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Abstract

We report the detection of the oxygen-bearing complex organic molecules propenal (Co,H3CHO),
vinyl alcohol (C,H30H), methyl formate (HCOOCH3), and dimethyl ether (CH30OCH3) toward
the cyanopolyyne peak of the starless core TMC-1. These molecules are detected through several
emission lines in a deep Q-band line survey of TMC-1 carried out with the Yebes 40m telescope.
These observations reveal that the cyanopolyyne peak of TMC-1, which is the prototype of cold
dark cloud rich in carbon chains, contains also O-bearing complex organic molecules like
HCOOCH3; and CH30CHg3, which have been previously seen in a handful of cold interstellar
clouds. In addition, this is the first secure detection of CoH3OH in space and the first time that
C,H3CHO and C,H30H are detected in a cold environment, adding new pieces in the puzzle of
complex organic molecules in cold sources. We derive column densities of (2.2 + 0.3) x 1011
cm™2, (2.5 +0.5) x 1012 ¢cm™2, (1.1 £ 0.2) x 1012 cm™2, and (2.5 + 0.7) x 1012 cm™2 for
C,H3CHO, C,H30H, HCOOCHS3, and CH30OCHg, respectively. Interestingly, CoH3OH has an
abundance similar to that of its well known isomer acetaldehyde (CH3CHO), with CoH30H/
CH3CHO ~ 1 at the cyanopolyyne peak. We discuss potential formation routes to these molecules
and recognize that further experimental, theoretical, and astronomical studies are needed to
elucidate the true mechanism of formation of these O-bearing complex organic molecules in cold
interstellar sources.
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1 Introduction

Complex organic molecules (COMSs) like methyl formate (HCOOCHS3) and dimethyl ether
(CH30CHz3) have been traditionally observed in the warm gas around protostars, the so-
called hot cores and corinos, where they are thought to form upon thermal desorption of ice
mantles on grains (Herbst & van Dishoeck 2009). In the last decade, these molecules have
been observed as well in a few cold sources, like the dense cores B1-b (Oberg et al. 2010;
Cernicharo et al. 2012) and L483 (Agundez et al. 2019), the dark cloud Barnard 5 (Taquet et
al. 2017), the pre-stellar cores L1689B (Bacmann et al. 2012) and L1544 (Jiménez-Serra et
al. 2016), and the starless core TMC-1 (Soma et al. 2018). The low temperatures in these
environments inhibit thermal desorption, and it is still an active subject of debate how are
these molecules formed, whether in the gas phase or on grain surfaces followed by some
non-thermal desorption process (Vasyunin & Herbst 2013; Ruaud et al. 2015; Balucani et al.
2015; Chang & Herbst 2016; Vasyunin et al. 2017; Shin-gledecker et al. 2018; Jin & Garrod
2020).

The cyanopolyyne peak of TMC-1, TMC-1(CP), is characterized by a carbon-rich chemistry,
with high abundances of carbon chains and a poor content of O-bearing COMs (e.g.,
Agindez & Wakelam 2013). Here we report the detection of four O-bearing COMs toward
TMC-1(CP). Propenal (C,H3CHO) has been reported previously toward massive star-
forming regions in the Galactic center (Hollis et al. 2004; Requena-Torres et al. 2008) and in
the hot corino IRAS 16293-2422B (Manigand et al. 2021). Vinyl alcohol (C,H30H) has
been only seen toward Sagittarius B2(N), where the high spectral density complicates the
identification (Turner & Apponi 2001). Therefore, this is the first clear detection of CoH30H
in space and the first time that Co,H3CHO and C,H30H are detected in a cold environment.
We also report the detection of HCOOCH3 and CH3OCHpg, recently detected (the latter
tentatively) toward the methanol peak of TMC-1 (Soma et al. 2018) but not toward
TMC-1(CP).

