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Molecular opacities of low-lying states of oxygen molecule”
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The X3Zg , ABA,, A3ELT , 13Hg, and B3Z; electronic states of oxygen molecule (O,) are calculated by the multi-
configuration self-consisted filed (MRCI) + Q method with the scalar relativistic correction and core—valence correlation
correction. The obtained spectroscopic constants of the low-lying bound states are in excellent agreement with measure-
ments. Based on the accurately calculated structure parameters, the opacities of the oxygen molecule at the temperatures
of 1000 K, 2000 K, 2500 K, and 5000 K under a pressure of 100 atm (1 atm=1.01325x 103 Pa) and the partition functions
between 10 K and 10* K are obtained. It is found that with the increase of temperature, the opacities for transitions in a
long wavelength range are enlarged because of the larger population on excited electronic states at the higher temperatures.
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1. Introduction

The oxygen molecule (O;), which plays an important
role in the photo-physical, photochemical, and atmospheric
spectroscopy, has received considerable attention over several
decades.!'~"! The accurate and detailed information about the
electronic states of O», i.e., X3Zg’ state and low-lying excited
states, the potential energy curves (PECs), and transition prop-
erties, which are significant for knowing more about spectrum

s, [8-10]

of many kinds of molecule are required to understand

the mechanism of the chemical reactions including oxygen

ll1-17

molecul I and to evaluate the abundance of oxygen el-

ement in the universe and atmosphere. [!3:18-1]

The experimental investigations were performed for the
ground state and several low-lying electronic states?%->?! sev-
eral decades ago. The Raman spectra of O, and its iso-
topic molecules were observed in 1976, and some of the ro-
tational constants for the ground state were analyzed.>3! The
vibrational energy levels and spectroscopic parameters of the
A3 state were acquired from high-resolution spectrum of
the A’Z;-X3%, system by Borrell e al. in 1986.1*] The
absorption bands of the A3Zj—X3Zg system were measured
with a resolution of 0.06 cm™~! by Yoshino et al., who pre-
sented the vibrational energy levels for the A3L] electronic
state.[?>] Then, the excitation spectrum of the A>X] and A”A,
states were recorded by exciting the higher states with dye-
laser emission at the A = 249 nm by Wildt ef al.*®! In 1999,
Jenouvrier et al.”’’! re-investigated the absorption spectra of

Herzberg band systems (AL, —X3Zg_ and A’ 3Au—X3Eg). The

DOI: 10.1088/1674-1056/ab5fb6

positions of the lines were analyzed and more accurate en-
ergy levels were obtained for the A®A, and AL states.
The spectra of Herzberg II system located in the near-infrared
nightglow region and visible region for O, were observed by
Mufioz et al.,*8! who provided more information about the
spectrum of O, and extended the range of the spectrum. The
vibrational energy levels of v = 11-18 for the X3Zg were
re-investigated in the flash photolysis studies in absorption
spectrum of B3le —X3Zg’ band at the Doppler-limited resolu-
tion which provided more accurate experimental data.>”) The
spectroscopic constants of O, were obtained by analyzing the
corresponding spectrum. The emission spectrum of transition
from B3le to the X3Zg’ in a wavelength range of 2116 A
—5663 A was measured by Ekt et al. 3]

A series of theoretical work was also carried out for O,.
Dating back to 1968, the 62 low-lying electronic states were
calculated by Schaefer et al.>!! The spectroscopic constants
of Oy, including several low-lying states, were presented by
a battery of theoretical computations.*>*%1 Then the tran-
sitions between triplet states were calculated by the multi-
configuration self-consisted filed (MCSCF) method, [41.42]
which can be used to learn more about the radiative infor-
mation of O,. And Minaev et al. [43] evaluated the transition
dipole moments between valence states. The accurate spectro-
scopic constants for the ground and excited electronic states,
including X3Zg, ABA,, A’LS, B3Z,, and 131"1g states, were
determined in recent years. [*++]

As mentioned above, extensive studies of O, both experi-
mentally and theoretically have been carried out: most of those
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studies mainly concentrated on electronic structure and spec-
troscopic constant calculations. In addition, systematic stud-
ies of the radiative properties, which are very important for
explaining spectroscopic diagnosis in the atmosphere, are still
lacking. In this work, the accurate PECs and transition dipole
moments are calculated with high-level ab initio method. The
scalar relativistic effect is concerned and the core—valence
(CV) correlation effect, which is always neglected, is carefully
evaluated. Then the opacities and partition functions are pre-
sented at different temperatures under a pressure of 100 atm.

