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ABSTRACT: This work aims to constrain the abundances of Serpens SMMl-a Amides Protein
interstellar amides, by searching for this group of prebiotic protostar X = H, CH, building blocks

molecules in the intermediate-mass protostar Serpens SMMI-a.
ALMA observations are conducted toward Serpens SMMI1. A
spectrum is extracted toward the SMM1-a position and analyzed
with the CASSIS line analysis software for the presence of
characteristic rotational lines of a number of amides and other
molecules. NH,CHO, NH,CHO v,, = 1, NH,"*CHO, CH,C(0)-
NH, v = 0, 1, CH,DOH, CH;CHO, and CH,;C(O)CHj are
securely detected, while trans-NHDCHO, NH,CDO,
CH;NHCHO v = 0, 1, CH;COOH, and HOCH,CHO are
tentatively identified. The results of this work are compared with
detections presented in the literature. A uniform CH,C(O)NH,/
NH,CHO ratio is found for a group of interstellar sources with vast physical differences. A similar ratio is seen for CH;NHCHO,
based on a smaller data sample. The D/H ratio of NH,CHO is about 1—3% and is close to values found in the low-mass source
IRAS 16293—2422B. The formation of CH;C(O)NH, and NH,CHO is likely linked. Formation of these molecules on grain
surfaces during the dark cloud stage is a likely scenario. The high D/H ratio of NH,CHO is also seen as an indication that these
molecules are formed on icy dust grains. As a direct consequence, amides are expected to be present in the most pristine material
from which planetary systems form, thus providing a reservoir of prebiotic material.

Bl INTRODUCTION form. While observations of dipeptides and larger molecules
are beyond current capabilities, several peptide-like molecules
have been detected with radio and mm-wave observations.
Formamide (NH,CHO) has the same chemical structure as a
peptide bond and is the simplest peptide-like molecule. It is the
first peptide-like molecule to be detected in the interstellar
medium (ISM) and is routinely found in extraterrestrial
environments, ranging from star-forming regions to com-
ets.* '° Since the detection of formamide, several other
peptide-like molecules have been detected, such as acetamide
(CH;C(O)NH,),'"" N-methylformamide

Peptide chains, amino acids connected by a R;-C(=0O)N-R,R,
group, are an essential component of life as we know it, since
these molecules can fold into proteins, which, in turn, are the
engines that life runs on. During protein biosynthesis,
ribosomes catalyze condensation reactions between amino
acids, resulting in the formation of a peptide bond, also called
an amide, and a water molecule." However, to understand how
the peptide chains formed before life was present, abiotic
processes need to be studied.

Several mechanisms have been proposed for abiotic peptide (CH,NHCHO) 12-15" ) 1 urea (also known as carbamide

. . . . . 2 . 3 ) )

synthg,sis, 1.nvolv1ng .catalsy sis by n_nnerals, mn hyédrothermal NH,C(O)NH,)."*'¢ Searches for and tentative detections of
vents,”” with UV light,” or by impact shocks.” The last

o ) ) ) o several other peptide-like molecules have been reported, such
mechanism is particularly interesting, because it hints at an as glycolamide (HOCH,C(O)NH,),">"” cyanoformamide

extraterrestrial origin of peptide chains. In fact, in the (N,C(O)CN)," and propionamide (CH,CH,C(O)NH,)."*
laboratory it has been demonstrated that dipeptides such as 2 ' R 2

glycine—glycine and alanine—leucine can form in interstellar
ice analogues.” Incorporation of these interstellar peptides into
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Observations of these molecules provide insight into the
chemical processes that result in their formation, which, in
turn, indicate whether larger amides or even peptides are
expected to form in the ISM. For example, correlations found
between interstellar abundances of NH,CHO and CH;C(O)-
NH, hint that there is a physicochemical link between these
two molecules.””'? The similarity in the ratios of these
molecules in a sample of sources with very different physical
characteristics is explained by an early formation during the
star formation cycle, presumably on ice-coated interstellar dust
grains. Furthermore, this observation hints that these
molecules form in related chemical reactions or even directly
act as a precursor.

