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ABSTRACT: Complex organic molecules (COMs) such as
aldoses and polyols are essential prebiotic compounds and serve
as fundamental molecular building blocks for key biomolecules,
including sugars and lipids. Despite their detection in star-forming
regions and carbonaceous meteorites, the mechanisms of formation
of these COMs in extraterrestrial environments remain largely
controversial. Here, we demonstrate the bottom-up synthesis of a
diverse set of COMs in the formaldehyde—water (H,CO—H,O)
ice analogs subjected to simulated galactic cosmic rays (GCRs),
including aldoses and polyols (glycolaldehyde, ethylene glycol,
glyceraldehyde, and glycerol), as well as other compounds like
glyoxal, methoxymethanol, (methoxymethoxy)methanol, formic
acid, and methanetriol. The identification of these oxygen-bearing

COMs was achieved using synchrotron vacuum ultraviolet photoionization reflectron time-of-flight mass spectrometry (SVUV-PI-
ReToF-MS) during the temperature-programmed desorption (TPD) phase. Their unambiguous assignment was further confirmed
by isotopic labeling experiments and by fitting the photoionization efficiency (PIE) curves of the parent product and fragment ions.
The efficient synthesis of these COM:s reveals constraints of the molecular complexity and reaction pathways available for forming
aldoses and polyols in space, expanding our understanding of how such biorelevant precursors form in the extraterrestrial
environments and their potential role in the abiotic origin of life on Earth.

Bl INTRODUCTION

The ubiquitous presence of complex organic molecules
(COMs) in the extraterrestrial environments has greatly
challenged the fundamental role of gas-phase reaction
mechanisms, since their predicted fractional abundances are
a few orders of magnitude lower than the observed ones
toward the star-forming regions like TMC-1 and Sgr
B2(N)." ™ Regarded as key precursors to molecular building
blocks relevant to the origin of life, a large majority of COMs is
believed to form in the interstellar dust grain ice mantles via
radiative (electrons, protons, photons) or thermal processes of
interstellar ices, which were eventually delivered to Earth by
asteroids and comets.”® Such an abiotic formation scenario
greatly motivates the understanding of replicating the observed
abundances of COMs and their astronomical detection.
However, the elucidation of their formation pathways as well
as their impact in the astrochemical reaction networks is still
elusive.’

Two-carbon complex organic molecules (C2 COMs) of
sugars and polyols—glycolaldehyde (HOCH,CHO) and
ethylene glycol (HOCH,CH,0OH)—have been detected in
various environments including cold molecular clouds,” solar-
mass protostars,” and Kuiper Belt Objects like 67P/
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Churyumov-Gerasimenko.” Their formation mechanisms
have been suggested by sequential carbon atom addition
pathways involving carbon monoxide (CO) and atomic
hydrogen (H),'"”"* radical recombination pathways following
the carbon monoxide to methanol (CH;OH) conversion via
the formyl radical (HCO) and the hydroxymethyl radical (-
CH,O0H),"”™"® and radical recombination pathways initiated
by irradiation of CH;OH-rich ices.'”™* The radical-driven
pathways are thought to be more efficient than the non-
energetic one toward the formation of larger members of three-
carbon complex organic molecules (C3 COMs), such as
glyceraldehyde (HOCH,CH(OH)CHO) and glycerol
(HOCH,CH(OH)CH,0OH). They represent fundamental
precursors to sugars and lipids, involving not only in the
construction of nucleic acids and cell membranes but also in
key biological processes such as energy metabolism as well
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Figure 1. Formation of glyceraldehyde and glycerol in interstellar ices and their relevance to central carbon metabolism. Energetic processing of
interstellar ice analogs containing simple C1 precursors, such as formaldehyde (1), by ultraviolet irradiation or galactic cosmic rays (GCRs)
generates reactive radical intermediates, including formyl (2) and hydroxymethyl (3). Subsequent radical—radical/radical—-molecule reactions and
stepwise hydrogenation driven carbon—carbon bond formation, yielding C2 and C3 oxygenated products such as glycolaldehyde (5), ethylene
glycol (15), glyceraldehyde (12), and glycerol (20). These reactions establish low-temperature, nonequilibrium pathways linking monosaccharides
and polyols in extraterrestrial environments. In biochemistry, glyceraldehyde and glycerol occupy a central position through their phosphorylated
derivatives—glyceraldehyde-3-phosphate (29), glycerol-3-phosphate (30), and dihydroxyacetone phosphate (32)—which participate in glycolysis,
gluconeogenesis, lipid biosynthesis, and associated energy-conversion processes.

