Chapter 1

Photochemistry in BO:CO,:NH3:CH,4
ice mixtures

Photochemistry in Ngtcontaining ices provides a pathway to forming amino
acids and other prebiotically interesting molecules dystar formation. Quan-
tifying the UV induced ice chemistrin situ has so far failed for realistic astro-
physical ice analogues because of a multitude of photogteduith overlapping
infrared spectral features. While such an analogue isdiedun this study, the fo-
cus is instead on the spectroscopic quantification of théoghemistry at 20 K in

a number of simpler ices with4#D, CO,, NH3 angdor CH,4 to acquire a general un-
derstanding of branching ratios andfdsion of radicals in ices. The production of
CoHe, CoHy, NoH4, CO, CQ;, Oz, CH3NH2, HCN, CH;OH, H,CO, CH;CH,0H,
CH3CHO and OCN are quantified during UV irradiation, revealing a clear dif-
ference between species that form directly from reacti@tsden first generation
radicals and from later generation products. From tifieint formation rates of
C,Hg and GHg, the contested CHphotodissociation CEICH, branching ratio
is 3:1. The photochemistry in4D-poor and HO-rich ices dffers because of the
stronger binding environment inJ@-rich ices, which increases the importance
of relative dffusion barriers of radicals. Acid-base chemistry is impuria all
NH3:CO, containing ices; it increases thffextive photodestruction cross section
of NH3 ice by up to an order of magnitude because of proton transjer bther
photoproducts. Acid-base chemistry also increases thduptalesorption tem-
peratures. Finally TPD experiments following irradiatiare presented for the
first time, which confirms that amino acids and amino acid-likolecules form
during photolysis of ices with ClH NH3 and CQ. A larger model together with
new experiments at flerent temperatures are needed to further constréliardi
ent difusion barriers and thus to model the cproduction of compleleoules,
including amino acids, in space.

%Oberg et al. in preparation
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1.1 Introduction

The molecules of life, DNA, RNA and proteins, are built uprframino acids and
sugars. Pre-biotic production pathways of sugars afférdnt nitrogen-bearing
organic molecules are thus of considerable interest ancc@ssary component
of different origin-of-life scenarios. The recent discovery ofsCH,OCHO and
C3H7CN towards Sagittarius B2(N) is indicative of affieient formation path-
way to organic molecules of comparable complexity to thellastaamino acids
during the early stages of star formation (Belloche et al920 Laboratory and
model dforts suggest that ice photochemistry on dust-grains duhi@grotostel-
lar stage produces carbon- and oxygen-containing comptagaules with high
enough éiciency to explain the observed abundances (e.g. Mufioz Gaab e
2002; Garrod & Herbst 2006; Garrod et al. 2008; Belloche e2@09, Chapter
10).

The ice-covered grains from the protostellar stage evépntoacome incorpo-
rated into the protoplanetary disk and there they collide a@gglomerate to form
larger and larger grains and eventually boulders and mameals. If the proto-
stellar ices survive this stage, as suggested by modelssstWet al. (2009), the
formed meteorites and comets may subsequently enrichtplaith complex or-
ganic molecules. The importance of this last stage for tebiptic chemistry on
planets depends on the ice chemistry proceeding planetf@mmand this chap-
ter aims to quantify the formation of nitrogen-containirgrgplex molecules in a
large set of ice-mixtures of astrophysical interest and tteduce the necessary
conditions to produce amino acids and other pre-biotidaligresting molecules
during star- and planet-formation.

Simple ices form in molecular clouds through hydrogenaéind oxygenation
of atoms and unsaturated molecules. Observations of ideschibe onset of star
formation reveal HO ice to be the main constituent, followed by CO and,CO
(e.g. Whittet et al. 1998; Bergin et al. 2002). ¢Hnd NH; ice probably form
before the protostellar stage as well, but have only beesctit around protostars
(Gibb et al. 2004; Knez et al. 2005, Chapter 2). NBl the main ice-carrier of
nitrogen that is directly observed;,Nnay be present, but has no strong infrared
transitions and CN-bearing species have an order of matglawer abundance
(van Broekhuizen et al. 2005). NHce was first discovered by Lacy et al. (1998)
and is now established to exist at abundances of 5-10% vétiect to HO ice
towards both high-mass and low-mass protostars (Gibb 2084, Bottinelli et al.
in prep). From the NHlice spectral profile and its proposed formation pathway
through hydrogenation of nitrogen, Nkhould form in the HO-rich ice layer.
This ice phase also contains 20-30% C0d~5% CH;. In contrast CHOH ice
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probably forms in a CO-rich ice layer frozen out on top of th€ktich ice.

Organic nitrogen-containing molecules have been detdnttioe gas phase
in the hot regions close to protostars, in galactic centeuds, in a low-mass
outflow and in cometary outflows (see Herbst & van Dishoeck920r review).
The most abundant species are HCN3CN and HNCO, but the recently discov-
ered GH7CN and NBCH,CN have been detected with relatively high fractional
abundances with respect ta,H.0 x 102 and 22 x 107°, respectively (Belloche
et al. 2008, 2009).

Towards a sample of high-mass protostellar hot cores therfitnogen con-
taining organic molecules searched for, HNCO,sCN, C;HsCN and NHCHO,
were all detected to have high rotational temperatures|ew®HO-containing
molecules without nitrogen could be divided into two tengbere bins, tracing
the hot core and the luke-warm envelope, respectively ¢Bs et al. 2007b).
The high temperature of the nitrogen-bearing species isistmt with their for-
mation and trapping in the #D-rich ice, while CHO-containing species forming
in the CO-rich outer ice layer are more exposed and thus besmier because of
heat and non-thermal desorption pathways. The abundamcesogen bearing
complex molecules and of the other detected complex spapieslso not corre-
lated between sources, again consistent with the formafioitrogen containing
and CHO-containing complex molecules iffdient phases of the ice. The CHO-
containing complex species then depend on the origingd@HHcontent (Chapter
10), while the N-containing species do not.

Some complex nitrogen-bearing molecules have been ddtatieomets as
well, including HNCO and CHCN (Altwegg et al. 1999; Crovisier et al. 2004).
The simplest amino acid is yet undetected towards both carat star-forming
regions despite deep searches. The current abundance lupperare ~10-1
with respect to hydrogen in the Orion star forming regior 210719 in the cold
envelope and 21072 in the hot core of the solar-type protostar IRAS 16293-2422
(Combes et al. 1996; Ceccarelli et al. 2000). Amino acidshakeever found in
meteorites where more sensitive analysis methods areabigilbut the detected
acids may form when meteoric pre-cursors comes in contdhthigiO during the
analysis (Engel & Macko 1997).

The photochemistry of Nklcontaining ices was first investigated for astro-
physically relevant ice mixtures by Hagen et al. (1979), whediated a
CO:H,O:NH3:CO, 50:1:1:0.09 ice at-10 K with a UV lamp peaking at 160
nm. HNCO, HCO, NHLCHO and HCOOH were identified among the prod-
ucts and unidentified large molecules with molecular masgeso 514 were
recorded mass-spectrometrically following warm-up tonndemperatures of the
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photolyzed ice residue. There is thus qualitative eviddocea nitrogen-based
complex chemistry upon irradiation of NFtontaining ice mixtures. Other early
experimental studies investigated the qualitatifeas of adding dferent species
to the mixtures and changing the original abundance radigs Allamandola et al.
1988; Grim et al. 1989; Schutte et al. 1993). Two of the masulte were the rela-
tive ease at which XCN compounds, especially OCldrm in different NH; con-
taining ices and also that moderately complexNigntaining molecules form,
which may be amino acid pre-cursors. The largest infraréelctied molecule is
CgH12N4 Bernstein et al. (1995); Mufioz Caro & Schutte (2003).

These experiments were all carried out under high-vacuumditons, where
thick ices (tens ofim) were deposited at10 K while irradiating the ice to pro-
duce the maximum amount of radicals. The photolyzed ices Wem heated to
room temperature and the residue analyzed mass-spedtacaiigt These con-
ditions were necessary when carrying out experiments uniggrvacuum and
employing transmission spectroscopy. It is howevéidalilt to deduce from these
experiments what molecules will form under interstellanditions and at what
abundances. Specifically, none of these studies providejaantitative data on
reaction rates of nitrogen-containing molecules. The tho not present data
that can be included in astrochemical models to test whétkguhotochemistry
produces the correct amounts and correct abundance ratomplex molecules,
under interstellar conditions and timescales, comparestmphysical observa-
tions. Still it is encouraging that the experiments produseveral of the mole-
cules observed towards protostars. The early studies ads@pd some concep-
tual understanding of the processes involved, i.e. phssodiation followed by
radical difusion, to produce the observed products.

