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diversity is unknown, but likely the result of the prolonged irradiation of organic materials by galactic cosmic
rays (GCRs). Here, we combine ultrahigh-vacuum irradiation experiments with comprehensive spectroscopic
analyses to examine the color evolution during GCR processing methane and acetylene under Kuiper Belt con-
ditions. This study replicates the colors of a population of Kuiper Belt objects such as Makemake, Orcus, and
Salacia. Aromatic structural units carrying up to three rings as in phenanthrene (C,4H;(), phenalene (CgH,(),
and acenaphthylene (C;,Hs), of which some carry structural motives of DNA and RNA connected via unsaturated
linkers, were found to play a key role in producing the reddish colors. These studies demonstrate the level of
molecular complexity synthesized of GCR processing hydrocarbon and hint at the role played by irradiated ice in

the early production of biological precursor molecules.

INTRODUCTION

The Kuiper Belt (1) is a vast region beyond the orbit of Neptune
occupied by ice-rich bodies. Dynamical and physical observations,
including spectra that show volatiles including methane (CH,),
ammonia (NH;), water (H,0), and methanol (CH;OH), have trans-
formed our understanding of the origin and evolution of the solar
system (2—4). The Kuiper Belt represents a region of leftover debris
from the early history of the solar system holding more than 100,000
Kuiper Belt objects [KBOs; also referred to as trans-Neptunian
objects (TNOs)] of diameters exceeding 100 km (5-8). A majority
of the measured KBOs are too faint to allow the telescopic acquisi-
tion of compositionally diagnostic spectra. Instead, the optical
colors of KBOs are used both as a crude proxy for the composition
and as a tool with which to compare objects of different sizes and
dynamical classes. Color measurements have revealed highly
diverse surface colors ranging from slightly more blue than sunlight
to ultrared (9-13). An understanding of the origin of this color
variety along with the spectroscopic and chemical evolution of
the icy surfaces through interaction with ionizing radiation from
the Sun and galactic cosmic rays (GCRs) is of vital importance to
the planetary science and astrobiology communities. First, because
molecules carry chromophores, i.e., the part of a molecule that
absorbs in the visible spectrum responsible for its coloring, the
low-temperature formation of carbon-, hydrogen-, oxygen-, and ni-
trogen-bearing (CHON) molecules in the optically active surface
layers changes the reflection spectra of KBOs (11, 14). Detailed
knowledge of the synthetic routes to these molecules can therefore
help to shed light on the complex chemistry of KBOs and provides a
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rigorous scientific background regarding how important classes of
organic molecules might have been formed, some of which may
serve as fundamental molecular building blocks for nucleobases
having strong astrobiological relevance (15). Second, dynamical
simulations reveal that KBOs are the main source of short-period
comets such as 67P/Churyumov-Gerasimenko (16), which in turn
are considered delivery systems of biologically important molecules
to the early Earth. Because the processed ices of KBOs can harbor
biologically important precursors such as amino acids (17) and car-
bohydrates (18), an understanding of the chemical evolution of
KBO surfaces can lead to knowledge of the origin and formation
routes of astrobiologically relevant molecules in our solar system
and on Earth (19-22).

The origin of the diversity of KBO surface colors presents a per-
sistent puzzle (15, 23-26). Spectral slopes—a quantitative measure
of the dependence of the reflectance on the wavelength—and
surface colors are affected by the surface composition and ultimate-
ly by chromophores (25-28). A wide range of optical colors ranging
from slightly blue to neutral and very red (all relative to the color of
the Sun) have been observed on, e.g., Orcus and Sedna, respectively.
The reddish surfaces are believed to be attributed to the presence of
tholins—a term coined by Sagan describing refractory, polymer-
like organics of unfamiliar composition generated through space
weathering of carbo-containing ices (29-31). However, the variety
of colors suggests a considerable diversity of hitherto unknown
origin in the present-day surface composition of the KBOs. Two
main points of view prevail. In one, the colors represent variations
in the primordial composition, with the different colors reflecting
the original location of condensation prior to being scattered (32).
In the other, the diversity of colors has an evolutionary origin,
arising from the modification of the surface by ionizing radiation
(23, 24, 33-36). Naturally, intermediate explanations are possible,
with colors influenced both by the initial compositions of the
KBOs and by surface modification from energetic particle bom-
bardment. The evolutionary models are supported by some
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laboratory experiments (37-40), which show that ice samples de-
crease in reflectivity for all wavelengths upon exposure to proxies
of Solar Wind protons (29). The color differentiation has been sug-
gested to be the result of processed methane ices on the colder
objects leading to reddish objects, whereas on warmer KBOs with
semi-major axes less than ~40 astronomical unit (AU), methane
sublimates, making it unavailable to produce reddish colors (41—
44). Visible near-infrared reflectance spectra of irradiated frozen
methane revealed strong reddening and darkening of spectra after
exposure to ionizing radiation at doses of up to 22 eV amu™" (45).
However, a systematic approach investigating the physical and
chemical changes of ice compositions mimicking KBO surfaces is
still lacking with spectral gradients, colors, and a detailed catalog
of the molecular carriers and their chromophores formed in the ir-
radiation processes being largely elusive as of now.

