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3 Novel approach to distinguish
between vacuum UV-induced
ice photodesorption and
photoconversion

Abstract
In cold regions of the interstellar medium (ISM) with intense ultraviolet (UV) radia-
tion fields, photodesorption has been suggested as a nonthermal desorption mechanism
promoting the transition of molecules from the solid state to the gas phase. Labora-
tory experiments measuring photodesorption rates are crucial in attempting to explain
high molecular gas phase abundances of species that are expected to form in the solid
state, such as methane, methanol, and acetonitrile, and to aid astrochemical modeling.
Due to the convoluted competition between photodesorption and photoconversion, it
is far from trivial to derive accurate photodesorption rates. In this chapter a new
methodology is described that aims at discriminating between the two processes. The
method has been validated using the well-studied case of CO and extended to CH4,
CH3OH, and CH3CN. Comparing the laser desorption post ionization time-of-flight
mass spectrometry (LDPI TOF MS) of the ices with and without the Ar coating pro-
vides information on the different interactions of the VUV photons with the ice. We
show here that the newly developed experimental technique allowed for a derivation
of photodesorption rates for ices at 20 K of: CO (3.1 ± 0.3) × 10−3 mol. photon −1,
CH4 (3.1± 0.5)× 10−2 mol. photon−1, and upper limits for CH3OH (<6× 10−5 mol.
photon−1) and CH3CN (<7.4× 10−4 mol. photon−1); in the latter case, no literature
values have been reported yet. Photoconversion cross sections are presented in the
7-10.2 eV range. The possible role of photodesorption and photoconversion in the
formation of interstellar COMs is discussed.
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36 3.1. INTRODUCTION

3.1 Introduction

Astronomical observations show that the interstellar medium (ISM) contains many
different complex organic molecules (COMs), which, by definition, are carbon bearing
species made up from six or more atoms (Herbst & van Dishoeck 2009). As their gas
phase formation rates are low, it is generally accepted that COMs form on icy dust
grains, as shown in a number of dedicated laboratory experiments (Gerakines et al.
1996; Watanabe & Kouchi 2002; Fuchs et al. 2009; Fedoseev et al. 2015a; Abplanalp
& Kaiser 2019). Thermal desorption efficiently releases ice species into the gas phase
(Collings et al. 2004); however, COMs are also observed in interstellar regions with
temperatures well below their thermal desorption temperatures, requiring alternative
mechanisms to explain the observed gas phase abundances (Cernicharo et al. 2012;
Guzmán et al. 2013; Vastel et al. 2014; Öberg et al. 2015; Goto et al. 2021). In recent
decades, a number of mechanisms have been investigated in an attempt to explain the
nonthermal desorption of frozen molecules. These include direct cosmic-ray-induced
desorption, X-Ray-induced desorption, vacuum ultraviolet (VUV) photodesorption,
reactive desorption, and different types of codesorption (Dartois et al. 2015; Dupuy
et al. 2017, 2018; Chuang et al. 2018b; Ligterink et al. 2018b; Oba et al. 2018).

In particular, VUV photodesorption is considered to be an effective mechanism
with regard to CO ice high rates on the order of 10−3 to a few times 10−2 mol.
photon −1, which were determined in the laboratory (for an overview see Fig. 5 in
Paardekooper et al. 2016 and references therein). As a result, state-of-the-art astro-
chemical gas-grain models include photodesorption rates based on laboratory works
(Garrod & Pauly 2011; Walsh et al. 2014a; Kalvāns 2015). However, the number of
molecules studied in laboratory experiments is limited. Models commonly use a rate
of 10−3 mol. photon −1 when no value has been reported.

A major challenge in an experimental ice VUV photolysis study boils down to
separating multiple phenomena that can happen within the ice upon photon absorp-
tion.Fig. 3.1 is a simplified summary of feasible processes in solid state species on a
grain surface in cold regions in the ISM or in laboratory experiments on a gold-coated
copper substrate. A molecule embedded in the ice matrix is electronically excited by
an absorbed photon (1). Upon relaxation back to the ground state (2), the molecule
can transfer its energy to neighboring species, followed by the neighbor’s desorption
(3a, indirect desorption as in Bertin et al. 2013; van Hemert et al. 2015). Alterna-
tively, the excited species can directly photodesorb (3b) or photodissociate (4). The
latter process can be followed by dissociative photodesorption (3c, transfer of excited
radicals into the gas phase demonstrated in Muñoz-Caro et al. 2010; Fillion et al.
2014), the "kick-out" of a fragment or parent species by an excited radical (3d, e.g.,
kick-out of H2O or OH by an energetic H atom as in (Andersson & van Dishoeck 2008)),
or product formation (5). If the newly formed species are in an excited state, they
either desorb (3e - reactive photodesorption and photochemidesorption as in Martín-
Doménech et al. 2016 and Andersson et al. 2008) or dissipate their energy and remain
in the ice (6). The photodissociation branch is typically accessible when a molecule
is excited by a photon that carries more energy than the bond dissociation energy
(BDE). In that case, chemical bonds can be broken, which is the origin of radical
species. The radicals at 20 K have a limited mobility; however, for small fragments,
such as H or OH, diffusion across a few layers of ice may occur (Andersson & van
Dishoeck 2008). Alternatively, if radicals are near each other, they react with little
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Figure 3.1: Competition between processes taking place in solid state species upon an
absorption of a photon. Photodesorption processes (in red) are only possible for the top
layers of the ice. All other processes can happen in both the ice bulk and surface. The
schematic applies to ices at a temperature excluding thermal desorption, typically ≤ 20 K.

or no barrier to form larger molecules. The desorption processes described above (3a,
3b, 3c, 3d) are expected to occur for molecules in the surface layers of the ice. It has
been shown that for CO ice, only the top 3 ML (1 ML = 1015 molecules cm−2) can be
photodesorbed, which are considered surface layers in this work (Bertin et al. 2012).

Besides photodesorption, a decrease in the abundance of the parent species is
caused by photoconversion. Here, the photoconversion rate is characterized by a com-
bination of the following two solid state processes: photodissociation, followed by
recombination reactions into species other than the parent molecule, that is, photo-
products, and reactions of nondissociated, photoexcited molecules, with neighboring
neutral species, which also lead to the production of other species. The focus in this
work is on CO, CH4, CH3OH, and CH3CN.

In order to simulate interstellar radiation fields in a laboratory setting, we used
a light source with the photon energy range 7-10.2 eV. In this range, CO, the second
most abundant molecule in the ISM, does not dissociate (BDE of CO is 11.16 eV from
Kalescky et. al (2013)); therefore, it is a relevant and an "easy" case to study. During
CO ice photoprocessing, the decrease in an abundance of CO can be linked to intact
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photodesorption. For this reason and the fact that CO is an abundant constituent of
the interstellar ices, CO photodesorption has been studied in much detail by several
research groups. The first experiments monitored the initial amount and subsequent
loss of CO ice (as a function of VUV fluence) using reflection-absorption infrared
spectroscopy (RAIRS). During the same experiments, a quadrupole mass spectrome-
ter (QMS) signal of m/z=28 can be recorded, which allows for the calibration of the
gas phase QMS readings to the decline of the abundance of solid state CO detected
by infrared (IR) spectroscopy (Öberg et al. 2009e; Fayolle et al. 2011).

A limitation of the IR-based method is that similar vibrational modes of differ-
ent species may overlap. This is particularly true for COMs. In addition, unknown
(temperature and environment dependent) IR band strengths add uncertainty to quan-
tifying results. For molecules with a BDE that is lower than 10.2 eV, it is challenging
to disentangle the effects of dissociation and desorption since both these processes
simultaneously deplete the parent species. In addition, RAIRS cannot be applied to
molecules without IR active modes.

