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Chapter 1

Introduction

1.1 Carbon and the universe

At the beginning of the universe, just after the big bang, temperatures were so high that
no matter existed. However, the fast expansion of the universe caused a rapid drop in
temperature allowing atomic nuclei to appear after about 3 minutes. The dominant
atomic species in the early days of the universe were the three lightest elements of the
periodic table: Hydrogen, Helium and a lesser amount of Lithium and their isotopes
such as deuterium and helium 3. Many thousands of years later, the first chemical re-
actions were very restricted and only small molecules, simple di- and triatomics - H,,
HD, Hj, HeH'*, HD", Hj, LiH, and HyD" - formed. Heavier elements were lacking
and only came into play after they formed in nuclear fusion processes in stars. Once
such a star reached the end of its lifetime, a catastrophic event resulted in enrichment
of the interstellar medium with heavier elements (comprising carbon).

Carbon is expected to play a vital chemical role in the universe (Henning & Salama
1998; Tielens 2013), as it can form four chemical bonds resulting in both linear molecules
(e.g. polyynes, alkanes, aminoacids), aromatic molecules (e.g. graphene, polycyclic
aromatic hydrocarbons (PAHs)) and 3D molecular structures (e.g. fullerenes, nan-
otubes). This versatility is confirmed by the detection of many of the aforementioned
examples in the interstellar medium, as a species, or as a class. From the 185 molec-
ular species identified in the interstellar medium at the time of writing (2014), 137
are carbon-bearing species (Table 1.3), moreover, all identified species with 6 or more
atoms are carbon-bearing species.

Most of these detections are from the gas phase spectra although this does not exclude
the enrichment with molecules formed in interstellar ices and subsequently evapo-
rated (Modica & Palumbo 2010; Palumbo et al. 2008b). In dark cold clouds, molecules
condense and form ice mantles around dust grains providing a molecule reservoir that
mainly consists of small volatile molecules (Boogert et al. 2008, 2011), but also of com-
plex carbonaceous molecules (Keane et al. 2001). External triggers (e.g. UV photons,
particle bombardment) can induce a very complex solid state chemistry that is fun-
damentally different from the gas phase. Moreover, scientists like Mayo Greenberg
(Williams 2002) were convinced that life or at least the carbonaceous molecules that
form the building blocks of life have been brought to earth on icy bodies (e.g. comets,
planetoids) during the period of late heavy bombardment 3.8 - 4 billion years ago and
provided a jump-start for the appearance of life.

Interestingly, when comparing the atomic composition of our galaxy (Croswell 1996,
Table 1.1) to the atomic composition inside the human body (Emsley 1998, Table 1.2),
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remarkable parallels appear. When ignoring the noble gases, the dominant species in
both cases are oxygen, carbon and hydrogen. In our galaxy, oxygen is mainly present
under small volatiles (Oz, H,O, CO, CO,). In the human body, liquid water provides
with the environment where the vital chemical reactions of life can take place. The
18.5 % by mass of carbon appears as the backbone of the organic molecules in every liv-
ing organism (e.g. aminoacids, DNA, lipids). Tracking the formation and destruction
of carbonaceous molecules in interstellar ices and other prebiotic environments (e.g.
comets, icy dust mantles, icy moons) is a critical requisite to understand the chemical
formation and destruction of complex organic molecules and provides us with vital
clues on the question of how life started.

Table 1.1 — Top ten most abundant atomic species in our galaxy, from Croswell (1996)
Element  mass fraction

ppm
1 Hydrogen 739 000
2 Helium 240 000
3 Oxygen 10 400
4 Carbon 4 600
5 Neon 1340
6 Iron 1090
7 Nitrogen 960
8 Silicon 650
9  Magnesium 580
10 Sulphur 440

Table 1.2 — Top ten most abundant atomic species in the human body, from Emsley (1998)
Element mass fraction
Yo

1 Oxygen 65.0
2 Carbon 18.5
3 Hydrogen 9.5
4 Nitrogen 3.2
5 Calcium 1.5
6  Phosphor 1.0
7  Potassium 0.4
8 Sulfur 0.3
9 Natrium 0.2
10  Chlorine 0.2
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1.2 Many carbonaceous molecules

With about 0.5 % of the galaxy consisting of carbon (Table 1.1), it is the 4th most abun-
dant element in our galaxy after hydrogen, helium and oxygen. A significant amount
of carbon is stored in small, volatile molecules (e.g. CO and CO, Boogert et al. 2008).
10-20 % of the cosmic carbon abundance is stored in PAHs, with substantial amounts
stored in fullerenes, aliphatic carbon molecules and amorphous carbon (Snow & Witt
1995). Below is an overview of the types of carbonaceous molecules discussed in this
thesis and where they appear.

1.2.1 Linear carbon molecules

Gas phase linear carbonaceous molecules have been identified in active galactic nuclei,
carbon-rich protostellar objects, interstellar clouds and in the solar system on Titan.
Acetylene (CyHs) is considered a vital precursor to these molecules both in the gas
phase and in the solid state. See Chapter 7 for a study concerning VUV photochemistry
of solid state CyH,.

Most of the identifications are cyanopolyynes (HC,N), which have a significant dipole
moment and are therefore conveniently identified through their transitions in the radio
spectrum. Polyynes (H-(C=C),-H) lack due to their symmetry a permanent dipole
moment hampering their identification at radio wavelengths. However, Cernicharo
et al. (2001) identified some of them through their IR emissions. Chapter 7 treats the
formation of polyynes in the solid state.

1.2.2 Polycyclic aromatic hydrocarbons

PAHs consist of multiple aromatic rings fused together. The formation mechanism of
PAHs is elaborated by Parker et al. (2012) and considers acetylene (C,Hy) as a starting
point. The addition of a second acetylene forms vinylacetylene (C,H,), a non-linear
molecule and an important precursor to aromatics. The addition of a vinyl group (-
CH=CHy,) to vinylacetylene closes the ring and forms benzene. In a similar way, by
adding vinyl groups, the amount of rings is increased and the PAH is enlarged. This
process is very similar to the formation of soot on earth.

In space, this process is thought to take place in the atmospheres of carbon-rich AGB
stars although they are only detected in the next stages of stellar evolution (e.g. post-
AGB carbon-rich stars and planetary nebulae) through their typical IR emission fea-
tures at 3.3,6.2,7.7, 8.6 and 11.2 um (Allamandola et al. 1989; Gillett et al. 1973). Exten-
sive IR observational studies concluded these bands to be ubiquitous in the intersellar
medium as well as other galaxies.

The observations are from environments where the local temperature does not allow
for IR emissions, therefore, a non-thermal excitation mechanism is required. This
mechanism can be found in the strong local UV field. When a UV photon is absorbed
by a gas phase PAH molecule, the repetitive molecular structure of PAHs allows for
an effective redistribution of the absorbed energy over the chemical bonds. This vibra-
tional energy is subsequently emitted at the aforementioned wavelengths in the IR.
Although no individual identification is possible from the IR spectra, recent observa-
tions in combination with a database of PAH spectra allowed for the determination of
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the spatial distribution of some PAH properties, such as ionization state, PAH size and
hydrogenation (Boersma et al. 2013).

Interestingly, PAH IR emision features are lacking where molecules freeze onto dust
grains suggesting they have become part of the interstellar ice mantles (Geers et al.
2009). This thesis studies VUV photochemistry of PAHs in an interstellar ice environ-
ment in Chapters 5 and 6.

1.2.3 Fullerenes

Fullerenes consist of carbon organized in a spherical shape and are amongst the most
stable forms of carbon in the universe. They are typically a result of chemical reactions
in a carbon-rich hydrogen-poor environment, such as in the hot dense envelope of
evolved stars, but also as a result of UV photochemistry of graphene (Berné & Tielens
2012). Cgp and Cyq are identified through their gas phase IR emission spectra and are
the largest molecules currently identified in the interstellar medium (Cami et al. 2010).
Chapter 4 of this study is an example of UV-vis spectroscopy of Cg in an interstellar
ice environment.

1.2.4 Amorphous carbon

When carbon is present in bulk structure (e.g. coal, charcoal), it is called amorphous
carbon. The core of interstellar dust grains is, beside silicates, considered to be amor-
phous carbon. It consists of carbon present in all of the above forms similar to graphite
and coal (Jager et al. 1998). The presence of amorphous carbon is evidenced through its
strong and wide absorption band around 217.5 nm, known as the UV bump (Henning
& Salama 1998).

1.2.5 Aminoacids

Aminoacids are vital building blocks of life. They consist of a carbonaceous molecule
with an acid and an amino group group attached on ajacent carbons (R-CHNH,-COOH).
VUV photochemistry of ammonia-containing interstellar ices results in the formation
of a multitude of aminoacid species (Nuevo et al. 2008) and there is a tentative identifi-
cation of glycine (NH,-CH,-COOH), the simplest aminoacid, in the samples collected
by the stardust spaceprobe (Elsila et al. 2009). Only 22 aminoacid species are found
in living organisms and interestingly, only left hand enatomerics found in all life. The
production of non-racemic abundances of amino-acids is a vital unanswered question
to the emergence of life, although using circularly polarized UV photons in the pho-
tochemistry is known to produce an enatiomeric excess (Williams 2002; Nuevo et al.
2007).
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1.3 Interstellar ice
1.3.1 Stellar evolution and interstellar ice

The solar system was formed about 4.6 billion years ago from matter that originates
from the debris from older stars. The sun, a low-mass star, will also reach the end of
its life and, over about 5 billion years, eject its outer layers into the universe (Bizzarro
2014, and references therein). This cyclic event, is typical for all stars. Every stage in
the evolution of a star has its specific physical properties and chemistry.

Low-mass star formation (Fig. 1.1) starts in a cloud in the diffuse interstellar medium
(Bizzarro 2014; Evans 1999). This medium can be distorted by stellar wind or a shock-
wave. This causes, through gravitational collapse, the formation of a denser region
known as a dense cloud consisting of hydrogen, helium, dust and some larger molecules.
The centre of this cloud is shielded from intense and destructive interstellar UV radi-
ation. This shield allows for the survival of complex molecules formed. The temper-
atures inside the cloud gradually drop to cryogenic levels (~10 K) resulting in accre-
tion of volatile molecules onto dust grains. Complex organic molecules (e.g. PAHs,
fullerenes) are also expected to become embedded in the ice. When the density in
the cloud reaches a sufficient level, the cloud core will collapse under its own gravity
forming a protostellar core and the temperature in its centre will rise with increas-
ing pressure. The increased pressure counteracts gravity and prevents the core from
collapsing further. For further collapse, the protostellar core needs an effective cooling
mechanism. It is here that molecules provide with a cooling mechanism. Through colli-
sional excitation and radiative emission, the kinetic energy of the atoms and molecules
in the core is converted to IR radiation that can leave the protostellar core and in this
way cool the system. As the core collapse continues, the system loses angular momen-
tum by expelling matter over the rotational poles of the system. This process occurs
simultaneously with the formation of a protoplanetary disk of matter. The outside of
this disk is energetically processed by the UV radiation of the newborn star resulting
in UV photochemistry and heating. The inside of the disk, which is shielded from the
radiation of the star, remains cold. The chemistry in this part of the disk is dominated
by reactions in ice layers on dust grains. In the case of low-mass stars, the matter inside
the disk will slowly coagulate and form a planetary system.

When the planetary system is formed, many small icy bodies (e.g. comets, asteroids,
icy moons) remain orbiting the star. From observations in our own solar system, we
know that ice is also abundant in small particles in the upper atmospheres of many
planets and moons. All of these ices are being energetically processed by the UV pho-
tons from the star resulting in enrichment of these icy bodies with complex molecules.
During its lifetime, the star will slowly increase in volume and brightness up to the
point where the core of the star runs out of fusionable hydrogen. Here the star reaches
the end of its lifetime on the main sequence of the Hertzsprung-Russell diagram. Even-
tually, due to the lack of fusion energy, the delicate balance between radiation pressure
and gravity in its inside will be distorted, resulting in a catastrophic explosion. The
star ejects its outer layers into the universe enriching the interstellar medium with new
material.
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When a high-mass star (> 4 solar masses) reaches the end of its lifetime, its end of life
phase is called a supernova. In a short time, the star will briefly (a few weeks) outshine
a galaxy and expel most of its matter to the universe at high velocity (up to 10 % of
the speed of light). This drives a shockwave of expanding gas and dust through the
interstellar medium.

a b c t=10"-105 yr
e — | e — e — |
101y 10,000 AU 10,000 AU
d t=10°-10° yr e t=10°-107 yr f
» « . s o
e — |
100 AU 100 AU 10 AU

Figure 1.1 — Low-mass star formation, taken from Visser (2009).

1.3.2 Identification of molecules in space

The existence of interstellar matter has only been accepted by scientists after the de-
velopment of photographic and spectroscopic techniques in the late 19" and early 20"
century. The emergence of dark patches on early wide-field astronomical photographic
plates or so-called “cavities” were initially attributed to the lack of stars in these re-
gions. However, Barnard (1910) identified them as a result of interstellar gas and dust
obscuring the stars behind.

At that moment, the nature of these interstellar clouds was still a mystery and new
techniques were required to determine their composition. The application of the pho-
tographic technique to spectroscopy, as proposed by Draper (1879), allowed for the
classification of stars according to composition and temperature, but also for the deter-
mination of the interstellar extinction due to interstellar matter (Trumpler 1930). When
the technique was well refined, the applications of spectroscopy to astronomy caused
a breakthrough in our understanding of the universe.
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Until the detection of the first interstellar molecules, astronomers considered the very
harsh interstellar UV radiation environment to be prohibitive to the formation of mole-
cules. Nontheless, the identification of CH, CN and CH" in diffuse clouds by Swings
& Rosenfeld (1937) evidenced the stability of molecules even in this very harsh envi-
ronment. These on earth transient species also evidence the fundamentally different
nature of interstellar chemistry from the conditions on earth. Since then, using a range
of spectroscopic techniques, more than 180 molecular species have been identified in
the interstellar medium. Most of these identifications are from (gas phase) rotational
emission spectra at millimetre wavelengths where a flurry of very sharp lines with a
very high level of uniqueness appear. As the intensities of the transitions in a rotational
spectra are dependent on the molecule’s temperature, this technique can also be used
as a cosmic thermometer.

When a molecule does not posess a permanent electric dipole moment, which is typi-
cally the case for symmetric molecules (e.g. Co.Hs, CH,4, PAHs, fullerenes), or where the
rotation is restrained (e.g. solid state), the molecule is radio-silent and the vibrational
transitions in the IR are the main source of information and especially a versatile tech-
nique with respect to interstellar ice composition. However, overlap between different
similar features (e.g. C-H stretch and O-H stretch) hampers identification of different
molecules. Also, molecules with similar structure (e.g. PAHs) can be identified as a
class, but due to the similarities in their chemical structure and by consequence their
IR spectra, individual identifications are very challenging (Bouwman et al. 2011b).
Finally, the electronic transitions of the molecules fall in the UV-vis range of the electro-
magnetic spectrum, are often very strong, and are dependent on the electronic struc-
ture of the molecule. Therefore, UV-vis spectra offer more uniqueness than the IR,
although in the case where a multitude of molecules are present, the spectra can be-
come crowded. Larger molecules tend to have transitions to the longer wavelength
with respect to small molecules of the same class. This property can be applied when
carbonaceous molecules (e.g. PAHs, polyynes, fullerenes) are embedded in a solid
state matrix, the difference in wavelength of the transitions of the PAH and the matrix
allows for the identification of PAH transitions in the visible range, even when PAHs
are present in very low concentrations, while the transitions of the matrix are further
into the UV. Moreover, there is a distinction between the neutrals and their ions with
the transitions of the ions shifted towards longer wavelengths. This unique property
of UV-vis spectroscopy is extensively applied in this thesis as it allows for the detection
and identification of very small concentrations (< 1:10 000) of PAHs or other complex
organic molecules embedded in an interstellar ice matrix, a feat impossible to achieve
in the IR due to band overlap and weaker transition strength. Moreover, this technique
is very promising for the application to interstellar ice observations and the identifi-
cation of solid-state carbonaceous molecules from which we know they are present
embedded in ice (e.g. PAHs, fullerenes, polyynes). However, the environment of the
molecule influences the spectra depending on temperature and ice environment. The
solid state matrix environment is known to cause bands to shift with multiple nm and
to broaden them. This requires UV-vis spectra to be measured in the right environment
at the right temperature.
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1.3.3 Solid state molecules

The dark nebulae observed by Barnard (1927) are made of of 100 nm to 1 micrometer-
sized dust grains consisting of silicates or amorphous carbon. They feature a very
strong absorption in the UV-vis region. When observing the same nebulae in the IR,
the light from the stars behind the nebulae does shine through the nebula creating
an excellent possibility of studying these nebulae through IR absorption spectroscopy
(Figure 1.2). However, as a result of the absorbing nature of our atmosphere in the IR,
mainly due to H,O and COs, it is required to perform IR observations from above the
atmospheric water or from outer space. The continuous improvement of IR detectors
and other observational technologies in the last 60 years has enabled observations to
improve drastically with every IR space telescope launched.

Figure 1.2 — The dark nebula Barnard 68, observed at different wavelengths from the visible to the IR.
Note the difference in absorption with differing wavelength. (source: ESO)

Observations of interstellar ice has revealed that its composition is dominated by H,O
with smaller (variable) fractions of CO, CO,, CH,;, CH30H, C;H;, NHj3 and others
(Boogert et al. 2008), (Fig. 1.3). Larger molecules (e.g. PAHs, aminoacids, polyynes) are
also expected to be part of interstellar ices (Geers et al. 2009) but their low concentra-
tions in combination with lack of UV-vis observations have prevented detection and
identification so far.
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Figure 1.3 — From IR spectroscopy of interstellar ices, their composition is accurately derived. The
spectra are dominated by H>O, the dominant interstellar ice fraction. Adopted from Boogert et al. (2004)

The routes towards the formation of the main volatile species in interstellar ice are
studied in detail by Tielens & Hagen (1982). They proposed a reaction network where
all volatile species are being formed in the solid state except for CO, which is formed
in the gas phase and condenses onto the ice. Solid state chemistry is required as many
gas-phase chemical reactions require a third body to remove the excess energy result-
ing from the chemical reaction (Cuppen et al. 2010; Fuchs et al. 2009; Oberg et al. 2009,
2010; Romanzin et al. 2011). In our atmosphere, this occurs under three body collisions,
however, due to the low density in the interstellar medium, three body collisions are
very rare making many gas-phase reactions very slow in the interstellar medium. In
the solid state, the dust grain acts as a third body able to remove the excess energy
making many chemical reactions substantially more efficient in the solid state. This
underlines the importance of solid state chemistry in stellar evolution.

1.4 Astrochemistry

The field of astrochemistry studies the abundances and chemical reactions of molecules
in the universe and their influence on the evolution of the universe. The study consists
of an overlap between a multitude of scientific disciplines (e.g. chemistry, astronomy,
molecular physics, mathematics) and comprises three different aspects which have a
very intimate interaction with each other (Fig. 1.4).
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1.4.1 Laboratory astrochemistry

The aim of laboratory astrochemistry is to gain knowledge about insterstellar and plan-
etary chemistry by reproducing the circumstances in space as close as possible in the
laboratory. It tries to create the same chemistry in the lab and observe the results tak-
ing into account the differences between the laboratory and the interstellar medium.
In its strive to be as astrophysical relevant as possible, laboratory astrochemistry needs
to be on the forefront of new developments in the fields of vacuum technology, optics,
spectroscopy, laser technology and many more, often even pushing the envelope.

A lot of effort is needed in order to reproduce the extreme and diverse conditions of
interstellar space. Pressures range from 10~'* mbar up to 0.1 mbar, temperatures range
from 5 K to several thousands of K and time scales up to 107 years need to be simulated
in a matter of hours or days. The local molecular composition is even more variable
and these molecules are subject to energetic processing (e.g. UV photons, charged
particle bombardment, X-ray photons, ...). Molecules can be present in the gas phase
or in the solid state. In the lab, typically one aspect of this interstellar chemistry with
specific boundary values is taken out and studied in all its details while the vital exper-
imental variables are measured as accurate as necessary (and in many cases as accurate
as technically possible). Gradually, the reaction scheme is expanded by adding more
components to the chemistry aiming to understand the full reaction scheme as it occurs
in the interstellar medium.

1.4.2 Observations

It is vital to link the findings from the laboratory studies to what is happening in the
universe. Laboratory astrochemistry is therefore always a tight collaboration with ob-
servational astronomers. They observe the universe using the spectroscopic techniques
mentioned above. From the spectra, they derive the molecular species and their abun-
dances. It is here that the collaboration with the lab comes into play. Molecular spec-
tra obtained in the lab are a necessary tool for an observational astrochemist. In the
other direction, the unidentified lines in the spectra are the inspiration for laboratory
research into the origin of these lines.

1.4.3 Astrochemical modelling

The third aspect of astrochemistry is the computational aspect. To understand the pro-
cesses in the interstellar medium, mathematical models are made. These models re-
quire input from the observers with respect to physical and chemical conditions in the
interstellar medium. Chemical processes are added from which the parameters (e.g.
temperature-dependent reaction rates) have been measured after extensive laboratory
work. The results of these models provide again with new information for observation
suggestions and requests for chemical processes to be researched in the laboratory.

1.4.4 The astrochemical triangle

In order to gain new insights into the challenges of astrochemistry, advancements need
to be made on all three aspects of astrochemistry and requires continuous interaction
between them (Fig. 1.4). When one aspect is ahead of (or lagging) the other two, efforts
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are required to close the gap. This thesis considers a laboratory study of carbona-
ceous molecules (e.g, PAHs, polyynes) embedded in an interstellar ice environment.
Although from a stellar evolution point of view, it is reasonable to assume that larger
molecules become embedded in interstellar ices when the volatile molecules freeze out,
observations have only hinted this process. Also, chemical models of PAHs embedded
in an intestellar ice environment have not yet been performed due to lack of calcula-
tion power. This means that this laboratory study is leading the other two aspects of
astrochemistry requiring observations of complex molecules in interstellar ices and as-
trochemical mathematical models to include the phenomena observed in the lab and
described in this thesis. However, this study provides information to the other two
aspects facilitating the closure of this gap.

Laboratory
astrochemistry

Abundances
Physical parameters

Astrochemical
B modelling

Observations

Abundance predictions

Figure 1.4 — The three aspects of astrochemistry and their relations with respect to eachother.

