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 A B S T R A C T

This paper presents an extension of the previous spectroscopic investigations for the linear molecules HC3N 
and HC4H. For both species, new high-resolution data have been recorded and analyzed. As far as HC3N is 
concerned, the investigation of the ro-vibrational features has been based on the Fourier transform far-infrared 
spectra from our previous studies and on the mid-infrared spectra targeting the prominent 2𝜈5 overtone band 
recently recorded at the synchrotron facility SOLEIL with a resolution of 0.003 and 0.002 cm−1. Moreover, 
several hundreds of pure rotational transitions belonging to excited vibrational states were recorded in Bologna. 
The resonance network wrapping around the 𝑣5 = 2 level and involving the (𝑣4 = 1, 𝑣7 = 2), (𝑣6 = 2, 𝑣7 = 2), 
(𝑣5 = 1, 𝑣7 = 3), and 𝑣7 = 6 excited states has been thoroughly analyzed. A global ro-vibrational fit was 
then achieved for all the vibrational levels up to 1300 cm−1, therefore improving our previous analysis. For 
diacetylene, the 𝜈4 stretching band around 3333 cm−1 was recorded by high-resolution FTIR spectroscopy at 
the synchrotron facility SOLEIL at a resolution of 0.005 cm−1. The accidental resonance affecting this band has 
been successfully analyzed and the number of observed and assigned ro-vibrational transitions was considerably 
extended. The present investigation allowed the integration of the existing line lists in the HITRAN database 
for both molecules. In particular, no information about the 𝜈4 band of diacetylene was present in HITRAN 
before this study.
1. Introduction

A highly unsaturated carbon skeleton is found in many of the largest 
chemical structures discovered in the interstellar medium (ISM) [1,2]. 
Although a few cumulenic chains (C−−C−−C) have also been detected in 
the ISM, molecules based on the acetylene moiety (C−−−C) are markedly 
more abundant and encompass a large variety of extra-terrestrial en-
vironments. Within these species, cyanopolyynes (HC2n+1N) and poly-
acetylenes (HC2nH) represent two of the most important chemical 
families and their parent members, cyanoacetylene (HC3N) and di-
acetylene (HC4H) — building blocks of longer and more complex 
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structures, are among the most targeted species in astronomical studies. 
Due to its high dipole moment, HC3N exhibits strong rotational emis-
sion features which are easy to detect by radio-telescopes, thus making 
its identification possible in almost all kind of astronomical objects (see 
Ref. [3] for a comprehensive but not exhaustive account). While HC4H 
is likely to be quite abundant as well, its non-polar nature makes it 
much more elusive as its detection is only possible via infrared (IR) 
observations. Despite this, diacetylene is recognized as a key ingredient 
in some planetary atmospheres (such as Titan [4]) and it has been 
identified even outside our Galaxy, in the Large Magellanic Cloud [5].
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Because of their relevance, these two pivotal species have been 
targeted by intensive laboratory investigations, many of which were 
carried out by some of the authors. The most recent and comprehensive 
analysis of the ro-vibrational spectrum of HC3N have been published 
by Tamassia et al. [6], where a full account of the relevant bibliography 
is reported (see also Ref. [3] for completeness). As far as HC4H is 
concerned, we previously reported on the analysis of its IR [7] and 
millimeter-wave (mm-wave) spectra [8]. These papers, together with 
few earlier studies [9–12] and the more recent 3 μm-investigation of 
a jet-cooled sample by Zhao et al. [13], set the base of the current 
spectroscopic knowledge of HC4H.

In spite of such considerable experimental efforts, the modeling 
of some prominent spectral features of both HC3N and HC4H is still 
not fully satisfactory. The 2𝜈5 overtone of cyanoacetylene (H−C−−−C
bend), located at ca. 1313 cm−1, is one of its strongest IR bands (see 
Figure 1 of Ref. [6]), but the 𝑣5 = 2 state is involved in a complex 
network of anharmonic resonances, and the spectrum shows evidences 
of local perturbations [14]. Concerning HC4H, the problematic band 
is the strong 𝜈4 (asymmetric C−H stretch) at ca. 3333 cm−1, whose 
energy levels are in close degeneracy with a dark state manifold which 
produces conspicuous irregularities in the ro-vibrational line patterns 
of the fundamental and its hot-bands.

Here, we address these issues by presenting an improved spectro-
scopic characterization of the 2𝜈5 band of HC3N and the 𝜈4 fundamental 
of HC4H, together with a detailed analysis of the associated resonance 
systems. In addition, for HC3N the present analysis extends into the 
high-energy stretching region, where we have refined the modeling of 
the 𝜈1, 𝜈2, and 𝜈3 bands by (i) including additional hot-bands originating 
from the 𝑣7 = 2 state, and (ii) explicitly treating the resonance inter-
actions affecting the 𝑣1 = 1 and 𝑣1 = 𝑣7 = 1 states [15]. This work 
aims at providing a more accurate description of the ro-vibrational 
energy manifolds of these two carbon-chain species, complementing 
and extending previous investigations.

2. Experiments

The present study is based on IR measurements performed on 
the AILES beamline of the SOLEIL synchrotron facility (France), and 
on additional mm- and submm-wave investigations conducted at the 
University of Bologna. The HC3N spectra were recorded using the 
sample prepared for previous studies [3,6], whereas HC4H was newly 
synthesized following the procedure described by Armitage et al. [16].

Briefly, 1,4-dichloro-2-butyne was dissolved in tetraethylene glycol 
dimethyl ether and heated to 65 ◦C. Then, a 16% aqueous solution 
of KOH was added slowly under vigorous stirring and reflux. The 
incondensable gas was led over anhydrous CaCl2 by an Ar flow and 
then passed through a trap placed at −96 ◦C in a acetone slush bath. 
The collected sample consisted in almost pure diacetylene and was 
then utilized for the IR measurements without further manipulation. 
The sample degrades quickly by polymerization in solid phase and was 
thus kept a −96 ◦C for the few days needed for recording the spectra at 
SOLEIL.

The measurements at SOLEIL were performed using a Bruker IFS 125
FT interferometer [17] equipped with a 100m optical path length 
White-type multi-pass absorption cell [18,19]. The mid-IR spectrum of 
HC3N was initially recorded in the 600–4500 cm−1 interval, summing 
up some 800 scans at a pressure of 100  μbar. The resolution was set 
to 0.003 cm−1. A Globar was employed as a source, with a KBr beam-
splitter and a HgCdTe (MCT) detector [20]. An additional recording in 
the 600–1500 cm−1 wavenumber range was performed at the pressure 
of ∼ 2 μbar and at 0.002 cm−1 resolution. As far as HC4H is concerned, 
its IR spectrum was recorded in the 1980–8700 cm−1 range. Three 
different sample pressures were employed: we co-added 140 scans at 
0.5  μbar, 200 scans at 3  μbar, and 414 scans at 50  μbar. We used 
a near-infrared source with CaF2 beamsplitter and MCT detector. The 
resolution was set to 0.005 cm−1.
2 
New mm- and submm-wave spectra of HC3N have been recorded 
at the University of Bologna. The 61–500GHz frequency interval has 
been covered almost continuously using a frequency-modulation mm-
wave spectrometer, whose detailed description is given elsewhere [21,
22]. Most of the spectra have been acquired using a W-band Signal 
Generator Extension module (WR10SGX-M, Virginia Diode Inc.) fed 
by a 10dBm signal generated by a centimeter-wave signal generator 
(0.25–20 GHz, KeySight Technologies N5173B) [22]. For selected fre-
quency regions (i.e. below 80GHz and in the 120–200GHz interval), 
we have instead employed Gunn oscillators (Farran and Carlstrom) 
phase-locked to a suitable harmonic of a cm-wave reference signal [21]. 
A 10MHz Rb atomic clock provided standard frequency for improved 
accuracy and stability.

The spectra were generally recorded at room temperature, using the 
HC3N sample at a static pressure of 3–10  μbar. For a restricted set 
of measurements, in the 250–300GHz frequency range, we employed 
a hot sample with the aim of enhancing the signal of the rotational 
transitions belonging to the fundamental stretching states and their 
lowest combinations with the 𝑣7 vibration. In such cases, vapors of 
HC3N were flown through a 5 cm diameter, 2m long, quartz cell sealed 
with high-density polyethylene windows placed in the heating zone of 
a tubular oven (Carbolite) [15]. A steady, slow flow at a pressure of ∼ 3
μbar were maintained by continuously pumping the sample through the 
cell kept at a temperature of 1000 ◦C.