Here, we combine laboratory experiments with a complementa-
ry array of spectroscopic diagnostics to systematically explore the
physical and chemical processes underlying the reddening of hydro-
carbon-rich KBOs. Our objective is to provide an inventory of mo-
lecular carriers along with their controlling chromophores and
apply these findings to constrain the cause of color diversity of
those KBOs with hydrocarbon-dominated surfaces. Because the
laboratory exposure time of KBO analog surfaces can be scaled to
the corresponding time of exposure experienced by a KBO, this
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provides the potential to reconstruct the composition of hydrocar-
bon-rich surfaces of outer solar system bodies at the time of their
formation billions of years ago and allows us to probe how the orig-
inal state and chemical evolution affect the colors of KBOs (44—49).
Methane is the simplest primordial hydrocarbon. It has been iden-
tified on the surfaces of large KBOs, including Pluto, Makemake,
Eris, and Sedna (50, 51), along with one of its radiolysis products,
acetylene (C,H,). Note that water, methanol, and ammonia are also
important constituents of surfaces of KBOs (50—54); sulfur also has
been proposed (but not observed) as a contributor to KBO surface
colors (40, 55-57). However, it is not the goal of this study to
prepare ice mixtures containing all five elements (C, H, N, O, and
S) simultaneously; this approach would be futile in identifying the
fundamental mechanisms leading to the KBO color variation and in
deciphering the carriers of (groups of) chromophores responsible
for the color variety across diverse populations of KBOs. It is the
goal to start from simple ices (methane, acetylene) before moving
to complex mixtures in future experiments. By focusing first on a
population of KBOs with hydrocarbon-rich surfaces, only this
step-by-step strategy will ultimately untangle the effect of the chem-
ical composition of the KBO ices on the color feature of airless
KBOs. Therefore, in our experiments, we exposed methane and
acetylene ices to proxies of the GCR flux—with doses up to 80 eV
amu~' (table S1) at surface temperatures lower than 40 K; these
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Fig. 1. UV-vis reflectance spectra collected during the irradiation of '*C-acetylene (*C,H,) and ">C-methane ("3CH,) ices. (A) '>C,H, ice irradiated at 10 K. (B)
13C,H, ice irradiated at 40 K. (C) *CH, ice irradiated at 10 K. (D) '*CH, ice irradiated at 20 K. All the spectra were normalized at 550 nm.
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Fig. 2. Comparison of the color from irradiated '>C-acetylene ('*C,H,) and ">C-methane ('>CH,) ices with KBOs. (A) Color slopes of irradiated *C-acetylene ('3C,H,)
and *C-methane (*CH,). (B) Color-color diagram comparing irradiated '*C-acetylene ('>C,H,) and "*C-methane ('3CH,) at different doses with KBOs. The colors of 10 K
‘3C2H2 (square), 40 K ‘3C2H2 (circle), 10K 13CH4 (triangle), and 20 K 13CH4 (pentagon) are obtained from their UV-vis spectra. The gray circle indicates the color of the Sun.
(€) Images of the residues for '*C-acetylene ('3C,H.,) ices irradiated at 10 K at distinct doses recorded after annealing the ices to 300 K.

doses simulate exposure times of hydrocarbons on KBO surfaces of
about 1800 million years at 40 AU (58). Simultaneously, the evolu-
tion of functional groups associated with highly unsaturated hydro-
carbons such as (polycyclic) aromatics and their precursors was
quantified through Fourier transform infrared (FTIR) spectroscopy.
Last, the soluble component of the organic residues was analyzed by
two-dimensional gas chromatography time-of-flight mass spec-
trometry (GCxGC-TOF-MS), while the insoluble matter was char-
acterized via time-of-flight secondary ion mass spectrometry (TOF-
SIMS). Aromatic structural units carrying up to three rings as in
phenanthrene (C;4H;), phenalene (CoH;(), and acenaphthylene
(C12Hg), of which some carry structural motives of nitrogen bases
of DNA and RNA connected via unsaturated linkers, were found to
play a key role in producing the reddish colors of KBOs such as
Makemake, i.e., a population of KBOs located at distances from
39 to 44 AU from the Sun indicating effective exposure ages of
the surfaces of at least 1100 million years. It further constrains for
the first time the primordial surface composition of those KBOs
with hydrocarbon surfaces, proposes processing times of KBO sur-
faces at temperatures lower than 40 K, and defines the level of mo-
lecular complexity of a population of KBOs with hydrocarbon
surfaces synthesized in the prebiotic evolution of our solar system
since the time of formation billions of years ago.

Zhang et al., Sci. Adv. 9, eadg6936 (2023) 31 May 2023

RESULTS

UV-vis spectroscopy—Slopes and colors

Ultraviolet-visible (UV-vis) spectroscopy provides an elegant meth-
odology for tracing the change of spectral slopes and colors of the
surfaces in situ during the radiation exposure of KBO model ices.
Representative UV-vis reflectance spectra of irradiated methane
(**CHy; 10 and 20 K) and acetylene (**C,H,; 10 and 40 K) ices
exposed to energetic electrons as proxies of GCRs (59, 60) are pre-
sented in Fig. 1 (Materials and Methods). Note that aromatic mol-
ecules are widespread in the environment. Therefore, to eliminate
any potential contaminants, pure '*C-labeled reactants ('*C-
methane and '*C-acetylene, 99.9%) were used. This results in
fully "*C-labeled products such as aromatics, which are not
present in the environment. Therefore, any fully '*C-labeled mole-
cule must be the result of the radiation processing of the ices. To
compare our results with astronomical observations of KBOs (61,
62), the visible range of the spectra (400 to 700 nm) was normalized
with respect to the reflectance at 550 nm; color slopes S'—also re-
ferred to as spectral gradients—were calculated through a procedure
defined in literature (13, 63) (Fig. 2) exploiting Eq. 1 with the color
slope ' (% per 100 nm) and reflectance R of the spectrum at the
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Fig. 3. Deconvoluted FTIR spectra of '>C-acetylene ("3C,H,). (A) Pristine ices at
10 K. (B) After irradiation at 10 K. (C) Residue at 300 K. Assignments are compiled in
table S2. FTIR spectra of irradiated '>C-acetylene ('3C,H,) at 40 K, irradiated '>C-
methane (*3CH,) at 10 K, and irradiated '>C-methane ('*CH,) at 20 K can be
found in figs. S2 to S4, while peak assignments are listed in tables S3 to S5.

wavelength A (nm)
_ dR/d\

550nm

s x 100% x 100 nm (1)
Note that in astronomy, color is defined as the difference in mag-
nitude of radiant flux (logarithmic scale) between two different
filters. For the spectrum of an astronomical object, the color is de-
termined via Eq. 2 in which B — V is the color of the astronomical
object through B and V filters, (B — V)gy, is the reference color of
the Sun, and A\ is the difference between the central wavelengths of
the Band V filters, with filter ranges of 390 to 510 nm (B) and 490 to
590 nm (V). To compare with astronomical observations, we also
calculated the V' — R color through V and R filters with wavelength
range of 490 to 590 nm (V') and 590 to 710 nm (R) (13, 63, 64)

