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RÉSUMÉ 
 

SYNTHÈSE DE MOLÉCULES ORGANIQUES ET DES BRIQUES DE LA VIE 

PAR l’IRRADIATION D’ÉLECTRONS DE BASSE ENERGIE SUR LES GLACES 

QUE L’ON RETROUVE DANS L’ESPACE 
Par 

Sasan Esmaili 

Département de médecine nucléaire et de radiobiologie 

Thèse soumise à la Faculté de médecine et des sciences de la santé pour le grade de Doctorat 

(Ph. D.) en sciences des radiations et imagerie biomédicale, 

Faculté de médecine et des sciences de la santé, Université de Sherbrooke, Sherbrooke, 

Québec, Canada J1H 5N4 

Les origines des molécules organiques élémentaires nécessaires à la vie sur terre (e, g, acides 

aminés, bases nucléiques, phospholipides, etc.), les soi-disant « briques de la vie », ont fait 

l'objet d'une recherche intensive depuis les premières expériences de Miller et Urey dans les 

années 1950. Cependant, au cours des 40 dernières années, une grande diversité de molécules 

bio/organiques ont été observées dans l’espace et semblent omniprésentes dans la plupart des 

environnements spatiaux. Cela renforce l’hypothèse que les blocs de construction de la vie, 

une fois formés dans l'espace, pourraient s’être retrouvés sur la terre via des impacts de 

météorites ou de comètes. Puisque la matière est soumise aux rayonnements ionisants partout 

dans l’univers, l'existence de cette panoplie de molécules bio/organiques dans l'espace 

suggère qu’elles peuvent être synthétisées dans le milieu interstellaire, ou sur les corps du 

système solaire. Ce traitement par radiation, ou synthèse, peut être étudié en laboratoire, mais 

à ce jour, la plupart des recherches se concentrent sur le rayonnement UV stellaire ou les 

particules de haute énergie (vent stellaire, rayons cosmiques, etc.). Ces dernières produisent 

dans la matière d'abondants électrons de basse énergie (EBE) sous les 100 eV, mais le rôle 

de ces électrons dans la synthèse des briques de la vie a été, jusqu'à récemment, plutôt 

supposé qu'étudié. Dans cette thèse, je décris une étude approfondie et détaillée dans laquelle 

des molécules bio/organiques, y compris des acides aminés, peuvent être formées par les 

EBE dans des environnements spatiaux simulés. Des films minces de composition 

moléculaire différente (par exemple, O2, CH4, CO2, NH3 et leurs mélanges) sont condensés 

sous ultravide sur un substrat métallique maintenu à ~ 20 K et exposés à une irradiation par 

des électrons de faible énergie (0-100 eV). Des méthodes d'analyse de surface in situ 

multiples, à savoir la désorption d'ions stimulée par électrons, la spectroscopie de 

photoélectrons X et la désorption programmée en température, ont été utilisées pour étudier 

la chimie induite par l’impact d’EBE et pour observer la formation de nouvelles espèces 

chimiques complexes. Parmi celles-ci, nous identifions l'acétylène (C2H2), l'éthane (C2H6), 

le propylène (C3H6) et l'éthanol (C2H5OH), ainsi que la glycine (NH2CH2COOH), le plus 

simple constituant des protéines, formées par les EBE dans les glaces CH4:CO2:NH3 et cela 

jusqu'à une énergie aussi basse que 9,5 eV. D’autres molécules contenant les groupes C2O2, 

C2O3, N2 et NO, ou les sous-unités CN et HCN (qui sont les éléments de base de l'adénine) 

ont aussi été observées. Les EBE induisent la production de nouvelles espèces chimiques 

contenant à la fois les liaisons C-O et C=O, ainsi que O-C=O, N-O, N=O et enfin C-C. 

 

Mots-clés : Chimie des radiations, chimie pré-biotique, électrons de basse énergie, glaces 

dans l’espace. 
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ABSTRACT 
 

 SYNTHESIS OF ORGANIC MOLECULES AND THE BUILDINGS BLOCKS FOR 

LIFE BY LOW ENERGY ELECTRON IRRADIATION OF ASTROPHYSICAL 

ICES 

 

By 

Sasan Esmaili 

Department of Nuclear Medicine and Radiobiology 

Thesis submitted to the Faculté de médecine et des sciences de la santé for the degree of 

Philisophiae Doctorum (Ph.D.) in sciences des radiations et imagerie biomédicale, Faculté 

de médecine et des sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, 

Canada J1H 5N4 
 

The origins of the most basic organic molecules required for life on Earth (e,g, amino acids, 

nucleobases, phospholipids, etc.,), the so-called “building blocks of life”, have been the focus 

of significant reseach ever since the early experiments by Miller and Urey in the 1950s. Over 

the last 40 years, however, astronomical observations of a diverse and ubiquitous inventory 

of bio-organic molecules in most space environments have given rise to the hypothesis that 

life’s building blocks, once formed in space, may have provided the molecular seeds for life 

on Earth via meteorite or cometary impacts. Given the fact that both ionizing radiation and 

matter exist throughout the universe, the existence of this panoply of bio/organic molecules 

in space suggests that life’s building blocks (e.g. aminoacids, nucleobases) can be 

synthesized via space-radiation processing of molecular ices in cold regions of the interstellar 

medium, or on solar system bodies. This radiation processing, or synthesis, can be studied in 

the laboratory, but to date, most efforts focus on stellar UV radiation, or high energy particles 

(stellar wind, cosmic rays, etc.). The latter produce abundant low energy electrons (LEEs) 

below 100 eV in matter, however the role of LEEs in the synthesis of life’s building blocks 

in space has, until recently, been rather assumed than studied. In this thesis, I describe an 

extended and detailed investigation in which bio-organic molecules, including amino acids, 

may be formed by LEE in simulated space environments: thin films of differing molecular 

composition (e.g., O2, CH4, CO2, NH3, and mixtures thereof) are condensed under ultra-high 

vacuum upon a metallic substrate at ~20 K, and exposed to low energy (0-100 eV) electron 

irradiation. Multiple in situ surface-analysis methods, namely electron stimulated desorption 

(ESD) of ions, X-ray photoelectron spectroscopy (XPS), and temperature programmed 

desorption(TPD), have been employed to investigate the LEE-driven chemistry and to 

observe the formation of new complex chemical species. Among these we identify acetylene 

(C2H2), ethane (C2H6), propylene (C3H6), and ethanol (C2H5OH), as well as Glycine 

(NH2CH2COOH), the simplest building block of proteins, formed in CH4:CO2:NH3 ices by 

LEEs down to 9.5eV; still unidentified are molecules containing C2O2, C2O3, N2, and NO 

moieties, or CN and HCN subunits, the basic building blocks of Adenine. LEEs induce the 

production of new chemical species containing both C-O and C=O, as well as O-C=O, N-O, 

N=O, and multiple C-C bonds. 

 

Keywords : Astrophysical Ices; low energy electrons; Prebiotic chemistry; radiation 

chemistry. 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Carboxylic_acid
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INTRODUCTION 

 

One of the most interesting and profound questions in science throughout human 

history concerns the origin of life. For example, how and where did life begin and what 

were the necessary pre-conditions? Questions, which for centuries have perplexed not only 

scientists, but humanity at large. Consequently, in modern times, the origins of life, 

including the formation of simple organic molecules, considered essential for life’s 

functioning, have been, and still are subjects of immense debate. More specifically, 

scientists try to hypothesize possible ways that inorganic molecules generate a whole range 

of the biomolecular panoply that is needed for life. A main question is whether or not it is 

possible that simple life forms actually could arise from nonliving matter? In 1859 English 

naturalist Charles Darwin established a theory of evolution(Costa, 2018). Darwin himself 

mentioned this idea when writing to a friend “…but if (and oh what a big if) we could 

conceive in some warm little pond, with all sorts of ammonia & phosphoric salts, light, 

heat, electricity etc., present that a protein compound was chemically formed ready to 

undergo still more complex changes..” (Follmann & Brownson, 2009). In 1924 a Russian 

biochemist, Alexander Oparin, in his book explained a theory about the generation of the 

first cell; he described gradual progression from simple chemistry to living cells. He 

imagined the early ocean as a primordial soup rich in a collection of complex molecules 

produced by natural chemical reactions. In this soup, further reactions can take place, 

eventually producing living cells(Lazcano, 2010). At that time, Darwin’s warm little pound 

and Oparin’s primordial soup were just speculation. Accordance to NASA, the definition 

of life is: “Life is a self-sustaining chemical system capable of Darwinian evolution” 

(Benner, 2010). All sources of simple creatures are consider living things likes viruses, 

bacteria, loops of DNA, a single gene and viroid, that is simpler than DNA and it is a loop 

of RNA(Diener, 2016; Flores, Gago-zachert, Serra, Sanju, et al., 2014) . All these living 

things are basically made of small biomolecular components. Four major biomolecules 

make up all of life, and their importance arises from the fact that they are building blocks 

of life. Carbohydrates (source of energy), lipids (source of long-term energy & main part 

of cell membrane), proteins (important for muscle development, immune system and 
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enzymes) and nucleic acids (include DNA & RNA) are the major biomolecules(Aerts, 

Röling, Elsaesser, & Ehrenfreund, 2014). All these are essentially made of monomers, for 

example amino acids are monomers of proteins, and nucleotides are monomers of nucleic 

acids. Most biomolecules contain carbon, hydrogen and oxygen, while both proteins and 

nucleic acids also have nitrogen, nucleic acids additionally have phosphors, and some 

amino acids have sulphur. Thus, C, H, O, N, P, and to some extent S are the major elements 

for biomolecules. The lighter elements like H were created in the big bang, and all the 

hydrogen in the universe is almost 14 billion years old. Inside the cores of stars light atoms 

are converted into heavier atoms via nuclear fusion processes. For example, in our sun four 

hydrogen atoms combine and make up Helium(Ho & Heinke, 2009), while further fusion 

processes lead to the creation of C, N, O, S, P, and other heavy elements. The distribution 

of these elements, e.g. via supernovas, leads to the enrichment of the interstellar medium, 

where they combine either in the gas phase or on dust grains to form simples molecules. 

Such simple molecules formed from the lighter elements include, e.g., H2O, CH4, NH3, 

CO, CO2, SH2, and PO4. These molecules will effectively be the “molecular building 

blocks” of the “building blocks of life”. The question is then, “how are life’s building 

blocks formed from such simple molecular ingredients”? 

There are several hypotheses about how biological molecules arose on Earth that 

are still under debate. Currently, there are two main paradigms concerning the “origin of 

life’s building blocks”(Kitadai & Maruyama, 2017): 

  

 1.1 Terrestrial origin of life and its building blocks 

Cosmological research shows that the universe was born about 13.8 billion years 

ago with the Big Bang(Ade, 2016). Evidence from radiometric dating of meteorites shows 

that the Earth formed 4.6 billion years ago. The Earth had a long way to go before it could 

support continents, oceans and life. It is the current understanding that the Earth, and all 

the planets in the solar system, began to form from the solar accretion disc when fragments 

of the solar dust cloud stuck together as they orbited the sun. The Earth layers provided a 

clue that soon after its formation the young planet Earth consisted of completely melted 

material. 
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Although the planet cooled over time, during the “late heavy bombardment period”, 

comets and asteroids bombarded the Earth continuously. The impacts of these objects 

raised the Earth’s surface to temperatures near almost 2,000 degrees. Life could not 

possibly be formed and water was not resident on the surface either. Comets predominantly 

consist of water ice, and when they impacted the Earth their water ejected into the 

atmosphere. Over time this rained back down onto the cooling Earth, and eventually pools 

of water developed on the surface. Some scientists believe that life began immediately after 

this period.  

3.5 billion years ago, there was no oxygen on Earth, and the atmosphere was deadly 

poisonous. Volcanic eruptions filed the atmosphere with a shocking mixture of sulfur, 

methane, carbon dioxide and sulfuric acid, but primitive life forms did exist shortly 

thereafter. The fossilized remains of strange cord like structures have been found in rocks 

more than 3 billion years old in many parts of the world. They called stromatolites, which 

are made of billions of microbes called Sino bacteria. These bacteria produce oxygen and 

they are clue to how the Earth’s atmosphere field with oxygen over astronomic time scales. 

 

1.1.1 Early beginnings: The primordial soup and atmosphere – Darwin’s “small warm 

pond”? 

This theory proposes that everything, from the basic-chemistry to assemble the first 

organic molecules of increasing complexity, to the formation of simple life forms, occurred 

on Earth. The major points of this theory are that life is a result of chemistry by combination 

of just the right ingredients and just the right of amounts at just the right time. Life is made 

predominantly of small sets of chemical elements: C, O, H and N, four of the most common 

elements in the universe. The idea that the molecular basis for life could have started when 

C, O, H, N, and other ingredients combined in the harsh conditions of early Earth, 

mentioned above, was first put the test by Stanley Miller(Bada, 2013; Miller Stanley L., 

1953). In 1953, Miller designed an experimental test for the terrestrial origin of the building 

blocks of life (e.g., nucleotides, amino acids, sugars, and fatty acids etc.)(Miller Stanley 

L., 1953). To simulate the early Earth and proto-oceans in the Lab, Miller assembled an 

apparatus made of flasks and tubes. He filled one flasks with gases (a mixture of methane, 

ammonia, water vapor, and hydrogen) to represent Earth’s primitive atmosphere (Figure 
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1.1). In addition, he connected that to another flask with water to represent the primitive 

ocean on early Earth. He simply put an electrical spark through the vapor to simulated 

lightning in the early Earth atmosphere, and to provide a form of energy present on the 

Earth at that time. After several days, the water color had changed and subsequent analysis 

revealed the presence of several amino and hydroxyl acids. While the Miller experiment 

represents an important proof of principle that comparatively complex organic molecules 

can be formed under simple conditions, it is not considered to be proof that such events 

actually occurred on the Earth. Life is really chemistry. In fact, it is chemistry that when 

you get the recipe right it goes and goes quickly. However, that recipe is hotly debated, 

even today. Most scientists think the environmental conditions on the early Earth’s surface 

were very different from the ones that Miller simulated in his Lab. The atmosphere was 

thicker and dominated by CO2. While the composition of the early atmosphere is not 

accurately known, it is now thought that it contained very little O2 initially. Neither does 

the Miller experiment consider energy sources other than electrical discharge, e.g. 

lightning. However, the goal of the Miller experiment was actually not to create life but to 

tell us if it is possible for life to emerge from chemistry. Another concurrent debate exists 

about when the earliest formation of life’s building blocks actually began. New discoveries 

reveal that life may have existed in the range of 3.49 to 4.1 billion years ago. The evidence 

comes from the some of the oldest rocks on the Earth(Bell, Boehnke, Harrison, & Mao, 

2015; Noffke, Christian, Wacey, & Hazen, 2013; Awramik, 1992; Mojzsis et al., 1996). 

Some of these rocks may have contained small micro fossils, but under the conditions of 

heat and pressure that these rocks experienced such fossils would have been disaggregated 

and destroyed; so what we have left behind in these rocks are the chemical finger prints of 

ancient bacteria or microbes. Scientists, by analyzing the chemical components extracted 

from these rocks, identified carbon as a signature of life(Noffke, Christian, Wacey, & 

Hazen, 2013; Bell, Boehnke, Harrison, & Mao, 2015; Awramik, 1992). 

http://en.wikipedia.org/wiki/Lightning
http://en.wikipedia.org/wiki/Earth%27s_atmosphere
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Figure 1. 1: Schematic of Miller experiment apparatus adapted from Figure 26.4, 

page 494 (Martha R. Taylor, Eric J. Simon, Dickey, Kelly A. Hogan, et al., 2012) 

 

1.1.2 Extreme Earth environments  

 

While the exact conditions of the Earth’s surface environment (as attempted by 

Miller’s experiments) will probably never be known with certitude, it is clear that the early 

Earth was a different place than today and possessed a very harsh environment; the 

atmosphere contained little nitrogen and oxygen and it was made of toxic chemical 

materials, and the temperature was much higher due to volcanic activity, and meteorite 

bombardment that, although diminishing, persisted late into the Earth’s history. The day 

was not 24 hours, but 6 hours, due to the gravitational force of the Moon which was much 
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closer to the Earth. In fact, when the Earth-Moon system first formed in a violent collision 

between the very early Earth and a Mars sized object, the Moon was initially only 25,000 

to 30,000 km from Earth, compared to the current distance, which is 380,000 km. While 

gravitational simulations show how the Moon’s orbit quickly grew larger (as it still does 

today although at a slower rate), gravitational forces on the Earth’s surface, and the tectonic 

movement of the newly forming continents and oceans were clearly more severe. However, 

despite all this, there is a geologic record, which suggests that the earliest form of life 

appeared on the Earth at that time. The question is how would life survive such a 

cataclysmic event?  

. 

1.1.3 Alkaline hydrothermal vents – a much hotter “warm pond” 

 

The above suggestion that early life may have formed on the Earth under rather 

hostile conditions gained support in the 1970s, almost two decades after the primordial-

soup-theory of the origin of life’s building blocks, stimulated by the Miller-Urey 

experiments. A new hypothesis was proposed that life, and more importantly its building 

blocks, might have originated in hydrothermal vent systems in the proto-oceans on the 

early, volcanically active, Earth: On the dark ocean floor, more than a mile below the 

oceans surfaces explorers found that near mineral rich hydrothermal vents from underwater 

volcanos, where temperatures reach more than 600 degrees C, microbial and other life was 

thriving in a region far away from UV radiation, or visible sunlight (both of which would 

provide heat and energy for chemical reactions of the Miller type at the surface), but here 

it was supported by energy produced by hydrothermal activity from the vents(Corliss et 

al., 1979; Takai et al., 2006; Martin & Russell, 2007; RUSSELL & HALL, 1997). This 

exciting discovery pointed out a new pathway for extreme biology supported by chemistry 

that did not require sun light. In particular the existence of “extremophilic bacteria” near 

these hydrothermal vents is the subject of much research today, however of a scope much 

too vast to be discussed in detail here. The tantalizing fact remains that if microbial life can 

exist under such extreme conditions, and had been formed from the rich chemistry near 

such hydrothermal vents, it could support the notion of a terrestrial origin of life’s building 
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blocks (Cody et al., 2000; Weiss et al., 2016). However, it also means that such building 

blocks can form under many different extreme environments, perhaps even in space. 

 

1.1.4 The pros and cons for the above terrestrial origin paradigm 

 

The Miller-Urey experiments, while scientifically sound, are today not considered 

to represent accurate descriptions of the origin of life’s building block mainly because these 

experiments cannot reproduce the exact conditions on the primitive early Earth, most of 

which are not precisely know. This is even more so for the model of the early Earth’s 

atmosphere Miller tried to simulate, and which will likely never be known with certainty. 

Aside from this, however, the Miller experiments were indeed important in that they 

showed that the basic building blocks for the large macromolecules needed for terrestrial 

life can be synthesised from inorganic compounds, under extreme conditions with 

simulated natural forces known to have existed on the early Earth. 

 

1.2 Extraterrestrial origin of life’s building blocks and Panspermia: a molecular space 

odyssey. 

It is worthwhile to mention at this point that, while the conditions of the early 

Earth’s environment in which life may have formed can never be accurately unraveled 

(since we are not able to travel back in time and look), the chemical or physical 

environment of matter in space, as it exists or even existed in the past, can be accurately 

known because we can currently observe it; moreover, given the large distances probed in 

astronomical observations, and the finite speed of light, observations of stars and 

interstellar media, their environment, and evolution over time contains information of past 

environments: the deeper we look into space, the further back in time we observe the 

conditions of the early universe, thus of stars, much like our sun, as they existed millions, 

or even billions of years ago.  
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1.2.1 Astronomical or geological evidence for the extraterrestrial origin of life’s building 

blocks 

The birth of radio astronomy right after world war two, and the development of 

millimeter and submillimeter astronomy, has allowed astronomers to detect molecules in 

space. Astronomical observations by using radio telescopes and infra-red telescopes in the 

last 80 years have shown the existence of over 200 organic molecules in space, from simple 

2 atom molecules up to 12 atom molecules (table 1.1)(Physikalisches Institut, 2018), in the 

interstellar medium (ISM), nebulae around stars, star forming regions,  comets, and 

surfaces of planetary satellites, etc. These molecular species include a variety of inorganic 

compounds (e.g., H2O, CO, CO2, NH3 and SO2), organics (e.g., CH4, H2CO, CH3OH, 

HCOOH, and CH3CH2OH), ions (e.g., HCO+ and C6H
-), amino acids (Aminoacetonitrile, 

H2NCH2CN), species identified only in ice (e.g., OCN- and NH4
+)(Burke & Brown, 2010), 

Polycyclic aromatic hydrocarbons (including fullerenes, i.e. Buckyballs), and even 

Glycolaldehyde, a simple sugar molecule detected in the our galaxy, the Milky Way 

(Jørgensen et al., 2012; Beltrán, Codella, Viti, Neri, et al., 2009). This later molecule for 

example can combine with other molecules to form a complex sugar that is an essential 

ingredient of the nucleic acids RNA and DNA. 
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Table 1. 1 : Molecules in the Interstellar Medium or Circumstellar Shells(Physikalisches Institut, 2018) 

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms 10 atoms 11 atoms 12 atoms >12 atoms 

H2 C3  c-C3H C5  C5H C6H CH3C3N CH3C4H CH3C5N HC9N c-C6H6  C60  

AlF C2H l-C3H C4H l-H2C4 CH2CHCN HC(O)OCH3 CH3CH2CN (CH3)2CO CH3C6H n-C3H7CN C70  

AlCl C2O C3N C4Si C2H4 CH3C2H CH3COOH (CH3)2O (CH2OH)2 C2H5OCHO i-C3H7CN C60
+  

C2 C2S C3O l-C3H2 CH3CN HC5N C7H CH3CH2OH CH3CH2CHO CH3OC(O)CH3 C2H5OCH3  c-C6H5CN 

CH CH2 C3S c-C3H2 CH3NC CH3CHO C6H2 HC7N CH3CHCH2O       

CH+ HCN C2H2 H2CCN CH3OH CH3NH2 CH2OHCHO C8H CH3OCH2OH       

CN HCO NH3 CH4  CH3SH c-C2H4O l-HC6H CH3C(O)NH2         

CO HCO+ HCCN HC3N HC3NH+ H2CCHOH CH2CHCHO C8H–         

CO+ HCS+ HCNH+ HC2NC HC2CHO C6H– CH2CCHCN C3H6         

CP HOC+ HNCO HCOOH NH2CHO CH3NCO H2NCH2CN CH3CH2SH          

SiC H2O HNCS H2CNH C5N HC5O CH3CHNH CH3NHCHO          

HCl H2S HOCO+ H2C2O l-HC4H    CH3SiH3 HC7O         

KCl HNC H2CO H2NCN l-HC4N               

NH HNO H2CN HNC3 c-H2C3O               

NO MgCN H2CS SiH4  H2CCNH               

NS MgNC H3O+ H2COH+ C5N–               

NaCl N2H+ c-SiC3 C4H– HNCHCN               

OH N2O CH3  HC(O)CN SiH3CN               

PN NaCN C3N– HNCNH                 

SO OCS PH3 CH3O                 

SO+ SO2 HCNO NH4
+                 

SiN c-SiC2 HOCN H2NCO+                  

SiO CO2  HSCN NCCNH+                 

https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C3.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c-C3H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C5.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C5H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C6H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeC3N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/ch3c4h.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeC5N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HC9N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/benzol.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C2H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/l-C3H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C4H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/l-C4H2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/VCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Methylformiat.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/EtCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Aceton.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/ch3c6h.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PrCN.html#n-PrCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CCO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C4Si.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HAc.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/DME.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/glycol.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ethylformiat.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PrCN.html#i-PrCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C2_3S.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/l-C3H2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HC5N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C7H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/EtOH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c3_aldehydes.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeAc.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/EME.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PhCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CH2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C2_3S.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c-C3H2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeCHO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C6H2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HC7N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Methyloxiran.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HC2nH.html#HC2H
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2CCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeNH2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/glycolaldehyd.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C8H.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Methoxymethanol.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/ammoniak.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeSH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Oxiran.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Acetamid.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCO+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCCN_etc.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HC3NH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/VyOH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c3_aldehydes.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C8H-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CO+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCS+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCCNC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c3_aldehydes.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C6H-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Cyanoallen.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C3H6.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CP.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNO.html#HNCO
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Formic_Acid.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Formamid.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeNCO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/AAN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/EtSH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2O.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNS.html#HNCS
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2CNH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/c5n.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ethanimin.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/N-MeFo.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCl.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2S.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HOCO+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2CCO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeSiH3.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HNC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2CO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Cyanamid.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCCN_etc.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HNC3.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Cyclopropenon.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#MgCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2CS.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ethenimin.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NS.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#MgNC
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H3O+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Hydroxymethylium.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C5N-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiC3.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C4H-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Cyanomethanimin.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCOCN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiH3CN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#NaNC
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C3N-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HNCNH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PH3.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNO.html#HCNO
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ammonium.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiN.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiC2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNO.html#HOCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2NCO+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCNS.html#HSCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NCCNH+.html
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SiS NH2 H2O2 CH3Cl                 

CS H3
+  C3H+                   

HF SiCN HMgNC                   

HD AlNC HCCO                   

FeO  SiNC                     

O2 HCP                     

CF+ CCP                     

SiH  AlOH                     

PO H2O+                     

AlO H2Cl+                     

OH+ KCN                     

CN– FeCN                     

SH+ HO2                     

SH TiO2                     

HCl+ C2N                     

TiO Si2C                     

ArH+ HS2                     

N2                       

NO+                        

NS+            

(Molecules in red have been observed since 2016)

https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiS.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NH2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2O2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MeX.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H3+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C3H+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HF.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiCN_SiNC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HMgNC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#AlNC
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCCO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/FeO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiCN_SiNC.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/O2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCP.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CF+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CCP.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SiH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/AlO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/PO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2O+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/AlO.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/H2Cl+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/OH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#KNC
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/CN-.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/MNC_MCN.html#FeCN
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HO2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/SH.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ti-Oxide.html#TiO2
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HCl+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/C2N.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Ti-Oxide.html#TiO
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/Si2C.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/ArH+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/HS2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/N2.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NO+.html
https://www.astro.uni-koeln.de/site/vorhersagen/molecules/ism/NS+.html
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Simultaneously with the above astronomic discoveries, amino acids and other 

complex organic molecules have also been detected in meteorites. Thus, a central 

question remains: how were these bio-organic molecules formed in space, and how could 

they survive passage through the Earth’s atmosphere to seed the Earth with the building 

blocks of life?  

Crystal’s recovered from a meteorite that fell near Zag Morocco in 1998, which 

has been dated as 4.5 billion years old, contain carbon-based compounds(Chan et al., 

2018). Scientist found a mixture of C, N and O bearing macromolecules including amino 

acids, imine, ketone and aromatics in millimeter-sized halite blue crystal inside the 

meteorites(Chan et al., 2018). Nucleobase analog also are detected in meteorites collected 

in Antarctica and Murchison in Australia. Nucleobase analogs are molecules that are 

structurally similar to the nucleobase we find in biology, but are different in that their 

structures are rare or even absent on the Earth. To confirm that these molecules are not 

contamination from sources on the Erath, the soil samples from the regions of these 

meteorite finds were analyzed. They did not show the same distribution of nucleobases 

in terrestrial soil samples as was found in the meteorites(Koga & Naraoka, 2017; Martins 

et al., 2008; Pizzarello & Shock, 2015).  