1.5 This study

This thesis treats the chemical behaviour of carbonaceous molecules in water-domina-
ted interstellar ices. VUV photons are considered as the chemical trigger to induce
solid state chemistry as it is omnipresent. Lyman-a radiation occurs even in dense
molecular clouds as a result of cosmic ray excitation of H, and subsequently emitting
its excess energy at 122 nm (Mathis et al. 1983). It comprises the addition of new tools
to laboratory astrochemistry, expanding knowledge on the behaviour of PAHs in in-
terstellar ices and research into the role of Co;H; and polyynes in interstellar ice VUV
photochemistry. It provides with spectroscopic tools for observers to enable the identi-
fication of the hydrocarbons encountered in interstellar ices, and it provides modellers
with reaction dynamic information that can be used as an input for their models.
Chapter 2 provides with a detailed description of the experimental setup used to per-
form the bulk of the experiments. In this chapter, the concepts of the setup are ex-
plained and details are provided on the techniques and methods used to create the
interstellar ice analog, measure its UV-vis spectrum and how the sample is subjected
to VUV radiation. An example is given of how this practically works involving VUV
irradiation of Pyrene, a small PAH, embedded in a water ice. The focus here is not on
the science, but on the data processing and analysis techniques.
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Chapter 3 treats a very long standing discussion for laboratory astrochemists who use
microwave powered H, discharge lamps. These lamps have been used since the 1960’s
although the techniques for measuring the photon flux and its spectral distribution at
the sample window lacks consistency and accuracy. Depending on the operational con-
ditions, environmental parameters and experiment geometry, the VUV flux is known
to vary strongly. In this chapter, a method to measure the VUV flux using the photo-
electric effect with a gold-coated quartz crystal microbalance as detector is described
and analyzed. The described method is also checked for accuracy and a comparison
with existing methods, such as O, actinometry is performed.

Chapter 4 is an example of how the laboratory provides tools to observers. This study
is a result of the recent identification of gas phase Cg. In a similar way to PAHs, Cg
can be embedded in an interstellar ice environment. In this chapter, Cg is embedded
in an interstellar ice matrix and its UV-vis spectrum is measured. The spectrum is
titted with gaussians in order to analyze the spectrum and make a comparison with
earlier spectra in different environments. It provides a vital tool for observational as-
tronomers to perform a search for the fingerprint UV-vis spectrum of Cgy embedded in
an interstellar ice.

Chapter 5 expands our knowledge of PAHs embedded in a solid state matrix. With
the chemistry of PAHs in a pure H,O matrix well established by previous research,
a next step is made consisting of NH3 added to the matrix in various concentrations
and at different temperatures. The measurements show an interesting and profound
influence on the observed VUV photochemistry of the PAH, which is put into an astro-
chemical context.

Chapter 6 treats a fundamental difference in observation between the IR and the UV-
vis with respect to VUV photochemistry of PAHs embedded in an interstellar water
ice. When studying such an ice in the lab using UV-vis spectroscopy, a rich ionization
chemistry is observed while during similar experiments in the IR, no ionization is ob-
served. This study finds the explanation to this apparent contradiction in the different
PAH concentration used in both methods. The effects of concentration are also appar-
ent in the UV-vis spectroscopy of PAHs embedded in a water ice. Increasing the PAH
concentration revealed broadening and redshift in the UV-vis spectra, an effect that
appeared as a result of PAH molecules coagulating inside the ice.

Chapter 7 treats the role CoH; plays in interstellar ice photochemistry. To get a full
picture of the photochemistry as observed, a combination of IR spectroscopy and UV-
vis spectroscopy is used. This unique combination allows for tracking the formation
of small volatile molecules in the IR and the formation of the polyynes in the UV-vis.
Cross-referencing both observations reveal polymerization to be a very versatile VUV
photochemical process that persists in competition with water related photoproducts
when C;H, is embedded in a water matrix. The findings of this chapter are relevant for
UV photochemistry in the atmosphere of Titan and other interstellar ice environments.






Chapter 2

OASIS: optical absorption setup for ice
spectroscopy

The main tool used in this research is OASIS (Optical Absorption Setup for Ice
Spectroscopy). This setup enables the research of interstellar ices under VUV ir-
radiation. These ices contain both small volatile molecules and an astrophysically
relevant quantity of larger carbonaceous molecules, either by deposition, or as a
result of the photochemistry. This ice is studied by the means of UV-vis absorption
spectroscopy allowing the focus on the carbonaceous photoproducts.

After this description, the possibilities of the setup are explained by the example
of UV photochemistry of the PAH pyrene in a pure water matrix. Explaining the
methods used in determining the column density of water and PAH, the spec-
troscopy involved. Finally, the pyrene UV photoproducts are determined and the
photochemistry is explained.

Based on Allodi, M. A., Baragiola, R. A., Baratta, G. A., Barucci, M. A., Blake, G. A,,
Boduch, P, Brucato, J. R., Contreras, C., Cuylle, S. H., Fulvio, D., Gudipati, M. S.,
Ioppolo, S., Kantuchova, Z., Lignell, A., Linnartz, H., Palumbo, M. E., Raut, U., Rothard,
H., Salama, F., Savchenko, E. V., Sciamma-O’Brien, E., Strazzulla, G.

Space Science Review, 180, 101 (2014)
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2.1 Experimental details

Most laboratory setups that are used to study interstellar ice constituents spectro-
scopically, operate in the infrared and characterize vibrational parameters; band po-
sition, bandwidth, and band intensity. An extension to the UV-vis and near-IR allows
to monitor electronic properties of interstellar ice analogues (Gudipati & Allaman-
dola 2004, 2006a; Bouwman et al. 2009, 2010, 2011a). OASIS is based on incoherent,
broadband, direct absorption spectroscopy. Response times are fast and photochem-
ical processes can be studied for astronomically relevant temperatures at subsecond
time scales. The performance of the apparatus has been demonstrated on the example
of complex species embedded in water ice (e.g. Bouwman et al. 2011a).

The full experimental details of OASIS have not been summarized before and are listed
in detail below. A schematic view of the experimental setup is shown in Fig. 2.1. OASIS
consists of three units: a high vacuum chamber in which the ice is grown, a microwave
powered H, discharge VUV irradiation source and a spectrograph equipped with a
sensitive CCD camera. This spectrograph disperses broadband UV-vis light from an
intense Xe arc lamp after crossing the (photoprocessed) ice.
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C@' Computer
| Hydrogen Ho—lamp

Pump 7+ [ I
Xe—orFiber—lamp L1 | wa]
TN T [

e
& 7 1T 'u' 1T r 4 F4
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Temperature fj:ﬁ—
Controller L —_—

Computer

Figure 2.1 — A schematic drawing of OASIS. BS = Beam splitter, IDX = Iris Diaphragm X, LX = Lens X,
MX = Mirror X, PD = Photo Diode to monitor interference fringes, PI = Pressure Indicator, SW = MgF,
Cold Sample Window, T1 = Temperature Indicator, U = Voltage meter, VC = Vacuum Chamber and WX
= MgF; Window X. The light paths are indicated by arrows, the data wiring is indicated in red dotted
lines and the hydrogen flow is indicated by blue lines. Taken from Bouwman et al. (2010).
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The vacuum chamber consists of an ISO-160 6-cross-piece. Differential pumping is
used to guarantee an operating pressure of 10~7 mbar or lower. A catalytic trap is
mounted on the pre-vacuum pump to prevent pump oil from entering the vacuum
chamber.

The top flange of the cross piece holds a HV rotary flange on which a closed cycle he-
lium refrigerator (ARS type DE202NE) is mounted. A MgF,; sample window, clamped
into an oxygen free copper holder between indium gaskets, is mounted on a cold fin-
ger and centred along the rotation axis. The rotary flange allows a full rotation of the
sample window through 360° while maintaining vacuum. The sample window tem-
perature is thermally controlled between 12 and 325K through resistive heating using
a Lakeshore temperature controller. A Chromel-Au/Fe(0.07%) thermocouple is used
to determine the absolute temperature value with an accuracy of 0.1K.

The interstellar ice analogues are grown onto the cold sample window by vapour de-
position. For this, a gas bulb containing the matrix material is connected to a stainless
steel tube (1 mm inner diameter at the tip) ending perpendicular to the sample window
with a distance of about 15mm. Solid precursor material is evaporated using small
ovens and subsequently deposited together with the matrix material. For evaporation
temperatures below 50°C, an external glass oven is used, and for higher temperatures,
a resistively heated steel oven attached to the deposition tube inside the chamber is
taken. The flow rate of the matrix material is accurately set by a high precision dos-
ing valve, while the evaporation rate of the solid precursor can be roughly chosen by
changing the power of the heater. Condensation at any place inside the tube is prohib-
ited by additional resistive heating along the full length of the deposition tube.

The resulting ice film thickness is accurately measured by recording the number of in-
terference fringe maxima (m) of a HeNe laser beam (Agene = 632.8 nm) that hits the
sample window at an angle of § = 45°. For monitoring film growth and thickness, the
intensity of the reflected laser light is measured with a sensitive photodiode and the
signal is digitized with a 16 bit analogue to digital converter board. The ice thickness
is determined through d = (mAgene)/(2nic.cost), with the refractive index of the pre-
dominantly H,O ice being ~1.3 (see also Bossa et al. 2012, and references therein). In a
typical experiment, ice thicknesses of the order of 0.4 to 2.4 ym are grown. This can be
directly related to the number of H,O molecules in the sample ice by using the value
for the density of amorphous solid water ice (p = 0.94 g/cm?).

Also the column density of the embedded species (e.g., PAHs and fullerenes) can be
monitored during deposition by correlating the absorption signal strength to an abso-
lute column density. This yields typical concentrations of embedded (complex) species
of 1:5 000 to 1:10 000 w.r.t. water.

The absorption spectrometer consists of a 150 W Xe arc lamp (LOT-Oriel) that serves
as a broad band white light source. The lamp has a spectral energy distribution that
covers the full detector range (200nm < A <2400nm). An optical system consisting
of lenses and diaphragms guides the light beam through a MgF, window along the
optical axis - coinciding with the HeNe beam that is also used for pre-alignment - and
crossing the ice sample at a 45° angle. Light that is not absorbed exits the vacuum
chamber through a second MgF, window, after which it is focussed onto the entrance
slit of a spectrometer (Shamrock 303i). The spectrometer is equipped with two inter-
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changeable turrets which hold four gratings in total (2400, 1200, 600 and 150 1/mm),
allowing for a trade-off between wavelength coverage and spectral resolution, depend-
ing on experimental needs.

Typical electronic ice absorption bands exhibit a FWHM of 4 to 20nm, and therefore
the 150 I/mm grating is normally used. This grating provides a wavelength coverage
of 500nm. The light is subsequently dispersed onto a very sensitive 1024 x256 pixel
CCD camera with 16 bit digitization (ANDOR iDus DV-420 OE). The resulting signal
is read out in vertical binning mode by a data acquisition computer. Spectra are taken
in absorbance mode (7 = log(I/1)) with respect to a reference spectrum (I) taken di-
rectly after sample deposition. The recording of a single spectrum takes about 10s and
typically consists of 112 spectra co-added to improve S/N ratios. In a regular 3h ex-
periment, more than 1 000 individual spectra are recorded and reduced using LabView
routines.

To trigger reactions in the ice, it is irradiated by VUV radiation from a microwave
powered hydrogen discharge lamp (Mufioz-Caro & Schutte 2003). The lamp consists
of a flow tube clamped in a McCarroll cavity and emits mainly Ly-a radiation around
121.6 nm and, with less intensity (~20%), a band centred around 160 nm. The cavity
is excited by a Sairem or Opthos Instruments MW power supply (100 W, 2450 MHz).
The H; pressure in the lamp is maintained at about 0.4 mbar. This results in a UV pho-
ton flux of 10™ — 10* photons/cm?s at the ice sample depending on the quality of the
MgF, window that acts as a seal between the cavity and the vacuum chamber. More
details on calibrating the flux of this system is given in chapter 3.

This system is used in several laboratories around the world to simulate spectral dis-
tribution of the UV interstellar radiation field (Mufioz-Caro et al. 2010; Bernstein et al.
2002; Ciesla & Sandford 2012). An addition specific for OASIS is a shutter in between
window and ice substrate. This shutter blocks the VUV light until it is opened and
the ice processing starts. Additionally, it eliminates the need to switch the H, lamp on
and off for (non)irradiation allowing the lamp to stabilize. This is particularly useful
when tracking the photochemical behaviour during extended periods of photolysis.
The spectra are recorded in absorbance mode as described above, this yields a differ-
ence spectrum in which negative signals indicate that a precursor species is consumed,
and positive signals correspond to the formation of new species. For the data reduc-
tion local linear baseline corrections and multiple Gaussian fitting of the band profiles
is applied. As the HeNe laser interference signal and visible absorption spectrum are
monitored simultaneously, these measurements can be performed with full character-
ization of the ice composition. Hence, the setup allows high quality, sub-second time
resolution spectroscopic experiments in which the photoprocessing of well-defined in-
terstellar ice analogues can be carefully monitored.
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2.2 Results

The performance of the setup is demonstrated discussing the VUV irradiation of a com-
mercially available PAH, Pyrene (Py, CicHi) embedded in water ice (see also Bouw-
man et al. 2009, 2011a, for cross-references). The presence of polycyclic aromatic hy-
drocarbons (PAHSs) in many phases of the interstellar medium is evidenced by their
strong and ubiquitous mid-infrared (mid-IR) emission features (Tielens 2008). Mid-
IR features are efficiently emitted by a PAH after excitation by an energetic photon.
Towards dense clouds, however, these mid-IR features are strongly quenched. Here,
most volatile molecules are frozen out on grains forming layers of ice (e.g. Boogert et al.
2008; Oberg et al. 2010). Under such conditions, less volatile molecules such as PAHs
condense on interstellar grains as well, where they will influence or contribute to the
solid state chemical network.

The PAH:H,O sample is prepared by vapor depositing (Py, CisHo, 99%) with milli-Q
water vapour from a purified liquid sample. The thickness of the ice sample is moni-
tored as described above. Typical final ice thicknesses are ~1.7 um and reproducible to
within 5% or lower. In parallel, the column density of pyrene (or other PAH) molecules
in the ice sample (Np,) is monitored by measuring the integrated absorbance of its
strongest transition (S, +-Sp). The number of pyrene molecules per cm? can be calcu-
lated viaN = [ 7dv/8.88 x 10~'* f where f = 0.33 is the well known oscillator strength of
the (S, <-S) transition of pyrene, and 7 is optical depth. Typical pyrene concentrations
range from 1:5 000 to 1:10 000 pyrene:H,O mixture. The concentration can be roughly
varied mainly by changing the H,O flow rate and in a lesser extent by controlling PAH
sample temperature. These mixing ratios are close to the predicted values for the ISM,
where overall PAH abundances of the order of a few percent are taken. The neutral
Py bands cover mainly the high energy range below 350 nm. The individual bands are
readily assigned using available data from rare gas matrix isolation spectroscopy, e.g.,
for Py (Kjaergaard et al. 2000; Wang et al. 2003). The water ice environment causes
bands to shift and broaden compared to rare gas matrix experiments, because of the
stronger molecular interactions in the polar water environment. Similar findings are
derived for other PAHs, such as anthracene, coronene and benzo[ghi]pyrelene (Bouw-
man et al. 2011a).

Since PAH electronic transition strengths are some 100 to 1 000 times stronger than IR
band strengths, photochemical processes of PAHs in ice can be followed with OASIS,
even at highly dilute concentrations. This pushes the threshold for PAH detection and
monitoring one to two orders of magnitude beyond the IR detection threshold. In the
IR, indeed, PAH:H;O ~1:100 mixtures are needed to discriminate PAH bands, particu-
larly as common interstellar ice constituents mainly H,O, but also CO, CO,, etc. have
very strong bands in the IR, making it very difficult if not impossible to disentangle
weak PAH and photoproducts IR absorptions in an ice. These species, however, do not
exhibit strong transitions in the optical range. Furthermore, electronic transitions are
more unique than infrared vibrations which can be very similar, also for very different
PAHs. Besides these spectroscopic differences, also chemical differences are observed.
These differences are studied and addressed in chapter 6.
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The UV photolysis of Py:H,O mixtures has been described in detail by Bouwman et al.
(2011a). The negative bands that appear between 290 and 345nm (Fig. 2.2) are as-
signed to the 'By, +'A, electronic transition of neutral pyrene (S, +S,) (Halasinski
et al. 2005). Most of the positive bands that form upon UV photolysis of the Py con-
taining H,O ice can be ascribed to the Py" species. The system ranging from ~ 411
— 470 nm is the strongest Py™ transition and assigned as ?A, <* Bs,. The weaker ab-
sorption bands between 350 and 370 nm are assigned to the 2By, — 2B39 Py™* vibronic
transition. The band on the red-wing of the strongest Py* transition, situated around
490.1 nm, is due to the ?B;, «+? Bs,transition. The Py" bands are broader in solid H,O
than in rare gas matrices, in accordance with the stronger interactions within the H,O
matrix network. Similarly, larger shifts in peak position are expected. For the studied
conditions, the direct ionisation channel is found to be dominant. This observation is
also confirmed for other PAHs embedded in water ice (Bouwman et al. 2011a) and was
concluded earlier by Gudipati & Allamandola (2003, 2004). Besides the rather strong
Py cation absorptions, two weak bands which do not correlate with the cation features
are detected around 400 and 405 nm. The band at 400 nm has been previously found to
originate from an electronic transition in PyH and the band at 405 nm has been tenta-
tively assigned to an electronic transition of *Py (Bouwman et al. 2010).

OASIS also allows to derive temperature dependent kinetic information, simply by
recording the integrated absorbances as function of time. Spectra are taken every 10
seconds during photolysis. For pyrene it is found that Py™* vibronic bands quickly
build up to a maximum after about 1 000 s and then slowly fall off over the course
of the experiment. In a similar way it is interesting to note that charged species re-
main in the ice, also when the VUV light is switched off. This is relevant for solid state
astrochemical processes as charge induced interactions may play a key role.
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Chapter 3

A straightforward method for
vacuum—UYV flux measurements

Abstract. Vacuum-Ultraviolet (VUV) radiation is responsible for the photo-pro-
cessing of simple and complex molecules in several terrestrial and extraterrestrial
environments. In the laboratory such radiation is commonly simulated by inexpen-
sive and easy-to-use microwave-powered hydrogen discharge lamps. However,
VUV flux measurements are not trivial and the methods/devices typically used
for this purpose, mainly actinometry and calibrated VUV silicon photodiodes, are
not very accurate or expensive and lack of general suitability to experimental se-
tups. Here we present a straightforward method for measuring the VUV photon
flux based on the photoelectric effect and using a gold photodetector. This method
is easily applicable to most experimental setups, bypasses the major problems of
the other methods, and provides reliable flux measurements. As a case study, the
method is applied to a microwave-powered hydrogen discharge lamp. In addition,
the comparison of these flux measurements to those obtained by O3 actinometry
experiments allow us to estimate the quantum yield values QY92 = 0.44 £ 0.16
and QY60 = 0.87 £ 0.30 for solid-phase O; actinometry.

Fulvio, D., Brieva, A.C., Cuylle, S.H., Linnartz, H., Jager, C., Henning, Th.
Applied Physics Letters, 105, 014105 (2014)
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3.1 Introduction

Vacuum-Ultraviolet (VUV) radiation plays a key role in the photo-processing of gas-
and solid-phase molecules in many different terrestrial and extraterrestrial environ-
ments, from inter- and circumstellar regions to the atmophere and the surface of plan-
ets, asteroids and comets.(Weber & Greenberg 1985; Gerakines et al. 1996; Cottin et al.
2008; Palumbo et al. 2008a; Oberg et al. 2009; Fulvio et al. 2012) For this reason, various
chemistry, astronomy and biology laboratories over the world carry out experimental
programs devoted to the study of VUV photoinduced processes on simple and com-
plex molecules.

Lyman-a photons at 122 nm (10.2 eV) constitute a major component of the VUV ra-
diation field in many of these environments,(Mathis et al. 1983; Cottin et al. 2008) ex-
plaining why in the last decades there has been a growing interest in simulating the
VUV field using microwave-powered hydrogen discharge lamps (Warneck 1962). The
objective of experiments carried out with these lamps is to produce reliable laboratory
data allowing the comparison with models and observations. To this purpose, the ir-
radiation source needs to be well characterized in terms of its VUV flux and spectral
emission pattern.

Two common ways of carrying out absolute VUV flux measurements are: (1) actinom-
etry and (2) calibrated VUV silicon photodiodes. Actinometry is based on the monitor-
ing of a well characterized chemical reaction as a function of the VUV fluence. A com-
mon actinometer for estimating the Lyman-a flux produced by hydrogen discharge
lamps is solid-phase O,: (Gerakines et al. 2000; Baratta et al. 2002; Cottin et al. 2003)
upon VUV photon absorption Os is formed from O,, a process well documented in
the gas-phase.(Warneck 1962) Due to the lack of data for solid-phase O, experiments,
gas-phase quantum yield (QY) values are commonly used. However, a discrepancy
of about a factor of 3 was observed between the flux measurements as determined by
solid-phase O, actinometry and by a calibrated VUV photodiode.(Cottin et al. 2003)
This may be due to the inaccurate assumption that gas-phase QY values are suitable
for solid-phase experiments. Additional limitations of solid-phase actinometry come
from technical requirements. For instance, spectroscopy is typically needed to monitor
molecular abundances and a cryostat is required to condense O, (T < 30 K).
Calibrated VUV photodiodes measure the current induced by VUV irradiation. Al-
though they are considered to be more precise and accurate than actinometry (as their
quantum efficiency in the VUV domain is very well documented) their use is much
less common. The reason of the prevalent spread of actinometry has to be found in
the high cost of calibrated photodiodes and the change in the photocathode surface
efficiency (difficult to characterize and monitor) due to atmospheric exposure. In some
photodiodes, a passivating oxide layer is used as surface coating in order to protect
the photosensitive layer from oxidation and other potential contaminations. However,
the passivating layer contributes to the spectral photosensitivity of the diode and is
subject to degradation as a result of VUV exposure. The degradation rate depends on
the accumulated VUV fluence over time.

In the following we present an alternative method for VUV flux measurements based
on the photoelectric effect. We show how by using this simple method it is possible
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to obtain reproducible and reliable measurements. As a case study, the method is ap-
plied to a microwave-powered hydrogen discharge lamp. In addition, we show how
the method can be applied to estimate the quantum yields for solid-phase actinometry.
As an example, we discuss the case for solid-phase O,.

3.2 Experimental Setup

Microwave-powered hydrogen discharge lamps consist of a glass tube with a constant
flow of H; at pressure typically between 0.3 and 1 mbar. The hydrogen is excited by
microwave radiation using a McCarroll (McCarroll 1970) or Evenson (Fehsenfeld et al.
1965) cavity and the microwave generator power is usually kept between 50 and 100
W. The discharge in the lamp is initiated by a Tesla coil. The typical VUV spectrum
of hydrogen discharge lamps is dominated by the Lyman-a emission at 122 nm (10.2
eV) and the molecular Hy; emission feature around 160 nm (7.7 eV). The relative ratio
between these two features depends on the specific experimental conditions, such as
the pressure inside the discharge tube, extra components in the gas flow (for instance
He added to H;) and the relative proportion of these components. (Jenniskens et al.
1993; Westley et al. 1995; Mufioz-Caro & Schutte 2003; Cottin et al. 2008; Chen et al.
2014) In a typical laboratory setup, the lamp faces the experimental chamber (where
the species under study is located) through a VUV-transparent window. The proper
choice of the window material is important, as its VUV transmittance can strongly af-
fect the spectrum and photon flux reaching the target. Special care needs to be taken
as the VUV radiation can cause degradation of the VUV transmittance of the window
over time. For instance, LiF windows, although having high transmittance in the VUV
range, degrade significantly within hours of VUV exposure.(Cottin et al. 2003) For ex-
periments with hydrogen discharge lamps, MgF, windows are the common choice to
guarantee high VUV transmission down to the Lyman-a wavelength while ensuring a
high level of resistance against VUV degradation.