Bernstein et al. (2002) and Mufioz Caro et al. (2002) first rejioon dficient
amino acid production, in similar high-vacuum experimeftdiowing irradia-
tion of ices; the amino acids were detected using gas chogragihy and mass
spectrometry of the irradiated ice residue after the samjple heated to room
temperature. These studies were followed up with both nsoaled isotopically
labelled experiments to constrain the formation mechani@foon 2002; Mufioz
Caro et al. 2004; Elsila et al. 2007; Nuevo et al. 2007; Le& €089). The general
conclusion is that amino acids form through a variety ofcaldradical reactions
and while it is more fficient in a HCN-containing matrix, pathways from kIH
exist as well. It is however still unclear when these amindsform, i.e. if there
is a cold formation pathway or if heating to room temperatsm@quired.

Overall these experimental results are enticing since shggest that amino
acid production may be possible in interstellar ices. Finalds in a laboratory
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setting provide little information about what the final fiiaa will be under difer-
ent astrophysical conditions, however — the reported cadomversion ficien-
cies, up to 0.5%, may be a result of the experimental tecleniguere thick ice
samples are deposited during irradiation, which probatsr-produces radicals.
Under astrophysical conditions, where the time scales @ater® of magnitudes
longer, the chemistry may take a venffdrent turn indeed and this can only be
investigated if the fundamental physical quantities gowey ice chemistry are
understood, i.e. photodissociation cross sectiorffysion barriers and reaction
barriers of diferent molecules and radicals.

Despite a lack of this kind of data, a complex nitrogen chémiwas incor-
porated in a recent grain-gas model of the complex ice chigmirs protostel-
lar envelopes and subsequent desorption in the hot core tbothe protostar
(Garrod et al. 2008). The model assumes a perfectly mixedwbech prob-
ably explains why it over-produces NBHO, but under-produces GBN and
CH3NHy; if NH 3 is mainly formed in the KHO-rich layer it will have more access
to CHy-dissociation products than to CO-reaction products. NMimdprovements
are mainly limited by the lack of quantitative data on theN¢€ photochemistry.

Such quantitative data should be possible to derive fronplgimbinary ice
mixtures, since e.g. the GHiiffusion barrier in any BO dominated ice should
be approximately the same. Reaction barriers only depertleoiwo radicals re-
acting and while ffective photodissociation cross-sections may change eiith t
perature or ice mixture because of changinfjudion barriers (Chapter 10), the
branching ratio should solely depend on the UV lamp spectiQuomantifying the
complex ice chemistry of astrophysically relevant ice migs should thus be pos-
sible through a combined approach where physical quanttie extracted from
simple, well-constrained ice mixtures followed by a few esments on more
complicated mixtures to ensure that these results arestensiwith predictions
from the simpler ice experiments.

This chapter presents the production of moderately comgpecies, up to
glycine, in a large set of ice mixtures during irradiatiorR@tK and during warm-
up between 20 and 200 K. Inftirence to most previous experiments the irradi-
ation is done after deposition and the complex molecule d&bion is followedin
situ using infrared spectroscopy and temperature programmeatutieon (TPD).
The main part of the chapter focuses on the photodesorptiootodissociation
and product formation during irradiation of pure and binemgs. Section 1.3.2
then presents the quantification of the same products in cwrglicated mix-
tures together with TPD experiments following irradiatimfran astrophysical ice
analogue and five other mixtures, which are used for compari® identify the
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most complex photoproducts accesibleifositu study. The results are used in the
Discussion section to constrain photodissociation brisugcratios, relative dfu-
sion barriers and the reaction pathways that the observégtaies form through.
The implications for understanding ice chemistry in ana®tysical setting is dis-
cussed, followed by proposed new experiments to furthestcain the chemistry
and some concluding remarks.

1.2 Experimental

All experiments are carried out on the set-up CRYOPAD unttes-tigh vacuum
conditions £107°-1071° mbar). Pure and mixed ices are depositefiiudively

at 18 K by introducing a gas (mixture) in the vacuum chambenglthe surface
normal of a gold substrate, which is temperature contraliean to 18 K with a

2 K uncertainty. The gas mixtures of 10—20 mbar are preparedseparate glass
manifold with a base pressure of fambar. The C@, NH; and CH, gases have a
minimum purity of 99.9% (Indugas). Samples containingo-are prepared from
the vapour pressure of deionised® further purified through several freeze-thaw
cycles.

The ices are probed through infrared spectroscopy in Rifteétbsorption
mode (RAIRS) and the desorbed molecules during warm-umsaestigated with
a Quadropole Mass Spectrometer (QMS), placed in front ofstliestrate. As
described in Chapters 8-10 relative RAIRS band strengthsarsistent with rel-
ative transmission band strengths and thus certain with3@%. Absolute band
strengths have a 50% uncertainty, but this orfifgets the derived photodesorption
rates — not the quantification of the chemistry.

The original ice mixture as well as the changes induced by tidiation
in the ice composition are quantified using RAIRS, while tHd®is employed
to secure band identifications of photoproducts. The U\iation is provided
by a hydrogen-discharge lamp with UV emission aroundelsnd through a
broader continuum between 6 and 11.5 eV. All ices are irtadiavith a UV
flux of 1.1&0.4)x10'° st cm 2 except for experiment aimed to determine the
photodesorption yield (Exp. 1), where a four times highex fluused. Follow-
ing irradiation the photolysed ices are heated by 1 Kthin TPD experiments,
while monitoring a range of mass signals between 2 and 62th&IQMS.

Table 1.1 lists the photochemistry experiments in term&eif tmixture com-
position and total thickness. The set of experiments haea lkesigned to test
the influence of dierent combinations of $#0, CO,, NH3 and CH, on the com-
plex product formation. Experiment 18 was chosen to mimgcHpO-rich phase
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Table 1.1. The compositions and thickness of the photodteyrexperiments.

Exp. HO CO; CHs; NHsz Thickness (ML) ¢X10%cn?)

1 1 8

2 1 51 1.50.5
3 1 43

4 1 15

5 1 a7

6 1 1 54 1.20.6
7 4 1 43 5.62.0
8 1 2.5 44 5.#2.0
9 3 2 45 2.20.8
10 1 15 21

11 6 1 35

12 1 3 42

13 2 1 37

14 1 2 33

15 1 1 1 69

16 1 1 1 66

17 1 1 1 78

18 100 20 8 12 66

aThe initial NH3 Photodestruction cross-section
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observed towards low-mass protostars (Chapter 2). All mxgats are irradi-
ated at 20 K followed by warm-up by 1 K ntihto 150-250 K, while acquiring
RAIRS every 10 min and monitoring the desorption producth wie QMS. The

ice thicknesses range betweeB—78 monolayers (ML). This ice thickness regime
is similar to what is expected in the dense and cold stagesiofemation. Each

ice in experiment 2—-18 was irradiated for 6 hours, resulimg UV fluence of

~ 2.3x 10 cm2. This is comparable to the fluence an ice in a cloud core is
exposed to during fyears because of cosmic-ray induced UV photons at a flux
of 10* cm? (Shen et al. 2004).

1.3 Results

The results are divided into two main sections, presentmsgtfie photochemistry

in pure ices and in binary mixtures and second in astropaysie analogues
with three or four components. In both cases the startingemadts H,O, CO,,
NH3 and CH ices in diferent combinations and mixture ratios. The chemistry
of the binary and pure ices is quantified based on RAIR speciaired during
irradiation and warm-up. The focus is on quantifying a nundfevell understood
infrared bands that can be assigned to photoproducts up46€B8#DH and OCN

in size, rather than identifying all possible photoproducthis is in line with
the aim of the chapter to derive quantities such #usion barriers rather than
determining the complete complex chemistry in a laborasetying.

Quantification through infrared spectroscopy is only gassior a few of the
photoproducts in the more complex ice mixtures because dfilitade of pho-
toproducts with overlapping infrared features. Therefibre tertiary and four-
component ice mixtures are also investigated using TPDrarpats to test whether
larger molecules, predicted from the binary ice mixturenciséry, form in these
ices.

1.3.1 Photochemistry in binary ice mixtures

The initial ice compositions, and the photodesorption dmatgdissociation yields
are also calculated from the listed ice bands in Table 1.BleTh.2 also lists the
photoproducts considered in this section, together wighitifrared bands used
for quantification, transmission band strengths and liteeareferences on the
ice spectra. Most photoproduct bands are easily identifiech ftheir spectral

positions alone, but a few bands required further analgsgeturely assign to a
specific complex species.
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Table 1.2 The original ice infrared bands and the photogrbdpectral features
used for quantification.

