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ABSTRACT: Glycolaldehyde is considered the entry point in the aqueous
prebiotic formose (Butlerow) reaction although it mainly exists in its
unreactive hydrated form in aqueous solution. The characterization of the
more reactive nucleophilic enol form under interstellar conditions has
remained elusive to date. Here we report on the identification of
glycolaldehyde enol (1,2-ethenediol, HOHCCHOH) in low temperature
methanol-bearing ices at temperatures as low as 5 K. Exploiting isotope
labeling and isomer-selective photoionization coupled with reflectron time-
of-flight mass spectrometry, our results unravel distinct reaction pathways to
1,2-ethenediol, thus demonstrating the kinetic stability, availability for
prebiotic sugar formation, and potential detectability in deep space.

■ INTRODUCTION
The formation of carbohydrates in prebiotic chemistry is often
connected to the formose or Butlerow reaction.1−4 Hereby
various aldoses and ketoses form unselectively in basic aqueous
formaldehyde (H2CO, 1) solutions at elevated temperatures. In
an initial step glycolaldehyde (HOCH2CHO, 2) slowly forms
which according to Breslow further serves as a kind of
autocatalyst for the production of higher carbohydrates by
base-catalyzed aldol carbon−carbon bond-forming reactions.2,3

However, in aqueous solution glycolaldehyde mainly exists in its
unreactive hydrated form.5 Basic conditions enable keto−enol
tautomerism to produce glycolaldehyde enol (E/Z-1,2-
ethenediol, HOCHCHOH, 3), the reactive form of 2 and
key intermediate in further sugar-forming reactions.3 The enol
serves as a nucleophile in the reaction with electrophilic
carbonylic compounds via a favorable six-membered six-electron
transition state to form glyceraldehyde (4) in a first step (Figure
1a). Isomerization of glyceraldehyde to the thermodynamically
preferred dihydroxyacetone (HOCH2C(O)CH2OH) occurs via
[1,2]hydride shift reactions3,4 and enables branched ketose
synthesis in formose type reactions and, for example, the
prebiotic synthesis of DNA nucleosides.6 Borate minerals were
shown to stabilize ribose, the backbone of RNA, in complex
formose mixtures.7 Alternative prebiotic scenarios for sugar
synthesis have been demonstrated including, for example, HCN
photoredox photochemistry in aqueous solution,8 mechano-
chemically induced formose reaction in the absence of water,9 or
a barrierless carbonyl ene type reaction of hydroxymethylene
(H−C̈−OH) and carbonyl compounds under interstellar
conditions.10,11

However, efficient sugar formation in the classical formose
reaction typically requires elevated temperatures, basic aqueous
conditions, and the availability of calcium ions to stabilize the

reactive 1,2-ethenediol intermediate, limiting the scenarios
under which sugars could form on, for example, prehistoric
Earth or meteors that ultimately deliver those sugars to other
planets. Laboratory studies exposing interstellar model ices to
ionizing radiation have demonstrated that the abiotic formation
of biologically relevant molecules is feasible under interstellar
conditions. This implies that key biological compounds such as
sugars and amino acids might form on ice-coated interstellar
grains, the rawmaterial for solar systems, by energetic processing
in cold molecular clouds at temperatures as low as 10 K. Those
organics are eventually incorporated into parent bodies of
meteorites and can further be energetically processed in their icy
mantle on their journey through space. Parts of these organic
molecules can survive entry into the atmosphere of other planets
like Earth.12 In fact, many molecules that were detected in
energetically processed interstellar model ices in laboratory
experiments were also found in meteorite samples: glycerol
(CH2OHCH(OH)CH2OH) was formed in the laboratory in
methanol model ices13 and found in the Murchison meteor-
ite,14,15 and pyruvic acid (CH3COCOOH) was detected in
binary ices of acetaldehyde and carbon dioxide16 and detected in
Alan Hill.17 Furthermore, carbohydrates, including glyceralde-
hyde, dihydroxyacetone, and ribose, were detected after
ultraviolet (UV) irradiation of ternary mixtures of water,
methanol, and ammonia (NH3)

18,19 and have also been found
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in the Murchison meteorite.14,15 Lastly, amino acids were
detected in the Murchison meteorite20 and in the coma of 67P/
Churyumov−Gerasimenko21 and were also formed in inter-
stellar model ices after irradiation.22

However, fundamental reaction mechanisms leading to
biorelevant organics are still lacking. An identification of reactive
intermediates such as enols is of particular importance to our
understanding how sugars might form via molecular mass
growth processes from the bottom up.2 However, considering
the lack of suitable precursors and difficulty in preparation,
simple enols represent one of the least explored classes of
biorelevant organic molecules to date.23−25 Consequently, gas-
phase aldol reactions have also not been studied experimentally.
1,2-Ethenediol has, up to now, only been tentatively inferred as a
possible byproduct in the fragmentation of the transition metal
complex [HOCD2CD2OH···Zn2+···OOCCH3]

