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Abstract

The high resolution vibrational spectrum of vinyl acetylene (C2H3CCH) has been investigated in the far
infrared region from 180 to 360 cm−1 using the Bruker IFS 120 HR spectrometer at Justus-Liebig-Universität,
Gießen, Germany. The two energetically lowest vibrational fundamentals ν13 and ν18 at 214 cm−1 and
304 cm−1, respectively, were measured at a resolution of 0.0016 cm−1. In addition to the fundamental
modes, several hot bands originating from either ν13 or ν18 were observed and analyzed. The spectroscopic
analysis was supported by high-level quantum chemical coupled-cluster calculations.

In addition to the infrared study, so far unpublished millimeter-wave vibrational satellites that were
measured in the course of an earlier study of the pure rotational spectrum of vinyl acetylene in its ground
vibrational state (Thorwirth and Lichau, Astron. Astrophys. 398, L11, 2003) were added to the data set
and are reported here for the first time.
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1. Introduction

Vinyl acetylene (but-1-en-3-yne,
H2C=CH−C≡CH, hereafter VA) is the sim-
plest enyne, a pure hydrocarbon molecule of
relevance for astrochemistry [1, 2] and as such
has triggered a number of spectroscopic inves-
tigations in the past. The ground state a-type
pure rotational spectrum of this moderately polar
molecule (µa = 0.4 D, µb ≈ 0 D [cf. Refs. 3–5])
has been studied from the microwave into to the
submillimeter regime reaching frequencies as high
as 790 GHz [4, 6–10]. Vibrational satellites from
the energetically low-lying first and even multiply
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excited modes ν13 (C−C≡C in-plane (ip) bending,
a′) and ν18 (C−C≡C out-of-plane (oop) bending,
a′′) in the parent and the H2C=CH−C≡CD species
were also reported early on [7, 8] but so far have
been restricted to the microwave region.

Over the years, some insight into the infrared
(IR) spectrum of VA has also been gained [2, 8].
Probably the most comprehensive study dates back
to 1980 when Tørneng et al. [8] observed IR and
Raman spectra of VA as a solid, a neat liquid,
and in the gas phase in the 100 to 5000 cm−1

range and identified the vibrational fundamentals
along with a plethora of overtones and combina-
tion modes. However, the corresponding gas-phase
study was performed at moderate resolution only
(≥ 0.5 cm−1) and hence did not permit analysis of
the finer rotation-vibration details. So far, there
appears to be only one observation of a fully re-
solved rotation-vibration spectrum of VA, covering
a few cm−1 within the ν1 (ethynyl C−H stretching)



band around 3325 cm−1 and taken during a study
of jet-cooled propargyl radical [11]. However, nei-
ther detailed spectroscopic analysis of the rotation-
vibration transitions nor experimental frequencies
was presented there.

In the present investigation, the high-resolution
far-infrared spectrum of VA has now been observed
from 180 to 360 cm−1 encompassing the two ener-
getically lowest vibrational fundamentals, ν13 and
ν18, located at 214 cm−1 and 304 cm−1, respec-
tively. Close inspection of the spectrum obtained
did not only reveal the presence of the vibrational
fundamentals but also of hot bands. In addition,
the new IR dataset has been complemented with
millimeter-wave vibrational satellites of VA in the
v13 = 1 and v18 = 1 states. Those satellites were
identified in spectra covering the 3 mm range (80 to
119 GHz) taken during a study of the ground vibra-
tional state spectrum [4] and are reported here for
the first time. The experimental study is further
supported by high-level quantum-chemical calcula-
tions of the molecular force field performed at at
the coupled-cluster singles and doubles model aug-
mented by a perturbative correction for triple exci-
tations (CCSD(T)) level of theory.

2. Experiment

The sample of VA used in the present studies
was synthesized by di-dehydrochlorination of 1,4-
dichloro-2-butene according to the recipe given by
Tørneng et al. [8] and kept under liquid nitrogen
for storage.

2.1. Far-IR measurements

The high-resolution far-infrared (FIR) absorp-
tion spectrum of VA was studied from 180 to
360 cm−1 using the Bruker IFS 120 HR spectrome-
ter at Justus-Liebig-Universität Gießen, Germany.
The spectrum shown in Fig. 1 was recorded at a
temperature of −83 °C using a temperature con-
trolled absorption cell (mainly designed for inten-
sity measurements) described in detail in Schermaul
et al. [12]. The 302 cm long cell is surrounded by
a sand bath and a liquid nitrogen conducting tube
system. Computer-controlled cooling bursts of liq-
uid nitrogen are generated to cool the sand bath. A
set of 16 independent heating elements are used to
stabilize the cell temperature to a selected value in
a computer-controlled closed loop. Once the sand
temperature has reached the selected value, the sys-
tem is extremely robust against the cooling effect of

the individual bursts and there are no super-cooled
spots on the cell surface.

