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The Kuiper Belt object (KBO) Arrokoth, the farthest object in the Solar System ever
visited by a spacecraft, possesses a distinctive reddish surface and is characterized by
pronounced spectroscopic features associated with methanol. However, the fundamental
processes by which methanol ices are converted into reddish, complex organic molecules
on Arrokoth’s surface have remained elusive. Here, we combine laboratory simulation
experiments with a spectroscopic characterization of methanol ices exposed to proxies
of galactic cosmic rays (GCRs). Our findings reveal that the surface exposure of metha-
nol ices at 40 K can replicate the color slopes of Arrokoth. Sugars and their derivatives
(acids, alcohols) with up to six carbon atoms, including glucose and ribose—funda-
mental building block of RNA—were ubiquitously identified. In addition, polycyclic
aromatic hydrocarbons (PAHs) with up to six ring units (13C22H1 ,) were also observed.
These sugars and their derivatives along with PAHs connected by unsaturated linkers
represent key molecules rationalizing the reddish appearance of Arrokoth. The formation
of abundant sugar-related molecules dubs Arrokoth as a sugar world and provides a
plausible abiotic preparation route for a key class of biorelevant molecules on the surface
of KBOs prior to their delivery to prebiotic Earth.

Arrokoth | sugars | colors | ultrared matter

The New Horizons mission to the Kuiper Belt (1-3)—a vast region beyond the orbit
of Neptune at 30 AU (astronomical unit) to about 50 AU from the Sun—has revolu-
tionized our understanding of the origin and evolution of the Solar System (4-10). The
Kuiper Belt encompasses more than 100,000 ice-rich objects (KBOs) with surfaces
covered by frozen volatiles like nitrogen (N,) (Pluto), methane (CH,) (Makemake),
water (H,O) plus ammonia (NH;) (Orcus and Quaoar), and methanol (CH;OH)
(Arrokoth and 2002 VE,s) (11). The New Horizons spacecraft has explored the contact
binary Arrokoth (2014 MU ,)—the farthest object in the Solar System ever visited by
a spacecraft—uncovering extraordinary geological features such as troughs and hills, as
well as a reddish appearance with color slopes ranging from 20 to 32% per 100 nm
(7-9). Color slopes define a quantitative measure of the dependence of the reflectance
on the wavelength (12). A detailed analysis of New Horizons Ralph Linear Etalon
Infrared Spectral Array (LEISA) images identified signatures associated with methanol
ice from 2.27 to 2.34 pm (4,405 to 4,273 cm™) (9). This finding underpinned the
detection of a functionalized hydrocarbon (alcohol) on the surface of a KBO (13).
However, the underlying processes, which convert methanol ices to Arrokoth’s ultrared
surface, along with the nature of the chromophores, i.e., the functional groups of a
molecule that absorb visible light responsible for its coloring, have represented a fun-
damental puzzle for planetary scientists (14-17).

This detailed understanding of the origin of Arrokoth’s reddish appearance together
with the spectroscopic and chemical evolution of the cold surfaces at about 42 K is vital
to the planetary science and astrobiology communities (18, 19). The low-temperature
synthesis of complex carbon-, hydrogen-, and oxygen-bearing molecules in the surface
layers can modify the reflection spectra of Arrokoth (9). Gaining a fundamental knowledge
of the synthesis processes involved in these organic compounds can not only shed light
on the complex chemistry of Arrokoth’s surface, but also provide facilitated access to the
comprehensive inventory of astrobiological molecules within the Kuiper Belt. This expan-
sion involves extrapolating from our idealized system to a more complex mixture, thereby
broadening our insights. Some of these molecules, such as carbohydrates, hold key func-
tions in biochemistry, serving as energy sources, contributing to metabolism, and acting
as molecular building blocks in DNA and RNA (20-22). Dynamical simulations of the
Solar System reveal that KBOs such as Arrokoth are a source of short-period comets,
which could have delivered biologically important molecules such as carbohydrates to the
early Earth (23, 24). Hence, an understanding of the chemical evolution of KBO such as
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ambiguous. Here, we have
evidence that methanol ices
exposed to galactic cosmic rays
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sugars including biologically
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while aromatic hydrocarbons
are essential in producing the
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Arrokoth’s methanol-rich surface provides fundamental clues on
the origin of astrobiological molecules in our Solar System.

Planetary scientists proposed that Arrokoth’s reddish appearance
is attributed to the presence of tholins (9, 25), a term coined by
Carl Sagan defining refractory, polymer-like complex organics (26).
Two sources of these tholins have been hypothesized (27). One is
the primordial (organic) submicron particles formed in the presolar
disk and condensed prior to being scattered to the current position
of the Kuiper Belt as leftover debris from the early formation of
the Solar System (28). Alternatively, #holins represent chemical
products of the interaction of primitive surface ices such as
Arrokoth’s methanol with ionizing radiation from the solar wind
and galactic cosmic rays (GCRs) (29, 30). These products may
undergo resurfacing processes and could also in principle modify
the surface color of KBOs (31-36). Laboratory simulation exper-
iments have shown that methanol ices present a trend of increasing
spectral slopes during the irradiation by charged particles as proxies
of the solar wind and GCRs (37, 38). On the molecular level, as
a potential precursor to complex organics on interstellar dust in
cold molecular clouds, the energetic processing of methanol-
containing ice mixtures has been implicated in the synthesis of
sugar-related molecules like glycolaldehyde (CHOCH,OH)
(SI Appendix, Table S1) (39-42). However, a systematic strategy
capable of unraveling the physical and chemical changes occurring
on Arrokoth’s surface ices (methanol) upon exposure to ionizing
radiation is still lacking. This includes understanding its surface
colors and establishing a comprehensive inventory of molecular
carriers and chromophores formed from the early stages to the
present through irradiation processes.

