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Any word on which three versed ones (intelligent ones) agree can be told anywhere;
otherwise it must not be relied on. Do compare your word and the word of the others with
the words of the versed ones (intelligent ones): if it will be in agreement you can say,
otherwise there is no way to say.

Whoever lies with intention or through sorcery, or spies upon the behavior of others, or
intervenes between the two arguing ones to help the one against the other is to be put to
death.

Excerpts from Great Yassa of Genghis Khan

(An original list of the regulations

legendarily declared by Genghis
Khan on Kurultai in 1206 is not

preserved. This text is based on
reconstructions of Great Yassa by
Rashid-al-Din Hamadani (1247 -
1318) and Al-Magqrizi (1364 — 1442)

assembled by Erenzhen Khara-Davan
in the work “Genghis Khan as a
Warlord and His Heritage” (in

Russian), Belgrade, 1929)



| ntr oduction

To a young boy, who is trying to build for the ffitisne his own cosmological picture
of the Universe consisting of myriads of galaxiee,endless space between stars may
seem to be just an empty barrier, a necessary “dhiit has to be passed before
reaching the next island of matter — a star systémilar to our own. To me, the
concept of interstellar medium was for the firshei introduced by Stanistaw Lem’s
novel ‘The Magellanic Cloud’ (1955), where the ffilsuman expedition, which
undertakes the venture of leaving our Solar systathtravelling to a nearby star in
search for a new World, had encountered an unerggutoblem. Their spaceship was
overheated for unknown reasons. It took a whiletgetngineers on the ship had
realized the cause: “The source of the heat risaldmnly be outside, but outside
there was the emptiness. One cubic centimeterisfetmptiness contains only few
atoms, and that is why it could be considered aal@vlute vacuum in comparison to
the gas density under terrestrial conditions, wherne cubic centimeter of gas has
several trillions of molecules. However, “Gaia” mexv with such velocity, that every
square centimeter of its surface collided with &dons of atoms per second; this
was enough for friction to take place and overhtatrocket”. This was the first time
when | looked at the interstellar medium as a systeat has its own structure and life.
However, it was difficult to me to imagine at thahe that the chemistry of this
“emptiness” would eventually become the subjechgfthesis.



1.1 Star evolution

The interstellar medium (ISM) is an extremely dil@nvironment; nonetheless, it plays an
important role in the evolution of our Galaxy. TI&M is the place where new stars and
planets are formed from the remnants of starsdieatin a former star cycles. A simplified
scheme of this cycle of life and death is depidtedFig. 1.1. The ISM is filled with gas
(99% in mass) and dust (1% in mass). The gas iposed by hydrogen (H, 70%), helium
(He, 28%), and a fraction of heavier elementsdingt comprises mainly silicate grains and
carbonaceous material. Gas and dust are not disgdhuniformly over the ISM. Therefore,
there exist regions that are dominated by highitdeasand lower temperatures. With time,
gravitational attraction or external shockwavesutel these cold regions to reach even
higher densities (f10° particles crif). These values are still extremely low and can be
considered as a perfect vacuum if compared tosteiak standards. However, the size of
these objects is so large (>10000 astronomicasutiiat the visual extinction by the dust
grains does not allow visible light to pass througid therefore does not reach the
observersj.e., us (Tielens 2005). This explains the name git®rihese objects, dark
(molecular) clouds (see Barnard 68 in Fig. 1.1).eWlgravitational attraction induces
further collapse of the cloud over a period thgbesms on the mass of the dark cloud
(10°-10° years for a cloud resulting in a Solar mass sta€)jnnermost regions reach high
enough density and temperature for a protostant(ad star) to be formed inside. For the
conservation of the angular momentum, this protesscompanied by the formation of a
protoplanetary disk and outflows (see DG Tau Bim E.1). This is not yet a star system,
but also not a cloud anymore and therefore is @algoung stellar object (YSO). It takes
about 10 millions years before a star finally atesemost of the nearby material and
reaches its final mass, while the protoplanatesk & segregated and gives birth to future
planets. A low-mass star with a planetary systamilar to our own Solar system usually
lasts for about I} years before most of the hydrogen fuel insidesthe is consumed and
it becomes a Red Giant, approaching the end diféscycle. During all these stages,
starting from YSO and ending with the Red Giang, slistem releases gas and dust into the
ISM that in turn provides material from which netars are formed. Our own Sun belongs
to the second-third generation of stars.
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Figure 1.1. Artistic representation of a star formation cyiclehe ISM. All objects are chosen to be close

to the solar mass. Arrows indicate time in yeaistulres are taken from ESO and NASA web pages.

The study of every single stage of the star foromatiycle involves different physical
and chemical branches of science and faces mamsaimed issues. This thesis mostly
focusses on the very first steps of star formatiom, the dark cloud stage and the
formation of YSOs. This focus has two reasons: ne band, infrared (IR) observations
toward dark clouds show that these regions alrgmdgess a rich chemistry even before
stars and planets are formed. On the other hanéxact understanding of the chemical
processes involved in the formation of interstefipecies observed in these regions will
help scientists to unlock the origin and fate af tirganic molecules that are present on
Earth and that at some point contributed to the&tion of life.

1.2 Moleculesin star forming regions
1.2.1 Theroleof dust and ice

More than 180 different molecules have been idiedtiin the circumstellar and interstellar
media (Woon 2014). These species comprise simpleaules, like H or CO — two of the
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most abundant molecules of the ISM — as well asuitab0 molecules with 6 and more
atoms, organic molecules, and structural isomerrk{st & van Dishoeck 2009). This
observed chemical complexity in space is the cutimél@utcome of gas, dust, and gas-dust
interactions. Many species can be formed in thephase. However, gas-phase reactions
alone cannot explain the observed abundances of detected molecules, particularly the
more complex organic species. Therefore, solice gtabcesses become important. At low
temperatures (~10 K), (sub)micrometer-sized dusingract as small cryopumps onto
which gas-phase molecules accrete. In dense ctimesirfnermost part of Molecular
Clouds), the approximate timescale at which gas@lspecies deplete onto grains is about
10° years, that is comparable to the lifetime of akdeloud. Therefore, during the first
stage of star formation, most of the species, thighexception of the lightest ones,(He),
are expected to be largely frozen-out onto intlasteyrains. The resulting ice mantle
provides a local molecule reservoir, which may behack as several tens of monolayers
(ML, where 1 ML = 16° molecules cf). It also provides a ‘third body’ to which two
reactive species can donate excess energy allofeimgation of a stable molecule, a
process that otherwise is impossible in two bods-gjzase collisions. Although accretion
rates on the surface of interstellar grains areeexgly low, over thousands of years grains
accumulate enough material for complex chemistriake place. It is generally accepted
nowadays that solid state astrochemistry plays rapoitant role in the chemical
enrichment of the ISM. Grains play here the same af a solid-phase catalyst in
gas-phase chemical synthesis.

1.2.2 Interstellar ice composition

The interstellar ice composition can be derivedmfranid-infrared observations of
molecular clouds along the line of sight to a baiokgd star. Alternatively, a newly formed
protostar embedded into a young stellar objectlmmsed as a source of light. The ice
absorption spectra are then obtained by subtrattieagemission profile of a background
star or embedded protostar from the observed spetitie features leftover correspond to
the absorbance of molecules in the line of sightveen the emitting object and the
observer. Observations in the mid-IR range fronugtbbased telescopes are limited to a
few spectral windows, because of the presencellofitelines in the Earth atmosphere.
This limitation is overcome by airborne and spabsesvations. Observations with the
Infrared Space Observatory (ISO) (Whitedtal 1996, Gibbet al 2000, Gibbket al 2004)
and the Spitzer Space Telescope (, Boogeeatl. 2008, Pontoppidaet al. 2008, Bottinelli

et al 2010 and Obergt al 2011) greatly improved our knowledge on intetateice
composition by exploring wavelength ranges inadbésgrom Earth. Some examples of
ice spectra toward three chosen protostars arershofig. 1.2.
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Figure 1.2. Ice spectra towards star forming regions W33A , Biddd L1014 IRS with solar luminosities
of 1C°, 12 and 0.09, respectively, obtained from 1SO1Z8pj and ground-based observations (Gibhl
2000, Boogeret al 2004). The Figure is taken from Obeitgal (2011).

Despite the different nature of the three objeefrted in Fig. 1.2 (low-, high-mass
YSO, and background star), similar spectral featae present in all these sources. A
detailed and quantitative study of these bandselew would not be possible without the
use of laboratory ice spectroscopy (Hudgghsal 1993, Gerakinest al. 1995, Baratta &
Palumbo 1998, Cuppeet al 2011). The systematic laboratory investigationRfband
profiles of pure and mixed icesd, containing two or more species) over a wide rasfge
temperatures combined with the knowledge of all absorption band strengths of each
molecule allows for the identification of the commemts of the interstellar ice mantles. The
main components of interstellar ices are reportediable 1.1 and are — in order of
decreasing abundance -® CO, CQ, CH;OH, NH;, CH,, and XCN. The latter is likely
due to OCN Moreover, from a comparison between laboratorykwaend observations,
interstellar ices appear to be layered. The faget is a HO-rich polar-ice with embedded
CO,, CH;, and NH. The observed abundances of these species cermgidh the
abundance of solid #. The second, top, layer is a non-polar CO-ria ighich likely
contains also most of the solid gbH and OCN (Fuchset al 2009, Cuppert al 2011,
Fedoseewt al 2014). There is also evidence for the presenceasé complex molecules,

-5-



like HCOOH, CHCHO, and GHsOH (Schutteet al. 1998, Boudiret al 1998). However,
better constraintsj.e,, higher quality spectra, especially at 5-fh, are needed to
unambiguously identify these species in the solidse. Moreover, mid-IR observations
are insensitive to homonuclear diatomic moleculigs, O, and N. Although Q is not
expected to be observed in the ice due to its at@meactivity, N may be in fact one of
the most abundant ice components, because ofdtaichl inertness and stability.

Table 1.1. Abundance medians and lower and upper quartileegabf ices and individual ice components
with respect to KD ice. Taken from Obergt al (2011).

Ice Feature Low Mass Protostar  High Mass Protostaackground Star
H,0 100 100 100
co 38, (29) 13", 31
CO, 29%%, 132, 38",
CH;OH 7% (3) 8'% (4) 8'% (4)
NHz 5% 1610 (5) -
CH, 5 4% (2) -
XCN 0.6"%,,(0.3) 0.8"%.4(0.6) -
CO (pure) 21, 35 -
CO in HO 139, 10'% -
COinCQ 2% 1.3"%.4(0.3) -
CO; (pure) 2%3 2% -
CO, in H,0 2075 9% 24
CO,in CO 5, 5°, 6
OCN 0.44%;(0.2) 0.6"%4 -

1.3 Interstellar ice evolution and chemistry

To date, it is generally accepted that a substapdid of the stable and complex species
identified so far, is formed on icy dust graimg non-energetic atom addition induced
reaction schemes. Since solid-state radical-radindl radical-molecule reactions often do
not require any activation energy, they can oceenet extremely low temperature (10 K):
i.e,, in the innermost part of molecular clouds, wheesvly formed molecules are largely
shielded from radiation by dust particles. Theggamrs are part of collapsing envelopes that
feed new stars - young stellar objects - and peoth@ original material from which comets
and ultimately planets are made.

Grain surface chemistry is governed by the acanetite of gas-phase species onto
the grains, the surface migration rate which degsréaction network, and the desorption
rate. Therefore, it also depends on a nhumber ofipalyparameters, such as cloud density,

-6-



ice temperature, and chemical composition of thaingsurface. Figure 1.3 shows a
schematic representation of ice evolution starfiogn the prestellar stage (dark cloud)
through the collapsing envelope resulting in thenfation of a protoplanetary disk around
the protostar. In short, a less-volatile water-iioh is formed on top of bare grains. Then,
with increasing densities to 4@0° cmi®, CO freeze-out occurs and CO-rich ice mantles are
formed on top of the water-rich ice. This newlyrfmd CO-rich ice is hydrogenated to
form most of the interstellar GAH observed in space. Molecules formed on the sarfa
of dust grains can in turn desorb to the gas ph&slew temperature, this can be achieved
by the interaction of the ice with cosmic rays,mi@sray induced UV-photons, or as the
result of grain collisions. When the core collapaed a protostar is formed, ice will further
experience heat, UV- and cosmic rays induced m@astin the region close to the newly
formed protostar. At this stage, volatile speciesadb, while less-volatile species undergo
a “warm” ice chemistryand, as a result, more complex (organic) specefoamed in the
ice mantles. When the temperature reaches value80oK and higher, water ice and other
less-volatile species trapped in the ice startufolismate. Alternatively, some of the icy
grains will flow into the mid-plane of protoplangtadisk, where they are shielded from
heat and UV irradiation caused by the newly fornpedtostar and from the external
UV-field. In this region, planets and comets aregmfed. Therefore, understanding
formation mechanisms and delivery processes of tagnd even prebiotic molecules to
planets is fundamental for a better understandfripeoearly composition of Earth, and its
primordial oceans.
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Figure 1.3. Evolution of the ice composition starting from theestellar stage through the collapsing
envelope, and into a protoplanetary disk. Adaptethfa figure by van Dishoeck & Visser (Herbst & van
Dishoeck 2009).

Some of the most important mechanisms that ruleirttegstellar ice chemistry are

discussed below

1) Atom and radical addition reaction®mong all the possible atom addition reactions
(e.g, H, O, N, and C) occurring in space, the most irtgat one is the hydrogenation
of the ice. This is not surprising since hydrogerihe most abundant element in the
Universe. Some of the species formed through hyaration reactions on the surface
of dust grains are Hthrough H + H), HO (through hydrogenation of O§@®3), NH;
(through hydrogenation of N atoms), €bH (through hydrogenation of CO), and
possibly CH (through the hydrogenation of C atoms). G&an be formed through
atom and radical addition reactions: CO+O and CO:+Qtddical-radical and
radical-molecule reactions often do not require actyvation energy and therefore can
easily proceed even at low temperature (10 K). &lokthe most relevant reaction
mechanisms on the grain surface are the LangmuisHdiwood (L-H), Eley-Rideal
(E-R), and hot-atom mechanisms (see Figure 1.4). the case of the
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Langmuir-Hinshelwood mechanism, two reactants alsoided on different surface
spots of an interstellar grain and reach thermallibgum with the surface before one
or both of them diffuse to find each other and telacthe Eley-Rideal mechanism, one
of the reactive species directly lands on top ef dkher and the reaction immediately
occurs before thermal equilibrium is reached. That-dtom mechanism is a
combination of both: one species is located ondingace in thermal equilibrium,
while the second one lands on the nearby surface spgration and reaction occur
before the thermal equilibrium is reached.

Langmuir-
Hinshelwood Hot-Atom Eley-Rideal

Figure 1.4. Three mechanisms for surface reaction on the gsaiface. k is the desorption
activation barrier; Eis an activation barrier of the diffusion fromwface spot to another. The figure
is taken from van Dishoeck & Herbst (2009).

Distinguishing between Langmuir-Hinshelwood, Elegéal, and Harris-Kasemo

(“hot-atom”) mechanisms is of great importance whihe temperature of the
adsorbing species is significantly higher than tdmperature of the surface. For the
Eley-Rideal and the hot-atom mechanisms, the higdrgy of the incoming species
helps to overcome the activation barrier of thectiea. This is not the case if the
Langmuir-Hinshelwood mechanism takes place, whesth lihe reactants are in
thermal equilibrium with the ice surface. In colarkl molecular clouds, the difference
in temperature between the accreting species aadidf surface is not large.
Furthermore, the Langmuir-Hinshelwood mechanisthésmost important mechanism
in non-energetic surface reactions, because afxtremely low accretion rates even in
the densest regions of molecular clouds. Howewvedeu laboratory conditions, the
temperature of the exposing atom beams is ofteralegu higher than the room

temperature. This deviation from the conditionsnithin space has to be taken into
account during the interpretation of laboratoryadd¥ionte Carlo (MC) simulations

(Cuppenet al 2013) can be used to simulate and reproduce dé&dorgr results to

investigate qualitatively and quantitatively allettmechanisms at play in the solid
phase €.g, deposition, diffusion, segregation, reaction, dadorption). Results from

these models can then be included into astrochéiiCamodels to extend laboratory
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2)

3)

4)

results to interstellar timescales and fluxes (Busthal 2009, Cupperet al 2009,
Vasyunin & Herbst 2013). The experimental invegtaya of non-energetic reaction
routes is the main subject of this thesis.

UV-induced reaction routesAs opposed to the neutral-neutral, atom, andcahdi
addition surface reactions discussed above, UV gmging of ices provides an
energetic input that leads to the excitation ofenales and dissociation of molecular
bonds followed by the formation of “hot” fragmenitg,, radicals, atoms, and ions with
high internal energy. These “hot” fragments cartum react with the surrounding
molecules and easily overcome activation barridesorb from the ice surface, or
diffuse into the bulk of the ice and even ejecteottnolecules from the surface (Arasa
et al 2010). A complete analysis of the UV-induced tieaic network is often
challenging without the knowledge of photodissaoiatand photoionisation cross
sections for all the molecules involved in the Ukoplysis process. Furthermore,
these cross-sections and photodissociation bragichiios are wavelength dependent
and, therefore, significant variations in the fioatcome may occur, depending on the
energy of the UV-photon applied. Secondary proceshke photodesorption, and
structural changes in the ice morphology should bistaken into account. UV-photon
induced chemistry can efficiently lead to the fotima of complex organic species in
the ice mantles. Therefore, UV-photolysis signffitta increases complexity in the ice
(see Obergt al 2009). At high doses and high enough thickneshefce, a complex
polymeric refractory residue can be formed as wBlHendecourtet al 1996,
Allamandolaet al 1988, Greenbergt al. 1995, Herbst & van Dishoeck 2009).

Cosmic raysThe chemical composition of the ices can be &rrthodified by ion and
electron bombardment. For example, the energy setbdy a highly energetic ion
passing through a material causes the dissociafibnndreds of molecules along their
path. These fragments can then recombine. As dt m@fsthe interaction between a
cosmic ray and the ice, hundreds of new moleculeliding both simple and more
complex molecules are formed. Moreover, the impEca cosmic ray with the ice
surface causes the release of some of the ice ialaiteio the gas phase through
sputtering and local heating. In this respect, ¢oson irradiation is a more complex
mechanism than UV-photolysis that involves onlyrgie-photon event (Barattt al
2002).

Thermal processingDuring their evolution, star-forming regions aegposed to
thermal processing. Most of the chemistry in irtdlar ices takes place within the
range of temperatures 10-100 K. Thermal procesaasiruce sublimation of ice
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material, changes in the ice morphology, segregatid species in the ice,
neutral-neutral reactions — such as deuterium-axgdaeactions — and charge transfer
within the ice (Ratajczakt al 2009, Novozamskegt al 2001 and Theulet al 2011).

The aforementioned mechanisms may dominate inrdifferegions of the ISM or at
different evolutionary stages in star-forming regipbut all mechanisms have in common
that they contribute to a higher molecular compieixi space.

1.4 Chemistry of interstellar icesin the laboratory
1.4.1 Experimental setups
SURFRESIDE

Atom and radical addition reactions in intersteliee analogues are here studied using
SURFRESIDE, an ultrahigh vacuum (UHV) setup, andg ihore recent upgrade
SURFRESIDE, operational since 2012. SURFRESIDE an extended version of the
former system and comprises a second atom lindldw @he simultaneous use of two
atom-beams together with regular molecular dosingsl Details of both setups are
available from Fuchst al (2009) and loppolet al (2013) (Chapter 2 of this thesis). The
use of an UHV setup (base pressure *¥fibar of mainly H) allows us to grow ices with
submonolayer precision. Extremely low background deposition rates provide enough
time to perform selected atom-bombardment experisnender fully controlled laboratory
conditions {e., the exposure of background gagOtN,, and CQ to a cold sample at 18
mbar requires almost 4 hours to obtain 1 ML surfameerage).

Ices are deposited with controllable depositioesain a gold substrate at a selected
temperature. Deposition with a variable inciderglans possible. The substrate is mounted
on the tip of a cold head of a He close-cycle datoand a temperature regulation is
realized by means of a heating wire. The absokrgerature precision is ~2 K while the
relative precision is as high as 0.5 K

The setup comprises two molecular deposition liaed two atom-beam lines. In
order to provide diversity in the way atoms beamgenerated two different atom sources
are used:if a Hydrogen Atom Beam Source (HABS, Dr. Eberl MB&mponenten GmbH,
see Tschersich 2000) that produces H or D atorosigirthermal cracking of +br Dy; (i)

a Microwave Atom Source (MWAS, Oxford Scientificd,tsee Antoret al 2000) that
generates H, D, O, and N atoms as well as OH, Nid, ldH, radicals by using a
microwave discharge (125-300 W at 2.45 GHz). Inftiilowing chapters of this thesis,
various parent molecules are used to generate la¢ams: H(D,) for H(D) atoms, @and
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N,O for O atoms, Bl and NH for N atoms, HO for OH radicals, and NHand even
mixtures of two gasesiNand H for NH and NH radicals. A nose-shaped quartz pipe is
placed along the path of each of the atom bearaffitiently quench the excited electronic
and ro-vibrational states of the formed atoms aond-dissociated molecules through
collisions with the walls of the pipe before thesach the ice sample. Furthermore, the
experimental results on hydrogenation (deuteratmfinterstellar ice analogues can be
repeated sequentially by using the thermal craclsnogrce and then the microwave
discharge to increase the “confidence” level ofdbtained results.

Two molecular deposition lines that allow for sejtardepositions of stable molecules
are used to simulate different molecular environimies typical for different evolutionary
stages of interstellar ices.g, polar, BO-rich, or non-polar, CO-rich, interstellar ice
analogues) In this way, it becomes possible toemedit a number of various atoms and
molecules together, simulating selected astrophysimnditions. Furthermore, experiments
performed in a LD or CO environment have the advantage that reaspecies can donate
their excess energy to the surface@Hor CO) before they participate into reactions
through the Langmuir-Hinshelwood mechanism. Thueactants are most likely
thermalized to the surface temperature and thaitlia energy should not affect the final
results. Another advantage of usingtHand CO matrices is to make sure that the reactive
atoms participating in the selected reaction roatesdeposited isolated and not as dimers,
trimers, or even larger oligomers.

Two different experimental procedures are herelegtyuapplied. In “pre-deposition”
experiments, ices are first deposited on the saraplk are subsequently exposed to a
thermal atom-beam. In this case, the formation &pdsequent destruction of the
intermediate products followed by the formationfinfl products can be monitored. This
allows us to obtain kinetic curves that then canfited by a system of differential
equations in order to obtain formation rates. Hosvethis technique has considerable
drawbacks. Limited penetration depth of atoms thio pre-deposited ice causes low final
yields of the products. Furthermore, unstable megliate radicals are rapidly converted to
the stable species and consequently hard to igeftiese drawbacks can be overcome by
using a “co-deposition” technique. In the lattesesamolecules and atoms are deposited
simultaneously with specified rates. Varying théorawith which reactive species are
deposited, formation of only first intermediate gwots without further conversion into the
stable final products or, on the contrary, a thagk of only final products can be obtained.
These two techniques fully complement each other.

CRYOPAD

Several UV photolysis experiments shown in thissiheare performed by using the
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CRYOgenic Photoproducts Analysis Device (CRYOPABNjch is described in details by
Oberget al. (2009) and references therein. As for SURFRESIDE rotatable gold-coated
substrate in CRYOPAD is mounted on the tip of ald@ad of a He close-cycle cryostat in
the centre of a stainless steel UHV chamber. Thpéeature of the substrate is controlled
between 15 and 300 K by means of a heater and petetare controller. Ice deposition
proceeds through a molecular dosing line by injectither pure gases or preliminarily
prepared gas mixtures. After deposition of antlee,film is irradiated by UV light from a
broadband hydrogen microwave discharge, which pagkg-o (121 nm) and around 160
nm. The experiments discussed in chapter 4 arenpeefl sequentially, but the system also
allows the simultaneous molecular deposition andittAdiation of the growing ice.

1.4.2 Measuring techniques

In both SURFRESIDEand CRYOPAD, ice composition is monitoriedsitu by means of
Reflection Absorption Infrared Spectroscopy (RAIRSjng a FTIR spectrometer, which
covers the range between 4000 and 708.dhile 1 cmt* is the typical spectral resolution
used in the chapters of this thesis, spectral uéisal can be varied between 0.5 and 4'cm
The main advantage of the RAIRS technique is thiétyalho detect products of the
reactions investigated in the solid phase at thepka temperature and to monitor the
amount of products over timée., to obtain kinetic curves. The choice of RAIRS over
transmission infrared spectroscopy is due to tighdr sensitivity of the RAIR technique:
the glancing angle of an infrared beamg( 8° to the substrate planegsults in
enhancement of thp-polarized electric field at the surface and, tlenes to a gain in
sensitivity. Furthermore, this effect is furthehanced by the increase in the path length of
the beam through the deposited ice film and byféleethat the beam has to pass through
the ice film twice, once before reaching the sanfgtéd-coated mirror) and a second time
after reflecting from the sample. Such geometryroups the minimal detection limits of
the infrared technique. Another great advantagi®RAIR technique is that only the ice
deposited on one side of the substrate is probéis i because the substrate is a
gold-coated piece of copper, which reflects IR digin the case of transmission
spectroscopy, an infrared transparent materialéxas a substrate window. Therefore,
molecules are deposited on both sides of the windmwugh direct or background
deposition, as the result the final IR spectruma isombination of the two ices. This can
potentially be an issue during data analysis whdn one of the two sides of the substrate
window is processed to induce chemistry.
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Figure 1.5. RAIR spectra of NO hydrogenation experiments tafkem chapter 4. The upper panel shows
co-deposition spectra of NO, CO and H atoms with@®I@H = 1:6:15 (a) and 1:1:20 (b). On the lower
panel co-deposition spectra of NO angDHwvith H atoms for NO:bD:H = 1:6:3.5 (c) and 1:6:15 (d) are

shown. All spectra are acquired at 15 K.

Species in the ice are identified according tortspecific frequency fingerprint at
which infrared light is absorbed. These specifegfrencies, in turn, can be the same for
few different species that share same functionaljgs or can shift for the very same
species according to the specific molecular enwivemt that surrounds them (polar vs.
non-polar ice). For example, in Figure 1.5, one sem that the absorbance features & H
overlap with the NHOH bands. Moreover, the NBH absorption features in Fig. 1.5(b)
are shifted compared to those of }HH in Fig. 1.5(a), where 6 times more CO is
co-deposited and the formed MPH molecules are in a way more isolated from edbkro
In addition, hydrogen bonds formed between polacis significantly broaden their
absorption features making their exact assignmants quantification harder. The band
broadening effect is illustrated in Fig. 1.5, whéngdroxylamine (NHOH) absorbance
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features are significantly wider in presence ofen@fower panel of Fig. 1.5), and narrower
when NHOH is mixed with CO (upper panel of Fig. 1.5). L@mounts of products
formed in the experiments may significantly affectorrect assignment of the formed
species and a quantitative analysis of the res#iisthermore, diatomic homonuclear
molecules €.g, No, O,, and H) are infrared inactive and their detection is trotial if
only infrared techniques are used. Therefore, argk@nalytical technique is routinely
used to constrain the obtained IR results. Th@@uadrupole Mass Spectrometry (QMS) in
combination with Temperature Programmed Desorffié¢tD) experiments.

In a TPD experiment a deposited ice sample isedekearly with a selected rate
(normally 1-10 K/min), molecules eventually desoand their gas-phase signal is
monitored by means of the QMS. Every chemical ssedias a specific desorption
temperature, depending on its binding energy tosiimface spot it occupies. When the
temperature of the ice sample reaches the desongtioperature of a constituent, the latter
evaporates into the gas phase, where it can beerin the ion source of the QMS.
lonization is realized through the impact with élens that are produced by a hot filament.
When ions are produced, they undergo a selectiateps that takes place in the
quadrupole mass filter in a way that only the iavith a selected mass-to-charge (m/z)
ratio can reach the detector at any given tififee detected signal is proportional to the
density of the produced ions of a given m/z rdtlp.to twelve m/z signals can be recorded
in series over time. As a result, a three dimeradiptot of temperatures m/zvs intensity
of the signal can be obtained. However, the amalg$isuch plots is not trivial. The
temperatures at which different species desorhbeadlose or even overlap. Furthermore,
for the very same species the desorption temperaepends on the binding energy to the
surface and therefore on the chemical compositioihe surface €.g, H,O ice, CO ice,
amorphous carbon, and amorphous silicates) and fewvethe same type of surface, the
binding energy can vary a lot because the surfacasually not uniform and different
adsorption spots can have different binding ensrditoreover, TPD experiments of mixed
ices are even harder to analyze because, for oestamlatile species can react or be
trapped in a matrix of non-volatile species dun@PD. This way, they can only desorb at
higher temperatures, together with the non-volaipecies. The full picture is further
complicated by the fact that species are fragmeunpeah electron impact in the ion source
of the QMS, and a number of charged fragments aogluced with a certain ratio
(depending on the electron energy), forming a umigattern for each species. This is
illustrated in Fig. 1.6.
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Figure 1.6. TPD spectra of three distinct experiments (thisiriégis taken from chapter 6 of this thesis).
Three curves for each of the m/z values are shdWese curves from top to bottom correspond to &mall
amounts of NH formed in the ice (peak starting at 100 K for m/47) and higher amounts of HNCO
formed (peak starting at 160 K for m/z = 43). e thset in the right top corner of the figure, anparison
between fragmentation pattern taken from the liteea and fragmentation pattern obtained in our

experiment is given.

Figure 1.6 shows that the desorption peak of; MHslightly shifted toward higher
temperatures when smaller amounts of;Nire formed. This can be explained as follow:
when a smaller amount of Nkt adsorbed on the surface of the sample, it maiotupies
the “best” surface spotse., with high binding energy, while for a higher amo of NH;,
also spots with low energy are occupied and asnaegpence the desorption peak shifts
toward lower temperatures. The fragmentation pattdrHNCO (inset in the Fig. 1.6) is
quite similar to the one reported in literature.rétturn, this greatly enhances the level of
confidence of this assignment. In this thesis, ¢&® been taken always to analyze more
than one m/z value for the same chemical specieder to achieve reliable results.

TPD experiments can also be performed by usingR®Ads an analytical tool. In this
case, RAIR difference spectra monitor the chemamahposition of the ice that is not
desorbed yet. In this thesis, the same experimemiften repeated twice to use both
techniques, or both RAIR and QMS spectra are rezeddsimultaneously during a single
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experiment. This procedure allows making unambigudentifications of several surface
reaction products (see next chapters). Finallig, iinportant to note that, although QMS is
a more sensitive technique than RAIRS, QMS data BPD experiment do not providte
situ information. Therefore, RAIR spectroscopy at loemperatures is considered the
primary analytical tool in all the following chapse

1.5 Thisthesis

This thesis presents detailed laboratory basedarglseon solid-state atom and radical
addition reactions aimed to increase our understgndf the chemistry that occurs in

interstellar ices. The focus here is on the cheynist nitrogen-bearing species as well as
on the formation of molecules of astrobiologicapomance. An attempt to provide a link

between the formation of the simplest nitrogen-imgamolecules and simplest amino acids
is made. In addition to amino-acid formation routd® simplest representatives of two
other classes of prebiotic compounds - aldoseylfgdtoxy aldehydes) and polyols - with

their corresponding formation routes are preserftbd. main conclusions for each chapter
are linked to Fig. 1.3 and in particular to the responding stages of interstellar ice
evolution. Here, a brief description of every cleaips made.

Chapter 2 presents the new setup SURFace Reaction Simulfisice (SURFRESIDE
that allows a systematic investigation of solidesteeaction pathways resulting in the
formation of molecules of astrophysical interegtisTultrahigh vacuum setup focuses on
studying atom and radical addition reactions ierstiellar ice analogues at astronomically
relevant cryogenic temperatures. The implementatiotwo atom-beam lines along with
two molecular beam deposition lines makes it pdsdi expose deposited ice molecules
to different atoms and/or radicals sequentiallatothe same time. Special efforts are made
for precise atom flux determinations, in order toantitatively characterize different
reaction channels. In addition, we demonstratepmformance of the new setup on the
example of carbon dioxide formation by comparing téfficiency of two different
solid-state formation routes of GQCO + OH = CQ + H and CO + O = Cg. We find
that under the same experimental conditions fowonatf CQ through the reaction
CO+OH takes place more efficiently than through risgction CO+OWe further discuss
the potential of SURFRESIDEto study complex molecule formation, including
nitrogen-containing (and even prebiotic) compouridss is indeed the focus of the next
chapters.

Chapters 3 and4 investigate in detail the surface hydrogenatioM@f molecules in polar
(water-rich) and non-polar (carbon monoxide rialfeistellar ice analogues. A complex
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reaction network involving both final @9, NH,OH) and intermediate (HNO,
NHOH/NH,O-) products is discussed. We demonstrate thabkyldimine formation takes
place efficientlyvia a fast mechanism and it is found to be even monaddntly formed in

a water-rich environment at lower temperaturepdrallel, we experimentally verified the
non-formation of hydroxylamine upon UV photolysis O containing ices at cryogenic
temperatures as well as the non-detection of N@-N@O-bond bearing species after UV
processing of NO in carbon monoxide-rich ices. @esults are implemented into an
astrochemical reaction model, which shows thap®M is supposed to be abundant in the
solid phase under dark molecular cloud conditicftee assumed abundant presence of
NH,OH in interstellar ices adds a new perspectiveh® way molecules of biological
importance may form in space. For instance, onceQ¥Hdesorbs from the ice grains, it
becomes available to form more complex speaes, @lycine and3-alanine) in gas-phase
reaction schemes. The possible formation schertteegé two molecules of astrobiological
importance is discussed.

In Chapter 5 a full reaction network involving nitrogen oxidgs@, NO,, N,O) and H, O,
and N atoms is described. Here we show that S@fficiently formed in the reaction of
NO with O atoms, and then rapidly destroyed in,M®/O/N reactions, which proceed in
a barrierless way or with a very low barrier. Theface destruction of solid NQeads to
the formation of a series of nitrogen oxides ofehhihe most important ones are NQQO\
as well as to the formation of HNO, MBIH, and HO. It is shown that the final stable
products of the joint NO+H/O/N and N€&H/O/N reaction network are NB@H, H,O, N,,
and NO. When NQ is mixed with an interstellar more relevant CChrice, solid CG@ and
HCOOH are also formed due to interactions betweenirivestigated reaction routes and
CO-molecules. The astrophysical implications offtilereaction network are discussed.

Chapter 6 further expands the full nitrogen and oxygen rieachetwork as derived in
chapters 3-5 by experimentally investigating theriation of NH and HNCO through
non-energetic surface reactions in interstellar acelogues. It is shown that NHs
efficiently formed by three consecutive H-atom #iddis to N atoms. Furthermore, we
show that in CO-rich interstellar ice analoguesftrenation of NH is inhibited due to the
surface formation of solid HNCO through the intéi@t of CO molecules with NH
radicals — one of the intermediates in the fornmatd solid NH. This is an important
experimental conclusion, since it shows that, inegal, surface reaction routes cannot be
treated independently. Moreover, possible reactafristermediate products with different
lattice molecules should always be taken into actolihe surface formation route of
HNCO is an important step to explain the observatib XCN spectral bands: HNCO can
easily yield OCNin various thermally induced acid-base reactiéisally, we discuss the
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implications of HNCO in astrobiology, and suggesteav possible solid-state formation
route of peptides and their fragments.

In Chapter 7, the deuterium enrichment of species producecherstrface of interstellar
grains is investigated. In Chapter 6, Nias for the first time detected situ through the
N+H reaction route. This allows us to further expatis study and to perform the
simultaneous addition of hydrogen and deuteriummatdo nitrogen atoms in CO-rich
interstellar ice analogues in order to study thecefractionation of the formed NHNH,D,
NHD,, and NI} isotopologues at low temperatures (<15 K). Theedgrpents yield a
deviation from a statistical distribution in favowf deuterium-enriched species.
Deuteration events are estimated to have a 1.7stimigher probability to take place
compared to a regular hydrogenation event. It ggested that the most likely explanation
for this laboratory result is a higher sticking ffméent of D atoms over H atoms to the
surface of the ice. This results in a higher s@wfaeatom density and a preferred formation
of deuterium enriched ammonia isotopologues.

Chapter 8 focuses on the formation of two molecules of dstiogical importance -
glycolaldehyde (HC(O)CKDH) and ethylene glycol (#€(OH)CH,OH) - by surface
hydrogenation of CO molecules. This laboratory-dasesearch is aimed to simulate the
CO freeze-out stage in interstellar dark cloud amgj well before thermal and energetic
processing become predominant. It is shown thatgaleith the formation of HCO and
CH3;OH — two well-established products of CO hydrogemat side products containing
more than one carbon atom are formed. The labgrateestigated reaction pathways are
then implemented into a continuous-time random-wadnte Carlo model to study their
impact on the solid-state abundances of glycolaldetand ethylene glycol in space. This
work is particularly important because glycolaldéadyand ethylene glycol are the two
simplest components of two classes of prebiotic pmmds - aldoses (among which the
most important are sacharides) and polyols (witksi-kaown representative glycerine — a
basic compound of fats).
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SURFRESIDEZ: An Ultrahigh Vacuum System
for the Investigation of Surface Reaction Routes

of Interstellar I nterest

A new ultrahigh vacuum experiment is described tiody atom and radical addition
reactions in interstellar ice analogues for astnoically relevant temperatures. The new
setup - SURFRESIDE allows a systematic investigation of solid staaghways resulting
in the formation of molecules of astrophysical iatg. The implementation of a double
beam line makes it possible to expose depositednimecules to different atoms and/or
radicals sequentially or at the same time. Spetfalts are made to perform experiments
under fully controlled laboratory conditions, indlog precise atom flux determinations, in
order to characterize reaction channels quantitivin this way we can compare and
combine different surface reaction channels wite #im to unravel the solid state
processes at play in space. Results are constrairgal by means of a Fourier transform
infrared spectrometer and a quadrupole mass speeteo using RAIRS and TPD,
respectively. The performance of the new setugemahstrated on the example of carbon
dioxide formation by comparing the efficiency thgbutwo different solid state channels
(CO + OH— CO, + H and CO + O— CO;) for which different addition products are
needed. The potential of SURFRESIDE study complex molecule formation, including
nitrogen containing (prebiotic) compounds, is d&sad.

S. loppolo, G. Fedoseev, T. Lamberts, C. Romannid M. Linnartz, 2013, Rev. Sci. Instrum., 84, 07311



2.1 Introduction

More than 180 different molecules, not includingtépes, have been identified in the
space around and in between stdrs, the circum- and interstellar medium. It is
commonly accepted that this chemical diversityhe butcome of a complex interplay
between reactions in the gas phase and on icygdaists. The latter have been identified in
space and are currently topic of dedicated laboratonulations. During the last decade,
the introduction of ultrahigh vacuum systems hagrawed our understanding of molecule
formation in the solid state for astronomicallyengint temperatures, introducing a new
research field: solid state astrochemistry. Fulbntoolled laboratory experiments have
shown that new molecules form in and on the icesnuiimermal processing; energetic
processing induced by vacuum UV light, X-rays, cmsmays, and electrons; and
non-energetic processing like atom bombardment.nMbde it has been confirmed that,
except for CO that is efficiently formed in the gasase, the bulk of interstellar ices(
water, carbon dioxide, methanol, formaldehyde, foratid, ammonia) is formed in the
solid phase through surface reactions (Hiraekal. 1994, Watanabe & Kouchi 2002a,
Fuchset al. 2009, Miyauchgt al. 2008, loppolct al. 2008, Mataet al. 2008, Dulieuet al.
2010, Obaet al. 2010a, loppolaet al. 2011a, Noblest al. 2011, loppoloet al. 2011b,
Loeffler et al. 2005, loppoloet al. 2009, Raut & Baragiola 2011, Fulvi al. 2012,
Linnartz et al. 2011). The focus in this paper is on a new UHWipeable to study atom
and radical addition reactions in interstellar idesrecent years, the formation of a number
of molecules was proven upon CO; @nd Q hydrogenation, yielding €O, CHOH,
H,0,, and most importantly 40 (Watanabe & Kouchi 2002a, Fuattsal. 2009, Miyauchi
et al. 2008, loppolcet al. 2008, Mataet al. 2008, loppolct al. 2010, Cuppest al. 2010,
Mokraneet al. 2009, Romanzimet al. 2011). Also more complex species such as ethanol
(CH3CH,OH) upon ethanal hydrogenation (Bisschetpal. 2007a) and hydroxylamine
(NH,OH) following NO hydrogenation (Congigt al. 2012a, Congiuet al. 2012b,
Fedoseewet al. 2012) have been shown to form in the solid stEbe. latter is a potentially
important prebiotic precursor of glycine afdhlanine (Blagojeviet al. 2003). Not only
reaction products have been determined in this veay,also the underlying reaction
schemes have been characterized as well as theéndence on a number of variable
parameters, such as temperature, H-atom flux, @@mhology (mixing ratio, thickness, and
structure). It is found that the chemical processeslved are far from trivial and this only
gets more complicated when ice mixtures are stufl@aboloet al. 2009a, loppolat al.
2009b, Fedoseest al. 2012).

The majority of these experiments have been rahliing setups in which a single
atom/radical source is available for ice processifhgis comes with restrictions, as
reactions are limited to one specific impactingcspe A second beam line offers much
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additional potential,i.e., the simultaneous or sequential bombardment oficanwith
different constituents, for example H- and D-ataimsstudy isotopic effects, or H- and
O-atoms or H- and N-atoms to combine hydrogenatiith oxygenation or nitrogenation
reactions, in order to grow more and more complexdeoules. The new SURFace
REaction Simulation DEvice allows ice depositioningstwo deposition lines and
comprises two separate atom beam lines for iceegsieg. In the following, the setup is
denoted as SURFRESIBEThis next generation UHV setup has been constmusith the
specific aim to “unlock the chemistry of the heas/eby studying molecular complexity in
interstellar ice analogues upon atom/radical aslditeactions.

The focus here is on a quantitative characterinadiothe experimental properties of
SURFRESIDE, using a new approach to fully characterize atimes. Its performance is
demonstrated through different reactions in the resulting in CQ formation. Solid
carbon dioxide is found in relatively large abuncizsw.r.t. water ice, typically at the level
of 13-29% towards high- and low-mass stars, sea@dieal. (2011). Consequently, it
offers an excellent tracer to characterize the dtenhistory of the interstellar medium,
provided that its formation scheme is well undesdto

2.2 System description

SURFRESIDE consists of three distinct UHV chambers (Fig. 2lf)the main chamber,
ices are deposited with monolayer precision ancdtgssed at astronomically relevant
temperatures. Reflection-Absorption Infrared Spextopy (RAIRS) and Temperature
Programmed Desorption (TPD) are used as analytmals to characterize the ice
composition. In the other chambers different at@urees are mounted for the controlled
production of well-characterized atom (moleculagaims. Shutters separate the beam line
chambers from the main chamber and allow an indigrenoperation of the individual
beam lines.
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5 - FTIR EXTERNAL OPTICS
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12 - ATOMLINE Il
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Figure 2.1. A schematic top-view of the experimental apparatus
2.2.1 Main chamber

The custom-made ultrahigh vacuum 304 stainles$ iste@ chamber has a diameter of 30
cm and is provided with eight lateral CF 35, twtefal CF 16, one top CF 63 and one
bottom CF 200 flange connections (#1 in Fig. 2.A).gate valve connects the
bottom-flange with a 260 I/s (forNturbomolecular pump (Pfeiffer Vacuum, TMU 261P).
The CF 35 lateral flanges are used to connect #ia ohamber to the two atom lines (#8
and #12 in Fig. 2.1), an active cold cathode trattem(Pfeiffer Vacuum, IKR270) for
pressure readings in the 5-¥0- 0.01 mbar range, and a quadrupole mass sped¢#pme
(QMS; Spectra - Microvision Plus; #3 in Fig. 2.T)wvo CF 35 windows are used for in-
and out-going light from a Fourier transform infrdr spectrometer (FTIR; Agilent
Technologies Cary 600 Series; #4 in Fig. 2.1). file CF 16 flanges are used as inlet for a
double ice deposition dosing line (#11 in Fig. 2uhile a differentially-pumped (Leybold
Vacuum, TW 300)4 rotatable stage (0°-360°) connects the top-flatmea helium
closed-cycle refrigerator (ASR Inc.; #2 in Fig. 2.1

The room temperature base pressure of the mainhevai in the low 10° mbar
regime. An optically-flat gold-coated copper subr(2.5 x 2.5 cf) is placed in the
center of the main chamber and is in thermal contéit the cold finger of the helium
closed-cycle cryostat. The gold surface is notasgntative for interstellar grain surfaces,
but it is an effective heat conductor, highly refiee in the mid-infrared, and chemically
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inert, i.e., the substrate plays no role in catalyzing chehmeactions or processes at the
substrate surface. Moreover, ice thicknesses gueEally more than ten monolayers,
reducing the role of the substrate. Therefores ivéll suited to study interstellar relevant
reaction routes that occur on and in ice samplé® Jubstrate temperature is varied
between 12 and 300 K with a relative precision .&f K through a cryogenic temperature
controller (LakeShore model 340). To achieve termpees as low as 12 K an aluminum
thermal shield kept at ~77 K surrounds the colddinand the back-side of the sample. The
temperature of the sample is changed and monitbyedneans of heating wires and
thermocouples, respectively. The heating wiresnazanted around the cold finger close to
the substrate, while the two KP-type thermocouples connected above and below the
gold substrate. The absolute temperature accugabgtter than 2 K. This is checked by
monitoring the well known desorption temperaturevaifitile species like for instance CO,
N,, and Q (Acharyyaet al. 2007).

An all metal high-vacuum stainless steel ice defmsdosing line is used to prepare,
store and introduce gas mixtures into the main ¢leamThe pressure in the deposition
dosing line is monitored mass independently by medran active capacitance transmitter
(Pfeiffer Vacuum, CMR361) in the range betweendhdl 1100 mbar. Lower pressures are
monitored with an active Pirani transmitter (Pfeifivacuum, TPR280) (5-1bto 1000
mbar). The deposition dosing line is first pre-peahpvith a diaphragm pump (ABM, VDE
0530) and then with a 180 I/s (fop)Nurbomolecular pump (Pfeiffer Vacuum, TPH 180H)
to reach low pressures (<5-f@nbar). Gaseous species are admitted into the chaimber
through a dosing line comprising of two separatenaital leak valves connected to gas
reservoirs. Therefore, different gases can be peepand stored in two different sections
of the dosing line and then deposited separatelimultaneously onto the gold substrate.
Deposition proceeds under an angle of 90° and i&8hectively, and with a controllable
flow between 10 and 10” mbar §*, where 1.3-16 mbar §* corresponds to 1 Langmuir
(L). Gas-phase species are monitored during deépositass spectrometrically by means
of the QMS, which is placed behind the substratkmpunted opposite to one of the two
atom lines.

