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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

1



1 Introduction

Diffuse clouds gather into
large molecular clouds
Collapse and fragmentation of
In the interstellar medium gas and the molecular cloud, resulting
dust is exposed to shocks and the in dense proto-stellar cores
interstellar radiation field, shattering
and gas-phase reactions alter the dust
and polycyclic aromatic hydrocarbons

Vi
i
o
At the end of their life massive
stars inject gas and dust into the

interstellar medium  through
supernovea, introducing shocks

Old stars expelling their outer
layers, enriching the interstellar
medium with gas and dust, includ-
ing polycyclic aromatic hydrocar-

bons formed in the ejecta . .
) Low and intermediate mass stars

A long lived main sequency form disks where planets can form
star with a planetary system

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

a b t=0 c t= 10100 yr
e — L —
101y 10,000 AU 10,000 AU
d t= 105105 yr e t=10°-107 yr f
» « . e # e
e — | e — |
100 AU 100 AU 10 AU

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

4



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.

~NH ] T T .

L 4 o i
r CH.OH Silicates 3 < .
L 3 CH,0H & © oo i
"3.47 um" OCN- H20 ‘ CH4 3 % ::(\1 Cozy

10.00F CHiOH | | | Iwuo| 5 — |

T
jan)
[\
o
———

=z
Z 100k B 5 IRSL (X5)
o - HH 46 IRS ]
= r ]
i H,0 i
0.10¢ 0.010 E
i o001l M . |
SRS 50 55
0.01 Lodpofp T . .
6 8 10 20 30
A (um)

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

7



1 Introduction

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].

8



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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Sample window "\ Detector

IR source

Gas inlet
VUV source

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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1 Introduction

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.
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CHAPTER 2

Band profiles and band strengths in mixed
H,O:CO ices

Laboratory spectroscopic research plays a key role in teetiiication and analysis of
interstellar ices and their structure. To date, a numberaéoules have been positively
identified in interstellar ices, either as pure, mixed orelag ice structures. Previous
laboratory studies on #D:CO ices have employed a ‘mix and match’ principle and de-
scribe qualitatively how absorption bands behave féfiedent physical conditions. The
aim of this study is to quantitatively characterize the apgon bands of solid CO and
H,0, both pure and in their binary mixtures, as a function otrarconcentration and
temperature. Laboratory measurements based on Founefdren infrared transmission
spectroscopy are performed on binary mixtures e®tand CO ranging from 1:4 to 4:1.
A quantitative analysis of the band profiles and band strengt H,O in CO ice, and
vice versa, is presented and interpreted in terms of two leodée results show that a
mutual interaction takes place between the two specie®indlid, which alters the band
positions and band strengths. It is found that the band giinsrof the HO bulk stretch,
bending and libration vibrational bands decrease lindaylg factor of up to 2 when the
CO concentration is increased from 0 to 80%. By contrastptral strength of the free
OH stretch increases linearly. The results are comparedéoently performed quanti-
tative study on HO:CGO;, ice mixtures. It is shown that for mixing ratios of 1:0.5®tX
and higher, the ED bending modefbers a good tracer to distinguish between,@®CO

in H,O ice. Additionally, it is found that the band strength of @@ fundamental remains
constant when the water concentration is increased in theTiae integrated absorbance
of the 2152 cm® CO feature, with respect to the total integrated CO absumggature,

is found to be a good indicator of the degree of mixing of CChia it,O:CO laboratory
ice system. From the change in the®absorption band strength in laboratory ices upon
mixing we conclude that astronomical water ice column dessson various lines of sight
can be underestimated by up to 25% if significant amounts o&G@CQ are mixed in.

1Based on: J. Bouwman, W. Ludwig, Z. Awad, K. I. Oberg, G. W. Rjda F. van Dishoeck, H. Linnartz,
Astronomy and Astrophysics, 476, 995-1003 (2007)
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2 Band profiles and band strengths in mixed H,O:CO ices

2.1 Introduction

Water and carbon monoxide are common constituents in vgising of space, both in the
gas phase and inices. Interstellar water ice was first ifilethiin 1973 via a strong band
at 3.05um and unambiguously assigned to water ice following comgmsive laboratory
work [Merrill et al. 1976, Léger et al. 1979, Hagen et al. 1IPTeanwhile, it has become
clear that HO ice is the most abundant ice in space. The OH stretching =io8l®5um

and the HO bending mode at 6 m are detected in many lines of sight [e.g. Willner et al.
1982, Tanaka et al. 1990, Murakawa et al. 2000, Boogert 2080, Keane et al. 20013,
Gibb et al. 2004, Knez et al. 2005] and in manffelient environments, ranging from qui-
escent dark clouds to dense star forming regions and peostefdry disks [Whittet et al.
1988, Tanaka et al. 1994]. It has been a long-standing protilat the intensity ratio of
these two water bands in astrophysical observations isanutialy diferent from values
derived from laboratory spectra of purg®lice. In recent years it has been proposed that
this discrepancy may be due to contributions of other sgetigarticular more complex
organic ices, to the overall intensity of theufh band [Gibb & Whittet 2002]. An alter-
native explanation is that the band strengths change duaraction of HO molecules
with other constituents in the ice. In both high-mass andheass star forming regions,
CO is — together with C@— the most dominant species that could mix withQH In

a recent study on $D:CQ; ices, Oberg et al. [2007a] showed indeed significant band
strength diferences between pure and mixegHices. The present study extends this
work to CO containing water ice.

CO accretes onto dust grains around 20 K [Sandford et al.,188Baryya et al.
2007] and plays a key role in solid state astrochemical @seE® €.9., as a starting point
in hydrogenation reactions that result in the formation mfifaldehyde and methanol
[Watanabe & Kouchi 2002, Hiraoka et al. 2002, Watanabe é0fl4, Fuchs et al. 2009].
A strong absorption centered around 2139 tmas assigned to solid CO by Soifer et al.
[1979], again following thorough laboratory infrared workurther éorts in the lab-
oratory have shown that CO molecules can be intimately mirgter with molecules
that possess the ability to form hydrogen bonds, such &% NH; and CHHOH — of-
ten referred to as “polar” ices — or with molecules that caly garticipate in a van der
Waals type of bond, such as CO itself, £&nd possibly N and Q — so-called “non-
polar” ices. In laboratory mixtures with # and CO, the two forms are distinguished
spectroscopically; the double Gaussian peak structurthéo€O stretch fundamental can
be decomposed in Gaussian profiles at 46472152 cmt) and 4.675:m (2139 cmi?),
attributed to the polar and non-polar component, respalgtfandford et al. 1988, Jen-
niskens et al. 1995]. On the contrary, pure CO measured ilalfoeatory exhibits a single
Lorentzian band, which is located around 2139 tnThis Lorentzian absorption profile
can be further decomposed into three Lorentzian comporemtered around 2138.7,
2139.7 and 2141.5 cth[H. J. Fraser, private communication].

In astronomical spectra, the 2139 Treature has been considered as an indicator
of CO in H,O poor ice, and the 2136 cthfeature as CO in kD rich environments
[Tielens et al. 1991]. More recently it was found that the@ssmical CO profiles can be
decomposed into three components at 2136.5'c@139.9 cm' and 2143.7 cimt, with
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the 2139.9 cmt feature ascribed to pure CO ice, and the 2143.7 demture ascribed to
the longitudinal optical (LO) component of the vibrationignsition in pure crystalline
CO [Pontoppidan et al. 2003b]. Boogert et al. [2002] progaat the astronomically
observed peak at 2143 cincan originate from CO:C@mixtures, but this identification
is still controversial [van Broekhuizen et al. 2006]. Theigament of the 2136.5 crh
feature in these phenomenological fits remains uncleahnolilsl be noted that laboratory
and astronomical dataftir slightly in peak position, largely due to the fact thatigra
shape #&ects play a role for abundant ice molecules like CO ap®H

Recently, elaborate laboratory work and ab initio caléatet on mixtures of CO and
H,O have shown that the absorption around 2152'cresults from CO being bound to
the dangling OH site in kD ice [Al-Halabi et al. 2004]. Surprisingly enough, this aljs
tion has never been observed in the interstellar medium [Bantoppidan et al. 2003b].
The non-detection of this feature has been explained by otbkecules blocking the dan-
gling OH site, which is therefore unavailable to CO. An esien of this explanation is
that the binding sites are originally populated by CO, bat this has been processed to
other molecules, such as @Or methanol [Fraser et al. 2004]. Furthermore, it has been
shown that the number of dangling OH sites decreases upamaaiiation, which in turn
results in a reduction of the integrated intensity of the2asr* feature [Palumbo 2006,
and references therein]. The 2136-2139 tifieature is ascribed to CO bound to fully
hydrogen bonded water molecules [Al-Halabi et al. 2004].

Since CO and kKO are among the most abundant molecules in the interstedidium,
mixed CO and HO ices have been subject to many experimental and thedrstiiches
[e.g. Jiang et al. 1975, Hagen & Tielens 1981, Hagen et al3,JABHalabi et al. 2004,
Fraser et al. 2005]. For example, the behavior of the 21389-2ht! CO stretching
band has been quantitatively studied as a function of teatyer and its band width and
position have been studied as a function gfCHconcentration in binary mixtures, but
containing only up to 25% of CO [Schmitt et al. 1989a,b]. Rartnore, water clusters
have been studied in a matrix of CO molecules with a ratio 20Q:H,0:CO. This has
resulted in a tentative assignment of®imonomers and dimers and the conclusion that
H,0 forms a bifurcated dimer structure in CO [Hagen & Tielen81]9 Other studies
have focussed on Temperature Programmed Desorption (Té?hined with Reflection
Absorption Infrared Spectroscopy (RAIRS) of mixed and fegeCQH,0 systems, en-
hancing greatly our knowledge on their structures and ptrassitions [Collings et al.
2003a,b]. Nevertheless, a full quantitative and systemsditidy on the behavior of XD
in CO ice, and vice versa, with straight applications to@simical spectra, is lacking in
the literature. This is the topic of the present work.

The desorption temperatures of CO angCHliffer by as much as 145 K under lab-
oratory conditions. However, #D/CO ices are expected to play a role in astronomical
environments at temperatures not only well below the deorpemperature of CO at
20 K [Fuchs et al. 2009], but also well above the desorptionpeerature of pure CO
ice, since CO can be trapped in the pores eDHce [Collings et al. 2003a]. Thus far,
both species have been observed together in lines of siglg. often concluded from
the non-detection of the 2152 cifeature that HO and CO are not intimately mixed in
interstellar ices. On the other hand, in some lines of sighisXrapped in pores of a host
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Table 2.1 Ice mixtures and resulting deposition thicknessed in this work. Column A
denotes the molecule of which the deposited amount is kepdétant, and column B
indicates the molecule that is mixed in. The first series édder determining theféect
of CO on the HO band strengths and profiles. The second series is usecetonile the
effects of HO on the CO band strengths and profiles.

Composition A(ML) B(ML) Totalice thickness (ML)
pure HO 3000 0 3000
pure CO 0 3000 3000
H»0:CO 1:0.25 3000 750 3750
H,0:CO 1:0.5 3000 1500 4500
H»0:CO 1:1 3000 3000 6000
H,0:CO 1:2 3000 6000 9000
H,0:CO 1:4 3000 12000 15000
H,O:CO 1:1 10000 10000 20000
H,0:CO 1:1 1000 1000 2000
CO:H,0 1:0.25 3000 750 3750
CO:H0 1:0.5 3000 1500 4500
CO:H,0 1:1 3000 3000 6000
CO:H,0 1:2 3000 6000 9000
CO:H,0 1:4 3000 12000 15000
CO:H,0 1:1 10000 10000 20000
CO:H0 1:1 1000 1000 2000

matrix, as evidenced by the detection of the 2136'c@O feature [Pontoppidan et al.
2003b]. It is plausible that this trapping results from lvegabf a mixture of CO and a
host molecule. Accordingly, we have also performed some®gxents as a function of
temperature.

In this work, the &ect of CO on the KO vibrational fundamentals is compared to the
effect of CQ on these modes, as studied recently by Oberg et al. [2007egr#oarison
between the KO bending mode characteristics in CO and, @0ntaining ices illustrates
the sensitivity of this mode to the molecular environmentadidition, this work provides
a unigue laboratory tool for investigating the amount of CRed with water.

The outline of this chapter is as follows. In §2.2 the experital setup is described
and the data analysis is explained. §2.3 is dedicated tntheshce of CO on the wa-
ter vibrational modes, as well as the influence of water onGfiebands. In §2.4, the
astrophysical relevance is discussed and the conclusiersienmarized in §2.5.

2.2 Experiment and data analysis

The experimental setup used for the measurements has bgenibdd in detail in Ger-

akines et al. [1995]. It consists of a high vacuum setud (-’ Torr) in which ices are

grown on a Csl window at a temperature of 15 K. The window isledaown by a

closed cycle He refrigerator and the sample temperaturensalled by resistive heat-
ing. A Fourier Transform InfraRed (FTIR) spectrometer isdiso record ice spectra in
transmission mode from 4000 to 400 th{2.5—-25um) with a resolution of 1 crmt.
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The sample gas mixtures are prepared in glass bulbs, usilagavgcuum manifold.
The bulbs are filled to a total pressure of 10 mbar, which id h&lbw the water vapor
pressure. The base pressure of the manifold is better thdmdfar, resulting in negli-
gible contamination levels. A sample of CO (Praxair 99,99®wsed without further
purification. Deionized water, further purified by threeglze-pump-thaw cycles, is used
for the H,O:CO mixtures. Mixtures with dierent ratios HO:CO are prepared in the vac-
uum manifold and the resulting depositions are listed indahl. The growth rate onto
the ice is determined by setting the exposure 1@'® molecules cm?s™t. Assuming a
monolayer surface coverage of'¥@nolecules cr? and a sticking probability of 1, this
results in a growth rate of 10 M&* (ML=Monolayer). In the experiments where the
effect of CO on the water ice vibrational modes is investigatied,water exposure has
been kept constant with about 3000 ML of water ice for tHedént mixtures to facilitate
a one-on-one comparison between all samples. In the expetsnwhere theftect of the
H,0 on the CO modes has been investigated, the total amounpotited CO is kept

constant at 3000 ML (Table 2.1).
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Figure 2.1 A typical baseline and background correctedpeetsum for a HO:CO=1:1
mixture. The measurement is performed at 15 K. The vibratiorodes in the KHO:CO
ice are indicated.

Three independent measurements are performed for A CGO mixtures. These
measurements allow for an estimate of the error in the exygari due to mixing of the
gas, deposition of the sample and other errors that may o&uwonservative error of
~10% on the mixing ratios is deduced from these experimentiditnally, two test
measurements are performed for samples of 1000 and 1000@Mheck for layer thick-
ness dependencies (Table 2.1).

The infrared spectra are taken in absorbance modg/ (i) using a Biorad FTS40
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2 Band profiles and band strengths in mixed H,O:CO ices

Table 2.2 The measured peak positions and the integrationdasies in cm' used to
compute the integrated intensities of thgQ-Hbands. The values between brackets indicate
theum values.

Integration bounds

Species  Assignment Peak Lower Upper
H.O Viibration 780 (12.8)  500(20.0) 1100 (9.09)
Vbend 1655 (6.04) 1100 (9.09) 1900 (5.26)
Vstretch 3279 (3.05) 3000 (3.33) 3600 (2.78)
Viree OH 3655 (2.73) 3600 (2.78) 3730 (2.68)
cos® Vistretch 2139 (4.68) 2120(4.72) 2170 (4.61)
V' polar 2152 (4.65) 2120(4.72) 2170 (4.61)

8The integrations for the two CO bands are performed using skauits.

spectrometer. A total of 256 spectra are acquired and adrfag each sample measure-
ment. The spectra are further processed using IDL (Inteeabata Language) in order to
flatten the baseline. This is done by fitting a second ordgmuwhial through a set of five
points, which are visually chosen well away from absorpfeatures. The data reduction
does not lead to a distortion of the absorption profiles. Adgiabsorption spectrum is
shown in Fig. 2.1.

The absorption band strengths for the three modes of puserveatat 15 K are well
known from literature [Gerakines et al. 1995]. The adopt@des are 210716, 1.2x10°17
and 3.1071” cm molecule?! for the stretchingysyetch = 3279 cntt or 3.05um), bend-
iNg (Vpend = 1655 cnT! or 6.04um) and libration modew, = 780 cnt! or 12.8um),
respectively (see Fig. 2.1). Calculating the integratesbgttion bands over the intervals
listed in Table 2.2 for the mixtures and scaling them to thegrated band strength for
pure water ice, allows for a deduction of the band strengihghe water ice bands in the

mixture via:
band

band 20
AHzo:cozl;XZI |H20:co=1:x><—|, (2.2)
band fband H,0

whereAE,ig‘fcozl:x is the calculated band strength for the vibrational watedenia the 1:x
mixture, fban dIHZO:COzl:x its integrated areae\ﬂf’;”odthe band strengths for the water modes

as available from literature anﬁanlezo the integrated area under the vibrational mode
for the pure water sample. The free OH stretching mode, ‘dloetfi band”, is scaled to
the stretching mode for pure water since this absorptiobsesat in the spectrum of pure
H,O ice.

Integration limits used throughout the experiment aredish Table 2.2. Integrated
areas relative to the integrated area of the pure watechkingt mode A/Auue o stetcy are
investigated as a function of CO concentration. For the $amvjith the most mixed in
CO, i.e. the 1:4 HO:CO mixture, an analysis in terms of cluster formation igegi
In addition, the influence of temperature on the water dtietcmode is studied. The
measured spectra for the®:CO mixtures are available online at the Leiden ice da&bas
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2 Band profiles and band strengths in mixed H,O:CO ices

2.3 Results

2.3.1 Influence of CO on water bands

In Fig. 2.2 the four HO ice fundamentals are shown fofférent compositions. Similar

to CO, [Oberg et al. 2007a], CO has a clear influence on the watetiserption bands
compared to the pured® ice. This éfect is diterent for each of the four bands. The bulk
stretch mode is most stronglyfeacted; the band strength for this mode decreases by more
than a factor of 2 when the CO fraction is raised from 0% to 80%e band strength of

the free OH stretch, which is absent when no CO is mixed inréatty enhanced with
concentration. The libration mode gradually looses iritgnghen the amount of CO

in the ice is increased and the peak of the absorption baffitd shilower energy. The
integrated areas of the four water modes are scaled to tieenaier stretching mode and
plotted versus the CO concentration in Fig. 2.3.

[Ho01/%
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150_ T T T T T T T T T T ]
| . . :[ Error
1.254 Libration x 10 1
5 1.00 1 ®-...  Stretch i
»
o)
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o
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< N
<

[CO]/ %

Figure 2.3 The integrated intensity of the water vibratioodes relative to the integrated
intensity of the pure water stretch mode plotted versus treentration of CO in the

sample ice. It should be noted that the plots for the bendieg,OH and libration mode

have been multiplied by a factor of ten to facilitate the tigmnd that the stretch mode
is the one actually most depending on the concentration.fdimewater modes show to
first order a linear dependence on the CO concentration. Stmaaed error in the data
amounts to 10%.

A linear functionAg; = a- [CO] + bis fitted through the data points of the four water
modes. Thea codficient indicates the strength of increaerrease of the band strength,
and theb codficient indicates the band strength of water relative to the gtretching
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2.3 Results

Table 2.3 Resulting linear fit céiicients for the HO:CO mixtures. The cdicients indi-
cate the strength of the interaction between CO and g hbst molecules in the matrix
for mixtures which are deposited at a temperature of 15 K.cdieesponding values for
H,0:CQ; ice mixtures from Oberg et al. [2007a] are listed for a corigaar.

Linear Codficients

mixture HO mode constanty) slope @) R?
[107% cm molecule!]  [107° cm molecule?]
H,0:CO Viibration 0.30+0.02 -2.1+0.4 0.93
Vbend 0.13+0.02 -1.0+0.3 0.84
Vstretch 2.0+0.1 -16+3 0.95
Viree OH 0 1.2:0.1 0.99
H,0:CG, Viibration 0.32+0.02 -3.2+0.4 0.99
Vbend 0.14+0.01 -0.5+0.2 0.81
Vstretch 2.1+0.1 —-22+2 0.99
Viree OH 0 1.62:0.07 0.99

mode when no impurities are mixed in. There exists some tiemidbetween the data
points and the fit function which is most probably due to thpadition accuracy, but
this deviation is within the experimental error of 10%. Aaldrend in all four modes
is observed. In Table 2.3, the linear fit ¢heients are listed for the $#0:CO binary
mixtures. The linear cdBcient for the HO stretching mode is highest and negative,
indicating the strongest decrease in band strength. TleeQi¢ stretching mode has a
positive linear cofficient indicating that this is the only mode to increase iremsity
upon CO increase. A comparison with recently obtained dat#l$O:CQO, ices shows
the same trend. Apart from the bending mode, fi#es are more pronounced in the £0
mixtures, i.e., the absolute values of theodficient are larger by a factor of 1.3-2. This
is related to the actual interactions in the ice and work jgrogress to study suclftects

in more detail for a large number of species from a chemicg$iol perspective.

The free OH mode, the water stretching mode and the wateitgntbde start show-
ing substructure superposed onto the bulk absorption engibn increase of the fraction
of CO in the ice mixture (Fig. 2.4). The absorptions of thekbmlodes are still clearly
apparent beneath the substructure. For the stretching theslabsorption shifts from
3279 cn1? to a higher frequency of 3300 cth The peak absorption for the bulk bending
mode shifts from 1655 cm for pure HO to 1635 cm? for the 1:4 BO:CO mixture.
The libration mode is also red-shifted upon CO concentnatiorease. For the pure,B
ice spectrum this mode is located at 780 ¢nwhile for the highest partner concentra-
tion it appears at 705 crh. The free OH stretch gradually increases in frequency. The
peak absorption shifts from 3636 chifor the 1:0.25 to 3655 cni for the 1:4 HO:CO
mixture, which corresponds to a blue shift of 19¢m

The substructure which is superimposed on the bulk stregcihiode around 3300
cm ! has been previously assigned ta (), water clusters in the ice. These assignments
are based on matrix spectroscopic data @OHn a matrix of N + O, (75:25) [Ohno
et al. 2005]. Comparable data for® in a matrix of CO are not available. Neverthe-
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2 Band profiles and band strengths in mixed H,O:CO ices

less, in Fig. 2.4 it is shown that an excellent fit is obtaindtew peak positions from
matrix spectroscopic data are used, assuming that the peitiops are shifted which is
indicative for the diference in interaction between® and CO compared tod® and N
+ O,. For each of the contributions the peak position, bandwidEull-Width-at-Half-
Maximum (FWHM)) and integrated area are summarized in TalleaBd compared to
previous results obtained by Ohno et al. [2005]. Some alisogpare red-shifted and
other absorptions are blue-shifted compared to absogptibhhO clusters in a N+ O,
matrix. Note that the relative ¥ concentrations in the present work are substantially
higher than in the matrix experiments by Ohno et al. [2005% aAconsequence larger
H,O clusters are more pronounced in our spectra.
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Figure 2.4 Measured and fitted spectrum of a 1;@OHCO mixture in the frequency range
of the H,O bulk stretch and free OH stretch modes at a temperature Kf The water
stretching mode clearly shows substructure. An excelleistdbtained by a superposition
of the bulk stretch mode and Gaussian functions repreggsiitaller HO clusters in the
matrix material [Ohno et al. 2005]. The fitted peak positiand the positions from Ohno
et al. [2005] are listed in Table 2.4.

Additionally, the temperature of the sample plays a role tw lhand strengths. A
clear dfect is encountered when the temperature is slightly inedgaise., from 15 to
25 K, close to the desorption temperature of CO. At this tewmtpee, the CO molecules
in the matrix start gaining enough energy to become mobilee Mobility in the matrix
allows water clusters to find partners for hydrogen bondimdjta reorganize themselves
to form a stronger bulk hydrogen bonded network, as inditate the increased bulk
stretch mode band strength and decreasing intensity otittersicture. Figure 2.5 nicely
shows the transition from #D clusters embedded in a matrix of CO to the formation of a
bulk hydrogen bonded network.
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Table 2.4 Line positions, FWHMSs and integrated areas of thes&an functions fitted to the 1:4,0:CO water bulk stretch and
free OH stretch spectrum. The assignment is based on botsitp&munctional Theory (DFT) calculations and experiménsdues
from Ohno et al. [2005] obtained in aMD, matrix.

Mode Positio?  Positio® A Positio®  FWHMP Ared
(cm1) (cm1) (cm1) (em™?d)  (au.-cmt)
Free OH (ring) cyclic-pentamer, cyclic-trimer free OH, ckrsthexamer 3688 3674 15 15 0.371
Asymmetric stretch H-acceptor dimer 3715 3693 22 7 0.040
Asymmetric stretch monomer 3715 3706 9 5 0.043
Symmetric stretch monomer 3635 3608 27 5 0.074
Symmetric stretch H-acceptor dimer 3629 3596 33 15 0.078
Bulk free OH stretch — 3655 —_— 19 1.57
Bulk free OH stretch — 3633 —_ 25 0.609
H-bonded OH stretch "chair" hexamer 3330 3331 -1 43 0.987
H-bonded OH stretch "cage" hexamer 3224 3226 -2 34 0.626
H-bonded OH stretch "prism" hexamer 3161 3175 -14 40 0.119
H-bonded OH stretch pentamer 3368 3364 4 29 0.491
H-bonded OH stretch "book1, cage" hexamer 3450 3420 30 86 2.62
Bulk stretching mode — 3300 — 250 115
H-bonded OH stretch ring cyclic trimer 3507 3506 1 42 0.894

a0Ohno et al. [2005]° This work.
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2 Band profiles and band strengths in mixed H,O:CO ices

Figure 2.6 shows the filerent €fect of CO and C@on the HO bending mode in ice
for the 1:4 HO:CGO;, and 1:4 BO:CO mixtures. The intensity ratio of the main peaks
is actually reversed in the two mixtures. The&feiences between the two mixtures start
showing up from a mixing ratio of 1:0.54@:X and become more pronounced for higher
CO and CQ concentrations. In addition, the CO mixtures exhibit arsger broad under-
lying feature, which is visualized by the Gaussian fitin Rig. In other words, a detailed
study of the HO bending and stretching modes may provide additional inéion on
whether CO or C@dominates in the ice. The free OH stretching mode is affexted
differently by the two molecules. In the,8:CO, mixtures, the mode is more shifted
to higher wavenumbers. For the 1:3®CO, mixture the peak position is 3661 chy
compared to 3635 cm for the HO:CO mixtures.
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Figure 2.5 Temperature dependence of larger clusters @&rwadlecules in a matrix of
H,O CO= 1:4. For increasing temperature the substructure givesavthe bulk stretch
mode when CO evaporates.

Thicker and thinner layers of the mixtures have been medgareheck for thickness
dependence. We conclude that within our experimental émdt;, ice thickness does not
play a significant role in the behavior of the relative banérggths. This conclusion is
supported by the observation that identical mixing ratiothie two measurement series
(H2O/CO and C@H,0) show the same (scaled) spectroscopic behavior fiardnt total
ice thicknesses (Table 2.1).
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2.3 Results

2.3.2 Influence on the CO band

Paragraph 2.3.1 shows that mixing CO into a water mixttiiects the band strengths of
the water vibrational modes. Vice versa, the CO stretch nimdéso altered when water
is added to CO ice. This is seen in the experiments where toa@inof deposited CO is

kept constant (Table 2.1). When water is mixed into the COtlue absorption changes
from a Lorentzian profile to a Gaussian profile. Furthermtre,second CO absorption
at 2152 cm? ascribed to CO bound to the,® dangling OH sites [Fraser et al. 2004]
manifests itself as a Gaussian profile and increases inratiyintensity upon increase
of water concentration. The transition from the pure CO btzian shaped profile to two

Gaussian shaped profiles for the mixed CgDHces is illustrated in Fig. 2.7. We have
not further decomposed the 2139 ¢nsomponent.

Gaussian fits for both CO absorption components are madbdarange of mixtures
as listed in Table 2.1 at a temperature of 15 K. One typicas fihiown in Fig. 2.8. With
this example it is demonstrated that excellent fits are nbthby using the fit parameters
as listed in Table 2.5. The behavior of the integrated arélaeo? 152 cm' compared with
the total integrated CO absorption is plotted as a functiod® and HO concentration
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Figure 2.6 The spectralfilerences in the water bending mode profile for a L, OO,
ice mixture (top) [Oberg et al. 2007a] and a 1:4Q4CO mixture (bottom). The bold
(overall) spectra indicate the laboratory spectra andoddénwith the fitted spectra con-
sisting of the three Gaussian curves as indicated by thedibites.
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2 Band profiles and band strengths in mixed H,O:CO ices

in Fig. 2.9. The integrated area for the 2152 érmomponent decreases while increas-
ing the CO content, and is undetectable for a pure CO ice. Argkorder polynomial
describes how the polar component behaves with respece t6@hconcentrationx] or
water concentration [100 X] in the ice over the interval spanning from 20% CO up to a
pure CO ice. Note that the total amount of deposited CO is¢@pstant. The cdBcients

of the second order polynomial of the foyr= a- x> + b- x + carea = —0.005,b = 0.23
andc = 26.6. For a decreasing amount of water in the sample the peakqosf the
2152 cntt absorption feature is most stronglffected and decreases gradually to lower
wavenumbers, until it reaches 2148 ¢rfor the 1:0.25 CO:HO mixture. The FWHM of
this band is alsoffected. It starts at a width of 10.5 cfrfor the 1:4 CO:HO mixture and
decreases to 7.5 crhfor the 1:0.25 CO:HO mixture. The position of the main absorp-
tion feature at 2139 cm is only slightly afected by increasing the amount of water in the
sample and decreases by 1.3¢when going from pure CO ice to the 1:4 CQ®Imix-
ture, i.e., a shift toward the 2136 cifeature is observed upon dilution (see Fig. 2.10).
Its position is expected to shift even more, to 2136 trfor H,O concentrations above
80%. The FWHM of this absorption feature decreases from & ¢ar the 1:4 CO:HO
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Figure 2.7 lllustration of the behavior of the CO stretchdamental upon increase of
the concentration of $O in CO. The total integrated band strength remains unclthnge
within the experimental error, although the maximum inignef the absorption de-
creases strongly. The y-axis is cut for the pure CO mode to make a clearer distinction
between ‘non-polar’and ‘polar’components of the CO absornpfor the CO:HO mix-
tures.
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2.3 Results

to 5 cnt?! for the 1:0.25 CO:HO sample. The Lorentzian peak profile of the pure CO
absorption exhibits an even smaller FWHM of 2 @mAn overview of the changes in
peak position, FWHM and integrated intensity is given in €.
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Figure 2.8 Gaussian fit of the CO stretch mode in a G@H 1:0.25 mixture. The bold
(overall) spectrum is the measured laboratory spectrutrighraproduced by adding the
two Gaussian components (dotted lines) centered arour@l2¢87* and 2147.5 cmt.
These are attributed to CO in a ‘non-polar'and ‘polar’eamiment, respectively.

Table 2.5 Lorentzian and Gaussian fit parameters for the €ffcking mode for a con-
stant amount of CO in ice mixtures ranging from 100% CO to aClXiH,O mixture.

Composition Position FWHM Area
(cm™®)  (cm?Y)  (a.u:cml)

Pure CO? 2138.8 2.2 1.9
1:0.25CO:HO  2138.2 5.0 131
21475 7.5 0.23
1:0.5CO:HO 2138.0 5.8 1.40
21481 7.8 0.34
1:1 CO:KO 2138.2 6.5 1.28
2148.3 9.0 0.44
1:2 CO:KO 2137.9 7.6 1.24
21495 9.8 0.49
1:4 CO:RO 21375 7.9 1.38
2150.0 10.5 0.58

aLorentzian profile
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2 Band profiles and band strengths in mixed H,O:CO ices
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Figure 2.9 Absorbance of the 2152 thtomponent relative to the total CO absorption as
a function of CO concentration.

The position of the 2139 cm absorption feature is also strongly dependent on the
temperature of the ice as illustrated in Fig. 2.10. The nigjaf the CO will desorb
as the ice is heated above the CO desorption temperaturereffaning CO shows an
absorption that is shifted toward 2135 tinThus, a shift from 2139 to 2136 crhoccurs
both by mixing with significant amounts ofJ® and by heating of CO:4D above 40 K,
even for mixtures with modest amounts of ® From Fig. 2.10 it becomes clear that the
latter dfect (i.e. heating) is the more critical one. One should niote the laboratory
data presented here can not be compared one-to-one withskeevational data because
of shifts caused by grain shapfiezts.

2.4 Discussion

CO and HO ice abundances are often derived using the well known aotssfrom the
literature. The experimental work presented here shovibtal strengths deduced from
pure ices cannot be used to derive column densities in tetlnsices without further
knowledge on the environmental conditions in the ice. Cotre¢ions of CO and C@ice

as high as 15 and 21%, respectively, relative {@Have been reported towards GL7009S
[Keane et al. 2001a]. If we assume a polar fraction of 75%epented towards W33A,
and that the polar fraction of both CO and £iCe are in close contact with the water, the
band strength for the $#0 bending mode is reduced by a factor~df.25. In other words,
the band strength for # will be smaller and hence the column density ofHwill be
underestimated if the laboratory data from pug®Hce are adopted from the literature.
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Figure 2.10 Change in peak position of the 2139 t®0 absorption feature as a function
of both HO concentration and as a function of temperature for the 2@:60 mixture.
The dotted lines indicate the band positions measured foinGie interstellar medium.

Vice versa, for deriving the column density of CO ice one $ti@lso consider the
influence of other molecules in its vicinity. The integratdsborbance of CO, however, is
less strongly influenced by the presence gOHThe CO absorption decreases in absolute
intensity when water is mixed in, but the total integrateddatrength is compensated by
a broadening of the absorption and the appearing of the 2462 component, at least
in the laboratory spectra. Upon heating, the CO moleculesrbe trapped into pores as
indicated by the 2136 cm feature. The absorption strength of this band is very seasit
to temperature [Schmitt et al. 1989a]. The CO absorptiofiilprs indicative for the
amount of water that is mixed. The percentage of CO mixedth®d+0 ice is derived in
the laboratory from the ratio between the 2152 thieature and the total CO absorption
(Fig. 2.9) in §2.3.2. This allows for a derivation of thifeztive band strengtA%a"d for
H,0 in a mixture with CO using the linear model proposed in §Pahd thus an estimate
of the column density for LD via the equation [Sandford et al. 1988]:

f 7,dv

K. (2.2)

Neorr=

Temperature alsofiects the band strength as shown in Fig. 2.5. The applications
of the model presented in Fig. 2.9 are restricted to deduatfocolumn densities for
ices with a temperature of about 15 K and that have not beem#ily processed. It
should also be noted, as recently demonstrated by Bissdhalp [2007b], that beside
binary also tertiary mixtures have to be taken into accoardampare laboratory data
with astronomical spectra.
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2 Band profiles and band strengths in mixed H,O:CO ices

2.5 Conclusions

Based on the experiments described in this manuscript aretént work on HO:CO,
mixed ices we draw the following conclusions regarding titeriaction between $#0 and
COin a solid environment:

1. The general trend on the band strengths of the four vidmwatimodes in water
ices is similar for HO:CO and HO:CQO, mixtures with increasing CO or GO
concentration. However, quantitativeffdrences exist, reflectingftirences in the
strength of the interaction, which allow to distinguishveetn CO and C&in H,O
ice, explicitly assuming that the main constituents of tteedare HO, CO, and CO.

2. The position of the water free OH stretching mode is paldity indicative of the
molecule that is interacting in the matrix (CO vs g§(again under the assumption
that we only consider pJ0/CO,/CO ices. The peak position of this mode is 26¢m
red-shifted for a 1:1 KO:CO ice mixture compared to a 1:L8:CGO; ice mixture.

3. In addition, the water bending mode is indicative of thdauole, i.e., CO or CQ
that is interacting with the water ice. The relative integdaintensity of the Gaus-
sian components reveals whether 8 CO is mixed into the b ice. The same
restriction as mentioned in conclusions 1 and 2 applies.

4. Upon increasing the relative amount of CO in the mixturejemar substructure
starts showing up in the bending, free OH stretch and buétdting mode. The
arising substructure indicates the onset gDHcluster formation in the 0:CO
ice. An assignment of the clusters has been possible faipwnatrix isolation
spectroscopy.

5. The substructure on the stretching mode quickly givestwdlye bulk water mode
when the temperature is increased close to the desorptigrerature of CO. This
can easily be depicted by CO molecules becoming mobile ancehalowing sin-
gle water molecules and larger water clusters to find pastfeerbulk hydrogen
bonding.