3. Observed spectra

3.1. HC3N IR spectrum

Cyanoacetylene is a linear molecule with seven IR active vibrational 
normal modes: they are ordered with decreasing energy: four are 
stretchings (𝜈1, 𝜈2, 𝜈3, 𝜈4; 𝛴 symmetry) and three are doubly-degenerate 
bendings (𝜈5, 𝜈6, 𝜈7; 𝛱 symmetry). The vibrational energy levels of 
HC3N are depicted in Fig.  1, while the appearance of the infrared 
spectra is depicted sideways on the left. The levels drawn with solid 
gray lines have already been considered in our previous works [3,6], 
whereas the ones targeted by the present investigations are plotted 
using solid blue lines. They are: the 𝑣5 = 2 and 𝑣7 = 6 overtones, and 
the (𝑣4 = 1, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), (𝑣6 = 2, 𝑣7 = 2), (𝑣2 = 1, 𝑣7 = 2), and 
(𝑣3 = 1, 𝑣7 = 2) combination states. Experimental information on the 
energy position of these vibrational states has been obtained through 
the analysis of 11 new bands. Furthermore, we collected new data for 
six bands which were previously investigated in Ref. [6], with the aim 
of enlarging the data sets and improving the analysis. All these data 
are summarized in Table  1 and described in details in the following 
subsections.

3.1.1. The 1200–1400 cm−1 interval, the 2𝜈5 band
This spectral window is dominated by the very strong 2𝜈5 overtone 

band, which shows a 𝛴−𝛴 structure. Highly-accurate line positions for 
2𝜈5 transitions up to 𝐽 ∼ 80 have been retrieved from a low pressure 
(1  μbar) spectrum, while a higher pressure acquisition (100  μbar) was 
used for higher 𝐽 transitions. The same region had been studied in the 
past by Yamada et al. [14]; our reinvestigation is aimed at collecting 
an extensive data set at the maximum possible resolution to accurately 
model the various anharmonic perturbations. In fact, anomalies in 
the spectral pattern become evident around 𝐽 = 70 (∼ 1292 cm−1

in the 𝑃 -branch and 1335 cm−1 in the 𝑅-branch), where the 𝑣5 = 2
upper level cross with the interacting (𝑣4 = 1, 𝑣7 = 2) combination. 
As a result, transitions in the 𝐽 = 65 − 75 range belonging to the 
perturbation-allowed 𝜈4 + 2𝜈7 band are present, embedded in the very 
intense pattern of the 2𝜈5 band. All these features were already reported 
in Ref. [14], where a partial analysis was also attempted. However, the 
lack of a reliable and independent energy value for the (𝑣4 = 1, 𝑣7 =
2) level and the neglecting of other weaker interactions prevented a 
comprehensive modeling of the complete resonance network. Several 
other line sequences, attributable to the 𝜈7-associated hot bands, are 
also clearly visible, but they were not analyzed in the present work.
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Fig. 1. Schematic representation of the vibrational energy manifold of HC3N (complete below 1500 cm−1). The states investigated in this work are drawn in 
blue solid lines. Gray dashed lines indicate the levels not considered in the present analysis. On the left, the appearance of the vibrational spectrum of HC3N is 
depicted sideways adopting two different normalization factors. The intensity of the red trace is adjusted to show the prominent 𝜈1, 𝜈5, and 𝜈6 bands, whereas 
the dark blue spectrum is expanded 50 times in order to show the weaker bands. The 2𝜈5 overtone, studied in the present work is highlighted in green.
Table 1
Ro-vibrational bands of HC3N recorded and analyzed in this work.
 Banda Sub-bands Freq. range 𝐽min − 𝐽max No. of lines 𝜎b rmsc 
 (cm−1) (10−3cm−1)  
newly studied

 2𝜈∗5 𝛴+ − 𝛴+ 1279–1350 0–115 229 0.2/0.3d 0.83 
 2𝜈5 − 𝜈5 𝛴+ −𝛱, 𝛥 −𝛱 620–686 1–89 339 0.3 0.73 
 𝜈4 + 2𝜈∗7 𝛴+ − 𝛴+ 1290–1338 62–80 31 0.4 0.63 
 𝜈4 + 2𝜈7 − 2𝜈7 𝛴+ − 𝛴+ , 𝛥 − 𝛥 847–884 2–79 264 0.4 0.88 
 𝜈4 + 2𝜈7 − (𝜈6 + 2𝜈7) 𝛴+ −𝛱, 𝛥 −𝛱, 𝛥 −𝛷 347–386 2–67 394 0.3 0.90 
 2𝜈6 + 2𝜈7 − 2𝜈7 𝛴+ − 𝛴+ , 𝛥 − 𝛥 992–1036 0–77 265 0.4 0.66 
 2𝜈6 + 2𝜈7 − (𝜈6 + 𝜈7) 𝛴+ − 𝛴+ , 𝛥 − 𝛥 717–759 5–70 159 0.3 1.41 
 𝜈5 + 3𝜈7 − 2𝜈7 𝛴+ − 𝛴+ , 𝛥 − 𝛥 880–909 5–67 231 0.4 0.83 
 6𝜈7 − 5𝜈7 H − I 208–244 8–59 61 0.3 0.50 
 𝜈2 + 2𝜈7 − 2𝜈7 ∗ 𝛴+ − 𝛴+ , 𝛥 − 𝛥 2238–2290 0–91 315 0.5 0.71 
 𝜈3 + 2𝜈7 − 2𝜈7 ∗ 𝛴+ − 𝛴+ , 𝛥 − 𝛥 2049–2094 2–77 262 0.5 1.42 
extended/revised

 𝜈1 ∗ 𝛴+ − 𝛴+ 3295–3356 0–105 204 0.5 0.96 
 𝜈2 ∗ 𝛴+ − 𝛴+ 2232–2297 0–105 192 0.4 0.92 
 𝜈3 ∗ 𝛴+ − 𝛴+ 2045–2105 0–100 195 0.4 0.81 
 𝜈1 + 𝜈7 − 𝜈7 ∗ 𝛱 −𝛱 3298–3351 1–87 319 0.5 0.77 
 𝜈2 + 𝜈7 − 𝜈7 ∗ 𝛱 −𝛱 2233–2296 1–104 313 0.4 1.00 
 𝜈3 + 𝜈7 − 𝜈7 ∗ 𝛱 −𝛱 2048–2099 1–86 304 0.4 0.92 
a Asterisks mark bands included in the HITRAN2024 release [23].
b Estimate of the experimental uncertainty.
c Dimensionless root mean square deviation of the global fit.
d 0.2 × 10−3 cm−1 for the 2  μbar spectrum and 0.3 × 10−3 cm−1 for the 100  μbar spectrum.
3.1.2. The 800–1050 cm−1 interval, hot bands in the 𝜈4 / 𝜈5 + 𝜈7 / 2𝜈6
region

This interval has been newly recorded at relatively high pressure 
(100  μbar), thus enabling the identification of some weak hot bands 
that provided information about the energy of the (𝑣4 = 1, 𝑣7 = 2), 
(𝑣6 = 2, 𝑣7 = 2), and (𝑣5 = 1, 𝑣7 = 3) levels. The 𝜈4 fundamental and the 
𝜈5 + 𝜈7 combination bands (enhanced by the resonance) are located at 
∼ 885 cm−1 with partially overlapping rotational structures. Their first 
𝜈7-associated hot bands had been already analyzed earlier [6]; here, 
we were able to assign the 𝛴+ − 𝛴+ and 𝛥 − 𝛥 components of the 
3 
𝜈4 + 2𝜈7 − 2𝜈7 and 𝜈5 + 3𝜈7 − 2𝜈7 hot bands. The 2𝜈6 overtone is located 
at higher wavenumbers (998 cm−1), and its 2𝜈6 + 𝜈7 − 𝜈7 hot band was 
already well characterized [6]. The identification of the line sequences 
corresponding to the 𝛴+−𝛴+ and 𝛥−𝛥 sub-bands of the 2𝜈6+2𝜈7−2𝜈7
hot band was then accomplished in a straightforward way.

3.1.3. The 600–750 cm−1 interval, hot bands in the 𝜈5 and 𝜈6 + 𝜈7 region
The 𝜈5 fundamental at 663 cm−1 is the strongest feature in the HC3N 

IR spectrum and its hot-band manifold is particularly rich. A couple 
of 𝜈 -associated hot bands have been already studied in our previous 
7
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work [6], but many other line sequences are clearly discernible. Among 
them, we identified the 𝛴+ −𝛱 and 𝛥 −𝛱 components of the 2𝜈5 − 𝜈5
hot band, which provides direct information on the energy position 
of the (𝑣5 = 2, |𝑙5| = 2) sub-level, not directly involved in the 2𝜈5
fundamental. The 𝜈6 + 𝜈7 combination, located at the 720 cm−1, and 
its 𝜈6- and 𝜈7−associated hot bands have been analyzed earlier [3,6]. 
In the present work, we assigned additional line sequences belonging 
to the 2𝜈6 + 2𝜈7 − (𝜈6 + 𝜈7) hot band (𝛴+ − 𝛴+, 𝛥 − 𝛥).