A QMS can be used for a gas phase analysis of desorbed species. In order to quan-
tify results using this method, a mathematical conversion is necessary to correlate
the gas phase QMS signal of a molecule (e.g., methane or methanol) to the previ-
ously measured gas phase CO signal (i.e., calibrated with solid state C O stretching
mode in the IR). Factors that need to be considered for this conversion are the setup
and the molecule specific QMS detector sensitivity, varying pumping speeds for dif-
ferent molecules, electron ionization cross-sections, and fragmentation patterns. For a
discussion on the calibration see Zhen & Linnartz (2014).

Methane has been identified as a component of ice mantles toward multiple sources
(e.g., Young Stellar Objects) in abundances ranging from 1 to 10 % with respect to
H2O (Boogert et al. 2015). The detection has motivated multiple experimental studies,
which show that, in contrast to CO, methane can be dissociated by impacting photons
with an energy below 10.2 eV (H CH3 bond energy of 4.5 eV from Ruscic 2015). Hence,
methane photolysis is an example of the competition between photodesorption and
photodissociation followed by an increasing chemical complexity. Pure ice photolysis
results in various products including C2H2, C2H4, C2H6, and larger hydrocarbons
(Gerakines et al. 1996; Paardekooper et al. 2014; Lo et al. 2015). The dissociation
results in effective branching ratios of CH3:CH2:CH equal to 95:4:2 (Bossa et al. 2015),
which is quite different from similar studies performed in the gas phase (Gans et al.
2013). Intact CH4 photodesorption at 12 K was investigated recently in a wavelength-
dependent study at the SOLEIL synchrotron (Dupuy et al. 2017). This work resulted
in an intact photodesorption rate of 2.2 × 10−3 mol. photon−1 in a photon energy
range of 9.1 - 13.6 eV. The photodesorption yield in that range follows the trend of
the absorption spectrum of solid state methane. To date, this is the only published
measurement of intact methane photodesorption. In 2016, reactive photodesorption
of H2CO from a photoprocessed CH4:H2O mixture was demonstrated, whereas intact
photodesorption was not (Martín-Doménech et al. 2016), which suggests that multiple
desorption mechanisms play a role in understanding the process as a whole.

Solid state methanol has been detected as a significant component of the ice mantles
of interstellar dust grains with abundances varying between 3 % and 12 % with respect
to water in dense clouds (Chiar et al. 1996; Boogert et al. 2011). VUV processing of
methanol ice yields more complex organics, including methyl formate, glycolaldehyde,
ethylene glycol, and many others, thus making methanol one of the pillars of the inter-
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stellar chemical network (Gerakines et al. 1996; Öberg et al. 2009c; Boamah et al. 2014;
Henderson & Gudipati 2015; Maity et al. 2014; Paardekooper et al. 2016b; Chuang
et al. 2017). Öberg and coworkers in 2009 were the first to study the photodesorption
of methanol. A partial decrease in the IR signature was assigned to intact photodesorp-
tion and a rate of (2.1 ± 1.0) × 10−3 mol. photon−1 was derived (Öberg et al. 2009c).
Photodesorption and photodissocation were fit separately by explicitly assuming that
photodesorption is a 0th order surface and photodissociation is mainly a 1st order bulk
process. In 2016, a study by Cruz-Diaz et al. determined an upper limit for intact
methanol desorption to be in the 10−5 mol. photon−1 range. Simultaneously, Bertin
et al. (2016) measured photodesorption of methanol in a wavelength-dependent study,
using the VUV DESIRS beamline at the SOLEIL synchrotron facility. The average
photodesorption rate derived for the UV interstellar radiation field profile (Mathis
et al. 1983) was (1.2 ± 0.6) × 10−5 mol. photon−1. The measured photodesorption
was proposed to result from a recombination reaction of the CH3O or CH2OH radical
with a hydrogen atom. The same study also demonstrated the dissociative photodes-
orption of CH3, OH, and H2CO at similar efficiencies to intact photodesorption. Both
laboratory studies of Bertin et al. 2016 and Cruz-Diaz et al. 2016, find lower pho-
todesorption rates of methanol by 2-3 orders of magnitude compared to previous work.
When the updated laboratory photodesorption rates were applied to gas grain astro-
chemical models of protoplanetary disks, it was concluded that photodesorption alone
is insufficient in explaining the observed gas phase methanol abundances and that
other mechanisms have to be invoked (Ligterink et al. 2018b).

Methyl cyanide, or acetonitrile (CH3CN), has been detected within the Solar
System: in Titan’s atmosphere (Cordiner et al. 2015), in comet 67P/Churyumov-
Gerasimenko (Goesmann et al. 2015), and in cometary comae of Hale-Bopp (Woodney
et al. 2002). In addition, there were multiple detections toward sources outside of the
Solar System, including molecular clouds Sgr A and Sgr B (Solomon et al. 1971), pro-
toplanetary disks around T Tauri stars (Bergner et al. 2018), and high and low-mass
protostars (Purcell et al. 2006; Calcutt et al. 2018). CH3CN has also been recently
detected to be a part of the icy mantle in a circumstellar disk around V883 Ori. The
detection was possible due to a shifted sublimation front, which was caused by an
outburst of a young star (Lee et al. 2019).

Acetonitrile (CH3CN) plays an important role in the nitrile-based chemistry. With
available solid state formation routes (Garrod et al. 2008) and a high thermal desorp-
tion temperature (∼140 K in laboratory conditions), energetic processing of CH3CN
ice becomes an important subject. It has been investigated in a number of largely
qualitative studies (Hudson & Moore 2004; Abdulgalil et al. 2013). Final products
of VUV photolysis of pure acetonitrile have been identified to be as follows: HCN,
CH4, (CH2CN)2, and isomerization to CH3NC and H2CCNH (Hudson & Moore 2004;
Hudson et al. 2008). Ion-irradiation and hydrolysis of CH3CN:H2O mixtures yield a
variety of amino acids (Hudson et al. 2008), which supports CH3CN as an important
element of the N-bearing chemical network. A quantitative photodesorption study of
acetonitrile ice is currently lacking. This is due to experimental challenges associated
with disentangling VUV-induced solid state processes. In this work, we address these
challenges by applying our new measurement method.
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3.2 Experimental

In order to provide more insight into the photon-driven competition in the solid state,
we developed a new method to measure photodesorption rates of COMs. VUV ir-
radiated ices at 20 K are first studied as a pure ice species and subsequently with a
protecting argon (Ar) coating on top. The latter quenches photodesorption, which be-
comes clear when comparing the time-of-flight mass spectra of the probed (un)coated
ices. The following subsections provide information on the experimental setup, mea-
surement principle, and applied methodology.

3.2.1 Setup overview

The experiments were carried out in MATRI2CES (Mass Analytical Tool for Reactions
in Interstellar ICES), an ultra-high vacuum (UHV) apparatus. A thorough description
of the system is given by Paardekooper et al. (2014) and in Chapter 2.

The vacuum system consists of two parts: a main chamber and a time-of-flight
chamber, which are connected with each other by a gate valve. Both are evacuated by
turbomolecular pumps, which are supported by a prepump. The base pressure in the
chambers, measured by inverted magnetron gauges, is in the 10−10 mbar range. The
pressure is comparable to a density of 107 H2 particles cm−3 which, combined with low
temperature, make for a reasonable representation of a dense cloud core. In the main
chamber, a gold-coated copper block serves as a nonreactive substrate onto which the
ices are grown. It is in thermal contact with a closed-cycle helium cryostat, which
allows for surface temperatures as low as 20 K. The temperature of the substrate is
controlled by a thermocouple and a resistive heater connected to a temperature reg-
ulator. The available temperature range is between 20 and 300 K, and it is set with
an absolute precision of less than 1 K. The cryostat is mounted on a two-dimensional
translation stage. A stepper motor allows for automized control of the position of the
substrate and of the ices that are grown onto it in the vertical direction (z-axis). In
the horizontal direction (y-axis), manual control is supported by a translation stage.

