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AABBSSTTRRAACCTT  

Which are the processes that have led to the emergence of life on Earth? The 

first forms of life were born on our planet or have been carried out from the 

Universe on Earth? Is there any possibility to find other forms of life in the 

Universe? 

These are among the most frequent questions that astrochemists and 

astrobiologists are trying to address. 

Various hypotheses have been raised by researchers to delineate the sequence 

of events that may have led to the formation of the building blocks of life. 

Miller demonstrated that under the extreme environments found on the early 

Earth, amino acids may have formed starting from gaseous methane, ammonia 

and water under the effect of an electrical discharge.1 This result, together with 

the Oparin-Haldane primordial soup hypothesis, strongly supports the 

abiogenesis theory.  

In this regard, many researchers suggested that hydrothermal systems and 

primordial rock pools at volcanic sites could be possible niches for the 

synthesis of organic compounds on early Earth. This theory was appealing 

because of the high availability of geochemical variables, such as water, 

thermal energy, pH, and continuous supplies of nutrient elements (e.g., K and 

P).2 Moreover, these extreme natural fluctuating environments are 

characterized by cycles of hydration and dehydration resulting from 

evaporation and replenishment by hot springs and rainfall. Thereby, iterative 

wet and dry cycles and mineral surfaces at pool edges are thought to promote 

the polymerization of biomolecules. Several lines of evidence suggest that 

hydrothermal fields on early Earth resemble todayôs sites like Kamchatka, 
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Hawaii, Iceland, Yellowstone and Solfatara. This latter, situated to the west of 

Naples, is a large volcanic area of about 12 km in diameter that comprises 24 

craters and volcanic features, including the Solfatara volcano with large and 

spectacular fumarole vents. 

However, the identification of lipid membranes, amino acids, nucleotides and 

sugars on celestial bodies such as meteorites (i.e. the Murchison meteorite) and 

comets (i.e. the 67P-Churyumov/Gerasimenko comet) opened to the 

panspermia hypothesis. 

Fundamental in this context is to reconstruct the possible sequence of events 

by which the complex organic molecules (COMs), such as formamide, 

formaldehyde, methanol and acetaldehyde, may have formed under the 

óóinhospitableôô conditions of the interstellar medium (ISM), where low 

temperature and density together with the intense ionizing radiations may 

prevent any kind of chemical reactivity. 

An important role in this context is played by polycyclic aromatic 

hydrocarbons (PAHs). Widely diffused in the ISM, comets and meteorites, 

PAHs account for more than 20% of the universeôs carbon. Strong infrared 

(IR) emission bands between 3.3 and 11.3 ɛm, seen in different astrophysical 

environments, evidenced their presence.3 Get embedded in a water-rich ice 

matrix, PAHs are considered possible starting materials for the formation of 

molecules related to life. 

Polycyclic aromatic nitrogen heterocycles (PANHs), in which one or more 

nitrogen atoms replace carbon atoms, are also believed to be present in the ISM 

and in ices.4 

Besides serving as a possible source of small carbon molecules, PAHs and 

complex molecular species derived from their polymerization may also 
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provide protective matrices or mineral coating layers that can both promote or 

catalyze molecular synthesis and preserve biomolecules from damaging 

radiations. 

In this context, growing interest is currently focused on oxyPAHs5 because of 

their chemical properties such as higher polarity, ensuring stronger adsorption 

on minerals, a much higher reactivity, facility to polymerization. Even when 

present as minor components, oxyPAH may play a more impacting role in the 

carbon conversion processes. 

Starting from this background, the research activity of my PhD course has been 

aimed at elucidating the nature of the reaction products that derive from PAHs 

and oxyPAHs under solid-state irradiation and heating conditions and the 

catalytic role of their polymers in prebiotically relevant processes. 

By pursuing this approach, the work has been structured into two main topics 

concurring to assess the potential role of some representative components of 

the putative astrochemical pool of PAHs and oxyPAHs, namely naphthalene 

(NAPH), 1-naphthol (1-HN), and 1,8 dihydroxynaphthalene (1,8-DHN), in the 

origin of life scenarios:  

1. study of the photochemical susceptibility of PAHs, oxyPAHs and 

COMs under simulated interstellar conditions; 

2. study of the role played by PAHs and oxyPAHs in the chemical 

transformations occurring under early Earth conditions. 

In detail, the attention has been focused on the following research activities: 

1a. high energy proton beam irradiation of oxyPAHs adsorbed on 

meteorites; 
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1b. photo-processing and thermal desorption of PA(N)Hs and COMs on 

ice dust grains; 

2a. chemical transformations of PAHs and oxyPAHs in the thermal water 

of Solfatara; 

2b. synthesis and characterization of oxyPAH-polymers and study of their 

catalytic effect in the chemical processes leading to the formation of 

the peptide bond. 

1a. High energy proton beam irradiation of oxyPAHs adsorbed on 

meteorites 

Among the plausible multicomponent approaches proposed for the generation 

of biogenic molecules in prebiotic environments, the proton beam irradiation, 

modelling of the solar wind, in the presence of meteorites is one of the most 

interesting. 

This section has been aimed at the study of the chemical modifications of 1-

HN and 1,8-DHN promoted by high energy proton beam irradiation in the 

presence of meteorites and urea. To this aim, three different meteorites have 

been selected, including a stony-iron, an achondrite, and a chondrite type. 

The structural characterization of the main reaction products was performed 

by gas-chromatography associated with mass-spectrometry (GC-MS) analysis 

and by comparison with authentic samples. The analysis of these data shows 

that the proton beam irradiation promotes the conversion of 1-HN and 1,8-

DHN, into complex mixtures of oxygenated and oligomeric derivatives. The 

main identified products include polyhydroxy derivatives, isomeric dimers 

encompassing benzofuran and benzopyran scaffolds, and, notably, a range of 

quinones and perylene derivatives. The addition of urea expanded the range of 

identified species to include, among others, quinone diimines. The nitrogen 
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transfer from urea to reactive naphthoquinone intermediates might explain a 

possible mechanism for the initial formation of the C-N bond in complex 

heterocyclic derivatives. 

1b. Photo-processing and thermal desorption of PA(N)Hs and COMs ices 

on ice dust grains 

The study of the interactions between molecules of prebiotic interest, such as 

PAHs and COMs, and interstellar ice dust grains is made in the framework of 

understanding how the solid phase interactions between molecules and grain 

surfaces and UV irradiation can significantly influence the thermal desorption 

process and so the presence of molecular species in the gas phase. 

By pursuing this approach, we succeeded in identifying a set of products 

formed after the UV irradiation of water-ice mixtures of acetaldehyde 

(CH3COH), acetonitrile (CH3CN), NAPH and quinoline (QUIN) deposited on 

olivine grains, used as dust analog, thanks to the combination of Temperature 

Programmed Desorption (TPD) experiments and Electron Ionization (EI) mass 

spectrometry analyses. 

In detail, monolayers of pure CH3COH, pure CH3CN, mixture 

CH3CN:CH3COH (1:6) CH3CN:CH3COH:H2O (1:1:3), NAPH:H2O (1:10000) 

and QUIN:H2O (1:10000) were deposited on a hundred-micron thick layer 

made of olivine smaller than 5 µm, at 10 K, in an ultra-high vacuum (UHV) 

chamber and were subjected to UV irradiation with photons in the 4-6 eV 

range. 

Through the deep inspection of the products formed from pure ices and binary 

and ternary ice mixtures of CH3COH and CH3CN, it has been possible to 

delineate four main reaction pathways occurring under these conditions: 

photodissociation, recombination, isomerization, and hydrogen addition. 
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By subjected to UV irradiation the mixture with water (1:1:3), the mass 

spectrum showed that water dissociated itself and the fragmentation of the 

target molecules was reduced. Therefore, it seems that the presence of water 

mitigates the catalytic action carried out by UV irradiation. 

A very relevant point emerging from the results is the origin of a series of key 

molecules, including prebiotic molecules (i.e., formamide, urea) and 

molecules detected in the interstellar medium (i.e., hydroxylamine, hydrogen 

cyanide). 

The analysis of mass spectra of water-ice mixtures of NAPH and QUIN after 

UV irradiation indicates a dynamic interplay of species resulting from the 

fragmentation of water, those arising from the fragmentation of naphthalene or 

quinoline, and species resulting from the combination of both photo-products. 

Moreover, the shape of the TPD curves changed in the presence of the olivine 

substrate with the appearance of a second wider peak at higher temperatures, 

not shown in all the TPD measurements from the smooth nickel-plated cold 

finger. This finding highlighted how the interactions between the molecules 

and the surface of the grains can drive the presence of molecules in the gaseous 

phase. 

The work has been carried out in association with Prof. Robert John Brucato 

at INAF Arcetri Astrophysical Observatory (FI). 

2a. Chemical transformations of PAHs and oxyPAHs in the thermal water 

of Solfatara 

To explore the growth of potential prebiotic molecules in the natural 

geothermal environment of Solfatara and to investigate the chemical 

transformations suffered by NAPH, 1-HN and 1,8-DHN, these compounds 

have been incubated in the thermal water of Solfatara. After 48 h, the reaction 
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mixture was subjected to a centrifugation step to afford a supernatant solution, 

analysed by GC-MS, and a solid, analysed by attenuated total reflection (ATR) 

and UV-vis spectroscopies and mass spectrometry (MALDI).  

From the overall view of isolated compounds, it emerges that three main 

different pathways of PAH transformation operate in concert in hydrothermal 

environments: 1) the functionalization pathway; 2) the erosion pathway; 3) the 

polymerization pathway. 

Functionalization of the PAH scaffold via addition, removal or modification 

of functional groups, may generate a range of catalytic and templating sites 

that can direct self-assembly and synthetic processes. Degradation pathways 

leading to the erosion of the polycyclic scaffold can afford small aliphatic or 

chain branched precursors/building blocks with reactive groups like acids or 

ketones for the construction of diverse scaffolds of higher structural 

complexity. Polymerization, on the other hand, may generate organic surfaces, 

coatings, particles and layers on which adsorbed organic molecules can benefit 

from catalytic and protective effects under UV irradiation conditions.  