Two high-resolution spectra were recorded at a
resolution (1/MOPD) of 0.00188 cm−1 using an
iris aperture diameter of 2.5 mm (focal length of
the collimator mirror fcol=41.8 cm), the mercury
lamp of the IFS120 as FIR source, and a liquid He
cooled Si-Bolometer. The first spectrum consists of
286 co-averaged scans recorded at 297.8(3) K (RT)
and a sample pressure of 2.0(1) mbar; the second
spectrum results from the averaging of 199 scans at
190.2(10) K (−83 °C) and 0.70(10) mbar (Fig. 2).
The frequency axis of both spectra were calibrated
with residual water lines [13].

Even though the natural (Doppler) full width
at half maximum (FWHM) of the lines of VA at
room temperature and −83 °C (0.00055 cm−1 and
0.00044 cm−1, respectively, at 318.5 cm−1) is lower
than that resulting from the limited instrumen-
tal resolution (0.0013 cm−1 ideally and 0.0016 cm−1

observed experimentally due to the apodization
effect of the aperture and pressure broadening),
recording the VA spectrum at −83 °C allows to bet-
ter resolve spectral features that slightly overlap at
room temperature, as illustrated in Fig. 2. We see
that for our instrument, the apparent FWHM in
the FIR region is not sensitive to the decrease of
the Doppler width when the cooling of the molecu-
lar gas is achieved by simply cooling the sample cell
down to a temperature that still ensures an appre-
ciable amount of sample vapor pressure. The slight
change in apparent resolution is rather due to the
lower pressure required to obtain the nearly identi-
cal cold spectrum (in terms of absorbance) and the
simplification of the spectrum due to the reduction
of the molecular partition function. For that rea-
son, the following analysis has been performed on
the cold spectrum only. Another positive aspect of
the cooling is that it significantly reduces spectral
interference with lines of residual water vapor in the
absorption cell.

2.2. Millimeter-wave measurements

Millimeter-wave vibrational satellites from the
v13 = 1 and v18 = 1 states were measured at room
temperature and obtained in the course of the study
of ground-state millimeter-wave spectrum reported
earlier [4]. They are reported here for the first
time. Measurements were performed with a com-
mercial spectrometer (AM-MSP series, Analytik &
Meßtechnik GmbH, Chemnitz), the specifications
of which have been reported elsewhere [14]. Three
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Figure 1: Overview of the FIR vinyl acetylene spectrum recorded at −83 °C in this work showing the ip
bending (ν13, 214 cm−1) and oop bending modes (ν18, 304 cm−1).

Figure 2: Comparison between the vinyl acetylene
spectra recorded at 24.8 °C and 2 mbar pressure
(red curve) and at −83 °C and 0.7 mbar (blue curve)

rotational transitions were observed for both the
v13 = 1 and v18 = 1 states, respectively, J = 9 − 8,
J = 10 − 9, and J = 13 − 12 covering Ka = 0 up
to values as high as 12. Uncertainties of transition
frequencies are estimated to be ≤ 15 kHz.

3. Quantum-chemical calculations

In the present study, quantum-chemical cal-
culations have been performed at the coupled-
cluster singles and doubles (CCSD) level aug-
mented by a perturbative treatment of triple ex-
citations, CCSD(T) [15], together with correla-
tion consistent polarized valence and atomic nat-
ural orbital basis sets, i.e. cc-pVXZ, [16] (with
X=D and T) and ANOX [17] (with X=0, 1, and
2). The ANO0, ANO1, and ANO2 sets consist of
13s8p6d4f2g to 3s2p1d, 4s3p2d1f, and 5s4p3d2f1fg

contractions for C as well as 8s6p4d3f to 2s1p,
4s2p1d, and 4s3p2d1f contractions for H, respec-
tively. Equilibrium geometries have been calculated
using analytic gradient techniques [18], while har-
monic frequencies have been computed using an-
alytic second-derivative techniques [19, 20]. For
anharmonic computations second-order vibrational
perturbation theory (VPT2) [21] has been em-
ployed and additional numerical differentiation of
analytic second derivatives has been applied to ob-
tain the third and fourth derivatives required for the
application of VPT2 [20, 22]. The frozen core ap-
proximation has been indicated throughout by “fc”.
The fc-CCSD(T)/cc-pVTZ force field was done as
part of Ref. [10].

All calculations have been carried out using the
CFOUR program package [23, 24]; for some of the
calculations the parallel version of CFOUR [25] has
been used.

