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ABSTRACT

Ro-vibronic spectra of the *C'®0 carbon monoxide isotopologue were obtained with (i) emission spec-
troscopy in the visible region using a Bruker IFS 125HR spectrometer (University of Rzeszéw) and (ii)
vacuum-ultraviolet absorption spectroscopy using the wave-front-division spectrometer on the DESIRS
beamline of the SOLEIL synchrotron. A deperturbation analysis of the *C'80 A'II(» = 1) level was con-
ducted from 598 observed transitions from the B'=* - A'T1(0, 1), C!Z* - A'TI(0, 1), A'II - X'Z*(1, 0),
B'=* - X'=*(0, 0), C'z* - X'Z*(0, 0), I'Z™ - X'=*(2, 0) bands and five further nominally forbidden bands.
An effective Hamiltonian and term-value fitting analysis was implemented. Consequently, 135 parameters
were floated: 23 molecular parameters, including molecular constants for A'TI(» = 1), ' (v = 2), d*A
(v =6), = (v = 3) and D'A(v = 1); rotation-electronic (L-uncoupling) mixing of A'TI(» = 1) ~ [D'A
(v=1),'S(v=1), 'S (v = 2)] and spin-orbit interaction parameters for A'TI(» = 1) ~ [d>A(v = 6),
e>>7(v = 3), a®Z*(v = 11)]; the spin-orbit/spin-electronic/L-uncoupling a’II(» = 12) ~ d*A(v = 5) and
spin-orbit a°I1(v = 12) ~ [D'A(v = 1), I'S™(v = 2)] perturbation parameters; as well as 112 ro-vibronic
term values of B'=*(v = 0) up to J = 50 and C'=*(v = 0) up to J = 60. The significant, indirect a*IT(v = 1
2) ~ [e*Z (v = 2, 3), d®A(v = 5, 6)] ~ A'll(v = 1) spin-orbit/spin-electronic/L-uncoupling interaction
and aM(v = 12) ~ [I'= (v = 2), D'A(v = 1)] ~ A'll(v = 1) spin-orbit/L-uncoupling interaction were
detected and analysed. Thus, this study, using modern experimental methods and deperturbation anal-
ysis, leads to a much improved description in terms of molecular constants and interaction parameters,
compared to previous studies of the A'II(v = 1) energy region in the '*C'0 isotopologue. This research is
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a continuation of the studies on the A'IT state and its numerous perturbers in the CO isotopologues made

by our team.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Carbon monoxide is the second most abundant molecular spe-
cies in the Universe. CO is used as a physicochemical benchmark
in many astronomical environments, such as: interstellar clouds
[1-3], circumstellar discs, as well as planetary [4,5] and exoplane-
tary atmospheres [6,7]. It has become crucial to obtain precise val-
ues of the molecular parameters of various CO isotopologues, as
they facilitate study of the chemical evolution of low-mass star for-
mation and solar nebula and protoplanetary discs [8-10] as well as
planetary nebulae [11]. By determining the CO abundance, it is
possible to map the density of matter in the universe and to deter-
mine the percentage of molecular hydrogen in interstellar clouds,
for which CO and its isotopologues act as a tracer [12-14]. Carbon
monoxide is also a typical product of incomplete combustion, and
therefore a good knowledge of its properties, including its spec-
troscopy, is important in ecology and industry [15]. From a pure-
spectroscopy perspective the CO molecule is a benchmark species
for the investigation of perturbations in the spectroscopy of dia-
tomic molecules. In particular the energy level structure of the first
excited singlet state of CO, i.e. A'Il, exhibits a wealth of perturba-
tions in all isotopologues, including '3C'®0.

The complex energy structure of the A'Il state results from
extensive multi-state interactions with the a*X*, e*x-, d3A, I'z"
and D'A states [16,17] and indirect perturbation by the a®II state
[17]. The first deperturbation analyses of the A'TI state were made
by Field [18] and Field et al. [19] for the main '?C'®0 isotopologue
on the basis of experimental frequencies of transitions in the A'TI
(v=0-23) - X'=*(v = 0) bands with accuracies of about 0.1 cm".
Our previous reanalysis of the A'IT level in '2C'®0 was based on
data from two experiments: two-photon Doppler-free laser spec-
troscopy with an accuracy of ca. 0.002 cm™! and Fourier-
transform (FT) vacuum ultraviolet (VUV) spectroscopy associated
with synchrotron radiation with an accuracy up to 0.01 cm™!
[20,21]. Deperturbation analyses of A'Il levels of the less-
abundant isotopologues were made by us in: (i) '*C'®0 [22] and
12180 [23] using three complementary techniques, VIS-FT, VUV-
FT and two-photon Doppler-free spectroscopies with accuracies
up to 0.005, 0.02, and 0.003 cm™’, respectively; (ii) '2C'70 [24]
and 3C'70 [25] by means of two Fourier-transform methods
(VUV-FT and VIS-FT) with accuracies of about 0.01 and
0.003 cm™!, respectively. Our latest deperturbation analyses of
the A'IT level were performed by Malicka et al. [26,35] in '2C'80,
by VIS-FT and VUV-FT spectroscopy with accuracies of ca.
0.005 cm~' and 0.01 cm™!, respectively.

Two deperturbation analyses have been made for the >C'80
isotopologue so far. The first, by Haridass et al. [27] studied the
v = 1 vibrational level after recording the A'IT - X! X" system using
the 10.6 m vacuum spectrometer installed at the National Research
Council of Canada laboratory. The absolute frequency accuracy was
about 0.1 cm~'. A second analysis was performed by Hakalla et al.
[17] for the v = 0 level and provided the first example of observa-
tions and analysis of the indirect a®II ~ A'Il interaction in the car-
bon monoxide molecule. The work was carried out using three
complementary spectroscopic methods: (i) emission VIS-FT spec-
troscopy with the accuracy of ca. 0.005 cm™' by means of a Bruker
IFS 125HR UV-VIS spectrometer (University of Rzeszow); (ii)
absorption VUV-FT spectroscopy (accuracy about 0.02 cm ') using
VUV-FT spectrometer (SOLEIL synchrotron); (iii) two-photon

Doppler-free VUV laser spectroscopy with accuracy up to
0.003 cm~! by means of a narrowband laser source consisting of
a pulsed-dye-amplifier (PDA) injection seeded by the continuous-
wave output of a ring-dye laser (LaserLab, Vrije Universiteit, Ams-
terdam) [28].

Spectra concerning the A'IT (v = 1) level in '>C'®0 are recorded
previously by Malak et al. [29], Prasad et al. [30,31], Kepa [32,33],
and Lemaire et al. [34] who variously study the B- A, C- A, E - A,
and A - X systems. However, no deperturbation analysis was car-
ried out in these works and this experimental data is for A'll
(v=1) levels with J < 40, which we extend to J = 45 in this work.
Additionally, a significantly greater number of extra lines attribu-
table to intersystem transitions are observed in the current work
than previously. Most importantly, the precision of AlTI(v=1) term
values determined in this work is a 5 to 10 times improvement.

Here, we extend our previous analysis [17] of the first vibra-
tional level A'TI(» = 0) in the ®C'80 isotopologue and unravel
the energy structure of the v = 1 level using modern experimental
methods, and significantly extended the deperturbation analysis of
this level compared with Ref. [27]. This research is a continuation
of the studies on the A'II state and its numerous perturbers in the
CO isotopologues made by our team [17,20,22-26,35]. Our goal is
to quantify all perturbations affecting the A'IT state of CO in all iso-
topologues and, ultimately, in a mass-independent form.

2. Experimental details
2.1. VIS-FT emission spectroscopy

An air-cooled hollow-cathode lamp was used to produce *C'80
molecules. In order to deposit '>C nanoparticles inside the hollow
cathode, the lamp was filled with a mixture of helium (as a carrier
gas) and 3C,D, (Cambridge Isotopes, 99.98% of '3C) gases under a
pressure of about 13 mbar. An electrical voltage was applied to the
electrodes for 150 h with a current of 100 mA DC flowing through
the gas mixture. A similar process was used in Refs. [36-39]. The
lamp was then pumped out and filled with a portion of
isotopically-enriched oxygen '0, (Sigma Aldrich, 80, 98.1%) at
a pressure of about 4 mbar. After the cathode effect was initiated,
13C180 molecules began to form in the tube. During data acquisi-
tion, the spectrum source was operating at 880 V and 80 mA DC.
The temperature of the intra-cathode molecules was about
(1050 + 50) K, which allowed for an observable population of rota-
tional levels up to J = 45 and 29 of the B'X*" and C!Z" states,
respectively.

The spectrum was recorded under vacuum conditions using a
Bruker (IFS 125HR) FT spectrometer installed at the University of
Rzesz6w. The instrumental resolution was set to 0.018 cm™~! dur-
ing the acquisition of 128 scans. A calibration of the frequency axis
was achieved with a 0.004 cm~! (1¢) uncertainty by reference to
the He-Ne line (633 nm) generated by a stabilized laser designed
to measure the position of the movable mirror in the
interferometer.

