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We present a laser spectroscopic study of the ~A1Pu – ~X1Rþ
g transition of 13C mono-substituted C3 in the

378–406 nm region. The 13C12C12C and 12C13C12C isotopologues are produced in a pulsed jet expansion,
by DC discharging a gas mixture of �0.3% C2H2/Ar (with �1% 13C natural abundance). By using laser
induced fluorescence spectroscopy, thirteen vibronic bands belonging to the ~A1Pu – ~X1Rþ

g electronic tran-
sition have been recorded for 13C12C12C and 12C13C12C, eleven of which have not been reported before. The
transitions cover the three fundamental vibrational modes (m1; ml2; m3). For all the vibronic bands, the full
width at half maximum of spectral lines is found to be narrower than 0.023 cm�1, allowing to determine
the transition frequencies with an absolute accuracy of �0.003 cm�1. Moreover, rotational analyses of the
high-resolution data have yielded accurate spectroscopic constants for the upper vibronic states studied
here. The 100–000, 04+0–000 and 12�0–000 bands of 13C12C12C, and the 02+0–000 and 04�0–000 bands
of 12C13C12C are found to be less blended by spectral features of 12C3, and thus may be used for astronom-
ical searches of 13C12C12C and 12C13C12C in the space.

� 2021 Published by Elsevier Inc.
1. Introduction

The bare carbon chain molecule propadienediylidene, C3, has
received considerable attention because of its important astro-
nomical role. This small molecule is a potential intermediate in
the formation of longer carbon chains and carbonaceous circum-
stellar grains, and is considered a likely fragment upon photo- or
electron-dissociation of larger molecules [1]. Furthermore, its
widespread distribution in a variety of astronomical environments
renders C3 a good diagnostic probe for astrochemical research. As
C3 has a linear centro-symmetric structure, it is ‘radio-silent’, but,
its electronic and vibrational transitions in the optical and infrared
(IR) regions, respectively, provide spectroscopic alternatives for
detecting and tracing this simple molecule in space.

Since the first identification of the 4050 Å band in cometary
emission [2], C3 has been detected in the comae of numerous
comets as well as in the atmospheres of cool stars (see Refs. [3–
5] and references therein). The presence of C3 in the diffuse inter-
stellar medium (ISM) was confirmed in direct absorption by Maier
et al. [6] and subsequent observations in the sightlines of other
stars were reported [7–10]. Recently, Schmidt et al. [11] reported
detection of eight vibronic bands in the ~A1Pu � ~X1Rþ
g transition

of C3, seven of which were identified for the first time, in a translu-
cent cloud towards HD 169454. These assignments became only
possible following new laboratory data obtained by the same
authors.

In much higher density environments, C3 has also been detected
via its infrared signatures. In 1988, Hinkle et al. observed the m3
anti-symmetric stretch vibration around 5 lm in the circumstellar
envelope IRC + 10216 [12]. About one decade later, a low-
resolution interstellar absorption feature in the far-IR region
observed toward Sgr B2(M) was assigned to the C3 m2 bending
vibration by Cernicharo et al. [13]. Soon after that, Giesen et al. dis-
cussed new laboratory data on the vibrational spectrum of C3 in its
low-frequency bending mode and re-visited the first identification
of the m2 R(2) line in absorption toward Sgr B2(M) [14]. Recently,
high-resolution observations using the Herschel/HIFI instrument
resulted in m2 transitions originating in the warm envelopes of
massive star-forming regions [15]. Later, a post warm-up model
was proposed to explain the formation chemistry of C3 in the
star-forming cores associated with the DR21(OH) region, based
on the observed far-IR spectra [16]. Besides the main isotopologue
C3;

13C-isomers of C3 have also been identified in the ISM recently.
Giesen et al. [17] reported the first detection of 13C12C12C and
12C13C12C isotopologues towards Sgr B2(M) via their m2 transition.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jms.2021.111455&domain=pdf
https://doi.org/10.1016/j.jms.2021.111455
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The 12C/13C abundance ratio in the C3 molecules was derived as
20.5 �4.2 and a gas excitation temperature of 44:4þ4:7

�3:9 K was found.
The many observational studies prompted the need for addi-

tional high-resolution laboratory studies of C3 that led to more
accurate spectroscopic data. In return, laboratory data assisted fur-
ther detections of C3 in the ISM, providing new insights on the
chemical processes taking place in different regions. So far, numer-
ous laboratory studies have been reported on the main isotopo-

logue, 12C12C12C, including the ~A 1Pu � ~X1Rþ
g optical transition as

well as the rovibrational IR spectra (see Refs. [3,14,18–39]). By con-
trast, less studies have been reported on the 13C-substituted iso-
topologues. In 1951, Douglas et al. obtained the 4050 Å band
heads for the six isotopologues (12C3, 13C12C12C, 12C13C12C,
13C13C12C, 13C12C13C, and 13C3), and identified C3 as the carrier of
the 4050 Å band [21]. Soon after, this conclusion was further con-
firmed by Clusius et al. who analyzed the rotationally resolved
spectrum of the same band for 13C3 [40]. Recently, rotationally