Here, we merge laboratory irradiation experiments with a com-
plementary suite of spectroscopic diagnostics to investigate the
physical and chemical processing that triggers the reddening of
methanol-rich surfaces of KBOs such as Arrokoth. This work
endeavors to categorize molecular carriers alongside their chromo-
phores and leverage these findings to provide fundamental insights
into the origins of color evolution at the molecular level on
methanol-rich KBOs. Since the laboratory exposure time of KBO
analog ices can be scaled to the time of the radiation processing of
a KBO surface (43), this affords a thorough investigation of how
the original state and chemical reactions influence the colors and
compositions of KBOs (44—47). The estimated time for the radi-
ation dose accumulation to reach 1 eV amu™" at the KBO surface
of about 100 nm is ~2.4 x 107 y (48). It is worth noting that
accumulating 1 eV amu™" at about 100 pm requires about 8 x 10°
y (49), which is roughly 30 times longer than the time needed to
alter the top layers of ice by hundreds of nanometers. By initially
concentrating on a population of KBOs with methanol-rich sur-
faces such as Arrokoth as a testbed, this strategy will ultimately
unravel the effect of the chemical composition on the color diver-
sity of KBOs. Therefore, in our experiments, methanol and its
primary radiolysis product carbon monoxide (50) were exposed to
GCR proxies, i.e., 5 keV electrons. These energetic electrons sim-
ulate secondary electrons formed as GCRs traverse the Kuiper Belt
(Methods), at KBO-relevant temperatures below 40 K. The radia-
tion doses applied (S Appendix, Table S2) mimic an exposure of
Arrokoth’s surface equivalent to approximately 1,800 My. Note
that, we used '*C-labeled methanol (13CH3OH) and carbon mon-
oxide (?C'®0) in these irradiation experiments to rule out any
possible contamination during the manipulation of residues and
the analytical procedure. During the irradiation, the color slopes
and functional groups were recorded in situ utilizing ultraviolet-
visible (UV-vis) spectroscopy and Fourier transform infrared
(FTIR) spectroscopy, tespectively. The organic residues, which
develop during the temperature-programmed desorption (TPD),
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were analyzed by two-dimensional gas chromatography coupled
with time-of-flight mass spectrometry (GCxGC-TOF-MS) and
time-of-flight secondary ion mass spectrometry (TOF-SIMS) to
probe newly synthesized species in the processed Arrokoth model
ices such as monosaccharides and their derivatives. These investi-
gations clearly show that laboratory-processed methanol ices at 40
K replicate the color slopes of Arrokoth exposed to GCRs for at
least 1,300 My. Monosaccharides and sugar-related compounds
containing up to six carbon atoms such as glucose (®C,H,,0)),
allose (°C4H,,0y), mannitol (*C4H,,0,), and ribose (°C5H,,05),
some of which are incorporated as molecular building blocks in
RNA and lipids, were identified in the residues of exposed meth-
anol ices. Various polycyclic aromatic hydrocarbons (PAHs) along
their fragments carrying up to six ring units were also observed in
the residues. These sugars and their derivatives along with PAHs
connected by unsaturated linkers are key components in producing
the reddish appearance of Arrokoth. The formation of sugar
(related) organics affords persuasive evidence of the GCR-triggered
abiotic transformation of converting methanol ices into monosac-
charides and possibly polysaccharides classifying Arrokoth as a
sugar world and provides a plausible source of this key class of
prebiotic molecules for the evolution of life on early Earth.

Results

UV-Vis Spectroscopy. UV-vis spectroscopy was employed to record
the evolution of visible reflectance along with color slopes during
the exposure of methanol (*CH;OH; 10 and 40 K) and carbon
monoxide (*C"*0; 10 and 20 K) to GCR proxies (Fig. 1) (51,
52). Although only methanol and not yet carbon monoxide was
detected on Arrokoth’s surface (53), carbon monoxide represents
one of the major degradation products of methanol (54, 55). To
compare the laboratory studies with New Horizons’ data (9), the
reflectance spectra (400 to 700 nm) were normalized at 550 nm.
Subsequently, the color slopes and colors were extracted as defined
in the literature (Fig. 2 and Methods) (56-58). At 10 K, reflectance
spectra of methanol (Fig. 14) only show a slight change and a color
slope of about 13% per 100 nm (Fig. 24). On the contrary, the
methanol ices at 40 K and carbon monoxide ices depict noticeable
positive shifts of spectral slopes (Fig. 1 B-D). For methanol
irradiated at 40 K, the color slopes initially decrease from 19 to
15% per 100 nm at doses lower than 9.9 ¢V amu"'. However, as the
radiation exposure is extended to 82.1 €V amu, the color slopes
increase to 32% per 100 nm (Fig. 24). Remarkably, at the dose
of about 57 eV amu™', the color slope can match the mean color
slope of Arrokoth, which is about 27% per 100 nm. This indicates
that this dose replicates the reddening processing on Arrokoth
exceptionally well, spanning at least 1,300 My. The experimental
color slopes also replicate the astronomically derived color slopes
of cold classic Kuiper Belt objects (CCKBOs) from 18 to 32% per
100 nm. The color-color diagram shows a rising tendency with
increasing irradiation time, reproducing that of a population of red
and ultrared KBOs similar to Arrokoth. At 10 K, below Arrokoth’s
surface temperature, the colors match KBOs defined by 8-V~ 0.82
to 0.88 and V=R =~ 0.48 (Fig. 2B). For the carbon monoxide ices,
the slopes increase rapidly when the radiation dose reaches 9.9 eV
amu”" leveling off at about 35% per 100 nm at 10 K and 12% per
100 nm at 20 K (Fig. 2C). The colors of carbon monoxide depict a
bimodal distribution depending on the temperature (Fig. 2D). At
10 K, the colors mainly occupy B~V'= 1.08 to 1.18 and V-R = 0.52
to 0.67, matching parts of the ultrared KBOs (8 2 25% per 100
nm), such as (33001) 1997 CU,,. However, at 20 K, the colors fall
within the neutral regions of B~V ~ 0.64 t0 0.93 and V=R ~ 0.35
to 0.42 and do not correlate with observed KBOs.
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Fig. 1. Visible reflectance spectra normalized at 550 nm collected during the irradiation of methanol (**CH,0H) and carbon monoxide ('*C'®0) ices. (4) Spectra
of methanol ice irradiated at 10 K, and (B) 40 K. (C) Spectra of carbon monoxide ice irradiated at 10 K, and (D) 20 K.

The color slopes of irradiated ices heated to 320 K were also
recorded. This mimics the transport of a KBO from the Kuiper
Belt to the inner Solar System as a short-period comet (S Appendix,
Figs. S1 and S2). In the methanol system, after irradiation at 10
K, the color slopes reveal no temperature dependence giving a slope
of about 15% per 100 nm. However, after irradiation at 40 K, the
color slopes decrease from 29 to 19% per 100 nm as the temper-
ature rises to 320 K. These residues exhibit a blue-white appearance,
as shown in ST Appendix, Fig. S3, and remain stable even after
removal from the vacuum chamber for several weeks. For carbon
monoxide after irradiation at 10 K, the color slopes decrease from
35% per 100 nm to an asymptotic value of 25% per 100 nm at
about 140 K. After irradiation of carbon monoxide at 20 K, the
color slopes show a temperature-independent value of about 9%
per 100 nm during TPD. These findings suggest that the color
slopes of KBOs with species bearing carbon, oxygen, and hydrogen
elements will exhibit a negative shift with heating during their
journey toward the inner Solar System, supporting the depletion
of ultrared matter on observed short-period comets (47).

