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The Atacama Large Millimeter Array has allowed a detailed obser-
vation of molecules in protoplanetary disks, which can evolve
toward solar systems like our own. While CO, CO,, HCO, and H,CO
are often abundant species in the cold zones of the disk, CH;0H
or CH3CN are only found in a few regions, and more-complex
organic molecules are not observed. We simulate, experimentally,
ice processing in disks under realistic conditions, that is, layered
ices irradiated by soft X-rays. X-ray emission from young solar-
type stars is thousands of times brighter than that of today’s
sun. The ice mantle is composed of a H,0:CH4:NH3 mixture, cov-
ered by a layer made of CH30H and CO. The photoproducts
found desorbing from both ice layers to the gas phase during the
irradiation converge with those detected in higher abundances
in the gas phase of protoplanetary disks, providing important
insights on the nonthermal processes that drive the chemistry in
these objects.

astrochemistry | protoplanetary disks | X-rays | methods: laboratory:
molecular

Ice mantles covering (sub)micron dust grains in interstellar
and protoplanetary environments are mainly composed of sim-
ple species in a water-dominated ice. Hydrogenation of O, C,
and N on the grain surface produces a first layer of water
(H20), methane (CH4), ammonia (NHs), and other reduced
species. On top of this, there is a second layer of species that
are formed in the gas phase and require lower temperatures
to stick onto the dust, with carbon monoxide (CO) being the
most abundant component (1-3). The coalescence of CO with
methanol (CH3OH) in these ices is inferred from the fit of the
CO ice band profile near 4.6 micron observed in the infrared
(4). The hydrogenation of CO molecules in these ices is pro-
posed as a plausible formation mechanism for CHsOH (5).
Most experimental simulations of astrophysical ice processing
with an energy source were conducted with either pure or
binary ice analogs to understand the photolysis and radiolysis of
molecules and the product formation (6). Multicomponent ice
mixtures were also explored to mimick the formation of com-
plex organic molecules (COMs) in the ice, in particular, those
remaining in the residue at room temperature after warm-up
of ultraviolet or ion-processed ices. Since amino acids, sugars,
nucleobases, and other prebiotic species are among the products
of ice irradiation, these studies are of interest to a broad scientific
community (7-11). More recently, COMs were also produced as
the result of X-ray irradiation of ice analog mixtures (12, 13).
Here we report an experimental simulation of a more astro-
physically realistic ice mantle morphology, organized in a bilay-
ered structure of segregated polar and apolar components (14,
15). The selected relative abundances of the ice species are
similar to previous experimental works dedicated to ultraviolet
irradiation of ice mixtures (10, 16, 17), but none of these works
segregated the molecular species into distinct polar and apolar
ice layers. This ice composition was inferred from astronomical
observations (3), and it is closer to the abundances found around
protostellar sources (18, 19). Indeed, the line of sight abundances
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of CH30H and CO; are about 5 to 10 times lower than the
abundances found close to the protostellar sources, due to the
prevalence of H>O ice in the cold outer regions (18). Specifi-
cally, the ice sample presented in this paper is composed of a
H>0:CH4:NH3 (2:1:1) mixture, coated with a layer of mixed CO
and CH3OH (3:1), and exposed to soft X-rays. We note that
a higher relative abundance of H>O in the ice, similar to the
median values in astronomical observations (3), leads to a more
efficient formation of ultraviolet photoproducts (16, 20), but this
composition is expected to be less representative of the ice found
near the protostar, where X-rays permeate the ice.

