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ABSTRACT

Observations of IRC +10216 with the Yebes 40 m telescope between 31 and 50 GHz have revealed more than 150 unidentified lines.
Some of them can be grouped into a new series of 26 doublets, harmonically related with integer quantum numbers ranging from
Jup = 54 to 80. The separation of the doublets increases systematically with J, that is to say, as expected for a linear species in one of
its bending modes. The rotational parameters resulting from the fit to these data are B = 290.8844 + 0.0004 MHz, D = 0.88 +0.04 Hz,
and ¢ = 0.1463 £+ 0.0001 MHz. The rotational constant is very close to that of the ground state of HCyN. Our ab initio calculations
show an excellent agreement between these parameters and those predicted for the lowest energy vibrationally excited state, vi9 = 1,
of HCyN. This is the first detection, and complete characterization in space, of vibrationally excited HCoN. An energy of 41.5cm™! is
estimated for the v, state. In addition, 17 doublets of HC;N in the v,5 = 1 state, for which laboratory spectroscopy is available, were
detected for the first time in IRC +10216. Several doublets of HCsN in its v;; = 1 state were also observed. The column density ratio
between the ground and the lowest excited vibrational states are 127, 9.5, and 1.5 for HCsN, HC;N, and HCyN, respectively. We
find that these lowest-lying vibrational states are most probably populated via infrared pumping to vibrationally excited states lying
at ~600 cm™'. The lowest vibrationally excited states thus need to be taken into account to precisely determine absolute abundances
and abundance ratios for long carbon chains. The abundance ratios N(HCsN)/N(HC;N) and N(HC;N)/N(HCyN) are 2.4 and 7.7,

respectively.
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1. Introduction

Sensitive line surveys are the best tool to unveil the molec-
ular content of astronomical sources and to search for new
molecules. A key element for carrying out a detailed analy-
sis of line surveys is the availability of spectroscopic informa-
tion of the already-known species, their isotopologues, and their
vibrationally excited states. The ability to identify the maximum
possible number of lines coming from them leaves the clean-
est possible forest of unidentified lines; this opens up a chance
to discover new molecules and to get insights into the chemistry
and chemical evolution of the observed object. Lines from vibra-
tionally excited states of long molecules have been observed
in the carbon-rich circumstellar envelope (CSE) IRC +10216;
C4H and Cg¢H are good examples of such emission (Guélin et al.
1993; Yamamoto et al. 1987; Cernicharo et al. 2008). The longer
a linear molecule is, the lower in energy its vibrational bending
modes are. Hence, even in relatively cold regions of CSEs, the

* Based on observations carried out with the Yebes 40 m telescope
and the IRAM 30 m telescope. The 40 m radiotelescope at Yebes Ob-
servatory is operated by the Spanish Geographic Institute (IGN, Minis-
terio de Transportes, Movilidad y Agenda Urbana). IRAM is supported
by INSU/CNRS (France), MPG (Germany), and IGN (Spain).

Article published by EDP Sciences

lines from vibrationally excited states can be rather prominent
in sensitive surveys. Moreover, the correct determination of the
abundance ratios between species of the same family (e.g. C,H
radicals or cyanopolyynes HC,, 1 N) requires an estimation of
populations in vibrationally excited states if they are significant.

Rotational lines from vibrationally excited levels of moder-
ate energies provide useful information on the pumping mech-
anisms in the CSE and allow us to assess the role of infrared
(IR) pumping and its effect on intensity line variations with
the stellar phase (Cernicharo et al. 2008, 2014; Agtndez et al.
2017; Pardo et al. 2018). A different case occurs when these
lines involve very high energy vibrational states because they
trace the physical and chemical conditions of the innermost and
warm regions of CSEs. The main difference between the rota-
tional lines from low and high energy vibrational states relies
on the line profile. Transitions from low energy excited vibra-
tional levels should show the same velocity extent and similar
line profiles as those of the ground vibrational state, with C4H
and CgH as clear examples (Guélin et al. 1993; Cernicharo et al.
2008). However, rotational lines from high energy excited vibra-
tional states show Gaussian profiles and trace the kinematics of
the gas in the innermost regions (Cernicharo et al. 2011, 2013;
Patel et al. 2011).
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In this Letter we report on the discovery of a new series of
lines toward IRC +10216 that we attribute to the v;9 = 1 state of
HCyN, for which we determine accurate rotational constants. In
addition, we report on the detection of HC7N in the v;5 = 1 and
v1s = 2 states, and of HCsN in the v;; = 1 state. The abundance
ratio between members of this molecular family is revisited in
the light of the high column densities observed in vibrationally
excited states for some of them.

2. Observations

The Q-band observations (31.0-50.3 GHz) were carried out
in spring 2019 with the 40m radiotelescope of the Centro
Astronémico de Yebes (IGN, Spain), hereafter Yebes 40 m. New
receivers, built within the Nanocosmos project' and installed
at the telescope, were used for these observations during its
commissioning phase. The experimental setup will be described
elsewhere (Tercero et al., in prep.). Briefly, the Q-band receiver
consists of two HEMT cold amplifiers covering the 31.0—
50.3GHz band with horizontal and vertical polarizations.
Receiver temperatures vary from 22K at 32 GHz to 42K at
50 GHz. The backends are 16 x 2.5 GHz fast Fourier transform
spectrometers (FFTS) with a spectral resolution of 38.1 kHz
providing the whole coverage of the Q-band in both polarizations.
The observing mode was position switching with an off position
at 300” in azimuth. The main beam efficiency varies from 0.6
at 32 GHz to 0.43 at 50 GHz. The spectra were smoothed to a
resolution of 0.195 MHz, that is, a velocity resolution of 1.9 and
1.2kms™" at 31 and 50 GHz, respectively. The sensitivity of the
final spectra varies from 0.4 to 1 mK across the Q-band, which
is a factor of =10 better than previous observations in the same
band made with the Nobeyama 45 m telescope (Kawaguchi et al.
1995).

The observations in the 43 mm band presented in this paper
were carried out with the IRAM 30 m radio telescope and were
described in detail by Cernicharo et al. (2019). Briefly, they cor-
respond to observations acquired over the last 35 years and cover
the 70-116 GHz domain with very high sensitivity (1-3 mK).
Examples of these data can be found in Cernicharo et al. (2004,
2007, 2008, 2019) and Agundez et al. (2008, 2014).

The beam size of the Yebes 40m in the Q-band is in the
range 36-56", while that of the IRAM 30m telescope in the
3 mm domain is 21-30". Pointing corrections were obtained by
observing strong nearby quasars and the SiO masers of R Leo.
Pointing errors were always within 2-3”. The intensity scale,
antenna temperature (T, ), was corrected for atmospheric absorp-
tion using the ATM package (Cernicharo 1985; Pardo et al.
2001). We adopted calibration uncertainties to be 10%. Addi-
tional uncertainties could arise from the line intensity fluctua-
tion with time, induced by the variation of the stellar IR flux
(Cernicharo et al. 2014; Pardo et al. 2018). All data were ana-
lyzed using the GILDAS package?.

3. Results

One of the most surprising results from the line survey in the
Q-band is the presence of bright lines from vibrationally excited
states of C4H, C¢H, HCsN, and HC;N, and of two series of dou-
blets recently assigned by Cernicharo et al. (2019) to MgCCCN
and MgCCCCH (see Fig. 1, where the bottom panel shows one
of the MgCCCN doublets). Also, a new series of lines consist-

' https://nanocosmos.iff.csic.es/
2 http://www.iram.fr/IRAMFR/GILDAS
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ing of 26 doublets, with central frequencies in harmonic relation
from J = 54 up to J = 80, was found in the Q-band data.