resolved spectra of the ~A1Pu � ~X1Rþ
g transition origin band have

been recorded by cavity ring-down spectroscopy, yielding accurate
spectroscopic constants for all six isotopologues [23]. More
detailed spectroscopic ground state information of 13C-containing
C3 has become available from high-resolution rovibrational studies
[20,26,29,41]. In 1993, Moazzen-Ahmadi et al. studied the m3 fun-
damentals of 13C3 and of 13C12C12C, and the m3 þ m2 � m2 sequence
band of 13C3 around 5 lm [29]. In 2013, Krieg et al. recorded the
m3 þ m1 band of 12C3, 13C12C12C and 12C13C12C, and the
m3 þ m2 þ m1 � m2 band of 12C3 around 3 lm [26]. These bands have
been analyzed together with the bands recorded by Moazzen-
Ahmadi et al. [29], resulting in accurate molecular parameters for
12C3, 13C12C12C and 12C13C12C isotopologues [26]. Later, the m2 fun-
damental bands of the six isotopologues in the far-IR region were
studied in detail by terahertz spectroscopy in Ref. [20]. Spectro-
scopic constants were obtained and the C-C bond length was
derived experimentally for each isotopologue. Furthermore, the
precise line positions led to the detection of 13C12C12C and
12C13C12C towards Sgr B2(M) [17]. Besides all these experimental
studies, important contributions came from precise theoretical
work. State-of-art theoretical studies of C3 have predicted molecu-
Fig. 1. The 000-000 Pu- R
þ
g origin band. Upper black trace is the recorded LIF spectrum, w

for 12C3, red for 12C13C12C and blue for 13C12C12C. Note that for 12C3 the simulated intensity
of 0.023 cm�1 and a rotational temperature of �30 K are used in the spectral simulatio
Fig. 2.

2

lar constants for several rovibrational levels in the ~X1Rþ
g state for

all isotopologues [41], that are in good agreement with experimen-
tal high-resolution spectroscopic values [20,22,25–27,29,35].

The study of C3 isotopologues is also important from a chemical
dynamics perspective. It is known that at low temperature the iso-
tope ratio of molecular carbon can be significantly shifted due to
small zero-point energy differences between reactants and prod-
ucts [42]. The observation of C3 isotope ratios offers a useful way
to characterize the involved formation pathways. In addition to

rovibrational transitions in the IR region, the ~A1Pu � ~X 1Rþ
g transi-

tion of 13C-substituted C3 provides another independent method to
detect them, specifically in diffuse clouds where the light from
background stars can be used to observe C3 in direct absorption.

However, to the best of our knowledge, ~A1Pu � ~X1Rþ
g detections

of C3 isotopologues have been limited to the origin band [21,23].
In part this is due to severe overlap of 13C-containing C3 transitions
by the stronger 12C3 features. In this work, we performed a high-

resolution spectroscopic survey of the ~A1Pu � ~X1Rþ
g transition of

13C12C12C and 12C13C12C to obtain accurate transition frequencies
and constants that can be be used to guide astronomical observa-
tions. To find 13C12C12C and 12C13C12C transitions that are less

blended by 12C3, all the vibrational modes in the ~A1Pu state are
covered. In total, thirteen vibronic bands have been recorded for
these two isotopologues at a spectral resolution of �0.02 cm�1,
allowing us to determine accurate molecular constants for the

vibronic levels in the ~A1Pu state via rotational analyses.

2. Experiment

The experiment was performed on the laser-induced fluores-
cence (LIF) spectrometer [43–45] in combination with a pulsed
DC discharge source [46]. A gas mixture of 0.3% acetylene diluted
in argon with 13C at its natural abundance of about 1% was used
to produce the 13C mono-substituted C3 molecules. The gas mix-
ture with a stagnation pressure of �6 bar was expanded into a high
vacuum chamber through a pulsed valve (General Valve, Serial 9).
Gas pulses of typically 200 ls were used and at a repetition rate of
ith 12C3 transitions being truncated. Lower traces are simulated spectra, with cyan
is divided by 100, which is applied to all the following figures. A Gaussian linewidth

ns of 12C13C12C and 13C12C12C. The orange rectangle region is displayed enlarged in



Fig. 2. Zoomed-in 000–000 band spectrum in the 13C12C12C Q-branch region as
marked by the orange rectangle in Fig. 1. The rotational assignments of 13C12C12C
are given by blue thin sticks on top of the experimental spectrum. The rotational
assignments of 12C3 and 12C13C12C are given by cyan and red color.s, respectively.
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10 Hz. Two stainless steel rods, acting as the electrodes, were
placed with their polished flat heads opposite to each other,
�1.5 mm downstream from the nozzle orifice and perpendicular
to the jet expansion. High voltage pulses (��2000 V, 10 ls) were
applied to one of the electrodes to initiate the gas discharge, while
the other was grounded. A wavelength tunable laser beam was
aligned perpendicularly crossing the gas jet about 30 mm away
from the electrodes. Fluorescent emissions from excited C3 mole-
cules were collected by a telescope lens system and detected by
a photomultiplier tube (PMT) (Hamamatsu, R928). A 400 �20 nm
bandpass filter (Thorlabs, FB400-40) was mounted between the
lens and PMT to decrease the discharge scatter. Moreover, fluores-
cence was collected within a time gate width of 20 ns at a delay
time of about 30 ns relative to the laser pulse. A laser excitation
Fig. 3. The 100–000Pu- R
þ
g band. Upper black trace is the recorded LIF spectrum, with 12C

and red for 12C13C12C. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature

3

spectrum was recorded by measuring the overall fluorescence
intensity as a function of the continuously tuned laser wavelength.

