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It was in ‘The Magellanic Cloud’ (1955) — a science fiction novel by Stanislaw
Lem — that engineers travelling to another star noticed that their spacecraft for
unknown reasons overheated. The cause had to be outside the spaceship, but obvi-
ously there was only emptiness, at least compared to terrestrial conditions. The
space between the stars, the interstellar medium (ISM), however, is not completely
empty and at the high speed of the spacecraft the cross-section with impacting parti-
cles, even from such a dilute environment, was found to be sufficient to cause an
overheating. Today, 60 years later, the ISM has been studied in detail by astronomi-
cal observations, reproduced in dedicated laboratory experiments and simulated by
complex astrochemical models. The space between the stars is, indeed, far from
empty; it comprises gas, dust and ice and the molecules detected so far are both
small (diatomics) and large (long carbon chains, PAHs and fullerenes), stable and
reactive (radicals, ions, and excited molecules) evidencing an exotic and fascinating
chemistry, taking place at low densities, low temperatures and experiencing intense
radiation fields. Astrochemists explain the observed chemical complexity in space —
so far 185 different molecules (not including isotopologues) have been identified —
as the cumulative outcome of reactions in the gas phase and on icy dust grains. Gas
phase models explain the observed abundances of a substantial part of the observed
species, but fail to explain the number densities for stable molecules, as simple as
water, methanol or acetonitrile — one of the most promising precursor species for
the simplest amino acid glycine — as well as larger compounds such as glycolalde-
hyde, dimethylether and ethylene glycol. Evidence has been found that these and
other complex species, including organic ones, form on icy dust grains that act as
catalytic sites for molecule formation. It is here where particles ‘accrete, meet, and
greet’ (i.e. freeze out, diffuse and react) upon energetic and non-energetic process-
ing, such as irradiation by vacuum UV light, interaction with impacting particles
(atoms, electrons and cosmic rays) or heating. This review paper summarises the
state-of-the-art in laboratory based interstellar ice chemistry. The focus is on atom
addition reactions, illustrating how water, carbon dioxide and methanol can form in
the solid state at astronomically relevant temperatures, and also the formation of
more complex species such as hydroxylamine, an important prebiotic molecule, and
glycolaldehyde, the smallest sugar, is discussed. These reactions are particularly
relevant during the ‘dark’ ages of star and planet formation, i.e. when the role of
UV light is restricted. A quantitative characterization of such processes is only
possible through dedicated laboratory studies, i.e. under full control of a large set of
parameters such as temperature, atom-flux, and ice morphology. The resulting num-
bers, physical and chemical constants, e.g. barrier heights, reaction rates and branch-
ing ratios, provide information on the molecular processes at work and are needed
as input for astrochemical models, in order to bridge the timescales typical for a
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laboratory setting to those needed to understand the evolutionary stages of the ISM.
Details of the experiments as well as the astrochemical impact of the results are
discussed.

Keywords: laboratory astrophysics; solid state astrochemistry; interstellar ice; atom
addition reactions; surface science
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The interstellar medium (ISM) is filled with gas (99% in mass) and dust (1% in mass).
The gas comprises hydrogen (H, 70%), helium (He, 28%), and a fraction of heavier
elements; the dust mainly composes of silicate grains and carbonaceous material, rem-
nants from evolved stars. The gas and dust are not distributed uniformly over the ISM.
In translucent or diffuse clouds densities amount to a few 1000 particles/cm® and tem-
peratures are as high as 100 K. With time, gravitation causes such clouds to collapse.
New, denser clouds form, densities rise up to several hundred thousands particles/cm3,
the clouds turn opaque and as these regions are radiation shielded temperatures drop to
1020 K. This is an important stage during the cosmochemical evolution of the ISM.
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Cores in the innermost regions of such dark clouds, ultimately, reach high enough
densities and temperatures for a protostar, i.e. a future star, to be formed inside.
Conservation of angular momentum, subsequently, causes the formation of a so called
protoplanetary disc around the forming star with perpendicular outflows. At this stage,
the star has not been born yet, but the cloud character has been lost, reason why this is
called a ‘young stellar object’ (YSO). For solar mass stars it takes about 10 millions
years before a star finally accretes most of the nearby material and reaches its final
mass, while the left-overs in the protoplanatery disc provide the material from which
planets and other celestial objects form.

This review paper mostly focusses on laboratory studies of chemical processes during
the very first steps of star formation, i.e. the dark cloud stage and the formation of YSOs.
This focus has two reasons: first, microwave, submillimeter and infrared (IR) observa-
tions toward dark clouds show that these regions already possess a rich chemical inven-
tory even before stars and planets are formed. Second, an exact understanding of the
chemical processes involved in the formation of interstellar species observed in these
regions offers a tool to link the chemical processes in space to the chemical composition
of (exo)planets. Ultimately, this connects the presence of organic compounds to the
emergence of life. The solid state plays an important role in this evolutionary stage, as
gas phase processes alone cannot explain the observed abundances of many of the
identified species; important astrochemical processes must take place on icy dust grains.

At the low temperatures in dark interstellar clouds, dust grains act as (sub)microme-
tre-sized cryopumps onto which gas-phase particles accrete. In dense cores — the inner-
most part of molecular clouds — the approximate timescale at which gas-phase species
deplete onto grains is 10° years, comparable to the lifetime of a dark cloud. Therefore,
during the first stage of star formation, most of the molecular species, with the excep-
tion of the lightest ones (H, and He) are expected to be largely frozen-out onto inter-
stellar grains, as sticking probabilities are close to unity. The resulting ice mantle
provides a local molecule reservoir, which may be as thick as several tens of monolay-
ers (MLs). Moreover, the icy dust grain provides a ‘third body’ to which two reactive
species can donate excess energy allowing formation of a stable molecule, a process
that otherwise is prohibited in a two body gas-phase collision. Although accretion rates
on the surface of interstellar grains are extremely low, astronomical timescales allow
grains to accumulate enough material to become chemically active. Excellent text books
and reviews exist that describe in much detail the physics and chemistry of the pro-
cesses taking place in the ISM, both in the gas phase and in the solid state (see e.g.
[1-5]). In the following such processes will not be further discussed in detail.

The interstellar ice composition has been derived from mid-IR observations of
molecular clouds along the line of sight to a background star. Also a newly formed
protostar embedded into a YSO can be used as a light source. The ice absorption spec-
tra are obtained by subtracting the emission profile of the background star or embedded
protostar from the observed spectra (see e.g. [6—8]). The features leftover correspond to
the absorbance of molecules in the line of sight between the emitting object and the
observer. Observations in the mid-IR range from ground-based telescopes are limited to
a few spectral windows, because of the presence of telluric lines in the Earth atmo-
sphere. This limitation is overcome by airborne and space observations. Observations
with the Infrared Space Observatory [6,9,10] and the Spitzer Space Telescope
[7,8,11,12] greatly improved our knowledge on interstellar ice composition by explor-
ing wavelength ranges inaccessible from Earth. The interpretation of these data only
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has become possible following ice data recorded for different settings in the laboratory
(see e.g. [13—-17]). The systematic laboratory investigation of IR band profiles — peak
position, band width and integrated band ratios — of pure and mixed ices (i.e. contain-
ing two or more species) over a wide range of temperatures combined with knowledge
of the corresponding absorption band strengths allows for the identification of the
components of the interstellar ice mantles.

The main components of interstellar ices are H,O, CO, CO,, CH;OH, NHj, CHy,
XCN (reflecting components with a CN stretch), and likely HCOOH and OCS. These
ices have generally an amorphous, compact structure and spectroscopic detections con-
nect solid state species that are chemically linked, such as CO and CH3OH. The spectra
also reflect sequential accretion events that result in layered structures, with the most
volatile species accreting last. The first layer on top of the grain is a H,O-rich polar-ice
with embedded CO,, CH,4, and NH;. The observed abundances of these species corre-
late with the abundance of solid H,O. The second (top)layer is a non-polar CO-rich ice
[8,16,18-20]. Spectroscopic evidence has been found hinting for the presence of more
complex molecules, like HCOOH, CH;CHO, and C,HsOH [7,8,21,22]. However, better
constraints, i.e. higher quality spectra, especially at 5-10 pum, are needed to unambigu-
ously identify these species in the solid state. Moreover, mid-IR observations are
insensitive to homonuclear diatomic molecules, like O, and N,. Molecular oxygen is
actually not expected to be abundantly present in the ice due to its chemical reactivity,
but nitrogen may be in fact one of the more abundant ice components, because of its
chemical inertness and stability.

