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ABSTRACT

Context. Peptide-like bond molecules, which can take part in the formation of proteins in a primitive Earth environment, have been
detected only towards a few hot cores and hot corinos up to now.

Aims. We present a study of HNCO, HC(O)NH,, CH;NCO, CH;C(O)NH,, CH3;NHCHO, CH;CH,NCO, NH,C(O)NH,,
NH,C(O)CN, and HOCH,C(O)NH, towards the hot core G31.41+0.31. The aim of this work is to study these species together to
allow a consistent study among them.

Methods. We have used the spectrum obtained from the ALMA 3 mm spectral survey GUAPOS, with a spectral resolution of
~0.488 MHz (~1.3-1.7kms™!) and an angular resolution of 172 x 172 (~4500au), to derive column densities of all the molecular
species presented in this work, together with 072 x 072 (~750 au) ALMA observations from another project to study the morphology
of HNCO, HC(O)NH,, and CH;C(O)NHs.

Results. We have detected HNCO, HC(O)NH,, CH;NCO, CH;C(O)NH,, and CH;NHCHO, but no CH;CH,NCO, NH,C(O)NH,,
NH,C(O)CN, or HOCH,C(O)NH,. This is the first time that these molecules have been detected all together outside the Galactic
centre. We have obtained molecular fractional abundances with respect to H, from 10~ down to a few 10~ and abundances with
respect to CH;OH from 10~ to ~4 x 1072, and their emission is found to be compact (~2”, i.e. ~7500 au). From the comparison with
other sources, we find that regions in an earlier stage of evolution, such as pre-stellar cores, show abundances at least two orders of
magnitude lower than those in hot cores, hot corinos, or shocked regions. Moreover, molecular abundance ratios towards different
sources are found to be consistent between them within ~1 order of magnitude, regardless of the physical properties (e.g. differ-
ent masses and luminosities), or the source position throughout the Galaxy. Correlations have also been found between HNCO and
HC(O)NH, as well as CH;NCO and HNCO abundances, and for the first time between CH;NCO and HC(O)NH,, CH;C(O)NH, and
HNCO, and CH;C(O)NH, and HC(O)NH, abundances. These results suggest that all these species are formed on grain surfaces in
early evolutionary stages of molecular clouds, and that they are subsequently released back to the gas phase through thermal desorption
or shock-triggered desorption.

Key words. astrochemistry — line: identification — ISM: molecules — ISM: individual objects: G31.414+0.31 — stars: formation

1. Introduction

The study of the origin of life on Earth is one of the main
challenges among biologists, chemists, geologists, and, in recent
years, also astrophysicists. In fact, the advent of more sen-
sitive and higher spatial and spectral resolution astronomi-
cal instruments, such as the Atacama Large Millimeter Array

*Table C.1 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/653/A129

Article published by EDP Sciences

(ALMA), allowed the detection of ~240 molecular species in
the interstellar medium (ISM), about 100 of which are com-
plex organic molecules (COMs), that is molecules containing
carbon with six or more atoms (McGuire 2018). In particular,
COMs have been detected ubiquitously in the ISM towards high-
mass and low-mass star-forming regions (e.g. Hollis et al. 2004;
Beltran et al. 2009; Belloche et al. 2013; Jgrgensen et al. 2012),
protostellar molecular outflows (e.g. Arce et al. 2008; Codella
et al. 2020), photon-dominated regions (e.g. Guzman et al. 2013;
Cuadrado et al. 2017), dark clouds cores and pre-stellar cores
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(e.g. Marcelino et al. 2007; Bacmann et al. 2012; Jiménez-Serra
et al. 2016), and Galactic Centre (GC) molecular clouds (e.g.
Requena-Torres et al. 2006; Zeng et al. 2018; Rivilla et al. 2019,
2021; Jiménez-Serra et al. 2020).

Among prebiotic COMSs, those containing peptide-like
bonds (NCO backbone) are of great interest because they can
participate in the link of amino acids forming proteins (e.g.
Pascal et al. 2005). Peptide-like bond molecules detected to date
in the ISM are isocyanic acid (HNCO), formamide (HC(O)NH,),
methyl isocyanate (CH3NCO), acetamide (CH3C(O)NH;) and
its isomer N-methylformamide (CH;NHCHO), and urea
(NH,C(O)NH,). Unlike these species, ethyl isocyanate
(CH3CH;NCO), cyanoformamide (NH,C(O)CN), and glyco-
lamide (HOCH,C(O)NH,), which also contain the peptide-like
bond, have never been detected in the ISM. Kolesnikova et al.
(2018) report the rotational spectrum of CH3;CH,NCO from 80
to 340 GHz, and they searched for it towards the Orion KL and
Sgr B2 hot molecular cores (HMCs) without success. Sanz-Novo
et al. (2020) provided experimental frequencies of the rotational
lines in the ground vibrational state of HOCH,C(O)NH, and
searched for it towards SgrB2(N) also without success. Finally,
NH,C(O)CN searches in the ISM have never been reported.
Isocyanic acid, HNCO, was detected towards HMCs, low-mass
protostars, translucent molecular clouds, molecular outflows,
and extragalactic regions (e.g. Snyder & Buhl 1972; Turner et al.
1999; Helmich & van Dishoeck 1997; Bisschop et al. 2007; Zeng
et al. 2018; Rodriguez-Fernandez et al. 2010; Nguyen-Q-Rieu
et al. 1991; Nazari et al. 2021; Canelo et al. 2021). Formamide,
HC(O)NH,, has been also detected towards many different high-
and low-mass star-forming regions (e.g. Lépez-Sepulcre et al.
2019). Methyl isocyanate, CH;NCO was detected towards Sgr
B2(N), OrionKL, the low-mass protostars IRAS 16293-2422
A and B, the high-mass protostellar object G328.2551-0.5321,
the G10.47+0.03 and G31.41+0.31 HMCs, and the Serpens
SMM1 hot corino (Halfen et al. 2015; Cernicharo et al. 2016;
Martin-Doménech et al. 2017; Ligterink et al. 2017, 2018, 2021;
Manigand et al. 2020; Csengeri et al. 2019; Gorai et al. 2020,
2021). Acetamide, CH3C(O)NH,, was detected towards different
high-mass star-forming regions (Hollis et al. 2006; Halfen et al.
2011; Cernicharo et al. 2016; Belloche et al. 2017; Ligterink
et al. 2020) and tentatively detected towards IRAS 16293-2422
B (Ligterink et al. 2018). Moreover, the second most stable
C,HsNO isomer after CH3;C(O)NH,, N-methylformamide,
CH;NHCHO (Lattelais et al. 2010), was detected towards Sgr
B2(N1S) and NGC 63341 and tentatively detected towards Sgr
B2(N2) (Belloche et al. 2017, 2019; Ligterink et al. 2020).
Recently, urea, NH,C(O)NH;, has been detected towards Sgr
B2(N1) and the GC molecular cloud G+0.693-0.027 (Belloche
et al. 2019; Jiménez-Serra et al. 2020), and tentatively detected
towards NGC 7538 IRS9, Sgr B2(N-LMH), and NGC 63341
(Raunier et al. 2004; Remijan et al. 2014; Ligterink et al. 2020).

These peptide-like bond species have preferentially been
detected so far in massive and clustered star-forming regions.
In this sense, it is worth noting that our Sun is thought to have
been formed in a clustered environment in the presence of mas-
sive stars (e.g Adams 2010; Lichtenberg et al. 2019; Wallner
et al. 2020; Korschinek et al. 2020). Therefore, the study of the
chemical reservoir of the birth environment of massive stars,
known as HMCs, can give us important hints about the chem-
ical heritage that our own Solar System received from its natal
environment.

For all of these species, different chemical formation and
destruction pathways, both on grain surfaces and in gas phase,
have been proposed (e.g. Agarwal et al. 1985; Grim et al. 1989;
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Garrod et al. 2008; Jones et al. 2011; Noble et al. 2015; Fedoseev
et al. 2016; Belloche et al. 2017; Quénard et al. 2018). However,
chemical networks still need important new inputs from obser-
vations in different astronomical environments to be properly
constrained.

In this paper, we study molecules with one or more peptide-
like bonds (see Fig. 1) towards the HMC G31.41+0.31 (hereafter
G31) in the context of the G31 Unbiased ALMA sPectral Obser-
vational Survey (GUAPOS, Mininni et al. 2020). All these
molecules are reported for the first time in this paper towards
G31, with the exceptions of HC(O)NH;, recently detected by
Coletta et al. (2020) using single-dish data, and CH3;NCO,
recently reported by Gorai et al. (2021). G31 is a HMC located
at a distance of 3.75 kpc (Immer et al. 2019), with a luminosity
of ~4.5 x 10* L, (from Osorio et al. 2009) and a mass of ~70 M,
(Cesaroni 2019). The core harbours two free-free continuum
sources separated by ~(0”2 (Cesaroni et al. 2010), and new VLA
and ALMA observations show that there are at least four massive
star-forming regions in the core (Beltran et al. 2021). Moreover,
few molecular lines present an inverse P-Cygni profile, indicat-
ing that the core is collapsing and rotating with respect to the
direction of a magnetic field, revealed by polarisation measure-
ments (Girart et al. 2009; Beltran et al. 2019). G31 is an excellent
source to search for complex molecules since it presents a very
rich chemistry, as already shown by previous works (e.g. Beltran
et al. 2005, 2009, 2018; Rivilla et al. 2017; Mininni et al. 2020;
Gorai et al. 2021). This is the second paper from this survey,
after the first one which presented the GUAPOS project and the
analysis of the three energetically most stable C;H40, isomers
(Mininni et al. 2020).

In Sects. 2 and 3, we present the observations and the results,
respectively. In Sect. 4, we provide a detailed comparison with
previous observations towards other sources and a discussion of
the main formation and destruction reactions proposed for these
species, giving new inputs for future chemical models. Finally,
the conclusions are summarised in Sect. 5.

2. Observations and data analysis
2.1. ALMA data

Observations towards the HMC G31 were taken with ALMA
during Cycle 5 (project 2017.1.00501.S, PI:. M. T. Bel-
trdn) obtaining an unbiased spectral survey in Band 3,
from 84.05GHz up to 115.91 GHz. The frequency resolu-
tion is 0.49 MHz, corresponding to a velocity resolution of
~1.6kms™! at 90 GHz. The final angular resolution is ~172
(~4500 au). The root mean square (rms) noise of the maps
varies between 0.5 mJy beam™! and 1.9 mJy beam~'. The point-
ing centre of the observations is @00 = 18"47m345 and 8yx900 =
—0.1°12"45". The uncertainty on the flux calibration is of ~5%.
For more details see Mininni et al. (2020).

In this work, as in Mininni et al. (2020), we have anal-
ysed a spectrum extracted inside an area equal to the
beam size towards the continuum peak position (ajgp =
18"47™345 321 and 6jgp0 =—0.1°12/457977). The rms noise
of the spectrum varies from 7mK to 27 mK. The spectrum of
G31 is very line rich, which prevents to subtract the continuum
by simply using line-free channels. Thus, we have applied the
corrected sigma clipping method (c-SMC) approach of the
Python-based tool STATCONT! (Sanchez-Monge et al. 2018)

1 STATCONT is freely accessible here: https://hera.phl.
uni-koeln.de/~sanchez/statcont
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Fig. 1. Chemical structure of the peptide-like bond molecules studied in this paper. White, grey, red, and blue spheres correspond to H, C, O, and

N atoms, respectively.

to subtract the continuum. A detailed discussion of the results
of this method is presented in Appendix A. The error associated
with the final Band 3 spectrum is of £1.2 K, which corresponds
to the 11% of the continuum level at a reference frequency of
84.579 GHz. This error is included as an additional error on the
parameters derived from the fit to the spectrum.