Species Band (cm) Band strength(cm™?) Reference
CH, 1300 6.%x10°18 Moore & Hudson (1998)
NH; 1070 1.%10Y D’Hendecourt & Allamandola (1986)
Cco, 2343 7.6¢10°Y7 Gerakines et al. (1995)
H,O 1670 1.x10°Y7 Gerakines et al. (1995)
CoHe 2976 1.x10Y Moore & Hudson (1998)
821 1.%1018 Pearl et al. (1991)
CoH, 1436 2.%10718 Moore & Hudson (1998)
NoH,4 2768 ~1.5x10°17 assumed from NH
CHsNH, 2794 ~5x10718 assumed from gg
HCN 2087 5.%10718 Gerakines et al. (2004)
H,CO 1500 3.410718 Schutte et al. (1993)
CH;0H 1026 2.&10°Y7 D'Hendecourt & Allamandola (1986)
CH;CH,OH 1044 7.%10718 Moore & Hudson (1998)
CH3;CHO 1350 6.x10718 Moore & Hudson (1998)
co 2139 1.x10Y Gerakines et al. (1995)
COs 2045 ~7.6x10°17 assumed from C©
O3 1045 1.410Y Brewer & Wang (1972)
OCN- 2165 1.%10°% van Broekhuizen et al. (2005)

aThe uncertainties in the tabulated transmission bandgttiers~20-30% when
comparing results from ffierent references, ice mixtures and ice temperatures.
bIn a H,O ice matrix.

Each abundance is quantified by fitting a local baseline ardbhe spectral
feature and then fitting one or multiple Gaussians to the kdridterest using
a personal IDL routine. The automatic fits are visually irtépd to ensure that
the fitted Gaussians are consistent with bands in pure anaiidere reference
spectra.

CHy, NH3 and CH4:NH 3 ice photolysis

Figure 1.1 shows the spectra before and after photolysisia @H, ice, pure
NH3z ice and a NH:CH4 ~1:1 ice mixture, all at 20 K. The bands used to quan-
tify the considered photoproductsids, C,H4, NoH4, CH3NH> and HCN, are
marked. The strong £ bands are assigned from spectral comparison alone,
since these bands are not confused with any other possiideigrbands (Moore

& Hudson 1998). The ¢H4 band is weaker, but can be assigned by combining
spectral comparison with desorption data — the 1436 diature desorbs with
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Figure 1.1 The initial (dotted lines) and photolysed speésolid lines) of pure
CHy ice, pure NH ice and a NH:CH4 ~3:2 mixture, all at 20 K. The bands used
for quantifying the a. @Hg, b. CHsNH, c. NoHy, d. HCN, e. NB and f. GHg4
ice abundances are marked with dashed lines.

C,Hg around 60 K in the pure CHice, in agreement with thesEl; assignment.
The same assignments were made by Gerakines et al. (1996)aord & Hud-
son (1998).

The observed broad band at 2794¢nn the pure NH ice agrees in band
position and width with one of the /¥, ice bands reported by (Roux & Wood
1983). The NH4 assignment is, however, tentative since no desorptioneddsa
on NpH4 and most other pH, features overlap with strong NHbands. The other
probable pure Nklphotoproduct, BH>, is excluded as a carrier from comparison
with spectra by Blau et al. (1961). Two other bands form inghee NH; ice
upon UV irradiation, at 2111 and 1507 ch The 2111 cm! is probably due to
N,H, as well, while the 1507 crt band can be assigned to MKGerakines et al.
1996) though NI§/4 are candidates as well (Thompson & Jacox 2001). During
warm-up most of the band disappears before;Mekorption, consistent with that
NH; is the main carrier, but with an unconfirmed assignmentpitsi&ition cannot
be quantified.

The HCN and CHNHy;, ice features in the photolysed GiNIH3: ice mixture
spectrum are assigned by comparing laboratory ice speotrathe NASA God-
dard ice library with spectra from the photolysed NEH, ice mixture during
warm-up. During the TPD experiments following photolysigass patterns con-
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Figure 1.2 Starting from the bottom the figure shows a phetalyNH:CH, ice
spectrum at 20 K, a ffierence spectrum during warm-up of the same ice mixture,
a CHsNH» spectrum (mixed with BO) and a pure HCN ice spectrum. In the
difference spectrum negative peaks signify desorption of thd lbarrier. The
dashed lines show the agreement between the referenceaspedtthe photolysis
experiment for the HCN and NMCH3 bands used for quantification.
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Figure 1.3 The relative formation of five complex moleculegh respect to the
initial total ice abundance, in pure Glite (stars), in pure Nlice (triangles) and

in a CHi:NH3 ~ 3:2 ice mixture (diamonds and squares) as a function of UV
fluence at 20 K.

sistent with HCN and CENH> desorption are visible at 110 and 120 K. Figure 1.2
shows the dference spectrum of the photolysed NEH, ice mixture between
120 and 100 K, i.e. the spectrum acquired at 100 K subtracted the spectrum
acquired at 120 K. This reveals the spectral features trsairten this tempera-
ture interval. The agreement of thisfidirence spectrum with HCM CH3NH,
is excellent. Figure 1.2 also shows that the bands seleotqdantify HCN and
CH3NH> are distinguishable at 20 K.

Quantifying the formation of ice species with respect toittigal ice compo-
sition requires known transmission band strengths — alltspdere are acquired
with RAIRS, but the relative band strengths are the sameainsmission and
reflection-absorption mode as long as the bands are not ftogst Transmis-
sion band strengths are available fogHg, C,H4 and HCN, but not for MH,
or CH3NH,. The latter two band strengths are estimated by assumingikasi
N-H/C-H band strength in the more complex molecules as in it GHg.

Figure 1.3 shows the formation o8¢, CoH4, HCN, NoH, and CHNH, as
a function of UV fluence in pure CHce, in pure NH ice and in the CiNH3 ~
3:2 ice mixture. The gHg and NbH,4 production are only reduced by10% each
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in the mixtures and this is with respect to the total ice thies. The production
rates of NH4 and GHg are thus the same within the uncertainties in the purg CH
ice and in the ice mixture with respect to the £&hd NH; abundances. The abun-
dant GHg formation in the ice mixture indicates that it is mainly treerhation

of larger hydrocarbons that is suppressed in favor of HCNGIHgINH, produc-
tion in the ice mixture. This is consistent with the reduatio C,H4 production,
which is evidence of that Cl an ingredient in both ¢H4 and GHg formation,

is quickly consumed by reactions with Nl the ice mixture.

The two molecules forming from reactions of Neind CH, fragments, CHNH,
and HCN, depend ftierently on UV fluence (Fig. 1.3d.). The GNH, ice abun-
dances reaches steady-state faster than any other imtedtigolecule, while the
formation rate of HCN increases with fluence, indicative dfil@N formation
pathway from first-generation photoproducts, such agNGH.

By comparing the initial @Hg formation in Fig. 1.3a and £H4 formation in
1.3b, it is possible to constrain the ¢ldhotodissociation branching ratio. This
is done below using the initial formation cross sections gfiEand GH, in the
pure CH, ice, which are (2 + 1.3) x 101° and (36 + 1.5) x 102 after 4x 106
photons cm?. Gerakines et al. (1996) finds a comparablgig/CoH,4 product
ratio (§1) following pure CH ice photolysis.

The chemistry in the pure and mixed ices are then proposedoteed as
shown in Fig. 1.4, where the reaction scheme for the mixedsiamnstructed
by combining the Clj and NH; reaction schemes with the bridging HCN and
CH3NH> reactions. The reaction schemes clearly show the additrmmaber
of steps required to from HCN compared to §MH,, which explains the initial
delay in the HCN production. The early steady-state ogR8H, suggests that it
easily photodissociates into HCN and that this is the maimédion path of HCN
in the ice. This is also consistent the almost constant foomaate of HCN once
the initial delay is overcome.

CHy:H 0 ice mixture photolysis

Figure 1.5 shows the initial and photolyzed spectra of pulg iCe and a HO:CH,
~1:3 mixture, both at 20 K. There are no identified photoprdslfmllowing pure
H,O ice photolysis (not shown). This is in contrast with e.g &kares et al.
(1996), who detected OH and,B, formation. The observed rates were low,
however, and neither would be expected to be observableedtdhthicknesses
and UV fluences employed in this study. The photolyzed, @ad HO:CH, ice
spectra are plotted together with pure §0H, H,O, CH;CH,OH and CHCHO
ice spectra to justify the complex photoproduct assignmemtie most isolated
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Figure 1.4 The proposed reactions schemes following UVaiysis of pure CH,
pure NH; ice and a CH:NH3 ice mixture. Solid boxes mark detected species and
dotted boxes undetected ones.

bands of each complex ice species are used for quantification

Similarly to the CH:NH3 photochemistry, the formation rate oblds is al-
most constant between the pure Jek and the ClH,0 3:1 mixture, while the
C,H4 production is significantly lowered. Of the new complex nooles in the
CHg4:H>0 mixture, CHOH forms the fastest, but reaches a similar steady-state
level to CHCH,OH. H,CO, CHCHO and CHCH,OH all start to form after
a certain fluence level is reached, indicative of a seconditer lgeneration of
photoproducts. CECHO forms last. Qualitatively the product assignments agre
with Moore & Hudson (1998) who also found a comparablesOH/CH3;CH,OH
product ratio in their HO:CH, 2:1 ice mixture.

