N

N

Vacuum Ultraviolet Photodesorption and
Photofragmentation of Formaldehyde-Containing Ices
Géraldine Féraud, Mathieu Bertin, Claire Romanzin, Rémi Dupuy, Franck Le
Petit, Evelyne Roueff, Laurent Philippe, Xavier Michaut, Pascal Jeseck,

Jean-Hugues Fillion

» To cite this version:

Géraldine Féraud, Mathieu Bertin, Claire Romanzin, Rémi Dupuy, Franck Le Petit, et al.. Vacuum Ul-
traviolet Photodesorption and Photofragmentation of Formaldehyde-Containing Ices. ACS Earth and
Space Chemistry, 2019, 3 (7), pp.1135-1150. 10.1021/acsearthspacechem.9b00057 . hal-02136048

HAL Id: hal-02136048
https://hal.science/hal-02136048

Submitted on 21 May 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02136048
https://hal.archives-ouvertes.fr

Vacuum ultraviolet photodesorption and
photofragmentation of
formaldehyde-containing ices

Géraldine Féraud *T Mathieu Bertin, ! Claire Romanzin # Rémi Dupuy,T Franck Le
Petit,” Evelyne Roueff,! Laurent Philippe, Xavier Michaut,’ Pascal Jeseck, and
Jean-Hugues Fillion'

tSorbonne Université, Observatoire de Paris, Université PSL, CNRS, LERMA, F-75005,
Paris, France

T Laboratoire de Chimie Physique, CNRS, Université Paris-Sud, Université Paris-Saclay,
91405, Orsay, France

E-mail: geraldine.feraud@sorbonne-universite.fr

Accepted May 3, 2019 in ACS Earth
and Space Chemistry, Special Issue:
Complex Organic Molecules (COMs) in
Star-Forming Regions

Abstract

Non-thermal desorption from icy grains con-
taining HoCO has been invoked to explain the
observed HoCO gas phase abundances in Pro-
toPlanetary Disks (PPDs) and Photon Dom-
inated Regions (PDRs). Photodesorption is
thought to play a key role, however no abso-
lute measurement of the photodesorption from
H5CO ices were performed up to now, so that a
default value is used in the current astrophys-
ical models. As photodesorption yields differ
from one molecule to the other, it is crucial
to experimentally investigate photodesorption
from H,CO ices.

We measured absolute wavelength-resolved
photodesorption yields from pure HyCO ices,
HyCO on top of a CO ice (H,CO/CO), and
HyCO mixed with CO ice (HoCO:CO) irradi-
ated in the Vacuum UltraViolet (VUV) range
(7-13.6 eV). Photodesorption from a pure HyCO
ice releases HoCO in the gas phase, but also

fragments, such as CO and H;. Energy-
resolved photodesorption spectra, coupled with
InfraRed (IR) and Temperature Programmed
Desorption (TPD) diagnostics, showed the im-
portant role played by photodissociation and al-
lowed to discuss photodesorption mechanisms.
For the release of H,CO in the gas phase, they
include Desorption Induced by Electronic Tran-
sitions (DIET), indirect DIET through CO-
induced desorption of HoCO and photochemical
desorption.

We found that H,;CO photodesorbs with
an average efficiency of ~ 4 — 10 x 107*
molecule/photon, in various astrophysical en-
vironments. HyCO and CO photodesorption
yields and photodesorption mechanisms, in-
volving photofragmentation of H,CO, can be
implemented in astrochemical codes. The ef-
fects of photodesorption on gas/solid abun-
dances of H,CO and all linked species from CO
to Complex Organic Molecules (COMs), and on
the HoCO snowline location, are now on the
verge of being unravelled.
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1 Introduction

Formaldehyde (H,CO) is an organic molecule
that was detected in the interstellar medium
in 1969.! It has been observed in several en-
vironments, such as Young Stellar Objects,??
PDRs (e.g. Refs 4-6), protostellar cores,” pro-
toplanetary disks (e.g. Ref. 8) and comets (e.g.
Refs 9,10). It has been studied as a poten-
tial probe of planet formation in protoplane-
tary disks (PPDs),! and it is even used in cos-
mology as an extinction-free tracer of star for-
mation across the epoch of Galaxy evolution. 2
Its protonated form, HoCOH™, detected for the
first time in Sgr B2 and several hot cores,!3
has been recently observed in a cold prestellar
core.' In the coma of several comets, its abun-
dance has been found at the percent level rela-
tive to HyO (e.g. Refs 9,15), and its polymer-
ized form, polyoxymethylene (POM), has also
been detected.!®!” In the solid phase, HoCO
is a likely identified species towards protostars,
with the observation of a very weak IR absorp-
tion feature at 3.47 um (C-H stretch),'® and of
a stronger one at 5.83 pum (C-O stretch band),
which is blended with a water band.!®2? The
derived abundances are ~ 2 — 7% relative to
H,O ice, which gives HoCO/CH3O0H ice ratios
of 0.09 to 0.51 in high-mass young stellar ob-
jects. 19202224 Towards the massive star W33,
H,CO has been detected both in the solid phase
and in the gas phase, with a gas/ice ratio of
3 %.2

The origin of interstellar HoCO appears to
be manifold as it can be formed both on
grains®?>?% and in the gas phase. This is differ-
ent from CH3OH, whose formation in the gas
phase is considered inefficient,?” 2 even if it
could be at play in stellar outflows or in shocked
circumstellar regions.?® On grains, HyCO for-
mation depends on the competition between H
addition and desorption (e.g. Refs 30,31). The

location of HoCO in the icy mantles of the in-
terstellar grains changes with many parameters
such as time, temperature of the grain, ng /nco
gas phase abundance, grain porosity,3?3? and as
a consequence it evolves with the processing of
the interstellar ice. It could be in the upper
layers of the ice, together with CO, CO, and
CH30H, or it could also be buried deeper in
the ice, possibly with HyO (Refs 22,32 and ref-
erences therein).

Laboratory studies have given a wealth of
information regarding the formation of solid
H,CO from various ices, using different pro-
cesses: (i) by the hydrogenation of CO ices3* 36
which has been recently revisited®® (ii) by pro-
cessing of CH30H ices either by ion irradia-
tion,3” by UV photons?® or by soft X-ray pho-
tons®® (iii) by processing of HyO:CO ice mix-
tures, either by UV photons!®, by protons®
or by electrons.*! Some experiments also un-
ravelled the evolution of solid phase H,CO un-
der specific conditions, for example by reac-
tions with oxygen atoms (leading to CO,),%? or
by VUV irradiation.**%* VUV-lamp irradiation
of pure HyCO ices or of HyCO-containing ices
showed the formation of many products within
the ice, showing the richness and the complexity
of photochemistry in the solid phase,**** even
for a small organic molecule such as HyCO.

It has been proposed that hydrogenation
of HyCO forms CH30OH, so that H,CO and
CH30H are both of interest as precursors of
larger organic molecules, the so-called Complex
Organic Molecules (COMs) (e.g. Ref. 45). Un-
derstanding the formation of COMs is the ob-
jective of several experiments*+4647 and of sev-
eral models, including grain surface reactions
or possibly gas-phase reactions,*®* 2 but the re-
cent observation of COMs in the gas phase in
pre-stellar cores, which are cold environments,
was quite puzzling.®35® Their presence could be
explained by non-thermal desorption, however
the nature of the desorption mechanisms still
has to be unravelled, with a joint experimental
and modelling effort.

Non-thermal desorption from icy grain sur-
faces includes chemical desorption (also called
reactive desorption, that is a chemical reac-
tion at the surface of the ice forming a prod-



uct that could desorb if exothermicity is suf-
ficient),30°¢ desorption by cosmic rays,®” des-
orption by shock sputtering,® photodesorption
by UV (6-13.6 eV) primary photons or by sec-
ondary photons from cosmic rays and photo-
chemical desorption (where photoproducts at
the surface of the ice react and desorb).5%60
We can also add photodesorption by soft X-
ray photons which has recently been experi-
mentally explored and suggested to be impor-
tant in PPDs.%! UV photodesorption from ices
has been proposed to play a key role in the
gas-to-ice balance in various environments such
as PDR, PPDs and protostellar envelopes (eg
Ref. 62), and also in the determination of snow-
lines. 63

If one considers that HyCO is a precursor
of COMs, it is of prime importance to under-
stand its photochemistry and the gas-grain ex-
changes it is involved in, as it could impact
the formation and evolution of COMs. Even
for a small molecule like HyCO, gas-grain in-
teractions are complex, and the gas-to-ice ratio
results from the competition between thermal
desorption, non-thermal desorption and freeze-
out/processing of dust grains. It is crucial
to understand in particular to which extent
H,;CO can photodesorb as intact or dissociated
in photofragments.