6. The ratio 2152 crittotal integrated CO absorption intensity is a tracer of theant
of CO that is mixed into the laboratory water ice, or vice gertn astronomical
spectra this band has not been observed.

7. H,O column densities derived from astronomical spectra caityelae underesti-
mated by as much as 25% when environmental influences, & QrGCQ, pres-
ence, are not taken into account.

The present systematic study of CQice, together with recent work on G®I,0O
ice, provide the tools to estimate on the mixing ratios otkinee most abundant molecules
in interstellar ices.
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CHAPTER 3

The c2dSpitzerspectroscopic survey of ices
around low-mass young stellar objects. IV. NH
and CHOH !

NH3; and CHOH are key molecules in astrochemical networks leadingéddimation

of more complex N- and O-bearing molecules, such ag@Hand CHOCH;. Despite

a number of recent studies, little is known about their alameds in the solid state. This
is particularly the case for low-mass protostars, for wiaaly the launch of th&pitzer
Space Telescope has permitted high sensitivity obsensatibthe ices around these ob-
jects. In this work, we investigate the-810 um region in theSpitzerIRS (InfraRed
Spectrograph) spectra of 41 low-mass young stellar ob{¥@&©s). These data are part
of a survey of interstellar ices in a sample of low-mass YStDdied in earlier papers
in this series. We used both an empirical and a local continmethod to correct for
the contribution from the 1@m silicate absorption in the recorded spectra. In addition,
we conducted a systematic laboratory study ofsN&hd CHOH-containing ices to help
interpret the astronomical spectra. We detected the Himbrella mode at9 um in
low-mass YSOs for the first time. We identified this featur&@sources, with abun-
dances with respect to water betweehand 15%. Simultaneously, we also revisited the
case of CHOH ice by studying ther; C-O stretch mode of this molecule 28.7 um

in 16 objects, yielding abundances consistent with thosgabteby Boogert et al. [2008]
(hereafter paper I) based on a simultaneous 9.75 ang:&5fata analysis. Our study in-
dicates that NKlis present primarily in HO-rich ices, but that in some cases, suchices are
insuficient to explain the observed narrow FWHM. The laboratora gatint to CHOH
being in an almost pure methanol ice, or mixed mainly with €Q0,, consistent with its
formation through hydrogenation on grains. Finally, we osederived NH abundances

in combination with previously published abundances oép#olid N-bearing species to
find that up to 10—-20% of nitrogen is locked up in known ices.

1Based on: S. Bottinelli, A. C. A Boogert, J. Bouwman, M. BedkwiE. F. van Dishoeck, K I. Oberg,
K. M. Pontoppidan, H. Linnartz, G. A. Blake, N. J. Evans |l @ad_ahuis, Astrophysical Journal, 718, 1100-
1117 (2010)
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

3.1 Introduction

Ammonia and methanol are among the most ubiquitous and abtafter B and CO)
molecules in space. Gaseous Nahd CHOH are found in a variety of environments
such as infrared dark clouds, dense gas surrounding wtrgpact H 1l regions, massive
hot cores, hot corinos, and comets. Solid:O#fl has been observed in the ices surround-
ing massive YSOs [e.g. Schutte et al. 1991, Dartois et al9,1@bb et al. 2004] and
more recently toward low-mass protostars [Pontoppidan. &@083a]. The presence of
solid NH; has been claimed toward massive YSOs only [Lacy et al. 1988&pI3 et al.
2002, Gibb et al. 2004, Gdrtler et al. 2002], with the exaapbtf a possible detection in
the low-mass object IRAS 03443242 [Gurtler et al. 2002]. However, these detections
are still controversial and ambiguous [Taban et al. 2003].

Both molecules are key participants in gas-grain chemiealvarks resulting in the
formation of more complex N- and O-bearing molecules, siscBlgCN and CHOCH;
[e.g. Rodgers & Charnley 2001]. Moreover, UV processing bf;Nand CHOH-con-
taining ices has been proposed as a way to produce amin@addgher complex organic
molecules [e.g. Mufioz Caro & Schutte 2003, Bernstein ett#12a, Oberg et al. 2009a].
In addition, the amount of NHin ices has a direct impact on the content of ions such
as NH; and OCN, which form reactive intermediates in solid-state cheinmedworks.

A better knowledge of the NfHfand CHOH content in interstellar ices will thus help to
constrain chemical models and to gain a better understgrafithe formation of more
complex, prebiotic, molecules.

During the pre-stellar phase, Nlis known to freeze out on grains (if the core remains
starless long enough — Lee et al. 2004). Moreovers@H is known to have gas-phase
abundances with respect tg k hot coregcorinos that are much larger than in cold dense
clouds: ~ (1 - 10)x 1078 vs. < 1077, with the former values most likely representing
evaporated ices in warm regions [e.g. Genzel et al. 198ReRital. 1987, Federman et al.
1990]. Together, these findings suggest that ices are arrfampaeservoir of NH and
CH3OH and that prominent features should be seen in the absoigyectra toward high-
and low-mass protostars. Unfortunately, as summarizealeT3.1, NH and CHOH
bands, with the exception of the 3.p8 CH;OH feature, are often blended with deep
water angor silicate absorptions, complicating unambiguous idatiions and column
density measurements. This is particularly true forsNhose abundance determination
based on the presence of an ammonium hydrate feature gti®.4&mains controversial
[e.g. Dartois & d’Hendecourt 2001].

Nonetheless, it is important to use all available constsaio accurately determine
the abundances of these two molecules. Despite the oveithptive 10um silicate
(Si—O stretch) feature, the NH» umbrella mode at9 um (~1110 cnT!) offers a strong
intrinsic absorption cross section and appears as the marsiging feature to determine
the abundance of this species in the solid phase. Moretwe€ltsOH v, C—-O stretch at
~9.7um (~1030 cn1t) provides a good check on the validity of théfdient methods we
will use to subtract the 10m silicate absorption, since the abundance of this molecule
has been accurately determined previously from both th& &8l 9.75um features (see
Boogert et al. [2008]).
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3.1 Introduction

Table 3.1. Selected near- and mid-infrared features of aidl CHOH.

Mode A(um) v(em?l) Problem

NHj3 features:

vz N—H stretch 2.96 3375 Blended withpB (O—H stretch, 3.06m/3275 cntl)

v4 H-N-H bend 6.16 1624 Blended with B (H-O-H bend,
5.99,my1670 cn1l), HCOOH

vo umbrella 9.00 1110 Blended with silicate

CH3OH features:

v C—H stretch 3.53 2827 -

vg & v3 —CHg deformation 6.85 1460 Blended (e.g. with w—i

v7 —CHg rock 8.87 1128 Weak; blended with silicate

v4 C-0 stretch 9.75 1026 Blended with silicate

Torsion 14.39 695 Blended with4® libration mode

Note. — The bold-faced lines indicate the features studerd.h

Note. — The nomenclature for the Nknd CHOH vibrational modes are adopted from Herzberg [1945].

More detailed spectroscopic information is particularlteresting for low-mass pro-
tostars as the ice composition reflects the conditions dutie formation of Sun-like
stars. Such detections have only become possible Syittzer whose sensitivity is nec-
essary to observe low luminosity objects even in the neatasforming clouds.

The gain in sensitivity fiered bySpitzercompared to previous space-based observa-
tory, as well as the spectral resolution of the data analyezd A1/1 ~ 100), imply
that the interpretation of the astronomical spectra shbeldupported by a systematic
laboratory study of interstellar ice analogues contairiiitty and CHOH. The spectral
appearance of ice absorption features, such as band steagkpbsition and integrated
band strength, is rather sensitive to the molecular enmigort. Changes in the lattice
geometry and physical conditions of an ice are directly c&dlé by variations in these
spectral properties. In the laboratory, it is possible tword dependencies over a wide
range of astrophysically relevant parameters, most ollydoe composition, mixing ra-
tios, and temperature. Such laboratory data exist for poudesame HO-rich NHz- and
CH3OH-containing ices [e.g. D’'Hendecourt & Allamandola 198#dgins et al. 1993,
Kerkhof et al. 1999, Taban et al. 2003], but a systematicystudi comparison with ob-
servational spectra is lacking.

In principle, the molecular environment also provides infation on the formation
pathway of the molecule. For example, Blide is expected to form simultaneously with
H,O and CH ice in the early, low-density molecular cloud phase fromrgeénation
of N atoms [e.g. Tielens & Hagen 1982]. In contrast, solidsOH is thought to result
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

primarily from hydrogenation of solid CO, a process whicls lieeen confirmed to be
rapid at low temperatures in several laboratory experimémyg. Watanabe & Kouchi
2002, Hidaka et al. 2004, Fuchs et al. 2009]. A separate,rvpater layer of CO ice is
often found on top of the water-rich ice layer in low-masgs-fb@aming regions due to
the ‘catastrophic’ freeze-out of gas-phase CO at high desgPontoppidan et al. 2003a,
Pontoppidan 2006]. Hydrogenation of this CO layer shouddl e a nearly pure C}OH
ice layer [e.g. Cuppen et al. 2009], which will have #alient spectroscopic signature
from that of CHOH embedded in a water-rich matrix. The latter signature ld/doe
expected if CHOH ice were formed by hydrogenation of CO in a water-rich esunent
or by photoprocessing of #:CO ice mixtures, another proposed route [e.g. Moore &
Hudson 1998].

Here, we preserpitzerspectra between 5 and 38 of ices surrounding 41 low-
mass protostars, focusing on the-80 um region that contains the, umbrella andv,
C-0 stretch modes of NHand CHOH, respectively. This chapter is part of a series of
ice studies [Boogert et al. 2008, Pontoppidan et al. 200&r@bt al. 2008] carried out
in the context of theéSpitzerLegacy Program “From Molecular Cores to Planet-Forming
Disks” (“c2d”; Evans et al. 2003). In §3.2, we carry out thelysis of theSpitzerdata
in 8 — 10 um range. In 83.3, we present the laboratory data specificddtgined to
help interpret the data that are discussed in §3.4. Finakyconclude in §3.5 with a
short discussion of the joint astronomy-laboratory workliding the overall continuum
determination).

3.2 Astronomical observations and analysis

The source sample consists of 41 low-mass YSOs that weretaglbased on the pres-
ence of ice absorption features. The entire sample spandearauge of spectral indices
a =-0.251t0+2.70, with @ defined asllog(1F,)/dlog(1), whered indicates the deriva-
tive, andF, represents all the photometric fluxes available betweer2.17um (2MASS
Ks-band) andl = 24 um (SpitzefMIPS band). In the infrared broad-band classification
scheme, 35 out of 41 objects fall in the embedded Cl@ssdlegory & > 0.3). The
remaining 6 objects are flat-spectrum type objee33 < a < 0.3; Greene et al. 1994].
SpitzefIRS spectra (5-36m) were obtained as part of the c2d Legacy program (PIDs 172
and 179), as well as a dedicated open time program (PID 20é8d)several previously
published GTO spectra [Watson et al. 2004]. We refer theanetadTable 1 and Section 3
of Boogert et al. [2008] for the source coordinates and argesmn of the data reduction
process (including overall continuum determination).

As mentioned previously, spectral signatures in thd8um region are dominated by
the Si—O stretching mode of silicates. The overall shapestisawthe sub-structure of the
silicate feature depend on grain size, mineralogy, levergs$tallinity. These fects are
degenerate and so thesdfelient factors cannot be easily separated. For example larg
grains and the presence of SiC both produce a shoulder ata1[2.g. Min et al. 2007].
Therefore, trying to fit the 1@m silicate feature by determining the composition and
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3.2 Astronomical observations and analysis

size of the grains is a complex process. For this reason, e/eugsalternative methods to
model the silicate profile and extract the plgdnd CHOH) feature(s) from the underlying
silicate absorption.

3.2.1 Local continuum

The first method uses a local continuum to fit the shape of flemat absorption. For
this, we fit a fourth order polynomial over the wavelengthges 8.25-8.75, 9.23-9.37,
and 9.98-10.4m, avoiding the positions where Nkind CHOH absorb around 9 and
9.7um. These fits are shown with thick black lines in Fig. 3.1. ARabtraction of the
local continuum from the observations, we fit a Gaussian ¢orémaining NH andor
CH3OH feature, when present, as shown in Fig. 3.2. The resultseoGaussian fits are
listed in Table 3.5 of Appendix 3.6.

3.2.2 Template

The second method assumes that the §«#h0continuum can be represented by a tem-
plate silicate absorption feature, selected among thereddesources. A comparison of
the results obtained using a template to those obtained) asBimple local continuum
provides an estimate of the influence of the continuum chaoiicthe shape and depth of
the NH; and CHOH features. The templates were chosen using an empiridhloche
Upon examination of the 10m feature of the entire sample, the sources could be sep-
arated into three general categories, depending on the sifape wing of the silicate
absorption betweer8 and 8.7um (which we will refer to as the @m wing): (i) sources
with a straight &«m wing (Fig. 3.3-a), (ii) sources with a curved:th wing (Fig. 3.3-b),

and (iii) sources with a rising Bm wing (“emission” sources, Fig. 3.3-c).

Note that, since radiative transfer in the 8+ region can be complicated by the
presence of silicate emission, we only consider sourceéathahe leastféected by emis-
sion, thatis those falling in one of the first two categorievertheless, non-rising silicate
profiles might still sffer from the presence of emission. To try and estimate thedtmpa
of this potential &ect, we used two silicate emission sources from KesslacSikt al.
[2006], and subtracted these emission profiles from ourratisa profiles, assuming that
the emission represented 10 to 50% of the observed absurptfter removal of a local
continuum, we determined the integrated optical deptheefNH; and CHOH features
in the spectra corrected for emission, and compared thdbe tategrated optical depths
of the uncorrected spectra. We find that thedtence can be up to a factor of two and
therefore identify this possible presence of underlyingssion as the largest source of
uncertainty in our abundance determinations.

For each of the straight and curveduth wings, two sources (in order to test for
template-dependenttects) were selected as possible templates for the silieateire.
The selection criteria were: (i) a silicate feature as degmoasible to minimize thefects
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could be found.
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Figure 3.3 Examples illustrating the three shapes of then8ving shown by the thick
grey line: (a) straight, (b) curved, and (c) rising.

of silicate emission and (ii) litle Nsland CHOH signal, as estimated after subtraction
of a local continuum. Additionally, we added to this list tBE€S3 spectrum observed by
Kemper et al. [2004] toward the Galactic Center. The speaftthese templates in the
8-10um region are displayed in Fig. 3.4.

For all the other sources in our sample, the best templatedei@smined by scaling
the possible templates to the observed optical depthiareint wavelengths (8.75, 9.30,
9.37, 9.70, 9.9&:m) and finding the combination (templatescaling point) that gave
the least residuals over the same wavelength ranges usstinat the local continuum
(8.25-8.75, 9.23-9.37, 9.98-1QuM). The result of this process is displayed for each
source in the top part of Fig. 3.1, where the best templatade/s by a grey line. The
bottom panels of Fig. 3.1 show sources for which no reasertabiplate could be found,
as well as emission sources, in which case only the localraaunh is overlaid. As in the
case of the local continuum method, the spectra obtainedsafbtraction of the templates
are shown in Fig. 3.2. Taken together, Nidatures are detected in 24 out of 41 sources.

The top panel of Figure 3.2 shows that the {CHH feature is not fiected by the con-
tinuum choice, whereas the width of the plbland is somewhat sensitive to this choice,
especially if there is no CE#DH absorption, in which case the local continuum yields
a wider NH; profile. For both continua, there is clearly a feature aro@nan, which
we attribute to NH, with the characteristics and limitations given and disedksin the
following sections.

3.2.3 NHsjice column densities and abundances

Gaussian fits were performed to the Nahdor CH;OH features when present, and de-
rived parameters for Nfare listed in Table 3.5 (Appendix 3.6). Table 3.2 gives the
column densities derived for NHor each of the two methods employed to determine the
continuum, using a band strength of £1®1" cm molecule?! for the NH; v, umbrella
mode appropriate for a water-rich ice [D’Hendecourt & Allamdola 1986, Kerkhof et al.
1999]. The two methods generally agree to within a factor of Better. A similar factor

of <2 overall uncertainty is estimated for those sources foctvbnly the local continuum
has been used.
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3.2 Astronomical observations and analysis

The position of the NKl v, umbrella mode is very close to that of the CHz-rock
mode of CHOH. As illustrated by our laboratory data (see 8§3.3), s@vdgeh an absorp-
tion depth at~9.7 um (CO-stretch mode of CHDH) at least twice as large as the absorp-
tion depth at-9 um (blend of CH-rock mode of CHOH and NH umbrella mode) have
a significant contribution to the 8m integrated optical depth from the Gidock mode
of CH3OH. In these cases (sources followed by an asterisk in TaBlar®l in Table 3.5
of Appendix 3.6), we performed the following correction: a@aled a HO:CH;OH=9:1
laboratory spectrum to the observed optical depth of thes@&eh mode of CEDH,
determined the integrated optical depth of thes&blck mode of CHOH in that scaled
spectrum, and subtracted it from the total observed optepth at 9um. This cor-
rection is justified by the fact that the,B:CH;OH:NH3=10:4:1 spectrum, a typical in-
terstellar abundance mixture, is well reproduced arourtD@sn by a combination of
H,0:CH;0OH=9:1 and HO:NH3=9:1 (see § 3.3).

CrA IRS7 A IRAS 23238+7401
T T T —

GCS3

8.5 9.0 9.5 10.0 8.5 9.0 9.5 10.0
Wavelength (um) Wavelength (um)

Optical depth

DG Tau B IRAS 12553-7651
T T T 7

350 ., Ni, (CHjOH

o

8.5 9.0 9.5 10.0

= 1of 3 3 3
= : |
a2 : :
o 1.5F ; E
T 2of ] Wavelength (1m)
2 H H
o R5¢[ | | 7
3.0 : : E
3.5L oy N, (CH{OH _,
+ t =4 +
-0.1 | |
0.0 fr——er e
‘ i ‘ ‘ O1f i N
8.5 9.0 9.5 10.0 8.5 9.0 9.5 10.0
Wavelength (um) Wavelength (um)

Figure 3.4 Silicate features of the sources used as terspilatea straight &:m wing
(left), curved 8um wing (middle), and GCS3 (right). The bottom panels of edohgre
the residuals after removal of the local continuum shownraygn the top panels. The
optical depth scale is kept fixed for comparison. These ssuaice selected to have no or
at most weak Ngland CHOH absorptions.
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Table 3.2. NH column densitisand abundances with respect tgQHice?

Source NH, local NHs, template Template Scaling point
10t cm 2 % H,0OP x10t cm™ % H,0P um

IRAS 03235-3004 6.83(10.98) 4.71 (1.00) 8.94 (1.03) 6.17 (1.20) IRAS B255 9.30
L1455 IRS3 0.57 (0.23) 6.21(3.51) 1.41(0.27) 15.37 (6.86) SGC 9.37
IRAS 03254-3050 2.44(0.39) 6.66 (1.37) 4.58 (0.49) 12.52 (2.10) IRASEB25 10.40
B1-b* ~7.3 ~4.2 ~9.8 ~5.6 IRAS 12553 9.70
IRAS 04108-2803 1.23(0.24) 4.29(1.03) 2.07 (0.39) 7.21(1.69) IRAS 3323 9.70
HH 300 0.90 ( 0.22) 3.46 (0.90) 2.23(0.37) 8.60 ( 1.65) DG Tau B 709
IRAS 08242-5050 4.77 (0.46) 6.13 (0.85) 4.41 (0.54) 5.66 (0.89) IRAS 255  9.70
IRAS 15398-3359 8.73(1.18) 5.90 (1.77) 13.80(1.35) 9.33 (2.65) IRASER25 9.70
B59 YSO5 4.92 (0.72) 3.53(0.88) 6.37 (0.99) 4.57 (1.17) CrA7TRS 9.70
2MASSJ17112317272431  13.10 ( 1.06) 6.70 (0.54) 20.60 (2.76)  10.58 (1.42) SRA238 9.70
SVS 4-5 ~2.4 ~4.3 ~5.8 ~10.3 GCS3 8.75
RCrAIRS 5 0.91(0.23) 2.54 (0.67) 1.49 (0.31) 4.15(0.92) IRASER 9.70
RNO 15 0.80(0.21) 11.58(3.18) = - - -
IRAS 0327143013 4.90 (0.88) 6.37 (1.86) - - - -
Bl-a 3.46 (0.69) 3.33(0.98) - - - -
L1489 IRS 2.31(0.30) 5.42 (.0.96) - - - -
IRAS 13546-3941 0.94(0.16)  4.56 (0.87) - - - -
RNO 91 2.03(0.30)  4.78(0.81) - - - -
IRAS 17081-2721 0.86 (0.16) 6.54 (1.39) - - - -
EC 74 1.00( 0.29) 9.35(3.13) - - - -
EC 82 1.22(0.14) 31.31(6.65) - - - -
EC 90 0.67 (0.20) 3.94(1.24) - - - -
EC 92 ~0.5 ~3.0 - - - -
CrAIRS7 B ~3.0 ~2.8 - - - -
L1014 IRS 3.72(0.91) 5.20(1.43) - - - -
CK4 0.84 (0.13) 5.37 (0.86) - - - -

HOEHD pue €N Al "S821 Jo Aaains 21d0asou193ds pgod 8yl €



Table 3.2. Contd

Source NH, local NH;, template Template  Scaling point
10t cm™ % H,0OP x10cm? 9% H,OP um
3-0- upper limits
LDN 1448 IRS1 0.20 4.15 - - - -
IRAS 03245-3002 17.28 4.40 - - - -
L1455 SMM1 15.10 8.29 - - - -
IRAS 033013111 0.24 5.93 - - - -
Bl-c 11.93 4.04 - - - -
IRAS 03439-3233 0.31 3.10 - - - -
IRAS 034453242 0.47 2.09 - - - -
DG Tau B 0.47 2.05 - - - -
IRAS 12553-7651 0.61 2.04 - - - -
Elias 29 0.28 0.93 - - - -
CRBR 2422.8342 0.52 1.23 - - - -
HH 100 IRS 0.46 1.89 - - - -
CrAIRS7 A 0.97 0.89 - - - -
CrA IRAS32 5.44 10.35 - - - -
IRAS 23238+7401 1.60 1.24 - - - -

6V

Note. — Sources in bold were used as templates. Uncertainties quoted in parenthesasistieal errors from the
Gaussian fits while absolute errors are up to a factor of 2.

aDerived using a band strength of B0-1” cm molecule?.
bUsing the HO ice column densities listed in Paper I.

®Values are likely upper limits (see §3.4.2 for details).

*Sources withrg7,m > 2 X Tgq.m, for which an estimated contribution from the gkbck mode of CHOH was
subtracted (see text for details).

SISAfeue pue SUONBAISSJO [eJIWOUONISY Z2°'E



3 The c2d spectroscopic survey of ices. IV NHz and CH30H

The inferred NH ice abundances range from1% to 15% with respect to #D ice,
excluding the abnormally high value of EC 82. When consideail values (except
that of EC 82) determined with the local continuum method thlative abundance is
centered on 5.3% with a standard deviation of 2.0%. If we afges determined with the
template method whenever available, we find a mean ef 2. Either way, within the
errors, this is similar to what was obtained by Oberg et @108 for CH, (4.7+1.6%),
another ice component that should form via hydrogenatiaor. G-out of the 8 sources
where both NH and CH, are detected, the Nfto-CH;, ratio is slightly larger than 1
(~1.2). Based on elemental abundance ratios, one would ekip&gCH, smaller than
1, but since two thirds of the carbon is in refractory graingl dome fraction of the
gaseous CO locked up in CO at the ice formation thresholds-téHCH, ratios larger
than 1 are consistent with both Nldnd CH, being formed by hydrogenation of N and C,
respectively.

Here, we only report values for the Gaussian parametersened column densities
in the appendix (see Table 3.5), to show that the numbers wanolm this indepen-
dent study are consistent with those reported in Paper |.r€@aommended abundances
are those from paper |, based on the combined 9.75 anduB58nalysis. The inferred
CH3;OH abundances range from1% to> 25% with respect to kD ice, indicating signif-
icant CHROH/NH3 abundance variations from source-to-source. Such relabundance
variations can already be clearly seen from the changiragivel depths of the 9.0 and
9.7 um features (see also Paper I). Thus,Ntihd CHOH ice are likely formed through
different formation pathways afd in different ice environments.

3.3 Laboratory work and analysis

The band profiles presented in Fig. 3.2 contain informatiorthe ice environment in
which NH; and CHOH are located, and thus their formation and processingtyisTo
extract this information, a systematic laboratory studyhaf NH; and CHOH features
in a variety of ices has been carried out. Specifically, tfeatures between 8 and Lén
have been analyzed:

1. the NH v, umbrella mode, at~9.35 um or 1070 cm? in pure NH; ice, and
with band strengthure =1.7x1071" cm molecule! [D’Hendecourt & Allaman-
dola 1986],

2. the CHOH v, CO- stretching mode, at9.74m or 1027 cm* in pure CHOH
ice, and withAge = 1.8x10°" cm molecule! [D'Hendecourt & Allamandola
1986],

3. the CHOH v7 CHs rocking mode, at+8.87um or 1128 cm* in pure CHOH ice,
and withApyre = 1.8x10718 cm molecule® [Hudgins et al. 1993].

It should be noted that, as mentioned in the above list, théegipositions are for pure
ices only and therefore slightly deviate from the astrore@invalues given in Table 3.1.
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3.3 Laboratory work and analysis

This laboratory study targeted pure, binary and tertiatgrstellar ice analogs consist-
ing of different mixtures of KO, NHz, CH3;OH, CO and C@®, the major ice components.
All measurements were performed under high vacuum comdifie 10-" mbar) using an
experimental approach described in Gerakines et al. [192pter 2 of this thesis, and
Oberg et al. [2007a]. The ice spectra were recorded in trssson using a Fourier trans-
form infrared spectrometer covering 25—2:%, (400-4000 cmt) with 1 cnT? resolu-
tion and by sampling relatively thick ices, typically seatthousands monolayers (ML)
thick. These ices were grown at a speec-@d*® molecules cm? s (10 MLs™ on a
temperature-controlled Csl window.

Wavelength (um)
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————— H20:CH30H=9:1 \\ ]
-==-=———--- H20:NH3=9:1 I E
H20:CH30H=9:1+H20:NH3=9:1 E
CH,0H, CHy-rock 4 E
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Figure 3.5 Example of a reduced laboratory spectrum (solatkbline) for a
H,O:CH;OH:NHz= 10:4:1 ice mixture at 15 K, in the 8-10m / 960-1220 cm!
range. This spectrum can be approximated as the sum (s@éalidark grey line) of
H,0:CH;OH=9:1 (solid rediight grey line) and HO:NH3=9:1 (dash-dot blygrey line).
The bottom plot is the dierence between the two, showing that the featureuat $lend
of NH3z and CHOH CHs-rock modes) is well reproduced by the sum of the two indigidu
signatures. This figure also illustrates the fact that thstjpms of the features in mixed
ices difer from that in pure ices (see list at the beginning of thisiseg

A typical reduced spectrum for an ice mixture containingtCH;OH:NHz= 10:4:1
at 15 K is shown in Fig. 3.5. Since band profiles and strendihage with ice composi-
tion and also with temperature, the three fundamentalsioresd above were investigated
as a function of temperature ranging from 15 to 140 K with tegtemperature steps for

10ne ML corresponds to the layer thickness resulting fromx@osure for 1 second at a pressure of®0
torr assuming a sticking probability of one. One ML is equavilto about 18 molecules crr?.

51



3 The c2d spectroscopic survey of ices. IV NHz and CH30H

a number of binary and tertiary mixtures (listed in Appengig). An IDL routine was
used to determine the location of the band maximum, FWHM atedjiated absorbance
of the individual absorption bands. For the asymmetriggMpumbrella mode the band
position has been determined by the maximum absorbanceatitefsymmetric profiles
the spectral parameters have been determined from Gadgsiah baseline subtracted
spectra. The resulting absolute frequency uncertaintyf b order of 1 cm!. The
measurements are presented in Table 3.6 of Appendix B, anidcuded in the Leiden
laboratory database

Wavelength (um
QvOg G )Qv5
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o
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-0.01F L . . . . -051 | | . I I
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Wavenumber (cm™) Wavenumber (em™)

Figure 3.6 Leff) FTIR ice spectra of theyys mode for pure NH, a H,O:NH3=1:1
and a HO:NH3=9:1 mixture at a temperature of 15 K. At the low frequency sitlthe
spectrum the O libration mode (centered around 770 ¢gmor 13um) starts showing
up for the HO-containing mixtures. —Righ) Temperature fect on a HO:NH3=9:1
mixture: decreasing FWHM with increasing temperature.

NH3; and CHOH both have the ability to form hydrogen bonds in water-ricdtrices,
so it is not surprising that the band profile changes compaitidoure ices because of the
various molecular interactions [e.g., D’Hendecourt & Alandola 1986]. In addition to
profiles, band strengths can change with environment ardtesihperature, as discussed
for the cases of CO and GOn water-rich ices in Kerkhof et al. [1999], Oberg et al.
[2007a], and Chapter 2 of this thesis. Figure 3.6 shows hewNtH; v, umbrella mode
absorption maximum shifts from 1070 ch(9.35um) for pure NH; ice to 1118 cm!
(8.94um) for an astronomically more realistioB:NH3=9:1 (hereafter 9:1) mixture, for
which the FWHM and integrated band strength also changefsignily. For example,
the band strength is lowered in the 9:1 mixture to 70% of iitklvalue in pure NH ice.
This is in good agreement with previous experiments peréarby Kerkhof et al. [1999].
The spectral appearance also depends on temperatureef@rltimixture a temperature
increase from 15 to 120 K results in a redshift of the peaktjmrsirom 1118 to 1112 crrt
(8.94 to 8.9um) and the FWHM decreases from 62 to 527¢r(0.50 to 0.42um) (see
Fig. 3.7). The NH band strength, on the other hand, does not show any temperatu
dependence.

Zhttp://www.strw.leidenuniv.nl/~lab/
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3.3 Laboratory work and analysis
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Figure 3.7 A plot indicating the changes in peak positioft)end FWHM (right) of the
NH;3 vo umbrella mode as a function of temperature in a 9;OHNH; ice.

If NHj3 is in a water-poor environment with CO &god CO,, the v, peak position
shifts to the red compared with pure NHo as much as 1062 cth(9.41um). The
FWHM is not much &ected whereas the band strength is lowered by 20%. Because of
the intrinsically large dference in band maximum position betweengNila water-poor
and water-rich environment, the astronomical observatoam distinguish between these
two scenarios.

Methanol-containing ices have been studied in a similar y&e Fig. 3.8). The
weakly absorbing’; CHsz rocking mode at~1125 cnt! (8.89um) is rather insensitive
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Figure 3.8 [Leff) Spectra of the CEDH vco modes andcys modes for pure CEDH, a
H,0:CH;0OH=1:1, a HO:CH;0OH=9:1 and a CO:ChOH=1:1 ice mixture at a tempera-
ture of 15 K. — Righ{ Temperatureféect on the CO-stretch mode of a®:CH;OH=9:1
mixture.
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

to H,O mixing, but thev, CO stretch vibration shifts to the red from 1028 to 1020tm
(9.73 to 9.8Qum) when changing from a pure GBH ice to a HO:CH;OH=9:1 mixture.

In the latter spectrum the GBH v, CO stretch mode needs to be fitted with a double
Gaussians. A substructure appears for a temperature of 8@t panel of Fig. 3.8)
while for even higher temperatures, a clearly double peakedture becomes visible (as
previously seen in e.g. Fig. 2 of Schutte et al. 1991). Thiftisyy hints at diferent phys-
ical sites and has been previously ascribed to type Il dathfiormation in the ice [Blake
et al. 1991].
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Figure 3.9 Spectra of G3DH:CO mixtures in the range of the methanol CO stretch mode
and the methanol C¢rock mode. A small blue shift together with a clear substrect
are seen upon mixing in more CO.

When CHOH is mixed with CO, the band maximum shifts from 1028 to 1084'c
(9.73 to 9.67um) when going from a 9:1 to a 1:9 GBH:CO mixture. When 50% or
more CO is mixed in, the C#DH v, CO stretch mode starts to show a shoulder and cannot
be fitted correctly by a single Gaussian component (see F3y. Such a two-component
profile would not be recognized, however, at the spectralugisn and signahoise of
our Spitzerdata, so for the comparison between laboratory and obsamehtiata a single
Gaussian is used. Overall, the shifts of thesOHl v, mode between water-rich and CO-
rich mixtures are much smaller than in the case of the MHnode.

The dfect of CHBOH on the 4.4m v, stretch mode of CO has also been investigated.
The band maximum shifts from 2139 ch(4.68um) for the nearly pure 9:1 CO:GGOH
mixture to 2136 and 2135 crhfor the 1:1 and 1:9 mixtures, respectively. The CO band
located at 2136 cmi is often referred to as CO residing in a polar, mainlyCHice,
environment. Clearly, the polar GBH molecules can also contribute to CO absorption
at 2136 cm® when intimately mixed in an astronomical ice.

Binary mixtures of NH and CHOH have been studied as well. The §&bH modes
behave very much as they do in a pure methanol ice, but thewidmbrella mode is
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3.3 Laboratory work and analysis

clearly suppressed. Its integrated absorbance is reatllyced to 70% of the integrated
absorbance of pure NHn a CH;OH:NH3=1:1 mixture and becomes even lower for a 4:1
binary composition. The Niband also broadens compared to puresMid H,O:NH3
mixtures and strongly overlaps with the CO stretching mddeH;OH, to the level that

it becomes dticult to measure.

A qualitative comparison with the astronomical data (sed)8Bdicates that neither
pure NH;, CH3OH, nor mixed CHOH:NH;3 or H,O-diluted binary ices can simultane-
ously explain the dferent NH; profiles in the recorde®pitzerspectra. Thus, a series
of tertiary mixtures with HO:CH;OH:NHj3 in ratios 10:4:1, 10:1:1 and 10:0.25:1 have
been measured, because {CH is the next major ice component. These ratios roughly
span the range of observed interstellar column densitggatin Fig. 3.10, the spectra
of H,O:CH;OH:NH; tertiary mixtures are plotted and compared to binapgPDHCH;OH
and HO:NH; data. The NH v, umbrella mode shifts slightly to the blue in the pres-
ence of both HO and CHOH, with an absorption maximum at 1125 th(8.90 um)
for the 10:4:1 HO:CH;OH:NH; mixture (compared to 1118 crh (8.94 um) in the
H,0:NH3=9:1 mixture). The peak intensity of the Nk, umbrella mode band in this ter-
tiary mixture is small compared with that of the @bH CH; rock mode, but its integrated
intensity is a factor of two larger because of the largerMitth.
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Figure 3.10 Normalized spectra of the ¢€bH v4, C-O mode (right panel),
and NH v, umbrella mode (left panel) for a J4@:CH;OH:NH3=10:0.25:1, a
H,0:CH;0OH:NH3=10:1:1 and a KHO:CH;OH:NH3=10:4:1 mixture at a temperature of
15 K. These mixture ratios span the range of observed istlnstolumn density ra-
tios. Spectra were normalized to better show the changeard maximum position
and FWHM of each feature. Spectra of aGHCH;OH=9:1 and a HO:NHz=1:1 mix-
ture were @fset and overlaid in light grey in the right and left panel pedively. In the
case of HO:CH;OH:NH3=10:4:1, the NH v, umbrella mode is heavily blended with the
CH30OH v; CHs rocking mode, so that the dark grey line actually shows thes&an fit
to the underlying NH feature, whereas the full@m feature is shown in black.
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

The v4 C-O stretching vibration profile of G¥0H in the tertiary mixture does not
differ much from the binary values for the highest water contdrte position of the
absorption maximum is also only marginallffected by the temperature. The FWHM
decreases from 30 cth(0.29 um) for the 10:4:1 mixture to 22 cm (0.21um) for the
10:0.25:1 mixture.

Besides HO, other species may also be regarded as potential candlidatehang-
ing the spectral appearance of the Nahdor CH;OH features. Chemically linked is
HCOOH [Bisschop et al. 2007a] which unfortunately cannotleposited in the present
setup because of its reactive behavior when mixed withy.NFertiary mixtures with
CO and CQ, two other important constituents in interstellar icesyehbeen measured
(see Appendix 3.6) but here thef@grences are small compared with the observed binary
water-rich or CO-rich mixtures, and do ndfer an alternative explanation.

3.4 Comparison between astronomical and laboratory
data

3.4.1 8-10 um range

The FWHM and band positions of the Nldnd CHOH features measured in the labora-
tory and astronomical spectra are shown in Figs. 3.11 (fog)Nidd 3.12 (for CHOH).
For the YSOs, the values obtained after removal of the sdiehsorption (see §3.2) us-
ing the local continuum method are indicated by filled sgsiavéhereas those obtained
from the template method are plotted with open squares. thatethe presence of sig-
nificant amounts of CEDH may artificially lower the inferred Nklv, width in CH;OH
rich sources (indicated with * in Table 3.2) because of thagoution of the narrower;
CHgs-rock mode.