2b. Synthesis and characterization of oxyPAH-polymers and study of their 

catalytic effect in the chemical processes leading to the formation of the 

peptide bond 

OxyPAHs can undergo oxidative processes leading to the formation of 

unsoluble organic polymers that may be able to: 1) adsorb prebiotic molecule 

on their porous surface, 2) promote their interaction acting as a real catalyst, 

3) protect the formed product from the impact of high energy radiations. 

This study was aimed at assessing the peptide bond formation process starting 

from the amino acid glycine under wet-dry conditions. In this context, the 

effect of two novel potential catalytic systems has been investigated: 1) the 
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thermal water of Solfatara; 2) the polymers obtained from the oxidation of 1,8-

DHN and 1-HN. 

In a typical experiment, a water solution of glycine was prepared and kept at 

high temperature to induce the slow water removal. Subsequently, a same 

amount of water was used to rinse the residue and then another heating cycle 

was started.  After the wet-dry cycles were completed, the water soluble and 

unsoluble fractions were separately analyzed to check for the formation of both 

low molecular weight and high molecular weight oligomers of glycine. 

IP-HPLC data showed the progressive consuming of the starting glycine and 

the simultaneous formation of dimeric products. This effect is more consistent 

at higher temperatures and cycling numbers. ATR and MALDI data of the 

residues indicated the presence of higher oligomeric products of glycine.  

Overall, in all the reaction conditions investigated, the catalytic effect of 

oxyPAH-polymers and thermal water of Solfatara emerged, with higher yields 

of formation of oligoglycine observed even with respect to reactions carried 

out in the presence of the inorganic minerals and distilled water, used as 

references. 
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CCHHAAPPTTEERR    11  

GENERAL  INTRODUCTION  

ñIt must be admitted from the beginning that we do not know how life began. 

It is generally believed that a variety of processes led to the formation of simple 

organic compounds on the primitive Earth. These compounds combined 

together to give more and more complex structures until one was formed that 

could be called living. No one should be satisfied with an explanation as 

general as this.ò 

-Stanley L. Miller and Leslie E. Orgel, The Origins of Life on the Earth, 1974  

 

ñWhen, where and how did life originate on Earth?ò remains one of the most 

ancient questions that has been a subject of a long-standing debate among the 

scientific, religious, and philosophical fields.  

The assessment of Miller and Orgel from around 48 years ago about the origin 

of life is currently still true in many ways. This doesnôt mean that no progress 

has been made in this field, but rather that this topic is still an unsolved 

conundrum and a scientific consensus regarding some questions has still not 

been achieved, leaving many interesting questions yet to be answered. 

Thus, nowadays, the question of the origin of life remains one of the most 

intriguing and challenging problems faced by scientists. 

However, two alternative hypotheses have been proposed for the emergence 

of life on Earth: endogenous synthesis and exogenous delivery. 

The endogenous hypothesis, namely the idea that life started on Earth from 

simple precursors (e.g., NH3, HCN, H2CO), water and some energy source, is 
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commonly assumed since the historical contributions by OparinïHaldane 

hypothesis, in 1929,6,7  and the MillerïUrey experiment in 1953.1 

The scientific merit of these breakthroughs is the assumption that life 

originated on Earth through physicochemical processes that can be simulated 

and experimentally tested and not by means of miracles or spontaneous 

generations. 

Recent evidences have revealed that life on Earth may have occurred in a hot 

little cycling pool near volcanic lands on early Earth, reviving Darwinôs 

hypothesis which stated that life has begun in a ñwarm little pondò. In fact, 

many researchers suggested that hydrothermal systems and primordial rock 

pools at volcanic sites could be possible niches for the synthesis of organic 

compounds on the early Earth. This theory was appealing because of the high 

availability of geochemical variables, such as water, thermal energy, pH and 

continuous supplies of nutrient elements (e.g., K and P). Moreover, these 

extreme natural fluctuating environments are characterized by cycles of 

hydration and dehydration resulting from evaporation and replenishment by 

hot springs and rainfall. Thereby, iterative wet and dry cycles and mineral 

surfaces at pool edges are thought to promote the polymerization of 

biomolecules. Several lines of evidence suggest that hydrothermal fields on 

early Earth resemble todayôs sites like Kamchatka, Hawaii, Iceland, 

Yellowstone and Solfatara. 

The endogenous theory has been the most likely scenario in the last 50 years. 

However, with the discovery of a wide range of complex organic 

molecules in the interstellar medium (ISM) and within several celestial bodies 

(i.e. comets and meteorites), the exogenous delivery (Panspermia) hypothesis 

has been gaining increasing acceptance.  
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Indeed, the idea that the interstellar medium is such as ñhomeò for a plethora 

of structurally different molecules, even though local temperatures and 

pressures were considered too low to permit any kind of chemical reactivity, 

was gradually conceived in the last decades. 

This hypothesis predicts that the prebiotic organic materials, that originated 

elsewhere in the universe, may have been delivered on Earth by asteroids, 

comets and meteorites. As a matter of fact, it is well known that the typical 

influx rate for micrometeorites, estimated around ~107 kg/year, increased 

significantly during the late heavy bombardment period, which lasted until 4 

billion years ago. 

Comets and interstellar dust are rich in organic molecules, essential for the 

emergence of life on Earth. The detection of complex biomolecules, such as 

amino acids, nucleotides, sugars and lipids, in meteorites collected across the 

planet, including the most famous Murchison meteorite,8ï11 is a clear evidence 

that these molecules survived despite the extreme pressures and temperatures 

of the impact onto the Earth surface also thanks to the presence of a reducing 

atmosphere.8 

Therefore, it is conceivable that the starting building blocks of life were a gift 

from the meteorites, which triggered and accelerated the biosynthesis on Earth. 

Recently, an extension to this hypothesis has been proposed: the material-

based Panspermia hypothesis.12 In this scenario, Panspermia seeds are made of 

materials, such as polymers, prebiotically formed on a hypothetical donor 

planet and landed on a habitable planet via meteorites. 

Primitive polymers must fulfil  two criteria: 1) be robust and avoid degradation 

while enduring space exposure and 2) have the ability to modulate and trigger 

chemical evolution in the new environment. 
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From these overall considerations, it seems reasonable to conclude that 

both exogenous delivery and endogenous synthetic pathways provided 

prebiotically relevant organic material to the early Earth. Although the relative 

amounts are unclear, it is likely that both sources played significant roles in the 

emergence of life on the early Earth. 

 

1.1 Panspermia hypothesis: the exogenous delivery  

1.1.1 Interstellar medium chemistry  

The ISM is the matter in which the stars in the universe are embedded. 

The ISM is mainly composed by interstellar gases (99%), mainly H and He, 

and for the 1% by tiny carbonaceous and silicate dust particles.  

As stressed in Figure 1, the molecular complexity of the ISM is strongly 

dependent from the underlying physical evolution occurring during the star 

formation processes, such as the changes in density, temperature and intensity 

of irradiation. 

 



Chapter 1. General Introduction  

18 | P a g .  

 

 

Figure 1 | The cycle of organic molecules in the universe and the delivery of 

exogenous material on the primitive Earth. Image adapted from Ref. 13 
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Diffuse clouds, with particle densities of 102 -103 cmï3 and kinetic 

temperatures of a few hundred K,14 are relatively optically transparent and 

continuously exposed to radiations, thus few molecules can survive. Hence, 

these clouds are dominated by atoms and ions, especially H and H+, and most 

of the chemistry is mediated by gas-phase reactions.15 

Gravitational forces produce the condensation of gas and dust, increasing the 

density of particles. Thus, diffuse clouds evolve into so-called dense, dark 

molecular clouds. As the name suggests, these latter are characterized by 

higher particle number densities, up to 106 cmï3, very low temperatures 

(around 10 K) and are so compact that UV radiation cannot penetrate. In this 

environment we can observe the formation of icy dust grains and the main 

chemical reactions occur at the gas-solid interface leading to the formation of 

several species that are known as complex organic molecules (COMs).16ï18 

The dense clouds are considered to be the óstellar nurseriesô because is at this 

stage that they are formed. During the accretion of the star, we can observe the 

formation of the so-called protoplanetary disk in which celestial bodies such 

as planets, comets and asteroids are formed. 

This interstellar organic matter underwent chemical processing during the 

formation of the solar system and was later incorporated into celestial bodies. 

In this way, dust grains are thought to be one of the main ingredients for 

planetary formation and the site where life has likely developed.19 

Thereafter, the remnant planetesimals, in the form of comets and asteroids, 

impacted the young planets in the early history of the solar system.20 

The large quantities of extra-terrestrial material delivered to young planetary 

surfaces during the heavy bombardment phase may have played a pivotal role 

in the origin of life. 
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1.1.2 Detection of molecules in the interstellar medium  

The most appealing challenge of astrochemistry is the detection of 

prebiotic and biological molecules in the astrochemical environments and 

understanding the chemical evolution of simple atomic species toward 

complex organic molecules and the building blocks of life. 

For many years, the hostile and inhospitable conditions of ISM, such as typical 

densities of 104 cmī3, low temperatures of ices (10-100 K) and the permeation 

of high-energy radiation fields, including UV radiation, made the astronomers 

sceptical about the presence of molecular species, in particular those with a 

prebiotic character. But, surprisingly, the ISM hosts a very rich and varied 

organic chemistry.  This because radical reactions that typically occur at the 

gas phase, generally lack energy barriers and can thus occur at the low 

temperatures typical of interstellar ices. Moreover, as mentioned before, the 

dense molecular clouds are shielded from the onslaught of harsh UV radiations 

by interstellar dust particles that efficiently absorb them, permitting the 

synthesis and the survival of gas-phase species.  

Interstellar molecules are typically identified by measuring their gas-

phase spectra with telescopes. Our knowledge of the universe chemical 

inventory has been obtained and continuously updated by means of synergy 

between astronomical observation and laboratory, both experimental and 

theoretical, studies. 

