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ABSTRACT

Context. Gas-phase complex organic molecules are commonly detectbad warm inner re-
gions of protostellar envelopes, so-called hot cores. Rawedels show that photochemistry in
ices followed by desorption may explain the observed abureta There is, however, a general
lack of quantitative data on UV-induced complex chemistrices.

Aims. This study aims to experimentally quantify the UV-inducedduction rates of complex
organics in CHOH-rich ices under a variety of astrophysically relevamtditions.

Methods. The ices are irradiated with a broad-band UV hydrogen miax@adischarge lamp un-
der ultra-high vacuum conditions, at 20—70 K, and then lie@t@00 K. The reaction products are
identified by reflection-absorption infrared spectrosc(R#IRS) and temperature programmed
desorption (TPD), through comparison with RAIRS and TPDvesrof pure complex species,
and through the observedfects of isotopic substitution and enhancement of specifictfanal
groups, such as GHlin the ice.

Results. Complex organics are readily formed in all experimentshimiring irradiation and
during the slow warm-up of the ices after the UV lamp is turn&dThe relative abundances of
photoproducts depend on the UV fluence, the ice temperainteywhether pure C4#OH ice or
CH30OH:CH,/CO ice mixtures are used,8¢, CH;CHO, CHCH,OH, CH;OCH;, HCOOCH;,
HOCH,CHO and (CHOH), are all detected in at least one experiment. Varying thehickmness
and the UV flux does notfect the chemistry. The derived product-formation yields #eir de-
pendences on fierent experimental parameters, such as the initial ice ositipn, are used to
estimate the CkDH photodissociation branching ratios in ice and the negatiiffusion barriers
of the formed radicals. At 20 K, the pure GBIH photodesorption yield is.2(x1.0) x 10°3 per
incident UV photon, the photo-destruction cross secti@D.9) x 10718 cn?.

Conclusions. Ice photochemistry in CEOH ices is icient enough to explain the observed abun-
dances of complex organics around protostars. Some compiecules, such as GEH,OH
and CHOCH;, form with a constant ratio in our ices and this can can be tsddst whether
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complex gas-phase molecules in astrophysical settings draice-photochemistry origin. Other
molecular ratios, e.g. HCO-bearing molecules versus,(@),, depend on the initial ice compo-

sition and temperature and can thus be used to investigate artd where complex ice molecules
form.

Key words. Astrochemistry; Astrobiology; Molecular data; Methodabdratory; circumstellar
matter; ISM: molecules

1. Introduction

Organic molecules of increasing complexity are being detkin star-forming regions (Blake et al.
1987; Nummelin et al. 2000; Bisschop et al. 2007b; van Diskas al. 1995; Cazaux et al. 2003;
Bottinelli et al. 2004, 2007; Belloche et al. 2009); howetee origins of these complex molecules
are the subject of debate. Commonly-suggested formatiotesanclude various gas-phase re-
actions involving evaporated GBH ices, atom-addition reactions on dust grains, and UV- and
cosmic ray-induced chemistry in the granular ices (Charateal. 1992; Nomura & Millar 2004,
Herbst & Dishoeck 2009, AR&A in press). Recently, the focas Ishifted to an ice formation
pathway (e.g. Garrod et al. 2008), but due to the lack of quaine experimental data, it is still
not clear whether these molecules form in granular icesndutie colder stages of star formation
or in the warm gas close to the protostar. Nor has the relatipertance of dierent grain forma-
tion routes been resolved. Establishing the main formatate is needed to predict the continued
chemical evolution during star- and planet-formation alsd o predict the amount of complex or-
ganics incorporated into comets and other planetesimalight of this, and the recent failures of
gas phase chemistry to explain the observed complex melgonk aim to quantify the formation
of complex molecules through UV-induced chemistry in4CHH-rich ices.

Simple ices, such as solidbB, CO, CQ, CH, and NH;, are among the most common species
found in dark cloud cores and towards protostars. The ia@s $equentially in the cloud, resulting
in a bi-layered structure dominated by®l and and CO, respectively (Bergin et al. 2005; Knez
et al. 2005; Pontoppidan 2006). Laboratory experimentgastghat CHOH also forms in the ice
during the pre-stellar phase, through hydrogenation of @@tgnabe et al. 2003), although, as
yet, CHOH ice has only been detected toward protostars. Based @fotimmation route, CEOH
is probably present in a CO-rich phase during most of itgitife. More complex ices have been
tentatively detected towards a few high-mass protostackuie et al. 1999; Gibb et al. 2004),
though specific band assignments are uncertain. Towardsaoties objects, derived upper limits
on complex ices are too high to be conclusive.

Indirect evidence of complex molecule formation in ice niesexists from millimeter obser-
vations of shocked regions and the innermost parts of low-tagh-mass protostellar envelopes,
so called hot cores and corinos. The observations by Arcé £@8) of HCOOCH, HCOOH
and CHCH,OH at abundances of10~2 with respect to CHOH towards the low-mass molecu-
lar outflow L1157 are especially compelling; this outflow hegn above 100 K for a period that
is an order of magnitude shorter than is required for thepjese production of such complex
molecules. Ice evaporation through sputtering is, in @stirficient in shocks (Jones et al. 1996).
The observed abundances towards L1157 are remarkablhasitoithose observed in galactic-
center clouds and high-mass protostars, suggesting a corfamation route.
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In hot cores and corinos, gas-phase production may still bialade alternative for some of
the detected molecules, because of the longer time scatgsazed to outflows. However, recent
calculations and experiments suggest that some key ga® phactions are lesffieient than pre-
viously thought; for example, the gas-phase formation o H; was found to be prohibitively
inefficient (Horn et al. 2004). Furthermore, Bisschop et al. (M)0&cently showed that complex
oxygen-bearing molecules and®0 are equally well correlated with GBH. Since CHOH and
H,CO are proposed to form together in the ice, this suggestgsribae complex oxygen-bearing
molecules are also ‘first-generation’ ice products.

One possible ice formation route for complex species is Bt@ocretion and recombination
on grain surfaces, which appeaffi@ent for smaller species. Charnley (2004) suggested lieat t
hot-core molecules may form either through hydrogenatiomolecules and radicals, such as
CO and HCCO, or through a combination of hydrogenation aridation starting with GHo.
Similar reaction schemes are suggested to explain obgsrgdtly e.g. Bisschop et al. (2008) and
Requena-Torres et al. (2008). Such formation mechanisnesiat been comprehensively tested
under astrophysically relevant conditions, although therlebs of Belloche et al. (2009) found
them to be inffective in the formation of nitriles up to ethyl cyanide, untiet core conditions.
Experimental studies show that dissociative reactions Inegthe favored outcome of hydrogenat-
ing larger molecules and fragments (e.g. Bisschop et al7&)Mhampering the build-up of large
quantities of complex molecules. Quantitative experirmamné, however, still lacking for most re-
actions.

The alternative grain-surface formation route, whichiestigated in this study, is the energetic
destruction of the observed simple ices and subsequuasidin and recombination of the radicals
into more complex species. Within this framework, Garrod &rbkt (2006) and Garrod et al.
(2008) modeled the formation of complex molecules durireygtow warm-up of ices in an in-
falling envelope, followed by ice evaporation in the hotegggion. In the model, photodissociation
of simple ices, especially GIOH, produces radicals in the ice. The luke-warmices in thvelepe
(20-100 K) allow for the dfusion of ‘heavy’ radicals like Ckland CHOH, which recombine to
form complex molecules. The model continues until all theeigcevaporated and the resulting gas
phase abundances reproduce some of the abundance ratitesrgetature structures seen in the
galactic center and towards hot cores. Improvement of thresiel predictions is mainly limited
by lack of quantitative experimental data on £3H photodissociation branching ratios in ices,
diffusion barriers of the formed radicals and binding energiemast complex molecules. The
ultimate objective of the present study is to provide thasmlmers by experimental investigation
of the photochemistry in CEDH-rich ices, followed by quantitative modeling (paperGiarrod &
Oberg, in preparation).

There have been multiple studies of photochemistry in ic@gtaining organic molecules,
stretching back to the 1960s (e.g Stief et al. 1965). Mostistuprovide only a limited amount of
the kind of quantitative data needed for astrochemical nsaated instead focus on the qualitative
assignment of final photochemistry products, followingdiation of ice mixtures that are proposed
to mimic ice compositions in star forming regions. To proglenough detectable products, depo-
sition and irradiation were typically simultaneous in tlaglg experiments, rather than a sequential
deposition, irradiation and warm-up scheme. This was tipecgeh of, for example, Hagen et al.
(1979) and D’'Hendecourt et al. (1982). Allamandola et 888) included CHOH in ice mixtures
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in similar experiments and found that @BIH mainly photodissociates into smaller fragments at
10 K, while several new unidentified features appear follgithe warm-up of the irradiated ice,
indicating an éicient difusion of radicals. Gerakines et al. (1996) investigatedptimgtochem-
istry of pure CHOH ice more quantitatively at 10 K, and determined the;OH photolysis cross
section, and the $CO and CH UV formation cross sections averaged over the lamp wavéieng
range at a specific flux setting. Gerakines et al. (1996) at¢ected HCOOCE]| and several other
complex species have also been identified insGH-rich ices following UV-irradiation, though
some peaks have been assigned ftedént carriers in dierent studies. The fliiculty in identi-
fying most complex products is discussed by e.g. Hudson & id@¢a000) who investigated the
production of complex molecules in GBH:H,O and CHOH:CO ice mixtures both following
UV irradiation and ion bombardment in a number of studiesstmecently in Moore & Hudson
(2005) and Hudson et al. (2005).

A few studies exist on the formation of complex moleculesrfron bombardment of pure
CHs3OH ice, though similarly to the UV photolysis experiments formation of more complex
molecules than CEDH is in general not quantified (Baratta et al. 2002; Bennietle2007).
Bennett et al. (2007) identified HCOOGHHOCH,CHO and (CHOH),, mainly based on com-
parison with calculated spectra and desorption patterfmafimg irradiation, but provided only
upper limits of their formation rates. The quantitativead&om both studies include formation
rates of small molecules and GBIH and BCO ion-bombardment dissociation rates. In a separate
study Bennett & Kaiser (2007) determined the formation cditd COOCH; and HOCHCHO in a
CO:CH;OH ice mixture for the ion-bombardment flux used in their ekpent.

The aim of this study and its follow-up paper is to combineakpents with kinetic model-
ing to completely quantify the photochemistry of €bH rich ices. This includes determining the
CH3OH photodesorption yield, the GB®H dissociation branching ratios upon UV irradiation, the
diffusion barriers of the formed radicals and reaction bartiferm more complex molecules,
where present. Here, we present the experiments ogOEHce chemistry under a large range
of astrophysically relevant conditions and quantify thenfation of all possible first generation
complex molecules. To ensure that reaction products areaty assigned, we also present RAIR
spectra and temperature-programmed desorption expesmEall stable expected complex prod-
ucts, together with their derived binding energies.

The paper is organized as follows. Section 2 presents theriexgntal and data analysis meth-
ods. Section 3 reports on both qualitative and quantitagelts of the experiments. Discussion
follows in section 4, and includes estimates of photodisdmn branching ratios and filision
barriers. Preliminary astrophysical implications arecdssed in section 5. A summary of results
and concluding remarks are given in section 6.

2. Experiments and analysis

All experiments are carried out under ultra-high vacuumditions (~107'° mbar) in the
CRYOPAD set-up, which is described in detail in Fuchs et 2006) andOberg et al. (2009b).
The ices are growimn situ with monolayer precision at thicknesses between 3 and 66kyiex-
posing a cold substrate at the center of the vacuum chambesteady flow of gas, directed along
the surface normal. The substrate is temperature cordrbéween 20 and 200 K. The relative
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Table 1. Experimental parameters for UV-irradiation experiments.

Exp. Species Temp. Thick. UV flux
(K) (ML) (108 cm?s?)

1 CH;OH 20 21 1.1
2 CH;OH 30 19 1.1
3 CH;OH 50 20 1.1
4 CH;OH 70 22 1.1
5 CH;OH 20 19 4.3
6 CH;OH 50 15 4.3
7 CH;OH:CO 20 12:17 1.1
8 CH;OH:CO 30 12:11 1.1
9 CH;OH:CO 50 16:7 1.1
10 CHOH:CH, 30 11:27 1.1
11 CH;OH:CH, 50 11:6 1.1
12 CHOH:CO 20 6:60 1.1
13 CHOH 20 6 1.1
14 CHOH 50 6 1.1
15 CHOH 20 4 4.3
16 CHOH 50 8 4.3
17 CH;OH 20 18 1.1
18° CH;OH 20 20 1.1
19 CHOD 20 ~20 1.1
20 CHOD 50 ~20 1.1
21 CD;OH 20 ~20 1.1
22 CD;OH 50 ~20 1.1

aThe ice-deposition and -irradiation temperature.
b Following irradiation the ice is quickly heated to 50 K for @uhs.
¢ Following irradiation the ice is quickly heated to 70 K for @urs.

Table 2. Pure ice spectroscopy and TPD experiments.

Species Formula Mass (amu)  ThitkVIL) Ejes (K)
Ethane GHe 30 53] 2300 [300]
Methanol CHOH 32 25[10] 4700 [500]
Acetaldehyde CBCHO 44 4[2] 3800 [400]
Dimethyl ether CHOCH; 46 ~4 3300 [400]
Ethanol CHCH,OH 46 5[2] 5200 [500]
Formic acid HCOOH 46 5[2] 5000 [500]
Methyl formate =~ HCOOCH 60 3[1] 4000 [400]
Acetic acid CHCOOH 60 3[1] 6300 [700]
Glycolaldehyde HOCHCHO 60 3[1] 5900 [600]
Ethylene glycol (CHOH), 62 71[3] 7500 [800]

aValues in brackets indicate uncertainties.
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temperature uncertainty is less than a degree, while th@wtbsincertainty is about two degrees.
All UV-irradiation experiments are performed with @BIH from Sigma-Aldrich with a minimum
purity of 99.8%. The mixed ice experiments contain i CO gas of 99% purity (Indogas). Pure,
complex ice experiments with,8g, CH;CHO, CH;OCH;, CH3CH,OH, HCOOH, HCOOCH,
CH3;COOH, HOCHCHO and (CHOH), are carried out with chemicals of 99-99.9% purity from
Sigma-Aldrich. All liquid samples are further purified wisleveral freeze-thaw cycles to remove
any volatile gas from the sample. The dominant source ofacoimants is from the vacuum inside
of the chamber once the ice is deposited; during each expatjmp to 0.5 ML of HO adsorbs
onto the substrate from the smalp® contamination always present in the chamber. This has no
measurable impact on the photochemistry from test expetsweith CHOH isotopologues.

The set-up is equipped with a Fourier transform infraredI@spectrometer in reflection-
absorption mode (Reflection-Absorption InfraRed Spectipg or RAIRS). The FTIR covers 750
— 4000 cmt, which includes vibrational bands of all investigated neales, and is operated with a
spectral resolution of 1 cm. To increase the signal to noise the spectra are frequentigt when
this can be done without reducing the absorbance of shatprésa RAIRS is employed both to
acquire infrared spectra of complex molecules and to gfyath# changing ice composition during
UV irradiation of CHBOH-rich ices. All spectra are corrected with a linear bawedilone, to avoid
distorting any spectral profiles.

