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In view of astrophysical application, the ground state molecular parameters such as bond length, dipole
moment, rotational constant, harmonic frequency, IR intensity, vibrational temperature of the astrophysically
significant diatomic molecule of carbon mono-fluoride (CF) were derived using B3LYP hybrid density func-
tional theory with three basis sets of 3-21G, 6-31G, and 6-311G. The computed data were collectively com-
pared with the values reported in the literature. It was found that the vibrational temperature obtained using
the density functional theory approach resembles the favorable temperature for the formation of the CF
molecule in an interstellar medium. The transition probability parameters, namely Franck—Condon factors
and r-centroids were evaluated for A—X, B-X, and D—X band systems of the CF molecule, using a more reli-
able numerical integration procedure. The molecular parameters of ground state obtained in the present
study was compared with the reported values for better justification. The results of Franck—Condon factors
and r-centroids were also discussed in view of astrophysical application.

Keywords: carbon mono-fluoride molecule, density functional theory, Franck—Condon factor,
r-centroid, astrophysical significance.
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Jlist acmpouszuuecku 3HAUUMOU 08YXAMOMHOU MOAEKYIbl MOHOpmopuda yenepooa (CF) nonyuenvl na-
pamempsl MONEKYIbl 8 OCHOBHOM COCMOAHUU (ONUHA CBA3U, OUNOIbHLIL MOMEHM, NOCMOSHHASL 8PAUjeHUs,
yacmoma 2apmMoHuKu, uHmeHcugHocmos UK-usnyuenus u KoiebameivbHas memMnepamypa) ¢ Ucnoib308aHuem
meopuu QYHKYuoHaia niomuocmu ¢ mpems bazosvimu nabopamu 3-21G, 6-31G u 6-311G u conocmagnerul
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C IUMepamypHuLMU OAHHBIMU. YCMAHOBNEeHO, Ymo KolebamenvbHas memMnepamypa, HauOeHHAs ¢ NOMOWbIO
meopuu QYHKYUOHALA NIOMHOCMU, CX0JHCA C meMnepamypol, 61a2onpusmuou 01 00pa306anus MOAEK) bl
CF 6 meonczse30notl cpede. Tlapamempol eeposimnocmu nepexooa, a umenno gaxmopwi @panka—Konoona
U r-yeHmpouosl, oyenenvl 0 cucmem nonoc A—X, B-X u D-X monexyner CF ¢ ucnonvsosanuem Oonee
HAOEMNHCHOU Npoyedypvl YUCIEeHH020 uHmespuposanus. @axmopwvr @panxa—Kondona u r-yenmpoudwt pac-
CMOMPEHbL ¢ MOYKU 3PEeHUsL RPUMEHEHUsL 8 ACMPOopu3UKe.

Knrwueswvle cnosa: monexyna monogpmopuoa yeaepooda, meopus (QyHKYUOHALA NAOMHOCMU, DAKmop
@panxa—Konoona, r-yenmpoud, acmpogusuyeckoe sHaueHue.

Introduction. Molecules play a fundamental role in deciding the dynamics and evolution of each and
everything in the universe. The most interesting astronomical phenomena, such as the arrangement of galax-
ies, galactic collisions, configuration of stars and planets, and the injection of material into the interstellar
medium (ISM) through stellar winds and explosions are particularly revealed only through the matter, which
is assumed to be the atoms and molecules packed at a higher-than-average density. The study of the spectra
of diatomic molecules has longstanding importance in various applications such as laser cooling [1-3], ma-
chine learning [4], astrophysics [5], physical chemistry, and nuclear physics [6], etc. The numerous diatomic
species that are produced from gaseous (or) solid precursors are frequently probed via astronomical observa-
tions. The analysis of such species is very much significant for i) the understanding of celestial objects and
ii) the estimation of physical conditions of the astrophysical sources emitting radiation. In view of astronom-
ical applications, it was found that the study on diatomic molecules is very prominent for both theoretical
and experimental investigations [7—10]. Among the astrophysically significant diatomic molecules, the light
diatomic fluorides, particularly the alkaline earth metal fluorides are of great importance for the understand-
ing of a chemical bond and for the estimation of physical conditions of the astrophysical sources emitting the
radiation.

