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Abstract 

Understanding the irradiation effects on interstellar ices is important for several 

reasons; it can help us understand how complicated the chemical inventory of 

'pristine' ices from which the solar system was formed - these ices are thought to 

congregate to form comets to which they are compositionally similar. Although the 

majority of molecules firmly identified in interstellar ices are simple species, it is 

thought that they could be the birthplace of more complex chemical species detected 

in the gas-phase of the hot molecular cores, being subsequently released when these 

ices sublime as a young stellar object forms. Formation mechanisms based solely on 

gas-phase mechanisms cannot account for the observed number densities of these 

molecules, supporting alternative production mechanisms involving interstellar ices. 

If this is true, astrobiologically important species detected in the interstellar medium, 

which may be formed within icy grains could have an influence on the origin of life 

on our planet and the likelihood of discovering extraterrestrial life if it is 

commonplace for them to seed tenestrial-like planets with these molecules. This 

thesis studies how these molecules may actually be formed within these ices, thought 

previously to be chemically inert at 10K. The chemical modification of these ices by 

irradiation from both MeV cosmic rays and UV photons is well-known. Here, the 

results of electron irradiation experiments on: CCh, CO:C1i4, C21i4:CCh, Ch, Cli4, 

CH30H, CCh:C1i4, & CO:CH30H ices are presented to help unravel the radiolysis

driven formation of complex molecules with a focus on the formation of three 

C21i4Ch isomers; glycolaldehyde (HOCH2CHO), acetic acid (CH3COOH), and methyl 

formate (CH30CHO). 
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Chapter 1: BrlefIntroduction 

Before delving into the next eight chapters which focus almost exclusively on the 

irradiation of selected pure or mixed ices, and had limited introduction sections due to 

the fact that they were for publication, the purpose of this chapter is to formally 

introduce the reader to the topic. Here, I will briefly cover some of the cover some of 

the background and motivation behind this research project, some of the basic 

principles of the kind of chemistry we are going to be dealing with, and finally 

explain how the selection of ices to be investigated was chosen. 

1.1. Setting the Scene 

"How did life begin? .. is a question that almost everybody has thought about, but 

is something we are still trying to piece together (For an excellent, concise review on 

the subject, see McClendon 1999). There are however some clues as to when life 

might have begun. The Earth has been estimated to be 4.6 billion years old, but life is 

thought not to have been able to exist for the first 500 million years due to the heavy 

bombardment period where its surface was devastated by cometsry impact (Sleep et 

al. 1989; Chyba 1993). Considering the earliest emergence of life, the earliest fossil 

records found resemble modern cyanobacteria and date back to 3.5 billion years old 

(Schopf 1993; Mojzsis et al. 1996). There is some evidence to support that signs of 

l3e carbon discrimination in samples of ancient kerogens dated back to 3.85 billion 

years ago may be evidence of an ancient carbon dioxide fixation process carried out 
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by early enzymes. In photosynthesis as carried out by modern plants, an enzyme 

called RuBisCO is responsible for fixing carbon dioxide from the atmosphere and has 

a similar bias, preferentially uptaking 12C carbon. These ancient kerogens have also 

been found to contain porphorin structures which may be precurors to modern-day 

chlorophyll, which using the energy from sunlight to generate high energy molecules 

as part of photosynthesis (Huseby & Ocampo 1997). Thus, it appears that life evolved 

to a somewhat complex state in a geologically short time period of a few hundred 

million years. Considering life as we know it today, modern genetic sequencing of 

n"bosomal RNAs from a wide range of different life forms on Earth has allowed 

scientists to construct a 'family tree' of life which indicates that all life on Earth 

evolved from a single species often referred to as 'the last common ancestor '. 

However, the question of how such a complicated organism could form from the 

chemical make-up of the early Earth environment; often referred to as the 'primordial 

soup'remains somewhat elusive. Were simple important biomolecules such as amino 

acids, sugars, nucleotides, phosphates, and lipids (never mind molecules as complex 

as deoxyribonucleic acids (DNA) or n"bonucleic acids (RNA» abundant within this 

primordial soup, or were they formed by physical processes occurring on Earth? 

Many theories exist which might be able to account for how such biologically 

relevant species could have been produced on Earth as it evolved, including processes 

initiated by lightning via gas-phase processes in the Earth's early atmosphere or in 

hydrothermal vents (Miller & Urey 1959; Schlesinger & Miller 1983; Ferris 1992; 

Holm & Andersson 1995). As glycolaldehyde (HOCH2CHO) is the simplest sugar 

and one of the molecules under study within this thesis, its formation mechanisms 
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deserve a specific mention. The production of sugars on a primitive Earth has been 

suggested to form via a modified form of the formose reaction (Butlerow 1861). The 

original process involved harsh conditions that require high concentrations of 

formaldehyde (- 1 Molar), strongly alkaline conditions, a moderate temperature (-

50°C) and a heterogeneous calcium carbonate catalyst, all of which would unlikely be 

common to the primitive Earth environment. Although more realistic solutions have 

been proposed that involve aluminosilicate clays, ultraviolet radiation, carbonate

apatite minerals and lead nitrate (ponnamperuma 1965; Gabel & Ponnamperuma 

1967; Reid & Orgel 1967; Shigernasa et al. 1977), the primordial production of 

sugars by this process has been seriously questioned by Shapiro (1988). 

However, if these molecules are infact ubiquitous throughout the universe, their 

synthesis on a primitive Earth is uonecessary because these molecules would have 

already been available; their formation on Earth is no longer a pre-requisite for life to 

emerge. The discovery of complex molecules within the interstellar medium has 

increased the likelihood for an extraterrestrial origin for at least some biologically 

important molecules. To date, more than 135 species have been detected within the 

interstellar medium. Recently, Hollis, Lovas & Jewell (2000) detected glycolaldehyde 

towards the Galactic Center in the Large Molecule Heimat (LMH) source within the 

hot molecular core Sagittarius B2(N) using six rotational transitions at the 12m 

National Radio Astronomy Observatory (NRAO). Glycolaldehyde, along with the 

previously detected interstellar species; methyl formate (Brown et al. 1975) and acetic 

acid (Mehringer et al. 1997), represent 3 members of C2H!<h isomers (species which 
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have the same chemical formula, but differ in the connectivity of their atoms). The 

presence of these complex species. as well as the tentative detection of the simplest 

amino acid, glycine (Kuan et al. 2003) infer that if these biomolecules are 

constituents of the dense molecular clouds which form solar systems. perhaps they 

could be delivered to terrestrial-like planets. Indeed, comets are thought to be 

reservoirs of the pristine interstellar material from which our solar system was 

originally formed (Ehrenfreund, Charnley & Wooden 2004). However. the delivery 

of fragile biomolecules to the primitive Earth by cometary impact does not seem 

likely after studies on the survivability of such molecules is low (Basiuk & Douda 

1999). A more appealing method of delivery is via interplanetary dust particles 

(lOPs); remnants from comets subliming as they approach perihelion. These tiny 

particles can be delivered through our atmosphere without severe heating, it is 

estimated they could have been responsible for bringing about 102° g of carbon to the 

Earths surface over a 300 million year period (Brack 1999). 

But how did these moderately complex molecules form in the interstellar medium? 

Models based solely on gas-phase chemistry (see Chapter 9) often underestimate the 

observed abundances of C21402 isomers by orders of magnitude suggesting 

alternative production mechanisms. However. although the icy grains are held at 

temperatures as low as 10K, they are not chemically inert. During the lifetimes of 

interstellar ices within dense molecular clouda (about 4 - 6 x 108 years; Jones 2005), 

these ices are subject to irradiation from UV photons as well as Galactic Cosmic Rays 

(GCRs). The UV photons typically have energies less than 13.6 eV and a fluence rate 
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(particles per cm2 S·I) of 41 = 103 photons cm·2 S·I (Prasad & Tarafdar 1983). The 

GCRs consist of about 98% protons (p, If') and 2% helium nuclei (a-particles, He2l 

and have a distribution maximum around 1 MeV with 41 = 10 particles cm·2 
S·I 

(Strazzulla & Johnson 1991). 

The ultimate goal of this thesis is to attempt to see if glycolaldehyde, as well as its 

other two isomers, acetic acid (CH3COOH) and methyl formate, (CH30CHO) can be 

fonned by irradiation processes on interstellar ices. 

1.2. Supratbermal (Non-equHibrium) Chemistry 

Figure 1.1 shows a theoretical potential energy surface for a typical gas-phase 

bimolecular reaction between species A and BC to fonn AB and C. Assuming that 

these interstellar ices are held at 10K following a Boltzmann distribution of energy 

and Arrhenius kinetics, no reaction involving a barrier of any significance is expected 

to be overcome, and therefore they are assumed inert. However, when subjected to 

irradiation, it is possible to generate species borne with excess energy, not in 

equilibrium with the surrounding ice at 10K (i.e. supratherma1 or non-equilibrium 

species). Although a brief introduction will follow, for comprehensive resources on 

the interaction of irradiation with matter please refer to: for example Johnson (1990), 

Spinks & Woods (1990), or sectiou 3.2.1. 

When a UV photon interacts with an icy grain, it is absorbed within a few 

monolayers of the ice, via a single electronic interaction with a molecule, and must 
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[A ... B ... C]: 
/ direct 

, 
'-. 

-' 

/ 

§ &;"mer 
AB+C 

~ 
G) 

A+BC 
G) 
;;.-

'+:1 ~..u Cd exoergic 
~ 

[ABC), +M ABC 
indirect -Iv( 

reaction co-ordinate 
Figure 1.1: Schematic diagram of the potential energy surface for a gas-phase bimolecular reaction. 
The reactants, A + BC can either take a direct route involving the transition slate [A ... B ... C]', or an 
indirect pathway via the intennediate [ABC]' to fonn the products AB + C (endoergic; not shown for 
clarity) or AB' + C (exoergic; as shown). Whereas the direct route always must pass through a barrier, 
~_ the direct pathway mayor may not involve an entrance (4E ... _) andlor exit barrier (Ml....). 
Alternatively, a third body, M, may collide with the excited intermediate [ABC]' and remove enough 
excess energy to produce the stable product ABC. 

follow rigid optical selection rules determined by quantum mechanics. This first leads 

to the production of an electronically excited species, which can then decay following 

the conservation of energy to internally convert the excitation into other modes of 

freedom such as vibration and rotation. Because this energy is often larger than that 

of a bond, it can also result in the cleavage of a bond within the excited molecule. 

Once it has been fragmented, the excess energy can be given to the separated species 

as kinetic energy. The conservation of momentum dictates that the lighter species 

(e.g. a hydrogen atom) will travel faster and can have a few eV of kinetic energy. The 

larger fragments may not have as much kinetic energy, but are also excited 

rotationally and vibrationally. These supratherma1 species have enough energy to 
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overcome entrance barriers which could not be overcome at 10K. Large radical 

species produced are immobile at these low temperatures, and can only react with 

neighboring molecules; light species on the other hand, such as a hydrogen radical, 

can diffuse through the ice and react with molecules far away. It should however be 

noted that because the UV photons are absorbed within -0.05 JUII of these icy grains 

it is possible that OCR processing of ices could become more extensive in dark 

clouds with high grain concentrations. When a GCR particle is absorbed by a grain, it 

can interact e1astically or inelastically with either the electronic or nuclear part of 

molecules. Consequences of this interaction include the excitation of molecules and 

bond ruptures, which create hard sphere-like knock-on particles. The first generation 

of knock-on particles (again suprathermaI) will have energies orders of magnitude 

larger than the energy of a typical chemical bond, which will cause the generation of 

ftnther suprathermaI species through a cascade of reactions. Once a knock-on particle 

has a similar energy to a chemical bond it can react with a molecule via one of three 

mechanisms. These are i) hydrogen abstraction, ii) insertion into a a bond, or iii) 

addition to a 7t or non-bonding orbital. AB mentioned above, the energy of a GCR 

particle is typically of the order of 10 MeV and can distribute up to 10% of this 

energy into a grain mantle. This is many orders of magnitude greater than the energy 

deposited within a grain by UV absorption (despite the lower flux of OCR particles), 

and being considerably higher than the energy of a chemical bond it is expected that 

the ices subjected to UV photons and OCR particles will be strongly chemically 

modified. The interactions of both UV photons as well as GCR particles with 

astronomical ices have been extensively studied (e.g. Allarnandola, Sandford & 
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Valero 1988; Baratta et al. 1994; Gerakines, Schutte & Ehrenfreund 1996; Moore, 

Ferrante & Nuth 1996; Kaiser & Roessler 1998; Palumbo, Castorina & StrazzuIla 

1999; Hudson & Moore 2000; Baratta, Leto & Palumbo 2002; Moore & Hudson 

2003). 

1.3. Retrosynthetic Analysis 

In this section, we present a systematic investigation of the fonnation of 

glycolaldehyde as well as the other C2R!Ch isomers by combining concepts of high 

energy and photochemistry with classical organic retrosynthesis based on molecules 

a1ready detected in the interstellar medium. The proposed mechanisms to form 

glycolaldehyde in the interstellar medium are summarized in Figure 1.2. 

Glycolaldehyde consists of eight atoms, consisting of an O-C-C-O backbone, with 

two functional groups: one alcohol and one aldehyde. The retrosynthesis focuses on 

four primary steps which are contained within the upper bracket. These are i) 

insertion of a suprathermal particle into a a bond, ii) addition of a supra thermal 

particle to a 7t or non-bonding orbital, iii) homolytic cleavage of a (X-Y) bonds, and 

iv) homolytic cleavage of a (X-H) bonds. 

The first route proceeds via insertion of a suprathermal particle into a a bond. It is 

denoted as a hot atom chemistry (HAC) pathway due to the fact initiation of the 

reaction requires the generation of a suprathermaI species (the reactant on the left in 

steps 1.1.1 to 1.1.4), provided by CR particle bombardment of the ice. Step 1.1.1 

shows the insertion of a hot oxygen ato into a a bond between a C-H bond on the 
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methyl group of acetaldehyde to produce a C-O-H alcohol group, making 

glycolaldehyde. The insertion of a suprathermal methylene radical into the C-O a 

bond is shown in step 1.1.2, which will again produce glycolaldehyde immediately. 

Steps 1.l.3 and l.lA represent the insertion of a suprathermal methylidyne radical 

and carbon atom, respectfully. These are both similar to step 1.1.2, with the exception 

that the product is a radical which requires subsequent hydrogenation steps to produce 

glycolaldehyde as shown. 

The second route is the addition of a suprathermal particle to a 2t, or non-bonding 

orbital, which is again the reactant on the left side of steps 1.2.1 and 1.2.2 and will yet 

again be produced during CR bombardment of the ice. In step 1.2.1, a hydroxyl 

radical adds to the 1t bond between the two carbon atoms, thus it could bond to either 

one producing a radical on the other carbon. To produce glycolaldehyde it must add 

to the less substituted carbon and a species with the radical centered on the carbonyl 

group is formed and later quenched by a hydrogen atom to form the required 

aldehyde group. Step 1.2.2 shows an addition of a hot oxygen atom to the less 

substituted carbon atom of the carbon-carbon 1t bond in ethenol. In this case, the 

radical produced can rearrange to intemally quench the produced radical by shifting a 

hydrogen atom to the other carbon atom simultaneously forming a double bond with 

the incoming oxygen atom to form glycolaldehyde. 
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The third feasible route is the homolytic cleavage of a a (X-Y) bond, which 

represents in a forward synthesis the formation of a a bond between two radical 

species. This can either occur between a C-O bond as in step 1.3.1 or between two 

carbon atoms as in 1.3.2. In step 1.3.1, the radicals produced are a hydroxyl radical 

and a derivative from acetaldehyde which has lost hydrogen on the less substituted 

carbon. The species produced in step 1.3.2 are a hydroxymethyl radical and a formyl 

radical. 

The fourth route is the homolytic cleavage of a (X-H) bonds, which represent a 

radical species being quenched by a hydrogen atom. Glycolaldehyde has three 

different hydrogen environments, each of which could formerly have been radical 

centers; these are shown in steps 1.4.1 (loss from a hydroxyl group), 1.4.2 (loss from 

a hydroxylated carbon) and 1.4.3 (loss from an aldehyde group). 

The previous paragraphs explain the first retrosynthetic step. Radicals can then 

undergo radical-radical reactions which have no energy barrier, although as we are 

only considering an ice lattice at 10 K, only H atoms will be mobile so we therefore 

only need to investigate H atom addition, loss and migration reactions. If these 

considerations are applied to the radicals produced from steps 1.3.1 and 1.3.2, we are 

presented with 5 different situations for each step. These are i) both radicals are 

formed by loss of a hydrogen atom, ii) both radicals are formed by addition of a 

hydrogen atom, iii) & iv), one species is formed by addition of a hydrogen atom 
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whereas the other is formed by loss of a hydrogen atom (and vice versa), and v) 

hydrogen atom migration from another radical species. 

Thus it can be shown that the hydroxyl radical species from step 1.3.1 can, if not 

available be produced from loss of a hydrogen atom from water, or addition of a 

hydrogen atom to an oxygen atom. The corresponding acetaldehyde derived radical 

species can similarly be formed from the loss of hydrogen from acetaldehyde, from 

the addition of hydrogen to ketene or a acetaldehyde derived di-radical species, or the 

migration of hydrogen from a rearrangement of the acetaldehyde derived radical. A 

similar approach is taken through steps 2.3.1.1.1 to 2.3.1.5.1 to complete the list of 

species that can be precursors to those mentioned in steps 1.3.1 and 1.3.2. 

When the same methodology is applied to steps 1.4.1, 1.4.2 and 1.4.3, note that 

the loss of a hydrogen atom in this case relates to gIycola\dehyde, and hydrogen 

migration results in the production of a radical stated in step 1.4.1, 1.4.2, or 1.4.3. If 

however, these species are formed by the addition of a hydrogen atom then any of the 

precursors shown in steps 2.4.1.2.1 to 2.4.3.2.2 could be responsible for their 

production within interstellar ices. 

A similar retrosynthetic approach was carried out on both acetic acid (Figure 1.3) 

and methyl formate (Figure 1.4). 
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Table 1.1: Abundances of molecules found in interstellar ices, according to Fraser, McCoustra & 
Wil1iams (2002); for a more comolete 1ist, olease refer to Gibb et aI. (2004). 

Abundances' of Molecules Found in Examples From Different Interstellar Environments 

Molecule 
Dark Clouds Embedded Young Stellar Object Embedded Young Stellar Object 

(Elias 16) of Low Mass (Elias 29) of High Mass (W33a) 

H2O 100 100 100 
CO 25 5.6 9 
Co, 18 22 14 
CH4 1-2 <1.6 2 

CH30H <3 <4 22 
H,CO 2-61 - 1.7-17 
OCS 0.2 <0.08 0.3 
NH3 <10 <9.2 IS 

HCOOH 31 - 0.4-2 
OCN'IXCN <2 0.24 3-10 

HCN 0.5-10 - <3 
0, <2 - -
H2 I 1 1 
N2 1 1 1 
0, 1 1 ? 

• AlI abundances are expressed as a percentage compared to the abundance of H20 Ice. 
- Indicates a lack of current infonnation. 
1 Indicates ice expected to be present but not observable. 
< Indicates an upper boundmy on the abundance of that species. 

1.4. Selection of Ice Mixtures 

We now have to consider which of the routes proposed in the previous section will 

most likely produce glycolaldehyde and its isomers acetic acid and methyl formate. 

AIl we are attempting to detennine the mechanism of the fonnation of these species, 

we will not be mimicking a realistic interstellar ice composition, but consider only 

binary ice mixtures capable of producing these molecules. The importsnce of a binary 

ice mixture will be based on several different factors. These include, i) whether one or 

both species have been detected within the solid stste, or the gas phase (as we are 

considering mechanisms within the solid stste, those detected to be present in the 

solid state will he given precedence), ii) the abundance of each species in interstellar 
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ices (Table 1.1), iii) the nmnber of steps likely to be involved in the reaction, and iv) 

the likelihood of the mechanism to occur (no assumptions are made at this time 

except that in a binary ice mixture, it would seem more likely that a reaction 

involving for example loss of one hydrogen atom to one species coupled with 

addition of a hydrogen atom to the other seems more apparent than a binary ice 

mixture where both species require loss of a hydrogen atom before the reaction can 

proceed). The conclusions from a systematic study of the proposed mechaoisms 

(Figures 1.2-1.4) lead to the production of Table 1.2 which lists the order of 

experiments to be carried out in the laboratory experiments. It is anticipated that the 

irradiation of these binary ice mixtures will produce an extensive nmnber of products. 

To help discriminate between those formed via irradiation of the individual ice 

Table 1.2: Compilation of binary ice mixtures which might fonn glycolaldehyde along with its 
isomers acetic acid and methyl fonnate upon UV photolysis and GCR bombardment. Chemicals Jisted 
io bold iodicate that they bave been detected io the solid state witbio ioterstel1ar grains, those which 
bave not bave only been detected io the gas phase. The abundances given are compared to a vaIue of 
100 for water as given io Table 1.1. The routes taken to fonn each molecule are iodicated by the step 
numbels given which can be found io Figures 1.2-1.4 for glycolaldehyde, acetic acid and methyl 
fonnate, respectively. 

ice abundances 
molecules to be fonned via numbered route 

glycolaldehyde acetic acid methyl fonnate 
COl 

9-25/3-22 2.3.2.3.1 2.3.1.3.2 
CH.OH 

CO/H2CO 9-25/2-17 2.3.2.2.1 2.3.2.2.1 
CH.OHI 3-2212-17 2.3.2.1.1 2.3.2.1.1 

H.CO 
H.COI 2-17/2-17 2.3.2.4.2 2.3.2.4.1 
H.CO 

Co,/CR. 14-22/1-2 2.3.1.2.1 &2.3.1.3.1 1.2.1,2.3.1.2.1 & 
2.3.1.3.1 

CR.I 1-2/0.4-3 1.1.2,1.1.3, & 1.1.4 
1.1.2, 1.1.3, 1.1.4, 1.1.2,1.1.3,1.1.4, 

HCOOH 2.3.1.1.1, & 2.3.1.4.1 2.3.1.1.1, & 2.3.1.4.1 

H20 I 
100 I (gas) 

1.1.1,2.3.1.1.1, & 1.1.1,2.3.2.1.1 & 
1.1.1 

CH.CHO 2.3.1.4.1 2.3.2.3.1 
H20 I 

1001 (gas) 
1.2.1,2.3.1.2.2, & 

2.3.2.2.1, & 2.3.2.4.1 H2C,O 2.3.1.3.2 
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components from those formed only within the binary mixtures we will first conduct 

irradiation experiments of the individual ice components. Considering the carbon 

dioxide experiment for example, we expect to generate free oxygen atoms which may 

recombine to form molecnlar oxygen and even ozone. Therefore, it is essential to 

carry out irradiation experiments on pure oxygen ices. Similarly, as a predecessor to 

conduct experiments on a binary mixture of methane and carbon dioxide, we must 

also carry out irradiation experiments on a binary mixture of carbon monoxide and 

methane, since we expect carbon monoxide to be produced from the irradiation of 

carbon dioxide. The reactivity of the oxygen atom produced during the radiolysis of 

carbon dioxide was also studied with the simplest unsaturated hydrocarbon, ethylene. 
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Chapter 2: Electron Irradiation Experiments on Pure Carbon Dioxide (C~) 

This chapter is based on the published paper: Bennett, C. J., Jamieson, C., Mebel, A. 
M., Kaiser, R. L, Untangling theformation of the cyclic carbon trioxide isomer in low 
temperature carbon dioxide ices, Physical Chemistry Chemical Physics (2004), 6, 
735. 

2.1. Introduction 

Ever since the first tentative characterization of the carbon trioxide molecule in 

photolyzed ozone-carbon dioxide ices at 77 K, the C03 species has been a subject of 

various spectroscopic and theoretical studies (Moll, Clutter & Thompson 1966). Moll, 

Clutter & Thompson (1996) and Jacox & Milligan (1971) assigned four filDdameutais 

at 2045 em'l (C=O stretch), 1073 em'l (0-0 stretch), 972 em'l (C-O stretch), 593 em' 

I (C-O stretch), and 568 em'l (O-C=O stretch) in low temperature carbon dioxide 

matrices; in argon matrices, these absorptions were shifted to 2053 cm,I·, 1070 em'l, 

975 cm'., and 564 cm'l (Weissberger, Breckenridge & Taube 1967); no feature 

around 593 em'l was identified in solid argon. Absorptions at 1894 cm'l (argon 

matrix) and l880 em'l (carbon dioxide matrix) were tentatively assigned as a Fermi 

resonance of the 2045 em'l band with an overtone of the 972 em'l fundamental. Jacox 

& Milligan (1971) conducted also a normal coordinate analysis and suggested a C2v 

bridged structure (Figure 2.1, (1»; in strong contrast, LaBonville, Kugel & Ferraro 

(1977) allocated a C. symmetric structure of the carbon trioxide molecule (Figure 2.1, 

(2». 
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Figure 1.1: Proposed structures of carbon trioxide isomers 

The interest in the carbon trioxide molecule has also been fueled by the complex 

reaction mechanisms of carbon oxides (carbon monoxide and carbon dioxide) with 

atomic oxygen in the Martian atmosphere (Oalimov 1997; Moroz 1998; Yung & 

DeMore 1999; Bogard et al. 2001). Carbon dioxide, C~(Xll:g ",), presents the major 

constituent (95.3 % by volume); nitrogen (2.7 %), argon (1.6 %), carbon monoxide 

(0.7 %), molecular oxygen (0.13 %), water (150 - 200 ppm), and ozone (0.03 ppm) 

make up the rest (Atreya & Ou 1995). It has been suggested that the 

photodissociation of carbon dioxide by solar photons Q.. < 2050 ') produces carbon 

monoxide and atomic oxygen. Near the threshold, only ground state Oep) atoms are 

produced; shorter wavelengths supply also OeD) atoms (Yung & DeMore 1999). The 

primary fate of electronically excited oxygen atoms is thought to be quenching to 

form Oep); the detailed process is not known and has been postulated to proceed via 

a carbon trioxide molecule. Once Oep) and carbon monoxide has been formed, it is 

difficult to restore carbon dioxide, since the reversed reaction is spin forbidden. 

Detailed photochemical models suggest that the oxygen atoms rather react to 

molecular oxygen and ultimately to ozone (Yung & DeMore 1999). 
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The Cal molecule has been also implied as an important intennediate in the 180 

isotope enrichment of carbon c1ioxide in the atmospheres of Earth and Mars 

(Thiemens, Jackson & Brenninkmeijer 1995; Fedorova 2002). Computations and 

laboratory experiments inc1icate that the 180 enrichment in ozone might be 

transferable to carbon c1ioxide, possibly via a Cal intermediate (Wen & Thiemens 

1993; Yung & Lee I 997). On Earth, photolysis of stratospheric ozone generates 

OeD), which in turn might react with carbon c1ioxide to form a carbon trioxide 

molecule. In the gas phase, the latter was postulated to fragment to carbon c1ioxide 

and atomic oxygen, possibly inducing an isotopic enrichment in carbon c1ioxide via 

isotopic scrambling (Lutz 1999). However, the explicit structure of the C03 

intermediate has not been unraveled yet. 

Various kinetic measurements have been also carried out to determine the 

temperature-dependent rate constants of the reaction of electronica1ly excited oxygen 

atoms, OeD), with carbon c1ioxide. At room temperature, rate constants of a few 10.10 

cml S·I have been derived (Young, Black & Slanger 1968; Wine & Ravisbankara 

1981; http://kinetics.nist.gov/index.php).This order of magnitude suggests that the 

reaction has no or only little activation energy, proceeds with almost unit efficiency, 

and most likely involves a reaction intermediate. However, neither reaction products 

nor the nature of the intennediate were determined. On the other hand, a CO(XI~ + 

~(XlEg ') exit channel was found to have an activation energy between 15 and 28 kJ 

morl in the range of 300-2500 K (Tsang & Hampson 1986). This finc1ing correlates 

also with a theoretical investigation of the singlet and triplet potential energy surfaces 
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of the CDJ system (Froese & Goddard 1993). Froese and Goddard (1993) suggested 

that the barrier-less, spin-forbidden quenching pathway to form ground state oxygen 

atoms and carbon dioxide (~RG = -190.0 kJ morl) dominates over the formation of 

CO(XIl;") plus (h(X3l:g) (~RG = -157.5 kJ morl) and CO(XIl:"') plus (h(alAs) (~RG 

= -63.3 kJ morl). Further theoretical calculations indicated that the C03 isomer 

identified in the carbon dioxide and argon matrices might be the C2v symmetric 

bridged molecule. A D3b structure was identified as a local minimum, too, but lies 

16.8 kJ morl higher in energy than the cyclic isomer (Figure 2.1, (3»; according to 

calculations, both structures are connected via a transition alate located 36 kJ morl 

above the cyclic molecule (Averyanov, Khait & Puzanov 1999). At temperatures 

higher than 100 K, the cyclic C03 isomer was predicted to decay to carbon dioxide 

and ground alate oxygen atoms via singlet-triplet transitions. 

Despite this information on the reaction of carbon dioxide with atomic oxygen, an 

incorporation of these data into homogeneous gas phase models still fails to 

reproduce the observed abundances of carbon dioxide, carbon monoxide, oxygen, and 

ozone in the Martian atmosphere quantitatively (Atreya & Gu 1995). Atreya & Gu 

(1995) pointed out the necessity to include heterogeneous reactions on aerosols or 

carbon dioxide ice particles in the Martian air (Qancy & Sandor 1998; Ivanov & 

Muhleman 2001; Colaprete & Toon 2002). However, these processes have not been 

investigated in the laboratory so far. Also, the explicit structure and the actual 

formation mechanism of the C03 isomer and its role in the 180 isotopic enrichment in 

stratospheric carbon dioxide remain to be solved. 
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In this paper, we present a detailed experimental and theoretical investigation on 

the formation mechanism of carbon trioxide in low temperature carbon dioxide ices 

and the implications for gas phase chemistry. Reactive oxygen atoms are generated 

via electronic energy loss of high energy electrons to the carbon dioxide molecule in 

the solid sample. Our first goal is to identify the infrared absorption features of the 

carbon trioxide molecule, to resolve the true nature of the 1880 em-I absorption of the 

carbon trioxide molecule unambiguously, and to assign the structure of the newly 

formed species. Secondly, reaction mechanisms to synthesize the carbon trioxide 

molecule together with other newly synthesized species will be derived combining 

our experimental data with electronic structure calculations. Finally, important 

implications of these results to planetary and atmospheric chemistry are addressed. 

Note that these studies also have important implications to planetary, cometary, and 

interstellar chemistry since carbon dioxide has been identified as a major component 

of ices on Mars, in comets such as Halley (Fraser, McCoustra & Williams 2002), and 

of low temperature grain mantles in cold molecular clouds (Ehrenfreund & Schutte 

2000) like the Taurus Molecular Cloud (TMC-l). 

2.2. Theoretical Calculations 

The geometries of various local minima and transition states on three potential 

energy surfaces (PESs) of carbon trioxide, C03, including the lowest triplet and two 

lowest singlet electronic states, have been optimized using the multi-reference 

complete active space self-consistent field (CASSCF) method (Knowles & Werner 
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1985; Werner & Knowles 1985) with the 6-311G(d) basis set. The active space in the 

CASSCF calculations included 16 electrons distributed on 13 orbitals, i.e., this was 

the full-valence active space excluding 2s lone pairs on three oxygen atoms. 

Vibrational frequencies and infrared (IR) intensities have been also computed at the 

CASSCF(16,13)J6-311G(d) level of theory. Single-point energies for various species 

have been subsequently refined employing internslly-contracted multi-reference 

configuration interaction MRCI method (Knowles & Werner 1988; Werner & 

Knowles 1988) with the same (16,13) active space and the larger 6-311+G(3df) basis 

set. All calculations were carried out using the MOLPRO 2002 (Amos et al. 2002) 

and DALTON (Helgaker et al. 2001) programs. 

2.3. Experimental 

The experiments were carried out in a contamination-free ultrahigh vacuum 

(UHV) chamber; the top view of this machine is shown in Figure 2.2. This setup 

consists ofa 151 cylindrical stainless steel chamber of250 mm diameter and 300 mm 

height which can be evacuated down to 2 X 10.10 torr by a magnetically suspended 

turbopump backed by an oil-free scroll pump. A two stage closed cycle helium 

refrigerator - interfaced to a differentially pumped rotary feedthrough - is attached to 

the lid of the machine and holds a polished silver mono crystal. This crystal is cooled 

to 10.4 ± 0.3 K, serves as a substrate for the ice condensate, and conducts the heat 

generated from the impinging electrons to the cold head. To minimize the radiative 

heat transfer from the chamber walls to the target, a 40 K aluminum radiation shield 
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Figure 2.2: Top view of experimental setup 

is connected to the second stage of the cold head and surrounds the crystal. The ice 

condensation is assisted by a precision leak valve. During the actual gas 

condensation, the deposition system can be moved 5 mm in front of the silver target 

This setup guarantees a reproducible thickness and composition of the frosts. To 

allow a selection of the target temperature, a temperature sensor, cartridge heater, and 

a programmable controller are interfaced to the target. 
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The carbon dioxide ices were prepared at 10K by depositing carbon dioxide gas 

onto the cooled silver crystal. Blank checks of the pure gas (BOC Gases, 99.999 %) 

via a quadrupole mass spectrometer and of the frosts via a Fourier transform infrared 

spectrometer were also carried out. Figure 2.3 depicts a typical infrared spectrum of 

the frost; the absorptions are compiled in Table 2.1. To determine the ice composition 
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Figure 2.3: Infrared spectrum of the carbon dioxide frost at 10K. The assignments of the peaks are 
compiled in Table 2.1. 

Table 2.1: Infrared absotptions of the carbon dioxide frosts and assignment of the observed bands 
according to Sandford & Allamandola (1990). 

uenc ,em'l assi ent 
3708 VI +V3 
3600 2V2+V3 
2342 V3 
2282 V3 (13CDl) 
1384 VI 

characterization 
combination 
combination 

asymmetric stretch 
isotope peak 

symmetric stretch 

400 

658,654 Y2 
638 V2 (,3CDl) 

in plane/out of plane bending 
isotope peak 
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quantitatively, we integrated numerous absorption features and calculated the column 

density, i.e. the numbers of absorbing molecules per cm2
, n, via the Lambert-Beers 

relationship (1) and equations (2) - (3). The integrated absorption features, the 

corresponding integral absorption coefficients, and the column densities are 

summarized in Table 2.2. These data suggest a column density of (1.1 ± 0.3) x 1018 

molecules em-2• Considering a density of 1.7 g cm·3 at 10 K (Klinger et al. 1985), this 

translates into a target thickness of 0.48 ± 0.11 !Jlll. We would like to stress that the 

integrated absorption coefficients have been taken in transmission experiments 

(Gerakines, Schutte & Greenberg 1995), but the experiment has been carried out in an 

absorption-reflection-absorption mode. This probably causes large variations in the 

film thicknesses estimated from different absorption features. 

(I) 

with the intensity of the IR beam after, I(ii), and before absorption, Io(ii) , at a 

wavenumber ii, the wavenumber dependent absorption coefficient s(ii) in units of 

em·2 and the number of absorbing species per em2
, n. Reformulating equation (1) with 

A(v) = s(v)n/InIO (2) 

Integrating from V; to ii2 yields 

n = InIO t, A(ii)dii cos(75°) 

A... 2 
(3) 

with the integrated absorption 
v, Iv, A(ii)dv in em-I and the integral absorption 

coefficient A... = Ii', s(v)dv in em. The factor cos(75°) accounts for angle between v, 
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the smface normal of the silver waver and the infrared beam, whereas a division by 2 

corrects for the ingoing and outgoing IR beams. 

Table 2.2: Integral absOlption coefficients ~ of three absorptions of solid carbon dioxide, the 
integrated peak area of the absorptions in our ex"", iments, the calculated column densities n, and the 
target thickness of the carbon dioxide sample, d; the integral absorption coefficients were taken from 
Gerakines et at. (1995). (0: I'e peak; values were multiplied by \0011.1 to account for the 1.1% 
abundance of IJC). 

eak eak area, cm·1 em molecule· I n, molecules cm-2 d, 
3745-3670 4.629 1.4 xl0- s 9.9xl017 0.42 
3624-3574 2.266 4.5xl0-19 1.5 x lOIS 0.64 
2288-2261 2.601 7.8xl0-17 9.0xl017* 0.38* 

These ices were irradiated isothermally at 10K with electrons of 5 ke V kinetic 

energy generated in an electron gun at beam currents of 100 nA (60 min) by scanning 

the electron beam over an area of 3.0 ± 0.4 em2
• Accounting for the extraction 

efficiency of 78.8 % and the irradiation time, this exposes the target to 1.77 x 1015 

electrons. Higher beam currents should be avoided to eliminate the temperature 

increase of the frost surface. After the actual irradiation, the sample was kept 

isothermally at 10K and heated then by 0.5 K min-I to 293 K. 

To guarantee an identification of the reaction products in the ices and those 

subliming into the gas phase on line and in situ, two detection schemes are 

incorporated: i} a Fourier transform infrared spectrometer (FTIR), and ii} a 

quadrupole mass spectrometer (QMS). The chemical modification of the ice targets is 

monitored during the experiments to extract time-dependent concentration profiles 

and hence production rates of newly formed molecules and radicals in the solid state. 

The latter is sampled via a Nicolet 510 DX FTIR spectrometer (6000 - 500 em· l
) 
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operating in an absorption-reflection-absorption mode (reflection angle a = 75°; 

Figure 2.2); spectra were accumulated for 2.5 min at a resolution of 2 em"l. The 

infrared beam is coupled via a mirror flipper outside the spectrometer, passes through 

a differentially pumped potassium bromide (KBr) window, is attenuated in the ice 

sample prior and after reflection at a polished silver waver, and exits the main 

chamber through a second differentially pumped KBr window before being 

monitored via a liquid nitrogen cooled detector (MCTB). The gas phase is monitored 

by a quadrupole mass spectrometer (Balzer QMq 420) with electron impact 

ionization at 90 e V electron energy of the neutral molecules in the residual gas 

analyzer mode. The raw data, i.e. the temporal development of the ion currents of 

distinct mass-to-charge ratios, are processed via matrix interval algebra (Kaiser et al. 

1995) to compute absolute partial pressures of the gas phase molecules. Since, for 

example, carbon dioxide can fragment to molecular oxygen and also to carbon 

monoxide in the ionizer of the quadrupole mass spectrometer, different molecular 

species add to one mass to charge ratio (m/e) of, e.g. 32 (Ch). Therefore, we must 

perform the raw data processing via matrix interval algebra to calculate the actual 

partial pressures of the molecules in the gas phase. Briefly, m/e ratios are chosen to 

result in an inhomogeneous system of linear equations including the measured ion 

current (right hand vector), partial pressures (unknown quantity), and calibration 

factors of fragments of individual gaseous species determined in separate 

experiments. Since all quantities are provided with experimental errors, matrix 

interval arithmetic, i.e. an mM high accuracy arithmetic subroutine defining 
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experimental uncertainties as intervals, is incorporated in the computations to extract 

individual, calibrated components of gas mixtures. 

2.4. Results 

2.4.1. Computational Results 

Our calculations suggest that two minima exist on the lowest singlet CDJ potential 

energy surface (PES): a C2v-symmetric three-member cyclic structure sl and a D3h

symmetric isomer s2 (Figure 2.4). 81 and 82 have similar energies and reside 197.5 

and 197.1 kJ morllowerthan theO(ID) + CCh(XIl:g ') asymptote, respectively. These 

two singlet isomers can rearrange to each other by ring openinWring closure and are 

separated by a low barrier of 18.4 kJ morl with respect to 81 occurring at transition 

state s-TSI. The cyclic structure 81 can be produced in a reaction between OeD) and 

CCh(XIl:g"'). The calculations suggest that the reactants first form a weakly bound 

complex (-2.9 kJ morl) 85, which then rearranges to 81 with a barrier via s-TS2 of 

5.6-7.6 kJ morl relative to OeD) + CCh. In the triplet electronic state, separated 

Oep) and CCh have the lowest energy, while the C2v isomer tl elh) resides 96.3 kJ 

morl higher. t1 has a structure rather similar to that of 82, except that the three C-O 

bond lengths are not equal; there is one double (1201 A) and two single (1.343 A) 

bonds. Isomer tl can decompose to Oep) + CCh overcoming a barrier 51.5 kJ morl 

at transition state t-TSI. In the reverse direction, the barrier for the Oep) + 

CCh(XIl:g "') -+ t1 reaction is calculated to be as high as 147.7 kJ mOrl. Interestingly, 

we were able to locate a minima1 energy crossing point (MSX) between the lowest 
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triplet and singlet electronic states in a close vicinity of t-TSl, both the geometry and 

energy of MSX are similar to those for the triplet transition state. Another possible 

isomer of triplet e03, C,-symmetric OCOO tl e A j is much less favorable and lies 

214.2 kJ morl higher in energy than Oep) + e~(XIl:g l. In addition, we found two 

local minima on PES of the first excited singlet electronic state, which have lower 

energies than 0(10) + e~(XIl:g l. For instance, s3 (Cz., IA2) is a complex ofOeO) 

with carbon dioxide and stabilized by 27.6 kJ morl relative to the separated species. 

The structure of s4 (c., I A j is similar to that of s2, however, all three C-O bonds and 

oeo angles are slightly unequal. Transition state s-TSl separating s3 and s4 lies 46.4 

and 159.8 kJ mOrl above OeD) + e~(XIl:g l and s4, respectively. Table 2.3 

summarizes the infrared absorptions of 51, 52, and tl. 

2.4.2. Infrared Spectroscopy 

The FTIR spectra are analyzed in three steps. First, we investigate the new ab

sorptions qualitative and assign their carriers. Hereafter, the temporal developments 

of these absorptions upon electron irradiation are investigated quantitatively as 

outlined in Section 2.3. Finally, these data are fit to calculate production rates of 

synthesized molecules in units of molecules cm'2 (column density), molecules per 

impinging electron, and absorbed electron volt (eV) per target molecule (dose), The 

integration routing of the absorption features is accurate to ± 10 % (Kaiser, gabrysch 

& Roessler 1995). 
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Table 2.3: Calculated harmonic infrared absorptions frequencies of the c'v (top), v... (center), and c,. 
(bottom) isomeIS of carbon trioxide isomers, the symmetry, and intensities; listed frequencies were 
also scaled by a factor of 0.98 to account for the anhannonicity. 
mode symmetry unsealed frequency, scaled ~ency, em' intensity, 

em'! em molecule'! 
1 a! 2082.9 2041 8.9 x 10'17 
2 a! 1071.2 1050 3.8 x 10,18 
3 al 516.4 506 1.2 x 10,18 
4 bl 685.1 671 6.5 x 10,18 
5 b:z 1029.4 1009 1.3 x 10,17 
6 b:z 586.3 575 1.3 x lO,!8 

mode symmetry unsealed frequency, scaled ~cy, em' intensity, 
em,l em molecule' I 

1 al 1204.0 1180 6.0 x 10,,8 
2 al 1089.4 1067 0 
3 al 447.5 439 1.9 x 10,19 
4 bl 763.2 748 5.2 x 10,18 
5 b:z 1204.1 1180 6.0 x 10,17 
6 bz 447.5 439 1.9 x 10,19 

mode symmetry unsealed frequency, em' scaled ~ency, em' intensity, 
I em molecule'! 

1 a' 1931.1 1893 2.9 x 10-'7 

2 a' 1026.3 1006 3.4 x 10,,8 
3 a' 842.8 826 2.5 x 10-17 

4 a' 541.7 531 1.8x 10-'8 
5 a' 374.3 367 9.7 x 10,'8 
6 a" 199.9 196 4.6 x 10"· 

2.4.2.1. Qualitative Analysis 

The effects of the electron irradiation of the carbon dioxide target are displayed 

in Figures 2.5-2.11. A comparison of the pristine sample (Figure 2.3) with the 

irradiated ice at 10 K clearly shows new absorption features of carbon monoxide at 

2139 em'! (v!(CO stretching); Figure 2.5; Table 2.4» and the corresponding isotopic 

pattern of l3CO at 2092 cni!. These data are in close agreement to matrix isolation 

studies of the carbon monoxide molecule (Sandford et al. 1988). 

35 



0.00 !:;::;""""',...,....~~~~~~~~~~.,.,..;;:;::;::;:;:;:;::;::;=r.~ 
2160 2155 2150 2145 2140 2135 2130 2125 2120 2115 2110 

WavelllllDber (coil) 

Figure 2.5: Carbon monoxide absorption band (2139 cnll) as seen after a 60 minute irradiation of the 
carbon dioxide sample at 10K with 0.1 I'JII beam current 

We were also able to detect four fundamentals of the C2v symmetric, cyclic C03 

2.6). The position of all peaks is in excellent agreement with earlier matrix isolation 

studies (Section 2.1) and with our calculated, scaled frequencies (Table 2.3). Note 

that although the unobserved V3 and V4 modes have larger absorption coefficients than 

the detected V6 transi~on, the v 4 absorption overlaps with the broad V2 band of the 

carbon dioxide reactant; the V3 band of carbon trioxide is too close to the cut-off of 

the MCTB detector to be observable. Fina1ly, we detected also a transition at 1879 

em·l , which was assigned tentatively as a Fermi resonance of the 2044 cm,l band with 

an overtone of the 973 em'l fundamental. The calculated symmetry of the carbon 

trioxide modes (Table 2.3) confirm this tentative assignment. Since the V5 at 973 em'l 
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Figure 2.6: Caroon trioxide absorption bands at 2044 cDf', 1879 em"', 1067 em"', 972 em"', and 560 as 
seen after a 60 minute irradiation of the carbon dioxide sample at 10 K with 0.1 pm beam current. 

has b. symmetry, the overtone (2vs) holds an a. symmetry (h. x b. = a.), the latter has 

the same symmetry as the v. fimdamenta1; this can give rise to the Fermi resonance as 

observed at 1879 em"·. These data make it exceptionally clear that the observed 

carbon trioxide molecule has a cyclic, CZv symmetric structure. Neither the Co nor the 

D3h symmetric structures of carbon trioxide were observed 
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Figure 2.7: Ozone absorption bands at 1042 em-I and 704 em-I as seen after a 60 minute irradiation of 
the carbon dioxide sample at 10K with 0.1 IJlIl beam current 

Besides the carbon monoxide and the carbon trioxide molecules, we were also able 

to identify the ozone molecule (Figure 2.7). Two absorptions at 1042 em·
I 

(V3, anti 

symmetric stretch) and the weaker bending mode at 704 em-I (Y2) were identified. 

These data agree very well with previous assignments (Shimanouchi 1972). 

Table 2.4: New infrared absorptions of the processed carbon dioxide sample at 10K. 

observed uenc, em-I 

2045 
1879 
1068 
973 
565 

2139 
2092 
1042 
704 

2.4.2.2 Quantitative Analysis 

ecies 
C03 
C03 
C03 
C03 
C03 
CO 

I3CO 

03 
03 

assi ent 
VI(C=O stretch) 
Fermi resonance 
V2 (0-0 stretch) 
vs(C-O stretch) 

V6(O-C=O stretch) 
VI (CO stretching) 

VI e3CO stretching) 
V3 (anti symmetric stretch) 

V2 (bending mode) 

Figures 2.8-2.11 compile the temporal development of the column densities of 

the carbon dioxide reactant and of the products (carbon monoxide, carbon trioxide, 
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and ozone) during the irradiation at 10K, the consecutive equihDration period at 10 

K, and the heating phase. During the irradiation of the carbon dioxide ice, the colmnn 

density of the C~ molecules decreases only slightly from 1.188 x 1018 cm·2 to 1.158 

X 1018 cm-2 (Figure 2.8); note that these data are afflicted with an error of ± 25 % 

(Table 2.2). This means that only 3.01x1016 cm-2
, i.e. 2.5 %, of the carbon dioxide 

molecules are destroyed at the end of the irradiation (Table 2.5). Acc01mting for the 

target surface and the electron beam current, we can conclude that each implanted 

electron destroys 17 ± 4 C~ cm-2
, i.e. 51 ± 13 carbon dioxide molecules. As expec-

ted, the carbon dioxide colmnn density stays constant during the isothermal phase. 

With increasing temperature the C~ molecules sublime; as the temperature is raised 

from 10K to 20 K, strengths of all carbon dioxide absorptions start to diminish; at 94 

K, no solid carbon dioxide is left on the silver waver . 
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Figure 2.8: Temporal development of the column densities of carbon dioxide molecules calculated via 
integrated absorptions at 3708 emo

\ (left) and 3600 emo

' (right) during the experiment, the isothermal 
phase, and the heating period. The corresponding temperature profiles are overlaid. 

With decreasing carbon dioxide colmnn density, new absoxptions arise from 

carbon monoxide (Figure 2.9) and carbon trioxide (Figure 2.10). The carbon 

monoxide colmnn density rises almost linearly with increasing irradiation time to 3.5 

± 0.4 x 1016 cm-2
, i.e. an average production rate of 60 ± 6 carbon monoxide 
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molecules per implant, i.e. 20 ± 2 CO em·2; the integral absorption coefficient for the 

2139 em·1 band of l.lxlO-17 molecules em·1 is accurate to ± 10 %. On the other hand, 
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Figure 2.9: Temporal development of the column densities of newly formed carbon monoxide 
molecules calculated via the integrated absotptions at 2139 em·' during the experiment, the isothennal 
phase, and the heating period. The wnesponding temperature profile is overlaid. 

the carbon trioxide column density rises quickly but starts to ssturate toward the end 

l.lxl0lS em·2 (972 em-I). These data translate to a synthesis of 2.5 ± 0.5 carbon 

trioxide molecules per electron (0.8 ± 0.2 C03 em·2 per electron; production rates are 

averaged over those obtained from three C03 fundamentals). 

Based on this information, we can now investigate the carbon balance of the 

target. Based on our integration routine, 3.0 ± 0.8 x 10
16 CO2 em·

2 lead to the 

formation of3.5 ± 0.4 xl016 CO em-2 and 1.5 ± 0.3 x 1015 C03 em-2, i.e. a destruction 

of 3.0 ± 0.8 x 1016 cm-
2 versus a formation of 3.7 ± 0.4 x 1016 cm-2; within the error 

limits, we can conclude that the carbon budget is conserved in the experiment. 'This 
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Figure 2.10: Tempoml development of the colunm densities of newly formed carbon trioxide 
molecules calculated via the integrated absorptions at 2044 em"' (left), 1067 em"' (right), and 972 em"' 
(bottom) during the experitllent. the isothermal phase, and the beating period. The wlIesponding 
teInpeiature profiles are overlaid. 

strongly correlates with our experimental findings that carbon dioxide and carbon 

trioxide are the only newly formed carbon-bearing species in our experiment Note 

that whereas the carbon monoxide column density stays constant during the 

isothermal phase at 10K, the carbon trioxide column density seems to decrease 

slightly by 5 %. However, since the integration is accurate only to 10 %, the drop of 

the 2044 em·l absorption might be within the experimental error limits - in a similar 

manner as the increasing carbon monoxide column density upon warming the matrix 

to 20 K; alternatively we might conclude that the carbon trioxide molecule starts to 

decompose even at 10 K. Upon heating the target, both the carbon monoxide and 

carbon trioxide column densities decrease. Note, however, that whereas the carbon 

dioxide absorptions disappear at 94 K, no carbon monoxide and carbon trioxide bands 

were observed at temperatures higher than 91 K. At 91 K, a column density of 5.6 ± 

41 



1.2 X 1017 C(h em·2 remains (0.21 ± 0.04 J.LIll C(h ice). Since the carbon dioxide 

matrix sublimes in layers, those layers exposed to the vacuum sublime first. 

Considering an initial column density of 1.188 x 1018 em·2 C(h em·2 (0048 ± 0.11 J.LIll 

Table 2.5: Destruction (Co.) and fonnation (CO, CO" 0,) of molecules after the 10K irradiation 
phase; data for ozone are also give at 10 K. Units are given in column densities (n, molecules em·2), in 
molecules synthesized per electron per em (n'), and molecules synthesized per electron (n"). 

n, molecules em·2 n', molecules electron· I n", molecules electron· I 
em·2 

C(h - 3.0 ± 0.8 X101 -17±4 - 51± 13 
CO 3.5 ± 004 X1016 20±2 60±6 
C03 1.5 ± 0.3 x10lS 0.8±0.2 2.5 ±0.5 

03 (10 9.3 ± 1.3 x10lS 5±1 15±3 
K) 

0 3 (60 1.3 ± 0.2 X1016 7±1 21 ±3 
K) 

b.03 3.7 ± 1.0 x10lS 2±1 6±3 

C(h ice), we can conclude that the newly synthesized molecules are formed within 

the first 0.28 ± 0.09 J.LIll of the sample, i.e. those layers which are subliming first into 

the vacuum. Once these layers have been released, the remaining carbon dioxide ice 

of 0.20 ± 0.04 J.LIll does not contain any newly formed molecules. This in tum 

indicates that the 5 keY electrons are absorbed and induce radiation damage within 

the first 0.28 ± 0.09 J.LIll of the carbon dioxide sample. 

Compared to the carbon oxides, the temporal development of ozone depicts stri-

king differences (Fig. 2.11). The ozone column density increases after 60 min 

irradiation time to 9.3 ± 1.3 x lOiS em·2; data has been calculated with an integral 

absorption coefficient of 104 ± 0.2 x 10.17 molecules em·l • This requires a destruction 

of 2.8 ± 0.4 x 1016 C(h cm·2• Statistically, each electron generates 15 ± 3 0 3 

42 



1.4E+16 200 

ISO 
1.2E+t6 lnadiBtioll stnpped 

I 160 

IE+16 
140 Ii! ~ e SE+l' HcaIiDg Progtalll Startm 120 e 

I 6E+ll 
100 t 

0 SO S l! 
4E+l' 60 '" 

40 
2E+lS 

20 

0 0 

0 60 120 180 240 300 360 420 480 

TIme (mID) 

Figure 2.11: Temporal development of the column densities of newly fonned ozone molecules 
calculated via the integrated absorptions at 1042 em'! during the experiment, the isothennal phase. and 
the heating period. The couesponding temperature profile is overlaid. 

molecules in the sample. Since the formation of a single ozone molecule requires the 

destruction of three carbon dioxide molecules to initiate three oxygen atoms, 45 ± 9 

carbon dioxide molecules have to be destroyed to account for the experimentally 

derived ozone production rate. To account for the total oxygen balance after the 

irradiation, we have to include the newly synthesized carbon trioxide molecules (1.5 

± 0.3 x lOiS em"2), too. Hence, the total oxygen column density of the freshly formed 

molecules calculates as the sum of the carbon trioxide column density plus tbree 

times the ozone column density; based on these considerations, a column density of 

2.9 ± 0.4 x 1016 
em"2 has to be generated in the carbon dioxide ice by the electrons. 

On the other hand, the decay profile of the carbon dioxide absorptions suggest that 

3.0 ± 0.8 x 1016 COz em"2 have been destroyed after the irradiation. Since each carbon 

dioxide molecule fragments to carbon monoxide and atomic oxygen upon interaction 

with an electron, we would expect an identical nwnber of oxygen atoms to be 
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incorporated inside the newly formed molecules, i.e. ozone and carbon trioxide. 

Within the error limits. the oxygen balance seems to hold. 

Table 2.6: Integral absotption coefficients A used in this work. The fundamentals of the carbon 
trioxide isomer are compiled in Table 2.3. 

molecule abso tion, cm-! A, em molecule-! 
CO 2139 1.1 x 10-17 

03 1042 1.4 x 10-17 

DJ 704b 5.5 X 1O-!9 
C02 3708 1.4 x 1O-!8 
CQz 3600 4.5 x 10-!9 
C03 1879" 3.1 x 10-!7 

a _ The 2045 em-I absorption bas an inleglllted area of 0.529 em-I and A = 8.9 X 10-17 em molecule-I. 
Considering an area of the 1879 em-I band of 0.18 em-I, the integlal absotption coefficient of the 1879 
em-I absotption calcu1ates to 3.1 X 10-17 em moleculel • 

b _ The 1042 em-I abSOlption bas an integrated area of 0.440 em-I and A = 1.4 X 10-17 em molecule-I _ 
Considering an area of the 704 em-I band of 0_018 em-I, the integral ahsoIption coefficient of the 704 
em-I abSOlption calculates to 5.5 x 10-19 em moleca1e-l

• 

During the isothermal phase, the ozone colwnn density slightly increases from 9.3 

± 1.3 xl0!S em-2 to 1.0 ± 0.1 xlO!6 em-2 during the 10 K equilibration period; this 

suggest that oxygen atoms, which are mobile at 10K, are present in the carbon 

dioxide matrix and may react with molecular oxygen to form additional ozone. We 

have to keep in mind that this analysis only comprises the oxygen balance of the 

infrared active molecules, but not of infrared inactive species such as molecular and 

atomic oxygen. In the solid state, the 02 abSOiptions at 1591 cm-! and 1617 em-! hold 

absoiption coefficients of about 1O-2! em molecule-! (Cairns & Pimental). It is not 

SUipfising that we were unable to detect these transitions in our experiments. 

Therefore, we can conclude that molecular oxygen and oxygen atoms reside inside 

the carbon dioxide matrix as well. This effect is even more pronounced while the 

sample is heated to 60 K. Here, the ozone colwnn density rises significantly by about 

44 



30 % reaching a maximmn at 1.3 ± 0.2 xl016 cm-2 before the column density drops 

sharply due to the subliming carbon dioxide matrix. This suggests that at least 1.1 ± 

0.3 xl016 cm-2 of the oxygen atoms exist in the fonn of molecular or atomic oxygen. 

Including the enhanced ozone column density in the oxygen balance gives a column 

density of generated oxygen atoms of 4.0 ± 0.6 xl016 cm-2 versus a destruction of the 

carbon dioxide molecules of 3.0 ± 0.8 x 1016 cm-2
• At 92 K, the ozone absorption 

disappears completely. It is interesting to compare this temperature with those where 

the bands of carbon monoxide 91 K, carbon trioxide 91 K, and carbon dioxide 94 K 

vanish. As indicated in the previous section, carbon monoxide, carbon trioxide, and 

the oxygen atoms are fonned initially in the first 0.28 ± 0.09 IJlll of the carbon diox

ide sample. As the temperature rises, oxygen atoms diffuse and could penetrate also 

those regions of the carbon dioxide ice which has not been penetrated by the 

electrons; here, the oxygen atoms could recombine to ozone. This could explain the 

presence of ozone absoJIltions at the temperature of92 K where absorptions of carbon 

monoxide and carbon trioxide are absent due to their sublimation with the outer 

layers of the carbon dioxide matrix into the vacuum. 

2.4.3. Mass Spectrometry 

It is interesting to correlate the infrared observations with a mass spectrometric 

analysis of the gas phase. During the annealing phase of the sample, the carbon 

dioxide matrix and the newly fonned molecules (C~, CO, ~) sublime into the gas 

phase. Upon heating the sample to 25 K (180 min experimental time), the carbon 
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dioxide matrix start to sublime (Figure 2.8); similarly, the embedded carbon 

monoxide molecules are being released into the gas phase (Figure 2.9). Note that the 

ozone column density increases upon warming the sample due to reactions of atomic 

oxygen with molecular oxygen (section 2.4.2); at 60 K (240 min experimental time), 

the ozone column density decreases, too. However, the mass spectrometric results do 

not correlate entirely with the infrared data. Although the partial pressure of carbon 

monoxide begins to increase at 25 K (as expected from the infrared data), the 

temporal development of the partial pressure of ozone shows two distinct peaks: a 

small hump starting at 240 min experimental time (60 K), and a second intense peak 

at 291 min experimental time (Figure 2.12). A similar pattern has been observed for 

the carbon dioxide molecule, too. To interpret the discrepancy between the infrared 

and mass spectrometric data, we have to keep in mind that the silver target (first 

stage) is annealed while the cold head is still in operation; this means that the outer 

aluminum cold shield, which is mounted to the second stage of the closed cycle 

helium refrigerator, is still cooled down. Therefore, the molecules subliming during 

the annealing phase of the silver target (first ozone peak) can actually re-condense 

onto the aluminum cold shield. Once the heat load from the cartridge heater increase 

also the temperature of the second cold head stage, those molecules condensed on the 

aluminum shield can sublime, too (second ozone peak). Note that two peaks were 

observed only for ozone, carbon dioxide, and oxygen, but not for carbon monoxide. 

Here, carbon monoxide does not re-condense at the 50 K aluminum cold shield since 

carbon monoxide ice is unstable at temperatures higher than 30 K. 
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Figure 2.12: Temporal development of the ozone partial pressure and corresponding error bars as 
extracted from the mass spectrometric data via matrix interval algebra. 

2.5. Discussion 

Our investigations indicate that the response of the carbon dioxide system upon 

the keY electron bombardment is governed by an initial formation of carbon 

monoxide and atomic oxygen, equations (4) -{5). Depending on the energy transfer 

form the impinging electron to the carbon dioxide molecule, the oxygen atom can be 

generated either in its electronic ground ep) via inter systern crossing to the triplet 

manifold and/or excited state eD) on the singlet surface. 

