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Abstract

Accurate potentinl energy and dipole moment curves of the ground state carbon
monoxide CO were calculated with the multi-reference configuration interaction
method. Vibrational and spectroscopic constants were determined and compared
with the values derived from experimental data. Einstein’s A and B cocfficients of
the rovibronic transitions of Av = 1, 2 and 3 were cvaluated. The ncar-infrared ab-
sorption spectra in the solar atinosphere obscrved by a satellite were simulated with
the calculated rovibronic transitions and the temperature of the gas was cstimated
around 5000 to 5500K.
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Introduction

Carbon monoxide (CO) molecule is one of the most important diatomic molecules
in atmospheric chemistry of our carth and of some of plancts in the solar
systemn. The molecule also exists in the atmosphere of the sun itself. Car-
bon monoxide is one of the most extensively studied in interstellar chemistry.
There are nuinerous studices on the vibrational and rotational spectroscopics of
the ground X 'E;' statc. Recently, with an interferometric spectrometer on a
satellitc operated by NASA(1], the extensive and accurate infrared absorption
spectra of carbon monoxide in very broad encrgy range were observed. The
light source was the sun, and the sample gases are in the solar atmosphere.
Not only the Av = 1 bands but also the Av = 2 and Av = 3 bands were
observed. Because of very hot environment of the solar atmosphere, the high
rovibrational levels up to v = 20 and J = 133 were detected and identified.
From the assigned transitions, an accurate set of Dunham coefficients were
deduced, and thus the accurate potential energy curve and the rovibrational
levels up to v = 20, which is about 45 % of the dissociation cnergy, were
determined. But, in our knowledge, the intensity distribution of the observed
spectra has not been analyzed.

There are also nuimncrous theoretical studies on the ground X IE;“ state of CO.
For instance, the sign and value of dipole moment at the equilibrivin bond
distance have been one of the hot topics in the history of ab initio clectronic
structure theories [2]. Recently, Sundholm et al [3] calculated the potential
cnergy and one- and two-photon dipole moment functions, vibrational spec-
troscopic constants and oscillator strengths. Langhoff and Baucshlicher (LB)
also calculated the potential energy and dipole moment functions, and cvalu-
ated the radiative lifetime of rotationless vibrational excited levels [4]. Their
theoretical studics reproduce experimental data reasonably well. However, as
far as the rovibrational levels are concerned, there have been few studies that
can be used for the analysis of the above mentioned spectra of the solar at-
mosphere both in cnergy and in spectral intensity.

In the present studies, we attempt more accurate calculations than the previ-
ous studies for the ground X 12; state of CO. The potential cnergy and dipole
moment functions arc calculated, and the rovibrational wavefunctions on the
potential energy curve up to near vibrational dissociation limit and rotational
levels J ~ 100 are cvaluated. Einstein’s A and B coefficients of rovibrational
transitions arc cvaluated using the rovibrational encrgics and their wavefune-
tions. The rovibrational infrarcd spectra are constructed for Av = 1,2 and 3,
and the calculated spectra are compared with the recent experimental data
from the satellite as well as with the previous theoretical studics. By simnulating
the rovibrational spectra in the Av = 2 region observed at the satellite [1], we
could deduce the temperature distribution of CO molecule at the atmosphere



of sun.

1 Calculation Methods

Multireference configuration interaction (MRCI) calculations were performed
for the ground state of CO. The basis sct used was the augmented valence
quadruple zcta (aug-ccpVQZ, AVQZ) basis sct of Dunning [5). MRCI calcula-
tions were performed with MOLPRO internally contracted CI method [6][7].
The reference configurations were all electronic configurations generated from
[162, 202, 36°72, 46°-2, 17°-4, 50°-2, 27%~4, 609-2, 76%-!), where 7o orbital is
a Rydberg type orbital. The calculations were performed under Cy, symmetry.
The valence-type vacant orbitals, 27 and 6o, were determined by the VAL-
VAC (valence-type-vacant) method of Iwata [8][9]. The method requires only
a single Fock matrix generation, and provides us with a proper anti-bonding
nature of molecular orbitals. The other occupied orbitals (1o — 5o, 17) are the
closed shell SCF orbitals. The orbital sct used in the calculations are identical
with that uscd for the low-lying states of carbon monoxide cation CO*{9][10)].