26 and in an
infrared and NMR study of the flash pyrolysis products of
dihydroxy-11,12-ethano-9,10-dihydro-9,10-anthracene.27

Here, we demonstrate the formation and isomer-selective mass
spectrometric identif ication of 3 in interstellar model ices
consisting of methanol (CH3OH, 5) and methanol−carbon
monoxide (CO, 6), respectively, processed with energetic
electrons mimicking galactic cosmic ray (GCR) exposure of ice-
coated interstellar grains over typical lifetimes of molecular
clouds of a few 106 years.28,29 These ice mixtures were chosen
because previous studies demonstrated the facile formation of 2
in these ices.30 Interstellar ices containing carbon monoxide and
methanol at levels of up to 50% and 30%, respectively, were
observed toward high- and low-mass star-forming regions.31,32

Theoretically five conformers of 3 exist, with theC1 symmetric
Z-(syn,anti)-configuration (3a) as the thermodynamically
preferred species according to our CCSD(T)/cc-pWCVTZ +
zero-point vibrational energy (ZPVE) computations (Figure 1b,

Table S1). The remaining conformers are 16−19 kJ mol−1

higher in energy considering the absence of intramolecular
hydrogen bonding. The detection of the keto−enol pair
acetaldehyde−vinyl alcohol in the star-forming region SgrB2
demonstrates that enols are kinetically stable in the interstellar
medium, and unimolecular isomerization to their thermody-
namically preferred keto form does not occur.33 Considering
that glycolaldehyde has also been detected toward SgrB2,34,35

our results propose that conformers of 3 might also be present
there and should be searched for in the gas phase through their
rotational spectra thus shining light on the fundamental
processes advancing the organic chemistry in these extreme
environments.

■ EXPERIMENTAL DETAILS
Experiments were conducted in a stainless steel ultrahigh vacuum
chamber pumped to 5 × 10−11 Torr by magnetically levitated
turbomolecular pumps backed by a hydrocarbon-free scroll pump. A
polished silver substrate was interfaced to a rotatable cold head that was
cooled to 5 K by a closed-cycle helium compressor (Sumitomo Heavy
Industries, RDK-415E). Methanol was filled into a glass vial interfaced
to a UHV chamber, and residual atmospheric gases were removed by
subjecting it to several freeze−thaw cycles at liquid nitrogen
temperatures. Gases used in the experiment were supplied to the
main UHV chamber through separate glass capillary arrays to a total
background pressure of 5 × 10−8 Torr. The thickness of the ices was
determined during deposition by recording interference patterns of a
helium−neon laser. After deposition, infrared spectra of the pristine ices
were recorded using a Nicolet 6700 FTIR spectrometer (Fisher
Scientific) before subjecting them to 5 keV electrons at a current of 30
nA for 60 min while continuously recording IR spectra to monitor
radiation-induced changes. Monte Carlo simulations were performed
using the CASINO software suite36 to calculate the dose and to ensure
that the ice was thick enough so that no electrons were transmitted to

Figure 1. Aldol reaction with chemically feasible six-membered transition states enable new carbon−carbon bond formation and sugar-producing
chemistry (a). Five conformers of 1,2-ethenediol (3) with point groups and relative energies in kJ mol−1 (bold) at the AE-CCSD(T)/cc-PWCVTZ
level + zero-point vibrational energy (b).

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c07978
J. Am. Chem. Soc. 2021, 143, 14009−14018

14010

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c07978/suppl_file/ja1c07978_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07978?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c07978?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c07978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the ice−metal interface. In pure methanol ices, the dose was found to be
5.3 ± 0.8 eV molecule−1, whereas in the mixed ice, the dose
corresponded to 4.9 ± 0.8 eV molecule−1 and 4.2 ± 0.7 eV molecule−1

