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2005 Carroll et al2015 suggested that EME is likely to
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result of unstudied gas-phase ion-molecule reactions involving
methanol(CH3;OH) and ethano(C,HsOH) sublimed from the
surface of interstellar grains, as the temperature rises to a range
of 100-300 K during the process of high-mass star formation
(Reactions(1)—(3)). This is conjectured to eventually form
EME through dissociative recombination with electrons
(Reactiond):
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This model (Reactions(1)—(4)) predicts that hot cores with
initial ethanol abundances of 1Dand 10 7 with respect to
hydrogen would lead to peak abundances of EME of the order
of 10 ° and 10 °, respectively, within 1byears after the
sublimation of the grain mantlé€harnley et al1995. From
models used tot the data collected toward Orion KL by
the ALMA interferometer, Tercero et §2015 estimated an
upper limit for the trans-EME column density(d4f0 + 0.8) x

10" cm 2 in that source. Future observations may provide
additional data that will allow a direct comparison between the
abundances estimated by gas-phase-dominated models at
temperatures of 16800 K (e.g., Charnley et ak001, 1995
Fuchs et al.2003 2005 Carroll et al. 2015, with the
abundances predicted by cosmic-ray-driven, grain surface-
dominated models, at lower temperatur€s< 100 K)
(Abplanalp et al. 2016 Shingledecker & Herbst2018,

be present in hot cores within dense molecular clouds as dollowed by sublimation of the synthesized EME when the
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Figure 3. TPD pro le corresponding tav z = 60 (C3HgO and GH,O, isomer$ as collected duringg) the blank experiment at 10.49 eV and from the irradiated
samples during the TPD phasegq[3t10.49 eV,(c) 9.92 eV, andd) 9.70 eV.

molecular formula ¢H,O,: methyl formate(lE = 10.83+ broad sublimation event from 180 K to about 250 K with ion
0.02 eV; Waterstradt et al994), acetic acid(IE = 10.65+ counts lower by a factor of 15. By decreasing the photon
0.02 eV; Knowles & Nicholsori974), glycolaldehydgIE = energy to 9.92 e\(Figure 3(c)), only ethyl methyl ether and
10.20+ 0.02 eV; Maity et al.2014), and ethene-1,2-diol  ethene-1,2-diol can be photoionized, since all other isomers
(IE = 9.62% 0.04 eV, Tureek & Havlas1986 (Figure?2). have ionization energies above 9.92 eV. All three sublimation

The TPD proles extracted form/z= 60 in the events are still visible, with therst and third events having
H,O-CH,systems are compiled in Figurgd for distinct peak ion counts about half of the intensity of the third
photoionization energies from 10.49 to 9.70 eV. Based solelysublimation event at 170 K. Lowering the photon energy to
on the photoionization energy, the signal detected at9.70eV (Figure 3(d)) eliminates the early sublimation events
Pl = 10.49 eV (Figure 3(b)) could be linked to any of the peaking at 150 and 170 K; the TPD ple of the third
CsHgO isomerq1-propanol, 2- propanol, ethyl methyl ether sublimation event from 180 K to about 250 K is still present.
to two GH4O, isomers (glycolaldehyde, ethene-1,2-diol  Therefore, considering the aforementioned ionization energies,
methyl formate and acetic acid cannot be ionized since theirwe can conclude that the sublimation events peaking at 150 and
ionization energies of 10.83 eV and 10.65eV are above thel70 K are linked to the formation of ethyl methyl ether
energy of the photons utilized her@0.49 e\). Three (CH3OCH,CH5; C3HgO), whereas the broad sublimation
desorption proles are present: a sharp event at 150 K, an events are connected to ethene-1,2-d{@@HCHCHOH;
intense and narrow sublimation event peaking at 170 K, and aC,H,0,). This sublimation sequence also correlated with an
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Figure 4. TPD pro les recorded atv z= 62 andm/z= 64 in the HO/ CH, and H:®O/ CH, systems.