2. Theoretical method

The electronic structure is calulated with the Molpro
2010 program package.!*®! The aug-cc-pwCV5Z-DK Gaus-
sian basis,*”! which can describe the CV effect and relativis-
tic effect better, is located on each O atom. The internu-
clear distance varies from 0.975 A to 6.0 A. The reduced Dy,
group is employed to replace the D..;, point group which is not
suitable for practical quantum chemistry use. The relation-
ships between irreducible representations of D..; and Dy, are
Zg — Ay, 25 — By, L, = Big, X, — Ay, Tl — Bog + Bag,
and IT, — By, + Bj3y. Starting from the HF MOs of the
ground state, the state-averaged complete active space self-
consistent filed (SA-CASSCF) method is employed to con-
struct the multi-configuration wavefunction which can include
the degeneracy and near-degeneracy of all the computed states.
Then, the internally contracted multi-reference configuration
interaction (icMRCI) method, which can deal with the dynam-
ical electron correlation, is used to calculate the PEC as well
as the transition dipole moment. In the above SA-CASSCF
calculation, ten outermost molecular orbitals (MOs) (two Ag,
two B3y, two Boy, two Byy, one Bog, and one B3g), which cor-
respond to the 2s2p shell of the O atom and an additional x, or-
bital as found necessary for the appropriate description of the
transition probabilities, are involved in the active space. The
Davidson correction (4Q) is taken into consideration to cor-
rect the size-consistency error of the icMRCI method. In order
to obtain the accurate PECs, the third-order Douglas—Kroll—
Hess one-electron integrals are used to consider the scalar rela-
tivistic effect. In order to evaluate the effect of the CV correla-
tion, which is also important for the high-level quantum chem-
ical calculations, the calculations are carried out by including
and excluding the CV correlation. When the CV correction is
excluded, the core shell 1s electrons of O are kept closed in the
MRCI calculation. When the CV correction is included, all the
electrons are correlated in the MRCI calculation. Based on the
PECs, the spectroscopic constants, including harmonic vibra-
tional frequency (@), anharmonic constant (@ex.), adiabatic
transition energy (7¢), rotational constant (B.), and equilib-
rium bond length (R.), for the concerned bound states are ob-

tained by the numerical method from the LEVEL program. [43]

Under the well-known Born—Oppenheimer approxima-
tion, the motion of nuclei and electrons can be separated from
each other. Hence, the Hamiltonian can be expressed as

A=H.+1x, ey

where H. is the Hamiltonian of the electron which can be re-
placed by the potential energy, and Ty represents the kinetic
energy term of nucleus.

The nucleus movement is represented by the ro-
vibrational states which can be obtained by solving the radical
nuclear Schrodinger equation, as follows:

JJ+1)
2UR?

1 d2

—ﬂ@‘FEn(R)‘F

Xnvs (R) = EpvsXnvs(R), (2)

where E,y; is the ro-vibrational energy level for the electronic
state n, and E,, (R) is the potential energy of the electronic state.
The Einstein coefficient, which reflects the rate for the
radiative process between two levels, is described by
4 3 3 SJ/J//
An’v’]’.n”v”]” = ga‘ wn"u/l/,n”‘l)”J” 72‘]” 1 y

where a is the fine-structure constant, @,y 7y is the tran-

3

sition frequency between two ro-vibrational levels, and the
line strength Sj;» is determined by