2.2.2 Analytical tools

Ices are monitoreth situ by means of RAIRS using the FTIR, which covers rfwege
between 4000 and 700 cm-1 (2.5—dM). A spectral resolution between 1 and 4 tin
generally used and between 128 and 512 scans addeal. The infrared beam coming
from the FTIR is slowly diverging. Therefore, aissrofi/4 precision gold-coated mirrors
(Edmund Optics and Thorlabs) is used to focus #arbonto the gold substrate (#5 in Fig.
2.1). The first one (M1) is a spherical mirror wahdiameter of 76.2 mm and an effective
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focal length (EFL) of 762 mm. This mirror is usedl dently converge the beam. The
second (M2) and the fourth mirror (M4) are flat mis, while the third one (M3) is a
spherical mirror with a diameter of 75.0 mm andedL of 500 mm. The latter focusses
the beam onto the substrate with a glancing angte8t The main chamber mounts two
Zinc Selenide (ZnSe) CF 35 view ports that act sacum seal and allow the IR beam to
enter and leave the chamber with a transmissio&6>@5the range between 4-2M. The
out-going beam is then focussed into a narrow kardl LN2 cooled Mercury Cadmium
Telluride (MCT; #7 in Fig. 2.1) detector by mearisad®0° off-axis parabolic gold-coated
mirror (M5) with a diameter of 50.8 mm and a reftgt EFL of 50.8 mm. The external
optics and the detector are mounted in metal b@@é Fig. 2.1). These boxes as well as
the FTIR are purged with dry-air to minimize atmlespc absorptions.

Two different experimental procedures are appligtenv using the FTIR. During
pre-deposition experiments, ices are first depdsitento the gold substrate and
subsequently exposed to atoms. To detect newly €dristable solid species, RAIR
difference spectra are acquired during atom expgosuith respect to a background
spectrum of the initial deposited ice. In co-deposiexperiments, molecules and atoms
are simultaneously deposited onto the substrate fditmation of intermediate species and
final products is controlled by changing the degmabkimolecule/atom ratio. In this case,
RAIR difference spectra are acquired during co-déjmm with respect to a background
spectrum of the bare gold substrate.

At the end of the atom exposure a TPD experimentbeaperformed: the sample is
heated linearlyi(e., with a constant rate between 0.1 and 10 K/mih}He ice is fully
desorbed. The thermal desorption can be followesttspscopically by using the FTIR.
Alternatively, the sample can be turned 135° tcefétie QMS. In this way, gas-phase
species thermally desorbed from the ice are maitomass spectrometrically. The
desorbed species are recorded as a function ofetatope by the QMS, which produces a
signal proportional to the number of incoming males as a function of their mass to
charge ratio (m/z). The incoming molecules firsteerihe ion source of the QMS, where
they are ionized through electron bombardment bgtedns released from a hot filament.
The resulting ions are then focussed, selectecdardted onto a Faraday detector, which
collects the ions directly, allowing the ion currém be monitored. Alternatively, for higher
sensitivity, a Channel Electron Multiplier (CEM)rcée used. This type of detector is a
Secondary Electron Multiplier (SEM) in which a largegative potential ( ~2000 V) is
used to attract the ions into the channel entrafte.channel is coated with a material that
readily releases secondary electrons upon ionfeled@npact. This produces a cascade of
electrons down to the channel which can be deteeftiter as an electron current, or as a
series of pulses.
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TPD combined with a QMS is a sensitive techniqus,itthas several disadvantages:
surface reaction products that remain in the sufliglse cannot be probadsitu; additional
surface reactions during the TPDe( during the linear heating of the ice and before
complete desorption of the species) cannot be dediuquantifying the desorbing species
is not trivial as some of the interesting speciagehequali(e., undistinguishable) masses
and the analysis of the fractionated componentpeties upon electronic bombardment is
not always straightforward. Finally, a TPD expenimaherently involves the destruction
of the ice. Therefore, QMS data are mainly usea herconstrain RAIRS data acquired
during atom exposure of the ice.

2.2.3 Dataanalysis

After fitting the infrared spectra with connecteagyht baseline segments, the column
densities (molecules ¢A) of newly formed species can be determined froeitkegrated
intensity of their infrared bands using a modifieaimbert-Beer equation (Bennedt al.
2004):

f A(v)dv
N, = T,

where Af) is the integrated absorbance @dis the corresponding band strength. This
equation can, however, only be used for thin igers. Teoliset al. (2007) showed that the

proportionality between the optical depth and tte abundance breaks down for thicker
layers (~20 ML onwards); the integrated band arszllates as a function of the layer
thickness due to optical interference that is cdubg the reflection at both the

film-vacuum and film-substrate interfaces.

Since literature values of transmission band stfengannot be used directly in
reflectance measurements (Greenler 1966), an appafesorption strength of stable
species has to be calculated from calibration éwxpens. The determination of this
apparent absorption strength is setup dependerdrefite we performed a series of
isothermal desorption experiments for the new agparintroduced here to derive these
values. Briefly, a layer of the selected ice is aigfed at a temperature lower than its
desorption temperature. The sample is then lingaelgted to a temperature close to its
desorption value. Infrared spectra are acquiredlagly until the desorption of the ice is
complete. The transition from zeroth-order to fostler desorption is assumed to occur at
the onset to the submonolayer regime and appeattseimlesorption curve as a sudden
change in slope (see Fig. 2.2). The apparent afisorptrength in cit ML is then
calculated by relating the observed integrated tovela ML in the modified Lambert-Beer

2.1)
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equation. We estimate the uncertainty of band gtrendetermined in this way to be large
but within 50% (also see Fuchisal. 2009, loppolat al. 2011, Frasest al. 2001).

The determination of the band strength allows foguantitative study of stable
species formed upon atom exposure of the ice. iBhimostly the case in pre-deposited
experiments. Isothermal desorption experimentssfable intermediate species cannot be
performed and therefore their band strengths cammalerived. Thus, a qualitative study is
generally performed in co-deposition experimentgmghunstable species are frozen in ice
matrices and then detected in the infrared. Indhge, formation trends of detected species
are followed by integrating the corresponding bareh as a function of timee., without
calculating column densities. As a consequence, fonination trends of the same species
obtained under different experimental conditioeg.( ice temperature, atom flux, ice
composition) can be compared, but this still alldeslerive valuable information on the
involved reaction network.
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Figure 2.2. The decrease in integrated absorbance of folwing desorption at a constant temperature

of 82 K. The arrow indicates the transition ponori the multi- to sub-monolayer regime.
2.2.4 Atom beam lines

Two different atom sources are used, one (HABSg¢thas thermal cracking, and the other
(MWAS) using a microwave discharge (#9 and #13 i B.1). The two custom-made
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atom line chambers present identical geometricatatteristics (see Figs. 2.3 and 2.4):
they are both pumped by 180 I/s (fog) Nurbomolecular pumps (Varian, TV 301 NAV);
their room temperature base pressure is in the Hgl mbar regime (micro ion gauges,
Granville-Phillips); they both are situated under angle of 45° with respect to the
substrate, both during single or simultaneous digeraa shutter is used to separate the
lines from the main chamber; and a quartz pipelasqu after the shutter and along the
path of the dissociated beam. The nose-shaped dbtime pipe is designed to efficiently
guench the excited electronic and ro-vibrationatest of species through collisions with
the walls of the pipe before they reach the icepanThe geometry is designed in such a
way that this is realized through at least fourlwallisions of the atoms before leaving the
pipe. In this way, “hot" species cannot reach teedirectly.

Two separate all metal dosing lines are used tpgpesand inlet pure gasses and
mixtures into each of the atom sources (#10 andi#18ig. 2.1). The dosing lines are
pre-pumped with the same diaphragm pump that isl @ise evacuating the deposition
dosing line. Each of the atom lines is then pumpwét a 70 I/s (for N) turbomolecular
pump (Pfeiffer Vacuum, TMU 071P). The room tempematase pressure of these lines is
< 1.10° mbar and is monitored by means of a compact psoies gauge for each line
(Pfeiffer Vacuum, IMR 265).

2.241HABS

An all metal precision leak valve is used to admitD, molecules (99.8% purity, Praxair)
from the all metal dosing line into the capillarfyaowell characterized and commercially
available thermal cracking source, a Hydrogen AtBeam Source (HABS, Dr. Eberl
MBE-Komponenten GmbH), see Tschersich & von Bori898), Tschersich (2000),
Tschersiclet al. (2008), which is used to hydrogenate/deuterae#mple through heating
the capillary from 300 to a maximum of 2250 K bgwrounding tungsten filament (see
top-box in Fig. 2.3). During experiments the H # (B + D) flow through the capillary
and the temperature of the tungsten filament antraibled and kept constant by adjusting
the all metal valve position and the voltage of gmver supply of the HABS (Delta
Elektronika, SM 7020-D). The temperature of tharfient is monitored by means of a
C-type thermocouple placed close to the filameuditiaside the internal thermal shield. To
prevent melting of components a water cooling sysiteimplemented into the source, in
thermal contact with an external copper thermatldhiThe temperature of this shield is
controlled with a second C-type thermocouple. TRBH is used in horizontal mode.

A wide range of atom beam fluxes is accessible whib source by changing the
pressure in the capillary pipe and/or the tempeeadfithe filament. Typically values cover
a range from 19 to 102 atoms cri?* s . Atom fluxes are measured at the sample position
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in the main chamber, following a procedure descrilpesection 2.2.5.1 (also see Berjh
al. 1999, Hidakat al. 2004, loppolet al. 2010).

As aforementioned, a quartz pipe is placed aloegptith of the beam.§., after the
shutter and before the sample in the main chambeaol the beam to room temperature.
Previous experiments with liquid nitrogen coolednatbeams did not show any H/D-atom
temperature dependence in CO hydrogenation reagtmesses compared to experiments
at room temperature (Watanabe & Kouchi 2002a} itportant to note that the relatively
high temperature of 300 K of the incident H/D atdmsur experiments does not affect the
experimental results, since H/D atoms are thermadljsted to the surface temperature
before they can react with other species throughghaiir-Hinshelwood mechanism, as
shown in Fuchst al. (2009), Hidakat al. (2007), Watanabet al. (2006).
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Figure 2.3. A schematic side-view of the atom line (HABS) witte thermal cracking H/D atom source

and the main chamber

2242 MWAS

A Microwave Atom Source (MWAS, Oxford Scientificdtis included in the second atom
line to produce beams of different atoms and rasli@g., H, D, O, OH, OD, N). Figure
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2.4 shows a schematic diagram of the MWAS. A 2.#& Gnicrowave power supply
(Sairem) produces up to 300 W that are coupledanticrowave cavity. Along this path a
circulator is placed to avoid that the back-reflelcipower enters the power supply. A
custom-made double tuner is placed after the @touland before the microwave cavity to
minimize the back-reflected power that ultimatedydissipated in a resistor. Part of the
back-reflected signal is monitored by means of adilloscope (Tektronix, TDS 2012)
connected to an attenuator and a crystal dete&tatgch Industries). An antenna (coaxial
transmission line) connects the microwave cavityatdoron nitrite chamber in which
gasses enter through the all metal precision lehkewof the dosing line (see top-box in Fig.
2.4). A plasma is created in a coaxial waveguidecbypling a radially symmetric
2.45 GHz microwave field to ions on the 86 mT scefaf a multi-polar magnetic array
(permanent magnets). The plasma is enhanced bgigbron cyclotron resonance (ECR)
effect. A water cooling system keeps the sourcepanticularly the antenna close to room
temperature. Moreover, the absence of a hot filampermits operation with most gases
including reactive gases such as oxygen and nitroge

A specially designed alumina aperture plate allogactive neutrals to escape from
the plasma. The addition of an ion-traipe.( two metal plates charged by a Oxford
Scientific DC power supplier) can deflect the residion content from the beam,
preventing ion exposure of the sample. All the tetegcally and ro-vibrationally excited
species coming from the source are quenched throogltiple collisions on passing
through a quartz pipe before they reach the sanipféerent plasma cavity pressures
and/or different plasma power values give accesswide range of atom fluxes, typically
between 18 and 18° atoms cri¥ s. These numbers depend on the dissociated species
(see next section).
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Figure 2.4. A schematic side-view of the atom line (MWAS) witte microwave plasma atom source and

the main chamber.
2.25 Beam flux determinations

In order to measure the absolute D-atom fluxe$i#®BS and MWAS in the main chamber,
the gold substrate is removed and the inlet of @S is placed at the center of the
chamber facing the two atom lines, exactly at #mes position and with the same angle
that the substrate has when the ice is depositécegposed to atom beam bombardment
(see also Hidakat al. 2007, loppoloet al. 2010). Since the sensitivity of the standard
1-200 amu QMS does not allow an accurate measutesh@mass 1 amu, we measure the
absolute D-atom fluxes instead of the H-atom fluf@sHABS and MWAS by following
the aforementioned procedure. H-atom fluxes are fttherived from the H/D ratio as
obtained in selected experiments discussed inose2tl.5.1.

The other MWAS absolute atom fluxesg(, oxygen and nitrogen) cannot be measured
mass spectrometrically because the background Isfgmma the fractionated molecular
species coming from the molecular component obdam and the residual gas in the main
chamber interferes with the signal coming straifioim the atom beam. Therefore,
effective O/N-atom fluxes are derived at the icdame by using a new calibration method
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described here for the first time and based on urgws the formation yield of final
products of barrierless surface reactions (se¢ossc?.2.5.2 and 2.2.5.3).

2.2.5.1 H/D-atom beam fluxes

The D-atom and P molecule fluxes for both HABS and MWAS are meadul®y
monitoring masses 2 and 4 amu, respectively. Omeeaurce is turned on, an increase in
intensity of the D atoms is monitored with the QMBhe QMS measurements do not
directly give the D-atom flux values. However, therease in intensity of the QMS signal,
AQp, is proportional to the increase in pressure @rtfain chamber\Pp:

AP_=aAQ_. (2.2)

The setup specific proportionality factor a is mead from eq. (2.2) by introducing
in the main chamber Dmolecules instead of D atoms. The choice gfidDgiven by the
fact that the factor a is independent of gas speeiad that the D-atom beam contains a
significant amount of undissociated, holecules. Therefore, an exact measurement of
APp is not trivial, while APo, can be easily measured. The absolute D-atom flaxes
subsequently obtained from the following expression

_ cDAPD<v> cDaAQD<v>
T AT T AT (2:3)

where ¢D is the calibration factor for the pressgmege for D atoms taken from the
specificationsyv) is the thermal velocity of the D atoms at 300 K,i& the Boltzmann
constant, and T is the D-atom temperature. Diffef@eratom fluxes are obtained by
varying the filament temperature and/or theifdet flow with the HABS, and by changing
the plasma cavity pressure and/or plasma power ththMWAS. Figure 2.5 shows the
D-atom flux values produced by the HABS (left paregid by the MWAS (right panel), as
measured at the substrate site for different paemsettings. The relative error for D-atom
fluxes (HABS and MWAS) is within 10%. The absol@eor is within 50%. These errors
may seem large, but it should be noticed that bt fluxes at the ice surface are actually
determined experimentally, whereas in previousistuthese numbers are generally only
estimated.

Since an absolute H-atom flux cannot be directhasoeed, the comparison between H-
and D-atom fluxes is difficult. We compared the(: and O, formation rate upon ©
hydrogenation and deuteration, which is flux depengdin two identical 25 K experiments
for both the HABS and the MWAS. The,®, formation rate was found to be a factor of
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~2 higher than the f0, formation rate for both sources. This value condirour previous
finding in loppoloet al. (2010) and is used here to scale H-atom fluxéis an uncertainty
of 50%. This simplistic way of measuring a scalfagtor between H- and D-atom fluxes
does not however take into account that H and Dnatean differ by (i) sticking
probability onto the surface, (ii) hopping rateéi) (HO, + H (DO, + D) branching ratio and
reaction barrier, (iv) desorption probability, afW recombination probability with other
H/D atoms. Therefore, a new method for the deteation of the H-atom fluxes, based on
trapping H and D atoms inside an i0e matrix, is used in a future work to determihe
effective H/D-atom fluxes at the ice surface. Inefyrthe reaction H + ©— HO; is
barrierless under certain incoming angles in the ghase. During co-deposition
experiments, the angle dependence has a negliglilylical importance since the oxygen
beam provides ©molecules with a range of different orientationnsttee surface before
they can align Lambert al. (2013). Therefore, the amount of HIO,) formed in the
ice is proportional to the H- (D)-atom flux, and/gé us an estimate of the effective fluxes
at the cold surface. Preliminary results show that trends found in Fig. 2.5 for the
D-atom fluxes are reproduced for the H-atom fluassvell, but an exact ratio between the
H/D fluxes is still to be determined and will na discussed here.
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Figure 2.5. D-atom flux values as measured for the HABS fbaftel) and the MWAS (right panel) at the

substrate place for different parameter settings.
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2.2.5.2 O-atom beam fluxes

The effective MWAS O-atom fluxesi.€¢., oxygen atoms directly involved in surface
reactions) are derived by measuring the final coluensity of newly formed ozone ice
after co-deposition 0O atoms and®0, molecules at 15 K. The reaction ® O — O is
barrierless (Campbell & Gray 1973, Lin & Leu 1982)d therefore, we can safely assume
that most of the oxygen atoms available for reactio the surface will recombine to form
ozone ice. Co-deposition experiments are usedderdo avoid limitations in penetration
depth of oxygen atoms into molecular oxygen ice.

Final fluxes are calculated from the knowledge haf turation of O-atom exposure,
the number of monolayers ofsdormed upon reaction, and assuming 1 ML =2°10
molecules cnf:

Ny x 101
fx = —

- e v (4.4)
exposure time

where £ is the O-atom flux, antlly = No, = °0'%0*0 + *°0'°0" 0 in monolayers. We
do not count thé°0; contribution three times because sdfi@; is not likely to be formed
through the sequential merging’8® atoms on the surface of the ice. Most of i@ can
indeed form in the quartz pipe through recombimat6'°0 atoms (see section 2.2.4.2), or
it originates from a not fully dissociated beam,imhain the case that°0 atoms form
through dissociation of°0, gas molecules. The overall contribution 6®, originating
from the atom line is considerably smaller whex®Ns used instead ofo, as a precursor
gas to product’O atoms. This can be checked by comparing the anwdfO; formed in
the ice in co-deposition experiments*® (from°0,) + 0, at 15 K with the amount of
%0, formed in similar co-deposition experiments wifild from N,O. Moreover, the
amount of'®0; can be controlled by changing the ratf®/®0,. An over-abundance of
80, minimizes the amount dfO; formed in the ice becaud®0 atoms react mostly with
80,. A negligible amount ot°0; in the co-deposition experiments gives; N 000,
and therefore a more direct and accurate O-atoxvillue. This is true, especially when
180 atoms are obtained from ,®. Finally, the non-detection of the other ozone
isotopologueseg., 1¥0™0'°0, 000, or **0'¥0™0) in our experiments indicates that
isotopic exchange induced by surface destructiantians, like @ + O — 2 O,, is under
the detection limit. Therefore, our method can afelg used to characterize the O-atom
beam fluxes produced by the MWAS.

To quantify the amount of ozone produced in the gexy flux-determination
experiments, we derived the absorption band stheafjpzone in two different ways: (i)
performing an isothermal desorption experiment escdbed in section 2.2.3 (see left
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panel of Fig. 2.6); (i) measuring the consumptioh ozone through hydrogenation
reactions and assuming that hydrogen can peneméfeup to 2 ML of ozone ice. In the
first case, in order to determine one monolayeyzoine, we first produc€0™®0*0 during

3 hrs of co-deposition 0O and*®0, at 35 K. Subsequently, an isothermal desorption
experiment is performed at 58.5 K. From the offsetween zeroth-order and first-order
desorption we estimate the band strengtf@t?0'0. In the second case, a co-deposition
of *0 and®0, at 15 K is performed for 3 hrs to form agaf®'?0'0. The ice is then
annealed to 50 K in order to remove the molecukggen and to realize a pure ozone ice.
The °0*0™0 ice is then exposed to H atoms at 15 K to mortherdestruction of the
ozone layer. Assuming that only ~2 ML of ozone ace fully hydrogenated, Romanzh

al. 2011 derive the number of ozone molecules destroypon hydrogenation per
monolayer, which gives us back the apparent baethgth for*°0'0'0. The final band
strength for ozone is confirmed within 30% of unamty by the two different methods.

To verify that 1 ML of ozone is destroyed by 1 ME 1d or D atoms (following
reaction Q + H/D — O, + OH/OD), and that our calibration methods usecke hi®
determine the D/H/O/N atom fluxes lead to cohernesstults, we performed a control
experiment. A new co-deposition 80 and*®0, at 35 K is performed for 40 minutes to
form ~2 ML of **0*0"0 ice. The ice is then heated up to 50 K in orderave a layer of
pure ozone ice. ThPO™0™0 ice is then exposed to D atoms at the same textperto
monitor the destruction of the ozone layer verfigstime of exposure. We use D atoms
instead of H atoms, because the deuterium fluxaseraccurately determined, as described
before. Moreover, at 50 K secondary reaction prtgjulike G, will desorb without
reacting with D atoms and therefore leaving maidjyon the surface to be processed. The
right panel of Fig. 2.6 shows three infrared sgeofrozone ice at different thickness in the
range of the;s mode (see Table 2.2). These spectra are acquiratgcdthe deuteration of
the ~2 ML of*®*0'™0"0 ice. The central panel of Fig. 2.6 shows thegirstted absorbance
of 000 versus the D-atom fluence. The left panel shole aforementioned
isothermal desorption experiment of @e at 58.5 K used to identify the integrated
absorbance of solid {hat corresponds to 1 ML of thickness. From thevidedge of the
ozone apparent band strength and the data shothie irentral panel of Fig. 2.6, we derive
that 1 ML of Q is consumed by ~1.5 ML of D atoms, which is withire experimental
uncertainties of apparent band strength and D-#tondetermination.

The '®0; apparent band strength is obtained from the adeildata for°0*?0'%0 for
our setup and the ratio between the transmissind baengths fot°0; and*0™00 (for
the transmission band strength values see Sivaramnah (2011). According to eq. 4
standard O-atom fluxes span in the range betweéhar@ 16? atoms cri¥ s*. The
O-atom flux values shown in Table 2.1 have to besitered as lower limits because (i)
fluxes are derived indirectly (effective fluxes)) 6ome of the'®0 can recombine on the
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surface of the ice, and (iiffO, can potentially not be further oxygenated to faymone
because it is trapped into th#0, matrix. The dissociation rates shown in Table & ar
obtained by comparing the undissociated molecwarponent of the bean.€., N,O, O,

N,) measured mass spectrometricallg. ( with the atom source on and the QMS placed at
the center of the main chamber) with the O- anddwraflux values as derived in sections
2.2.5.2 and 2.2.5.3, respectively.

Isothermal des. exp. 0'%0"°0 + D-atoms ®0"0"°0 + D-atoms
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Figure 2.6. The left panel shows the isothermal desorptioregrgent of Q ice at 58.5 K. The central
pannel shows the destruction of ~2 ML thick i@e versus the D-atom fluence at 50 K. In botl &efd
center panel, the lines and the circle are usegliide the eye. The right panel shows selectedridra

spectra of ozone deuteration at 50 K for diffeieatthicknesses in the spectral range ofifraode.

2.2.5.3 N-atom beam fluxes

As for the MWAS O-atom fluxes, the determinationedfective nitrogen-atom fluxes is
obtained indirectly by measuring the final columensity of newly formed dinitrogen
trioxide (N,Os) ice after co-deposition dPN atoms and NO molecules at 15 K. In this
particular experiment, a sequence of barrierlessyéoy low barrier) surface reactions is
involved in the formation of pD; (Campbell & Gray 1973, Schieferste@h al. 1983,
Markwalderet al. 1993): N + NO— N, + O, NO + O— NO,, and NQ + NO — N,Os.
Therefore in this specific case, N-atom fluxes directly proportional to the amount of
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N,O; formed in the ice, and are determined by usind24), where £ is the N-atom flux,
and Ny = NN,o; which is the amount of monolayers o4 formed in the ice after a
certain time of N-atom exposure.

As in section 2.2.5.2, we use two different methtmdebtain the apparent,8; band
strength. In particular, two new co-deposition ekpents of NO and ©are performed at
15 K. Also in this case JD; is formed through surface reactions. The ice abthifrom
these two experiments is in both cases heated wniove the NO trapped in the ice. In
one of the two experiments, the ice temperaturthésm kept at 121 K to monitor the
desorption of MO; (isothermal desorption experiment). From this expent we obtain
the band strength for s, as discussed in the latter sections. In the skegperiment, the
ice is cooled down again to 15 K and subsequenftirdgenated to see the destruction of
N,Os. The penetration depth of hydrogen intgOhlice is expected to involve only a few
monolayers, as for CO, and NO ice (Romanzet al. 2011, Fuchst al. 2009, Fedoseev
et al. 2012). Therefore, assuming that only ~2 ML gfOblare consumed by the surface
hydrogenation of the ice, we can estimate the lsrmhgth of NOz; which is found to be
consistent with the value obtained from the isatt@rdesorption experiment within 40%
of uncertainty.

The N-atom flux values are roughly one order of nitagle lower than the O-atom
values (see Table 2.1). As explained in section22 these values are all lower limits,
because of the way the fluxes are derived. In fhexific case of nitrogen fluxes, the
formation of NOg is a three step reaction, and therefore the simgletant can further react
with the others to form pDs, or alternatively desorb, or be trapped in a NCrima
Therefore, we expect the O- and N-atom absolutefluo be higher than reported in Table
2.1.

Table 2.1. The effective O- and N-atom fluxes as derived fthmformation yields of solid species in the

ice upon barrierless reactions (see eq. 4.4).

Effective atom flux High Dissociation rate  Low Dissociation rate
(atoms cnit s%) (%) (atoms crf s7) (%)
180 from O, 9-16* 8 2.16! 12
%0 from NO 7-16* 19 1-18 10
5N from *N, 9-1d° 0.4 — —
14N from N, 8-1d° 0.4 — —

2.3 Experimental results

In this section we present the first science reslitained with SURFRESIBEn order to
demonstrate its performance and to illustrate ttergial of the experimental setup. Figure

-40 -



2.7 shows the IR spectrum bICO co-deposited with oxygen and hydrogen atoms on a
13.5 K gold substraté3cO + O + H). This spectrum is compared to co-dejuosspectra

of *CO and oxygen atom&3CO + 0);*CO and hydrogen atom&’CO + H); and oxygen
atoms and hydrogen atoms (O + H). In all four expents, oxygen atoms are produced by
the MWAS, while hydrogen atoms are formed by theB$A The'*CO deposition rate
(0.0075 ML §%) as well as O- and H-atom fluxes (1*1@nd 1-1&° atoms cri¥ s,
respectively) are kept the same in all the expertmand the spectra shown in Fig. 2.7 are
all acquired after 45 minutes of co-deposition. discussed in section 2.2.5, the O-atom
flux value is an effective flux at the ice surfagéile the H-atom flux is scaled from the
absolute D-atom flux value which is probably highlean the effective flux at the cold
surface. Therefore for instance, the H/O ratio emésd below has to be considered as an
upper limit for H atoms. Oxygen atoms are obtaibgdlissociating BO in the microwave
atom source. This explains the presence of nitrdgeming species in the ice when the
O-atom beam line is used (see Fig. 2.7 and TaB)e 2.

The aforementioned experiments demonstrate thengatya of having a double atom
beam line when investigating surface atom additeactions. The choice of using one or
both atom lines allows us to select, investigatengare, and combine different reaction
channels. For instance, in order to better intérpesults from the simultaneous
hydrogenation and oxygenation of solid CO, it isewsary to first distinguish the single
contributions of the different reaction channéks, O + H, CO + H, and CO + O:

* The O + H spectrum in Fig. 2.7 shows the presefi¢é,O from the not fully (NO)
dissociated O-atom beam. The amount of water forinetlis experiment is around the
detection limit, while HO, is below the detection limit. The limiting fact@n the
production of water ice is the number of O atomailable to react with the H atoms on the
cold surface (H/O ~ 100). After 45 minutes of califidn of O and H atoms, only 0.2 ML
of water can be formed assuming that all the oxyaeailable will react to form water.
Surface formation of water ice through the hydragem of O/Q/O; has been the object
of many recent physical-chemical and astrochemialvant studies (Dulieat al. 2010,
Miyauchiet al. 2008, loppolat al. 2008, Mataet al. 2008, loppolat al. 2010, Cuppeswt

al. 2010, Lambert&t al. 2013, Mokraneet al. 2009, Romanziret al. 2011) and is not
extensively discussed in this paper again.

+  Formaldehyde is clearly present in ti€O + H spectrum (Fig. 2.7), whereas
methanol is not. As previously shown Watanabe & &ovy2002a), Fuchst al. (2009),
formaldehyde and methanol are the main final prtgwef solid CO hydrogenation.
However, methanol is under the detection limit fre texperiment shown in Fig. 2.7
because of the low penetration depth ( ~ 4 ML) yafrbgen atoms into a CO ice Fuddis
al. (2009), as well as a comparable abundance of @ nespect to hydrogen atoms
(CO/H ~ 0.75). The amount of hydrogen atoms avhilab react with CO molecules is
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further lowered by the molecular hydrogen recomtidmaon the surface. Therefore, the
newly formed HCO ice is not further hydrogenated under these raxpatal conditions.
For other conditions (see Fuoktsal. 2009) it does.

«  The ¥CO + O spectrum in Fig. 2.7 is the richest in apton features due to
N-bearing molecules, like J0, NO,, N,Oz, (NO), dimer, and NO monomer. These species
are either coming from the not fully dissociatedatdom beam or are formed through
surface oxygenation of other N-bearing specieserAtitively, O atoms recombine in the
ice with each other to formJ &and Q, or react with CO to form carbon dioxide.

+  The surface reaction products present in8®© + O + H spectrum (Fig. 2.7) come
from the single isolated aforementioned reactiantes as well as from the interaction of
different reaction products with each other. Ozanethanol, and hydrogen peroxide are
under the detection limit, while water ice is stighabove it. Formaldehyde and mostly
carbon dioxide are visible in the spectrum. Theyomitrogen-bearing species clearly
present in the ice is 0. In the’*CO + O + H experiment the final column density ofics
13co, is ten times higher than in the case of @0 + O experiment (see inset in Fig.
2.7).
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Figure 2.7. RAIR co-deposition spectra ofCO, O- and H-atoms on a 13.5 K gold substrate
(top-spectrum in main panéfCO + O + H);®*CO and O-atoms (second spectrum from the RGO +
0); *CO and H-atoms (third spectrum from the t5g,0 + H); and O- and H-atoms (bottom-spectrum, O

+ H). The inset figure shows th#O, stretching mode region for all four experiments.
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The focus of the following section is on the forioatof solid carbon dioxide at low
temperatures through surface reactions inducedhyenergetic processing. The chemical
origin of solid CQ as observed in our experiments is subsequenttysied and placed in
an astronomical context.

Table 2.2. Assigned infrared features with their correspogdigferences.

Position, crit Species Mode Reference

1040 Q V3 Brossetet al. (1993), Chaabourt al. (2000), Bennett &
Kaiser (2005)

1162 H®co va  Wohar & Jagodzinski (1991)

1167 NO 2v,  Dows (1957), Lagiski et al. (2001)

1240 H*co ve  Wohar & Jagodzinski (1991)

1260 NO, Vi1 Holland & Maier 11 (1983)

1289 NO V1 Jamiesoret al. (2005), Dows (1957), Lafski et al. (2001)

1304 NO; vs  Fateleyet al. (1959), Nouet al. (1983)

1497 H*co vs  Wohar & Jagodzinski (1991)

1612 NQ/N,O3 valv,  Fateleyet al. (1959), Jamiesoet al. (2005) / Fatelegt al.
(1959), Nouret al. (1983)

1630 HO v, Hagen & Tielens (1981)

1694 H®co v, Wohar & Jagodzinski (1991)

1737 t-(NO),/N,O, vilvg  Fateleyet al. (1959) / Holland & Maier 1l (1983)

1766 c-(NO)Y/N,O,  vsfvg  Fateleyet al. (1959), Nour et. al. (1984) / Holland & Maier 11
(1983)

1833 X-NO Fedoseest al. (2012)

1850 NO; vy Fateleyet al. (1959), Nouet al. (1983)

1864 c-(NO), vy Fateleyet al. (1959), Nouet al. (1984)

1872 NO (monomer) V1 Fateleyet al. (1959), Nouet al. (1984), Holland & Maier I
(1983)

1888 NO vi+v,  Dows (1957), Lapiski et al. (2001)

2039 3¢t v Loeffler et al. (2005)

2066 3cto v Loeffler et al. (2005)

2096 B¥co vi  Ewing & Pimentel (1961)

2139 co vi  Sandforcet al. (1988)

2235 NO V3 Dows (1957), Lapiski et al. (2001), Jamiesoet al. (2005)

2278 Bco, Vs Berney & Eggers (1964)
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2.3.1 Astrochemical implications

It is generally accepted that due to its low gaasehabundance (GBYCO,*® < 1) carbon
dioxide is formed in the solid phase in the intgtat medium on the surface of icy dust
grains (10-20 K) through surface reactions invajvienergetic €g., UV photolysis,
cosmic rays irradiation, thermal processing) ana-ewergetic processinge.§., atom
bombardment), see van Dishoetlal. (1996), Boonmamt al. (2003). Solid CO is the GO
precursor that has been mostly studied in liteeatlihe most cited surface reaction routes
involving solid CO are:

CO + O— CO,, (2.5)
HCO + O— CO, + H, (2.6)
CO + OH— CO, + H. 2.7)

These reaction routes can be activated by bottgetieand non-energetic processing. For
instance, solid C®Ocan form from the interaction of energetic phofmms and pure CO
molecules or CO-bearing mixtures (Garozz@l. 2011, loppolcet al. 2013, Mooreet al.
1991, Gerakinest al. 1996, Ehrenfreundt al. 1997, Palumbet al. 1998, Satorret al.
2000, Watanabet al. 2002b, Loeffleret al. 2005, loppoloet al. 2009). Solid C@ can,
however, also be formed through photolysis/radislgé amorphous carbon capped with a
layer of water or oxygen ice (Mennel& al. 2004, Mennellaet al. 2006, Gomis &
Strazzulla 2005, Rawt al. 2012, Fulvicet al. 2012).

In space, thermal atom-addition induced chemistimore dominant in quiescent cold
interstellar regions, where newly formed species @otected from radiation to a great
extent by dust particles. In these regions, sof@ €an form through reactions (2.5)-(2.7).
Reaction (2.5) has been investigated experimenitalRoseret al. (2001), Madzunkoet
al. (2006), Rautt al. (2012). Raut & Baragiola (2011) showed that,G@ms in small
quantities during co-deposition of CO and cooledt@ms and @molecules into thin films
at 20 K. The reason for the low ¢@ield is that O atoms react preferentialy with @ t
form O,, and with Q to form Q. The latter experimental findings, also supponsd
theoretical studies (Tallet al. 2006), indicate that the surface reaction (2&s) & barrier of
~2000 K in the gas phase (Slangegel. 1972). Moreover, Goumans & Andersson (2010)
showed that although tunnelling increases the serfaaction rate for reaction ®f + CO
at low temperatures, the onset of tunnelling itoatlow temperatures for the reaction to
significantly contribute to the formation of soli@O, under interstellar conditions.
Therefore, reaction (2.5) is not an efficient Cfdrmation pathway unless energetic
processing is involved. Our laboratory results fritva CO + O experiment (Fig. 2.7) show
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indeed a more efficient production of ozone comgdcecarbon dioxide at 13.5 K, and are
consistent with previous findings.

Solid CG can also form through reaction (2.6) (Ruffle & Bir 2001), which is
experimentally challenging to investigate in théddsphase because other gf@rmation
reaction routes will compete. Moreover, when th© Hatio is in favor of H atoms, the
hydrogenation of CO ice will convert most of the ®Gn formaldehyde and methanol.
Therefore, this route is negligible under our ekpental conditions, and we will further
not consider it in our discussion.

Alternatively, solid CQ can be formed through reaction (2.7), which yiedlddOCO
intermediate. This complex can directly dissocidteming solid CQ and leaving a H
atom, or can be stabilized by intramolecular enetgynsfer to the ice surface and
eventually react with an incoming H atom in a letdss manner to form G@nd H or
other products with a purely statistical branchiatio as theoretically shown by Goumans
et al. (2008). Recently, several independent experinhstidies showed that reaction (2.7)
is an efficient surface CQormation channel without need for an energetputr(Obaet al.
2010a, loppoleet al. 2011a, Noblest al. 2011. In earlier work (loppolet al. 2011a), we
demonstrated with a one beam line system the fiomaif CO, at low temperatures
through reaction (2.7) by hydrogenation of a CObhary ice mixture. In that case, we
used a single H-atom beam line. Here, we are ablmmpare reactions (2.5) and (2.7)
under the same experimental conditions by usingaiem beam lines.

Reactions (2.5)-(2.7) have never been experimgn@dimpared with each other
before under the same laboratory conditions. Spdaly theoretical work investigated
these surface reactions within a larger astroctemeaction network. For instance, Garrod
& Pauly (2011) studied in their three-phase (gafdse/mantle) astrochemical model the
formation and evolution of interstellar dust-grates under dark-cloud conditions, with a
particular emphasis on GOBy including reactions (2.5)-(2.7) in their rdaat network,
they were able to reproduce the observed behafi®€@, CO, and water ice in the
interstellar medium. Furthermore, reaction (2.7)swaund to be efficient enough to
account for the observed G@e production in dark clouds.

Our experimental results confirm the conclusiongnfbin Garrod & Pauly (2011).
The *CO, formed in the™®*CO + O + H experiment is ten times more abundaan tine
13co, formed in the®CO + O experiment. In th€CO + O + H experiment, soltfCO, is
mainly formed through the HOCO intermediate. Uniterse experimental conditions, all
the O atoms will indeed react in a barrierless with H atoms to form hydroxyl radicals
that will either react with another H atom to fok#O, or will react with*CO to form
13C0,. The non-detection of ozone and other N-bearinglpets formed in the ice is due to
the overabundance of H atoms, and confirms thatoths are all used-up to form OH
radicals. Moreover, the presence of formaldehydéeérice indicates that H atoms are over
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abundant with respect to O atoms. Solid HCOOH as@®4 are under the detection limit.
The non-detection of these two species that amddrthrough the hydrogenation of the
HOCO complex and the reaction of the latter witle thydroxyl radical, respectively,
loppolo et al. (2011b) and Obat al. (2010b) indicate that the HOCO complex is
efficiently dissociated in CO+ H under our experimental conditions.

The fact that thé’CO, formed in the"*CO + O + H experiment is ten times more
abundant than th#CO, formed in the'*CO + O experiment indicates that reaction (2.7)
has a lower activation barrier and is faster theaction (2.5). Chang & Herbst (2012)
investigated the surface reaction CO + O + H amotigers by means of a unified
microscopic-macroscopic Monte Carlo simulation oés@rain chemistry in cold
interstellar clouds in which both the gas-phase &mel grain-surface chemistry are
simulated by a stochastic technique. In their modelid CQ is produced mainly by
reaction (2.7), which occurs by a so-called “cheaction mechanism", in which an H
atom first combines with an O atom lying above a @@lecule, so that the OH does not
need to undergo horizontal diffusion to react wit. Their CQ calculated abundances
are in good agreement with observations (Oleee. 2011). Moreover, this scenario is not
far from our experimental conditions, where O andtbins meet to form OH radicals that
then further react with neighboring CO molecules ftom CQ. This shows that
SURFRESIDE is suited to investigate astrochemical relevantase reaction networks.
Chang & Herbst (2012) finally suggested that thikds6O formed in early cold cloud
stages via accretion and surface reactions is ynamverted into C@®through reaction
(2.7). This makes reaction (2.7) to be most likidlg main non-energetic GGormation
route under early cold cloud conditions, where Hrreg are orders of magnitude more
abundant than O atoms (Dupuisal. 2009). Chang & Herbst (2012) also suggested that
the conversion of CO into Gecomes inefficient at later times, where, for lthe-mass
YSO case, there can be a high abundance of almwst O, with some conversion to
formaldehyde and methanol. Under these conditisnbgd CQ, can still be formed via
energetic processing (loppadbal. 2013).

2.4 Conclusions

We have presented a novel and versatile UHV seteigded for the quantitative

investigation of interstellar relevant surface msses under fully controlled conditions.
The system implements a main chamber and two aeambines. Molecules are deposited
in the main chamber onto a cold gold substrates &bkeproduce interstellar dense cloud
temperatures and ice thicknesses. The ice is meditwith a FTIR spectrometer, while gas
phase species present in the chamber are monitgitech QMS. As for interstellar ices in

dense cloud conditions, laboratory ices are exptséld/D/O/N) atom beam fluxes. These
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are accurately determined using a chemical caidrgirocedure. The choice of using one
or both atom lines sequentially or at the same tah@ws us to characterize interstellar
relevant reaction channels in a bottom-up approlcparticular, the design of the system
is suited for the isolation of single surface reattchannels and the comparison of their
efficiency with those of other surface reactionsttlead to the same final products. Here
we demonstrate the potential of the system by stgdyhe efficiency of solid CO
formation through surface reactions induced by aaduiition. We find that under the same
experimental conditions COs formed through the reaction CO + OH more effitly
than through the reaction CO + O. Our results mmgoiod agreement with the most recent
astrochemical models and observations (Chang & 4828612, Oberget al. 2011), and
therefore show that SURFRESIDHBas the potential to solve important questiondiwit
the field of astrochemistry.

The results that we present here illustrate onlg ohthe possible applications of
SURFRESIDE. This system will indeed shine light on severdlestunresolved topics in
astrochemistry, such as the competition betweenroggmation and deuteration of
interstellar relevant species linking planetary Hdbundances to interstellar processes.
SURFRESIDE is ultimately designed to study the surface foiamabf complex organic
molecules (COMSs), sugars, and amino-acids undesrsigllar relevant conditions by
sequential or co-addition of the different reactos@mponents of those species onto the
cold substrate. The use of a double beam line mysteessential to achieve this aim. The
future implementation of these and similar expentakresults into astrochemical models
that take into account astronomical fluxes and staées as well as energetic and
non-energetic processes is needed to understangathevays that lead to molecular
complexity in space.
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Surface NO Hydrogenation: A Solid Pathway to

NH,OH Formation in Space

Icy dust grains in space act as catalytic surfaces on which complex molecules form. These
molecules are synthesized through exothermic reactions from precursor radicals and,
mostly, hydrogen atom additions. Among the resulting products are species of biological
relevance, such as hydroxylamine - NH,OH - a precursor molecule in the formation of
amino acids. In this Letter, laboratory experiments are described that demonstrate NH,OH
formation in interstellar ice analogs for astronomically relevant temperatures via successive
hydrogenation reactions of solid nitric oxide (NO). Inclusion of the experimental results in
an astrochemical gas—grain model proves the importance of a solid-state NO + H reaction
channel as a starting point for prebiotic species in dark interstellar clouds and adds a new

perspective to the way molecules of biological importance may form in space.

E. Congiu, G. Fedoseev, S. Ioppolo, F. Dulieu, H. Chaabouni, S. Baouche, J. L. Lemaire, C. Laffon, P. Parent, T. Lamberts, H.
M. Cuppen, H. Linnartz, 2012, APJL, 750, L12



3.1 Introduction

Molecular astrophysicists explain the chemical diversity and complexity in space as the
cumulative outcome of gas, grain, and gas—grain interactions in dense interstellar clouds,
the birth sites of stars and planets (Wakelam et al. 2010; Herbst & van Dishoeck 2009).
More than 180 species have been unambiguously identified so far, and icy dust grains are
the template where stable species like acetonitrile, a precursor molecule for the simplest
amino-acid glycine, are formed (Codella et al. 2009, Hudson et al. 2008). In quiescent dark
clouds, cold grains indeed provide micrometer-sized surfaces onto which gas-phase species
accrete, meet, and react (van Dishoeck 2004, Oberg et al. 2011). Particularly,
hydrogenation of interstellar ices, i.e., H-atom additions, can induce the formation of
species in the solid phase and, therefore, it has been the topic of recent laboratory-based
studies. The efficient surface formation of the bulk of interstellar ices, i.e., water, methanol,
carbon dioxide, formaldehyde, and formic acid has been demonstrated through H-atom
additions of CO- and/or O-ices under interstellar relevant conditions (Watanabe et al.
2006, Fuchs et al. 2009, Cuppen et al. 2010, Noble et al. 2011). In space, thermal
atom-addition induced chemistry occurs mostly at low temperatures (~ 10 K), i.e., in the
innermost part of the clouds where newly formed species are protected from radiation to a
great extent by dust particles. These regions are part of collapsing envelopes that feed
young stellar objects and that provide the original material from which comets and
ultimately planets are made (Sandford et al. 2006). The solid-state formation of organic
material is therefore of considerable interest, as efficient surface reaction routes provide a
general recipe to form prebiotic species in star and planet-forming regions (Charnley et al.
2001). The focus in this Letter is on hydroxylamine, NH,OH, that has been proposed as an
important precursor species in the formation of amino acids (Blagojevic et al. 2003,
Barrientos et al. 2012). Inter- and circumstellar nitrogen chemistry is rather poorly
understood as well as the mechanisms leading to the inclusion of interstellar nitrogen into a
refractory aminated species. Charnley et al. (2001) suggested that hydroxylamine can be
formed through hydrogenation of NO ice under quiescent cloud conditions:

NO "— HNO "— H,NO "— NH,OH. (3.1)

However, to date there has been no experimental evidence that this reaction indeed
proceeds. Here, we present a successful attempt to form hydroxylamine under fully
controlled laboratory conditions via the non-energetic route NO + H on crystalline H,O ice
and on amorphous silicate, two very realistic analogs of grain surface materials in the
interstellar medium, and on a bare gold substrate through subsequent hydrogenation

reactions.
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3.2 Experimental

The experiments are performed using two different setups: FORMOLISM located at the
University of Cergy-Pontoise (FR; Accolla et al. 2011) and SURFRESIDE at the Sackler
Laboratory for Astrophysics in Leiden (NL; Ioppolo et al. 2010). Both setups comprise a
central ultrahigh vacuum chamber with a base pressure of ~10""° mbar in which a sample
holder is mounted in thermal contact with the cold finger of a closed-cycle He cryostat. We
have studied the reaction NO + H (NO + D) at low temperatures (10-15 K) by exposing the
substrate surface to a molecular beam of NO and H- (D-) atoms generated in
state-of-the-art atom beam lines. Atoms are cooled and instantaneously thermalized upon
surface impact. In Cergy, NO hydrogenation is studied with sequential deposition of NO
and H- (D-) atoms in the low surface coverage regime not exceeding one monolayer of NO
on the 10 K silicate or water-ice substrate. In Leiden, co-depositions of NO and H- or
D-atoms are studied for lower (~ 7-10'* atoms cm > s ') and higher (~ 3-10" atoms cm
s~') H- and D-atom fluxes in the high surface coverage regime (>50 monolayers) on the 15
K cold gold substrate. Newly formed species upon H- or D-atom addition are monitored in
the solid phase by means of Fourier transform Reflection-Absorption Infrared
Spectroscopy (RAIRS; Greenler 1966) using vibrational fingerprint spectra in the
4000-700 cm”' region and in the gas phase by means of Quadrupole Mass Spectrometry
(QMS) upon temperature programmed desorption (TPD) by steadily heating the ice and
monitoring evaporated species. Special efforts have been made to exclude contaminants in
the ultrahigh vacuum chambers and on the ice surface, the actual reaction site. A series of
control experiments is performed to assure that the final key product is indeed only due to
successive hydrogenation of solid NO (Equation (3.1)).