None of the frequencies of the new doublets could be
identified in the public JPL (Pickettetal. 1998) or CDMS
(Miiller et al. 2005) catalogs or in the MADEX catalog
(Cernicharo 2012). They belong to a new molecular species or
to a new vibrationally excited state of a known molecule. The
lines appear at frequencies slightly higher than those of HCoN
with the same quantum numbers. Line frequencies for this series
of doublets were determined by fitting them with a specific line
profile typical of expanding envelopes (Cernicharo et al. 2018).
Selected lines of this series are shown in Figs. 1 and 2. The
typical profile of the lines with rather sharp edges allows us to
fit the lines’ central frequencies with an accuracy on the order
of, or even better than, the spectral resolution of the data, even
when signals are weak (Cernicharo et al. 2018). Some doublets
of this series are blended with other features, but frequencies
can still be derived for most of them by fixing the expanding
velocity to 14.5kms™! (Cernicharo et al. 2000, 2018). However,
the integrated line intensities are rather uncertain in these cases.
Observed and fitted line frequencies for these doublets are given
in Table A.2. One of the components of the J = 64—63 doublet
is fully blended with HC7N J = 33-32, with a frequency differ-
ence between both features of ~0.5 MHz. The other component
of the same transition is blended with HCCC'3CCN J = 1413,
with a frequency difference of 1.3 MHz. This is the only doublet
missing in the series from J = 54—53 through J = 80-79.

The line frequencies were fitted to the following expression
for the energy of the rotational levels in a excited vibrational
bending mode with £ = 1:

E(J,p) =BUJWJ+1)=1)=DUJJ+1)= 1> +1/2q,J(J+ 1), (1)

where the sign + corresponds to the different parities of each
doublet (f for + and e for —, assuming g, is positive follow-
ing the convection of Brown et al. 1975) for a given value of J.
Additional distortion terms were found unnecessary in the fitting
process, the results of which are: B = 290.8844 + 0.0003 MHz,
D = 0.88 £ 0.04 Hz and ¢, = 0.1463 = 0.0001 MHz, where the
quoted uncertainties are 1o values. The standard deviation of
the fit to the 52 observed lines is 105 kHz (roughly half a res-
olution element). The rotational constant, B, is just 0.37 MHz
larger than that of the ground state of HCyN, while the distor-
tion constant, D, is practically the same: for the ground state of
HGCyN, B = 290.51832+0.00001 MHz and D = 0.860+0.010 Hz
(McCarthy et al. 2000). Hence, it is very likely that this series
of doublets corresponds to a vibrational state of HCyN with an
excited bending mode. From the observed value of g, and B, it
is possible to estimate the frequency of this bending mode using
the relation w, ~ 2.6 B2/q,, ~ 50.1 cm™!' (Gordy & Cook 1984).
To assign the lines to one of the bending modes of HCgN, we
performed ab initio calculations at different levels of theory (see
Appendix B). We unambiguously conclude that the lines belong
to the lowest energy bending mode, vi9 = 1, of HC9N. From the
observed rotational constants, we derive a first order vibration-
rotation coupling constant a9 = —0.3661 + 0.0004 MHz. Line
intensities and other parameters for the observed HCgN lines in
the ground and its vjg states are given in Table A.2.

For HCsN, in addition to the lines of the ground vibrational
state, all the doublets arising from its lowest vibrationally excited
state v;; were detected in the 31-50 and 70-116 GHz domains. It
had previously been detected toward CRL 618 (Cernicharo et al.
2001; Wyrowski et al. 2003). Its energy above the ground state
was estimated by Vichietti & Haiduke (2012) to be =111 cm™!
(see also Appendix B). Details on the available laboratory
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Fig. 1. Data from two frequency ranges within the Q-band observed with the Yebes 40 m telescope towards IRC +10216. Each frequency range
is shown through two panels with different limits in intensity. The vertical scale is antenna temperature in mK. The horizontal scale is the rest
frequency in MHz. Labels for HC;N features are in blue, while those belonging to HCyN are in violet. Other spectral features from known species,
together with unidentified lines (labeled as “U” lines), are indicated in red. The N = 16—15 doublet of MgCCCN, a new species recently detected
(Cernicharo et al. 2019), is shown in the bottom panels. Vibrationally excited lines from HC;N, HCgN, and C¢H are nicely detected at these
frequencies. Additional lines from vibrationally excited states of HCsN, HC;N, and HCyN are shown in Figs. 2, A.1, and A.3.

spectroscopy for this bending mode of HCsN are given in
Appendix A. Selected lines are shown in Fig. A.l, and the
derived parameters are given in Table A.4.

For HC;N, two series of lines from the vi5 and 2v,5 were
detected in addition to those from the ground vibrational state.
Figure 1 shows a couple of doublets from these two vibra-
tionally excited states. Additional lines are shown in Fig. A.3.
In the 70-116 GHz domain, only lines from the v;s state up to
Jup = 72 were detected. Line parameters for HC;N are given
in Table A.3. This is the first time that this state has been ana-
lyzed in detail in space. Nevertheless, the vi5 and 2v;s states
are reported, but not discussed, in the figures in Pardo et al.
(2004, 2008), Pardo & Cernicharo (2007). Several unidentified
features in the 1.3 cm line survey of IRC +10216 by Gong et al.
(2015) can also be assigned to the v;s state of HC;N, namely
U21458.8 (J = 19-18e), U23732.7 (J = 21-20f), U24862.7
(J = 22-21f), U25976.2, and U25992.8 (J = 23-22¢ and f
components).

4. Discussion

Vibrationally excited cyanopolyynes show a clear trend in which
the line intensities, relative to those of the ground vibrational
state, increase with increasing chain length. For HCsN, the
observed intensity ratio between the ground and the sum of
the two components (e and f) of its v;; = 1 state is =30 (see
Fig. A.1), while for HC7N and its vis = 1 state the ratio is =8,

and for HCyN and its vi9 = 1 state it is 1. From the observed
line shapes for these species, and taking into account the half
power beam of the two telescopes, the emission arises from the
external layers of the envelope where ultraviolet photons drive a
rich photochemistry (Agindez et al. 2017). The kinetic temper-
ature in this zone of the CSE is ~20-30 K (Agtndez et al. 2017).
Hence, it is difficult to believe that the v{; = 1 state of HCsN,
which is at 160K above the ground (Vichietti & Haiduke
2012), is pumped by collisions alone. The same applies to the
vis = 1 and vig = 1 states of HC;N and HCgN, respectively,
which lie at *92 K (Vichietti & Haiduke 2012) and ~72 K (this
work) above the ground. Pumping through IR photons com-
ing from the internal regions of the envelope probably plays an
important role in the excitation of these species.

We analyzed the HCsN, HC;N, and HC9N data by con-
structing rotational diagrams for their ground and low-lying
vibrational states. We assumed a 15” radius for the source and
convolved it with the main beam of both telescopes, depend-
ing on the line. For HCyN, we find a rotational temperature for
the vj9 = 1 state very similar to that of the ground vibrational
state, ~23.5K, and a column density ratio between the ground
and the vi9 = 1 state of 1.45 + 0.50 (see Fig. 3). The vibra-
tional partition function at 23.5 K (see Table A.1) is ~1.15. If the
vi9 = 1 state is populated by collisions and thermalized with the
ground state at this temperature, then its expected column den-
sity would be 8% that of the ground state. In fact, the derived
vibrational temperature for the vi9 = 1 is close to 80 K. Hence,
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Fig. 2. Selected doublets of HCyN vi9 = 1 in the 31-50 GHz domain.
Left panels: lines of HCyN in the ground vibrational state. The rota-
tional quantum numbers are indicated in the top-right side of each
panel. The same transitions for the v;g = 1 state are shown in the
middle (e component) and right (f component) panels. The intensity
scale is antenna temperature in mK. The abscissa corresponds to local
standard of rest (LSR) velocities inkms™!. The vertical violet dotted
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(Cernicharo et al. 2000, 2018). Two additional v;9 doublets are shown
in Fig. 1.
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an efficient mechanism must exist to pump molecules into this
excited vibrational state. The column densities of HCoN in the
ground and the vi9 = 1 states are (4.5 + 0.5) x 10!* cm™2 and
(3.1+0.5)x 10'3 cm~2, respectively. The total column density of
this species is, hence, (7.6 + 1.4) x 10'* cm=2. We searched for
possible lines that could be assigned to the vi9 = 2 state with-
out success. Hence, contribution from other vibrational levels is
expected to be marginal.