2.2. Additional high-angular resolution data

Interferometric observations of G31 at higher angular resolution
were carried out with ALMA in Cycle 2 in July and Septem-
ber 2015 as part of project 2013.1.00489.S. (P.I.: R. Cesaroni).
The observations were carried out in Band 6 with the array in an
extended configuration. The digital correlator was configured in
thirteen spectral windows (SPW), one broad window for the con-
tinuum and twelve narrow ones for the lines, covering different
bandwidths from ~217 GHz to ~236.5 GHz. The phase reference
centre of the observations is ajggo= 18"47™345.315, 62000 =
—01° 12’45790. The resulting synthesised cleaned beam of the
maps is 072 x 072 (~750 au) for the lines analysed in this work.
The rms noise of the maps is ~1.3 mJy beam™' at ~217 GHz and
218 GHz, ~1.5mJybeam™! at ~219 GHz, and ~2 mJy beam™' at

~220 GHz. We refer to Cesaroni et al. (2017) and Beltran et al.
(2018) for detailed information on the observations.

2.3. Spectral analysis

The line identification of the molecular species present in the
GUAPOS spectrum has been done using the version 01/12/2020
of the SLIM (Spectral Line Identification and Modelling) tool
within the MADCUBA package? (Martin et al. 2019). SLIM uses
the spectroscopic entries from the Cologne Database for Molec-
ular Spectroscopy® (CDMS, Miiller et al. 2001, 2005; Endres
et al. 2016), the Jet Propulsion Laboratory* (JPL, Pickett et al.
1998), and for species whose spectroscopy was not present in the
catalogues we have added entries using available spectroscopic
works. Then, SLIM generates a synthetic spectrum, assuming
local thermodynamic equilibrium (LTE) conditions and taking

2 Madrid Data Cube Analysis on ImageJ is a software developed
at the Center for Astrobiology (CAB) in Madrid; https://cab.
inta-csic.es/madcuba/index.html

3 http://cdms.astro.uni-koeln.de/classic/

4 https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.
html
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Fig. 2. Transitions listed in Table C.1 and used to fit the v=0 state of isocyanic acid (HNCO) and its '*C-isotopologue (HN'3CO). The magenta
and green curves represent the best LTE fits obtained with MADCUBA for HNCO and HN!3CO, respectively (Table 1). The red curve shows the
simulated spectrum taking into account all the species identified so far in the region.

into account the line opacity. In this study, we focused the analy-
sis on the molecules containing one or more peptide-like bonds
(NCO backbone) HNCO, HC(O)NH,, CH3;NCO, CH3C(O)NH,,
CH3NHCHO, CH3CH,;NCO, NH,C(O)NH,, NH,C(O)CN, and
HOCH;C(O)NH, (Fig. 1). Details on the spectroscopic entries
used for these species can be found in Appendix B. Beside the
analysis of the peptide-like bond molecules, a preliminary iden-
tification of other molecular species has been done to evaluate
the effect of possible line contaminations (e.g. thin red line of
Fig. 2). For each molecular species we used the MADCUBA-
AUTOFIT tool to compare the observed spectrum with the LTE
synthetic one. This fitting tool provides the best non-linear least-
squared fit to all the transitions taken into account by using the
Levenberg-Marquardt algorithm. The free parameters of the fit-
ting are the column density of the molecule, N, the excitation
temperature, T, the peak velocity, v sg, and the full-width-half-
maximum (FWHM), Av. As described by Mininni et al. (2020),
the LTE assumption is well justified because of the high vol-
ume density n(H,) ~ 108 cm™. Since the emission of the HMC
fills the beam (i.e. the region from which we have extracted the
spectrum, see Sect. 3.2 and Mininni et al. 2020), we did not
consider beam-dilution in the fitting procedure. Moreover, since
we have also considered the possible contamination from other
molecular species, we have limited the fit to non-contaminated
or slightly contaminated transitions. In particular, we have con-
sidered (i) non-contamination from a line of another species if
its peak is at a distance larger than FWHM from the peak of
the considered line, and ii) in case of blending with peak sep-
aration <FWHM, the contamination of the line of the other
species should be <15%. Thus, the parameters above are left free
to obtain the best-LTE fit whenever the algorithm reaches the
convergence. If convergence cannot be reached, FWHM, v g,
and/or T, have been fixed as explained in Sect. 3.1. When the
algorithm converges, it also provides the errors on the parame-
ters. The transitions used for the fit of each molecule are listed in
Table C.1. When the spectroscopic information of vibrationally
excited states is present, the total partition function used for the
fit (Qvibrot) has been derived taking into account the contribution
of both the rotational partition function, Qy, and the vibra-
tional one, Qvib, Ovibrot = Orot X Ovib (see Appendix B). The final
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relative error on the total column densities has been derived as
the square root of the quadratic sum of the relative error given by
the fit algorithm and the error on the continuum level (11%, see
Sect. 2.1). Finally, the molecular abundances (X) were derived
using the column density of H,, obtained from the continuum
emission inside the area from which we extracted the spectrum,
Ny, =(1.0+£0.2) x 10% c¢m™2 (see Mininni et al. 2020).

The analysis of the different vibrational states has been done
separately for HNCO, HC(O)NH,, and CH3NCO, because of
the difficulty to fit all of the transitions of a molecule with
a single Te. In fact, it is well know that the HMC G31 has
a temperature gradient, with temperatures of ~100K towards
the outer part (at ~0.03 pc from the centre), and of ~450K
towards its centre (Beltran et al. 2018). Moreover, as we dis-
cuss in Sects. 3.1.1, 3.1.2, and 3.1.3, the ground vibrational states
of these molecules are optically thicker than the vibrationally
excited ones. Thus, we only discuss the results obtained from
the '3C-isotopologues, or from the vibrationally excited states if
the '3C-isotopologues have not been detected. Conversely, the
resulting fit for CH;C(O)NH, was obtained taking into account
the v=0, and v, =1, 2 transitions all together, because we find
that they all are optically thin. For CH;NHCHO, only the ground
vibrational state transitions have been detected and analysed,
and upper limits will be provided for its excited states transi-
tions. Finally, CH;CH,NCO, NH,C(O)NH,, NH,C(O)CN, and
HOCH;C(O)NH,; have not been detected, and only upper limits
of the ground vibrational state will be provided.

3. Results

In this section, we show the results obtained from the line
fitting procedure performed with MADCUBA-SLIM for the
nine species (Sects. 3.1.1-3.1.6 and Appendix D). The non-
contaminated transitions used to fit the molecular lines are listed
in Table C.1. Moreover, we present the integrated emission maps
of the molecular species obtained from the GUAPOS survey
(~1"72), and higher angular resolution observations (~0.2) for
HNCO, HC(O)NH,, and CH3NCO (Sect. 3.2). The results from
the fitting procedure are listed in Table 1, and the total spectrum
with the fit to all of the molecules studied in this paper is given
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Table 1. Line parameters obtained from the best LTE fit and abundance for HNCO, HC(O)NH,, CH;NCO (and their '*C-isotopologues),
CH;C(O)NH,, CH;NHCHO, CH;CH,NCO, NH,C(O)NH,, NH,C(O)CN, and HOCH,C(O)NH,.

FWHM ULSR Tex N X

(kms™")  (kms™) (K) (x10'%cm™2) (x107%)
HNCO, v=0 8 97+17 217+22 11.5+1.8 11+3
HNCO, vy =1 8 97 217 63+8@ 63+15@
HNCO, vs =1 8 97 217 79+ 17@ 79 +23@
HNCO, vg=1 8 97 217 <95@ <95
HN'3CO, v=0 8 97 217 3.8+05 3.8+09
HNCO® 141 £49© 141 £57©
HNCO, v=0 97 217 049+0.09 @ 049+0.13@
HC(O)NH,, v=0 86+02 97+13 150+26 5411 54+15
HC(O)NH,, vy, =1 8.4+0.2 97 245 + 88 15+2 15+4
H'3C(O)NH,, v=0 8.6 97 150 0.47 +0.07 0.47 +0.11
HC(O)NH, ® 17+6© 17+7©
CH;NCO, v, =0 715+015 97+11  122+7 43+0.6 43+1.0
CH;NCO, v, =1 7.15 97 91 +37 12+3©@ 12+4©
BCH;NCO, v, =0 7.15 97 122 0.49+0.09@  0.49+0.13@
CH;N'3CO, v, =0 715 97 122 <0.63@ <0.63
CH;NCO® 18+7 18+9
CH;C(O)NH,, v=0,0,=1,2 62+04 96.7  285+50 8+4© 8+4©
CH;NHCHO, v=0 96.5 285 3.7+£1.6© 3.7+£1.7©@
CH;NHCHO, v, =1 7 96.5 285 <2.3@ <23
CH;NHCHO, v, =2 7 96.5 285 <2.1@ <21
CH;CH,NCO, v=0 7.15 97 91 <0.5@ <0.5
NH,C(O)NH,0=0 7 96.5 150 <0.016@ <0.016
NH,C(O)CN, v=0 7 96.5 150 <0.3@ <0.3
HOCH,C(O)NH,, v=0 7 96.5 150 <0.07@ <0.07

Notes.

N is the average column density inside the beam of 172; X is the abundance inside a beam calculated as N/Ny,, where Ny, =

(1.0 +£0.2) x 10% cm™. Parameters without errors are fixed in the fitting procedure, as explained in Sect. 2.3. @Tentative detection. ”’Column
density and abundances derived from the '*C-isotopologue multiplied by '>C/'*C =37 + 12 (Yan et al. 2019). In the case of CH;NCO we have used
the 3CH3NCO column density. )Value used for the discussion in Sect. 4. ““We note that this upper limit should be taken with caution since it has
been derived by eye because all of the transitions are contaminated by other species.

in Appendix E. This is the first time that HNCO, HC(O)NH,,
CH;NCO, CH3C(O)NH,, and CH3NHCHO have been detected
together towards G31 and outside the GC, after the detections in
Sgr B2(N2) (Belloche et al. 2017).

3.1. LTE fits
3.1.1. Isocyanic acid (HNCO)

The HNCO and HN'3CO molecules have a similar centre of
mass and for this reason the frequencies of their rotational tran-
sitions are very close (~1.8 MHz of difference). Thus, since
the typical line width towards G31 is of ~6-8kms™' (~2.0—
2.6 MHz at 100 GHz, see e.g. Mininni et al. 2020) the lines of
the two species appear blended. We have performed the fit of
both species simultaneously (magenta and green curves in Fig. 2)
using MADCUBA, considering also the contribution from other
species already identified in the GUAPOS survey (thin red line
in Fig. 2).