1.2. Ice processing

Chemical reactions in and on interstellar ices take place through neutral-neutral atom
and radical addition reactions following the accretion of species, or as a result of ener-
getic processing (by impacting photons, cosmic rays, free electrons, etc.). The first
group is interesting from an astronomical point of view, since solid-state radical-radical
and radical-molecule reactions often do not require any activation energy; they can
occur even at extremely low temperatures (10 K), that is, in the innermost parts of
molecular clouds, where newly formed molecules are largely shielded from radiation
by dust particles. As such they provide the chemical starting box for processes to take
place at a later stage in the star formation process, when also UV fields increase in
intensity. A systematic overview of these different processes is provided below.

1.2.1. Atom and radical addition reactions

Among the possible atom addition reactions (e.g. H, O, N, C, S, F, CI etc.), the most
important one is the hydrogenation of ice. This is not surprising since hydrogen is the
most abundant element in the Universe. Some of the species formed through hydrogena-
tion reactions on the surface of dust grains are H, (through H + H), H,O (through hydro-
genation of O/0,/03), NH; (through hydrogenation of N-atoms), CH;OH (through
hydrogenation of CO), and possibly CH, (through the hydrogenation of C atoms). CO,
can be formed through atom and radical addition reactions: CO + O and CO + OH.
Reactions taking place on the surface of the grains are believed to proceed through
one of three possible mechanisms. These are Langmuir—Hinshelwood (L-H), Eley—
Rideal (E-R), and ‘hot-atom’ (or Harris-Kasemo) mechanisms [23] (see Figure 1). In
the case of the L-H mechanism, two reactants are adsorbed on different surface spots
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Figure 1. A schematic of the chemical processes taking place on the icy surface of a cold
interstellar dust grain.

of an interstellar grain and reach thermal equilibrium with the surface before one or
both diffuse to find each other and react. In the E-R case, one of the reactive species
directly lands on top of the other and the reaction immediately occurs before thermal
equilibrium is reached. The hot-atom mechanism is a combination of both: one species
is located on the surface in thermal equilibrium, while the second one lands on a
nearby surface spot; migration and reaction take place before thermal equilibrium is
reached.

Distinguishing between Langmuir-Hinshelwood, Eley—Rideal, and hot-atom mecha-
nisms is of great importance when the temperature of the adsorbing species is signifi-
cantly higher than the temperature of the surface. For the E-R and the hot-atom
mechanisms, the high energy of the incoming species helps to overcome the activation
barrier of the reaction. This is not true in the case of an L-H event, where both reac-
tants are in thermal equilibrium with the ice surface. In cold dark molecular clouds, the
difference in temperature between the accreting species and the ice surface is not large.
Because of the extremely low accretion rates even in the densest regions of molecular
clouds, the L-H mechanism is the most important one in non-energetic surface reac-
tions. However, for laboratory conditions, the temperature of the exposing atom beams
is often equally high or even higher than room temperature. This deviation from condi-
tions typical in space has to be taken into account during the interpretation of labora-
tory data. Subsequently, Monte Carlo (MC) simulations [24] can be used to simulate
and reproduce laboratory results to investigate qualitatively and quantitatively all the
mechanisms at play in the solid state (e.g. deposition, diffusion, segregation, reaction,
and desorption). Results from these models can then be included into astrochemical
models to extend laboratory results to interstellar timescales [25-27].

The experimental investigation of non-energetic reaction routes as discussed in this
paragraph is the main subject of this review paper. Many of the results presented here
are based on work described in [28,29]. The main ice reaction routes with energetic
input are shortly addressed below for completeness and representative references are
given.

1.2.2. UV-induced reaction routes

As opposed to the neutral-neutral, atom, and radical addition surface reactions
discussed above, UV processing of ices provides an energetic input that leads to the
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excitation of molecules and dissociation of molecular bonds followed by the formation
of ‘hot’ fragments, i.e. radicals, atoms, and ions with high internal energy. These ‘hot’
fragments can in turn react with the surrounding molecules and easily overcome activa-
tion barriers, photodesorb from the ice surface, or diffuse into the bulk of the ice. The
very first experiments showed that UV-photon induced ice chemistry can efficiently
lead to the formation of complex organic species in the ice mantles. At high doses and
high enough ice thicknesses, using ices made up of a number of different constituents,
a complex polymeric refractory residue was found to form containing biologically rele-
vant species, including amino acids [30-34]. Such ‘top-down’ experiments were ini-
tially taken as a proof that molecular complexity in space forms in the solid state, but
did not allow investigating the individual processes at play. More recent ‘bottom-up’
approaches, investigating reaction pathways selectively in pure or binary ices, make it
possible to study UV induced processes at a higher level of accuracy [35]. Photodes-
orption is considered to be an important non-thermal sublimation process that explains
the presence of gas-phase species in the ISM at temperatures far below their accretion
value. Photodesorption rates for a number of molecules — CO, H,O/D,0, CO,, N,, O,,
CH;0H, and several more — have been determined both experimentally and theoreti-
cally [36-48] and the underlying processes have been characterised by studying the
wavelength dependency using tunable VUV light sources [49-52]. Although there exist
some discrepancies between values derived by different groups, likely due to different
spectral emission patterns of the used light sources, the overall message is that the
photo-induced desorption efficiency is substantially higher than assumed in many of
the initial astrochemical models. Other studies have been focusing on the photo-induced
reactions taking place in the ice. Extensive studies [39,53,54] show how Ly-alpha
irradiation of pure methanol ice results in the formation of larger complex species,
including glycolaldehyde and ethylene glycol, and how water ice affects the reaction
efficiencies. As stated before, methanol is effectively formed upon CO hydrogenation,
therefore, methanol is expected to be mixed with CO in the ice in the ISM [16].

So far, many studies have been performed for photons with an energy around
10.2 eV (121.6 nm), using microwave driven H, discharge lamps. In the ISM, radiation
fields can indeed be Ly-alpha dominated, during some evolutionary stages, via cosmic
rays induced excitation of hydrogen emitting such light. A detailed analysis of the
UV-induced reaction network is often challenging without the knowledge of photodis-
sociation and photoionisation cross-sections for all the molecules involved in the UV
photolysis process. Furthermore, these cross-sections and photodissociation branching
ratios can be wavelength dependent. Other processes, like structural changes in the ice
morphology also have to be taken into account, but this falls outside the topic of this
review. Important to note is that UV photolysis influences the chemical evolution of
the ISM by inducing higher molecular diversity in the solid phase and allowing at the
same time desorption of molecules even in cold dense regions, i.e. environments where
such species are expected only in the solid phase.

1.2.3. Cosmic rays

The chemical composition of the ices can be further modified by energetic particles,
i.e. through highly charged ion and electron bombardment. The energy released by a
highly energetic ion passing through a material causes the dissociation of hundreds of
molecules along its path. These fragments can then recombine. As a result of the
interaction between a cosmic ray and the ice, many new molecules including both
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simple and more complex species are formed. Moreover, the impact of a cosmic ray
with the ice surface causes the release of (some) ice material into the gas phase through
sputtering and local heating. In different laboratories, the effect of such impacts has
been extensively studied [55-61]; recent work comprises [53,62—67]. Obviously, the
impact of a cosmic ray impact is larger than that of a UV-photon or H-atom. However,
the flux of UV photons in the ISM is substantially higher than that of cosmic rays and
a direct comparison is only possible when also taking into account the relative values
typical for molecular clouds.

1.2.4. Thermal processing

During their evolution, star-forming regions undergo thermal processing. Most of the
chemistry in interstellar ices takes place within the range of temperatures 10-100 K.
These are cryogenic temperatures; however, due to the very long time scales involved,
thermally induced chemistry still may greatly affect the composition of the ices.
Thermal processes can induce sublimation of ice material [68—70], changes in the ice
morphology [71], segregation of species in the ice [72], neutral-neutral reactions, such
as deuterium-exchange reactions [73,74], proton transfer reactions [75-77] and
thermally induced nuclefilic reactions [78,79].

All aforementioned mechanisms dominate in different regions of the ISM or at dif-
ferent evolutionary stages in star-forming regions, but all mechanisms have in common
that they contribute to a higher molecular complexity in space. The solid state (surface)
formation of H, is very important and a topic on its own. It will not be further dis-
cussed here and we refer to [80] that provides a good review. The emphasis in this
review will be on other species formed in solid state (ice) atom addition reactions.