4. Analysis and fit

4.1. General considerations - Vibrational level pat-
tern up to 700 cm−1

VA is a planar, near-prolate symmetric top
molecule with Cs symmetry (Ray’s asymmetry
parameter κ = −0.98). Its low-resolution
(0.5 cm−1) vibrational spectrum was first described
by Tørneng et al. [8]. By symmetry, all of its
18 fundamental modes are IR active and the 13 a′
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and 5 a′′ fundamental modes show hybrid a/b-type
and c-type spectra, respectively. The two lowest
fundamental modes, ν13 (a′) and ν18 (a′′), are lo-
cated at 214 cm−1 and 304 cm−1, respectively, and
are coupled by Coriolis a- and b-type interactions.
Whereas the lowest doubly excited state v13 = 2 is
reasonably well separated in energy (see Figure 3
for a schematic representation of the energy levels
diagram up to 700 cm−1), the v13 = v18 = 1 com-
bination and v18 = 2 overtone are close in energy
to the next quartet of fundamental modes (v12 = 1,
v17 = 1, v11 = 1, and v16 = 1) and the v13 = 3
overtone and very likely also coupled by Coriolis
and Fermi interactions.

Figure 3: Location and symmetry of the four
lowest vibrational fundamentals of vinyl acetylene
along with nearby combination and overtone states.
Bands studied in this work are indicated by colored
arrows.

4.2. Line assignment / ASAP

Spectroscopic analysis of the FIR spectra was
performed using the Automated Spectral Line As-
signment Procedure (ASAP) described in detail
elsewhere (see, e.g., Refs. [26, 27]). In brief,
ASAP requires a catalog of predicted transition
frequencies observed in the FIR spectra. Uncer-
tainties of state energies within the lower vibra-
tional state (here: vibrational ground state) have
to be smaller than the observed FIR linewidths.
The procedure selects for any arbitrary rotational
level in the upper vibrational state (target state),
a group of transitions that share this upper level.

The observed FIR spectrum is recalibrated for each
transition by subtracting its predicted wavenum-
ber from the wavenumber axis. Thus, all selected
transitions peak at the same position in the re-
calibrated spectra, because deviations between ob-
served and predicted wavenumbers are only due to
the uncertainty of the target state. Subsequent
multiplication of these recalibrated spectra pro-
duces the cross-correlation plot and leads in general
to an enhancement of this peak (cross-correlation
peak), whereas all other spectral features are sup-
pressed (see Fig. 7 in Ref. [26]). As the cross-
correlation peak is located at the difference between
observed and calculated transition wavelength, ob-
served transition frequencies or target state ener-
gies are finally obtained by adding the determined
peak position to their predicted values. In the ini-
tial calculation of the cross correlation plots using
the ground state rotational data from Ref. [9], it
was noticed that ∆K = −1, 0, 1 transitions did
not peak exactly at the same wavenumber posi-
tion on the cross-correlation plots, most likely be-
cause the energy difference between the different
K-stacks was not accurately determined previously
due to the lack of b−type transitions in the pure
rotational spectrum, which resulted in purely K de-
pendent parameters such as HK and LK to be kept
fixed in the previous analysis. Nevertheless, the
accuracy within each K stack was found here suf-
ficiently accurate to apply ASAP, if each group of
transitions included in the calculation of one cross-
correlation plot (transitions that have the same
upper / target state) was divided into subgroups
based on the value of ∆Ka. Consequently cross-
correlation plots were calculated separately for each
subgroup in the following. In addition, in contrast
to previous ASAP applications, transition frequen-
cies (predicted frequency + frequency offset of the
cross-correlation peak) rather than state energies
were finally used in the fitting procedure. Indeed,
most of our previous ASAP investigations focused
on the determination of the spectroscopic param-
eters of excited states, under the assumption that
the ground vibrational state was well-described by
previous pure rotational and ro-vibrational inves-
tigations. As mentioned above, the case of VA is
slightly different and an improved characterization
of v = 0 can be gained also from the analysis of
the ro-vibrational spectrum. As a consequence, in
this work also the purely K-dependent parameters
of the ground vibrational state, such as HK and LK

that were fixed in the previous analysis [9], could
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be released in the fitting procedure. Also, the far
better resolved spectrum revealed a different assign-
ment of the Q-branches of ν13 compared to Ref. [8]
(see below).

At the beginning of fitting, rovibrational transi-
tions of the ν13 and ν18 fundamentals were included
in the analysis along with all millimeter-wave vibra-
tional satellites of these two states (this work, [7]).
Subsequently, hot band rovibrational transitions
(2ν13−ν13, 2ν18−ν18, ν13+ν18−ν13, ν13+ν18−ν18)
were also identified and assigned via ASAP using it-
eratively updated parameter sets without the need
to differentiate between different ∆Ka-subgroups.
For consistency, also for these bands, transition fre-
quencies rather than the usual state energies were
included in the fit. An uncertainty of 5 ·10−4 cm−1

has been assigned to all rovibrational transition fre-
quencies determined via ASAP.

