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CHAPTER 1

Introduction

The pressures in space are much lower than one can reachidagheacuum chamber in
a laboratory on Earth and the temperatures vary from extselmgh to close to absolute
zero. Despite these extreme circumstances there is asingyi active chemistry which
enriches the vast regions in space, leaving a large puzztedokind to solve.

Most molecules detected in the interstellar medium (ISM)warambiguously identi-
fied by their rovibrational (infrared), or purely rotatidrfeicrowave) fingerprint absorp-
tion or emission spectra. One particular family of molesule the so-called Polycyclic
Aromatic Hydrocarbons (PAHs) — is detected as a class bydsacteristic mid-infrared
(mid-IR) emission spectrum. Although these molecules madeen uniquely identified,
because of their common spectral signature, their presamgoton-dominated regions
(PDRs) is now widely accepted in the astrochemical communit

Besides gas phase species, molecules are also detectditlifosn, as interstellar
ices. Ices are formed in cold and dark regions in space, krasamolecular clouds, by
accretion of gas phase species on cold carbonaceous atesiicist grains. The thin
layers of ice contain rather simple molecules, such a,HCO, CQ, CH3zOH, CH,,
and NH;. The constituents of icy grain mantles are further enecghyi processed by
heat, cosmic rays, or ultraviolet (VUV) radiation, leadit)gmore complex molecules.
Interstellar ices are now regarded as important catalifés for the formation of complex
(organic) molecules during the evolution of an interstatlaud and are considered crucial
in astrochemistry.

This thesis describes laboratory and observational stwdiéch are aimed to under-
stand physical interactions and abundances of speciesdrtha VUV induced chemical
evolution of, interstellar ices in a laboratory settingigsinid-IR and near-ultraviolgtis-
ible (near-UVYVIS) spectroscopic techniques. The remainder of the inictidn is used
to put the thesis work into context.

1.1 Astrochemistry

The formation and detection of polyatomic molecules in titenstellar medium had long
been unexpected because of the harsh UV fields and low aenéitil—1¢ molecules
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Figure 1.1 Cartoon of the Galactic life cycle. After Stevém@son (Verschuur 1992, Sky
& Telescope Magazine), by Christiaan Boersma.

cm3). However, in 1937 the first molecules, CH, CN, and*Giere detected in use
clouds [Swings & Rosenfeld 1937]. The detection of only siant species confirmed
the idea that the unfavorable conditions would precludeptiesence of more complex
chemistry. The detection of more complex molecules in tiv $8ch as NH and HCO

in the 1960s opened up a new field in astronomy, astrochamiisiwhich the abundances
and reactions of chemical elements and molecules, andittieraction with light are
studied. Up to now, as many as 152 molectileave been detected in the gas of inter-
and circumstellar clouds and every year some new speciedeteeted. Amongst the
detected molecules are simple species, such,aand CO, but also rather complex and
exotic species, such as H0I [Bell et al. 1997] with the largest unambiguously detected
molecules being s and Go. The detection of a large variety of species in the strongly
UV processed medium implies that chemical reactions angafécient. It is mostly ion-
molecule reactions that are responsible for the high primlucates of these molecular
species in the gas. In cold regions, such as dense cloudsjstheis now known to
proceed via grain catalyzed reactions in which specieasel&from interstellar ices play
a key role.

New ground-based and space-borne observatories with v@gensitivity and spec-
tral resolution combined with advances in laboratory témpies shed new light on the
molecular diversity. The detected species continue giugigsight in the complex chem-
istry that takes place in the vast regions of space and pg#hagn clues to the formation
of life on Earth, or even life outside of our own solar system.

Ihttp://www.astrochymist.org



1.2 The interstellar cycle of matter

1.2 The interstellar cycle of matter

Although what triggered the formation of the first stars im thniverse after the occur-
rence of the big bang about 14 billion years ago is still a bigtery, the life cycle of
low-mass stars, such as our own sun, is now quite well urmtEtge.g. Evans 1999, van
Dishoeck 2004, and references therein]. Disregarding ittile &f the first stars, the evo-
lution of gas and dust in the ISM from stellar birth to death t& depicted as a cyclic
event as seen in Fig. 1.1. The building blocks of the newlynfet stars are the rem-
nants of the old dead stars; thdfdse interstellar medium is enriched by its previous
inhabitants. Stellar remnants, however, are mostly dgstkdy the omnipresent strong
ultraviolet (UV) radiation, leaving only heavy elementarge molecules such as PAHSs,
and dust grains intact. New stars are formed from these bapiedients and the complex
chemistry involved in star-formation starts all over again

The process of low-mass star formation is schematicallglajed in Fig. 1.2. In
the first stage, the ffuse medium is disturbed by a process, such as a stellar wind or
a supernova explosion. This causes dense clouds to fornf ¢l anaterial in the dif-
fuse medium. Once formed, these dense cloud cores, mainkistimg of hydrogen,
helium, heavier elements, dust and some larger molecuteshedd together by grav-
itational forces. The densities in these clouds reach atmimvhich the core of the
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Figure 1.2 Schematic illustration of thefi@irent stages of low-mass star formation. Figure
taken from Visser [2009].