While observations of peptide-like molecules are valuable,
detections of these molecules are still relatively sparse.
Furthermore, detections are biased toward luminous high-
mass protostars and star-forming regions. Peptide-like
molecules detected toward low-mass protostars almost
exclusively consist of NH,CHO, with as the only exception a
tentative detection of CH;C(O)NH, toward the low-mass
protostar IRAS 16293—2422B.”° Identifications toward low-
mass and Sun-like protostars will extend our knowledge of
interstellar amide formation.

In this publication, observations of Serpens SMMI-a
(hereafter SMM1-a), an intermediate-mass Class 0 protostar
in the Serpens cloud (D =~ 436.0 + 10 pc’'), are used. In
particular, the outflows of the SMMI1 region are well
studied,”*’ but also its molecular inventory.”*~*” The
comparatively high luminosity of ~100 L, makes this an
interesting source in the low-end protostellar mass range to
search for weak spectral lines of prebiotic and peptide-like
molecules.

This work presents the first detection of NH,CHO,
CH,;C(O)NH,, and various isotopologues toward SMM1-a,
combined with a tentative detection of CH;NHCHO and
upper limits of various other peptide-like molecules. The
observations and analysis are presented in Observations and
Analysis, followed by the results in the Results section. These
results are discussed in the Discussion section, and conclusions
are given in the Conclusions section.

Observations and Analysis. The observations of Serpens
SMM1 and the analysis methods are introduced in Ligterink et
al,” and only a brief overview will be given here.

Observations of SMM1 were conducted on March 27, 2019
in ALMA cycle 6 for project #2018.1.00836.S (PI: N.F.W.
Ligterink). The source was observed toward the phase center
@000 = 18:29:49.80 §jy000 = +01:15:20.6 in select frequency
windows between 217.59 and 235.93 GHz. The spectral
resolution was 48821 kHz (~0.33 km s~!, several bands
between 217.59 and 233.65 GHz) and 1952.84 kHz (~1.25
km s7!, between 234.06 and 235.93 GHz) for the continuum
band, while the spatial resolution was 1.32” X 1.04"". The
spectrum of the SMM1l-a hot core was extracted toward
position @0 = 18:29:49.793, &5009 = +1.15.20.200 in a beam
of 1.32" X 1.04"’. The background temperature was
determined to be ~5 K.

The CASSIS™ line analysis software was used to analyze the
spectra. Line lists taken from the Cologne Database for
Molecular Spectroscopy (CDMS),””™*" the JPL database for
molecular spectroscopy,”” and from the literature were used to
identify and fit spectral lines. These databases are also used to
identify the lines that are largely free of blending transitions
originating from other molecules. Largely clean lines are
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defined as transitions that have an almost negligible
contribution of a blending transition (approximately 10% of
the observed line intensity) or only blend with another species
in the wing of the transition. Only largely clean lines were used
for subsequent line fitting. A synthetic spectrum consisting of
the emission of all 26 securely and tentatively detected species
detected toward SMM1-a in this work and in Ligterink et al.*®
was generated to check against and verify that detected lines
were unblended. An overview of the spectroscopic data of the
species discussed in this paper are given in the spectroscopy
Supporting Information section, Table SI.

For a given column density (Ny), excitation temperature
(T.,), source velocity (Vigg), line width (AV), background
temperature (Tpg = 5.2 K, derived from the average
continuum flux density of 0.41 Jy beam™),*® and source
size, which is assumed to be equal to the beam size (0,yycc =
1.2"), a synthetic spectrum was generated, assuming Local
Thermodynamic Equilibrium (LTE) conditions. This synthetic
spectrum was initially fit by-eye to the rotational lines
identified in the observed spectrum. Next, a y* minimization
routine in combination with the Monte Carlo Markov Chain
(MCMC) algorithm was applied to find the best fit to the
observed spectrum. The column density was given as a free
parameter over 2 orders of magnitude around the by-eye fit
column density, while T,, = 50—350 K, AV = 1.0—4.0 km s/,
and Vigr = 6.0—9.0 km s™". In certain cases, T,,, AV, or Vi
could not properly be fit and instead estimated values were
given. In most cases, these estimates were based on an average
of values found for other molecules where a proper fit was
possible or based on related species, for example isotopologues.