Regardless of the method used to subtract the continuumheotype of source
(CH3OH-rictypoor), we find that the observational band positions of thé&lHs; um-
brella mode absorptions vary, within the errors, betwe@nma®d 9.1um. This position
is not well reproduced by any of the investigated mixtures,the positions measured
in water-rich ice mixtures are the closest, whereas thetiposiin pure NH or CQCO;,
rich ices are too far away to be representative of the astnarad positions. The derived
Spitze=WHM values range between 0.23 and QuB2 (except for B1-b : 0.3@m), when
using the local continuum method, not depending on whelteetarget is CHOH-rich or
-poor. For the template method, @BH-rich sources generally tend to have a narrower
inferred FWHM, 0.3-0..xm, contrary to what would be expected if the Nidode is con-
taminated by the Cgirock feature. In any case, most of these widths are stilomaar
than the laboratory FWHM values. To investigate further tfieat of the continuum on
the positions and widths of the bands, we performed theviatig calculation to check
whether a continuum could be found that would yield Nithd CHOH features with pa-
rameters within the laboratory measurements. To do thafitied the data between 8.25
and 10.4um with a function that is the sum of &4rder polynomial and two Gaussians;
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3.4 Comparison between astronomical and laboratory data

positions and widths of the Gaussians were constrainediwiits taken from the labora-
tory data of binary water mixtures (8.9—-8.861 for the NH; position, 0.42—-0.52m for

its width; 9.67-9.77um for the CHOH position, 0.2—0.3m for its width). We found
that the continuum derived in this way isfidirent from those determined via the other
two methods. This result supports the fact that tiffedénce between astronomical and
laboratory data could be attributed to the uncertainty éxdbntinuum determination.

Taking the above considerations into account, Figs. 3.13ah2 suggest that the
template method for subtraction of the 4 silicate absorption is more consistent with
the laboratory measurements, but both methods probab$ysoiee weak NElabsorption
features in the broad line wings where they blend with theinaom at theS/N of the
data. If so, the too small line widths inferred from the date$t probably due to the
uncertainty in the continuum determination) would meart tha have underestimated
NH3; abundances by a up to a factor of 2.

The observational band position and FWHM of thedOHH features derived with ei-
ther the local continuum or template method are clusteredrat 9.7—-9.7um, with the
exception of R CrA IRS 5 at 9.66m. Similarly the FWHM of the CHOH features
are all very similar between0.22 and 0.32«m, except for R CrA IRS 5 with 0.3am.
These values agree (with a few exceptions) with the valutsirdd from the laboratory
spectra. Note that the observed positions of thg@Hi feature are all on the low side of
the laboratory range. Since the position of this featuréssto higher wavelengths with
increasing water content, the observed low values couletthie indicate that CEOH
and HO are not well mixed and that there exists a separatg@EHrich component, as
suggested in previous work [e.g. Pontoppidan et al. 200Bangr et al. 1992]. Alter-
natively, the low values could be due to the presence of C@disdted by the CEDH
feature shift to 9.7Qum in CH;OH:CO=1:1. Both interpretations would be consistent
with the bulk of the CHOH formation coming from hydrogenation of a CO-rich layer,
rather than photochemistry in a water-rich matrix. Howgetlee shift from the water-
rich mixtures is small, and some water-rich fraction carb®excluded with the current
spectral resolution.

3.4.2 The 3and 6 um ranges

Dartois & d’Hendecourt [2001] discussed the possibilityao8.47um absorption band
which could be related to the formation of an ammonia hydiratbe ice mantles: they
found that if this band were mostly due to this hydrate, themania abundances would
be at most 5% with respect to water ice. Considering the fedtdur derived abundances
are larger than 10% in some sources, it is necessary to igatsthe &ect of such a
high abundance on the ammonia features in other spectrgésarfor this, depending
on the NH-to-CH;OH abundance ratio observed in t8pitzerspectra, we scale one of
the following laboratory spectra to the® NH; feature: HO:NH3=9:1, HLO:NH3=4:1,
H,0:CH;0OH:NH3=10:1:1, HO:CH;OH:NH3=10:4:1. Figure 3.13 illustrates the com-
parison between th8pitzerand scaled laboratory spectra for the relevant wavelength
ranges for a couple of sources, while Figs. 3.14 and 3.15Appendix 3.6) show the
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Figure 3.11 FWHM and band maximum position of the Nidature measured in the
laboratory mixtures at 15 K (“Lab.”, top panel) and in tBpitzerspectra (“Astro.”,
bottom panel). In the top panel, the filled star indicatesek;, filled circles repre-
sent HO-rich mixtures and filled triangles are for NMCH3;OH mixtures (an increas-
ing symbol size indicative of increasing @BH content). Other symbols are as fol-
lows: + for NH3:H,0=1:0.11,v for NH3:H,0=1:1, o for NH3:H,0:CO=1:1:1, » for
NH3:H,O:CO,=1:1:1,0 for NH3:CO:CO,=1:1:1, x for NH3:CH3;0H:H,O=1:1:1. In the
bottom panel, open and filled squares indicate values addaiith the template and local
continuum method, respectively. The dash-dot polygonisnitekte the parameter space
of FWHM and positions corresponding ta@-rich mixtures.

comparison for all sources where Mkvas detected. For further comparison, in Ap-
pendix 3.6 we also overplotted in Figs. 3.14 and 3.15 theétig spectra: (i) the pure
H,0 ice spectrum derived from the,B column density quoted in Boogert et al. [2008]
(deep blue); and (ii) for sources with:8n data, the pure $O spectrum scaled to the
optical depth of the 3m feature of the mixed ice laboratory spectrum (purpleatbtt
The difference between this scaled pure water spectrum and the ro&esgectrum gives
an indication of the contribution of ammonia features acb8m7 and 6.Lm.

We then determined the contributions from the \felatures to the integrated optical
depths of the 3 and fm bands and to the optical depth of component C2, a feature at

58
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Figure 3.12 Same as Fig. 3.11 but for &BH. In the top panel, the filled star is for
pure CHOH, the filled square is representative of a CO-rich mixtubdl. other sym-
bols (top and bottom panels) have the same meaning as in Eiy. &cept for the fol-
lowing in the top panel+ for NH3:CH30H:H,0=1:1:1, v for CH30OH:H,0=1:1, o for
CH30OH:CO=1:1, » for CH;0H:C0O=9:1.

6.0-6.4um arising from a blend of several species, includingsNH,O, CQ,, HCOO
(see Paper | for more details). These contributions arertegpo Tables 3.3 and 3.4.

Figures 3.14 and 3.15 (Appendix 3.6), and Tables 3.3 andn®w that (i) the scaled
laboratory spectra generally do not overestimate the wbdexbsorption features, and (ii)
for most sources, the presence of Nat the level we determine from the®@n feature
does not explain by itself the depth of the C2 component artdeofed wing of the 2m
band. Hence, our inferred NHabundances up to 15% from the Qi data are not in
conflict with the lack of other Nkifeatures. The only exceptions are two sources (RNO
15 and EC 74), for which the scaled mixed ice spectrum excéweridata in the 3m
range. In the case of RNO 15, the MEbundance could have been overestimated due to
the contribution of the CEDH CHs-rock feature a9 um. For EC 74, this overestimate
and the presence of emission weakens the identificationeoNt; signature. In both
cases, the quoted NHbundances should be considered as upper limits.
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Table 3.3. NH contribution to the 3 and m bands for sources with a template

1785 1785

fTHZO,BYO meixs.o f1562 THy0 1562 Tmix fTNH3,e,1e TNH3.6.16
Source Ik Ik 1785 1785 1785 Tca

80 80 1562 T hs62 7 hs62 TH20

IRAS 032353004 - — 0.50 0.24 0.02 0.61
IRAS 032543050 0.73 1.30 0.56 0.92 0.12 1.72
IRAS 041082803 0.70 0.67 0.58 0.53 0.06 0.49
HH 300 0.70 0.57 0.50 0.39 0.05 0.45
IRAS 08242-5050 0.76 0.72 0.50 0.45 0.06 0.46
IRAS 08242-5050 0.76 0.56 0.50 0.35 0.05 0.36
2MASSJ17112317-272431 - - 0.69 0.53 0.05 4.23
SVS 4-5 0.91 0.94 0.42 0.29 0.00 0.08
R CrAIRS 5 0.85 0.42 0.63 0.29 0.03 0.21

Note. — A dash indicates that the ratio was not calculated due to the highinoise3um spectrum.

Parameters are:
fTHzog_o = integrated optical depth of pure water au®, determined from the column density of paper | and a band
strength of 2.810716 cmL.
f‘(‘g_o, meix_3_o = integrated optical depth over the entirg:® region for, respectively, the considered source and the
corresponding laboratory mixture (selected from the;Ngature at um).

1785 1785 (1785

1562 TH20 Jise2 T J1se2 Tmix =
mixture, between 1562 and 1785 th(5.6 to 6.4um).
erH&evls, TnHg.6.16 = integrated and peak optical depth of the 6.6 feature of ammonia obtained after subtraction of
a pure water spectrum scaled to the optical depthuah ®f the laboratory mixture.
7c2 = peak optical depth of the C2 component from paper .

integrated optical depth of, respectively, pure water, source spectrum, and laboratory
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Table 3.4. NH contribution to the 3 and gm bands for sources with no associated

template
f TH,0,3.0 f Tmix,3.0 ffsgsr Hp0 f115768257mix f TNH3,6.16 TNH3.6.16
Source 1785 1785 1785 T
Jra0 Jrao0 1562 T 1562 T Jise2 TH20 cz

RNO 15 0.80 1.97 0.53 1.23 0.16 0.45
IRAS 032713013 - - 0.36 0.44 0.05 0.60
Bl-a - - 0.67 0.43 0.03 0.57
L1489 IRS 0.78 0.88 0.60 0.56 0.04 0.83
RNO 91 0.94 0.94 0.53 0.45 0.04 0.53
IRAS 17081-2721 0.65 0.95 0.62 0.75 0.05 1.64
EC 74 0.95 2.34 0.57 1.18 0.09 0.76
EC 92 0.90 0.35 0.38 0.10 0.00 0.01
CrAIRS7B - - 0.81 0.19 0.00 0.08
L1014 IRS - - 0.62 0.55 0.06 0.34

Note. — A dash indicates that the ratio was not calculated due to the highinohee3um spectrum.
Parameters are:
fTHzov&o = integrated optical depth of pure water gt1®, determined from the column density of paper | and a
band strength of 2:010716 cm L.
f 730, f Tmix.3.0 = integrated optical depth over the entirgrd region for, respectively, the considered source and
the corresponding laboratory mixture (selected from the fgdture at um).

1785 1785 1785 . . .
1562 TH20+ J15g0 T Jisgp Tmix = integrated optical depth of, respectively, pure water, source spectrum, and

laboratory mixture, between 1562 and 1785 ¢1(5.6 to 6.4um).

erH&alG, TNH3,616 = integrated and peak optical depth of the 6.6 feature of ammonia obtained after
subtraction of a pure water spectrum scaled to the optical depthratd the laboratory mixture.

7c2 = peak optical depth of the C2 component from paper .
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

Overall, our reported Nglabundances are up to a factor of three larger than the upper
limits derived by Dartois & d’Hendecourt [2001]. Firstlgtls recall that the conclusions
in their study and in ours are drawn from the analysis fiedent samples. Secondly, Dar-
tois & d’Hendecourt made an assumption that does not apgyteample: indeed, they
considered a grain size distribution including also scettefrom larger grains, producing
an enhanced @m wing, whereas the results presented here can be takerrasaefative
of NH3 absorption from small grains. It is beyond the scope of thisep to investigate
the dfects of grain size distribution and scattering in as muclaitles did Dartois &
d’Hendecourt [2001].

-2 -0.2F T T T T T -0.2
BVS 4-5: NHy=10.3%, CHy0H=31.57 0.0
ok - )
{o.2
2r 0.4
{o.6
4 -
{o.8
33 35
6l 1.0
0.0F - 0.00
0.5} 0.02
1.0f
0.04
1.5F
20k 0.06
1 0.08
5 33 35 I
3.0k e, 04 1.40.10

55 60 65 70 8.5 9.0 9.5 10.0
Wavelength (um)

20 25 3.0 35 40 45

Figure 3.13 Comparison of astronomical data (VLT or Keck soeements at short wave-
lengths, IRSSpitzerobservations elsewhere) and laboratory spectra in sdlecwe-
length ranges: 2.0-4.6m (left panels), 5.2—7.axm (middle panels) and 8.2—102n
(right panels, silicate absorption subtracted via the tatepmethod). Error bars are
indicated in the bottom-right corner. Overlaid in red andegr are laboratory spectra
corresponding to bD:CH;OH:NH3=10:4:1 and HO:NH3=9:1, respectively, scaled to
the 9um NH;z umbrella mode. The dark blue line represents the pure walb@rtory
spectrum scaled to the water column density taken in pap€nd. dotted purple line
corresponds to a pure water spectrum scaled to {lam vater feature of the mixed ice
spectrum, showing the contribution of Nieatures around 3.47 and Gun. Finally, the
red dashed line in the right panel of SVS 4-5 represents@:EH;OH=9:1 laboratory
spectrum scaled to the 9um CH3OH CO-stretch mode: this gives an indication of the
contribution of the im CH;OH CH;s-rock mode to the total @m feature. The laboratory
spectra are recorded at 15 K unless indicaté@dintly.
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3.5 Conclusion

3.4.3 Nitrogen ice inventory

The confirmation of the presence of relatively large amoohsolid NHs, up to 15%, in
interstellar ices solves a long-standing problem. Indéwseldetection of solid Nklhas
remained elusive aror controversial, despite a number of clues suggestingésemce:

¢ High cosmic abundance of atomic nitrogey /Ny = 7.76 x 107° [Savage &
Sembach 1996], only a factor of a few below those of oxygencamion. HeréNy
indicates the total number of hydrogen nuchi,=N(H)+2N(H.).

¢ High abundances of gaseous NBf Nyu, /N, ~ 10°% — 10°® in the Orion-KL
nebula [Barrett et al. 1977, Genzel et al. 1982] and in otlwrdores such as
G9.62+0.19, G29.960.02, G31.410.31 [Cesaroni et al. 1994], and G10+4/03
[Cesaroni et al. 1994, Osorio et al. 2009].

¢ Identification of substantial amounts of OCHNe.g. van Broekhuizen et al. 2004,
2005] and NH in ices [e.g. Schutte & Khanna 2003, Boogert et al. 2008] sabn
ering that these ions form via reactions involving jithe non-detection of solid
NH3 would be puzzling.

Our results can be used to draw up a possible nitrogen bullgetimingNy,o/Ny ~
5x107° [Pontoppidan et al. 2004, Boogert et al. 2004], and averagedances w.r.t. 5O
of 5.5% for NH; (see 83.2.3), 7% for NH(from Table 3 of Paper 1), and 0.6% for OCN
[van Broekhuizen et al. 2005], then the BlHNH; and OCN abundances with respect
to total H are 2.8, 3.5, and 0:810°° respectively. This corresponds to, respectively, 3.4,
4.4 and 0.4% of the atomic nitrogen cosmic abundance soithatal, about 10% of the
cosmically available nitrogen would be locked up in iceaylag solid and gaseous;NN
and HCN as other substantial nitrogen carriers. The maiarteiaty in this determination
is the adopted kD ice abundance with respect to total H; in several sourégsrtay well
be a factor of 2 larger, leading to about 20% of the nitrogeroanted for in ices.

3.5 Conclusion

We have analyzed in detail the 8-Lfn range of the spectra of 41 low-mass YSOs ob-
tained withSpitzerand presented in Boogert et al. [2008]. The sources arearded
into three types: straight, curved and risingu® silicate wings, and for each category
template sources with little or no absorption from ices atb@—10um have been deter-
mined. This has led to two ways of subtracting the contrdufrom the 1Qum silicate
absorption: first, by determining a local continuum, ancselg by scaling the templates
to the optical depth at 9,m. The two methods give consistent band positions of the NH
features, but the resulting widths can be up to a factor oflakger using the template
continuum method. Taking into account the uncertainty imicwum determination, N

ice is most likely detected in 24 of the 41 sources with abonda of~2 to 15% w.r.t.
H,0, with an average abundance of 8250%. These abundances have estimated uncer-
tainties up to a factor of two and are not inconsistent witieofeatures in the 3 anduén
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

ranges. CHOH is often detected as well, but the iygH;OH abundance ratio changes
strongly from source to source. Our inferred £HH column densities are consistent with
the values derived in paper I.

Targeted laboratory experiments have been carried outdmacterize the Ngland
CH3OH profiles (position, FWHM, integrated absorbance). Cormsparwith the ob-
servational data shows reasonable agreement (withb) for the position of the Nkl
feature in HO-rich ices, but the observed widths are systematicallyllsnthan the lab-
oratory ones for nearly all sources. The silicate templatginuum method gives widths
that come closest to the laboratory values. Thifedénce in width (i.e. widths derived
from astronomical spectra smaller than those in the laboragpectra) suggests that the
NH3; abundances determined here may be on the low side.

The CHOH profile is most consistent with a significant fraction of t8H,OH in a
relatively pure or CO-rich phase, consistent with its fotiora by the hydrogenation of
CO ice. In contrast, the most likely formation route of Nide remains hydrogenation of
atomic N together with water ice formation in a relativelyldensity molecular phase.
Finally, the nitrogen budget indicates that up to 10 to 20%itbgen is locked up in
known ices.

3.6 Appendix

Parameters of Gaussian fits
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Table 3.5.

(a) Parameters of Gaussian fits to thg fdture.

Source NH, local NHs, template
A (um) FWHM (um) Tpeak A (um) FWHM (um) Tpeak

IRAS 03235-3004 8.920.02  0.280.03 0.23:0.02 8.920.01 0.22:0.03 0.3@0.02
L1455 IRS3 8.990.03  0.24:0.07 0.02:0.01 9.020.02  0.3&0.05 0.040.01
IRAS 03254-3050 9.040.01 0.250.03 0.1@:0.01 8.920.01  0.3&0.03 0.12:0.01
B1-b* 9.05:0.03  0.320.06 0.25:0.02 9.020.03  0.4@:0.06 0.3%0.03
IRAS 04108-2803 8.99:0.02 0.250.04 0.050.01 9.0%:0.03 0.4%0.06 0.040.01
HH 300 9.0:0.02  0.230.05 0.04:0.01 9.060.02  0.45:0.06 0.05:0.01
IRAS 08242-5050 9.020.01  0.3%0.03 0.150.01 9.0%0.01  0.3@0.03 0.150.01
IRAS 15398-3359 8.960.01  0.29:0.03 0.3@:0.02 8.980.01 0.320.03 0.410.02
B59 YSO5 8.950.01 0.240.03 0.180.02 8.82:0.02 0.340.04 0.180.02
2MASSJ17112317-272431 890.01 0.3@0.02 0.430.02 9.02:0.02 0.5@0.05 0.41:0.04
SVS 4-5 9.00:0.01  0.26:0.03 0.16:0.02 9.0:0.01  0.3@0.03 0.26:0.02
RCrAIRS5 9.0%0.02  0.210.04 0.04-0.01 9.0&0.03  0.36:0.06 0.04-0.01
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Table 3.5. (a) Contd

Source NH, local NHs, template
A (um) FWHM (um) Tpeak A(um)  FWHM (um)  Tpeak

RNO 15 9.030.02 0.26:0.04 0.04:0.01 - - -
IRAS 03271%#3013  8.960.02  0.250.04 0.2@:0.02 - - -
Bl-a 8.980.02  0.250.04 0.14:0.02 - - -
L1489 IRS 9.020.01 0.2%0.03 0.02:0.01 - - -
IRAS 13546-3941 8.980.02 0.240.03 0.03:0.00 - - -
RNO 91 8.980.01 0.26:0.03 0.080.01 - - -
IRAS 17081-2721 8.970.02  0.24:0.04 0.04:0.00 - - -
EC74 9.0:0.02 0.220.05 0.050.01 - - -
EC 82 8.940.01 0.290.03 0.04:0.00 - - -
EC 90 8.950.02 0.180.05 0.04:0.01 - - -
EC 92 8.99:0.02  0.250.05 0.03:0.00 - - -
CK4 8.99:0.02  0.320.04 0.030.00 - - -
CrAIRS7 B 9.04:0.01  0.26:0.03 0.150.01 - - -
L1014 IRS 9.030.02  0.250.05 0.15-0.02 - - -

Note. — Uncertainties are statistical errors from the Gaussian fits.

*Sources Withrg7,m > 2 X T9g,m, for which the contribution from the G¥0H CHs-rock mode is significant.
Since the latter and the NHimbrella mode were flicult to disentangle, a single fit was performed (the reported
parameters) and the integrated optical depth of the ammonia feature was then oloteimtiek total integrated
optical depth at @mby subtracting the estimated contribution of thegCOtf CHz-rock mode (see §3.2.2).
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Table 3.5.

(b) Parameters of Gaussian fits to thg@H C-O stretch mode (after
subtraction of the continuum with the local dgodtemplate method), and GBH
column densities (or 3= upper limits).

Source Local continuum Template continuum Paper |
gl FWHM Tpeak X 1 FWHM Tpeak X X
(um) (um) (% H,0) (um) (um) (% H;0) (% H0)
IRAS 03235-3004 9.740.02  0.260.03  0.35%0.04 4.46:1.04 9.740.02 0.2530.04  0.3%0.04 3.84:0.99 4.26:1.20
L1455 IRS3 9.78€0.01  0.140.03 0.030.01 3.641.80 9.780.02 0.260.04  0.040.01 7.7%3.46 <125
IRAS 03254-3050 <54 <54 <4.6
Bl-b 9.710.01 0.3@:0.03 1.190.11 14.153.16 9.7%0.01 0.280.03 1.23%0.11 13.7%3.12 11.2@0.70
IRAS 04108-2803 e e e <27 9.75%0.00 0.060.04 0.040.03 0.580.62 <35
HH 300 <4.7 9.74:0.00 0.12:0.12 0.010.01 0.780.52 <6.7
IRAS 08242-5050 9.760.01 0.220.03  0.250.02 6.121.01 9.76:0.01 0.220.03  0.240.02 6.331.09 5.5@:0.30
IRAS 15398-3359 9.780.01 0.280.03 0.720.06 10.26:3.02 9.73.0.01 0.3@:0.03 0.750.06 10.623.14 10.3@0.80
B59 YSO5 <12 <1.2 <13
2MASSJ17112317-272431 9#6.02 0.23:0.04 0.13:0.02 1.020.22 e e e <20 <32
SVS 4-5 9.740.01 0.280.03 0.720.06 26.386.17 9.740.01 0.3%0.02 0.820.06 31.5@7.12 25.2@:3.50
RCrAIRS 5 9.680.01  0.320.03  0.0%0.00 5.6&0.60 9.66:0.02 0.320.04 0.0%0.00 5.5%0.72 6.66:1.60
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Table 3.5. (b) Contd.

Source Local continuum Template continuum Paper |

1 FWHM Tpeak X 1 FWHM  7peax X X

(um) (um) (% H,0) (um)  (um) (% H;0) (% H,0)

RNO 15 9.6%0.03  0.440.07 0.020.00 11.132.16 <5.0
IRAS 032713013 <43 <5.6
Bl-a <24 <19
L1489 IRS 9.780.02  0.1@0.03  0.030.01 0.440.22 4.90£1.50
IRAS 13546-3941 <20 <3.9
RNO 91 9.720.01 0.1%x0.03 0.0%0.01 0.8%0.32 <5.6
IRAS 17081-2721 <6.6 3.30£0.80
EC 74 <135 <93
EC 82 <24.6 <14.2
EC 90 9.7@0.01 0.320.03  0.0%0.00 6.920.99 6.80:1.60
EC 92 9.730.01 0.3@0.02 0.0%0.01 11.1&1.46 11.7G:3.50
CK4
CrAIRS7 B 9.7¢:0.01 0.330.02 0.36:0.02 7.741.56 6.80:0.30
L1014 IRS 9.630.03 0.380.08 0.1@0.01 3.610.99 3.10:0.80

Note. — This table shows that GBH column densities obtained in this paper are consistent with those eér Raphich are our recommended

values.

Note. — Uncertainties are statistical errors from the Gaussian fits.
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3.6 Appendix

Additional laboratory data

The table presented here (Table 3.6) gives an overview tfi@lice mixtures measured
in the laboratory. The table contains only spectra takensataple temperature of 15 K.
The focus in the table is on the band position of thesNbHumbrella mode, the C4#OH
v4 C-0 stretch mode and the GBH v; CH3 rock mode. Full width at half maximum
(FWHM) and the position of the maximum of the absorption peofif these modes are
indicated in both cmt andum for each mixture. For the Nd» umbrella mode, the band
strength relative to that of the pure Nishixture is also indicated.
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Table 3.6. Ice composition, band maximum position (“peasitpan”), FWHM and
band strength relative to the pure idg{), listed for a set of ice mixtures under
investigation.
Ice mixture Molecule Peak position FWHM Arel. Mode
NH; CHsOH H,O CO CQ cm?! um cnrt um
1 0 0 0 0 NH 1070 9.341 66 0.577 1 v, umbrella
1 0 0.11 0 0 NH 1076 9.291 70 0.605 1 V2 umbrella
1 0 1 0 0 NH 1100 9.091 77 0.637 1 Vo umbrella
1 0 9 0 0 NH 1118 8.947 62 0496 0.7 v,  umbrella
1 0 0 1 0 NH 1124 8.897 53 0420 0.7 v, _ umbrela
1 0 1 1 0 NH 1094 9.144 75 0.627 1 V2 umbrella
1 0 0 0 2 N 1122 8.916 57 0453 08 v,  umbrela
1 0 1 0 1 NH 1098 9.108 82 0.681 09 w» umbrella
1 0 0 1 1 NH 1062 9.414 66 0.586 0.8 V2 umbrella
1 Z 0 0 0 NF 1129 8856 108 0849 04 v,  umbrela
1 4 0 0 0 CHOH 1029 9.722 30 0.283 - V4 C-O stretch
1 4 0 0 0 CHOH 1128 9.707 35 0.275 - v7 CHjs rock
1 4 0 0 0  CHOH 2823 3.543 28 0.035 - v;  C-Hstretch
1 2 0 0 0 NH 111F 8.994 115 0.934 0.6 V2 umbrella
1 2 0 0 0  CHOH 1029 9.720 29 0.274 - v C-Ostretch
1 2 0 0 0  CHOH 1132 8.833 35 0.273 - v CHarock
1 2 0 0 0 CHOH 2820 3.546 26 0.033 - V2 C-H stretch
1 1 0 0 0 NFg 1086 9.209 137 1166 0.8 v,  umbrela
1 1 0 0 0 CHOH 1029 9.716 26 0.246 - V4 C-O stretch
1 1 0 0 0 CHOH 1135 8.813 44 0.342 - v7 CHjs rock
1 1 0 0 0  CHOH 2817 3.550 26 0.033 - v;  C-Hstretch
1 05 0 0 0 NH 1080 9.258 118 1015 08 v,  umbrela
1 05 0 0 0  CHOH 1030 9.711 22 0.207 - v C-Ostretch
1 05 0 0 0  CHOH 1128  8.86% 35 0.275 - v7  CHarock
1 0.5 0 0 0 CHOH 2813 3.555 27 0.034 - V2 C-H stretch
1 0.25 0 0 0 NH 1078 9.278 98 0845 09 v,  umbrela
1 0.25 0 0 0 CHOH 1030 9.707 16 0.151 - V4 C-O stretch
1 0.25 0 0 0 CHOH -2 -a -a -a - V7 CHs rock
1 0.25 0 0 0  CHOH 2808  3.56F 17 0.022 2 vz C-Hstretch

2Band is weak and spectral overlap prohibits accurate fitting.
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Table 3.6. (cont'd)
Ice mixture Molecule Peak position FWHM Arel. Mode
NH;  CH:OH HO CO CQ cm- um cntt um
1 1 1 0 0 NH 1116 8.961 95 0.764 0.7 V2 umbrella
1 1 1 0 0 CHOH 1026 9.745 29 0.276 - Va C-O stretch
1 1 1 0 0 CHOH 1125 8.888 32 0.253 - v7 CHjz rock
1 1 1 0 0 CHOH 2824 3.541 26 0.033 - v2 C-H stretch
1 0.25 10 0 0 NH 1119 8.937 59 0.472 1 V2 umbrella
1 0.25 10 0 0 CHOH 1017 9.833 22 0.213 - Vs C-O stretch
1 0.25 10 0 0 CHOH -2 -2 -2 -2 - v7 CHjz rock
1 0.25 10 0 0 CHOH 2829 3.534 307 0.037 - V2 C-H stretch
1 1 10 0 0 NH 1123 8.903 61 0.484 1 V2 umbrella
1 1 10 0 0 CHOH 1022 9.784 24 0.230 - Va C-O stretch
1 1 10 0 0 CHOH -2 A A A - v7 CHjz rock
1 1 10 0 0 CHOH 2830 3.533 15 0.019 - V2 C-H stretch
1 4 10 0 0 NH 1130 8.848 62 0.489 - V2 umbrella
1 4 10 0 0 CHOH 1023 9.777 30 0.288 - V4 C-O stretch
1 4 10 0 0 CHOH 1124 8.896 23 0.183 - v7 CHjz rock
1 4 10 0 0 CHOH 2830 3.534 14 0.017 - V2 C-H stretch
0 1 0 0 0 CHOH 1028 9.729 28 0.265 1 va C-O stretch
0 1 0 0 0 CHOH 1125 8.888 34 0.269 1 % CHjs rock
0 1 0 0 0 CHOH 2828 3.536 33 0.041 1 V2 C-H stretch
0 1 1 0 0 CHOH 1025 9.755 33 0.314 Va C-O stretch
0 1 1 0 0 CHOH 1124 8.897 40 0.317 - v7 CHjs rock
0 1 1 0 0 CHOH 2828 3.536 23 0.029 - V2 C-H stretch
0 1 9 0 0 CHOH 1020 9.801 23 0.221 - va C-O stretch
0 1 9 0 0 CHOH 1126 8.883 13 0.103 - v7 CHjz rock
0 1 9 0 0 CHOH 2828 3.536 23 0.029 - V2 C-H stretch

aBand is weak and spectral overlap prohibits accurate fitting.
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Table 3.6. (contd)
Ice mixture Molecule Peak position FWHM Arel. Mode
NH; CHOH H,O CO CQ cm T um Sitke um
0 1 0 9 0 CHOH 1034 9.675 25 0.229 Va C-O stretch
0 1 0 9 0 CHOH 1119 8.938 30 0.242 v7 CHjz rock
0 1 0 9 0 CHOH 2831 3.5632 - - - V2 C-H stretch
0 1 0 9 0 CcO 2138 4.677 7 0.014 vi C-O stretch
0 1 0 1 0 CHOH 1029 9.720 30 0.286 va C-O stretch
0 1 0 1 0 CHOH 1124 8.898 32 0.258 v7 CHjz rock
0 1 0 1 0 CHOH 2830 3.534 - - - V2 C-H stretch
0 1 0 1 0 CcO 2136 4.682 9 0.020 Vi C-O stretch
0 9 0 1 0 CHOH 1028 9.730 28 0.261 Va C-O stretch
0 9 0 1 0 CHOH 1125 8.890 32 0.255 v7 CHjs rock
0 9 0 1 0 CHOH 2824 3.541 - - - V2 C-H stretch
0 9 0 1 0 (efe] 2135 4.685 9 0.021 vi C-O stretch

aBand is weak and spectral overlap prohibits accurate fitting.
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3.6 Appendix

Comparison between astronomical and laboratory data

Comparison between astronomical and laboratory data foces whose silicate absorp-
tion feature was fitted with a template. For a given sourcep{died in either the left or
right column of the figure), the middle and right panels sho2+3.5 and 8.2—-10.2m
regions from IRSSpitzerspectra overlaid with laboratory spectra, scaled to thendNH3
umbrella mode. Error bars for ti&pitzerspectra are indicated in the bottom-right cor-
ner. The dark blue line represents the pure water laborafmygtrum scaled to the water
column density taken in paper I. Other colors are repretieataf laboratory spectra ob-
tained for the following mixtures: $0:NH3=9:1 (green), HO:CH;OH:NH3=10:0.25:1
(orange), HO:CH;OH:NH3=10:1:1 (cyan), and pD:CH;OH:NH3=10:4:1 (red). When
available (see Boogert et al. 2008), VLT or Keck data (2.9+M, left panel) are also
plotted. In this case, we overplotted (dotted purple linpuee water spectrum scaled to
the 3um water feature of the mixed ice spectrum. Whenever presart] dashed line
in the right panel of a given source represents,® €H;OH=9:1 laboratory spectrum
scaled to the 9.2m CH;OH CO-stretch mode: this gives an indication of the contidu

of the 9um CH3zOH CHs-rock mode to the total @m feature. The laboratory spectra are
recorded at 15 K unless indicatedfdrently. Please refer to the on-line version for the
color coding.
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Figure 3.14 (a) Caption as described on the previous page
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3 The c2d spectroscopic survey of ices. IV NHz and CH30H

Figure 3.15 (b) As for Fig. 3.14 but for sources with no asst template, i.e. with the
10 um silicate feature subtracted via the local continuum metthddditionally, yellow
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CHAPTER 4

IR spectroscopy of VUV irradiated PAH
containing interstellar icés

Polycyclic aromatic hydrocarbons (PAHS) are known to bendlamtly present in photon-
dominated regions (PDRS), as evidenced by their ubiquittidsiR emission bands. To-
wards dense clouds, however, their IR emission bands amegbyrsuppressed. It is here
where molecules are known to reside on very cold grains30 K) in the form of inter-
stellar ices. Therefore, it is likely that non-volatile sgs, such as PAHs, also freeze out
on grains. Such icy grains act as catalytic sites and, uponwa ultraviolet (VUV) irra-
diation, chemical reactions are initiated. These reastamd the resulting photoproducts
are investigated in the study presented here for PAH cantaivater ices. The aim of
this work is to monitor vacuum ultraviolet induced chemieadctions of PAHS in cosmic
ice through their IR signatures, to characterize the famitf species formed in these
reactions, and to apply the results to astronomical obSensa Mid-infrared Fourier
transform absorption spectroscopic measurements rarfiging 6500 to 450 cmt are
performed on freshly deposited and vacuum ultraviolet @ssed PAH containing cos-
mic H,O ices at low temperatures. The mid-IR spectroscopy of andme, pyrene and
benzo[ghi]perylene containing 8 ice is reported. Band strengths of the neutral PAH
modes in HO ice are derived. Additionally, spectra of vacuum ultréeti@rocessed PAH
containing HO ices are presented. These spectra are compared to speeisared in
VUV processed PAH:argon matrix isolation studies. It isaaded that the parent PAH
species is ionized in $0 ice and that other photoproducts, mainly more complex PAH
derivatives, also form. The importance of PAHs and their BAMD photoproducts in as-
tronomical mid-infrared spectroscopic studies, in paticin the 5—-8um region, is dis-
cussed. As a test-case, the VUV photolyzed PAf#OHaboratory spectra are compared
to a high resolution ISO-SWS spectrum of the high-mass emdzbdrbtostar W33A and
to a Spitzerspectrum of the low-mass Young Stellar Object (YSO) RNO 9dr these
objects, an upper limit of 2—3% with respect te®lice is derived for the contribution of
PAHs and PAH:HO photoproducts to the absorbance in the BrBregion towards these
objects.

1Based on: J. Bouwman, A. L. Mattioda, H. Linnartz, and L. JaAlandola, Astronomy and Astrophysics,
submitted (2010)
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4 IR spectroscopy of PAH containing ices

4.1 Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are known to bendlbmtly present in photon-
dominated regions (PDRs) [Peeters et al. 2004a, van Dig@@4, Tielens 2008]. The
evidence for the ubiquity of astronomical PAHSs is the widesp, well-known family of
prominent emission bands at 3.28, 6.2, 7.6, 8.6, and 4rh.Z3050, 1610, 1300, 1160,
and 890 cm?) associated with many, if not most, galactic and extragaabjects [Smith
et al. 2007, Draine & Li 2007]. These bands dominate the mi@hission spectrum be-
cause of an intrinsically highfigciency of the fluorescent process and are most easily
detected in regions where individual gas-phase PAH madsc(doth neutrals and ions)
become highly vibrationally excited by the ambient UV-VIBR radiation field [Mat-
tioda et al. 2005a, Li & Draine 2002]. They then energeticadllax by emission of IR
photons at frequencies corresponding to fundamentaltidimi@ modes, resulting in these
well known emission spectra.