UV photodesorption of H,CO has been called
upon to explain molecular abundances and spa-
tial distribution in PDR*%* and in PPDs.% 67
There is a large number of astrochemical mod-
els that include HoCO photodesorption, >64:68-72
but an arbitrary HoCO photodesorption yield of
1073 molecules/photon is often considered, due
to the absence of experimental data. However
knowledge of photodesorption yields is crucial,
as its variations, for the formaldehyde molecule,
could increase gas phase abundances by up
to several orders of magnitude in some envi-
ronments,® together with changes in the solid-
phase chemistry. "™ It is clear that photodes-
orption yields from pure ices do vary on orders
of magnitude from one molecule to the other,
for example it is ~ 1072 molecules/photon
for CO™ and ~ 107° molecules/photon for
CH3O0H.™7" Photodesorption has been well
studied for diatomics (CO,™" Ny, "™ NO),™

but is much less known for larger molecules,
and especially for organic molecules. Besides,
photodesorption of a given molecule also varies
with ice composition.

Whereas several experimental works focus on
the photochemistry of HyCO-containing ices,
which is bulk sensitive, despite a clear need
none studied the interaction between H,CO
ices and gas, which essentially involves the sur-
face of the ice. To our knowledge, measure-
ments of the photodesorption of HyCO in the
gas phase were performed from ices contain-
ing H,CO as a photoproduct of the irradia-
tion of pure methanol ices, ™™ ethanol ices, or
H,0:CH, ice mixtures,® but never from ices
grown from HyCO, so that the amount of HyCO
in these ices is not well controlled.

We present wavelength-resolved and quanti-
fied data on the photodesorption of HyCO and
of CO and H, fragments from model ices :
pure H,CO ice, HoCO on top of a CO ice
(H,CO/CO), and HyCO mixed with CO ice
(HoCO:CO). Absolute photodesorption yields
for each desorbing species, HoCO, CO and H,,
are derived for each ice. Based on the results
obtained from the pure HoCO ice and the ones
containing HoCO and CO, we explore possi-
ble photodesorption mechanisms. Average pho-
todesorption yields and branching ratios are
deduced in various astrophysical environments
(InterStellar Radiation Field ISRF, PDR at dif-
ferent extinctions, dense cores and PPDs). We
discuss the possible effects of the photodesorp-
tion of HoCO and of CO fragments in dense
cores, PDR and PPDs.

2 Experiment

The SPICES (Surface Processes & ICES) set-
up, described in Doronin et al.®°, was used for
these experiments. It consists of an ultra-high
vacuum (UHV) chamber with a base pressure
of typically 1071 mbar, within which a poly-
crystalline gold surface is mounted on a ro-
tatable cold head that can be cooled down to
~ 10 K using a closed cycle helium cryostat.
Several diagnostics are possible in this set-up :
detection of photodesorbing neutral molecules



in the gas phase through mass-spectrometry
with a quadrupole mass spectrometer (QMS,
from Balzers), IR spectroscopy of the ice with
Reflection Absorption InfraRed Spectroscopy
(RAIRS), and temperature programmed des-
orption (TPD) of the ice with the same QMS
as used for photodesorption measurements.
Ices are dosed by exposing the cold surface
(10 K) to a partial pressure of gas using a
tube positioned a few millimeters in front of
the surface, allowing rapid growth without in-
creasing the chamber pressure to more than a
few 1072 mBar. In this set of experiments, dif-
ferent ices were grown : pure HoCO ices, lay-
ered ices where HyCO is deposited on a CO ice
(H,CO/CO)* and mixed HyCO:CO ices, where
H,CO and CO gases are mixed prior to deposi-
tion. Ice thicknesses are based on those mea-
sured from CO (Air liquide, >99.9% purity)
ices, that are controlled with a precision bet-
ter than 1 monolayer (ML) via a calibration us-
ing TPD, as detailed in Doronin et al.®°. Con-
densing a pure H,CO ice is not easy. Several
tests have been performed in order to obtain
the purest possible ice, and the following was
performed (note that other techniques exist).
First, solid paraformaldehyde, a (OCH,),, mul-
timer of formaldehyde, was pumped with pri-
mary pumps at room temperature for several
hours. Then, its temperature was gradually in-
creased up to 60 °C with a water bath. Ad-
ditional turbomolecular pumping is performed
before the introduction of gas phase H,CO to
ensure the elimination of remaining water. This
purified HoCO in the gas phase was then re-
leased in the injection circuit and condensed on
the cold substrate. The purity was checked with
mass spectrometry and with IR spectroscopy of
the pristine ice, with the RAIRS technique (a
gold surface has been chosen for its good re-
flectance properties in the IR, so that RAIRS
spectroscopy could be performed). A typical
IR spectrum is shown in Fig.1. It confirms that

“We have grown three different ices, in the following
order : (1) 0.4 ML of HCO on CO, (2) 1.1 ML of H,CO
on CO, and (3) 2.6 ML of H,CO on CO; to obtain the
second ice, we added 0.7 ML of H,CO on the first one,
and to obtain the third one, we added 1.5 ML to the
second one

H5CO is the main component of the ice, with no
H50O or polymer contribution. Different HyCO
vibrational bands are labelled in the figure.®!
For each new ice deposition, fresh H,CO in the
gas phase was expanded in the injection circuit.

The chamber was coupled to the undulator-
based DESIRS beamline®? at the SOLEIL syn-
chrotron facility, which provides monochro-
matic, tunable VUV light for irradiation of our
ice samples. The coupling is window-free to
prevent cut-off of the higher energy photons.
The size of the VUV beam on the gold sur-
face is ~ 0.7 cm?.™ To acquire photodesorp-
tion spectra, the narrow bandwith (~ 25 meV)
output of a grating monochromator is contin-
uously scanned between 7 and 13.6 eV. Higher
harmonics of the undulator are suppressed us-
ing a Kr gas filter. The experimental proce-
dure is the following : we deposit an ice, record
an IR spectrum to check its purity, irradiate it
with VUV from 7 to 13.6 ¢V and record the
photodesorption signal as a function of energy.
The photodesorption of molecules in the gas
phase following VUV irradiation of the ices is
monitored by means of the QMS. Each 25 meV
photon energy step lasts about 5 s, which is
sufficiently higher than the dwell time of the
QMS (0.5 s). Typical photon fluxes, as mea-
sured with a calibrated AXUV photodiode, de-
pend on the photon energy and vary between
1.3x 10" photons cm™2 s~! at 7 eV and 5 x 10'2
photons ecm™2 s7! at 10.5 eV. A typical energy
scan from 7 to 13.6 eV thus lasts around 20 min-
utes, which corresponds to a fluence of ~ 10'¢
photons cm™2. In the following, a ’fresh’ ice
refers to an ice that has just been deposited. We
also performed several VUV irradiations on the
same ice, further qualified as ’aged’. IR spectra
after VUV irradiations are recorded and at the
end, the ice and its photoproducts are released
in the gas phase through TPD.

The conversion from the QMS signal to the
absolute photodesorption efficiency, in molecule
per incident photon, has been described in de-
tail in Dupuy et al.”™. It is based on the
knowledge of the absolute VUV photon flux,
the apparatus function of the QMS, the 70 eV
electron-impact ionization cross sections and
comparative measurements to well-known pho-



todesorption yields measured in the same ex-
perimental conditions. Due to an uncertainty in
the photon flux measurement between 9.5 and
10.5 eV, the shape of the photodesorption spec-
trum has to be taken with caution in this region
(see Supporting Information). In the electron-
impact ionization process, HoCO gives HoCO™,
but also HCO' and CO™. So any signal mea-
sured on the HCO* and on the CO™ channels
is corrected from this cracking. For all the de-
tected species, electron-impact ionization cross-
sections® 8% were used to obtain absolute pho-
todesorption yields. We should note that in the
particular case of Hy, the apparatus function
of the QMS is not known well and the partial
electron-impact ionization cross-section of Hj
from H,CO™ seems unknown, so that photodes-
orption yields of Hy from HyCO are indicative
values, from which not too many conclusions
can be drawn.
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Figure 1: RAIRS spectrum of a 15 ML

thick HoCO ice (baseline subtracted). Vibra-
tional modes are assigned according to Truong
et al.?¢.  y(CH) are stretching vibrational
modes (either symetric (s) or asymetric (a)).
w(CH,y), p(CHy) and 6(C'Hy) are wagging,
rocking and scissoring modes of the CHy group
respectively.