Ices are formed on the substrate via front deposition, which is controlled by a cali-
brated high precision leak valve. The gas mixing line is evacuated by a turbomolecular
pump that is supported by a scroll pump, which allows pressures in the 10−4 mbar
range. Samples in both the gas phase and liquid phase can be introduced to the main
chamber. In the experiments, we used CO (Linde, 99.997 %), CH4 (Praxair, 99.999
%), CH3OH (Sigma-Aldrich, Chromasolv, 99.99 %), CH3CN (VWR, < 10ppm of wa-
ter), CD3CN (Sigma-Aldrich, ≥ 99.8 % D), and Ar (Linde, ≥99,999 % Ar). To prevent
contamination from the air, all liquid samples were taken through two freeze-pump-
thaw cycles prior to deposition. The front deposition proceeds at an angle of 85◦ with
respect to the substrate’s surface plane.

The spectral energy distribution (SED) of the interstellar radiation field includes
Lyman-α (121 nm), a molecular H2 emission continuum (130 - 165 nm), and can be
closely simulated by a microwave discharge hydrogen lamp (MDHL). To accurately
determine the photoprocessing rates, it is crucial to calibrate the wavelength depen-
dent flux of the light source. The SED of the lamp is strongly dependent on its
operational conditions (Ligterink et al. 2015). We used an H2 pressure of 1.44 mbar
and 80 W of microwave power, which results in an SED, which is shown in Fig. 4 in
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Paardekooper et al. (2016c). The lamp is attached to the chamber via a MgF2 UHV
viewport, which directly faces the substrate. To measure the emitted photon flux,
a calibrated silicone photodiode was placed at the position of the substrate (follow-
ing the approach in Paardekooper et al. 2016c). The measured photocurrent includes
contributions from photons in both VUV and visible ranges. In order to specifically
determine the VUV flux, at the same plasma conditions, we operated a sealed lamp
with a glass seal inserted between the lamp and MgF2 window, which absorbs photons
at λ < 300 nm and transmits at 90 % efficiency in the visible range. The difference in
the photocurrent (i(λ)) between the two lamp settings was used to calculate the VUV
photon flux contribution. The flux, F(λ), was determined to be (2.5 ± 0.5) × 1014
photons cm−2s−1, using the equation below:

F (λ) =
i(λ)

e · ε(λ)
. (3.1)

It takes the quantum efficiency of the photodiode, ε(λ), and the elementary charge, e,
equal to 1.602 x 10−19 C, into account.

Probing the photoprocessed ice is done with laser desorption post-ionization time-
of-flight mass spectrometry (LDPI TOF-MS). It should be noted that this laser-
induced desorption is, in fact, nothing more than a direct ablation process, which
is not related in any way with the VUV-induced processes we want to study here. In
the following, we use "ablation" to avoid confusion. For ablation, a Nd:YAG laser’s
third harmonic frequency is used. The 3-4 ns pulses at 355 nm carry up to 3-11 mJ per
pulse (molecule-dependent) at 5 Hz. The unfocused beam is trimmed to a diameter
of 1 mm and pointed toward the substrate at an angle of 30◦. Synchronization of the
vertical motion of the substrate and laser shots allows one to probe a “fresh” spot with
every laser shot. Each shot desorbs a plume of material that floats in the direction
orthogonal to an ionizing sheet of electrons (70 eV). After an optimized time delay,
generated cations are extracted from the main chamber into the field-free time-of-flight
tube. The ions are reflected using a reflectron at the end of the flight tube. The re-
flectron increases the separation between ions with a different m/z and minimizes the
initial velocity distribution within the desorption plume. After reflection, the ions pass
through the field-free tube again and are detected with a 40 mm micro-channel plate
(MCP) detector. The signal from the detector is recorded via a data acquisition card
(DAQ) as the voltage versus time delay, which can be converted to a mass over charge
ratio. Timing of the laser shots, ion extraction, and data acquisition is set through
a delay generator and is controlled via a custom-made Labview routine. Typically
85 TOF spectra, which correspond to fresh spots along one column on the substrate,
are collected and averaged to one mass spectrum. Afterwards, the substrate can be
manually moved to a different y-axis position and the measurement can be repeated
to probe the effects for further increasing VUV fluence.

3.2.2 Thickness measurements

The ice deposition procedure has been calibrated using a series of measurements with
an intensity stabilized He-Ne laser (Hudgins et al. 1993). For each ice growth, the
gas pressure in the mixing line, needle valve setting, and temperature are recorded.
During the deposition, a photodiode records a laser interference pattern as the laser
beam is reflected from the ice surface and the substrate. The equation expressing the
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ice thickness (d) as a function of the number of interference fringes (m) is given by:

d =
m · λ

2 · n1

n0
· cos θ

, (3.2)

where λ is the wavelength of the He-Ne laser (632.8 nm), n0 and n1 are refractive
indices of the vacuum and ice, and θ is the angle of refraction (3). The growth rate
(τ , in molecules cm−2s−1) can be determined from:

τ =
d · ρ ·NA
M · t

, (3.3)

where t is the time corresponding to the thickness d (calculated in Eq. 2), NA is
Avogadro’s number (6.022 × 1023 mole−1), ρ is the ice density in (g cm−3), and M is
the molar mass of the species (in g mole−1). The ice thickness (in molecules cm−2, or
mol. cm−2) has the same units as column density and is controlled by changing the
deposition time while keeping all of the other parameters constant.

We performed these measurements for Ar, CO, CH4, CH3OH, and CH3CN. Re-
spective densities and refractive indices used to calculate the growth rates are: 1.76
g cm−3 (Dobbs et al. 1956) and 1.29 (Sinnock & Smith 1968); 0.8 g cm−3 and 1.27
(Roux et al. 1980); 0.4 g cm−3 and 1.329 (Brunetto et al. 2008); and 0.64 g cm−3 (Luna
et al. 2018) and 1.33 (Weast 1972), 0.8 g cm−3, and 1.34 (assumed to be the same as
for liquid at room temperature (Riddick et al. 1986)). The deposition method allows
one to reproduce ices with the thickness varying within 5-10 %. This was concluded
after a comparison of time-of-flight signals probing nonoverlapping spots across the
substrate surface.

The laser interference calibration method is limited to ices for which refractive in-
dices are known (pure species). This might change as a result of a recently introduced
new broad band technique, which holds the potential to also derive such parameters
for mixed ices (Kofman et al. 2019).

3.2.3 Experimental procedure

A series of two structurally different experiments were performed for each of the ices.
The first experiment probed the effects of VUV photoprocessing of an ice at 20 K
(photodissociation, photodesorption, radical recombination). For the second experi-
ment, an additional layer of Ar (around 50 ML) was deposited on top of the ice of
interest, while the same procedure was utilized to probe the VUV photoprocessing of
the ice. Here, it should be noted that given the large volume of the sample holder,
20 K is the lowest temperature that is achievable. This temperature is several Kelvin
higher than the typical 12-15 K values used in previous ice experiments, but it is still
well below the accretion onset of CO and other astronomically relevant species in the
ISM. The extra Ar layer is added to fully quench the photodesorption process; surface
species, typically restricted to the upper few monolayers, are prohibited from leaving
the surface; photodissociation, however, can still take place, like in the original ice
without Ar coating. At 20 K, diffusion of molecules or an energy transfer between
more than a few monolayers is negligible (Cuppen & Herbst 2007). Therefore in ex-
periments with the Ar layer, intact, dissociative, and reactive photodesorption (being
surface or subsurface processes) are effectively quenched. Ar, as a noble gas, does not
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react with our species of interest. Moreover, it does not absorb light in the VUV range
(Schnepp & Dressler 1960), which allows for a comparison of coated and uncoated ex-
periments (same flux). The direct consequence of this approach is that a difference
between the (un)coated ices can be directly linked to a difference that originates from
photodesorption and photoconversion compared to photoconversion only.