PAHs and related aromatic materials are expected to berniresth in optically thin,
diffuse regions of the ISM and in dense environments. In densensghowever, the
highly efficient PAH fluorescence is found to be quenched. There areaagons for
this. First, the radiation which pumps the emission tapéisvith extinction into dense
regions, and second, in cold molecular clouds PAHs can sesveucleation sites on
which other species condense. In this way, neutral@rdharged PAHs can agglomerate
to form (charged) PAH clusters, or very small grains (VSGsy/[ Allamandola et al.
1989, Rapacioli et al. 2006]. The VSGs can, subsequendlgzf out on grains or serve
as nucleation sites for small molecules forming ice cov&f8s. Individual PAHs can
also dficiently condense onto dust grains as ‘guest moleculesyigiain mantles, much
as is the case for most other smaller interstellar moledalgs, Sandford & Allamandola
1993]. Vibrational energy of a PAH molecule which is part ddiger dust particle, either
as a nucleation center or guest in a water-rich i¢ggiently dissipates into the phonon
modes of the solid material on a time-scale orders of madeighorter than required
to emit an IR photon [Allamandola et al. 1985, 1989]. Consedly, in dark, dense
regions, PAHs and PAH derivatives are expected to give 0idR absorptionbands, not
to emissiorfeatures.

There are several lines of evidence that support the pres#iRAHs in dense molec-
ular clouds. Aromatics in primitive meteorites and intanptary dust particles contain
deuterium enrichments that are best explained by an ietknstloud heritage [e.g., Sand-
ford 2002,and references therein]. In addition, very wdasogption features attributed
to aromatic hydrocarbons have been observed in the IR aimogpectra of objects em-
bedded in dense clouds. These include a band negur8.83030 cn') [Smith et al.
1989, Sellgren et al. 1995, Brooke et al. 1999, Chiar et &10Rand bands near 6:2n
(1600 cntl) [Chiar et al. 2000] and 11.2m (890 cnt?) [Bregman et al. 2000]. These
very weak features are severely blended with much strong€r itk bands, consistent
with the number of PAH molecules relative to the number gDOHnolecules along these
lines of sight on the order of a few percent. So far, it has @naiificult to unambiguously
interpret these absorption features in spite of the fadtttreae is a growing database of
theoretically calculated and laboratory measured IR gitgor spectra of both neutral
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and ionized PAHSs in inert matrices [e.g., Szczepanski & \I8183, Szczepanski et al.
1993a,b, 1995a,b, Hudgins et al. 1994, Hudgins & Allamaad®@95a, 1997, Langlfio
1996, Mattioda et al. 2005b, Bauschlicher et al. 2009, 2idreferences therein]. Un-
fortunately, these spectra cannot be used directly to coenwith PAHs in HO-rich
ices, as rare gas matrix spectra will béelient. Intermolecular interactions perturb the
molecular vibrational energy levels, influencing IR bangipons, widths, profiles, and
intrinsic strengths. Consequently, it has not yet beeniblesto properly evaluate astro-
nomical solid state PAH features, mainly because the qooreting laboratory data of
realistic ice analogsre lacking.

Therefore, in the Astrochemistry Laboratory at NASA Ames&ach Center a pro-
gram to measure the IR spectra of PAHs in water ices was didf@rlier work focused
on the IR band positions, band widths, and relative bandgths of neutral PAHs [Sand-
ford et al. 2004, Bernstein et al. 2005a,b]. More recenttyeaploratory study of the
effects of vacuum ultraviolet (VUV) photolysis on several PNRO ice mixtures was
carried out [Bernstein et al. 2007]. Unfortunately, at camtcations that are most appro-
priate for dense clouds, PAH bands are swamped in the midt&erlapping HO ice
bands and it has provenflicult to put these IR-only data on a solid quantitative fogtin
This situation has changed thanks to the development of aapparatus at the Sackler
Laboratory for Astrophysics at Leiden University whichaoals one to track the in situ,
VUV photochemistry of low concentration PAH;B ices using optical (i.e. electronic)
spectroscopy (Chapter 5, 6, and 7). This approach makessilge to simultaneously
follow the VUV driven kinetic behavior of the neutral parétAH and photoproducts on
millisecond timescales with a concentration precisiontendrder of a few percent. Us-
ing this approach, it was possible characterized the VUMattemistry of four PAHs
anthracene, pyrene, benzo[ghi]perylene, and coronenat@rvce at various concentra-
tions and ice temperatures. This is described in detail iap#r 7. The mid-IR study
presented here is partially based on the quantitativetsedatived in the optical work.

This paper is laid out as follows. After the experimentahtéque is described in §7.2,
the results are presented in §4.3 and 84.4. These includkdrafiles and band strengths
for neutral anthracene, pyrene and benzo[ghi]perylene:id ide, the IR spectroscopic
properties of their VUV induced photoproducts, and the afigation of photochemical
processes at play during extended photolysis. In §4.6 wendxbur findings to the gen-
eral IR properties of PAHs in ices and use these data to ienbservations of ices
in dense clouds towards the high-mass protostar W33A andthenass young stellar
object RNO 91. The conclusions are summarized in 84.7.

4.2 Experimental technique

The techniques employed in this study have been descrilaetail previously [Hudgins
et al. 1994] and the relevant details are summarized briEfflg.ices are prepared by vapor
co-deposition of the PAH of interest with water vapor ontc6aK1LCsl window which is
suspended in a high vacuum chambes (@8 Torr). The PAHs anthracene (Ant £E1o,
Aldrich, 99%) and pyrene (Py, 16H10, Aldrich, 99%) are used without further purifica-
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4 IR spectroscopy of PAH containing ices

Table 4.1 Ice mixture (PAH:X, where X indicates the ice magpecies), PAH vaporiza-
tion temperatures, resulting concentrations (PAH:Z, wiZeindicates the relative amount
of the matrix species) for anthracene, pyrene, and bengpggklene containing ices, and
the ice temperature during photolysis for the ice mixtunedar investigation.

Ice (PAH:X) Tgep(°C) Conc. (PAH:Z)  Tee (K)

Ant:H,O 32 1:450 15
42 1:172 15
53 1:60 15
71 1:11 15
51 1:100 125
Py:H,O 41 1:200 15
44 1:90 15
50 1:65 15
51 1:70 125
Py:CO 50 1:30 15
BgniP:H.O 143 1:160 15
156 1:60 15
152 1:110 125

tion and vaporized from heated pyrex tubes. The PAH benijpierylene (BjniP, GoHao,
Aldrich, 98%)) is kept at a temperature of 28for 20 minutes with a cold shield block-
ing the deposition onto the sample window to remove most efctntaminants and is
subsequently deposited in a manner similar to that for AdtRy Simultaneously, water
vapor — milli-Q grade, further purified by three freeze-puthpw cycles — is admitted
through an adjacent deposition tube. To prepare PAB:ides with diferent concentra-
tions, the PAH deposition temperature was varied from opement to the other, while
the water flow was kept constant. Mid-infrared spectrosamipghe PAHs Ant, Py, and
BgniP in water ice and for Py:CO ice as a control experiment isoperéd for a range of
concentrations. The PAH deposition temperature, the tiegUPAH concentration, and
the ice temperature during photolysis are summarized ifeah.

VUV photolysis of the sample ices is accomplished with thenbmed 121.6 nm
Lyman« (10.6 eV) and 160 nm (7.8 eV) molecular hydrogen emissiordgdrom a
microwave powered discharge in a flowing Eas at a dynamic pressure of 150 mTorr.
The VUV radiation from the lamp enters the sample chambewtin a Mgk window.
The UV photon flux of the lamp is10'° photons crm?s™! at the sample surface.

Spectra from 6500 to 450 crhare measured with a Biorad Excalibur FTS 4000 FTIR
spectrometer equipped with a KBr beamsplitter and a liquiecdbled MCT detector.
Spectra are taken in optical deptt=(n1/lo), with the background spectrunip) taken
on the cold sample window before sample deposition, and pleetsa () taken after
deposition and VUV processing of the sample. Each spectepmesents a co-addition of
512 spectra at a resolution of 0.5 tThis level of resolution is necessary to distinguish
photoproduct bands that are close to the position of thealchdand. The number of scans
was chosen to optimize both the signal-to-noise ratio akagehe time requirements for
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4.2 Experimental technique

each experiment. Spectra are taken at 15 K of the freshlysiteposample and after 5,
10, 15, 30, 60, 120, and 180 minutes of VUV photolysis. Simit@asurements are also
performed on PAH:KHO ice samples at 125 K to check forffdirences in photochemistry
between low and high temperature photolysis experiments.

We focus on the bands in the 1650—1000 tmegion because this is where the PAH
mid-IR bands sfier the least from overlap with the strong®l ice features (Fig. 4.1).
Hereafter we refer to this as the Region Of Interest (ROl dbsolute band strengths for
the neutral PAH modes in 4@ ice are derived as follows. The,8 bending and libra-
tional overtone modes are subtracted from the raw spectsufitting a spline function
through a set of points where no PAH absorption occurs. Suiesely, the total theoreti-
cally calculated absolute intensity in the ROI is propartitly divided over the measured
PAH modes in this frequency range, via:

V'2 dv
V. Tiy
exp z :Athy 1 e (4'1)
= Z, o T,VdV

Vil

whereA”" is the experimentally measured band strength of PAH mddeH,O ice in
cm molecule?, Atjhy is the theoretically calculated absolute intensity of atlmnal mode

j in the ROI in cm molecule’, M is the number of theoretically calculated modes in the
ROI, 7, is the optical depth of modiin H,O ice at frequency (cm™?), L is the num-
ber of measured modes in the ROI, ang andv;, are the lower and upper integration
boundaries in cmt, respectively, for absorption feature This method takes advantage
of the fact that, although there may be band-to-band variatin the accuracy of the
calculated intensity for one band, the total theoretice#liculated intensity is generally
accurate to within 10-20%. Here we assume that the matrienmhtloes not substan-
tially influence the total integrated IR band intensity aad,will be shown later, this is
only an approximation.
The PAH in HO concentrations are determined as follows. The opticathdefp,)
of the 3 um stretching, Gum bending, and 13m libration modes of water are inte-
grated over the frequency domaini cm 1) and converted into the column density (
in molecules cr?), using the well known KO band strength values,ang[Hudgins et al.
1993], via:
f‘rvdv
Aband

The adopted KO band strength values, b are 2x 10726, 1.2 x 1017 and 31 x
101" cm molecule? for the stretching, bending and libration mode, respelgtiv&he
H,0 column density is determined by taking the average of ttiese strong KO bands.
Similarly, at least four strong bands of the PAHs under itigation are integrated and
converted to column densities using the band strengthshfset modes as calculated
above (Eg. 4.1). The average PAH column density is used tométe the concentration,
which is given by the ratio of the PAH and,B column densities.

Comparison of the PAH:}O ice spectrum before photolysis to that measured after
photolysis permits identification of photoproduct featyrancluding cation absorption

4.2)
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4 IR spectroscopy of PAH containing ices

bands. The spectrum of the freshly deposited PAiDHce, multiplied by a factory

(0 £ Y < 1), is used as a reference that is subtracted from the spectrthe irradiated
ice using the Resolutions Pro spectrometer software packeayided by Biorad. The
factorY is varied until the neutral bands are removed from the spectrAt this point,
the resulting subtraction spectrum reveaidy the photoproduct bands and the subtrac-
tion factor,Y, directly reflects the amount of neutral PAH consumed duphgtolysis.
Additionally, the contributions from the #D librational overtone and $#0 bending mode
are subtracted by a spline function, for which points aresehoat positions where no
PAH photoproduct absorptions are observed. The resulsglime corrected spectra are
used for further analysis.

The sample window on which the ices are grown was thoroudbbned before com-
mencing experiments on affirent PAH. Thus, the background spectrum taken of the
cold sample window before starting a series of measurenfgyteias free of PAH ab-
sorptions. For one specific PAH, typically five individual BAd,O photolysis experi-
ments were performed for filerent concentrations and temperatures (Table 4.1), during
which a residue built up, comprising unprocessed PAH, aedymably also PAH:}O
photoproducts. After completion of the measurement séwiethis specific PAH, a spec-
trum (1) was taken of the room temperature “dirty” sample windowbsaguently, the
system was cleaned and prepared for the next run. The rétiddpreflects the optical
depth spectrum of the non-volatile residue and is used tweleomplementary informa-
tion on the species formed in the ice. The non-volatile wessdthat built up during the
Ant, Py, and By,P measurement series are discussed in §4.5.

4.3 PAH:H,O spectroscopy

Earlier observations [Smith et al. 1989, Sellgren et al.51®ooke et al. 1999, Chiar
et al. 2000, Bregman et al. 2000] indicate that the ratio efrttmber of PAH molecules
to the number of KO ice molecules is small along lines of sight towards pretiesin
dense clouds. Based on these observations, we deduceithatithber seems to be on
the order of a few percent. In a very careful study, Sellgreal.e[1995] reported the
optical depth of the 3.26m aromatic C—H stretch band towards Morn/IR&S 3 as 0.045
with a FWHM of 75 cmt!. These values are similar to the range of values reported by
Bregman & Temi [2001] towards other deeply embedded pratsstor the purposes of
this analysis, we use the results from Sellgren et al. [L9S&hilar conclusions can be
drawn using the observations from these other lines of sight

Using the standard equation to determine the column den§igibsorbers along a

given line of sight:
N T X FWHM

A ,
with the FWHM in cnt! and anA value of 25 x 10718 cm per aromatic C—H bond [e.g.
Joblin et al. 1994, Bauschlicher et al. 2008] yield3  10'® aromatic C—H groups per
cn? along the line of sight to Mon RIRS 3. Astronomical PAHs are thought to range in
size from roughly Gs to well over Goo. Reasonable formulae for such sized species are

(4.3)
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4 IR spectroscopy of PAH containing ices

CsoHis and GggHog. To take this into account, we estimate that the ‘averageilver
of aromatic C—H bonds per astronomical PAH is 25. Dividing ttolumn density of
aromatic C—H bonds towards Mon RRS 3 (13 x 10'®) by 25 yields the PAH column
density, 72x 10*® PAHs cnt2. Likewise, for Mon R2IRS 3 we derive 3x 108 H,0 ice
molecules crr? from the O—H stretch band in Smith et al. [1989]. Thus, the RAID
ice ratio along this line of sight is.Z x 10'¢/3.3 x 108 = 0.022, or 2%.

Figure 4.1 presents the 3750-500¢nspectrum of a Py:kD (1:90) ice at 15 K,
which clearly shows that the @ ice bands dominate the spectrum at these concentra-
tions. In agreement with earlier findings on other PAHs ateaitrations of a few percent
in H,O ice, the CH-stretch band near 30307¢r(8.3m) is nearly imperceptible, while
the strong C—H out-of-plane bending bands between 900-806(£1-20um) sufer
from severe blending with the 4@ ice libration mode [Sandford et al. 2004, Bernstein
et al. 2005a]. This makes PAH bands between 1650-1006 ¢n6.06—10um, the ROI)
the most promising to study PAH3@ photochemistry, and to identify astronomical PAHs
and PAH related photoproduct species in interstellar ices.

The spectroscopy of PAH3D ice samples is discussed for Ant, Py, angiB and
compared to available PAH matrix isolation data. In Fig. #jadcal baseline corrected
spectra of the three neutral PAHs in argon (trace A) are qdotbgether with the spec-
tra of the neutral PAH:KD (trace B) ice {1:60). The spectra are normalized to the
strongest absorptions in the ROI. Clearly, the absorpteanrdb are much broader in water
ice compared to the argon matrix data, causing some of thap@imn bands to overlap.
Furthermore, the relative intensities of the bandgedifor an argon or BO environment.
The band positions and integrated absorbances relativeatof the strongest PAH ab-
sorption are listed in Table 4.2 for Ant, Py ang,® in HO ice and in an argon matrix
[Hudgins & Sandford 1998a]. The corresponding Density Fional Theory (DFT) peak
positions taken from Langio[1996] are given as well. The absolute band strengths for
PAHSs in HO ice, calculated under the assumptions described in S@c¢iarg also listed
in Table 4.2. Within the errors, the FWHM, relative intenséyd position of the band
maximum of absorptions of the three species studied her®anel to be independent of
concentration and temperature for the values listed ineldtl, even for the two most
extreme Ant:HO ice concentrations (1:11 and 1:450). Thus, although weataiully
exclude the presence of PAH aggregates in the ice, therespeauiral evidence for such
species.

4.4 PAH ice photochemistry

All PAH:H,0 ice samples listed in Table 4.1 are VUV irradiated for 5, 198, 30, 60,
120, and 180 minutes. Mid-IR spectra are taken after each ¥aBé to look for changes
in the spectrum. Spline baseline corrected spectra afteinbtes of VUV irradiation
of the Ant, Py, and B,P containing HO ice samples with a mixing ratio 6f1:60 are
shown in trace (D) of Fig. 4.2. In this figure, the spectra amngared to those of the
corresponding PAH species produced and trapped in solid argon (trace C). Qisopa
of the traces (D) and (B) in Fig. 4.2 shows that new absorptaise upon photolysis of
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4.4 PAH ice photochemistry

Table 4.2 The band positions and relative integrated absods for the PAHs antracene
(Ant), pyrene (Py) and benzo[ghi]peryleneg(f) in H,O ice at 15 K, and in an argon
matrix at 10 K. Band positions computed using Density Fumzti Theory are also listed.
Absolute intensities (Aung for the PAHs in BO ice are in units 10°cnymolecule.

PAH Position (cm‘l) Relative |.A. Apand
H,0 Ar Theon?  H,0 Ar Hy0
Ant 1001.7 1000.9 1000.7 0.7 0.8 6.8
1103.8 0.1 0.8
1127.4 0.2 1.9
1149.7 1149.2 1156.2 0.9 0.7 9.0
1157.7
1168.2 1166.9 1169.3 0.6 0.5 6.2
1186.8 0.1 1.0
1272.3 1272.5 1274.6 0.5 0.6 5.7
1316.0 1318.1 1311.2 1.0 1.0 10.4
1328.3 0.2 21
1347.7 1345.6,1346.4 1342.6 0.3 0.2 35
1400.1 0.3 31
1450.9 1450.5 1455.3 14 0.4 14.6
1460.0 1456.1 0.3
1537.9 1542.0 1533.7 0.8 0.8 8.7
1563.1 0.1 0.8
1610.5 1620.0 0.2
1624.4 1627.8 0.8 0.4 7.9
Py 1065.5 0.1 238
1096.4 1097.3 1092.3 0.2 0.2 5.1
1136.6 0.1 21
1176.3 1164.5 1160.8 0.3 0.1 6.1
1185.6 1183.9 1188.3 1.0 1.0 21.7
1244.0 1243.0 1253.1 0.5 0.2 10.3
1313.7 1312.1 1314.6 0.2 0.2 5.3
1435.1 1434.8 1427.0 0.8 0.6 17.3
1427.5
1452.0 0.1 2.8
1468.4 1471.0 1476.2 0.1 0.1 1.8
1488.4 0.2 33
1594.1 1586.1 0.6 12.7
1600.5 1604.0 1597.0 0.6 0.4 12.0
thiP 1038.3 1036.3 1037.6 0.2 0.1 4.4
1085.9 1087.8 1082.2 0.2 0.0 3.6
1093.4 1091.9 0.0
1132.0 1132.7 1136.6 0.4 0.3 85
1148.0 1149.2 1152.7 0.8 0.1 17.8
1186.5 1186.9 1171.1 0.3 0.0 6.2
1206.6
1203.5 1206.7 1203.3 0.5 0.3 10.8
1258.7 1259.1 1261.5 0.1 0.0 1.7
1309.0
1305.6 1302.9,1307.0 1292.3 0.7 0.3 15.8
1334.6 1338.6 0.3 6.3
13422 1342.6 1336.0 1.0 1.0 225
1374.9 1350.0 1375.8 0.1 0.2 1.6
1398.9
1392.8 1394.7 1397.8 05 0.4 11.7
1414.8 1416.0,1417.1 1426.2 05 0.3 11.4
1447.8 1449.0,1451.1 1441.3 0.8 0.6 17.8
1479.7 0.2 4.7
1512.8 1517.8 1513.3 0.2 0.0 35
1527.4 0.1
1582.8 1602.1 1586.4 0.4 0.2 9.1
1598.5 1586.6 0.3 6.5
1614.7 0.1 13
1618.9 0.1 2.4

2Values taken from: Langhb[1996]
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4 IR spectroscopy of PAH containing ices

the PAH:H,O mixtures. The photoproduct features are, however, healénded with
those of the remaining neutral PAH. To overcome this, speaftfreshly deposited PAHs
are subtracted from their VUV photolyzed counterparts witbubtraction factory, as
described in §4.2. Subsequently, the contribution by tirational overtone and the,@
bending mode are removed by fitting and subtracting a splinetfon. The resulting
spectra are shown in trace (E) of Fig. 4.2 and show photoptsdanly. The spectra
are again scaled to the strongest absorption in the ROl sltdvae noted here, that the
absorption bands of the photoproducts after 5 minutes of Madiation are rather small
compared to those of the neutral bands, as can be seen by riognppace (B) and (D)
from Fig. 4.2. While band intensities grow with longer irration time, the combination
of spectral overlap and fierent photoproduct band growths and losses makefiitudt

to track the precise photochemistry at longer photolysies. This is discussed later in
84.4.2.

Itis clear from Table 4.2 that the relative PAH band streagthH,O ice are dferent
from those in an argon matrix, but the PAH cation band stiehgteasured in argon
have to be used for further analysis, since band strengtiesdbr PAH cation vibrational
modes in HO ice cannot be reliably determined for two reasons. Finstappearance of
bands other than cation absorptions after 5 minutes of plaisgpoints out that there is
no one-to-one conversion of the neutral PAH to the cation #ngs, the column density
of used up neutral PAH molecules cannot be used as a reliahisn density for cations
in the ice on which to base a further band strength analysisor8lily, spectral congestion
and ill-defined baselines make it hard to obtain accuratd besas of photoproduct bands
in irradiated mixtures. This choice induces additionabesin the absolute PAHcolumn
density that can be as high as a factor of two.

4.4.1 PAH:H,O photoproducts

VUV photoprocessed PAH containing@ ices spectra exhibit a set of broad absorption
features (see trace E of Fig. 4.2). As with the neutral PAHs,absorption profiles of
PAH photoproducts in kD ice are much broader than those in an argon matrix (trace C).
These PAH:HO photoproduct absorption bands are decomposed by muGigiessian

fits and the peak positions of these bands are listed togeittePAH* absorptions and
band strengths measured in argon in Table 4.3. The solid ifeng the top margin
indicate the PAH cation band positions in Ar [Hudgins & Allandola 1995a,b]. The
photoproduct bands that fall within 10 ctof these features are assigned to the PAH
bands in HO. Some of the newly formed absorption bands, however, agicpositions
where no corresponding PAHband is found in argon. These absorption bands reflect
additional chemical reactions already at play in the ednigtplysis of PAH:HO ices.

It is well known that HO molecules photodissociate into radicalst(®H) and that
these radicals are mobile within,B ice, even at low temperatures [Andersson & van
Dishoeck 2008, Oberg et al. 2009d]. At the concentratiorgeuconsideration here, it
is therefore likely that these and other photoproductstnedh the PAHSs, forming more
complex aromatic species containing functional groups tjine rise to diferent peak
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Figure 4.2 From left to right the 1640 to 1050 thrspectra of the PAHs anthracene, pyrene, and benzo[ghigmerconsidered
are shown here. A) Spectra of the neutral PAH in argon, B)tsp@d the neutral PAH in water ice, C) spectra of the PAH catio
in argon, D) spectra of the PAHZ® (1:60) mixture after 5 minutes of in-situ VUV photolysisiaE) spectra showingnly the
photoproduct features that appear after 5 minutes of in\NdilV photolysis of the PAH:HO ice (spectrum ‘D-Yx'B’). The tick
marks connected to the top axis indicate the positions of Pfgdtures measured in argon. The PAH:matrix concentratiols
temperatures for the spectra shown in A and B are: Ant:Ar: 1000, 10 K; Py:Ax 1 : 1000, 10 K; BrP:Ar< 1 : 1000, 10 K and
Ant:H,0=1:60, 15 K; Py:HO=1:65, 15 K; B,P:H,0=1:60, 15 K. Argon matrix spectra of neutral Ant and Py aresdpced from
Hudgins & Sandford [1998a], neutralBP from Hudgins & Sandford [1998b], ionized Ant from HudginsAllamandola [1995b],
and ionized Py and &P from Hudgins & Allamandola [1995a].
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4 IR spectroscopy of PAH containing ices

positions in the mid-IR spectra (see also Chapter 6 and gwus$ion in Gudipati & Al-
lamandola [2006b]). While infrared spectroscopic data o &0 photoproducts are
largely lacking in the literature, analysis of the non-vildaphotoproducts has shown
that the O, OH and H additions to the parent PAH are the doniresaction pathways
[Ashbourn et al. 2007, Bernstein et al. 1999, 2002b]. Aracnalcohols are among the
known photoproducts, and the C-O stretching vibrationgolabls and phenols produces
a strong band in the 1260-1000 thregion [e.g., Silverstein & Bassler 1967]. Addi-
tionally, the alcohol OH wag falls in the 1420 to 1330 ¢megion. Besides alcohols,
aromatic ketones are also amongst the photoproducts. ¥@ediretch vibration in ke-
tones typically occurs at around 1700 ¢mKeeping this in mind, tentative identifications
of unassigned bands, i.e. not due to PAHre made below.

Anthracene:H,O photoproducts

While most of the bands in the spectrum of the ApttHohotoproducts can be attributed
to Ant*, some prominent bands cannot. Two such bands appear at ad3643 cm*.

It is possible that both of these absorptions originate ftioenCO stretch of two dierent
Ant—OH isomers. The 1243 cthband was previously attributed to an unknown AnttH
photoproduct [Bernstein et al. 2007]. Another prominemidthat is not solely due to
Ant* occurs at 1452 cnt. While a small cation band is present near this position in the
argon matrix data, it is much less intense with respect twther cation bands whereas
the photoproduct band in trace (E) (Fig. 4.2) is one of thengfest in the spectrum.
This band is likely a blend of the cation band with a much gissrproduct band. The
absorption frequency suggests that it originates from amatic CC stretching and C—H
in-plane bending mode. Two strong photoproduct bands adpea in the blue end of
the ROI, one at 1518 cmh, the other at 1604 cm. The moderately strong Ahband at
1586.4 cm? is expected to contribute to the blue end of the 1604 di@ature, but again
seems to be too weak to explain the full feature. Both the 1&&8 and most of the
1604 cn! bands are likely due to the aromatic CC stretch vibration néaly formed
species.

The detection of new bands in the 1260—1000tragion upon VUV photolysis of an
Ant:H,O mixture does agree with earlier findings by Ashbourn e248I0[7], who detected
1-anthrol and 2-anthrol using HPLC in a VUV irradiated AngtHice ¢ 1:100) after
warm-up to room temperature. They also reported the foomaif 1,4-anthraquinone,
9,10-anthraquinone and 9-anthrone. Anthraquinones icotwta C=0 bonds, which typ-
ically absorb at a frequency of 1676 cHChumbalov et al. 1967]. This band position is
outside of our ROI and detection is hampered by the stroii@ bending mode. The other
species detected by Ashbourn et al. [2007], 9-anthronenigslto the group of ketones
and is expected to exhibit a=© absorption at+ 1700 cnt!. The formation of this species
can also not be confirmed for the same reason.
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4.4 PAH ice photochemistry

Table 4.3 Band positions of photoproducts appearing upol ghbtolysis of the PAHs
antracene (Ant), pyrene (Py) and benzo[ghi]perylengifB in water ice at 15 K com-
pared to cation absorption band positions and band strengthsured in an argon matrix.
Band strengths are in units of 78 cnymolecule. Cation bands are marked with+a ’

PAH Position (cn 1) Positior® (cm™1) Band strengt® Ass.
H0 Argon
Ant 1155.7
1190.5 1183.3 0.37 +
1188.6 18 +
1242.7
1292.8 1290.4 15 +
1326.2 1314.6 15 +
1340.5 1341 26 +
1358.3 1352.6 8.0 +
1364.4 1.0 +
1412.1 1406.1 0.39 +
1409.5 2.7 +
1419.5 1418.4 22 +
1424.7 1430.2 0.38 +
1452.2
1459.6 1456.5 19 +
1517.9
1541.0 1539.9 3.9 +
1567.2 +
1589.3 1586.4 3.6 +
1603.6
1621.1
Py 11373
1182.0 1188.7 0.56 +
1205.2
1216.7 1216.0 17 +
1232.2
1247.6 1245.1, 1253.7,1255.7 5.6 +
1295.4
1319.0
1337.7
1359.0 1356.1,1358.4, 1361.8 16 +
1372.8
1393.2
1422.2 1421.1 23 +
1446.0 1440.3 15 +
1484.0
1537.5
1553.4 1550.9,1553.4,1556.0 13 +
1567.4
1586.4
1614.0
BghiP 1080.2
1126.4
1146.7 1140.2 55 +
1191.0
1223.6 1216.7 0.46 +
1223.4 4.1 +
1253.1
1303.0
1322.9 1311.9 1.9 +
1324.4 10 +
1339.8 1331.9 23 +
1346.2
1352.9 1350.2 21 +
1366.8 1369.0 8.6 +
1380.3
1388.4 1388.3 0.44 +
1406.1 1401.3 12 +
1408.8 0.64 +
14333 1429.4 13 +
1479.7
1501.0
1510.4
1529.7
1550.5 1538.6 0.25 +
1550.1 3.1 +
1568.0
1578.0 1578.2 14 +
1590.2
1604.7
1617.0
1624.3

aValues taken from: Hudgins & Allamandola [1995a,b]
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4 IR spectroscopy of PAH containing ices

Pyrene:H,O photoproducts

In the Py:HO case, the spectra in Fig. 4.2, trace (E) and photoprodwadt pesitions
listed in Table 4.3 show that less than half of the new bandseaconfidently assigned
to Py". As discussed above for Ant, the new features between 126Q@00 cm® may
be due to the CO stretch in various Py—OH isomers. Likewtse prominent features
at 1373 and 1393 cm can be tentatively attributed to modes involving both articna
CC stretch and C—H in-plane bends of new products. The largeer of photoproduct
bands between 1500 and 1650¢ns striking, especially since only that at 1553 ¢m
can be confidently attributed to Pased on matrix isolation spectra.

An attempt has been made to assign the unknown absorptiansre complex Py
related species. Peak positions in the RpHbhotolysis experiments are compared to
peak positions of 43 pyrene related species from the externkeoretical database of
PAH derivatives [Bauschlicher et al. 2010,www.astroctegipahdb]. Some groups of
molecules indeed do exhibit strong transitions around #ak positions where the ab-
sorption maxima are found for the undefined PyCHohotoproducts. These molecules
include H, OH, and O added pyrene-based species, suclgbs:0, CieH100, CigH12,
and their cations, in a variety of possible configurationkh@ugh some of these theoret-
ical peak positions overlap with the photoproduct bandsyite experimental spectral
data for these molecules are needed for unambiguous idatitfis of the reaction prod-
ucts of Py in VUV photolyzed KD ice.

Benzo[ghi]perylene:H,O photoproducts

As molecular size increases, the number of mid-IR transitigrows and, because of
spectral congestion, subtraction of neutral precursod®arcomes increasinglyfiicult.
This makes it hard to obtain clear-cut spectra of the praoiucthe B,P photoprocessed
ice and hence makes identification of individual bandBadlilt, if not impossible. As
with Ant and Py, the spectra in Fig. 4.2 and photoproductsdisn Table 4.3 show that
several absorption bands appear which clearly do not havataxncation counterband.
Unassigned absorptions are found between 1470 and 1540ac probably involve CC
stretching and C—H in plane bending modes. The strong utifidelbands between 1600
and 1640 cm' are likely caused by the<D stretching mode of ;P ketones formed in
the ice.

Keeping the types of photoproducts in the Ant and Py ices imdiit is most likely
that By,P derivatives containing H, O, and OH groups are formed ugmiqlysis. As
for the Ant:H,0 and Py:HO experiments, we cannot unambiguously assign B
photoproduct absorption bands. The non-volatile residae\dJV irradiated By,P:H,O
(<1:800) ice shows the addition of O, OH and H to the neutral igi®ernstein et al.
1999]. Thus, as with the other PAH;BD systems studied to date, it is likely that many
of these new bands in the mid-IR are due to various formsgPBOH, B,P-O, and
BgniP—H, and possibly their ionized counterparts.
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4.4 PAH ice photochemistry

4.4.2 Concentration effects and time dependent chem-
Istry

PAH:H,0O photolysis experiments have been performed for a set aksdrations ranging
from ~ 1:11 to 1:200. Here only the Ant3® experiments are described, but all three
investigated PAHs exhibit a similar behavior. Figure 4.8vghthe decay in the amount
of the neutral parent Ant in the ice as a function of phot@ysne relative to the amount
of the freshly deposited Ant before irradiation. ClearlyitAoss is far more ficient for
lower than for higher PAH concentration. Extrapolatingséaeesults, they are in good
agreement with recent results that are described in Chagar PAH:H,O ices at very
low concentration (5,000 to 10,000), where it is found that all the neutral PAHswa
consumed at the end of a 4 hour photolysis experiment.
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Figure 4.3 Neutral anthracene decay as a function of phgitotime (VUV fluence) and
concentration for 1:11, 1:60, and 1:172 Ang®I mixtures at 15 K. Conservative errors
are+5, +7, and+10%, respectively, of the initial amount of deposited naluspecies.
Second order exponential fits to the data (solid lines) aoe/stas well.

The 15 K neutral Ant decay data in Fig. 4.3 are co-plotted \itfit of the form
Y=C, exp(t/r1) + Coexp(t/rp). Fitting the experimental data required a sum of two
exponentials. This indicates that more than one processmnsible for the neutral Ant
loss. This is consistent with the optical work presentedhiaj@ers 6 and 7 in which two
photochemical reaction networks were described, one fét €&ion formation, the other
involving H, O, and OH PAH addition reactions.
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4 IR spectroscopy of PAH containing ices

The time dependent PAH cation and other photoproduct sigara also studied as
a function of photolysis time (VUV dose). For the lowest centration Py:HO ice in
our sample (1:200), the time dependent behavior of the jphotinict bands is compared
to the optical results presented in Paper Il. To this end,béeavior of the cation is
traced as a function of VUV time by integrating two of the missiiated prominent Py
absorption bands in the spectra, located at 1359 and 1554 &igure 4.4 shows the time
evolution of the column density of the Pgpecies derived from these bands (multiplied
by a factor of 10 to facilitate the display and normalizedhinitial amount of neutral Py)
together with the time evolution of the relative amount aitnal Py in the ice based on the
subtraction factory. The photolytic behavior of the integrated absorption efgtrongest
undefined photoproduct band at 1567 ¢rtmultiplied by a factor of 100 to facilitate the
display) is also shown. Because no information is availabl¢he band strength of this
species, we cannot convert this integrated absorbanca tdtumn density relative to the
amount of deposited neutral PAH. The*Pyands and 1567 cniphotoproduct band show
a different time dependence and clearly do not correlate. Whilmtbgrated absorbance
of Py* reaches a maximum after some 10 minutes and then declirephtitoproduct
signal grows and levels slightlyffictowards the end of the experiment.
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Figure 4.4 Evolution of Py, Pyand a single Py photoproduct for a 1:200 PyHce at
15 K as a function of photolysis time (VUV fluence). Photoprodspecies are tracked
using the 1359 and 1553 ctPy* and 1567 cm! Py photoproduct bands.

The error in the Py column density is reduced by taking the average column tlensi

based on the two strongest cation absorptions located atar861554 cmt. We estimate
the error in theelative Py" abundance to b&5% of the deposited amount of neutral Py
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4.4 PAH ice photochemistry

and, thus, the shape of the time dependence curve is weledefithe error in the absolute
number, however, is much larger because the argon bandjtreslues from Table 4.3
have to be used for the analysis and because of ill-defineglibas caused by spectral
congestion. Therefore, the error in tabsoluteamount of Py produced can be quite
high. For this reason, reliable quantitative time depehdata can only be obtained in
the optical spectral regime, where cation absorptionssaiated and spectra are taken
on a much shorter time scale. This is described in Chapteh@. efror in the absolute
number of neutral Py molecules consumed, on the other hanodwi(x7%). Since no
information is available on the band strength of the 1567*amidentified photoproduct
absorption band, no quantitative information can be obthion the formation of the
species responsible for this band.