For HCsN and HC;N, the rotational diagram analysis indi-
cates the presence of a cold and a warm regime for the ground and
the first vibrationally excited states (see Appendices A.1 and A.2).
For these two components of HCsN (T, =~ 10K and 25K,
respectively), we derive N(ground)/N(v;; = 1) = 127 and 93,
respectively (see Appendix A.l). The total column density of
HCsN is thus (8.3 + 0.7) x 10" cm™, with a negligible con-
tribution of the vy, state. For the cold (T;,; =~ 17 K) and warm
(Tror ~32K) HC7N components, we derive N(ground)/N(vis =
1) = 9.5 and 1.5, respectively (see Appendix A.2). The total
column density of HC7N, including the contribution of its vis
state, is 3.5 + 0.7 x 10'* cm™2. Hence, N(HCsN)/N(HC;N) ~ 2.4
and N(HC;N)/N(HCyN) ~7.7. The values obtained for these
ratios by Gongetal. (2015), without any correction for the
vibrational states, are 1.24 and 14.8, respectively. We note that
without the contribution of the v;9 state, the abundance ratio
N(HC7N)/N(HCyN) would be a factor of ~2 higher. The trend in
the total abundance ratio between consecutive cyanopolyynes is
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Fig. 3. Rotational diagram of HCgN in its ground state (red) and vi9 = 1
vibrationally excited state (blue). The derived rotational temperatures
and column densities are indicated in the plot.

similar to that found in cold molecular clouds, ~3-4; however, for
long members of this molecular family, the low energy bending
modes population can be as high as that of the ground state.

IR pumping for polyatomic molecules can proceed through
different paths. Stretching and bending modes harbor a large num-
ber of states and bands that provide a plethora of radiative paths
to pump the different levels of the molecule. The simple case of
the triatomic molecule HNC, which has two stretching modes
and one bending mode, was studied by Cernicharo et al. (2014).
Excitation through each vibrational mode has a different effect on
the line intensities of the ground vibrational state. In the case of
HNC, the frequency of the bending mode is high and its IR inten-
sity corresponds to large Einstein coefficients (i.e. the molecule in
the bending mode decays mainly to the ground vibrational state).
However, for long linear molecules, the frequencies of their bend-
ing modes and their IR intensities decrease with increasing chain
length. Hence, Einstein coefficients of pure rotational transitions
within the bending mode are similar to those of ro-vibrational
transitions between the bending mode and the ground vibrational
state. This allows for the maintenance of a significant population
in the excited bending mode.

While in HNC there are a few radiative paths that redis-
tribute the population of the ground vibrational state between
the different vibrationally excited states, in the case of HCoN
there are ten stretching and nine bending modes. Hence, the
number of transitions from the ground to excited vibrational
states and the subsequent radiative de-excitation cascades is
huge. Nevertheless, IR pumping will also depend on the flux
of the source at the wavelengths of the different IR bands (see,
e.g. Fonfria et al. 2008; Agundez et al. 2017). In the case of
IRC +10216, it is well known that the IR emission peaks around
10 um (Cernicharo et al. 1999). Hence, we could expect to have
a dominant path through vibrational bands with large IR intensi-
ties and frequencies around 1000 cm™".

To investigate these effects on the population of the excited
vibrational states of cyanopolyynes in IRC +10216, we car-
ried out excitation and radiative transfer calculations for HCsN,
HC;N, and HCgN. The physical structure of the envelope and
the radial abundance profiles are taken from the chemical model
of IRC +10216 from Agundez et al. (2017). We consider rota-
tional levels within the ground vibrational state, and also within
the lowest-lying vibrational state (v;; = 1 for HCsN, vi5 = 1
for HC7N, and vi9 = 1 for HC9N). In addition, we include for
each molecule rotational levels within a vibrational state asso-
ciated with the CH bending mode (v; = 1 for HCsN, vy = 1
for HC;N, and v;; = 1 for HCyN), which has the most intense
fundamental band at mid-IR wavelengths, where the radiation
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Fig. 4. Calculated line profiles for selected lines of HCsN, HC;N, and
HGCyN in their ground state (G.S.) and lowest energy bending vibra-
tional states. Calculated intensities have been multiplied by 10, 8, and 2
for HCsN, HC;N, and HCyN, respectively, to match the observed inten-
sities of the ground vibrational state lines.

field in IRC +10216 is high. We adopted the IR intensities cal-
culated in this work at the second order Mgller Plesset pertur-
bation theory (MP2; Mgller & Plesset 1934) in the anharmonic
limit (see Table B.4). Since IR intensities between excited vibra-
tional states are not known for these molecules, we assumed
that molecules from the mid-IR-lying excited vibrational state
decay to the lowest-lying vibrational state with the same Einstein
coefficient as to the ground vibrational state. We note that this
assumption is an important source of uncertainty in the models.
We adopted the approximate expression of Deguchi & Uyemura
(1984) as rate coefficients for pure rotational excitation through
inelastic collisions with H,. We considered ro-vibrational exci-
tation through collisions to be negligible, an assumption that
could introduce important uncertainties in the models due to
the low energy separation between the rotational levels of the
ground and the lowest-lying vibrational states. In summary, IR
pumping occurs through absorption in the fundamental band
of the CH bending mode, which lies around 600 cm~! for the
three cyanopolyynes, and through further radiative decay to the
lowest-lying vibrational states and to the ground state.

In Fig. 4 we show the calculated line profiles for one selected
rotational transition of HCsN, HC;N, and HCyN lying in the Q-
band in both the ground and the lowest-lying vibrational state.
We see that the intensity of the line belonging to the lowest-
lying vibrational state approaches the intensity of the line in
the ground vibrational state as the size of the cyanopolyyne
increases. The calculated line intensity ratio between the ground
state and the lowest-lying vibrational state is ~3.9, ~2.2, and
~1.9 for HCsN, HC7N, and HCgN, respectively. These values
differ from those observed. For example, they overestimate the
relative population of the v;; = 1 state of HCsN and the vi5 = 1
state of HC;N, although they agree reasonably well for the
vig = 1 state of HCoN. In any case, the model satisfactorily
reproduces the observed trend of increasing relative population
of the vibrationally excited state with increasing molecular size.

The observed behavior in the abundance ratio of the
cyanopolyynes could introduce an important limitation in detect-
ing longer chains. While HC;;N could be present in the
envelope, its presence in space has never been confirmed
(Cordiner et al. 2017). In our sensitive Q-band data, none of
the expected transitions of the ground state are detected. The-
oretical calculations of the vibrational modes of this species
by Vichietti & Haiduke (2012) suggest that the lowest bending
mode, v»3, will be at an energy of 42 K. The effect of IR pump-
ing could be very similar to that of HCyN and would reduce
the intensity of the rotational lines of the ground state by a fac-
tor of two. Hence, detecting HC;;N would be at the sensitiv-
ity limit of present instruments. IR pumping also has important
consequences on the possibility of detecting other long chain
molecules, such as CoH, C;oH, and C;H. Their rotational fre-
quencies are well known (see Gottlieb et al. 1998 and references

therein). We have searched for them in our Q-band data without
success. These species, as is the case for C¢H (Cernicharo et al.
2008), have very low energy bending modes that could be highly
populated, decreasing the chances of detecting them in their
ground vibrational states.
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Appendix A: Line frequencies
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Fig. A.1. Observed lines of HCsN with the Yebes 40 m and IRAM 30 m
telescopes. The rotational quantum numbers are indicated in the top-
right side of each panel. The same transitions for the v;; state are shown
in the middle (e component) and right panels (f component). The inten-
sity scale is antenna temperature in mK. The abscissa corresponds to
LSR velocities inkms™'. The vertical red dotted line at —26.5kms™!
indicates the systemic velocity of the envelope (Cernicharo et al. 2000,
2018).
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The main goal of this paper is to study the emission from vibra-
tionally excited states of the long cyanopolyynes HCsN, HC7N,
and HC9N. However, many lines in the 31-50 GHz and 70—
116 GHz frequency ranges arise from the vibrationally excited
states of the C,H family of radicals. C4H in its v; and 2v; states
were previously reported in this source (Guélin et al. 1993), and
its frequencies are well known from laboratory measurements
(Yamamoto et al. 1987; Cooksy et al. 2015). CgH in its vy, state
was detected and spectroscopically characterized in this source
(Cernicharo et al. 2008). One of the doublets of this vibrational
state of C¢H is shown in the top panel of Fig. 1. Additional lab-
oratory information for this state was provided by Gottlieb et al.
(2010). Most of these data have already been analyzed and fur-
ther details will be published elsewhere (Pardo et al., in prep.).
The following sections describe the data and the spectroscopic
literature used in this work for HCsN and HC;N. We discussed
HGCyN in Sect. 3, where observed lines are shown in Fig. 2 and
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Fig. A.2. Rotational diagram for HCsN in its ground state (red) and
vi1 = 1 vibrationally excited state (blue).