4.3. Fit

All rovibrational transitions and pure rotational
transitions, both from this work and previously
published ones [7, 9], were included in the combined
dataset. Line fitting was carried out using Pick-
ett’s calpgm suite [28] and a Watson-type Hamil-
tonian in S-reduction (Ir representation). In to-
tal, 25218 rovibrational transitions and 418 pure
rotational transitions were included in the com-
bined fit accessing J and Ka values as high as
73 and 19, respectively, for the two lowest vibra-
tionally excited states. The intensity cutoff ap-
plied in ASAP for including a line was generally
about log10(I/nm2MHz) = −5. An overview of
the datasets is shown in Tab. 1. The parameter
set for the vibrational ground state (see Tab. 2)
comprises exactly the same parameters as applied
in Thorwirth et al. [9], but in the present fit, the
parameters HK and LK were not kept fixed but
released as well. Ground state parameters were
also applied to all excited states and difference val-
ues, such as ∆A, ∆B, ∆C, etc. were included for
the individual excited states (Tab. 3). State en-
ergies and interaction parameters are summarized
in Tabs. 4 and 5, respectively. As pointed out ear-
lier [7, 8], several of the low-lying vibrational states
are coupled by Coriolis and Fermi interactions (see
Fig. 3). In the scope of this work, Coriolis a- and
b-type interactions between v13 = 1 and v18 = 1,
between v13 = v18 = 1 and v12 = 1 as well as
between v18 = 2 and v17 = 1 were treated. In-
teractions with ν17 and ν12 were also explicitly in-
cluded into the fit, although no spectroscopic data

other than their band centers and the parameters
A− (B + C) and DK of v12 = 1 have been derived
from experiment so far [8]. First order interaction
terms with their associated constants Ga and Gb

turned out to be sufficient to reproduce the exper-
imental dataset. Nevertheless, the Ga,K term that
couples v13 = v18 = 1 with v12 = 1 has been in-
cluded, which allowed to omit the parameter ∆HK

for the v13 = v18 = 1 state, whose value exceeded
the ground state value HK otherwise. In general,
only parameters that led to an improvement of the
fit were released. Otherwise their value was fixed
to the corresponding value obtained for the vibra-
tional ground state (∆x = 0). The combined fit re-
produces the dataset to almost experimental accu-
racy (weighted rms = 1.03). Only 39 rovibrational
transitions of the hot band 2ν18 − ν18 are not well
reproduced by the fit (10 ≤ σ ≤ 15) and a weighted
rms = 0.92 is obtained if they are excluded from
the fit (see Tab. 1).

Compared to Thorwirth et al. [9], the ground
state parameters changed only very slightly. It
may be worth mentioning that parameters obtained
from CCSD(T) calculations, listed in Tab. 2 as well,
are in very good agreement with the experimental
ground state values (rotational as well as quartic
and sextic centrifugal distortion constants).
A and B rotational constants derived in the com-

bined fit have been corrected for comparison with
calculated values and values reported by Tørneng
et al. [8] in order to remove contributions from
the first order interaction terms that contain the
parameters Ga and Gb. The corrected values Ac

and Bc are obtained as outlined in previous works
[8, 29]:

Ac = A−
(
G2

a

∆E
− (A− C)

G2
b

∆E2
+

G2
aG

2
b

∆E2(A−B)

)
(1)

Bc = B −
(
G2

b

∆E
− (B − C)

G2
a

∆E2
− G2

aG
2
b

∆E2(A−B)

)
(2)

Here, A, B, C, Ga, and Gb are the rotational con-
stants and Coriolis constants as obtained from the
fit, and ∆E = E(v1)−E(v2) is the energy difference
between the coupled levels. The A− (B+C)/2 val-
ues 1.490583(57) cm−1 and 1.572834(57) cm−1 ob-
tained for v13 = 1 and v18 = 1 agree within the
reported uncertainties with values from Tørneng
et al. [8] derived from the microwave measurements.
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Table 1: Experimental datasets.

Microwave lines RMS w. RMS Jmax Ka,max fmin fmax

v = 0 289 0.021 0.84 87 23 9 789
v13 = 1 55 0.026 0.68 13 12 9 119
v18 = 1 55 0.018 1.23 13 12 9 119
v18 = 2 4 0.563 1.88 3 1 17 28
v13 = v18 = 1 6 0.503 5.04 3 1 9 28
v13 = 2 9 0.437 5.17 3 2 9 28
total: 418 0.106 1.31

Infrared lines RMS w. RMS Jmax Ka,max fmin fmax

ν13 7673 0.299 0.60 73 18 180 271
ν18 6420 0.268 0.54 66 19 250 359
2ν13 − ν13 3753 0.329 0.66 51 9 180 248
2ν18 − ν18 3345 1.188 2.38 53 11 263 349
ν13 + ν18 − ν13 3485 0.290 0.58 54 13 265 356
ν13 + ν18 − ν18 542 0.236 0.47 51 7 195 232
total: 25218 0.51(15.3) 1.02

Note. Microwave RMS in MHz, Infrared RMS in 10−3 cm−1 and MHz in brackets, weighted RMS (w. RMS)
unitless. Frequency in GHz and cm−1, respectively.

Table 2: Molecular parameters of vinyl acetylene for the vibrational ground state (in MHz).