1 Introduction

cloud is completely shielded from intense UV radiation anolenules can form. The
temperatures in these dense clouds are w0 K) and the densities rather high by
interstellar standards-(10°*~1° molecules cm?), causing molecules to freeze oufie
ciently on nanometer sized dust particles or possibly ayel®AH molecules or clusters
of PAH molecules. Thin layers of ice which act as catalyttesifor chemical reactions
are formed. Ice abundances, formation, and chemistry witléscribed in more detail in
81.3.

Within the dense molecular clouds, cores of even higherities>10> molecules
cm3) are formed. If the density in such a core gets high enoughctine will collapse
under its own gravity, forming a so-called protostellaregaore. a region of the cloud that
will eventually become a star. The collapse releases a targrint of energy and the pres-
sure building up in the core prevents it from collapsingHert At this stage, molecules
play a key role in the process of star formation; they conartslational energy via col-
lisions into IR radiation which is emitted at the moleculgcific wavelengths. Some of
this radiation can escape the collapsing cloud, resultirgficient cooling and a contin-
uation of the collapse of the core.

In the next stage, the protostar starts losing angular mamehy expelling mass in
bipolar outflows. Additionally, a protoplanetary disk igtited around the central object
from which material continues to accrete onto the protostarthis disk small grains
coagulate, forming larger and larger rocks and eventuddiygis. The outside of the disk
is processed by the strong UV irradiation from the new baainahd becomes heated and
chemically processed. The center of the disk, however, iresvanld and the chemical
evolution of matter in this part of the disk will be dominategice grain chemistry. For
low-mass stars, the disk will slowly evolve into a planetsygtem such as our own.

The formation process of high-mass stars is not yet fullyeusttbod, but most likely
has many similarities to the formation of low-mass stars filhal stages of the lifecycle
of both high- and low-mass stars, on the other hand, are wdbstood. At the end of its
life, the star enriches the interstellar medium by expglits contents into its surround-
ings. Stars with a mass smaller than 2.5 Solar maddes: (2.5M,) such as our own
Sun expel their mass in relatively gentle stellar winds sitvealled protoplanetary nebula
phase, after which only the hot core of the star will remaimhéte dwarf. Stars with a
large massNl > 2.5M) end their life in a less gentle manner. They return theirsias
the ISM in a violent event, a so-called supernova explosidrich can again trigger the
formation of new stars as described above.

1.3 Mid-IR absorption bands — Interstellar ices

The presence of ices in the interstellar medium was alreeapygsed in 1937, even before
the detection of the first interstellar molecule [Eddingtt#87]. The detection of an
interstellar ice absorption feature was a fact in 1973, lpdéaur decades after the presence
of ices was proposed. A strong and broad mid-IR absorption bacated at~3 um
was detected and assigned to thgOHce stretching mode [Gillett et al. 1973]. The
spectroscopic signatures of interstellar ices fall in tha- R as absorption profiles which
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1.3 Mid-IR absorption bands — Interstellar ices

are superimposed on the black body radiation curve of a lvaakg star, or embedded
object. Since the molecules are confined within the ice, tleyot have translational, nor
rotational degrees of freedom and absorption of a mid-IRqrhby a molecule results in
vibration of the molecule only. While interstellar speciestie gas phase can be detected
in absorption or emission, ices are only detected in absorpThis comes from the fact
that the temperature corresponding to mid-IR radiatiorighdr than the temperature of
the ice.

Interstellar ices have been detected either using groasde) airborne, or space
based observatories. Ground based mid-IR observatonigsas the powerful Very Large
Telescope (VLT), have a limited spectral window becausely®alf of the mid-IR spec-
trum is blocked by telluric absorptions, primarily.& and CQ. Sophisticated obser-
vatories were built to extend wavelength coverage, puski¢hection limit and to obtain
higher resolution spectra. First, the Kuiper Airborne Otatmry (KAO) was constructed.
Observations with the KAO were conducted at high altitude@a0 to 45,000 feet), well
above most of the D in the atmosphere. This opened up a very important 5 teri0
portion of the infrared fingerprint region [Haas et al. 1998je combination of airborne
with ground based observations provided the first accessadynall of the mid-IR spec-
trum for a handful of objects. By the early 1990s, interasteltes were known to be
water-rich mixtures containing species such agQGH, NH3, H,CO, etc. The complete
mid-IR spectrum of the cosmos was opened up with the launtiedhfrared Space Ob-
servatory (ISO), an observatory that revolutionized outaratanding of interstellar ices.
Free of telluric absorptions, the eyes of ISO revealed mankess of ices in dense clouds
and around star forming regions. The number of detectedsietéar ices nearly doubled.
While ISO probed quiescent lines of site as well as star fogmégions, due to its low
sensitivity, however, ISO was limited to observing brighigh-mass, star-forming regions
[e.g., van Dishoeck 2004, and references therein]. Itsessor, NASAS very sensitive
Spitzer Space Telescqmpened up the window of opportunity further. ffered the high
sensitivity needed to observe faint objects such as lowsipiaostars, without being lim-
ited by the transmission of the Earth’s atmosphere [ChéhtdPontoppidan et al. 2008,
Boogert et al. 2008, Oberg et al. 2008]. These very sucdesbfervatories fiered a
sensitive view into the kitchen of newborn high- and low-mafars.