for methanol and carbon monoxide, respectively (Table S2). For the
temperature-programmed desorption, a cartridge heater interfaced to a
temperature controller was used to heat the sample at a constant ramp
of 0.5 K min−1. Subliming species were ionized using a pulsed, laser-
based, tunable VUV source for soft, ideally fragment-free ionization.
The resulting cations were then collected by a TOF-spectrometer
(Jordan TOF products Inc.) and analyzed according to their arrival
time at the micro channel plate detector. Corresponding mass-to-
charge ratios were assigned using a previously recorded calibration
curve30 as the starting condition for a fit routine fitting a fifth-order
polynomial to the peaks in the mass spectrum to compensate for slight
deviations of distance between sample and spectrometer. Tunable
vacuum ultraviolet (VUV) radiation was generated by (non)resonant
four-wave mixing in noble gases.37 Pulsed lasers operating at a
repetition rate of 30 Hz were synchronized to a pulsed valve operated at
a backing pressure of 2 atm. To generate 10.49 eV, the frequency-tripled
output of a Nd:YAG laser (Spectra Physics QuantaRay Pro 250-30,
354.6 nm) was focused into a xenon gas jet produced by the pulsed
valve to achieve frequency tripling by nonresonant four-wave mixing.
Photon energies of 9.75 and 8.50 eV were generated by resonant four-
wave difference frequency mixing (2ω1 − ω2) in krypton, whereas 8.82
and 8.05 eV were produced in xenon gas. For these wavelengths, the
outputs of two tunable dye lasers (Sirah Lasertechnik, Cobra-Stretch)
pumped by two electronically synchronized Nd:YAG lasers (Spectra
Physics QuantaRay Pro 250-30 and 270-30) were overlapped spatially
and temporally inside the gas jet produced by the pulsed valve. The

generated VUV light was separated from the laser beams using a
biconvex lithium fluoride lens in an off-axis geometry on a translation
stage, only allowing the desired wavelength to pass through an aperture
into the main experimental chamber. Behind the aperture, the
transmitted beam passes the sample at a distance of 2 mm to ionize
subliming molecules and subsequently illuminates a faraday cup held at
a voltage of 300 V to monitor the VUV flux. For each experiment, the
recorded TPD profiles were normalized to the VUV flux to minimize
the influence of fluctuations on the profiles. Wavelengths and dyes used
for each photon energy are summarized in Table S3. The exploitation of
interstellar analogue ices represents a validated strategy and very first
step as verified by Ehrenfreund et al.38

■ COMPUTATIONAL DETAILS

All computations were carried out with Gaussian 16, Revision
A.03.39 For geometry optimizations and frequency computa-
tions, the density functional theory (DFT) B3LYP func-
tional40−42 was employed utilizing the Dunning correlation-
consistent split valence basis set cc-pVTZ.43 Based on these
geometries, the corresponding frozen-core coupled cluster44−47

CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ, and CCSD(T)/cc-
pVQZ single point energies were computed and extrapolated to
complete basis set limit48 CCSD(T)/CBS with B3LYP/cc-
pVTZ zero-point vibrational energy (ZPVE) corrections. The
adiabatic ionization energies were computed by taking the
ZPVE corrected energy difference between the neutral and ionic
species that correspond to similar conformations. At this level of

Figure 2. Temperature-dependent time-of-flight mass spectra recorded at different photon energies for pure methanol ices (top four panels) and
methanol−carbon monoxide ices (bottom four panels) after electron irradiation. Data at 10.49 eV were taken from ref 56.
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theory, typical uncertainties of relative energies are around
4 kJ mol−1. Calculations performed for a small subset of the
molecules using the computationally more expensive aug-
mented basis sets at the same zeta level revealed that they did not
affect the ionization energies to the significant figures reported
and only had a marginal effect on the relative energies
(<2.5 kJ mol−1). Therefore, the cc-pVTZ basis set is sufficient
for the present purposes and was utilized for all molecules to save
computation time without sacrificing the required accuracy.
Furthermore, the difference in deuterated and nondeuterated
isotopologues in the ZPVE is marginal (<0.01 eV) so we can
exploit the ZPVEs of nondeuterated isotopologues for the
determination of ionization energies.

■ RESULTS

Infrared Spectroscopy. Infrared spectra of pure methanol
(CH3OH) and methanol (CH3OH)−carbon monoxide (CO)
ices were recorded before, during, and after the exposure to
energetic electrons to monitor changes in the chemical
composition of the ices. A comprehensive overview of the
absorption features detected is presented in Tables S4 and S5 for
pure methanol and methanol−carbon monoxide ices, respec-
tively. In both pristine systems, absorption features can be
associated with the reactants (Figures S1 and S2; black labels).
Methanol is identified by its broad OH stretch (ν1, 3600−3020
cm−1), the symmetric stretching modes of the methyl group (ν9,

2950 cm−1; ν3, 2825 cm−1), the CH3 rocking mode (ν11, 1040
cm−1), and the CO stretch (ν8) at 1026 cm

−1. In the methanol−
carbon monoxide ice, an additional absorption can be assigned
to the CO stretching mode of carbon monoxide (2136 cm−1).
After the irradiation of the pure methanol ices (Figure S1,

Table S4), several new absorptions emerged (red labels). The
most prominent features are attributed to the carbonyl (CO)
stretch of formaldehyde (ν2, 1726 cm−1). This assignment is
further supported by the detection of its CH2 scissoring (ν3,
1508 cm−1) and CH2 bending modes (ν6, 1177 cm