Temperature Programmed Desorption (TPD) is another aoalybol, which is employed in
this study to identify ice photoproducts. In a TPD experim&® evaporation is induced by linear
heating of the ice, here with a heating rate of 1 K minThe evaporated gas phase molecules
are detected by a Quadrupole Mass Spectrometer (QMS). Bhdting TPD curves depend on
the evaporation energy of the ice, which can be uniquelytified for most of the investigated
species. For mixed ices the TPD curve also depends on sucttittpgas ice trapping, mixing
and segregation. The QMS software allows for the simultaseetection of up to 60 fierentm/z
values (the molecular mass divided by the charge). HenteifPD experiments of irradiated ices,
all possible reaction-product masses, which contain at tm@soxygen and two carbon atoms, are
monitored.

In the CHOH photochemistry experiments, the ice films are irradiatieciormal or 45 inci-
dence with UV light from a broadband hydrogen microwavesiiégsge lamp, which peaks around
Ly @ at 121 nm and covers 115-170 nm or 7-10.5 eV (Mufioz Caro & t8cR003). The lamp
flux was calibrated against a NIST calibrated silicate ptiate prior to the experimental series
and is monitored during each experiment using the phottr@leffect in a gold wire in front of the
lamp. The lamp emission resembles the spectral distributidhe UV interstellar radiation field
that impinges externally on all clouds. It is also consisteith the UV radiation produced locally
inside clouds by the decay of electronic states gf fdllowing excitation by energetic electrons
resulting from cosmic-ray induced ionization of hydrogsee e.g. Sternberg et al. (1987). Each
irradiation experiment is followed by a TPD experiment, whBAIR spectra are acquired every
10 K up to 200 K.

Supporting experiments consist of RAIR spectra and TPD ezinf nine complex organic
ices, which are potential photoproducts of £ ices. Spectra of these ices have been reported
previously in the literature in transmission, but becaudenown band shifts in RAIRS compared
to transmission spectroscopy, their RAIR spectra are alssemted here.
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The identification process is complicated by spectral @gerlof most of the potential photo-
chemistry products. Thus great care is taken in securinly assignment, especially where they
disagree with previous work or where disagreements betyweerious studies exist. To call an
identification secure we test it to be consistent with up t@seriteria. These identification tools
are described in detail in section 3.5.

Following the spectral band identification, RAIR spectagscis used to determine the initial
CH3OH ice abundance and the formed simple and complex ice abaadas a function of flu-
ence during each photochemistry experiment. This reqkines/n band strengths. The absolute
RAIRS band strengths have been estimated previously ineiuusfor CO and C@ice (Oberg
et al. 2009a,b). Using the same method, new measurementsig@HCare consistent with the
CO and CQ results; i.e. the determined band strengths have the sdatweesalues compared
to the transmission band strength ratios reported in tieealiire, within 20%. Theelative ice
band strengths from transmission are thus still valid, wi@ime exceptions, and most experimental
objectives only require knowing the ice fraction that hasrbeonverted into products. The main
caveat is that ices thicker than a few monolayers are notagtred to have a linear relationship
between the absorbance of strong bands and ice thicknets RA¢RS dfects (Teolis et al. 2007).
This is circumvented by selecting weak enough bands, edpefor CH;OH, whose absorbance
remains linear with respect to the amount of deposited il élhe investigated ice thicknesses.
The transmission band strength of ¢§HCH; is not present in the literature and its band strength is
estimated by deposition of a dilute GACH;:CH3OH 1:10 mixture and assuming a constant stick-
ing codficient and that the C¥DCH; is 'dragged’ along with the CEDH to reach the substrate at
a similar deposition rate.

Table 1 lists the CEOH, CH;OH:CO and CHOH:CH, photochemistry experiments. The ex-
periments are designed to study the impact of ice temperatg thickness, UV flux, UV fluence
and mixed-in CO and Clon the reaction-product abundances. Each ice is irradiateeb hours
at the reported flux. The high flffluence experiments are also used to determine thgdEHpho-
todesorption rate using the same procedure as report@tesg et al. (2009b). In two experiments
(17 and 18) the irradiation is followed by fast heating to adfied temperature to investigate the
impact of the heating rate for radicalfiision. Table 2 lists the investigated complex organics for
which RAIR spectra and TPD experiments have been acquired.

In addition to the experiments listed in Table 1 and 2, twoegkpents were performed to
test the CO accretion rate due to UV-induced out-gassing thamber walls and the life time
of spectral features in the ice whertdsion is slow. In the first experiment a blank substrate was
irradiated for the typical experiment time of six hours artalidd-up of 0.2 CO ML was recorded.
In the second experiment a photolyzed4{CHH ice was monitored for five hours at 17 K after the
UV lamp was turned f; the spectra of complex products did not change measuraiiggithis
period.

In all experiments, systematic uncertainties dominateinoldde the absolute calibration of
the temperature~2 K), the UV flux (~30%) and the conversion between transmission and RAIRS
band strengths used to determine the absolute ice aburgl@r®%), while the relative RAIRS
band strengths are more accurat2@% uncertainty from comparison betweefielient trannsmis-
sion spectroscopy studies). The conversion between tiasiem and RAIRS band strengths will
not afect the uncertainty of the photochemistry rates, sincestdepend only on the fraction of the
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Fig. 1. The logarithm of the normalized G&H abundance as a function of UV fluence at 20, 30, 50 and

70 K. The lines are exponential fits to the firstAphotons in each experiment.

ice that is converted into products. The determindtlidion barriers in Paper Il are furthermore
not dfected by the uncertainty in UV flux because these only depenghich species the pro-
duced radicals react with, not on how many of them are pradipee UV photon. Another source
of error is the local baseline determination, which result®lative abundance uncertainties of up
to 30% for a couple of the detected products, which is repdrteletail in§3.6 for each species.
Thus the formation yield of products relative to the origiice abundance has a total uncertainty
of 35-50%.

3. Experimental results

This section begins with experimental results that quar@H;OH bulk photolysis §3.1) and
surface photodesorptiof§3.2).§3.3 qualitatively describes how the @BIH photoproducts are af-
fected by dfferent experimental variables for the experiments listethiole 1. This information,
together with RAIR spectra and TPD data on pure complex écgan §3.4, is used ir§3.5 to
identify the CHOH photoproducts. Following identification, the formatiofall identified prod-
ucts from pure CHOH ice photochemistry are shown quantitative\§816. Section 3.7 describes
guantitatively the formation and desorption of moleculesirtly warm-up of the irradiated ices.
Finally, §3.8 summarizes thefects of diferent experimental parameters on the final ice composi-

tion after irradiation and during warm-up.
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3.1. The CH30H UV photolysis cross-section

The UV-destruction cross-section of @BH ice, averaged over the lamp spectrum, determines the
total amount of radicals available forfflision and subsequent reaction. The cross section is calcu-
lated from the measured loss of @BH ice band intensity with fluence. The initial UV destructio
of CH3OH, i.e. before back-reactions to reform ¢glbH become important, in an optically thin ice

is given by

N(#) = N(O)expt-¢ x oph), (1)

whereN is the CHOH column density in cn?, ¢ is the UV fluence in photons crh and Oph

is the UV-photolysis cross section in énfFigure 1 shows that photodestruction during the first
10'7 photons is well described by this equation &0 ML thick ices at diferent temperatures.
The loss of CHOH is calculated from the combination band around 2550'cand the resulting
photodissociation cross sections are 2.6[0.9], 2.4[@&[1.1] and 3.9[1.3Kk107!8 cn? at 20,
30, 50 and 70 K respectively. The uncertainties in brackedsttze absolute errors; the relative
uncertainties are 10—20%. The increasing cross sectidrigniperature is indicative of significant
immediate recombination of dissociated £ at low temperatures whenfflision is slow. The
measuredf@ective CHOH-ice cross sections thus underestimate the actual pisstaziation rate.
This is consistent with the higher gas-phasesOH UV-absorption cross section; convolving the
absorption spectra from Nee et al. (1985) with our lamp speetsults in a factor of three higher
absorption rate than the observed photodissociationmatesiice at 20 K.

The measured photolysis cross sections also depend oneviaettiean’ CHOH band is used
to calculate the CEDH loss. Thev;; CHsOH band around 1050 crhis commonly used in the
literature (Gerakines et al. 1996; Cottin et al. 2003). Tdasd overlaps with strong absorptions
of several complex photoproducts and using it results in% 8@derestimate of the GAH de-
struction cross section at 20 K. This explains the highesss®ction value obtained in these ex-
periments compared to Gerakines et al. (1996) and Cottih (2@03), who recorded.@ x 10718
c? and 6x 10719 cn?, respectively. These destruction cross sections werenaéssured after
greater fluences; 1.8 x 10*” and~ 6 x 10" UV photons cm?, respectively, when back reactions
to form CH;OH confuse the measurements. The measurements in this thagedemonstrates
the importance of a high fluence resolution and of pickinglea’ band when determining the
photodestruction cross section of an ice.

3.2. CH30OH photodesorption yields

Previous experiments show that several ices (pure CQ @@ HO) are dficiently photodesorbed
upon UV irradiation. To constrain the photodesorption of;OHi ice and thus determine the loss of
CH3OH molecules into the gas phase rather than into photoptsduthe ice, the same procedure
is followed as reported b@berg et al. (2009b). This method is based on the fact thabpee-
orption from a multilayer ice is a zeroth order process wéspect to photon fluence, since it only
depends on the amount of molecules in the surface layer. Rb®gesorption yield will thus not
change with fluence as long as the original ice iiisiently thick. In contrast ice photolysis is a
first order process, since it depends on the total amounteofTibrough simultaneous modeling
of the ice loss with an exponential decay and a linear functioese two processes can be sepa-
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Fig. 2. The loss of CHOH ice through photolysis and photodesorption at 20 and 58 K function of UV
fluence. The curves are fitted willy + A; X ¢ + Ax(1 — exp(¢ x o)). The thin dashed lines show thé&set
decomposition of the function belonging to the 50 K experitriato its exponential photolysis part and its
linear photodesorption part.

rated and the photodesorption yield determined (Fig. 28.rEsulting yields are 2.1[1.010°2 and
2.4[1.2}x10°2 desorbed molecules per incident UV photon at 20 and 50 K eaisely. There is
thus no evidence for a temperature dependence of the ptsaigdieon yield within the investigated
temperature range.

These yields agree with previous photodesorption studiegher molecules (Westley et al.
1995;0berg et al. 2007, 2009a,b) and confirms the assumption eralebservational and model
papers that most ice molecules have similar photodesorpigds, around 1@ per incident UV
photon. The CHOH photodesorption mechanism is suggested to be similar,®@ &hd CQ,
i.e. a photodesorption event is initiated by photodisd@rieof a surface CEOH molecule. The
fragments contain excess energy and either desorb dir@ctlycombine and desorb. The insen-
sitivity to temperature suggest that longer rang&udion is comparatively unimportant and that
most molecules desorb through the escape of the produceéddissociation fragments or through
immediate recombination, in the same site, and desorpfidheofragments following photodis-
sociation. A more complete study includingférent ice thicknesses and temperatures is however
required to confirm the proposed photodesorption pathway.

Another conceivable indirect photodesorption mechanssdesorption due to release of chem-
ical heat following recombination of two thermalized raal&; first suggested by Williams (1968)
and more recently investigated theoretically by Garrodl.ef2007). Its quantification requires
more sensitive QMS measurements than is possible withehipsThe temperature independence



Karin I. Oberg et al.: Formation of complex organics in £0HH ice 11

suggests, however, that this is a minor desorption pathwalyi$ setup, compared to direct pho-
todesorption.

3.3. Dependence of photo-product spectra on experimental variables

The influence, if any, of dierent experimental variables on the resulting infraredtspef irradi-
ated CHOH ice is investigated in detail below. These dependeneethan used in the following
sections to identify absorption bands and to subsequendwtify reaction rates, fiusion barriers
and photodissociation branching ratios. The results a®iatlependently valuable, since many of
these experimental variables also vary betweéiedint astrophysical environments.

3.3.1. UV fluence

In most experiments, the ices are exposed to a total UV flu@recdotal flux integrated over the
time of the experiment) of 2.4 x 10" cm2, which is comparable to the UV fluence in a cloud
core after a million years with a UV flux of #&m? s (Shen et al. 2004). This agreement is
important since the composition of photoproducts changés WV fluence in all experiments.
This is illustrated in Fig. 3, which shows spectra of an aradly 20 ML thick CH;OH ice at

50 K after diferent fluences. Thigkect is demonstrated numerically below for three of the bands
representing complex OH bearing molecules (X-OH) at 866890 cnt?!, simple photoproducts
(CHy) at 1301 cm?, and HCQCOOH bearing complex molecules (shortened to X-CHO in most
figures for convenience) at 1747 chn These molecular class assignments agree with previous
studies and are discussed specifically§15. After a fluence ol 7 x 10'® cm2 the relative
importance of the integrated bands at 88, 1301 and 1747 crhis 0:90:10. After a fluence

of ~ 2.2 x 10*” cm? this has changed significantly to 35:34:31. The product asition after a
particular fluence cannot therefore be linearly scaled tmet or a higher fluence.

3.3.2. UV flux

The flux levels in the laboratory-(L0'® UV photons cm? s™%) are several orders of magnitude
higher than those found in most astrophysical environmerite interstellar irradiation field is
~1C® photons cm? s (Mathis et al. 1983). Hence the product dependence on fluxnyf is
required before translating laboratory results into amog$tysical setting. Figure 4 shows that
two spectra acquired after the same fluence, but irradiatéd avfactor of four diferent flux,
are identical within the experimental uncertainties. Ntgadly, the relative importance of the
integrated bands at 8@®0, 1301 and the 1747 cthare 15:56:29 in the low flux experiment
and 24:51:25 for the high flux experiment after a total flueat€.2 x10' cm 2. Including a
10-20% uncertainty in the band intensities (the higherevén the 868890 cnt! band), there is
thus no significant dependence on flux within the exploredrfunge at 20 K. The same holds for
similar experiments at 50 K (not shown). This does not exelaiflux dependence at astronomical
time scales, but it does provide a benchmark for models gitgitranslate laboratory results into
astrophysical ones.
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Fig. 3. The diferent growth rates of spectral features in aOH ice at 50 K a) before UV irradiation and after
a UV fluence of b) ¥10'°, c) 4x10', d), 8x10' and e) 2.410" cm 2. The CH;OH features are marked with
thin lines. New features are present at 1750-1700, 140@;11%0-1050 and 950-850 chincluding the
bands belonging to CH complex aldehydes and acids (X-CHO), and complex alcapx6iSH,OH), where
X#H.