To perform the final fit of HNCO and HN'13CO, we fixed the
FWHM to 8 kms~!, which best reproduce the observed line pro-
files (Fig. 2). The best fit of HNCO provided Tex =217 £ 22K,

N=(1.15+0.18) x 107 cm™2, and molecular abundance with
respect to Hy, X=(1.1+0.3) x 1078, To derive the best fit for
HN!BCO we fixed Ty to the same estimated value for HNCO
because the fit did not converge leaving it free, and we have
obtained N = (3.8 +£0.5) x 10" cm™2, and X = (3.8 £0.9) x 10~°.

Moreover, we have also tentatively detected the vibrationally
excited states v4 =1 and vs = 1, while an upper limit to the vg =1
state is given. MADCUBA derives the upper limits to the inte-
grated intensity using the formula 3 X rms X Av/ y/fichan, Where
rms is the root-mean-square measured over a line-free spec-
tral range, and ngpa, is the number of channels covered by the
FWHM, Av. As shown in Figs. D.1 and D.2, only five and three
rotational transitions of the vy =1 and vs =1 states, respectively,
have been tentatively detected, since they are partially contam-
inated with other molecules. The main contaminants of the
v4 =1 transitions are HNCO, v5 =1 at 110.086 GHz, CH; COCHj3;
at 110.089 GHz, HCOOC,Hj5 at 110.417 GHz and 110.103 GHz,
CH,DOH at 110.105 GHz, and CH3CHO at 106.792 GHz. The
main contaminant of the vs=1 transitions is ethylene glycol
at 87.739 GHz. To perform the final fit we have fixed FWHM,
Tex, and vrsr as those of the ground state of HNCO (Table 1).
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Fig. 3. Transitions listed in Table C.1 and used to fit the v =0 state of formamide (HC(O)NH,). The blue curve represents the best LTE fit obtained
with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region.

The best fit gave as output N=(6.3+0.8)x 10" cm~2, and
X=(63+15x108forvy=1,and N= (7.9 +1.7) x 107 cm2,
and X=(7.9+2.3)x 1078 for vs=1. Moreover, for vg=1 we
have derived a rough estimate of the upper limit of the col-
umn density using MADCUBA-SLIM given the difficulty of
obtaining a precise result due to the blending with lines of other
species. Thus, we have assumed Tex, vy sr, and FWHM derived
for HNCO v, =0, and have increased N to the maximum value
compatible with the observed spectrum. We have obtained N <
9.5 10" cm™2 and an abundance X < 9.5 x 1078, We have also
found hints of possible emission of three transitions of HINCO,
at 106.224, 106.578, and 106.614 GHz, respectively (Fig. D.3).
The transition at 106.224 GHz is partially contaminated by n-
C;3;H;CN, v =0 (20% of contamination). Moreover, the transition
at 106.614 GHz seems to be contaminated by a non-identified
line. Taking into account these transitions, and fixing all the
parameters as those estimated for HNCO, we have derived a
tentative N = (4.9 +0.9) x 10> cm™2, and X = (4.9 + 1.3) x 10710,

From the results of the fit we have derived a '>C/!3C ratio of
3.0+ 0.6 and a "*N/!N ratio of 23+ 6 using HNCO, v=0. The
low '2C/'3C is probably due to the line opacity, 7, of the opti-
cally thick main isotopologue. In fact, from the fit of HN'*CO
we obtain values of 7 as high as 0.04, while the 7 obtained for
HNCO, v=0 are one order of magnitude higher (see Table C.1).
Moreover, this is also confirmed by the low '*N/!°N ratio (23)
measured. This is by far the lowest ratio ever estimated towards
massive star-forming regions, for which typical values range
between 200 and 1000 (e.g. Colzi et al. 2018), and it is even lower
that the values measured in the pristine material of meteorites
(see e.g. Bonal et al. 2009).

Since HNCO is optically thick, we have derived the col-
umn density using the optically thinner '3C-isotopologue (see
Table C.1), correcting it by the '2C/!3C ratio derived follow-
ing the galactocentric trend recently obtained by Yan et al.
(2019). At the galactocentric distance of G31, Dgc =5.02 kpc,
the '2C/13C ratio is 37 = 12. Thus, the corrected column den-
sity is N=(1.4 +0.5) x 10'"® cm™2, and the corrected abundance
is X=(14+0.6)x 107", If we simulate the spectrum of the
transitions in Fig. 2 of HNCO, v=0 with this corrected col-
umn density, the derived line opacities are in the range 1.3-3.4
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confirming that HNCO, v=0 is optically thick. This col-
umn density and abundance will be used for the discussion
presented in Sect. 4 and are consistent with those derived
from the tentatively detected vibrationally excited state vs=1.
Moreover, the [HN'3CO/HNCO] x 37 value derived, 287 + 66,
is consistent with the Galactic '“N/'N value of 340 +90
derived from the linear relation found by Colzi et al. (2018),
which suggests that both isotopologues are reasonably optically
thin.

3.1.2. Formamide (HC(O)NH>)

Figures 3 and 4 show the non-contaminated transitions used
to fit HC(O)NH; and H'*C(O)NH,, while Fig. 5 shows the
non-contaminated transitions of the vibrationally excited state
v1p = 1. The best-fit parameters obtained with MADCUBA for
the ground state are Tex = 150 £ 26 K, FWHM =8.6 + 0.2 km s~L
N=(54+11)x10"%cm™2, and X=(5.4+1.5)x 107 (Table 1).
For its '3C-isotopologue, H'*C(O)NH,, we have fixed
the FWHM, the T., and the v sg as those estimated
for HC(O)NH, and found N=(4.7+0.7)x 105 cm™? and
X=(47+11)x10710.

From the fit results we have derived a '>C/'3C ratio of
12+3. As in the case of HNCO, this low '2C/13C ratio is
probably affected by opacity effects. As already done for
HNCO, we discuss the column density and abundance of
HC(O)NH; assuming the '2C/'3C ratio from the galactocentric
distance dependence and deriving the values from those of
the !3C-isotopologue. Thus, the corrected column density is
N=(1.7+0.6) x 10! cm™2, and the corrected abundance is X =
(1.7+0.7) x 1078, These values will be used for the discussion
presented in Sect. 4.

The best-fit parameters obtained with MADCUBA for
the v, =1 state are T.x=245+88K (consistent within the
error with that obtained for v=0), FWHM =8.4+0.2kms™!,
N=(1.5+0.2)x 107 cm™2, and X =(1.5+0.4) x 10~8. Note that
the column density and the abundance derived from the
13C-isotopologue multiplied by the '>C/'3C ratio, are consis-
tent, within the errors, with those derived separately from
the HC(O)NH; v, =1 state (see Table 1). This result is
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Fig. 5. Transitions listed in Table C.1 and used to fit the v, =1 state of formamide (HC(O)NH,). The steel blue curve represents the best LTE fits
obtained with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region.

also consistent with what was found for HNCO, HN!3CO,
and the tentatively detected vibrationally excited states. It
should be noted that if we fix T of H'3C(O)NH, to that
obtained for the HC(O)NH, v, =1 state (245K), we obtain
N=(9.1+14)x10%cm™2. Thus, the N corrected for the
12C/13C ratio would be N=(3.4+1.2)x 107 cm™2, a factor of
two higher with respect to the result obtained for the v, =1 state
of the main species, but consistent within the errors.

Since we have found that rotational transitions of the vibra-
tionally excited state are optically thin, this could be an indi-
cation that the v=0 state is affected by opacity effects, and
that the assumed '>C/!*C ratio to obtain the final results is a
good approximation. In fact, if we simulate the spectrum of the
transitions in Fig. 3 of HC(O)NH,, v=0 with the column den-
sity derived from the '3C-isotopologue (N = 1.7 x 10'7 cm™2), the
derived line opacities are in the range 0.3—-1.1.
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Fig. 6. Transitions listed in Table C.1 and used to fit the v, =0 state of methyl isocyanate (CH;NCO). The dark turquoise curve represents the best
LTE fit obtained with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in
the region.
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Fig. 6. continued.

3.1.3. Methyl isocyanate (CH3NCO)

Figure 6 shows the non-contaminated transitions used to
fit the ground vibrational state of CH3NCO. The best-fit
parameters obtained with MADCUBA are T=122+7K,
FWHM=7.15+0.15kms™!, N=(4.3+0.6)x10cm™2, and
X=(43+10)x107.

Figure 7 shows the non-contaminated transitions for the
vibrationally excited state v,=1. The best fit has been
obtained fixing the same FWHM as the ground state, and
resulted in T =91+ 37K, N=(1.2+0.3)x 107 cm™2, and X =
(1.2+£0.4)x 1078,

One '3C-isotopologue, '3CH3;NCO, is tentatively detected
because most of the transitions are contaminated or partially
blended with those of other molecular species. Figure D.4
shows the less contaminated transitions of '3CH;NCO, v, =0.
In particular, the main contaminants are 380, at 93.070 GHz,
93.071 GHz, and 93.073 GHz, CH3;NHCHO at 93.406 GHz,
CH3;C(O)NH, at 93.459GHz, CH3OCHO at 93.457 GHz,
CH3COOH at 100.203 GHz, and 100.942 GHz, CH3CHO at
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101.892 GHz, and CH;O'*CHO at 108.576 GHz. Moreover, at
108.406 GHz the baseline derived from STATCONT is slightly
high, and the simulated spectra do not match exactly the
observed one. However, the peak of the simulated transi-
tion is of ~1K and it is consistent with the error on the
derived baseline (see Appendix A). To perform the final fit
we have fixed the FWHM, the T, and the v sg as those of
the ground state of CH3NCO (Sect. 3.1.3). The best fit gave
as N=(4.9+0.9)x 10" cm™? and X=(4.9+1.3)x 107'°. Con-
versely, CH3N'3CO was not detected and only an upper limit,
consistent with what is obtained for *CH;NCO, can be pro-
vided for the column density and abundance (Table 1). As with
HNCO, vg=1, it was not possible to directly derive the upper
limit of the CH3N'3CO column density due to the blending with
other species, and we roughly estimated the column density by
assuming the same T, vrsr, and FWHM of the ground state of
CH;NCO.

For this molecular species, the ground vibrational state has T
up to 0.12, while the vy =1 is optically thin (7 < 0.05). Moreover,
from the tentative detection of 3CH;NCO, and correcting for the
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Fig. 7. Transitions listed in Table C.1 and used to fit the v, =1 state of methyl isocyanate (CH3;NCO). The light orange curve represents the best
LTE fits obtained with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in

the region.

same '2C/"3C used above, we obtain N=(1.8 +£0.7) x 10" cm™2,
and X=(1.8+0.8)x 1078, consistent with the results obtained
for the vy, =1 state, as already found for HNCO and HC(O)NH,.
If we simulate the spectrum of the transitions in Fig. 6 of
CH;3NCO, v, =0 with the column density obtained from the
v, =1 states, the derived line opacities are up to 0.4 confirming
that CH3NCO, v, =0 is partially optically thick. Thus, we discuss
the results obtained for CH3;NCO taking into account the best fit
of the vibrationally excited state (Sect. 4).