3.3 Results

In the two setups, hydroxylamine is produced at comparable rates on all surfaces regardless
of the hydrogen isotope used, H or D. Moreover, the NO ice is almost completely
consumed by an equivalent amount of hydrogen atoms, suggesting a NO + H (NO + D)
reaction with an efficiency close to one and able to proceed with no appreciable barrier
even at 10 K. Figure 3.1 displays RAIR spectra at 15 K after simultaneous deposition of
NO during low- and high-hydrogen atom flux (Figure 3.1(a) with H/NO = 0.2 and Figure
3.1(b) with H/NO = 4, respectively). Spectral features appearing upon solid NO
hydrogenation are assigned to bulk NH,OH (3317, 3261, 3194, 2899, 2716, 1608, 1514,
1203, 919 cm '), isolated NH,OH (1175, 1359, 1144 cm '), HNO (1561, 1507 cm '), and
N,O (2235, 1286 cmfl; Nightingale & Wagner 1954, Jacox & Milligan 1973, Sivaraman et
al. 2008). The simultaneous detection of NH,OH and HNO is consistent with the reaction
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scheme given in Equation (3.1).

At lower H-atom flux the NO is not completely consumed by hydrogen atoms, and the
strongest bands (1865, 1776 cm ') correspond to NO-dimer transitions (Fateley et al. 1959).
However, also under these conditions HNO is formed, and isolated bands of NH,OH
molecules are visible. This indicates that even at the lower H-atom flux the addition
process proceeds fast. In the higher H-atom flux experiment NO-dimer bands are barely
visible.

In both the low- and high-hydrogen atom flux experiments nitrous oxide (N,O) is

found, likely formed via

NO + HNO — N,O+OH and (3.2)
(NO), + H — N,O+OH. (3.3)

Figure 3.2 shows TPD spectra of NH,OH (m/z = 33, peak at ~188 K) produced after six
cycles of H-atom exposure of one monolayer coverage (10" molecules cm ) of NO on a
silicate surface. This procedure ensures that the reaction NO + H occurs for each cycle on
the surface of the ice, until all NO molecules have been consumed. The repetition of
several cycles enhances the signal-to-noise ratio of the QMS ion count upon ice
sublimation. In the figure, signals are recorded at m/z = 33 (NH,OH) as well as 30 (NO),
17 (OH), and 16 (NH,), reflecting partial fragmentation upon NH,OH ionization in the
QMS head (Kutina et al. 1982).

All signals have a common peak at T ~ 188 K, confirming NH,OH fragmentation upon
ionization. The 150 K temperature peaks for m/z = 30 and 17, included here for the sake of
completeness, are due to co-desorption of NO molecules and OH fragments from thermal
desorption at T ~ 150 K of the newly formed water ice through reaction of H + OH (Dulieu
etal. 2010).
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Figure 3.1. RAIR spectra of solid NO deposited on the gold substrate at 15 K upon H-atom exposure.
Diagram (a) shows the resulting spectrum for a co-deposition experiment during 60 minutes and H-atom
flux of 7-10'* atoms cm > s~ (H/NO = 0.2). Diagram (b) shows the spectrum for a deposition time of 120

minutes and an H-atom flux of 3-10"* atoms cm > s~ (H/NO = 4). Spectra are offset for clarity.
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Figure 3.2. Quadrupole mass spectrometer signal as a function of temperature during a TPD experiment
after six sequential depositions of ~1 ML of NO and H-atoms on a bare silicate surface at 10 K. The peak
at T ~ 188 K indicates desorption of hydroxylamine (NH,OH, mass = 33 amu). NH,OH fragmentation is
induced in the mass spectrometer head upon ionization, resulting in NO*, OH', and NH," fragments. Low
temperature peaks for mass = 30 and 17 amu are due to co-desorption of NO molecules and OH fragments

with water at T ~ 150 K. The traces are offset for clarity.
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3.4 Discussion

The present study proves NH,OH formation upon NO hydrogenation at low temperatures
and without external energetic input. It therefore provides a likely pathway for an efficient
formation in quiescent cold dense clouds where energetic processing is not likely to be
efficient. Two previous experimental studies showed the formation of NH,OH by
irradiating a mixture of NH; and H,O ices with UV photons (Nishi et al. 1984) and
electrons (Zheng & Kaiser 2010). The experimental conditions used there are not fully
representative for quiescent cold dense clouds, regions where NH,OH is assumed to be
already present in the ice as indicated by our results. The astronomical relevance of NO +
H is discussed below. Interstellar temperatures and substrates can be rather well reproduced
in the laboratory, but experiments are not fully representative of dark cloud conditions,
especially in terms of timescale and ice inhomogeneity. To prove that the presented
reaction scheme facilitates NH,OH formation in dense cores, a gas—grain model (Hasegawa
et al. 1992, Hassel et al. 2008) is used that comprises a full gas and grain chemical network.
Conditions are chosen as in the prototypical dense cloud “TMC 1” (Semenov et al. 2010).
The resulting predictions are shown in Figure 3.3. The reaction between H and HNO in the
current chemical networks (dashed lines in Figure 3.3) leads to H, and NO and NH,OH is
usually formed through NH, + OH. Along this reaction pathway, no NH,OH is formed
under dark cloud conditions and NO is mostly converted into HNO or N,O. This is in
agreement with Garrod et al. (2008) who performed chemical models of star formation and
found that NH,OH is only abundantly formed in the “hot core” phase when the grain is
lukewarm and NH, and OH become mobile. On the other hand, with a model including the
NO hydrogenation reactions experimentally proven in this paper (the solid lines in Figure
3.3), NH,OH is found to be abundantly present in both the solid and the gas phase. The
hydroxylamine abundance peaks at 10° years, with relative values with respect to gas phase
H, of at least 7-10~° on the grain surface and 3-10""" in the gas phase at the end of the
lifetime of a dense cold cloud (1-10 Myr), i.e., before the core collapse. This finding is
particularly relevant for a better understanding of the molecular evolution of the universe.
This work indeed shows that the hydroxylamine locked up on the grains at the beginning of
the core collapse becomes available for further reactions at later stages, when a protostar
forms and UV irradiation and thermal processing start. So far, positive identifications of
NH,OH in molecular clouds have not yet been reported, but upper limits have been derived
for a number of sources (Pulliam et al. 2012). These correspond to fractional abundances of
<107"". This is around the same order of magnitude as the gas-phase model predictions for
dense clouds, concluded here. Gas-phase abundances in the model are upper limits since
destruction routes that lead to the formation of more complex species are not included.
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Snow et al. (2007) showed that gas phase NH,OH can react with CHs™ to form NH;OH"
that in turn reacts with different carboxylic acids to form protonated amino acids. These
reactions are not included in the available chemical networks and therefore can not be
traced. The left panel of Figure 3.3, however, shows that CHs' and H;' - both able to
protonate hydroxylamine - are available in the gas phase The present work and a previous
study (Zheng & Kaiser 2010) show that NH,OH desorbs at relatively high temperatures
(>175 K under laboratory conditions) from the ice. Therefore, abundances may be high
enough for gas-phase detection only in those parts of the cloud that experienced a dramatic
heating phase. In fact, NH,OH provides a solid-state nitrogen reservoir along the whole
evolutionary process of interstellar ices from dark clouds to planets. We expect that in the
nearby future the faint radio hum from NH,OH molecules will be recorded by the receivers
of ALMA that will investigate the inner parts of protoplanetary disks and hot cores with
high temperatures (Herbst 2008). ALMA will also come with a hugely improved sensitivity
that, added to a high angular resolution, will allow perhaps detection of NH,OH in cold
starless cores and pre-stellar cores as well. The present laboratory study illustrating that
possible precursor molecules of amino acids are efficiently formed on the surface of dust
grains along with an astronomical detection of NH,OH in space will confirm that the

building blocks of life are omnipresent in the universe.
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Figure 3.3. Fractional abundance of species involved in nitrogen chemistry for an astrochemical model in
which the effect of an NO hydrogenation channel is shown. Solid lines are with NO + H and dashed lines
do not take this surface reaction into account. The left panel indicates gas-phase species; the right panel
shows the grain-surface abundance with respect to the gas-phase density of H nuclei (nH = n(H) +

2n(H,).
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|V

Surface NO Hydrogenation: The Multilayer

Regimein Interstellar Relevant I ces

Hydroxylamine (NHOH) is one of the potential precursors of comple-Ipiotic species in space. Here
we present a detailed experimental study of hydeorine formation through nitric oxide (NO) surface
hydrogenation for astronomically relevant condi§ionThe aim of this work is to investigate
hydroxylamine formation efficiencies in polar (watech) and non-polar (carbon monoxide-rich)
interstellar ice analogues. A complex reaction wekwinvolving both final (NO, NH,OH) and
intermediate (HNO, ND-, etc.) products is discussed. The main conclusion & titydroxylamine
formation takes placeia a fast and barrierless mechanism and it is foondet even more abundantly
formed in a water-rich environment at lower tempaes. In parallel, we experimentally verify the
non-formation of hydroxylamine upon UV photolysisNO ice at cryogenic temperatures as well as the
non-detection of NC- and NCO-bond bearing spedies BV processing of NO in carbon monoxide-rich
ices. Our results are implemented into an astroatemeaction model, which shows that MBH is
abundant in the solid phase under dark molecutawdckonditions. Once NJ@H desorbs from the ice
grains, it becomes available to form more complegcges €.g., glycine andp-alanine) in gas phase

reaction schemes.

G. Fedoseev, S. loppolo, T. Lambert, J. F. ZhemMHCuppen, H. Linnartz, 2012, JCP, 137, 054714



4.1 Introduction

The observed chemical complexity in space resutis fthe cumulative outcome of gas,
grain and gas-grain interactions. Recent studidsate that a substantial part of the stable
and complex species identified so far, form ondagt grains (Herbst & van Dishoeck 2009,
Wakelam et al. 2010). Interstellar grains, indeed, act as miatemsized cryo-pumps
providing surfaces onto which gas-phase speciescemete, meet and react. During the last
decade several independent laboratory studies shtiveerelevance of such astrochemical
solid-state reactions. Meanwhile, the surface fdionaof the bulk of the identified
interstellar icesi(e., water, methanol, carbon dioxide, formaldehydel fammic acid) has
been confirmed through subsequent H-atom addigactions to simple species, like CO-
and/or GQ-ices (Watanabe & Kouchi 2002, Fuatisal. 2009, Miyachiet al. 2008, loppolo

et al. 2008, Matakt al. 2008, Obaet al. 2010, loppolcet al. 2011, Noblest al. 2011).

In space, non-energetic atom addition induced stk chemistry occurs mostly at
low temperatures (~10 K),e., in the innermost part of circumstellar clouds veheewly
formed molecules are, to a great extent, shieldeah fadiation by dust particles. These
regions are part of collapsing envelopes feeding stars - young stellar objects (YSOs) -
and provide the original material from which cometsd ultimately planets are made
(Sandfordet al. 2006). Since solid-state neutral-neutral reastioften do not require
activation energy (Herbst & van Dishoeck 2009, Waikeet al. 2010), they play a key role
in the chemistry of dark interstellar clouds. I final stages of star formation energetic
processing - like UV photolysis, cosmic ray irrditia and thermal processing - also
contributes to surface reaction schemes by additegreal energy into the ice. It has indeed
been demonstrated that complex organic moleculdeaen amino acids are formed after
energetic processing of interstellar ice analogid#serget al. 2010, Mufioz Caret al.
2002). Therefore, laboratory-based studies of ¢tid-state formation of organic material is
of considerable interest, since efficient reactiontes provide a recipe to form pre-biotic
species in star- and planet-forming regions (Clegretial. 2001).

Hydroxylamine (NHOH) is an important precursor species in the foionadf amino
acids (Blagojevicet al. 2003). Several formation schemes of hydroxylaniiage been
proposed in the past. Blagojevt al. (2003) describe N}OH formation through UV
photolysis of NH + H,O and/or “NO + 3H” ices. Charnlest al. (2001) suggested that
hydroxylamine is formed through non-energetic hgarmation of NO ice under dark cloud
conditions. Nitric oxide has been detected in the ghase towards many dark and warm
clouds with relative abundances of 1°2a.-10" with respect to bi(Liszt & Turner 1978,
Pwa & Pottasch 1986, McGonagdeal. 1990, Gerinet al. 1992). Detailed astrochemical
models (Charnlegt al. 2001, Geriret al. 1992, Herbst & Klemperer 1973) indicate that the
main formation route for N@ the gas-phase is a neutral-neutral reactionQdH+— NO +
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H, while the main gas-phase destruction channidldst N— N, + O. Under dense cloud
conditions, gas-phase NO can accrete, like COhesurface of dust graiasd is, therefore,
expectedo participate in the solid-state chemical netwledding to the formation of N- and
NO-bearing species. Moreover, solid NO may alsdobeed through surface reactions in
the early stages of quiescent dark clouds.

Although NO has the potential to be one of the npeecursors of complex molecules
in space, solid state reaction schemes involvingtd@ring ices have not yet been studied in
detailed experiments. Recently, we presented ofitht time hydroxylamine formatiora
a non-energetic solid-phase route - pure NO + Kdrgstalline HO ice as well as on other
different substratgq€ongiuet al. 2012a) — and we showed the astrochemical imgabab
scheme. In the present paper, the focus is on thestigation of the underlying
physical-chemical processes that lead to surfadeoltylamine formation in the multilayer
regime. Thus, experiments are extended to mordstieahnd interstellar relevant polar
(NO:H,O + H/D) and non-polar (NO:CO + H/D) environmernitsthe following sections
we investigate the effect of temperature, ice casitpm and H-atom flux on the NOH
and HNO formation efficiencies. We also discussegixpents in which NO, NO:4D and
NO:CO ices are UV irradiated with Lylight. The astrophysical implications of this work
are briefly discussed. In an accompanying and cemehtary paper (Congat al. 2012b,
published back-to-back with the present chapter) iy@rogenation reactions are studied
with the focus on the submonolayer regime usingratéllar relevant substrateise.,
amorphous silicate and crystalling®ice.

4.2 Experimental details and data reduction

4.2.1 Experimental procedure

The experiments are performed using two similaattiigh vacuum (UHV) setups: a SURFace
REaction Slmulation DEvice (SURFRESIDE), optimizedstaody H-atom addition reactions,
and a CRYOgenic Photoproduct Analysis Device (CRXDJ designed for UV photolysis
experiments of interstellar ice analogues.

4.2.1.1 SURFRESIDE

Thermal H/D-atom addition reactions are investidatsing SURFRESIDE which consists
of a stainless steel UHV main chamber and an attingc Details are available in Fucts

al. (2009), loppoloet al. (2008), loppoloet al. (2011). A rotatable gold-coated copper
substrate is placed in the centre of an UHV chambae room temperature base pressure
in the main chamber is <3.5:¥bmbar. The substrate temperature is controlled ft@nto
300 K using a He closed-cycle cryostat. Ice defmrsjiroceeds under an angle of 45°, with
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controllable rates from 0.5 to 2.5 Langmuir per wmtén (L/min, where 1 L =
1.3-10° mbar §). A quadrupole mass spectrometer (QMS) placednbetiie substrate is
used to monitor the main-chamber gas compositibie. &tomic line faces the sample and
comprises a well-characterized hydrogen thermatking sourcé€Tschersich 2002) used
to produce non-energetic H/D atoms fromy/4 molecules. Hydrogen/deuterium
molecules are cracked by passing through a capitigee surrounded by a heated tungsten
filament. Dissociation of molecules occurs througliisions with the hot (1850 °C) walls
of the capillary pipe with a degree of dissociatk85% (Tschersich 2002). A nose-shaped
quartz pipe is placed along the path of the beadni@nsed to thermalize both H/D atoms
and non-dissociated,HD, molecules to room temperature before they reagetstinface of
the ice sample. H/D-atom fluxes are measured casimgly by placing the QMS at the
substrate position and are controlled between'7-a0d 3-1&° atoms cnf s*. This
procedure has been described in detail in loppicdb. (2010).

A high vacuum glass manifold with a base presstFel@ mbar is used for gas
mixture preparation. To avoid water contaminatiba glass line is connected to a liquid
nitrogen trap and is flushed well by mixture compais. A new mixture is prepared for
each experiment. After preparation, the mixturéntsoduced to a pre-pumped stainless
steel dosing line (<1-T0mbar). The metal line is typically filled with as pressure of 30
mbar and is kept isolated for the duration of thgegiment. The deposition rate is
controlled by a precise all-metal leak valve. Thkeseas used in this work are: NO (Linde
99.5 %), CO (Linde 99.997%), .8 (Praxair 99.5%), N©(Linde 99%) and a Milli-Q
water sample degassed under high vacuum conditions.

The ice composition is monitored situ by means of Reflection Absorption InfraRed
Spectroscopy (RAIRS) in the range: 700 — 4000 oft4 — 2.5um) with a spectral
resolution of 0.5 cf using a Fourier transform infrared spectrometeso Tdifferent
experimental procedures are applied here. In “podition” experiments, ices are first
deposited on a gold surface and are subsequentbsed to a thermal H/D-atom beam. In
this case RAIR difference spectra are acquirednduhydrogenation/deuteration of the
sample with respect to a background spectrum of ittitgal deposited ice at low
temperature. In the case of “co-deposition” experits, nitrogen oxide bearing ices are
continuously deposited simultaneously with H/D asorihe formation of intermediate
species and final products is monitored in thebgechanging ice deposition rates and
H/D-atom fluxes, as discussed in Cupp&nal. (2010). In this case RAIR difference
spectra are acquired during co-deposition with @espo a background spectrum of the
bare gold substrate at a low temperature.

At the end of every H/D-atom exposure a tempergioogrammed desorption (TPD)
experiment iperformed. Because the QMS is placed behind thetisib, RAIR spectra
and QMS data cannot be taken simultaneously dutieg heating phase, and crucial
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experiments are performed twice in order to inter@PD results using both RAIRS and
QMS techniques. In the first experiment, the sanpletated 180° to face the QMS and it
is heated linearly at a rate of 1 K/min. Desorbpdcges are subsequently detected as a
function of sample temperature using the QMS. tnslacond experiment, the sample is not
rotated and RAIR spectra of the ice are acquireztye® K while heating at a rate of 1
K/min. In this way infrared spectroscopic and maggctrometric information can be
combined. It should be noted that a TPD experinmapticitly leads to the morphological
modification and eventual destruction of the icheiefore TPD data are mainly used in
our experiments as an additional tool to constifzénlow temperature RAIR results.

4.21.2 CRYOPAD

UV photolysis experiments are performed using CRXDRvhich is described in detail in
Oberg et al. (2009) and references therein. Similarly to SUEBRE, the rotatable
gold-coated substrate in CRYOPAD is connectedHe @lose-cycle cryostat and placed in
the centre of a stainless steel UHV chamber. Tloenrtemperature base pressure of the
system is <2.5-I9mbar and the temperature of the substrate is atedrbetween 15 and
200 K. Ice deposition proceeds at an angle of 8@°arate of 1.5 L/min. After deposition,
the ice film is irradiated by UV light from a brdaahd hydrogen microwave discharge,
which peaks at 121 nm (Ly} and covers the range from 115 — 170 nm (7 — &9)5with

an incidence angle of 45°. Photolysis products Wpdnrradiation are monitored by means
of the same FTIR spectrometer that is used for SREEFIDE, covering 700 — 4000 €m
with 0.5 cm' resolution. A QMS is incorporated into the setupdrder to monitor
molecules in the gas phase and specifically phetugéion products. At the end of a UV
irradiation experiment, a TPD experiment is rodsimgerformed. The setup is constructed
such that the QMS already faces the sample, anskqoently it is possible to monitor ice
constituents both spectroscopically and mass spmetrically during a TPD. The heating
rate used for these experimentthis same used for SURFRESIDE (1 K/mifipe UV flux

is measured indirectly by calibratiaia the previously studied photodesorption rate of a
pure CO ice: carbon monoxide ice is exposed tooliight and the number of
photodesorbed CO molecules is then determined ubmdRAIR difference spectra. The
UV flux is then derived, assuming that the CO pHetmrption rates obtained here and
previously in Oberget al. (2007) are identical. Typical UV fluxes amount 1c-16*
photons crif s™.

Gas mixtures used during experiments with CRYOPA®mepared separately in the
same glass manifold as described above. The méxtare then introduced into a
pre-pumped stainless steel dosing line (<1-tar) that is always filled twice in order to
avoid the decomposition of gas mixture componentstiee metal walls during the
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preparation hours: a first time (at the beginnifgtt®e experiment) to select at room
temperature the desired deposition rate by admstimprecise all-metal leak valve and
monitoring the increase in pressure in the maintyea; and a second time (right before
deposition) using the same pressure used thetifitetto fill the dosing line. When not in
use, the deposition line is kept under high vacutihis allows for a highly reproducible
deposition rate.

The experiments at SURFRESIDE and CRYOPAD focus sefected surface
reactions involving the hydrogenation and UV iregitin of pure NO ices and mixtures of
NO with CO, HO and N over a wide range of laboratory conditions inchgddifferent
atomic fluxes, ice temperatures, co-depositionsratad mixture ratios. A number of
control experiments are performed to prove thatlypeletected species are formed upon
H/D-atom exposure or UV photolysis on top of ottlie ice sample, and that they are not
the result of contamination or background gas-phasections. All experiments are
summarized in Table 4.1. Moreover, in order to ubigmmously identify absorption bands
of possible reaction products we have performedrsé@ experiments to acquire spectra of
pure NO as well as NO:pD; and NQ:N,O, ice mixtures (see Table 4.2) to make direct
comparisons possible.
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Table4.1. List of performed experiments.

Depositing ice Type Temperature Deposition rate,  H/D flux H2/D; flux UV flux Time

composition (K) (L/min) (atom-cnf-sY)  (mol-cmi*sY) (ph-cni®-s?)  (min)
Co-depositiorf
NO +H 15 0.5 3.10° 3.5.18° - 200
-1l +H, 15 0.5 0 3.5.13° 40
-1l +H 15 25 7-102 2.5-16* - 120
-1/ +H 25 25 7-102 2.5.16* - 100
-1l +D 15 0.5 3.10° 3.5.1¢° - 120
-1l +D 15 25 7-102 2.5-16* - 120
NO:N; (1:5) +H 15 0.5 3.10° 3.5.13° - 100
-1I- +H, 15 25 0 3.5.16° - 30
NO:CO (1:1) +H 15 0.5 3.10° 3.5.10° - 200
-1l +H 15 25 7-102 2.5.16* - 120
-1l +D 15 0.5 3.10° 3.5.18° - 200
-1l +D 15 2.5 7-102 2.5.16* - 120
NO:CO (1:6) +H 15 0.5 3.10° 3.5.18° - 420
-1l +H 15 25 3.10° 3.5.13° - 120
-1l +H 15 25 7-102 2.5-16* - 120
-1l +H 25 0.5 3.10° 3.5.18° - 120
-1l +D 15 25 3.10° 3.5.13° 120
NO:H,0 (1:6) +H 15 2.5 7-102 2.5.16* - 150
-1l- +H 15 25 3.10° 3.5.1¢° - 60
Pre-depositioff:
NO +H 15 25(50L) 3.10° 3.5.10° 150
NO:CO:N, (1:1:5) +H 15 2.5 (100 L) 3.10° 3.5.16° 60

Nitrogen oxides deposition:

N,O 30 2.5 (100 L) - - - -
N,O +H 15 0.5 3.10° 3.5.13° - 120
NO,° 15 25(30L) ; - - -
NO,* +H 15 25 7-102 2.5.16* - 40
NO2NO (1:2f 15 2.5 (60 L) : : . -

Pre-deposition (UV-photolysis):

NO +ho 15 1.0 (40 L) - 15.16* 130
NO:CO (1:1) +ho 15 1.0 (40 L) - - 1.5.16* 75
NO:CO (1:6) +ho 15 1.0 (40 L) - - 1.5.16* 150
NO:H,0 (1:6) +hv 15 1.0 (40 L) - - 1.5.16* 120
NO:H,0:CO (1:1:1) +ho 15 2.5(80L) - - 1.5.16* 160
NO:H,0:CO (1:6:6) +ho 15 2.5(80L) - - 1.5.16* 140
NO:CH, (1:1) +hv 15 2.5(80L) - - 15.16* 120

#Co-deposition is an experiment in which NO contagnices are deposited during H/D flux exposure.

®Pre-deposition is an experiment in which NO coritajrices are first deposited and subsequently expts H/D atom or UV
fluxes.

This is a set of experiments in which the specfrdifferent nitrogen oxides were obtained and thewnitored for stability
upon H-atom flux exposure.

dNOz gas contained considerable NO admixture; formatibN,O; (ON-NGO,) along with NO4 (O.N-NO,) is observed upon
deposition.

*Mixture of N;O; (ON-NG;) andcis-(NO), is formed upon deposition.
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4.2.2 Data analysis

Straight baseline segments are subtracted froacqliired spectra. Subsequently, the areas
of bands corresponding to species present in tharie integrated. As previously discussed
in Fuchset al. (2009) and loppolet al. (2008) transmission band strengths cannot be used
directly to derive column densities of species @flection experiments. Moreover,
isothermal desorption experiments, which providewith absorbance per monolayer,
cannot be performed for the unstable intermedititasare detected during co-deposition
experiments. Therefore, we refrain from derivinguomn densities and instead follow the
formation trends of the detected species only bggirating the corresponding band areas
as a function of time (see Results and Discussiég)a consequence, a full quantitative
characterization is not directly possible. Howeweg,can compare formation trends of the
same species from different experiments and thedsive information on temperature
dependence, ice composition effects and the reaogbwork. All the assigned absorption
features that correspond to nitrogen-bearing speaia present in our experiments are
summarized in Table 4.2. The asterisk in Tableraks the spectral features used for
integration and relative quantification.

All absorbance features chosen for data analysis hayood signal-to-noise ratio and
do not overlap with other absorbance features.r&hge of integration is set manually for
each species and kept the same for all the spaoraired during a single experiment. The
error bars that are indicated in the figures listethe Results and Discussion section are
estimated as follows: several blank specim, without deposited ice but with a cold
substrate, are acquired before each experimentcdiresponding baseline segments are
subtracted from the blank data. The noise areadrbtank spectra is integrated over the
same frequency range that is used for band infegraif the selected species. The
uncertainties are then derived by averaging theegbf the measured blank area for each
selected range. Although these error bars do ncitide deviations in the baseline
subtraction procedure, they provide lower limitstfte detectable signal.
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Table 4.2. List of assigned nitrogen-bearing species.

Deuterated Frequency

Mode Regular species Frequency ®m . 1 Reference
species (cm”)
vg” cis-(NO), 1776 Il
vy cis-(NO), 1865 I, 1
trans-(NO), 1741 |
NO(monomer) 1875 I,
Vg NH,OH 889 ND,OD 825 1, v
Vg NH,OH (bulk) 919 ND,OD (bulk) 878 \%
vg? NH,OH 1144 ND,OD 920 1, v
vg? NH,OH (bulk) 1203 ND,OD (bulk) 946 \%
Uy NH,OH 1359 ND,OD 1026 1, v
Uy NH,OH (bulk) 1514 ND,OD (bulk) 1126 \%
vg NH,OH 1592 ND,OD 1175 1, v
Vg NH,OH (bulk) 1608 ND,OD (bulk) 1185 \%
NH,OH (bulk) 2716 ND,OD (bulk) 2045 \%
v, NH,OH (bulk) 2899 ND,OD (bulk) 2184 \%
v, NH,OH (bulk) 3194 ND,OD (bulk) 2393 \%
vy NH,OH (bulk) 3261 \%
vy NH,OH (bulk) 3317 ND,OD (bulk) 2482 \%
Vg N2O 1286 \
v, N,O 2235 \
v, HNO 1507 DNO 1156 \Yll
vg? HNO 1561 DNO 1546 \Yll
X-NO 1829 X-NO 1823
vy N2Os 1851 1, VI
v, N2Os 1614 1, VI
Vg N2Os 1302 1, VI
vy N,O3 782 1, VIII

*Spectral features used for integration and relajiventification.
| — Fateleyet al. (1959); Il — Noiret al. (1984); 11l — Withnall & Andrews (1988); IV — Ye& Ford (1990); V — Nightingale &
Wagner (1954); VI — Jamiesahal. (2005), VII — Jacox & Milligan (1973), VIII — Sids & Van der Veken (1994).

4.3 Results and discussion

4.3.1 Hydrogenation of pure NO ice

Figure 4.1(a) shows RAIR difference spectra reabrdeith SURFRESIDE of a
pre-deposited NO ice after exposure to a thermatdia beam at 15 K. The negative peaks
around 1776 and 1865 &ntorrespond tais-(NO), (Fateleyet al. 1959, Noiret al. 1984)
used up during hydrogenation of the ice. Due to #meall exothermicity of NO
dimerization (14 kJ per mol, see Sluyts & Van dek®h 1994) and a fast radical-radical
recombination reaction rate, nitric oxide forms idokis-(NO), immediately after
deposition. Therefore, NO monomers are detectethénice by means of RAIRS only
when NO is trapped in an ice matrix of other specisee below). Thus,
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hydrogenation/deuteration of a pure NO ice involves a first step the
hydrogenation/deuteration of (NOJimers. The positive peaks in Fig. 4.1(a) indidie
presence of newly formed species in the ice. Howebeir identification is not cleaa
priori because of their low signal to noise ratio. A jfassreason for this low coverage of
processed ice can be found in the structure ofigheCrystalline (NO) has a compact
monoclinic unit cell with a space group jR2 (Dulmageet al. 1953), which is more
comparable to a CO than an e structure (Barrett & Meyer 1967, Cronatral. 1983).
Although our deposited ice is not necessarily eflise, the local structure of (N®@)
agglomerates is probably close to crystalline. e in Fuchst al. (2009) and loppolo
et al. (2011) a compact ice structure prevents H/D atho® penetrating deep into the
bulk of the ice. As a consequence, in a pre-depasixperiment only the first few
monolayers are actively involved in surface readdjdhe final yield of H/D atom addition
products is low and no intermediate products ateated.

Figures 4.1(b) and (c) show NO/H-atom co-deposiérperiments at 15 K. The main
advantage of co-deposition experiments is thetgtidi change the NO/H(D) ratio in order
to: 1) trap non-fully hydrogenated products indige growing ice by using a high NO flow
with a low H(D)-atom flux (Fig. 4.1(c) and (e)); 8y deposit a fully hydrogenated thick ice
by using a low NO flow with a high H(D)-atom flufi@. 4.1(b) and (d)). Growing a thick
hydrogenated ice during co-deposition experimemtseases the column densities of the
reaction products and allows their unambiguous tifleation in situ and at low
temperatures by means of RAIRS. Although QMS isarsansitive than RAIRS, it allows
for the detection of species only above their desam temperatures. For the species
studied here, this is higher than 15il€,, >75 K for NO and >140 K for NKOH.

Several positive absorption featuresy., at 1608 cnf (NH, scissoring), 1514 cth
(HON bending), 1203 cth(NH, wagging), and 919 ci(ON stretching) (see Yeo & Ford
1990), present in Fig. 4.1(b) clearly show that ith&n hydrogenation product of a pure
NO ice at low temperature is solid hydroxylamineheTNH,OH formed during the
co-deposition experiment shown in Fig 4.1(b) iskbhydroxylamine, bound with four
different types of hydrogen bonds, such as OH...H,.Q8 NH...O, NH...N, and with
different strengths. The hydroxylamine OH and Ni¢tshing modes are in the range from
2600 to 3400 cihand overlap with each other. There are two grafifsoad bands in this
region, at 3317, 3261 and 3194 trand at 2899 and 2716 &mThe first group can be
assigned to the symmetric and asymmetric N-H gdtestcand the O-H...O stretch, while
the second group is due to a hydrogen bonded OHtrelitk (Yeo & Ford 1990, Bertie &
Shehata 1985). The formation of hydroxylamine irr pue-deposition experiments is
confirmed by comparing all the hydroxylamine peakesent in Fig. 4.1(b) with those
shown in Fig. 4.1(a).
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Figure 4.1(c) presents several features due to(N#), dimer, NO, and isolated
NH,OH, and reveals several new features: two narrowddat 1561 and 1507 cnihat
can be assigned to HNO, and another two at 1829 @nd 1680 ci with an unclear
origin. The feature at 1829 ¢hoverlaps with the NO stretching mode which mayidaté
that this species contains weakly bound NO molecute the following sections we will
refer to this unknown component as X-NO. A broadkpat 1680 cr is present in almost
every spectrum and demonstrates similar behaviodemvarious experimental conditions,
thus interpretation of this feature is uncertain. verify our assignments we repeated the
same co-deposition experiments discussed abovg Dsatoms instead of H atoms (Figs.
4.1(d) and (e)).

TPD experiments further constrain the formationN#,OH and NO. Under our
experimental conditions the desorption of JIHH starts at 140 K and peaks at 175 K (TPD
rate 1 K/min). The NEOH desorption peak is reported at 188 K in Corgjial. (2012b).
There a desorption energy of 54.2 kJ Tisl calculated for pure N4®dH from a surface of
amorphous silicate. The difference in desorptionperature between the present work and
Congiuet al. (2012b) is not surprising, as we study ices i thultilayer regime. Here
desorption of NHOH takes place from the surface of the ice itskfferefore, under this
regime molecules from a layer of MNBH are weakly bound to other molecules (like
NH,OH, or NHLOH mixed with CO and/or $D, see sections 4.3.2 and 4.3.3). This leads to
a low temperature desorption peak. In Congiwal. (2012b) at most one monolayer of
NH,OH is deposited onto an amorphous silicate surfactat case NOH molecules are
bound to the silicate surface and not to anotharlaf ice. The resulting binding energy is
higher, leading to a higher temperature desori&ak.

-69-



Wavenumber [cm'1]
4000 3500 3000 2500 2000 1500 1000

F T T T T T T
0.006 |- 13

0.004 - NH,OH (bulk) N.O (No), NH,OH (bulk)

2

0.002 | Vo

() R
0.000 ' r— Wm
d w
0.002 v ‘ ]
|

A Absorbance

-0.004 -

o6 o ey e e s

0.06 E T T T v T T il 7 — 3

0040 \ 3
f NH,OH (bulk) | NH,OH (bulk)

0.02L ! | P

0.010 [ (NO), ‘ ]

0.000

A Absorbance

| ‘(I‘VI | ! NH,OH (isolated)
mw«MMMMm W A L'\.H
L 1 1 1

-0.005

Oﬂdé""I""I""I“"I"P"I""I":

0.06 E
0.04 ND,OD (bulk) | (NO), D,NOD (isolated) 3
0.010

\
i i ‘ ND,OD (bulk)
[ IV )
0.005 - / I

s Nio X-NO

A Absorbance

0.000 | | e

i | w
-o.oos?(e) N, et it le'*hn-JJ L\J

L 1 1 L L
4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm'1]
Figure 4.1. RAIR difference spectra of H/D atom addition tpure NO ice for a sample temperature of
15 K. The upper panel (a) shows a spectrum of adppesited NO (50 L) after exposure to an H-atom
beam. The middle panel shows co-deposition of NOHatoms with NO:H = 1:10 (b) and 2:1 (c). In the
lower panel two spectra recorded upon co-deposifddO and D atoms with NO:D = 1:10 (d) and 2:1 (e)

are presented.
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4.3.2 Hydrogenation of NO in non-polar CO surroundings

We performeda series of experiments aimed at studying the &8O dilution in CO
and N (non-polar) matrices on the hydrogenation pathwaysse experiments simulate
the formation of hydroxylamine under dense and daldrstellar cloud conditions, when
gas-phase CO freezes out. Figure 4.2 shows semanaiples of RAIR spectra of NO:CO
co-deposition experiments with different ice migsi(1:1, 1:6) and H/D-atom ratios.

All bands observed in a pure NO co-deposition expenmt (Figs. 4.1(b) and (c)) are
present here, and in addition, new features appeaFigure 4.2(a) the NO monomer
feature peaks at 1875 cnfFateleyet al. 1959, Noiret al. 1984), while therans-(NO),
absorbance band is centred around 1745 @fateleyet al. 1959). The presence of the NO
monomer in the ice mixture indicates that the N(bifity is limited in a CO lattice at 15 K.
The remaining absorption features belong to thelysts of H/D-atom addition to CO,
such as KCO (1720, 1499 ci) and CHOH (1060 cnf). These reactions have been
examined extensively in previous studies (WatagabB@uchi 2002, Fuchst al. 2009). In
the case of D-atom exposure traces €D are detected at 1674 and 2092 chut
deuterated methanol is not found. It should bedttat formaldehyde is detected only in
the experiments where all NO is converted intofiial hydrogenation products (Figs.
4.2(b) and (d)). In the experiments where nitrigdexs still present in the ice, no products
of H/D-atom addition to CO ice are found. This atvaion will be addressed in the
following sections. Furthermore, no absorption dees that can be assigned to N-C bond
bearing species, like -NCO radicals, HNCO or,RHO, are found by RAIRS or by QMS.
Unstable intermediates like HCO and HNOH are ne¢cted eitherNote that due to the
abundance of th&CO isotope in the CO gas cylinder (1.1 %), a cfé&0 absorbance
feature at 2092 crhis also observed

Unlike CO ice, Nice is inert to H-atom addition. The hydrogenatidmitric oxide in
a nitrogen matrix with a ratio of NOzN= 1:5 shows qualitatively that the final products
from NO + H addition are the same as in a pure N@rdgenation co-deposition
experiment (Fig. 4.1(c)) with the difference tHaisttime a small feature around 1875%tm
can be assigned to the NO monomer (as in Fig. Bl&e NO seems to be formed more
efficiently compared to the NO hydrogenation expemt in a CO matrix.
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Figure 4.2. RAIR difference spectra of H/D atom additions t® Nh non-polar CO ice for a sample
temperature of 15 K. The upper panel shows co-démosspectra of NO, CO and H atoms with
NO:CO:H = 1:6:15 (a) and 1:1:20 (b). The lower gatws two spectra for the co-deposition of NO, CO
and D atoms with a ratio of 1:6:15 (c) and 1:1:@p (

4.3.3 Polar H,0 surroundings

Water is the most abundant species detected imsiatiar ices towards dark clouds,
low-mass and high-mass YSOs. It is generally aeckfhat water ice is formed mainly
during the early stages of a translucent and gergsdoud (Herbst & van Dishoeck 2009,
Charnleyet al. 2001). Gas-grain chemical models predict that N abundance peaks
later during CO freeze out (Charnley al. 2001). Solid hydroxylamine can be formed
during the same early stages in star forming regfoom accreted NO or from NO formed
on the surface of grains. Therefore, we studiechtfirogenation of NO in a water (polar)
matrix (NO:HO = 1:6). HO molecules are inert to H-atom addition, but pdevinydrogen
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bonds that may interact with NO molecules as welpassible reaction products upon NO
hydrogenationi.e.,, HNO and NHOH. Here, an NO:bD (1:6) ratio is used for comparison
with the aforementioned non-polar mixtures.

Water ice deposited at 15 K forms an amorphous Witk several very broad bands:
the OH stretching modes between 3000 and 370%) ttre HOH bending mode in the 1400
— 1700 crit range and the libration mode between 700 and £60D All these bands are
present in our spectra (see Fig. 4.3). As opposédd:CO ices, no nitric oxide monomer
andtrans-(NO), are detected in the ice, which can be explained Hifferent mobility of
NO in water ice compared to NO in a CO matrix. Aligh most of the N)DH absorption
features overlap with the water OH stretching a@Hbending modes, all of them can be
found in Fig. 4.3(b), where the H-atom flux is highough to efficiently convert all NO to
hydroxylamine. Figure 4.3(a) shows a RAIR spectaftar co-deposition of NO#D with
a low H-atom flux. Here unlike for Fig. 4.3(bjiINO, X-NO and NO features can be
observed in the ice.
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Figure 4.3. RAIR difference spectra of H-atom additions to Nl©a polar HO ice for a sample
temperature of 15 K. Co-deposition results of N@ BO with H atoms for NO:bD:H = 1:6:3.5 (a) and
1:6:15 (b) are shown.

4.3.4 UV photolysis of NO containing ices

Several pre-deposition experiments were performéd @RYOPAD to study the UV
photon-induced chemistry in pure NO ice and inntig&tures containing nitric oxide in
water or carbon monoxide. In addition, tertiary mixtures NO:CO:HO with ratios 1:1:1
and 1:6:6 were exposed to UV photons.

As discussed in the previous sections, pure NO extsrefficiently intocis-(NO), ice
upon deposition (Fig. 4.4(b))Several positive bands appear after UV processing
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cis(NO), ice: the features at 2235 and 1286 ‘cralready observed in the NO
hydrogenation experiments are assigned 10.NNew bands with maxima at 1602, 1299,
779 cm® and, although not well resolved, 1850 tmppear only in the UV photolysis
experiments. These can be assignedf0;Nsee Fig. 4.4(a)) (Fateleyal. 1959, Sluyts &
Van der Veken 1994, Noat al. 1983). The dilution of NO molecules in a CO mattoes
not seem to influence this outcome substantially.fér Figure 4.4(a), all the absorption
features assigned tas(NO),, N,O and NOs; are present in the RAIR spectra after
exposure of NO:CO = 1:6 ice to UV photons (see Higi(c)). In addition, the NO
monomer is clearly detected because of the low litybif NO in a CO lattice before and
after UV photolysis of the ice sample. Moreovee tO monomer abundance increases
upon UV irradiation.

Two more carbon bearing species, apart frd®0 and'*CO are detected in an
NO:CO ice upon UV photolysis: carbon dioxide arsl'fC isotope analogue. Since the
solid carbon dioxide IR absorption feature overlagth atmospheric gas-phase £0
present outside the UHV chamber and along thedfrihe FTIR beam, the formation of
carbon dioxide in the ice upon UV photolysis is stbained by QMS data.

Figures 4.4(e-f) show the resulting spectra upon phidtolysis of an NO:kD (1:6)
ice mixture. Also in this case, two species ares@méin the ice upon depositiais-(NO),
and HO. UV processing of the sample induces formatiorseferal products: J0 and
monomeric NO, hydrogen peroxide ;B}) and traces of HNO (right shoulder at 1565
cm?). Absorption features at 1607 and 1303'amay be due to }D; or NO,. The absence
of an absorption feature at 1850 tmakes the N@assignment more likely, but due to the
low final yield this is not conclusive.

The UV processing of the tertiary NO:CQ@®lice mixtures reveals the formation of
the same species formed in the aforementioned NOa@® NO:HO ice photolysis
experiments. Here the same features are assigndgCi© with peaks at 1715 and 1500
cm® and tentatively assigned to the NO stretching mafddNO, peaking at 1640 cth It
should be noted that the final yield of solid £© higher than in the case of UV irradiated
NO:CO experiments. The addition of water ice to M@:CO ice mixture increases the
carbon dioxide formation. This can be explainedhs/presence of free OH radicals in the
ice after UV irradiation that can react with COftom CQ, (more in the ‘UV processing’
section).

As can be concluded from Fig. 4.4, NCO radicals, &@ NCO anions as well as
their hydrogenated analogues HNC and HNCO (Mookéugisonet al. 2003, Petterssost
al. 1999, Bondybewt al. 1982, Hudsoret al. 2005) are not present in any of our RAIR
spectra. Another main result here is that,NH is not formed upon UV photolysis of
water rich ices. The straightforward conclusiorthiat surface H-atom addition reactions
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are needed to provide a pathway for the formatibiid,OH in simple interstellar ice

analogues. We will address these points in thevailg sections.
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Figure 4.4. RAIR difference spectra obtained after UV photays pre-deposited NO containing ices for
a sample temperature of 15 K. The upper panel skpestra of pure NO ice after deposition (b) andraf
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for NO:CO = 1:6 before (d) and after exposure t0*f-photons crii (c). The lower panel shows spectra
of NO in polar HO ice after exposure to a fluence of ¥)ghotons crif (e) and after deposition (f) for

comparison.
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4.3.5 Temperature dependence

Temperature effects on reaction mechanisms canatierr complex and reflect the
cumulative outcome of different temperature depahgeocesses. First of all, a higher ice
temperature means more thermal energy that cartdelpercome activation barriers. This
has a direct effect on the final yields of the fedspecies and, therefore, on the formation
trends. Secondly, a higher temperature can haedfect on the structure of the ice leading
to molecular reorganization. For instance, it hagrbshown that different deposition
temperatures result in different ice structueeg,, amorphous water iceersus crystalline
water ice (Yabushitet al. 2008, Bossat al. 2012). This affects the penetration depth of H
atoms in the ice and more generally diffusion psses. Then, the hopping and swapping
rates of molecules in the ice increase with tentpega while the residence lifetime of a
species on the ice surface decreases.

The temperature dependence of selected surfaceatiormreaction pathways is
studied here by repeating the same experimentdwor different and astronomically
relevant temperaturese., 15 and 25 K. Since the thermal desorption tempera of CO
and N are around this value, higher temperatures havéeen studied. The top panel of
Fig. 4.5 shows the formation trends of HNO and,®H at 15 and 25 K as a function of
the H-atom fluence for a co-deposition experimeipare NO and H atoms. Here the
integrated absorption of the formed species presetfinear trend because of the constant
co-deposition of the parent species. The bottotrside panel of Fig. 5.5 shows NOH,
HNO and NO final yields from the aforementioned pure NO +ekperiments, while the
bottom right-side panel shows NBH, HNO and NO final yields for two NO:CO/H
co-deposition experiments at 15 and 25 K. All thegperiments present lower final
product yields at higher temperatures. Moreoveshasvn in both bottom panels, the ratios
between HNO and N}®H final yields at 15 and 25 K are roughly constamiare 1.5 and
3.5 for the pure NO + H and the NO:CO + H experitegrespectively. This indicates that
the formation of HNO and N}¥DH are linked and are most likely temperature iragent,
i.e., reactions take place without an activation barrighe lower final yields at higher
temperature can be explained by the lifetime of tbims on the ice surface that, for
instance, is 10times shorter at 25 K than at 15 K on water icepi@n & Herbst 2007). In
this way H atoms have less time to react with NOegwles leading to a decrease in the
hydrogenation final yields. All final yields in th@ottom right panel are lower than their
counterparts in the bottom left panel. This carekglained by a lower abundance of NO
molecules in the ice and the presence of solid 2D.the pure NO + H experiments, the
final yield of solid NO is the same at different temperatures within ¢kperimental
uncertainties, while it decreases for higher termpees in the NO:CO + H experiments.
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This indicates that the formation ob® requires a temperature dependent reaction scheme
and a more complex ice composition.
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Figure 4.5. The top panel shows the temperature dependertiddl©fand NHOH abundancegersus the
H-atom fluence for NO:H (2:1) co-deposition expegints at 15 and 25 K. The lower panels show thé fina
yields of NO, HNO and NHOH for an NO:H (2:1) co-deposition experiment (boit left) and an
NO:CO:H (1:6:15) co-deposition experiment (bottoight). The left panel final yields are extrapolated
from experimental data at the same H-atom fluerseel dor the final yields shown in the right panel.