A secure identification is based on the detection of at least 3
largely unblended lines for species that have prominent
spectral lines and are routinely observed in interstellar
observations (e.g, NH,CHO, CH;OH), while S or more
lines are required to claim a detection of species that are less
routinely observed or have comparatively weak spectral lines
(e.g, CH;C(O)NH, or glycolaldehyde, HOCH,CHO). If no
lines are identified of a species, an upper limit is determined
that is based on the 36 noise level of a line of the species that is
found in a line-free segment of the spectrum.

From the average continuum flux density (0.41 Jy
beam™),”® the H, column density can be estimated following

i 00,3334
equation:

ER

NH,) = —L——
( 2) BL(TD)QKuﬂmH

(1)

where F, is the flux density, R the gas-to-dust mass ratio,
B,(Tp) the Planck function for dust temperature Tp, Q the
beam solid angle, k, the dust absorption coeflicient, 4 the mean
molecular weight, and my the atomic hydrogen mass. R is
assumed to be 100, Ky gy, = 0.9 cm? g_1,3° and u = 2.8. The
dust temperature is assumed to be coupled to the gas
temperature. The excitation temperature of the dense gas
tracer CH;CN™® is adopted, resulting in Tp = 190 K. From
this, a hydrogen column density of N(H,) = (1 + 0.2) x 10*
cm™2 is estimated.

B RESULTS

In the SMM1-a spectrum several lines originating from amides
are identified, leading to the secure detection of NH,CHO v,
=1, CH;C(O)NH, v = 0, 1, NH,CHO v = 0, and NH,"*CHO
(see Figures 1 and 2, and Supporting Information Figures S1,

https://doi.org/10.1021/acsearthspacechem.1c00330
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Figure 1. Identified lines of NH,CHO, v,, = 1 toward SMM1-a. The observed spectrum is plotted in black, with the synthetic spectrum of the
species overplotted in blue, and the synthetic spectrum of all fitted species combined in red. The transition is indicated at the top of each panel and
the upper state energy is given in the top left of each panel. Detected transitions of NH,CHO v = 0, NH,"*CHO, NH,CDO, and NHDCHO are
presented in the Supporting Information section.

CH3C(O)NH,, v=0 - Serpens SMM1-a
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Figure 2. Identified lines of CH;C(O)NH,, v = 0 toward SMMI1-a. The observed spectrum is plotted in black, with the synthetic spectrum of the
species overplotted in blue, and the synthetic spectrum of all fitted species combined in red. The transition is indicated at the top of each panel and
the upper state energy is given in the top left of each panel. Detected transitions of CH;C(O)NH,, v = 1 are presented in the Supporting
Information.

S2, and S3), while CH;NHCHO v = 0, 1, NH,CDO, and isotopologues and the larger CH;C(O)NH, and CH;NHCHO

trans-NHDCHO are tentatively identified (see Figure 3 and molecules, probably results from the lower line brightness of
Supporting Information Figures S4 and SS). Moment 0 maps the latter two species, but may also be due to different
of the emission of selected NH,CHO v;, = 1, NH,CDO, chemical responses to the environment, for example the gas
CH,C(O)NH, v = 0, and CH;NHCHO v = 0 lines are shown density.36 The spatial resolution of these observations is
in Figure 4. These maps show compact emission of these insufficient to resolve finer features in the distribution of these
amides toward the peak continuum of SMM1-a. The difference molecules throughout the source and to give a definitive
in the extent of the emission between the NH,CHO answer to this question.
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Figure 3. Identified lines of CH;NHCHO, v = 0, 1 toward SMM1-a. The observed spectrum is plotted in black, with the synthetic spectrum of the
species overplotted in blue, and the synthetic spectrum of all fitted species combined in red. The transition is indicated at the top of each panel and

the upper state energy is given in the top left of each panel.
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Figure 4. Moment 0 maps of lines of NH,CHO, v, = 1, NH,CDO, CH;C(O)NH,, and CH;NHCHO toward SMML. All lines are integrated over
eight velocity bins, centered on the peak frequency of each line as determined toward SMM1-a. Positions of protostars in the SMMI region are
indicated and the beam size (1.32” X 1.04’) is visualized in the bottom left corner. Dust continuum contours are given by the black dotted line at

the levels of 0.02, 0.05, 0.1, 0.2, and 0.5 Jy Beam ™.