Parameter Exp.(this work) Exp.(Ref. [9]) CCSD(T) a

A 50 299.894(26) 50 300.079(36) 50 329.2
B 4744.942 788(68) 4744.942 786(57) 4743.57
C 4329.773 250(61) 4329.773 224(52) 4328.88
DJ ×103 1.822 865(40) 1.822 838(35) 1.800 09
DJK ×103 −83.2481(14) −83.2492(12) −83.2839
DK ×103 3173.47(41) 3181(2) 3126.92
d1 ×103 −0.386 874(37) −0.386 798(33) −0.377 747
d2 ×103 −0.026 928(12) −0.026 912(13) −0.022 769 4
HJ ×106 0.004 684 8(85) 0.004 686 7(71) 0.004 74
HJK ×106 −0.300 03(37) −0.299 74(31) −0.313 302
HKJ ×106 −5.920(10) −5.9314(86) −5.940 39
HK ×106 408(3) 400 465.076
h1 ×109 1.9087(91) 1.8941(79) 1.8576
h2 ×109 0.2791(14) 0.2757(13) 0.2159
h3 ×109 0.074 89(48) 0.072 38(72) 0.0661
LJ ×1012 −0.020 45(54) −0.020 57(45)
LJJK ×1012 1.854(24) 1.832(20)
LJK ×1012 −160(2) −151(2)
LKKJ ×1012 698(18) 692(15)
LK ×109 96(6) −55
l1 ×1015 −10.05(63) −9.13(55)

Note. Standard errors are given in parentheses. Parameter is kept fixed in the fit if no error is specified.
a A, B, and C rotational constants are calculated from the ae-CCSD(T)/cc-pwCV5Z equilibrium structure [10] and

zero-point vibrational corrections obtained at the fc-CCSD(T)/ANO2 level of theory.
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Table 3: Molecular parameters of vinyl acetylene in vibrationally excited states derived from the combined
fit (in MHz)a.

Parameter v13 = 1 v13 = 2 v13 = v18 = 1

∆A 474.0(14) −2024.134(60) 12.97(50)
∆B 19.543 38(58) 36.3514(37) 20.5356(40)
∆C 7.476 79(50) 15.2645(33) 17.1405(38)
∆DJ ×103 0.002 31(11) 0.033 18(80) 0.023 39(93)
∆DJK ×103 8.0183(59) 20.379(31) 4.54(10)
∆DK ×103 −581.39(62) −1808.87(91) −613(14)
∆d1 ×103 −0.008 82(10) −0.015 85(82) −0.005 73(91)
∆d2 ×103 −0.009 481(99) −0.002 71(36) 0.004 18(38)
∆HJK ×106 0.0947(17) 0.231(30)
∆HKJ ×106 2.665(34) 13.16(82)

Parameter v18 = 1 v18 = 2

∆A −141.0(14) 2960.79(13)
∆B 2.122 46(58) 5.6287(54)
∆C 8.597 68(53) 17.7435(49)
∆DJ ×103 0.007 90(12) −0.0145(14)
∆DJK ×103 −6.9604(65) −22.68(11)
∆DK ×103 602.83(56) 2747(3)
∆d1 ×103 0.002 97(16) 0.0103(13)
∆d2 ×103 0.004 23(15) 0.004 28(70)
∆HJK ×106 −0.0737(20) 0.345(42)
∆HKJ ×106 −2.808(41) −33.59(86)
∆HK ×106 2840(20)

Parameter v12 = 1 v17 = 1

∆A −146.7(21) −11 337
∆B −4.50(14) −3.66
∆C 3.8179 4.51

Note. Standard errors are given in parentheses. Parameter is kept fixed in the fit if no error is specified. Parameters

of the ground state are applied to all excited states and difference values are fitted for the individual excited states.

Thus, parameters among states and their uncertainty are exactly the same as if no difference parameter was included.
a Simultaneous fit to the rotation and rotation-vibration data of the v = 0, v13 = 1, 2, v18 = 1, 2, v13 = v18 = 1

states.

Table 4: State energies (in cm−1) derived from the combined fit.

State Symmetry Energy

v = 0 a′ 0.0a

v13 = 1 a′ 214.010 817(13)
v18 = 1 a′′ 303.507 507(15)
v13 = 2 a′ 428.639 982(30)
v13 = v18 = 1 a′′ 519.823 656(36)
v18 = 2 a′′ 605.702 465(41)
v12 = 1 a′ 539.2212(15)
v17 = 1 a′′ 621.1042(23)

a Fixed.
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Table 5: Interaction parameters (in MHz) derived from the combined fit.

State Parameter Value

ν13 ←→ ν18 Ga 64 213(29)
ν13 ←→ ν18 Gb 1580.148 792

ν13 + ν18 ←→ ν12 Ga −862(146)
ν13 + ν18 ←→ ν12 Gb 473.22(19)
ν13 + ν18 ←→ ν12 Ga,K 23.514(91)

2ν18 ←→ ν17 Ga −1753.81(71)

Note. Standard errors are given in parentheses. Parameter is kept fixed in the fit if no error is specified.