Table A.1. Vibrational partition function for HC,,, 1N (n = 2-5).

Temperature (K) HCsN HC;N HCyN HC{;N

10 1.00 1.00 1.00 1.04
15 1.00 1.01 1.02 1.15
20 1.00 1.03 1.07 1.34
25 1.00 1.08 1.16 1.60
30 1.01 1.14 1.27 1.93
35 1.02 1.22 1.41 2.35
40 1.04 1.32 1.57 2.87
45 1.06 1.43 1.78 3.50
50 1.09 1.56 2.01 4.28
60 1.17 1.87 2.61 6.39
80 1.38 2.74 4.49 14.07
100 1.69 4.09 7.83 30.51

observed frequencies are given in Table A.2. All these vibra-
tionally excited states were implemented into the MADEX code
(Cernicharo 2012), allowing for the calculation of column densi-
ties and the search for all their rotational lines in the 31-50 GHz
and 70-116 GHz frequency ranges.

To evaluate the fraction of molecules in the different vibra-
tional states for the typical temperatures of the external envelope
(1040K) of IRC +10216, we calculated the vibrational parti-
tion function of these molecules using the standard expression
(see, e.g. Gordy & Cook 1984)

Quip = | |(1 = e/ KDya:, (A1)
i

where w; and g; represent the energy and the degeneracy of each
vibrational mode i. For HCgN, we used our ab initio values for
the vibrational frequencies (see Appendix B). For HCsN, HCyN,
and HC N, we used the calculations from Vichietti & Haiduke
(2012). The results are given in Table A.1.

For low vibrational temperatures, the value of the vibrational
partition function is dominated by the lowest energy vibrational
state. In this case
Quib = 1/(1 = ¢~ KTy, (A2)
where w; and g; are the frequency and the degeneracy of this low-
est energy state and 7', is the vibrational temperature. The abun-
dance ratio between this level (we assume a bending mode, i.e.
g; = 2) and the ground state (g = 1) is given by N(v;)/N(ground)
~ 2¢ h/KTviv) “where N(ground) is the column density in the
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Table A.2. Observed line parameters of HCyN.

HCyN Vrest Vobs f T, dv vexp HC9N Vrest Vobs f T, dv Vexp
transition (MHz) (MHz) (Kkms™')  (kms~!) transition (MHz) (MHz) (Kkms™!')  (kms™!)
J=54-53 31375437 3137545(23)  0.245001)  13.922) ¥4, J =68-67  39549.232  39549.22(05)  0.057(08)  14.1(0.4)
Vg J =54-53  31407.067 31406.97(05)  0.064(01) 13.2(2.2) V{Q J=68-67 39569.130  39569.11(05)  0.025(10)  14.5(0.1)
V{Q J=54-53 31422.868 31422.80(05)  0.039(13) 13.9(1.1) J=69-68 40090.398  40090.40(01)  0.118(01)  13.8(0.1)
J=55-54 31956.443  31956.45(01)  0.199(12)  14.2(02) ¥4, J =69-68  40130.805  40130.83(05)  0.047(08)  16.1(0.4)
Vg J =55-54  31988.658  31988.68(05)  0.037(01)  13.8(2.1) v{9 J=69-68 40150.996 40151.01(05)  0.039(01)  13.7(0.2)
v{g J=55-54  32004.752  32004.65(05)  0.074(12) 13.5(0.5) J =70-69 40671.385  40671.39(01)  0.123(01)  14.5(0.1)
J =56-55 32537.448  32537.44(01)  0.156(01)  13.9(0.1) ¥4, J=70-69 40712377  40712.34(05)  0.066(08)  14.5(0.1)
Vig J =56-55  32570.248  32570.29(05)  0.072(01)  14.7(0.4) v{g J=70-69 40732.861  40732.80(05)  0.061(08)  14.3(0.3)
v{g J=56-55 32586.635 32586.69(05)  0.084(01) 15.8(04) J=71-70 41252.370  41252.40(02)  0.112(07)  14.0(0.1)
J=57-56 33118451  3311844(23)  0.173(01)  13.72.1) ¥4, J=71-70  41293.998  41294.00(05)  0.052(07)  17.7(0.5)
¥y J=57-56  33151.837  33152.00(10)  0.081(12)  17.3(0.8) v{g J=71-70 41314723  41314.71(05)  0.067(07)  17.5(0.5)
v{9 J=57-56 33168.516 33168.55(05)  0.058(01) 13.4(0.5) J="72-71 41833.354  41833.41(01)  0.130(01)  13.5(0.1)
J=58-57 33699.454  33699.44(23)  0.179(01)  14.02.0) 4, J=72-71 41875516  41876.57(05)  0.024(05)  14.5(0.0)
¥, J =58-57 33733425 33733.47(05)  0.078(01)  15.8(0.3) v{g J=72-71 41896.585 41896.52(05)  0.028(06)  14.5(0.1)
vlfg J=58-57 33750397 33750.32(10) ... * J=173-72 42414.336  42414.35(02)  0.099(01)  13.8(0.1)
J =59-58 34280.455  34280.46(03)  0.183(01)  14.5(0.1) ¥4, J =73-72 42457.083  42457.14(10)  0.028(01)  13.4(0.5)
¥y J=59-58 34315011 34314.89(10) ... * v{g J=73-72 42478.445 42478.45(05)  0.028(07) 13.3(0.4)
v{9 J=59-58 34332275 34332.30(05)  0.065(01) 13.0(0.3) J=74-73 42995.317  42995.29(02)  0.137(07)  14.4(0.2)
J = 60-59 34861.455  34861.47(01)  0.157(01)  13.8(0.1) v, J =74-73  43038.649  43038.60(10)  0.027(07)  13.2(0.3)
¥y J =60-59  34896.594  34896.59(05)  0.052(01)  14.0(0.0) v{g J=74-73 43060.303  43060.35(15)  0.014(07)  14.5(0.0)
vé J=60-59 34914.154  34914.21(10)  0.094(01) 17.4002) J=75-74 43576.297  43576.37(05)  0.093(07)  13.8(0.2)
J =61-60 35442454 3544243(01)  0.172001)  13.8(0.1) ¥4, J =75-74  43620.213  43620.23(10)  0.033(07)  15.7(1.4)
¥, J=61-60 35478.180  35478.17(05)  0.050(01)  13.4(0.3) v{g J=75-74 43642.160 43642.25(10)  0.027(01)  13.3(0.3)
v’i J=61-60 35496.031 35496.09(05)  0.060(01) 13.2(0.2) J=76-75 44157.275  44157.18(02)  0.072(07)  13.9(0.2)
J=62-61 36023.452  36023.44(01)  0.166(01)  14.1(0.1) ¥4, J =76-75 44201.776  44201.78(07)  0.039(06)  17.5(1.4)
¥y J =62-61  36059.763  36059.80(05)  0.059(01)  13.4(0.4) v{g J=76-75 44224015 44224.14(10)  0.052(06)  16.0(0.5)
v’i J=62-61 36077.906 36077.9505)  0.088(10) 152(0.4) J=77-76 44738.251  44738.28(03)  0.051(06)  13.7(0.2)
J=63-62 36604.448  36604.43(23)  0.151(01)  14.0(1.9) ¥, J=T77-76 44783337 44783.23(10) ... *

¥ J =63-62  36641.345  36641.44(05)  0.094(09)  21.5(1.5) V{Q J=71-76  44805.869  44805.85(10) ... *

vf; J=63-62  36659.780  36659.90(05)  0.047(09)  14.5(0.6) J =78-77 45319.225  45319.33(04)  0.093(06)  15.8(0.2)
J =65-64 37766.437  37766.43(00)  0.160(01)  13.9(0.1)  v¢, J =78-77 45364.896  45364.41(10)  0.025(06)  12.9(0.5)
¥, J =65-64  37804.504  37804.49(05)  0.044(01)  14.2(0.5) V{Q J=78-77 45387.721  45387.43(10) ... *

vi J=65-64 37823.524 37823.51(05)  0.053(01) 13.4(02) J=79-78 45900.199  45900.08(05)  0.090(06)  14.2(0.2)
J = 66-65 38347.429  38347.46(03)  0.147(09)  14.2(02) ¥4, J=T78-77 45946.454  45946.2920) ... *