3.3.3. Ice thickness

Figure 5 shows that both the fractional ¢bH destruction, as evidenced by e.g. theband in-
tensity, decrease around 1130 ¢mand the fractional formation of a few new spectral features
are enhanced in thin ices (6 ML) compared to the standard 20 ML experiment. Howeves, thi
does not necessarily imply afférent chemistry in thinner ices. Rather th&etience in CHOH
destruction may be explained by an increased escape plitypabphotoproductsin the thinner ice
and by the greater importance of direct photodesorptianil&ily, the observed relative enhance-
ments of the CO band at 2150 chand the 1700 crt band in the 20 K experiment are probably
due to the constant freeze-out of CO during the experimgnto®.2 ML out of 0.5 ML CO ice
detected at the end of the 6 ML experiment, and its reactimfisrin more HCO-bearing carriers
of the 1700 cm! band. Therefore, despite the apparent dependence of tbeageatures on ice
thickness, there is no significant evidence fdafatient formation yields in 6 and 20 ML thick ices.
This means that bulk reactions still dominate over the pahy more dficient surface reactions
in ices as thin as 6 ML, at these fluences.

3.3.4. Ice temperature during irradiation

The photolyzed ice spectra depend on the ice temperatlustrditing the dierent temperature
dependencies of fierent photochemistry products (Fig. 6). The 1727@B + X-CHO) and 1300
(CH,) cmt features are most abundantly produced at the lowest igegsti temperature of 20 K,
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Fig.4. The spectra of originally (a) 21 and (b) 19 ML thick @BH ice irradiated with a UV flux of (a)
1.1x10" cm? st and (b) 4.%10" cm? st at 20 K achieve the same fluence of X20'” cm2. The
CH3OH features and some product bands are marked as in Fig. 3.

while the 866890 cnT! bands increase in strength with temperature and the 1747H®) cnt?!
feature is barely ffected by temperature changes. Thedent temperature dependencies can be
used to infer the size of the main contributor to each bandtgiysis fragments and molecules
that form through hydrogenation of such fragments are erpem be most abundant at 20 K,
while molecules that form from two larger fragments will bema dficiently produced at higher
temperatures whereftlision is facilitated. This is complicated by competitioriviaeen diferent
reaction pathways, which may inhibit the formation of soramplex molecules at higher tempera-
tures where new reaction channels become possible. Neles#) the dependence on temperature
of different bands can aid in identifying their molecular contidlos. All formed bands are thus
classified according to the temperature at which they ard atmsmdantly produced (Fig. 6), ex-
cept for a few bands, where the dependence on temperato@vgik to assign them to a certain
temperature bin. This information is summarized in Table 3.

3.3.5. Pure CH30OH ice versus CH30H:CO and CH3OH:CHy, ice mixtures

In the set of experiments where @BH is mixed with CH or CO, the resulting photoproduct
compositions are significantly filiérent compared to those obtained from puresOH ice exper-
iments. This is illustrated in Fig. 7 for ices irradiated 8tI8. In the CHOH:CH, mixture, bands
corresponding to complex molecules at 822, 890, 956, 11880 And 1382 cmt are enhanced,
while in the CHOH:CO mixtures, the 1214, 1245, 1350, 1498, 1727, 1746 ai8 tBT bands
grow faster compared to pure GBH ice. A few bands are most prominent when no other species
is added to the CkDH ice, for example the 866 and 1195 thivands. The 1726-1747 ciband
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Fig.5. The diferences in the photolyzed GEH spectra of two dferent original thicknesses after the same
fluence of~2.4x10'” cm2. The 20 ML (red dashed lines) ice spectrum is normalized i lthe same
CH30OH absorbance as the 6 ML (black solid lines) ice experimefire irradiation to facilitate comparison
of fractional photoproduct rates. CO and®D bands are marked in addition to the spectral featureséatu
on in previous figures.

excess in the CO-containing ices shows that molecules gmaain an HCO group can be overpro-
duced by adding CO. Similarly, the band enhancements in thedBntaining ices are expected
to arise from overproduction of Gtontaining molecules. These observations are used below f
band identifications and later to explain variations in alanctes of dferent complex molecules
in star-forming regions.

3.3.6. CH30OH deuteration level

In the partially deuterated ices (GBD and CROH) some band positions do not change com-
pared to regular CkDH, while others are either shifted or completely missing.(B). Bands
that are present in the GBH ice and missing in the GJ®D experiments must originate from ei-
ther OH(D)-containing molecules with the H involved in thbrational mode in question or from
simple hydrogenated species. These two groups of moleatdeseldom confused and thus com-
parison between the photolyzed ¢bH spectra and the photolyzed gbD spectra can be used to
assign some alcohol-bands. The band positions that aréarthetween the C4#OH and CHOD

do not however exclude the contributions of OH-containiradguules to these bands, since the OH
group can be present in the molecule without involvemertiénibration in question. Comparing
the CHsOH and CHOD experiments, the bands at 866 and 890'care obviously fected. The
1700 cnT! band is somewhat reduced in the §BD experiment, suggesting that one of the carri-
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Fig.7. The changes in the photolyzed ice spectra for purg@Ht (19 ML), and 1:1

CHOH:CO and 1:2

CH3O0H:CH, ice mixtures at 30 K (23 and 38 ML, respectively) after the sdence of~2.4x10" cm 2,
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16 Karin 1.Oberg et al.: Formation of complex organics in £l ice

0.04

0.03

0.02

Absorbance + offset

0.01

1800 1600 1400 1200 1000 800
wavenumbers / cm™

Fig. 8. The resulting spectra of photolyzed pure {LHH , CH;OD and CROH ices at 50 K after the same
fluence 0f~2.4x10'" cm2. The thin lines below each spectra mark the originakOH, CH;OH and CQROH
features. The strongest band in each spectrum is blankddrodisibility.

ers is HOCHCHO. An underlying broad feature around 16007¢ns also reduced in the GG®D
experiment.

As expected, few of the bands in the ¢bH experiments are still present in the UV-irradiated
CD3OH ice. The complex at 900-860 chand some of the X-CHO features are exceptions, though
the bands are shifted. The only bands expected to appea&imattimal positions come fromi®,
and possible BHO dependent on the main source of hydrogen in the ice; neifiemies is obviously
present in the ice from the photolyzed ¢DH-ice spectra.

3.3.7. Spectral changes during warm-up

Following irradiation at the specified temperatures, tles iare heated by 1 K niihto 200 K and
spectra acquired every 10 min. Figure 9 shows the irradiatégDH ice between 20 and 190 K.
The UV lamp is turned f during the warm-up and thus the ice composition only depemds
thermal desorption and reactions of previously produceitads. As the ice is heated (Fig. 9),
several new spectral bands appear, while others increalrorase in strength with temperature.
The 866, 890 and 1090 crhbands increase most dramatically in intensity during wapof
the 20 K pure CHOH ice. Simultaneously the 1195 chfeature loses intensity. The 866 and 890
cm! bands remain until 170 K and are the last sharp features &ppiésar. The 1747 and 1214
cm! bands also increase in intensity with temperature. In eshthe bands at 1245, 1300, 1727
and 1850 cm! only lose intensity during warm-up. Most of these bands oliggppear completely
at the desorption temperature of gbH, 120-130 K, indicating significant trapping of molecules
inside the CHOH ice. Significant bulk chemistry is thus required to expltie results (see also
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Fig. 9. The photolyzed ice spectra during warm-up following ireaitin at 20 K with a fluence of2.4x10""
cm? — the UV lamp is turned # during the warm-up. The thin lines mark @BIH features with the two

strongest bands blanked out for visibility.

§3.3.3). At 190 K there are still some shallow bands left, Whaaly disappear after the substrate

has been heated to room temperature.

Experiments 17 and 18 show that the warm-up rate mattersvgbatdor the final ice compo-

sition. The quantification and discussion of thifeet is saved for Paper .



18 Karin 1.Oberg et al.: Formation of complex organics in £l ice

. [ 1.1 | Tp11 I T[] ST 70081 1

0.30

0.25

0.20

0.15

Absorbance + offset

0.10

0.05

LA
Ll il 11

0.00 | ANl

IIIIII a1l g Ill

I -

2000 1800 1600 1400 1200 1000 800
Wavenumbers / cm™

Fig. 10. RAIR spectra of 3—9 ML thick pure complex organic ices at 20eKcoept for (CHOH), at 150 K)
used to identify stable photoproducts. The red arrows atdithe bands mainly used for identification and
abundance determinations — HCOOH has no sharp isolateddéedhe dashed lines follow the arrows through
all spectra to visualize overlaps with other spectral bafitie shaded regions show the wavelength regions
where fundamental modes of GHH,CO and CHOH absorb.

3.4. Reference RAIR spectra and TPD experiments of pure complex ices

Photolysis of CHOH ice and recombination of the fragments can theoreticaltylt in a large
number of new species. To facilitate the identification efsth species, this section briefly presents
new RAIR spectra and TPD time series of all stable, complextggroducts considered in this



Karin I. Oberg et al.: Formation of complex organics in £0HH ice 19

i (CH,0H), /\'\_-

25 -

- HOCH,CHO N\ -
I CH,COOH S\ 1

20 -

| HCOOCH, 1

15 HCOOH /L~ -

. CH,CH,0H A ]

10} -
I CH,OCH, ]
- CH,CHO J\ -

= C2H6 -

QMS current / 107'* A + offset

o0 100 150 200
Temperature / K

Fig.11. TPD spectra of pure complex organic ices used to identifytggroducts together with a GOH
TPD curve.

study. Radicals are expected to form in the photolyzed igethese cannot be produced in pure
form in ices and thus comparison spectra af@dlilt to obtain.

Figure 10 shows the RAIR spectra ot (ethane), CHCHO (acetaldehyde), GDCH;s
(dimethyl ether), CHCH,OH (ethanol), HCOOH (formic acid), HCOOGHmethyl formate),
CH3COOH (acetic acid) and HOCGIECHO (glycolaldehyde) at 20 K and (GBH), (ethylene gly-
col) at 150 K. Below 150 K the (CFDH), spectrum contains G¥OH features despite the high
stated purity (99%) of the sample. The spectral bands ab®96 2nt! are not shown since all
complex molecule spectral features in that region overldap strong CHOH features and thus
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cannot be used for identification. The figure illustrateg thast bands overlap with at least one
band from another complex molecule or with bands e€B andor CH;OH, which is expected
for complex molecules with the same or similar functionalgys (e.g. absorption by HGOOOH
stretches at 1700-1750 ch). The red arrows indicate the bands mainly used for ideatifio of
each species. These bands are chosen to overlap as litdesiblp with strong absorption features
of other species. For HCOOH, GBOOH, HCOOCH and HOCHCHO there are no suitable
bands for determining the produced abundances in mostiexgets, i.e. the isolated bands are
too weak to provide detections or strict upper limits. Fasta molecules the red arrows indicate
the bands used to derive upper limits, while the 1700'chand is used to derive the sum of their
abundances once the®O contribution has been subtracted. Where bands are paghapping
only the low- or high-frequency half of the band is used faritification.

Figure 11 displays the TPD curves for the same complex mide@s shown in Fig. 10. The
QMS signal belonging to the molecular mass is plotted fohéldeD experiment. Then/z values
of all possible fragments have also been gathered, and edeéaiseparate TPD curves of molecules
of the same molecular mass that desorb in a similar temperiamtierval. For example, GGCOOH
and HCOOCH both have a molecular mass of 60, but4LHDOH frequently loses an OH group in
the QMS, resulting in iz = 17 and 43, while HCOOC#Hdoes not. The TPD curves were modeled
using the IDL routine MPFIT under the assumption of zerotfeoidesorption behavior, which is
expected for multilayer ices. The desorption rate is th&MNsjies X €eXpPEEqes/ T). The vibrational
frequencyy is defined as a function of the desorption enegys v = V(2kgNsiesEdest2m 1),
whereNsies is the number of molecular sites per thandm is the molecular mass. The resulting
desorption energies are reported in Table 2. The uncegsiimclude both model uncertainty and
experimental errors. The values agree with those publiblge8arrod & Herbst (2006), based on
experiments on water rich ice mixtures by Collings et al0@Qwithin 20%, except for HCOOCH
where the discrepancy is larger. This may however be dugterarental diferences, i.e. pure ices
here versus their ice mixtures, rather than experimentat®r

3.5. Identification of CH30H ice UV photoproducts

In addition to the complex molecules described in the pr&visection, smaller molecules and
radicals that form via CEDH photodissociation are also considered when assignegrsp bands
following CH3OH ice photolysis. Identification of all photoproducts isnotstep process where
the first step is the comparison between new band positiahexgperimentally or calculated band
positions of molecules and fragments to establish a lisbefble carriers to each observed band.
In the second step the behavior of the band when changingimergal variables, as described
in §3.3, is employed together with QMS data (Fig. 12) to deteemihich ones(s) of the possible
candidates is the most important contributor to the formattb Combining all information, a band
identification is considered secure when consistent wiHish of criteria below.

1. The spectral band position in the photolysis spectra mmste within 15 cm' of a measured
pure ice band (e.g. Hudson et al. 2005) or within 50°tof a calculated band position for the
species in question to be considered a candidate carribeaftiserved band. In each case all
spectral features within the spectrometer range are chiefokeconsistency even if only one
band is used for identification.
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2. The temperature at which the band starts to disappearglwarm-up is compared for con-
sistency with the observed desorption temperaturestefrdint complex molecules in pure-ice
TPD experiments.

3. The mass signature in the TPD experiment following UVdiation is checked at each tem-
perature where a tentatively assigned band disappearsyduarm-up (Fig. 12).

4. The band positions of new carriers in UV-irradiated Ol and partly-deuterated GOH
experiments are compared to check that the expected sbifts as discussed §8.3.6.

5. The irradiated spectra are examined for band enhancemedtsuppressions in GBH mix-
tures with CO and CHid In CH, experiments, species containing £groups are expected to
be over-produced compared to pure {CHH ice experiments. Similarly in CO containing ex-
periments, HCO-group containing species should have esldsstbundances.

6. Irradiation experiments atfiierent temperatures are compared to ensure consistencyhaith
expected relative diusion barriers of dierently sized radicals (see al$d.3.4).

7. Finally, the temperatures at which radicals disappeangwarm-up are compared with the
spectroscopic appearance or increase of the molecular ibagquestion; where radicals are
detected, the loss of radical bands during warm-up shoutespond to the enhancement of
molecular bands formed from recombination of these sameaizd

All observed bands and their inferred carrier propertieslsted in Table 3, i.e. if a band is
enhanced in the CO:G®H mixture its main contributor contains a CO group, if it ithanced in
the CH,;:CH3;OH mixture the main contributor contains a €group and if the band disappears in
the CH;OD experiment the main contributor contains an OH group.

3.5.1. Small molecules: Hy, H,O, CHy4, CO, O, H,CO, H,0, and CO,

H, probably forms in the photolysis experiments, since;OH is observed and thus H atoms
must be produced in the ice (see below). Two H atoms can subs#yg recombine to form as
observed in RO photodesorption experiments (Watanabe et al. 2000)cBetes or determinations
of strict upper limits of H are however not possible because of a lack of strong inftaaeditions
together with the expected fast desorption of apyfidm ices above 20 K.

H,0 (D20) is visible during warm-up following the desorption of gbH (CH;OD). However,
its origin is unclear, since $0 is the main contaminant in the chamber. During irradigtibe HO
stretching and libration modes are hidden under strongd@HHbands and thus cannot be used for
identification. The 1670 cm bending mode coincides with the broad wing of the 1727%tm
band found in most irradiated GBH spectra. The wing is probably reduced in the;OB ice,
depending on the baseline determination, but it is also isdile in the C3OH ice (Fig. 8). Thus,
there is no clear evidence for the amount tha®Hontributes to this feature. The best constraints
on water formation come instead from the §3D experiments where0.5 ML D,O is detected
at the end of the experiment, corresponding to a few percéhtraspect to the initial CEDD

amount.