enhanced polarity of ethene-1,2-diol compared to ethyl methylof ethene-1,2-diol co-sublimes with the ethyl methyl ether
ether and the dominance of strong hydrogen bonding comparedCH3?0OCH,CHy). It is important to note that the fragmentation

to weaker dipoledipole interactions, respectively. Finally, the
absence of any signal a¥z= 60 in the blank experiment

patterns of alkenes, aromatic hydrocarbons, alcohols, phenols,
ethers, ketones, aldehydes, and esters, do not produce signals at

veri es that signal detected in the irradiation experimentsm/z= 60. On the other hand, some carboxylic acids do
originates from the processing of the ice samples, excluding thdragment atm/z = 60, but the appearance energy of these
possibility that the unprocessed reactants can directly producéragments is above 9.92 eV, which is the case for fragments

any of the species detectednaltz = 60.
To substantiate the identiation of ethyl methyl ether,

from butanoic acid (AE = 10.45 eV}, pentanoic acid
(AE = 10.8 eV}, hexanoic acid (AE = 10.52 eV}, and

ex?eriments utilizing isotopic labeled ices were also performedheptanoic acid(AE = 10.54 eVj. Higher-order carboxylic
H

380-CH,) so the signal from gHgO isomerg60 amy could
be detached from £1,0, (60 amy isomers based on their
mass-shifts to 62 am@C;Hz%0) and 66 amu(C,H3%0,).
Figure4 compiles the TPD prdes extracted fom/ z = 62 and
64 comparing the 0-CH, with H3%0-CH,systems at two
distinct photon energies of 10.49eV and 9.92eV. First,
Figure4(a) reveals that a small signalratz = 62 was present
in the HLO-CH,4 experiment; this signal could be assigned to
dimethyl peroxide ((CH30);) or to methoxymethanol
(CH3OCH,OH). In this case, this signal shifts from/z =
62 to m/z= 66, which is detectable in the 2¥0-CH,
experiment, but not in the J&-CH, system. This nding
con rms that the signal atV z= 62 in the HO-CH, system
belongs to dimethyl peroxid€Hs0), and or methoxymetha-
nol (CH;OCH,OH) and that the signal atVz= 62 in the
H380-CH, experiment must originate from a different species,
i.e., the GHZ%O isomer ethyl methyl ether subliming at 170 K,

acids are not detected in our experiments.

Having elucidated the formation of EME in the®-CH,
system based on isotopic substitution studi®) and
selective photoionization of distincgl@s0-CsH%0 isomers,
we provide additional evidence based on unique fragmenta-
tion patterns of EME. If the photoionization of a molecule is
carried out close to the ionization energy, little internal
energy is available in thes8gO" parent ion to fragment.
Therefore, photoionization is often characterized as a
fragment-free(soff) ionization technique. However, as the
energy of the photon increases, the internal energy in the
CsHgO" parent ion rises as well; this enhanced internal
energy might lead to a characteristic fragmentation of the
C3HgO" parent ion at distinct appearance energids). In
the case of EME, 850" (m/z= 45; AE= 10.7 e\) and
C3H,0" (m/z= 59; AE= 10.3 e\) (Bowen & Maccoll
19849 represent characteristic fragment ions. Likewise, the

which can be ionized at 10.49 and 9.92 eV. On the other handsignal atm/z= C3HgO" (m/ z = 61) could originate from a

the signal at/ z= 64 is completely absent in the,&-CH,
experiment(Figure 4(a)), suggesting that in the }D—Cm
system(Figures4(b) and (c)), C,H%0, isomers, i.e., ethene-
1,2-diol (H*®*OCHCH™@0OH), with the signal being barely
visibly at 9.92 eV. Note that a small fraction of close to 10%
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proton transfer within subliming ethar&ME complexes
(Figure5; Lam et al.2004).

We can also provide quantitative information on the
production yields of ethyl methyl eth¢€HsOCH,CHs) and
how they compare to dimethyl eth@H;OCHjs). Accounting





