

4.805 −519.864 −539.541 −564.446
4.803 −519.862 −539.539 −564.419
2.903 −37.930 −38.541 −45.035
0.520 −26.023 −26.490 −29.933
3.555 −18.837 −19.903 −19.837
3.552 −18.837 −19.927 −19.238
6.822 −12.268 −13.273 −14.531
3.479 −3.382 −3.975 0.490
3.315 −2.855 −3.781 0.898
6.139 −0.633 −1.590 2.857
6.778 −0.542 −1.155 3.048
8.026 0.928 −0.350 3.374
5.265 −1.950 −2.464 0.871
7.189 −0.544 −0.839 1.143
Ps of
ctiona
as tak

DF

GRA
P=12

−51
−51

−3
−2
−1
−1
−

 .
functional are about 0.78 and 1.03 eV larger than experi-
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ment. That is 0.12 and 0.52 eV higher than those computed
by the CI method, and about 0.37 and 0.32 eV larger than the
excitation energies calculated by coupled cluster method.43

Comparison of experimental potential energy curves of
the six lowest bound states �X 3�g

−, a 1�g, b 1�g
+, c 1�u

−,
C 3�u, and A 3�u

+� of the O2 molecule with the LB94 func-
tional and the ET-QZ3P-3Diffuse basis calculations within
the internuclear distances from 1.0 to 1.8 Å are given in Fig.
1. In addition, the important B 3�u

− state due to the
Schumann-Runge absorption, the A 1�u excited state, and the
f 1�u

+ excited state potential energy curves are also shown in
Fig. 1. The lowest three potential energy curves due to the
X 3�g

−, the a 1�g, and the b 1�g
+ electronic states have similar

shapes and no crossing among them. These shapes are in
basic agreement with experimental results,5 especially the
repulsive part of the curves at the small internuclear distance
region �1.0–1.3 Å�. However, significant deviations between
the experimental and the calculated curves can be observed
at larger internuclear distance. In fact, the dissociation limit
is considerably overestimated by about 2.6 eV. The differ-
ence appears at smaller distance for the higher excited state

TABLE III. Vertical excitation energies of the oxygen
different exchange correlation functionals in compari

Methods and
functionals 1�g

1�g
+ 1�u

−

LDAxc 1.06 2.06 7.08
B88X+P86C 1.37 2.38 6.90
GRAC 1.34 2.34 7.22
SAOP 1.13 2.15 6.91
LB94 0.76 1.79 6.62
HFa 0.85 1.36 5.22
Cla 1.13 1.86 6.25
Coupled Clusterb

Expt.c 0.99 1.64

aReference 39.
bReference 43.

FIG. 1. Potential energy curves of the oxygen molecule calculated with the
LB94 exchange correlation functional �solid lines� compared with experi-

mental curves �Ref. 5� �dashed lines�.
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curves. For the ground state of X 3�g
−, a difference of about

0.18 eV occurs at the internuclear distance 1.5 Å. For the
excited state of a 1�g, the difference becomes obvious
�0.20 eV� at the internuclear distance of 1.4 Å. For the
higher excited state of b 1�g

+, the difference can be observed
�0.20 eV� at the internuclear distance of 1.2 Å. The potential
energy curves of the second group of excited states, c 1�u

−,
the C 3�u, and A 3�u

+, also have similar shapes and are
closely distributed in the nuclear distance interval of
1.0–1.8 Å �the c 1�u

− at the bottom, the C 3�u in the middle,
and the A 3�u

+ on top�, which is in qualitative agreement with
experiment.5 However, the calculated excited state curves
need to be downshifted by about 1.0 eV to overlap with the
experimental curves. The other excited state potential energy
curves of B 3�u

−, A 1�u, and f 1�u
+ are quite different. The

similarity of the potential energy curves of the electronic
states within the first group �X 3�g

−, a 1�g, and b 1�g
+� and

within the second group �c 1�u
−, C 3�u, and A 3�u

+� is attrib-
uted to the fact that the states in each group are described by
the same electron configuration. Thus, the first group, X 3�g