The next section focuses on laboratory work, simulating atom-addition reactions,
first with an introduction on the used experimental concepts, summarising the state-of-
the-art, and second, with details of an experimental setup fully devoted to the study of
atom addition reactions in ice.

2. Experimental
2.1. Measurement concepts

Current state-of-the-art experiments on interstellar ice analogues use ultra-high vacuum
(UHV ~10""° mbar or lower) surface techniques. Under such vacuum conditions, build-
up of ice contaminations from background gas is slow (<1 ML per hour). Consequently,
deposited ices are minimally contaminated and this allows studying ices with ML preci-
sion. Ices are typically grown on a cryogenically cooled surface with the substrate holder
mounted on the tip of the cold head of a closed-cycle He cryostat. The minimum tem-
perature depends on the employed cryostat, as well as on the details of the substrate and
substrate holder. Most contemporary experiments have minimum temperatures of ~10 K,
a value on the lower side for interstellar ice analogues. The temperature is controlled
through resistive heating, with access to values as high as several hundreds of K.

In situ deposition of ices through condensation of volatiles, admitted into the vac-
uum chamber at specific pressures and for a specific period of time, enables control of
ice thickness, ice mixing ratio and porosity. Experiments have shown that the ice
structure strongly depends on the deposition angle, with more compact ices forming
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from direct deposition onto the surface and more porous ices forming from depositions
from other directions. A special case is diffusive deposition, where the molecular beam
is directed away from the substrate to promote depositions at random angles, generally
further increasing the porosity level. The final ice thickness can be determined by laser
interference patterns, while ice morphology can be approximated from the experimental
conditions and by means of mass spectrometric techniques (exploiting the fact that trap-
ping efficiencies of volatiles in less volatile ices increase with porosity) or IR spectro-
scopic techniques (by comparing ice surface and ice bulk vibration modes, e.g. the
strength of the dangling OH feature in H,O ice). For a recent overview see [81].

The nature of the substrate varies between different experiments, depending on the
object of the study and the employed analysis methods. Silicate and graphite surfaces
most closely resemble the expected composition of interstellar grains, but have lower
transmission and reflectance compared to many other materials, which limits diagnostic
methods. Both surfaces are also chemically active, which complicates the analysis.
Gold and other noble metals are chemically inert and highly reflective, enabling tech-
niques based on reflection spectroscopy. Any processes that depend on the characteris-
tics of the metal surface itself (e.g. the release of secondary electrons during UV
irradiation) are obviously not relevant to interstellar environments and should be con-
sidered carefully. Transparent windows constitute a third family of common substrates
because of the possibility of transmission spectroscopy. The surface normally matters
only for very thin ices, as here the interaction between surface and ice is directly
involved. For typical interstellar ices comprising tens of MLs the influence of the
substrate is generally neglected.

The methods that are used to investigate reactions in interstellar ice analogues can
be roughly divided in two groups, depending on analysis technique and thickness
regime (submonolayer vs. multilayer). In the ML regime, the reactants and products
can be probed mass spectrometrically. The surface is initially exposed to a small quan-
tity of reactions, after which a temperature-programmed desorption (TPD) experiment
is performed. In such an experiment, an ice sample is heated linearly, typically with a
rate of 0.1-10 K/min [68]. The desorbing species are recorded as a function of tem-
perature using quadrupole mass spectrometry (QMS). Alternatively laser photoinduced
desorption can be used instead of a TPD. In this case, formed species can be quantified
at the desired sample temperature and kinetic curves are obtained [82,83]. Different ini-
tial exposures and temperatures are probed to obtain information on, for instance, the
reaction order. The TPD technique is very sensitive and permits submonolayer expo-
sure. Furthermore, it allows the study of reaction products that do not remain on the
surface or that do not form an ice, like the formation of H, from H-atoms. The method
however suffers from a few disadvantages: the products cannot be probed in situ, addi-
tional reactions during the heat-up to desorption cannot be excluded, quantifying the
desorbing species is not straightforward, some of the species have equal, i.e. undistin-
guishable masses, and a TPD experiment is only possible through evaporation, i.e.
destruction of the ice. The second method is to grow an ice of several MLs and to
expose this ice while recording reflection absorption infrared spectra (RAIRS). For this
the IR beam is guided in reflection mode through the ice, passing it twice. In this way,
the reactants and products are probed in situ at the time and temperature of interest,
which is the main advantage of this technique. Quantifying the formed product is only
straight forward, provided that the RAIRS is calibrated with an independent method. In
transmission mode, IR band intensities of ices can be calibrated using laser interference
techniques to derive absorption coefficients that can subsequently be used together to
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derive ice thicknesses in a range of experiments. These absorption coefficients are tabu-
lated for many common ices in literature. A major complication is that many ice bands
are sensitive to the local environment and an absorption coefficient derived for a pure
crystalline ice is not a priori accurate for mixed ices or even amorphous and/or porous
pure ices. When this technique is used to derive absolute ice abundances, great care
must be taken to calibrate it for different kinds of ices. If well calibrated, spectroscopic
techniques are very powerful tools, since they provide detailed information about the
changes of ice composition and restructuring during processing and thus can be used to
probe all kinds of ice processes as they occur, obtaining detailed kinetic information.
The main disadvantages are that not all species can be detected in this way (e.g. when
a species lacks a dipole moment or when bands overlap) and that the sensitivity is infe-
rior to the TPD technique. The RAIRS detection technique is therefore often comple-
mented by TPD, as it is possible to perform both methods simultaneously. A good
example of this approach is available from [39]. A further extension of the method is
to use isotopically labelled precursors — D, >C, '*N or '®0. This allows recording addi-
tional spectroscopic and mass spectrometric data and moreover, excludes that reaction
products are due to background gas pollutions (see also [23]).

2.2. State-of-the-art

In 1982, Tielens and Hagen [84] introduced an extended gas-grain model in which
water ice — the dominant solid state species — is produced by sequential hydrogenation
(i.e. H-atom addition) of O-containing ices (O, O,, and O3). This first stage of grain-
surface chemistry results in the formation of a polar (water-rich) ice. In the next phase,
along the gravitational collapse, the density in the molecular cloud increases, and CO
freezes-out on top of the grains, forming an apolar (water-poor) ice layer on top of the
polar one. Subsequent hydrogenation leads to the formation of formaldehyde and
methanol. The existing astrochemical surface reaction networks (see e.g. Wakelam
et al. [4] and references therein) were largely based on chemical intuition and gas-phase
equivalent reaction paths. This changed with the introduction of cryogenic UHV tech-
niques in solid state astrochemistry, around the start of this century. Over the last
15 years, particularly five specific surface reaction schemes have been studied in much
detail: (i) the formation of hydrogen peroxide and water upon hydrogenation
(deuteration) of oxygen-containing ice, i.e. O+ H, O, + H and O; + H [85-102]; (ii)
the formation of formaldehyde and methanol upon sequential hydrogenation of CO ice
[25,103-114]; (iii)) the formation of carbon dioxide, mainly following CO + OH and
CO + O [115-125]; (iv) the formation of hydroxylamine NH,OH [126-129]; (v) and
very recently the ongoing hydrogenation of CO producing glycolaldehyde and ethylene
glycol [130]. Other studies report the hydrogenation and oxidation/nitrogenation of
various nitrogen oxides such as NO and NO, [131-134]; formation of OCS via interac-
tion of CS, with oxygen atoms [135]; the reactivity between non-energetic hydroxyl
(OH) radicals and methane (CH,) [136]; the investigation of the reactions of H and
D-atoms with solid C,H,, C,Hy, and C,Hg [137]; the formation of ammonia (NHjs)
[138—141], isocyanic acid (HNCO) [140,142], formic acid (HCOOH) [143], carbonic
acid (H,COs) [144], ethanol (CH3CH,OH) [145]; and oxygen atom reactions with
alkenes [146]. In this review, a number of examples will be discussed in more detail to
illustrate representative experiments and to discuss their astrochemical relevance.
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2.3. SURFRESIDE’?

Several setups worldwide are capable of studying atom- (and radical) addition reactions
in interstellar ice analogues under ultra-high vacuum conditions [95,122,139,146-149].
These setups typically comprise one or two atom beam lines suited to study hydrogena-
tion, and simultaneous or sequential atom (H/D, O, N) addition reactions. The principle
procedures used in these setups are rather similar and largely based on RAIRS and
TPD, as discussed above. Here, SURFRESIDE? is described, a recently extended setup
in Leiden (NL) that in many respects is representative for the methods and techniques
used in other laboratories. Full details are available from [28,29,125,141,150].