2 Astronomical observations

The data presented here belong to a Q-band line survey of TMC-1(CP), a.pggo = 4141M41.98
and & pggo = +25°41727.0”, performed with the Yebes 40m telescope. The cryogenic
receiver for the Q band, built within the Nanocosmos project1 and which covers the
31.0-50.4 GHz frequency range with horizontal and vertical polarizations, was used
connected to FFTS spectrometers, which cover a bandwidth of 8x2.5 GHz in each
polarization with a spectral resolution of 38.15 kHz. The system is described in Tercero et
al. (2021). The half power beam width (HPBW) of the Yebes 40m telescope ranges from
36.4” to 54.4” in the Q band. The intensity scale is antenna temperature, 7%, for which we

estimate an uncertainty of 10 %, which can be converted to main beam brightness
temperature, 7 mp, by dividing by B o/ F ot (See Table 1). The line survey was carried out
during several observing runs and various results have been already published. Data taken
during November 2019 and February 2020 allowed to detect the negative ions C3N™ and
CsN™ (Cernicharo et al. 2020a), and to discover HC4NC (Cernicharo et al. 2020b), HC30*

1 https://nanocosmos.iff.csic.es
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(Cernicharo et al. 2020c), and HCsNH* (Marcelino et al. 2020). A further observing run,
carried out in October 2020, resulted in the detection of HDCCN (Cabezas et al. 2021),
HC3S* (Cernicharo et al. 2021a), CH3CO™ (Cernicharo et al. 2021b), and various C4H3N
isomers (Marcelino et al. 2021). Additional observations were taken in December 2020 and
January 2021, which led to the discovery of vinyl acetylene (CH,CHCCH; Cernicharo et al.
2021c), allenyl acetylene (CH,CCHCCH; Cernicharo et al. 2021d), and propargyl
(CH,CCH; Agundez et al. 2021), and a final run was carried out in March 2021. All
observations were carried out using the frequency switching technique, with a frequency
throw of 10MHz during the two first observing runs and 8MHz in the later ones. All data
were reduced with the program CLASS of GILDAS (Pety 2005)2.

3 Molecular spectroscopy

C,H3CHO has two conformers. The most stable, and the only one reported in space (Hollis
et al. 2004; Requena-Torres et al. 2008; Manigand et al. 2021), is the frans form, which is
the one reported here as well. Level energies and transition frequencies were obtained from
the rotational constants derived by Daly et al. (2015). The dipole moment along the a axis
(all transitions observed here are of a-type) is 3.052D (Blom et al. 1984).

C,H30H has also two conformers, named synand anti. Turner & Apponi (2001) assigned
various emission features to the two conformers in the crowded spectra of Sgr B2(N). Here
we report an unambiguous detection of the sy form, which is the most stable one, in a
colder source that is much less affected by line confusion. Level energies and transition
frequencies were computed from the rotational constants given by Melosso et al. (2019).
The components of the dipole moment along the aand & axes are 0.616 D and 0.807 D,
respectively (Saito 1976). Both & and &-type transitions are observed here.

HCOOCHj3 is a well known interstellar molecule in which the internal rotation, or torsion, of
the methyl group makes each rotational level to split into A and £ substates, with statistical
weights A:E = 1:1. We used the spectroscopy from a fit to the lines measured by Ogata et al.
(2004) implemented in MADEX (Cernicharo et al. 2012). Here all observed transitions are
of a-type and thus we adopted ;= 1.63 D (Curl 1959).

CH30CHg3 is an asymmetric rotor in which the large amplitude internal motion of the two
equivalent methyl groups leads to level splitting into AA, EE, EA, and AE substates, with
nontrivial statistical weights (Endres et al. 2009). We adopted the spectroscopy from the
CDMS catalog (Miiller et al. 2005) 3. The geometry of the molecule makes it to have non-
zero dipole moment only along the b axis, with a measured value of 1.302 D (Blukis et al.
1963).

4 Results

We detected various lines for each of the O-bearing COMs target of this study (see Table 1),
with signal-to-noise ratios (S/N) well above 3 a. The position of the lines is consistent with

2 hitp://www.iram . fr/IRAMFR/GILDAS
https://cdms.astro.uni-koeln.de/
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the calculated frequencies based on laboratory data (see Sec. 3) and the systemic velocity of
the source, V| sg = 5.83 km s™1 (Cernicharo et al. 2020b). Moreover, the relative intensities
of the lines are those expected for rotational temperatures in the range 3-10 K, which are
typical of TMC-1 (Gratier et al. 2016), and there are no missing lines. We thus consider that
the detection of the four O-bearing COMs in TMC-1 is secure. Hereafter we discuss the
particularities of each molecule.