3 Results

3.1 Pure H,CO ices

3.1.1 Photodesorption spectra of fresh
H>CO ices

12—””””””' —
104 HCO }'_

84 | L
6 I “‘ B

Photodesorption yield
(x10™ molecule/photon)

12
10] €O

Photodesorption yield
(x10”* molecule/photon)

Photodesorption yield
(x10® molecule/photon)

Energy (eV)

Figure 2: Absolute photodesorption spectra of
a 15 ML thick fresh HyCO ice on gold at 10 K
between 7 and 13.6 eV, recorded on the H,CO
mass (m/z 30, upper panel) and the CO mass
(m/z 28, middle panel). The photodesorption
spectrum recorded on the Hy mass (m/z 2,
lower panel) gives indicative yields (see Experi-
ment). Note that the vertical scale on the upper
panel is ten times lower than that in the other
two panels. Spectra are averaged on three en-
ergy scans. Smoothed data (adjacent-averaging
on 40 points) are represented by a bold black
line.

First of all, we recorded photodesorption
spectra of an as-deposited HoCO ice (Fig.2).
Several molecules were detected in the gas
phase following VUV irradiation : the parent
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Figure 3: Comparison between the HoCO pho-
todesorption spectra of a 15 ML thick H,CO ice
(upper panel; same as Fig. 2) and HyCO gas
phase absorption spectrum from Gentieu and
Mentall®" (lower panel). The first ionization
potential (1st IP) of gaseous HoCO is indicated
with a vertical line (10.88 eV®8).

molecule, H,CO, and fragments, CO and Hs.
No signal of HCO photodesorption from Ho,CO
ices was detected. Indeed, whereas a HCO
signal was measured, once corrected from the
cracking pattern of HoCO by the electron im-
pact ionization, the signal on the HCO channel
is dominated by noise. We estimated an upper
limit of HCO photodesorption at ~ 5 x 107%
molecule/photon, assuming the ionization cross
section of HCO to be the same as that of HyCO.
The fact that HoCO molecules are photodesorb-
ing is noticeable. The photodesorption yield of
H,CO is around 5 x 10~* molecule/photon. Be-
sides, the detection of CO and H, fragments
is an important result and shows that VUV
photons photodissociate a part of HyCO ice in
CO and in Hy, and that the CO fragments can
desorb efficiently. The CO photodesorption in-
tensities, from 1073 to 102 molecule/photon,
are indeed higher than those measured on the
H,CO channel.

The HyCO photodesorption  spectrum
presents two broad structures around 7.2 and
9.2 eV, and a continuous increase above 10 eV.
Comparing the parent photodesorption spec-
trum with solid phase absorption usually gives
useful insights for the interpretation of the pho-
todesorption spectrum, as the absorption is the

first step eventually leading to photodesorption.
Due to the lack of VUV absorption spectrum of
solid H,CO, the Hy,CO photodesorption spec-
trum can only be discussed in the light of the
H,CO gas phase absorption. Figure 3 presents
the VUV absorption spectrum of HyCO in the
gas phase obtained with the monochromatized
output of Hydrogen or Helium lamps (resolu-
tion 1A) from Gentieu and Mentall®”, and the
reproduction of HoCO photodesorption spec-
trum from Fig. 2 for comparison. In the gas
phase, there is a first electronic state (n,mx)
that shows a very weak UV absorption between
240 and 360 nm (3.4-5.2 €V, not shown). The
highly-structured HoCO spectrum between 115
and 160 nm (7.7-10.8 eV) consists of predissoci-
ated Rydberg series (eg Ref. 89). These series
are formed via excitation from the (2bs) non-
bonding orbital, and are accompanied by little
vibrational excitation of the ionic core. On
the contrary, Rydberg states in the 12-14 eV
region enhance the production of vibrationally
excited ions i.e. there could be autoionization
from these Rydberg states,®¥ ! and a strong
and large resonance is seen in the gas phase
spectrum (Fig. 3). Gas phase studies in the
VUV show that when exciting H,CO at 13 eV,
the production of ions is favored relatively to
that of neutrals and H,CO™ is the major ion
detected, HCO™ being much smaller.%?

The fact that the electronic states of HoCO
in the gas phase are predissociative, the large
width of the features observed in the photodes-
orption spectrum (Figure 2), and the obser-
vation of photodesorbing fragments point to
the dissociative nature of the electronic states
of solid HyCO. Another finding is that pho-
todesorption yields lie in the 4 — 8 x 10~*
molecule/photon in the 7-13.6 eV range, and in-
crease slightly and continuuously above 10 eV,
which is expected to correspond more or less to
the ionization energy (the ionization energy of
solid HoCO is not known, but is expected about
1 eV below the gas phase value of 10.88 eV).%8
Besides, it seems that no sign of an autoion-
ized state (which is at around 13 €V in the gas
phase) is observed in the photodesorption spec-
trum, so that autoionization is not correlated to
the photodesorption of neutral molecules. Pos-



sible causes include a very short lifetime in the
solid phase and/or an electronic transition that
does not lead to desorption of neutral HyCO or
of CO fragments. Regarding the possible pho-
todesorption of ions, one has to keep in mind
that ions in the solid phase are more bound
than neutrals for polar ices, and that the elec-
tron takes the major part of the energy in the
ionization process, so that the photodesorption
of ions requires more energy than the ionization
energy.”® Yet, desorption mechanisms when en-
ergies are higher than the ionization energy are
poorly known. The detection of photodesorb-
ing ions is not optimized for this version of the
SPICES set-up, and no attempt to detect ions
was performed.

CO and H, photodesorption spectra from
fresh HoCO ice show a different shape than
the HoCO photodesorption spectrum (Fig. 2).
The Hy spectrum presents an increase up to 9.5
eV, and then it remains at a constant yield of
4 x 1073 molecule/photon. However, there is a
strong uncertainty on the absolute intensity and
on the shape of Hy photodesorption spectrum.
This is due to the correction of the Hy photodes-
orption measurement by a strong baseline com-
ing from the residual vacuum. Finally, the CO
photodesorption spectrum from pure HyCO ices
does not look like the photodesorption spec-
trum from pure CO ices. Indeed, no structures
are seen, but only a strong increase with the
photon energy, from 1 x 1073 molecule/photon
at 7 eV to 9 x 1073 molecule/photon at 13.6
eV (Fig. 2) whereas the CO photodesorption
spectrum from pure CO ices is null at 7 eV and
between 9.5 and 10.5 eV, and show characteris-
tic peaks between 8 and 9 eV (it is reproduced
from Dupuy et al.™ in Figure 6). CO desorp-
tion here thus proceeds through HyCO excita-
tion. Possible photodesorption mechanisms of
H>CO and of CO will be further developped in
the discussion.

Ice modifications with VUV flu-
ence (ice ageing): bulk and sur-
face diagnostics through Infrared
spectoscopy, TPD, and photodes-
orption spectra

3.1.2

In this subsection, the results obtained when ir-
radiating an ice that was already irradiated (ie
an ’aged’ ice) are described. The study of ice
modifications could be performed both by prob-
ing the bulk of the ice, with IR spectroscopy
and TPD, and the surface of the ice through
repeated photodesorption spectra on the same
ice.