To understand the principle concept of the method applied here, it is important to
realize that we recorded all species remaining in the ice rather than selected species
leaving the ice. The resulting mass spectra include contributions from molecular ion
peak signals, respectively: m/z=28, 16, 32, 41 for CO, CH4, CH3OH, and CH3CN,
as well as molecule-specific fragmentation patterns that arise due to the used electron
ionization method.

A previous photodesorption study on CO ice using MATRI2CES demonstrates a
linear relation between the integrated signal from a laser-desorbed plume, which was
collected and summed up over multiple extraction timings, and the surface coverage
and column density in the ice (Paardekooper et al. 2016c). In other words, the in-
tensity of a signal in the MCP detector is linearly dependent on the abundance of
the species in the ice. Given the initial column density of the molecule in the ice
(see Section 3.2.2), it is possible to monitor its decrease as a function of VUV fluence
by recording mass spectra as a function of irradiation time. This is confirmed for
methane for a constant extraction time; this can be seen in Figure 3.2, which shows
the integrated molecular ion signal at m/z=16 as a function of ice thickness as well as
the characteristic fragmentation pattern resulting from the electron impact ionization.
The linear dependence of the signal is demonstrated for ices of up to 150 ML. In our
photodesorption experiments, the maximum ice thickness amounts to 105 ML, that
is, in a range where the signals can be used to determine the methane column density.
This procedure along with well-calibrated deposition rates, allows for the recording of
absolute column density of the species throughout experiments.

We recorded the LDPI TOF-MS spectra of pure ices for all of the species under
investigation. These spectra directly correspond to the fragmentation pattern of the
molecules as available on the NIST database. During our analysis, the fractional con-
tribution of fragments of the parent species were subtracted from their respective m/z
signals and added to the molecular ion signal. By using this method, we were able
to trace the fragments of photoproducts (along the same channels as the fragments
of the parent species), which were being formed during the experiments. It should be
noted that the fragmentation pattern of any photoproduct does not overlap with the
molecular ion peak of the parent and, therefore, it does not complicate the analysis.
There is a fundamental limitation to photolysis experiments. Ideally, an experiment
would entail thin ices and long irradiation times, which allow for spread-out data that
expose the subtle, surface photodesorption process. However, when photodissociation
is an available channel, the parent species deplete rapidly, which increases the difficulty
of tracing subtle photodesorption processes. For each species, we used a different ini-
tial ice thickness and total photon fluence. We ensured that all ices were at least 5 ML
or thicker during the full experiment; as for thinner ices, the photodesorption may run
into a nonlinear regime (Muñoz Caro et al. 2010; Fayolle et al. 2011). The particular
thicknesses for methane and methanol experiments (55 and 40 ML) were motivated by
previous studies performed on the setup with the aim to compare our results against
previously published work (Bossa et al. 2015; Paardekooper et al. 2016b). In case
of acetonitrile (8ML), we chose to deposit a thin ice to magnify the surface versus
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Figure 3.2: Linear dependence between the thickness of the ice and intensity of methane
mass peaks, arising from the electron ionization. Thickness is given in monolayers (1 ML =
1015 molecules cm−2).

the bulk processes. A drawback specific to our method is that the Ar cap, despite
being inert, may increase the efficiency of chemistry on the ice surface. Quenching the
photodesorption of radicals, allows for a higher probability that their recombination
forms bigger species in the ice (not necessarily back into the parent), also known as
the "cage effect". Previous studies show an efficiency of dissociative photodesorption
for methanol to be between 10−5 - 10−6 mol. photon −1 (Bertin et al. 2016). How-
ever, only a fraction of these photodesorbed fragments would have recombined into the
parent and therefore influenced the rates derived here. The efficiency of this process
is likely to be molecule dependent and in this work it is assumed to be below the
detection levels.

Associated with our method of probing the ice by laser ablation is also a possi-
bility of thermally triggered chemistry. That effect can only be seen when using full
laser power for the capped ices. To prevent that, the laser power was tuned to the
minimum, thus still allowing a good time-of-flight signal.

3.2.4 Analysis methods

We derived the photodesorption rates by fitting a linear function to the difference
between Ar coated and uncoated ice photolysis experiments. The next analysis step
is applicable to molecules that photodissociate within the used photon energy range:
methane, methanol, and acetonitrile. When an Ar layer quenches photodesorption,
a decrease in the abundance of the parent species is caused by photoconversion. A
photoconversion cross section can be derived by fitting the coated experimental data
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with an exponential function:

N(t) = N0 e−φtσphotoconv , (3.4)

where N(t) and N0 are time dependent and initial column densities in mol. cm−2, φ
is flux in photons cm−2s−1, t is the irradiation time in seconds, and σphotoconv is the
photoconversion cross section in cm2.

Under low VUV fluence, when the recombination reactions in the ice are not very
significant, photoconversion following an exponential decay can be approximated by a
linear fit. In that case, the slope of the fit yields photoconverted mol. photon−1.

In order to better compare our results to different experimental conditions from
other studies, all derived rates (per incident photon) can be converted to effective
yields (per absorbed photon). This is discussed in more detail in Section 4.2. This
way, experiments with ices of a different thickness and with a different photon flux
can be compared. When the intensity of the incident VUV photons, Iinc, crosses the
ice, the light intensity (I) follows the Beer-Lambert absorption law:

I = Iinc e−σ(λ)absN (3.5)

where Iinc is in photons cm−2s−1 (see section 3.2.1), σabs is the average absorption
cross-section (in cm2, taken from the literature), and N is the column density in mol.
cm−2. By applying the absorption cross section of species from the literature (an
average value for the wavelength range 120-165 nm), we can determine how many
photons are absorbed by a specific ice column density. For example, for CO (see the
next subsection), the absorption cross section is 4.7 × 10−18 cm2 and the top 3 ML
absorb ∼1.5 % of photons, while the whole ice, 21 ML absorb 10 % of incident photons
(Cruz-Diaz et al. 2014).

3.2.5 Proof of concept with CO

Carbon monoxide is one of the most abundant constituents of the ice mantles on in-
terstellar dust grains, yet, it is also detected in the gas phase in regions where the
temperature is below its freeze-out (Willacy & Langer 2000). That motivated detailed
experimental studies of photodesorption of CO (Öberg et al. 2009b; Muñoz Caro et al.
2010; Fayolle et al. 2011; Chen et al. 2013; Paardekooper et al. 2016d). It makes a good
case study because the BDE of the C O bond, 11.16 eV, excludes photodissociation
in our experiments (Kalescky et al. 2013). The CO ionization potential is well above
the used energies. The photodesorption rates across previous studies are consistent
and range from 10−3 to a few times 10−2 mol. photon−1. The differences are most
likely associated with varying experimental conditions (deposition and sampling tem-
perature, spectral energy distribution, and flux of the used VUV lamps).
Two distinct experiments have been performed on CO ice at 20 K. In the first experi-
ment, a pure layer of CO ice (thickness = 21 ML) was irradiated with VUV photons
and LDPI TOF mass spectra were recorded at different irradiation times. During the
second experiment, an additional Ar layer of about 50 ML was deposited on top of
the 21 ML of CO. In both experiments, the ice was irradiated with a fluence of about
4.4 × 1018 photons cm−2. Figures 3.3 and 3.4 show TOF mass spectra taken at dif-
ferent VUV fluences. For clarity purposes of the plot, we show four out of six spectra
taken at different times during the experiment. Figure 3.3 demonstrates decreasing
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Figure 3.3: LDPI TOF mass spectra of CO ice acquired at different VUV fluences. An
offset between mass spectra has been inserted for clarity as is the case for other figures in
this work.