CO:!(XIl:g") --+ CO(XIl:") + O('P) 

CO:!(XIl:g ") --+ CO(XIl:") + OeD) 
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These reactions .are endoergic by 532 kJ morl (5.51 eV) and 732 kJ morl (7.59 eV), 

respectively. Our experiments indicate that each electron initiates 60 ± 6 CO 

molecules within the carbon dioxide ice (Table 2.5); this translates to 331 ± 33 eV 

and 455 ± 46 eV to form O(Jp) and OeD), respectively. Considering the energy of 

the electron of 5 ke V, about 10 % of its kinetic energy is utilized to cleave the carbon

oxygen bonds of the carbon dioxide molecules; note that this calculation assumes all 

the carbon monoxide molecules are formed in their vibrational ground states; also, the 

oxygen atoms have no excess translational energy. However, to escape the mstrix 

cage, the oxygen atom must have at least 0.5 e V excess kinetic energy; if its kinetic 

energy is less than the lattice bonding energy, at least OeD) can react back without an 

entrance barrier to recycle the carbon dioxide molecule. To fit the experimentally 

obtained profile of the carbon dioxide and carbon monoxide column densities, we 

employed the following model. The carbon dioxide molecule was assumed to 'decay' 

first order upon electron bombardment similar to a radioactive decay, i.e. it follows 

the velocity law (6) (the square brackets indicate the column density in cm02; I., = 4.92 

X 1011 sol presents the electron current in electrons sol): 

- d[~]/dt= kl x I., X [C~] =k'l X [C~] 

d[CO]/dt = k2 x I., X [C~] = k' 2 X [C~] 

(6) 

(7) 

This translates to the following temporal evolutions of the column density for carbon 

dioxide (8) and carbon monoxide (9) with the constant a: 

[C~](t) = [C~](t=O) ek
', , 

[CO](t) = a (1- e-k
',,) 
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The best fits of the carbon dioxide and carbon monoxide profiles are shown on 

Figures 2.13 and 2.14, respectively, with [COz](t=O) = 1.19 ± 0.30 x 1018 cm-2
, k'i = 

7.35 ± 0.20 x 10-6 S-I, a = 7.1 ± 0_7 x 1016 cm-2, and k'2 = 1.93 ± 0.1 x 104 S-I. 

Accounting for the electron current, this yields kl = 1.5 ± 0.2 x 10-17 and k2 = 3.9 ± 

0.2 x 10-16• 

1.20 

1.19 • 
"~ 
8 1.18 

] 1.17 

~ 
1.16 

1.1S • 

Figure 2.13: Exponential fit of the carbon dioxide column density according to equation (8). Error 
bars of the data are ± 1 0 %. 

1.0 

10 20 30 40 50 60 
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Figure 2.14: Exponential fit of the carbon monoxide column density according to equation (9). Error 
bars of the data are ± 10 %. 
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We now investigate the fate of the generated oxygen atoms quantitatively. Our 

data indicate that the carbon trioxide molecule is formed via reaction of atomic 

oxygen with carbon dioxide. We were able to fit the temporal development of the 

cohnnn density assuming that a carbon dioxide dimer decomposed to carbon dioxide, 

atomic oxygen, and carbon monoxide; within the matrix cage, the generated oxygen 

atom react with the non-reacted carbon dioxide to form carbon trioxide via equations 

(10) and (11): 

- d[(CChh]/dt = k3 x Ie x [(CChh] = k'3 x [(CChh] 

d[CO]/dt = ~ x Ie x [(CChh] = k' 4 x [(CChh] 

(10) 

(11) 

This leads to the temporal evolutions of the column density for carbon trioxide via 

equation (12): 

(12) 

Figure 2.15 depicts the best fit of the carbon trioxide profile respectively, with b = 1.5 

± 0.3 x 1015 cm"2, and k'4 = 1.1 ± 0.1 x 10"3 S"I. Accounting for the electron current, 

this yields ~ = 2.2 ± 0.2 x 10"15. Extrapolating equations (9) and (12) for t ~ <Xl and 

extracting the ratio of [CO](t=oo)/[C03](t=oo) calculates the fraction of released 

oxygen atoms reacting with carbon dioxide to 47 ± 14. This means that only 2.1 ± 0.5 

% of the generated oxygen atoms react to carbon trioxide. 

What might be the reason for the low fraction of oxygen atoms reacting to 

carbon dioxide? The potential energy surface (Figure 2.4) helps to understand this 

scenario. First, the experiments clearly indicated the formation of the cyclic sl 

isomer; neither s2 nor t2 have been detected. Our calculations show that in the gas 
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Figure 2.15: Exponential fit of the carbon trioxide colunm density according to equation (11). Error 
bars of the data are ± 20 %. 

phase, only the addition of 0(10) can form 81 via sS and s-TS3. This is a clear 

indication that the interaction of energetic electrons with the carbon dioxide 

molecules generates reactive oxygen atoms. However, this reaction has to pass s-TS3 

which is located 5.6 - 7.6 kJ morl above the separated reactants. This requires that 

the OeD) reactant has at least 5.6 -7.6 kJ morl excess kinetic energy to overcome 

the barrier. Once 51 has been formed in the solid state, the surrounding matrix can 

divert the internal energy (197.5 kJmorl) of the carbon trioxide species; this stabilizes 

the latter and prevents an isomerization via s-TSI to 82. Non-reactive OeD) can be 

quenched in the matrix easily via intersystem crossing to the 3p ground state 

(Himmel, Downs & Greene 2002). On the triplet surface, ground state oxygen atoms 

can react solely to yield t1; followed by intersystem crossing, the latter can form 82 in 

the carbon dioxide matrix. However, since only the cyclic carbon trioxide isomer was 

detected, this pathway can be likely ruled out. Similarly, the electronically excited 

IA" surface can be excluded to contribute to the formation of the cyclic carbon 
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trioxide isomer since only s4 can be formed via s3 and s-TSl.Instead, we located the 

seam of crossing (MSX) which connects the triplet to the singlet surface. In the gas 

phsse, this crossing is located close to t-TSl, and Oep) with a sufficient amolDlt of 

kinetic energy can surpass this barrier to form also sl. In the solid matrix, however, 

the energy of MSX is likely lowered; the exact barrier height is currently lDlder inves

tigation. Actually, the calculated equih"brium constants (Table 2.7) for the 

isomerization 51 ~ 51 correlate with the failed observation of the D3b symmetric C0) 

isomer in the ice matrix. Here, K (10 K) = 0.002176482 means that at 10 K the 

concentration of sl should be 500 times higher than that of 51, if they are in 

equih"brium. The spectroscopic data suggest that the remaining oxygen atoms rather 

react via molecular oxygen to form ozone via equations (13) - (14). Note that only 

ground state reactants have been considered; this is certainly true for the reaction 

during the equilibrating phsse at 10 K and the annealing program to 60 K. However, 

during the electron bombardment, O(ID) atoms could react, too. Both reactions are 

exoergic by 498.5 kJ morl and 106.5 kJ morl
, respectively and involve no entrance 

barrier except the diffusion energy of the oxygen atoms to migrate to the reaction site. 

The ability of the oxygen atoms to diffuse even at 10K and in particular at elevated 

temperatures has been established previously (section 2.4.2. and Figure 2.11). The 

detailed formation mechanism of ozone via equation (14) and/or electronically 

excited species is currently under investigation and might involve a short-lived cyclic 

ozone molecule. So far, we were not able to fit the temporal evolution of the ozone 

column density; this fit requires knowledge of the diffusion coefficient of the oxygen 

molecule which is currently under study. A simple polynomial fit fails as expected 
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Table 2.7: Calculated equilibrium consumts K for the isomerization of.2 B .1 
T eratw"eIK. uilibriwn constant K 

10 0.002176482 
20 0.026952237 
30 0.062358629 
40 0.094845045 
50 0.121988944 
60 0.144277400 
70 0.162660463 
80 0.178018439 
90 0.191041466 

since the ozone is clearly a higher-order reaction product. 

Oep) + Oep) 4 (h(X3Eg) 

(h(X3l;g) + Oep) 403(XIAI) 

(13) 

(14) 

Finally, we would like to comment on the possibility to generate reactive carbon 

atoms via the interaction of energetic electrons with carbon dioxide. Recall that the 

slight increase of the carbon monoxide colwnn density in the equilibration phase 

(Figure 2.9) could indicate a recombination of diffusive carbon atoms with mobile 

oxygen atoms, equation (15), a process similar to the fonnation of molecular oxygen 

according to equation (13). 

(15) 

Detailed electronic structw"e calculations depicted that a release of carbon atoms from 

a linear carbon dioxide molecule does not occur (Hwang & Mebel 2000). Instead, the 

linear carbon dioxide species has to isomerize first to a cyclic structw"e which lies 582 

kJ morl higher in energy than the linear structw"e. The cyclic isomer ring opens and 

forms a linear COO(XIl:j molecule which loses then a carbon atom in its excited ID 

state. However, our experiments identify neither the cyclic carbon dioxide nor the 

linear COO(XIl;l molecule as a reactive intermediate in our matrix. Since the carbon 
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budget is conserved in our experiment (section 2.4.2.2) we suggest that the 

contribution of reactive carbon atoms, if any, is only minor. 

2.6. AstrophysicaJ. and Planetary Implications 

Carbon dioxide ice presents also a major constituent of ices as condensed on sub

micrometer sized grain particles in cold interstellar clouds. Although the dust 

component embodies only 1 % of the interstellar matter, these nuclei playa key role 

in the formation of new molecules. Deep in the interior of dense clouds, grain 

particles effectively shield newly synthesized molecules in the gas phase from the 

destructive external UV radiation field. Most important, these sub micrometer sized 

particles present valuable nurseries to synthesize new molecules. In dense clouds, 

these grains have typical temperatures of 10 K (Tielens & Allamandola 1987; Whittet 

1992). Once molecules, radicals, or atoms from the gas phase collide with the solid 

particle, they are accreted on the grain surface resulting in an icy mantle up to 0.1 J.1IIl 

thick. At ultralow temperatures, all species except H, H2, and He hold sticking 

coefficients of unity. This means that each collision of a gas phase species with a cold 

surface leads to an absorption and hence thickening of the ice layer. Here, solid 

mixtures containing H20 (100), CO (7-27), CH30H « 3.4), NH3 « 6), Cf4 « 2), 

and C~ (15) were identified unambiguously via infrared spectroscopy towards the 

dense cloud TMC-1 employing the field star Elias 16 as a black body source (Schmitt 

1994); the numbers in parentheses indicate the relative abundances compared to water 

ice. 
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These molecular clouds are interspersed with ultraviolet photons « 132 eV) and 

energetic particles from T -Tauri winds, stellar jets, carbon stars, and galactic cosmic 

ray particles. Therefore, pristine ice mantles are processed chemically by the cosmic 

ray induced internal ultraviolet radiation present even in the deep interior of dense 

clouds (cjI = leY photons cm-2 
S-I) and in particular through particles of the galactic 

cosmic radiation field. This can lead to the formation of new molecules in the solid 

state via non-equihllrium (non-thermal) chemistry even at temperatures as low as 10 

K. The particle component of the cosmic ray radiation field consists of 97 - 98 % 

protons (p, if) and 2 - 3 % helium nuclei (a-particles, He2l in the low energy range 

of 1-10 MeV (I MeV = 106 eV) with cjI = 10 particles cm-2 S-I (Kaiser et al. 1997). It 

has been well established that cosmic ray MeV particles penetrate the ice mantles and 

the grain core and deposit parts of their energy inside the ices via interaction of the 

MeV implant and the electronic system of the ice molecules (Kaiser & Roessler 

1998). Detailed dynamics simulation showed that 99.9 % of the transferred energy 

leads predominantly to an ionization and hence release of energetic (keV) electrons 

perpendicularly to the trajectory of the MeV implant (ultra track). Therefore, our 

experiments simulate also the energetic processes in the ultra track of MeV particles 

inside interstellar and also cometary ices. Based on these considerations, we can 

conclude that the cyclic carbon trioxide molecule should also be present in carbon 

dioxide rich extraterrestrial ices which have been identified in interstellar clouds, 

comets, and also on Mars. Most importantly, our experiments indicated the initial 

formation of suprathermal (electronically excited) oxygen atoms_ In extraterrestrial 

ices, the species do not react solely with the carbon dioxide ice, but also with the 
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remaining ice components. In particular the OeD) atoms are very reactive and may 

destroy newly formed, astrobiologically important molecules such as sugars and 

amino acids even deep inside ices. Also, potential organics inside the Martian soil 

might be degraded easily by energetic oxygen atoms. Also, the interaction of carbon 

dioxide ices on Mars (and in comets as well as in the interstellar medium) with MeV 

particles produces significant amounts of ozone. Upon warming the ices, molecules 

would sublime and could contribute considerably to the ozone budget in the Martian 

atmosphere. 

Our investigations help also to understand a potential 180 enrichment in the 

terrestrial and Martian atmospheres. Whereas the cyclic carbon trioxide isomer is 

being stabilized upon reaction of electronically excited oxygen atoms with carbon 

dioxide in the matrix via phonon interaction, in the gas phase the cyclic carbon 

trioxide molecule can isomerizes to the D3h isomer. This could scramble the 

incoIporated 180 and hence lead to an enrichment of 180 inside the carbon dioxide 

once the carbon trioxide molecule decomposes too atomic oxygen and carbon dioxide 

(Fig. 2.16). 

0* 0* 
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0 
Figure 2.16: Schematic mechanism on a potential enrichment of 1'0 (0°) in catbon dioxide. 

56 



2.7. Conclusious 

We investigated the synthetic routes to· form the cyclic carbon trioxide isomer, 

C03(XI AI), in carbon dioxide rich extraterrestrial ices and in the atmospheres of 

Earth and Mars experimentally and theoretically. The studies indicate that the 

interaction of an electron with a carbon dioxide molecule is dictated by a carbon

oxygen bond cleavage to form ground state ep) and/or electronically excited eD) 

oxygen atoms plus a carbon monoxide molecule. About 2 % of the oxygen atoms 

react with carbon dioxide molecules to form the C2v symmetric, cyclic C03 structure, 

via addition to the carbon-oxygen double bond of the carbon dioxide species; neither 

the C. nor the l>Jb symmetric isomers of carbon trioxide were detected. Since the 

addition of OeD) involves a barrier of a 5.6-7.6 kJ morl and the reaction of Oep) 

with carbon dioxide to form the carbon trioxide molecule via triplet-singlet 

intersystem crossing is endoergic by 2 kJ mor l
, the atomic oxygen reactant(s) must 

have also access kinetic energy. The rllIDainjng oxygen atoms react barrier-less to 

form ozone via molecular oxygen. In our matrix, C03(XIAI) is being stabilized by 

phonon interactions to the surrounding matrix. In the gas phase, however, the initially 

formed C2v structure can ring-open to the l>Jh isomer which in turn loses an oxygen 

atom to 'recycle' carbon dioxide. The atomic oxygen exchange pathway has been 

confirmed in a recent crossed molecular beams experiment; however, the authors 

were not able to assign the nature if the C03 intermediate explicitly (perri et al. 

2003). This process could contribute significantly to an 180 enrichment in carbon 

dioxide in the atmospheres of Earth and Mars. 
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Chapter 3: Eleetron Irradiation Experiments on Carbon Monoxide (CO) and 
Methane (C~) 

This chapter is based on the published paper: Bennett. C. J.. Jamieson. C. S .• 
Osamura. Y.. Kaiser. R. L. A Combined Experimental and Computational 
Investigation on the synthesis of Acetaldehyde [CH]CHO(}f A JJ in Interstellar Ices. 
The Astrophysical Journal (2005). 624. 1097 

3.1. Introduction 

Untangling the synthetic routes to form complex organic molecules in the 

interstellar medium presents an important means to an understanding of the chemical 

evolution of cold molecular clouds, hot molecular cores, and star forming regions 

(Millar & Hatchell 1998; Minh & van Dishoeck 2000). Since the transition from the 

molecular cloud to the hot core phase depends strongly on the molecular composition, 

it is of paramount importance to unravel the basic physical and chemical processes of 

how molecules are formed in these environments. A detailed understanding of the 

synthesis of acetaldehyde (CH3CHO(XIA'» is of particular pertinence to test 

chemical models of molecular clouds and hot cores as this molecule plays an 

important role in astrobiology (Hjalmarson, Bergman & Nnmmelin 2001). So far, 

acetaldehyde has been observed in the gas phase in three types of interstellar environ

ments: (i) in translucent clouds like CB 17, CB 24, and CB 228 (Turner, Terzieva & 

Herbst 1999), (il) in cold molecular clouds such as the Taurus Molecular Cloud 

(TMC-l) and L134N (Matthews, Fn"berg & Irvine 1985; Turner, Terzieva & Herbst 

1999; Minh & van Dishoeck 2000), and (iii) toward hot cores and star forming 

regions like SgrB2, NGC 6334F, and the Orion compact ridge (Fourikis et al. 1974; 
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Bell, Matthews & Feldman 1983; Turner 1991; Ziurys & McGonagle 1993; 

Nummelin et al. 1998; Ikeda et al. 2001; Charnley 2004). A recent survey carried out 

by Gibb et al. (2004) using the Infrared Space Observatory (ISO) also assigned a 

7.414 Jl11l (1438 cm-I
) absorption feature to acetaldehyde found in interstellar ices 

towards 12 of 23 infrared sources studied (mostly Young Stellar Objects (YSOs) 

surrounded by icy grains), including W33A and AFGL 7009S. In addition, the 

presence of acetaldehyde in comets, such as ClI995 01 (Hale-Bopp) has recently 

been confirmed (Crovisier et al. 2004). 

Despite the important role of acetaldehyde as an evolutionary tracer in astronomy, 

astrochemistry, and astrobiology, no conclusive evidence has been given so far on its 

formation processes. The majority of mechanistical information on potential synthetic 

routes has been derived from chemical reaction networks which actually model the 

formation of complex organic molecules in interstellar environments. Models of pure 

gas phase chemistry in cold molecular clouds focus on ion-molecule reactions to form 

C2HsO+ ions via radiative associations followed by a dissociative recombination to 

yield the desired acetaldehyde molecule (Fairley et al. 1996; EI-Nawawy, Howe & 

MiI1ar 1997). Assuming a standard cosmic ray ionization rate of 1 x 10.17 s-I, these 

models reproduce nicely the observed fractional abundances of acetaldehyde of 3-6 x 

10-10 relative to molecular hydrogen in cold clouds like TMC-l. 

However, ion-molecule reaction networks were not able to reproduce fractional 

abundances of acetaldehyde in hot cores and star forming regions where predicted 
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abundances are only Sxl0·12 (Millar, Herbst & Charnley 1991; Dickens et al. 1997). 

These data underestimate those obtained from NRO and SEST observations of SgrB2 

by a factor of at least 1000 (Nummelin et al. 1998). Therefore, pure gas phase 

reaction networks failed to model the observed fractional abundances up to a few 10· 

9. Compared to cold molecular clouds, hot core regions hold higher temperatures of 

up to 200 K compared to 10 K in molecular cloud environments. In hot cores, the 

enhanced temperature triggers a sublimation of molecules from the icy grains into the 

gas phase. To explain the increased abundances of acetaldehyde in hot cores 

compared to cold molecular clouds, Millar, MacDonald & Gibb (1997) simulated 

these sublimation processes and injected molecules from the solid state into the gas 

phase to enhance the production of acetaldehyde via gas phase ion-molecule 

reactions. Nevertheless, these models could not reproduce the abundances of complex 

molecules like acetaldehyde, dimethylether (CH3OCH3), and methanol (CH30H) 

simultaneously; depending on the physical and chemical conditions in the models, 

molecular abundances are a factor of 100 too high or too low. 

Alternative scenarios propose the fonnation of acetaldehyde via grain-surface 

reactions of hydrogen, carbon, and oxygen atoms in cold molecular clouds through 

radical-radical reactions on interstellar grains at 10K (Tie1ens & Hagen 1982) and 

then to be hoerated into the gas phase via sublimation in hot cores when the 

surrounded matter is heated by the embedded protostar (Millar & Hatchel 1998). 

However, even this refined model could not fit observed abundances of acetaldehyde. 

Very recently, Ruffle & Herbst (2001) incorporated effects of surface photochemistry 

66 



in quiescent dense cores into a combined gas-phase and grain surface model. 

Although this approach did not investigate the foIllllltion of acetaldehyde explicitly, 

the authors concluded that the inclusion of these processes only slightly increases 

molecular abundances and that grain-surface photochemistry has only a minor role 

because of the small ultraviolet photon flux and the mitigating effect of hydrogen 

atoms. Here, atomic hydrogen migrstes more rapidly than any other atom or rsdical 

on the 10K grain surfaces thus saturating the free valences of rsdical intermediates 

and inhibiting the foIllllltion of complex organic molecules. 

These considerations make it exceptionally clear that neither gas-phase ion

molecule reactions nor grain-surface processes can explain the enhanced abundances 

of acetaldehyde in star forming regions of a few 10.9; key production routes to form 

acetaldehyde are still missing. The postulate that the material inside the nanometer 

thick ice mantles of grains in molecular clouds - predominantly water (H20), metha

nol (CH30H), carbon monoxide (CO), carbon dioxide (C~), and minor components 

like ammonia (NH3), formaldehyde (H2CO), hydrogen cyanide (HCN), carbonyl 

sulfide (OCS), arid methane (Cf4) (Ehrenfreund & Schutte 2000; Gibb et al. 2000; 

Fraser, McCoustra & Williams 2002; Gibb et al. 2004) - is chemically inert at 10 K 

presents the crucial drawback. This asamnption limits the validity even of 

sophisticated grain-surface models dramatically since the chemical evolution of inter

stellar and cometary ices by bombardment with broad band ultraviolet (UV) photons 

(Gerakines, Schutte & Ehrenfreund 1996; Allamandola et al. 1999; Dartois et al. 

1999; Schutte 1999; Bernstein et al. 2002; Munoz Caro & Schutte 2003) and MeV 
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cosmic rays (CR) and keY solar wind particles is well established (Johnson 1990; 

Johnson 1996; Brucato, Palumbo & Strazzulla 1997; Kaiser & Roessler 1997; Smith 

1997; Kaiser & Roessler 1998; Lecluse et al. 1998; Strazzulla & Palumbo 1998; 

Hudson & Moore 1999; Kaiser et al. 1999; Palwnbo, Castorina & Strazzulla 1999; 

Palwnbo, Pendleton & Strazzulla 2000; Bennett et al. 2004; Gerakines, Moore & 

Hudson 2004). Therefore, pristine ice mantles can be processed chemically by the 

high energy cosmic radiation field. Once complex molecules such as acetaldehyde 

have been formed inside ices, the inherent temperature increase from 10K to up to 

200 K which goes along with the transition from the cold molecular cloud to the hot 

core phase could lead to a sublimation of the newly formed molecules into the gas 

phase. If the assignment of acetaldehyde being present in icy grains by Gibb et al. 

(2004) is correct, then this accentuates the likelihood of a large proportion of the 

acetaldehyde observed in the gas phase which can be explained by sublimation from 

ices. However, the question as to the formation mechanism of acetaldehyde inside 

these grains presents a new problem to be answered, and is likely to come from the 

processing of simpler precursor molecules already firmly established to be present 

within these grains. 

Despite the importance of high energy particle induced chemical alterations of 

pristine extratenestrial ices to form new molecules, these processes have never been 

included comprehensively into astrophysical reaction networks modeling the for

mation of acetaldehyde. Therefore, novel laboratory experiments on the formation of 

acetaldehyde in extraterrestrial ices are clearly desired. The prime objective of this 
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project is to investigate experimentally the formation of acetaldehyde in interstellar 

ices via charged particles of the cosmic ray radiation field and to carry out simulation 

experiments under well-defined physico-chemical conditions which mimic the high 

energy particle component, the temperatures, and the chemical composition of cold 

molecular clouds and hot cores in an ultrahigh vacuum scattering machine. These 

experiments are augmented by electronic structure calculations to investigate the 

reactivity of radiolytically produced radicals and reactive intermediates involved in 

the formation of acetaldehyde thcoretically. Both sets of data will help to provide syn

thetic routes to synthesize acetaldehyde in cold molecular clouds, hot cores, and also 

in cometary ices. 

3.2. Simulation Conditions 

3.2.1. IDgh energy components 

Simulation experiments of the formation of complex, organic molecules in 

extraterrestrial ices can never mimic the complexity of interstellar environments, i.e. 

the wide energy range of the high energy photons and charged particles (and their 

chemical composition), the temperatures, and the composition of ice targets itself, 

simultaneously. Therefore, an understanding of these processes must first be based on 

simulation experiments involving relatively simple model systems under controlled 

conditions before these studies are extended to more complex systems. First and 

foremost, it is essential to select the appropriate class of high energy radiation, i.e. 

ultraviolet (UV) photons versus charged cosmic ray particles, which interact with the 
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astrophysically important ice mixtures. Here, a cosmic ray (CR) induced internal 

ultraviolet radiation Q.. < 13.6 eV) is present even in the deep interior of dense clouds 

holding a fluence ~ = 103 photons em·2s·! (Prasad & Tarafdar 1983). The particle 

component consists of about 98% protons (p, If') and 2% helium nuclei (a-particles, 

He2
"') and have a distribution maximum at about 1 MeV with ~ = 10 particles em-2s-! 

(Strazzulla & Johnson 1991). Although the fluence of the UV field is two orders of 

magnitude larger than the cosmic ray particle fluence, we would like to recall that UV 

photons are absorbed within the first tens of nanometers of the ice via single quantum 

processes (i.e. interaction with only one molecule per photon); on the other hand, 

MeV cosmic ray particles can penetrate the ice layer and induce collision cascades 

and generate up to 1 if suprathermal particles within the surrounding ice matrix (by 

suprathermaI, we are referring to particles that, due to the excess energy they have 

gained from the impinging radiation, are not in thermal equilibrium with their 

environment - in this case at 10K, also referred to as 'hot atom' chemistry). 

Consequently, the lower fluence of the CR field is clearly eliminated by the capability 

of cosmic ray MeV particles to generate multiple reactive atoms within a single 

collision cascade (Kaiser et al. 1997). Charged particles divert their kinetic energy via 

electronic and nuclear interaction to the ice target, and the ratio of this electronic 

versus nuclear energy transfer depends strongly on the kinetic energy of the implant 

For example, solar wind particles have kinetic energies in the order of I keVarnu-!; 

they interact predominantly (> 95 %) through nuclear ( elastic) interaction processes. 

On the other hand, 10 MeV cosmic ray particles as present in the deep interior of cold 

clouds lose their energy almost exclusively (99.999 %) via electronic interaction to 
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the target molecules. AB a high energy cosmic ray particle penetrates an ice, it 

produces an infratrack (or primary ionization track) - a few Angstroms perpendicular 

to the trajectory - within which these electronic interaction processes lead primarily 

to bond ruptures and ionization of the molecules. Detailed collision cascade 

calculations show that in molecular crystals, up to a few keY could be transferred 

from the implant into a single molecule. Considering the ionization energy of; for 

example, methane of 12.7 eV, this few keY of energy is sufficient to form not only 

singly, but also multiply positively charged CH,r ions. During the ionization process, 

secondary electrons are released, named 6-electrons (or 6-rays), which leave the 

molecule almost perpendicularly to the trajectory of the cosmic ray implant, and have 

a range of a few hundreds of nanometers generating an ultratrack around the 

infratrack leading to further bond rupture processes via inelastic energy transfer from 

the 6-electrons to the molecules residing within the ultratrack. Within the infratrack, 

the departing electrons leave positive charges behind, this can lead to Coulomb 

explosions - either intermolecular (within one molecule) or intramolecular (repulsion 

of various charged CH,r ions) and generates more suprathermal atoms and ions with 

kinetic energies of up to a few keY; the chemical nature of these particles depends on 

the composition of the ices, but is dominated by :EfIlr with minor contributions of 

atoms/ions of oxygen, carbon, and nitrogen. Henceforth, the electronic energy 

transfer process generates suprathermal species inside the infratrack via a conversion 

of potential energy into kinetic energy. These considerations suggest that in order to 

untangle the cosmic radiation field induced formation of acetaldehyde in interstellar 

ices and to extract the underlying mechanisms comprehensively, it is necessary to 
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carry out three discrete batches of irradiation experiments: i) UV photolysis to mimic 

the internal UV field, ii) a charged particle irradiation of ices by ke V protons and ions 

of oxygen, carbon, and nitrogen to simulate the suprathermal particles generated via 

Coulomb explosion, and iii) keY electron bombardment of ice samples to mimic the 

&-electrons in the ultratrack. In this paper, we will focus on ke V electron 

bombardment and hence the formation of acetaldehyde via electronic energy transfer 

processes which contnoutes to about 99 % of the energy loss of the galactic cosmic 

my particles; the charged particle and photon induced synthesis of acetaldehyde are 

subject to forthcoming articles. 

In our experiments the ices are processed by bombardment with 5 keY 

electrons. The galactic cosmic my field, which consists predominantly of protons 

with a distribution maximum of about 10 MeV lose 99.99% of their kinetic energy 

via transfer of their kinetic energy to the electronic system of the target molecules 

(here: carbon monoxide and methane). This electronic energy transfer generates 

energetic electrons (&-electrons) with energies of a few keY, also, the electronic linear 

energy transfer (LET) of MeV protons to the ice target holds a similar value as the 5 

keY electrons utilized in the present experiments, i.e. a few keY I.IllIl (Johnson 1990; 

Bennett et al 2004). Therefore, our labomtory experiments mimic the formation of 

acetaldehyde in carbon monoxide-methane neighboring complexes via charged 

particles through electronic energy loss processes in interstellar ices as condensed on 

gmins in molecular clouds at 10K. Once the cold cloud passes through the hot 

molecular core stage, the elevated temperatures can cause the newly formed 
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acetaldehyde molecules to sublime whereby they are detected in the gas phase via 

radio telescopes. 

3.2.2. Temperature Conditions 

Since our primary goal is to untangle the formation of acetaldehyde in ices deep 

inside molecular clouds and the sublimation of the icy component in the hot 

molecular core stage, the irradiation experiments have to be carried out at 10K. This 

temperature is representative for ices condensed on interstellar grain material (Tielens 

& Allamandola 1987). The hot core phase is simulated by simply warming up the 

target after the irradiation and monitoring the newly formed species on line and in 

situ, c.f. section 3. Note that if ices sublime close to the embedded young stellar 

object, the subliming mQlecules may also be photolyzed (Stallber et al. 2004). In the 

present simulation experiments, the destruction of the subliming molecules by 

photons is not considered, but will be simulated in future experiments via photolysis 

of the ices during the warming up phase. Therefore, the extracted formation rates of 

acetaldehyde present upper limits (due to destruction processes in the gas phase) once 

the sublimation process is engaged in hot cores. 

3.2.3. Chemical Composition 

It is important to elucidate the possible mechanisms as to how acetaldehyde might 

be formed inside interstellar ices via electronic energy transfer processes. Synthetic 
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Figure 3.1: Retrosynthetic approach on the fonnation of acetaldehyde in extraterrestria ices, which 
details that acetaldehyde can be formed by the recombination of the radical pairs in boxes 1)., and 3; 
these in turn can be formed by the recombination of the species shown in boxes 1.1-3,2.1-2, and 3.1-2, 
which can be formed from a bond cleavage of the initial reactants RI-R4 

routes are derived combining concepts of suprathenna1 chemistry (Roessler 1992; 

Kaiser 2002) together with a classical rettosynthetic approach. This will ultimately 

identify those molecules as potential precursors to the acetaldehyde molecule and 
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guide the selection of ice mixtures in our simulation experiments. Figure 3.1 compiles 

the retrosynthetic approach comprehensively. Acetaldehyde holds three non

equivalent single bonds ( (J bonds) which can be cleaved homolytica1ly (both species 

retain one of the electron pair previously involved in the chemical bond) to yield the 

H + CH2CHO (I), CH3 + CHO (2), and CH3CO + H (3) radical pairs (electronic 

states are omitted for clarity). Forma1ly, the polyatomic radicals can undergo a second 

homolytic bond rupture to form H+H+HCCHO (1.1), H+H+H2CCO (1.2J3.1.), 

H+CH2+HCO (1.3/2.1), and H+CH3+CO (2.2., 3.2.). The resulting atoms and radicals 

can recombine to yield four reactive systems which can essentially form acetsldehyde 

in interstellar ices: H2IHCCHO (RI), H21H2CCO (R2), CH~2CO (R3), and CH,JCO 

(R4). 

To actually design realistic simulation experiments, we have to compare these 

reactants with those molecules actua1ly observed in interstellar ices. If one of the 

reactsnts has not been observed on icy grains, this system can be flliminated from 

being studied. Most importantly, the HCCHO molecule presents a reactive carbene 

which has neither been detected in the gas phase nor in the solid state. Note that the 

carbene could undergo a [1,2]-hydrogen migration to yield the ketene molecule 

H2CCO; the latter presents also a necessary reactant in R2, but has only been 

observed in the gaseous interstellar medium. Likewise, the carbene diradiCal in R3 

has not been detected in interstellar ices; therefore, R3 likely plays no role in the 

synthesis of acetaldehyde. Note, however, that supratherma1 carbene species can be 

generated inside methane-containing ices via nuclear interaction through inelastic 
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energy transfer from a cosmic ray particle to the C14 molecule (Kaiser & Roessler 

1998). This possibility will be investigated in a forthcoming paper dealing exclusively 

with nuclear energy transfer processes. 

Based on these considerations, R4 presents the only system whose reactants were 

observed in interstellar ices. Carbon monoxide has been identified in polar and apolar 

ice matrices towards quiescent dark clouds (Elias 16), YSOs of low-mass (Elias 29), 

intennediate-mass (AFGL 989 for example) and high-mass (Orion BN, W33A, 

AFGL 7009S for example); typically abundances from 3-30% (relative to water) are 

fOlmd (Tielens et aI. 1991; EhrenfreWld et aI. 1996; Schutte 1999; Gibb et aI. 2000; 

Gibb et aI 2004). Likewise, methane has aIso been identified in such regions, where 

abWldanCes of 1-6% are commonly fOWld (Sandford et aI. 1988; Boogert et aI. 1996; 

Boogert et aI. 1997; EhrenfreWld et aI. 1997; Boogert et aI. 1998; Gibb et aI. 2000; 

Keane et aI. 2001; Gibb et aI 2004). It should however be noted that the majority 

(>70%) of the carbon monoxide detected is associated with being in an outer apolar 

layer, which is suspected to be comprised mostly of CO, N2 and ~, thus we would 

not expect to find methane as a neighboring molecule to this fraction of the carbon 

monoxide detected, typically the polar abWldance is closer to 2-10 % (Schutte 2002). 

However, even if carbon monoxide and methane may not be initially condensed onto 

a grain in proximity to one another as they are both irradiation products from 

methanol we can still expect neighboring carbon monoxide and methane molecules to 

occur within interstellar ices (Baratta, Leto & PaIumbo 2002). Note that both carbon 

monoxide (2-23 %) and methane (I %) have also been assigned in cometary ices 
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(Crovisier et aI. 1998; Biver et aI. 2002). Based on these considerations, we selected 

CO/~ mixtures to test the hypothesis if acetaldehyde can be fonned in interstellar 

ices via the reaction sequences as outlined in Figure 3.2. Again, we would like to 

stress that no ices which contain solely carbon monoxide and methane has been 

identified so far. The choice of this ice mixture mimics rather neighboring CO-C14 

molecules in astrophysical ices to address specific mechanisms on a high energy 

induced fonnation of acetaldehyde in astrophysical ices. 
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Figure 3.2: Proposed possible pathways to form acetaldehyde in carbon monoxide • methane ice 
mixtures via initial bond rupture of the methane molecule initiated by electronic energy transfer 
processes from the impinging energetic electron and two subsequent reaction channels to form the 
acetaldehyde molecule via reaction of either the radical (a) or atom (b) to the carbon monoxide 
molecule followed by barrier less recombination of the remaining radical or atom; electronic states are 
omitted for clarity 

3.3. Experimental Approach 

The simulation experiments were carried out in a contamination-free ultrahigh 

vacuum (UHV) chamber, the top view of this machine is outlined in Figure 3.3. This 

setup consists of a 15 1 cylindrical stainless steel chamber of 250 mm diameter and 

300 mm height which can be evacuated down to 8 x 10-11 Torr by a magnetically 

suspended turbopwnp backed by an oil-free scroll pwnp. A two stage closed cycle 

helium refrigerator - interfaced to a differentially pwnped rotary feedthrough - is 
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faraday cup 

ion gauge 

10 gas mixing chamber 

Figure 3.3: Top view of the experimental setup. The cooled silver mirror target (10 K) is rotated to 
face a glass capillary array attached to the linear transfer mechanism, which is extended to within Smm 
of the target and the CO:CIi, mixture is deposited via a precision leak valve. Then the target is rotated, 
and aligned via the fTIR to a reflection angle of7S·, where it remains throughout the irradiation from 
the electron gun and during the wann-up process so newly formed species can be detected. Species 
subliming into the gas-phase are monitored throughout via the mass SpectlOIDeter. 

attached to the lid of the machine and holds a polished silver mono crystal. This 

crystal is cooled to 10.4 ± 0.3 K, and serves as a substrate for the ice condensate, and 

conducts the heat generated from the impinging electrons to the cold head. To 

minimize the radiative heat transfer from the chamber walls to the target, a 40 K 

aluminum radiation shield is connected to the second stage of the cold head and 
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surrounds the crystal. The ice condensation is assisted by a precision leak valve. The 

latter is connected to a gas reservoir and rests on a linear transfer mechanism; during 

the actual gas condensation, the deposition system can be moved 5 mm in front of the 

silver target. This setup guarantees a reproduct1>le thickness and composition of the 

frosts. To allow a selection of the target temperature, a temperature sensor, a 50 n 

cartridge heater, and a programmable controller are interfaced to the target. 

Table 3.1: Infrared absorptions of the carbon monoxide - methane frost at 10K (6: 1); and assignment 
of the observed bands according to Kaiser et al. 1998 (CH..), Sandford et al. 1988, Zou & Varanasi 
2002, and A1sindi et al. 2003 (CO 
band sition, em"' )J.1ll 

2906 (3.44) 
1529 (6.54) 

3003 (3.33), 3018 (3.31) 
1295 (7.72), 1308 (7.65) 

2595 (3.85) 
3849 (2.60) 
2817 (3.55) 
4118 (2.43) 
4203 (2.38) 
4301 (2.33) 
4529 (2.21) 
2142 (4.67) 

2090 (4.79), 2086sh (4.79) 

4247 (2.36) 

assignment 
v,(~) 
V2(~) 
V3(~) 
V4(~) 
2V4(~) 
3V4(~) 
V2+V4(~) 
v2+2v4(~) 
V,+V4(~) 
V3+V4(~) 
V2+V3(~) 

VI (CO? (apolar) 
VI ( 3CO) 

2 VI (CO) 

characterization 
symmetric stretch 

degenerate deformation 
degenerate stretch 

degenerate deformation 
overtone 
overtone 

combination 
combination 
combination 
combination 
combination 
C-O stretch 

isotope peak, [I3CO-~] 
complex 
overtone 

The CO-~ ices were prepared at 10 K by depositing premixed gases onto a 

cooled silver crystal. Blank checks of the pure gases (~: 99.99 %; CO: 99.99 % 

The Specialty Gas Group) via a quadrupole mass spectrometer and of the frosts via a 

Fourier transform infrared spectrometer showed no acetaldehyde cODtamination in the 

samples. Table 3.1 compiles the absorptions present in the methane-carbon monoxide 

mixture. To determine the ice composition quantitatively, we integrated numerous 
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absorption features and calculated the column density, i.e. the numbers of absorbing 

molecules per em2 inside the ice, via a modified Lambert-Beer relationship (Bennett 

et al 2004). For carbon monoxide we used the 13CO isotope peak to quantify the 

abundance (multiplied by (100/1.1) to get the total CO thickness), which was 

comprised not only of the fundamental band appearing at 2090 em,l, but also a 

shoulder feature at 2086 em,l (ratio of the areas - 6:1) which was attributed to the 

formation of a CO-Cl4 complex, similar to that observed in thin films of CO:Cl4 as 

observed by Alsindi et al. (2003). For methane, we chose to use the weaker bands 

absorbing at 3849 em,l (3V4 overtone band) and 4203 em,l (VI + V4 combination band). 

The integrated absorption features, the corresponding integral absorption coefficients, 

and the column densities are summarized in Table 3.2. These data suggest a carbon 

monoxide rich ice and a CO-Cl4 ratio of 6: 1 with column densities of 2.9 x 1018 and 

5.2 x 1017 em,2, respectively. Considering a density of 0.53 g em,3 (Cl4 ice; Wyckoff 

1965) and of 1.03 g em,3 (CO ice; Krupskii et al. 1973) at 10K, this translates into a 

thickness of 0.26 ± 0.02 IJlD. methane and of 1.31 ± 0.05 IJlD. carbon monoxide ices 

(giving an estimated total ice thickness of 1.57 ± 0.05 1JlD.). 

These ices were irradiated isothermally at 10K with 5 ke V electrons generated in 

an electron gun (Specs EQ-22135) at beam currents of 100 nA (30 min) by scanning 

the electron beam over an area of 3.0 ± 0.4 em2
• Accounting for irradiation times as 

indicated in parenthesis and the extraction efficiency of 78.8 % of the generated 

electrons, this exposes the target to 8.8x1014 electrons. Higher beam currents should 

be avoided to rule out overlapping cascades and to limit the temperature increase of 
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Table 3.2: Integral absotption coefficients, A, utilized to determine the column densities, n (molecules 
em·'), of methane and carbon .monoxide, the integTated peak area of the absotptions in our experiments 
(em·'), and the estimated target thickness of the carbon monoxide and methane ices, d ()lm). Integral 
absorption coefficients were taken from Kai_ et a1. 1998 (methane) and Gerakines et a1. 1995 (carbon 
monoxide) - Note the "CO peak is multiplied by (IOO/I.I? to get the total CO thickness 

eaklimits peak area, A, em molecule· n, molecules cm-2 d,/llll p , 
em-I em-I 

4226-4180 2.909 1.6 x 10-18 5.42 X 1017 0.27 
3859-3841 0.328 2.0 x 10-19 4.89 X 1017 0.25 
2096-2072 1.395 1.3 x 10-17 2.91 X 1018 1.31 

the frost surface to less than 1 K.. After the actual irradiation, the sample was kept 

isothermal at 10 K for 60 min and heated then by 0.5 K min-I to 273 K.. We utilized 

the CASINO code (Drouin et al. 2001) to simulate the electron trajectories within the 

ice, with input parameters defined by our previously determined CO:CH4 ratio. The 

results give a distribution maximum at a penetration depth of 620 om, therefore 

exposing our sample to an average dose of 1.1 ± 0.2 eV per molecule and giving us 

an average LET of8 keY /llll-i. 

To guarantee an identification of the reaction products in the ices and those 

subliming into the gas phase on line and in situ, two detection schemes are incorpo-

rated: i) a Fourier transform infrared spectrometer (FTIR), and ii) a quadrupole mass 

spectrometer (QMS). The chemical modifications of the ice targets are monitored 

during the experiments to extract time-dependent concentration profiles and hence 

production rates of newly formed molecules and radicals in the solid state. The latter 

is sampled via a Nicolet 510 DX FTIR spectrometer (6000 - 500 em-I) operating in an 

absorption-reflection-absorption mode (reflection angle a = 75°; Figure 3), each 

spectra comprising of 282 scans operating at a resolution of 2 em-I. The infrared 

beam is coupled via a mirror flipper outside the spectrometer, passes through a 
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differentially pumped potassium bromide (KBr) window, is attenuated in the ice 

sample prior and after reflection at a polished silver wafer, and exits the main 

chamber through a second differentially pumped KBr window before being 

monitored via a liquid nitrogen cooled detector (mercury-cadmium-telluride detector 

type B (MCTB». Compared to room temperature DTGS (deuterated-triglycine

sulfate) detectors and a data accumulation in transmission mode, two effects enhance 

the sensitivity of this detection scheme by almost two orders of magnitude. These are: 

i) the low background noise level of our liquid nitrogen cooled detector by a factor of 

10 compared to room temperature detectors and ti) the operation of the spectrometer 

in absorption-reflection-absorption rather than in transmission by a factor off = 2Icos 

(l "" 8; the factor 2 accounts that the beam passes the sample twice (incoming and 

outgoing beam). The gas phase is monitored by a quadrupole mass spectrometer 

(Balzer QMG 420; 1-200 amu mass range) with electron impact ionization of the 

neutral molecules in the residual gas analyzer mode at electron energies of 90 eV. 

3.4. Electronic Structure Calculations 

We have examined the C2140 potential energy surface of the reaction of methane 

(04) with carbon monoxide (CO) in the gas phase in terms of ab initio molecular 

orbits! methods. In this paper, we focus on the initial carbon-hydrogen bond cleavage 

of the methane molecule and the successive reaction of the fragments, i.e. the 

potential energy surfaces of HeSla) + CO(XIl1) and CH3(X2A2") + CO(XIl1). 

Although the reaction pathways of HeSla) + CO(XIl1) ~ HCO(X2A') and 
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CH3(X2A2") + CO(Xll:') ~ CH3CO(X2A') have been studied extensively in 

previous papers (c.f. our discussion), we also explored the formation pathways of the 

corresponding HOC and CHlOC isomers. We employed the hybrid density functional 

B3LYP method (Lee, Yang & Parr 1988; Becke 1993) with the 6-311G(d,p) basis 

functions in order to optimize the molecular structures at the energy minima and 

transition states. The relative energies were refined by using the coupled cluster 

CCSD(T) method (Purvis & Bartlett 1982; Raghavachari et al. 1989) with the aug-cc

pVTZ basis functions (Dunning 1989) at the structures obtained by the B3LYP 

method. All relative energies were corrected by the zero-point vibrational energies 

calculated with the B3L yP method without scaling. We will use the CCSD(T) values 

for the discussion of energetics in this paper, as they correlate more accurately to the 

experimental results. All calculations were carried out with the GAUSSIAN 98 

program package (Frisch et al. 2001). In order to analyze the infrared spectra for the 

species obtained by the present experiments, we have calculated the vibmtional 

frequencies and infrared intensities for the structures obtained with the B3L YP/6-

311G(d,p) method (Appendix Table AI). Comparison of the experimental data with 

the theoretical calculations of the vibrational frequencies suggests a scaling factor of 

0.98 should be applied. The accuracy of the infrared intensities is accurate within 

20% at this level of theory (Galabov et al. 2002). 
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3.5. Results 

3.5.1. Computational Results 

Figure 3.4 shows the potential energy surfaces and optimized geometries at the 

stationary points (all energies given are relative to the initial reactants) of the HeSI/2) 

+ CO(XIr) --> HCO(X2A')IHOC(X2A') in the top left of the figure, CH3(X2A2") + 

CO(Xlr) --> CH3CO(X2A')/CH30C(X2A') in the top right, and finally for the 

complete CH3CHO(XIA') --> C14(XIAI) + CO(Xlr) at the bottom - uote the 

relative energies are uot altered whether the reaction proceeds forwards or backwards. 

In order to demonstrate how these potential energy surfaces can give us detailed 

insights into the expected formation routes in our experiment, recall our proposed 

synthesis of acetaldehyde (see Figure 3.2) is based initially upon the cleavage of a 

carbon-hydrogen bond in the methane molecule. Since energy barriers tend to be 

underestimated with the B3L yP method, the relative energies that should be used for 

the discussion of energetics in this system are the values obtained with the CCSD(T) 

method which are shown in parentheses in Figure 3.4, and also listed in Table 3.3. 

The electronic structure. calculations indicate that the initial carbon-hydrogen bond 

cleavage of the methane molecule is eudoergic by 427 kJ morl (bear in mind Cf4 + 

CO lies 27 kJ morl below acetaldehyde in the diagram), which is in good agreement 

with an experimental value of 454 kJ morl. We must now turn to the fate of the 

radicals produced and how they msy subsequently react with carbon monoxide, 

specifically the reactions of HeSII2) + CO(XI!:") and CH3(X2 A2") + CO(XI!:") to 

form HCO(X2A'), HOC(X2A'), CH3CO (X2A,), and CH30C(X2A'). All four 
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reactions have entrance barriers of the hydrogen atom or methyl radical attack to 

carbon monoxide. The calculated energies with the B3YLP and CCSD(T) methods 

and the enthalpies obtained with the 02 (Curtiss et al. 1991) and 03 (Curtiss et al. 

1998) methods are compared with the experimental heat of formations in Table 3.3. 

All theoretical values are in good agreement with the experimental data, although the 

experimental values cited from Smith et al. (1991) differ slightly from those data as 

obtained from the NIST web site (http://webbook.nist.gov/chemistryl). 

Table 3.3: Experimental and theoretical values of reaction enthalpies (kJ morl
). 

reaction exptla exptl B3LYP CCSD(T) 02 G3 

H+CO-+HCO -58 -64 -80 -60 -61 -63 
H+CO-+HOC 97 111 117 114 
CH3 + CO -+ CH3CO -51 -47 -48 -36 -41 -39 
CH3 + CO -+ CH30C 185 194 194 197 
CH3 + HCO -+ -348 -360 -325 -340 -357 -347 
CH3CO + H -+ -355 -377 -356 -364 -378 -372 
CH3 + H + CO -+ -406 -439 -405 -400 -418 -410 
CH3CHO -+ C14 + -26 -15 -23 -27 -25 -23 
• Reference from Smith et aJ. 1991. Note that at T=OK, reaction energies and enthaJpies are identical 
"Taken from N1ST database: http://webbook.nist.gov/chemistry/ 

We have calculated an energy barrier of 11.2 kJ morl and a heat of formation of -

59.5 kTmorl for the reaction of HeSII2) + CO(Xlr+) -+ HCO(X2A'), the reverse 

reaction being the barrier of hydrogen elimination from HCOpc2 A') is therefore 

calculated to be 70.7 kJ mOrl. Keller et al. (1996), Woon (1996), and Jursic (1998) 

studied this system extensively and reported that the best estimated theoretical values 

of the energy barrier and the heat of the reaction are 10.5 and -59.8 kJ morl, 

respectively. The corresponding experimental values are 8.3 ± 1.7 (Wang, Eyre & 

Dorfman 1973) and -58.6 kJ morl (Werner et al. 1995), respectively. The heat of 
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formation calculated from the values of the NISTweb site gives --64 kJ morl for the 

same reaction, which is slightly larger than the values mentioned above. The 

formation of the HOC(X2 A') radical is calculated to be 111 kJ morl endoergic and 

has a barrier (TS2) of 139 kJ mOrl. While the energy barrier of hydrogen elimination 

(TS2) from HOC(X2 A') is calculated to be 28 kJ mOrl. 

For the reaction of CH3(X2A2") + CO(Xlr) -+ CH3CO(X2A'), we calculate an 

energy barrier of 38 kJ morl and a heat of formation of -36 kJ mOrl. The reverse of 

this process is the dissociation of the CH3CO(X2 A') species as observed as one of the 

secondary decomposition products observed in the photodissociation of acetyl 

derivates (North, Blank & Lee 1994; Kurosaki & Yokoyama 2003). Our computed 

value of the barrier involved in the decomposition of CH3CO(X2 A') of 74 kJmorl 

agrees very welI with a recent experimeIrtal value of 71 kJmorl (North, Blank & Lee 

1994). The potential energy surface for this reaction has also been extensively studied 

(Yadav & Goddard 1986; Belbruno 1997; Mordaunt et al. 1998); in comparison of 

our calculated value of -36 kJ morl for the heat of formation with a recent theoretical 

CASSCF calculation by Diau et al .. (2002), a value of -58 kJmorl is given. This 

value, however, seems to be overestimated and the heat of formation from the NIST 

database gives -47.2 kJ morl, although our CCSD(T) value of -36 kJ morl might be 

too sma1l compared to the experimental heat of formation, the G2 and G3 methods 

also give similar values of -41 and -39 kJ morl, respectively. Note that the barrier of 

the methyl radical addition is larger by about 27 kJmorl compared to the addition of 

the hydrogen atom to carbon monoxide. The formation of the CH30C(X2A') species 
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from the methyl radical and carbon monoxide is much more endoergic (+194 kJ mor 

I) than the formation of HOC(X2 A'), and the transition state TS4 of the C-O bond 

cleavage of the CH30C(X2 A') radical is calculated to be only 2 kJ mor l 
- the energy 

of TS4 obtained with B3LYP method becomes lower than that of CH30C(X2A') 

when we corrected the zero-point vibrational frequencies. 

This may indicate that the CH30C(X2A') radical may not lie in an energy 

minimum and if formed. would instantaneously dissociate back to the reactants, 

therefore being unlikely to be observable in our experiment, whereas the HOC(X2 A') 

radical is located at the energy minimum and should be experimentally observable. 

We have also tried to find the transition state of the isomerization from HOC(X2A') 

and CH30C(X2 A') to HCO(X2 A') and CH3CO(X2 A'), but we were unsuccessful. 

Note that with regards to the formation of acetsldehyde, both of the reactions of 

CH3(X2A2") + HCO(X2A') -+ CH3CHO(XIA') and CH3CO(X2A') + HeSII2) -+ 

CH3CHO(XIA,) were found to proceed without barrier and to be exoergic by 340 and 

364 kJ morl
, respectively; since both reactants are open shell species, this is not 

surprising. Finally, we should stress that we also found two transition states for the 

one-step reaction of methane with carbon monoxide to acetsldehyde. however - the 

transition states isolated (TSa and TSb) are very high in energy compared to the 

separated reactants. 
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3.5.2. Infrared Spectroscopy 

The analysis of the infrared spectra is carried out in three consecutive steps. First, 

we investigate the new absorptions qualitatively and assign their carriers. Hereafter. 

the temporal developments of these absorptions upon electron irradiation are 

investigated quantitatively as outlined in section 3. Finally. these data are fit to 

calculate production rates of synthesized molecules in units of molecules em"2 

(columo density). 

3.5.2.1. Qualitative AnalysIs 

As the focus of this paper is on the formation of acetaldehyde. the focus of this 

section will be on the identification of species only relevant to acetaldehyde 

formation. The effects of the electron bombardment of the binary ice mixtures are 

compiled in Figures 3.5a-f. We will also compare our experimental results with recent 

experiments carried out by Moore and Hudson (2003). whereby studies of binary ice 

mixtures of CO:CH4 mixture at ratios of 50:1 and 100:1 were irradiated with uv 

irradiation from a microwave-discharged hydrogen flow lamp and 0.8 MeV protons. 

respectively. A comparison of the unirradiated sample with the exposed ices at 10 K 

clearly identifies novel absorption features of the methyl radical (CH3(X2 A2"» at 612 

cm"! (V2(out of plane); Figure 3.5a; Table 3.4). The position of this band is in close 

concurrence to previous matrix isolation studies of the methyl radical in neon (617 

em"! (Snelson 1970». argon (603 em"! (Milligan & Jacox 1967». and nitrogen (611 
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em'l (Milligan & Jacox 1967)} samples. Moore and Hudson (2003) were able to 

identify the same feature for the methyl radical located at 619 em'l. 

We were also able to identify the formyl radical (HCO(X2A,» in all irradiated 

samples at 1853 em'l (V3(CO stretch» and 1090 em'l (v2(bending mode); Fig. Sh-c; 

Tab. 3}. Both peak positions are also in nice agreement with previous matrix studies 

depicting bands at 1863 em'l (argon; Milligan & Jacox 1969), 1858 em'l (xenon; 

Petterson et al. 1999), and 1861 em'l (carbon monoxide; Ewing et al. 1960; Milligan 

& Jacox 1964) aa well aa 1087 em·1 (argon, Milligan & Jacox 1969), and 1090 em'l 

(carbon monoxide, Ewing, Thompson & Pimentel 1960; Milligan & Jacox 1964). 

Moore and Hudson (2003) were able to assign bands at 2489, 1859, and 1090 em'l to 

the formyl radical (HCO(X2A'», however the reaction mechanisms to form these 

species waa not discussed by these authors. 

Table 3.4: New infrared absorptions of the processed carbon monoxide - methane sample and 
calculated integral absorption coefficients 

observed frequency, species aasignment A, em 
em'l moiecule'l 

612 (6.43) CH3 V2(out of plane} 1.39 x 10,17 
1853 (5.40) HCO V3(CO stretch) 1.48 x 10,17 
1090 (9.17) HCO V2(bending) 5.5 x 10,18 
1728 (5.79) CH3CHO V4(CO stretch} 2.97 x 10,17 
1351 (7.40) CH3CHO v7(CH3deformation) 4.5 x 10,18 
1123 (8.91) CH3CHO v8(CH3 deformation) 4.3 x 10,18 
1426 (7.01) CH3CHO VI2(CH3deformation) 3.6 x 10,18 

Note - AD values for a sample at 10K and after an irradiation time of30 minutes (see text for details). 

Finally, four absorptions at 1728, 1351, 1123 and 1426 em'l could be attributed to 

the V4 (CO stretching), V7 (CH3 deformation), V8 (CH3 deformation), and the VI2 (CH3 

deformation) modes of the acetaldehyde molecule (CH3CHO(XIA'» (Fig. 3.5c-f; 

91 



Tables 3.Al and 3.4). Note that the V4 band is quite sensitive to its environment; it is 

shifted to lower a wavenumber with respect to the gas phase at 1743 em-I, but to a 

higher wavenumber compared to the liquid phase at 1714 em-I (Shlmanouchi 1972). 

Moore and Hudson (2003) were also able to identify acetaldehyde at 1727, 1429, 

1349 and 1122 em-I. Hawkins and Andrews (1983) also observed acetaldehyde when 

they irradiated mixtures of Ar:03:C2~ (200:2:1) by UV irradiation from a mercury 

arc lamp. They observed acetaldehyde at 1731, 1430-1435, 1350-1354, 1121, and 774 

em-I. Recently; Shriver et al. (2004) irradiated thin films of ethylene oxide (c-C2~O) 

in rare gas matrices, as a pW"e ice, and water mixtW"es with UV irradiation from a 

microwave-discharged hydrogen flow lamp. They found that in irradiated ices of pW"e 

ethylene oxide, they observed bands at 1719, 1429, 1349, 1122, and 770 em-I which 

were attributed to acetaldehyde. In oW" experiments we also observed a peak at 759 

em-I, however, comparison of the theoretical intensities (Table 3.3) with the mtios of 

the peak areas lead us to conclude that the absorption was too strong to be associated 

solely to acetaldehyde although it could be a minor contributor. Experiments carried 

out by Jacox (1982) on the irradiation of acetaldehyde showed that the absorbance at 

765 em-I in their experiments could be attributable to the formyl methyl mdical 

(CHzCHO(X2A'». Note that we were unable to identify any absorptions of the acetyl 

mdical (CH3CO(X2A'» around 1840 em-I and in the 1330-1420 em-I region (Jacox 

1982). We were also unable to detect any absorptions which could be associated to 

either of the more unstable isomers, HOC(X2 A') and CH30C(X2 A'). 
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3.5.2.2. Quantitative Analysis 

Figures 3.6a and 3.6b depict the temporal development of the column density of 

the carbon monoxide and methane reactant molecules based on the absorption bands 

as discussed in section 3.3. Figures 3.7a-c show the temporal development of the 

methyl radical, formyl radical, and acetaldehyde products. The choice of baseline 

represents the largest source of error upon peak integration, the error bars shown in 

the figures are given as I a values. The integrated absorption coefficients used to 

quantify the column densities of the reactants are the same as those discussed in 

section 3.3 (Table 3.2). The integrated absorption coefficients used to calculate the 

column densities of the products, are listed in Tables 3.Al and 3.4; note that we will 
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Figure 3.6: Temporal development of the column density of the reactant molecules; carbon monoxide 
calculated via the integrated absorption for v,(13CO) at 2090 em'! (a), and methane calculated via the 
integrated absorption for V, + V4(CH.) at 4203 em" (b), during the experiment, the isothermaJ phase, 
and the heating period. The conesponding tempeiature profile is overlaid (dotted line). 

be using theoretical values for the intensities. Although again, there has been some 

work carried out attempting to put experimental values to the intensities of radicals, 

the values derived previously will always have a large uncertainty attributed to the 

fact the measurements are always taken indirectly as the radicals must be made in 
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situ. In the case of the fonnyl radical for example, we can refer to examples from 

Gerakines et al. (1996), whereby an assumed value for the V3 fundamental integrated 

absorption co-efficient was listed as 1.0 x 10-17 cm molecule-I, an experimental upper 

limit of2.1 x 10.17 em molecule-I has been given as an upper limit from Hudson and 

Moore (1999); therefore, our theoretical value of 1.48 x 10.17 cm molecule· I is quite 

reasonable. Acetaldehyde also has a lack of data regarding its solid state band 

strengths; values given for the V4 and V7 fundamentals listed as 1.3 x 10.17 and 1.5 x 

10-18 em molecule·l
, respectively, by Schutte et al. (1999) are traced back to Wexler 

(1967), from a study which covered aldehydes in general, but did not specifically 

mention acetaldehyde. Being a stable molecule rather than a radical, some solid state 

infonnation has been measured for a H20:CH3CHO (20:1) mixture (http://www-

691.gsfc.nasa.gov/cosmic.ice.1ab/irspectra.htm) from which a value of 6.1 x 10.18 em 

molecule-I was derived for the V7 fundamental (Moore & Hudson 1998). Thus, our 

theoretical values of 2.97 x 10-17 
(V4) and 4.5 x 10.18 (V7) em molecule· I again 

compare favorably and are more reliable than previous studies. The column densities 

of methyl radical, fonnyl radical, and acetaldehyde after irradiation of the products 

are 2.23 ± 0.38 x lOIS, 9.04 ± 1.47 x 1014
, and 8.73 ± 4.54 x 1014

, which if we 

account for the area and electron current, gives us 7.6 ± 1.5, 3.1 ± 0.6, and 3.0 ± 1.8 

species of the methyl radical, fonnyl radical and acetaldehyde, respectively, produced 

per implanted electron. 