The method presented in this Letter to easily determine VUV flux values is based on
the photoelectric effect: (photo)electrons are emitted from the conduction band of a
material once the acquired energy exceeds the work function of the material. Increas-
ing the photon flux increases the number of emitted photoelectrons and the energy of
the photoelectrons depends on the energy of the incident photons.

We describe now the experimental procedure, along with a few technical suggestions,
before discussing the results. We choose gold as material for the photodetector (the
work function of gold is between 4.2 and 5.2 eV, the spread in the value being due
to the sensitivity of the work function to the surface contamination status) (Eastman
1970; Feuerbacher & Fitton 1972) and in practice we use a commercial gold-coated
quartz crystal microbalance (QCM) (see Chapter 2) as photodetector to carry out the
measurements. Although the work function of most metals falls in the 4 - 5 eV range,
gold is a convenient choice as it is inert (therefore does not oxidise in air) and does
not degrade upon VUV irradiation. Besides, gold is a material commonly available in
laboratory as it is used for a number of purposes (such as IR reflectance standard or
coating in QCMs). We propose QCMs because of their small size, compatibility with
most systems, and low price.
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Figure 3.1 — (a) Schematic of the experimental setup and circuit used in this study. (b) Gold photode-
tector (diameter = 12.7 mm) mounted on a semicircular support for easy fit at the sample position. The
connection detector-circuit is realized by a simple wire touching the gold surface or, when needed, a
small metallic grid to facilitate the contact with the gold surface.

Figure 3.1 shows a schematic of the experimental setup and the gold QCM used. The
gold photodetector is placed inside an high-vacuum chamber (base P < 5 x 10~% mbar)
at the sample position, connected by means of a feedthrough to a voltage controlled
power supply in a circuit closed by the vacuum chamber itself (grounded). The dis-
tance from the source to the detector in our system is about 16 cm. A microammeter
is used to measure the current passing through the circuit. The VUV lamp faces the
photodetector through a MgF,; window as shown in Figure 3.1. Unless otherwise spec-
ified, the experiments are conducted under constant VUV photon flux and at normal
incidence of the VUV light onto the detector. The lamp is always operated with a
constant flow of Hy and a pressure of 0.6 mbar, 100 W are applied by the microwave
generator to the Evenson cavity and the reflected power was below 5 W (in most cases
equal to 2 - 3 W) in all experiments.

Ideally, under VUV irradiation, the photoelectrons emitted from the gold surface are
collected by the chamber and return to the gold through the circuit represented in
Figure 3.1. However, there are two additional effects which contribute to the current
readings. First, VUV stray light may reach other spots (different than the gold pho-
todetector) inside the chamber, with consequent photoelectron emission, and some of
these photoelectrons can be collected by the detector. Second, some of the low energy
electrons emitted by the gold detector may return back to it. The “spurious” photoelec-
trons generated by these two effects contribute antithetically to the current produced
by the photoelectrons emitted by the gold surface and collected by the chamber. The
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Figure 3.2 — Total current vs. V.5 applied to the photodetector.

Table 3.1 — VUV flux (ph cm~2 s™!) as measured by the method discussed in this Letter (column 1)
and by O, — O3 actinometry using gas-phase value QY = 1.92 (column 2). The last column gives the
quantum yield QY values for solid-phase O, actinometry, as estimated from the flux measurements
presented in column 1. Values of QY are in O3 molecules formed per absorbed photon.

Flux Flux Quantum Yield
gold photodetector actinometry (QY =1.92) solid-phase estimate
122 nm 1.8 £ 0.6 x10™ 0.4 4+ 0.1 x10* QY120 =044 +0.16

160 nm 31+1.1 x10" 1.4 4+ 0.35 x10™ QY160 = 0.87 + 0.30
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contribution of the spurious electrons to the overall current depends on the bias volt-
age Vs applied to the gold photodetector, as shown in Figure 3.2. When positive or
no bias voltage is applied, the spurious photoelectrons counteract the current due to
the electrons photoemitted by the gold detector and collected by the chamber.

The higher the positive bias voltage applied, the stronger is the electric field which
steers the spurious photoelectrons towards the gold surface. Therefore, more of them
are collected from increasing distance inside the chamber. On the other hand, when
increasing the negative bias voltage applied to the gold surface, the current reaches a
maximum value (hereafter referred to as “saturation” current) which remains constant
for higher negative values of the potential (Figure 3.2). Saturation happens when every
photoelectron emitted by the gold is collected by the chamber and, simultaneously, no
spurious electrons can reach the gold surface since the electric potential between gold
and chamber is greater than their kinetic energy.

3.3 Method and verification

The basic concept of our method is that the saturation current is the appropriate pa-
rameter to determine the VUV flux at the position of the gold photodetector. If so, the
saturation current has to depend linearly on (i) the surface area of the gold detector
and (ii) the power applied by the microwave generator, as the VUV flux scales linearly
with the surface area and the power applied (Bénilan et al. 2011). We have verified
these two points experimentally. Figure 3.3 presents the results of (i), for the whole
range of Vy,,, (Figure 3.3a) and the value of the saturation current vs. the surface area
of the gold detector (Figure 3.3b). The area of the photodetector was cut into smaller
areas between consecutive experiments. The resulting data points in Figure 3.3b can be
titted by a straight line passing through the origin as expected for a current which de-
pends only on the flux absorbed. The results of (ii) (not shown for the sake of brevity)
confirm the linear correlation between the saturation current and the power applied
by the microwave generator in the range 65 - 120 W. These two control experiments
prove that saturation depends on the VUV flux rather than the limited surface of the
gold detector or any other undesirable effect in the circuit.

We now describe the procedure to determine the VUV flux. The total flux F,,, can be
divided into the contribution of the spectral components centered at different A: F,.
Knowing the photoelectric yield PY of gold for photons of given wavelength A and
the current I§** produced by these photons, the VUV photon flux F) is:

sat
I)\

J N N
A ex PYyx A

where e is the elementary charge and A is the irradiated area. VUV spectra of hy-
drogen discharge lamps are dominated by two spectral features: the Lyman-«o emission
centered at 122 nm and the molecular H, emission around 160 nm. This means that
we need to estimate the flux due to each spectral feature: Fi9; and Fig0. To this pur-
pose, two measurements of the saturation current have to be performed: the first one
as described above, I**" (= ;%' + [;4!), and the second one adding an extra window
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with known transmittance (T2, and T140) at the wavelength of each emission feature,
[512 (= I535 + I5457). From expression (1) we get a system of two linear equations in two
unknowns:

1 = Ae(PYig2Fi2 + PYisoFigo)
512 = Ae(PYi22T125F 125 + PY160T160 Fi60)

The solution of the system provides the flux for each spectral component. For mea-
suring [***> we use a sapphire window, opaque to the 122-nm component while par-
tially transmitting the 160-nm one. The transmittance T’ of this sapphire window is
measured to be 0.5. Solving (2) we find, for the lamp settings discussed before, the fol-
lowing flux values at the detector position (Table 3.1, column 1): Fi5; = 1.8 + 0.6 X 10™
phem™2 st and Fig0 = 3.1 £ 1.1 x 10" ph cm™2 s~!. We point out that the broadness
of the emission band is one of the main error sources, mainly because of the uncer-
tainty on the PY, value used to estimate the flux from expression (1). We have used
PYi5 =2 x 1072 and PY14 = 1 x 1073 (in units of photoelectrons per incident photon)
(Feuerbacher & Fitton 1972). We want also to point out that discerning between the
two spectral components is required, as recent solid-phase experiments have shown
that photoinduced processes can be wavelength dependent (Chen et al. 2014; Fayolle
et al. 2011).

3.4 Verification

An application of the method discussed in this Letter is the estimation of the quantum
yields for solid-phase actinometry. As an example, we discuss the case of solid Os.
First, we have re-determined the VUV flux by O, actinometry experiments (under the
same experimental conditions). Inside the high-vacuum chamber, solid O, is grown
at 11 - 15 K onto a KBr substrate placed in thermal contact with a closed-cycle helium
cryostat. The thickness of the O, film is always > 1.8 micron (to ensure total absorption
of the VUV photons) and is determined by laser interferometry as described in Fulvio
et al. (2009). An FTIR spectrophotometer (Bruker Vertex 80v) is used to record trans-
mittance spectra (resolution: 1 cm™!) in the range 6000 - 400 cm™!. The flux is derived
by measuring the area of the v; infrared band of O; centered at 1040 cm ™! as a function
of the irradiation time:

Area(vs)
time X QY x A(vs)

Flux =

where QY is the O3 quantum yield and A(v3) is the integrated absorption strength
for the v3; band. While the integrated absorption strength value is known for solid
O3,(A(r3) = 1.4 x 107" cm molecule™ Teolis et al. 2007). there is a lack of solid-phase
data for the O3 quantum yields. To date, the gas-phase-estimated value QY = 1.92 has
been commonly used. Employing QY = 1.92 we find the flux values reported in col-
umn 2 of Table 3.1. These values are about a factor of 3 smaller than the flux values ob-
tained using the gold photodetector (column 1). This trend is similar to the one found
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when comparing the flux measurements obtained by solid-phase O, actinometry and
a calibrated VUV photodiode (Cottin et al. 2003). We think that the discrepancy may
be due to the use of gas-phase QY values for solid-phase experiments. Knowing the
flux values from the measurements with the gold photodetector and using expression
(3), we estimate the QY values for solid-phase O, actinometry as reported in column
3. However, the precision of these estimates strongly depends on the precision on the
measurements of the photoelectric yields of gold. In this view, our results suggest the
need for more precise photoelectric yield measurements.

Finally, we want to point out two additional advantages of our method for VUV flux
measurements: (1) the response of the photodetector is “limited” to 5 - 11 eV; this is the
spectral range where the lamp emission simultaneously induces photoelectric effect on
gold and is transmitted by the MgF, window; on the other hand, the spectral response
of VUV silicon photodiodes extends to the visible and IR range; this last case may lead,
if neglected, to an overestimated VUV flux measurement; (2) our method can be used
even in conditions of “rough” vacuum: when slowly increasing the pressure in the
vacuum chamber, our measurements remain unaffected up to 1 x 1072 mbar; this is
another advantage with respect to actinometry.

3.5 Conclusions

In summary, we present a straightforward method to determine the VUV flux and dis-
cuss in detail the case of a commonly used microwave-powered hydrogen discharge
lamp. Technical details and pragmatic suggestions are provided. The main advan-
tages of the proposed method and detector can be summarized as follows: no need for
spectroscopy; no need for cryogenic components; response in the spectral region 5 - 11
eV, low cost, small size and easy fitting in almost every system; suitable for chamber
pressure up to 1 x 1072 mbar. Finally, the method here presented can be applied to
estimate the quantum yields for solid-phase actinometry. As an example, the case of
solid-phase O, actinometry has been discussed.
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Chapter 4

UV-vis spectroscopy of Cg) embedded in
water ice

Electronic solid state spectra are recorded for Cgy embedded in 40 K water ice using
broad band direct absorption spectroscopy, and assigned with reference to existing
matrix data. The results are interesting in view of the recent gas phase detection of
fullerenes in the interstellar medium and provide a realistic solid state signature to
search for frozen Cg in space.

Cuylle, S.H., Linnartz, H., Thrower, J.D.
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4.1 Introduction

Decades of dedicated fullerene research have resulted in a wealth of spectroscopic
and dynamical information on fullerenes and carbon nanotubes (Kroto et al. 1985,
1991). Their special properties have been intensely investigated and various appli-
cations have been proposed ranging from e.g., solar cell applications (Sariciftci et al.
1993) to targeted drug delivery (Simon et al. 2007). With their detection on Earth,
fullerenes were also proposed to be present in the interstellar medium. First obser-
vations that hinted in this direction were reported in by Werner et al. (2004) and Sell-
gren et al. (2007). An unambiguous identification was reported by Cami et al. (2010)
who observed both Cg and Cy in the unusual planetary nebula Tcl by comparing
Spitzer-IRS and laboratory infrared emission gas phase spectra of vibrational modes
(Cami et al. 2010). Since this discovery, Cgy has been detected along other lines of
sight, including reflection nebulae (Sellgren et al. 2010), embedded young stellar ob-
jects, a Herbig Ae/Be star, a post-asymptotic giant branch star (Roberts et al. 2012) and
H-deficient RGB stars (Garcia-Herndndez et al. 2011), indicating that fullerenes may
be widespread in space. This is actually not that surprising given the fact that many
carbon bearing species have been identified in the interstellar medium and fullerenes
belong to the most stable carbon species (see also Ehrenfreund & Foing 2010, and ref-
erences therein); they are predicted to carry up to 1.5 % of the available carbon in
inter- and circumstellar environments. Even more recently, Evans et al. (2012) reported
the possible detection of solid-phase Cgy in the binary XX Oph. Indeed, at the low
temperatures of dark interstellar clouds, Cgy molecules are expected to stick together
and to form agglomerates, as has been observed for polycyclic aromatic hydrocarbons
(PAHs) (Geers et al. 2009). It also has been proposed that PAHs, as large non-volatile
species, will accrete in dense interstellar clouds onto cold dust grains together with
other species most noticeably water to become embedded in interstellar ices. This
idea has been extensively discussed by Gudipati & Allamandola (2003) and Bouwman
et al. (2009) and in Chapter 6, and is consistent with the astronomical observation that
strong infrared emission lines originating from UV excited PAHs are not visible from
such clouds, as in the ice matrix the responsible vibrational modes are quenched. Here,
volatile molecules freeze out, forming layers of ice on micrometer sized dust grains
(Oberg et al. 2011), providing a molecule reservoir. Upon external chemical triggers,
i.e.,, UV photon irradiation, ice species participate in a solid state chemical reaction
network (see e.g. Wakelam et al. 2010; Gudipati & Allamandola 2006a). A similar evo-
lution is expected for Cgy and for this reason the UV-vis spectrum of Cg, embedded in
water ice has been studied. This spectrum provides, in essence, the spectroscopic tool
with which to search for Cg, embedded in water ice.
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4.2 Experiment

The experiments are performed with OASIS, our Optical Absorption Setup for Ice
Spectroscopy that has been described in detail by Bouwman et al. (2009) and in chap-
ter 2. The setup consists of a high vacuum chamber (3 x 10~ mbar) in which ices are
grown on a thermally controlled MgF, deposition window. The window is mounted
on top of the cold head of a closed-cycle helium cryostat. An integrated tip heater
allows accurate temperature control between 13 and 325 K. Here, experiments are per-
formed at an astronomically relevant and fixed temperature of 40 K. The co-deposition
system for H,O (Milli-Q, purified by three freeze-pump-thaw cycles) and Cg (Sigma-
Aldrich, 99%) consists of an external manifold with a dosing valve for the water matrix
and a resistively heated oven affixed to the end of the line for Cg,. Heating the oven
with 2-3 W is sufficient for thermal evaporation of the Cy, without chemically altering
it. This allows a homogeneous mixing of both constituents, typically in a Cgy:H2O ratio
of roughly 1:5000. During deposition, the ice thickness is monitored using a HeNe laser
based interferometric system. Typical deposition rates amount to about 3 nm/s and fi-
nal ice thicknesses are between 0.5 and 1 ym. The ice is spectroscopically investigated
by focusing white light of a Xe-arc lamp through the ice onto the inlet of an Andor
Shamrock 303i spectrometer. This monochromator disperses the light in a range from
200 - 1000 nm with a best spectral resolution of 0.55 nm. Given the large spectral range
covered here, this yields different absolute accuracies in terms of absolute numbers
(cm™!, see Table 4.1). UV-vis spectra are recorded every 10 s and several spectra can
be added to increase S/N-ratios. A particular benefit of this technique is that a large
spectral range can be covered in one run and this allows simultaneous investigation of
many spectral features, also in the time domain ensuring a constant ratio between Cg
and water over the depth in the ice.

4.3 Results

Fig. 4.1 shows the broadband (200 - 420 nm) UV-vis spectrum of Cg, embedded in water
ice. This spectrum has been recorded in a single pass experiment during 10 s. Besides
several broad bands in the 200-400 nm region, a rather large number of narrower bands
are observed for wavelengths longer than 365 nm. An expanded view of this region
is shown in Fig. 4.2. The spectral features show similarities with previously recorded
spectra for Cg in matrix environments other than water - hexane, n-hexane at 77 K,
and 3-methylpentane (Hare et al. 1991; Leach et al. 1992), Ne and other rare gas matri-
ces at 4 K (Sassara et al. 2001, 2002) and hexane/polystyrene (Pavlovich & Shpilevsky
2010) - and have been assigned in these studies to vibronic transitions. Electronic gas
phase spectra of Cgy have been predicted or measured (Catalan 1994; Cataldn & Pérez
2000; Dai et al. 1994; Haufler et al. 1991), but their accuracy is limited; the predictions
are derived from the solid state work (and are not further considered here) and the gas
phase measurements concern high temperature environments. For this reason mainly
Ne matrix data (Sassara et al. 2001, 2002) complemented with n-hexane data (Leach
et al. 1992) are used to guide the identification of the bands observed here in a water
ice matrix. Ne environments provide the lowest matrix-induced band shifts and this is
confirmed in Table 4.2 for the limited set of bands for which gas phase data are avail-
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able (Sassara et al. 2001, 2002; Catalan 1994); the matrix shifts typically amount to a few
tens of cm ™! (and up) with respect to unperturbed gas phase data. This is comparable
with values that have been found for different PAHs (Bouwman et al. 2009).

A sequential fit procedure has been applied. The five broader bands (A-E) not overlap-
ping with the weaker features are fit using the x? fitting tool of Origin 8. Here a well
educated guess is made for the three initial Gaussian parameters - centre wavelength,
integrated absorption area and FWHM after which the fitting is performed, restricting
the centre wavelength to a certain range centered on the peak position found in the dif-
ferent matrix studies. The resulting optimal values are listed in Table 4.1. As the bands
are very broad the accuracy here is limited. This is also reflected in the large variation
of derived Av H,O-matrix/gas values for the stronger and broad features. The red
wing of the sixth band (F) at 29 737 cm ™! and the seventh band around 27116 cm™* (G)
overlap with the weaker features and a x? method does not work, as a baseline in the
28 500 to 23 500 cm ™! region is needed to separately fit the partially overlapping nar-
rower bands. Therefore the fitting procedure has been adapted in such a way that the
G band coincides with the measured spectrum for a number of hand-chosen overlap
points, while taking into account the solution for the adjacent Gaussian around 29 737
cm ! for the F band. As also the F and G bands overlap, the fit is optimized for one
Gaussian per optimization run, and repeated until the fitting parameters remain stable.
The G assignment is tentative and possibly incorrect, given the Av value that clearly
deviates from the other values found for the stronger and broad features.

The subsequent fitting of the narrower features in the 365 - 425 nm region follows a
rather similar method. Most peak positions can be estimated from the spectrum and
eventually compared to the data summarized in Sassara et al. (2002). Separate peak-
to-peak pair optimization results in 17 Gaussian bands (a-q) fitted to the narrower fea-
tures. This is shown in Fig. 4.2. The resulting band parameters are listed in Table 4.2.
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Wavelength [nm]

Absorbance units (arbitrary units)

1 I 1 I 1 I 1 I 1 I 1 I 1
50000 46000 42000 38000 34000 30000 26000 22000

Wavenumbers [cm']

Figure 4.1 — Broadband spectrum of Cgy embedded in water ice showing Gaussian fits of individual
vibronic bands previously assigned in other matrix environments. The band assignments are reported
in Table 4.1.
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Wavelength [nm]
355 365 375 385 395 405 415 425

Absorbance units (arbitrary units)

28000 27000 26000 25000 24000

Wavenumber [cm'1]

Figure 4.2 — Extended view of figure 4.1 showing details of a series of narrower bands including Gaus-
sian fits that follow the assignment of vibronic bands, previously assigned in other matrix environments.
The band assignments are reported in Table 4.2.
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4.4 Assignments

The assignment of the resolved bands is based both on previous matrix and gas phase
experiments. As stated before, the latter are essentially unperturbed, but not neces-
sarily more precise because of the high temperature environments in which they have
been recorded. The assignments within the different studies reported in literature are
largely consistent but not fully in agreement with each other. In order to circumvent
turther confusion, the present study follows the assignments by Leach et al. (1992) and
Sassara et al. (2001, 2002). The strong features labeled A through G - except F represent
a series of vibronic transitions into the 'T;,, excited state, starting from the 1Ag ground
state of Cgp. The central band (D) is located at 34 270 cm™*, and is composed of the
4'Ty, -'A, and 5'Ty, - 'A, bands. As found in Leach et al. (1992) it is not possible to re-
solve both bands and an averaged value is used to calculate the matrix shift. The band
at 38 753 cm ™! (C) corresponds to the 6'T;, - 'A, transition. The next two transitions
involving the 7' Ty, and 8' Ty, levels, around 42 256 cm ™" and 45 952 cm ™!, respectively,
are harder to discern, as towards shorter wavelengths there is an increasing degree of
extinction, likely because of UV scattering in the ice or setup, causing spectral features
to become significantly weaker. A similar behavior was attributed by Apostolopoulou
et al. (2009) to Cgp nanoparticles, consistent with a picture in which Cg tends to form
agglomerates Ismail & Rodgers (1992). On the red side, the 3'T;,, - A, transition (band
E) around 30 618 cm™! shows an extensive wing up to 24 000 cm™' and needs two ad-
ditional Gaussians (bands F and G) for appropriate fitting. The only stronger feature
reported in this region is the 2'Ty, - 'A, transition and band G is found to be the near-
est (Orlandi & Negri 2002). The origin of feature F is unknown, but has to be taken
into account as without it, no accurate fit can be obtained. Typical shifts with respect
to values obtained in a Ne matrix or hexane environment (also listed in Table 4.1) are
of the order of a several hundreds of cm ™! and should be regarded with care, given the
large uncertainties.

The weaker features labeled a-q, visible in Fig. 4.2, in the 350 - 420 nm region have
been assigned in previous matrix work (Leach et al. 1992; Sassara et al. 2001, 2002) to
electronic transitions in the 'H,, 'G, and 1'T;, states with excited Jahn-Teller (h,) or
symmetric (a,) modes. A comparison of the Cgp:H2O spectra to those recorded in a 4 K
Ne matrix shows a significant additional broadening as matrix effects in the water ice
are indeed expected to be stronger than in a Ne environment. This washes out some of
the weakest features that can still be observed in e.g., Sassara et al. (2001). Therefore,
special care is needed to extrapolate the Ne matrix results to solid water, particularly as
spectral separations are of the order of typical matrix shifts. There are, however, a few
distinct spectral features in Fig. 4.2 that facilitate the identification of the subsequent
bands and the most probable assignment is presented here. Features m and n around
24 892 and 24 646 cm ™! are stronger than the other bands and likely correspond to the
1'Ty, - A, + hy(1) and 1'Ty, - ' A, bands as assigned in Sassara et al. (2002). The latter
band actually belongs to the series of stronger features discussed before and it should
be noted that the FWHM-value is smaller than found for the bands A-G. Furthermore,
there is an empty region around 26 800 cm ™!, between features e and f that is also
found in the other matrix studies.
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Using this as a starting point, feature o is assigned as 1'G,, - 'A, through its relative
distance from feature n. Features p and q are out of the range discussed in Sassara
et al. (2002). Band p can be labeled as 2'G, - ' A, following Leach et al. (1992) or 1'G,,
- 'A,, according to Sassara et al. (2001, 2002). The latter assignment, however, is in
contradiction with the previous o-feature labeling. Based on its distance from feature
n, band q is assigned as 2'H,, - 'A, + h,(8). Features j and k are due to the 1'Ty, - 'A,
+hy(5) and 1'Ty, - 'A, + h,(3) transitions, respectively, based on their relative strength
and distance from feature m (Sassara et al. 2002). Due to overlap of these two bands,
a previously observed feature assigned to 1'G, - 'A, + h,(5) is not observed here. Fea-
ture | is associated with 1'Ty, - 'A, + hy(1) and is in between k and m.