2+ SA)\)

B—V = (B— V) +2.51 log (m

(2)

Figure 1 shows that the UV-vis spectra of the pristine ices are
approximately linear and flat, with §' ~ 0% per 100 nm. The slope
increases as the radiation dose rises to nearly 50 eV amu™". This
dose-dependent reddening effect is more pronounced for acetylene
ices compared to methane ices with high-dose color slopes reaching
§' ~ 60% versus S’ ~ 20% per 100 nm, respectively (Fig. 2A). For
acetylene ices, the color slopes rise faster for the 10 K ices compared
to 40 K for doses close to 50 eV amu™"; thereafter, the color slopes
reach asymptotic values §' ~ 60% and 20% per 100 nm for acetylene
and methane, respectively. The rising color-color trend exhibited by
the KBOs (61, 62) is well-matched by the irradiated ice data, as seen
in Fig. 2B. First, irradiated methane ices can match the population
of KBOs defined by B—V ~ 0.7 to 1.2 and V—R ~ 0.3 to 0.7, respec-
tively. The overall trend in the irradiation data suggests that the B —
Vand V- R colors rise with increasing irradiation time, up to a KBO

Zhang et al., Sci. Adv. 9, eadg6936 (2023) 31 May 2023

exposure age of about 1100 million years at 40 AU. In other words,
exposed methane ice surfaces represent a fundamental constraint on
KBO exposure times of up to nearly a billion years, perfectly delin-
eating the lower bounds in B — V versus V — R color space. In con-
trast, the irradiated acetylene ices become redder than the KBOs for
exposure ages exceeding 130 million years; irradiated acetylene ice
can occupy only a fraction of the KBO surface to match the empir-
ical colors.

Besides the slopes (Fig. 2A) and color-color diagrams (Fig. 2B),
we also explored the optical colors of the organic residues formed
after radiation exposure and annealing the ices to 300 K. This an-
nealing phase mimics the transport of a KBO from the Kuiper Belt
to the inner solar system as a short-period comet. Unexpectedly, the
color slopes of the irradiated hydrocarbon systems are independent
of the temperature (fig. S1). In the methane system, values of 17 +
3% per 100 nm could be extracted and essentially reveal no temper-
ature dependence. Likewise, the slopes for the acetylene system are
within the error limits identical from 64 + 6% to 59 + 6% per 100 nm
from 10 K to 300 K, respectively. This suggests that the surface
colors of KBOs with dominant hydrocarbon complex organic mol-
ecules are temperature invariant during annealing up to 300 K,
which is unlike the reddish coloration of methanol and water ice
mixtures irradiated with nitrogen-containing cryoplasma at 85 K vi-
sually faded and disappeared at 120 to 150 K (65, 66). Observations
show that short-period comets and Centaurs (a dynamically inter-
mediate phase between the Kuiper Belt and the comets) are depleted
in ultrared (S§' > 25% per 100 nm) matter at perihelion distances
smaller than 8 to 10 AU, where blackbody temperatures are 90 to
100 K or higher (14). Hence, our laboratory result shows that this
depletion cannot be attributed to the thermal instability of irradia-
tion products formed in the Kuiper Belt. The optical colors strongly
depend on the GCR dose and change from gray via yellowish to
brown and nearly black as the radiation exposure increases to 82.1
eV amu ! (Fig. 2C). Consequently, nonequilibrium radiation
chemistry is fundamental to the ultimate surface colors of KBOs.
Together, our simulation experiments reproduce the empirical
color-color data for a population of airless KBOs covering B — V
=0.7to 1.3and V — R = 0.3 to 0.9, respectively, with the irradiation
dose revealing a vital influence on the color and hence chemical evo-
lution of the processed KBO surfaces. Additionally, the New Hori-
zons mission revealed extensive colored terrains on Pluto’s surface
(67) comprising black to reddish regions such as Cthulhu Macula
along Pluto’s equator to yellowish topologies like Lowell Regio
and Sputnik Planitia (68). Because photochemical models of
Pluto’s atmosphere reveal that acetylene represents a main hydro-
carbon molecule precipitating on Pluto’s surface (69, 70) and the
optical colors of the organic residues of irradiated acetylene at dif-
ferent doses in Fig. 1C reveal comparable colors of Pluto’s surface,
the reddish to black organic matter on Pluto likely originates from
hydrocarbon products formed by the radiolysis of Pluto’s surface
hydrocarbons by energetic GCR. Note that, although the optical
colors of the residues from irradiated acetylene well match Pluto’s
haze, the residues from irradiated ice containing nitrogen and
oxygen also play an important role in Pluto’s chemistry since
these elements have been observed on its surface (69-71).
However, laboratory studies exploiting simple hydrocarbon ices
are required first before exposing complex mixtures containing all
four elements (C, H, N, and O) to decipher the carrier of the
(mixture) of chromophores responsible for the color of KBOs.
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(D) Integrated areas at 3222 cm™! (13C2H2) and 3070 cm™' (aromatic) for irradiated acetylene (13C2H2) at 40 K. Rate constants are compiled in table S6.
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Overall, the reddening of the KBO analog ices and of any organic
material can plausibly be associated with increased delocalization of
1 electrons and a reduced excitation energy of the m — m* transition
in aromatic molecules (72). However, it is not feasible to define spe-
cific chromophores from the reflection spectra alone due to their
featureless slopes. Both polyacetylene (molecules carrying multiple
conjugated —C=C— moieties) and polycyclic aromatic hydrocar-
bons (PAHs; molecules carrying multiple fused benzene rings)
along with their derivatives reveal strong electronic transitions
from 400 to 800 nm and, hence, represent viable candidates (73).
Therefore, complementary analytical techniques as described
below are required to constrain the chromophores in the exposed
hydrocarbon ices.