¥, J =66-65 38386.081  38386.01(05)  0.034(01) 15.1(0.4) y{9 J=78-77 45969.571  45969.41(10) ... *

vi J=66-65 38404394  38404.98(30)  0.060(09) 15.1(0.8) J =80-79 46481.170  46481.30(03)  0.100(06)  14.6(0.3)
J =67-66 38928.420  38928.42(02)  0.142(01)  13.8(0.1) ¢, J=80-79 46528.010 46527.9720) ... *

¥, J =67-66  38967.657  38967.63(05)  0.050(01)  14.3(0.1) v]’; J=80-79 46551.420 46551.65(20)  0.082(06)  13.7(0.3)
v{j J=67-66 38987.263  38987.24(05)  0.017(01)  13.9(0.7) J=82-81 47643.108  47643.13(05)  0.050(06)  13.0(0.3)
J =68-67 39509.410  39509.40(01)  0.146(01)  13.9(0.1) J =83-82 48224.074  48224.14(05)  0.038(05)  13.7(0.4)

Notes. Numbers in parentheses represent the derived uncertainty (1o) of the parameter in units of the last digit. This molecular species is only
visible in the Yebes 40 m telescope data. ®The line is partially blended with another feature but a fit to the frequency can be obtained by fixing the
expanding velocity to 14.5 km s~!. However, the integrated line intensity is very uncertain and it is not used for the rotational diagrams.

ground state, N(ground) = Ny/Qyip, and N7 is the total number
of molecules in all vibrational states.

For a vibrational temperature of 20K, and using the fre-
quencies in Table B.4, we obtain

N(HCsN v;1)/N(HCsN ground state) ~ 0.00,
N(HC9N v;5)/N(HC,N ground state) ~ 0.04,
N(HGC9N v;9)/N(HCyN ground state) ~ 0.05,

while for a vibrational temperature of 50 K we obtain
N(HC;5N v;1)/N(HCsN ground state) ~ 0.08,

N(HC7N v;5)/N(HC7N ground state) ~ 0.41,
N(HGC9N v;9)/N(HCyN ground state) ~ 0.46,

that is to say, for a vibrational temperature of 50K, HC;N
and HCyN will have a significant fraction of molecules in their
lowest energy bending modes (vis and v9). However, HCsN
would need higher vibrational temperatures to have a significant
fraction of molecules in its v;; mode.

A.1. HCsN

For HC;N, the rotational spectrum was measured in the lab-
oratory for several vibrationally excited states involving the
V6, V7, V8, V9, Vig, and vy; modes, including fundamental
bands, overtones, and combination bands (Hutchinson et al.
1980; Yamada et al. 2004; Degli Esposti et al. 2005). In this
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Table A.3. Same as Table A.2 but for HC;N.

HCIN Vrest Vobs fT‘Z dv vexp HC7N Vrest Vobs fT:‘ dv Uexp
transition (MHz) (MHz) (Kkms™!) (kms!) transition (MHz) (MHz) (Kkms™!)  (kms™})
J =28-27 31583.709  31583.69(01)  1.627(13)  13.9(0.1) J =41-40 46246.979  46247.14(01)  1.494(12)  14.9(0.1)
Ve J=28-27 31623211  31623.93(06)  0.190(13)  19.3(0.6) vg}s J=41-40 46304799  46304.64(07)  0.089(06) 15.3(0.4)
v J=28-27 31643340 31643.18(03)  0.038(13) 13.6(13) vi J=41-40 46334246  46334.27(01)  0.035(06)  13.5(0.1)
J =29-28 32711672 32711.6501)  1.588(01)  13.8(0.1) J =42-41 47374.898  47374.84(01)  0.836(06)  13.8(0.1)
v‘;j J=29-28 32752.583  32752.58(23)  0.095(01)  13.7(2.1) v{ s J=42-41 47464288  47464.24(01)  0.079(06)  13.7(0.2)
vis J=29-28 32773430 32773.42(23)  0.083(01) 13.92.1) J=43-42 48502.813  48502.78(01)  0.862(22)  13.7(0.1)
J =30-29 33839.632  33839.61(01)  1.595(11) 13.7(0.1)  v6,J=43-42  48563.449  48563.49(02)  0.081(05) 14.1(0.3)
Ve J=30-29  33881.953  33881.85(07)  0.110(01)  14.5(0.2) v{s J=43-42 48594326  48593.61(23)  0.107(05) 29.9(1.4)
v{s J=30-29 33903.518 33903.52(05)  0.088(01) 14.1(0.2) J =44-43 49630.723  49630.68(01)  0.680(10)  13.9(0.1)
J =31-30 34967.589  34967.59(01)  1.525(10) 14.1(0.1) J = 63-62 71060.102  71060.14(03)  0.546(09)  14.0(0.1)
¥ J=31-30  35011.320 35011.24(04)  0.103(10)  13.1(0.4) v{s J=63-62  71193.996  71193.72(29)  0.110(13)  17.4(0.9)
V{S J=31-30 35033.602 35033.62(04)  0.093(10) 13.7(0.3) J =64—63 72187.909  72187.92(02)  0.517(08)  13.0(0.1)
J =32-31 36095.543  36095.49(01)  1.479(19) 13.5(0.1) ¢ J=64-63  72278.073  72279.00(26)  0.046(08)  12.0(0.9)
‘1:‘}'5 J=32-31  36140.683 36140.68(01)  0.126(01) 14.000.2) J =65-64 73315709  73315.82(02)  0.482(04)  13.3(0.1)
157 =32-31  36163.683 36163.72(04)  0.126001) 14.1(0.2) vlf s J=65-64  73453.831  73453.68(23)  0.073(12) 14.7(0.8)
J=33-32 37223494  37223.49(01)  1.611(09) 13.9(0.1) J = 66—65 74443504  74443.58(03)  0.419(08)  13.5(0.1)
Ve J =33-32 37270.044 37270.03(53)  0.100(46) 13.7(2.5) 5 J=66-65 74536476  7453636(99)  0.032(12)  13.9(0.9)

o _
visJ=33-32 37293760 3729359(03)  0.091(09) 13.7(02) J=67-66 75571292 75571.33(03)  0.402(08)  13.5(0.1)
J =34-33 38351.442  38351.42(01)  1.448(01)  14.1(0.1) v{s J=67-66  75713.639  75713.25(21)  0.083(16)  13.6(0.9)
v J=34-33 38399401 38399.49(04)  0.086(09) 14.4(03) J=68-67 76699.073  76698.89(05)  0.417(12)  14.5(0.2)
‘/]’Z J=34-33 38423.834 38423.77(02)  0.112(09) 14.4(0.2) v{s J=68-67 76843532  76839.11(05)  0.059(08) 12.3(0.2)
J=35-34 39479.387  39479.37(01)  1.489(08) 13.9(0.1) J =69—68 77826.848  77826.95(99)  0.404(04)  14.9(0.9)
v J=35-34 39528755 39528.72(23)  0.081(01) 13.2(L7) 5 J=69-68  77924.029  77923.56(20)  0.061(08)  13.8(0.9)
157 =35-34 39553904 39553.77(03)  0.081(01) 13.9(0.2) J=70-69 78954.616  78954.86(11)  0.350(23)  13.8(0.4)
J =36-35 40607328  40607.31(01)  1.377(08)  13.8(0.1) Vlfs J=70-69 79103297  79103.76(19)  0.053(11)  12.1(0.9)
ve J=36-35 40658.105 40658.13(02)  0.092(08) 13.5(0.2) J=71-70 80082.377  80082.05(39)  0.455(86)  15.0(0.9)
v{; J=36-35 40683.971 40683.94(04)  0.092(01) 14.000.2) J=73-72 82337.879  82340.09(02)  1.128(18)  14.3(0.1)
J =37-36 41735265  41735.28(01)  1.340(07) 14.3(0.1) J=74-73 83465.620  83465.80(12)  0.133(14)  13.6(0.4)
Ve J=37-36 41787451 41787.41(03)  0.080(07) 13.9(03) J=75-74 84593.353  84593.21(04)  0.194(07)  13.9(0.1)
V{S J=37-36 41814.034  41814.03(03)  0.109(07) 14.7(0.2) J =76-75 85721.079  85721.09(04)  0.175(03)  13.6(0.1)
J =38-37 42863.199  42863.16(01)  1.201(07) 13.8(0.1) J =78-77 87976.509  87976.32(08)  0.147(07)  15.4(0.2)
veoJ=38-37 42916794 42916.86(03)  0.110007) 13.6(02) J=80-79 90231.908  90231.94(06)  0.113(03)  14.6(0.2)
J =39-38 43991.130  43991.15(01)  1.101(07)  14.00.1) J =81-80 91359.596  91359.49(15)  0.072(07)  13.4(0.5)
V‘;j J=39-38  44046.133  44046.17(04)  0.072(07) 13.8(0.3) J =85-84 95870.270  95870.39(17)  0.088(09)  14.7(0.4)
vis J =39-38  44074.148  4407421(03)  0.098(07) 14.6(02) J=86-85 96997.918  96996.26(19)  0.068(06)  17.6(0.4)
J =40-39 45119.056  45119.07(01)  0.928(06)  14.1(0.1) J = 87-86 98125.557  98124.86(22)  0.098(09)  16.4(0.6)
v{5 J=40-39  45204.199  45204.11(04)  0.074(06) 13.8(0.2) J = 8887 99253.189  99251.05(12)  0.118(06)  16.4(0.4)
J =89-88 100380.811  100381.25(68)  0.021(09)  13.3(0.9)