4.3.6 Matrix effects

The dilution of NO in polar (water-rich ice) andmpolar (water-poor ice) matrices has a
number of important effects on the hydrogenationhpways: 1) NO hydrogenation

products can react with components of the mixtaherthan hydrogen atoms leading to a
more complex reaction scheme; 2) the other molsquiesent in the deposited matrix (like
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CO) can participate in H-atom addition reactionffeatively influencing reaction rates
through additional H-atom consumption. Their re@mtiproducts may interact with NO and
NO hydrogenation reaction products; 3) other speitighe ice can trap NO molecules in
the bulk of the ice hiding them from the impingikigatoms; 4) H-bonding can improve
coupling and heat dissipation through the ice, miimy the stabilization of intermediate
products and changing reaction branching ratios.

In order to investigate non-polar ices we have caneg the results from the
hydrogenation of pure NO ice with those from theldegenation of NO:CO ice mixtures
with ratios of 1:1 and 1:6. The choice of thesémgis not random: if NO hydrogenation
products interact with those from CO hydrogenatitben the 1:1 ratio should provide the
highest yield of the final products; on the othanti, for an NO:CO = 1:6 ratio a single NO
molecule is surrounded on average by an octaheaafrsix CO molecules (the NO dimer is
surrounded by 12 CO molecules). Therefore, thia good approach to see whether NO
and CO interact with each other upon hydrogenatibthe ice. Moreover, since CO is
highly abundant in quiescent dark clouds compacetl® (Liszt & Turner 1978, Pwa &
Pottasch 1986, McGonagétal. 1990, Gerinet al. 1992), A 1:6 ratio is astrochemically
more relevant. We furthermore investigated the N@CO 1:1 and 1:6 mixtures for two
different H-atom fluxes of 7-1® and 3-18® atom-crif-s*. During these co-deposition
experiments the ratio between H atoms and the suhCpand CO molecules is kept
constant. Figure 4.6 plots the integrated intessitf NO hydrogenation products as a
function of the H-atom fluence for pure NO and NO:@ixtures with ratios 1:1 and 1:6
co-deposited with H atoms.

The upper panels of Fig. 4.6 show the integratezhgities of NHOH, HNO and NO
versus the H-atom fluence for three co-deposition experita (NO/H = 1/10, NO:CO/H =
1:1/20, 1:6/70) where the H-atom flux is high irder to efficiently convert nitric and
carbon oxides into their hydrogenation productse @bundance of NMDH in the ice is
proportional to the abundance of NO in the mixtuvkile the HNO abundance is inversely
proportional to that of NO. TheJ® ice abundance is strongly affected by the preseiic
CO in the ice, however it does not seem to depanthe mixture ratios used here. In
addition, and as mentioned before, NO absorpti@tufes (from both the dimer and
monomer) are not present in the RAIR spectra of (N® + H and NO:CO = 1:1 + H (see
Fig. 4.1(b) and Fig. 4.2(b)) but only in the NO:GQL:6 hydrogenation experiment (Fig.
4.2(a)). The presence of NO in the ice after hydnagion can be explained by the trapping
effect of NO inside a CO lattice and the conseqbdotking effect of H atoms in a CO ice
(Fuchs et al. 2009, loppoloet al. 2011). Consequently, the gradual decrease of the
hydroxylamine yield with increasing CO contentfire ice can be explained by a decrease
in the absolute amount of NO available for hydrag®m reactions. This conclusion is
further constrained by the nitroxyl final yield, igh is inversely proportional to the
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hydroxylamine yield: HNO is only observed in theeiavhen some NO remains
unconverted into NBOH. This confirms that the formation paths of niyb and
hydroxylamine are linked.

The lower panels of Fig. 4.6 show the RAIR integdaabsorbances of NBH, HNO
and NO versus the H-atom fluence for three co-deposition experita (NO/H = 1/0.5,
NO:CO/H = 1:1/1, 1:6/3.5) but now the H-atom flux fow in order to detect the
not-fully-hydrogenated species in the ice. All plehow very similar abundances ofON
and HNO and slightly higher yields for N&H in a pure NO hydrogenation experiment
compared to the hydrogenation of NO:CO mixturese Phoducts of H-atom addition to
CO molecules (HCO, CHOH) are not detected in any of these experimerttis [Eads to
an important conclusion: the hydrogenation of N@ is more efficient than the
hydrogenation of CO ice and is most likely bargedas concluded here and in (Congfu
al. 2012a)lt was shown before that the intermediate CO + #i ldfCO + H reaction steps
have an activation barrier, while HCO + H angCi® + H take place without an activation
barrier (Watanabe & Kouchi 2002, Fuchks al. 2009). Thus, if the subsequent
hydrogenation of nitric oxide (NO + H, HNO + H,NO + H) proceeds with no activation
barrier, then the NKDH final yield depends only on the amount of NO ecoles and H
atoms available for reaction. This is fully consitwith the observation that all infrared
NH,OH, HNO and MO integrated band intensities shown in the lowereimof Fig. 4.6
present a similar final yield. Minor differences @mg the formation trends may be due to
the presence of CO molecules.

The dipole moments of CO, NO and this-(NO), are all small and comparable
(Smyth & McAlpine 1933, Rawlinst al. 1998, Westeret al. 1980), and the ice structures
are also quite similar (Dulmageal. 1953, Cromeet al. 1983). This explains why dilution
of NO in a CO matrix does not substantially influenthe reaction network and,
consequently, the formation trends of the finalduais. In contrast, water molecules have
a strong dipole moment and form strong hydrogerdbam the ice with other species, such
as NHOH, NH,O- and -NHOH radicals, and.,® itself. We performed several
experiments co-depositing NO;8 binary mixtures and H atoms using similar
experimental conditions to those adopted for thepalar ice investigation. The results are
summarized in Fig. 4.7. In this case we comparaglte for an NO:HO = 1:6 ratio
co-deposition experiment with low and high H-atdoxés. For a high H-atom flux the
water matrix significantly increases the hydroxyiaenfinal yield, while it decreases both
nitroxyl and nitrous oxide final yields. For low &tem flux only hydroxylamine exhibits a
higher yield in a water lattice compared to a siméxperiment with NO:CO = 1:6.

The NHOH and NKO intermediates, as well as final product J&l, form strong
hydrogen bonds with a water lattice. HNO also fothis kind of bond, but less efficiently.
Such hydrogen bonds help HNO and J0H molecules to dissipate excess energy quickly

-79-



upon formation and make the hydrogenation of NO &iNIO kinetically favourable
compared to the case of NO + H in a CO lattice mctv these kinds of bonds are not
formed. It should be noted that a water matrix ificgmtly decreasethe NO final yield
for high H-atom flux, but increases it for low fluXoreover, hydrogenation of NO in an
N, matrix (NO:N, = 1:5) for high H-atom flux gives an,® yield that is three times higher
than that obtained in an NO:CO hydrogenation expent. The interpretation of this result
is not straightforward and the influence of differdattice types on the J@ formation
route is therefore uncertain.
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Figure 4.6. RAIR integrated intensities of hydroxylamine (isftle panels), nitroxyl (centre panels) and
nitrous oxide (right-side panelsgrsus H-atom fluence for several co-deposition experitvarsing high
H-atom flux (top panels) and low H-atom flux (battganels). Every panel shows three curves: onkl for
atoms co-deposited with pure NO (black squareg)then for H atoms co-deposited with NO:CO = 1:1
mixture (red circles) and one for co-depositiorHoAtoms co-deposited with NO:CO = 1:6 mixture (blue

triangles). A missing curve indicates that the picids not detected during the experiment.
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Figure 4.7. RAIR integrated intensities of hydroxylamine (isitle panel), nitroxyl (centre panel) and
nitrous oxide (right-side panel) formed upon H-atexposureversus the ice thickness in a co-deposition
experiment of NO:CO(1:6) + H and NG;BI(1:6) + H. Each panel shows four curves: low Hyaftux
co-deposited with NO:}O = 1:6 mixture (full black circles); low H-atomu#t co-deposited with NO:CO
= 1:6 mixture (empty black circles); high H-atornXlco-deposited with NO:}D = 1:6 mixture (full red
diamonds); low H-atom flux co-deposited with NO:EQ:6 mixture (empty red diamonds).

4.3.7 Possible reaction pathways
4.3.7.1 NO hydrogenation network

Figure 4.8 shows the NBDH formation reaction scheme as investigated is Work. The
solid lines indicate reaction pathways that talee@lwithout an activation barrier or with a
very small activation barrier and are thereforéciffit at cryogenic temperaturesg., in
dense cold quiescent clouds. The dashed liness@amréhe reactions that proceed with an
activation barrier.

In Fig. 4.8, three subsequent H-atom addition reastto form NHOH from a single
NO molecule are highlighted in red double-bordédrexes.

NO + H— HNO, (4.1a)
HNO + H— H,NO, (4.1b)
H,NO + H— H,NOH. (4.1c)

These three reactions represent the simplest anst efficient formation route of
hydroxylamine. In reactions (4.1a) and (4.1b), thatoms are subsequently added to the N
atom of the NO molecule, while the last H atomeéaation (4.1c) is added to the oxygen.
The reactions

NO + H— NOH, (4.2a)
HNO + H— HNOH, (4.2b)

-81-



where the addition of H atoms takes place on tlygex atom side of the NO molecule, are
expected to be less efficient. Matrix isolation esimentgJacox & Milligan 1973) andb
initio calculations(Page & Soto 1993) indeed indicate that these imacthave high
activation barriers (>4000 K and >10000 K, respetyi, see Page & Soto 1998hd are,
therefore, less efficient compared to the barrssrleactions (4.1a) and (4.1b). However,
for the reaction

HNO + H— NO + H, (4.32)

gas-phaseab initio calculations (Page & Soto 1993) show that the ohtieydrogen atom
abstraction is higher than the rate of hydrogemadddition at all temperaturesd., by a
factor of 20 at 300 K).This is not consistent with our experimental resulthere
hydroxylamine is formed even at very low H-atomx#a. This discrepancy, however, is
likely due to differences between solid-state aas-ghase reactions. Reactions (4.1b) and
(4.3a) are both exothermic. Reaction (4.3a) pravisl® final products and in this case the
excess energy of the reaction can be efficientlstriiuted over two bodies to be
translationally dissipated both in the gas phagkiarthe solid state. For reaction (4.1b)
this excess energy must be distributed only over theatidnal- and in the gas phase also
rotational-levels of a single hydrogenation prodfuctless photon emission with required
energy is allowed)and will be much less efficient in the gas phdmmtin the solid state
where the surrounding molecules play the role o&lsorbing third body. Therefore, the
presence of a third body can efficiently change linenching ratio between H-atom
addition and H-atom subtraction reactions, leadfog,instance, to the efficient surface
formation of NHOH ice. As in reaction (4.3a), the hydrogen abstvaaeaction

HNO + H— HNO + H;,, (4.3b)

is also barrierless (Diaat al. 1995, Page & Soto 1993) and should compete vhi¢gh t
hydrogen addition reaction (4.1c). However, as ulised above, the formation of
hydroxylamine has a higher effective branchingorétian reaction (4.3b) in the solid state.

The hydrogenation of NO monomers through react{drisa) — (4.1c) takes place only
in NO:CO and NO:KO hydrogenation experiments where the CO gD Httice can keep
a fraction of the NO monomers isolated and can eevheir dimerization through
reactions (4.4a) and (4.4b):

NO + NO— cis-(NO),, (4.43)
NO + NO— trans-(NO)s. (4.4b)
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Formation ofcis-(NO), is the preferred reaction pathway and is confirrngdNO matrix
isolation experiments (Fatelegt al. 1959, Sluyts & Van der Veken 1994). Under our
experimental conditionstrans-(NO), is observed only in an NO:CO:H = 1:6:70
co-deposition experiment where it is trapped by @@ lattice and the products of NO
hydrogenation.

Due to a lack of gas-phase kinetic data the hydratign reaction scheme for (NO)
has so far been unclear. Here we experimentallw steveral reaction routes involving the
hydrogenation of (NQ) First, the nitric oxide dimer reacts with an lratto form HNO
and NO,

(NO), + H— HNO + NO, (4.5a)

or produces an HNO-NO associated complex. Theesxistof this complex has already
been suggested by several groups €tial. 1992, Cheskist al. 1981, Seddost al. 1973,
Chakrabortyet al. 1988),

(NO), + H — HNO-NO. (4.5b)

The addition of another H atom to a nitrogen atdrthis associated complex leads to the
formation of HNO, HNO and NO:

HNO-NO + H— H;NO + NO, (4.6a)
HNO-NO + H— HNO + HNO. (4.6b)

All these reactions lead to the formation of hydtamine precursors as shown by
reactions (4.1a) — (4.3b). Our experiments confinat hydroxylamine will eventually be
formed upon hydrogenation of these species.

There is another final product of NO hydrogenati@mactions which is always
observed in our experiments;®l ice. The reaction pathway to form@®lis not yet clear,
since all known possible mechanisms involve a hicfivation barrier.

A possible mechanism to form,® is through HNO dimerization and the subsequent
dissociation of the formed hyponitrous acid (Dehal. 1995, Linet al. 1992, Cheskist al.
1981),

HNO + HNO— H;N,0, (OHN=NHO), 4.7)
H2N20, (OHN=NHO) — isomerisation—~ N,O + H,O. (4.8)
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This mechanism is rather unlikely to occur at cemig temperatures, because reaction (4.8)
involves at least one H-atom migration from a mao atom to an oxygen atom of an
OHN=NHO molecule leading to the formation of theteimmediate HON(NO)H or
HON=NOH which will then dissociate to form nitroozide and water (Diasat al. 1995,
Lin et al. 1992). Both dissociation and H-atom migrationolre activation barriers as well
as the HNO dimerization itself (reaction 4.7). Heae several of these activation barriers
can be overcome by the following mechanism. FastH atom is added to an N atom of
the HNO-NO associated complex. This reaction igtexmic and takes place without an
activation barrier. The excess energy of this ieaatan then help to overcome thgh\-0,
dissociation barrier leading to the formation ofrouis acid by a mechanism similar to
reactions (4.7) and (4.8):

HNO-NO + H— H,N,O,(“hot”) — isomerisation— N,O + H,0. (4.9)

The weak point of both suggested mechanisms ikitffeactivation barrier in the last step
of reactions (4.8) and (4.9). Because of this barkt,N,O, (OHN=NHO) should be
detectable in our spectra under our experimentadiiions together with MD. Moreover,
the infrared spectrum of MN,O, and its deuterated analogue have strong absorption
featuresj.e., two close bands around 1000 tmhich are not present in our RAIR spectra
(see Figs. 4.1(c, e), Figs. 4.2(a, c)) (McGrawal. 1967). The absence of,N,O,
absorption features indicates that another reagidnway is likely responsible for the®l
formation.

One of these possible formation mechanisms @ Was suggested earlier in Cooper
et al. 1970 and Bonnegt al. 1978, where reduction of NO with alkaline hydriamine
was studied:

HNOH + NO— HON(NO)H, (4.10)
HON(NO)H — N,O + H,0. (4.11)

Reaction (4.10) is exothermic (Diatial. 1995) and, as other radical-radical reactions,
should proceed without an activation barrier. Tredpct of reaction (4.10) may be formed
with enough internal energy to overcome its disaimn barrier and to produce nitrous
oxide and water (reaction 4.11). However, the fdiomaof HNOH (reaction 4.2b) is
thermodynamically unfavourable (Diaet al. 1995). Therefore another formation
mechanism is proposed here,, the direct addition of an H atom to the oxygesmabf an
(NO), dimer followedy the dissociation of the unstabldical:

ONNO + H— (ONNOH)— N,O + OH. (4.12)
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This reaction pathway is exothermic, and accortdinBAC — MP4 calculations (Diagt al.
1995) the second step is barrierless (or at leastahvery small barrier). The first step of
this reaction is similar to reaction (4.2a) anderéfore, presents an activation barrier
(dashed arrow in Fig. 4.8). Although our experina¢rdata are not conclusive on the
efficiency of the NO formation mechanisms, reaction (4.12) is likéig tmost efficient
pathway because of its simplicity and because weaalaletect the intermediates formed
according to reactions (4.7) — (4.11).

In Congiuet al (2012b), two reaction pathways are suggestedherformation of
N.O ice in a low surface coverage regime (<1 mona)aye silicate surfaces. The first one
is reaction (4.12) as discussed above. A diffef@mbation route is:

HNO + NO— N,O + OH. (4.13a)

BAC-MP4 calculations (Diawt al. 1995) show that this formation mechanism involats
a certain stage the migration of one H atom fromitrgen to an oxygen atom:

HNO + NO— HN(O)NO — ONNOH — N,O + OH. (4.13b)

This migration process has a very high activatiamibr (122 kJ mét) and is endothermic
(Diau et al. 1995). A possible way to overcome this activatibarrier under our
experimental conditions is through the participatid a “hot” HNO molecule formed from
reaction (4.1a) before the HNO dissipates its exes®rgy (203 kJ md] see Diatet al.
1995) into the bulk of the ice. However this reatis unlikely to occur in a high surface
coverage regime, when HNO is always surroundedtbgrcspecies. Moreover, reaction
(4.13) requires at the same time the presence offfid@omer, which is detected in a high
surface coverage regime only if NO is diluted iat€O matrix (see Fig 4.2a). Therefore,
reaction (4.13) is unlikely to be efficient under @xperimental conditions.

The unidentified absorption feature in our IR spchere named X-NO, appears at
1829 cni'. Further experimental constraints are needed sigrmsthis feature to the
HNO-NO complex or to the HON(NO)H intermediate.

The produced OH radicals from reaction (4.12) ceact with H atoms and NO
molecules to form:

OH + H—) Hzo, (414a)1
OH + NO— HNO,. (4.14b).
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Recently another solid-state reaction pathway wingl the OH radical was extensively
investigated at cryogenic temperatures in (Romagtzah 2011, Obaet al. 2012):

OH + H, — H,0 + H. (4.14c).

The identification of HO and HNQ is not trivial due to the low final yield of thespecies
and the overlap of their absorption features wittepmolecules present in the ice. Newly
formed HO molecules are reported in the gas phase uporrmdeso from the ice in
Congiu et al (2012b). The amount of water ice formed at the ehdhe experiments
described there is estimated to be a fraction mbaolayer (~ 0.5 ML). Moreover, all the
suggested formation routes of®ice have BO as an accompanying product. Sing®©N
is present only in low abundances in our experisiehie formation of kD in the present
study is expected to be inefficient.

As previously mentioned 4€0 is not formed during low H-atom flux experiments
but it is present in the ice only if all NO is camted to its hydrogenation products. Both
gas-phase experimental work (Butkovskaal. 1997) and calculations (Diatial. 1995)
show that the following reaction:

HCO + NO— HNO + CO, (4.15)

is exothermic and likely barrierless. If reactighlf) takes place under our experimental
conditions, the presence of NO in the ice can ieffity reduce the final $}CO yield in
favour of the NHOH formation. This is consistent with our experismesults. However,
there is no direct evidence for this reaction paynwn our experiments. In particular, the
low efficiency of HCO formation may also be explained by a short ezgid time of the H
atoms on the ice surface combined with the conipetibetween the CO + H reaction,
which has a barrier, and the barrierless NO + Idtiea (4.1a).
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Figure 4.8. A schematic representation of the solid state NB feaction network, summarizing the
conclusions from this work and Conggtial. (2012b). Solid squares indicate species thatlatected in

the ice while dashed squares indicate intermegiatducts that are not detected but may be formelden
ice. Solid arrows represent efficient and/or baleis reactions. Dashed arrows represent reaction
pathways with an activation barrier. Only atom aadical addition reactions are presented hem, (

hydrogen abstraction reactions are omitted for Baity).
4.3.7.2. UV processing of theice

As opposed to the neutral-neutral non-energetifaseamreactions discussed in the previous
section, UV processing of ices provides an energefiut that leads to the dissociation of
molecular bonds and the formation of “hot” fragnsent., radicals, atoms and ions. These
“hot” fragments can in turn react with the surroumgdmolecules and easily overcome
activation barriers, desorb from the ice surfacéiffuse into the bulk of the ice and kick
other molecules out (Oberg at al. 2007, Oberg .a2@09, Oberg at al. 2010). Here we
focus on the UV photolysis of pure solid NO and M@xed with CO and kD ices.
Although a detailed quantitative analysis of the -ldduced reaction network is
challenging without knowing photodissociation arftbfpionisation cross-sections for all
the molecules present and/or formed in the ice ugbnphotolysis, we can still draw
important conclusions on the efficiency of seveealction pathways.

UV processing of pure NO ice gives two final progud\LO and NOs. These species
can be formed through the following reaction:
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2(NOY, + hv — N,O + N,Os. (4.16)

First, a N-O bond from ais-(NO), is broken upon UV photolysis (reaction 4.17a). i;he
the free oxygen atom recombines with a nearby gdénoatom of another (N@Himer to
form dinitrogen trioxide (reaction 4.17b):

(NO), + hv — N,O + -0, (4.17a)
(NO), + -O— NyOs. (4.17b)

This result is consistent with Hawkins & Downs (#98vhere the photolysis @fs-(NO),

is studied at 13 K in an Ar matrix. The formatiorf pitrous oxide via direct
photodissociation of nitric oxide and the consequératom addition reaction to an NO
dimer:

(NO), + hv > NO + -N + -0, (4.18a)
(NO), + N— N,O + NO. (4.18b)

is unlikely to occur since gas-phase chemical datav (Diauet al. 1995, Linet al. 1992)
that the nitrogen atom addition to NO forms molaculitrogen rather than nitrous oxide.
Moreover, the non-detection of the -NCO radicalN®:CO photolysis experiments
constrains the low efficiency of reaction (4.18a):

CO + N— -NCO. (4.19)

UV processing of NO:CO ice mixtures yields two didaial products: NO monomers and
CQO,. The formation of NO monomers can be explainethieyreaction:

(NO), + hv — NO + NO*, (4.20)

and the subsequent isolation and relaxation of“f@éctronically or vibrationally excited)
monomers in a CO lattice.

The other product is CQce that can be formed through “hot” oxygen ataiditon
to carbon monoxide:

CO + -O— CO,. (4.21)

This reaction pathway is discussed in several éxgertal studies (Raut & Baragiola 2011).
According to Raut & Baragiola (2011), reaction (¥.2akes place even at cryogenic
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temperatures, although it has a significant adowabarrier. The transfer of O atoms from
cis-(NO), molecules is also observed in Hawkins & Downs @)9&fter the exposure of
Ar/NO/CO samples to photonsiat 220 — 330 nm.

Our experiments show that photolysis of nitric @id a matrix of carbon monoxide
and water produces an even larger amount of. @@ recently shown in independent
laboratory experiments (Oleh al. 2010, loppolcet al. 2011, Nobleet al. 2011), CQ can
be efficiently formed through the reactions:

H,O + hv — -OH + -H, (4.22)
CO + -OH— HOCO— CO;, + H, (4.23)

where direct dissociation of the HOCO complex lemdbe formation of CQice.

Photodissociation of water ice (reaction 4.22) aetso explain the formation of the
final products only detected when an N@Hice was exposed to UV photons;Qd4 by
recombination of two OH radicals, HNO by H-atom #idd to NO (reaction 4.1a), and
possibly HNQ by recombination of nitric oxide with a hydroxgdical:

NO + -OH— HONO. (4.24)

Additionally, water can react with a “hot” (eleatioally excited) oxygen atom to form
hydrogen peroxide:

H;0 + -O— -OH + -OH— H,0,. (4.25)

This reaction pathway competes with the formatidnNgO; in water-rich matrices
(reactions 4.17a — 4.18a) by consuming free O atmmsmay be the cause of the low final
yield of NbO3 detected in water-rich ices (see Fig. 4.4).

The newly formed products may themselves partieipatJV-induced chemistry. For
example, UV photodissociation of G&nd NO leads to the formation of free O atoms:

CO,+hv—CO+ -0, (4.26)
N,O + hv — Ny + -O. (4.27)

These reactions can play a role in oxygen tranbf#trbecome important only after a long
photolysis period with a total UV exposure of aade 18’ photons cii. This flux
corresponds to more than hundred incident UV ptsopmr adsorption spot.

The low ionisation potential afis-(NO), can lead to the formation of N@nd (NO)"
in the ice upon absorption of Ly+adiation (Levchenk&t al. 2006). However, it is not
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clear from our experimental data to what extentdbhemistry is involved in the O atom
transfer and the subsequent formation gdNand CQ.

The non-detection of N#DH in the NO:HO ice photolysis experiments indicates that
there is a lack of free H atoms in the bulk of ite2 Therefore, reaction (4.22) has a low
efficiency and/or recombination of hydrogen atomsan efficient mechanism under our
experimental conditions. Another mechanism whichld¢eeduce the final N)OH yield is
the efficient photodissociation of the intermedid®O. Recently, we tried to form
NH,OH by UV photolysis of NitH,O and NH:O,ice mixtures. These experiments show
that the formation of NKDH in the bulk of NH:H,O ice is not efficient either, while UV
photolysis of NH:O,ice mixtures gives uncertain results.

4.4 Astrochemical implications

In quiescent dark clouds, grains provide surfaaesvhich species can accrete, meet and
react and to which excess reaction energy can lpatéd. Grain surface chemistry is
governed by the accretion rate of the gas-phasgespand the surface migration rate. The
timescale at which gas-phase species deplete omttsgs about I0years in dense clouds
with lifetimes of dense cores between®14hd 18 years. Early during dense cloud
formation an HO-rich (polar) ice containing mainly G@nd traces of CiHand NH; forms.
Under these conditions NO can be also formed throsugface reactions. In prestellar
cores, where densities are as high aschd® and temperatures are 10 — 20 K, gas-phase
CO molecules freeze out onto the water ice layanifag a non-polar ice which is the site
for additional and more complex reaction pathwdyader these conditions gas-phase
formed NO can also deposit onto icy grains andispdike NNO, HNO and NO itself can
be formed through surface reactions involving H-, &d O-atoms. These species are,
therefore, expected to be present in both polar mym@polar ices during the prestellar
core-phase. In a recent astronomical study (Corgial. 2012a) we discussed the
efficiency of the formation of hydroxylamine stadifrom the hydrogenation of a pure NO
ice. In this work, by studying the hydrogenatiorN#d in H,O-, CO-, and M ice mantles,

a full reaction scheme in polar and non-polar eminents has been derived.

Due to the low abundance of interstellar solid N@npared to water ice the upper
part of the chemical network presented in Fig. ¥.&hot likely to be astronomically
relevant. The formation of an (N©jimer in space is indeed not favourable. Howether,
hydrogenation of NO molecules and the subsequemafiion of NHOH is efficient
(through a barrierless mechanism) at cryogenic éaipres (15 K) in both water- and
carbon monoxide-rich ices. Therefore, accordingunexperimental results we expect that
in quiescent dark clouds NO is efficiently convdrte hydroxylamine. However, special
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care is needed to extrapolate the laboratory datestronomical timescales and fluxes, as
our experiments, for obvious reasons, are not felpresentative for interstellar conditions.

To show that the presented reaction scheme (F8y.c4n indeed lead to the formation
of NH,OH in dense cores, we have performed a gas-graiffelhusing a full gas and grain
chemical network of more than 6000 reactions betm4@0 species of which 195 are
involved in both gas-phase and grain-surface east{Congiuet al. 2012a). For this we
used the OSU gas-grain code, first described byedtagaet al. (1992) with some recent
modifications, which are described in Hasselal. (2008). The initial abundances and
chemical network are taken from a benchmark stddghemical codes (Semenat al.
2010). The physical conditions are chosen similahéir “TMC 1” model which represents
a prototypical dense cloud. A fraction of the fochsairface species is allowed to desorb into
the gas phase according to the Rice-RamspergeeK@&RK) theory (Holbroolet al. 1996,
Garrodet al. 2007) with an efficiency af = 0.01.

Most surface reactions in chemical networks areedbasy chemical intuition or are
included by analogy to gas-phase reactions. Thetioeabetween H and HNO in standard
chemical networks leads tgldnd NO, while NHOH is usually formed through NH OH.
Therefore, in standard chemical networks, no,®H is formed and NO ice is mostly
converted into HNO or pO under dark cloud conditions. This is in agreemtti Garrod
et al. (2007) who performed chemical models of star fatian and who found that NOH
is only abundantly formed in the “hot-core” phadeew the grain is lukewarm and M End
OH become mobile.

Since in cold dense clouds the visual extincticar@ind 10 mag and photodissociation
events are rare, the surface abundance of ragieales like OH and NHis low. The low
grain-surface temperature of 10 K reduces the ntplof these species, while hydrogen
atoms are already mobile at this temperature. ManedJV photolysis experiments show
that hydroxylamine is not formed by irradiating N\ED:H,O nor NH;:H,O ice mixtures at
low temperatures. The NO hydrogenation scheme perientally investigated in the
present study is, therefore, much more promisingnaHOH formation reaction route. In
our model, that includes the NO hydrogenation seheNHOH is indeed abundantly
present in both the solid and the gas phase. Tth@kylamine abundance peaks at {€ars.
Photodissociation into OH and MHof which the latter converts into NHupon
hydrogenation, starts to become important at tinie.t Snowet al. (2007) showed that
gas-phase N}DH can react with Ckl to form NHOH" that can in turn react with different
carboxylic acids to form protonated amino acidseSéhreactions are not included in the
networks used. Our mod@&ongiuet al. 2012a), however, predicts that hydroxylamine has
a relative abundance of at least 1) on the grain surface and 310, in the gas phase
at the end of the lifetime of a dense cold cloud @IMyr), before the core collapses.
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To date, and to the best of our knowledge, intbastbydroxylamine has not been
observed in space, and only upper limits have fmemd for a number of sources (Pulliam
et al 2012). These correspond to fractional abundanted®"* in the gas phase. This is
around the same order of magnitude as our gas-phadel predictions for dense clouds.
We therefore expect that in the near future thetfeadio signal from NEDH gas-phase
molecules will be recorded by the receivers of ALKt will investigate the inner parts of
proto-planetary disks and hot-cores with relativieigh temperatures (Herbst 2008). The
hydroxylamine locked onto the grains at the begignof the core collapse becomes
accessible for further reaction at later stagesmehprotostar forms and UV irradiation and
thermal processing start. The astrobiological iogilons of our study are constrained by
the results of Blagojeviet al. (2003). They proposed a route for the synthekanuno
acids in interstellar environments starting fromsatption of NHOH. In their study
NH,OH is formed through energetic processing at adttge of star formation. Here we
have shown how N}DH is already formed in the solid phase thoughmemergetic route
in the early stages of star formation. Figure 4h@ves the link between the updated
solid-phase NBHOH formation scheme and the gas-phase formatiotesonf amino acids
in space. Here the key stage of this suggested anexth is that in which reactions
between protonated hydroxylamine and carboxylids@ccur. Although these reaction
pathways were already proved experimentally to [ffecient at room temperature
(Blagojevicet al. 2003), recent calculations show that they mawlwer activation barriers
(Barrientoset al. 2012) and, therefore, that they may not be efficunder astronomically
relevant conditions. Thus, there is now great dehfan experimental verification of the
latter results.

Finally, acetic acid, another main component of ttegaction network, has already
been detected towards several astronomical okjectmly hot-cores), see Mehringetral.
(1997) and Remijaret al. (2003). Bennett & Kaiser (2007) showed succebsfiile
laboratory synthesis of acetic acid by UV photdysif CQ:CH, ices under UHV
conditions and cryogenic temperatures.
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Gas Phase H,NCH,COOH (glycine)
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Figure 4.9. Proposed formation route of amino acids in stamfog regions based on the hydroxylamine
surface formation route investigated in the pressntly combined with the experimental work of

Blagojevicet al. (2003).
4.5 Conclusions

A systematic study of NO hydrogenation pathwaysenndHV conditions and for
cryogenic temperatures is presented. In partictharinfluence of sample temperature, NO
deposition rate, H-atom flux and UV photolysis ohet formation of different
hydrogenation products is studied. Special attarisa@iven to the hydrogenation of NO in
CO- and HO-rich ices and the astronomical implications of msults are also discussed.
The main conclusions of this work are listed below:
1. In CO- and HO-rich interstellar ice analogues NO is efficienttpnverted to
hydroxylamine upon exposure to thermal H atoms.
2. The formation of hydroxylamine takes place tlgloua fast and barrierless
mechanism by subsequent addition of three H atorasstngle NO molecule.
3. HNO is an intermediate product of hydroxylamfoemation and is observed in our
experiments only under low H atom flux conditions.
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10.

The final HNO and NKOH formation yield is higher at 15 K than at 25 K.

In water-rich interstellar ice analogues thealfiNlH,OH formation yield is higher
than in CO-rich ices.

In CO-rich ices hydroxylamine is formed well bef CO molecules are
hydrogenated to form formaldehyde and methanol.

N,O is a side product of the NO hydrogenation reacsicheme.

Solid NHOH is not formed upon UV photolysis of NO:CQ@® ices. The end
products are pD, N,Os (or NG,), HNO, H,O, and CQ ice.

According to our laboratory and modelling resuite expect that NJDH is already
present in the solid phase in dark molecular clats mainly in the gas phase in
protostar regions. We therefore expect that imiber future gas-phase NBH will

be detected by ALMA.

Hydroxylamine formed efficiently in the solidhgse provides a gas-phase reservoir
upon desorption as a starting point in the fornmatibglycine ang-alanine.
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Solid State Chemistry of Nitrogen Oxides:
Completing the Full Network

Nitrogen oxides are considered to be importantoakmical precursors of complex
species and prebiotics. However, apart from thedgehation of solid NO that leads to the
surface formation of hydroxylamine, little is knovabout the full solid state reaction
network involving both nitrogen and oxygen. Ourdstus divided into two papers, hereby
called Part | and Part Il. In the accompanying papiblished back-to-back to this chapter,
we investigate the surface reactions NO + 09 and NO + N with a focus on the
formation of NQ ice. Here, we complement this study by measuresnehthe surface
destruction of solid N@ e.g., NO, + H/O/N. Experiments are performed in two separate
ultra-high vacuum setups and therefore under diffeexperimental conditions to better
constrain the experimental results. Surface reagiimducts are monitored by means of
Fourier Transform Reflection Absorption Infrared cpescopy (FT-RAIRS) and
Temperature Programmed Desorption (TPD) techniqus#sg mass spectrometry. The
surface destruction of solid NO2 leads to the fdiomaof a series of nitrogen oxides such
as NO, NO, N,Os, and NO, as well as HNO, NFOH, and HO. When NQ is mixed with
an interstellar more relevant apolae( CO) ice, solid C@and HCOOH are also formed
due to interactions between different reactionesufhe astrophysical implications of the
full nitrogen and oxygen reaction network derivezhi Parts | and |l are discussed.

S. loppolo, G. Fedoseev, M. Minissale, E. CongilD#ieu and H. Linnartz, 2014, PCCP, 16, 8270



5.1 Introduction

Ice-covered dust grains play a key role in the deagnof the interstellar medium. The
cumulative outcome of recent observations, laboyastudies, and astrochemical models
indicates that there is a strong interplay betwergas and the solid phase throughout the
formation process of molecules in space (Herbstat Dishoeck 2009, Garrod 2013).
Surface reaction mechanisms on cold dust graitiatimimolecular chemistry starting with
the formation of H, and dominate the formation of complex organicenuoles (COMS) in
space. Indeed, interstellar grains provide surfaceshich gas-phase species can accrete,
meet, and react, and to which they can donatexbtese energy. Therefore, in dense cold
clouds, icy dust grains act both as a molecularves and as sites for catalysis.

Complex grain surface chemistry is also triggergd photon-induced cosmic ray
irradiation and particle bombardmeety., free atoms, electrons, and cosmic rays (Herbst
& van Dishoeck 2009, van Dishoeck & Blake 1998)riDg later stages of star formation,
condensed-phase molecules can be thermally pratdsstorm more complex species
(Theuléet al. 2013). Ultimately, ices may desorb from the dystins and participate in
second generation gas-phase reaction schemes (€hetral. 1992). Some of this material
can re-condense in the inner part of the protopdapalisk, according to their snow-lines,
and then be eventually delivered to icy planetelsiraad planets (@it al. 2013).

Nitrogen-containing molecules are essential fa &h Earth. Therefore, understanding
the nitrogen and oxygen chemistry in space is guoitant step to link the formation of
interstellar COMs to the origin of life. Howeven tlate, surface nitrogen chemistry is
poorly understood. Laboratory studies showed thatiiradiation of interstellar relevant
ices containing M (e.g., H,O:N, + 60 keV of A", CO:N, + 200 keV of H) leads to the
formation of some nitrogen oxides, such as N@ONand NQ. When carbon-bearing
species are present in the ice and are irradiatednixture with N, also OCNis formed
(Boduch et al. 2012, Siciliaet al. 2012). Laboratory studies of non-energetic serfac
processing showed that, for instance, ammoniagfNtydroxylamine (NHOH), nitrogen
dioxide (NQ), dinitrogen trioxide (NO3), nitrous acid (HN@), and nitric acid (HNG) are
efficiently formed at low temperatures through togknation of N-atoms, NO+H, NO+0
NO+NG,, NO+OH, and N@+OH reactions, respectively (Hiraokbal. 1995, Hidakaet al.
2011, Congitet al. 2012a, Congiet al. 2012b, Fedoseest al. 2012, Minissalet al. 2013,
loppoloet al. 2013, Joshét al. 2012).

In the accompanying paper, hereafter referred tBaat | (Minissalest al. 2014), we
investigate the oxygenation of solid NO (NO+@i®) at low temperature, on different
substrates (silicate, graphite, compact amorpholid water - ASW, and gold), and in
different environments (pure NO, polar ice - N@tKH and apolar ice - NO:CO). Solid NO
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is shown to be efficiently formed in all cases oating that the reaction NO+O is
barrierless or has a small barrier. Despite thas#ings, interstellar N@has not been
observed yet. According to the UMIST database,, M@s an estimated abundance of
~10"" wrt molecular hydrogen in the early stage of aeritellar cloud, and ~2-1Blater

at steady state (McElrogt al. 2013). The non-detection of N@an be explained by
efficient photodissociation and/or a non-energstiface consumption pathway. The latter
is the topic of the present study that shows thritory destruction of NOthrough
surface reactions (N®H/O/N).

It should be noted thaure NO and NQ ice are not expected to exist in space, however
interstellar NO and N®should be present in the solid phase mixed withenadoundant
species. The astrophysical relevance of the wodsanted here aims at characterizing
selected surface reaction processes, such as N@MHd@d NQ+H/O/N, that occur in
interstellar ices and that can explain the formmatb more complex species in spaeg(
NH,OH). In order to achieve this goal, a systematicigtis presented that starts from the
simplest case of pure ices and also includes teteasmore relevant environments. In Part
I, we studied the formation of NGn both polar and apolar ices. Figure 3 of Patidws
that all the infrared features from N-bearing specpresent in a water-rich ice are
broadened, shifted, and overlap with the strongli®Hding mode of water ice. Thus, the
unambiguous identification of species consumedonéd in the ice upon atom exposure
is not trivial in a polar environment. On the othemnd, Figure 4 of Part | shows that a
CO-rich ice is a better environment to study swfaeactions of N-bearing species,
because all the spectral features are sharp andtdaverlap with the CO modes. Therefore,
only the results for pure and interstellar relevegmtlar ices are presented here.

5.2 Experimental

As for Part |, experiments are performed in twdelént setups: SURFRESIBEt the
Sackler Laboratory for Astrophysics, Leiden Univists The Netherlands, and
FORMOLISM at the University of Cergy-Pontoise, Fean Here follows a brief
description of the setups and the experimental awsthsince both systems are discussed in
detail elsewhere (Congiat al. 2012b, loppoloet al. 2013). The use of two ultrahigh
vacuum (UHV) systems allows for complementary stadif selected interstellar relevant
surface reactions. Therefore, a combination of expnts performed in these setups gives
information on surface reactions occurring underffedint surface coverage
(sub-monolayer vs multilayer regime), different stnates (gold, silicates, graphite, and
ASW ice), and different matrix environments (pur® lind NQ, NO in polar ice, and NO
and NQ in apolar ice).
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5.2.1 SURFRESI DE? setup

SURFRESIDE consists of three distinct UHV chambers. In theémehamber, ices are
deposited with monolayer precision (where 1 ML sstaned to be 1® molecules cif)
and processed at astronomically relevant tempa=t(k3-300 K) on a gold substrate.
Reflection Absorption Infrared Spectroscopy (RAIR&)d Temperature Programmed
Desorption (TPD) are used as analytical tools taratterize the ice composition. In the
other chambers different atom sources are moumethé& controlled production of well
characterized atom (molecular) beams. Two diffeadoin sources are used, one Hydrogen
Atom Beam Source (HABS, Dr. Eberl MBE-Komponentemlib, see Tschersich & von
Bonin 1998, Tschersich 2000, Tschersethal. 2008) based on thermal cracking, and a
Microwave Atom Source (MWAS, Oxford Scientific Ltdee Shmidét al. 1996, Antonet

al. 2000) that implements a microwave discharge {80& 2.50 GHz). The HABS is used
to hydrogenate/deuterate the sample, while the MV¢AB produce beams of different
atoms and radicale.g., H, D, O, OH, OD, and N).

The two custom-made atom line chambers presenticdégeometrical characteristics.
Shutters separate the beam lines from the main lofyaend allow for an independent
operation of the individual atom beam lines. A duaipe is placed after each shutter and
along the path of the dissociated beam. The noggeshform of the pipe is designed to
efficiently quench the excited electronic and rbrational states of species through
collisions with the walls of the pipe before theach the ice sample. The geometry is
designed in such a way that this is realized thnatgeast four wall collisions of the atoms
before leaving the pipe. In this way, “hot" speai@sinot reach the ice directly. All atom
fluxes are in the range between1and 16° atoms crif s* and the calibration procedures
are described in loppokt al. 2013.

The system is designed to investigate selectedaireactions in the multilayer regime,
on an optically flat gold substrate, in pure, pokamd apolar ices, and for different atom
fluxes. As described in Part |, co-deposition aeduential deposition experiments can be
performed with this system under fully controlleshditions. Since ices are studied in the
multilayer regime, RAIR spectra are used to test réaction routem situ, while QMS
data are used as a complementary technique toraontte RAIR results.

5.2.2 FORMOLISM setup

FORMOLISM consists of an UHV main chamber and twiply differentially pumped
atom lines. The main chamber contains a silicatg aphite) substrate that can be cooled
down to 6.5 K. As for SURFRESIBFEices are studieth situ by a Fourier Transform
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Infrared (FTIR) spectrometer in RAIR mode, and adjupole mass spectrometer (QMS).
Diversly from SURFRESIDEthat mounts the QMS on the back-side of the rbtatgold
substrate, the substrate in FORMOLISM can be liggeainslated in front of the rotatable
QMS. In several experiments, compact ASW is depdsit 110 K on the substrate prior to
the deposition of any reactants to study the satesaffect on thin ices.€., sub-monolayer
regime). The two atom sources are both microwaixedrdissociation sources (300 W at
2.50 GHz). The atom fluxes are characterized it Pand elsewhere (Congat al. 2012b,
Amiaud et al. 2006). FORMOLISM uses TPD and QMS data as madhrigues to
investigate surface reaction schemes. Due to therlsignal-to-noise ratio of the RAIR
data acquired in the sub-monolayer regime, RAIRBpeare usually used to constrain the
results from the more sensitive, however, moatu QMS technique.

SURFRESIDE and FORMOLISM are two complementary and uniquetesys that
combined investigate interstellar relevant surfagaction schemes under an extensive
physical and chemical range of conditions. TaHist$ the experiments performed by the
two systems to study the destruction of N@olecules for astronomically relevant
temperatures. In the next section, we show thdtsesfithe experiments listed in Table 5.1.
The possible destruction routes are presented én discussion section. The paper
completes with astrophysical implications and cosidns.
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Table5.1. List of experiments performed by SURFRES{zd FORMOLISM.