The fluorine-bearing diatomic molecule, especially carbon mono-fluoride (CF), has been experimentally
investigated by many researchers. For instance, a rotational analysis of four bands of A—X transition and the
vibrational analysis of the B—X system was conducted, and the rotational constants were also estimated from
band-head separations by Andrews and Barrow [11, 12]. Dunning [13] performed the multi-configuration
Hartree—Fock calculations for the low-lying valence states of the CF molecule. Hartree-Fock and multi-
configuration Hartree—Fock calculations were performed by White et al. [14] for some low-lying Rydberg
states of the CF molecule. Porter et al. [15] investigated the A—X band system of the CF molecule with high
dispersion in the region of 21902965 A and analyzed the rotational structure of 18 bands. Adiabatic poten-
tial energy curves of ground and 12-doublet excited electronic states of the CF molecule were constructed by
Petsalakis [16] using multi-reference single- and double-excitation configuration interaction (MRDCI) calcu-
lations.

However, in the literature there is a lack of investigation of the CF molecule towards the identification
of the CF molecule in a celestial environment. This may be because of the scarcity of an extensive set of
spectroscopic parameters of the CF molecule derived from both theoretical and experimental observations.
Hence, there is a need for a theoretical background of ground electronic state properties and transition prob-
ability parameters for the band systems of D-X, 4-X, and B—X of the CF molecule, which is believed to be
the key component found in celestial objects such as the sun, stars, comets, and ISM. Keeping this in mind,
the ground-state molecular parameters such as bond length, dipole moment, harmonic frequency, vibrational
temperature, and the transition probability parameters such as Franck—Condon factors (FCFs) and
r-centroids for three band systems have been evaluated in the present study by using the density functional
theory (DFT) along with a suitable numerical integration method.

Computational procedure. To study the effect of the basis set on the spectroscopic constants, theoreti-
cal calculations were done by using DFT methods with a series of basis sets. The hybrid density functional
B3LYP procedure was formulated to provide a clear picture of the molecular properties of the interstellar
molecule CF. Computations were carried out using three different basis sets 3-21G, 6-31G, and 6-311G. The
molecular structure of CF was optimized under tight convergence criteria and frequency computations were
executed to verify the nature of the stationary points. All computations were pursued using a suite of Gauss
View 3.0 software [17]. The molecular parameters such as bond length, dipole moment, rotational constant,
harmonic frequency, IR intensity, and vibrational temperature were derived. Using the turning points and
energy values obtained from the three different basis sets, the potential energy (PE) curves were constructed
for the ground electronic state of the CF molecule.
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The probability of a vibronic transition is mainly decided by the overlapping amongst the vibrational
wave functions of the ground and excited states and the square modulus of the vibrational overlap integral
yields the FCF, which can be written as [18]:

vy = (v, (1
where v' and v are the upper and lower vibrational quantum numbers, and ¥,y and W, are the vibrational
wave functions of the excited (upper) and ground (lower) states, respectively. The r-centroid (7., ) is seen to

be the weighted average with respect to W/, of the range of r values experienced by the molecule in both
states of the v' — v transition. The form of 7, can be expressed as [19]:
LYy
" <‘Pv' | va">

As the wave functions W, and W, rely accurately on PE curves, it is essential to involve the proper PE
curves for the electronic states in the transition. For the calculation of FCFs and r-centroids, the Morse po-
tential function is the best-known empirical potential function, owing to its simple form, among the various
empirical models available in the literature. In most of the cases, the Morse approach always gives reliable
FCFs and r-centroids. The Morse procedure [20] was therefore adopted to obtain the potential energy curves
for the electronic states involved in the present study. From the dataset of potential energy curves, the values
of maximum and minimum inter-nuclear separation were noted for all the experimentally observed vibra-
tional levels involved in the electronic transitions. The vibrational wave functions for all the vibrational lev-
els in the electronic states involved in the present study were estimated at an interval of 0.01 A. FCFs and
r-centroids were then evaluated by adopting a more reliable numerical integration method [18, 21] using the
molecular constants available in [22].

Results and discussion. The geometrical optimization was done and the single point energy of the CF
molecule in the ground state was calculated at B3LYP/3-21G, B3LYP/6-31G, and B3LYP/6-311G levels.
The spectroscopic constants obtained through the DFT approach were given in Table 1. Of all the obtained
values of bond length from all three basis sets, some were found to deviate from the theoretically obtained
values available in the literature. On the other hand, the bond length value obtained based on the 6-311G set
coincides well with the experimental value. The dipole moments obtained from the basis sets of 3-21G and
6-31G deviated more from the experimental value, whereas the assessment achieved from the set of 6-311G
shows only 20% inconsistency from the experimental value. There is a slight mismatching of harmonic fre-
quency too; however, the deviation is very small, i.e., the percentage error for the harmonic frequency in the
3-21G set is very small (about 4%). It is very clear that all these three basis sets give a reliable and contented
value for the rotational constant. As mentioned in the computation procedure, using optimized geometry of
CF, the potential energy has been constructed as shown in Fig. 1. It is obvious from the potential energy
curve diagram that the potential energy curves coincide in the lower region of r values whereas the curve ob-
tained from the 3-21G basis set deviates from other two curves for the higher values of r. The other values
such as bond length, dipole moment, etc., also lie closer to the experimental values, which are given
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Fig. 1. Potential energy curve for the ground state of the CF molecule,
obtained using three different basis sets.
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in Table 1. Another interesting observation made at this stage is that the vibrational temperature obtained for
the ground electronic state of the CF molecule is around 1500 K, which is generally the accepted favorable
temperature of an interstellar medium for the formation of molecules.