Vibrational energics and wavefunctions on the adiabatic potential energy curve
were calculated by solving the one-dimension nuclear Schradinger equation
with the FEM1D program of Kimura ct al [11]. The intcgration region was
between 1.4 and 10.0 Bohr. The cnergy at bond lengths between the ab initio
calculated points is evaluated with the 5th order akima interpolation or with
the analytical function discussed below. Vibrational spectroscopic constants
We, WeZe and weye were obtained using the least-squares fitting of AGyy1/2 =
G (v +1) — G(v), G(v) being the vibrational cnergy relative to the lowest
vibrational level. The cnergy G(v) is expressed as :

Clv) = ( 1)— (+1)2+ 1(u+1)3 o
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By intcgrating the dipole moment function over the vibrational wavefunctions
for cach rotational quantum number J, Einstein’s A and B cocfficients of the
rovibrational transitions were cvaluated.

2 Results and discussion

2.1 Vibrational spectroscopic constants

Figure 1 shows potential energy and dipole moment curves of the neutral
ground X'} state of CO. The thin horizontal lines on the potential energy
curve are the calculated vibrational levels. The origin of cnergy is sct to be at
the calculated v = 0 vibrational cnergy level. The vertical dashed line shows
the cquilibrivm bond length, R = R,, and the horizontal dashed line shows
zero permancent dipole moment. The positive sign of dipole moment represents
C*0O~. At R = R,, the sign of the dipole moment of the molecule is slightly
negative as has been known in the previous studics [2]. As the bond length
increases, the dipole moment becomes positive; the molecule is polarized as
C*0%. At R ~ 1.90 A, the dipole moment hns a maximum positive value.
At ncar dissociation limit, the dipole moment asymptotically becomes zero.

Langhoff and Bauschlicher(LB) reported both potential cnergy and dipole
moment curves with the then statc-of-art level of calculations{d]. To estimate
the accuracy of calculated potential energy and dipole moment functions, the
spectroscopic constants R, D, we, weZe and weye arce calculated using the
functions of ours and LB's. The calculated spectroscopic constants are com-
pared with the available experimental data in Table 1.

Figure 2 shows the spacings between adjacent vibrational levels, AGyyqy2(v) =
G (v + 1) — G(1) = we — 2w,eze(v + 1), plotted against (v 4 1/2). Experimental
AGyp1/2(v) plots in the fignure are cvaluated with a set of Dunham cocili-
cients determined by the spectroscopic studies of solar earbon monoxidel[1].
The vibrational spectroscopic constants w,, wez, and wyy, are obtained us-
ing the least-squares fitting to cq. (1) below v = 25, The caleulated plots of
ours and LB's agree with the experimental data. The LB plot underestimate
we by about 10 emn~!. In the present ealenlation, the error of w, is 2 em™!,
To demonstrate the behavior of higher order anharmonicity, the spacing of
AG(v), AAG = AG(v + 1) — AG(v), which is —2w,z, + Gweye(v - 3/2) in the
3rd order Dunham expansion, is shown in Figure 3. The plots AAG used the
LB results show a large oscillatory behavior, so that the plots are not included
in the figure. Our caleulated AAG(v) plots also have many zigzags for v < 40,
It turned out the fit AAG is very sensitive to the potential energy functions
usced in solving the nuclear Schrodinger equation. In the present study wo have
used the 5th order Akima method in interpolating the potential energy. When
a vibrational cigenvalue hits at the interpolating point, it deviates from the
appropriate value. The analytical fitting is desired to obviate the zigungs in
the higher order plot (sce below).



As g seen from the table, the present ealeulations for the parameters are in
very pood agreament with the experiments.

2.2 Analytical potential energy function

"Fhe enleulated potential energry eurve shown in Fig. 1 is fitted into an analyti-
cal function. The acenrate analytieal form of potential energy function for any
desired hond length is reguired for many applications in quantin chemistry.
In the present study, the extended Rydberg Iunction,

V() = ~Dul1 1+ 3" axp) ex(=0) @

is used in the fitting where

p= (e~ R)/R, ©)]

For the polynomial part, n = 6 and 8 aro used. The weight in the fitting

wy -5 exp(—(Veat(Rs) = Vear(Re)) / 0.1)

is used.

Table 2 shows the determined parameters. To show the aceuracy of the func-
tion, AAG(v) = AG(v + 1) — AG(») obtained with the fitted function is
also shown in Fig. 3. Both ealeulated AAG(v) are in good agreement with
experimental data. As expected, the zigzags, found when the interpolation is
used, disappears in the plots. The eigenvalue is very sensible, when the turn-
ing points of the wavefunction hit at the interpolated point. By using the
analytical fitted function, the smooth and consistent potential energy curve is
obtained. This example is a clear warning_ for using the interpolation meth-
ods when the higher order spectroscopic properties are evaluated. The plots
AAG() of the analytical functions suggest that a slight modification of the
present functions may provide an accurate potential energy curve of the ground
state of carbon monoxide.