Using the PAH cation in Ar band strengths values, it is alsssfile to deriveNg e,
the first order estimate of the fraction of the used-up né®#&l that is converted into
cation species versus other photoproducts. The amountpafsded neutralNpay, IS
known from concentration measurements (Egns. 4.1 and ddxha amount of consumed
neutral is given by (£ Y)Npan. The cation column densitypap+, is calculated with
Eq. 4.2 and the band strength values reported in Table 4.8.diierence between the
two, (1 - Y)Npan — N, makes up the photoproduct column density. The fraction of
consumed neutral PAH molecules converted into PAdgiven by:

Nirac = &.
[(1 = Y)Npan]

Values Nyac have been derived for filerent conditions for the three PAHs studied
here. After 5 minutes of VUV photolysis of the Py:@ (1:200) mixture, roughly 15%
of the used up neutral Py is converted into'Ryid 85% in other charged giod neutral
photoproducts. The Pyabsorption peaks at about 10 minutes of VUV photolysis, a
value that is also found in the optical study for much loweHR#ncentrations (1:5,000-
1:10,000). A mid-IR experiment on an ice sample with a highgiconcentration (1:60)
results in an even lowd¥s,c value of about 0.05, a trend that suggests that ionization is
more important in low concentration ices. Similar trendsfaund for low concentration
mixtures of Bj,P — a (1:160) mixture givellac ~ 0.20 — and Ant — a (1:172) mixture
givesNgac ~ 0.10 — after 5 minutes of VUV photolysis.

The quantitative analysis in Chapter 6 points out that tleeaeéPy + e~ recombination
channel. It is argued that the recombination reaction istiikedy a local process, i.e.,
the electron released after ionization remains in the iticiof its parent Py molecule.
Putting this in perspective with the data presented heienibans that the recombination
channel can well be mordieient in ices of higher concentration; the chance of recom-
bination with an electron released from a neighboring Pyemwlk is larger. In the higher
concentration experiments presented here, not all thealé¥#H is used up. Presumably
some of the deposited PAHSs are shielded from VUV irradiasiod therefore not ionized.
This may also explain the flierence between the ionized fraction in low versus high con-
centration ices. Furthermore, as discussed before, ibmizaeems to be lessteient at
high concentration ices, because chemical reactions ket®éHs and radical species
likely dominate the loss of the neutral species.

(4.4)
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In summary, all PAH molecules trapped in® ice exhibit a similar photoprocessing
behavior. lonization is more important in low concentratioes. However, after 5 min-
utes of VUV photolysis, most of the destroyed neutral spgeaie converted into fierent
PAH based photoproducts other than the cation. The coratentrof the ice sample has
a large influence on thefiency of the chemical reactions. PAHSs in lower concentra-
tion ices are used up faster and mofgcéently, whereas in higher concentration ices,
the PAH consumption is far lesdheient. Although no mid-IR VUV photolysis mea-
surements have been performed on corones@:lde mixtures, the near-UVis study
presented in Chapter 7 shows that also coronene exhibitsilaisbehavior.

4.4.3 lonization efficiency in CO ice

A control experiment has been performed on a Py:CO ice samffeK to investigate the
ionization dficiency of PAHs upon photolysis in a CO matrix. After a shorofalysis
time (150 s), the ice exhibits weak absorptions at 1861 aré I, These mid-
IR absorption bands were previously assigned to the H@dical by Milligan & Jacox
[1969]. This observation is consistent with experimenisorted in Chapter 6, where
the electronic HCOsignature is found in the 500 to 660 nm spectral range. There,
is also found that, in a CO matrix, the Py ionizatidfi@ency is close to zero, unless a
certain level of HO contamination in the CO matrix is reached. In the mid-IRezkpent
performed here, VUV photolysis of Py in a CO matrix indeedsdoet show any sign of
pyrene ionization, but also does not show any other PAB:photoproduct bands. We do
confirm the low ionization ficiency and the appearance of small H@®sorptions in a
nearly pure CO ice, but no absorptions caused by BpHcies, as in the optical study, are
observed. The fact that PAH absorption band strengthsalpicelectronic transitions
are 100 times stronger than those for vibrational transsti@nd that the level of 40
contamination, i.e. the source of H-atoms for the reactiom BO—-HCO, is lower in
the experiments described here, probably explains whyyhkemid IR absorption bands
were not detected. The important conclusion that follovesnfithis control experiment
is that HO catalyzes the ionization process. This is also consist&htthe observation
that ionization seems to be morgieient in low concentration PAH: 4D ices.

4.4.4 Temperature effects

VUV photolysis experiments on PAH#® samples £1:60) were also conducted at a
higher temperature (125 K). Consistent with the behaviporeed in the optical studies
Chapter 6, we find that the neutral PAH loss is sfifiGent, while the ionization channel
is strongly suppressed. The lesBaent formation of the cation can point to a lower rate
of ionization, but it is also possible that the recombinatitbannel becomes dominant at
higher temperatures. The result is that, at higher tempesitthe parent PAHs are more
efficiently converted into species other than the PAH cation.

In the high temperature Py#® experiment, for example, some pronounced vibra-
tional bands appear immediately upon VUV photolysis. Theseds, located at 1137.8,
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4.5 The non-volatile residue

1216.7, 1386.1 cmt and a broad feature consisting of bands at 1553.5, 1566dl, an
1583.1 cmt, become strongest after 5 minutes of photolysis and thesideib Only
the bands at 1216.7 and 1553.5¢nare at positions of Pyabsorptions. The remain-
ing bands are also apparent in the low temperature spectrahtited by up to 3 cm
and, in the absence of many of the other bands, seem to be muoreymced in the high
temperature photolysis dataset.

For the PAH:HO ices irradiated at high temperatures there is a very brgadap-
ping substructure superimposed on the baseline of theiRigpectra. This is presum-
ably caused by blended photoproducts and possibly PAH ggtge. Together with the
knowledge that more complex species have been detectedanetperiments [Bernstein
et al. 1999, 2002b, Ashbourn et al. 2007], we conclude thedgminantly a mixture of
PAH-X, species, with X being H, O, or OH, may have been formed andothigtone or
a few chemical reaction channels dominate, resulting irobiserved bands.

Ices at a temperature of 125 K are known to be @edéent structure than ices at low
temperature [Jenniskens & Blake 1994]. This structuriédénce — amorphous at 15 K
vs. cubic crystalline at 125 K — may explain theéfdrent photochemical behavior. How-
ever, in Chapter 6 we investigated the influence of the icegire on the photoionization
and found that ices annealed at 125 K and subsequently cdovealto 25 K exhibit sim-
ilar ionization behavior as those grown and photolyzed a2Hence, they ascribed the
different behavior at high temperatures to the larger mobifitadical species in the ice.
The experiments presented here, point out a similar behavio

45 The non-volatile residue

Figure 4.5 shows the 4000 to 500 throom temperature spectra of the non-volatile
residues produced by the photolysis of the three PAKltes considered here. The
spectra are measured as described in §7.2 and providecsdditiformation on the pho-
toproducts which have accumulated over a series of expaetinfer a particular PAH.
These residues, complex mixtures of the non-volatile ptroiucts, may also contain
some of the parent PAH as well as some trappe® ldr H,O that accreted during the
cooling of the sample window. Because the(Habsorption bands in these spectra are
much smaller than in the experiments on PALIZHice mixtures, the spectra can be in-
vestigated over the full range from 4000 to 5007¢ém In the ROI, the spectra show
continuous, undulating absorptions from about 1750 to 1480 with several distinct
features superposed. Additional spectral features arelfbatween 3750 and 2750 chn
The chemical subgroups indicated by these features aréstemtswith the addition of O,
H, and OH to the parent PAH.

The aromatic-rich nature of these residues makes theitrspgaalitatively diferent
from the 13 residue spectra previously analyzed to compdte the spectrum of the
diffuse interstellar medium [Pendleton & Allamandola 2002]. Mitiis impossible to
identify the molecules comprising the residues using nefilaspectroscopy, it is possible
to characterize the species and subgroups present by didgpe (i.e aliphatic versus
aromatic hydrocarbons, carbonyl vs. alcohol carbon-omylgeks, etc.). The following
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4 IR spectroscopy of PAH containing ices

analysis utilizes the characteristic group frequenciaseaibas relative and intrinsic band
strengths as described in [Bellamy 1960, Silverstein & Bask067, Wexler 1967]. The
prominent features in these spectra are discussed sygtattyafrom higher to lower
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Figure 4.5 Overview of the room temperature spectra of thielues accumulated during
the photolysis of Ant, Py, anddgP containing HO ices.
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e The 3300 cmt, O-H stretch:A large part of this band can be ascribed tgOHac-

cretion to the cold sample, since the residue spectra aesl lmasbackground spec-
tra taken of a cold sample window. However, the weak sidelaad 3550 cm'
points to the O—H stretching mode in phenols and, thus, teseprce of aromatic
alcohols in the residues.

The 3060 cm! aromatic C—H stretch: The next prominent band, peaking near
3060 cn?, is due to the aromatic C—H stretch belonging to either themisPAH
or PAH photoproducts.

The 2990-2850 cm aliphatic C—H stretch:The addition of H to the aromatic par-
ent forms a new type of functional group, which is evidentrirthe broad aliphatic
C-H stretch feature between about 2850 and 2990 criThe two subpeaks at
about 2925 and 2860 crhare characteristic of methylene (—-gH groups, show-
ing that the major H-addition channel proceeds by additiat,ring opening. If
ring opening had been an important channel, bands due to-thes@etches of
methyl (-CH) groups near 2960 and 2870 thwould have been expected. The



4.5 The non-volatile residue

assignment to methylene groups is further supported by thimipent band near
1450-1460 cmt in the lower two spectra shown in Fig. 4.5. A band in this regio
indicates the —CH- scissoring mode in cyclic saturated compounds such as-cycl
hexane and cyclopentane. The spectrumgaffBis consistent with this analysis, but
the bands are weaker. Given that the intrinsic strengtheotbmatic C—H stretch
is 10 times weaker than the intrinsic strength of the alijgh@+H stretch per C-H
[Wexler 1967], the increasing ratio of the aromatic banérnsity to the aliphatic
band intensity with PAH size indicates that H addition beeertess fective as the
PAH size increases.

e The 1700 cmt carbonyl G=0 stretch:As with the O—H stretching band neau,
some of this band may be attributed to the bending mode,6f iolecules frozen
onto the cold sample window. However, itis likely that pdrtas band is caused by
the C=0 stretch in carbonyl groups. In this case, quinone-likecstres would be
expected with the double bond to O participating in the cgafion of the molecule
as a whole.

e The band at 1625 cm: A distinct feature is evident at this frequency in all three
spectra. The value is low for isolated carbonyls, but isati@ristic for the carbonyl
C=0 stretch in molecules with intramolecular hydrogen bogdiith an OH group.

e The 1600 cmt aromatic CC stretch:A well defined, but generally weak band
centered near 1600 cthis characteristic of the CC skeletal stretch in aromatic
molecules. The prominence of this band in all three resigeetsa shows, not
surprisingly, that they are primarily aromatic in nature.

e The bands between 1520 and 1500 tnSeveral features in this region become
more prominent with parent PAH size. We are unable to atiiltiese bands to
specific molecular vibrations.

e The 1450 and 1440 cth—CH,— scissoring vibrationThis band has been discussed
in the paragraph describing the aliphatic C—H vibratiorsveb

e The 1260 cm' band in the pyrene photoprodudtVhile this prominent band falls in
the 1300-1000 cnt region which is characteristic of aromatic C—H in-planeden
ing vibrations, other likely compounds also absorb in teigion. For example, the
C-O stretch in aromatic alcohols has a strong band betweghar®d 1180 cm.

e The 900 to 500 cmt aromatic C—H out-of-plane bendhis region encompasses
the very strong C—H out of plane vibrations which are diaginasf substitution
patterns on the edge rings. In this case, these bands sanaripr as an indication
of the presence of aromatic compounds.

All the pure PAHs under investigation here exhibit strongflscence upon excita-
tion with a hand-held UV lamp. It is noteworthy, that afterfoeming the experiments,
the residues do not exhibit any fluorescence. This is camdistith the residues being
processed PAHs with affierent chemical identity.
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4 IR spectroscopy of PAH containing ices

4.6 Astrophysical implications

The 5-8um spectra of embedded low- and high-mass objects are gbnedoamhinated
by two strong bands originating from interstellar ice, oeatered near 6.0m and pri-
marily attributed to the KO bending mode, and the other near g8. Close inspection
of the spectra of many fferent molecular clouds shows that, while features nearr&l0 a
6.8 um are nearly always present, band positions, profiles, dative strengths of other
features vary somewhat from one object to another, re\galranges in ice composi-
tion and structure [e.g. Keane et al. 2001b, Keane 2001, &ilthittet 2002, Schutte
& Khanna 2003, Boogert & Ehrenfreund 2004, Boogert et al.80Besides the two
dominant absorptions, signals are also found from othazisp¢hat absorb in the 5+8n
region. An overview of absorptions by molecular specieshis tvavelength region is
given in Table 4.4. The knowledge of interstellar ice conitpas and chemistry is based
on over twenty five years of dedicated studies on laborat@yanalogs to interpret these
observations [see references mentioned above and Ehradf& Charnley 2000, van
Dishoeck 2004,and references therein]. However, to datd, studies considering PAHs
in ices and their contribution to the 5u&1 absorption complex are lacking. Here, we dis-
cuss the possible contribution of PAHSs in ices to the speafttath high- and low-mass
objects, using the laboratory data presented in the predeations.

Table 4.4 Molecules, their vibrational modes and solidestdisorption band positions
thought to contribute to the 5+8n ice absorption complex towards low- and high-mass
embedded objects

Molecule  Mode A@m) v(em?!)  Ref.
H,0O H-O-H bend 5.4-9  1852-1111 1
Libr. overtone 1
H,CO C=0 stretch 5.83 1715 2
CHsHCO  C=O stretch 5.83 1715 3
HCOOH  C=0 stretch 5.85 1709 34
NH3 H-N-H bend 6.16 1623 5
PAH? CC stretch 6.20 1613 6
HCOO C=0 stretch 6.33 1580 3
H,CO H—C—H bend 6.68 1497 2
NH; Deformation 6.85 1460 7
HCOOH  C-H stretch 7.25 1379 3,4
HCOO C-H deform. 7.40 1351 3
SO, Asymm. stretch 7.58 1319 8
CH, Deformation 7.68 1302 9

References: [1] D'Hendecourt & Allamandola [1986]; [2] Schuttele [1993]; [3] Schutte et al.
[1999]; [4] Bisschop et al. [2007a]; [5] Kerkhof et al. [1999%][Keane et al. [2001b] Kerkhof et al.
[1999] ; [7] Schutte & Khanna [2003]; [8] Boogert et al. [1997] Boogert et al. [1996].
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4.6 Astrophysical implications
4.6.1 High-mass protostars

Figure 4.6 shows the’5.3-8.7um (1900-1150 cm') ISO SWS spectrum towards the
high-mass protostar W33A (based on data from Keane et al1f@p@nd the residual
that remains after subtracting the®lbending and librational overtone bands in a manner
similar to that described in §7.2. Based on a sample of fivedf@@tra towards high-mass
protostars, Keane et al. [2001b] attributed the bulk of tieuén ice band to amorphous
H,O ice, with additional absorptions on the short wavelengiigwear 5.8:m and on
the long wavelength wing near 6.2n. They assigned the short wavelength absorption
at 5.83um to the carbonyl CO stretch in formaldehyde and relatedispdzased on
laboratory studies and tentatively suggested that thel@awglength absorption at 6.2n

is due to the CC stretch of aromatic structures in PAHs or phmrs carbon particles.
Keane et al. [2001b] also showed that the gu&bband is comprised of two components,
one centered near 6.7Bn, and the other at 6.95m, but they did not assign possible
band carriers. Noteworthy in Fig. 4.6 are also the weak watthg features betwee7.2

and 7.9um. Assignments of these absorption features are discus&ahutte & Khanna
[2003].
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Figure 4.6 The 5.3 to 8,//m ISO SWS spectrum of the high-mass protostar W33A plotted
in optical depth together with the spectrum obtained afibtraction of the HO bending
and librational overtone modes. The figure is adapted, vatmssion, from Keane et al.
[2001b].
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4 IR spectroscopy of PAH containing ices

4.6.2 Low-mass protostars

Figure 4.7 shows the5.3-8.1um (1900-1234 cm') spectrum of the low-mass YSO
RNO 91, reproduced from Boogert et al. [2008]. In this momeerd, extensive spectro-
scopic study of the 5—-8m region of 41 low luminosity, low-mass protostars measured
with the Spitzertelescope, Boogert et al. [2008] showed that, once theibotitn from
H,O ice is removed, the 5-Bm residual spectrum can be split into five components
(C1-C5). The large sample of objects permitted Boogert gbaxtract rough band pro-
files, although not uniquely assignable to specific banderatrand to determine band to
band variations for all five components. The positions of@Giehrough C4 components
are similar to those described in Keane et al. [2001b] antigidhese bands can be at-
tributed to the species mentioned in Table 4.4. C5, a vergdyranderlying component
that stretches from about 1725 to 1250¢n(6.8—8um) cannot be explained by any of
these species and is most likely a blend of more than oneespe&s with the spectrum
of W33A, RNO 91 also shows several weaker features betweesmd.Z.9um.
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Figure 4.7 The 5.3 to 8.4m Spitzerspectrum of the low-mass YSO RNO 91 plotted in
optical depth together with the spectrum obtained aftetraation of the HO bending,
and librational overtone modes. The C5 complex absorpsateacribed by Boogert et al.
[2008] is also indicated (solid line). The figure is adapteith permission, from Boogert
et al. [2008].
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4.6 Astrophysical implications

4.6.3 PAH contributions to the 5-8 um absorption

Here, we discuss the possible contribution that inteestédles containing PAHs and their
photoproducts could make to the spectra of molecular claudise 6.1-8.3:um (1650—
1200 cn1?) region. The comparison is restricted to the three PAHsistUdere. These
three PAHSs, Ant in particular, are on the low end of the PAH slistribution expected in
space. As a consequence, the relative intensities of thesren@ dierent than those ex-
pected for larger PAHSs in the interstellar case. Infrareadsavhich result from the C-H
functional group are expected to be less intense in spat¢erespect to modes result-
ing from aromatic CC stretches, since astronomical PAH$&age and contain relatively
more CC than CH bonds. Figure 4.8 shows the photoproductshrad appear after
180 minutes of VUV photolysis of the PAHs considered here i@hte. All VUV pro-
cessed PAH:KO mixtures under investigation exhibit bands clusterediadd 600 cm?.
The band at 6.2&m, observed towards both low- and high-mass sources andladsmn
in Fig. 4.8, could well be caused by a superposition of maiffedint large PAH and
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Figure 4.8 The 6.1-8.8m (1650 cm'-1200 cm?) region of the spectra of W33A and
RNO 91 after subtraction of theJ& bending and librational overtone contributions plot-
ted in absorbance compared to the spectra of the produetsl&® minutes of PAH: D

ice photolysis. The dotted line guides the eye to #6e2 um ice absorption and main
PAH:H,0 ice photoproduct bands.
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4 IR spectroscopy of PAH containing ices

PAH photoproduct absorption bands, or organic refractomyenial as discussed in §4.5.
Additional minor PAH absorptions throughout the 6-a@l spectrum can be (partly) re-
sponsible for the underlying C5 complex absorption whicii$® indicated in Fig. 4.5 as
well as the weak undulating structure between 7.2 angim.9

The observational data also permit one to put crude limitshencolumn densities
of PAHs condensed in interstellar ice. Assuming that theu@n2feature in the residual
spectrum shown in Fig. 4.6 is due primarily to the aromatic €@tching vibration in
PAHs and closely related aromatic material frozen yOHich interstellar ice, one can
estimate their column densitiNfan) with Eq. 4.2. The integrated optical depths of the
component are-16 cnt? for W33A and~1.3 cnt? for RNO 91. The experimental data
indicate that a certain number of neutral PAH species iseded into PAH photoproduct
species, as indicated by €1Y)Nneutras WhereNpeutrar is the column density of deposited
neutral molecules. This allows us to calculate an averagd bength for the species re-
sponsible for the absorption band around@®2with Eq. 4.2. The resulting average band
strength Lproq) for the formed PAH products is2x 10-” cm molecule?. With these as-
sumptions, the column density of neutral PAHs and PAH phrafidyicts frozen in HO is
1.3x10' molecules cr¥ for the high-mass object (W33A) andk 10*® molecules cr?
for the low-mass object (RNO 91). Given that the column dgnef H,O ice along the
line of sight to these objects is>4 10'° moleculegn? and 43 x 10*® moleculegcn?
[Keane et al. 2001b, Boogert et al. 2008], respectively ttmiplies PAH and PAH pho-
toproduct abundances between 2—-3% with respect to watés.cbhcentration range is
reasonable given the PAH abundances derived from mid-IRsam features [Puget &
Leger 1989, Allamandola et al. 1989].

4.7 Conclusions

The manuscript describes mid-IR absorption spectroscbppb:H,0 ices, their VUV
induced photochemistry and photoproducts. The main ceiuis of this manuscript are
summarized below.

1. Band positions, FWHMSs, and relative intensities of ardbre, pyrene and benzo-
[ghi]perylene in HO ice in the 1650-1000 cm spectral window are compared
to their matrix isolation data. Additionally, band streingjtare derived for these
species isolated in an astrophysically relevag®hte at 15 K.

2. VUV photolysis of PAH containing kD ice causes the embedded PAH to ionize
and react with HO photoproducts. The band positions of PAH cations trapped i
H,O ice are measured and compared to PAH cation values froniopseargon
matrix isolation studies. Additionally, peak positionsRAH:H,O photoproducts
other than the cation are determined and tentatively asditm PAH-X, species,
with X being O, H or OH.

3. The PAH:HO ice photochemistry is tracked as a function of VUV fluencermn-
itoring the integrated absorbances of the parent PAH and pAdtoproduct bands
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4.7 Conclusions

periodically during photolysis for several hours. In alseg, the PAH cation bands
peak after some 5 to 10 minutes and then slowly decline whiergphotoprod-
uct bands continue to grow steadily and starts to le¥ehfier about an hour of
irradiation.

. The VUV induced photochemistry of the PAH pyrene in a COnes also studied.
In this case, PAH ionization is ifigcient compared to a VUV irradiated PAH;B
ice and seems to depend on the presence of trace amourg®of H

. The photochemistry is also tracked as a function of PAI@ite concentration for
PAH:H,O ratios~1:10 to 1:200. The fraction of neutral molecules converted i
the cation is found to be larger in ices of lower concentrgtmonsistent with the
previous conclusion.

. The ice photochemistry is monitored for two ice tempeedul5 and 125 K. PAH
cation formation is important and dominates the first fewutgs in the low tem-
perature case. However, ionization is far lefiicient in the 125 K ice while the
loss of the neutral parent PAH is equallffieient. It is concluded that reactions
with H,O photoproducts are the dominant channel at high tempesatur

. Spectra from 4000 to 500 chof the non-volatile room temperature residue that
builds up over the coarse of the experiments on each PAHespeonsidered here
are analyzed. These aromatic-rich residues contain OHaG®CH groups as ev-
idenced by absorptions in the OH stretching region (2}, CH stretching region
(8.3-3.4um) and in the GO, C-0, and aromatic CC region (5.6—1).

. The infrared data of the PAH photoproducts are compares-8&um ISO and
Spitzerspectra of a high- and low-mass protostar. It is shown thad:PAO ice
photoproducts are plausible candidates for the 6.2 tau&bsorption band asso-
ciated with interstellar ice and that these contribute tmeof the weak structure
between about 6.9 to Bm. The band strength of the 6.2 to ufh band of the
PAH:H,O0 ice photoproducts reported here is determined. From thisl@vive an
upper limit for interstellar abundance of PAHs and PABHice photoproducts
with respect to HO ice of 2—3%.
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CHAPTER 5

Real time optical spectroscopy of VUV irradiated
pyrene:HO interstellar icé

This chapter describes a near-0NS study of a pyrene:kD interstellar ice analogue
at 10 K using optical absorption spectroscopy. A new expental approach makes it
possible to irradiate the sample with vacuum ultraviolet) Xy light (7—10.5 eV) while
simultaneously recording spectra in the 240—-1000 nm raritlpeswb-second time resolu-
tion. Both spectroscopic and kinetic information on VUV gegsed ices are obtained in
this way. This provides a powerful tool to follow, in situ aimdreal time, the photophys-
ical and photochemical processes induced by VUV irradiatiba polycyclic aromatic
hydrocarbon containing inter- and circumstellar ice agaé Results on the VUV pho-
tolysis of a prototype sample — strongly diluted pyrene igOHce — are presented.
In addition to the pyrene cation (Py other products — hydroxypyrene (PyOH), pos-
sibly hydroxypyrene cation (PyOH), and pyrengyrenolate anion (PyPyO ) — are
observed. It is found that the charge remains localized éni¢k, also after the VUV
irradiation is stopped. The astrochemical implicationd ahservational constraints are
discussed.

1Based on: J. Bouwman, D. M. Paardekooper, H. M. Cuppen, HairtanL. J. Allamandola, Astrophysical
Journal, 700, 56-62 (2009)
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.1 Introduction

At present, more than 150ftkrent inter- and circumstellar molecules have been obderve
in space. The chemical diversity is striking, and both sergrid very complex as well as
stable and transient species have been detected. Amorgyuhambiguously identified
species polycyclic aromatic hydrocarbon molecules (or 8pkte lacking even though
PAHSs are generally thought to be ubiquitous in space [eam,Dishoeck 2004]. Strong
infrared emission features at 3.3, 6.2, 7.7, 8.6, and AfinZare common in regions of,
for example, massive star formation and have been expldigedAH emission upon
electronic excitation by vacuum ultraviolet (VUV) radiai. Consequently, PAHs are
expected to play a key role in the heating of neutral gas tiirabhe photoelectricfiect.
PAHSs are also considered as important charge carriersidgidse molecular clouds, and
relevant for molecule formation through ion — molecule ratdions [Gillett et al. 1973,
Puget & Leger 1989, Allamandola et al. 1989, Kim et al. 2001ijtB et al. 2007, Draine
et al. 2007]. Nevertheless, the only aromatic species uitarabsly identified in space is
benzene, following infrared observations [Cernichard.e2@01].

In recent years electronic transitions of PAH cations hagenbstudied in the gas
phase with the goal to link laboratory data to unidentifietiagh absorption features ob-
served through diuse interstellar clouds. Following matrix isolation spestopic work
[Salama & Allamandola 1991], gas phase optical spectra haee recorded for several
PAH cations [Romanini et al. 1999, Bréchignac & Pino 1999]daynbining sensitive
spectroscopic techniques and special plasma expansiootylfvski et al. 2000, Lin-
nartz 2009]. Such optical spectra have unique featurestadfore provide a powerful
tool for identifying PAHs in space. So far, however, no oaprhas been found between
laboratory spectra of gaseous PAHmd astronomical features.

In dense molecular clouds, most PAHs should quickly conglemgo the HO- rich
icy grain mantles, quenching the IR emission process. Heey, will participate in ice
grain chemistry. More than 25 years of dedicated studieslynin the infrared, have
proven that a direct comparison between laboratory andrastnical ice spectra paints
an accurate picture of the composition and the presenceest iand circumstellar ices,
even though solid-state features are rather broad. Therapézatures (band position,
band width (FWHM) and the intensity ratio of fundamental aittons) depend strongly
on mixing ratio and ice matrix conditions and this provideseasitive analytical tool to
identify ice compositions in space [e.g., Boogert et al.2@berg et al. 2008].

In the past, several experiments have been reported in whe&lformation of new
molecules was proven upon VUV irradiation of astronomicalinixtures, typically un-
der high vacuum conditions [e.g., Mendoza-Gomez et al. 18@5nstein et al. 1999,
Gudipati & Allamandola 2003, Ruiterkamp et al. 2005, Peetdral. 2005, Elsila et al.
2006]. Many of these studies were not in situ, i.e., reastaugire determined after warm
up of the ice, and although VUV-induced photochemistry attemperatures is expected
to take place, it is not possible to fully exclude that at {esasne of the observed reactants
may have been formed during the warm-up stage. More regenthitu studies have
become possible using ultrahigh vacuum setups in whichaoegrown with monolayer
precision and reactions are monitored using reflectionrakiso infrared spectroscopy
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5.2 Experimental

and temperature programmed desorption. Recent resulistthoH-atom bombardment
of CO and Q ice results in the fécient formation of HCO/CH;OH and HO,/H,0, re-
spectively [Watanabe & Kouchi 2002, loppolo et al. 2008, #ighi et al. 2008]. Overall,
such studies are still restricted to the formation of ragraall species, with ethanol as
the most complex molecule investigated in this way [Bisgchbal. 2007b]. Moreover,
the reactants and products should not have overlappingharmder to track them sep-
arately.

In the present work, a new approach is presented that extemgisevious FTIR work
on interstellar ice analogues to the OAS. With the new setup it is possible to record,
in sity, the VUV photochemistry of PAHs and PAH derivatives in watar at 10 K in
real time. In the next section, this new approach is discugsaletail. The first re-
sults for the PAH pyrene (fgH10, or Py) and its photoproducts, pyrene cationefd,
or Py"), hydroxypyrene (PyOH), hydroxypyrene cation (PyQHand pyrengyrenolate
anion (Py/PyO") in H,O ice are presented in 85.3. Finally, the astrophysicalaslee of
this work is discussed in §85.5. The latter is twofold. Fitishe-dependent results of VUV
irradiated ice provide general insight into possible riescpathways upon photoprocess-
ing of PAH containing water ice. Second, the results pro@dpectroscopic alternative
to search for PAH and PAH-related optical features in therirdnd circumstellar medium
(ISM/CSM) through electronic solid-state absorptions.

5.2 Experimental

A schematic of the experimental setup is shown in Fig. 5.1e &periment consists of
three units: a vacuum chamber in which the ice is grown, aiapeoV irradiation source
that is used for the photo-processing of the ice and a soundtirey broadband light that
is focused into the ice and subsequently detected using achoomator equipped with
a sensitive CCD camera.

The vacuum chamber consists of an ISO-160 6-cross piece0ASH turbomolecu-
lar pump, backed by a 10%hr* double stage rotary pump, is used to evacuate the cham-
ber and to guarantee an operating pressurel6f’ mbar. A catalytic trap is mounted on
the pre-vacuum pump to prevent pump oil from entering theiracchamber.

The top flange of the cross piece holds fietentially pumped rotary flange on which
is mounted a closed cycle helium refrigerator equipped avitbld finger. A Mgk sample
window with a diameter of 14 mm, clamped into an oxygen fregpeo holder between
indium gaskets, is mounted on the cold finger and centereldeoyitical axis of the setup.
This allows for rotation of the sample window through 3&®der vacuum. The sample
window can be cooled down to 10 K and a thermocouple (Chrakugre (0.07%)) and
a temperature controller guarantee accurate temperagtiiegs with 0.1 K precision.

The Py:HO sample is prepared by vapor depositing pyrene from a salidpte
(Aldrich 99%) heated to 4@, together with milli-Q water vapor from a liquid sample.
The entire inlet system is maintainecst0°C during deposition and comprises gas bulbs
containing the sample material and tubing for directed ditjom, approximately 15 mm
from the sample window. The flow rate of the sample materiabisby a high precision

111



5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

O \Mi MW-

PD L3 Power
Supply Computer
®© o L
Hydrogen Py
-lam
P 3
Pump . @ 8
IS —
Xe- or Fiber-lamp L1 W3 53 Lo o
ectr.
(50N S N TN It ol %
LU L7 fwr “sws we[|” L% ZgsV
D1 D2 Ve —
Temperature Pump @ | bapump \
Controller T N
COmputeI’ ) "/’:,/:»”" Spectrometer

N computer

Figure 5.1 A schematic drawing of the experimental setup. E&am splitter; IDX: iris
diaphragm X; LX: lens X; MX: mirror X; PD: photodiode to moaitinterference fringes;
PI: pressure indicator; SW: MgFold sample window; TI: temperature indicator; U: volt-
age meter; VC: Vacuum Chamber and WX: Mg#indow X. The light paths are indicated
by arrows, the data wiring is indicated in red lines, and tdrbgen flow is indicated by
blue lines (see online color version). The inset shows a&tldimensional drawing of the
experimental setup.

dosing valve. Condensation inside the tube is prohibiteddyitional resistive heating
and the temperature settings are monitored by K-type thesopdes. The resulting ice
film thickness is accurately measured by recording the nuwiteterference fringe max-
ima (M) of a HeNe laser{ =632.8 nm) which strikes the sample window at an angle of
0#=45. To monitor film growth and thickness, the intensity of théagted laser light is
measured with a sensitive photodiode. The ice thicknesshisegjuently determined by:

m/lHeNe

= 5.1
2Njce COSH’ 5.1)

with the refractive index of the predominantly,@® ice beingnice ~ 1.3 [Hudgins et al.
1993]. This is illustrated in Fig. 5.2 where both interfezerfringes produced during
ice deposition and the simultaneous growth of the intedragitral Py absorbance band
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are shown. The final ice thickness amounts touhifand is reproducible to within 5% or
better. Simultaneously, the number of pyrene moleculdssiice samplel) is monitored
by measuring the integrated absorbance of its strongesitian (S «— S) (see Fig. 5.2).
The number of pyrene molecules per&oan be calculated via [Kjaergaard et al. 2000,
Hudgins et al. 1993]:
ff 7dv
N = 8.88x 10-13f’ (5-2)

wheref = 0.33 is the known oscillator strength of the & S, transition of pyrene [Bito
et al. 2000, Wang et al. 2003]. The resulting column dengipycene molecules amounts
to about 410 cm™2. For a typical sample with a thickness of Lum, the column density
of H,O molecules amounts to4.0'® cm2, using the value for the density of amorphous
ice (p=0.94 gcm?; Sceats, M. G. and Rice, S., A. [1982]). Thus, the samplel@itzed
to consist of a 1:10,000 pyrenei@ mixture. This mixing ratio can be roughly varied by
changing the KO flowrate or the pyrene sample temperature. The HeNe beatrhese
for monitoring the ice growth process also traces other efgmalong the optical path
and is used to align all components.

The vacuum UV radiation from a special microwave (MW) powehngdrogen dis-
charge lamp is used to simulate the interstellar radiatield fMufioz Caro et al. 2002].
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Figure 5.2 A plot showing both the growth of the integratedepe absorption band
(squares and left axis) and the interference fringes medsoy the photodiode (right
axis). Att = 14 minutes, the deposition is stopped and the interfereatierp dimin-
ishes. The error bar shown in the right lower corner applethé pyrene-integrated
absorbance.
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

The lamp consists of a flow tube clamped in a McCarroll caviigCarroll 1970] and
emits mainly Lye radiation around 121.6 nm and, with less intensity, a bamteced
around 160 nm. The cavity is excited by a regular MW power 8ui®0 W, 2450 MHz).
The H, pressure in the lamp is maintained at 0.4 mbar during omeréRraxair 5.0 bl).
This results in a VUV photon flux 0f 10'® photons cm? s™1. The lamp is centered onto
the front flange and the VUV radiation enters the setup tosvtrd ice sample through a
MgF, window that also serves as a vacuum seal. A shutter is usdddio the VUV until
the moment that the ice processing should start. Besidasneliing the need to switch
the H, lamp on and & during the course of an experiment, this allows the lampde st
bilize before irradiation starts. This is important wheacking photochemical behavior
during extended periods of photolysis.

A 300 W ozone-free Xe-arc lamp serves as a broad band whiitesiayrce to measure
the spectral ice features in direct absorption. The lampatssectral energy distribution
that covers the full detector range (200 rmi < 2400 nm). Alternatively, the light from
a halogen fiber lamp can be used when no UV coverage is desinaaptical system con-
sisting of lenses and diaphragms is used to guide the ligithibrough a MggFwindow
along the optical axis — coinciding with the pre-aligned Hebéam — and crossing the
ice sample at a 45angle. Light that is not absorbed exits the vacuum chambeugjn
a second Mgp window after which it is focused onto the entrance slit of adDIOR
Shamrock spectrometer. The spectrometer is equipped withinterchangeable turrets
which holds four gratings in total (2400, 1200, 600 and 16@dimm?), allowing for a
trade-dt between wavelength coverage and spectral resolutionndegeon the experi-
mental needs. Since typical ice absorption bands exhibiwalM of 4-20 nm, most of
the experiments are performed using the 600 lines hgrating, resulting in an accessible
wavelength range 6£140 nm.