FTIR spectroscopy—Functional groups

FITR spectroscopy represents an ideal tool with which to identify
functional groups in complex mixtures of organic molecules and
to trace their evolution during radiation exposure to methane and
acetylene ices. Representative spectra are provided in Fig. 3; a com-
prehensive set of FTIR data along with their assignments are com-
piled in figs. S2 to S4 and tables S2 to S5. First, the infrared spectrum
of the pristine acetylene ice (Fig. 3A) shows prominent absorptions
(74, 75) such as the C—H stretching (3317 and 3216 cm™ ;v and v3)
and C=C—H bending modes (745 to 782 cm™Y; vs). After irradia-
tion at 10 K (Fig. 3B), a series of new absorptions emerged. These
could be linked to C—H stretching modes of alkynes (3374 to 529
cm™!), alkenes (3128 to 3170 cm™'), aromatics (3000 to 3070
cm™ ), and alkanes (2852 to 2952 cm™') (76, 77). Weak features
between 1022 and 1581 cm™" can be assigned to carbon-carbon
stretching modes of aromatics, alkenes, and alkanes, while absorp-
tions from 833 to 989 cm ™" are attributed to C=C—H out-of-plane
deformation modes of aromatics and/or alkenes (76). After anneal-
ing to 300 K, the infrared spectrum of the residues (Fig. 3C) reveals
comparable absorption features save for the acetylene reactant. The
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infrared spectra of the acetylene ice after irradiation at 40 K and the
corresponding residue at 300 K reveal qualitatively identical func-
tional groups (fig. S2). Second, for the FTIR spectra of the irradiated
methane ices at 10 K (fig. $3) and 20 K (fig. S4), multiple infrared
bands were also detected (tables S4 and S5) (78). These absorptions
correspond to the C—H stretching mode of alkynes (3263 and 3409
cm™ ') and alkenes (3149 and 3174 cm™'); functional groups of ar-
omatics such as the C—H stretching mode (3016 and 3065 cm™Y)
were also detected. The newly emerging absorption bands of acety-
lene, for example, those at 3222 cm™" in the exposed methane ices
along with the fits as detailed below, suggest that methane can be
effectively converted to acetylene at 10 and 20 K as suggested by a
previous study (78).

Next, we explore the evolution of the absorptions as a function of
the irradiation time (Fig. 4) and compare these results with the ob-
served reddening from the UV-vis data to ultimately reveal potential
molecular carriers causing the changing KBO surface colors. For
methane (Fig. 4A), the C—H stretching mode (2999 cm™") decreas-
es as the irradiation dose rises, thus documenting the destruction of
pristine methane. Simultaneously, the integrated band areas of acet-
ylene and aromatics monitored through their 3222 and 3068 cm™"
absorptions reveal a monotonous growth up to about 10 eV amu ™",
followed by a decrease to asymptotic values of about 20 to 30% com-
pared to their peak abundances. These patterns imply essentially a
consecutive kinetics scheme A (methane) — B (acetylene) — C (ar-
omatics) — D (polymeric aromatics) converting methane to acety-
lene and then to aromatics. To fit the temporal profiles, this scheme
had to be expanded by introducing a branched reaction from A
(methane) to C (aromatics) and polyacetylenes. This conclusion is
also supported by the conversion of acetylene to aromatics (Fig. 4C)
as elucidated in the acetylene system. These patterns depict a reduc-
tion of the acetylene fundamentals with increasing dose. The aro-
matics constantly increase until about 10 eV amu™", then decrease
in intensity, and eventually flatten off at about 25% of the peak in-
tensity, hence also reinforcing an overall consecutive reaction mech-
anism A’ (acetylene) — B’ (aromatics) — C' (polymeric aromatics),
in which the first reaction step is reversible (Materials and
Methods). The “earlier” peaking of the aromatics in the acetylene
compared to the methane system can be rationalized that the acet-
ylene reacts via A’ (acetylene) — B’ (aromatics) to the aromatics,
whereas in the methane system, acetylene must first be produced,
which delays the production of aromatics. It also results that the
peak abundances of aromatics are about 40% lower in the
methane system than in acetylene. It should be noted that even
the very first step, i.e., the de facto conversion of two methane mol-
ecules into acetylene, formally produces three hydrogen molecules
(Eq. 3). This conversion proceeds via ethane (C,Hg) and ethylene
(C,Hy) (79, 80). Furthermore, although the net production of
benzene (CgHg) from acetylene does not release molecular hydro-
gen (Eq. 4) (67), subsequent molecular mass growth processes even
to the simplest PAH naphthalene (C,,Hg) require the release of mo-
lecular hydrogen as depicted schematically in Eq. 5. In our experi-
ments, the molecular hydrogen release was verified experimentally
with the help of a quadrupole mass spectrometer (QMS; Materials
and Methods). As the radiation dose increases, the efficiency of mo-
lecular hydrogen production increases for both the methane and the
acetylene systems reaching up to 5.2 + 0.2 x 10'® molecules (Fig. 5).
Accounting for the infrared spectroscopically derived consumption
of the methane and acetylene reactants, this accounts for only 4.3 +
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Fig. 6. Aromatic compounds were detected from the residues of the '>*C-acetylene (**C,H,) ices irradiated at 8.2 eV amu~" by multidimensional gas chroma-
tography along with their detailed structure, name, and molecular masses. Quantification of the detected species is provided in table S8.
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0.1% and 46.7 £ 1.5% of the expected hydrogen production for
methane and acetylene, respectively (table S7), suggesting that the
ices still store molecular hydrogen. Consequently, mass spectro-
scopic evidence suggests an enhanced carbon-to-hydrogen ratio
of the KBO analog surfaces with rising exposure time to GCR
proxies, which is required for extended conjugated m-bond
systems. This process is accompanied not only by reddening (Fig.
1) but also by optical color changes from gray to yellow and brown-
ish to black (Fig. 2C)

2 CH4 — C2H2 +3 H2 (3)

3 C2H2 — C6H6 (4)

C6H6 + 2 C2H2 — CIOHS + H2 (5)

In conclusion, the analysis of the infrared spectra along with the
kinetics profiles reveals aromatic moieties as likely chromophores
and potential molecular building blocks of the polymeric residue
that explain the darkening and reddening of the exposed model
ices (Figs. 1 and 2), formed over geological time scales of at least
130 million years for acetylene and 1100 million years for
methane (Fig. 4). However, because FTIR can only extract informa-
tion of functional groups, the analyses were extended to identify in-
dividual aromatic molecules formed in the radiation exposure of the
KBO analog surfaces by two-dimensional GCxGC-TOF-MS and
TOEF-SIMS.