2.8 FEinstein’s A and B cocfficients

Figure 4 shows calculated Einstein’s A cocflicients of rotationless vibrational
transition v” «— v’ of Av = v’ —v" = 1,2 and 3, plotted against v”. Langhoff
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and Bauschlicher also caleulated Einstein's A cocfficients, and so both calcu-
lated results are compared. Both results are in very good agrecment with cach
other. It is expected that the present ealeulated results are more accurate for
higher v. An Einstein's A coeflicient can be compared with the experimentally
obtained lifetime of vibrationally excited states v = 1. The experimentally oh-
served lifetime of the transition (0" = 0) « (v = 1) is 33 milliscconds; the
correspordling Einstein’s A cocfficient is 30 s7'[12]. Both calculated results
agree well with the experimental value. It should be noted that the A cocf-
ficient for Av = 2 monotonically increases with v, and becomes comparable
with that for Av = 1 at » = 30. To cstimate the radiative decay rate for
higher vibrational levels under hot envirommnent, the Av = 2 and 3 transitions
cannot be neglected.

Figure 5 shows the vibrational quantum number (v) dependence of the calen-
lated Einstein B cocfficients of rotationless vibrational transitions v «— v” of
Av =1 —v" = 1,2 and 3, plotted against v”. For Av = 1,2 and 3, Einstcin’s
B cocflicients peak at »” = 33, 54 and 58, respectively. For Av = 2 and 3 tran-
sitions, Einstcin’s B cocfficicnts are substantially large at high vibrational
levels.

Large cocflicicnts of A and B for higher vibrational levels reflect the functional
form of the dipole moment shown in Fig.1. Figure 5 clearly indicates that the
absorption bands for Av = 2 and 3 arc substantially strong. As is shown below,
the Av = 2 (v = 2 « v" = 0) transitions arc observed between 4250 cin~?
and 4360 cm™! in the solar spectra. Beecause this wavenumber region has less
absorption bands from the other molecules than the fundamental (Av = 1)
region, the measurement of the absorption bands Av = 2 might be a good
tool for monitoring the carbon monoxide in the atmospheres.

Figure 6 shows the rotational quantum number J dependence of caleulated
Einstein’s B coefficients for some rovibrational transitions of Av =1 and 2 for
AJ = +1 (R-branch) and AJ = —1 (P-branch). For a given v’ « v” transition
of Av = 1, Einstein’s B cocfficients of AJ = +1 are larger than AJ = —1 for
low J”, and both cocfficients become nearly equal to cach other and constant
for high J”. For a given v' « v" transition of Av = 2, on the other hand,
Einstecin’s B cocflicients of AJ = +1 arc substantially larger than AJ = —1
for all J”. Interestingly, at J” = 10, the B cocflicient for AJ = +1 transition
is at the mininum, and that for AJ = —1 transition is at the maximum.
For high J", Einstein’s B cocfficients of AJ = +1 become extremely large for
Av = 2 and 3. The intensity ratio of the R and P branch is given as

R(J"+ Lo —J"0")  J"+1  |[<x(v; 7"+ D)ip(R)|x(v"; J") > 2

PO =T =)~ 7 [T = DRI > |
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where x(v; J) is the nuclear vibrational wavefunction and p(R) is the dipole
moment operator. Equation (4) implics that the strong J dependence of B co-
cfficients at high J in Av = 2 and 3 transitions results from the J dependence
of matrix clements; the J dependence of the nuclear vibrational wavefunctions
has to be taken into account.

2.4 Temperature distribution of CO molecule at the solar atmosphere

With Einsticn’s B cocfficients at hand, if the abundance of rovibrational levels
(»",J") is known or assmncd, the rovibrational absorption spectra can be
simulated. In turn, if the rovibrational spectra are obscrved, the population
of the rovibronic levels can be deduced. Based on the calculated Einstein's
B cocflicicnts of rovibrational transitions, the wide range of spectrum of the
solar atimosphere can be analyzed. We assume the thermal cquilibrium among
the rovibrational levels; the number of molecules in the rovibrational levels
is assumed to be Boltzmann distribution. The theoretical absorption spectral
intensity distribution I(v',J’ « 4",J ") can be cvaluated by the following
formulac;

I(vI,JI — U", J”) —

B(',J" ", J") X exp(—AEy/kTyip) X (2J" + 1) exp(—AEo/kTyot)

(%)
AE,y = E(v/,0) — E(»",0)
AE,; = EW",J") — E(",J")

where B(v', J' — v",J") is Einstcin’s B cocfficient of the rovibrational tran-
sition (v', J' «— 0", J ") and Ty (Troe) is vibrational (rotational) temperature.
In the present simulation Ty = Trop is assumed.