These examples are evidence that bio-organic molecules can survive the passage 

through the atmosphere during the heavy bombardment period of the early Earth. There 

is even evidence that some amino acids found in meteorites that were formed during 

Mars’ own bombardment period and arrived on Earth, which is believed to be evidence 

that either some form of life existed in the past on Mars(Glavin, Bada, Brinton, & 

Mcdonald, 1999), or that chemical processes that gives rise to biomolecules may have 

occurred on Mars. 

Blank et .al simulated the extreme pressure and temperature experienced by meteorites 

or small comets as they traverse the Earth’s atmosphere and impact on the surface by 

using a huge gas power gun (Blank, Miller, Ahrens, & Winans, 2001). The goal was to 

test whether or not biological molecules contained in meteorites or comets would survive 

or break down during impact. The samples consisted of a solution of five different amino 

acids, two of which are present in every living cell. The mixture is inserted into a steel 

capsule, and the gun sent a shock wave trough the capsule simulating the extreme 

pressures and temperatures of a meteorite impact. The results showed that the building 
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blocks of life can survive a crash landing on the Earth, and more saliently, some of 

products combined and larger molecules were formed(Blank, Miller, Ahrens, & Winans, 

2001). 

 

1.2.2 Panspermia 

When a rocky comet about the size of Mars collided with the Earth the outer layer 

of the Earth vaporized, the debris from this collision collected to form the Moon(Canup 

& Asphaug, 2001). That impact was so powerful that any buildings blocks of life that 

may already have existed on the Earth, e.g. formed in a Miller type reaction, or near 

hydrothermal vents, would have been destroyed. This gives rise to the notion that the 

ingredients of modern life did not form on the Earth at all but arrived subsequently from 

space, via smaller meteorite impacts. 

Thus, the second, and more recent paradigm for the origin of life’s building blocks 

favors an extraterrestrial origin in which various organic (pre-biotic) materials were 

formed in space and were brought to the Earth via meteorites and comets(Orgel, 1998). 

Panspermia assumes that life exist at least in one place in every galaxy and could be 

distributed to other planets; this is not necessarily advanced life forms life but simple life 

like microbes or bacteria. This hypothesis also assumes that microbes are able to survive 

in vacuum and under extreme temperatures, both cold and hot. 

 

1.2.3 How and under what conditions can life’s building blocks form in space 

environments. 

In modern astrochemistry it is proposed that organic and biological molecules 

form in space by radiation and thermal processing of simple molecular ingredients, e.g. 

in the Interstellar Medium (ISM) (Belloche, Müller, Menten, Schilke, et al., 2013) which 

is exposed to vast radiation fields, in the form of energetic photons, electrons, and ions. 

ISM describes the matter that surrounds, and fills the space between stars and represents 

≈10 % of the mass of a typical Galaxy. Its mass consists of about 99% gas, which is found 

in molecular, ionic and atomic forms, and is composed mainly of hydrogen, helium and 

some heavier elements (e.g., C, O, N, S), and 1% dust grains (Ioppolo, Cuppen, & 

Linnartz, 2011). Two different types of dust grains exist in space, carbon rich dust that is 

more like sod, and silicate rich dust that which is  more like sand(Greenberg, 2002). Dust 

has an important role to play in molecular clouds. The dust grains have icy mantles made 
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up of simple molecules (CO2, H2O, CH4, and NH3) and the surfaces of the grains can 

often contain organic molecules, detected by astronomical observation. A typical icy 

grain is made up of three parts (figure 1.2): a core, usually about 0.05 micrometers across, 

made of silicates, iron, and/or graphite, a mantle, which is about 0.5 micrometers across, 

containing atoms and molecules, which have frozen out, forming icy mantles, and the icy 

surface.  

 

 

Figure 1. 2 : Different parts of dust particle  

 

The icy mantle often contains CO2, H2O, CH4, NH3 and surface molecules can 

including organic molecules as well as O2,CO, H2, etc. (Burke & Brown, 2010). The 

chemical compositions of dust grains have been identified with both radio and infrared 

astrometry observations. Figure 1.3 shows an example of such a measurements: here the 

infrared spectrum of ices from object W33A showed that they contain H2O, CH3OH, 

CO2, CO, and to a lesser extent CH4, NH3, OCS, HCOOH, CH2O and OCNand solid-

state silicate materials(Boudin, Schutte, & Greenberg, 1998; Gibb et al., 2000; Burke & 

Brown, 2010). 
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Figure 1. 3 : Infrared spectrum of interstellar dust surrounding W33A Reprinted 

with permission from (Gibb et al., 2000) 
 

Certain type of dust particles also contain polycyclic aromatic hydrocarbons 

(PAHs) which are rings of carbon with hydrogen attached on the outside. When they 

absorb a photon, they will vibrate in specific modes and emit characteristic infrared 

photons(Seok, Hirashita, & Asano, 2014), which can be detected by infrared telescopes, 

both Earth and space based.  

Thus, astronomical observations have clearly established the presence of a large 

variety of polyatomic and bio-organic molecules, ions and radicals in space, both in the 

gas phase and in the solid state (Burke & Brown, 2010). The ISM is directly involved in 

the formation of stars, which gravitationally coalesce from the dust in the ISM. Newly 

formed stars, with very active cores, give rise to copies ionizing radiation, including UV, 

VUV, X- and gamma-rays, energetic electrons, protons and fast He, yet are still 

surrounded by residual gas and dust which in the accretion disc will form into planets, 

moons, and comets. The dust grains within dense molecular clouds have a temperature 

between 10 - 20 K and densities up to 106 atoms cm-3. At such temperatures, gas-phase 

molecules can freeze onto the surface of dust grains to form an icy mantle(Ioppolo, 

Cuppen, & Linnartz, 2011). Dust grains are exposed not only to stellar radiation fields, 

but also to Galactic cosmic radiation (this consists mainly of 87% protons (hydrogen 

nuclei), 12% alpha particles (helium nuclei), 1.3% heavy ions and 1% fast 

electrons)(Hellweg & Baumstark-Khan, 2007), most of which have relativistic energies. 
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In conclusion, based on the abundance of astronomical observations regarding (a) 

the preponderance of bio-organic molecules in space environments, (b) the state and 

distribution of matter and radiation in our galaxy, and indeed the universe, as well as (c) 

the geologic evidence for the Earth impact of biological molecule carrying meteorites, it 

has thus been proposed that the complex organic molecules, even those required for life, 

can be formed by the thermal and energetic processing of the dust grains and their icy 

mantles in space(Boamah et al., 2014). 

1.2.4 Modern experimental evidence: Astrochemistry 

 

The term Laboratory Astrochemistry describes a (comparatively) new discipline that 

seeks to understand the chemistry occurring in extra-terrestrial environments (e.g. in 

ISM, comets and planetary ices) by simulating such conditions within a laboratory 

setting. It may thus provide critical information to understand the possible formation (and 

destruction) pathways of pre-bioticbio-organic molecules in space. According to table 1, 

many larger molecules exist in space and have been detected. Now the question is how 

such complex molecules can be produced in space conditions from small simple 

molecules? One pathway is UV photochemistry, where UV photons dissociate the 

molecules on dust grains, and activate small molecular radicals which in turn react with 

each other, or neighboring intact molecules to form larger molecules. However, in 

addition to UV, there are several potential radiation sources that can induce interactions 

at the surfaces of ISM dust grains, or planetary satellites, to create complex molecules: 

Cosmic rays, which may also interact with molecular hydrogen in the ISM to generate 

secondary UV photons, X-rays produced by nearby young stars (Öberg, 2016), in 

addition to the stellar wind emanating from them. Furthermore, the interaction between 

high-energy radiation (e.g., λ-rays, X-rays, electrons, and energetic ions) and matter 

produces copious numbers (~ 4 ×104 electrons per MeV of energy deposited) of non-

thermal secondary low-energy electrons (LEEs) with energies less 100 eV (Boamah et 

al., 2014). LEE collisions in solids are very important in many contexts such as 

radiobiology, radiotherapy, surface science, material science, and astrophysics. LEE can 

efficiently induce bond ruptures and initiate the formation of highly reactive charged or 

neutral, atomic or molecular, fragment species via either (a) the various positive 

(dissociative) ionization channels, especially near the maximum for ionization cross 

sections (70 – 80 eV), or (b) the many bond specific resonant dissociative electron 



 

16 
 

attachment pathways that open at decreasing LEE energies near or below the ionization 

threshold and occur down to thermal energies (Bennett, Jamieson, Osamura, & Kaiser, 

2006; Boyer, Rivas, Tran, Verish, et al., 2016). Such LEE reactions may be important 

first steps in the formation of reactive transients who’s subsequent interactions lead to 

the creation of new, more complex organic species, including the basic building blocks 

of life. Thus, the experimental investigations of the interactions of LEEs and other 

secondary particles (ions and radicals) can help us to understand the latent chemistry 

induced by all high-energy radiations. 

To date, most laboratory studies that have attempted to investigate the chemistry 

occurring in interstellar or planetary ices, have used either high energy (keV to MeV 

range) particles, X-rays, or low energy photons. Thus, much experimental work in the 

field of laboratory astrochemistry has concentrated on processes initiated by UV 

radiation. In such experiments they often showed the formation of many prebiotic 

complex molecules, including amino acids, induced by UV photodissociation of pure 

films and mixtures of small molecules (O2, N2, CH3OH, CH4 and H2O) at very low 

temperature 10-100K(Öberg, 2016). This is relevant because many stars, embedded in 

the interstellar medium, e.g. star forming regions in dense molecular clouds, emit copious 

UV radiation, in addition to X-rays, while high-energy cosmic radiation generates UV 

emissions from the abundant H2 molecules, which in turn generate radicals such as H. 

and CH3O. that drive subsequent chemistry on the icy grains in the interstellar or 

circumstellar medium(Boamah et al., 2014). Moreover, Marla Moore et al., and others, 

showed that biological molecules, including the simplest sugar, glycolaldehyde, are 

formed in mixtures of CO and CH3OH at 20K which were irradiated by medium energy 

protons (0.8 Mev)(Hudson, Moore, & Cook, 2005), which in this case, due to their high 

LET, simulated more energetic cosmic rays. 

However, despite our understanding of the importance of secondary LEEs in high-

energy radiation (e.g., cosmic ray particles, stellar wind particles, as well as X and  rays) 

interactions with matter, the salient role of LEEs in the astrochemistry of bio-organic 

molecules has mostly been assumed, rather than studied. The crucial difference to UV 

photochemistry is that low energy electrons (LEEs)(Pimblott & LaVerne, 2007) of less 

than 100 eV, can excite very different electronic states in molecules than photons, and 

can exhibit much larger interaction cross sections. Thus, there is increasing interest in 

their potential role in the radiation processing of astrophysical ices(Boyer, Rivas, Tran, 
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Verish, & Arumainayagam, 2016). Similar to studies of UV, X-ray, or energetic particle 

induced astrochemistry, the interactions of secondary LEEs with astrophysical ices can 

be simulated in the laboratory by irradiating nanoscale thick sample ices at cryogenic 

temperatures under ultra-high-vacuum with energy selected electron beams, and 

observing the resulting chemistry with various surface analytical 

techniques(Arumainayagam, Lee, Nelson, Haines, et al., 2010). 

Previous work in our laboratory using LEE irradiation (Orgel, 1998) has reported 

the synthesis and desorption of new chemical species from simple molecular solid ices 

of several monolayer (ML) thickness. The ices consisted of small molecules such as 16O2, 

18O2, N2, CD4, and C2D2 which were condensed at 20K under ultra high vacuum 

conditions, and were irradiated by low energy (<60 eV) electrons. Measurements at very 

low fluence showed the prompt desorption of large cationic reaction/scattering products 

such as C2H5
+ from pure CH4 and H3O

+ and H3CO+ from films containing both CH4/O2 

respectively, while similar measurements from C2D2 films showed the formation and 

desorption of multi carbon cations, including benzene cations. The formation of such 

comparatively complex molecular species, by LEE-initiated cation-reactions in simple 

molecular films, supports the hypothesis that such mechanisms may lead to the synthesis 

of more complex molecular components for life, in planetary, or astrophysical ices 

subjected to space radiation, and indicates that LEE irradiation experiments can provide 

useful information about such processes(Boamah et al., 2014). 

As shown in this thesis, continuous from this previous study we began to 

investigate the physico-chemical reactions initiated in pure methane and mixed O2/CH4 

ices by low energy electrons (LEE) at 70 eV, and soft X-rays. We used multiple in situ 

analysis methods during and after irradiation, namely electron stimulated desorption 

(ESD) of anions, X-ray photoelectron spectroscopy (XPS), and temperature programmed 

desorption(TPD), to investigate the radiation driven chemistry and the formation of new 

more complex chemical species in icy films of varying composition. Our results, 

summarized in the three papers that will follow in subsequent chapters, show that LEE, 

even down to 10 eV, induce the production of numerous new chemical species from films 

containing methane, oxygen, ammonia, and carbon dioxide, where the new molecules 

contain both C-O and C=O, C-N, as well as O-C=O and multiple C-C bonds. Among the 

many new chemical species formed by LEE in the icy films, we highlight C3H6, C2H5OH 

and C2H6, as well as Glycine, the simplest amino acid building block of proteins. 

Moreover, we find that 70 eV electrons and 1.5 keV x-rays produce similar chemical 
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transformations in the simulated astrophysical ices, suggesting that secondary LEEs 

likely drive the chemistry in these ices irrespective of the primary radiation type 

 

1.3 Research goals for this thesis 

 

The general goal of my thesis research focuses on the physical and chemical 

changes induced in interstellar ice analogs using a range of observational and 

experimental techniques, with the main goal to study how larger, more biologically 

relevant, molecules can be synthesised from simple molecular ingredients, such as 

methane, ammonia, oxygen, and carbon dioxide. The fact is that there exist ubiquitous 

and fairly complex organic molecules in various space environments, and the work in 

this thesis is, from a broader perspective, intended to contribute to answering the question 

of how they were formed. Our work hopes to extend the many studies (Mason et al., 

2006; Ioppolo, Cuppen, & Linnartz, 2011; Moore & Hudson, 2005; Bossa, Theulé, 

Duvernay, Borget, et al., 2008; Hudson, R. L. , Moore, 1999; Huels, Parenteau, Bass, & 

Sanche, 2008; Öberg, 2009; Zheng & Kaiser, 2010; Kim & Kaiser, 2011; Holtom, 

Bennett, Osamura, Mason, et al., 2005; Bennett, Jamieson, Osamura, & Kaiser, 2006; 

Nuevo, Auger, Blanot, & D’Hendecourt, 2008; Pilling et al., 2012; Lee, Kim, Moon, 

Minh, et al., 2009; Furukawa, Nakazawa, Sekine, Kobayashi, et al., 2015; Elsila, 

Dworkin, Bernstein, Martin, et al., 2007; Belloche, Müller, Menten, Schilke, & Comito, 

2013) of how complex organic molecules can be formed in space environments by UV 

and energetic particle radiation and possible uncover basic physical LEE driven processes 

that generate the type of molecules that are observed in space. 

The more specific goals of the research presented here is to build on previous 

work in our laboratory, which focused exclusively on desorption, by extending the 

previous measurements to: 

(1) new complex molecules that do not desorb, but accumulate in the films and remain 

after electron irradiation, 

(2) “delayed” versus “prompt” negative ion desorption as evidence of new molecules 

(3) in situ detection of new molecules by surface science methods (XPS, TPD), 

(4) investigate a larger energy range of electrons (0 to 70 eV), 

(5) study the effects of X-rays versus electrons (a minor goal ), 
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(6) measure product “quantum yields” for the formation of new molecules formed in the 

films by LEE (i.e. yield/electron, as related to a relative cross section), 

(7) measure the product yield of newly formed molecules vs. dose rate and dose. 

In this project different pure and mixture films of very simple molecules including 

CO, CO2, NH3, CH4, N2O, C2D2, 
13CO2, 

15NH3, 
18O2, and 16O2 were used to highlight the 

chemistry induced by LEE, and show that the exposure of such seemingly simply 

molecular ingredients, which exist abundantly in space environments, to LEE can lead to 

the formation of more complex final products.  

In the following chapter 2, I will describe the experimental technique that I used 

and indicate how I modified the system apparatus to yield more reliable results, and lower 

background signals, specifically for the TPD measurements. After that, in the three 

chapters that follow (three papers, two published, and one in preparation), I will discuss 

our experiments with mixtures of methane and oxygen using ESD, TPD, and XPS, 

followed by our LEE experiments on pure films and mixtures of methane, ammonia, and 

carbon dioxide where we identify glycine as a major product using TPD, and finally the 

3rd paper which show our XPS results for LEE irradiated pure and mixture films of 

methane, ammonia and carbon dioxide, which confirmed the formation of new chemical 

bonds of molecules other than glycine, and also the formation of new negative and 

positive fragments that desorb during ESD.  
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ARTICLE 1 

 

Synthesis of complex organic molecules in simulated methane rich astrophysical ices  

 

Auteurs de l’article: Sasan Esmaili, Andrew D. Bass, Pierre Cloutier, Leon Sanche, and 

Michael A. Huels 

 

 

Statut de l’article: Published in J. Chem. Phys. 2017, DOI: 10.1063/1.5003898)  

Reprinted with permission from AIP Publishing and Copyright Clearance  

 

Center.Avant-propos: I did experimental work. I am responsible for writing in the first 

few drafts of the manuscript and contributing in the final version of paper. 
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Abstract : 

It has been proposed that organic molecules required for life on Earth may be formed by 

the radiation processing of molecular ices in space environments, e.g. within our solar 

system. Such processes can be studied in the laboratory with surface science analytical 

techniques, and by using low energy electron (LEE) irradiation to simulate the effects of 

the secondary electrons that are generated in great abundance whenever ionizing 

radiation interacts with matter. Here we present new measurements of 70 eV LEE 

irradiation of multilayer films of CH4, 
18O2 and CH4/

18O2 mixtures (3:1 ratio) at 22 K. 

The electron stimulated desorption (ESD) yields of cations and anions have been 

recorded as a function of electron fluence. At low fluence the prompt desorption of more 

massive multi-carbon or C-O containing cationic fragments agrees with our earlier 

measurements. However, new anion ESD signals of C2
, C2H, and C2H2

 from CH4/
18O2 

mixtures increase with fluence, indicating the gradual synthesis (and subsequent electron 

induced fragmentation) of new, more complex species containing several C and possibly 

O atoms.  Comparisons between the temperature programed desorption (TPD) mass 

spectra of irradiated and unirradiated films show the electron induced formation of new 

chemical species, the identities of which are confirmed by reference to the NIST database 

of electron impact mass spectra and by TPD measurements of films composed of the 

proposed products. New species observed in the TPD of irradiated mixture films, include 

C3H6, C2H5OH and C2H6. Furthermore, X-ray photoelectron spectroscopy of irradiated 

films confirms the formation of C-O, C=O and O=C-O- bonds of newly formed 

molecules. Our experiments support the view that secondary LEEs produced by ionizing 

radiation drive the chemistry in irradiated ices in space, irrespective of the radiation type. 

Key Words: 

Electron induced chemistry, Prebiotic chemistry, Astrophysical ices, TPD, ESD, XPS 
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Abstract : 

It has been proposed that organic molecules required for life on Earth may be formed by 

the radiation processing of molecular ices in space environments, e.g. within our solar 

system. Such processes can be studied in the laboratory with surface science analytical 

techniques, and by using low energy electron (LEE) irradiation to simulate the effects of 

the secondary electrons that are generated in great abundance whenever ionizing 

radiation interacts with matter. Here we present new measurements of 70 eV LEE 

irradiation of multilayer films of CH4, 
18O2 and CH4/

18O2 mixtures (3:1 ratio) at 22 K. 

The electron stimulated desorption (ESD) yields of cations and anions have been 

recorded as a function of electron fluence. At low fluence the prompt desorption of more 

massive multi-carbon or C-O containing cationic fragments agrees with our earlier 

measurements. However, new anion ESD signals of C2
, C2H, and C2H2

 from CH4/
18O2 

mixtures increase with fluence, indicating the gradual synthesis (and subsequent electron 

induced fragmentation) of new, more complex species containing several C and possibly 

O atoms.  Comparisons between the temperature programed desorption (TPD) mass 

spectra of irradiated and unirradiated films show the electron induced formation of new 

chemical species, the identities of which are confirmed by reference to the NIST database 

of electron impact mass spectra and by TPD measurements of films composed of the 

proposed products. New species observed in the TPD of irradiated mixture films, include 

C3H6, C2H5OH and C2H6. Furthermore, X-ray photoelectron spectroscopy of irradiated 

films confirms the formation of C-O, C=O and O=C-O- bonds of newly formed 

molecules. Our experiments support the view that secondary LEEs produced by ionizing 

radiation drive the chemistry in irradiated ices in space, irrespective of the radiation type. 

Key Words: 

Electron induced chemistry, Prebiotic chemistry, Astrophysical ices, TPD, ESD, XPS 
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1.Introduction:  

 

 

Considerable research is presently focussed onto the origins of the molecular diversity 

observed in the interstellar medium (ISM)[1], [2] and in objects such as comets and 

meteorites [2]–[4]. This interest is at least partly related to the implications of this 

diversity in the formation of pre-biotic molecular species, and hence, the origin of life on 

our and other planets. Over 280 different molecular species have been identified in the 

ISM of our galaxy[5], ranging from simple (and abundant) diatomics such as H2 and CO, 

to rarer, complex organic molecules such as C2H5OCHO , H2NCH2COOH and HC11N 

[5], [6].  

It has been suggested that complex, prebiotic molecular species may be produced 

by radiation and/or thermal processing of various astrophysical ices, such as the mantles 

that condense around dust grains within dense and cold (10-20 K) molecular clouds of 

the ISM[1], or, more relevant here, on the surfaces of icy bodies within the solar system 

(comets, planets and their satellites)[7].  Such ices are exposed to multiple radiation 

fields, often in the presence of intense magnetic fields (e.g. Io) which tend to accelerate 

charged particles from the solar wind toward the satellite surfaces. Dust grains in dense 

molecular clouds are exposed to high intensities of ultraviolet (UV)  irradiation from the 

young and hot stars that are formed in these stellar interstellar nurseries and also to (a) 

X-rays, electrons and ions from either coronal mass ejections, or just part of the stellar 

wind, and (b) galactic cosmic radiation [8]. More importantly for the present study, 

planetary ices, like those observed for some of the satellites of Jupiter and Saturn[7], are 

exposed to energetic photons and charged particles of solar and galactic origin, the 

intensity of which can be enhanced via their interactions with planetary magnetic 

fields.[9]  
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When high-energy radiation (e.g., -rays, X-rays, electrons, and energetic ions) 

interact with matter they produce copious numbers (~ 4 ×104 electrons per MeV of energy 

deposited) of non-thermal secondary low-energy electrons (LEEs). Calculations indicate 

these latter are produced with energy distributions that exhibit modal energies of ~10 eV, 

and mean energies of a few tens of eV. Almost all secondary electrons have energies less 

than 100 eV) [10] which for the purposes of this article represents the upper energy limit 

for LEE. Studying the interactions of LEEs with condensed molecules at low 

temperatures can thus help us to identify novel chemistry[11] and to better understand, 

the radiation chemistry that follows the primary action of high energy radiation fields[12] 

. While many laboratory studies that have attempted to investigate the chemistry 

occurring in astrophysical ices have used high energy particle irradiation or UV[11], there 

is increasing interest in the possible role of secondary electrons LEEs in such 

chemistry[13]. Our previous work using LEE irradiation [14] has reported the synthesis 

and prompt desorption of new chemical species from simple molecular ices of several 

monolayer (ML) thickness. The ices consisted of small molecules such as 16O2, 
18O2, N2, 

CD4, and C2D2, which were condensed at 20K under ultra-high vacuum conditions, and 

were irradiated by low energy (<60 eV) electrons. Measurements at very low fluence 

showed the prompt desorption of large cationic reaction/scattering products (e.g. C2H5
+ 

from pure CH4, CnDm
+ (n,m = 2-6) from C2D2 films, and H3O

+ and H3CO+from films 

containing both CH4/O2)[14]. The formation of such comparatively complex molecular 

species, including benzene, by LEE-initiated cation-reactions in simple molecular films, 

supports the notion that such mechanisms may lead to the synthesis of similarly complex 

molecules in astrophysical ices subjected to space radiation, and indicates that LEE 

irradiation experiments can provide useful information about such processes. However, 

this latter study focused mainly on prompt desorption of new molecular cationic species, 
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formed during LEE irradiation, and did not investigate either (1) processes that lead to 

formation and desorption of new negative ion species during extended times of LEE 

impact, and (2) what new molecules are formed by LEE, and which remain in the films, 

that can be studied by various post-irradiation analysis techniques such as X-ray 

photoelectron spectroscopy (XPS), or temperature programed desorption (TPD) mass 

spectroscopy of molecules. 

Here we use multiple in situ surface science techniques to study such LEE induced 

chemistry in films containing CH4 and O2. Methane is a commonly encountered species 

in the ISM[15] and on bodies throughout the solar system[16]. Molecular oxygen forms 

in the eject of Pop III progenitor supernovae [17], and there is spectroscopic evidence for 

condensed O2 on satellites such as Ganymede[18], Europa and Callisto[19], on which 

condensed methane is also reported [20]. Our measurements presented here show that 

prolonged LEE irradiation of simple molecular ices can lead to the formation of potential 

biotic precursors that reveal their presence in slowly growing anion desorption yields, as 

well as in the XPS and TPD spectra from LEE and X-ray irradiated icy solids. 

Comparisons between the TPD mass spectra of LEE irradiated and unirradiated films 

allow us, with the NIST database as a reference for electron impact mass spectra, to 

tentatively identify some of the products formed in the films by LEEs. Such assignments 

are supported by TPD measurements of pure and mixture films composed of potential 

products. New species observed in the TPD of irradiated pure films include, among 

others, C3H6, C2H6, and C2H5OH for mixture films. XPS furthermore confirms the 

formation of C-O, C-C, C=O and COO- bonds in the newly formed irradiation products 

that remain in the molecular ices after irradiation.  
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2. Experimental method: 

All experiments were performed in an Ultra High Vacuum (UHV) system maintained at 

a base pressure of ~6×10-11 Torr by an ion-pump. For the present work, sample films 

were formed by vapor deposition onto a Pt-foil substrate, the temperature of which can 

be controlled between 22K and 300 K with a recently added closed-cycle He cryostat and 

resistive heating elements. Film cryogenic temperatures were estimated from 

measurements with  a Chromel/gold  thermocouple attached to the cryostat. When the 

cryostat is in thermal equilibrium with a cold target, the Chromel/Au thermocouple 

temperature is estimated to be equal or slightly higher than that of the Pt substrate foil at 

the end of the cold finger. This Pt substrate was cleaned between experiments by resistive 

heating of the foil to 900 C as monitored with an optical pyrometer. It is noted that during 

resistive heating the thin Pt substrate foil slightly expands and temporarily loses thermal 

contact with the underlying ceramic insulator (itself in close contact with the cryo head), 

such that the thermal load on the cryo head is minimized, as verified by the Chromel/Au 

thermocouple which indicates only a slight increase of a ~3 K or so during resistive 

heating. The thickness of sample films condensed onto the substrate is expressed in 

monolayers (ML) and is determined by a volumetric dosing procedure with an absolute 

accuracy of ~ 30% [21], [22], and a repeatability of about 0.2 ML[23]. Films of pure 18O2 

(97.4% isotopic purity, MSD isotopes.), CH4 (99.99% Matheson), and films containing 

mixtures of the two gases, were deposited at 22 K. The composition of mixture films was 

characterized by the ratio of the partial pressures in the gas-handling manifold, prior to 

film deposition (e.g., 18O2/CH4 (1:1)). In most experiments (and unless indicated 

otherwise) films of 25 ML were used. We chose the 18O2 isotope to avoid parasitic signals 

from 16O containing vacuum contaminants in mass spectrometric measurements. Sample 

films were irradiated isothermally at 22K with 70 eV electrons generated from an electron 



 

28 
 

gun (Kimball Physics ELG-2). The energy resolution of this beam is approximately 0.5 

eV. Typical transmitted electron beam currents, measured on the clean Pt foil, were of 

the order of 130nA. When focused into a spot of ~50 mm2
 area, as determined by 

measurements with a fluorescent phosphor plate, this current corresponds to a flux of ~15 

x1011 electrons s-1cm-2.  