Altogether, methanol ices processed by GCR proxies at 40 K
replicate the color slopes of CCKBOs, and most importantly,
Arrokoth. The significant change in color slopes during the irradi-
ation reflects a strong dose dependence on the colors of KBOs
covered by carbon, oxygen, and hydrogen-bearing molecules. The
average color slope of 27% per 100 nm of Arrokoth replicates the
exposure of methanol ice on Arrokoth’s surface over a radiation
dose of about 57 eV amu". This suggests that the surface ices of
Arrokoth have been exposed to GCRs for at least 1,300 My.
Chemically speaking, this ultrared surface can plausibly be associ-
ated with increased conjugated 7 bond systems in complex organic
molecules (59, 60). However, it is not feasible to define specific
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chromophores from the reflection spectra that lack distinctive fea-
tures. To identify the nature of the chromophores responsible for
the reddish surface of Arrokoth, complementary analytical tech-
niques as described below are required to constrain the chromo-
phores in the exposed methanol and carbon monoxide ices.

FTIRSpectroscopy. The FTIR permits the identification of functional
groups, including potential chromophores, in complex mixtures of
molecules. The development of these functional groups can be traced
over the radiation dose (Fig. 3 and S/ Appendix, Figs. S4-S10). At
40 K, the pristine methanol ice shows fundamentals of methanol such
as the O—H stretching (3,382 to 3,130 cm ™) and PC—H stretching
(2,976 102,825 cm ™) (54, 61) (Fig. 34 and SI Appendix, Table S4).
After irradiation, besides functional groups of hydroxyl (O—H)
and aliphatic hydrocarbons (®C—H), a set of new absorptions
emerges (Fig. 3B). Two intense peaks at 2,275 and 2,091 cm™
demonstrate the production of carbon dioxide (°CO,) and carbon
monoxide (>CO), respectively, providing an alternative source of
carbon dioxide and carbon monoxide recently identified on KBOs
by the James Webb Space Telescope (JWST) (62, 63). Since carbon
monoxide is volatile at 40 K, the carbon monoxide detected here
is likely trapped in a polymer matrix during the irradiation. Weak
absorption bands between 1,805 and 1,569 cm™ are assigned to
BC=0 and "C="C stretching vibrations along with »; mode of
H,"”CO at 1,496 cm ™" and v; mode >CH, at 1,294 cm™" (Fig. 30).
A broad band between 1,300 and 1,000 cm ™" can be linked to the
overlapping Bc—-0 stretching and BC—H bending modes of a large
number of synthesized species. The feature between 881and 828 cm ™
can be connected to the "C—H wagging and "C—"C—O str-
etching modes (61). After heatingg to 320 K, the spectrum of the
solid residue reveals O—H and "C—H stretching bands between
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Fig. 2. Comparison of the color between irradiated methanol and carbon monoxide ices with Kuiper Belt objects (KBOs). (A) Color slope evolution of irradiated
methanol ice and comparison with cold classical Kuiper Belt objects (CCKBOs) and Arrokoth. The gray zone defines the range of CCKBOs' color slopes. The color
slope position of Arrokoth indicates its surface has been processed by galactic cosmic rays (GCRs) at a dose of about 57 eV amu™". Error bars shown are from
linear fitting of spectra. (B) Comparison of the color between irradiated methanol ice with KBOs; methanol ices irradiated at 10 K are shown with circles and
at 40 K coded with squares, dose sequence is coded with different colors. Arrokoth position is marked with an orange star. Error bars shown are 1c values. (C)
Color slope evolution of irradiated carbon monoxide ice and comparison with CCKBOs. The gray zone represents the range of CCKBOs' color slope. Error bars
shown are from linear fitting of spectra. (D) Comparison of the color between irradiated carbon monoxide ice with KBOs; carbon monoxide ices irradiated at
10 K are shown with circles and at 20 K coded with squares, dose sequence is coded with different colors. Arrokoth color is marked with an orange star. Error

bars shown are 1o values.

3,481 and 2,866 cm ™ (Fig. 3D). The °C=0, "C="C, and "C—0O
stretches are also observed between 1,682 and 1,000 cm ™. At 10 K,
the spectra of the irradiated methanol reveal similar functional
group features compared to those produced by 40 K irradiation
(81 Appendix, Fig. S4 and Table S5). For the carbon monoxide ices
irradiated at 10 K (87 Appendix, Fig. S5) and 20 K (S Appendix,
Fig. S6), multiple new peaks corresponding to linear carbon-oxide
species are detected, which include carbon dioxide (13C]802),
carbon suboxide (*°C 18Og), tetracarbon dioxide (13C41802),
pentacarbon dioxide (¢ Csl O%), dicarbon monoxide (13C2180),
and tricarbon monoxide (13C3 80) (S1 Appendix, Tables S6 and
S7) (55). Absorption of the carbonyl C=""0 group stretching
is only detected at 10 K. At 320 K, both conjugated Be=bC
and "C=""0 stretches are observable in the spectrum of carbon
monoxide irradiated at 10 K, while conjugated BC="C features
are detected in the residues from the 20 K irradiation experiment.
The lack of the "C="20 stretching in 20 K experiments indicates
that the carbonyl functional group is fundamental in producing
the ultrared residues.