The detection of the #rans form of C,H3CHO is very solid since the six observed lines are
detected with S/N between 6.5 o and 19.4 o and the V| gg of the lines are fully consistent
with the systemic velocity of TMC-1 (see Table 1 and Fig. 1). The rotational temperature (7
rot) Of CoH3CHO is not very precisely determined, 7.5 + 3.5K from a rotation diagram, but
synthetic spectra computed under thermodynamic equilibrium indicate that values in the
range 5-10K are consistent with the relative intensities observed. We thus adopted 7ot = 7.5
K to compute the synthetic spectra and derive the column density. The arithmetic mean of
the observed C,H3CHO linewidths, 0.71 km s71, is adopted when computing the synthetic
spectra (see Table 1). We also assumed a circular emission distribution with a diameter ;=
80", as observed for various hydrocarbons in TMC-1 (Fossé et al. 2001). For the other three
molecules we followed the same convention, adopting as linewidth the average of the
observed values and assuming the same emission distribution. The column density derived
for CoH3CHO is (2.2 + 0.3) x 101 cm™2.,

In the case of CoH30H (see Table 1 and Fig. 2), three lines are clearly detected, with S/N of
6.7 o and 9.0 o. The frequency of the 21 »—1; ; transition, 37459.184 MHz, coincides with a
hyperfine component of CH,CCH, recently reported in TMC-1 (Aglndez et al. 2021). We

predict 7%, = 1.1 mK for the 21 -1 1 transition, which indicates that the observed line (see

Agundez et al. 2021) has contributions from both CH,CCH and C,H30H. The high
detection significance of three lines, the overlap of a fourth line with CH,CCH, and the fact
that there are no missing lines, makes us to consider the detection of Co,H30H secure. The
rotational temperature is not well constrained for C,H30H, although the observed relative
intensities indicate that it must be in the high range of the values typically observed in
TMC-1. We thus adopted T, = 10K and a linewidth of 0.87 km s~1 to compute the
synthetic spectra. We derive a column density of (2.5 + 0.5) x 1012 cm~2 for C,H30H.

We detected five A/E doublets of HCOOCH3 with S/N in the range 5.8-14.6 o (see Table 1
and Fig. 3). The only line affected by a problem is the 3 3—2¢ » transition of the £ substate,
which accidentally lies close to a negative frequency-switching artifact, making it to appear
less intense and slightly shifted from the correct position. We thus did not fit this line. The
rotational temperature derived is 5.1 + 2.5 K, and we thus adopted 7 ,: =5 K, and a
linewidth of 0.67 km s™1, to compute the synthetic spectra. The total column density
obtained for HCOOCHj, including both A and £ substates, is (1.1 + 0.2) x 1012 cm=2.

For CH30CH3, we observed four triplets with the characteristic structure of an intense
component corresponding to the ££ substate lying between two equally intense components
corresponding to the AE+EA and AA substates. The ££ component of the four triplets is
detected with good confidence levels, between 5.0 o and 9.6 o (see Table 1 and Fig. 4). The
weaker components corresponding to the AE+£A and AA substates are sometimes found to
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lie within the noise, although the computed synthetic spectra is consistent with this fact. We
consider that the detection of CH30CH3 is secure. From a rotation diagram we derive a low
rotational temperature of 3.6 = 0.6 K, which is well constrained by the availability of
transition covering upper level energies from 2.3K to 10.8 K. We thus adopted T, = 3.6K
and a linewidth of 0.72 km s~ to compute the synthetic spectra, which implies a total
column density, including the four substates, of (2.5 + 0.7) x 1012 cm™2 for CH30CHj.

The variation in the column densities due to the uncertainty in 7 o is small, ~ 15 %, for
C,H3CHO and C,H30H, and higher, a factor of two, for HCOOCH3 and CH30CHa.

