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Physical Chemistry Chemical Physics

Abstract
Enols — tautomers of ketones or aldehydes — are anticipated to be ubiquitous in the interstellar
medium and play a key role in the formation of complex organic molecules in deep space, but their
fundamental formation mechanisms have remained largely elusive as of now. Here we present a
combined experimental and computational study demonstrating the first preparation of propen-2-
ol (CH3C(OH)CH,) and its isomer methyl vinyl ether (CH;OCHCH,) in low-temperature acetone
(CH;COCHs3;) ices upon exposure to energetic electrons. Propen-2-ol is the simplest enol tautomer
of a ketone. Exploiting tunable vacuum ultraviolet photoionization in conjunction with reflectron
time-of-flight mass spectrometry, propen-2-ol and methyl vinyl ether were monitored in the gas
phase upon sublimation during the temperature-programmed desorption process suggesting that
both isomers are promising candidates for future astronomical searches such as via the James
Webb Space Telescope. Electronic structure calculations reveal that the barrier of keto-enol
tautomerization can be reduced by more than a factor of two (162 kJ mol™!) through the
involvement of solvating water molecules under realistic conditions on interstellar grains. The
implicit solvent effects, i.e., the influences of the solvent dipole field on the barrier height are
found to be minimal and do not exceed 10 kJ mol™!. Our findings signify a crucial step toward a
better understanding of the enolization of ketones in the interstellar medium thus constraining the
molecular structures and complexity of molecules that form in extraterrestrial ices - ketones -

through non-equilibrium chemistry.
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Introduction

Since the recognition of enols as tautomers of ketones or aldehydes by Erlenmeyer more than
a century ago,! enols have received considerable attention from the synthetic organic chemistry,?
combustion chemistry,? atmospheric chemistry,* physical chemistry,’ theoretical chemistry,® and
astrochemistry’-'® communities. This interest is mainly due to their role as reactive intermediates
in molecular mass growth processes which can produce sugars (interstellar medium),>!! volatile
organic compounds (atmospheric chemistry),'? and ethers (combustion processes).!*> Whereas in
the liquid phase, thermodynamically less stable enols such as vinyl alcohol (CH,CHOH) exist as
transients in concentrations as low as 6 x 1078 in equilibrium with their aldehyde tautomer
acetaldehyde (CH3CHO),'* in the interstellar medium (ISM), vinyl alcohol (CH,CHOH) to
acetaldehyde (CH3CHO) ratios close to unity have been observed toward the star forming region
of Sagittarius B2 (Sgr B2).!° This is the consequence of a galactic cosmic ray (GCR) triggered
non-equilibrium processing of ice-coated nanoparticles in the molecular cloud stage.”!°
Laboratory simulation experiments revealed a facile synthesis of the acetaldehyde (CH;CHO) —
vinyl alcohol (CH,CHOH, +41 kJ mol!),” ketene (H,CCO) — ethynol (HCCOH, +140 kJ mol1),'¢
pyruvic acid (CH;COCOOH) — 2-hydroxyacrylic acid (CH,C(OH)COOH, +28 kJ mol!),? acetic
acid (CH;COOH) - 1,1-ethenediol (H,CC(OH),, +114 kJ mol"),!° and glycolaldehyde
(HCOCH,OH) — 1,2-ethenediol (H(HO)CC(OH)H, +39 kJ mol-")? pairs with relative energies of
the enols provided in parentheses (Scheme 1), suggesting that enols may be ubiquitous in deep
space and readily available for an abiotic synthesis of complex organic molecules in these extreme
environments.®1%17 However, as of today, only vinyl alcohol (CH,CHOH) and 1,2-ethenediol
(H,CC(OH),) have been identified in deep space.!>!8 The enol of the simplest ketone acetone (1,
CH;COCH;) — propen-2-ol (2, CH;C(OH)CH;) — has remained elusive in the interstellar medium,
but its identification could provide fundamental constraints of the chemical and physical

conditions of cold molecular clouds and star-forming regions as their descendants.?!9-22