Having identified those functional groups produced during
irradiation, it is important to trace their evolution during the

https://doi.org/10.1073/pnas.2320215121

irradiation, i.e., during the exposure of KBO surfaces in space over
time. In the methanol system at 40 K (Fig. 4), the column den-
sities of the reactant decrease as the doses increase, with 94% of
methanol being destroyed by the exposure to ionizing radiation
(Fig. 4A4). Simultaneously, the carbon dioxide and carbon mon-
oxide products grow continuously reaching maximum column
densities of (4.2  0.4) x 10'® and (3.8 = 0.4) x 10'® molecules
cm?, respectively (Fig. 4 B and C). The formyl radical (H"CO)
rises to (2.0 + 0.2) x 10" molecules cm™ at a dose of about 5.5
eV amu ! and then flattens out (Fig. 4D). Methane column den-
sities increase until about 9.9 ¢V amu™" followed by a decline due
to the competition between sglnthesis and decomposition to (3.0
+ 0.3) x 10" molecules cm™ (Fig. 4E). The end product of the
loss of methane can be attributed to the formation of aromatics
and/or polyacetylene, as g)reviously reported (64). The integrated
areas of the °C=0 and "C="C functional groups reveal mono-
tonic growth profiles (Fig. 4F). These trends suggest a multistep
degradation of methanol through hydrogen loss (S/ Appendix,
Table S8). Quantitatively speaking, the carbon atoms found in
carbon dioxide, carbon monoxide, and methane account for
(65 + 6)% of the carbon atoms in the consumed methanol. Note
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Fig. 3. Deconvoluted FTIR spectra of methanol ice irradiated at 40 K. (A)
Pristine ices at 40 K. (B) After irradiation at 40 K. (C) The magnified view of
the region 1,800 to 620 cm™' of methanol ice after irradiation at 40 K. (D) The
residue at 320 K. The experimental spectrum is plotted in black, while the
deconvoluted peaks are blue and their sum is shown with the dashed red line.
For clarity, only noticeable peaks are labeled, and detailed peak assignments
are listed in S/ Appendix, Table S5.

that the levels of volatile CO and CH, trapped in irradiated meth-
anol are higher than those found in previous reports (42, 54). This
increase could stem from the high dose accumulation in our exper-
iments, leading to continuous losses of hydrogen and oxygen
atoms. The temporal evolution of methanol during irradiation at

10 K also reveals carbon dioxide, carbon monoxide, and methane
(SI Appendix, Fig. S11). The carbon atoms in these molecules
account for (70 + 7)% of the carbon atoms consumed in methanol.
In addition, the methanol experiment at 40 K shows a higher ratio
of carbon dioxide to carbon monoxide (S Appendix, Fig. S12).
In the carbon monoxide ices (S Appendix, Figs. S13 and S14),
the reactants continually decrease during irradiation. The products
PC®0,, °C,"®0, and °C,"*0, demonstrate a rapid increase
followed by a decrease to an asymptotic value. At 10 K, the max-
imum concentrations of °C"*0,, 13C%IBO, and "°C,"*0, reach
to (1.8 £ 0.2) x 10'%, (2.3 + 0.2) x 10", and (2.7 + 0.3) x 10"
molecules cm™. At 20 K, these values are (1.2 + 0.1) x 10'¢, (1.9 +
0.2) x 10", and (1.9 + 0.2) x 10" molecules cm™. Carbon dioxide
reaches peak values at about 9.9 eV amu™', lagging behind that of
C,"*0 and "°C,"*0,. These patterns imPly a consecutive kinetics
scheme A (PC"*0) = B (°C"0,, ’C,"®0, and °C,"*0,) = C
(carbonaceous compounds) converting carbon monoxide to com-
plex carbonaceous materials through oxygen loss (S/ Appendix,
Table S9) (55, 65).

We also recorded the abundance of molecular hydrogen (H,)
and molecular oxygen (O,) released from the methanol and carbon
monoxide ices, respectively, via a quadrupole mass spectrometry
(QMS, Methods) during the irradiation and TPD to 320 K. As
the radiation dose increased, the hydrogen molecules accumulated
to (1.6 + 0.2) x 10" and (2.6 + 0.3) x 10" at 10 K and 40 K
(SI Appendix, Fig. S15A). Hydrogen molecules detected during
the TPD at 10 K and 40 K are (2.9 + 0.3) x 10" and (1.0 + 0.1)
x 10", respectively. The enhanced yield of molecular hydrogen
released during TPD reveals that the irradiated methanol can trap
molecular hydrogen even at 40 K within the ice matrix. For carbon
monoxide, (1.4 + 0.1) x 10'% and (9.3 + 0.9) x 10° oxygen mol-
ecules are released in the irradiation at 10 K and 20 K, respectively
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Fig. 4. The evolution and kinetic fits of key species and functional groups during the irradiation of methanol ("*CH;OH) ice at 40 K. (4) Column densities of
methanol (*CH;0H, average of absorptions at 1,124 cm™ and 1,005 cm™). (B) Column densities of carbon dioxide ('3CO,, 2,275 cm™). (C) Column densities
of carbon monoxide (**CO, 2,091 cm™). (D) Column densities of formyl radical (H'3CO, 1,805 cm™). (£) Column densities of methane (**CH,, 1,294 cm™). (F) Area
of 3C=0 and "*C="2C stretching modes (integrated between 1,520 and 1,790 cm™"). Note that, both "3CO and *CH, are volatile at 40 K and they are likely trapped
within the polymer matrix formed from processed methanol ice. All the error bars are +10% of the corresponding column densities and areas. Rate constants
derived from the kinetic fitting and corresponding chemical reaction scheme are compiled in S/ Appendix, Table S8.
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Fig. 5. Sugars and related compounds detected in the residue of methanol ices

irradiated at 40 K by two-dimensional gas chromatography along with their

detailed structure. (A) Sugar and related compounds detected as BSTFA derivatives in the irradiated methanol residue resolved on a Chirasil-Dex column in
the first dimension coupled to a DB Wax in the second dimension. Mass-to-charge ratios (m/z) 104, 193, 206, 215, 220, 294, and 323 are displayed. 'D and °D
represent the first-dimension and second-dimension times of the columns, respectively. (B) Detailed structures are identified in the residues by means of two-

dimensional gas chromatography. Structures of the chiral molecules represent the
of carbon atoms: two carbon atoms (C2) orange, C3 blue, C4 black, C5 green, and

(SI Appendix, Fig. S15B). Similar to methanol, (3.4 + 0.3) x 10"
and (1.6 + 0.2) x 10" oxygen molecules are trapped in the ice at
10 K and 20 K, respectively, which are released during the TPD.
The sequestration of molecular hydrogen and oxygen within irra-
diated methanol and carbon monoxide ices is an important finding
since pure hydrogen cannot be condensed at 10 K; likewise, neat
molecular oxygen sublimes at 25 K (66). In addition, the findings
suggest that more molecules were detected during TPD phase, as
compared to the irradiation stage. This indicates that the majority
of these two products are trapped within the processed matrices.
Alrogether, the UV-vis reflectance spectra of irradiated methanol
at 40 K show a trend of increasing color slopes and replicate that

https://doi.org/10.1073/pnas.2320215121

p-enantiomer. Names of molecules are color-coded according to the number
C6 red. The quantities of 23 molecules are given in S/ Appendix, Table S10.

value of Arrokoth. FTIR spectroscopy shows the increase of
C=0 and C="C functional groups, in which conjugated
PC=0 and "C="C are potential chromophores for the products
to induce the reddening of irradiated methanol ices. However,
since FTIR spectroscopy can only identify functional groups of a
complex mixture of compounds, additional analytical tools are
required to identify individual species.