The excitation temperature could only be determined for
CH;C(O)NH,, v = 0, albeit with a large error bar, at T,, = 235
+ 80 K. For the CH;C(O)NH,, v = 1 fit the excitation
temperature of its ground vibrational state is adopted. The
remaining species were fit with T, = 200 K, the average
temperature that could be securely determined from the
detected molecular species toward SMM1-a.”® Other excitation
temperatures are possible, which can affect the derived column
density. For T, of 100 to 300 K, temperatures that are
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generally realistic for hot core and corinos, the column density
can vary by about a factor of 2. This temperature variation may
also affect CH;C(O)NH,, for which an excitation temperature
is determined. The column densities of its ground and first
excited vibrational states differ substantially at (2.2 + 1.1) X
10" and (6 + 3) X 10" cm™, respectively. Due to the large
error bar on the determined excitation temperature it is
possible that this species is excited at a substantially different
temperature. While no other T,, was found for which the

https://doi.org/10.1021/acsearthspacechem.1c00330
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Figure S. Scatter plots and bar graphs of the CH;C(O)NH,/NH,CHO ratio (left) and CH;CHO/NH,CHO ratio (right) toward various
interstellar sources. Serpens SMM1-a is indicated with a red triangle or red bar. For readability the NGC 6334I sources are grouped together and
indicated with a circle and abbreviated as MM1-i to MM2-ii in the bar graphs. Also for readability, only a select number of sources are labeled in the
CH;CHO/NH,CHO scatter plot. The sources in the bar Pslot are roughly ordered by luminosity. Single dish observations are indicated with striped

o . 9,10,12,1
bars. Column densities taken from the literature”'%'>!%

,16,19,20,40—35

are presented in Table S3 in the Supporting Information.

column densities of the two states converged, the column
densities are consistent within the uncertainties.

For amides for which accurate spectroscopic laboratory data
are available, but no convincing lines are found in our observed
spectra, upper limits on the column density have been derived.
This applies to the following amides (between brackets the line
frequency is listed from which the upper limit is calculated):
SNH,CHO (233 523.8 MHz), cissNHDCHO (234 776.2
MHz), NH,CH'O (231 843.5 and 235 678.6 MHz),
NH,C(O)NH, (221 615.8 MHz), NH,C(O)CN (217 621.9
and 218 497.0 MHz), and HOCH,C(O)NH, (234 2772
MHz).

Finally, lines of several oxygen-COMs are also detected.
While not the aim of this work, these species are analyzed to
account for line blending with the amides. Furthermore, some
species are of considerable prebiotic interest, such as
glycolaldehyde (HOCH,CHO), the simplest sugar-like mole-
cule. In the SMM1l-a spectrum CH,DOH, acetaldehyde
(CH;CHO), and acetone (CH;C(O)CH,) are securely
identified (see Supporting Information Figures S6, S7, and
S8), while acetic acid (CH;COOH) and HOCH,CHO are
tentatively detected (see Supporting Information Figures S9
and S10).

The number of identified lines and fit parameters of all
species are presented in Table 1, while the line parameters of
the identified transitions are listed in Table S2 in the
Supporting Information.

B DISCUSSION

The detected molecules presented in the Results substantially
expand the number of identified species in Serpens
SMM1.>****” Particularly noteworthy is the detection of
CH;C(O)NH,, making SMMI-a the lowest luminosity and
mass object where acetamide is securely identified, with only a
tentative detection of the molecule in the low-mass protostar
IRAS 16293—2422B.*° Also, the tentative identification of
deuterated formamide and CH;NHCHO in SMMl-a add
constraints to two molecules for which not many detections
are found in the literature.”'>"*'>"?