For identifying molecules, some spectroscopic techniques are better than 

others. The most important of these is microwave or rotational spectroscopy, 

given its intrinsic high resolution and high sensitivity. Molecules with a dipole 

moment display rotational lines that can be observed by using radiowaves. 

Rotational transitions occur between the lowest energy levels (Erot Ò 100 cm
ī1), 
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and since interstellar gas is typically cold, the population of rotational levels is 

heavily favored. As a consequence, about 90% of all known interstellar 

molecules have been detected via their pure rotational transitions. 

Nevertheless, this technique is blind to completely symmetric molecules (i.e. 

with no permanent dipole moment), almost blind to very symmetric molecules 

(i.e. with very small dipole moment) and molecules trapped in the condensed 

phase that cannot undergo free rotation, making the radio observations 

impossible.  

Another technique is that observing the vibrational transitions occurring in the 

infrared (IR) region. They require an external field for excitation, such as that 

of a young/old star or a shock wave,21 since are sufficiently high in energy (Evib 

~ 100ï5000 cmī1). 

The promotion of an electron to a higher-lying molecular orbital is the highest-

energy transition (Eelec > 10,000 cmī1). Electronic transitions occur in the 

optical and UV parts of the electromagnetic spectrum (400ï700 nm). They are 

usually observed only in diatomic molecules and typically require background 

star radiation for the excitation mechanism in the ISM. 

Molecules in the solid phase can be observed too. However, solid-state spectra 

are typically measured in the IR, because are allowed only vibrational motions, 

but do not have the specificity found in the gas phase.  

The field of astrochemistry started in the 1940s with the detection of 

CH, CN, and CH+ by optical absorption spectroscopy.22ï24 However, about 30 

years passed until the discovery of more complex species, such as ammonia 

detected by Townes and co-workers. 

In 1969, the detection of water and formaldehyde, the first organic molecule, 

witnessed their ubiquity in interstellar clouds.25,26 
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In the 1970s, the construction of telescopes capable of observing rotational 

molecular emissions at millimeter wavelengths opened up new avenues for the 

discovery of a lot of molecules, such as CO, the most abundant interstellar 

molecule after H2,
27 hydrogen sulfide H2S, the first alcohol CH3OH, ethanol 

and so on.  

To date, with the progress in the sensitivity of detector technology, our 

understanding of the interstellar medium has increased dramatically, with an 

explosion of new detections, particularly in the last 2 years. More than 250 

molecular species, not counting isotopologues, have been identified in the 

interstellar medium via their gas-phase spectra. These species range from 

simple di and tri-atomic molecules to complex ones. The latter, some with ten 

atoms or more, include aldehydes, alcohols, acids, amines. The current list of 

detected interstellar molecules is presented in Table 1, sorted by the number of 

atoms. 
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Table 1 | Molecules detected in the interstellar medium or circumstellar shells. 

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms 

H2 C3 c-C3H C5 C5H C6H CH3C3N CH3C4H 

AlF C2H l-C3H C4H l-H2C4 CH2CHCN HC(O)OCH3 CH3CH2CN 

AlCl  C2O C3N C4Si C2H4 CH3C2H CH3COOH (CH3)2O 

C2 C2S C3O l-C3H2 CH3CN HC5N C7H CH3CH2OH 

CH CH2 C3S c-C3H2 CH3NC CH3CHO C6H2 HC7N 

CH+ HCN C2H2 H2CCN CH3OH CH3NH2 CH2OHCHO C8H 

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

CO HCO+ HCCN HC3N HC3NH+ H2CCHOH CH2CHCHO C8H
- 

CO+ HCS+ HCNH+ HCCNC HCCCHO 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 HOCH2CN CH3SiH3 HC7O 

KCl HNC H2CO H2NCN l-HC4N HCCCHNH H2NC(O)NH2 HCCCHCHCN  

NH HNO H2CN HNC3 c-H2C3O HC4NC HCCCH2CN H2CCHC3N  

NO MgCN H2CS SiH4 H2CCNH c-C3HCCH  HC5NH+ H2CCCHCCH  

NS MgNC H3O
+ H2COH+ C5N

- l-H2C5  CH2CHCCH  HOCHCHCHO  

NaCl N2H
+ c-SiC3 C4H

- HNCHCN MgC5N  MgC6H   

OH N2O CH3 HC(O)C

N 

SiH3CN CH2C3N  C2H3NH2   

PN NaCN C3N
- HNCNH C5S  (CHOH)2  

SO OCS PH3 CH3O MgC4H    

SO+ SO2 HCNO NH4
+ CH3CO+     

SiN c-SiC2 HOCN H2NCO+ C3H3     

SiO CO2 HSCN NCCNH+ H2C3S     

SiS NH2 H2O2 CH3Cl HCCCHS     

CS H3
+ C3H

+ MgC3N C5O     

HF SiCN HMgNC NH2OH C5H
+     

HD AlNC HCCO HC3O
+ HCCNCH+    

FeO SiNC CNCN HC3S
+  c-C3C2H     

O2 HCP HONO H2C2S      

CF+ CCP MgC2H C4S     

SiH AlOH HCCS  HC(O)S

H  

10 atoms 11 atoms 12 atoms >12 atoms 

PO H2O
+ HNCN HC(S)C

N 

CH3C5N HC9N c-C6H6 C60 
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AlO H2Cl+ H2NC HCCCO  (CH3)2CO CH3C6H n-

C3H7CN 

C70 

OH+ KCN HCCS+  (CH2OH)2 C2H5OCHO i-

C3H7CN 

C60
+ 

CN- FeCN   CH3CH2CH

O 

CH3OC(O)CH3 C2H5OC

H3 

c-C6H5CN 

SH+ HO2   CH3CHCH2

O 

CH3C(O)CH2OH 1-c-

C5H5CN  

HC11N 

SH TiO2   CH3OCH2O

H 

c-C5H6  2-c-

C5H5CN  

1-C10H7CN  

HCl+ C2N   c-C6H4  HOCH2CH2NH2  CH3C7N  2-C10H7CN 

TiO Si2C   H2CCCHC3

N  

H2CCCHC4H  n-

C3H7OH  

c-C9H8  

ArH+ HS2   C2H5NCO   i-

C3H7OH  

1-c-C5H5CCH 

N2 HCS   C2H5NH2    2-c-C5H5CCH 

NO+ HSC   HC7NH+    c-C5H4CCH2  

NS+ NCO   CH3CHCH

CN 

  2-C9H7CN  

HeH+ CaNC   CH3C(CN)CH2    

PO+     NCS    

 

It is worth noting the lack of amino acid detection in the interstellar medium, 

despite four putative precursors of glycine, methylamine,28 formamide,29,30 

glycolonitrile31 and aminoacetonitrile,32 are detected. In this regard, the 

compounds containing the -CN moiety are particularly important since are 

considered potential precursors of amino acids.  

Polycyclic aromatic hydrocarbons (PAHs) are another important family of 

aromatic carbon-bearing molecules found in the ISM. These latter molecules 

are particularly interesting for their widespread abundance in the ISM and their 

potential role in the emergence of life. Indeed, besides PAHs donôt derive 

directly from biological processes,33 they are considered as putative precursors 

of the molecules of life.34 
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1.1.3.  Dust grains and photochemistry of icy mantles 

The fundamental role played by dust grains in the formation and 

evolution of complex organic molecules in the ISM is well known. These 

particles, called órefractoryô, since they do not vaporize until temperatures well 

above 1200 K, are known to have cores of silicates or amorphous carbon.  

They have an active role in providing a reservoir for atoms and molecules 

coming from the gas bringing them closer for a much longer period than in the 

gas phase. Moreover, they represent a third body enabled to absorb the binding 

energy of a newly formed molecule, thereby stabilizing and preventing it from 

dissociating again.  

Dust grains are the primary sites of molecular formation and are thought to be 

responsible for essentially all of the H2 in the ISM. Molecular chemistry with 

the complexity observed in space is unthinkable without dust grains acting as 

reaction site.  

In dense cold regions, temperatures below 20 K allow the condensation of 

volatiles from the gas phase on the surface of dust grains forming ice mantles, 

consisting primarily of H2O ice.  

The existence of ice mantles, surrounding interstellar dust grains, and their 

chemical composition have been confirmed by infrared measurements made 

by space telescopes such as Spitzer and the Infrared Space Observatory (ISO). 
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Figure 2 | W33A Dust-embedded Massive Young star. Image adapted from 

Ref. 35 

 

The amorphous solid water was the first icy molecule detected in the ISM 

through the absorption feature at about 3300 cmī1, due to the OïH symmetric 

and anti-symmetric stretching modes.36 A shift in the position and shape of this 

feature due to intramolecular H-bond allows distinguishing the solid phase 

from the gas phase. 

Through the comparisons of infrared spectra of laboratory ices with those of 

molecular clouds, we know that interstellar ice is made also of 5-15% of other 

species including CO, CO2, CH3, OH, NH3, formed after the accretion of C, O, 

N and H onto grains. 

Grain surface chemistry mostly includes hydrogenation reactions because, at 

this temperature, H atoms are much more mobile and are 3 to 4 orders of 

magnitude more abundant than any other ice atoms, such as C, N and O. 

Therefore, these reactions generated H2O, CH4 and NH3 molecules. CO is 

relatively quickly formed in the gas-phase and then condenses out.  
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After the O condensation, OH will be abundant on the grain surface and its 

reaction with condensed CO can form CO2.  

 

Figure 3 | The average composition and the structure of ice mantles in the 

ISM. 

The study of ice composition using absorption infrared spectroscopy reveals a 

layered structure surrounding the grain: a lower water-rich and an upper water-

poor layer (also called ópolarô and óapolarô ices) (Figure 3).  