The central part of the SURFace REaction Simulation Device (Figure 2) is an UHV
chamber (107'°-107"" mbar) onto which two atom beam lines are mounted that aim at
an optically flat gold coated cupper substrate (2.5 x 2.5 cm?) placed in the centre of the
main chamber, and mounted on the tip of a cold-head with temperatures accessible
between 12 and 300 K using resistive heating. Ices are grown using two all metal high-
vacuum stainless steel dosing lines, allowing different gases to be deposited separately
or simultaneously onto the gold substrate. This surface is not representative for an
interstellar dust grain, but offers a chemically inert and effective heat conductor that in
the IR is highly reflective. Moreover (see Section 2.1), ice thicknesses in space and
in the laboratory are typically tens of ML thick, which substantially reduces the role of
the substrate onto which the ice has been grown. Indeed, the use of other surfaces
(such as HOPG) does not show different processes as long as these take place in the
upper layers of the bulk ice. The deposition proceeds with a controllable flow that
allows growing ices with ML precision.

The ices are monitored both spectroscopically by RAIRS using the light of a
Fourier transform infrared spectrometer (700-4000 cm™', 0.5-4 cm™' resolution) and
mass spectrometrically by TPD using a quadrupole mass spectrometer that is mounted
behind the substrate and opposite to one of the two atom beam lines. The FTIR path is
purged by dry air to minimise atmospheric pollutions. Structurally different experiments

SURFRESIDE?
- MAIN CHAMBER
- GOLD SUBSTRATE (12-300 K)
- ams
- FTIR SPECTROMETER
- FTIR EXTERNAL OPTICS
- PURGE BOXES
- MCT DETECTOR
- ATOM LINE|
- HABS
10 - DOSING LINE HABS
11 - DOSING LINE MAIN CHAMBER
12 - ATOMLINE NI
13 - MWAS
14 - DOSING LINE MWAS
15 - MICROWAVE CAVITY
* - UHV GAUGES

W~ @ AW N -

w

Figure 2. Schematic top-view of SURFRESIDE?.
Source: Reproduced with permission from [125] — Copyright [2013], AIP Publishing LLC.
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can be performed with a system like SURFRESIDE?. During pre-deposition, ices are
first deposited and subsequently exposed to atoms or radicals produced by the atom
beam lines. Newly formed species in the ice are monitored with respect to a reference
spectrum of the initially deposited ice, using RAIR difference spectroscopy. During
co-deposition, molecules and atoms/radicals are deposited simultaneously onto the sub-
strate. By changing the molecule/atom ratio different reaction stages in the selected
chemical network can be simulated. In this case, RAIR difference spectra are obtained
with respect to a bare gold substrate spectrum. After (co)deposition, a TPD can be
performed by linearly heating the sample until the ice is fully desorbed. The thermal
desorption is monitored using RAIRS. Alternatively, when the sample is rotated to face
the QMS, the latter can be used to monitor the evaporating species, and to constrain
the RAIRS data.

SURFRESIDE? uses two different and commercially available atom sources: a
thermal cracking source (HABS — Hydrogen atom beam source [151]), and a microwave
discharge atom source (MWAS — Microwave atom source [152]). The first one generates
H- and D-atoms, while the second one can also produce N- and O-atoms and radicals
such as OH. Before impacting onto the ice, the atoms are first cooled to room
temperature into a nose-shaped quartz pipe that is designed to quench excited species by
collisions with its walls. In this way ‘hot’ species do not reach the ice. However, as H
collisions cause atoms to recombine to H,, it is far from trivial to determine the impact-
ing fluxes accurately. The relative high remaining temperature of 300 K does not affect
the reaction efficiency in the case of a Langmuir—Hinshelwood mechanism, as species
are believed to thermalize after hitting the ice surface, i.e. before they can diffuse and
react. Calibration methods used so far are based on determining absolute atom densities
in the exposing atom beam or, alternatively, on measuring the formation yield of final
products in barrierless surface reactions followed by evaluation of original atom flux.
Both these methods have been described in detail [125]. Fluxes can be varied by chang-
ing the pressure and power settings. Typical fluxes amount to 10'-10"® H-atoms
em ' s7! (HABS) and 10'°-10'? atoms N- and O-atoms cm ™' s~' (MWAS). Absolute
flux values have errors of the order of 30—50%. These uncertainties are large, but abso-
lute flux values are needed to interpret reaction rates, quantitatively. The relative errors
are generally much lower (~10%) and this still allows to compare deposition ratios.

It should be noted that in a pre-deposition experiment, an ice is bombarded after
deposition. This generally limits reactions to the surface layers depending on penetration
depths in the ice. In a co-deposition experiment, ice molecules and atoms or radicals are
deposited simultaneously and depending on the applied ratio this allows each deposited
species to be available for the reaction. The latter is generally closer to the processes tak-
ing place in space (although not exclusively) and as previously mentioned often allows
to monitor both intermediate and final products of the reactions [93,102,128,130].

Below, a number of specific examples are discussed. These are largely biased by
recent and ongoing work at the Sackler Laboratory for Astrophysics in Leiden, the
Netherlands (www.laboratory-astrophysics.eu), but we have tried to our best to put these
results within the context of work ongoing in other groups active in the same field.

3. Results
3.1. 00,0; +H

Water is the main constituent of inter- and circumstellar ices and is an essential
ingredient for life on Earth. In dense cold regions of the ISM, gas-phase formation
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routes for H,O and subsequent freeze-out mechanisms cannot explain the large ice
abundances observed. It is therefore expected that water forms in the solid state [153].
This idea was first proposed by van de Hulst [154], who indicated that water molecules
are formed on the surface of grains by hydrogenation of O, molecules. Decades later,
Tielens and Hagen [84] suggested that water forms upon sequential hydrogenation of
atomic oxygen, molecular oxygen and ozone on icy dust surfaces. At that time, only
gas-phase data were available, and this severely affected the completeness of the solid
state reaction scheme and its correct incorporation into astrochemical models. It is only
since a few years, starting in 2008, that the first fully controlled laboratory experiments
on surface hydrogenation of oxygen precursors were actually performed. Miyauchi
et al. [86] presented results for O, + H at 10 K, while the work of Toppolo et al. [87]
comprises a large set of measurements covering 12-28 K. In both studies — bombard-
ment of a pre-deposited O, ice with H- (D-) atoms — the formation of water ice via
hydrogen peroxide was proven effective by RAIR techniques that permitted to derive
reaction rates, also for the deuterated species. Furthermore, Ioppolo et al. [87] showed
that these rates were surprisingly independent of the studied temperatures.

In a follow-up study [92,93] it was confirmed that the H,O, and H,O formation
rates are temperature and thickness independent, whereas the final total yield increases
with increasing temperature and thickness. This can be explained by a competition
between reaction of H-atoms with O, molecules (temperature independent) and hydro-
gen diffusion into the ice (temperature dependent): H-atoms penetrate into the bulk of
the ice with a penetration depth that is temperature dependent, and, once trapped in the
ice, reaction is likely to occur. Consequently, the O, ice is mainly hydrogenated
bottom-up.

Ioppolo and coworkers [92] also concluded that the reaction scheme initially pro-
posed by Tielens and Hagen [84] could not be fully complete, as clear evidence was
found in the RAIR spectra for O; formation upon hydrogenation of pure O, ice. This
observation was explained by Cuppen et al. [93], who performed co-deposition experi-
ments in which the H/O, ratio was varied in order to trace each step of the reaction
scheme, selectively. This experiment is illustrated in Figure 3.