The molecule that presents the lowest Tex With respect to the
other species studied in this work is CH3NCO (Table 1). First
of all, the T found for the ground vibrational state could be
affected by the opacity of these rotational transitions. Secondly,
the transitions of the v, =1 state, from which we take the final
result, present a very small range of E,, (from 285 K up 350 K).
This means that the Tex could not be well constrained. However,
even considering a higher T, of 300 K, the derived N varies only
by a factor of 1.2, consistent within the errors with the N derived
leaving T free.
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3.1.4. Acetamide (CH3C(O)NH,)

Figure 8 shows the non-contaminated or slightly contaminated
transitions used to fit CH3C(O)NH,. This is the first time that
CH3C(O)NHj; is detected towards this source. In this case, both
the ground vibrational state and the excited ones (v, =1, 2) are
optically thin (r < 0.01), and the range of upper energies of the
levels is similar for the three vibrational states (Eyp from ~50
up to 250K, see Table C.1). Moreover, since all the vibrational
levels are optically thin, we have been able to fit them simultane-
ously with a single LTE fit. The best-fit parameters obtained with
MADCUBA are T.=285+50K, FWHM=6.2+0.4kms’,
N=8+4)x10"%cm™2, and X=(8 £4) x 10~°.

3.1.5. N-methylformamide (CHzNHCHO)

Figure 9 shows the non-contaminated and slightly contami-
nated transitions used to fit the ground vibrational state of
CH3;NHCHO. Only the transition at 102.434 GHz is slightly
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Fig. 8. Transitions listed in Table C.1 and used to fit the v=0, and v, =1, 2 states of acetamide (CH;C(O)NH,). The purple curve represents the
best LTE fit obtained with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far
in the region.
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region.

contaminated (~50% of contamination) with ethylene glycol at
the same frequency. This is the first time that CH3NHCHO is
detected towards this source.

To fit this molecule we have fixed T to 285 K (same value
as for its isomer CH3;C(O)NHb), v sr to 96.5kms™!, and FWHM
to 7kms~!, because the fit did not converge leaving them free.
The best fit of the column density obtained with MADCUBA
gives N=(3.7+1.6)x 10"cm™2, and X=(3.7+1.7)x 10™°. In
this case, the vibrationally excited states were not detected and
upper limits to their column densities and abundances are pro-
vided (Table 1). In particular, the column density upper limits
have been derived like for HNCO v = 1, assuming the same 7T,
vLsr, and FWHM of CH3C(O)NH,, and increasing N until the
observed spectrum could be reproduced. The derived upper lim-
its are consistent with the column density found for the ground
state, within the errors.

3.1.6. Non detections

Unlike for the other species, no unblended transitions
of CH;CH,NCO, NH,C(O)NH,;, NH,C(O)CN, and
HOCH;C(O)NH,; were found. Thus, we have derived upper
limits for the column densities of the ground vibrational state.
All of the transitions of these molecules are contaminated
with those of other species, making it difficult to derive upper
limits for the column densities. Thus, for CH;CH,NCO we have
assumed T, vrsg, and FWHM derived for CH3;NCO v, =1
(since the ground state is optically thick, see Sect. 3.1.3), and
have increased N to the maximum value compatible with

the observed spectrum. We have obtained N <5x 10" cm™2,
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and a molecular abundance X<5x107'°. This gives a
CH3;NCO/CH;CH,NCO ratio >24, which is consistent with the
CH;3;NCO/CH3CH,NCO ratio >10 found towards the HMCs
Orion KL and Sgr B2 by Kolesnikova et al. (2018). Moreover,
for NH,C(O)NH,, NH,C(O)CN, and HOCH,C(O)NH, we have
assumed Tex = 150K, o5 =96.5km s™!, and FWHM =7 kms~!.
Also in this case we have increased N to the maximum
value compatible with the observed spectrum, and found
N < 1.6x 10" cm™2 for NH,C(O)NH,, N < 3x 10 cm™2 for
NH,C(O)CN, and N < 7 x 10'* cm~2 for HOCH,C(O)NH,.

3.2. Integrated intensity maps

Figure 10 shows the 172 resolution integrated intensity maps
of the 3mm GUAPOS survey of the most unblended tran-
sitions of HNCO, HC(O)NH,, CH3NCO, CH3;C(O)NH,, and
CH;NHCHO, with different values of the upper energy level
(Eyp). The velocity range used for the integrated intensity
maps goes from 93 to 100 km s~!. CH;CH,NCO, NH,C(O)NH,,
NH,C(O)CN, and HOCH,C(O)NH; are not included in the fig-
ure because they were not detected, as explained in Sect. 3.1.6.
The transitions of HNCO overlap with those of HN'3CO, and
therefore both species contribute to the integrated emission
maps.

These integrated intensity maps have been obtained from
the final cubes after the calibration carried out with the
CASA’> (Common Astronomy Software Applications) package
(McMullin et al. 2007). In particular, for each transitions we have

5 https://casa.nrao.edu
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Fig. 10. ALMA 172 resolution integrated emission maps at 3mm of transitions with different E,, (from 0 up to 200K, different columns) of
HC(O)NH,, HNCO, CH;NCO, CH3C(O)NH,, and CH;NHCHO (different rows) obtained with the GUAPOS survey. In each panel, the white

contours show the continuum emission levels at 5, 10, 20, 40, 60, 100, and 200 times the rms value of 0.8 mJy beam™

lower left corner represents the synthesised beam.

cropped the cube to frequencies +20MHz around the rest fre-
quency. Then, in the GUAPOS spectrum we have identified the
channels in which the line intensity is zero and we have used
these spectral windows to subtract the continuum pixel by pixel.
Finally, we obtained the integrated intensity maps from the four
channels around the rest frequencies. In fact, taking into account
the spectral resolution of ~0.48 MHz, the width of four chan-
nels at ~90 GHz corresponds to 6.5kms™!, comparable to the
FWHM of the molecular lines in this source. All these operations
were made with the MADCUBA software.

The emission of the molecular species studied here
arises entirely from the HMC, and comes from a region of
~2" (~7500 au, see Fig. 10). Moreover, the derivation of column

!. The white ellipse in the

densities from transitions at different energies is reasonable
when their emission comes from the same region. Thus, we have
compared the emission of the different molecules and of dif-
ferent range of energies for the transitions studied in this work.
Figure 11 shows the comparison between the emitting region of
different upper energy levels of the same molecule taken from
maps of Fig. 10. Moreover, Fig. 12 shows the comparison among
transitions with similar upper energy levels of different molec-
ular species. From these figures it is clear that the emission
of different transitions arises from the same region regardless
of the molecule and of the upper energy level. Furthermore,
we found a similar result when comparing different molecules.
Only N-methylformamide (CH;NHCHO) presents some shifts
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Fig. 12. Maps of the integrated emission for the molecules studied in this paper. Different colours within the same panel represent different
molecules. The contours represents 0.5 times the integrated emission peak level of the corresponding map. The beam is indicated in the left-bottom

corner of the maps.

that are not significant since they are smaller than the beam size
of 172. Thus, we can conclude that the column densities derived
from transitions at different upper energy levels and the ratios
derived between molecules are not affected by a different spatial
distribution of different transitions or molecules.

Note, however, that this similar spatial distribution could
be in part due to the fact that the emission is only par-
tially resolved at an angular resolution of 172. Therefore, to
test this and eventually unveil spatial differences unresolved
at 1”2 resolution, we have also analysed higher angular reso-
Iution (072) data at 1.4 mm obtained with ALMA. Figure 13
shows the integrated emission maps of the ground vibrational
state Jg, k. = 1019-9; 3 rotational transition of HC(O)NH,, of
the ground vibrational state Jx, x, = 10358-937, 1037-936°, and
10,9-9; 3 rotational transitions of HNCO, and of the ground
vibrational state Jx, k. m =252230—242220 and the Jk,, =25_3 1—
24_3 rotational transitions of CH3NCO. The map of the latter
molecule was obtained by combining two transitions because
they emit at similar frequencies and have a similar upper energy
level of about 160-200 K. Note that the Ey, chosen for each of
these transitions was comparable to that used for the analysis
and the results of the 172 resolution data. Moreover, we have
also selected a higher E,, transition of HNCO (432 K) to show
possible spatial differences. In this case, despite the different
E,, of the two HNCO levels (101 K and 432 K), both transitions
fill the beam of the GUAPOS observations (bottom panels of
Fig. 13).

We did not find strong and unblended transitions of
CH;C(O)NH; and CH3;NHCHO in the narrow spectral bands of
the high-angular resolution observations at 1.4 mm. Thus, these
two molecules will not be discussed in the following of this
section.

6 Ttis a doublet transition that is not resolved in frequency because the
line width (~8 km s™!) is higher than the spectral separation between the
two lines (1.8 X 1073 kms~! at 219.656 GHz).
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The 072 resolution integrated intensity maps show that
the overall behaviour at 1.4 mm of these molecules (HNCO,
HC(O)NH,;, and CH3;NCO) is quite similar. One of the main
differences is that the maps at higher E,, (159-201K, and
432K, of CH3NCO and HNCO, respectively) present a more
compact structure than the lower energy ones (61 and 101 K, of
HC(O)NH; and HNCO, respectively). This is expected because
of the temperature gradient present towards the HMC, with
higher temperatures to the centre with respect to the outer part as
already discussed in Sect. 2.3. A striking feature of the integrated
emission at high angular resolution is its ring-like morphology.
This spatial distribution is similar to that traced by other COMs,
such as CH3CN and CH30CHO, observed with the same angular
resolution of 0”2 (Beltran et al. 2018). The explanation for this
morphology is that most of the emission comes from a rotating
and infalling toroid surrounding a small protocluster of 4 mas-
sive protostars (indicated as black squares and named A, B, C,
and D in Fig. 13, see also Beltrdn et al. 2021). Since the mate-
rial is flowing inwards and locally the continuum temperature is
higher than the Tx of the molecules, the gas is seen in red-shifted
absorption towards the centre (see Beltrdn et al. 2018 for more
details), and the integrated emission shows this characteristic
ring structure.

The high-angular resolution maps at 1.4 mm show that the
molecular emission arise from the whole HMC, filling the
1’2 beam of GUAPOS (black dashed line in Fig. 13). The
column densities obtained from a region of 1”2 in the high-
angular resolution maps are consistent to those derived from
the GUAPOS data. In fact, if we fix T, vpsg and FWHM to
the values derived at 3 mm (Table 1), the column densities of
the three molecules obtained at 1.4 mm are consistent within
a factor of 2 with those obtained at 3 mm. In particular, from
l.4mm observations, N(HC(O)NH,)=(2.5+1.9)x 10'°cm™2,
N(HNCO) = (1.12 + 0.04) x 10'7 cm~2, N(HNCO) = (9.1 + 1.8) x
10" cm~2, from the transitions at 219.656 and 219.656 GHz,
respectively, and N(CH3;NCO)=(6.9 + 1.8) x 10'°cm™2. This
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mean that both observations (at 1.4 and 3 mm), despite of the
different angular resolution, are sensitive to approximately the
same gas.