−1).49 On the
basis of previous studies, absorptions linked to methyl formate
(HCOOCH3; ν14, 1718 cm−1) and glycolaldehyde (ν14, 1750
cm−1; 2ν6, 1700 cm

−1) can be identified.50 Furthermore, carbon
monoxide can be probed via its stretching mode (ν1, 2134
cm−1), carbon dioxide (CO2) via its CO asymmetric stretch
(ν3, 2340 cm−1) and the bending mode (ν2, 667 cm−1), and
methane (CH4) via its deformation mode (ν4, 1302 cm−1). In
addition to the aforementioned closed shell molecules, the
formyl (HCO•, 7; ν3, 1844 cm−1; ν2, 1092 cm−1)51 and
hydroxymethyl (CH2OH•, 8; ν6, 1192 cm−1)51 radicals are
observed at abundances of (2.4 ± 0.6) × 1014 molecules) and
(1.4 ± 0.2) × 1015 molecules), respectively, based on their
measured (formyl)52 and calculated (hydroxymethyl)53 abso-
lute absorption intensities. In the methanol−carbon monoxide
ice mixtures (Figure S2), the same molecules and radicals
formed as in the pure methanol ices. The abundance of formyl

Figure 3. TPD profiles of C2H4O2 (m/z = 60). Isomers detectable at the photon energies used based on their ionization energies (Table S7) (a). The
caption colors correspond to the lowest photon energy at which the isomer is detectable in the experiments. Profiles were recorded for pure methanol
ices (b and c) and methanol−carbon monoxide ices (d and e) at different photon energies after electron irradiation. The right panels show normalized
data to compare desorption profiles. Data at 10.49 eV were taken from ref 56.
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radicals increased to (2 ± 1) × 1015 molecules, whereas
hydroxymethyl decreased to (8 ± 2) × 1015 molecules. It is
important to highlight that in complex mixtures such as those
formed in the present studies, infrared spectroscopy primarily
only identifies f unctional groups of newly formed organic
molecules, but not necessarily individual molecules. Functional
groups of organics such as 3, e.g., stretching and bending modes
of hydroxyl groups (OH) and of carbon−carbon double bonds
(CC), often overlap with other species and cannot be
uniquely assigned to an individual molecule (Table S6).
Therefore, to identify 3 in these complex mixtures, an
alternative, isomer-selective technique is required.
PI-ReToF-MS. Individual structural isomers are identified by

exploiting soft photoionization reflectron time-of-flight mass
spectrometry (PI-ReToF-MS) coupled with temperature-
programmed desorption (TPD) of the newly formed mole-
cules.54 This technique allows us to distinguish molecules based
on their mass-to-charge ratios, their desorption temperatures
and profiles, and their distinct ionization energies. Temperature-
dependent mass spectra recorded at different photon energies
are displayed in Figure 2 to provide an overview of the mass-to-
charge ratios of all product molecules. The adiabatic ionization
energies (IE) for the C2H4O2 isomers are compiled in Table S7
(IEcalc) and compared to experimentally determined values
whenever available (IEexp). To gauge the accuracy of the
computed adiabatic ionization energies, adiabatic ionization
energies for organic molecules with known experimental
ionization energies were calculated (Table S8). These bench-
marks suggest that the computed adiabatic ionization energies
are accurate within −0.06/+0.11 eV (Supporting Information).
It should be noted that the electric field of the ionizer optics of
the ReToF decreases the ionization energies by 0.03 eV.55

Overall, by systematically tuning the ionization energies from
10.49 to 8.05 eV, this approach provides compelling evidence on
the first bottom-up formation and detection of 1,2-ethenediol.
At a photon energy of 10.49 eV, all C2H4O2 isomers

considered here with the exception of acetic acid (IEexp =
10.65± 0.02 eV) andmethyl formate (IEexp = 10.835 eV), which
are not a subject of this study, can be ionized (Figure 3a, Table
S7).30,56 The relevant TPD traces at m/z = 60 are shown in
Figure 3 for pure methanol ices (top row, black line) and
methanol−carbon monoxide ices (bottom row, black line).
Several desorption peaks are visible for m/z = 60.30 Extensive
isotopic substitution experiments assigned the sublimation
event at 125 K to C3H8O isomers.56 Furthermore, on the
basis of the desorption profile, the sublimation event at 235 K
has been ascribed to photofragmentation of glycerol with an
appearance energy of 9.9 eV for the C2H4O2

+ fragment.57 The
remaining sublimation events were associated with C2H4O2
isomers based on experiments with isotopic substitutions.30,56