The light is dispersed onto a very sensitive 19286 pixel CCD camera with 16-
bit digitization. The resulting signal is read out in the tigal binning mode by a data
acquisition computer. Spectra are taken in absorbance freda(l /1)) with respect to
a reference spectrunhof taken directly after depositing the sample. Recordinghglsi
spectrum typically takes about 5 ms and spectra are gepe@hdded to improve the
signal-to-noise ratio (Bl). In a typical experiment more than 1000 individual speeire
recorded and are reduced using LabView routines. Data tietutonsists of local linear
baseline corrections, multiple Gaussian fitting of absorpprofiles and absorption band
integration.

5.3 Spectroscopic assignment

Figure 5.3 shows the 310 to 500 nm spectrum of a P@lite at 10 K after 1200 s of
in situ photolysis in absorbance mode. The spectrum is in@selibtracted and given
in optical depth (OD). Since the spectrum recorded befor&/ \fithdiation is taken as a
reference ), bands with positive OD values arise from species prodibgeghotolysis
while the carriers of negative OD bands decrease in denkifg. noteworthy that 8N
ratios are good even though the processes are studied ity ailiie mixture (Py:HO
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5.3 Spectroscopic assignment

~1:10,000). Previous work was on more concentrated samifes:H,0 ~1:500, Gudi-
pati & Allamandola [2003]; PAH:HO ~1:800 to 1:3200, Bernstein et al. [1999]).

A Gaussian fit to all of the features visible in the spectruindécated as well. Clearly,

a number of new species are produced at the expense of ngyrteale. The peak posi-
tions, FWHM and assignments of all the bands in Fig. 5.3 arensanized in Table 5.1,
along with comparisons of earlier results found in othereunalar environments. The
assignments given in Fig. 5.3 were made as follows. Basedesiqus studies of pyrene
in rare gas matrices [Vala et al. 1994, Halasinski et al. P& strong, negative band
peaking at 334 nm is readily assigned to B, —1Ay electronic transition of neutral
pyrene 8, So).

Similarly, the positive bands near 363, 446, and 490 nm asigmed as the strongest
members of the pyrene catiéBi, «2Bsg, 2Ay«2Bsg and?By, 2By Vibronic transitions,
respectively [Vala et al. 1994, Hirata et al. 1999]. Table $hows that the bandwidth
(FWHM) of the Py bands is broader in the solid;B than in rare gas matrices, in ac-
cordance with the stronger interactions within thgoHmatrix network. Similarly, larger
shifts in peak position may be expected.

In addition to the Py bands, other new bands appear near 345, 367, 405, and 453 nm.
We ascribe these to hydroxypyrene (PyOH), hydroxypyretiertéPyOH"), and pyreng
pyrenolate anion (PyPyO~) based on the work of Milosavljevic & Thomas [2002] who
reported the spectra of 1-hydroxypyrene and its daughtetyats in various media. The
suggestion of anion production in these ices is notewonhyiew of the astronomical
detection of negative ions both in the solid state [van BhoiZen et al. 2005] and in the
gas phase [e.g., Agundez et al. 2008].

The appearance of clear bands due to PyOH, PyGidd Py/PyO after VUV ra-
diation at 10 K is somewhat surprising. Previous opticatligtsi of the VUV photolysis
of three diferent PAHs in HO ice indicated that conversion of the parent neutral PAH
to the cation was the major, and apparently only, photoltisp and that the cation re-
mained stabilized in the ice to remarkably high temperatr&00 K) for long periods
[e.g., Gudipati & Allamandola 2006b]. Gudipati [2004] foer showed that, in the case
of naphthalene (Nap), subsequent reactions betweeh &tapthe HO matrix did indeed
produce NapOH, but only during warm-up%00 K). Using mass spectroscopy, Bern-
stein et al. [1999] showed that PAH oxides and hydroxideswpart of the residues left
after VUV photolyzed PAH:HO ices were warmed under vacuum. Furthermore, upon
prolonged exposure, the VUV transmittance of the Mgfdrogen lamp window drops
and with this the PyOH and PyOtproduction also decreases relative to the production
of Py*. This suggests that photolytic processes within the pycemaining water ice
change, perhaps because water dissociation becomesttagive with reduced hard UV
flux while direct Py ionization still readily occurs with nedV photons [Gudipati & Al-
lamandola 2004]. The influence of temperature and UV speetrergy distribution is
currently under investigation.
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Table 5.1 Vibronic bands of pyrene and its photoproductshtia@ ice compared with rare gas matrix literature values.

Species State AH,0 (NM)  FWHM (nm) Aiie. (nm)  FWHM;;. (nm) AH,0 — Ay AFWHM
Py 1By, 334.0 4.4 3233 n.a. 10.7 -
329.2 3.2 3194 n.a. 10.1 -
319.2 6.5 3092 n.a. 9.8 -
Py* 2By, 363.2 3.6 3628 2.2 0.6 1.4
354.0 6.5 355 2.1 1.1 4.4
344.9 6.2 - - - -
Py* 2A 445.6 6.6 4438 45 1.8 2.1
435.5 10.2 4332 4.3 2.3 5.9
423.0 12.2 4229 41 0.1 8.1
413.8 5.3 4124 3.9 1.7 1.4
Py* 2By 490.1 10.0 486/ 5.5 3.2 4.5
PyOH 344.9 5.8 340 - - -
Py /PyC 405.2 7.3 410 - - -
PyOH* 366.8 3.0 - - - -
PyOH* 452.9 18.2 465 - - -

2 Values measured in a Ne matrix taken from Halasinski et al.§200
b values measured in an Ar matrix taken from Vala et al. [1994]
¢ Values measured in#D and 2-chlorobutane taken from Milosavljevic & Thomas [2002

juswubisse o1doasoa10ads €'



5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.4 Chemical evolution of the ice

To further investigate the spectroscopy and the photoctteyrof VUV irradiated HO-
rich ices that contain PAHs, time-dependent optical studiere performed. Figure 5.4
shows the integrated OD behavior of the Py! Ffpr two bands), and PyOH absorptions
as function of photolysis time. During the first 130 s of VUVaidiation, the Py decay is
clearly correlated with Pygrowth. This allows us to determine relative band strengths
the two species by investigation of the short timescaleetation. The sub-second time
response of the present setup is a prerequisite for this tk. Wde derive a band strength
of 2.9 x 1013 cm molecule? for the Ay« 2By Py* transition in HO ice using Equa-
tion (5.2). As other chemical processes become importartcorrelation disappears.
The loss of Py slows significantly while the Pgtarts a slow decline after the maximum
is reached. The PyOH signal continues to grow slowly butstgthroughout the photol-
ysis process and is most likely formed by/Py* reacting with photoproducts of4@. Its
formation is consistent with the recent outcome of a quatite VUV photodesorption
study of HO ice under ultrahigh vacuum conditions, where -a®H photodissociation
channel was reported [Oberg et al. 2009d]. A reaction nétwonnecting all of these
species is presented in Fig. 5.5.

VUV fluence / 10" photons

0 2 4 6 8 10
1 . 1 . 1 . 1 . 1 .

Integrated O.D. / cm’’

T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Photolysis time / minutes

Figure 5.4 The behavior of Py, Pytwo transitions), and PyOH as a function of VUV
photolysis timgv/UV fluence.

In addition to Py formation and reactivity during irradiation, we have alsodsed
its stability within the ice when photolysis is stopped. g 5.6 plots the normalized
integrated O.D. of the 445.6 nm Pyand as a function of time after VUV radiation is
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5.4 Chemical evolution of the ice

Py ~— Py —— Py*
hv
OHl lOH
-
PyO" <—— PyO =—— PyOH “—— PyoH'
v

Figure 5.5 Possible reactions upon photolysis of B@lite as derived from Fig. 5.3.

stopped. The figure spans 50 hr and shows that although &ldPitsignal drops, 60%
remains trapped in the ice after 2 days. The small wiggle etQtld5 level is due to
baseline variations. There are clearly two decay chanaets,fast’ and one ‘slow’. The
following expression is used to fit the experimental data:

y = A exp(-t/Ty) + A exp(-t/T2) (5.3)

with A; = 0.70,7; = 3513 hr, A, = 0.22 andr, = 1.7 hr. This produces the red curve in
Fig. 5.6. The processes responsible for these two decay aedenot yet clear. The Py
decay may be governed by recombination with trapped elestrin considering these
results, it is important to keep in mind that the ice procesiescribed here are recorded
for one temperature (10 K) and will most likely depend on terafure.
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0A8—-
07
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Figure 5.6 Normalized pyrene cation integrated O.D. as etfomn of time plotted together
with a double exponential fit using Equation (5.3) (red cwrvEhe wiggles superposed
on the signal are caused by baseliffees and fall within the error of 5% as indicated by
the error bar.
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

5.5 Astrophysical implications

Water is by far the dominant component of interstellar iceifice PAHs are considered
to be widespread throughout the ISM, they are likely to bedroout wherever O-rich
ices are present. The photochemical kinetics observeddrmeteéhe new spectroscopic
information make two astrophysical points.

Astrochemically, this work shows that thiective photolytic production of PAH ions
in PAH containing ice upon VUV irradiation should not be rexgeda priori when mod-
elling interstellar ice chemistry. The behavior of the vas species that is shown in
Fig. 5.4 suggests that a new set of solid-state reactiorssapghen irradiating PAH con-
taining water ice. The present study is on a rather isolatedystem — typical for this
type of laboratory study — comprising Py and® In a more realistic interstellar sam-
ple, containing other constituents, such as CO, ©ONH3z, and other PAHs, chemical
pathways will become more complicated, but since watera@sntiost dominant compo-
nent in these extraterrestrial ices, we expect that thelsrebserved here will generally
apply. Another important point to note is that reaction®ling ions are not included in
any of the current astrochemical grain chemistry netwofke present study shows that
positive ions can reside in the ice mantle for a substantra.t This is particularly inter-
esting since an astronomical dust grain is a truly isolaystesn, whereas the laboratory
analogue is grown on the tip of a cold finger.

Observationally, the spectroscopic results provide agrradtive route to search for
PAH features in space. Astrophysical searches to idenfifsPand PAH cations in the
ISM/CSM have focused on vibrational and electronic transitiortee gas phase as well
as solid-state PAH features in the infrared. As stated ptesly, these searches have been
largely unsuccessful. The infrared workffais from spectral congestion and spectral
overlap of vibrational modes. This prohibits an unambigidentification of an emission
feature to a specific carrier. In the WIS this is partly overcome as electronic excitations
are unique for dterent PAHs. However, electronic spectra of gas phase PAigeshno
overlap with absorption features recorded througtude interstellar clouds, presumably
of too low column densities [Romanini et al. 1999, BréchigfaPino 1999]. A diferent
situation applies in the solid state; PAHs are refractoryemia and accumulate in time
onto cold grains thatféer a reservoir. Therefore, the specific embedding of PAHsaitew
ice as presented here provides an alternative starting fawimn astronomical search.
However, one has to realize that this idea has both pros aml co

Table 5.1 shows that under the present experimental condithe bands are rather
broad. The FWHM of the Pyabsorption feature at 445.6 nm is 66 A. From an observa-
tional point of view this has the advantage that profiles casthdied at medium resolu-
tion, but also goes with the challenge to correct very adelydor possible background
signals and in the end spectral overlaps may still exist, with silicate or carbonaceous
features. Nevertheless, overlapping broad bands canilmatettto the very broad struc-
ture (VBS) superposed on the interstellar extinction ciiHeyes et al. 1973, van Breda
& Whittet 1981, Krelowski et al. 1986] and simply may have begarlooked in the past.

As stated before, the electronic excitation energy is umidthis is good for selectiv-
ity, but bad for sensitivity, since spectral features dfetent PAHs do not add up (as in
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5.6 Conclusion

the infrared) and consequently an individual optical banehgth is, in principle, directly
determined by the actual abundance of one specific PAH irespis dificult, however,
to predict the percentage of the total interstellar PAH pafjian that might exist in the
form of one specific PAH, e.g., pyrene. Nevertheless, aelaatrPAH transitions are typ-
ically 2—3 orders of magnitude stronger than their IR bamdsfeom this point of view,
we expect that PAH bands may be observable in the visible thagh IR bands are
barely discernible on the strong& bands [Brooke et al. 1999]. This is also reflected by
the very good BN ratios as visible in Fig. 5.2 for a very diluted mixture. Wepect PAHs
to be stficiently abundant in ices in regions of molecular clouds with>8 to permit
detection in the optical. Infrared ice bands have been titeadong such lines of sight
and the visible extinction is low enough to permit UV from theerstellar radiation field
to process these ices.

We have estimated the expected Py and Bgsorption band strength towards an
example source, MWC297. This is an early-type B1.5V star withell-characterized
stellar spectrum, 8 magnitude of 14.34 and a 3udn ice band withr = 0.04. Using the
high sensitivity of an 8 m class telescope (VLT) it is feasitd obtain, within a couple of
hours, @\ >1000 spectra of such a highly extincted source in the wag#erange under
investigation. To estimate the expected OD of a pyrene aen@ycation ice absorption
we use the standard relation:

Nu/E(B - V) = 5.8 x 10?! atoms cm? mag* (5.4)

from Bohlin et al. [1978]. WitHE(B-V) = 2.67 towards MWC297 [Drew et al. 1997] this
results inNy = 1.6x10?2 cm2. Taking the total PAH abundance in clouds with respect to
Ny to be~3x1077, this results in a total PAH column density of @B0'° cm™2. Assuming
that 1% of the total PAHs in space is in the form of pyrene froaet on grains and of this
fraction up to 10% is in its singly ionized state (Bythe total column density of Pyor
Py toward MWC297 is estimated to range betweerx2® and 8.64 10" specien?.
The OD is defined as NA

T= A_V’ (55)
with N the column density of the absorbersthe integrated band strength and the
FWHM. For a typical strong allowed vibronic transition, suah the'By 1Ay Py and
2A,2Bgg Py" transitions, we takép, = 2.9 x 10713 cm molecule! andApy: = 2.9 x
10713 cm radicat? in ice with a FWHM=400 cnt! and 300 cm!, respectively. This
yields ODs of 001 < r < 0.06 for Py and Py, a range similar to that observed for ice

bands.

5.6 Conclusion

This work presents the first results of a spectroscopic antbphemical study of pyrene
in water ice upon VUV irradiation under astronomical coidis. Since the spectra are
recorded in real time, it is possible to derive photocheitbaracteristics and to monitor
a rich ion-mediated chemistry in the solid state. Such meegare yet to be considered in
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5 Optical spectroscopy of VUV irradiated pyrene:H,0 ice

astrochemical models. Additionally, it is shown that thegne cations formed within the
H,O ice by VUV irradiation remain trapped in the ice for an exted period. Successive
heating of the ice makes these ions available fiusing species and hence should be
considered in solid-state astrochemical processes.

The new laboratory approach presented héierea general way to provide astronom-
ically relevant PAH solid-state spectra. Specifically, pectra discussed here provide
an alternative way to search for pyrene features in the/G3M. The derived numbers
show the potential of this method, but one has to realizepadqy out before, that these
numbers incorporate our limited knowledge on the actual BfEIntities in space. For
different PAHs, with dierent abundances andigrent absorption strengths other num-
bers, both less and more favorable, may be expected. Fowbhey it is possible — in
view of the rather ffective way in which charged species form and stay in the icdat-t
the actual abundance of ions may be higher. The resultsriezsbere are new and aim
at a further characterization of the chemical role of PAH3 BAH derivatives in space.
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CHAPTER 6

Photochemistry of the PAH pyrene in water ice:
the case for ion-mediated solid-state
astrochemistry

Icy dust grains play an important role in the formation of gbex inter- and circumstel-
lar molecules. Laboratory studies have mainly focused erptiysical interactions and
chemical pathways in ices containing rather simple moks;uuch as $O, CO, CQ,
CH,, and CHOH. Observational studies show that polycyclic aromatidrbgarbons
(PAHSs) are also abundantly present in the ISM in the gas phiigse likely that these
non-volatile species also freeze-out onto dust grains anticppate in the astrochemical
solid-state network, but additional experimental PAH itelges are largely lacking. The
study presented here focuses on a rather small PAH, pyregkl{§, and aims to un-
derstand and quantify photochemical reactions of PAHstergtellar ices upon vacuum
ultraviolet (VUV) irradiation as a function of astronomilyarelevant parameters. Near-
UV/VIS spectroscopy is used to track the in situ VUV driven plebmistry of pyrene
containing ices at temperatures ranging from 10 to 125 K. k& photoproducts of
VUV photolyzed pyrene ices are spectroscopically idemtifiad their band positions are
listed for two host ices, D and CO. Pyrene ionization is found to be maiceent in
H,O ices at low temperatures. The reaction products, triplegrne and the 1-hydro-1-
pyrenyl radical are mostfigciently formed in higher temperature water ices and in low
temperature CO ice. Formation routes and band strengtiniiaftion of the identified
species are discussed. Additionally, the oscillator giifes of Py, Py, and PyH are
derived and a quantitative kinetic analysis is performeditiyng a chemical reaction
network to the experimental data. The results are placed imstrophysical context by
determining the importance of PAH ionization in a molecalaud. The photoprocessing
of a sample PAH in ice described in this chapter indicates PA&l photoprocessing in
the solid state should also be taken into account in astroiciaé models.

1Based on: J. Bouwman, H. M. Cuppen, A. Bakker, L. J. Allamandatal H. Linnartz Astronomy and
Astrophysics, 511, A38(2010)
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

6.1 Introduction

Strong infrared emission attributed to polycyclic aromdiydrocarbons (PAHS) is char-
acteristic of many galactic and extragalactic objects [Brat al. 2007, Draine et al.
2007, Draine & Li 2007, Tielens 2008]. While this emission egely originates in
optically thin, dffuse regions, PAHs should also be common throughout the dense
terstellar medium. There, as with most other interstelfgcges in molecular clouds,
PAHs condense out of the gas onto cold icy grain mantles, evtiery are expected to
influence or participate in the chemistry and physics of tee While laboratory studies
of interstellar ice analogs have shown that complex orgauilecules are produced upon
extended vacuum ultraviolet (VUV) photolysis [e.g., Brsget al. 1992, Bernstein et al.
1995], the photoinduced processes occurring during thdiation of PAH containing in-
terstellar ice analogues have not yet been studied in détadptical, in situ studies of
the photochemistry of naphthalene, 4-methylpyrene, aradtenylene containing water
ice at 20 K, Gudipati & Allamandola [2003, 2006a,b] and Guadi2004] showed that
these PAHSs are readily ionized and stabilized within the soggesting that trapped ions
may play important, but overlooked roles in cosmic ice psses. Beyond this, there is
little information about the VUV induced, in situ photochisiny and photophysics of
PAH-containing water-rich ices.

Here, we describe a detailed study of the VUV-induced phwoustry that takes
place within pyrene (Py or {gH10) containing water ices (Py#®0=1:10,000-1:5,000).
The present study is an extension of Chapter 5 in which thesfaas on the new experi-
mental setup and where the use of PAH ice spectra was disttgssearch for solid-state
features of PAHSs in space. In this work, the focus is on a etaiharacterization of
the chemical processes taking place upon VUV irradiati@ntigularly as a function of
ice temperature ranging from 25 to 125 K. Additionally, m@asnents on Py:CO ices
at 10 K were performed to elucidate the role of water in thetiea schemes and to
clarify the formation routes of identified species. A simisudy of three small PAHs
is now underway to understand the general principles of /RfHphotochemistry. This
is part of an overall experimental program at the Sackleokatory for Astrophysics to
study the fundamental processes of inter- and circumstet#analogues such as thermal
[Acharyya et al. 2007] and photodesorption [Oberg et al.720@009d], hydogenation
reactions [Fuchs et al. 2009, loppolo et al. 2008], photodsy [Oberg et al. 2009¢],
and physical interactions in interstellar ice analogues€i@ et al. 2007a, 2009b, and
Chapter 2 of this thesis].

The chapter is organized as follows. The experimental igclenis summarized in
86.2. Paragraph 6.3 describes the RpHand Py:CO ice photochemistry, the result-
ing products and their formation routes. The temperategmeddent photochemistry and
derived reaction dynamics are described in §6.4 and astnoicial implications are dis-
cussed in §6.5. The main conclusions are summarized in §6.6.
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6.2 Experimental technique

6.2 Experimental technique

We use the new apparatus as described in Chapter 5 whiclwédlle photochemistry in
kinetic mode during VUV irradiation by measuring the near-sible absorption spec-
tra of an ice, providing ‘real-time’ tracking of the reactsrand photoproducts. Dilute
Py:H,0O ice samples~1:10,000~1:5,000) and a Py:CO ice sample of comparable con-
centration are prepared by depositing the vapor from a gysample heated to 40
together with HO vapor or CO gas onto a cold Mgkindow. The window is cooled
to 10 K in the case of CO deposition or 25 K in the case gDHleposition. The sam-
ple window is cooled by a closed cycle He refrigerator. Pgréildrich, 99%) and CO
(Praxair 99.999%) are used as commercially available. Mrpm water, filtered through
a milli-Q purification system and purified further by threedre-pump-thaw cycles, is
used. The sample window is mounted in a high-vacuum chanibet (10~ mbar).
The ice growth rate and thickness are determined with a Habkr lby monitoring the
thin-film interference fringes generated during depositi®imultaneously, the amount of
pyrene is tracked by measuring the integrated strengtreditik—- Sy neutral Py transition
at 334 nm. Deposition is typically stopped when the optiegitd (OD) of Py approaches
~0.15.

The ice samples are photolyzed with the 121.6 nra (0.6 eV) and the 160 hm
molecular hydrogen emission bands (centered around 7.§engrated by a microwave
powered discharge in a flowing;Hjas with a VUV flux of~ 10 photons s! [Mufioz
Caro et al. 2002]. This results in a photon flux-ofL0'* photonscm2s™! at the sample
surface [Oberg et al. 2009d].

Absorption spectra of VUV-photolyzed Py-containing ices measured with a Xe-
arc lamp serving as a white light source. Lenses and diaptgaliyect the light through
the ice sample along the optical axis determined by the HelNerlbeam after which
it is focused onto the entrance slit of a 0.3 m spectrometet5@ lines mm? grating,
blazed at 300 nm, disperses the light onto a sensitive 4228 pixel CCD camera with
16 bit digitization. The camera is read out in vertical bimmimode by a data acquisition
computer that converts the data to absorbance spectra<(GIn(l/lp)). This configu-
ration spans the 270 to 830 nm spectral range, which perimmtdtaneously monitoring
of the behavior of the neutral Py parent molecule and photiywt bands without any
adjustment of the elements along the optical path. Thidtisakto obtaining reliable and
reproducible baselines in measuring the optical spectigesf The spectral resolution is
of the order of 0.9 nm, which is more thanfscient to record broad solid-state absorption
features.

The measurements described here were performed on vari@uidice samples at
25, 50, 75, 100, and 125 K. The CO ice experiments were caotiéat 10 K to avoid
matrix sublimation at higher temperatures. The sample ésatpre is maintained using
a resistive heater with an accuracy 2 K. The measured spectra are converted into
units of optical depth by using the spectrum of the freshlpadéted, unphotolyzed ice
at the appropriate temperature as a reference spectgiiniRecording a single spectrum
typically takes about 5 ms, and 229 spectra are generalbdded to improve the/N of
a spectrum, producing one single spectrum every 10 seconds.
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

The optical configuration of the apparatus is such that spece recordedimulta-
neouslywith photolysis. Thus, the short spectral recording timenpes us to monitor
photoinduced changes on a roughly 10 s time scale. Figurgh®:s the 290 to 490 nm
spectrum of a Py:kD ice at 125 K after 900 s of in situ VUV photolysis. Because the
spectrum recorded before VUV irradiation is taken as a esfes (o), bands with positive
OD values originate from species that are produced by pysitglwhile the bands with
negative OD correspond to the neutral pyrene that is lost pbotolysis. Comparing the
Py and photoproduct absorption bands with the narr@aarp line at 486.1 nm shows
that the instrumental resolution indeed far exceeds théérel widths. The absolute
wavelength calibration is accurate to with#.5 nm.

More than 1400 individual spectra are recorded and are egblunca typical 4 hr ex-
periment. Spectra are individually baseline correctedtbndia second order polynomial
through data points where no absorption occurs and substygsabtracting the fit from
the measured spectrum. Integrated absorbances of alosofgditures are calculated nu-
merically for all spectra. These are corrected for the doutions of atomic hydrogen
lines originating in the KW discharge lamp. The data reduction software also allows us t
plot correlation diagrams between integrated absorbasfaifferent absorption features.
All data handling and reduction is performed with LabViewtioes.

Integrated band areas are used, in conjunction with ogmiltrengths {), to de-
rive molecular abundances. The oscillator strength is exded to integrated absorbance
(cm molecule!) using the conversion factor 888012 [Kjaergaard et al. 2000]. The
number of molecules per éniN) is given by

V2
f Tdv
V1

N= —m———— 6.1
8.88x 10-13f’ 6.1)

wherer is the optical depth andis the frequency in cnt.

6.3 Band assignments and band strength analysis

The typical photolysis duration of about 4 hours is the tieguired for nearly complete
loss of the neutral pyrene vibrational progression at 33329.2, and 319.2 nm. Irra-
diating the sample ices with VUV light produces a set of newoaption bands in the
spectra, indicating active photochemistry. The band jwrsit FWHM, and assignments
of the bands in the Py 40 ice at 25 K are listed in Table 6.1. The bands appearing in the
Py:CO ice at 10 K are similar to those in the Py@ice at 25 K, although, with slightly
altered band positions and FWHM and with verytelient relative intensities (see also
Table 6.1). Figure 6.1 presents a spectrum from the 125 K ®y:séries. This figure
illustrates production of the pyrene radical cation{Pytriplet pyrene Py), 1-hydro-1-
pyrenyl radical (PyH, and a broad underlying ‘residue’ feature upon VUV irrdidia.
Additionally, a progression of distinct absorption featsiis found in the Py:CO exper-
iment, which indicates the formation of the (reactive imediate) HCOradical. The
identifications of these species and their oscillator gfitehare discussed below.
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

Table 6.1 Band positionst) and FWHM in nm for pure pyrene ice at 10 K, pyrene in
H,0 ice at 25 K, pyrene in CO ice at 10 K, and photoproduct bandthtoPy:HO and

Py:CO UV processed ices.

Species Pyrene Pyrene® Pyrene:CO
Ac FWHM Ae FWHM Ae FWHM
Py 1By, 312.7 7.1 319.2 6.5 319.4 7.5
325.3 10.0 329.2 3.2 329.2 23
3415 14.0 334.0 4.4 334.3 4.1
Py* 2By, 363.2 3.6 a a
354.0 6.5 a a
344.9 6.2 a a
Py* 2A, 445.6 6.6 4453 7.8
435.5 10.2 a a
423.0 12.2 a a
413.8 5.3 8 a
Py* 2By, 490.1 10.0 a a
PyH 399.4 5.2 400.5 4.2
a L2 3925 6.7
.2 L2 378.4 15.7
Py 3A; 4056 45 4062 @ 4.8
HCO 2A” 513.4 17.5
535.3 12.5
556.3 145
583.0 16.8
604.9 10.0
639.2 15.1

@ Absorption feature was too weak to perform an accurate fit
b Features are too weak at 25 K; the 125 K values are indicated

6.3.1 Neutral pyrene bands

As in Chapter 5, the strong, negative bands peaking at 334.@md weaker bands at
329.2 and 319.2 nm in the B ice (see Fig. 6.1), and at slightly shifted positions in the
CO ice, are assigned to th8,,«'Aq electronic transition of neutral pyrenex($- So)
based on previous studies of pyrene in rare gas matricea ptaal. 1994, Halasinski
et al. 2005]. To study the chemistry in absolute number diessia value off = 0.33 is
adopted from the literature for the oscillator strength yfeme [Bito et al. 2000, Wang
et al. 2003]. This value is used throughout this paper botiitHe Py:HO and Py:CO
experiments. Pure pyrene ice measured at 10 K shows brobderpsions located at
341.5,325.3, and 312.7 nm (see Table 6.1). We did not perftidvi experiments on the
pure pyrene sample.
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6.3 Band assignments and band strength analysis

6.3.2 Pyrene cation bands

Positive bands at 363.2, 354.0, and 344.9 nm appear upoalgsistin the Py:HO exper-
iments. This progression is assigned to 4Bg,«—2Bg, vibronic transition of the pyrene
cation (Py") in accordance with the proximity to the band positions regmbby Vala et al.
[1994] and Halasinski et al. [2005]. This transition forPin H,O ice was reported in
Chapter 5. ThéBy, 2By transition is too weak to be detected in the Py:CO experiment
A stronger Py progression occurs at 445.6, 435.5, 423.0, and 413.8 nmtarvee. Of
these bands, only the strongest at 445.3 nm is detectaliie imadiated Py:CO ice. This
progression is assigned to tﬁ&,<—2839 transition of Py*. The much weaker absorption
caused by théBlu<—Zng Py* transition at 490.1 nm in $O is again undetectable in CO.

In these HO and CO ice experiments, Pyformation is the result of direct single
photon ionization of the neutral species, following:

Py 2% Pyt re (6.2)
We emphasize that ionization in Py@ ices is far more fcient than in Py:CO ices.
Additional measurements on Py:CQ®I mixtures indicate that the presence gfHin-

deed enhances the ionization. Hence, it is possible tharwantamination in the CO
ice is responsible for the formation of some, if not all, of ttation species in the Py:CO
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Figure 6.2 Integrated absorbance of the 445.6 nm Bgnd growth plotted against the
loss of the 334.0 nm Py band in the 25, 50, 75, 100, and 125 K T@sseconds elapse
between subsequent data points. Values are normalize@ tmalximum integrated ab-
sorbance of neutral pyrene. The straight line portion of¢hglots is used to determine
the oscillator strength of Pyas described in 86.3.2.
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

experiment. The role of water contamination in CO ice willdigscussed in more detail
in §6.3.3.

Using baseline corrected spectra as shown in Fig. 6.1, tbephemical evolution
is tracked by integrating areas of bands produced by eadiespi@ every spectrum and
plotting them as a function of photolysis time. The strondg®st band at~445 nm is
selected to track the number density evolution of this gseclo put the kinetic analysis
(86.4) on a quantitative footing, we determine the osahatrength of the 445 nm Py
band as follows. First, the integrated absorbance of therdd3y* band is plotted
versus that of the 334 nm Py band during the course of VUV pysitoat diterent ice
temperatures. These graphs are shown in Fig. 6.2. It shauloted that there is a
tight, linear behavior between the loss of neutral pyrerdegrowth of the pyrene cation
during early photolysis times up to 100 s (the first 10 sudeestatapoints). Inspection
of Fig. 6.2 shows that the slope is steepest and the ratiedhtbgrated absorbance of the
Py* band to the Py band is optimum in the 25 K ice. Since no othetgpinoduct bands
are evident during the linear correlation stage, we corecthdt during this phase, neutral
pyrene is converted solely into the cation as describediquely for naphthalene and
guaterrylene [Gudipati & Allamandola 2006a]. The straitjhé portion, fitted through
the first 10 data points of irradiation at 25 K, is used to datee the oscillator strength
of Py*. Given that the ratio of the Pyto the 334 nm Py band is 0.99 and the oscillator
strength of this Py transition is 0.33, the oscillator sgtanof the 443 nm Py band in
water ice is also taken to be 0.33. This conclusion is comsistithab initio calculations
on pyrene by Weisman et al. [2005]. They calculated that swdlator strength of the
cation is only~2% stronger than that of the neutral species. As describkxivbéhe
photolysis of Py in water ices at higher temperatures preslother species in addition to
the cation. This explains theft#rent curves in Fig. 6.2.

6.3.3 HCO bands in Py:CO

VUV irradiation of a Py:CO ice also produces a vibrationabvgression ranging from
~500 to 650 nm. As shown in Fig. 6.3, these absorption bandatdd at 513.4, 535.3,
556.3, 583.0, 604.9, and 639.2 nm, are assigned A€, v, 0) «— X2A’(0,0,0) HCO
v"=8-13) transitions based on band positions reported by w@mdborn et al. [1983].
The clear HCOprogression indicates a photolytic source of free H atonthénice. In
addition, it confirms the ability of this setup to record réazintermediates in the ice.

A possible explanation of the source of H atoms is relateti¢cetikperimental condi-
tions. The experiments reported here are performed ungenaicuum (16’ mbar) con-
ditions. Therefore, background,® vapor has ample time to condense onto the sample
window while cooling down and growing the ice sample. Wasewell known to pho-
todissociate upon VUV irradiation [e.g., Oberg et al. 2008@ddersson & van Dishoeck
2008] according to

H,0 -2, OH +H.. (6.3)

An experiment on VUV irradiation of a “pure” CO ice indicatétht HCO is also dfi-
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6.3 Band assignments and band strength analysis

ciently produced in the absence of pyrene. Therefore, ikéh that water contamination
is responsible for the production of HC@a

H + CO — HCO. (6.4)

Another possible formation route could be by means of VUliiced hydrogen abstrac-
tion from pyrene. This pyrene photodissociation reactimwever, is unlikely to occur,
since PAHs are generally highly photostable molecules.
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Figure 6.3 Vibrational progression of HC@enerated in a Py:CO ice at 10 K after 600
seconds of VUV irradiation plotted together with a Gausdia(red) to the absorption
spectrum (black). The individual Gaussians are shown ia.blthe orange line indicates
the red wing of the underlying broad absorption feature3®9. (This figure is available
in color in electronic form.)

6.3.4 The 400 nm band carrier

Another vibrational progression appears at 400.5, 39h8,3¥8.4 nm in the CO ice
experiments. As shown in Fig. 6.4, the 400.5 nm band domsnihie progression. In
contrast, a single band appears at 399.4 nm in the ®yike upon VUV irradiation of
the samples. The relative intensity of these bands varigsespect to the Pybands.
The 400 nm bands are more pronounced than the cation barfuskh® ice only athigh
temperatures, whereas they are more pronounced iowhimperature CO ice.

Two additional measurements were performed to identifyctireier responsible for
these transitions. A kinetic experiment was performed om-YioV-irradiated Py:CO
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Figure 6.4 Integrated absorbance of the 400 nm Pyrd growth plotted against the loss
of the 334 nm Py band in a at 10 K CO iafter VUV irradiation is stopped. The straight
line directly reflects the relative oscillator strength oftfb bands as described in §6.3.2.
The two insets show the Pytldnd Py vibrational progressions in a CO ice 90 minutes
after photolysis is stopped.

ice. This ice showed no sign of pyrene ionization by the Xagawhich is used as a
spectroscopic light source.The production of H@@d the formation of the 400 nm band
were not observed either. Subsequently, the ice was itestliay the VUV source for
10 minutes. The steady growth of the 400 nm band with VUV plysts indicates that
the species responsible for the 400 nm band is a product ofthé processing of the
ice. Moreover, when the VUV irradiation is stopped, the 4@®lmand carriecontinues
to grow at the expense of the remaining neutral pyrene. Tidisates that the chemical
reaction leading to the formation of this species is notaliyephoton-dependent, but
rather depends on theffiision of a photoproduct. A similar experiment on a PyCH
ice at 25 K indicates that the same process also takes pladglnice. The detection
of HCO radicals in the ice and the inherent presence of free phiatdfyatoms, implies
that the growth of the vibrational progression starting-400 nm could be the result of
the reaction of pyrene with flusing H atoms

Py+H — PyH. (6.5)

This assignment to the 1-hydro-1-pyrenyl radical (Pyild supported by other experi-
mental studies [Okada et al. 1976, 1980], where progressibsimilar band positions
are observed upon (laser) flash photolysis.

In contrast to the Py:$D experiments where pyrene is alstigently ionized, the
experiment on PyHformation in CO shows no sign of other reaction products. The
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6.3 Band assignments and band strength analysis

integrated absorbance of the growing Pytdnsition is plotted versus the integrated ab-
sorbance of the diminishing neutral in Fig. 6.4. Growth@&ked over a duration of more
than 1.5 hours. Since there is a one-to-one conversion ob Pyl in the Py:CO ice
(Eg. 6.5), as described in 86.3.2, we derive an oscillatength of 0.089 for this species
by fitting a line through the correlating absorbances in 6ig.

6.3.5 The 405 nm band carrier

Besides the Py and the PyHbands, another distinct absorption is found in the spedtra o
VUV irradiated ices. This feature is located at 405.0 nm @éRty:H,O and at 406.2 nm in
the Py:CO experiment. In Chapter 5, we tentatively assidgmisdabsorption to a negative
ion, Py or PyO . The experiments on Py:CO ices presented here enable udtaexhis
assignment because of the nearly absenttPgnsitions. Firstly, Pyis ruled out because

a much stronger second Pgbsorption band, expected at 490 nm [Montejano et al. 1995],
is absent in our Py:CO experiment. Secondly, Py©also ruled out, because it should
exhibit absorption bands down to 350 nm [Milosavljevic & Thas 2002], bands that are
also absent in the Py:CO experiment. Additionally, in Ckeaptwe assumed that PyO
was a product of PyOH. The formation of Py@ also unlikely in the absence of PyOH
absorption in these experiments, as discussed below.