The narrowband light was generated by a home-made single-
longitude-mode optical parametric oscillator (SLM-OPO) which
was pumped by the second harmonic output (532 nm) of an
injection-seeded Nd:YAG laser (Spectra-physics, Lab-190) [47].
The signal output of the OPO, continuously tunable in the 700–
1000 nm region, had a bandwidth of 0.004 cm�1. A KDP (KH2PO4,
Castech) crystal was used for frequency doubling of the signal out-
put of the OPO to obtain tunable radiation in the 350–450 nm
region. During a running experiment, the frequency of the signal
output was calibrated online by a wavelength meter (High Finesse,
WS7-60). The wavelength meter was self-calibrated with a stabi-
lized He-Ne laser, providing an absolute accuracy of �0.002
cm�1. For all the vibronic bands, the spectral linewidths (full width
at half maximum) of fully resolved rotational lines are found to be
narrower than 0.023 cm�1, while individual line positions can be
determined with an accuracy of �0.003 cm�1.

3. Results and analysis

In a range of 378–406 nm, thirteen vibronic bands of the
~A1Pu � ~X1Rþ

g transition have been recorded for 13C12C12C and
12C13C12C, all of which are assigned as transitions from the ground
state (000) levels to the different vibrational quanta of the (anti)
symmetric stretch and bending vibration in the upper electronic
state. Among them, eight bands belong to the 13C12C12C isotopo-
logue, whose upper vibronic levels and term energies are summa-
rized in Table 1. The other five bands belong to 12C13C12C and are
summarized in Table 2. The high-resolution LIF spectra are dis-
played in Figs. 1–10, details of which are given in the subsections
below. Because no 13C enriched precursor gas was used, the
recorded spectra contained very strong lines of the main isotopo-
logue 12C3 (e.g. Fig. 1). Despite some spectral overlap, this offered
a good guidance for vibrational assignments for the two isotopo-
logues, 13C12C12C and 12C13C12C, since the vibronic bands of 12C3-
have been already well studied [3,11,19].
3 transitions being truncated. Lower traces are simulated spectra, with cyan for 12C3

of �30 K are used in the spectral simulations.



Fig. 4. The experimental (upper black trace) and simulated (lower blue trace) high-resolution spectra of 13C12C12C 100–000 band. The rotational assignments are given by
thin sticks on top of the experimental spectrum. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulation. Middle cyan
trace is the simulated spectrum of 12C3.

Fig. 5. The 02+0–000 Pþ
u - Rþ

g band. Upper black trace is the recorded LIF spectrum, with 12C3 transitions being truncated. The rotational assignments of 12C13C12C and
13C12C12C are given by red and blue thin ticks, respectively, on the top of the spectrum. Lower traces are simulated spectra, with cyan for 12C3, red for 12C13C12C and blue for
13C12C12C. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulations.
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3.1. The 000–000 band

Fig. 1 (upper black trace) shows the recorded origin band of
~A1Pu � ~X1Rþ

g transition for the 12C3;
13C12C12C and 12C13C12C iso-

topologues. The rotational lines of 12C3 have been truncated. In
addition to their higher intensity, 12C3 lines are further identified
using the conclusions from previous studies [23,37,39]. The weaker
lines around 24678 cm�1 and 24690 cm�1 belong to the Q-branch
4

of 13C12C12C and R-branch of 12C13C12C, respectively. The adjacent
line intervals of 13C12C12C are obviously narrower than that of
12C13C12C, because the substitution by 13C at terminal position
breaks central symmetry in this isotopologue whereby both even
and odd J00 levels in ~X1Rþ

g have equal and non-zero statistics

weight. By contrast, in 12C13C12C the substitution keeps central
symmetry and gives a zero statistics weight to the odd J00 rotational



Fig. 6. The 02�0–000 P�
u - R

þ
g band. Upper black trace is the recorded LIF spectrum, with 12C3 transitions being truncated. The rotational assignments of 12C13C12C and

13C12C12C are given by red and blue thin ticks, respectively, on the top of the spectrum. Lower traces are simulated spectra, with cyan for 12C3, red for 12C13C12C and blue for
13C12C12C. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulations.