1.3.1 Composition of interstellar ices

It is now established that water is the first molecule to forrd &ieeze out on interstellar
grains in the evolution from a ffuse cloud to a dense cloud and thaiHis the most
abundant species in ice toward most sources [e.g. Sonckatret al. 2008]. Typical
Spitzerabsorption spectra combined with L and M band VLT data toviallow-mass
protostars with the identified ice absorption bands markédsoshown in Fig. 1.3. The
ice absorption profiles are always accompanied by a featut® am which is typical
for the silicate Si—O stretching mode originating from thaig core. Table 1.1 gives
an overview of ice abundances with respect t@Hce detected towards the high-mass
object W33A.



1 Introduction

Besides the identified species indicated in Fig. 1.3, thedfiens of some other
molecules based on absorptions in the 5 tav8spectral region have been suggested and
are given in parenthesis in Table 1.1. The dominant absorgtiofile in this region is
the 6um H,O bending mode on which a substructure is superimposedd@&etiie HO
bending mode and an absorption band at 88 which can confidently be attributed
to the CH, deformation mode. Assignments of other bands in this salegion re-
main controversial. For example, the detection of speciel as formaldehyde ¢€O),
formic acid (HCOOH) and the ammonium ion (YHhave been claimed. Experiments
on the formation route of these molecules indeed point cattttrese molecules are the
likely formed under interstellar conditions and thus thgsecies are plausible carriers of
these absorption bands [Fuchs et al. 2009, loppolo et aD]2An absorption located
at 6.2um has been tentatively assigned to the CC stretching mod®wfadic molecules
trapped in the interstellar ice based on proximity to anrstedlar emission band attributed
to aromatic species [Keane et al. 2001a]. Experimentalalatae spectroscopy of these
species in interstellar ice analogues, however, is lackirige literature. Chapter 4 deals
with the spectroscopy of aromatic molecules in ices and fhes$sible contribution to
several absorption features in the 5 tarf region.
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Figure 1.3Spitzerinfrared absorption spectrum combined with L and M band olase
tions of low-mass embedded protostars B5 IRS1 (top, migdtiddy factor of 5 for clarifi-

cation) and HH46 IRS (bottom). Identifications and possitiémtifications are indicated.
Spectrum is adopted from Boogert et al. [2004]



1.3 Mid-IR absorption bands — Interstellar ices

Table 1.1 Ice abundances with respect t®Hce towards the high-mass protostar W33A
taken from Gibb et al. [2000]. The NHabundance is taken from Boogert & Ehrenfreund
[2004].

Species Abundancé Species Abundance
% of H,O % of H,O

H,O 100 (HCOOH) 7

CO (polar) 6 (H,CO) 6

CO (non-polar) 2 (NH3) 15

CGO; (polar) 11 (NHZ) 12

CGO;, (non-polar) 2 OCN- 35

CH, 15 (SO) 2.4
CH3;OH 18 OCs 0.2

The detection of NHhlice has been claimed in some studies [e.g. Gibb et al. 20@9, La
et al. 1998] and upper limits of its abundance towards masé80O’s have been reported
in others [e.g. Dartois & d’Hendecourt 2001]. Detectiongdods low-mass Young Stellar
Objects (YSQO's), however, remain controversial [Tabanle2@03]. Most of the NH
vibrations overlap with other prominent bands in the spautrThe most isolated band,
the umbrella mode at9 um, overlaps with the strong 1m silicate absorption band.
The detection of NKlin low-mass star forming regions is confirmed and investidai
detail in Chapter 3 of this thesis.