Notes. Observations below 50 GHz are with the Yebes 40 m telescope, all others are with the IRAM 30 m.

work, we detected the lowest energy state vi;. Table A.4 pro-
vides the line parameters for all lines of HCsN in its ground and
vy states observed in the 31-50 GHz and 70-116 GHz ranges.
Figure A.1 shows some of the observed lines of HCsN in these
states. We have searched without success for lines arising from
the vi; = 2, vio = 1, and vy¢ + vq; vibrational states within
the observed frequency domains. These states lie at energies of
~222, 264, and 374cm™!, respectively, above the ground state
(Vichietti & Haiduke 2012).

From the observed intensities of HCsN and its vy, state, we
performed a rotational diagram analysis. The results are shown
in Fig. A.2. For the ground state, two different slopes, corre-
sponding to two different rotational temperatures, were found.
For low-J transitions in the Q-band, we derived T, = 10.1 +
0.6 K and N(HCsN) =4.2 + 0.4 x 10'* cm~2. The high-J data at
3 mm indicate a higher rotational temperature of 24.5 + 0.6 K
and a column density of 4.1 + 0.3 x 10'* cm™2. The lines of the
v11 state are detected in the Q-band and the 3 mm domain and
also show two different regimes: a low temperature component
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Tiot = 13.0 £ 5.7K and N(HCsN v;;) = 3.3 + 1.8 x 102 cm™2;
and a high temperature component with T, = 46.2+13.8 K and
N(HCsN v;;) = 4.4+2.0x10'? cm~2. The observed column den-
sity ratio between the ground and the vy states is 127 + 60 and
93 + 50 for the cold and warm components, respectively. Conse-
quently, the correction to the total column density of HCsN due
to its vibrational state v;; is ~1%), that is to say the ground state
contains more than 99% of the molecules. The observed column
density ratio suggests a vibrational temperature ~30 K, similar
to the rotational temperature of the warm component.

A.2. HC;N

The rotational spectrum of HC;N in vibrationally excited states
was recorded in the laboratory for v;3, vi4, and vi5 = 1,2,3
(Bizzocchi & Degli 2004). In this work, we detected all the lines
of the vi5 = 1 state and some of the v,5 = 2 state within the cov-
ered 31-50 GHz frequency range. These two states lie at ener-
gies of ~62 and 124 cm™, respectively, above the ground state
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Fig. A.3. Observed lines of HC;N with the Yebes 40 m telescope. The
rotational quantum numbers are indicated in the top-left side of each
panel. The same transitions for the v;s state are shown in the middle
(e component) and right panels (f component). The intensity scale is
antenna temperature inmK. The abscissa corresponds to LSR veloci-
ties inkm s™!. The vertical red dotted line at —26.5km s~! indicates the
systemic velocity of the envelope (Cernicharo et al. 2000, 2018).
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(Botschwina et al. 1997; Vichietti & Haiduke 2012). In the 70—
116 GHz frequency range, only a few lines of the v;5 state are
detected. Table A.3 gives the line parameters for the observed
transitions of HC7N in its ground and vibrationally excited
states, vis = 1 and v;5 = 2. Figure A.3 shows a selected sample
of the observed lines. We have searched without success for lines
arising from the vy4, and v;3 vibrational states within the cov-
ered frequency ranges. These states lie at energies of ~163 and
280cm™!, respectively, above the ground state (Botschwina et al.
1997; Vichietti & Haiduke 2012).
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Fig. A.4. Rotational diagram for HC;N in its ground state (red) and
vis = 1 vibrationally excited state (blue).

From the observed intensities of HC;N and its v;5 state, we
performed a rotational diagram analysis. The results are shown
in Fig. A.4. For the ground state, two different slopes, corre-
sponding to two different rotational temperatures, were found;
that is to say, the molecule shows a similar behavior to that
of HCsN. For low-J transitions in the Q-band, we derived
Tror = 16.8 £ 0.9K and N(HC;N)=1.9 + 0.2 x 10"* cm™2. The
high-J data at 3 mm indicate a higher rotational temperature of
32.6 + 2.2K and a column density of 8.4 + 0.3 x 10"3 cm™.
The lines of the v;s state are mainly detected in the Q-band,
for which we derive T, = 21.6 = 3.1 K and N(HC7N vy5) =
2.0 £ 0.5 x 10" cm™2. Only a few rotational lines within the
vis vibrational state were detected in the 3 mm domain and they
are too weak to derive a reasonable rotational temperature and
column density. For the Q-band data, which cover lines from
Juyp = 28 up to Jy, = 44, the observed column density ratio
between the ground and vis states is 9.5 = 3.4. Consequently,
the correction to the total column density of HC;N due to its
vibrational state v;s is ~10%. Although the effect in the total
column density is negligible, the observed column density in the
vis level is a factor of ~3 higher that the one we would expect
if the vibrational levels were under thermodynamic equilibrium
at the derived T The observed column density ratio suggests
a vibrational temperature of ~30K. As discussed in this letter,
the increase in the population of the v;5 level is due to IR pump-
ing from the ground state by absorption of IR photons coming
from the central source and the subsequent IR radiative decay
cascades. From the observed intensities of the v;5s = 2 lines, we
derive a column density ratio of N(v;5 = 1)/N(vj5 = 2) =~
which is also compatible with a vibrational temperature of 30 K.
It is worth noting that this vibrational temperature is similar to
the rotational temperature of the high-J lines of HC7N observed
in the 3 mm domain, 26.2 + 4.2 K. The effect of IR pumping on
the ground state is, hence, to pump molecules from low-J levels
to high-J ones.
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Table A.4. Same as Table A.2 but for HCsN.