The water-rich layer is thought to form first in the evolution of a cloud and 

contains polar, H-bonded molecules such as H2O and NH3. In contrast, the 

water-poor layer is observed to form in much denser gas and is characterized 

by the presence of species that require lower temperatures to stick onto the 

dust, with carbon monoxide (CO)37ï39 being the most abundant component and 

related molecules such as CO2 and CH3OH.17,40 This latter was proposed to be 

formed by the hydrogenation of CO molecules.41 Figure 4 displays a schematic 

drawing of the evolution of interstellar ices composed of a silicate core and an 

ice mantle in the environment of massive protostars.  
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Figure 4 | A schematic illustration showing the variation in the structure of the 

ice mantles toward massive protostars YSOs.42ï44 Far from the protostar, in 

colder (below 20K) and denser regions, where CO is abundant, apolar ice 

mantles accrete on the underlying polar ice layer. As the temperature rises in 

the vicinity of protostars, the evolution of interstellar ice mantles occurs. All 

trapped molecules inside the ice sublimate at specific temperatures: aboveḐ 50 

K the major ice species are CH3OH and CO2, above 80 K CH3OH 45,46 

separates from H2O and above Ḑ 90ï100 K the majority of ice species 

sublimate. Image adapted from Ref. 42 

At the low temperature of dense clouds, most chemical and physical 

processes are thermally inhibited, so chemical processing of the ice mantle is 

driven by ionizing radiation in the form of cosmic rays and UV photons. These 

sources of energy can break molecular bonds, and ionize adsorbed molecules 

forming radical species, which are able to react even at the low temperatures 

of the ice mantle. Following dissociation, the photo-produced radicals can both 

recombine into the original molecule and recombine with surrounding radicals 
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and molecules through radical-radical reactions17 (Figure 5). This latter 

process forms more complex molecules, altering significantly the chemistry of 

ice. Which path will dominate depend on a combination of radical 

concentration, diffusion and desorption barriers, the importance of non-

thermal (ñhot atomò) diffusion and desorption, the ice temperature, and 

whether the radicals form close to the surface or deep inside the ice.  

 

Figure 5 | Overview of the most important grain surface processes. Image 

adapted from Ref.47 

Otherwise, if these dust grains covered by ice mantles get closer to a protostar, 

experienced raising temperatures, and radicals trapped in the ice can further 

react driven by thermic energy. 

The formation of new species following the rearrangement of chemical bonds 

of compounds within the ice gives rise to a more complex ice mantle.  

Moreover, another effect of high-energy irradiation on ices is the rupture of 

intermolecular bonds between species on the surface of the ice mantles and 

their migration within the ice at very low temperatures, leading to the 

desorption of molecules that would otherwise remain trapped inside the dust. 

This process is known as photodesorption48 (Figure 6). In this sense, the ice 
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mantles contribute a chemically enriched population of molecules to the gas-

phase chemistry and the detection of the so-formed species is usually achieved. 

 

Figure 6 | Double-layer ice irradiated by soft X-rays. During the irradiation, 

new species produced in the bottom layer diffuse into the top layer (B), 

allowing blending and chemical reactions among species of the two layers and 

likely release into the gas phase (C). Image adapted from Ref. 49 

 

The desorption from the solid phase to the gas phase could be also accountable 

to the high temperatures (>100 K), as those found in hot regions, such as hot 

corinos or FU Ori objects. The increase in molecular vibrations due to thermal 

heating can overcome the intermolecular energy of the molecules, resulting in 

thermal desorption.  

At 10 K, only hydrogen molecules can desorb from ice mantles. Nitrogen ice 

needs around 25 K to break the weak intermolecular Van der Waals forces and 

to desorb. Instead, larger molecules, or molecules with a permanent dipole 

moment, such as CO, CO2 or H2S, require higher temperatures to desorb, since 

are bonded stronger. Moreover, intermolecular H bonds established between 
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molecules with O-H or N-H groups, including H2O, NH3 or CH3OH, increased 

their desorption temperature. 

However, thermal desorption is strongly dependent on surrounding species. 

For example, carbon monoxide (CO), when adsorbed as a pure molecule 

thermally desorbs around 30 K, but in presence of water, it desorbs during 

crystallization of water molecules or co-desorbs with water molecules, around 

180 K. Similar effects have been found for nitrogen (N2), ammonia (NH3), or 

methane (CH4).
50,51  

The experimental technique that allows simulating thermal desorption 

occurring in the interstellar hot regions is thermal programmed desorption 

(TPD) in which the substrate is heated using a linear temperature ramp.52 The 

gas phase composition is monitored as a function of time (and temperature) 

with the quadrupole mass spectrometer (QMS). The observed desorption curve 

of a species depends on the number of molecules on the ice, the ice structure, 

the desorption order, the desorption attempt frequency and the desorption 

barrier. 

Although the icy mantles represent the interface between gaseous and solid 

phases, their composition doesnôt reflect the gas phase composition or 

abundances. Photochemical processing generates ice compositions strikingly 

different from the gas phase. 

To shed more light on the photochemical evolution of ice grain mantles, 

a lot of laboratory experiments mimicking ice mantles of dense clouds have 

been carried out.  

The last three decades have shown the importance of laboratory experiments 

to experimentally verify the efficiency of the mechanisms invoked to explain 

the formation of COMs.53ï57 Further studies have clarified the evolution and 
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conservation of COMs in hostile astronomical environments58,59where the 

presence of grains can play a key role.  

Ice mixture photochemistry experiments consist of preparing ice samples with 

known compositions, similar to those in real astrophysical contexts, which 

commonly include water as the main ice component, since its dominance in 

most interstellar ice mantles. The presence of water influences the ice 

photochemistry compared to pure ices: the dissociation of water when exposed 

to VUV radiation produces reactive radicals that will contribute to the ice 

chemistry and the interactions between pure molecules and water, for instance 

by means of hydrogen bonds, could stabilize formed radicals promoting the 

formation of new molecules. 

Over the years, irradiation experiments have shown that the processing 

of ices containing only a few simple interstellar molecules leads to a lot of 

complex organic molecules.  

The typical structure and processing of an interstellar ice-covered grain are 

schematically represented in Figure 7. 

 

Figure 7 | Schematic representation of interstellar ice mantle formation and 

chemical evolution. A) gas-phase molecules accrete onto the surface of cold 

dust grains to form the ice mantle. B) surface reactions between these species, 

ultraviolet irradiation cosmic ray bombardment and thermal processes 
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contribute to the processing of the ice mantle. C) the processed ice mantle 

becomes a complex ice mantle leading to the formation of the complex 

molecular species observed in the ISM. Image adapted from Ref. 60 

 

Some of these compounds are also detected in meteorites and represent the 

prebiotically relevant building block of life.5,61ï63 

Multicomponent ice mixtures were also explored to evaluate the formation of 

COMs after warm-up of ultraviolet or ion-processed ices.  

Interestingly, the ultraviolet photolysis of water ice mixtures with methanol 

and ammonia invariably has been shown to yield ribose, the principal structural 

and functional unit of RNA. 

The UV irradiation of frozen pyrimidine in the presence of H2O, CH3OH, NH3, 

and CH4 resulted in the formation of the nucleobases uracil, cytosine, and 

thymine 64ï67 

Similarly, the irradiation of purine in ices containing NH3 and H2O leads to the 

formation of the nucleobases as guanine and adenine.68ï70 

UV photochemistry experiments performed on two interstellar ice analogs, 

containing H2O, NH3, CH3OH, CO, CO2 and H2O, NH3, CH3OH, HCN, 

revealed the presence of amino acids in the residue (Figure 8). 5,62 
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Figure 8 | A GC-MS spectrum showing the amino acids and other compounds 

produced by UV irradiation of an ice mixture containing 

H2O:CH3OH:NH3:CO:CO2. Image adapted from Ref. 62 

 

The investigation of residues obtained after irradiation of a simple ice mixture 

containing only NH3 and CH3OH, unveiled the presence of urea, glycolic acid, 

glycerol, hydroxyacetamide and glycerol amide.71 

Great interest is aroused by glycerol since it is a sugar and the glycerol 

backbone is part of all lipids. A proposed pathway for glycerol formation is a 

reaction between two CH2OH radicals and H2CO, all produced from 

photodissociation of CH3OH. 

More recently, COMs were also formed after the of X-ray irradiation of ice 

analog mixtures.49,72 

All these experiments showed that amino acids, sugars, nucleobases, 

and other prebiotic species are among the main products.5,55,62,73,74 
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Accordingly, laboratory studies are crucial to study the evolution and 

preservation of processed complex molecules and organic compounds in harsh 

astronomical environments.  

In this sense, experimental astrochemistry can provide tools for the 

interpretation of molecules observations to look for specific processes in 

specific environments. 

1.1.4 Polycyclic aromatic hydrocarbons (PAHs) 

The advent of infrared astronomy revealed the richness and complexity 

of the astronomical spectra with broad, resolved emission bands centered at 

8.6 and 11.2 ɛm 75 and subsequently at 3.3, 6.2 and 7.7 ɛm.76 

These emission bands, that always appeared together, are widely observed in 

a large range of astronomical environments in our and in other galaxies, 

including the ISM, reflection nebulae, TTauri stars, Herbig AeBe stars, Hii 

regions, post-AGB stars, planetary nebulae and more exceptionally in few 

AGB stars, WR stars, novae and supernovae remnants. Since the carrier of this 

set of bands remained unassigned for almost a decade, they were collectively 

called the Unidentified InfraRed (UIR) bands. 

In 1981, Duley and Williams77 made the perceptive observation that some 

features of the UIR bands correspond to the stretching and bending modes 

characteristic of aromatic compounds. 

Léger and Puget (1984)78 and Allamandola et al. (1985)79 proposed a collection 

of partially hydrogenated, positively charged PAHs as carriers of UIR bands, 

leading to the birth of the PAH hypothesis. 

PAHs are organic molecules containing only carbon and hydrogen and 

composed of multiple fused aromatic rings, such as those seen in Figure 9. 



Chapter 1. General Introduction  

36 | P a g .  

 

 

Figure 9 | Polycyclic aromatic hydrocarbon species: (1) phenanthrene, (2) 

anthracene, (3) pyrene, (4) benz[a]anthracene, (5) chrysene, (6) 

dibenzo[c,g]phenanthrene (7) benzo[a]pyrene, (8) tetrabenzonaphthalene, (9) 

coronene. 