3.1.4. The 200–400 cm−1 interval, hot bands in the 𝜈7 and 𝜈4 − 𝜈6 region
Far infrared data, collected in the course of previous studies, pro-

vided additional experimental information for the (𝑣4 = 1, 𝑣7 = 2)
combination, together with a direct determination of the vibrational 
energy of the highly excited 𝜈7 = 6 bending state. The region of the low-
est 𝜈7 fundamental (∼ 220 cm−1) is characterized by a high density of 
lines because of the complex structure of its hot bands, many of which 
involve bend-bend combinations and overtones. Despite the spectral 
congestion, we were able to successfully identify ca. 60 lines belonging 
to the H − I sub-band of the 6𝜈7 − 5𝜈7 hot band. These transitions 
connect the (𝑣7 = 6, |𝑙7| = 6) and (𝑣7 = 5, |𝑙7| = 5) sub-levels. Their 
𝑒−𝑓 splitting is not resolvable under our experimental conditions, and 
thus they appear as blended lines with twice the computed intensity. 
The anharmonic interactions present in HC3N vibrational manifold also 
enhance the 𝜈4 − 𝜈6 difference band, which is clearly visible at ∼
345 cm−1. The 𝜈4+2𝜈7−(𝜈6+2𝜈7) band exhibits several sub-bands, among 
which we could identify the 𝛴+ −𝛱 and the 𝛥 −𝛷 𝑃𝑄𝑅-branches.

3.1.5. The 2000–3500 cm−1 interval, the stretching zone
The HC3N stretching fundamentals are located in the upper part of 

the MIR spectrum at 2079 cm−1 (𝜈3), 2274 cm−1 (𝜈2), and 3327 cm−1

(𝜈1). The whole interval was recorded by Jiang et al. [15] in the course 
of a study targeting the DC3N IR spectrum. Since the parent species 
was also present as a side-product, the three 𝜈1, 𝜈2, and 𝜈3 fundamental 
bands of HC3N and their corresponding hot bands originating from the 
𝑣7 = 1 bending state were also analyzed in that work. In the present 
study, we extended the spectroscopic investigation of the stretching 
fundamentals to their second most intense hot bands, which originate 
from the 𝑣7 = 2 overtone state. Additionally, due to the higher 
sensitivity of the data collected at SOLEIL, we were able to significantly 
enlarge the data set for the previously observed bands [15], reaching 
𝐽max ∼ 105.

We were able to identify the 𝛴+ − 𝛴+ and 𝛥 − 𝛥 sequences of the 
𝜈2+2𝜈7−2𝜈7 and of the 𝜈3+2𝜈7−2𝜈7 assigning 315 and 262 transitions, 
respectively. We could also pinpoint some short sequences of lines 
belonging to the 𝜈1+2𝜈7−2𝜈7 band, but their trends are highly perturbed 
because of multiple accidental resonances, thus a complete analysis was 
not attempted. In fact, the 𝜈1 fundamental and its 𝜈7-associated hot 
bands show signs of perturbations: localized avoided crossings appear 
at 𝐽 ∼ 43 for the 𝜈1 fundamental, and at 𝐽 ∼ 30 and 𝐽 ∼ 88 for the 
𝜈1 + 𝜈7 − 𝜈7 hot band. Such anomalies, which had not been modeled in 
Ref. [15], have been explicitly treated in the present analysis.

3.2. HC3N rotational spectrum

A comprehensive investigation of the rotational spectrum of HC3N 
has been reported in a couple of recent papers [3,6]. These studies 
provided a detailed characterization of all the vibrational states below 
1300 cm−1, plus a few excited states with energies between 2075 and 
3550 cm−1. Here, we have recorded new mm- and submm-wave spectra 
for five vibrational states located between 1320 and 1430 cm−1: they 
are 𝑣5 = 2, (𝑣4 = 1, 𝑣7 = 2), (𝑣6 = 2, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), and 𝑣7 = 6. 
These states constitute an interacting polyad with various close near-
degeneracies, thus producing striking anomalies on the corresponding 
𝑙-type spectral patterns. For this reason, we have made an attempt to 
record all the experimentally accessible transitions from 60 to 500GHz 
with basically no gaps. Particular care has been exerted at covering the 
4 
frequency regions where level crossings occur and the lines belonging 
to the involved states exhibit prominent deviations from the predicted 
unperturbed positions. These regions are at 𝐽 = 6 (∼ 64GHz), 𝐽 = 28
(∼ 264GHz), and 𝐽 = 48 − 55 (446–510GHz).

Additional measurements have been performed by using a hot 
sample (1000 ◦C), with the aim of detecting pure rotational transi-
tions belonging to the high-energy stretching states. We targeted the 
250–300GHz frequency interval where signals due to the 𝑣3 = 1, 
𝑣2 = 1, and 𝑣3 = 𝑣7 = 1 states could be actually identified. These 
measurements provided extra precision for the rotational parameters of 
these high-energy states, usually determined solely from infrared data. 
The summary of the pure-rotational data collected and analyzed in the 
present work is reported in Table  2.

3.3. HC4H IR spectrum, the 𝜈4 band

Diacetylene is a linear centrosymmetric molecule with two equiva-
lent hydrogen nuclei and two pairs of equivalent carbon nuclei which 
are interchanged by the 𝐶2∕𝑖 symmetry operations. The ro-vibrational 
states can thus be labeled according to the inversion and rotational 
parity and shows a 1:3 spin statistical weight ratio. Table  3 summarizes 
the spin multiplicity rules.

Diacetylene possesses nine vibrational normal modes: five stretching 
modes of 𝛴 symmetry and four doubly degenerate bending modes of 
𝛱 symmetry. Because of its symmetry, only four of these modes are 
infrared active. Among them, the asymmetric C–H stretching vibration 
𝜈4 (𝛴+

𝑢 ) is particularly intense and its fundamental band at ∼ 3333 cm−1

represents one of the most prominent features of the entire IR spectrum 
of HC4H.

The 𝜈4 fundamental exhibits a 𝛴 −𝛴 ro-vibrational structure, char-
acterized by 𝑃 - and 𝑅-branches only. As required by nuclear-spin 
statistics, the rotational line intensities display the expected 1:3 al-
ternation. The overall appearance of the 𝜈4 band is regular at low 
and intermediate 𝐽 values; however, starting at 𝐽 ∼ 60, pronounced 
anomalies become evident in both the line positions and their rel-
ative intensities (see Fig.  2). These irregularities arise from strong 
anharmonic interactions between the 𝑣4 = 1 excited state and several 
nearby dark states, which produce localized perturbations and avoided 
crossings. While the most conspicuous effects occur at 𝐽 = 60 and 
𝐽 = 66 as reported by Guelachvili et al. [9], large deviations persist 
well into the higher 𝐽 region, in particular around 𝐽 = 84 and 𝐽 = 104.

The 𝜈4 band has been the subject of several previous high-resolution 
investigations carried out under different experimental conditions, 
ranging from room-temperature Fourier-transform absorption spec-
troscopy [9,24] to discharge experiments in supersonic-jet expansion, 
coupled with sub-Doppler difference-frequency techniques [25] or
continuous-wave cavity ring-down spectroscopy [13]. Despite these 
numerous studies, the ro-vibrational analyses performed so far have 
systematically neglected the perturbations caused by the manifold of 
interacting dark states. As a consequence, spectral assignments are 
limited to 𝐽 ≤ 83 and the observed line positions are not reproduced 
within experimental accuracy for 𝐽 values above 40.