On Earth, propen-2-ol (2) has been identified as a transient during the photolysis of 2-pentanone
(CH;COC;3H,)>?? and 1-methylcyclobutanol (CsH;¢0)?° as intermediates of the photon-initiated
reaction of acetone in 2-propanol ((CH;3),CHOH)! and of electron processed acetone-argon gas
mixtures.”! However, preparation of propen-2-ol (2) in astrophysically relevant ices has not yet

been accomplished to date despite investigations of acetone ices exposed to atomic hydrogen,??
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energetic ions (40 MeV *8Ni!'!*),24 protons (1 MeV),? or X-ray?°. Propen-2-ol (2) together with
the methyl vinyl ether isomer (4, CH;OCHCH,) have been the target of a computational study
through the isomerization of acetone (1) (Fig. 1),%?7 but experimental evidence on the
interconversion of acetone (1) to propen-2-ol (2) under astrophysical conditions is still lacking.
Therefore, a high-level experimental study is warranted to trigger the tautomerization of acetone

(1) and to identify propen-2-ol (2) in low temperature ices.

Here, we present laboratory experiments on the preparation of the astronomically elusive
propen-2-ol (2) and methyl vinyl ether (4) in low-temperature acetone (1) ices via processing by
ionizing radiation in the form of energetic electrons at 5 K. These electrons simulate secondary
electrons generated in the track of GCRs and replicate energetic processing of interstellar analog
ices over interstellar timescales of a few 103 years.?® Photoionization reflectron time-of-flight mass
spectrometry (PI-ReToF-MS) in conjunction with isotopically labeled ices was exploited to
identify propen-2-ol (2) and methyl vinyl ether (4) upon sublimation of the exposed ices in the gas
phase via fragment-free isomer-specifically photoionization during the temperature-programmed
desorption (TPD) phase. Acetone (1) was the first ten-atom molecule detected in the interstellar
medium by the IRAM 30m and NRAO 12m telescopes?® with fractional abundances of up to 3x10-
? with respect to molecular hydrogen (H,) in Sgr B2.3% A recent survey by the James Webb Space
Telescope (JWST) tentatively identified acetone (1) in ices toward the stars NIR38 and J110621.3!
The nucleophilic character and, hence, boosted reactivity of propen-2-ol (2) compared to acetone
(1)'° might have far reaching consequences, such as propen-2-ol (2) serving as a reactive
intermediate for, e.g., aldol reactions eventually forming complex organics’ including sugar related

molecules in our universe.
Experimental and Computational

The experiments were carried out in a hydrocarbon-free stainless steel ultrahigh vacuum
chamber with pressures maintained at a few 107! Torr.3> A 12.6 x 15.1 mm polished silver
substrate was mounted on an oxygen-free copper cold head and cooled to 5.0 + 0.2 K using a
closed-cycle helium refrigerator (Sumitomo Heavy Industries, RDK-415E). Acetone (CH;COCH;,
Fisher Chemical, >99.5%) and acetone-ds (CD;COCD;, CDN Isotopes, 99.9 atom %D) were
introduced into the main chamber at a pressure of 3 x 1078 Torr through a glass capillary array (10

mm diameter) and deposited onto the silver substrate. During the deposition, the ice growth was
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monitored in situ with a helium—neon laser (CVI Melles Griot; 25-LHP-230, 632.8 nm) via laser
interferometry.33 With the refractive indices of 1.335 £ 0.002 for amorphous acetone at 20 K,3* the
thickness of ice was determined to be 710 + 30 nm (Table S1). FTIR spectra (Thermo Electron,
Nicolet 6700, 4 cm™! resolution) of ices were measured in the range of 6000 — 500 cm™ after
deposition. In the ice mixture experiment, the ratio of the CH;COCH;—CD;COCD; ice was
determined to be (1.1 0.2):1 by utilizing the absorption bands of their pure ices. After deposition,
ices were irradiated with 5 keV electrons (SPECS, EQ PU-22) with a current of 20 nA for 5
minutes or 15 nA for 2 minutes, resulting in a dose of up to 0.40 = 0.06 ¢V molecule’! (Table S1).
These doses are equivalent to 5 x 103 years of exposure to GCRs in the interior of a molecular
cloud for an interstellar ice grain.?® Using the densities of 0.783 + 0.002 g cm™ for amorphous
acetone at 20 K,3* an average penetration depth of 330 + 20 nm was determined for ices irradiated
at 20 nA for 5 minutes according to Monte Carlo simulations using CASINO 2.42.3> The pene-
tration depth is notably less than the ice thickness (710 = 30 nm), preventing energetic electron-
initiated interactions between the ice and the silver substrate. FTIR spectra were collected before,

during, and after irradiation to track changes in the chemical composition.