CHj, is formed in all experiments, identified by its relativelplatedv, band at 1301 crt
(D’Hendecourt & Allamandola 1986). The GH; feature at 3008 cnt is also one of the few
bands that are clearly visible on top of the §(BH bands in that region.
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Fig.12. TPD experiments following UV irradiation of a pure @BH ice at 30 K (black), 70 K (green), a
CH30H:CH, 1:2 ice mixture at 30 K (red) and a GBH:CO 1:1 mixture at 30 K (bluen/z = 62 can only
contain contributions from (C#OH),, m/z = 60 from (CH,OH),, HOCH,CHO, CH,COOH and HCOOCH|
m/z = 46 from HCOOH, CHCH,OH and CHOCHz, andm/z = 44 from CQ, CH;CHO and all heavier
complex organics. Finallgn/z = 30 can contain contributions frompBg, CH;0OH, H,CO and several heavier
organics compounds. All TPD series are scaled to the sanied @H;OH abundance to facilitate comparison

CO has a single strong feature at 2139 &ifGerakines et al. 1995), which is shifted to 2135
cm ! in the experiments here. The feature cannot be confusedhdtie of any other species and
the identification is thus clear. Of the observed CO ice amhe02 ML originates outside of the
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Table 3. Detected bands between 700 and 2200'camd identifications.

Wavenumber (cm)  Tiom (K)? Tes (K)° CO CH, OH Candidates

2135 20 30 y CcoO

1843 20 30 y HCO

1746 70 140-190 y M HOCH,CHO + HCOOH + CH3;CHO
1727 20 7011Q'150 y HCO + CH;CHO + HCOOCH;
1498 20 70 y HCO

1382 20 140 y CHKICH,OH

1372 30 40 y GHg

1350 20 100 y y CHCHO

1301 20 40 y CH

1245 20 70 y HCO

1214 70 130 y HCOOCH

1195 20 50 y CHOH

1161 50 90 y CHOCH;

1093 70 11030180 (CHOH), + CH30CH; + CH3CH,OH
956 30 70

921 ? 110 y CHOCH;

911 ? 150 HCOOCH;

890 70 180 y (CHOH),

885 ? 130 y y CHCH,OH

866 70 150180 y (CHOH), (+ HOCH,CHOY
822 30 50 \ GHg

aThe temperature at which the band carrier is méstiently produced.
bThe temperature at which the band starts to disappear dednm-up with 1 K mir?.
¢ Minor contributor in most experiments.

CHsOH ice. This is however only significant for the thin@ ML) 20 K ice experiments. At 30 K
and above the CO sticking cfiieient is low (Bisschop et al. 2007b).

O, has no strong infrared bands. During warm-up of the 20 and 83p€riment there is no
m/z = 32 detected at the expected @esorption temperature 30 K (Acharyya et al. 2007). In
contrast there is a clean/z=28 band from CO in this temperature region. If CO anddan be
assumed to behave similarly this puts an upper limit on th@©duction to less than 5% of that
of CO at 20 K.

H,CO has three strong bands between 2000 and 80® anl723, 1494 and 1244 ct The
1723 cn1! band overlaps with several complex spectral features, lmmd494 cm' band sits on
the shoulder of a strong G®H band. The 1244 cm band is relatively isolated and has been
used previously to constrain the O production (Bennett et al. 2007). All three bands areihgad
observed in the irradiated ices between 20 and 50 K. The 1244494 cm?® bands are strongly
correlated and are most abundantly formed at low tempasiturhile the 1723 cnt band is less
dependent on temperature, as expected from its multipteecsirAll three bands are enhanced in
all CH3;OH:CO ice-mixture experiments and these identificatioegtaerefore considered secure.
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All fundamental BO, infrared bands completely overlap with strong 4tHH bands in the in-
vestigated spectral region (e.g. lfber et al. 2006; loppolo et al. 2008). A smatl/z=34 peak
was observed during GJ®H desorption. Without comparison TPD this cannot be useohiifia-
tively, however. Thus, while some @, probably forms, its formation rate cannot be constrained
experimentally.

CO, has a strong band at2340 cnt!, which is seen in all experiments at high fluences.
Because of purge problems this spectral region is somewdiktted with CQ lines from gas
outside of the vacuum chamber. This results in a larger taiogy in the derived C@abundance
than would have been the case otherwise.

3.5.2. Radicals: OH, CH3, HCO, CH30, CH,OH

OH absorbs at 3423 and 3458 Thirom a study on pure D ice photolysis by Gerakines et al.
(1996), using transmission spectroscopy. Bennett et@d{Rcalculated the band position to be at
3594 cn? using the hybrid density functional theory with the 6-31d®] basis set and refining
the output with the coupled cluster CCSD(T) method — thegmutzions have typical gas-phase
band-position uncertainties of 0.5-1%-0 cnT (Galabov et al. 2002). There are some shallow
bands in the 3400-3600 crhwavelength region in our C¥DH experiments, that disappear be-
tween 30 and 50 K, and that are also present in the@Dices but not in the C§OD ones. The
bands are however an order of magnitude broader than olstenv®H radicals in matrix studies
(Acquista et al. 1968). This may be due to their interactiwoiitb other H-bonding molecules, but
with such a disagreement present, these bands cannot geexstd OH radicals with any certainty.
The presence of the broad features also prevents the datgiom of strict upper limits.

HCO can be identified from its, band between 1840 and 1860 tniGerakines et al. 1996;
Bennett et al. 2007). No stable species considered in thily stbsorbs in this region. Bennett et al.
(2007) calculated the band positions of a large number ofabies species that can theoretically
formin an irradiated CKOH ice and none of these have absorption features within 56 6h1840
or 1860 cmt. Furthermore the band enhancement in the CO ice mixtureharidw temperature at
which the bands disappear all point to HCO. The assignmehtsiband to HCO is thus considered

secure.

Calculations predict that GiHabsorb at 1361 and 3009 ch(Bennett et al. 2007). In the 30 K
CH, ice mixture, two bands appear close to these wavelength88atand 2965 crit. Using the
band width from the Cllice mixture, this wavelength region could be used to coirstree CH;
production in all ices. Unfortunately, the band strengthas known well enough to derive useful
upper limits.

Bennett et al. (2007) calculated that the CO stretching laaadnd 1170 crt is the strongest
CH,OH band within our spectral range. From matrix isolationexipents CHOH has been found
to have one strong band at 1183@nn agreement with the calculations (Jacox & Milligan 1973).
Similarly to Gerakines et al. (1996) and Bennett et al. (3002 detect a feature at 1195 th
which appears at the onset of irradiation in all puresOH experiments and is most abundant in
the 20 K ice as would be expected for a radical (Fig. 6). Thedbamot enhanced in the CO- or
CHgj-containing ice mixtures, which confirms that the band fofrosn CH;OH alone. It is also
not present in the C}OD ice after irradiation. The band starts to disappear atd@hK during
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Fig. 13. The left panel shows spectra of UV-irradiated puresOH ice at 20 and 30 K, and G&@H:CO 1:1
and CHOH:CH, 1:2 ice mixtures at 30 K after the same fluence ofxA@’ cm 2, together with pure ice
spectra of the complex species that absorb in this regiomright panel shows the complex absorption pattern
between 980 and 820 cmin pure ices at 30 and 50 K and mixed ices at 30 K, together wighpssible
carriers of these bands. In both panels thegOH bands have been subtracted from the spectra for vigibilit
and the features have been scaled to the initig@t abundance in each experiment to facilitate comparison.
The red dashed lines are present to guide the eye betweerpbaitins in the irradiated ices and in pure
complex ice spectra.

warm-up, at the same time other bands grow, which can beressigp more complex C}OH
bearing species. Thus we confirm the results of Gerakinels @t996) and Bennett et al. (2007)
that the 1195 crmt band observed at low temperatures is due to@H. Above 50 K, it is only
possible to derive CFOH upper limits, because of overlap with other absorpti@tufees.

CHs0 is predicted to have two fundamental transitions, isdlftem strong CHOH bands, at
1319 and 1329 cnt (Bennett et al. 2007). The closest observed bands are theb@itl at 1300
cm! and a weak band at 1350 ctn The 1350 cm! feature only starts to disappear at 70 K,
which is a higher temperature than expected for a radic#é. atso somewhat enhanced in CO-
and CH;-containing mixtures. Hence there is no evidence for abuomnblaild-up of CHO in any
of the experiments. This is consistent with the comparbtismall formation of CHO-containing
molecules during warm-up of the irradiated ice as is reglirtenore detail below.

3.5.3. CHs-bearing complex molecules: C,Hg, CH3CHO, CH3CH>OH and CH30CH3

C,Hg is only detected in the UV-irradiated 30 K GBH:CH, ice mixture experiment (Fig. 7). This
ice spectrum contains a clear feature at 822'cwith the expected band width of,8s. The band
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starts to disappear at 50 K during warm-up and it can thusterely assigned to £8s. The same
spectral region is used in the other experiments to deniia apper limits on the gHg production.

Figure 13 shows that there is a shallow band at the frequehttyeoCH;CHO 1350 cmt
feature in most experiments and that 4CHHO is the only molecule with a directly overlapping
band, though the wing of the HOGBHO band cannot be excluded as a carrier from spectral
comparison alone. At 30 K, the feature is somewhat enhamdeoth the CH- and CO-containing
mixtures, when comparing ices at the same temperatureehiygetrature at which the feature starts
to disappear (100 K) is close to the expected desorptionéaeatyre for CHCHO from the pure
TPD experiments. The feature is completely gone before tisetoof CHOH desorption which
excludes significant contributions from less volatile noolles, like HOCHCHO. Together these
observations are only consistent with gEHO as the main carrier.

Figure 13 also shows that a band at 1380 tin the photolysis spectra correlates with the
pure CHCH,OH ice feature, but HOCKCHO is also a potential carrier. The band is, however,
enhanced in the CHmixture experiments. Simultaneously a band at 885'asienhanced (Fig.
13), which can be attributed to GBH,OH as well. Furthermore, the 1380 chband starts to
desorb at 120 K, with CEDH, while the complex HCO-bearing species only experieigpaficant
desorption at 150 K. This suggests that{CH,OH is the main carrier of the 1380 cfeature.
The assignmentis confirmed byrsiz = 46 detection at the desorption temperature 0§CH,OH;
the QMS signal is enhanced by about a factor of three in thg Bkture experiment, which is
of the same order as the RAIRS band enhancement. In the COixteres the contribution of
HOCH,CHO may however be significant and in these ices the 1388 émature is only used to
provide upper limits on the C4€H,OH production.

CH30CH; has not been generally considered as a photoproduct @O8&Hce in previous
experimental studies (Gerakines et al. 1996; Bennett &04l7). CHOCH; is however formed
in the ice in our experiments; the feature at 1090 tmvhich can contain contributions from
CH30CH;, CH3CH,OH and (CHOH), loses intensity at 90 K, before the onset of desorption of
any of the other two species, which is only consistent withgthesence of C¥OCH; in the ice.
Furthermore, Fig. 14 shows that the band seen around 117D agmees better with C}¥DCH;z
than any other complex molecule and that it has no similavith the nearby HCOOCkIband,
with which it is usually identified (Gerakines et al. 1996;nBett et al. 2007). The band is not
significantly dfected by the ice temperature during irradiation and duriagnwvup it starts to lose
intensity around 90 K, close to the GEICH; desorption temperature (Fig. 11). At the same time
am/z value of 46, characteristic of G@CHg, is detected by the QMS (Fig. 12). The 1170¢ém
band is enhanced in the Glixture and so is a feature at 920 Tmwhich can also be attributed
to CH;OCH;s. Neither feature is enhanced in the CO ice mixture, whicHioms the identification
of the band carrier with CEDCHs. The uncertainty of the integrated abundance of thg@EH;
feature is relatively large because of uncertainties inbdmeeline due to overlap with HCOOGH
and CHOH bands.

3.5.4. CHO-bearing complex molecules; HCOOH, HOCH,CHO, HCOOCH3; and CH3COOH

In the pure CHOH ice experiments, none of the CHO-bearing species, exdefO and
CH3CHO, are uniquely identified. Similarly HCOOH and gEOOH have no unique bands. A
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Fig. 14. The left panel panel shows the observed absorption bandeéetl 140 and 1290 crhfollowing UV
irradiation of pure CHOH ice, CHOH:CO 1:1 and CHOH:CH, 1:2 ice mixtures, and the possible carriers
of these features. The right panel shows the 1700-1770 EIGO feature in irradiated pure GBH ices at

20 and 50 K together with irradiated GEH:CO ~1:1 mixtures, and the possible carriers. In both panels the
red dashed lines indicate some of the complex band positions

mixture of these compounds can, however, be identified flegrgrowth of the 1700 cm com-
plex (Fig. 14). The relative importance of thefdrent contributors in dierent mixtures and at
different temperatures can also be assessed by spectral cemnp&igure 14 shows that the shape
of the 1700 cm! band depends on the ice temperature during irradiationrowét temperatures,

a broad feature, peaking at 1725 @ndominates, which can be identified withp®O. At higher
temperatures the band is more similar in width tosCHO and HCOOCH. This is true both
when the ice is irradiated at higher temperatures and wheoeaimradiated at 20 K is warmed
up to>50 K. Simultaneously, the high frequency wing becomes movaqunced, suggesting an
increasing importance of HOGEHO, compared to HCOOH. This is the case in both pure and
CH3OH:CO ice mixtures.

In the CO-dominated C§OH:CO 1:10 mixtures, where the formation of many of the com-
plex molecules is quenched, some of the weaker features t#coles like HOCHCHO and
HCOOCH; are visible during warm-up of an ice irradiated at 20 K (Fig).IThe final abundance
ratio of HOCH,CHO/HCOOCH; is approximately 22 at 100 K. However, HCOOC#Histarts to
form at a lower temperature; thus the ratio of the two spedi@sges with temperature. The simi-
lar 1700 cm? feature in this experiment and in the pure {tHH ice experiments suggests that these
two molecules contribute the same fractions to the 1706 ¢rand in all mixtures, depending only
on the temperatures at which they are irradiated, or the¢eatyre to which they are subsequently
heated.
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Fig. 15. The left panel shows the 1700 chifeature during warm-up of a G®H:CO 1:10 ice from 20 to
100 K, after irradiation at 20 K, together with six possibégreers of these bands. The right panel shows the
950-750 cm' region in the same heated mixture together with possibléetarof the detected features. All
spectra are scaled with the same fraction in both panelfasdte absorbance of each spectrum corresponds
to ~0.1 ML of each of the complex species.

3.5.5. (CH,0H),

(CH,OH), is the main carrier of the 866 crhfeature in Fig. 13. This is inferred from the ice warm-
up, where the band does not decrease by more than 10-20%dateidesorption temperature
of HOCH,CHO - the only other possible carrier. The remainder of thedkdisappears around
180K, the desorption temperature of (&bH),. The QMS simultaneously detects a stromg=62
signal . The assignment of this band to mainly ¢CHH), is thus secure, but the uncertainty in the
abundance is higher than for some other species becausenaflacentribution of a HOCHCHO
feature to the band. In the CO ice mixtures the fOH)), abundance is instead calculated from the
890 cnt! band, which partially overlaps with a GBH,OH ice feature.