In the present work, by exploiting the high sensitivity of the SOLEIL 
synchrotron source, we have recorded three spectra at different pres-
sures in the 𝜈4 region and achieved a substantial extension of the 
ro-vibrational assignment. Transitions have been assigned up to 𝐽 = 115
in the 𝑅-branch and up to 𝐽 = 98 in the 𝑃 -branch (the lower 𝐽
coverage reached in the 𝑃 -branch is due to the spectral congestion 
affecting the corresponding low-frequency side of the fundamental). 
Unlike previous analyses, the present treatment explicitly includes the 
anharmonic interactions between the 𝑣4 = 1 level and four nearby dark 
states. Furthermore, several short sequences of transitions that borrow 
intensity through state mixing have been identified and incorporated 
into the global data set.
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Table 2
Rotational transitions of HC3N recorded in this work.
 State Freq. range 𝐽 max No. of lines rmsa 
 (GHz)  
 𝑣4 = 1, 𝑣7 = 2 64–529 57 192 0.86 
 𝑣5 = 2 64–527 57 136 0.90 
 𝑣6 = 2, 𝑣7 = 2 92–515 55 296 0.70 
 𝑣5 = 1, 𝑣7 = 3 64–523 55 361 0.93 
 𝑣7 = 6 65–528 56 261 0.90 
 inter-state 64–513 54 20 0.93 
 𝑣2 = 1 253–308 33 6 0.52 
 𝑣3 = 1 253–327 35 8 0.68 
 𝑣3 = 𝑣7 = 1 254–327 35 17 1.01 
a Dimensionless root mean square deviation of the global fit.
Fig. 2. Recording (black trace) of the 𝜈4 band of HC4H, together with a simulated spectrum (blue trace, reversed) computed using the spectroscopic constants of 
Table  9. Anomalies in both the intensities and line positions are visible in the high 𝐽 region of either branches. The band shows the typical 1:3 spin–statistics 
alternation. Both intensity scales are normalized.
Table 3
Spin statistical weights of the ro-vibrational levels of diacetylene.
Inversion parity parity label even 𝐽 odd 𝐽

𝑔
{ 𝑒 1 3

𝑓 3 1

𝑢
{ 𝑒 3 1

𝑓 1 3

4. Analysis and results

The ro-vibrational energy terms of HC3N and HC4H have been 
computed following the approach described in detail by Bizzocchi et al. 
[3]. Briefly, we set a linear molecule effective Hamiltonian as a sum of 
a ro-vibrational (𝐻̃rv) and a 𝑙-type interaction (𝐻̃𝑙-type) terms, plus an 
additional contribution (𝐻̃res) accounting for the various anharmonic 
resonances: 
𝐻̃ = 𝐻̃rv + 𝐻̃𝑙-type + 𝐻̃res . (1)

𝐻̃rv is diagonal in all quantum numbers, whereas 𝐻̃𝑙-type gives rise to 
several off-diagonal matrix elements with 𝛥𝑘 = 0,±2,±4 (𝑘 =

∑

𝑡 𝑙𝑡). 
𝐻̃res contains terms connecting the sub-blocks of the nearly-degenerate, 
interacting vibrational states. The reader is referred to Ref. [3] for the 
complete expressions of all the Hamiltonian terms.

The main interaction scheme that is effective in the HC3N vibra-
tional manifold has been described previously [3,6]. Basically, two 
5 
features rule: (i) the interaction between 𝑣5 = 1 and 𝑣7 = 3, and (ii) 
the (𝑣4 = 1) ∼ (𝑣6 = 2) ∼ (𝑣5 = 𝑣7 = 1) ∼ (𝑣7 = 4) cluster of levels. From 
these, an infinite sequence of polyads located at increasing energy can 
be generated by adding one or more quanta to the base level schemes. 
Eventually, these two series of resonance systems become entangled by 
raising in the vibrational energy manifold, because of the link provided 
by common levels [6]. In fact, by adding a 𝑣5 quantum to (i) and two 
𝑣7 quanta to (ii), the two systems wrap around the (𝑣5 = 1, 𝑣7 = 3) level, 
thus generating a pentad of interacting states located at ca. 1350 cm−1. 
They are 𝑣5 = 2, (𝑣4 = 1, 𝑣7 = 2), (𝑣6 = 2, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), and 
𝑣7 = 6. This resonance network has been analyzed in the present work 
and a graphical representation of the energy level positions and the 
main interactions is shown in Fig.  3. The resonance Hamiltonian 𝐻̃res
used here contains the terms 𝐻̃30, 𝐻̃32, 𝐻̃40, 𝐻̃42, 𝐻̃50, and 𝐻̃52, already 
described in Refs. [3,6].2 In addition, two new terms, namely 𝐻̃50+𝐻̃52, 
had to be included in the ro-vibrational energy calculations to take into 
account the quartic interactions between the (𝑣5 = 2) overtone and the 
(𝑣4 = 1, 𝑣7 = 2) combination states:
⟨

𝑣4, 𝑣
𝑙5
5 , 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

|

|

|

𝐻̃50 + 𝐻̃52
|

|

|

𝑣4 + 1, (𝑣5 − 2)𝑙5 , 𝑣𝑙66 , (𝑣7 + 2)𝑙7 ; 𝐽 , 𝑘
⟩

=

√

2
4

[

𝐶 (45577)
50𝑎 + 𝐶 (45577)

50𝑎𝐽 𝐽 (𝐽 + 1)
]

×
{

(𝑣4 + 1) (𝑣5 ± 𝑙5 + 2) (𝑣5 ∓ 𝑙5 + 2) (𝑣7 ± 𝑙7 + 2) (𝑣7 ∓ 𝑙7 + 2)
}1∕2 ,(2)

2 The Hamiltonian terms are labeled as 𝐻̃𝑚𝑛, where 𝑚 and 𝑛 are the total 
degree of the vibrational and rotational operators, respectively.
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Fig. 3. Vibrational energy diagram for the interacting states 𝑣5 = 2, (𝑣4 = 1, 𝑣7 = 2), (𝑣6 = 2, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), and 𝑣7 = 6 of HC3N. Thin arrows indicate the 
𝛥𝑘 = 0 vibrational couplings taken into account.

⟨

𝑣4, 𝑣
𝑙5
5 , 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

|

|

|

𝐻̃50
|

|

|

𝑣4 + 1, (𝑣5 − 2)𝑙5∓2, 𝑣𝑙66 , (𝑣7 ± 2)𝑙7±2; 𝐽 , 𝑘
⟩

=

√

2
4

𝐶 (45577)
50𝑏

{

(𝑣4 + 1) (𝑣5 ± 𝑙5 − 2) (𝑣5 ± 𝑙5) (𝑣7 ± 𝑙7 + 2) (𝑣7 ± 𝑙7 + 4)
}1∕2 , (3)

⟨

𝑣4 , 𝑣
𝑙5
5 , 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

|

|

|

𝐻̃52
|

|

|

𝑣4 + 1, (𝑣5 − 2)𝑙5∓2 , 𝑣𝑙66 , (𝑣7 ± 2)𝑙7 ; 𝐽 , 𝑘 ∓ 2
⟩

=

√

2
4

𝐶 (45577)
52𝑎

{

(𝑣4 + 1) (𝑣5 ± 𝑙5 − 2) (𝑣5 ± 𝑙5) (𝑣7 ± 𝑙7 + 2) (𝑣7 ∓ 𝑙7 + 2)
}1∕2

√

𝑓∓2(𝐽 , 𝑘) , (4)

where the 𝑘-dependent term of the matrix element is given by (see 
Eqs. (3) of Ref. [3] for the general formula): 
𝑓∓2(𝐽 , 𝑘) = [𝐽 (𝐽 + 1) − 𝑘(𝑘 ∓ 1)] [𝐽 (𝐽 + 1) − (𝑘 ∓ 1)(𝑘 ∓ 2)] . (5)

The 𝐶 (45577)
50𝑎  and 𝐶 (45577)

50𝑏  coefficients express the magnitude of the 
𝛥𝑘 = 0 interaction between the corresponding 𝑙𝑡 = 0 and 𝑙𝑡 = 2𝑒𝑓  sub-
levels, whereas the 𝐶 (45577)

52𝑎  multiplies the |𝛥𝑘| = 2 term coupling the 
(𝑣4 = 1, 𝑣7 = 2), 𝑙7 = 0 with the 𝑣5 = 2, 𝑙5 = 2𝑒𝑓  sub-levels.

The ro-vibrational basis functions are chosen as product of one-
/two-dimensional harmonic oscillator wave-functions and a rotational 
symmetric-top wave-function, ||

|

𝑣𝑠, 𝑣
𝑙5
5 , 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

⟩

, with 𝑘 = 𝑙5 + 𝑙6 +
𝑙7. In this notation, 𝑣𝑠 summarizes the stretching mode vibrational 
quantum numbers 𝑣1, 𝑣2, 𝑣3 and 𝑣4. Symmetry-adapted basis functions 
are then obtained by the Wang-type linear combinations  [26]: 
|

|

|

𝑣𝑠, 𝑣
𝑙5
5 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

⟩

𝑒∕𝑓

= 1
√

2

{

|

|

|

𝑣𝑠, 𝑣
𝑙5
5 , 𝑣

𝑙6
6 , 𝑣

𝑙7
7 ; 𝐽 , 𝑘

⟩

± (−1)𝑘 ||
|

𝑣𝑠, 𝑣
−𝑙5
5 , 𝑣−𝑙66 , 𝑣−𝑙77 ; 𝐽 ,−𝑘

⟩}

,

(6a)
|

|

|

𝑣𝑠, 0000, 00; 𝐽 , 0
⟩

𝑒
= |

|

|

𝑣𝑠, 00, 00, 00; 𝐽 , 0
⟩

. (6b)

For even (odd) value of 𝑘, the upper and lower signs (±) correspond 
to the 𝑒 (𝑓 ) and 𝑓 (𝑒) wave-functions [27], respectively. For 𝛴 states 
(𝑘 = 0), the first non-zero 𝑙𝑡 is chosen positive.