−,
a 1�g, and b 1�g

+, is characterized by the electron configura-
tion 1�u

41�g
2 �100%�, while the second group, c 1�u

−, C 3�u,
and A 3�u

+, is determined by the electron configuration
1�u

31�g
3 �100%�. The B 3�u

− excited state potential energy
curve obtained by the present TDDFT/TDA calculations is
different from other excited states, in that it has a double
minima. This double minima state may be caused by the
mixing of a few electron configurations �1�u

31�g
3 �59.5%�,

1�u
41�g

12�u
1 �29.3%�, and 3a1g

1 1�u
41�g

23a2u
1 �2.5%��. Al-

though curves with double minima were observed in the
MCSCF calculations,1 these were found for the A 1�u and
the f 1�u

+ excited states.
The equilibrium distances, vibrational frequencies, and

transition energies corresponding to the different states of the
oxygen molecule were calculated with the ET-QZ3P-
3Diffuse basis using the LB94 functional and the results are
listed in Table IV. It can be seen from this table that the
electronic states X 3�g

−, a 1�g, and b 1�g
+ due to the electron

configuration 1�u
41�g

2 have equilibrium bond distances in the
narrow range from 1.201 Å �b 1�g

+� to 1.203 Å �X 3�g
− and

a 1�g�, which agree well with the range of experimental
5 3 − 1

cule calculated with an ET-QZ3P-3Diffuse basis and
ith experiment and previous theoretical results.

�u
3�u

3�u
+ 3�g

3�u
−

.88 6.87 6.88 6.60 6.87

.90 6.87 6.88 6.57 6.89

.05 7.085 7.18 8.35 10.11

.83 6.98 7.07 7.97 9.64

.56 6.68 6.78 7.57 9.63
5.37 5.52 7.80 10.53
6.50 6.66 8.33 9.11
6.25 6.41 8.04 9.31

�6d 8.6d

cReference 5.
dReference 9.
mole
son w

1

6
6
8
7
7

bond lengths of 1.208 Å �X �g�, 1.216 Å �a �g�, and
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1.227 Å �b 1�g
+�. Transition energies of the previous two ex-

cited states �a 1�g and b 1�g
+� are 0.891 and 1.793 eV with

deviations of 0.091 and −0.140 eV, respectively, relative to
experiment.5 They are close to those obtained by multiple
reference configuration interaction �MRCI� calculations.10

The excited states c 1�u
−, C 3�u, and A 3�u

+ due to the elec-
tron configuration 1�u

31�g
3 have larger equilibrium nuclear

distances which are in the range of 1.434–1.546 Å; the de-
viations from experiment5 are 0.024–0.083 Å. Transition en-
ergies of 5.030, 4.901, and 4.966 eV for the c 1�u

−, the C 3�u,
and the A 3�u

+ excited states have deviations of −0.932,

TABLE IV. Molecular constants for eight bound s
exchange correlation functional.

State Method

X 3�g
− Present work

CIa

MRCIb

GVB+CIc

Expt.d

a 1�g Present work
CIa

MRCIb

GVB+CIc

Expt.d

b 1�g
+ Present work

CIa

MRCIb

GVB+CIc

Expt.d

c 1�u
+ Present work

CId

MRCIb

GVB+CIc

Expt.d

C 3�u Present work
CIa

MRCIb

GVB+CIc

Expt.d �

A 3�u
+ Present work

CIa

MRCIb

GVB+CIc

Expt.d

1 1�u Present work
CIa

GVB+CIc

Expt.e �

f 1�u
+ Present work

CIa

GVB+CIc

Expt.e

aReference 45.
bReference 10.
cReference 9.
−0.674, and −0.714 eV, respectively, compared to experi-
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mental results. The highest lying excited states 1 1�u and
f 1�u

+ have bond lengths of 1.458 and 1.467 Å, respectively.
These values are about 0.150 Å shorter than those observed
experimentally.5