5 Discussion

The abundances derived for CoH3CHO, CoH30H, HCOOCHS3, and CH30CH3 are 2.2 x
10711, 2.5 x 10710, 1.1 x 10710, and 2.5 x 10719, respectively, relative to Ho, if we adopt a
column density of H, of 1022 cm=2 (Cernicharo & Guélin 1987). Now, how are these four
O-bearing COMs formed in TMC-12.

C,H3CHO and C,H30H could be formed by gas-phase neutral-neutral reactions between
reactive radicals like OH, CH, or Co,H and abundant closed-shell molecules. However,
among the potential sources of CoH30H, the reactions OH + C,H,4 and OH + CH,CHCH3
seem to have activation barriers (Zhu et al. 2005; Zador et al. 2009) and the reaction CH +
CH30H seems to yield H,CO and CHs as products (Zhang et al. 2002). In the case of
C,H3CHO, a potential formation reaction is OH + allene, but the main products are H,CCO
+ CH3 (Daranlot et al. 2012). Two more promising routes to Co,H3CHO are the reactions CH
+ CH3CHO, which has been found to produce CoH3CHO (Goulay et al. 2012), and CoH +
CH30H, which to our knowledge has not been studied experimentally or theoretically.

C,H3CHO and C,H30H are not specifically considered in the chemical networks UMIST
RATE12 (McElroy et al. 2013) or KIDA uva.kida.2014 (Wakelam et al. 2015), but
acetaldehyde (CH3CHO), which is an isomer of CoH30H, is included. Since it often
happens that astrochemical databases do not distinguish between different isomers because
information is not available, it is conceivable that some of the reactions that are considered
to produce CH3CHO could also form CoH30H. According to a standard pseudo-time-
dependent gas-phase chemical model of a cold dark cloud (e.g., Agindez & Wakelam 2013),
there are two main reactions of formation of CH3CHO. The first is O + C,Hs, for which
formation of C,H30H does not seem to be an important channel, according to experiments
(Slagle et al. 1988) and theory (Jung et al. 2011; Vazart et al. 2020). The second is the
dissociative recombination of CH;CHOH™ with electrons, in which case experiments show
that the CCO backbone is preserved with a branching ratio of 23% (Hamberg et al. 2010), so
that it is possible that both CH3CHO and C,H30H are formed. A different route to
CH3CHO starting from abundant ethanol (Co,Hs50H) has been proposed (Skouteris et al.
2018; Vazart et al. 2020), but in L483, the only cold environment where CoHsOH has been
detected, its abundance is twice smaller than that of CH3CHO (Agulndez et al. 2019). The
column density of CH3CHO at TMC-1(CP) is (2.7-3.5) x 1012 cm~2 (Gratier et al. 2016;
Cernicharo et al. 2020c), which implies a CoH30H/CH3CHO ratio of ~ 1. Therefore, if the
two isomers are formed by the same reaction, then the branching ratios should be similar.

Astron Astrophys. Author manuscript; available in PMC 2021 July 29.
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The reaction CH3 * + H,CO produces CH, + HCO* (Smith & Adams 1978), and thus it is
unlikely to form CoH30H, as suggested by Turner & Apponi (2001).

Grain-surface processes could also form CoH3CHO and C,H30H in TMC-1. Experiments
show that CoH30H is formed upon proton irradiation of H,O/C,H, ices (Hudson & Moore
2003), and electron irradiation of CO/CH,4 and HoO/CHy ices (Abplanalp et al. 2016;
Bergantini et al. 2017), while CoH3CHO is produced after electron irradiation of CO/CoHy
ices (Abplanalp et al. 2015). Non-energetic processing of CoH, ices, in which reactions with
H atoms and OH radicals occur on the surface, also produces C,H30H (Chuang et al. 2020).
It remains however uncertain whether these experimental setups (e.g., in terms of irradiation
fluxes and ice composition) resemble those of cold dark clouds. Abplanalp et al. (2016)
made an effort in this sense by incorporating the results of electron irradiation experiments
in a chemical model of a cold dark cloud, and found that cosmic rays could drive the
formation of C,H30H on grain surfaces. Recently, Shingledecker et al. (2019) proposed that
C,H3CHO can be efficiently formed on grain surfaces by successive reactions of addition of
an H atom to HC30. This process would also produce propynal (HCCCHO), which make
these authors to propose a chemical connection, and thus a potential correlation, between
HCCCHO and C,H3CHO. If this mechanism is correct, then CoH3CHO would be more
likely detected in those sources with intense HCCCHO emission (Loison et al. 2016).