IR spectra and Temperature Programmed
Desorption give interesting results on the for-
mation of photoproducts in the bulk of the ice.
The comparison between IR spectra of a pris-
tine ice and of an ice which received 3 x 106
photons cm~2 is presented in Figure 4. The
diminution of HoCO is clearly seen in the 1400
1900 cm™! and in the 2800-3100 cm™! region.
As the IR light illuminates the whole ice area
(1 cm?), but the VUV irradiates only 70%, this
has to be taken into account in the analysis
of IR spectra. We can estimate that approxi-
mately 2.4 ML of H,CO was removed assuming
a constant oscillator strength with the fluence.
Given the initial thickness of 15 ML, this gives
~ 20 % of removal of H,CO at this fluence. The
formation of CO and COs in the ice was also
evidenced with IR spectroscopy, by the appear-
ance of characteristic bands at 2138 cm™! and
2341 cm ™!, respectively (Figure 4). The detec-
tion of HCO fragments in the ice with IR spec-
troscopy is not conclusive in our experiments
(signal to noise ratio too low).

Figure 4 also shows the TPD of the same ir-
radiated ice, which received a total fluence of
3 x 10'6 photons cm~2. Together with the ther-
mal desorption of HyCO, desorption of the pho-
toproducts Hy and CO was observed. The sig-
nal measured on CO is corrected from the crack-
ing of H,CO. HyCO desorbs around 105 K, and
the co-desorption of CO and H, together with
H>CO at this temperature is also noticed. CO
also desorbs at lower temperature, at ~ 40 K,
which is larger than its desorption temperature
from pure CO ices. That could be due to its dif-
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Figure 4: Diagnostics of the ice modifications within VUV irradiation of a H,CO ice which received
a fluence of 3 x 10'® photons cm™2. (a)-(c) RAIRS spectra of an HyCO ice before VUV irradiation

(black line) and after irradiation (red line).

A baseline has been subtracted. Three different

spectral regions are represented. In the 1400-1900 cm™! region (a) and 2700-3100 cm™* region (c),
decreasing of HyCO bands is seen. In the 21002400 cm™* region (b), there is formation of several
photoproducts : CO (2138 cm™!) and CO, (2341 cm™!). (d) Temperature programmed desorption
(TPD) after irradiation, measured on HyCO, CO and Hy masses. The signal on the CO mass is
corrected from the signal coming from the cracking of HoCO, whereas that on the Hy mass is not,
and no quantification from the latter is performed. The desorption peak of HyCO is at 105 K.

fusion in the H,CO ice, or its presence in HoCO
pores. TPD is very useful as a quantitative
technique but it may be artificially altered by
thermal activation of chemical reactions. The
amount of CO fragments in the bulk of the ir-
radiated HoCO ice is estimated at ~ 20% in
abundance from TPD measurements. The ab-
sence of higher masses rules out POM presence.

In the end, the IR spectra and TPD give com-
patible amounts for the photodissociation of
H,CO in CO, ~ 20%. The carbon and oxygen
budget is balanced in the irradiation process.
H,CO disappearance in the bulk is due to the
photodissociation of HoCO, which mainly leads
to CO formation (see Discussion). The amount
of CO and HyCO ejected in the gas phase is neg-
ligeable as compared with the amount of mate-
rial within the bulk, as it will be shown below.

As mentioned earlier, ice modifications due
to VUV irradiation are noticed not only in
bulk diagnostics, but also in the signatures of
the surface processes, through photodesorption.
Figure 5 presents photodesorption spectra for
an ice which was already irradiated (at a flu-

ence of 2 x 10' photons cm™2) so that while
recording the spectrum, the fluence varied be-
tween 2 and 3 x10'® photons cm™2. We qualify
such an ice as ’aged’, contrary to 'fresh’ ices of
Fig. 2. From this figure, it is clear that there
are changes in the intensity and shape of the
spectra, showing that the VUV irradiation pho-
toprocessed the ice. The VUV flux used here
is thus high enough to process the ice within
one energy scan. More precisely, it should be
noted that photodesorption spectra at the in-
termediary fluence (1 to 2 x10'% photons cm ™2
i.e. just between those of Figure 2 and 5) look
very much like the spectrum of the Figure 5
(see Supporting Information). Here a steady
state may be reached certainly during the sec-
ond energy scan. The fact that a steady state
was not reached during the first energy scan
in the ’fresh’ ice shows that the shape of the
Hy;CO spectrum during the first energy scan is
certainly distorted, especially at the end of the
scan. However, due to the weak HyCO signal,
it was not possible to perform measurements at
lower flux.
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Figure 5: Same as Fig. 2, but for an ice pre-
irradiated (fluence from 2 x 10'® photons cm™
at 7 eV to 3 x 10'® photons cm™2 at 13.6 eV.)
Smoothed data from the fresh’ ice of Fig. 2 are
reproduced in dashed lines.

The spectral shape of CO changes as a func-
tion of fluence (Figures 2 and 5). The bump in
the 8-9 eV region (Figure 5) could be the sig-
nature of accumulated solid CO electronic A-
X transition. This is consistent with the well-
known photodesorption signatures of CO from
CO ices (see for example Ref. 73 and Figure 6)
and with the fact that CO is present in the ice
following VUV dissociation of H,CO, as shown
by IR and TPD measurements. This is an-
other signature of the photoprocessing of the
ice. Interestingly, whereas for fresh ices (Figure
2), H,CO, CO and H, photodesorption spectra
look different, for aged ices their spectral shape
looks much alike (Figure 5).

From the VUV irradiation dose and the av-
erage photodesorption yield, it is possible to
estimate the amount of desorbed species dur-
ing one energy scan: 4 x 103 ML of H,CO
desorbed, with 4 x 1072 ML of CO and with
3 x 1072 ML of H,. This corresponds to a total
of only 7% of a ML desorbing during one en-
ergy scan, which is very small compared to the
ice thickness, accounting for only 0.5%. It is
also very small compared with the disappear-
ance of HyCO in the bulk, estimated at 20%
from IR spectra. The amount of photodesorb-
ing molecules is thus very small compared with
the amount of photoprocessed ones; the over-
all ice thickness can thus be considered as con-
stant. This implies that the decrease of the pho-
todesorption signal between a fresh and a pho-
toprocessed ice (Figures 2 and 5) cannot be re-
lated to the evolution of the ice thickness. The
loss of solid HoCO through photodissociation
followed by chemistry, together with a possi-
ble modification of the ice surface may thus be
responsible for the decrease of the H,CO pho-
todesorption signal.

3.2 H,CO on top of CO ice
(H,CO/CO)

We also studied layered HoCO/CO ices, where
HoCO was deposited on top of a CO ice.
Photodesorption spectra of HyCO/CO ices,
recorded on HyCO (a) and CO (b) masses are
presented in Fig. 6, for different quantities of
H,CO on CO, increasing from 0.4 ML to 2.6



ML, from top to bottom. For comparison, the
H,CO spectrum from a pure HyCO ice (like that
of Figure 2) and the CO spectrum from a pure
CO ice are reproduced at the bottom of the
figure.

First, let us comment on the photodesorption
spectra recorded on the HyCO channel. H,CO
photodesorption spectra show different spectral
shape and different yields for each ice (Fig. 6
a), from top to bottom). If only a thin layer
of H,CO (0.4 or 1.1 ML) is deposited on top
of CO, it seems despite the low signal-to-noise
ratio that there is a bump in the 8-9 eV region
(see Supporting Information). This could be
the signature of CO electronic excitation, trans-
ferred to surface H,CO that can desorb through
a CO-induced desorption i.e. via an indirect
DIET mechanism (see Discussion). Besides, the
H,CO signal is not null at 7 eV nor between
9.5 and 10.5 eV, where CO photodesorption is
inefficient, indicating that there is a small con-
tribution of HoCO photodesorption from HyCO
direct excitation. In the intermediate thickness
case (middle panel of Fig. 6), there are both CO
and HoCO contributions, the HyCO contribu-
tion being larger than in the 0.4 ML case, and
that of CO smaller. When 2.6 ML of H,CO
lie on CO, HyCO desorption signal resembles
the one from pure HyCO. Thus no strong ef-
fect of HyCO thickness on the photodesorption
signal is observed, for thicknesses larger than 3
ML. For thicknesses smaller than 3 ML, we see
that the HoCO photodesorption yield depends
on the ice thickness and on the ice composition
(effects of the underlying CO molecules).