The absorption at 405 nm does not correlate with that of thierganor with the
PyH band. The band only appears during photolysis and henceaisctierized as a
VUV-photon-related product. From the literature, it is iwwothat a pyrene triplet-triplet
(3A§<—3B§u) transition is expected at this wavelength upon laser atioit of pyrene in
solution which populates the lowest member of the tripletifiedd [e.g., Hsiao & Webber
1992, Langelaar et al. 1970]. For the 405 nm band to origifrata this triplet-triplet
transition, the lowest level must be populated and remainitoa long enough lifetime
to allow absorption to théA(_; level. In the ice experiments reported here, there are a
number of possible routes for pumping tHey state. The most obvious route is by means
of photoexcitation followed by intersystem crossing

isc

1py Y, 1py B 3py (6.6)

Triplet formation is found to decrease with decreasing teragure in ethanol ice [Stevens
et al. 1967]. This translates to our experiment in a nearbeab405 nm band in the low
temperature Py:kD experiment, because of the high“Pformation dficiency. In the
high temperature kO ice experiments, on the other hand, the 405 nm absorptioodh
stronger because pyrene is available.

In the CO ice, on the other hand, where*Pgroduction is low, formation of the
405 nm band carrier appears to be vefiycegent at low temperatures. The production of
the 405 nm band carrier requires VUV photons to be initiafBge pumping of théPy
state can again occur by means of Eq. 6.6. Moreover, CO hamkedillowed electronic
transition in the VUV. Hence, speculating, pumping of &Ry state by collisional de-
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excitation of CO molecules exited by the VUV radiation pa®s a reaction path of

co 2, co, (6.7)

followed by
CO" +1 Py — 3Py + CO. (6.8)

In summary, while we cannot identify the carrier of the 405 Inamd, the3A§<—3B§u
transition seems a plausible explanation.

6.3.6 Broad absorption feature

Finally, besides the narrower bands reported in the prevgaragraphs, we discuss a
broad underlying feature extending from about 350 to 570which grows upon photol-
ysis in all cases. This band probably comprises overlappimgls caused by a number of
Py/H,0 or PyCO photoproducts. Part of this Py-residue feature remaims after warm-
ing up the sample window to room temperature, whereas afirddatures disappear at
the water desorption temperature.

As discussed above, the very broad feature must be prodycadidriety of similar
but distinct photoproducts, all containing the pyrene atwphore. Mass spectral analysis
of the species produced by the VUV photolysis of a few othell®4n water ice show
that the parent PAH is not destroyed but that OH, O, and H adeddtb some of the
edge carbon atoms [Bernstein et al. 1999]. Given the midifiplof the side sites on
pyrene that can undergo substitution, it is likely that thetpproducts produced in the
experiments reported here are multiply substituted, rattea singly substituted. Thus, it
is plausible that a mixture of related but distinct Py-sfecies, where X may be H, OH,
or O, produce the broad band.

In Chapter 5, we reported the production of a clear and remibte PyOH band at
344.9 nm in a low temperature,B ice. The results presented here do not show evidence
of this absorption feature. However, in some instancesliseration was detected upon
irradiation or warm-up of the ice. The irregular appearavfcine PyOH absorption fea-
ture in these experiments indicates that the formation isfspecies is highly sensitive
to the sample’s physical parameterrg,, structure of the ice, temperature, and concen-
tration. One possible explanation is that in the experisegported in Chapter 5, the Py
concentration was not controlled and those experimentpleaha very diferent ice con-
centration and, by implication, physical ice structure. W&hie do not have a solution for
this discrepancy, we emphasize that both measuremens barie been fully reproducible
over many independent experiments for periods of monthsexgerimental program to
investigate the role of the PAHJ® concentration on ice photochemistry is underway.
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6.4 Py:H,0 ice photochemistry at different tempera-
tures

Figure 6.5 shows the spectral evolution of twéfelient Py:HO samples at dierent tem-
peratures. The top frame presents the 280 to 540 nm spectine 400 K Py:HO ice
after 0, 20, 40, 80, and 160 s of in situ photolysis and theoboftame the corresponding
spectra for the 25 K ice. These spectra are snapshots of theetham one thousand spec-
tra collected during 4 hr of photolysis. They illustrate thpid changes that occur during
the early stages in the photochemistry of these ices and #j@r wifferences in reaction
products at dferent temperatures.

To probe the VUV-driven photophysics and reaction dynarficsa set of selected
temperatures, the production and depletion of species naaekead as a function of irra-
diation time. To this end, the Py 334 nm, Py#45 nm, and PyH400 nm bands were
integrated for every spectrum. The spectra in Figs. 6.1 abdskow that it is rather
straightforward to determine the boundaries needed tgriate these bands. We estimate
that the uncertainty in most of these band areas is of the ofd€%.

The integrated absorbances of the neutral Py, strongéestdahy PyH bands in HO
ice at temperatures of 25, 50, 75, 100, and 125 K are plottestisghotolysis time (VUV
fluence) in Fig. 6.6. The spectra in Fig. 6.5 and photocherbiglaavior in Fig. 6.6 show
that, upon photolysis, neutral pyrene loss is immediaterapil. The initial growth of
Py* mirrors the rapid, initial loss of Py. However, while Py stépadecreases, and several
other Py photoproduct bands increase during some 4 houtsobdlysis, the production
of Py* reaches a maximum and then slowly diminishes. From Fig.dhé,can clearly
see that ionization of pyrene is modfieient in the low temperature ice. Formation of
PyH, on the other hand, is far mor&ieient at higher temperatures.

For comparison, the integrated absorbances for the itealiay:CO ice are plotted
as a function of time in the right bottom frame of Fig. 6.6. hbsld be noted that the
PyH band is multiplied by a factor of 10 in the Py:CO experimeninpared to a factor
of 20 in the Py:HO experiment. The PyHband is clearly more prominent in the CO
ice experiment than in the J@ ice experiments. The Pysignal on the other hand is
negligible. This indicates that the,B ice plays a role in ion formation and stabilization.

To place this behavior on a quantitative footing, the irndéed areas for the Py and
Py* bands are converted to number densities using Eq. 6.1. Herescillator strength
of 0.33 is used for the 334 nm Py bands. The values used forsttitador strengths of
the Py* and PyH bands are 0.33 and 0.089, respectively, as determined &28&nd
86.3.4. Perusal of Fig. 6.6 shows that Py behaves similarbfliof the ices considered
here. Regardless of temperature, its signal drops quickly the onset of irradiation
and continues to diminish with ongoing photolysis. Likesvi®y" grows rapidly with
initial photolysis but peaks after a relatively short timeerval corresponding to a fluence
of roughly 8x 10 photons and then drops continuously. While the' Ryowth and
loss curves resemble each other, cation productidciency is strongest in the 25 K ice.
This dficiency remains of the same order at even lower temperatnatsiiown here).
The photolysis time required for the cation to reach a maxinshortens with increasing
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Figure 6.5 The VUV-induced spectroscopic changes in B@:tde for two diferent tem-
peratures as a function of photolysis time. Comparing thectsp from the 25 K ice
(bottom) with those of the 100 K ice (top) shows the critiadkrthat temperature plays
in determining photochemical pathways in a PAH-containagg In the 25 K ice, cation
formation is favored over production of the pyrene residue the 400 and 405 nm band
carriers. The opposite holds for the 100 K ice.
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Figure 6.6 The integrated absorbance of the Py 334 nri,42% nm, and PyH400 nm
bands as a function of VUV irradiation in Py:B ices at 25, 50, 75, 100, and 125 K
and a Py:CO ice at 10 K plotted together with the fits (greydjngescribed in §6.4.
Integrated absorbance values are scaled and normalizée timitial value for the Py
signal. The PyHfeature is multiplied by a factor of 20 for the Py@ experiments and
by a factor of 10 for the Py:CO experiment. The approximaterall growth of the total
Py photoproduct band (RP,+P3) is also shown (dotted line). (This figure is available in
color in the on-line electronic form.)
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temperature. The PyHband contribution is minor with respect to the Pgand for ices
below 50 K. This reverses between 50 and 75 K, suggestinghbed is a change in the
dominant Py:HO ice photochemical channel in this temperature range.

k k11 -+
PyH=—_ PyZ—= Py
k22 k12
S
P3 P, P

Figure 6.7 Reaction scheme used to fit the experimental data.

A kinetic analysis of the plots in Fig. 6.6 is carried out wsihe reaction scheme
indicated in Fig. 6.7. Here;; is the photoionization rate of Py to Pyk;, the electron-
ion recombination rate of PYy; kp; the production rate of the Pylfeature, andk,, the rate
of the reverse reaction of Pykb Py. The rates designatkgd k>, andks are the production
rates for the dferent products that comprise the Py-residue band. Thdaiscistrengths
for the Pyt and PyH bands are also fitted, but are restricted to remain wi#ii% of
the experimentally determined values of 0.33 and 0.089rettions are assumed to be
first order in the reactant. The relative abundances of ‘dreslvated electrons” and O,
H, and OH radicals in the ice are not considered.

The fits to the growth and decay curves are included in Figadthe temperature
dependence of the derived rate constants is presented.if.Bigrhe agreement between
the fit and the experimental data in terms of curve shape asalwtb intensity is good.
The fitted oscillator strengths of the Pyand PyH bands amount to 0.31 and 0.082,
respectively, and hence do not deviate much from the expeatiily determined values.

The graph in Fig. 6.8 indicates that the Py photoionizataia ;1) drops rapidly be-
tween 25 and 50 K. The electron recombination riig) decreases only slightly, if at all,
within the errors over the entire temperature range. As ioeet above, the production
of the PyH becomes more important at higher temperatures. Its foomadite K»1) is low
in all ices up to 50 K € 4.4 x 107°), but jumps ta> 1x10 in the ices with temperatures
of 75 K and higher. The back channel from Pyl Py, k», also shows a temperature
dependence. It increases almost linearly in going from twidarm ices. The formation
rate of a photoproduct produced directly from Ry)(also seems to jump at 50 K. The
formation rate of products originating in the ‘Pygpecies, on the other hand, seems to
lower with increasing temperature. Finally, the rate ofdarct formation from the PyH
channel is low throughout the entire temperature range jamp in rate of the formation
of P; and PyH with temperature probably reflects theéfdsion barrier of radical species
(H and OH) in the ice.

Since published studies of the processes induced by thelghistof other PAH:HO
ices are limited, not much information is available with atito compare these results.
While, to the best of our knowledge, there are no reports optitochemistry that takes
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Figure 6.8 Parameterk,(,) as a function of temperature resulting from fitting the tizac
scheme (Fig. 6.7) to the kinetic experiments (Fig. 6.6).rafes are indicated i

place as a function of ice temperature or of long-term flugtitee VUV photochemistry
of the PAHs naphthalene, 4-methylpyrene (4MP), and qugttsre in water ice at 10 K
has been studied [Gudipati & Allamandola 2003, Gudipatif0Budipati & Allaman-
dola 2006a,b]. The results obtained are in good agreemehttihe low temperature
(25 K) case reported here. Namely, the parent PAH is easdyefiitiently ionized, by
guantitative conversion of the neutral species to the adtam. The focus of the earlier
studies was on cation production and stabilization and ndbog-duration photolysis
experiments. In their study of 4AMP:B (1:>500) ice at 15 K, Gudipati & Allamandola
[2003] utilized a reaction scheme similar to that on the trighlf of that presented in
Fig. 6.7. Table 6.2 compares the reaction rates that therrdeted with those of the
25 K ice reported here. Except for the production ef Which differs by one order of
magnitude, there is very good agreement between the ragtacts for each step in the
two experiments.

The growth and decay curves in Fig. 6.6, taken together \wghtemperature depen-
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

Table 6.2 The reaction rates for the VUV photolysis of PyoH~1:5,000) ice at 25 K
compared to those for 4-methylypyreng®(1:<500) ice at 15 K [Gudipati & Allaman-
dola 2003].

Rate This work Photon rate  Gudipati 2003
(sh (cnPphotort?) (sh
Pypyt (k)  (12:0.1x10°% 12107V 1.3x10°3
Py*+e Py (ki) (9£2)x107* 9x10718 8x10™
Py— P, (ky) (5+1)x10°° 4x107°
Py* - P, (k) (5£1)x10 5%10°

2 Photon rates are indicated only for reaction channels which are dominated by phmtesses.

dence of the reaction rates in Fig. 6.8, show that the VUVedriPAH photochemistry

depends strongly on ice temperature. The influence of thma@ghology on this chem-

istry was also investigated, to understand the origin ofténeperature dependence. An
experiment on an ice deposited at 25 K, annealed to 125 K, @lnekguently cooled to

25 K before photolysis, showed that the ionization rate dfidiency are similar to that

of an unannealed ice. Apparently, it is not the morphologltha temperature of the

ice that primarily determines which process dominates. Werithinate between two

temperature regimes. One governed by ion-mediated pregdksat dominate at 25 K

and slightly higher temperatures, and a second, presunadigal-driven regime, that

becomes increasingly more important at higher tempersture

6.5 Astrochemical Implications

As shown in the previous paragraphs, ionization and cheynidta rather small PAH
species, pyrene, trapped i@l ice turns out to be veryfiicient in a laboratory setting.
Here, we extend these findings to interstellar conditiorith the aim of including the
calculated rates in astrochemical models. For this, itusiat to distinguish pure photo-
chemical processes fromffision, since the latter will be highly dependent on the numbe
density of radicals and electrons in the ice. As mentiongtiénprevious paragraph, the
photoionization of Py is probably a single-photon procedgreas protonation of Py and
the electron recombination of Pyare the results of both VUV photolysis andfdsion.
The mechanism for PyHleprotonation is unclear, since it can proceed by means of ei
ther VUV processing or through hydrogen abstraction lfuding species. Miusion of
radicals through the ice is a thermally activated procesisvat therefore increase with
temperature. Recombination, however, is largely tempegahdependent in our exper-
iments, indicating that the rate of Pyecombination is not dominated by thefdsion

of electrons in the ice. If Py loss occurs by means of electron recombination and not
Py* reaction with HO or one of its photoproducts, the electron most likely oréges
from the initial photoionization event after which eleatsoremain in the vicinity of the
recombining Py species. Hence, this local process can be, although inl¢irezgarded

as a single-photon process.

140



6.5 Astrochemical Implications

The rates of protonation of Py and deprotonation of Pstrbw a temperature depen-
dence and the importance ofitision can therefore not be excluded. This makes it harder
to directly translate the rates™{ into photon rates (cfphotort!). However, we can
determine astrochemical photon rates for both ionizati@mhracombination of pyrene in
interstellar HO ice (see Table 6.2).

Now, to translate this to the astrochemical situation anth wther processes, we
assume that PAHs generally have an ionization rate sinoldnat of pyrene. How do
ionization and chemistry compare with other processes asdhe photodesorption of
the icy grain mantle, in which the PAHs are embedded? To elBnipis, the rate of
ionization of a PAH in water ice at 25 K (in photo!) is calculated anywhere in a dense
cloud whereAy = 3 and compared with the VUV photodesorption rate gOHlerived
by Oberg et al. [2009d)]. It is well established that the omddte formation occurs in
clouds with an edge-to-edge (through the cloud) magnitdidg,c= 3 [e.g. Whittet et al.
2001]. Thus, inside our hypothetical dense cloudat= 3 (from cloud edge to within
the cloud), ices are present.

The experimentally determined PAH ionization rate ywHat 25 K, normalized to the
total amount of deposited PAH is given by

[PAH*]
d [PAH]o

ke 103st, (6.9)

k11 =

Consider a typical interstellar grain, covered by a 100 neyer (ML) thick ice. The
number of sites on a grain is focm™2. If we assume that one in every “1particles
on the grain is a PAH, the total number of PAH molecules on tlaengis [PAH, =
100x 10" x 10* = 10" cm™. Furthermore, the VUV photon flux in our laboratory,
®, is 10" photons cm?s™1. The production rate of PAH cations on an interstellar grain
is now given by [PAH] - ki1/® = 1074 photon. This ionization rate is an order of
magnitude lower than the rate of photodesorptiori (2 photon®) [Oberg et al. 2009d].

However, in our dense cloud the number of photons availaiyl®AH photoioniza-
tion is larger than the number of photons available for ptiesorption of HO ice. This
is because kD photodesorption is primarily caused by VUV photons, wher@AH ion-
ization can occur for much lower energy photons. To quaritify radiation field in a
dense cloud af, = 3 as a function of wavelengtil), we take the average UV interstel-
lar radiation field [,) from Sternberg [1988] and rewrite the expression,twith units
photons cm?s™tnmt

_ 1068x10“% 1719x102c  6.853x 10°'c
- 23 B 2 * 25 ’

(6.10)

la

wherec is the speed of light in nnT$. The attenuation of the radiation field by dust as a
function of wavelength is given by

(6.11)

- A
0, - o 1L AL |

Ry Aiooa
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6 Pyrene:H,0 ice photochemistry: ion-mediated astrochemistry

from Draine & Bertoldi [1996], where we assume thigt = 3.1 andAy/A;ggos = 0.21
[Whittet 2003]. This results in

D, = exp[—O.S&A\,], (6.12)
Ay

where the table of; /Ay values is taken from Mathis [1990]. The photon flux per second
per wavelength interval is given by

P/l = |/1D,1. (613)

Water ice absorbs photons with wavelengths ranging fromt3060 nm [Kobayashi
1983, Andersson & van Dishoeck 2008]. The ionization energiPAHs on the other
hand, is lowered by about 2 eV when in®lice [Gudipati & Allamandola 2004, Woon
& Park 2004]. For the wavelength range available for ionarabf PAHs, assuming that
H,O blocks all photons below 150 nm, we take 150 to 250 nm [Li &iBea2001]. By
integrating the photon flux in a cloud 8§, = 3 over both wavelength intervals a number
of photons available for PAH ionization is found that is 6 ¢isiarger than the number of
photons available for photodesorption of® Additionally, atA, = 3, the cosmic-ray-
induced UV field is negligible compared to the interstellar field [Shen et al. 2004].
Therefore, the occurrence of photoionization is of similater as photodesorption of the
main component in the grain mantle in a dense cloud. Theatioiz rates from Table 6.2
can be directly included in astrochemical models in the form

d[PAH"]
dt

where [PAH] is the concentration of the PAH (pyrene) cation in the lgeg,is the pho-
ton rate in criphotort?, ¥ is the photon flux in photon-$cn?, and [PAH] is the PAH
(pyrene) concentration in the ice.

In the above calculation, we assume that all PAHs exhibiigh&ation behavior of
the pyrene chromophore. Of course, more PAHs need to betigats] experimentally
before drawing conclusions on their general photochentiebhvior in interstellar ices.
However, if all PAHs have an ionization rate similar to thatpgrene, photoionization
and subsequent chemical reactions of PAHs trapped in i@e8rgoortant processes in
dense clouds. When frozen-out in ices, PAHs have an impdngazct on the radical and
electron budget in solid state chemistry. Hence, the psasedescribed here may be more
important than previously assumed in modeling complexatédlar grain chemistry.

= kuP[PAH], (6.14)

6.6 Conclusions

A recently constructed setup has been used to track, on aesudnd timescale, the pho-
tochemistry of a PAH in KO and CO ices as a function of temperature. The setup used
here clearly has advantages compared to relatively sloared photochemical ice stud-
ies. The conclusions from this work on a PAH, pyrene, trapipedn interstellar ice
analogue are summarized below:
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6.6 Conclusions

. A set of photochemical reaction products has been idedtifi both irradiated
Py:H,O and Py:CO ice experiments. The reaction products resut ftirect pho-
toionization of pyrene, or from a reaction of the parenteoy, with free H atoms
produced in the matrix. Additionally, an absorption banteistatively assigned to
a triplet-triplet transition of pyrene. A vibrational pnagsion assigned to HCG
found in spectra of the VUV-irradiated Py:CO ice.

. Pyrene is easily andieciently ionized when trapped ind® ice. Photoionization is
a non-difusion-related reaction and hence a photon rate10-17 cn? photort?,
which can serve as input for astrochemical models, is derive

. When trapped in CO ice, pyrene ionization isffreéent compared to that in water
ice.

. Electron-ion recombination is independent of ice terapge and is character-
ized as a non-diusion-dominated reaction. For this process, a photon rate o
9 x 1078 cn? photort? is derived, which can be directly used in astrochemical
models.

. There are two distinct reaction paths in the photochemnait pyrene trapped in
H,0 ice. At low temperatures<( 50 K), the chemistry is dominated by ion-
molecule interactions and processes. At temperatureseab®\K, reactions are
dominated by dfusing radical species.

. A simple model indicates that, in dense clouds whiye= 3, the rate of pyrene
ionization is comparable to the rate of photodesorption aterrich ices. Hence,
chemical reactions involving pyrene and its cation can beoitant in modeling
grain chemistry in these environments.
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CHAPTER 7

lonization of Polycyclic Aromatic Hydrocarbons
trapped in HO ice?

Mid infrared emission features originating from Polycgchiromatic Hydrocarbons are
present throughout many phases of the interstellar medliomards dense clouds, how-
ever, these features are heavily quenched. Observatiotdensk clouds point out that
many simple molecules are frozen out on interstellar grdorsning thin layers of ice.

It is likely that more complex non-volatile species, suchPadds, also freeze out on
grains and contribute to the chemistry of interstellar icHse study presented here aims
at obtaining reaction rate data for the photochemistry dfi® an interstellar KO ice
analogue. Furthermore, the experimental data are impletém a chemical model of a
dense interstellar cloud in order to study the relevance\éf:A,0 ice reactions in these
interstellar regions. Time dependent nearAdsible spectroscopy on anthracene, pyrene,
benzo[ghilperylene and coronene containing interstéll# ice is performed at 25 and
125 K, using an optical absorption setup for the study of (€%SIg. Near-UVVIS ab-
sorption spectra are obtained for these four PAHs and tlagioric species trapped in
H,0 ice. Relative oscillator strengths of the cation absorptiands are derived rela-
tive to the oscillator strength of the neutral parent PAHe filamber density evolution of
species in the b matrix is measured and fitted to a reaction scheme, reguittinate
constants for the corresponding reactions. A freeze-outetis employed to determine
on what timescale PAH molecules are incorporated in irgdastices. The PAH:KO
photochemical rate constants are used in an astrochemazlimwhich is used to de-
termine the importance of PAH#® ice photoprocessing in going from a dense cloud to
a protostellar object. All four PAHs studied here are foundé readily ionized upon
VUV photolysis when trapped in #D ice and exhibit similar rates for ionization. The
PAH freeze out occurs on rather long time scales in a densel clthus, PAH photopro-
cessing will only be important after the PAH containing ieee formed, i.e. during the
protostellar phase. In this phase, photoprocessing of Réttiaining HO ice is indeed
an dfective process.

1Based on: J. Bouwman, H. M. Cuppen, M. Steglich, L. J. AllamémdH. Linnartz, Astronomy and
Astrophysics, in prep.
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7 lonization of PAHSs in interstellar ices

7.1 Introduction

The presence of Polycyclic Aromatic Hydrocarbons (PAHIneny phases of the inter-
stellar medium is evidenced by their strong and ubiquitoigsinfrared emission features
[Smith et al. 2007, Draine et al. 2007, Draine & Li 2007, Trede2008]. Mid-IR features
are dficiently emitted by a PAH after being excited by an energetiotpn. Toward
dense clouds, however, the mid-IR features are stronglpapesl. Here, most volatile
molecules are frozen out on grains forming layers of ice.[é&2gntoppidan et al. 2004,
Boogert et al. 2008, Oberg et al. 2008, Bottinelli et al. 2010nder such conditions,
PAHs most likely also condense on interstellar grains, fipeating them in interstellar
ices.

Experimental studies on thefect of vacuum ultraviolet (VUV) irradiation of inter-
stellar ice analogues have shown that more complex mokecale be formed in the sim-
plest mixed ices [e.g. Gerakines et al. 1995, Oberg et al9¢00The first laboratory
studies on VUV irradiated PAH containing ices indicatect thAHs are easily ionized.
These experiments also show the formation of new speciage @iependent information
on these chemical reactions, however, is largely lacking.

Here, we present the time evolution of the destruction of AHSs, anthracene (Ant,
Ci4H10), pyrene (Py, GsHao), benzo[ghi]perylene (§iP, G2H1o), and coronene (£H12)
in H,O ice together with the formation and destruction of thezediPAH species. This
chapter aims to quantify and understand the time dependemistry of PAH:HO ice
mixtures upon VUV irradiation and the resulting photoproidu

The chemical evolution is tracked by means of nearNJ8 absorption spectroscopy
at two extreme temperatures, 25 K and 125 K. This work is aensibn of the detailed
study of pyrene in KO ice presented in Chapter 4 and aims to draw more generdleonc
sions on the PAH photochemistry in ices based on a largerlsssep Furthermore, the
present study extends the PAH®I photochemistry to larger and astrophysically more
relevant members of the PAH family.

The outline of this paper is as follows. In §7.2 the experitaksetup is briefly dis-
cussed, together with the details of the theoretical catmrns. Paragraph 7.3 describes
spectra of the PAH and PAHcations and present their (relative) oscillator strengtii
the assignments of the observed transitions. The fitteddipendent data are discussed
in detall in 87.4, after which the astrophysical implicaticare discussed in §7.5. Finally,
the conclusions are summarized in §7.6.

7.2 Experimental technique

Here we briefly describe the experimental setup. The syssedescribed in detail in
Chapter 5. The setup consists of a high-vacust0¢{’ mbar) chamber. In the center of
the vacuum chamber a MgBample window is suspended, which is cooled by a closed
cycle He cryostat to a temperature of 25 K. Temperaturesvaasal 1 K can be realized.
PAH containing HO ices are grown onto the sample window by vapor depositiahi- M

Q H,O is further purified by three freeze-pump-thaw cycles ardRAHs are used as
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7.2 Experimental technique

commercially available (Ant, Aldrick:99%, Py, Aldrich, 99%, B.P, Aldrich, 98%, Cor,
Aldrich, 99%). The thickness of the samples is monitoredaset interference and the
amount of deposited PAH is monitored in absorption, allgMior determination of the
samples PAH:KHO concentration.

The inlet system has been modified for measuring the largesPAbur sample, BiP
and Cor. A sample container is mounted in the vacuum chamizkiazated adjacent
to the HO deposition tube. The sample container is heated with padig insulated
nichrome heater wire. TheJ@ flow to the sample is set such that a certain static pressure
is reached inside the vacuum chamber, and the current thithegheater wire is chosen
such that the rate of deposition results in the desired saogicentration. Additionally,
a heat shield is mounted on the sample holder, such that thitfR#t vaporizes during
heating of the sample container to the desired temperawalected on the heat shield,
rather than on the sample window.

After deposition on the 25 K window, the sample is heated éadésired temperature.
Subsequently, the sample is subject to Vacuum Ultra-ViQletV) radiation, which is
produced by a Hflow microwave (MW) discharge lamp. The lamp operates at #écstat
H, pressure of 0.4 mbar, and a MW power of 100 W, resulting inféactve VUV flux
of ~ 10" photonscm2s™! at the sample surface.

Near UVVIS absorption spectra are taken during VUV processing efshmples.
To this end, a Xe-lamp is used as a broadband light source apdarometer equipped
with a 1024256 pixel CCD camera is used as detector. The CCD cameradsorda
in vertical binning mode by a computer on which the raw datacanverted into optical
depth OD = In(I/1g)). Spectra ranging from280 to 800 nm are taken at a rate of 01, s
which is sufficient to monitor chemical changes in our ice samples. Eaebtapm is the
result of co-adding 229 individual spectra, resulting ireanellent signal-to-noise ratio.

The integrated absorbances of the deposited neutral Pmalsﬁrvdv, is converted
into a PAH column densityNpan, Via the oscillator strength of the neutral PAH,by:

f‘rvdv

— 7.1
8.88x 10-13f (7.1)

Npan =

Together with an ice thickness measurement based on théeistece pattern in the re-
flection of a HeNe laser as described in Chapter 5, this alfowa rather accurate deter-
mination of the PAH:HO concentration. Sample deposition is stopped at thiclasess
~2 um, resulting in comparable ice samples.

In a typical experiment of 4 hours, as many as 1400 spectralaained. The spectra
are all baseline corrected by fitting a second order polyabthrough points where no
absorptions occur and subsequently subtracting the poligioAdditionally, absorption
band are integrated and, if necessary, corrected for bomitths by atomic H-lines orig-
inating in the B MW discharge lamp. All the data handling is performed in aVialy
program.

In order to support the assignments of measured absorptiadsbcaused by the
photo-products, we performed density functional theor# TP calculations using the
6auss1aNn09° software [Frisch et al. 2009]. We used the B3LYP functionatonjunction
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7 lonization of PAHSs in interstellar ices

with the 6-31%+G(2d,p) basis set to determine the ground state geometrglaationic
structure of PAH neutrals and cations. Excited states weestigated within the frame-
work of the time-dependent density functional theory (TODBpplying the same level
of theory.

7.3 PAH:H»0 spectroscopy

Long duration photolysis experiments are performed on afg§etir PAHs (Ant, Py, BniP,

and Cor) in HO ice at low (25 K) and high (125 K) sample temperatures. F@rdaning

the amount of deposited PAH, oscillator strengths for thenaéPAHs are taken from the
literature. The amount of deposite@d®l is measured by laser interference, yielding ice
thicknesses of typically2 um. Combining the thickness of the sample and the amount
of deposited PAH results in the PAH concentration in the dampn overview of the
used mixture concentrations , the temperature at whichahgkes are photolyzed, and
the oscillator strengths values)(of the neutral PAH adopted from the literature is given
in Table 7.1.

Table 7.1 An overview of the studied PAH species and used RA®:concentration,
sample temperature as well as the wavelength interval dfttbegest neutral absorption
band system, and the corresponding literature values éonghillator strengths.

Species  Conc.  dmpie(K)  Arange (NM) f

Ant 1:2.000 25 316-381 (°1
Ant 1:1.500 25
Ant 1:900 25
Ant 1:500 125
Py 1:5.000 25 295-350 0.83
Py 1:6.500 125
BghiP 1:2.000 25 320-388 021
BgniP 1:1.000 125
Cor 1:5.000 25 273-314 1.64
Cor 1:4.000 125

2 Gudipati [1993]° Bito et al. [2000], Wang et al. [2003]Rouillé et al. [2007F Ehren-
freund et al. [1992]

For each of the PAHs under investigation, we determined $icdlator strengths of
the cationic species’ absorption bands relative to thadt@fieutral precursor. This allows
for a full quantitative study of the formation and destrantiwhich will be presented in
87.4. Relative oscillator strengths are determined bytiplptthe time evolution of the
integrated absorbance of the cation transition under figa&®n against the integrated
absorbance of the strongest electronic transition of thrakespecies (see Fig. 7.1). Both
integrated absorbances are normalized to the amount obidegmeutral PAH, which is
determined during the preparation of the ice sample. A diadine conversion of the PAH
molecule into its cationic species is assumed to occur duha first photolysis stage:
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7.3 PAH:H,0 spectroscopy

PAH Y, pAH* + & (7.2)

Linear fits are made to the first data points, of which the sidipectly reflects the
oscillator strength of the cation relative to that of the tn@lu None of the PAH species
in our sample substantially deviates from a one-to-one emmn during the first 100 s
of photolysis, making the assumption valid and the resglt&lative oscillator strength
values reliable vantage points for further analysis.
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Figure 7.1 The correlation between the amount of productadrcand the amount of used
up neutral, both relative to the total deposited amount afna¢ PAH.

Typical absorption spectra for the 25 K PAB®lice mixtures taken at the maximum
cation absorption are plotted in Fig. 7.2. The position @fbland origin, the range used
for integration and oscillator strength value relativette strongest neutral absorption are
listed in Table 7.2. The assignments of the neutral and jpinotiuct bands is discussed
for each individual PAH below.

7.3.1 Anthracene (C 14H10)

The negative signal betweer810 and 380 nm is caused by the destruction of the neutral
Ant molecules and reflects the depopulation of Bg, < 1A, transition of neutral Ant
[Bak et al. 2000]. The positive absorption features thraugtihe spectrum are caused
by species that are produced by photodestruction of thenp&#H. A strong vibronic
progression arises between 500 and 760 nm with its maximumi@&6 nm. This pro-
gression has previously been assigned to’the— 2By transition of the singly ionized
Ant species (Ant) [Szczepanski et al. 1993b]. For this transition we derive@scillator
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Frequency / 103 cm-1
35 30 25 20 17.5 15 125

thiP+ thiP"' thiP+

Optical Depth

300 350 400 450 500 550 600 650 700 750 800

Wavelength / nm

Figure 7.2 The 280 to 800 nm spectra of the PAHs anthracenepfagne (b),
benzo[ghi]perylene (c), and coronene (d) ipHice, photolyzed at 25 K. Negative fea-
tures indicate that a species is destroyed, positive batilsate that a species is formed.
The mixing ratios are 1:700, 1:5.000, 1:2.500, and 1:4.G%HH,O) for anthracene,

pyrene, benzo[ghilperylene, and coronene, respectivElye molecular structures are
also indicated in the corresponding spectra.
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7.3 PAH:H,0 spectroscopy

strength value of 0.59 relative to that of the neutral. A phand strong absorption fea-
ture previously assigned to tRBy, « ZBzg transition of Ant appears at 351.1 nm. This
absorption has an oscillator strength of 0.15. Likewisealsorption feature which is
assigned to théA, « 2829 transition of Ant is found at 313.7 nm.

Table 7.2 Overview of the studied PAHSs, state symmetrytjposof the band origin, the
range over which the transition is integrated, and osoillatrength of the cation species
relative to that of the strongest neutral transition.

Species Symmetry  Origin Pos. (nm) range (nM) g, f

Ant 1B,, @ 3754 316-385  1.00
Ant* 2p, ® 719.6 505-753  0.74
Ant* 2B, ® 351.1 349-354  0.15
Ant* 2p, ® 313.7 307-318  0.37
Py 1B,, €3 334.0 290-345  1.00
Py 2g,, 363.2 350-370  0.13
Py* 2p,, €9 445.6 411-470  0.99
Py 2B, 490.1

PyH 399.4 380-410  0.26
BgnP 1B, @ 379.8 320-389  1.00
BgniP* 2g, (0 762.2 720-788  0.13
BgniP* 2, (O 509.7 451-533  1.10
BgniP" 404.3 390-410  0.13
Cor 1By, 337.6 320-341  0.17
Cor 1B, 301.4 276-311  1.00
Cor By g (" 687.1 630-760  0.20
Cor Byg (" 463.7 389-473  0.23
Cor 0 362.5 352-370  0.16

2 Bak et al. [2000]° Szczepanski et al. [19936]Halasinski et al. [2005] Vala et al.
[1994] € Rouillé et al. [2007] indicates a tentative assignment based on theoretical cal-
culations presented here.

Two more absorptions are apparent in the spectra of our jylzetb sample. One
sharp absorption appears around 445.8 nm and is probabi giletolysis of small Py
contaminations in our ice sample, resulting in & Rypsorption. Additionally, a broad
feature spanning the range from 380 to 470 nm is found. Thisgl loes not correlate
with the cation features and is hence thought to be causedriytare of Ant+rH andgor
Ant+OH addition reaction products. These reaction producte pasviously been mass
spectroscopically identified in VUV photolyzed Ant8 (1:>100) mixtures [Ashbourn
et al. 2007].

7.3.2 Pyrene (C 16H10)

The VUV photolysis of Py:HO mixtures has been studied and is described in detail by
Chapter 6. Here we only shortly describe the band assigrament
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7 lonization of PAHSs in interstellar ices

The negative bands that appear between 290 and 345 nm @yeaabt the By 1A,
electronic transition of neutral pyreney(8- &) [Vala et al. 1994, Halasinski et al. 2005].
Most of the positive bands that form upon VUV photolysis af #y containing KO ice
are ascribed to the Pyspecies. The system ranging from11-470 nm is the strongest
Py* transition and is assigned to tFIAU(—Zng transition. The weaker absorption bands
between 350 and 370 nm are assigned to’-B1@<—ng,g Py* vibronic transition. Finally,
the band on the red-wing of the strongest Pyansition is due to théBlu<—Zng transi-
tion. Besides the rather strong Py cation absorptions, tax@rbands are detected around
400 and 405 nm. The band at 400 nm was previously found tonatgifrom an elec-
tronic transition in PyHand the band at 405 nm was tentatively assigned to an eléctron
transition of*Py.