 

The evidences in support of the PAH hypothesis were: (1) the banded rather 

than continuous nature of the emission spectra from various astrophysical 

sources; (2) the close connection of the emissions with ultraviolet radiation, 

suggesting that they are due to the excitation by photons of gas phase 

molecules than thermal emissions from solid phase; (3) the correspondence 

between the fraction of the total infrared energy that is emitted from planetary 

nebulae through these features and the amount of available carbon; and (4) the 
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correlation between the features of variating emission bands, which correspond 

to a single class of chemical species. 

However, this hypothesis suffered a lot of criticism over the years, including 

the lack of a good match between a combination of experimental and/or 

theoretical PAH spectra and the astronomical PAH spectra, the inconsistency 

between the well-defined sharp features of PAH molecules compared to the 

broad UIE bands, the absence of detection of specific PAH molecule, in spite 

of their vibrational and rotational frequencies are well known. Moreover, and 

most critically, pure PAHs alone cannot account for certain specific spectral 

data, e.g., the position of the 6.2 µm band, which is not compatible with the 

strongest CïC stretching of pure PAHs. 

In order to account for these discrepancies, the PAH hypothesis has been 

revised proposing various PAH-related species:  

1) heteroatom substituted PAHs.80ï82 If nitrogen atoms substitute carbon 

atoms in specific positions, the position of the C-C stretching band 

shifts towards shorter wavelengths, while the positions of other 

vibrational modes remain unaffected. The red shift of this band could 

be also due to the presence of 13C in PAHs.83 

The incorporation of other abundant elements such as oxygen and 

sulphur into the hydrocarbon compounds has been proposed; 

2) PAH-metal complexes.81,82,84,85 Metal complexes can be chelated by 

the extended aromatic carbon rings; 

3) PAH clusters such as dimers and trimers;86,87 

4) mixture of PAHs of different size, structure and charge state. Small 

PAHs (number of carbons (NC) Ò 48) emit at 7.6 ɛm .80 In contrast, 
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large PAHs (54 Ò NC Ò 130) emit at 7.8 ɛm.88,89 Hence, in order to 

reproduce the 7.7 ɛm, both small and large PAHs are required; 

5) mixture of aromatic and aliphatic components. 

Figure 10 shows a recently proposed chemical structure of the carrier of UIE 

features. The structure is composed of a highly disorganized arrangement of 

small units of aromatic rings linked by different kinds of aliphatic chains. 

Commonly, are present other impurities such as oxygen, nitrogen and sulphur. 

 

Figure 10 | Proposed structure of the carrier of UIE features. Image adapted 

from Ref. 90 

Nowadays, the presence of interstellar PAHs is generally accepted, 

despite the secure identification of specific PAH molecules in the ISM has 

been limited to the recent astronomical identifications of a few aromatic 

species. 91ï93 Especially, the unambiguous detection of two nitrile-group-
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functionalized PAHs, 1-cyanonaphthalene and 2- cyanonaphthalene94 in the 

TMC-1 molecular cloud was of particular interest (Figure 11).  

Figure 11 | Chemical structures and spectral stacks of 1-cyanonaphthalene (A) 

and 2-cyanonaphthalene (B). Image adapted from Ref.94 

 

Polymerization of acetylene via a sequence of stable radicals has been 

proposed as the most promising mechanism for the formation of PAHs in 

astrophysical environments. 95 Figure 12 shows two possible chemical routes 

toward the closure of the first aromatic ring. The first route (A) starts with a 

three-body collision of acetylene (HCſCH) with the formation of the propargyl 

radical (H2C=C=CH). Reactions of these radicals with each other generate the 

phenyl radical (C6H5Ā). The second reaction pathway (B) starts with the 

isomerization of acetylene to the vinylidene radical (HHC=C:). Then, this 

latter radical reacts with acetylene to form benzyne and finally the phenyl 

radical. 
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Figure 12 | Schematic representation for the radical-mediated formation of 

phenyl radical and naphthalene in astrochemical environments. The closure of 

the first aromatic ring could occur in two possible chemical pathways A) and 

B). Panel C) shows the formation of the second aromatic ring from phenyl 

radical via high energy addition of two acetylene molecules and low energy 

alternative mechanism based on the addition of vinylacetylene.  
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The addition of acetylene to the phenyl radical in a further four steps forms 

two fused benzene rings called naphthalene (C). Recently, has been proposed 

a low-temperature alternative mechanism to the traditional one that occurs at 

high temperatures.96 In a combined crossed-beam and theoretical study, it has 

been demonstrated that naphthalene can be formed in the gas phase via a 

barrierless and exoergic reaction between a phenyl radical and vinylacetylene. 

PAHs get electronically excited when exposed to high-energy photons 

(up to 13.6 eV) and increase their temperature considerably reaching up to 

Ḑ1000 K. 

They very quickly redistribute the adsorbed energy internally among all 

different vibrational modes and relax by either near and mid-IR emissions or 

fragmenting (Figure 13).97 

 

Figure 13 | Schematic diagram showing the relaxation of the solar energy 

absorbed by the PAHs in the UV and its re-emission in the near-IR and mid-

IR. Image adapted from Ref. 97 
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Figure 14 illustrates the richness and variety of the PAH emission features seen 

in different regions of ISM. While showing small differences in detail, 

regardless of their environment, all spectra are similar in peak position and 

shape and are dominated by emission features centered around 6.2, 7.7, 8.6, 

11.2 and 12.7 µm. 

Specifically, the 3.3 ɛm band is due to the CH stretching mode, the 6.2 ɛm 

band to the CC stretching mode, the 7.7 ɛm band to coupled CC stretching and 

CH in-plane bending modes, the 8.6 ɛm band to the CH in-plane bending mode 

and the 10-15 ɛm region to the CH out-of-plane (CHoop) bending modes. 

 

Figure 14 | The ISO-SWS spectra of the planetary nebula NGC 7027 and the 

Photo-Dissociation Region (PDR) in the Orion Bar, and the Spitzer-IRS 

spectrum of the nuclear region of NGC 4536 show a rich set of emission 

features.98 At the top, the assignments of the major PAH bands with the 

vibrational modes are indicated. Image adapted from Ref. 98 
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Based on the aromatic infrared bands, it was estimated that PAHs carry 

up to 20% 99,100 of all interstellar carbon and that they are widely distributed 

throughout the ISM in both in the gas and solid phases.101  

Furthermore, PAHs and their cations are considered prominent 

candidates for the carriers of diffuse interstellar absorption bands (DIBs).102,103 

Significant amounts of PAHs are also detected in carbonaceous chondrites 

(CCs), for example, in the Allende meteorite,104 the Murchison meteorite,105  

and samples from the comet 81P/Wild 2.106 Gas chromatography-mass 

spectrometry analysis of extracts revealed that PAHs found in CCs display 

sizes ranging from 10 (naphthalene) to 24 carbon atoms (coronene)104,107ï109 

(Figure 15), unlike those found in ISM which ranges from 50 to 100 carbon 

atoms.99,110 

 

Figure 15 | GCïMS chromatograms of DCM/MeOH extracts111 of the Kolang, 

Mukundpura, Aguas Zarcas meteorites. The blank chromatogram is shown as 

a reference. More abundant detected PAHs are naphthalene, phenanthrene, 

fluoranthene and pyrene. Image adapted from Ref. 111 
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PAHs, including fluoranthene and pyrene, was recently detected on the surface 

material from the near-Earth carbonaceous (C-type) asteroid (162173) 

Ryugu.112 

The formation of PAH is based on either ñtop-downò or ñbottom-upò 

chemistries, namely, they are formed both from cleavage reactions of larger 

structures or by joining together smaller molecules, ions and radical 

precursors. Therefore, they are thought to be both the key molecules for the 

formation of grains and a carbon feedstock for the production of small 

molecules essential for life (Figure 16). 99,113 

 

Figure 16 | Schematic diagram exhibiting the ótop-downô and óbottom-upô 

chemistry for PAHs. In the óbottom-upô perspective, atoms and simple 

molecules associate to form large molecules. Further additions to the molecular 

structure may result in the formation of a complex organic molecule, from 

PAHs to carbonaceous dust grains. The exact opposite of this is the ótop-downô 

chemical perspective, in which larger molecular structures are broken up after 
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the energetic processing, thus yielding simpler molecules. Image taken from 

Ref. 114 

Tielens et al. 2015 115 suggest the concept of grandPAHs as a unique mixture 

of the most stable PAHs that results from the intense processing of PAHs at 

the border limit between the PDR and the molecular cloud. Here, the UV 

radiation destroys the PAH population and as they get closer to the star, their 

abundance starts decreasing and closed-caged fullerene molecules are formed, 

as shown in Figure 17. 

However, despite some progress has been made, the mechanisms underlying 

the formation and the chemical role of PAH molecules and fullerenes in 

interstellar and circumstellar environments are still not fully understood. 

Significant steps forwards can be made by a joint effort of the complementary 

observational, experimental and theoretical approaches along with information 

coming from very innovative instruments, such as the very recent mid-infrared 

instrument (MIRI) on the James Webb Space Telescope (JWST). 116   
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Figure 17 | Evolution of carbonaceous material across an reflection nebulae 

RN. The evolution of the PAH population from the molecular cloud (on the 

right) to the region closest to the star (left side) is shown. PAHs are heavily 

processed at the edge between the PDR and the molecular cloud, most probably 

as a consequence of photo-evaporation of larger grains. This intense PAH 

processing generates the grandPAH population: a unique mixture of the most 

stable PAHs. This population would initially be dominated by neutral PAHs 

with small to medium sizes and compact pericondensed structures. As the 

grandPAH population becomes progressively exposed to more intense 

radiation, they get ionized and destroyed. Further processing in regions even 

closer to the star these ionized and fragmented PAHs will end up in the most 

stable forms of fullerenes. Image adapted from Ref. 115 
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1.1.4.1 Photochemistry of PAHs 

Given the widespread occurrence of PAHs throughout the 

astronomically-relevant environments, a crucial question is whether and to 

what extent PAHs may be susceptible to degradation by UV and cosmic 

radiation. As well as all other polyatomic gas phase species in cold interstellar 

regions, PAHs are expected to freeze out onto the grains and become part of 

the icy grain mantles. 