Moving to the shorter wavelengths, the assignment of the bands a-i is not trivial, as
these features suffer from serious spectral overlaps and multiple transitions effectively
result in a single bump in the water ice environment. Feature i may be due to either
1'G,-'A, +a,(2) or 1'Ty, - 1A, + h,(6) that are difficult to distinguish in the Ne matrix.
Feature h is the next peak, and can be associated with three overlapping modes: 1'Ty,
-1A, + hy(7), 1'Ty, - A, + a4(2) and 1'Ty,, - 'A, + h,(8). Feature g can be linked to the
adjacent peak, which is 2' Ty, - 'A,. The last peak before the earlier mentioned empty
region, peak f, may be due to multiple transitions that form a single peak, comprising
the 2'Ty, - 'A, + hy(1) and the 2'G, - 'A, band in its long wavelength flank. Cross-
ing the empty zone, the measurements of Sassara et al. (2002) show three peaks in a
strongly sloping baseline. These are linked to features ¢, d and e in water ice, labeled
as 2'G, - 'A, + h,(5),2'G, - 'A, + h,(4) and 2'Ty, - 'A, + h,(3), respectively. Finally,
features a and b are out of the range of the measurements of Sassara et al. (2001), and
tentative assignments are 2'G,, - 'A, + hy(7) and 2'G,, - 'A, + h,(6), respectively. Also
here it is found that in the water ice environment the bands experience a redshift with
respect to the Ne matrix values. A comparison with the available gas phase yields a
similar result. This shift is obviously due to the stronger interaction of Cs, with water
compared to Ne, but as this interaction affects both ground and excited state, it is hard
to quantify this effect.

4.5 Astrophysical considerations

The spectrum shown in Fig. 4.1 and the band positions listed in Table 4.1 provide in
principle - a tool to search for Cgy embedded in water ice. The spectra presented here
are recorded for 40 K, an astronomically relevant temperature, and provide a starting
point with which to search for Cgp:H,O ice. Itis likely that the fullerenes are not formed
within the ice, but adsorb onto the grains during the accretion process (Berné & Tielens
2012). A solid state astronomical search for Cgy:H2O, using the rather characteristic
pattern of the two strong bands C and E around 38 753 cm ™! and 30 618 cm™*, will be
far from trivial, even in the case that Cg, abundances are sufficiently high. The number
of embedded objects with ice surroundings that can be observed in absorption is very
limited and it should be noted that wavelengths below 300 nm are not accessible in
ground based observations. Also, spectral overlap with electronic transitions of other
species, e.g. PAHs, may exist. However, as has been proven in the past, e.g., for anions
(McCarthy et al. 2006), the most effective strategy to search for new interstellar species
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and the best way to figure out whether detection is technically feasible is by giving it a
try. The present data provide the tools to do so.
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Chapter 5

Lyman-a induced charge effects of PAHs
embedded in ammonia and
ammonia:water ice

Abstract. Infrared emission features assigned to gas phase polycyclic aromatic hy-
drocarbons (PAHs) are observed in space along many lines of sight. In regions
where interstellar ices are present, these emissions are largely quenched. It is here
that PAHs form agglomerates covered by ice or freeze out onto dust grains, to-
gether with volatile species such as H,O, CO, CO,, and NH3. Upon exposure to
the Ly-a dominated interstellar radiation field, PAHs are expected to participate
in photo-induced chemical reactions, explicitly also involving the surrounding ice
matrix.

In this paper, a systematic laboratory based study is presented for the solid-state
behavior of the PAHs pyrene and benzo[ghi]perylene upon Lyman-« irradiation
in ammonia and mixed NHj3:H2O astronomical ice analogs. The results are com-
pared to recently published work focusing on a pure water ice environment. It
is found that the ice matrix acts as an “electronic solid-state switch” in which the
relative amount of water and ammonia determines whether positively or nega-
tively charged PAHs form. In pure water ice, cations are generated through direct
ionization, whereas in pure ammonia ice, anions form through electron donation
from ammonia related photoproducts. The solid-state process controlling this lat-
ter channel involves electron transfer, rather than acid-base type proton transfer. In
the mixed ice, the resulting products depend on the mixing ratio. The astronomical
consequences of these laboratory findings are discussed.

Cuylle, S.H., Tenenbaum E.D., Bouwman, J., Linnartz, H., Allamandola, L.].
Monthly notices of the royal astronomical society, 423, 1825 (2012)
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5.1 Introduction

The astrospectroscopic identification of individual polycyclic aromatic hydrocarbons
(PAHs) has not yet been realized. Microwave spectra of gas phase PAHs are not avail-
able because they have, at best, weak permanent dipole moments. The transitions
in those that do have permanent dipoles - arising from isotope or hetero-atom sub-
stitutions - suffer from severe band dilution due to the high partition function. The
presence of PAHs in space, however, is generally accepted because of the observa-
tion of a set of strong infrared emission lines around 3.3, 6.2, 7.7, 8.6 and 11.2 ym that
have been explained by PAH emission following UV excitation (Tielens 2008, and ref-
erences therein). PAH mid-infrared emissions are observed along many lines of sight;
molecular cloud edges, photodissociation regions, planetary nebulae and even in other
galaxies, with the exception of dense clouds, where these features are quenched. Here,
volatile molecules freeze out forming layers of ice on small dust grains (Pontoppidan
et al. 2004; Oberg et al. 2010), providing a solid-state molecule reservoir. Subsequently,
chemical triggers - photon irradiation and particle bombardment - drive solid-state re-
actions that have been shown in the laboratory to provide pathways towards molecular
complexity in space (Fuchs et al. 2009; Oberg et al. 2009; Linnartz et al. 2011, and refer-
ences therein). Less volatile species, such as PAHs are also expected to condense under
these conditions. This effectively quenches the emission process upon UV excitation
and explains the missing mid-infrared emission features in dense clouds. Indeed, in
young stellar objects, observations indicate that PAHs likely exist in the solid phase,
either as components of ice mantles, or as PAH conglomerates (Geers et al. 2009). Con-
sequently, PAHs are also expected to participate in the solid-state chemical network
that is responsible for the formation of larger organic compounds. Unfortunately, sys-
tematic laboratory studies focusing on this important process are largely lacking.
In-situ spectroscopic studies of PAHs in ice environments comprise mainly of infrared
(Bernstein et al. 1999) and more recently optical work (Bouwman et al. 2009, 2010).
Spectroscopic studies in the optical and in the infrared focusing on the UV induced
PAH chemistry have been reported specifically for PAHs embedded in water ice (Bern-
stein et al. 2007; Bouwman et al. 2011a,b; Guennoun et al. 2011). Water is the most abun-
dant constituent of interstellar ices and was shown in several recent studies to catalyze
reactions (Oberg et al. 2010) and to promote cation formation (Bouwman et al. 2011a).
In this work, we investigate to which extent a different matrix environment (pure am-
monia or mixed with water) influences the ionization process. Ammonia was chosen
since, after water, it is among the most abundant polyatomic interstellar molecules
known. Past studies showed that ammonia is conducive to solid-state anion formation
(Schutte & Khanna 2003). The study here is astronomically relevant, as mixed water-
ammonia ice is widely present around young stellar objects (Bottinelli et al. 2010) and
pure NHj ice has been found in planetary atmospheres such as that of Jupiter (Brooke
et al. 1998; Baines et al. 2002; Wong et al. 2004).
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5.2 Experimental

The measurements are performed with OASIS, our Optical Absorption Setup for Ice
Spectroscopy that monitors PAHs and PAH reaction products upon UV irradiation in-
situ and in real-time. Experiments are performed on two commercially available PAH
molecules: pyrene (Py, CisHi, Aldrich, 99%) and benzo[ghi]perylene (B, P, CooHyo,
Aldrich, 99%). The experimental procedure applied here is the same as used in Bouw-
man et al. (2009, 2010, 2011a). Ices are grown on a cryogenically cooled MgF, sam-
ple (40 K) window that is located inside a high-vacuum chamber (P<5x10~" mbar)
by flowing a gas mixture of PAH and pure ammonia (Praxair, 99.96%, as commer-
cially available) or mixed ammonia:water (milli-q, degassed with 3 freeze-pump-thaw
cycles) from an external manifold. Pyrene vapor is created by heating solid pyrene in-
side a pyrex vial to ~ 40° C. B,;,;P has a much lower vapor pressure and PAH vapor is
created by warming B,;,P powder in a resistively-heated steel oven, affixed to the end
of the gas deposition tube inside the vacuum chamber. In both cases, typical PAH:ice
mixing ratios amount to approximately 1:5 000.

During ice growth, the ice thickness is monitored via interference fringes resulting
from the reflection of a HeNe laser beam off the sample window. Typical ice growth
rates amount to 75 nm minute ! and standard ices are calculated to be ~ 1.3 um thick,
using an ammonia ice refractive index of 1.49 and a solid-state ammonia density of
0.86 g cm™* (Romanescu et al. 2010). After deposition, the ice is illuminated with
vacuum ultraviolet photons produced by a microwave-powered hydrogen discharge
lamp that emits Ly-a photons (~ 121.6 nm) but also emits a broader band around 160
nm (Mufioz-Caro et al. 2002). The emitted light is directed towards the ice substrate
through a MgF, window that also acts as a vacuum seal. The lamp flux at the substrate
surface is ~10'* photons cm ™2 s™! (Bouwman et al. 2011a, and chapter 2).

During an experiment, spectral properties are monitored in direct absorption, dispers-
ing the light of an intense white light source (Xe-arc lamp) that is focused through the
ice onto the slit of a broadband ANDOR Shamrock spectrometer. This system disperses
light in the 300-815 nm region with a maximum spectral resolution of 0.55 nm. Before
the vacuum UV exposure starts, a reference spectrum is taken to which subsequent
spectra are compared. Negative peaks then correspond to species being consumed
while positive peaks correspond to species newly formed. The spectra presented here
are plotted in units of optical depth (O.D. = In(I/1j)). Spectra are recorded for different
ice temperatures between 12 and 80 K.

5.3 Results

5.3.1 PAH:NH; Ly-a photolysis

Fig. 5.1a shows a spectrum of Py:NHj (~ 1:5 000) ice at 40 K after 100 seconds of UV
exposure. As was the case for Py in water ice (Bouwman et al. 2009), the negative ab-
sorption signal around 337 nm is due to Py consumption, but other spectral features
clearly differ — both in wavelength and relative intensities — in the UV irradiated Py
water dominated NH3:H,O 1:10 ice spectrum (Fig. 5.1c). Immediately after photoly-
sis starts, positive signals at 381 and 487 nm grow. These features can be assigned to
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the Py anion based on the work by Shida (1988). The identification is solidified by the
same experiment conducted at 80 K (Fig. 5.1b), where the anion signal is more intense,
also revealing weaker Py~ features reported by Shida (1988) at 448 and 461 nm.
Remarkably, PAH anion production is favoured by the NHj ice whereas PAH cation
production is favoured by the H,O ice. To test if this is a general trend, the UV photol-
ysis of another PAH, B,;,;P, in NHj ice has been studied. Spectral data from the B,,P
experiments are displayed in Fig. 5.2. Negative absorption bands at 366 and 385 nm
gradually grow, hard to see at 40 K (Fig. 5.2a), but clearly visible at 80 K (Fig. 5.2b),
signaling consumption of neutral B,;,,P (*B,). The latter is in correspondence with UV
irradiation data found for By,,P in a NHj3:H,O 1:10 ice (Fig. 5.2c), but again, the re-
sulting reaction products differ from those in H,O ice. A positive band at 541 nm
corresponds to the B,;,;P anion (Shida 1988). As for Py, the 80 K experiment shows
an improvement in S/N and allows the detection of other anion bands at 419 and 505
nm as well. For both PAHs: Py and B,P, the neutral PAH signal loss and PAH-anion
signal growth in ammonia ice are clearly weaker than the corresponding PAH-cation
signals in water ice.
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Figure 5.1 — Spectra of pyrene (C;6H;() containing ammonia ice (~ 1:5 000) acquired after 100 seconds
of Ly-a exposure. Negative peaks indicate the consumption of the precursor molecule and positive
peaks indicate the formation of new species a) Pyrene in NH3 ice at 40 K, b) Pyrene in NH; ice at 80 K,
¢) Pyrene in NH;3:H>O 1:10 ice at 40 K.
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The influence of ice temperature is further explored in experiments performed at 12,
40, 55, and 80 K. At higher temperatures, both PAH anion formation and PAH neutral
consumption are more efficient. For example, at 80 K, after 100 s of Ly-a exposure, the
Py anion peak has an intensity of 0.014 O.D. units, while at 40 K the intensity is ten
times less. This is in contrast with water based low temperature ice chemistry where
the cation formation is largest for lower temperatures (Bouwman et al. 2010).

In Table 5.1, the spectroscopic data for PAH (anions) in NHj ice are summarized. The
observed wavelengths for the band maxima are compared to literature values of cor-
responding transitions in other matrix environments. Typically, the PAH anion wave-
lengths in NHj ice are a few up to ~5 nm lower than in MTHF (2-MethylTetraHydro-
Furan) glass at 77K, and the PAH:NH; neutral peaks are 1.8-6 nm red shifted with
respect to bands observed in a pure H,O ice.
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Figure 5.2 — As Fig. 5.1 for benzo[ghi]perylene (Ca2H2).
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5.3.2 PAH:H,O/NH; UV photolysis

To compare the influence of a water or ammonia environment on the photochemistry in
PAH containing ices, experiments have been performed on mixed HyO:NH; ices. This
is also a more realistic interstellar ice analogue, as in space (e.g., around young stellar
objects), both water and ammonia are present in ices on cold dust grains, with typical
NHj; abundances with respect to H,O ranging from a few up to 15 per cent (Bottinelli
et al. 2010). Laboratory measurements are performed for different mixing ratios that
cover these astronomically relevant values. In addition to the experiments for PAHs
in pure water and ammonia ices, experiments have been performed at 40 K for ices
with NH3:H,O mixing ratios of 100:1, 10:1, 5:1, 1:1 and 1:10. In all cases, the PAH:ice
molecular ratio was kept at ~ 1:5000. The measurements allow one to determine the
transition region for which the cation-generating chemistry that dominates in pure
water ice, switches to anion-generating chemistry in pure ammonia ice. It is found that,
as long as the water and ammonia amount are comparable, this switching point is not
that well defined. The anion feature at 487 nm appears for samples with a NH;3:H,O
fraction of 1:1 or higher and the cation feature at 445.6 nm is observed in ices with a
1:1 or higher H,O:NHj; fraction. In the 1:1 NH;:H,O ice, both PAH anion and cation
features are observed simultaneously as is illustrated in Fig. 5.3 for Py for irradiation
times of 30 and 190 s. Nevertheless, the influence of the NH3:H,O ratio of the ice on
the relative amount of anion formation, Py:Py~ is significant. Fig. 5.4 shows the anion
feature at 487 nm, normalized with respect to the total Py abundance, at its maximum
and for different ice compositions at 40 K. Compared to pure NHj ice (Fig. 5.4a), no
significant difference is found in the 100:1 NHj3:H,O ice (Fig. 5.4b), as may be expected.
When increasing the relative amount of water in the ice to 10:1 NH;3:H,O (Fig. 5.4c)
the anion signal is halved. A further increase of the water fraction to 1:1 NH3:H,O
(Fig. 5.4e) goes along with a further reduction of the anion signal. For a 1:10 NH;5:H,O
ice mixture (Fig. 5.4f), anion features are no longer observed. Instead, the spectrum is
dominated by signals originating from PAH-cations and is not distinguishable from a
spectrum of a vacuum UV irradiated PAH:H,O ice (without NHj).

5.3.3 Reaction products

A characterization of the PAH reaction scheme in the ammonia and ammonia:water
ice, similar to the scheme derived for pure water ice (Bouwman et al. 2010), is not
straightforward, because the anion signals are not very strong and no other photoprod-
uct bands are evident. A number of possible PAH reaction products, however, can be
ruled out or, at least, are of limited importance, based on the non-detection of known
spectral features in the studied wavelength region. E.g., 1- and 2-aminopyrene have
favorable electronic absorptions at 360 and 340 nm, respectively (Soustek et al. 2008),
neither of which are observed. An interesting result since amino substituted coronene
has been detected using very sensitive mass spectroscopic techniques in coronene:NHj
ice irradiation experiments (Bernstein et al. 2002). This difference likely arises from
the somewhat lower sensitivity of optical spectroscopy. Another undetected species is
monohydrogenated pyrene, which absorbs at 400 nm (Bouwman et al. 2010). Mono-
deprotonated pyrene (the pyrenyl anion) can be ruled out based on theoretical pre-
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dictions of a strong absorption feature in the 337-400 nm range (Hammonds & Sarre,
private communication). It should be noted that the latter feature is at a higher energy
than needed for electron detachment, so it may be that the pyrenyl anion does form
but undergoes electron detachment before experiencing electronic excitation. While
absorption from 2-aminopyrene and the pyrenyl anion could, in principle, overlap in
wavelength with a pyrene absorption, the occurence of this scenario is very improbable
because the pyrene absorption feature retains its expected shape during photolysis.
Smaller reactive species and products generated in the ammonia and water matrix
must play a role, as both environments result in different final products. However,
transitions associated with these remain undetected. For example, NH, has transi-
tions throughout the visible region (Blindauer et al. 1993) and NH, absorbs at 337 nm
(Langford & Williamson 1998), but both species are not observed, not even in a pure
ammonia ice. Both species are very likely present in the ice, but their low oscillator
strengths (~ 0.001-0.007) combined with line broadening due to matrix interactions
likely prohibit a direct detection. For similar reasons, OH has not been observed in
Ly-«a irradiated H,O ice (Bouwman et al. 2009).
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Figure 5.3 — Spectra of pyrene in a H,O:NHj3 1:1 matrix at 40 K under vacuum UV photolysis (30 s in

the upper panel, 190 s in the lower panel). Indicated are the wavelengths of the anion feature in NHj3
ice, the cation feature in H5O ice and the neutral features in NHj3 ice.
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5.4 Discussion

5.4.1 NH; ice chemical process

While it is not possible to identify the reaction intermediates directly, the time (i.e.,
fluence) dependent behavior of the PAH precursor and resulting anion can be mon-
itored, providing additional insight into the processes induced by the UV radiation.
The upper panel in Fig. 5.5 shows the integrated B,;,P and B,,,P~ absorbance during
continuous vacuum UV irradiation of By,;P:NH; ice. The anion signal increases and
reaches a maximum after about two minutes and then slowly decreases. In parallel,
the neutral precursor is consumed during the whole irradiation process. In the lower
panel of Fig. 5.5, the UV irradiation is stopped after two minutes. The anion signal de-
creases relatively quickly now and, simultaneously, the neutral PAH signal increases;
it is likely that PAH anion is converted into PAH neutral via a charge-exchange type
of reaction with an electron acceptor in the ice. The ongoing chemical processes are
schematically summarized in an effective reaction scheme shown in Fig. 5.6. The focus
here is on empirical trends and not on absolute numbers.
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Figure 5.4 — Maximum strength of the Py~ feature for different ice compositions at 40 K, varying be-
tween pure ammonia and pure water ice: a) NHs, b) NH3:H2O 100:1, ¢) NH3:H,O 10:1, d) NH3:H,O
5:1, e) NH3:H5O 1:1, f) NH3:H>O 1:10 (identical to HyO).
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In this scheme, the PAH anion acts as a steady-state reaction product. When photolysis
is halted, the PAH™ peak disappears, as the k;, reaction continues, converting the PAH
anion back into its neutral form. Another PAH™ destruction path, besides e~ loss, may
also occur during photolysis (k2), given the fact that the Py~ signal reaches a maximum
and then decreases during ongoing irradiation. It is not possible to explicitly specify
the resulting reaction products (/) because these are not visible in the spectral data
(i.e., are not abundant enough to be observed, have low absorption strengths or absorb
outside the accessible wavelength domain). Besides the conversion of PAH to PAH™,
the neutral PAH may also be destroyed through another photo-induced pathway, k4,
given the fact that in the ongoing irradiation experiment the neutral PAH signal de-
creases, even after the PAH anion formation signal stabilizes. Again, it is not possible
to identify the products (P;) of this pathway. Even the recent extension of the setup
with a quadrupole mass spectrometer monitoring species desorbing from the ice dur-
ing warm up, has not helped. As a consequence it cannot be excluded that P, is equiva-
lent to P, and that the PAH anion is simply an intermediate in this conversion. Despite
this lack of information on possible intermediates, it is likely that the k;; reaction in-
volves a direct electron transfer from ammonia photoproducts to the PAH neutral. The
observed higher PAH anion production at increased temperatures signals that the £,
reaction is enhanced when mobility of atoms or molecules in the ice is greater. Such
a temperature effect is not a priori expected in a reaction involving the transfer of a
free electron to a PAH molecule. The underlying reaction mechanism for £;; involves
a PAH and electron donating photofragment, suggesting a net scheme:

PAH + NH; + H - PAH™ + NH;

where the hydrogen atom also originates from ammonia photolysis. It is probable that
protonated ammonia, NHJ, forms as a counter ion to the PAH anion. Infrared studies
have shown the formation of NH] in mixed ices containing ammonia. In ices that are
exposed to vacuum UV photons, energetic electrons, high-energy protons, or even sim-
ple heating, ammonia acts as a base and accepts a proton from an acid, creating NH;
and a conjugate acid, as has been discussed for OCN~ and HCOO~ (Hudson et al.
2001; Novozamsky et al. 2001; Bennett et al. 2010; Moon et al. 2010). In the infrared,
NH; has been widely observed in interstellar ices (Schutte & Khanna 2003). In the
optical regime, NH; does not have absorption features. Complementary IR studies,
therefore, are needed to further characterize the potential role of protonated ammonia
in this reaction scheme.