2
Sy = (Knrv' 3 Do (R)| Kooy} |” Q- “

The transition dipole moment function D(R) between n’ and
n” electronic state can be defined as

Dyt (R) = / W (1, R) Y erEy (1, R) dr )

and Ey (r,R) and ¥, (r, R) are the wavefunctions of upper state
and lower state, respectively. The Honl-London factor ¢ is

(J//+A//)(J//_A//)

AA =0, m ,
¢J/J,, _ . (J/IiliAIl)(JlliA//)
) ’ 4J" ’
(J//_ 1 —‘,—A”)(]”—I—AN)
AA = -1, 4] ’
(P —branch),
1" "2
AA:07(2.1 +1)A ’
J//(]//+ 1)
(J//_|_1+A//)(J//_A//)(2J//+1)
1o = AA = 1
O +1, 27T ;
A — 1 (J//_|_1_A//)(J//+A//)(2J//+1)
o 4J"(J" 41) ’
(Q —branch),
J// 1 A// " 1_A//
AA:(),( ik J//)_E_Jl—’— )7
_ AA7+1 (J”+2+A”)(J”+1+AN)
O = o 4074 1) ’
AA— 1 (JII+2_A/I)(JII+1_A/I)
- 4(J7+1)
(R —branch). (6)
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The total internal partition function Q(T) is summed over all
the concerned electronic state weighed by the Boltzmann fac-
tor utilizing

u T:hc
0= ; 0.i0,iQriexp <_ kT ) . @)

T; is the excitation energy of electronic state i, and T is the
temperature of the environment.

Molecular opacity, which can describe the radiative prop-
erty of the atom or molecule, can be obtained with the spec-
trum parameters to be

B 1
© = 8a(E" he)?
A(2J' +1)exp(—E"hc/kT)[1 — exp(—AEy1y 0o/ kT]
X 0 ,
®)

where AEy1 o is the ro-vibrational excitation energy relative

to ground state, and E” is the energy gap between the con-
cerned two states.

3. Results and discussion
3.1. PECs and spectroscopic constants

With the method mentioned above, the PECs of the five
low-lying electronic states, i.e., X3Z£, AL, 13Hg, ABA,,
and B3X;, are obtained. For a clear understanding of the CV
correlation effect, the PECs are computed with and without
considering the CV correlation. The PECs with considering
CV correlation are depicted in Fig. 1, but the ones without
CV correction are not presented here because their difference
from those with considering CV correlation is unrecogniz-
able. As shown in Fig. 1, the 13Hg is weakly bounded state,
and the X3Zg, ABA,, A’LF, and B3, are all typical bound
states. The X3Eg, A'3Au, A3Z§f , and 13Hg states correspond
to the lowest O*P)+O(*P) asymptotic limit, and the B3X;
state is correlated to the O(’P) + O(' D) asymptotic limit. The
PEC of 13Hg state has a small shoulder around the internu-
clear spacing of 1.75 A, which comes from the avoided cross-
ing caused by higher electronic states. The energy gap be-
tween the asymptotic limits is 15805.158 cm~! which is only
62.704 cm~! deviation from the experimental excitation en-
ergy between O(*P) and O('D) of 15867.862 cm~!.[4°]

On the basis of the calculated PECs, the spectroscopic
constants derived from the CV concerned and CV excluded
PECs are presented in Table 1 together with the available ex-
perimental and theoretical data. The CV concerned spectro-
scopic constants for all the five states X3Zg, ABA,, AT,
B3%,, and 13Hg are in better agreement with the experimen-
tal values!?*-??! than the CV excluded ones, e.g., the @., W.xe,
Be, and R, of the ground state X3Zg excluding CV correc-
tion, which specifically are 1568.5599 cm~!, 11.3589 cm™!,
1.4386 cm™!, and 1.2105 cm™!, respectively. The deviations

11.6301 cm™ !, 0.6211 em™!, 0.00703 cm™!, and 0.00298 A
relative to the measured values, are larger than those in-
cluding the CV correction, i.e., 5.06 cm~!, 0.5614 cm™!,
0.00183 cm~!, and 0.00078 A.