7.3.3 Benzo[ghi]perylene (C 25H15)

The negative bands betweef80 and 390 nm in the spectrum of the irradiatgdBH,O
indicate that the neutral species is destroyed upon VUVgsis. The absorption bands
have previously been assigned to th€'8,) — Sy(*Aq) transition of By,P [Rouillé et al.
2007]. In turn, new bands appear upon VUV photolysis of thgMBcontaining HO ice.

A very strong absorption, which has previously been assigo@ By, P+ absorption by
Salama et al. [1995] arises at 509.7 nm. Another, much wealbgorption appears in
the mid-IR at 762.2 nm. This band has been assigned in prewairix work to a low
energy electronic transition of theBP* species [Hudgins & Allamandola 1995a]. Here
we report an absorption band at 404.3 nm, which shows a abeeglation with the other
BgniP™ absorptions. We ascribe this band to a higher energy etéctt@ansition of the
BgniP" species.

An attempt has been made to assign the new observed catimitivas. The opti-
mized geometry of the §;P cation is found to be of £ symmetry. The calculations are
based on the molecule in the x-z plane with the z axis coingigiith the G symmetry
axis. The electronic ground state’i&, making dipole-allowed transitions #, B,, and
B, states possible. In the observed wavelength range, sdvangitions are predicted
by the TDDFT calculations. A transition to%B; state is calculated to be at 673 nm
(fcaic=0.048), which could give rise to the observed band at 762.2 nhe riext strong
transition is found at 472 nm . =0.21) relatively close in energy to the strongest ob-
served band at 509.7 nm and we tentatively attribute theespanding transition t6B; .
The calculations also predict a transition to ##e state around 300 nm, which over-
laps strongly with an absorption from the neutral molecuid eonsequently cannot be
assigned experimentally.

7.3.4 Coronene (C 24H12)

The neutral Cor molecule is ofdpsymmetry. From thé\yy ground state, dipole-allowed
transitions are only possible to electronic state®\gfor E;, symmetry. The observed
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absorption spectrum in cryogenic matrices strongly resesrthe spectrum of hexa-peri-
hexabenzocoronene [HBC, Rouillé et al. 2009]. The wegki,) — So(*Ayg) transition
is not seen in our spectrum, but the(*By,) « So(*Ayg) transition appears at 337.6 nm.
Like in HBC, it gains intensity due to vibronic interactionttwthe first allowed transition
S3(*Eqy) «So(*Aqg) found at 301.4 nm. The TDDFT calculations predict this $itian at
303 nm (£4c=0.65). The first two transitions are predicted to appear at 386363 nm.
As already noted by Oomens et al. [2001], the degeneratedrstate of the coronene
cation causes Jahn-Teller interaction and leads tdfant&e reduction of the point group
from Dgy,, as found for the neutral species, tg,DIt also complicates the assignment of
measured absorption bands on the basis of DFT calculatldosever, the DFT geom-
etry optimization predicts a slightly elongated structfmethe coronene cation with an
elongation of only 0.7% of the total diameter. Therefore,caa only provide tentative
band assignments assuming, o be the correct point group. In that case, the electronic
ground state i$Bg,. The strongest feature seen ia®ice at 463.7 nm could correspond
with a transition to an excited state B{ oy symmetry. This band was found at 462 nm
in an Ar [Szczepanski & Vala 1993] and at 459 nm in a Ne matrithvein f-value of
0.012 [Ehrenfreund et al. 1992]. The calculation predibtee states between 390 nm
and 460 nm with somewhat higher oscillator strengths betde@?2 and 0.05. Likewise,
the broad cation absorption at 687.1 nm could belong tosstdi®, .y symmetry. Further
dipole-allowed transitions tB1 »4 electronic states are predicted around 310 nm, overlap-
ping with the strongest absorption of neutral Cor. Thesalbame probably very broad,
leading to a raise in the baseline around 310 nm as visiblegin/R2.

7.4 PAH ionization rates

In the previous section we derived the oscillator strengfttbe cation bands relative to
those of the neutral parent PAH. These numbers are now usepiémtification of the
reaction channels which are involved in the VUV photolydi®AHs in interstellar ices.
In the analysis presented here, the evolution of the coluemsity in the ice is tracked as
a function of time. Cation relative oscillator strengthe ased to convert the integrated
absorbance in a column density relative to the amount ofakthe analysis is based on
the strongest cation bands listed in Table 7.2. The reguitne evolution of the number
densities relative to the deposited amount of neutral PAdh@svn in Fig. 7.3 for the four
systems studied here.

In the analysis we consider a channel for ionizing the PAHhwitek;1, a back-
channel for recombination of PAHspecies with electrons with ratg,, a channel for
the formation of products Rdirectly from the parent neutral PAH with rake, and the
formation of products ffrom the PAH species with raté,. The reaction scheme is
schematically displayed in Fig. 7.4. For the PyGHsample, a reaction scheme with one
more channel was used in Chapter 6 since this molecule glédibws an additional
reaction path involving Pykl which can be unambiguously tracked spectroscopically.
The contribution of PyHto the total amount of reaction products is low and for theesak
of analysis and comparison all data, including pyrene, #efivith the reaction scheme
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Figure 7.3 The PAH neutral decays and rise and fall of theespwnding cation signal
for four PAHs, anthracene, pyrene, benzo[ghi]perylend, @ronene for two dierent
temperatures (25 K and 125 K). The molecule structures aed fiurves are indicated in
the plots.
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indicated in Fig. 7.4 only, i.e. omitting the formation angstruction of PyH

PAH g5
kaCC
K1
P e PAH”
L e .
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H
k
OH| ™ ka OH
P1 grain PZ grain

Figure 7.4 The reaction scheme used to fit the experimental ¢évolution of PAHs and
their cations upon VUV irradiation is indicated in the dotteox. The total reaction
scheme including the accretion of PAH species from the gasgpmto the ice is used for
modeling the astrophysical case in §7.5.

The time dependent chemistry of PAHs in®lice is studied for two temperatures,
25 K and 125 K. Fits to the data are co-plotted with the expenital data in Fig. 7.3.
Fits to the time evolution curve of the PAH with the strongegion absorption, &P, are
made twofold; keeping the ionization channel temperat@geddent and independent.
This yields insight in the féect of the temperature on the process. In Chapter 6 we noted
a temperature dependence in the Py ionization channel. ®hw®fthe data, however,
are very sensitive to the integrated cation signal. In theead Py, the signal is very
weak and thus an accurate fit is hard to obtain. From the twadfitee By, P data in
Fig. 7.3 itis clear that temperature actually does not hdaege influence on the quality
of the fit, and inherently the ionization ratg turns out to be independent of temperature.
The ionization rate;; of the other species, Ant and Cor, also does not exhibit alarg
temperature dependence. Table. 7.3 gives an overview dfttharameters which are
obtained while keeping all parameters free, i.e. depenafdeinperature.

From the fit data constants in Table 7.3 it is clear that therrdégnation channek;,,
increases with temperature, except for the case of Cor. tidddily, the rate of product
formation directly from the parent PAH; kseems to be independent of temperature. The
rate of formation of products from the cation speclespn the other hand, drops to zero
for all PAHs except for B,P. What is most striking about the data presented in Table 7.3,
is that the ionization rate fall PAHs is of the same order.

At the end of an experiment, both the neutral parent PAH aedcttion features
are destroyed. There are absorptions superposed on thbabet there is no clear
spectral signature which can be compared to literature aatpossible photoproducts.
Paper | in this series employed mid-IR spectroscopy to thaelspectral changes in VUV
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7 lonization of PAHSs in interstellar ices

Table 7.3 Fit parameters to the experimental time evolubiotiie destruction of neutral
PAHs and formation of cation species in PAH® ice following the reaction scheme
indicated in Fig. 7.4. All reaction rates are in units of46!

Species Temp (K) ki1 ki Kk ko

Ant 25 8 6 4 0.8
Ant 125 7 20 6 0
Py 25 10 8 4 3
Py 125 8 50 8 0
BgniP 25 7 2 0.8 1
BghiP 125 4 20 2 1
Cor 25 10 20 5 2
Cor 125 9 20 7 0

photolyzed ices of somewhat higher concentration. In tapep more clear signatures of
photoproducts were found, which were tentatively assignddndamental vibrations of
functional groups in the newly formed photoproduct spefiResH—X,, with X being H,
O, or OH). ltis likely that similar photoproducts are formadhe experiments described
here.

7.5 Astrophysical implication

As indicated by the rate constants in Table 7.3 in the preverction, PAH chemistry
and PAH ionization are ratheffizient processes in VUV irradiated PAH containingCH
ice. This was already known for Py, but is shown here also ttheease several other
PAHs. The largest molecule in our sample, Cor, contains 2docaatoms, which is
still small from an astrophysical viewpoint. However, theerimental study presented
here indicates that the rate of ionization is rather sizefethdent in the range of species
investigated here. We therefore extend our findings to thre@sysical case, in which
larger PAH specied\c > 50) are though to be most relevant.

Here, we discuss the relevance of PAROHice chemistry in translucent or dark cloud
conditions A > 2). Whittet et al. [2001] did not observe,B ice in clouds with an
edge-to-edge visual extinction &f < 3. We assume that this roughly corresponds to an
edge-to-center visual extinction Af< 1.5 and hence at least,B ice will be able to exist
under the translucent or dark conditions considered here.

In the interstellar medium, PAHSs are initially in the gas gdaTlhe formation of PAH
photoproducts on grain mantles therefore consists of tepsstfirst the neutral PAHs
freeze out from the gas phase onto the grains where they earptrticipate in the solid
state reaction network as schemetically indicated in F#y. The rate of accretion of PAH
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species onto the graiRSY, is given by

ISM 2
Raee = VPaHNgrain (ﬂa )nPAH

/8K Ngrai IT
= == (ﬂaz) == NHNPAH
L M (7.3)
T
=457- 10_8 ﬂ ﬁannpAH

= KacdHNpaH,

with vpay the velocity of the PAH molecule in the gas phasgy the gas phase number
density of PAHsny the total number density of hydrogeﬁ%i“ the dust to gas number
ratio (10%2), a is the standard grain radius (Qum), Tgas the gas temperaturéyl the
molecular mass of the PAH molecule (amu), &agl the accretion rate (cts™). Addi-
tionally, all measured PAH reaction dfieients,k, are scaled to the interstellar photon
flux and the extinction of the cloud by

KISM = 2P —\\PP'IS“; exp[-yAy] + ;C:) (7.4)
al al

with k'@ the measured ionization rate constant(s¥,su the interstellar UV flux (pho-

tons cm?s1), ¥, the laboratory UV flux ¥;sm=10""¥,a), ¥ @ measure of UV extinc-
tion relative to visual extinctiors2) [Roberge et al. 1991}y the visual magnitude, and
Wcr the cosmic ray induced photon flux.

An initial total gas phase PAH abundance of 4% with respeldb® and an abundance
of H,0 of 10 with respeciny is assumed. We further use the largest PAH investigated
in this study, Cor, as a prototype system, which resultd is 300 amu, leaving gas Nu,
andAy as input parameters for the model.

The timescales at which PAHs freeze out onto the grains a&esfigated first. The
left panel of Fig. 7.5 plots the gas phase PAH abundance fiardnt initial densitiesy.
The graph clearly shows that for a dense cloud with= 10° cm3, it takes more than 10
years for the gas phase to become depleted of PAHs. Densitld® cm3 and higher
need to be reached will PAHs freeze out on a reasonable taleesthe reason for this is
that at low densities the frequency with which PAHs encouatgrain is very low, since
the grain abundance directly scales with density. Furtbegmthe accretion rate scales
with the velocity of the species and inherently with its malB&H molecules are heavy
molecules and thus move slow through the cloud, therebyistpdown their depletion
process. Once the PAH does encounter a cold grain, thersfigkbbability is high and
since PAHSs are highly non-volatile molecules, they will @min the ice as long as the
ice matrix remains to exist.

The problem is that at such high densities, the interstedidiation field is almost
fully attenuated and only cosmic ray induced photons plagle. rThis is not enough
to get a high processing rate of the PAHs within a reasonatnle. t In Chapter 4 we
have shown for the high mass Young Stellar Object (YSO) W33#tha low mass YSO
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Figure 7.9 eft panel:Modeled depletion of PAHs on cold interstellar grains asrecfion

of cloud densityRight top panelModeled photoprocessing of condensed PAH species in
a cloud with a visual magnitude &,=2. Right bottom panelModeled photoprocessing

of condensed PAH species in a cloud with a visual magnitudi, ef3.

RNO 91 that up to 3% of the ice mantle may consist of PAH phatdpcts. These high
PAH photoproduct concentrations must be formed under theeimce of a rather strong
radiation field. The two right plots in Fig. 7.5 show the PAlg ichemistry as a function
of time under influence of the standard interstellar radrafield atA, = 2 (right top) and
3 (right bottom). The model starts will PAHs frozen out ortie grains. The neutral PAH
and the photoproduct abundances are given with respeat totl PAH abundance. For
Ay = 2 the onset of the formation of photoproducts is aftet W@; for A, = 3 the onset
occurs after 19yrs.

In summary, to explain the high abundances of frozen out PAd¢igproducts reported
in Chapter 4, grains first need to be in a high density enviemmnafter which they are
exposed to a high UV field. This corresponds to the followiogrerio for both the high
and low mass YSO’s W33A and RNO 91: the PAHgMices form in the pre-collapse
high density phase. Once the newly formed star starts iadigfV photons, some of the
grains will be exposed to the UV field. In a protoplanetarkslia similar situation can
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occur due to vertical mixing. The ice covered dust grainsifar dense regions around
the midplane. Vertical mixing brings them closer to the wartop layer of the disk and
back down towards the cold mid-plane of the disk.

7.6 Conclusions

The work presented here describes photolysis experimaritgerstellar HO ice samples

containing four diferent PAHs. The experiments are performed for two tempesitu
one low (25 K) and one high (125 K) temperature. Experimed&da are fitted to a

reaction model and the resulting rate constants are usediiatarder astrochemical
model, including freeze-out of species and photoprocgssinces. The conclusions are
summarized below:

1. Near UVVIS spectroscopy on the photolysis of four PAH species (Ryt,ByniP,
and Cor) trapped in an interstellap@ ice is performed. Photoproduct bands have
been assigned to electronic transitions of PAH cation tians of the respective
PAH species.

2. The temporal evolution of the production of cation barglgacked for the four
PAHSs at the two temperatures under investigation. Osailstrengths of the PAH
species have been derived for all the PAd¢lectronic transitions relative to those of
the neutral parent PAH molecule. Derived relative osalatrengths of the PAH
transitions are used to quantify the temporal evolutiorpeices.

3. It is found that all four PAHs behave similarly upon VUV pblysis in a HO
ice. The cationic species iffigiently produced in the temperature ices, the number
density reaches a maximum and then slowly subsides. Theiation dficiency
is decreased upon photolysis of PAHs in high temperatuyf@ ide. As concluded
in Chapter 4 and 6, this behavior can be attributed to PAktehdr PAH"-radical
reactions being more important due to a larger mobility dfgal species (HOH)
in the ice at these temperatures.

4. The experimental PAH and PAHolumn density time evolution data have been
fitted with a model based on a chemical reaction scheme imgRAH ionization
and PAH reactions with radical species. Rate constantseaieed and reported.
All four PAHs exhibit similar reaction rates, allowing fané general conclusion
that PAH photoreaction rates are rather size-independemnttbe range of species
studied here.

5. A model to calculate the freeze-out of PAHs on cold in@dlat grains in a dense
molecular cloud indicates that PAH depletion is ratheffesive on short time
scales, because of the PAHs mass and number density. Ondates ®f the for-
mation of a protoplanetary disk, however, PAHs haffeiently frozen out in ices.
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7 lonization of PAHSs in interstellar ices

6. The photochemistry of PAH#D ices is modeled for an a protostar. The model
results point out that the onset of PARB® photoprocesing occurs ai= 10* yrs
for a visual magnitude o, = 2 and at 18 yrs for A, = 3. Thus, photoprocessing
of PAHs in ices is expected to be of importance in more evoblgdcts.

160



CHAPTER 8

Future challenges

Astrophysical laboratory techniques have been and will foenprecedented value for
interpreting and guiding astronomical observations. 8pscopic data, both in the gas
phase and in the solid state, allow to identify species ircs@nd to derive inter- and
circumstellar abundances. Experimentally derived ratestamts, in addition, serve as
input for astrochemical models which can be directly coragdp observations. In the
last decades, the progress in laboratory based researtiobsted the understanding of
chemical processes in space. With the further improvemenew upcoming observa-
tional facilities and the refinement of chemical modelsrétis a need for more and more
detailed laboratory data. In this chapter experimentallehges are addressed that will
be useful for astronomy usif@ASIS the new setup that has been described here.

In Chapters 5 — 7 it was shown that it is possible to study tlwqaihemistry of PAHS
in water ice upon VUV irradiation through optical (i.e. ele@mnic) spectroscopy using
direct absorption spectroscopy. The method allows stgphgaction products in situ and
in real time. As such the techniquéers a very versatile and generally applicable tool
that is capable of studying other systems as well, both anbatly larger and smaller.
This provides information needed for identifying speciespace as well as insight in
possible reaction schemes. The latter point has been agdr@s detailed in this thesis,
but the use of this work for an astronomical detection of a BA\the solid state, has only
been mentioned in 85.5. The optical PAH ice data, presentts thesis, basically hold
the promise to search for optical solid state PAH signatiurepace, as an alternative to
electronic gas phase work that has been unsuccessful sa kack-off project with the
ESO-VLT equipped with the FORS2 spectrometer towards tHeeeialed KO star DoAr21
has been performed to search for broad absorption featumesiay be correlated to the
absorption bands described for the PAHs and PAH-derivativéhis thesis. The analysis
of the data is still in progress and at this stage only tfiereto identify PAH in space
through their ice spectrum is reported.

It is generally expected that also (and according to seyedalications, particularly)
large PAHs containing 50 carbon atoms or more, the so calRANED-PAHSs, and their
photoproducts are present in space. These are expecteddorz in the stellar ejecta
of dying stars. Gas phase spectra of such complex PAHs damdpanainly because of
the experimental challenges that go along with bringindisuaoclecules in the gas phase
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in the laboratory. The only data available on large PAHs yaate from matrix isolation
spectroscopy. In such experiments, mainly argon and nemosad as a molecular sur-
rounding, as for such environments matrix interactionsearemall as possibléOASIS
can be used in a similar way, as a regular matrix setup, guigas phase studies. Test
experiments have been performed ogB (G2H1o) and hexa-peri-hexabenzocoronene
(HBC C42H138) using argon instead of water as a matrix. The results arersho Fig-
ure 8.1. The distortion of the PAH energetic structure ipprional to the polarizability
of the matrix material. If the purpose of the experiments ldae to measure the energy
of free PAH molecules, i.e. gas phase species, the expesmaen to be performed for
more than one matrix material. One could for example meath@espectra in xenon,
argon and neon. If the transition energies are now plotteadfasction of polarizability
of the matrix, it is possible to extrapolate the energy légetero polarizability, i.e. the
electronic energy in vacuum. This is a good indication ofdhigin of gas phase elec-
tronic transitions. This method, subsequently, can be eyaplto select (GRAND-)PAHs
which possibly contribute to fluse interstellar band absorption features.

1
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Figure 8.1 The spectrum of matrix isolated Hexa-peri-betmmnene and its cation in
argon at 12 K (bottom) plotted together with matrix isolabethzo[ghi]perylene and its
cation band in argon at 12 K (top)

The general applicability 0DASISis also demonstrated with a set of test measure-
ments on a dierent type of carbon containing molecules, the nano-diagimadamantane
(C10H16) and diamantane (GH»o). The species are abundantly present in meteorites and
are thought to exist in other regions of the interstellar imedas well. Calculations pre-
dict that these species are easily ionized by Lyman-alptiatian and that their cationic
species have moderately strong electronic transitiorteimptical part of the electromag-
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netic spectrum [M. Steglich, priv. comm.]. Again, a pod#ipiexists that such species
contribute to absorptions in theftlise interstellar medium. The test measurements per-
formed so far, were done in high concentration matrices atahat exhibit absorption
bands that originate from diamondoid ions. Further workdsded.

The next step is to include ‘real’ prebiotical moleculedia ice. In the last year it was
shown that VUV irradiation of a pure methanol ice resultdia generation of more com-
plex species such as ethanol, methylformate, acetic abjidolgaldehyde and ethylene
glycol [Oberg et al. 2009c]. That study was based on a longares tradition in Leiden
and follows the experiments by Greenberg and coworkers wadiated astronomical ice
equivalents with a VUV broadband light source for many dayd @entified gas chro-
matographically amino acids in the resulting organic retfsey [Mufioz Caro et al. 2002].
Even though the experiments were performed under quitehreygerimental conditions
(the residue had to be analyzed outside the vacuum and adren-wp) this has set the
tone for this field. An alternative way for this bottom-up apgch is a top-down scenario
in which the focus is not on the generation of more complexigge starting from simple
precursors, but to include real biological systems — e.gclanbases, ribonucleotides
and their biosynthesis precursors — in the ice and to stuely fihotostability. This can
be ideally studied with the new experimental setup and wilhlvesearch topic in the next
years.

Another interesting subject that can be addressed@At81Sis that of the production
of small radicals in interstellar ices. In Chapter 6, formepde, the observation of HCO
is reported. OH is another interesting object, as the priimlucate of OH radicals in
an interstellar water ice is not yet fully understood. Asanéd techniques are generally
slow, such methods are not suited to address this questiohthe optical equivalent
described herefters an alternative. The first test measurements on irradmtee HO
ices show that some new very broad absorptions indeed pre$éis is overcome by
doping an argon matrix with 0, with a resulting concentration of about 1:10Q QHAr).

A vibronic progression ascribed to t#éX*(v=0)«X2IT3/>(v=0) transition at 308 nm is
found [Hancock & Kasyutich 2004]. These test measuremarishe extended to more
astronomically relevant ices. Ultimately, thefdsion of radical species in the matrix can
be studies as a function of temperature.

Finally, OASISwas initially designed a€ESSSa Cavity Enhanced Solid State Spec-
trometer. The setup is equipped with two stable and micrenatjustable mirror mounts
on the in and outlet port of the vacuum system. The initiahides to use an incoher-
ent broad band cavity enhanced detection scheme [Fiedit 2003] to perform the
experiments that have been described in this thesis. Tdiaatiwork in the solid state,
presumably because of the light refraction in the ice. Fately, a singly pass exper-
iment turned out to be sensitive enough. In the gas phasegvemwthe system works
fine.

A set of mirrors with reflectivities as high as 99.95% can bgredd perpendicular
by a HeNe laser. The resulting system behaves like a cavhichacan be excited by
intense broad band white light originating from the Xe-larhjght will continuously leak
out of exit side of the cavity. This light has traversed ttglouhe cavity for some time,
depending on the reflectivity of the mirrors, resulting inegahancement of the absorption
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Figure 8.2 The absorption spectrum of &} (v=1)—X3Z;(v=0) oxygen transition

path length, which directly reflects the increase in sensitof the detection technique
[Fiedler et al. 2003]. The power of this arrangement is exdiap by a spectroscopic
measurement on the doubly forbidden The forbidd@g(v=1)<—x32§(v=0) gas phase
oxygen transition can only be observed in the 50 cm long gibisor cell, if significant
enhancement is achieved in the cavity [O’Keefe & Deacon 1988&ypical absorption
spectrum taken under atmospheric pressure is shown in RigT8e example indicates
the power of the setup for performing spectroscopic studiegas phase species. Of
course, this technique can be used for measurements oplagtically relevant species.
With minor adjustment of the system, one can sensitiveljoper spectroscopy on a
(plasma) expansion over a large frequency range with mealgdaigh resolution.

In conclusion OASIShas turned out to be a very versatile tool that has proversés u
for astronomical research.
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De spectroscopie en de chemie van interstellaire ijs
analogen

Het onderzoek dat in dit proefschrift wordt beschreventrizibh op laboratorium expe-
rimenten die astrochemische processen nabootsen onderaligheden, zoals die in de
ruimte voorkomen. Deze omstandigheden zijn extreem. Irkel@ninterstellaire wol-
ken kan de temperatuur zakken tot slechts 10 graden bovesbketute nulpunt, zo’n
-263’C. Ook de ‘lucht'druk is uitermate gering. Met slechts eekeloleculen per ku-
bieke centimeter zijn interstellaire wolken bijzonderde&ange tijd werd aangenomen,
dat de dichtheden in de ruimte te laag zijn voor chemischetiemsa De kans dat een
aantal deeltjes gelijktijdig botst is immer zeer gering1887 werd echter het eerste mo-
lecuul in de ruimte ontdekt: CH, een stabiele binding van lesaistof (C) en waterstof
(H) atoom. Deze ontdekking luidde het begin in van een nieamgerzoeksdiscipline:
de astrochemie. Vandaag, bijna driekwart eeuw later, da#tller van in de ruimte ge-
identificeerde moleculen boven de 150. Hieronder bevinddnalledaagse substanties
— water (H,0), koolstofdioxide (C®) en alcohol (CHCH,OH) —- maar ook meer exo-
tische stéfen, zoals geladen moleculen (HC@®n GH™) en het grootste tot nu toe in de
ruimte gedetecteerde molecuul: H® (de recentelijke publicatie vansgin de ruimte is
daarbij nog even buiten beschouwing gelaten). De wijze fadeze moleculen ontstaan
is maar deels begrepen.

De chemische evolutie van moleculen in de ruimte volgt integtipnen het stervor-
mingsproces. Een interstellaire wolk (ruwweg 99% gas entb¥h stort onder zijn eigen
gewicht ineen. De kern van de wolk is ‘donker’, en bij gebrak icht koelt de wolk sterk
af. In koude gebieden in de ruimte waar zich zowel gas algls#ifjes bevinden, kunnen
gas moleculen vast vriezen op het oppervlak, waardoordaajgj ontstaan. In de afgelo-
pen twee decennia is gebleken dat dit ijs, als reservoir rameculen en als katalysator,
een belangrijke rol speelt bij de vorming van nieuwe moleculChemische reacties wor-
den daarbij geinitieerd door bestraling met energetisttt (harde ultraviolette (UV) of
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kosmische straling) en door een beschieting met atomen (8, ®, S) of electronen en
daarbij vormen nieuwe (en meer complexe) moleculen. In elgend stadium ontstaan
in gebieden met nog hogere dichtheid proto-stellaire kemaaruit uiteindelijk sterren
worden geboren. Rondom de nieuwe ster hoopt zich restraatgrigas, stof en ijs, in een
zogenaamde proto-planetaire schijf. Deze wordt vervalgaat UV licht van de jonge
ster bestraald en thermisch verhit, waarbij andere resittibet ijs plaats vinden. Tevens
verdampen ijs moleculen en komen weer in de gas fase terexdt ze verder kunnen
reageren. Het stof en gas van de proto-planetaire schiffitvoiteindelijk het materiaal
waaruit kometen en planeten ontstaan. De chemische evghnimoleculen in de ruimte
is derhalve ook bepalend voor de chemische samenstellmglaaeten.

In de ruimte komen moleculen alleen voor in de gas fase of imadée stof en zoals
hierboven beschreven wisselwerken beide fases, doorriezsn (accretie) en verdam-
pen (desorptie). De nadruk in dit proefschrift ligt op dedéduvan inter- en circumstellair
ijs. In het laboratorium worden daartoe onder hoog vacuundities laagjes ijs gegroeid
die bijvoorbeeld met speciale lampen worden bestraald anmdrele ultraviolette stra-
lingsveld in de ruimte na te bootsen.
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Figuur 1 Een typisch spectrum van infrarood licht genomehtitig een ster in wording.
Uit de ontbrekende kleuren kan afgeleid worden welke maégczich in het ijs bevinden.

Vanaf de Aarde (of vooral met telescopen die rond de Aardaieinakunnen we deze
dunne ijslaagjes onderzoeken door naar het infrarode tiicktjken, dat door ijs in de
ruimte wordt geabsorbeerd. Bepaalde kleuren licht blifteeontbreken en het resulte-
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rende spectrum is typisch voor het voorkomen van bepaalgmisiche substanties in het
ijs, die bij die specifieke kleuren licht (lees energie) gadlen. Door deze astronomi-
sche spectra te vergelijken met laboratorium data zoalshbegen in dit proefschrift, is
het vervolgens mogelijk om de samenstelling van deze neatgrigrote afstand te on-
derzoeken. In Figuur 1 is een infrarood spectrum van eerirsteording weergegeven,
waaruit de samenstelling van het ijs kan worden afgeleigkc8pscopische details (pre-
cieze frequenties, band breedtes en intensiteitsverhged) bieden vervolgens verder
inzicht in de structuur en temperatuur van het ijs, of en hetdjh is gemengd, en welke
chemische reacties in het ijs plaats hebben gehad. Dit wodit proefschrift besproken
voor ijs bestaande uit #:CO in hoofdstuk 2 en voor NfHen CHOH houdend ijs in
hoofdstuk 3.

In de afgelopen jaren is duidelijk geworden, dat het wadjrdgk is dat complexe
(organische) moleculen in ijs worden gevormd. Dit gebeok bij zeer lage temperatu-
ren. Recentelijk onderzoek, bv. van met ultraviolet licastraald puur methanol ijs laat
zien, dat vele van de grotere moleculen die al zijn geideatfid in de ruimte, op deze
wijze kunnen worden gevormd. Het is echter nog niet duikl@lije complex de chemie in
interstellair ijs daadwerkelijk kan worden, of bv. de botevgen van het leven - aminozu-
ren - in de vaste stof kunnen ontstaan. Dit zal in de komendeja.a. in Leiden, worden
onderzocht. Wat wel duidelijk is, dat grote complexe moleskunnen vastvriezen in ijs,
en dit is een ander onderwerp dat in dit proefschrift wordiioeken.

L -

1

Figuur 2 Polycyclische Aromatische Koolwater§ém waaraan in dit proefschrift metin-
gen zijn verricht: 1) anthracene, 2) pyrene, 3) benzo[ghijlene en 4) coronene.

Naast het absorberen van infrarode straling, kunnen beégpaadleculen ook, nadat ze
door een energetisch lichtdeeltje zijn aangeslagen,ridhlicht uitzenden. De kleuren
van deze emissie zijn net als de kleuren waarbij een moldictinkan absorberen, uniek
en dus molecuul specifiek. In 1973 werden sterke infrarodesteibanden in de ruimte
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ontdekt bij kleuren die specifiek zijn voor koolstof en watef houdende moleculen, de
zogenaamde PAKs: Polycyclische Aromatische Koolwatéiesto Deze stabiele molecu-
len worden op Aarde vooral gevormd bij verbrandingsprosessn zijn bekend om hun
negatieve invioed op de luchtkwaliteit. Het is waarscljrdlat PAKs ook in de ruimte
worden gevormd, bijvoorbeeld als bijproduct in verbraggireacties in een ster. Ditis in
overeenstemming met de gevonden emissie spectra. Typisoheeelden van PAKS zijn
in Figuur 2 weergegeven.

Wanneer PAKSs in de ruimte voorkomen, dan is het waarscjkijdét zij, net als klei-
nere moleculen, vastvriezen op stofdeeltjes en bijdragarda chemische processen die
in het ijs plaats kunnen vinden. Het is slechts deels mdgeti) deze processen met in-
frarode straling te onderzoeken (zie hoofdstuk 4). De rdtervoor is, dat PAKs veelal
vergelijkbare vibrationele bewegingen uitvoeren en daaspectroscopisch moeilijk te
onderscheiden zijn. Een mogelijke oplossing biedt ecHtemviolette en optische spec-
troscopie, waarbij de electronische eigenschappen vametsctuul worden bestudeerd
en deze zijn voor verschillende PAKs diverser. Derhalvenislé afgelopen jaren een
nieuwe opstelling gebouwd -©ASIS(Optical Absorption Setup for Ice Spectroscopy
— (zie hoofdstuk 5), waarmee het mogelijk is PAKs in watemijet zichtbaar licht te
bestuderen (hoofdstukken 6 en 7). Metingen zijn bovendienalleen meer molecuul
specifiek, maar ook sneller en gevoeliger, waardoor het tijlogeechemische processen
ter plekke vrijwel in ‘real-time’ te volgen.

Dit proefschrift

Dit proefschrift beschrijft een aantal laboratorium expemten aan inter- en circumstel-
laire ijs analogen. De metingen zijn verricht met een driepstellingen. In Leiden met
een Fourier Transform infrarood spectrometer (zie hoatdstn 2 en 3) en een optische
spectrometer (zie hoofdstukken 5, 6 en 7) die beide ijs infemy vacuim opstelling
doorlichten en bij NASA Ames met een vergelijkbaar infrat®ysteem (hoofdstuk 4).
Bij alle drie opstellingen is het mogelijk het ijs met hard Uight te bestralen. Het in-
frarode onderzoek is vooral gericht op kleinere moleculehet optische werk laat met
name werk aan PAKs zien. Het doel van het onderzoek is om derepeopische vaste
stof signatuur te bepalen voor verschillende ijs compesiéin condities, ook na UV be-
straling, zodat astronomische waarnemingen kunnen waydérterpreteerd. Verder is
gekeken naar mogelijke reactie schema’s in het ijs en daanboral optische spectro-
scopie ingezet.

Hoofdstuk 1 geeft een algemeen overzicht en is een inleidiog het onderzoek dat
in dit proefschrift is beschreven. In hoofdstuk 2 wordt desseiwerking tussen twee
belangrijke ijs componenten in de ruimte — CO epH— in detail beschreven. Het
onderzoek beschrijft de veranderingen in de absorptieglenfivan zowel CO als D
bij het inmengen van de partner en voor verschillende teatpemn. Dit geeft inzicht
in de interacties in het ijs en biedt verder een mogelijklmdinfrarode astronomische
data te interpreteren. In hoofdstuk 3 is dit expliciet uitgekt voor metingen aan metha-
nol (CH;OH) en ammoniak (NB) in water ijs en spectra zijn vergeleken met recentelijk
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verkregen data van d&pitzerinfrarood ruimte telescoop. In dit hoofdstuk wordt de hoe-
veelheid ammoniak ijs bepaald die zich bevindt in het ijsdrggnge sterren van lage
massa. Verder duiden spectroscopische details aan datetiehmol zeer waarschijnlijk
niet met water is gemengd, hetgeen aangeeft dat beitfersteen verschillende chemi-
sche evolutie hebben doorlopen. Het methanol bevindt zelhimeen CO rijke ijslaag
en dit stemt overeen met het idee, dat{OH ontstaat uit waterstof atoom addities in
CO ijs. Hoofdstuk 4 breidt deze metingen uit naar PAKs in wiseen laat zien dat na
UV bestraling vele nieuwe moleculen worden gevormd. Eeotgeantal nieuwe banden
is gevonden en deels toegekend, vooral aan geioniseerds. HA& metingen zijn ver-
volgens gebruikt om astronomische spectra te verklaregeheeten zijn in de richting
van jonge sterren. De belangrijkste conclusie is dat PARsdeel van de karakteristieke
absorptie in het 6.2 micrometer gebied kunnen verklaren.

Het tweede deel van dit proefschrift beschrijft optisclsesipectroscopie. De nieuwe
opstelling,0ASIS wordt gedetailleerd in hoofdstuk 5 beschreven. De nadgilop de
experimentele details en deze worden geillustreerd aaam#Van metingen aan pyreen
(C16H10) in zeer koud water ijs. Wanneer het pyreen met hard ultletvicht wordt be-
straald, verliest het gemakkelijk een electron; het pymserdt geioniseerd. De nieuwe
opstelling maakt het mogelijk om dit proces tijdsopgeledi¢studeren. Hoofdstuk 6 gaat
vervolgens in op de chemische reacties die plaats vindegnipgreen houdend water ijs,
wanneer het met UV licht wordt beschenen. Het ionisatie agp@én andere chemische
reacties zijn gevolgd voor verschillende temperaturen eenedulterende temperatuurs-
afhankelijkheid wordt besproken. Het blijkt dat de snalhearmee het pyreen wordt
geioniseerd dusdanig is, dat het ook op tijdschalen in deteueen belangrijke rol moet
spelen. Verder wordt in dit hoofdstuk getoond, dat het mpged om kleine reactive
intermediairs in absorptie waar te nemen, die middefsisie een belangrijke rol spelen
in de chemie van een PAK houdend ijs. Hoofdstuk 7 laat ziervelaltvan de processen
zoals die voor pyreen in water ijs zijn gevonden, ook plaatsien voor andere PAKSs:
anthracene, coronene en benzo[ghilperylene. De bel&sgrigonclusie is, dat PAK che-
mie niet a priori buiten beschouwing mag worden gelatentirmesemische modellen en
wellicht een belangrijke rol speelt bij de vorming van coexa organische moleculen.
Tenslotte bespreekt hoofdstuk 8 het perspectief van hehbmsen onderzoek.
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