HCsN Vrest Vobs fT; CIIU vexp HCsN Vrest Vobs fT‘Z CIIU Ue);p
transition (MHz) (MHz) (Kkms™) (kms~!)  transition (MHz) (MHz) (Kkms™) (kms™)
J=12-11 31951.776  31951.75(01) 6.993(01) 13.8(0.1) J =30-29 79876.710 79876.74(01)  11.251(15) 14.2(0.1)
J=13-12 34614.385  34614.34(01) 6.615(21) 13.8(0.1) J=31-30 82539.039 82539.01(01) 9.795(14)  14.0(0.1)
vlfl J=13-12 34701.825 34701.76(04) 0.042(01)  13.9(0.5) vlfl J =31-30 82747.345 82747.57(28) 0.069(04)  15.5(0.2)
J=14-13 37276985  37276.92(01) 7.374(46)  13.7(0.1) J =32-31 85201.346 85201.29(01) 8.809(35)  14.0(0.1)
v{,J=14-13 37371147  37371.42(02) 0.027(01)  12.6(0.1) "{1 J =32-31 85416.355 85416.69(28) 0.141(25) 14.5(0.9)
J=15-14 39939.574  39939.55(01) 7.910(01) 14.1(0.0) J=33-32 87863.630 87863.64(01) 7.872(15)  14.2(0.1)
v{,J =15-14 40005587  40006.27(40) 0.008(01) 9.3(0.5) v{, J=33-32 88008.742 88008.76(05) 0.157(03)  14.5(0.2)
T Baein Basnon Jamis ey Jrn T e smseon Tieson hin
Vi, J=16-15 42672.564  42672.84(02) 0.118(07)  13.0(0.2) J=35-34 93188.125 93188.09(01) 6.170(01)  14.1(0.1)
v{l J=16-15 42709.759  42709.81(10) 0.028(07)  14.2(0.8) v, J =35-34 93342.013 93343.95(09) 0.132(06)  20.2(0.7)
J=17-16 45264.720  45264.71(01) 6.313(19) 13.9(0.1) J=36-35 95850.335 95850.45(01) 5.428(01) 14.4(0.1)
v{, J=17-16  45339.530  45339.31(10) 0.031(06)  11.9(0.7)  v{, J =36-35 96008.609 96008.60(09) 0.084(06)  14.0(0.6)
J=18-17 47927.274  47927.24(01) 5.907(06)  14.0(0.1) vlfl J =36-35 96092.138 96093.26(02) 0.053(06)  16.6(0.1)
v J=18-17 48048321  48048.39(05)  0.038(05) 12.1(0.3) J=37-36 08512.519  98512.53(99)  5.984(06)  14.1(0.9)
J =27-26 71889.595  71889.55(01)  13.971(36)  14.0(0.1) v}, J =37-36 98675.179 98676.00(09) 0.088(06)  13.5(0.9)
vi, J=27-26 72008.362  72008.55(04) 0.075(01)  13.2(0.4) vlfl J =37-36 98761.017 98761.06(10) 0.067(06)  13.6(0.3)
v{l J=27-26 72071.074  72070.92(13) 0.145(12)  12.9(0.5) J =38-37 101174.676  101174.67(01) 5.017(09)  14.0(0.1)
Je: 28-27 74551.987  74551.96(01)  12.753(99) 14.0(0.1) »{, J=38-37 101341.721 101345.95(09) 0.148(15)  14.6(0.4)
v, J=28-27 74675.147  74675.72(09) 0.092(12)  20.6(9.9) J=39-38 103836.806  103836.81(01) 4.230(35) 14.1(0.1)
vlfl J=28-27 74740.175  74740.16(17) 0.068(08)  13.1(0.5) J =40-39 106498.908  106498.90(01) 3.962(08)  13.9(0.1)
J =29-28 77214359  77214.32(01)  12.709(12) 14.0(0.1) J =41-40 109160.981 109161.23(01) 3.380(05) 14.7(0.1)
Vi, J=29-28 77341911  77341.90(09) 0.058(04) 13.2(0.4) J =42-41 111823.024  111823.04(01) 2.916(19) 13.8(0.1)
J=29— 77409. 77410.89(16) .162(08)  21.7(0.8) J =43— 114485.037  114485.12(02) 549(34)  13.7(0.1)
v{l 29-28 409.254 410.89(16 0.162(08 21.7(0.8 43-42 4485.03 4485.12(02 2.549(34 3.7(0
Notes. Observations below 50 GHz are with the Yebes 40 m telescope, all others are with the IRAM 30 m.
Appendix B: Quantum chemical calculations for B, =B, - Z a; (vi + 1dy). (B.1)
i

HCyN vibrationally excited states

We carried out quantum chemical calculations to obtain accu-
rate values of the spectroscopic parameters necessary to assign
the new spectral features. These parameters are the rotational
constant B and the Il-type doubling constant g¢. To obtain
these parameters for the vibrationally excited states of HCyN,
we performed anharmonic frequency calculations. We used
two different levels of theory for this purpose: density func-
tional theory (DFT) calculations with the B3LYP functional
(Lee etal. 1988) and the Mpgller—Plesset post-Hartree—Fock
method (Mgller & Plesset 1934), using explicitly electron cor-
relation effects through perturbation theory up to second order
(MP2). The Dunning basis set with consistent polarized valence
triple-¢ (cc-pVTZ) was used in both calculation methods. The
use of coupled cluster methods was not considered because
of their large computing time. All the calculations were per-
formed using the Gaussian 09 program package (Frisch et al.
2009). A previous theoretical study on the vibrationally excited
states of HCyN, including other cyanopolyynes, was published
by Vichietti & Haiduke (2012). However, the authors only pro-
vide the vibrational band frequencies and intensities under the
harmonic approximation. The results of our anharmonic calcu-
lations in terms of energy and intensities are compatible with
those reported by Vichietti & Haiduke (2012).

The value of B, for each vibrationally excited state of HCoN
can be determined using the values of the first order vibration-
rotation coupling constants «;, which are different for each vibra-
tional state and are obtained from the anharmonic frequency
calculations. Values of B, can be derived using the expression
(Gordy & Cook 1984)
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where B, and B, are the rotational constant in a given excited
state and in equilibrium, respectively, v; is the vibrational quan-
tum number, and d; is the corresponding degeneracy of the state.
On the other hand, the values for the /-type doubling constant ¢,
can be directly obtained from the frequency calculations.

Table B.1 shows the vibration-rotation coupling constants «;
and the [-type doubling constant ¢{ for each vibrationally excited
state i of HCoN obtained from the B3LYP and MP2 calculations.
The estimated rotational constants for each vibrationally excited
state were calculated as described above using the Bground cON-
stant for the ground state determined by Iida et al. (1991). The
anharmonic vibrational frequencies and the IR intensities of the
corresponding fundamental bands are also shown in Table B.1.
The assignment of the observed transitions to the vibrationally
excited state vj¢ = 1 is based on the excellent agreement between
the experimental and predicted values for By and the ¢y . It
can be observed that the accordance between the experimental
and predicted values is a bit better when the B3LYP/cc-pVTZ
level of theory is used. However, the theoretical results for both
methods indicate that the assignment is unequivocal regardless
of the level of the calculation. Further evidence in support of
this assignment is related to the vibrational frequency. Using the
experimental values derived from the rotational analysis and the
approximate expression w, ~ 2.6B2/q,, (Gordy & Cook 1984),
the obtained value for the vibrational frequency is only com-
patible with the assignment of the series of lines to the vy
state.

The reliability of both methods of calculation used for
HC9N was first tested for the analogue molecular systems
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Table B.1. Theoretical values for the vibrational excited states of HCoN calculated at B3LYP/cc-pVTZ and MP2/cc-pVTZ levels of theory under

the anharmonic approach.

a; (MHz) B, (MHz) @ ¢ (MHz) Frequency (cm™')

Vib. State Sim.  B3LYP MP2 B3LYP B3LYP B3LYP MP2 B3LYP MP2
Vi o 0.07761  0.07485  290.44071 290.44347 - - 3336 3348
Vs o 0.40988  0.52794  290.10844 289.99038 - - 2296 2142
V3 o 0.48562  0.47154  290.03270 290.04678 - - 2253 2090
V4 o 0.62642  0.60274  289.89190 289.91558 - - 2182 2023
s o 0.34994  0.33200 290.16838 290.18632 - - 2173 2028
Ve o 0.29256  0.33625  290.22576  290.18207 - - 2088 1956
vy o 0.50556  0.47858  290.01276 290.03974 - - 1406 1383
vg o 0.31723  0.30450  290.20109 290.21382 - - 1128 1098
Yo o 0.19501  0.18891  290.32331  290.32941 - - 737 744
Y10 o 0.08457  0.08156  290.43375 290.43676 - - 377 365
Vi n  -0.03612 -0.03210 290.55444 290.55042 0.0101 0.0103 653 601
Vi r =022177 -0.25210 290.74009 290.77042 0.0128 0.0134 545 459
Vi3 n —-0.18431 -0.20526 290.70263 290.72358 0.0138 0.0139 535 491
Via n -0.19463 -0.19918 290.71295 290.71750 0.0143 0.0145 510 477
Vis r  —021125 -0.22289 290.72957 290.74121 0.0161 0.0160 450 430
Vi x  —027911 -0.28303 290.79743 290.80135 0.0205 0.0208 309 285
vi7 x -027102 -0.26584 290.78934 290.78416 0.0300 0.0298 208 198
Vig r —0.29291 -0.28753 290.81123 290.80585 0.0537 0.0530 122 110
V19 n —-0.35317 -0.34513 290.87149 290.86345 0.1408 0.1378 55 47
Exp. (vi9) ® 290.884436 (345) 0.146310(133) 50@