Molecular line positions were determined by fitting Voigt pro-
files to the measured contours using commercial Bruker software
- OPUS 7.5 [40]. In order to achieve higher accuracy, each single
spectral contour was analysed independently. The absolute accu-
racy was computed by Gaussian error propagation including the
calibration uncertainty and uncertainty of line profile fitting, which
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is approximated by means of the empirical formula after Brault
[41]:

_ k FWHM
VN, SNR

where k is a constant of order unity that depends on the algo-
rithm and the line shape; the value of k for a Voigt profile is
between 0.75 (a common choice) and 1 (conservative), N,, is the
number of statistically-independent points within one line width,
i.e. the number of points above the half-maximum intensity of
the line contour (N) divided by the zero-filling factor (ZFF)
employed in the inverse Fourier-transform, FWHM is the full width
at half maximum of the line profile, and SNR is the signal-to-noise
ratio.

The estimated uncertainties for the line-positions are subjec-
tively doubled for blended lines because of correlation effects not
included in the Brault formula. As a result, the wavenumbers of
B'=* - A'TI(0, 1) transitions were obtained with absolute accura-
cies of about 0.008 and 0.012 cm™', respectively, for isolated and
blended lines. The accuracy of C!=* - A'TI(0, 1) line frequencies
is about 0.04 cm~'. Fig. 1 and Fig. 2 show experimental spectra
for the 13C'80 B'X* - A'TI(0, 1) and C'=* - A'T1(0, 1) bands, respec-
tively, along with simulations generated with the PGOPHER pro-
gram [42,43]. Overlapping bands of 12C'80 B'X" - A'II(0, 1) [26],
13¢50 B'=* - A'TI(0, 1) [38], '2C'80 C'=* - A'TI(0, 4) [44], and
12¢18g c'x* - AMTI(0, 1) [26] bands are taken into consideration
in the analysis. Measured line-centre wavenumbers are collected
in Table 1 for B'=* - A'TI(0, 1) and in Table 2 for C'Z* - A'I1(0,
1). In the recorded spectra there appear five extra lines from for-
bidden bands, resulting from the interaction of the A'TI(v= 1) level
with perturbing levels. The extra lines are listed in Table 3.

e

(1)

2.2. VUV-FT absorption, synchrotron spectroscopy

Photoabsorption spectra including A'IT - X'=*(1, 0) and some
nearby forbidden transitions were recorded by VUV Fourier-
transform spectroscopy on the DESIRS beamline at the SOLEIL syn-
chrotron. Details of this all-reflection windowless spectrometer
and synchrotron radiation source are given elsewhere [45,46].
For this analysis, three room-temperature spectra were recorded
with increasing column density of a purified '*C'®0 sample. The
frequencies of all observed lines were deduced by least-squares
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Fig. 1. Experimental '>C'80 B'=* - A'TI(0, 1) spectrum obtained by means of VIS-FT
spectroscopy technique (upper, black trace) as well as simulated after deperturba-
tion one (lower, red trace) using PGOPHER code [43]. The '2C'80 B'=* - A'T1(0, 1),
13¢1%0 B'=* - A'TI(0, 1) and '2C'80 C'=* - A'TI(0, 4) bands, coexisting in the
spectrum, have been taken into account in the analysis as the contaminations of the
considered band.
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spectroscopy technique (upper, black trace) as well as simulated after deperturba-
tion one (lower, red trace) using PGOPHER code [43]. The '2C'®0 C'Z* - A'TI(0, 1)

band, coexisting in the spectrum, has been taken into account in the analysis as the
contaminations of the considered band.

(ecm™)

optimising a simulation of the experimental spectra, as was done
in our previous work e.g., [26,35].

Fig. 3 shows the measured spectra and assigned 3C'80 A'IT -
X'=*(1, 0) lines. Many further lines are evident in the highest col-
umn density spectrum arising from contamination by other CO iso-
topologues and forbidden transitions of >C'80. The assigned of the
latter ones are listed in Table 4, Table 5 and Table 6. An absolute
frequency calibration of these spectra was made with reference
to the known frequencies of A'Il - X'=*(0, 0) transitions [17],
which appear within the synchrotron radiation band pass used to
measure A'TI - X'=*(1, 0). The systematic calibration uncertainty
of measured frequencies and resulting energy levels is 0.01 cm™,
and is combined in Table 4 and Table 5 with random fitting errors
estimated for each line. Line frequencies of the '>C'®0 B'x* -
X'=*(0, 0) and C!=* - X'Z*(0, 0) bands were measured from
SOLEIL spectra by Hakalla et al. (Ref. [17], Table 9) and in this work,
respectively. A list of the C'=* - X'<*(0, 0) wavenumbers is pro-
vided in Table 7.

3. Deperturbation analysis

The states perturbing A'TI(v = 1) in 13C'80 are: (i) a*=*(v = 10,
11), 3= (v =2, 3), d*A(v = 5, 6) triplet levels, which are homoge-
neously coupled with A'TI(v = 1) due to spin-orbit interactions
(parameterized here by #); (i) ' (v=1, 2) and D'A(v = 1) singlet
levels heterogeneously coupled with ATI(» = 1) via rotation-
electronic (L - uncoupling) interactions (parameterized by ¢&)
[16,19,47,48]; (iii) a*II(v = 12), which is coupled to A'TI(v = 1) by
means of a direct but negligibly weak spin-orbit interaction as well
as indirect and measurable spin-orbit, spin-electronic, and
rotation-electronic (L-uncoupling) interactions [17,35].

A quantum-mechanical model of A'TI(» = 1) and its perturbers
was built using a development version of the PGOPHER program
[43] as well as a diagram of the energy neighbourhood of A'Il
(v=1) presented in Fig. 4. The properties of A'TI(v= 1) and its per-
turbers are expressed in the model as matrix elements in an effec-
tive Hamiltonian, whilst B'X*(»v = 0) and C'X*(v = 0) states were
represented by term values, in a term-value fitting approach [49-
52]. This method eliminates the influence of so-far-unidentified
perturbations affecting the B'=*(v = 0) and C'Z*(» = 0) levels
(Ref. [17]) when deperturbing A'TI(v = 1). The model, defined in
this way, was iteratively fitted to 598 experimental wavenumbers
derived from 11 bands of '3C'80, i.e.: B'=* - A'T1(0, 1), C'=* - A'lI



Stanistaw Ryzner, M.I. Malicka, A.N. Heays et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 279 (2022) 121367

Table 1
Wavenumbers of the VIS-FT B'=* - A'TI(0, 1) emission band in *C'®0.*">
J RY") o-c Q") o-c P(") o-c
1 20,749.04(2) -0.01 20,741.961(9)" -0.001 20,738.42(2)" 0.01
2 20,753.915(8) 0.002 20,743.297(5) 0.001 20,736.218(6) 0.003
3 20,759.451(6) -0.001 20,745.295(5) -0.001 20,734.681(5) 0.003
4 20,765.653(5) -0.004 20,747.961(5) 0.001 20,733.807(5) 0.002
5 20,772.528(5) 0.002 20,751.297(5) 0.003 20,733.601(6)" 0.002
6 20,780.063(5) 0.001 20,755.292(5) -0.001 20,734.062(6)" 0.001
7 20,788.264(6)" 0.001 20,759.957(5) -0.001 20,735.189(5) -0.001
8 20,797.130(6)" 0.001 20,765.288(5) -0.001 20,736.986(5) 0.001
9 20,806.661(5)" 0.002 20,771.285(5)" -0.001 20,739.448(5) 0.001
10 20,816.855(5) 0.001 20,777.948(5)° -0.001 20,742.577(5) 0.001
11 20,827.717(5) 0.001 20,785.277(5) -0.001 20,746.373(5)" 0.001
12 20,839.239(5)" 0.001 20,793.273(5) -0.002 20,750.837(5) 0.001
13 20,851.427(5) 0.002 20,801.932(5) -0.001 20,755.971(5)" 0.002
14 20,864.279(5)" 0.003 20,811.258(5) -0.002 20,761.768(5) 0.001
15 20,877.793(5) 0.001 20,821.251(5)" -0.002 20,768.235(5) 0.001
16 20,891.932(5) 0.002 20,831.909(5) -0.001 20,775.369(5)° -0.001
17 20,906.815(5) 0.002 20,843.193(5)" -0.002 20,783.172(5)" 0.001
18 20,922.332(5) 0.002 20,855.226(5) -0.002 20,791.604(5) 0.001
19 20,938.503(5) 0.001 20,867.893(5) -0.002 20,800.785(5) 0.002
20 20,955.341(5) 0.002 20,881.219(5)" -0.002 20,810.604(5) 0.001
21 20,972.846(5)" 0.003 20,895.215(5)" -0.002 20,821.087(5)" 0.003
22 20,991.014(5) 0.002 20,909.881(5) -0.002 20,832.240(5) 0.002
23 21,009.849(5) 0.002 20,925.217(5)° -0.002 20,844.066(5) 0.001
24 21,029.351(5) 0.003 20,941.224(5)" -0.002 20,856.569(5) 0.002
25 21,049.527(5) 0.001 20,957.903(5) -0.002 20,869.745(5) 0.001
26 21,070.378(5) -0.002 20,975.269(5) -0.002 20,883.602(5) -0.001
27 21,091.921(5) -0.002 20,993.334(5) -0.004 20,898.169(5) 0.002
28 21,114.323(5) 0.001 21,012.259(5) -0.002 20,913.599(5) 0.005
29 21,136.363(5) 0.001 21,030.831(5) 0.003 20,928.672(5) 0.005
30 21,160.132(5) 0.003 21,051.138(5)" 0.001 20,945.483(5) 0.001
31 21,184.340(6) -0.004 21,071.902(5) 0.001 20,962.748(5) 0.001
32 21,209.210(6) -0.001 21,093.325(6)" 0.002 20,980.654(7)" -0.001
33 21,234.727(6) 0.001 21,115.457(5) 0.003 20,999.236(6) 0.004
34 21,260.93(1)" 0.01 21,138.336(5) 0.002 21,018.499(8)" 0.001
35 21,287.76(2)° 0.01 21,162.398(7)° 0.005 21,038.432(8)° -0.002
36 21,315.29(2)" 0.01 21,183.971(8)" -0.004 21,059.069(7) -0.002
37 21,343.48(2)° -0.01 21,209.664(6) 0.004 21,080.35(2)" 0.01
38 21,372.36(2)" -0.03 21,235.294(6) 0.008 21,102.35(2)" 0.01
39 21,401.93(3)" -0.01 21,261.54(1)° 0.04 21,125.06(1) -0.02
40 21,432.34(7)>" 0.01 21,288.30(2)" -0.02 21,148.57(2)" -0.03
41 21,462.56(3)" 0.01 21,315.88(4)"" -0.01 21,171.94(2)" -0.02
42 21,494.52(4)>" 0.04 - - 21,197.05(3)% 0.01
43 21,527.00(3)>" 0.04 21,373.40(3)% -0.01 - -
44 - - - - - -
45 21,593.12(5)" -0.02 21,431.87(3)" 0.01 - -
2 In cm™'. 0-c mean the observed minus calculated values. The instrumental resolution was 0.018 cm™. The estimated absolute calibration uncertainty was 0.004 cm™".