Because ultraviolet photons have a penetration of a few hun-
dred monolayers in the ice, where a monolayer corresponds to
the thickness of one molecule and a column density of about
10*® molecules per cm?, the present mantle configuration is very
suitable to the deeply penetrating soft X-rays, allowing study
in detail of the formation, and eventual photodesorption, of
radiolysis products. In the ice mixtures studied to date (12, 13,
21), the identified X-ray products are common to the ultravi-
olet experiments. The main focus of this work is, therefore, to
follow the destruction of the original ice components, the for-
mation of products in the realistic ice analogs, and their release
into the gas phase. Particular attention is paid to the desorption
of molecules during the irradiation, since this allows compari-
son with the recent observations of protoplanetary disks using
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the Atacama Large Millimeter Array (ALMA). Young solar-type
stars are powerful sources of X-rays, thousands of times brighter
than our middle-aged sun (~ 10?7 erg-s~*), with chemical impli-
cations on the surrounding disks so far relatively unexplored.
X-ray emission in such stars fades with age but overcomes the
extreme ultraviolet emission up to 1 Gyr (22), and penetrates the
disk up to larger distances. X-rays emitted by a typical T Tauri
star propagate near the denser region of the disk midplane well
beyond 10 AU and the CO snowline, where the ultraviolet radi-
ation is inhibited (23). Thus, X-rays cover a larger temperature
gradient and a broader grain size distribution up to a few micron-
sized dust particles. ALMA allows the detailed observation of
various molecules in the gas at different locations within these
disks. These maps of observed molecular abundances are con-
fronted with our experimental findings to, first, test the validity
of the ice mantle model and, second, elucidate the physical con-
ditions in the disk, such as dust temperature and radiation dose
experienced by molecules in the ice, accounting for chemical evo-
lution and the delivery of molecules to the surrounding gas. The
detection of more refractory products like COMs and the effect
of warm-up of the processed ice is left for a follow-up paper.
These COMs are more difficult to identify in the observations,
and the more simple species are therefore better proxies of the
disk evolution.

Experiments and Results

A first ice layer containing a mixture of HoO:CH4:NHj3 (2:1:1)
was covered by a second layer composed of a CO:CH3OH (3:1)
mixture. This realistic ice sample was irradiated for 120 min
with a soft X-ray spectrum covering the 250- to 1,250-eV energy
range, and providing 7.6 x 10'* photons per s. The spectra of the
ice during the irradiation are shown in Fig. 1, Left. In Fig. 1, Right,
the column densities of CO and CH3OH are shown, normalized
to their initial values after each irradiation step.

Of the initial 156 ML of CH3OH, only 11 ML are left after
20-min irradiation (fourth step). Thus, about 93% of the initial
methanol in the ice is destroyed. In the same irradiation time,
CO is reduced by 45%, from 569 ML to 312 ML. The con-
tribution to CO and CH3OH from the bottom layer has been
estimated in an accompanying experiment performed exploit-
ing a single layer HoO:CH4:NH3 mixtures. The column densities
estimated from our experiment are upper limits; as in the two-
layers experiment, the radiation impinging on the bottom layer
is reduced by the absorption of the top layer. Thus, the contri-
butions to CO and CH3OH are, at most, respectively, 4% and
10% after 20 min of irradiation, and 12% and 2% at the end
of the irradiation. The CO column density also includes con-
tribution from CH3OH dissociation during the irradiation. In a
protoplanetary disk around a T Tauri star in the region in which
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the temperature is <30 K (i.e., beyond 50 AU), the predicted
X-ray flux is < 107 erg-cm™2-s' (23). Thus, the same amount
of energy experienced by our sample in 20 min would require a
time >4 x 10° y, compatible with the lifetime of circumstellar
disks (24).

The steep destruction of the methanol in the top layer could
be ascribed to the formation of new species and/or photode-
sorption. In Fig. 2 are the mass-to-charge (m/z) signals of par-
ent molecules (m/z =28 and 31 for CO and CH3OH) and of
the main products of the top layer HCO, H>CO, and CO.
(m/z=29, 30, and 44) desorbing during the irradiation. The
most intense fragment of methanol m/z = 31 was selected con-
sidering that m/z = 32 can be dominated by O, molecules. The
largest photodesorption is detected for m/z = 28 related to CO.
The m/z =29 is larger than expected for the carbon monoxide
isotopologue (**CO), and it is representative of the unreacted
HCO radicals detected in the infrared spectra at 1,848 cm ™!,
or the main fragment of formaldehyde (m/z =30). COz is the
main product photodesorbing from the top layer, and m/z =44
is the second-most intense photodesorbing mass. The spectrum
of m/z=31 is very noisy, testifying that photodesorption of
methanol is negligible and suggesting that methanol contribu-
tion to the synthesis of new species must be mainly responsible
for its destruction. Methanol contribution to m/z =29 is thus
negligible. HoCO (m/z =30) is one of the major products of
the irradiation (20, 25) of a CH3OH ice; in Fig. 2, its pho-
todesorption is much higher than that of the CH3OH parent
molecule.

The mass spectra in Fig. 2 show an abnormal behavior as
compared to the typical X-ray photodesorption spectra in which
the desorption peaks decrease monotonically during the irra-
diation (12, 13). In all masses, a significant increase of the
desorption appears at the fourth irradiation step, suggesting
a possible contribution from species produced in the bottom
layer. This hypothesis has been investigated by running a sec-
ond experiment in which isotopologues of methane (**CHa)
and ammonia (**NHj3) have been used in the bottom layer
mixture.