Within the error limits, the column densities of the reactants carbon monoxide 

and methane, as well as the products, the methyl radical, fonnyl radical and 
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overlaid (dotted line) 

acetaldehyde all remain constant during the isothermal stage (with the formyl radical 

possibly being the only exception which does appear to decrease slightly during this 

time frame). Upon the initiation of the heating program however, we note an 

immediate decrease in the column densities for both the methyl radical and the formyl 

radical characteristic of their enhanced mobility and subsequent reaction 

(destruction). Carbon monoxide sublimes at around 30 K, whereas methane typically 

sublimes around 35-50 K (Alsindi et al, 2003), For the carbon monoxide, the column 

density becomes slightly erratic between 20 and 30 K whereby the shoulder feature at 
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2086 em-I appears to increase slightly; this could be due to the fact that the binding 

energy of carbon monoxide within the C~ complex (- 14 kJmorl) is higher than 

in pure carbon monoxide (-7.6 kJ morl). The presence of the reactants/products falls 

can no longer be observed spectroscopically at 30 K (formyl radical), 39 K (methyl 

radical), and 44 K (methane and carbon monoxide) whereas acetaldehyde actually 

remains observable until 180 K (not shown in figure 3.7c). 

3.5.3. Mass Spectrometry 

In comparison of the infrared observations with the mass spectrometric analysis 

of the gas phase; during the irradiation phase of the sample, only sigoal at mJe = 2 

(H2) was observed - the temporal development of the molecular hydrogen ion is 

shown in Figure 3.8. Since no CR. species except methane and the methyl radical has 

been observed in the solid state, it is likely that the molecular hydrogen is formed via 

recombination of two hydrogen atoms in the matrix. Also, we would like to 

emphasize that mJe = 2 presents the only sigoal detected with the mass spectrometer 

during the irradiation of the sample at 10 K (Figure 3.8i.). None of the CHx (x = 1-4) 

species were· found in the gas phase during the irradiation phase. This clearly 

demonstrates that mJe = 2 is not a fragment from methane molecules in the gas phase. 

The mass spectrometric data also show that after the irradiation, the matrix stores 

thermalized hydrogen atoms; these atoms diffuse upon warming the matrix and 

recombine to form molecular hydrogen. The latter is being released into the gas 

phase, atarting at temperatures of 10-11 K, which may be from molecular hydrogen 
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Figure 3.8: Temporal developments of the ion current ofmle = 2 (molecular hydrogen, solid line) and 
of mle = 43 (the C,H,O' fntgment ion of acetaldehyde, dashed line). The corresponding temperature 
profile is overlaid (dotted line). See section 3.5.3 for further details. 

already formed, but weakly bound to the surface (Figure 3.S-ii.). A larger amount of 

hydrogen is observed coming off between 12-21 K, which is likely to be from the 

recombination of the stored thermaliml hydrogen atoms within the lattice and 

subsequent sublimation (Figure 3.8-iii.), although as both the methyl, formyl and 

methane column densities are decreasing during this period a thermal reaction 

involving the release of hydrogen cannot be ruled out This result alone demonstrates 

the necessity of a sample temperature low enough - as done in the present 

experiments - to suppress the diffusion of thermaIized hydrogen atoms (10K); if the 

target temperature is too high, it is not feasible to discriminate between suprathermal 

and thermal reaction mechanisms. 
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We also probed the temporal evolution of the acetaldehyde molecule. Since 

aceta1dehyde has a mass-to-charge ratio, mJe, of 44, this pattern would overlap with 

carbon dioxide, which is also a product formed during the irradiation of carbon 

monoxide matrices (Gerakines et al. 1996; Jamieson et al. 2004). Therefore, we 

probed the acetaldehyde molecule at mJe = 43, i.e at the C2H30+ fragment ion; note 

that since neither CH3CO nor CH30C were observed spectroscopically in our 

experiment, this signal is unlikely to originate from any neutral molecule with the 

chemical formula C2H30. Again, no signal was detected during the irradiation and the 

isothermal phase. As the temperature increased to 34 K, the signal at mJe = 43 began 

to appear and increases; a maximum ion current was observed at 39 K (Figure 3.8-iv.) 

-note that it is now coming offwith the bulk of the rest of the ice lattice. 

3.6. Discussion 

Our data suggest that the initial step in the formation of acetaldehyde is the 

cleavage of the carbon-hydrogen bond of the methane molecule (reaction (1»: 

~(XIAl) ~ CH3(X2A2") + HeSla) (1) 

The experimental enthalpy for this reaction is that it is endoergic (energetically 

unfavorable) by 439 kJmorl (4.5 eV). Our experiment indicates that each electron 

generates 28 ± 18 methyl radicals within the ice (section 3.5.2.2.); therefore, an 

energy transfer of 126 eY per implant are necessary to account for the 

spectroscopically observed column density of the methyl radical. Since the electron is 

being absorbed in our sample, 5 keY are available; this means that about 2.5 % of the 
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kinetic energy of each impinging electron is used to generate reactive methyl radicals 

and hydrogen atoms via equation (1). This calculation assumes all the methyl radicals 

are formed in their vibrational ground states; also, the hydrogen atoms have no excess 

translational energy. However, to escape the matrix cage, each hydrogen atom must 

have at least 0.5 eV excess kinetic; if its kinetic energy is less than the lattice bonding 

energy, the hydrogen atom will react back with the methyl radical to regenerate a 

methane molecule. To fit the experimentally obtained methane column density, we 

assumed that the methane molecule 'decays' first order upon electron bombardment 

similar to a radioactive decay. Therefore, a velocity law of equation (2) was utilized 

to fit the column density of the methane molecule during the irradiation phase via 

equation (3). In a similar manner, the column density of carbon monoxide follows 

equation (4): 

- d[Cl4]/dt = k.' x [CHi] 

[Cl4](t) = [CH!](t=O) ekl' 

[CO](t) = [CO](t=O) ek
" 

(2) 

(3) 

(4) 

The best fit of the methane profile yields with [Cl4](t=O) = 5.46 ± 0.04 x 10.7 cm·2 

and k. = 8.35 ± 6.81 x 10-6 s'·. It is actually very difficult to fit the decay of the 

carbon monoxide column density, simply because our experimental conditions were 

chosen so that less than 1 % of the species were destroyed by the electrons. Thus 

condition guarantees non-overlapping cascades and trajectories which do not happen 

in the interstellar medium. Here, we find that [CO](t=O) = 2.93 ± 0.02 x 10.8 cm·2; the 

k2 constant has - due to the reasons descn'bed above -large uncertainties and is in the 

order of a few 10-6 s'· . 
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But what is the fate of the generated hydrogen atoms and methyl radicals? We 

were able to fit the temporal evolution of the methyl and formyl radicals as well as of 

the acetaldehyde molecule with the following scenario (Figure 3.9). Considering a 

[CO-C14] van-der-Waals complex in the solid, the carbon-hydrogen bond cleavage 

releases a hydrogen atom to form a methyl radical and a hydrogen atom in the matrix 

cage: 

(5) 

Due to energy and angular momentum conservation, the hydrogen atom holds an 

excess kinetic energy (suprathermal hydrogen atoms) which can be either utilized to 

escape from the matrix cage or to overcome the barrier to add to the carbon monoxide 

molecule (11 kJmor l (0.12 eV) forming the formyl radical within the matrix cage. 

[CO(XI~ ... HeSII2) ... CH3(X2A2")] ~ [HCO(X2A·) ...... CH3(X2A2")] (6) 

This mechanism would be first order with respect to the appearances of the methyl 

and the formyl radicals, respectively. In addition, we would expect a methyl mdical to 

formyl radical mtio of 1:1 if each released hydrogen atom reacted with a carbon 

monoxide molecule to the formyl radical species. Therefore, we utilized equations (7) 

and (8) as derived from first-order mte laws to fit the columo densities of i). the 

methyl radical and ii), the pseudo first order mte law of the formyl radical with the 

mte constants of the formation of the formyl and methyl radicals. k3' and 14'. 

respectively: 

[CH3](t) = a(l-e-k,t) 

[HCO](t) =b(l-e-k,,) 

100 

(7) 

(8) 



This procedure yields rate constants ofk3 = 1.75 ± 0.28 x 10.3 S·I and ~ = 3.80 ± 0.60 

. x lO,3 S,I as well as a and b values of 2.33 ± 0.14 x 1015 cm,2 and 9.05 ± 0.31 x 1014 

cm,2. respectively. It is important to stress that the rate constants to form the formyl 

radical is larger than the generation of the methyl radical (Fig, 3.9a-b). This is 

indicative of a reaction of suprathermal hydrogen atoms (which are not in thermal 

equih'brium with the surrounding 10 K matrix) released and reaction via equations (5) 

and (6). However. it should be noted that we are generating more methyl radicals than 

formyl radicals; comparison of the a and b values suggests that as t~. only about 

39 % of the suprathermal hydrogen atoms formed from the destruction of methane go 

on to form formyl radicals. This leads to the conclusion that not every suprathermal 

hydrogen atom reacts with a neighboring carbon monoxide molecule within the 

matrix cage to form the formyl radical species; for example. it can escape the matrix 

cage. thermalizes. and/or reacts with a second hydrogen atom to form molecular 

hydrogen via equation (9): 

(9) 

These considerations help to understand the experimental observation of the methyl 

and formyl radicals as well as of the molecular hydrogen as detected via the 

quadrupole mass spectrometer. However. how can this model account for the 

synthesis of acetaldehyde? We have to keep in mind that the methyl radical and the 

formyl radial do not diffuse at 10K. Therefore. the barrier-less recombination of 

formyl and methyl can only be between neighboring radical species generated in a 

matrix cage via reaction (10): 

[HCO(X2A·) ...... CH3(X2A2")] ~ CH3CHO(XIA') (10) 
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If the rate constant for reaction (10) is much faster than those as derived from the 

synthesis of the methyl and formyl radicals, the temporal evolution of acetaldehyde 

can be also fit with a pseudo-first order reaction (11): 

[CH3CHO](t) = c(I-e-kst ) (11) 

This mechanism requires that each methyl and formyl radical reactions via equations 

(5 & 6) have the appropriate geometry in the matrix cage which allows both radical 

centers to recombine. If the geometry criterion is not fulfilled, the reaction stops with 

equation (6), and a formation of acetaldehyde cannot take place. Utilizing equation 

(11) to fit the experimental data (Figure 3.9c) yields ks = 5.36 ± 2.28 x 104 
S·I and c = 

1.41 ± 0.42 x lOiS cm-2• 

Recall that the overall reaction energy to form acetaldehyde from the methane and 

carbon monoxide reactants is experimentally determined to be to be endoergic by 

about 15 kJ morl (Table 3.3). Therefore, thermal reactants cannot form acetaldehyde 

in the low temperature ices as present on interstellar grains and in om solar system. 

An external energy source such as energetic cosmic ray particles triggering Ii 

electrons is clearly required to compensate for the endoergicity of the reaction and to 

generate suprathermal hydrogen atoms which can overcome the barrier for addition to 

the carbon-oxygen triple bond of the carbon monoxide molecule. These 

considerations underline the role of non-equilibrium (suprathermal) chemistry in the 

formation of organic molecules in extraterrestrial ices. 
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Figure 3.9: 'The column densities and fits of the methyl metical at 612 cni' (a), the funnyl metical 
averaged from peaks at 1090 and 1853 em-I (b), and the acetaldehyde molecule at 1728 em-I (c) during 
irradiation using equations (7), (8), and (II) respectively 

Finally, we would like to address briefly the failed detectionlfonnation of the 

reaction of a hydrogen atom with the carbon monoxide molecule, the fonnation of the 

formyl radical, HCO(X2 A') is exoergic and requires passing a lower entrance barrier 

of only 11 kJmorl compared to 139 kJ morl for the production of the isoformyl 

species, HOC(X2A') (Figure 3-4). Therefore, our data suggest that suprathermaI 

hydrogen atoms can easily pass TSl, but not TS2. This could put an upper limit of the 

energies of the suprathermaI hydrogen atoms to less than 1.4 eV (139 kJ morl
). The 

enhanced reactivity of the carbon center is due to the fact that the lowest unoccupied 
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molecular orbital (LUMO) of the carbon monoxide molecule - with which the Is 

orbital of the reacting hydrogen atom overlaps - has a larger overlap integral 

coefficient with the wavefimction at the carbon atom compared to the oxygen atom 

This would explain the formation of the formyl radical instead of the isoformyl 

species. Likewise, the barriers involved in the formation of CH3COpc2A') and 

CH30C(X2A') are located higher in energy than TSI. This situation becomes even 

more interesting as the methyl radical has actually no excess kinetic energy to 

overcome the barrier (the methyl radicals cannot diffuse in 10 K ices). After the 

initial carbon-hydrogen bond rupture they can be formed with an excess vibrational 

energy. Since however, both the formation of HCO(X2A,) and CH3CO(X2A') is 

exothermic and both transition states TSI and TS3 are 'early' (reactant like), kinetic 

energy (such as from the supratherma1 hydrogen atom) is much more effective to 

overcome any barrier than vibrational excitation (such as the methyl radical) (Levine 

& Bernstein 1987). In addition, the vibrational excitation can be coupled with the 

smrounding matrix and generate phonons, thus thennalizing the initially formed non

equilibrium vibration population of the methyl radicals. Therefore, the dynamics and 

kinetics of the reaction favor the addition of the hydrogen atom to the carbon 

monoxide molecule followed by a barrier-less recombination with the methyl radical 

in the matrix cage; a dominating route through any CH3CO(X2 A') can likely be ruled 

out similarly to the one-step pathway via TSa and TSb (Figure 3.4). 
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3.7. Astrophysical ImpHcations 

Our combined experimental and theoretical studies provided detailed data on the 

formation of acetaldehyde in interstellar ices. The specific identification of 

acetaldehyde in low temperature (10 K) carbon monoxide - methane ices suggested 

that cosmic particle generated &-electrons can initiate a carbon-hydrogen bond rupture 

process in the methane molecule, Cl4(Xl AI), to form a methyl radical, CH3(X2 A2 "), 

and a hydrogen atom. The latter holds an excess kinetic energy and therefore is not in 

thermal equilibrium with the surrounding 1 0 K matrix; the excess kinetic energy can 

be imparted into the transition state of the addition of a hydrogen atom to the carbon 

monoxide molecule to give the formyl radical, HCO(X2 A'). If the formyl and the 

methyl radical have the correct orientation, both species can undergo a barrier-less 

radical-radical recombination within the matrix cage to synthesize the acetaldehyde 

molecule, CH3CHO(X1A'). The overall reaction to form acetaldehyde from the 

reactants is endoergic by 15 kJ morl
; this emphasizes the crucial role of non

equilibrium chemistry and the involvement of suprathermal hydrogen atoms. Once 

acetaldehyde has been generated on ice-coated grains in cold molecular clouds, those 

molecules can sublime as soon as the cloud reaches the hot molecular core stage. 

These studies can account for the 'missing' source of acetaldehyde in star forming 

regions such as Sgr B2, which have high fractional abundances of acetaldehyde of a 

few 10"9 (Nurumelin et al. 1998; Ikeds et al 2001; Chengalur & Kanekar 2003; 

Charnley 2004) compared to abundances of only some 10"10 in the cold cloud TMC-l, 

where solely gas phase reactions are supposed to form acetaldehyde. Our 
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investigations also suggest that acetaldehyde might be indeed the carrier of the 1348 

em,l (7.414 J.Ull; (CH defonnation mode» band observed towards interstellar ices as 

surveyed by Gibb et al. (2004), where abundances of - 9% (relative to water) have 

been reported for the high-mass Y80s W33A and AFGL 70098, as well as a 

detectable presence of the band in 12 of the 23 sources surveyed. It is also quite 

credible that the same synthetic route could help explain the fonnation of 

acetaldehyde at 0.025% abundance (relative to water) in comet Cl1995 01 (Hale

Bopp) detected by Crovisier et al. (2004). 

The present work is a first step to understand the fonnation of acetaldehyde 

systematically. Future laboratory experiments should investigate the effects how 

water additives - the domjnating component of interstellar and cometary ices - will 

influence the reaction mechanism. First, we could expect a dilution of the reaction 

centers; however, in order to form acetaldehyde, the conclusions drawn in the present 

paper are still correct, i.e. that we need neighboring carbon monoxide - methane 

molecules to form the acetaldehyde via the recombination of the methyl with the 

formyl radical. 80 it would be also important to investigate spectroscopically to what 

extent methane - carbon monoxide complexes remain in water dominated ices. 

Finally, the water matrix can also influence the phonon coupling of the internally 

excited acetaldehyde molecule. This has to be investigated in future experiments, too. 
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3.9. Appendix 

In order to correctly identify and quantify the new species produced during our 

experiment via infrared spectroscopy, it is necessary to carry out theoretical electronic 

structure calculations to give us infonnation about the frequencies where these 

molecules will appear (given in em-I, and 1=), and how strong these absorptions 

should be (em molecule-\ Although some infonnation already exists regarding some 

of these data (both theoretical and experimental), it is prudent to use frequencies and 

intensities all derived from the same level of theory to avoid unnecessary 

119 



complications and errors which may arise from combining the assortment of 

information already available. The vibrational frequencies and infrared intensities 

shown here were calculated from structures obtained from using the hybrid density 

functional B3LYP method (Lee, Yang & Parr 1988; Becke 1993) with the 6-

311 G( d,p) basis functions. The scaling factor of 0.98 is an average value derived from 

comparison of the calculated vibrational frequencies to the experimental frequencies 

(where available). and is consistent for this level of theory. The accuracy of the 

infrared intensities is accurate within 20% at this level of theory (Galabov et al. 

2002). 
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Table l.At: Calculated vibrational frequencies (em· l
) and integral absorption coefficients. A (em . 

molecule·I). of reactants, potential intermediates. products, various transition states (see Figure 4). and 
expected molecules produced from the destruction of acetaldehyde calculated with the B3L VP/6-
31IG(d,p) method The frequencies have been scaled hya fuctorofO.98 (see text for details). 

characterization 
band position, em·1 

A, em molecule·1 
~~) 

CO(XI~ 

VI~ stretching 2176 (4.60) 1.26 x 10.17 

~(XIAI) 
VI (al) CH stretching 2965 (3.37) 0 
v2(e) bending 1530 (6.54) 1.66 x 10.19 

V3(t) CH stretching 3068 (3.26) 4.65 x 10.18 

V4(t} bending 1315 (7.60) 2.82 x 10.18 

CH3 (X2A2") 
VI (al') CH stretching 3042 (3.29) 0 
V2 (a2") out-of-plane 496 (20.17) 1.39 x 10.17 

Y3(e') CH stretching 3217 (3.11) 1.16 x 10.18 

V4(e~ bending 1376 (7.27) 6.64 x 10.19 

HCO (X2A') 
VI (a') CH stretching 2568 (3.90) 1.56 x 10.17 

V2(a') CO stretching 1902 (5.26) 1.48 x 10.17 

v3(a~ bending 1089 (9.19) 6.64 x 10,18 

HOC (X2A') 
VI (a') OH stretching 3200 (3.13) 1.06 x 10'17 

V2(a') CO stretching 1360 (7.35) 6.14 x 10.18 

V3(a~ bending 1108 (9.02) 1.36 x 10.17 

CH3CO (X2A') 
YI (a') ~ asymmetric stretching 3047 (3.28) 1.83 x 10,18 

Y2(a') CH3 symmetric stretching 2957 (3.38) 1.83 x 10.18 

V3(a') CO stretching 1893 (5.28) 2.51 x 10.17 

Y4(a') CH3 defoxmation 1428 (7.00) 3.65 x 10.18 

vs(a') CH3 umbrella 1326 (7.54) 2.66 x 10.18 

Y6(a') CH3rocking 1024 (9.77) 2.49 x 10.18 
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characterization 
band position, em"1 

A, cm molecule"1 
(J.tDl) 

V7 (a1 CC stretching 829 (12.06) 9"96 x 10"19 
vs(a') CCObending 458 (21.85) 8"30 x 10"19 
V9(a") CH3 asymmetric stretching 3052 (3.23) 4.98 x 10"19 

VlO(a") CH3 deformation 1425 (7.02) 2.32 x 10"IS 

VII (a") CH3 twisting 933 (10.72) 0 
VI2 (a") torsion 107 (93.62) 1.66 x 10"19 

CH3OC (X2A1 
VI (a') CH3 asymmetric stretching 3112 (3.21) 9.96 x 10"19 

V2(a') CH3 symmetric stretching 2998 (3.34) 1.99 x lO"IS 

V3(a') OC stretching, CH2 bending 1455 (6.87) 5.31 x 10"IS 

v4(a') CH3 deformation 1441 (6.94) 0 
vs(a') CH3 umbrella 1311 (7.63) 5.65 x 10"18 

v6(a1 CH3rocking 1094 (9.14) 0 
v7(a1 CH3-O stretching 570 (17.53) 3.32 x 10"19 

vs(a1 COCbending 429 (23.30) 9.96 x 10"19 

V9(a") CH3 asymmetric stretching 3117 (3.21) 1.66 x lO"IS 

vlo(a") CH3 deformation 1444 (6.93) 1.16 x 10"IS 

VII (a") CH3 twisting 1058 (9.45) 1.66 x 10"19 

VI2 (a") torsion 125 (79.72) 0 

CH3CHO (XIA') 
vl(a1 CH3 asymmetric stretching 3073 (3.25) 1.99 x 10"IS 

v2(a1 CH3 symmetric stretching 2961 (3.38) 4.98 x 10"19 

v3(a1 CH stretching 2798 (3.57) 2.41 x 10"17 

v4(a1 CO stretching 1788 (5.59) 2.97 x 10"17 

vs(a1 CH3 deformation 1431 (6.99) 3.65 x lO"IS 

v6(a') CHbending 1397 (7.16) 1.99 x 10"IS 

v7(a') CH3 umbrella 1348 (7.42) 4.48 x 10"18 
Vs (a') CH3 rocking 1103 (9.06) 4.32 x 10"18 
V9(a') C-C stretching 865 (11.56) 1.49 x 10"IS 

vlo(a1 CCObending 498 (20.09) 2.32 x lO"IS 
VII (a") CH3 asymmetric stretching 3014 (3.32) 1.66 x lO"IS 

VI2 (a") CH3 deformation 1442 (6.94) 1.99 x 10"IS 
V\3 (a") HCCH torsion 1112 (8.99) 1.66 x 10"19 

VI4 (a") CH3 twisting 761 (13.J3) 1.66 x 10.19 

VIS (a") CH3 torsion 156 (64.18) 0 
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characterization 
band position, A, em molecule' I 

em·1 (J,Un} 
TS H-CO (X2A1 

VI (a1 co stretching 2146 (4.66) 2.03 x 10.17 

v2(a1 bending 252 (39.71) 1.66 x 10.19 

V3(a~ H .... C stretching 394 (25.38) i 3.32 x 10.19 

TS H-OC (X2A1 
vI(a1 CO stretching 1799 (5.56) 7.80 x 10.18 

vi(a1 bending 972 (10.29) 2.99 x 10.18 

V3(a~ H .... O stretching 1816 (5.51) i 4.81 x 10.16 

TS CH3-CO (X2 A 1 
VI (a1 CH3 asymmetric stretching 3208 (3.12) 6.64 x 10.19 

v2(a1 CH3 symmetric stretching 3033 (3.30) 0 
v3(a1 CO stretching 2058 (4.86) 4.43 x 10.17 

v4(a1 CH3 bending 1382 (7.24) 6.64 x 10.19 

vs(a1 CH3 umbrella 804 (12.44) 5.15 x 10.18 

v6(a1 CH3roCking 501 (19.97) 0 
v7(a1 C ... CO bending 237 (42.17) 1.66 x 10.19 

V8(a~ C •.. C stretching 271 (36.84) i 8.30 x 10.19 

V9 (a") CH3 asymmetric stretching 3193 (3.13) 6.64 x 10.19 

VIO (a") CH3 defonnation 1388 (7.21) 8.30 x 10.19 

vn (a") CH3 twisting 458 (21.85) 0 
VI2 (a") torsion 15 (680.27) 0 

TS CH3-OC (X2 A 1 
V1(a~ CH3asymmetricstretchlng 3142 (3.18) 8.30 x 10.19 

V2(a~ CH3 symmetric stretching 3009 (3.32) 4.98 x 10.19 

v3(a1 DC stretching 1448 (6.90) 8.80 x 10.18 

V4(a') CH3 deformation 1429 (7.00) 1.66 x 10.18 

vs(a') CH3 umbrella 1260 (7.94) 3.15 x 10·IS 

v6(a') CH3rocking 1005 (9.95) 6.64 x 10.19 

V7(a') C ... DC bending 444 (22.53) 1.83 x 10·IS 

vs(a') CH3 ... 0 stretching 518 (19.29) i 1.99 x 10.17 

V9 (a") CH3 asymmetric stretching 3148 (3.18) 1.16 x 10.18 

VIO (a") CH3 deformation 1429 (7.00) 9.96 x 10.19 

vn (a") CH3 twisting 953 (10.50) 1.66 x 10.19 

VI2 (a") torsion 104 (96.27) 0 
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Chapter 4: Electron Irradiation Experiments on Ethylene (C~) and Carbon 
Dioxide (COz) 

This chapter is based on the published paper: Bennett. C. J.. Osamura. Y.. Lebar. M 
D .• Kfliser. R. L. Laboratory Studies on the Formation of Three C2H40 Isomers -
Acetaldehyde (CH3CHO). Ethylene Oxide (c-C2H~). and Vinyl Alcohol (CH2CHOH) 
- in Interstellar and Cometary Ices. The Astrophysical Journal (2005). 634. 698. 

4.1. Introduction 

The interstellar medium - the vast space between the stars - contains about 10 % of 

the mass of our galaxy and consists of gas (99 %) and sub micrometer-sized grain 

particles (1 %) with averaged number densities of 1 H atom em-3 and 10-11 grains em-

3, respectively (pendleton 1997; Ebrenfreund et a1. 1999; Minh & van Dishoeck 2000; 

Kaiser 2002; Draine 2003). The chemical composition of the interstellar medium is 

dominated by neutral hydrogen (93.38 %) and helium (6.49 %), whereas the main 

biogenic elements oxygen, carbon, and nitrogen contribute 0.11 % (O:C:N '" 8:4:1) 

(Hartquist & Williams 1998). This elementary classification is well reflected in the 

molecular composition of interstellar space. Molecules, radicals, and ions are 

ubiquitous in extraterrestrial environments - to date over 130 molecular species have 

been observed (see http://www.cv.nrao.edul-awoottenla11mols.html) with great 

diversity, ranging from sma1l molecules like hydrogen (H2) to astrobiologically 

important species such as the sugar glycolaldehyde (Hollis, Lovas & Jewell 2000) 

and the amino acid glycine (Kuan et al. 2003). Of the molecules observed so far, 

groups of isomers (molecules with the same chemical formula but with different 

connections of the atoms) have received special attention, as the relative abundances 
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of structural isomers will depend strongly on the physical and chemical conditions 

such as temperature, pressure, radiation sources, and molecular composition of the 

interstellar medium. Therefore, isomera can act as tracers to elucidate temperature 

and density-dependent formation routes as to how complex interstellar molecules are 

synthesized. In addition, finther insights can be gained into the astrochemical 

evolution of cold molecular clouds, hot molecular cores, and star forming regions 

which are known to be strongly dependant on the molecular composition (Williams & 

Hartquist 1999; Millar 2002; Charnley & Markwick 2003; Price, Viti & Williams 

2003; Rodgers & Charnley 2003; Wiebe, Semenov & Henning 2003). Thus, it is of 

paramount importance to unravel the basic physical and chemical processes of how 

complex molecules are actually formed in these environments. 

acetaldehyde ethylene oxide vinyl alcohol 

Figure 4.1: Structures of three CaH.,O isomers acetaldehyde, ethylene oxide, and vinyl alcohol (most 
stable cis confonner shown). 

A detailed understanding of the formation of three C2140 isomers - these are 

aceta1dehyde (CH)CHO), ethylene oxide (C-C2140), and vinyl alcohol (H2CCHOH) 

(Figure 4.1) - is of particular pertinence to test the astrochemical evolution of the 

interstellar medium since these molecules also play a key role in astrobiology 

(Hja1marson, Bergman & Nummelin 2001; Tumer & Aponi 2001; Charnley 2004; 
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Kuan et aI. 2004). For example, acetaldehyde, and ethylene oxide have been 

suggested to play an important function in amino acid formation (Cleaves 2003) and 

early metabolic pathways (Miller & Schlesinger 1993), respectively. Furthermore, the 

presence of ethylene oxide suggests the possible presence of a larger ring structure, 

furan (c-C~O) - from which the sugars ribose and deoxyribose are closely related, 

these molecules linked by phosphate(s) make up the structural backbone in RNA and 

DNA respectively (Hjalmarson, Bergman & Nummelin 2001). 

Acetaldehyde is ubiquitous in the interstellar medium and has been observed in 

three types of interstellar environments: (i) in translucent clouds such as CB 17, CB 

24, and CB 228 at a smprisingiy high fractional abundance of'" I x 10-8, aIthough the 

authors note this may be a factor of ten too high (Turner, Terzieva & Herbst 1999), 

(ii) in cold molecular clouds such as the Taurus Molecular Cloud (TMC-l) and 

L134N with a fractional abundances of between about 10-10 and 10-9 (Matthews, 

Friberg & Irvine 1985; Turner, Terzieva & Herbst 1999), and (iii) toward hot cores 

and star fonning regions like Sgr B2N, NGC 6334F, and the Orion Compact Ridge 

with fractional abundances varying from about 10-11 to 3 X 10-9 (Fourikis et aI. 1974; 

Bell, Matthews &. Feldman 1983; Turner 1991; Ziurys & McGonagle 1993; 

Nununelin et at. 1998; Ikeda et aI. 2001; Charnley 2004). Ethylene oxide has so far 

only been identified toward hot cores, including Sgr B2N and NGC 6334F at 

fractional abundances from 2 x 10-12 to 6 X 10-10 (Dickens et aI. 1997; Nununelin et 

aI. 1998; Ikeda et aI. 2001). It should be noted that in the most recent survey 

observing the abundances of acetaldehyde and ethylene oxide within hot cores by 
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Ikeda et al. (2001) showed acetaldehyde commonly in excess within the ratios of 1.2-

13.2, with the lowest reported ratio being for Sgr B2N. Vinyl alcohol has only 

recent! y been identified in the hot core Sgr B2N at a fractional ablDldance of 4 x 10· 

II, and thus represents the only interstellar environment where all three isomers have 

been observed (Turner & Apponi 2001). The ratio's often reported for these isomers 

are given as 1:1.5:1 (CH3CHO:c-C2140:CH2CHOH), however there remains a large 

lDlCertainty in the ablDldance of acetaldehyde within this source; the ratios of the 

weaker to stronger absorption lines observed by Turner (1991) were incousistent (too 

high) for an optically thin source, thus he suggested a possible correction factor which 

would set the ratios possibly as high as 800: 1.5: 1. Using the alternative values from 

Ikeda et al. (2001), the ratios are given as 2:1.5:1 but the authors did not comment on 

the validity of the observed acetaldehyde ablDldance in this source. 

Despite the importance of these isomers, their formation routes in the interstellar 

medium have not been resolved yet. A reaction for formation of acetaldehyde at low 

temperatures in the gas phase was proposed by Smith and Adams (1977; HlDltresS & 

Mitchell I 979). The radiative association reaction forming the protonated 

acetaldehyde cation (I) followed by the dissociative recombination process (2) was 

suggested to produce acetaldehyde. 
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Alternatively, Leung, Herbst & Huebner (1984) proposed this mechanism which 

forms the protonated acetaldehyde cation via reaction (3) followed by the same 

dissociative recombination step as before (2) (Huntress & Mitchell 1979). 

(3) 

A third gas phase route was speculated to proceed via the reaction sequence (4H5) 

again, followed by step (2) (Huntress & Mitchell 1979; Leung, Herbst & Huebner 

1984). 

CHs + + CO -> CH3CHOH+ + hv, 

(4) 

(5) 

Finally, Charnley, Tielens & Millar (1992) suggest the following gas phase reaction 

sequence (6)-(8) the first step is the protonation of ethane (6), which then undergoes 

dissociative recombination to C2Hs - presumably forming molecular hydrogen as the 

second product (7) - which can then undergo a then neutral-neutral reaction with 

oxygen to form acetaldehyde and a hydrogen atom (8). 

(6) 

(7) 

(8) 

Regarding ethylene oxide, Dickens et al. (1997) cite a private communication from 

Herbst (1997) in which two mechanisms for the formation of ethylene oxide were 

presented. The first mechanism is the neutral-neutral reaction of atomic oxygen with 
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the ethyl radical in the gas phase (similar to reaction (8». The second formation 

pathway could be the combination of the following two reactions (Caselli, Hasegawa 

& Herbst 1993; Dickens et al. 1997): 

(9) 

C2H,o+ + e' -> C-C2140 + H. (l0) 

Tumer and Apponi (2001) propose thst vinyl alcohol is formed along with ethylene 

oxide via ion-molecule reactions; presumably the actual physical processes occurring 

would be similar to those stated in reactions (l) - (2): 

(ll) 

Basiuk and Kobayashi (2004) recently studied theoretically the possible formation of 

vinyl alcohol via several possible reaction sequences involving simple radical 

processes of species abundant in the interstellar medium, and similar formation 

pathways could likely be proposed for the remaining isomers, however, these 

processes have not yet been included in models of interstellar environments and many 

of the intermediates involved have not yet been observed in the interstellar medium. 

Experiments performed by Hudson and Moore (2003) suggested that vinyl alcohol 

can also be formed in the solid phase upon irradiation of H20:C2H2 ices (4: 1 ratio) 

with 0.8 MeV protons and 10.2 eV (121.6 nm) photons via reaction (12), although the 

reaction mechanism has not been established yet (also not included in models so far): 

H20 + C2H2 -> ? -> H2CCHOH (12) 

However, theoretical models which simulate the chemical processes of dark, 

molecular clouds and star forming regions including reactions (1) - (10) could not fit 
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the astronomically observed fractional abundances of all three observed C2~O iso

mer simultaneously. The majority ofmechanistical information on potential synthetic 

routes has been derived from pure gas phase reaction networks in cold molecular 

clouds (Fairley et al. 1996; El-Nawaay, Howe & Millar 1997). Assuming a standard 

cosmic ray ionization rate of lxlO·17 
S·I, these models reproduce nicely the observed 

fractional abundances of acetaldehyde of a few 10.10 in cold clouds like TMC-l. 

However, to actua1ly explain the increased abundances of acetaldehyde in hot cores 

compared to cold molecular clouds and the astronomically observed column densities 

of ethylene oxide and vinyl alcohol in SgrB2, Millar, MacDonald & Gibb (1997) 

simulated these sublimation processes and injected molecules from the solid state into 

the gas phase to enhance the production of acetaldehyde via gas-phase ion-molecule 

reactions. Nevertheless, these models could not reproduce the abundances of complex 

molecules like acetaldehyde and its isomers. Depending on the physical and chemical 

conditions in the models, molecular abundances are a factor of 100 too high or too 

low. Charnley confirmed these deductions and concluded that pure ion-molecule 

reaction schemes are unlikely to be the origin of C2~O isomers in star forming 

regions and also that reaction schemes including neutral-neutral schemes were 

insufficient to reproduce the abundances of acetaldehyde (Charnley 2004). A 

comment should be made that recently, Nomura and Millar (2004) did manage to 

fairly successfully model the abundance of acetaldehyde (the other isomers were not 

investigated), being less than a factor of two out from the observed value towards the 

hot core 034.3 + 0.15 using reaction (8) - as ethane (C2~) is considered a required 

precursor to this reaction, the acetaldehyde concentration would be closely correlated 
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to the amount of ethane present in the environment being modeled, thus the 

contribution and validity of this reaction scheme could be investigated. 

Alternative scenarios propose a formation of acetaldehyde via grain-surface 

resctions of hydrogen, carbon, and oxygen atoms in cold molecular clouds through 

radical-radical, atom-radical, and atom-atom resctions on interstellar grains at 10K 

(Charnley, Rodgers & Ehrenfreund 2001; Turner & Apponi 2001; Williams & Herbst 

2002; Zhitnikov & Dmitriev 2002; Rae et al. 2003; Charnley 2004) and then to be 

h'berated into the gas phase via sublimation in hot cores when the surrounded mstter 

is heated by the embedded proto star (Millar & Hatche11998). However, even this re

fined model could not fit observed abundances of acetaldehyde. Very recently, Ruftle 

&. Herbst (2001) and Stantcheva, Caselli & Herbst (2001) incorporated effects of 

surface photochemistry in quiescent dense cores into a combined gas-phase and grain 

surface model. Although this approach did not investigate the formation of 

acetaldehyde explicitly, the authors concluded that the inclusion of these processes 

only slightly increases molecular abundances and that grain-surface photochemistry 

has only a minor role because of the small ultraviolet photon flux and the mitigating 

effect of hydrogen atoms. Here, atomic hydrogen migrates more rapidly than any 

other atom or radical on the 10K grain surfaces thus saturating the free valences of 

radical intermediates and inht'biting the formation of complex organic molecules, and 

consequently those formed on grain surfaces are likely to be completely saturated by 

hydrogen atoms (acetaldehyde and vinyl alcohol are not). 
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These considerations make it exceptionally clear that neither gas-phase ion

molecule reactions nor grain-surface processes can explain the enhanced abundances 

of acetaldehyde in star forming regions, typically of up to a few 10.9; likewise, 

synthetic routes to form ethylene oxide and vinyl alcohol in hot cores remain elusive. 

Therefore, we have to conclude that key production routes to form the C2~O isomers 

in hot molecular cores are still missing. The crucial drawback of currently existing 

chemical reaction networks is that the material inside the nanometer thick ice mantles 

of grains in molecular clouds is assumed to be chemically inert at 10K; composing of 

predominantly water (H20), methanol (CH30H), carbon monoxide (CO), carbon 

dioxide (C~), and minor components like ammonia (NH3), formaldehyde (H2CO), 

hydrogen cyanide (HCN), carbonyl sulfide (OCS), and methane (~) (Fraser, 

McCoustra & Williams 2002; Ehrenfreund & Schutte 2000; Gibb et al. 2004) - this 

assumption limits the validity of grain-surface models significantly since the chemical 

evolution of interstellar and cometary ices by bombardment with broad band 

ultraviolet (UV) photons (Gerakines, Schutte & Ehrenfreund 1996; Allarnandola et al. 

1999; Dartois et al. 1999; Schutte 1999; Bernstein et al. 2002; Munoz Caro & Schutte 

2003) and MeV cosmic ray (CR) and keV solar wind particles is well established 

(Johnson 1990; Johnson 1996; Brucato, Palumbo & Strazzulla 1997; Kaiser & 

Roessler 1997; Smith 1997; Kaiser & Roessler 1998; Lecluse et al. 1998; Strazzulla 

& Palumbo 1998; Hudson & Moore 1999; Kaiser et al. 1999; Palumbo, Castorina & 

Strazzulla 1999; Palumbo, Pendleton & Strazzulla 2000; Gerakines, Moore & Hudson 

2004). Therefore, in photon-shielded, dark molecular clouds the pristine ice mantles 

can be processed chemically by the high energy cosmic radiation field. Once complex 
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molecules such as acetaldehyde, ethylene oxide, and vinyl alcohol have been formed 

inside ices, the inherent temperatw'e increase from 10K to up to 200 K which goes 

along with transition from the cold molecular cloud to the hot core phase could lead 

to a sublimation of the newly formed molecules into the gas phase. 

4.2. Objectives 

The prime directive of our research is to investigate experimentally the formation of 

interstellar acetaldehyde and its isomers ethylene oxide and vinyl alcohol in 

interstellar ices via charged particles of the cosmic ray radiation field and to carry out 

experiments under well-defined physico-chemical conditions which simulate the high 

energy particle component, the temperatures, and the chemical composition of cold 

molecular clouds and hot cores in an ultrahigh vacuum scattering machine. With 

respect to the chemical composition, it should be noted that in order to resolve the 

formation pathways of complex molecules occurring within these ices, it is a 

necessary pre-requisite to understsnd the irradiation effects on pure ices and also of 

binary mixtures before studying more complicated and more astrophysically relevant 

ice mixtw'es. We have demonstrated previously that a simple carbon-hydrogen cr

bond ruptw'e in methane (Cf4) - carbon monoxide (CO) ice mixtw'es upon electron 

irradiation at 10K can indeed form acetaldehyde molecules (Bennett et al. 2004b; 

Figure 4.2 (top». However, neither ethylene oxide nor vinyl alcohol was detected in 

this system. Here, we expand these studies and attempt to elucidate if the reaction of 

suprathermal oxygen atoms inside ices - generated via electronic energy transfer 
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processes from energetic electrons (caIled &-electrons) in the ultra track of MeV 

cosmic ray protons and helium nuclei (Bennett et aI. 2004; Bennett et aI. 2005) - with 

ethylene molecules (C214) can access the C2140 potential energy surface to form 

acetaldehyde, ethylene oxide, and/or vinyl alcohol (Figure 4.2 (bottom». SequentiaIIy 

H H 

I) ! ----.. ·H t, + H . H\'"'j'H ~ 
H 

B) 

2 

Figure 4.2: Synthetic routes to acetaldehyde in carbon monoxide-methane ices (top; i) and ii» to 
ethylene oxide 'I', acetaldehyde '2', and vinyl alcohol '3' in the oxygen-ethylene system (bottom; spin 
states are omitted for clarity). Synthetic routes are derived combining concepts of suprathermal 
chemistry (Roessler 1992; Kaiser 2002; Bennett et aI. 200S) together with a classical retrosynthetic ap
proach (Smith & March 2001). 
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going through these pathways, Rl descnoes the formation of ethylene oxide '1' via 

addition of the oxygen atom across the C=C double bond (n bond) of the ethylene 

molecule. R2 represents the insertion process of an oxygen atom into the C-H bond (0 

bond) to give vinyl alcohol '3'. The oxirane diradical '4' formed by the addition of 

the oxygen atom to a single carbon atom of the n bond (R3) and signifies a possible 

intermediate which may be isolated should any of the remaining reactions occur, 

which are: the subsequent ring closure to 'I' (R4), or the migration of a hydrogen 

atom from the central carbon atom to either the second carbon atom yielding 

acetaldehyde '2' (R5), or to the oxygen atom to give '3' (R6). Both reactions Rl and 

R2 are 'one-step' processes, wheress reactions R4-R6 depend on the prior formation 

of '4' and are therefore 'two-step' processes. There is also the possibility of reactions 

occurring from the generation and subsequent recombination of radicals (including 

hydrogen abstraction reactions) which we will address in the discussion. We would 

like to point out that these reactions can proceed either on the triplet surface (the 

reacting oxygen atom is in its 3pj ground state) or on the singlet surface (if the atomic 

oxygen reactant is in its first electronically excited 1 D state); intersystem crossing 

might complicate the scenario. Based on these considerations, the reactions of oxygen 

atoms - liberated by cosmic ray particles from oxygen-bearing molecules in ices like 

carbon dioxide (also carbon monoxide, or water) - with ethylene might form 

acetaldehyde, ethylene oxide, and/or vinyl alcohol simultaneously. 

However, to actually design simulation experiments, we have to compare these 

reactants with those molecules actually observed in interstellar ices. A recent ISO sur-
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vey along the line of sight of 23 Young Stellar Objects (required for background 

infrared source as only absorption features can be detected) indicated the presence of 

carbon dioxide within ices at abundances between 7-35% relative to water 

(Ehrenfreund et al. 1996; d'Hendecourt et al. 1999; Schutte 1999; Gibb et al. 2004). 

Note that ethylene has not been observed so far on interstellar grains. Nevertheless, 

laboratory experiments showed that ethylene can be formed in methane rich ices via 

suprathermal chemistry (Kaiser & Roessler 1998); the actual ethylene abundance in 

interstellar ices is therefore likely to be less than 1 % and, hence, not detectable with 

existing telescopes. Methane, however, is present in ices toward the protostel1ar 

objects W33A (1.9 %), RAFGL 7009S (4 %) and GCS 4 «17 %) (Sandford et al. 

1988; Boogert et al. 1996; Boogert et al. 1997; Ehrenfreund et al. 1997; Boogert et al. 

1998; Gibb et al. 2000; Keane et al. 2001; Gibb et al. 2004). Note that both carbon 

dioxide (6-30%) and methane (0.7%) have been also detected in cometary ices 

(Crovisier 1998). Although again, ethylene has not yet been detected in comets, 

Crovisier recently published a paper indicating upper limits for some molecular 

species in comet Cl1995 01 (Hale-Bopp), which included abundances for both 

acetaldehyde (0.025%) and ethylene oxide «0.2%) relative to water (Crovisier et al. 

2004). These reflections suggest that a CCh/C2~ binary ice mixture is a likely 

starting point to address the question if acetaldehyde, ethylene oxide, and/or vinyl 

alcohol can be formed upon interaction with energetic !)..electrons. We would like to 

emphasize again that no ices which contain solely carbon dioxide and ethylene has 

been identified so far. The choice of this ice mixture mimics rather neighboring CCh

C2~ molecules in astrophysically relevant ices to address specific mechanisms and 
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generalized concepts on a high energy induced formation of acetaldehyde, ethylene 

oxide, and vinyl alcohol in these ices. These data will also help to provide synthetic 

routes to fonn C2li40 isomers in cold molecular clouds and hot cores - with potential 

ties to cometary ices. 

This paper is organized as follows. The details of the experimental procedures and 

apparatus, and the theoretical approach are outlined in sections 4.3 and 4.4. Synthetic 

routes to fonn the C2li40 isomers are extracted from the experimental data (section 

4.5) and are discussed in section 4.6. The astrophysical implications and a summary 

(section 4.7) conclude this paper. 

4.3. Experimental 

The experiments were conducted in an ultrahigh vacuum (UHV) chamber which is 

described in Bennett et al. (2004) in detail. Briefly, the setup consists of a cylindrical 

stainless steel chamber which can be evacuated down to 8 x 10.11 torr by a 

magnetically suspended turbomolecular pump backed by an oil-free scroll pump. A 

closed cycle helium refrigerator - interfaced to a differentially pumped rotary 

feedthrough - holds a polished silver mono crystal. The latter serves as a substrate for 

the ice condensate. The ice condensation is assisted by a precision leak valve which is 

connected to a gas reservoir. The carbon dioxide (C~) - ethylene (C2li4) frosts were 

prepared at about 11 K by depositing premixed gases (C~/C2li4 = 4: I) for 5 minutes 
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at a pressure of 10-7 Torr onto the cooled silver crystal_ Blank checks of the pure 

gases (C214: 99.99%; C~: 99.9999"10) via a quadrupole mass spectrometer and of the 

Table 4.1: Infiared absotptions of the carbon dioxide - ethyleoe frost and assignmeot of the observed 
bands according to Gerakines et aI. (1995) for carbon dioxide, and Shimanouchi (1972) for ethyleoe. 

uenc ,em-I assi ent characterization 
1382 C02 VI sym. stretch 
650 C~ V2 out-of-plane bend 

2325 C~ V3 asym. stretch 
2278 13C~ V3 isotope peak 
1276 C~ 2V2 overtone 
3700 C~ VI+ V3 combination 
3594 C~ 2v2+ V3 combination 
3010 C214 VI CH2 sym.-stretch 
1618 C214 V2 CC stretch 
1340 C214 V3 CH2 scissors 
3071 C214 Vs CH2 asym.-stretch 
1227 C214 V6 CH2 rock 
960 C214 V7 CH2 wag 

3096 C214 V9 CH2 asym.-stretch 
826 C214 VIO CH2 rock 

2979 C214 Vll CH2 sym.-stretch 
1440 C214 VI2 CH2 scissors 

ices via a Fourier transform infrared spectrometer showed no trsces of any C2140 

isomer contamination. Table 4.1 compiles the absorptions as seen in the infrared 

spectrum of the frosts prior to the irradiation. To determine the ice composition 

quantitatively, we integrated various absorption features and calculated the colwnn 

density, i.e. the numbers of absorbing molecules per em2 inside the ice, via a modified 

Beer-Lambert relationship (Bennett et aI. 2004). These data suggest a C~/C214 ratio 

of2.0 ± 0.3 to 1, with colwnn densities of 1.02 ± 0.06 x 1018 em-2 and 5.03 ± 0.72 x 

1017 em-2 for carbon dioxide and ethylene. respectively (absorption coefficients for 

C~ taken from Gerakines et aI. (1995) and for C214 from Bohn et aI. (1994) - with 

the exception of (V6), for which a value of 7.1 x 10-20 em molecule-I was estimated 
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from the relative peak areas). Considering densities of 0.8 g cm·3 (C214 ice) and of 

1.6 g cni3 (C(h ice) at 10 K (Donnay and Ondik 1972), this translates into a target 

thicknesses of 0.29 ± 0.04 ~ ethylene and 0.47 ± 0.03 ~ carbon dioxide ices. This 

procedure is accurate within ± 10 % (Kaiser, Gabrysch & Roessler 1995). Dynamic 

simulations of this ice mixture utilizing the CASINO code (Drouin et aI. 2001) 

suggest that each 5 keY electron is fully absorbed within the ice sample within 600 

nm, resulting in the transfer of all of its kinetic energy to the ice matrix {The linear 

energy transfer (LET) is therefore estimated to be around 8 keY ~-I). 

The samples were irradiated isothermally at 10 K with 5 keY electrons generated 

with an electron gun (Specs EQ 22-35) at beam currents of 100 nA for 30 minutes by 

scanning the electron beam over an area of 3.0 ± 0.4 cm2. In theory this would mean 

during the irradiation the sample would be exposed to 1.1 x lOiS electrons (3.8 x 1014 

electrons cm-2), however, not all of the electrons generated by our electron gun 

actually reach the target - the manufacturer states an extraction efficiency of 78.8 %, 

meaning the actual number of electrons which hit the sample is reduced to 8.9 x 1014 

electrons (3.0 x 1014 electrons cm-2). To guarantee an identification of the reaction 

products in the ices were analyzed with a Fourier transform infrared spectrometer 

(FTlR) on line and in situ. The chemical modifications of the ice targets are 

monitored during the experiments to extract time-dependent concentration profiles 

and hence production rates of newly formed molecules and radicals in the solid state 

via a Nicolet 510 DX FTIR spectrometer (6000 - 500 cm-I
) operating in an 

absorption-reflection-absorption mode (reflection angle a = 75"). The infrared beam 
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is coupled via a mirror flipper outside the spectrometer, passes through a 

differentially pumped potassium bromide (KBr) window, is attenuated in the ice 

sample prior to, and after reflection at a polished silver wafer, and exits the main 

chamber through a second differentially pumped KBr window before being 

monitored using a liquid nitrogen cooled detector (mercury-cadmium-telluride detec

tortypeB). 

4.4. Theoretical Section 

We have examined the structures and energetics of acetaldehyde, ethylene oxide, 

and vinyl alcohol in terms of ab initio molecular orbital methods employing the 

hybrid density functional B3L yP method (Lee, Yang & Parr 1988; Becke 1993) with 

the 6-311G(d,p} basis functions in order to optimize the molecular structures at the 

energy minima The relative energies were then refined by using the coupled cluster 

CCSD{T) method (Purvis & Bartlett 1982; Raghavachari et aI. 1989) with the aug-cc

pVTZ basis functions (D1mning 1989) at the structures obtained by the B3LYP 

method. All relative energies were corrected by the zero-point vibrational energies 

calculated with the B3LYP method without scaling. All calculations were carried out 

with the GAUSSIAN 98 program package (Frisch et aI. 2001). In order to analyze the 

infrared spectra for the species obtained by present experiments, we have calculated 

the vibrational frequencies and infrared intensities for the structures obtained with the 

B3LYP/6-311G(d,p} method (Table 4.2). For the purpose of consistency, we will use 

the calculated intensity v~ues derived here at the same level of theory for all 
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Table 4.2: Vibrational frequencies (cnf') and integral absorption coefficients, A (em molecule"), of 
the C.R.O isomers calculated with B3LVP/6-311G(d,p) method, the vibrational frequencies shown 
were subject to a scaling fiIctor of 0,98 from comparisons of the results of calculatioos at this level of 
theory with experimental results. 

characterization 
frequency, 

em,l A, em molecule'! 

CH3CHO (XIA') 
VI (a') CH3 asymmetric stretching 3073 2.0 x 10'18 

V2(a') CH3 symmetric stretching 2961 5.0 x 10,19 

V3(a') CH stretching 2798 2.4 x 10,17 

V4(a') CO stretching 1788 3.0 x 10'17 

vs(a') CH3 deformation 1431 3.7 x 10,18 

V6(a') CHbending 1397 2.0 x 10,18 

V7(a') CH3 umbrella 1348 4.5 x 10,18 

V8(a') CH3 rockirig 1103 4.3 x 10,18 

V9(a') C-C stretching 865 1.5 x 10,18 

vIo(a') CCObending 498 2.3 x 10,18 

Vtt(a'') CH3 asymmetric stretching 3014 1.7 x 10,18 

VI2 (a") CH3 deformation 1442 2.0 x 10'\8 
V\3 (a") HCCH torsion 1112 1.7 x 10,19 

VI4 (a") CH3 twisting 761 1.7 x 10,19 

VIS (a:') CH3 torsion 156 0 

C-C2140 (XI AI) 

VI (al) CH2 symmetric stretching 3023 2.2 x 10,18 

V2 (a1) CH2 scissor 1510 5.0 x 10,19 

V3 (al) CC, CO stretching 1275 2.5 x 10,18 

V4 (al) CH2 umbrella 1120 0 
Vs (al) CC, CO stretching 872 1.1 x 10,17 

V6 (a2) CH2 asymmetric stretching 3094 0 
V7 (a2) CH2rock 1148 0 
V8 (a2) CH2deform 1018 0 
V9 (bl) CH2 asymmetric stretching 3110 1.0 x 10,17 

VIO (bl) CH2deform 1145 6.7 x 10,19 

Vtt (bl) CH2rock 802 0 
VI2 (b2) CH2 sym. stretching 3015 7.3 x 10,18 

VI3 (b2) CH2 scissor 1475 0 
VI4 (bz) CH2 umbrella 1117 5.0 x 10,19 

VIS (bz) CC, CO stretching 827 1.8 x 10,18 
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characterization frequency, 
em·1 A, em molecule· 1 

cis-H2C=CHOH (XIA~ 
VI (a~ OH stretching 3726 5.0 x 10.18 

V2 (a~ CH2 asymmetric stretching 3172 1.8 x 10.18 

V3(a~ CH stretching. 3120 12 x 10.18 

V4 (a~ CH2 symmetric stretching 3076 12 x 10.18 

Vs (a~ CC stretching 1669 2.8 x 10.17 

V6 (a~ CH2 scissor 1420 2.3 x 10.18 

V7 (a~ OHbend 1332 8.3 x 10.19 

V8(a~ CHbend 1300 12 x 10.18 

V9 (a~ CO stretching 1103 3.1 x 10.17 

VIO (a~ CH2rock 942 2.0 x 10.18 

V11 (a~ OCCbend 482 2.2 x 10.18 

V12 (a") CH2 out-of-plane 978 5.8 x 10.18 

V13 (a") CH2 out-of-plane 808 1.2 x 10.17 

V14 (a") CH2 twist 701 0 
VIS {a") OHtorsion 467 1.8 x 10.17 

trans-H2C=CHOH (XIA~ 
VI (a~ CH2 asymmetric stretching 3187 1.3 x 10.18 

V2 (a~ CH2 symmetric stretching 3097 0 
V3 (a~ CH stretching 3070 3.8 x 10.18 

V4 (a~ CC stretching 1697 1.6 x 10.17 

Vs (a~ CH2 scissor 1408 1.7 x 10.19 

V6 (a~ CHbend 1322 5.0 x 10.19 

V7 (a~ OHbend 1265 3.8 x 10.17 

v8(a~ CO stretching 1122 2.5 x 10.18 

V9(a~ CH2rock 938 8.3 x 10.18 

VI0 (a~ OCCbend 473 6.6 x 10.19 

V11 (a~ CH2 out-of-plane 957 3.8 x 10.18 

V12(a") CH2out-of-plane 828 1.0 x 10.17 

VI3 (a") CH2twist 703 3.3 x 10.18 

V14 (a") OHtorsion 251 1.8 x 10.17 

VIS (a") OH stretching 3790 1.4 x 10.17 
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abundance calculations on the C2140 isomers, although some solid state data are 

available; at this level of theory, the calculated intensities are typically accurate to 

about20%. 

4.5. Results 

4.5.1. Qualitative Results 

Table 4.3: New infrared absmptions of the processed carbon dioxide - ethylene sample at 10K after 
an irradiation time of 30 min (see text for details) together with calculated values for the integral 
absotption coefficients, A. 
fr en em·1 ecies , 

2140 CO 
1723 CH3CHO 
1351 CH3CHO 
1123 CH3CHO 
758 CH3CHO 

1270sh c-C2140 
868 C-C2140 
1465 c-C2140 
1150 C-C2140 
1639 cis-CH2CHOH 

a- value from Gerakines et a1. (1995) 

assi ent 
V 1 (CO stretch) 
V4 (CO stretch ) 

V7 (CH3 sym.-deform) 
V8 (CC stretch) 
V14 (CH bend) 

V3 (ring stretch ) 
Vs (ring deform ) 

V2 (CH2 scissors) 
VI0 (CH2 deform ) 

Vs (CC stretch) 

A, em molecule·1 

1.1 x 10· • 
3.0 X 10-17 
4.5 x 10.18 

4.3 x 10-18 

1.7 x 10.19 

2.5 x 10.18 
1.1 x 10.17 

5.0 x 10.19 

6.7 x 10.19 

2.8 x 10-17 

The infrared spectrs here are analyzed in two steps. First, we investigate the new 

ab~orptions qualitatively and assign their carriers. Then, these data are fit to calculate 

production rates of synthesized molecules in units of molecules em-2 (column 

density). Table 4.3 and Figures 4.3-4.5 compile the effects of the electron 

bombardment of the binary ice mixtures. A comparison of the pristine sample with 

the irradiated ices at 10K depicts novel absorption features of the acetaldehyde 

(CH3CHO), ethylene oxide (c-C2140) ,and vinyl alcohol (CH2CHOH)_ Here, the 
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Figure 4.3: Acetaldehyde absorptions at 1723 em
o' (a), 1124 em

o' (h), 1351 em
o' (0), and 757 em

o' (d) 
as seen after 30 min (100 nA) irmdiation of the ice sample at 10 K; the peak at 1340 em

o' has been 
assigned to the v, ftmdamental of ethyleneo 

most intense four of the fifteen fundamental bands of aceta1dehyde could be 

unambiguously identified at 1723 (V4). 1351 (V7), 1123 (vs). and 758 em"1 (VI4) 

(Figure 4.3a-d). Most of the weaker absorption features are partly obscured by 

overlapping with other bands (for example. with ethylene). In the case of the position 

of the VIS fundamental (CCO deformation) at 150 em"l. it is out of the range of our 

detector (lower limit: 450 em"I). These results are in good agreement with previous 

results. for example at 1731. 1354. 1121. and 775 em"1 from Hawkins & Andrews 

(1983) and 1719. 1349. 1122. and 770 em"1 from Schriver et ai. (2004). Considering 
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Flgure 4.4: Ethylene oxide absorptions at 1467 em"' (a), 1271 em"' (b), IISI em"' (c), and 868 em"' (d) 
as seen after 30 min (100 nA) inadiation of the ice sample at 10 K; the peak at 1439 em"' bas been 
assigned to the V'2 fundamental of ethylene (a), the peak at 1276 em"' was identified as an overtone of 
the out-of-plane bending mode of the carbon dioxide. 

the case of the cyclic ethylene oxide isomer, we were, for similar reasons only able to 

assign the most intense four of the fifteen fundamentals unambiguously, at 1270 (V3), 

868 (vs), 1465 (VIO), and 1I50 em"1 (VII) (Figure 4.4a-d) - similar from previous 

assignments: 1274, 879, 1470, and 1154 cm-I from Hawkins & Andrews (1983) and 

1267, 856, 1467, and 1152 cm-I from Schriver et aI. (2004). For vinyl alcohol, we 

assigned only one peak with confidence, namely the peak at 1641 cm"1 (vs) (Figure 

4.5) which compares favorably with values of 1631 cm-I (Hawkins & Andrews 1983). 
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Tentative assignments for the more strongly absorbing fundamental (V9) could be 

made to a broader peak at 1077 em-I also (cf. 1079 em-I by Hawkins & Andrews 

(1983)). Comparisons to Hudson & Moore (2003) - studying the formation of this 

molecule in C2H2:H20 ices - are difficult to make, as the experiments were carried 

out in a water matrix, which absorbs strongly around 1660 em-I thus overlapping with 

the (vs) peak, and the (V9) band is shifted to 1145 em-I due to hydrogen bonding 

formed with the water matrix. We would like to stress that in this paper, we only 

focus on the routes to form C2140 isomers. It is necessary to point out for the 

discussion of the mechanism however (section 4.6), that the formation of the CO 

fundamental at 2140 em-I (cf. for example Gerakines et al. 1995) was also observed 

and also that we failed to detect any presence of the vinyl radical (C2H3) which 

absorbs strongly at around 898 em-I (va) (Kaiser and Roessler 1998)_ 

v, (CH,CHOH) 

0.003 ~ 

~ ? 
~0.002 

~ 
0.001 

0.000 1660 1655 1650 1645 1640 1635 1630 1625 
Wavenumber (em-I) 

Figure 4.5: Vinyl alcohol absorption at 1639 em-" as seen after 30 min (100 nA) irradiation of the ice 
sample at 10 K. The canier of the peak at 1653 em-" has not yet been assigned. 
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4.5.2. Quantitative Analysis 

We investigate now the temporal evolution of the infrared absorptions and the 

inherent column densities of the synthesized species quantitatively. The development 

of the column densities of the carbon dioxide and of the ethylene reactants are shown 

in Figures 4.6 and 4.7, respectively. We utilized the absorptions at 3701 and 3595 cni 

1 to quantify the decay of the carbon dioxide precursor; during the irradiation, the 

column density decrease from about 1.02 ± 0.06 x 1018 em·2 to 9.1 ± 0.6 x 1017 

molecules cm·2, implying that 1.1 ± 0.1 x 1017 molecules cm·2 (roughly 10 %) of the 

carbon dioxide molecules have been destroyed during the electron exposure. To fit 

the experimentally obtained profile of the carbon dioxide column density, we 

presumed that the reactant molecules 'decay' first order upon electron bombardment 

similar to a radioactive decay. Therefore, a rate law of equation (13) was utilized to 

fit the column density of the carbon dioxide during the irradiation phase via equation 

(14): 

- d[C(h]/dt = kJ x [C(h] 

[C(h](t) = [C021(t=O) e-4 

(13) 

(14) 

The best fits of the temporal profiles yielded [C(h](t=O) = 9.44 ± 0.90 x 1017 

molecules em-2 and kJ = 5.31 ± 0.98 x 10.5 
S-1 for the 3701 cm-1

, and [C(h](t=O) = 

1.04 ± 0.01 x 1018 molecules em-2 and kJ = 6.02 ± 0.75 x 10-5 
S-1 for the 3595 em-I 

feature. A similar approach was utilized to fit the column densities of the ethylene 

reactant (Figure 4.7) via equations (15) and (16) with [C2~](t=O) = 5.46 ± 0.06 x 

1017 molecules em-2 and k2 = 3.39 ± 0.12 x 10'" S-I for the 1225 em-I feature. Here, 
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Figure 4.6: Fit of the cmbon dioxide colmnn densities for the absorption at 3595 em·l • Error bars 
shown are the sIlmdard error in the integration of the peak areas (- 2%). 

averaging over all absorptions investigated during the irradiation, the column density 

of the ethylene reaetant reduces from 5.03 ± 0.72 x 1017 molecules em'2 to 3.85 ± 

0.93 X 1017 molecules em'2 by 1.2 ± 0.5 x 1017 molecules em'2, i.e. a destruction of 

about 25 % of the ethylene species. 