Experiment Method Ratio Raep Taep Tatom-add PaL Tae MWP Atom-fluence t RAIRS TPD
(L/min) (K) (K) (10° mbar) K (W) (10'® atoms/crf) (min)
SURFRESIDE NG, (H from H) (10 K/min)

30 ML NOxH? seg-dep - 1.2 80 15 1 2150 — 0.6 60 Y -

30 ML NOzH? seq-dep - 1.2 80 15 10 2150 — 15 25 Y QMs
NO,:H co-dep 1:0.5 1.2 80 80 10 2150 — 15 25 Y -
NOx:H co-dep 1:.0.5 1.2 50 50 10 2150 — 1.5 25 Y -
NO,:H co-dep 1:0.5 1.2 35 35 10 2150 — 15 25 Y -
NO:H co-dep 1:0.5 1.2 15 15 10 2150 — 15 25 Y -
NO,:H co-dep 1:.0.1 1.2 15 15 1 2150 - 0.3 30 Y -
NO,:H co-dep 1:10 0.05 15 15 10 2150 — 3.0 50 Y QMS

30 ML NO, dep - 1.2 15 - - - - - - Y QMS
30 ML NO, dep - 1.2 15 - - - - - — Y IR
NO,, *CO (H from H) (1 K/min)
NO**CO:H co-dep 1:25:2 0.05, 1.25 15 15 1 2150 0.2 27 Y -
NO.:**CO:H co-dep 1:50:10 0.05,2.5 15 15 10 2150- 3.0 50 Y -
NO,:*Cco co-dep 1:50 0.05, 2.5 15 - - - - - - Y IR+QMS
BCO:H co-dep 1:1.5 -, 0.50 15 15 10 2150 — 3.0 50 Y —
NG, 3’cO (O from NO)
NO:**C0:0:NO co-dep 1:50:0.1:1 0.05, 2.5 15 15 2 - 275 0.02 29 Y -
NOCO co-dep 1:50 0.05, 2.5 15 - - - - - - Y -
B3CO:0:NO co-dep 50:0.1:1 - 25 15 15 2 — 275 0.02 29 Y -
NO, (N from N)
NO,:N:N, co-dep 1:0.1:10 0.05 15 15 - 300 0.01 25 Y -
NO2N, co-dep 1:10 0.05 15 15 - 0 - 25 Y -
N:N, dep 0.1:10 - - 15 8 - 300 0.01 25 Y -
NG, 3cO (N from N)
NO,:¥*CO:N:N, co-dep 1:50:0.1:10 0.05, 2.5 15 15 8 - 300 0.02 50 Y -
NOx*CO:N, co-dep 1:50:10 0.05, 2.5 15 15 - 0 - 57 Y -
BCO:N:N, co-dep 50:0.1:10 - 25 15 15 — 300 0.02 50 \ -




Tableb5.1. (continued)
Experiment Method Thickness Ryep Taep Tatom-add PaL MWP Atom-fluence t RAIRS TPD
(ML) (L/min) (K) (K) (10*° mbar) (W) (16° atoms/crf) (min)
FORMOLISM NG (H from H)
NO,+H + H, seqg-dep 1.5 0.12 15 15 2.8 85 0.6 32 N QMS
NO,+ H + H, seq-dep 2 0.12 15 15 2.8 105 1 50 Y QMS
NO,+H + H, seqg-dep 0.5 0.12 15 15 2.8 105 0.15 8 N QMS
NO,+H + H, co-dep 2 0.12 15 15 2.8 105 0.55 30 N QMSs
H + NG, seqg-dep 1 0.12 10 10 2.8 105 0.2 10 N QMS
NO, + H, seq-dep 1 0.12 10 10 2.8 105 - - N QMS
H0, NG,
H,O + NO,+ H seq-dep 50:1 2.4,0.08 15 15 2.8 100 0.9 40 Y SQM
NG, (O from Q)
NO,+ O+ QO seqg-dep 2 0.12 60 60 1.9 90 0.7 25 Y QMS
NO,+ 0+ QG co-dep 1 0.12 15 15 1.9 90 0.28 10 N QMS
NO,+ O, co-dep 1 0.12 10 10 1.9 90 - - N QMS
03+ NO, seqg-dep 1 0.12 10 10 1.9 90 — — N QMS
H,0, NO,
H,O + NG+ O seg-dep 50:1 2.4,0.08 15 15 1.9 90 0.7 25 N QMS
NG, (N from N)
NO,+ N + N, seg-dep 3.2 0.12 60 60 2 110 1 72 Y QMSs
NO,+ N + N, seqg-dep 1 0.12 15 15 2 110 0.75 55 N QMS
NO,+ N + N, co-dep 0.5 0.12 60 60 2 110 0.15 10 N QMS
NO,+ N, co-dep 1 0.12 10 10 2 110 - - N QMS
N+ N+ NO, seg-dep 1 0.12 10 10 2 110 0.15 10 N QMS
H,0, NO,
H,O + NO,+ N + N, seq-dep 50:0.5 2.4,0.08 15 15 2 110 0.15 10 N QMS

Sequential deposition (seg-dep), co-deposition @)cand deposition of single species (dep) areopeed under different laboratory conditions. Thekhiss is expressed in monolayers (MR, is the deposition rate of a
selected molecule expressed in Langmuir (L) tnimhere 1 L = 1.3-1bmbar &; Tuep is the substrate temperature during deposifiQ@y.a.is the substrate temperature during atom addifian;is the atomic line pressure
during atom exposurél, is the tungsten filament temperature of the HABS; RIW the microwave power used in the experimentsn-lioence is the total fluence at the end of thpegdment;t is the total time of atom
addition; RAIRS is the acquisition of RAIR spectra durirg-slep, co-dep, or dep of selected species; TPD is the tentpgreagrammed desorption experiment performed afterward

*These two experiments are from the hydrogenation of the semeidfirst with low and then with high H-atom flux.



5.3 Results
531 NO,+H

Figure 5.1 shows the TPD curves of N@ass 46, left panel), & (mass 18, central
panel), and NBOH (mass 33, right panel) for two different seqisnteposition
experiments: 2.5 ML of N@(black line) and 2.5 ML of N@+ 10 ML of H atoms (red
line). A graphite plate held at 10 K is used asubstate. To have similar background
water contributions to the total water observeddth experiments (central panel), TPD
experiments were started in both cases 50 minditesthe ice was deposited. Therefore,
for the first experiment (2.5 ML of N{pthe ice was left at 10 K for 50 minutes before th
TPD started, while for the second experiment (2I5dfINO, + 10 ML of H) the ice was
exposed to 50 minutes of H atoms with a H-flux &&-33* atoms cm* s * and the TPD
was started afterward.

Figure 5.1 shows the destruction of NGpon hydrogenation of the ice, and the
formation of new molecules. In particular, the N@esorption peak is attenuated and
shifted toward higher temperatures in the hydrotienaxperiment (red curve) compared
to the deposition of pure N@black curve), indicating that new species arenfet in the
ice. In our experiments, the desorption temperatafédNQ,, H,O, and NHOH are between
110 and 140 K, 140 and 170 K, and 225 and 265 $heetively. Congitet al. (2012b)
showed that NbDH desorbs between 180 and 200 K under UHV comditidhe higher
desorption temperature of NBH reported here indicates that either mass 3uéstd
NH,OH trapped by a less volatile unidentified sped@sned in the ice, or mass 33 is
actually caused by an unidentified species thabrtbeat higher temperatures than jHH
but fractionates via a NMDH channel in the QMS.

A comparison between infrared spectra for pure,NQO, and NHOH depositions,
and co-deposition of N& H with a ratio ~1:10 confirms the TPD results whan Fig.
5.1 (see Figure 5.2). In particular, spectrum (@ws the dimerization of solid NOwhile
spectrum (b) presents all the absorption peakstau$O and NHOH as confirmed in
spectra (c) and (d). Table 5.2 lists all the ahsmmpfeatures visible in Figure 5.2. The
results shown in Figures 5.1 and 5.2 are obtaimelbudifferent experimental conditions:
Fig. 5.1 - silicon substrate and sequential depwsitFig. 5.2 - gold substrate and
co-deposition. The ice thickness is similar for b@xperiments (~ 3 ML), while the
analysis techniques are different: TPD with QMSg(Fb.1) and insitu FT-RAIR
measurements (Fig. 5.2). Since both experimentsausigh H-atom coverage, the final
result in both experiments is the formation of eatied species, such as water and
hydroxylamine. This indicates that independenthese experimental settings, the reaction
NO,+ H — NO + OH is efficient in the solid phase.
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Figure 5.1. TPD curves of N@(m/z=46, left panel), D (m/z=18, central panel), and MBH (m/z=33,
right panel) for two different co-deposition expeents at 10 K: 2.5 ML of N©(black line) and 2.5 ML
of NO, + 10 ML of H atoms (red line).
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Figure 5.2. Four RAIR spectra at 15 K of: (a) 3 ML of NQb) NGO, co-deposited with H atoms with a
ratio of ~1:10 and a H-atom flux of 1*@toms cri¥ s%; (c) a spectrum of pure B ice; and (d) pure
NH,OH ice obtained by co-depositing NO molecules anatdins with a ratio of 1:10 (see Congiual.

2012b, Fedoseest al. 2012).
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Table5.2. Assigned infrared features with their correspondifgrences.

Frequency/cil Species Mode  Reference

751 N:O4/NO, vidv,  Fateleyet al. (1959)

781 NO3 V4 Fateleyet al. (1959)

870 NHOH Ve Withnall & Andrews (1988), Yeo & Ford (1990)

1041 Q Va Brossetet al. (1993), Chaabourt al. (2000), Bennet &
Kaiser (2005)

1117 H3cooH Ve Milligan & Jacox (1971)

1143 NHOH Vs Withnall & Andrews (1988), Yeo & Ford (1990)

1167 NO 2, Dows (1957), taiski et al. (2001)

1260 NO,4 Vi1 Holland & Maier Il (1983), Fatelegt al. (1959)

1290 NO V1 Jamiesoret al. (2005), Dows (1957), Laféki et al. (2001)

1303 NOy/NO, vofvi  Fateleyet al. (1959) / Nouet al. (1983)

1494 H*co Vs Milligan & Jacox (1971) / Wohar & Jagodzinski (1991

1571 HNO V3 Jacox & Milligan (1973)

1602 NHOH Va Withnall & Andrews (1988), Yeo & Ford (1990)

1615 NQ/N,O5 valvo Fateleyet al. (1959), Jamiesoet al. (2005) / Fateleyt al.
(1959), Nouret al. (1983)

1693 H*co Vo Milligan & Jacox (1971) / Wohar & Jagodzinski (1991

1712 H3cooH Vs Milligan & Jacox (1971)

1737 t-(NO)/N,O;  vilvg Fateleyet al. (1959) / Holland & Maier 1l (1983)

1754 c-HOYCcO Vo Milligan & Jacox (1971)

1766 Cc-(NO),/N,O;  vslvg Fateleyet al. (1959), Nouet al. (1984) / Holland & Maier Il
(1983)

1786 t-HOYco Vo Milligan & Jacox (1971)

1833-1848 N2O3 V1 Fateleyet al. (1959)

1850 NO; Vi Fateleyet al. (1959) / Nouet al. (1983)

1875 NO (monomer) vy Fateleyet al. (1959), Nouet al. (1984), Holland & Maier Il
(1983)

2039 3¢l V1 Loeffler et al. (2005)

2066 3cto V1 Loeffler et al. (2005)

2096 ¥co V1 Ewing & Pimentel (1961)

2139 CcO V1 Sandfordet al. (1988a)

2235 NO V3 Jamiesoret al. (2005), Dows (1957), Laféki et al. (2001)

2280 ¥co, Vs Berney & Eggers (1964)

aN203 peak position shifts in different environmentse(§égs. 5.5 and 5.7).
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5.3.1.1NO,+ H in an apolar ice

The NG + H reaction is studied in an apolar ice by co-ditpy NO,, *CO, and H atoms
onto a gold substrate at 15 K. The choice of armelsémically relevant CO ice matrix
allows for the study of different reactants formedough hydrogenation of the ice and,
therefore, a better understanding of the full reactscheme. Figure 5.3 shows the
co-deposition spectrum 61CO + H = 1:1.5 at 13.5 K (a) compared to the coedijon of
NO,+ **CO = 1:50 (b) and the co-deposition of N©**CO + H = 1:50:10 (c), both at 15
K. All these experiments have the same H-atom flagfl.5-1& atoms cnv) as well as
the same N@and**CO deposition rates (0.05 and 2.5 L mjrwhen deposited together.
Therefore, a comparison of these spectra givesalitafive picture of the destruction of
solid NO, and allows for the identification of new speciesrnied through the
hydrogenation of the ice. In particular, spectrui) (Confirms the formation of
formaldehyde after hydrogenation BEO ice (Hiraokaet al. 1994, Watanabe & Kouchi
2002, Fuchset al. 2009); spectrum (b) clearly shows all the carbmonoxide
isotopologues, as well as the Nonomer, NO; and NO,4. The strong N@feature seen
in spectrum (b) at 1612 crhalmost disappears in spectrum (c) where new festdue to
Bco,, HOYcOo, H3COOH, HNO, and NBDH show up. The presence of HNO in the ice
can be explained by the nature of the co-deposiiqgmeriments, where the continuous
deposition of new molecules on the cold ice surfamgeses some of the formed HNO to get
trapped in the ice matrix, where it is not furtienverted into N6OH as shown in Congiu
et al. (2012a), Congiet al. (2012b), Fedoseest al. (2012). The formation of species not
previously detected during the hydrogenation ofephi®, or pure CO indicates that the
interaction of the two reaction pathways leads towa higher degree of chemical
complexity in the ice. The full reaction scheme dieg to the formation of the
aforementioned species is presented in the dismussection, while a list of spectral
features and their assignments is shown in TaBle 5.

Although NG is mixed in a**CO matrix (NQ << *CO), the only hydrogenation
products observed in spectrum (c) of Fig. 5.3 aie td the hydrogenation of NQO.e,, the
hydrogenation products of softdCO (H,*CO and“*CH;OH) are under the detection limit.
HO™CO, *c0,, and H3COOH are all products of the reaction OH*€0 as is discussed
in Section 5.4. Thus, the reaction NOH is more efficient than reactidfiCO + H for the
experimental settings studied here, and proceeds lkely barrierless or with a small
barrier in the solid phase.
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Figure 5.3. Top panel: three RAIR co-deposition spectra aki16f: (a) *CO molecules and hydrogen
atoms (HABS) with a ratio of 1:1.5 and a H-atonefige of 1.5-1% atoms cri?; (b) NO, and**CO with a
ratio of 1:50; (c) NG, BcO, and H atoms with a ratio of 1:50:10 and the es&tratom fluence as for
spectrum (a). The insets show absorption featufeslid *CO,, H*COOH, HNO, and NLDH. The
dotted spectrum shown in the insets is from theesarperiment shown in spectrum (c) at higher H-atom

fluence -i.e, twice the co-deposition time shown in spectrajn (
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Figure 5.4. Top panel: three RAIR co-deposition spectra aK1&: (a) NO, and**CO molecules with a
ratio of 1:50; (b) NG, *CO, and hydrogen atoms (HABS) with a ratio of 122&8nd an H-atom fluence of
0.2-10° atoms cri? (low H-atom flux); (c) NQ, **CO, and hydrogen atoms (HABS) with a ratio of
1:50:10 and an H-atom fluence of 1.5%atoms cri? (high H-atom flux). The insets show absorption
features of solid*CO,, N,O; (ONNO,), NO monomer, FCOOH, and NHOH.
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5.3.1.2 H-atom flux dependence

Figure 5.4 shows NEPCO hydrogenation experiments for different H-atohaxds:
spectrum (a) is a co-deposition of NBCO = 1:50 at 15 K used for comparison with
spectrum (b), that is the low H-atom flux co-defiosi experiment (N@**CO:H = 1:25:2),
and with spectrum (c), that is the high H-atom flwo-deposition experiment
(NO,:*CO:H=1:50:10). N@ monomer, NO,, and all the isotopologues dfCO are
present in spectrum (a). Spectrum (b) shows that Id@homer is consumed by the low
H-atom flux to form NO monomer, HNO, arfdCO,. At high H-atom fluences and for a
high H-atom flux, the N@ concentration is further reduced, most of the &unNO is
converted into NKOH, also the H&CO complex is above the detection limit as well as
H**COOH, and thé3CO; signal is further increased. The use of diffetdratom fluxes in
co-deposition experiments allows for the identifiza of the single steps of the reaction
routes involved in the experiments as extensivédgussed in Cuppeet al. (2011), and
thus helps understanding the formation pathwayegbsd generation molecules such as
NH,OH.

532N0O,+ 0O

As for the hydrogenation of NODNO, + O is studied in an apolar astrochemically relévan
CO ice at 15 K. Figure 5.5 shows the co-deposijoectrum of*CO+0 = 50:0.1 with the
O-atom beam arising from ® plasma dissociation (O;8=0.1:1) (a), compared to the
co-deposition of N@ + *CO = 1:50 (b), and the co-deposition of NO™CO + O =
1:50:0.1 (c). All these experiments have the sarztdm fluence (1.5-tHatoms cr) as
well as the same NGand™*CO deposition rates (0.05 and 2.5 L mjnSince O atoms are
produced in a BD plasma in the MWAS, spectrum (a) of Fig. 5.5 shdeatures due to
N,O, in addition to all the isotopologues BEO, and the newly formedsGand **CO..
Spectrum (b) of Fig. 5.5 is very similar to spenir(b) in Fig. 5.5 showing features from
the®cO isotopologues, NOmonomer, NOs, and NO4. A comparison between spectrum
(b) and (c) reveals that N@s destroyed during O-atom bombardment, while N@homer
and NOs are formed in this process (see Table 5.2).

A comparison between spectra (a) and (c) of F§sBows that less{Jand™*C0O,) is
formed when N@ is present in the ice. Since the formation of @dhrough the
oxygenation of molecular oxygen is efficient, réactNO, + O has to be also fast
(barrierless or with a small barrier) in the sqlitase (Mokranet al. 2009, Romanziet al.
2011).
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Figure 5.5. Top panel: three RAIR co-deposition spectra atk15f: (a) *CO molecules and oxygen
atoms (MWAS) with a ratio of 50:01 and an O-atomefice of 1.5-18 atoms cri?; (b) NO, and**CO
with a ratio of 1:50; (c) N@ BCO, and O atoms with a ratio of 1:50:0.1 and thmes®-atom fluence as
for spectrum (a). The insets show absorption featof solid"*CO,, N,O; (ONNG,), NO monomer, and
Os.
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533NO,+N

Figure 5.6 shows the TPD curves ofON(mass 44, left panel), and Bl@nass 46, right
panel) for three different sequential depositioperkments: 10 ML of N atoms (green line),
1 ML of NO, (black line), and 1 ML of N@+ 10 ML of N atoms (red line). A graphite
substrate held at 60 K is used as a substratere~§j6 shows the destruction of Nénd
the formation of MO upon N-atom exposure of the ice. The ;Nd&sorption peak is
slightly attenuated while the ;@ peak shows up between 70 and 80 K whe® &
exposed to N atoms, confirming that new speciesfammed in the ice upon N-atom
exposure.

Here, NQ+ N is also studied in an apolar astrochemicallgwant CO ice at 15 K.
Figure 5.7 shows the spectrum ot’€0 + N = 50:0.1 with the N-atom beam generated
from N, plasma dissociation (Nz¥ 0.1:25) (a) compared to the co-deposition of,NO
3Co + N, = 1:50:10 (b), and the co-deposition of NOCO + N = 1:50:0.1 (c). All these
experiments have the same N-atom fluence (1*2&t6ms cnv) as well as the same MO
and**CO deposition rates (0.05 and 2.5 L mjnSpectrum (b) of Fig. 5.7 is very similar to
the spectra (b) from Figs. 5.3 and 5.5 showingufest from the*CO isotopologues, NO
monomer, MO, and NO,. A comparison between spectrum (b) and (c) revibalsNG is
destroyed during N-atom bombardment, whilgONthe NO monomer, and,8; are
formed (see Table 5.2).

In the next section, a comparison between theieffity of NG+ N and NQ+ O is
discussed. Since the H-atom flux is order of maglgs higher than the O- and N-atom
fluxes (as in space), such a comparison cannotalsdyemade for the hydrogenation
experiments.

0.06 . : N , , —0.06
N O = NO |

o
(=]
@

o
o
=

TPD Yields (ML/s)
5
TPD Yields (ML/s)

Temperature (K)

Figure 5.6. TPD curves of DO (left panel) and N©(right panel) for three different experiments atka
10 ML of N atoms (green line), 1 ML of Nblack line), and 1 ML of N+ 10 ML of N atoms (red

line).
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Figure 5.7. Top panel: three RAIR co-deposition spectra aK16f: (a) *CO molecules and nitrogen
atoms (MWAS) with a ratio of 50:0.1 and an N-atduefice of 1-1% atoms cri?; (b) NO, and**CO with

a ratio of 1:50; (c) N@ BCO, and N atoms with a ratio of 1:50:0.1 and theesi-atom fluence as for
spectrum (a). The insets show absorption featursslial N,O, N,O; (ONNG,), and NO monomer.
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5.4. Discussion

In Part |, we discussed the surface destructioN©@fby means of surface reactions with
hydrogen atoms, oxygen allotropes (@@), and nitrogen atoms. The formation pathway
to solid NQ through the oxygenation of NO was thoroughly disewd and several reaction
routes were presented (see Fig. 9 in Part I). Asipusly mentioned, the focus of Part Il is
the investigation of surface reactions involvingjsdlO, at low temperatures. Here, all the
experiments presented in Section 5.3 show the w#istn of NQ and the formation of
new species such as NO, HNG;Q\| ONNGQ,, NH,OH, and HO. Since NO is also one of
the reaction products, offering a renewed stamioigt, all the reactions discussed in Part |
should also be considered in the full reaction sehpresented here.
The hydrogenation of N{follows:

NO, + H— NO + OH. (5.1)
Reaction (5.1) is found to have a small barrigthin gas phase (<50 K, see &al. 2002).

Our results show that reaction (5.1) is efficientl #eads to the formation of two reactants
that act as parentz species of more complex masabserved in our experiments:

NO "— HNO"— NH,0 "— NH,OH, (5.2)
OH + H— H,0, (5.3)
OH + H, — H,0 + H. (5.4)

Congiu et al. (2012a, 2012b) and Fedoseeval. (2012) studied reaction (5.2) under
different laboratory conditions and found that thenation of NHOH proceeds barrierless.
Water formation has been extensively studied in gbkd phase over the past decade
(Miyauchi et al. 2008, loppolcet al. 2008, Mataet al. 2008, Mokranet al. 2009, loppolo

et al. 2010, Cuppest al. 2010, Dilieuet al. 2010, Romanziet al. 2011, Obaet al. 2012).
Figures 5.1 and 5.2 show that fBH and HO are the final products of the hydrogenation
of NO,. Furthermore, if N@is mixed in aCO matrix, NHOH is still the final reaction
product at high H-atom fluences. However, the fdaromaof water ice is in competition
with other reaction routes leading to the formatmcarbon dioxide and formic acid
(loppoloet al. 20114, loppolet al. 2011b):

OH +¥c0 - HO®CcO — *CO, + H, (5.5)
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HO +%CO
HOYCO + H— < CO, + H, (5.6)
H-*COOH,

with a purely statistical branching ratio (loppodd al. 2011a). Figure 5.3 shows the
formation of NBOH, HO"®*CO, **C0,, and H*COOH, while the formation of water ice is
under the detection limit.

OH radicals can also react with NO or N@ form nitrous acid or nitric acid,
respectively:

NO + OH— HNO,, (5.7)
NO, + OH— HNOs. (5.8)

Although our laboratory conditions are not suitedrivestigate these specific reactions (H
atoms >> OH radicals), HNOand HNQ are potentially formed in the ice. However,
spectral features from HNGand HNQ either overlap with the spectral bands of other
molecules or are under the detection limit. Themfothese species cannot be
unambiguously identified in the ice. Joshial. (2012) investigated in the laboratory the
reaction NO + OH. In a future laboratory study wdl iocus on the formation of
nitrogen-bearing acids in spac¢e,, through the surface reactions (5.7) and (5.8).
Other reactions that lead to the formation of igieno oxides are:

NO + NO— (NO),, (5.9)
NO + NOZ — NZO3, (510)
NO, + NO, — N,Oq, i.e (NOZ)Z (511)

These reactions are all discussed in Part | antbaral to be barrierless in the solid phase. The
choice to embed NQiIn a**CO matrix reduces the probability for reaction®)5. (5.11) to
occur and, therefore, enables a better investigatib reactions (5.1) - (5.6) under more
interstellar relevant conditions.

The hydrogenation of carbon monoxide is also wsiblFig. 5.3 (Hiraokat al. 1994,
Watanabe & Kouchi 2002, Fucksal. 2009):

B¥coH- H¥%co M- H,"*co"— H®COo"— *CH;0H. (5.12)

Methanol is under the detection limit in all ourdeposition experiments because the used
13CO:H ratio leads to a low coverage of H atoms @nitle surface. This combined with a
low penetration depth of H atoms into carbon modexiresults in an incomplete
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hydrogenation of*CO ice. H*CO is only clearly detected when M@ not present in the
mixture. Thus, reactions (5.1) and (5.12) are impetiton when N@ and **CO are
co-deposited with H atoms, and reaction (5.1) iseadficient than reaction (5.12).

The oxygenation of NPleads to the destruction of N@nd the formation of NO and
O,:

NO, + O— NO + O.. (5.13)
This reaction is barrierless in the gas pHaskinson et al. 2004). Subsequently,,0s is

formed through reaction (5.10), while NO can aklsact with the oxygen allotropes to form
NO,, as shown in Part I:

NO + O— NO,, (5.14)
2NO + Q — 2NO,, (5.15)
NO + O, — NO, + O,. (5.16)

O, is formed in the plasma beam, through reactioris3j5and (5.16), while £originates
from:

0, + 0— Os. (5.17)
CO, is also formed through the reaction (see Fig..5.5)

¥co + 0— Bco.. (5.18)
Reactions (5.5) and (5.18) have been recently tigated and compared under the same
laboratory conditions in loppolet al. (2013).

N,O is the final product of the nitrogenation of NO

NO, + N — N,O + O. (5.19)

Reactions MO+H/O/N have barriers and do not lead to the foimmabf other
detectable species (loppatbal. 2013). Oxygen atoms can react with N@®form NO and
O, according to reaction (5.13). O atoms can alsatredsth NO to form NQ through
reaction (5.14) or with an N atom to form NO, aligb the latter reaction has not been
unambiguously tested in the laboratory yetONis formed through reaction (5.10). As
discussed in Part |, the nitrogenation of NO lead$ie formation of:
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NO+N—-N;+O (5.20)

Reactions 5.19 and 5.20 are found to be both blsi&in the gas-phase (Wennbetgl.
1994). However, Figure 5.6 shows that the nitrogenaf NG, is not an efficient process.
This discrepancy can be explained by the dimeomatif NG, that occurs when pure NO
is deposited in the solid phase. The dimerizatimtgss is barrierless, thus Figure 5.6 only
shows that reaction (N + N is not efficient in the solid phase. Figur8 Shows the N®
use-up during co-deposition of N&*CO:H (top panel), N@**CO:O (bottom panel), and
NO,:**CO:N (bottom panelyversus the atom fluence. The NQuse-up is calculated by
subtracting the N@abundance from the NO&°CO experiments to the NGbundance of
the NGQ:*CO:H/O/N experiments, respectively (see Figs. 5.8, and 5.7). Although as
already mentioned, the efficiency of the hydrogematreactions cannot be compared
directly to that of the oxygenation and nitrogeoatreactions because the H-atom flux is
orders of magnitude higher than the other atomesuxve can still draw conclusions on the
(relative) efficiency of each surface reaction. thre results section we showed that
reaction (5.1) is efficient and most likely bartems. The linear trend of the NO
consumption in the hydrogenation experiments issisbent with reaction (5.1) being
barrierless (top panel in Fig. 5.8). Moreover, sittiice O- and N-atom fluxes are similar
(1-13* atoms cnf s* and 8-1& atoms cnf s, respectively) and the NQleposition rates
are reproducible within ~20%, a comparison betwienNG use up in the oxygenation
and nitrogenation experiments can be made andatedicthat reaction (5.13) is slightly
faster and, therefore, more efficient than reactof9) (bottom panel in Fig. 5.8).

In our experiments, O atoms come from the dissiociatf N,O, while N atoms are
made by dissociating NN,O and N stick to the cold surface at 15 K during co-deposi
and, therefore, become part of the ice mixture.a@dwer, the dissociation rate for the two
atom beams is different (O:8 = 0.1:1 and N:B= 0.1:25). This means that, even though
N,O and N are not participating in the surface reactiongirtipresence in different
amounts can affect the surface coverage of W@ the penetration depth of O and N
atoms in the ice. Thus, although our results ofeartlicate that the surface reaction
efficiency follows the trend NO+ H > NG, + O> NO,+ N, the presence of ® and N in
the ice can partially influence the comparisonhef NG, use up shown in Fig. 5.8.

A schematic cartoon of all the investigated reactioutes is shown in Figure 5.9.
Table 5.3 lists the main surface reactions diseugsdParts | and Il and divides them in
different groups: from barrierless reactions tcctieas with a high barrier that do not allow
for the reaction to proceed in the solid phaseoat temperatures. Given the overall
complexity of the full reaction scheme, additioredction products are expected to form as
well, but for the experimental settings studied ehethese clearly must be of less
importance, as no clear spectroscopic or massrspeetric data are found.
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5.5 Astrophysical implications

Sub-millimeter and millimeter wavelength observati®f "hot cores" i.e., compact (few
tens of AUs) regions of dense and warm gas whezechiemistry is dominated by the
evaporation of grain mantles - reveal a range tdratellar complex organic molecules,
such as CkDH, HCOOH, HCOOCH and NHCH,CN (Herbst & van Dishoeck 2009,
Bellocheet al. 2008). The exact origin of these species is stitlear, but recent models
indicate that surface reaction mechanisms are fikedyy the main formation channel
(Garrod 2013). Garrod (2013) showed that the gasehformation of glycine
(NH,CH,COOH) in hot cores depends on the timescale ohthiecore evolution and the
availability of precursor species in the gas phaberefore, glycine is found to form in his
model almost exclusively on grain ice mantles.

A potential precursor of amino acids is hydroxylaei(NHOH). Congiuet al.
(2012a), Congitet al. (2012b) and Fedoseet al. (2012) showed that hydroxylamine is
efficiently formed in the solid phase under denseecconditions through reaction (5.2).
Pulliamet al. (2012), using the NRAO 12 m telescope, coulddatect NHOH toward a
range of interstellar sources and found an uppeit bf 8-10*% wrt H, toward SgrB2(N).
Due to their high desorption temperatures, rotafioemission from molecules like
hydroxylamine and glycine (still not unambiguousdigtected in the ISM) is expected for
compact regions only. However, emissions from nmegiemaller than ~5" are not
detectable with single-dish telescopes. This mafaéx the non-detection of these species
and indicates that molecules like hydroxylamine barpotentially detected by ALMA at
sub-arcsecond resolution toward bright, nearby cgsumwith relatively narrow emission
lines.

Understanding the origin of COMs is pivotal to litile formation of simple species in
space to life on Earth. In Parts | and Il of thisrly we focus on the laboratory
investigation of the surface formation of nitrogexides and more complex species like
hydroxylamine. In the discussion section, we showethy reaction routes that proceed
under cold cloud conditions and start from NO + K¥&O-/N and NQ + H/O/N.

In this scenario, NO can freeze-out onto the i@irgr during the dense cloud phase
(Blake et al. 1986, Pineau des Forets al. 1990). NO ice can be hydrogenated in a
barrierless way to form solid hydroxylamine (Congtual. 2012a, Congitet al. 2012b,
Fedoseeet al. 2012). The NO that reacts with the oxygen alleéoin the solid phase will
form efficiently NQ. The nitrogenation of NO will lead to the destrastof NO and the
formation of N. A feasible reason for the non-detection of ,N® the ISM is a very
efficient solid-phase destruction pathwaiye.( photodissociation and/or non-energetic
surface reactions). We showed thatJNfan be hydrogenated in a barrierless way to form
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NO and OH. These two reactants contribute in meadistic interstellar ice to form species
like NH,OH, H,0O, CQ,, and HCOOH, as shown in this work. The oxygenatbiNO,
forms again NO and O atoms, while the nitrogenatbmNO, forms also NO, another
interstellar relevant species detected in the 1@Mirys et al. 1994). Thus, many of the
investigated surface reaction routes lead to thedton of NO molecules and therefore
NH,OH. This result is in support of the formation ainplex species in the solid phase
and is in agreement with the most recent astroatemmodels (Garrod 2013). Other
nitrogen oxides, like BD; and NO,, can be formed through the reaction of NO anc,NO
and the reaction of two NOnolecules, respectively. However, reactions (5ar) (5.11)
are potentially still limited by the interstellaaw abundance of the parent species. Finally,
nitrogen-bearing acids, like nitrous acid and aitacid, can be formed through surface
reactions (5.7) and (5.8). Although the formatidrthese acids was not verified here, their
interstellar relevance should not be excluded.

We expect that future astrochemical models willdfgrfrom the implementation of
the efficiency of the single surface reactions siigated here and shown in Table 5.3.
Moreover, the results found here indicate thas itvbrth to keep searching for NBH in
the ISM, whereas a NQletection is not expected at this stage.

NO, |
NO 07 0,77 0
N,0, (NO), NO, N,0, N,

H,NO
H

NH,OH

Figure 5.9. Reaction scheme leading to the formation of ngrogxides as investigated in Parts | and Il of
this work. Solid lines are the reaction with norimar dashed lines are the reactions with a snaattidr;

and dashed-dotted lines are the reaction with iaewdile barrier (see also Table 5.3).

-122 -



Table 5.3. Efficiency of the main surface reactions discussd@arts | and 1.

No barrier Small barrier Barrier No reaction

NO +H NO +Q CO+H NO + H

NO + O NO +Q H,CO + H NO + N

NO + N OH+H NGO, + H,
NO + NO (NO}+ O, NO,+ O,
NO + NG, (NO),+ N NO,+ N,
NO,+ H NO +H
NO,+ O NO + O
NO,+ N? N,O + N
NO,+ NG,

OH+H

&This reaction may have a small barrier.

5.6 Conclusions

The surface formation and destruction of nitrogeides is tested under ultra high vacuum
conditions, at low temperatures, and by means aRRgpectroscopy, mass spectrometry,
and TPD techniques. From this study we draw thewi@hg conclusions:

1.
2.

NG is efficiently formed in the solid state via NOK®/O; reactions (Part I).

The non-detection of (gaseous) Ni® space can be related to efficient destruction
mechanisms, such as surface NGH/O/N reactions (Part II).

The final products of NOhydrogenation are NMOH and HO. Hydroxylamine is
found to be formed through a series of barriers$ace reactions as previously
shown by (Congiwet al. 2012a), Congiwt al. (2012b), Fedosee al. (2012). Both
water and hydroxylamine are important moleculestha formation of COMs in
space (Part II).

N,O is formed through the nitrogenation of N@nd is not destroyed in reactions
with H-, O-, and N-atoms (Part Il).

Several nitrogen oxides, such as (HOROs, and NO,, are formed through surface
NO + H/O/G/Os/N and NQ+ H/O/N reactions due to high concentration of pare
species (Parts | and I1).

Surface coverage (submonolayer and multilayginmes) have a small but noticeable
impact on the final products. For instance, dinaitn reactions are most likely to
occur in a multilayer regime rather than in subniayer thick ices (Parts | and I1).
Different substrates (silicate, graphite, compaSW ice, and gold) and ice
composition (pure ices, polar and apolar mixturds)not affect the results in a
detectable way (Parts | and I1).
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8. Table 5.3 lists the efficiency of all the invgated reaction routes (see Fig. 5.9) and
therefore can be used as an input in astrochemmodkls to better understand the
formation and evolution of nitrogen oxides in spéearts | and II).

9. We expect ALMA to be ideally suited to deteceaps like hydroxylamine at
sub-arcsecond resolution toward bright, nearby cssurwith relative narrow
emission lines.
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\"A

Low Temperature Surface Formation of NH3

and HNCO: Hydrogenation of Nitrogen Atomsin

CO-rich Interstellar 1ce Analogues

Solid state astrochemical reaction pathways haeepthtential to link the formation of
small nitrogen-bearing species, like Nahd HNCO, and prebiotic molecules, specifically
amino acids. To date, the chemical origin of sutialsnitrogen containing species is still
not well understood, despite the fact that ammanan abundant constituent of interstellar
ices toward young stellar objects and quiesceneoubér clouds. This is mainly because of
the lack of dedicated laboratory studies. The dirthe present work is to experimentally
investigate the formation routes of ANeind HNCO through non-energetic surface reactions
in interstellar ice analogues under fully contrdlldaboratory conditions and at
astrochemically relevant temperatures. This stumbuges on the formation of NHand
HNCO in CO-rich (non-polar) interstellar ices tisahulate the CO freeze-out stage in dark
interstellar cloud regions, well before thermal akrgetic processing start to become
relevant. We demonstrate and discuss the surfaceafion of solid HNCO through the
interaction of CO molecules with NH radicals - amféhe intermediates in the formation of
solid NH; upon sequential hydrogenation of N atoms. The mapoe of HNCO for
astrobiology is discussed.

G. Fedoseev, S. loppolo, D. Zhao, T. Lambanis H. Linnartz, 2014, MNRAS, in press, article:ddl.1093/mnras/stu2028



6.1 Introduction

The detection of glycine, the simplest amino ariccometary samples recently returned to
Earth by the STARDUST mission has boosted detaileestigations of the origin and fate
of (pre)biotic molecules in the interstellar medifi®M) (Elsilaet al. 2009, Garrod 2013).
However, although an increasing number of laboyatord theoretical studies show that
complex species form in the solid phase, on thdéaserof icy grains, we still lack
understanding of the complete surface formatiohwyays at play. The nitrogen chemistry
of the ISM is particularly important within this text, because of its potential to reveal
the formation routes of the simplest amino acidshair possible precursors. From the
~180 species unambiguously identified in the IShhw one third contains nitrogen atoms,
but only NH;, XCN, and possibly Nii are identified as constituents of interstellarsice
Solid NH; is generally found with a typical abundance of @#th respect to water ice
toward low- and high-mass young stellar objects@¥B(Gibbet al 2004, Bottinelliet al
2010, Oberget al 2011). Solid isocyanic acid (HNCO) has not besantified in the solid
phase yet, but its direct derivative, the cyanate((OCN), has been found in interstellar
ices with abundances between 0.3-0.6% with regpewtter ice. The assignment of solid
OCN is often attributed to either the entire, so chlléCN band or to a single component
(2165 cm?) of the full band (van Broekhuizest al 2005). More recently, Oberet al
(2011) found a correlation between CO and the X@Ndbthat supports the identification
of the latter as OCNAnother possible N-bearing component of intelstetes is NH'.
Although the unambiguous assignment of NI8 still under debate (Galvet al 2010), it
can potentially be one of the carriers of the 5m8 lpands, and its presence in interstellar
ices is consistent with previously obtained labmmatresults (Boogeret al 2008). The
existence of interstellar solid NHis indeed constrained by the hypothesis thaj Nielps

to maintain charge balance between positive anditivegions within interstellar ices.
Oberget al (2011) assigned NA abundances of 2.3 and 4.3% with respect to water i
toward low- and high-mass protostars, respectivehe formation of OCNand NH," is
commonly associated with a later stage of molecalaud evolution, when thermal
processing of the ice by a newly formed protostardmes important. NdHand HNCO are
commonly considered the precursors of NEhd OCN(Demyket al 1998), and therefore
are expected to be formed in an earlier evolutipnstage of dark clouds, when
temperatures are as low as 10-20 K and the formatiates through non-energetic atom
and radical addition surface reactions dominate.

To date, laboratory experiments on the non-energaiiface formation routes of
nitrogen-containing species have mainly focusedthan formation of ammonia (Nd{
hydroxylamine (NHOH), and various nitrogen oxides (NO, HN,O) (Hiraokaet al
1995, Hidakaet al 2011, Congilet al 2012a and 2012b, Fedosestval 2012, Minissale
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et al 2014, loppoloet al 2014). The present work extends previous studiresthe
solid-state formation of ammonia to non-polar (G ices, and, at the same time,
discusses the link between the surface formatioRlM€O. In the accompanying paper
(Fedoseevet al 2014), we investigate the deuterium enrichmentalbfthe ammonia
isotopologues as produced through the competitedwéden hydrogenation and deuteration
of nitrogen atoms. These results are not furthesudised in the present paper.

It is commonly believed that in addition to the E&jon from the gas phase, where
NHs is produced through a series of ion-molecular tteas €.g, Herbst & Klemperer
1973 and Scotet al 1997), ammonia formation proceeds through theiesetipl addition
of three H atoms to a single nitrogen atom on thitase of ice dust grains:

N + H— NH, 6.1)
NH + H— NH,, 6.2)
NH, + H— NHa. (63)

Reactions (6.1)-(6.3) were first tested at cryogeéamperatures by Hiraolet al (1995),
who performed a temperature programmed desorptiperinent upon hydrogenation of
N atoms trapped in a matrix of solid,.NRecently, Hidakaet al (2011) confirmed the
formation of ammonia in a solid,Nnatrix at low temperatures. Their laboratory ditec
of NHz; was made after annealing the ice to 40 K in otdatesorb the Nmatrix. So far,
studies of N-atom hydrogenation in more realistid astronomically relevant - and
CO-rich ice analogues have not been reported. Uswgr conditions, the intermediate free
radicals, NH and N} can potentially react with other molecules oefradicals to form
new and more complex species, such as HNCO:

NH + CO— HNCO, (6.4)
NH, + CO— HNCO + H. (6.5)

Reaction (6.4) is exothermic. The reactivity of @@h NH has been investigated in a
combined experimental and quantum chemical study Hipnmel et al (2002) via
photo-induced dissociation of HNh a 12 K Ar matrix. In their work, matrix experants
indicated that NHE) reacts with CO under laboratory conditions tarfddNCOEA’). An
activation barrier of ~4200 K was derived by meaf<CCSD(T), CASSCF, and MP2
calculations carried-out to evaluate geometries emetgies at the transition state for this
spin-forbidden reaction. Although the value of tharier could be considered quite high
(e.g, the activation barrier for CO + H coulf be as las as 1800 K; Woon 2002),
experiments and simulations yield consistent datansaking into account experimental
and computational inaccuracies. Reaction (6.4) dfen been proposed in spectroscopic
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studies to explain the formation of HNCO in mixaderstellar ice analogues processed by
proton or UV radiation €.g, Raunieret al 2003, van Broekhuizeet al 2004 and
references therein). However, to the best of owwkedge, there are no studies available
from literature on the investigation of reactiomd(Bwith non-energetic input. Reaction (6.5)
is endothermic (4800 K) and therefore is unlikedyaccur under cold dense molecular
cloud conditions (Nguyeat al. 1996).

Once formed in the ice, Ntind HNCO may react through

HNCO + NH; — NH,* NCO, (6.6)
HNCO + HO — H;0" NCO, (6.7)

(see Raunieet al 2003 and Theulet al 2011, respectively) to form OCNnd NH*
during a later stage of the molecular cloud evohutiTheulest al 2011 found an activation
energy barrier for reaction (6.7) of 3127 K, aneicaded that it is too high to make this
reaction important for the conditions and timesgdigical for young stellar objects. In a
follow-up study, Mispelaeet al (2012) determined a barrier of 48 K for react{6rb),
indicating the latter pathway as the most promiging to form OCNand NH,". As stated
before, OCNhas been observed, and Nihay have been identified in the solid state, but
the focus in our work is to simulate dense molecaleud conditions, well before thermal
and energetic processing of ices become imporfEm. goal of the present study is to
experimentally verify the formation of NHhrough reactions (6.1)-(6.3), as well as the
formation of HNCO through reaction (6.4) in an astremically representativee and for
astronomically relevant temperatures.

6.2 Experimental procedure
6.2.1 Experimental setup

All experiments are performed in an ultrahigh vaou(UHV) setup (SURFRESIDH,
constructed to investigate solid-state atom additieactions at cryogenic temperatures.
The system has been extensively described in lopgtoal (2013), and therefore only a
brief description is given here. SURFRESIDéEbnsists of three UHV chambers with a
room-temperature base-pressure in the range 9f100° mbar. A rotatable gold-coated
copper substrate is placed in the centre of thex mlaamber, where gases are introduced
and deposited with monolayer precision onto thessate surface through two metal
deposition lines. A monolayer (ML) corresponds toowt 13° molecules cii. The
substrate temperature is varied between 13 andk3@0ng a He closed-cycle cryostat with
an absolute temperature accuracy better than ~Both of the two other UHV chambers
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contain an atom beam line and are connected tm#ie chamber with angles of 45° and
135° with respect to the substrate (see Figs. 4n@.4 in loppolet al 2013). In one atom
line a commercially available thermal cracking seufDr. Eberl MBE-Komponenten
GmbH, see Tschersich 2000) is used to generate ditfins. In the other atom line a
microwave plasma atom source (Oxford Scientific, Isiele Antoret al 2000) can be used
to generate H/D/N/O atoms or radicals, such as @Hcustom made nose-shape
quartz-pipe is placed in between each atom souncetlae substrate. These pipes are
designed in a way that products formed upon theoraalking €.g, H from H,) or plasma
dissociation €.g, N from N,) experience at least four collisions with the pipalls before
reaching the substrate. This is done to quenchretécally or ro-vibrationally excited
states before impacting on the ice. A consider#ialetion of non-dissociated molecules
(e.g, H/D, and N) are present in the beam. The method to deriven dtax values is
described in loppol@t al (2013). We want to stress that the N-atom flumanseffective
flux, estimated by measuring the amount of produéta series of barrierless reactions
involving N atoms in the solid phase. The H-atonxflised here is an absolute flux. In this
case, the amount of H atoms present in the beatindstly measured by the QMS in the
gas phase. The latter measurement does not tak@dobunt that not every H atom will
stick to the surface of the substrate and therefdltebe unavailable for further reactions,
and it also neglects H-atom recombination on tkesigrface. The absolute H-atom flux,
therefore, is an upper limit for the effective Hat flux.

Metal shutters separate the atom beam lines fremmihin chamber. The atom beam
sources as well as the molecular dosing lines @& rttain chamber can be operated
independently. This versatile design allows for teequential (pre-deposition) or
simultaneous (co-deposition) exposure of seleaerstellar ice analogues to different
atoms €.g, H/D/O/N). In the present study, co-deposition expents are largely used.
The ice composition is monitoreith situ by means of reflection absorption infrared
spectroscopy (RAIRS) in the range between 4000696 and with a spectral resolution
of 1 cnmi® using a Fourier transform infrared (FTIR) specteten. The main chamber
gas-phase composition is monitored by a quadrumales spectrometer (QMS), which is
placed behind the rotatable substrate, and is ynasgd during temperature programmed
desorption (TPD) experiments. Here, RAIRS is useadtle main diagnostic tool,
complemented with TPD data to constrain the expemial results Although QMS
provides us with a better sensitivity, preferenegiven to the RAIRS due to thie-situ
nature of the method.
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6.2.2 Performed experiments

The formation of solid Nkl and HNCO is studied for a selected set of wellingef
experimental conditions. Firstly, all the used a0, H/D,, and N) are prepared in
distinct pre-pumped (< T0mbar) dosing lines. Pure,#, gas (Praxair 5.0/Praxair 2.8) is
introduced into the tungsten capillary pipe of thermal cracking source. Pure lgas
(Praxair 5.0) is dissociated in the plasma chandfethe microwave plasma source. A
simultaneous co-deposition of H/D and N atoms w@t gas (Linde 2.0) is performed on
the surface of the bare gold substrate, typicallyl& K. RAIR difference spectra are
acquired every 5 minutes with respect to the spaciof the bare gold substrate. For the
crucial experiments, once the co-deposition is detad, a new spectrum is taken and used
as background reference. Two additional controkerpents are then performed on top of
the previously grown ice. The first one is a coa®@pon of CO molecules with H/DO.¢.,
without N) atoms and the second one is a co-deposif CO molecules with Ni.g.,
without H/D) atoms. These two experiments are perénl under exactly the same
experimental conditions used for the very firstdaposition experiment in order to allow a
direct comparison. This procedure guarantees ligaptoduction of Ngland HNCO is the
cumulative outcome of a low temperature co-demmsitf H/D, N, and CO, ruling-out
other possible formation pathways due to contanunatin the atom lines or in the main
chamber. Co-deposition experiments of H/D + N + &® repeated a second time and a
TPD experiment is performed right afterward to nimndesorption of the formed species
by means of the QMS.