The uncertainties in parentheses indicate 1o standard deviations being combinations of fitting and calibration errors. The absolute accuracy of the line frequency mea-
surements was estimated to fall between 0.008 and 0.012 cm~', depending on the line intensity and blending.

® Lines marked with b and/or w are blended and/or weak.

(0, 1), A'II - X'=*(1, 0), B'=* - X'=*(0, 0), C'=* - X'=*(0, 0), B'=* -
d3A(0,6), B'=* - D'A(0, 1), d®A - X'Z*(6, 0), 327 - X1=*(3,0), I'="
- X1=*(2, 0) and D'A - X'Z*(1, 0), until a satisfactory agreement
was achieved. Full details of this methodology are presented in
our previous works [17,24-26,35,53] and the Hamiltonian is
described by Western [42]. The output (*.log) file of PGOPHER pro-
gram, containing the explicit-formulated effective Hamiltonian
and matrix elements, is available in the supplementary material.
Definitions of the # and ¢ interaction parameters are precisely
described in Refs. [17,24,25] and their relations to the symbols o
and B previously used in the literature are as follows:

Mheds = ~Opeds X V3 2)
Ent = —Paa X V2 (3)
a-p = Bap (4)
Haip = —Oauip X V3 (5)

Naveda = *(aaNe,d,a’ + ﬁa~e,d.a’) x 2v3 (6)

Cva~e,d.a' = ﬁa~e.d,a’ (7)

Values of the molecular parameters used in an initial model
were taken from Refs. [18-21,47,54,55] and isotopically scaled
while correcting for our use of the total angular momentum oper-

ator (IV ) that differs from the operator for angular momentum of

the nuclear framework (ﬁ) used in the cited works (see Malicka
et al. 2020 [26]). Molecular constants for the '>C'0 X'Z*(v = 0)
ground state were taken from Ref. [56] and kept fixed in all fits.
At a preliminary stage of the analysis, the data from Refs. [17-
19,24,47,57] were used as the basis for the calculation of the inter-
action parameters. In cases where these interactions are significant
but correlated with other less well-known parameters (see Table 8
for details), their values were kept fixed in the fits. To avoid over-
fitting our multi-parameter model, the correlation matrix was con-
stantly monitored throughout the analysis for significant statistical
relationships between variables. The root-mean-square error
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Table 2
Wavenumbers of the VIS-FT C'Z* - A'TI(0, 1) emission band in '3C'80.*"

J" RU") 0-c QJ") 0-C PJ") 0-C
1 25,750.46(7 )"W -0.03 25,743.44(5)°W 0.04 25,739.87(6)°W -0.02
2 25,755.31(3)"% -0.02 25,744.75(4)"" 0.02 25,737.68(3)" 0.02
3 25,760.82(4)°Y -0.02 25,746.71(4)°% —-0.01 25,736.12(3)P% 0.02
4 25,767.04(6 )"W 0.03 25,749.34(3)" —-0.01 25,735.25(5)°W 0.03
5 25,773.83(3)°" -0.02 25,752.67(3)° 0.02 25,735.00(3)"" 0.02
6 25,781.35(3)"% 0.02 25,756.61(2)" 0.01 25,735.42(4)"% 0.01
7 25,789.50(3 )"W 0.02 25,761.23(2)" 0.01 25,736.52(3)" 0.02
8 25,798.29(4)>" 0.01 25,766.53(3)" 0.03 25,738.25(3)° -0.01
9 25,807.78(4)°" 0.04 25,772.45(1) 0.01 25,740.67(4)° 0.01
10 25,817.90(4)""" 0.02 25,779.04(2)° 0.01 25,743.74(2) 0.01
11 25,828.68(3)" 0.02 25,786.305(7) 0.005 25,747.48(3)° 0.02
12 25,840.09(3)°W -0.01 25,794.23(2)" 0.01 25,751.86(3)" 0.01
13 25,852.22(4)"% 0.03 25,802.80(2)° 0.01 25,756.93(2)" 0.01
14 25,864.96(2) 0.01 25,812.04(2)° 0.01 25,762.63(3)" 0.01
15 25,878.39(3)°" 0.03 25,821.939(8) 0.010 25,768.99(3)° -0.02
16 25,892.44(5)°% 0.01 25,832.50(2)" 0.01 25,776.03(2)° -0.02
17 25,907.19(3)% 0.02 25,843.71(2)° 0.01 25,783.76(3)" 0.01
18 25,922.57(5)°W 0.01 25,855.60(2)" 0.01 25,792.13(3)" 0.02
19 25,938.65(4)"% 0.03 25,868.16(2)" 0.03 25,801.16(2)" 0.02
20 25,955.33(7)"% -0.01 25,881.35(2)" 0.01 25,810.85(2) 0.01
21 25972.71(3)" 0.02 25,895.22(3)° 0.01 25,821.22(3)° 0.02
22 25,909.75(2)° 0.01 25,832.23(3)P% 0.01
23 25,924.95(4)°W 0.01 25,843.90(5)°W -0.03
24 25,940.82(4)°% 0.01 25,856.28(5)"W -0.02
25 25,957.36(4)"W —-0.01 25,869.36(3)°W 0.02
26 25,974.58(4)°% —-0.01 25,883.06(4)°Y -0.01
27 25,992.49(4)°W —~0.01 25,897.47(3)°W -0.01
28 26,011.28(5)°W 0.02 25,912.77(4)°" 0.03
29 26,029.68(3)" 0.01

2 In cm™'. 0-c mean the observed minus calculated values. The instrumental resolution was 0.018 cm™. The estimated absolute calibration uncertainty was 0.004 cm™'.

The uncertainties in parentheses indicate 1o standard deviations being combinations of fitting and calibration errors. The absolute accuracy of the line frequency mea-

surements was estimated to ca. 0.04 cm™'.

b Lines marked with b and/or w are blended and/or weak.

Table 3
Wavenumbers of the interaction-induced lines observed in VIS-FT emission bands in '3C'%0. 2b<
J" *Ritee 0-C "Rizef 0-C IQu1ef (5 9Q12¢f 0-C
B'X* - d3A (0, 6)
45 21,620.00(2)" 0.01
46 21,418.69(4)" 0.04
47 21,646.63(5)" -0.05
48 21,549.47(4)>" -0.02
B'=*-D'A (0, 1)
28 21,001.69 (1)* 0.01
2 In cm~ . 0-c mean the observed minus calculated values. The uncertainties in parentheses indicate 1¢ standard deviations being combinations of fitting and calibration

erTors.
b Lines marked with b and/or w are blended and/or weak.

€ The superscripts g, r and s mean change in the quantum number of total angular momentum excluding spin (N).