Control experiments were also conducted in a fashion similar to
that of the actual experiments but without exposing the ices to
energetic electrons in the TPD phase. No ion counts were
observed at the aforementioned masses, revealing that the
observed ion counts are linked to the energetic processing of the
ices.
Tuning the photon energy down to 9.75 eV (Figure 3, red

line), glycolaldehyde (IEexp = 9.95 ± 0.05 eV) as well as 1,3-
dioxetane (IEcalc = 10.08 eV) cannot be ionized anymore. In
both systems, the TPD profiles at m/z = 60 recorded at 9.75 eV
differ significantly from the TPD profiles obtained at 10.49 eV.
The sublimation onset shifts from 135 K to 175 K, and the
sublimation event at 235 K vanishes as well; this is in accordance

with the reported appearance energy of the C2H4O2
+ fragment

of glycerol.57 The remaining two distinct sublimation events at
210 K and 225 K (methanol) and 198 K and 217 K (methanol−
carbon monoxide) can therefore only be linked to either the
target compound 1,2-ethenediol (IEcalc = 8.16−8.41 eV), 1,1-
ethenediol (IEcalc = 8.58−8.68 eV), or oxiran-2-ol (IEcalc = 8.93
eV) (Table S7).
To exclude the latter isomer, we tuned the photon energy to

8.82 eV (Figure 3, green line). This led to an overall reduction of
the ion counts. However, the normalized TPD traces (Figure 3,
right panels) clearly show that the desorption profiles do not
change. This finding indicates that oxiran-2-ol does not
contribute to the ion signal at m/z = 60. Only 1,2-ethenediol
(IEcalc = 8.16−8.41 eV) and/or 1,1-ethenediol (IEcalc = 8.58−
8.68 eV) remain as possible candidates for the ion counts atm/z
= 60 at 8.82 eV.
To discriminate 1,2-ethenediol (IEcalc = 8.16−8.41 eV) from

1,1-ethenediol (IEcalc = 8.58−8.68 eV), we tuned the photon
energy down to 8.50 eV (Figure 3, blue line). At this photon
energy, the only C2H4O2 isomer that can be ionized is 1,2-
ethenediol with computed ionization energies of IEcalc = 8.16−
8.41 eV. As evident from the normalized TPD traces, the
desorption profiles remain similar to those at a higher photon
energy of 8.82 eV. Therefore, it can be concluded that both
desorption events can only be due to 1,2- ethenediol.
How can we explain the observation of two sublimation peaks

at 198 K and 216 K? These distinct events could be either due to
codesorption with ethylene glycol ((CH2OH)2, 9) subliming at
around 200 K30 or might be the result of two (groups of)
different configurational isomers with the hydroxyl groups
located in either E or Z configuration. This leads to different
polarities ranging from 0 D for 3c to 2.36 D for 3d, with more
polar molecules resulting in increased desorption temper-
atures.28

Exploiting previously determined calibration factors,58 the
signal at 8.50 eV can be used to quantify 1,2-ethenediol in both
ices in dependence of the (unknown) photoionization cross-
section. According to this analysis, in the pure methanol ice, (1.3
± 0.2) × 1014/photoionization cross-section [Mb] molecules
are formed, whereas (9 ± 1) × 1014/photoionization cross-
section [Mb] molecules are formed in the mixed ice. With a
cross-section of 1−10 Mb, which are typical values within the
first 200−300 meV of the ionization threshold, these values
correspond to the formation of (1.3± 0.2)× 1013−14 and (9± 1)
× 1013−14 molecules in the puremethanol andmethanol−carbon
monoxide ice mixtures, respectively. Finally, we also conducted
an experiment at 8.05 eV (Figure 3 (cyan line); Figure S3),
which is below the ionization energy of any C2H4O2 isomer. No
ion signal at m/z = 60 is observable anymore.

■ DISCUSSION
Reaction Pathways in CH3OH Ice.With the identification

of 1,2-ethenediol, we shift our focus to elucidating a possible
reaction mechanism to its formation. A comparison of the
molecular structures of the reactants with 1,2-ethenediol
suggests that at least two methanol molecules are required in
the formation. Subjected to energetic electrons, methanol can
decompose via atomic hydrogen loss from the methyl and from
the hydroxyl group forming the hydroxymethyl (•CH2OH) and
methoxy (CH3O•) radical, respectively, of which only the
hydroxymethyl radical has been identified in the IR spectra
(Figures S1 and S2, Tables S4 and S5).50 Higher order
decomposition products are formaldehyde, hydroxymethylene
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(H−C̈−OH), and carbon monoxide. To decipher the reaction
pathway(s) of 1,2-ethenediol in methanol ices, we exploited
partially deuterated methanol-OD (CH3OD), allowing us to
distinguish reaction pathways involving hydrogen loss at the
methyl and the hydroxy group, respectively. The photon energy
for the photoionization of the subliming species was selected as
8.50 eV so that only 1,2-ethenediol can be ionized (vide infra).
The strongest ion signal was detected at m/z = 62 (green line,
Figure 4a); this signal corresponds to an isotopologue of 1,2-