Error ©

0.004% 0.007% 3.8% 5.8% 10.0% 6.0%

Notes. @Rotational constant B of the vibrational state v calculated using the experimental value of the ground state from Iida et al. (1991).
®Experimental values obtained form a fit to the frequencies observed in this work (see Table A.2). “Discrepancies between theoretical calculations
and experimental values for the vibrational excited state vj9. Values calculated as follows: ((Exp — Theo) / Exp) x 100. Calculated using the
approximation w, ~ 2.6B2/q,;, where w, is the frequency of the vibrational state v and B, and g,, are its rotational and /-doubling constants,

respectively.

Table B.2. Comparison between experimental and theoretical values, using the anharmonic approximation at B3LYP/cc-pVTZ level of theory, for
the vibrationally excited states of HCsN and HC7N.

Vib. State  Theo. B, Exp. B, ® B, ©  Theo.g¢@ Exp. ¢¢© qc©
(MHz) (MHz) 9Y0Error (MHz) (MHz) 90Error

HCsN

V6 1330.2385  1330.27109(88) 0.002% - - -
V7 1331.6481  1331.600997(28) " —0.004% 0.2041 0.213887(55) " 4.6%
Vg 1333.2083  1333.051138(27)”  -0.012% 0.3102 0.316154(59) " 1.9%
Vo 1332.8278  1332.925330(20) @ 0.007% 0.3120 0.328526(40) @ 5.0%
Y10 1333.6142  1333.784785(26) @ 0.013% 0.4645 0.500190(52) @ 7.1%
Vi 1333.9370  1334.118237(24)@ 0.014% 1.1066 1.162898(48) @ 4.8%
HC;N

Vi3 564.696253  564.736752(39) M 0.007% 0.0793 0.085553(77) 7.3%
Vig 564.711383  564.743284(47)™ 0.006% 0.1358 0.143602(94) ™ 5.4%
Vis 564.855313  564.887305(34) 0.006% 0.3444 0.359762(69) 4.3%

Notes. @Rotational constant B of the vibrational state v estimated using the theoretical vibration—rotation coupling constants ; calculated at the
B3LYP/cc-pVTZ level of theory. ’Experimental values of the B rotational constant. YDiscrepancies between theoretical calculations and exper-
imental values calculated as follows: ((Exp — Theo) / Exp) x 100. @[-doubling constant q;, of the vibrational mode v calculated at the B3LYP/cc-
pVTZ level of theory. YExperimental value of the I-doubling constant g,,. "Experimental values are taken from Degli Esposti et al. (2005).
@Experimental values are taken from Yamada et al. (2004). "’ Experimental values are taken from Bizzocchi & Degli (2004).

HCsN and HC;N to rule out any kind of doubt in the assign- experimentally (Bizzocchi & Degli 2004; Yamada et al. 2004;
ment. Tables B.2 and B.3 show the results of anharmonic cal- Degli Esposti et al. 2005). We see that the predicted values with
culations for HCsN and HC;N at both B3LYP/cc-pVTZ and both levels of theory reproduce the experimental values for the
MP2/cc-pVTZ levels of theory. The values of B, and ¢! cal- two molecules very well. The errors obtained for HCsN and
culated for HCsN and HC;N are compared to those reported HC;N are on the same order of those found for the v;9 mode
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Table B.3. Comparison between experimental and theoretical values, using the anharmonic approximation at MP2/cc-pVTZ level of theory, for
the vibrationally excited states of HCsN and HC7N.

Vib. State  Theo. B, @ Exp. B, ® B, ©  Theo. g% @ Exp. ¢¢© qc©
HCsN

Ve 1330.229 1330.27109(88) 0.003% - - -
V7 1331.651 1331.600997(28) ) -0.004% 0.2017 0.213887(55)  -5.7%
Ve 1333224 1333.051138Q27)  —0.013% 02986  0.316154(59))  —5.6%
12 1332.841 1332.925330(20) @ 0.006% 0.3094 0.328526(40) @ -5.8%
V1o 1333.634 1333.784785(26) @ 0.011% 0.4651 0.500190(52) @ -7.0%
Vil 1333.959 1334.118237(24) @ 0.012% 1.0892 1.162898(48) @ —6.3%
HC;N

Vi3 564.713 564.736752(39) ® 0.004% 0.0809 0.085553(77) " -5.5%
Via 564.705 564.743284(47) " 0.007% 0.1350 0.143602(94) ™ —6.0%
Vis 564.845  564.88730534)™  0.007% 03392 0.359762(69)®  —-5.7%

Notes. @Rotational constant B of the vibrational state v estimated using the theoretical vibration—rotation coupling constants ; calculated at the
MP2/cc-pVTZ level of theory. ’Experimental values of the B rotational constant. ) Discrepancies between theoretical calculations and experimen-
tal values calculated as follows: ((Exp — Theo) / Exp) x 100. I-doubling constant ¢ of the vibrational mode v calculated at the MP2/cc-pVTZ level
of theory. “Experimental value of the /-doubling constant g,,. "Experimental values are taken from Degli Esposti et al. (2005). ¥ Experimental
value are taken from Yamada et al. (2004). Experimental values are taken from Bizzocchi & Degli (2004).

Table B.4. Calculated energies and IR intensities of the fundamental bands of all the vibrational modes of HCsN, HC;N, and HCgN.

HCyN HC,N HCsN

Energy @ Intensity @ Energy Intensity Energy Intensity
State MP2© B3LYP© MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP
Vi 3348 3336 131.766  175.048 3349 3330 113.779 145945 3350 3327 101.387 107.211
12 2142 2296 5.710 98.808 2139 2311 3.561 61.568 2167 2308 32.819 77.124
V3 2090 2253 0.671 0.138 2104 2223 84.796 114.308 2102 2246 4.246 6.556
Vs 2023 2182 171.359 275.899 2054 2192 3.509 4.467 1981 2116 0.024 0.509
Vs 2028 2173 28.766 51.419 1969 2097 1.918 0.060 1174 1201 0.036 0.443
Ve 1956 2088 2.473 0.791 1305 1322 1.674 0.200 611 632 0.325 0.026
vy 1383 1406 0.004 0.748 881 911 0.071 1.800 611 644 39.608 41.287
Vg 1098 1128 0.693 0.241 458 470 0.407 0.110 461 546 0.829 2414
Vo 744 737 0.855 3.752 607 640 37.719 42.675 463 494 0.438 0.101
V1o 365 377 0.531 0.230 455 539 0.602 1.765 252 271 5.677 8.631
Vit 601 653 39.013 43.229 487 522 1.667 0.667 109 113 0.202 0.376
Via 459 545 0.061 1.956 441 461 1.066 2.715
Vi3 491 535 2.770 0.821 273 290 0.098 0.007
Via 477 510 0.329 3.882 160 162 5.288 5.713
Vis 430 450 0.346 0.005 58 52 0.111 0.039
Vie 285 309 2.950 3.369
vi7 198 208 0.228 0.012
Vig 110 122 3.250 5.032
Vig 47 55 0.135 0.027

Notes. “’Energy in units of cm™'. IR intensity in units of km mol~'. “The two methods of calculation (MP2 and B3LYP) employ cc-pVTZ as
the basis set and include the anharmonic corrections.

of HCyN. As is usually observed for linear molecules, the values the energies and intensities of the fundamental bands of all the
of ¢¢ obtained by these calculations are slightly lower than the vibrational modes of HCsN, HC;N, and HCyN calculated at the
corresponding experimental values. Finally, Table B.4 collects MP2 and B3LYP levels of theory.
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