Regarding CO photodesorption spectra, they
also change in intensity and in shape with the
amount of covering HoCO. When 0.4 ML of
H>CO is deposited, CO signatures are clearly
seen in the 89 eV region, and the spectrum
looks rather like that from pure CO ices. It is
interesting to see how much CO yields decrease
as soon as it is covered with more than 1 ML
of HoCO. In this case, CO desorption looks like
that from pure H,CO, that is CO comes from
photodissociated HyCO and at least does not
result from direct excitation of CO.

Previous studies have shown that photodes-
orption is a surface process (eg Ref. 94 for a
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CO ice). All the results on layered H,CO/CO
ices in this study also confirm that photodes-
orption is a surface process, mostly depending
on the first 3 monolayers composition, in this
case.

3.3 H,CO and CO mixed ice

(H,CO:CO (1:3))

Photodesorption spectra of a mixed H,CO:CO
(1:3) ice are presented in Fig. 7. Assum-
ing a homogeneous ideal mixing in the solid
phase, the surface of this ice is thus composed
of ~ 25% of HyCO and of ~ 75% of CO. Due
to signal/noise limitation, it is not possible to
comment on the shape of HoCO photodesorp-
tion spectrum. It is however possible to es-
timate if there is a CO-induced effect in the
H5CO photodesorption signal in the mixed ice.
HyCO photodesorption efficiencies between 8
and 9 eV are smaller for the mixed ice than
for the pure ice, as there is less H,CO available
at the surface. After correcting the HoCO pho-
todesorption efficiency by the dilution factor,
it is two times larger in the mixed ice than in
the pure ice, showing that there is certainly a
CO-induced desorption of HoCO in the mixed
ice.

CO photodesorption spectrum from H,CO:CO
was also recorded. It looks like that from pure
CO, except it is less intense but this is con-
sistent with the fact that there is less CO at
the surface of the mixed ice than in the thick
pure ice of Dupuy et al.”®. As for the layered
ice, these results illustrate how photodesorp-
tion depends on the ice composition and the
thickness.

4 Discussion

4.1 Photodesorption mechanisms

4.1.1 Mechanisms involved in the pho-
todesorption of H,CO and of CO
(pure H,CO ice)

First of all, we develop some aspects of H,CO
photochemistry, that are essential to the dis-
cussion of possible mechanisms involved in the
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Figure 6: Photodesorption spectra of a) HoCO and b) CO from HyCO/CO layered ices. The
different ices are drawn (not to scale) in the center of the figure. The thickness of deposited HyCO
is varied from top to bottom: 0.4 ML of H,CO, 1.1 ML and 2.6 ML of HyCO are deposited on top of
a CO ice (20 ML). Data on layered ices come from only one energy scan. For HoCO photodesorption
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represent a) HoCO photodesorption from a pure HyCO ice, and b) CO photodesorption from a 20
ML pure CO ice.” Note the different vertical scale for the pure CO ice.
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photodesorption of HoCO and of CO, for which
the excitation of HyCO in dissociative electronic
states is certainly the very first step.

Studies of the photolysis of condensed H,CO
in the VUV range have shown the existence of
these two channels: ?>%6

H,CO % HCO + H (radical channel) (7)
H,CO % CO + H, (molecular channel) (7i)

As it requires at least 3.5 eV to dissociate
H,CO in (i) and (ii) (Refs 97,98 and references
therein), VUV irradiations provide enough en-
ergy to access these channels.

Regarding the present VUV irradiation of
solid HyCO, photodesorption, TPD and IR
measurements show that CO and Hy are pho-
toproducts present in the ice. This reveals that
channel (ii) is a major channel, directly enrich-
ing the ice with CO and H,. Besides, the un-
clear detection of HCO formation in the bulk of
our ices could be due to a lack of IR sensitiv-
ity or could mean that its destruction pathways
are favored over its formation pathways. The
HCO radical can be formed from H,CO disso-
ciation through channel (i) or from the reaction
between an electronically excited CO (CO*)
and H,? (CO* + H, — HCO + H), but it
could further evolve to give back HoCO and/or
CO (through HCO + H (addition) — HCO
which could be barrier-less,? through HCO +
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H (abstraction) — CO + Hy,* through HCO
+ HCO — Hy,CO + CO which is barrier-less, 10

or through HCO 2% CO + H). In the end, the
final products of the reactions involving HCO
are CO and HyCO, the ones that we observe in
the bulk in our experimental conditions. COs
was also observed in the ice (see Results), and
it could be formed from the following reaction :
CO* + CO — COy + C.1% It is important to
keep in mind that the nature and the amount
of photoproducts present in the ice depend on
the fluence. For example, CH30H is produced
in the work of Gerakines et al.*3, for fluences
higher than 10'7 photons/cm?. In our exper-
iment, we did not see any CH3OH band, cer-
tainly due to a congestion in the IR spectrum,
but that does not preclude its presence, even if
certainly weak.

The formation of these CO and Hy photoprod-
ucts was also detected in the Hy-lamp irradia-
tion of HyCO ices.*3* In addition, more com-
plex molecules (glycolaldehyde, ethylene glycol
and the formaldehyde polymer, polyoxymethy-
lene (POM)) were also observed in Butscher
et al.*’s experiments where a higher fluence
than ours was used.

There is a competition between the reaction
of photoproducts and their desorption, if they
have enough kinetic energy and if they are lo-
cated near the surface. Based on all the experi-
mental results and on the possible photodissoci-
ation paths, the photodesorption of HoCO and
of CO fragments could occur through different
mechanisms, that are sketched in figure 8:

(a) the electronic excitation of an HyCO
molecule could lead to its direct desorption
(DIET), if it is located at the surface and if
it has not photodissociated.

(b) the excitation of a HoCO molecule or of
a CO fragment in the first three upper lay-
ers of the ice could be transferred to a surface
H>CO molecule that could consequently desorb.
This process has been named indirect DIET, %
and it could contribute to HoCO photodesorp-
tion from pure ices, once it is photoprocessed
and contains some CO fragments. Indeed, ex-
periments on HoCO/CO layered ices and on
H2CO:CO mixed ices have shown that CO-
induced desorption of H,CO is at play, so that
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Figure 8: Simplified scheme of the interplay between solid and gas phase following the irradiation
of pure H,CO ices. Molecules represented with a curved arrow above them can desorb if they are
located near the surface and if they have enough energy. Otherwise, they remain trapped in the bulk
of the ice. (s) means that the molecule is located at the surface of the ice, that is, approximately in
the first three monolayers. In the lower part of the figure are also represented five different possible
mechanisms that could lead to the photodesorption of HyCO, of CO or of Hy from a pure HyCO ice.
The release of HoCO in the gas phase includes desorption driven by electronic transitions either in
a direct (a) or indirect (b) way, and possibly photochemical desorption (d) and kick-out by H atoms
(e). CO photoproducts can desorb right after HoCO photodissociation (c), or can result from the
reaction between HCO photoproducts (d), or be induced by the excitation of CO molecules (not
shown).
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it could also contribute to H,CO photodesorp-
tion efficiency from pure HyCO ices, if enough
CO photofragments are present in the ice. As
approximately 20% of the ice is CO at a flu-
ence of 3 x 10'® photons cm~2, this mechanism
is possible.

(c) the photodesorption of CO and Hy prod-
ucts was also observed and it is an important
finding. It could happen for CO and H, if
they are located near the surface and if they
have enough energy right after H,CO dissoci-
ation, or (d) result from surface reaction pro-
cesses such as reactions between HCO photo-
products!'® or H atom abstraction of an HCO
photoproduct,3® or be induced by the excitation
of CO molecules, as the electronic excitation of
CO is probably seen in Fig. 5.

(d) photochemical desorption of H,CO could
occur, through recombination of HCO + H
photofragments (HCO directly coming from
H,CO dissociation, or from CO*+H,). Indeed
the reaction is exothermic (by 3.9 €V), so that it
releases an energy much larger than the Ho,CO
binding energy (0.324 ¢V),!%? and it could pos-
sibly lead to a photodesorption event if it occurs
near the surface. Recombination of two HCO
radicals could also produce HyCO ! that could
be released in the gas phase, together with CO
fragments.

() an H atom could kick-out a HyCO
molecule present at the surface. Such a kick-
out mechanism by H atoms has been predicted
for HyO.19 Tt is expected that the efficiency
of this mechanism decreases with the mass of
the target molecule, so as the mass of HyCO is
larger than the mass of HyO, this process will
be less favorable for HyCO ice than for HyO ice.