Excitation spectra of the oxygen molecule calculated
with the LDAxc, the B88X+P86C, the GRAC, the SAOP, and
the LB94 exchange correlation functionals are given in Figs.
2–6, respectively. The ionization threshold, the negative
HOMO orbital energy �−�HOMO�, corresponding to each
functional is also given in the figures. The excitation spectra
of the O2 in Figs. 2–6 show that the oxygen molecule has no

of the oxygen molecule calculated with the LB94

� �e �cm−1� Te �eV�

3 1621.0
6 1498.8
0 1558
8 1692.7
8 1580.2

3 1623.3 0.891
0 1403.4 1.098
9 1501 0.964
9 1595.0 1.089
6 1509.3 0.982

1 1605.5 1.793
7 1310.8 1.776
1 1446 1.652
0 1505.1 1.691
7 1432.7 1.636

4 1121.0 5.030
5 759.8 3.888
1 754
5 832.6 3.937
7 794.3 4.098

2 1098.2 4.901
0 780.1 4.130
7 770
2 858.6 4.173

750 4.306

6 1139.7 4.966
8 764.6 4.206
4 765
8 836.6 4.249
2 799.1 4.389

8 946.3 5.898
1 705.6 8.570
8 627.2 8.794

7 931.1 6.733
1 792.4 10.430
5 652.8 10.187
2

dReference 5.
eReference 46.
tates

re �Å

1.20
1.23
1.21
1.23
1.20

1.20
1.25
1.21
1.24
1.21

1.20
1.26
1.23
1.26
1.22

1.43
1.55
1.52
1.52
1.51

1.54
1.55
1.51
1.52
1.5

1.54
1.55
1.52
1.52
1.52

1.45
1.63
1.64
1.6

1.46
1.61
1.65
1.62
spin allowed absorptions below 6 eV and possesses rich
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spectrum in the energy interval between 14 and 20 eV,
which is above the corresponding ionization threshold
�−�HOMO� and in the ionization continuum region. However,
a few excitation peaks occur below the ionization threshold
for the asymptotically corrected functionals of SAOP and
LB94, since the asymptotically corrected SAOP and LB94
functionals produce a larger ionization threshold than the
other three functionals as seen in the orbital energy discus-
sion at the beginning of this section. It is noted that the
choice of exchange correlation functional strongly influences
the position of the predicted absorption lines due to the spec-
tra lying in the ionization continuum region. The LDAxc and
the B88X+P86C functionals give rise to very similar spectro-
scopic pattern; both functionals produce one strong absorp-
tion band and six peaks of medium intensity. The strong
absorption bands predicted by these two functionals are po-
sitioned very closed to each other; the envelope peaking is at
19.82 and 19.72 eV, respectively. The asymptotically cor-
rected exchange correlation functionals of the SAOP and
LB94 variety also yield similar absorption spectra with one
strong band and eight peaks of medium intensity. The loca-
tions of the strong band are at 16.09 and 16.42 eV, respec-
tively, for the SAOP and the LB94 functionals. The GRAC
functional also produces one strong band and eight medium
peaks, but the strong band is now located at 18.61 eV. The
strong band predicted by the five aforementioned functionals
is in all cases assigned to the 3�u

− excited state, but corre-
sponds to different orbital transitions. The strong absorption
band predicted by the LDAxc functional corresponds to
Rydberg orbital transitions of the following types:
22u→81g�� ,24% �, 22u→41g�� ,19% �, 31g→102u

�� ,14% �, and 31g→102u�� ,12% �. In the case of the
B88X+P86C functional, the strong band originates from the
Rydberg orbital transition 1�1u→3�2g�� ,99% �, whereas

FIG. 2. Excitation spectrum of the oxygen molecule calculated with the
LDAxc exchange correlation functional.

FIG. 3. Excitation spectrum of the oxygen molecule calculated with the

B88X+P86C exchange correlation functional.
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excitations to 3�u
− according to the GRAC functional

corresponds to the Rydberg orbital transitions
31g→112u�� ,45% �, 31g→42u�� ,28% �, and 22u

→61g�� ,4% � and the valence-type orbital transition of
31g→32u�� ,15% �. Furthermore, the SAOP functional as-
sociates the strong absorption with valence-type orbital tran-
sitions of 31g→32u�� ,78% � and 31g→32u�� ,8% �
and Rydberg orbital transition of 31g→42u�� ,8% �. Fi-
nally, the strong band calculated by the LB94 functional cor-
responds to valence-type orbital transitions of 31g

→32u�� ,48% � and 31g→32u�� ,24% � and Rydberg or-
bital transition of 31g→42u�� ,20% �. It can be seen that
the excitation energies of the O2 molecule calculated by the
five different exchange correlation functionals are almost all
exceeding the negative HOMO orbital energy �ionization po-
tential� and the excitation energy of the strong band can dif-
fer by as much as 2.73 eV with different functionals �e.g.,
LDAxc and SAOP�. Furthermore, the nature of the orbital
transitions associated with the strong band is heavily func-
tional dependent. However, as discussed elsewhere44 excita-
tions with energies exceeding the ionization potential can
only be described correctly by asymptotically corrected func-
tionals such as SAOP and LB94 and only the envelope of the
ensample of the peaks has some meaning �individual peaks
have no meaning above the ionization threshold�.