(Figure 1).”**> Although glyceraldehyde and glycerol have not
yet been detected in the interstellar medium (ISM), their
presence in carbonaceous chondrites like Murchison suggests a
potential interstellar origin following the transfer to the early
Earth by meteorites and comets.”*™*

Early simulation experiments identified C3 COMs in
processed astrophysical model ices using offline techniques
like high-performance liquid chromatography (HPLC) or gas
chromatography—mass spectrometry (GC—MS), attributing
their formation as contamination or secondary reactions upon
exposure to the atmosphere.”” ' Recent studies introduced
CH,OH into water (H,0) or H,O and ammonia (NHj;) ice
mixtures, revealing the detection of glyceraldehyde and
glycerol.”***** However, their room-temperature analysis of
organic residues prohibits a detailed understanding of the
reaction mechanisms. Employing Fourier transform infrared
(FTIR) spectroscopy and quadrupole mass spectrometry
(QMS) during the temperature-programmed desorption
(TPD) phase, Fedoseev et al. extended the radical recombi-
nation pathways following the CO to CH;OH hydrogenation
route and demonstrated the formation of glycerol and plausible
glyceraldehyde by the reaction of H and CO with
glycolaldehyde.”** Kaiser et al, Maity et al, Sullivan et al,
and Chen et al. reported the potential synthesis of glycerol but
no glyceraldehyde in the electron-processed pure CH;OH or
CH;O0OH-CO ices exploiting the QMS, FTIR spectroscopy,
two-dimensional gas chromatography coupled to time-of-flight
mass spectrometry, and/or vacuum ultraviolet single-photon
ionization coupled with reflectron time-of-flight (PI-ReToF-
MS) mass spectrometry.””*>*> However, definitive identifica-
tion proved challenging due to the high degree of structural
similarity between C2 and C3 COMs, which resulted in

overlapping IR spectral features and complicated TPD spectra
regardless of the ionization method (electron impact ionization
or photoionization). Especially, the structural isomer identi-
fication of glyceraldehyde and glycerol in the gas phase still
remains elusive, thus introducing substantial uncertainties in
their formation throughout low-temperature ices in cold
molecular clouds and astronomical detection in star-forming
regions.

Here, we report the efficient bottom-up synthesis of C2
COMs (glycolaldehyde (HOCH,CHO), ethylene glycol
(HOCH,CH,0H), glyoxal (HCOCHO), and methoxymetha-
nol (CH;OCH,OH)) and C3 COMs (glyceraldehyde
(HOCH,CH(OH)CHO), glycerol (HOCH,CH(OH)-
CH,0H), and (methoxymethoxy)methanol
(CH;0CH,0OCH,0H)), as well as formic acid (HCOOH)
and methanetriol (CH(OH);) in H,CO—H,O ice analogs
exposed to proxies of galactic cosmic rays (GCRs).>® Using
synchrotron vacuum ultraviolet photoionization reflectron
time-of-flight mass spectrometry (SVUV-PI-ReToF-MS),”’~*!
we identified structural isomers of subliming products by
isotopic labeling experiment and photoionization efficiency
(PIE) curve fitting and warrant the definitive detection of
glyceraldehyde and glycerol by their dissociative photo-
ionization fragments. Our results suggest that C2 and C3
COMs can form via radical-radical or radical-molecule
pathways, facilitated by water acting as both an energy-transfer
medium and a stabilizing matrix, except for the formation of
HCOOH and CH(OH);. The isomer-selective identification
of these products is crucial for understanding how more
complex biorelevant molecules form in extraterrestrial ices.
These molecules may not only remain trapped in the ice and
become incorporated into comets and meteorites—potentially
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Figure 2. Synchrotron vacuum ultraviolet photoionization reflectron time-of-flight mass spectrometry (SVUV-PI-ReToF-MS) data during the
temperature-programmed desorption (TPD) phase. Data were recorded for the irradiated (a) formaldehyde—water (H,CO—H,0), (b) D,CO—
D,0, (c) H,CO—H,'®0, and (d) the unirradiated (blank) H,CO—H,O ices at the photoionization energy of 11.50 eV.

contributing to the origin of life on early Earth—but may also
sublime into the gas phase in star-forming regions such as
Orion KL thereby influencing the chemical evolution of star-
forming regions.

B RESULTS

SVUV-PI-ReToF-MS

We exploited the photon energy of 11.50 eV to probe newly
formed molecules desorbed from the H,CO—H,0, D,CO—
D,0, and H,CO-H,"®0 ice analogs exposed to electron
radiation, whose product ions were mass-analyzed via the
reflectron time-of-flight mass spectrometry (ReToF-MS) to
gain considerable signal resolution (Figure 2). At the photon
energy of 11.50 eV, we identified pronounced ion counts at the
mass-to-charge ratio (m/z) = 30 (CH,0"), 31 (CH;0%), 32
(0,"/CH,0%), 33 (HO,"/CH;0"), 44 (CO,*/C,H,0"), 46
(CH,0,"/C,H,0"), 47 (CH,;0,"/C,H,0"), 58 (C,H,0,"/
C;H,0"), 60 (C,H,0,"/CyH,0"), 61 (CHO,"/C,H;0,"/
C;H,0%), 62 (CH,0;7/CH0,%), 72 (C,057/CH,0,"/
C,H;0"%), 73 (C,HO,"/C;H;0,*/C,H,0%), 74 (C,H,05"/
C3He0,"/CH,00%), 75 (C,H;057/C3H,0,7), 89 (C,HO,'/
C;H;0,*/C,H,0,"/C,HO"), 90 (C,H,0,*/C3Hs0;"/
C4H,,0,"/C¢H,0%), and 91 (C,H;0,"/C;H,05*/CH;0%)
(Figure 3), in contrast to solely the formaldehyde cation
(H,CO*, m/z = 30) in the unirradiated (blank) experiment
(Figure 2).