" 

- d[C214]/dt = k2 x [C214] 

[C214](t) = [C214](t=O) e-q 

(. :.) 

.• -tt 
I:.; '~~) 

1·0~--'~~W~~I>~~~~~~~ 
11mc(min) 

(15) 

(16) 

Figure 4.7: Fit of the ethylene colmnn densities for the absOIption at 1225 em·l • Errorhars shown are 
the sIlmdard error in the integration of the peak areas (- 5%). 
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Figure 4.8: Fit of the acetaldehyde column densities for the absmption at 1350 em". ElTOr bIllS of the 
data are the standard eITOr in the deconvoluted tit of the data 

As the column densities of the ethylene and carbon dioxide reactants decline, 

new features occur from the acetaldehyde, ethylene oxide, and vinyl alcohol (section 

4.5.1). Here, we were able to fit the experimental data with pseudo first-order rate 

laws via equations (17) - (19) 

[CH3CHO](t)= o(l-e-k
,,) 

[C-C2140](t) = b (l_e-k
,,) 

[CH2CHOH](t)= c(I-e-k,,) 

(17) 

(18) 

(19) 

This procedure yields the best fit parameters for, e.g., the 1350 em-I peak of 

acetaldehyde (0 = 5.75 ± 0.16 x lOIS molecules em-2 and k3 = 8.57 ± 0.43 x 10-4 S-I; 

Figure 4.8), the 868 em-I peak from ethylene oxide (b = 1.77 ± 0.05 x 10" molecules 

em-2 and ~ = 1.05 ± 0.06 x 10-3 S-I; Figure 4.9). For the 1639 em-I peak from vinyl 

alcohol, we derived equation (20) based on the approximation e' '" 1 + x (i.e. a straight 

line), gives cks = 1.84 ± 0.06 x 1011 em-2 S-I (Figure 4.10). The available experimental 
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FIgure 4.9: Fit of the ethylene oxide colwnn densities for the absorption at 868 eDI'. EJIOr bars shown 

are the standard error in the integration of the peak m:eas. 

data do not allow estimating univocally the parameters c and k5 and further 

experiments are required. 

(20) 

Averaging over all absorptions investigated (Table 2), we calculate a = 4.0 ± 2.7 x 

lOIS molecules cm·2, k3 = 8.5 ± 0.3 x 104 S·l, b = 4.3 ± 3.6 x lOIS molecules cm·2, and 

f4 = 1.1 ± 0.1 x 1003 sol. After the irradiation has finished, column densities of 3.3 ± 

10 I' 10 25 ,. 

limo (min) 

Flgnre 4.10: Fit of the vinyl alcohol colwnn densities for the absorption at 1639 em·' using equation 
(20). Error bars shown are the standard error in the integration of the peak 8reSS. 
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molecules em-a of acetaldehyde, ethylene oxide, and vinyl alcohol respectively, are 

present Accounting for the sample area and the nmnber of implanted electrons, about 

11 ± 6 acetaldehyde, 14 ± 13 ethylene oxide, and 1 ± 0_2 vinyl alcohol molecules 

have been synthesized per implanted electron. 

4.6. Discussion 

Considering the formation of the acetaldehyde, ethylene oxide and the vinyl 

alcohol isomers, our investigations point towards an electron induced decomposition 

of the carbon dioxide molecule via equations (21) and (22); this mechanism is 

identical to the cleavage of a carbon-oxygen double bond as found in neat carbon 

dioxide ices (Bennett et al. 2004a). 

COz(XII:g l ~ CO(XIEl + Oep) (21) 

(22) 

Depending on the energy transfer from the electron to the carbon dioxide molecule, 

the oxygen atom can be generated either in its electronic ground state ep) via 

intersystem crossing to the triplet manifold and/or in its excited state eD) on the 

singlet surface. These processes are found to be endoergic by 532 kJ morl (5.51 eV) 

and 732 kJ morl (7.59 eV), respectively (see http://webbook.nist.gov/chemistryl). 

Equations (21) and (22) would suggest an inherent formation of carbon monoxide as 

verified experimentally via its absorption at 2140 em-I. Also, the decay of the carbon 

dioxide column densities could be fit through a first order decay suggesting a 

'decomposition' of the carbon dioxide molecule (equations (13) & (14». 
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To fit the experimentally observed column densities of the acetaldehyde, ethylene 

oxide, and vinyl alcohol molecules, the following reaction model was investigated. 

Here, the actual reaction is proposed to take place inside a [C214-CCh] matrix cage. 

First, the energy transfer to the carbon dioxide molecule releases an oxygen atom to 

form a [C214 .... 0 .... CO] complex (see Figure 4.2; equation (23». Hereafter, the oxy

gen atom adds to the 'It-bond of the ethylene molecule; this process can lead to the 

formation of the ethylene oxide molecule 'I' in one step through reaction sequence 

(Rl; equation (24» via addition to both carbon atoms simultaneously, or via addition 

to only one carbon atom to initially form the oxirane di-radical '4' via reaction 

sequence (R3), which can subsequently either undergo a ring closure to form ethylene 

oxide (R4; equation (26», or a [1,2] H-atom shift to form the acetaldehyde species '2' 

(R5; equation (27», or could similarly undergo a H-atom shift to the oxygen atom to 

form the vinyl alcohol molecule '3' (R6; equation (28)}. Alternatively, the oxygen 

atom can insert into a C-H (J bond to form vinyl alcohol molecule '3' (R2; equation 

(25)}. Depending on the spin state of the oxygen atom, these reactions can take place 

on the singlet or triplet surface; alternatively; the reaction might start on the triplet 

surface first and the intermediates involved can undergo intersystem crossing (ISC) to 

the singlet manifold. 

[C214-C~] -+ [C214 .... 0 .... CO] 

[C214 .... 0 .... CO] -+ [c-C2140] 

[C214 .... 0 .... CO] -+ [H2CCHOH] 

[C214 .... 0 .... CO] -+ [H2CCH20] -+ [C-C2140] 

[C214 .... O .... CO] -+ [H2CCH20] -+ [CH3CHO] 
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[C2li4 .... 0 .... CO] -+ [H2CCH20] -+ [H2CCHOH] (28) 

If the initial reaction of the released oxygen atom with the ethylene molecule and 

potentially involved hydrogen migration processes are fast, the temporal profile of the 

ethylene oxide, acetaldehyde, and vinyl alcohol col\llIlJl densities formed via reactions 

(23) - (28) should be fit using pseudo first-order kinetics - as done through equations 

(17) - (19). We would like to stress that we did not observe any absorptions of the 

methyl radical, CH] (X2A2"), or of the formyl species, HCO (X2A'). Therefore, a 

formation of acetaldehyde via a radical-radical recombination (equation (29)) can be 

clearly ruled out. 

HCO~A') + CH](X2A2") -+ CH]CHO(XIA') (29) 

Also, due to the failed detection of the vinyl radical C2H](X2 A '), we can rule out the 

following reactions: the electron induced decomposition of ethylene would be 

expected to yield an appreciable amount of the vinyl radical and a hydrogen atom by 

cleavage of a C-H a-bond (equation (30)), alternatively suprathermal oxygen atoms in 

the ground state ep), and excited state eD), are known to undergo hydrogen 

abstraction reactions to yield the vinyl radical plus a hydroxyl radical (equation (31)). 

Following the formation of the vinyl radical it could react without a barrier to form 

the acetyl radical (equation (32)), which could subsequently recombine with a 

hydrogen atom to form acetaldehyde (equation (33). Additionally, the radicals 

formed in equation (30) could be expected to subsequently recombine yielding the 

vinyl alcohol molecule (equation (34)). As stated however, the reactions given in 

equations (30)-(34) all would require the formation of the vinyl radical, and are 
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therefore assumed not to be major pathways to these products in this experiment since 

the vinyl radical was not observed in our experiments. 

C214(XIAg) -+ C2H3(X2 A') + HeS) (30) 

C214(XIAg) + OeP/IO) -+ CH2CH(X2A') + OH (X2II) (31) 

CH2CH(X2A') + Oep/O) -+ CH2CHO(X2A') (32) 

CH2CHO(X2A') + HeS) -+ CH3CHO(XIA') (33) 

CH2CH(X2A') + OH(X2II) -+ H2CCHOH(XIA') (34) 

It is also worth mentioning that we were unable to detect any absorptions of the 

oxirane di-radical intermediate H2CCH20 formed via reaction R3 (Figure 4.2). This 

might actually suggest that the [1,2] H-shift to acetaldehyde (equation (27)), and 

possibly vinyl alcohol (equation (28)) and/or the ring closure to ethylene oxide 

(equation (26)) proceeds very rapidly within the time frame of a vibration period 

(typically 10.12 s). Finally, it is important to recall that we were able to fit the 

formation of the ethylene oxide column density via the reaction sequence (23) and 

(24); an involvement of a ring closure via the H2CCH20 di-radical is not essential 

(sequence (26)), but cannot be ruled out as a minor contributor at this stage. 

We will now look closer at the dynamics and at the kinetics of reaction (23) 

followed by (24)/(26), (27) and (25)1(28) to form ethylene oxide, acetaldehyde, and 

vinyl alcohol, respectively. Our investigations indicate that the formation of 

acetaldehyde (k3 = 8.5 ± 0.3 x 10-4 S·I) is actually slightly slower than the synthesis of 

the ethylene oxide isomer (k4 = 1.1 ± 0.1 x 10.3 S·I). Since the formation of both 

isomers requires an initial addition of the oxygen atom to the carbon-carbon double 
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bond of the ethylene molecule, the lower rate constant k3 compared to ~ could 

suggest that an additional reaction step is actually involved in the synthesis of 

acetaldehyde. This is very likely the [1,2] H-shift of the H2CCH20 di-radical. 

Therefore, the rate constants could verify the postulated reaction mechanism to form 

acetaldehyde via an addition of the oxygen atom to give a H2CCH20 di-radical 

followed by a hydrogen shift; on the other hand, the ethylene oxide molecule could be 

formed in one step via addition of the oxygen atom to two carbon atoms 

simultaneously. It is also important to investigate the pre-exponential factors a and b 

in detsil; the alb ratio indicates the branching ratio of the synthesized acetaldehyde 

versus ethylene oxide isomers as the experimental time t approaches infinity. 

Recalling that a = 4.0 ± 2.7 x lOIS cm·2 and b = 4.3 ± 3.6 x lOiS cm·2, this suggests 

that the column density ratio is close to unity. We established earlier that the pre

exponential factors can provide additional insight into the reaction mechanisms 

(Bennett et al. 2005); comparable pre-exponential factors suggest that the initial 

reaction step to form acetaldehyde and ethylene oxide may be involved a similar 

reaction mechanism, here the attack of the oxygen atom to the carbon-carbon double 

bond. This mechanism also helps to understand the lower levels of detection of the 

third C2~O isomer, vinyl alcohol. Here, the cone of acceptance of the "It-system of 

the ethylene molecule is actually larger than the cone of acceptance of the carbon

hydrogen a-bond (Levine & Bernstein 1987); recall that an insertion process into this 

bond is crucial to form vinyl alcohol, if it is formed by an insertion proceas (RI; 

equation (24) versus R2; equation (25». Recall that our experiments suggest lower 

column densities of vinyl alcohol compared to ethylene oxide and acetaldehyde - by 
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a factor of ten. This also could support that the H2CCH20 di-radical is not a crucial 

intermediate in the formation of vinyl alcohol. Summarized, both the rate constants as 

well as the pre-exponential factors verify that acetaldehyde, ethylene oxide and vinyl 

alcohol are synthesized via reactions (23) - (28). However, we would like to stress 

that the actual involvement of the triplet versus singlet surface remains to be resolved. 

Briefly, ground state oxygen atoms adding to ethylene have to overcome a barrier of a 

few kJ morl 
- much larger than the averaged thermal energy of the ice matrix at 10 

K.. Therefore, reacting ground state oxygen atoms need excess kinetic energy to 

overcome the entrnnce barrier. On the other hand, electronically excited oxygen 

atoms add and insert without barrier, however thermal processes alone at 10K can 

not supply this excitation energy. Therefore, these considerations underline the role of 

nonequih"brium chemistry (electronic excitation; excess kinetic energy) in the 10K 

matrix. 

It is also important to examine the overall energetics of the reaction, first the 

liberation of an oxygen atom and second the actual formation of all three C2~O 

isomers. Considering the coltmm densities of the newly formed acetaldehyde, 

ethylene oxide and vinyl alcohol isomers of3.3 ± 1.7 x 1015 molecules cm·2, 4.2 ± 3.8 

x 1015 molecules cni2
, and 3.0 ± 0.6 x 1014 molecules cm·2 respectively, about 7.8 ± 

4.2 x lOIS oxygen atoms cm-2 have to be generated via reactions (21) and (22); 

recalling that we are destroying 1.1 ± 0.1 x 1017 molecules cm·2 of carbon dioxide, 

and that reactions (21) and (22) are solely responsible for the destruction of carbon 

dioxide, we still have 1.0 ± 0.1 x 1017 oxygen atoms cm·2 unaccounted for. Using the 
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same methodology for ethylene, we can conclude that 1.1 ± 0.5 x 1017 molecules cm·2 

are also unaccounted, leading to the question as to what has happened to the 

remaining species. For the oxygen atoma, this can be answered fairly easily since 

oxygen atoma can recombine with one another to give oxygen molecules (O,z) which 

would both be difficult to detect in our current setup as we are limited to the detection 

of infrared active species thus it is not expected for us to be able to account for these 

species - the possible detection of a minor contribution of ozone (03) and carbon 

trioxide (C03) as produced in experiments solely on carbon dioxide ices in this 

system (cf. Bennett et al. 2004) requires further investigation before quantitative 

contributions can be supplemented. Bear in mind that the carbon monoxide molecule 

(CO) cannot be used to account for the missing oxygen, because assumed to be 

generated concurrently with the oxygen atoma (see equations (21) and (22» so 

although it is observed as a first order product, it is unlikely be accountable for these 

missing oxygen atoma, unless of course it is also produced in a higher order reaction. 

For the ethylene molecule, although we could not observe the vinyl radical, it is 

possible that a variety of CxHy chains/structures could be produced (1,3-butadiene 

(CH2CHCHCH2) for example, from the recombination of two vinyl radicals), which 

would consequently overlap with some of the ethylene fundamentals and remain 

difficult to assign unambiguously - again, this will be resolved in future experiments 

with labeled isotopes. It is also likely that ketene is produced in our experiment 

(especially if methylene (CH2) radicals are produced in our experiment via 

destruction of the C-C 7t-bond; note the methylene radical itself is notoriously 

difficult to observe, see Yarnaguchi, Sherrill & Schaefer (1996» - the strongest 
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absorption of ketene appearing at around 2144 em·1 would appear close to the carbon 

monoxide fundamental at 2139 cm·1 requiring further experimentation to resolve its 

presence as several other bands also have conflicting overlaps with species detected 

in our experiments (cf. Schriver et al. 2004). If we account for the bond strength of 

the carbon-oxygen bond in carbon dioxide, about 1.3 x 1017 eV and 1.8 x 1017 eV are 

necessary to generate the atoms in their electronic ground and first excited states, 

respectively. Dynamic simulations utilizing the CASINO code (Drouin et al. 2001) 

suggest that esch 5 keY electron is fully absorbed within the ice sample within 600 

run, hence coupling a total of 4.4 x 1018 eV into the system. Therefore, only about 3-4 

% of the kinetic energy of the electrons is consumed to generate oxygen atoms which 

reacted via equations (23)--(28) to form acetaldehyde, ethylene oxide and vinyl 

alcohol; formally, reactions of ground state oxygen atoms with an ethylene molecule 

are exoergic 472 kJ morl
, 354 kJ mort, and 429 kJ morl respectively, see 

http://webbook.nistgov/chemistryl). 

4.7. Astrophysieal Implications 

Our detailed studies presented solid data on the synthesis of three C2140 isomers 

in extraterrestrial ices, i.e. acetaldehyde, ethylene oxide, and vinyl alcohol. The 

explicit detection of these isomers in electron irradiated low temperature carbon 

dioxide: ethylene ices at 10K implies that energetic electrons generated by cosmic 

ray particles via ionization of the target molecules in the infra track of the cosmic 

particle trajectory can be released perpendicularly to the ion path to actually 
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synthesize acetaldehyde and ethylene oxide within the ultra track of the trajectory of 

the implant Specifically, oxygen atoms were found to add to the carbon-carbon 1t

bond of the ethylene molecule to form initially an oxirene di-radical (addition to one 

carbon atom) or the cyclic ethylene oxide molecule (addition to two carbon atoms). 

The oxirene di-radical can undergo a [1,2]-H shift fonning the acetaldehyde and 

possibly vinyl alcohol molecules, or ring close to form ethylene oxide. Vinyl alcohol 

may also be produced by insertion of the oxygen atom into a carbon-hydrogen 0"

bond. Under gas-phase single collision conditions of the same reaction, none of the 

C2~O adduct molecules would survive; this is because the inherent high vibrational 

energy of the intermediates leads to a fragmentation via carbon-hydrogen and carbon

carbon bond ruptures, for which the major pathways involving reactions of ethylene 

with Oep) have been determined to be; i) dissociation into the methyl and formyl 

radicals (sequence (35), ii) dissociation to the acetyl radical and a hydrogen atom 

(sequence (36», and iii) dissociation to formaldehyde and the methylene radical 

(sequence (37» (Schmoltner et al. 1989): 

Oep) + C2~(XIAg) --+ CH3(X2A2") + CHO~A') (35) 

Oep) + C2~(XIAg) -+ HfS) + CH2CHO(X2A') (36) 

Oep) + C2~(XIAg) -+ CH2(X3BdaIAI) + CH20(XIA1) (37) 

Thus, both theoretical studies, and crossed beam experiments predict that the 

corresponding ethylene oxide and acetaldehyde molecules on the singlet surface are 

insccesSJ."le due to the excess internal energy (rotational and/or vibrational) causing 

them to subsequently fragment (Schmoltner et al. 1989; Wortmann-Saleh, Engels & 

Peyerimhoff 1994; Belbruno 1997; Abou-Zied 1998; Gardner & Miller 2004). 
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However, in the ice samples, the internal energy of the intermediates can be diverted 

to the· matrix via phonon-coupling, thus stabilizing the ethylene oxide and 

acetaldehyde species. Similarly, in studies of Oep) with ethylene -occurring in the 

liquid phase and high pressure gas-phase can also lead to stabilization of the 

intermediates forming both ethylene oxide and acetaldehyde (Eusuf & Wagner 1972; 

Hirokami and Cvetanovic 1973; BIey et al. 1988). Note that a minor pathway to form 

ethylene oxide via ring closure of the oxirene di-radical cannot be ruled out; likewise, 

the relative contribution of the triplet versus the singlet surfaces have to be 

investigated in future experiments. 

Once acetaldehyde, ethylene oxide and vinyl alcohol have been synthesized inside 

the ice layers of the coated grains in cold molecular clouds, the newly formed 

molecules can sublime as the cloud reaches the hot molecular core stage. It is often 

noted that ices such as these may not be relevant to interstellar ices based on the 

consideration that we require C~ and Cl4 (to produce C214) as being present next to 

each other within these ices. However, we would like to streas that the carbon dioxide 

molecule does not present an easential reactant molecule; any oxygen-bearing 

molecule such as carbon monoxide or water might be considered also as a potential 

'oxygen atom' reservoir, as long as this oxygen atom can be released efficiently via 

cosmic ray particles deep inside cold molecular clouds. It is difficult to derive a 

quantitative extrapolation for how our present experiments are relevant to the 

production of these molecules in interstellar grains as it is noted that the ice mixture 

of our experiments is not representative of that of an interstellar ice - it is also noted 
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that the initial composition of the ices can have an effect on the UV destruction of 

molecules (Cottin, Moore & BeniIan 2003) and the production of new molecules in 

the ion irradiation of ices (Saton-e, Palumbo & Strazzulla 2000). In order to quantify 

the importance of these reactions in the interstellar medium, we need to carry out 

further experiments which investigate the effects of how the initial reaction mixture 

affects the reaction pathways - this includes varying the ratios of carbon monoxide 

and ethylene, as well as the inclusion of additional molecules which are more 

representative ofintersteIIar ices mixtures (i.e. water, carbon monoxide, etc.). 

In conclusion, it is important to compare these laboratory studies with actual 

astronomical investigations. Here, we identified two routes to form acetaldehyde in 

carbon monoxide-methane (Bennett et al. 2005) and in carbon dioxide-ethylene 

mixtures; on the other hand, ethylene oxide and vinyl alcohol was solely found in 

irradiated carbon dioxide-ethylene samples. Since only carbon monoxide, carbon 

dioxide, and methane have been observed in interstellar ices (Lacy et al. 1984; Lacy 

et al. 1991; Tielens et al. 1991; Boogert et al. 1996, Boogert et al. 1997; Gerakines et 

al. 1999; Fraser et al. 2002; Gibb et al. 2004) - ethylene is formed as a secondary 

product by charged particle irradiation and photolysis of methane ices and is likely 

present at hitherto unobservable concentrations of less than 1 % on interstellar grains 

- if we assume that the relative production rates of acetaldehyde and ethylene oxide 

would be similar in a more astrophysically relevant ice mixture, we would expect that 

in hot molecular cores the fractional abundances of acetaldehyde is higher than 

ethylene oxide. This hypothesis gains strong support from Ikeda et al (2001). The 
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authors observed both acetaldehyde and ethylene oxide towards massive star fonning 

regions; firstly the observed abundances of both isomers are a factor of2 - 600 higher 

than predicted from pure gas phase models suggesting that solid state processes 

indeed play an important role in their formation (Charnley 2004). Secondly, the 

abundance of acetaldehyde was found to be systematically higher than ethylene oxide 

by a factor of 1.2 - 13.2. Similar ratios of 2.5 -10 towards hot cores were given by 

Nummelin et al. (1998) suggesting that our laboratory studies which are computed to 

simulate about 106 years radiation exposure of interstellar ices, i.e. a typical lifetime 

of a cold molecular cloud, can indeed predict the trends of an enhanced acetaldehyde 

production as compared to ethylene oxide. It should be noted however, that there 

could be a strong temperature dependence on the formation routes of C2H40 isomers 

within interstellar grains before their subsequent release into the gas phase in these 

regions if thermalized oxygen atoms react via intersystem crossing, too. However, 

our findings suggest that if the reaction of oxygen atoms with ethylene is the only 

source of ethylene oxide and vinyl alcohol, the latter should be less abundant by a 

factor of lOin hot cores. This contradicts the astronomical observations which 

suggest a ratio of about 1.5. Therefore, the reaction of oxygen atoms with ethylene 

cannot be the sole source to fonn vinyl alcohol on interstellar ices. One additional 

route might be the involvement of the water - acetylene system (Hudson & Moore 

2003) in which vinyl alcohol can be fonned upon ionizing radiation, too. Our 

laboratory experiments also propose that acetaldehyde might be indeed the carrier of 

the 1349 em"1 CH deformation mode (7.414 f.Ull) observed towards interstellar ices 

(Gibb et al. 2004), where abundances of -9% (relative to water) have been reported 
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for the high-mass YSOs W33A and AFGL 7009S. Similar synthetic routes could help 

explain the formation of acetaldehyde and ethylene oxide in comet Cl1995 01 (Hale

Bopp) as postulated by Crovisier et aI. (2004). Finally, Bernard et aI. (2003) detected 

ethylene oxide in gas discharge experiments simulating the charged particle 

processing of Titan's atmosphere. Here, carbon monoxide - a precursor to atomic 

oxygen - and the ethylene reactant were detected in Titan's atmosphere at mixing 

ratios of up to 104 and 2 x 10.7, respectively. If the reaction ofhberated oxygen atoms 

with ethylene takes place in those atmospheric layers where three body processes 

frequently occur, the ethylene oxide intermediate can be stabilized by collision with a 

'bath' molecule. Surprisingly, the ethylene oxide molecule was found to be produced 

in preference to the predicted formaldehyde and methanol molecules modeling 

Titan's atmosphere (ColI et aI. 2003). Summarized, laboratory experiments like the 

present study provide valuable constraints on theories in astrochemistry and supply 

valuable information on the importance of charged particle processing of complex, 

organic molecules in extraterrestrial environments. Future investigations on this 

system will reinvestigate the formation of the vinyl alcohol isomer - here via 

energetic electron processing of acetylene - water matrices - to compare the findings 

with Hudson & Moore (2003) - and will also focus on the theoretical investigation of 

the complete triplet and singlet C2140 surfaces, including the calculation of 

intersystem crossing rate constants. 
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Chapter 5: Electron Irradiation Experiments on Pure Oxygen «h) 

This chapter is based on the published paper: Bennett, C. J., Kaiser, R. L, Laboratory 
Studies on the Formation of Ozone (0,) on Icy Satellites and on Interstellar and 
Cometary Ices, The Astrophysical Journal (2005), 635, 1362. 

5.1. Introduction 

The importance of the ozone layer in Earth's a1Jnosphere was realized by Hartley 

in 1881 - ozone (03), during photodissociation, absorbs ultra violet (UV) light 

strongly between 200 -320 run o......x = 254 run), which is extremely damaging to life, 

particularly to DNA o......x = 260 run) (Okabe 1978; Thomas 1993). Ozone is produced 

within the terrestrial a1Jnosphere in the gas phase by the following reaction scheme, 

similar to the one originally proposed by Chapman in 1930: 

Ch(X3l:g J + hu « 240 run) -+ Oep) + Oep) 

ChOcJl:gJ +Oep) + M-+ 0)(XIAI) + MO 

(1) 

(2) 

Reaction (1) requires light ofa wavelength below 240 nm, implying that the energy 

required to break the bond in molecular oxygen is 498 kJ morl (5.17 eV); thus the 

heat of formation (arHO) for a single oxygen atom in its ground state is 249 kJmor l 

(2.58 eV). Since the production of ozone via (2) is exoergic (aiHO = - 143 kJ mor l
, -

1.48 eV), the preaence of a third body, M (Nz or Ch in our atmosphere), is crucial in 

order to carry away some of the excess energy (107 kJmor., 1.10 eV) to stabilize the 

internally excited ozone molecule formed via reaction (2).1 

I Values taken from: http://webbook.nist.gov/chemistry 
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Owen (1980) suggested that a planet which harbors life should be rich in oxygen 

(Ch) and water. The detection of chemical species on an extrasolar planet using 

visible and radiofrequencies is problematic (Leger 2000), thus use of the mid-infrared 

region to detect molecular vibrations is the most promising. However, the selection 

rules dictate that a vibration must change the molecular dipole moment to be infrared 

active. Since molecular oxygen has no dipole moment and is symmetric, the 

fundamental vibration is infrared forbidden. On the other hand, the ozone abundance 

is fairly insensitive to the oxygen concentration and is expected to be a logarithmic 

tracer for oxygen in planetary atmospheres (Angel, Cheng & Woolf 1986; Kasting & 

Catling 2003). Coupled with its UV shielding properties, it is hardly surprising why 

detection of the strongly infrared active 9.6 J.lID (1041 em·') band of ozone has been 

selected as one of the primary goals of both the Terrestrial Planet Finder (TPF; 

NASA) and Darwin (ESA) Interferometer Space Telescopes (Beichman, Woolf & 

Lindensmith 1999; Leger 2000). However, to be certain that molecular oxygen and 

hence ozone is really based on active life on an extratenestrial planet, it has been 

recognized that we must understand also possible abiotic production processes of 

oxygen/ozone observed within our solar system to rule out the possibility of 'false 

positive detections' (Se1sis, Despois & Parisot 2002). For example, although ozone 

has been detected on Mars (Barth, Hord & Stewart 1973), there is not much evidence 

to support that it has a biogenic origin. 

Astrochemical models of dark clouds predict that condensed oxygen is likely to be 

a major component of apolar dust grains within interstellar clouds (T - 10K), which 
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will be chemically processed by irradiation from galactic cosmic ray particles 

(predominantly MeV - GeV protons) and the internal UV field (Tielens & Hagen 

1982; Mathis, Mezger & Pansgia et al1983; Greenberg 1984; Strazzulla & Johnson 

1991). There is also some evidence of condensed oxygen on the icy satellites of 

Jupiter and Satwn; the 5773 A visible absoIption band arising from interacting pairs 

of Ch molecules has been detected on Ganymede (Spencer et al. 1995), and more 

recently, on Europa and Callisto (Spencer & Calvin 2002). There is some debate as to 

whether or not condensed oxygen would be stable for long periods at the 

temperatures of these bodies (90 - 150K). This lead to the proposal of bubbles of 

oxygen formed in ion tracks (Johnson & Jesser 1997); likewise the signs! could 

emanste from cooler icy patches where oxygen may be stable (Calvin & Spencer 

1997), or from an atmospheric haze (Vidal et al. 1997). Evidence for chemical 

processing comes from the detection of atomic oxygen in the UV airglows of Europa 

and Ganymede from the 1304 A and 1356 A emission lines (Hall et a1. 1998); 

additionally the detection of ozone via its UV abSOIption at 260 nm on Ganymede 

(Noll et al. 1996) as well as on two icy satellites of Saturn, Rhea and Dione (Noll et 

a1. 1997) is confirmed. These icy satellites are continually bombarded by energetic 

particles from the magnetospheres of Jupiter and Saturn, with the highest energy flux 

coming from an energetic electron bombardment (Cooper et al. 2001). 

The use of energetic electrons to bombard our solid oxygen sample is twofold. 

First, we study the effects of energetic electrons of the planetary magnetospheres 

interacting with oxygen ices. Secondly, we have the additional benefits of simulating 
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the energetic electrons released via primary ionization processes in the track of the 

galactic cosmic ray particles in interstellar and cometary ices (Oort's cloud). Most 

importantly, the averaged linear energy transfer (LET) of keY electrons is comparable 

to that ofMeY protons (typically a few keY per fIl1l); therefore, we can also simulate 

the inelastic energy transfer processes occurring without the need for a cyclotron 

(Johnson 1990). This paper is the first in a series of a systematic research program 

which aims to investigate the fonnation of ozone using varied energetic particles 

(electrons, protons, and photons), target composition (neat oxygen; binary mixtures 

with water), and temperatures (10 K relevant to molecular clouds, comets in Oort's 

cloud to 150K as relevant to the Jovian satellites). Previons studies on condensed 

oxygen include energetic processing by UV photons (Crawly & Sodeau 1989; 

Schriver-Mazzuoli et aI. 1995; Gerakines, Schutte & Ehrenfreund 1996; Dyer, 

Bressler & Copeland 1997), keY protons (Baragiola et aI. 1999; Fama et aI. 2002), 

and electrons (Lacombe et aI. 1997 and references therein) and will be discussed in 

this context. 

5.2. Experimental 

The experimental setup is shown in Figure 5.1. Briefly, an ultrahigh vacuum 

(UHV) chamber is evacuated down to a base pressure of typically 5 x 10-\\ torr using 

oil-free magnetically suspended turbomolecular pumps. In the center of the chamber 

is a rotatable highly polished silver mono crystal which is cooled to 11.0 ± 0.3 K by a 

closed cycle helium refrigerator. The molecular oxygen (~) frost was prepared by 

181 



...--

Figure 5.1: Top view of the experimental setup. 

depositing oxygen (99.998%) for 5 minutes at a pressure of 10-7 torr onto the cooled 

silver crystal. The condensed sample is inspected via a Nicolet 510 DX Fourier 

transform infrared spectrometer (242 scans over 5 minutes from 6000 - 400 em-!, 

resolution 2 em-!) operating in absorption-retlection-absorption mode (reflection 

angle a = 75~. The gas phase is monitored by a quadrupole mass spectrometer 

(Balzer QMG 420) operating in residual gas analyzer mode with the electron impact 

ionization energy at 90 eV. 

The samples were irradiated then isothermally at 11.0 ± 0.3 K with 5 keY 

electrons generated with an electron gun (Specs EQ 22-35) at beam currents of 100 

nA for 50 minutes by scanning the electron beam over an area of 3.0 ± 0.4 em2• In 

theory this would mean during the irradiation the sample would be exposed to a total 
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of 1.9 x lOiS electrons (6.2 x 1014 electrons em'2); however, not all of the electrons 

generated by our electron gun actually reach the target - the manufacturer states an 

ex1raction efficiency of 78.8 %, meaning the actual number of electrons which hit the 

sample is reduced to 1.5 x lOiS electrons (4.9 x 1014 electrons em'2). After the 

irradiation is complete, the sample is then left isothermally for I hour before heated at 

a rate of 0.5 k min'l . 
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Figure 5.2: btfrared spectnmI of the oxygen frost at 11K. The fundamental and the lattice modes are 
shown in (a), the first overtone of the fundamental in (b). The dashed line represents Gaussian fits to 
each peak. The assignments are compiled in Tshle 5.1. 

Figure 5.2 depicts a typical infrared spectrum of the condensed oxygen ftost prior 

to the irradiation; the absorptions are compiled in Table 5.1. In general, the column 

density N (molecules em'2) can be calculated via a modified Lambert-Beers 

relationship as in equation (3) (see Bennett et al. 2004 for more details). 

lniO r A{v}dv 
N=--xcosax....:.!..---

2 A 
(3) 

where the division by a factor of two corrects for the ingoing and outgoing infrared 

beam, a is the angle between the normal of the surface mirror and the infrared beam, 

f.' A(v)dvis the integrated area of the infrared absorption feature for our sample (em' 
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I), and A is the integrated absorption coefficient (em molecule-I). However, this 

process is complicated by the fact that in case of molecular oxygen, there are large 

variations in the integrated absorption coefficients of an intrinsic infrared inactive 

band in the gas phase. Using a value of 3.8 x 10-22 em for A for the fundamental 

extIapolated from Cairns & Pimentel (1965) and a density of 1.54 gem-3 (Frieman & 

Jodi 2004), we would determine our ice thickness to be 46 1UIl. On the other hand, 

using values estimated by Ebrenfreund et aI. (1992) at A = 1 x 10-19 em our thickness 

would be only 0.2 J.IlIl. Using a more recent value of A = 5 x 10-21 em gives an ice 

thickness of 3.5 IUIl (Vandenbussche et aI. 1999). In pure crystalline a-02 however, 

the symmetry of the crystal structure forbids the fundamental from being infrared 

active; only lattice modes can be observed (Frieman & Jodi 2004). The only reason 

the fundamental is visible in our spectra and also that of Caims & Pimentel (1965) is 

due crystal imperfections which reduce the symmetry of the crystal structure; as a 

consequence an electric dipole moment is induced. The ratio of the fundamental 

(1549 em-I) to the Iibration band (1614 em-I) in our sample is about one compared to 

values ranging from 1 : 2 to 1 : 20 as found by Caims & Pimentel (1965). This 

indicates that our oxygen exists primarily in an amorphous phase. An alternative 

interpretation is given by Jones 1986, where the authors state the formation of a meta

stable amorphous phase, which exists between 8 and 12 K (Jones et aI. 1985; Jones et 

aI. 1986). Based on these considerations, the sample thickness in our experiments is 

likely to be in the lower micrometer range. 
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Table 5.1: Infrared absorptions of the oxygen frost and SBSigmnent of the observed bands according to 
Friemann & Jodi (2004). 

jrIlquency, em-I assimunent characterization 
1549 VI 0-0 - stretchinR (fundamental) 
1614 VI+ VI. fundamental + lattice mode 
3076 2v1 overtone of fundamental 

5.3. Resnlts 

5.3.1. Infrared Spectroscopy 

The only new mo1ecnle synthesized as a result of the inadiation is the formation 

of the bent e2v structure of ozone; the cyclic I>]h isomer was not observed (Siebert & 

Schinke 2003). We observe the ozone molecule, 03(XIAI), via eight absorption 

bands; the three fundamentals appear at VI. V2, and V3 at 1104 em-I, 702 em-I, and 

1037 cnil respectively (Figure 5.3), whereas the overtones 2v3 and 3V3 were found at 

2044 em-I and 3028 em-I; the combination bands VI + V3, V2 + V3, and VI + Y2 + V3 could 

be detected at 2105 em-I, 1721 em-I ,and 2798 em-I, respectively. The positions of 

these absorptions agree well with previous studies (Brewer 1972; Gerakines, Schutte 

& Ehrenfreund 1996; Schriver-Mazzuoli et al. 1995; Dyer, Bressler & Copeland 

1997; Chaabouni, Schriver-Mazzuoli & Schriver 2000). The band positions and their 

assignments are listed in Table 5.2 along with integrated absorption coefficients 

calculated by Adler-Golden et al. (1985); the latter help to explain the relative 

intensities of the peaks, in particular the weak: combination band VI + V2 + V3 which is 

only visible dwing warm-up when the cohunn density of the ozone almost doubles 

(see below). 

185 



D.""" 
VI (a) 

~oo" f 
j o.oom' 

"I ,,\ I (1 
It\J 1 I'... , \ J I 
, \ ... 1 " .. " ", I "'," , 1 I J I,..f \ ,.... I 1\ J .. 

/1'''\' 
0.0000 1140 1130 1120 1110 1100 10Pel 1080 1070 

W8VC!DIDllbet~ em"1 

(e) 

0." 

r)O 
10.04 

0.02 

----------------------
0,00 10fi0 1050 1040 1(31) loa 1010 

wavenumber. em'! 

... " 
V2 (b) 

fOID~ 

) \ 

I 

..... 

-~.;-" ... -,,--- ......... \"'~ .... -"''''''', 
O'OOO~m~~~,~IO~~~~~~~7.~~~~~~ 

W8VC!DIDllbet~ em'l 

VI+V3 (d) 

MID 

..... 

O'OOO.~I~~--~~~~.=IOO~--~~~~~~ 
W8VC!DIDllbet, em'l 

Figure 5.3: htfimed absotptiODS from the formation of ozone as seen before (dashed line) and after 
(solid line, with Gaussian fits as dotted line) the bradiatioo of the oxygen sample at II K with 8 beam 
current of 100 nA; (8) V .. (b) v., (c) V3, and (d) VI. V3' The complete list of observed bands and 
assignments are given in Table 5.2. 

To extract mechanisticaI studies on the formation of ozone, we have to investigate 

the fine structure of the bands closer. Upon the onset of the irradiation, the V3 

fundamental immediately separates into two peaks (Figure 5.3c), one relating to the 

matrix isolated ozone monomer observed at 1037 em'l, and a second associated with 

the formation or an [03 ... 0] van der Waals complex at 1032 em'l (Schriver-Mazzuoli 

et aI. 1995; Dyer, Bressler & Copeland 1997). During the early stages of irradiation 

the absorption band of the [03 ... 0] complex is of comparable intensity to the matrix 

isolated band of the ozone monomer, but after 10 minutes its intensity flattens out 
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Table Sol: Observed peaks after 50 minutes ofinadiation via 5 keY electrons at 100 nA, together with 
the calcu\ated values for the integrated absorption co-efIicients taken from Adler-Golden et aJ. (1985). 
Assignments of the observed bands according to Brewer & Wang 1972. 

cy, em-' Assignment characterization A, em molecule-' 
1104 03 (VI) 0-0 - symmetric stretch 1.84 x 10-1• 

702 03 (V2) 0-0-0 bend 7.11 x 10-19 

1037 ~(V3) 0-0 - asymmetric stretch 1.53 x 10-17 

2044 ~ (2V3) overtone 5.80 x 10-20 

3028 03 (3V3) overtone 1.23 x 10-19 

1721 0 3 (V2 +V3) combination band 6.01 x 10-20 

2105 0 3 (VI +V3) combination band 1.30 x 10-10 

2798" ~ (VI +V2+V3) combination band 3.31 x 10-20 

a only visible during the warm up period at 35 K. 

throughout the irradiation; a similar trend was observed by Dyer, Bressler & 

Copeland (1997). At the later stages of the irradiation, a second shoulder appears on 

the V3 ftmdamental at 1042 em-I which can be attributed to the formation of the 

[03 ••• 03] van der Waals complex (Bahon, Schriver-Mazzuoli & Schriver 2001). 

The temporal evolution of the 1037 cm-I peak is depicted in Figure 5.4 (top) where 

a value of A = 1.4 X 10-17 molecules cm-I was used (Smith 1985). After the 

irradiation, the cohnnn density is 1.9 ± 0.2 x 1016 molecules em-2, where it remains 

constant throughout the isothermal stage. But upon heating more ozone begins to 

form, reaching a maximum at about 38 K of 3.5 ± 0.5 x 1016 molecules cni2• At 64 K 

the oxygen matrix has sublimed completely; no ozone is left 
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Figure 5.4: Temporal profile of the column density of ozone calculated via the integrated absorption at 
1037 em-I (uppeT) and mass spectrometric signals at mle = 32 & 48 (lower) dwing the irradiation, 
isothermal phase and heating period. The tonesponding temperature profile is overlaid. 

5.3.2. Mass Spectrometry 

The temporal profile of the signals at mJe = 32 and mle = 48 are shown in Figure 

5.4. Note that signal at mle = 48 can originate from two processes: first, the sublimed 

ozone which is ionized in the electron impact ionizer to the 03+ ion; secondly, ionized 

molecular oxygen ~ + can undergo ion-molecule reactions which neutral oxygen 

molecules in the ionizer to form 03+. Also, two channels can contribute to mle = 32: 

the typical electron impact ionization of molecular oxygen to give ot and a 

fragmentation of ionized ozone in the electron impact ionizer to atomic oxygen and 

ionized molecular oxygen. Most important, during the irradiation process, no oxygen 
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or ozone is found to sublime from the solid sample into the gas phase indicating that 

sputtering can be eliminated. As the temperature program is started, weakly bound 

oxygen molecules possibly from the sample surface begin to sublime from the ice (i) 

at temperatures between 28 K and 43 K (Figure 5.4); the oxygen matrix can be seen 

coming off where presmnably the signal at (ii) represents the bulk amorphous oxygen 

ice, whereas the crystalline phase should be more strongly bound (iii). Finally, the 

ozone starts subliming at temperatures between 58 K and 73 K (iv). The ion current 

peaks of the subliming oxygen at 38 K and of ozone at 67 K are consiatent with those 

of a previous study where the sublimation temperatures were determined to be 35 K 

and 63 K for oxygen and ozone, respectively (Farna et al. 2002). Since molecular 

oxygen and ozone can both result in signal at mJe = 32 and 48, it is imperative to 

actually calculate the true partial pressure of ozone via matrix interval algebra (Kaiser 

et al. 1995) using electron impact ionization cross sections from Cosby (1993) (Ch) 

and Newson et al. (1995) (03). The results of this transformation are shown in Figure 

5.5. By integrating this graph and accounting for the effective pumping speed of 

ozone in our machine (773 is·1), we can compute a lower limit of the newly formed 

ozone molecules to be 2.5 ± 0.8 x 1016 molecules. This is considerably lower by a 

factor of four determined by the column density obtained from the infrared data. This 

is due to the well-known fact the ozone which sublimes from the first stage of the 

cold head target can actually re-condense on the second cold head stage. This 

effectively increases the pumping speed of ozone and hence mimics a lower ozone 

partial pressure than actual current value (Kaiser et a!. 1995). 
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Figure 5.5: Temporal development of the ozone partial pressure as exInIcted from the raw data (mass 
specbwnetJy) via matrix interval algeiml; the error bars of about 30% have been removed for clarity. 
The COIlesponding temperature profile is overlaid. 

5.4. Discussion 

5.4.1. The Dissociation Pathway 

Based on the experimental results, the following fonnation processes are likely. 

The infrared spectroscopic detection of ozone and the accompanying the [0300 .0] 

complex verifies that the interaction of the keY electrons with the oxygen molecule 

must lead to a homolytic bond cleavage thus forming two oxygen atotns. Cosby 

(1993) investigated the reaction dynamics of molecular oxygen with ionizing 

radiation. Upon interaction with keY electrons, two major reaction pathways are 

likely to produce atomic oxygen (Cosby 1993). Reaction (4) is formally spin

forbidden and requires 498 kJ morl (5.16 eV); reaction (5) presents a spin-allowed 

process and requires 688 kJ mor l (7.13 eV); note that half of the atomic oxygen 

formed via the second process is in its first electronically excited state. However, 

prior to dissociation by reaction (4), vertical excitation from the X3l:S' ground stste 

190 



into one of the repulsive potential energy surfaces, Clr.-, A'3 t.., or A3r. + states is 

suggested; these surfaces actually lie about 6 e V above the ground state which 

adiabatically correlates with both ground state oxygen atoms. The generation of the 

electronically excited OeD) atoms requires excitation into a potential energy surface 

even higher in energy, Cosby (1993) suggested a dissociation of molecular oxygen 

from the B3r.- state where a vertical transition lies about 8 eV above the ground state. 

[t is important to bear in mind that these nascent oxygen atoms released from 

equations (4) and (5) are born with kinetic energies extending up to 2 eV. There is 

also some experimental evidence to support the fact that at electron energies above 

100 eV reaction (5) becomes the dominant process (Cosby 1993). If we are genera

ting 3.5 :I: 0.5 x 1016 ozone molecules cm-2
, at least an identical number of oxygen 

atoms are required to react with molecular oxygen to ozone. Since one oxygen 

molecule can form two oxygen atoms, 1.8:1: 0.3 x 1016 molecules of oxygen cm-2 

have to undergo a homolytic bond rupture, i.e. 5.4 :I: 1.2 x 1016 molecules of oxygen 

over the total sample area. Considering the implantation of 1.5 x lOiS electrons 

(section 2), each 5 keY electron cleaves at least 36 :I: 6 oxygen molecules. This would 

result in the forrnstion of 72 ± 13 ozone molecules per implanted electron. 

Consequently, each electron has to transfer at least 213 ± 40 eV (reaction (4» or 285 

± 50 eV (reaction (5» from its kinetic energy to the oxygen matrix to generate purely 

ground state oxygen atoms Oep) or half of the atomic species in their OeD) excited 

state. This translates to about 5 % of the energy from the incident electron to be lost. 

Therefore, based on the energetics, the forrnstion of the ozone molecule can be ac

counted for quantitatively. 
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~(X3Eg") --+ Oep) + Oep) 

~(X3l:g") --+ oeD) + Oep) 

SA.:!. The Actual Reaction Pathway 

(4) 

(5) 

The infrared spectroscopic identification of the [03 ... 0] complex and of matrix 

isolated ozone monomers at 11 K suggests that at low temperatures, at least two non

equilibriwn processes involving suprathennal oxygen atoms prevail. As indicated in 

the previous paragraph, a homolytic bond rupture of the oxygen molecule yields two 

oxygen atoms which have an excess kinetic energy of less than 2 eV. Since these 

species are not in thennal equihbriwn with the surrounding matrix, the energetic 

oxygen atoms are classified as suprathennal or non-equihbriwn species. The 

detection of a [03" .0] complex could indicate the involvement of two neighboring 

oxygen molecules (~h. Here, one of the oxygen molecules is cleaVed homolytically 

to form initially a [~ ... O ... O] complex. If the released oxygen atoms have sufficient 

excess energy to overcome the diffusion barrier in the matrix, whereby they can 

escape the [~ ... 0 ... 0] complex and can reset with a molecule in the matrix at a 

distant site of the initial complex to form ozone via resetion (6). However, those 

oxygen atoms born without sufficient excess energy cannot escape from the initial 

complex; the oxygen atom rather reacts without barrier with a neighboring oxygen 

molecule within the matrix cage at 11 K (also forming ozone by reaction (6». If 
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however, the remaining oxygen atom does not possess enough kinetic energy to 

escape, a [<lJ ..• 0] complex will remain in the oxygen matrix, as observed. 

Postulating the involvement of neighboring oxygen molecules (~h and 

assuming that reactions (4) and (5) proceed much faster than reaction (6), the 

formation of ozone at 11 K should follow pseudo-first order kinetics during the 

inadiation process. As a matter of fact, we were able to fit the temporal evolution of 

the ozone column density, [03](t), via pseudo first order kinetics utilizing equation 

(7). Figure 5.6 depicts the best fit of the ozone profile with a = 2.0 ± 0.1 x 1016 

molecules em·2, and k = 7.9 ± 0.3 x 10-4 S·I. These values compare well to those of 

experiments carried out with UV photolysis, where Schriver-Mazzuoli et al. (1995) 

determined a value ofk = 1.0 x 10.3 S·I and a value ofk = 7.8 x 10-3 S-I (estimated) 

from Gerakines, Schutte & Ehrenfreund (1996) after irradiation with a medium 

pressure mercury discharge lamp «(I _1015 photons cm-2s-1 with Ehv > 6 eV). The rate 

cannot be compared to experiments using keY ion bombardment as the authors did 

~s I.' 

b 
) ... 
j 
8 0.' 

10 '" 30 .. 
time, minutes 

FIgure 5.6: Fit of the ozone column density according to equation (7). 

193 

50 



not present an analytical solution of the temporal evolution of ozone (Baragiola et al. 

1999). 

(h(X3l;g j + Oep) -4 03(XI AI) 

[03](t) = a(l- e-kt
) 

(6) 

(7) 

However, recall that in our experiment we have identified a third reaction mechanism 

during heating of the ice to 38 K. The increasing column density of ozone is an 

explicit indication that even after the irradiation has stopped, the oxygen matrix still 

stores oxygen atoms at 11 K. When the electron irradiation stops, the production of 

excited oxygen atoms ceases, too. In the gas phase, O( I D) has a life time of about 110 

s (Bhardwaj & Haider 2002); in the solid state the life time is expected to be in the 

order of a few hundred milliseconds (Mohammed 1990), and after a 3600 s 

equilibration time at 11 K, all excited oxygen atoms have relaxed to their 3p ground 

state. The question still remsins, as to why upon heating a second pathway to ozone 

formation exists - generating almost the same amount of ozone as occurred during 

irradiation. As indicated earlier, the formation of ozone is the result of an oxygen 

atom colliding with an oxygen molecule. However, sterical effects dictate that not all 

oxygen atoms released react with the oxygen molecule to form ozone (Levine 2004). 

Oxygen atoms failing to enter the cone-of-acceptance of the oxygen molecule do not 

react and hence can be stored in the matrix at 11 K. At 38 K, which translates to about 

0.003 eV, the oxygen atoms might be able to overcome the diffusion barrier and 

collide with a neighboring oxygen molecule in the correct geometrical orientation. 
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5.4.3. The Cyclic Ozone Molecule 

Besides the bent C2v symmetric structure, electronic structure calculations predict 

that also a second isomer of ozone should exist (Xantheas et al. 1991; Hemlmdez

Lamoneda, Salazar & Pack 2002; Siebert et al. 2002). A cyclic isomer holding D3b 

symmetry was suggested to be 1.34 eV less stable than the bent ozone molecule. 

Once the bent C2v structure has been fonned, the barrier to isomerization to the D3b 

isomer is calculated to be 2.37 eV; however, the energy of the bent ozone to 

dissociate (1.05 eV) lies below the energy of the D3b structure. Therefore, even if an 

ozone molecule fonned in the 11 K matrix interacts with a second electron via an 

inelastic energy transfer, the dissociation to atomic plus molecular oxygen is more 

likely than its isomerization to cyclic ozone. Also, the preferred channel for atomic 

oxygen reaction with an oxygen molecule in the solid is by addition to one of the 

oxygen atoms to fonn the C2Y structure. This atom-radical reaction does not have an 

entrance barrier. In comparison, the entrance barrier to the D3b structure is estimated 

to be at least 2 eV (Xantheas et al. 1991), which is higher than the predicted 

translational energy of the suprathermal atoms generated in reaction (4) and (5). As a 

matter of fact, the distribution maxima of the translation energy of Oep) and OeD) 

was predicted to be 0.5 eV and 1.7 eV, respectively (Cosby 1993). This can explain 

why the cyclic ozone molecule was not observed. 
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5.5. Astrophysical Implications 

We have demonstrated that when condensed molecular oxygen is subjected to irra

diation from energetic electrons, the formation of ozone can be fit by pseudo first 

order kinetics. A similar process is expected to occur within the apolar ice grains of 

interstellar clouds via elastic energy transfer processes from the release of energetic 

electrons in the track of galactic cosmic ray particles - a process which has been 

shown to account for 99.9 % of the energy transfer processes from energetic cosmic 

ray particles interacting with low temperature ices (Kaiser & Roessler 1998). Most 

important, molecular oxygen itself need not be a major constituent of an ice for ozone 

to be generated; in fact any oxygen bearing species can potentially act as a precursor 

to form oxygen atoms via electronic and nuclear interaction processes of the cosmic 

ray particle with the ices. An example is the irradiation of carbon dioxide, which has 

already been shown to generate ozone (Bennett et al 2004). Here, the temporal 

evolution of ozone could be fit with a consecutive reaction scheme. The first reaction 

would be the recombination of two oxygen atoms within the matrix as given by 

reaction (8) followed by the addition of a third oxygen atom to generate ozone as 

given in reaction (6). 

(8) 

However, in this case we must also consider the formation of the oxygen molecule 

itself. Here we were able to fit the data using the consecutive (A ~ B ~ C) reaction 

scheme, where we formally consider A as a carbon dioxide trimer, [(CCh)3], in the 

matrix. Upon irradiation, the latter decomposes to a complex B, [(COh ... O ... Ch] or 
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[(COh ... (C~) ... ~], whereby two oxygen atoms have already combined to form 

molecular oxygen via equation (8) within the matrix cage of the complex, and finally 

the third oxygen atom combines to form ozone by reaction (6) to form a fonnal 

complex C, [(CO)3 ... <>J]. Thus, the temporal evolution of the oxygen and ozone 

species colwnn density can be fit using the following two-step consecutive pseudo-

first order kinetics (Steinfeld, Francisco & Hase 1999): 

(9) 

(10) 

where k/ represents the reaction rate of reaction (8), and k2 the rate of reaction (6). 

Figure 5.7 represents the best fit of the ozone profile from a carbon dioxide ice where 

b = 2.2 ± 0.1 x 1016 molecules cm-2, k/ = 1.7 ± 0.1 x 10"" S·I, and k2 = 4.3 ± 0.2 x 10.3 

S·I. By investigating the reaction mechanisms, we are able to extract additional 

information about intermediates we cannot observe in our experiment, in this case the 

case of oxygen formation within the carbon dioxide matrix (Figure 5.7). We can 

investigate the relative rates of k/ and k2. Once oxygen molecules are fonned, they 

can quickly react to form ozone; consequently, it might be possible to observe ozone 

within solar system ices even though molecular oxygen itself is undetectable. These 

results may help to explain why model simulations of ozone within the Martian 

atmosphere fail to be able to reproduce the observed colwnn densities as these models 

are based only on gas-phase photochemical reactions (Lefevre et al. 2004), whereas it 

is well known that carbon dioxide ices are present, and therefore subject to irradiation 
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FIgure 5.7: Fit of ozone (solid line), and inferred molecular oxygeo (dashed line) col\DIID densities 
according to equations (10) and (9), respectively, after carbon dioxide ice was subjected to 5 keV 
electrons at 0.1 JIA. for 60 minutes (data from Bennett et aI. 2004). 

on the planets surface (Litvak et al. 2004). It is well known that molecular oxygen is a 

product from experiments studying the irradiation effects of water (Orlando & Sieger 

2003; Zheng, Jewitt & Kaiser 2005). However, ozone has not yet been observed in 

these systems, perhaps because oxygen atoms cannot diffuse through a matrix, 

indicating that neighboring oxygen molecules may be required to generate oxygen 

which may not be sufficiently abundant within pure water ices - converaely, 

hydrogen atoms can diffuse through the matrix, making additional reactions with 

molecular oxygen possible, which may also impede ozone formation. It is also 

interesting to note the possible relevance of the additional thermal pathway observed 

in the present experiments which may be of some relevance to the Jovian satellites 

where localized tidal heating effects could prompt the formation of ozone from 

trapped molecular and atomic oxygen species within the ice. Thus, it is evident that in 

order to elucidate the formation of ozone within the more diverse chemical 

compositions and temperatures of our solar system further studies need to be carried 
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out which emphasize how such effects could change the formation mtes, and 

pathways to form ozone. 
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Chapter 6: Electron Irradiation Experiments on Pure Methane (~) 

This chapter is based on the published paper: Bennett, C. J., Jamieson, C. S., 
Osamura, Y., Kaiser, R. L, Laboratory Studies on the Irradiation of Methane in 
Interstellar, Cometary, and Solar System lees, The Astrophysical Journal (2006), 
653,792. 