ethenediol with the molecular formula C2H2D2O2. No signal
was detected atm/z = 60 (black line, Figure 4a), suggesting that
no isotopologue with the molecular formula C2H4O2 was
formed. These findings reveal that in methanol-OD (CH3OD)
ices, the formation of 1,2-ethenediol may involve three
pathways: the dimerization of two hydroxycarbenes-OD
(H−C̈−OD; 31 amu), the recombination of two hydroxymeth-
yl-OD radicals (•CH2OD; 32 amu) to form ethylene glycol-d2
(DOCH2CH2OD; 64 amu) followed by the loss of two
hydrogens, and/or insertion of hydroxymethylene-OD
(H− C̈−OD; 31 amu) into the C−H bond of a neighboring
methanol-OD (33 amu) followed by loss of two hydrogens
(Figure S4). The dimerization of hydroxymethylene-d1 could
directly yield 1,2-ethenediol; however, according to electronic
structure calculations, hydroxymethylene does not undergo
dimerization because of a theoretically favored double hydrogen

transfer reaction to yield a complex of two formaldehyde
molecules but not 1,2-ethenediol.59 Furthermore, carbenes
exhibit a high reactivity with closed shell molecules such as
found in the surrounding ice matrix,10,59 or, in the case of
hydroxycarbenes, they can rearrange by tunneling to form
closed-shell molecules.60 Consequently, for the dimerization of
hydroxymethylene, two highly reactive carbenes need to be
formed adjacent to each other in a favorable reaction geometry.
Therefore, hydroxymethylene will presumably be quenched
instantly by the methanol matrix surrounding it, and a reaction
with a methanol molecule may yield ethylene glycol-d2
(DOCH2CH2OD; 64 amu). Therefore, our results suggest
that in methanol ices, ethylene glycol, accessed either by
recombination of two hydroxymethyl radicals or via C−H
insertion reaction of hydroxymethylene with methanol,
represents a critical intermediate in the formation of 1,2-
ethenediol (Figure S4,Scheme 1). Ethylene glycol was detected

via PI-ReTOF-MS in electron-exposed methanol ices;13 the
hydroxymethyl radical was observed in the infrared spectra
(Table S4). The low signal of ion counts atm/z = 61 (red line in
Figure 4a) can be accounted for by H/D exchange during
deposition as seen by the residual OH stretching signal in the
infrared spectrum taken after deposition (Figure S5).
Further support for the inferred reaction pathway is found in a

computational study by Simons et al., who calculated reaction
rates and branching ratios for all reactions occurring during
hydrogenation of carbon monoxide.61 These calculations
confirm that ethylene glycol can form from two hydroxymethyl
radicals. Furthermore, the radical intermediate •CHOH-
CH2OH was calculated to be the main dehydrogenation
pathway of ethylene glycol.61 As their model only included
hydrogen interactions rather than ionizing radiation, further
dehydrogenation of •CHOHCH2OH was not observed, as the
attachment of a hydrogen atom is favored over hydrogen-
induced abstraction. In contrast, the energetic electrons
employed in our study could induce further dehydrogenation
and thus lead to the formation of 1,2-ethenediol.
To further confirm this reaction pathway, we deposited a 600

nm thick ice of pure ethylene glycol and irradiated it with the
same number of impinging electrons as for the methanol and
methanol−carbon monoxide ices. As in the previous experi-
ments, using a photon energy of 8.50 eV allows us to exclude any

Figure 4.TPD profiles of isotopically labeled products. C2H4O2 (m/z =
60), C2H3DO2 (m/z = 61), and C2H2D2O2 (m/z = 62) in pure
methanol-OD (CH3OD) ices after electron irradiation recorded at 8.50
eV (a). C2H4O2 (m/z = 60), 13C12CH4O2 (m/z = 61), C2H4

18O16O
(m/z = 62), 13C12CH4

18O16O (m/z = 63), 13C2H4
18O16O (m/z = 64),

13C12CH4
18O2 (m/z = 65), and 13C2H4

18O2 (m/z = 66) in methanol−
carbonmonoxide-13C18O ices after electron irradiation recorded at 8.50
eV (b).