Table 6: Comparison of fundamental frequencies and anharmonicity constants (in cm−1) between experiment
and ab initio calculation.

Parameter Calc. Exp. Obs.-Calc. Ref. [8]

ν13 213.5 214.010 817(13) 0.5 217.21(13)
ν18 302.6 303.507 507(15) 0.9 303.56(7)
ν12 536.4 539.2212(15) 2.8 539.21(3)
ν17 617.5 621.1042(23) 3.6 618
χ13,13 0.300 0.309 173(20) 0.009
χ18,18 −0.671 −0.656 274(25) 0.015
χ13,18 2.290 2.305 332(38) 0.016

Note. Fundamental frequencies and anharmonicity constants χ are calculated using the fc-CCSD(T)/ANO2 level of
theory. Experimental values are derived from state energies determined in the combined fit (Tab. 4).

Also the band center determined for ν18 is in good
agreement between both works, whereas the one ob-
tained for ν13 differs by about 3 cm−1, which is due
to a different assignment of the Q-branches that are
shifted by one Ka towards lower frequencies in the
present work. The agreement between experimen-
tal and calculated values is excellent. Band centers
match to within 1 cm−1 (Tab. 4) and rotational con-
stants within 1–2 ‰ (Tab. 7). Also the Coriolis
coupling constants ζa13,18 and ζb13,18 that are related
to the parameters Ga and Gb via

ζa =
Ga

A

(√
ν13/ν18 +

√
ν18/ν13

)−1
(3)

ζb =
Gb

B

(√
ν13/ν18 +

√
ν18/ν13

)−1
, (4)

agree well between experiment and calculation.
Tab. 8 lists their values along with calculated values
using different basis sets. The scatter of calculated
values, which is less than 2 % of the reported value,
shows only a minor dependence on the applied ba-
sis sets. Thus, reliable values are already obtained
at rather low computational costs. Gb, and thus
ζb was fixed in the final version of the combined
fit to reduce the number of correlations among the

parameters without degradation of the fit. If re-
leased, the value

∣∣ζb13,18∣∣a=0.151(10) is derived in
reasonable agreement with calculations.

Figure 4: Experimental (post-processed, 0.7 mbar)
and calculated spectrum (final set of parame-
ters, this work, −83 °C) of the fundamental ν13
mode. The simulation is obtained by convolu-
tion of the predicted transitions (SPCAT) with a
FWHM=0.0016 cm−1 Gaussian profile. The fun-
damental mode ν13 is shown in blue, and the hot
bands 2ν13 − ν13 and ν13 + ν18 − ν18 in red and
orange color, respectively.

The overtone v13 = 2, next lowest in energy,
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Table 7: Comparison of rotation–vibration interaction constants α (in MHz) between experiment and cal-
culation.

Parameter v12 = 1 v13 = 1 v17 = 1 v18 = 1

∆Ac
exp −145.4(19) −1062.8(17) −11 343.66 a 1395.8(17)

−αA
calc −146.88 −987.96 −11 337.05 1373.74

∆Bc
exp −4.11(11) 18.888 57(51) −3.65 a 3.318 66(56)

−αB
calc −4.62 18.59 −3.66 2.86

∆Cexp −3.82 a 7.476 79(50) 4.51a 8.597 68(53)
−αC

calc −3.82 7.63 4.51 8.40

v13 = 2 v18 = 2 v13 = v18 = 1

∆Ac
exp −2024.134(60) 2967.45(11) 11.72(58)

∆Acalc −1975.91 2747.49 385.79
∆Bc

exp 36.3514(37) 5.6345(49) 20.1515(33)
∆Bcalc 37.17 5.71 21.44
∆Cexp 15.2645(33) 17.7435(49) 17.1405(38)
∆Ccalc 15.27 16.80 16.04

Note. Experimental values are taken from the combined fit. ∆A = Av −A0 = −αA
i , same for ∆B and ∆C. The c

superscript in ∆Ac and ∆Bc denotes values corrected according to Eqs. (1) and (2) in order to remove
contributions from the first order interaction terms. For overtones and combination modes, the ∆A values reported

correspond to the sum of the αi of the involved modes.
a fixed in the combined fit.

Table 8: Coriolis coupling constants ζa13;18 and ζb13;18 (Unitless.)