Interestingly, while past studies showed ammonia-related ion formation in ices to be
due to acid-base chemistry, the work presented here for PAHs reveals a different chemi-
cal process leading to the formation of PAH anions. These are found not to be produced
by proton loss from the anion’s parent molecule, as is the case for OCN™ (Hudson et al.
2001). Rather, PAH anions form through simple electron acceptance from ammonia-
related donor molecules. Since PAH electron affinities increase with PAH size, with
larger PAHs, it may be possible for this charge exchange to occur without energetic
assistance.
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56 Chapter 5. Lyman-co induced charge effects of PAHs

5.4.2 Ammonia vs. Water Ice

There is a clear difference between the behaviour of PAHs photolyzed in water versus
ammonia ice. In H,O ice, pyrene, coronene, anthracene, benzo[ghi]perylene, naph-
thalene, quarterrylene, and 4-methylpyrene are all converted to their monocationic,
or dicationic (for quaterylene) forms upon exposure to vacuum UV photons (Bouw-
man et al. 2009, 2010, 2011a; Gudipati & Allamandola 2003, 2004, 2006b). The PAH™"
molecules formed in water ice are highly stable and exist for days or longer, even after
irradiation is stopped (Gudipati & Allamandola 2006a; Bouwman et al. 2009). In con-
trast, the PAH™ molecules formed in ammonia ice convert back to their neutral form in
the first few minutes after the photolysis has stopped (Fig. 5.5, lower panel). Unlike in
ammonia ice, where ~15% of the consumed PAHs are converted to their anionic form,
in water ice, 30-100% of the consumed PAHs are converted to PAH™ within ~30 min-
utes of UV photolysis. Finally, during a long vacuum UV irradiation, H,O:PAH ice un-
dergoes complete conversion of the originally deposited PAHs, whereas in NH3:PAH
ice, only approximately 10% of the originally deposited PAHs are consumed. The cause
for this contrasting efficiency is not a priori clear but may be due to different wavelength
dependent absorption cross sections of NH; with respect to H,O ice. Recently, it was
shown that CO photo-desorption depends on the wavelength of the impinging radia-
tion (Fayolle et al. 2011). As stated before, the discharge lamp also emits light around
160 nm where water ice is essentially transparent (Mason et al. 2006), but ammonia
is not. The difference in photo-absorption cross section leads to different penetration
depths of the vacuum UV photons in water versus ammonia ice. In ammonia ice, 99%
of the incident photons will be absorbed at a depth of 0.55 micron (calculated from Ma-
son et al. 2006). This is consistent with the partial destruction of originally deposited
PAHs.

Another cause of the different behaviour observed in water and ammonia PAH-con-
taining ices lies in the energetics of charged molecule chemistry. The electron affinities
(EA) of Py and B;,P are 0.5 eV and 0.8 eV, respectively (Malloci et al. 2005), compara-
ble to those of the ammonia photoproducts NH (EA=0.38 eV; Al-Zaal et al. 1987) and
NH; (EA=0.77 eV; Wickham-Jones et al. 1989). These EA values represent gas-phase
calculations or measurements, but EA values in the solid phase can differ significantly,
with changes on the order of 1-2 eV (Woon & Park 2004). The closeness between PAH,
NH;, and NH electron affinity values means that PAHs in photolyzed NHj ice are near
equal competitors for free electrons with the other ice components (NH and NHs). This
is not the case in water ice, where the photoproduct OH has an electron affinity of 5 eV
(Gudipati & Allamandola 2006a,b), making it a more favored electron acceptor than
PAH molecules. Water ice itself is also a possible electron acceptor, with a theoreti-
cal EA of 2-3 eV (Gudipati & Allamandola 2006a,b). The electron affinity of ammonia
ice has not been calculated or measured, but our results indicate that it is likely to be
significantly smaller than that of water ice. Finally, experimental studies of electron
transfer in solid ammonia and water at 20 K showed that water is much more effective
at trapping electrons than ammonia (Lu & Sanche 2001). All these facts are consistent
with a picture in which H»O ice converts PAHs more efficiently into PAH™ than NH;
ice into PAH™, in full agreement with the experimental observations.
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5.4.3 Astrophysical Implications

NH; has been shown to be an important component of ices surrounding young stellar
objects (YSOs). In a Spitzer survey of 41 low-mass YSOs, Bottinelli et al. (2010) detected
solid-phase NHj3 in roughly half of the survey sample, with abundances relative to wa-
ter ranging from 2-15%. Comparison of the NH3 absorption maximum with laboratory
spectra led Bottinelli et al. (2010) to conclude that ammonia is present in water-rich ice,
as opposed to pure ammonia or CO/CO, rich ice. A VLT /Spitzer study by Geers et al.
(2009) of PAH emission features in 53 low-mass YSOs found a systematic lack of PAH
spectral signatures in almost all the objects surveyed. Geers et al. (2009) concluded that
these non-detections are most probably due to PAHs being frozen in ice layers, or in
coagulated form, quenching the typical infrared emission signatures. The results dis-
cussed here, particularly for highly diluted PAH abundances in NH;3:H,O 1:10 ice, are
applicable to mixing rates observed in YSOs. The results indicate that under such con-
ditions, PAH cations are likely to form. Following the experimental results found here
for different water:ammonia mixtures, it is concluded that for a 10% ammonia abun-
dance w.rt. water, the PAH chemistry likely will be dominated by cation formation
schemes. The laboratory data presented here may also be of interest to Jupiter’s upper
atmosphere, where clouds of NHj ice particles have been observed (Baines et al. 2002;
Brooke et al. 1998; Wong et al. 2004) and small PAHs have been studied as a conden-
sation point for aromatic haze (Biennier et al. 2011). While the actual NH; clouds are
only seen covering 1% of the atmosphere, it is widely believed that the clouds cover
the entire atmosphere but are obscured from detection by a coating of haze. Atreya
et al. (2005) proposed that the obscuring haze coating is comprised of PAHs. The at-
mosphere of Jupiter is exposed to solar UV photons, and conditions therefore may, in
principle, be favorable for solid-state anion formation.

In summary, the experiments described here show that the ice environment is of fun-
damental importance and determines which solid-state reactions take place. The ice
matrix constituents determine which solid state reactions take place, the final charge
may be positive or negative, depending on the relative amount of NH; to H,O in the
ice. This effect has been specifically studied for PAHs but represents likely a more
generally valid effect, also determining the spectral appearance of other interstellar ice
constituents.
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Chapter 6

Photochemistry of PAHs in cosmic water
ice - The effect of concentration on UV-vis
spectroscopy and ionization efficiency

Context. Observations and models show that Polycyclic Aromatic Hydrocarbons
(PAHs) are ubiquitous in the interstellar medium. Like other molecules in dense
clouds, PAHs accrete onto interstellar dust grains, where they are embedded in
an ice matrix dominated by water. In the laboratory, mixed molecular ices (not
containing PAHs) have been extensively studied using Fourier transform infrared
absorption spectroscopy. Experiments including PAHs in ices have started, how-
ever, the concentrations used are typically much higher than the concentrations
expected for interstellar ices. Optical spectroscopy offers a sensitive alternative.
Aims. We report an experimental study of the effect PAH concentration has on the
electronic spectra and the vacuum UV (VUV) driven processes of PAHs in water-
rich ices. The goal is to apply the outcome to cosmic ices.

Methods. Optical spectroscopic studies allow us to obtain in-situ and quasi real-
time electronic solid state spectra of two prototypical PAHs (pyrene and coronene)
embedded in water ice under VUV photoprocessing. The study is carried out on
PAH:H>O concentrations in the range of 1:30 000 to pure PAH, covering the tem-
perature range from 12 to 125 K.

Results. PAH concentration strongly influences the efficiency of PAH cation for-
mation. At low concentrations, ionization efficiencies are over 60 % dropping to
about 15 % at 1:1 000. Increasing the PAH concentration reveals spectral broaden-
ing in neutral and cation PAH spectra attributed to PAH clustering inside the ice.
At the PAH concentrations expected for interstellar ices, some 10 to 20 % may be
present as cations. The presence of PAHs in neutral and ion form will add distinc-
tive absorption bands to cosmic ice optical spectra and this may serve as a tool to
determine PAH concentrations.

Cuylle, S.H., Allamandola, L.J., Linnartz, H.
Astronomy & Astrophysics, 562, A22 (2014)
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6.1 Introduction

Polycyclic aromatic hydrocarbon molecules are observed along many lines of sight
through their UV pumped IR emission features in the 3.3 - 18 um region (e.g. Draine
& Li 2007; Tielens 2008, and references therein). However, within dense molecular
clouds, volatile molecules freeze onto the low temperature (10 to 50 K) dust particles
(e.g. Boogert et al. 2008, 2011; Ehrenfreund 2002; van Dishoeck 2008, and references
therein) forming ice mantles around the dust grains. PAH molecules are expected to
take part in this process causing them to become embedded in the ice mantles (e.g.
Bernstein et al. 1999; Bouwman et al. 2009, 2011a; Gudipati & Allamandola 2003, and
references therein). Over the past two decades, a handful of papers have attributed
interstellar IR absorption features to PAHs frozen in the ices (e.g. Sellgren et al. 1995;
Keane et al. 2001). The remarkable absence of PAH IR emission features from within
molecular clouds is fully consistent with PAHs embedded in interstellar ices.

Careful observations coupled with dedicated laboratory experiments carried out for
nearly 50 years have shown that the main constituent of interstellar ice is H,O, with
lower but substantial fractions of other volatile molecules such as CO, CO,, CH;0OH
and NH; (e.g. Boogert et al. 2008, 2011; Ehrenfreund 2002; Pontoppidan 2004; Sellgren
et al. 1995; van Dishoeck 2008, and references therein). Observations together with lab-
oratory and theoretical studies (e.g. Bauschlicher et al. 2008, 2009; Steglich et al. 2011,
2012; Tielens 2008, and references therein) indicate that the PAH molecules observed
in the gas phase contain about 50-100 carbon atoms effectively storing about 10 to 20 %
of the cosmic carbon inventory. PAH abundances within the ice are estimated to be
up to 2 % with respect to H,O (Bouwman et al. 2011b, and references therein). Since
PAHs are significantly larger than the known typical interstellar ice components and
each PAH molecule contains at least an order of magnitude more carbon than other
ice constituents, they are an extraordinarily important source of carbon in interstellar
ices. Furthermore, as shown in many previous studies of non-PAH containing ices,
in-situ energetic processing driven by e.g. UV photons, free atoms or electrons, results
in a very extensive reaction network (Fuchs et al. 2009; Oberg et al. 2009, Chapter 2
and references therein). Also, PAH containing ices will be subject to photoprocessing,
specifically Ly-o photons that are the result of H, emission after excitation by cosmic
rays (van Dishoeck et al. 2006). It is therefore of fundamental importance to understand
the role that PAHs play in water-rich ices both from a spectroscopic and chemical point
of view.

To start providing this information, initial studies of solid state PAH-ice spectroscopy
and Ly-a-dominated VUV photochemistry have focused on the behavior of single PAH
types isolated in H,O, CO, NHj; or noble gas, low temperature matrices (Bernstein et al.
2005, 2007; Bouwman et al. 2010, 2011a; Gudipati & Allamandola 2003, 2006a; Guen-
noun et al. 2011; Sandford et al. 2004, and Chapter 5). These deliberate simplifications,
focusing on single PAHs in a pure matrix environment, are not representative for re-
alistic interstellar ices, but are an essential first step in characterizing spectroscopic
features and understanding fundamental photochemical reaction networks unique to
PAHs, particularly in relation to the dominant interstellar ice component, H,O. The
initial work of PAH photochemistry in water ice and water-rich ice mixtures took ad-
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vantage of the great sensitivity of mass spectrometry. These studies were not in-situ
studies, but rather focused on the non-volatile residual products, showing that PAHs
undergo side group additions with the photofragments of the ice constituents (Bern-
stein et al. 1999, 2002).

Later in-situ studies followed, using two different techniques, each with both strengths
and limitations. The first technique uses FTIR (Fourier Transform Infra-Red) absorp-
tion spectroscopy to observe the behavior of PAHs via their typical vibrational modes.
Studying the photochemistry of the PAH pyrene (or coronene) suspended in argon and
H,0 matrices (Guennoun et al. 2011), confirmed side group addition reactions upon
VUV irradiation. However, when PAHs are frozen in water ice, the spectral over-
lap between PAH absorption features and ice matrix features, in combination with
the relatively weak oscillator strengths of PAH vibrational transitions, requires high
PAH concentrations in order to detect any PAH photoproduct bands. Even with this,
at best, only a few of such bands can be detected and these are generally severely
blended with very broad water features (Bernstein et al. 2007). The required concen-
trations are typically higher than ~1:100 PAH:H,O and therefore not representative for
interstellar conditions. The second technique, UV-vis (Ultraviolet-visible) absorption
spectroscopy, was developed to overcome this limitation by taking advantage of strong
PAH electronic transitions (Bouwman et al. 2009; Gudipati & Allamandola 2003). Small
molecules (like H,O, CO, NHj3) have, in contrast to PAHs and their ions, weak or no
transitions in this spectral range. Taken together, these properties make it possible to
record very clean optical spectra where only the strong, unique, and well-defined tran-
sitions related to the PAHs and their photoproducts are present, enabling one to track
the UV-driven processes in-situ and in quasi real-time. The higher transition strength
also facilitates the use of lower, astrophysically more relevant concentrations of PAH
molecules in the ice matrix (typically ~1:5 000 PAH:H,0). UV-vis (hereafter also called
optical) spectroscopic studies of irradiated ices have shown a very rich PAH ionization
chemistry that is strongly dependent on matrix composition and temperature (Bouw-
man et al. 2011a; Gudipati & Allamandola 2003, 2006a, and chapter 5).

Reviewing the results of both methods, an interesting difference in observations ap-
pears. On the one hand, optical (low density/concentration) studies of PAHs in H,O
ice irradiated with VUV photons show that significantly more than 50 % of the neutral
PAH molecules are readily converted into their cations while, on the other hand (higher
density /concentration) IR studies show very limited PAH ionization. The greater sen-
sitivity of optical spectroscopy to significantly lower PAH concentrations in interstel-
lar ice analogs over IR spectroscopy make it ideally suited to investigate the effect
PAH concentration plays in the spectroscopy and photochemistry of PAHs in water
ice. Knowledge of the fundamental processes affected by PAH:H,O concentration is
essential before one can understand the role PAH concentration plays in interstellar
ice chemistry. Since this seems to involve the interplay between ion-driven versus
radical-driven processes, PAH concentration may play a very critical role in the ener-
getic processing of interstellar ices. A systematic experimental study of this effect is
presented here followed by an assessment of the astronomical implications.
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6.2 Experimental method

The measurements for this study are performed with OASIS, our Optical Absorption
Setup for Ice Spectroscopy, described in detail by Bouwman et al. (2009, and Chapter 2).
It consists of a high vacuum chamber (P< 3 x 10~7 mbar) inside which a MgF, ice de-
position window is suspended on the cold finger of a closed cycle helium cryostat.
A Lakeshore 330 temperature controller holds the deposition window at the desired
temperature in the range of 12 to 325 K using a resistive heater wound around the cold
finger. The absolute temperature accuracy is better than 1 K.

The ice is grown on the cold window from H,O vapor provided from an external glass
bulb. The H;O vapor is guided through a 6 mm diameter stainless steel tube ending
at a distance of 20 mm perpendicular to the deposition window inside the chamber.
Between the bulb and the deposition window, a leak valve is installed and used to
control the H,O deposition rate. The thickness of the ice is measured by laser interfer-
ence using a HeNe laser (632.8 nm). This system comprises a photodiode to measure
the intensity of the laser beam reflected off the growing ice and deposition window. A
difference in path length between both reflections causes optical interference as the ice
thickness increases, effectively modulating the photodiode signal intensity by about
20 % over time. This method of measuring ice thickness is routine (Bossa et al. 2012,
2014; Romanescu et al. 2010) and is, for our specific case, described by Bouwman et al.
(2009). The ice thickness (t) is given by:

t— m/\HeNe
TieeCOSO

With ‘'m’ being the amount of periods (or interference fringes) in the signal, Agen. the
wavelength of the HeNe laser, n;. the refractive index of the ice (Romanescu et al.
2010) and 0 the reflection angle, which in our case is 45 degrees. The density of amor-
phous solid water ice (Sceats & Rice 1983) combined with the ice thickness, allows one
to determine the absolute column density of the matrix material. As the focus of the
present study is on concentration effects, special care has been taken to perform these
experiments as accurately as possible.

In this study, we embed coronene (Cor or Cy4H;2) or pyrene (Py or C;4H,), as proto-
typical PAHs in ice by co-deposition ensuring that the PAH:H,O ratio remains constant
over the full depth of the ice. Coronene is evaporated in an oven consisting of a small
metal cannister attached to the end of the deposition tube inside the vacuum chamber
and is heated by a resistive wire. The temperature of the oven is controlled by setting
the current through the resistive wire; the temperature is not directly measured. Since
pyrene has a higher vapour pressure than coronene, a lower sublimation temperature
suffices. It is sublimed using an external glass vial attached to the matrix deposition
tube. The vial is heated to 30 - 80 °C using a wire heater. The temperature is mea-
sured using a type K thermocouple and controlled by modifying the current through
the heater. This heater is also wound around the deposition tube to prevent pyrene
condensation inside the deposition tube.
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During deposition and photolysis, the PAH molecules and their photoproducts in the
ice are monitored simultaneously in quasi real-time using an optical spectrometer (An-
dor Shamrock sr-303). The white light of a LOT-Oriel Xe arc lamp passes through two
irises and is focused on the deposition window. After the deposition window, the light
passes through a third iris and is refocused onto the entrance slit of the spectrometer
using a lens. A 150 lines/mm grating disperses the light onto a CCD with 1024 pixels
providing a spectral coverage from about 230 to 700 nm in a single go with a spectral
resolution of 0.55 nm. During the measurements, multiple spectra are taken and aver-
aged to improve signal to noise levels. In practice, a new spectrum is generated every
10 s. The first spectrum is taken as a reference (I) to which all subsequent spectra are
compared in units of optical depth (O.D. = In(I/I)). Besides measurement of the spec-
tral data, the chamber pressure and window temperature are also recorded and stored.
The spectra measured before and after photolysis are used to determine the column
density of the PAH and reaction products in the ice. For each spectrum, the band area
of individual features is integrated and the resulting column density is derived (Kjaer-
gaard et al. 2000), following;

f Ty dV

Npag = —=2 "7
PAH ™ 888 x 10-13 ¢

Where Np4y is the column density of the PAH molecules, f 7,dv the integrated band
area and [ the oscillator strength of the involved transition. Knowing the column den-
sity of both the ice and the PAH molecules or eventual photoproducts allows their
concentration to be obtained with a time resolution of 10 s. Taking into account the re-
producibility of these experiments, we estimate an accuracy of about 10%. From these
data, the maximum ionization yield is determined by averaging the cation values of 5
spectra around the maximum ionization yield.

This study focuses on different concentrations of coronene (Aldrich, 97 %):H,O (milli-
Q, 3 freeze-pump-thaw cycles) deposited at 40 K, subsequently cooled or heated to 12,
25, 40, 80 or 125 K and VUV photoprocessed. A verification test with a similar con-
centration range is performed for pyrene (Aldrich, 99 %):H,0O (milli-Q, 3 freeze-pump-
thaw cycles) deposited at 40 K and VUV processed at 12 K. The UV light is generated
using a microwave powered H, discharge lamp producing 10** photons cm™2 s™! at
the ice sample (Mufioz-Caro et al. 2002). The spectrum of the lamp consists mainly of
Ly-a photons at 121.6 nm, but also a broadband emission centered around 160 nm.
Temperature dependent studies of PAH chemistry in water ice (Bouwman et al. 2011a;
Gudipati & Allamandola 2006a) have shown that lower temperatures enhance the sta-
bility of PAH cations in the H,O ice matrix. Performing the measurements at 12 K as a
reference provides maximal signal to noise levels of the observed cation features. Be-
sides being the lowest temperature attainable using the OASIS setup, 12 K is also near
the lowest temperatures observed for interstellar ices. Measurements with coronene at
higher temperatures are also performed and serve as a consistency check.
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6.2.1 Controlling PAH concentration

Ices are grown with the aim to realize PAH:H,O concentrations ranging from roughly
1:10 000, which is a typical value on the low end of the range for the OASIS setup
up, to 1:100, the range where FTIR measurements are typically performed. The latter
concentration is unusually high for the OASIS setup, requiring some challenges to be
tackled. Increasing the column density of the PAH molecules in the ice has its limits as
eventually a point is reached where the molecular absorption bands start to saturate,
rendering the spectra useless. As a result of this limitation, the PAH concentration
is mainly controlled through modifying the deposition rate of the H,O matrix, while
keeping the deposition rate and column density of the PAH within set limits. Using
this method, Py:H,O ices with concentrations in the range of 1:12 000 up to 1:80 have
been successfully grown.

For ice thicknesses less than 400 nm, coronene presents a challenge as optical interfer-
ence significantly deteriorates the baseline, degrading the reliability of the first series of
spectra. Fortunately, this interference disappears as the ice becomes thicker. This effect
does not occur when depositing very thin Py:H,O ices. A workaround for the high con-
centration coronene experiments, therefore, is realized by growing an ice in two steps.
The first step is to grow a pure water ice with a thickness of about 500 - 600 nm. On
top of this pure water ice, a very thin layer of ice with the desired high concentration
of coronene is deposited. This eliminates the interference effect and makes it possible
to grow ices at high Cor:H,O concentrations (1:1 000 and higher). This method also al-
lows one to accurately verify the deposition rate. It should be noted, though, that pores
in 40 K deposited ice (Bossa et al. 2012, 2014) or other differences caused by the deposi-
tion method may also influence the overall outcome, but a direct comparison between
both deposition methods with a ~1:1 000 Cor:H,O ice does not reveal any substantial
differences. Our measurements at 12, 25, 40, 80 and 125 K are performed at concentra-
tions ranging from ~1:30 000 to ~1:120 Cor:H,O. Additionally, pure coronene is also
deposited. An overview of all measurements is given in Table 6.1.
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Absorbance units [-]

L 1:14000

270 280 290 300 310 320 330 340 350 360

Wavelength [nm]

Figure 6.1 — The 270 - 360 nm absorbance spectra of Cor:H,O ices at 5 different concentrations. All ices
were deposited at 40 K. To aid comparison, all of the spectra are normalized to the peak of the Sy - S3
transition.
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6.3 Results

6.3.1 Coronene

The optical spectrum of coronene in H,;O ice can be directly compared to earlier no-
ble gas matrix work (Ehrenfreund et al. 1992) and the observations of Cor:H,O by
(Bouwman et al. 2011a). Figure 6.1 shows the 270 to 360 nm region of the spectrum
of coronene in water ices at different concentrations ranging from 1:14 000 Cor:H,O
to pure coronene, all deposited at 40 K. These spectra reveal two strong features at
300.5 nm and 337.0 nm, both accompanied by a multitude of weaker features, assigned
by (Ehrenfreund et al. 1992) to, respectively, the 5o-S3 and S-S, transitions of neutral
coronene. Increasing the concentration of coronene from 1:14 000 to 1:1 100, 1:250, 1:120
Cor:H,0 and eventually pure coronene results in progressive spectral broadening and
a ~4 nm redshift for both transitions as well as a significant increase in relative inten-
sity of the higher vibronic bands with respect to the 0-0 band for the S,-S; transition.