First of all, the ionization energies of oxygen (O,) and
carbon dioxide (CO,) were, respectively, measured to be
12.0697 + 0.0002 eV and 13.777  0.001 eV."*~** Since these

energies are higher than the available photon energy of 11.50
eV, neither O, nor CO, can be ionized and detected in our
experiments. Second, isotopic labeling experiments provided
further constraints on the molecular compositions of observed
product and fragment ions. For species desorbed from the
irradiated D,CO—D,0 ices, we observed molecular ions at m/
z =32, 34, 36, 38, 48, 50, 60, 64, 66, 68, 76, 78, 80, 82, 94, 96,
and 98. Considering that only the hydrogen/deuterium
exchange between H,CO-H,0 and D,CO-D,0O ices, we
can exclude the detection of ions at m/z = 46 (C,H,O"), 47
(C,H,0"), 61 (CHO,"/C;H,0"), 72 (C,057), 73 (C,HO,Y),
74 (C,H,,0*), 89 (C,HO,"/C(HO"), and 90 (C,H,0,'/
C,H,,0,"/C¢H,0"), since their deuterated counterparts were
not observed in the D,CO—D,0 ices (Figure S1, Table S1).
Third, an examination of the fitted TPD spectra provided
additional constraints on the molecular formulas of observed
ions. The similar bimodal TPD spectra between 200 and 300 K
at m/z = 72, 73, and 74 indicate that they should follow the
sequential dissociative fragmentation pattern (Figure 3).
However, since we have ruled out the existence of ion signals
at m/z = 72 (C,05"), 73 (C,HO;"), and 74 (C,H,;,0") based
on isotopic labeling experiments, their dissociative ion signals
at m/z = 72 (C,H;0"), 73 (C,H,0%), and 74 (C,H,0;")
should not exist either. Similarly, ion signals at m/z = 89
(C4Hy0,%) and 91 (C,H;0,%/C4H;0") can also be precluded
since ion signals at m/z = 90 can only be ascribed to C;HO5"
based on our analysis. Lastly, most of the TPD spectra do not
shift with respect to m/z when comparing molecular ions in
the irradiated H,CO-H,0 and H,CO-H,'"¥0 systems
(Figures 3 and S2), implying that H,O likely facilitates
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Figure 3. TPD spectra at distinct mass-to-charge ratio (m/z) observed in processed H,CO—H,O ices at the photoionization energy of 11.50 eV.
Blue lines represent data fitted with multiple Pearson peaks, and red lines indicate the total fit of deconvoluted profiles. Colored bars categorize
molecular species that cosublime at specific temperatures, based on their dominant origin: fragmentation of a common parent molecule, volcanic
effect associated with water ice, or cosublimation with water. The color sequence represents increasing sublimation temperatures: yellow (~109 K),
green (~147 K), blue (~171 K), orange (~205 K), purple (~221 K), and red (~241 K).

formation as a catalytic medium or reaction cage by
suppressing recombination pathways.'” The overlapped TPD
spectra after scaling in both ices imply the detection of ion
signals CH,0'®0" (m/z = 48), CH;0'*0" (m/z = 49), and
CH;"®0," (m/z = S1) in the H,CO—H,'"®O system (Figure
S3). Therefore, based on the analysis of SVUV-PI-ReToF-MS
we can conclude that ion signals at m/z = 30 (CH,0"), 31
(CH,0%), 32 (CH,0"), 33 (CH,0"/HO,"), 44 (C,H,0"), 46
(CH,0,%), 47 (CH,0,"), 58 (C,H,0,"/C,H,0"), 60
(C,H,0,7/C3H07), 61 (CH0,%), 62 (CH,05"/
C,H(0,"), 72 (C;H,0,%), 73 (C;H0,"), 74 (C;H0,"), 75
(C,H;04%/C3H,0,"), 89 (C3H;0;5%), 90 (C3H4O5%), and 91
(C3H,0;%) were detected in the irradiated H,CO—H,O

modeled ices.

22982

Structural Isomer Identification of One-Carbon (C1) and
Two-Carbon Complex Organic Molecules

Our SVUV-PI-ReToF-MS at the photon energy of 11.50 eV
along with isotopic labeling experiments defined the molecular
formulas of parent product and fragment ions in the irradiated
H,CO-H,O0 ices (Table S1). PIE curves can quantify the ion
count intensity as a function of the photon energy at distinct
m/z.>"***! Since we can only obtain the PIE curve at a specific
m/z during the TPD phase, both the SVUV photon energy
range and desorption temperature range must be chosen
carefully in order to minimize signal interference. Therefore,
we distinguish the temperature intervals in the color bars to
facilitate a more precise analysis of subliming species (Figures
3, S1, and S2).