The LEE-induced chemistry occurring during irradiation was analysed in-situ by Electron 

Stimulated Desorption (ESD). Post-irradiation analysis was performed by X-ray 

Photoelectron Spectroscopy (XPS), as previously been described [24], and by 

Temperature Programmed Desorption (TPD) [12].  With the latter two techniques, it was 

necessary to electron-irradiate entire samples, which required oscillatory voltages to be 

applied to the deflector plates at the exit of the electron gun, to raster the electron beam 

across a larger area of ~1cm2. The transmitted current in the raster mode was ~80nA 

giving an electron flux of ~ 5 x1011 electrons s-1 cm-2.  

To identify, or otherwise characterize, new electron-induced products seen in TPD and 

XPS measurements, sample films containing candidate products were also analysed by 

these two techniques. A list of candidate molecules, their stated purity and supplier are 

given in Table 1. 
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Table 2. 1: Candidate products evaluated in this study by both XPS and TPD 

experiments. 

Possible candidate for new products 

formed in pure methane during irradiation 

Additional candidate for new products formed in 

mixtures of 18O2/CH4 during irradiation 

Formula Name purity supplier Formula Name purity supplier 

C2H6 Ethane 99% MSD CH3OH Methanol 99.9%  Fisher 

Chemical 

C3H8 Propane 98% Cambridge CH2O Formaldehyde Solution 

37%  

Fisher 

Chemical 

C2H2 Acetylene 99% Praxair C2H5OH Ethanol 95%  Green Field 

Inc 

C4H10 Butane 99% Matheson C2H4O Acetaldehyde 99.99%  Sigma 

Aldrich 

C2H4 Ethylene 99.7% MSD CH3OCH3 Dimethyl ether 99% Matheson 

C3H6 Propylene 99.9% Matheson C2H4O2 Acetic acid 99.7% Sigma 

Aldrich 

 

 

2.1. Electron Stimulated Desorption ESD 

The term ESD describes the desorption of charged or neutral atomic and molecular 

species from materials during electron irradiation. “Prompt” desorption refers to the 

ejection into vacuum of charged and neutral species via processes such as molecular 

dissociation or reactive-ion molecule scattering [11], [12], [25], [26] from “fresh” sample 

films. After extended periods of electron irradiation, the ESD signals may change as the 

original molecular constituents of the film are destroyed and new molecules are 

https://www.google.ca/search?biw=1507&bih=702&q=dimethyl+ether+formula&stick=H4sIAAAAAAAAAGOovnz8BQMDgxkHnxCnfq6-gVGRQXqOlnp2spV-ckZqbmZxSVElhJWcmBOfnJ9bkF-al2KVll-UW5qTaHrxUcmmj6f28OcUSpYHbHX-tvToawBhz1FFUwAAAA&sa=X&sqi=2&ved=0CJgBEOgTKAAwF2oVChMI5uuo8rONxwIVixaSCh2iqAno
https://www.google.ca/search?biw=1507&bih=702&q=dimethyl+ether+formula&stick=H4sIAAAAAAAAAGOovnz8BQMDgxkHnxCnfq6-gVGRQXqOlnp2spV-ckZqbmZxSVElhJWcmBOfnJ9bkF-al2KVll-UW5qTaHrxUcmmj6f28OcUSpYHbHX-tvToawBhz1FFUwAAAA&sa=X&sqi=2&ved=0CJgBEOgTKAAwF2oVChMI5uuo8rONxwIVixaSCh2iqAno
https://www.google.ca/search?biw=1507&bih=702&q=dimethyl+ether+formula&stick=H4sIAAAAAAAAAGOovnz8BQMDgxkHnxCnfq6-gVGRQXqOlnp2spV-ckZqbmZxSVElhJWcmBOfnJ9bkF-al2KVll-UW5qTaHrxUcmmj6f28OcUSpYHbHX-tvToawBhz1FFUwAAAA&sa=X&sqi=2&ved=0CJgBEOgTKAAwF2oVChMI5uuo8rONxwIVixaSCh2iqAno
https://www.google.ca/search?biw=1507&bih=702&q=dimethyl+ether+formula&stick=H4sIAAAAAAAAAGOovnz8BQMDgxkHnxCnfq6-gVGRQXqOlnp2spV-ckZqbmZxSVElhJWcmBOfnJ9bkF-al2KVll-UW5qTaHrxUcmmj6f28OcUSpYHbHX-tvToawBhz1FFUwAAAA&sa=X&sqi=2&ved=0CJgBEOgTKAAwF2oVChMI5uuo8rONxwIVixaSCh2iqAno
http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB0QFjAAahUKEwjl4qnik4jGAhUEfJIKHbASAGg&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAcetic_acid&ei=08N5VaUthPjJBLClgMAG&usg=AFQjCNF8sUgWbw7cXy49pd6Qxlhih2cBGQ&bvm=bv.95277229,d.aWw
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synthesised [11], [12], [27], [28]. In the present experiments, a quadrupole mass 

spectrometer (QMS) is used to monitor the yields of desorbed cations and anions. 

In a typical ESD experiment, the Kimball Physics ELG-2 electron source was focussed 

into a spot of ~50 mm2. Desorbed ions were detected with an Extrel QMS mounted 

normal to the sample surface at a distance of ~1.5cm. Custom made ion optics positioned 

at the entrance of the QMS, increase the ion detection efficiency. 

2.2. X-ray Photoelectron Spectroscopy XPS 

XPS is a standard surface science technique in which the yields and energies of x-ray 

photoelectrons ejected from the core levels of surface atoms are measured to provide 

information on their chemical state. [29] The kinetic energy of photoelectrons, ejected 

under irradiation with X-rays of known wavelength, are measured to determine their 

initial atomic binding energy. This latter is modulated by the number and nature of the 

chemical bonds shared by the original atom. The short mean-free path of photoelectrons 

limits the depth of sample films probed by XPS to a few nm[30]. 

In this study, XPS measurements were performed following periods of electron 

irradiation to assess changes in the chemical state of O and C atoms within the film. 

Samples were electron irradiated using the ELG-2 gun in raster mode. XPS 

measurements were performed with a standard non-monochromatized Al kα source 

(1486.6 eV) operated at a power of 350 W and incident on the sample at an angle 45% 

with respect to the surface normal. This X-ray source, operating under identical 

conditions, was also used as an alternative radiation field in other experiments to assess 

sample degradation during XPS measurements, and to simulate the effects of higher 

energy primary radiation.  The photoelectron energy analyser was positioned along the 

sample normal.  The Spectra were analyzed using the XPS peak data analysis freeware 
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[31] that provides background subtraction and peak-fitting with Gaussian-Lorentzian 

line–shapes. 

 

 

2.3. Temperature Programmed Desorption TPD 

 

TPD uses mass spectrometry to measure the yields of neutral molecular species desorbed 

from sample films as the substrate temperature is increased [32]. Molecular species 

desorbing from the film exhibit distinctive sublimation temperatures, characteristic of the 

type and strength of their interactions within the film and with the surface. This property, 

together with the measurement via the quadrupole mass spectrometer of  characteristic 

mass spectra (or “cracking patterns”) permit the identification of reaction products in 

irradiated molecular solids. [12], [33], [34].   

Here, TPD measurements were performed using the same QMS employed for the 

ESD experiments, which includes a low profile, high transmission electron impact ionizer 

that permits the detection of neutral species as previously described [35]. It is noted that 

during ESD experiments the electron filament in this low profile ionizer is turned off. 

TPD experiments proceeded by irradiating sample films at 22K using the electron gun in 

raster mode. Subsequently, the cryostat was stopped and the substrate temperature raised 

to 220K by resistive heating at 25 W. During this time, the thermal desorption of 

molecular species from the film was monitored with the QMS with the ionizer turned on. 

A bias voltage was applied to the sample to repel the 70 eV electrons used in the ionizer 

of the QMS. The TPD data was analysed to identify plausible irradiation products. 

Whenever possible, TPD measurements were performed on un-irradiated films 
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containing specific candidate products to assist our identification of products generated 

in our films. Some TPD measurements were obtained with a modified system. In brief 

these modifications included i) temperature measurement with a chromel-alumel 

thermocouple spot-welded directly to edge of the Pt-foil; ii) the direct resistive heating 

of the substrate with DC currents of up to 7A delivered from a floatable power supply 

(Kepco ATE 25-10M); iii) the control of the heating process to achieve a linear heating 

rate of 10 K/min via a custom LabVIEW program. 

 

3. Results and Discussion 

3.1  Electron stimulated desorption of anions 

In this section, we present ESD measurements showing the evolution of new anion 

desorption signals, which demonstrate that in the combined presence of O2 and CH4, 

electron irradiation leads to the synthesis and gradual accumulation of new molecular 

species. Figure 2.1 shows two regions from the mass spectra of  anions desorbed under 

electron impact from films of a) CH4, b) O2 and c) a 1:3 mixture of 18O2/CH4, respectively. 

Here, the ESD spectra were measured at 70 eV incident electron energy after the films 

were preirradiated with a fluence of ~1.05x1015 electrons.cm-2 (also at 70 eV). At such 

energies, the anion signals represent molecular fragments generated by (1) primary 70 

eV electrons, through  the dipolar dissociation (DD) process [36], which simultaneously 

produces both an anionic and a cationic fragments, or (2) lower energy secondary 

electrons, again via DD or by dissociative electron attachment (DEA), which leads to the 

formation and desorption of an anionic and neutral fragment(s) [36]. The chosen incident 

energy is comparable to that of 60 eV used in our earlier study of the ESD of cations via 

LEE induced ion-molecule reactions [14]; no additional LEE-driven processes are 

expected at the slightly higher energy, since these must proceed via identical dissociation 
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mechanisms and/or by the creation of secondary electrons of similar lower energies. 

However desorption yields were observed to be slightly higher at 70 eV than at 60 eV 

(i.e. by ~10%).  

In LEE irradiated films of pure CH4, (Fig 2.1a) the only anion signals observed below 30 

amu are C, CH and CH2
. These signals are observed to increase only slightly with 

increasing fluence. The yields of anions from 18O2 films (fig1b) are dominated by 18O 

(not shown), though at high magnification, weak signals associated with other isotopes 

of oxygen are observed ( i.e., 16O) as well as  18O2
 ions at  36 amu and 18O16O at  34 

amu, which are likely the result of reactive scattering [37]. Some C signal from vacuum 

contamination, possibly CO, is also apparent (Fig 2.1b). Interestingly, during extended 

electron irradiation of the 18O2/CH4 mixture (Fig 2.1c) the yields of C, CH and CH2
  

increase steadily with fluence and new peaks gradually appear at higher mass. These new 

anion species are absent entirely from pure CH4 and pure 18O2 films and are assigned as 

C2
, C2H and C2H2

.  

The mass range used in figure 2.1 was chosen made to exclude the strong signals of 18O- 

and 18OH- that derive from 18O2 and the reactions of 18O- with CH4 (Bass, Parenteau, 

Huels, & Sanche, 1998).  In the films containing methane and O2. These signals are order 

of magnitude higher than for the anions reported here. The O- and OH- signals from 

possible H2O contamination are known to be minor channels in the anion ESD from water 

films(Rowntree, Parenteau, & Sanche, 1991; Pan, Abdoul-Carime, Cloutier, Bass, et al., 

2005) and in any case, for the mass 16 channel it is overlapped by the ESD signal of 16O- 

from this impurity isotope in the 18O2 sample. 

 



 

34 
 

0.0

0.5

C


2

a)

 

 

 

 

Mass (amu) 

0.0

0.5

 

In
te

n
s
it
y
 (

x
1

0
3
 c

o
u
n
ts

)

b)

10 12 14 24 26 28 30

0

2

4

6

8

c)

C
2
H



2

C
2
H



CH


2

CH


 

 

C


 

Figure 2. 1:The electron stimulated desorption at 70 eV of anions with mass between 

10-15 and 23-30 amu, from 20ML thick films of  a) pure CH4 b) pure 18O2 and c) 1:3 
18O2/CH4 mixture, following pre-irradiation at 70 eV for ~700s (fluence of ~ 1x 1015 

electrons.cm-2)  
 

Figure 2.1 shows in greater detail how the desorption yields of such anions (i.e., 

CH, CH2
, 18O C2

, and C2H) from a 20 ML thick 18O2:CH4 (1:3) ice film, vary with 

electron fluence (corresponding to increasing irradiation time at a constant flux of 5 x1011 

electrons.s-1cm-2). In all cases, complex behaviors are observed during extended 

irradiation. For most fragments, electron impact induces an immediate, transient decrease 

in anion desorption signal. This is seen most clearly in signals that can be linked to un-
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reacted O2 (i.e., 18O) and CH4 (i.e., CH and CH2
).  The anion signals do not decrease 

in a simple exponential fashion that would correspond to the simple removal or 

destruction of the source molecules from the film [38]. Rather, the fluence-response 

curves display distinctive structure.  
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Figure 2. 2 : Variation with electron fluence at 70 eV, in the ESD signals of several 

of the anions indicated in Fig 2.1; measured from a 20 ML film of 18O2/CH4 1:3 

mixture. 
 

 

For example, maxima are observed in the fluence-response curves for CH2
 at 

fluence close to ~0.6×1015 electrons.cm-2 and in that of 18O, at 0.4 ×1015 electrons.cm-2.  
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No maximum is present in the yield of CH
, though subtle structure can be discerned. The 

yields of C2-containing species, specifically C2Hand C2
 reach maxima at longer 

fluence; i.e., at ~1 ×1015 electrons.cm-2 for C2H and at ~2.5×1015 electrons.cm-2 for C2
. 

We also observed a similar behavior for the desorption of C2H2
which as shown in Fig 

2.1 is clearly a desorption product from electron-irradiated 18O2/CH4 films. Unfortunately 

this signal was superimposed on a background from CN-containing contaminants, 

generated in other experiments (performed between the measurements presented in 

Figures 2.1 and 2.2) and so this data is not presented here.  

We note that the production of C2OH5
 in cation ESD has already been reported (Huels, 

Parenteau, Bass, & Sanche, 2008) from films of CH4:
18O2, so that the possibility that 

molecules containing C and O being synthesized during electron irradiation is well 

founded. Given the relatively intense signal of O- from O2 (and OH- from reactive 

scattering of O- ions with CH4), the contributions to these channels from the dissociation 

of newly synthesized CO containing molecules are expected to be difficult to observe. 

The desorbed C2Hn
- ions are probably minor channels but since confounding signals are 

absent, they represent a convenient signature of chemical change in the film. 

Collectively, the data of Fig 2.2 show increases in ESD signal for the C2
 C2H, 

18O, and CH anions at elevated fluence. This suggests that these yields contain 

contributions from the dissociation of “new” larger molecular species that are synthesised 

and gradually accumulate at the film surface by electron-induced reactions between CH4 

and 18O2 (or their fragments), i.e. reactions which according to Fig 2.1a, do not occur 

when oxygen is absent from the target film. Three regions of distinct chemistry can be 

identified in Fig 2.2; At lowest fluence (<~0.6x1015 electrons.cm-2, the fluence response 

curves is dominated by the loss of unreacted 18O2 and CH4, as evidenced by the rapid 

decrease in the yield of 18O, CH and CH2
. Furthermore, initial reactions between 18O2 

and CH4 fragment species produce new species for which the electron impact cross 



 

37 
 

sections for desorption of the latter fragments can be larger giving rise to the maxima 

between ~0.5x1015 and ~2.5x1015 electrons.cm-2. Assuming that desorbed anions are the 

result of molecular fragmentation,  kinetic energy considerations indicate that the 

desorption of anions containing two C atoms requires that the newly synthesised parent 

species in the film contain at least 2 C atoms plus an additional C and/or O atom(s). This 

is because to desorb from a film an anion must have sufficient kinetic energy to overcome 

surface induced polarisation [39], typically this is of the order of 0.5 to 1 eV. When a 

molecule undergoes binary dissociation, available kinetic energy is distributed in inverse 

proportion to the reduced mass of the fragment species [40]; the lighter the fragment 

relative to the molecule’s initial mass, the greater the kinetic energy it receives. Thus, the 

observation of fragments containing two C-atoms having sufficient KE to desorb, is 

strong evidence that more massive species have been created in the film. Unsurprisingly, 

such fragments begin to appear at slightly higher fluence after the creation of the first C-

C and C-O containing species.  

Since the ESD signals of C2
 and C2Hare only observed from samples 

containing both CH4 and O2, it is reasonable to assume that the LEE-synthesized 

molecules from which they originate contain O atoms. Why then is there no increase (or 

modulation) in the yields of O containing fragments, other than Oobserved? The reason 

is almost certainly linked to the negative electron affinities (EA) of CO (-1.37 eV) [41] 

and CO2 (vertical EA of -3.8 eV and adabatic EA of -0.6 eV)[42], which mitigate against 

the formation of such fragments during molecular dissociation via DEA or DD. 

Generally, the inclusion of high electron affinity O atoms within an organic molecule 

increases the possibility that a negatively charged fragment may be formed upon 

dissociation. For example, while DEA to hydrocarbon molecules producing H and CxHy
 

anions, is observed to occur exclusively via high-lying Feshbach resonances,[43], [44], 
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the addition of an O atom, to form an alcohol or ether, modifies the electronic structure 

and permits DEA at lower electron energies via both shape and Feshbach 

resonances.[45], [46] While the dominant anionic fragments from such resonances 

usually contain the O atom, stabilization of the excess electron on other fragments species 

should be possible if they possess a positive electron affinity (i.e., the case of H from 

DEA to various alcohols[45]). Our previous measurements on the prompt desorption of 

positively charged species from O2/CH4 mixtures unambiguously demonstrated the 

formation of molecular products containing C and O[14]. 

Additional ESD experiments, similar to those of Fig 2.2, were performed on 20 

ML thick films at 18O2 concentrations of 0%, 15%, 25% 50% and 100% (Fig 2.3.). The 

maximum ESD yields and the fluences at which they are observed, depend strongly on 

the percentage concentration of O2. The variation of maximum ESD yield with O2 

concentration is shown explicitly in Figure 2.3. The largest ESD yields were observed at 

O2 concentrations between 25% and 50% corresponding to 18O2:CH4 composition ratios 

of between 1:3 and 1:1, the former value being used throughout our experiments.  
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Figure 2. 3: The variation of the ESD yields of C2H- anions with electron fluence, 

for 20 ML thick films of varying CH4/O2 composition. The inset shows the maximum 

yield (peak value) of the ESD yield as a function of O2 concentration in the film. 

 

 

3.2      X-ray photoelectron spectroscopy (XPS) 

Our anion ESD results indicate that new, more complex molecules are synthesized 

in the films by electron impact, and accumulate and remain in the films, at least at their 

surfaces. However, the molecular anions we see desorbing at high fluence are clearly 

electron impact induced fragments of even larger molecules, which are formed by 

electron induced ion/radical reactions with surrounding molecules. Thus, further 

information on the new chemical species that accumulate in the films, or at their surfaces, 
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can be obtained via changes in the kinetic energy spectra of photoelectrons that are 

ejected during soft X-ray irradiation. In the present section, we present results of such 

XPS measurements, which clearly show the formation of new chemical bonds involving 

either C-O or C=O bonds. 

The evolution of O1s XPS signal from a 25 ML thick film of an 18O2/CH4 (1:3) mixture 

film held at 22 K during film exposure to 70 eV electrons  (~5×1011 electrons s-1 cm-2) is 

shown in figure 2.4. The indicated tir refers to the electron irradiation time for a fresh film 

prior to the start of the 15 min XPS data acquisition of the O1S XPS spectrum.  The latter 

can be resolved into two peaks, P1 (539.55 eV) and P2 (538.40 eV) consistent with 

unreacted O2 which, due to its paramagnetic nature, presents a ‘doublet’ structure (here 

unresolved) in its physisorbed state [47]. A separate film was prepared for each electron 

irradiation experiment in Figure 4; each curve in Figure 4 is thus representative of a film 

subjected to a single analytic XPS scan following electron irradiation at the indicated tir. 

As seen in Figure 2.4 electron irradiation leads to a broadening of the overall O1s 

feature to lower binding energies and to a new structure at even lower binding energies. 

Under electron irradiation, the intensity of the P1 and P2 structures decreases and new 

signals at binding energies of 535.81 eV (P3) and 533.65 eV (P4) increase. These new 

peaks are readily apparent after only 30 min of electron irradiation. The intensities of 

these peaks are plotted as a function of tir in Fig. 2.4b. The evolution of the O1s XPS 

signal from a similar film, during 12 hours of continuous exposure to X-rays (generated 

under similar operating conditions as during the analytic XPS measurements of Figure 

2.4), was also monitored. These results are presented as part of the supplemental material 

in Figure SM1. Very similar behaviors, i.e., the loss of P1 and P2, and the appearance of 

P3 and P4, are observed under both electron and X-ray irradiation. However ~ 12 hours 

of X-ray irradiation were required to achieve the same effect as 60 mins of electron 
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bombardment. While no definitive statement concerning the relative cross sections for x-

ray or electron-induced damage can be made, such data clearly indicate that X-ray 

induced damage during (the much shorter 15 min) analytic XPS measurements of 

electron irradiated films should not be expected to introduce significant additional 

damage. 
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Figure 2. 4: For 25 ML thick 18O2/CH4 1:3 mixture films, a) the evolution of O1s 

signal under electron irradiation for periods ‘tir’ at 70 eV (~5×1011 electrons s-1 cm-

2). Peaks P1 and P2 are fitted to the O 1s signal from un-reacted O2 [47] in the film 

at tir = 0, while P3 and P4 are peaks fitted to the new product(s) (b) Variation of the 

total integrated O1s signal, (blue triangles); O1s of P1 +P2 (black squares) and O1s 
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of P3+P4 (red circles) with tir during electron irradiation at 70 eV. The solid lines 

are exponential fits to the integrated (P1+P2) data. 
 

 

 

The total O1s intensity (P1, P2, P3, P4), is indicative of the total amount of 

Oxygen left in the films, and as seen in Fig 2.4b, decreases quickly at first, and then then 

more slowly with electron exposure. This initial loss of total O1s signal is likely due to 

desorption of O-containing fragments, as seen in the prompt ESD of new and more 

complex O containing cation species desorbing from such O2/CH4 ices [14], e.g. H3O or 

H3CO. However, as discussed in the previous section, in the anion ESD we do not see 

any ESD signal of CO- or CO2
- growing from similar O2/CH4 films, due to the negative 

electron affinity of these fragments, while the OESD signal from such mixed films or 

even pure O2 films only decreases during electron impact. We also note that under 

electron impact the new (P3+P4) signal rises very rapidly, qualitatively matching the 

exponential decay of the associated (P1+P2) signal. 

The decrease in total O1S signal (Fig 2.4) suggests that the loss of O2 from the film is 

less that ~20%.  

 To tentatively identify possible reaction products formed within our electron 

irradiated films, we have investigated and compared photoelectron spectra from 

irradiated mixtures with spectra from pure films of unirradiated candidate molecules. 

Figure 2.5) compares the C1s XPS signal from an un-irradiated mixture film  (25ML, 1:3 

18O2:CH4) with that from an electron irradiated sample (3.6×1015 electrons.cm-2), and 

those from films composed of candidate products or related molecules containing 

relevant oxygen and carbon functional groups. Figure 2.6) presents analogous data for 

the O1s line.  In both figures 2.5) and 2.6), certain spectra have been shifted slightly to 

lower (or higher) binding energy, to compensate for charge build-up in the film and/or 



 

43 
 

changes in work-function due to electron irradiation, and thus bring features attributable 

to unreacted bonds into alignment and better indicate probable chemistry for the new 

structures observed.  
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Figure 2. 5 : C1s signal from 25 ML of a) unirradiated mixture of CH4/O2, b) 

Irradiated mixture of CH4/O2, (25ML, 1:3 18O2:CH4, ~3.6×1015 electrons.cm-2)  c)  

pure Ethane, d) pure Propene, e) pure Acetylene f) pure Ethanol, g) pure 

Acetaldehyde, h) pure Acetic acid films. 
 

 

In the uppermost panel of Fig. 2.5) the C1s spectrum from an un-irradiated film 

consists of a single structure at a binding energy of 285.5 eV (Peak R1) that is attributable 

to photoemission from methane’s carbon atom. Upon electron irradiation (Fig. 2.5b) this 

C1s feature is diminished in intensity and significantly broadened, particularly towards 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB0QFjAAahUKEwjl4qnik4jGAhUEfJIKHbASAGg&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAcetic_acid&ei=08N5VaUthPjJBLClgMAG&usg=AFQjCNF8sUgWbw7cXy49pd6Qxlhih2cBGQ&bvm=bv.95277229,d.aWw
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higher binding energy. A second structure (R2) is apparent at a binding energy of 287 eV, 

while a third, weak structure (R3) can perhaps be discerned near 289.6 eV. Note that the 

C1s spectrum for the electron irradiated CH4/O2 mixture has been shifted to higher 

binding energy (E=+0.6 eV) to compensate for charge build-up in the film and/or 

changes in work-function. In doing so, the dominant structure in the C1s spectrum 

becomes aligned with the one seen from the un-irradiated film, with which it is clearly 

related. The curves in fig 2.5 f, g, and h. have been shifted to lower binding energy for 

similar reasons.  

 

 The C1s spectra for un-irradiated and irradiated CH4/O2 mixture films are 

compared with those from molecular solid films containing C-C, C=C and CC 

functional groups, viz., ethane (C2H6), propene (C3H6) and acetylene (C2H2) respectively 

(Fig. 2.5 c-e).  Only minor differences in the energy and width of C1s features are 

observed between the un-irradiated methane/O2 mixture and each of these samples.  In 

particular, we note that the C1s feature for propene is essentially identical to that from 

methane (and ethane) despite containing contributions from both C-C/H and C=C 

functional groups. These similarities indicate that the energy resolution of the present 

XPS system is effectively unable to differentiate between these functional groups and 

thus cannot provide information on the prevalence of unsaturated carbon bonds in the 

irradiated films. It is possible then, that the R1 feature in the irradiated film may contain 

contributions from saturated and unsaturated C atoms in newly synthesised molecules, as 

well as from C atoms in unreacted methane molecules.    

The XPS C1S spectra of ethanol (C2H5OH – Fig.5f) acetaldehyde (CH3CHO– 

Fig.5g) and ethanoic acid (CH3COOH– Fig.5h) contain contributions from C-C and, 

respectively, C-O and C=O and COOH functional groups. Two distinct C1s structures 
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are resolved in spectra for acetaldehyde and ethanoic acid, while in ethanol, a broad 

structure is observed that is readily de-convolved into two peaks, separated by a binding 

energy of ~1.5 eV. In figure 2.5, the C1s spectra from the ethanol, acetaldehyde and acetic 

acid films have been shifted to lower binding energy by 0.8 eV, 1 eV and 1.8 eV 

respectively to bring the lower binding energy C1s feature into alignment with the peak 

R1 feature seen in the spectra of un-irradiated methane and ethane. When comparing 

spectra of Figs 5f-5h with that from the irradiated sample, it is apparent that the R2 feature 

observed in the irradiated mixture film corresponds to electron emission from C-O 

groups, while the energy of the very weak R3 feature correlates well with electron 

emission from a COOH group.   