Parameter Exp. fc-CCSD(T)
ANO0 ANO1 ANO2 cc-pVDZ cc-pVTZ∣∣ζa13,18∣∣ 0.628 68(27) 0.674 0.665 0.663 0.677 0.667∣∣ζb13,18∣∣ 0.164a 0.165 0.165 0.164 0.163 0.163

Note. a Parameter Gb was fixed to the fc-CCSD(T)/ANO2 value in the final version of the combined fit (see text).∣∣ζb13,18∣∣ = 0.151(10) is obtained, if Gb is released.

is comparably isolated and the observations could
be reproduced within experimental accuracy with-
out the inclusion of any interactions. Neverthe-
less, the comparably large values of ∆DK and
∆HK might be indicative of the presence of in-
teractions. Clearly, numerous transitions that be-
long to the combination ν13 + ν18 and to the hot
band 2ν18 − ν18 are perturbed. Despite the lim-
ited spectral information, a-type Coriolis interac-
tion terms that couple v13 = v18 = 1 with v12 = 1,
which is close in energy, are included to reproduce
the spectrum of the former. Parameters ∆A, ∆B
and the band center of ν12 are released and deter-
mined from the fit whereas ∆C was kept fixed at
the calculated value. Their values [(∆A − (∆B +
∆C)/2 = −141.4(19) MHz] are in agreement with
[8] [∆A− (∆B+ ∆C)/2 = −180(70) MHz] and cal-
culations.

The interaction partner of v18 = 2 is less cer-
tain. Here, the observed transitions can either be
reproduced by Fermi interactions with v11 = 1 or
by a-type Coriolis interactions with v17 = 1. Al-
though a better rms was obtained including the
former, Coriolis interactions appear a more prob-
able cause, because rotational constants of v11 = 1
obtained in the former approach are much smaller
(e.g., ∆A ≈ −17 GHz) than the ground state val-
ues, which is in contrast to the calculated values
that predict large, positive ∆A values for this state.
On the other hand, rotational constants of v17 = 1
can be fixed to the calculated values if coupled with
ν17. However, it is expected that a more detailed
study of the coupling will reveal also other couplings
among the levels besides the one discussed here.
Another justification of the validity of the analysis
is the excellent match between the anharmonicity

9



Figure 5: Experimental and calculated spectrum
(final set of parameters, −83 °C) of the fundamen-
tal ν18 mode. The simulation is obtained by con-
volution of the predicted transitions (SPCAT) with
a FWHM=0.0016 cm−1 Gaussian profile. The fun-
damental mode ν18 is shown in blue, and the hot
bands 2ν18 − ν18 and ν13 + ν18 − ν13 in red and
orange color, respectively.

constants derived from the fitted parameters and
the calculated values as shown in Tab. 6.

Finally, transition frequencies and intensities
have been calculated with spcat based on the cur-
rent analysis and used to simulate the experimen-
tal spectrum at −83 °C (Figs. 4 and 5). Close-up
views of selected parts of the spectrum are pre-
sented in Figs. 6 and 7. The very good agreement
between simulation and experiment shows the qual-
ity of the predictions and validates also the overall
correctness of assignments done with ASAP. Par-
tition functions have been calculated based on the
summation of energies. All states investigated in
this work (v = 0; v13 = 1, 2; v18 = 1, 2; v13 = v18 =
1; v12 = 1; and v17 = 1) and energy levels up to
J = 120 and Ka = 35 have been taken into ac-
count. A listing of the experimental dataset and
partition functions are given in the supplementary
material in electronic form.

5. Conclusions and prospects

The present high-resolution FIR study of VA has
provided a greatly extended description of the two
energetically lowest vibrational fundamental modes
ν13 and ν18. In addition, spectroscopic signatures
of several hot bands associated with both funda-
mentals were identified, assigned and fitted under
consideration of Coriolis as well as Fermi interac-
tions. Possible influences of other states remain-
ing unstudied (ν11, ν17) on the states studied here

in great detail have been considered through ex-
plicit perturbation treatment. However, the lim-
ited data situation in many energetically low-lying
states calls for an extension of the spectroscopic
work, either through high-resolution infrared stud-
ies of additional vibrational fundamentals (for ex-
ample ν12, ν16, ν17) and associated hot bands or
through a more comprehensive study of the vibra-
tional satellite pattern in pure rotational spectra
or possibly even both. While generally feasible, in
any case, spectroscopic analyses of such vibrational
polyads will be challenging due to the presence of
numerous perturbations. It might even be useful
to further extend the ground state pure rotational
spectrum of VA. Provided sufficiently high quan-
tum numbers are reached such a study might also
yield insight into a conceivable interaction of the
ground state with the ν13 mode (see, e.g., Ref. [30]
for a similar situation in isoelectronic acrylonitrile).

The present study is yet another manifestation
of the usefulness of the Automated Spectral Line
Assignment Procedure (ASAP) towards convenient
data reduction of high-resolution infrared data.

After submission of this work, Cernicharo et al.
finally reported on the radio astronomical detection
of VA in the prototypical dark cloud TMC-1 [31].

Acknowledgement

The authors wish to express their gratitude to
Prof. Dr. Stephan Schlemmer for his ongoing in-
terest and support of their work. C. P. Endres is
grateful for support from the Max Planck Society.
This work has been supported via Collaborative Re-
search Centre 956, sub-project B3, funded by the
Deutsche Forschungsgemeinschaft (DFG; project
ID 184018867) and DFG SCHL 341/15-1 (“Cologne
Center for Terahertz Spectroscopy”).

Appendix: Supplementary data

Supplementary data associated with this article
(parameter and fit files) are available on ScienceDi-
rect (www.sciencedirect.com).