The ratio between the deposited H-atoms and O, molecules determines the hydro-
genation grade. Four H-atoms are needed to convert O, into two H,O molecules. The
four panels show decreasing H/O, ratios from top (100) to bottom (1). The top spec-
trum is clearly dominated by broad water and hydrogen peroxide bands, i.e. the final
products of the reaction scheme as expected in a fully hydrogen dominated regime. In
the oxygen dominated regime (bottom spectrum), i.e. the domain where full hydrogena-
tion cannot be reached anymore by a continuous supply of O,, intermediate species —
HO,, H,0,, and OH — become visible. The first intermediate (HO,) is clearly visible in
the H/O, = 1 experiment. Reducing the O, flow by a factor of two causes the HO, sig-
nal to decrease, whereas H,O, and OH signals appear to increase somewhat. A further
reduction (H/O, = 10) results in broad bulk water bands and the intermediate species
are not visible anymore. A more complex and complete reaction scheme was derived
by tracing the abundance of each single species involved in the reaction scheme vs. the
H-atom fluence for different temperatures and H/O, ratios. This way, Cuppen et al.
[93] could explain, for instance, the presence of ozone in the ice through the formation
of atomic oxygen by the reactions HO, + H — H,O + O that was not previously
included in the scheme, and the subsequent reaction O + O, — Os.

The resulting reaction channels derived from all these experiments are indicated in
Figure 4. It extends the diagram initially proposed by Tielens and Hagen [84] with a
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Figure 3. RAIR spectra of H and O, co-deposition experiments performed at 20 K and for
different H/O, ratios of 100, 10, 2, and 1 from top to bottom. The H-atom flux is 2.5 x 10'?
atoms cm 2 s ', and is kept the same for all the experiments.

Source: Figure taken from [93] — reproduced by permission of the PCCP Owner Societies.

number of extra channels, including a cross channel between O, hydrogenation and O3
formation, consistent with the earlier mentioned observation of ozone. Finally, also the
hydrogenation of ozone (O3 + H) was studied by Mokrane et al. [89] and Romanzin
et al. [94], showing H,O and H,O, formation (as well as their deuterated equivalents).
It was found that this reaction channel interacts with the O and O, hydrogenation reac-
tion scheme. Also this reaction scheme is shown in the figure. At the same time, the
O +H/O + D channel was extensively studied by a number of independent groups
[85,91,95]. In none of these experiments the impact of H, was found to result in reac-
tion products at a detectable level [93]. In a very recent study [150], it was also shown
that the reaction O + H, does not largely affect processes in the ISM, which is an
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Figure 4. On the right side a schematic representation is shown of the reaction network
involving O/0O,/O3 hydrogenation as discussed in the text and shown in Figure 2 for different
co-deposition experiments. Other reactions — that are discussed later — are shown as well. On the
left side the primary steps in the hydrogenation of CO are shown to result in the formation of
formaldehyde (H,CO) and methanol (CH3OH) (Section 3.2). When bombarding a mixed ice,
comprising both CO and O,, also CO, is formed (middle panel) through de-hydrogenation of the
HO-CO reactive intermediate (Section 3.3). From this complex other species, including formic
acid, can be formed (Section 3.4).

Notes: Not shown in this figure is that the ongoing hydrogenation of CO also can result in more
complex molecules (Section 3.5). The diagram illustrates that the processes at play — even in a
binary mixture — are already quite complex.

Source: The figure is adapted from Ioppolo et al. [120].

important finding, given the large abundances of molecular hydrogen in space.
However, Oba et al. [97] showed that the reaction OH + H, proceeds through quantum
tunnelling. Other recent studies [100,150] used continuous-time random-walk MC sim-
ulations to disentangle the different processes that are shown in Figure 4. Simulations
are here used to reproduce the experimental findings for two different temperatures —
15 and 25 K — and the two aforementioned different deposition methods. This study
confirms that radical diffusion plays an important role in the full network and it shows
that the key pathways for the molecular oxygen channel are determined by the O, + H,
HO, + H, OH + OH, H,0, + H and OH + H reactions. The relatively high hydrogen
peroxide abundance observed in the experiments is explained by a slow destruction
mechanism. The presence of an activation barrier in this reaction was recently con-
firmed by Oba et al. [102]. Hydrogen peroxide hydrogenation and deuteration rates
were compared at 10-30 K and a slower rate was observed for D-atom addition over
H-atom addition. This is consistent with the presence of an activation barrier in the
reaction that proceeds through quantum tunnelling.

A systematic comparison of the D/H ratios in Earth’s oceans, gas-phase cometary
water, and gaseous water in proto-planetary discs provides evidence that water may
have been delivered to Earth by comets, found in the Oort cloud and composed of the
most pristine pre-solar ices. However, a link between water on Earth and water formed
on interstellar ice grains cannot be easily established, because (a) unambiguous
observational data of deuterated interstellar ices are still lacking, and (b) it is not yet
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clear to what extent gas-phase deuteration ratios in star-forming regions actually reflect
the deuteration ratios in the icy molecular reservoirs from which the gas-molecules
originate. In the past few years, there is a growing number of laboratory based studies
devoted to the relative comparison between hydrogenation and deuteration rates for
selected reaction routes presented in Figure 4 [97,102,155,156].

Meanwhile, also from an astronomical point of view much progress has been made.
The WISH key programme of the space telescope Herschel has recently made observa-
tions of gas phase water and species related to its chemistry in prestellar cores and
YSOs at different evolutionary stages. Hot gas containing O(I), O,, cold H,O, HO,,
and H,0,, as well as OH, OH", H,O", and H;0" have been identified in the ISM. The
identification of these molecules is consistent with the solid state network that has been
derived in the laboratory experiments. The astronomical results have been summarised
in a recent review and linked to the existing laboratory data [157].

32. CO+H

Solid methanol can act as a starting point for the formation of more complex species
when irradiated with UV photons or cosmic rays [39,63]. This finding and its high abun-
dance in the ISM make methanol one of the key molecules in astrochemical reaction
schemes. Since gas-phase reaction routes cannot explain the observed methanol abun-
dances, it has to form in a different way [158,159]. Charnley et al. [160] proposed that
methanol forms in the solid phase by the hydrogenation of CO via successive reactions of
CO with atomic hydrogen: CO — HCO — H,CO — H,COH — CH;OH. This surface
reaction scheme (shown on the left-side of Figure 4) has been long under debate, as the
first sets of laboratory data [85,103,105,106] gave conflicting results. In their first studies,
Hiraoka et al. [85,103] reported both the detection of H,CO and CH3OH upon hydro-
genation of CO ice, but a later study [106] confirmed only the formation of formaldehyde,
whereas in [103] an efficient formation of methanol ice was presented. In a follow-up
study by Fuchs et al. [25], several years later, covering the 12-20 K region and able to
vary the H-atom flux, it was shown that the results of both Japanese groups were actually
not conflicting, but that the slightly different temperatures and particularly flux settings
prohibited CH30H detection in the Hiraoka experiment.

The first (CO + H) and third (H,CO + H) reaction steps in this H-atom addition
scheme possess barriers that have to be overcome. The efficiency of the process therefore
depends on the barrier height and how much excess energy is available to cross over.
Figure 5 shows the time evolution of the surface abundance (in molecules cm™?) of CO,
H,CO and CH3;O0OH during H-atom bombardment of CO ice with an H-atom flux of
5x 10" cm % 5! at different temperatures ((a) 12.0 K, (b) 13.5K, (c) 15.0 K, and (d)
16.5 K). The amount of CO decreases as the abundance of H,CO increases for four dif-
ferent temperatures. After bombardment with 1 x 10'7 H-atoms cm ™2, the formation of
methanol kicks-off at the expense of the growth of the H,CO abundance. Similar trends
of abundance evolution as a function of fluence are reported in [111]. Based on the
experimental results, in [25], it was concluded that the penetration depth of H-atoms in a
pure CO ice is at most four MLs. Moreover, for temperatures higher than 15.0 K, a clear
drop in the production rate of methanol was observed. This is probably due to two effects:
(a) an increasingly thermal desorption efficiency of H-atoms, (b) and a reduced sticking
of H-atoms because of the low H, surface abundance at higher temperatures. Both effects
cause the H surface abundance to drop substantially and therefore reduce the probability
of hydrogenation reactions occurring in the laboratory.
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Figure 5. Time evolution of the surface abundance (molecules cmfz) of CO, H,CO and CH;0H
during H-atom bombardment of CO ice with an H-atom flux of 5 x 10"* cm 25! at surface
temperatures of 12.0 K (a), 13.5 K (b), 15.0 K (c¢), and 16.5 K (d). Experimental data (symbols)
and MC simulation results (solid lines) are shown as well.

Source: Figure taken from [25] (reproduced with permission © ESO).