Two-Dimensional Gas Chromatography Time-of-Flight Mass
Spectrometry. The residues remaining after GCR proxy processing of
the methanol ices and heating to 320 K were analyzed via GCxGC-
TOE-MS (Methods) (67). Utilizing 3C—labeled methanol in the
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Fig.6. Secondary ion mass spectra from residues of methanol (">CH;OH) ices
irradiated at 40 K with a radiation dose of 8.8 eV amu™". The mass spectra
were recorded in (A) positive and (B) negative ion detection modes. For clarity,
only sugars and sugar-related fragments are labeled. Detailed mass spectra
obtained from irradiated methanol ices by higher doses can be found in
Sl Appendix, Figs. S16 and S18.

irradiation experiments, the fully '*C—labeled products identified
here originate from the radiation exposure of the methanol ices at
temperatures similar to those of the Kuiper Belt. The GCxGC-TOEF-
MS data unveiled a series of biologically important monosaccharides,
sugar alcohols, sugar acids, and hydroxycarboxylic acid (Fig. 54).
Monosaccharides containing six carbon atoms (denoted C6),
including galactose, allose, mannose, glucose, fructose, and tagatose
were identified in processed methanol ices. Among them, glucose
represents the most significant source of energy for metabolism in
living organisms. Furthermore, fundamental molecules integral to
contemporary biochemistry on Earth, such as ribose, define key
components of RNA. The backbone molecule of lipids—glycerol—
was also observed in the residues. These sugars and their derivatives
are generated via nonequilibrium chemical processes triggered by
GCRs proxies and provide a complex suite of sugar and related
molecules similar to the UV photolysis of methanol-bearing ice
mixtures (20-22).

Some 40 monosaccharides and derivatives were identified
(Fig. 5B), of which 23 species were sufficiently resolved for a quan-
titative analysis (S/ Appendix, Table S10). For the 1.1 eV amu”’
system, the most abundant monosaccharides are C3 compounds
(glyceraldehyde and dihydroxyacetone), followed by sugars of C6
(galactose, allose, and tagatose), C5 (arabinose, ribose, and xylose),
and C4 (erythrose and erythrulose). The molecular complexity of
the sugar-containing residues prevented the quantification of all
structural isomers of aldoses and ketoses based on the number of
carbon atoms in the main chain. A comprehensive quantitative
comparison of potential reaction pathways for aldose and ketose
sugars, contingent upon chain length, is therefore unattainable.
However, it is unlikely that sugars could have been formed through
a simple stepwise elongation process, i.e., C4 formation from C3,
C5 formation from C4, and C6 formation from C5. This is because
such a process would lead to a decrease in mass from C3 to C6, a
trend that was not observed in our experiments, despite our limited
quantitative data. Alternatively, for example, C6 sugars could be
formed from C3 sugar precursors, which would bypass the sequen-
tial chain elongation for the production of larger sugars. Altogether,

PNAS 2024 Vol.121 No.24 2320215121

the well-resolved sugars and their derivatives accumulated up to
4.2 x 10" g with a conversion efficiency of about 0.06 + 0.01%
with respect to the processed methanol reactants over 24 My in
the Kuiper Belt. This should be considered as the minimum quan-
tity of sugars present, as additional structural isomers have been
detected or may coelute, but their identification and quantification
was impeded by the samples’ complexity. For the current age of
our Solar System—under the premise that a fresh methanol surface
is provided through resurfacing—this would translate to a mini-
mum conversion rate of 11.5 + 2.5%. Based on this potentially
high conversion efficiency, a large amount of sugar is expected on
its surface thus dubbing Arrokoth a sugar world. These carbohy-
drates and their derivatives serve as precursors for fundamental
biological molecules such as RNA and lipids. They offer a unique
opportunity and plausible source of prebiotic molecules to be
delivered to early Earth from the Kuiper Belt in the form of
short-period comets. Although GCxGC-TOE-MS provides com-
pelling evidence of sugar and derivatives resulting from irradiated
methanol under Kuiper Belt environments, gas chromatography
can only analyze the soluble residue. Further studies are required
to untangle the chemical composition of the remaining insoluble
residues.

Time-of-Flight Secondary lon Mass Spectrometry. The insoluble
fractions of the residues were analyzed via TOF-SIMS. This
technique bombards the samples with energetic ions of Bij"
and sputters cationic and ionic fragments of the molecules
embedded in the residue surface. These fragments are specific
to molecular building blocks of organics in the insoluble residue
and can be used to aid in the identification of species present
(68). The TOF-SIMS analysis suggests multiple cation and anion
fragments of monosaccharides with mass-to-charge (2/2) ratios
of up to 110 such as the cations 13CZH3O+, ! C;H,0", and
“C,H,0," and anions "C,H;0", "CHO,", and "C,;H,;0,”
(Fig. 6) (69, 70). These fragments can also originate from the
polysaccharides resulting from the condensation reaction of
monosaccharides such as glycogen (71). Besides the fragments
of sugars and their derivatives, various moieties of PAHs were
also observed in the positive ion mode (S/ Appendix, Fig. S16
and Table S11) (72). These PAH units carry up to six benzene
rings such as yellowish anthanthrene (’C,,H,,) and may
undergo further molecular mass growth processes to form
more complex PAHs, e.g., reddish ovalene (°C;,H,,), thus
making contributions to Arrokoth’s reddish appearance (73).
Two processes can contribute to the formation of PAHs. The
first is that PAHs originate from sugars and their derivatives.
During extended periods of the accumulation of radiation doses,
a decline in the concentration of sugars and their derivatives is
observed, while the levels of PAHs increase. This trend supports
the pathway converting sugar and related compounds to PAHs
(S Appendix, Fig. S17). An alternative process generating PAHs
occurs when ionizing radiation interacts with methane (64).
Methane is a primary decomposition product of irradiated
methanol and can be trapped within the ice matrix at 40 K.
In addition, highly unsaturated hydrogen-terminated carbon
chains are observed in the negative ion spectra of the methanol
residues. These fragments were also identified in both the
positive and negative ion modes of the residues of the processed
carbon monoxide ices (SI Appendix, Figs. S18 and S19 and
Tables S12-S14). These unsaturated carbon chain moieties can
serve as linkers connecting sugars; these linkers in particular can
connect aromatics moieties and their derivatives to expand the
conjugated ® bonds system, subsequently leading to positive
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shifts in the color slope of optical spectra during the irradiation
of Arrokoth model ices.