The TPD spectra highlighted in yellow (~109 K), green
(~147 K), and blue (~171 K) bars at m/z = 30 can be
attributed to the naturally subliming H,CO, H,CO produced
from the volcanic effect in water ice, and H,CO cosublimed
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Figure 4. Photoionization efficiency (PIE) curves correspond to parent ions of C1 species or fragment ions of C2 species at m/z of (a) 32, (b) 33,
and (c) 47; parent or fragment ions of C2 species at m/z of (d) 60, (e) 61, and (f) 62; fragment ions of glyceraldehyde at m/z of (g) 44 (C,H,O"),
(h) 60 (C,H,0,%), and (i) 62 (C,H¢O,"); and fragment ions of glycerol at m/z of (j) 44 (C,H,0%), (k) 62 (C,H(O,"), and (1) 74 (C;HO,").
Solid cycles represent experimental data, and red lines show fits to reference PIE curves. The dark-gray and light-gray shaded regions indicate the
1o and 20 standard deviations of the PIE curve (averaged across individual scans), respectively. Additional PIE curves are provided in the

Supporting Information.

with water, respectively.*’ Ion signals at m/z = 31 can be
assigned as '’C-isotopic contributions from the H,CO
reactant, while the TPD peak highlighted in the orange bar
(CH;0% m/z = 31) is likely associated with a dissociative
fragment of ethylene glycol.46 The TPD peak at m/z = 32
highlighted in both green and blue bars correspond to the
CH,O product(s), which indicates the formation of methanol
as revealed by our PIE scan (Figure 4a). The single TPD peak
at m/z = 33 highlighted in the orange bar (~205 K) can be
associated with dissociative fragments CH;O" from ethylene
glycol rather than the HO, radical, which depicts an ionization
energy of 11.352 + 0.007 eV.*’ We further confirm CH;O" as
the dissociative fragment of ethylene glycol by the PIE scan at
m/z = 33, which bears an ionization energy of 10.50 eV and
matches well with the gas phase study of ethylene glycol in the
flash pyrolysis setup.”® TPD signals highlighted in the blue bars
at m/z = 46 can be connected to CH,0,", most likely
HCOOH. This can be well warranted by the PIE curve at m/z
= 46 (Figure S4), which also excluded its isomers of low
adiabatic ionization energies (AIEs), i.e. the Criegee
intermediate formaldehyde oxide (-CH,00-, 9.98 eV) and
dioxirane (c-CH,0,, 10.82 eV)."”* It is noteworthy that the
pronounced TPD spectrum of m/z = 47 (CH;0,") peaking at
197 K coincides with the dissociative fragmentation of
methanetriol CH(OH), leading to CH(OH)," plus -OH
(Figure $3).” Not only the fragment TPD spectra of H,CO—
H,0 and D,CO—-D,O ices overlap nicely with those in the
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CH;0H-0, and CD;0D-0, ices, but the appearance energy
of 11.00 + 0.10 eV derived from our PIE at m/z = 47
correlates well with the predicted value of 11.03 + 0.04 eV for
CH(OH)," in the study of the irradiated CH;OH—O0, ice
(Figure 4c).3’8

For C2 COMs, the only structural isomer carrying the cation
form of C,H,0," (m/z = $8) is glyoxal (HCOCHO), as
confirmed by comparing our experimental TPD spectrum with
the reference one (Figure SS). This assignment is validated by
the matching desorption peaks for both acetylenediol
(HOCCOH) and HCOCHO reported by Wang et al. in
electron-irradiated CO—H,O ice.”” Ton signals highlighted in
the blue bar at m/z = 60 may attribute to cations of
glycolaldehyde (HOCH,CHO; 10.20 eV), ethene-1,2-diol
(HOCHCHOH; 9.62 eV), acetic acid (CH;COOH; 10.65
V), and methyl formate (HCOOCHS;; 10.84 eV) with AIEs
provided in parentheses (Figure S6 and Table S2). After
matching the experimental onset and PIE curve with the
reference PIE curve of glycolaldehyde,”® we can claim that
glycolaldehyde contributes significantly to the ion signals at m/
z = 60. For ion signals at m/z = 61 highlighted in the blue bar,
the experimental onset of 10.30 + 0.05 eV and PIE curve can
match well with those of the C,H;O,* fragment (appearance
energy of 10.24 + 0.0S €V), which follows prompt dissociative
ionization of methoxymethanol (CH;OCH,OH) via a
tunneling mediated H loss.”" As of ion signals at m/z = 62
highlighted in the orange bar, we may attribute ions signals at
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Figure 5. Derived formation pathways from C1 precursors to C2 and C3 oxygenated products in irradiated H,CO—H,O ices. Top panel: Primary
radiolysis of H,CO—H,O ices produces radicals and products including formyl (2), hydroxymethyl (3), hydroxyl (24), formic acid (25), and
methanetriol (28). Middle panel: Subsequent radical-radical and radical-molecule reactions generate C2 species including glyoxal (4),
glycolaldehyde (S), ethylene glycol (15), and methoxymethanol (16). Bottom panel: Further radical-radical and radical-molecule reactions
extend the network to C3 species, including glyceraldehyde (12), (methoxymethoxy)methanol (19), and glycerol (20). This progression from
simple radicals to COMs illustrates the stepwise accumulation of chemical complexity within interstellar H,CO—H,O ice analogs.