3.6. Abundance determinations of photoproducts

Table 4 lists the possible photoproducts considered in theiqus section that have strong in-
frared transitions, together with the bands used for gfieation, the fitting regions, the band
strengths and the estimated uncertainties of the intefjedisorbance. The integrated absorbance
of each molecular band is determined by first automaticaliisg the previously acquired com-
plex molecule spectra to the band over a defined fitting regisimg a personal IDL routine. The
scaled band in the complex molecule spectrum is then integjta determine the molecular abun-
dance rather than directly integrating the band in the iated CH,OH spectra. The fitting regions
are chosen for each species to ensure that the templateaspeetfitted to the part of the band
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Table 4. Potential photoproducts with infrared transitions.

Species Band Band position  Fitting regiono- band area Band strendth
(cm™) (cm™) (cm™) (cm™)
H,O V2 1670 1600-1670 Bl 1.2x10717 (1)
CHjs V2 1385 1380-1390 ul 6:a1071° (2)
CH, V4 1301 1290-1310 0.002 %20 (3)
CO vi 2135 2125-2145 0.001 X107 (1)
HCO vi 1850 1840-1860 0.0005 X107 (2)
H,CO V2 1245 1228-1265 0.01 Q0718 (4)
CH,OH V4 1195 1185-1195 0.01 807 (2)
CyHe V12 822 809-832 0.001 LE0Y (5)
CO; V1 2340 2330-2350 0.005 %2017 (1)
CH3;CHO V7 1350 1337-1350 0.003 6¢10718 (5)
CH3;CH,OH V12 1380 1380-1395 0.002 x90718 (5)
HCOOH Vs 1740 1739-1773 ul 67107 (6)
CH30CH; Y10 1161 1151-1171 0.003 %20 (7)
HCOOCH; Vg 1214 1216-1233 ul 241077 (2)
HOCH,CHO Ve 861 851-871 ul 3410718 (8)
CH3;COOH V14 17461770 1760-1772 ul 1410726 (9)
(CH,OH), Via 866/890 851-876 0.006 30718 (8)
X-CHO/X-COOH®  CO stretch 1680-1780 - 0.01 54017 (2,6,8)

aThe listed values are transmission band strengths, for BliRK experiments they are scaled by a factor of
5.5, determined empirically.

bOnly an upper limit could be determined.

°An average of the HCOOH, HCOOGHind HOCHCHO band strengths of 6.7, 4.8 and»1®7 cm ™ is
used.

(1) Gerakines et al. (1995), (2) calculated band strengtira Bennett et al. (2007), (3) D’'Hendecourt &
Allamandola (1986), (4) Schutte et al. (1993), (5) Moore &ddan (1998), (6) Hudson & Moore (1999), (7)
from CH;OH:CH;OCH; ice mixture spectroscopy, (8) Hudson et al. (2005), (9)édhel (1987).

that has no other possible contributors than the speciesastipn. This is especially important
in spectrally crowded regions, where the absorption featof diferent potential photoproducts
partially overlap. For example, the GEBH,OH spectrum is only fitted to the high frequency half
of the 1360 cm! band when determining the GBH,OH abundance to avoid contributions to
the band intensity from HOCHCHO. The integrated absorbance uncertainty varies by aer ofd
magnitude between theftirent species, mainly dependent on how crowded the regismie a
major source of error is the choice of the local baseline.

The integrated absorbance of each species is convertedaiusitiance using literature band
strengths for pure ices, with~20% uncertainty. Calculated band strengths are less wiatiedkfor
solid-state features, resulting in at least a factor of fiweautainty for the fiected species (when
comparing calculated values to experimental ones). Alhdbunces are reported with respect to
the initial CH;OH abundance in each experiment to remove the uncertairtheitband strength
conversion factor between transmission and reflectiooraltisn spectroscopy as well as to cancel
the variations in the initial ice thickness between théedent experiment$.3.3.3 showed that the
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Fig. 16. The evolution of small CEOH photo-products with respect to UV fluence in % of the ihiGial;OH

ice abundance (C¥DH(0)) in each experiment during six hours of irradiatior2@tK (stars) and at 70 K
(diamonds). The average abundance uncertainties aratadin the bottom right corner of each panel. The
lines are exponential fits to the abundance growths.

ice chemistry does not depend significantly on ice thickiesgadiation flux and therefore only
the results from the 20 ML thick ices with the low irradiation flux are shown extig.

The sum of all CHO- and COOH-containing complex speciesgpiior H,CO and CHCHO,
are also reported since these species have no uniquelyetbfeatures in most experiments. This
sum is calculated by subtracting the®D and CHCHO contributions from the 1700 crhfeature
and calculating the remaining integrating absorbance.iftegrated absorbance is converted into
a molecular abundance by using an averaged band strengtth istwithin 20% of the reported
band strengths of the three suspected main contributor®®TH;, HOCH,CHO and HCOOH.
The fourth potential major contributor GBOOH has a factor of two larger band strength, but as
shown below the CEICOOH upper limits are strict in most experiments and thusiittibutes at
most 10% to the 1700 cmh feature.

Figures 16 and 17 show the photoproduct abundances witbaetpthe initial CHOH abun-
dance as a function of UV fluence in 20 and 70 K ices (growthesifer the other experiments
are shown in the appendices (A1-3). The abundances of giinfeats and molecules that can
form directly from CHOH photodissociation or from hydrogenation of a dissociafragment
have a clear inverse dependence on ice temperature, eeaptindances of CO, GHHCO and
H,CO are significantly higher at low temperatures than at highpteratures, where recombina-
tion of large radicals dominates the chemistry. For the noomaplex products the temperature
dependence varies. Abundances of molecules that cont&#C&n or a CH-group do not depend
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Fig.17. The evolution of complex Ck¥DH photo-products with respect to UV fluence in % of the ihitia
CH30H ice abundance in each experiment during six hours ofiatiath at 20 K (stars) and 70 K (dia-

monds). In the bottom panel the final upper limit abundancethé 20 K ice of HCOOH (blue dotted),

HCOOCH; (green dashed), GJEOOH (red dashed-dotted) and HOGFHO (yellow dashed-triple-dotted)

are also shown. The average uncertainty in each abundama#idated in the bottom right corner. The lines
are exponential fits to the abundance growths.

on temperature within the experimental uncertainties|emhie (CHOH), abundance is strongly
temperature dependent.

Initial formation cross sections can be derived for the phbémistry products using
dn
— =0,
¢t

wheren is the fractional abundance of the product with respect tg@# ¢ the fluence in cr?

(2)

ando the formation cross section. A formation cross section amdkes strict physical sense for
fragments that form directly from G40OH photodissociation; however, it is also a relevant number
whenever photodissociation is the formation-limitingpst€herefore, formation cross sections for
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Table 5. Formation cross sections in 28 cn? during pure CHOH ice photolysis.

Species 20K 30K 50 K 70K
CH, 7.0[12] 7.1[13] 5.8[13] 4.9[12]
Cco 1.0[05] 1.0[06] 0.5[05] 0.6[05]
HCO? 0.4[02] 0.3[02] 0.3[02] <02

H,CO 15.7[34] 15.4[38] 7.4[36] <33

CH,OH? 3.7[10] 2.9[11] 2.8[11] 1.9[1.0]
CO, 0.2[02] <02 <0.2] <02

CH;CHO <01 <01 <01 0.2[01]
CH3;OCH; 0.6[07] 1.1[08] 2.2[07] 2.4[07]
CH3;CH,OH 8.6[34] 8.8[38] 2.3[36] 3.9[33]
(CH,0H), 8.4[51] 10.4[57] 21.8[54] 32.2[50]

X-CHO/X-COOH  1.5[18]  1.7[19] 2.3[18]  2.0[17]

aThe absolute uncertainty is a factor of 5 for HCO and,OH.

all simple and complex products forming in the puredCHi ice experiments between 20 K and
70 K are presented in Table 5. The cross sections are caddtatm the first 5« 10'® UV-photons
cm2, which is within the linear growth regime for most molecules

The complete shapes of the ice growth curves belonging tertfedl products, Cki CH,OH,
HCO and HCO, are proportional té\;(1 — e*2?), where¢ is the fluenceA; the steady-state
abundance, anél, combines information about the formation and destructioth® molecules in
question in cri. At 50 and 70 K, this type of equation also fits the growth inradances of complex
species. Several complex production curves are howevearddted with Aj(1 — e#2(~A3)) at
20-30 K, whereA; is a delay, in fluence units, before the production of the iggeio0 question
starts. In other words, at low temperatures a certain hupldsf radicals is required before the
production of complex molecules becomdsoient (see also Fig. 3) and therefore a more general
equationA; (1 — e*#-")) is used to fit their abundances curves. The measured defgyically
(1 - 2) x 10'® photons cm?: significant for CHCHO and CHOCH; abundances and for the
upper limits of HCOOCH and HCOOH, but not for the G¥DH containing molecules. CO and
CGO;, cannot be fitted with either equation; the £@rowth rate even increases with fluence. This
behavior is explained below when the complete reactionreetfer the ice is discussed in detail.

The exponential fits for all experiments are tabulated irajmgendices (C). It should be noted
however, that while this is a convenient way of describirggdkperimental outcomes, these equa-
tions cannot be directly translated to an astrophysictihgatithout intermediate modeling as will

be discussed i§5.

3.7. Ice formation and destruction during warm-up following irradiation

During warm-up after the completion of the UV-irradiatiorperiment, the ice composition
changes due to recombination offdsing radicals and sequential thermal desorption. Thidtses
in the depletion of volatile molecules and radicals fromitteeas the temperature increases, while
more complex molecules increase in abundance before theystdrt to desorb. The temperature
at which a species displays a maximum abundance dependstdtie difusion barriers of the
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Fig. 18. The evolution of small CEOH photo-products, in % of the initial GJ®OH ice abundance in each
experiment, during 1 K mirt warm-up following UV irradiation at 20 K (stars) and 70 K (diands). The
average uncertainty in each abundance is indicated toghein each panel.

radicals it forms from and the desorption temperature ottimaplex molecule in question. Figure
18 shows that the small molecules and radicals follow theeetqu behavior. HCO disappears the
fastest, though it is not below the noise level until 90 K. Tdiker small molecules all desorb
slowly, and only completely disappear at 120 K, the tempeesat which CHOH starts to desorb.
This is indicative of significant trapping of volatiles idsithe CHOH ice.

The more complex molecules also behave as expected foljalwenassumption that they form
from recombining radicals; all complex ice abundancesaltincrease before desorption sets in
(Fig. 19). The temperature at which a maximum abundancadhesl during warm-up varies with
molecular species and also somewhat with the ice temperdtuing irradiation; for example, it
appears that CECH,OH formed in the warmer ices experiences somewhat less saqotéon with
CH30H, and thus it desorbs mainly at its pure-ice desorptioptrature. This can be understood
from recent experiments that show that segregation is argefeature of mixed ices when kept
at elevated temperatures; the ice irradiated at 50 and 70ytmus be partially segregated before
the onset of CHOH desorption, while the ices irradiated at 20-30 K do nothiawe to segre-
gate before reaching the GBH desorption temperature, at which they co-desorb. Corgéen
with CH3zOH around 120 K is especially important for @EH,OH and CHOCH;. CH3;CHO,
CH30CH; and CHCH,OH reach maximum abundances~at0, 80 and~110 K, respectively.
(CH,OH), only reaches a maximum at 120-150 K (Fig. 19). The formatiwh desorption pat-
tern of X-CHO and X-COOH is, as expected, complicated withesal peaks, corresponding to
formation maxima of the dierent contributors to the band. The initial decrease sugdkeat the
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Fig. 19. The evolution of complex CEOH photo-products, in % of the initial GJ®H ice abundance in each
experiment, during 1 K mirt warm-up following UV irradiation at 20 K (stars) and 70 K (thands). The
average uncertainty in each abundance is indicated toghein each panel.

subtraction of HCO is imperfect and that up to 20% of the X-CHGCOOH abundance at low
temperatures is due to,80.

3.8. Dependence of ice products on physical conditions

The previous two sections quantified the growth of comples i detail as a function of fluence
and temperature under specific conditions. In this sectlmmfocus is on the final complex ice
abundances in each experiment after completion of irradiat a low temperature and the max-
imum abundance reached during warm-up. This is used tordetertrends in the final complex
abundances as a function of the experimental conditiogsirés 20 and 21 show how the final
irradiated ice composition changes with ice compositiamrépvs. 1(2):1 mixtures with CO and
CHy), fluence, ice temperature during irradiation and the arhoél€O mixed in at 20 K. The
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Fig. 20. The final simple ice abundances, with respect to initiakOH abundance, after the completion of
irradiation, plotted as functions of: a) and b) compositjpure CHOH vs CHOH:CH, 1:2 and CHOH:CO
1:1 ice mixtures) at 30 and 50 K, respectively; c¢) fluence;cd)temperature; €) amount of CO mixed into
the ice. All ices were irradiated with2x 10'7 photons cim?, except for the the high fly#luence case in c),
in which a final UV fluence four-times greater was attainedd)rand e) the ice temperature is 20 K. The

uncertainties are as in Fig. 16.

small photoproducts in Fig. 20 are alffected by temperature, though the CO-containing ones,
much more severly than GHBoth CQ and HCO are enhanced in the CO-containing mixtures,
while CQ, and CO are the species moffiegted by increases in fluence.

Among the complex products in Fig. 21 CHO- and COOH-contajrépecies are enhanced
in the CO ice mixtures regardless of temperature, thoughGHO, is enhanced in the GH
containing ices as well. The CHO-containing moleculesgpkdor CHCHO, thus trace CO-
rich CH;OH ices. In the CHOH:CO 1:10 mixture this enhancement of CHO- and COOH-
bearing species is more extreme; only CHO- and COOH-beadmgplex species are detected
and these have a total abundance of maxim#0% during warm-up. CkDCH;, CH;CH,OH
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Fig. 21. The equivalent of Fig. 20 for the complex ice products, whth &ddition that the product abundances
are shown both at the completion of irradiation (solid ljnasd the maximum abundance reached during

warm-up (dashed lines). The uncertainties are as in Fig. 17.

and CHCHO are enhanced in the Ghte mixture at 30 K, but this enhancement almost disap-
pears at 50 K, except for the case of {fHH,OH. Thus, CHCH,OH is the most sensitive tracer
of the addition of CH to the ice. Overall, the complex-product abundances dolmaige by more
than a factor of 2—-3 in 1(2):1 mixtures compared to puregQGH ice, nor between ices atftir-

ent temperatures. However, the X-CHO abundance incregsemte than a factor of five in the
CH3OH:CO 1:10 mixture.

Of all detected complex molecules, (gBH), depends most steeply on ice temperature, espe-
cially in the ice mixtures; its abundance varies by almosbater of magnitude between exper-
iments of diferent temperatures after UV irradiation of the ice is congueThe dependence is,
however, significantly weakened by the time of desorptionréasing the UV fluence increases
the importance of CECHO and the other CHO- and COOH-bearing species. In contreesCH;-
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containing species are noffected by fluence, while the (GBH), abundance decreases some-
what, for a fluence increased from 2.4 t0916" cm™2.