Fig. 7. The experimental (upper black trace) and simulated (lower blue trace) spectra of 13C12C12C 04+0–000 band. The rotational assignments are given by blue thin sticks on
top of the experimental spectrum. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulation. Middle cyan trace is the
simulated spectrum of 12C3.
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levels in the ~X1Rþ
g state. It should be mentioned that a centro-

symmetric geometry also applies to the 13C12C13C and 13C13C13C
isotopologues, however, the non-zero spin of 13C (Fermi statistics)
only weakens the lines originating from even J00 rotational levels in
the ~X1Rþ

g state, which can be seen clearly in the spectra recorded
by Haddad et al. (Figs. 2 and 3) who used 13C enriched precursor
material [23]. The different behaviours of rotational structure sup-
port the spectral carrier attributions. Besides, the much lower
abundance of the di- or tri- 13C-substituted isotopologues makes
them undetectable for the present experimental conditions.
5

The rotational analysis was performed using PGOPHER software
and an N2 form Hamiltonian for a linear molecule [48]. For the
lower R symmetry state, the rotational energy is expressed as

F Jð Þ ¼ BJ J þ 1ð Þ � DJ2 J þ 1ð Þ2 þ HJ3 J þ 1ð Þ3 ð1Þ
where B is the rotational constant, and D and H are the quartic and
sextic centrifugal distortion constants, respectively. For the upperP
symmetry vibronic state, the rotational energy is expressed as

Fv Jð Þ ¼ Tv þ Bv J J þ 1ð Þ � Dv J
2 J þ 1ð Þ2 � 1=2ð Þqv J J þ 1ð Þ ð2Þ



Fig. 8. The 04�0–000 P�
u - R

þ
g band. Upper black trace is the recorded LIF spectrum, with 12C3 transitions being truncated. The rotational assignments of 12C13C12C and

13C12C12C are given by red and blue thin ticks, respectively, on the top of the spectrum. Lower traces are simulated spectra, with cyan for 12C3, red for 12C13C12C and blue for
13C12C12C. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulations.

Fig. 9. The experimental (upper black trace) and simulated (lower blue trace) spectra of 13C12C12C 12�0–000 band. The rotational assignments are given by blue thin sticks on
top of the experimental spectrum. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulation. Middle cyan trace is the
simulated spectrum of 12C3.
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where Tv is the vibronic term energy, qv is the K-doubling param-
eter, and the plus and minus signs refer to states with fand eparity,
respectively. It is found that the sextic centrifugal distortion term

for the ~A1Pu state is not necessary to reproduce the observed spec-
tra. The rotational assignments are made by using combination dif-
ferences in the lower state, that is, the frequency differences
6

between R(J00) and P(J00 þ 2) lines are determined only by the lower
rovibrational levels, which can be calculated from the accurate
constants available from Ref.[20]. In total, 44 transitions with J00

levels up to 21 have been recorded for 13C12C12C and 32 lines with
J00 levels up to 22 have been observed for 12C13C12C. Part of the
assignments are depicted in Fig.2, while all the assignments



Fig. 10. The experimental (upper black trace) and simulated (lower blue trace) spectra of 13C12C12C 002–000 band. The rotational assignments are given by blue thin sticks on
top of the experimental spectrum. A Gaussian linewidth of 0.02 cm�1 and a rotational temperature of �30 K are used in the spectral simulation. Middle cyan trace is the
simulated spectrum of 12C3.

Q. Zhang, J. Gu, K.D. Doney et al. Journal of Molecular Spectroscopy 378 (2021) 111455
together with the line positions are collected in the supplementary
materials. By examination of the combination differences in the
lower state [20], an absolute accuracy of �0.003 cm�1 is obtained
for the observed lines, which is a significant improvement com-
pared with existing data with an accuracy of �0.04 cm�1 [23]. To

obtain more accurate spectroscopic constants for the eA(0,0,0) level,
a least-squares fit procedure is performed in the PGOPHER software

[48]. In the fit, constants for the eX(0,0,0) state are fixed to the values

reported by Breier et al.[20], while the constants of the eA(0,0,0)
Table 1
Spectroscopic constants for the ~A1Pu (m1 ; ml2; m3) state of 13C12C12C (in cm�1).a

Vibronicb Tv Bv

000 24677.80493(31) 0.3964097(4
100 25744.59273(53) 0.394225(22
02+0 25525.53859(44) 0.398065(17
02�0 25038.51847(46) 0.4022105(9
04+0c 26287.5179(11) 0.405194(63
04�0 25437.98129(46) 0.406119(19
12�0 26108.9992(16) 0.399211(26
002 26335.62507(39) 0.3911465(8

aNumbers in parentheses are 1r uncertainties in units of the least significant digits. Cur
bAll vibronic levels are observed through fundamental transitions.
cPerturbations are observed for this level and the constants are effective ones. See text

Table 2
Spectroscopic constants for the ~A1Pu (m1 ; ml2; m3) state of 12C13C12C (in cm�1).a

Vibronicb Tv Bv

000 24684.27839(36) 0.4123446(
100 25763.64674(66) 0.409636(2
02+0c 25516.22818(48) 0.4136188(
02�0 25037.69340(59) 0.418136(1
04�0 25430.26012(65) 0.421380(2

a Numbers in parentheses are 1r uncertainties in units of the least significant digits. Cu
bAll vibronic levels are observed through fundamental transitions.
cPerturbations are observed for this level and the constants are effective ones. See text

7

state are varied simultaneously until all observation-calculation
(obs.–cal.) deviations of assigned transition lines agree well with
our experimental uncertainty. The root mean square of the fit is
�0.002 cm�1 (1r), indicating an excellent agreement between the
observed and calculated line positions. The spectroscopic constants

determined from the fit for the eA(0,0,0) state are summarized in
Tables 1,2 for13C12C12C and 12C13C12C, respectively. The simulated
spectra using these parameters are shown in Fig. 1 and a zoom-in
of 13C12C12C Q-branch is displayed in Fig. 2.
qv Dv