(RMSE) of unweighted residuals of all reference wavenumbers in
the final fit is 0.0092 cm ™! and within the measurement uncertain-
ties, giving us confidence in the precision and quality of the fitted
model.
Finally, A'TI(v = 1) and its perturbers were described by 23
molecular parameters, ie.: the A'll(v = 1), dA(v = 6),
3¥~(v=3), D'A(v= 1), I'Z" (v = 2) molecular constants; the A'II
(v=1)~[d®A(v =6), = (v=3),a’ 3=*(v=11)] and a°II(v = 12)
~ [D'A(v = 1), I'E™ (v = 2)] spin-orbit perturbation parameters;
the A'll(v = 1) ~ [D'A(v = 1), I'Z" (v = 1, 2)] rotation-electronic
(L-uncoupling) perturbation parameters; the a*Il(v = 12) ~ [d®A
(v = 5)] spin-orbit/spin-electronic/L-uncoupling perturbation
parameter. Simultaneously, the B!1X*(v = 0) and C'X"(v = 0) states
were represented by 112 terms. The molecular parameters are
gathered in Table 9. The experimental term values of B'X*(v = 0)
and C'=*(v = 0) levels are listed in Table 10, whilst terms of ATl
(v=1), e (v=3),I'Z" (v=2), D'A(v = 1) and d3A(v = 6) are

grouped in Table 11. Fig. 5 shows the reduced terms of the A'TI
(v=1) level and its perturbers. Full details of the final deperturba-
tion can be found in the output (*.log) file of PGOPHER program
attached as supplementary material.

Intra-molecular interactions affecting the nominal A'TI(» = 1)
and a%M(v = 12) reduce 1T and 311 characters which, as a percent-
age, is equal to C3, - 100 %, where Cy = (®|y;) is the mixing coeffi-
cient resulting from the diagonalization of uncoupled Hunds-case
(a) levels @; and ;. The mixed-state 'II percentage-character is
listed in Table 11 for the main perturbers of A'TI(v = 1). The 'I1
and 31 percentage character for all modelled states and borrowing
of 31 character in 'II and vice versa, illustrating the indirect inter-
action of a3M(v = 12) and A'TI(v = 1) in '3C'30, are presented in
Fig. 6.

Machine readable copies (in ASCII format) of Tables 1-7 and
Table 9 are included in the supplementary material.
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Fig. 3. SOLEIL absorption spectra showing '>C'®0 A(1) — X(0) at two column densities. Many other transitions are visible in the high column density spectrum
(N =8 x 10'7cm™) arising from forbidden transitions and contamination by the A(1) — X(0) bands of '2C'®0, '2C'®0, and '3C'70.

Table 4

Wavenumbers of the VUV-FT A'II - X'Z*(1, 0) absorption band in '*C'80.*"
J RU") o-c QJ") 0-C P(J") 0-¢
0 66,178.94(1) 0.01 - - - -
1 66,181.20(1) 0.01 66,175.45(1) 0.01 - -
2 66,182.83(1) 0.01 66,174.21(1) 0.01 66,168.46(1) 0.01
3 66,183.84(1)" 0.01 66,172.35(1) 0.01 66,163.73(1) 0.01
4 66,184.23(1)" 0.01 66,169.87(1) 0.01 66,158.38(1) 0.01
5 66,184.00(1)" 0.01 66,166.77(1) 0.01 66,152.41(1) 0.01
6 66,183.15(1) 0.01 66,163.05(1) 0.01 66,145.82(1) 0.01
7 66,181.68(1) 0.01 66,158.71(1) 0.01 66,138.61(1) 0.01
38 66,179.59(1) 0.01 66,153.75(1) 0.01 66,130.78(1) 0.01
9 66,176.88(1) 0.01 66,148.18(1) 0.01 66,122.33(1) 0.01
10 66,173.55(1) 0.01 66,141.98(1) 0.01 66,113.27(1) 0.01
11 66,169.60(1) 0.01 66,135.16(1) 0.01 66,103.58(1) 0.01
12 66,165.03(1) 0.01 66,127.72(1) 0.01 66,093.28(1) 0.01
13 66,159.83(1) 0.01 66,119.67(1) 0.01 66,082.36(1) 0.01
14 66,154.01(1) 0.01 66,110.99(1) 0.01 66,070.82(1) 0.01
15 66,147.57(1) 0.01 66,101.69(1) 0.01 66,058.66(1) 0.01
16 66,140.51(1) 0.01 66,091.77(1) 0.01 66,045.89(1) 0.01
17 66,132.82(1) 0.01 66,081.23(1) 0.01 66,032.49(1) 0.01
18 66,124.50(1) 0.01 66,070.06(1) 0.01 66,018.47(1) 0.01
19 66,115.57(1) 0.01 66,058.28(1) 0.01 66,003.84(1) 0.01
20 66,106.00(1) 0.01 66,045.87(1) 0.01 65,988.58(1) 0.01
21 66,095.81(1) -0.01 66,032.83(1) 0.01 65,972.71(1) 0.01
22 66,084.99(1) -0.01 66,019.17(1) 0.01 65,956.21(1) 0.01
23 66,073.54(1) 0.01 66,004.89(1) 0.01 65,939.09(1) -0.01
24 66,061.45(2) 0.01 65,989.97(1) 0.01 65,921.35(1) -0.01
25 66,048.74(2) 0.02 65,974.43(1) 0.01 65,902.99(1) 0.01
26 66,035.35(2) 0.01 65,958.26(2) 0.02 65,883.99(2) 0.01
27 66,021.14(2) -0.01 65,941.42(2) 0.02 65,864.37(2)b 0.02
28 66,007.35(2)¥ 0.02 65,923.74(2) -0.01 65,844.09(2) 0.01
29 65,991.83(2)" -0.01 65,906.49(2)" 0.01 65,822.98(2)" -0.01
30 65,975.92(2)" 0.01 65,887.54(2)" 0.02 65,802.32(2) 0.02
31 65,959.39(2)" -0.01 65,868.15(2)" 0.01 65,779.91(2) -0.01
32 65,942.24(2)" 0.01 65,848.14(2)" -0.01 65,757.13(2)" 0.01
33 65,924.46(2)" 0.01 65,827.50(2)" 0.01 65,733.74(2)" -0.01
34 65,906.04(2)" 0.01 65,806.13(2) -0.01 65,709.74(2) 0.01
35 65,886.96(2)" -0.01 - - 65,685.11(2)" 0.01
36 65,867.26(2) 0.02 65,763.63(2) 0.01 65,659.85(2) 0.01
37 65,846.87(2)" -0.01 65,739.56(2)" -0.01 65,633.94(2)" -0.01
38 65,825.84(2) 0.01 65,715.58(2)" -0.03 65,607.43(2) 0.02
39 65,804.03(2) 0.01 - - 65,580.23(2)" -0.01
40 65,782.40(3) 0.03 65,666.04(2) 0.04 65,552.40(2) 0.01
41 65,640.24(2) 0.01 65,523.79(2) 0.01
42 65,613.74(3) -0.01 65,495.38(3)" 0.03
43 65,586.36(6)" -0.01

2 Incm™ . 0-c mean the observed minus calculated values. The instrumental resolution was 0.15 cm™'. The estimated absolute calibration uncertainty was 0.01 cm~'. The

uncertainties in parentheses indicate 1¢ standard deviations being combinations of fitting and calibration errors. The absolute accuracy of the line frequency measurements
was estimated to fall between 0.01 and 0.06 cm~!, depending on the line intensity and blending.
b Lines marked with b and/or w are blended and/or weak.
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Table 5
Wavenumbers of the interaction-induced lines observed in the A'IT - X'=*(1, 0) VUV-FT absorption spectra in '3C'80.*<
J Qg 0-c PPi1ce 0-c 1Qpe 0-C TRitee 0-c Ratee 0-c
D'A - X'E*(1, 0)
27 65,969.15(5)" -0.01
28 65,934.34(5)" 0.03 65,997.85(3)" 0.04
29 65.897.00(5) -0.01 65.833.51(5)° -0.01 65.963.92(5) 0.01
30 65,859.68(3) 0.01 65,792.77(5) -0.01 65'928.5'1(5)h 0.01
31 65,751.99(3)" -0.01 65,891.76(5)" -0.03
32
e3x - X'x*%(3, 0)
39 65,822.01(2) -0.01
42 65,664.65(2) -0.01
45 65,497.05(2) 0.01
@A - X'Z(6, 0)
43 65,723.37(2)° 0.01
46 65,650.33(2)" 0.01

2 In cm~'. The uncertainties in parentheses indicate 1¢ standard deviations being combinations of the fitting and calibration errors.

b Lines marked with b and/or w are blended and/or weak.

¢ The superscripts p, g and r denote change in the total angular momentum excluding spin.