Therefore this set of data shows that desorp-
tion driven by electronic transitions either in
a direct or indirect way contribute to the pho-
todesorption of HyCO, possibly together with
photochemical desorption. For COy ice, the
photochemical desorption mechanism, through
recombination of CO and O, was quantitatively
measured to be 10% of the total photodesorp-
tion efficiency.®® On the contrary, for CH3OH,
the photochemical recombination CH30O + H is
proposed as a possible desorption pathway.”™
Through the present study of the photodes-
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orption of HyCO, we have hints of the pres-
ence of photochemical recombination through
the dissociative nature of electronic states and
the presence of photoproducts. However it does
not allow one to estimate the relative contribu-
tion of photochemical recombination with re-
spect to DIET or indirect DIET mechanisms,
all these mechanisms being certainly at play.

HoCO photodesorption efficiency is larger
than CH3OH:™™ H,CO photodesorption
yields from pure HyCO ices are ~ 30 — 40
times higher than CH3OH from pure CH30H
ices (Table 1). When discussing photodesorp-
tion efficiencies from one molecule to the other,
it is convenient to compare yields in molecule
per absorbed photon, and not in molecule per
incident photon (as derived here). For HyCO,
it is not possible to obtain yields in molecule
per absorbed photon, as the absorption cross
section in the solid phase is missing. As ab-
sorption cross sections of different ices differ
only by a factor 2 or 3,'% the large photodes-
orption efficiency of HoCO cannot be explained
by differences in absorption cross sections and
another parameter has to be invoked. It cannot
be the mass of HoCO and of CH30H, as they
are very similar, but it could be differences
in binding energies (larger for CH30H than
for HyCO), in vibrational degrees of freedom
(12 for CH30H versus 6 for HyCO), or in the
fragmentation of these two molecules.

In addition to the photodesorption of intact
HyCO, the fact that CO photofragments des-
orb is an important finding, and we proposed
several mechanisms leading to its photodesorp-
tion. It seems that in our experiments, CO des-
orption decreases with fluence (compare Fig. 2
and Fig. 5), that could be explained by the
consumption of CO to give HCO and HyCO
products, or by the modification of the ice sur-
face, so that in the end less molecular fragments
photodesorb. While the deposited HCO ice
is amorphous, 1% modifications of the ice struc-
ture can happen due to VUV irradiation. Pos-
sible modifications include an amorphisation or
a compactification of the HoCO ice (the latter is
observed in the irradiation of water ice).106:197



4.1.2 CO-induced desorption of H,CO
(H,CO/CO layered ices and
H,CO:CO mixed ices)

To unravel the efficiency of CO-induced des-
orption, several layered ices have been stud-
ied.767894 The characteristic signatures of CO
vibronic excitation were observed in the pho-
todesorption pattern of the molecule X above
CO. This indicates a transfer of energy from CO
molecules to the surface molecules, the indirect
DIET process.”* The maximum photodesorp-
tion yields of X species in the 8-9 eV region for
X/CO ices are : 2.5 x 1072 molecule/photon
for X=N,,™® 2 x 1073 molecule/photon for
X=CHy,™ and 3 x 10~* molecule/photon for
X=H,CO (this work). These yields vary for the
different X molecules. The efficiency of the in-
direct DIET mechanism depends on several pa-
rameters: the inter-molecular energy transfer,
the intra or inter-molecular energy relaxation
once it has been transferred, and the binding
energy of the molecule.

The comparison between Ny, and CHy yielded
interesting findings and pointed out the impor-
tant role of intra- or inter-molecular energy re-
laxation in this system (the binding energy of
the two molecules on CO should be approxi-
mately the same).” Comparison between N,
and H,CO indirect desorption also gives inter-
esting conclusions. The mass of Ny and HyCO is
approximately the same, so a simple kinetic mo-
mentum transfer between CO and Ny or H,CO
cannot explain the different efficiencies. The
binding energy of HoCO on CO (not known) is
expected to be larger than the binding energy
of Ny on CO (because HoCO has a permanent
dipole moment whereas Ny has none). A higher
binding energy of HoCO on CO could thus play
a role in the quenching of the CO-induced effi-
ciency. We also expect HyCO to relax the vibra-
tional excess energy more efficiently than No,
because of the degrees of freedom in HoCO with
respect to diatomics. However, the vibrational
degrees of freedom of HyCO (6) are smaller than
for CH4 (9), whereas HoCO desorbs less effi-
ciently than CHy through indirect DIET. All
these results on different systems show that
both energy relaxation and large binding en-
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ergies play a role on quenching the CO-induced
photodesorption.

Mixed ices containing CO and Ny or CH30H
were also studied in Bertin et al.™,®. In the
CO:N, binary ice,™ the photodesorption spec-
trum is a linear combination of that of CO
and No. In the HyCO:CO mix (Fig. 7) or
in the CH;OH:CO mix, ™ this is not the case,
as the HyCO or CH30H photodesorption spec-
trum is influenced by photochemical processes
and surface modification. As already shown
by HyCO/CO experiments, CO-induced des-
orption of HyCO is less efficient than Ny in-
direct desorption. This shows once more that
photodesorption depends on the ice composi-
tion and on the considered molecule, the main
difference between Ny on one side and HyCO
and CH30H being that the last two photodis-
sociate and have a large binding energy.

4.2 Photodesorption yields in

various astrophysical media

Average photodesorption yields Y; are reported
in Table 1, for : = H,CO and CO, from the pure
H>CO ice and from the mixed H,CO:CO ice,
for different UV radiation fields. They are de-
rived from experimental photodesorption spec-
tra (Fig. 2) and radiation fields in different in-
terstellar environments, as described in Ref. 79.
In the particular case of the mixed HyCO:CO
ice, average photodesorption yields Ypy,co are
obtained through the following :

Ymeasured
Yi,co = —25°—,
with f, the fraction of the surface of the

ice containing HyCO, which is 0.25 for the
HyCO:CO (1:3) mixed ice. These photodes-
orption yields are given in molecule per in-
cident photon, so that they can be directly
implemented in astrochemical models, wihout
any correction by the number of monolayers in-
cluded in the surface. For any molecule in the
upper three monolayer, photodesorption yields
of Table 1 can be added to models.

Average HoCO photodesorption yields are in
the same range for the different regions explored
: the Interstellar Radiation Field, PDR radia-
tion fields, secondary UV photons or a typical



Table 1: Average photodesorption yields Y; (x 10~* molecule per incident photon; i is HoCO or CO)
for pure HyCO ice and a mixed HoCO:CO ice, in various interstellar environments with radiation
fields from 7 to 13.6 eV. Average photodesorption yields of CH3OH from pure CH30H ice are also

reported. ™

Ice Photodesorbed ISRF® PDR®’ PDR’ Secondary UV ¢ Protoplanetary disk
species 1 Ay=1 Ay=5 TW Hya?
Y;(x 10~* molecule/photon)
Pure H,CO H,CO 5 4 4 4 4
CO 45 28 22 45 40
H,CO:CO (1:3) H,CO 8 61 61 61 107
CO 61 40 38 42 26
Pure CH30OH* CH3;0H 0.12 0.15
H,CO 0.07 0.12

UV fields between 7 and 13.6 €V are taken from : ¢ Mathis et al.'%; ® PDR Meudon Code
Le Petit et al. 19 (see text for details); ¢ Gredel et al.1%; ¢ Heays et al.®® (FUV observation of
TW-Hydra from France et al. ' extrapolated to a broader spectral range); ¢ Bertin et al. ™
T This average photodesorption yield is normalized to the fraction of the surface of the ice
containing HyCO f, (see text for details)

PPD spectrum. This is due to the shape of
the photodesorption spectrum (Fig. 2), which
do not vary significantly with the photon en-
ergy. However, there is an effect of the ice
composition, as HyCO photodesorption yields
vary if pure or mixed ices are considered (Ta-
ble 1). They are slightly larger when HyCO is
mixed with CO, which is an enhancement cer-
tainly due to the CO-induced photodesorption
of HyCO. Thus to model an ice whose surface
contains HoCO and CO, it is more appropriate
to use the average photodesorption yield from
the CO-containing ice than from the pure ice.
Photodesorption yields of Table 1 are valid
for HoCO present at the surface (that is in the
first 3 ML) of an ice whose total thickness is
larger than 3 ML. If one considers astrophys-
ical environments or time periods where ices
start to form on interstellar grains, only thin
ices (S 1 ML) cover the grain substrate, and
photodesorption yields could be different. In-
deed, the underlying substrate could change the
photodesorption, as a function of wavelength
and in intensity, depending on its nature. If we
consider Fe-silicates, they absorb in the VUV
range (see eg Ref. 112), so an energy transfer to
the thin ice above could be possible and change
the photodesorption yields. Besides, for these
thin ices, the presence of pores and of inhomo-
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geneities of the grain substrate can change the
adsorption of molecules and their arrangement,
which could result in different photodesorption
mechanisms and efficiencies. This was observed
for CO deposited on porous-amorphous H,O,
where pores in the H,O ice reduce the CO pho-
todesorption yield.?* It is thus probable that
the nature of the surface of interstellar grains
and their morphology affect photodesorption
if thin HyCO-containing layers of ices are in-
volved, and laboratory experiments are needed
to characterize and quantify this.