Figure 3.4: LDPI TOF mass spectra of CO with Ar coating acquired at different VUV
fluences.
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Figure 3.5: Upper panel shows CO abundance during the photolysis of CO with and without
the Ar coating at 20 K. Bottom panel represents the difference between the CO and CO+Ar
experiments resulting in a CO photodesorption rate.

intensities of peaks at m/z = 12, 16, and 28, which can be directly linked to ongoing
photodesorption. In Fig. 3.4, intensities of CO peaks stay constant, which means that
the Ar layer effectively quenched photodesorption.

In order to calculate the intensity of each peak, a Pearson IV function was fit
(Castellanos et al. 2018). A Pearson IV distribution, unlike a Gaussian, allows for
peak asymmetry and therefore provides a very good fit for our experimental data.
The error bars shown on plots were calculated with the root-mean-square over the
residual within one standard deviation from the center of the m/z peak.

To derive the photodesorption rate, we calculated the difference in CO abundance
between the two experiments (i.e., CO+Ar and CO) for every data point and we fit a
linear function to obtain the slope as shown in Fig. 3.5. The analysis yields an average
photodesorption rate of (3.1 ± 0.3) × 10−3 mol. photon−1 in the 7 - 10.2 eV range,
which is in agreement with previous studies. As mentioned in the Introduction, reac-
tions involving photoexcited CO should be considered. We calculated the efficiency of
the CO to CO2 conversion in our experiments to be at 3.5 % after a fluence of 4.4 ×
1018 photons cm−2. This constitutes a minor depletion channel for CO and is in fact
within the photodesorption experimental error.

The strength of our method is in comparing the same molecular peaks between
two experiments, which eliminates the uncertainty related to calibrating the QMS
detector (Martín-Doménech et al. 2015a), overlapping IR bands and their absorption
coefficients, measuring molecule-dependent pumping speeds, different fragmentation
patterns, etc. This illustrates that our photodesorption measurement method works
well as it reproduces previous literature values.
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3.3 Results

3.3.1 CH4

Solid state CH4 strongly absorbs light around Ly-α with an average cross-section
value of 5.7× 10−18 cm2 for the wavelengths 120-165 nm, while demonstrating almost
no absorption at longer wavelengths of the MDHL lamp spectrum (Cruz-Diaz et al.
2014b). The decrease in the methane ice abundance in the photolysis experiments is
due to photoconversion (in the bulk and on the surface) as well as photodesorption
(only on the surface).

Figure 3.6: CH4 abundance during the photolysis of CH4 with and without the Ar coating
at 20 K. Bottom panel represents the difference between the CH4 and CH4+Ar experiments
resulting in a CH4 photodesorption rate.

Methane ice of 55 ML was deposited at 20 K and irradiated by a fluence of up to
2.3×1017 photons cm−2. In the following experiment, an additional Ar layer of about
50 ML was deposited on top of the 55 ML methane ice and the same experimental
procedure was followed. The resulting mass spectra have been analyzed using the
procedure described in Sections 3.2.3 - 3.2.5. The upper panel of Fig. 3.6 shows
integrated mass peaks of methane (contributions from m/z = 12, 13, 14, 15, 16) for
the two types of experiments. The bottom panel shows the difference between the
experiments due to photodesorption. It is fit by a linear function resulting in an
average photodesorption yield for methane of (3.1± 0.5)× 10−2 mol. photon−1 in the
7 - 10.2 eV range.

During the analysis of the coated experiment, the unique process that depletes
the methane abundance is photoconversion. Given the low total photon fluence, more
than 70 % of the original species were left in the ice at the end of the experiment. We
applied a linear fit to coated methane photolysis data and derived an incident pho-
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Figure 3.7: The obtained C2H2, C2H4, C2H6 kinetic curves for photolysis of CH4.

Figure 3.8: The obtained C2H2, C2H4, C2H6 kinetic curves for photolysis of CH4+Ar.



50 3.3. RESULTS

toconversion rate of 7× 10−2 mol. photon−1. First order photodissociation products
are the following radicals: CH, CH2, andCH3 · Given their high reactivity, it is not
possible to detect them directly. Nonetheless, we monitored the relative growth of the
following second generation photoproducts: acetylene (C2H2, molecular ion m/z=26),
ethylene (C2H4, m/z=28), and ethane (C2H6, m/z=30). During the derivation of the
yields, different electron ionization cross sections at 70 eV and resulting fragmentation
patterns were taken into account for CH4, C2H2, C2H4, and C2H6 and the ionization
cross sections are 3.524, 4.374, 5.115, and 6.422 Å2, respectively (Kim et al. 2014).
Figures 3.7 and 3.8 compare the product formation kinetics for both types of experi-
ments. In both experiments, ethylene is the most abundant product, followed closely
by ethane, while acetylene is produced in very small amounts. A contribution from
fragments of larger products (C3Hy where y = 4, 6, 8) toward C2Hx (x = 2, 4, 6) was
very small; therefore, this was not taken into account.

Theoretically, a difference in yields of the same photoproduct between (un)coated
experiments could be assigned to a combination of dissociative and reactive photodes-
orption. However, as photoproducts mostly form in the bulk of the ice (90 % of the ice
volume), these subtle surface effects are not detected in our data. Additional studies
on thin, pure C2H2, C2H4, C2H6 ices with and without Ar coating are necessary to
investigate their intact photodesorption.

Larger hydrocarbons species were formed in both experiments. It was not our
primary focus to investigate the chemical pathways, however it is interesting to note
that we recorded signals of large species, containing even up to five carbon atoms (see
Fig. 3.11).

3.3.2 CH3OH

The solid state CH3OH absorption spectrum is a decreasing continuum with an average
value of 4.4 × 10−18 cm2 for the wavelengths 120-165 nm (Cruz-Diaz et al. 2014a).
The decrease in the methanol ice abundance in the photolysis experiments is due to
photoconversion (in the bulk and on the surface) as well as photodesorption (only on
the surface).

Methanol ice of 40 ML was deposited at 20 K and irradiated by a fluence of 5.3×1017

photons cm−2. In the following experiment, we added an Ar layer of about 50 ML
and applied the same experimental procedure. Integrated signals of methanol remain-
ing in the ice in both experiments are shown in Figure 3.9 (combined methanol-only
contributions to signals at m/z= 15, 29, 30, 31, 32). The upper panel demonstrates
no visible difference between the coated and uncoated experiments, which suggests
photodesorption to be insignificant. The analysis was performed in the same manner
as previously described and it results in an upper limit for the desorption efficiency
equal to 6 × 10−5 mol. photon−1. Dissociative and reactive photodesorption pro-
cesses are also below the detection limits. This is in line with recent studies by Bertin
et al. (2016) and Cruz-Diaz et al. (2016). In contrast to photodesorption, the pho-
toconversion of methanol is very efficient. By fitting a linear fit to methanol data,
we find a photoconversion rate of 9 × 10−2 mol. photon−1 and by the end of the
experiment, 70 % of the parent species were converted. The subsequent increase in
chemical complexity of methanol photoproducts has been studied extensively before
(Öberg et al. 2009c; Paardekooper et al. 2016d). Our data also demonstrate the im-
portance of methanol as a precursor of other solid state COMs in space (e.g., CH4,
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Figure 3.9: CH3OH abundance during the photolysis of CH3OH with and without the Ar
coating at 20 K. Bottom panel represents the difference between the CH3OH and CH3OH+Ar
experiments resulting in a CH3OH photodesorption rate. The lower panel shows the linear
fit of a difference between the experiments in an attempt to constrain the upper limit for
CH3OH photodesorption rate.