In the following three sections, comparisons are made with
the molecular inventories of other extraterrestrial sources. An
overview of these sources, including relevant molecular
abundances and column densities, is found in the Supporting
Information Table S3. The list covers a diverse set of objects,
such as the comets 67P/Churyumov-Gerasimenko (hereafter
67P/C-G) and 46P/Wirtanen or the giant molecular cloud G
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+0.693, where the molecular complexity is driven by shocks
resulting from a cloud—cloud collision.”” Data from the low-
mass protostars Perseus Bl-c (hereafter Bl-c), Serpens S68N
(hereafter S68N), Per-emb 44, Per-emb 12 B, Per-emb 13, Per-
emb 27, Per-emb 29, and IRAS 16293—2422B are used. High-
mass protostars and star-forming regions are represented in
G328.2551-0.5321 (hereafter G328), W3(H20), NGC
63341, G31.41 + 0.31, GAL 034.3 + 00.2, Orion KL, NGC
7538 IRS1, NGC 6334—29, AFGL 4176, GAL 10.47 + 00.03,
G10.6—0.4, and Sagittarius B2 (hereafter Sgr B2). Most of
these objects have been observed with interferometric
observations, but data for 46P/Wirtanen, G+0.693, W3(H20),
GAL 034.3 + 00.2, NGC 7538 IRS1, NGC 6334-29, GAL
31.41 + 0.31, GAL 10.47 + 00.03, Sgr B2(M), and Sgr B2(N)
has been obtained with a variety of single dish telescopes. Data
for 67P/C-G was obtained by the Rosetta space exploration
mission.

The NH,CHO—-CH;C(O)NH, Link. Since the first detection
of acetamide it has been suggested that CH;C(O)NH, forms
in reactions starting from NH,CHO."" If this is the case, a
column density correlation between the two species may be
observed. In the left side panels of Figure S the results of this
study and literature data are collected and the ratios between
NH,CHO and CH;C(O)NH, are presented in a scatter plot
and bar graph. Literature data are taken from a variety of
sources, ranging from comets to protostars and star-forming
regions, with vastly varying luminosities and masses.

From Figure S it becomes apparent that NH,CHO and
CH;C(O)NH, column densities strongly correlate. A CH;C-
(O)NH,/NH,CHO ratio of approximately 0.1 with a scatter of
less than an order of magnitude is found, in particular when
single dish data are omitted. The correlation is in especially
prominent when contrasted to CH;CHO/NH,CHO ratios,
which easily scatter over 2 to 3 orders of magnitude, see right
side panels of Figure S. Furthermore, it is interesting to point
out that this ratio is similar in a diverse set of objects with very
different physical characteristics, such as luminosity and
protostellar mass, as these sources range from the low end of
the mass range and low-luminosity, such as IRAS 16293—
2422B (~3Ly"°) and Ser SMMIl-a (~100 Lg) to complex,
multiprotostar, high-mass star-forming regions with luminos-
ities of 1000s or 10000s L, (e.g., NGC 63341, Sgr B2(N)). In
line with the conclusions of Colzi et al,'® derived from a
similar set of data, this points to a chemical link between the
two species and/or a similar response of reaction pathways to
physical conditions.”” Formation of CH,C(O)NH, and
NH,CHO in the ice mantles of grains in dark clouds or
during warm-up toward the protostellar stage followed by
release to the gas-phase due to thermal desorption is a likely
scenario. This is in line with modeling work of Quénard et
al,”” who find that NH,CHO production at high temperatures
(i.e,, in or near a hot core/corino) is primarily the result of
desorbing ice mantles. In contrast, the large differences seen in
the CH;CHO/NH,CHO ratio, hint at a more complex
interplay of reaction pathways and response to physical
conditions for one or both of these species. Prominent gas-
phase formation pathways are known for CH;CHO, such as
CH;CH, + O — CH;CHO + H,*’ and its gas-phase
formation has been hinted at in other interstellar sources, such
as the L1157-B1 shock.”

Formation of acetamide by gas-phase reactions and the
possible chemical link with formamide have been relatively
well investigated, mainly by computational studies.'"*>%'~%
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While solid-state formation of acetamide has been seen in
various experiments,””*°~%® formation pathways and the
chemical link with NH,CHO are less well established.