Discussion

The New Horizons flyby of the Kuiper Belt object (486958)
Arrokoth revealed a reddish surface with a high color slope of 27%
per 100 nm accompanied by a coating of methanol-containing
ices. The present study combines laboratory experiments on the
radiation exposure of Arrokoth’s methanol ices by GCR proxies
merged with in situ spectroscopic (FTIR and UV-vis) and ex-situ
analyses (GCxGC-TOF-MS and TOF-SIMS) of the ices and
residues. It thus provides insights into the underlying physical and
chemical processes responsible for the surface reddening of
Arrokoth. These laboratory simulation experiments offer compel-
ling evidence of radiation-induced reddening of methanol ices,
mimicking geological time scales of up to approximately 1,800
My in the Kuiper Belt. The excellent alignment between the color
slopes of Arrokoth and irradiated methanol suggests that Arrokoth’s
surface has been exposed to radiation from GCRs for at least 1,300
My excluding resurfacing events such as collisions between KBOs,
which can also alter their surface colors (74). The ionization radi-
ation impacting the methanol ices replicates the colors of a pop-
ulation of CCKBOs defined in the range of B-V'= 0.87 to 1.13
and V=R = 0.49 to 0.69, such as Makemake, Chaos, and Quaoar.
Besides its detection on Arrokoth, methanol has also been detected
on the surface of 2002 VE, characterized by colors of B-1'=1.08
+0.03 and V-R=0.71 + 0.02 matching those of irradiated meth-
anol (75). Furthermore, the radiation-induced reddening of the
spectra of carbon monoxide—the most abundant diatomic prod-
uct of methanol radiolysis—is consistent with the recent obser-
vations by the James Webb Space Telescope (JWST) that the
reddest Trans-Neptunian objects (TNOs) commonly contain
carbon monoxide (62).

This study reveals the crucial role of GCR radiation on meth-
anol ice at 40 K in producing ultrared matter on the surfaces of
methanol-rich KBOs, particularly, Arrokoth. This exposure results
in the formation of a suite of sugar and related molecules previ-
ously undetected in any KBO simulation experiment. Recently,
Quirico et al. emg)loyed high-energy heavy ions including '**Xe!’*,
*Ni”, and "®0®, with a maximum dose of 5.9 ¢V amu™' to
irradiate methanol ice. Their work revealed a wide variety of prod-
ucts containing olefinic, acetylenic, and carbonyl groups (30). At
room temperature, these products exhibit a reddish appearance
and show continuous absorption from about 500 nm when dis-
solved in methanol. However, the color evolution of processed
ices at low temperatures, such as those observed on KBOs, has
remained ambiguous and was not explained in Quirico et al.’s
study. The increasing color slopes observed for methanol processed
at 40 K in our study are consistent with the reddening observed
in the visible and near-infrared spectra for methanol irradiated at
50 K (38). However, when methanol is irradiated at 120 K, the
processed methanol exhibits almost no change, similar to our
result with methanol at 10 K. In addition, Sakakibara et al. utilized
nitrogen-containing cryoplasma interacting with methanol-water
ice mixtures and observed reddish products at 85 K. And the
reddish appearance disappeared at temperatures between 120 and
150 K (15), adding complexity to the explanation for the stability
of reddish products from methanol ices. Furthermore, Kuiper Belt
conditions can be more complex than any simulation experiment
worldwide. Not only can radiation conditions, such as different
ice compositions, temperature, and dose accumulation alter the
surface color of KBOs (48), but dynamical processes such as ran-
domized collisional excavation (31), velocity-dependent impact

https://doi.org/10.1073/pnas.2320215121

resurfacing (32), and fall-back debris condensation from
comet-like activity (76) can also influence the evolution of KBO
surfaces. The color diversity of KBOs was initially attributed to
the interplays between the reddening effect caused by irradiation
on fresh icy surfaces and the resurfacing processes such as impacts,
which tend to decrease the reddening (74). Notably, the impact
crater density model suggests that the surface age of Arrokoth
exceeds 4 billion years (8) and is accompanied by processes that
decrease the reddening of its surface. Considering this, it is
expected that 4 billion years of GCR radiation exposure to meth-
anol ice should result in a higher color slope than what is currently
on Arrokoth, as indicated by the trend of color slopes shown in
Fig. 24.

On the molecular level, the GCxGC-TOF-MS and TOF-SIMS
results provide compelling evidence for the formation of sugars
and their derivatives carrying up to six carbon atoms, such as glu-
cose and allose, in the irradiated methanol ices. Ribose—the con-
temporary biomolecular building block of RNA—is also identified
in pure methanol ices, implying the existence of these C5 sugars
on Arrokoth. On the other hand, varieties of PAH motifs carrying
up to six rings such as naphthalene (°C,,Hy), pyrene (°C,H,),
and anthanthrene (’C,,H ,) were also observed. These PAHs and
their derivatives might be linked by highly unsaturated carbon
chains or undergo further molecular mass growth processes to form
more complex macromolecules extending conjugated 7 systems as
essential makers for the reddish appearance of Arrokoth (64). The
formation of abundant sugar and related molecules dubs Arrokoth
as an intriguing sugar world in the outer Solar System. Since KBOs
have been suggested as main source of short-period comets, these
sugars and their derivatives could have been delivered by KBOs
like Arrokoth in the form of short-period comets impacting the
early Earth, thus providing a source of a variety of sugars and the
feedstock for important biomolecules such as RNA.

While this study primarily focuses on Arrokoth, the aforemen-
tioned results can be extended to unravel the physical and chemical
properties of KBOs, whose surfaces contain carbon, oxygen, and
hydrogen along with the carbon monoxide-rich interstellar comet
21/Borisov (77). In addition, water and ammonia have been
detected in a population of KBOs such as Charon and Orcus (11).
Carbon dioxide was also recently identified on KBO surfaces by
the JWST (62, 63). Further experiments are warranted to probe
ice mixtures carrying ammonia, water, and carbon dioxide to gauge
their impact on the chemistry, such as the inventory of biorelevant
molecules that can be synthesized and their effect on the optical
spectra. This approach will eventually replicate the color diversity
of KBO surfaces and untangle key chromophores on the molecular
level. Exposure of ices to combined GCR and solar wind proxies
accompanied by simulated resurfacing is desirable to explore their
cumulative effects on the chemical processing of KBO surfaces.
These synergistic effects are expected to develop the concepts of
how complex organic molecules could have been synthesized in
the outer Solar System, ultimately leading to a better understand-
ing of the origin and evolution of our Solar System.