6.1. Introdnction 

Interstellar methane (Cl4) is thought to be formed on the surface of interstellar 

ices, where hydrogen atoms can combine with a carbon atom sequentially 

(d'Hendecourt, Allamandola & Greenberg 1985). Indeed, methane is known to be 

ubiquitous throughout the interstellar medium, where it has been detected in both the 

gas phase and solid state (Lacy et aI. 1991). A recent survey of 23 infrared sources -

mostly young stellar objects and field stars - carried out by Gibb et aI. (2004) using 

the Infrared Space Observatory (ISO) detected methane in interstellar ices via its V4 

deformation mode at 7.676 Jlm (1303 em·I). The abundance of methane within these 

ices was found to be typically 1 - 4% relative to water; however, upper limits of 13 % 

and 17 % were reported for Mon R2 IRS 3 and GCS 4, respectively. The band 

position and profile was found to be consistent with the methane molecule being 

within a polar matrix such as water. It is also well established that the icy grains 

present within interstellar clouds are subjected to irradiation from galactic cosmic 

mys originating from supernovae explosions; these particles have high kinetic 

energies up to the GeV; for instance, 10 MeV particles have fluxes of~ = 10 particles 

cm-2 
S·I (Strazzulla & Johnson 1991). Chemically speaking, the cosmic my mdiation 

field is comprised of about 98% protons (p, Hl and 2% helium nuclei (a-particles, 
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He2
"'). The cosmic ray particles also induce an internal ultraviolet radiation field (A < 

13.6 eV), holding a fluence of tjI = 103 photons cm·2 S·l (Prasad & Tarafdar 1983). The 

effects of this high energy radiation exposure over the lifetime of an interstellar cloud 

of about 4-6 x 108 years (Jones 2005) is expected to produce significant chemical al

terations of the ices condensed on the grain nuclei (Kaiser 2002). The production of 

new hydrocarbons formed from the irradiation of methane in the solid state and their 

subsequent ejection into the gas phase as the ice sublimes has also profound 

consequences for chemical models of interstellar cores (Ruftle & Herbst 2001) 

Studying the chemical composition of comets may also provide a record of the 

'pristine material' of the parent interstellar cloud from which our solar system was 

formed (Ehrenfreund, Charnley & Wooden 2004). Hydrocarbons including methane 

(Cl4), ethane (C2Ji(;), and acetylene (C2H2) have been detected as they sublimed from 

the interior of the long period comets including Cl1996 B2 Hykutake, C/1995 01 

Hale-Bopp with abundances relative to water ranging from 0.5-1.5%, 0.6%, and 0.2-

0.3%, respectively (Brooke et aI. 1996; Mumma et aI. 1996; Weaver et aI. 1999; 

Mumma et aI. 2003). It has been suggested that the formation of ethane and acetylene 

are likely to have originated from the irradiation of methane within interstellar ices; 

indeed, the idea has already been studied within a water dominated matrix (Moore & 

Hudson 1998). 

Methane is also found to be abundant throughout the solar system (Ehrenfreund & 

Charnley 2000; Rouab 2001). Other than the Earth, which obviously has biogenic 
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sources today. it has been detected within the atmospheres of Mars « 0.02 ppm). 

Jupiter (1000 ppm). Satmn (2000 ppm). Uranus (0.003 - O.oI ppm). and Nepune 

(0.015 ppm). Trace amounts of ethane. ethylene. and acetylene have been detected 

within the atmospheres of these planets as well (Crniksbank 1998). Also. 

observations of Titan with ISO by Coustenis et al. (2003) revealed the presence of a 

few percent of methane. as well as minor traces of associated hydrocarbons including 

ethane (C2~). ethylene (C214). acetylene (C2H2). propane (C3HS). allene 

(H2CCCH2). methylacetylene (CH3CCH). diacetylene (HCCCCH). and benzene 

(4H6). Infrared studies of outer solar system icy bodies like Pluto with the United 

Kingdom Infrared Telescope (UKIRT) verified from the position of the methane band 

that methane molecules are not only embedded in solid nitrogen (N2) dominated ices. 

but also as islands of solid methane (Doutc\ et al. 1999). 

Previous experiments studying the effects of both UV photolysis and irradiation by 

ions on solid methane have been carried out; however. little information regarding a 

quantitative interpretation of the results exists. Gerakines. Schutte & Ehrenfreund 

(1996) exposed pure ice samples of about 0.1 J.Ull thickness (including methane) to 

UV irradiation from a microwave discharge flow lamp; typically the flux of photons 

is estimated to be lOiS photons cm-2 S-l with energies greater than 6 eV. but 

predominantly the photons produced are Lyman-a photons (10.2 eV). The products 

were studied via mid-infrared spectroscopy. whereby they identified the methyl 

radical (CH3). ethane. propane and ethylene as well as characteristic absorptions 

indicating the presence of larger hydrocarbons containing double and triple bonds. 
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The detection of acetylene was not reported. Later, Kaiser & Roessler (1998) exposed 

methane ice targets of about 4 !J.11l thickness to irradiation from both 9.0 MeV a

particles and 7.3 MeV protons. Again, by the use of infrared spectroscopy, the 

authors found that the chemical alterations were slightly differentiated from those by 

UV irradiation; notably, they reported the formation of acetylene, as well as several 

previously undetected radical species, methylene (CH2), the ethyl radical (C2Hs) and 

the vinyl radical (C2H3). More recently, Baratta, Leto & Palumbo (2002) prepared 

thin samples around 7.40 DID thick, and compared the effects of photons generated via 

a hydrogen discharge resonance lamp (Lyman-a photons) and 30 keV ions at currents 

ranging from 100 nA cm·2 to a few J.IA cm·2. The chemical alteration of the ices was 

monitored by infrared spectroscopy, but the study was focused on the destruction of 

methane, and production of only ethane and propane whereby few other species were 

mentioned. They found that at low doses, the irradiation effects from both sources 

were comparable, but at higher doses the optical properties of the ice hindered the 

further processing by UV photons. Also, Moore & Hudson (2003) recently studied 

the effects of both UV photons generated from a microwave-discharged hydrogen 

flow lamp as well as 0.8 MeV protons generated by a Van de Graff generator on pure 

methane ice (several !J.11l thick). The products were studied using infrared 

spectroscopy, whereby only a qualitative approach was taken to analyze the effects of 

mdiolysis on the methane sample, whereby the acetylene molecule was found to be 

produced in both experiments (note that in a previous study by Gerakines, Schutte & 

Ehrenfreund (1996), the same peaks were listed as present, but unidentified), yet in 

contmst to previous studies, ethylene and propane were not identified in the UV 
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photolyzed samples. Thus it is clear that further work is needed to establish how 

differing radiation sources chemically alter these ices. To our knowledge however, no 

previous experiments studying the irradiation effects of high energy electrons on solid 

methane under ultrahigh vacuum conditions have been carried out The choice of 

energetic electrons as an irradiation source serves to simulate not only the irradiation 

oficy surfaces by energetic electrons (e.g. the Jovian system), but also the effects of 

delta electrons released in the track of an MeV ion trajectory (see Bennett et aI. 2005 

for more details). The linear energy transfer through electronic interactions to the ice 

sample from keV electrons is also of the same order to that of MeV ions. The focus of 

this paper will be the production mechanisms of small hydrocarbons (where CxHy (x 

S2,~). 

6.2. Experimental 

Briefly, an ultrahigh vacuum (UHV) chamber is evacuated down to a base 

pressure of typically 5 x 10.11 torr using oil-free magnetically suspended 

turbomolecular pumps. A closed cycle helium refrigerator is used to cool a highly 

polished silver (111) mono crystal to 11.0 :l:: 0.3 K, which is held in the center of the 

chamber and is freely rotatable. The methane (Cf4) frost was prepared by depositing 

methane (99.999% Specialty Gas Group) through a glass capillary array held 5mm 

from the silver target for 5 minutes at a background pressure in the main chamber of 

10'7 torr. A Nicolet 510 OX Fourier transform infrared spectrometer (242 scans over 

5 minutes from 6000 - 400 em'l, resolution 2 cm'l) running in absorption-reflection-
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absOJ:ption mode (reflection angle a = 75f) is used to monitor the condensed sample. 

A quadrupole mass spectrometer (Balzer QMG 420) operating in residual gas 

analyzer mode with the electron impact ionization energy at 90 eV allows us to detect 

any species in the gas phase during the experiment 

The methane samples were irradiated isothermally at 11.0 :I: 0.3 K with 5 keY 

electrons generated with an electron gun (Specs EQ 22-35) at beam currents of 100 

nA for 1 hour by scanning the electron beam over an area of 1.8 ± 0.3 crn2
• In theory 

this would mean during the irradiation the sample would be exposed to a total of 2.2 

x lOIS electrons (1.2 x lOIS electrons crn·2); however, not all of the electrons 

generated by our electron gun actually reach the target - the manufacturer states an 

extraction efficiency of 78.8 %, meaning the actual number of electrons which hit the 

sample is reduced to 1.8 x lOiS electrons (9.8 x 1014 electrons crn·2). After the 

irradiation is complete, the sample is then left isothermally for an hour, before heated 

to 300 K at a rate of 0.5 k min·l • 

Figure 6.1 depicts a typical infrared spectrum of the condensed methane frost prior 

to the irradiation at 11 K; the assignments of these bands are presented in Table 6.1. 

At this temperature, methane is orientated in its phase II crysta11ine structure which is 

stable below 20.4 K. Indeed, the fine structure arising from the V3 and V4 

fundamental bands is consistent with that of phase II methane (which have some 

hindered motion), with some amorphous features portrayed by additional fine 

structure not attributable to that of phase II methane. There have been numerous 
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F1gure 6.1: Infrared spectnun of the methane frost at 11 K. The range 6000 to 5500 em" has been 
eDlarged to show the less intense combination bands. The wnesponding assignmeDts are given in 
Table 6.1. 

Table 6.1: Infrared absoIptions of the methane frost and assignmeDts of the observed bands according 
to Chapados & Cabana (1972). Baciocco. Calvani & Cunsolo (1987a). and Baciocco. Calvani & 
Cunsolo (1987b). 

band sition, em"1 

5984 
5799 
5562 

4525,4527 
4284.4298,4309,4311,4322,4336, 

4384 
4119,4202 

4115 
3843,3845 

3001,3005,3013,3015,3019,3025, 
3052,3065 
2904,2918 

2800,2812,2814,2822,2827,2849, 
2884 

2576,2591,2597,2612,2630 
1523, 1528 

1289,1294,1299,1304,1307,1345 
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studies on the structure of methane in phase II, and the corresponding infrared 

assignments (Chapados & Cabana 1972; Kobashi, Okada & Yamamoto 1977; 

Baciocco, Calvani & Cunsolo 1987a; Baciocco, Calvani & C\DlSOlo I987b; Khanna 

& Ngoh 1990; Grieger et al. 1998). 

The column density of methane (molecules em·2) can be calculated via a modified 

Lambert-Beers relationship as in equation (1) (see Bennett et al. 2004 for more 

details). 

Inl0 (' A(v)dv 
N = --x cosa x'='" ---

2 A 
(1) 

where the division by a factor of two corrects for the ingoing and outgoing infrared 

beam, a is the angle between the normal of the surface mirror and the infrared beam, 

l' A(ii)dvis the integral of the infrared absorption feature for our sample (em-\ and , 

A is the integral absorption coefficient (em molecule-I), often referred to as an A 

value. Due to the large number of expected products and complicated fine structure of 

the strongly absorbing fundamental V3 and V4 bands, it is logical to use the 

overtone/combination bands to determine the column density of the methane sample. 

Using a recently determined A value from Gerakines et al. (2005) of 1.6 x 10-18 em 

molecule-I for the combination band appearing at 4200 em-I (VI+V4), we derive a 

column density of 2.29 ± 0.05 x 1017 molecules em-3. Taking a density of 0.53 g em-3 

(Wyckoff 1965), we can derive a thickness of 115 ± 2 run. The electron trajectories 

were simulated using the CASINO code (Drouin et al. 2001). The results indicate that 
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the distribution maximum for the energy of electrons after they have been transmitted 

through the sample is 4.63 ± 0.01 keY. This means that they transfer a total of 370 ± 

10 eV into the sample. This value corresponds to an average linear energy transfer 

(LET) of 3.2 ± 0.1 keY Illlil, and therefore exposing our sample to an average dose 

of 1.6 ± 0.2 eV per molecule. 

6.3. Results 

Figure 6.2 shows the optimized molecular structures of the molecular species 

relevant to this study (see appendix for details). Figure 6.3 shows the infrared 

spectrum after irradiation exposure compared to the neat ice sample. A list of the 

species identified along with the corresponding assignments is shown in Table 6.2. 

The temporal evolution of the column densities of these species are shown in Figure 

6.4a-g with the corresponding quantitative information listed in Table 6.3. Note that 

during the 1 hour irradiation period the infrared bands were fit using Gaussian curves, 

which allows for greater accuracy in the peak areas than the direct band integration 

used in the subsequent isothermal and heating stages, which accounts for the apparent 

onset of jagged features in Figures 6.4a-g after the irradiation period has elapsed. 

Taking methane as an example, the temporal development of the column density was 

observed by its VI+V4 combination band at 4200 em·1 and is shown in Figure 6.4a 

using the A value of 1.6 x 10.18 em molecule·1 (Gerakines et al. 2005). After 

irradiation, the column density is calculated to be 2.18 ± 0.04 x 1017 molecules em·2; 

recall that the initial column density was found to be 2.29 ± 0.05 x 1017 molecules 
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CHell) 

~ 
C2H(~?) 

Figure 6.2: Structures of various hydrocarbons detennined with the B3L VP/6-311 G( d,p) method (see 
text for details). 
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Figure 6.3: Infrared spectrmn of the methane sample before irradiation (gray), and after 60 minutes of 
irradiation with 5 keV electrons at 0.1 !LA (black), within the ranges (a) 1100 - 500 em-I, (b) 1550-
1350 em-I, (c) 2990 - 2860 em-I, and (d) 3280 - 3080 em-'_ The assignments are compiled in Table 
6.2_ 

em-2; this means that the amount of methane molecules destroyed during iITadiation 

is found to be 1.15 ± 0.63 x 1016 molecules em-2
., i.e. only about 5 %. Taking into 

account that 9.8 x 1014 electrons em-2 hit the target, we can calculate that each 

electron destroys 11.7 ± 6.4 methane molecules on average. The column density of 

methane remains constant over the isothermal period where the sample is kept at 11 K 

for 1 hour, and then once the temperature program is started, begins to decrease as the 

sample is heated where the entire methane matrix sublimated rapidly from 39 - 42 K. 
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Table 6.2: Observed peak positions, assignments, and characterizations after I hour of irradiation via 5 
keY electrons at 0.1 !LA, together with the calculated values for the integrated absorption coefficients 
used in this paper. Tentative assignments are given in italics. 

band Gerakines. Moore Kaiser & assignment characterization 
position, Schutte & & Roessler 

em-I Ehrenfre\Uld Hudson (1998) 
(1996) (2003) 

608 608 608 609 v2CH3 out-of-plane 
3150' v3CH3 CH streIching 
2961b 

VIC2~ CH3 sym. str. 
2883 2882 2883 VSC2~ CH3 sym. str. 
1373 1375 1373 V6C2~ CH3 sym. def. 
2975 2975 2976 VIOC2~ CH3 deg. str. 
1464 1465 1463 VllC2~ CH3 d- deform 
822 822 821 V12C2~ CH3rock 

2941' VS+Vll C2~ combination 
2915' VS+Vll C2~ combination 
534 534 534 V9C2HS CH2 out-of-plane 
951 951 V7 C214 CH2Wag 
1435 1438 1436 V12C214 CH2 scissor 
3095 3095 V9C214 CH2 asym. str. 
2851d v9CH3CH CH2 asym. str. 
283(1 v3CH3CH CH3 sym. str. 
893 898 VSC2H3 out-of-plane 

3267 3269 3261 V3C2H2 CH streich 
736 735 VsC2H2 CHbend 

8 . 
- Also reported by Snelson (1970) and Pacansky & Bargon (1975) at 3162 em and at 3150 em 

respectively 
b _ Not the major contributing species to the band (see text for details) 
'-Assignment supported by work by Nakamoto (1997) as well as Hepp & Hennan (1999) 
d _ Assignment based on calculated band positions of these species (see Appendix) 

Note also that this paper is focusing on the formation of only C2H. (x = 1 - 6) and 

CHy (y = 1 - 4) species . .AB most of these features have been previously identified in 

irradiation experiments on methane ice. we shall only discuss those which are 

reported for the first time. In regards to ethane(XIAIS>. the bands at 2941 em-I and 

2915 em-I are tentatively assigned to the infrared active combination bands arising 

from the combination of the VB + Vll modes (Eli!)Eg = A1.EM2.eE.) allowing two 

infrared active bands (Nakamoto (1997); Hepp & Herman (1999»; the relative 

intensities of these bands of about 4: 1 is the same as in pure ethane samples from our 

218 



laboratory data (Figure 6.3c). These bands have been assigned to ethane previously 

by Gerakines, Schutte & Ebrenfreund (1996) at 2942 em"1 and 2908 cm"l. It is also 

expected that there will be a slight conbibution to the band appearing at 2961 em"1 

from the infrared inactive band VI (CH3 symmemc stretch); however, the major 

contributor to this bands is likely to be from higher hydrocarbons such as propane 

(C31Is). Note that Gerakines, Schutte & Ehrenfreund (1996) assigned a band 

appearing at 2908 em"1 to ethane, which is not present in the pure sample. A more 

likely explanation is that during irradiation, the amount of amorphous methane 

increases; this reduces the site symmetry of the methane molecules to Cl making all 

vibrations infrared active; hence here we assign this band to the VI band of methane 

(Figure 6.3c). 

The isomer of ethylene, CH3-CH(X3 A"), could not be identified unambiguously; 

the most intense bands from our OFf calculations are from the fundamentals V9 at 

2889 em"l, and V3 at 2855 cm"l, both of around the same intensity. There are two 

bands occurring at 2851 and 2834 em"I, which are consistent with these observations 

(a shift of 20-40 em"1 for absorptions in the solid state is not uncommon), but due to 

the low intensities of these bands, the assignment can only be tentative. 

Note that several species remain unidentified. These include the methylene radical, 

CH2(X3BI), whereby the strongest absorption, the V2 bending mode, is not 

particularly strong (A - 2 x 10"18 em molecule"l) and is predicted by our calculations 

to absorb at 1024 cm"l. However, experimental results using tunable diode laser 
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spectroscopy and laser magnetic resonance techniques place the absorption closer to 

963 em-I (Marshall & McKellar 1986), a feature which would be hard to observe next 

to the intense absorptions from ethylene and higher hydrocarbons which also absorb 

in this region. The feature previously reported by Kaiser & Roessler (1998) at 1109 

cm-I to be the methylene radical was also not found to be present in our electron

irradiated sample_ Similarly, the vinylidene isomer, H2CC(XIAI), is unlikely to be 

identified as the strongest band (V4 at 728 em-I) overlaps with the strong Vs band from 

acetylene and could not be observed. Although searched for, the vinylidyne isomer 

CH3C(X2 An), nor the ethynyl radical, C2H(X2L') could not be identified in these 

experiments_ 

6.4. Discnssion 

6.4.1. Reaction Scheme 

We now attempt to kinetically fit the colunm densities of the new species 

produced upon irradiation of the sample_ During this discussion, we will refer to the 

reactions listed in Table 6.4 (RI-RI8), which underlay the chemical processes 

considered for the reaction scheme; the summary of this scheme is shown in Figure 

6.5. Considering the experimentally observed colunm density of methane, we 

assumed that the molecule undergoes first-order "decay" upon electron bombardment, 

similar to a radioactive decay, giving the following rate equation (2). This equation 

can be utilized to fit the colunm density of the methane molecule during the 

irradiation phase via (3). The best fit of the methane profile yields (C~](t=O) = 2.29 
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Table 6.3: Summary of temporal changes in column deosity of the observed species based on the 
indicated band position (em·'). and the cOIlesponding A value (em molecule·') at the end of irradiatiOD 
in terms of molecules em·2 and the Dumber of molecules produced per incident electron. The 
temperature at which the species sublimated from the matrix is also indicated. 

wavenumber, A, em change in number of sublimation 
species em·1 molecule· column density molecules temperature, 

I over produced per K 
irradiation, electron" 

molecules cm·2 

~ 4200 1.6 x 10.18 - 1.15:1: 0.63 x -11.7:1: 6.4 39-42 
b 1016 

CH3 608 2.5 x 10.17 5.16:1: 0.30 x 0.52 :I: 0.03 < 35 
c 1014 

C2li6 822 1.9 x 10.18 9.66:1: 0.24 x 9.82:1: 0.24 57 - 66 
d lOiS. 

C2Hs 534 9.3 x 10.18 9.0:1: 1.5 X 1014 0.91:1: 0.15 < 25 
f 

C214 951 1.5 x 10.17 3.05:1: 0.10 x 3.10:1: 0.10 
g 1015 

C2H3 893 1.3 x 10.17 2.3 :I: 0.8 x 1014 0.23 :I: 0.08 
f 

C2H2 736 1.4 x 10·\7 5.24:1: 0.41 x 0.53 :I: 0.04 
h 1014 

• - based on 9.8 x 1014 electrons hitting thetmget (see section 2) 
b _ Gerakines et a1. (2005) 
'- Wonnhoudt & McCurdy (1989) 
d _ Pearl et al. (1991) 
, -note that a minor quantity of ethane is present as impurity in our pure gas 
f _ calculated value (see appendix) 
• - Cowieson, Barnes & Orville-Thomas (1981) 
b _ Kaiser & Roessler (1998) 
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Table 6A: Smnllllll)' of the reactions involved in this study with the Gibbs free energy for the reaction 
(liRG) in kJ morl (or eV in parentheses) along with the energy of any additional barrier which may 
exist (AEb) in kJ mOrl (or eV in parenthesis). 

# Reaction 

Rl Cl4(XIAI) ~ CH3(X2A2") + HeSla) 

R2 HeSla) + HeSla) ~ H2(X1l:g ") 
R3 CH4(XIAI) ~ CH2(aIAI) + H2(X

Il:g ") 
R4 CH4(XIAI) ~ CH~2II) + H2(XIIs") + 

H( Sla) 
R5 CH3(X2 A2") + CH3(X2 A2") ~ [C2lI(;]* 
R6 C2lI(;(XIAIg) ~ C2HS(X2A') + HeSla) 
R7 C2lI(;(XIAIg) ~ C2H4(XIAg) + 

H2(X1l:g ")I2HeSla) 
R8 C2Hs(X2 A ') ~ C2H4(XIAg) + HeSla) 
R9 C2lI(;(XIAIg) ~ C2H3(X2A,) + HeSla) + 

H2(X lIs") 
RIO C2HS(X2A') ~ C2H3(X2A,) + H2(X1l:g ") 
Rll C2H4(X1 Ag) ~ C2H3(X2 A ') + HeSla) 
R12 C2H4(X1 ~ ~ C2H2(X1l:g ") + 

H2(X l:g ")/2HeSla) 

RI3 C2H3(X2 A ') ~ C2H2(X1l:g ") + HeSla) 
R14 HeSla) + CH4(XIAI) ~ CH3(X2A2") + 

H2(XI~g") 
RI5 HeSla) + C2lI(;(X1 AIg) ~ C2HS(X2 A') + 

H2(XI~g") 
R16 HeSla) + C2HS(X2A') ~ C2H4(XIAg) + 

H2(X1l:g ") 
RI7 HeSla) + C2H4(XIAg) ~ C2H3(X2 A') + 

H2(X1l:g ") 
RI8 HeSla) + C2H3(X2A,) ~ C2H2(X1l:g ") + 

H2(X1l:g ") 
a _ calculated value (see appendix) 
b _ http://webbook.nist.gov/chemistry 
, - Irle & Morokuma (2000) 
d _ Mebe!, Morokurna & Lin (1995) 
• -Jensen, Morokuma& Gordon (1994) 
f _ Wu, Werner & Manthe 2004 
• - Kerkeni & Clary (2005) 

ARG,kJmorl AEb,kJmorl 

(eY) -feY) 
427.5 (4.43) • -
432.4 (4.48) b 
218 (2.26) b -

456.6 (4.73) b -
876.7 (9.08) b -

- 360.7 (- 3.74)· -
411.7 (4.27)· -

- 131.8 (-1.37) C 477 (4.94) C 

442 (4.58) C 

148 (1.53)· 157 (1.62)· 
584.2 (6.05) b ? 

not accessible d ?d 
452.4 (4.69) B -
154.8 (1.60) • 524 (5.43)· 

458 (4.75) e 

392 (4.06) e 

147 (1.52) B 163 (1.69)· 
0.28 (0.003) f 62.46 (0.65) f 

- 29.2 (-0.3) g 50.2 (0.52) g 

-273.5 (-2.8) h 3.2 (0.03) h 

24.7 (0.26) i 63 (0.65)i 

-280.97 (-2.91) j 103.8 (1.08) j 

b _ Zhang, Li & Zhang (2004) 
I _ Knyazev et al. (I 996) 
j - derived from triplet potential energy surface derived by Kim et al. (2003) which is 79.9 kJ mort 
(0.83 eV) above the singlet ground state (Sherrill, Byrd & Head-Gordon 2000) 
? - indicates although a barrier likely exists, to our knowledge it hag not been calculated. 
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Figure 6.5: Reaction scheme used to fit the column densities of the C,H. species (x = 2 - 6) observed 
during the irradiation. 

can be utilized to fit the column density of the methane molecule dtning the 

irradiation phase via (3). The best fit of the methane profile yields [C14](t=O) = 2.29 

± 0.01 x 1017 molecules cm-2 and Ie" = 1.62 ± 0.07 x 10-5 S-1 and is shown in Figure 

6.6. To fit the experimentally observed column density of the methyl radical -

assuming it is produced via equation (RI» - a first order growth (equation (4» can be 

expected. The best-fit results from this equation yields a = 5.43 ± 0.08 x 1014 

molecules cm-2, and kb = 7.84 ± 0.31 x 104 S-1 (Figure 6.6). 

- d[Cl4]/dt = lea x [Cl4] 

[Cl4](t) = [Cl4](t=O) e -k.r 

[CH3](t) = a(l- e-k,,) 

(2) 

(3) 

(4) 

Having accounted for the methane molecules and methyl radical, we would like to 

comment on the possible formation pathways of the remaining molecules formed 

dtning the electron exposure as listed in Table 6.2. The proposed reaction sequence is 
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shown in Figure 6.5. The system of coupled differential equations was solved numeri-

cally (Frenklach 1992). The underlying rate constants found for each process are 

compiled in Table 6.5 and the resulting kinetic fits to the column densities of each 

species are shown in Figure 6.6. In this scheme, it was assumed that the generation of 

the internally excited ethane molecules obeyed pseudo-first order kinetics, the rate 

constant, k/, was found to be 6.14 x 10-5 S·I. This value is about an order of magnitude 

less than the formation of the methyl radicals vis equation (4), suggesting that most of 

the methyl radicals generated via homolytic carbon-hydrogen bond rupture processes 

do not have the proper reaction geometry to recombine and/or are not located in the 

same matrix cage. The internally excited ethane molecule can either be stabilized via 

phonon interaction (transferring the internal energy to the matrix; reaction (5), k2) or 

can tmdergo unimolecular decomposition via atomic (k3) and/or molecular (~) 

hydrogen elimination (Reactions (6) & (7); Figure 6.5). Note that the energetics for 

reactions (6) and (7) are analogous to reactions (R6) and (R7) in Table 6.4. Here, we 

derived rate constants of k2 = 2.09 x 10-2 S-I, k3 = 5.52 x 10-3 S-I, and ~ = 3.18 x 10-3 

-I 
S • 

[C214]* ..... C214(XIAIg) 

[C214]* ..... C2H5(X2 A') + HeSII2) 

[C214]* ..... C2H!(XIAg) + H2(X1l:g l/2HCZSII2) 

(5) 

(6) 

(7) 

Thus, we can conclude that the majority (-70 %) of the excited ethane molecules can 

be stabilized by the surrotmding matrix to form the grotmd state ethane molecule via 

reaction (5). However, the fact that both k3 and ~ were fotmd to be non-zero, means 
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Flgure 6.6: Fit of the column densities of methane (upper left), methyl (upper center) ethane (upper 
right), ethyl (middle left), ethylene (center), vinyl (middle right), and acetylene (bottom). 
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Table 6.5: Rate constants derived via iterative solution to the reaction scheme depicted in Fir'" 6.5. 
Reaction rate constant, s-

[C14 ... C14] -+ C2~ + 2H1H2 kJ = 6.14 x 10·s 

C2~* -+ C2~ k2 = 2.09 X 10-2 

C2H6 * -+ C2Hs + H k3 = 5.52 X 10-3 

C2H6* -+ C214 + 2H1H2 k4 = 3.18 X 10-3 

C2H6 -+ C2Hs + H ks = 3.12 X 10-3 

C2Hs -+ C214 + H k.i = 4.12 X 10-3 

C214 -+ C2H3 + H k7 = 2.31 X 104 

C2H3 -+ C2H2 + H ks = 3.56 X 10.3 

C2H2 -+ X kg = 8.33 X 10.3 

C2H6 -+ C214 + 2H1H2 klO = 2.28 X 10-6 
C214 -+ C2H2 + 2H1H2 kll = 1.22 X 10-3 

that these pathways are also significant. If we assume that ethane is formed via the 

recombination of methyl mdica1s via (RS). there is an excess of 3.74 eV from this 

process. However, for reaction (6) to proceed requires 4.27 eV (an additional 0.53 

eV) which means that a considerable mnnber of the methyl mdicals formed via 

reaction (R1) must hold excess energy of at least 0.26 eV each. Similarly, in reaction 

(7), the elimination of molecular hydrogen from the excited ethane molecule, has a 

barrier of 4.58 eV (an additional 0.84 eV) meaning that a significant population of the 

methyl mdica1s formed under reaction (RI) are internally excited by at least 0.42 eV. 

The formation of the ethyl mdical appears to involve two pathways, k3 (reaction 

(6», which has already been discussed, and its formation via the mdiolysis of a 

previously formed ground state ethane molecule (reaction (R6». Here, the mte 

constant, ks, was found to be 3.12 x 10.3 
S·I. The fact that ks is slower than k3, and in 

addition, also dependant on k2 means that the majority of the ethyl mdica1 is produced 

via reaction (6), although reaction (R6) is sti1l significant. In comparison of the 
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destruction mtes of the ethane and ethyl mdicals through mdiolysis to produce the 

ethyl mdical (R6) and ethylene (R8) respectively, the latter was found to proceed 

faster, where ~ was found to be 4.12 x 10.3 s·t. The energetics can also explain this 

by the fact that the energy required to produce the ethyl mdical through reaction (R6), 

4.27 eV, is more than the energy required to produce the ethylene molecule through 

reaction (R8), 1.62 eV (including the barrier), i.e. the reaction requiring the least 

energy proceeds the fastest. 

Now, let us compare the reaction mtes of the formation of ethylene from ground 

state ethane molecules (kJO; reaction (R7), and its formation through the 

decomposition of the internally excited ethane molecule (/4; reaction (7». The mte 

constant for reaction (R7), kJ(), was found to be 2.28 x 10-6 s·t, roughly 3 orders of 

magnitude smaller than k4• Here we find that the more important pathway to form 

ethylene appears to be through reaction (7), which implies that the molecular 

hydrogen elimination from a molecule of ethane is more likely to occur during the 

recombination of energetic methyl radicals. An investigation of the relevant 

energetics provides little insight into the reason for this discrepancy, as both reaction 

(R7) and reaction (7) infer the elimination of a molecule of hydrogen from ethane. 

However, the theoretical investigation by Irle & Morokuma (2000) reported two 

different possible reaction pathways for this process; either both hydrogens being 

eliminated from different carbon atoms (barrier of 4.94 eV) or the hydrogens being 

eliminated from the same carbon atom (barrier of only 4.58 eV). In addition, the 

competing pathway to the formation of the ethyl mdical via reactions (R6) & (6) lies 
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only 4.27 eV above the ground state of the ethane molecule. The formation of 

ethylene through the dissociation of the ethyl radical (k.s; reaction (R8» also 

contributes a significant amount to the formation of the ethylene molecule. 

In agreement with the theoretical calculations carried out by Mebel, Morokuma & 

Lin (1995), no rate constant could be found for reaction (RIO), the elimination of 

molecular hydrogen to form the vinyl radical from the ethyl radical. In fact, the only 

formation pathway that was found for the production of the vinyl radical was the 

radiolysis-induced hydrogen elimination of the ethylene molecule, reaction (Rll). 

The rate constant for this reaction, k7, was found to be 2.31 x 104 
S·I. The destruction 

of the vinyl radical was found to proceed via the radiolysis-induced hydrogen 

elimination reaction of the vinyl radical to form the acetylene molecule, reaction 

(R13). Here, the rate constant, ka, was found to be 3.56 x 10-3 S-I. Once again, the 

destruction rates for radicals appear to be faster than those for the closed-shell 

species, reflected by the relative required energy for the hydrogen elimination 

processes being 4.69 eV for elimination from ethylene through (Rl1), and 1.69 eV for 

elimination from the vinyl radical via (R13). A second formation pathway to the 

acetylene radical via the elimination of molecular hydrogen from ethylene was also 

found (reaction (R12». Here, the rate constant, kll, was found to be 1.22 x 10-3 
S-I, 

which although slower than ka, does not depend on the prior formation of the vinyl 

radical from ethylene which was actually found to be slower (k7 = 2.31 x 104 s·l) than 

the direct formation of acetylene via reaction (R12). The minimum energy pathway 

established by Jensen, Morokuma & Gordon (1994) for the elimination of molecular 
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hydrogen from ethylene was found to have a barrier at 4.06 eV above the ethylene 

molecule in its ground state. Whereas the energy required for hydrogen elimination 

from ethylene into the vinyl radical was found to require 4.69 eV, which might help 

explain why this reaction occurs more slowly. In Slnmnary, the dominant pathway for 

the production of acetylene appears to be through the elimination of molecular 

hydrogen from ethylene, possibly via the CH3CH intermediate tentatively identified 

in our experiment (or H2CC). Lastly, to account for further reactions of the acetylene 

molecule a final reaction pathway was included 

C2H2(XIl:gl-+ X (8) 

Whereby X represents any further hydrocarbon not covered by this study that 

acetylene might react to form (e.g. polymerization). The rate constant for this 

reaction, kg, was found to be 8.33 x lO·3 S·I. 

It should be noted that the reaction scheme presented here is not complete, in that 

there are several possible altemative pathways for the formation of these species 

which have been omitted as it is not currently possible to distinguish them from the 

pathways that have been covered. Reactions (Rl4-Rl8) in Table 6.4 show possibly 

alternative pathways to forming these molecules involving suprathermal (non

equilibrium) hydrogen atoms, which can be generated through reaction (Rl), are 

mobile within the lattice, and can undergo a number of hydrogen abstraction 

reactions, which are favorable due to the formation of molecular hydrogen which 

notably increases the exothermicity of these reactions. For example, a hydrogen 

abstraction pathway could be partially responsible for generating the ethyl radical via 
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(R15). This reaction is exoergic by 29.2 kJ morl (0.3 eV), and has been studied by 

Kerkeni & Clary (2005), who found the reaction has a barrier of 50.2 kJ morl (0.52 

eV) which must be provided by the supmthermal hydrogen atom, but is much lower 

than the barrier to required by competing reactions (R6) and (6). Please refer to 

reactions RI4-RI8 and the references listed in Table 6.4 for more information on how 

hydrogen abstmction reactions may be candidate reaction pathways for genemting 

each of the other species covered in this study. 

6.4.2 Energetics 

Let us now consider how much energy is required to produce the observed column 

densities of the species observed in our experiment Considering the destruction of 

methane itself: we can assume that the predominant reaction pathway is (Rl). the 

homolytic cleavage of the CJ C-H bond, creating the methyl mdical and a hydrogen 

atom, as the methylene (CH2) and methylidyne (CH) mdicals were not observed 

experimentally. The calculated energy for this reaction requires 426.7 kJ morl (4.42 

eV) compared to an experimental value of 432.4 kJ morl (4.48 eV); all experimental 

reaction energies are derived from valucs published in http://webbook.nistgov/che

mistry/ unless stated otherwise, all calculated values stated were found via the 

CCSD(T)/aug-cc-pVTZ method described in section 6Al. Table 6.6 summarizes the 

numbem of each species produced or destroyed throughout the hour of irradiation 

with 5 keY electrons at 100 nA as well as how much of the electrons kinetic energy is 

tmnsferred into the matrix during this process. The energy required per molecule 
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assumes the minimum energy pathway to produce each species via the reactions listed 

in Table 6.4. For example, accounting for the number of methane molecules 

destroyed per electron, i.e. 11.7:1: 6.4 molecules, if the destruction of each molecule 

requires 4.42 eV, this translates to 52:1: 28 eV being transferred to the sample as each 

electron is transmitted through the sample (using our calculated values). Recall from 

section 2 that the CASINO calculations estimate 370 eV will be transferred to the 

sample per electron, thus accounting for the destruction of methane by reaction (Rl) 

Table 6.6: Column densities (in molecules em") of species at the end of irradiation and the number of 
molecules produced per incident electron. The minimum energy required to produce one molecule of 
each species is Iiated in eV, combined with the total energy which muat be translated to the matrix per 
impingin electron. Also Iiated is the number of carbon atoms within the reported column densities. 

molecules number of minimum total energy carbon 
species produced, molecules energy per translated to atoms 

molecules produced per molecule, matrix per produced 
em-2 electron eV electron, eV cm-2 

CHi - 1.15:1: 0.63 - 11.7:1: 6.4 4.42 - 52:1: 28 - 1.15:1: 
x 1016 0.63 X 1016 

CH3 5.16:1: 0.30 x 0.52:1: 0.03 4.42 2.32:1: 0.13 5.16:1: 0.30 
1014 x 1014 

C2~ 9.66:1: 0.24 x 9.82:1: 0.24 8.84 87:1: 2" 1.93:1: 0.05 
1015 x 1016 

C2Hs 9.0:1: 1.5 x 0.91:1: 0.15 13.11 12:1: 2 1.80:1: 0.30 
1014 x 1015 

C2~ 3.05:1: 0.10 x 3.10:1: 0.10 14.74 45.7:1: 1.5b 6.11:1: 0.19 
1015 x 1015 

C2H3 2.3 :I: 0.8 x 0.23 :I: 0.08 19.43 4:1: 2 4.53 :I: 1.62 
10~ xl0~ 

CzHz 5.24:1: 0.41 x 0.53:1: 0.04 21.1 11 :I: 1 1.05:1: 0.08 
1014 x 1015 

Total· 163:1: 4 2.93:1: 0.06 
x 1016 

a _ during wann-up, the column density increases to around 2.8 x 10" molecules em"; requiring 
approximately 252 eV to be translated to the matrix per 5 keVelectron implanted. 
b _ upon heating, the column density was found to increase to a value of 5.9 ± 0.2 x 10" molecules em" 
which would require 88 ± 3 eV transferred to the sample per electron implant 
'- the total values Iiated here are do not include the energy required to destmy methane as it is already 
accounted for in the production of the products. 
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may account for around 14% of the transferred energy. From the column density of 

the methyl radical however, each electron produces 0.52 ± 0.03 methyl radicals which 

translates to only 2.32 ± 0.13 eV, indicating that if reaction (Rl) is solely responsible 

for the destruction of methane, then the methyl radicals must react further. Note that 

at 10 1(, the methyl radicals are predicted not to be mobile within the lattice 

(Zhitnikov & Dmitriev 2002). The hydrogen atoms. on the other hand, can diffuse 

even at temperatures as low as 10 K and can recombine to form molecular hydrogen 

HeSll2) + HeSll2) -4 H2(XIl;g) (9) 

At 10 K, even molecular hydrogen can diffuse in the matrix; once a hydrogen 

molecule reaches the surface, it can sublime into the gas phase. Molecular hydrogen 

was the only product identified by our mass spectrometer during the irradiation 

process. 

The failed detection of either the methylene radical via 

Cl4(XIAI) -4 CH2(aIA1) + H2(X1:Eg) 

as well as the methylidyne radical through 

Cl4(XI AI) -4 CH(X211) + H2(XIl;g) + HeSII2) 

(10) 

(11) 

is found to be in contrast to photolysis experiments utilizing ultraviolet (UV) photons. 

Here. a photolysis of pure methane at 1236 A (10.03 eV) gives a quantum yield for 

the dissociation pathways (2). (4). and (5) of 0.44. 0.5 and 0.06. respectively (Okabe 

1978). Note that recent experiments with low energy electrons suggest that the cross 

section for the production of the methyl radical is larger than that for the formation of 

methylene by a factor of 20; while the maximum cross section for the generation of 
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both radicals seems to lie where the energy of the impinging electron is around 20 eV 

(Nakano, Toyoda & Sugari 1991; Alman, Ruzic & Brooks 2000). 

Considering the formation of ethane, C2H6(XIAIg), the most likely formation 

pathway is therefore the recombination of two neighboring methyl radicals of the 

proper reaction geometry within the same matrix cage. Since the recombination of 

two methyl radicals is calculated to be exoergic by 360.7 kJ morl (3.74 eV), this 

process (reaction RS) leads to the formation of an internally excited molecule which 

can then relax (via phonon transfer to the lattice) to form the ground state ethane 

molecule (reaction 5) or fragment via unimolecular decomposition (reactions 6 & 7). 

To calculate the required energy to form ethane, we assume that it requires the 

formation of two methyl radicals via equation (R1), each requiring 4.42 eV (8.84 eV 

total). No further energy is required to produce the ethane molecule as the 

combination of methyl radicals occurs exoergically and without barrier (reaction R5). 

To account for the observed column density of 9.66 ± 0.24 x lOIS ethane molecules 

cm·2 (9.82 ± 0.24 per electron) therefore requires a total energy of 87 ± 2 eV per 

implant (Table 6.6). Also, methyl radicals were found to recombine during the warm

up phase to produce ethane (2.8 x 1016 molecules cm·2); therefore, a total of 252 eV 

per 5 keY electron implant are needed to verify for the experimentally observed 

ethane column density energetically. 

The ethyl radical can be generated by two similar processes which require differing 

energies and kinetics. The first pathway which we will consider is the radiolysis-
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induced dissociation of a previously created ethane molecule to bear the ethyl mdical 

and atomic hydrogen (reaction R6). The energy of this reaction was calculated to lie 

411.7 kJ morl (4.27 eV) above the energy of the ethane molecule. The second 

pathway supposes that the internally excited ethane molecule initially produced in 

reaction (6) immediately dissociates into the ethyl mdical and a hydrogen atom. This 

reaction pathway requires that the methyl mdicals bear enough kinetic energy when 

they recombine to overcome the additional energy requirements of this process (the 

recombination process is only exoergic by 3.74 eV, whereas the reaction requires 

4.27 eV, so an additional 0.53 eV is required). In order to calculate the how much 

energy is deposited by the electron into the sample is required to account for the 

observed column density of the ethyl mdical, we will use the value from the pathway 

which requires the least energy, therefore, the energy required to form the ethyl 

mdical can be calculated as the addition of this energy of that needed to form the 

ethane molecule (i.e. 4.27 + 8.84 = 13.11 eV). To account for the column density 

after irmdiation, 9.0 ± 1.5 x 1014 molecules cm·2 (0.91 ± 0.15 per electron) would 

therefore require 12 ± 2 e V transmitted to the sample per electron implant. A similar 

approach, based on the reactions listed in Table 6.4 was used to calculate the energy 

requirements to account for the observed column densities of the rfflllaining species, 

the snmmary of which is shown in Table 6.6. 

The total energy required to be transferred to the sample to account for all the 

observed products produced at the end of the I hour irmdiation at 100 nA is 163 ± 4 
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eV per electron; or about 44% of the energy calculated to be transmitted to the 

sample using the CASINO code (see Section 6.2). 

6.5.3 Carbon Budget 

To briefly address the issue of the carbon budget within the present experiment 

(i.e. can the column density of methane destroyed account for the column densities of 

the combined products; Table 6.6), we conclude that in total, 1.15 ± 0.63 x 1016 

methane molecules were destroyed per cm2
• The total number of carbon atoms 

required to account for the observed column densities of the products at the end of 

irradiation is; for the methyl radical = 5.16 ± 0.30 x 1014
, for ethane = 1.93 ± 0.05 x 

1016
, for the ethyl radical = 1.80 ± 0.30 x lOIS, for ethylene = 6.11 ± 0.19 x lOiS, for 

the vinyl radical = 4.53 ± 1.62 x 1014
, for acetylene = 1.05 ± 0.08 x lOIS. The total 

number of carbon atoms required by the observed number of products is therefore 

2.93 ± 0.06 x 1016 carbon atoms cm·2, i.e. almost three times more than the amount of 

methane destroyed. How can we account for this discrepancy? The use of calculated 

absorption coefficients has an associated error of up to 20% compared to gas phase 

values, although for small hydrocarbons this value may lie closer to 5% (Galabov et 

al. 2002). In the solid state, it is well known that these absorption coefficients are 

distorted for each band associated with the molecule according to the chemical and 

physical conditions of the surrounding ice matrix which will itself be altered during 

the irradiation process (Moore, Hudson & Gerakines 2001). It should also be noted 

that small contributions from other molecules not covered in this study may underlie 
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some of the absorptions treated quantitatively. For example, the column density of 

ethane, which is based on the area of the band centered at 822 em·1 
(V12 [CH3 rock]) 

may be slightly lower than reported due to the overlapping band of another molecule 

even within this study; the weak absorption at around 820 em·1 from ethylene (VIO 

[CH2 rock]). 

6.5.4 Temporal ProIDes 

We would now like to comment on some of the conclusions that can be drawn 

from the temporal evolution of the column densities depicted in Figures 6.4a-g. 

Firstly, it is clear that the column densities of all species remain constant during the 

isothermal stage, where the ice is held for 1 hour at 10K (within the limits of the 

error bars, with the possible exception of the vinyl radical; Figure 6At),. Once the 

temperature program is initiated, we see a gradual decrease in the column density of 

methane as it sublimes from the target (Figure 6.4a). It is of little surprise that the 

column densities of the unstable radical species decrease sharply as soon as the 

temperature begins to increase for the methyl (Figure 6Ab), ethyl (6.4d) and vinyl 

(6At) radicals. It could be expected that the column densities of the closed shell 

species should however be relatively unaffected by the slight increase in temperature, 

as can be seen by the increase in column densities of both the ethane molecule 

(Figure 6.4c) and the ethylene molecule (Figure 6Ae). However, the column density 

of acetylene (Figure 6Ag) also appears to decrease immediately as the temperature is 

increased. The slight increase in column density of the ethane molecule can likely be 
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accounted for by the increased mobility of the methyl radicals which can then 

recombine to form ethane via reactions (R5) and (12). The increase in the colunm 

density of ethylene cannot be explained in a similar manner, as no evidence of the 

methylene radicals was found. One possible explanation is the recombination of 

hydrogen atoms, trapped within the lattice with the vinyl radical which can without 

barrier to form ethylene. Similarly free hydrogen atoms could also react with the ethyl 

radical to produce more ethane. An a1ternstive production route for the generation of 

ethylene is reaction (R16), where the mobile hydrogen atoms abstract a hydrogen 

from the ethyl radical to generate ethylene and molecular hydrogen, which requires 

the hydrogen atoms to overcome the 0.03 eV energy barrier (at this time, the 

hydrogen atoms will be in thermal equihlnium with the surrounding matrix, therefore 

less than 0.1 % of the hydrogen atoms would be able to overcome this barrier, 

ignoring the possibility of tunneling). The simplest explanation for the disappearance 

of acetylene upon warm-up would be the successive hydrogenation to form the vinyl 

radical (reverse of reaction (R13); Figure 6.A9 (bottom» which could also be 

subsequently hydrogenated to form more ethylene. However, recall that this would 

have to overcome an energy barrier of 0.08 eV, at below 40 K, the population of 

hydrogen atoms that have this energy would not be significant. It is therefore likely 

that the majority of reactions involving the acetylene molecule during the heating 

period produce higher hydrocarbons not covered in this study. It is also likely that the 

radical-radical recombination reactions of the methyl, ethyl and vinyl radicals will 

produce higher hydrocarbons. Once the methane matrix has sublimed (39 - 42 K), a 

sharp increase in the colunm density of both the ethane and ethylene molecules is 
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observed. This increase cannot be explained by reactions occmring involving any 

species covered within this study within the matrix as at this time, as their column 

densities indicate that they are no longer present within the matrix. The most likely 

explanation is that the intensities of the infrared absoxptions of the fimdamentais used 

to calculate the column densities are stronger in the new matrix. 

6.5.5. Comparison to Previons Experiments 

We now would like to compare quantitatively, the results of electron 

bombardment on pure methane ices with those from experiments using UV photons 

and high energy ions as the source of irradiation. Table 6.7 snmmarizes experiments 

where quantitative information regarding the destruction of methane and production 

of new molecules was presented. Note that in making a quantitative comparison, 

other experimental parameters such as the thickness of the sample and dose must be 

taken into consideration also. 

Firstly, regarding the destruction of methane over the course of the experiment, 

comparing the column density of methane before and after the experiment, we can 

conclude that roughly 5% of the total methane in our sample was destroyed 

throughout the irradiation process. In the experiments where UV photons were the 

source, note that in both cases most of the original methane in the sample was 

destroyed. In the experiments carried out by Gerakines, Schutte & Ehrenfreund 
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Table 6.7: Comparison of quantitative resul1s from electron bombardment witb 5 keV electrons at 0.1 p.A for I bour witb tbose from previous experiments using 
UV photolysis and ion irradiation. The irradiation source is stated (refer to tbe individual pspers for more details), tbe dose used <eV molecule-I), tbe column 

ecuI ... _-2 ) of methane befilre and after irradiation, ss well ss the IlnaI column densities of the melbyl radical, ethane, eIb 

irradiation dose, eV [C~] [~] [CH3] [C214] [C2~] 
Source molecule-I initial, x destroyed, x produced, x produced, x produced, x 

1017 1016 1014 lOiS lOiS 
SkeV 1.6± 0.2 2.29± 1.15 ± 0.63 5.16 ± 0.30 9.66±0.24 3.05 ± 0.10 

electrons 0.05 
UVphotons 7.2 7.2 46.4 0.9S" 5.0 7.0 
UVphotons -135 1.30· 9.2· N/A S.SS· N/A 

30keV -105 1.60· 15· N/A 2.S· c N/A 
protons 

7.3 MeV 2S±3 7S.1 ±O.S 69.S 1276 1339· 248 
protons 

9.0 MeV a- 29±2 SS.7± 1.0 140 2020 204S· 4S2 
particles 

8_ Value attbe endofinsdiation_ A maximum column densityof4.4 x 1014 molecules cm-2 w8s found at a dose of 0.36 eVmolecule-1 

b _ Altbough no quantitative results were presented, sbsorptions wuesponding to tbe two strongest peaks were present 

lene and acetylene. 
[CzHz] 

produced, X 

1014 

S.24±0.41 

N/A b 

NlA 
N/A 

1443 

26SS 

• - Value at tbe end of insdiation. A maximum column density of 1.32 x 10" molecules cm-2 was found at a dose of 23 eV molecule-I 
• - indicates value may not be reliable for comparison ss different sbsorption bands were used to calculated tbe column densities oftbese molecules_ 
NlA - Iodicates tbat tbe column density of this species was not presented. 
References: I - This work 

2 - Gerakines, Schutte & Ehrenfreund (1996) 
3 - Baratte, Leto & Palumbo (2002) 
4 - Kaiser & Roessler (1998) 
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(1996) they exposed the sample to a dose of 7.2 eV molecule'! resulting in roughly 

65% of the methane being destroyed. Note that the additional 128 eV molecule'! used 

in experiments by Baratta, Leta & Palumbo (2002), caused the destruction of only an 

additional 5% to the sample. The authors reported on this discrepancy being due to 

the fact that during the irradiation process, the optical properties of the ice sample are 

modified. Initially however, the UV photons appear more efficient at destroying 

methane per eV molecule'! absorbed in the sample. In the experiments with 30 keY 

protons by Baratta, Leto & Palumbo (2002), the reported destruction of methane was 

much higher, at aroimd 94% of the sample. This is a much greater percentage than the 

values obtained from Kaiser & Roessler (1998) where values were reported of around 

9% for 7.3 MeV protons and 16% for 9.0 MeV a-particles. Before comparing the 

results of these experiments to those from our electrons, let us first check that they are 

internally consistent The linear energy transfer for the electronic and nuclear 

processes for high energy protons and a-particles impinging into our methane target 

was calculated using the SRIM (Stopping and Range of Ions in Matter) code of 

Zeigler et aI. (1985), the results calculated for a proton of energy 1 eV to 10 GeV (the 

results are in accordance with those published previously, e.g. Johnson 1990). For 

high energy ions the energy transfer to the ice occurs almost exclusively through 

electronic energy transfer processes. For a 7.3 MeV proton, the linear energy transfer 

through electronic interactions was calculated to be 3.9 keY J.Un.! and considerably 

higher for a 9.0 MeV a-particle at 40.5 keY J.Un.! explaining why much more 

chemical processing was found in the case of a-particle bombardment compared to 

that from protons. Considering why the 30 keY protons seems more effective at 
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processing the methane sample than the 7.3 MeV protons, the energy transfer through 

electronic loss processes of the 30 keY proton is calculated to be around 67.8 keY 

!J.11l.! but additionally, nuclear interaction processes begin to become more important, 

contributing an additional 0.3 keY !J.11l.!. This explains why, in general, the chemical 

processing from keY ion is greater than that for a MeV ion, note also that the nuclear 

interactions will introduce a different chemistry into the ice than electronic processes 

alone (Kaiser & Roessler 1998). Taking into account the number of methane 

molecules destroyed per eV molecule·! put into the system however, we can conclude 

that 5 keY electrons are more efficient at processing the methane sample than both of 

the ion sources used. This should not be surprising if we consider the electronic 

energy loss processes from a MeV ion into the ice will be utilized to generate delta 

electrons which are responsible for processing the ice further (Kaiser & Roessler 

1998). 

Considering the generation of the methyl radical, the column density at the end of 

the irradiation accounted for around 0.23% of the methane destroyed. This value is 

much larger than the value obtained from Gerakines, Schutte & Ehrenfreund (1996), 

who reported only 0.01% of the methyl radical accounted for with the products 

produced by the destruction of methane. Even at the highest column densities 

reported during the experiment still accounts for only 0.06% of the methane. This 

means that either the photons are less efficient at producing the methyl radical, or the 

possibility that the sample was heated enough during the course of the experiment for 

the radicals to be mobile enough to recombine to form ethane more efficiently. Both 
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of the high energy ion implantation experiments by Kaiser & Roessler (1998) 

produced enough of the methyl radical to account for roughly 1-2% of the methane 

destroyed. However, taking into account the dosage, we can conclude that the 

electrons and ions are roughly the same efficiency at producing the methyl radical. 

We now consider the relative formation of ethane, ethylene and acetylene in each 

system (due to the inconsistencies in the carbon budget previously mentioned, column 

densities will be used here). With regards to our system, the column density of 

ethane, ethylene, and acetylene at the end of irradiation is 9.66 ::I: 0.24 x lOIS. 3.05 ::I: 

0.10 x 1015, and 5.24 ::I: 0.41 x 1014 molecules cm·2, respectively. The only other 

experiment where all three molecules were accounted for quantitatively is the work 

from Kaiser & Roessler (1998), where the column densities from proton irradiation 

were 1.34 x 1018, 2.48 X 1017, and 1.44 x 1017 molecules cm-2 for ethane, ethylene, 

and acetylene respectively. Also, for the IX-particles, the column densities reported 

were 2.05 x 1018, 4.82 X 1017, and 2.66 x 1017 molecules cm-2 for ethane, ethylene, 

and acetylene respectively. In each of these experiments, the relative trend holds that 

more ethane is produced than ethylene, and more ethylene than acetylene, consistent 

with the view that the formation of acetylene is dependant upon a prior formation of 

ethylene, which itself is dependant upon the prior formation of ethane. The 

comparison to the ke V ion bombardment experiments is a little trickier, as it is 

evident from the temporal profile that the ethane was alao highly processed in the 

sample, however, taking the value from the maximum column density reported of 

1.32 x 1016 molecules cm-2 at a dosage of 23 eV molecule-I, we can conclude that the 
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efficiency of generating ethane is a little lower than for the MeV particles, which 

themselves are less efficient than electrons. 

Unfortunately, neither experiment studying the effects of UV irradiation included 

the acetylene molecule in their study. However, in the UV experiments carried out by 

Gerakines, Schutte & Ehrenfreund (1996), the ethane and ethylene can account for 

2.2% and 3.0% of the methane destroyed, respectively. Here we can note that overall, 

the efficiency of producing these molecules is far less than both irradiation by 

electrons and ions. Another surprising observation is that the ethylene molecule 

seems to be produced more efficiently than the ethane molecule within this system. 

This could be an anomaly due to the fact that possibly more of the ethane is processed 

to form the ethylene molecule. Alternatively, if ethylene rea\ly is produced more 

efficiently than ethane in this system, then we must be able to account for it 

somehow. One possible reason is that the UV photolysis generates methylene radicals 

with greater efficiency than the methyl radical (Okabe 1978). Both experiments seem 

less efficient at producing the ethane molecule. 

In summary, it would appear at first that the electrons are the most efficient at 

forming new molecules with regards to the amount of products formed versus 

methane destroyed per eV molecule,l. However, from the initial production rates of 

ethane via UV photolysis, it seems that this process may be more efficient but as it 

does not penetrate very far through the ice. The surface layers however, are further 

processed, generating very smaII quantities of a wide range of species. In the case of 
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radiolysis by electrons and ions, the carbon budget could not be conserved. However, 

when UV photolysis is used as the irradiation source, the early irradiation products 

covered by this study could only acCount for 5.2% of the methane destroyed. 

6.5. Astrophysical Implications 

The polar ice grains within interstellar clouds are subject to irradiation from MeV 

ions and are expected to undergo similar chemical processes as in our experiment It 

has been shown that the when an MeV ion is implanted into an ice, more than 99.9% 

of the energy transferred is lost through electronic energy transfer processes, i.e. the 

generation of delta electrons which then further process the ice (Kaiser & Roessler 

1998). Thus, it is expected that the products from this irradiation experiment should 

be found within interstellar ices. A quantitative estimate to the abundance is difficult 

at this time, as little information exists on the abundance of neighboring methane 

molecules within these grains and also the effects of other matrix components (e.g. 

water) on the production rates of these species. The methane abundance is typically 1-

4% within these sources, the abundance of ethane, for example, is likely to be much 

less than 1 % and hitherto unlikely to be detected. However, in sources where the 

methane abundance is considerable, such as Mon R2 IRS 3 and GCS 4 the detection 

of these molecular species may be possible. Note that in a recent survey of low mass 

protostars using the Spitzer space telescope carried out by Boogert et al. (2004) 

mentioned two unidentified bands found in each source studied, located at 3.47 J.Llll 

(-2880 cm·l ) and 6.85 J.Llll (-1460 em·I), which happen to correspond to two 
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absorptions from ethane, although ethane may be only one of several contributing 

species to the 3.47 J.LIIl feature. 

As comets are thought to preserve the pristine interstellar material of the 

interstellar cloud from which our solar system was born, the molecules found within 

them is expected to be similar to the molecules produced in interstellar ices. Infrared 

studies on the volatile components from Oort cloud comets report the detection of 

methane, ethane and acetylene (Mununa et al. 2003). The failed detection of ethylene 

within these comets possibly points to the fact that both ion and UV irradiation is not 

effective at producing high abundances of ethylene within interstellar ices. This 

seems to be in contradiction to present theory, particularly in the case of UV photons 

which has been demonstrated in laboratory experiments to produce higher 

abundances of ethylene than ethane. While possible gas phase ion-molecule pathways 

to acetylene exist, the fact that in general, a higher abundance is observed in warm 

clouds than cold clouds suggests that acetylene may be released during the 

sublimation of icy grain mantles as a young protostsr develops (Boudin, Schutte & 

Greenberg 1998). It has also been suggested that there are other, possibly more 

efficient methods to generate acetylene within interstellar ices, via the successive 

hydrogenation of C2 which is thought to be very efficient due to hydrogen migration 

and tunneling reactions within interstellar ices, so much in fact that it has been 

included as a pathway to form not only acetylene, but even ethane in models of 

intermolecular clouds (Hasegawa & Herbst 1993). Comets residing in the Oort cloud 

processed, predominantly by energetic ions from the galactic cosmic radiation, over 
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periods of around 1 ()'J years. This is believed to produce an irradiation driven mantle, 

or crust around a meter thick which may be able to explain why a comet can bear 

regions of inactivity as a comet enters the solar system. This crust is believed to 

consist of many chain molecules, with a high abundance of carbon and can be 

effectively reproduced in laboratory irradiation experiments of ices containing 

methane, even in the presence of water (Strazzulla & Johnson 1991; Kaiser & 

Roessler 1998). 

These studies could also aid in the identification of hydrocarbons on solar system 

bodies. Coustenis et al. (2003) have anslyzed the atmosphere of Satum's moon, Titan 

using ISO and found that not only are methane, ethane, ethylene, and acetylene 

present, but also more complex hydrocarbons such as propane, propyne, benzene, 

allene, and diacetylene. Most modeling of Titan is focused on attempting to recreate 

these molecules from gas-phase processes initiated by UV irradiation (e.g. Tran et al. 