Reactions involving the NH,CO (carbamoyl) radical have
been suggzested as solid-state pathways to form amides in the
literature.””® One solid-state link between formamide and
acetamide is found in the reaction between the methyl and
carbamoyl radical:

CH,(s) + NH,CO(s) — CH,C(O)NH,(s) @)

The carbamoyl radical links acetamide and formamide, since
this radical can be formed by abstraction, radiolysis, and
photolysis of NH,CHO, via the NH, + CO radical addition,
via the radical reaction CN + H,0,”’ or by hydrogenation of
HNCO.”" Variations on above reaction may be possible, for
example by exchanging CH; with the methylene (CH,) radical
and an additional hydrogenation step. To further elucidate
reactions involving carbamoyl, matrix isolation experiments
should be conducted to determine to which extent this and
related reactions contribute to the formation of acetamide with
formamide.

Another chemical link between formamide and acetamide is
found in reactions starting from cyanides. With quantum
chemical calculations, Rimola et al.”’ found a formamide
formation pathway starting from the CN radical and water:

CN(s) + H,0(s) » HN=COH(s) (3)
HN=COH(s) — H,CO(s) (4)
NH,CO(s) + H,0(s) - NH,COH(s) + OH(s) (s)

There exists an analogue of this reaction for the formation of
acetamide, starting from acetonitrile (CH;CN) and water,
which also has been proposed as a gas-phase reaction
pathway:**

CH,CN(s) + H,0(s) - CH,C(OH)=NH(s) 6)

(7)

Important to note is that above reactions start with two
closed shell species (eq 6), while the pathway to form
NH,CHO begins with the CN radical (eq 3). However, if the
CH,;CN reaction proceeds, this could explain a chemical link
between NH,CHO and CH;C(O)NH,, if there is a relation
between (H)CN and CH;CN formed in interstellar ices and
their abundances are high enough. In the literature, there is
some experimental evidence that acetamide can be formed
from CH;CN. Bulak et al.”> investigated the photoprocessing
of CH;CN:H,O ice mixtures with laser desorption postioniza-
tion time-of-flight mass spectrometry and identified mass
signatures that can be assigned to acetamide. However, an
unambiguous identification was not made. Furthermore,
Duvernay et al.”’ investigated the solid-state formation and
photoprocessing of alpha-aminoethanol (CH,;C(OH)NH,) a
molecule that shows some chemical similarity to the
CH,C(OH)=NH intermediate produced in eq 6. Photo-
processing of this species resulted in the formation of
acetamide, hinting that eq 7 may result in the same product.

Several other reactions that form CH;C(O)NH, are
possible, albeit that none of these show a direct chemical
link with NH,CHO. Among them, the reaction between
ketene (H,CCO) and ammonia (NHj;) is an interesting one
that warrants further investigations. The gas-phase reaction of

CH,C(OH)=NH(s) — CH,C(O)NH,(s)

https://doi.org/10.1021/acsearthspacechem.1c00330
ACS Earth Space Chem. 2022, 6, 455—467
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Table S3.

these two molecules has been investigated,é5 but limited
experimental evidence for a solid-state equivalent exists. Haupa
et al.”* investigated the hydrogen abstraction of CH,C(O)-
NH,, resulting in the formation of the CH,C(O)NH, radical.
Photoprocessing of this radical resulted in ketene formation.
This can hint that a reverse pathway, starting from H,CCO
may be possible. It is worth noting that only one H,CCO line
is covered in the SMMI-a spectrum, which is not detected,
making it difficult to assess ketene as a precursor of acetamide
from these observations.

To conclude, observations indicate that the column densities
of NH,CHO and CH;C(O)NH, might be correlated.
However, the exact nature of this correlation is as of yet
unknown and could be due to linked chemical processes, either
in the gas-phase or in the solid-state, or production of these
species under similar physical conditions.