In Figure 2.6, we see that the effect of electron irradiation on the CH4/O2 mixture 

(fig.6b) is to degrade the initial O1s signal, attributable to unreacted O2 (fig.6a), and 

generate a broad structure at significantly lower binding energy, that consists of at least 

two new lines (P3 and P4). Note that the O1s spectrum for the irradiated sample has been 

shifted to higher binding energy by 0.5 eV to bring the P1/P2 feature, attributable to 

unreacted O2, into alignment with that of the un-irradiated film. The most intense new 

feature (P4) appears at a binding energy similar to those measured for C-O and C=O 

functional groups in ethanol and acetaldehyde (Figures 2.6 c and d).  

 The O1s spectrum for ethanoic acid (Figure 2.6e) can be resolved into two 

components separated by ~1.6 eV corresponding to emission from oxygen atoms in the 

O-C=O and O-C=O positions. A similar separation in energy was observed between the 

same O1s features in earlier experiments [48]. From a comparison between the spectra 

of figure 2.6, we see that the binding energy of peak P3 (535.1 eV) in Figure 2.6b is in a 

good agreement with the higher -lying BE of these two features, so it appears likely that 

this feature in the irradiated film is related to emission from O-C=O atoms. The O1S data 
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is thus consistent with the electron-induced formation of C-O/C=O and COOH functional 

groups. 
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Figure 2. 6 : O1s signal from: a) un-irradiated mixture of CH4/O2, b) Irradiated 

mixture of CH4/O2, (25ML, 1:3 18O2:CH4, ~3.6×1015 electrons.cm-2), c) pure Ethanol, 

d) pure Acetaldehyde, e) pure Acetic acid films. 
 

 

3.3   Temperature Programmed Desorption (TPD) 

TPD was performed to identify, in situ, the electron-induced formation of more 

complex molecular species. In initial TPD measurements, multiple mass spectra 

(covering the mass range from 2 to 90 amu) were recorded as the sample films (both 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB0QFjAAahUKEwjl4qnik4jGAhUEfJIKHbASAGg&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAcetic_acid&ei=08N5VaUthPjJBLClgMAG&usg=AFQjCNF8sUgWbw7cXy49pd6Qxlhih2cBGQ&bvm=bv.95277229,d.aWw
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irradiated and un-irradiated, of pure or mixture composition) were slowly warmed from 

22K to 220 K, to identify key TPD signatures of specific fragments in these thermal 

desorption mass spectra that differed significantly upon irradiation. The time required to 

record each mass spectrum was ~70s. Subsequently, with new sample films, TPD 

measurements on electron irradiated films were repeated while monitoring continuously 

the variation of these specific fragments (up to a maximum of 5 different fragment masses 

simultaneously) with increasing temperature of the substrate.  

Figure 2.7 shows TPD experiments performed on irradiated films of pure 

methane, which should be compared with TPD results from a subset of candidate 

molecules [Acetylene labeled A, Ethane labeled B and Propylene labeled C] in Figure 8. 

A full list of candidate molecules studied was given in Table 1.  In Figure 2.7, we see 

TPD data for fragments of 25, 26, 27, 29 and 41 amu, which were obtained from an un-

irradiated 10 ML film of pure CH4 and from a similar film that has received a fluence of 

3×1015 electrons.cm-2. The present experimental system is not optimized for TPD, and 

molecules can desorb not just from the irradiated target (sample surface) region but also 

from some of the cryostat’s surface. For this reason the TPD spectra do not show highly 

resolved sharp desorption peaks. Moreover, rapid desorption as this cryostat surface is 

first heated leads to a brief sudden rise in chamber pressure that renders possible 

structures in the TPD data recorded at temperatures lower than ~ 60 K unresolvable.  

Despite these minor shortcomings, which are the same for both irradiated and 

unirradiated films, considerable differences are observed between the TPD data recorded 

for un-irradiated and irradiated films and are readily apparent 
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Figure 2. 7 : Thermal desorption mass spectra of selected masses from 10 ML thick 

pure CH4 sample after irradiation with ~3×1015 electrons.cm-2. Letters refer to 

structures identified in TPD spectra of candidate molecules. The stars label 

structures that are presently unassigned. 
 

 

The new structures observed in the TPD spectra from irradiated film can be 

compared to data of Fig. 2.8, which in some cases allows their identification. Features 

labeled A, B and C for example appear to have analogs in spectra from acetylene, ethane 

and propylene, respectively, which will be discussed below. Structures marked with an 

asterisk are presently unassigned.   

It is recalled that Table 1 in the experimental section lists the candidate products, 

and their purities, for which we performed TPD measurements on pristine films to 

compare with the results obtained from irradiated films of both pure CH4 and 18O2/CH4 
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mixtures. The electron impact mass spectra for the candidate molecules were obtained 

from the National Institute of Standard and Technology (NIST) database[49]. 

The candidate product films of Fig. 2.8 were all of thicknesses < 1ML to better 

model the interactions of sub monolayer quantities of products on the Pt substrate. This 

is relevant since we do not expect high yields of these products such that their TPD will 

largely reflect their interaction with the Pt substrate, rather than other products or the 

unreacted molecules in the film, which will have desorbed at lower temperature.   

Assignments of structures A, B and C were made from comparisons between Figures 2.7 

and 2.8 and the NIST electron impact mass spectra of the candidate molecules [49]. While 

structures A and B are observed at effectively the same temperature in Fig. 2.7, we do 

not believe that they derive from a single unique product, since with our candidate films 

we did not observe structures with the appropriate relative intensities across all four of 

the relevant amu channels (25, 26, 27, 29). Instead we tentatively attribute structure A to 

the thermal desorption of acetylene, structure B to the thermal desorption of ethane. Both 

molecules exhibit desorption structures at ~85K; predominately in channels 25 amu and 

26 for acetylene, and 27 and 29 for ethane.  
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Figure 2. 8 : Key TPD signatures from sub-monolayer thick films of ethane, 

propylene and pure acetylene solid sample. Labels A, B and C are as in Fig. 2.7. 

 

 

Figure 2.9a, shows on a log y-axis, TPD signals of selected fragment masses (29, 31 and 

45) from an irradiated film of an 16O2/CH4 mixture (1:3, 10ML thick, fluence of ~3×1015 

electrons.cm-2), and TPD results for the same masses from an un-irradiated film of 1ML 

of ethanol (C2H5
16OH) on Pt (Fig 2.9b), and a film comprising of 0.5ML of ethanol 

deposited on a 10ML of un-irradiated 16O2/CH4 (Fig 2.9c).  Note that in these experiments 

the more readily available 16O2 has been used to replace 18O2 and that the TPD 

measurements were obtained following modifications that included better temperature 

control and a more linear heating rate. Figures, 9d, 9e and 9f show on a linear y-axis scale 

the results for mass 31 (the strongest fragmentation channel for C2H5OH). A doublet 
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structure seen in data from irradiated films at 152 and 166 K (and indicated by dashed 

vertical lines), is seen to coincide with a dominant structures in results for pure ethanol 

and ethanol spiked O2/CH4 mixtures. The relative intensities of the two structures vary 

between the pure ethanol and ethanol spiked films, indicating that the lower temperature 

structure may correspond to multilayer ethanol desorption, but are in impressive 

agreement with the irradiated films.   These data are strong evidence that ethanol 

formation is indeed one important product when the mixed CH4/O2 films are irradiated 

with electrons.   To identify the origins of the stared structures in Figure 2.9, we referred 

to all the candidate molecules of Table 1, including Methanol, Acetaldehyde, Acetic acid, 

Dimethyl ether and Formaldehyde, but found no correspondence.  
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Figure 2. 9 : The TPD yields on a log y-axis of masses 29, 31 and 45 amu from (a) 

10ML of an irradiated 16O2/CH4 (3:1) mixture film, (b) from 1 ML of ethanol on Pt, 

and (c) from 0.5 ML of ethanol deposited on 10 ML of un-irradiated 16O2/CH4. The 

data for mass 31 amu is replotted with linear y-axis in panels d-f. 

 

 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB0QFjAAahUKEwjl4qnik4jGAhUEfJIKHbASAGg&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FAcetic_acid&ei=08N5VaUthPjJBLClgMAG&usg=AFQjCNF8sUgWbw7cXy49pd6Qxlhih2cBGQ&bvm=bv.95277229,d.aWw
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Figure 2.10a shows the variation with electron fluence of the TPD yield for mass 33 amu 

associated with structures between 152 and 166 K from irradiated and un-irradiated films 

of 18O2/CH4. Thus the 33 amu fragment in this film is the same oxygen containing 

fragment as the 31 amu fragment in the 16O2/CH4 films of Figure 2.9, which show no 33 

amu fragment in the mass spectra for obvious reasons.  This data, which is indicative of 

the formation of C2H5OH within the films, is compared to ESD data for the C2H 

fragment (Fig 2.10b) from similar films. The similarities between these data support our 

hypothesis that the increase in ESD of this anion is related to increased electron 

attachment to O-containing molecules, such as ethanol, formed in the mixture films 

during electron irradiation. Moreover, the ESD data, which was obtained at 20 K, 

indicates that reactions between C and O atoms do not require thermal activation (e.g. by 

warming the film). This observation is also consistent with the XPS data presented in 

Figures 2.3 to 2.6.     
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Figure 2. 10 : Variation with electron fluence of (a) integrated TPD signal (152-166 

K) at 33 amu from 10 ML film of 1:3 18O2/CH4 mixtures, and (b) the ESD signal of 

C2H at 25 amu from a 10 ML film of 1:3 18O2/CH4 mixtures. 
 

Summary and conclusion 

 

To better understand the basic radiation driven reactions that may occur within 

irradiated astrophysical ices (ISM icy grains or planetary ices), we have investigated the 

chemistry induced by low energy electrons and X-rays (i.e. X-ray photoelectrons) inside 

simple molecular ices containing CH4 and O2.  
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Unlike our earlier study[14] in which film chemistry was investigated by prompt 

cation ESD alone, here we have used anion ESD to monitor changes that occur at elevated  

fluence, e.g. prolonged irradiation times, and have sought complementary information on 

new products that remain in the icy films, via post irradiation analysis using XPS and 

TPD. Within irradiated films containing both CH4 and O2 the ESD signals of anions have 

revealed the slow accumulation of larger species with C-C bonds, while XPS reveals 

formation of C-O  or C=O bonds. Comparisons between the TPD spectra of irradiated 

and un-irradiated films show the electron induced formation of new chemical species, the 

identities of which are confirmed by reference to the NIST database of electron impact 

mass spectra, and by TPD measurements of films composed of the proposed products.  

Comparisons with TPD results for pure films of propylene, ethane and acetylene 

demonstrate that each these molecules are formed in irradiated pure methane films 

consistent with earlier studies under high energy electron impact, VUV and other ionizing 

radiations [50]–[53] and references therein. TPD of irradiated and un-irradiated 10 ML 

thick films of 18O2/CH4 and 16O2/CH4 (1:3) samples have also been acquired and 

compared with results for pure films of methanol, ethanol, acetaldehyde, acetic acid, 

dimethyl ether and formaldehyde. To date, such measurements have only allowed the 

clear identification of ethanol in the irradiated samples, however it is clear that other, as 

yet unidentified, complex molecular species are being formed by LEE bombardment.  

This conclusion is supported by the evolution of C1s and O1s XPS features from 

a 25 ML thick films of CH4/
18O2 (3:1) mixtures during ~2 hours of exposure to LEE and 

~12 hours of exposure to X-rays, which demonstrates the breaking of the O-O and C-H 

bonds during irradiation and the formation of new C-O, C=O and COO- bonds.   

The detailed reaction pathways by which LEE mediate the observed reactions are 

still unclear. We hope that further measurements as a function incident electron energy 
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will help identify the role of Transient Negative Ions (i.e. DEA), DD, and/or cation 

catalysed reactions [11]. Nevertheless, the impressive similarity between LEE and X-ray 

irradiation, seen in our XPS results, strongly supports the notion that it is the secondary 

LEE produced by ionizing radiation that drive the chemistry irrespective of the irradiation 

type. Techniques such as Reflection Absorption Infrared Spectroscopy (RAIRS) and 

High Resolution Electron Loss Spectroscopy (HREELS) may also provide further 

information in the future [11]. Indeed very recent work by Kundu and co-workers has 

also investigated LEE induced reactions in condensed CH4/O2 mixtures and have 

observed with RAIRS and TPD the formation of ethane, methanol and formaldehyde, 

though not of ethanol[54]. 

In conclusion, our results support the hypothesis that interactions of low energy 

secondary electrons, radicals, and ions, formed initially during the radiolysis of matter, 

with atoms and molecules in the medium, may have played, and may still play an 

important role in the chemical transformation of astrophysical and, more importantly, 

planetary surface ices, where they lead to the synthesis of more complex chemical species 

from less complex, naturally occurring components. This radiation driven molecular 

synthesis may indeed represent a driving force in the original biogenesis of the molecular 

building blocks of life in our own solar system and, due to the ubiquitous nature of matter 

and radiation, may represent a key element in molecular biogenesis throughout the 

universe.  
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4. Supplementary Materials 

 

See supplementary material for the evolution of the O1s XPS signal from a 25 ML thick 

film of an 18O2/CH4 (1:3) mixture film held at 22 K, during 12 hours of continuous 

exposure to X-rays 
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Abstract: 

Glycine (Gly), the simplest amino-acid building-block of proteins, has been identified on 

icy dust grains in the interstellar medium (ISM), icy comets, and ice covered meteorites. 

These astrophysical ices contain simple molecules (e.g. CO2, H2O, CH4, HCN, and NH3) 

and are exposed to complex radiation fields, e.g. UV,  or X-rays, stellar/solar wind 

particles, or cosmic rays. While much current effort is focused on understanding the 

radiochemistry induced in these ices by high energy radiation, the effects of the abundant 

secondary low energy electrons (LEEs) it produces have been mostly assumed rather than 

studied. Here we present results for the exposure of multilayer CO2:CH4:NH3 ice 

mixtures to 0-70 eV electrons under simulated astrophysical conditions. Mass selected 

temperature programmed desorption (TPD) of our electron irradiated films reveal 

multiple products, most notably intact glycine, which is supported by control 

measurements of both irradiated or un-irradiated binary mixture films, and un-irradiated 

CO2:CH4:NH3 ices spiked with Gly. The threshold of Gly formation by LEEs is near 9 

eV, while TPD analysis of Gly film growth allows us to determine the “quantum” yield 

for 70 eV electrons to be about 0.004 Gly per incident electron. Our results show that 

simple amino acids can be formed directly from simple molecular ingredients, none of 

which possess preformed C-C or C-N bonds, by the copious secondary LEEs that are 

generated by ionizing radiation in astrophysical ices. 

 

Keywords: electron induced chemistry, prebiotic chemistry, Astrophysical ices, TPD. 
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Abstract: 

Glycine (Gly), the simplest amino-acid building-block of proteins, has been identified on 

icy dust grains in the interstellar medium (ISM), icy comets, and ice covered meteorites. 

These astrophysical ices contain simple molecules (e.g. CO2, H2O, CH4, HCN, and NH3) 

and are exposed to complex radiation fields, e.g. UV,  or X-rays, stellar/solar wind 

particles, or cosmic rays. While much current effort is focused on understanding the 

radiochemistry induced in these ices by high energy radiation, the effects of the abundant 

secondary low energy electrons (LEEs) it produces have been mostly assumed rather than 

studied. Here we present results for the exposure of multilayer CO2:CH4:NH3 ice 

mixtures to 0-70 eV electrons under simulated astrophysical conditions. Mass selected 

temperature programmed desorption (TPD) of our electron irradiated films reveal 

multiple products, most notably intact glycine, which is supported by control 

measurements of both irradiated or un-irradiated binary mixture films, and un-irradiated 

CO2:CH4:NH3 ices spiked with Gly. The threshold of Gly formation by LEEs is near 9 

eV, while TPD analysis of Gly film growth allows us to determine the “quantum” yield 

for 70 eV electrons to be about 0.004 Gly per incident electron. Our results show that 

simple amino acids can be formed directly from simple molecular ingredients, none of 

which possess preformed C-C or C-N bonds, by the copious secondary LEEs that are 

generated by ionizing radiation in astrophysical ices. 

 

Keywords: electron induced chemistry, prebiotic chemistry, Astrophysical ices, TPD. 
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Introduction: 

 

Complex organic molecules that are rudimentary building blocks of life are not 

exclusively associated with our planet or life upon it; astronomical observations reveal a 

rich diversity of organic/biotic molecules formed naturally in the vicinity of stars, e.g. 

within the interstellar medium (ISM), in comets and even on various planetary satellites 

in our own solar system. However, while the formation pathways of such molecules are 

still under debate, their variety and abundance, detected by highly sensitive radio or 

optical telescopes (ISM), or solar system space probes, suggests that they can be 

synthesized in space, even when no life forms are present [1,2].  Among of these complex 

organic molecules is glycine (Gly: H2N-CH2-COOH), which is the simplest amino acid 

building block of proteins, and which has been identified in the interstellar medium, in 

comets and on meteorites [3–8]. 

The current hypothesis is that such complex species may be produced by radiation 

and/or thermal processing of various types of astrophysical ices, such as the mantles that 

condense around dust grains within dense and cold (10-20 K) molecular clouds of the 

ISM [9], or the surfaces of icy bodies within the solar system (comets, planets and their 

satellites) [10]. In all such cases, the ices are exposed to multiple radiation fields (UV, X- 

or -rays, high-energy electrons, protons, or heavy ions, viz cosmic rays), and consist of 

simple molecules, such as water, CO2, NH3, CH4, etc. 

To date, much experimental work in the field of laboratory astrochemistry has 

concentrated on processes initiated by UV radiation. [11,12] This is because many stars, 

embedded in the interstellar medium, e.g. star forming regions in dense molecular clouds, 

emit copious UV radiation, in addition to X-rays, while high-energy cosmic radiation 
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generates UV emissions from the abundant H2 molecules, which in turn generate radicals 

such as H. and CH3O. that drive subsequent chemistry on the icy grains in the interstellar 

medium [13]. Alternatively, it is generally recognized that when high-energy radiation 

(e.g., cosmic ray particles, stellar wind particles, as well as X and  rays) interacts with 

condensed matter, large numbers of non-thermal secondary electrons are produced. Most 

of these are low energy electrons (LEEs) [14] of less than 100 eV, that can excite very 

different electronic states than photons, and can exhibit much larger interaction cross 

sections. Thus, there is increasing interest in their potential role in the radiation 

processing of astrophysical ices [12]. The interactions of secondary LEEs with 

astrophysical ices can be simulated in the laboratory by irradiating nanoscale thick 

sample ices at cryogenic temperatures under ultra-high-vacuum with energy selected 

electron beams, and observing the resulting chemistry with various surface analytical 

techniques [15].   

Here, we present mass selected Temperature Programmed Desorption (TPD) 

measurements that demonstrate the formation of intact Gly by LEE irradiation of 

condensed mixtures containing only the small molecules CO2/NH3/CH4 (1:1:1), basic 

molecular building blocks for this simple amino acid.   

Previously, Kobayashi et al., [16] using gas- and liquid-phase chromatographic 

techniques, observed Gly among hydrolyzed, non-volatile products, when ice mixtures 

(containing H2O, CO, NH3 and either CH4 or C3H8) were  irradiated with 3 MeV protons. 

Hudson et al. [17], also employing protons irradiation (at 0.8 MeV) observed chemical 

change in CH3CN and H2O/CH3CN films with Fourier transform infrared (FTIR) 

spectroscopy and analyzed the composition of unhydrolyzed and acid-hydrolyzed 

residues. While unhydrolyzed samples contained HCN, NH3, acetaldehyde (formed by 
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reaction with background and atmospheric H2O), alkyamines, and numerous other 

compounds, amino acids were only seen following hydrolyzation. 

The production of glycine and related amino acids in non-volatile residues of UV-

irradiated ice mixtures have been reported by Muñoz Caro et al. [18] (for 

H2O/CH3OH/NH3/CO/CO2 ices), Bernstein et al., [19] (for H2O/ CH3OH/NH3/HCN), 

Elsila et al., [20](for H2O/ CH3OH/ HCN or NH3), Nuevo et al., [21] (for various 

mixtures of  H2O, CO2,CO, CH3OH, CH4 and NH3). Quantum chemical calculations were 

employed by Woon to evaluate the viability of various UV-driven pathways to the 

formation of glycine [22]. Employing the in-situ analysis techniques of reactive ion 

scattering and low-energy sputtering, Lee et al. [23] reported Gly synthesis in ice-analog 

films of H2O, CH3NH2 and CO2 under UV irradiation.  

Glycine production under fast-electron bombardment (at 5 keV), which simulates 

cosmic ray irradiation, was observed by Holtom et al., [24] in CH3NH2/CO2 binary ices 

with FTIR. Electronic structure calculations were additionally employed to identify the 

reaction pathways.  FTIR was also employed to identify di-peptides, including Gly-Gly, 

in high-temperature residues, following the fast-electron irradiation of CO2, NH3 and 

alkane (up to C8H18) containing ices [25]. The formation of  Gly was also observed by 

high-resolution electron energy loss spectroscopy (HREELS) for low energy electron 

impact (energies >13eV) in binary film mixtures of NH3/CH3COOD [26]. A Strecker-

type synthesis of glycine by reacting NH3,H2C=O and HCN in presence of ice water 

(H2O–ice) as a catalyst, has been theoretically studied by Rimola et al., [27] 

While many of these earlier measurements have involved irradiation of films 

containing more complex larger subunits of Gly (e.g. CH3OH, CH3NH2, or CH3COOH), 

i.e. preexistent C-N or C-C bonds, our present results show that Gly can be formed from 
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the simplest molecular ingredients that do not require the presence of preformed C-C or 

C-N bonds in the films, and that Gly formation is initiated by LEEs with energies as low 

as 10 eV. 

Experimental method: 

All experiments were performed in an Ultra High Vacuum (UHV) system 

maintained at a base pressure of ~6×10-11 Torr by an ion pump. Target films were formed 

by vapor deposition onto a polycrystalline Pt-foil substrate, the temperature of which 

could be controlled between 22 and 400 K with a closed-cycle He cryostat and resistive 

heating elements. The foil was cleaned between experiments by resistive heating to 700 

C. Previous experiments indicate that such foil can be considered as an ensemble of 

azimuthally disordered Pt(111) microcrystals [28]. The thickness of films (in monolayers 

ML) condensed onto the substrate was determined by a volumetric dosing procedure with 

an absolute accuracy of ~ 30% [29,30] and a repeatability of 0.2 ML [31]. Pure films of 

CO2 (99.9%, MSD isotopes.), NH3 (99.9%, MSD isotopes.) and CH4 (99.99%, Matheson) 

and mixture films of the three gases, were deposited at 22 K. The composition of mixture 

films are characterized by the ratio of partial pressures in the gas-handling manifold prior 

to film deposition (e.g., CO2/NH3/CH4 (1:1:1)). Sample films were irradiated 

isothermally at 22K with electrons of different energies generated between 0-70 eV from 

an electron gun (Kimball Physics, ELG-2). The energy resolution of this beam is 

approximately 0.5 eV. The electron currents used in these experiments and as measured 

on the Pt foil were in the range 70-200 nA. For TPD measurements at 70 eV, the entire 

film was irradiated in raster-mode at 200 nA (which corresponds to 1.25x1012 electrons. 

s-1 cm-2 flux on the target of area 1cm2).  
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TPD spectra were collected using a quadrupole mass spectrometer QMS (Extrel 

150-QC) with an approximately linear substrate heating rate of 10 K min-1. The 

temperature was measured with a chromel-alumel thermocouple spot welded to the edge 

of the Pt substrate. The samples were heated resistively with dc current (7A max) from a 

floatable power supply (Kepco ATE 25-10M) that was controlled via a homemade 

LabVIEW program. During TPD measurements, a bias voltage was applied to the sample 

to protect it from the 70 eV energy electrons generated within the mass spectrometer’s 

ionizer.  

In control experiments, the TPD of pure unirradiated Gly, obtained from Sigma 

Aldrich at 99% purity, was measured for comparison with the products of electron-

induced chemistry experiments in our mixture films. In such experiments, Gly was loaded 

into a miniature oven mounted onto a rotatable linear transporter that is housed within a 

load–lock chamber [32]. This oven was introduced via a gate valve into the analysis 

chamber and used to dose samples with Gly. A shutter, opened by rotation of the oven 

along the axis of the linear transporter, allows an accurate control of the quantity of Gly 

deposited. Gly samples were initially degassed in the load-lock by heating for several 

hours at 50oC, a temperature well below the evaporation onset of the molecule [33,34]. 

The dependence of the Gly evaporation rate on oven temperature was determined within 

the load–lock chamber by monitoring with a residual gas analyzer QMS, the partial 

pressure of its highest intensity fragment ion (m/z=30). For the present experiments, an 

evaporation temperature of 100 °C was chosen to produce Gly films, which was 

controlled to within ± 1oC be use of a proportional–integral–derivative (PID) controller 

and  LabVIEW software. 

Results and Discussion: 
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Figure 3.1 shows TPD data for mass to charge ratios (m/Z) of 30, 43, 45, 46, 59, 

60, 74 and 75, which were obtained from an un-irradiated 25 ML film of CO2/CH4/NH3 

(1:1:1) and from a similar film that had received a fluence of ~ 4.5×1015 electrons.cm-2 at 

70 eV during 60 minutes. These 8 mass channels were considered as potential indicators 

for Gly formation (with Gly m/Z=75),  and were chosen either because they are observed 

in the standard electron-impact-induced cracking pattern of Gly [35], or because they 

were reported in earlier work by Oberg [36] on UV induced reactions in related film 

mixtures. Previously, Oberg argued that m/Z ratios 43 and 45 were indicative of 

CH2COH/NHCO and COOH functional groups, while m/Z of 59 and 60 were related to 

the CH2COOH, NHCOOH functional groups. Oberg proposed that a desorption signal 

seen at 230K for m/Z ratios 43, 45, 59 and 60 as being due to fragments of Gly and/or 

their isomers, but due to insufficient mass range, was unable to measure signal at m/z=75, 

which corresponds to intact Gly.  



 

70 
 

0

20

40

60

80

5

10

15

20

25

0

10

20

30

40

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

0.0

0.1

0.2

0.3

0 100 200 300 400

0.0

0.1

0.2

0.3

0.4

0 100 200 300 400
0

5

10

15

Mass=30

In
te

n
s
ity

 (1
0

3 c
o

u
n

ts
)

Temp(K)

Mass=43
In

te
n
s
it
y
 (

1
0

3
 c

o
u
n
ts

)

Temp(K)

Mass=45

Mass=59

Mass=60

Mass=74

Mass=75Mass=46

 

Figure 3. 1 : TPD yield functions for m/Z = 30, 43, 45, 46, 59, 60, 74 and 75 from a 

25 ML film of CO2:NH3:CH4 (1:1:1) mixture, without irradiation (black line), and 

after irradiation with ~ 4.5×1015 electrons.cm-2 at 70 eV (red line). 
 