Two-dimensional GCxGC-TOF-MS

Exposure of the KBO model ices to doses up to 82.1 eV amu™"
methane and acetylene, respectively, followed by annealing of the
irradiated samples to 300 K results in the formation of solid resi-
dues. The soluble fractions of irradiated acetylene residues were an-
alyzed via GCxGC-TOF-MS, and aromatic compounds were
identified through cross-correlation of the dual retention times
(R¢1 X Ry,) and mass-to-charge ratios of the ionized organics with
known standards (Materials and Methods). A typical dataset is pre-
sented in Fig. 6 where nearly 30 discrete molecules are identified
(table S8). These include mono- to tricyclic aromatics comprising
substituted benzenes, naphthalenes, and biphenylenes, as well as
phenanthrene, phenalene, acenaphthylene, and 9H-fluorene.
Methyl (—CH3;), ethyl (—C,Hj;), vinyl (—C,H3), and allyl (—C5Hs)
side groups were identified. These C1 to C3 side chains act as po-
tential linkers to connect individual aromatic molecules to more
complex, potentially macromolecular (tholins)-like and hence non-
soluble organic structures. Quantitatively spoken, the derivatives of
the bicyclic moieties of 1H-indene (CyHg), naphthalene (C;oHj),
and biphenyl (C,,H;,) represent the dominant aromatics synthe-
sized with quantities in the 20 to 50 pmol range, i.e., conversion ef-
ficiencies of up to 107% to individual, soluble aromatics with
respect to acetylene. The tricyclic aromatics have yields between
one [9H-fluorene (C,3H;), phenanthrene (C;4,H;)] and two [ace-
naphthylene (C;,Hjg)] orders of magnitude lower that the bicyclic
species. Dimethyl-substituted naphthalenes (C;,H;,) depict
notably diminished yields compared to their mono-substituted
(methyl, ethyl) counterparts. These findings suggest stepwise
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molecular mass growth processes, not only from mono- to bi-
and tricyclic aromatic systems via ring annulation but also from
pure aromatic molecules to mono- and dialkylated derivatives of
PAHs (81, 82). However, with the exception of the blue azulene
(CyoHg), the entire inventory of aromatics identified is colorless
and hence cannot account for the enhancement due to their insuf-
ficiently delocalized m electron system. Therefore, to account for the
experimental observations of increased color slopes and reddening
over geological time scales, the radiolysis of the KBO analog ices
likely converts these simple mono-, bi-, and tricyclic aromatics to
more complex and insoluble aromatic systems as also inferred
from the aforementioned FTIR data, i.e., the conversion of aromatic

C—H functional groups at doses exceeding 10 eV amu™".

Time-of-flight secondary ion mass spectrometry

The insoluble fraction of the organic residues, inaccessible for gas
chromatographic approaches such as GCxGC-TOF-MS, was ana-
lyzed via TOF-SIMS (83, 84). TOF-SIMS sputters the surface of
the organic residues with a focused ion beam (Bi;") and collects
the ejected secondary cations and anions. Therefore, even molecular
building blocks such as aromatics linked through chains can be
sputtered, and their cationic and anionic fragments can be released
into the gas phase (figs. S5 and S6 and tables S9 and S10). First, the
TOEF-SIMS analysis reveals the presence of unsubstituted and sub-
stituted monocyclic (CsHs, C¢Hg, C;H,, CgH5), bicyclic (CoHy,
CioHg, Cy2Hg), and tricyclic aromatic moieties (C;3Ho, C;5Ho) in
the insoluble residues. Second, various acyclic and unsaturated C2
to C4 substituents (C,Hs, CsHj, C4H;, C4Hs) could be identified in
the cation fragments. Last, two classes of highly unsaturated, hydro-
gen-terminated anionic carbon chains could be sampled: polyacety-
lene structures and cumulenes with formally one proton removed.
Together, TOF-SIMS data reveal the presence of fundamental aro-
matic building blocks carrying up to three rings and of highly un-
saturated linear “linker” moieties connecting these aromatic
motives. The unsaturated nature of these linkers is vital in expand-
ing the system of delocalized mt electrons, leading to the reddening of
the analog ices as the exposure to the GCR proxies advances.

DISCUSSION

This study provides a first step toward a systematic understanding of
the mechanisms of the reddening of icy hydrocarbon surfaces in the
outer solar system through the conversion of simple organics like
methane and acetylene to PAHs embedded in reddish and even
black polymer matrices. First, the laboratory simulation experi-
ments provide compelling evidence concerning the radiation-
induced reddening and optical darkening from white via yellow
and brownish to black of KBO analog ices of methane and acetylene
ices over geological time scales of up to 1800 million years. These
findings are consistent with the colors of KBOs with B— V= 0.7 to
1.3and V — R = 0.3 to 0.8, respectively. Typical KBOs within these
color ranges are compiled in table S11, are located at distances from
39 to 44 AU from the Sun, and comprise, e.g., Makemake, Orcus,
and Salacia. The highest dose (longest exposure age) colors pro-
duced by irradiation are redder than observed in nature, particularly
for the products of irradiated acetylene. This could mean that the
effective exposure ages of the KBOs are limited, perhaps by garden-
ing due to micrometeorite bombardment, as is observed on the
Moon. Alternatively, it could indicate that acetylene occupies only
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a small fraction of the KBO surface such that its strongly reddened
radiation-produced products are diluted by hemispheric mixing
with less red material. For example, irradiated acetylene ice could
be diluted with coprecipitating methane and other volatile hydro-
carbons, suppressing the extreme reddening of the former.