8.0

O(*P)+0O('D)

O(*P)+0(°P)

— X35,

R A'BAU
AT

— 1311,
B3,

Energy/10* cm™!
S
o

R/A

Fig. 1. MRCI +Q PECs of O for X’Z;, A’Ey, 1°T1,, AA,, and
B3] states with CV correction.

The most recent calculations of Minaev e al.,*?! Miiller
et al.,'*¥ and Jiang et al.'*! have comparable precision to
the present results. So here we mainly compare the present

spectroscopic constants with the values of Minaev et al.,*?)

[20-22] for

Miiller et al.,'** Jiang et al.,!*! and experiments
each state. For the ground state X3Eg, the dominant elec-
tronic configuration is 20;20:30; 17,177 (93.43%) at equi-
librium bond length. The present spectroscopic constants
are better agreement on the whole with experiment!>’! than
those from other theories except the results presented by Mi-
naev et al.'*¥ The first excited state A’A, is characterized
mainly by 20;20;30; 17, 17; (92.85%) configuration aris-
ing from the 17u — 17, excitation from the ground state
X3Zg . The present R. value, which is more accurate than
any other previous calculated values,[3!-33-37-41:43-451 iq in ex-
cellent agreement with experimental data.”?!! Other spectro-
scopic constants of Miiller et al.[**! are in better agreement
with experimental data.”!l For AL} state with the main
electronic configuration of 20,20;30; 17,17, (92.32%),
its @, and T, presented by Miiller er al**l are in bet-
The B3X, state cor-
responds to a mixed configuration of 20320;30;17;17;
(68.60%) and 20,20,;30,30, 17, 17 (27.77%). The present

R. value is in better agreement with the experimental val-

ter agreement with measurements.

ues than those given by Minaev et al.l*?! Miiller et al.[*4]
and Jiang et al.'® The 1°I1, state has the leading elec-
tronic configuration of 26;26336;17E§ l7r§ (90.95%) at
equilibrium bond length.
figurations change from 20,;20;30;30, 17,1717 (85.18%)
near R ~ 1.75 A to diffused configuration combination of
20,20,30;30, 1) 1mg  (62.33%)+20;20,30,30, 17, 17,
(71.09%)+207206;30, 30217317 (11.68%) at R > 1.75 A.
The present results are in good agreement with the values ob-
tained by Mii ller et al.!**! and Jiang et al.!*! but no reliable
experimental values are reported.

And the main electronic con-
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Table 1. Computed and measured spectroscopic constants for low-lying electronic states of O,.