4. Discussion

To obtain a complete overview of the chemical processes that
lead to the formation of peptide-like bond molecules in the ISM,
we have compared the results obtained in G31 with those in
other interstellar sources. Comparisons have been made with
works containing at least the detection of HC(O)NH, together
with that of CH3NCO and/or CH3C(O)NH,. These sources are
the HMCs in the GC Sgr B2(N) (Belloche et al. 2013), Sgr
B2(N2) (Belloche et al. 2017), Sgr B2(N1S) (Belloche et al.
2019), Sgr B2(N3) and Sgr B2(N5) (Bonfand et al. 2019), the
HMCs in the Galactic disk G10.47+0.03 (hereafter G10.47),
Orion BN/KL A and B, and NGC 63341 (Gorai et al. 2020;
Cernicharo et al. 2016; Ligterink et al. 2020, respectively), the
hot core precursor G328.2551-0.5321 (hereafter G328.2551) A,
B (related to accretion shock positions), and envelope (here-
after env) positions (Csengeri et al. 2019), the hot corinos IRAS
16293-2422 (hereafter IRAS 16293) A and B (Martin-Doménech
et al. 2017; Ligterink et al. 2017, 2018; Manigand et al. 2020),
and the GC molecular cloud G+0.693-0.027 (hereafter G+0.693,
Zeng et al. 2018). The Sgr B2(N) and G+0.693 observa-
tions were taken with different single-dish telescope (IRAM
30m and Green Bank Telescope) while the rest were observed
using ALMA. Moreover, we have also compared the column
densities with those of HNCO and HC(O)NH,; and the upper
limits of CH3NCO and CH3;C(O)NH; estimated in the comet

3473
RA 2000

HNCO 220.585 GHz

34%3
RA12000

CH;NCO 217.150 & 217.164 GHz

Fig. 13. ALMA 0”2 resolution integrated emis-
sion maps at 1.4 mm of HC(O)NH, (10,9-93)
(top—left panel), CH3NCO (252_23,0—242,220
and 25_3_,-24_5_,) (top-right panel), HNCO
(1033—93,7 and 10&,7_93,6) (bottam—left panel),
and HNCO (10;9-9,3) (bottom-right panel) in
a velocity range between 93 and 100 kms™!
for each transition. The contour levels are
0.3, 04, 0.5, 0.6, 0.7, 0.8, and 0.9 the max-
imum value of the maps. The maximum
values of the maps are 1.625Jybeam™! kms™!
for HC(O)NH,, 0.877Jybeam~'kms™' for
CH;NCO, 1.082Jybeam™' kms™' for HNCO
at 219.656 GHz, and 1.396 Jy beam™'kms™!
for HNCO at 220.585 GHz. The black dashed
circle indicates in all the panels the area in
which the spectrum analysed in this work was
extracted, which matches the GUAPOS beam of
1”2 centered at the 3mm continuum peak. The
frequency and E\, energies of the transitions are
shown in blue above each panel, and in red in
the top-right corner of each panel, respectively.
The synthesised beam is represented by the
grey ellipse in the lower left corner. The black
squares indicates the position of the continuum
sources A, B, C, and D resolved with 7mm
VLA observations by Beltran et al. (2021).

=1

Jy beam

67P/Churyumov-Gerasimenko (hereafter 67P) by the ROSINA
experiment on ESA’s Rosetta mission reported by Altwegg et al.
(2017).

4.1. Molecular abundances

Six of the works listed above provide an estimate of N(H;)
and make it possible to compare with the molecular abun-
dances obtained in this work. Figure 14 shows the molecular
abundances derived in G31 and in the other regions. For abun-
dances whose errors were not provided we assumed a value of
25%. We note however that the N(H,) used for IRAS 16293
B should be considered as a lower limit since dust might be
optically thick (e.g. Jgrgensen et al. 2016, and thus the abun-
dances for this source should be taken as upper limits. At a
glance, we can see that G31, in addition to Sgr B2(N2), is the
only other source in which all of the five molecules (HNCO,
HC(O)NH,, CH3NCO, CH3C(O)NH,, and CH;NHCHO) have
been detected. The behaviour of these two HMCs looks similar,
except for HC(O)NH;, which shows an over-abundance towards
Sgr B2(N2). In most of the sources HNCO is the most abun-
dant species, followed by HC(O)NH,, CH3;NCO, CH3C(O)NH,,
and CH3;NHCHO. The only exceptions are IRAS 16293 B
and Sgr B2(N2), whose HNCO and HC(O)NH, abundances
are similar between them, and G10.47, for which CH3NCO is
more abundant than HC(O)NH,. Moreover, both HNCO and
HC(O)NH, abundances towards G31 are comparable with those
of the GC molecular cloud G+0.693 (Zeng et al. 2018).
HC(O)NH; and CH;3NCO abundances together are similar to
those derived towards the HMCs G10.47 and Sgr B2(NS),
and the HMC precursor G328.2551 (Gorai et al. 2020;

A129, page 15 of 45



A&A 653, A129 (2021)
10-6 y HNCO B CH;NCO
[ | HC(O)NH, [ | CH;C(O)NH,
CH,NHCHO
10774 *
¢
¢
- 10784 ¢
T
s t
< 1079, \
>
10—10 4
10711
10—12
& oF o7 5 & & & ° &
& 4 v %> ¥ Y ¥ QD
ol o 0 o 5 o S
& &> Q,,g,‘b &

Fig. 14. Molecular abundances (X) with respect to H, towards G31, G10.47, G328.2551 A, B, and env, Sgr B2(N2), Sgr B2(N5), IRAS 16293 B
(upper limits), and G+0.693. Different colours represent the different molecules for which the abundances are shown, as indicated in the legend in
the upper-right corner. Data are taken from: G31 (this work), G10.47 (Gorai et al. 2020), G328.2551 (Csengeri et al. 2019), Sgr B2(N2) (Belloche
et al. 2017), Sgr B2(N5) (Bonfand et al. 2019), IRAS 16293 B (Martin-Doménech et al. 2017), and G+0.693 (Zeng et al. 2018) (from the left to the

right).

Bonfand et al. 2019; Csengeri et al. 2019), while only the
HC(O)NH; abundance is similar to that of the low-mass proto-
star IRAS 16293 B (Martin-Doménech et al. 2017). All these
similarities are within a factor of 4, and should be taken
with caution since possible opacity effects of HNCO and
HC(O)NH; might have affected the derived abundances towards
some of these sources (see Sect. 3). For G31 this is not the case
since column densities, and thus abundances, have been derived
from the '3C-isotopologues or the vibrationally excited states,
which are optically thin (see Table C.1).

The high molecular abundances found in HMCs, hot cori-
nos, and G+0.693 (10719-107%) are consistent with their for-
mation through pathways on the surface of dust grains at
earlier phases, and subsequent desorption, induced by thermal
heating (for HMCs and hot corinos) or by grain sputtering
produced by shocks (for G+0.693 and the accretion shocks
(G328.2551 A and B, Zeng et al. 2020; Csengeri et al. 2019).
In fact, in absence of efficient desorption mechanisms, the
gas-phase abundances are expected to be lower, as occurs in
low-mass pre-stellar cores such as L1544 where the upper lim-
its for the abundances of HC(O)NH; and CH3NCO that have
been reported are very low (X(HC(O)NH,)<8.7x 1073 and
X(CH3NCO) <4.2 x 107!, Jiménez-Serra et al. 2016).

Figure 15 shows the comparison between pairs of molecular
abundances, HC(O)NH; and HNCO, CH3;NCO and HNCO,
and CH;NCO and HC(O)NH,. It is already known from
previous observations that there is a correlation between
HNCO and HC(O)NH, (Lopez-Sepulcre et al. 2015, 2019;
Allen et al. 2020). In the top-left panel of Fig. 15 the best
power-law fits derived by Loépez-Sepulcre et al. (2015),
X[HC(O)NH,]=0.04 x X[HNCO]*?, and by Quénard
et al. (2018), X[HC(O)NH,]=32.14x X[HNCO]'*, are
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compared with the one derived here, X[HC(O)NH,]=0.006 x
X[HNCO1°73 (with a Pearson coefficient of 0.99 and a P-value
<0.05, indicating a strong positive correlation). Thus, the sample
of sources discussed in this work, which also includes HMCs
and a shock-dominated molecular cloud, is in agreement with the
correlation found previously for low- and intermediate-mass pre-
stellar and protostellar objects, which holds across several orders
of magnitude in abundance. Based on this tight correlation, it
has been proposed that the two species are chemically related
and that the formation of HC(O)NH, might occur through
H-addition to solid-phase HNCO (e.g. Tielens & Hagen 1982;
Charnley et al. 2004). Experimental works first suggested that
this process is not efficient (Noble et al. 2015; Fedoseev et al.
2015), while recent works revised this possibility and found that
a correlation between these two molecular species can be under-
stood by H-abstraction and addition reactions (e.g. Nguyen et al.
2011; Haupa et al. 2019; Suhasaria & Mennella 2020). Moreover,
hydrogenation of NO combined with UV-photon exposure and
radical-radical reactions on grains has been suggested as the
main formation pathways for both HNCO and HC(O)NH, (e.g.
Jones et al. 2011; Fedoseev et al. 2016; Ligterink et al. 2018;
Dulieu et al. 2019). Coutens et al. (2016) found that the deutera-
tion (D/H ratio) of HC(O)NH; in IRAS 16293 B is similar to that
of HNCO, in agreement with the hypothesis that both species
are chemically related via grain-surface reactions. Gas-phase
formation routes have also been proposed (see e.g. NH; + H,CO,
Barone et al. 2015; Skouteris et al. 2017). Laboratory exper-
iments by Martin-Doménech et al. (2020) show that both
HNCO and HC(O)NH; could form upon UV photoprocessing
or electron irradiation of ice samples, indicating that energetic
processing (like UV photons and cosmic rays) of ISM CO-rich
ices could form both species, without the need of a chemical
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link and/or a similar precursor between the two. This was
predicted by the chemical modelling of Quénard et al. (2018),
who showed that the formation of HC(O)NH, at different tem-
perature regimes is governed by different chemical processes.
While at low temperatures the formation of HC(O)NH; is
driven by gas-phase formation via the reaction NH, +H,CO
— HC(O)NH; + H, at high temperature its formation occurs on
the surface of dust grains via radical-radical addition reactions.
Moreover, they showed that for HNCO grain-surface and gas-
phase reactions are equally efficient at low temperature, while
at high temperatures the gas-phase formation predominates and
the small fraction formed on grains is released into the gas phase
via thermal desorption. Rimola et al. (2018) also showed via
theoretical quantum chemical computations that HC(O)NH, can
form on grain surfaces starting from CN, which can quickly react
with water-rich amorphous ices. Thus, the correlation between
HNCO and HC(O)NH; is mainly due to a similar response to the
temperature of the two molecules, and not to a direct chemical
link. In fact, the increase of the temperature triggers processes on
the ice-mantle of grains, such as thermal evaporation. Moreover,
as discussed above, other processes, like UV photons, cosmic
rays, and shocks, could help both on the formation of these
molecules on grain surfaces and on their desorption in the gas.
Similar to the HNCO vs. HC(O)NH, relation, we have
found similar correlations (Fig. 15) between CH3;NCO and
HNCO, X[CH3NCO]=0.0015 x X[HNCO]*73, and
between CH3;NCOand HC(O)NH,;, X[CH3;NCO]=0.02x
X[HC(O)NH,]%% (both with a Pearson coefficient of 0.99
and a P-value <0.05, indicating strong positive correlations),
suggesting links also between CH3;NCO and HNCO, and
HC(O)NH,. A correlation between CH3NCO and HNCO was
already suggested by Ligterink et al. (2021), who found that the
CH3;NCO and HNCO column density ratio is almost constant in
different regions. It was proposed by Halfen et al. (2015) that
CH;3NCO could form in gas phase through HNCO from the

reaction:

HNCO + CH3; — CH3NCO + H, @))
or from

HNCO + CHI — CH3;NCOH" + H, 2)
CH;NCOH* + e~ — CH3;NCO + H. 3)

Cernicharo et al. (2016) found a similar spatial distribution for
HNCO, HC(O)NH, and CH3NCO towards Orion BN/KL, as
observed for G31 in this work (Fig. 13), and suggested reac-
tion (1) as a possible grain-surface reaction to form CH3;NCO.
Moreover, the HNCO/CH3;NCO abundance ratio found for G31
of 12+6 is consistent with the range of values predicted by
the HMC model of Belloche et al. (2017), who proposed
CH;NCO grain-surface formation and ice sublimation during
the warm-up phase (e.g. through thermal desorption as suggested
for HNCO and HC(O)NH;). Formation of CH3;NCO through
HNCO and methane has also been considered on ices, where
favourable thermodynamic conditions could be created (e.g.
reduction of the energy barrier, Cassone et al. 2021). More
recently Majumdar et al. (2018) found that reaction (1) is
endothermic, and they proposed alternative routes for the for-
mation of methyl-isocyanate on grains:

CH; + OCN — CH;3NCO, “)
N + CH3CO — CH;3;C(N)O — CH3NCO, 5)
or through the HCN- - - CO van der Waals complex

H+HCN-.--CO —» H,CN---CO — H,CNCO 6)
H + H,CNCO — CH;3NCO. @)
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Fig. 16. Molecular abundances with respect to CH;OH towards G31, G328.2551 A, B, and env, Sgr B2(N), Sgr B2(N2), Sgr B2(N3), Sgr B2(NS5),
NGC 63341 MM1-i—v and MM2-i—ii, Orion BN/KL A and B, IRAS 16293 A and B, and G+0.693. Different colours represent the different
molecules for which the abundances are shown, as indicated in the legend in the upper-left corner. Data are taken from: G31 (this work, Mininni
et al. in prep.), G328.2551 (Csengeri et al. 2019), Sgr B2(N) (Belloche et al. 2013), Sgr B2(N2) (Belloche et al. 2016, 2017), Sgr B2(N3) and Sgr
B2(N5) (Bonfand et al. 2019), NGC 63341 (Bggelund et al. 2018; Ligterink et al. 2020), Orion BN/KL A and B (Cernicharo et al. 2016), IRAS
16293 A (Ligterink et al. 2017; Manigand et al. 2020), IRAS 16293 B (Ligterink et al. 2017, 2018; Jgrgensen et al. 2018), and G+0.693 (Zeng et al.

2018; Rodriguez-Almeida et al. 2021) (from the left to the right).

Interestingly a similar process has also been found to be impor-
tant for the formation of HNCO:

N.-.CO + H — HNCO, ®)

indicating that a possible link between the two species could
be the van der Waals complexes involving CO. Finally, the
correlation between CH3;NCO and HC(O)NH, (bottom panel of
Fig. 15) is probably due to the fact that both molecules form on
grains and are desorbed on gas phase because of similar physical
effects. For example, both molecules are expected to be already
efficiently thermally desorbed at the high temperatures of HMCs
(>100K). In fact, temperature-programmed desorption experi-
ments show that the HC(O)NH, peak desorption temperature is
around 200 K (Ligterink et al. 2018), while that of CH3NCO is
around 150K (Ligterink et al. 2017). Thus, we expect most of
both molecules to have been already released back to the gas
phase in hot cores.

Thus, a strong correlation between two molecules in a sam-
ple of sources does not directly imply that these molecules are
chemically related (e.g. Belloche et al. 2020). Whether these
results are a consequence of a direct chemical link or an effect
caused by similar chemical responses to physical conditions
cannot be firmly concluded yet, and more dedicated physico-
chemical models are needed to disentangle all of the possible
effects.

4.2. Abundances with respect to CH;OH

In this section, we have performed an analysis similar to that
shown in Sect. 4.1 comparing the abundances derived with
respect to methanol, CH3OH. All the sources are included,
except Sgr B2 (N1S) for which the CH30H column density is
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not found in the literature, and G10.47 for which whose CH;OH
column density has been derived from Submillimeter Array
observations (Rolffs et al. 2011) and not from ALMA obser-
vations as for the rest of the sources. Thus, these two sources
are excluded from the discussion in this section. Moreover, for
G31, G+0.693, Sgr B2(N), NGC 63341, and IRAS 16293 A
and B, N(CH3OH) has been derived from the optically thin
isotopologues '*CH;0H (for G31, Mininni et al., in prep.) and
CH;}*OH (for the other sources, Rodriguez-Almeida et al. 2021;
Belloche et al. 2013; Bggelund et al. 2018; Manigand et al. 2020;
Jgrgensen et al. 2018), after taking into account the '>C/'3*C and
160/18Q ratios corrections as a function of the galactocentric dis-
tance (Yan et al. 2019 for G31; Wilson & Rood 1994 for G+0.693,
Sgr B2(N), and IRAS 16293 B; Wilson 1999 for NGC 63341 and
IRAS 16293 A). Conversely, N(CH;OH) for Sgr B2(N2), Sgr
B2(N3), Sgr B2(N5), Orion BN/KL and G328.2551 has been
obtained from the main isotopologue and could be affected by
line opacity effects (Belloche et al. 2016; Bonfand et al. 2019;
Cernicharo et al. 2016; Csengeri et al. 2019).

Figure 16 shows the abundances with respect to CH3;0OH
(N/N(CH30H)). First of all, G328.2551 and Sgr B2(N3) present
similar N/N(CH3;OH) for HC(O)NH, and CH3;NCO with
respect to G31, and Sgr B2(N2) presents similar N/N(CH3;OH)
for all the molecules except for HC(O)NH,. Except for HNCO,
Sgr B2(N) and Sgr B2(NS5) present higher column density ratios
than G31 with respect to CH3OH. Moreover, NGC 63341 has
similar N/N(CH3OH) with respect to G31 towards all the posi-
tions, except for MM 1-v for which higher ratios have been found
for HNCO, HC(O)NH,, and CH3;NHCHO. Orion BN/KL A and
B have ratios similar to those of G31 for all the peptide-like
bond molecular species, while IRAS 16293 A and B have lower
N/N(CH;0OH) ratios. Finally, with respect to G31, G+0.693
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Fig. 17. Upper-left panel: Xcu,oun(HC(O)NH;) as a function of Xcy,on(HNCO). Upper-central panel: Xcy,on(CH;NCO) as a function of
Xcn,on(HNCO). Upper-right panel: Xcy,ou(CH3NCO) as a function of Xcy,on(HC(O)NH,). Bottom-left panel: Xcp,on(CH3C(O)NHs) as a func-
tion of Xcu,on(HNCO). Bottom-central panel: Xcu,on(CH3C(O)NH,) as a function of Xcy,on(HC(O)NH,). In all the panels, the solid lines are
the power-law fit obtained in this work, and the different colours represent the different sources, as indicated in the bottom-right legend. Data are

taken from the same works indicated in Fig. 16.

presents higher ratios for HNCO and HC(O)NH,, and a simi-
lar one for CH3;NCO. It should be noted that all the similarities
are within a factor of 4.

The general trend is that most of the sources show sim-
ilar N/N(CH3;OH) ratios, except for IRAS 16293 A and B,
which present lower values, and Sgr B2(N), Sgr B2(N5), and
G+0.693 that show higher values with respect to G31 and
the other sources. Moreover, on average the N/N(CH3;0H) of
HNCO is the highest, followed by that of HC(O)NH,, CH3;NCO,
CH;C(O)NH,, and CH;NHCHO, similar to what was found for
the abundances derived with respect to N(H,).

In Fig. 17 we show the comparison between pairs of
N/N(CH30H) (Xcu,on)- In particular, the best power-law fits
are:

Xcn,on(HC(O)NH,) = 0.18 X Xcp,on(HNCO)"2, )
Xcn,on(CH3NCO) = 0.032 X Xcp,on(HNCO), (10)
Xcn,on(CH3NCO) = 0.05 X Xcp,on(HC(O)NH,) ™48, (11)
Xcnon(CH3C(O)NH,) = 0.022 X Xcy,on(HNCO)? 74, (12)

Xcm,on(CH3C(0)NH,) = 0.042 X Xcp,on(HC(O)NH,)®. (13)

Thus, also in this case we have found positive correlations
between HC(O)NH, and HNCO, CH3;NCO and HNCO, and
CH;3NCO and HNCO, as already discussed in Sect. 4.1. More-
over, thanks to the available data we have also found for the
first time correlations between CH3C(O)NH, and HNCO, and
CH3C(O)NH; and HC(O)NH,.

4.3. Column density ratios

Figure 18 shows the column density ratios of HNCO, CH3NCO,
CH;3C(O)NH;, and CH3NHCHO with respect to HC(O)NH; in
the different astronomical sources. For column densities whose
errors were not provided we assumed a value of 25%. For IRAS
16293 B two values are shown, corresponding to those derived
by Martin-Doménech et al. (2017), and Ligterink et al. (2017,
2018). From the left to the right, Fig. 18 shows massive and low-
mass star-forming regions, the GC G+0.693 molecular cloud,
and the comet 67P values.

We note that overall there are similarities between
molecular abundance ratios towards different regions, typ-
ically within ~1 order of magnitude in the 80% of the
sources. The HNCO/HC(O)NH; ratio found in G31 is similar,
within the errors, to those derived towards Orion BN/KL-
A, NGC 63341 MM1-v, MM2-i, and MM2-ii, G10.47, IRAS
16293 B, and G+0.693 (top-left panel of Fig. 18). The
CH;NCO/HC(O)NH, ratio is consistent, within the errors, to
those of Sgr B2(N), Sgr B2(N1S), IRAS 16293 B, G328.2551
B and env, and G+0.693 (top-right panel of Fig. 18). The
CH;C(O)NH,/HC(O)NHj, ratio is consistent, within the errors,
to those of Sgr B2(N1S), Orion BN/KL-A, NGC 63341
MMI1-iv, MM2-i, and MM2-ii, and IRAS 16293 B (bottom-
left panel of Fig. 18). The CH;NHCHO/HC(O)NH, ratio is
similar, within the errors, to those of Sgr B2(N1S), NGC
63341 MM1-v, MM1-vi, MM1-vii, MM1-viii, and MM 1-nmf,
which are all the sources in which CH3;NHCHO has been
detected, except Sgr B2(N2) (bottom-right panel of Fig. 18).
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Fig. 18. HNCO, CH3NCO, CH3C(O)NH,, and CH3;NHCHO column density ratios with respect to HC(O)NH, (upper-left, upper-right, bottom-left,
and bottom-right panels, respectively) towards G31 (red points and shaded areas) and high- and low-mass star-forming regions, a GC molecular
cloud, and the 67P comet (from the left to the right in all panels). Different colours represent: G31 in red, Sgr B2 in blue, Orion BN/KL in green,
NGC 6334l in purple, G10.47 in grey, G328.2551 in brown, IRAS 16293 in light blue, G+0.693 in orange, and the comet 67P in black. Data are
taken from: G31 (this work), Sgr B2(N) (Belloche et al. 2013), Sgr B2(N2) (Belloche et al. 2017), Sgr B2(N1S) (Belloche et al. 2019), Sgr B2(N3)
and Sgr B2(N5) (Bonfand et al. 2019), Orion BN/KL - A and B (Cernicharo et al. 2016), NGC 63341 MM 1-i-MM2ii (Ligterink et al. 2020), G10.47
(Gorai et al. 2020), G328.2551 A, B and env (Csengeri et al. 2019), IRAS 16293 A and B (Ligterink et al. 2017; Manigand et al. 2020; Ligterink
et al. 2018; Martin-Doménech et al. 2017); G+0.693 (Zeng et al. 2018), and comet 67P (Altwegg et al. 2017) (from the left to the right).