 

The TPD data for most masses reported in Fig 3.1, contain multiple structures that 

derive from the desorption of different molecular species present before, or generated 

during irradiation. To better identify these structures and their origin, we have 

additionally performed TPD measurements on similar thickness films of pure CO2, NH3 

and CH4, as well as the binary mixture films CO2/CH4, CO2/NH3 and CH4/NH3. 

However, with the exception of the CO2/NH3 mixture (Figures SM1 and SM2 in 

supplemental material), neither the pure CO2, NH3 and CH4 films, nor the CO2/CH4 and 

CH4/NH3 mixture films show structures in their TPD spectra (irradiated or un-irradiated) 

that correlate to the overall TPD signatures seen for our CO2/CH4/NH3 mixtures in Figure 
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3.1. Moreover, none of the pure films or binary mixture films (irradiated or un-irradiated) 

show any TPD signal above m/Z=60, i.e. evidence for formation of other molecules with 

identical m/Z of intact Gly at m/Z=75. 

Upon consideration of the TPD spectra for the un-irradiated mixtures  of Fig 3.1, 

and the data in the supplementary materials (Figure SM1), we note structures at 82 K and 

97 K in the TPD of  masses 30, 43, 45, and 46, that correlate to the thermal desorption of 

CO2 and NH3. The appearance of these structures from un-irradiated films at these 

temperatures and in these channels, is likely due to ion-reactions of desorbing neutral 

CO2 and NH3 occurring within the ionizer cage of the QMS used for the TPD 

measurements. 

Further peaks at higher temperature from un-irradiated films are also apparent for 

m/Z=43, m/Z=45 and m/Z=46 at 244K, 263K and 230K respectively. Comparison 

between the data of Figure 3.1, and TPD results for un-irradiated mixtures of NH3 and 

CO2 (see SM1 supplemental material), indicate these structures are due to products 

formed by reactions which occur at cryogenic temperatures between these molecules (i.e., 

below 82 K when the CO2 leaves the film). 

We note that structures apparent in the TPD signals m/Z=43, m/Z=45 and m/Z=46 

from un-irradiated CH4/NH3/CO2 mixtures are also present in TPD from un-irradiated 

films of NH3/CO2 (see supplemental material). Bossa et al., [37], Rodrıguez-Lazcano et 

al. [38], Noble et al., [39] and Lv et al., [40] have investigated, with infra-red 

spectroscopy and in some instances TPD, thermal processing in NH3/CO2 films, and have 

observed at temperatures > 80K, the production of ammonium carbamate ([NH4
+] 

[NH2COO-]) and carbamic acid (H2COOH, possibly in a dimeric form) [37]. These 

products are likely the source of the structures seen in our supplementary data (SM2) in 
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channels m/Z=44, m/Z=61 and m/Z=45 at 275K in the TPD traces from un-irradiated 

NH3/CO2 mixture films. However, at low temperatures (i.e., 10-15 K), and despite 

evidence for a T-shaped CO2:NH3 complex, no evidence of reactions between NH3 and 

CO2 was observed [37,38]. Since CH4 is thermally desorbed from our samples at 

temperatures < 30 K, it is therefore unlikely that in our experiments on CO2/NH3/CH4 

mixtures CH4, or one of its fragments induced by electron irradiation at 24 K, interacts 

with thermally induced ammonium carbamate, or carbamic acid. 

Upon irradiation of our CO2/NH3/CH4 mixtures, several new structures are 

observed in various TPD channels. Those seen near 224K for m/Z =43, 45, 46 and 60 are 

very likely associated with the formation of acetic acid (CH3COOH) in good agreement 

with another recent study [41]. Most significant is the observation, in all channels, of a 

structure at ~275 K.  This structure dominates the TPD yields of m/Z=75, and m/Z=74, 

which are the expected masses of the intact Gly and dehydrogenated Gly cations. If this 

assignment is correct, then the same feature seen in m/Z channels 60 and 59 would 

correspond to (Gly minus CH3)
+ and  (Gly minus NH2)

+
, respectively. We note that most 

of mass m/Z=74 (dehydrogenated Glycine cations) is likely produced in the QMS ionizer 

by electron impact dissociative ionization of intact Glycine (m/Z=75) which, after being 

formed in the mixture during electron impact on the films, desorbs during the TPD 

measurements. However, we cannot rule out that some stable dehydrogenated Glycine 

may be formed directly in the films during electron irradiation, and which then 

subsequently desorbs during TPD, thus contributing to the m/Z=74 signal produced in 

the QMS ionizer by dissociative ionization (cracking) of desorbing intact Glycine 

m/Z=75. To confirm that the TPD structure at 275 K is linked to the formation of Gly, 

further TPD measurements were performed as controls with small quantities of Gly (i.e., 

the oven shutter was opened for 3 s at an oven temperature of 100OC)  deposited directly 
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onto the Pt foil and onto films of varying composition. Results are presented in Figure 

3.2 for m/Z = 30 and 75, which are, respectively, the most intense fragment in the Gly 

mass spectrum, and that of the parent Gly+ ion  [35,36]. These are thus the key masses 

with respect to the identification of Gly. Panels a) and b) show TPD results for an un-

irradiated 25 ML thick film of the CO2/NH3/CH4 (1:1:1) mixture (black line), and a 

similar film after irradiation with 70 eV electrons over 60 minutes (red line). The data 

can be compared to that obtained as controls when small quantities of Gly were deposited 

(spiked) onto un-irradiated films of CO2/NH3/CH4 (1:1:1) (Panels c and d), CH4 (e and 

f), CO2 (g and h), NH3 (i and j), and on the Pt substrate (k and l).  
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Figure 3. 2 : TPD yields functions for m/Z = 30 and 75 from  (a and b)  a 25 ML film 

of CO2:NH3:CH4 (1:1:1) mixture,  without irradiation (black line), and after 

irradiation with ~ 4.5×1015 electrons.cm-2 at 70 eV (red line); (c and d)  an un-

irradiated 25 ML film of CO2:NH3:CH4 (1:1:1) mixture  following exposure to Gly; 

(e) and (f)  an un-irradiated 25 ML film of  CH4 after exposure to Gly; (g and h) an 

un-irradiated 25 ML film of  CO2 after exposure to Gly; (i and j) an un-irradiated 

25 ML thick NH3 after exposure to Gly; and (k and l) the clean platinum substrate 

after exposure to Gly. Films (c) – (l) were exposed to Gly for 3 s from the oven 

operating at a temperature of 100o C. 
 

It is apparent in Figure 3.2, that the TPD yields of m/Z 30 and 75 from a “Gly-

spiked” un-irradiated CO2/NH3/CH4 (1:1:1) film (Figs. 2c and 2d) are remarkably like 

those from the irradiated mixture, (Figs. 2a and 2b), except that the maximum in the TPD 

yield is shifted from 275 K to the slightly higher temperature of 294 K (based on the data 

for m/Z = 30). Indeed, the temperature of peak desorption is highly sensitive to the nature 
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of the film on which the Gly is deposited, appearing at 276 K on CH4, 302 K on CO2, 

300 K on NH3, and 285 K when deposited directly on the Pt substrate. In further 

experiments, Figure SM3 (supplemental material), when the quantity of deposited Gly 

was increased on clean Pt, the peak TPD signal was observed to increase to higher 

temperature.   

As shown in Figure SM3 (supplemental material), when we deposit small 

quantities of Gly (3s evaporation exposure, at an oven temperature of 100OC) directly 

onto the Pt foil, we have thermal desorption peaks for 30 amu and 75 amu, however, they 

are at 285K, and not at 281K as in the irradiated mixture film (Fig 2a and b). With 

increasing deposition time of Gly on Pt (i.e. Gly film thickness) the desorption peaks for 

these two channels shift to a higher temperature of about 315K. This shift is directly 

related to the molecular structure and resulting interactions between Gly in the pure Gly 

film as the thickness increases. Gly can exist in several different forms: as the canonical 

neutral molecule, as a zwitterion with terminal NH3
+ and COO- functional groups and, 

when bound to certain substrates including Cu{110}, as a deprotonated glycinate 

anion [42]. An earlier study [43] reports that at very low coverages (< 0.15 ML) on 

Pt(111) at temperatures < 170 K, Gly adsorbs in its neutral molecular state. At higher 

coverage, the zwitterionic species is also formed in the first monolayer and dominates 

subsequent over-layers. The Gly zwitterion is also observed when Gly is deposited onto 

water layers, but not when water overlayers are deposited on Gly. [43]  

Assuming that the surface chemistry of our Pt foil substrate (considered as an 

ensemble of azimuthally disordered Pt(111) microcrystals) is somewhat similar to that of 

Pt(111) [28], at the lowest coverage we might expect Gly to exist in its molecular form. 

The shift of the Gly TPD peak to higher temperature with increased coverage would then 
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reflect the formation of the zwitterion. The shifts in the temperature of peak desorption 

on the molecular substrates of Fig 3.2, are also likely related to changes in Gly form. 

Similar to its deposition on water ice, [43]  deposition onto NH3 and proton exchange 

with the NH3 substrate, should also permit formation of the zwitterion and result in a 

higher desorption temperature due to the stronger interaction between the zwitterionic 

Gly molecules. The zwitterion is not expected when Gly is deposited on CO2, but tetrel- 

and hydrogen-bond formation has been predicted for Gly-CO2 complexes [44], 

suggesting a mechanism for the elevated desorption temperature observed here. 

However, such interactions are not possible between Gly and CH4, so the Gly desorption 

temperature in this case is expected to be similar to that for a small quantity of molecular 

Gly on Pt.  

With these points in mind, the elevated desorption temperature of Gly from the 

unirradiated “spiked” mixture of CO2/NH3/CH4 (1:1:1) in Fig 3.2c,d, can be understood 

as reflecting the interactions of Gly with the surrounding NH3 and CO2 components of 

the film. That the desorption temperature of the presumed Gly from an irradiated 

CO2/NH3/CH4 (1:1:1) film, is lower and very similar to that seen on CH4 and Pt at low 

coverage, suggest Gly formation in its molecular form.  

The TPD signal of the Gly+ cation (m/Z = 75) appears as a single peak on 

negligible background. It therefore represents a convenient tool to monitor the yield of 

Gly within CO2/NH3/CH4 mixtures, as certain experimental conditions are varied. Figure 

3.3a thus shows the variation with incident electron energy of the m/Z = 75 TPD signal 

(integrated between 250 and 350 K, with a linear background first subtracted) from 25 

ML film of CO2/CH4/NH3 (1:1:1) irradiated with the same fluence at each energy. Figure 
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3.3b, shows variation of the integrated m/Z = 75 TPD signal with electron fluence at 70 

eV.   

Some care should be taken when considering the data of Fig 3.3a. Firstly, our 

electron irradiator has no Faraday cup and we unable to measure the absolute incident 

current. However, with appropriate focusing, the electron gun produces an approximately 

uniform current from 5 eV and up to 80 eV. Based on measurements at 20 eV, we estimate 

the fluence delivered during irradiation at each energy as being 1.5×1015 electrons.cm-2. 

Secondly, the yields of Gly observed at the end of each irradiation period while broadly 

indicative of the cross section for forming the molecule (e.g., high yields are associated 

with a large cross section, low yields with a small cross section) are not necessarily 

proportional to the cross section, which strictly should be determined by measuring the 

yield as a function of fluence (as in Fig 3.3b) at each energy.  
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Figure 3. 3  a) Variation with electron energy of the integrated (i.e., from 250 K to 

350 K, background subtracted) TPD signal at m/Z = 75 from a 25 ML film of 

CO2/CH4/NH3 (1:1:1) irradiated with a fluence of ~ 1.5×1015 electrons.cm-2  at each 

electron energy, b) Variation with 70 eV electron fluence of the integrated TPD 

signal  at m/Z = 75 from a 25 ML thick film of CO2/CH4/NH3 (1:1:1) 
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Nevertheless, points can be deduced. From Fig 3.3a we see a threshold in the 

production of Gly at 9.5 ±0.5 eV. The ionization potentials of gas phase CH4, NH3 and 

CO2 are approximately 12.6 eV, 10.1 and 13.8 eV respectively [45]. In the condensed 

phase, ionization energies are usually 1-2 eV lower due to the effects of polarization on 

the resultant cations  [46]. For example Yu, McMenamin and Spicer report a value of 8.9 

eV for NH3 [47] . The energetic threshold seen in Fig 3.3a thus suggests that ionization 

of at least one of the reactants is an important initial step in the production of Gly.  

At higher incident energies we observe a maximum in production of Gly.  

Assuming a constant fluence, sufficiently small to avoid saturation in Gly production, 

across the studied energy range, this maximum between 50 and 70 eV is again indicative 

of a formation process driven by an initial ionization, since it mimics the average behavior 

of electron ionization cross sections for small molecules like the ones used here [48–50].  

Nevertheless, at energies below 20 eV, molecular dissociation by dissociative electron 

attachment (DEA), i.e., capture of the electron to form a transient negative ion which 

subsequently dissociates into an anionic and neutral fragments [51] is also possible and 

could therefore contribute to Glycine formation. The desorption of O ions from films of 

CO2 (which was also associated with the production of CO and CO* radicals in the film) 

has been reported as occurring via resonances at 4.1, 8.5, 11.2, and 15 eV [52], while H 

desorption from condensed CH4 (also producing CH3 radicals) proceeds via a resonance 

at ~10 eV (with a desorption threshold  at ~7 eV ) [53]. The desorption of D from films 

of ND3 (generating ND2 and ND radicals) is reported via resonances near 7.5 and 9 

eV [54], which is broadly consistent with gas phase measurements of DEA to NH3 [55]. 

In all cases however, if DEA was a dominant process in the formation of glycine below 
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20 eV, we might expect to observe a lower energetic threshold than the ~9-9.5 eV seen 

in Figure 3.3a, presuming that all DEA resonances of the three molecules used here yield 

equally reactive products.  However, without additional measurements at energies 

between 10 and 20 eV, to identify possible transient negative ion related structure, DEA 

cannot be entirely excluded. Similarly, with the high electron flux and relatively thick 

target films (25 ML) used here, it is possible that even if DEA did initiate Gly. formation, 

the accumulation of negative charge in the could act to repel other low energy electrons, 

reduce the incident current and slow (or halt) the production of Gly.       

Figure 3.3b shows how the formation yields of Gly (75 amu) from a 25 ML thick 

CO2/CH4/NH3 (1:1:1) ice film, vary with electron fluence. Gly formation is observed to 

increase more or less linearly from 0 to 1.5 x 1015 electrons.cm-2
, above which fluence, 

the rate of formation is reduced. A maximum in Gly yield is seen at 4.45 x1015 

electrons.cm-2. The decrease in yield at higher fluence probably reflects further damage 

to the film and loss of Gly as its surface number density increases. The data presented 

here suggests that reactions between LEE and an ensemble of simple molecules i.e., CO2, 

NH3 and CH4 which do not themselves contain C-C or C-N bonds, can induce the 

formation of Gly. However, Lv et al, [40] and Bossa et al., [37] further to their 

measurements of thermally stimulated reactions, irradiated NH3/CO2 mixtures with VUV 

photons at 10 K and identified the appearance at low temperature of carbamic acid dimers 

and ammonium formate [HCOO][NH4+]. Bertin et al, [56] who irradiated similar 

samples with 9–20 eV electrons, demonstrated the formation of neutral carbamic acid at 

low temperatures and  of ammonium carbamate upon annealing to 140 K.  Jheeta et 

al., [57] also reported the formation of ammonium carbamate in CO2:NH3 (1:1) frozen 

mixtures after irradiation with 1 keV electrons and annealing to 250 K. In light of these 

results, it is possible that reactions between CH4 and/or CH4 fragment species (i.e. CH3, 
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CH2) and carbamic acid and/or ammonium formate, may also play some role in the 

production of Gly observed in the present experiment. 

While TPD is in some senses a less than ideal technique for identifying changes in film 

chemistry since in heating the film to initiate thermal desorption,  the other products of 

electron-irradiation, generated at low temperature, may react together to form new 

products.  Thus, in the present experiments this could mean that some of the glycine 

observed in TPD was not present during irradiation at 25 K, but formed during heating 

of the film. However, this is similar to any TPD analysis performed on residues recovered 

at ambient temperatures from ices irradiated at low temperatures, for example 

chromatographic measurements  by Kobayashi et al., [16],  Muñoz Caro et al. [18]  and 

Bernstein et al., [19]. Indeed, Hudson et al. [17] identified a further complication 

associated with the preparation of residues for analysis; acid-hydrolyzation being 

required to transform glycine precursor species into glycine. In comparison the 

identification of glycine by TPD analysis in our present experiments is more robust as 

the irradiated material is exposed to neither solvents nor to air at atmospheric pressure. 

Moreover, even if heating of the film is necessary to form Gly, the present result remains 

relevant in describing the chemistry occurring in thermally processed astrophysical ices. 

Ideally, however, an in-situ technique such as FTIR [24], HREELS [26],  reactive-ion 

scattering [23], two-color laser-desorption laser-ionization time-of-flight mass 

spectrometry [58] might resolve these minor questions.  

To estimate the quantity of glycine formed during LEE irradiation experiments, 

we performed TPD on glycine films of gradually increasing thickness to determine the 

characteristic TPD signature of the glycine monolayer. Fig 3.4 shows, on a logarithmic 

scale, TPD results for the m/Z = 75 channel from these un-irradiated zero order desorption 

of Gly films, which were deposited directly onto the Pt substrate. Film thickness was 
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controlled by varying the length of evaporation time ‘tev’, i.e. the time the oven shutter 

was left open. The oven was operated at a temperature of 80OC.  A shift in the threshold 

for desorption to lower temperature, that occurred between tev = 780 s and 900 s, is 

interpreted as the onset of multilayer deposition. The TPD curve obtained at tev = 780 s 

was duly assigned as that of a monolayer. The integrated TPD signal (m/Z=75) from the 

irradiated CH4/CO2/NH3 mixture (8830 counts. K) is approximately 3% of that of the 

monolayer (280319 counts. K). From the density of Gly (1.607 g.cm-3) and its molar mass 

(75.07 g.mol-1), we obtain the molecular volume (7.75×10-23 cm3) and hence an estimate 

of the surface density of glycine molecules in a monolayer ~ 5.5×1014 cm-2. Since the 

irradiated sample area is ~1cm2
, we estimate that  ~1.6×1013  glycine molecules are 

formed when CO2/NH3/CH4 (1:1:1) mixture films are irradiated with ~ 4.5×1015 

electrons.cm-2
, at 70 eV. Essentially then, as detailed in the supplementary materials, 

under these experimental conditions, one glycine molecule is formed for every 260 

electrons impinging on the film. Put otherwise, the “quantum” yield for 70 eV electrons 

is about 0.004 Gly per incident electron. 
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Figure 3. 4 : TPD yields functions for m/Z = 75 from glycine deposited on clean 

platinum substrate. Films were exposed to Glycine for different evaporation times 

‘tev’, from the oven, operating at a temperature of 80o C 

 

Conclusion 

We have used mass selected TPD to study physico-chemical reactions induced in 

simulated astrophysical ice mixtures by 0-70 eV electrons. Among several new reaction 

products (some not yet identified) we have clearly observed at m/Z=75 (and at other 

related fragment channels) the desorption of a new product from electron-irradiated 

cryogenic films of CO2/CH4/NH3 under ultra-high-vacuum conditions. Comparisons with 

standard compounds demonstrate that the new product is Glycine, the smallest amino-

acid building block of proteins.  

The yield of glycine has been measured as functions of incident electron energy 

from 0 to 70 eV, and incident electron fluence. An energetic threshold of ~9.5 ±0.5 eV is 
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observed and is indicative that ionization of one or more of the initial reactants is required 

for glycine production to be initiated. However, molecular dissociation by resonant 

mechanisms (DEA) cannot be entirely excluded to contribute at electron energies below 

20 eV.  

The Glycine yield is also observed to initially increase linearly with fluence, 

which suggests that the interaction of a single electron is sufficient to initiate its synthesis. 

However, due to the inherent limitations of TPD, it is not possible to determine whether 

the formation of Glycine, which involves here the formation of new C-C and C-N bonds, 

may in addition to electron irradiation, also require thermal annealing of the film. Despite 

this minor uncertainly, the present study is, to the best of our knowledge, the first to 

demonstrate that low energy secondary electrons, which are created abundantly in 

astrophysical or planetary ices by high energy space radiations, are able to mediate the 

formation of Glycine via the formation of new C-C and C-N bonds in a mixture of 

molecules that do not already possess such bonds. This is in contrast to previous work 

supportive of glycine formation in LEE irradiated mixtures of NH3/CH3COOD [26].     

Additionally, from our TPD results and calibration of a Glycine monolayer, we 

are able to estimate the probability that, at 70 eV, one out of 260 incident electrons hitting 

our films lead to the formation of a Gly molecule (or a “quantum yield” of ~0.004 

Gly/electron). While this value might appear somewhat small, it is of interest to put it 

into the context of astrophysical or planetary ices, and the potential for the radiation 

induced synthesis of simple biomolecules within them. 

In their review, Moore and Hudson [59] provide estimates of the flux of 1 MeV 

protons incident on astrophysical ices in different regions of space. The flux ranges 
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between 1x106 eV.cm-2.s-1 within cold dense clouds in the ISM, to 7.8×1013 eV.cm-2.s-1, 

on the surface of Jovian satellites under magnetospheric ion bombardment.  

The distribution of energy loss events experienced by different types of ionizing 

radiation in solid or liquid matter are on average very similar, with the most probable and 

mean energy transfers being about 22 eV and 58 eV, respectively [14]. Consequently, the 

numbers of secondary electrons and their energy distribution are also very similar with 

approximately 3x104 electrons being produced for each MeV deposited. This suggests 

that on icy grains in cold dense clouds with the ISM, the rate of secondary electron 

formation is ~3x104 electrons cm-2.s-1, while on the surface of Jovian satellites we might 

expect ~2.3x1012 electrons cm-2.s-1. Assuming a lower average cross section for the 

production of glycine by secondary electrons (distributed over the 0 and 100 eV kinetic 

energy range not just at 70 eV as in our estimated “quantum yield”), perhaps as many as 

500 incident electrons will be required before  a molecule is formed.  

In this case, 60 glycine molecules may be formed by secondary LEE each second 

across each cm2 surface of a “hypothetical” ISM icy grain that contains exclusively CO2, 

CH4 and NH3 molecules with the fortuitous ratio 1:1:1. A glycine monolayer of 5.5x1014 

molecules.cm2 could thus form in 9.2x1012 s or 2.9x105 years (ignoring the effects of 

radiation induced degradation of newly formed glycine, which may be mitigated 

depending in the local molecular environment [60,61]) .  

While such an ice composition, resembling our experimental conditions, is of 

course extremely unlikely in astrophysical or planetary ices, data collated by Teilens [62] 

suggest that ices formed in interstellar space may contain ~20% CO2, ~2% CH4 and 

~10%NH3. Assuming then, a densely packed ice where each molecule has 12 nearest 

neighbors, the probability of a CO2 molecule being in close association with both a CH4 
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and NH3 molecule might be ~[CO2] x 12[CH4] x 11[NH3] = ~0.2 x 0.24 x 1.1 = 0.0528. 

This suggests that similar monolayer quantities of glycine could be formed over periods 

of 5.5 x106 years in dense ice clouds. In similar composition ices exposed to much more 

intense radiation fields encountered on Jovian satellites, monolayer quantities could be 

formed in ~0.07 years, or approximately 30 days. 

Thus, our results support the notion that secondary LEEs may be an important 

contributor to the synthesis of biological molecules, including building blocks of 

proteins, in astrophysical or planetary ices, that are subjected to a broad spectrum of high 

energy ionizing radiation. 

 

Supplemental Material: 

See supplemental material for TPD results from 25 ML thick films of CO2/NH3(1:1) 

mixture, before and after electron irradiation; TPD results for differing quantities of 

glycine deposited on a Pt foil substrate and a calculation of the number of glycine 

molecules formed during irradiation under the experimental conditions of Figure 3.1.   
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Abstract: 

 

Using temperature programmed desorption (TPD) we recently reported the production of 

glycine in multilayer films of CH4/CO2/NH3 mixtures at 22 K, under irradiation with 0-

70 eV electrons. To better understand this result, we present here new data on the UHV 

irradiation of cryogenic (22 K) multilayer films of CO2 and NH3 with 70 eV electrons, 

leading to CN, and other new bond formations. Mass resolved electron stimulated 

desorption yields of anions are recorded as a function of electron fluence. Most saliently, 

increasing signals of new negative ion products desorbing during prolonged irradiation 

of CO2/NH3/CH4 films included C2
, C2H, C2H2

, as well as CN, HCN and H2CN.The 

gradual appearance of the desorption signals of these three anions during continuing 

irradiation, suggests that they result from the dissociation of much larger molecules that 

contain new nitrile groups, and which form during electron irradiation of these simulated 

interstellar surface ices. The identification of product ions was aided by using 13CO2 and 

15NH3 isotopes. The chemistry induced by electrons in pure films of CH4, CO2 and NH3, 

as well as mixture films of CO2/NH3/CH4 with composition ratios (1:1:1), were also 

studied by X-ray photoelectron spectroscopy (XPS). The XPS results show that electron 

irradiation of CO2/NH3 mixed films produces new chemical species containing C=O, O-

H, C-O, C=N and N=O bonds. 

 

Key Words: Ices; Experimental techniques; Prebiotic chemistry; Photochemistry; 

Spectroscopy 
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Introduction: 

More than 200 molecules, some surprisingly complex have been detected in the 

interstellar medium ISM[1].It has been proposed that many of these are formed by the 

radiation and thermal processing of icy mantels that condense around dust grains in dark 

cloud regions of the ISM[2]–[6]. Interest also exists in the chemistry initiated by the 

radiation processing of planetary ices, perhaps in the presence of intense magnetic fields 

and in the composition of cometary ices[7]. Consequently, there have in recent years been 

numerous experimental studies into the effects of radiation, primarily UV but also cosmic 

rays (as simulated by ion beams) and fast electrons, on the chemistry occurring in simple 

molecular solids[8]. More recently increasing attention has been directed towards effects 

of low energy electrons (LEEs) [9], which are generated in large numbers by all types of 

ionizing radiation[10]. One approach to simulate their astrochemical effect is to irradiate 

nanometer thick molecular solids of simple molecular constituents in ultra-high vacuum 

(UHV) with energy selected electron beams, and to monitor changes in film chemistry 

with surface analytical techniques[11]. 

Recently we employed the technique of temperature programmed desorption (TPD) to 

observe the formation of glycine, the simplest of amino acids, in multilayer films of a 

mixture CH4/CO2/NH3 irradiated with  0-70 eV.[Paper 2]. These simple molecules are 

among the most common encountered in the ISM[12]. Numerous spectroscopic 

observations attest that these molecules are present within interstellar dust-grain ice 

mantels; CO2 is found in large quantities with an average abundance of ~20% relative to 

water, while CH4, and NH3, are present in quantities of up to several percent [13]–[15]. 

Our measurements show that prolonged exposure of simple molecular ices to secondary 

LEEs leads to the formation of Glycine, a fundamental building block of proteins, an 
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observation that thus supports the notion that the basic molecular ingredients of life can  

be formed in space by the radiolysis of matter. 

In our previous study, we observed an energetic threshold of 9.5 eV for the formation of 

Glycine by LEEs. Our electron-irradiated films reveal multiple products, most notably 

intact glycine, which is supported by control measurements of both irradiated or un-

irradiated binary mixture films, and un-irradiated CO2:CH4:NH3 ices spiked with Gly. 

TPD analysis of Gly film growth allowed us to determine the “quantum” yield for 70 eV 

electrons to be about 0.004 Gly molecules per incident electron.  