An interpretation of these measurements in terms of the actual processes taking
place — deposition of H-atoms, diffusion and then reaction — is only possible using a
detailed model. Fuchs et al. used a microscopic kinetic MC algorithm to fit effective
reaction barriers for CO + H and H,CO + H to a large set of H,CO and CH;0H pro-
duction and CO loss data as function of temperature (see solid lines in Figure 5) and
H-atom fluence, yielding typical values in the range of 400-500 K. The production rate
of H,CO was found to decrease, and the H-atom penetration depth into the ice to
increase with temperature. A similar effect was found for methanol.

Temperature-dependent values are important — within their experimental accuracies
— for inclusion in astrochemical models that predict astronomical column densities. As
indicated earlier, in such a case the production ratio (H,CO/CH;OH) for the interstellar
simulations is a more accurate parameter to use and indeed found to be in closer agree-
ment with observational limits than a direct comparison of the absolute values.

Deuteration experiments were also performed on CO ices [112], which resulted in
both deuterated formaldehyde and methanol. It was found that the deuteration rate of
CO is 12.5 times lower than the rate of CO hydrogenation at the same experimental
conditions. A slower rate of CO deuteration in comparison to H-atom addition was also
confirmed by Fedoseev et al. [130]. In addition to CO + D experiments, also deutera-
tion studies of H,CO and CH3;OH ices have been reported [110,113,161]. Figure 1 of
Hidaka et al. [113] presents the complete surface reaction network as obtained when
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CO is exposed to H and D-atoms. Here, the reaction routes of H,CO + D and
D,CO + H on amorphous solid water at 10-20 K are studied by IR spectroscopy. For
D + H,CO, H,CO was converted to HDCO and D,CO by H-D substitution reactions,
and CD;OD was slightly formed by D-atom addition to D,CO. Doubly and triply
deuterated methanol, CH,DOD and CHD,OD, were not observed in the IR spectra,
indicating that D-atom addition to H,CO and HDCO is much slower than the H-D
substitution reactions. Thus, the H-D substitution reactions in formaldehyde
(H,CO — HDCO — D,CO) are the dominant reaction route. For H + D,CO, D-H
substitution reactions (D,CO — HDCO — H,CO) and subsequent CH;OH formation
by H-atom addition to H,CO proceed efficiently. Doubly deuterated methanol,
CHD,OH, which is formed by successive hydrogenation of D,CO, was observed at a
significant level. In contrast to D + H,CO, methanol formation is competitive to the
D-H substitution reaction. Therefore, the dominant routes are found to be
D,CO — HDCO — H,CO — CH30H and D,CO — CHD,OH. Figure 8 in Hidaka
et al. resumes the main routes for deuterated formaldehyde and methanol formation on
a dust grain as found from the experiments. The general conclusion here is that
although D-atom additions to CO/H,CO proceed slower than H-atom additions to
CO/D,CO, D-atom induced substitution reactions in H,CO and CH;OH take place
faster than the corresponding H-atom induced substitutions in D,CO and CD;0D.

The chemical link between solid CO and CH;0H was also confirmed spectroscopi-
cally. It has been a long standing goal to explain the disappearance of the 2152 cm™' CO
ice band in astronomical spectra that showed up in all laboratory spectra recording CO in
water ice. A study connecting bandwidths, peak positions and (dis)appearance of the
2152 cm™ " band proved that the astronomical spectra are fully consistent with CO ice inti-
mately mixed with CH3OH, in agreement with a common chemical history as described
above [16,162].

3.3. CO+OHvs. CO+0

The two previous paragraphs describe hydrogenation reactions starting from nearly pure
ices. This is generally not the case in space, where ices consist of layered and largely
mixed ices. So what happens when a binary ice mixture of CO and O, is hydro-
genated? Is the H,CO/CH3;0H or H,O,/H,O channel dominating? The RAIRS spec-
trum in Figure 6 shows that for the studied conditions not only the hydrogenation
products of pure CO and O, ice are found, but in addition also CO, is clearly
observed. The appearance of this new molecule is shown in the middle trace of Figure 4
and follows the reaction of CO and OH (formed in the O, hydrogenation scheme) with
subsequent dissociation of the resulting HO—CO complex. Again, also a binary ice is
not representative for a ‘real’ interstellar ice, but this work shows that even in a simple
mixed ice the reaction dynamics become quite complicated. The laboratory results also
show a correlation between the formation of CO, and H,O [163] which is consistent
with the astronomical observation of solid CO, intimately mixed in water-rich environ-
ments [164]. Moreover, it is found that the contemporary presence of CO and O, in the
ice influences the final product yields of H,CO, CH30H, H,O, and H,O. The forma-
tion rate of the CO hydrogenation reaction products is less affected by the presence of
O, than the O, hydrogenation reaction products are affected by the presence of CO.
This can be explained by the lower penetration depth of H-atoms in CO ice and by the
formation of CO, as an additional product, since OH radicals, formed through the O,
channel, are used to form also CO, instead of H,O and H,O,.
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Figure 6. RAIR spectrum of a CO:0, =1:4 ice mixture at 15 K after a H-atom fluence of
1.3 x 10" atoms cm 2.
Source: Figure taken from Ioppolo et al. (Figure 2) [120].

The CO + OH channel is one possible pathway to make CO, in the solid state.
CO, can be formed for instance also along CO + O and HCO + O reaction routes. The
latter reaction is experimentally challenging to investigate in the solid phase because
other CO, formation reaction routes will compete. Moreover, when the H/O ratio is in
favour of H-atoms, the hydrogenation of CO ice will convert most of the HCO in
formaldehyde and methanol. Therefore, this route is still to be investigated experimen-
tally, but the reaction CO + O has been extensively studied by different groups
[115,116,122].

TPD experiments have been performed to study the CO + O route by using thermal
O-atoms below 160 K [115]) and energetic O-atoms [116]. In the first case, this reac-
tion was found to proceed only in water pores under a water ice cap and upon heating,
while in the second case the energetic O-atoms allowed the reaction to proceed. More
recently, Raut and Baragiola [122] showed by means of IR spectroscopy and micro-
gravimetry that CO, forms in small quantities during codeposition of CO and cold
(non-energetic) O and O, into thin films at 20 K. The reason for the low CO, yield is
that O-atoms react preferentially with O to form O,, and with O, to form Os. The latter
experimental results indicate that this surface reaction has a barrier (~2000 K in the gas
phase [165]). Moreover, according to Goumans and Anderson [166] the onset of tun-
nelling is at a too low temperature for the reaction to significantly contribute to the
formation of solid CO, under interstellar conditions. Therefore, CO + O is likely not an
efficient pathway to CO, formation unless energetic processing is involved.

Very recently, loppolo et al. [125] directly compared the efficiency of two different
carbon dioxide surface formation channels (CO + O and CO + OH) under the same
experimental conditions using SURFRESIDE?. The use of a double beam line system
is essential here and to interpret results from the simultaneous hydrogenation and
oxygenation of solid CO, it is necessary to first distinguish the single contributions of
the different reaction channels, i.e. O + H, CO + H, and CO + O. This also has been the
topic of a theoretical study [167]. Figure 7 shows the IR spectrum of '*CO
co-deposited with oxygen and hydrogen atoms on a 13.5K gold substrate
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Figure 7. RAIR co-deposition spectra of '>CO, O- and H-atoms on a 13.5 K gold substrate
(top-spectrum in main panel, >CO + O + H); '*CO and O-atoms (second spectrum from the top,
13CO + 0); *CO and H-atoms (third spectrum from the top, 13CO + H); and O- and H-atoms
(bottom-spectrum, O + H). The inset figure shows the '>CO, stretching mode region for all four
experiments.

Source: Reproduced with permission from [125] — Copyright [2013], AIP Publishing LLC.

(**CO + O + H). This spectrum is compared to co-deposition spectra of *CO and oxy-
gen atoms (>CO + 0); *CO and hydrogen atoms ('*CO + H); and oxygen atoms and
hydrogen atoms (O + H). In all four experiments, oxygen atoms are produced by the
MWAS, while hydrogen atoms are formed by the HABS. The '*CO deposition rate
(0.0075 ML s™ ') as well as O- and H-atom fluxes (~10'" and ~10" atoms cm ? s~ ",
respectively) are kept the same in all the experiments and the spectra shown in Figure 7
are all acquired after 45 min of co-deposition.