Apart from the identification of frozen out species, mid-IBsarption spectra also
allow one to obtain information on physical properties @& ite, such as ice temperature,
degree of mixing, and interactions between species. Rrpeiak positions and band pro-
files directly reflect the composition and complex physiogtiplay between the species
in ices. This allows observers to discriminate, for examipédween polar ices @D-rich)
and non-polar ices (}D-poor) [Sandford et al. 1988] ice composition, in turn,eefs the
formation mechanisms and accretion history of moleculesodshgrains. To this end, the
interaction between CO and,B in binary ices and thefiect of mixing rations on band
shapes and band strengths is studied in detail in Chaptesknifar extensive laboratory
study on the ffects of mixing HO, NH3, CH;0H , CO, and CO is presented in Chapter 3,
where the data are used to interpggitzerspectra towards 41 low-mass objects.

1.3.2 Ice formation and grain chemistry

Ice covered grains are crucial for the interstellar chempilgading to the formation of
complex molecules. As the embedded object starts nucls#rfuthe ices in the sur-
rounding region are processed energetically by heatingpbynic ray induced processes
and by ultraviolet processing. The rather simple mixturekes evolve to more com-
plex ices. When the temperature reaches a high enough vauesthare desorbed and
molecules are brought back into the gas phase. Gas phasgathses of this stage of star
formation indeed exhibit a large variety of complex spetias originate from interstellar
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grains and thus confirm the importance of chemical reactatelyzed on very cold ices.
Chemistry in the gas phase and on grains are thus strongpjezhu

Silicate grain core Silicate grain core Silicate grain core Silicate grain core

[ ] H,0-dominated ice ~[[7] CO-dominated ice

Figure 1.4 A proposed route of ice formation in the evolutilom a difuse to a dense
cloud. Figure is taken from Oberg [2009].

The formation of ices in the evolution from afilise cloud toward a protostar is il-
lustrated in Fig. 1.4. Tielens & Hagen [1982] proposed a dhahmetwork in which
molecules are formed from atoms which are accreted to thie guaface. In their model,
the desorption energy of the atom is larger than the enemggeatkfor the atom to hop from
one site on the surface to the next. The atom scans the grdatsdor a certain amount
of time, depending on the grain temperature and desorptiergg of the atom. Mean-
while the atom may find a (radical) reaction partner on thé&ser, react, and form a new
species. Since hydrogen atoms are the most mobile speeissrpron the grain, simple
H-rich species such as;®, CH;, NH3 can be formed. Observations towards protostars
and dense clouds indeed point to ice layers containing Kmolecules, dominated by
H,O (polar ices).

Carbon monoxide is, as opposed to the other species medtamm/e, ficiently
produced in the gas phase. Therefore, CO ice is formed by¢lead-out of CO directly
from the gas phase, rather than by reactions on the surfacedppidan 2006]. The CO
ice forms on top of the other species in a rather pure layemifagy the so-called non-polar
ice. On the grain CO can be further processed by hydrogeti@adeaction, resulting
in formaldehyde (HCO) and eventually methanol (GBH) [Watanabe & Kouchi 2002,
Fuchs et al. 2009].
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1.4 Mid-IR emission bands — Polycyclic Aromatic Hydrocarbons

This is not the end of the ice chemistry. Ice species, suchty©O8E, are also sub-
jected to VUV radiation powerful enough to photodissocidite molecules, leading to
radical species in the ice layer [e.g. Oberg et al. 2009cje ffagments can ffuse on
the surface of the ice and react with other radical specienatecules. This system is
thought to be responsible for the formation of larger orgamblecules such as methyl for-
mate (HCOOCH), formic acid (HCOOH) and (CEDCHg) [e.g. Garrod & Herbst 2006].
These species have been detected in the gas phase in rediersioes are released in
the gas phase by thermal or photo-desorption.

1.4 Mid-IR emission bands — Polycyclic Aromatic Hy-
drocarbons

The initial ground-based detection of the first of a familydAiR emission features that
are now attributed to polycyclic aromatic hydrocarbonsHfBAdates back to 1973, when
Gillett et al. discovered an unexpectedly broad emissiatufe peaking near 11/3n.
Over the next twenty years it was found that this family of d&was surprisingly wide-
spread and associated with a wide variety @edent types of astronomical objects includ-
ing galactic HIl regions, reflection nebulae, young stetlbjects, planetary nebulae, and
post-asymptotic giant branch (AGB) objects. With the ldun€ SO, and lateSpitzer

1200 T T T T T T T

flux (MJy/sr)

Figure 1.5 Mid-infrared spectrum of the reflection nebulaN®23 observed by NASA's
Spitzerspace telescope, illustrating the richness and dominaihtteedJIR bands. The
hatched areas are the distinct UIR bands, the shaded aréHRugateaus. (Spectrum
from Sellgren et al. [2007], shadings courtesy Boersma)



1 Introduction

mapping of these features in extended objects became [masit) their detection was
pushed out to galaxies across the Universe [Peeters et @b2@an Dishoeck 2004,
Tielens 2008].