Second, while the colors of hydrocarbon residues depend
strongly on dose, thus underlining the critical role of GCR exposure
of KBO hydrocarbon ices, they are invariant with respect to temper-
ature as the samples are heated from 10 to 300 K. This contrasts with
the empirical absence of ultrared colors in comets and other bodies
arriving from the outer solar system (6, 12—14). We conclude that
irradiated material formed in the Kuiper Belt is either removed
during transport to the inner solar system by ejection or buried
under fallback debris, as surmised earlier based on telescopic
data (13).

Third, on the molecular level, aromatic moieties carrying up to
three rings as in phenanthrene (C,4H,(), phenalene (CoH,,), and
acenaphthylene (C;,Hg), whose 1 electrons are extensively delocal-
ized via unsaturated linkers, play a vital factor in the reddening of
KBO surfaces, thus defining the level of molecular complexity syn-
thesized in the evolution of our solar system since the time of for-
mation. The reddening and darkening along with the increase of the
carbon-to-hydrogen ratio of the exposed organic matter is also sup-
ported by the release of molecular hydrogen into the gas phase. This
essentially depletes the ices in hydrogen, leaving behind carbon-en-
riched organics. Although our studies focused on airless bodies,
these results have also an important start for understanding
Pluto’s black to reddish regions such as Cthulhu Macula as well as
its yellowish topologies detected in Lowell Regio and Sputnik Plani-
tia (68).

Last, due to the chemical and physical conditions of airless
bodies in the outer solar system environments, there is no single ex-
periment that can mimic the complexity of the surface composition
and irradiation environments. Exploiting the experimental and an-
alytical protocol developed here, further experiments should
expand on the ice composition such as the systematic incorporation
of nitrogen, methanol, and water from binary via ternary and even
more complex systems, and also on probing the effects of mineral
additives on the reddening and on the microscopic reaction mech-
anisms. This is critical because, besides hydrocarbons (CH,, C,H,)
as investigated in the present work, water (H,O), ammonia (NH3),
nitrogen (N,), carbon monoxide (CO), carbon dioxide (CO,), and
methanol (CH;OH) have been detected on surfaces of KBOs (50).
Exposure of these mixtures to ionizing radiation might access color-
color regions beyond the B— V' =0.7to 1.3and V- R=0.3t0 0.8
regime (Fig. 2B), which cannot be replicated by the GCR processing
of hydrocarbon ices. Ideally, the incorporation of oxygen- and ni-
trogen-bearing molecules in ices should systematically map out the
color diversity of KBOs by correlating distinct ice compositions
with the astronomically observed color variances. In addition, com-
bined GCR proxy-photon irradiations are desirable to explore indi-
vidual, but also cumulative effects on the chemical processing of
KBO surfaces and how this influences their colors. These synergistic
effects are expected to develop the concepts of how complex mole-
cules could have been synthesized in the outer solar system, ulti-
mately leading to a better understanding of the origin and
evolution of our solar system.
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MATERIALS AND METHODS

The irradiation experiments were performed in an ultrahigh-
vacuum chamber evacuated to a base pressure of 1 x 107" torr
by magnetically suspended turbo molecular pumps backed by an
oil-free scroll pump (60). In the chamber, a polished silver wafer
was attached to an oxygen-free high-conductivity copper cryostat
via indium foil and connected to a two-stage closed-cycle helium
refrigerator (CTI-Cryogenics Cryodyne 1020, compressor: CTI-
Cryogenics 9600). By using a doubly differentially pumped rota-
tional feedthrough, the substrate can be rotated in the horizontal
plane. The temperature of the silver wafer was monitored by a
silicon diode sensor (Lakeshore DT-470) and regulated in a range
of 10 to 300 K with a precision of 0.3 K by a programmable tem-
perature controller (Lakeshore 336). When the substrate has been
cooled to 10 K, 13C—acetylene (**C,H,, AirGas, >99.9%) or *C-
methane ("*CH,, AirGas, >99.9%) was deposited onto the substrate
via a glass capillary array. The main goal of our research is the iden-
tification of (aromatic) hydrocarbons. Note that aromatic molecules
are widespread in the environment. Therefore, to eliminate any po-
tential contaminants, '*C-labeled reactants were used. This results
in fully ">C-labeled aromatics, which are not present in the environ-
ment. Therefore, any fully '*C-labeled molecule must be the result
of the radiation processing of the ices. On the basis of the refractive
index (n) of 1.34 for solid acetylene and 1.30 for solid methane (74,
85), the thicknesses of the ices were calculated to be 750 + 60 nm
(86). After deposition, the 13C,H, or *CH, ice was isothermally
processed by 5-keV electrons (Specs EQ 22-35 electron source) sim-
ulating secondary electrons formed in the track of GCRs penetrating
the ices for different durations (table S1). The electron incidence
angle is 70° to the ice surface normal. Using Monte Carlo simula-
tions (CASINO 2.42), the average depths of the electrons were esti-
mated to be 320 + 30 nm for *C,H, and 330 + 30 nm for *CH,,
which are less than the ice thickness (750 + 60 nm), thus avoiding
interaction between the electrons and the silver wafer. Here, the
electrons were calculated to deposit average doses of 82.1 + 10 eV
amu ! into the *C,H, and *CH, ices (table S1). Upon completion
of irradiation, temperature-programmed desorption studies were
carried out by heating the substrate to 300 K at a rate of 1 K
min~". The *C,H, and ">CH, ices were analyzed in situ before,
during, and after processing with an FTIR spectrometer (Nicolet
6700) and a UV-vis spectrometer (Nicolet Evolution 300). The
FTIR spectrometer was operated in absorption-reflection-absorp-
tion mode at a reflection angle of 45°, and the infrared region of
5000 to 500 cm ™" was monitored, using a resolution of 4 cm™". Si-
multaneously, the focused light of the UV-vis spectrometer was re-
flected off of the silver wafer at an angle of 30° and focused onto a
photodiode that was shielded from ambient light. The absorption
spectra in the range of 190 to 1100 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 during the experiment,
while UV-vis probed the electronic transitions present. In addition,
during all of the experiments, mass spectra of the gas-phase species
were recorded using an Extrel 5221 QMS operating in residual-gas-
analyzer mode with an electron impact ionization energy of 70 eV.
The absorption bands of UV-vis spectra are superimposed by strong
interference features. Because the thickness and refractive index of
the films slightly changed during the irradiation, a simple subtrac-
tion of the two spectra cannot be applied to remove the interference
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bands. To obtain experimental UV-vis spectra free from interfer-
ence patterns, the interference was derived theoretically by using
a “two interfaces between three media” model generalized for
complex refractive indices n; + ik; (87). To analyze and assign the
peaks generated during the irradiation of acetylene and methane
ices, we deconvoluted its FTIR spectra via the Fityk program (Fig.
4, figs. S2 to S4, and tables S2 to S5). Furthermore, to determine the
temporal evolution of the functional group formed within the ices
during the irradiation, quantitatively, we integrated key absorption
features: v mode (2999 cm™') of methane with an integral absorp-
tion coefficient of 1.41 x 10~ cm molecule™ (88), v; mode of acet-
ylene (3222 cm™") with an integral absorption coefficient of 2.39 x
10~ ¢cm molecule™" (74), and the C—H stretching mode (3068 and
3070 cm ") of aromatic species with an integral absorption coeffi-
cient of 2.10 x 107'® ¢cm molecule™ (77), and then calculated the
column density, i.e., the numbers of absorbing molecules per
cm?, N, through a modified Lambert-Beer relationship (86). In
detail, for the '>C,H, ice, a reversible reaction to first-order aromat-
ics (aromatics;) was considered, with rates described by rate con-
stants k; and k_; through a multistep reaction as below