9) 3.05(54) e-5 1.95(11) e-7
) �2.83(21) e-4 6.8(15) e-7
) �4.3989(66) e-3 1.07(11) e-6
2) 3.570(12) e-3 –
) 5.06(33) e-4 �3.94(63) e-6c

) 5.5167(90) e-3 1.70(14) e-6
) 3.414(35) e-3 –
0) 5.88(11) e-4 –

rent experimental accuracy is �0.003 cm�1.

for details.

qv Dv

39) 3.181(16) e-4 2.494(78) e-7
1) 5.662(86) e-4 7.2(12) e-7
95) �4.989(15) e-3 –
0) 4.086(14) e-3 –
7) 6.148(25) e-3 7.2(20) e-7

rrent experimental accuracy is �0.003 cm�1.

for details.
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3.2. The 100–000 band

The 100–000 (Pu- R
þ
g ) band of the main isotopologue 12C3 has

been studied previously [3,11,19]. The same band recorded here
is shown in Fig. 3. The top of each line has been truncated to focus
on the weaker 13C-containing C3 isotopologue signals. The band
origin, �25761 cm�1, and line positions are in good agreement
with previous work [3,11,19]. Also shown in Fig. 3 is the 100–
000 (Pu- Rþ

g ) band of 12C13C12C whose origin is around 25764

cm�1. The R-branch develops to the blue side while the Q- and P-
branches degrade to the red side. The interval between the first
two lines in the R-branch is�1.51 cm�1, which value is very similar
to that of 12C3 (�1.52 cm�1). This is consistent with the 12C (I = 0)
spin-statistics, and serves as evidence that attributes 12C13C12C as
the carrier of this band.

Since the spectroscopic constants in the ground state of
12C13C12C have been accurately determined in Ref. [20], combina-
tion differences in the ground state can be used to help the rota-
tionally assignments of the 100–000 band. In total, 18 transitions
with J00 up to 12 have been assigned for this band (Fig. 3). The
assignments and corresponding transition frequencies are given
in the supplementary materials. The combination differences R
(J00) – P(J00 þ 2) determined from the assigned lines agree very well
with those derived from Ref. [20]. The derivations are within 0.003
cm�1 for J00 levels up to 12. This further confirms 12C13C12C as the
carrier of this band. A least-squares fit procedure was performed
in PGOPHER [48] to obtain spectroscopic constants for the
eA(1,0,0) state. Eqs. 1 and 2 are used to express the lower and upper
level energies in the 100–000 band, respectively. In the fit, con-

stants for the eX(0,0,0) state are fixed to the values reported by Bre-

ier et al. [20], while the constants of the eA(1,0,0) state are varied
simultaneously until all obs.–cal. deviations of assigned transition
lines agree with our experimental uncertainty. In the final fit, a
root mean square error of �0.002 cm�1 (1r) was obtained. The

resulting constants for the eA(1,0,0) state are summarized in Table 1.

It should be noted that the constants for the eA(1,0,0) state of
12C13C12C are reported for the first time. The simulated spectrum
using these constants is shown in Fig. 3 (lower trace).

Fig. 4 (upper black trace) displays the observed 100–000 (Pu-
Rþ

g ) band of 13C12C12C whose origin is about 25745 cm�1. This band
locates in the well separated P-branch lines of 12C3 100–000 band,
and therefore, its profile is ready to be recognized. The adjacent
line spacing is much narrower than that of 12C3 and 12C13C12C.
Specifically, the interval between the first two transitions in the
R-branch is �0.75 cm�1, roughly half of that of 12C13C12C (�1.51
cm�1). This is because non-centrosymmetry structure in
13C12C12C leads to equal statistic weight for both the even and
odd J00 levels in the ground state. With a spectral resolution of
0.023 cm�1, the rotational structures are fully resolved, rendering
the assignments straightforward. In total, 27 transitions with J00

levels up to 11 have been assigned for this band (Fig. 4). The
assigned lines and corresponding line positions are provided in
the supplementary materials. The combination differences R(J00) –
P(J00 þ 2) determined from the assigned lines agree within 0.003
cm�1 with those of 13C12C12C derived from Ref. [20], which con-
firms the spectral carrier as 13C12C12C. The spectroscopic constants

for 13C12C12C eA(1,0,0) state in Table 1 were determined from a
least-squares fit of all the transition frequencies extracted from
the assigned lines. The root mean square error was found to be
�0.002 cm�1 (1r) in the final fit. The simulated spectrum using
the obtained constants is displayed in Fig. 4 (lower trace).
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3.3. The 020–000 band

Due to the interaction between bending vibration and electron

motion in the ~A1Pu electronic state, C3 exhibits a Renner-Teller
effect, i.e. the bending vibration level splits into several compo-
nents distinguished by the quantum number K of the total angular
momentum along the internuclear axis (K ¼ jl�Kj). Here for the
eA(0,2,0) level, it splits into the three components, Pþ

u ;Uu, and

P�
u (see Fig. 9 in Ref. [3]). Because the eX(0,0,0) state is of Rþ

g sym-
metry, two vibronic bands are allowed in the 020–000 transition,
Pþ

u - R
þ
g and P�

u - R
þ
g , denoting as 02+0–000 and 02�0–000, respec-

tively. These two bands for the main isotopologue 12C3 have been
reported in Refs. [3,11,19,38]. Guided by these studies, the 02+0–
000 and 02�0–000 bands have been observed for 13C mono-
substituted isotopologues 13C12C12C and 12C13C12C.