Evidence of this comes from weak, broad absorption bands observed in dense 

cloud spectra that are consistent with PAHs frozen in the ice mantles. 

Unfortunately, the dominant spectral features of the water and other main ice 

species overshadow the weaker ones of PAHs or of simple hydrocarbons, 

whereby elucidation of radiation-induced processing in astrophysical ices 

remains a challenging task. 

After exposure to high-energy irradiation, PAHs or their derivatives are 

expected to react with the surrounding matrix giving rise to a wide array of 

complex organic molecules,5,117,118 that could have played a vital role in the 

emergence of life119 (Figure 18). 

Although the UV photolysis of PAHs in interstellar ices likely acts only on a 

small fraction of the interstellar PAH population, these modifications are 

significant from the astrochemical point of view.  

The extensive experimental investigation has been dedicated to the photo-

processing of PAHs in water ice matrix upon UV irradiation under different 

astrophysics conditions. 

In situ spectroscopic studies have shown that PAHs embedded in a waterīice 

matrix are easily ionized after high-energy VUV irradiation. 
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Figure 18 | Schematic representation showing of the ability of the nearly 

ubiquitous PAHs in the ISM to serve as the chemical feedstock for 

astrobiologically interesting molecules found in many solar system objects. 

Image adapted from Ref. 120 

 

Gudipati and Allamandola demonstrated that 4-methylpyrene, naphthalene, 

and quaterrylene in waterīice can be ionized to their cationic forms121,122 after 

the Lyman-Ŭ (10.2 eV) irradiation. 

Similarly, the formation of cationic triphenylene and pyrene in waterīice at 20 

K after the VUV broadband irradiation (120ī160 nm) were observed by 

Kofman et al. and Bouwman et al., respectively. 123,124 

In 2012, Cuylle et al. showed the formation of both anionic pyrene and 

benzo[ghi]perylene when embedded in ammoniaīice after exposure to Lyman-

Ŭ irradiation.125 Since the formation of anionic PAHs increased as the 

concentration of ammonia increased with respect to water, the authors 

hypothesized the transfer of an electron to the PAH through ammonia-related 

photoproducts.  
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PAH molecules and ions are inherently stable systems and this can explain 

their abundance in harsh interstellar regions. 

Since the high ionization potentials of these molecules, the formation of ion 

products is believed to occur due to the presence of water that lower the barrier 

to the photoionization of PAHs.126,127 

Experimental investigations combined with computational studies have shown 

that the ionization of PAHs adsorbed on water ice requires about 1.5ï2.0 eV 

less energy than in the case of isolated PAHs,126,127 and that the resulting 

radical cations of PAH would be extremely stable over time.122 

Other experiments on the effect of vacuum ultraviolet (VUV) irradiation of 

interstellar ice analogs containing trace amounts of PAHs have shown the 

occurrence of extensive hydrogenation, oxygenation, and hydroxylation 

reactions and/or the substitution with heteroatoms, mainly nitrogen, in the 

carbon skeleton.128 Therefore, the photolysis decorates the edge of parent PAH 

with chemical side-groups formed from the photoproducts of the other ice 

constituents. Hydrogen atom addition converts some of the edge rings into 

cyclic aliphatic hydrocarbons, resulting in molecules with both aromatic and 

aliphatic properties and a reduction in aromaticity. 

Instead, the addition of oxygen to the molecular structure of PAHs leads to the 

formation of new functional groups such as alcohols, quinones and ethers. 

For instance, irradiation of naphthalene, the smallest PAH, and other PAHs in 

a water ice matrix have been shown to lead to oxygenated products, including 

mainly phenolic and quinone derivatives, e.g. 1-naphthol and 1,4-

naphthoquinone. Computationally, it has been shown that the addition of the 

OH radical to neutral or cation naphthalene is barrierless.129 
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Figure 19 | The HPLC separation of the material resulting from the UV 

photolysis of an H2O:naphthalene ice at 15 K. The main photoproducts 

identified are 1-naphthol (1-HN), 2-naphthol (2-HN), 1,4-naphthoquinone 

(1,4-NP), 2,6-dihydroxynaphthalene (2,6-DHN) and 2,7-

dihydroxynaphthalene (2,7-DHN). 

 



Chapter 1. General Introduction  

51 | P a g .  

 

With reference to Figure 19, signal intensities should not be 

misinterpreted: 1- and 2-naphthol might be the most stable photoproducts, but 

their peakô intensities are not necessarily correlated with the quantum 

efficiency of their photoproduction. It could rather be possible that 1- and 2-

naphthol accumulate even if they are not the most stable photoproducts just 

because all of their further reactions have very high activation energy, so 1- 

and 2-naphtol are stuck in their potential wells just for kinetic reasons. On the 

other hand, the most efficient photoinduced pathways could be the ones 

producing dihydroxy derivatives which further react very quickly in a sort of 

steady-state process as long as naphthalene is available so that only very little 

quantities can be detected after the quench. Thermodynamic and kinetic factors 

should be taken into account since they both contribute to the photoproducts 

abundances after the quench (Figure 20). 

Quinones are of particular interest from the prebiotic chemistry 

perspective because closely related compounds are widely used in current 

living systems for electron transport across cell membranes. Moreover, their 

presence has been detected in meteorites.130 Therefore, their formation in 

several irradiated PAH ice mixtures upon UV irradiation opens up to an entire 

range of possible chemical reactions that were not available to the parent PAH. 

Likely, the ease of production of 1,4-napthoquinone and the ubiquity of 1,4- 

napthoquinone-based compounds in biochemistry is not a coincidence. 
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Figure 20 | Examples of how thermodynamic and kinetic parameters can affect 

naphthalene photoreaction: different parameters can have similar outcomes if 

properly combined. In the first two examples, naphthols and 

dihydroxynaphthalenes (DHNs) are treated as photoproducts of different 

pathways starting from naphthalene. In the example at the bottom, DHNs are 

considered as photoproducts of naphthols. 
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The connection between the interstellar molecular clouds and meteoritic 

materials suggests the possibility that these aromatic compounds were 

delivered to the early Earth by meteorites and interplanetary dust particles 

(IDPs) influencing the selection of this class of coenzymes during the origin of 

life and/or its early evolution. Since the antiquity of napthoquinones as 

chromophores, it is possible that protection was their first function on an early 

Earth lacking ozone and only later did they become involved in biological 

systems. Moreover, also aromatic amino acids were produced after the 

irradiation of naphthalene at 15 K in a water/ammonia ice mixture with 

photons in the extreme-ultraviolet range. 

Figure 21 displays the VUV photolysis of various coronene-ice mixtures 

resulting in additions of amino, methyl, methoxy, cyano/isocyano, and acid 

functional groups to the initial PAH molecule. 

Hydroxy-substituted PAHs have been shown to form in experiments on 

interstellar ice analogues also from pyrene and anthracene irradiated by 

ultraviolet light. However, the processing of these molecules by UV 

radiation can even partially break them down and increase their reactivity. 

Chen et al. (2017)132 demonstrated that the oxygen-functionalised PAH, 

bisanthenquinone (C28H12O2) cation, is not photo-stable and preferentially 

loses neutral CO units via photo-fragmentation. 

In this framework, the concentration of small PAHs has a critical role in their 

reactivity: low concentrations of PAHs in water ice prefer the formation of 

oxygenated PAHs, rather than erosion processes that lead to the formation of 

small molecules such as CO, CO2, and H2CO.118 

 

https://www.aanda.org/articles/aa/full_html/2022/07/aa43312-22/aa43312-22.html#R12
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Figure 21 | Side group addiction to PAHs in UV-irradiated cosmic ice 

analogues. Image adapted from Ref. 131 

 

Incorporation of heteroatoms into the ring structure of the PAH is also 

possible,133 and the resultant heterocyclic molecules are also of great biological 

significance with nitrogen-containing heterocycles such as pyrimidine and 

purine being the building blocks for nucleobases. 

Recently, the chemistry of polycyclic aromatic nitrogen heterocycles (PANHs) 

in interstellar ice analogs has been investigated. PANHs are molecules 

structurally similar to PAHs, with one or more nitrogen atoms substituted for 

carbon in the molecular skeleton. These compounds are also believed to be 

present in the ISM and should be present in interstellar ices. 

Photolysis of PANHs in interstellar ice analogs leads to the formation of 

species similar to those formed after UV irradiation of PAHs; these have also 
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been detected in the Murchison meteorite. For example, the quinoline when 

embedded in water ice mixed with methane and methanol leads to the 

formation of oxidized species after exposure to VUV irradiation. 

In some cases, all these functionalizations could result in a dipole moment that 

carries the potential for detection in the radio and microwave spectral regions. 

These photolysis products could be released into the ISM from dust grains 

heated by starlight at the edges of clouds. Intriguingly, neither hydroxy nor 

nitrile substituted PAHs have been found to contribute significantly to the 

UIBs, even though the former are the dominant photoproducts of PAH 

photolysis in ice and the latter have been positively identified in cold clouds. 

Evidently, substituted PAHs formed in dark clouds do not survive in the more 

diffuse interstellar medium from which the UIBs emanate, and a more detailed 

understanding of their destruction routes is therefore needed. 

Although hydrogenation and oxygenation reactions may occur on 

PAHs, little is known on the kinetics of the reactions between PAHs and H, O, 

or OH radicals, and whether such reactions can occur at low temperatures, e.g. 

10 K, or if they are active at higher temperatures, which are more 

representative of planetary environments.  

In this framework, oxygenated derivatives of PAHs, namely oxyPAHs, 

recently captured the interest of the scientific community for their potential 

properties as prebiotic molecules, including their strong adsorption properties 

due to higher polarity and their tendency toward polymerization. 

From a chemical point of view, oxyPAHs appear to be more plausible 

candidates than simple PAHs to play a role in prebiotic processes because of 

their higher polarity, ensuring stronger adsorption on minerals, a higher facility 
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to give oxygenation and polymerization reactions and phenolic OH bonds 

photolysis leads to highly stabilized radicals. 