A complementary set of control experiments is usedurther verify the HNCO
formation under astronomically relevant conditiohs. this case, pure NHvapour is
introduced into the microwave plasma source, aedplasma dissociation productse(

NH and NH radicals together with N1 H, N, H, and N) are co-deposited with CO
molecules. During this co-deposition experiment,|RAlifference spectra are acquired
every 5 minutes with respect to a spectrum of e lgold substrate. After completion of
the co-deposition, a TPD experiment is performed @esorbing species are monitored by
means of the QMS. The presence of NH and, Mitlicals in the beam is verified by
performing a co-deposition of NHplasma dissociation products with D atoms and
observing the N-D stretching mode in the mid-IRt Elarity, in Table 6.1 only the relevant
experiments performed in this study are listed.
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Table6.1. List of the performed experiments.

. ) Tsample Ree Atom-flux™ Atom-flux™* t Detection Detection of
Ref. N Experiment Ratio © MLminY) A0Semminy  A0Scnmind (min)  TFD N‘:{ ,  HNCO
3
Verification of NH; formation
CO H (from H) N (from Np)
1.1 N:H:N,:CO 1:20:100:100 13 0.5 0.1 0.005 60 - Y N
1.2 N:H:N,:CO 1:20:100:100 13 0.5 0.1 0.005 180 - Y N
1.3 N:H:N»:CO 1:20:100:500 13 25 0.1 0.005 60 - Y N
1.4 N:H:N,:CO 1:100:100:100 13 0.5 0.5 0.005 60 - Y N
15 N:H:N,:CO 1:100:100:100 25 0.5 0.5 0.005 60 - N N
CcoO D (from B) N (from N,)
16 N:D:N»:CO 1:20:100:100 13 0.5 0.1 0.005 60 - Y N
H0 H (from Hy) N (from N,)
2.1 N:H:N,:H,0 1:20:100:500 15 25 0.1 0.005 90 - - -
22 N:H:N»:H,0 1:20:100:100 13 0.5 0.1 0.005 60 - - -
Verification of HNCO formation through hydrogenation of féras in CO-rich ice analogues
CO H (from H) N (from Np)
3.1 N:H:N,:CO 1:20:100:100 13 05 0.1 0.005 90  QMSHK Y N
3.2 N:H:N,:CO 1:6:100:100 13 0.5 0.03 0.005 90  QMSHK Y YIN
3.3 N:H:N,:CO 1:6:100:100 13 0.5 0.03 0.005 90 RAIRS® Y YIN
3.4 N:H:N,:CO 1:4:100:100 13 05 0.02 0.005 90  QMSHK Y Y
35 N:H:N:CO 1:2:100:100 13 0.5 0.01 0.005 90  QMSHK YIN Y
3.6 N:H:N,:CO 1:2:100:100 13 0.5 0.01 0.005 90  QMSKSK YIN Y
3.7 N:H:N,:CO 1:2:100:100 13 05 0.01 0.005 180 QMSHK YIN Y
3.8 N:H:N:CO 1:1.5:100:100 13 0.5 0.0075 0.005 90  QMSHK N Y
3.9 N:H:N,:CO 1:1:100:100 13 0.5 0.005 0.005 90 QMSHEK N Y
3.10 N:H:N,:CO 1:2:100:100 25 0.5 0.01 0.005 90  QMSHK N N
3.11 N:H:N;:CO 1:1.5:100:100 25 0.5 0.0075 0.005 90  QMSHK N N
Isotope shift experiments confirming the formation of 8O, H°N**CO and B°NCO
Bco H (from H) N (from Ny)
4.1 N:H:N,:**CO 1:2:100:100 13 05 0.01 0.005 90  QMSHK YIN Y
4.2 N:H:N,:*CO 1:2:100:100 13 0.5 0.01 0.005 360 RAIRS® Y Y
Bco H (from H) 1N (from °Ny)
43 BNH:N;PCO 1:2:100:100 13 0.5 0.01 0.005 90 QMSKSK YIN \
*co D (from D) N (from **N,)
4.4 IN:D:N,:CO 1:2:100:100 13 0.5 0.01 0.005 90 QMSKSK YIN YIN
Formation of HNCO further constrainea interaction of CO with Nkiplasma dissociation products
co N}_b(mssoclaxeu)
5.1  CO:NH,issociated) nn 13 0.5 - n 90  QMSKSK - '
5.2 CO:NH; nn 13 0.5 - - 90  QMSKK - N
5.3  CO:NHisscciated) nn 70 0.5 - n 90 QMS* - N
13co NH;(dlssocialed)
5.4 “SCO:NHj“ssosaed nn 13 0.5 - n 90 QMS™ - Y
Confirmation of the presence of Nidlasma dissociation products in the beam
D (from D) NHS(mssoclaxeu)
6.1 D:NHdissociated) nn 13 - 0.05 n 60 - - -
6.2 D:NHs nn 13 - 0.05 - 60 - - -
6.3 NHz(dlsscclaled) nn 13 _ _ n 60 _ ~ _

Experiments are performed in co-deposition undéemint laboratory conditions; different co-depmsit ratios are given; Ref. N is the reference number
TsampieiS the substrate temperature during co-deposiBgy;is the deposition rate of a selected moleculeesgad in ML mift under the assumption that 1 L
(Langmuir) exposure leads to the surface coverddeML; Atom-flux™ is the thermal cracking source atom flux; Atom-fliis the MW plasma source
atom flux; absolute uncertainties of H/D- and Nixis are 50 and 40%, respectivelys the time of co-depositio;PD is the temperature programmed
desorption experiment performed afterward with TR® rate indicatedDetection of NH is the detection of ammonia either by RAIRS or QM3$he end of
co-depositionPetection of HNCGOs the detection of isocyanic acid at the endméieposition; n — the exact Niglasma beam composition is not determined,
nn — since the exact Nhplasma beam composition is unknown the co-depositionisatiot listed.

2Two numbers are given for the TPD rate: the fitgnber is the TPD rate that is used below 50 K ttlggemove the bulk of CO/Nce, the second number
is the TPD rate above 50 K. A higher TPD rate a8« is used in order to have a higher peak-toenaagio in the QMS. Routinely, 1.5 K/min or 2 K/min
are used as TPD rates below 50 K. Since no difference is fouhd results between the two rates, 2 K/min is indicategwhere.

Y/Nmeans that the detection is uncertain.

‘gradual warm-up followed by the acquisition of RAIR gpeés used instead of QMS
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6.3 Results and dicussion
6.3.1 Formation of NH5

A series of co-deposition experiments (see exparisg.1-1.6 in Table 6.1) is performed
to simulate the formation of NHunder dense cold interstellar cloud conditiares, when
gas-phase CO has accreted onto the grains and\thield is still negligible. A RAIR
difference spectrum from a co-deposition of N:H@O = 1:20:100:100 at 13 K with a
total N-atom fluence of 3-1batoms crif (+40%) is shown in the large panel of Figure 6.1.
12C0 (2140 cnt) and**CO (2092 crit) are both visible. The inset in Figure 6.1 shokis t
experiment in a smaller spectral range (Fig. 6.%®), well as two more N:H:CO
co-deposition experiments at 13 K for different mg ratios (Figs. 6.1b-c), and a control
experiment with only Nsland CO molecules co-deposited at 13 K (Fig. 6.Tdg same
N-atom effective flux (8-18 atoms & cm?) within a 40% accuracy and total N-atom total
fluence are used in the first three experimentshdiuld be noted that the amount ofiN
the final mixed ice cannot be disregarded, sineeNtatom beam comprises a considerable
amount of non-dissociated, Molecules that, unlike Hican freeze out at 13 K and form a
solid layer of ice (Cuppen & Herbst 2007).

The formation of NH is confirmed in Fig. 6.1 and 6.1(a) by the appeegaof two
absorption features at = 975 cm andvs = 1625 cni (Abouaf-Marguinet al 1977,
Nelander 1984, Koopst al. 1983). In addition, a third featurevat= 3430 cnit is observed
in the region of the N-H and O-H stretching modest 6hown in the figure). Furthermore,
solid H,CO (v, = 1728 crit andvs = 1499 cnT) shows up as a result of CO hydrogenation.
Formation of HCO by H-atom addition to CO has been previouslgistl €.g, Hiraoka
et al 1994, Zhitnikov & Dmitirev 2002, Watanale¢ al. 2002, Fuchet al. 2009). Ongoing
hydrogenation can form solid GBH that is below its detection limit here. A snifalhture
around 1600 cih can be assigned to eithes®impurity or to the aggregate of NHThe
former assignment is supported by a possible adim@gtof Q or H,O in the N bottle used
in the experiments. Small negative peaks in thgeametween 1350 and 1750 trare
water vapour absorptions along the path of the Fd¢Rm outside the UHV chamber.
Unfortunately, these absorptions are still visilblssome of the spectra despite the use of a
dry air purged system.

Figure 1(b) shows the co-deposition of N:RHGIO = 1:20:100:500 at 13 K. In this
case, the deposition rate of CO is five times highan in the experiment plotted in Fig.
6.1(a). Figures 6.1(a) and 6.1(b) show the samefiidl amount, but the ¥CO peaks are
more prominent in the spectrum with higher CO alaumog. This is expected, since the
effective CO surface coverage for the experimett Wp:CO = 100:500 is about 1.7 times
higher than for ECO = 100:100i(e., 50% CO surface coverage fos:80 = 100:100 vs.
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87% CO surface coverage for:RBO = 100:500). Clearly, C#DH abundances are still
below the detection limit.

Figure 6.1(c) shows a co-deposition spectrum witlalasolute H-atom flux five times
higher (N:H:N::CO = 1:100:100:100) than the one in Fig. 6.1(dlisTesults in a further
increase of the formed,BO, consistent with previous work.§, Fuchset al. 2009). In
contrast with the KCO final yield, ammonia absorption features andcrdfore, the
corresponding formation yield does not increase:vthtotal absorbance shows the same
value, while thev,total absorption is even 35-40% less intense tharohe in Fig. 6.1(a).
This apparent inconsistency can be explained bwthaode (symmetrical deformation)
being more sensitive to the ice mixture composittban thev, mode (degenerate
deformation), particularly with $£O around which can form hydrogen bonds withzNH
The fact that the, mode is significantly more sensitive to environtaéchanges than the
v4 mode was also found by Abouaf-Margenal. (1977). The latter work shows that when
the hydrogen bonds are formed, the position oftEand is shifted as much as 70-80%cm
with respect to the position of the monomeric4\wihile this difference is only 10-30 ém
for thev, mode. Figure 6.1 in Hagen & Tielens (1982) furtilastrates this for a 10 K CO
matrix. In addition, more His expected to be trapped in the growing matrithim higher
H-atom flux experiment, and this will further affethe environment in which NHis
isolated.

Finally in Fig. 6.1(d), a RAIR spectrum of NHo-deposited with CO molecules is
shown. The total amount of deposited N&10.3 ML. This number is about the same as for
the N-atom total fluence in each of the three af@etioned experiments. A ratio Ni@O
= 1:500 is chosen to reproduce the ratio usedgn H. The total absorbance of deposited
NH3; moleculesn Fig. 6.1(d) is about 10% and 40% higher for theand v, modes,
respectively, compared to the abundances of fdkined by N-atom hydrogenation in the
experiments depicted in Figs. 6.1(a) and 6.1(bbhdlgh these differences are within the
flux uncertainties, the larger difference in thanode is likely due to the higher sensitivity
of thev, mode toward its environment.

In general, Figure 6.1 shows that under our expmntal conditions the final NH
yield is determined by the total amount of avaiahitrogen atoms at the ice surface, as the
integrated area of the, mode stays near constant in all four plots, wfolethe v, mode
this varies significantly in plot c. The experimenmdicate that the hydrogenation of the
deposited N atoms is a faster and more efficientgss than the hydrogenation of CO ice.
Very low activation barriers are therefore expecfed reactions (6.1)-(6.3). This is
consistent with N-atom hydrogenation experimenta golid N matrix by Hiraokaet al
(1994) and Hidakat al (2011). Furthermore, these later results of Hidgtlal (2011) are
tested under our experimental conditione, co-deposition of N:H:H = 1:20:100 is
performed at 15 K, and formation of Ni$ observed in this experiment.
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Finally, we performed a few co-deposition (contreXperiments of H- and N-atom
beams with HO instead of CO (see experiments 2.1 and 2.2 ireT@k). A strong
broadening of the Niabsorbance features due to hydrogen bonds and sadecable
overlap of HO and NH absorption features do not allow for an unambiguassignment
of NHz peaks in these experiment®D using QMS does not help to overcome the problem
since co-desorbing 4 gives similar m/z numbers to NHomplicating the assignments
Therefore these will not be further discussed inréseilts section.
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Figure 6.1. A RAIR difference spectrum from a co-depositiomMbH:N,:CO = 1:20:100:100 at 13 K with
a total N-atom fluence of 3-11+40 %) atoms cif (experiment 1.1) is shown in the large panel.hi t
inset four spectra from different co-deposition exments are shown in a narrower spectral ranges @
zoom-in of the aforementioned spectrum; (b) is #orco-deposition of N:H:NCO = 1:20:100:500
(experiment 1.3); (c) is for a co-deposition of \NCO = 1:100:100:100 (experiment 1.4); and (d) is fo
the deposition of NEICO = 1:500 with a total deposited Mldmount of 0.3 ML, corresponding to the
N-atom total fluence of the experiments (a)-(c)l #ppectra are for 13 K and plotted with offsets for

clarity.
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6.3.2 Temperatur e dependence

A co-deposition experiment using the same depwositives discussed before (N:H:Q0
=1:100:100:100) is repeated for different substtamperatures (13 and 25 K) to study the
temperature effect on the N-atom hydrogenation@irich ices. The temperatures chosen
are below desorption values 0§,\N, and CO molecules (Acharyg al 2007). The goal
of these experiments is to determine which mechaissresponsible for the formation of
NHs in a CO rich environmente., Langmuir-Hinshelwood (L-H) or Eley-Rideal (E-B)
“hot-atom” mechanisms. Since both E-R and “hot-dtomchanisms exhibit very limited
sample temperature dependency over the short mihggmperatures, one can expect to
find similar NH; final yields in both experimentSince the E-R mechanism is temperature
independent, one can expect to find similarzNiHal yields in both experiments. This kind
of dependency is found for example for NO + N cpaigtion experiments (loppolet al
2013). In the case that L-H is responsible forftrenation of ammonia, then the resulting
NH; formation rate is a rather complex combinatiommainy individual processes that are
temperature dependente(, lifetime of H atoms on the surface, hopping ratéd and N
atoms, and H-atom recombination rate). In this cake NH vyield should drop
significantly at 25 K due to the shorter residetioge of H atoms on the ice surface. For
instance, the lifetime of H atoms on a water icdage at 25 K is more than 1000 times
shorter than at 13 K (Cuppen & Herbst 2007). A dase of HCO and CHOH formation
yields with increasing temperature was observeWhyanabest al (2006) and Fuchst al
(2009) in CO hydrogenation experiments, and thiseokation was explained assuming a
L-H formation mechanism. Figure 4 of Fedoseev e2@14 where substantial drops in the
amount of ammonia formed is observed between 151@nd under similar experimental
conditions further constrain the proposed L-H medma.

The two spectra in Fig. 6.2 show that neithe€8 nor NH are detected at 25 K by
means of RAIRS. This is fully consistent with swedaprocesses following a L-H
mechanism, as suggested in previous work that éatos the hydrogenation of N atoms
trapped in a Bimatrix (Hidakaet al 2011).
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Figure 6.2. Two RAIRs difference spectra of the same co-déjposiexperiment N:H:NCO =
1:100:100:100 with the same total N-atom fluenc&-at}* (+40 %) atoms cfhat 13 K (a) and 25 K (b)
(see experiments 1.4 and 1.5). Spectra are ploftadffsets.

6.3.3 Formation of HNCO

The surface formation pathway of ammonia through fbquential hydrogenation of N
atoms leads to the formation of NH and NHtermediates that also can react with other
species in the ice to form different molecules. ®heious candidate in a CO surrounding
is HNCO formed through surface reactions (6.4) éh8). In the experiments shown in
Figures 6.1 and 6.2, each NH and Nhtermediate will face at least one neighbourir@ C
molecule as with the chosen co-deposition ratiasdieposited N atoms there are one
hundred CO and one hundred Molecules. However, in our RAIR spectra, solid HNC
and its hydrogenation products.g, NH,CO and NHCHO) cannot be detected. Even
sensitive mass spectrometry does not show any eladence for the formation of these
species (masses 42 — 45 m/z). Thus, reactions &5d)(6.5) most likely experience an
activation barrier and consequently are overtakemelctions leading to NH-formation.
This is consistent with Himmedt al (2002), who indeed suggested the presence of an
activation barrier even though some reactivity 6f téward CO at 10 K was found.
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Here, a new set of experiments is presented tty she surface formation of HNCO
through the reaction of CO molecules with NH and,NMhe specific goal of these
experiments is to prohibit the (fast) formationamimonia, and to simultaneously increase
the probability for NH and NHintermediates to react with CO molecules, overognany
activation barriers. Such a set of experiment$aat, is more representative for the actual
processes taking place on interstellar grains, vth&rand N-atom accretion rates are so
low that once NH and Njradicals are formed, these experience a relatiegly time to
react with other ice molecules (~ several days)ofigefanother impacting H atom
contributes to the formation of ammonia. Thus, éproduce this scenario, N atoms are
co-deposited with CO molecules with the same rateslescribed in section 6.3.1, while
the H-atom co-deposition rate is substantially dased (20 times less) to prevent full
hydrogenation of N atoms, offering a pathway toftvened NH and Nk to react with CO
(see experiments 3.1-3.11 in Table 6.1). TPD erpamts combined with QMS data are
used to study the expected low HNCO final yield.

Three selected N + H + CO co-deposition experimarggpresented in Fig. 6.3. After
co-deposition of CO molecules with H and N atomthvei given ratio at 13 K, the ice is
gently and linearly warmed up to 50 K with a rat@ &/min to remove the bulk of the CO
ice. A rate of 5 K/min is used during the second pathe TPD (up to 225 K) in order to
have a higher peak-to-noise ratio of the selectedses in the mass spectrometer. The
correlation between the NHand HNCO final yields for different H-atom co-dejtmn
ratios is investigated by integrating the corresiog area of the selected species from
their QMS mass signal over timee(, m/z = 17 for NH, and m/z = 42, 43 for HNCO).
Figure 6.3 shows the decrease of the;fdtimation yield (peak centred at 120 K), and the
corresponding gradual increase of the HNCO formayield (peak centred at 185 K) that
follows the decrease of H-atom co-deposition rétion N:H:N,:CO = 1:20:100:100 to
N:H:N,:CO = 1:2:100:100. In the first experiment, onlgdes of HNCO are detected by
the QMS, while the NE signal is maximum. In the third experiment, withl@ times
smaller H flux, the HNCO final yield is maximum Jionly traces of Nklare present.
The intermediate case, corresponding to a co-déposatio of N:H:N:CO = 1:6:100:100
results in the presence of both N&hd HNCO molecules.

HNCO can be assigned in the TPD experiments tadés®rbing species peaked at
185 K by looking at the electron ionization fragrtegion pattern (see Bogan & Hand 1971,
Fischeret al 2002). The inset in Figure 6.3 compares the taioveen m/z = 43, 42, and
15 (.e., HNCO'", NCO', HN") in our experiment and literature values.

To further constrain this assignment, similar ekpents are performed with H atoms
co-deposited with**N atoms and*CO molecules (see experiments 4.1-4.3 in Table 6.1)
In both cases'{N and®N), a consistent isotopic shift of both peaks a m#42 and 43 is
observed, while the ratio between these two pealys sonstant.
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Figure 6.3. The TPD spectra for three different experimentsdeposition of N:H:MCO = 1:20:100:100

at 13 K (filled diamonds); co-deposition of N:H:8O = 1:6:100:100 at 13 K (x-crosses); and
co-deposition of N:H:MCO = 1:2:100:100 at 13 K (empty diamonds), seesrents 3.1, 3.2, and 3.5 in
Table 6.1, respectively. The total N-atom fluenzeach of the three experiments is 4.5'3#040% atom
cm?. Peaks at m/z = 17 are due to \jgentered at 120 K) and backgrounsDHcentered at 155 Kjn/z
=42 and 43 (middle and lower panel) are the twatrimdense signals from HNCO. Plots are shown with
offsets. In the top right corner, an inset is shomith the relative intensities for m/z = 15, 42 da#3

(HNCO), as derived in this study and compared ¢oatvailable literature.

Pure HNCO is known to desorb slightly above 120TKeuleet al 2011). However,

as shown in Figure 6.3, a much higher desorptimpégature is found in our experiments.
Upon desorption of the bulk of CO ice, HNCO may nfoammonium isocyanate
(NH,7OCN) or hydronium isocyanate EB'OCN) in presence of Ni or H0,
respectively (reactions (6.6) and (6.7)). This edfleshifts the desorption temperature of
HNCO to higher values. Reactions (6.6) and (6.%) take place during the thermal
processing of mixed N$#HNCO and HO:HNCO ices and have been extensively studied
by Raunieret al (2003) and Theulet al. (2011), respectively. Under our experimental
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conditions, both Nkland HO are present in the ice sample during the TiRD:NH; is a
product of N-atom hydrogenation, and@Horiginates from background deposition (see the
second peak around 155 K for m/z = 17 (@ Fig. 6.3). In addition, the low final yield
of HNCO (< 1 ML) indicates that this molecule ligabccupies the surface spots with the
highest binding energy. This further shifts the atpon temperature to higher values.
Unfortunately the presence of the background watdre main chamber of our UHV setup
gives both m/z = 18 (}@") and m/z = 17 (OB, furthermore CO that is present in the
main chamber after co-deposition gives m/z = 16naig(O). As a consequence
unambiguous assignment of the base counter pattN@QO acid is not possible. Finally, it
should be noted that both NEHO (formamide) and (NRL.CO (urea), two possible
chemical derivatives of HNCO and NIMICO, respectively, cannot be observed under our
experimental conditions and must be under the tletelimit of both QMS and RAIRS.

6.3.3.1 Control Experiments

We performed several control experiments to coimstie formation of HNCO and OCN
at low temperatures by using RAIRS and QMS techesgduring TPD experiments (see
experiments 3.3 and 4.2 in Table 6.1). RAIR spectma only be used to identify new
species formed in the ice when their final yield-i®.1 ML. To enhance the RAIR signal
for species like HNCO and OCNwe performed co-deposition experiments two times
longer (experiment 3.3) and four times longer (expent 4.2) than the corresponding
experiments shown in Fig. 6.3. Unfortunately, thenrinfrared absorption band of HNCO
at 2260 crit (Teleset al 1989) lies too close to the absorption featufetrmospheric C®
that is present along the path of our IR beam,ideithe UHV chamber. In addition, CO
infrared features overlap with the strongest OBG&ahd (van Broekhuizemt al 2005),
making OCN detectable only after desorption of the bulk of @®@. Therefore, a
co-deposition experiment withiCO (experiment 4.2) is shown in Fig. 6.4. In thigufe,
some infrared spectra acquired at different tenipega during TPD are presented in two
selected spectral regions. The left panel coverspiectral range where HiCO should be
observed (Telegt al 1989), while the right panel shows the range wheFCN is
expected. Solid HNCO can only be observed at 13 K, whil&*CN is clearly present in
the spectra taken at 35 and 50 K, well before gimor at 185 K. Thus, the present results
support the hypothesis that iSO is formed already at 13 K, during co-depositiand

as soon as’CO desorbs, HNCO reacts with Nkl or H,0O to yield NHO™CN and
HsO"O™CN, respectively. Formation of OCNs also observed upon desorption of the
bulk of the ice in experiment 3.3 using regdf&0 isomers.
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Figure 6.4. Four RAIR difference spectra obtained after co-gétjum of N:H:N,:**CO = 1:2:100:100 at
13 K followed by a TPD of the ice (experiment 4&):13 K b) 35 K ¢) 50 K and d) 200 K. The left pan
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absorption feature of @CN". The total N-atom fluence is 1.8*¥@toms crif (+ 40%). In the right panel,
the 13 K plot is not shown because of the very hilgsorption of bulR*CO. Some non-desorb&iCO is
still present in the plot at 35 K.

Below, additional arguments are discussed thatnaf@vour of the HNCO formation
through the interaction of NH/NHwith CO molecules:i) the co-deposition experiment
that yields HNCO at 13 K is repeated for 25 K whieoes not result in a QMS detection
of HNCO or NH (experiments 3.10 and 3.11). This indicates thatinvolved formation
mechanism for both species depends on the H-atientifie on the ice surface that is
known to decrease substantially for increasing €pedition temperatureii) a two times
longer co-deposition time is applied for identisattings and leads to a two times larger
HNCO area on the QMS TPD spectra (experiment 8iiv);neither HNNH nor ENNH;
are observed (within our detection limits) but bue expected to show up during TPD in
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the case that non-reacted NH and ;Nbecome mobile after the bulk of the ice has
desorbed.

To further verify the reactivity of NH/Npradicals with CO molecules, we performed
another set of RAIRS experiments (see experimeris5d): a co-deposition of CO
molecules with fragmentation products formed bycligsging NH in the microwave
plasma for different experimental conditions. Themwave discharge of ammonia results
in the beam containing various products of plasnssatiation ie., along with the
non-dissociated Nfimolecules, the beam can contain NH and,M&ticals, H and N
atoms as well as +and N molecules). The presence of NH and NBidicals is confirmed
by co-depositing the products of Mkhlasma dissociation with an overabundance of D
atoms under the same experimental conditions agpariments 5.1-5.4. In this case, two
broad features are observed in the N-D stretchib@tional mode region (2438 and 2508
cm?, respectively) together with the absorption feasudue to non-dissociated NH his
indicates that at least part of the NI8 decomposed into NH and MHadicals and N
atoms that then react with D atoms to form the nkeseN-D bonds.

The QMS TPD spectra obtained after co-depositionC&f molecules with Nk
plasma dissociation products at 13 K results agammass peak at m/z=43 for 185 K that
can be assigned to HNCO according to the electoisation fragmentation pattern (see
filled diamonds in the main panel and the insetFig. 6.5). Additionally, the empty
diamonds in Fig. 6.5 represent a TPD spectrum aftateposition of unprocessed N&hd
CO that proves that the formed HNCO is not the Itesuthermal processing of mixed
NH3:CO ice. Cross symbols in Fig. 6.5 represent daien fthe experiment where CO
molecules are co-deposited with BHblasma dissociation products at a substrate
temperature of 70 K, well above the CO desorptiongerature (peaked at 29 K, Acharyya
et al 2007). This experiment confirms that the formedG®D does not originate from
gas-phase reactions or contaminations in the mavewplasma source and that the
presence of CO on the surface is a prerequisifertn HNCO. All the aforementioned
experiments are performed by using the same proeefitst the ice is warmed up with a 2
K/min rate from 13 to 50 K to remove the bulk of @@; then a rate of 5 K/min is used
from 50 K to 225 K. A control experiment is perfardh with a different isotope
(experiment 5.4); when Niplasma dissociation products are co-deposited @, m/z
values of 43 and amu present a clear feature aK18%e ratio 44/43 is 0.27, while m/z=42
is not found.
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Figure 6.5. The TPD spectra of three distinct experiments: epedition of NH plasma fragments with
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the top right corner, the inset compares the reaititensities of the masses assigned in this stady

HNCO and the available literature values.

6.3.3.2 HNCO Formation Pathway

Although our experimental data do not allow us ¢éoixte values for activation barriers for
the reactions (6.4) or (6.5), some important casiolis can be drawrAs we mentioned
before, reaction (6.5) is endothermic (~4800 K) dhdrefore unlikely to proceed for
non-energetic processing at 13 K. The excess erdrthe reactions (6.1) and (6.2) does
not help to overcome the barrier, because in thge ave would observe the formation of
HNCO independently from the co-deposition ratiodiskloreover, we would expect a
higher HNCO vyield for the experiment with a higttiatom flux over experiments where
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this flux is insufficient to hydrogenate all N atermAnd this is in contradiction with our
experimental observations. Apart from reactiong)(énd (6.5), the following reactions

N + CO— NCO, (6.8)
H + NCO— HNCO, (6.9)

could also lead to the sequential formation of HNE®wever, within our detection limits
NCO radicals are not observed after co-depositib€© molecules with just N atoms.
Taking these considerations into account, we calgclthat reaction (6.4) is the main
pathway for HNCO formation. Since,80O is not detected in the experiments where
HNCO is formed, we expect that the activation tearfor the formation of HNCO is not
much higher than the one proposed for the H + Q@hfet al (2009) and Cuppeet al
(2009) used an effective barrier of 435 K to matheir observed experimental results on
hydrogenation of CO. Such a direct comparison, lvawehas to be treated with care, as
different settings and laboratory conditions hagerbused and both mobility and life-time
of NH and H differ significantly from each other.

As mentioned in section 6.3.3 NEHO (the product of sequential HNCO
hydrogenation) is not observed in any of our expents. This is not surprising since
H-atom addition to HNCO involves an activation lerr Nguyenet al (1996) usedhb
initio calculations to study the reaction of H atoms vigificyanic acid and an activation
barrier of 1390 K was found for H-atom additiontt® nitrogen atom of HNCO. This
makes the formation of NM@HO unlikely under our experimental conditions,csinit
would imply a second consequent reaction invohangactivation barrier, while the lack of
H atoms is used in the experiments resulting in I@NGrmation.

6.4 Astrochemical implications

This laboratory work is motivated by several of thain conclusions of the ISO aGgitzer
c2d Legacy ice survey (Gibét al 2004, Oberget al 2011). The evolutionary steps of
interstellar ice formation can be divided into #hreain stages: an early phase, driven by fast
H-atom addition reactions in cold molecular clougsfore cloud core formation; a later CO
freeze-out stage, when chemistry in the ices isedrby accreting CO molecules to a large
extent; and the protostellar phase, where thermdl&/ processing shape the ice content.
During the first stage, a J-rich (polar) ice is formed. In this phase, thiatiee
abundances of CO(in H,O), CH,, and NH correlate with HO ice suggesting their

co-formation. This indicates that most of the soldH; is formed during an early
evolutionary stage. Our laboratory experiments designed to study the non-energetic
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surface formation of Nklthrough the hydrogenation of N atoms under colusdecloud
conditions. These conditions aproximatelly resemthle first stage of interstellar ice
formation. We therefore performed some experimentslepositing H and N atoms with
water, but the spectral confusion due to the opasfdeatures from kO and NH, as well as
the strong broadening of the Mibsorption bands in a polar ice made an unambgguou
assignment of NElice formation far from trivial. Therefore, this vkomostly focuses on the
investigation of the Nkl formation in non-polar mixtures containing CO idénis way,
newly formed NH can be easily identified, because ammonia feaaresharper and do not
overlap with features of other species in the Adthough CO-rich ices better represent the
second phase of interstellar ices, when CO moledtdeze-out onto the grains, some of our
conclusions on the surface formation of ammoniaC@-rich ice can also be partially
extended to the formation of Nkh H,O-rich ice. For instance, we find that the formatod
NH; by hydrogenation of N atoms proceeds barrierlegbrough a very small activation
barrier at 13 K. Moreover, in agreement with pregioworks, we confirm a
Langmuir-Hinshelwood mechanism as the main chaforethe formation of solid Nk
(Hiraokaet al. 1995 and Hidakat al. 2011). Our experimental results further consttha
findings described in Charnlest al (2001), where the accretion of gas-phase amnionia
their model results in a solid NHH,O ratio of only ~2%, which is less than the obsdrve
values of 5% (Gibket al 2004, Bottinelliet al 2010, Oberget al. 2011). However, the
amount of NH ice on the grains could be higher assuming thatdvhs also accrete onto
grains and undergo hydrogenation. If this surfawen&tion route of ammonia is included
in the Charnleet al (2001) model, the solid N#H,O ratio becomes ~10%, which is even
above the observed value. Moreover, recent motatsaiccount for the formation of NH
in the solid phase through hydrogenation of N atamdgcate a NH/H,O ratio as high as
25% (Garrod & Pauly 2011 and Vasyunin & Herbst 2013

Our experimental results can explain why recenmoabemical models overestimate
the surface production of NHWe observe an efficient formation of HNCO ice in
H+N+CO experiments. Solid HNCO is a product of ithteraction between CO molecules
and intermediates involved in the surface formatdérNHz. In this scenario, Nglice is
formed efficiently in a polar ice together with waturing the first phase of interstellar ices.
However, as soon as densities are high enough @tdCfreeze-out onto the grains, the
formation of NH competes with the formation of HNCO in a non-polee. Our
experiments reveal that the formation of NiH CO-rich ices is only efficient when the
H-atom deposition rate is high enough to quickhdimgenate all the N atoms to BH
which can only occur on rather fast laboratory tsoales. If a slower H-atom deposition
rate is used to simulate the slow accretion ragented in the ISM as much as possible, the
formation of NH is suppressed in favour of the formation of HN@®this case, formed
NH or NH;radicals have significantly more time to overcoine &ctivation barrier of the
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reaction with the surrounding CO molecules befaeertiext H atom arrives and eventually
converts it to NH. In space, the extremely low accretion rate oftéires on the surface of
the icy grains (unfortunately, not reproducibletlie laboratory) gives days to each of the
intermediates to overcome activation barriers anckact with the surrounding molecules
(i.e.,, CO ice), before the next hydrogenation evenuscThis potentially explains the
observed low ammonia abundances in non-polar inds @ the same time, shows that
solid HNCO is formed in molecular clouds.

Interstellar HNCO was first detected in the Sgr B®lecular cloud complex by
Snyder & Buhl 1972. Since its discovery, HNCO haserb detected in different
environments, as diverse as dark molecular cloandshat cores in massive star-forming
regions. Liet al 2013 studied the spatial distribution of HNCOniassive YSOs that is
consistent with a “hot” gas-phase formation rotrecold dark molecular clouds, however,
HNCO is expected to be efficiently formed in théidphase. Quaet al (2010) were able
to reproduce the observed gas-phase abundanceBl@OHand its isomers in cold and
warm environments using gas-grain simulations, twhisclude both gas-phase and
grain-surface routes. Our work shows that HNCOffigiently formed under dense cold
cloud conditions,i.e., in non-polar ices with a reaction pathway thatlinked to the
formation of ammonia ice and does not require amgrgetic input, such as UV light or
cosmic ray irradiation. Although our work indicatdst HNCO should be detectable in
CO-rich ices through its anti-symmetric stretch mati~2250 ¢, this is not the case; the
non-detection of solid HNCO in the ISM can be ekpmd by efficient destruction
pathways that include the hydrogenation of HNCQval as thermal reactions with solid
ammonia at temperatures slightly higher than itemfdgion temperature. The latter
mechanism is supported by a combined laboratorynamdelling study that derives a low
(48 K) activation energy barrier for reaction (6t&)ccur (Mispelaeet al 2012).

Oberget al (2011) reported a close correlation between CO; (ih CO), CO (in
H,0), and the XCN band in support of their co-formatduring the CO freeze-out stage as
well as the identification of OCNas a main carrier of the interstellar XCN bandr ©RD
experiments shown in Fig. 6.4 simulate the heabhgce mantles by a newly formed
protostar ie., the third phase of interstellar ices). This pescéeads to the formation of
O™CN detectable from its infrared absorption featuretmesl at 2202 cih(in our
experiments we usetfCO instead of the reguldfCO). While NH and HN®CO are
formed through non-energetic surface reactionsoat femperature, the formation of
O™CN  occurs through the interaction of Ei€O with NH; or H,O molecules at higher
temperatures, when highly volatile species leaegidh. Thus, our results further constrain
the assignment of either the entire or a singlepment (2165 cil) of the XCN band
observed toward numerous YSOs to solid O@Nd show that OCNis successfully
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formed in the interstellar ices without any UV asmic ray processing involved (see Gibb
et al 2004, Bottinelliet al 2010, Obergt al 2011).

The presence of HNCO and OCM interstellar ices during the protostellar phase
may be very important for astrobiology. The readgtiection of amino acids in comets has
boosted efforts to investigate the astrochemicairorof species such as glycine and
alanine (Elsilaet al 2009). Since gas-phase routes to form these exngplecies seem to
be inefficient, solid-phase formation pathways ofiestrong alternative (Barrientes$ al
2012). During protostar formation, interstellarigeaare exposed to thermal, UV, electron,
and ion processing that can drastically modify ttmmposition of the icy mantles.
Especially in the case of cosmic ray irradiatidre energy released by the ions passing
through a material causes the dissociation of ledwlof molecules along their path. These
fragments can then recombine forming new and momptex species. Eventually, a
complex polymeric refractory residue can be form&d.shown in Figure 6.6, HNCO
molecules are included as a peptide bond [-(H)Njg(Between any two single amino
acid. Moreover, even the simplest peptide, polyiglccontains nothing but HNCO and
CH, components. Therefore, energetic processig, (UV photolysis and cosmic ray
irradiation) of HNCO:CH and HNCO:CH:CH;OH-rich ices can be a possible pathway to
form amino acids or peptide fragments. If OG8lused in the aforementioned mixtures
instead of HNCO, amino acid anions and their fragimeean be formed as well. Such
experiments will be the focus of a future labomtatudy aimed to investigate the
formation of the simplest amino acids and peptidgrhents, but for now, it is important to
conclude that convincing solid state pathways arend that explain the effective
formation of the elementary precursor species.
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Figure 6.6. A schematic that illustrates the potential impoce of HNCO as a simple bearer of peptide
bonds for the production of amino acids in intdfatéces.
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Deuterium Enrichment of Ammonia Produced by
Surface N+H/D Addition Reactions

at Low Temperature

The surface formation of NHand its deuterated isotopologues - BHNHD,, and NI -

is investigated at low temperatures through theukaneous addition of hydrogen and
deuterium atoms to nitrogen atoms in CO-rich intla ice analogues. The formation of
all four ammonia isotopologues is only observedaip5 K, and drops below the detection
limit for higher temperatures. Differences betwésmrogenation and deuteration yields
result in a clear deviation from a statistical dgttion in favour of deuterium enriched
species. The data analysis suggests that thiseisaahigher sticking probability of D
atoms to the cold surface, a property that may méigeapply to molecules that are formed
in low temperature surface reactions. The resoliad here are used to interpret ammonia
deuterium fractionation as observed in pre-protiasteores.

G. Fedoseev, S. loppolo, H. Linnartz, 2014, MNR&yress, article doi: 10.1093/mnras/stu1852



7.1 Introduction

The characterization of different evolutionary stmgof star formation is essential to
understand the origin of molecular complexity iragp. The ratio of a deuterated species
over its counterpart containing He., the deuterium fractionation, is known to be adytwml

to discriminate between different processes takiage along this evolutionary trail. The
D/H ratio in the interstellar medium (ISM) is ~ 116°. In cold dense cored ¢ 10-20 K and

n ~ 1¢ cm®), the depletion of C-bearing molecules leads toeahancement of the
deuterium fractionation, because theDH ion, the gas-phase progenitor of most of the
deuterated species, is not destroyed by €@, (Roberts & Millar 2006, Bacmanet al.
2003, Pillaiet al. 2007). Apart from gas-phase reactions, also gsaifiace chemistry
enhances molecular D/H ratios under cold densealatonditionse.g., via low-temperature
surface reactions, ion- and photo-dissociation afdsspecies, and thermally induced
exchange reactions on icy grairesg(, Tielens 1983, Brown & Millar 1989a, 1989b). The
idea that such processes lead to deuterium enrithimeisually based on the “zero-point
energy argumenti,e., the assumption that species with D atoms hdeeer zero-energy
and, therefore, are more stable and more likebetéormed over their H-atom counterparts
at low temperatures (10-20 K). Moreover, if proesssare recurrent in space, then
deuterium enrichment can be further enhanced ovaunaber of cycles (Tielens 1983).
During the formation stage of a protostar, the D&tue is found to decrease again because
of the strong UV field and shocks in the outfloveaised by the newborn star (Cragisil.
2005, Emprechtingest al. 2009). Also much later, during the planetary std2fH ratios are
important. Recent observations with tHerschel Space Observatory have revealed that
although the D/H mean value in Oort-cloud comets<is3-10*, the D/H ratio in
Jupiter-family comets is very close to the Vientendard mean ocean water (VSMOW)
value of ~ 1.5-16, This result seems to suggest that a significalitery of cometary water

to the Earth-Moon system occurred shortly afterMuon-forming impact (Hartoght al.
2011, Bockelée-Morvant al. 2012, Liset al. 2013). In this scenario, also other complex
prebiotic species may have been delivered to Hattbwing the same route of water
molecules.

To date, a conspicuous number of molecules detécténd ISM, including methanol,
water and ammonia exhibit deuterium enrichment.okatory experiments show that all
these species are formed on the surface of icy ghasits mostly through hydrogenation
reactions at low temperatures. In particular, thesence of species like,&lO and CHOH
(CO+H), NH; (N+H), CH, (C+H), O (O/G/Os+H), and possibly also NJ@H (NO+H,
NO,+H) is (largely) explained through sequential Hrataddition to various precursors
(e.g., Hiraokaet al. 1994, Hiraokeet al. 1995, Hiraokeaet al. 1998, Zhitnikov & Dmitriev
2002, Watanabe & Kouchi 2002, Miyaudhial. 2008, loppolcet al. 2008, Mokranet al.
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2009, Congiuet al 2012, loppoloet al 2014). As a consequence, surface deuteration
reactions will be at play as well, contributing lviifferent efficiencies. Indeed, laboratory
work shows that different molecules undergo différsurface deuterations (Nagaoka at al
2005, Ratajczalet al 2009, Hidaka at al 2009, Weberal 2009, Kristensert al 2011).
For example, the formation of ,8/HDO through OH+kHD, and HO,+H/D (Obaet al
2012, Obeet al 2014) shows a preference for hydrogenation thatbesn explained by a
higher quantum tunneling efficiency. In fact, théfedent transmission mass involving
abstraction/addition of hydrogen atoms over simgactions with deuterium is assumed to
cause higher hydrogenation rates. On the other,hdadaoka at al. (2005), Nagaoka
(2007), and Hidaka at al. (2009) demonstratedhizdtogen atoms can be abstracted from
methanol and its isotopologues and substituted laydins upon D-atom exposure of solid
CH3;0OH, CH,DOH, and CHROH. However, H-atom exposure of gDH, CD,HOH, and
CDH,OH does not result in abstraction or substitutib® @atoms with H atoms. Therefore,
(partially) deuterated methanol is expected to fmcked in space. These examples make
clear that a straight forward interpretation of Hf&tios in the ISM is far from trivial.
Nevertheless, understanding the mass dependemdigpoksible processes helps in pinning
down the relevant reactions taking place.

The present laboratory work focuses on the conipetlietween hydrogenation and
deuteration during the solid state formation of amia. It is commonly believed that NH
can be formed both in the gas phase - through iassef ion-molecule reactions (see
Herbst & Klemperer 1973, Sco#t al. 1997) - and in the solid state - through three
sequential H-atom additions to a single nitrogesmabn the surface of an interstellar ice
grain. Gas-phase observations toward ‘pre-profastelores’ show an increased D/H
fractionation of NH (Hatchell 2003, Busquett al. 2010). NHD and NHD are also
detected in the dark cloud L134N and in IRAS 1629BBuefet al. 2000, Loinarcet al.
2001). In these sources, the NNH,D:NHD, gas-phase abundances (1:0.1:0.005 and
1:0.07:0.03, respectively) are orders of magnitudigber than the ratios expected from
cosmic D/H abundances. To date, there is no dasttbnomical observation of the D/H
ratio for ammonia ice, but the astronomical gassphdata may actually reflect the solid
state deuterium enrichment as well. For instanbsekvations toward the shocked region
L1157-B1 provide evidence for a chemical enrichnwfrthe interstellar gas by the release
of dust ice mantles and show an indirect uppett fioriNH,D/NH; of 3-10% (Codellaet al.
2012).

Recently, several groups studied the surface hyhaiipn of N atoms (see Hiraoka
al. 1995, Hidakaet al. 2011, Fedoseest al. 2014). It is clear that a better understanding of
the D/H fractionation mechanism of this processeguired to interpret the gas-phase
observations of deuterium enriched NHVoreover, both Hidakaet al. (2011) and
Fedoseeet al. (2014) — see the accompanying paper - conclugergwentally that the
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formation of NH by hydrogenation of N atoms involves a Langmuinstielwood (L-H)
mechanism. Therefore, key parameters for the foomatates of NH:NH,D:NHD,:ND3
during hydrogenation/deuteration of N atoms, ame gticking coefficients for H and D
atoms, the activation energies needed for surféfiesibn and desorption and the reaction
barriers for interactions with other species. Thhsg, deuterium enrichment of ammonia
offers a diagnostic tool to investigate the L-H im&aism. In this paper the astronomical
implications and details on the physical-chemicapprties of the deuterium enrichment of
ammonia are discussed.

7.2 Experimental procedure
7.2.1 Experimental setup

The experiments are performed under ultra-high wacUHV) conditions, using our
SURFRESIDE? setup, first in a one-atom beam, and since 2012 double-atom beam
configuration. The latter setup allows for the dimmneous use of two atom-beams together
with regular molecular dosing lines as describeth@énaccompanying paper. Further details
of the original and extended setups are availabla Fuchst al. (2009) and loppolet al.
(2013), respectively.

SURFRESIDE consists of three distinct UHV sections, includimgnain chamber
and two atom-beam line chambers. Shutters sepheatzeam lines from the main chamber
and allow for an independent operation of the iiligl parts. Two different atom sources
are implemented: a Hydrogen Atom Beam Source (HABS Eberl MBE-Komponenten
GmbH, see Tschersich 2000) that produces H or Bhathrough thermal cracking of;H
or D,; and a Microwave Atom Source (MWAS, Oxford Sciéatltd, see Antonet al.
2000) that generates H, D, O, and, specificallytfits work, N atoms using a microwave
discharge (300 W at 2.45 GHz); KPraxair 5.0), B (Praxair 2.8), and N(Praxair 5.0) are
used as precursor gasses. A nose-shaped quartis pfaeed after each shutter along the
path of the atom beam to efficiently quench thetegcelectronic and ro-vibrational states
of the formed atoms and non-dissociated molecthiesigh collisions with the walls of the
pipe before they reach the ice sample. The geon®tigsigned in such a way that this is
realized through at least four wall collisions refatoms can leave the pipe. In this way,
“hot” species cannot reach the ice. All atom fluses in the range between'i@nd 16°
atoms crif s* at the substrate position. The calibration procesiare described in loppolo
etal. (2013).