CH3CH,OH and CHCHO are also photoproducts of pure ¢bH ice (Chap-
ter 10) and the product ratio of GBH,O and CHCHO is consistent between
the CH;OH and the CH:H,O photolysis experiments. The formation path for
CH3CH,OH must however be fferent in the two experiments since the §tHH,OH
to CH3OH ratio is one order of magnitude higher in the £H,0 ice than in the
CH3OH ice following irradiation with the same fluence. Figur&@ shows that
CH3CH,OH probably forms from gHs + OH in the CH;:H,O mixture versus
CH3+CH,0OH in the CHOH ice (Chapter 10), while C#CHO forms through
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Figure 1.5 The initial (dotted lines) and photolysed speésolid lines) of pure
CHy ice and a CH:H,0~3:1 mixture, both at 20 K. The bands used for quantify-
ing the a. GHg, b. H,CO, c. GHy4, d. CH;CHO, e. CHCH,OH and f. CHOH

ice abundances are marked with dashed lines.
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Figure 1.6 The relative formation of six complex molecule#h respect to the
initial total ice abundance, in pure GHce (stars) and in a $#0:CH; ~1:3 ice
mixture (diamonds and squares) as a function of UV fluenc® &t.2

photodissociation of CECH,OH or possibly radical-radical reactions between
CHs and HCO in both cases; both formation paths are consistehtthe late
onset of CHCHO formation. The delay in $#CO and CHCH,OH formation is
also explained by the reaction scheme, which shows thatdpeities requires one
more reaction step compared to ¢bH and GHg formation.

Pure CO, and CH4:CO,, ice photolysis

Pure CQ ice photolysis results in CO, Gand G formation, consistent with
Gerakines et al. (1996) Figure 1.8 shows that in the;Ci, ice mixture CO
and CQ still forms and so does £Elg ad GH4. In addition, features belong-
ing to CH3OH, H,CO and CHCHO are identified. HCOOH probably forms as
well, but its most distinct bands overlaps with featuresrfitd,CO, CH;CHO and
CH3COOH. The contribution of HCOOH to the 1700 chtomplex can be inves-
tigated through dference spectra during warm-up, since the HCOOH desorption
temperature is known from Chapter 10. This is shown in Fig§, Where a HCO-

X band disappears in the 130-160 K temperature range, whe@H desorbs.

It is however not possible to determine the HCOOH formationirdy irradiation.
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CH3CHO

Figure 1.7 The proposed reactions scheme following UV gigsi®of a CH,:H,0
ice mixture. Solid boxes mark detected species, dashedhertatively detected
species from RAIRS or TPD curves and dotted boxes undetspexies.
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Figure 1.8 The initial (dotted lines) and photolysed seésolid lines) of pure
COs ice, pure CH ice and a C@CHj ~1:2 mixture, all at 20 K. The bands used
for quantifying the a. CO, b. C§c. HhCO, d. GHy4, e. CHCHO, f. O3 and g.
CH30H ice abundances are marked with dashed lines.
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Figure 1.9 Starting from the bottom the figure shows a phetayCGQ:CH, ice
spectrum at 20 K, a ffierence spectrum during warm-up of the same ice mixture,
and a pure HCOOH spectrum. In thefdrence spectrum negative peaks signify
desorption of the band carrier.
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Figure 1.10 The relative formation of eight photoproduetith respect to the
initial total ice abundance, in pure Ghte (stars), pure C@ice (triangles) and a
CH4:CO, ~ 2:1 ice mixture (diamonds and squares) as a function of U\hflee
at 20 K.
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[chscHO]  [HoCOl2cHs0H

Figure 1.11 The proposed reactions schemes following UMqbysis of pure
CQO, ice and a CH:CO, ice mixture. Solid boxes mark detected species, dashed
boxes tentatively detected species and dotted boxes whektenes.

Therefore the quantitative analysis focuses on the otleeyrsly identified
ice photoproducts. Cfand @ formation changes most dramatically between
pure CQ photolysis and CCO, photolysis; the formation rates decrease with
an order of magnitude in the mixture (Fig. 1.10). The CO fdramarate does
not change significantly indicating that CO is relativelyreective. The gHg
formation rate is enhanced in the mixture compared to the jma: Of the three
new complex species, GBH is formed most abundantly — hydrogenation of O
atoms must be veryfiecient. CHCHO and HCO form as well and in higher
abundances compared to the®CH, mixture.

The extremely low C@production in this ice mixture can be explained by fast
hydrogenation of C@to form H,COs;. Moore (1991) detected abundant®Os
during warm-up of an irradiation $#D:CO, ice mixture and similar bands are also
present during warm-up of the GKCO, ices to 200 K.

Figure 1.11 shows this reaction path and proposed reacis for all infrared-
detected products. Th faster onset of {CHHO production in the CHCO; ice
mixture compared to the #D:CH, ice mixtures suggests that GH HCO is the
dominating formation path in the G&@:CH;, ice rather than CEICH,OH pho-
todissoication. HCOOH formation may occur through twibetient reaction path-
ways: hydrogenation of C£and CO-HCO reactions. The former is prohibitively
slow for thermalized hydrogen atoms (Bisschop et al. 2Q03at)it may still be
fast for energetic species. In either case, the experinemésshows that any kind
of hydrogenation of CO and CQs definitely less fficient than hydrogenation of
the radical CQ. This is in agreement with previous comparison of molecualg a
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Figure 1.12 spectrum of irradiated MY O, ice during warm-up. All features ex-
clusive to photolysis of C&NH3 ice mixtures compared to pure ices are marked
with dashed lines. The OCNeature is at 2161 cn.

atom hydrogenationficiencies (Hiraoka et al. 1998).

CO2:NH 3 ice mixture photolysis

Irradiation of a CQ:NH3 ice mixture produces a complex ice spectrum (Fig.
1.12). This has been previously noted for ice mixtures dénimg NHz, H,O and
CO and many of the new broad features can be ascribed fosilts and XCOO
ions (Mufioz Caro & Schutte 2003). Considering the simpletangs most of
XCOO™ should be HCOO and HCOOQO, but some more complex products
cannot be excluded. Another probable product is,8IHO, which has several
spectral features in the 1400-1700 ¢megion. Because of the overlap between
different bands shown in Fig. 1.12, only the formation of CO andNO@rom its
2161 cn1! band) can be quantified at this stage.

OCN™ is a common product from UV processing of C, O and\ddntain-
ing ices and its formation in the NMCO, ice mixture is consistent with previous
studies (e.g. van Broekhuizen et al. 2004). Figure 1.13 shibat similarly to
what was observed for HCN in the NKCH4 mixture, OCN is not produced im-
mediately at the onset of irradiation, indicative of a mstip formation process.
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Figure 1.13 The evolution of the OCNand CO abundances as a function of UV
fluence during irradiation, and as a function of temperatiunéng warm-up.

This explains the low yield of OCNwith respect to NE; the lower limit on NH;
formation is more than an order of magnitude greater tha®tBkl~ production.
OCN- is thus not the main counter ion of NHFigure 1.13 also shows that OCN
does not desorb below 170 K.

With only two band assignments the @®8H3 reaction scheme is speculative.
The pathway to HNCO and further to OCNnay either be through CENH or
CO+NH,, followed by photodissociation. From the,8:CO, and CH,;:CO; ice
mixtures, both HCO; and HCOOH are expected products in the M3 ice
photolysis experiment. These two acids may very well be tharoounter ions
to NHj, since in the presence of Ntthey should both be converted into their salt
counter parts (Schutte & Khanna 2003).

The dfect of H,O at different concentrations

Figure 1.14 shows the spectra of pure )NH>O:NH3 1:1 and BO:NHs3 4:1 ice
before and after the ices are irradiated with a UV fluence.8f210' cm2,
Adding different amounts of y0 to the NH; ices suppresses the production of the
2111 cnmt and 2768 cm! features, observed in the pure ice photolysis experiment
and there ascribed toJNl4; neither is observed in any of the@:NHjz ice mixture
experiments, though overlap between the 2768cband and the kD feature
wing prevents a strict upper limit. The 1507 thiband is observed in the @
mixtures. In addition, at least one new feature appearsamnthh ice mixture,
and probably in the 1:1 ice as well, at 1470 ©m The 1470 and 1507 cmh
bands are fitted simultaneously with two Gaussians to takeaocount the band
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Figure 1.14 Spectra
of pure NH; ice,
NH3z:H,O 1:1 and 1:4
ice mixtures, before
irradiation at 20 K
(dashed lines) and
H,0:NH,; 4:1 / \ after irradiation at
Ho:lzn\{NI:I// 20 K (soli(_JI lines).
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overlaps. In general the combined band around 1500' égsnmore pronounced
the more HO is added, indicative of either the onset of an acid-basmiste or
efficient trapping of NH. Only additional irradiation experiments will be able to
distinguish between the two carrier scenarios. Without aenstrict assignment,
the chemistry cannot be further quantified in thg2#NH;3; mixtures.