In agreement with earlier observations (Bouwman et al. 2011a), photoprocessing of a
~1:14 000 Cor:H,O ice at 12 K instantly reveals - besides a sequence of decreasing neu-
tral coronene bands - the growth of spectral features in the 350 - 475 nm range with
the strongest new band at 463 nm (Fig. 6.2). All new features can be assigned to the
coronene cation based on the work by Bouwman et al. (2011a); Ehrenfreund et al. (1992)
and Shida (1988). As in previous work, the oscillator strength of the coronene cation is
derived by assuming a 1:1 conversion from coronene neutral to coronene cation dur-
ing the first 100 s of photolysis. However, although the same method was used, due
to a difference in integration range, an ambiguity between Ehrenfreund et al. (1992)
and Bouwman et al. (2011a) and this study exists where different oscillator strengths
are obtained. The measurement made by Ehrenfreund et al. (1992) covered the spec-
trum from ~430 nm, missing the short wavelength wing observed by Bouwman et al.
(2011a). Ehrenfreund et al. (1992) states a FWHM of 2.8 nm resulting in a very narrow
integration range of roughly ~454.8 nm to ~463.2 nm. This resulted in an absolute
oscillator strength of 0.012. Bouwman et al. (2011a) observed an extensive short wave-
length wing related to the coronene cation and used the very broad integration range
of 389 to 473 nm resulting in f = 0.23. We also observed the long wavelength wing, al-
though in some of our measurements, the cation feature appeared very weak causing
the short wavelength wing to be indistinguishable from the baseline. It was there-
fore chosen to limit the integration range of our measurements to only the strongest
peak. In practice, this resulted in an integration range from 456 nm to 469 nm giving
an oscillator strength of 0.0278, the value used throughout this study. These results are
consistent, as Bouwman et al. (2011a) obtained the highest oscillator strength using the
largest integration range (84 nm), followed by our study, utilizing a narrower integra-
tion range (13 nm) resulting in a smaller oscillator strength and finally, Ehrenfreund
et al. (1992) who obtained the smallest oscillator strength using the smallest integra-
tion range (<~8,4 nm). The relevant oscillator strengths are summarized in Table 6.2.
Normalization of all data with respect to the total deposited coronene column density
for each experiment enables the direct comparison of the photo-dynamics between dif-
ferent experiments. Fig. 6.3 shows the results for vacuum UV irradiated Cor:H,O ice,
illustrating the growth of coronene cation and loss of neutral coronene in the 12 (a-
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d), 40 (e,f) and 80 K (g/h) ices for different concentrations. The left column in Fig. 6.3
(measurements at 12 K) clearly shows the strong influence concentration has on the
coronene cation production efficiency. Raising the PAH concentration substantially
decreases the maximum cation yield. The plots in the right column of Fig. 6.3 shows
that this trend holds in higher temperature ices as well; an interesting result since it
has already been shown that for higher temperatures the ion production efficiency is
lessened (Bouwman et al. 2011a). Comparing the measurements at 12 K (Fig. 6.3 a to d)
to those at 40 K (Fig. 6.3 e and f) reveals no major differences between both measure-
ment series, however, the measurements at 80 K (Fig. 6.3 panels g and h) show that the
coronene cation is only barely present in the ice at a concentration 1:1200, where it is
clearly more abundant for similar concentrations at 12 and at 40 K. This is consistent
with the observations from Bouwman et al. (2011a) on the temperature dependence of
the ionization yield of PAHs in water ice. The PAH ion stabilization lifetime is strongly
dependent on temperature, with the highest yields found at the lowest temperatures
(Bouwman et al. 2011a; Gudipati & Allamandola 2006a, and Chapter 5).

- coronene coronene” -
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Figure 6.2 — The absorbance spectrum (I) of coronene in H,O (1:14 000) at 12 K after ~12 minutes of
vacuum UV photolysis referenced to the unphotolyzed spectrum (Ip), shown at the bottom of Fig. 6.1.
Negative peaks indicate the loss of neutral coronene while positive peaks indicate the appearance of
new photoproducts, in this case the coronene cation.
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Figure 6.3 — The growth of Cor™ and loss of Cor at different concentrations and different temperatures,

as function of VUV dose (photolysis time).
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Figure 6.4 — The 250 - 350 nm spectra of Py:H,O ices at 5 different concentrations. All ices were de-
posited at 40 K.
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6.3.2 Pyrene

The spectrum of neutral pyrene in a H,O matrix shows a strong feature at 334 nm
which corresponds to the 0-0 band of the !By, Sy-S, transition, accompanied by weaker
vibronic bands on the short wavelength side (Fig. 6.4) (Bouwman et al. 2009). When
comparing the pyrene spectra deposited at increasing concentrations in H,O, a slight
broadening in combination with a small redshift becomes apparent (Fig. 6.4), however,
both effects are less pronounced than for coronene. As with coronene, there is also an
increase in relative intensity of higher vibronic bands with respect to the 0-0 band in
only one of the two electronic transitions measured, but this time it occurs in the Sy-S,
transition rather than the S)-S3 transition. Upon photolysis, a number of new features
appear in the 350-470 nm range, most of which, can be assigned to the Py cation. This
behavior has been extensively documented by Bouwman et al. (2010, 2011a, and Chap-
ter 5) and is not further elaborated here. The strongest pyrene cation band falls at 446
nm and has been assigned to the ?A,, transition (Shida 1988). The oscillator strength of
this Py cation band has been derived using the same method as described for coronene
in section 6.3.1. Assuming a 1:1 conversion from pyrene to the pyrene cation during
the first 100 s of photolysis results in an oscillator strength of f=0.104 for the 446 nm
transition. In this case, band integration is performed from 409 to 460 nm. The max-
imum ionization yields for the concentrations studied here are listed in Table 6.1 and
plotted in Fig. 6.6.

As with coronene, normalizing the spectra in each separate experiment to the total
column density of the initially deposited neutral pyrene allows inter-comparison of
the data from each experiment. Fig. 6.5 shows the loss of neutral pyrene and growth
of the pyrene cation upon vacuum UV photolysis at 12 K for three different concen-
trations. The same overall trend as observed for coronene is apparent; the maximum
cation ionization yield decreases as the pyrene concentration increases. However, there
are also several small, but significant, differences between the ionization behaviour of
coronene and pyrene. In contrast with coronene, Py cation growth continues (albeit
slowly) or stabilizes at long photolysis times whereas it drops earlier with coronene.
Additionally, overall ionization seems to be more efficient at higher concentrations.

6.3.3 Ionization efficiency

Fig. 6.6 shows the maximum ionization yields for all coronene:H;O (and pyrene:H,O
at 12 K) measurements plotted versus their respective concentrations as listed in Ta-
ble 6.1. There are two distinct regimes visible. The first is a rapid drop from the lowest
concentrations (PAH:H,O <1:10 000) to about 1:1 000 PAH:H,O followed by a much
slower (and fractionally smaller) drop with PAH:H,O above 1:1 000. This illustrates,
once again the concentration effect on solid PAH ionization efficiency.
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Figure 6.5 — The growth of Py™ and loss of Py at different concentrations and different temperatures,
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6.4 Discussion

Understanding the photochemical processes at play in both the ice and liquid forms
of water remains an active area of research in its own right (Chipman 2011; Gillis &
Quickenden 2001; Marsalek et al. 2011; Verlet et al. 2005, and references therein). In this
section we restrict the discussion of the concentration effects presented above in terms
of the factors that are likely to play dominant roles, namely PAH cluster formation, site
geometry, ice micro-structure and PAH inter-molecular distance. Based on the overall,
macroscopic physical and chemical PAH:H,O ice environment, a rationalization of the
concentration dependent behavior shown in Fig. 6.6 is presented subdivided into a low
concentration and a high concentration regime. It should be noted that we do not aim
to describe our observations at a molecular physics level, as this lies beyond the scope
of the present paper.
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Figure 6.6 — Maximum ionization yield for different temperatures and concentrations of pyrene and
coronene in HyO matrix.
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6.4.1 Low concentration regime (PAH:H,O < 1:1 000)

The low concentration regime shows a drop in maximum ionization by half at con-
centrations of the order of 1:4 000, a range where the optical spectra do not reveal fea-
tures related to PAH clustering in the ice as can be seen in Figs. 6.1 and 6.4. The most
dramatic impact of clustering on the electronic transitions occurs when the PAH:H,O
ratio is well above 1:1 000. This is fully consistent with an IR spectroscopic study of
PAH clustering behavior for the PAH naphthalene isolated in an argon matrix (Roser
& Allamandola 2010). They found the onset of weak spectroscopic effects due to clus-
tering in the CH stretching and CH out-of-plane bending modes at ratios above 1:1 000
and no evidence in the CC stretching region until concentrations exceed 1:500. Since
these concentrations are far greater than those for which maximum PAH ionization
drops precipitously, we conclude that PAH cluster formation is not responsible for the
rapid decrease in maximum ionization yield with increasing PAH:H,O concentration
as shown in Fig. 6.6. Furthermore, the maximum ionization yields for both coronene
and pyrene show a similar overall concentration dependence. Spectroscopic evidence
shows that site geometry only plays a role at the concentration range where PAH iso-
lation is no longer possible (PAH:H,O is higher than 1:1 000). The geometrical size of
coronene and pyrene significantly differ, and therefore likely require different numbers
of H,O molecules to isolate and stabilize their ion forms.

When asessing the influence of ice micro-structure and PAH concentration, it is im-
portant to recognize the critical role that water plays in interstellar ice astrochemistry
(e.g. Oberg et al. 2010), overall ice structure and physical behavior (Bossa et al. 2012,
2014; Collings et al. 2005; Hawkins et al. 2005; Kumi et al. 2006; Malyk et al. 2007) .
The complex interplay between water molecules and charged small species embedded
has been studied extensively using theoretical methods (Park & Woon 2004a,b; Woon
& Park 2004, and references therein). From these studies, it was found that the number
and orientation of the water molecules influence the ionization energies, potentially
enabling auto-ionization in interstellar ices not containing PAHs. Most of these studies
have focused on species of sizes, polarizabilities and dipole moments similar to that of
water (Woon 2006, and references therein). PAHs are very different. They are much
larger than water molecules, they have very large polarizabilities and pure PAHs have
very small permanent dipole moments. The earlier experimental studies of PAHs in
water ices demonstrated the ease and efficiency of PAH ionization and stabilization
and the role of temperature on those processes. The resulting PAH ionization energy
lowering, along with the concentration dependence described here show the critical
and unique role water plays as none of these phenomena are observed in noble gas
matrices.

In addition to the break up of H,O molecules into H and OH upon VUV irradiation,
another important early step in PAH photolysis is:

PAH +hy — PAHY + e~

The electron affinity (EA) of water ice is estimated to be between 2 and 3 eV (Khan 2004;
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Novakovskaya & Stepanov 2004) and the EA of the OH radical in ice is computed to
be 5.06 eV. As long as the PAH concentrations are low enough, VUV irradiated water-
rich ices provide ample sites that can trap electrons in 5 eV wells (Woon 2004). This,
in combination with the added thermodynamic stability associated with the solvation
energy of the isolated PAH cation in H,O ice enables the stabilization of PAH cations in
these ices, rather than electron recombination and neutralization. This effect appears
very pronounced when comparing PAH ionization yields between low concentration
H,0O matrices and low concentration noble gas matrices. The maximal ionization yield
in H,O matrices is reported to be higher than 50 %, while in noble gas matrices, they
are typically only between 2 to 10 % (Hudgins & Allamandola 1995, 1997).

6.4.2 High concentration regime (PAH:H,O > 1:1 000)

Increasing the concentration above 1:1 000 PAH:H,O gradually reveals the spectral
broadening and redshift in both the neutral and cation spectra (see Figs. 6.1 and 6.4).
This phenomenon is related to PAH clustering in the ice. Indeed, increasing the PAH
concentration reduces the average distance between PAH molecules, effectively in-
creasing the recombination reaction channel and simultaneously decreasing the num-
ber of water related traps. In this reaction channel, an electron, freed upon VUV photol-
ysis recombines with another PAH cation already present inside the ice matrix rather
than undergoing a competing reaction channel. This is clearly more likely for con-
centrations in which the average distance between PAHs is small enough such that
significant clustering occurs.

A further steady decrease of maximal ionization yield is observed until the point where
a significant difference between both PAHs is apparent. Comparing the ionization frac-
tions between pyrene and coronene, pyrene consistently has higher ionization frac-
tions. The origin of this difference in behavior is not a priori clear as the effects of PAH
clustering are not studied in detail. The type of clusters (parallel or perpendicular) and
PAH size may play a role.

6.5 Astrophysical implications

PAH containing ices have not been identified in space yet. Infrared laboratory studies
have been ambiguous, as different PAHs show similar spectra, because the typical vi-
brational modes involved are identical. However, unique electronic solid state spectra
that have become available over the last years (Gudipati & Allamandola 2003; Bouw-
man et al. 2011a, and Chapter 5) provide laboratory data to realize the observational
identification of PAH species in the optical domain. The focus of the present study
is the reactivity of PAH containing ice. As with the earlier studies of the fundamen-
tal processes driven by the VUV photolysis of PAHs in water ice, the concentration
studies reported here have important implications to our understanding of ices in as-
tronomical objects of different types, ranging from icy bodies in the Solar System to
the interstellar medium. This work presents the first detailed studies of the effect of
concentration on PAH ionization efficiency in H,O ice. We show that there is a clear
link between PAH concentration and photoionization yield and thus, by implication,
with the types of initial PAH photoproducts present in the ice that are available for
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subsequent reactions and processes. Here we consider some of the possible implica-
tions regarding interstellar ices.

The behavior of ionization efficiency in H,O ice falls in two distinct concentration
regimes. Atlow PAH concentrations, ionization yield and stabilization is high, ranging
from ~70 % at the lowest concentrations studied here to about 15 to 20 % at PAH:H,O
~1:1 000, and reducing to a few percent for Cor:H,O 1:250 and nearly 10 % for Py:H,O
1:80. At higher concentrations, the drop off with increasing concentration gradually
slows down, varying from 10 to 15 % for both pyrene and coronene at 1:1 000 reduc-
ing to no ionization for ~1:100 coronene. PAH concentrations with respect to H,O in
interstellar ices are estimated on the order of up to 2 - 3 % (e.g. Bouwman et al. 2011b;
Keane et al. 2001; Sellgren et al. 1995). However, at this stage in our understanding,
PAH concentration in interstellar ices can only be loosely defined and it is likely that
the effective concentration from the perspective of the overall ice is lower. There are
two main reasons behind this. First, interstellar PAH abundance is estimated from
the intensity of the mid-IR emission features from mixtures of large PAHs (30<C<100)
in the gas phase that are associated with UV rich regions. The PAHs studied here
are much much smaller. Lower PAH concentrations in interstellar ices are required to
satisfy the constraints imposed by cosmic C/H abundances. Second, there are other
molecules in interstellar ices besides H,O. The relative abundances of the molecules
known to be present in interstellar ices are not given in percentages because the full
molecular make-up of interstellar ices is unknown. It is for this reason that lists of
the species comprising interstellar (and likewise cometary ices) are given with respect
to H,O, which is usually given a value of 100. Given typical interstellar ice compo-
sitions and relative abundances w.r.t. H,O (roughly H,O = 100; CO and CO; ~ 30 -
50; CH30H, H,CO ~20 - 30; NH3 ~5 - 15; etc.), it is clear that the total concentration
of different PAHs in interstellar ices is very likely to be of the order of a few percent.
We assume that the conclusions derived here for the concentrations of two individual
PAHs can be used to describe the cumulative effect of a mixture of PAHs. Exact num-
bers, however, are not available. We do not want to exclude a priori a scenario in which
the total PAH abundance is even lower, and in such an ultra-low domain we expect
that a similar situation applies as for the processes described at low concentration, but
less pronounced.

For the following, we conservatively adopt interstellar PAH:H,O ice concentrations in
the 0.1 -0.5 % range i.e., 1:1 000 to 1:200, percentages that fall in the high concentration
regime. These concentrations are lower than the 2-3 % PAH:H,O concentrations de-
rived by Bouwman et al. (2011b) and consistent with the values implied from Sellgren
et al. (1995) and Keane et al. (2001). In this concentration range, PAH ionization occurs,
with conversion efficiencies on the order of 10 - 20 %. Under these laboratory condi-
tions, the maximum yield drops and further processing occurs. Under interstellar con-
ditions, these processes are much slower. Combining the concentration dependence of
the VUV processes described here with the astrophysical models of PAH freeze out and
processing presented by Bouwman et al. (2011a), reinforces the conclusion that UV in-
duced, radical driven processes such as PAH ionization processes could be important.
The presence of ionized species within interstellar ices, or cosmic ices in general, and
their roles in the chemical, physical and spectroscopic properties of these ices has not
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been seriously considered. Since ion-mediated processes are so fundamentally differ-
ent from the reactions normally considered for cosmic ice chemistry such as neutral-
neutral (radical) reaction networks, the role of PAH ions as well as other ionized species
should be included when modeling these ices. Support for the importance of ions in
cosmic ices is provided by the 2165 cm™! interstellar ice absorption band associated
with high-mass protostellar regions. After a long controversy in the literature, this
band has been assigned to OCN™ (Demyk et al. 1998; Novozamsky et al. 2001; Schutte
& Greenberg 1997, and references therein). However, a long-standing problem associ-
ated with this is the identity of the counter cation or cations. Given all the evidence, the
presence of PAH cations in these ices, in combination with other cations, such as NH}
(Schutte & Khanna 2003), may provide part of the solution to this problem as well.
Another important result of this work is that a significant amount of spectral broad-
ening and intensity changes are observed in the optical bands. Beyond the normal
matrix induced band broadening and shifting, an electronic state dependent vibronic
band intensity increase occurs with respect to the 0-0 transition, as PAH concentra-
tion increases. If this effect is a general trend with PAHs and PAH mixtures, this has
important implications for the detection and identification of PAHs in interstellar ices
with similar concentrations. In such ices, the neutral PAH spectra can be broadened
and redshifted by a few nm, effectively smoothing the spectra. Once optical solid state
PAH detections have become possible, which currently is not the case but definitely
a goal to aim at, this may offer a diagnostic tool to derive also the concentration of a
specific PAH. Observationally, this will be difficult as broad features are hard to sepa-
rate from the underlying continuum. Also, given that many different frozen PAHs are
present, spectral blending may further complicate such efforts. The laboratory data to
realize this, however, are now (getting) available.

6.6 Conclusions

This work reports the concentration dependent behaviour of the PAHs pyrene and
coronene embedded in a H,O matrix under VUV photolysis at different temperatures
(12, 25, 40, 80 and 125 K). The study is based on UV-vis spectroscopic measurements
of PAH:H,O samples with concentrations ranging from 1:30 000 to 1:80 irradiated with
a Ly-a light source. Two PAHs are considered in order to obtain a wide overview of
the processes influencing the photoionization efficiency. The oscillator strengths of the
PAHT electronic transitions have been derived and used in a time dependent study to
track the abundance of the respective PAH cations in the ice. The main conclusions
from the experiments are:

1. PAH ionization in the water matrix upon VUV irradiation features two very dis-
tinct regimes governed by changing concentration. The first is a rapid drop from
the lowest concentrations (PAH:H>O <1:10 000) to about 1:1 000 PAH:H,O, fol-
lowed by a much slower (and fractionally smaller) drop with PAH:H,O above
1:1000. This behavior is observed at different temperatures and with different
PAHs suggesting this may be a general effect amongst PAHs.
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2. At concentrations expected in interstellar ices, ~ 10 - 20 % of the PAH may be
present as cations perhaps serving as part of the cation population needed to
balance the OCN™ abundance.

3. The spectra of PAHs embedded in H;O ice at concentrations of ~1:1000 and
higher feature spectral broadening and redshift progressing with increased con-
centration. This effect is the result of the formation of small PAH clusters inside
the ice matrix. In the interstellar medium where a multitude of PAH species are
expected to be present, this effect might contribute to smoothing and blending of
the optical absorption features, making PAH identification difficult.
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Chapter 7

UV photochemistry of solid acetylene:
multispectral approach

Abstract. Gas phase acetylene (CoHyz) and polyynes (H(-C=C-),,,H) are ubiquitous
in the interstellar medium. However, astrochemical models systematically under-
estimate the observed abundances, supporting the idea that enrichment from the
solid state takes place. In this laboratory based study, we investigate the role CoH,
plays in interstellar ice chemistry and we discuss the way its photoproducts may
affect gas phase compositions.

CyHs ice is investigated under vacuum ultra-violet (VUV) irradiation in its pure
form as present in the atmosphere of Titan and in a water dominated ice as present
on grain mantles in molecular clouds and on comets. In order to disentangle the
photochemical network, a unique, complementary combination of infrared (IR)
and ultraviolet-visible (UV-vis) spectroscopy is used.

From the experimental results, it can be concluded that the VUV-induced solid
state CoHj reaction network is dominated by polymerization resulting in the for-
mation of polyynes at least up to CooHy and larger polyyne-like molecules. At low
temperatures, this process takes place very efficiently and hints for low barriers.
When extending this reaction scheme to a water-rich environment, the dominant
reaction products are CO and CO; but the simultaneous detection of polyyne like
molecules is evidence that the reactions as observed in pure CoHy ice persist.
From the spectroscopic evidence as presented in this laboratory study, it is con-
cluded that the formation of polyynes upon VUV irradiation of interstellar ices is
a process that may contribute to at least part of the observed gas phase enrichment
in space.

Cuylle, S.H., Zhao, D., Strazzulla, G., Linnartz, H.
Astronomy & Astrophysics, 570, A83 (2014)
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7.1 Introduction

Acetylene, C;H,, has been found to be ubiquitous in the interstellar medium via gas
phase detections in both emission and absorption, mostly around young stellar ob-
jects (Carr & Najita 2008; Lahuis & van Dishoeck 2000), as well as in molecular clouds
(Lacy et al. 1989) and cometary comae (Mumma et al. 2003) indirectly supporting its
existence in cometary ice. Pure solid state CoHj has been found on Titan, both on the
ground (Lara et al. 1996) and as ice particles in the atmosphere (Gudipati et al. 2011).
In observational studies, it is used as a tracer for warm (100-1000 K) molecular gas
(Sonnentrucker et al. 2007). Along many lines of sight, C,H, gas phase abundances
have been observed to be a few orders of magnitude higher than the predictions of
cold-gas steady-state chemical models. Gas phase formation routes towards C,H; are
very slow leading to the conclusion that the enhanced abundances of CoH; are likely
due to sublimation from interstellar ices (Lahuis & van Dishoeck 2000).

The IR spectral features of solid state C;H, are blended by much stronger features of
H,0, the dominant interstellar ice constituent (Knez et al. 2012). This makes direct
observations of C,H; in ices a major challenge, forcing observers to derive solid state
abundances based on gas phase observations. Owing to the lack of a permanent dipole
moment, gas phase CyH, is radio-silent and therefore, its detection mainly relies on IR
observations. From observations of warm gas in Cepheus A east, Sonnentrucker et al.
(2007) derive abundances of C;H, in interstellar ices of about 0.02 with respect to water.
While in cometary comae (Mumma et al. 2003), fractions of 0.001 to 0.01 with respect
to water have been derived. This makes C;H, a small but non-negligible component
of interstellar ices.