In other recent work[16], we combined TPD with Electron Stimulated Desorption (ESD) 

which measures changes in the yield of desorbed ions as function of incident electron 

energy and/or fluence, and X-ray Photoelectron Spectroscopy (XPS), to investigate the 

chemistry initiated by 70 eV electrons in multilayer films of a CH4/O2 mixture. By 

combining these techniques, we could identify the production of ethanol. 

Here to better understand processes occurring in films of CO2/NH3/CH4  leading 

to the formation of Gly,  we once again employ ESD and XPS to investigate chemistry 

occurring in LEE irradiated mixtures of CO2/NH3, CO2/CH4, CH4/NH3 CO2/NH3/CH4 

and pure CH4, NH3 and CO2 films. New negative ion products desorbing during 

prolonged irradiation of CO2/NH3/CH4 films included C2
, C2H, C2H2

, as well as CN, 

HCN and H2CN. Of particular significance is the formation of HCN, which is a 

signature of dense gases in interstellar clouds, and is ubiquitous in the ISM. Moreover, 

the chemistry of HCN radiolysis products such as CN− may be essential to understand of 

the formation of amino acids [17] and purine DNA bases[18]. 

The identification of product ions was aided by using 13CO2 and 15NH3 

isotopes.The chemistry induced by electrons in pure films of CH4, CO2 and NH3, as well 

as mixture films of CO2/NH3/CH4 with composition ratios (1:1:1), were additionally 
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studied by X-ray photoelectron spectroscopy (XPS). The XPS results show that electron 

irradiation of CO2/NH3 mixed films produces new chemical species containing C=O, O-

H, C-O, C=N and N=O bonds.  

Experimental method: 

All experiments were performed in a Ultra High Vacuum (UHV) system maintained at a 

base pressure of ~6×10-11 Torr by use of an ion-pump. For the present work, target films 

were formed by vapor deposition onto a Pt-foil substrate, the temperature of which can 

be controlled between 22 and 400 K with a closed-cycle He cryostat and resistive heating 

elements. The foil was cleaned between experiments by resistive heating to 700 C and 

the thickness of films (in monolayers ML) condensed onto the substrate was determined 

by a volumetric dosing procedure with an absolute accuracy of ~ 30% [19], [20] and a 

repeatability of 0.2 ML [21]. For the present experiments, pure films of CO2 (99.9% 

MSD isotopes.), NH3 (99.9% MSD isotopes.) and CH4 (99.99% Matheson) and mixtures 

of the three gases, were deposited at 22 K. The composition of mixture films are 

characterized by the ratio of partial pressures in the gas-handling manifold prior to film 

deposition (e.g., CO2/NH3/CH4 (1:1:1)). In most experiments (and unless indicated 

otherwise) films of 25 ML were used. The identification of particular product ions was 

accomplished by use of 13CO2 (99.9% MSD isotopes.) and 15NH3 (99.9% MSD 

isotopes.).  Sample films were irradiated isothermally at 22K with 70 eV electrons 

generated from an electron gun (Kimball Physics ELG-2). The energy resolution of this 

beam is approximately 0.5 eV. In ESD experiments, the electron beam typically delivered 

a current of 100 nA when focused into a spot of ~50 mm2
 area, this current corresponds 

to a flux of ~1.25 x1012 electrons s-1cm-2. Desorbed anions  were detected with a 
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quadrupole mass spectrometer (Extrel 150-QC); an electron impact ionization cage 

additionally allowed the detection of desorbed neutral species.  

For this work, we prefer to use “Fluence” as our independent variable. since this is 

unambiguously defined as a number of electrons/unit area. We acknowledge that 

“Electron Dose” has been used to describe an equivalent variable in certain other studies. 

However working within the radiobiology community, we are very sensitive to the fact 

that “Dose” (measured in Gy) is formally defined as Energy deposited/unit mass, which 

is obviously quite different and not explicitly controlled or determined in these 

experiments.  

For XPS measurements, the entire film was irradiated in raster-mode for pure, binary and 

tertiary mixtures respectively. XPS measurements were performed with a standard 

unmonochromized Al kα source (1486.6 eV) operated at a power of 350 W. The X-ray 

source, operating under identical conditions was also used as alternative radiation field 

in certain experiments; to assess the effect of X-rays during XPS, and to simulate a higher 

energy radiation that might be encountered in space. The evolution of XPS features with 

electron fluence was investigated by irradiating each film for a period “tir” and then 

recording the relevant XPS spectra. Fresh films were prepared each tir. To minimize the 

potential destructive effects of XPS measurements, a fresh film was prepared for each 

electron irradiation period. To account for local charging effects, the energy scale was 

calibrated against the Pt 4f5/2 and Pt 4f7/2 feature at 73.97 eV and 70.77 eV respectively. 

In other experiments, the XPS of pure Gly, (99%, Sigma Aldrich), was measured for 

comparison with the electron-induced chemistry experiments in the mixture films. Gly 

was loaded into a miniature oven mounted onto a rotatable linear transporter that is 

housed within a load–lock chamber[22]. This oven was introduced, via a gate valve into 

the analysis chamber and used to dose samples with Gly. A shutter, opened by rotation 

of the oven along the axis of the linear transporter, allows an accurate control of the 

quantity of Gly deposited. Gly samples were initially degassed in the load-lock by heating 
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for several hours at 50oC, well below the evaporation onset for the molecule[23], [24]. 

The dependence of the Gly evaporation rate on oven temperature was determined within 

the load–lock chamber by monitoring, with a residual gas analyzer, the partial pressure 

of its highest intensity fragment ion (m/z=30). For the present experiments, an 

evaporation temperature of 100 °C was chosen to produce the Gly films, which was 

controlled to within ± 1oC be use of a PID controller and a Labview software. 

 

Results and Discussion: 

 

1. Electron stimulated desorption of anions (ESD) 

Figure 4.1 shows  mass spectra for anions desorbed by electron impact at 70 eV 

from 10 ML films of  a) pure CH4, b) pure NH3, c) pure CO2, d) NH3/CO2 mixture (1:1), 

e) CH4/NH3 mixture(1:1),  f) CH4/CO2 mixture (1:1)  and g) CO2/CH4/NH3 mixture 

(1:1:1). All films were pre-irradiated at 70 eV for ~360s (equivalent to a fluence of ~ 4.5 

x 1014 electrons.cm-2) before these spectra were recorded. For each LEE-irradiated film, 

the major anion fragments in the mass range 10 – 35 have been labeled. At lower masses 

(not shown) for films containing CH4 and/or NH3, the dominant desorption product is H. 

In films containing CO2, the signal of O is usually 2 orders of magnitude greater than 

any other anion in the 7-35 amu range. In such cases for Figure 4.1, an axis break in the 

y-scale and/or an inset graph have been used to better reveal the low intensity desorption 

signals.  

Since stable CH4
 does not exist (methane has a negative electron affinity) and 

the flight time of a 16 amu species with even 2 eV of kinetic energy from film to detection 

in the QMS (approximately 75 cm away) is estimated as being greater than 1.5 x10-4 s, it     

is unfortunately likely that the presence of a 16 amu signal in the spectrum of a pure CH4 

film (Fig 4.1a), is indicative of contamination either from residual CO2, O2 or another O 
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containing vacuum contaminant. (The presumed signal of O- is approximately 1% of that 

obtained from the 10 ML thick film of CO2.) The weak signals of C2
, C2H, and C2H2

, 

which were not seen previously from pure CH4 (paper I), are likely related to the presence 

of the Ocontaining molecule, much like that described in that earlier study.  

The ESD spectrum from NH3 (Fig 4.1b) contains contributions from NH and 

possibly NH2
, though the intensity of this latter anion is too weak (approximately 6 times 

weaker than the mass 16 amu singal in Fig 4.1a) to exclude the possibility that it too, 

derives from contamination from an O-containing species. 

The spectrum of pure CO2 (Fig 4.1c) is, as already noted, dominated by the 

desorption of O-; the signal is so strong that appreciable signals of 17O and 18O are 

observable at intensities consistent with their approximate isotopic abundance.  The C 

anion is also observed at 12 amu and at higher mass (32 amu) a small signal of O2
is also 

seen. Whether this signal is derives directly from the dissociative ionization of CO2 (or 

another molecule) or is generated by reactive scattering of O ions is at this point unclear, 

however the O2
 signal is absent from the ESD spectra of all other films that contained 

CO2. The inset to Fig 4.1c, reveals a very weak signal of C2
and a signal at mass 26.  

  For films containing both NH3 and CO2 (Fig 4.1d), the absolute intensity of the 

O signal is reduced relative to pure CO2, which is unsurprising since the target film 

contains less CO2. In contrast the intensity of the desorption signal at 17 amu, relative to 

those at both 16 and 18 amu, is increased, indicating the likely contribution of OH 

anions. In addition to a signal of C, there is a at peak 26 amu which measurements with 

NH3/
13CO2 mixtures (see supplemental material SM1) show is associated with the 

desorption of CN. The inset reveals additional weak signals of C2
,C2H and HCN at 

24 amu, 25 amu and 27 amu, repectively. It is likely then, that the signal at 26 amu 
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contains a small signal of C2H2
 in addition to CN. The very weak signal of CN seen in 

Fig 4.1c for supposedly pure CO2 films, may thus be due to NH3 contamination.    

The anion desorption spectrum obtained from CH4/NH3 mixture films (Fig 4.1e) 

shows a (comparatively) strong peak at mass 26 amu, which a comparison with 15NH3 

containing films (see supplemental material SM2), indicates is largely due to 

CNdesorption. A minor contribution from C2H2
 is also possible, indeed likely, given 

the presence of C2
 and C2H (masses 24 and 25 amu) in the spectrum. Experiments with 

CH4/
15NH3 indicate that mass 27 amu is HCNwhile mass 16 is probably due to 

contamination with an O-containing species.  

In Fig 4.1f, the electron irradiation of CH4/CO2 mixture films is seen to produce new 

signals of OH and larger hydrocarbon species (i.e., C2
, C2H and C2H2

). No signal of 

HCN at mass 28 amu is seen since no NH3 is present the film.   

Finally, new signals of OH and CN are observed to desorb from irradiated 

CH4/NH3/CO2 films (Fig 4.1g). Also observed, and clearly seen in the inset, are signals 

of C2
, C2H and HCN. 

The ESD signals of many of these anions slowly vary with fluence, indicating the gradual 

electron initiated synthesis and accumulation in the films (and later fragmentation by 

subsequent electrons) of new molecular species that contain C-N, C-C C and presumably 

C-O bonds. 
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Figure 4. 1: The electron stimulated desorption at 70 eV of anions with mass 

between 7-35 amu, from 10ML thick films of  a) pure CH4 b) pure NH3 c) pure 

CO2 d) 1:1 NH3/CO2 mixture e) 1:1 CH4/NH3 mixture f) 1:1 CH4/CO2 mixture and 

g) 1:1:1 CO2/CH4/NH3 mixture. Following pre-irradiation at 70 eV for ~360s 

(fluence of ~ 4.5x 1014 electrons.cm-2). 
 

 

Figure 4.2 shows in greater detail how the desorption yields of selected anions (i.e., C2
, 

C2H, CN and HCN) from a 10 ML thick CO2/CH4/NH3(1:1:1) ice film, vary with 

electron fluence (controlled  by increasing irradiation time at a constant flux of 1.25×1012 

electrons.s-1cm-2). In all cases, the data of Fig 4.2 show increases in ESD signal for the 

C2
, C2H, CN and HCN anions at elevated fluence. (the designation of HCN- having 

been confirmed by measurements with 15NH3) This suggests that similar to our results 
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reported in Paper 1 for O2/CH4 mixtures, such yields contain contributions from the 

dissociation of “new” larger molecular species that are synthesised and gradually 

accumulate at the film surface by electron-induced reactions between CH4, NH3 and CO2 

(or their fragments). 

Maxima observed in the fluence-response curves for CNand HCN at fluence close to 

~4×1014 electrons.cm-2 and in that of C2
andC2H, at 3 ×1014 and 0.2 ×1015 electrons.cm-

2 respectively.   
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Figure 4. 2 : Variation with electron fluence at 70 eV, of the ESD signals of the 

indicated anions, measured from a 10 ML film of CO2/CH4/NH3 (1:1:1) mixture. 
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2. X-ray photoelectron spectroscopy (XPS) 

 

 

To better identify possible reaction products formed within our electron-irradiated films, 

we have investigated and compared photoelectron spectra from irradiated mixtures with 

spectra from pure films of un-irradiated Gly molecules. 

In the present section, we present results of XPS measurements, which indicate the 

formation within electron irradiated mixtures of new chemical bonds consistent with 

electron emission from molecular zwitterionic glycine. 

In the present section, we present results of XPS measurements, show the formation of 

new chemical bonds involving C=O, O-H, C-O, C=N and N=O bonds.  

 

2.1. XPS spectra of pure CO2, CH4, and NH3 films: 

The evolution under electron irradiation at 70 eV of C1s, N1s and O1s signals from 25 

ML thick films of pure CH4, pure NH3 and pure CO2 films, at 22K is shown in Figure 

4.3. The films were exposed to an electron flux of ~ 6.2×1011 electrons.s-1.cm-2 for the 

indicated irradiation periods. 

In the Fig 4.3a, the C1s spectrum from an un-irradiated film of CH4 consists of one peak 

at a binding energy of 285.5 eV, which is attributed to photoemission from carbon atoms 

in CH4. Prolonged electron irradiation of the film results only in very minor changes to 

the XPS spectrum. Previously (paper I) we have seen that the present photoelectron 

spectrometer is unable to resolve changes in binding energy associated with the formation 

of  unsaturated C to C bonds. 

 

In Fig. 4.3b, the C1s spectrum from an un-irradiated film of CO2 consists of a single peak 

at a binding energy of 292.0 eV (Peak K1), which we attribute to photoemission from 

carbon atoms in CO2. In an earlier work by Cornelison et al[25], this same peak was 
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measured at 292.75 eV. Under electron irradiation, the intensity of this peak decreases 

and new signals at binding energies of 290.3 eV (Peak K2) and 284.3 eV (Peak K3) appear 

and grow. The difference in binding energy between the K1 and the K2 peaks (1.7 eV) is 

consistent with that reported by Cornelison et al[25] between the C1s lines of CO2 and 

X-ray induced CO (1.55eV). We thus propose that K2 is due to CO formation in the film. 

The binding energy of the K3 feature is attributed to trapped C atoms (having lost a further 

O atom) and/or C-C or C=C bond formation since the binding energy of the K3 peak is 

very similar to that reported for the C1s peaks of Ethylene and of the C=C in propene on 

Pt[26].  

In Fig. 4.3c, the O1s spectrum from an un-irradiated film of CO2 consists of one peak at 

a binding energy of 535.8 eV (Peak T1), linked to photoemission from the two identical 

oxygen atoms in CO2. The same peak is reported at an energy of 536.32 eV in the earlier 

work of Cornelison et al[25]  Under electron irradiation, the intensity of the T1 peak 

decreases and a new signal appears at 1.3 eV higher binding energy appears (Peak T2) 

which is associated with the formation of CO within the film Cornelison et al[25].  

In the Fig. 4.3d, the N1s spectrum from an un-irradiated film consists of a single peak at 

binding energies of 399.75 eV, which is attributed to photoemission from nitrogen atoms 

in NH3. The intensity of this feature decreases during electron irradiation, but no new 

features are observed. This indicates that the loss of signal from this peak is associated 

primarily with a loss of ammonia from the film due to electron stimulated desorption 

processes. 
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Figure 4. 3 : Changes with electron irradiation at 70 eV of a) C1s spectra from CH4 

b) C1S from CO2 c) O1s from CO2 and d) N1s from NH3. All films were of 25 ML 

thickness. Incident electron flux was ~ 6.2x 1011 electrons.cm-2.s-1 such that an 

irradiation period tir of 120 mins corresponded to an electron fluence of 4.5 x 1015 

electrons.cm-2.  
 

 

2.2. XPS spectra of CH4/NH3 mixture: 

The evolution under electron bombardment at 70 eV of the C1s and N1s signals from a 

25 ML thick film of CH4/NH3 at 22K is shown in Figure 4.4. The incident flux was ~ 8.1 

x 1011 electrons. s-1 cm-2 such that irradiation for 120 minutes corresponded to a fluence 

of ~ 5.8×1015 electrons.cm-2(figure 4.4). 

In the left-hand panel of Fig. 4.4, the N1s spectrum from an un-irradiated film consists 

of one peak at binding energies of 399.8 eV (Peak Q1), which is attributable to 

photoemission from nitrogen atoms in NH3. Under electron irradiation, the intensity of 

this peak decreases and new signals at binding energies of 401.1 eV (Peak Q2) and 397.9 

eV (Peak Q3) increase. An earlier XPS study of HCN adsorbed on Pt(111)[27] showed 
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that HCN adsorbs  molecularly and dissociatively  such that two distinct chemical species 

form with N1s binding energies of 398.6 and 396.9 eV (i.e., with a separation in BE ~1.7 

eV). This separation  is very similar to that measured  between Q1 and Q3 (~1.9 eV ) and 

perhaps indicates the formation of C-N bond in mixture of CH4 and NH3[27]. In the right-

hand panel of Fig. 4.4, the C1s spectrum from an un-irradiated film consists of one peak 

at binding energies of 286.1 eV (Peak R1), which is attributable to photoemission from 

carbon atoms in CH4. Under electron irradiation, the intensity of this peak decreases and 

new signals at binding energies of 284.4 eV (Peak R2) increase. The separation in  binding 

energy of ~1.7 eV between R1 and R2 is in a good agreement with those measured for C-

H and C≡N bonds respectively within  CH3CN on Pt (111) at 85K [28]   
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Figure 4. 4 : For, The evolution of N1s (left panel) and C1s (right panel) signals from 

25 ML thick CH4: NH3 (1:1) mixture films. Incident electron flux was ~ 8.1x 1011 

electrons.cm-2.s-1 such that an irradiation period tir of 120 mins corresponded to an 

electron fluence of 5.8 x 1015 electrons.cm-2. Peaks Q1, and R1 are fitted to the N1s 

and C1s signal from un-reacted NH3 and CH4 respectively in the film at tir = 0, while 

Q2, Q3 and R2 are peaks fitted to the new product(s). 

 

 

2.3. XPS spectra of CO2/NH3 mixture: 

The evolution under electron bombardment at 70 eV of the C1s, N1s and O1s 

signals from a 25 ML thick film of CO2/NH3 (1:3) at 22K is shown in Figure 4.5. The 
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incident flux was ~ 8.1 x 1011 electrons. s-1 cm-2 such that irradiation for 120 minutes 

corresponded to a fluence of ~ 5.8×1015 electrons.cm-2
 (figure 4.5). 

In Fig. 4.5a, the C1s spectrum from an un-irradiated film of a CO2/NH3 mixture 

consists of a peak at binding energy 292.2 eV (Peak Z1), associated with carbon atoms in 

CO2 and another at 284.2 eV (Peak Z2). This latter peak is very close in binding energy 

to that observed in NH3/CH4 mixtures and there attributed to photoemission from CN 

functional group. Unlike the Z1 peak which is associated with CO2 and decreases with 

increasing tir, the Z2 peak increases with irradiation. It should be noted that the C1s 

spectra were the last to be recorded when XPS measurements were performed. It is thus 

possible the appearance of the Z2 peak at tir = 0 min is the result of X-ray pre-irradiation 

and is indicative of C-N bond formation. A comparison with our own XPS measurements 

for multilayer Acetonitrile (CH3CN) films indicates that line might also possibly be 

related to formation of  a C-C≡N functional groups 

Upon further irradiation, two additional C1s peaks can be resolved, Z3 (at 288.5 

eV) and Z4 (at 290.25 eV). From comparisons with our earlier work with CH4/O2 

mixtures (Paper I) and XPS measurements on CO2 ices in the presence of H-containing 

vacuum contaminants (Cornelison et al)[25], it seems likely that the LEE-induced Z3 and 

Z4 features are related to formation of -COH and -C=O functional groups, respectively. 

The possibility that COOH groups may also be formed, cannot however be discounted 

 In Fig. 4.5b, the N1s spectrum from an un-irradiated film of CO2/NH3 consists of one 

peak at binding energies of 399.9 eV (Peak U1), attributable to the unreacted nitrogen 

atoms in NH3. The N1s XPS spectrum of the LEE-irradiated mixture film (tir =120 mins) 

can be resolved in two peaks, U2 (401.5 eV) and U3 (404.9 eV). A comparison with 

multilayer Nitrogen Dioxide indicates that product seen at higher binding energies in N1s 

spectra contains O-N or N=O functional group. 
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In Fig 4.5c, the O1s spectrum from an un-irradiated film of CO2:NH3 consists of one peak 

at a binding energy of 535.6 eV (Peak V1), which is attributable to unreacted oxygen 

atoms in CO2. In CO2/NH3 mixture under e- irradiation at 70 eV, the O1S (Fig. 4.5) can 

be resolved into at least three additional new structures V2 (534.42 eV) and V3 (532.77 

eV) and V4 (531.3 eV); one corresponds to formation of species containing N-O and N=O 

functional groups while the other possibly C-O bond.  
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Figure 4. 5 : For 25 ML thick CO2: NH3 (1:3) mixture films, the evolution of a) C1s 

b) N1s and c) O1s signal under electron irradiation. Incident electron flux was ~ 

8.1x 1011 electrons.cm-2.s-1 such that an irradiation period tir of 120 mins 

corresponded to an electron fluence of 5.8 x 1015 electrons.cm-2.  
 

 

2.4. XPS spectra of CO2/NH3/CH4 mixture: 
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Figures 4.6a, 4.6b and 4.6c present respectively, the C1s, N1s and O1s XPS signals from 

25ML thick CO2:CH4:NH3 (1:1:1) mixture films during extended irradiation with 70 eV 

electrons, at a flux of (2.25×1016 electrons.cm-2)  and compares them with those obtained 

from an un-irradiated Gly film (Figs 6d-f). These latter results are comparable to data 

obtained by Lofgren et al,[29] and by Shavorskiy et al., [30], who independently recorded 

XPS spectra for different coverages of Glycine on Pt(111) surfaces. Comparisons with 

these works have validity since it was previously shown that Pt foil substrates similar to 

that used in the present work  resemble polycrystalline Pt(111) samples in low energy 

electron diffraction experiments[31]. Shavorskiy et al., [30] report that glycine is initially 

deposited in a neutral molecular form, but for coverages greater than  0.15 ML, glycine 

in its zwitterionic form, is increasingly prevalent 

At the bottom of Fig. 4.6a, the C1s spectrum from an un-irradiated film is seen to 

consist of two structures at binding energies of 292.29 eV (Peak P1) and 285.85 eV (Peak 

P4), that are attributable to photoemission from carbon atoms in CO2 and CH4, 

respectively. Upon electron irradiation (i,e, with progressively increasing tir) the C1s 

signal decreases in intensity and becomes significantly broadened, towards both higher 

and lower binding energy. New C1s structures (P2, P3, and P5) are apparent at binding 

energies of 290.34 eV, 287.9 eV and 284.25 eV, respectively. 

In Fig 4.6d, two distinct C1s structures at 290.1 eV and 287.5 eV, separated by a 

B.E. of ~2.6 eV are resolved in spectra from multilayer Gly, Consistent with the 

measurements of Shavorskiy et al, [30] the higher B.E. feature corresponds to electron 

emission from the carboxylic (COOH) and carboxylate (COO) groups, while the lower 

energy feature is likely dominated by emission from -C in the zwitterion. Comparing 

C1s spectra of Fig 4.6d with those from the irradiated mixture samples in Fig 4.6a, it is 

possible that the P2 feature (at 290.34 eV) corresponds to electron emission from 
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carboxylic or carboxylate groups, while the energy of the P3 feature is consistent with 

electron emission from the zwitterion’s -C. The energy of the P5 feature has a good 

agreement with electron emission form carbon atoms in HxC-N groups (with x=1,2 C1s 

BE 284/284.8 eV) from similar studies[30], [32].   

The XPS N1s spectrum of the  un-irradiated mixture film (bottom of figure 4.6b) 

consists of a single peak, S2 at 400 eV that is attributed to photoemission from the 

nitrogen atom in NH3. As the film was irradiated the intensity of the S2 structure decreases 

and new signals at binding energies of 401.57 eV (S1) and 398.38 eV (S3) increase. The 

S3 signal corresponds to electron emission from nitrogen atoms in HxC-N groups [30].  

N1s XPS peak from un-irradiated Gly film (Fig. 4.6e) is a broad feature that can be 

resolved into two peaks, at 400.70 eV that associated with NH2 group in molecular 

glycine and 402.77 eV, which corresponds to nitrogen in the NH3
+-CH2-COO  glycine 

zwitterion[30]. The two distinct N1s structures in spectra from the Gly, film are thus 

separated by a B.E. of ~2.07 eV which is slightly larger than that observed between the 

N1s features in irradiated mixture (~1.57 eV). It appears reasonable to assume that S1 

corresponds to photoemission from NH3
+ groups formed within the film. 

The O1s spectrum from the un-irradiated film (in Fig 4.6c), consists of a single 

structure at a B.E. of 535.83 eV (Peak Q2) from photoemission from the oxygen atoms 

of CO2. In Fig 4.6c, we see that the effect of electron irradiation on the CO2:CH4:NH3 

mixture is to degrade the initial O1s signal and generate a broad structure at significantly 

lower B.E., that consists of at least two new lines Q3(at 533.7 eV)  and Q4(at 532 eV, as 

well as a single new feature Q1 at higher B.E (537 eV). This latter is similar to that 

generated by electron irradiation of pure CO2 films (Fig 4.3c) and is plausibly related to 

the formation of CO, although a corresponding CO related C1s signal cannot be resolved 

in Fig 4.6a.    
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The two new O1s structures that are resolved at lower binding energy in spectra 

from the irradiated mixture(Q2 and Q3) areseparated by a binding energy of ~1.7 eV. This 

is very similar to the separations observed between the two dominant O1s features in 

earlier experiments with multilayer glycine [30] ( ~1.90 eV ) and in the spectrum for 

Glycine in Fig 4.6f. (i.e., ~1.87 eV). The higher B.E. feature is attributed to emission 

from the COOH oxygen atom and the lower energy feature to emission from the COOH 

and COO oxygen atoms in the carboxylic and carboxylate groups respectively.  Q1 and 

Q4 features in the XPS O1s spectra of irradiated mixture apparent at a B.E. of 537.12 eV 

and 532.08 eV respectively are thus consistent with emission from oxygen atoms in these 

functional groups[33]. 
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Figure 4.6 :C1s, N1s and O1s spectra of a) un-irradiated 25 ML film of  

CO2:NH3:CH4 (1:1:1) mixture. b) 25 ML thick CO2:CH4:NH3 (1:1:1) sample after 

irradiation with ~ 2.25×1016 electrons.cm-2 at 70 eV and c) clean platinum substrate 

after exposure to Gly for 3 minute from the oven operating at a temperature of 100o 

C 
 

 
 
Summary and conclusion: 

 

We have investigated the physico-chemical changes initiated in multilayer films 

of CH4, NH3, CO2, CO2/NH3, CH4/NH3 and CO2/CH4/NH3 ice mixtures by LEEs of 70 

eV, under conditions which approximate those experienced by molecular ices in space 

environments. We have used anion ESD to monitor changes that occur inside the film. 