4. Discussion and conclusions

Haridass et al. [27] takes into account only 3 interactions affect-
ing AllI(v=1)in 13C'80,i.e. A(v=1) ~ [D(v=1),a(v=10),d(v=5)],
with the first two floated in their final fit. The current analysis,
based on a more comprehensive and accurate experimental data
set permitted the investigation of 38 interactions suspected of per-
turbing of the A(v = 1) level. As many as 21 of which proved to be
significant given the accuracy of line frequencies, and 9 interaction
parameters are floated in the final fit. The significant interactions
include previously known A(v = 1) ~ [D(v = 1), a(v = 10), d
(v = 5)] perturbations and newly-modelled (i) direct A(v=1) ~ [d
(v=6),e(v=2), e(v=3),a(v=11)] spin-orbit interactions and A
(v=1) ~ [I(v=1), I(v = 2)] rotation-electronic perturbations; (ii)
indirect a(v = 12) ~ [e(v = 2), e(v = 3), d(v = 5), d(v = 6)] ~ A
(v = 1) spin-orbit/spin-electronic/L-uncoupling and spin-orbit
interactions; a(v = 12) ~ [I(v = 2), D(v = 1)] ~ A(v = 1) spin-orbit
and L-uncoupling interactions as well as the d(v=5) ~ a'(v = 10)
~A(v=1)and d(v=6) ~a'(v=11) ~ A(v = 1) spin-spin/spin-orbit
perturbations (see Table 8 and Table 9). It means that the indirect
influence of a®II on the A'II state results from two pairs of well-
determined perturbation parameters: #gi2)-p1) = - 3.47(17)
cm™! and &pgryan) = - 6.6526(227) x 1072 cm™! as well as 7,
(12)~1(2) = — 85101(430) cm” and 51(2)NA(1) = - 7758(12) X 10_2
cm~'. The indirect a®II(» = 12) ~ A'TI(v = 1) interaction is not
detectable by the observation of intensity anomalies or level shifts.
This is because of the intensity of optically-forbidden transitions to
perturbed aITI levels are a factor of 10> - 10* weaker than corre-
sponding transitions to A!TI. Such detection is only possible thanks
to the precise fit of multiple direct perturbations that is taken here
to a new level.

Fig. 5 shows reduced terms of >C'30 A'TI(v = 1) that are signif-
icantly perturbed by the D'A(v = 1), ' (v = 2) singlet states and
e (v =3), a”Z"(v = 11), d®A(v = 6), a’II(v = 12) triplet states
where their rotational level energies are nearly degenerate. The
largest shift, 1.4 cm™!, occurs near the anti-crossing of the A'Il
(v = 1) Fif component and ['>~(v=2) at J = 36 as a result of a
rotation-electronic coupling. The shift of the A'TI(» = 1) F;. level
at J = 28 is caused by D'A(v = 1) and the same kind of interaction
but is lesser in magnitude (about 0.4 cm™!) despite the similar dis-
tance between the unperturbed levels (8.3 cm™') as for A'TI(v =
1) ~I'=(»=2) (9.3 cm ') and similar-magnitude rotational oper-

Table 6
Wavenumbers of the VUV-FT I'Z" - X'Z*(2, 0) absorption bfand in '3C'80.*"
JZ Q") 0-c
3 66,588.1(2)" 0.1
4 66,583.09(6) 0.01
5 66,576.76(4) -0.01
6 66,569.18(3) 0.01
7 66,560.34(2) 0.01
8 66,550.23(2) -0.01
9 66,538.86(2) 0.01
10 66,526.22(2) -0.01
11 66,512.33(2) -0.01
12 66,497.16(2) -0.01
13 66,480.74(2) -0.01
14 66,463.05(2) -0.01
15 66,444.10(2) 0.01
16 66,423.87(2) -0.01
17 66,402.39(2) -0.01
18 66,379.64(2)" -0.01
19 66,355.64(2) 0.01
20 66,330.36(2) 0.01
21 66,303.82(2)" -0.01
22 66,276.02(2) 0.01
23 66,246.96(2) 0.01
24 66,216.66(5)" 0.02
32 65,928.98(1)" -0.01
35 65,798.91(5)" -0.01
36 65,751.22(5)" 0.02
2 In cm~. 0-c mean the observed minus calculated values. The instrumental

resolution was 0.15 cm~'. The estimated absolute calibration uncertainty was
0.01 cm™'. The uncertainties in parentheses indicate 1o standard deviations being
combinations of fitting and calibration errors. The absolute accuracy of the line
frequency measurements was estimated to fall between 0.02 and 0.05 cm™!
depending on the line intensity and blending.

P Lines marked with b and/or w are blended and/or weak.

ator integrals: <UA(1) )lﬂﬁ) ‘ v,<2)> = 0.41 cm™ !,

<1/A(1)‘B/(E)’1/Dm> = 0.47 cm~!. The reasons for this difference

are: (i) the interactions are J-dependent; (ii) the nearby a°Il
(v=12) level is spin-orbit coupled to D'A(v = 1) at J = 28 and this
shifts it away from A'TI(»= 1) by about 0.82 cm ™!, indirectly weak-
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Table 7
Wavenumbers of the VUV-FT C'IT - X'£*(0, 0) absorption band in '3C'80.*"
7 R(J") 0-C P(J") 0-C
0 91,922.35(2) -0.01 - -
1 91,925.92(2) -0.01 91,915.32(2) 0.01
2 91,929.53(2) 0.01 91,911.87(2) -0.01
3 91,933.18(2) -0.01 91,908.46(2) -0.01
4 91,936.88(2) -0.01 91,905.08(2) 0.01
5 91,940.61(2) -0.01 91,901.75(2) -0.01
6 91,944.38(2) -0.01 91,898.46(2) -0.01
7 91,948.19(2) -0.01 91,895.21(2) -0.01
8 91,952.03(2) -0.01 91,892.00(2) -0.01
9 91,955.92(2) -0.01 91,888.83(2) -0.01
10 91,959.85(2) -0.01 91,885.71(2) -0.01
11 91,963.82(2) -0.01 91,882.62(2) -0.01
12 91,967.81(2) -0.01 91,879.57(2) -0.01
13 91,971.86(2) -0.01 91,876.57(2) -0.01
14 91,975.93(2) -0.01 91,873.61(2) -0.01
15 91,980.05(2) -0.01 91,870.69(2) -0.01
16 91,984.21(2) -0.01 91,867.81(2) -0.01
17 91,988.40(2) -0.01 91,864.97(2) -0.01
18 91,992.63(2) -0.01 91,862.17(2) -0.01
19 91,996.89(2) -0.01 91,859.42(2) -0.01
20 92,001.20(2) -0.01 91,856.71(2) -0.01
21 92,005.54(2) -0.01 91,854.04(2) -0.01
22 92,009.92(2) 0.01 91,851.41(2) -0.01
23 92,014.34(2) -0.01 91,848.82(2) -0.01
24 92,018.80(2) 0.01 91,846.28(2) 0.01
25 92,023.28(2) 0.01 91,843.79(2) -0.01
26 92,027.81(2) -0.01 91,841.33(2) 0.01
27 92,032.37(2) -0.01 91,838.92(2) 0.01
28 92,036.96(2) -0.01 91,836.54(2) -0.01
29 92,041.59(2) -0.01 91,834.21(2) -0.01
30 92,046.26(2) -0.01 91,831.92(2) -0.01
31 92,050.96(2) -0.01 91,829.68(2) 0.01
32 92,055.70(2) 0.01 91,827.47(2) 0.01
33 92,060.47(2) -0.01 91,825.31(2) 0.01
34 92,065.27(2) 0.01 91,823.20(2) -0.01
35 92,070.11(2) 0.01 91,821.12(2) 0.01
36 92,074.99(2) 0.01 91,819.09(2) -0.01
37 92,079.89(2) -0.01 91,817.10(2) -0.01
38 92,084.83(2) -0.01 91,815.15(2) -0.01
39 92,089.81(2) 0.01 91,813.25(2) 0.01
40 92,094.82(2) -0.01 91,811.39(2) 0.01
41 92,099.87(2) -0.01 91,809.57(2) -0.01
42 92,104.94(2) -0.01 91,807.80(2) 0.01
43 92,110.05(2) -0.01 91,806.07(2) 0.01
44 92,115.19(2) -0.01 91,804.38(2) 0.01
45 92,120.37(2) -0.01 91,802.74(2) 0.01
46 92,125.56(2) -0.01 91,801.14(2) 0.01
47 92,130.80(2) -0.01 91,799.59(2) 0.01
48 92,136.07(2) -0.01 91,798.06(2) 0.01
49 92,141.37(2) -0.01 91,796.60(2) 0.01
50 92,146.69(2) -0.01 91,795.17(2) 0.01
51 92,152.04(2) -0.01 91793.79(2) 0.01
52 92,157.44(2) -0.01 91,792.43(2) 0.01
53 92,162.87(3) -0.01 91,791.12(2) 0.01
54 92,168.31(3) -0.01 91,789.87(2) 0.01
55 92,173.76(4) -0.01 91,788.67(3)" 0.01
56 92,179.29(5) -0.01 91,787.49(3)" 0.01
57 92,184.84(6)" -0.01 91,786.33(4)" 0.01
58 92,190.37(7)" -0.01 91,785.27(5)" 0.01
59 92,196.0(1)" -0.1 91,784.24(6)" 0.01
60 91,783.19(7)" 0.01
61 91,782.3(1)" 0.1
2 In cm™'. o-c mean the observed minus calculated values. The instrumental resolution was between 0.15 and 0.32 cm™'. The estimated absolute calibration uncertainty

was 0.01 cm™!. The uncertainties in parentheses indicate 1¢ standard deviations being combinations of fitting and calibration errors. The absolute accuracy of the line
frequency measurements was estimated to fall between 0.02 and 0.1 cm~' depending on the line intensity and blending.
b Lines marked with b and/or w are blended and/or weak.
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Fig. 4. The ro-vibrational terms diagram of the '>C'®0 A'Tl(» = 1) level and its
energy surrounding in the 65,000-75,000 cm™! region.