2004); however, it is clear that as the surface is known to be bombarded by energetic 

ions, photons and electrons which are capable of producing more complex molecules 

in the solid stste. A proportion of these may well be released into the gas-phase and 

need to be incorporated into these models. High energy electrons produced from 

Satum's magnetosphere could be partly responsible for the production of these 

molecules (Cravens et al. 2005). Sasaki et al. (2005) recently conducted a search for 

nonmethane hydrocarbons on Pluto, and found absorptions at 3.10, 3.22, and 3.35 J.Ull 

(3225,3125, and 2985 em· I), respectively, whereby the peak at 3.22 J.Ull seems to be 

indicative of the presence of ethylene. Vemazza et al. (2005) reported the presence of 
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features appearing at 3.42 J1IIl (2920 cm·I ) and 3.06 J1IIl (3268 cm· I
) on the surface of 

the asteroid Ceres 1, which may be indicative of the presence of ethane, and 

acetylene, respectively. 
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6.7. Appendix 

6.7.1. Theoretical Calculations 

We have examined the structures and energetics of hydrocarbons of the C2H. (x = 

1-6) series as well as the CHy (y = 1-4) series, including different isomers and 

electronic states (where appropriate) in terms of ab initio molecular orbital methods 

employing the hybrid density fimctional B3LYP method (Lee, Yang & Parr 1988; 

Becke 1993) with the 6-311G(d,p) basis functions in order to optimize the molecular 

structures at the energy minima (Figure 6.2; Table 6.A8). The relative energies were 

then refined by using the coupled cluster CCSD(T) method (Purvis & Bartlett 1982; 

Raghavachari et al. 1989) with the aug-cc-pVTZ basis fimctions (Dunning 1989) at 

the structures obtained by the B3L yP method. All relative energies were corrected by 

the zero-point vibrational energies calculated with the B3L yP method without 

scaling. All calculations were carried out with the GAUSSIAN 98 program package 

(Frisch et al. 2001). In order to analyze the infrared spectra for the species obtained 

by present experiments, we have calculated the vibrational band position and infrared 

intensities for the structures obtained with the B3LYP/6-311G(d,p) method (Table 

6.A8). At this level of theory, the calculated intensities are typically accurate to about 

20 % (Galabov et al. 2002), however, experimentally derived solid state intensities 

will be used where possible. 
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Table 6.A8: Calculated band positions and integral absorption coefficients of various species. The 
vibrational band positions have been scaled by 0.97, to account for the anbannonicities; this factor is 
consistent with the B3L YPf6-311G(d,p) level of theory. 

characterization band position, em-I A, em molecule-I 

C14(XIAIg) 
VI (al) CH symmetric stretch 2935 0 
V2 (e) CHbending 1514 1.66 x 10-19 

V3 (t) CH asymmetric stretch 3037 4_65 x 10-18 

V4(t) CHbending 1302 2_82 x 10-18 

CH3 (X2A2") 
VI (al') CH stretching 3011 0 

V2 (a2") out-of-plane bend 491 1.39 x 10-17 

V3 (e') CH stretching 3185 1.16 x 10-18 

V4 (e') deformation 1362 6.64 x 10-19 

CH2(X3BI) 
VI (al) CH2 symmetric stretch 3025 1.66 x 10-19 

V2 (al) bend 1024 1.99 x 10-18 

V3 (b2) CH2 asymmetric stretch 3258 0 

CH2 (alAI) 
VI (al) CH2 symmetric stretch 2797 1.53 x 10-17 

V2 (al) bend 1363 0 

V3 <b2) CH2 asymmetric stretch 2857 1.81 x 10-17 

CH(X2II) 

O'g CH stretching 2720 2_92 x 10-17 

CH(a4l:1 
O'g CH stretching 2962 8_14 x 10-18 

C214(XIAIg) 
VI (alg) CH3 symmetric stretch 2935 0 

V2 (alg) CH3 symmetric deformation 1382 0 

V3 (alg) CC stretch 967 0 

V4 (al.) torsion 298 0 

Vs (a2.) CH3 symmetric stretch 2935 1.05 x 10-17 

V6 (a2.) CH3 symmetric deformation 1367 3.32 x 10-19 

V7(eg) CH3 degenerate stretch 2980 0 
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characterization band position, em-I A, em molecule-I 

V8 (eg) CH3 degenerate deformation 1459 0 
V9 (eg) CH3rock 1182 0 
VIO(e,,) CH3 degenerate stretch 3004 1.26 x 10-17 

Vll (e,,) CH3 degenerate deformation 1463 1.66 x 10-18 

VI2 (e,,) CH3rock 802 6_64 x 10-19 

C2Hs(X2A1 
VI (a1 CH2 symmetric stretch 3045 2_82 x 10-18 

V2 (a1 CH3 stretch 2944 4_65 x 10-18 

V3 (a1 CH3 stretch 2855 5.15 x 10-18 

V4 (a1 CH2bend 1439 6.64 x 10-19 

Vs (a1 CH2bend 1421 3.32 x 10-19 

V6 (a1 CH3 umbrella 1358 3.32 x 10-19 

V, (a1 CC stretch 1030 0 
Vs (a1 CH3rock 9~1 1.66 x 10-19 

v9(a1 CH2 out-of-pJane 463 9.30 x 10-18 

VIO (an) CHz asymmetric stretch 3141 3.15 x 10-18 

Vll (a") CH3 asymmetric stretch 2986 4.15 x 10-18 

V12 (an) CH3 deformation 1439 9.96 x 10-19 

VI3 (an) H deformation 1156 3.32 x 10-19 

VI4 (a") H deformation 789 3.32 x 10-19 

VIS (a") torsion 104 0 

CH2=CH2 (XIAg) 
VI (1Ig) CH2 symmetric stretch 3043 0 
V2 (1Ig) CC stretch 1641 0 
V3 (1Ig) CH2 scissor 1339 0 

v4(a.) torsion 1034 0 
Vs (bIg) CH2 asymmetric stretch 3097 0 
V6 (bIg) CH2rock 1202 0 
V7 (bl.) CH2Wag 945 1.66 x 10-17 

vs(bzg} CH2wag 944 0 
V9 (bz.) CHz asymmetric stretch 3124 5.15 x 10-18 

VIO (bz.) CHzrock 810 1.66 x 10-19 

Vll (b3.) CH2 symmetric stretch 3028 3.15 x 10-18 

VIZ (b3.) CHz scissor 1428 1.49 x 10-18 

CH3-CH (X3 A") 

VI (a1 CH stretch 3110 1.16 x 10-18 
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characterization band position, em-I A, cm molecule-I 

V2 (a~ CH stretch 2954 2.49 x 10-18 

V3 (a~ CH3 symmetric stretch 2855 4.15 x 10-18 

V4 (a~ CH3 deform 1410 L16 x 10-18 

Vs (a~ CH3 umbrella 1347 4.98 x 10-19 

V6 (a~ CC stretch 1068 0 

V7 (a~ CHbend 1039 4.98 x 10-19 

V8 (a~ CHbend 738 2.16 x 10-18 

V9 (a") CH2 asymmetric stretch 2889 4.48 x 10-18 

VIO (a") CH3 deform 1410 1.16 x 10-18 

vn (a") CH3rock 964 3.32 x 10-19 

VI2 (a") torsion 185 5.48 x 10-18 

CH3-CH (alA) 
VI (a) CH stretch 2987 4.65 x 10-18 

V2 (a) CH3 symmetric stretch 2897 8.97 x 10-18 

v3 (a) CH stretch 2815 1.66 x 10-17 

V4 (a) CH stretch 2745 1.83 x 10-18 

Vs (a) CH2 scissor 1468 6.64 x 10-19 

V6 (a) CH3 deform 1310 1.66 x 10-18 

V7 (a) CH3 umbrella 1264 7.47 x 10-18 

V8 (a) CCHbend 1228 2.49 x 10-18 

V9 (a) cc stretch 1085 6.64 x 10-19 

VIO (a) CH2. CHbend 931 3.32 x 10-18 

Vn (a) twist 596 6.48 x 10-18 

VI2 (a) CH3Wag 467 8.30 x 10-19 

CH2=CH (X2 A ~ 
VI (a~ CH stretch 3139 1.66 x 10-19 

V2 (a~ CH stretch 3040 9.96 x 10-19 

V3 (a~ CH stretch 2947 9.96 x 10-19 

V4 (a~ CC stretch 1601 3.32 x 10-19 

Vs (a~ bend 1349 1.49 x 10-18 

V6 (a~ rock 1015 1.66 x 10.18 

V7 (a~ bend 691 3.82 x 10-18 

V8 (a") out-of-plane 893 1.30 x 10-17 

V9 (a") torsion 795 2.99 x 10-18 

CH3-C (X2A") 

VI (a~ CH3 asymmetric stretch 2875 3.82 x 10-18 
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band position, em-! A, em molecule-! characterization 
V2 (a') CH3 symmetric stretcb 2796 1.49 x 1O-!8 

V3 (a') CH2 scissor 1401 1.33 x 10-18 

V4 (a') CH3 umbrella 1269 1.28 x 10-17 

Vs (a') CC stretch 1063 2.32 x 10-18 

V6 (a') CH3 wag 510 6_64 x 10-19 

V7 (a") CH2 asymmetric stretch 2904 3_82 x 10-18 

V8 (a") CH3 deform 1261 3_82 x 10-18 

V9 (a") CH3 wag 826 0 

CH3-C (a4A") 
VI (a') CH3 asymmetric stretch 2946 2_32 x 10-18 

V2 (a') CH3 symmetric stretch 2881 3_65 x 10-18 

V3 (a') CH2 scissor 1406 4_98 x 10-19 

V4 (a') CH3 umbrella 1316 4_98 x 10-19 

Vs (a') CH3wag 980 1.66 x 10-18 

V6 (a') CC stretch 956 4_32 x 10-18 

V7 (a") CH2 asymmetric stretch 2946 2_32 x 10-18 

V8 (a") CH3 deform 1406 4_98 x 10-19 

V9 (a") CH3 wag 980 1.66 x 10-18 

HCCH (XII:sl 

VI (ersl CH stretch 3418 0 

V2 (ersl CC stretch 2008 0 
V3 (erul CH stretch 2930 1.46 x 10-17 

V4 (7tu) CHbend 623 0 
Vs (nu) CHbend 701 1.59 x 10-17 

H2CC(XIAI) 
VI (al) CH2 symmetric stretch 3021 7_31 x 10-18 

V2 (al) CC stretch 1659 1.43 x 10-17 

V3 (al) CH2 scissor 1176 4_81 x 10-18 

V4 (bl) out-of-plane 728 1.49 x 10-17 

Vs (b2) CH2 asymmetric stretch 3097 3.15 x 10-18 

V6 (b2) rock 332 8.30 x 10-19 

C2H(X2I:"') 

VI (erl CH stretch 3357 9.13 x 10-18 

V2 (erl CC stretch 2026 9_96 x 10-19 

V3 (n) bend 360 3_32 x 10-19 
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6.7.2. Computational Results 

Figure 6.A7 shows the potential energy surface of the isomerization between 

ethylene (C214) and methylcarbene (CH3CH) in the ground and lowest excited triplet 

states calculated at the B3LYP/6-3Il(d,p) level of theory. On the ground state singlet 

surface, methylcarbene was found to be 306 kJ morl higher in energy than ethylene; 

the barrier to isomerization is 310 kJ morl, i.e. a banier of only 4 kJ morl for the 

reverse process. On the triplet surface, which exists 268 kJ morl above the ground 

state, methylcarbene is only 23 kJ mOrl less stable than ethylene; the barrier to 

isomerism was computed to be 205 kJ morl. Comparison of the triplet potential 

energy surface calculated by Kim et aI. (2003) using the CCSD(T)/6-311 +G(3df,2p) 

level of theory shows that the methylcarbene structure lies 24 kJ morl above the 

ethylene structure, with a banier of 208 kJ mOrl. Figure 6.A8 shows our potential 

energy surface for the hydrogen shift in the vinyl radical (C2H3) to vinylidyne (CH3C) 

and from acetylene (C2H2) to vinylidene (H2CC), We can see that the CH3C isomer 

lies 198 kJ mOrl above the vinyl radical, with the barrier to isomerism being 220 kJ 

morl and hence 22 kJ morl for the reverse process. Metropoulos (2003) calculated 

the same potential energy surface at the MRCI + Q level of theory; here the CH3C 

isomer was fOlDld to lie 204 kJ mOrl above the vinyl mdical isomer, with the barrier 

to isomerization being 236 kJ mOrl (the reverse process has a barrier of 32 kJ morl). 

In the bottom diagram, the acetylene molecule is 175 kJ morl lower in energy than 

the H2CC isomer, with the barrier to isomerism being 180 kJ mOrl; this tmnslates to 

only 5 kJ morl for the reverse process. Kakkar, Pathak, and Chadha (2005) carried 
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out calculations at the B3L YPI 6-311 ++G(3dt;3pd) level of theory; here, the HaCC 

isomer was found to be 172 kJ morl less stable, with a barrier of 182 kJ morl, i.e. 10 

kJ morl for the reverse process. This is in contrast to an earlier study by Jursic 

(1999), who calculated that the HaCC isomer lies 188 kJ morl above the acetylene 

molecule; the calculated barrier as found to be less than 2 kJ morl. Bittner & Klippel 

(2003) predict the barrier to be around 5 kJ morl based on a scanned CCSD(T)/cc

p VTZ potential surface. Finally, we investigated the potential energy surfaces of 

hydrogen atom elimination from the ethyl radical (CaHs; top) and from the vinyl 

radical (C2H3; bottom) (Figure 6.A9). Considering the ethyl radical, we see that the 

ethylene and hydrogen atom products are 148 kJ morl above the ethyl radical; a small 

barrier of 9 kJ morl exists for the reverse process. Mebel, Morokuma & Lin (1995) 

found that the products lie around 140 kJ morl higher in energy than the reactants, 

with a barrier for the reverse process of around 19 kJ morl compared to an 

experiments! value of around 12 kJ morl. Miller & Klippenatein (2004) found that 

the ethyl radical is 146 kJ morl more stable than the products and the barrier to 

hydrogen elimination is around 158 kJ mor., giving 12 kJ morl for the reverse 

process, hydrogen addition to ethylene. In the bottom figure, where we investigate the 

hydrogen elimination from the vinyl radical, we find that the products, acetylene and 

a hydrogen atom, lie 147 kJ morl above the vinyl radical, with a barrier of 163 kJ 

mor., i.e. 16 kJ morl for the reverse process of the hydrogen atom addition to the 

acetylene molecule. Miller & Klippenstein (2004) found that the vinyl radical is 145 

kJ morl more stable than the products with a barrier to hydrogen elimination of 163 

kJ morl or 18 kJ morl for the reverse process. 
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Figure 6.A7: Potential energy surface of the isomerization between ethylene (CzH.) and methyl
carbene (CHCH) in the ground and lowest excited triplet states calculated with B3LVP/6-311G(d,p} 
level of theory. The relative energies (kJ mo)") were refined using the CCSD(T}Iaug-<:e-vrz level of 
theory (see text for details). 
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Figure 6.AS: Potential energy surfaces of the hydrogen-shift for the vinyl radical (C.H3; top) and 
acetylene (C.H,; bottom) calculated with the B3LVP/6-31lG(c!,p) level of theory. The relative 
energies (kJ morl

) were refined using the CCSO(T)laug-cc-VTZ level of theory (see text for details). 
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Figure 6.A9: Potential energy SIIJfru:es of bydrogen eliminations from ethyl (C,H.; top) and vinyl 
(C,H,; bottom) calculated with the B3L YP/6-3 I I G( d,p) level of theory. The relative energies (kJ mor 
I) were refined using the CCSD(T)Iaug-cc-VTZ level of theory (see text for details). 
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Chapter 7: Electron Irradiation Experiments on Pnre Methanol (CH30H) 

This chapter is based on the paper scheduled for publication as: Bennett. C. J.. Chen. 
S.-H.. Sun. B.-J.. Chang. A. H. H.. Kaiser. R. L. Mechanistical Studies on the 
Irradiation of Methanol in Extraterrestrial Ices. The Astrophysical Journal (2007). 
658. (page number not yet disclosed) 

7.1. Introduction 

One of the recent challenges in astrochemistry is to explain the production 

pathways for the increasingly complex molecules continuing to be discovered in the 

interstellar medium. Complex organic molecules of particular astrobiological interest 

include two groups of structural isomers (molecules with the same chemical formula, 

but different chemical structures). These are three isomers from both the C2140 

group (acetaldehyde [CH3CHO), vinyl alcohol [H2C=CHOH], and ethylene oxide [c

C2140)) and the C214D2 group (glycolaldehyde [CH20HCHO), methyl formate 

[CH]OCHO), and acetic acid [CH3COOH); all these molecules have now been 

identified in hot molecular cores (Gottlieb 1973; Brown et al. 1975; Dickens & Irvine 

1997; Mehringer, Snyder & Miao 1997; Hollis, Lovas & Jewell 2000; Turner & 

Apponi 2001). 

Interestingly, chemical models of hot molecular cores rely on rapid, high-

temperature gas-phase chemistry to explain the abundance of these molecules; the 

physical processes are thought to be triggered by the sublimation of methanol-rich icy 

grains. This process is thought to provide high abundances oflarge organic molecules 

for periods up to 104_105 years (Charnley, Tielens & Millar 1992; Rodgers & 

268 



Charnley 2001). It has recently been noted, however, that molecules subliming from 

these grains will have lifetimes of only a few hlDldred years before collapsing into the 

protostar - unlikely enough time to form complex molecules by methanol-induced 

gas-phase chemistry (Sch6ier et al. 2002; Rodgers & Charnley 2003). In addition, the 

majority of the reaction pathways to form these molecules via gas-phase processes 

involve ion-molecule reactions - processes which have not all been studied 

experimentally. Recent studies indicated that ion-molecule reactions of, for instance, 

CH30H/, already included in these models, proceed slower than predicted and 

cannot explain the observed ablDldanCes of the C2f40 and C2f40z isomers 

quantitatively (Hom et al. 2004). Thus, one of our main research goals is to establish 

alternative pathways to form these complex molecules, which are proposed to be 

formed within the icy grains themselves in cold molecular clouds and are detected as 

the ices sublime when the protostar develops. It is well known that the icy grains 

present within interstellar clouds are subjected to irradiation from Galactic Cosmic 

Rays (GCRs) throughout the lifetime of an interstellar cloud of about 4-6 x 108 years 

(Jones 2005). These GCR particles can have high kinetic energies up to the GeV 

energy range; for instance, values assumed in the literature for the flux of I MeV 

protons include; ~ = 10 protons cm·2 
S·1 (Strazzulla & Johnson 1991), ~ = 0.6-3 

protons cm·2 S-1 (Jenniskens et al. 1993), and ~ = 1.0 protons cm-2 S-1 (Mennella et al. 

2003). Chemically speaking, the cosmic ray radiation field is comprised of about 98% 

protons (p, II') and 2% helium nuclei (a-particles, He2
"'). 

269 



Methanol itself has long been known to be a constituent of the icy mantle on 

interstellar grains; however, its abundance relative to water is highly variable upon 

which band is used to derive the column density (Grim et al. 1991; Palwnbo, 

Castorina & Strazzu11a 1999). A recent smvey of 23 infrared sources carried out by 

Gibb et al. (2004) using the Infrared Space Observatory (1S0) found large 

discrepancies for the derived methanol abundance reported, in particular, between 

when the 3.53 f1IIl (2828 cm·\[v3, C-H stretch)), and 3.95 f1IIl (2531 cm·\ [V6+Vll. 

combination band]) bands were used. In the case of the high mass young stellar object 

(YSO) Orion BN, an upper limit of 4% (relative to water) is derived using the 3.53 

f1IIl band, whereas the 3.95 f1IIl band gives an upper limit of 27%. On the other hand, 

for the intermediate mass YSO AFGL 989 using the 3.53 f1IIl band gives an 

abundance of about 23%, whereas in this case, the 3.95 f1IIl band gives a value of only 

1.7%. Despite these inconsistencies, a general trend between methanol abundance and 

the amount of energetic processing occurring within the astronomical environment 

was suggested. The ices in the line of sight from Elias 16 are thought to be in a 

quiescent environment from which a methanol abundance of only 3% was reported. 

On the other hand, the ices surrounding high mass YSOs, which ate thought to highly 

process their surrounding ices such as W33A and AFGL 7009S, have abundances as 

high as 15-30% relative to water. 

The formation of methanol itself is still a matter of dispute; the msin gas-phase 

formation process is considered to be through radiative association of a methyl ion 

with water 
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CH3+ + H20 -+ CH30Ht + hv 

Followed by dissociative recombination of the CH30Ht ion. 

CH30Ht + e"-+ CH30H + H 

(1) 

(2) 

Chemical models of dense molecular cores fall short on reproducing the methanol 

abundances even without incorporating the recently determined rate constant for 

reaction (1) which was found to be three orders slower than predicted at 10K (Maret 

et al. 2005). Alternative production routes for methanol that have been suggested 

include its formation on the surface of interstellar grains by the successive 

hydrogenation of carbon monoxide: 

CO(Xil:l + HeSil2) -+ HCO(X2 A ') (3) 

HCO(X2A,) + HeSll2) -+ H2CO(XiAi) (4) 

H2CO(XiAl) + HeSll2)-+ CH20H(X2A',)/CH30(X2A,) (5) 

CHzOH(Xz A'')/CH30(X2 A') + HeS1I2)-+CH30H(Xi A') (6) 

However. this process is not very efficient at forming methanol at low temperatures 

as revealed by recent experiments by Hiraoka et al. (2005). At low temperatures. the 

thermalized hydrogen atoms would not bear enough kinetic energy to efficiently 

overcome the entrance barriers which may be present; reaction (3) has a computed 

barrier of 11.2 kJmori (0.12 eV) reported by Bennett et aI. (2005), and reaction (5) of 

21.2 kJmori (via CH30[X2A1) or 48.2 kJmorl (through CH20H[X2A'1) (Chang & 

Lin (2004). Alternatively, methanol could actually be synthesized within these 

interstellar ices as they lire subjected to MeV ions as well as UV photons. Laboratory 

experiments on the irradiation of binary ice mixtures containing water and carbon 

monoxide (5:1), as well as water and methane (10:1) both report the production of 
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methanol (Hudson & Moore 1999; Wads, Mochizuki & Hiraoka 2006). The fact that 

bigher methanol abundances are reported towards the center of YSOs is consistent 

with methanol subliming from grains, and the bigher reported abundances in more 

processing environments may indicate irradiation-driven solid-state formation (Gibb 

et aI. 2004; Maret et aI. 2005). 

Methanol is also a known component of comets, and other solar system bodies. 

Mumma et aI. (2005) compared the compositions of volatiles from Oort cloud 

comets, finding methanol abundance to be typically of 1-3% relative to water. 

Methanol has also been detected on a number of other solar system bodies, such as 

the centaur 5145 Pholus (Cmiksbank et aI. 1998) and has been incorporated into 

models of reflectance spectra for outer solar system bodies (Cruikshank, Roush & 

Poulet 2003). 

Although the effects of radiolysis by both ions and UV photons has been studied 

on pure and mixed methanol systems, the identification of several previously assigned 

species still needs to be substantiated, and their mechanistic formation pathways 

elusified. Allamandola, Sandford & Valero (1988) exposed a thin layer « 11=) ice 

of water and methanol (2:1) to UV photons generated by a hydrogen discharge lamp 

(0- 2 X lOIS photons s-l, predominantly Lyman-a [10.2 eV]) for 45 minutes. The 

following products were identified by mid-infrared spectroscopy; formaldehyde (at 

1720 and 1500 cm·I), methane (3012 and 1304 em-I), carbon monoxide (2137 em-I), 

carbon dioxide (2343 and 657 em-I), and the formyl radical (1850 em-I). 
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Gerakines, Schutte & Ehrenfreund (1996) exposed a pure methanol ice samples of 

about 0.1 f.Ull thickness to 1 hour of UV irradiation from a microwave discharge flow 

lamp (typically the flux of photons is estimated to be lOIS photons em-2 S-I with 

energies greater than 6 eV, but predominantly the photons produced are Lyman-a 

photons)_ The products were studied via mid-infrared spectroscopy, whereby they 

were also able to identify formaldehyde (at 1720, 1494, and 1244 cm-\ methane 

(1302 and 3011 em-\ carbon monoxide (2138 em-I, and its 13C isotopomer at 2092 

em-I), carbon dioxide (2342 and 655 em-I, I3C at 2278 em-I), and the formyl radical 

(1850 and 1863 cm-I)_ In addition, they also reported absorptions from the 

hydroxymethyl radical (1197 and 1352 em-I), methyl formate (1718, 1160, and 910 

em-I) and assigned a band appearing at 1088 em-I to 'alcohols'_ 

Baratta et al_ (1994) used 3 keY He+ ions to bombard pure methanol as well as 

binary 1: 1 water and methanol samples a few hundred angstroms thick exposing them 

to a dose up to 60 eV per 16 amu (atomic mass units)_ In accordance with studies by 

UV photolysis, they were also able to identify formaldehyde (1720 em-I), methane 

(1308 em-I), carbon monoxide (2136 cni\ and carbon dioxide (2344 em-I)_ Though 

they were unable to identify the formyl radical, additional assignments were made to 

the production of water (1655 em-I and inferred by modification to the OH stretching 

band of methanol) as well as to acetone (1720,1444,1232, and 1090 em-\ 

Moore, Ferrante & Nuth (1996) exposed ice films of about 4 f.Ull thickness to a 

dose of 34 eV molecule-I by irradiation from a 1 MeV proton beam. Again, 
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absorptions were reported of the formation of formaldehyde (1721,1497, and 1246 

em'I), methane (1302 em'!), carbon monoxide (2134 em'!), carbon dioxide (2339 and 

650 em'I), and the formyl radical (1844 em'!). They fOWld no evidence for water, and 

re-assigned the band occurring at 1090 em'! to ethanol, rather than acetone. However, 

they did attribute a broad feature between 532-516 em'! to acetone, whose presence 

was also inferred by data from their mass spectrometer incorporated into the 

apparatus which detected fragmentation patterns at mJe 58 and 43, consistent with the 

presence of this molecule. They also noted that after heating the sample, features 

which resembled those of ethylene glycol could be identified 

Palumbo, Castorina & Strazzulla (1999) irradiated pure methanol with 3 keV He+ 

ions at a dose of 52 eV per 16 amu but did not report new features; formaldehyde 

(1720 em'!), methane (1305 and 3010 em'!), carbon monoxide (2136 em'!), carbon 

dioxide (2344 and 660 em'!), as well as water (1655em'!) and noting that acetone 

likely contributed to the 1720 em'! feature. 

Hudson & Moore (2000) carried out experiments on pure methanol ices using 0.8 

MeV protons, with several changes to their interpretation of the previously assigned 

bands. They report some of the previously detected species such as; formaldehyde 

(1712, 1499, and 1248 em'!), methane (1303 em'\ carbon monoxide (2135 em'\ 

carbon dioxide (2341 and 654 em'\ and the formyl radical (1848 em'!). However, 

they fOWld no evidence for ethanol, water, or acetone within their experiments. 
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Instead they assigned absorptions appearing at 1088, 1046, 885, 861, and 524 em·1 to 

ethylene glycol and bands appearing at 1589, 1384, and 1353 em·1 to the formate ion. 

Baratta, Leto & Palumbo (2002) compared the effects ofUV photons (Lyman-a) 

and 30 keV He+ ions irradiation on methanol samples around 74 nm thick. They 

reported a quantitative comparison of the irradiation sources on the destruction of 

methanol, as well as the production of formaldehyde, methane, carbon monoxide, and 

carbon dioxide. Recent studies on the irradiation effects of 30 keV He + ions on 

methanol ices by Brunetto et al. (2005) which focused on a different spectral region 

(the near infrared) questioned the formation of ethylene glycol whose absorption 

festures in this region could not be identified. 

Thus it is clear that further work is needed to establish not only what molecules are 

present in these ices, but also what are their production mechanisms and to what 

extent they can be justified, To our knowledge however, no previous experiments 

studying the irradiation effects of high energy electrons on solid methanol under 

ultrahigh vacuum conditions have been carried out. The choice of energetic electrons 

as an irradiation source serves to simulate not only the irradiation of icy surfaces by 

energetic electrons (e.g. the Jovian system), but also the effects of delta electrons 

released in the track of an MeV ions (see Bennett et al. (2005) for a detailed 

discussion). The linear energy transfer through electronic interactions to the ice 

sample from keV electrons is also of the same order to that of MeV W and He+ ions 

(e.g. Johnson 1990). 
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7.2. Experimental 

Briefly, an ultrahigh vacuum (UHV) chamber is evacuated down to a base 

pressure of typically 5 x 10"11 torr using oil-free magnetically suspended 

turbomolecular pumps. A closed cycle helium refrigerator is used to cool a highly 

polished silver (111) mono crystal to 11.4 ± 0.3 1(, which is held in the center of the 

chamber and is freely rotatable. The methanol (CH30H) frost was prepared by depo

siting methanol (99.9% Fisher Chemicals, further purified by a fore-line liquid 

nitrogen cold trap) for 1 minute at a background pressure of 10-11 torr onto the cooled 

silver crystaL A Nicolet 510 DX Fourier transform infrared spectrometer (242 scans 

over 5 minutes from 5000 - 400 em"l, resolution 2 em"l) running in absorption

reflection-absorption mode (reflection angle a = 75f) is used to monitor the 

condensed sample" A quadrupole mass spectrometer (Balzer QMG 420) operating in 

residual gas analyzer mode with the electron impact ionization energy at 90 eV 

allows us to detect any species in the gas phase during the experiment. 

The methanol samples were irradiated isothermally at 11 K with 5 keY electrons 

generated with an electron gun (Specs EQ 22-35) at beam currents of 100 nA for 1 

hour by scanning the electron beam over an area of 3.0 ± 0.4 em2• 1n theory this 

would mean during the irradiation the sample would be exposed to a total of 2.2 x 

1015 electrons (7.5 x 1014 electrons em"2); however, not all of the electrons generated 

by our electron gun actually reach the target - the manufacturer states an extraction 

efficiency of 78.8 %, meaning the actual number of electrons which hit the sample is 
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reduced to 1.8 x lOIS electrons (5.9 x 1014 electrons cm·2). After the irradiation is 

complete, the sample is then left isothermally for an hour, before heated to 300 K at a 

rate of 0.5 K min·l • 

Figure 7.1 ( dashed line) depicts a typical infrared spectnun of the condensed 

methanol frost prior to the irradiation at 11 K; the assignments of these bands are 

presented in Table 7.1. Previous studies showed that when methanol is condensed 

below 128 K, it should form an amorphous solid, which is stable until around 145 K 
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Figure 7.1: Comparison of the infrared spectra of the methanol frost at II K before imdiation (dashed 
line) and after imdiation (solid line; offset by 0.05). The c.onesponding assignments for methanol 
before imdiation are given in Table 7.1, and for the products identified after imdiation in Table 7.2. 
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transforming into the a.-phase (Lucas et al. 2005). The column density of methanol 

(molecules em-2) can be calculated via a modified Lambert-Beers relationship as in 

equation (7). 

Inl0 (' A(v)dv 
N = --xcosa x'=" --:--

2 A 
(7) 

where the division by a factor of two corrects for the ingoing and outgoing infrared 

beam, a is the angle between the normal of the surface mirror and the infrared beam, 

(. A(i7)dvis the integral of the infrared absorption feature for our sample (em· I), and 

A is the integral absorption coefficient (em molecule· I), often referred to as an A 

value. Using a recently determined A value from Palumbo, Castorina & Strazzulla 

(1999) of 1.3 x 10.17 em molecule·1 for the band appearing at 1037 em·1 (vs & Vll 

fundamentals), we derive a column density of 1.64 ± 0.04 x 1017 molecules cm·2• 

Taking a density of 1.020 g em·3 (Tauer & Lipscomb 1952), we can derive a 

thickness of 85 ± 2 DID. The electron trajectories were simulated using the CASINO 

code (Drouin et al. 2001). The results indicate that the distribution maximum for the 

energy of electrons after they have been transmitted through the sample is 4.61 ± O.oI 

keY. This means that they transfer a total of390 ± 10 eV per electron into the sample. 

This value corresponds to an average linear energy transfer (LET) of 4.6 ± 0.2 keY 

!lID-I, and therefore exposing our sample to an average dose of 1.4 ± 0.2 eV per 

molecule. 
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Table 7.1: The band positions of the underlying Gaussians used to fit the observed infiared absorptions of the methanol frost and assignments, along with 
characterizations and band assignments c to several previous studies. 

assignment characterization band position, em-! 
tbiswork amorphous 93 crystalline 93 crystalline 15 Armatrix liquid Q 

K a K a Kb 15K c 

V2IVl}j. V4IV6IVIO combination 4402 4420 
V2IVl}j. V7? combination 4270 4097? 
V2IV* Vs combination 3991 -4000 

? ? 3856 
? ? 3735 

VI fundamental 3426, 3235 3443,3284, 3284,3194 3672, 3483, 
3389, 3187 3667 3363, 
3274, 3349, 
3187, 3145,3038 
3080 

V2 fimdamental 2987 2982 2982 3006 2983 
V9 fundamental 2961 2951 2955 2968 2962 2946 

2v4? overtone? 2956 
V4+ Vs I V4+vlO I combination I 2920 2912 2903 2930, 2917 

Vs+vlO 12v4/2vIO overtone 2921, 
12vs 2915, 

2908 
2VS12VlO overtone 2864 (2893) • 2872 

V3 fundamental 2828 2828 2829 2831 2848 2833 
2V6 overtone 2811 2809 

V4+vll / Y7 + V41 combination 2601 2581 2601 
V6IVIO 
V~l1 combination 2527 2520 
v~s combination 2443 2440 

2Vl1/2Y7 overtone 2237 2226 2226 
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assignment characterization 
tbiswork amoxphous 93 

K a 

2vs overtone 2040 
7 7 1771 

vs+vlz7 combination 1495 
V4 fimdamental 1478 

VIO fimdamental 1461 1450, 1451 
Vs fundamental 1444 
V6 fundamental 1428 1415 

VII +vlz7 combination 7 1407 
2vlz overtone 1188 1256 

V7 fundamental 1157, 1124 
1137, 
1128, 
1120, 
1113 

VII fundamental 1047 
Vs fundamental 1041, 1032 

1031 
Vs fundamental (13C) 1011 

VIZ fundamental 834,713 730 

a- FaIk& Whalley (1961) 
b - Wen, Michaud & Sanche (1998) via electron-energy-Ioss spectroscopy (EELS) 
c - Serrallach, Meyer & Gflnthard (1974) 
d - Bertie & Zhang (1997) 
e - Gas phase value 
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band position, em-' 
crystalline 93 crystalline 15 Armatrix liquid Q 

K a Kb 15 K C 

2057 2054 2046 

1514 1508 1555 
1470 1473 1470 
1458 1451 1466 
1445 1452 1451 
1426 1411 1415 

(1414) • 
1256, 1250 12087 

1162,1146, 1129 1145 1117 
1142 

1046 1077 1088 
1029 1032 1034, 1039, 1031 

1028 
1019 1019 

790,685 782,694 272 677,633, 
614,400 



OH(X2ll) H,cO(X'A,) trans-HCOH ('A,) cis-HCOH ('A,) 
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CH,(X3B,) H,O(X'A,) CR,(X'A'g) CO (X'l:+) 

Figure 7.2: The B3LVP/6-31lG(d,p) optimized structures of molecules expected to fonD from the 
break-down of methanol covered by the theoretical calculations in this study. 

7.3. Theoretical Calculations 

The molecules for which the electronic structures have been investigated can be 

placed into two groupS; those for which we expect to be produced from the radiolysis 

of methanol itself (Figure 7.2; Table 7.A6) and those which we expect to form from 

the recombination of radicals generated in situ, in addition to the structures of 
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trans-CHOCHO (XIAg) 

cis-ClIOCHO (XI AI) trans-HOCH=CHOH (XIAg) cis-HOCH=CHOH (XI AI) 

Figure 7.3: The B3LYP/6-311G(d,p) optimized structures of molecules we expect to observe as 
products of radical-radical recombination, along with the structures of other molecules which may 
fonn. 

molecules reported in previous studies (Figure 7.3; Table 7.A7). The molecules were 

studied computationally by employing the hybrid density functional B3L yP (Lee, 

Yang & Parr 1988; Becke 1993) with the 6-311G(d,p) basis functions to obtain the 

optimized molecular structures, vibrational frequencies, and infrared intensities. The 

energies were then refined by using the coupled cluster CCSD(T) method (Purvis & 
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Bartlett 1982; Raghavachari et al. 1989) with the aug-cc-pVTZ basis functions 

(Dunning 1989) including the B3LYP/6-311G(d,p) zero-point energy corrections at 

the B3LYP/6-311G(d,p) optimized geometries. All calculations were carried out with 

the GAUSSIAN 98 program package (Frisch et al. 2001). At this level of theory, the 

calculated intensities are typically accurate to about 20 % compared to gas phase 

values (Galabov et al. 2002); however, experimentally derived solid state intensities 

will be used where possible. 

7.4. Results 

7 A.I. Infrared Spectroscopy - Qualitative Analysis 

Figure 7.1 shows the pristine methanol ice at 11 K, as well as after it was subjected 

to irradiation from 5 keY electrons at 100 nA for 1 hour. Figures 7.4 (a) and (b) 

highlight the differences between the methanol ice at 11 K before irradiation, after 

irradiation, and after it has been warmed to 113 K within the spectral regions 2500-

1500 em-I and 1500-500 em-I. We will describe now, the new absorption features as a 

result of irradiation first with comparison to other experiments, and then those 

observed during the subsequent warm-up of our sample up to 273 K.. A list of the 

observed species can be found in Table 7.2. 
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Table 7.2: Observed peak positions, assignments, and characterizations after 1 hour of irradiation via 5 
keV electrons at 0.1 J1A, together with comparisons from previous studies, and their assignments. 

assignment present Gerakines, 
work Schutte & 
band Ehrenfreund 

position, 
em-I 

(1996) 

v4CH20H 1192 1197 
VSCH20H/v2 1352 

HCOO"? 
V4 H2CO 1726 1719 
V3 H2CO 1496 1497 
V2 H2CO 1245 1244 
v2HCO 1849,1841 1850, 1863 

VI CO 2134 2138, 
VI CO e 3C) 2092 
V3C~ 2345 2342 

V3C~e3C) 2278 
V2C~ 655 
V4~ 1303 1304 
V3~ 3011 

VI4CH30CHO 1718 1718 
VgCH30CHO 1160" 1160 
VSCH30CHO 916" 910 

V9 1090 1088 b 

HOCH2CH2OH 
V7 889" 

HOCH2CH20H 
V6 865" 

HOCH2CH2OH 
Vs 525" 

HOCH2CH20 H 
vI4HCOCH20H 1747 

v1H2? 4140 
v2HCOO"? 
vsHCOO"? 

v2H20 
Visihle onh durin warm-y g up 

• - authors note baod could also have cootn"butions from acetone 
b _ assigned to 'alcohols' 
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Hudson Palumbo, 
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(2000) S1III2ZI111a 

(1999) 

1353 

1712 1720' 
1499 
1248 
1848 
2135 2136 

2341 2344 

654 660 
1303 1305 

1088 

885 

861 

524 

1384 
1589 
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Figure 7.4: Comparison of the infrared spectra of the methane frost at II K before irradiation (gray 
line), after inadiation (solid line), and during the warm-up ~ at 113 K (dashed line) highlighting 
regions between (a) 2S()()"ISOO cui' and (b) IS()()"SOO em' • The characterizations are given iu Table 
7.2. GA - glycolaldehyde, MF - methyl formate, EO - ethylene glycol. 

The hydroxymethyl radical, CH20H(X2A") was identified via its V4 (CO 

stretching) fundamental at 1192 em-I, which is in agreement to previous studies 

which have identified the radical either in matrix isolation studies at 1183 em-I (Jacox 

1981), or at 1197 em-I in UV irradiation experiments (Gerakines, Schutte & 

Ehrenfreund 1996). Note that we were unable to unambiguously confirm the presence 

of the Vs (CH2, OH rocking) 1352 em-I band also reported by Gerakines, Schutte & 

Ehrenfreund (1996) which our calculations estimate to be half as strong. Note that 

this feature was also identified in irradiation experiments carried out by Hudson & 

Moore (2000) at 1353 cm-I
, but reassigned tentatively to the absorption to the formate 

ion (HCOO) 

We were unable to directly confirm the generation of the methoxy radical, 

CH30(X2 A 1 due to the fact that most of the absorptions overlap with either methanol 

or other species covered in this study. Our calculations indicate that the strongest 

absorption, the VI (CO stretching) fundamental should be the easiest to detect at 
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around 694 cm'l (petraeo, Allen & Schaefer 2002 using the more accurate 

RCCSD(T)!fZ2P(f,d) level of theory indicate this absorption may occur closer to 745 

em'I). RAIRS studies of the methoxy radical chemisorbed on copper surfaces show 

this intense band absorbs closer to 998 em'l (Andersson, Uvdal & MacKerell 2002), 

which was hidden by the methanol absorptions occurring in this region, However, a 

weaker band at 1940 cm,l (2vl overtone) might become detectable at higher 

concentrations. 

Formaldehyde, HzCO(X!AI), could be identified via three ofits fundamentals: the 

Vz (CHz rocking) at 1245 em'l, V3 (CHz scissoring) at 1496 em'l, and V4 (CO 

atretching + CHz scissoring) at 1726 em'l. These bands were also identified by 

Gerakines, Schutte & Ehrenfreund (1996) at 1244, 1497, and 1719 cm'l as well as by 

Hudson & Moore (2000) at 1248, 1499, and 1712 em'l. Palumbo, Castorina & 

Strazzul1a 1999) also observed a band at 1720 em'l, but admitted there could be other 

species, such as acetone contnbuting to this feature. These absorptions are found to 

be in good agreement with polycrystalline formaldehyde at 4 K, where they appear at 

1250,1494, and 1715 em'l (Harvey & Ogilvie 1962). 

The presence of the formyl radical, HCO(XzA,), was confirmed via its 

fundamental Vz (CO stretching) at 1842 em'l (found to consist of two underlying 

bands at 1849 and 1841 em'l in a 1:4 ratio). Due to its low abundance, and overlap 

from methanol vibrations, the other bands were unlikely to be detected. Hudson & 

Moore (2000) report also identifying this molecule at 1848 cm'l. Gerakines, Schutte 

286 



& Ebrenfreund (1996) also report two different band positions for this absorption, at 

1850 and 1863 em-I, and conclude the molecule is formed in two different matrix 

sites_ 

The fundamental of carbon monoxide, CO(XI~, could be found at 2134 em-I, in 

accordance with previous experiments from Gerakines, Schutte & Ebrenfreund 

(1996) at 2138 em-I, Palumbo, Castorina & Strazzulla (1999) at 2136 em-I, and 

Hudson & Moore (2000) at 2135 em-I. This band position is found to be in 

accordance with carbon monoxide in several different matrices, such as in an oxygen 

matrix at 2136 cnil (Sandford et al. 1988) 

Weak absorptions arising from the fundamental V3 (asymmetric stretch) of carbon 

dioxide, C~(XIl:g ). could be found at 2345 em-I. Gerakines, Schutte & Ebrenfreund 

(1996) found absorptions at 2342 em-I (as well as from the l3C isotope at 2278 em-I) 

and from the V2 (out-of-plane bend) at 650 cm-I. Palumbo. Castorina & Strazzulla 

(1999) found corresponding absorptions at 2344 and 660 em-I, respectively. Hudson 

& Moore (2000) also reported the molecule appearing at 2341 and 654 em-I. These 

band positions conform to those of carbon dioxide in different matrix sites, for 

example in oxygen matrices at 2342 and 662 em-I (Sandford & AIlamandola 1990) 

Methane. Cl4(XIAI) could clearly be identified via absorption from the 

fundamental V4 (deformation) at 1303 em-I. This absorption was also observed by 

Hudson & Moore (2000) at the same frequency. This value is also in agreement with 
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experiments from Gerakines et al. (1996) which found the methane molecule at 1304 

em·1, and also at 3011 cm-I due to the absoiptions from the V3 (degenerate stretch) 

fundamental. Palumbo et al. (1999) report the same findings at 1305 and 3010 em·l
, 

respectively. The presence of the V3 fundamental could not be fully established. In 

argon matrices, these absorptions are found to occur at 1304 and 3025 cm·1 

(Govender & Ford 2000) 

It is of note, that although the following molecules were searched for, they could 

not be identified unambiguously in the present set of experiments. These include the 

hydroxyl radical, OHOc2Il), from which the fundamental absorption may overlap 

with methanol which has been experimentally determined in matrix isolated 

experiments to absorb at 3548 em·1 (Cheng, Lee & Ogilvie 1988). The methyl radical, 

CH3(XaAa") could also not be unambiguously identified in these experiments, seen 

easiest by its VI (CH3 wagging) fundamental which absorbs in, for example, nitrogen 

matrices at 611 em·1 (Milligan & Jacox 1967). 

No evidence was found for the presence of water, HaO(XIAI) in these 

experiments, in contrast to experiments by Palumbo, Castorina & Strazzulla (1999) 

who report absoiptions arising from the Va (bending) fimdamental at 1655 em·l . 

Matrix isolation studies, for example, in nitrogen find this band to absorb at 1598 cm· 

I (Fredin, Nelander & RibbegMd 1977) 
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Both cis- and trans- isomers ofhydroxymethylene, HCOH(XIA,) were searched 

for, but as most of the absorptions underlie stronger absorptions from methanol, 

identification of this species would be difficult, 

The band appearing at 1091 em'l was initially assigned to 'alcohols' by Gerakines, 

Schutte & Ehrenfreund (1996), Moore, Ferrante & Nuth (1996) claimed that this 

absorption was exclusively from ethanol, C:!HsOH(XIA), However, our calculations 

show that the Vs fundamental of ethanol which would be responsible for this 

absorption is one of the least intense and is therefore unlikely, 

Regarding the presence of acetone, CH3COCH3(XIAI) whose presence has been 

postulated by both Baratta et a1. (1994) from bands appearing at 1720, 1444, 1232 

and 1090 em'l, and also by Moore, Ferrante & Nuth (1996) for a feature occurring 

around 532-516 em-I, However, our calculations indicate that again, more intense 

bands should be visible if this molecule is present, in particular the VII fundamental at 

1193 em-I and the V13 fimdamental at 1344 em-I, 

Moore & Hudson (2000) also claim to have identified the formate ion, HCOO

based on absorptions at 1589, 1384 and 1353 em-I, None of these absorption features 

could be found in our experiment, and these assignments are in disagreement with 

both matrix isolation and calculated frequencies (Forney, Jacox & Thompson 2003), 
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As our previous work on the irradiation of methane and methane mixed with 

carbon monoxide has shown, radicals formed within the matrix can recombine with 

neighboring radicals to form new species both during the irradiation period and upon 

warm-up of the ice when these radicals become mobile (Bennett et al. 2005; Bennett 

et al. 2006). In the case of methane, methyl radicals, CH)(X2 A2) generated 

recombined to form ethane, C2~(XIAIg}. In the case of methane mixed with carbon 

monoxide, the hydrogen atom left over from the production of the methyl radical 

initially reacted with carbon monoxide to produce the formyl radical, HCO(X2A,) 

which could then subsequently recombine with the methyl radical to produce 

acetaldehyde, CH)CHO(XIA,) We therefore also searched for the species thought to 

form via recombination of important radical reactions as shown in Figure 7.5. 

Gerakines, Schutte & Ehrenfreund (1996) also claimed that the bands at 910, 

1160, 1718 em-I were due to the presence of methyl formate, CH)OCHO (XIA'). In 

our experiments, the band at 1718 em-I could be identified as the VI4 fundamental 

from methyl formate. The Vs and Vs fundamentals however, can only clearly be seen in 

the warm-up procedure at 1160 and 916 em-I, respectively. 

Hudson & Moore (2000) were able to identify ethylene glycol, HOCH2CH20H 

(XIA), from absorptions appearing at 1088, 1046, 885, 861 and 524 em-I. In our 

experiments, we were also able to identify these peaks at 1090(v9), 889(V7), 865(v6) 
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FIgure 7.5: Species expected to be produced via radical-radical recombination reactions from those 
radicals previously identified, or assumed to be present during the irradiation of pure methanol ices. 
Species detected in this experiment are highlighted in bold. 

525(v4) em-I, however, only the V9 fundamental is visible during the irradiation 

period, with the rest only becoming visible during warm-up (Figure 7.6). 

Glycolaldehyde, CH20HCHO(XIAry could only be identified by its Vl4 

fundamental at 1747 em-I. This is in good agreement with previous matrix isolation 
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studies of glycolaldehyde in an Argon matrix at 13 K where it can be seen at 1747 

cm-I (Aspiala, Murto & Sten 1986). We also find that a second band at 1705 em-I was 

not identified. This band has been disputed previously over whether or not it is 

assigned to a second matrix site of glycolaldehyde, or the keto-enol tautomer ethene-

1,2-diol, which ean be found as either the trans-HOCH=CHOH (XIAg) or cis

HOCH=CHOH (XIAI) isomer. Although the second of these does have an infrared 

active absorption in this region, the DFf calculations show that there should be 

several more intense bands observable if this molecule is present Thus it seems more 

likely that where this second band is seen it originates from a second matrix site as 

concluded by (Yeom & Frei 2003). 

None of the other species speculated to form via the recombination of radicals as 

listed in Figure 7.5 could be detected unambiguously in our experiments. 

7.4.2. Quantitative Analysis 

Table 7.3 Summarizes the temporal changes observed in colunm densities 

throughout this experiment. The temporal development of the colunm density of 

methanol was traced by fitting Gaussians to the Vs (CO stretching) and Vl1 (CH2 

rocking) bands which combined have been determined to have a band strength of 1.3 

x 10-17 em molecule-I (palumbo, Castorina & Strazzulla 1999). Using this value, the 

colunm density of methanol prior to irradiation was found to be 1.64 ± 0.04 x 1017 

molecules cm-2. After 1 hour of exposure to 5 keY electrons at a beam current of 100 
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nA, the colunm density was found to be 1.39 ± 0.02 x 1017 molecules em·2, indicating 

that 2.44 ± 0.43 x 1016 molecules em·2• Reca1ling from section 7.2, that the nUlllber of 

electrons hitting the sample is 5.9 x 1014 electrons em-2
, we can estimate that each 

electron destroys 41 ± 7 molecules of methanol. Owing the warm-up period, the 

colunm density of methanol remains unchanged (within error limits), an increase in 

the abundance is seen around 108-124 K which is assumed to be accounted for by a 

change in the absorption coefficient during transformation into the a-phase. The 

methanol sublimes quickly starting at 141 K, with no traces of methanol being present 

by 152 K For the hydroxymethyl radical, the V4 (stretch) at 1192 cm-I was used to 

follow the colunm density using a calculated A value of 1.6 x 10.17 em molecule·l • 

This gives a colunm density after irradiation of 5.02 ± 0.17 x lOIS molecules em·2• 

Taking into account the nUlllber of electrons, we can conclude that each electron 

generated 8.5 ± 0.3 molecules of the hydroxymethyl radical. The colunm density of 

the hydroxymethyl radical remains constant until the heating program is initiated, 

whereby around 25 K it increases steadily up to a maximum at 49 K, whereby the 

colunm density begins to fall rapidly until about 103 K where it remains constant 

(could be due to underlying absorptions from another molecule). Here it remains 

constant until about 160 K when it begins to sublime, with no trace left after 178 K.. 

Considering the colunm density of formaldehyde, the V4 band at 1726 em·1 was 

utilized, with a calculated A value of 1.8 x 10"17 em molecule· l
• Here the colunm 

density after irradiation was found to be 1.39 ± 0.12 x 1015 molecules em-2, or 2.4 ± 

0.2 per electron. The colunm density remains the same after the irradiation period and 
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until the warm-up reaches 63 K, whereby it decreases steadily until 108 K. Possibly 

the phase transformation of the methanol lattice causes a slight increase in its 

abundance until around 118 K, whereby it again decreases rapidly, undetectable at 

l3lK. 

The column density of the formyl radical was traced through the 1842 em-I (V2) 

mode, employing a calculated A value of 1.5 x 10-17 em molecule-I. The column 

density after irradiation was found to be 2.26 ± 0.42 x 1014 molecules em-2, or 0.4 ± 

0.1 per electron. The column density of the formyl radical appears to decrease again 

at around 25 K, disappearing (within error limits) by 105 K. 

The column density of carbon monoxide was traced through the VI (CO stretch) at 

2134 em-I using an A value of 1.1 x 10-17 em molecule-I (Gerakines et al. 1995). The 

columo density after irradiation was found to be 7.24 ± 0_38 x 1014 molecules cm-2, or 

1.2 ± 0.1 per electron. The columo density of carbon monoxide does appear to 

increase slightly during the initial stages of the warm-up to about 69 K, but then 

begins to decrease, rapidly between 110 K and 122 K by which time there is no sign 

of this molecule left 

For methane, the V4 band at 1303 em-I was used to derive the column density using 

an A value of7.0 x 10-18 em molecule-I (Kerkhoff; Schutte & Ehrenfreund 1999). The 

columo density after irradiation was found to be 2.80 ± 0.08 x 1015 molecules cm-2, or 

4.7 ± 0.1 per electron. For methane, the columo density remains constant until around 
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49 K, whereby it begins to decrease slowly until 114 K where it sublimes rapidly, 

being undetectable within error limits by 122 I{. 

For several of the other species, it is possible only to derive upper limits for their 

colwnn densities after irradiation. For carbon dioxide, COz(XIl::g"'), utilizing the 2342 

em·1 band (V3) with an A value of7.6 x 10·\7 cm molecule·1 (Yamada & Person 1964) 

we found an upper limit of 1.51 ± 0.75 x 1014 molecules em·2, or 0.26 ± 0.13 per 

electron. The amount of carbon dioxide present seems to decrease upon warm-up 

subliming rapidly at 114 K, with no trace left by 122 I{. 

For glycolaldehyde, we used its VI4 band at 1747 em·1 and an A value of 2.6 x 10· 

17 em molecule·1 (Hudson, Moore & Cook 2005) to derive an upper value of 1.8 ± 0.3 

x 1014 molecules em·2, or 0.30 ± 0.05 per electron. During warm-up, the colwnn 

density increases slightly after around 25 K, rising sharply with the onset of the phase 

change, and reaching a maximum value of 8.61 ± 0.8 x 1014 molecules em·2 by 116 

I{. The colwnn density falls steadily, completely sublimating at 193 I{. 

An upper limit for the colwnn density of methyl formate of 1.3 ± 0.5 x lOiS 

molecules cm-2 was found by using the Vs (CO stretch) band at 916 em-I using a 

calculated A value of 4.0 x 10-18 em molecule-I. This would correspond to 2.2 ± 0.9 

produced per electron. During the warm-up period, a maximum colwnn density of 

4.05 ± 0.70 x 1015 molecules cm-2 was found at 113 I{. From this point, the colwnn 

density drops sharply but steadies out at 133 I{. It then sublimes around 164-1761{. 
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For ethylene glycol, using an A value of 3.65 x lO·18 cm molecules-I (calculated 

from relative areas and using value from Hudson, Moore & Cook 2005) for the band 

appearing at 1090 em-I (V9) gives an upper limit of 8.0 ± 0.2 x 1015 molecules cm-2 at 

the end of irradiation (13.6 ± 0.3 per electron), which increases upon warm-up to 113 

K to a value of 3.21 ± 0.50 x lOI6 molecules em-2• The column density steadily 

declines until about 193 K where it begins to sublime rapidly, with no trace left after 

211 K. Figure 7.6 shows a comparison of the residue at 173 K compared to the 

spectra of pure ethylene glycol (obtained from Reggie Hudson) showing that the 

residue at this temperature is almost exclusively this molecule. 
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Figure 7.6: Infrared spectra of the residue fiom irradiated methanol after warming to 173K (solid 
line). For comparison, the spectra of pure ethylene glycol obtained fiom Hudson et aI. (private 
communication) is overlaid (dasbed line). 

296 



7.5. Discussion 

7.5.1. Reaction Scheme 

Figure 7.7: Reaction Scheme used to fit the cohmm densities of the products observed during 
irradiation (excluding glycolaldehyde, methyl fonnate and ethyl glycol). 

We now attempt to fit the column densities of the species produced upon 

irradiation of the sample with a kinetic model. The reaction scheme is shown in 

Figure 7.7; the resulting system of coupled differential equations was solved numeri-

cally (Frenldach, Wang & Rabinowitz 1992). The underlying rate constants found for 

each process are compiled in Table 7.5 and the resulting kinetic fits to the column 

densities of each species are shown in Figure 7.8 (Note that as we were unable to 

produce the temporal development of the column density of the methoxy radical, only 

the fitted results form our scheme are presented). Note that the scheme does not cover 

the observed products assumed to be produced via radical-radical recombination 
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reactions in the warm-up phase. Considering first, the initial radiolysis-induced 

decomposition of methanol, different pathways are feasible: 

CH30H(XIA~ ~ CH20H(X2A,,) + HeSll2) (8) 

~ CH30(X2 A ~ + HeSll2) (9) 

~ H2CO(XIAl) + H2(Xlrgl!2HeSII2) (10) 

~ cis/ttans-HCOH(XIA~ + H2(XIEg l/2HeSll2) (11) 

~ OeD) + C14(XIAlg) (12) 

~ CH2(a1Al) + H20(XIAl) (13) 

(14) 

However, as we were only able to identify products from reactions (8), (10), and (12), 

only these reactions were included in our reaction scheme. Additionally, reaction (9) 

is proposed to be present based on the identification of methyl formate which if we 

assume is generated by the recombination of radicals requires a production pathway 

for methoxy radical. The rate constants for reactions (8), (9), (12), and (10) were 

found to be k/ = 6.95 x 10.5, k2 = 1.04 X 10"', k3 = 6.15 X 10-6, and ~ = 5.09 X 10-6 s' 

1, respectively. Theoretical calculations on the C140 potential energy surface at the 

CCSO(T)/6-311+G(3df,2p) level of theory carried out by Chang & Lin (2004) 

suggest that the energy needed to be overcome for these reactions are 4.03, 4.36, 5.86, 

and 3.94 eV, respectively. Thus, the lower reaction rate found for the generation of 

methane and an oxygen atom (12) could explained by the higher energy barrier 

needed to be overcome. The low reaction rate of reaction (10), i.e. the formation of 

formaldehyde and molecular hydrogen, is low despite this pathway having a lower 

energy barrier to overcome. Reactions lesding to the generation of the hydroxymethyl 
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(S) and methoxy (9) radicals and atomic hydrogen via the unimolecu1ar 

decomposition of methanol and a simple atomic hydrogen loss appear to be the 

dominant pathways. Note that k/ may be underestimated in this current model as 

pathways to form ethylene glycol were omitted from the model. As the radiolysis 

proceeds, more hydrogen atoms are available in the matrix, and the possibility for 

them to react with the previously formed radicals via reactions (S) and (9) to re-form 

methanol increases; these reactions were also included in the model. 

CH20H(X2A")+ HeSII2) ~ CH30H(XIA1 (15) 

(16) 

The rate constants for reactions (15) and (16) were fO\Dld to be of the same order klO 

= S.17 x 10-20 and kll = 5.61 x 10"20 cm2 molecule"1 8"1 suggesting the presence ofa 

barrier-less atom - radical recombination reaction. 

Considering next, the production of formaldehyde, we have already considered its 

formation from methanol (10), but would now also like to consider the two following 

pathways via unimolecular decomposition by atomic hydrogen loss. 

CH20H(X2A") ~ H2CO(XIAI) + HeSII2) (17) 

CH30WA 1 ~ H2CO(XI AI) + HeSII2) (IS) 

Here, the rate constants were found to be ks = 2.55 x 10-6 and ~ = 7.59 x 10"5 S"I; the 

calculated energies are 2.S0 and l.S5 eV, respectively. This indicates that it is easier 

to produce formaldehyde through the methoxy intermediate (CH30) than through the 

hydroxymethyl radical (CH20H); this pathway contributes to the formation of 

formaldehyde in addition to the one-step route from the unimolecular decomposition 
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Figure 7.8: Fit of the colunm densities of: (a) methanol, (b) hydroxymethyl. (e) methoxy (fit only). (d) 
forma1dehyde. (e) formyl, (f) carbon monoxide. and (g) methane. 
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Table 7.4: Rate constants derived via iterative solution to the reaction scheme depicted in Figure 7.6. 
Units are given in s'\ (unimolecular decomposition) and in em's'\ (bimolecular reactions; in italics). 

Reaction 
CH30H ~ CH20H + H 

CH30H ~CH30 + H 
CH30H ~ Cl4 + 0 

CH30H ~ H2CO + 2H1H2 
CH20H ~ H2CO + H 
CH30 ~ H2CO + H 
H2CO~HCO+H 
HCO~CO+H 

H2CO ~ CO + 2H1H2 
CH20H + H ~ CH30H 
CH30 + H ~ CH30H 
H2CO + H ~ CH20H 
H2CO + H ~ CH30 
HCO+H~H2CO 

CO+H~HCO 

rate constant 
k, = 6.95 x 10.5 

k2 = 1.04 X 10-4 
k3 = 6.15 X 10-6 
k4 = 5.09 X 10-6 
ks = 2.55 X 10-6 
~ = 7.59 x 10.5 

k7 = 4.40 X 10-4 
ks = 6.04 x 10-9 
k9 = 4.62 X 10-4 

k/O = 8.17 x J(}.20 

kIl = 5.61 x 1U2o 

kl2 = 7.04 x 1U23 

kl3 = 1.07 x J(}.22 

k/4 = 2.57 x 1UI9 

kls = 3.79 x 1U2o 

of methanol itself. For completeness, the back reactions were also included, where the 

rate constants of kl2 = 7.04 X 10.23 andk/J = 1.07 x 10.22 cm2 molecule"1 S"I. Note that 

these reactions are found to occur much slower than the hydrogen additions to the 

open shell species (15 & 16); indicative that in this case an entrance barrier must be 

overcome for the reaction to proceed. The rates of these reactions reflect well from 

the calculated energy barriers were reported as 0.50 eV and 0.22 eV, respectively. 