m/z = 62 to ethylene glycol (HOCH,CH,OH, 9.85 eV),
dimethyl peroxide (CH;OOCH,, 9.31 eV), ethyl hydro-
peroxide (C,H;OOH, 9.70 eV), or 1,1-ethanediol (CH;CH-
(OH),, 10.65 eV) (Figure S7, Tables S3 and S4). Never-
theless, the comparison of the experimental onset and PIE
curves with reference ones can only lead to the detection of
ethylene glycol.* In addition, its fragmentation TPD spectra
highlighted in the orange bars at m/z = 61, 44, 33, and 31 are
well correlated with the gas-phase dissociative fragmentation
pattern of ethylene glycol, whose PIE curves at m/z = 62, 44,
33, and 31 match well with each other (Figures 4 and S8). 2

Structural Isomer Identification of Three—Carbon COMs

We noticed that SVUV-PI-ReToF-MS of subliming products
of the H,CO—H,O ices at 11.50 eV present a series of TPD
spectra peaking at 221 (purple bar) and 241 K (red bar),
implying significant dissociative photoionization from parent
cations of common COMs. Further extraction and Pearson VII
fitting of these TPD spectra give rise to pronounced fragment
ions of C,H,0" (m/z = 44), C,H,O" (m/z = 46), C,H,0,"
(m/z = 60), C,H;O,* (m/z = 61), C,HO," (m/z = 62),
C;H,0," (m/z=72), C;H0," (m/z =73), and C;H,0," (m/
z = 74) peaking at both temperatures. Isotopic labeling
experiments (D,CO-D,0, H,CO-H,"0) demonstrate un-
ambiguously the expected TPD spectra with corresponding
isotopic shifts (Figures S1 and S2). These dissociative
fragmentation profiles at 241 K (red bar) correlate well with
those of glycerol formed in the methanol model ices peaking at
about 237 K.** The parent glycerol cation is so low in intensity
compared to its fragment jons that the direct detection of
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glycerol is elusive.” In addition, we performed PIE scanning at
m/z = 44, 62, and 74 near 241 K, yielding PIE curves of these
fragment ions that agree nicely with those obtained in the gas
phase photoionization of pure glycerol carried out in the
effusive molecular beam apparatus.”” Enlightened by the gas
phase studies and fragmentation pattern of glycerol, we
conducted single-photon ionization of pure glyceraldehyde in
the TPD phase and PIE scans of the dissociative fragments in
the gas phase (Figures S9 and S10). Once again, the unique
coincidence of mass spectrometry of fragment ion signals at m/
z=233,44, 60, 61, 62, and 72, as well as their PIE curves at m/z
= 44, 60, and 62 between the subliming product at 221 K and
the pure glyceraldehyde sample, has been well established.
Therefore, we present compelling evidence of the formation
and gas phase detection of glyceraldehyde and glycerol.
Extending this analytical protocol to ion signals at m/z = 91
(red bar) reveals the ionization onset of 10.10 eV and PIE
curve matching the C;H,0;" fragment of (methoxymethoxy)-
methanol, further confirming its formation as found in the
irradiated H,CO ice (Figure S11).

B DISCUSSION

Formaldehyde is not only regarded as a key intermediate
molecule along the CO to CH;OH hydrogenation route, but
detected as abundant species in high- and low-mass
protostars.” Accreting CO molecules form a layer of CO ice
on the icy grain surfaces while simultaneously undergo
hydrogenation to produce HCO and -CH,OH radicals in a
nonenergetic manner.”* These two radicals can also form upon
irradiation of CH;OH-rich ices by energetic particles, and it
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shall not be omitted that the hydrogenation of H,CO may also
lead to the possible formation of the methoxy radical (CH;0-).
However, H-addition to H,CO could proceed preferentially
through -CH,OH rather than CH;0-, which could isomerize
to -CH,OH through intramolecular hydrogen atom trans-
fer.”>>* The elusive detection of methyl formate and dimethyl
peroxide warrants the lack of CH;0- in the CO hydrogenation
route unless it is generated by the CH3;OH decomposi-
tion,”>*>°° while small molecules like H,O or HCOOH can
fac111tate the isomerization of CH;0- to -CH,OH via formation
of a doubly hydrogen-bonded transition state.””*>*”*® There-
fore, the CO hydrogenation could initially proceed to HCO, -
CH,OH and CH;OH in atomic—addition reactions which play
an important role in dark cloud chemistry.