Different molecular production rates are thtfeeted diterently by changes in ice composition,
temperature and UV fluence. These varied responses of niai@caduction rates to changes in the
experimental conditions can be used both to derive chermpicglerties and to make astrophysical
predictions on complex molecule production. This is onéneftopics in§4 and 5 below.

4. Discussion
4.1. Comparison with previous experiments

The simple ice products found in this study at 20 K are qualily comparable to those found
previously in UV irradiated pure C¥DH ices at 10-15 K. Quantitatively, the relative amount of
formed CH, and H,CO are the same compared to Baratta et al. (2002), while an ofdhagnitude
more CO and C@is reported by the end of their experiment. The CO ang @@undances are
enhanced by a similar factor in Gerakines et al. (1996) coatpto the the experiments presented
here. The enhancement may be due to the higher UV fluencenudigelprevious studies, since the
relative CO content increases in our ices with fluence. Tgh BIO abundance may also be partly
a result of investigating thick ices-0.1-1um) in high vacuum chambers-1{0~" mbar); the ice
thickness reduces the escape probability of CO throughoplesbrption and the high vacuum (as
opposed to ultra-high vacuum) increases the chance ofmimaéions, which may change the final
ice composition. The formation cross sections of,@Hd HCO presented i§3.6 agree with those
reported by Gerakines et al. (1996) within the experimamakrtainties of 50%. Thus, the overall
agreement is good, between previous studies and the pw@igidhotochemistry experiment at
20 K presented here.

Complex products are filicult to identify in both UV irradiated and ion-bombarded £§3H-
rich ices, which has resulted inftBrent assignments in the literature to the same bands, phsim
no presentation of absolute complex product abundanceslistsissed in the band-assignment
section, more stringent criteria for band identificatioowalfor both more secure and more numer-
ous band identifications. The most important disagreentattseen this and previous studies are
the assignments of HCOOGHNnd CHOCH; bands (Gerakines et al. 1996; Bennett et al. 2007).
We agree with Bennett et al. (2007) on the assignments ofsoem(CH,OH),, but are hesitant
with HOCH,CHO assignments in the GBH-dominated ices, because of overlap with features
from e.g. HCOOH. However, HOGHO may be produced mordéieiently during ion bombard-
ment than during UV irradiation, facilitating band iderddtion; we do not find so sharp a band
at the position of one of the HOGEHO bands as observed by Bennett et al. (2007) in their ion-
bombardment study. No other complex molecules were idedtifi either study. Hudson & Moore
(2000) also tentatively detected (@BH), following proton bombardment of a GB®H:H,O mix-
ture. Its formation appears prominent under a range of tiomdi

Similarly to Bennett & Kaiser (2007), we do observe bands 630CH; and HOCHCHO in
a CO dominated CEDH ice mixture, indicating that overall the chemistry indddy UV radiation
and ion bombardmentis similar. HOGEHO was also tentatively detected by (Hudson et al. 2005)
following UV irradiation of a CO:CHOH 100:1 ice mixture, though more work is required to
confirm its formation under those conditions.
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4.2. Dependence of complex chemistry on experimental variables

Section 3 showed that the final results of {LHH photochemistry depend on the initial ice compo-
sition and the ice temperature during irradiation, but mot¥ flux or ice thickness. The indepen-
dence of ice thickness for the final abundances of complesiespbetween 6 and 20 ML puts an
upper limit on the #iciency of surface photochemistry versus bulk photochemiEmploying a
typical relative product abundance uncertainty of 10%,ubper limit on a relative enhancement
in the 6 ML ice compared to the 20 ML one ¥2 x 10? ~ 14%. This puts an upper limit on excess
production in the 6 top ML combined, while the upper limit orcess production in the very top
layer is 6x 14 ~ 84%. Surface reactions are therefore at most twicefagent as bulk reactions
in producing complex molecules. This does not directlytisuirface difusion, since photodesorp-
tion is dficient enough that many of the radicals and recombined ptedunche surface layers
may escape, thus lowering thiieient surface yield. In fact the initial rates in the 6 ML icEem
somewhat higher, though thisfiiirence is barely significant (Appendix C).

The independence of the ice chemistry on UV flux, i.e. the mamosition depends only on
the total UV fluence at any time, suggests that the expersapdrate in a regime where photodis-
sociation is the rate-limiting step for production of complbrganics. If the opposite were true,
more complex molecules should form at the lower flux levedratthe same fluence, when radicals
have had more time to filuse and recombine. This may be counter-intuitive sinff@sion is ex-
pected to be slow at 20 K. It suggests that the chemistryaat ke low temperatures, is dominated
by fast non-thermalized fiusion following photodissociation. This is consistenthwihe small
differences in formation rates between 20 and 70 K — in cros®aderms, the formation rate
increases by a factor of four or less for all complex organitsontrast, formation rates dependent
on thermal difusion should change dramatically within this temperategime since quantified
segregation studies show that the thermfildion rate of molecules, such as £©hanges by an
order of magnitude between only 50 and 60®bgrg et al., submitted). The low production rate
of complex organics during irradiation at 20 K in the §gBH:CO 1:10 ice mixture is also consis-
tent with the expected fast thermalization, and thus shétiglon range, of photo-fragments with
excess energy (Andersson & van Dishoeck 2008). In this éxget it is instead thermal ffusion
during warm-up that dominate the complex organic productio

Whether thermalized or non-thermalizeéfdsion drives the chemistry thus depends on a num-
ber of factors, including the concentration of radicalshia ice and the temperature during irradia-
tion. To quantify the relative importance of thermalized anon-thermalized diusion for specific
radicals at dierent temperatures requires quantitative modeling of traptex molecule pro-
duction during both the irradiation and the warm-up phaQeslitatively, an increase in thermal
diffusion with temperature is required to understand the obsdefour times higher (CKHOH),
abundance and formation rate during irradiation at 70 K caneg to 20 K. Faster ffusion is also
required to explain the immediate onset in formation of nmoskecules at high temperatures, com-
pared to the short delay at 20 K. Some molecular abundaneels.as CHCH,OH, seem hardly
affected by a change in ice temperature. Still it must form atlpartly through dtusion of rad-
icals since there is an abundance increase during warmhgiriBensitivity to ice temperature
during irradiation may instead be due to increased conipetiietween other reaction pathways
once the CHOH radical becomes mobile, especially to form (CHH),, as is discussed further
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below. The complexity of these interactions makes it imfmedo better quantify the dependence
on ice temperature for ice photochemistry until a completg gf models has been run, which is
the topic of Paper II.

CH, and CO are small molecules with a simple photodissociati@mrdstry: CH mainly loses
an H to form CH, though direct dissociation to GHk also possible (Romanzin et al. 2008), while
CO does not photodissociate measurably with the UV lampignetkperiment@berg et al. 2007).
Previous experiments show that CO can react with hydrogésrito HCO, and with OH to form
CO, (Watanabe et al. 2003; Hudson & Moore 1999). Thus adding GCHarto CH;OH ice should
as a first approximation not add any reaction pathways, biytpmovide excess functional group
radicals. Figure 21 shows that enriching the ice with theskeoules also increases the importance
of ice temperature on the final ice composition. ¢CHH), displays the most dramatic change; in
the pure ice the final abundance changes by a factor of twodeet\80 and 50 K, in the CH
mixture the final abundance is an order of magnitudkecint at the two temperatures. Thiteet
is mainly because less G retained in the 2:1 ice mixture at 50 K compared to 30 K etiengh
the same mixtures were deposited. The same is true for COgvldes than half of the originally
deposited CO was trapped in the 50 K ice, resulting in lesslingi material for HCO-containing
species. This will be true in astrophysical ices as well antthérefore important to keep in mind,
i.e. the building material of complex molecules will changi¢h ice temperature also when the
starting point is a typical interstellar ice mixture.

4.3. CH30H photochemistry reaction scheme

When considering the possible chemistry induced in thg@ice through UV irradiation it is
necessary to chose a level of complexity to investigategedineoretically the products can continue
to dissociate and recombine into ever more complex spdoi#isis qualitative analysis we choose
to only consider the dissociation and recombination of fjesteration radicals from G®H dis-
sociation, with one exception — the dissociation ofd@® into HCO and CO and its reaction to
CGOs,. This path was included because it only results in smalldeoubes that are easily detected
and thus the kinetics can be modeled. In fact, the photociEson track from CHOH/CH3O to
H,CO and further to HCO and CO is an important strand of reasttorunderstand, since these
are the only reactions that do not depend offiudion and thus their production yields provide
a clean measure of radical production due to photodissooiaf small molecules and radicals.
Qualitatively, the relative production rates of gbH, H,CO, HCO, CO and C@agree well with
the prediction of the reaction scheme that the observedalared formation rates should decrease
from one generation of species to the next (Fig. 16.)

Within this framework it is assumed that the vast majorityredctions consists of radical re-
combination without breaking of bonds i.e. no abstractidns needs to be further tested through
experiments and modeling, but so far there has been no ezpevidence for abstraction in ice
chemistry experiments.

Taking all this into account, Fig. 22 shows the proposedti@ascheme describing the forma-
tion of the observed species from photoproduced radicéls.stheme shares many features with
previous ones considered by e.g. Garrod & Herbst (2006}attsswith four possible photodis-
sociation products of C¥DH that form from breaking one bond i.e. @BH, OCH;, CH3;, OH
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Fig.22. The proposed reaction scheme to form the observed prodalttsving UV-irradiation of pure
CH30H ice (solid boxes), of CO or CHCH3;OH ice mixtures (dashed boxes) and products whose productio
could only be constrained with upper limits (dotted box@&$)ugh not shown for clarity, all reactions can be
reversed. The two red arrows indicate that the radicals éstipn take part in more reactions in other parts of

the reaction scheme.

and H (the evidence for no direct dissociation tg is discussed i§4.4). The formed radicals
are then allowed to recombine into stable species or phissadate further. This scheme should
reproduce the chemistry in the ice at low fluences well. Asctihemistry proceeds the destruction
of complex molecules becomes important to obtain the oleskeequilibrium conditions and then

a more elaborate reaction scheme is required to analyzeitheroe.

Within the framework of Fig. 22, the final irradiated ice camsfiion depends on both the
production rate of each radical and the probability of twedsfic radicals finding each other and
recombining in the ice. The radical production rate depemdthe UV flux, the photodissociation
branching ratio and photodissociation cross section of@ and the relative photodissociation
rates of CHOH, H,CO and HCO into smaller species. Once produced, the raditBlse through
the ice. The scheme shows that all complex molecules areefibim competition with several
others that are formed from the same radicals. The recortidairtaranching ratio of any one radical
therefore depends both on the amount of other radicals atlgeirrelative difusion rates. As an
example CHOH can react with H, Cgl HCO, OCH and CHOH as well as further dissociate
to H,CO. Whether dissociation or recombination occurs depemdsath the UV flux and the
diffusion rates of CHOH and other radicals, and the amount of other radicals inceaeAt high
UV fluxes and low temperatures further dissociation 1B and recombination with the volatile
H to reform CHOH should dominate. At slightly higher ice temperature®nakination with less
volatile radicals will become competitive and finally, on€el,OH can difuse through the ice,
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the CHOH+CH,OH pathway will dominate, since G®H ice photodissociation favors GBH
production as shown i§4.4.

To quantify which reaction pathway dominates at which terapee and flux, requires a large
self-consistent model (see Paper Il). Already this singdifanalysis shows that all observed
molecules can be formed straightforwardly with a simplectiea scheme involving recombina-
tion of small radicals. This is promising for quantificatiohcomplex ice chemistry, both in the
laboratory and in space.

4.4. CH3OH photo-dissociation branching ratios

UV photodissociation of CkDH ice can theoretically result in severalffdrent products.
Experiments and calculations have shown thagGQH has multiple absorption bands in the range
of our UV lamp, which are associated with fission offéiient bonds, producing theftéirent rad-
icals shown in Fig. 22 (e.g. Nee et al. 1985; Cheng et al. 200&h a broadband UV lamp it is
thus dificult to predict which dissociation fragments are formed &gk relative importance.

While it is therefore not possibla priori to exclude any photodissociation pathways, the di-
rect dissociation to form CO is however eliminated as an important dissociation paghiay
the experiments. $CO production depends dramatically on ice temperaturda that an order of
magnitude less FCO forms at 70 K compared to 20 K. This is consistent with a si&p process
where CHOH is first photodissociated into GB or CH,OH followed by further photodissocia-
tion into H,CO dependent on the relative time scales @ifudion and UV absorption at a certain
temperature. The strong temperature dependence is istemsivith HCO forming directly from
CHs3OH since then a large amount ofEO should form at higher temperatures, similarly to,CH
which only requires a single photodissociation event feéd by difusion of H to form. The con-
sidered photodissociation channels for this discussieriteen CHOH + H, OCH; + H and CH
+ OH.

Without a complete model, the branching ratios cannot beutatied accurately, but inspec-
tion of the experimental results allows for some conclusiddnder the assumption that both the
photodissociation cross sections of the formedOH fragments and the rate at which they re-
combine with hydrogen are approximately the same, the ataddiormed complex molecules can
be used to assess the importance dffedent photodissociation pathways. First {CH,OH and
CH30CH; both form through recombination of GHwvith OCH; and CHOH, respectively. Ckl
is predicted to be most mobile of the three radicals and ttsudiffusion should determine the
recombination rates of both complex molecules. The ragioduction rates of C#H,OH and
CH3OCH; should then to a first approximation only depend on the @CH,OH branching ra-
tio during CH;OH photodissociation. The GI&H,OH/CH3;OCHz; abundance ratio is consistently
4 + 2 at all fluences, temperatures and ice compositions. The erived from the Cldice mix-
ture experiment at 30 K should describe the photodissocis#tianching ratio most accurate, since
the enhancement of GHadicals minimizes thefgect of diferent difusion properties of OCH
and CHOH. There the ratiois & 1.

The importance of the C#+OH dissociation pathway is morefficult to asses. An upper limit
can be estimated by comparing the detected,(@H), abundances and the upper limits osHg
at 30 K following irradiation of pure CkDH ice. Since CH is more volatile than CKHOH and
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thus dituses faster, more #lg will form per produced CH radical in the ice than (CHDH),

per produced CkDH and thus the estimated upper limit will not be very strithe observed
(CH,OH), abundance to £Hg upper limit is~40 in this experiment. The abundance of each com-
plex molecule depends on the radical abundance squarech wésults in a total branching ratio
of CH,OH:OCH;:CH3 of 5+1:1:<1.

This dfective photodissociation branching ratio of §lbH ice is not necessarily equal to the
branching ratio of gas phase @BH molecules. Theféective branching ratio may favor the GH
radical since hydrogenation of GAH and OCH results in CHOH, while CH; hydrogenation
produces Chithat mainly photodissociates back into €Ahis may however be compensated for
by a higher recombination rate of Gkand OH than between the larger fragments and H, since
H will di ffuse away from its dissociation partner faster. It is intitngsto note that the calculated
branching ratio is consistent with a purely statistical dree three diferent bond breaks result in
CH,OH and one each in GHand OCH. The model in Part Il will further demonstrate whether
this simple treatment of the branching ratio is valid.