Figure 7 shows the simulated and experimentally observed absorption spectra
between 4250 em™! and 4370 an~!, where the transitions v’ = 2 «— 0" =0
and v’ = 3 «— v” = 1 are obscrved. In the simulation the maximum J” is 83,
and the band head is at J” = 50. The background in the reported data [13] is
subtracted to compare the observed spectrum with the simulated one. In Fig.
7 the assumed temperature is 5000 K. The simulated spectrum is uniforinly
shifted downward by 7 em™!. Note that no adjustable paramcters other than
7 ein~! shift and the tanperature are used in the simulation. The simulated
spectrum well reproduces the observed spectrum. We have also attempted the
theorctical absorption spectra for Av = 1 and compared them with the solar
spectra. Because the spectra range is around 2200 em™!, there are strong
and irregular background absorption bands. Therefore, without the proper

E‘,II’JH CX])(—'AE.,ib/kTm'b) X (2J" + 1) (!Xl)(—AErog/kT,-,,g)

subtraction of the background, the simulated spectra cannot be compared
with the observed oncs.

Both the experimentally observed and the caleulated absorption intensitics
I(v',J' —v",J") for Av = 2 arc well fitted to an analytical function

IJ"+ 1= J" v =" +2—1") = (a+bx J)exp(—c x J?)  (6)

with three paramecters a, b and c. The parameters are given in Table 3, which
might be used in the detailed analysis of the spectra. Figure 8 shows the
simulated and experimentally observed absorption intensitics of rovibrational
spectraforv' =2 — 9" =0;AdJ=+landfor v =4 — 1" =2 ;AJ = 41,
plotted against J”. The cxperimentally obtained intensity [13] is superim-
poscd on the simulated results with the assumed temperatires between 4000
K and 6000 K with 500 I interval. Both Table 3 and Figure 8 indicate that
the temperature of carbon monoxide molecules of the solar atmosphere dis-
tributes between 4500 K and 5500 K. The distribution of temperature of
carbon monoxide molecules on the sun may suggest the altitude range where
the gas exists.

2.5 Concluding remarks

With the accurate potential energy and dipole moment curves and rovibra-
tional wavefunctions on the potential cnergy curve, Einstein’s A and B cocf-
ficients are evaluated. The calculated spectroscopic constants and Einstein's
cocfficients quantitatively reproduce the experimental data, if they ever exist.

With the quantitatively reproduced calculated results, the simulation of rovi-
brational absorption spectra are performed. The simulated absorption spectra
arc comparcd with the experimental absorption spectra from the solar atmo-
sphere. The vibrational and rotational temperatures of solar atmosphere are
cstimated. The vibrational and rotational temperatures of the carbon monox-
ide gas in the solar atmosphere are cstimated to lic between 4500 K and 5500
K.

The tables of A and B cocfficients as well as the raw data of the potential
energy and dipole moment functions are distributed through the web sito
(html:/ /hera.chem.scihiroshima-u.ac.jp/iwata_home/index.htinl).
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Figure Caption

Figure 1. The potential energy and dipole moment curves of the ground
X'+ gtate. The positive sign of the dipole moment curve implies C5+0Q%-.

Figure 2. The spacings between adjacent vibrational levels, AG,y1/2(v) =
G (v + 1) — G(v), plotted against (v 4 1/2). The lines arc the least square
fitted to equation (1). M The energy evaluated with the Dunlum coefficients
[1]. O The present results. o The cnergy cvaluated using the potential
cnergy curve reported by reference [4].

Figure 3. The spacings of AG(v), AAG = AG(v + 1) — AG(v), plotted
against v.

B The cnergy cvaluated with the Dunhum cocfficients [1]. @ The potential
cnergy was cvaluated by using the akima interpolation formula when the
nuclear Schrédinger equation is solved. O The potential energy function (2)
of the 8th order. O The potential energy function (2) of the 6th order.

Figure 4 Calculated Einstein’s A cocfficient of rotationless vibrational tran-
sition v” « v’ of Av =9 — 9" =1, 2and 3, plotted against v”. O reference
[4].