Deuterated Formamide. Lines of two deuterated forms
of formamide are tentatively detected in the SMMIl-a
spectrum, namely trans-NHDCHO and NH,CDO, see Figures
S4 and SS. While the number of detected lines of these species
is insufficient to claim a secure detection, they can be used to
give an indication of D/H fraction of NH,CHO in SMM1l-a
and be compared with the values of IRAS 16293—2422B, the
only source for which formamide D/H is thoroughly
analyzed.”

Deuterium fractions of ~(1.1 + 0.5) X 1072 and ~(3.6 +
1.0) X 1072 are found for trans-NHDCHO and NH,CDO,
respectively, toward SMM1-a, which agree reasonably well
with the CH,DOH/CH;OH ratio of (1.1 + 0.4) X 1072 The
difference in abundance between trans-NHDCHO and
NH,CDO of a factor of 3 is peculiar. This can indicate
something about the underlying chemistry, but additional
observations of deuterated formamide spectral lines are needed
to further constrain the synthetic fit and in turn their
abundances. Within the error bars, the SMMI1 abundances
with respect to NH,CHO match those found toward IRAS
16293—2422, see left panel of Figure 6. This hints that similar
physicochemical processes are taking place in both sources that
result in the formation of formamide and its deuterium
isotopomers.

The formation of formamide is still strongly debated, with
proponents for gas-phase and solid-state chemistry.”> Tradi-
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tionally, deuteration levels of several percent, as found for
SMMIl-a, are seen as an indication that ice chemistry is
producing these species.76 For formamide, Skouteris et al.”’
showed that the gas-phase reaction NH, + H,CO —
NH,CHO + H can also be efficient in forming deuterated
formamide. However, in this scenario, the high deuteration
levels of H,CO and NH, (or its precursor) have to be set on
the grains. This raises the question whether one set of species
can form on grains (H,CO, NH,) and the other will not
(NH,CHO), while laboratory evidence shows that both can
simultaneously be formed in simulated interstellar ice
mantles.”® Exclusive gas-phase formation of formamide in
hot cores seems unlikely.

Other Amides. The last couple of years have seen a boost
in searches for and detections of amides, especially N-
methylformamide and carbamide. In the middle and right
panel of Figure 6 the tentative detection of CH;NHCHO and
upper limit of NH,C(O)NH, toward SMM1-a are compared
with interstellar detections of these molecules available from
the literature.

The CH;NHCHO/NH,CHO ratio in SMMIl-a matches
with those found in the high-mass sources G31.41 + 0.31,"°
NGC 63341,"" and Sgr B2(N18)."* This supports the idea that
the underlying physicochemical processes that result in
CH;NHCHO formation in SMM1-a are similar to those in
the high-mass objects.

In ice mantles, several CH;NHCO formation pathways are

available,'”®*® such as the radical—radical addition reactions

CH,NH(s) + CHO(s) - CH;NHCHO(s) (8)
and

HNCHOC(s) + CH,(s) - CH,NHCHO(s) (9)
and the hydrogenation reaction

CH,NCO(s) + 2H — CH,;NHCHO(s) (10)

The tentative correlation between CH3;NHCHO and
NH,CHO can hint that the formation of these two species is
linked and that eq 9 is involved in its formation. It would be of
interest to determine the CH;NHCO/NH,CHO toward the
giant molecular cloud G+0.693 to see if this correlation also

https://doi.org/10.1021/acsearthspacechem.1c00330
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holds at an early stage of star formation. At the same time,
parallel detections of CH;NCO and CH;NH,, of which
currently a limited number exist in the literature, may provide
insight into the other two formation pathways.

Of the amides that are not detected in SMM1-a, the upper
limit abundance of NH,C(O)NH, can be compared with
detections of this molecule in G+0.693 and Sgr B2(N1S) and a
tentative identification in NGC 63341 MM1-v,"*'®"? see right
panel of Figure 6. The upper limit abundances are found to be
similar to those of the detections. This suggests that a slightly
deeper search that targets prominent spectral lines of
NH,C(O)NH, may result in a detection of this molecule
toward SMM1-a.