Fig. 5 depicts the recorded LIF spectrum of the 02+0–000 (Pþ
u -

Rþ
g ) bands for 12C3;

13C12C12C and 12C13C12C. The 12C3 02+0–000

band origin is �25529 cm�1, consistent with previous work
[3,11,19]. On the red side, around 25526 cm�1 and 25516 cm�1

we find the band origins of 13C12C12C and 12C13C12C, respectively.
Again, the adjacent line spacing of 13C12C12C is much narrower
than the other two because both the even and odd J00 levels in
the ground state have non-zero statistic weight. The spectral carri-
ers are further confirmed by examination of the lower state combi-
nation differences as mentioned in subSection 3.2.

In total, 32 transitions with J00=0–12 were assigned for 13C12C12C
and 14 transitions with J00 levels up to 12 were assigned for
12C13C12C. The assignments together with the transition frequen-
cies for 13C12C12C and 12C13C12C are summarized in the supplemen-

tary materials. To obtain the molecular parameters for the eA(0,2+,0)
state, least-squares fits of the assigned line positions were per-
formed by using the linear Hamiltonian embedded in PGOPHER
[48]. The resulting constants of 13C12C12C and 12C13C12C are given
in Tables 1,2, respectively.

From the rotational analysis, it is found that, in the 02+0–000
band of 12C13C12C, the P(6) and R(4) transitions are observed to
be redshifted by �0.01 cm�1 from the calculated values. Since both

these two transitions end at the same level J0=5 in the eA(0,2+,0)
state, it is likely that this level is weakly perturbed. Similarly, the
levels J0=7 and 8 are found to deviate from the calculated positions
by 0.006 cm�1 which is about twice the current experimental accu-
racy (0.003 cm�1). These discrepancies can not be caused by inac-
curate constants because other lines are well reproduced. A search
for the possible perturber transitions was negative. As a result,
these perturbed transitions are excluded from the final fit and

the constants for the 12C13C12C eA(0,2+,0) state in Table 2 are effec-
tive ones, reproducing all observed transitions with exception of
the perturbed ones. For the 13C12C12C isotopologue, no such pertur-
bations are observed.

As shown in Fig. 6, around the crowded Q- branch of 12C3 02�0–
000 (P�

u - Rþ
g ) band (�25038 cm�1), the 02�0–000 bands of

13C12C12C and 12C13C12C are observed. Some transitions of the latter
two are blended by signals of the main isotopologue. To assign the
rovibronic transitions, such as of 13C12C12C, a preliminary spectrum
was simulated in PGOPHER [48] by using the constants reported in
Ref. [20] for the ground state and estimated constants for the
eA(0,2�,0) state. Then, some resolved P- and R-lines were tenta-
tively assigned, followed by a fit to optimise the upper state con-
stants. As a result, more lines could be assigned. This self guiding
procedure was repeated and after several trials, 26 transitions
including the blended ones were assigned for this band (Fig. 6).



Q. Zhang, J. Gu, K.D. Doney et al. Journal of Molecular Spectroscopy 378 (2021) 111455
The lines are collected in the supplementary materials. After that,

the constants for the eA(0,2�,0) state (Table 1) were determined
through the least-squares fit of the transition frequencies of the
assigned lines. It should be pointed out that this method can be
applied because the spectral resolution is high enough such that
reasonable constants can be determined from less assigned lines.
Clearly, this procedure only works as this band is free of (severe)
perturbations. Using the same method, fifteen transitions were
assigned for 12C13C12C 02�0–000 band (Fig. 6). The line list is sum-
marized in the supplementary materials and the constants deter-
mined from the fit are given in Table 2.
3.4. The 040–000 band

Because of the Renner-Teller interaction the bending excited

level, eA(0,4,0), splits into five components, Pþ
u ;U

þ
u , Hu;U

�
u and

P�
u , among which, the two states Pþ

u and P�
u are accessible from

the eX(0,0,0) Rþ
g state. In the present work, the Pþ

u - Rþ
g or 04+0–

000 band has been recorded only for 13C12C12C and the P�
u - Rþ

g

or 04�0–000 band has been recorded for both 13C12C12C and
12C13C12C.

Fig. 7 displays the LIF spectrum of the 13C12C12C 04+0–000 band.
The origin locates at �26287.5 cm�1, about 10 cm�1 lower than
that of 12C3. The adjacent line intervals of 13C12C12C are smaller
as both even and odd J00 levels in the ground state have non-zero
statistic weight. Following combination differences in the
eX(0,0,0) state [20], rotational assignments were made and the
spectral carrier was confirmed. In total, 26 transitions including
J00= 0–11 were assigned, whose assignments are shown in Fig. 7
and the line positions are collected in the supplementary materials.
The combination differences R(J00) – P(J00 þ 2) determined from the
assigned lines agree within 0.004 cm�1 with those of 13C12C12C
derived from Ref. [20].