The ESD yield of certain anion signals from CO2/CH4/NH3 mixtures, specifically C2
, 

C2H, C2H2
, CN and HCN, initially increase with LEE irradiation, indicating the 
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gradual electron-initiated synthesis and accumulation within the films of molecular 

species containing new C-C, C-N and possibly C-O bonds. We have employed post-

irradiation analysis by XPS to trace the formation of these new, more complex chemical 

species that remain in the icy films after electron exposure. Our results indicate that 

exposure to LEEs initiate production of new chemical species that contained functional 

groups including -NH2, --NH3
+, COOH, COO, and C-N bonds, from films originally 

containing only methane, ammonia, and carbon dioxide. The XPS signatures of these 

functional groups are also seen in XPS measurements from multilayer glycine. Their 

presence in irradiated CO2/CH4/NH3 mixture films is thus consistent with the production 

of glycine, as previously observed in the TPD of similarly irradiated ices (Paper II).  

These new XPS measurements provide some further insight into that earlier result. 

Firstly, the XPS spectra of unirradiated mixture films are essentially identical to a sum of 

signals observed in pure films containing only CH4, CO2 or NH3. This indicates that, 

unlike the case of CO2/NH3 at temperatures above ~80 K, [Bossa et al. [34]] there are at 

no “spontaneous” reactions between the molecular constituents of the mixture films at 

the temperature of 22 K used in these experiments, or presumably. At the lower 

temperatures encountered in some space environments. Secondly, all LEE irradiation and 

XPS measurements were performed at 22 K. No heating or annealing of the target films 

was thus necessary to generate XPS signatures consistent with glycine production. While 

this observation is not unequivocal proof that glycine was produced by LEE irradiation 

alone at such low temperatures, it indicates that additional thermal processing of 

irradiated CO2/CH4/NH3 mixtures ices may not be required to generate glycine. (It should 

be recalled that the TPD measurements by necessity involve heating the sample films.) 

Thirdly, we note that in our earlier measurements, the maximum glycine yield induced 

by 70 eV electrons was observed at a fluence of 4.5 x 1015 electrons.cm-2; the yield 
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decreased at higher fluence. The present measurements follow the evolution of XPS 

spectra from LEE-irradiated films to significantly higher fluence (i.e., 2.25×1016 

electrons.cm-2). It is significant that the XPS signatures of molecular structures associated 

with glycine are observed to increase with fluence across the entire range of electron 

fluence studied.  These results suggest the possibility that the previously observed 

decrease in glycine yield at the highest fluence may not be entirely related to the LEE-

induced destruction of the molecule, but to its incorporation within larger organic 

molecules.                        

In conclusion, our results support the idea that secondary LEEs may play a 

significant role in the production of complex organic molecules of biological 

significance, in planetary or astrophysical ices exposed to ionizing radiation modalities 

[2] that impinge on them. 
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MATERIALS AND METHODS 

 

5.1. Principles of techniques used 

The experimental work presented in this thesis was performed at the University of 

Sherbrooke using a modified versions of an instrument described in several earlier 

publications (Klyachko, Rowntree, & Sanche, 1997; Klyachko, Huels, & Sanche, 1999; 

Hervé Du Penhoat, M. a. Huels, Cloutier, Jay-Gerin, & Sanche, 2001; Ptasińska & 

Sanche, 2006). The effects of low energy (0-70 eV) electron irradiation on thin molecular 

solids were investigated by the techniques of Electron Stimulated Desorption, (ESD), 

Temperature Programmed Desorption, and X-ray Photoelectron Spectroscopy (XPS). 

Below we briefly discuss the principles of these three techniques, before providing a 

description of the experimental instrumentation with particular emphasis on 

modifications that I made to improve system performance.      

5.1.1. Electron Stimulated Desorption (ESD) 

 

The term ESD describes the desorption of charged or neutral atomic and molecular 

species from materials during electron irradiation. “Prompt” desorption refers to the 

immediate ejection into vacuum of charged and neutral species via processes such as 

molecular dissociation or reactive-ion molecule scattering (Yildirim, Balcan, Bass, 

Cloutier, et al., 2010; Bass, Parenteau, Huels, & Sanche, 1998; Arumainayagam, Lee, 

Nelson, Haines, & Gunawardane, 2010; Böhler, Warneke, & Swiderek, 2013) from 

“fresh” sample films. The cation yields from such prompt desorption are either (1) the 

result of molecular fragmentations of the initial molecules in the films, or (2) the result 

of fast cation scattering reactions of the ion fragments formed in (1) in the film prior to 

desorption. In the former case (1) the ion yields are of maximum intensity the very 

moment electrons impact the film, and then decay in some exponential manner over time 

as the film is continuously irradiated. In the latter case (2) the ion yields are usually more 

complex molecular cation reaction products, and their yields usually rise quickly from 

zero, reach a maximum after relatively short irradiation times, and then decrease with 

prolonged desorption. After extended periods of electron irradiation, the ESD signals 

(almost always of anions) may change as the original molecular constituents of the film 

are destroyed and new molecules are synthesised (Pan, Abdoul-Carime, Cloutier, Bass, 
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& Sanche, 2005; Hedhili, Cloutier, Bass, Madey, et al., 2006; Arumainayagam, Lee, 

Nelson, Haines, & Gunawardane, 2010; Böhler, Warneke, & Swiderek, 2013). These new 

molecules, which accumulate in the film and at its surface, are the likely results of slower, 

physico-chemical reactions of neutral fragment species which are produced from the 

initial electron irradiation (e.g. giving rise to the cation yields in prompt desorption). As 

they accumulate at the surface they are increasingly subjected to electron induced 

dissociation processes that lead to anion formation (e.g. dipolar dissociation (DD), or 

dissociative electron attachment (DEA), discussed below), in addition of course to 

dissociations that lead to cation fragment formation (e.g. (1) and (2)). Low energy 

electrons (LEE) can induce molecular dissociation via a number of processes (Figure 

5.1), and for the case of electron impact on a thin molecular solid, such dissociation 

events may lead to desorption of fragment ions and neutrals. These products are formed 

via reactions such as DD or molecular dissociation and DEA. Dissociation processes such 

as DEA that involve the formation of an intermediate transient negative ion (TNI) can 

have large cross sections at low energy and are most easily identified by monitoring the 

desorption of anionic fragments. Transient Negative Ions (TNIs), or Resonances, 

correspond to the temporary capture of an electron by the molecule into a state of 

lifetimes ranging from 10-15s to 10-10s. When the lifetime is of the order or greater than a 

vibrational period of the quasi-bound anion state, it can dissociate into a stable negative 

ion and a neutral fragment (Yildirim, Balcan, Bass, Cloutier, & Sanche, 2010; Hedhili, 

Cloutier, Bass, Madey, & Sanche, 2006; Sanche, 1993). Clearly at higher electron 

energies, above those where usually TNIs are formed (e.g. usually below 20 eV), anion 

fragment formation in the films is either due to DD by the impinging electrons, or DEA 

by secondary electrons produced in the films by the initial electrons via usual ionization 

mechanisms which have thresholds near 10 eV in the condensed phase.  



 

119 
 

 

Figure 5. 1 Pathways for electron induced dissociation 

 

In the present experiments, a quadrupole mass spectrometer (QMS) is used to monitor 

the yields of desorbed cations and anions. Here the films are placed in front of the electron 

gun, which emits a beam of monoenergetic electrons that impinge on the sample at an 

angle of 70o relative to the surface normal, while the QMS, with its detection axis normal 

to the surface, collects positive or negative ion yields. The QMS can be operated in the 

spectral mode, detecting entire mass spectra over a given mass range at a fixed electron 

energy and current, or the ion yield mode, where several preselected ion masses can be 

monitored simultaneously as functions of irradiation time (dose dependence); these latter 

measurements can be repeated at various electron energies (electron energy dependence), 

or at fixed electron energies at different electron currents (dose-rate dependence). The 

QMS is equipped with a custom made lens system (Hervé Du Penhoat, M. A. Huels, 

Cloutier, Jay-Gerin, & Sanche, 2001), which precedes a low profile ionizer that is placed 

before the mass filters. During ion desorption measurements, the filaments of the low 

profile ionizer are turned OFF, and the ionizer cage acts as an ion transport lens. 

5.1.2. Temperature Programmed Desorption TPD 

 

TPD uses mass spectrometry to measure the yields of neutral molecular species that 

desorb from sample films as the substrate temperature is increased (Meyburg, 

Nedrygailov, Hasselbrink, & Diesing, 2014). Molecular species desorbing from the film 
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exhibit distinctive sublimation temperatures, characteristic of the type and strength of 

their interactions within the film and with the surface. This property, together with the 

measurement via the quadrupole mass spectrometer of characteristic mass spectra (or 

“cracking patterns”), permit reaction products formed in irradiated molecular solids to be 

identified. (Öberg, 2016; Sedlacko T, Balog R, Lafosse A, Stano M, Matejcik S, Azria 

R, 2005; Arumainayagam, Lee, Nelson, Haines, & Gunawardane, 2010).  Essentially 

then, we measure the rate of desorption of a particular molecule by monitoring 

characteristic mass to charge ratios (m/Z) as a function of temperature. The physics of 

desorption processes is described in terms of Arrhenius-type behaviour, where the rate of 

desorption “Rdes” is given by following equation (Kautto, Kuhalainen, & Manninen, 

1997; Nicholl, Talley, & Silliman, 2004; Fitzgerald et al., 2018): 

Equation (1)    𝑅𝑑𝑒𝑠 = 𝐾0𝑒
−(

𝐸

𝐾𝐵𝑇
)
𝐶𝐴 

 

Here Rdes is proportional to the surface concentration “CA” and to an exponential factor 

containing activation energy “E” (per molecule) for desorption. E is the heat of 

adsorption, indicator of the strength of the interaction between an adsorbate and a solid 

adsorbent, and KB is the Boltzmann constant. K0, in the particular case of simple 

molecular adsorption, is the pre-exponential factor that describes the frequency of 

vibration of the bond between the molecule and substrate.  

Ideally in TPD, the sample temperature T is raised by application of a “linear ramp” that 

increases the sample temperature at constant rate “” i.e.  

dT/dt=β.  

Below in Figure 5.2 we plot typical TPD data for pure unirradiated Glycine on a Pt 

substrate. The figure shows variation of the detected intensity (in counts.s-1) of ions with 

m/Z = 75. This ion is one of the strongest signal in the cracking pattern of Glycine and 

its intensity is proportional to the number of glycine molecules desorbing thermally from 

the film. The sample is heated at a rate of 10 K/min. Below 280K, there is no Glycine 

desorption, but above that temperature that the desorption signal increases exponentially 

because of the exponential term in eq. (1). As the temperature increases further, the 

surface concentration CA begins to dominate and desorption reaches a maximum at 

temperature P. When temperature Q is reached, everything has desorbed.  
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Figure 5.2 : TPD yields functions for m/Z = 75 from an unirradiated glycine film 

deposited on clean platinum substrate. 

In the present experiments, irradiated (electrons or X-rays) or unirradiated films are 

placed directly in front of the QMS, which has the ionizer filament turned on and the 

ionizer electron energy is set to 70 eV, the energy where most molecules have their peak 

cross section for ionization. To prevent electrons from the QMS ionizer from reaching 

the film, the sample is biased well above 70 V, e.g. 100 V, during TPD experiments, 

when no measurable electron current can be observed on the sample holder.  

5.1.3. X-ray Photoelectron Spectroscopy (XPS) 

 

 XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA), is a standard 

surface science technique in which the yields and energies of photoelectrons ejected from 

the core levels of surface atoms by an incident x-ray beam of known energy, are measured 

to provide information on the identity and chemical state of the atoms from which they 

came (Brown, Faubel, & Winter, 2009; Powell, Jablonski, Tilinin, Tanuma, et al., 2011). 

The technique, which is based upon the photoelectric effect, is illustrated in Figure 5.3. 

An X-ray photon is capable of ejecting an electron of an energy level of a surface bound 

atom if its energy (his greater than the electron’s binding energy EBE, relative to the 
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Fermi level.  The kinetic energy of the resulting photoelectron, detected in vacuum, is 

EKE and is related to the EBE by the relation:  

EBE = h – (EKE + ), 

Here  represents the work function, which is the energy required to remove the ejected 

photoelectron from the surface and is equivalent to the energy difference between the 

Fermi level and the vacuum level.  

 

Figure 5. 3 : Schematic of the X-ray photoelectron process Adapted from (Smart, 

McIntyre, Mike Bancroft, & Bello, n.d.) 

 

The spectrum of emitted electrons  also contains contributions from Auger electron 

(Brown, Faubel, & Winter, 2009; Ong & Lucas, 1998; Nesbitt & Pratt, 1995; Mogk, 

1990; Narumand & Childs, 2004; Hochella, Harris, & Turner, 1986; Powell, Jablonski, 

Tilinin, Tanuma, & Penn, 2011) (Figure 5.4). These may be generated following the 

photo-ejection of an inner shell electron, that leaves the atom as an excited cation. The 

energy liberated when an electron drops from a higher level to fill the hole can be 

dissipated by the ejection an outer shell electron (or electrons). Provided a hole has been 

formed in a particular inner shell, the kinetic energy of Auger electrons emitted into 

vacuum are independent of photon energy, depending uniquely upon the binding energy 

of the shell from which the Auger electron derives. Auger and photo-electron spectral 
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features can thus be distinguished by recording spectra at 2 or more photon energies: 

Photo-electrons will always appear at the same binding energy, while Auger-related 

features will move to higher binding energy with increasing photon energy. 

 

Figure 5. 4 : Schematic of X-ray Induced Auger Electrons. Adapted from (Smart, 

McIntyre, Mike Bancroft, & Bello, n.d.) 

 

Our standard X-ray source is supplied with aluminium and magnesium anodes. Other 

materials are available that produce various X-ray energies and line widths (Table 5.1). 

Survey spectra are used for calibration, to determine relative elemental composition and 

to identify regions of interest for higher resolution measurements.  

Table 5. 1 : Energy and line widths in different X-ray sources. 

 

Anode Radiation Photon Energy (eV) Line Width (eV) 

Mg Kα 1253.6 0.7 

Al Kα 1486.6 0.85 

Zr Lα 2042.4 1.6 

Ag Lα 2984.3 2.6 

Ti Kα 4510.9 2.0 

Cr Kα 5417 2.1 

 

In a typical XPS measurement, the sample is held under ultra high vacuum (UHV) 

conditions and the X-ray beam is incident onto its surface at an angle of 45 degrees.  

Ejected photoelectrons are energy analysed by a hemispherical electron energy analyser 
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before their detection, and the entrance electron optics are placed normal to the sample 

surface.  
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Figure 5. 5 : XPS spectrum obtained from silicon material sample using Mg Kα 

radiation source (1253 eV). 
 

 

Figure 5.5 shows a “survey” (i.e., full range of binding energy) XPS spectrum obtained 

with Mg Kα photons (of ~1253 eV) incident on a sample of SiO2. In XPS spectra, the 

detected electron intensity is plotted with respect to the binding energy. The labeled sharp 

structures appear at characteristic energies that are associated with photoelectron 

emission from the indicated atoms and electronic shells. Once background signals have 

been removed, the areas of the photoelectron peaks in these spectra can be used together 

with appropriate elemental sensitivity factors for the spectrometer, to obtain the relative 

concentrations of each element in the near-surface region of the sample (Briggs & Seah, 

1983). 

The binding energy of an electron depends essentially on the atomic element the electron 

comes from and the chemical environment of this atom. Changes in local chemical and 

physical environment give rise to small shifts in the peak positions in the spectrum, the 

so-called chemical shifts. These shifts are readily observable and interpretable in XPS 
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spectra. In the following table (Table 5.2), such shifts are shown for different chemical 

environments for pure films on Pt substrate.  

This substantial data set was recorded by myself for the purpose of identifying the binding 

energies of O, C and N in a variety of candidate molecules for comparison with our 

measurements of irradiated mixed films, to aid in the identification of new products 

formed in our experiments.  

 

Table 5. 2 : Binding energies for N1s, C1s and O1s from XPS spectra from different 

pure molecules in this study. 

No Molcule Formula Name 
Binding Energy (ev) 

N1s C1s O1s 

1 CH4 C-H Methane - 285.47 - 

2 C2H6 C-C Ethane - 285.67 - 

3 C2H2 C≡C Acetylene - 285.75 - 

4 C3H6 C-C=C Propylene - 285.46 - 

5 O2 O=O Oxygen - - 538.52 

6 CO C=O 
Carbon 

monoxide 
- 291.17 537.42 

7 CO2 O=C=O 
Carbon 

dioxide 
- 291.96 535.77 

8 CH2O C=O Formaldehyde  288.27 534.59 

9 CH3OH C-O Methanal - 287.80 534.23 

10 C2H6O C-C-O Ethanol - 
287.83 

286.27 
534.12 

11 C2H4O C-C=O Acetaldehyde - 
289.35 

286.48 
533.94 

12 CH3OCH3 C-O-C Dimethylether - 287.46 534.27 

13 HCOOH 

 

Formic Acid - 291.60 
536.10 

534.79 

14 CH3COOH 

 

Acetic Acid - 
291.42 

287.30 

535.96 

534.33 

http://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=7&cad=rja&uact=8&ved=0CDgQFjAG&url=http%3A%2F%2Fwww.chemspider.com%2FChemical-Structure.692.html&ei=5MjPU92iBIGvyASw_4CIAw&usg=AFQjCNHM9ALkhlEblCL20N35oQfapU9skQ
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15 CH3CH2COOH 

 

Propanoic 

Acid 
- 

291.03 

287.30 

285.94 

536.18 

534.43 

16 NH3 N-H Ammonia 399.75 - - 

17 NO2 O-N=O 
Nnitrogen 

Dioxide 
403.63 - 

535.94 

532.47 

18 N2O N=N=O Nitrous oxide 
407.46 

403.73 
- 536.71 

19 CNH5 H2O+ C-N Methylamine 399.89 286.85 532.29 

20 NH3 N-H Ammonia 400.31 - - 

21 CO2 O=C=O 
Carbon 

dioxide 
- 292.81 536.32 

22 H3CHO 

 

Acetaldehyde - 
289.32  

286.45 
533.97 

23 H2NHC=O 

 

Formamide 

 
401.65 290.1 534.18 

 

In figure 5.6 typical XPS signature properties for molecules that contain different heavy 

atoms are shown graphically (Itälä et al., 2010). The C1s spectra for different carbons in 

Thymine (figure 5.6a) have a different binding energy, which are labeled C2, C4, C5, C6 

and C9. When single changes occur in the molecule, for example C9 replaced by 

Bromine, the structure of the molecule changes to 5-Boromo-uracil (figure 5.6b), and the 

chemical environment of other carbon atoms changes in the molecule. As a result, all C1s 

binding energies are shifted due this effect. This figure shows how XPS provides a typical 

signature of a molecule that has more than one carbon, which can be distinguished by 

fitting multiple Gaussians to the overall XPS spectrum (Itälä et al., 2010). 

 

http://en.wikipedia.org/wiki/Nitrogen_dioxide
http://en.wikipedia.org/wiki/Nitrogen_dioxide
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Figure 5. 6 : C1s XPS Spectra from a) Thymine and b) 5-Bromo-uracil. Reprinted 

with permission from (Itälä et al., 2010) 

 

 

 5.2. The Sherbrooke Experimental System 

 

An annotated photograph of the experimental apparatus is given in Figure 5.7. A plan of 

the same apparatus as seen from above is presented in Figure 5.8. Figure 5.9 shows 

schematically the various essential elements of system seen in Figure 5.8. 
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Figure 5. 7 : Photo of the present experimental apparatus. 

 

 

 

 

Figure 5. 8 : Diagram of experimental apparatus as seen from above 
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Figure 5. 9 : Schematic representation of the Sherbrooke instrumentation  

 

As shown in figures 5.8 and 5.9, the experimental apparatus is comprised of two vacuum 

chambers.  

a) a load-lock system (left-hand side) for introducing externally prepared samples 

into the vacuum and which for certain experiments, housed a small resistively 

heated oven, and,  

b) The analysis chamber (right-hand side) which houses a closed-cycle He cryostat 

that carries a Pt-foil substrate, as well the sources used for electron and X-ray 

irradiation and analytical instruments used for ESD, TPD and XPS measurements.  

The analysis chamber is maintained at a base pressure of ~6×10-11 Torr by an ion pump. 

Sample films were formed by vapor deposition, via a capillary tube attached to the gas-

inlet (Figure 5.9), onto the Pt-foil substrate. The latter can be cooled to 22K with the 

closed-cycle He cryostat. In some (our earliest) experiments, resistive heating elements 

on the cryostat allowed sample temperatures to be controlled and slowly varied between 
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22 K and ~400 K.  Film cryogenic temperatures were initially estimated from 

measurements with a Chromel/Au  thermocouple attached to the cryostat. When the 

cryostat is in thermal equilibrium with a cold target, the Chromel/Au thermocouple 

temperature was estimated to be equal or slightly higher than that of the Pt substrate foil 

at the end of the cold finger. In a later section we will describe modifications made during 

the course of this work to the temperature measurement and control systems.   

The Pt substrate was cleaned between experiments by resistive heating of the foil to a 

temperature of 900 C, as determined with an optical pyrometer. Note that during resistive 

heating the thin Pt substrate foil slightly expands and temporarily loses thermal contact 

with the underlying ceramic insulator (which is in close contact with the cryo head), such 

that the thermal load on the cryo head is minimized, as verified by the Chromel/Au 

thermocouple, which indicates only a slight increase of a ~3 K or so during resistive 

heating.  

The thickness of sample films condensed onto the substrate is expressed in monolayers 

(ML) and was determined by a volumetric dosing procedure with an absolute accuracy 

of ~ 30% (Sanche, 1979; Bader, Perluzzo, Caron, & Sanche, 1982), and a repeatability 

of about 0.2 ML (Bass, Parenteau, Weik, & Sanche, 2000). Sample films were irradiated 

isothermally at 22K with electrons generated from an electron gun (Kimball Physics 

ELG-2). The energy of the electron beam was controlled between 0 and 100 eV. The 

energy resolution of this beam is approximately 0.5 eV.  In a typical ESD experiment, 

the Kimball Physics ELG-2 electron source was focussed into a spot of ~50 mm2. In ESD 

experiments, desorbed ions were detected with an Extrel QMS mounted normal to the 

sample surface at a distance of ~1.5cm. Custom made ion optics positioned at the 

entrance of the QMS, increase the ion detection efficiency. 

For TPD and XPS measurements, it was necessary to electron-irradiate entire samples, 

which required oscillatory voltages to be applied to the deflector plates at the exit of the 

electron gun, to raster the electron beam across a larger area of ~1cm2. The transmitted 

current in the raster mode was ~80nA giving an electron flux of ~ 5 x1011 electrons s-1 

cm-2.  

Typically XPS measurements were performed following periods of electron irradiation 

to assess changes in the chemical state of O, N and C atoms within the film. Samples 
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were electron irradiated using the ELG-2 gun in both spot and raster mode. XPS 

measurements were performed with a standard non-monochromatized Al kα source 

(1486.6 eV) operated at a power of 350 W and incident on the sample at an angle 45% 

with respect to the surface normal (Figure 5.7). This X-ray source, operating under 

identical conditions, was also used as an alternative radiation field in other experiments 

to assess sample degradation during XPS measurements, and to simulate the effects of 

higher energy primary radiation that might be encountered in space (Arumainayagam, 

Lee, Nelson, Haines, & Gunawardane, 2010). The photoelectron energy analyser was 

positioned along the sample normal.  The Spectra were analyzed using the XPSpeak data 

analysis freeware (Tang, Fang, Huang, & Zhong, 2017) that provides background 

subtraction and peak-fitting with Gaussian-Lorentzian line–shape. 

 

 

5.2.1 Identification of Products observed in TPD and XPS measurements. 

 

In addition to the experiments on irradiated films, TPD and XPS measurements were also 

performed on pure multilayer films of candidate products to aid in the identification of 

new species formed during electron (or X-ray) irradiation. In most cases these candidates 

are liquids or gases under ambient conditions and therefore are sufficiently volatile to be 

introduced into the analysis chamber via the capillary and vapor deposited onto the cool 

Pt-foil substrate.     

In cases where the potential product is a low vapor pressure solid at ambient temperatures, 

as is Glycine for example, the candidate product was  loaded into a miniature oven 

mounted onto a rotatable linear transporter that is housed within the load–lock chamber 

(Hervé Du Penhoat, M. a. Huels, Cloutier, Jay-Gerin, & Sanche, 2001). This oven was 

introduced, via a gate valve into the analysis chamber and used to dose samples with the 

candidate molecules. A shutter, opened by rotation of the oven along the axis of the linear 

transporter, allows an accurate control of the quantity deposited. Such samples were 

initially degassed in the load-lock by heating for several hours at elevated temperatures 

well below the evaporation onset for the molecule. The dependence of the evaporation 

rate on oven temperature was determined within the load–lock chamber by monitoring 

with a residual gas analyzer, the partial pressure of its highest intensity of fragment ions 

found in the NIST data base on cracking patterns of molecules (Linstrom & Mallard, 
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n.d.). Once an appropriate evaporation temperature was identified, in-house developed 

Proportional–Integral–Derivative (PID) controller and Laboratory Virtual Instrument 

Engineering Workbench (LabVIEW) software were used to control the oven temperature 

to within ± 1oC, during film deposition. 

 

5.2.2. Modifications made during these studies. 

 

5.2.2.1 Modification of Cryostat and sample holder: 

 

Initially at the commencement of these studies, the experimental system contained a 

liquid Nitrogen cryostat that could only cool substrates to a minimum temperature above 

77K. Since temperatures below ~25 K are required to condense gases of interest such as 

CO and O2, the first modification to the system was to introduce the He Cryostat and a 

new sample holder (Figure 5.10) that would retain all the functionality of the previous 

system i.e, it would allow the Pt-substrate to be rotated into position in front of the gas 

inlet capillary, load-lock, electron gun and QMS and X-ray source and electron energy 

analyser.  

The new sample holder, which is mounted at the end of the  cryostat’s expander module 

supports two targets. At one end is the assembly used in these experiments which 

comprised the electrically isolated Pt foil, that can be cooled to about 22K. At the other 

end is a screw-fitting that accepts samples, prepared externally under ambient conditions 

and introduced into UHV via the load-lock. Since this secondary sample support is further 

from the cryostat, it can be cooled only to ~30K.The position of sample holder inside the 

high vacuum chamber showed in figure 5.11.  
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Figure 5.10 : Schematic of new He-cryostat and new sample holder 
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Figure 5.11 : Pt foil and sample holder inside the vacuum chamber. 

 

5.2.2.2. Modification of TPD system: 

 

TPD measurements were performed using the same QMS employed as for the ESD 

experiments, which includes a low profile, high transmission electron impact ionizer that 

permits the detection of neutral species as previously described (Pan, Bass, Jay-Gerin, & 

Sanche, 2004). TPD experiments proceeded by irradiating sample films at 22K using the 

electron gun in raster mode. In early experiments, the cryostat was then stopped and the 

substrate temperature raised to 220K by resistive heating at 25 W with heaters mounted 

on the cryostat. Typically heating lasted for periods of 45 minutes. During this time, the 

thermal desorption of molecular species from the film was monitored with the QMS with 

the ionizer turned on, and the sample biased such that electrons from the QMS ionizer 

cannot reach it. Sample temperatures were approximated by those recorded on the 

Au/chomel thermocouple mounted on the cryostat. 