In the case of HC4H, the effective Hamiltonian used is considerably 
simpler because the present work focuses on a single vibrational band 
and does not aim at a global analysis of the entire vibrational man-
ifold. In particular, since both the lower and upper states of the 𝜈4
fundamental possess 𝛴 symmetry, the 𝐻̃𝑙-type term does not appear at 
all in the Hamiltonian. Moreover, given the high energy of the 𝑣4 = 1
level and the extremely dense vibrational structure in this region, it is 
not possible to unambiguously identify all the states interacting with 
𝑣4 = 1. For this reason, the operators appearing in the 𝐻̃res term have 
been introduced in a simplified and generic form, without specifying 
the exact vibrational nature of the perturbing states. Further details on 
this are provided in Section 4.3 and in Eq. (8).
6 
4.1. 14N-quadrupole coupling in 𝑘 = 6 lines of HC3N

A few low-𝐽 rotational transitions recorded for HC3N in the 𝑣7 = 6
vibrationally excited states show evidences of hyperfine splitting due 
to the 14N-quadrupole coupling (𝐼N = 1). For the 𝑣7 = 6 overtone 
states, values of 𝑙7 up to 6 are generated, which correspond to 𝑘 = 6 in 
the rotational wavefunction allowed by the linear molecule isomorphic 
Hamiltonian [28,29]. The hyperfine splitting is known to be small and 
usually resolvable only for low 𝐽 lines, as the corresponding hyperfine 
components rapidly collapse for increasing 𝐽 . On the other hand, the 
hyperfine splittings increase with increasing values of the 𝑘 quantum 
number, that labels the projection of the rotational angular momentum 
on the molecular axis.

For the 𝑣7 = 6 rotational lines, the quadrupole splitting is large 
enough to produce detectable effects for the 𝐽 < 10. An example is 
illustrated in Fig.  4 showing the recording of the 𝑣7 = 6, 𝐽 = 7 ←
6 transitions of HC3N together with the computed stick spectra that 
illustrate the effect of the hyperfine interaction. For the 𝑘 = 0 and 
𝑘 = 2 components the coupling is less pronounced and the lines are 
only slightly broadened; the 𝑘 = 4 clearly appears as a doublet, while 
𝑘 = 6 show a more complex pattern partially overlapped with the 
𝑘 = 2𝑓  component. The simulated hyperfine spectrum plotted as the red 
stick spectrum in Fig.  4 has been computed using the rotational and ro-
vibrational parameters of Tables  4–5, plus the 14N-coupling hyperfine 
constants derived from the results of the molecular beam experiments 
by DeLeon and Muenter [30].

Using cartesian tensor notation, the hyperfine term of the Hamilto-
nian reads as: 
𝐻̃hfs = 𝑒𝐐 ∶ 𝐪 + 𝐈 ⋅ 𝐂 ⋅ 𝐉 . (7)

The first contribution is the nuclear quadrupole coupling and is ex-
pressed as dyadic product of the nuclear quadrupole tensor 𝑒𝐐, where 
𝑒 is the elementary charge, and the electric field gradient tensor 𝐪. The 
second term describes the weak magnetic spin–rotation interaction (𝐂
tensor) between the nuclear spin and the rotational angular momen-
tum. For 𝑘 ≠ 0 states, the electric field gradient tensor 𝑞 is anisotropic, 
thus two hyperfine quantities are needed to fully model the quadrupole 
interaction; they are 𝑒𝑄𝑞𝑎𝑎 and 𝑒𝑄(𝑞𝑏𝑏 − 𝑞𝑐𝑐 ) [30]. Because of its much 
smaller magnitude, the 14N spin–rotation coupling have been modeled 
using a unique scalar coefficient (𝐶N) and the effect produced by the H 
nucleus has been neglected.

To take into account the resonance effects, a set of hyperfine con-
stants has been computed for each state of the polyad considering the 
relevant vibrational dependence. The computed splittings were then 
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Fig. 4. Recorded spectrum (black trace) of the HC3N, 𝐽 = 7 ← 6 transition belonging the 𝑣7 = 6 overtone state. The 𝑘 labeling is marked on the top of each line. 
The red stick spectrum indicates the positions and the relative intensities of the quadrupole components, whereas the purple stick spectrum plots the hypothetically 
hyperfine-free spectrum (see text for details).
used to retrieve, from the line showing resolvable quadrupole patterns, 
the hypothetically hyperfine-free transition which was then included in 
the global fit.

4.2. Resonance polyad of HC3N

The analysis of the ro-vibrational data involving the five vibrational 
states of the resonance polyad has been conducted adopting the ap-
proach described in details in Refs. [3,6]. The overall data set comprises 
1191 pure rotational transitions and 1973 infrared lines, which have 
been simultaneously analyzed in a least-squares fitting procedure. The 
different measurement precision (𝜎) of the various data has been taken 
into account by adopting, for each datum, a weighting factor, 𝑤 = 1∕𝜎2. 
The 𝜎 values for the new infrared data measured in this work are 
reported in the rightmost column of Table  1. For our, newly measured 
rotational lines a unique value of 𝜎 = 30 kHz has been used, whereas 
previously reported data [31] for the (𝑣4 = 1, 𝑣7 = 2) and 𝑣5 = 2 states 
were inserted in the fit with the weights provided in the original paper.

Because of the multiple 𝑙-type resonance effects occurring among 
the sub-levels of the excited states considered, intricate spectral pat-
terns have been generally observed. An example is given in Fig.  5 show-
ing an excerpt of the rotational spectrum of HC3N around 110GHz. The 
figure inset depicts the inner part of this spectral range where we have 
assigned lines for the (𝑣6 = 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), and (𝑣6 = 1, 𝑣7 = 3)
combination states (the latter is not presented in this work).

The analysis of the experimental frequencies provided energy posi-
tions and effective spectroscopic constants for the five states, namely: 
𝑣5 = 2, (𝑣4 = 1, 𝑣7 = 2), (𝑣6 = 2, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3), 
and 𝑣7 = 6, plus 20 interaction coefficients describing the various 
anharmonic resonances between nearly-degenerate vibrational states. 
Some constants could not be directly determined from the fit procedure 
and we thus had to adopt a number of suitable constraints. These 
values were derived from lower-excited states considering, whenever 
feasible, a linear dependence from the vibrational quantum numbers 
(see Ref. [3] for details).

The structure of the resonance system centered at 1300 cm−1 has 
been already introduced in Section 4. In such a coupling scheme, the 
main features are the cubic interactions which take place between the 
(𝑣4 = 1, 𝑣7 = 2) and the two (𝑣6 = 2, 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3) bend–
bend combinations. Remarkably, 𝑣5 = 2 and (𝑣5 = 1, 𝑣7 = 3) states are 
also connected via a quartic interaction, and additional weak quintic 
7 
resonances (𝑣4 = 1, 𝑣7 = 2) ∼ 𝑣5 = 2 and (𝑣5 = 1, 𝑣7 = 3) ∼ 𝑣7 = 6, 
complete the coupling network (see Fig.  3).

A conspicuous feature of the present resonance polyad is the close 
vicinity of the (𝑣5 = 1, 𝑣7 = 3), and the 𝑣7 = 6 states. They are coupled 
by the 𝐻̃40 Hamiltonian term with resulting perturbations affecting the 
𝛴, 𝛥, and 𝛤  sub-levels. Due to the complex energy manifold of the (𝑣5 =
1, 𝑣7 = 3) combination, several avoided crossings take place between 
its sub-levels and the ones of the 𝑣7 = 6 overtone. Such features are 
illustrated by the reduced frequency plot shown in Fig.  6. The effects of 
these perturbations on the spectral patterns are apparent in the 50–55 𝐽
range (470–515GHz) where multiple, almost exact, degeneracies occur 
between 𝑘 = 2𝑒𝑓 , 4𝑒𝑓  sub-levels, thus producing major displacement 
of the lines from their unperturbed positions. Furthermore, localized 
anomalies are exhibited by the spectra of the 𝑣5 = 2 and the (𝑣4 =
1, 𝑣7 = 2) states at 𝐽 ∼ 28 and at 𝐽 ∼ 71 (this latter not covered 
by our measurements), and between 𝑣5 = 2 and (𝑣5 = 1, 𝑣7 = 3)
states at 𝐽 ∼ 5. There, large deviations from the regular, divergent 
trends generated by the 𝑙-type resonance effects are suggestive of the 
presence of anharmonic coupling between vibrational states. In some of 
the above mentioned cases, the ro-vibrational wave-functions involved 
in the interaction are mixed to such an extent that the assignment of 
a level to either of the two vibrational manifolds becomes arbitrary 
(see Ref. [6] for details about the assignment method adopted). As a 
result, new rotational lines, formally labeled as inter-state, appear by 
borrowing intensity from the regular transitions occurring within the 
two vibrational manifolds. These exotic lines are marked with a cross 
in Fig.  6, and are more easily detected for those 𝐽 values at which the 
corresponding pair of levels becomes closely degenerate. Effects of the 
state-mixing is observable in the infrared spectrum too: Fig.  7 shows 
an excerpt of the 𝑅-branch of the 2𝜈5 band, where an avoided crossing 
is visible. As a result, the lines belonging to the 𝜈4 + 2𝜈7 combination 
gain enough intensity to become readily detectable in proximity of the 
avoided crossing.