H2CO, HCOOCH3, CH3CHO, see Fig. 3.11).
To confirm that all desorption processes were indeed blocked, we summed up all

signals collected by the TOF and tracked the molecular budget during the photolysis,
which yields a constant value. We did not take the cross-sections of particular photo-
products into account, but as we compared two experiments with the same products
(i.e., same cross sections), this should not affect our conclusion.

3.3.3 CH3CN

A series of experiments with 8 ML of acetonitrile ice at 20 K was performed. A
layer of about 50 ML of Ar was used to prevent photodesorption processes. Integrated
signals of acetonitrile remaining in the ice in both experiments are shown in Figure 5.1
(combined acetonitrile-only contributions to signals at m/z= 12, 13, 14, 15, 25, 26,
27, 28, 38, 39, 41). Multiple series of experiments do not demonstrate a detectable
level of photodesorption, but this allowed us to determine an upper limit. The linear
slope of the difference between capped and uncapped experiments yields 7.4 × 10−4

mol. photon−1, which we consider to be an upper limit for the photodesorption of
acetonitrile.

CH3CN experiments were run for a fluence of 1.6×1017 photons cm−2. During the
experiment, 35 % of the parent species were photoconverted. The photoconversion
rate derived here is 3 × 10−2 mol. photon−1, which should be considered to be its
lower limit since acetonitrile isomerizes to isonitrile and ketenimine, which cannot be
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Figure 3.10: CH3CN abundance during the photolysis of CH3CN with and without the Ar
coating at 20 K. Bottom panel represents the difference between the CH3CN and CH3CN+Ar
experiments resulting in a CH3CN photodesorption rate. Lower panel shows the linear fit of
a difference between the experiments in an attempt to constrain the upper limit for CH3CN
photodesorption rate.

separated from the parent species using mass spectrometry (Hudson & Moore 2004).
The efficiencies of these processes are unknown, moreover, these two species are not
the only photoproducts. Other products, that we could monitor in our experiments,
include CH4, HCN/HNC, CH3CH2CN, and even larger species (assignments made on
the basis of Hudson et al. 2008, see Fig. 3.11).

3.4 Discussion

3.4.1 Comparison with other studies

Literature values for photodesorption rates of different molecules range between 10−1

and 10−6 mol. photon−1 (e.g., Chen et al. 2014, Bertin et al. 2016). We first compare
our results to previous studies. For CO, our rate ((3.1± 0.3)× 10−3 mol. photon−1)
is in agreement with the literature values from experiments as well as theory (e.g.,
see Paardekooper et al. 2016 for an overview of experimental studies, van Hemert
et al. 2015 for the theoretical study), proving that our method is reliable for the
quantification of photodesorption. In the case of methane, intact photodesorption has
only been detected by Dupuy et al. (2017), at a rate about an order of magnitude lower
than in this work ((2.2±1.1)×10−3 mol. photon−1). Several reasons may explain this.
The intact photodesorption rate measured by Dupuy et al. accounts for species that
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desorb from the surface, as a CH4 molecule, through multiple mechanisms (processes
3a, 3b, 3d in Figure 3.1). In comparison, the rate derived in our study includes all
of the processes mentioned above as well as dissociative desorption (3c). The Ar
cap blocks any of the species from leaving the ice surface, including the radicals. In
Andersson et al. (2008), dissociative desorption has been shown to be 1-2 orders of
magnitude more efficient than in intact desorption (see Table 3.1 therein). This gives a
hint that dissociative desorption can easily account for the difference in the desorption
efficiencies between Dupuy et al. 2017 and our study of methane. Additionally, the
increased yield derived here may also be related to a higher temperature of the ice:
20 K in this work, compared to 8-12 K in the former study. A similar behavior was
previously shown for H2O and CO ices (Westley et al. 1995b; Arasa et al. 2010; Cruz-
Diaz et al. 2018; Öberg et al. 2009b).

As in the case of CO, one order of magnitude deviations are currently considered
to be within the experimental acceptance limits. An upper limit derived in the present
study for methanol (< 6× 10−5 mol. photon−1) is in agreement with the other recent
studies (Bertin et al. 2016; Cruz-Diaz et al. 2016). The photolysis results indicate
that photoconversion into other products is the preferred process following a photon
absorption. Methanol fragment photodesorption as well as reactive desorption have
been studied before, demonstrating a low efficiency of these processes. The deriva-
tion of a photodesorption upper limit of acetonitrile is, to our knowledge, the first
quantitative study in the field allowing one to gauge the efficiency of photon triggered
transfer of species from a solid state to a gas phase (< 7.4 × 10−4 mol. photon−1).
Despite deriving an upper limit, rather than a specific rate, this result can be applied
to the state-of-the-art astrochemical models that currently assume a rate in the 10−3

mol. photon−1 range. Similarly to methanol, acetonitrile ice exhibits an efficient pho-
toconversion upon VUV irradiation.

3.4.2 Effective yields

To complete this analysis, an important assumption had to be made regarding the
thickness of the ice involved in photodesorption (surface layers). It is based on the
findings of previous experimental work investigating the number of CO monolayers
that are actually affected by photodesortion. Bertin et al. (2012) conclude that this
process is limited to the upper 2-3 ML. In earlier work by Muñoz Caro et al. (2010),
a value of 5 ML is reported. For other molecules, the approximate size of this border
region has not been investigated. Here, we therefore assume as a first order approxima-
tion that a value of about 3 ML is representative for the molecules investigated in this
study (CH4, CH3OH, CH3CN), even though we realize that these species are different
in the sense that they also hold the potential to bind through H-bridges. In using the
absorption cross section for solid state species from the literature (an average value for
the wavelength range 120-165 nm), we can determine how many photons are absorbed
by a specific ice column density (Section 3.2.4, Eq. 3.5). In particular, the top 3 ML
of CO ice absorb ∼ 1.5 % of photons, while the bulk and surface combined, 21 ML,
absorb 10 % of incident photons (absorption cross section of 4.7 × 10−18 cm2 from
Cruz-Diaz et al. 2014a). The resulting effective photodesorption yield of CO is one
desorbed molecule per five photons absorbed in the top three layers - 20 % efficiency.
This is in decent agreement with theoretical work by van Hemert et al. (2015), where
effective photodesorption yields of amorphous CO ice at 18 K was found to be 12.5 %



54 3.4. DISCUSSION

for the surface and subsurface combined (radius of 12.5Å ∼ 3 ML).
In the case of methane, by calculating the effective yields, we are able to gauge

the competition between the photoconversion, photodesorption, and relaxation. Pho-
toconversion takes place in both the bulk and surface of the ice; we assume that the
efficiency of photoconversion for the ice bulk is the same as for the surface layers.
We calculated the number of absorbed photons in the top 3 ML (1.7 % photons)
and the whole ice, 55 ML (31 % of incident photons). The derived incident pho-
toconversion rate (7 × 10−2 mol. photon−1) corresponds to an effective yield of 20
converted molecules per 100 absorbed photons; the energy from the remaining 80 ab-
sorbed photons is distributed to the ice matrix. When considering the surface layers, a
photodesorption rate of 3.1×10−2 mol. incident photon−1 corresponds to 180 depleted
methane molecules per 100 absorbed photons. Twenty out of the 180 molecules are
photoconverted resulting in 160 photodesorbed methane molecules, per 100 absorbed
photons.