After irradiation, the ice was heated from 5 to 320 K at a rate of 0.5 K min! to sublime species.
During temperature-programmed desorption (TPD) phase, pulsed vacuum ultraviolet (VUV)
source was used to photoionize the subliming species and producing ions, which were then
detected by a reflectron time-of-flight mass spectrometer (Jordan TOF Products, Inc.) equipped
with two microchannel plates (MCPs). VUV lights at single photon energies of 9.43 eV, 8.90 eV,
and 8.40 eV were generated through resonant four-wave mixing (oyyy = 2m; — ®,) processes of
two synchronized pulsed laser beams, which were produced by two dye lasers (Sirah, Cobra-
Stretch) pumped by two neodymium-doped yttrium aluminum garnet (Nd:Y AG) lasers (Spectra-
Physics, Quanta Ray Pro 250-30 and 270-30, 30 Hz). Detailed parameters are listed in Table S2.
The generated VUV photons were spatially separated from other photons using a biconvex lithium
fluoride lens (Korth Kristalle, R; = R, = 131 mm) in an off-axis geometry and passed 2 mm above
the surface of the ice to photoionize gas-phase molecules. Signals from the MCP were amplified
by a fast preamplifier (Ortec 9305), discriminated by a constant fraction discriminator (Advanced
Research Instruments Corp., F100-TD), and recorded by a multichannel scaler (FAST ComTec,
MCS6A). Each mass spectrum during the TPD phase was recorded with the accumulation of 2
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minutes (3600 sweeps) in bins of 3.2 ns widths. The sublimed molecules were also detected by an
electron impact ionization quadrupole mass spectrometer (QMS; Extrel, Model 5221), with 70 eV
electron energy. A blank experiment (without electron irradiation) was performed at 9.43 eV to
verify that the detected signals were produced by an external energy source. lon counts were

corrected for variations in VUV intensity that was measured during the TPD phase.

All computations were carried out with Gaussian 16, Revision C.01.36 For geometry optimiza-
tions and frequency computations, the B3LYP density functional3”-3° in combination with the triple
zeta Dunning correlation-consistent basis set cc-pVTZ.4* Based on these geometries, the
corresponding frozen-core coupled cluster*!-** CCSD(T)/ cc-pVTZ and CCSD(T)/cc-pVQZ single
point energies were computed and extrapolated to complete basis set limit*> CCSD(T)/CBS with
B3LYP/cc-pVTZ zero-point vibrational energy (ZPVE) corrections. The adiabatic ionization
energies were computed from the difference between the ZPVE corrected energies of neutral and
ionic states that correspond to similar conformations. As the difference in zero-point vibrational
energy between the ground and cationic states changes only marginally with isotopic substitution,
we assume the adiabatic ionization energy does not change between the isotopologues of acetone.
The error analyses of computed ionization energies of C3HgO isomers are listed in Table S3. Due
to both temperature-dependent internal energy and the static electric field-induced Stark shift
caused by the acceleration field of mass spectrometer, the ionization energies of the molecules
decrease by 0.03 eV.3? Geometries of the reactants, transition states, and products of the acetone —
propen-2-ol isomerization reaction without and with several explicit water molecules participating
in the H-transfer process were initially optimized at the density functional ®B97X-D/6-311G(d,p)
level of theory,* with vibrational frequencies and zero-point vibrational energy corrections
computed using the same method. For smaller systems including up to two extra H,O molecules,
single-point energies were further refined using the explicitly-correlated coupled cluster
CCSD(T)-F12/cc-pVTZ-F12 method.#’*® The differences in relative energies obtained at the
CCSD(T)-F12/cc-pVTZ-F12//0B97X-D/6-311G(d,p) and ®B97X-D/6-311G(d,p) levels of theory
did not exceed 10 kJ mol! for the reaction products (solvated propen-2-ol) and transitions states,
which validates the use of the ®B97X-D/6-311G(d,p) method for the larger systems. Furthermore,
the solvation effects for the systems including water molecules were included through self-
consistent reaction field (SCRF) — polarizable continuum model (PCM) calculations with water

used as implicit solvent.** For the CH;COCHj3; / n(H,0) (n = 1 — 5) systems geometries were