The most prominent of these mid-IR emission bands occur3at, 7.7, 8.6, 11.2,
and 12.7um and are often superimposed on broad plateaus (see Fig. Th&) bands
originate from regions where material is too cold to be @ngtimid-IR radiation. This
requires that the carrier emits the bands upon excitatioa kBingle photon of higher
energy (UV-near IR) and that the molecules are free gas @pesées. Strong correlation
between the mid-IR emission bands and the available canggests that carbon is the
main building block of the carrier. Additionally, the eniizs bands also originate from
regions which are dominated by harsh UV radiation, implyiihgt the carrier must be
highly photostable. The origin of the emission features lwag debated, but after more
than two decades the hypothesis that they are emitted frghiyhvibrationally excited
PAHSs [Allamandola et al. 1989, Puget & Leger 1989] is gainivige acceptance [e.g.
van Dishoeck 2004, Tielens 2008].

PAHs are the largest molecules known in space and contaiat di§s-20% of the
total available cosmic carbon. They have been found in ¢djsach as meteotites, and in
interplanetary dust particles, indicating their preseginghe early stages of the formation
of our solar system. PAHs may even play an important rolegrfahmation and evolution
of life on Earth [Bernstein et al. 1999, Ehrenfreund et aD&0

1.4.1 The PAH building block — Carbon

Carbon is abundantly produced in stars by the triple alplwdean fusion process of he-
lium, making it the sixth most abundant species in the ISMe @hility to form 4 bonds
makes carbon an important material both in a terrestriihgedis well as in space; carbon
acts as a building block from which complex organic moleswan be formed. The car-
bon atom contains 4 electrons which can participate in nutdedonding; two electrons
reside in the 2s atomic orbital and two electrons reside énatiomic 2p orbitals. These
atomic orbitals can mix, forming the hybridised orbita[s sp? andsp’. In the case of
the sp® bonded form, one of the 2s electrons is promoted to the enpiyrdital. The
2s and three 2p electron atomic electron wavefunctions enferim sp® atomic orbitals,
giving rise to a tetrahedral structure with the ability torfofour covalent- bonds. This
form of hybridisation is found in structures such as diamaomdin molecules such as
diamondoids (diamantane, iceane, adamantane, etc.)|kamba (methane, ethane, etc.).
In the sp? hybridised form only two of the three 2p orbitals mix with tBe orbital, re-
sulting in the ability to form three- bonds and one& bond. This type of bonding occurs
in nanotubes, graphene, or PAHs. In the last hybridised fepinybridisation, the 2s
electron wavefunction only mixes with one of the p electrofise C atom can form two
o bonds and twar bonds. This occurs in the ethynes, such as acetylesig.jCor car-
bon chain radicals (e.g.¢8). Summarizing, carbon can reside in manffatient forms,
ranging from very stable configurations to highly reactivelecules. Figure 1.6 shows
some examples of the forms in which carbon atoms can be found.
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1.4 Mid-IR emission bands — Polycyclic Aromatic Hydrocarbons

peri-condensed cata-condensed other carbon related species

O

benzene (CsHs) pyrene (Ci¢Hyo) fullerene (Cgo) carbon chain (CgHis)

nanotube (Cyy) diamond (Cyy)

ol

coronene (Co4Hip)  2,3;12,13;15,16-tribenzoterrylene (C4oHzz) graphite (Cy) methylcyclohexane (C7Hiy)
fragment

Figure 1.6 Some examples of the various types of carbon ioemgamaterial. (Figure
taken from Boersma [2009])

Aromatic molecules are planar structures with the atonaged in one or more rings
and a conjugate-system which consists of a number of delocalizeglectrons given by
Huckels rule (4 + 2, wheren = 0,1,2..). Polycyclic aromatic hydrocarbons, a class of
aromatic molecules, are characterized by carbon atomegadain chickenwire shaped
ring structures of 6 carbon atoms with 3 electrons parttaigan sigma-bonds and the left
over electron participating in a delocalizeébond, resulting in a highly stable structure.
The simplest member of the stable aromatic family is benf€glds). The 6 carbon atom
containing hexagon of the benzene molecule forms the Imgjldiock of larger aromatic
molecules consisting of 2 or more rings fused together, tidsP? PAHs can exist in
two main forms; the peri-condensed and cata-condensed.A2discondensed PAHSs are
those which contain C atoms that are part of three fused ohtjse aromatic network.
Peri-condensed PAHSs are therefore centrally condensedlkmdfor full delocalization
of the r electron, resulting in highly stable molecules. Cata-ems#d PAH molecules
do not have any carbon atoms bonded to more than two ringsheneffore have a more
open structure which restricts electron delocalizatiokingathem less stable.