Methods

Irradiation Experiments. The irradiation experiments were performed in
an ultrahigh vacuum (UHV) chamber at a pressure of about 107" Torr (51,
52) and the experimental setup has been described in detail elsewhere (64).
Briefly, a polished silver wafer coated with rhodium is attached to an oxygen-
free high conductivity (OFHC) copper cryostat via indium foil and connected to
a two-stage closed-cycle helium refrigerator (CTI-Cryogenics Cryodyne 1020,
compressor: CTI-Cryogenics 9600). The temperature of silver wafer is monitored
by a silicon diode sensor (Lakeshore DT-470) and regulated in a range of 5 to
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320 K with a precision of £0.3 K by a programmable temperature controller
(Lakeshore 336). When the substrate is cooled to 10, 20, and 40 K, methanol
("CH,0H, Sigma Aldrich, >99.9%), and carbon monoxide ("*C'®0, Sigma
Aldrich, >99.9%) are deposited onto the wafer via a glass capillary array. Here,
we use 13—carbon labeled reactants to eliminate any potential contaminants.
Based on the refractive index (n) of 1.33 = 0.04 for solid methanol and of
1.25 = 0.03 for carbon monoxide (78), the thicknesses of the ices are calculated
to be 800 = 50 nm (79).

After deposition, the methanol and carbon monoxide ices are isothermally
processed by 5 keV electrons (Specs EQ 22 to 35 electron source) simulating
secondary electrons formed in the track of galactic cosmic rays (GCRs) pene-
trating the ices. The electron incidence angle is 70° to the ice surface normal.
Utilizing Monte Carlo simulations (CASINO 2.42) (80), the average depths of
the electrons are estimated to be 230 = 30 nm for methanol and 270 = 30 nm
for carbon monoxide. The maximum depths of the electron penetration are
estimated to be 550 = 50 nm, which is less than the ice thickness of 800 =
50 nm thus avoiding interaction between the electrons and the coated rhodium
surface. The electrons were calculated to deposit average doses of 82.1 = 10 eV
amu™" into methanol and carbon monoxide ice (S/ Appendix, Table 52). To
enable the comparison between our results and the dose accumulation in the
outer Solar System, we provide the unit of the deposited dose in eV amu™",
which is widely adopted in the astronomy community (30, 81, 82). This unit
can be converted to eV molecule™ used in the astrochemistry community by
multiplying the units of eV amu™" by the molecular mass of the reactants, i.e.,
28 amu molecule™" for carbon monoxide and 32 amu molecule™ for methanol.
It is noteworthy that objects in the Kuiper Belt undergo continuous exposure
to ionizing radiation including ultraviolet (UV) photons and charged particles
originating from solar winds and galactic cosmic rays (GCRs) (48, 83). Among
those sources of ionizing radiation, charged particles consist of more than 90%
protons (H") and 1-10% Helium nuclei (He?™), with solar wind particles typi-
cally having energies in the range of a few keV and GCR particles reaching ener-
gies in the hundreds of MeV (84, 85). The UV radiation exhibits a flux of about
10° photons cm™ s™" with energies lower than 20.0 eV (86). The chemistry of
KBO surfaces is predominantly controlled by secondary electrons, generated
by ionizing radiation penetrating ices. Essentially, implanted protons transfer
their kinetic energy to the electronic system of target molecules, leading to the
generation of electrons with energies up to a few keV (43, 87). The electronic
linear energy transfer (LET) of MeV protons to molecules within such ices exhib-
its a similar value of a few keV um ™" as the 5 keV electrons used in the present
experiments (88). Our laboratory experiments mimic the formation of reddish
materials in methanol and carbon monoxide matrices through charged particles
via electronic energy-loss processes on KBO surfaces at low temperatures. In
addition, previous research has shown that radiation products from interstellar
ices are weakly dependent on the type of irradiation whether electrons, heavy
ions, or UV photons (89-92).

Upon completion of irradiation, temperature-programmed desorption (TPD)
studies were carried out by heating the substrate to 320 K at a rate of 1K min™".
The methanol and carbon monoxide ices were analyzed in situ by an UV-vis
spectrometer (Thermo Scientific Evolution 300) and FTIR spectrometer (Nicolet
6700).The FTIR spectrometer was operated in absorption-reflection-absorption
mode at a reflection angle of 45° and monitored the infrared region of 6,000 to
500 cm™", using a resolution of 4 cm™". Simultaneously, the focused light of the
UV-vis spectrometer was reflected from the rhodium-coated silver wafer at an
angle of 30° and focused onto a photodiode shielded from ambient light. The
reflectance spectra in the range of 190 to 1,100 nm were recorded with a reso-
lution of 4 nm. FTIR analyses allowed for the vibrational modes of the reactants
and products to be monitored while UV-vis probed the electronic transitions
present. In addition, mass spectra of the gas phase species were recorded using
a quadrupole mass spectrometer (QMS) operating in the residual-gas-analyzer
(RGA) mode with an electron impact ionization energy of 70 eV. In some cases,
the reflectance spectra of UV-vis are superimposed by strong interference features
since the thickness and refractive index of the films slightly changed during the
irradiation, and a simple subtraction of the two spectra cannot be applied to
remove the interference bands. To obtain experimental UV—vis spectra free from
interference patterns, the interference was derived theoretically by employing a
"two interfaces between three media” model generalized for complex refractive
indices n; + ik{(93).To compare UV—vis reflectance spectra measured here with
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astronomical observations, the visible range of the reflectance spectra (400 to
700 nm) was normalized with respect to the reflectance at 550 nm. The color
slopes S’ (% per 100 nm) were calculated through Eq. 1 as below defined in
the literature (44) with reflectance R of the spectrum at the wavelength A (nm).
s = RITE100% x 100 nm. (1]

550 nm

Besides the color slopes, we also computed the color which is defined as the
difference in magnitude of radiant flux (logarithmic scale) between two differ-
entfilters in astronomy. For the spectrum of an astronomical object, the color is
determined via Eq. 2 (44),

(2]