6
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reoptimized and ZPE corrections were computed at the SCRF-PCM/wB97X-D/6-311G(d,p) level
of theory to get the final energies. The SCRF-PCM and ©B97X-D calculations were carried out
employing Gaussian 16, whereas the CCSD(T)-F12 calculations were performed utilizing the
MOLPRO 2010 package.’® Computed Cartesian coordinates and vibration frequencies are listed
in Tables S8 and S9.

Results and Discussion
FTIR Spectra

Fourier transform infrared (FTIR) spectra of pure ices of acetone (CH;COCH3) and acetone-dg
(CD;COCDs) were collected before, during, and after the exposure to ionizing radiation. Prior to
irradiation the spectra are dominated by the C=0 stretching mode (v3) at 1708 cm™!and 1697 cm™!
for acetone and acetone-dg, respectively (Fig. 2; Tables S4-S5).34°! After irradiation, a new feature
emerged at 2128 cm™! (Fig. 2a, insert) that can be linked to the CO stretch of carbon monoxide
and/or ketene (v,, H,CCO).?% In the acetone-ds ice, a new absorption at 2096 cm™! appeared after
the electron exposure (Fig. 2b, insert), which may be linked to the CD; symmetric stretching mode
of propen-2-o0l-dg (2, CD;C(OD)CD,).2! However, in the acetone system, the symmetric stretching
mode of the methyl group (CH3) at 2836 cm™! for propen-2-ol (2) is masked by the overtone (2v,;,
2854 cm™') of acetone (1).2! Consequently, the FTIR data only tentatively identify functional
groups which might be associated with the formation of propen-2-ol (2). Since the infrared-active
fundamentals of organics in complex mixtures often overlap with complex mixtures of organics
formed in the processed ice, it is challenging to identify individual molecules using FTIR spectros-
copy alone.33-3 Therefore, an alternative technique, which has the ability to identify individual

molecules isomer-selectively, is required.
PI-ReToF-MS

The firm detection of propen-2-ol (2) is accomplished through the photoionization reflectron
time-of-flight mass spectrometry (PI-ReToF-MS) technique exploiting a tunable vacuum
ultraviolet (VUV) light source.’* Individual isomers were selectively ionized based on their
ionization energies in the gas phase (Fig. 1) during the sublimation of the irradiated ices. The
temperature-dependent mass spectra collected at distinct photon energies along with the blank
experiment are compiled in Fig. 3; the corresponding TPD profiles are depicted in Figs. 4 and S1.

Let us focus first on the ion signal at mass-to-charge ratio (m/z) of m/z =58 (C3H¢O™) in the acetone

7
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system. At a photon energy of 9.43 eV (Fig. 4a), the TPD profile reveals a broad sublimation event
centered at 148 K (peak 1) along with a shoulder extending to 210 K (peak 2). Note that the small
peak at 166 K is assigned to the fragments from dissociative photoionization of m/z = 100, 116
and/or 158 species (Fig. S1). Since the ion signal at m/z = 58 can be associated with the molecular
formulae C,H,0,, C3HgO, and C4H;, it is imperative to confirm the molecular formula through
isotopically labeled reactants. In acetone-ds (CD;COCD3) ices, the TPD profile shifts by 6 amu
from m/z = 58 to m/z = 64 (Fig. 4a); both TPD traces match very well indicating the presence of

six hydrogen atoms and hence the molecular formula C;H¢O.