In chemical models, C,;H, is considered to be a starting point of a very complex gas
phase photochemistry resulting in polymerization upon UV-induced dehydrogena-
tion and addition reactions (Loison et al. 2014, and references therein). Linear car-
bon chain radicals have been detected in the surrounding environment of carbon stars
(Cernicharo 2004) and are part of the UV haze in Titan’s atmosphere (Gudipati et al.
2011, and references therein). The gas phase reaction pathways to the formation of car-
bon chain species have been studied well, which explains the variety of carbon chain
species observed in space (Jolly & Bénilan 2008).

Laboratory reserach of solid state CoHs is generally limited to its pure form (Com-
pagnini et al. 2009; Strazzulla et al. 2002; Zhou et al. 2009), while in an interstellar
environment, Cy;H, is expected to be present in a water-dominated environment with
UV photons as the main chemical trigger. Studies of the VUV-induced solid state CoH,
photochemistry, especially when embedded in water water ice, therefore, provide vital
information on solid state reactions yielding pathways towards molecular complexity
in space.

In this paper, we present a systematic laboratory study of the VUV photochemistry of
solid state C,H; and C,;H; embedded in H;O ice by a multispectral in-situ approach
that combines Fourier transform infrared (FTIR) with UV-vis spectroscopy. The pho-
toprocessing of the C,H, ice is performed under conditions as in space, at low temper-
atures and VUV light that spectrally resembles the radiation field in dark clouds, i.e.,
light dominated by emissions from cosmic-ray-excited hydrogen.



Section 7.2. Experimental 83

7.2 Experimental

This study implements a stepwise approach to characterize the VUV photochemistry
of CoH,. The first step consists of embedding the CoH; molecules in an inert envi-
ronment. With increasing complexity, it becomes more challenging to characterize the
underlying reaction scheme.

The inert environment is achieved by isolating the Co;H; molecules in an argon ma-
trix with 1:100 concentration. Although not astrophysically relevant, this enables us
to track the initial reaction products while limiting the chance of reactions with rad-
icals present inside the matrix. The second step consists of irradiating a pure CoH,
ice allowing reactions between C;H, molecules and their photoproducts to take place.
This results in a more complex reaction scheme since the radicals as detected in the
argon matrix can recombine and form new, larger molecules. In the final step, a mixed
CyHy:Hy0O ice is grown and VUV-photoprocessed.

In all these experiments, a multispectral approach is employed to detect the photo-
chemical products, by combining two distinct in-situ spectroscopic techniques: UV-vis
spectroscopy and FTIR spectroscopy.

UV-vis spectroscopy relies on the observation of electronic transitions in the 220 - 700
nm range. These transitions are typically very strong and molecule specific, facilitating
identification of species present in concentrations of 1:10 000 and even lower, thereby
enabling the detection of molecular species present in very low abundances. More-
over, matrix material (such as water) does not absorb in this domain and this helps in
identifying spectral features of new reaction products. These, however, may overlap,
hampering unambiguous identifications.

FTIR absorption spectroscopy enables us to observe the vibrational transitions, lead-
ing to a wealth of spectral features guiding identification of a multitude of reaction
products present in sufficient abundances. The signal-to-noise ratio typically requires
species to be present in a 1:100 fraction in order to identify them. These features may
also overlap, specifically because comparable vibrational modes of different species
may have rather similar absorption energies. Moreover, matrix material (specifically
water) also absorbs in this range. Consequently, typically high concentrations are
needed for detection. This is also the case for CoHy:H,O ices. Spectral overlap exists
between C-H and O-H stretching and other modes, while the IR intensities of H,O are
orders of magnitude higher than that of C;H, (Knez et al. 2012). As a result, to detect
CyH, in a water environment using our setup, a ratio of 1:10 or higher is required. This
requirement fixes the concentration used throughout the experiment, but it should be
noted that in an astrophysical environment, the C;H, abundances are lower.

In our laboratory, both measurement methodologies are implemented in two distinct
setups. The measurements using UV-vis spectroscopy are performed using our optical
absorption setup for ice spectroscopy (OASIS), while the infrared absorption spectro-
scopic data are obtained using a FTIR high vacuum (HV) setup. The ice temperature of
12 Kis used throughout all experiments as it is towards the lower limit of temperatures
in interstellar ices that are in the range of 10 - 50 K (Boogert et al. 2008, and references
therein). Additionally, the desorption temperature of argon is around 35 K requiring
the use of temperatures sufficiently below that point to prevent unwanted desorption.
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7.2.1 OASIS

OASIS has been described in detail in Chapter 2 and Bouwman et al. (2009). It consists
of a high vacuum chamber (P;3 x 10~" mbar) inside which a MgF, ice deposition win-
dow is suspended on the cold finger of a closed cycle helium cryostat. A Lakeshore 330
temperature controller holds the temperature of the deposition window at the desired
level in the range of 12 to 325 K with an absolute accuracy of better than 1 K, using a
resistive heater.

The ice material is provided in the gas phase from an external glass bulb. It is guided
through a 6 mm diameter stainless steel tube ending at a distance of 30 mm perpen-
dicular to the deposition window inside the chamber. Between the bulb and the de-
position window, a leak valve is installed and used to control the deposition rate. The
thickness of the ice is monitored by measuring the interference pattern of a HeNe laser
beam reflected off the ice surface and the deposition window while the ice grows. The
ice growth causes a pathlength difference between the two reflections, yielding optical
interference and modulating the intensity by ~ 20% over time. This method of mea-
suring ice thickness is routine, (Romanescu et al. 2010; Bossa et al. 2014) and for our
specific case, it has been described by Bouwman et al. (2009). The ice thickness infor-
mation is used to guarantee reproducible conditions between different measurements.
The interstellar UV field is simulated by a microwave-powered H, discharge lamp that
mainly produces Ly-a photons at 121.6 nm with a broadband emission centred on 160
nm (Chen et al. 2014). This lamp is shared between both experimental setups for opti-
mal consistency between the measurements. The operational pressure of the H, lamp
is kept constant at 0.4 mbar. The absolute UV photon flux is calibrated using O, acti-
nometry as described by Cottin et al. (2003). This mechanism involves the formation
of O3 upon the photoirradiation of O, ice for which the yield is known (Cottin et al.
2003). Cottin et al. (2003) propose a correction factor of 3.1 to take the difference in
yield between the gas phase values as obtained by Okabe (1978) and the actual solid
state value into account. This factor is used in this calibration. The O3 column density
is derived from the strong O3 absorption feature centered at 259 nm which has an ab-
sorption cross section of 6 x 107" cm? molecule™! (Jones et al. 2014). In the present
OASIS experiment, this method yields a VUV photon flux of 7.9 £ 1.6 x 10" photons
cm? s ~! at the sample with a distance of 152 mm from the lamp to the deposition
window. It should be noted that this UV flux value is lower than values mentioned
earlier by Bouwman et al. (2009) and Chapter 5. This results from a combination of
window degradation with time and a possible overestimation of the photon flux in
earlier reported studies.

During photoirradiation, the ice is monitored in quasi real time using a UV-vis spec-
trometer (Andor Shamrock SR-303). The white light (200 - 800 nm) of a Xe arc lamp
(LOT-Oriel) passes through two irises and is focused on the deposition window. The
transmitted light passes through a third iris and is refocused onto the entrance slit of
the spectrometer. With a 150 lines/mm grating the light is dispersed onto a CCD de-
tector with 1024 pixels, providing spectral coverage from about 210 to 700 nm with a
spectral resolution of 0.55 nm. The spectral resolution can be improved at the expense
of spectral range by using a different grating. During the measurements, multiple
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spectra are taken and averaged to improve signal-to-noise. In practice, a spectrum is
generated every 10 s and is the result of averaging 112 exposures. The first spectrum
is taken as a reference (I;), with which all subsequent spectra (I) are converted in ab-
sorbance scale (absorbance = In(I/I)). The chamber pressure and window temperature
are also recorded and stored.

722 The FTIR HV setup

The FTIR HV setup (Gerakines et al. (1995) and Bouwman et al. (2007)) consists of a
high vacuum chamber (Pj1 x 10~7 mbar) inside which a KBr ice deposition window is
mounted on the cold head of a closed cycle helium cryostat. The temperature of the
deposition window can be controlled between 12 and 325 K with 1 K absolute accu-
racy by a Lakeshore 330 temperature controller. The temperature is controlled through
a wire heater wound around the cryostat cold head and kept at 12 K. The ice matrix
is provided from an external glass bulb connected to a stainless steel 6 mm diameter
deposition tube ending perpendicular to the deposition window at a distance of ~50
mm.

The ice is monitored during deposition and VUV irradiation using a varian FTIR spec-
trometer with a spectral range of 500 - 4000 cm~! and 0.5 cm™! spectral resolution.
During deposition, the spectrometer is operated in direct mode and provides a new
spectrum every three to four seconds. During VUV irradiation, 256 scans are added,
requiring ~15 minutes to generate a spectrum with a substantially improved signal-
to-noise ratio.

The interstellar UV field is simulated by the aforementioned H, discharge lamp. Its
VUV flux is determined on OASIS and the only difference between both setups is the
distance from the lamp to the deposition window. The VUV flux can therefore be de-
termined by applying the square law with distance to the deposition window. In this
setup, the distance between the lamp and the deposition window is 56 mm yielding a
distance ratio of 2.66. This yields a flux of 5.6 = 1.1 x 10'® photons cm ™2 s~ 1.

7.2.3 CyH, matrix material

Three different gas samples are used to prepare the ice matrices. The first sample is ob-
tained starting from purified welding gas which is C;H; mixed with acetone (C3HgO).
These gas components can be separated by using the difference in sublimation tem-
peratures. The purity of the resulting CoH, is checked in OASIS by a quadrupole mass
spectrometer and in the FTIR HV setup from the IR spectrum. In both cases, neither
acetone nor any other pollutants are observed, resulting in less than 0.1 % impurities.
This sample is the basis for the 1:10 mixture with H,O. In this mixture, the H,O (milli-
Q) has been subject to three freeze-pump-thaw cycles prior to mixing in a glass mixing
line. The second sample of pure CoH; starts from a commercial mixture of CoHs:He
(1:100) with purity 99.2 %. Helium does not freeze onto the deposition window at 12 K
while C,H; does. This way, a nearly pure CoH; ice can be grown, which is confirmed
by the FTIR deposition spectra. Finally, the Ar:C,H, measurements are performed by
depositing a commercial 1:100:100 C,Hjy:He:Ar mixture with purity 99.2 %. In this way
a 100:1 Ar:C,Hj ice is obtained providing the C;H, isolated in an argon matrix.
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7.3 Results and discussion

Fig. 7.1 shows the FTIR deposition spectra for all three samples. In the upper panel,
C,H, is embedded in an argon matrix, in the middle panel, pure acetylene is shown
and the lower panel shows acetylene in water ice. Consistent with Knez et al. (2012),
the spectra of C;H, are dominated by three strong peaks and several weak features.
The three strongest features are the v3 C-H stretching mode around 3240 cm™?, the
vs C-H bending mode around 760 cm™!, and the v4 + v5 combination mode around
1370 cm™!. Among the three spectra, the CoH, features shift by a few tens of cm™!
owing to the different matrix environments. The lack of water or any other features in
the top and middle spectra proves the high purity of the samples. When using the 1:10
mixture, the strong overlap between spectral features of C;H; and H,O results in water
dominating the spectra. The bands related to C;H, appear as a small superposition on
the very strong and broad water bands. A summary of the features observed in the
deposition spectra can be found in Table 7.1.

Trace amounts of H,O are present inside the setup and become visible with time when
water gradually deposits on top of the ice. This adds a baseline to the IR spectra, and
may upon VUV irradiation have a chemical interaction with the top ice layer.
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Figure 7.1 — IR spectra from 4000 em~! to 500 em ! of Ar:CoHs 100:1 (top), pure C2Hy (middle) and
H,0:C3H; 10:1 (bottom) at 12K. In the bottom panel, a zoom of the OH and CH stretching region is
added to reveal the weak CH stretching mode of CoHo.
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7.3.1 Ar:C,H, results

Isolating CoH, in an argon matrix is a first step towards understanding the C,H; photo-
chemistry. It restricts chemical interactions to the primary interactions only, because in
most cases, there is no other molecule or radical in range that effectively results in the
stabilization of the radicals formed inside the matrix. In our case, ~ 90% of the C,H,
molecules are isolated in the matrix, while the rest exist as small clusters (Behringer
1958).

The FTIR spectra of irradiated CyH; in an Ar matrix (Fig. 7.2) reveal only a limited
destruction fraction (~ 5 %) of CoH, after a fluence of 1.1 x 10'® photons cm™2. As
mentioned above, a baseline resulting from the background deposition of H,O ap-
pears with time. No obvious IR features attributed to the photodissociation products
of C,H; (e.g. CH, C;H) are found in our spectra, except for two very weak features ob-
served at 3452 cm ! and 3428 cm ™!, which may be due to OH radicals (Acquista et al.
1968) and consistent with observations of OH in the UV-vis spectra that are discussed
below.

The corresponding measurements in the UV-vis domain reveal the gradual appear-
ance of four bands upon VUV irradiation (Fig. 7.3). The signal-to-noise level is lim-
ited, mainly because of optical interference. A feature at 310.6 nm is accompanied
by a second feature at 285.7 nm and a very weak feature at 258.1 nm gradually ap-
pearing over time. The first two features are potentially due to CoH (Graham et al.
1974) or OH (Pellerin et al. 1996) as a photoproduct of background deposited water.
The experiment is therefore repeated without deposition of any matrix (and therefore
only background deposition). This experiment features both stronger peaks and a hint
of the third peak leading to the conclusion that these three peaks are a result of the
A?YF (v =0,1,2) + X’I(v = 0) transitions of OH. The last peak observed at 237.6 nm
does not appear in the blank measurement, showing its origin as a photoproduct of
C,H,. Based on Milligan et al. (1967), it can be attributed to the (0,0) band of the Mul-
liken system of C, (D'X - X'X ).

Similar experiments have been performed before by Chang & Graham (1982); Graham
et al. (1974), and Milligan et al. (1967). Specifically, the observations of Chang & Gra-
ham (1982) provide an intimate view on the photochemistry of C;H; embedded in an
argon matrix. Using UV spectroscopy in the range of 130 - 300 nm, C,, C,H and C,H,
were observed as the main reaction products. Although no photon fluence was given,
we note that, the 237.6 nm peak is found to be saturated in their experiment, which
is only about 1 % absorption in ours. This indicates that the photon fluence in Chang
& Graham (1982) must have been substantially higher. The lower radiation fluence in
our experiment is consistent with the non-detection of CoH and C,H,.

7.3.2 Pure CyH; results

Figs. 7.4, 7.5 and 7.6 show the FTIR and UV-vis spectra of irradiated pure C,H, ice.
From the partial disappearance of the three strongest IR peaks, it is concluded that the
photoirradiation of CoH, with a fluence of 1.1 x 10'® photons cm™2 leads to destruction
of about 50% of the initially deposited C,Hs. In all spectra, a wealth of new features
appears.



88 Chapter 7. VUV photochemistry of solid acetylene

Table 7.1 — IR assignments of C;H; and H,O features in the deposition spectra.

Assignment Literature value Pure CoH, CyHsy:Ar CyH,:H>,O
- cm ™! cm ™! cm~! cm ™!
CyH, CH stretch 14 3239 3224 3249 3241
C,H, combination mode v4+v5 1371¢ 1393 1361 1388
C,H; CH bending vs 743° 773 761 757
H,O OH stretch 3280° - - 3253
H,0 OH bending 1660° - - 1655
H,O OH libration 760° - - 801

Notes. (“Knez et al. (2012), () Gerakines et al. (1995)
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Figure 7.2 — IR spectra from 4000 cm~! to 500 cm ™! of Ar:CoH, 100:1 under VUV irradiation. The top
spectra are the spectra after irradiation with 1.1 x 10'® photons, the middle spectrum is the deposition
spectrum while the bottom spectrum is the difference between both. Note the background deposited
water and the limited destruction of CoHs.
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Figure 7.3 — UV-vis spectra of Ar:CoH; 100:1 under VUV irradiation.
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Figure 7.4 — IR spectra from 4000 cm ™! to 500 cm ™! of pure CoHs under VUV irradiation. The strongest
photoproduct features are indicated while the features marked (1) and (2) are zoomed in in Fig. 7.5.
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Figure 7.5 — Selected details of the IR spectra of pure CoH, under VUV irradiation.

7.3.2.1 Polymerization

Upon VUV irradiation of pure C,H, ice, the production of short polyynes can be iden-
tified in the FTIR spectra. Two IR features at ~3277 and 1243 cm™* (Fig. 7.4, marked
as (1) and (2)) and tentatively a third one at 1010 cm™*, partially overlaping with other
bands are visible. A zoom of these features in Fig. 7.5 reveals their structure in more
detail. These features are assigned to C4H, (Khlifi et al. 1995).

Further polymerization can be observed from the feature at 1234 cm ™~ (Fig. 7.5), which
can be identified as C¢H,, CsHy or longer (Shindo et al. 2001, 2003). The aforemen-
tioned reaction products have known vibrational transitions both in the short wave-
length range of the C-H stretching mode and around the C-H bending mode. Shindo
et al. (2001, 2003) and Zhou et al. (2009) have observed other stronger features at 600,
~620, 664, ~3330, and 3386 cmm ™. Owing to a combination of the water baseline and
worsened signal-to-noise ratios in these parts of the spectrum, these features are not
unambiguously identified in our spectra. Table 7.2 provides a summary of the IR fea-
tures, assignments and their literature values.
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Table 7.2 — IR assignments of VUV photoproducts and comparison with the literature values over all
three matrix types. Locations indicated with -’ did not reveal any of the photoproducts.

Feature Literature Pure CoH, | CoHy:Ar | CoHy:H>O
- cm ™! cm~! cm~! cm 2
OH 3452 - 3452 -
CH,? 3284 3284 - -
C4H,© 3277 3277 - -

OH © 3248 - 3248 -

CO, ¢ 2347 2341 - 2347
CcO¢ 2141 2134 - 2141
C,O-° 1962 1959 - -
H,CO f 1727 + wing - - 1711 - 1680
C4H, @ 1599 1599 - -
H,CO 1498 - - 1496
CH3;0OH ¢ 1452 - - 1435
CH, f 1301 - - 1303
C.H, " 1248 - 1243 1243 - -
CgH,, CsH,, ... t | 1237 -1229, 1232 - 1226 1234 - 1233
C,Oc« 1081 1081 - -
CH3;0H ¢ 1032 - - 1019
C4H, ¢ 1010 1020 (t.) - -
C.H,? 962 979 - -

(@) Acquista et al. (1968), "’ Kim & Kaiser (2009), (/Zhou et al. (2009), (’Gerakines et al,
(1995), “Jacox et al. (1965), )Oberg et al. (2009), WFalck & Whalley (1961), WKhlifi
et al. (1995), WShindo et al. (2001, 2003)
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Figure 7.6 — UV-vis spectra of pure CoHy under VUV irradiation, polyyne feature values are solution
values obtained from Kloster-Jensen et al. (1974). The bottom trace shows the remarkable similar spectra
obtained by Cataldo (2004).

A typical aspect of polyynes of C¢H, and longer ones is that the IR transitions re-
main at nearly the same location. This hampers their individual identification (Jolly &
Bénilan 2008). Here, the combination of FTIR spectroscopy with UV-vis spectroscopy
provides complementary information for identifying photoproducts, since the absorp-
tion features in the UV-vis provide better uniqueness, allowing for easier identification
(Kloster-Jensen et al. 1974; Grutter et al. 1998).

The UV-vis spectra of the irradiated C,Hj ice are dominated by two very strong bands
at 219 nm and at 228 nm and a very broad wing with weak, unresolved features up to
400 nm (Fig. 7.6). A third peak at 209.5 nm appears in repeated experiments that are
not shown here. The origin of these peaks is not a priori clear, although similar studies
can provide very useful insight into their identification. VUV irradiation of CoH, em-
bedded in noble gas matrix by Wu & Cheng (2008) yielded polyynes (H(-C=C-),,H)
up to CgH, and linear carbon chains (C,,,) up to Cs. From this, one would expect that
when a pure C,Hj; ice is irradiated, polymerization will result in the formation of sim-
ilar molecules (e.g. H(-C=C-),,H, H(-C=C),,, or (C=C),,,).
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Comparing our UV-vis spectra to spectra obtained by arcing of graphitic electrodes

submerged in water (Cataldo 2004), also shown in Fig. 7.6, a remarkable similarity

appears. The spectra from Cataldo (2004) are also dominated by two strong peaks as-

sociated with a broad, partially resolved wing up to 400 nm. High-performance liquid-

chromatography (HPLC) analysis revealed the spectra obtained by Cataldo (2004) to

be due to polyynes in the C¢H, - C,4H, range, although no spectroscopic assignments

were made. The UV-vis spectra of polyynes typically feature the 'S < 'S as the

strongest transition accompanied by multiple vibronic progressions (Kloster-Jensen

et al. 1974) towards the short wavelength side. On the long wavelength side of this

system, two overlapping forbidden electronic transitions ('Y, < '¥F and 'A, « 'X)

and their vibronic progressions appear albeit with oscillator strengths that are three or-

ders of magnitude smaller. When using the band assignments of liquid matrix polyynes
as observed by Kloster-Jensen et al. (1974) to interpret our spectra (Fig. 7.6), the strongest
signals are likely due to CgH,, with longer polyyne signals, possibly up to CyoHs, hid-

den in the broad wing extending up to 400 nm. This shows consistency in overall

profile with our FTIR data where CsH, is also observed.

A multitude of polyyne species are therefore the most probable explanation for the ab-

sorption features observed. Moreover, it has been found by Cataldo et al. (2008) that

polyynes are the dominant product of the UV photochemistry of C;H; suspended in

liquid at room temperature.

In addition, the broad UV absorption feature is further investigated while slowly warm-
ing up the ice (Fig. 7.7). During warmup, separate absorption features in the 230 - 280

nm and in the 290 - 320 nm become visible, but there is no sign of existing features dis-

appearing up to the point where the C,H, matrix desorbs around 50K. This this shows

that there is further enrichment of the ice with polyynes or polyyne-like species and

when cross-referencing the new features with known absorption spectra of polyynes,

there are indications of the formation of polyynes in the CgH, - C14H, range. The exact

thermal processing mechanism is unclear.
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Figure 7.7 — UV-vis spectra of pure CoH; after VUV irradiation, during warmup.
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7.3.2.2  Vinylacetylene

During irradiation, features associated to small amounts of vinylacetylene (C4H,) ap-
pear in the FTIR spectra at 3284 cm ™! (Fig. 7.5, left panel), at 1599 cm™! and at 962
cm~! (Fig. 7.5, right panel) (Kim & Kaiser 2009). The remarkable lack of more satu-
rated alkanes in the spectra is different from observations by Strazzulla et al. (2002)
after bombardment of CyH, with 15 KeV N ions.