The CH;NHCHO/CH3;C(O)NHj; ratio is overall similar in all the
sources, as observed in the bottom panels of Fig. 18 where their
column density ratios with respect to HC(O)NH, are shown.
The similarities of the different molecular ratios in interstel-
lar regions with very different physical properties (e.g. masses
from ~0.5 Mg up to ~100 M, and luminosities from ~1 Lg up
to ~107 Lo) and location in the Galaxy, such as high-mass and
low-mass star-forming regions (HMCs and hot corinos, respec-
tively) in the GC and in the galactic disk, and a GC molecular
cloud with no signs of star formation yet (Zeng et al. 2020), sug-
gest that these molecules were formed during very early phases
of evolution. In fact, as discussed in Sect. 4.1, these species could
have been formed mostly on grains, and, in a later stage, released
back to gas phase through thermal desorption, in HMCs and hot
corinos, or through shock-induced grain sputtering, in the case
of G+0.693 and G328.2551 accretion shock positions. This has
also been suggested by Coletta et al. (2020), who found con-
stant abundance ratios for H;OCHO, CH;0OCHj3, C,HsCN, and
HC(O)NH, towards low- and high-mass star-forming regions in
different evolutionary stages. For the GC, a similar conclusion
was proposed by Requena-Torres et al. (2006) who compared the
abundances of O-bearing COMs derived towards giant molecu-
lar clouds in the GC with those measured in hot corinos and
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hot cores. They found that all of these abundances are consistent
within a factor of 10 and suggested that COMs are ejected from
grain mantles by shocks.

Regarding the formation of CH3C(O)NH,, Quan & Herbst
(2007) have proposed that it could be formed in gas phase via
radiative association reaction, like:

HC(O)NH, + CH} — CH;CHONH} + hy
CH3;CHONH} + ¢~ — CH;C(O)NH, + H,

14)
15)

Halfen et al. (2011) have suggested that ion-molecule pro-
cesses might lead to the formation of both CH;C(O)NH, and
CH3;NHCHO, and more recently Redondo et al. (2014) have
studied the viability of ion-molecule gas-phase reactions, such
as CH;r + HC(O)NH,, to form CH3;C(O)NH,. However, only
gas-phase reactions are not enough to reproduce the observed
abundances and the CH3C(O)NH,/HC(O)NH; ratios in the ISM.
Frigge et al. (2018) show that CH;NHCHO could form in a
mixture of methylamine (CH3NH;) and CO ices, upon irradi-
ation with energetic electrons. In particular, they proposed the
following reactions on grain surfaces:

CH;NH, + CR — CH;NH + H (16)
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CH3;NH + HCO — CH3NHCHO, )

where CR are the cosmic rays simulated by energetic elec-
trons. Moreover, Garrod et al. (2008) have proposed CHjz +
HNCO as a possible formation route on grains, while Belloche
et al. (2017) suggest that CH;C(O)NHj; is predominantly formed
by H-abstraction from HC(O)NH,, followed by methyl-group
(CH3) addition, and by the reaction NH, + CH3CO. Moreover,
these authors found that CH;NHCHO could be formed on grains
either through the direct addition of functional-group radicals
(e.g. CH3; + HNCHO) or through the hydrogenation of CH3NCO.
CH3;C(O)NH; has also been identified in carbonaceous chon-
drites (Cooper & Cronin 1995), and was found to form in
experiments with irradiated ices (e.g. Berger 1961; Ligterink
et al. 2018), favouring also the grain-surface formation.

The lower left panel of Fig. 18 shows that CH3;C(O)NH, is
well correlated with HC(O)NH,, as we already found from the
correlation of their abundances with respect to CH3;0H (see
Sect. 4.2). The CH3C(O)NH,/HC(O)NH, ratios are all within
~1 order of magnitude. This might indicate a direct chemi-
cal link, as suggested by reactions (14) and (15), or that both
molecules are mainly formed on grain surface and desorb under
similar physical conditions, as proposed by Quénard et al. (2018)
for HNCO and HC(O)NH,. Indeed, this hypothesis is sup-
ported by the temperature programmed desorption experiment of
Ligterink et al. (2018), who have showed that the peak desorption
temperatures of CH3;C(O)NH, and HC(O)NH, are very similar
(219 and 210 K, respectively, see also Corazzi et al. 2020).

Finally, a comparison with the values found in the
comet 67P shows that the CH3;C(O)NH,/HC(O)NH, and
CH3NHCHO/HC(O)NH; upper limits (bottom-right panel of
Fig. 18) are consistent with the values observed in the ISM, while
the HNCO/HC(O)NH, ratio is smaller than the ISM values. This
could be due to an over-abundance of HC(O)NH; in the 67P
comet with respect to the ISM that could indicate a chemical
reprocessing during later stages, such as the protoplanetary disk
phase. However, the measurements with Rosina (Rosetta Orbiter
Spectrometer for Ion and Neutral Analysis) cannot distinguish
between the different structural isomers, so, if the other isomers
were also formed, the abundance of HC(O)NH, would be lower.

5. Conclusions

In this work we have studied the peptide-like bond

molecules HNCO, HC(O)NH,, CH3;NCO, CH;C(O)NH,,

CH3;NHCHO, CH;CH;NCO, NH,C(O)NH,;, NH,C(O)CN,

and HOCH,C(O)NH; in the context of the GUAPOS spectral

survey, obtained with the ALMA interferometer towards the

HMC G3l. This is the first time that all of these molecules have

been studied together towards G31 and outside the Galactic

centre. The main results and conclusions of our study are
summarised below:

1. The column densities of HNCO, HC(O)NH,, and
CH;3;NCO have been derived from their optically thin
13C-isotopologues, or from vibrationally excited states
in case the '3C-species were only tentatively detected.
CH3C(O)NH; is found to be optically thin in all the
vibrational states allowing the derivation of the column
density taking into account all the states together, while for
CH3NHCHO only transitions from the optical thin ground
vibrational state have been detected. CH3CH,;NCO has
not been detected and the upper limit derived provides a
CH;3NCO/CH3CH,NCO ratio >24, consistent with what
previously measured towards Orion KL and Sgr B2. On

the other hand, also NH,C(O)NH,, NH,C(O)CN, and
HOCH,C(O)NH; have not been detected and we have
derived their upper limits. Our findings in G31 show that the
molecules follow the subsequent order of abundances com-
pared to H, (from 1077 down to a few 10~%): X(HNCO) >
X(HC(O)NH;) > X(CH3NCO) > X(CH3;C(O)NH,;) >
X(CH3;NHCHO). Moreover, we have found abundances
with respect to CH30H that range from 1073 to ~4 x 1072;

2. The emission of all the species towards the HMC is com-
pact (~2”, i.e. ~7500 au), and this has also been confirmed
with higher angular resolution observations for HNCO,
HC(O)NH,, and CH3NCO. The five molecular species trace
hot molecular gas (temperature higher than 100 K), without
significant spatial emission differences among them;

3. The comparison with other sources in the ISM (HMCs
in the GC and in the Galactic disk, hot corinos, and a
shock-dominated GC molecular cloud) shows tight corre-
lations between the abundances of HNCO and HC(O)NH,,
CH3NCO and HNCO, and for the first time between
CH;NCO and HC(O)NH,, CH3C(O)NH; and HNCO, and
CH;C(O)NH, and HC(O)NH,; abundances. This suggests
either a possible chemical link between these species, a
common precursor, or a similar response to the physical
conditions of the molecular clouds;

4. The column density abundance ratios are quite similar in all
the sources investigated, regardless of their physical condi-
tions (e.g. mass and luminosity) and Galactic environment
(GC or Galactic disk). Moreover, HMC, hot corinos, and the
shock-induced G+0.693 molecular cloud show abundances
several orders of magnitude higher than low-mass pre-stellar
cores.

These results suggest that most of the observed molecular
abundances come from surface chemistry formation at early
evolutionary stages. These molecules are subsequently released
back to the gas phase, either by thermal (HMCs, hot corinos) or
shock-induced desorption (G+0.693 and G328.2551 A and B).
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Appendix A: Continuum determination

In this appendix we present the results from the continuum deter-
mination and subtraction procedure. First, we have divided the
final spectrum obtained by Mininni et al. (2020) in 32 spectral
windows of 1 GHz each. Then, we have applied the corrected
sigma clipping method (c-SMC) of STATCONT (Sanchez-
Monge et al. 2018) to each of them, which produces continuum-
subtracted spectra. Secondly, we have averaged them together
with the MADCUBA software. The final spectrum is shown in
Fig. E.l.

STATCONT also gives the continuum emission levels, with
its uncertainty, for each of the 32 spectral windows, which are
shown in Fig. A.1 as black dots. The synthesised beam brightness
temperature can be described with the function:

v ﬁ
Tsn() = Tsn(o) = ) (A1)
Y0
where v9=84.579 GHz, and § is the spectral index of the dust
opacity «, (k, o ¥), which is related to the slope « of the spectral
energy distribution (S, oc v*), by

a=2+p, (A.2)

for optically thin dust emission (e.g. Miyake & Nakagawa 1993).
Equation A.1 can be written as:

log(Tn) = log(Tsn(0) + Blog( - ) (A3)
where log indicates the logarithm to base 10. We applied
the linear regression fit to the latter equation, obtaining
B=0.71+0.06 and log(T'sg(vo))=1.048+0.005, which corresponds
to Tsg(vo)=11%1.

The millimetre dust opacity slope for small ISM dust grains
is B ~1.7 (Li & Draine 2001). The B of 0.7 obtained towards
G31 is lower, and could indicate a larger sized grain (centimetre-
sized) distribution (e.g. Pérez et al. 2012). This value is also
consistent with what found by Beltran et al. (2013) (5=0.8) from
the SED fitting towards the G29.96-0.02 hot molecular core.

The red solid line of Fig. A.l represents Eq. (A.l), with
B=0.71. The orange solid lines correspond to the error of +1
found from the fit to Tsg(vy). The error of 1 K obtained with this
procedure is consistent with the uncertainty of 1.2 K obtained
from the combination of the spectra to derive the final spectra
performed by Mininni et al. (2020). Thus, being conservative,
we adopted an uncertainty value of +1.2K for the continuum
determination, which corresponds to the 11% of T'sg(vp), as an
additional error in the derivation of the molecular parameters
from the fit procedure (see Sects. 2.3 and 3).
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Fig. A.1. Top panel: Continuum level derived with STATCONT overimposed to the GUAPOS spectrum. Bottom panel: y-axis zoom of the top
panel. The red solid line represents the result from the linear regression fit, as explained in Appendix A, and the orange lines represent the erorr of
+1K on the fit.
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Appendix B: Spectroscopy

The transitions of the molecules studied in this work
(HNCO, HC(O)NH,, CH3NCO, CH3;C(O)NH,, CH3;NHCHO,
and CH3CH,;NCO) were taken from the catalogues and spectro-
scopic works listed in Table B.1. We have taken the entries from
the Cologne Database for Molecular Spectroscopy’(CDMS,
Miiller et al. 2001, 2005; Endres et al. 2016) and the Jet Propul-
sion Laboratory8 (JPL, Pickett et al. 1998) catalogues. Moreover,
for species whose spectroscopy was not present in the cata-
logues, we have added to MADCUBA-SLIM entries using avail-
able spectroscopic works. A detailed explanation about how we
evaluate the partition function of HNCO and CH3CH,;NCO is
given in Sects. B.1 and B.2, respectively.