Photolysis of the KHO:CO, mixtures result in several broad features, which
are due to a combination of HCOOH ang®{D3;. The bands cannot be easily
separated during irradiation and therefore this chemistdjfficult to quantify as
well.

In the CH;:H,O 3:1 and 1:2 ice mixtures ££lg, CH;0H, CH;CHO, H,CO
and CHCH,OH all clearly form upon UV irradiation. The formation of tfiest
four complex species are quantified in Fig. 1.15 with restmetite initial CH, ice
abundance. Increasing the® concentration reduces the relativeHg formation
and increases the relative formation rates ofsOH, CHCHO and HCO as
expected when increasing the relative /fGH3 radical ratio in the ice.

During irradiation there is no obvious evidence for a sloveelical difusion
because of higher binding energies in gHrich ice. During warm-up there are
some diterences between the two ice mixtures, however (Fig. 1.1%.GH0OH
and CHCHO abundances increase in both mixtures with temperahuriethe
CH3CHO abundances increases more yOtrich ice and CHOH in the HO-
poor ice, indicative of dferent difusion conditions in the $O-poor and the more
strongly bound HO-rich mixture.
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Figure 1.15 The relative formation of four complex molesuie CH;:H,O~3:1
and 1:2 ice mixtures (stars and diamonds, respectively) reipect to the initial
CH, ice abundance as a function of UV fluence at 20 K.

NH3 ice photodesorption

The photochemistry in both pure ices and mixtures is limkgdhe formation
rates of radicals through photodissociation, which isused in the next sub-
section, and by the photodesorption rate, which continyalessorbs ice. Figure
1.17 shows the loss of NHce at 20 K as a function of UV fluence due to a
combination of bulk dissociation and surface photodesmmptcalculated from
the 1070 cm' band. The photodesorption yield is determined from thealirke-
crease in ice thickness, visible at later times, while thi& dissociation follows
an exponential decay (Oberg et al. 2009b,a). The combinedrdiand exponential
fits result in a NH photodesorption yield of (2 + 0.7) x 10~2 per incident UV
photon. The main error comes from the ice thickness uncgytathe fit error is
~15%.

The derived photodesorption yield is similar, within a tacof three, to the
yields determined previously for CO, GH,0 and CHOH (Oberg et al. 2009a,b,
Chapter 10), confirming the assumption of an almost congthatodesorption
yield for all ices with strong UV absorptions (Chapter 12).
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Figure 1.16 The relative evolution of four complex molesuie CH;:H,O~3:1
and 1:2 ice mixtures (stars and diamonds, respectively)fasciion of tempera-
ture during warm-up.
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Figure 1.17 The loss
in NH3 (stars) ice due
to bulk dissociation
(exponential part) and
surface photodesorp-
tion (linear part). The
combined fit is plot-
ted with a solid line
and the linear and
exponential parts are
overplotted with dot-
ted lines.
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NH3 and CH4 photodestruction
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Figure 1.18 shows the normalized and log-transformed |bsig ice as a func-
tion of fluence for diterent ice mixtures. In contrast to Fig. 1.17 the ices ar&thic
(~50 ML) and the fluence scale short to ensure that bulk prosefs®inate the
ice loss, rather than photodesorption of surface moleculdge measured pho-
todestruction rates for NfHduring the first 4x 10 photons cm? are reported
in Table 1.1 for pure Nk, ~NH3:H>O/CH4/CO, 1:1-3 mixtures and a N&H»O
1:4 mixture.

The photodissociation rate for pure Nig¢e is 10x 10718 cm~2. This is an or-
der of magnitude lower than the measured gas phase photpties@ross section
(van Dishoeck 1988). A similar discrepancy was previousiynd for CHOH,
indicative of that fast recombination is important follogiice photodissociation.
The new NH ice photodissociation rate is however a factor of 8 highan threvi-
ously measured for a thick N§N» 1:10 ice mixture, which is probably the most
comparable measurement to the present one, since all psepimtodissociation
measurements are for thick ices and thick pure ices (of 100@Mmnore) siffer
from optical depth gects (Cottin et al. 2003). Furthermore Cottin et al. (2003)
measured the photodissociation yield for an order of magdeithigher fluence,
when back reactions become important — if the destructiosscsection is mea-
sured over B x 107 photons cm? it would appear to be the same as measured
by Cottin et al. (2003) for the 1:10 ice within the experimenincertainties. The
higher photodissociation yield measured here should teuadre accurate, even
though the precision of the measurements by Cottin et abl3P@as higher.
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The initial NH; photodestruction rate is indistinguishable in the ;O
1.1 mixtures, the NBtCH,4 2:3 mixtures and the pure NHce. At higher fluences
there is still no measurableftiirence between the Nhbhotodissociation in pure
NH3 ice and in the NH:H,O mixture, while more NH is being destroyed in
the NH;:CHy4 ice mixture. This diference suggests affieient chemistry in the
NH3:CHj, ice, which slows down the reformation of NHfom photodissociation
fragments.

The initial photodestruction is significantly higher in tNél3:CO, 2.5:1 and
the NHg:H>O 1:4 ice mixtures compared to pure Rllite (the quoted uncer-
tainties in Table 1.1 include the systematic uncertainties fit uncertainties are
~0.2x107* cn¥). In addition the destruction rate in the NEO, ice does not
slow down with UV fluence. The higher initial photodestroctirate suggests
an additional destruction mechanism than photodissodatuch as UV induced
acid-base chemistry i.e. NHs both destroyed directly by the UV irradiation
through photodissociation and indirectly through protmmain reactions with
other photoproducts. This is the only explanation for thghtdestruction rate in
the NHz:CO, ice mixture. The high rate in the 4:1,8:NHs ice may also be due
to a slower difusion rate in a HO-rich ice, which limits back reactions. Both al-
ternatives are discussed below together with new expetsrtbat will constrain
the relative importance of the two mechanisms.

oo B T T _
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None of this behavior is observed for ¢Hhotodestruction in a similar set of
ice mixtures (Fig. 1.19). Except for a 50% lower photodegtom cross-section
in the CHy:NH3 mixture, all CH, cross-sections are 2.5 x 10718 cm?, which is
a factor of three higher than previously reported by Gerxkiet al. (1996) and
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a factor of five lower than the gas phase value (van Dishoe88)19The factor
of two smaller discrepancy between ice and gas phasgdOipared to the Nk
case, is consistent with the expected higher volatility b than NH; the faster
diffusion of CH3 should reduce the importance of immediate back reactions.

1.3.2 Testing complex ice formation in an astrophysical icequiva-
lent

The comparison between photolysis of pure and binary maestshows that the
binary reactions products are consistent with combiniegptire reaction schemes
with a few bridging reactions. In tertiary ice mixtures amdai four-component
astrophysical ice analogue, the products are thereforecteg to be consistent
with the products from the binary mixtures, with some newddging reactions
combining e.g. the CENH, and HCOOH products to form NWMCH,COOH in a
NH3:CH4:CO; ice.

0.06 LN L L L L Y L L L L B B LI L
C A 1
- \ - .
0.05 - CO,:NH,:CH, i J Figure 1.20 In-
- ! i frared spectra of
C . ] _
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S . ot :] ice equivalent and
+ 0.03F ' \ 1 the NH;:CO,CH,
¢ 4 ice mixture before
E 0.021 J irradiation at 20 K
B - (dotted line), follow-
2 0.01 ing photolysis at 20 K

(solid line) and after
000 11 1 l 11 1 l 11 1 l 11 1 l 11 1 Warm-up to 100 K
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1

L1

Wavenumbers / cm”

The RAIR spectra following photolysis of these ice mixtuaes complicated
and few of the products can be quantified spectroscopichily. (1.20. Some
attempts to assign peaks around 1500-1700chave been made in previous
studies following photolysis of comparable ice mixturesufdz Caro & Schutte
2003), but this is not pursued here. Instead the carriersafi® outside of the
1500-1700 cm! spectral region, which can be securely assigned, are dednti
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Figure 1.21 The relative evolution of five photoproductswéspect to the initial
CHy ice abundance in a4®:C0,:NH3:CH4 100:20:8:12 astrophysical ice equiv-
alent (stars) and three molecules in afXMH3:CH, ice mixture (diamonds) as a
function of fluence at 20 K.

using RAIRS. More complex products are then investigateouigih TPD exper-
iments. No experiments resulted in any remaining residtex Akating to room
temperature as have been observed in some previous expesiorethicker ices
and after higher UV fluences (Greenberg 1983; Schutte & Ka2003).