State Method To/em™! o./em™! 0 Ye/cm™! Be/cm™! Re/em™!
X%, Present? 0 1568.5599 11.3589 1.4386 1.2105
Present® 0 1575.1300 11.4186 1.4438 1.2083
Expt.° 0 1580.19 11.98 1.44563 1.2075
crf 0 1582 14 1.25 1.30
Full valence CI& 0 1673 1.278
crh 0 1498.8 9.87 1.38 1.236
MRCI+ Q! 0 1549 11.54 1.4188 1.219
MCSCH 0 1525.9 16.97 1.42 1.219
MRSDCE 1538.7 16.75 1.42 1.217
MRSDCI + Qf 1522.9 17.02 1.41 1.221
VBSCF* 1550 1.206
MCSCF' 0 1577.6 1.211
MRCISD +Q™ 0 1593 1.2105
icMRCI+Q" 1557.6 1.2162
ABA, Present® 34418.592 865.8228 21.9202 0.9182 1.5150
Present® 34658.488 865.2053 21.7057 0.9213 1.5129
Expt.d 34770 815 1.5129
crf 958 27 0.88 1.550
Full valence CI$ 34762.482 990
crh 33310.684 780 13.18 0.877 1.550
MCSCF! 34565.06 842 1.516
MRCISD +Q™ 34721 813 1.5148
icMRCI+Q" 33813 796.3 1.5249
AT} Present® 35045.069 869.6288 24.6010 0.9097 1.5225
Present® 35288.372 872.2330 24.7339 0.9128 1.5199
Expt.d 35399.659 799.1 12.16 0911 1.522
crf 943 29 0.87 1.56
Full valence CI& 35407.725 977 1.525
crh 33923.665 764.6 13.94 0.868 1.558
MCSCF 35500.022 832.8 1.522
MRCISD +Q™ 35355 799 1.5219
icMRCI+Q" 34438 781.0 1.5322
B3x, Present? 49537.123 761.6070 13.8285 0.8180 1.6055
Present® 49918.510 768.4142 14.2351 0.8196 1.6038
Expt.° 49793.585 709.31 10.65 0.82 1.6042
Expt. 48534 728 12.33
crf 593 —27 0.74 1.68
Full valence CI¢ 51135.529 697 1.648
cr 49030.424 724.9 7.04 0.791 1.627
MCSCF! 52098.888 733.6 1.596
MRCISD +Q™ 49338 722 1.5998
icMRCI+ Q" 49760 709.7 1.6093
1’1, Present? 54214.583 682.7576 40.0636 0.9628 1.4814
Present® 54010.506 681.3590 42.7632 0.9572 1.4865
Expt.° 65530 1840
MRCISD +Q™ 54108 689 1.4828
icMRCI+Q" 53809 677.6 1.4906

4present calculation excluding core—valence; bpresent calculation including core—valence; “Ref. [20]; dRef. [21]; ¢Ref. [22]; 'Ref. [31]; ¢Ref. [40];
"Ref. [33]; 'Ref. [37]; IRef. [38]; XRef. [39]; 'Ref. [42]; "Ref. [44]; "Ref. [45].

From the comparison above, our results for the ground  valence orbitals derived from 2s and 2p atomic orbitals while
state X3Zg are in better agreement with measurements than  the CV correlation is not included. Several spectroscopic con-
Miiller et al.,'* and the measurements are also performed at  stants (e.g., @ of the X*%;) given by Minaev et al.!*?! are

the MRCI + Q level to treat the dynamical correlation with  slightly closer to the experimental values. However, in their
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calculation, much smaller basis set (aug-cc-pVDZ) and active
space (two Oy, tWo 7y, two Oy, and one 7;) were used. The
electronic correlation is treated only at the MCSCEF level with-
out dynamical correlation or CV effect,[*?! so this may be an
accidental match. The spectroscopic constants of B3X state
calculated by Jiang et al.!*! are in better agreement with mea-
surements, but the active space (corresponding to two Og, one
Ty, two Oy, and one 7,) used in their calculation is not suf-
ficient and their spectroscopic constants for the ground state
X3Zg’ and other excited states have lager differences from the
measurements than the present ones. So we can infer that the
CV correlation effect should be important for the X3Zg_ and
B’Z, state. As shown in Subsection 3.3, the B’E, -X°%,
transition presents the dominant contribution to the opacities

at lower temperature.

3.2. Electronic transition dipole moments

The transition dipole moments among all the calculated
states, which are functions of internuclear distance in a range
0f0.975 A-6 A, are investigated with the MRCI wavefunctions
and are depicted in Fig. 2. From Fig. 2 it may follow that the
involved transition dipole moments have larger values at small
internuclear distances and decrease with the internuclear dis-
tance increasing. At large internuclear distances(R > 3.0 A),
the transition dipole moments tend to zero because the O;
molecule disintegrate into two neutral atoms mentioned above.
Also, the transition dipole moments from A3Zj , A 3Au, and
B3X; states to 13Hg state all have abrupt changes around the
internuclear distance of 1.75 A, which originates from the
avoided crossing point of the 13Hg state. The transition dipole
moments from the X*Z, to the B’X, state have lager values
than other transitions, which can make stronger contribution

to the total cross section.