More recently, 1-HN, 1,8-dihydroxynaphthalene (1,8-DHN), and 1,6-

dihydroxynaphthalene (1,6-DHN) underwent oxidative polymerization via an 

interplay of competing for free radical and quinone coupling pathways when 

adsorbed on minerals and after irradiation with UV light. 134 

By combining the results obtained from diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) analysis and from a computational 

approach, it emerged that the oxidative reactivity of hydroxylated naphthalenes 

is significantly affected by the number and relative position of the hydroxyl 

groups. The formation of polymeric products was revealed by FT-IR spectra 

that showed absorption enhancement above 4000 cmī1 and band broadening, 

characteristic spectral changes accompanying autoxidation. Moreover, partial 

degradation and decarboxylation were supposed to occur since the IR-

detectable generation of CO2 (Figure 22). 

Interestingly, PAHs and complex molecular species derived from their 

polymerization may play important role in prebiotic environment by serving 

not only as a source of small carbon molecules but also as protective matrices 

or mineral coating layers that can facilitate molecular synthesis. 

The attractive hypothesis that PAH and oxyPAH-polymers could act as both 

catalytic and photoprotective layers ensuring that prebiotic molecules can be 

produced, assembled and preserved by extensive photodegradation, is rooted 

in the known photoprotective properties of these polymers, strictly associated 

with their broad band absorption of in the whole UV-visible portion of the 

electromagnetic spectrum.  
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Figure 22 | Proposed Conversion Pathways of 1,8-DHN under UV Irradiation 

conditions on Forsterite. Image adapted from Ref. 134 

 

Another relevant scenario is that oxyPAH formation and 

photoprocessing are involved as important determinants for the origin of the 

Insoluble Organic Matter (IOM), the major identified carbonaceous 

component in meteorites. This is based on the identification of some analogies 

between the structural and physical-chemical properties of the IOM and 

polymers deriving by the oxidation of 1,8-DHN. 
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1.2 Endogenous synthesis of the prebiotic compounds on Earth 

1.2.1 Pioneering ideas and early experiments 

Understanding the origin of building blocks relevant for the emergence of life 

on Earth and explaining the chemical processes from which they were 

developed, are, undoubtedly, among the most challenging questions of all time 

and likely we will never address them in full detail.  

The idea of an evolutionary origin of life dates to the 19th century, when 

Charles Darwin published The Origin of Species.135 

Darwin was always reluctant to publish his view on the origin of life, which 

provided the occurrence of prebiotic chemistry in a warm little pond, rich in 

nutrient. In 1871, in a private letter to his young botanist friend Joseph Hooker, 

he speculated on the conditions and principal elements to trigger the spread of 

life: ñit is often said that all the conditions for the first production of a living 

organism are now present, which could ever have been present. But if (and oh 

what a big if) we could conceive in some warm little pond with all sorts of 

ammonia and phosphoric salts, ïlight, heat, electricity, etc. present, that a 

protein compound was chemically formed, ready to undergo still more complex 

changes, at the present day such matter would be instantly devoured, or 

absorbed, which would not have been the case before living creatures were 

formed.ò  

The idea that early Earth was dominated by the same physical and chemical 

laws is nowadays still valid. 

Similar ideas on the origin of life on Earth were independently suggested by 

Oparin  136 and Haldane6, in the 1920s. In their landmark works, they resumed 

the concept of a primordial soup: molecules dissolved in the huge amount of 

shallow waters of the early oceans, synthesized building blocks and more 
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complex molecules up to first cells, as the result of the combination of reducing 

atmosphere and energy sources, such as lightning or UV rays. 

The discovery of the submarine hydrothermal vents in the 1970s reinforced 

this idea and the ocean theory for the origin of life remained the most reliable 

for more than nine decades. 

Since that, many efforts have been done to search for reasonable mechanisms 

underlying the direct and robust synthesis of biomonomers simulating in the 

laboratory the initial conditions of Earth. 

The most representative example is the famous experiment carried out in 1953 

by Miller and Urey at the University of Chicago supporting the Oparin and 

Haldaneôs theories. 

Miller -Urey experiment1,137 elegantly showed the easy formation of amino 

acids from mixtures of simple molecules, such as H2O, NH3, CH4, and H2, 

purportedly representing the chemical composition of a primitive reducing 

atmosphere and a warm liquid ocean. An electrical spark was used to simulate 

the effect of atmospheric lightning (Figure 23). 

 

Figure 23 | The layout of Miller-Urey experiment simulating the conditions of 

the primitive earth. 
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At that time the outcome was amazing. This experiment revealed a large yield 

of hydroxy acids, short aliphatic acids and urea (Table 2), beyond racemic 

amino acids. 

 

Table 2 | Yields of small organic molecules from sparking a mixture of 

methane, hydrogen, ammonia, and water. Yields are given on the base of the 

carbon added in the form of methane.139 

 

In the flurry of following experimentations, it was demonstrated that the 

mixture of hydrogen cyanide (HCN) and ammonia (NH3) in an aqueous 

solution has the potentiality to generate also the adenine. This was a great 
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achievement because adenine is one of the four nucleobases present in RNA 

and DNA and in the ribonucleotide, ATP.138 

This and other discoveries led many researchers to give more thought that life 

could have arisen near the surface of the ocean. 

One of the likely main mechanisms of the formation of amino acids in 

this kind of setting is the Strecker synthesis (Figure 24), a well-known reaction 

between ammonia, cyanide and aldehydes.140 

 

 

Figure 24 | The Strecker mechanism for the formation of hydroxyacids and 

amino acids. 

1.2.2 Timeline for the origin of life on Earth 

Geological records suggested that life on Earth began nearly 4 billion years 

ago but surely it has existed as far back as these evidences. Nevertheless, there 

is still intense debate about where on the Earth life began. 

The period which precedes the earliest records of life coincides with the late 

heavy bombardment, a period that is theorized to have occurred between ~3.5 

Ga141   and during which dominant geodynamic processes like impacts and 
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collisions with asteroids played a key role in the evolution of the young Earth. 

At that time, the primitive Earth appeared, therefore, violent and desolate, 

enduring the rain of extra-terrestrial materials (Figure 25).142 

Little is known about the atmospheric composition and temperature conditions 

of Earth during the emergence of life. Thanks to geological evidences and 

some studies, it has been possible to predict that: 1) liquid water could be 

present on early Earth, indicating a surface temperature above 273 K;143 2) the 

young sun was less bright than today;144  3) radiation at the Earthôs surface was 

more intense 3.5 Ga ago;145 4) the composition of the atmosphere could have 

been mainly controlled by outgassing from the early Earth mantle.  

In this context, the early Earth could be considered a hot molten globe with an 

atmosphere consisting mainly of carbon dioxide, nitrogen gas and water 

vapour146 with minor contributions of reduced species, such as carbon 

monoxide, methane, hydrogen and ammonia. 146,147 

 

Figure 25 | Artwork representing the early Earth pervaded by intense 

meteoritic impacts and striking volcanic emissions. 
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When the frequency of impacts slowed down, the surface of the Earth became 

cool enough to support liquid water. This eon witnessed the formation of global 

oceans from torrential rainfalls, early continental crust, essential changes to the 

atmosphere and the emergence of life.148 

However, some investigations evidence that the earliest life on Earth 

corresponds with this period of intense meteoritic assaults.149,150 

The impact events on the early Earth could have generated a lot of craters filled 

with water and organic building blocks, developing hydrothermal crater lakes 

that are considered the perfect crucibles for the prebiotic chemistry of early 

life.142,151ï155 Indeed, The Late Heavy Bombardment has been postulated as 

being so catastrophic that conditions of early Earth have been too harsh to 

allow for the colonization of life; therefore, the impact-generated crater lakes 

may have been the only protective environment where building blocks could 

accumulate, concentrate and polymerize into more complex organic 

compounds, driven by hydrothermal energy, leading to the emergence of the 

first cells.151ï153,155 

Thus, the chemical landscape on a young Earth offered a wide range of 

compounds accumulated in the oceans forming the primitive soup.  

However, how could monomers like amino acids or nucleotides have 

assembled into polymers on the early Earth has not been delineated. 

In cells today, polymers are continuously synthesized by enzymes that catalyze 

condensation reactions. However, enzymes themselves are polymers. So, how 

could the first polymers form on the prebiotic Earth without available 

enzymes? 

Polymers must have been formed spontaneously from monomers under the 

conditions found on early Earth.  
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1.2.3 The link between the origin of life and hydrothermal systems  

During the last three decades, the discovery that hot springs host thriving 

microbial ecosystems, able to survive and adapt in these challenging 

environments, hinted at a novel scenario for the origin of life: the hot spring 

hypothesis. 

Many researchers suggested that hydrothermal systems and primordial rock 

pools at volcanic sites could be possible niches for the synthesis of organic 

compounds on the early Earth. This theory was appealing because of the high 

availability of geochemical variables, such as water, thermal energy, pH and 

continuous supplies of nutrient elements (e.g., K and P). 

A hydrothermal origin of life is also important because this implies that life 

could be widespread in the Solar System, because hydrothermal systems may 

exist on many of the satellites in the Solar System. 

Mulkidjanian and co-workers (2012) suggested that the chemistry of modern 

cells may reflect the chemical conditions of the environments in which the first 

cells emerged. 156 

All living cells are rich in potassium, zinc, manganese and phosphate ions, 

found only in hot hydrothermal places such as geysers, fumaroles, crater 

basins, and other geothermal fields. 

Therefore, the chemical nature of volcanic pools more closely resembles the 

cytoplasm composition of cells, supporting the geothermal terrestrial origin of 

life.  

Several lines of evidence suggest that the hydrothermal fields on the early 

Earth may have been quite similar to sites in Kamchatka, Hawaii, Iceland, 

Yellowstone, Kawah Ijen and Solfatara (Figure 26). 157 
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Figure 26 | Geothermal springs. On the left: mud pools of the Solfatara volcano 

located inside the caldera of Phlegrean Fields. On the right: crater of Kawah 

Ijen volcano containing a highly acidic lake and fumaroles. 