The ion signal collected at 9.43 eV can be linked to multiple C;H¢O isomers (Fig. 1): propen-2-
ol (2, IE = 8.62 — 8.80 e¢V), methyl vinyl ether (4, IE = 8.91 — 8.93 eV), methoxy methyl carbene
(5, CH5;0CCHj;; IE = 6.24 — 7.72 eV), and 1-methyleneoxyethyl (6, H,COCHCHj; IE = 6.45 —
7.27 V). Acetone (1) and its isomer propylene oxide (3) cannot be ionized at 9.43 eV. A reduction
of the photon energy to 8.90 eV, at which methyl vinyl ether (4) cannot be ionized, changes the
TPD profile (Fig. 4c), and the late sublimation event (peak 2) is absent. Therefore, this high-
temperature sublimation event can be linked to methyl vinyl ether (4), whereas peak 1 can be
connected to propen-2-ol (2), methoxy methyl carbene (5) and/or 1-methyleneoxyethyl (6).
Lowering the photon energy further to 8.40 eV eliminates peak 1 (Fig. 4d). Since the 8.40 eV
photon can ionize 5 or 6, but not propen-2-ol (2), the detection of methoxy methyl carbene (5) and
I-methyleneoxyethyl (6) can be ruled out, and the low temperature sublimation event can be
assigned to propen-2-ol (2). Propen-2-ol (2) has two conformers in which the hydroxyl group is
oriented either the same (syn-) or opposite (anti-) with respect to the double bond. The more stable
conformer, syn-propen-2-ol, has a dipole moment of 0.54 D, which is smaller than that of methyl
vinyl ether (0.98 D).® Therefore, propen-2-ol molecules could sublime at a lower temperature
compared to methyl vinyl ether (4). It should be noted that in the blank experiment at 9.43 eV
conducted under the same conditions, but without exposing the ices to ionizing radiation, a weak
sublimation event that starts at 120 K, peaks at 136 K, and returns to the baseline level at 143 K
(Fig. 4d). This signal is likely due to the natural abundance of propen-2-ol (2) in acetone samples.>®
In addition, Fig. S2 shows the peak sublimation temperature of acetone is at 137 K, indicating the

weak sublimation event in the blank experiment is caused by the co-sublimation of acetone (1).

Page 8 of 22



Page 9 of 22

Physical Chemistry Chemical Physics

An additional experiment with acetone—acetone-ds ice was performed at a photon energy of
9.43 eV with a low dose of 0.10 £ 0.02 eV molecule™ to gain mechanistic insights into the
formation of propen-2-ol (2) by inspecting distinct levels of deuteration in the products (Figs.
4e—41). Most notably, propen-2-ol-d; (CsHsDO, m/z = 59) forms at a higher abundance compared
to propen-2-ol-ds (CsHDsO, m/z = 63) (Table S6). Since no signal was detected at m/z = 60 — 62
(Fig. 4g), the exchange of more than one hydrogen/deuterium atoms does not proceed. In addition,
ion signals at m/z =72, 86, 100, 114, 116, and 158 in irradiated acetone ice were observed at 9.43
eV (Figs. S1 and S4). The proposed formation pathways for the tentatively assigned molecules are

shown in Figs. S5-S6 (Supporting Information).
Electronic Structure Calculations

Having confirmed the synthesis of propen-2-ol (2) and methyl vinyl ether (4) via irradiation of
acetone, we shift focus to elucidating the mechanisms of their formation. Propen-2-ol (2) can be
formed via keto-enol tautomerization via intramolecular hydrogen transfers from the methyl group
to the carbonyl oxygen atom in acetone (1). We explored computationally the potential energy
surface at the higher CCSD(T)-F12/cc-pVTZ-F12//®B97X-D/6-311G(d,p) level of theory. This
study revealed that the overall enolization is endoergic by 50 kJ mol™! (Fig. 5a); this data agrees
well with a previous study (47 kJ mol™') determined at the CCSD(T,FULL)/aug-cc-
pVTZ//CCSD(T)/6-31+G(d,p) level of theory.’” In the gas-phase, this process has a high barrier
to reaction of 274 kJ mol™! indicating that excess energy from the impinging radiation is required
to generate propen-2-ol (2).” Since nearby molecules in the ice phase could be involved in the
reaction mechanism, gas-phase calculations may overestimate the real barrier of the reactions. For
low-temperature reactions involving hydrogen and/or proton transfer processes, strong kinetic
isotope effects are often associated with quantum mechanical tunneling (QMT).3® However, under
identical experimental conditions, the ion signals of propen-2-ol and propen-2-ol-ds were detected
at similar levels (Table S6). This finding suggests that isotopic substitution has no effect on the
formation of propen-2-ol (2); therefore, QMT can be likely ruled out. Therefore, tautomerization
leading to propen-2-ol (2) requires non-equilibrium reactions by imparting excess energy from the

impinging electrons into the system so that the transition state to reaction can be efficiently passed.