Unfortunately, heating the cryostat in this manner did not provide a linear (with time) 

temperature increase; it was very slow, and initiated desorption of condensed gases from 
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multiple non-sample surfaces. Consequently, the TPD data acquired from irradiated and 

unirradiated films was affected by large background signals. For example refer to Figure 

5.12 (black curve), which shows a strong background desorption onset “blast” at low 

temperatures (45 K), and a lower undulating background signal at higher temperatures.   
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Figure 5.12 : TPD yield functions for m/Z = 27 (C2H3) from a 10 ML film of pure 

CH4, without irradiation (black line), and after irradiation with ~3×1015 

electrons.cm-2 at 70 eV (red line). 
 

The original TPD system thus possessed 3 major problems. These were: 

 i) The temperature of the sample was not measured directly, but some distance away on 

the cryostat; 

ii) Heating the sample was slow and not at a constant rate 

iii) The effects of heating were not localized only on the sample, resulting in large 

background signal of molecules desorbed from other regions of the cryostat.  

To address these short-comings, we modified our TPD system in the following ways: 

a) By spot welding a K-type (chromel-alumel) thermocouple directly on the edge surface 

of Pt foil (Figure 5.13 left panel). This thermocouple can accurately measure the 

temperature of the Pt foil between 38K to 1600K.  
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b) The thermocouple output was sent to an amplifier, the linearized output voltage (0-

10V) of which was fed to a PC and an in-house developed LabVIEW program, via a low-

cost USB-6009 data acquisition (DAQ) (National Instruments) card. The LabVIEW 

software produced a small (0-1V) DC voltage output that was used to drive a Kepco ATE 

25-10M power supply. (see figure 5.13 ) 

 

Figure 5.13 : Sample holder, platinum foil with spot-welded K type thermocouple, 

homemade controller box and Kepco ATE 25-10M power supply.  
 

 

c) This power supply was used to deliver a current (7A) that passes thru the Pt foil 

substrate to resistively heat the sample. The homemade temperature controller and power 

supply are shown in the  right panel of figure 5.13. 

Since the Kepco ATE 25-10M power supply is floatable, a biasing voltage can be applied 

to the Pt foil during TPD measurements to protect the sample from the 70 eV energy 

electrons generated within the mass spectrometer’s ionizer, as mentioned above.  

The electronic elements of the improved TPD control system are shown schematically in 

Figure 5.14. 
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Figure 5.14 : Block diagram of  Pt foil, Thermocouple amplifier, Kepco power 

supply and LabVIEW programme. 

 

Figure 5.15 shows the block diagram of the different palettes and toolkits used to 

construct the LabVIEW software allows us i) to measure the voltage coming from linear 

amplifier, ii) convert it to temperature, iii) compare this temperature to a desired set point 

to assure linear temperature increase, and iv) by use of the PID (Proportional Integral 

Derivative) and set point profile tool kits, make a  feedback controller to generate the DC 

voltage to drive heating power supply.  

Also shown in Figure 5.16 is the Labview generated front panel that includes several 

icons and buttons that start or stop a heating experiment, allow input of desired set points, 

and temperature heat rate, as well  allowing  the temperature to be monitored and recorded 

with time  

Finally for comparison with the data of Figure 5.12, Figure 5.17, shows the TPD signals 

of mass 27 amu obtained from  irradiated and unirradiated films  CH4 (10ML thick, 

fluence of ~3×1015 electrons.cm-2), after modification of the TPD system. Note the 

significant reduction in background signal. We note that in this experiment, as well as in 

Figure 5.12, the signal of desorbing C2H3 from electron irradiated films is the result of 

reactions between methane fragments from electron induced dissociations (see Fig. 5.1) 

with unreacted neighboring methane molecules, while the equivalent signal from the 

unirradiated film is due to reactions of methane, and its fragments, in the QMS ionizer, 

e.g. ionizer cage surfaces. This background signal was more strongly present before 

modifications to the cryo head and TPD procedure (Fig. 5.12), and is now greatly 

improved (Fig. 5.17), because the more precise linear heating of the sample itself (instead 

the whole cryostat plus sample) now eliminates most (but not all) of the desorption of 
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unirradiated molecules from “non-sample” surfaces (e.g. cryo head surfaces), which were 

the main contributors to the background signal. 

 

In the following chapters, we will present the experimental results obtained with this 

experimental apparatus, using anion and cation ESD, XPS, and the new improved 

methods of TPD, which are presented in the form of two published papers as well as one 

paper in preparation. 
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Figure 5.15 : Block diagram of Temperature Ramp Program and feedback control 

by LabVIEW. 
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Figure 5.16 : Front panel view of Temperature Ramp Program and feedback 

control by LabVIEW. 
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Figure 5.17 : TPD yield functions for m/Z = 27 (C2H3) from a 10 ML film of pure 

CH4, without irradiation (black line), and after irradiation with ~3×1015 

electrons.cm-2 at 70 eV (red line). 

 

SUPPLEMENTARY RESULTS 

During these studies, I have also amassed a large quantity of data relating to the prompt 

desorption of positive ions in experiments, similar to those presented in the paper of Huels 

et al, that prompted the present work. In particular I have investigated the prompt 

desorption of cations from films of  pure CO2, pure NH3, pure CH4 films, binary mixture 

films of CO2/CH4, CO2/NH3 and CH4/NH3 and the tertiary mixture of CO2/CH4/NH3 

films. These results are being prepared for inclusion in a 4th paper. 

As examples of this work, I show here only a few results for the cation desorption from 

multilayer films of CO2, NH3, and a mixture of CO2/NH3. In these experiments, the 

identification of particular product ions was accomplished by using isotopic substitution 

in the form of 13CO2 and 15NH3 molecules. ESD mass spectra observed for CO2 and 13CO2 

films are shown in Fig 6.1; they were obtained during LEE irradiation at 70 eV.  We 
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observe the prompt production and desorption of cations such as C2
+, C2O2

+, C2O
+, CO3

+, 

C2O3
+ or CO4

+ from CO2 film.  
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Figure 6.1 : ESD cation yields from 10 ML thick films of pure CO2 (red curve) and 

pure 13CO2 (blue curve) at 70 eV. 

 

Figure 6.2 shows the electron stimulated desorption at 70 eV incident electron energy of 

cations with mass between 0-40 amu, from 10ML thick films of pure NH3. 

In addition to cation fragmentation products such as H+, N+, NH+, NH2
+, we observed the 

formation and desorption of cation reaction products such as H2
+,  H3

+, NH3
+ NH4

+, N2
+, 

N2H
+ from  pure NH3. Diazenylium (N2H

+) has been observed by radio astronomy in 

interstellar environments as reported in many studies (Sarkar, Prajapati, Shukla, 

Ravishankar, et al., 2009; Daniel, Cernicharo, Roueff, Gerin, et al., 2007; Roueff, Loison, 

& Hickson, 2015; Cernicharo et al., 2013). The H3
+ ion is the most prevalent molecular 

ion in interstellar environment as identified by IR spectral features (Sarkar, Prajapati, 

Shukla, Ravishankar, & Choudhary, 2009). 
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Figure 6. 2 : ESD cation yields from 10 ML thick films of pure NH3 (red curve) 

and pure 15NH3 (blue curve) at 70 eV. 

 

Figure 6.3 shows mass spectra for cations desorbed by electron impact with masses 

between 24-35 amu from 10 ML films of a) NH3 b) CO2 c) CO2/NH3 and d) CO2/
15NH3 

1:1 mixture. In LEE irradiated films of pure NH3, (Fig 6.3a) no fragments are observed, 

whereas in the pure CO2 (Fig 6.3b) CO+ and O2
+ are the only cation signals observed 

below 35 amu. New peaks (at 30 and 31 amu) NO+, NOH+ that are not seen in either pure 

CO2 or NH3 are desorbed from the mixture of CO2/NH3 and CO2/ 
15NH3 respectively. 

Experiments with CO2/
15NH3 are ongoing to aid in identifying these new peaks. The 

Nitrosylium ion, NO+ is also detected in cold dense core Barnard 1-b (Cernicharo et al., 

2014). Many of these positive ions contain 2 carbons, 3 oxygen, or 2 nitrogen, which are 

not related to glycine, but evidence that we make other new, but as yet, unidentified 

molecules. 
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Figure 6. 3 : ESD cation yields from 10 ML thick from a) NH3 b) CO2 c) CO2/ NH3 

and d) CO2/15NH3 1:1 mixture. Spectra were measured from 10ML at 70 eV. 
 

 

 

 

 

 

 

 



 

145 
 

                                              CONCLUSION 

In this thesis, beginning in Chapter 1, I have considered how the observation of a diverse 

molecular inventory in the ISM, and of complex organic species within certain 

meteorites, has led to the hypothesis that such molecules, including those molecular 

“building blocks” necessary for life, (e.g., nucleobases and amino acids, etc.) may be 

synthesized in space and delivered to planetary bodies by the impact of comets and 

meteorites (Moore & Hudson, 2005). Among the presumed centers for the production of 

these complex species are ices composed of simpler molecules (e.g., H2O, CO, CO2 NH3, 

CH4) that condense around dust grains in dense cold cloud regions, where they are 

exposed to ionizing radiation including UV, cosmic rays and other energetic particles. 

Such ices can also be found on planets and their satellites, where they may be exposed to 

diverse radiation fields, rendered more intense by their interaction with local magnetic 

fields. Such ideas have spurred research into the interaction of ionizing radiation 

(predominantly UV, but also energetic electrons and ions) with simple molecular solids. 

Since LEEs (with energies < 100 eV) are numerically important secondary products of 

ionizing radiation’s interaction with matter and are thought to drive much of the 

subsequent chemistry, my research has been an experimental investigation of the 

processes initiated by LEEs in a variety of simple molecular solids. 

        To this end, I have employed the experimental techniques of ESD, TPD and XPS. 

The principles underlying these three techniques and the experimental apparatus used in 

these studies at Sherbrooke University were presented in the Methods and Materials 

section (Chapter 2). I also described modifications made to this apparatus to permit the 

deposition of molecular solids at temperatures as low as 22 K and to better perform TPD 

measurements. Results of this experimental work have been presented in three papers.          

In Paper I, we studied LEE induced processes occurring in films of CH4 and CH4/O2, by 

combining the three techniques of ESD mass spectroscopy of anion and cation fragments 

during LEE impact, with mass resolved TPD and XPS of the new molecular species that 

remain in the films after LEE irradiation. Having first verified that our measurements at 

very low fluence showed the same prompt desorption of large cationic reaction/scattering 

products (e.g. C2H5
+, or H3O

+ and H3CO+ from pure CH4, and CH4/O2 films, respectively)  

as reported in our  earlier measurements (Huels, Parenteau, Bass, & Sanche, 2008), we 

investigated the ESD of anions with fluence. We found that the signals of  C2
, C2H,and 

C2H2
 from CH4/O2 mixtures increase slowly with LEE fluence, indicating the gradual 
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electron initiated synthesis and accumulation in the films (and later fragmentation by 

subsequent electrons) of new molecular species containing multiple C and O. 

Comparisons between the TPD mass spectra of LEE irradiated and unirradiated films, 

and the NIST database of electron impact mass spectra (cracking patterns), allowed us to 

tentatively identify some of the new products formed in the films by LEE, which was 

then supported by TPD measurements of films composed entirely of the suspected new 

products. New species observed in the TPD of  CH4 films included among others, C3H6 

, and C2H6. We identified C2H5OH as being formed in LEE irradiated CH4/O2 mixtures. 

The formation formation of C-O bonds was confirmed by XPS (Esmaili, Bass, Cloutier, 

Sanche, et al., 2017).  

In Paper II, we presented new TPD results for the irradiation of multilayer mixture films 

of CO2, CH4 and NH3 with electrons of 0-70 eV. By comparison of our measurements 

with TPD measurements from pure Glycine films, we were able to identify the simplest 

amino acid and the smallest possible building block of proteins, i.e., Glycine 

(NH2CH2COOH), as one of the products formed. An energetic threshold for the LEE-

induced production of Glycine was determined to be about  9.5 eV. By identifing the 

TPD signature of 1 ML of pure glycine, we were able to calibrate the absolute yield of 

LEE-induced glycine in our irradiated CO2/NH3/CH4 mixture films, and thus determine 

a “quantum yield” for Glycine production at 70 eV of  about 0.004  molecule per incident 

electron.  

In Paper III, to better characterize the processes occurring in films of CO2/NH3/CH4 that 

lead to the formation of Glycine, we  again employed ESD and XPS to investigate LEE-

induced chemistry occurring in irradiated films of CO2/NH3, CO2/CH4, CH4/NH3 

CO2/NH3/CH4 mixtures and of pure CH4, NH3 and CO. Among the anions desorbed from 

CO2/NH3/CH4 films at elevated fluence we observed C2
, C2H, C2H2

, as well as CN, 

HCN and H2CN. Similar to our analysis of irradiated CH4/O2 mixtures, these 

observations are indicative of the gradual formation within the irradiated films of species 

of increasing size containing new C-C and C-N bonds. Formation of HCN is a signature 

species of dense gases in interstellar clouds, and is ubiquitous in the ISM. Moreover, the 

chemistry of HCN radiolysis products such as CN− may be essential to understand of the 

formation of amino acids (Vera, Kalugina, Denis-Alpizar, Stoecklin, et al., 2014). 

Multiple similarities between the XPS spectra of irradiated CO2/NH3/CH4 mixture films 

and those of multilayer Glycine support the findings of Paper II, that Glycine is formed 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Carboxylic_acid
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by LEE-irradiation. Moreover, these measurements clarify several further points. Firstly, 

that at the temperatures used in these experiments (i.e., 22 K) no reactions occur without 

electron irradiation. Previously CO2 and NH3 have been reported to react to form 

ammonium carbamate and/or carbamic acid at temperatures above 80 K. Additionally, it 

appears it is possible that Glycine formation occurs at 22 K without requiring annealing 

to any higher temperature, for example as it occurs during TPD measurements.  

The results presented in this thesis strongly support the hypothesis that the interactions 

of low energy secondary electrons generated during the radiolysis of matter, with atoms 

and molecules in the medium, may have played, and may still play an important role in 

the chemical transformation of astrophysical or planetary surface ices, where they lead 

to the synthesis of more complex chemical species from less complex, naturally occurring 

components. The radiation driven synthesis of complex bio-molecular species in 

astrophysical environments, such as the hydrocarbon rich interstellar or planetary ices 

simulated in our present experiments, has important implications for the hypothesis of 

molecular biogenesis of life on Earth (panspermia), other solar system bodies, or even 

life on the many planetary systems discovered in the recent past within our galaxy. 
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                                            PERSPECTIVES 

 

Our results, particularly those for TPD and XPS on the mixtures of 18O2/CH4, O2/CH4, 

CO2/CH4, CO2/NH3, CH4/NH3, C2D2/N2O and CO2/NH3/CH4 have shown many new 

TPD and XPS structures that are presently unassigned. Thus, more TPD experiments of 

possible candidate products are necessary to identify these unassigned products. We also 

do not have, at the present, a detailed understanding of the mechanisms involved in the 

formation of some of the final products, e.g. Glycine. Moreover, in the case of Glycine 

we observed that, unlike in our TPD measurements (paper 2), where the TPD yield of 

glycine decreased, after first reaching a maximum with increasing electron fluence, in the 

XPS measurements (paper 3) we see XPS signatures characteristic of functional groups 

associated with Glycine and other amino acids, which however persist to much higher 

electron fluence. This suggests that the loss of Glycine signal in TPD is likely not due to 

degradation by subsequently arriving electrons, but possibly the result of electron 

stimulated glycine reactions leading to even larger products, e.g. larger amino acids or 

dipeptides. 

Based on these considerations, the following list of further work might contribute to our 

better understanding of the astrochemically relevant results obtained in this thesis:  

 

1. Using a proper Faraday cup to accurately quantify the total incident electron 

current, which is needed for realistic cross-sections measurements.  

2. Comprehensive measurements of TPD yields as functions of fluence (using the 

Faraday cup) and electron energy for all of the identified products in papers 1 and 

2.  In the particular case of Glycine it will be important to go back and measure 

TPD yields with a finer electron energy step size to investigate the possible role 

of negative ion states at energies < 20 eV. 

3. While some ambiguity in the assignments of molecular masses in the ESD spectra 

can be resolved by the use of isotopic substitution, the additional use of a much 

higher mass resolution mass spectrometer, e.g. a ToF mass spectrometer (Hedhili, 

Cloutier, Bass, Madey, & Sanche, 2006; Bazin et al., 2010), will be essential to 

resolve some of the more difficult mass assignments. As shown in the figure 

below, the Sherbrooke ToF would be ideally suited for this. The data is from a 

study (paper in preparation, see appendix) on the prompt desorption of cations 
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and anions from mixtures of C2D2 and N2O, to which I contributed 

complementary XPS data as coauthor. We clearly see that we can resolve some 

very close masses, e.g. O2
+ and CD2O

+ or N3
+ and C3D3

+. 
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Figure 7. 1 : Cation desorption from 5 ML thick N
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films were deposited at 30 K. 
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4. Since H2O is, the most abundant small molecule adsorbed on icy grains in the 

ISM (Tielens, 2013), our present experiments should be extended to include water 

coadsobates with the molecules studied here, and perhaps others, e.g. CO. 

5. In light of the above mentioned possibility that, as Glycine accumulates at the 

surface of the electron irradiated CH4/NH3/CO2 films, it reacts under further 

electron irradiation with other molecules to form larger species (possibly 

peptides), it would be of great interest to recover and extract the irradiated 

samples from the vacuum system for further biochemical analysis techniques, 

such as HPLC or LC-MS/MS. This has already been successful for UV irradiated 

mixtures of simulated astrophysical ices consisting of small molecules (Blank, 

Miller, Ahrens, & Winans, 2001; Muñoz Caro et al., 2002; Materese et al., 2014; 

Elsila, Dworkin, Bernstein, Martin, & Sandford, 2007). 
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ANNEX 

SUPPLEMENTAL MATERIALS FOR ARTICLE 1 

 

Figure SM1: (a) Evolution of the O1s XPS signal from 25 ML of a 1:3 18O2/CH4 mixture 

during ~10 hrs of X-ray irradiation (tir). Peaks P1 and P2 are fitted to the O 1s signal from 

un-reacted O2 [1] in the film at tir = 0, while P3 and P4 are peaks fitted to the new 

product(s) which evolve over time. b) Dependence on X-ray irradiation time of the O1s 

XPS signal from unreacted 18O2 (areas of P1 and P2 peaks in Fig a, black squares) O1s 

signal from 18O containing product(s) (areas of P3+P4 in Fig a, red circles), as well as 

Total integrated O1s signal, blue triangles. 
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Reference: 

[1] O. Karis et al., “Manifestation of the paramagnetic splitting of physisorbed O2 in 

core and valence spectroscopies,” Surf. Sci., vol. 352–354, pp. 511–517, May 

1996. 
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SUPPLEMENTAL MATERIALS FOR ARTICLE 2 

 

Figures SM1: TPD yields functions for m/Z = 30, 43, 45 ,46 ,59, 60, 74 and 75 from a 

25 ML film of CO2/NH3(1:1), without irradiation (black line), and after irradiation with 

~ 4.5×1015 electrons.cm-2 at 70 eV (red line). 
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Figure SM2: TPD yield functions for m/Z = 44, 45, and 61of an un-irradiated 25 ML 

thick CO2/NH3 (1:1) sample. 

1000

1500

2000

0 50 100 150 200 250 300 350 400 450

0

1

2

3

4

0

10

20

30

40

Mass=44

Mass=45

Mass=61

Temp(K)

In
te

n
s
it
y
 (

1
0

3
 c

o
u

n
ts

)
CO

2
/NH

3

 

 

 

 

 

 

 



 

160 
 

Figure SM3: TPD yield functions for m/Z = 30 and 75 from the clean platinum substrate 

after exposure to different amounts of Gly without electron irradiation. Films were 

exposed to Glycine for different times from the oven operating at a temperature of 100o 

C. 
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Calculation: How many glycine molecules generated during irradiation? 
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a) How many Glycine molecules in a monolayer? 

Assuming that the density of Glycine G = 1.607 g/cm3 and that its molar mass MG = 

75.07 g, 

and since in general, =M/V, then the molar volume VM of Glycine is  

𝑉𝑀 = 𝑀𝐺 𝜌𝐺⁄  

= 75 1.6 = 46.7𝑐𝑚3⁄  

The volume of one molecule of Glycine Vm is thus VM/NA, where NA is Avogadro’s 

constant i.e. 

𝑉𝑚 = 𝑉𝑀 𝑁𝐴⁄  

= 46.7 6.02 × 1023 = 7.76 × 10−25𝑐𝑚3⁄  

Assuming as a first approximation a simple cubic structure for Glycine, then the lattice 

constant  𝑎 = √𝑉𝑚
3 = 4.27 × 10−8𝑐𝑚 and the number density of Glycine molecules in a 

monolayer “nG”is  given by  

𝑛𝐺 = 1 𝑎2⁄ = 1 (4.27 × 10−8)2 = 5.5 × 1014 𝑐𝑚−2⁄    

b) Glycine signal from an irradiated film relative to that from a Glycine monolayer. 

The surface area of our films are ~1cm2 and so contain ~5.5 x 1014 molecules per 

monolayer. 

The integrated TPD signal (at m/Z=75) from one monolayer of Glycine (which is formed 

on the clean platinum substrate after exposure for  tev = 780 s, at an oven operating 

temperature of 80o C, is S1= 280319 counts. K (From Figure 4.4). 

The integrated TPD signal (at m/Z=75) from the irradiated CH4/CO2/NH3 mixture 

exposed to an electron fluence at 70 eV of 4.5×1015 electrons.cm-2 is S2= 8830 counts. K 

(From Figure 4.1). 

The ratio of these signals is S2/S1= 0.031. 

We therefore estimate that 3.1% of a monolayer i.e., 0.031× 5.5×1014   or ~1.7×1013 

glycine molecules are formed when 25 ML film of the CO2/NH3/CH4 (1:1:1) mixture  are 

irradiated with a LEE fluence at 70 eV of 4.5×1015 electrons.cm-2 

This corresponds to 1 molecule of glycine formed for every ~260 electrons.  
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SUPPLEMENTAL MATERIALS FOR ARTICLE 3 

 

 

Figure SM1: ESD anion yields from 10 ML thick films of a) CH4/NH3 and b) CH4/ 

15NH3 at 70 eV 
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Figure SM2: ESD anion yields from 10 ML thick films of a) CO2/NH3 and b) 13CO2/ 

NH3 at 70 eV 
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APPENDIX 

 

Included here are the abstracts of two further works, both in the final stages of 

preparation, to which I have contributed. The nature of these contributions are given in 

each case. 
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Paper A: 

Electron-Induced Radiolysis of Astrochemically Relevant Ammonia 

Ices 

 

Katherine E. Shulenberger, Jane L. Zhu, Katherine Tran, Sebiha Abdullahi, Carina 

Belvin, Julia Lukens, Zoe Peeler, Helen M. Cumberbatch, Jean Huang, Kathleen 

Regovich, Alice Zhou, Lauren Heller, Milica Markovic, Leslie Gates, Christina Buffo, 

Rhoda Tano-Menka, and Christopher R. Arumainayagam1 
 

Department of Chemistry, Wellesley College, Wellesley, MA  02481 
 

Esther Böhler, Petra Swiderek, 

Institute of Applied and Physical Chemistry, University of Bremen, D-28334 Bremen, 

Germany 
 

Sasan Esmaili, Andrew D. Bass, Michael Huels and Léon Sanche 

Department of Nuclear Medicine and Radiobiology, University of Sherbrooke, Sherbrooke, QC, 

Canada 

 

Abstract 

The goal of the experiments described herein is to elucidate mechanisms of electron-

induced radiolysis in cosmic (interstellar, planetary, and cometary) ice analogs of 

ammonia which is the most abundant nitrogen-containing compound in the interstellar 

medium (ISM). Astrochemical processes were simulated under ultrahigh vacuum 

conditions by high-energy (1 keV) and low-energy (10 eV) electron-irradiation of 

condensed ammonia nanoscale thin films deposited on cryogenically cooled (~90 K) 

metal substrates (Mo(110)/Ta(110). Post-irradiation temperature-programmed desorption 

(TPD) was used to analyze the irradiated films. Experiments with isotopologues of 

ammonia provided strong evidence for the electron-induced formation of hydrazine 

(N2H4) and diazene (N2H2) from condensed ammonia. To understand the dynamics of 

ammonia radiolysis, we investigated the dependence of these reaction products’ yields on 

irradiation time, film thickness, and electron flux. Radiolysis yield versus irradiation 

time/film thickness results are consistent with bimolecular mechanisms for the formation 

of both hydrazine and diazene. Radiolysis yield vs. electron flux at constant electron 

fluence suggest a dose rate effect, the first such finding in irradiated nanoscale thin films. 

The production of hydrazine and diazene at electron energies as low as 10 eV is 

                                                 
1 Corresponding Author: Telephone 781-283-3326; FAX: 781-283-3642; Email: 

carumain@wellesley.edu 
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qualitatively consistent with the hypothesis that condensed phase radiolysis is mediated 

by low-energy electrons produced by the interaction of high-energy radiation with matter. 

These results provide a basis from which we can begin to understand the mechanisms by 

which ammonia can form more complex species in cosmic ices. 

 

My contribution: I investigated the LEE-induced production of hydrazine (N2H4) to 

resolve discrepancies observed between experiments performed in the laboratories of 

Professor Petra Swiderek (University of Bremen, Germany) and Professor Chris 

Arumainayagam (Wellesley College, MA, USA). My measurements with the modified 

TPD system confirmed the Bremen result of a low energy (i.e., < 10 eV) threshold for 

the production of N2H4 in ammonia films irradiated at a temperature of 22 K. Hydrazine 

production was greatly suppressed in films irradiated at 80 K, a temperature closer to that 

used in the Wellesley experiments (where liquid N2 cooling is employed). The decreased 

production of N2H4 at elevated temperatures is attributed to an increased probability for 

NH2 radicals to desorb rather than to react together. 
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Paper B: 

 

New Chemical Species Produced by Low Energy Electrons in Simple 

Molecular Surface Ices Containing N2O and C2D2: Chemical 

Transformation of Surface Ices 

Nasrin Mirsaleh-Kohan1, Sasan Esmaili2, Andrew D. Bass2, Michael A. Huels2 and 

Leon Sanche2 

1Department of Chemistry and Biochemistry, Texas Women’s University, Denton, 

Texas, U.S.A 

2Department of Nuclear Medicine and Radiobiology, University of Sherbrooke, Sherbrooke, 

QC, Canada 

 
 

 

Abstract 

We have employed electron stimulated desorption (ESD), and X-ray photoelectron 

spectroscopy (XPS) to study the chemical species generated from multilayer N2O/C2D2 

samples by the impact of low energy electrons (30-70 eV). Our ESD results indicate 

multiple large molecular cations desorbed from the mixture of N2O/C2D2 with sufficient 

kinetic energy to escape into vacuum. The ESD signals of anions further suggest the slow 

accumulation of C−N and C−O containing species within the irradiated films. XPS 

spectra of N1s, C1s and O1s lines reveal the fragmentation of N−O and gradual formation 

of molecules containing species containing O−C=O and C=O functional groups. 

Comparison between ESD and XPS finding show that species observed in the ESD 

channel are primarily products of reactions taking place at the film vacuum interface, 

while those observed XPS derive from reactions occurring within the solid.  

 

My contribution: I undertook extensive XPS measurements of LEE-induced changes in 

multilayer films of pure N2O, pure C2D2 and N2O/C2D2.mixtures of varying composition. 

My XPS results identified the formation of new functional groups within the irradiated 

mixtures, including N-O, O-C=O and C=O. 

 

 