Under the same experimental conditions CO, is found to form more efficiently
through the reaction CO + OH than CO + O, indicating that the first reaction has a
lower activation barrier than reaction CO + O. These results are not only in good agree-
ment with other experimental results (CO + O, [122]; CO + OH, [118,120,121]), but
also with the most recent astrochemical models and observations [166,168]. In the latter
study, Chang and Herbst studied, among others, the surface reaction CO + O + H, by
means of a unified microscopic-macroscopic MC simulation of gas-grain chemistry in
cold interstellar clouds in which both the gas-phase and the grain-surface chemistry are
simulated by a stochastic technique. In their model, solid CO, is produced mainly by
the reaction (CO + OH), which occurs by a so called ‘chain reaction mechanism’, in
which an H-atom first combines with an O-atom lying above a CO molecule, so that
the OH does not need to undergo horizontal diffusion to react with CO. This scenario
is not far from the experimental conditions described in [125], where O and H-atoms
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meet to form OH radicals that then further react with neighbouring CO molecules to
form CO,. Chang and Herbst conclude that the solid CO formed in early cold cloud
stages via accretion and surface reactions is mainly converted into CO, through reac-
tion (CO + OH). This makes the latter reaction to be most likely the main non-energetic
CO, formation route under early cold cloud conditions, where H-atoms are consider-
ably more abundant than O-atoms [169]. Chang and Herbst [168] also suggested that
the conversion of CO into CO, becomes inefficient at later times, where, for the
low-mass YSO case, there can be a high abundance of almost pure CO, with some con-
version to formaldehyde and methanol. Under these conditions, solid CO, can still be
formed via energetic processing (UV and cosmic ray irradiation; e.g. [170], and
references therein).

Although dense molecular clouds are shielded from UV radiation to a great extent by
dust particles, cosmic rays can still penetrate these regions and, therefore, they can effi-
ciently process the ices (e.g. [171-173]). As discussed in Section 2, energetic processing
becomes even more important at later stages of star forming regions, when ices are
exposed to the irradiation of a new born star. In dense molecular clouds, cosmic rays
generate UV photons as well as fast ions and electrons that can indeed release their
energy to the target material. Owing to the interaction with fast ions molecular bonds are
broken and, on timescales of tens of picoseconds, the molecular fragments recombine giv-
ing rise to a rearrangement of the chemical structure that leads to forming new molecular
species. In the case of UV photolysis, the energy is released to the target material through
a single photo-dissociation or photo-excitation event (see Section 2). Therefore, energetic
processing most likely contributes to the total CO, abundance observed in polar and
apolar interstellar ices. For instance, (a) photo-dissociation of H,O ice is a possible
mechanism to form available OH radicals that can subsequently react with CO molecules
to form solid CO, through reaction CO + OH, and (b) CO, can be formed through reac-
tion CO + O in apolar ices when the reaction is induced by energetic input and the formed
O-atom is in an electronically excited state.

Outside the main topic of this review, it should be noted that over the past two dec-
ades, several laboratory experiments from different groups have shown that CO, is effi-
ciently formed after energetic processing of pure CO ice and ice mixtures containing
CO and H,0 (e.g. [60,174—178]). Furthermore, CO, ice is also found upon irradiation
of carbon grains covered by a water cap or an oxygen layer [179—-182]. Ioppolo et al.
[183] and Garozzo et al. [184] quantitatively studied the formation of CO, ice upon
ion irradiation of interstellar relevant ice mixtures containing C- and O-bearing species
at low (12-15 K) and high (40-60 K) temperatures, respectively. Clearly, there are
several solid state channels that explain the formation of CO, ice.

3.4. Formation of carbon bearing acids and ethanol

In the past few years, several other surface reaction schemes that lead towards a higher
molecular complexity have been investigated under laboratory conditions. One of those
molecules is formic acid (HCOOH), the smallest organic acid that has been observed
towards high- and low-mass star-forming regions and quiescent clouds in the gas phase
and likely also in the solid phase (e.g. [185—188]).

Since dissociative recombination of protonated formic acid has been proven not to
be an efficient gas-phase channel leading to HCOOH formation, formic acid is likely to
form through surface reactions on dust grains [189]. Although a number of different
surface channels has been proposed in the past (HCO, + H, [84,190] and HCO + OH,
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[191]), the formation pathway to solid HCOOH was not experimentally confirmed until
2011. In Ioppolo et al. [143] the first laboratory evidence is presented for the efficient
HCOOH formation during co-deposition experiments of H-atoms and CO:0, mixtures
with 4:1, 1:1 and 1:4 ratios. During co-deposition, spectral changes in the ice were
monitored using RAIRS. After co-deposition a TPD experiment was performed and
gas-phase molecules were detected by a QMS. Formation of HCOOH was observed at
low temperatures mainly through hydrogenation of the HO—CO complex, while reac-
tions with the HCO radical as intermediate were found to be inefficient. The HO-CO
complex channel, which was previously not considered as an important HCOOH
formation route in astrochemical models, can actually explain the presence of HCOOH
in dense cold clouds, at the beginning of the warm-up phase of a protostar, and, there-
fore, is likely to be astrochemically relevant. Moreover, the HO—CO + H reaction chan-
nel links HCOOH to the surface formation of CO, and H,O with a similar formation
branching ratio for the three final products.

As was shown by Oba et al. [144], solid H,CO; can also be formed from the same
HO-CO complex through the reaction HO—CO + OH. This reaction leads to the forma-
tion of CO,+ H,O and H,0, + CO. The fact that in [143] solid H,CO; was not
detected, and that in [144] no HCOOH was detected, is probably due to a different
atom/radical flux composition: in the latter experiment OH radicals are produced in a
plasma of H,O, while in the former one OH radicals are formed in the ice through sur-
face reactions of O, + H. Therefore, in the first case there is likely an overabundance
of OH radicals on the surface, while in the second case H is the dominant species, thus
HO-CO + H is more likely to occur.

Bisschop et al. [145] investigated the hydrogenation of solid CO,, HCOOH and
CH;CHO under interstellar relevant conditions. RAIRS and TPD were used to analyse
the results. CO, and HCOOH were found to not react with H-atoms at a detectable
level. Therefore, a solid state formation of HCOOH from CO, and CH,(OH), is likely
inefficient in interstellar ices. Hydrogenation of CH3;CHO leads to ~20% of C,HsOH,
showing for the first time that a thermal hydrogenation reaction may explain the
ethanol abundances detected in dense interstellar clouds.

3.5. Formation of C-C bond bearing complex organic molecules upon CO
hydrogenation

A clear focus of the past few years has been on the astronomical detection of amino acids,
specifically the simplest amino acid, glycine. Despite theoretical studies and laboratory
based work that show that glycine as well as several other amino acid should form in
space [33,127,192], unambiguous detections — even though claimed regularly — are still
lacking [193]. The search for two other classes of prebiotic compounds — aldoses (polyhy-
droxy aldehydes) and polyols — has been more successful. Aldoses are compounds with
chemical formula (CH,0), containing one aldehyde (-CHO) group. Well-known mem-
bers of this series are the simple sugars (monosaccharides) such as glycose, ribose and
erythrose. The simplest representative of this class — glycoladehyde (HC(O)CH,OH) —
has been successfully detected in the ISM [194]. The best-known representative of the
polyols series is glycerine — a basic compound of fats. Glycerine is a triol and has not been
detected in space so far, but ethylen glycol (H,C(OH)CH,OH), a diol, has been observed
[195,196]. Fedoseev et al. [130] showed the first laboratory evidence of the formation of
two larger molecules of astrobiological importance — glycolaldehyde (HC(O)CH,OH)
and ethylene glycol (H,C(OH)CH,OH) — by surface hydrogenation of CO molecules,
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i.e. along a non-energetic process merging a backbone from simple species; the key step
in this process is believed to be the recombination of two HCO radicals followed by the
formation of a C—C bond and follows theoretical work on glycolaldehyde [197]. This is
an important experimental finding, as so far hydrogenation reactions were mainly shown
to be effective in the formation of smaller species (e.g. ammonia from N + H) with
CH;OH (CO + H) as the largest species systematically studied so far by more than one
independent group.

In Figure 8, a typical example of a TPD quadrupole mass spectrum is presented for
a '>CO + H codeposition experiment at 13 K. Four peaks are found in the TPD QMS
spectra. The insets in the top-side of the figure compare the fragmentation patterns of
desorbing species recorded in this experiment with values obtained by extrapolating
literature results. The experimental and literature values are very close and fully consis-
tent with the finding that glycolaldehyde (H'’C(0)"*CH,OH) and ethylen glycol
(H," C(OH)13CH20H) form along with the formation of H,"*CO and "*CH;0H upon
surface hydrogenation of CO molecules. '*CO experiments are used to provide addi-
tional proof for glycolaldehyde and ethylene glycol formation because, with '*CO as
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Figure 8. TPD spectra obtained after a codeposition experiment of '*CO + H (1:25) at 13 K for
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fragmentation patterns of the desorbing species detected in this experiment upon 60 eV electron
impact with those available from literature.