ky ks
‘3C2H2 <_—k" Aromatics; —s Aromatics, —s Polymeric aromatics
-1

The concentration of those aromatics was found to quickly in-
crease and then sharply decrease (k;) to form the second-order ar-
omatics (aromatics,) with overlapping infrared band intensity. For
the "?CH, ice, a more complex reaction scheme was necessary to fit
temporal profiles. Here, 13CH, reacts to '*C,H, (k,) with the formed
13C2H2 producing aromatics, (k,). However, a separate reaction
from '"*CH, to aromatics; (k;) had to be introduced, too, where
within the error limits both k; and k, were essentially in the same
range (table S6). Subsequently, these aromatics; further reacted to
second-generation (more complex) aromatics, (k). In this case, the
temporal profile for '*C,H, displays further contribution to the
v(CH) band intensity after 13C,H, would be depleted; hence, an ad-
ditional reaction pathway from '*CH, to polyacetylenes (ks) was in-
cluded to account for the discrepancy. While the column density of
3CH, and "*C,H, can be determined from integrated absorption
coefficients, various compounds with different numbers of absorp-
tion carriers and coefficients contribute to the temporal profile for
aromatic v(CH). Therefore, absolute column densities for the aro-
matics were not calculated, but the outputs from kinetically fitting
their precursors (*CH, and *C,H,) were scaled to fit the integrated
peak areas. The optimized rate constants (k) obtained by kinetically
fitting the data using first-order reactions are shown in table S6.

ks

ky 5] s ky < 5 5
13CH4 — 13C2H2 — Aromatics; —» Aromatics, —s Polymeric aromatics

PN

Polyacetylenes

This section details the quantification of molecular hydrogen
outgassing during the irradiation of the hydrocarbon ices. An
Extrel 5221 QMS operating in the residual-gas-analyzer mode
with an electron impact ionization energy of 70 eV at a 2-mA emis-
sion current was exploited; the secondary electron multiplier was
operated at 1800 and 1900 V for acetylene and methane ices,
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respectively. Because the QMS signal is an amplified current gener-
ated from the ions, it is necessary to determine the proportionality
constant (K) between the number of hydrogen molecules (n) in the
gas phase and QMS signal recorded in ampere (A) (89). Following
the procedure as detailed in (89), these constants were derived to
Kipp = (8.41 + 0.4) x 10° molecule counts™! for 1800 V and (5.76
+ 0.3) x 10° molecule counts™" for 1900 V, respectively. The
number of hydrogen molecules is then extracted through

t
Ny = KHZLAszt
where ﬂ)Aszt is the integrated counts of QMS signal [mass charge
ratio (m/z) = 2] recorded during the irradiation of acetylene and
methane ices and listed in table S7.

Two-dimensional gas chromatography time-of-flight mass
spectrometry

Analytical standards

High-purity analytical standards were acquired from Sigma-Aldrich
(Merck, Schnellendorf, Germany) and dissolved in dichlorome-
thane (DCM). Final concentrations of standard mixtures were pre-
pared at five levels in the range of 107 to 107° g liter™" per
compound to ensure reference spectra, retention time data, and cal-
ibration curves without ion source or column overload as well as
standard concentrations representing those found in the interstellar
ice analog samples. Target PAHs for identification and calibration
were obtained in a 16-component mix QTM PAH Mix including 16
US Environmental Protection Agency (EPA) PAHs (acenaphthene,
acenaphthylene, anthracene, benz[a]anthracene, benzo[b]fluoran-
thene, benzo[ghi]perylene, benzo[a]pyrene, 2-bromonaphthalene,
chrysene, dibenz[a,h]anthracene, fluoranthene, fluorene,
indeno[1,2,3-cd]pyrene, naphthalene, phenanthrene, and pyrene).
Additional reference standards included phenylacetylene, 2-meth-
ylstyrene, 4-methylstyrene, indane, indene, 1,3-diethynylbenzene,
2-methylindene, 1,2,3,4-tetrahydronaphthalene, 1,2-dihydronaph-
thalene, 2-methylnaphthalene, azulene, 1-methylnaphthalene, cy-
clohexylbenzene, biphenyl, 2-methylbiphenyl, 4-methylbiphenyl,
1-ethylnaphthalene, 2-ethylnaphthalene, diphenylmethane, 2-vi-
nylnaphthalene, 1,2-dimethylnaphthalene, 1,4-dimethylnaphtha-
lene,  biphenylene,  cis-stilbene,  trans-stilbene,  3,3'-
dimethylbiphenyl, 4,4'dimethylbiphenyl, 4-vinylbiphenyl, 2-ethy-
nylnaphthalene, 2-phenylindene, and coronene. An internal stan-
dard, methyl laurate (107> M), was added to the reference
standards and all ice analog samples to verify injection and
elution consistency. All solvents were of chromatographic (high-
performance liquid chromatography) or American Chemical
Society (ACS) grade. Glassware was rinsed thoroughly before with
ethanol and Milli-Q water and heated in a furnace at 500°C for
5 hours.