7.3.2.3 Interaction of C,H, with background deposited water

The strongest new features appearing in the FTIR spectra of photoirradiated CyH,
(Fig. 7.4) are a result of interaction with the background deposited water. They typ-
ically appear in the C=0 stretching region ranging from roughly 1800 to 2500 cm ™.
The strongest at 2341 cm ™ is associated to CO,. The 2134 cm™ feature is related to
CO. C,0 is identified, based on two features at 1959 cm~! and at 1081 cm ™!, and their
relative intensities of about 7:1 (Jacox et al. 1965). A summary of the assignments is
given in Table Table 7.2. The appearance of these molecular species shows a complex
chemical interaction between C;H; and H;O besides polymerization.
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Figure 7.8 — IR spectra from 4000 em~! to 500 em ! of CoHy:H5O 1:10 under VUV irradiation.
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7.3.3 C,H5:H,O results

The photochemical interaction between CsH; and H,O can be studied into more detail
by embedding C,H, in a HyO matrix in 1:10 ratio. This system is relevant for the
bulk of interstellar solid CoH; which is present in a water-dominated ice environment,
although it should be noted that there the abundance is typically lower.

7.3.3.1 Polymerization

When irradiating the ice with VUV photons, some new features gradually appear in
the spectra, simultaneously, the CoH; peaks disappear (Fig. 7.8). Most of these features
are the result of interaction with the water inside the matrix. The aforementioned fea-
ture at 1234 cm~! can be seen in Fig. 7.9 and is associated to C¢H,, CgH, and longer
polyynes. This feature appears after irradiation with 3.3 x 10'® photons cm™! and sub-
sequently remains at the same intensity. Its strength is substantially less than in the
observations with pure CyH, ice, although its appearance shows that the formation
of polyynes persists, even under stiff competition with water-related photoproducts.
This observation shows a remarkable consistency with the UV-vis spectra (Fig. 7.10)
where the same broad absorption appears as with pure CsH,. Two peaks very similar
to the ones appearing in irradiated pure C,H, ice (Fig. 7.6) become visible, although
significantly widened and slightly red-shifted, which is a typical water-matrix-induced
effect. As in the IR, the feature grows to a radiation fluence of 3.4 x 10'° photons cm
and subsequently remains, formally linking both spectral features to the same reaction
products. This is consistent with the formation of polyyne-like molecules in the CsH,
- C14H; range and shows their stability in a water-dominated environment.

7.3.3.2 (CyH, photochemical reactions with H,O

The strongest new features appearing in the FTIR spectra (Fig. 7.8) are at 2347 cm™*

and at 2141 cm™! and are due to CO; and CO, respectively. Besides these strong fea-
tures, many weaker features appear in the range from 900 to 1800 cm™' (Fig. 7.9). It
should be noted that these spectra are relative to the deposition spectra (with offset);
i.e., all features visible in the spectra are likely due to new reaction products.

Most of these can be assigned to reactions between C,H; and water. The feature at
1710 em™! and the wing at 1679 cm™" are typical of formaldehyde (H,CO) with a sec-
ond feature at 1498 cm™! also appearing (Oberg et al. 2009). The features at 1435 and
1019 cm™* are due to methanol (CH3;0OH) (Falck & Whalley 1961), and the feature at
1303 cm™! is from methane (CH,) (Oberg et al. 2009). The feature at 1234 cm™! was
discussed above. A similar study by Wu et al. (2002) reports on the photochemistry of
a 1:4 CoHy:H50 ice with various wavelengths of vacuum UV radiation that includes
Lyman-a. However, assignments were limited to CO and COs,.

To assess the carbon budget inside the ice, a quantitative analysis of the formation of
CO and CO, is made based on the IR spectral data. From the integrated area of the OH
stretching mode of water in the deposition spectrum, a water column density of ~ 5.5
x 10" molecules cm~? is derived. Knowing the C;H; fraction of 1:10, the amount of
carbon is ~ 1.1 x 10'" atoms cm ™2 (2 carbon atoms per CoH, molecule). The amount of
CO and COs is interpreted directly from their IR transition intensities and summarized
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in Fig. 7.11. After the final radiation fluence of ~ 5.4 x 10'" photons cm™?, about 12
% of the initial carbon budget is stored in CO and CO, molecules although all C,;H,
has disappeared from the spectra. The formation rate of CO, is linear with radiation
fluence while for CO, although initially dominant, the formation rate decreases with
time. This is consistent with a view that, in a water-dominated environment, CO is the
precursor for formation of CO,, H,CO and CH30OH upon VUV irradiation (Watanabe
& Kouchi 2002).
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Figure 7.9 — Selected detail of the IR spectra of CoHy:H>O 1:10 under VUV irradiation. These spectra
are difference spectra (with an offset for each spectrum), meaning that all positive peaks appearing are
photoproducts.
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Figure 7.10 — UV-vis spectra of CoHy:H>O 1:10 under VUV irradiation.
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Figure 7.11 — Production of CO and CO; upon VUV irradiation of a CoH2:H5O 1:10 ice as a function
of total deposited carbon and radiation fluence.
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7.3.4 Discussion

The observations with both methods show a very consistent image of the role CoH,
plays in ice photochemistry. The photodissociation pathways of C;H; were analyzed
by Okabe (1975). The VUV lamp provides enough energy to overcome the threshold
of five dissociation pathways:

Reaction Threshold
CoHy+hvy — CyH+H 230.6nm
CoHy+hy — Cy+ Hs 198.5nm
CQHQ +hy — CQ(ASH) + H2 142.2nm
CyHy+hv — Co( BJH+ H 130.5nm
CoHy+hry — 2xCH 125.3nm

The VUV emission profile comprises Lyman-alpha radiation and a broadband compo-
nent around 160 nm roughly in a 1:2 intensity ratio (Chapter 3). As dehydrogenation
requires less energy than dissociation of the C=C triple bond (for which the broadband
at 160 nm does not provide enough energy), dehydrogenation will be the dominant
pathway. This is confirmed by our experimental results for detecting C, (and not CH)
when C;H, is embedded in a noble-gas matrix. This process is also expected to take
place when irradiating pure C,H,. Owing to the high reactivity of the C, and C,H rad-
icals, they are readily converted to polyynes, resulting in steady-state column densities
that are too low to be observable. The low barrier for polymerization becomes appar-
ent when warming up the ice. During ice warmup, the resulting increase in mobility
further enhances the formation of longer polyynes.

When embedding C;H, in a water matrix, the water acts as a source of hydrogen and
oxygen in the matrix upon VUV photolysis and their availability has a profound influ-
ence on the overall photochemistry observed. It opens a competitive reaction channel
to the polymerization observed in water-poor ice. Nevertheless, polymerization can
still be observed, although it is less efficient. This is remarkable, given the high abun-
dance of water in the ice. To explain this, the absorption cross section of H,O and C,H,
at 122 and at 160 nm are compared (Mason et al. 2006; Wu et al. 2001). At both wave-
lengths, the absorption cross section of C,H, is about one order of magnitude larger
than the absorption cross section of water. As a consequence, for these settings the dis-
sociation efficiency of CoH, will be higher than for H,O, explaining the preference for
C,H, polymerization over reaction with water-related photoproducts. However, the
polymerization is still limited by the availability of C,H, or related radicals present in-
side the matrix and with increasing fluence, water-related photochemistry takes over.

The observation of CO and CO, is evidence of the destruction of the C=C triple bond
although the reaction pathway is not a priori clear. The difference in photoproducts
between a water-poor environment and a water-rich environment may hint at possible
pathways. In a water-poor environment, the C,O radical is observed, and is proba-
bly the result of a direct oxidation of C,. This radical has a significant lifetime inside
the matrix, allowing spectroscopic detection, since the abundance of oxygen and other
potential reactants is low. It can be expected that a similar process takes place in an
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oxygen-rich environment, but owing to the high abundance of oxygen, the C,O is ox-
idized further, resulting in the formation of two CO molecules and preventing the
detection of C50.

When irradiating pure C;H,, small quantities of vinylacetylene (C,H,) are observed.
The exact reaction pathway for the formation of vinylacetylene is not clear because
no intermediates (e.g. vinyl, -CH=CH,, or ethene, C,H,) are observed in the spectra.
It may well be possible that (excited) C,H; molecules recombine. Vinylacetylene is
considered an important precursor molecule in the formation of PAHs (Parker et al.
2012). The strong transitions of benzene at 3095 or 1480 cm~! (Marzocchi et al. 1970)
are totally lacking from our spectra, proving that it is absent, and by extension, that no
tfeatures showing aromatic molecules are observed. This conclusion differs from the
observations of Zhou et al. (2010) on the bombardment of CoH, ice with 5 keV elec-
trons - with a similar total energy dose as applied here - where benzene was observed.
It also differs from the observations of Strazzulla et al. (2002), where CsH, ice was bom-
barded with 15 keV N* ions with a comparable total energy dose, and higher alkanes
could be found. This is in accordance with Mufioz-Caro et al. (2014, and references
therein) and illustrates the dependence of solid state chemistry on the type of energy
injected into the chemical system.

7.4 Astrophysical implications

Polyyne-like molecules (e.g. polyynes, C,H) and cyanopolyynes (HC,N) have been
observed, or were said to be present on the basis of theoretical calculations, in a va-
riety of astrophysical environments, such as active galactic nuclei (e.g. Harada et al.
2013), carbon-rich protostellar objects (e.g. Cordiner et al. 2012; Cordiner & Charnley
2014; Gupta et al. 2009; Sakai et al. 2009), interstellar clouds (Duley & Hu 2009; Cer-
nicharo et al. 1984; Herbst & Leung 1989), and objects in the solar system, such as
comets (Cordiner & Charnley 2014) and Uranus (Burgdorf et al. 2006). A special men-
tion goes to the atmosphere of Titan where the photolysis of a methane plus hydrogen
mixture induces a plethora of chemical reactions that lead to the formation of polyynes
(Smith et al. 1998), which are also involved in the formation of the UV haze (Hunten
2006). Diacetylene (C,H,), the smallest of the polyynes, has been detected by instru-
ments on board the Huygens probe and simulations predicted the presence of gaseous
CgH, and CgH, (Hunten 2006).

The work presented here investigates the formation route of polyynes in grain man-
tles, namely UV photoprocessing of acetylene-containing ices. The results of this paper
along with those obtained after ion bombardment experiments of frozen C;H, (Com-
pagnini et al. 2009) give confidence that energetic processing of ices in astrophysical
environments can contribute to the budget of polyynes in the universe. It is also clear
that this is only a first qualitative step towards gaining insight into this field.
Subsequent thermal processing of these ices yields formation of longer chains and
potentially new carbonaceous species. Further heating expels these molecules to the
gas phase as the matrix desorbs. In this way, enrichment of the gas phase with new
molecules takes place. The observation of vinylacetylene in the ice potentially yields
a formation pathway towards PAHs to which it is known to be a precursor. This is
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an interesting finding, because PAHs are ubiquitous in space, and they are generally
assumed to form in the outflows of AGB stars, in accordance with the experiments of
Geenberg et al. (2000) that analyze gas chromatographically residues obtained after UV
photolysis of ice and ice residu. The present results hint at a (complementary) bottom-
up formation mechanism.

It is very well known that the photoprocessing of ice mantles in the cold clouds of
the interstellar medium plays a dominant role in determining the molecular complex-
ity of the ices. In our experiments we have used photon fluences up to 10'® photons
cm~? corresponding to exposure times of several 107 years, i.e., comparable to time
regimes that are covered in dark interstellar clouds. (Cecci-Pestellini & Aiello 1992;
Mathis et al. 1983; Prasad & Tarafdar 1983; Mennella et al. 2003). In our experiments
we have used photon fluences up to 10'® photons cm ™2 corresponding to an exposure
time ranging up to ~2x107 years, perfectly compatible with the lifetime of an interstel-
lar dark cloud. As we observed in our experiments the formation of polyynes under
similar conditions, even in a H,O-dominated ice, it is possible that a certain number of
polyynes are formed although it is, at present, impossible to quantify their amount.
These understandings are backed up by recent observations of polyyne-like molecules
in Cha-MMSI1 (Cordiner et al. 2012). Their abundances are found to be in the range of
10~ 1% with respect to Hy, are similar to those in the envelope of the older, more lumi-
nous class-0/1 protostar L1527, and are greater than in another low-luminosity, low-
mass class-0 protostellar envelope (Cordiner et al. 2012). This phenomenon has been
attributed by the same authors to a combination of factors including the desorption of
grain mantle species into the gas phase by e.g. warming by the protostar. It is in fact
well known that an important contribution to the gas phase molecules in star forming
regions is given by the sublimation of carbon chain and other complex organic molec-
ular species present in icy mantles (Modica & Palumbo 2010; Palumbo et al. 2008b).
Besides this, we provide strong clues to how to detect them inside the ice, both in the
IR and in the UV-vis range. In the case of a VUV-irradiated C;H, ice, three peaks at
209.5, 219 and 228 nm are expected to appear in the UV absorption spectra, while in
a water-dominated environment, these peaks shift about 3 nm to longer wavelength.
They are very distinct from the UV bump at 217.5 nm. Many of the features in the IR
spectra of polyyne photoproducts feature a strong overlap with other ice components,
mainly water. Therefore, the most distinct features to search for appear at 1234 and
1243 cm ™.

7.5 Conclusions

In this paper, we hqve reported a systematic laboratory study of the VUV photochem-
ical behaviour of C,Hj in interstellar ices. It comprises a combined approach of two
in situ techniques: FTIR spectroscopy and UV-vis spectroscopy. The main conclusions
from the experiments are:

1. The dominating reaction pathway of CoH, in the solid state is polymerization
resulting in formation of polyyne-like molecules upon VUV irradiation. From
the spectra, polyynes in the C4H; - CsH, are observed while the formation of
polyynes up to at least CooH; are suggested. The low reaction barrier for poly-
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merization is indicated by the observation of polymerization upon the warming
up of an irradiated ice. Under competition with water-related photoproducts,
polymerization persists and polyynes are observed in a water-dominated C,H,
ice. This solid state process may contribute to the observed enhanced abundances
of polyynes in the gas phase.

2. The spectra provided here offer a tool to search for solid state polyynes in astro-
nomical spectra. In the IR, absorption features at 1234 cm ™' and at 1243 cm™' are
expected to appear in absorption spectra free of interaction with water-related
bands. In the UV-vis, the spectra of ices containing polyynes are expected to be
dominated by absorption CsH; features at 227.0 and 218.0 nm.

3. The detection of vinylacetylene in the photoirradiated ice offers a first step in the
pathway towards the formation of PAHs as this molecule is considered to be one
of the main precursor molecules. Aromatic features are, however, not observed
in our laboratory spectra.
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Samenvatting

Koolstof in het universum

Bij het ontstaan van het universum, kort na de big bang, was het universum bijzonder
heet. Zo heet dat materie niet bestond. Dankzij de hierop volgende uitzetting van het
universum daalde de temperatuur heel snel waardoor na ongeveer 3 minuten de eerste
atoomkernen (zonder electronenwolk) verschenen. Deze eerste atomen waren de vier
lichtste elementen van het periodiek systeem: waterstof, helium en een kleine hoeveel-
heid lithium en beryllium. De zwaardere elementen van het universum, zoals we dat
tegenwoordig kennen, verschenen pas nadat ze in de eerste sterren werden gevormd
en vervolgens aan het eind van hun leven uitgestoten werden.

Dit proefschrift focust op koolstof, na waterstof, zuurstof en helium het meest voorko-
mende element in het universum. In combinatie met de specifieke chemische eigen-
schappen waarbij koolstof vier verschillende atomaire verbindingen aan kan gaan is te
verwachten dat koolstof een centrale chemische rol speelt in het universum.

Dit reflecteert zich in de tabel van moleculen die ontdekt zijn in de ruimte, vooral
in het interstellaire en circumstellaire medium. Van deze 185 moleculen bevatten er
137 koolstof. Alle moleculen in deze lijst bestaande uit zes of meer atomen bevatten
éen of meerdere koolstofatomen. Hiernaast zijn vele koolstofdragende moleculen ont-
dekt als klasse, en zijn dus niet in de lijst van 185 moleculen opgenomen. Hierdoor
komen in het universum zowel aromatische (bijvoorbeeld polycyclische aromatische
koolwaterstoffen en fullerenen) als alifatische (bijvoorbeeld polyynes, cyanopolyynes
en alkanen) moleculen voor.

Interstellair ijs

Interstellair ijs komt voor in koude gebieden van het universum waar vluchtige mole-
culen vast vriezen op kleine stofdeeltjes. Het betreft hier vooral stofwolken die door
hun hogere dichtheid niet transparant zijn voor externe energetische straling. Dit zorgt
ervoor dat de temperaturen van de stofdeeltjes kunnen zakken tot onder 150 K en een
ijslaag zich kan vormen. Deze ijslaag bestaat vooral uit kleine moleculen zoals H,O,
CO, CO,, CH,4, CH30H en NHj3. Echter, het is de verwachting dat grotere, koolstof-
dragende, moleculen, waarvan gekend is dat deze aanwezig zijn in deze stofwolken,
ook onderdeel worden van het ijs. Hierdoor ontstaat er een chemisch reservoir van
moleculen die doordat ze dicht bij elkaar zitten onder invloed van een externe energie-
bron een rijke chemie kunnen ondergaan. In dit proefschrift wordt onderzoek verricht
naar chemische reacties van koolstothoudende moleculen die zich in ijs bevinden. Als
energiebron voor deze reacties wordt gebruik gemaakt van een UV lichtbron die het
interstellaire stralingsveld nabootst.
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Moleculaire spectroscopie

Overgangen tussen energietoestanden van de atomen en moleculen gaan vaak gepaard
met het absorberen of uitstralen van een foton met de specifieke energie (of golflengte)
van deze overgang. Waarnemingen van deze overgangen, zowel in absorptie als in
emissie is de bron van onze kennis van de chemische samenstelling van het universum.
Hierbij zijn verschillende typen overgangen waarneembaar in verschillende gebieden
van het electromagnetisch spectrum.

e De overgang tussen twee rotatietoestanden van een molecule resulteert in foto-
nen met de laagste energie. In het electromagnetisch spectrum vallen deze over-
gangen in het radiogebied. Omdat in de vaste fase de moleculen vast zitten in
een matrix zijn deze waarnemingen enkel mogelijk bij gas fase moleculen. In een
spectrum zijn deze overgangen bijzonder talrijk, scherp en temperatuursathan-
kelijk.

e De chemische verbindingen tussen de atomen in een molecule gedragen zich als
een massa-veer systeem. De overgang tussen verschillende trillingstoestanden
resulteren in fotonen in het infrarood gebied van het electromagnetisch spectrum.
Dit is de meest gebruikte methode om ijs waar te nemen. Echter, bij moleculen
met gelijkaardige structuur kunnen overgangen sterk overlappen waardoor iden-
tificatie onmogelijk is.

e De overgangen van electronen tussen verschillende energieniveaus vallen in het
zichtbare en het UV gedeelte van het electromagnetisch spectrum. Deze over-
gangen zijn heel sterk en molecule-specifiek. Hierdoor is het makkelijker om
moleculen te identificeren, echter, wanneer meerdere gelijkaardige moleculen in
de matrix aanwezig zijn kan (gedeeltelijke) overlap voorkomen. In deze thesis
wordt het meest gebruik gemaakt van deze laatste methode.

Het laboratorium

In het laboratorium worden de omstandigheden van het universum zo goed mogelijk
nagebootst. Het doel is om op deze manier chemische en fysische processen te bestu-
deren zoals ze gebeuren in het universum. Specifieke omstandigheden in het univer-
sum zijn quasi-vacuiim, lage (cryogene) temperaturen tot 5 K, sterke UV straling enz.
In deze studie wordt hoofdzakelijk gebruik gemaakt van OASIS (zie hoofdstuk 2). In
deze opstelling wordt het interstellaire ijs gevormd bestaande uit een matrix en kool-
stofdragende moleculen (acetyleen, Cg, en PAKs). Een eerste resultaat is het meten
van de spectra van deze moleculen. Hierdoor hebben waarnemers de noodzakelijke
informatie om deze moleculen te identificeren. In deze thesis is een analyse van het
spectrum van Cg in een water matrix opgenomen (hoofdstuk 4).

Vervolgens wordt dit ijs belicht met UV straling zoals deze in interstellaire stofwol-
ken voor komt en de resulterende chemische reacties worden gevolgd. Hierbij dienen
alle fysische parameters gemeten te worden. Tijdens het onderzoek werd duidelijk dat
dit voor de lamp die de UV straling produceert niet het geval was. Hiervoor is een
oplossing gevonden door gebruik te maken van het fotoélectrisch (zie hoofdstuk 3).
Het vervolg van deze thesis bestaat uit een onderzoek naar chemische processen van
koolstofdragende moleculen in een interstellar ijs.
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PAKSs in ijs

Wanneer een PAK in een waterijs matrix opgesloten wordt zal deze specifieke om-
geving ervoor zorgen dat wanneer dit ijs belicht wordt met UV fotonen de PAKs
geioniseerd worden tot kationen. In hoofdstuk 5 wordt dieper in gegaan op deze ma-
trix omgeving. Door het water te vervangen door ammoniak (NHj3) wordt de eerder
beschreven fotoionizatie omgekeerd. In plaats van een electron af te staan aan de ma-
trix zal de PAK molecule een electron absorberen uit de matrix. Wanneer een mengsel
van water en ammoniak gemaakt wordt zal naargelang de concentratie er een over-
gang ontstaan van kationizatie naar anionizatie. Bij een 1:1 verhouding van ammoniak
en water worden zowel kationen en anionen gelijktijdig waargenomen.

In hoofdstuk 6 wordt in gegaan op de invloed van de PAH concentratie op zowel de
spectroscopie van PAKSs in water ijs als op de fotochemie. Wanneer de concentratie een
punt bereikt waarbij de PAK moleculen clusters beginnen te vormen in het ijs zal het
spectrum een duidelijke verbreding en roodverschuiving vertonen ten opzichte van
het geisoleerde spectrum. Hiernaast zal deze verhoogde concentratie ook een nega-
tief effect hebben op de vorming van kationen onder UV straling. Hiermee wordt het
mogelijk om te vergelijken tussen experimenten die gebruik maken van zichtbaar-UV
spectroscopie en IR spectroscopie.

De rol van acetyleen in ijs

Tenslotte wordt in hoofdstuk 7 dieper in gegaan op de rol die acetyleen (CyH,) speelt
in een interstellair ijs. Dankzij de unieke combinatie van zichtbaar-UV en IR spectro-
scopie wordt de volledige fotochemie van acetyleen in de vaste fase ontleed. Deze
chemie bestaat hoofdzakelijk uit polymerizatie met vorming van enkele interessante
nevenproducten. Deze chemische processen blijken goed stand te houden wanneer
acetyleen gemengd wordt met water ondanks dat er enkele competitieve processen de
kop op steken. Het onderzoek laat zien dat vaste stof reacties van acetyleen kunnen
bijdragen aan de vorming van moleculen die in de gas fase waargenomen zijn.

Conclusie

Het astronomische belang van het onderzoek dat in dit proefschrift wordt beschreven
kan in twee punten worden samengevat.

e In dit proefschrift worden vaste stof spectra van relevante moleculen gemeten en
beschreven. Deze informatie is belangrijk bij het detecteren van deze moleculen
in waargenomen spectra.

e Het chemisch gedrag van deze moleculen na bestraling met UV licht is onder-
zocht. Tegenwoordige modellen gaan vooral uit van gas fase reacties voor de
vorming van deze moleculen, in dit proefschrift voegen we vaste stof reacties toe
waardoor we nieuwe informatie aanbieden voor astronomische waarnemingen
van interstellair ijs.
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