Quantification of photolysis through RAIRS

Despite the complexity of the spectraiy, CH3OH, CO and OCN forma-
tion can be identified in the astrophysical ice equivalent,QKCO,:NH3:CHgy
100:20:8:12) and in a tertiary GONH3:CH4 1:1:1 ice mixture, through the same
spectral features as in the binary ice mixtures.3CHO probably forms as well
though there are alternative nitrogen-bearing carrieth®f1350 cm! band. A
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comparable amount of OCNorms in both ice mixtures with respect to the £H
content in the ice, but the initial formation rate is lowetlwe HO-rich ice. The
C,Hg formation is significantly reduced in the;B-rich ice compared to the ter-
tiary ice mixture, suggesting that most of the £xiddicals react with other radicals
than CH in the H,O-rich matrix forming some of the observed gbH and pos-
sibly CH;CHO. Overall, the photochemistry in the astrophysical ipeialent is
qualitatively comparable to the simpler ice mixtures.

Table 1.3 lists the formation cross sections for all detkpteotoproducts with
known band strengths in the quantified experiments. Thess @ections have a
physical meaning for species that form directly throughtptissociation, such
as CO. For the other molecules it is simply a convenient nreagithe initial
photoproduction rate — the cross sections are calculatefitting a line to the
growth curves during the first 4 10'® photons cm?. This growth regime is
linear and should only be marginallyfacted by back-reactions, except for the
fast initial recombination reactions immediately follogiphotodissociation. The
cross sections are listed with respect to initial £NH3 and CQ abundances
where relevant, i.e. where the product can form from phesmiiiation fragments
of the molecule. The §Hg formation is thus only listed with respect to the initial
CH4 abundance, while the GINIH, formation is listed with respect to both the
CH, and NH; abundance.

Table 1.3 Cross sections with respect to the initialy@HH3/CO, abundances.

Experiment Photoproduction cross-sectipa&° cn?

C,Hs CyHq4 CH;OH CHCHO CO CQ OCN-
Pure CH 3.2 0.36
Pure CQ 13 5.5
CH4:NH;3 4.2 0
CH4:.CO, 7.7 0.6 2.4/4.3 0.34-/0.62 14 0 +/0.5
CH4:H,0 3:1 5.0 0.30 14— 0.27-/-
CH4:H,0 1:2 2.8 <0.92 10— 1.9-/—-
CH4:NH3:CO, 3.8 2.2 —-0.030.03
Astro mix 2.0 0.83-/0.33 3.7-/1.5 15 +£0/0

The initial formation rate of @Hg is constant between theftirent experi-
ments within a factor of three of the pure ice experiment. dnt@ast the GH4
rate is below the detection limit of 10-2° cn? in the CHi:NH3 mixture and the
rate thus changes by an order of magnitude. In most casesnthaliundance of
these two molecules depend on the steady-state betweeationmmand destruc-
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tion in the diferent ices, rather than the initial formation rate; e.g.fthal C;Hg
abundance in the analogue is 1% with respect tq &htl 4% in the pure Clce,
but the initial rate is less than 50%fidirent.

The CH,OH formation rate varies by an order of magnitude with respec
the initial CH; and CQ abundances in the fiérent mixtures, indicating that the
formation rate is dominated by the availability of OH radcian the ice under
most conditions, rather than the availability of €Ht is however also reduced in
the analogue whered® ice is abundant; 0 may be too abundant in this case,
caging any formed Cgland OH radicals from dliusing through the ice.

The CO production with respect to the g©ontent is not fiected by the
presence of Cildand NHs. It is however reduced by an order of magnitude in
the NHg-containing ices where acid base chemistry is feasiblethieetertiary ice
mixture and the analogue. In contrast the{d@rmation rate is reduced by an
order of magnitude between the pure £i€e and all other ice mixtures.

There are thus some significant quantitativfedlences between the binary
ices and the astrophysical ice mixture analogue, whichiétieudt to predict with-
out a quantitative model that takes into account fffiects of acid-base chemistry
and diferent difusion barriers in dferent ices.

Nevertheless, the fact that the expected photoproductbared in the ter-
tiary ice and the analogue suggest that the initial hypathes the reactions
schemes for these ices is correct; i.e. the chemistry doofdise binary ice reac-
tions together with bridging reactions resulting in theriation of more complex
molecules. Larger molecules should thus be present in théettiary and ana-
logue mixtures. This is the topic of the next section.

TPD experiments

This section investigates the TPD curves of the photolysedghysical ice equiv-
alent HO:CO,:NH3:CH,4 100:20:12:8, together with TPD curves of five other
photolyzed ice mixtures. The aim is to constrain which ca@rpholecules form
abundantly in the astrophysical ice equivalent by invediigy the mass signals at
each desorption peak and similarities anledtences between thefidirent exper-
iments.

The ices employed for comparison are thedNED, 1:1, NHz:CHy 1:1,
NH3:COo:CHy 1:1:1, NH:COx:H-0 1:1:1 and HO:COy:CHy 1:1:1 mixtures.
All mixtures contain similar amounts of Nj;iCH, and CQ ice initially, within
a factor of two, expect for the analogue. All TPD curves amdext by the same
factor and the resulting TPD curves should thus reflect tiferdnt formation
efficiencies of diferent products in dierent ice mixtures.
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Figure 1.22 TPD curves following photolysis of six ice misga for m/z=27
(solid), 29 (dotted) and 31 (dashed). The thin solid lineskntiae approximate
desorption temperatures of GHCO,, NHz and H,O. The thin dashed lines mark
the desorption temperatures offdrent photolysis products, visible in at least one
of the TPD experiments.
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Figure 1.23 TPD curves following photolysis of six ice misga for m/z=43
(solid), 45 (dotted) and 46 (dashed). The thin solid lineskntiae approximate
desorption temperatures of GHCO,, NHz and H,O. The thin dashed lines mark
the desorption temperatures offdrent photolysis products, visible in at least one
of the TPD experiments.



34 Chapter 1. Photochemistry in,®:CO,:NH3:CH, ice mixtures

0 50 100 150 200 250
0.0060F ™ ™~ T " T T ———
0.0058 H,0:NH4:CQ, L m/z = 59 -
0.0056 ! I m/z =80 | |
. | o m/Z—G} /‘\*
0.0054 "‘"‘w"“m e
0.0052 | | e

- 0.0050 | L Co
7 ! Il | |
& 0.0056 NH,:€0,:CH, - oo
. 0.0054 ‘ - o
~, 0.0052 | L N
& 0.0050 _ o | L .‘--~‘
g e
= 0.0048 ‘ - T
p | (I | I
:Eu 0.0056 H,0:00,:NH,:CH, - .
0.0054 | - o
0.0052 I Il I I
0.0050F levepmtororpommen L | L R
[ [ Mol ||
0.0048 bl T
0 50 100 150 200 250

Temperature / K

Figure 1.24 TPD curves following photolysis of six ice misda for m/z=59
(solid), 60 (dotted) and 61 (dashed). The thin solid lineskntle approximate
desorption temperatures of GHCO,, NH3 and HO. The dashed lines mark the
desorption temperatures ofiirent photolysis products, visible in at least one of
the TPD experiments.
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Figures 1.22-1.24 present TPD curves for the nifiesignals, which together
contain all desorption peaks observed in the entire set péraxents. The nine
m/zare 27, 29, 31, 41, 43, 45, 59, 60 and 61, which tragdz (27, 29), HCN
(27), CHsNH3 (27, 29, 31), HCO (29), CHOH (29, 31), NHOH (31), CHCN
(41), HNCO (43, 27), HCOOH (29, 45), GEOOH (45, 60), NHCOOH (45,
61), NHLCH,COOH (29, 45, 59), CENH,COOH (29, 45, 60), HCO;3 (45, 61).
m/zwith contributions from the original ice components aregmsefully avoided,
i.e. m/z=12-18, 28 and 44, since desorption of the original ice coraptmtend
to dominate these mass signals.

The ices are at most heated to 230 K, because of experimemtsiraints, at
which point ices are still desorbing. The desorption peaksaaalysed sequen-
tially starting with this desorption feature around 230 Kddahen proceeding to
lower temperatures. The resulting assignments to the pgsomeaks are sum-
marized in Table 1.4.