The formation mechanism of COMs with repeating C—C
and C—O backbones is critical for understanding the synthesis
competition among key biomolecules. The radical—radical
reaction of HCO and -CH,OH can easily lead to the formation
of glyoxal, glycolaldehyde, and ethylene glycol via reactions
[1], [2], and [14], respectively (Figures S and S12). The
alternative reaction mechanism involves the addition of HCO
or -CH,0H to H,CO forming C—C bonding and C-O
bonding radicals as HCOCH,O-, HOCH,CH,O-,
CH,OCHO and -CH,OCH,OH via reactions [3], [13], [4],
and [12], which respectively yields glycolaldehyde, ethylene
glycol, methyl formate, and methoxymethanol upon hydro-
genation (reactions [S], [15], [7], and [16]) (Figures S and
S13). Interestingly, C—O bonding radicals are theoretically
suggested to be formed with lower entrance barriers but less
thermally stable than C—C bonding radicals."” As we found
substantial glycolaldehyde, ethylene glycol, and methoxyme-
thanol, both C—C and C—O bond formation processes should
be considered in our irradiated H,CO—H,O ices. In this
regard, the elusive detection of methyl formate can attribute to
relatively low yield of HCO radicals, Wthh can be exhausted
by its dimerization leading to glyoxal.'® In fact, the integrated
TPD signal for glycolaldehyde is about 15% of that for
ethylene glycol, not to mention that glycolaldehyde possesses a
more delocalized highest occupied molecular orbital and tends
to have a larger photoionization cross section under the same
ionization energy when comparing with ethylene glycol.>”
Nevertheless, our recent studies revealed the formation of
H,CO oligomers (H-—(CH,0),—H; n = 2—4) within
irradiated pure H,CO ice analogs, in which we suggested a
radical-induced H,CO polymerization mechanism leading to
methoxymethanol through C—O bonding.*' Therefore, the
formation of C2 COMs can proceed via radical—radical or
radical-molecule reactions, followed by hydrogenation.

We now discuss potential reaction mechanisms from simple
organic molecules to the formation of C3 COMs. Butscher et
al. realized tentative identification of glyceraldehyde from the
VUV photolysis of H,CO in Ar matrix, proposing the pathway
as the glycolaldehyde reaction with HCO followed by another
HCO addition and CO elimination.'® They later presented the
possible formation of glyceraldehyde and glycerol from VUV
photolysis of H,CO in Ar and Xe matrices, claiming formation
routes as radical recombination of HOCHCHZOH with HCO

-CH,OH respectively, where the HOCHCH,OH inter-
mediate radical is formed through H atom addition to
glycolaldehyde or H atom abstraction from ethylene glycol.'”
Layssac et al. conducted the VUV photolysis experiments on
the H,CO—H,O mixture ices, and put forward a radiation
temperature-dependent mechanism involving radical—form-

aldehyde reactions as common initiation step for aldose and
polyol formation rather than radical recombination reactions
only."® For the formation of glycerol, Kaiser et al. and Zhu et
al. proposed a bottom-up sequential reaction initiated by -
CH,OH to ethylene glycol, which loses H upon irradiation to
form HOCHCH,OH followed by recombination with another
-CH,OH leading eventually to glycerol.”>** In our experi-
ments, we propose that HCO or -CH,OH adds with H,CO
through C—C bonding to form HCOCH,O- and
HOCH,CH,O- via reactions [3] and [13], which can also
respectively isomerize to HCOCHOH and HOCH,CHOH via
reactions [6] and [17]. Since the HCO radical is relatively low-
abundance in our ices, the radical—radical reaction mechanism
can possibly lead to HCOCH,OCH,OH (90 amu),
HOCH,CH,0CH,OH (92 amu), glyceraldehyde, and glycerol
(reactions [8], [23], [11], and [20]). However, the former two
cannot be preferentially formed since they involve C—O
bonding formation which exhibit relatively higher entrance
barriers. The alternative pathway can be proposed as the
addition of H,CO to HCOCHOH or HOCH,CHOH through
C—-C bonding forming HCOCHOHCH,O- and
HOCH,CHOHCH,O:, leading eventually to glyceraldehyde
(reactions [9] and [10]) and glycerol (reactions [21] and
[22]), respectively (Figures 1 and S). In contrast,
(methoxymethoxy)methanol formation proceeds through a
distinct C—O-based pathway: H,CO adds to -CH,OH via a
C—O bond to generate the -CH,OCH,OH intermediate
(reaction [12]), which subsequently undergoes a second C—O
addition with another H,CO molecule (reaction [18]) prior to
hydrogenation, completing chain propagation and termination.
Therefore, our studies unveil two compelling pathways leading
to C3 COMs, the formation of glyceraldehyde and glycerol
through the C—C backbone and the formation of
(methoxymethoxy)methanol through chain propagation and
termination via the C—O backbone. Here, H,O likely
facilitates the formation of COMSs as a catalytic medium or
reaction cage by suppressing recombination pathways.
Strikingly found, HCO may react with -OH to form
HCOOH®"®" via reaction [24] as verified in the H,CO—
H,0, D,CO-D,0, and H,CO—H,"0 ices. However, we did
not observe any CHZ(OH)2 1on 31gnals near 181 K as
confirmed in the CH;OH—0, ices,”” which should be facilely
formed via radical recomblnatlon of -CH,OH with -OH via
reaction [27]. One possible explanation is the HCOOH
hydrogenation leading to the energetically favorable radical
HC(OH), that is stabilized by the hydrogen bonding with the
neighboring H,O in the H,O ice environment (reaction [25]),
or HC(OH), is generated as one of the HCOOH dimer
dissociation products.”>®* The definitive formation of CH-
(OH); but detection via its dissociative fragment can be
verified in the H,CO—H,'®O ices where ion signals at m/z =
49 (CH,;'0"™0") and 51(CH,;'®0,") were both detected,
corresponding to ':OH and '®OH dissociative channels,
respectively. The elusive detection of CH,(OH), formed via
radical recombination of -CH,OH and -OH strongly indicates
competing mechanisms between -CH,OH + -OH, -CH,OH +
H, and -CH,OH + -CH,OH. Hydrogen atoms could greatly
consume -CH,OH to generate CH;0OH out of question, but
self-recombination of -CH,OH should not be dominant over -
CH,OH + -OH due to excessive H,O matrix. In the CH;OH—
O, ices, CH,(OH), was found to be formed via O('D)
insertion into CH;OH barrierlessly, and its TPD signals appear
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to be rather weak at 10.86 eV even if the ionization energy of
its most stable conformer is 10.66—10.74 ¢V.%>