A similar analysis can be performed for methanol. We note that 1.4 % of the inci-
dent photons are absorbed by the surface layers, while 16 % of photons are absorbed
by 40 ML of methanol ice. On average, every 100 photons that are absorbed in the
bulk of the ice convert 50 methanol molecules to other species, while the energy from
the remaining 50 photons is dissipated in the ice matrix. The effective yield derived
in this work is consistent with Cruz-Diaz et al. (2016) where the effective dissociation
yield was found to be 0.5 mol. per absorbed photon. The efficiency of photoconversion
is more than double compared to CH4. The same photoconversion efficiency applies
to the surface layers. However, in order to desorb one methanol molecule, at least 250
photons are required.

The solid state absorption cross section of acetonitrile has not been measured be-
fore. Hence, for the purpose of a complete discussion of effective yields, we estimated
the solid state absorption cross section of acetonitrile in the following way. Cruz-Diaz
et al. (2014a) demonstrate that solid state absorption features are broadened and blue
shifted with respect to their corresponding gas-phase absorption spectra. Considering
that they are related to each other, we calculated the ratio of the gas phase to the
solid state absorption cross section for methanol (8.2 × 10−18 cm2 from Salahub &
Sandorfy 1971 and 4.4 × 10−18 cm2 from Cruz-Diaz et al. (2014a), respectively) and
applied it to calculate the cross section of acetonitrile in the solid state from its aver-
age gas phase absorption cross section (1.4× 10−17 cm2 from Suto & Lee 1985). This
simplified calculation yields an average absorption cross section of 7.5 × 10−18 cm2

for solid state CH3CN in the range 120 - 165 nm. Taking into account the estimated
cross section, the top 3 ML absorb 2 % of the incident photons, while 8 ML of the
ice absorb 6 % of the incident photons. Thus, upon the absorption of 100 photons,
50 molecules dissociate and form other species with the same efficiency in the bulk
and surface layers. The upper limit of photodesorption is converted to one desorbed
molecule per at least 30 absorbed photons. The summary of the calculated effective
yields is presented in Table 3.1, normalized to 100 photons.

3.4.3 Photodesorption mechanisms

The total absorption cross section for each of the studied molecules is of the same
order of magnitude, which excludes it as the key factor that determines the competition
between photodesorption and photoconversion. In an attempt to explain the difference
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Table 3.1: Summary of effective yields of photon-triggered processes for investigated solid
state species. Yields are given in molecules per 100 absorbed photons. First row for each
molecule corresponds to processes in the active surface layers (3 ML), while the second row
represents the ice bulk. The uncertainty for these values is estimated to be ± 10 %.

Species Photodesorption
yield
(mol.)

Photoconversion
yield
(mol.)

Relaxation
(mol.)

CO 20 - 80
- - 100

CH4 160 20 80
- 20 80

CH3OH <0.04 50 50
- 50 50

CH3CN <0.3 50 50
- 50 50

in orders of magnitude in photodesorption rates for the molecules studied here, one
needs to investigate the different mechanisms driving this process and its competition
with photoconversion. The present study, with a wider scope thanks to results from
other work, allows one to link the physical parameters to the possible mechanism
involved.

For CO, desorption induced by electronic transitions (DIET) is an indirect process
responsible for photodesorption below 10 eV range. Electronic excitation energy that
is redistributed to neighbors provides energy to surface molecules in order to overcome
(van der Waals type) bond energies that bind them to the ice (Fayolle et al. 2011).
Photodissociation and ionization of CO are both negligible processes.

The photodesorption mechanism for dissociative species (e.g., methane, methanol,
acetonitrile) is not fully understood. It is likely that different mechanisms are at play,
either simultaneously or sequentially. For the molecules studied here, photodissocia-
tion can occur through the loss of a single hydrogen atom, which can carry energy to a
surface molecule leading to its desorption. This H atom kick-out mechanism has previ-
ously been proposed by molecular dynamics (MD) simulations of water ice (Andersson
& van Dishoeck 2008) and may more generally apply as is discussed below.

If we make the assumption that the H atom does not lose any energy in the ice
until it collides with a surface molecule, this can lead to desorption given that the
intermolecular bond energy is overcome. The initial energy of the H atom is determined
by the remaining energy after dissociation. In our calculations, we assumed that all
energy goes into the kinetic energy of the H atom. Following the laws of conservation
of energy and momentum, we calculated the upper limit of the energy transferred to
the surface molecule. Comparing this with the intermolecular bond strength gives
a hint about the efficiency of the kick-out desorption mechanism by H atoms. The
results of these calculations are summarized in Table 3.2, and they are discussed in
detail in the following paragraphs.

The dissociation of condensed methane is initiated by photon absorption (average
energy of 9 eV), and subsequently the H CH3 bond is broken (BDE of 4.5 eV). We
assume that the H atom inherits all remaining energy in the form of kinetic energy
(4.5 eV). The energetic fragment moves through the ice and collides with a surface
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Table 3.2: Summary of parameters that impact the efficiency of the kick-out photodesorp-
tion mechanism. The last column is the ratio of the upper limit for energy transferred to
surface species to the intermolecular bond energy (See text below for details).

Species Intermol.
bond energy

(eV)

Diss.
threshold
energy
(eV)

Energy
trans. to a
surface

species (eV)

Ratio

CH4 0.1 4.5 <0.99 9.9
CH3OH 0.38 4.5 <0.58 1.5
CH3CN 0.39 4 <0.46 1.2

molecule to transfer up to 0.99 eV. This value exceeds the energy required to break
the intermolecular bond of methane (0.1 eV, Smith et al. 2015) with a factor of 10.
This particularly high ratio might help to account for the effective photodesorption
rate of methane (see Table 3.1).

The photodissociation of methanol liberates the H atom through breaking the
H CH2OH bond (4.16 eV) or CH3O H (4.5 eV) (Blanksby & Ellison 2003). The same
calculation procedure as for methane yields an upper limit of the energy transferred
to the surface molecule of 0.58 eV. A comparison with the strong hydrogen bonding
energy of the methanol ice (0.38 eV, Martín-Doménech et al. 2014) yields a ratio of
1.5. This low ratio can indicate that kick-out desorption is a possible mechanism
for methanol, but given our idealistic assumptions, it is unlikely to be efficient. The
case of acetonitrile is similar to methanol. The H atom can transfer up to 0.46 eV of
energy to a strongly bound surface molecule (intermolecular bonding energy of 0.39
eV, Abdulgalil et al. 2013). The ratio of the upper limit for transferred energy to the
intermolecular bonding is 1.2. In an ideal case, this should be sufficient for desorption,
but in reality the H atom loses some energy when traveling through the ice before
colliding with the surface molecule. Hence, this mechanism is expected to be less
efficient.

If we consider the kick-out mechanism to be a dominant photodesorption process for
dissociative species, our data suggest a trend related to their efficiency. In particular,
the photodesorption rate can be roughly estimated by comparing the upper limit for
the energy transferred to the surface via perfect collision and intermolecular bonding
energy. This ratio can possibly be linked to the measured photodesorption rate. If
this trend holds true, then under the made assumptions, photodesorption of larger
molecules, that are strongly bound, likely fall below 10−3 mol. photon−1, the current
default astrochemical model value.