The 230 K desorption peak in Figs. 1.22-1.24 is present iNthgCO,:CHy
mixture, but not in the HO:NH3:CO, mixture, while the TPD was terminated at
lower temperatures in the other experiments. The carrignepeak must there-
fore contain a CKgroup. In the NH:CO,:CHy, it is present for all investigated
m/z, includingm/z=60 and 61. The high desorption temperature suggests a com-
pound which exists as a salt in the ice. There is no infraratufes left in the
NHs-free mixture above 200 K or in the GHNH3 mixture above 150 K and thus
the molecule must contain nitrogen and a,C§doup. The strongn/z=43, 45
and 46 peaks are indicative of GEIOH and COOH functional groups. Glycine
NH>CH,COOH and its structural isomer GNHCOOH (CHCOOH= 59 amu,
NHCOOH= 60 amu, CHCOH/NHCO = 43 amu, COOH45 amu) are thus the
most probable carriers though additional experimentselwiricludem/z=75 are
needed to confirm.

A second molecule, which does not contain a,@frbup, also desorbs around
this temperature, since there is a desorption peak pres2@b« in the
H,0:NHj3:CO, mixture, consisting ofm/z=45, 46, 43, 29, 27 and 31, but no 59,
60 or 61. NBCHO fits this mass pattern, but a new £8H3; experiment is
required to test whether the desorption is present thereelhstMCOOH in its salt
form is another option, which explains some of the observadssignals.

The next desorption peak, working backwards, is at 215 K anthinsm/z=61,
but not 59 or 60 in both the #D:NH3:CO, and NH;:CO,:CH,4 mixtures.m/z=29
and 45 are also prominent. This is indicative of ddHDOH desorption (NLICOOH
= 61 amu, COOH= 45 amu, COH= 29 amu).

The desorption peak at 195 K is the first to be investigatetitheertainly
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present in the astrophysical ice equivalent in the bottonepa Figs. 1.22-1.24.

It is also apparent in the NdCO,:CH, experiment withm/z=60, but in no other
experiments. The absence in the®INH3:CO, ice mixture is indicative of the
molecule containing a CHgroup, while the absence in the N-free ice mixture
advocates a molecule containing nitrogen or an acid, whighires the presence
of NH3 to exist in ion form and thus desorb at this high temperatiifese facts
and the mass pattern fits GEIOOH and no other considered species.

H»,0 desorbs at 145 K. This is accompanied with significant co-desorption
of m/z < 46 in the astrophycial ice equivalent and in thglHCO,:CH,4 ice mix-
ture, though the mass signals ar@atent. In the astrophysical ice ting/z=45
signal is stronger than thay/z=43 signal, while the relation is the opposite in
the nitrogen free mixture. Both peaks have multiple possdarriers, but the
H,0:CG0,:CH,4 peak must be dominated by akL,O type species, while the peak
in the astrophysical ice equivalent has a main carrier wi@Ca-group such as
HCOOH.

The astrophysical ice equivalent and the¥H3 ice mixture contain a peak
at~120 K. The lack of anyn/zabove 27 suggests that HCN is the carrier — HCN
desorbs with NH in the NH;:CH4 mixture from the RAIRS. Next, a desorption
peak at 110 K is most obvious in the @INH3 ice mixture and its mass pattern
with m/z=27-31 makes its assignment to gNtH, secure.

There is no co-desorption with NHn the astrophysical ice equivalent. The
next peak at-76 K is due to co-desorption with GOwhich contains no obvious
evidence for desorption of complex species. Finally thenn@aH,/6 desorption
peak at~62 is present in all Chlcontaining ice mixtures.

There is no separate desorption peak for HNCO in any of thererents,
which is at first glance surprising since OClé formed according to the RAIR
spectra. Also according to the RAIR spectra, OC#larts to desorb around
200 K, and this temperature region does confajiz signals of 28, 26 and 43.
OCN7/HNCO must thus desorb together with other species at thipdesture.
It probably explains the strong/z=43 signal at this time; while NtyCH,COOH
may contribute tan/z=43, a rather awkward dissociation is required to form it
and OCN is a more likely main contributer.

The (tentative) assignments of all desorption peaks arer&urined in Table
1.4. TPD experiments following ice photolysis thus provateple evidence for
a complex NH based chemistry in Nficontaining ice mixtures up to the forma-
tion of simple amino acids. TPD curves provide little queaiive information,
however and no information on when these species form dytiodolysis.

The TPD curves suggest that inspectinfjedence spectra from before and af-
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Table 1.4. The TPD detected species in key ice mixtures with
H,O:CO,:CH4:NHs.

Temp. (K) m/z Assignment

62 27, 30, 29 GHg4, CoHg

76 varied CQ co-desorption

90 varied NH co-desorption

110 31,29, 27 CkNH>

120 27 HCN

145 varied HO co-desorption

195 45, 43, 47, 60 CECOOH ion

215 61, 45, 46, 31 NECOOH ion

225 45, 43, 46 NKHCHO (+HCOOH) ion

230 60, 59, 45, 43,46 NyCH,COOH+CH3zNHCOOH ions ¢ HNCO)
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ter specific desorption peaks may result in the assignmestrog infrared peaks
and the derivation of the final abundance of the complex nutgdem question.
Figure 1.25 shows the flierence spectra of the NHCO,:H,O mixture between
220 and 210 K and between 200 and 180 K. According to the TPiZesumo
different carriers are desorbing at these temperatures. Yelffeeence spectra
share several bands, indicative of that some of the changés IRAIRS are due
to ice re-structuring, such as dissolving of the salt neka&orather than desorp-
tion. Difference spectra during desorption are thus not very usafilia:CO,-
containing ice mixtures when trying to assign RAIRS featuieecomplex mole-
cules.

Modeling the ice chemistry in the simpler ice mixtures anehtlising these
models to predict the chemistry in astrophysical ice anadegvith some quanti-
fied chemistry thus remains the best option for quantifyirgdomplete chemistry
of the HO-rich ice phase during star formation.

1.4 Discussion

1.4.1 Importance of acid-base chemistry in NH:X ice mixtures

The photodestruction rate of pure NEnd of NH; in different ice mixtures dliers

by factor of four diferent after a low fluence and by an order of magnitude after
an equivalent photon exposure to a million years in a cloug,cbe. ~ 3 x
107 photons cm? Shen et al. (2004). In contrast the ¢photodissocation rate
increases by at most 50% between the pure ice and a similafisetmixtures as
investigated for NH.

There are a number of processes that ¢tettthe &ective photodissociation
cross sections in ices of which thefdssion rates of radicals and as been shown
to be important previously (Chapter 10). Thefdsion rate can be increased by
increasing the ice temperature and decreased by trappéngothtile molecule,
e.g. NH;, in a less volatile ice such as,B. This may explain why the N
photodissociation cross section is increased in th@:NHz 4:1 mixture but not
in the 1:1 mixture. A similar ffect would be expected for GH This is not
observed, but may be due to that the highegDHoncentration investigated is
H,0:CH,; 2:1 and a 5:1 experiment is required to investigate thishéurt

The increased photodestruction rate of ]NK the HO ice may also be due
to a photo-induced acid-base chemistry wheg®tbr a HO:NH3 photoprod-
uct acts as a weak acid. Acid-base chemistry is the only eafitan for the ex-
tremely dficient indirect photodestruction of NHn a CQ, ice mixture. There
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NHz must be lost both by photodissociation and by proton tranfsfen pho-
toproducts, such as HCOOH ang®Ds, to form NH;. Acid base chemistry
in NH3 and CQ containing ices also explains the high desorption tempesat
of several of the complex molecules, e.g. §0OO0H, CHCOOH and possibly
NH,CH,COOHCH3;NHCOOH.

The impact on the chemical pathways of this proton transfeiot clear. The
tentatively detected complex molecules in the NED,:X mixtures can all be
qualitatively explained by radical-radical reactiongy.eNH,+CH,+COOH to
form NH,CH>COOH, followed by proton loss to Ngito form NH;. This in-
dicates the the acid-base chemistry does fi@ce the formation pathways of
species, but only the final form of the products and theretbeir desorption
temperatures.

1.4.2 Photodissoication branching ratios

H,0O, CH; and NH; all photodissociate through the loss of one or multiple bydr
gen atoms or a hydrogen molecule, while £&xclusively photodissociates into
CO+0 in the gas phase (van Dishoeck 1988). Th®Hnd NH; photodissocia-
tion branching ratios cannot be quantified in the pure iceabse of the lack of
secure product detections and band strengths. Their gae phlues are however
well known and should be valid in the solid state as well. The ghase Cid
photodissociation branching ratio into @ldnd CH is more controversial and
experiments have suggest values between 5:1 and 1:1 (Ronedrat. 2008).

Following CH,; photolysis in the pure ice, both,8s and GH4 are detected.
The growth curve of gH, contains a small fluence delay, but itis not large enough
to infer that GH4 is a second generation product as e.g3CH,OH seems to be
in the CH;:H»0 ice. Thus the initial growth of both £, and GHg is assumed
to be caused by CHCH3 and CH+CH, radical reactions. Further assuming
that the difusion barriers of Chland CH are comparable, the Gtbranching
ratio can be constrained from the initiaplds and GH,4 production rate, which is
~9:1. Since each reaction requires two radicals, the diggoni branching ratio
is inferred to be-3:1.