In the main chamber, ices are deposited with mgeolprecision (where 1 ML = 19
molecules ci) at astronomically relevant temperatures (startingn 13 K and upwards)
onto a 2.5 x 2.5 cfrgold substrate. The substrate is mounted on phefta cold head and
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full temperature control is realized using a Lakeshtemperature controller. The absolute
temperature precision is ~2 K, and the relativeigren between two experiments is below
0.5 K. Two additional dosing lines are implementedillow for a separate deposition of
stable molecules. In this way, it becomes possitm-deposit atoms and molecules and to
simulate various molecular environments as typfoaldifferent evolutionary stages in
interstellar icese.g., elementary processes in polar,QHrich) or non-polar (CO-rich)
interstellar ice analogues (see loppei@l. 2014). Pre-deposited ices can also be studied
with this system. Reflection Absorption InfraredeSposcopy (RAIRS) and Temperature
Programmed Desorption (TPD) in combination with @adrupole mass spectrometer
(QMS) are used as analytical tools to characterthe ice composition both
spectroscopically and mass spectrometrically. Sihildd; and NI molecules can
participate in thermally induced deuterium exchanggctions, RAIRS is used as main
diagnostic tool, complemented with TPD data.

7.2.2 Performed experiments

Two sets of conceptually different (control) expegnts are performed. The first set
focuses on H/D exchange reactions with pre- andemmsited NKH with D atoms. The
second set, which is the core of this work, dedtk the isotopic fractionation in sequential
H- and D-atom reactions with atomic nitrogen indeposition experiments:

« NHsz+ D studies are performed using both pre- and @msion experiments. NH
(Praxair 3.6) and Pare prepared in distinct pre-pumped (<°Ifibar) all-metal dosing
lines. The pre-deposition of NHce is performed under an angle of 45° and with a
controllable rate of 4.5 ML/min on a 15 K gold striete. During deposition, RAIR
difference spectra are acquired every minute vatipect to a pre-recorded spectrum of the
bare gold substrate. After NHdeposition, a new background reference spectrum is
acquired, and the pre-deposited )&k is exposed to a constant flux of D atoms nbtma
the surface of the sample. RAIR difference spean@ acquired every 10 minutes to
monitor the ice compositiom situ. During the co-deposition experiment, Nidnd D
atoms are deposited simultaneously on the goldtiibswith a constant rate. Also here,
RAIR difference spectra are acquired every 10 neisuwtith respect to a spectrum of the
bare substrate.

«  Significantly more complex from an experimental adf view is the study of H/D
fractionation in ammonia isotopologues formed upordeposition of hydrogen, deuterium,
and nitrogen atoms. This experiment can be perfdrineco-depositing H and D atoms
generated in the HABS with N atoms from the MWASmixed H- and D-atom beam is
obtained by thermal cracking &:B,=1:1 gas mixture. The mixture is prepared by filin
up two independent pre-pumped (Zlénbar) parts of the dosing line with a known
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volume-to-volume ratio of Hand B gasses. The gasses are subsequently allowed ia mix
the total volume of the dosing line. The pre-mixgasb is then introduced in the thermal
cracking source using a precise leak valve to obiie gas flow. In a similar way, a;N
gas line is used as input for the microwave plasmarce. Another pre-pumped (<10
mbar) dosing line is used to deposit CO under themes experimental conditions as
previously described in the accompanying paper égoBee\et al. (2014). As explained
there the addition of CO simulates a more realigtterstellar ice environment. To
guarantee stable operational conditions, both thermacking and microwave plasma
sources are operated (‘backed’) for at least 30utam prior to co-deposition. A
simultaneous co-deposition experiment is then pewd at the desired sample
temperatures (13-17 K) by using all three H-, Dxd &l-atom beams as well as a molecular
CO beam for a period of typically four hours. Dgrithis co-deposition experiment, RAIR
difference spectra are acquired every 5 minutels eispect to a spectrum of the bare gold
substrate. All relevant experiments are summarizdéble 7.1.

Here, the main challenge is to evaluate with tlghést possible precision the H:D
ratio in the mixed atom beam to allow for a quatitie study of the competition between
hydrogenation and deuteration of ammonia ice. lapmb al. (2013) characterized the
atom fluxes produced by SURFRESID&nd found that, for identical settings and with H
and D used separately, the resulting H-atom fluxes atstirface are a factor of ~2 higher
than the measured D-atom fluxes. However, this dmgsnecessarily mean that using a
H,:D,= 1:1 mixed gas will result in a production of Hdab atoms in a 2:1 ratio. This is
because differences in the, ldnd D flow rates through the leaking valve as well as
different recombination efficiencies of H+H, D+hdaH+D on the walls of the quenching
quartz pipe can change the final H:D rafidoreover, the absolute flux calibrations come
with large uncertainties (~30-50%).

Therefore, after each H:D:N experiment, we perfatna control co-deposition
experiment of H:D:@ ~ 1:1:100 at the same temperature of the H:D:NeBment to
derive the effective H and D fluxes at the substrairface for all the different temperatures
investigated. These control experiments lead tofdhmation of two products: HOand
DO, through the reactions H/D +,& HO,/DO,. The surface formation of HGand DQ
has been the topic of several studies and is krtowre a nearly barrierless process).(
Cuppenet al. 2010). Therefore, the total amount of final pretduand the HODO, ratio
are expected to be independent of temperatureve agrified here in the range between 13
and 17 K - and reflect the effective H- and D-afitumes at the surface. Band strengths of
selected mid-IR vibrational modes are needed tatifyethe final abundances of H@nd
DO, formed in our control experiments. Unfortunatelyere is no experimental data on
HO, and DQ band strengths in an,@atrix. Therefore, we used integrated band ameas t
calculate the ratio between OD:OH stretching maoaied the ratio between DOO:HOO
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bending modes for all the investigated temperatlfée two ratios give the following
values of 1.48 and 1.47, respectively, which angperature independent.

To quantitatively link the OD:OH and DOO:HOO rati@s obtained from the
integrated band areas with the ratio of the fimabant of HQ and DQ, we still need to
know at least the band strength ratios for thecsedkvibrational modes. Therefore, we
assume that the band strength ratio between the &@Qhe HOO bending modes of PO
and HQ, respectively, is the same as for the band sthersgito between the DOO and the
HOO bending modes of &, and DO, obtained in @+ H/D experiments by Miyaucls
al. (2008) and Obat al. (2014). As shown in Obet al. (2014), the peak positions oG
(1385 cnt) and RO, (1039 cnt) are similar to the peak positions of H391 cn') and
DO, (1024 cnm') in our G matrix experiments(Bandow & Akimoto 1985). The
DOO:HOO band strength ratio in Miyauckt al. (2008) and Oba et al. (2014) is
determined as 1.4Ve also assume that the OD:OH band strength nattio the stretching
modes of H@ and DQ is the same as for the OD:OH band strength ration fthe
stretching modes of 40 and DO determined by Bergrest al. (1978) and Miyauchét al.
(2008). In this case, an OD/OH band strength rafid.5 was found. By scaling the
integrated band area ratios of the two selectedatidmal modes (OD:OH = 1.48 and
DOO:HOO = 1.47) for their respective band strengtios (OD:OH = 1.5 and DOO:HOO
= 1.4) we conclude that the ratio of our effectite and D-atom fluxes is equal to one
within the experimental uncertainties.

Once the first H:D:@~ 1:1:100 control experiment is completed, theigcesually
sublimated and a second control co-deposition éxeet of H and D atoms with O
molecules is repeated always at 13 K. This secontfa experiment is meant to monitor
the day-to-day reproducibility of the H- and D-atdlumxes. We did not find any major
fluctuations in the H:D-atom beam over the coulfseun experiments.
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Table7.1. List of the performed experiments.

TL PL
Ref. N Experiment Methotl Ratio Tﬁg"e ML nzn'l) ( 1920;::2“;:2”1)[) ( 19tsocrrr;gl::in,1)b (t‘n:‘i:;) TPD

SURFRESIDE
Isotopic exchange in NHD system

NH; D (from D,)
1.1 NHg:D pre-dep 15 4.5 (50 ML) 0.7 120

25 60 QMS
1.2 NH3:D co-dep 1:5 15 0.5 2.5 120
SURFRESIDE
Deuterium fractionation of ammonia isotopologues prodimesimultaneous surface (H+D)-atom addition to N-atoms
H+D

(ef0] (HyD, = 1:1) N (from Ny)
2.1 N:(H+D):N,:CO co-dep  1:15%100:100 13 05 0.07% 0.005 180  QMSHK
2.2 N:(H+D):N;:CO co-dep  1:15%100:100 13 0.5 0.07% 0.005 240
2.3 N:(H+D):N,:CO co-dep  1:15100:100 14 0.5 0.078% 0.005 240
2.4 N:(H+D):N,:CO co-dep 1:15100:100 15 0.5 0.07% 0.005 240
25 N:(H+D):N,:CO co-dep  1:15%100:100 16 0.5 0.07% 0.005 240
2.6 N:(H+D):N,:CO co-dep  1:15100:100 17 0.5 0.078% 0.005 240

(e]6] H (from H) N (from Ny)
31 N:H:N,:CO co-dep 1:20:100:100 13 0.5 0.1 0.005 90

CcO D (from Dy) N (from N,)
3.2 N:D:N,:CO co-dep 1:20:100:100 13 0.5 0.1 0.005 90
Determination of H:D atom ratio in produced mixed (H+D)ratoeam

H+D

0 (H;:D, = 1:1)
4.1 (H+D):0, co-dep 1:600 13 45 0.075 10
4.2 (H+D):0, co-dep 1:600 14 45 0.075 10
4.3 (H+D):0, co-dep 1:600 15 45 0.075 10
4.4 (H+D):0, co-dep 1:600 16 45 0.075 10
4.5 (H+D):0O, co-dep 1:600 17 45 0.075 10

“Experiments are performed by pre-depositon (prg-dep co-deposition (co-dep) techniquBg, is the deposition rate of a selected molecule esgd in
ML min under the assumption that 1 L (Langmuir) exposeses to the surface coverage of 1 Ml is the substrate temperature during co-deposition;
Atom-flux™ is the HABS atom flux; Atom-fluX is the plasma cracking lirtom flux; ty is the total time of co-deposition; TPD is the pamature
programmed desorption experiment performed afterwattdtve TPD rate indicated.

bAbsolute uncertainties of H/D- and N- fluxes areaB@ 40%, respectively; the relative uncertaintyveen two of the same N+H/D experiments is <20%, and
is as low as a few percent for H/D3€xperiments.

“Since the exact atom-beam composition feil= 1:1 feeding mixture is unknown, the absolute aflum corresponding to the sum of the two distidokés
(one for pure KHand one for pure f divided by 2 is used to present co-deposition ratios aatfteences.

7.3 Results and conclusions
7.3.1 Deuterium exchangein NHz + D system

Nagaokaet al. (2005) and Hidaka&t al. (2009) found that both solid, B0 and CHOH
participate in abstraction reactions with D atomshie 10-20 K temperature range yielding
D-substituted methanol isotopologues inC®+D and CHOH+D experiments. In the
same work, Nagaoket al. (2005) investigated similar reactions for theMH system and
reported that no abstraction is observed in theosxe of pre-deposited NHo cold D
atoms at temperatures below 15 K. In the presenk,wee verify this conclusion for our
experimental pre-deposition conditions and we frrtexpand on this by performing
co-deposition experiments.

In the top panel of Figure 7.1, two RAIR spectre @resented: (a) a spectrum
obtained after 50 ML deposition of pure Nide, and (b) the RAIR difference spectrum
obtained after exposure of this ice to 8°ID atoms crif. One can see that all four main
spectroscopic absorption features of N4 = 3217 cnt, v.= 1101 cnt,vs= 3385 cni,vs
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= 1628 cn, see Reding & Hornig 1954) are visible in the $@eof pure NH ice. It
should be noted that the peak positions are sagmifly shifted in this pure ammonia
environment from the ones in rare gas matrix-igoldiH; due to the presence of hydrogen
bonds between NHmolecules (bHN-H---NH) (compare for example data in Reding &
Hornig 1954 with those in Abouaf-Marguiet al. 1977 and Hagen & Tielens 1982).
Spectrum (b), in turn, shows that none of the,DHabsorption bands demonstrates a
noticeable growth upon D-atom exposure, at leastwiiiin our experimental detection
limits. A small feature in the N-H/O-H stretchinggion (3000-3500 cif), and a shift of
the peak centred at 1100 ¢nfsee the negative bump in spectrum b) is likelg do
background water deposition on top of Néturing the 2 hours of D-atom exposure. It is
known that position and strength of Blebsorption bands can vary in presence 6 ite,
since new hydrogen bonds are formed wig®Hnoleculesj.e., HOH---NH, H,O---HNH
(Bertie & Shehata 1985).

In order to further increase the sensitivity of r oexperimental technique,
co-deposition experiments of NHmolecules with D atoms are performed. With a
sufficiently high number of D atoms over Mlirholecules €.g., 5:1 ratio), virtually, every
deposited NH molecule is available for reaction with D atomeda greater amount of
products may be formed and be available for detediy RAIRS. In the lower panel of
Figure 7.1, the results of this experiment are shothiere is no observable difference
between the NE+ D and pure NK deposition experiments at 15 K, and none of the
possible D-substituted NH isotopologues, i.e, NH,D, NHD, ND;, can be
spectroscopically identified. This further constgathe conclusion made by Nagaekal.
(2005) that the reaction NH D does not take place at temperatures lower fiaiK.
Moreover, because of the aforementioned “zero-pei@rgy argument”, we expect that
also reaction NB+H is not efficient at low temperatures as well.

It should be noted that hydrogen bonds between Midlecules stabilise NfHand
make abstraction reactions by D atoms thermodyreipidess favourable (in a way
similar to the HO + D case). Therefore, performing the NH D experiments in a
non-polar matrix could potentially prevent the hggien bond formation and in return help
to overcome the activation barrier for the exchamgetion at low temperatures. Although
this is an interesting project, we decided to penfanother challenging set of experiments
with the intent to study the deuterium fractionatiduring ammonia formation. The
outcome of these experiments is presented in tkieseetion.

- 163 -



Wavenumber, cm"*

4000 3500 3000 2500 2000 1500 1000

0.020 ——— , , , |
0.018 | ]
0.016 I % NHs(Vz) I 1

8 0.014 [ ]

c o002y NH, (v,) NH, (v,) ]

® o010}

= 0.008 1

5

¢ 0.006

L o004l —

< NH,D (v,) o3 NH,D (v,)

[ NH.D
0.002f . - :rl D0, l_‘—;—__
0.000 fmypryrmsn™ ™o, S SE—
0002
0.020
0.018 NH, (v,) I ]
0.016 | 1

8 0.014

c  0.012

= _

2 ool

5 0008} .

¢ 0.006

g 0.004
0.002

PRI SN W [N YT SR TR SN NN SN SN SN SN [T SN ST S S Y ST S wr} T S——
04%000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™
Figure 7.1. Upper panel: (a) RAIR spectrum of 50 ML of pure N 15 K (experiment 1.1); (b) RAIR
difference spectrum obtained after exposure of S0dfipre-deposited Nkice with 8-16° D atoms cni
at 15 K (experiment 1.1). Lower panel: (c) simuétaus co-deposition of 50 ML of Ntwith 3:13" D
atoms crif at 15 K, where D:Nki= 5:1 (experiment 1.2). The removed window betw2280 and 2380

cm® and the region from 3550 to 3650 Cipresent absorption bands due to atmospherig dldhg the
path of the IR beam outside the UHV setup.
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7.3.2 H/D fractionation of ammonia (isotopologues) produced by hydrogenation of N
atoms at low temperatures

Here, we show the first experimental results fartdeum fractionation in Nglmolecules
during the formation of ammonia through N-atom logdmation/deuteration in interstellar
ice analogues. A number of experiments has beeforperd in which N atoms are
co-deposited at 13 K with CO molecules and a métfrH and D atoms in a single beam
(see Table 7.1 experiments 2.1-3.2). Now, all fpassible ammonia D-isotopes can be
identified following the identification of severapectral features: NHv, = 975 cnt and

va = 1625 crit); NH.D (v, = 909 cnitt andv, = 1389 crit); NHD; (v, = 833 cnf, v, = 1457
cm?, andvs = 2551 cnt); and NI (v» = 762 cni andvs = 1187 cnit). Assignments are
taken from Reding & Hornig (1954), Abouaf-Margughal. (1977), Nelander (1984), and
Koops et al. (1983). Figure 7.2(a) shows the RAIR spectrumaoto-deposition of
N:(H+D):N,:CO = 1:15:100:100 at 13 K with a)®, = 1 ratio and the Nis due to the
undissociated precursor gas. In this experimesg BIDCO can be observedat= 1708
cmi' andvs = 1395 cnit (Hidakaet al. 2009), while both HCO and RCO are present only
as trace signals at 1733 ¢rand 1682 ci, respectively.

In order to make the interpretation of our datangtative, absolute band strengths are
needed. For Nkland NI absolute intensity measurements exist. There aravailable
data for the band strengths of the partially deiéet ammonia isotopes - MPland NHD
- for which only predictions have been reportedao(Koopset al. 1983). Since in our
studyv; is the only mode that is present for all ammasoéopologues and this vibrational
mode can be affected by the ice lattice, we haealdd to apply a different method for the
guantitative characterization of ammonia deuterfuactionation at low temperatures. In
the accompanying paper (Fedosatwal. 2014), we have already shown that under our
experimental conditions the amount of produced amas determined by the amount of
nitrogen atoms available for hydrogenation. In tase of a pure statisticalg, mass
independent) distribution of the products of sirmo#ous H- and D-atom additions to
nitrogen atoms, the final yield distribution of BINH,D:NHD,:ND3 should be about
1:3:3:1, assuming a H:D = 1:1 ratio, as determingtie experimental section.

Therefore, in Figure 7.2 we compare the spectruomfra co-deposition of
N:(H+D):N2:CO = 1:15:100:100 at 13 K (Fig. 7.2a) with sped@n a nitrogen-atom
co-deposition experiment with only H atoms (Figbj.@r only D atoms (Fig 7.2c), in such
a way that the total amount of deposited N atonthénexperiment shown in Fig. 7.2(a) is
8 times higher than that shown in each of the tthewspectra. It is illustrated in Fedoseev
et al. (2014) that under our experimental conditionsiladonversion of N atoms into the
final product (NR) is achieved. Therefore, if our assumption of &31 distribution of
the formed isotopologues is correct, Fig. 7.2(lusth represent a statistical weight of the
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formed NH;, and Fig. 7.2(c) of NB In this distribution, the amount of produced Nki 8
times lower than the total amount of all the fornadmonia isotopologueseg., only 1/8
part of the deposited N atoms should be convedddH;. The same applies to NDThe
comparison of the Ngand ND;band areas in Fig. 7.2(a) with the Nbland area in Fig.
7.2(b) and the NPband area in Fig. 7.2(c) shows that, for the chasatings, there is a
deviation from the statistical 1:3:3:1 distributionfavor of an increase in the production of
deuterated species. In particular, by comparingdted amount of NBin Figs. 7.2(a) and
7.2(c), we estimate that every deuteration readti@s a probability of almost a factor 1.7
higher to occur over the corresponding hydrogenatéactions. The area of NIn Fig.
7.2(a) is two times larger than the N&rea in Fig. 7.2(c). To achieve such enhancenfent o
NDj3 production over three subsequent additions of HDoatoms to an N atom, every
deuteration reaction should have a probability &daor 1.7 higher to occur, resulting in a
final NH3:NH,D:NHD»:ND3 distribution of 0.4:2.1:3.5:2. This is further dissed in the
following sections.

0.002 ND,

NHD,

0.001 |

0.000

-0.001 |

Absorbance

Statistically expected ammounts of NH, and ND, (c)]
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Figure 7.2. Three RAIR difference spectra: (a) co-depositibotNgH+D):N,:CO = 1:15:100:100 at 13 K

(experiment 2.1); here, the H- and D-atom beamgpmgepared in the thermal cracking line by feedimg t

line with a mixture of D, = 1:1; (b) co-deposition of N:HINCO = 1:20:100:100 at 13 K (experiment

3.1); (c) co-deposition of N:D:NCO = 1:20:100:100 at 13 K (experiment 3.2). Thaltdl-atom fluence

in (a) is 8 times higher than in (b) and (c). Thaistor 8 represents the weight of Neét ND; molecules in

a pure statistical distribution of final hydrogeonat products assuming that H:D = 1:1.e(
NH3:NH,D:ND,H:ND3 = 1:3:3:1).
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Figure 7.3 shows the amount of ammonia isotopemddras a function of the N-atom
fluence. The uncertainties are large, but the ddridata points hint for a linear growth for
all the produced species. This is consistent with assumption that the formation of all
NH; isotopologues proceeds through subsequent H/D-afddlition to a single nitrogen
atom, and no secondary processes like abstractiomsnvolved (Hidakaet al. 2011,
Fedoseeet al. 2014).
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Figure 7.3. Co-deposition of N:(H+D):pCO = 1:15:100:100 at 13 K (experiment 3.1). Theaabance

-0.001

of NH3, NH,D, ND,H and NL (taken from the integration of thg mode) is shown as a function of the

N-atom fluence.

7.3.3 Temperature dependency of deuterium enrichment of the produced NH3 Dy
isotopologuesin N+H+D atom addition reactions

The N+H+D co-deposition experiments described engtevious section are here repeated
for a number of different temperatures with thelgoastudy the thermal dependence of
NH3..D, (withn=0, 1, 2, 3) formation. The RAIR spectra obtdiadter co-deposition of
1.1-16° N atoms crif with a mixed H:D-atom beam at 13, 14, 15, 16, &Rk are shown

in Figure 7.4. Two conclusions can be derived ftbese plots. First, the formation of all
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four isotopologues is observed in the 13-15 K rarmg drops below the detection limit
between 16 and 17 K. This decrease of the tota) /8 production confirms, once again,
the conclusions in Fedoseetal. (2014) that hydrogenation of N atoms in CO-richsi
takes place through the L-H mechanism. In the cdsEley-Rideal (E-R) or hot-atom
mechanisms, no significant temperature dependaspeejfically within such a small range,
is expected. Secondly, the deviation of the obsksignals from a statistical distribution in
the amount of formed NJ NH,D, NHD,, and N in favour of D-substituted
isotopologues remains constant, despite a graditabdse of the total amount of products.
In other words the observed preference in deuteravents over hydrogenation events is
within our detection levels the same for all thetéd temperatures.

ND,
0.008 NHD,
0.006 K m (a)
8 N
i (b
S o0.00a[ K :
-E (14 (c)
8 0.002 | )
o :15
< 0.000 [0
(17K
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Figure 7.4. RAIR spectra obtained after co-deposition of N:fH:N,:CO = 1:15:100:100 at five different
temperatures: (a) 13 K, (b) 14 K, (c) 15 K, (d)KL6and (e) 17 K (see experiments 2.2-2.6). The thixe
and D-atom beam is prepared in the thermal craclkirgby feeding the line with a mixture obiD, =
1:1.
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7.3.4 Discussion

All four NH3D, isotopologues are observed among the productsimiiltaneous
co-deposition of N atoms with H and D atoms. THigves us to study for the first time the
competition between hydrogenation and deuteratfoN atoms in the solid phase at low
temperatures. Previous work aimed at studying §ardgenation of N atoms in a,N
matrix (Hiraokaet al. 1995, Hidakat al. 2011) as well as in CO-rich ices (Fedoseteal.
2014). All three studies suggest that hydrogenaionitrogen atoms takes place through
subsequent H-atom addition to a single N-atom:

N +H— NH, (7.1)
NH + H— NH,, (7.2)
NH; + H — NHa. (7.3)

When D atoms are introduced simultaneously withtéins, it is logical to assume that
these also will participate in competing deuteratieactions, following the same chemical
pathway:

N + H/D — NH1..Dy n=0,1), (7.4)
NH1..Dp + H/D — NH,..D, (n=0, 1, 2), (7.5)
NH,..Dy + H/D — NH3..D, (=0, 1,2, 3). (7.6)

As stated before, in the case that there is no datipreference for H- or D-addition
reactions, then for a H:D = 1:1 mixture, the finsbtopologue distribution follows a
statistical weighting of Ns§INH,D:ND,H:ND3; = 1:3:3:1. However, the actually observed
distribution deviates, and is determined as 0.43%512, in favour of a higher (1.7 times)
deuteration efficiency compared to hydrogenatiom determine the exact process
responsible for this enrichment, we have consid@iffidrent possibilities: experimental
artefacts, specifically,i) deviations from the H:D = 1:1 ratio in the mixatbom beam
fluxes in favour of D atoms; or a physically ancegtically different behavioui.e., (ii)
differences in accretion rates (sticking probaiesi} of H and D atomsiji{) differences in
desorption and diffusion rates of the adsorbed H Rratoms, andiy) other competing
reactions involved, like for example atom abst@ttreactions. These possibilities are
discussed separately.

(i) Lower H-atom flux over D-atom flux in the mixed beam.
As we described before, a:B, = 1:1 gas mixture is used as a feeding gas fothtiuenal
cracking line to obtain a mixed H/D-atom beam. Thféerence in mass and bond energy
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of both precursor species may yield an H:PBH:HD beam reflecting a deviating
distribution, causing experiments to start fromkfumwn) initial conditions. Therefore, to
evaluate the exact H:D ratio in the atom beam, eqedition experiments are performed,
where mixed H/D atoms are co-deposited with langerabundances of nolecules and -
as discussed in the experimental section - the amouHO, and DQ formed through
barrierless reactions can be directly linked to HiB ratio. The test shows that the same
amount of H@ and DQ is formed in all experiments at all tested tempess. The
temperature independence of the obtained resulisstsong support of an E-R mechanism
for HO, and DQ formation. Therefore, assuming the same probgbit H and D atoms
to react with @ molecules upon encounter, the H:D-atom ratio ati¢e surface is equal to
1 and cannot explain the observed deuterium engohinin N+H+D co-deposition
experiments.

(ii) Different sticking probabilities for H and D atoms at the surface of theice.

Several studies have been devoted to the investigat the sticking coefficients of H
atoms to cryogenically cooled surfaces as a funatibthe translational energy of the H
atoms (for an overview see Watanadteal. 2008). Buch & Zhang (1991) performed
molecular dynamic simulations showing that D atérage a higher sticking probability (to
H,O ice) than H atoms for all studied temperatur€s680 K). For instance, a 300 K
D-atom beam has a calculated sticking probabitityvater ice 2.5 higher than H atoms.
Unfortunately, to date, no experimental data islakke on a mixed CO:Nice surface and
a 300 K estimated D/H-atom beam temperature. Horydgkowing the simulations, we
expect a higher surface density of D atoms (wtt.tatoms) on the surface of the ice,
consistent with the observed results. It shoulddited, though, that this may not be the full
story. The nose-shaped quartz pipe is used taimiklly quench ‘hot’ atoms. Therefore, it
is not necessarily true that H and D atoms havetick translational energies at the ice
surface; both species are light and this makesiefffi collisional quenching even more
challenging. Finally, the factor 2 difference ingaanay affect the resulting distribution of
translational energies, further changing the stigldoefficients for H and D atoms. Bottom
line, the sticking probability for H and D atoms edld surfaces seems to be a key
parameter to explain the experimentally observedes®im fractionation.

(iii) Difference in desorption and diffusion rates for H and D atoms.

If D atoms have a higher binding energy to CO-f@ntH atoms, this can affect the system
in two opposite ways. On one hand, a lower bindingrgy of H atoms means that they
have a higher probability to desorb from the swgfatthe ice before a reaction with other
species takes place. On the other hand, a loweingrenergy means that, for the studied
temperature range, thermal hopping of H atoms iscttur more frequently than thermal
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hopping of D atoms. If quantum tunnelling is resgible for the diffusion of H/D atoms,
this further enhances the mobility of H atoms aralgrobability to find an N-atom to yield
NH;..D, (n = 0, 1) and NH.D,. (n = 0, 1, 2). To verify this hypothesis, a set of
experiments as described in section 3.3 was peewrmlo significant difference upon
sample temperature variation is found up to 17 Kere none of the reaction products
could be detected. In the case that either a diffex in desorption or diffusion rate would
be responsible for the observed deuterium enrichmeme would expect to find a
significant change in the NJNH,D:ND,H:ND3 distribution with temperature from
maximum production to non-production of ammoniadpologues. This is not observed
and hints for the conclusion that different diffusirates are not case determining. This is
also consistent with the small isotopic differefiedween the diffusion of H and D atoms
on amorphous water ice as observed by Herah (2012).

(iv) Competing reaction channels.
Taking into account an overabundance of H/D atoampared to N atoms on the surface
of the ice, the main competing reaction channalsapected to be:

H+H— Hy, (7.7)
D+D— D, (7.8)
H+ D — HD. (7.9).

If two separate systems would be studiegl,(N+H and N+D), the rates of the competing
barrierless reactions (7.7) and (7.8) would affénet rates of Nkl and NI} formation
through the consumption of the available H and D&t and would decrease the
corresponding H and D surface densities. This pe@ally important if the Ngland N
formation mechanism would involve activation bawjeslowing down reactions in
comparison to reactions (7.7) and (7.8). Howewuas, is not the case. In addition, in our
system, where H and D atoms are co-deposited,ioaat.9), which decreases surface
densities of H and D atoms in an equal way, shdolghinate. Our data cannot conclude
precisely on the difference in surface H- and Dyatiensities during the experiments, and
knowledge of the activation barrier for H and Dfasion and desorption is required to
build a precise model to investigate it. Other pmescompeting reactions that should be
mentioned here are abstraction reactions. Althaaghtion

NH; + D— NH, + HD, (7.10)

can be excluded experimentally from the list (ssisn 7.3.1), reactions
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NH, + D — NH + HD, (7.11)
NH + D — N + HD, (7.12)

and similar reactions, including deuterated isotogwes +H atoms instead of D atoms,
should not be disregarded. Also abstraction reastio

NH, + Hy/D, — NHo/NH,D + H/D, (7.13)
NH + Hy/D, — NHo/NHD + H/D, (7.14)
N + Hy/D, — NH/ND + H/D, (7.15)

should be considered. Both reactions (7.11) anti2f7are expected to have activation
barriers. Similar reactions involving only H atorsisow barriers of 6200 K for reaction
(7.11) and 400 K for reaction (7.12) (Ischtwan &llds 1994, Poveda & Varandas 2005).
Reactions (7.13) - (7.15) are expected to havevatwin barriers as well and are
endothermic (see Hidaléal. 2011 and references therein). Since reactiod3-(7.6) are
all barrierless, they should proceed much fastn tieactions (7.11)-(7.15). Therefore, we
assume that reactions (7.11)-(7.15) do not cortilmignificantly to the formation of
ammonia and its isotopologues under our experirheatalitions.

After discussing these arguments, we consider iffierehce in sticking probabilities
of H and D atoms to the surface of CO-rich icesulting in a higher surface density of D
atoms over H atoms) as the main reason for thenraddedeuterium enrichment of
ammonia isotopologues produced by surface hydragerdeuteration of N atoms at low
temperatures.

7.4 Astochemical implications and conclusions

The observed high deuterium fractionation in piksteores (high densities:n 10° cm®
and low temperatures ¥ 10 K) is the result of a combination of gas-phasd surface
reactions. Under molecular cloud conditions, thel Edtio of molecules is found orders of
magnitude higher (between 0.02-0.09 for DNC/HNG@tkthe elemental abundance of D/H
= 1.5 x 10° (Linsky 2003, Hiroteet al. 2003). It is well established that this enhanagme
is largely due to exothermic exchange gas-phasgioesa involving H" (Oka 2013, Millar

et al. 1989, Robertst al. 2004). A process that can counterbalance theedent
enrichment of gas-phase species is the reactievebetBD" and CO. However, for cloud
densities higher than a few>.6m >, timescales for collisions of CO with grains beeoso
short that most of the gaseous CO is depleted fhengas to form a layer of pure CO ice on
the grains. This so-called “catastrophic” freezéaflCO, observed directly through infrared
ice-mapping observations (Pontoppidan 2006) anueicidly through the lack of gas-phase
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CO and other molecules in dense regions (Beggah. 2002, Casellet al. 1999), causes a
rise in gaseous 4" and deuterated molecules. Moreover, electron rbowation of BD*
enhances the abundance of D atoms, which thenaréinipate in surface reactions on dust
grains to form deuterated ice (Aikawa 2013).

Recent laboratory experiments proved that surfeeetions involving deuterium -
including hydrogen abstraction reactions - leath®deuterium enrichment of interstellar
ices. For instance, the deuteration of solid £09 induces the formation of deuterated
water ice €.g., Dulieuet al. 2010, loppolcet al. 2008, Romanziet al. 2011). However,
the formation of HO/HDO through OH+KHD, and HO,+H/D (Obaet al 2012, Obaet al
2014) shows a preference for hydrogenation thateas explained by a higher quantum
tunneling efficiency. On the other hand, Nagaokaalat(2005), Nagaoka (2007), and
Hidaka at al. (2009) demonstrated that hydrogemstoan be abstracted from methanol
and its isotopologues and substituted by D atonom Wip-atom exposure of solid GEH,
CH,DOH, and CHROH.

Triply deuterated ammonia (NPhas been observed in dark clouds with ars/NBEI3
abundance ratio of ~8-1) which implies an enhancement of more than 10 rerdé
magnitude over the purely statistical value expkdtem the abundance of deuterium in
the interstellar medium (Liet al. 2002). The deuterium enrichment of ammonia camioc
both in the gas phase and in the solid phase (Redgeharnley 2001). The gas-phase
synthesis of ammonia in cold dense clouds occunautih a sequence of ion-molecule
reactions that start with the fragmentation of ahd formation of N ions through the
reaction with H&, which is formed by cosmic-ray ionization of HaicBessive reactions
with H, end with the formation of the Nfiion, and dissociative recombination with
electrons finally yields Nklas the dominant product (Viketal. 1999, Ojekulkt al. 2004,
Agundez & Wakelam 2013). When deuterated speciesnaolved in the process, triply
deuterated ammonia is then formed through the dim$ee recombination of NHP. In
their gas-phase chemical model, lasal. (2002) were able to reproduce the observed
abundances of deuterated ammonia only when a atiststal ratio for the dissociative
recombination reaction forming NDwas used. An alternative route is the deuterium
fractionation on the grains, as studied here.

In the solid phase, the formation of ammonia isdical-radical process (reactions
(1)-(3)) that occurs at low temperatures (<15 Kewvibus laboratory work confirms that
these surface reactions are nearly barrierlessagkiaret al. 1995, Hidakaet al. 2011,
Fedoseevet al. 2014). Therefore, one would expect the deuterinactionation of
ammonia to reflect the atomic D/H ratio in the &ted gas. Disregarding any other surface
reaction and assuming that the probability for eien of N atoms and reaction with D
atoms ispp, then the probability for reaction with H atoms (& pp). The expected
fractionation for NHD/NH; is 3op/(1- pp), where the factor 3 accounts for the three
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chances to deuterate ammonia, and [8-/8L- pp)®> for ND,H/NHs (Tielens 2005).
Although this simple calculation strongly dependstlee local cloud conditions, it is based
on a statistical distribution of the NKD, isotopologues and does not fully reflect the
observed gas-phase abundances for thg,Nklisotopologues in dense cold clouds (Rouef
et al. 2000, Loinarckt al. 2001).

Our laboratory results indicate that the simultarseaddition of H and D atoms to N
atoms on a cold surface leads to the formationllothe deuterated isotopologues of
ammonia with a distribution that is non-statistiaallow temperatures and that leads to a
higher deuterium fractionation of ammonia ice. ®@yperiments are performed in CO-rich
ices to resemble the conditions found in dense cotds, where CO freezes-out onto dust
grains and the D/H ratio increases. The use of ar2a@ix in our experiments also helps to
overcome the IR spectral broadening that occurgolar ices and that induces spectral
confusion. Moreover, the D/H ratio (~1:1) chosem faur experiments is somehow
representative to the densest prestellar cores anthe same time, simplifies the data
analysis. Under our experimental conditions, ewlayteration event has a probability of at
least a factor 1.7 higher to occur over a regulairdigenation event, independently from
the surface temperature. A higher sticking proligbdf D atoms over H atoms to the
surface of the ice can explain our experimentalifigs. In this scenario, the surface D/H
ratio is higher than the already enhanced gas-pbAdeaatio as in dense cores, because D
atoms have a higher binding energy to the surfaae H atoms. This will further increase
the deuterium fractionation of species that arenéat in the solid phase and then later
released into the gas-phase. Therefore, our reshuits that the deuterium fractionation of
species in the solid phase is potentially a mor@oitant process than previously
considered.

This conclusion can be extrapolated to other chansigstems than simply ammonia
ice, where isotopologues are formed by a seriesoafpeting and barrierless H/D-atom
addition reactions to a single atom. For instamee expect that the competition between
hydrogenation and deuteration of £ldads to an enhancement of deuterated species. Our
H- and D-atom beam has a temperature of 300 Kppesed to the temperature of H and
D atoms in dark cloud regions that is roughly ateorof magnitude lower. Buch & Zhang
(1991) reported that the sticking probability 003Q deuterium atoms to the surface of an
amorphous kD cluster is 2.5 higher than the sticking prob#apitif hydrogen atoms. The
same ratio goes down to 1.42, when the D and H st at 50 K. Moreover, different
surface properties,e., polar (HO-rich) versus non-polar (CO-rich) ice, can potentially
affect the sticking probabilities of H and D atormas well. Therefore, we expect that
complementary systematic experiments performed Witland D-atom beams at different
kinetic temperatures and in both polar and nonfpa@a analogues will be pivotal to
determine the role of ice grain chemistry in théeiistellar deuterium fractionation of
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molecules like ammonia. The present study alreadyvs that surface reactions clearly can
contribute to the observed gas phase abundances.
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\YARN

Experimental Evidence for Glycolaldehyde and

Ethylene Glycol Formation by Surface
Hydrogenation of CO Molecules under Dense

M olecular Cloud Conditions

This study focuses on the formation of two molesuté astrobiological importance -
glycolaldehyde (HC(O)CKDH) and ethylene glycol (€(OH)CHOH) - by surface
hydrogenation of CO molecules. Our experiments atnsimulating the CO freeze-out
stage in interstellar dark cloud regions, well befdhermal and energetic processing
become dominant. It is shown that along with thenftion of HCO and CHOH — two
well established products of CO hydrogenation -e af®lecules with more than one
carbon atom form. The key step in this proceshasight to be the recombination of two
HCO radicals followed by the formation of a C-C Hoffhe experimentally established
reaction pathways are implemented into a contindious random-walk Monte Carlo
model, previously used to model the formation of;OH on astrochemical time-scales, to
study their impact on the solid-state abundancesdémse interstellar clouds of
glycolaldehyde and ethylene glycol.

G. Fedoseev, H. M. Cuppen, S. loppolo, T. Lambemtsth Linnartz, submitted to MNRAS



8.1 Introduction

Among approximately 180 molecules identified in théer- and circumstellar medium
over 50 molecules comprise of six or more atoms.dstrochemical standards, these are
seen as ‘complex’ species. Most of these moleadatin H-, C- and O- atoms and can be
considered as organic molecules. The sources whese complex organic molecules
(COMs) are detected include cold interstellar coreiscumstellar envelopes around
evolved stars, hot cores and corinos, outflows el a& other regions. The detection of
COMs around young stellar objects (YSOs) in thdyestages of their evolution may
indicate that COMs are part of the material fromiclthcomets, planetesimals and
ultimately planets are made. Therefore, it is nopssing that prebiotic molecules and
chemical pathways leading to their formation atspaar stages have become topic of an
increasing number of observational, theoretical ktdratory studies. A clear focus has
been on amino acids, specifically the simplest anaoid, glycine. Despite theoretical
studies and laboratory based work that show thgtirgg as well as several other
amino-acids should form in space (Mufioz Cetral. 2002, Blagojeviet al. 2003, Congiu

et al 2012, Garrodet al. 2013) unambiguous detections are still lackingy(ter et al.
2005). The search for two other classes of prabimimpounds — aldoses (polyhydroxy
aldehydes) and polyols — has been more succesdfidses are compounds with chemical
formula (CHO), containing one aldehyde (-CHO) group. Well-knowennbers of this
series are the simple sugars (monosaccharide)sglycibose and erythrose. The simplest
representative of this class — glycoladehyde (HCE@PH) — has been successfully
detected towards the solar mass protostar IRAS38292 by ALMA, see Jgrgensenal.
(2012) and toward two other objects, the Galaotinter source SgrB2(N) (Holligt al.
2000) and high-mass hot molecular core G31.41+(Badltran et al. 2009). The
best-known representative of the polyols serieglyserine — a basic compound of fats.
Glycerine is a triol and has not been detected gace so far, but ethylen glycol
(H,C(OH)CH,OH), a diol, has been observed toward the Galaetiter source SgrB2(N)
(Hollis et al. 2002) as well as around the low-mass Class @gtat NGC 1333-IRAS2A
(Mauryet al. 2014).

From the chemical structure of both aldoses aryofwit is expected that the key
stage in the formation of both molecule classestnesthe formation of a chain of
carbon-carbon bonds. Furthermore each carbon atdhisi chain is attached to an oxygen
atom resulting in a -C(O)-C(O)-(C(@))backbone. So the crucial stage in the mechanism
describing the formation of both HC(O)@bH and HC(OH)CH,OH and other aldoses or
polyols not detected in space so far, is the famnadf a -C(O)-C(O)- bond. It is here that
surface chemistry can play a role. It is generatlgepted that carbon-bearing species like
CH30H, H,CO, CQ, and possibly Ckform on icy dust grains, as these provide surfaces
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on which gas-phase species accrete, meet, and karetover, these icy grains can absorb
excess energy released in a chemical reactiorctiofiéy stabilizing products and changing
the branching ratio of the reactions. Thereforedémse cold clouds, icy dust grains act
both as a molecular reservoir and as a solid-sttyst (though they are not considered
as a catalyst in the chemical sense). Chartle. (2001) suggested that the formation of
both glycolaldehyde and ethylen glycol proceedstitbh the following reaction chain:

CO + H— HCO, (8.1)
HCO + C— HCCO, (8.2)
HCCO + O— HC(0)CO, (8.3)
HC(O)CO + H— HC(O)CHO, (8.4)
HC(O)CHO + H— HC(O)CHO/ HC(O)CHOH, (8.5)
HC(0)CH,0/ HC(O)CHOH + H— HC(O)CH,OH, (8.6)
HC(O)CH,OH + H— H,C(0)CHOH/HC(OH)CHOH, 8.7)
H,C(O)CH,OH/ HC(OH)CHOH + H— H,C(OH)CHOH. (8.8)

Another formation route suggested later by Char&ldyodgers (2005) is very similar but
with altered sequences of H- and O-atom additiofise reduction reactions (8.1),
(8.5)-(8.8) (or similar reactions) are reported pceed under cold molecular cloud
conditions (Hiraokaet al 1994, Zhitnikovet al. 2002, Watanabet al. 2002, Bisschopt al.
2007, Fuchset al. 2009). The reactions (8.2) and (8.3), howevevehaot been verified
experimentally. Furthermore, the formation of al&i-C(O)- backbone will require another
place selective addition of a carbon atom to thaxlpet of reaction (8.4) followed by an
O-atom addition or alternatively will require thddition of a C-atom to the product of
reaction (8.2) followed by two place specific oxpgatoms additions. These channels are
not considered as effective pathways to form detri@(O)- chain.

A considerably more realistic scenario involvesctiems between two HCO radicals
as produced in the reaction (8.1) yielding Glyoxal:

HCO + HCO— HC(O)CHO. (8.9)

Sequential hydrogenation by 2 or 4 H-atoms turng@®CHO into glycoladehyde and
ethylen glycol, respectivelyi.e., reactions (8.2)-(8.4) in this scheme are replabyg
reaction (8.9), see Figure 8.1 for comparison dhlszhemes. This reaction route may be
more relevant than the mechanism suggested by [Elaet al. (2001), as: (i)
CO-molecules and H-atoms are among the most abtirseties in dense molecular
clouds and CO is the second most abundant moléculaterstellar ices in the coldest
clouds; (ii) the formation of C¥DH proceeds through sequential hydrogenation of CO
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molecules with HCO as a necessary intermediate hwhitarantees that this radical is
formed on the surface of interstellar grains; (iigaction (8.9) is a radical-radical
recombination and expected to be barrierless wisigtarticularly important for the very
low temperatures (~10-15 K) of icy grains in spgo#; the option for further growth of a
(-C(O)-), backbone through the addition of another HCO &d&mains in the case that an
H-atom addition in reaction (8.5) or (8.7) takeagal on the O-atom instead of the C-atom.
The dimerisation of HCO, reaction (8.9) is consédein a recent work by Woods al.
(2013) as one of the formation routes of glycolhidke. Their astrophysical model
consistent with the observed estimates in the hoteenlar core G31.41+0.31 and
low-mass binary protostar IRAS 1629-32422.

In this work, we experimentally investigate surfégelrogenation of CO molecules at
dense molecular cloud conditions with the goaleadfy the formation of side products of
methanol with more than one carbon atom. We wilslthat for our experimental settings,
the formation of glycolaldehyde and ethylen glyitmleed can be realized. This is the first
time that a regular hydrogenation scheme of C@usd to result in such complex species.
In the discussion section we prove that the kegti@a in the formation of these species
involves a HCO + HCO recombination. We also disdhsspossible formation of methyl
formate (HC(O)OCH) that is not found in this study but may be formauter other
experimental conditions. Subsequently, the expearialeresults of this work are
implemented into a model used by Cupptral. (2009) based on the continuous-time,
random walk Monte-Carlo method. This model allows the simulation of microscopic
grain-surface chemistry for the long timescalescipin interstellar space, including the
layering of ice during the CO freeze out. The cha@€ microscopic simulations is because
HCO radicals have to stay in close vicinity to eather in order for a reaction to occur.
Therefore, a method that accounts for the positibrthe species in the ice lattice is
required for the best representation of the sysiEm. astronomical implications are also
discussed. First, an overview on the experimentaicgdure and the performed
experiments is given.
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CcO CcO CcoO

(8.1) JH (8.1) | H (8.9) |H
HCO HCO HCO
(8.2) |C |H |H (8.10)
HCCO H,CO H,CO
(8.3) |0 VH VH (8.11)
HC(0)CO CH,O CH,0
(8.4) LH |H ! VH (8.12)
CH,OH CH,OH
HC(0)CHO HC(0O)CHO
(8.5) \H (8.5) |H
HC(O)CH,0 HC(O)CH,0
(8.6) |H (8.6) | H
HC(O)CH,OH HC(0)CH,OH
(8.7) |H (8.7) |H
H,C(O)CH,OH H,C(0)CH,0H
(8.8) VH (8.8) VH
H,C(OH)CH,OH H,C(OH)CH,OH

Figure 8.1. A schematic representation of glycolaldehyde aftd/lene glycol formation pathways
suggested by Charnleyal. (2001) (left scheme) and in this study (rightesoke).