We underline that the analysis of the resonance polyad has been 
carried out without any assumption on the energy position of the in-
teracting levels. In this respect, the inclusion in the analysis of infrared 
data from the hot bands (summarized in Table  1) provided critical in-
formation on the absolute energy position of the various excited states. 
The network of resonances has been modeled with the terms described 
in Refs. [3,6] plus the ones reported here in Eqs. (2)–(4). The inclusion 
of high-order terms such as 𝐻̃ , whose contribution is estimated to 
52
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Fig. 5. Recorded spectrum of the 𝐽 = 12 ← 11 transition of HC3N. The strong ground state feature located at the leftmost plot position is saturated. The inset 
expands the frequency region where the spectral patterns of the (𝑣6 = 𝑣7 = 2), (𝑣5 = 1, 𝑣7 = 3) and (𝑣6 = 1, 𝑣7 = 3) states are located. The predicted position and 
the relative intensity of the various components are indicated by the colored stick spectrum. The asterisks mark line belonging to low-lying vibrational satellites.
Fig. 6. Reduced frequency diagram for the 𝑣5 = 2 (red symbols), (𝑣4 = 1, 𝑣7 = 2) (blue symbols), (𝑣5 = 1, 𝑣7 = 3) (green symbols), and 𝑣7 = 6 (purple symbols) 
interacting states of HC3N. The quantity plotted on the 𝑥-axis is 𝜈red = [𝜈+4𝐷0(𝐽 +1)3]∕2(𝐽 +1), where 𝐷0 = 0.5443 kHz (ground-state value). Open symbols denote 
experimental values, whereas small dots indicate calculated values based on the parameters of Tables  4 and 5. Filled crosses label measured inter-state cross-over 
transitions, while the purple ‘‘times’’ symbols (×) are used for those predicted by the actual model. The ‘‘plus’’ signs (+) are employed for the (𝑣5 = 1, 𝑣7 = 3)
intra-state (1, 3)𝑒∕(1,−3)𝑒 cross-overs occurring at 𝐽 = 71 and 𝐽 = 77. The most perturbed transitions are labeled using the method implemented in the SPFIT 
code [32]. The bottom panel shows a detail of the upper plot in the 𝜈red range from 4580 to 4651MHz.
be as small as 𝑘5𝜔vib ∼ 0.03MHz [33], is justified by the presence of 
‘‘exact’’ degeneracies occurring between |𝛥𝑘| = 2 sub-levels and by the 
high precision of the rotational measurements used in the analysis. In 
fact, the final fit resulted in a weighted root-mean-square (rms) of 𝜎w =
8 
0.864 thus validating that, on average, the totality of the analyzed data 
have been reproduced within the estimated experimental uncertainties. 
The complete list of the fitted transitions and their obs-calc residuals has 
been deposited as Supplementary Material.
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Table 4
Spectroscopic constants derived for HC3N for the level of the resonance polyad.
 Constant Unit 𝑣5 = 2 𝑣4 = 1, 𝑣7 = 2 𝑣6 = 2, 𝑣7 = 2 𝑣5 = 1, 𝑣7 = 3 𝑣7 = 6

 𝐺𝑣 cm−1 1312.99236 (12) 1332.5383 (11) 1435.1539 (20) 1321.96501 (59) 1320.18029 (19)
 𝑥𝐿(𝑡𝑡) GHz 154.72789 (94) ... 6.64a 154.72792a ...
 𝑥𝐿(77) GHz ... 22.4451 (88) 21.4835 (84) 21.49487 (52) 20.88179 (45)
 𝑦𝐿(77) GHz ... −1.955a −1.955a −1.955a −0.0196 (82)
 𝑥𝐿(𝑡7) GHz ... ... 16.930 (15) 18.8729 (66) ...
 𝑟𝑡7 GHz ... ... −14.075 (29) 8.130 (11) ...
 𝑟𝑡7𝐽 kHz ... ... −20.20 (57) −73.81 (54) ...
 𝑟𝑡7𝐽𝐽 Hz ... ... 1.60 (63) 1.02a ...
 𝐵𝑣 MHz 4552.38478 (19) 4566.5689 (24) 4596.727801 (19) 4593.97334 (65) 4635.50098 (19)
 𝐷𝑣 kHz 0.548116 (41) 0.60030 (11) 0.612270 (14) 0.616531 (32) 0.693971 (39)
 𝐻𝑣 mHz 0.0451 (31) 0.536a 0.2302a 0.1062a 0.3749a
 𝐿𝑣 nHz −0.299a −0.299a −0.299a −0.299a −0.299a
 𝑑𝐽𝐿(𝑡𝑡) kHz −112.422 (53) ... 12.32a −112.422a ...
 ℎ𝐽𝐿(𝑡𝑡) Hz −0.362 (13) ... ... −0.363a ...
 𝑑𝐽𝐿(77) kHz ... −25.702 (94) −3.054 (62) −15.499 (35) −16.9081 (77)
 ℎ𝐽𝐿(77) Hz ... 0.0549a −0.0549a 0.0160 (49) 0.1314 (16)
 𝑙𝐽𝐿(77) μHz ... −3.956a −3.956a −3.576a −2.438a
 𝑑𝐽𝐿(𝑡7) kHz ... ... 52.428 (29) 1.81 (32) ...
 ℎ𝐽𝐿(𝑡7) Hz ... ... 0.394 (74) 0.353 (25) ...
 𝑞𝑡 MHz 2.53861a ... 3.67226a 2.5862 (12) ...
 𝑞𝑡𝐽 Hz −1.3352a ... −2.4735a −1.4395a ...
 𝑞7 MHz ... 6.5759 (14) 6.6677 (16) 6.57403 (44) 6.655969 (99)
 𝑞7𝐽 Hz ... −17.954 (88) −17.39 (14) −16.632 (41) −17.378 (16)
 𝑞7𝐽𝐽 μHz ... 55.41a 55.41a 54.92a 52.36a
 𝑢77 Hz ... −0.11185a −0.07002a ... −0.0949 (11)
 𝑢𝑡7 Hz ... ... −0.382a 0.739 (12) ...
 𝑞𝑡77 kHz ... ... −4.9 (18) −3.143 (30) ...
 𝑞𝑡𝑡7 kHz ... ... −1.22 (37) ... ...

Numbers in parentheses are one standard deviation in units of the last quoted digit.
a Assumed value (see text).
Table 5
Resonance parameters.
 Interacting states Parameter Unit Value

 (𝑣4 = 1, 𝑣7 = 2) − (𝑣6 = 2, 𝑣7 = 2) 𝐶 (466)
30 cm−1 17.63941 (85)

 𝐶 (466)
32 kHz 524.5 (94)

 𝐶 (466)
30𝑘 MHz 70.4 (33)

 (𝑣4 = 1, 𝑣7 = 2) − (𝑣5 = 1, 𝑣7 = 3) 𝐶 (457)
30 cm−1 −2.3984 (20)

 𝐶 (457)
32 kHz −27.3 (11)

 𝐶 (466)
30𝑘 MHz 248.3 (59)

 (𝑣4 = 1, 𝑣7 = 2) − (𝑣7 = 6) 𝐶 (47777)
50 MHz 2844.5 (15)

 𝐶 (5777)
40 MHz 935.2 (28)

 𝐶 (5777)
40𝐽 MHz −0.00449 (93)

 𝐶 (5777)
42𝑎 kHz 5.219 (54)

 𝐶 (5777)
42𝑏 kHz −1.584 (33)

 (𝑣4 = 1, 𝑣7 = 2) − (𝑣5 = 2) 𝐶 (45577)
50𝑎 MHz −1065 (22)

 𝐶 (45577)
50𝑏 MHz −567.7 (27)

 𝐶 (45577)
50𝑎𝐽 MHz −0.0185 (47)

 𝐶 (45777)
52𝑎 MHz −0.0019 (10)