Table 8
Interactions tested within the A'TI(» = 1) deperturbation analysis in *3C'®0.
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ening the A'TI(v=1) ~ D'A(v = 1) interaction. To confirm that the
apparent indirect influence of a®Il(v = 12) on A'TI(» = 1) deduced
here is not an alias for the other direct interactions we have mod-
ified the PGOPHER model while leaving out a*II entirely. The resid-
ual of this reduced model is ten-times greater than when a°II is
included and the pattern of J-dependent residuals, plotted in sup-
plementary material (Figs. S1 - S3), is clearly non-normal.

The pure 'TT percentage character of perturbed A'TI(v =1, Fip; |
Q| =1) levels, as shown in Fig. 6 and Table 11, is least near avoided
crossings with (i) the e= (v =3, Fy;, |22| = 1) and d*A(v = 6, Fy;, Fyy,
Fs5, |22 =3, 2, 1) levels at ] = 44 and equals 81% and 54% for e and f
components of A'TI(v = 1), respectively; (ii) the '™ (v=2, || = 0)
level at ] = 36 and is 88%; (iii) the D'A(v=1, Fies 12| = 2) levels at
J =29 and equals 95%; (iv) e*Z~ (v= 3, Fy,, || = 1) level at ] = 41 and
is 96%. Extrapolating the fitted model predicts that overlapping of
A-components of same levels at ] = 47, i.e. a®*Z*(v=11, Fz, |2 = 1),
d*A(v=6, F3,, |Q| = 1) and d*A(v = 6, Fy, |2| = 3), should result in
A'TI(v = 1) character level as low as 47%, and 81% for the e and f
components, respectively. Thus, it should occur the loss of the pre-
vailing 'TI character of A'II(v = 1) for e component at J = 47. How-
ever, this range lies outside the current experimental data for A'II
(v=1).In turn, the >IT percentage character of the a*II(v= 12, F; 3ef
|2 =0, 1, 2) level is decreasing mostly near avoided crossings with
(i) the D'A(v =1, Fip, |Q] = 2) levels at ] = 13, 20, 28 down to 76%
and 90%, 99% and 77%, 88% and 76% for the e and f parity, respec-
tively; (ii) the I'S™ (v =2, Fy; |Q] = 0) level at J = 27, 33, 40 down to
76%, 88% and 79%, respectively; (iii) the e¥Z (v =3, Fyp, || = 1) level
at | = 40 down to 79%; (iv) the e (v =3, Fi, Fo, |2 = 1, 0) level at
J =41, 45, 47 down to 81%, 72% and 87%, respectively; (v) the d*A
(v="6, Fi3e, |2] = 3, 2, 1) levels at ] = 41, 45-46, 50 down to 81%,
72-74%, 82% and 82%, 74%-83%, 82% for e and f component,
respectively.

The a3II(v = 12) level does not directly interact with A'TI(v=1)
due to their negligible Franck-Condon factor (2.38 x 10™). In our

N° Interactions Nature of the Part of the Status  Characteristics®
perturbation final fit
1 All(r»=1) ~ D'A(r=0) Rotation- No - Irrelevant.
electronic
2 ~ D'A(v=1) “ Yes Floated -
3« ~ D'A(v=2) “ No - Irrelevant.
4 - ~ ' (v=0) “ No - Irrelevant.
5 ~ 'z (v=1) “ Yes Floated -
6 “ ~ ' (v=2) “ Yes Floated -
7 0~ ~ ' (v=3) “ No - Irrelevant.
8 ~ €= (v=1) Spin-orbit No - Irrelevant.
9 “ ~ X (v=2) “ Yes Fixed Noticeable. If floated, it correlates among others with < A(1)[J'L’|D(1) > and T, B
constants of A(1).
10 ~ e’T(v=3) Yes Floated -
11 ~ ez (v=4) “ No - Irrelevant.
12 0~ ~ d3A(v=4) “ No - Irrelevant.
13 ~ d*A(v=5) Yes Fixed Noticeable. If floated, it correlates with T, B, D constants of A(1).
14 ~ d3A(v=16) “ Yes Floated -
15 “ ~ dA(w=7) “ No - Irrelevant.
16 ~ a’Tf(v=9) “ No - Irrelevant.
17 ~ a’z*(v=10) “ Yes Fixed Noticeable. If floated, it correlates with T, B constants of A(1).
18 ~ a’zf(v=11) “ Yes Floated -
19 “ ~ a’*zf(v=12) * No - Irrelevant.
20 X (v=2) ~ a*TH(v=10) *“ No - Statistically unjustified. No theoretical value available.
21 X (v=3) ~ a’T*(v=11) *“ No - Statistically unjustified. No theoretical value available.
22 d®A(v=5) ~ a®Z*(v=10) Spin-spin Yes Fixed”  Noticeable. Statistically unjustified.
23 dPA(r=6) ~ a*TH(v=11) “ Yes Fixed”  Noticeable. Statistically unjustified.
24~ ~ e’z (v=3) “ No - Noticeable. If floated, it correlates with < A(1)|LS|d(6) >. No theoretical value
available.
25 a’M(v=12) ~ D!'A(v=1) Spin-orbit Yes Floated -
26 ~ I'=7(r=2) ‘ Yes Floated -

(continued on next page)
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Table 8 (continued)
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N°  Interactions Nature of the Part of the Status  Characteristics®
perturbation final fit

27 ¢ ~ X (v=2) Spin-orbit / Yes Fixed Noticeable. Statistically unjustified.
spin-electronic

28 ¢ ~ Rotation- Yes Fixed Noticeable. Statistically unjustified.
electronic

29 “ ~ X (v=3) Spin-orbit / Yes Fixed Noticeable. If floated, it correlates with < A(1)|LS|d(6) > and T, B of e(3).
spin-electronic

30 “ ~ Rotation- Yes Fixed Noticeable. Statistically unjustified.
electronic

31 ~ d3A(v=15) Spin-orbit / Yes Floated -
spin-electronic

32« ~ Rotation- Yes Fixed Noticeable. If floated, it correlates with < a(12)|LS|d(5) >.
electronic

33 “ ~ d*A(v=16) Spin-orbit / Yes Fixed Noticeable. If floated, it correlates with A constant of d(6).
spin-electronic

34 ~ Rotation- Yes Fixed Noticeable. If floated, it correlates with T,B, and A constants of d(6) as well as
electronic causes many other significant correlations.

35 “ ~ a’T*(v=10) Spin-orbit | No - Irrelevant.
spin-electronic

36 “ ~ Rotation- No - Irrelevant.
electronic

37 - ~ a?T*(v=11) Spin-orbit / No - Irrelevant.
spin-electronic

38 “ ~ Rotation- No - Irrelevant.

electronic

2 “Noticeable” means influence of the perturbation parameters on the values of the: (i) molecular constants and/or (ii) interactions within one standard deviation and/or
(iii) residual within accuracy of the experimental lines used in the final deperturbation fit. The individual significance was tested via verifying of the result differences of the
appropriate quantities using floated or fixed to the calculated value (and then to zero) interaction parameter.

b Calculated in this work on the basis of the €y /{V'|V") = const dependence as well as €4 (9)d(4) taken form Hakalla et al. [17] within the same isotopologue (*3C'%0).