B.1. HNCO data and partition function evaluation

The spectral predictions of HNCO in the three lowest vibra-
tionally excited states (Brown et al. 1997), namely vy = 1
(E=7766cm™), vs=1(E=5774cm™"),and vsg = 1 (E =
656.3 cm™!), have been obtained using the spectroscopic data
reported in Yamada (1977); Yamada & Winnewisser (1977);
Niedenhoff et al. (1996). The dipole moment components (u, =
1.58 D and p;, = 1.35 D) were assumed to be identical to those
determined for the ground vibrational state (Hocking et al. 1975).

The ro-vibrational partition function of HNCO has been
computed at temperatures, 7, between 2.725 and 300 K using
the rotational partition function values from CDMS (see Col. 2
of Table B.2) and calculating the vibrational correction (Gordy
et al. 1984) as:

3N-6

eu=[ [T .

k=1

B.1)

where wy is the vibrational harmonic frequency of the k-th vibra-
tional mode, % is the Planck constant, and kg is the Boltzmann
constant. The sum runs over the k = 6 normal modes of HNCO,
with the harmonic frequencies (w;) taken from Brown et al.
(1997). The values of Qyipror are listed in Table B.2.

B.2. CH;CH,NCO data and partition function evaluation

The spectral predictions of C;HsNCO in the ground and the first
three torsional excited states have been obtained using the recent
spectroscopic data of Kolesnikov4 et al. (2018), which also con-
tain transitions from Heineking et al. (1994). The values of the
dipole moment components, u, = 2.81(2) D and w;, = 0.03 D,
were derived in Sakaizumi et al. (1976).

In order to evaluate the ro-vibrational partition function of
C,H5NCO, an approach similar to that used in Cernicharo et al.
(2016) has been adopted. First, the rotational partition function
was computed analytically using the following equation:

T3
or(T) = 5.3311 x 10° S —
Crai(T) TN AaxBx0)

(B.2)

7 http://cdms.astro.uni-koeln.de/classic/.
8 https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.
html.
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where the factor 5.3311x10° is derived from the units used for
the temperature (7'), K, and for the rotational constants A, B, and
C,MHz. The values thus obtained were used to check whether
the numerical computation of SPCAT (Pickett 1991) was close to
convergence or not. The two methods gave comparable results,
with differences smaller than 1%. Therefore, we decided to use
the values computed numerically.

As far as the vibrational partition function is concerned,
we decided to account for only the vibrational states below
400 cm™!, as done by Cernicharo et al. (2016). This choice
allowed a fair determination of the [CH;3;NCO]J/[C,HsNCO]
abundance ratio.

CH;3CH,;NCO possesses three vibrational modes below 400
cm™' (~600 K), namely the C-N torsion (E = 40 cm™!
Kolesnikovi et al. 2018), the CNC bending (E = 122 cm™! Durig
et al. 2010), and the CHj torsion (E = 265 cm™!' Durig et al.
2010). We considered all the multiple and combined excitations
of these three modes within our threshold energy of 400 cm™!
and computed the value of Q.;, at different temperatures using
the following equation (Gordy et al. 1984):

E;<400 cm™!
Ovib = Z e T,
E;=0 cm™!

(B.3)

where E; is the vibrational energy of the i-th level. Finally, Qyibrot
was obtained as the product of Q. and Q.. All these values,
computed at temperatures between 2.725 and 300 K, are listed in
Table B.3.


http://cdms.astro.uni-koeln.de/classic/
https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html
https://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.html
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Table B.1. Spectroscopy references for the molecules studied in this work.

Molecule Catalogue” Entry Date Line list Dipole moment
reference reference
Isocyanic acid
HNCO, v=0 CDMS 43511 May 2009 1), (2), (3), @ 3)
HNCO, vs=1 MADCUBA - December 2020  (5), (6), (7), Appendix B.1 3)
HNCO, vs=1 MADCUBA - December 2020 Appendix B.1 3)
HNCO, vg=1 MADCUBA - December 2020 Appendix B.1 3)
HN'3CO, v=0 JPL 44008 July 1987 3) 3)
H'SNCO, v=0 JPL 44007 July 1987 3) 3)
Formamide
HC(O)NH,, v=0 CDMS 455512 April 2013 (8), (9), (10), (11), (16)
(12), (13), (14), (15)
HC(O)NH,, vj,=1 CDMS 45516 April 2013 9), (11), (12), (14), (15) (16)
H'3*C(O)NH,, v=0 CDMS 46512 April 2013 (10, (13), (14), (15), (17) (16)
Methyl isocyanate
CH;NCO, vp,=0 CDMS 57505 March 2016 (18), (19), (20) 21
CH3NCO, v,=1 CDMS 57506 March 2016 (18), (19), (20) 21
13CH;NCO, 1p,=0,1 MADCUBA - December 2020 (20) (21)
CH;N'3CO, v,=0,1 MADCUBA - December 2020 (20) (21)
Acetamide
CH3;C(O)NH,, v=0, v=1,2 MADCUBA - December 2020 (22), (23) (22)
N-methylformamide
CH3NHCHO,v=0, v=1, 2 MADCUBA - December 2020 (23) (23)
Ethyl isocyanate
CH;CH,NCO, v=0 MADCUBA - December 2020 (24), Appendix B.2 (25)
Urea
NH,C(O)NH,v=0 CDMS 60517 October 2017 (26), (27), (28), (29) 27)
Cyanoformamide
NH,C(O)CN, v=0 CDMS 70504 June 2006 (30), (31) (30)
Glycolamide
HOCH,C(O)NH,, v=0 CDMS 75517  December 2020 (32) (33)

References. (1) Lapinov et al. (2007); (2) Niedenhoff et al. (1995); (3) Hocking et al. (1975); (4) Kukolich et al. (1971); (5) Yamada (1977); (6)
Yamada & Winnewisser (1977) ; (7) Niedenhoff et al. (1996); (8) Kukolich & Nelson (1971); (9) Hirota et al. (1974); (10) Gardner et al. (1980); (11)
Moskienko & Dyubko (1991); (12) Vorob’eva & Dyubko (1994); (13) Blanco et al. (2006); (14) Kryvda et al. (2009); (15) Motiyenko et al. (2012);
(16) Kurland & Bright Wilson (1957); (17) Stubgaard (1978); (18) Cernicharo et al. (2016); (19) Koput (1986); (20) Kolesnikova et al. (2019); (21)
Kasten & Dreizler (1986a); (22) Ilyushin et al. (2004); (23) Belloche et al. (2017); (24) Kolesnikova et al. (2018); (25)Sakaizumi et al. (1976);
(26) Remijan et al. (2014); (27) Brown et al. (1975); (28) Kasten & Dreizler (1986b); (29)Kretschmer et al. (1996); (30) Christiansen (2005); (31)
Winnewisser et al. (2005); (32) Sanz-Novo et al. (2020); (33) Maris (2004).

Notes. @The species labelled with MADCUBA were imported into MADCUBA-SLIM, using the spectroscopic works indicated in the table.

Table B.2. Partition function values of HNCO computed at different

Table B.3. Partition function values of C,HsNCO computed at different

temperatures. temperatures.
T (K) Qrota Qvibb Qvibrotc T (K) Qrola Qvibb Qvibrotc
300.000 2695.3359 1.14437  3084.4546 300.000 834239162 9.96669 831460.1637
225.000 1742.4282 1.04874 1827.3538 225.000 54116.8299  7.38116  399445.2080
150.000 943.7057 1.00639 949.7374 150.000 29365.9661  4.54674 133519.4629
75.000 331.9879 1.00002 331.9943 75.000 10348.8360 2.07522  21476.0934
37.500 117.3039  1.00000 117.3039 37.500  3655.0733  1.28668 4702.9099
18.750 42.8291 1.00000 42.8291 18.750 12927145  1.04879 1355.7917
9375 18.4492  1.00000 18.4492 9.375 457.8892  1.00216 458.8790
5.000 9.8228  1.00000 9.8228 5.000 179.0092  1.00001 179.0110
2725 5.5129  1.00000 5.5129 2.725 72.5214  1.00000 72.5214
Notes. Taken from CDMS. ®’Computed using Eq. (B.1). ©Obtained ~ Notes. ~’Computed with SPCAT. ’Computed using Eq. (B.3).

as the product of Q.o and Qyjp.

©Qbtained as the product of QO and Qujp.
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In this appendix we list the unblended or slightly blended transi-
tions of the molecules studied in this work. These transitions are
also shown in Figs. 2-9, D.1, D.2, D.3, and D.4. Table Cl1 is only

available at the CDS.

Appendix D: Tentative detections

In this appendix we show the transitions used for the fit of the
vs=1 and vs=1 states of HNCO, of HNCO, and of '*CH;NCO.

Tsg(K)

106.785 106.8
freq(GHz)

110.085 110.1 110.1
freq(GHz)

freq(GHz)

saalossaleonsloney
—-—
o

0

e

110.115

110.415 110.43
freq(GHz)

Fig. D.1. Transitions listed in Table C.1 and used to fit the v4=1 state of isocyanic acid (HNCO). The olive curve represents the best LTE fit obtained
with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region.

Tsa(K)

87.735 87.75
freq(GHz)

TR | R

T
{

&
<

88.065
freq(GHz)

88.125 88.14
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Fig. D.2. Transitions listed in Table C.1 and used to fit the vs=1 state of isocyanic acid (HNCO). The dark golden curve represents the best LTE fit
obtained with MADCUBA (Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region.
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L
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Fig. D.3. Transitions listed in Table C.1 and used to fit H>’NCO. The light green curve represents the best LTE fit obtained with MADCUBA (Table
1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region.
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Fig. D.4. Transitions listed in Table C.1 and used to fit '*CH;NCO. The turquoise curve represents the best LTE fit obtained with MADCUBA
(Table 1). The red curve shows the simulated spectrum taking into account all the species identified so far in the region. Note that at 108.406 GHz
the baseline derived from STATCONT is slightly high, and the simulated spectra do not match exactly the observed one.
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Appendix E: Full GUAPOS spectrum

In this appendix we show the total observed spectra with the best
LTE fit of the molecular species studied in this work. Moreover,
the synthesised spectrum taking into account the contribution of
all the possible molecular species is also shown.
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Fig. E.1. Total spectrum of the GUAPOS project in black. The red curve shows the simulated spectrum taking into account all the species identified
so far in the region. The best LTE fit of the molecules studied in this work is shown in different colours. The colour corresponding to each molecule
is shown in the bottom panel. The coloured triangles indicate the transitions used to constrain the fitting procedure. Closer views of those transitions
are given in Figs. 2-9.
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Fig. E.1. Continued.
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Fig. E.1. Continued.
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