Sample extraction

Irradiated samples were extracted from their support using different
organic solvents to extract the maximum of the refractory organic
residues. Large fractions of the residues, however, were insoluble in
the organic solvents used and, after various extraction procedures,
were applied to improve sample recoveries and solvation including
agitation, ultrasonic bath, and hydrolysis at elevated temperatures.
Briefly, the residue sample with a dose of 8.2 eV amu ™" was extract-
ed with DCM, hexane, acetone/hexane 1:1 (v/v), and chloroform.
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The sample was then vortexed and dried under a gentle stream of
nitrogen, and 50 pl of the internal standard solution in DCM was
added directly to the reaction vial before being heated at 80°C for 24
hours. One sample blank was prepared following the same proce-
dure extracting a nonirradiated polished silver mirror that has
been mounted into the stainless-steel chamber. The use of different
organic solvents to maximize the recovery of refractory residue con-
stituents was inefficient but increased the risk of contamination.
The residue samples from the lower-dose irradiated ices were there-
fore extracted using DCM only. All samples were centrifuged after
heating or ultrasonic treatment, and the supernatant of all sample
mixtures was quantitatively transferred into 2-ml GC vials equipped
with 250-pl glass inserts for subsequent multidimensional gas chro-
matographic analyses. Each individual ice analog sample was ac-
companied by its reagent blank by using identical quantities of
organic solvents and procedures (heating and ultrasonic bath)
used for sample extraction.

GCxGC-TOF-MS analyses

Analyses were performed on a LECO Pegasus BT two-dimensional
gas chromatograph, fitted with a dual cryogenic jet modulator,
coupled to a time-of-flight mass spectrometer (GCxGC-TOF-
MS). The GCxGC was equipped with an Rxi-5MS (30 m x 0.25
mm internal diameter, 0.25 pm film thickness df, Restek) first di-
mension (‘D) column, coupled to an Rxi-17SilMs (1.6 m x 0.25
mm inside diameter, 0.25 um dj;, Restek) *D column. Carrier gas
flow of helium through the columns was 1 ml min™". A liquid au-
tosampler (Agilent model 7693A) was used to inject 1 ul of extract
or standard volumes in splitless mode for 90 s at 300°C. The GC
oven was held at 40°C for 1 min and increased at 5°C min™" to a
maximum of 320°C and held for 5 min. The ion source was operated
at 230°C and the transfer line temperature at 340°C, with spectra
summed to give a data rate of 100 spectra s~ in electron ionization
mode at 70 eV. The scan range was from 50 to 500 w. The modula-
tion and data recording were commenced at 8.00 min (solvent
delay). The modulation period was 5 s, and the cryogenic jet mod-
ulator was held in the release mode for 1.5 s. Data were processed
using LECO ChromaTOF v.5.31.16 software, optimized for the
Pegasus system, analyzing the target ions for identification and
quantification using the unique mass. The modulated peak areas
were obtained from both manual integration and automatic soft-
ware integration. For all reference standards, a linear fit was used,
with correlations yielding * > 0.99.

All analytical runs and sample runs (including procedural
blanks) were bracketed by solvent (DCM) blanks. Solvent blanks
were at or near noise level and did show no evidence of carryover.
Identification of PAHs and related compounds in interstellar analog
ices was performed on direct comparison of retention times (tg),
retention indices (RI), as well as mass spectral data with standards.
With the availability of the National Institute of Standards and
Technology (NIST) mass spectral library and reported retention
indices, we (tentatively) identified several more compounds
without the injection of reference standards with overall high con-
fidence based on retention time alignment, signal/noise ratios, m/z
accuracy, and spectral quality.

Retention indices (RI) for reference compounds and single
target compounds in the analog ice samples were calculated using
the programmed-temperature retention index (90) in Lee index
scale (91, 92) based on naphthalene (RI = 200) and phenanthrene
(RI = 300) eluting in the retention time window of expected target

Zhang et al., Sci. Adv. 9, eadg6936 (2023) 31 May 2023

molecules

tR(target) - tR(Z)

RI =100 x + 100 X z

tR(z+1) — IR(2)
where Ry(arger) is the retention time of the substance for which the
retention index is to be determined and zand z + 1 are the numbers
of aromatic rings in the interpolation interval eluting before and
after the substance of interest with their corresponding retention
times, Ry, and Ry, ), respectively.
Time-of-flight secondary ion mass spectrometry
The insoluble residues were analyzed using a TOF-SIMS instrument
(TOE-SIMS 5-300, ION-TOF) equipped with a reflectron mass an-
alyzer, 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, a beam 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
TOEF-SIMS were analyzed. A Python code was used to filter noise
and potentially weak and hence ambiguous peaks. The code adds
counts in the vicinity dx of '’C,H, masses for the mass to charge
in the range of 0 to 500 amu, where dx is M/5000 determined by
the resolution of the mass spectrometer. The vertical cutoff is 200
counts, i.e., mass channels with less than 200 counts are background
based on blank experiments. The Python code can be found in the
Supplementary Materials.

Supplementary Materials
This PDF file includes:

Python code for SIMS

Figs. S1 to S6

Tables S1 to S11
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