The formaldehyde molecule can be further proceased via reactions (19) and (20) 

H2CO(XIA1) ~ HCO(X2A~ + HeS1I2) 

H2CO(XIAI) ~ CO(Xlr) + H2(XIl:g)t2HeSII2) 

(19) 

(20) 

The rate constants for these reactions are found to be k7 = 4.40 x 10-4 and ~ = 4.62 x 

10-4 s"l. The relative energies are found to be 4.12 eVand 3.79 eV from a globally 

fitted CCSD(T)/aug-cc-PVTZ potential energy surface of CH20; note that the 
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reaction rates and energy barriers are similar where the reaction proceeding quicker 

has the lower barrier (Zhang et aI. 2004). The rate constants for the reverse of 

reaction (19) was found to be k14 = 2.57 X J(J.19 cm2 molecule-I s-t, once again 

demonstrating that the reaction of hydrogen with an open shell molecule proceeds 

faster. 

The last pathway we investigated is the alternstive mechanism on the formation of 

carbon monoxide via the unimolecuJar decomposition of the formyl (lICO) radical 

HCO(X2A,) -+ CO(XI~ + HeSII2) (21) 

The reaction endoergicity for this reaction was calculated to be 0.73 eV using the 

CCSD(T)Iaug-cc-pVTZ level of theory (Bennett et aI. 2005). The rate of this reaction 

is ks = 6.04 X 10-9 S-I, indicating that the predominant pathway to carbon monoxide 

formation is reaction (20), although this additional pathway is also significant. The 

reverse reaction, calculated to have a barrier of 0.12 eV, was found to have a rate 

constant of klS = 3.79 X J(J.20 cm2 molecule-I S-I - slower than the hydrogen atom

radical recombination reactions as elucidated in the previous paragraphs. 

The involvement of suprathermaJ hydrogen atom abstraction reactions generated 

primarily by reactions (8) and (9) cannot be ruled out, although they were not 

included in our reaction scheme. These reactions could be responsible for additional 

hydrogen abstraction reactions as follows: 

CH30H(XIA,) + HeSII2) -+ CH20H(X2Aj + H2(X1l:g l (22) 

-+ CH30(X2A') + H2(XI~gl (23) 
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Calculations at the 02 level of theory show that these reactions have barriers of only 

0.39 eV and 0.61 eV (compared to 4.03 and 4.36 eV from reactions (8) and (9)) 

which may be overcome by the kinetic energy the suprathermal hydrogen atoms 

posses, and are exoergic due to the favorable formation of molecular hydrogen 

(Blowers. Ford & Masel 1998). Indeed, hydrogen abstraction reactions by 

suprathermal reactions analogous to those for hydrogen elimination reactions can be 

found (e.g. Woon2002) 

7.5.2. Energetics 

Table 7.3 S1mnnarizes the minimum energy required to be released from the 

impinging electron to the matrix to account for the observed species in this 

experiment, excluding carbon dioxide, glycolaldehyde, ethylene glycol and methyl 

formate. As an example. the minimum energy to produce a molecule of carbon 

monoxide would be via the loss of molecular hydrogen from methanol (3.94 eV) 

followed by the loss of molecular hydrogen from formaldehyde (3.79 eV) giving 7.73 

eV as listed in Table 7.3. To account the observed column densities of these listed 

products requires 83.9 :I: 1.8 eV (Recall that the CASINO calculations tell us that 390 

eV will be absorbed into our sample). So far, only 22% of the kinetic energy of the 

impinging electrons transferred to the matrix is used to • chemically modify' the 

methanol sample. 
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To acCOllllt for the observed colmnn densities of carbon dioxide, ethylene glycol, 

glycolaldehyde and methyl formate the radical-radical recombination reactions (24) -

(27) are suggested to occur. Here, it should be stressed that the kinetic model and the 

experimental data suggest that HCO, CHzOH, and CH30 are the most important and 

ablllldant radical species involved in the chemical processing of the methanol sample 

(Figure 7.7; Table 7.3). 

CO{XIl:l + oeo;Jp) ~ C~(XIl:g l (24) 

CHzOH(Xz A") + CHzOH(Xz A") ~ HOCHzCHzOH(Xl A) (25) 

CHzOH(X2 A'') + HCO(X2 A ') ~ CHzOHCHO(X1 A') (26) 

CH30(XzA') + HCO(XzA')~CH30CHO (XIA') (27) 

The energy required to produce one molecule of carbon dioxide via reaction (24) 

requires the formstion of carbon monoxide (minimwn of 7.73 eV) and an oxygen 

atom (5.86 eV) thus requiring a total of 13.59 eV molecule-I. As before, taking into 

accOllllt the number of electrons and the colmnn density of carbon dioxide observed 

at the end of the irradiation period, we can determine that 0.26 ± 0.13 molecules of 

carbon dioxide are formed per electron impact requiring a total of 3.48 ± 1.73 eV. 

Similarly, the formation of ethylene glycol requires the combination of two 

hydroxymethyl radicals at 4.03 eV each, giving a total energy of 8.05 eV. To accOllllt 

for the observed number density, we can establish that 13.57 ± 0.34 molecules are 

produced per electron therefore requires an energy of 109.31 ± 2.73 eV per electron 

translated to the matrix. A similar approach is used to determine that to acCOllllt for 

the colmnn densities at the end of irradiation of glycolaldehyde and methyl formate 

304 



Table 7.3: Summary of temporal changes in colunm density of the observed species based on the indicated hand position (em·'), and the conesponding A value 
(em molecule·') at the end ofirrediation in terms ofmolecuIes em·' and the number of molecules produced per incident electron. The tempeIl""'" at which the 
species suhlimated from the matrix is also indicated. The minimum energy required to produce one molecule of each species is listed in eV (values taken from: 
Chang & Lin 2004; Zhang et a1. 2004), combined with the total energy which must be translated to the matrix per impinging electron. Also listed is the number 
of carbon atoms within the reported colunm densities. 

Species band A, em change in column 
position, molecule·1 density over 

em·1 irradiation, 
molecules em·z 

CH)OH 1031 1.3 x 10.17 • - 2.44 ± 0.43 x 1016 

CH20H 1192 1.6 x 1O.17b 5.02 ± 0.17 x lOis 
HzCO 1726 1.8 x 1O.18b 1.39 ± 0.12 x lOis 
HCO 1842 1.5 x 1O.17b 2.26 ± 0.42 x 1014 

CO 2134 l.1x 10.170 7.24 ± 0.38 x 1014 

CH4 1303 7.0 x 10·18d 2.80 ± 0.08 x lOIS 

• - hased on 5.9 x 1014 eiectmns em·2 hitting the target (see section 2) 
" - phase change to alpha at 108-124 K 
a _ Palumbo, Castorina & StrazzuI1a (1999) 
b _ Calculated value (see appendix) 
'- Gerakines et a1. (1995) 
d _ Kerkbof, Schutte & Ebrenfreund (1999) 

number of minimum total energy sublimation 
molecules energy per translated to temperature. K 

produced~ molecule. eV matrix per 
electron electron, e V 

- 41.3 ± 7.3 - - 141-152 
8.5±0.3 4.03 34.28± 1.16 160-178 
2.4± 0.2 3.94 9.28 ±0.80 118-131 
0.4 ± 0.1 8.06 3.08 ± 0.57 < 105 
1.2 ± 0.1 7.73 9.48 ± 0.50 110-122 
4.7±0.1 5.86 27.76± 0.81 114-122 
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requires 3.62 ± 0.62 and 26.72 :I: 10.52 eV, respectively. The addition of these 

pathways brings the total energy utilized to chemically modify the methanol sample 

to 227.02 :I: 11.17 eV per electron (58% of the energy). The remaining energy is 

released via phonon interaction to the matrix. 

75.3. Carbon/Oxygen Budget 

Here, we will now briefly discuss the issue of whether or not the number of 

carbon/oxygen budget observed from the column densities of the identified products 

is able to account for the amount of carbon/oxygen atoms available as methanol 

decomposes. The reported number of carbon/oxygen atoms available corresponds to 

the change in column density of methanol during the irradiation period, i.e. 2.44 :I: 

0.43 x 1016 molecules cm·2• In the case of the number of carbon atoms contained in 

the products we obtain a value of 2.92 ± 0.08 x 1016 carbon atoms cm·2• Similarly. for 

the oxygen atoms we determine there are 2.69 :I: 0.08 x 1016 oxygen atoms cm·2• 

Therefore, within the error limits. the carbon and oxygen budgets are conserved. 

75.4. Comparison to Previons Experiments 

We now would like to compare quantitatively, the results of electron 

bombardment on pure methanol ices with those from experiments using UV photons 

and high energy ions as the source of irradiation. Table 7.5 summarizes experiments 

where quantitative information regarding the destruction of methanol and production 
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of new molecules was presented. The colunm densities of the species that could be 

produced directly from the decomposition of methanol (namely methane, the 

hydroxymethyl radical, and formaldehyde) are notably much smaller in each of the 

other experiments listed, with the possible exception of those by Allamondola, 

Sandford & Valero (1988). This is due to the fact that these experiments in general 

exposed the molecules to much larger irradiation doses and the initial products 

formed were subsequently destroyed (about 15% of our methanol was destroyed, 

compared to values between 89-96% as listed by other experiments). In the case of 

experiments by Allamondola, Sandford & Valero (1988), as a 2:1 water matrix was 

used; it is possible that additional reactions involving water are responsible for 

maintaining their high colunm densities, in particular for formaldehyde. In 

experiments where high doses were used, it is clear that formaldehyde has indeed 

been further processed to produce carbon monoxide as indicated by the fact that 

higher colunm densities were reported earlier on during the radiation process. 

7.6. Astrophysical ImpHcations 

The present study has demonstrated the effects of keV electrons on methanol ice, 

which is a key component identified within interstellar ices (Gibb et al. 2004). As 

these ices are bombarded by MeV particles, up to 99.99"10 of their kinetic energy can 

be transferred into the electronic systems of the target molecules with a similar LET 

(a few keV Im}l) to that of the keV electrons used in our systems. In both cases, the 

electronic energy is utilized to generate secondary electrons which can have kinetic 
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Table 75: Comparison of quanti1ative results from electron bombardment with 5 keV electrons at 0.1 !1A for I hour with those from previous experiments using 
UV photolysis and ion irradiation. The imuliation source is stated (refer to the individual papetS for more details), the dose used (eV molecule-'), and the column 
density of methanol destroyed (molecules em-2

), the amount destroyed as a percentage of the amount deposited is given in parentheses. The column densities of 
the produets identified in ours and other experiments are 1isted as a percentage of the column density of methanol,eported destroyed. 

irradiation dose, eV [CHl0H] destroyed, x % % 
Source molecule-! 10 6 (% of amount [C~] [CH2OH] 

d~sited) 
5 keY electrons 1.4 2.4 (15 %) 11% 21 % 

UVphotons N/A 8.0 (N/A) 15% N/A 
UVphotons 72 31.0 (89 %) 9% N/A 
UVphotons -80 18.4(92 %) 6%" N/A 
3keVHe+ 60 150.0(92%) 5% N/A 

30 keY protons -156 19.5 (98 %) 1 %" N/A 
N1A - Indicates that this information was not presented. 
* - Higher column densities were reported during the imuliation process than at the end. 
References: I - This work 

2 - Allamondola, Sanford & Valero (1988), note 2:1 composition (water:methanol) 
3 - Gerakines, Schutte & Ehrenfreund (1996) 
4 - Baratta, Leto & Palumbo (2002) 
5 - Baratta et aI. (1994) 
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% % % % ref 
[H2CO] [HCO] [CO] [C~] 

6% 1% 3% 0.6% 1 
50% N/A 16% 4% 2 
3%" 1% 43% 10% 3 
7%" N/A 44% 14% 4 
9% N/A 7% 6% 5 
2%" N/A 25% 6% 4 



energies up to a few ke V; these electrons further process the ices through similar 

electronic transfer processes. It is therefore expected that the species found to fonn 

during the irradiation of our methanol ices can be expected to be produced in these 

interstellar ices. These molecules can then be injected into the gas-phase as a YSO 

begins to fonn and the ices begin to sublime, resulting in additional fonnation 

pathways to these molecules to supplement gas-phase processes. The failure of purely 

gas-phase chemical models which perpetually underestimate the abundances of 

complex chemical species has lead to the inclusion in several models of surface-grain 

processes. A recent example by Garrod & Herbst (2006) incorporates the 

recombination of radical species on the surfaces of interstellar grains to produce these 

molecules. While the authors conclude that these processes may contribute to the 

production of these complex species, the recombination of radical species is a limited 

process which is found to ouly be efficient within a narrow temperature range (20-40 

K), restricted by the mobility of the radicals on the surface and sublimation of 

necessary reactants. On the other hand, production of these species by radiolysis 

induced processes has no such temperature restrictions as even at 10 K, without the 

diffusion of radicals; neighboring molecules can still react to produce complex 

species. 

The formation of methanol is thought to occur through the successive 

hydrogenation of carbon monoxide on the surface of interstellar grains. Laboratory 

experiments studying the conversion of CO to H2CO and H2CO to CH30H via 

addition of atomic hydrogen at low temperatures are found to conflict one another; 
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Shiraki et al. (2004) find that the conversion rate for CO to H2CO is twice as fast as 

that for H2CO to CH30H, however, Hiraoka et al. (2005) find that the rate for H2CO 

to CH30H is about one order of magnitude faster than for CO to H2CO. Although our 

reaction rates are dependant upon our matrix composition, we find that the addition of 

hydrogen to carbon monoxide proceeds faster (kls = 3.79 X lUlo cm2 molecule·1 
S·I) 

than the addition of hydrogen to formaldehyde (k12 = 7.04 x 10-23/ kJ3 = 1.07 x lul2 

~ molecule·1 S·I) in accordance with the lower energy barrier required to overcome 

(0.12 eV versus 0.50/0.22 eV). The observed abundance ratios ofCH30H, H2CO, and 

CO were recently modeled by Maret et al. (2005) for low mass protostars assuming 

that the relative reaction probability of hydrogen reacting with CO and H2CO were 

equal. However, observations that the CH30H!H2CO ratio increases in more 

processing environments is yet to be understood. Here the dust temperature may be as 

high as 40 K, where methanol cannot be formed efficiently as hydrogen atoms will 

not stick to the grain surface (Gibb et al. 2004; Fuente, Neri & Caselli 2005). This 

may point to radiolysis induced synthesis of methanol within the grains as suggested 

in laboratory experiments of water ices mixed with carbon monoxide, or methane 

(Hudson & Moore 1999; Wada, Mochizuki & Hiraoka 2006). 

Comets are often thought to provide a record of the 'pristine material' of the 

interstellar cloud (i.e. interstellar ices) from which our solar system was formed 

(Ehrenfreund, Charnley & Wooden 2004). Indeed, looking at the abundance ratios of 

COIH2CO/CH30H relative to water in both comets (e.g. Comet 2002 CI (lkeya

Zhang) gives 4.7:0.62:2.5) and interstellar ices (- 10:1:5) we can conclude that they 
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are compositionally very similar (Disanti et al. 2002; Gibb et al. 2004). Both the 

detection of ethylene glycol in comet C/1995 01 (Hale-Bopp) as well as methyl 

formate in, for example, comets C12002 T7 (Linear) and C/2001 Q4 (Neat) has been 

confirmed (Crovisier et al. 2004; Remijan et al. 2006). This evidence points towards 

the possibility that perhaps these molecules have been formed in interstellar ices prior 

to the formation of the solar system. If this is the case, it could help explain why such 

large discrepancies are found in the methanol abundance. For example, if the 

methanol absorption at 9.75 IJ.Ill (1026 cm·l ) were to contain underlying absorption 

features from a strong absorption from ethylene glycol at 9.56 jlIlI (1046 em-I) the 

reported column density for methanol may be exaggerated. 

In snmmary, we have identified the most important unimolecular decomposition 

pathways of methanol by irradiation from 5 keY electrons at II K; these are the 

formation of i) the hydroxymethyl radical and atomic hydrogen ii) the methoxy 

radical plus atomic hydrogen iii) formaldehyde and molecular hydrogen, and iv) the 

formation of methane and atomic oxygen. These can then be further decomposed to 

produce the formyl radical and carbon monoxide. We have also demonstrated that it 

is possible to form carbon dioxide, methyl formate, glycolaldehyde, and ethylene 

glycol via radical-radical recombination. In addition, the unimolecular decomposition 

of methanol into methane and atomic oxygen shows thst the reverse reaction (oxygen 

addition into methane to form methanol) may also occur as predicted by theoretical 

studies (Chang & Lin 2004). From an astrobiological viewpoint, the formation of 

these complex species in interstellar ices leads to the possibility that these molecules 
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may have been available to the early Earth as life either originated, or began to 

flourish. Carbohydrates will have been instrmnental in the development of life on 

Earth, and have important roles in life as we know it today; as energy sources, 

structural molecules (e.g. cellulose), synthesis of amino acids (e.g. Weber 1997) as 

well as key components of ribonucleic and deoxyn'bonucleic acids. 
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7.8. Appendix 

In order to correctly identify and quantify the new species produced during our 

experiment via infrared spectroscopy, it is necessary to csrry out theoretical electronic 

structure calculations to give us information about the band positions where these 

molecules will absorb in the infrared region (given in em-I), and how strong these 

absorptions should be (em molecule-I). Although some information already exists 

regarding some of these data (both theoretical and experimental), it is prudent to use 

frequencies and intensities all derived from the same level of theory to avoid 
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unnecessary complications and errors which may arise from combining the 

assortment of information already available. The vibrational frequencies and infrared 

intensities shown here (Tables 7.A6 and 7.A1) were calculated from structures 

obtained from using the hybrid density functional B3L yP method (Lee. Yang & Parr 

1988; Becke 1993) with the 6-311G(d,p) basis functions. A scaling factor of 0.97 was 

used to account for anharmonicity. consistent for this level of theory. The accuracy of 

the infrared intensities is accurate within 20% to gas-phase values at this level of 

theory (Galabov et al. 2002). 
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Table 7.A6: Calculated vibrational frequencies and integral absorption coefficients of various species 
expected to be produced from the irradiation of methanol. The vibrational frequencies have been scaled 
by 0.97. to account for the anharmonicities; this factor is consistent with the B3L YP/6-31l G( d,p) level 
of theory. 

characterization band position, 
em-I 

A, em 
molecule-I 

CH30H 
(XIA~ 
VI (a") ( CH3 • CO ) rocking 319 2.04 x 10-17 

Vz (a~ CO stretching 1021 1.94 x 10-17 

V3(a~ ( CHz , CO ) scissoring 1053 3.56 x 10-19 

V4 (a'~ CHzrocking 1133 6.56 x 10-z0 

Vs (a~ ( CH , CO ) rocking 1338 4.19 x 10-18 

V6(a~ CHz ( rocking + scissoring) 1444 9.22 x 10-19 

V7 (a'~ CH3 wagging 1447 4.23 x 10-19 

vs(a~ CHz scissoring 1463 6.44 x 10-19 

V9(a~ CH2 symmetric stretching 2885 1.09 x 10-17 

VIO (a") CHz asymmetric stretching 2925 1.37 x 10-17 

VII (a~ CH symmetric stretching 3010 5.76 x 10-IS 

VIZ (a~ OH stretching 3723 3.48 x 10-IS 

CHzOH 
(X2A") 
VI (e) ( CHz, OH ) twisting 426 9.73 x 10-18 

V2 (e) CHzwagging 566 1.71 x 10-17 

V3 (e) ( CHz. OH ) twisting + scissoring 1030 7.87 x 10-18 

V4(e) CO stretching 1170 1.56 x 10-17 

Vs (e) ( CHz, OH ) rocking 1326 5.17 x 10-IS 

V6 (e) CHz scissoring 1443 1.24 x 1O-IS 

V7 (e) CHz symmetric stretching 3018 3.77 x 10-18 

Vs (e) CH2 asymmetric stretching 3159 3.18 x 10-18 

v9(e) OH stretching 3724 8.18 x 10-IS 

CH30(X2A~ 
VI (a") CO stretching 694 1.32 x 10-17 

v2(a~ CHz twisting + CH rocking 935 2.02 x 10-19 

V3 (a~ CH3wagging 1076 1.52 x 1O-IS 

V4 (a") CHz scissoring 1319 2.75 x 10-IS 

vs(a~ CH3 asymmetric stretching 1329 3.51 x 10-18 

CHz symmetric stretching + CH 
v6(a~ stretching 1473 7.94 x 10-19 

V7 (a~ CHz asymmetric stretching 2803 2.84 x lO-z0 

vs(a~ CO stretching 2866 7.42 x 10-18 

v9(a") CHz twisting + CH rocking 2905 7.73 x 10-IS 
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characterization band position, A,cm 
em-I molecule-I 

CH3 (X?A2") 
VI (a2") CH3 Wagging 492 1.40 x 10-17 

V2 (e~ CH2 scissoring 1361 6.86 x 10-19 

V3 (al~ CH2 symmetric stretching 3009 0 
V4 (e') CH2 asymmetric stretching 3183 1.15 x 10-18 

OH(X2IT) 
VI(l:l OH stretching 3594 9.42 x 10-19 

H2CO (XIAI) 
VI (bl) CH2Wagging 1166 4.28 x 10-19 

V2 <b2) CH2rocking 1232 2.44 x 10-18 

V3 (al) CH2 scissoring 1493 1.32 x 10-18 

V4 (al) CO stretching + CH2 scissoring 1772 1.83 x 10-17 

Vs (al) CH2 symmetric stretching 2783 1.07 x 10-17 

V6 <b2) Clh asymmetric stretching 2831 2.82 x 10-17 

trans-HCOH 
eA,) 

VI (a") ( OH + CH ) rocking 1074 2.04 x 10-17 

V2 (a~ ( OH + CH ) rocking 1185 2.27 x 10-17 

V3 (a') CO stretching 1289 9.98 x 10-18 

V4 (a') ( OH + CH ) rocking 1473 3.65 x 10-18 

vs(a') CH stretching 2751 2.66 x 10.17 

v6(a') OH stretching 3608 1.15 x 10-17 

cis-HCOH 
(IA') 

VI (a") ( OH + CH ) rocking 991 5.54 x 10-18 

V2 (a~ ( OH + CH ) rocking 1173 3.79 x 10.18 

V3 (a') CO stretching 1295 1.01 x 10-17 

V4 (a') ( OH + CH ) rocking 1433 9.03 x 10-18 

vs(a') CH stretching 2642 4.02 x 10-17 

V6(a') OH stretching 3417 4.62 x 10-18 

HCOHeA,,) 
VI (e) ( OH + CH ) rocking 443 1.43 x 10-17 

V2 (e) ( OH + CH ) rocking 1044 1.55 x 10-17 

V3 (e ( OH + CH ) rocking 1122 1.06 x 10-17 

V4 (e) CO stretching 1261 4.04 x 10-18 

Vs (e) CH stretching 2955 3.63 x 10-18 
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characterization band position, A,cm 
em-I molecule-I 

v6(e) OR stretching 3563 5_79 x 10-18 

RCO(X2A1 
VI (a1 CRrocking 1078 6.66 x 10-18 

v2(a1 CO stretching 1883 1.47 x 10-17 

V3 (a1 CH stretching 2543 1.57 x 10-17 

ROC (X2A1 
VI (a1 OR rocking 1096 1.37 x 10-17 

v2(a1 CO stretching 1347 6.16 x 10-18 

v3(a1 OR stretching 3173 1.04 x 10-17 

CR2 (alAI) 
VI (al) CR2 symmetric stretch 2797 1.53 x 10-17 

V2 (al) bend 1363 0 
V3 (b2) CH2 asymmetric stretch 2857 1.81 x 10-17 

CR2 (X3BI) 
VI (al) RCHbending 1025 2.03 x 10-18 

V2 (al) ( CH + CH ) symmetric stretching 3023 1.24 x 10-19 

( CH + CH ) asymmetric 3257 
V3 <h2) stretching 3.09 x 10-21 

R20 (XIAI) 
VI (al) RORbending 1589 9.65 x 10-18 

V2 (al) ( OR + OR ) symmetric stretching 3698 5.97 x 10-19 

( OR + OR ) asymmetric 3793 
V3 <h2) stretching 4.16 x 10-18 

Cl4(XIAIg} 
VI (al) CH symmetric stretch 2937 0 
V2 (e) CRbending 1514 0 
V3 (t) CR asymmetric stretch 3041 4.64 x 10-18 

V4(t) CHbending 1301 2.82 x 10-18 

CO(XIr) 
VI (1;"') co stretching 2154 1.27 x 10-17 
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Table 7.A7: Calculated vibrational frequencies and integral absorption coefficients of various species 
expected to be fonned via radical-radical recombination reactions as listed in Table 3. The vibrational 
frequencies have been scaled by 0.97. to account for the anbannonicities; this factor is consistent with 
the B3L VP/6-311 G( d,p) level of theory. 

characterization band position, A, em 
em-I molecule-I 

CH]ooCH] 
(XlAs') 
VI (au) COOC wagging 17 1.86 x 10-18 

V2 (au) ( CH] + CH] ) rocking 207 5.37 x 10-19 

( CH] + CH] ) rocking 
V] (as) simultaneously 258 0 
V4 (au) ( CO + CO ) rocking 293 1.90 x 10"18 
Vs (as) ( COO + OOC ) scissoring 470 0 

00 stretching + ( CH • CH ) 
V6 (as) rocking 811 0 

( CO • CO ) asymmetric 
1.84 x 10-17 V7 (au) stretching 1022 

V8 (as) ( CO • CO ) symmetric stretching 1032 0 
V9 (au) ( CH2 , CH2 ) twisting 1137 3.00 x 10-19 

( CH + CH ) rocking + ( CH2 + 
1.85 X 10-18 VIO (au) CH2 ) wagging 1138 

Vn (as) ( CH2 + CH2 ) twisting 1142 0 
( CH + CH ) rocking + ( CH2 + 
CH2 ) wagging + ( CO + CO ) 

V12 (as) stretching 1229 0 
VI] (a.) ( CH3 + CH3 ) wagging 1402 7.28 x 10-19 

( CH3 + CH3 ) wagging 
VI4 (as) simultaneously 1411 0 

( CH2 + CH2 ) twisting 
simultaneously + ( CH + CH ) 

VIS (as) rocking 1411 0 
( CH2 + CH2 ) twisting + ( CH + 

2.31 X 10-18 Yl6 (a.) CH)rocking 1412 
YI7 (au) ( CH2 + CH2 ) scissoring 1468 4.42 x 10-18 

( CH2 + CH2 ) scissoring 
VI8 (as) simultaneously 1475 0 

( CH3 + CH3 ) symmetric 
1.72 X 10-17 VI9 (au) stretching 2910 

( CH3 + CH] ) symmetric 
V20 (as) stretching simultaneously 2913 0 

(CH2+CH2) asymmetric 
V21 (as) stretching simultaneously 2970 0 

( CH2 + CH2 ) asymmetric 
1.75 x 10-17 V22 (a.) stretching 2970 
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characterization band position, A,em 
em-I molecule-I 

( CH , CH ) asymmetric 
V23 (au) stretching 3019 5.70 x 10-18 

V24 (1Ig) ( CH , CH) synunetric stretching 3019 0 

CH30CH20H 
(XIA) 
VI (e) ( CH2, CH2) twisting 95 3.83 x 10-19 

vde) CH3roCking 203 6.39 x W l9 

COC scissoring + CH of CH3 
5.81 x 10-18 V3 (e) rocking + OH rocking 287 

v4(e) OH rocking + COC scissoring 367 1.67 x 10-17 

Vs (e) OCO scissoring + OH rocking 513 2.71 x 10-18 

COC symmetric stretching + CH 
1.22 x 10-17 V6 (e) of CH3 rocking + OH rocking 936 

CH2 rocking + ( CH of CH2 , OH 
V7 (e) ) scissoring 1051 1.40 x 10-17 

COC asymmetric stretching + CH 
1.21 X 10-17 V8 (e) ofCH3 rocking 1085 

CO of CH20H stretching + CO of 
3.61 x 10-17 V9 (e) OCH3stretching 1101 

VIO (e) CH2 of CH3 twisting 1140 4.82 x 10-19 

CH2 of CH3 wagging + CH of 
4.10 x 10-18 VII (e) CH3roCking 1188 

VI2 (e) CH2 twisting + OH rocking 1216 1.98 x 10-18 

V13 (e) (OH, CH ofCH2) rocking 1355 2.84 x 10-18 

VI4 (e) ( CH2 + CH3 ) wagging 1405 1.02 x 10-17 

CH2 of CH3 scissoring + CH2 
VIS (e) wagging 1437 2.12 x 10-18 

CH2 of CH3 scissoring + CH2 
V16 (e) wagging 1445 2.28 x 10-18 

CH2 of CH3 scissoring + CH2 
V17 (e) wagging 1465 1.01 x 10-18 

VI8 (e) ( CH2 + CH2 of CH3 ) scissoring 1496 1.99 x 10-19 

V19 (e) CH of CH2 stretching 2816 1.63 x 10-17 

CH2 of CH3 symmetric stretching 
1.17 x 10-17 V20 (e) + CH of CH3 stretching 2877 

CH2ofCH3 asymmetric 
V21 (e) stretching 2918 1.34 x 10-17 

V22 (e) CH of CH2 stretching 2922 1.12 x 10-17 

CH of CH3 stretching + CH2 of 
V23 (e) CH3 symmetric stretching 3026 4.41 x 10-18 

V24 (e) OH stretching 3699 4.86 x 10-18 
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characterization band position, A, em 
em-I molecule-I 

CH3OCHO 
(XIA~ 
VI (a") CH3rocking 103 2-23 x 10-20 

V2 (a~ (OCH3, CO ofCHO) scissoring 291 2.34 x 10-IS 

V3 (a") COC wagging + CH rocking 337 4.54 x 10-IS 

OCO scissoring + CH2 wagging + 
1.32 x 10-IS V4 (a~ CHrocking 757 

vs(a~ OC of OCH3 stretching 902 4.00 x 10-IS 

V6 (a") CH of CHO rocking 1010 1.36 x 10-20 

CH2 of CH3 twisting + CH of CH3 
1.68 x 10-19 V7(a") rocking 1138 

COC asymmetric stretching + 
CH2 of CH3 wagging + CH of 

2.22 x 10-17 
vs(a~ CH3rocking 1143 

OC ofOCHO stretching + OCH 
of OCH3 scissoring + CH2 

3.05 X 10-17 V9 (a~ wagging 1190 
VIO (a~ CH of CHO rocking 1356 2.12 x 10-19 

VII (a~ CH3 wagging 1425 7.82 x 10-19 

VI2 (a") CH2 twisting + CH2 scissoring 1440 1.68 x 1O-IS 

CH2 scissoring + CH of CH3 
1.77 x 10-IS VI3 (a~ rocking 1454 

VI4 (a~ CO of CHO stretching 1757 4.81 x 10-17 

VIS (a~ CH of CHO stretching 2940 1.19 x 10-17 

VI6 (a~ CH3 symmetric stretching 2960 2.57 x 1O-IS 

VI7 (a'~ CH2 asymmetric stretching 3029 3.73 x 10-IS 

CH2 symmetric stretching + CH 
2.23 X 10-20 VIS (a~ of CH3 stretching 3066 

HOCH2CH20H 
(XIA) 
VI (e) ( CH2 + HOCH2 ) rocking 132 2.44 x 1O-IS 

V2 (e) OHrocking 233 1.85 x 10-17 

V3 (e) OH rocking + HOCH2 rocking 268 3.22 x 10-IS 

V4 (e) OHrocking 309 2.08 x 10-17 

Vs (e) (OCC +CCO) scissoring 462 8.91 x 10-19 

V6 (e) (CH2 + CHz ) rocking 805 3.59 x 10-19 

V7 (e) HOC rocking 973 1.27 x 10-17 

Vs (e) OCC symmetric stretching 1037 1.64 x 10-17 

V9 (e) OC stretching 1039 9.31 x 10-IS 

CH2 rocking + CH2 twisting + 
6.55 x 10-20 VIO (e) OHrocking 1066 
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characterization band position, A, em 
em-I molecule-I 

(CH2 + CH2) rocking + OH 
1.19 x 10-18 VII (e) rocking 1172 

VI2 (e) HOCH2 scissoring 1207 7.48 x 10-18 

VI3 (e) (CH2 + CH2) twisting 1272 1.24 x 10-18 

(CH + OH) rocking + OH 
2.07 x 10-18 VI4 (e) scissoring 1331 

VIS (e) (CH + OH) scissoring 1362 4.69 x 10-18 

(CH2 + CH2) wagging + OH 
VI6 (e) scissoring 1423 2.31 x 10-19 

(CH2 + CH2) scissoring 
VI7 (e) simultaneously 1469 3.19 x 10-20 

VI8 (e) (CH2 + CH2) scissoring 1483 3.94 x 10-19 

VI9 (e) CH stretching 2863 1.30 x 10-17 

(CH +CH) stretching 
V20 (e) simultaneously 2909 1.43 x 10-18 

(CH +CH) stretching + (CH 
1.64 x 10-17 V21 (e) +CH) stretching simultaneously 2925 

V22 (e) CH stretching 3005 6.32 x 10-18 

V23 (e) OH stretching 3714 3.35 x 10-18 

V24 (e) OH stretching 3734 4.91 x 10-18 

CH20HCHO 
(XIA') 
VI (a") ( CH + CH2 + OH ) rocking 184 1.54 x 10-18 

( CO • COH ) scissoring + CH 
V2 (a') rocking 285 3.99 x 1O-IS 

v3(a") OHrocking 379 1.46 x 10-17 

V4 (a") CH rocking + CR2 twisting 703 1.56 x 10-20 

OCC scissoring + ( CC • COR) 
Vs (a') scissoring 744 1.66 x 10-18 

V6 (a') CC stretching 836 8.58 x 1O-IS 

V7(a") ( CH + CH2 ) rocking 1075 2.26 x 10-20 

CO ofCOH stretching + OR 
Vs (a') rocking 1096 1.30 x 10-17 

V9 (a") CH2 twisting + CH rocking 1207 4.38 x 10-19 

VIO (a') CH2 wagging + OH rocking 1260 7.21 x 10-18 

VII (a') CH2 scissoring + OH rocking 1349 4.17x 10-18 

CH2 wagging + ( OH + CH ) 
VI2 (a') rocking 1399 1.03 x 10-17 

VI3 (a') CH2 scissoring + OH rocking 1434 3.09 x 10-18 

VI4 (a') CO of CHO stretching 1747 2.48 x 10-17 

CH of CHO stretching + CH2 
VIS (a') symmetric stretching 2831 1.30 x 10-17 
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characterization band position, A, em 
em-I molecule-I 

trans-
HOCH=CHOH 

(XIAg) 
VI (au) ( OH + OH ) rocking 244 1.92 x 10-17 

Vz (bg) ( OH + OH ) rocking 296 0 
V3 (bu) (HCO +HCO) rocking 309 6_07 x 10-18 

V4 (au) (HOC + HOC) wagging 365 1.54 x 10-17 

Vs (ag) ( OCC + OCC ) scissoring 551 0 
V6 (bg) ( HCC + HCC ) wagging 776 0 
V7 (au) ( CH + CH ) rocking 880 1.69 x 10-17 

V8 (ag) ( OH + OH ) rocking 1049 0 
V9 (b.) ( CO + CO ) stretching 1109 7_29 x 10-17 

VIO (b.) (OH + OH + CH + CH) rocking 1181 5_45 x 10-19 

Vn (ag) ( CH + CH ) rocking 1292 0 
VIZ (ag) ( OH + OH ) rocking 1306 0 
V\3 (b.) (OH + OH + CH + CH) rocking 1372 1.52 x 10-17 

VI4 (ag) CC stretching 1688 0 
( CH +CH ) stretching 3079 

V15 (ag) simultaneously 0 
VI6 (b.) ( CH +CH ) stretching 3080 5_88 x 10-18 

V17 (b.) ( OH +OH ) stretching 3702 9_84 x 10-18 

( OH +OH ) stretching 3706 
VI8 (ag) simultaneously 0 

cis-
HOCH=CHOH 

(XI AI) 
VI (bl) ( OH + OH ) rocking 64 3_62 x 10-17 

Vz (az) ( OH + OH ) rocking 88 0 
V3 (al) HO(CC)OH scissoring 235 7_17 x 10-19 

V4 (az) ( OCC + CCO ) wagging 517 0 
Vs (bl) ( CH + CH ) rocking 690 1.47 x 10-17 

V6 (bz) ( OCC + CCO ) scissoring 708 6_09 x 10-18 

V7 (az) ( CH + CH ) rocking 805 0 
V8 (al) ( CO + CO ) stretching 991 2_02 x 10-18 

V9 (bz) ( CO + CO ) stretching 1085 2_80 x 10-17 

VIO (al) ( OH + OH ) rocking 1186 2_71 x 10-17 

Vn (bz) ( OH + OH ) rocking 1270 1.78 x 10-17 

VIZ (al) ( CH + CH ) rocking 1276 1.23 x 10-17 

VI3 (bz) ( CH + CH ) rocking 1403 4.45 x 10-18 

VI4 (al) CC stretching 1738 3_99 x 10-18 

VIS (bz) ( CH +CH ) stretching 3069 4.41 x lO-zo 

331 



characterization band position, A, em 
em-I molecule-I 

( CH +CH ) stretching 3093 
VI6 (al) simultaneously 4_72 x 10-18 

VI7 (bz) ( OH +OH ) stretching 3759 2_64 x 10-17 

( OH +OH ) stretching 3762 
VI8 (al) simultaneously 4.55 x 10-20 

CH3COCH3 
(XIA) 
VI (a) ( CH3 + CH3) rocking 52 1.98 x 10-21 

( CH3 + CH3) rocking 
6_62 x 10-21 V2 (b) simultaneously 135 

V3 (a) CCC scissoring 366 1.91 x 10-19 

CCOC wagging + ( CH2 + CH2) 
5_16 x 10-20 V4 (b) twisting 474 

( CH , CO ) scissoring + ( CO , 
2_49 X 10-18 Vs (b) CH ) scissoring 519 

V6 (a) CCC symmetric stretching 756 2.50 x 10-19 

V7 (a) ( CH2 + CH2 ) twisting 856 6_92 x 10-21 

(CH2+CH2)W~g+CCC 
1.57 X 10-18 V8 (b) asymmetric stretching 857 

(CH2+CH2)W~g+(CH, 
5_91 x 10-21 V9 (a) CH ) scissoring 1051 

CCOC wagging + ( CH2 + CH2) 
5.15 x 10-19 VIO (b) rocking 1084 

CCC asymmetric stretching + ( 
1.27 X 10-17 Vll (b) CH , CH ) rocking 1193 

( CH3 + CH3) wagging 
3_20 x 10-18 VI2 (a) simultaneously 1342 

V13 (b) ( CH3 + CH3 ) wagging 1344 1.07 x 10-17 

( CH2 + CH2) scissoring + ( CH , 
1.80 X 10-19 VI4 (b) CH)rocking 1420 

VIS (a) ( CH2 + CH2) scissoring 1422 7_61 x 10-19 

( CH2 + CH2) scissoring 
simultaneously + ( CH , CH ) 

3_96 X 10-18 VI6 (a) scissoring 1427 
( CH2 + CH2) twisting + ( CH + 

3_69 X 10-18 
v17 (b) CH)rocking 1443 
VI8 (a) CO stretching 1750 2_90 x 10-17 

( CH3 + CH3) symmetric 
3_38 x 10-19 VI9 (b) stretching 2934 

(CH3 + CH3) symmetric 
1.14 x 10-18 V20 (a) stretching simultaneously 2940 

( CH2 + CH2) asymmetric 
7.48 x 10-20 V21 (a) stretching 2988 
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characterization band position, A, em 
em-I molecule-I 

( CH2 + CH2) asymmetric 
V22 (b) stretching simultaneously 2995 4_11 x 10-18 

( CH , CH ) asymmetric 
V23 (b) stretching 3046 2_15 x 10-18 

V24 (a) ( CH , CH) symmetric stretching 3047 1.65 x 10-18 

CH3CH20H 
(XIA) 
VI (e) CH3rocking 264 4_18 x 10-19 

V2 (e) OHrocking 309 1.89 x 10-17 

V3 (e) OCC scissoring 409 3_28 x 10-18 

V4 (e) ( CH2 of CH3 + CH2 ) twisting 787 4_46 x 10-19 

CH of CH3 rocking + OCC 
Vs (e) symmetric stretching 859 1.73 x 10-18 

V6 (e) OCC asymmetric stretching 1029 1.84 x 10-18 

(CH ofCH2 + CH ofCH3 + OH) 
rocking + CH2 of CH3 wagging + 

1.90 X 10-17 V7 (e) CO stretching 1045 
( CH of CH2 + OH ) rocking + 

7_06 x 10-19 V8 (e) CH2 ofCH3 twisting 1103 
(CH2 ofCH3 + CH2) twisting + 

v9(e) OHrocking 1246 1.99 x 10-18 

( CH of CH2 , OH ) rocking + 
VIO (e) CH3 wagging 1339 2_56 x 10-19 

CH3wagging+(CHofCH2+ 
Vll (e) OH)rocking 1363 1.02 x 10-18 

( CH3 + CH2 ) wagging + OH 
7_52 x 10-18 VI2 (e) rocking 1383 

CH2 of CH3 scissoring + CH2 of 
VI3 (e) CH3 twisting 1443 1.41 x 10-18 

VI4 (e) ( C~ of CH3 + C~ ) sciasoring 1449 3_48 x 10-19 

VIS (e) ( CH2 + CH2 of CH3 ) scissoring 1475 9_54 x 10-20 

VI6 (e) CH ofCH2 stretching 2889 1.23 x 10-17 

VI7 (e) CH3 symmetric stretching 2927 2_99 x 10"18 
CH2 of CH3 symmetric stretching 

+ (CH ofCH3 , CH ofCH2) 
VI8 (e) symmetric stretching 2974 8.49 x 10-19 

CH2 of CH3 asymmetric 
VI9 (e) stretching + CH of CH2 stretching 2994 1.04 x 10-17 

CH of CH3 stretching + CH2 of 
CH3 symmetric stretching + CH2 

V20 (e) asymmetric stretching 3008 6_70 x 10-18 

V21 (e) OH stretching 3710 2_80 x 10-18 
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Chapter 8: Electron Irradiation Experiments on Methane (CRs) and Carbon 
Dioxide (COz) 

This chapter is based on the paper scheduled for publication as: Bennett, C. J., 
Kaiser, R. L, The Formation of Acetic Acid (CHjCOOH) in Interstellar Ice Analogs, 
The Astrophysical Journal (2007), 661, (page number not yet disclosed). 

8.1. Introduction 

During the last years, the search for astrobiologically important molecules such as 

acetic acid (CH3COOH) and their structural isomers glycol aldehyde (HCOCH20H) 

and methyl formate (HCOOCH3) in the· interstellar medium received particular 

attention. The acetic acid molecule was first identified in the interstellar medium by 

Mehringer et al. (1997) towards the star forming regiou Sgr B2 (N-LMH). 

Subsequently, it has also been identified in a variety of hot molecular cores (Remijan 

et al. 2002, 2003, 2004; Cazaux et al. 2003) and more recently towards the proto-

planetary nebula CRL 618 (Remijan et al. 2005). Various gas-phase synthetic routes 

have been suggested to form this molecule. Huntress & Mitchell (1979) proposed a 

radiative association mechanism via equation (1) followed by a dissociative 

recombination with an electron (equation (2» 

(1) 

(2) 

Ebrenfreund & Charnley (2000) implied that protonated methanol can transfer an 

alkyl cation to formic acid (reaction (3» followed by a dissociative recombination via 

equation (4): 

(3) 
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(4) 

Further, Blagojevic et al. (2003) recently suggested a multi-step reaction sequence via 

equations (5) - (8): 

CH2 + + CO --+ CH2CO+ 

CH2CO+ + H20 --+ CH2CO~20 

CH2CO~20 + H20 --+ CH3COOW + H20 

CH3COOW + M --+ CH3COOH + W 

(5) 

(6) 

(7) 

(8) 

However, there are several factors which indicate that gas-phase reactions alone 

cannot be responsible for the formation of acetic acid in these environments sugges

ting that synthetic routes to acetic acid are also linked to interstellar ices: i) models 

based on gas-phase chemistry predict, for example for Sgr B2, fractional abundances 

of 2 x 10-11 and 3 x 10-12 compared to the observed value of 0.8-6 x 10-10 

(Wlodarczak & Dernaison 1988; Wootten et al. 1992; Remijan et al. 2002), ii) the 

rotational temperature of acetic acid is found to be over 100 K, consistent with 

sublimation from icy grains (Hasegawa, Herbst & Leung 1992; Remijan et al. 2002), 

iii) the velocity of acetic acid is found to be similar to that of other complex species 

thought to be formed within icy grains including propanenitrile, CH3CH2CN, the 2-

cyanoethyl radical, CH2CHCN, and methyl formate, HCOOCH3 (Miao et al. 1995; 

Mehringer et al. 1997; Remijan et al. 2002). We would like to note that acetic acid is 

also thought to be present within comets - whereby an upper limit of 0.06% was 

recently proposed for comet C/1996 01 (Hale-Bopp) - as well as in the Murchison 

meteorite (Crovisier et al. 2004; Huang et al. 2005). Comets are thought to preserve 

the 'pristine' interstellar material from which our solar system was formed, and are 
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often regarded as a source for prebiotic molecules to reach the earth (Chyba & Sagan 

1992; Ehrenfreund, Charnley & Wooden 2004). If acetic acid was delivered to the 

Earth, it might be considered to be an important molecule on prebiotic Earth (Brack 

1999; Huber 1998). However, despite the importance of acetic acid in astrobiology, 

conclusive routes to form this molecule have not been resolved so far. In this paper, 

we will present possible synthetic pathways to synthesize acetic acid in interstellar 

ices containing carbon dioxide and methane. Logically, we would expect the 

formation of acetic acid within this ice mixture based on previous laboratory work 

conducted whereby; i) Bennett et aI. (2005) irradiated ice mixtures of carbon 

monoxide (CO) and methane (C~) which were found to produce the methyl (CH3) 

and formyl (HCO) radicals, which then recombined to produce acetaldehyde 

(CH3CHO), and ii) Holtom et aI. (2005) found the irradiation of ice mixtures 

containing carbon dioxide (C<h) and methylamine (CH3NH2) were found to produce 

the carboxyl (HC<h) and aminomethyl (CH2NH2) radicals which could recombine to 

form glycine (NH2CH2COOH). 

8.2. Experimental 

The experiments were carried out in a contamination-free ultra high vacuum 

stainless steel chamber (Bennett et aI. 2004). This vessel is evacuated down to a base 

pressure of typically 5 x 10-11 torr using oil-free magnetically suspended turbo 

molecular pumps. A closed cycle helium refrigerator cools a highly polished silver 

(111) mono crystal to 11.7 ± 0.3 K; the latter is held in the center of the chamber and 
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is freely rotatable in the plane. A binary methane - carbon dioxide ice was prepared 

in a gas mixing chamber containing 385 mbar of methane (99.999% Specialty Gas 

Group) and 127 mbar of carbon dioxide (BOC Gases, 99.999"10), which was then 

deposited through a glass capillary array held 5 mm from the silver target for 5 

minutes at a background pressure in the main chamber of lO'7 torr, A Nicolet 510 DX 

Fourier transform infrared spectrometer is operated in an absorption-reflection-ab

sorption mode (reflection angle a = 75°) and monitors the chemical changes during 

the irradiation of the solid sample, A quadrupole mass spectrometer (Balzer QMG 

420) operating in residual gas analyzer mode with the electron impact ionization 

energy at 90 eV allows us to detect any species in the gas phase during the 

experiment 

The colunm density of our sample (molecules em'2) can be calculated via a 

modified Lambert-Beers relationship (Bennett et al. 2004). The colunm density of 

carbon dioxide was derived from the VI + V3 combination band at 3701 em'l, the 2V2 + 

V3 combination band at 3595 em'l, and the V3 band from the 13C isotope at 2277 em'l 

using absorption coefficients taken from Gerakines et al. (1995). The average derived 

colunm density was found to be 2.96 ± 1.94 x 1017 molecules em'2. For methane, the 

V3 + V4 combination band at 4299 em'l, the VI + V4 combination band at 4201 cm,l, 

and the V2 + V4 combination band at 2814 em'l, applying absorption coefficients taken 

from Gerakines et al. (2005). The average derived colunm density was found to be 

7.40 ± 1.80 x 1016 molecules cm'2. Therefore, the ratio of carbon dioxide to methane 
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Table 8.1: Infrared absorptions of the methane and carbon dioxide frost along with the assignments of 
the obseJved bands (see references within Bennett et al, (2004; 2006a) for more details) 

band sition, em,l assi ent characterization 
4531 N2+V3C~ combination 

4301, 4298 N3+V4~ combination 
4211, 4201 NI+V4~ combination 

3845 3V4 ~ overtone 
3701 VI + V3 C~ combination 
3595 2v2+V3C~ combination 

3007, .3005 V3 C~ ftmdamental 
2904 VI C~ ftmdamental 
2814 N2+V4~ combination 
2593 2v4 ~ overtone 
2335 V3 C02 ftmdamental 
2276 N3 e3C~) isotope peak 
1530 V2C~ ftmdamental 
1382 VI C~ ftmdamental 

1309,1304,1298,1295. 1277 V4C~ ftmdamental 
667, 664, 659 V2 C~ ftmdamental 

640 N2 (13C~) isotope peak 

is approximately 4: 1. Taking the densities of methane and carbon dioxide as 0.53 g 

em,3 and 1.6 g em,3, respectively. the total thickness of the sample was found to be 

172 ± 51 nm (Wyckoff 1965; Donnay & Ondik 1972). Table 8.1 shows the 

compilation of peaks identified from a typical infrared spectrum of the binary mixture 

of methane and carbon dioxide at 11.7 K. 

The methane - carbon dioxide samples were irradiated isothermally at 11.7 ± 0.3 K 

with 5 keY electrons generated with an electron gun (Specs EQ 22-35) at beam 

currents of 100 nA for 1 hour by scanning the electron beam over an area of3.0 ± 0.4 

em2, In theory this would mean during the irradiation the sample would be exposed to 

a total of 2.2 x lOIS electrons (7.5 x 1014 electrons em,2); however, not all of the 

electrons generated by our electron gun actually reach the target - the manufacturer 

338 



states an extraction efficiency of 78.8 %, meaning the actual number of electrons 

which hit the sample is reduced to 1.8 x 1015 electrons (5.9 x 1014 electrons em-2). 

After the irradiation is complete, the sample is then left isothermally for an hour, 

before heated to 300 K at a rate of 0.5 K min-I. 

3. Results 

3.1 Infrared band assignment 

Table 8.2 summarizes the peak positions of the products identified after the 

condensed ice was subjected to irradiation from 5 keY electrons at 0.1 J.IA for one 

hour. Also listed are the products identified previously in the irradiation experiments 

of pure methane and carbon dioxide ices. Note that in regards to the characterizations 

of new species in this report we shall only focus on species pertinent to the formation 

of acetic acid within our ice matrix. The methyl radical, CH3(X2 A2'?, was identified 

via its V2 (out-of-plane bending) absorption mode at 614 cm-I (Figure 8.1 a), in good 

agreement with our previous identification of this radical in pure methane ices at 608 

em-I (Bennett et al. 2006a). In addition, we were also able to assign the peak at 3149 

em-I as the V3 (CH stretching) mode of this species, previously found to absorb at 

3150 em-I. The carboxyl radical, HOCO(X2A? was detected through its V2 (CO 

stretching) absorptions at 1847 and 1839 em-I (Figure 8.1b); this is consistent with two 

different matrix sites of the trans isomer which has previously been identified at 1846 

cm-I in an argon matrix (Jacox 1988), and at 1833 em-I in a carbon monoxide matrix 

(Milligan & Jacox 1971). The peak at 3632 cm-I was found to correspond to the VI 
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Table 8.2: Observed peak positions, assignments, and cbaracterizations after 1 hour of inadiation via 5 
keY electrons at 0.1 IIA. The band positions of the identified species are comp8ied to our previous 
studies or those found in the Iitemture. (M) - monomer, (A) - C, dimer, (8) - c.. dimer 

band position, literature band position, assignment characterization 
em-I em-I 

bands common to irradiation of pme methane • 
614 608 v2CH3 
3149 3150 v3CH3 
2961 2961 VI C2H6 
2883 2883 Vs C2~ 
1373 1373 V6C2~ 
2975 2975 VIO C2~ 
1464 1464 VII C2~ 
821 822 VI2 C2~ 
956 951 V1C2~ 
1438 1435 V12C2~ 
3093 3095 Vg C2~ 
3260 3267 V3 C2H2 

bands common to irradiation of pure carbon dioxide b 

2139 I 2139 I VI CO 
bands unique to this experiment 

3632 3628 c 

1853 1861 d 

1847 1846 c 

1839 1833 d 

1780 1779" 

1757 

1723 

1717br 

1498 
1350 

1195 
1160 
1092 

1761 f 

1721 f 

1715,1742 g 

1731 h 

1494,1498 g 

1354 h 

1180 e, 1184 b 

1151 " 
1091 d 

vlt-HOCO 
v3HCO 

v2t-HOCO 
v2t-HOCO 

V4 t-CH3COOH 
(M) 

V4 t-CH3COOH 
(A) 

V4 t-CH3COOH 
(B) 

V2 H2CO 
v4CH3CHO 
R(R')C=O 

H2CO 
v1CH3CHO 

Vg t-CH3COOH 
Vg t-CH3COOH 

v2HCO 
R-C-O-R' 

1076 1065·,1077 d v4t-HOCO 
1051 1047· vlSt-CH3COOH 

1041,1021 1034' VISCH30H 
957 986 " Vg t-CH3COOH 

• -Iitemture wlues taken from Bennett et a1. (2006a) and references within 
b -Iitemture values taken from Bennett et a1. (2004) and references within 
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out-of-plane 
CH stretching 
CH3 sym. str. 
CH3 sym. str. 
CH3 sym. def. 
CH3 deg. str. 

CH3 d- deform 
CH3rock 
CH2Wag 

CH2 scissor 
CH2 asym. str. 

CHstretch 

CO stretch 

OH stretch 
CO stretch 
CO stretch 
CO stretch 
CO stretch 

CO stretch 

CO stretch 

CO stretch 
CO stretch 
CO stretch 

CH2 scissoring 
CH3 

deformation 
CHOrocking 
CHOrocking 
HCObending 

CO stretch 
CO stretch 

CH3rocking 
CO stretch 

CH3rocking 



'- Forney, Jacox & Thompson (2003) 
d _ Milligan & Jacox (197\) 
• - Ma¢as et at. (2004) 
f _ Sander & Gantemberg (2005) 
8 _ Harvey & Ogilvie (1962) 
b _ Hawkins & Andrews (1983) 
i_Han & Kim (1996) 

(OH stretching) absorption identified at 3628 em,l within an argon matrix (Forney, 

Jacox & Thompson 2003). The cis structure could not be positively identified. 

The trans conformer of the acetic acid monomer was found via its V4 (CO stretch) 

at 1780 em,l, Va (CHO rocking) at 1195 as well as 1160 em,l, VIS (CH3 rocking) at 

1051 em,l, and the Vg (CH3 rocking) mode at 957 em,l (Figure 8.1c-d). These values 

compare nicely with previous matrix isolation studies of the trans conformer of 

monomeric acetic acid in argon. Absorptions appeared at 1779, 1180, 1151, 1047, 

and 986 em,l, respectively (M~6as et al. 2004). Although the cis conformer of acetic 

acid could not be unambiguously assigned, several absorptions indicated the presence 

of two dimeric forms of acetic acid, which have been recently characterized by 

Sander & Ganternberg (2005). The structures of these dimers are shown in Figure 8.2 

(Sander & Ganternberg 2005). The less stable structure A (Cs symmetry) was found 

to absorb at 1757 cm,l, compared to the value of 1761 em,l in an argon matrix. The 

more stable isomer B (C2h symmetry) absorbed at 1723 cm,l in comparison with a 

value of 1721 cm,l in the argon matrix (Figure 8.1c; Sander & Ganternberg 2005). 
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FIgure 8.1: New infrared features relevant to the formation of acetic acid in the COa:CH. frost, after I 
hour of irradiation with 5 keV elec1rons at 100 nA (solid black line) as well as how the infrared 
spectrum of the ice prior to irradiation (thin gray line). (a) shows the Va (out-of-plane bend) of the 
methyl radical at 614 em", (b) the Va (CO _bing) mode of the trans-carboxyl radical at 1847 and 
1839 em" along with the V3 (CO _bing) mode of the fotmyl radical, (c) the v. (CO _h) of trans 
acetic acid in monomeric,'M', and dimeric fonns 'A' and 'B' (shown in Figure 8.2) along with a broad 
peak arising from R(R')CH> _hes (where R and R' represent any other functional group), and (d) 
absorptions from the v. (CHO rocking) mode of trans acetic acid. Gaussian fits on a linear baseline 
have been overlaid to guide the eye. 

8.3.2 Mass Spectrometry 

The only signal observed via mass spectrometric analysis of the gas phase during 

irradiation of the sample was found at mJz = 2, i.e. molecular hydrogen, similar to the 

electron exposme of pure methane ices (Bennett et aI. 2006a). As the sample was 

warmed to 160 K, signals appeared at mJz = 45 and mJz = 60. This corresponds to the 
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ions C2~Ot and to the COOW molecular ion - the latter generated via dissociative 

ionization of acetic acid At around 220 K, signal could also be monitored at mlz = 74 

as well as mle = 45. These could indicate the presence of propionic acid 

(C2HsCOOH) and its COOW fragment. 

8.4. Discussion 

Having identified the acetic acid molecule in electron-irradiated methane - carbon 

dioxide ices, we would now like to kinetically fit the temporal evolution of the 

observed column densities of acetic acid and its precursor molecules during the 

irradiation of our sample. The proposed reaction scheme is summarized in Figure 8.3. 

CH ·········0 
,o-{ 3 }-CH3 

H O·······H-O 

A acetic acid dlmers B 

Figure 8.2: Chemical structures of the acetic acid dimen; A(e,) and B(c",) from Sander & 
Gantemberg (2005). 

Our results suggest that the initial step in the formation of acetic acid is the 

unimolecular decomposition of the methane molecule via cleavage of a carbon-

hydrogen bond to generate a methyl radical and a hydrogen atom (reaction (9)). 

(9) 

This reaction is found to be endoergic by 439 kJ morl (4.5 eV). Considering a 

unimolecular decomposition of methane and hence a first-order decay, the temporal 

profile of the methyl radical could be fit using a first-order rate law as follows 
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(10) 

The temporal evolution of the colwnn density of the methyl radical was determined 

from the V2 (out-of-plane bending) absorption mode at 614 cm"1 using a calculated A 

value of 1.39 x 10"17 em molecule"1 (Bennett et aI. 2005). This yielded a rate constant 

of k/ = 2.85 ± 0.67 x 10"3 S"I and a value of 4.34 ± 0.17 x 1014 molecules em"2 for a 

(Figme 8.4a). Note that this process also releases energetic hydrogen atoms. The 

Figure 8.3: Reaction scheme used to fit the column densities of the methyl radical, carboxyl radical, 
and acetic acid observed during the imuliation. 

hydrogen atoms hold an excess energy of a few electron volts (Bennett et aI. 2006a); 

these supratherma1 hydrogen atoms can add to the carbon-oxygen double bond of the 

carbon dioxide molecule forming a trans-carboxyl radical: 

(11) 

Calculations at the MRCISD+Q/CBS level of theory (including zero-point energy 

corrections) by Song et aI. (2006) indicated that reaction (11) is slightly endoergic by 

7.12 kJ mOrl (0.07 eV); however it first must pass through the cis conformer as an 

intermediate, which is endoergic by 14.82 kJ morl (0.15 eV). Additionally, both 

processes involve entrance barriers which must be overcome; the barrier to form the 

cis conformer was found to be 114.31 kJ morl (1.18 eV), and the second reaction 
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barrier to the trans confonner was suggested to be 26.79 kJ mor l (0.28 eV). This 

indicates that the actual pathway follows a two step sequence via reaction (12): 

HeSla) + C(h(Xlrs"1-+ c-HOCO(X2A? -+ t-HOCO(X2A? (12) 

As we were unable in the present studies to isolate the cis confonner, our data suggest 

that either the cis confonner is too short-lived to be observed spectroscopically in our 

experiments, or that a direct pathway to the trans confonner involving non

equilibrium chemistry is possible despite the arguments that this transition state may 

be inaccessible (Song et al. 2006). The authors indicate that even if this pathway 

exists, a barrier of the same order (i.e. around 1.2 e V) would still need to be 

overcome, in order to form the carboxyl mdical. This energy is supplied by the excess 

kinetic energy of the hydrogen atom produced from reaction (9). In the kinetic model 

we propose that the rate of formation of the carboxyl mdieal should be related to the 

supmthermal hydrogen atoms via pseudo-first order mte law involving an initial 

methane - carbon dioxide complex (Figure 8.3): 

~-Hocol =b(l- e-k,,) (13) 

For the carboxyl mdieal, we used the V2 (CO stretching) absOJ:ptions at 1847 and 1839 

em·1 to determine the temporal evolution of the column density, using an A value of 

3.60 x 10.17 em molecule· I (Bennett et al. 2006b; unpublished data). We utilize the 

approximation eX "" 1 + x to derive equation (14). Our fitting procedure gives values 

ofbk2 = 2.35 ± 0.08 x 101o molecules em·2 S·I (Figure 8.4b). 
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Figure 8.4: The tempoml evolution of the column densities along with their kinetic fits shown for: (a) 
the methyl radical, traced by its v. (out-of-plane bend) absoIption at 614 em"I, fit by equation (10), (b) 
the trans-carboxyl radical followed through its v. (CO stretching) mode at 1847 and 1839 em"" fit by 
equation (14), and (c) trans-acetic acid, via the v. (CO stretch) where the total column density (solid 
line~ is the sum of the column densities of the monomer at 1780 em"1 (dotted line), dimer 'A' at 1757 
em" (dashed line), and climer 'B' at 1723 cm"1 (dotted!dashed line) and is fit by equation (16). 