In an attempt to derive the eA(0,4+,0) state constants, a meaning-
less negative centrifugal distortion constant D was obtained. Fur-
ther trials show that positive D values resulted in obs. -cal. errors
that are significantly larger than the experimental accuracy. The
discrepancies show a regular pattern that gradually increases as J
moves to larger values. A trial of adding the sextic centrifugal dis-

tortion term, HJ3 J þ 1ð Þ3, to Eq. 2 did not change the pattern.
Instead, a negative D value decreases the discrepancies to within
the current experiment accuracy. These results suggest that J

dependent perturbations take place in the eA(0,4+,0) state of
13C12C12C. Due to the lack of perturber transitions, a set of effective
parameters (Table 1) is derived from least-squares fit by using Eq.
2. The inclusion of a negative D-constant allows to reproduce the
observed lines quite well, but obviously should only be used with
care when predicting line positions beyond those recorded here.

In Fig. 8, the relative broader and flat-top lines belong to the
04�0–000 (P�

u - R
þ
g ) band of the main isotopologue 12C3. The band

origin is around 25441 cm�1, and this value is in good agreement
with previous work [3,11,19]. At the lower energy side, around
25438 cm�1 and 25430 cm�1 are the 04�0–000 (P�

u - Rþ
g ) bands

of 13C12C12C and 12C13C12C, respectively. These three spectra show
a similar contour, that is, the Q-branch located at the spectral cen-
ter develops to the red side, and the P- and R-branches degrade
smoothly to red and blue sides, respectively. Again, the band of
13C12C12C is more dense than the others. With the fully resolved
rotational structures, the assignments were straightforward and
were further confirmed by the combination differences in the
ground states. In total, 30 transitions with J00 levels up to 13 have
been assigned to 13C12C12C and the details are given in the supple-
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mentary materials. As for 12C13C12C, twelve transitions with J00

levels up to 12 have been assigned and the line positions are given
in the supplementary materials. Some of the assignments are
shown in Fig. 8. No perturbations have been observed for the
eA(0,4�,0) levels of 13C12C12C and 12C13C12C extending beyond the
current experimental accuracy (0.003 cm�1). Accurate constants
for the upper states were consequently determined through least
squares fits of the line positions. The results of 13C12C12C and
12C13C12C are summarized in Tables 1,2, respectively. The simu-
lated spectra using the obtained constants are displayed in Fig. 8.

3.5. The 12�0–000 band

Fig. 9 shows the recorded 12�0–000 (P�
u - Rþ

g ) spectrum of
13C12C12C. The band origin is about 26109 cm�1, which is �18
cm�1 lower than for the corresponding band of the main isotopo-
logue 12C3 [3,11,19]. As in parts of the involved frequency domain
(626180.5 cm�1, roughly Q(5)) no 12C3 signals show up, it was pos-
sible to use a higher laser power. Based on the lower state combi-
nation differences, 31 transitions with J00 levels up to 12 were
assigned for this band. The assignments are shown in Fig. 9 and
the line positions are collected in the supplementary materials.

Similar as aforementioned procedure, the constants for eA(12�0)
state were determined from fitting the assigned lines and are sum-
marized in Table 1. The obs.–cal. errors are within 0.003 cm�1. The
simulated spectrum using the obtained constants is shown in the
lower trace of Fig. 9.

3.6. The 002–000 band

The 002–000 (Pu- R
þ
g ) band of the main isotopologue 12C3 has

been reported around 26346 cm�1 [3,11,19]. At the lower fre-
quency side, around 26335.5 cm�1, the 002–000 (P�

u - Rþ
g ) band

of 13C12C12C was found in the present work (Fig. 10). The Q- and
P-branches degrade to the red side while the R-branch degrades
smoothly to the blue side. Both even and odd J00 6 10 were
observed in the current spectrum. The assignments were made
and confirmed with the help of combination differences, R(J00) – P
(J00 þ 2), in the ground state [20]. In total, 26 transitions have been
assigned, whose details are given in the supplementary materials.

The spectroscopic constants for eA(0,0,2) state were subsequently
determined by a least squares fit of the observed line frequencies
and the results are summarized in Table 1. The obs.–cal. errors
for all the observed lines are within 0.003 cm�1. The simulated
spectrum using the constants is shown in the lower trace of Fig. 10.
4. Astrophysical implication

Comparing laboratory data to astronomical observations offers
a powerful tool to get a better picture of the chemical processes
taking place in space. This work has been at the core of Prof. Ste-
phan Schlemmer’s work [15,26] that we want to celebrate with
this study on C3 isotopologues. The current work provides accurate

spectroscopic data for the ~A 1Pu � ~X1Rþ
g optical transition of the

13C mono-substituted 13C12C12C and 12C13C12C isotopologues. Thir-
teen rotationally fully resolved vibronic bands covering all the

vibrational modes in the ~A1Pu state have been recorded with a
linewidth of 0.023 cm�1, corresponding to a resolution power of
�106. The transition frequencies extracted from the spectra are
found to be of an absolute frequency accuracy of 0.003 cm�1.