4.5. Diffusion of radicals

The difusion barriers of all radicals involved in complex molecidemation can only be properly
guantified by modeling the entire chemical network selfsistenly under dierent irradiation and
warm-up conditions. The relative heights offdsion barriers can however be estimated from the
decrease of radical abundances and the increase of molabuladances during warm-up of irra-
diated ices. Inspection of the warm-up plots in Fig. 19 tbgetvith the reaction scheme in Fig.
22 qualitatively shows that the products of the radicalsuagtion, H, OH, HCO, Ckl OCH; and
CH30OH, depend dferently on temperature.

The only radicals that are detected are HCO ang@H. HCO clearly disappears faster of
the two and thus has a lowerfdision barrier than CEOH. This is also evident when comparing
(CH,OH), and X-CHO production during warm-up; the X-CHO abundancesdwot increase be-
yond 80 K, while (CHOH), is produced up to at least 110 K. @8CH; and CHCH,OH behave
similarly during warm-up, though C4#€H,OH grows to slightly higher temperatures, suggesting
that CH; diffusion is the most important limiting step, but that Ozihd CHOH mobility matters
as well. The OCH and CHOH diffusion is even more important in reactions with HCO; during
warm-up of the CHOH:CO 10:1 ice, HCOOCEiforms at lower temperatures, and thus consumes
most of the HCO, compared to HOGEHO. The increased importance of th&dsion capabilities
of the heavier radicals in reactions with HCO compared tg €tfygest that the flusion barrier
for HCO is higher than for CEl This is confirmed by the slightly lower formation temperatof
CH30CH; and CHCH,OH compared to X-CHO. The OH barrier is the only one that cabeo
assessed since it is only involved in €&nd HCOOH production. HCOOH is not uniquely iden-
tified and CQ production may instead be limited by COffdision. Combining the above results
the relative difusion barriers increases asH; <HCO<OCH; <CH,OH. This is in qualitative
agreement with the assumptions by Garrod et al. (2008).

These relative diusion barriers, together with the dissociation branchatgs and the ob-

served dependences on ice composition are used below ta mstsibility of an ice origin of
observed complex molecules infidirent astrophysical environments.
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5. Astrophysical implications
5.1. Potential importance of photochemistry around protostars

CH3OH ice probably forms in dense cloud cores; it is absent fioarctoud edges, but often abun-
dant towards protostars. This is in contrast to for examge &nd HO ice, which are present
already at a few 4 in dark clouds. Because of its formation deep into the clolel CHOH ice

is shielded from external UV irradiation during most of ifefime. A conservative test of whether
enough radicals can be produced from irradiateg @H ice to account for observations of com-
plex molecules should then only include the locally prodLid® field inside the cloud core from
cosmic ray interactions with #1 This cosmic-ray induced UV field results in an approximai fl
of 10* cm™2 s7! (Shen et al. 2004). During a million years in the cloud core;QH ice is thus
exposed to a fluence o810 cm2, which is the same as the final fluence in most of the exper-
iments here, where more than 50% of thesOH is destroyed. Previous experiments at 10 K and
the irradiated ice experiments at 20 K here show that of ttieais formed from photodissociation,
a large fraction is either further dissociated or hydrogeti&o form simpler species than gBiH.

In this study~25% of the destroyed G¥DH is converted into simpler molecules at 20 K, but up to
50% in previous studies (Gerakines et al. 1996).

More than 50% of the photodissociated £bH ice thus result in ‘frozen in’ radicals or com-
plex molecule formation at the dark cloud stage. Once thieatslbecome mobile following cloud
core collapse and the turn-on of the protostar, the apprateéroomplex molecule to GJOH ice
abundance ratio is 25%, since each complex molecule foroms fwo CH;OH fragments. This
is assuming CEOH is the precursor of all complex O-bearing organics. Thetfon of complex
molecules in the ice will increase if GHH,O, CO and CQ ice take part in the photochemistry,
which will depend on the structure of the ice. The ratio wilaaincrease in protostellar envelopes
if the effects of the enhanced UV-radiation field from the star areuihedl for ices in the inner
parts.

Laboratory data on ice photochemistry thus predict thatgel&raction of CHOH will be con-
verted into more complex molecules during the pre- and pstetlar stages. This can be compared
with observations. The sum of detected oxygen-rich compielecule abundances is approxi-
mately 50% with respect to the GBH abundances in hot cores (Bisschop et al. 2007b) and closer
to 10-20% in other sources rich in complex molecules. PHwpustry in ices thus provide the
right order of magnitude of complex ice species comparedhatws observed in regions where
ice desorption has occurred. This does not prove that theredsd complex molecules have an ice
origin, but quantified experimental results do provide a veatest this.

5.2. Abundance ratios as formation condition diagnostics

The analysis of the complex ice composition following iiegibn in the laboratory can be used
to test an ice formation scenario for complex species infstaning regions. The first piece of
information from the warm-up plots is that the ice tempemtiuring irradiation only has a limited
effect on most complex ice abundances at the time of desorgthars in protostellar envelopes
with large CHOH ice fractions, where the complex ice chemistry is donaddty pure CHOH
chemistry, similar relative fractions of complex ices wibbk expected in the gas phase over a large
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range of objects if only thermal desorption is assumed. lfrenother hand the entire lifetime of
the ice can be sampled by non-thermal desorption, temperefacts on the ice composition may
be observed. This temperatur@eet will be especially clear if the coldest parts are stilirdioated
by a CO-rich CHOH ice, which is predicted to favor an HCO-rich complex ch&myi However,
parts of the complex ice product composition seem robustramge of physical conditions and
can therefore be used to test formation scenarios withoutmgassumptions about the original
ice composition or the ice-desorption mechanism.

Regardless of mixture composition and ice temperatureCti#CH,OH and CHOCH; ratio
is constant in the experiments and it is thus expected to bstaot in astrophysical environments
as well, even though the ratio of 5 to 1 may not be reproducedténstellar regions because of
differenttime scales, desorption temperatures and gas pretegotien rates. The ratio may also be
affected by hot gas-phase chemistry around high mass pratostdeed, the detected abundances
of CH30OCH; may be strongly fiected by gas-phase processes; Garrod et al. (2008) found tha
gas-phase formation of this molecule, following the evagion of methanol, isfécient, even with
conservative rate estimates. Thus thesCH,OH and CHOCH; ratio can only be used directly
as an ice chemistry test where the gas phase processindigilnleg

Similarly, the HCOOCH and HOCHCHO ratio changes little with ice compaosition, though
it does depend on ice temperature. Thus, while detailed limgdef absolute ratios of this pair of
molecules is saved for Paper I, strong correlations betveeeh pairs of molecules towards dif-
ferent astrophysical objects would support the idea tleapiotochemistry followed by desorption
is responsible for gas phase organics.

In contrast, the CEHCH,OH, HOCH,CHO and (CHOH), relative abundances at the time of
ice desorption vary with ice temperature during irradiatimd composition even on laboratory
time scales. They range betweer 1:1 (CH;OH:CO 1:1, 30 K), 21:10 (pure CHOH 70 K),
10:<1:4 (CH;OH:CH, 1:2, 30 K) andk1:8:<1 (CH3OH:CO 1:10 20 K) (Fig. 21). Of these product
compositions, the pure G¥®H and the dferent CO mixtures are perfectly plausible astrophysical
compositions since C#DH is proposed to form from CO ice. The relative abundancdbede
three complex molecules can thus potentially be used tastigate when and under which condi-
tions complex molecules form infikerent astrophysical objects, when an ice formation rouse ha
been established. This is pursued qualitatively below ghahere is a general lack of statistical
samples that contain the diagnostically most valuable déuces.

5.3. Comparison with astrophysical sources

Complex molecules have been detected in the gas phase wwamtiety of astrophysical envi-
ronments. Table 6 lists the detected abundances towardsméss protostar IRAS 16293-2422,
a sample of high-mass protostars, a low-mass outflow L11§a|actic-center cloud MC G-0.02
and the comet Hale-Bopp. Typical uncertainties are faabesfew, but can be larger along some
lines of sight.

Overall, complex-molecule abundances vary by less thanrder of magnitude, with re-
spect to CHOH, within these dramatically fferent astrophysical environments. For example the
CH3CH,OH/CH3OH ratio varies between 0.02 and 0.04 (Table 6). This suggefirmation sce-
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Table 6. Abundances of complex molecules relative tojCHH.

IRAS 16293-242m3b Hot core$ L1157 MC G-0.02 Hale-Bopp CHzOHY CHz;OH:CC?

CH;OH 1/1 1 1 1 1 1 1

CH;CHO 0.038<0.0016 2.9[3.1%10° — 0.033 0.010 0.01 <0.04
CH3;CH,OH —-0.031 0.019[0.012] 0.007 0.040 <0.042 0.1 <0.01
CH3;0CH; 0.200.013 0.41]0.51] - 0.050 - 0.04 <0.01
HCOOCH; 0.300.0084 0.089[0.084] 0.019 0.037 0.033 <0.03 >0.08
HOCH,CHO —— - - 0.01 <0.017 <0.04 >0.04
(CH,OH), - - - 0.01 0.10 0.4 <0.01

aThe first value is from single dish data, the second from fatemetric studies of the A coréCazaux et al.
(2003); Huang et al. (2005); Bisschop et al. (2008) and vash@éck & Herbst (2009¥. Average data and
standard deviations towards a sample of seven high-masetest (Bisschop et al. 2008)Arce et al. 2008).
¢(Requena-Torres et al. 2006, 200¢Lrovisier et al. 2004EThe relative abundance with respect to4CHH
during warm-up of an irradiated 20 K pure @BH ice and a CHOH:CO 1:10 ice mixture.

nario where reaction barriers are not rate determininggieement with an ice photochemistry
scenario.

Focusing on specific ratios, the HO@EHO to HCOOCH ratio is only available in one of
these environments and therefore not possible to use as &ltesCHCH,OH to CH;OCH; ratio
is unity within the observational uncertainties towards tRAS 16293-2422 core and the galactic
center sources, but it is an order of magnitude lower in tigddmass hot core sample. This may
be due to a more extended temperature gradient in the hobbgets, which would increase the
importance of CHOCH; release into the gas phase at lower temperatures and thua targer
volume. It may also be the result of gas phase chemistry iodithe released ice abundances.
The physics of these objects thus needs to be addressed aadnolecules observed, to confirm
an ice origin of these complex molecules.

Another interesting ratio is the G&HO to CH;CH,OH one, which varies by two orders of
magnitude between theftirent objects (Table 6). In addition, an interferometiicigthas revealed
spatial separations between these two species arounddtusiar IRAS 16293-2422 (Bisschop
et al. 2008). Part of this may be due tdtdrent destructionficiencies of CHCHO towards dif-
ferent objects. It is however filicult to explain such a lack of correlation with a more trauitl
ice formation scenario of complex molecules, through ssgige hydrogenation and oxygenation
of small carbon chains. In such a reaction networkCHO and CHCH,OH are formed under
the same conditions. In contrast, photochemistry of icessdwt predict a correlation between
CH3CH,0OH and CHCHO since CHCHO formation may not even require @GBIH as a starting
point (Moore et al. 2003), while C4€H,OH does.

The abundances of CHO-containing species are in generategto vary between fikerent
astrophysical objects in the ice-photochemistry sceragicause of their large enhancements in
CO-rich and thus colder ices. Comparing th&etient types of sources in Table 6, only the single
dish observations towards IRAS 16293 contain more HCO@thHn CHOCH; or CH;CH,OH.
This suggests that the complex molecules in the colder afd&AS 16293 are formed in a more
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CO-rich ice matrix than towards the warmer sources, whidoissistent with the high volatility of
CO. The uncertainties are yet too high for any conclusivepamison, however.

Quantitatively, the pure C4#OH experimental results are in closest agreement with tae ic
desorption found in Hale-Bopp. This may not be too surpgissince these observations are less
affected by gas-phase reactions that can both form and desiroglex molecules. It may also
be a sign of a warmer formation path compared to most larggesastrophysical objects, and
thus an insignificant CO ice content. The almost one-to-@meetation is tentative evidence that
cometary ices have reached their current composition firace photochemistry, though both
more cometary observations and actual modeling of theimated evolution are necessary to eval-
uate whether this holds in general. The formation and detstru mechanisms around massive
protostars are clearly too complicated to evaluate theérwigf complex molecules there directly,
without a more complete gas-grain model. In addition, tenale &ects may be significant for all
astrophysical abundances comapred to those found in tbeatay. It is, however, reassuring that
the interferometric study towards the low mass protost®&3R.6293, where high-temperature
gas-phase reactions should be of less importance, agr@ssnebly well with our experiments.
Observations of HOCKCHO and (CHOH), towards IRAS 16293 and other low-mass protostars
would probably provide the strongest constraints avaglablthe prevalence of UV-ice photochem-

istry in star-forming regions.

6. Conclusions

The major experimental and analytical results of this stadysummarized below:

1. The CHOH ice photodissociation cross section increases fron2pfo 3.9[1.3k1078 cn?
between 20 and 70 K suggesting that a significant amount afifiseciated fragments recom-
bines immediately to form CyOH at 20 K when radical diiusion in ices is slower.

2. CH;OH ice photodesorbs with a yield of 2.1[1x0]0~2 per incident UV photon at 20 K. The
yield is independent of temperature and of the same ordéveagi¢lds found previously for
CO-, CG- and HO-ice photodesorption.

3. UV photolysis of 6—21 ML pure CDH ice at 20—70 K results in a product mixture of simple
and complex molecules, whose abundances have been quiafiifeeidentified species are CO,
CO;, CHy, HCO, H,CO, CH,OH, CH;CHO, CH;OCH;, CH3;CH,0OH, (CH,OH), and a mix-
ture of complex CHO- and COOH-containing molecules. Thelkstamperature dependence
may be explained by fast fllusion and recombination of non-thermalized radicals foithg
CH30H photo-dissociation.

4. The final product composition following GBH photolysis depends on UV fluence and tem-
perature, but not on the UV flux level or the ice thickness wheth are varied by a factor
3-4.

5. In CH;OH:CO and CHOH:CH, 1:1(2) mixtures the complex molecules containing HCO-
and CH; groups are moderately enhanced following UV irradiatiompared to pure CkDH
ice photolysis. In an irradiated CO:GBH 10:1 ice mixture, the HCO-containing products
dominate and both HCOOGHand HOCHCHO are detected as the originally 20 K ice is
warmed up. With the exception of this ice the final complexdoiet mixture is robust within a
factor of few in all diferent experiments.
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6. Additional formation of complex molecules occurs foliog irradiation at 20-70 K, when all
ices are slowly heated with the UV lamp turnet some abundances increase by up to a factor
of ten between 20 and 100 K. fhusion of thermalized radicals through the ice is thus imgoutrt
for complex molecule formation.

7. From abundance ratios of related products, formed dutivgirradiation of CHOH-
rich ices, we infer an approximate GEH photodissociation branching ratio into
CH,OH+H:OCH;z+H:CH3+0OH of 5:1<1

8. From the peak formation temperature of related moleadlesmg warm-up, we find that the
relative radical difusion barriers increase as<BH; <HCO<OCH; <CH,OH. While the mo-
bility of the radical with the lowest barrier is most impantan determining the formation
temperature of the product, theffdision barrier of the heavier radical matters as well. For ex-
ample HCOOCH forms at a lower temperature (from HCO and O tthan HOCHCHO
(from HCO and CHOH).