References

[1] J. Cernicharo, The Polymerization of Acetylene, Hydro-
gen Cyanide, and Carbon Chains in the Neutral Layers
of Carbon-rich Proto-planetary Nebulae, Astrophys. J.
608 (2004) L41–L44. doi:10.1086/422170.

10

http://dx.doi.org/10.1086/422170


Figure 6: Zoom into the experimental and calculated spectrum (final set of parameters, −83 °C) of the
fundamental ν13 mode. The simulation is obtained by convolution of the predicted transitions (SPCAT)
with a FWHM=0.0016 cm−1 Gaussian profile. The fundamental mode ν13 is shown in blue, and the hot
bands 2ν13 − ν13 and ν13 + ν18 − ν18 in red and orange color, respectively.

Figure 7: Zoom into the experimental and calculated spectrum (final set of parameters, −83 °C) of the
fundamental ν18 mode. The simulation is obtained by convolution of the predicted transitions (SPCAT)
with a FWHM=0.0016 cm−1 Gaussian profile. The fundamental mode ν18 is shown in blue, and the hot
bands 2ν18 − ν18 and ν13 + ν18 − ν13 in red and orange color, respectively.

11



[2] Y. S. Kim, R. I. Kaiser, An infrared spectroscopic study
of amorphous and crystalline ices of vinylacetylene and
implications for Saturn’s satellite Titan, Astron. As-
trophys. Suppl. Ser. 181 (2009) 543–547. doi:10.1088/
0067-0049/181/2/543.

[3] G. A. Sobolev, A. M. Shcherbakov, P. A. Akishin, Ro-
tational spectrum and the dipole moment of the vinyl-
acetylene molecule, Opt. Spectrosc. 12 (1962) 147.

[4] S. Thorwirth, H. Lichau, The millimeter-wave spectrum
and the dipole moment of vinylacetylene, Astron. As-
trophys. 398 (2003) L11–L13. doi:10.1051/0004-6361:
20021849.
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T. Möller, N. Wehres, P. Schilke, et al., SOLEIL and
ALMA views on prototypical organic nitriles: C2H5CN,

12

http://dx.doi.org/10.1088/0067-0049/181/2/543
http://dx.doi.org/10.1088/0067-0049/181/2/543
http://dx.doi.org/10.1051/0004-6361:20021849
http://dx.doi.org/10.1051/0004-6361:20021849
http://dx.doi.org/10.1021/jp058005b
http://dx.doi.org/10.1063/1.1700372
http://dx.doi.org/10.1246/bcsj.43.3695
http://dx.doi.org/10.1016/0584-8539(80)80177-2
http://dx.doi.org/10.1016/0584-8539(80)80177-2
http://dx.doi.org/10.1016/j.molstruc.2004.01.002
http://dx.doi.org/10.1016/j.molstruc.2004.01.002
http://dx.doi.org/10.1016/j.jms.2018.05.001
http://dx.doi.org/10.1063/1.4922931
http://dx.doi.org/10.1364/ao.35.002884
http://dx.doi.org/10.1364/ao.35.002884
http://dx.doi.org/10.1016/j.jms.2005.09.011
http://dx.doi.org/10.1016/j.jms.2005.09.011
http://dx.doi.org/10.1006/jmsp.2000.8131
http://dx.doi.org/10.1016/S0009-2614(89)87395-6
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1063/1.451917
http://dx.doi.org/10.1016/0009-2614(92)87036-O
http://dx.doi.org/10.1016/0009-2614(92)87036-O
http://dx.doi.org/10.1016/S0009-2614(97)88036-0
http://dx.doi.org/10.1080/014423500229864
http://dx.doi.org/10.1063/1.476136
http://dx.doi.org/10.1063/5.0004837
http://dx.doi.org/10.1021/ct700152c
http://dx.doi.org/10.1016/j.jms.2015.02.014


Journal of Molecular Spectroscopy 375 (2021) 111392.
doi:10.1016/j.jms.2020.111392.

[28] H. M. Pickett, The fitting and prediction of vibration-
rotation spectra with spin interactions, J. Mol. Spec-
trosc. 148 (1991) 371–377. doi:10.1016/0022-2852(91)
90393-O.

[29] I. Mills, Coriolis interactions, intensity perturba-
tions and potential functions in polyatomic molecules,
Pure Appl. Chem. 11 (1965) 325–344. doi:10.1351/
pac196511030325.

[30] Z. Kisiel, M.-A. Martin-Drumel, O. Pirali, Lowest vi-
brational states of acrylonitrile from microwave and
synchrotron radiation spectra, J. Mol. Spectrosc. 315
(2015) 83 – 91. doi:10.1016/j.jms.2015.03.003.

[31] J. Cernicharo, M. Agúndez, C. Cabezas, N. Marcelino,
B. Tercero, J. R. Pardo, J. D. Gallego, F. Tercero, J. A.
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