In the gas-phase, methyl vinyl ether (4) has syn- and anti-conformers, with the syn conformer

being 13 kJ mol™! more stable.® The barrier from syn- to anti-methyl vinyl ether is calculated to be
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28 kJ mol™!. The formation of methyl vinyl ether (4) can proceed through two reaction pathways
(Fig. 1a). The first pathway (red line) involves methoxy methyl carbene (5), which in turn can be
accessed through migration of a methyl group to the oxygen atom of the carbonyl moiety over a
barrier of 505 kJ mol™'.6 Methoxy methyl carbene (5) then isomerizes to anti-methyl vinyl ether
(4) via a hydrogen shift from the methyl group to the carbene center. The second feasible pathway
(blue line) involves isomerization of acetone (1) to propylene oxide (3) with a barrier of 444 kJ
mol~!. The ring of propylene oxide (3) then opens to yield 1-methyleneoxyethyl (6) followed by
isomerization through an exotic 5-membered cyclic transition state to syn-methyl vinyl ether (4).
Note that these barriers can be overcome by the energy contributed by energetic electrons. We
conducted the photoionization of the subliming molecules from the irradiated acetone system at a
photon energy of 10.49 eV; at this energy, propylene oxide (3) can be ionized. However, no
propylene oxide (3) was detected. Therefore, the first pathway (red line) is preferred based on the

experimental results.

The aforementioned computational studies were conducted in the gas phase. In the interstellar
medium, water (H,O) ice represents the main constituent of icy nanoparticles in cold molecular
clouds.>® Therefore it is educational to explore the role of water in the keto-enol tautomerization.
Given that ketones and water are polar molecules, solvent effects may lower the reaction barrier
of the formation of enol tautomers. To gain insight into the fundamental enolization process in the
condensed phase, we performed electronic structure calculations for the reactions of acetone
(CH3COCH3;) and water molecules at the ®B97X-D/6-311G(d,p) level of theory with the use of
self-consistent reaction field (SCRF) and polarizable continuum model (PCM) (Figs. 5b—5f). PCM
utilizes a series of overlapping spheres to create the solute cavity and represents one of the most
successful approaches to be combined with a quantum—mechanical description of the molecular
solute.®® All transition states were confirmed by intrinsic reaction coordinate (IRC) calculations.

The tautomerization barriers for the CH;COCH;/ n(H,0) (n=0 - 5) systems decrease substantially

from 274 kJ mol ™! to 112 kJ mol~! (Fig. S3) thus highlighting the solvent effects of water molecules.

It is worth noting that the formation barriers of 1,3-dioxolane-4-ol (C3H¢O3) resulting from the
addition of glycolaldehyde (HCOCH,OH) to formaldehyde (H,CO) are lowered by almost 84 kJ
mol-! with a water molecule involved in the reaction, which is predominantly governed by
tunneling at lower temperatures.®! The barrier height in the CH;COCH;—(H,0), systems

essentially levels off for n = 2 indicating that barrier reduction in the reactions is caused by the

10
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direct involvement of water molecules rather than the interaction with the dipole field of the polar
solvent. In fact, with one or more water molecules present, the hydrogen atom transfer process in
the keto-enol isomerization (from the methyl group to the carbonyl oxygen atom) involves water
species. With one water present, a hydrogen atom transfers from the methyl moiety to water,
whereas another hydrogen atom shifts from water to the carbonyl group. With more than one water
molecules participating, they form a chain between the CH; and C=0O groups, and the hydrogen
atom transfers occur simultaneously in this chain, from CHj to the first water in the chain, between
water molecules along the chain, and finally, from the last water to the carbonyl moiety. This
results in the barrier decrease by more than a factor of two. In the meantime, a comparison of the
barrier heights computed without and with SCRF-PCM show that the implicit solvent effects, i.e.,
the influences of the solvent dipole field on the barrier height, are minimal and do not exceed 10
kJ mol!' being thus within the accuracy of the theoretical methods used. Future experiments
incorporating water into the acetone ice will be needed to better understand the keto-enol

tautomerization processes in interstellar ices.