There is no yet consensus on how are HCOOCH3 and CH3OCHj3 formed in cold sources.
Models where the synthesis relies on chemical desorption and gas-phase radiative
associations usually require a chemical desorption efficiency as high as 10 % (Vasyunin &
Herbst 2013; Balucani et al. 2015; Chang & Herbst 2016), which can be relaxed if Eley-
Rideal processes (Ruaud et al. 2015), radiation chemistry (Shingledecker et al. 2018), or
nondiffussive grain-surface processes (Jin & Garrod 2020) are considered. These models can
account for abundances relative to H, around 10710 for HCOOCH3 and/or CH30CHj3 under
certain assumptions, although they rely on yet poorly constrained chemical and physical
processes. Astronomical observations pointed out that HCOOCH3 and CH30CH3 could
have a chemical connection with CH30H, based on the slight abundance enhancement
inferred for these O-bearing COMs at the CH30H peak with respect to the dust peak in the
pre-stellar core L1544 (Jiménez-Serra et al. 2016). The column densities derived here for
HCOOCH3 and CH30CHg at TMC-1(CP) are similar, within a factor of two, to those
reported by Soma et al. (2018) at the CH30H peak of TMC-1. A coherent study using the
same telescope and a detailed radiative transfer model is needed to see if there is a
significant abundance enhancement of HCOOCH3 and CH30OCHg; at the CH30H peak of
TMC-1.

6 Conclusions

We reported the detection of C,H3CHO, C,H30H, HCOOCHS3, and CH30CHj3 toward the
cyanopolyyne peak of TMC-1. This region, which is a prototypical cold dark cloud with
abundant carbon chains, has been revealed as a new cold source where the O-bearing COMs
HCOOCH3; and CH30CHg are present. In addition, we provide the first evidence of two
other O-bearing COMs, Co,H3CHO and C,H30H, in a cold source, the latter being identified
unambiguously for the first time in space here. The abundances relative to H, derived are a
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few 1071 for C,H3CHO and a few 10710 for the three other molecules. Interestingly,
C,H30H has a similar abundance to its isomer CH3CHO, with C,H30H/CH3CHO ~ 1. We
discuss potential formation routes to these molecules and conclude that further experimental,
theoretical, and astronomical studies are needed to shed light on the origin of these COMs in
cold interstellar sources.
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Fig. 1.
Lines of C,H3CHO observed in TMC-1 (see parameters in Table 1). In red computed

synthetic spectra for V= 2.2 x 1011 cm™2, Trot = 7.5K, FWHM = 0.71 km s7%, and 6,=

Astron Astrophys. Author manuscript; available in PMC 2021 July 29.

Page 9

80”.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Agundez et al. Page 10

(mK)

T

Ty rrrrrprprrmrrrnorr - rmrmrm 7o r mr mrrrrrrrrrrrrrrrr—r— 1 rrr

(mK)

T

(mK)

*
TA
(@)
1

~—rrrrooro.rp rrr v r o rrprr — rr rrr mr - r), T rrrrrorr 1 rrT

-15 -10 -5 0 5 10 5 20 25
Visr (km s™1)

Fig. 2.

Lines of CoH30H observed in TMC-1 (see parameters and note on line 25 1-15 o in Table 1).
In red computed synthetic spectra for = 2.5 x 1012 cm™2, T o = 10 K, FWHM = 0.87 km
s71 and 6,=80".
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Fig. 3.