In Fig. 3, Top, the spectra of m/z=231 are reported for
the experiments with and without isotopologues in the bottom
layer. The two profiles are similar, but, from the fourth irra-
diation step, the bottom layer products start dominating the
photodesorption. The species contributing to m/z =31 in the
experiment with isotopologues is formaldehyde (H3*CO) pro-
duced in the bottom layer. The photodesorption of formaldehyde
from the bottom layer is confirmed by the comparison of m/z =
30 (H2CO) and m/z = 31 (H3*CO) in the experiments with-
out and with isotopologues, shown in Fig. 3, Bottom. While
desorption of formaldehyde from the top layer dominates the
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Fig. 1. (Left) Infrared spectra of the bilayer ice before irradiation (bottom curve) and after each irradiation step. The orange spectrum is obtained after
the fourth irradiation step. The spectra have been shifted for clarity. (Right) Column densities of CO and CH3OH normalized to the their initial values as
functions of the irradiation time. The vertical dotted line marks the fourth irradiation step.
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Fig. 2. lon current vs. cycle detected by the mass spectrometer during the
nine irradiation steps for the parent molecules m/z =28 (CO) and m/z =
31 (CH30H), and for the main products of the top layer HCO, H,CO, and
CO, (m/z=29, 30, and 44). The increase of the desorption at the fourth
irradiation step marks the contribution of the bottom layer.

first three irradiation steps, the component coming from the
bottom layers takes over after the fourth irradiation step. Des-
orption of species from the bottom layer implies that bulk
diffusion occurred in the ice during irradiation. Given the small
size of the X-ray spot (0.08 cm?) as compared to the ice surface
(~2 cm?), we exclude contribution of the bottom layer from the
ice edges.

Discussion and Conclusions

The penetration depth of X-rays allows processing of dust
particles of a few microns. A direct outcome of this effect
in X-ray experiments is the high production and release of
H, from the dissociation of ice molecules such as H>O and
CH3OH (12), which should contribute to the H> abundances
observed in disks around young stars (26). Several other species
were identified in circumstellar disks; these include H2O, CO,
CO,, HCO', H,CO, HCOOH, CyH, C2Ha, C3Ha, CN, HCN,
CH;CN, HC3N, NoH™, SO, SO», and CS (27-34).

It was proposed that CO is locked in ice mantles below 30 K,
where it can form CH3OH, CO,, and/or hydrocarbons (35).
H>CO in the gas was related to a formation by hydrogenation
of CO in the dust to match the disk observations (36). The
detection of methanol in the cold gas of protoplanetary disks is

Ciaravella et al.

considered a product of ice chemistry (37). The identification
of CH3OH and other complex species in FUors (FU Orionis
stars) protostars (38) strongly support the role of ices in the
synthesis of COMs in space. The protoplanetary disk of young
Herbig Ae star HD 163296 presents a much lower methanol-to-
formaldehyde ratio compared to the Class II disk of T Tauri star
TW Hya. Among other possibilities, this could be attributed to
differences in the stellar irradiation, uncertainties in the grain
surface formation, and desorption efficiencies of CH3OH and
H>CO (39).

In this work, we have experimentally simulated a realisti-
cally stratified ice mantle surrounding dust grains by making
a double layer ice in which a mixture of HoO:CH4:NH3 was
covered by a second mixture of CO:CH3OH (Fig. 4). Such
an ice was irradiated with soft X-rays of energy spectrum in
the range 250 eV to 1,250 eV. In the experiments, CH3OH is
rapidly converted to new species, with HoCO, HCO, and CO
being the most abundant ones. Photodesorption of CH3;OH
was negligible, while a fraction of the new species was found
to desorb during the X-ray irradiation at 11 K. A similar
experiment using the isotopologues **CH,4 and **NH; demon-
strated that photodesorption is not a surface phenomenon
only. Indeed, during the irradiation ion current of mass-to-
charge ratio corresponding to CO, HCO, H>CO, and COa,
all have contributions from bottom layer species that found
their way to the surface of the ice. The obtained results can
explain the nondetection of methanol in the gas toward disk
regions exposed to radiation and, meanwhile, the presence of
CO, HCO, and H2CO. Other hydrogenated species like H2O,
CH4, and NH3 present in the first accreted ice layer are effi-
ciently processed as well by X-rays, but their products are to
a much lesser extent ejected to the gas. In this experiment,
desorption of species from the bottom layer is detected, imply-
ing that bulk diffusion occurred during X-ray irradiation. Bulk
diffusion is highly relevant for the formation of complex species
in ice mantles, and has received attention both theoretically
(40, 41) and experimentally (42, 43). A detailed analysis of
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Fig. 3. (Top) Mass spectra of m/z =31 with (orange) and without (black)
isotopologues. From the fourth irradiation step, the desorption of H}*CO is
detected. (Bottom) Comparison of m/z =30 (H,CO) and m/z = 31 (H;3CO) in
the experiments without and with isotopologues.
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Fig. 4. Sketch of the bilayer ice experiment. (Left) The bottom H,0:CH4:NH3 (2:1:1) mixture covered by a layer of CO:CH3OH (3:1). (Right) X-ray irradiation
of the ice induces a very fast destruction of CH3OH, leading to the formation of new species rather than its photodesorption. During the irradiation,
a negligible desorption of CH3O0H has been detected, while CO and products such as HCO, H,CO, and CO, show the most intense desorption signals.