So far, more than 200 molecules have been identified in the
interstellar medium and circumstellar envelopes [49]. Their rela-
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tive abundance and isotope ratios can vary drastically, depending
on the region under investigation (see CDMS1). It has been shown
that at low temperature the isotope ratio of molecular carbon can
be significantly different from values found on Earth due to small
zero-point energy differences between reactants and products [42].
Astronomical observations have found that for some carbon bearing
molecules, such as HCCCN, C3S, C4H and so on [50,51], isotope abun-
dances show strong dependence on the 13C-substituted position,
which indicates that the carbon atoms are not equivalent in their
formation pathways. The observed differences are explained by a
gas-grain chemical network model constructed by Furuya et al.
[52]. It is confirmed that the isotope ratios of molecules, both in
the gas phase and on grain surfaces, mostly depend on whether
these species are formed from the carbon atom (ion) or the CO mole-
cule. Specifically, the 12C/13C isotope ratio is larger when the species
is formed from a carbon atom, while the ratio is smaller when the
species is formed from a CO molecule [52].

A gas and grain warm-up model proposed by Mookerjea et al.
has explained the abundance of C3 in the warm envelopes of hot
cores in a consistent manner [16]. Very recently, the detection of
13C12C12C and 12C13C12C along the line of sight towards Sgr B2(M)
allowed to determine the 12C/13C element ratio in the C3 molecules
to be 20.5 � 4.2 [17]. This value is in agreement with the elemental
ratio of 20, typically observed in Sgr B2(M). However, it is found
that the N(13C12C12C)/N(12C13C12C) ratio amounts to 1.2 � 0.1,
which is shifted from the statistically expected value of two. Gie-
sen et al. [17] also pointed out that this finding is different from
that of other molecules (such as CCH, CH3CCH) observed in the
same region since they are identical irrespective of the position
of the isotope-substituted carbon atom in the molecule. It has been
suggested that this discrepancy arises due to the lower zero-point
energy of 12C13C12C, which makes position-exchange reactions
converting 13C12C12C to 12C13C12C energetically more favourable.

However, to what extend the formation pathways contribute to
the anomalous N(13C12C12C)/N(12C13C12C) ratio in Sgr B2(M) [16]
remains an open question. Further observations of 13C-
substituted C3 may help address this question. In addition, besides

IR spectra, the ~A1Pu � ~X1Rþ
g electronic transition of C3 provides an

alternative method to detect this molecule, specifically in lower
density number regions such as translucent and diffuse clouds. In
this regard, the accurate laboratory transition frequencies of
13C12C12C and 12C13C12C analysed in this work are expected to
assist astronomical observations. Furthermore, the present data
provide a tool to investigate isotope dependent chemistry also in
translucent clouds. This may help in further constraining the con-
ditions that determine the formation of the elusive molecules that
must be the carriers of the diffuse interstellar bands. Among the
thirteen vibronic bands, the 100–000, 04+0–000 and 12�0–000
bands of 13C12C12C, and the 02+0–000, 04�0–000 bands of
12C13C12C are found to be less blended by the 12C3 isotopologue,
and therefore are more suitable to search for 13C12C12C and
12C13C12C in the ISM or in the comae of comets. Finally, spectro-
scopic constants reported in this study may also have implications
in an accurate interpretation of the excited state structure of the C3

molecule. Very recently, accurate ground state data of C3 isotopo-
logues have been used for a direct determination of the bond
lengths, which results are in good agreement with the earlier
high-level ab initio results [41]. The results presented here provide
necessary data to model the excited state of C3 using the method
developed in Ref. [53].
1 https://cdms.astro.uni-koeln.de.
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5. Conclusions

High-resolution spectroscopy of the ~A1Pu � ~X1Rþ
g transition of

13C mono-substituted C3 have been presented in this work. Rota-
tionally resolved spectra of thirteen vibronic bands, eight of which
belong to 13C12C12C (000-000, 100-000, 02+0-000, 02–0-000, 04+0-
000, 04–0-000, 12–0-000, 002-000), and the other five belong to
12C13C12C (000-000, 100-000, 02+0-000, 02–0-000, 04–0-000), have
been recorded and analysed. Except for the origin band of each iso-
topologue, the other bands are reported for the first time. The spec-
tra carriers are confirmed by the rotational structures and the
combination differences in the ground states, which are well
known from previous studies [20,26]. The spectral linewidth is bet-
ter than 0.023 cm�1, corresponding to a resolution power of 106.
The line positions are found to have an absolute frequency accu-
racy of 0.003 cm�1. The spectroscopic constants for the upper
vibronic states are determined from rotational analyses of the
observed spectra. The results of the newly observed vibronic bands
can be used to search for 13C12C12C and 12C13C12C in the optical
region, with specific applications in diffuse and translucent inter-
stellar clouds. The 100-000, 04+0-000 and 12–0-000 of 13C12C12C
and 02+0-000 and 04–0-000 of 12C13C12C are best suited for this
purpose since they are less blended by 12C3 transitions.
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