Two other complex amides that are searched for in SMM1-a,
NH,C(O)CN and HOCH,C(O)NH,, are not detected and at
present they have not been detected toward other sources
either.'">"” The NH,C(O)CN/NH,CHO upper limit ratios
are similar in SMM1-a and G31.41 + 0.31 at <0.05 and
<0.02," respectively. For HOCH,C(O)NH, the upper limits
toward SMM1-a, G31.41 + 0.31, and Sgr B2(N2) are <0.01, <
0.004,"* and <0.007,"” respectively, with respect to NH,CHO.
Compared to the abundances of CH;C(O)NH, and
CH;NHCHO with respect to NH,CHO, which are approx-
imately 0.1, this shows that NH,C(O)CN and HOCH,C(O)-
NH, are substantially less abundant by at least a factor 5—25.

It is interesting to note that NH,C(O)CN and HOCH,C-
(O)NH, are much less abundant, while their chemical
complexity seems to be similar or marginally greater than
that of CH;C(O)NH, and CH;NHCHO. This suggests that
reactions forming these molecules are substantially less
efficient than the pathway(s) leading to CH;C(O)NH, and
CH;NHCHO or that these molecules are much more readily
destroyed.

Prebiotic Chemistry and Planetary Exploration. The
results of this study suggest that SMM1-a has a rich inventory
of amides, which have been primarily formed in the ice mantles
of interstellar grains and are sublimated in the hot corino.
Recent studies indicate that ice formed in the dark cloud is
inherited into the planet-forming disk.”" Chemical inventories,
including NH,CHO, of several hot corinos have indeed been
shown to be similar to the composition of comet 67P/
Churyumov-Gerasimenko.*”* If amides are formed in the
dark cloud or during the onset of the protostellar stage, when
ice mantles warm up, they can survive into the planet-forming
disk and be available as planet building material. Remnants of
planet building, such as comets and asteroids, can bombard
newly formed planets and seed it with a cocktail of prebiotic
molecules, including amides.®*

More studies of comets and asteroids are needed to
determine the amount of amides that are present in these
objects. Radio telescope observations may help with this by
analyzing the coma gas,'’ but observational tools are generally
not sensitive enough to detect larger amides, since they are
usually less abundant and not very volatile. Space exploration
missions are required to explore these chemical inventories in
situ, for example with the Organics Information Gathering
Instrument (ORIGIN)'* space instrument, which is intended
to detect large nonvolative prebiotic molecules and bio-
molecules.

B CONCLUSIONS

In this publication the amide inventory of the hot corino
around the intermediate-mass protostar Serpens SMM1l-a is

studied. The first detections of NH,CHO v = 0, NH,CHO v/,
= 1, NH,"”CHO, and CH,;C(O)NH, v = 0, 1 toward this
source are presented, as are the tentative identifications of
trans-NHDCHO, NH,CDO, and CH;NHCHO v = 0, 1.
Serendipitous detections of the oxygen COMs CH;CHO and
CH,;C(O)CH; are made, while CH;COOH and
HOCH,CHO are tentatively identified. Ratios of the detected
molecules are derived with respect to NH,CHO and compared
with molecular inventories of a varied sample of other sources.

For CH;C(O)NH, and CH;NHCHO a ratio of approx-
imately 0.1 and a scatter of less than an order of magnitude is
found. For CH;C(O)NH,, for which a larger sample of
detections is available, this uniform ratio suggests that there is a
link in the formation of this molecule and NH,CHO and that
the ratio must already be set at an early stage of star formation,
presumably in ice mantles on dust grains that are present in
dark clouds. The D/H ratio of NH,CHO is found to be about
1-3% and is similar to the ratio derived for IRAS 16293—
2422B. This is a strong clue that ice mantle reactions are
involved in the formation of NH,CHO, but further studies are
required to assess the extent to which gas-phase reactions are
involved. A comparison of the upper limit abundance derived
for NH,C(O)NH, toward Serpens SMMIl-a with those in
other sources, suggests that this is a suitable source for follow-
up searches for this relevant prebiotic molecule.

The rich amide inventory of Serpens SMMI-a is further
evidence for the widespread availability of these molecules in
star-forming regions. This increases the likelihood that these
molecules are inherited into comets and other planetesimals
and subsequently delivered to planetary surfaces, where they
can aid the formation of biomolecules.
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