8.2 Experimental

Experiments are performed using SURFRESID#R ultrahigh vacuum (UHV) setup that
is described in detail by loppo#b al. (2011). This setup comprises three UHV chamlzers;
main chamber with a base pressure 2°fibar and two chambers housing atom beam
lines with base pressures in the rangé®2®° mbar. In the main chamber, a sample holder
is mounted on the tip of the cold head of a clogdec He cryostat. The deposition
temperature can be controlled between 13 and 3@6tiKan absolute precision of <2 K
and relative precision of about 0.5 K. Two diffdratom beam lines are used. A Hydrogen
Atom Beam Source (HABS, Dr. Eberl MBE-Komponentemlik, see Tschersich 2000)
produces atoms by thermal cracking of parent médscpassing through the hot tungsten
capillary, while a Microwave Atom Source (MWAS, @xdl Scientific Ltd, see Antod al.
2000) generates atoms by cracking their parentcutde in a capacity coupled microwave
discharge (175 W at 2.45 GHz). In both cases, a-sbaped quartz pipe is placed along
the path of the atom beam to efficiently quenchitedcelectronic or ro-vibrational states of
newly formed atoms and non-dissociated moleculesitih collisions with the walls of the
pipe before these reach the ice sample.

The reactivity of CO with H atoms is investigatgdtematically at 13 K with the goal
to verify the formation of C-C bonds. Experiments performed using co-depositidre.,
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CO-molecules are co-deposited simultaneously withtdéins with pre-defined deposition
rates. This allows overcoming the main problem afequential deposition technique as
used before to study formaldehyde and methanoldtom upon CO hydrogenatione.,
low final yields of the products of CO-hydrogenatidue to the limited penetration depth
of H-atoms into the pre-deposited CO ice (Watargilad 2003, Fuchgt al. 2009). Using

a co-deposition technique with an overabundancl-afoms over CO-molecules makes
that virtually all deposited CO molecules are ald# for hydrogenation reactions and
thick (6-30 monolayers) ice of CO-hydrogenationduarcts can be grown. Furthermore, a
co-deposition experiment is a more realistic regmégtion of the conditions at which CO is
hydrogenated in dense molecular clouds where simedtus accretion of CO molecules
and H-atoms take place but on much longer times¢ate Cuppeet al. 2009).

The newly formed species are monitoi@dsitu during co-deposition by means of
Fourier Transform Reflection Absorption Infrared eSfposcopy (FT-RAIRS). After
finishing the co-deposition, a temperature prograshrdesorption (TPD) of the ice is
routinely performed using quadrupolmass-spectrometry (QMS) to monitor in the
gas-phase thermally desorbing species. The useP@f @s a main analytical tool is
necessary since the strong IR absorption featufeglygoladehyde (HC(O)CHDH),
ethylen glycol (HC(OH)CH,OH) and also glyoxal (HC(O)CHO) overlap with the
absorption bands of 0 and CHOH, making unambiguous spectroscopic assignments
challenging (see alg0berget al. 2009).

Several control experiments are performed to confthat the formation of
glycoladehyde and ethylene glycol takes place idd#el3 K and that this is not the result
of thermal processing, recombination of trappedicedsl during the TPD, gas-phase
reactions or contaminations in the atom beam litsegope shift experiments usifgCO
instead of'“CO or D instead of H are performed to further caistthe results. All
experiments are summarized in Table 8.1. The nuntpén the first column is used for
cross-referencing.
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Table 8.1. Overview of performed experiments.

Experiment Teampie K Ratio COhux, Ci%st Haux, cmizs®  t, min TPD Detectiofi
1 CO+H 13 15 1.5E12 8E12 360 QMSH/1OK Y
2 CO+H 13 1:5 15E12 8E12 360 "RAIRS™ Y
3 CO+H 25 15 1.5E12 8E12 360 QMSH/1OK N
4 CO+H 13 1:25 3E11 8E12 360 QMSH/1oK Y
5 CO+H 13 1:2% 3E11 8E12 360 QMSAKK Y
6 CO+D 13 1:25 3E11 8E12 360 QMSH/1OK N
7 Bco+H 13 1:25 3E11 8E12 360 QMSK/K Y
8 CO+H 13 1:25 3E11 8E12 72 QMK Y
9 CO+H 13 1:25 3E11 8E12 360 QMS* Y
10 CO+H 13 1:25 3E11 8E12 600 RAIRS Y
CHgOHyyx, cmi?s?  H/Hy gy, cmizs™
11 CH;OH+H 13 1:25 3E11 8E12 360 QMS™ N
12 CHyOH+H, 13 1:25 3E11 - 360 QMS™ N

Experiments are performed using co-deposition tiecienXq,, is the deposition rate of a selected species egpeein particles per émper s, Tampieis

the substrate temperature during co-depositias;the time of co-depositio;PD is the temperature programmed desorption expetimperformed
afterward with the TPD rate indicated, normally ibe is gently warmed up to remove the bulk of @@n high TPD rate is used to increase the
sensitivity of a techniquéetection indicates whether glycoladehyde and ethylene glgmidentified.

#The microwave discharge is used to generate th®h-beam instead of a thermal cracking source.

PInstead of a TPD with a constant rate, annealirgratmber of chosen temperatures is made with altsineous RAIR spectra recording.

‘detection of both glycoladehyde and ethylene glycthe experiment.

8.3 Results

In Figure 8.2, a typical example of a QMS TPD speutis presented for a CO + H
experiment at 13 K (exp. 4 in Table 8.1). One @mthat in the temperature range from 50
to 250 K, four CO hydrogenation products show mpadidition to peaks originating from
the previously detected ,BO (~ 100 K) and CkDH (~ 140 K) (Hiraokaet al 1994,
Zhitnikov et al. 2002, Watanabet al. 2002, Fuchst al. 2009), there are two more
desorption peaks, one centered at 160 K and on20@tK. The higher desorption
temperatures w.r.t. the values fosGO (100 K) and CkDH (140 K) are consistent with
less volatile and heavier carriers. The TPD QM sperovide information to identify the
origin of these carriers; molecules desorb at $igetémperatures and fragmentation
patterns upon electron impact induced dissociativézation are available for different
electron energies for many different species. Totemial of this method — linking two
different physical properties - is illustrated fthe H,CO and CHOH bands. The
desorption bands are linked to mass spectra tmabeaompared to literature values upon
60 eV electron impact ionization for formaldehydsd anethanol, as shown in the two
top-left insets in Figure 8.2. The experimental dathbase fragmentation patterns are very
similar. Small inconsistencies are likely due totiphco-desorption of CEOH with H,CO
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at 100 K andiice versa co-desorption of LCO trapped in the bulk of GAH at 140 K.
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Figure 8.2. TPD spectra obtained after experiment 4 (Tablg ®rithe indicated m/z numbers. Insets on
top of the figure compare the fragmentation patteridesorbing species detected in this experimpon
60 eV electron impact with those available frorarkitture.

100 15

In a similar way, the two additional desorption kea@at 160 K and 200 K can be
assigned to glycoladehyde and ethylene glycol,eespely. The desorption temperatures
of these species are consistent with the valueitabiafromOberget al. (2009) (see their
Figure 12, where C¥OH, HC(O)CHOH, and HC(OH)CHOH desorption peaks are
reported to be at 130, 145, and 185 K, respeciivbigreover, the observed fragmentation
pattern upon 60 eV electron-impact ionization isyveimilar to the literature values, as
illustrated in the two top-right insets of Figur8
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Figure 8.3. TPD spectra obtained after experiment 7 (Tablg ®rithe indicated m/z numbers. Insets on
top of the figure show the comparison between fiegation patterns of the desorbing species detécted
this experiment upon 60 eV electron impact withsthavailable from literature.

This assignment can be further constrained by paifig the same experiments using
isotopes. Deuteration experiments are not ideahisr Hidakaet al. (2007) found that the
CO deuteration rate at 15 K is 12.5 times lowemnthhe corresponding value for
hydrogenation. Our experimental results confirns tfinding and show a substantial
decrease for D-containing products. Th&€D and CROD formation yields are roughly
10 times lower and the DC(O)GDD and BC(OD)CD,OD signals are below the
detection limits. Therefore'*CO experiments are used to provide additional pfoof
glycolaldehyde and ethylene glycol formation at experimental settings. Moreover, with
3O as precursor, dissociative ionization productgaining only one carbon atom will be
shifted by one m/z number, while fragments contajriivo carbon atoms will shift by two.
This provides a tool to identify unambiguously Cb6nd formations. In Figure 8.3, the
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result of co-deposition of H atoms altCO molecules is shown, for conditions that are
nearly identical to those applied in Figure 8.2.alkg four peaks are found in the TPD
QMS spectra. The insets in the top-side of FiguBec®mpare the fragmentation patterns
of desorbing species recorded in our experimenh witlues obtained by extrapolating
literature results. This extrapolation is realizgdadding m/z=1 to the masses from 28 to
33 and m/z=2 to the masses from 58 to 64 for thgnfientation pattern of requl¥C
glycoladehyde and ethylene glycok., according to the number of carbon atoms in the
corresponding ions. Again the experimental andditee values are very close and fully
consistent with the previous finding that glycoktigde (H°C(0)**CH,OH) and ethylen
glycol (H,"*C(OH)**CH,0H) form along with the formation of £fCO and"*CH;OH upon
surface hydrogenation of CO molecules.

Repeating experiment 4 depicted in Figure 8.2 foo-@eposition time about twice as
long, using RAIRS instead of the QMS allows us litam RAIR difference spectra of the
two ice constituents desorbing at about 160 andik0Dhe differences are determined by
subtracting spectra at 152 and 168 K (Fig. 8.4a),183 and 210 K (Fig. 8.4h)e., before
and after desorption of the two individual TPD feat. Low peak-to-noise ratios
complicate the identification of absorption feayreut tentative assignments can be made.
The three strongest absorption features of HC(Q@HHare visible in Fig. 8.44,e., the
OH-stretch mode in the range from 3600 to 3000,croinciding CH and Chistretching
modes in the range from 3000 to 2800 tand the sharp CO stretching mode at 1756.cm
Similarly, both OH stretching and GHtretching modes of &(OH)CHOH (its strongest
absorption features) are visible in Fig. 8.4b, ehihe absorption feature in the range
1400-1500 cni is likely due to CH scissor and OH bending modes. Unfortunately, the
C-C stretching mode of J&£(OH)CH,OH lies within the range 1000-1100 ¢rthat can not
be observed due to an artifact caused by differémabe shape of background spectra
depending on the temperature of the sample. Funtbrer, it overlaps with one of the
strongest absorption features of {LHH. The C-C stretching mode of HC(O)gbH is
expected to be found around 870tand cannot be assigned due to the low peak-t@nois
ratio in this region of the spectra (Buckley & Géga 1966, Kobayaslet al. 1975, Hudson
et al. 2005, Ceponkuet al. 2010).
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Figure 8.4. RAIR difference spectra obtained between a) 158 H8 K, and b) 183 and 210 K in
experiment 10. The sharp absorption feature inahge between 1270 and 1050w an artifact caused

by the difference in the shape of background spedtipending on the temperature of the sample. Cuts
between 2250-2400 and 3560-3760cane because of atmospheric Gfbsorbance along the path of the
IR beam outside of the main chamber.

In addition, a number of complementary/control erkpents have been performed.
An increase of the CO-deposition rate by a fadtar fexperiment 1), a change of TPD rate
or total co-deposition time (experiments 8 anda®i the use of a microwave discharge
source instead of the thermal cracking source tegge the H atoms (experiment 5) all do
not qualitatively change the results depicted guFés 8.2 and 8.3. No HC(O)@BH and
H,C(OH)CH,OH formation is found for a co-deposition experitefiH atoms with CO
molecules at 25 K (instead of 13 K) while only g#aof HCO and CHOH can be detected
(experiment 3). Signatures of glycolaldehyde ard/lehe glycol also are not found in
CH3;OH+H and CHOH+H, co-deposition experiments performed under singitarditions
and applying similar co-deposition rates (experitedrl and 12).

8.4 Discussion

The experimental results presented in the previmation show that glycol aldehyde and
ethylene glycol can be formed in co-deposition expents of CO molecules and H atoms.
This is an important experimental finding, as soHfgadrogenation reactions were mainly
shown to be effective in the formation of smallpeaes €.g., ammonia from N + H) with
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CH3;OH (CO + H) as the largest species systematicaligiesd so far by more than one
independent group. Instead, experimental studieweth that solid-state reactions induced
by vacuum UV irradiation, cosmic ray or electromtimrdment offer pathways to form
molecules with up to 10-12 atoms.(erget al. (2009), for example, VUV irradiation of
a pure methanol ice was shown to result in the &ion of both glycolaldehyde and
ethylene glycol. The formation scheme presentede hdwes not require energetic
processing and can proceed at 13 K. The work dieclidiere is an extension of the
well-studied formaldehyde and methanol (CO+H) fdiora scheme that is generally
accepted as the dominant pathway explaining therebd large CEDH abundances in
space. Therefore, this process should also beiesffi@t cold dense clouds conditions,
particularly during the CO freeze-out stage th&esaplace well before radiation from a
newly formed protostar becomes important. To whegtent, however, the different phases
(read processes) in star formation determine giidehyde and ethylene glycol
abundances is hard to estimate. Detection of b@(HCH,OH and HC(OH)CHOH in
our experiments as well as a gradual decrease imdamces along the order
H,CO>CHOH>HC(O)CHOH>H,C(OH)CH,OH is consistent with the mechanism
proposed in the present worke.,, a sequence of surface reactions (8.1), (8.9, an
(8.5)-(8.8).

The only experimental observation that seems toopdradicting our interpretation is
the experimental non-detection of glyoxal (HC(O)OQH®@ possible explanation is that
reaction (8.5) has no or a very low activation ieayrcompared to that of reactions (8.1),
(8.7) and 8.11):

H,CO + H— CHyO/CH,0OH, (8.11)

that are the limiting steps in the formation 0$Q®, H,C(OH)CH,OH, and CHOH,
respectively. Unfortunately, there exists no experital data for the activation barrier of
reaction (8.5). Galanet al. (2004) performed quantum

chemical calculations of the interaction of glyowath OH radicals and concluded that the
OH addition and formation of an intermediate compiallowed by H-atom abstraction
proceeds barrierless. This is consistent with expartal gas-phase results of Feierabetind
al. (2007), who found that H-atom abstraction froyoghl by OH radicals has a negative
temperature dependence with a slight deviation ffarhenius behavior that is reproduced
over the temperature range 210 — 396 K. Howevearitradicts the results by Wooetsal.
(2013) who find a barrier of 1100 K in their calatibns. Although this activation barrier
appears rather high, it can easily be overcomenifi¢ling is involvede.g., the CO + H
barrier is roughly three times higher. In this cagewould not necessarily expect to detect
glyoxal along with HC(O)CKDH and HC(OH)CHOH for our settings. Therefore, it

-190 -



seems correct to conclude that the interactionnoHaatom with glyoxal proceeds very
efficiently, barrierless or through tunneling, folled by an H-atom addition instead of
abstraction, consistent with the non-detectionlpdxgal in our experiments.

Other possible scenarios leading to the formatio@-C bonds that are mentioned in
literature are:

HCO + CO— HC(O)CO, (8.13)

followed by reaction (8.4) to yield HC(O)CHO, and

HCO + HCO — HC(O)CHO. (8.14)

Reaction (8.13) should possess an activation baeie leads again to the glyoxal
formation,i.e., this means that the assumption of a barrieHgdsogenation of glyoxal, as
made above, still should hold to explain the obsgémesults. Reaction (8.14) indeed helps
to bypass the glyoxal formation as an intermediate leads directly to the formation of
the observed glycolaldehyde through reaction (86)vever, this reaction also expected to
possess an activation barrier and is not reportdiderature. Reaction (8.9), therefore, is
proposed as the key step responsible for the fowmaf C-C bonds and we assume that
the hydrogenation of glyoxal proceeds barrierless.

We would like to stress that both glycolaldehydé athylene glycol are formeith
situ at 13 K and are not the result of the recombimatid the formed HCO and
CH30/CH,OH radicals during the TPD. This is because: (thicase that trapped radicals
do recombine, glyoxal (as the product of HCO disegion) should be visible in our
experiments (as discussed before, this is notdke)c (ii) these radicals are not observed
by RAIRS; and iii) a lack of a qualitative differembetween experiment 4 and experiments
8 and 9 (where different TPD rates and exposurediare used) is consistent with the
conclusion that both glycolaldehyde and ethylengal are not the result of thermally
induced chemistry.

Moreover, up to our knowledge, there exist no sysatie studies for
CO:H,CO:CH,OH mixtures, while thermally induced chemistry ofure CHOH
(experiment 12) and #€O (Schutteet al. 1993, Nobleet al. 2012) do not result in the
formation of HC(O)CHOH or substantial amounts of,€(OH)CH,OH. Furthermore, in
experiments where pure,B0 and CHOH are first irradiated by UV-photons and then
analyzed by means of TPD the formation of glycaaltie or ethylene glycol are not
reported either, while the methyl formate (HC(O)QLH4 clearly observed (Gerakines
al. 1996). The non-detection of abundant HCOQ@Hour experiments confirms that our
results are due to non-energetic processing.
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Another important point is that under our expenitaé conditions, the pCO vyields
dominate over the CIDH yields, and this then applies to intermediatedpcts of HCO
hydrogenation through reaction (8.11) that are etqukto be less abundant than HCO — a
product of CO hydrogenation. Therefore, we expéet tCHO and CHOH are not
abundant in our experiments and will not contribsigmificantly to the reactions that lead
to the formation of complex species.

However, subsequent interactions of OHr CHOH with HCO radicals may lead to
the formation of methyl formate (HC(O)OGHand again glycolaldehyde:

HCO + CHO — HC(O)OCH, (8.15)
HCO + CH,OH — HC(O)CHOH. (8.16)

Only traces of the methyl formate are found in expent 1 (Table 1), and these are
actually within the experimental uncertainty. I thuture, another set of experiments with
a significantly higher hydrogenation degree of C@ymerify the possibility of reactions
(8.15) and (8.16) to occur, but for the moment wasider this outside the scope of the
present work.

8.5 Astrochemical implications

The astrochemical importance of the experimentalifigs discussed here is that the
formation of complex molecules can be realiethe dark ages of star formatiare,, in a
period than energetic processing is expected rug tery relevant. The focus here has been
on two important species: glycolaldehyde is ofteonsidered to be the simplest
monosaccharide, and ethylene glycol is the figgtesentative of the polyol family, of which
the triol glycerine is the best known one.

The solid state reaction schemes at play have tonberstood to fully benefit from
identifications in the interstellar medium and twdarstand where molecules of (pre)biotic
interest are likely to be formed. To investigate ffossible astrochemical relevance of the
laboratory findings presented here we have impleéetethe new suggested reaction route
(8.1), (8.9), (8.5)-(8.8) into a model previousbed to simulate the formation of€O and
CH3OH on interstellar ice surfaces. This model ut8izke continuous-time random-walk
Monte Carlo method, which simulates microscopidérgearface chemistry for timescales as
typical for the interstellar medium. This model heeen described in detail in Fuotsal.
(2009) and Cuppesd al. (2009), and for details the reader is referreth&se papers. The
model simulates a sequence of processes that can@ta grain surface. This grain surface
is modeled as a lattice with the number of sitdsrd@ned by the size of the grain and the
site density for the adsorbing CO. The order of #@quence is determined by means of a
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random number generator in combination with thegdobr the different processes. These
processes include deposition onto the surface, ihgdpom one lattice site to a nearest
neighbor, desorption of the surface species, amtions between two species. Each of these
processes is characterized by a specific rate gfran activation energy barrier. Here we use
reaction activation barriers and energy paramedetermining hopping and desorption
activation barriers as derived in Fuehsl. (2009). In order to incorporate formation routes
to the newly observed species, the model is extbadd five new reactions are incorporated
in the chemical network. Reactions (8.9), (8.6)d 48.8) are set to be barrierless as
radical-radical recombination reactions, reacti8b) is also set to be barrierless (see
aforementioned discussion), while reaction (8.8gisto have an activation energy barrier of
the same value as the comparable reaction (8.1&jned by Fuch®t al. (2009). The
reaction rate coefficients used in the simulatiamessummarized in Table 8.2. Consequently,
five new species, including glycolaldehyde and kthg glycol, need to be introduced in the
simulations and these are HC(O)CHO, HC(O)OHHC(O)CHOH, HC(O)CHOH,
H,C(O)CHOH/HC(OH)CHOH and HC(OH)CHOH. Since all of them are heavy,
low-volatile species, the energy paraméeaesponsible for the hopping and desorption of
species is set to the same value as fos@@H effectively immobilizing these species.

Table 8.2. Alist with the reaction rate coefficienR, for the key reactions used in the simulationk2at

and 16.5 K grain temperatures (see Fuatlas. 2009 for more details).

N Reaction React(SY)  Reeact(S) N Reaction React(5Y)  Reeact(S)
for12 K for 16.5 K for12 K for 16.5 K
) CO+H 2:1¢ 4.10° 9) HCO + HCO 218 2-1¢*
(10) HCO +H 2.16" 2.1¢* (5) HC(O)CHO + H 218 2-1¢*
(11) H.CO +H 2.1¢ 2.10° (6) HC(O)CHO/ HC(O)CHOH 210" 2.1¢*
(12)  CHs;O/CH,OH + H 2.168 2.1¢* +H
7 HC(O)CHOH + H 2.1¢ 210
6) H,C(O)CHOH/ 2.13* 2.13*

HC(OH)CHOH +H

In Figure 8.5, the outcome of four different teshidations is presented. The lower
panels show simulations using identical input patens as for the simulations presented in
the lower panels of Figure 3 in Cuppetral. (2009), but with the four new reaction routes
added to the code. These parametersiarel - 16 cm®, ngain= 1-10n, and the gas-phase
CO initial abundance equals tCO)nitiai = 1-10°ny, i.e. 10 cni. In these two runs, a high
value for the hydrogen atom densitfH) = 10 cn?® (Goldsmith & Li 2005) is used as
described in Cuppeet al. (2009). The corresponding grain temperatured 2rend 16.5 K
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for panels c and d, respectively. In the upper ptreeresults of the same simulations are
presented, but here the H-atom density is setdéstiess than in the simulations presented
in the lower panel of Figure 8.5 and equa(d) = 1 cni® (Duley & Williams 1984). This
represents the low H-atom density case. All reaarksconverted to grains with a standard
size of 0.1um. The choice ofi(H) to be 10 crif and 1 crif for high- and low-density cases,
respectively, reflects two extreme conditions; jem most of the CO will be hydrogenated
to the final product,i.e, CH;OH, and ii) most of the CO will be locked in a
non-hydrogenated state. A more realist{l) value is likely closer to 2-3 c¢fy and is
covered within the two boundary conditions discddsere.

The CO, HCO and CHOH abundances shown in the two lower panels ofrEigb
follow the same trends and similar abundancediffosame input parameters) as in Cuppen
et al (2009) (see lower panel of their Figure 3). Thialso expected. The upper panels show
the H atom low-density case that was not discusseduppenet al (2009). A further
extension is realized by inclusion of the five n@action routes that are incorporated in our
code and that aim at introducing glycolaldehydeethglene glycol formation in interstellar
reaction schemes, following the experimental comdiion discussed in the previous section
of this paper. Therefore, two additional curvesgesented in panels a and c that show the
evolution of the HC(O)CKDH and HC(OH)CH,OH abundances, respectively.

Both abundances experience a clear growth, andgljelaldehyde abundance
correlates with the formaldehyde abundance, whike abundance of ethylene glycol
correlates with the abundance of methanol. Thisotssurprising since both GBH and
H,C(OH)CH,OH are hydrogen saturated species while batb@and HC(O)CKHOH are
not. The HC(O)CHOH/H,CO ratio is kept within a 3-5 % range, while the
H,C(OH)CH,OH/CH;OH ratio is about 2-4 %. These relatively high ‘ealufor
HC(O)CH,OH and HC(OH)CH,OH formation are in fact of the same order as @erfvom
the experiments shown in Figures 8.2 and 8.3. Aactgomparison of the amounts of
formed species requires a precise knowledge otabioin cross-sections for all desorbing
species as well as their pumping efficiencies, thiglinformation is not available. A rough
estimation, however, can be given just by integgathe corresponding areas in the TPD
curves. By comparing the QMS TPD areas for all fepecies, HC(O)CHOH/H,CO and
H,C(OH)CHOH/CH;OH ratios are found in the range of 1-9% (dependingthe m/z
number used for comparison), covering the 3-5 add@values mentioned above.
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It should be noted that the new reaction chanmgl®duced here, leading to the
formation of HC(O)CHOH and HC(OH)CH,OH do not affect the CO, &0, and CHOH
abundances and their dependencies, and, consggukentlot change previous conclusions
from Cupperet al (2009). This is mainly due to the low final amoofglycolaldehyde and
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ethylene glycol formed in the simulations that lacky a few % of the originally available
Co.

In Figure 8.6, the cross sections of the growmieatles are shown, similar to Cuppen
et al (2009) (see their Figures 5 and 6). Correlatioe$wben the abundances of
glycolaldehyde and formaldehyde and between thenddmces of ethylene glycol and
methanol find a further confirmation in these plokoreover, one can see that the
distribution of HC(O)CHOH (light green) among the cross-section of the rizantle
matches the HCO (orange) distribution, while J@(OH)CHOH (dark green) correlates
with the CHOH (red), further suggesting that these speciestamically linked.

CO depletion
Time

n(H)/n(CO),

n(H)/n(CO),

|n|t|a| |n|t|a|

Figure 8.6. Schematic picture of the growth of the ice maafter 2-16 years amy, = 1-16 cm®, nyzn=
1-10%?ny andn(CO)pitia = 1-10*ny, for 12 K grain temperature. Left pamgH) = 10cm . Right paneh(H)

= 1cm?®. Grain surface is indicated by brown colour, unpied cites by black, CO is yellow,,E0 is
orange, CHOH is red, HC(O)CHKOH is light green, and #&£(OH)CH,OH is dark green. Magenta
corresponds to all kinds of intermediate radicals.

As stated before, this combined experimental argbrttical study shows that
formation of both glycolaldehyde and ethylene glyomay take place already in the
prestellar stage well before energetic procesditigeace by the newly formed protostar will
take place. The correlation between the abundaofce€(O)CHOH and HC(OH)CH,O
with those of formaldehyde and methanol, typicailyatios of the order of a few percent, is
as expected. C¥DH is a common component of interstellar ices, ifbrmation mainly
proceeds through sequential surface hydrogenatibnCO® molecules during the
CO-freeze-out stage. We therefore expect that dhmdtion of both HC(O)CHOH and
H,C(OH)CH,O proceeds during the same stage of the molecldad evolution as the
formation of CHOH ice, but with substantially lower abundances.
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It is hard to say more on how this relates to cexpholecule formation during a later
stage, upon energetic processing. UV photo-praugsdiinterstellar ice analogues has been
proposed as the way to form prebiotic species ataspEarly experiments, pioneered by
Hagen, Allamandola, and Greenberg (1979), revelgidsuch molecules form upon long
term vacuum UV exposure of low temperature icesprigimg a mixture of astronomically
relevant constituents. This discovery has motivaiedhy of the ice chemistry studies that
were performed in the following decades, with tvay papers published by Bernstetral.
(2002) and Munoz-Care al. (2002). In Obergt al. (2009) the formation of larger complex
species, including glycolaldehyde and ethylenedliiave been extensively described upon
Lyman-a irradiation of pure methanol ice. In Table 6 ofedipet al. (2009) a comparison is
made for the abundance ratios of complex moleduléke gas phase detected towards a
variety of astrophysical environments and the safiimnd upon vacuum UV processing of a
pure methanol ice.

It is not our intention to discriminate between téra addition and UV irradiation
processes, or others, like electron bombarded scdeacribed by Arumainayagam et al.
(2010), but to show that solid state reactionshase and studied in the laboratory offer a
pathway for complex molecule formation in spacehla paper, this is discussed for the first
time for sequential atom addition reactions. Glgtaéhyde has been successfully detected
toward the low-mass protostar IRAS 16293-2422 @msgret al. 2012) with abundances of
6-10° relative to H. This reported gas-phase abundance is well belewabundance of
HC(O)CH,OH obtained in our simulations (see Figure 8.5) thedefore consistent with a
scenario where it has been sublimated or non-tHsraesorbed from the solid state. It is
also worth comparing abundance ratios, specifidaltyspecies that are considered to be
chemically linked ite., HC(O)CHOH/H,CO and HC(OH)CHOH/CH;OH). In a rough
model one may assume that solid-state and gas-pdtase should be comparable, although
we stress that different desorption mechanismsnr)(thermal desorption, chemisorption, or
even grain collisions — may have different effidiers for different molecules, specifically
over large time scales covering different evolwignstages. However, as stated above, the
goal here is to show that the numbers have théoigler of magnitude. Observations toward
the same source performed by Schéiat. (2002) reported a gas-phasgl@® abundance of
6-10° and a solid-state abundance of (1-4)°18lative to H, yielding a gas-phase
HC(O)CH,OH/H,CO ratio of 10 %, comparable within the uncertaisitio the 3-5 % value
found in the simulations and (1-9)% concluded fritv@ experiments. In a similar way,
correlations  between  ethylene glycol and methanobundances yield
H,C(OH)CH,OH/CH;OH ratios of 2-4 % found in the simulations and9j% in the
experiments. Jgrgensetral. (2012) give a tentative assignment gECOH)CH,OH toward
the low-mass protostar IRAS 16293-2422 with a irtahbundance of ethylene glycol of
0.3-0.5 with respect to glycolaldehydee., (2-3)-10°, while Schoéieret al. (2002) for the
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same source reported @BH abundance of 3-70 This results in a
H,C(OH)CH,OH/CH;OH ratio of about 1%.

More observational data, specifically in the priéstephase are needed to link the
present hydrogenation laboratory data to solidesédficiencies in space. The important
conclusion that stands is that atom addition reasti- in the past specifically proposed as
important for the formation of smaller moleculeacluding HO and NH, also can
contribute to molecular complexity in spate,, far beyond methanol formation.
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Atoom additiereactiesin interstellair ijs:
Nieuwe routes richting moleculaire complexiteit in deruimte

Introductie

Het interstellair medium (ISM) is een zeer ijle aamng, bestaande uit gas, stof en ijs; het
speelt echter wel een belangrijke rol in de evelutin ons sterrenstelsel. Het gas (99% qua
massa) en ijzige stof deeltjes (1%) zijn de ov@dalien van dode sterren en tegelijkertijd
ook de bouwstenen van nieuwe sterren en planettrga$ bestaat vooral uit waterstof (H,
70%), helium (He, 28%) en slechts een klein destdas uit zwaardere elementen, terwijl
het stof voornamelijk is opgebouwd uit silicaat Itjee en koolstofhoudend materiaal. Een
goed begrip van de vele fysische en chemische gsecedie plaatsvinden in het ISM is
nodig om de processen die uiteindelijk tot ster- pdaneetvorming leiden te kunnen
beschrijven. Momenteel is onomstotelijk vastgestddd er meer dan 180 verschillende
moleculen in het ISM voorkomen. Ruim 50 van dezdesuen bestaan uit 6 of meer
atomen en worden daarmee gezien als ‘complexecaoleie Sommige worden in de gas
fase gevormd, maar van andere moleculen, zoalsrwkt®lstofdioxide, methanol,
ammonia, mierenzuur en het grotere dimethylethgcotpldehyde en etheenglycol wordt
aangenomen dat deze in het ISM via oppervlaktdiesagp ijzige stofdeeltjes ontstaan. Bij
oppervlakte reacties spelen niet-energetische iesattissen twee neutrale moleculen een
belangrijke rol. De studie van dit soort reactiefét laboratorium is het onderwerp van dit
proefschrift. Ze zijn vooral van belang tijdens especifiek evolutionair stadium in de
stervormingscyclus, het zogenaamde donkere wotkusta wanneer een jonge ster wordt
gevormd, maar de ster nog niet geboren is. Intddism zijn de stofdeeltjes bedekt met
een laagje ijs hetgeen een reservoir met molecybdevert. Niet-energetische processen
geinitieerd door ‘'bombardementen’ van het ijzigefdseltie met vrije atomen,
voornamelijk waterstof (H), maar ook deuterium (Bf)kstof (N), zuurstof (O), stikstof (N)
and koolstof (C), ontketenen een fascinerende vsaiikE chemie die resulteert in de
vorming van kleinere moleculen, zoals water, maz van COMs: complexe organische
moleculen. Grootschalige astronomische waarnemingsgen bevestigen dat donkere
interstellaire wolken een rijke chemie bezitten. damhet juist in deze regio's is waar
nieuwe ster en planeten ontstaan, zijn laboratoriexperimenten belangrijk, zodat
wetenschappers in staat zijn de link te maken tuggerstellaire chemie en het ontstaan
van organische moleculen, zoals die op aarde aagwigz en hebben bijgedragen aan het
ontstaan van het leven.

SURFRESIDE? (Hoofdstuk 2)

De vooruitgang in ultra-hoog vacuum cryogene opjp&te technieken en de
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beschikbaardheid van intense atoom bundels helhtveoregezorgd dat het sinds enkele
jaren mogelijk is om atoom additie reacties in tistellair ijs analogen in detail te
bestuderen. De meerderheid van de experimentenhieest in dit proefschrift is
uitgevoerd met SURFRESIBESURFace Reaction Simulation Device — vrij vedaal
Opperviakte Reacties Simulatie Apparaat), een ngeumtrahoog vacuum (UHV)
opstelling die volledig is gewijd aan het ondezogln reacties in interstellair ijs. De
opstelling is afgebeeld op de foto in figuur 1 enekperimentele details staan beschreven
in hoofdstuk 2. De opstelling is ontworpen om ato@in D, N, O) en radicaal (OH, NH,
NH,) additie reacties in interstellaire ijs analogerbéstuderen bij zeer lage (astronomisch
relevante) temperaturen, zo'n 13 K (ongeveer 2@@emn onder nul). Het gebruik van een
dubbele atoom bundel maakt het mogelijk dat eenwwdt blootgesteld aan de
gelijktijdige inwerking van verschillende soortetomen en radicalen en dat zorgt ervoor
dat het aantal mogelijk te bestuderen reactie soai@nzienlijk toeneemt. Een ander
belangrijk kenmerk is de aanwezigheid van twee hanaelijke moleculaire depositie
bundels. Dit maakt het mogelijk om ijs te groeiender verschillende co-depositie
condities. Zo kan kD gebruikt worden om waterrijk polair ijs te simide, terwijl CO een
apolair ijs nabootst. Als gevolg daarvan kan déoes van polariteit op specifieke reacties
en van interacties tussen de reactant en ijs coemien systematisch worden geverifieerd.
Voor de diagnostiek worden infrarood spectroscepRAIRS - en massa spectrometrie -
TPD QMS - gebruikt. Het is hiermee mogelijk hetiijsitute onderzoeken.

LTy
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Figuur 1. SURFRESIDE
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De flux van H-, D-, N-, en O- atomen is kwantithtgekarakteriseerd. Daardoor biedt
SURFRESIDE niet alleen de mogelijkheid om reactieschemasigaaliseren, maar ook
de reacties die plaatsvinden te kwantificeren. tibe atoom fluxen zijn vastgesteld aan de
hand van Quadrupool Massa Spectrometrie, een watloekmethode. De N- en O- atoom
fluxen zijn indirect gekwantificeerd, door te kifkenaar reacties waarvan de verwachte
conversie efficiéntie gelijk is aan 1. De combiratian ultrahoog vacuum (UHV~10
mbar) gekwantificeerde atoom fluxen, een nauwkeutggmperatuurscontrole (13-300 K),
RAIRS en/of TPD QMS als detectiemethoden, maakt rhegelijk reacties in het ijs
systematisch te bestuderen. Het uiteindelijke #laaldit onderzoek is om te begrijpen of,
hoe en hoe effectief de vorming van COMs is. Deltagen daarvan kunnen direct worden
vergeleken met astronomische waarnemingen of pl#t imoor astrochemische simulaties
die de donkere periode in het stervormingsprocbsataen.

Voortbordurend op werk eerder verricht in Leidergavbij de nadruk lag op atoom
additie reacties in cryogeen ijs (promotie werk ZanBisschop en Dr. loppolo), richt het
promotie onderzoek beschreven in dit proefschiidh znet name op vaste stof reacties
waarbij stikstof (N) betrokken is of reacties désulteren in grote COMs.

Een interstellair vaste stof stikstof chemie netwerk (Hoofdstuk 3, 4, 5 en 6)

Moleculen die stikstof bevatten zijn essentieelrvoet leven op aarde. Het is echter een
grote stap van de eenvoudige stikstofhoudende mieledn interstellair ijs naar complexe
organische moleculen van astrobiologisch belardusief aminozuren. Tot nu toe was de
vaste stof stikstof chemie aan ijs opperviakkenwedijks bestudeerd en met name de
reacties tussen twee neutrale moleculen, d.w.zderoinwerking van energetische straling
(UV licht of kosmische straling) is slecht begrepén de hoofdstukken 3-5 van dit
proefschrift wordt de experimentele afleiding vaenezeer compleet stikstof chemie
netwerk beschreven waarbij stikstof oxides (NO,,N&O) en H-, O- en N- atomen
betrokken zijn.

De oppervlakte hydrogenatie van NO vindt zonderiba plaats en leidt tot de
vorming van hydroxylamine (N})©H) - een pre-biotisch molecuul dat tot dusver niet
gedetecteerd is in de ruimte, maar waarvoor astraigthe modellen (beschreven in
hoofdstuk 3) relatief hoge hoeveelheden voorspdlfen0’ i.v.t. H,) tegen het einde van
de levensduur van een donkere wolk. O- en N- at@aaties met vast NO hebben ook een
lage activerings energie, hetgeen resulteert inateing van NQ en N.. Het gevolgde
reactie pad is niet sterk afhankelijk van de ijsemigg; vergelijkbare resultaten worden
gevonden voor bO-rijk (polair) en CO-rijk (apolair) ijs. Vastgewen NQ valt uiteen na
botsing met een atoom en daarbij ontstaan stiksxades zoals NO, PD, en andere
moleculen zoals HNO, N®OH en HO. Wanneer N@ gemengd wordt in een CO-rijk
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(d.w.z. interstellair meer relevant) ijs, wordenko80O, en HCOOH geproduceerd. De
stabiele (eind)producten van de samengevoegde iameterken - NO+H/O/N en
NO,+H/OIN - zijn NHOH, H,O, N, en NO.

In hoofdstuk 6 is dit reactienetwerk verder uitgathrdoor experimenteel onderzoek
van niet-energetische reacties die leiden tot denvgy van NH en HNCO. Ammonia
(NH3) blijkt efficient te worden gevormd door drie seqti€le H-atoom addities aan
N-atomen. Daarnaast laten we zien dat in een GQntgrstellair ijs analoog, de vorming
van NH; wordt afgeremd door de vormnig van HNCO. De irtBeavan CO moleculen
met NH radicalen - een van de tussenproductemsjde vorming van Nt verstoort het
reactie pad. Dit is een belangrijke experimentelectusie. Allereerst laat het zien dat net
zoals bij de hydrogenatie varp ®n NQ, reactieroutes niet onafhankelijk kunnen worden
behandeld en dat mogelijke reacties van tussenptealumet omgevingsmoleculen mee in
de overweging moeten worden genomen. Ten tweede orming van HNCO door de
interactie van NH met CO het eerste voorbeeld \@nreactie waarbij een N-C binding
wordt gevormd zonder tussenkomst van energetisaloeegsen zoals UV licht of
kosmische straling. Deze route naar HNCO is eeanlgelike stap om de astronomische
waarneming van de zogenaamde XCN spectrale ijs hangerklaren: HNCO kan
gemakkelijk converteren tot OCMia thermisch geinduceerde zuur-base reacties.

Een groot aantal verschillende reacties is bestddeéHoofdstuk 3-6 en de efficiéntie
van deze reactes is samengevat in Tabel 1.

Tabel 1. Efficientie van de belangrijkste opperviakte reagtilie zijn besproken in Hoofdstukken 3-6.

Geen barriere Kleine barriere Barriere Geen reacti
NO + 3H— NH,OH" NO+Q— NO, + O CO + H— HCO NO +H
NO + O— NO, H,CO + H— CH;O NO + N
NO +N— N, + 0O (NOY+ O, — (NOy), NO,+ H,
NO + NO— (NO), (NOy)2+ N— N,O + NG, +O NO,+ O,
NO + NO,— ONNG;, NH + CO— HNCO NG+ N,
NO,+ H— NO + OH NO + H
NO,+ O— NO+ O, NO + O
NO,+ N*— N,O + O N2O + N
NO;+ NO; — (NO),
N + 3H— NHy

®Deze reactie heeft mogelijk een kleine barribibgie opeenvolgende H-atoom addities.

Hoofdstuk 7 is hieraan gerelateerd door de effigéte bespreken van reacties waarin
deuterium een rol speelt, specifiek toegepast op diHresulterend in NiD, NHD, en
NDs.
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HNCO and NH>OH als een mogelijk startpunt voor de vorming van eenvoudige
aminozuren (Hoofdstukken 3-6)

De aanwezigheid van HNCO, OCbf NH,OH in interstellair ijs in de protostellaire fase i
belangrijk voor de astrobiologie. Gedurende dese fgordt interstellair stof blootgesteld
aan verschillende processen die energie leverataarmee reacties kunnen starten. Deze
bestaan uit onder andere, temperatuurverhogingstti¥ing of interactie met elektronen of
ionen (kosmische straling). Deze processen kunmesathenstelling van de ijs mantels
drastisch veranderen. Met name in het geval vamiszhe straling kan de energie die
vrijkomt bij inslag leiden tot het uiteenvallen véwonderden tot duizenden moleculaire
bindingen langs het pad dat het ion volgt, reseitdrin de vorming van reactieve
fragmenten. Deze fragmenten kunnen recombinerenweer andere en complexere
moleculen vormen. Uiteindelijk kan een complex poder gevormd worden dat hoge
temperaturen kan weerstaan. Zoals te zien in hkedipaneel van figuur 2 zijn HNCO
moleculen onderdeel van de peptide bindingen [-€@)®)-] tussen elke set van twee
aminozuren. Bovendien bevat het eenvoudigste amimppolyglycine, niets dan HNCO
en CH fragmetten. Als OCNinderdaad aanwezig is in het ijs (in plaats vandy, dan
kunnen de anionen van aminozuren en anionischenéatgn daarvan ook gevormd
worden.

Tijdens de vorming van de protoster kan een deel hat ijs sublimeren of
niet-thermisch desorberen. Daarom is het belantgijweten uit welke componenten een
ijs bestaat alvorens de energetische processemdmni Dat geldt in het bijzonder voor
hydroxylamine waarvan in dit onderzoek wordt aaogetl dat het efficient gevormd kan
worden in de vaste stof via een niet-energetischterin de vroege stadia van stervorming.
Tegelijkertijd kan NHOH ook gezien worden als startpunt in de syntheseeenvoudige
aminozuren. Er wordt aangenomen dat hydroxylamateats het ware opgeslagen ligt in
de ijs mantels aan het begin van de ineenstortenyg de wolk, in een later stadium
beschikbaar komt voor vervolg reacties. Dit geldh dnet name wanneer de protoster
vormt en UV straling en thermische processen domiimarden (zie ook het rechter paneel
van Figuur 2); het is goed mogelijk dat de syntheme aminozuren in een interstellaire
omgeving begint met de desorptie van . De sleutel van het slagen van een dergelijk
mechanisme ligt bij reacties tussen geprotoneedddxylamine en carboxyl zuren. Ook al
is het verloop van deze reacties aangetoond bipk@mperatuur, dit is nog niet het geval
voor astrochemisch relevante temperaturen.
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Figuur 2. Mogelijke vormingsroute van de simpelste aminoaumoals besproken in dit
proefschift.

Eenvoudige suikersin interstellair ijs (Hoofdstuk 8)

In het afsluitende hoofdstuk van dit proefschrifbrden de astrobiologische implicaties
verder uitgebreid naar de eerste voorbeelden vatwde andere klassen prebiotische
verbindingen - aldoses en polyolen. GlycolaldehyH€(O)CHOH) en etheenglycol
(H2.C(OH)CH,OH) zijn de kleinste moleculen binnen dit type wvedingen. Beide
moleculen zijn onomstokelijk waargenomen in het IS&ide moleculen ontstaan door
aan CO ijs waterstof atomen toe te voegen. Omdae€Ovan de laatste moleculen is die
vastvriezen in de ruimte, wordt verwacht dat ijkaude donkere interstellaire wolken een
CO-coating bezit. De vorming van glycolaldehdyeeimenglycol vindt gelijktijdig plaats
met de vorming van de twee belangrijkste produdtgdrogenatie producten van CO:
H,CO en CHOH. Hier wordt voor de eerste keer aangetoond, fiktt reguliere
hydrogenatie schema van CO ook leidt tot de vormaang zulke complexe moleculen. Een
ronduit belangrijk punt binnen dit schema is demviog van het koolstof skelet (C-C
binding) door HCO + HCO recombinatie.

In hoofdstuk 8 wordt verder beschreven hoe dezeraxpntele resultaten kunnen
worden geimplementeerd in een astrochemisch matelsgerd op een continue 'random
walk' Monte-Carlo methode. Dit schept de mogelijdhem uitgaande van de laboratorium
data de microscopische stof-oppervliakte chemieirteileren en te extrapoleren van
typische laboratorium waarden tot tijdsschalen ét interstellaire medium. De methode
houdt rekening met de locatie van individuele molea in het ijs en maakt het mogelijk
om de hoeveelheid glycolaldehyde en etheen glynode vaste stof in compacte
interstellaire wolken te voorspellen. Het is nu abm astronomen om met behulp van
waarnemingen deze resultaten verder te onderbouwen.
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Propositions
Accompanying the thesis
Atom addition reactions in interstellar ice

1. The construction of a solid state astrochemical nitrogen network involving nitrogen oxides (NO,
NO,, N,O) and H- ,0-, and N- atoms has only become possible by using two independent atom beam

lines. (Chapters 2-6)

2. Reactions in interstellar ices involving intermediate radicals and their surrounding molecules are
more important than previously thought. (Chapter 5, 6 and 8)

3. A higher sticking probability of D- over H-atoms impacting onto an icy grain surface may result in
deuterium enrichment of newly formed species. (Chapter 7)

4. The simplest representatives of polyols and aldoses can be formed in dark molecular clouds just by
surface CO hydrogenation. (Chapter 8)

5. The molecule containing the four most abundant chemical elements in space and of proteins -
HNCO - can be formed on the surface of interstellar grains starting from the basic constituents of

molecular clouds without any external energetic processing. (Chapter 6)

6. A critical scientist should not only look for observations that prove a proposed theory correct, but
rather systematically disprove also all other possible interpretations.

7. The way citation indices are handled shows similarities with Marxism-Leninism ideas on
expressing quality through quantity.

8. Astronomical time-scale is the most challenging condition to simulate in the lab.
9. Only real deadlines work, unless you can lie to yourself truly well.

10. The XXI century we are living in is not at all similar to "the World of the Noon" described by
Arkady and Boris Strugatsky in their sci-fi novels.

11. The realization of human dreams of space exploration has moved from the real World to the
virtual one of 3D cinema and video-games industry.

12. Putting hard restrictions on the content of propositions ultimately may diminish their meaning.

Gleb Fedoseev
Leiden, November 2014