1.4.2 The origin of interstellar PAHs
In the ISM, PAH molecules are most likely formed in carbochriAsymptotic Giant

Branch (AGB) stars [Latter 1991, Cherclthet al. 1992]. Until recently, direct evidence
for this was lacking. In general, carbon-rich AGB stars aamaly too cold to ficiently
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1 Introduction

excite the PAHs and therefore no strong PAH mid-IR emisssofound towards these
objects. However, the presence of PAHSs in planetary netandegost-AGB carbon-rich
stars, objects sampling the next stage of stellar ejectanesjuivocal [Cerrigone et al.
2009]. Stars at this stage of their life are hotter and beght the near-UV and hence
pump the PAHs moreficiently, making them fluoresce in the mid-IR. Recenfipjtzer
observations of carbon-rich AGB stars have shown emissiom fvhat appears to be
a mixture of aromatic species. This mixture seems to inclede stable PAH related
species that have not yet been ‘weeded out’ to the more réBustforms which can sur-
vive the rigors of the UV rich radiation from the hotter starsl general ISM and which
produce the well-known emission spectra.

_ H<\ . +CH, H +H /H +C,H,
H-C=C-H =— /C=C. —_— H—CEC_C\\ ——= H-C=C-C_ - |
H (-H,) N (-H) IS

,C—H C—H
&
+CH, | (H)
_H o l _H
£ e

+CH, c +H c”
-— -— -—
....... vy ey

Figure 1.7 Chemical reaction scheme thought to be respenfab the production of
the first aromatic ring, from which larger PAH species grovgure is reproduced from
Frenklach & Feigelson [1989].

The formation process of interstellar PAHs is thought to ibglar to the formation
of soot in a terrestrial setting [Frenklach & Feigelson 1.98¢amandola et al. 1989, and
Fig. 1.7]. The carbon in the outflow of carbon-rich AGB stagmainly locked up in
CO and acetylene (El,). Since CO is highly stable, the molecule that is most likely
responsible for the formation of PAHs in the the outflow ofshestars is acetylene and its
radical derivatives. The creation of the first aromatic lisithe most problematic step in
the formation of PAHs. Hydrogen addition to ak; molecule yields the gHs radical,
which can react with a second &, molecule, forming GHs. Two reactions involving H
abstraction followed by reactions with two acetylene moles yields GHs, which after a
reaction of the remaining triple bond and the unpaired sdadiorms the first fused ring.
From here, more rings can be fused to the aromatic ring bylairatetylene addition
reactions. After their formation, they are brought into t8&1 by dust-driven winds
[Speck & Barlow 1997, Boersma et al. 2006]. They can be remghet an extension of
the grain-size distribution into the molecular (sub nanteneize) domain and are the
building blocks from which larger agglomerations — soottijpées — of PAHs can be
formed.
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1.5 Laboratory spectroscopic ice studies

1.4.3 PAHSs in interstellar ices?

The mid-IR emission bands are omnipresent in space, hoytbesstrength of these bands
varies strongly. Towards dense clouds the bands have muar iatensity. There are
two contributing factors for the quenching of the emissiamdis as one probes deeper
into dense clouds. The first being that the emission banesitdensity in dense clouds
because the extinction increases and there are not enogiglehéergy photons to excite
the PAH. The second is that the highly non-volatile PAHs @rs# out on grains and are
incorporated in interstellar ices.

PAHs are not expected to fluoresce in their typical mid-IR esodthen incorporated
in ices, since the energy is quickly dissipated into the pimomodes of the ice lattice
[Allamandola et al. 1985, 1989]. Thus, when trapped in iceld$are expected to exhibit
mid-IR absorption bands instead. There are lines of eviel#mat support the existence of
PAHSs in ices covering interstellar grains. Absorption kslilcely caused by PAH feature
have been reported [Smith et al. 1989, Chiar et al. 2000, Baeget al. 2000], but exten-
sive laboratory studies are still lacking in the literatu@apter 4 of this thesis describes
a study of the mid-IR spectroscopy of PAH species trappedpiiodiolyzed in HO ice
with the aim to understand: 1) the roles that PAHs might plaicé processing and as-
trochemistry, 2) the signature PAHs add to the mid-IR spectrembedded protostars,
and 3) identify PAH:HO ice photoproducts and to obtain first order estimates of the
abundances in the ices surrounding both low- and high-massgtars.

Additional spectroscopic studies are performed in the-tB4iVIS regime on PAH
containing BO and CO ice in order to obtain rate constants for photoreastf PAHS
in ices as a function of temperature. These studies arergessén Chapter 5-7. The
studies indicate that PAH aréheiently ionized and react with other ice constituent pho-
toproducts. PAHSs are thus shown to have a great impact omtassiellar ice radical
budget and charge state, particularly during the earlyesta star formation and pos-
sibly also in later stages. Although much is now known abbatformation of organic
molecules on interstellar ices, very little is known abdwg themical processes involving
the abundantly present and largest organic molecules itstfiethe PAHs.