Table 9
Deperturbed molecular constants of the '*C'®0 A'TI(» = 1) and perturber levels as well as their interaction parameters.*”
Constant A'll(v=1) A'TI(v = 1)from Ref. [27] d3A(v=5) d>A(v=6) T (v=2) e’T(v=3)
T, 66,175.533 58(143) 66,175.608(7)° 65,949.55°  66,956.980 10(7930) 65,802.44°  66,811.029 3(299)
B 1.437 635 35(313)  1.437 49(5)¢ 1.11f 1.094 152 90(4067)  1.13" 1.112 690 1(164)
D x 10° 6.139 67(210) 6.6(1)° 5.33¢ 5.31¢ 5.582 5.55¢
H x 10" -12.81¢ -0.60" -0.60" -1.50" -1.50"
A -16.69" -16.061(22)
Ap x 10° -9.17 -9.17
yi 0.89" 0.99" 0.57" 0.524 5(70)
y x 10? 0.69' 0.76'
ATy ~ 07) 15.57° 18.112 2(403) 14.05° -5.405 9(303)
W@ y_gy ~ ') 47.73 26.31 5.09 8.24
(662)
[(@ M1z ~ ') x 102]9 7.00 -5.80 1.00 1.60
Constant D'A(v=1) D'A(v=1) from Ref. [27] I'S(v=1) I'E(v=2) aM(v=12) a’3T*(v=10) a3z (v=11)
T, 66,442.929 8(422)  66,456.5(9)" 65,593.17°  66,595.534 88(449) 66,355.00°  66,066.95° 67,037.79¢
B 1.120 160 7(487) 1.17246¢ 1.13 1.114 621 0(220) 1.32 1.07' 1.05'
D x 10° 5.79 6.3¢ 5.67" 5.702 4(191) 5.67¢ 5.17¢ 5.168
H x 10" -0.22" 2.25" 2.25" -0.30" -0.30"
A 38.79"
Ap x 10° -20.58
7 x 10? -0.51% -114.80° -114.20°
y x 10? 0.33 -0.51! -0.50'
0 0.67'
p x 10° 2.73™
q x 10° 2.95"
HA T,y ~ ) -5.29° 3.593(284)

10
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Table 9 (continued)

Constant D'A(v=1) D'A(v=1) from Ref. [27] 1'=(v=1) 1I'S(v=2) aM(v=12) a3 (v=10) a3z v=11)
A,y ~ v7) x 10 -6. 652 6(227) -8.5(9)° 10.12(17)  -7.758(12)

(a1 ~ v)° -3.47(17) -8.510 1(430)

(d®Aps ~ V') 0.18

d® Ay~ ') -0.10
dIncm .

> Numbers in parentheses are 1¢ standard uncertainties in units of last-significant digit. When writing the results with their uncertainties, the approach described by
Watson [59] was used to avoid a non-physical precision when recreating energy levels using data obtained in this work, so some uncertainty values were rounded to more
than two significant digits.

¢ Calculated in this work on the basis of Ref. [20,21] and isotopic scaling procedure.

4 In the present paper, the rotational operator in the effective Hamiltonian is expressed by the total angular momentum operator excluding spin (N), as recommended by
IUPAC [60], while the authors of a previous deperturbation analysis in Ref. [27] used the angular momentum of nuclear framework gﬁ . To compare the results, the values are
converted to be expressed by (ﬁl) operator. In general, the significant differences occur for the T, and B constants by the value of B4? and 2D A2, respectively.

¢ Obtained by isotopic scaling of the combined values taken from Ref. [18] and Ref. [56].

f Calculated based on Ref. [18] and isotopic scaling procedure. Diagonal spin-spin constant 2 = —1.5 x C (in MHz and converted into cm™').

& Calculated based on Ref. [18] and isotopic scaling procedure.

" Calculated in this work on the basis of Ref. [47] and isotopic scaling procedure.

I Taken from Ref. [18] (in MHz), then converted into cm~" and isotopically scaled.

J Obtained by isotopic scaling of the values taken from Ref. [54].

k Calculated in this work on the basis of Ref. [55] (in MHz), then converted into cm~' and isotopically scaled. The diagonal spin-spin constant / = 1.5 x &.

! Calculated in this work on the basis of Ref. [19] (o = C*) and isotopic scaling procedure.

™M Calculated in this work on the basis of Ref. [55] (p =2 x p + ) and isotopic scaling procedure.

™ Calculated in this work on the basis of Ref. [19] (g = 2 x By.) and isotopic scaling procedure.

° The spin-orbit and rotation-electronic interaction parameters were calculated on the basis of isotopologue-independent @4_q¢q and bap; electronic parameters [24,47]
based on the equations (1) - (5) and (1) - (3) from Ref. [24] and Ref. [26], respectively. The vibrational overlap integrals <1/A\vageyd> and rotational operator integrals
(va|B(R)|vip) were calculated as it was described in Refs. [24,25].

P The spin-orbit and rotation-electronic (L-uncoupling) interaction parameters were obtained on the basis of the isotopologue-independent @4, ¢ 4,0 and bg.e 4o parameters
from [19]. The 0lgcda(Aa-eda) AN Ba-ed a(Da-eda) dependences given in Refs. [16,19] were used in the calculations. The #74-¢,g,a(% g-eda) aNd Eqeda(Baedq) relationships
resulted from symmetrized matrix elements of the a’ll ~ e*%", d®A, a®=" interactions. The vibrational overlap integrals V|V, 4 ) and rotational operator integrals
g”a\B(R)\Ue,d.a’ were calculated as it was described in Refs. [25,61]. Both, the spin-orbit and spin-electronic couplings show the same 2-dependence, thus it is impossible to

etermine them independently. For this reason the 744, parameters represent a linear combinations both of these interactions.

9 The spin-orbit interaction parameters were calculated on the basis of isotopologue-independent parameters: aq.; [19] @q.p [57]. The cq [(@q-;) and o4 p(@q-p)
perturbation parameter dependences given in Refs. [16,19] were used in the calculations. The #4./(%-;) and #q.p(%-p) relationships resulted from symmetrized matrix
elements of the a®ll ~ I'X~ and a®ll ~ D'A interactions. The vibrational overlap integrals (valvip) were calculated as it was described in Refs. [25,61].

" The spin-spin off-diagonal interaction calculated on the basis of <vd(4) ‘HSS g from Ref. [17] and the €, /(¢'|"") = const dependence for the same isotopologue.

* Converted in this work by means of formula (4) (see text).

Var(9)

Table 10
Term values of the B'*(v = 0) and C'=*(v = 0) levels in '>C'80.*><

] B'=*(v = 0) C'=*(v=0)

0 86,917.357(5) 91,918.815(6)
1 86,920.899(3) 91,922.350(4)
2 86,927.980(2) 91,929.415(4)
3 86,938.598(2) 91,940.009(4)
4 86,952.753(2) 91,954.139(4)
5 86,970.449(2) 91,971.805(4)
6 86,991.681(2) 91,992.996(4)
7 87,016.450(2) 92,017.721(4)
8 87,044.755(2) 92,045.973(4)
9 87,076.595(2) 92,077.755(3)
10 87,111.967(2) 92,113.059(4)
11 87,150.872(2) 92,151.897(3)
12 87,193.310(2) 92,194.258(4)
13 87,239.274(2) 92,240.133(4)
14 87,288.766(2) 92,289.537(4)
15 87,341.784(2) 92,342.462(3)
16 87,398.324(2) 92,398.903(4)
17 87,458.346(2) 92,458.859(4)
18 87,521.967(2) 92,522.329(4)
19 87,589.073(2) 92,589.313(4)
20 87,659.685(2) 92,659.804(4)
21 87,733.809(2) 92,733.801(4)
22 87,811.443(2) 92,811.303(4)
23 87,892.583(2) 92,892.308(4)
24 87,977.225(2) 92,976.822(4)
25 88,065.366(2) 93,064.823(4)
26 88,157.007(2) 93,156.318(4)
27 88,252.143(2) 93,251.299(5)
28 88,350.762(2) 93,349.767(5)
29 88.452.871(2) 93.451.719(5)
30 88,558.457(2) 93,557.148(5)

(continued on next page)
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Table 10 (continued)

J B'=*(v =0) C'=*(v=0)
31 88,667.517(2) 93,666.055(5)
32 88,780.053(2) 93,778.434(5)
33 88,896.073(2) 93,894.282(5)
34 89,015.548(2) 94,013.592(5)
35 89,138.501(3) 94,136.357(5)
36 89,264.867(3) 94,262.581(5)
37 89,394.713(3) 94,392.254(5)
38 89,528.003(3) 94,525.376(5)
39 89,664.743(4) 94,661.937(5)
40 89,804.873(4) 94,801.938(4)
4 89,948.483(5) 94,945.372(4)
42 90,095.482(5) 95,092.232(5)
43 90,245.929(6) 95,242.508(5)
44 90,399.795(6) 95,396.206(5)
45 90,557.049(7) 95,553.315(5)
46 90,717.748(8) 95,713.839(5)
47 90,881.76(1) 95,877.743(5)
48 91,049.18(2) 96,045.054(5)
49 91,220.05(2) 96,215.748(5)
50 91,394.20(2) 96,389.832(5)
51 96,567.277(6)
52 96,748.088(7)
53 96,932.284(7)
54 97,119.837(9)
55 97,310.72(2)
56 97,504.93(2)
57 97,702.53(2)
58 97,903.44(3)
59 98,107.62(3)
60 98,315.20(4)

2 In cm™'. All values are given in relation to the ground state X!=*(v =0, ] = 0) level.

b Based on simultaneous fitting (so called the term-value fitting approach) of the '3C'®0 B'=*(» = 0) and C'Z*(» = 0) term
values, molecular constants and perturbation parameters within the final deperturbation analysis (for details see text).