The experiments conducted in this study demonstrate that
COMs, particularly sugars, polyols, and other compounds
related to life can be efficiently synthesized in H,CO—H,O
mixed ices through ionization irradiation. The relative
abundance of H,CO molecules in the ice mantles of both
high- and low-mass protostars varies between 2 and 7%
compared to water,”” establishing H,CO as a pivotal precursor
in interstellar ices. These ice mantles are subjected to
processing by high-energy GCRs and hydrogenation reac-
tions,”* resulting in the fragmentation of H,CO molecules and
the generation of reactive radicals such as HCO and -CH,OH.
These radicals are instrumental in the formation of several
COMs reported here, likely occurring within the ice mantles of
star-forming regions. Consequently, it is anticipated that
glyceraldehyde, glycerol, and even (methoxymethoxy)-
methanol are prevalent within the ISM. Once synthesized on
the surface of icy dust grains, a fraction of these molecules may
sublimate into the gas phase during the transition of molecular
clouds to star-forming regions, making them detectable via
rotational spectroscopy. In our experimental study, C2 COMs
(glyoxal, glycolaldehyde, ethylene glycol, and methoxymetha-
nol) and C3 COMs (glyceraldehyde, glycerol, and
(methoxymethoxy)methanol) were synthesized and identified
in the processed H,CO—H,O ice analogs. Consequently, it is
reasonable to hypothesize that if the temperature of hot cores
is sufficient to induce sublimation, these organic molecules will
coexist in the gas phase. Notably, glycolaldehyde and ethylene
glycol have already been successfully detected toward Sgr B2,
suggesting that glyceraldehyde and glycerol are also likely to be
present in similar interstellar environments and could be
detected by the Atacama Large Millimeter/submillimeter Array

The glyceraldehyde formed in our electron-irradiated
H,CO—-H,0 ices is produced under achiral experimental
conditions. Consequently, this product is expected to be
racemic, as is typical for formose-type chain reactions.*>%°
However, in actual interstellar environments, circularly
polarized ultraviolet light (UV-CPL) may impart a chiral
bias. Astronomical observations have detected significant
circular polarization in star-forming regions such as Orion
OMC-1 and NGC 6334-V, with polarized regions extendin%
much larger than the size of the protosolar nebula.’
Laboratory studies have shown that UV irradiation of
interstellar ice analogs produces racemic amino acids, and
that the use of UV-CPL instead of unpolarized light can induce
small enantiomeric excesses (ee’s) in these amino acids.’®
Neutral amino acids isolated in solid parahydrogen can exhibit
remarkably high anisotropgr factors (up to 0.1) under
conditions relevant to space. ° For sugars, meteoritic analyses
reveal substantial D-enantiomer excesses in aldonic acids that
increase with carbon number, pointing to an asymmetric
photochemical origin,”””° and recent asymmetric photolysis of
racemic isovaline films with CPL produced opposite ee values
of up to 2%.”" Future experiments using UV-CPL on similar
H,CO—H,0 ice mixtures could therefore help elucidate
whether enantioselective pathways exist for glyceraldehyde

and its higher homologues.
H CONCLUSIONS

In conclusion, we unambiguously identify key C2 and C3
COMs formed in the electron-irradiated H,CO—H,O ices

using synchrotron vacuum ultraviolet photoionization reflec-
tron time-of-flight mass spectrometry (SVUV-PI-ReToF-MS),
including glycolaldehyde, ethylene glycol, glyoxal, methoxyme-
thanol, glyceraldehyde, glycerol, and (methoxymethoxy)-
methanol as well as formic acid and methanetriol. Distinct
dissociative photoionization pathways resolve the long-stand-
ing isomeric ambiguity between glyceraldehyde and glycerol,
establishing their definitive gas-phase detection during the
TPD phase. These results establish that radical—radical and
radical-molecule reaction pathways—primarily involving -
CH,OH and HCO intermediates generated via H,CO
radiolysis—efliciently construct biorelevant carbon skeletons.
The H,CO—H,O system functions as both reactant reservoir
and reaction medium, where water facilitates energy transfer
and hydrogen donation, while formaldehyde provides the
carbon backbone for sequential chain elongation. This bottom-
up formation mechanism operates ubiquitously in hydrogen-
rich, oxygen-bearing ices prevalent throughout cold molecular
clouds. Sublimation of processed ice mantles in star-forming
regions—triggered by protostellar heating or shocks—releases
these COMs into the gas phase, rendering them detectable via
high-resolution interferometry (ALMA). Given the widespread
occurrence of interstellar H,CO—H,O ices, glyceraldehyde
and glycerol likely constitute unidentified components of the
interstellar organic inventory. Delivery of these molecules to
early Earth via comets and meteorites would have provided
fundamental building blocks for prebiotic chemistry, bridging
the gap between processed interstellar ices and the molecular
origin of life.