Figure 6 Calculated Einstein’s B cocflicient of rotationless vibrational tran-
sition v’ «— v” of Av =9’ — 9" =1, 2 and 3, plotted against v".

Figure 6. The rotational quantum number (J) dependence of the calculated
Einstein’s B cocfficients of (v, J') — (v”,J") for some Av =1 and 2 tran-
sitions with AJ = +1 (R-branch) and AJ = —1 (P-branch). a) Av =1, b)
Av=2.

Figure 7. The siiulated and observed absorption spectra between 4250
e¢m™! and 4370 cin~!. The obscrved data are taken from Reference[13]. The
background was subtracted in the figure.

Figure 8. The simulated J dependence of rovibrational bands AJ = +1 at
T = 4000, 4500, 5000, 5500 and 6000 K. The intensitics in the observed
spectra [13] are given in the figure by O. a) The series for v/ =2 « o = 0.
b) The serics for v/ =4 « »" =2,
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Table 1 The calculated and experimental spectroscopic constants®. Table 2 The l)nfulnctcrs for the fitted potential energy curve to the analytical
function (2).

R/A wefem™ wez./em™! way.fem™t  Dfem?

Langhoff and Bauschlicher® 1132 21503  13.60  0.0216 85691 Gth order (n = G) 8th order (n = 8)
s 5 ¢
Present 1130 21720  13.09 00117 90078 D./Hartreo 0.410587 0409949
21700 1333 0.0134 88316 Defem 90113.4 899734
Experiment® 1.128¢ I
(2169.8)° (13.288)° (0.0105) (90551 + 137)° Re/Bohr 2.133965 2.168867
R./A 1.129 1.148
a)The constants, we, wete and weye, arc determined by fitting the vibrational ht 3.088175 3.934579
az -2.127217 1.534229
encergics below v = 25 to equation (1). a3 2.029493 1.739583
b) The rotationless vibrational encrgics arc cvaluated from the potential en- a, -2.794072 -0.935014
crgy curve given in Reference [4].
ap 1.425327 0.179972
¢) The rotationless vibrational energies are evaluated with the Dunham cocf- 2g -0.221847 -2.178445
ficients reported in Reference [1). ’ )
az 1.832090
d) The dissociation cnergy is cstimated by assuming the Morse function, where ' 0.375251
the constants w, and w,z, arc determined by the fitting the vibrational encrgics as oLy
below v = 25. v 3.079123 4.137383

¢) Reference [14]. The constants we, wexe and wey, arc a part of the 6th
order polynomial of (v -+ 1/2), fitted below v = 37. The dissociation cnergy
is estimated by adding to Dy the v = 0 encrgy cvaluated by the Dunhumn
expansion. D, =(11.092 £0.017)*8065.54 -+ 1088.2 cin~?.
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Table 3 Experiimentally observed and calculated absorption intensitics fitted
to an analytical function (6) with three parameters a,b and c.

IV = 2,J " =0,J")

IV, J' =4 1" =2,J")

1%

b

«©

a

b

¢

exp®
4000K
4500K
S5000K
HH00K
GOOOK

0.0047454
0.0058430
0.0052267
0.0047315
0.0047596
0.0039844

0.010523
0.0032361
0.0025822
0.0020566
0.0017874
0.0012632

4.88941-4
6.0541E-4
5.314315-4
4.72481-4
4.2443F-4
3.845315-4

0.0062029
0.0081506
0.0072906
0.0065998
0.0060324
0.0055579

0.021368
0.0045938
0.0036682
0.0029235
0.0023104
0.0017968

4.47801>-4
5.9739E-4
5.2479E-4
4.6695E-4
4.1982E-4
3.8069E-4

a) Reference [1)[13]
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Fig.4

Fig. 3
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Fig. 5

Fig. 6 (a)

[x 16°] | Einsteinis B coefficients

B LSRN 0 N L L LI BLNL NLL I BLBLELEL L B 6/1017

(BJ"+1) — (2,0
AV=1 I ssssssens . ;;-.::::'»:'~'-‘~;"'""A=".'.'” """"""

(38.4"1) —(2,J")

@J"+1)—(1,J%)

Av=2 zhj“

Av=3 ;

x 20
| .
00 - 1 1 1 L 5!0 1 1 1 1 100
J"
0 s - ot 1)



Fig. 6 (b)

B/10"

(4,J"+1)—(2,J")

(2,0"1) —(0,J%)

50 . 100
Jll

Fig. 7
4250

Lo/ Kouanbaig o)
o
Q

4350

‘dx3

¢0




Simulatioh
6000K

R ( J")

Fig. 8 (b)