The efficiency of the kick-out process has been discussed in the context of pure ices,
but more importantly, it is likely that this process also plays a role in the interstellar
medium. If this is the case, our results can be extrapolated toward realistic conditions.
For example if we look at the water-rich phase of interstellar ices. These ices contain
minor abundances of CH4, CO2, and NH3 (Garrod & Pauly 2011), which are likely to
be isolated in a water matrix or on a surface bound to the water ice. The kick-out
photodesorption efficiency of these species can be determined by the comparison of
energy binding them to the water ice (for overview see Table 2 in Das et al. 2018) and
the energy which can be transferred to these species by an intermediate carrier, such
as an H atom. We can then follow the same procedure as in Table 3.2. We assume
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that the H atom is created upon water dissociation and can transfer its energy to a
surface CH4, CO2, or NH3 molecule. The resulting ratios suggest that the kick-out
mechanism is the most efficient for methane (ratio of 10.3), then CO2 (1.8) and NH3
(1.7). To complete these calculations, the following binding energies were used: 0.08
eV (Raut et al. 2007), 0.2 eV (Minissale et al. 2016), and 0.48 eV (Collings et al. 2004),
respectively.

It is important to mention that the kick-out mechanism is not the only mechanism
capable of photodesorption. Alternatively, for a surface methane molecule, the frag-
ments CH3 and H can recombine following an exothermic reaction with 4.5 eV excess
energy. Upon comparison with the intermolecular bond energy, this is sufficient to
desorb from the surface (Chase Jr & Tables 1998). Recombination reactions of gas
phase radicals, which are formed in this way, have been proposed as a starting point
for a gas phase formation route to CH3OH (Bertin et al. 2016).

Theoretical studies, such as for CO (van Hemert et al. 2015) and H2O (Andersson
& van Dishoeck 2008), are essential for investigating the mechanisms behind VUV
photodesorption. Hence, molecular dynamics studies of methane, methanol, and ace-
tonitrile are necessary to confirm or disprove our hypothesis.

3.4.4 Astrophysical implications

As mentioned in the Introduction, photodesorption has been considered to be an ef-
fective way to transfer, newly formed, solid state species into the gas phase. In the
case of the nondissociative VUV excitation of CO, this
seems to apply; the measured photodesorption rates, presented here and in previous
studies, are high enough to explain CO gas phase observations toward the prestellar
core B68 (Bergin et al. 2006). This result is even more relevant, since icy dust grains
are expected to be coated with a CO-rich layer, as CO is the last abundant molecule to
freeze out. Determining the relevance of photodesorption as a mechanism that bridges
the solid state and gas phase becomes much more challenging when looking for other
species, such as H2O or CO2, which easily dissociate upon VUV excitation.
The new technique presented here has an advantage that it can be used to study

several photoprocesses taking place simultaneously (i.e., photodesorption and photo-
conversion). Due to this, the method has been applied to CO, dissociating CH4, and
CH3OH ices, largely confirming data from previous work. This confirmation is of
particular interest for CH3OH, since this study also shows that it is very hard to pho-
todesorb intact methanol. Additionally, dissociative desorption may be an important
mechanism, as suggested for the case of CH4. It may be very well possible that the
resulting radicals recombine in the gas phase, that is, reflecting a solid state triggered
gas phase chemistry. For the dissociative VUV irradiation of CH3CN, no earlier pho-
todesorption values have been presented and an upper limit has been derived here
that is about a factor 10 lower than the values typically used in astrochemical mod-
els. There is a second advantage regarding the new method. The existing techniques
have focused on pure ices. The only exceptions concern studies focusing on codesorp-
tion or reactive desorption experiments, such as for mixed CO:N2, CO:CH3OH, and
CH4:H2O ices (Fayolle et al. 2013; Bertin et al. 2013; Martín-Doménech et al. 2016).
The LDPI TOF MS method discussed here is also capable of dealing with mixed, that
is, astronomically more realistic ices. It will be interesting to know how different ice
constituents determine each other’s photodesorption properties, as a function of the
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Figure 3.11: LDPI TOFMS of CH4, CH3OH, and CH3CN after a photon fluence of 1.8×1017

photon cm−2. Peaks at m/z higher than the molecular ion represent products created during
photoconversion of the species.

mixing ratio, but also, for example, for different temperatures. This is currently a
work in progress. From the work presented here, it is already clear that photocon-
version increases the number of ice constituents substantially. This is illustrated in
Figure 3.11. The photoconversion not only decreases the abundance of precursor ma-
terial, but it also increases the molecular complexity in the ice. The figure shows the
TOF mass spectra for methanol, acetonitrile, and methane ices upon VUV irradia-
tion for an irradiation of only 12 minutes. As discussed earlier (Öberg et al. 2009c;
Paardekooper et al. 2016d), larger COMs are formed in this process as well. It is clear
that photodesorption and photoconversion are two intimately mixed processes.

From the present work, another astronomically relevant conclusion can be drawn.
The coating on top of the ices prohibits surface radicals, which normally desorb, to
leave the ice. It is a logical step to assume that these radicals are, therefore, forced
to recombine in the ice, enhancing the overall photoconversion. Such a process could
take place in space as well, as interstellar ices are shown to have layered structures,
that is, the CO-coating on top of a H2O rich ice could enforce chemistry involving
OH-radicals. Here, the impact of the coating as a reaction thriving mechanism could
not be confirmed.

To summarize, the present work on pure ices, comprising of molecules dissociating
upon VUV irradiation, cannot explain the observed gas phase abundances of methanol
and acetonitrile. It is very likely, that for even larger complex organic molecules, the
intact desorption efficiency will go even further down. Nevertheless, the detection of
such species on cometary surfaces as well as the proof for their thermal release from
icy dust grains (Lee et al. 2019) clearly hints at a solid state origin for these species.
This is also fully in line with the data presented here, see Fig. 3.11. A possible ex-
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planation for this inconsistency is that most studies have focused on pure ices so far
and the processes in mixed ices may be different (e.g., efficient reactive desorption).
The new method that is introduced here holds the potential to study these processes
further; also it provides a versatile tool that is able to discriminate between direct
photodesorption and photoconversion.

3.5 Conclusions

We introduce a new method for gauging the competition between photon-triggered
processes in solid state species. By comparing time-of-flight mass spectra of laser
ablated (un)coated ice experiments upon VUV irradiation, we are able to distinguish
between the effects of photodesorption and photoconversion. The new approach has
been demonstrated on the example of CO, and then applied to CH4, CH3OH, and
CH3CN. The derived rates are average values in the 7-10.2 eV photon energy range
and are shown in Table 3.3.

Table 3.3: Summary of photon-triggered processes of solid state species at 20 K in the
7-10.2 eV photon energy range.

Species Photodesorption rate
(in mol. photon−1)

Photoconvertion
cross section (in cm2)

CO (3.1± 0.3)× 10−3 -
CH4 (3.1± 0.5)× 10−2 3.7× 10−18

CH3OH < 6.0× 10−5 2.8× 10−18

CH3CN < 7.4× 10−4 3.0× 10−17

For CH3CN, for the first time, a value for the photodesorption rate is presented that
provides an upper limit that is about a factor of 10 lower than what is currently used
in astrochemical models. Moreover, upon comparison of the values determined for
pure species studied here and in some earlier work, the following trend is suggested:
the VUV desorption efficiency for dissociative species seems to depend on the balance
between the extra energy available after dissociation, intermolecular bonding energy,
and the relative mass of fragments and parent species. This implies that for even
larger complex organic molecules (compared to CH3OH and CH3CN), the intact pho-
todesorption rate likely falls below the currently used rate of 10−3 mol. photon−1.
It should be noted that this behavior has been observed in laboratory experiments
containing pure ices, with a few exceptions in binary mixtures (Bertin et al. 2016;
Zhen & Linnartz 2014); whereas, in the ISM, ices are generally mixed. Since the new
technique also allows one to study realistic ices analogs, future studies will help in
quantitatively disentangling the role that impacting VUV photons play in interstellar
chemistry.