Scheme 1. Derived Reaction Pathways in Methanol−Carbon
Monoxide Ices Leading to the Formation of 1,2-Ethenediola

aThe colors of pathways correspond to the color code used in Figure
4. E/Z isomers are omitted for clarity.
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other possible molecule at m/z = 60. Figure S6 shows the
resulting desorption profile, clearly identifying 1,2-ethenediol as
a product of ethylene glycol irradiation. Because under the
reaction conditions in our experiments 11± 2% ((6± 1) × 1016

molecules) of themethanol is converted to ethylene glycol,13 the
inferred pathway seems the most plausible for 1,2-ethenediol
formation from methanol.
Reaction Pathways in CH3OH−CO Ices. The mechanisms

of formation of 1,2-ethenediol were traced by exploiting
13C18O:CH3OH ices and tracing the isotopically substituted
counterparts of 1,2-ethenediol based on distinct m/z ratios at a
photon energy of 8.50 eV. At this energy, only 1,2-ethenediol
can be ionized, and no fragment ions were observed. Contingent
upon distinct numbers of 13C and 18O incorporated in
isotopically labeled 1,2-ethenediol, mass-to-charge ratios
between 60 (HOCHCHOH; no incorporation of 13C18O) and
66 (H18O13CH13CH18OH; incorporation of two 13C18O with
methanol supplying hydrogen atoms) are possible. The TPD
traces of mass-to-charge ratios from 60 to 66 are shown in Figure
4b. Apart fromm/z = 61,m/z = 62, andm/z = 65, ion signals are
detected for all relevant channels and display identical
desorption profiles (Figure 4b). The detection of signal at m/z
= 60, 63, and 66 indicates that reactions leading to 1,2-
ethenediol can involve either two methanol molecules (vide
supra, pathway 1 in Figure S7), one methanol molecule and one
carbon monoxide-13C18O molecule, or two carbon monoxi-
de-13C18O molecules with methanol only supplying the
hydrogen atoms with branching ratios of 10 ± 2%, 45 ± 5%,
and 45 ± 5%, respectively. Based on the relative strength
compared to m/z = 66 (<10%), the signal at m/z = 64 can
entirely be accounted for by the isotopic impurity of carbon
monoxide-13C18O (99% 13C, 95% 18O) and therefore does not
reveal additional pathways.
Considering that both the formyl and the hydroxymethyl

radical were detected infrared spectroscopically, the most
plausible reaction pathway for reactions involving one methanol
and one 13C18O molecule (m/z = 63) is the barrierless
recombination of a hydroxymethyl radical with a formyl radical
to form glycolaldehyde50 followed by radiolytically induced
enolization to 1,2-ethenediol (pathway 2 in Figure S7; Scheme
1). The double hydrogen shift for the enolization of
glycolaldehyde has a calculated barrier height of 277 kJ mol−1

at the G3X-K level of theory,62 which is similar to that for the
enolization of acetaldehyde to vinyl alcohol (277 kJ mol−1).63

Recently, Kleimeier and Kaiser have demonstrated that
enolization of acetaldehyde can be induced by 5 keV electron
irradiation as proxy for galactic cosmic rays by inter- and
intramolecular hydrogen shifts, indicating that this pathway is
feasible for the enolization of aldehydes.64 Based on the infrared
spectroscopic detection of the formyl radical, the most plausible
reaction leading to 1,2-ethenediol in reactions involving two
13C18O molecules (m/z = 66) is the dimerization of formyl to
glyoxal (HCOCHO, 10) followed by reduction through
addition of two (suprathermal) hydrogen atoms (pathway 3 in
Figure S7; Scheme 1). An experimental study by Chuang et al.65

as well as surface carbon monoxide hydrogenation studies by
Fedoseev et al.66 indicate that glyoxal formation from formyl and
subsequent hydrogenation are the dominant contributors to
glycolaldehyde as well as ethylene glycol formation. These
results are consistent with a computational modeling study by
Simons et al.61 who calculated a reasonably high reaction rate for
the hydrogenation of glyoxal with branching ratios of 33% for
the formation of the OCHCH2O• radical and 0.033% for the

formation of the HOCHCHO• radical. However, due to the
high residual energy of hydrogen atoms in the ice after ionization
with 5 keV electrons, the branching ratio might be different in
our experiments and be more in favor of the HOCHCHO•
radical, which can directly be hydrogenated to 1,2-ethenediol.
Woods et al. calculated the barrier to addition for glyoxal to form
the OCHCH2O• radical to be 9.18 kJ mol−1, which can easily be
overcome by the excess energy of the suprathermal hydrogens
abstracted from the methanol molecules in our experiments.
Further support for this reaction pathway was found by Maity

et al. in an extensive study of molecule formation in electron-
irradiated methanol−carbon monoxide ices.56 Their experi-
ments with different isotopic substitutions clearly show that
glyoxal formation in these ice mixtures is dominated by reactions
including two carbon monoxide molecules rather than one
methanol and one carbon monoxide molecule. However, due to
a lack of isomer-selective detection methods, none of the
experimental studies conducted prior to this work could
discriminate glycolaldehyde from its enol isomer 1,2-ethenediol.