 (𝑣5 = 1, 𝑣7 = 3) − (𝑣5 = 2) 𝐶 (5777)
40 MHz −812.7 (42)

 𝐶 (5777)
42𝑎 KHz −9.11 (71)

 𝐶 (5777)
42𝑏 kHz −11.9 (45)

Numbers in parentheses are one standard deviation in units of the last quoted digit.
The optimized spectroscopic constants and resonance parameters 
determined for the levels included in the resonance polyad are re-
ported in Tables  4 and 5. For the vibrational states below 1300 cm−1, 
which are involved as lower states of the analyzed infrared bands, the 
spectroscopic parameters reported in Ref. [6] have been used.
9 
4.3. Stretching bands of HC3N

Compared to our previous study [6], here we have extended the 
investigation to two more hot bands: 𝜈2 + 2𝜈7 − 2𝜈7 and 𝜈3 + 2𝜈7 − 2𝜈7. 
In addition, significant improvement of the spectroscopic constants for 
the 𝑣 = 1, 𝑣 = 1, and 𝑣 = 𝑣 = 1 states has been provided by the 
2 3 3 7
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Fig. 7. Recording (blue trace) of a portion of the 2𝜈5 band of HC3N (𝑅 branch), together with a simulated spectrum (red trace, reversed) computed using the 
spectroscopic constants of Tables  4 and 5. The red labels indicate the assignments for the perturbation-allowed 𝜈4 + 2𝜈7 combination band. Both intensity scales 
are normalized.
inclusion in the analysis of the high-precision rotational measurements 
carried out using the hot sample (see Section 2). In fact, the rotational 
parameters 𝐵𝑣, 𝐷𝑣, 𝑞7, and 𝑞7𝐽  have their standard uncertainties re-
duced up to one order of magnitude compared to previous results [6]. 
For the 𝛥 states, (𝑣3 = 1, 𝑣7 = 2) and (𝑣2 = 1, 𝑣7 = 2), the anharmonicity 
constant 𝑥(𝐿77) and the high-order parameter 𝑑𝐽𝐿(77) have been also 
determined. The optimized values for these quantities have then been 
used as constraints in the data sets of the corresponding 𝛱 states. The 
fit results are reported in Tables  6 and 7.

A careful examination of the spectral trends of the 𝜈1 system re-
vealed minor anomalies in both 𝑃  and 𝑅 branches around 𝐽 ∼ 48 for 
𝜈1 fundamental, and at 𝐽 ∼ 30 and 𝐽 ∼ 88 for the 𝜈1 + 𝜈7 − 𝜈7 hot 
band. In all cases, irregular line intensities and positions were observed. 
The anomalies shown by the 𝜈1 band have been interpreted as due 
to an accidental degeneracies with an unknown 𝛴 sub-level located 
≈ 4 cm−1 below the 𝑣1 = 1 state. This is referred as dark1 state. As 
far as the 𝜈1+𝜈7−𝜈7 hot bands is concerned, we postulate the existence 
of two perturbing 𝛱 sub-states placed ≈ 1 cm−1 (dark2) and ≈ 7 cm−1

(dark3) below the 𝑣1 = 𝑣7 = 1 state.
To model the observed spectral irregularities, we added into the 

resonance Hamiltonian [Eq. (1)] three further Fermi-type (𝛥𝑘 = 0) 
terms expressing the couplings: 𝑣1 = 1 ∼ 𝚍𝚊𝚛𝚔𝟷, and 𝑣1 = 𝑣7 = 1 ∼
𝚍𝚊𝚛𝚔𝟸 ∼ 𝚍𝚊𝚛𝚔𝟹. The matrix elements have the form: 

⟨𝑣1, 𝑣7; 𝐽 , 𝑘|| 𝐻̃𝑛0 | 𝚍𝚊𝚛𝚔𝚇 ; 𝐽 , 𝑘⟩ = 𝐶 (1𝐪)
𝑛0 . (8)

The symbols are adopted in coherence with the notation used in 
Eqs. (2)–(4) and in our previous work [3]: here, the general symbol 
𝑛 expresses the order in the vibrational operators contained in the 
𝐪 = 𝑟𝑠𝑡… unknown sequence of quanta. Besides the determinable 𝐶𝑛0
terms, a few spectroscopic parameters have also been optimized for 
the dark states. They are: the vibrational energy (𝐺𝑣), and the effective 
values of the rotational (𝐵𝑣), and centrifugal distortion constants (𝐷𝑣). 
Additionally, for the 𝛱 states, a fictitious 𝑙-type doubling constant 
(𝑞𝑣) had also to be adjusted in order to model the 𝑒 − 𝑓 sub-level 
separation of the perturbing states. The results of the analysis for 𝑣1 = 1, 
(𝑣1 = 𝑣7 = 1), and the related dark states are reported in Tables 
6–8. With the adoption of this treatment, 73 perturbed transitions 
(including 3 formally assigned to the unknown dark1 state), which 
were previously excluded from the fit, could be successfully reproduced 
within experimental accuracy.
10 
4.4. 𝜈4 band of HC4H

Compared to earlier investigations of the 𝜈4 fundamental of diacety-
lene, in particular the high-resolution work of Guelachvili et al. [9] 
which has long served as the reference dataset, the present analysis 
achieved two major improvements. First, the ro-vibrational assignment 
has been extended up to 𝐽 = 115, significantly enlarging the spec-
tral coverage available for this band. Second, and more importantly, 
we have explicitly treated the anharmonic interactions between the 
𝑣4 = 1 state and four nearby dark states. These couplings, previously 
neglected in all analyses of 𝜈4, are responsible for several intensity- 
and frequency-anomalies observed at high 𝐽 values. The inclusion 
of these interactions in the effective Hamiltonian was essential for 
reproducing the complex spectral behavior of the 𝜈4 band. With the 
adopted resonance scheme, both the line positions and their intensities 
are matched within the experimental accuracy, and our final fit shows 
a root-mean-square error of 5.6 × 10−4 cm−1, fully consistent with the 
uncertainty associated to our new measurements (the linewidth being 
approximately 6 × 10−3 cm−1).

The extended dataset and the explicit resonance treatment allowed 
us to determine reliable spectroscopic parameters for the 𝑣4 = 1
state with high precision. In particular, the vibrational term value 𝐺𝑣, 
the rotational constant 𝐵𝑣, and the centrifugal-distortion constant 𝐷𝑣
have been accurately derived; their values are listed in Table  9. The 
same Table also reports the 𝐺𝑣 and 𝐵𝑣 values, determined for the 
four dark states involved in the interaction network, together with 
the Fermi-type coupling parameters used to model their interactions 
with 𝑣4 = 1. These terms play the same role as in the treatment of 
the HC3N 𝜈1 system discussed in the previous section, and they are 
crucial for correctly describing the observed patterns. Our analysis also 
includes 15 ro-vibrational lines belonging to three of the four dark 
states.

5. Line list

The results of the ro-vibrational analyses presented here allowed for 
a major improvement of the rest-frequencies databases for HC3N and 
HC4H, both being notorious astrochemical tracers. More specifically, 
for cyanoacetylene we are now able to provide a significant integration 
to our previous linelist [6], also included in the HITRAN2020 edition 
of the database [34].
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Table 6
Spectroscopic constants derived for HC3N in stretching 𝛴 states.
 Constant Unit 𝑣3 = 1 𝑣2 = 1 𝑣1 = 1 dark1

 𝐺𝑣 cm−1 2079.305998 (34) 2273.994751 (35) 3327.369567 (64) 3324.288 (16)
 𝐵𝑣 MHz 4535.11723 (22) 4527.49587 (23) 4541.7897 (11) 4592.18 (25)
 𝐷𝑣 kHz 0.541259 (45) 0.538324 (36) 0.54116 (11) 0.54425a
 𝐻𝑣 mHz 0.0501a 0.0501a 0.0501a
 𝐿𝑣 nHz −0.299a −0.299a −0.299a
 𝐶 (1𝐫)

𝑛0 MHz 639 (11)
Numbers in parentheses are one standard deviation in units of the last quoted digit.
a Kept fixed to the ground state value.
Table 7
Spectroscopic constants derived for HC3N in 𝛱,𝛥 stretching–bending combination states.
 Constant Unit 𝑣3 = 𝑣7 = 1 𝑣2 = 𝑣7 = 1 𝑣3 = 1, 𝑣7 = 2 𝑣2 = 1, 𝑣7 = 2