[t - HOCOt "" bk.t (14) 

If both the methyl radical, CH3(X2A2"), and the carboxyl radical, HOCO(X2A1, are in 

generated inside the former matrix cage and also hold the correct geometry, they can 

recombine without barrier to form acetic acid via equation (15). If the recombination 

geometry is not reached or if the radicals are not generated in close proximity, they 

remain isolated in the methane - carbon dioxide ice and do not recombine to form 

acetic acid 
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Note that the reaction between the two radical species is calculated to be exoergic by 

365 kJ morl (3.78 eV) based on the potential energy surface calculated by Nguyen et 

al. (1995) at the QCISD(TC)/6-311++G(d,p) level of theory. To fit the data in our 

experiments, we suggest that the first step involves the pseudo first order generation 

of the methyl and carboxyl radicals in a matrix cage generated in the right orientation 

to recombine barrierlessly in a second reaction step to acetic acid This process should 

follow a consecutive pathway via equation (16). 

(16) 

Here, the total colunm density for acetic acid was the summation of the column 

densities derived from the V4 (CO stretch) for the monomer at 1780 em-I, dimer 'A' at 

1757 em-I, and dimer 'B' at 1723 em-I assuming that their band strengths correspond 

to that calculated for the monomer of 5.19 x 10-17 em molecule-I. We found that 

fitting equation (16) to our data yielded values for the rate constants of k3 2.05 :l: 0.21 

x 10-3 S-I and'" 2.05:l: 0.21 x 10-3 S-I and a value ofc = 1.26:l: 0.02 x lOiS molecules 

-2 em . 

To rule out other possible formation mechanisms, we analyzed the potential 

energy surfaces for the photodissociation of acetic acid calculated at the 

QCISD(TC)l6-311G(d,p) level of theory by Nguyen et al. (1995) and at the MP2Icc-

pVDZ level of theory by Fang et al. (2002). Here, we can likely rule out a direct 

pathway from the [~-C02] complex on the singlet surface to form acetic acid 

which requires overcoming a barrier of around 329 kJ mor l (3.4 eV). Note that this 
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pathway only produces trans-acetic acid via the intennediate cis-isomer, which would 

be expected to be observed spectroscopically if this pathway was taken. Other 

pathways which can be excluded - based on the fact that the precursors were not 

observed in our experiment - involve the reactants (i) ketene (CH2CO) and water 

(H20), (ii) acetyl (CH3CO) and the hydroxyl (OH) radicals, (iii) atomic hydrogen and 

the carboxymethyl radical (CH2COOH), and (iv) atomic hydrogen and the acetyloxyl 

radical (CH3COO). 

8.5. Astrophysical ImpHcations 

We have demonstrated that the fonnation of acetic acid is possible in ice mixtures 

of carbon dioxide and methane, subject to irradiation by energetic electrons. It is 

thought that similar processes can oeeur within the icy grains of interstellar ices, 

which are known to be bombarded by irradiation from both UV photons and MeV 

ions, the latter of which is thought to transfer energy to the electronic systems of the 

molecules. Is our proposal that these processes can form acetic acid within interstellar 

ices reasonable? To answer this, we must consider the likelihood of finding 

neighboring methane and carbon monoxide molecules within such ices. In a recent 

study of23 infrared sources carried out by Gtbb et aI. (2004) using the Infrared Space 

Observatory (ISO) they were able to confirm the presence of methane in 8 of these 

sources and present upper limits of methane abundance for a further 8 sources 

(methane was also tentatively assigned as present in the spectrum from NGC 7538 

IRS 1 and gas-phase methane was identified in Orion IRc2). Typically the abundance 
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was low (1-4 %, relative to water), but in several sources it was found to be much 

higher (up to 17%). From the band profile and position, it was established that the 

methane residing within these ices is consistent with that of methane within a polar 

matrix. Carbon dioxide on the other hand, is found to exist in both polar and apolar 

ices whereby it is expected that only the carbon dioxide residing in the polar ices can 

possibly be close enough to a methane molecule to react to produce acetic acid. Gibb 

et aI. (2004) reported 7 infrared sources which satisfy this requirement; AFGL 989 

(Cl4 1.9%, polar C~ 18.5%), GCS 31 (C~ <6.4%, polar C~ 23.4%), W33A (Cl4 

1.5%, polar C~ 11.2%), AFGL 2591 (Cl4 <2.7%, polar C02 10%), S140 IRS 1 

(C~ 0.92, polar C~ 11 %), NGC 7538 IRS 1 (Cl4 1.5%, polar C~ 20%), and NGC 

7538 IRS 9 (C~ 1.5%, polar C~ 15.4%). Note that each of these infrared sources 

was found to have high abundances of all of the complex organic species included 

within their search, namely: formaldehyde, H2CO (5.81llJll [1721 cm·I ]), formic acid, 

HCOOH (5.85 llJll, [1709 em·I ], 7.25 llJll [1379 cm-I
]), the formate anion, HCOO

(6.33 llJll [1580 cm-I], 7.25 llJll [1379 em-I], 7.41 llJll [1350 cm-I]), and acetaldehyde, 

CH3CHO (5.83 llJll [1715 cm-I
], 7.4lllJll [1350 cm-I

]). Note that both formaldehyde 

and acetaldehyde were also identified as possible products from the irradiation of 

methane and carbon dioxide mixtures. Based on our laboratory results, if a search for 

acetic acid within interstellar ices were to be carried out, the most likely absorption 

features due to this molecule would include the V4 (CO stretch) at 1780 em-I (5.62 

llJll) and the Vs (CHO rocking) at 1195 em-I (8.37 llJll). However, if acetic acid is 

produced within an astronomical ice, as we have already pointed out this is likely to 

be in a polar environment, where the main matrix component is water, which will 
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shift these absorption features (For an example spectrum of acetic acid in a water 

dominated [10:1 ratio] matrix at 16 K, please refer to http://www-

691.gsfc.nasa.gov/cosmic.ice.lab/spectra.htm). However, based on the abundance of 

methane within these ices, it is likely that if acetic acid is formed within interstellar 

ices its abundance will be much less than 1 % (relative to water) and thus beyond the 

detection limits of current telescopes. Although we predict that acetic acid may be 

formed within interstellar ices, a realistic quantitative extrapolation as to how much 

could be formed in the interstellar medium based on our results is difficult at this 

stage until a more realistic model of the actual ice morphology can be produced as 

well as additional experiments carried out to test how the production rate of acetic 

acid is affected by the presence of additional matrix elements (most importantly, 

water). However, if acetic acid is produced within interstellar grains, it can then 

subsequently be released into the gas phase as the icy mantle begins to sublime as a 

young stellar object begins to form. This process is expected to enhance the 

abundance of acetic acid where the sublimation of interstellar ices is occurring, 

allowing an alternative to its production by solely gas-phase processes. Summarized, 

our laboratory experiments showed that solely acetic acid, but neither its methyl 

formate nor the glycolaldehyde isomer, can be formed in interstellar ices containing 

carbon dioxide and methane upon interactions with energetic electrons. The 

formation pathways of the methyl formate and the glycolaldehyde isomers are 

currently under investigation. Our studies also indicate the likely probability for the 

production of propionic acid (C2HsCOOH) by a similar reaction mechanism of ethane 

with carbon dioxide within these interstellar grains, and would therefore be another 
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candidate molecule to search for in the gas-phase by microwave spectroscopy. A 

generalized reaction scheme for the production of carboxylic acids formed by 

radiolysis within interstellar grains in the interstellar medium could be i) the 

radiolysis induced cleavage of a sigma C-H bond of the hydrocarbon followed by ii) 

the addition of the suprathermal hydrogen atom to a neighboring carbon dioxide 

molecule, and finally iii) the recombination of both radicals in the matrix cage to 

produce a new carboxyl acid as depicted in reactions (17-19): 

R-H -+R + H (17) 

H+CCh-+HOCO (18) 

R + HOCO -+ RCOOH (19) 
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Chapter 9: Electron Irradiation Experiments on Methanol (CH30H) and 
Carbon Monoxide (CO) 

This chapter is based on the paper submitted & currently under review: Bennett, C. 
J., Kaiser, R. L, On the Formation of Glycolaldehyde (HCOCH20H) and Methyl 
Formate (HCOOCHJ) in Interstellar Ice Analogs, The Astrophysical Journal (2007), 
(page number & volume not yet disclosed). 

9.1. Introduction 

The majority of interstellar gas-phase molecules that have been detected are found 

in regions of space known as hot molecular cores. These locations typically have high 

temperatures (T > 150 K), high number densities (n > 106 em·3) and are thought to be 

the birth place of high-mass stars (Linz et al. 2005; Kurtz 2006). Of the 135 

molecular species detected to date, more than half have been discovered in the Large 

Molecule Heimat core located in Sgr B2(N-LMH) (Snyder 2006). Of the chemical 

species detected so far, special attention has been paid to the formation of different 

isomers such as C2140 (acetaldehyde, ethylene oxide, vinyl alcohol) and C214~ 

(glycolaldehyde, methyl formate, acetic acid), i.e. molecules that have the same 

chemical formula, but differ in the way atoms are connected. Here, the elucidation of 

their formation mechanisms can give insight to the present and past physiochemical 

conditions of the clouds and molecular cores (Hollis, Lovas & Jewell 2000). In this 

paper, we chose to investigate the formation routes of the C214~ isomers detected so 

far (Figure 9.1) because they are of significant astrobiological importance (Remijan et 

al. 2004; Snyder 2006). 
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Glycolaldehyde Acetic Acid Methyl Formate 

Flgure 9.1: Three different CaH,o" isomers that have been observed in the interstellar medium. 

Glycolaldehyde (CH20HCHO) is a hydroxyaldehyde diose and represents the 

simplest member of monosaccharide sugars. It could be involved in the production of 

important biomolecules such as glycolaldehyde phosphates, amino acids, and more 

complex carbohydrates including noose (also a monosaccharide) which serves as part 

of the structural backbone of ribonucleic acid (Collins & Ferrier 1995; Weber 1997; 

Krlshnamurthy, Arrhenius & Eschenmoser 1999). The production of sugars from 

formaldehyde through the formose reaction (Butlerow 1861) in a primitive Earth 

environment is unlikely due to the harsh conditions involved (strongly alkaline, 

moderate temperature, high formaldehyde concentrations, catalyst). Indeed, the 

primordial production of sugars via the formose reaction has been seriously 

questioned by Shapiro (1988). Hollis, Lovas & Jewell (2000) detected the presence of 

glycolaldehyde within Sgr B2(N-LHM), and although this is the only source where it 

has been identified., several subsequent studies have confirmed its presence (Hollis et 

aI. 2001; Hollis et aI. 2004; Halfen et aI. 2006). In a recent attempt to confine the 

abundances of complex species present in Comet C/1995 01 (Hale-Bopp), Despois et 

aI. (2005) presented the upper limit for the abundance of glycolaldehyde relative to 

358 



water as 0.04. This could have profound implications from an astrobiological 

viewpoint considering comets are thought to preserve the 'pristine' interstellar 

material from which our solar system was formed and are also considered as a source 

for prebiotic molecules to seed the Earth (Chyba & Sagan 1992; Ehrenfreund, 

Charnley & Wooden 2004; Tornow, Kllhrt & Motscbmann 2005) 

Acetic acid (CH3COOH) is also considered to be a molecule of astrobiological 

importance acting as a precursor to the amino acid glycine (e.g. Sorrel 2001). Acetic 

acid (CH3COOH) was first detected in the hot molecular core Sgr B2(N-LMH) by 

Mehringer et al. (1997). Since then it has also been observed in several other hot 

molecular cores (Remijan et al. 2002; Remijan et al. 2003), high-mass star-forming 

regions (Remijan et al. 2004), the low-mass protostar IRAS 16293-2422 (Cazaux et 

al. 2003), and also toward the proto-planetary nebula CRL 618 (Remijan et al. 2005). 

It has also been fund within the Murchison meteorite; upper limits of 0.06 relative to 

water were also suggested in comet Hale-Bopp (Huang et al. 2005; Despois et al. 

2005). 

Methyl Formate (HCOOCH3) was first detected in the hot molecular core Sgr 

B2(N) by Brown et al. (1975), but has also been monitored in Orion A (Ellder et al. 

1980), G 34+0.15 (MacDonald et al. 1996), G327.3-O.6 (Gibb et al. 2000), the low

mass star-fornling region IRAS 16293-2422 (Remijan & Hollis 2006), and also 

toward the proto-planetary nebula CRL 618 (Remijan et al. 2005). Besides comet 

Hale-Bopp, where its abundance has been estimated as 0.08 relative to water, methyl 
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fonnate has also been found in comet C/2002 17 (Linear) where an upper limit of 

0.01 relative to water was presented (Despois et aI. 2005; Remijan et aI. 2006). 

As a1ready stated, Sgr B2(N-LHM) represents the only source where all three of 

these isomers have been detected. Hollis et aI. (2001) reported the relative 

abundances of these three isomers as being 52 : 2 : 1 (methyl fonnate: acetic acid: 

glycolaldehyde). However, using the most recently determined column deosity for 

glycolaldehyde of 5.9 x 1013 molecules em,2 (Halfen et aI. 2006) and values of 6.1 x 

1015 molecules em,2 for acetic acid (Remijan et aI. 2002) and 1.1 x 1017 molecules em' 

2 for methyl formate (Liu, Mehringer & Snyder 2001), updated relative abundances of 

these isomers have been reported to be 1864 : 103 :1. Taking the column deosity of 

H2 as 3 x 1 &4 molecules em,2 (Nummelin et aI. 2000), this gives the fractional 

abundances (relative to H2) of 2.0 x 10,11, 2.0 X 10,9, and 3.7 x 10-8 for 

glycolaldehyde, acetic acid, and methyl fonnate, respectively. However, while both 

methyl fonnate and acetic acid are confined to a compact source around 5" in 

diameter; glycolaldehyde is extended as far as > 60" (Hollis et aI. 2001). It has been 

suggested that the extended distribution of glycolaldehyde may be the result of 

chemistry initiated by the heating of interstellar grains by shocks (Chengular & 

Kanekar 2003). 

Chemical models which attempt to reproduce the column deosities of these 

isomers based on solely gas-phase pathways failed by orders of magnitude. To our 

knowledge, no models currently exist which attempt to reproduce the column deosity 
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specifically of glycolaldehyde. However, regarding acetic acid, gas-phase models of 

Sgr B2(N) predict fractional abundances of only 2 x 10-11 and 3 x 10-12 molecules cm-

2 (Wlodarczak & Demaison 1988; Wootten et al. 1992). The formation of methyl 

formate by gas-phase synthesis alone similarly falls short by an order of magnitude 

(Hom et al. 2004). More recent modeling has been attempted to reproduce the column 

densities of these isomers taking into account reactions that occur on the surfaces of 

interstellar grains. However, even these models are limited as they are primarily 

based on the surface migration of radicals (e.g. Garrod & Herbst 2006) or of heavy 

atoms (Charnley & Rodgers 2006). It has long been known that surface migration on 

these icy grains involves overcoming large diffusion barriers, making these processes 

inefficient for species other than hydrogen. Therefore, it seems unlikely that 

diffusion-limited processes on grain surfaces can form complex organic molecules 

(Leitch-Devlin & Williams 1984). 

However, it is well known that during the lifetimes of about 4 - 6 X 108 years 

(Jones 2005) of interstellar ices within dense molecular clouds, these ices are subject 

to irradiation from UV photons as well as Galactic Cosmic Rays (GCRs). This 

ionizing radiation field can chemically modify the pristine ices as condensed on 

interstellar grains. The UV photons typically have energies less than 13.6 eV and a 

fluence of cjl = 103 photons cm-2 
S-1 (Prasad & Tarafdar 1983); they only penetrate the 

outer mono layers of the ice coated interstellar grains. The GCRs consist of about 

98% protons (p, II') and 2% helium nuclei (a-particles, He2l and have a distribution 

maximum around 1 MeV with cjl = 10 particles cm-2 
S-1 (Strazzulla & Johnson 1991). 
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Detailed collision cascade calculations demonstrate that each MeV cosmic-ray 

particle can penetrate the entire icy grain and induce collision cascades generating up 

to Itr suprathermal particles (Kaiser et aI. 1997; Kaiser 2002). The transferred energy 

to the ices is sufficient to ionize the molecules hence generating high energy electrons 

which may be born with kinetic energies up to a few keY. It has been shown that for a 

10 MeV proton, 99.99% of the energy transferred into the ice target will be to the 

electronic system of the target molecules via a linear energy transfer (LET) of a few 

keY JIlI1ol; a similar LET is found for 5 keY electrons as they penetrate ices (for more 

detailed discussions on the effects of irradiation on ices, please refer to Johnson 1990: 

Spinks & Woods 1990; Kaiser 1997; Kaiser 2002; Bennett et aI. 2005. Therefore, to 

study the formation of C214Ch isomers within interstellar ices, we chose to 

investigate the effects of 5 keY electrons on binary ice mixtures of carbon monoxide 

and methanol, both of which are found to be abundant within interstelIar ices (e.g. 

Glbb et aI. 2004). Here, the radiolysis-induced production of C214Ch isomers could 

occur via the following reactions. First, methanol undergoes a unimolecular 

decomposition to produce either, the methyl and hydroxyl radicals (1 a), the 

hydroxymethyl radical and a hydrogen atom (lb) and/or the methoxy radical and a 

hydrogen atom (lc). Secondly, one of the radicals produced can add to carbon 

monoxide to produce either the formyl radical (2a), or the carboxyl radical (2b). 

Finally, these radicals can recombine to produce acetic acid (3a), glycolaldehyde (3b), 

or methyl formate (3c). In this paper, we simulate the effects of ionizing radiation on 

ice analog samples in the interstellar medium and on comets and investigate how 

distinct C214Ch are formed in binary ice mixtures of carbon monoxide and methanol. 
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CH30H(XI A ~ -? CH3(X2 A2") + OH(X2II) (la) 

-? CH20H(X2 A") + HeSl/2) (Ib) 

-? CH30(X2A~ + HeSII2) (Ic) 

HeSv"l) + CO(XI~ -? HCO(X2A~ (2a) 

OH(X2II) + CO(XI~ -? HOCO(X2 A ~ (2b) 

CH3(X2 A2") + HOCO(X2A') -? CH3COOH(XIA ~ (3a) 

CH20H~A") + HCO(X2A~ -? CH20HCHO(XIA~ (3b) 

CH30(X2A~ + HCO(X2A~ -? CH3OCHO(XIA~ (3c) 

9.2. Experimental 

The experiments were carried out in a stainless steel ultra-high vacuum chamber, 

where pressures as low as 3 x 10-[[ torr can be achieved through the use of oil-free 

magnetically suspended turbomolecular pumps. The gas mixture was prepared in a 

separate chamber from 20 mbar of methanol (Fisher Chemicals 99.9"10. further 

purified by a fore-line nitrogen cold trap) and 40 mbar of carbon monoxide (Specialty 

Gas Group 99.99%). The gas mixture is deposited onto a highly polished silver (III) 

mono crystal target held at 11.1 ± 0.3 K through a glass capillary array held 5 mm 

from the silver target. The gas is allowed to condense for 50 minutes; during this 

process the background pressure in the main chamber is kept at constant at 10-8 torr. 

The silver target (which is freely rotatable) is then moved in position so that the 

freshly condensed ice can be monitored by a Nicolet 510 DX Fourier transform 
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infrared spectrometer, operated in an absorption-reflection-absorption mode 

(reflection angle a = 75°) during irradiation of the sample by the electron gun (specs 

EQ 22-35). A quadrupole mass spectrometer (BaIzer QMG 420) operating in residual 

gas analyzer mode with the electron impact ionization energy at 90 eV allows us to 

detect any species in the gas phase during the experiment (for more details. please 

refer to Bennett et al. 2004). 

Figures 9.2a and 9.2b show the infrared spectrum of the pristine ice sample before 

the irradiation held at 11 K; a compilation of the observed bands is 1isted in Table 9.1. 

Note that several new features are observed which are not present in either the pure 

carbon monoxide ices (Jamieson, Mebel & Kaiser 2006 and references therein) or 

pure methanol ices (Bennett et al. 2007a and references therein). These features have 

been assigned to the formation of a CH30H ... CO complex. To calculate the column 

densities within our sample, a modified Lambert-Beers relationship is used (Bennett 

et al. 2004). The column density of carbon monoxide was derived from the 13CO VI 

fundamental band at 2090 em·l
, using an absorption coefficient of 1.5 x 10.19 cm 

molecule·1 of 12CO (Gerakines et al. 2005). The derived column density was found to 

be 5.24 ± 0.30 x 1017 molecules cm·2• For methanol, the column density was derived 

from the Vs fundamental band at 1030 cm·1 using an A value of 1.3 x 10.17 em 

molecule-I (palumbo, Castorina & Strazzu1la 1999). Here, the column density was 

fO\Dld to be 3.36 ± 0.22 x 1017 molecules cm-2
, indicating that the ratio of methanol to 

carbon monoxide within our ice sample is approximately 1 : 1.5. If we assume that 

the densities of carbon monoxide and methanol are 1.029 and 1.020 g em·3 
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Flgure 9.2: Infrared spectra of the CO:CH,OH frost before irradiation (gray line) and after irradiation 
with 5 keY electrons at 100 nA for 1 hour (black line); (a) from 2500-5000 cnl', (b) from 400-2500 
em·', (c) between 1050-1400 em·', (c) between 1650-1900 em·'. Asterisks indicate peaks tentatively 
assigned to a CO ... CH,OH complex. MF = methyl fonnate, GA = glycolaldehyde. 

respectively, we can determine a total ice thickness of 412 ± 18 run (Jiang, Person & 

Brown 1975; Tauer & Lipscomb 1952). 

The ice samples were kept isothermally at 11.1 ± 0.3 K while they were subjected 

to irradiation from the electron gun at beam currents of 100 nA for 1 hour scanning 

the electron beam over an area of3.0 ± 0.4 cm2
• This exposes our sample to a total of 

2.2 x 1015 electrons (7.5 x 1014 electrons cm"2); however, our electron gun has an 

extraction efficiency of 78.8%, which means the actual number of electrons expected 

to hit the sample is reduced to 1.8 x 1015 electrons (5.9 x 1014 electrons cm·2). Once 
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Table 9.1: Infrared absorptions of the methanol and cmbon monoxide frost prior to irradiation along 
with the assignments of the observed bands. The assignments were aided by cbaracterizations of the 
pure ices (Jamieson, Mebel & Kaiser 2006 for cmbon monoxide; Bennett et a1. 20070 for methanol). 

band sition, em-I assi ent characterization 
4399 V2I V9+ V4I V6I VIO CH30H combination 
4275 v21v9+ V7 CH30H? combination 
4247 2v1 CO overtone 
3985 CH30H? combination? 
3859 CH30H? combination? 
3610 VI CH30H (CO ... CH30H)? fimdamental 

3470, 3407, 3288, VI CH30H fimdamental 
3099,3025 

2988 
2859 
2925 

2871 
2830 
2821 

2613,2588 
2557,2516 

2449 
2201 

2143,2138,2132 
2111 
2089 
2049 
1507 

1481, 1478, 1475 
1463, 1457br 

1452 
1424 
1405 
1348 

1158, 1132, 1119, 
1106 

1078.8 
1048, 1045, 1040, 

1028 
1013 

887,831,719,664, 
597 

v2CH30 H 
v9CH30H 

V4+ VSIV4+vIO I Vs+vIO 12v4 I 2vlo I 
2vsCH30H 

2vsI 2vto CH30H 
v3CH30H 

V3 I 2V6 CH30H 
V4+v11 I V7 + V4 I V6I Vto CH30H 

V6+v11 CH30H 
v6+vsCH30H 

VI+VLCO 
VI CO 

vlCO-Ag 
VI \3CO 

2vsCH30H 
Vs + VI2 CH30H? 

v4CH30H 
VIOCH30H 
VSCH30H 
v6CH30H 

VII + VI2 CH30H? 
Vl1 + VI2 CH30H 
(CO ... CH30H)? 

v7CH30 H 

V7 CH30H (CO ... CH30H)? 
VSCH30H 

366 

fimdamental 
combination 

combination/overtone 

overtone 
fimdamental 

fimdamentallovertone 
combination 
combination 
combination 
fimdamental 
fimdamental 
fimdamental 
isotope peak 

overtone 
combination 
fimdarnental 
fimdamental 
fimdamental 
fimdamental 
combination 
fimdamental 

fimdamental 

fimdamental 
fimdamental 

isotope peak 
fimdamental 



the irradiation is complete, the sample is left isothermaIly for an hour enabling us to 

establish the stability and/or mobility of species formed. Afterwards, a temperature 

program is started during which the ice is heated at a rate of 0.5 K min-I untilit 

reaches 300 K. Note that all nmnerical quantifications listed in this paper are the 

results of our experiments carried out at 100 nA. Experiments with lower beam 

current of 20 nA were carried out to acquire supplemental mass spectrometry data. 

9.3. Results 

9.3.1 Infrared band assignment 

Table 9.2 summarizes the peak positions of the products identified after the 

condensed ice was subjected to irradiation from 5 keY electrons at 100 nA for one 

hour. Also Iisted are the products identified previously in the irradiation experiments. 

The approach used here will begin with a comparison of the species identified and in 

the irradiation of pure carbon monoxide ices (Jamieson, Mebel & Kaiser 2006), then 

species found in the irradiation of pure methanol ices (Bennett et al. 2007a), before 

presenting any new species uncommon to the irradiation of the pure ices. First, 

regarding the species also detected in pure carbon monoxide ices, only one novel 

molecule could be sampled, i.e. carbon dioxide, C(h(XIl:g",), where the V3 

(asymmetric stretch) could be identified at 2342 em-I (Figure 9.2a) in accordance 

with previous assignments to this band from carbon dioxide as an amorphous solid at 

10 K at 2342 em-I (Falk 1987), as well as in the irradiation of pure carbon monoxide 

at 2346 em-I (Jamieson, Mebel & Kaiser 2006). Two different isotopomers of carbon 
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Table 9.2: Observed peak positions, assignments, and cbaracterizations after I hour of irradiation via 5 
keY electrons at 100 nA. The band positions of the identified species are compared to our previous 
studies as well as those found in the literature. 
band position, literature band position, Assignment characterization 

em-I em-I 

bands common to irradiation of pure carbon monoxide • 
3700 3707 vrt'V3 CCh 
2342 2346 V3 CCh 
2325 2330 V3 OCI80 
2280 2281 V313CCh 
660 660 V2 CCh 

bands common to irradiation of pure methanol b 

1843 1841,1849 
1757 1747 

1726, 1718 1718 
1726 

1500 1496 
1304 1303 
1247 1245 
1197 1192 
1159 1160 
1090 1090 

914br 916 
bands unique to this experiment 

1852 1846 c 

1700,1690 1700, 1690 d 

v3HCO 
VI4 HCOCH20H (Cc) 

Fenni 
VI4 HCOOCH3 

v4H2CO 
v3H2CO 
v4CH4 

v2H2CO 
v4CH20H 

vsHCOOCH3 
VzHCO? 
Alcohols 

vsHCOOCH3 

v2t-HOCO 

combination 
fimdamental 
isotope peak 
isotope peak 
fiIDdamental 

fimdamental 
fimdamental 

fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 
fimdamental 

fimdamental 
fimdamental 2V6 HCOCH20H fenni 

(Cc) 
1067 1065 d v., HCOCH20H (Tt) fimdamental 

• -literature values taken from Jamieson, Mebel & Kaiser (2006) and references within 
b _ literature values taken from Bennett et aI. (2007a) and references within 
'- Forney, Jacox & Thompson (2003) 
d _ MohlWek-Gro§ev (2005) 

dioxide could also be identified from their corresponding isotope shifts for the V3 

fundamental where the 13CCh isomer was found to absorb at 2280 em-I and the 

OCISO isomer was found to absorb at 2325 em-I. Again, these values agree well with 

literature values where these absorptions were found to absorb at 2281 and 2329 em-I, 

respectively (Falk 1987) and to the values found by Jamieson, Mebel & Kaiser (2006) 

where they absorbed at 2281 and 2330 em-I. The corresponding absorptions from the 
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V2 (out-of-plane bending) was also found to absorb at 660 em-!, which again agrees 

well with previous isolation studies of this molecule where it is found to absorb at 

661 em-! (Falk 1987) or at 660 em-! (Jamieson, Mebel & Kaiser 2006). 

A systematic search was carried out for several of the species found to be 

produced early on during the irradiation of pure carbon monoxide ices. Dicarbon 

monoxide, C20(X3Ej was found to have an intense absorption at 1988 em-! 

cOlTesponding to the v! (CO stretch) of this molecule, however, this absorption was 

undetectable in the present set of experiments. The strongeat absorption from 

tricarbon monoxide occurs at 2249 em-! (v! [CO stretch]), the second strongest band 

occurs at 1913 em-! (V2 [CC asymmetric stretch]). If carbon suboxide, C3~(X!Eg 1 

were present, we should be able to see the strongeat absorptions arising from the V3 

(CO asymmetric stretch) at 2242 em-! and the V4 (CC asymmetric stretch) at 1563 em

! (Jamieson, Mebel & Kaiser 2006). Although the V3 fundamental overlaps with the 

2vs band from methanol which absorbs strongly in this region, the V4 vibration would 

be visible if this species were formed. 

Concerning the identification of species also detected within pure methanol ices, 

here we were able to identify the hydroxymethyl radical, CH20H(X2 A") which could 

be identified by its V4 (CO stretching) absorption at 1197 em-! (Figure 9.2b), again in 

good agreement with previous matrix isolation studies of this species where it is 

found to absorb at 1183 em-! (Jacox 1981). Other experiments on the irradiation of 

pure methanol by Bennett et al. (2007a) and Gerakines, Schutte & Ehrenfreund 
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(1996) place this absorption at 1192 and 1197 em-I respectively. The latter authors 

also reported a second band at 1352 em-I (vs [CH2, OH rocking]), however, this band 

could not be identified. Again, we were unable to directly confirm the presence of the 

methoxy radical, CH30(X2 A 1 due to the fact that its strongest absorptions overlap 

with those of methanol too closely to be detected (Bennett et al. 2007a). The 

identification of formaldehyde, H2CO(XIAI), was also possible from the appearance 

of three of its fundamental bands: the V2 (CH2 rocking) at 1247 cm-I, V3 (CH2 

scissoring) at 1500 cm-I, and V4(CO stretching + CH2 scissoring) at 1718 em-I (Figure 

9.2c; 9.2d). These absorptions are found to be in good agreement with formaldehyde 

within a nitrogen matrix at 11 K, where they appear at 1245, 1499. and 1740 cm-I 

(Nelander 1980) as well as irradiation experiments on pure methanol where they 

show up at 1244, 1497, and 1719 em-I respectively (Gerakines, Schutte & 

Ehrenfreund 1996). The formyl radical, HCO(X2A1, was identified through its V2 

(CO stretching) fundamental band appearing at 1843 em-I (Figure 9.2d). This value 

agrees with previous matrix isolation experiments of this radical produced in carbon 

monoxide matrices where it was found to absorb at 1860 em-I (Ewing, Thompson & 

Pimentel 1960). It also correlates nicely with values from the irradiation of pure 

methanol where it was found to absorb at 1842 em-I (Bennett et al. 2007a). Finally, 

methane, ~(XIAI) was found by an absorption at 1304 em-I arising from its V4 

(deformation) fundamental. This value agrees well with those of methane in an argon 

matrix where it is found to absorb at 1304 em-I (Figure 9.2c), as well as from values 

liated from the irradiation of pure methanol where this band was found to absorb at 

1303 em-I (Govender & Ford 2000 ; Bennett et al. 2007a) 
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Considering the new species formed in the binary mixture, methyl formate, 

CH30CHO (XIA,), could be identified through its VI4 (CO of CHO stretching) 

fundamental band at 1718 em-I, its Vs (COC asymmetric stretch) band at 1159 em-I, 

its Vs (CO of OCH3 stretching) band at 914 em-I (Figure 9.2c; 9.2d). These values 

agree well with those of the cis (syn) form of methyl formate, where the same 

absorptions are found to absorb at 1708, 1158, and 922 em-I in an argon matrix (Blom 

& Gllnthard 1981). The trans (anti) conformer has a strong absorption at 1099 em-I 

from the V9 fundamental (Milller, Hollenatein & Huber 1983) which was 

unidentifiable in the current experiments. Glycolaldehyde, CH20HCHO(XIA,) found 

in its lowest conformer, commonly referred to as Cc (cis-cis bonding between the 

OCCO backbone, as shown in Figure 9.1), could be identified by its VI4 (CO stretch) 

fundamental at 1757 em-I, as observed previously in pure methanol ices (Figure 9.2d; 

Bennett et al. 2007a). This band is actua1ly one of two bands expected as result of 

fermi-resonance splitting of the VI4 (CO stretch) iimdameutal and an overtone from 

the 2V6 (CC stretch) band, whereby this second band was found to occur around 1700 

& 1690 em-I (Figure 9.2c; Jetzki, Luckhaus & SignoreIl2004). We were also able to 

find absorptions from the VII (CH of CHO rocking) fundamental at 1367 em-I, and the 

V9 (OH rocking & CH2 wagging) fundamental at 1267 cml (Figure 9.2b). These 

values are all in good agreement to the Cc conformer of glycolaldehyde within an 

argon matrix at 13 K, where these absorptions can be found at 1747, 1700, 1367, and 

1267 em-I, respectively (Aspiala, Murto & Sten 1986). Note that an additional peak at 

1067 em-I was found, which has been assigned to the V7 (CO stretch) from the Tt 
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(trans-trans) confonner of glycolaldehyde located at 1065 em-I within an argon 

matrix (Figure 9.2c; Aspiala, Murto & Sten 1986). 

As with the pure methanol system, several molecules which were searched for 

could not be identified within the current experiments. These include the hydroxyl 

radical, OH(X2Il), from which the fundamental absorption may overlap with 

methanol which has been experimentally determined in matrix isolated experiments 

to absorb at 3548 em-I (Cheng, Lee & Ogilvie 1988). The methyl radical, CH3(X2 A2") 

could also not be unambiguously identified in these experiments, seen easiest by its 

VI (CH3 wagging) fundamental which absorbs in, for example, nitrogen matrices at 

611 cnil (Milligan & Jacox 1967). However, the carboxyl radical, HOCO(X2A1, was 

detected through its V2 (CO stretching) absorption at 1852 em-I (Figure 2d); this is 

consistent with the trans isomer which has previously been identified at 1846 cm-I in 

an argon matrix (Jacox 1988), and at 1833 em-I in a carbon monoxide matrix 

(Milligan & Jacox 1971). 

9.3.2. Mass Spectrometry 

The only signal observed via mass spectrometric analysis of the gas phase during 

irradiation of the sample was found at mle = 2, i.e. molecular hydrogen, which 

immediately ceased when irradiation is stopped, similar to experiments carried out on 

the irradiation of binary mixtures of methane and carbon monoxide (Bennett et al. 

2005). As the sample is warmed up, the carbon monoxide begins to sublime at around 
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50 K, methanol around 115 K, (Figure 9.3). Signal at mJe = 30 corresponds to the 

CH20+ fragment produced during the dissociative ionization ofmethanoI. From 140 

K to 180 K, an increase in the signal is observed at mJe = 60 corresponding to the 

C2140t ion; from 155 K to 180 K, signal from mJe = 45 (HCGa + fragment) is also 

observed (Figure 9.3). Considering the two different C214Ga isomers observed via 

infrared spectroscopy, it appears that glycolaldehyde, which should have no signal 

corresponding to an HCGa+ fragment, sublimes between 140 K and 160 K, whereas 

the methyl fonnate, which should give signal from the HC02 + fragment, sublimes 

from 155 K to 180 K. The methyl fonnate appears to be the last molecule to be 

released from the silver target as no signal is observed after 180 K. We should 

mention that it is not possible to distinguish via mass spectrometry products produced 

during the irradiation period from products that may be formed via thermally induced 

mechanisms (including additional fonnation of molecules by recombination of 

previously formed radicals which become mobile during the heating process). 

However, blank experiments where samples were not ~ected to irradiation failed to 

give any signals reported here in the mass spectrometer other than at mJe = 30, 

corresponding to the CH20+ fragment from methanol. 

9.4. Discussion 

We would now like to discuss the likely formation mechanisms of the observed 

molecular species in this experiment Here it is prudent to first discuss the 

mechanisms observed in the pure ice mixtures. Owing the irradiation of pure 
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120 140 160 180 200 
temperature, K 

Figure 9.3: Signal from the mass spectrometer during warm-up of the sample from mle = 30 
(triangles), conesponding to the CH20+ fragment primarily from methanol, mle = 45 (filled circles), 
corresponding to the Co,H'" fragment and mle = 60 (open circles), corresponding to the C:.a.o, + ion. 

methanol (Bennett et aI. 2007a), the following primary degradation pathways were 

indicated: 

2' 2 ~ CH30(X A) + H( SIl'2) (5) 

~ H2CO(XIA,) + H2(Xl~ )t2HeS'I2) (6) 

~ O('D) + ClL!(X'A,g} (7) 
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If the radiolysis induced decomposition of methanol via reactions (4) - (7) are 

responsible for the destruction of the methanol molecule, its column density through 

time should follow first order kinetic decay as follows: 

(8) 

Here, temporal profile of the column density for methanol was produced using the VB 

fundamental at 1030 cm"1 (palumbo, Castorina & Strazzulla 1999). By fitting our data 

to equation (8), we determined [CH30H]o = 3.28 ± 0.01 x 1017 molecules cm"2 and kl 

= 3.50 ± 0.15 x 10"5 S"I (Figure 9.4a). Considering the irradiation of pure carbon 

monoxide ices irradiated by 5 ke V electrons as recently studied by J arnieson, Mebel 

& Kaiser (2006), they found no evidence for the production of oxygen atoms via the 

electron-induced decomposition of carbon monoxide: 

(9) 

Instead, their results indicated that the decomposition of the carbon monoxide 

involved initiaIIy the excitation of one carbon monoxide molecule followed by a 

subsequent reaction with a neighboring carbon monoxide molecule to yield carbon 

dioxide and a free carbon atom: 

CO(XIl:") ~ CO· (10) 

CO· + CO(XIl:") ~ CO:z(Xlrs "') + C(3p/ID) (11) 

The authors suggested free carbon atoms react then to produce a series of CuO species 

via the following reaction sequence: 

(12) 

However, in the present binary mixture, dicarbon oxide was not observed. This can 

lead us to two conclusions; i) the carbon atoms produced in reaction (11) react 
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instantly with methanol, ii) in case of the binary ice mixture, we do not have 

sufficient neighboring carbon monoxide molecules for reactions (10)/(11) to proceed. 

Further, it is feasible for carbon monoxide to be primarily destroyed via reaction with 

an electronically excited oxygen atom released via reaction (7). Here, if the reaction 

proceeds on the singlet surface, there is no barrier to the reaction, as compared to 

reactions of ground state oxygen with carbon monoxide which must proceed on the 

triplet surface and has an associated barrier of the order of 25 kJ morl (0.26 eV) 

calculated from ab initio calculations at the CCSD(T)/Full level of theory (Talbi, 

Chandler & Rohl 2006). 

(13) 

As a second example of a pathway for the destruction of carbon monoxide via 

reaction with another primary product from the radiolysis-induced decomposition of 

methanol, we consider the formation of the formyl radical through reaction of carbon 

monoxide with hydrogen atoms produced in reactions (4) - (6): 

CO(XI~ + HeSlIz) ~ HCO(Xz A') (14) 

The hydrogen atoms produced in reactions (4)-(6) will likely be born with excess 

kinetic energy allowing them to overcome the barrier for addition of carbon 

monoxide of 11 kJ morl (0.12 eV) as calculated by Bennett et al. (2005) using the 

CCSD(T)/aug-cc-pVTZ level of theory. Whether the carbon monoxide molecule is 

decomposed through radiolysis by the impinging electrons, or through reactions with 

the products of the radiolysis of methanol, its temporal profile should still be fit by 

first order kinetics as with methanol (or pseudo-first order, in the case of reactions 
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with products from the decomposition of methanol). Here we were able to fit the 

temporal profile of carbon monoxide to the following equation: 

(15) 

Using an A value of 1.5 x 10-19 em molecule-I for the I3C isotope peak of the carbon 

monoxide VI fundamental appearing at 2090 em-" fitting our data to equation (15) 

yielded results for [CO]o = 5.25 ± 0.01 x 1017 molecules cm-2 and k2 = 3.05 ± 0.12 x 

10-5 S-1 (Figure 9.4b). 

From the discussions above, it follows that the production of the primary 

degradation products of methanol produced through reactions (4-7) should also 

follow first order kinetics, giving: 

[CH,OH] = a(l - e-k» 

[CH,o] = b(l - e-k•t ) 

[H
2
CO] = c(l _e-k,t) 

[CH 41 = d(l _e-kot ) 

(16) 

(17) 

(18) 

(19) 

Considering the hydroxymethyl radical, we traced the temporal evolution of its 

column density using the V4 fundamental at 1197 em-I using an A value of 1.56 x 10-17 

em molecule-I (Bennett et al. 2007a) and fit it to equation (16). Here, we found a = 

1.19 ± 0.02 x 1015 molecules em-2 and k3 = 1.69 ± 0.15 x 10-3 S-I (Figure 9.4c). 

Unfortunately, as we were unable to spectroscopically observe the methoxy radical, 

no temporal profile could be produced hence no fitting could be achieved. However, 

formaldehyde was followed through its V2 fundamental at 1250 em-I using an A value 
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of2.44 X 10.18 em molecule·1 (Bennett et al. 2007a). By fitting our results to equation 

(18), we found b = 6.68 ± 0.25 x 1015 molecules em-2 and ks = 7.37 ± 0.67 x 104
8-

1 

(Figure 9.4d). For methane, the V4 fundamental at 1300 em-I was used to produce a 

temporal profile with an A value of 7.0 x 10-18 em molecule-I (Kerkhof, Schutte & 

Ehrenfreund 1999). Using equation (19), our results indicate that d = 6.64 ± 0.41 x 

1015 molecules em-2 and ks = 1.76 ± 0.14 x 104 S-I (Figure 9.4e). 

Considering the formation of carbon dioxide through either reactions involving 

excited carbon monoxide (10) and (11), or the formation of excited oxygen atoms 

from methanol through reaction (7) followed by addition of the excited oxygen atom 

to carbon monoxide, reaction (13), the kinetics could be considered as pseudo-first 

order if we assume that reactions (10) and (7) will proceed quicker than reactions (11) 

and (13), respectively. Here, the temporal profile of the columo density of carbon 

monoxide should be fit via reaction (20). For carbon dioxide, an A value of 7.6 x 10· 

17 em molecule-I (Gerakines et al. 1995) was used for the V3 fundamental at 2342 em-I 

to produce the temporal profile. After fitting the data to equation (20), we found e = 

3.56 ± 0.07 x 1015 molecules em-2 and k7 = 2.72 ± 0.01 x 10-3 S-I (Figure 9.4t). 

[C02] = e(l_e-k,l) (20) 

Similarly, for the formyl radical, which can be formed through reaction (14), the 

addition of hydrogen to carbon monoxide, we can expect its generation to follow 

pseudo first order kinetics where: 

[HCO] = 1(1- e-~) (21) 
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By using the V2 fundamental at 1843 crri\ with an A value of 1.48 x 1O-!7 em 

molecule-! (Bennett et al_ 2005), we were able to reproduce the temporal colwnn 

density of this species and fit the data to equation (21)_ The results give f = 2-03 ± 

0_04 x lOiS molecules em-2 and ks = 2.51 ± 0.30 x 10-3 S-I (Figure 9.4g). 

Now we would like to consider the formation of glycolaldehyde and methyl 

formate. We propose that the formation of these species occurs via the barrier-less 

recombination of neighboring molecules in the correct orientation, formed during the 

irradiation process. Here the formation of glycolaldehyde will follow the 

recombination of a hydroxymethyl and formyl radical: 

[CH20H ... HCO] -+ CH20HCHO (22) 

The formation of methyl formate can occur via a similar process involving the 

methoxy radical instead of the hydroxymethyl radical: 

[CH30 ... HCO] -+ HCOOCH3 (23) 

Assuming that once these radicals are formed within the same matrix cage in the 

correct geometrical orientation to recombine, we can assume again that the 

production of these species should follow pseudo first order kinetics giving: 

[CH20HCHO] = g(l-e-"') (24) 

[CHOOCH,] = h(l-e-i
",,) (25) 

For glycolaldehyde, we used the v, fundamental of the Tt conformer at 1065 em-!, 

with an A value of 1.04 x 10-17 em molecule-I (Bennett et al. 2007a) to produce the 

temporal profile of the colwnn density. Note that no suitable peak from the Cc 

conformer could be used for the purpose of constructing a temporal profile, thus more 
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glycolaldehyde was produced in our experiments than we are able to quantify. Fitting 

the data to equation (24) yielded results of g = 1.68 ± 0.19 x 1014 molecules em"2 and 

k9 = 6.40 ± 1.58 x 104 S"I (Figure 9.4h). Regarding methyl formate, the temporal 

profile was produced from the evolution of the Vs fundamental at 920 em"I, with an A 

value of 4.0 x 10"18 em molecule"1 (Bennett et al. 2007a). Here, fitting the data to 

equation (25) gives values ofh = 9.51 ± 6.11 x lOIS molecules em"2 and klO = 1.26 ± 

0.958 x 104S"1 (Figure 9.4i). 

Although the products produced during the irradiation of the binary ice mixture 

studied here are the same as those from the irradiation of pure methanol ices as 

studied by Bennett et al (2007a), a few comments should be made about the 

similarities and differences of these systems. Due to different ice thicknesses, this 

discussion will remain qualitative. As carbon monoxide is present in the initial ice 

mixture here, we comparatively produce higher column densities of several species 

which may form as a result of reaction with this species, including the formyl radical 

and carbon dioxide. It is interesting to note the relative production rates of the 

hydroxymethyl radical versus formaldehyde where we find that more formaldehyde is 

produced in the binary ice mixture, whereas the hydroxymethyl radical is not as 

abundant Presumably, this is a result of the fact that there are more carbon and 

oxygen atoms in a reduced form within the ice mixture where formaldehyde 

represents an intermediate level of saturation. In both systems, the production of 

methyl formate is more efficient than that of glycolaldehyde by an order of 

magnitude. No evidence was found for the production of acetic acid within either 
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Figure 9.4: Temporal evolution of the new species fonned during irradiation along with the lines of 

best fit from their associated kinetic equations: (a) methanol, (b) cmbon monoxide, (c) hydroxymethyl, 

(d) formaldehyde, (e) methane, (t) cmbon dioxide, (g) fonnyl, (b) glycolaldehyde (i) methyl formate. 

system, whereby our proposed fonnation route involved the cleavage of the C-O 

sigma bond in methanol to form the methyl and hydroxyl radicals (reaction la). As 

neither of these radicals could be detected within our system, we conclude that upon 

irradiation by electrons, methanol does not efficiently decompose by this pathway. 

9.5. Astrophysical ImpUeations 

Our research indicates that it is likely for both methyl fonnate and glycolaldehyde 

to be formed within interstellar ices subjected to irradiation, provided the fact that 

carbon monoxide and methanol can be found as neighboring molecules. Is there any 

evidence of this from observations of interstellar ices? Recently, Gibb et al. (2004) 

carried out a survey of 23 infrared sources using the Infrared Space Observatory 

(ISO) where they found the presence of both methanol and carbon monoxide to be 

constituents of the icy grains in 15 of the sources. Typically, the abundances relative 
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to water of carbon monoxide and methanol are found to be around 3-25% and 3-15%, 

respectively. One particular infrared source in the Corona Australis molecular cloud 

complex known as R CrA IRS 2 was found to have upper limits of 53% and 46% for 

carbon monoxide and methanol relative to water; however, does this mean that they 

are likely to reside close enough to react as the ices are subject to irradiation? 

Interstellar ices are generally considered to consist of a silicate/carbonaceous core 

covered by both a polar and apolar layer of which the majority of the methanol 

resides in the polar layer whereas the majority of the carbon monoxide is found in the 

outer, more volatile apolar ice layer (Allamandola et al. 1999). Taking this into 

account it seems likely that only carbon monoxide that has been identified as being 

present within the polar ice layer is likely to be able to react with methanol in a way 

similar to our experiments. In the case of R CrA IRS 2, the amount of carbon 

monoxide thought to exist within a polar matrix is reduced to 2.6 % relative to water 

whereby the majority of neighboring molecules are likely to be water. However, some 

of the interstellar ices covered in the study are found to have an abundance of up to 

13% of carbon monoxide within the polar ices which could have methanol molecules 

as nearest neighbors. A quantitative extrapolation as to how much glycolaldehyde and 

methyl formate could be produced vis irradiation of interstellar ices is difficult at this 

stage, as the actual ice morphology is poorly understood However, our results do 

agree qualitatively with the ablUldances reported within the interstellar medium in 

that the production of methyl formate was found to be much more efficient than the 

production of glycolaldehyde. Although the third isomer, acetic acid, was not found 

to be produced during the irradiation of methanol/carbon monoxide ices, we have 
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shown that it can be produced in mixtures of methane and carbon dioxide (Bennett & 

Kaiser 2007b). thus solid-state fonnation mechanisms for all three C214~ isomers by 

the irradiation of interstellar ices are likely to exist. Figure 9.5 illustrates pictorially 

the ice mixtures which have been studied so far found to produce the three C2140:2 

isomers presently detected within the interstellar medium. The abundance of C2140:2 

isomers within interstellar ices is expected to be <1 % relative to water and therefore 

likely below the present detection limits of. for example the ISO. The main difficulty 

lies in the fact that the strongest bands from these species (e.g. C=O stretching bands) 

overlap with those from other species already thought to be present within these ices 

(such as formaldehyde [5.81 J.I.IIl]. formic acid [5.85 J.I.IIl] and acetaldehyde [5.83 J.I.IIl]; 

from Gibb et al. [2004]). The best candidate for detection of C21402 isomers within 

interstellar ices would probably be methyl formate due to its predicted higher 

abundance; if a high enough concentration exists. its presence could be confirmed 

through absorptions from the Vs fundamental around 914 em·1 (10.94 J.I.IIl). although 

this would be difficult to distinguish from the strong underlying broad absorption 

from the silicate core which occurs around 1030 em·1 (9.70 f.l.Ill). as well as from other 

species which may whose presence is predicted, but not confirmed within interstellar 

ices such as ethylene. which absorbs at 951 em"1 (10.52 f.l.Ill). Once these molecules 

are formed within these interstellar ices. they can then subsequently be released into 

the gas phase as the icy mantle begins to sublime when a young stellar object begins 

to form. Thus it is important for these processes to be included in future models of hot 

molecular cores to account for the number densities of these species found from 

astronomical observations. 
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Figure 9.5: SUlIIIIIlIIY of pathways to form CaH.o. isomers via the three intersteUar ice analogs of 
different compositions investigated so far. Dashed 8IJOWS indicate processes where several steps may 
he required to generate the appIOpliate radieal species (see Bennett et aI. 2007a for more details). 
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Chapter 10: Conclusions 

10.1. Summary 

The work presented within this thesis represents a thorough investigation into 

some of the most likely reaction mechanisms that could take place within interstellar 

ices subjected to Galactic cosmic rays, producing more complex molecules. A 

summary of the key findings from each experiment is shown in Figure 10.1. 

We have demonstrated that ozone, DJ(XIAI), can be formed by the barrier-less 

addition of Oep) atoms produced during radiolysis of oxygen bearing molecules such 

as molecular oxygen and carbon dioxide. to molecular oxygen, <h(X3:Eg). These 

oxygen atoms are born with excess kinetic energy enabling them to diffuse and to 

combine with neighboring oxygen molecules. While many of the planetary and solar 

system applications of this system have already been covered in Chapter 5, some of 

the astrophysical implications to interstellar ices should also be briefly mentioned. 

Since molecular oxygen is infrared inactive, its presence within interstellar ices has 

not yet been spectroscopically confirmed (Ehrenfreund & van Dishoeck 1998). 

However, theoretical models predict that solid molecular oxygen could freeze-out 

with carbon monoxide into the outer apolar layer of interstellar ices (Tielens & Hagen 

1982). The presence of molecular oxygen within interstellar ices has been indirectly 

inferred by monitoring the effects on the band position and shape of the carbon 

monoxide fundamental when the ratio of carbon monoxide to oxygen within the 

matrix is varied. Observations of the carbon monoxide band using the Infrared Space 
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Observatory towards the proto-stellar sources RCrA IRS2 and NGC 7538 has placed 

limits on the abundance of molecular oxygen between 50-100% relative to that of 

carbon monoxide (Vandenbussche et al. 1999). As ozone is an expected product 

formed when molecular oxygen is exposed to irradiation, its presence has also been 

sought to confirm the presence of molecular oxygen within interstellar ices 

(Ebrenfreund & van Dishoeck 1998). However, as the strongest band from ozone (the 

V3 asymmetric stretch) which absorbs around 1037 em·l (9.64 J.UIl) overlaps with a 

broad underlying silicate feature it is unlikely that this feature can be unambiguously 

identified. On the other hand, interstellar ozone has been tentatively identified in the 

gas-phase via two rotational transitions (Pbillips & Knapp 1980), which might be 

released into the gas phase during the early stages of grain sublimation in the hot 

molecular core phase. 

In the experiments on pure carbon dioxide, we found the primary destruction 

channel of carbon dioxide to be: 

(1) 

Here, the suprathermal oxygen atom produced via reaction (1) was found to react 

with a second carbon dioxide molecule to form the cyclic ClY carbon trioxide 

molecule, C03. The relative contributions from Oep) and OeD) atoms reacting with 

carbon dioxide remains to be solved. In the same experiment, we were also able to 

observe the bent CZv structure of Ozone, 0](XI AI). The generation of ozone from the 

sequential recombination of oxygen atoms can occur via barrier-less processes (in 

contrast to the addition ofOep) to carbon dioxide, where a barrier of 147.7 kJ mor l 
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(1.53 eV) must be overcome). This could have astrobiological implications for 

missions such as the Terrestrial Planet Finder (TPF), which aims to find biomarkers 

in terrestrial exoplanets via the simultaneous detection of 03, eCh, and H20 (Selsis 

2002). However, the possibility of a false positive signal is increased as we have 

shown it is easy to produce ozone during the radiolysis of carbon dioxide ices. The 

research on the mdiolysis of carbon dioxide was finther studied and was accompanied 

by an identification of the ~ isomer of carbon trioxide, as well as carbon tetmoxide 

(C04), and carbon pentaoxide (COs) (Jamieson, Mebel & Kaiser 2006a-c). 

Considering the irmdiation of pure methane ices, it was fOlDld that the primary 

dissociation channel of methane was the cleavage of a single C-H sigma bond to yield 

the methyl millcal and atomic hydrogen: 

~(XIAl) -+ CH3(X2A2") + HeSI/2) (2) 

Whereby, there was no spectroscopic evidence for a second channel producing the 

methylene millcal and molecular hydrogen (known to be produced efficiently in UV 

mdiolysis experiments): 

C~(XIAl) -+ CH2(a1A1) + H2(XII:g"') (3) 

This may partly be explained by the fact that the relative cross section for the 

dissociation of methane via energetic electrons through reaction (2) is much larger 

than that for reaction (3) (Alman, Ruzic & Brooks 2000). Thus, the observed species 

could all be explained via one critical step; the recombination of two methyl millcals 

to produce an excited ethane molecule. This excited ethane molecule could then 

either be stabilized by the surrounding matrix or dissociates to the ethyl millcal or the 
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ethylene molecule. These species could then undergo secondary radiolysis driven 

reactions to produce the remaining observed species such as the vinyl radical and 

acetylene. The analysis of the methane system so far has only focused on the 

identification of species with two carbon atoms or less, and it is not possible to rule 

out any involvement of the methylene species completely until all of the remaining 

peaks within the 800-1200 em'l range have been assigned. 

In the case of methanol, one of the primary dissociation channels able to be 

identified was the formation of the hydroxymethyl radical and atomic hydrogen: 

CH30H(XIA~ .... CH20HWA'~ + HeSII2) (4) 

In fact, we were able to trace the dehydrogenation pathways as far as the formation of 

carbon monoxide (for the actual scheme, please refer to chapter 7): 

(5) 

The formation of the ethyl glycol, HOCH2CH20H(XIA), could easily be explained by 

the recombination of two hydroxymethyl radicals. Similarly, The formation of the 

C2~~ isomer, glycolaldehyde, CH20HCHO(XIA,), could be explained by the 

recombination of a hydroxymethyl radical with the formyl radical, HCO(X2A~. 

Although the methoxy radical, CH30(X2 A'), could not be spectroscopically observed, 

its presence was inferred by the detection of the C2~~ isomer methyl formate, 

CH30CHO (XIA,), which is thought to have formed by the recombination of a 

methoxy radical with the formyl radical. The first order production· of methane 

indicates that methanol can also dissociate via: 

(6) 
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As predicted by the potential energy surfaces of Chang & Lin (2004). It is also worth 

noting that the pseudo-first order generation of methanol in irradiated Cl4:CCh 

binary ice mixtw'es confirm the reverse pathway (insertion of excited oxygen into a 

sigma C-H bond of methane). 

With our knowledge of how these pure ices behave under bombardment by 

energetic electrons, we can now see what novel products can be produced in the 

binary mixtw'es. For simplicity, the first system is the binary ice mixture C(h:C214, 

where we will focus only on the generation of C2140 isomers which are formed by 

reaction of ethylene with the OeP/ID); the latter were generated via reaction (1). 

Here, we were actuslly able to form all three of the C2140 isomers that have been 

detected in the interstellar medium (acetaldehyde, ethylene oxide, and vinyl alcohol). 

Thus, it is possible for these three isomers to be produced in interstellar ices if these 

compounds are found to be neighboring molecules - it should be noted that the 

oxygen atom can actus1ly come from any oxygen-bearing species and need not be 

carbon dioxide. Further experiments are required to investigate the relative 

contributions of the Oep) and O(ID) atoms towards producing these molecules. 

In the CO:Cl4 binary ice mixture, we found that the methane degrades as it did in 

the pure mixture via reaction (2) to generate the methyl radical and atomic hydrogen. 

It was found that the supratherma1 atomic hydrogen could diffuse through the ice 

matrix and react with carbon monoxide to form the formyl radical (overcoming a 

small barrier of around 11 kJ morl (0.11 eV». If the methyl radicals and formyl 
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mdicals were formed nearby, and in the correct geometry, they can then react 

barrierlesslyto form acetaldehyde, CH)CHO(XIA'), as observed. 

Similarly, in the CG.!:ClL! ice mixture, the supmthermal atomic hydrogen 

produced through reaction (2) was able to overcome the barrier of 114.31 kJ mor l 

(1.18 eV) to produce the trans form (via the cis intermediate) of the carboxyl mdicaI, 

t_HOCO(X2A~. Once formed, this carboxyl mdical was found to be able to 

recombine without barrier with the previously genemted methyl mdical to produce 

the CzH4G.! isomer, acetic acid, CH)COOH(X1 A~. 

Finally, considering the CO:CH)OH system, we find that the majority of the 

products identified were the same as from the pure methanol system - unsurprising 

considering that carbon monoxide was produced during in pure methanol ices. 

Although the production of both the C2H4G.! isomers previously detected (methyl 

formate and glycolaldehyde) is enhanced, likely due to the higher abundance of the 

formyl mdical generated in this system. 

To conclude, these experiments show that it is possible to genemte complex, 

organic (often astrobiologically important) molecules within icy gmins subject to 

irradiation in the interstellar medium which can subsequently be released into the gas

phase where the IIlI!i ority of species mentioned in this thesis have been detected. We 

have identified possible production mechanisms for the CzH40z isomers, whose 

formation cannot be accounted for by gas-phase processes. These experiments will 

provide valuable information for future telescope missions such as the James Webb 
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Space Telescope (JWST) and the Astrobiology Explorer (ABE), which will have 

enhanced spectral resolution and sensitivity, enabling us to better determine the 

composition of interstellar ices. 
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