CONCLUSION

We have in the present DFT study evaluated ionization
potentials for the oxygen molecule both as an energy differ-
ence between the neutral molecule and the cation as well as
by the HOMO orbital energy using a Koopmans-type DFT
theorem. Our study shows that the LDAxc, the B88X+P86C,
and the GRAC exchange correlation functionals affords
Koopmans’ IPs that are underestimated by about 6.0 eV
compared to the energy difference IP and experiment. On the

FIG. 4. Excitation spectrum of the oxygen molecule calculated with the
GRAC exchange correlation functional.

FIG. 5. Excitation spectrum of the oxygen molecule calculated with the

SAOP exchange correlation functional.
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other hand, the SAOP and the LB94 functionals calculated
Koopmans’ IP is about 0.02 eV larger than the energy differ-
ence IP computed using the same functional and about 1%
and 10%, respectively, greater than that of the experimental
values. It is not surprising that the Koopmans-type DFT
theorem only can be used in connection with the asymptoti-
cally correct exchange correlation potentials present in the
SAOP and the LB94 functionals. Our results reiterate as well
that the energy difference method can be used with reason-
able success for all the functionals.

Potential energy curves of the six lowest bound states
�X 3�g

−, a 1�g, b 1�g
+, c 1�u

−, C 3�u, and A 3�u
+� plus three

extra excited states �B 3�u
−, A 1�u, and f 1�u

+� have been pre-
sented. These potential energy curves, within the internuclear
distances of 1.0–1.8 Å, are divided into three groups accord-
ing to the similarity of the shape of the potential energy
curves. The first group �X 3�g

−, a 1�g, and b 1�g
+� corresponds

to the electron configuration 1�u
41�g

2, the second group
�c 1�u

−, C 3�u, and A 3�u
+� corresponds to the electron con-

figuration 1�u
31�g

3, and the third group �B 3�u
−, A 1�u, and

f 1�u
+� is related to a mixture of two or more electron con-

figurations. The set of potential energy curves generated here
by DFT agree reasonably well with those obtained from pre-
vious MCSCF calculations1 and are qualitatively similar to
experimentally determined curves. However, the present
TDDFT/TDA calculations found a double minimum in the
potential energy curve of the B 3�u

− excited state. Such a
double minima was not found in a series of calculations
based on the MCSCF response method.1 On the other hand,
the MCSCF response method1 obtained double minima po-
tential energy curves for the A 1�u and the f 1�u

+ excited
states in contrast to the present TDDFT/TDA calculations.

The present TDDFT/TDA study predicts that the oxygen
molecule has a complex absorption spectrum in the energy
interval between 14 and 20 eV; no spin allowed absorption
band is predicted to be found below 6 eV. The LDAxc and
the B88X+P86C functionals produce similar spectroscopic pat-
terns and the calculated strong band is positioned at about
19.80 eV, while the asymptotically corrected exchange cor-
relation functionals of the SAOP and the LB94 variety yield
similar excitation spectrum with the computed strong band
located at about 16.20 eV, respectively. However, all of the
exchange correlation functionals produce only one strong
band in the energy range of 0–20 eV due to the excited state
3�u

− which is above the ionization threshold. All spin allowed
excitations in O2 have energies equal to or above the IP. For
such a molecule we find in agreement with previous studies

FIG. 6. Excitation spectrum of the oxygen molecule calculated with the
LB94 exchange correlation functional.
that use must be made of functionals such as SAOP and
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LB94 with asymptotically correct exchange correlation po-
tentials. Overall, the LB94 exchange correlation functional
compares most favorably with the available experimental re-
sults and previous high level ab initio calculations.
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