It is possible to compare the HyCO pho-
todesorption yields from pure ices with H,CO
photodesorption yields from previously studied
ices. HyCO was also observed as a photodes-
orbing fragment from CH3OH ice. ™" However,
yields are around 10~° molecule/photon (val-
ues from Bertin et al.™ are reproduced in Ta-
ble 1), which is much smaller than HoCO from
pure HoCO ices, > 4 x 10~* molecule/photon
(Fig. 5 and Table 1) i.e., HoCO photodesorp-
tion from pure HCO ices is 50 times more
efficient than from pure CH30H ices. In
addition to CH3OH ices, HoCO desorption
has been detected from ethanol or HyO:CHy
ice.% In this experiment, H,CO photodesorp-
tion yields of 6 x 10~* molecule/photon and
4.4 x 10~* molecule/photon were found, respec-



tively. These are the same values as found in
the present study, meaning that HoCO pho-
todesorption has to be taken into account both
from H,CO and from the recombination of
photofragments at the surface of interstellar
ices. In the end, all desorption channels have
to be taken into account, when possible.%*

If we consider pure HyCO or pure CH3;0H
ices, CO fragment is the major species that
desorbs. CO desorption from H,CO ices is
4.5 x 1073 molecule/photon (Table 1). This
yield is directly derived from our measurements,
so that it can be added in models, without
any photodissociation ratio correction. We also
found that CO photodesorption from HoCO ices
is only 2 times less than CO desorption from
pure CO ices .™ CO ice abundance (20% rela-
tive to HyO ice, cf Ref. 113) is larger than HoCO
ice abundance (a few percent relative to HyO
ice), but CO photodesorption from HyCO and
more generally from organic molecules could be
taken into account in models.

Pure H,CO ices constitute model ices, how-
ever astrophysical ices are much more com-
plex, and HyCO could be mixed with CO,
on a CO ice, below CO ice, or with H,O
or COy. The mixture of HyCO in a HyO-
dominated ice could for example give different
photodesorption yields and mechanisms, be-
cause of the dangling O-H bonds of surface H,O
who rapidly and efficiently evacuate excess vi-
brational energy.!''* Besides, the phase of inter-
stellar HyO, if porous/compact amorphous!!®
or crystalline, % could also influence photodes-
orption. Precisely taking into account properly
the effects of the ice composition on the pho-
todesorption of HoCO necessitates a dedicated
study. Still, from the Hy;CO:CO mixed and
H,CO/CO layered ices studied here, we see that
the abundance of H,CO in the first three mono-
layers has to be taken into account, together
with CO-induced desorption effects. Photodes-
orption yields adapted to the modelled inter-
stellar ice have to be considered.

4.2.1 Prestellar cores and PDR

H>CO in the gas phase has been observed in
dense cores and in low or high-UV flux PDR
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(e.g. Refs 5,6,64,117), and UV photodesorp-
tion has often been called upon to explain the
observations.

In dense cores, H,CO in the gas phase could
come from different processes : it could be
formed directly in the gas, or desorb from grains
through chemical desorption, cosmic-ray sput-
tering, or UV photodesorption. Chemical des-
orption is often considered in astrochemical
models,?” however little experimental data ex-
ist, so that the efficiency taken in models is
highly uncertain, especially when considering
reactions occurring on icy grains. Indeed, ex-
perimental results of Minissale et al.3%,%% have
shown that the chemical desorption process is
much less efficient on icy grains than on bare
grains, and sometimes too weak to be detected.
Whereas HoCO chemical desorption from bare
grains has important effects on gas phase abun-
dances, those changes were much smaller when
considering chemical desorption from water icy
grains.'® The competition between UV pho-
todesorption efficiency of HoCO and chemical
desorption efficiency on icy grains can now be
modelled.

During the formation of interstellar ices in the
early phases of core contraction, UV photodes-
orption plays an important role, as shown by
Kalvans 9. At this early phase, the ISRF can
still penetrate the cloud, so that photodesorp-
tion mostly governs the onset of ice accumula-
tion onto grains. Later on, whereas the I[SRF
is shielded, there are nonetheless UV photons
emitted by Hy excited by cosmic rays (called
secondary UV photons). HyCO average pho-
todesorption yields from secondary UV pho-
tons in the dense cores are the same as from

the ISRF (Table 1). The secondary UV flux
in dense cores is 10* photons cm=2 s=1.120 [f
we consider the beginning of HoCO ice forma-
tion at 1000 years,? and a dense cloud lifetime
of 10% years, this gives a fluence of 3 x 104
to 3 x 10'7 photons cm™2. In our experiments
the fluence was at most 3 x 10'® photons cm—2,
which is thus representative of that in dense
clouds, except in the last 10°-10% years of the
core. These yields could thus be implemented
in models, and their effects on dense cores at

various time explored.



In low-UV illuminated PDR, nonthermal des-
orption from HyCO-containing icy grains is
necessary to reproduce the observed abun-
dances,?% and photodesorption was considered
to be a very good candidate. As the effects
of VUV radiation on the photodesorption of
H5CO ices were not known, these authors con-
sidered two different pathways: the first one
is the release of HoCO in the gas phase with
a yield of 5 x 10~* molecule per photon, and
the second one is the photodissociation and re-
lease of HCO and H fragments, with a yield of
5x10~% molecule per photon. Our experimental
work reveals that different yields and pathways
have to be considered (Table 1): the HyCO
photodesorption yield is 4 — 6 x 10~ molecule
per photon, the HCO + H path was not ob-
served; whereas the CO + Hy was the most ef-
ficient path giving 22 — 28 x 10=% CO molecule
per photon. Taking these findings into account
could result in different gas phase abundances
of HyCO and related molecules.

In order to study the effect of the radiation
field on the photodesorption efficiency, radia-
tion fields at different extinctions were gener-
ated with the Meudon PDR code,'* at Ay —1
and Ay=5. Low-flux PDR conditions corre-
sponding to the Horsehead PDR were consid-
ered, with an incident field of 80 times that of
Mathis et al.'® and a density profile as de-
scribed in Guzmén et al.®. Ay=1 is the clos-
est to the star, whereas Ay =5 is further in the
PDR. We assume that H,CO ice could start to
form at Ay =1, like CH;0H ice.” When going
further in the PDR, the high-energy part of the
spectrum is strongly attenuated. Despite the
spectral differences at Ay =1 and Ay =5, aver-
age photodesorption yields are approximately
the same from an extinction to the other mainly
because photodesorption spectra do not vary
significantly with the photon energy. As a con-
sequence, for HoCO, a single photodesorption
yield can be used at all extinctions. HoCO pho-
todesorption rates should thus match the di-
minishing photon flux in the cloud. One should
keep in mind that in PDR, UV photon fluxes
vary strongly: if we consider a flux of 2 x 10!°
photons cm ™2 s7! at the edge of the PDR, it will

decrease down to 2 x 10? photons cm™2 s™! at
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Ay =5 (considering only dust extinction). The
fluence over the whole PDR lifetime (5 x 10°
years) 12! thus varies from 3 x 10?3 photons cm ™2
at the edge of the PDR to 3 x 10'® photons cm 2
at Ay=5 and at 12 eV. As a consequence, ices in
PDR regions experience various irradiation con-
ditions, from those similar to the present study,
to others where photoproducts could appear
and the ice composition change, possibly affect-
ing the photodesorption yield of HoCO and of
CO, but also introducing other photodesorbing
species.