1.5 Laboratory spectroscopic ice studies

Laboratory astrophysics aims to understand the physitetdaotions between and chem-
ical evolution of molecular species in the interstellar med The physical interplay of
mixed molecular ices and their chemistry have been studieddme decades and are
reasonably well understood. The first experiments werensidas of a technique called
“Matrix Isolation Spectroscopy” [e.g. Hagen et al. 19798@9Hudgins et al. 1993] and
aimed to measure band positions, FWHM and band strength @itfiplest molecular
species at cryogenic temperatures. Quickly the field edobsed more realistic “dirty
ices” — ice mixtures consisting of 2 or more species with #pemixing ratios — were
studied with the aim to understand the complex mid-IR spetttat new observatories
were discovering. Even now, these rather simple experisrsiit offer a wealth of infor-
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Figure 1.8 A schematic of the high vacuum setup used for raong physical interac-
tions and VUV induced chemical reactions in interstellasigvith mid-IR spectroscopy.

mation on the physical interactions between molecules eased on a cold surface and
gain insight in physical parameters — such as temperatuteamposition — in actual
interstellar ices.

Since molecules are brought in close contact in interstieléss, the grains act as cat-
alytic sites for chemical reactions. These reactions apaitant for the overall chemistry
in the ISM. Many laboratory studies have been devoted to nstaleding the chemical
evolution of ices upon energetic input. Up to date, most erpetal studies have em-
ployed mid-IR absorption spectroscopy on ice covered @yamsample windows or gold
surfaces suspended in either high- or ultrahigh vacuunesyst Recently, experimental
setups employing near-UVIS absorption spectroscopy have become available [Gtidipa
& Allamandola 2003, and Chapter 5 of this thesis]. Both the-i and near-UWIS
spectroscopic techniques are the subject of this thesik awat will be described shortly
in this section.

1.5.1 Mid-IR ice spectroscopy

A typical mid-IR spectroscopic setup is schematically degg in Fig. 1.8. A sample
window is suspended in the center of a vacuum chamber, whighimped down by a
turbomolecular pump to a pressure of 1énbar. The sample window is cooled down by
a closed-cycle Helium refrigerator and the sample windowpterature can be controlled
by means of resistive heating. The (mixed) gas sample isapedt-line in a glass bulb
which can be connected to the vacuumchamber gas inlet. heglss are grown by vapor
depositing this gas sample onto the cold window. Subsetyapectra are taken with
a Fourier Transform InfraRed (FTIR) spectrometer on sampfaliferent mixing ratios
and sample window temperatures. For some of the mid-IR @rpets in this thesis, en-
ergetic b emission is generated using a Hydrogen flow microwave (MWrdigge lamp,
to simulate energetic processing of the ices in the ISM. Blselting vacuum ultraviolet
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1.5 Laboratory spectroscopic ice studies

(VUV) photons at 121.6 nm (Ly 10.2 eV) together with a broad moleculas emission
band at 160 nm (7.8 eV). Ices are subject to photons of higtggmehich may alter their
chemical identity and the chemical evolution of the photajorcts is tracked as a function
of VUV photolysis time. Typically, the FTIR spectroscopéchnique has a time resolu-
tion of roughly 1 spectrum per 20 minutes for good signal ts@@nd a resolution of
0.5 cntt. Furthermore, the sample window needs to be rotated Bywd@n changing
from the performing spectroscopy to the VUV photolysis posi Thus, this experiment
does not allow the possibility of monitoring changes in +#&ale nor without disturbing
the optics; requirements that must be met to fully undedsthe photochemistry and
determine reaction rates. This mid-IR system, howevedaslifor the identification of
functional groups in the newly formed photoproducts.

1.5.2 Near-UV/VIS absorption ice spectroscopy

Although some gas phase spectra of small PAH members ataldeamost of our knowl-
edge on PAHs and related species is based on matrix isoktjmeriments in which the
species of interest are doped in an argon or neon matrix atdowerature, after which
the spectra — in both the mid-IR and near-WS — of the cryogenic samples are
taken. These experiments have allowed for comparison afre@rpntal data with theo-
retical calculations. In addition, the experiments memtib above using atmicrowave
powered discharge VUV sources also allow for measuringpketsa of cationic and an-

HeNe laser. -

Cryostat .
Turbopump - .