Lines of HCOOCHj3 observed in TMC-1 (see parameters and note on line 3¢ 3-20 2 £1n
Table 1). In red computed synthetic spectra for a V= 1.1 x 1012cm2, 7 o; =5 K, FWHM =
0.67 kms™1, and 6= 80".
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Lines of CH30CH3 observed in TMC-1 (see parameters in Table 1). In red computed
synthetic spectra for N = 2.5 x 1022ecm™2, 7,5 = 3.6 K, FWHM = 0.72 km s71, and 6= 80”.
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Table 1
Observed line parameters of the target O-bearing COMs of this study in TMC-1.
* a I T*adv B of/F
Molecule Transition Elzp Ve (MHz) T ,:(peak Av” (kms Yl'-SR (kms (MK km's SIN p
(K) (mK) ) 71) (o) off
41,315 62 34768987  306:031 (O2* 577+003 203+021 145  0.603
404303 43 36578135 377:033 O5i* 5794003 327+027 194 0597
t 413-31, 64 36435990 317x020 J55* 573+004 287+025 192 0590
rans- .
C,HsCHO 0724
515414 83 43455460 181049 O12* 578+008 138+037 65 0530
505404 64 44449749 367054 Oo0* 580+004 211+031 105 0521
514015 86 45538904 472066 Jgo* 580+0.04 345+043 126 0511
494315 93 32449221 117032 LOI* 561+011 1344027 68 0622
2100 51 374501849 - - - - - 0581
syn-C,HsOH 0.89 +
202101 28 30016387 190039 O8I* 5814007 179+029 90 0568
211110 53 40650606  171£041 (o0F 588008 118+028 6.7 0.554
3,520, E 40 34156889  192:020 O92* 593+006 127+023 96  0.608
315212 A 39 34158061 186020 J90* 584007 159+028 106  0.608
303202 £ 35 36102.227° - - - - - 0.593
305202 A 35 36104775  261:020 Jlo* 580004 205+022 146 0502
3,21, E 44 38076085  181%035 Joo* 593+007 128+025 83 0.568
HCOOCHS 057
3,211 A 44 38980803  245:035 Oo* 5924004 149+021 104 0568
4,35 F 61 45395802 282£057 J9o* 600£0.07 189+040 83 0512
41,431 3A 61 45307360 239057 (5% 5914010 107+032 58 0512
40,4303 € 58 4753116  319:075 Oo0* 5924007 201+044 71 0493
4y a3 0.98 +
0,403 A 58 4753905 276075 O 599+010 288+0.60 7.9 0493
251/; T202AE* 45 31105223 1354039 092+ 5724013 131+036 58 0.632
2,120, EE 42 31106150  152%039 Jag* 594+008 087+029 50 0.632
CH30CH; s s e
203 7.0 30077216 137£025 (O3* 584+007 091+019 7.8 0.618
31,090,3 €€ 70 30078232  137£025 o9t 584000 138+027 9.6 0.618
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Molecule Transition (Elzg V calc (MH2) I;?([)Jeak %Va (km's Yl')‘SR (kms EIT;TP:AS; s (S(/I ')\‘ ° iecﬁ "
3,303 AA 70 32079187  106:025 J3* 5994012 096+029 71 0618
4y 3494 EE 108 35503408 122£027 (a9® 582+007 073+016 64 0507
1,1-000 EE 23 4767497 331:062 O0* 6.02+006 208+038 89 0492

The line parameters 7*4 peak, Av, VL_SR, and | 7*4dvand the associated errors are derived from a Gaussian fit to each line profile.

aAvis the full width at half maximum (FWHM).

bSignaI-to-noise ratio is computed as S/N = [ T*4adv/ [rms x -,/ Avx v (c/ Ucalc), Where cis the speed of light, Svis the spectral resolution
(0.03815 MHz), the rms is given in the uncertainty of 7#4 peak, and the rest of parameters are given in the table.

cBeff is given by the Ruze formula B eff = 0.738 exp [TM(V/72.2)2], where vis the frequency in GHz, and Feff = 0.97.

dLine overlaps with a hyperfine component of CH2CCH (see Agindez et al. 2021).

e . ] . . . o .
Line detected but not fitted because it overlaps with a negative frequency-switching artifact.
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