The product ratios during UV irradiation will also dependtbe relative rad-
ical diffusion barriers. Quantifying these barriers requires, vewe model that
simultaneously considers all possible reactions pathways
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1.4.3 Radical difusion: dependence on KO content

Diffusion data can also be extracted by monitoring the furthendtion of com-
plex molecules during warm-up after the UV lamp has beenetliaff. This is
most obvious when comparing the @bH and CHCHO formation in a HO-
poor and a HO-rich H,O:CHj, ice mixture during warm-up, following irradiation
at 20 K. In the HO-poor ice mixture CHOH forms during warm-up, but al-
most no CHCHO. In the BO-rich ice the situation is the opposite. In both ices
more OH than CHO radicals are expected to form, since OH isegtdpbhotodis-
sociation product of BO. The growth of CHOH in the HO-poor ice mixture,
where ditfusion is fast, is thus expected. The enhanced growth ofGEHD in
the H,O-rich ice is best explained by a slowelffdsion rate of OH in this ice
mixture, because of the hydrogen-bonding environmentchvhilows the more
volatile CHO radical to react with the available gkhdicals before OH diusion
becomes possible. While branching ratios can be directippalated from sim-
pler to more complex ice mixtures, it is clear that addingOHmay change the
relative dffusion pattern of the involved radicals significantly ands timust be
further investigated as outlined below.

1.4.4 Radical-radical versus radical-molecule reactions

The CHO radical belongs to the set of species in the consldegction schemes
which form from hydrogenation and oxygenation of molecutgher than rad-
icals, i.e. CG-H, though photodissociation pathways from other molecales
possible as well. The formation of G@nd Q in the CQ ices are other exam-
ples as is the tentative evidence for HCOOH formation. Hgdmation of CO
is possible for thermalized hydrogen atoms, while hydragjen of CGQ is not
(Watanabe et al. 2000; Bisschop et al. 2007a). The definitadtion of CQ
from CQO,+0 shows that atom addition to G@s possible for at least energetic
atoms — whether the O needs to be energetic to react withsbiuld be tested
through irradiation of matrix-isolated GQollowed by warm-up. C@ hydro-
genation may thus be important for energetic hydrogen atomdsHCOOH may
form from CG, + H* + H.

The order of magnitude decrease in£4hd Q formation in the ice mixtures
compared to the pure CQce and the far smallerfiect on CO production demon-
strates that radicals are preferentially hydrogenatedemmixtures of molecules
and radicals, in agreement with Hasegawa et al. (1992). Atgatve measure-
ment of this &ect would be possible if the relative production rate of HGDO
and HCOs could be determined under some specific conditions andgtusing
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pursued.

1.4.5 Routes to complex organics in space

Chapter 10 showed that photolysis of ¢gBH and CO:CHOH ices result in the

formation of all common C, O and H bearing complex organicEseobserved

in star forming regions. Several of the same species formddntly, i.e. a few

percent with respect to CHduring photolysis of HO:CGO,:CH, ice mixtures as

well. The dominating formation pathway of e.g. gEHO will therefore depend
on 1) the initial ice abundances and 2) thogency of ice mixing during warm-
up. Other complex molecules, such as ¢CHH),, are still expected to form solely
in the CHOH:CO ice phase.

The N-containing organic species probably requiresi XCN to form (a
minor route through Bl photolysis cannot be excluded) and their formation paths
should be possible to predict from the experiments e®+ich ices, without
simultaneous consideration of the chemistry in the CQQH ice phase.

The pure and binary ice experiments, where the product filomas quite
well understood, produce complex photoproducts in acemelavith simple radical-
radical and radical-molecule reaction schemes. The sammpleg molecules
seem to form in the astrophysical ice analogue and in thenpiilca mixtures
it can be thought of as being composed of. There is howeveinmaes pattern of
how the formation rates of these complex molecules chantyeeke the binary
ice mixtures and the analogue, and they do change by up talar@rmagnitude.
Some of the observedftierences are due to the impact of@®on the difusion
of radicals, which will be better understood once neyOktich ice mixtures ex-
periments are investigated. To quantitatively test wheite analogue chemistry
is consistent with predictions from the binary ice mixturegquires, however, a
complete model of the chemistry of both the binary and théog@ mixtures.
Such a model should preferentially be calibrated agairestbiétter understood
chemistry in the simple ice mixtures and then model the anedased on this
calibration. The predicted chemistry can then be compatethtifatively with
the growth curves in the analogue and qualitatively withrésilts from the TPD
experiments.

Without such model predictions there can be no quantitatsmophysical pre-
dictions on the photochemistry in the@-rich ice phase. It is however clear that
substantial amounts of amino acids and amino acid-like cmgs can form in
NH3 and CQ containing ices. The experiments also show that these taaje-
cules form during irradiation of astrophysically plausilite mixtures at 20 K or
due to dffusion of formed radicals during warm-up of the same ices im@dt
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200 K. Room temperature induced reactions are thereforeegoired to form
such complex molecules, which is promising for the formmatblarge molecules
in ices in space.

The presence of N-containing complex molecules in the icemic form
will result in desorption at higher temperatures compamed.y. HO or even
(CH,OH),. This may explain the lack of glycine detections so far — likisly to
only exist very close to the protostar in the gas phase.

1.4.6 Future experiments

To accurately predict the complex chemistry in astrophaliaealistic ice mix-
tures would benefit from a number of additional experimeotsi§ing on the im-
pact of HO on the dffusion of radicals and molecules, especially £IiEH,,
NH,, NH, CO and HCO. This can be achieved by quantifying the caamgthe
chemistry of the binary mixtures investigated here wheg #re mixed with five
times as much bD and then irradiated at 2—3 temperatures, e.g. 20, 40 and 60 K

Analyzing these new experiments similarly to the approdstva would di-
rectly constrain more relativeftiusion barriers from the changing product branch-
ing ratios, though a large quantitative model is requireextivact all information
contained in such a set of experiments.

These experiments would also constrain the mechanismd#tgrincreasing
photodestruction cross section of il a H O-dominated matrix. If it is due
to trapping of radicals in the ice and thus hindering recavatibn to form NH,
increasing the temperature should lower the photodegirucate. If it is instead
due to acid-base chemistry between N&ihd HO-photoproducts, the photode-
struction rate should increase or remain unchanged in a grao®.

1.5 Conclusions

There is no doubt that complex nitrogen-bearing molecudedarm through pho-
tochemistry in the HO-rich ice observed towards protostars. The experimental
guantification of this formation process is non-trivial base of overlapping in-
frared spectral features in astrophysical ice mixturesogin@s. This diiculty
was addressed by combining the quantification of a smallfsghatolysis prod-
ucts in a range of pure ices, binary ice mixtures and more tugstrophysical

ice analogues, and TPD experiments constraining the fawmaf more complex
species. The main findings from this approach are enumebaied.
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1. The product ratio of eHg and GHy4 in pure CH, ice implies a CH pho-
todissociation branching ratio of GHCH, of 3:1.

2. In binary CH:NH3/H,O/CO, and NH;:CO, ice mixtures the formation
curves of GHg, CH3sNH» and CHOH are consistent with formation from
two first generation radicals, while HCN, GBH,OH, CH;CHO and OCN
formation requires several reaction steps. This is carsistith reaction
schemes, where products form from radical-radical anccakainolecules
reactions, and radicals are produced both from photodatsarc of the
original ice constituents and through photodissociatibfirst-generation
photoproducts.

3. Increasing the bD concentration in the ice increases thfudiion barriers
of hydrogen-bonding radicals, whiclffects the chemical evolution of the
ice.

4. NHjs ice is both destroyed directly from UV photons through pligso-
ciation and indirectly through proton transfer with othéofoproducts. In
CO, containing ices, the indirect acid-base Mdestruction path is up to an
order of magnitude more important.

5. The most abundant photoproducts in the binary ices apedalected upon
irradiation of a HO:CO,:NH3:CH,4 100:20:12:8 astrophysical ice analogue.
The formation rates are howeveftérent compared to most binary ices be-
cause of acid-base chemistry and thi@edtent difusion pattern in HO-rich
and HO-poor ices.

6. TPD experiments of tertiary ice mixtures shows that gigotan form al-
ready at low temperatures in ices containingNHz:CHj,4. Other detected
photoproducts are NMCHO, CHCOOH and NHCOOH. All exist in salt
form because of proton transfer with NHvhich results in higher desorp-
tion temperatures than e.g,@ ice.

The results suggest that the information from the pure andriiice mixture
experiments can be used to model the chemistry in astrogdiyise analogues
both in the laboratory and under astrophysical conditi@dsantifying the com-
plex N-bearing ice chemistry during star and planet fororais thus within reach.
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