TABLE 1. Molecular Parameters for the Ground State of the CF Molecule

Basis set Bond Dipole mo- [Rotational con-| Harmonic fre- | IR intensity | Vibrational CPU
length, um | ment, debye | stant, GHz | quency, cm' (km/mol) |temperature, K | time, s
3-21G 1.3286 0.1713 38.9286 1249.4263 105.2500 1797.64 19
6-31G 1.3465 0.1701 37.8979 1155.5559 149.2694 1662.59 18
6-311G 1.3439 0.1957 38.0463 1103.5845 166.0459 1587.81 26
Literature [1.3500 [23]| 0.2450[24] | 42.4700 [25] |1307.9925[25] - - -
1.2860[13] 1292.0000 [13]

TABLE 2. Franck—Condon Factors (FCF) and r-Centroids (A) of the A—X Band System of the CF Molecule

v]io | vt ] 2] 3] 456 7] 8] 9 [10]11]12]13
v' =0
FCF|0.1107]0.20930.2265[0.1828|0.1240[0.0734[0.0393]0.0194]0.0090[0.0039|  * * * ] o
r |1.2154[1.1917[1.1703|1.1505/1.1318]1.1139]1.0966|1.0795|1.0624|1.0450
vi=1
FCF|0.3053[1.1550(0.0095[0.0230(0.0879]0.1199]0.1104/0.0812[0.0513|0.0290[0.0149(0.0070[0.0030| *
r |1.2473[1.2181|1.1838|1.1839|1.1596]1.1400|1.1218|1.1045|1.0876|1.0709|1.0541|1.0367|1.0178
V=2
FCF|0.3391] * 0.1227(0.1007|0.0152[0.0065]0.0495(0.0842[0.08910.0728[0.0501(0.0302[0.0163[0.078
r |1.2822 1.2310]1.2031{1.1754|1.1754|1.1486|1.1296|1.1121]1.0954|1.0791{1.0627|1.0459|1.028

* FCF nearly equal to zero.

TABLE 3. Franck—Condon Factors (FCF) and r-Centroids (A) of the B—X Band System of the CF Molecule

v | 0 | 1 | 2 | 3 | 4 | 5 [ 6 | 7
vi=0
FCF 0.7345 02370 | 0.0284 | 0.0021 * * * *
r 1.3010 1.3837 1.4796 1.5566
V’:
FCF 02110 | 03215 0.3721 0.0863 0.0104 * * *
r 1.2292 1.3172 1.3933 1.4852 1.5614
vi=2
FCF 0.0444 | 02897 | 0.0787 | 03918 | 0.1634 | 0.0299 | 0.0035 | *
r 1.1674 1.2470 1.3394 1.4036 1.4920 1.5671 | 1.6262

* FCF nearly equal to zero.

The evaluated FCFs and r-centroids for the band systems of the CF molecule are given in Tables 2—4.
To disseminate the chance of errors in FCFs as a conclusion of the breakdown of the r-centroid approxima-
tion [26], FCFs smaller than 0.001 are eliminated and they are considered as zero.

The FCFs for the 4—X band system of the CF molecule divulge that the (1, 1), (1, 0), (0, 1), and (0, 2)
bands are more intense bands and all other bands are relatively less intense. The FCFs manifest that the
bands (0, 0), (1, 1), (1, 2), (2, 1), and (2, 3) of the B—X band system are relatively more intense. For the D-X
system, FCFs predict that the (0, 2), (0, 3), (2, 0), and (3, 0) bands are intense compared with other bands.