9. The predicted sum of oxygen-rich complex molecules carthto CHOH in ices is>25%
after a UV fluence corresponding to 6 million years in a cloace¢followed by moderate ice
heating to 30-50 K during the protostellar stage, thoughtitzdive modeling is required to
test the competition between radicaffdsion, desorption, dissociation and recombination on
astrophysical time scales.

10. Some complex molecular ratios, especially;CH,OH to CH;OCHjz, do not depend signifi-
cantly on experimental conditions and may thus to be cohstaspace as well, if gas-phase
effects do not dominate. If quantitative modeling confirm thisdiction, these ratios can be
used to test the UV-induced ice formation scenario of compielecules in astrophysical re-
gions. Other ratios, such as (@BIH),/CH3;CH,OH and HCOOCH/CH3CH,OH, depend both
on the irradiated ice composition and the ice temperatulecan therefore be used to investi-
gate the formation conditions of observed complex molecule

11. Comparison with astrophysical objects shows that theposition of complex ices in the
Comet Hale-Bopp is readily explained by UV photolysis of af@ CHOH ice, while CHOH
in a CO-dominated ice can explain the variations in the HCB®&nd CHCHO abundances
between cold and warmer regions of protostars.

This study shows that complex ice chemistry can be quantifieaigh the process of doing so is
more arduous than qualitative work. The discussed deperateof molecule formation on fier-
ent ice conditions show the impossibility of perfectly siating the astrophysical ice evolution
in the laboratory, especially since physical conditions/\a space as well. It is, however, pos-
sible to study ice processes under specific laboratory tiondj which through careful modeling
(Paper II) can provide the energy barriers that govern thesetions both in the laboratory and in
star forming regions. These can then be used to model iceistrgrim all possible astrophysical
environments.
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Fig.A.1l. The evolution of small CEOH photo-products with respect to UV fluence in % of the ihified;OH

ice abundance, C4#DH(0), in each experiment at 30 K (stars) and 50 K (diamoritisg. relative uncertainty
for each abundance is indicated in the bottom right cornkee lihes are exponential fits to the abundance
growths.

Appendix A: Photoproduct growth curves during UV-irradiation
A.1l. Pure CH3OH ice at different temperatures

Figures A.1 and A.2 show the increasing abundances of pradopts during irradiation of pure
CH3OH ices at 30 and 50 K (experiments 2 and 3). The abundancétegeas a function of UV
fluence as described fully 8.6 for 20 K and 70 K ices. The abundances follow the tempegatu
trends suggested by the 20 K and 70 K ices (experiments 1 aedeBpt possibly for CRCH,OH,
which seems to be enhanced at 30 K compared to the other icissefihancement is barely sig-
nificant however. The fit cdicients and uncertainties for all irradiate@0 L, pure CHOH ices
are reported in Table C.1
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Fig.A.2. The evolution of complex C§DH photo-products with respect to UV fluence in % of the ihitia
CH30H ice abundance. Otherwise as Fig. A.1.

A.2. High fluence experiments

Figures A.3 and A.4 show the increasing abundances of phadapts during irradiation at 20 K
and 50 K with a high flux (experiments 5 and 6), together withfitted growth curves. The first
2.5 x 10" photons cm? are consistent with the low flux experiments within the ekpental un-
certainties. For molecules such as {CHHO that forms slowly, these experiments provide better
constraints on the production rates than the low flux expemis In contrast, molecules and frag-
ments with high production rates are better constrainedhbydwer flux experiments, since they
have a abundance determinations at a higher fluence resoltitie production rates of molecules
that are destroygdhotodesorbed faster than they are produced at high flueacest be fit in
these experiments. The fit dfieients of these experiments are reported in Table C.1.
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Fig. A.3. The evolution of small CEOH photo-products with respect to UV fluence in % of the ihified;OH

ice abundance (C4#DH(0)) in the two high flufluence experiments at 20 K (stars) and 50 K (diamonds). The
relative uncertainty for each abundance is indicated irbtittom right corner. The lines are exponential fits
to the abundance growths.

A.3. CH, and CO mixtures

Figures A.5-A.8 show the increasing abundances of photijote during irradiation of
CH30H:CH,; 1:2 and CHOH:CO 1:1 mixtures at 30 K and 50 K together with fitted growth
curves. The temperature trends are similar to what is seepuiee CHOH ice. As suggested
from the spectra ig3.3.5, all HCO containing species are increased in aburedartbe CO mix-
tures, with the exception of GEHO, which is mainly enhanced in the Gite mixture. The other
two CHs; containing species, G€H,OH and CHOCH;, are also enhanced in the rhixture
compared both to pure GEH and the CO ice mixture — in the CO mixtures the abundana@poi
represent upper limits. In contrast the (&BH), production is suppressed in both ice mixtures at
30 K. The fit codficients of these experiments and CO4CHH 1:1 mixture irradiated at 20 K are
reported in Table C.2.

Appendix B: Formation and destruction curves during warm-up
B.1. Pure CH3OH at different irradiation temperatures

Figures B.1 and B.2 show the evolution of photoproduct abuods during warm-up following
irradiation of pure CHOH ices at 30 and 50 K (experiments 2 and 3). The abundandesvfol
the warm-up trends suggested by the 20 and 70 K ices (expaisrmieand 4). The C§CH,OH
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Fig.A.4. The evolution of complex CEDH photo-products with respect to UV fluence in % of the ihitia

CH30H ice abundance. Otherwise as Fig. A.3.

desorption starts at a lower temperature than in purgGEHOH, suggesting that similarly to the
20 K experiment, a substantial part of the £LHH,OH desorbs together with GOH.

B.2. CH4 and CO mixtures

The warm-up trends are similar in the experiments wherg &idl CO are mixed with the GJOH
ice, at a 1(2):1 ratio, compared to the pure {OHH experiments (Figs. B.3-B.6). The gH

containing molecules C#HO and CHCH,OH show a remarkable growth between 30 and 50 K,
which is only hinted at in the pure GI®H experiments, suggesting a significant build-up o;CH
radicals in these ice mixture experiments. In contrast €td,OH), formation rate is low during
warm-up of the 30 K experiments.
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Fig.A.5. The evolution of small photo-products with respect to UV flce in % of the initial CHOH ice
abundance in CEOH:CO 1:1 ice mixture experiments at 30 K (stars) and 50 Knidiads).

Appendix C: Formation rate parameters

The production of simple and complex molecules during U\édration is parameterized with
A1(1 — e#2x(0-M)) for 13 of the experiments, whef correspond to the equilibrium abundance
in % of the initial CHOH abundanceA; is the fluence fiset in 13’ cm2 before production
starts andA; describes the formation and destruction rates in fluenceesipal0’ cn? (Tables
C.1 and C.2). The experiments include all pure 6-20 ML;OH experiments irradiated with the
normal flux setting, two 20 ML pure C¥DH experiments irradiated with the higher flux setting,
and all ice mixture experiments except for the {CHH:CO 1:10 experiment. The 1:10 experiment
is excluded since the formation of any molecules is too lowdtect during irradiation itself. The
fitted experiments are numbered as in Table 1.

It is important to note that the fitted formation ‘cross see$’ cannot be used directly in astro-
physical models, but rather should be used to compare motitfle experiments with the experi-
mental results. The quoted uncertainties in the tablesharétterror and do not include systematic
uncertainties, in particular the conversion error betwiegggrated band strength and abundances
of ~20% and the fluence uncertainty-0f30%.
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Fig. A.6. The evolution of complex photo-products with respect to Wéfice in % of the initial CEOH ice
abundance in CEOH:CO 1:1 ice mixture experiments at 30 K (stars) and 50 Kndiads).
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Fig.A.7. The evolution of small photo-products with respect to UV flce in % of the initial CHOH ice
abundance in CEOH:CH, 1:2 ice mixture experiments at 30 K (stars) and 50 K (diampnds
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Fig. A.8. The evolution of small photo-products with respect to UV flce in % of the initial CHOH ice
abundance in CEOH:CH, 1:2 ice mixture experiments at 30 K (stars) and 50 K (diamhnds
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Table C.1. Photoproduct crosssection ¢beents for pure CEOH experiments 1-6 as listed in Table 1.

1 2 3 4 5 6

CH, A 11.1[Q5] 9.6[06] 7.2[05] 6.1[0.3] 14.7[Q3] 9.0[02]

A, 0.69[0Q06] 0.78[008] 0.80[010] 0.98[011] 0.39[002] 0.61[006]

Az 0.0 0.0 0.0 0.0 0.0 0.0
CcO A <99 <99 <99 1.81[645] <99 <99

A, | 0.021[Q001] 0.016[0001] 0.02[016] 0.12[049] 0.015[0001] 0.006[0001]

Az 0.16[002] 0.14[003] 0.07[Q09] 0.0 0.36[005] 0.17[017]
HCO A 0.32[004] 0.29[007] 0.16[Q03] 0.13[014] 0.37[002] -

A, 0.99[029] 0.88[037] 1.78[081] 0.53[087] 0.76[021] -

Az 0.0 0.0 0.0 0.0 0.0 -
H,CO A 9.1[04] 10.3[05] 4.6[0.5] 1.1[03] 11.1[Q3] 7.5[04]

A, 2.2[03] 2.0[0.3] 1.9[06] 3.5[39] 1.5[04] 2.3[14]

Az 0.0 0.0 0.0 0.0 0.0 0.0
CH,OH A 1.52[004] 1.17[Q04] 1.05[004] 0.77[Q03] - -

A, 9.0[15] 13.6[38] 12.9[37] 20.8[99] - -

Az 0.0 0.0 0.0 0.0 - -
CO, Aq <99 <99 <99 <99 <99 <99

A, | 0.008[Q025] 0.014[0099] 0.015[0117] 0.008[0095] 0.002[0001] 0.003[0006]

Az 0.17[Q05] 0.17[008] 0.08[011] 0.22[018] 1.13[009] 1.00[010]
CH;3;CHO A <99 0.9[35] <99 0.47[018] <99 0.82[018]

A, | 0.009[Q075] 0.10[046] 0.014[0153] 0.51[032] 0.004[0026] 0.19[008]

As 0.23[010] 0.0 0.30[011] 0.11[008] 0.54[025] 0.09[033]
CH3;0CH; A 1.5[0.3] 1.6[0.3] 1.9[02] 1.40[009] - -

A, 0.86[038] 1.04[046] 1.50[Q38] 3.01[082] - -

Az 0.10[Q08] 0.05[008] 0.03[Q05] 0.00[Q04] - -
CH3;CH,OH Ay 4.7[03] 5.4[0.3] 4.8[21] 6.9[35] 7.4[0.6] 12.9[24]

A, 4.4[13] 10.2[36] 0.63[047] 0.46[034] 0.50[014] 0.22[008]

Az 0.0 0.0 0.0 0.0 0.0 0.0
(CH,0OH), A 4.9[05] 10.5[20] 14.6[Q7] 18.8[06] 6.2[05] 12.0[Q6]

A, 3.0[11] 0.88[031] 2.1[03] 2.6[0.3] 3.9[6.9] 3.0[23]

Az 0.0 0.0 0.0 0.0 0.0 0.0
X-CHO/ A 12.5[7.8] 6.1[20] 4.5[0.8] 8.4[37] 13.5[11] 16.8[32]
X-COOH A, 0.16[012] 0.37[017] 0.50[014] 0.21[011] 0.12[002] 0.10[Q03]

Az 0.03[006] 0.04[006] 0.0 0.0 0.0 0.12[a4]
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Table C.2. Photoproduct crosssection ¢beents for ice mixture experiments 7-11, 13, 14 as listed bieTa

1.
7 8 9 10 11 13 14
CH, A | 87[09]  7.0[16]  3.7[06] - - 10.7[08]  5.6[08]
A, | 0.79[014] 0.54[019] 0.89[025] - - 1.27[022]  1.34[047]
As 0.0 0.0 0.0 - - 0.0 0.0
co A - - - <99 2.9[24] <99 1.2[03]
A - - - 0.02[001] 0.29[031] 0.03[001]  1.6[12]
As - - - 0.11[005] 0.0 0.0 0.0
HCO A; | 0.98[002] 0.67[002] - 0.34[004]  0.12[Q03] - -
A, | 18.2[37]  17.2[49] - 2.9[12]  6.2[78] - -
As 0.0 0.0 - 0.03[M6]  0.01[010] - -
H,CO A, | 15.2[06] 12.8[a7] 9.5[04]  7.1[07]  6.0[08]  5.4[09] -
A, | 3.3[05]  24[05  6.4[15]  3.7[L6]  2.1[09]  7.3[7.8] -
A; | 0.03[002] 0.02[003] 0.01[002] 0.0 0.0 0.0 -
CH,OH A; | 2.08[008] 1.37[008] 0.81[010] 1.46[Q07] 0.91[Q06] - 0.82[013]
A, | 44[07] 51[13] 1.8[06] 10.8[44]  17[12] - 12[15]
As 0.0 0.0 0.0 0.0 0.0 - 0.0
CaHe A - - - 13.8[74] - - -
A - - - 1.2[15] - - -
As - - - 0.0 - - -
CO, AL <99 <99 8[23] <99 <99 <99 <99
A, | 0.01[002] 0.01[005] 0.05[017] 0.01[Q06] 0.01[Q08] 0.01[011] 0.01[013]
As | 0.10[003] 0.10[004] 0.07[007] 0.13[010] 0.0 0.26[007]  0.16[Q09]
CH,CHO A <99 <99 <99 <99 0.90[093]  <99]  0.33[Q05]
A, | 0.01[016] 0.03[030] 0.01[037] 0.01[Q05] 0.31[043] 0.04[059]  6.4[50]
As | 0.36[014] 0.0 0.0 0.32[M9] 0.11[013] 0.0 0.0
CHsOCH; A | 1.2[03]  15[03] 1.6[02] 2.8[03] 23[02] 2.1[06]  0.8[03]
A, | 1.4[09] 1.4[08] 1.5[05  1.8[06]  3.1[08]  1.4[10] 6[12]
As | 0.09[012] 0.03[011] 0.0 0.0 0.0 0.06[Q4] 0.01[013]
CH,CH,OH A, | 10.0[04] 7.3[07]  5.2[06] 14.9[09] 10.0[a9] 5.7[08]  8.1[62]
A, | 84[23] 2.6[08] 2.0[07] 1903  1.8[05] 12[14] 0.8[11]
As 0.0 0.0 0.0 0.0 0.0 0.01j04]  0.10[023]
(CH:OH), A | 5.4[08] 55[33]  12.4[08] - 11.4[09]  6.4[17]  14.6[28]
A, | 56[41]  09[13]  2.7[06] - 3.8[12]  3.7[37]  1.9[11]
As | 0.02[006] 0.01[028] 0.0 - 0.0 0.0 0.02[02]
X-CHO/ A, | 12.1[07]  9.7[08]  17.2[73] <99 11.3[83]  11.6[47]  8.3[31]
X-COOH A, | 0.75[007] 0.64[009] 0.21[011] 0.02[001] 0.20[017] 0.41[025] 0.47[026]
As 0.0 0.0 0.05[4]  0.16[Q07] 0.0 0.0 0.0