 𝐺𝑣 cm−1 2298.788010 (26) 2493.659922 (43) 2517.487419 (76) 2712.556845 (66)
 𝑥𝐿(77) GHz 21.4883a 21.5177a 21.48881 (72) 21.51769 (68)
 𝑦𝐿(77) MHz −1.955a −1.955a −1.955a −1.955a
 𝐵𝑣 MHz 4549.73194 (20) 4541.98990 (75) 4564.3028 (20) 4556.4511 (12)
 𝐷𝑣 kHz 0.566533 (66) 0.562008 (80) 0.58863 (38) 0.58524 (17)
 𝐻𝑣 mHz 0.1084a 0.1084a 0.1638a 0.1638a
 𝐿𝑣 nHz −0.299b −0.299b −0.299b −0.299b
 𝑑𝐽𝐿(77) kHz −10.23a −9.35a −10.23 (33) −9.35 (28)
 ℎ𝐽𝐿(77) Hz 0.0361a 0.0361a 0.0549a 0.0549a
 𝑙𝐽𝐿(77) μHz −4.33a −4.33a −3.96a −3.96a
 𝑞𝑡 MHz 6.45563 (40) 6.65196 (96) 6.45563a 6.66753 (57)
 𝑞7𝐽 Hz −14.32 (12) −18.75 (13) −14.32a −18.75a
 𝑞7𝐽𝐽 μHz 56.55a 56.55a 55.41a 55.41a

Numbers in parentheses are one standard deviation in units of the last quoted digit.
a Assumed value, see text.
b Kept fixed to the ground state value.
Table 8
Spectroscopic constants derived for the perturbed 𝑣1 = 𝑣7 = 1 state of HC3N.
 Constant Unit 𝑣1 = 𝑣7 = 1 dark2 dark3

 𝐺𝑣 cm−1 3548.405590 (67) 3547.33 (27) 3541.33 (17)
 𝑥𝐿(77) GHz 21.8235a
 𝑦𝐿(77) MHz −1.955a
 𝐵𝑣 MHz 4556.2381 (15) 4614.2 (87) 4585.92 (66)
 𝐷𝑣 kHz 0.56451 (25) 0.56821a 0.56821a
 𝐻𝑣 mHz 0.1084a
 𝐿𝑣 nHz −0.299a
 𝑑𝐽𝐿(77) kHz −12.3148a
 ℎ𝐽𝐿(77) Hz 0.03606a
 𝑙𝐽𝐿(77) μHz −4.33a
 𝑞𝑡 MHz 6.5419 (18) 11.56 (68) 5.486 (27)
 𝑞7𝐽 Hz −16.73 (34) −16.2807a −16.2807a
 𝑞7𝐽𝐽 μHz 56.55a
 𝐶 (1𝐬)

𝑛0 MHz 951 (62)
 𝐶 (1𝐭)

𝑛0 MHz −3933 (29)
Numbers in parentheses are one standard deviation in units of the last quoted digit.
a Assumed value, see text.
Table 9
Spectroscopic constants derived for HC4Ha.
 Constant Unit 𝑣4 = 1 dark1 dark2 dark3 dark4

 𝐺𝑣 cm−1 3333.657928 (50) 3331.661 (10) 3327.289 (42) 3325.754 (80) 3329.6145 (41)
 𝐵𝑣 MHz 4382.6715 (11) 4399.059 (82) 4425.97 (28) 4415.93 (34) 4393.3629
 𝐷𝑣 kHz 0.46760 (11) 0.47037b 0.47037b 0.47037b 0.47037b
 𝐶 (4𝐫)

𝑛0 MHz 2952.7 (53) 2426.5 (56) 1992.3 (63) 709 (13)
Numbers in parentheses are one standard deviation in units of the last quoted digit.
b Ground state constants were fixed at 𝐵0 = 4389.298MHz and 𝐷0 = 0.47037 kHz.
b Kept fixed to the ground state value.
It is to be pointed out that in the earlier release of HITRAN, no data 
were available for the 1270–1360 cm−1 wavenumber range, where the 
prominent 2𝜈5 band is located. Thanks to the careful treatment of the 
anharmonic resonances involving 𝑣5 = 2 overtone band, we have been 
able to compute a comprehensive list of rest-frequencies characterized 
by 1𝜎 statistical uncertainties as low as 1 × 10−4 cm−1. A small number 
11 
of spectral features produced by the perturbation-allowed 𝜈4+2𝜈7 band 
become clearly detectable in the most perturbed regions and are also 
included in the list.

The computation of the line strengths for the 2𝜈5 band followed the 
same approach described by Tamassia et al. [6] (see Appendix A for 
details). The relevant 𝛩  intensity factor has been derived using the 
5
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absolute band intensity experimentally determined in Ref. [35]. The 
reported value has an uncertainty of about 5% (70 ± 3.5 cm−2 atm−1), 
which would translate to slightly larger uncertainty for individual ro-
vibrational lines (∼ 10%). We also extended the data coverage of the 
3–5 μm stretching region where the 𝜈3 (2079 cm−1), 𝜈2 (2274 cm−1), 
and 𝜈1 (3327 cm−1) fundamentals are located. Our extended listing 
spans the 2030–3360 cm−1 wavenumber interval and features rest-
frequencies with a precision better than 5 × 10−4 cm−1 for all lines, 
including the ones of the 𝜈1 and 𝜈1 + 𝜈7 − 𝜈7 bands which showed 
evidence of local perturbations in the previous data release [6]. Fur-
thermore, the list of predicted rest-frequencies for the new 𝜈2+2𝜈7−2𝜈7, 
and 𝜈3 + 2𝜈7 − 2𝜈7 hot bands stand as a new addition from the present 
analysis effort. To summarize, we included in HITRAN rovibrational 
transitions belonging to the ten bands marked with an asterisk in Table 
1.

As far as diacetylene is concerned, HITRAN editions up to 2020 lack 
information about the 𝜈4 band. Indeed, previously this band was studied 
only in a preliminary manner and limited to low-𝐽 levels [9,13,25] 
as the analyses are difficult due to the presence of various accidental 
resonances. An extended line list spanning the 3297–3365 cm−1 range 
has been computed for rotational levels up to 𝐽 = 115 with an accuracy 
better than 0.001 cm−1. The line strengths have been calculated follow-
ing the guideline described above and using the 𝜈4 absolute intensities 
measurements of Jolly et al. [36] as a main source of information.

6. Conclusions

In this paper we present a significant improvement in the knowledge 
of ro-vibrational spectra of HC3N and HC4H, two critical species for 
astrochemistry and planetology. For HC3N, we significantly extended 
our previous global analysis [6] by including vibrational levels up to 
an energy of 1300 cm−1. They include the 𝑣5 = 2 bending overtone 
and other four vibrational excited states involved in the resonance 
polyad. The accurate energy positions of these ro-vibrational levels may 
serve as guidance to identify cyanoacetylene in hot core environments, 
where vibrationally excited HC3N is routinely detected at millimeter 
regime with present day facilities (e.g., ALMA [37]). More importantly, 
the rest frequencies of the strong 2𝜈5 band are now predicted with 
very high accuracy and the relevant data listing has been incorporated 
in the HITRAN2024 [23] as a new addition. They are important for 
future observations with the James Webb Space Telescope (JWST), 
which can target the 7.5 μm region with its medium-resolution MIRI 
spectrograph. The characterization of the 𝜈1, 𝜈2 and 𝜈3 stretching bands 
of HC3N has also been improved, with the analysis of new hot bands 
and the detailed treatment of the localized perturbations affecting the 
𝜈1 manifold. These data have been updated in the HITRAN2024 edition.

For diacetylene, we implemented the explicit treatment of the per-
turbations, that affect the 𝜈4-band system and the resulting spectral 
predictions have been collected into a novel HITRAN2024 contribution, 
having the aim of guiding astronomical observations at 3 μm. It is to be 
kept in mind that HC4H is a non-polar species, thus its identification 
in remote environments rely entirely on the signals of its few IR-active 
vibrational bands.

In summary, this paper keeps on boosting the already consider-
able spectroscopic knowledge of HC3N and HC4H. Despite the high 
level of details achieved, perspectives for future investigations are still 
open. For example, the vibrational energy manifold of HC3N below 
1300 cm−1 features the 𝑣5 = 𝑣6 = 1 ∼ (𝑣6 = 1, 𝑣7 = 3) dyad of 
interacting levels which has not yet been the subject of an exhaustive 
study. Another stimulating task is the detailed analysis of the 2𝜈5 +
𝜈7 − 𝜈7 hot band that contributes with strong signals to the 2𝜈5 system 
band pattern. A major difficulty in pursuing this aim is the increase 
in size of the relevant resonance system, which would consist of 9 
vibrational levels, including the first combination with three bending 
quanta simultaneously excited (𝜈5 = 𝜈6 = 𝜈7 = 1). Tackling the analysis 
of the 𝜈  hot band system of HC H with the aim of improving the 
4 4

12 
spectral coverage of the HITRAN database can be viewed as another 
interesting but challenging task, due to the presence of numerous local 
perturbations.
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