Desorption from the bottom layer species was also detected.

the bulk diffusion in the present experiments is beyond the
scope of this work, and we defer a detailed analysis to a
dedicated paper.

In summary, the absence or low abundance of complex species
from the cold gas in protoplanetary disks, and the presence of
abundant CO, HCO, and H>CO and negligible CHsOH is com-
patible with the X-ray processing of realistic ice mantles in the
disks around young stars. Moreover, the experimental simula-
tions are also compatible with low abundances of other COMs in
the cold parts of the disk, since they are formed in the ice bulk
but are not ejected into the gas phase.

Methods

The experiments were performed with the Interstellar Energetic-Process Sys-
tem (44) ultra-high vacuum chamber at a base pressure of <5 x 10~'" mbar.
The chamber is equipped with a Quadrupole Mass Spectrometer (QMS) and
a midinfrared spectrometer. This setup was connected to the BLO8B soft
X-ray beamline at National Synchrotron Radiation Research Center (NSRRC,
Taiwan), providing a flux of 7.6 x 10'* photons per s covering the energy
range 250 eV to 1,250 eV. The ice was made of a H,O:CHg4:NH3 (2:1:1) mix-
ture covered by a top layer of CO:CH3OH (3:1) mixture deposited onto a CaF,
substrate at 12 K, which allowed infrared spectroscopy of the ice samples
in transmittance. H,0 is from Merck, LC MS (liquid chromatography-mass
spectrometry) grade; CH, is from Matheson TRI- GAS 99.999%, NH3 is from
Specialty Gases of America, 99.99%; CO is from Cingfong Gas Industrial,
purity 99.99%; and CH3OH is from Merck, 99.9%. A similar experiment with
a bottom layer made of H,0:'*CH,:"°NH; was also performed. The *CH, is
from Specialty Gases of America, '>C atom 99%; and ">NH; is from Cam-
bridge Isotope Laboratories, Inc., 98% atom 5N. The QMS was used for
monitoring the gas-phase components in the chamber during deposition
and the desorbing molecules during irradiation. The ice samples were irra-
diated in nine steps (2, 3, 5, 10, 10, 10, 20, 30, and 30 min) for a total of
120 min. At the end of each step, infrared spectra were collected. The ice
column density was computed as the sum of bottom Nuyo + Newy + Npg
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and top Nco + Ncuzon layers from integration of the bands using the
expression
1

N=—
A Jband

T,dv, [1]

where N is the column density in molecules per square centimeter, 7, is the
optical depth of the band, dv is the wavenumber differential in per centime-
ter, and A is the band strength in centimeters per molecule. The integrated
absorbance is 0.43 x 7, where 7 is the integrated optical depth of the band.
In the ice sample without isotopologues, the bottom (NHZO + New, + NNH3)
and the top (Nco +NCH30H) layers were 1,646 and 725 ML, respectively. In
the ice sample with isotopologues, the bottom (NHZO -i-N13CH4 +N15NH3)
and the top (Nco + NCH3OH) layers were 1,725 and 775 ML, respectively. The

column density of H,0 was computed from the band at 3,280 cm~' and a
band strength of 2.0 x 10~ "% cm per molecule (45). The band at 1,304 cm ™'
and a band strength of 8.0 x 10~'® cm per molecule were used for Nen,

—1

(46). Ammonia Nnugy was computed using the feature at 1,112 cm ™' and a
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Data of this work are available at Harvard Dataverse (DOI: 10.7910/DVN/
TMBG6AF).
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