=

& 1.0f — A'L*A+uf1‘*ng

g — AIE-1%,

z — B%,— X5,

E — B%,— 1311,

Q

5 osh

<

o,

£

=}

8

- .

& 2 4 6
R/A

Fig. 2. Spin-allowed transition dipole moments for transitions of B3Xy —
X3xg, APEi-13TIg, A®A—13TIg, and B*L;-1°TI; of O; as a function of
internuclear distance R.

3.3. Partition function and opacities

With all the ro-vibrational parameters, the partition func-

tions and the opacities of O, are determined. Here we calcu-

late the partition function and opacity based on the CV con-
cerned PECs and transition dipole moments. All the results
are shown in Figs. 3, 4, and Table 2. The partition function,
as a significant parameter for the spectra analysis, relates to
the degeneracy, ro-vibrational energy levels and temperature
in the local thermodynamic equilibrium (LTE) approximation.
As shown in Fig. 3, with the increasing of temperature, the
partition function increases gradually, because more excited

states are populated.

O, partiton function
10/1 -
@ -
0
i)
102 -
10! 108

logT

Fig. 3. Partition function for O, at temperature ranging from 10 K to
10000 K (T is temperature in Kelvins).

Table 2. Values of partition function Q for O, at a series of temperatures
(10 K-10000 K) under pressure 100 atm.

T/K 0 T/K 0

10 5.189 4000 4740.395

100 48.767 5000 7156.421

200 97.232 6000 10131.131
300 145.812 7000 13689.968
500 245.663 8000 17843.964
1000 545.393 9000 22583.811
2000 1463.668 10000 27879.594
3000 2852.501

Based on the accurate ro-vibrational energy levels and the
transition dipole moments, the opacities of O, including the
low-lying X3, ASEr, 1°T1,, A®A,, and B’E; states are ob-
tained with Eq. (8) at temperatures of 1000 K, 2000 K, 2500 K,
and 5000 K under a pressure of 100 atm. The simulated
spectrum evolves with a Lorentzian line profile®! according
to the collisional broadening with a canonical cross section

chosen as 10716 ¢m?2.151:52

I The cross sections are shown in
Figs. 4(a)—4(d). As indicated in Fig. 4(a), at a lower tempera-
ture (1000 K), most of molecules are populated on the ground
state X3Zg, thus the cross section is located mainly in a shorter
wavelength range which predominately comes from the B3Z; -
X3Zg transition. With the increase of temperature, population
on excited electronic states A3E, 1°T1y, A A,, and B3Z; are
enlarged, so the cross sections in a longer wavelength range
are enlarged as shown in Figs. 4(b)—4(d). This comes mainly
from the transitions between the excited states, i.e., A3ELT—
I, A®A—131,, and B3X, —1°11,.
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1 — T=1000 K, P=100 atm
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Fig. 4. Opacities of O, ro-vibrational transition at temperature of 1000 K, 2000 K, 2500 K, 5000 K under pressure of 100 atm, including
transitions of B3Z, -X*E;, AL —1°Tl,, A®A,~13T]g, and B3E, - 1311,

4. Conclusions

In present work, accurate PECs and transition dipole mo-
ments of the X3Eg’, AL, 1PTl,, APA,, and B3X; states for
O, are calculated by using the MRCI + Q method, with CV
correlation and scalar relativistic effect taken into account. On
the basis of the PECs, the corresponding spectroscopic con-
stants, which accord well with the experimental results, are
presented. The partition functions including the ro-vibrational
levels of these electronic states are presented in a tempera-
ture range from 10 K to 10000 K. Based on ro-vibrational
wavefunctions derived from the PECs and the transition dipole
moments, the absorption cross sections including the consid-
ered five electronic states are estimated at the temperatures of
1000 K, 2000 K, 2500 K, and 5000 K under a pressure of
100 atm. It is found that with the increase of the temperature,
more excited states are populated. This enlarges the cross sec-
tion in a long wavelength range. This study will shed light on
the radiative properties of oxygen molecule.
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