Source: Figure taken from Fedoseev et al. (Figure 3) [130].
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precursor, dissociative ionisation products containing only one carbon atom will be
shifted by one m/z number, while fragments containing two carbon atoms will shift by
two. This is a characteristic property for C—C bond formation.

These experiments aim at simulating the CO freeze-out stage in interstellar dark
cloud regions, well before thermal and energetic processing become dominant. There-
fore, Fedoseev et al. [130] show that formation of both glycolaldehyde and ethylene
glycol may take place already in the prestellar stage well before energetic processing of
the ice by the newly formed protostar will take place. Moreover, the authors found that
the correlation between the abundances of HC(O)CH,OH and H,C(OH)CH,O with
those of formaldehyde and methanol is as expected typically in ratios of the order of a
few percent.

At this place, it should be stressed that the solid state formation of complex organic
material has been a very active research area over many decades and particularly the
VUV irradiation or cosmic ray bombardment of astrophysically relevant ice mixtures
has been taken as a proof that biologically relevant species can form in the solid state.
As stated in Section 1.2, such studies follow both top-down and bottom-up approaches,
and the formation of specifcally glycolaldehyde and ethylene glycol also has been
observed upon energetic processing of methanol containing ices [39,53,63,198,199].
Other pathways for HC(O)CH,OH and H,C(OH)CH,O formation have been predicted
by theory [200-202]. The relevance of the atom addition channel presented here is par-
ticularly interesting as it takes place along a non-energetic process and consequently
may be relevant for chemical pathways in dark clouds.

3.6. Surface chemistry of nitrogen bearing molecules

Ammonia (NH3) is one of the few nitrogen-bearing species that have been observed in
interstellar ices toward YSOs and quiescent molecular clouds. Although the nitrogen
chemistry of the ISM has the potential to reveal the link between the formation of sim-
ple species and prebiotics, like amino acids, this is still poorly investigated in laborato-
ries and therefore not well understood. The sequential hydrogenation of N-atoms was
first tested at cryogenic temperatures by Hiraoka et al. [138] who performed a TPD
experiment after the hydrogenation of N-atoms trapped in a matrix of solid N,. Hidaka
et al. [139] confirmed the formation of ammonia in a solid N, matrix at low tempera-
tures. In this study, however, the unambiguous detection of NH; was made only after
annealing the ice to 40 K in order to desorb the N, matrix. Very recently, Fedoseev
et al. [140,141] studied the surface formation of NHj through sequential hydrogenation
of N-atoms at low temperatures and in interstellar ice analogues. They found the reac-
tions to proceed through a Langmuir-Hinshelwood mechanism, to be fast and likely
barrierless, thus constraining the previous findings of different groups. The surface NH;
formation mechanism is therefore relevant to dense cloud conditions, where ices are
shielded from radiation and a polar (water-rich) ice is formed on top of the bare grains.
The reactivity of the intermediate NH and NH, radicals embedded in more complex
ices was also experimentally investigated by Fedoseev et al., and the formation of
HNCO in a CO ice was found. The latter experiments are somehow closer to the CO
freeze-out stage conditions observed in space, when CO rapidly accretes on top of the
previously formed H,O-rich ice mantle and forms a layer of CO-rich non-polar ice.
When ammonia and isocyanic acid are present in the ice and are heated to higher tem-
peratures, they react to form NH4" and OCN™ [75,77]. The formation of these ions is
indeed commonly associated with a later stage of molecular cloud evolution, when
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Source: Figure taken from [126] (reproduced with permission 1OP).

thermal processing of the ice by a newly formed protostar becomes important. These
laboratory results [140,141] are in good agreement with observations [8] and have
potential implications in astrobiology as HNCO and OCN™ are precursors of simple
amino acids and peptide fragments. In their studies, Fedoseev et al. [141] further
investigated the deuterium enrichment of the formed ammonia ice by co-depositing
H-, D- and N-atoms on the cold substrate. This suggests that the deuterium enrichment
of the ice is likely due to the higher binding energy of D-atoms to the ice surface
compared to H-atoms.

Similarly to the C—H bonds of H,CO and CH;OH, an N-H bond may be subjected
to D-atom induced exchange. Although NHj itself does not participate in H-D substitu-
tions at cryogenic temperatures [112,141], Oba and coworkers [203] have recently
investigated experimentally the H-D and D-H substitutions of solid methylamine
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Figure 10. The complete nitrogen chemistry network, summarising the findings from [126-134].
It should be noted that NH in a CO rich environment can react to form HNCO, the simplest
molecule comprising the four most abundant elements in space.
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isotopologues through surface reactions at 10 K. They showed that both H-D and D-H
substitutions occur faster in the methyl group of methylamines than in the amino group.
One possible explanation for this result is that a series of H(D) abstraction—D(H) addi-
tion reactions is the main process for H-D (D-H) substitution in the methyl group.
Moreover, the formation of an intermediate species, like CH3NH,D, followed by the
reaction with D(H) atoms may also be effective for the H-D (D—H) substitution in
amino groups. Based on the effective rate constants for H-D and D-H substitution
reactions experimentally obtained, Oba et al. [203] predicted that singly deuterated
methylamine CH,DNH, is the most abundant isotopologue formed by surface reactions
within the typical lifetime of a molecular cloud.

Hydroxylamine (NH,OH) is another of the potential precursors of complex prebi-
otic species in space (glycine and B-alanine; [192]). In 2012, a detailed experimental
study of hydroxylamine formation through nitric oxide (NO) surface hydrogenation
was performed with particular care to the submonolayer regime on interstellar relevant
substrates (crystalline H,O and amorphous silicate) and the multilayer regime in inter-
stellar relevant (H,O- and CO-rich) ices [126—128]. NH,OH was found to be efficiently
formed through a barrierless reaction mechanism. Figure 9 shows RAIR spectra of solid
NO co-deposited on the gold substrate at 15 K with low- and high-hydrogen atom flux
(H/NO =0.2 and H/NO = 4, respectively). The non-detection of NH,OH in the gas
phase indicates that hydroxylamine is likely directly converted to other species on the
ice surface before desorption or, alternatively, efficiently consumed through gas-phase
reactions with H;" and CHs" [192,204].

Related to the hydrogenation studies of NO is a large set of experiments in which
H-, O-, and N-atom addition reactions have been investigated [131,133,134]. These
experiments extended the hydroxylamine reaction network including reactions NO + H/
N/O/O,/O5 and NO, + H/N/O that lead to the formation of water, hydroxylamine, and
nitrogen oxides (NO, NO,, N,O, N,03;, N,O4) on cold (10-15K) surfaces (see
Figure 10). Finally, He et al. [129] showed the laboratory formation of hydroxylamine
on dust grain analogues via ammonia oxidation, adding a new channel to the formation
of a glycine precursor.

Due to its link to the formation of prebiotic species, solid state nitrogen chemistry will
surely be the subject of several future astrochemical studies, combining laboratory data
with observations and models, with the goal to “‘unlock the chemistry of the heavens’.

4. Conclusions

The take home message of this review article is that atom addition reactions in
interstellar ice analogues, as investigated in the laboratory, provide solid state reaction
pathways that are of relevance to explain the astronomical observation of a large
number of molecules in the ISM. Dedicated experiments allow investigating isolated
reaction schemes in full dependence of relevant settings and sensitive diagnostic tools
make it possible to extend qualitative trends to quantitative conclusions. Physical and
chemical parameters are derived that are needed as input in astrochemical models and
that allow to bridge conclusions from a laboratory setting to interstellar space. The
level of complexity is quite overwhelming, even for relatively simple ice mixtures. In
Figure 11 this is illustrated by connecting all reaction schemes discussed here. The
arrows show possible reaction pathways, but one has to realise that their efficiency
depends on temperature (for example), and on the presence of specific precursors that
will depend on the evolutionary stage of the process. Other processes not specifically
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adressed here are likely to interact as well. Nevertheless, work as described here is
necessary to extend the existing databases with solid state parameters, urgently needed,
to fully understand how gas/grain and grain/gas interactions influence the chemical
evolution of the Molecular Universe.
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