The estimated r-centroid values of the D—X band system of the CF molecule are found to decrease with
the increase of a wavelength following 7', < r",, which indicates that the bands are blue shifted. Here, ', and
r". are the equilibrium internuclear distance for upper and lower electronic states. In the case of the A—X and
B—X band systems, r-centroid values are decreasing with the increase of wavelengths (when 7', < ") which
normally occurs in the red-shifted band system [27]. The r-centroid values of the (0,0) band of all the inves-
tigated band systems are greater than (. + 7".)/2 and the difference between them is approximately 0.01 A.
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TABLE 4. Franck—Condon Factors (FCF) and »-Centroids of the D-X Band System of the CF Molecule

v o[ 1] 2] 3] 4] 5] 6] 7] 89 1w0]11] 12
v'=0
FCF [0.0677]0.1642[0.2122]0.1958[0.1461[0.0945[0.0554]0.0305[0.0161[0.0083 [ 0.0042[0.0022]0.0011
r1.2067]1.1886[1.1704|1.1521|1.1340|1.1164|1.0995|1.0837[1.0690| 1.0555]1.0432|1.0322|1.0222
vi=1
FCF [0.1656]0.1807]0.0596] * [0.0360[0.0925[0.1182]0.1103[0.0859]0.0597[0.03860.0237[0.0142
r|1.2321[1.2152]1.1981 1.1617|1.1444[1.1272[1.1105] 1.0945|1.0796 | 1.0657 | 1.0529 | 1.0414
vi=2
FCF [0.2119]0.0582[0.0115[0.0955]0.0931]0.0281[ * [0.0235[0.0605]0.0823]0.0837]0.0720]0.0558
r1.2565|1.2427(1.2149]1.2038 | 1.1872{1.1691 1.14061.1229{1.1066 | 1.0913|1.0770 | 1.0638
vi=3
FCF [0.1966] * [0.0944[0.0658] * [0.0434[0.0836]0.0571]0.0135] * [0.0175[0.0429]0.0603
r 12794 1.24541.2321 1.19381.1784|1.1612|1.1405 1.12341.1055|1.0902
v'=4
FCF [0.1462[0.0360[0.0895] * [0.0605]0.0670[0.0078[0.0128[0.0566[0.0656[0.0372[0.0081]  *
r[1.3006]1.2806(1.2711 1.2353|1.1225(1.2118[1.1849|1.1715]1.1552|1.1374{1.1139
Vv =5
FCF [0.0955]0.0929]0.0264[0.0410]0.0655] * [0.0391]0.0653]0.0224] * [0.0272[0.0548[0.0519
r1.3203]1.3039]1.2970]1.2723|1.2632 1.2259|1.2140{1.2004 1.1665|1.1511]1.1348
v =6
FCF [0.0564[0.1205] * [0.0786]0.0078]0.0374]0.0567[0.0039[0.0212]0.0576[0.0380[0.0043[0.0057
r11.3386]1.3240 1.2973]1.2970|1.2642|1.2556|1.2576|1.2169 | 1.2066|1.1928 | 1.1773 | 1.1652

* FCF nearly equal to zero.

As the difference is very small, the potential energy curves are not so anharmonic. The sequence differ-
ence of r-centroid values for all the band systems analyzed here are found to be around 0.03 A, which shows
that the potential energy curves are not so wide. The results of the present study reveal that an extensive ex-
perimental investigation of a vibrational and rotational spectrum is needed for the CF molecule. Once the
complete set of rotational lines for a band system is available, the FCFs and r-centroids obtained in the pre-
sent study along with the rotational dataset will be very helpful for the identification of the CF molecule in
various astrophysical sources, using the line identification technique available in [28—30].

Conclusions. To summarize the work performed in the present study, the DFT analysis employing the
B3LYP method with 3-21G, 6-31G, and 6-311G basis sets was carried out for the ground state of the carbon
mono-fluoride molecule. Molecular optimization was done prior to the calculation of spectral parameters.
After achieving the optimized geometries of the carbon mono-fluoride molecule, the potential energy curves
of the ground state and various parameters such as bond length, dipole moment, rotational constant, harmon-
ic frequency, IR intensity, and vibrational temperature were obtained. The observed spectroscopic constants
using the DFT analysis were compared with the values already reported for better justification. The Franck—
Condon factor values of various bands of electronic transitions of A—X, B—X, and D-X were evaluated using
the numerical integration method. The physical and astrophysical significance of the obtained Frank—
Condon factors and r-centroids were discussed. The vibrational temperature obtained using the DFT ap-
proach provides additional support in expecting the existence of the carbon mono-fluoride molecule in
a sunspot where several diatomic molecules are found in low-temperature regions. Hence, the present study
is a first step toward the prediction, search, and identification of the carbon mono-fluoride molecule in a sunspot.
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