Conclusions

Our combined experimental and computational study reveals the first preparation of the hitherto
astronomically elusive propen-2-ol (2) and methyl vinyl ether (4) isomers in low-temperature
acetone (1) ices upon exposure to proxies of galactic cosmic rays. Both isomers were detected in
the gas-phase upon sublimation of the exposed ices exploiting tunable VUV photoionization
coupled with reflectron time-of-flight mass spectrometry. Our electronic structure calculations
provide compelling evidence that on ‘real’ interstellar grains, the barrier of the keto-enol
tautomerization can be reduced by more than a factor of two through the involvement of water
molecules thus highlighting the critical role of solvent effects in low-temperature ices. Once
formed in interstellar ices, such molecules can sublime into the gas phase in the star-forming region,
where they can be searched for by telescopes such as the James Webb Space Telescope. The first
identification of propen-2-ol (2) from acetone (1) under simulated conditions replicating the
interaction of ionizing radiation with ices on interstellar grains has far reaching implications to
better understand the complex organic chemistry in deep space. Due to their nucleophilic character
and high reactivity,'* enols are anticipated playing a crucial role in the synthesis of complex

organics such as sugars thus advancing the chemical complexity of the interstellar medium.5?

11
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These prebiotic molecules can be eventually incorporated into comets and meteorites and be
delivered to planets such as the early Earth 63 thus contributing to the synthesis of precursors linked

to the Origin of Life.
Supporting Information
Ion signal of higher masses and assignment, Figs. S1-S6, Tables S1-S9.
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acetaldehyde ketene pyruvic acid acetic acid glycolaldehyde
vinyl alcohol cthynol 2-hydroxyarcrylic acid  1,1-ethenediol  1,2-ethenediol

Scheme 1 Tautomer pairs observed in interstellar analog ices subjected to ionizing radiation.
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Fig. 1 (a) Isomerization of acetone (1) leading to the formation of propen-2-ol (2) and methyl vinyl
ether (4). Energies (kJ mol™") computed by Elango et al. at the MP2/cc-pVDZ level of theory are
relative to acetone (1).° (b) Ranges of adiabatic ionization energies (IE) of selected C3HgO isomers
after error analysis (Table S3). Three VUV photon energies (dash lines) were used to discriminate
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Absorbance

Fig. 2 FTIR spectra of acetone ices at 5 K before (black line) and after (red line) irradiation: (a)
acetone, (b) acetone-ds. Detailed assignments are compiled in Tables S4-S5. Inset: magnified view
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Fig. 3 PI-ReToF-MS mass spectra collected during the temperature-programmed desorption

(TPD) of the irradiated ices. Data were recorded for the irradiated acetone ice at photon energies

0f9.43 eV (a), 8.90 eV (b), and 8.40 eV (c), the irradiated acetone-dg ice at 9.43 eV (d) as well as

the irradiated acetone—acetone-dq ice at 9.43 eV (e). The blank experiment of the acetone ice

performed under identical conditions, but without irradiation, was recorded at 9.43 eV (f).
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Fig. 4 PI-ReToF-MS data during the TPD phase measured for irradiated (0.34 £ 0.05 eV
molecule™!) acetone ice at m/z = 58 at photon energies of 9.43 eV (a and b), 8.90 eV (c) and 8.40
eV (d). Spectra of irradiated acetone-ds ice measured at m/z = 64 was recorded at 9.43 eV (a). The
blank experiment acetone ice was recorded at 9.43 eV (d). Spectra of acetone—acetone-dg ice were
recorded at 9.43 eV at m/z = 58 (e), m/z =59 (f), m/z =60 — 62 (g), m/z = 63 (h), and m/z = 64 (1)
after lower dose irradiation (0.10 + 0.02 eV molecule ™). The blue and purple shaded regions
indicate the peak positions corresponding to propen-2-ol (2) and methyl vinyl ether (4),

respectively. The solid red lines indicate total fit of the spectra.
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