The Orion bar case is different from the
Horsehead PDR. It is a high-UV flux PDR, so
dust temperatures are around 55-70 K, which
is higher than in the Horsehead PDR (around
20-30 K, Guzmén et al.”). So there is a com-
petition between thermal and nonthermal des-
orption, contrary to the Horsehead case. But
keep in mind that the adsorption energy of
pure HyCO is 3770 K and the adsorption en-
ergy of H,CO bound to H,O is 3259 K,!%? the
latter being much larger than the one usually
considered from Garrod and Herbst 122, 2050
K. Implementing an accurate adsorption energy
is necessary as variations in adsorption ener-
gies induce variations in ice abundances and ice
composition (see eg Penteado et al.'??). This
could mean that HyCO thermal desorption is
overestimated in some models and in some en-
vironments such as high UV flux PDR, and that
non-thermal desorption could play a role. We
can estimate that below ~ 76 K°, UV photodes-
orption dominates over thermal desorption. As
dust temperatures are lower than 76 K in the
Orion Bar, UV photodesorption is thought to
impact the gas-grain ratio in this high-flux re-
gion. This was actually (indirectly) explored in
the work of Esplugues et al.™®,"t. As soon as
CO and HyCO photodesorptions are taken into
account in high-flux PDR, there are changes of
several orders of magnitude in the gas phase
abundances of CO and HyCO, so that UV pho-

bFor this estimation, we equalled the photodesorp-
tion rate with the thermal desorption rate. For UV pho-
todesorption, we considered a UV flux of 10'° photons
cm ™2 s~!. For thermal desorption, we used a first order
kinetics with a prefactor of 102® mol. cm™2 s~! and an
adsorption energy of 3765 K from Noble et al. 102,



todesorption clearly plays a role.

4.2.2 Protoplanetary disks (PPDs)

Several spatially-resolved observations of HoCO
in the gas phase have been performed on disks
around a T Tauri (eg Ref. 67) or a Herbig
star.% These observations, together with mod-
els, showed that there are several HoCO com-
ponents in these disks. Whereas close to the
star, warm H,CO should form in the gas phase,
further from the star, grain surface formation
(which is active in extended areas of disks5%124)
and non-thermal desorption are both needed to
explain the observations. More precisely, the
detection of gas phase H,CO in the outer parts
of the disk, where CO is frozen on grains, fa-
vors the role of surface processes and of non-
thermal processes such as photodesorption by
UV or X-ray photons.% 67125 Complex models
of PPDs have demonstrated that in the mid-
plane, non-thermal desorption processes such as
cosmic-ray-induced thermal desorption, X-ray
spot heating and photodesorption by internal
and external UV photons are necessary to pro-
duce H,CO in the gas phase.% Now that exper-
imental data on the photodesorption of H,CO
ices are available, a precise study could be per-
formed, with the determination of the relative
efficiency of each non-thermal process.

In protoplanetary disks such as TW Hydra,
the UV flux varies from 10® to 10° photons
cm~? s7! at different locations in the disk, ap-
proximately where ices exist. With time span-
ning from 1 to 10 million years, this gives flu-
ences of 3 x 106 — 3 x 10'” photons cm~2 for
the areas which receive less photons, to 3 x
10?2 —3 x 10?3 photons cm~2 for the areas which
are strongly illuminated. Our experimental flu-
ence reproduces the low-illuminated regions of
disks, whereas in the strongly-illuminated re-
gions, photodesorption yields could differ if the
ice composition is strongly altered.

As already mentioned, HyCO is connected
with CH3OH, which has been recently de-
tected in PPDs.!?% Given all the experimental
and modelling work performed on CH3OH, dis-
cussing some findings on CH3OH photodesorp-
tion can directly inspire what could be done
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(i) Varying the CH3OH photodesorption
yield3®™7 has drastic consequences on the
abundance of both solid and gas phase CH;0H
by orders of magnitude, in some parts of the
disk.5%127 Tt should be noted that the experi-
mental CH3;OH photodesorption yield of 107°
molecule/photon ™" is low, but it is not negli-
gible as it is high enough to have an effect on
the gas replenishment. 53127

(ii) The comparison between UV photodes-
orption and chemical desorption of CH3OH
showed that photodesorption largely dominates
chemical desorption in the majority of the
disk. 63

(iii) Photodesorption do shape snowlines dif-
ferently than chemical desorption, as it gives
CH3OH snowlines deeper in the disk. Therefore
photodesorption is important in setting the lo-
cation of snowlines, especially for non-volatile
species such as HyO, CH;0H%%? and probably
H,CO (the HyCO snowline is located closer to
the star than the CO snowline,!?® as its for-
mation on grains only requires that the CO
molecule spends some time on the surface of
grains® 24 and as its binding energy is larger
than the CO one).

(iv) Interestingly, taking into account the
desorption of CO fragments from CH3OH ice
has diverse impacts: it changes the abundance
of gas phase CO in some parts of the disk
and the CH3OH snowline location. %3127 Indeed,
when no fragmentation is considered, CH;0H
re-adsorption competes with photodesorption,
whereas when CH3OH photofragmentation is
added, CH30H has to reform on the grains, and
that changes the location of the snowline.

(v) Gas phase CH30H shows a spatial coin-
cidence with HoCO%%126 in the T Tauri disk
TW-Hydra. For this T Tauri, the methanol-
to-formaldehyde ratio is 1.27,2% but it is much
smaller (0.24) for a PPD around a Herbig
star.1?® One possible explanation for these un-
equal ratios is that the photodesorption of
CH30H and H,CO is different in these two
disks, as the spectral distribution and intensity
of the stellar radiation differ between T Tauri
and Herbig stars.1?® With wavelength-resolved
photodesorption spectra now available, detailed



chemical modelling of these two disks can be
performed, and the effects of photodesorption
characterized.

In the light of all the experimental, observa-
tional and modelling work that has been done
on CH30H, experimental data on H,CO ice
could be implemented or updated. The imple-
mentation of HyCO photodesorption yields and
of the branching ratio, giving CO fragments,
both larger than in the CH30H ice case (Ta-
ble 1 and Ref. 74) could give useful informa-
tion: (i) on gas/solid abundances of HoCO and
on the gas abundance of CO; (ii) on the solid
phase abundance of H,CO as it was shown that
it drops drastically when UV photodesorption
is included in the upper layers of the disks;%®
besides, any change in the abundance of the
"building block” HoCO will certainly have conse-
quences on other solid phase abundances, such
as that of CH;OH and of COMs (iii) on the
H,;CO snowline location, as photodesorption is
important for the location of snowlines espe-
cially in the outer disk for species with large
binding energies.

5 Conclusions

A quantitative study of the photodesorption
from pure and H,CO-containing ice was per-
formed. H>CO photodesorption spectrum
presents dissociative electronic states and the
photodesorption of CO and H, fragments was
also measured. Photodesorption mechanisms
were constrained, including (indirect) desorp-
tion induced by electronic transitions and pho-
tochemical desorption.

From the energy-resolved photodesorption
yields, we could derive H,CO and CO average
photodesorption yields in several astrophysical
environments such as the ISRF, PDR, dense
cloud or PPD, and found that these yields
slightly vary from one environment to the other.
These yields can be directly added to astro-
chemical models, without any branching ratio
correction.

This study also confirms that photodesorp-
tion yields strongly differ from one molecule to
the other, for example from CO to HyCO and
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to CH3OH and also that they depend on the
ice composition. Laboratory experiments on ice
analogs are a necessary step, as it is not possible
yet to predict photodesorption efficiencies. El-
ements are gathered to investigate further the
H5CO non-thermal desorption in dense cores,
PDR and disks, to tune more finely gas phase
and solid phase abundances, and possibly snow-
line locations. Its impact on the gas-to-ice bal-
ance has to continue to be explored, for H,CO

and all related species, spanning from CO to
COMs.
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