B—V =BV, +251 /og(2 +5“),

2-SAA

where B—V is the color of the astronomical object through B- and V-filters,
(B=V)s,y is the reference color of the Sun, and A2 is the difference between the
central wavelengths of the B- and V-filters, with filter ranges of 390 to 510 nm
(B)and 490 to 590 nm (V). The V-R color through V- and R-filters with wavelength
ranges 490 to 590 nm (V) and 590 to 710 nm (R) were also calculated.To analyze
and assign the peaks generated during the irradiation of methanol ices, we decon-
voluted its FTIR spectra via the Fityk program (Fig. 3 and S/ Appendix, Figs. S4-S10
and Tables S4-S7). Furthermore, to quantitatively determine the temporal evo-
lution of the identified species and functional group during the irradiation, we
integrated key absorption features and estimated their column densities, i.e., the
numbers of absorbing molecules per cm?, N, through a modified Lambert-Beer
relationship (94).The absorption coefficients used here are listed in S/ Appendix,
Table S3. Note that, for the newly formed =0 and *C="C groups, we could
not assign them to any specific species therefore no absorption coefficients can
be used. We only plot the evolution of the integrated area from FTIR spectra.
The column densities and integrated area of the species and functional group
produced by irradiation were fitted by using a kinetic model. The reaction scheme
and underlying rate constants for irradiated methanol and carbon monoxide ice
were compiled in S/ Appendix, Tables S8 and S9. The resulting kinetic fits to the
column densities of each species and functional group are shown in Fig. 4 and
Sl Appendix, Figs. S11-S14. For the quantification of molecular hydrogen and oxy-
gen outgassing during the irradiation of methanol and carbon monoxide ice, an
Extrel 52211 quadrupole mass spectrometer (QMS) operated in the residual-gas-
analyzer (RGA) mode with an electron impact ionization energy of 70 eVata 2 mA
emission current was exploited. The secondary electron multiplier was operated
at 1,200 V for methanol and carbon monoxide ices. Since the QMS signal is an
amplified current generated from the ions, it is necessary to determine the pro-
portionality constant (K) between the number of hydrogen and oxygen molecules
(n)inthe gas phase and the QMS signal recorded (A). Following the procedure as
detailed in the literature (94), these constants were derived to K, = (1.4 = 0.2)
x 10% molecules counts™" and Ky, = (4.2 = 0.4) x 10* molecules count™". The
number of hydrogen and oxygen molecules is then extracted through

=K rA d, (3]

0

where jotA dt are the integrated counts of hydrogen and oxygen QMS signals
recorded during the irradiation of methanol and carbon monoxide ices.

Two-Dimensional Gas Chromatography Time-of-Flight Mass Spectrometry.
Sample extraction. Samples were extracted by repeating 10 times the following
procedure: 50 pL of MilliQ were spread around the silver wafer surface several
times using a micropipette and transferred to a 1 mL Reacti-Vial™. The 500 pL
of MilliQ recovered in the vials after extraction were fully dried under a gentle
stream of N, for about 2.5 h.

Derivatization. For derivatization, 25 pL of pyridine followed by 10 L of BSTFA
reagent were added to the Reacti-Vial™, mixed with a vortex, and heated for2 h
at 80 °C.The mixture was then cooled down for 10 min and dried undera gentle
stream of N, until approx. 1 pLof the solvent remained, to avoid potential loss of
volatile derivatives. Finally, 30 pL of 107*M methyl laurate (internal standard)in
hexane was added, mixed, and transferred to a GC vial for analysis.
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GCxGC-TOF-MS instrumentation. The analyses were carried out with a GCxGC
Pegasus BT4D instrument coupled to a reflectron time-of-flight mass spectrome-
ter(LECO) equipped with a dual-stage thermal jet modulator. The GCx GC column
configuration consisted of a CP-Chirasil-Dex CB primary column[29.9 m x 0.25
mm inner diameter (D), 0.25 pum film thickness, Agilent Technologies] coupled
to a DB-WAX secondary column (1.41 m x 0.1 mm ID, 0.1 pm film thickness,
Agilent Technologies). Hydrogen was used as carrier gas at a constant flow rate
of 1.2 mLmin"". Sample volumes of 1 L were injected in splitless mode at an
injector temperature of 230 °C. The primary oven operated as follows: 40 °C for
1 min, the temperature increase of 10 °C min™' to 80 °C and held for 15 min,
followed by 2 °C min™" to 180 °C, and an isothermal hold at 180 °C for 15 min.
The secondary oven and modulator used the same temperature program with a
constant temperature offset of 5 °Cand 15 °C, respectively. Amodulation period
of 3 s was applied. The TOF-MS operated at a storage rate of 150 Hz, with a
50 to 500 amu mass range. Data were acquired and processed with LECO Corp.
ChromaTOF™ software.

Calibration curve. In total, 43 compounds were identified in the samples: 38
based on 'C reference standards and five based on literature data. Due to the
complexity of the chromatograms, only 23 of the 38 compounds for which stand-
ards were available had sufficiently good resolution and stability for absolute
quantitative analysis. Calibration curves were prepared for these compounds as
the average of two different derivatized mixtures at four different concentrations,
injected twice. Linearity was investigated for the following concentrations: 5 x
107 M (50 nM), 5 x 1077 M (500 nM), 5 x 107 M (5 uM)and 107> M (10 pM).
Errors (determined as s/x x 100) ranged between 5% and 25%, depending on
the concentration and the compound analyzed.

Time-of-flight secondary ion mass spectrometry. The insoluble residues were
analyzed using a time-of-flight secondary ion mass spectrometry instrument
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(TOF-SIMS 5-300, ION-TOF) equipped with a reflectron mass analyzer, a 30 keV
Bi, liquid metal primary ion source (Bi-LMIG), and a low-energy electron flood
gun. Spectra were acquired with Bi; " in bunched mode with a focus of 2 to 3 mm,
abeam current of 0.25 pA, and a total dose of 1.25 x 10%ions. Data were acquired
from a 500 um? analysis area. The positive and negative ions from the sputtered
residue were recorded, and the mass spectra from TOF-SIMS were analyzed. It is
necessary to mention that there are thousands of peaks in the mass spectra, which
is similar to a previous report of ions interacting with methanol ice (30), and we
only tried to assign the prominent signals in the spectra. Here, we employed a
Python code to filter noise and potentiallg weak and hence ambiguous peaks.
The code adds counts in the vicinity dx of C,H,0, masses for the mass to charge
(m/z)in the range of 0 to 800 amu, where dx is M/4,000 determined by the res-
olution of the mass spectrometer. The vertical cutoff is 10,000 counts, i.e., mass
channels with less than 10,000 counts are not shown in the spectra to present
the dominant species detected.
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