Xe-light source .~ ‘l

Spectrometer

ata acquisition
computer

"y

Figure 1.9 A schematic dDASISthe experimental setup for measuring spectroscopy and
chemical kinetics of VUV processed PAH:8 ice mixtures.
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ionic species. Recently, researchers realized that inSheRAHs should also condense
on cold grains and should be incorporated in ices. Subsdgutrey can participate in
VUV induced chemical reactions and form more complex sgecie

The field of PAH photochemistry in realistic interstellae ianalogues was opened by
Bernstein et al. in 1999. However, it was soon realized thatbse PAHs have very weak
bands compared to the bands of dominant interstellar spsaieh as, e.g., 40, it was
difficult to disentangle their chemistry in the laboratory witiditional IR techniques and
equally dfficult to interpret the role PAHs played in the spectra of asinoical observa-
tions. The dominant interstellar ice species, however, @dcave electronic transitions
and are thus largely transparent in the near-UV and visiiéetsal range. PAHs on the
other hand, because of their delocalizedlectrons, exhibit very strong transitions in this
part of the electromagnetic spectrum. Subsequently, aariEmpntal setup — Optical
Absorption Setup for Ice SpectroscofASIS — aimed to study PAH electronic tran-
sitions in interstellar ice analogues was developed. Arsetie the setup is displayed in
Fig. 1.9.

The new measurement technique has two major advantagesapennip measure-
ments made using mid-IR FTIR spectroscopic techniques.fif$tas that PAH absorp-
tions in this wavelength regime are much stronger compavetié (very) weak PAH
absorptions in the IR (band strengths~af0-** cm molecule! for near-UVVIS com-
pared to~1071” cm molecule! for mid-IR bands). The other advantage of nearA/Ns
studies of ices compared to IR studies is in the time resmiwf the spectroscopic mea-
surementOASIS on the other hand, is capable of measuring one spectrummer Bhe
technique is described in more detail in Chapter 5.

1.6 Outline of this thesis

In the work presented here, two laboratory methods are gragito investigate the phys-

ical interactions and chemistry in laboratory analogueastfophysical ices. The first

measurements are performed by FTIR studies of ices. Theéaedaalmost one-to-one
comparable to observational spectra and give good insigtité physical state of the

interstellar ice, i.e., its mixing ratio and temperatureldiionally, measurements are per-
formed in the near-UXVIS spectral regime. This type of spectroscopy is perfetiyed

to investigate the fast chemical reactions taking placéiwilaboratory ice analogs of

interstellar ices with in situ VUV photolysis. This thesgsthus divided into two parts.

Part | of this thesis aims to interpret infrared laboratogasurements to explain the de-
tection, or non-detection, of absorption bands in obsemwat spectra. Part Il aims to

gualitatively and quantitatively understand VUV drivereafical processes in PAH con-
taining interstellar ices by means of near-QNS absorption spectroscopy.

Part I: Mid-IR absorption spectroscopy

e Chapter 2 Absorption profiles and band strengths of theOHundamental vibra-
tions change in a mixed#D:CO ice. These changes are investigated as a function
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1.6 Outline of this thesis

of the amount of mixed in CO. Additionally, the appearanceadfO stretching
mode band at 2152 crhis quantified as a function of two physical parameters; the
amount of mixed in HO and the sample temperature.

e Chapter 3 The detection of NHlice towards low-mass protostars has long been
debated. This chapter aims to detect thesNirhbrella mode in a set of 43pitzer
spectra and to derive the abundance ofsN#th respect to HO. Additionally,
the CH;OH abundance is also determined from the CO stretch modeoftasmed
CH30H abundances are compared to previously obtained datd baske CHOH
vy C-H stretching mode.

e Chapter 4: PAHs are known to be ubiquitous in many phases of the ISM. Spec
troscopy and chemistry of PAHs in B ices, however, is poorly understood. This
chapter aims to obtain mid-IR spectroscopic informatiorP8is trapped in KO
and to identify the photoproducts resulting from VUV pragieg of these ices. The
data are used to derive upper limits of PAH abundances insietéar ices towards
a low- and high-mass protostar.

Part Il: Near-UV /VIS absorption spectroscopy

e Chapter 5: This chapter describes a new experimental setup for peirfigrnear-
UV/VIS spectroscopy on VUV processed interstellar ice anasgrhe spectral
and temporal performance of the experimental setup is ibbestby means of mea-
surements on pyrene trapped in water ice.

e Chapter 6: The system, pyrene trapped and photolyzed ®tnd CO ice, is
described in detail in this chapter. The chemical reactamesquantified by fitting
rate constants to the experimental data. The data are usetttdate the limit for
detecting Pyrene:$O ice and its photoproducts in near-3XIS spectra towards
dense clouds.

e Chapter 7: A set of four PAH:HO ice mixtures is investigated spectroscopically.
Rate constants are fitted to the experimental and a genenalusion is drawn
on the ionization of PAHSs in interstellar ices. The findings ecorporated in an
astrochemical model demonstrating the importance of thesmesses in interstellar
environments.

e Chapter 8: This chapter is dedicated to the future prospects of thergrpats
on PAH:ice spectroscopy in the Sackler Laboratory for Asgitysics and the future
prospects of the near-YVIS absorption spectrometer in particular. Open research
questions and possible future measurements are brieflystied.

17