¢ Numbers in parentheses are the random (fitting) uncertainties in units of last-significant digit.

Table 11

Term values (in cm™') of the A'TI(» = 1) level and its perturbers as well as I'=~(» = 2) in '3C'80.2><d
] A'll(v=1) e’ (v=3) '=(v=2)

Fie (cm™) 'TI (%) Fir(cm™) ' (%) Fie (cm™") M (%)  Fy(em™) "I (%) Fir(cm™) I (%)

1 66178940(8)  99.64 66,178.938(9)  99.64
2 66,184.684(6) 99.64 66,184.684(6) 99.64
3 66,193301(5) 99.65 66,193.303(6)  99.65 66,609.1(2)
4 66,204.793(5) 99.66 66,204.793(6) 99.66 66,618.01(6)
5  66219.153(5)  99.67 66219.152(6)  99.67 66,629.14(4)
6  66236387(4) 99.68 66.236.389(6)  99.68 66,642.52(3)
7 66256491(4)  99.69 66.256.493(5)  99.69 66,658.12(3)
8  66279.465(4)  99.71 66,279.466(6)  99.70 66,675.95(3)
9 66305307(4) 99.72 66,305.309(5)  99.72 66,696.00(2)
10 66,334.017(4) 99.74 66,334.019(5) 99.73 66,718.27(2)
11 66365.594(4)  99.75 66,365.595(5)  99.75 66,742.76(2)
12 66,400.035(4)  99.76 66,400.038(5)  99.76 66,769.48(2)
13 66437.339(4) 99.78 66,437.341(5)  99.77 66,798.42(2)
14 66,477.505(4) 99.79 66,477.507(5) 99.79 66,829.57(2)
15  66,520.532(4)  99.80 66,520531(5)  99.80 66,862.95(2)
16 66,566.415(4)  99.81 66,566.414(5)  99.81 66,898.52(2)
17 66,615.152(4) 99.82 66,615.152(5) 99.82 66,936.32(2)
18 66,666.742(4)  99.83 66,666.741(5)  99.82 66,976.32(2)
19 66,721.182(4)  99.84 66,721.179(5)  99.83 67,018.54(2)
20  66,778.469(4)  99.84 66,778.465(6)  99.83 67,062.96(2)
21 66,838.598(4)  99.85 66,838.504(6)  99.84 67,109.58(3)
22 66901.569(4)  99.85 66,901.562(6)  99.84 67,158.41(3)
23 66967.377(4)  99.84 66,967.367(6)  99.83 67,209.44(3)
24 67,036.015(4) 99.83 67,036.002(6) 99.82
25 67,107.481(4) 99.80 67,107.463(6) 99.78
26 67,181.766(4) 99.73 67,181.740(6) 99.70
27 67,258.840(4) 99.44 67,258.810(6) 99.40
28 67,338.545(5) 96.36 67,338.502(6) 96.23
29 67,422.095(5) 95.34 67,422.041(6) 95.33
30 67,507.387(5) 99.36 67,507.321(7) 99.27
31 67,595.711(5) 99.69 67,595.615(6) 99.57

12
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Table 11 (continued)
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] A'TI(v=1) e’ (v=3) '~ (v=2)

Fie (cm™) M (%) Fig(cm™) T (%) Fie (cm™) M (%)  Fay(em™) T (%) Fip(cm™) T (%)
32 67,686.863(6)  99.78 67,686.727(7)  99.58 67,767.56(2)  0.20
33 67,780.819(5)  99.81 67,780.616(6)  99.41
34 67,877.576(7)  99.82 67,877.211(7)  98.75
35  67,977.116(7)  99.82 67,976.103(9)  93.09 67,991.37(6)  6.61
36 68,079.429(7)  99.81 68,080.898(9)  88.29 68,068.49(6)  11.23
37  68,184.523(9)  99.78 68,185.048(7)  98.33
38 68,292362(9)  99.71 68,292.706(8)  99.22
39 68,402.946(9)  99.44 68,403.21(2) 99.37 68534.14(2)  0.06
40  68,516.16(2) 97.85 68,516.58(2) 99.43
41  68,632.94(2) 96.33 68,632.60(3) 99.38
42 68,751.43(3) 99.16 68,751.32(4) 99.00
43 68,872.79(4) 98.69 68,872.52(3) 97.06 68,802.22(2)  0.12
4 - 80.62 - 53.53
45  69,124.62(6) 97.26 69,125.18(4) 96.41 69,090.52(2)  0.78

D'A (v=1) d*A(v = 6)

Fie (cm™) ' (%) Fig(cm™) T (%) Fie (cm™) M (%)  Fae(cm™) T (%) For(cm™') T (%)
27 67,286.55(6) 0.44
28 67,349.06(6) 3.44 67,348.15(2) 3.43
20 67,412.60(3) 453 67,412.56(6) 448
30 67,479.47(3) 0.53 67,479.48(4) 0.53
31  67,548.31(6) 0.20
32 67,619.23(6) 0.10
33
43 69,009.53(2)  0.31
45 69,097.74(3)  1.68
46 69,299.05(5)  0.02
47 69,402.51(2)  0.56
48 69,499.71(5)  2.73

2 All term values are given in relation to X'=*(v = 0) level.
b The terms were merged on the basis of the '>C'80 A'IT - X'X*(1, 0), B'Z* - A'TI(0, 1), C'=* - A'TI(0, 1) bands and C'=*(» = 0) terms obtained in this work as well as 1>C'®0
B'=*(» = 0) terms given in Ref. [17] and X'=*(» = 0) terms calculated on the basis of Ref. [56].

€ Numbers in parentheses are the random (fitting) uncertainties in units of last-significant digit.
d «1[7 (%)” denotes percentage character of the '>C'30 A'TI(v = 1) level.
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Fig. 5. Reduced ro-vibronic terms of the A'TI(z = 1) level and its perturbers in the '*C'®0 isotopologue. Solid lines represent terms, which were calculated based on the
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Table 7).
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Fig. 6. Percentage 'IT and >I1 characters of the states involved in the interactions with the A'TI(» = 1) and a*II(v = 12) levels of '>C'®0 (only percentages above 1% are
represented by the symbols of the ro-vibrational levels). Detailed amounts of the 'IT character of the experimental terms are listed in Table 10. The indirect A'IT ~ a°I1
perturbations arising through the e*~(v=2, 3), d*A(v=5, 6), D'A(v=1) and I'= (v = 2) intermediate states are presented in the lower graphs of each section (see Table 8 for
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model, these levels mixed most at (see Figs. 4 - 6): (i) J = 28 with
0.1-0.02% 'TI-character shared with the a(12) Firand Fy, (|Q| = 0)
levels, 0.09-0.05% with the F,rand F. (|€2| = 1) levels, 0.03-0.02%
with the Fsr and Fz. (]| = 2) levels, as a result of the indirect
spin-orbit and L-uncoupling a(v = 12) ~ D(v =1, [Q2] = 2) ~ A
(v=1, || = 1) interactions; (ii) ] = 36 with ~ 0.4% mainly for Fy
(12| = 1) and F57 (|€2] = 2), as a result of the indirect spin-orbit
and L-uncoupling a(v=12) ~ (=2, |Q2| =0) ~ A(v=1, |Q2] = 1)
interactions; (iii) ] = 40 with ~ 0.2% mainly for Fs. (|| = 2) and
Fie (]2| = 0) as a result of the indirect spin-orbit/spin-electronic/
L-uncoupling and spin-orbit a(v = 12) ~e(z =3, 2| =0,1) ~ A
(v=1,|Q| = 1) interactions; (iv) ] = 44 with ~ 0.4%, mainly for F5¢
(]€2] = 2), as a result of the indirect spin-orbit/spin-electronic/L-
uncoupling and spin-orbit a(v = 12) ~ d(v =6, |Q2| = 1) ~ A(v =1,
|| = 1) interaction.

A new deperturbation extends analysis of the A'TI(v= 1) state in
the 13C'80 isotopologue beyond previous work [27,34,58] and was
based on a broad set of experimental data from the Fourier-
transform spectroscopy of UV synchrotron-absorption and VIS
emission in an electric discharge. The final model includes 18 addi-
tional intra-molecular interactions, which have not been taken into
account previously [27]. The new results extend our knowledge of
the energy structure of the A'TI(v=1), B'=*(v=0) and C'Z*(v = 0)
levels of 13C'80 which are previously unknown for rotational exci-
tation above up J = 30 for A'TI(v=1) [34],] = 31 for B'Z*(v=0) [58],
andJ = 44 for C'Z*(v=0)[58]. In this work, it was possible to deter-
mine the A'TI(» = 1), BIZ*(» = 0), C'Z*(v = 0) term values up to
J =45, 50, 60, respectively (see Table 10 and Table 11 for details).
These results will contribute in future to the calculation of
isotopologue-independent spin-orbit and rotation-electronic per-
turbation parameters and a mass-reduced all isotopologue fit.
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