B MATERIALS AND METHODS

Experiments (Table S5) were conducted at the Shanghai-Hawaii-
Hefei Advanced Research Center for Astrochemistry
(SHHARC),” ™ employing the VUV beamline BLO3U at the
National Synchrotron Radiation Laboratory.”” In summary, the
SHHARC consists of a stainless ultrahigh vacuum chamber,
maintained at pressures of a few 107!! Torr, and is equipped with
contamination-free turbomolecular pumps (Osaka Vacuum,
TG1300M, TG420M) backed by a dry scroll pump (Leybold, Ecodry
40 Plus). Within the chamber, a polished silver substrate is affixed to
an oxygen-free high thermal conductivity copper coldfinger, enabling
both vertical and horizontal movement. This movement is facilitated
by an ultrahigh-vacuum compatible bellows (McAllister, BLT106)
and a double differentially pumped rotary platform (Thermionics
Vacuum Products, RNN-600/FA/MCO), respectively. The coldfinger
is interfaced with a two-stage closed-cycle helium refrigerator
(Sumitomo Heavy Industries, RDK-41SE), allowing the system to
achieve temperatures as low as 4.7 + 0.1 K. Temperature monitoring
is conducted using a cryogenic temperature sensor (Lakeshore, DT-
470).

During the deposition, the silver target was initially cooled to 4.7 K
before the deposition. Monomeric formaldehyde in the gas phase was
prepared from paraformaldehyde (Aladdin, 95%) using a water-bath
heater maintained at 70 °C under vacuum conditions, achieving a
preparation purity exceeding 99%.'° Formaldehyde and water
(Macklin, HPLC) were introduced and condensed onto the silver
substrate via two separate leak valves and glass capillary arrays (10
mm array diameter) at pressures of (1.0 + 0.1) X 10™® Torr and (4.0
+ 0.2) X 107® Torr respectively, achieving an actual depositing ratio
of ([H,COJ]/[H,0]) of 1.0:5.8 + 0.9 (Supporting Information
Methods). This ratio was determined by a calibrated electron-impact
quadrupole mass spectrometer (Pfeiffer, QMG 220 M2) (Figure
S14). Prior to experiments using H,'$O (Aladdin, 97.0 atom % '*0),
the lines and vacuum chamber were purged with H,'3O vapor to allow
any °0/'®0 isotopic exchange to occur before the preparation of
H,CO-H,"0 ice mixture. The experiment with D,CO—D,0 ice was
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also processed according to this procedure. The thickness of the ice
mixture was monitored in situ by laser interferometry using a He—Ne
laser (632.8 nm). By employing the refractive indexes of ny o = 1.33

+0.04 and ny o = 1.27 £ 0.02,7* the ice thickness was determined to

be 743 + 50 nm (Supporting Information Methods). Subsequent to
deposition, the ice mixtures were positioned for electron irradiation at
an inclination of 70° relative to the normal of the ice surface. This was
achieved using S keV electrons (SPECS GmbH, eq 22/3S electron
source) at a current of 100 nA for 30 min. The ice thickness
significantly exceeds the average electron penetration depth of 324 +
32 nm, as determined via Monte Carlo simulation performed in
CASINO 2.42 (Table S6).”* After irradiation, the coldfinger was
annealed to 320 K at a rate of 1 K min~". Sublimating molecules were
monitored using SVUV-PI-ReToF-MS. The blank experiment, i.e., the
nonirradiation experiment, followed the same procedure.

The sublimating species ionized by SVUV were mass analyzed
using a ReToF mass spectrometer (Jordan TOF Products, Inc.),
operating with 2.5 ps extraction pulses generated by a pulse delay
generator (Quantum Composers, 9528) at a repetition rate of 15 kHz.
The resulting signal was amplified and discriminated using an F-100T
amplifier-discriminator (Advanced Research Instruments Corpora-
tion), and subsequently recorded using a multichannel personal
computer scalar (FAST ComTec, P7889). During the thermal
desorption process, the SVUV photon energy was initially set to
11.50 eV to establish the volatilization temperature range of the
species under investigation. Subsequently, within the temperature
interval relevant to the species of interest, the SVUV energy was
incrementally adjusted across the defined range in 0.10 eV steps with
the photon energy- and temperature-dependent mass spectra being
recorded concurrently. The TPD spectra, derived from scanning the
SVUV energy, were normalized to the TPD spectra at 11.50 eV and
the photon flux, leading to derivation of the PIE curves for all
detected molecules. The TPD spectra were deconvoluted using the
Pearson VII function, a flexible peak-shape model that allows for
continuous interpolation between Gaussian and Lorentzian profiles
via an adjustable shape parameter.”> This approach enables an
accurate representation of peak broadening and asymmetry observed
in the experimental data. The fitting was performed using a nonlinear
least-squares curve-fitting procedure, which minimizes the sum of the
squares of deviation of the curve from the data ordinates, and the
resulting parameters were used to determine peak positions and
relative intensities.
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