■ CONCLUSION
Our study provides compelling evidence on the formation and
isomer-selective mass spectrometric identification of 1,2-
ethenediol in ice consisting of methanol and in methanol−
carbon monoxide mixtures, respectively. Exploiting isotopically
labeled ices, at least three reaction mechanisms could be
untangled involving barrierless radical−radical recombinations,
(de)hydrogenation, and keto−enol isomerization. This study
represents the proof-of-concept on the formation of high-energy
isomers of ubiquitous ketones and aldehydes, enols, in
interstellar analogue ices composed of methanol and mixtures
of methanol and carbonmonoxide followed by their detection in
the gas phase upon sublimation. Interstellar ices containing
carbon monoxide and methanol at levels of up to 50% and 30%,
respectively, have been observed toward high- and low-mass
star-forming regions.31,32 Therefore, 1,2-ethenediol could be
searched for in the gas phase of the interstellar medium after
sublimation from the grains utilizing telescopes such as ALMA.
Laboratory studies exposing interstellar model ices to ionizing

radiation have demonstrated that the abiotic formation of
biologically relevant molecules is feasible under interstellar
conditions. This implies that key biological compounds such as
sugars might form on ice-coated interstellar grains, the raw
material for solar systems, by energetic processing in cold
molecular clouds at temperatures as low as 10 K. Those organics
are eventually incorporated into parent bodies of meteorites
which can partially survive entry into the atmosphere of planets
like Earth.12 In fact, carbohydrates that were detected in
energetically processed interstellar model ices in laboratory
experiments18,19 were also found in meteorite samples.14,15

Overall, as interstellar ices are dominated by water,31 water-
assisted chemical reactions are feasible, similar to those in
aqueous solutions as revealed computationally by Chen and
Woon.67 As formaldehyde has firmly been detected in
interstellar ices, water-assisted (cosmic ray driven) aldol
reactions between formaldehyde and 1,2-ethenediol seem
conceivable in interstellar ices.18 In a computational study of
aldol reactions, Kua et al. calculated that the enolization of
glycolaldehyde to its enol is endergonic by 39 kJ mol−1 with the
barrier to water-assisted enolization amounting to 88 kJ mol−1;68

this indicates that 1,2-ethenediol can only form through
nonequilibrium reactions for which the energy is supplied by
the energetic processing of the ices or by tunneling processes.
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Once formed, the barrier for the aldol reaction to form
glyceraldehyde from glycolaldehyde and 1,2-ethenediol (24 kJ
mol−1) can easily be overcome under typical formose reaction
conditions at elevated temperatures on Earth but probably not
under interstellar ice thermal equilibrium conditions at low
temperatures.68 However, these reactions can either proceed by
energetic processing through galactic cosmic rays or photons, or
by quantum tunneling-assisted/dominated reactions to yield the
simplest chiral sugar glyceraldehyde. Indeed, glyceraldehyde
along with its thermodynamically preferred isomerization
product dihydroxyacetone has been detected in meteorite
samples69 and in the organic residues of photolyzed methanol
and water-containing ice mixtures by Meinert et al.18 The
authors consequently concluded that the detected reaction
products in the residues such as sugars, sugar alcohols, sugar
acids, and branched chain molecules are indicative of a formose-
type reactivity in their water-dominated interstellar model ices.
In contrast to their interpretation that formaldehyde and
glycolaldehyde are the main reactants, our results clearly
indicate that the much more reactive 1,2-ethenediol also forms
in such irradiated ices. Therefore, it should be considered as one
of the key intermediates in the formation of sugars besides
hydroxymethylene (H−C̈−OH), which has been shown to
barrierlessly react with formaldehyde to form glycolaldehyde
and in an iterative fashion glyceraldehyde.10

These results provide insight into an additional pathway
toward sugar formation in the interstellar medium, comets, and
asteroids apart from the mechanochemical pathway unraveled
by Haas et al.,9 thereby indicating a wider range of conditions
under which sugars can form to ultimately be delivered to
planets where life could evolve.
On a final note, it is important to consider that no simulation

experiment can replicate the chemical complexity and diverse
radiation environment of the interstellar medium concurrently;
interstellar ices are exposed to not only galactic cosmic rays
(GCRs) but also simultaneously to ultraviolet (UV) photons.
UV photons penetrate only the first few icy layers of the grains,
whereas GCRs pass through the icy mantle. Consequently,
simulation experiments have to be conducted first with well-
defined model ices as carried out here to advance the
understanding of the fundamental processes leading to key
organics such as enols in the ices thus eliminating the gap
between observational and laboratory data that existed for
decades, bringing us closer to eventually predicting where in the
galaxy molecular precursors linked to the origins of life might
exist.
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