 

A rich literature documents the benefits of this environment for the formation 

of a range of biomolecules as the key requisite for the development of the 

primitive forms of life. Noticeable examples include the advantageous 

synthesis of amino acids and carbohydrates, by means of Strecker-type and 

formose reactions, under hydrothermal conditions.158ï160 

Furthermore, hydrocarbon derivatives, such as long-chain monocarboxylic 

acids and alcohols, can be abiotically produced in hot spring settings by 

FischerïTropsch synthesis.161 

The vapor phase of geothermal systems is particularly enriched in borate, 

which seems to be important for the stabilization of ribose;162,163 

moreover, a lot of studies demonstrated the abiotic synthesis of nucleotides and 

amino acids164ï173 from formamide, via hydrolysis of hydrogen cyanide, which 

is found in volcanic gases and in exhalations of geothermal fields.174 
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However, the condensation reactions, that lead to the formation of biopolymers 

with the release of water are very challenging processes in presence of water. 

Indeed, even if these reactions are mostly favoured under high temperatures 

for their endothermic nature, the presence of water makes the reverse 

hydrolytic process thermodynamically favoured. 

Unquestionably, water is a mandatory pre-requisite for life and ubiquitous on 

Earth. It is assumed that water has been readily available on primitive Earth, 

since also its ubiquity in the universe. 

Thus, life requires water but, at the same time, it is inherently ñtoxicò to 

polymers (e.g. nucleotides or proteins) necessary for life. In 1986, the 

biochemist Robert Shapiro, who critiqued the primordial ocean hypothesis,175 

wrote in his book Origins that ñwater is an enemy to be excluded as rigorously 

as possibleò. We are faced with the ñwater paradoxò.176 

To overcome this difficulty, researchers have tested different methods 

including the use of condensing agents, high temperatures, and water-free 

solvents. Besides some of these being successful, not all of these routes would 

have been plausible on the early Earth. 

Recently, regular cycling between wet and dry conditions has been proposed 

as a crucial driving factor for condensation reactions. Under these conditions, 

the polymerization does not require activated monomers or condensing agents. 

Wet dry cycles are regarded as characteristic of extreme natural fluctuating 

environments like hydrothermal pools and primordial rock pools at volcanic 

sites. These are areas of elevated temperatures where water is not stagnant: hot 

spring water raised to the surface and rainstorms and flooding occurred. 

The cycling frequency of wet-dry cycles is as short as minutes, when caused 

by geysers splash water on surrounding hot rocks, hours, when associated with 
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the rise and fall of pool levels caused by regularly fluctuating hot springs, or 

days, if related to complete evaporation of smaller pools followed by refilling 

during precipitation. 

So, dynamic cycling between the anhydrous surface phase and the hydrated 

bulk phase is established (Figure 27). 

 

Figure 27 | Hydrothermal pools periodically filled by geyser outflow and 

rainfall. Wet and dry cycles and mineral surfaces at pool edges are thought to 

promote the polymerization of biomolecules. 

 

In the wet-dry cycling process, each cycle involves two phases: 1) a hot and 

dry phase in which the bond formation is favourable, but diffusion is not 

allowed or much slower than in solution, so only monomers that are very close 

can polymerize; 2) a wet phase in which diffusion is allowed so that molecules 

are brought closer each other, ready to polymerize in the next dry phase. The 

net effect of iterative cycles leads to an increase in the polymerization yields.  
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So, if nucleotides are present, the hydroxyl and phosphate groups may react 

forming ester bonds and leading to the assembly of nucleic acid polymers, 177ï

179 as it happens for the formation of proteins through the formation of peptide 

bonds between amino acids.  

In this context, clays, minerals and silicates located at hydrosphereïlithosphere 

interface may have played a crucial role both adsorbing the key monomers on 

their surface, so concentrating them with respect to solution in the pool, both 

acting as catalysts promoting the polymerization process. 

 

1.3 Role of minerals 

Whatever the source of the organic compounds on the early Earth, from 

meteorites impacting on our planet or via the synthesis at volcanic landmasses, 

they could be concentrated on the mineral surfaces and then would be flushed 

into pools inside the hydrothermal systems, enabling their participation in 

prebiotically significant reactions. 

Beyond the sorption capabilities of minerals, they may have played a pivotal 

role because their surfaces are dynamic and they can act as a template, 

adsorbing selectively molecules, allowing their concentration, and promoting 

molecular self-organization processes.
180,181 Minerals can also act as catalysts, 

accelerating chemical reactions by lowering the corresponding activation 

energy or promoting selective synthesis of biomolecules on their 

surface.180,182ï187 

This can happen because mineral surfaces are able to induce the orientation of 

reacting groups of neighboring molecules through specific molecule-mineral 

interactions.  
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Mineral surfaces can also have an enantioselective potential and hence a role 

in the development of chirality under prebiotic conditions.188 

Mid- and far-infrared spectra provided striking evidences of the ubiquitous 

presence of minerals, such as silicates which seems to be highly relevant for 

the synthesis and accumulation of prebiotic molecules. Indeed, the physical-

chemical interactions of biomolecules with the surface of minerals might affect 

the survival of molecules in space, protecting them against degradation and 

shielding them from intense radiations, favouring their preservation 

throughout time.189,190 

However, the presence of minerals can also increase the probability of 

molecular photolysis, because the interactions of a molecule with a mineral 

can weaken intramolecular bonds, thus facilitating their breakage upon 

exposure to electromagnetic radiation. The degradation of the adsorbed 

molecules catalyzed by mineral surfaces 186,191,192 could lead to the formation 

of more complex species.  

All these findings suggest a key role of minerals in the prebiotic evolution of 

complex chemical systems. In this sense, the study of molecule-mineral 

interactions under plausible prebiotic and interstellar conditions may be a 

breakthrough in solving unanswered questions about the origin of life on Earth. 

1.4 Aims of the research work 

On the basis of this complex and wide scenario, my Ph.D. thesis work has been 

focused on the study of the transformation pathways of polycyclic aromatic 

hydrocarbons and biomolecule precursors of astrochemical origin under model 

conditions of prebiotic relevance. 

In detail, the research activity has been aimed at elucidating the nature of the 

reaction products deriving from PAHs under solid-state irradiation and heating 
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conditions and the catalytic role of their polymers in prebiotically relevant 

processes.  

In this connection, the work has been structured into the following two main 

topics concurring at assessing the potential role of some representative 

components of the putative astrochemical pool of PA(N)Hs and oxyPAHs, 

namely naphthalene (NAPH), quinoline (QUIN), 1-naphthol (1-HN) and 1,8-

dihydroxynaphthalene (1,8-DHN) (Figure 28), in the processes associated with 

the origin of life:  

1. study of the photochemical susceptibility of PA(N)Hs, oxyPAHs and COMs 

under simulated interstellar conditions; 

2. study of the role played by PAHs and oxyPAHs in the chemical 

transformations occurring under the environmental conditions found on the 

early Earth. 

In particular, the results of the experimental activity have been collected in the 

following chapters: 

Chapter 2- high energy proton beam irradiation of oxyPAHs adsorbed on 

meteorites; 

Chapter 3- photo-processing and thermal desorption of PA(N)Hs and COMs 

on ice dust grains; 

Chapter 4- oxyPAH-polymers as mediators for prebiotic processed on early 

Earth: synthesis and characterization; 

Chapter 5- catalytic effect of oxyPAH-polymers in the chemical processes 

leading to the formation of the peptide bond; 

Chapter 6- chemical transformations of PAHs and oxyPAHs in the thermal 

water of Solfatara. 
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Figure 28 | Structure of molecules selected for this thesis work. 
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CHAPTER  2 

HIGH -ENERGY PROTON BEAM  

 IRRADIATION OF OXYPAHs  

ADSORBED ON METEORITES  

 

ñThe cosmos is within us. We are made of star-stuff. We are a way for the 

universe to know itself.ò  

 ˈ Carl Sagan, Cosmos, 1980 

 

2.1 Introduction 

 

Different kind of experimental setups are available to simulate the space 

environment in the lab with the aim of addressing the chemical transformations 

that the complex organic molecules may undergo.   

Among these, the most interesting one is based on the analysis of the chemical 

modifications that organic molecules adsorbed onto the surface of meteorite 

grains may suffer under high-energy proton beam irradiation, selected to 

mimic the solar wind. In this connection, we decided to explore the chemical 

reactivity of oxygenated derivatives of PAHs, oxyPAHs, under such 

conditions. 
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Extensive literature data show the identification of oxyPAHs as primary 

photochemical transformation products in waterīice matrices mimicking the 

interstellar medium.1 Most of these studies included NAPH as the probe PAH 

and indicated extensive oxygenation with the formation of 1-HN as the 

dominant product, along with dihydroxylated derivatives and 

naphthoquinones.2  Other studies showed that the irradiation of naphthalene at 

15 K in a H2O+NH3 ice mixture with photons in the extreme-ultraviolet range 

produced an organic residue containing several amino acids.3 It was concluded 

that naphthalene, with other PAHs, can be a source of interstellar-reduced 

carbon from which amino acids and other prebiotic compounds may be 

generated, reinforcing the hypothesis of an extraterrestrial origin of life.  

In this context, growing interest is currently focused on oxyPAHs 

because of their chemical properties such as high polarity, ensuring stronger 

adsorption on minerals and high reactivity.  

In a recent study, it has been shown that 1-HN as well as two isomeric 

dihydroxy naphthalene derivatives, 1,6-DHN and 1,8-DHN, may easily react 

when adsorbed on forsterite, a model of Martian minerals, under UV 

irradiation leading to the formation of oxidative polymerization and ring 

fission/decarboxylation products.4 

Overall, the results obtained from these irradiation experiments supported a 

feasible formation of molecules of prebiotic interest from PAHs in a variety of 

astrophysical environments before reaching the primitive Earth by meteorites 

falling. 

The processes accounting for the formation of oxyPAH and their 

photodegradation are relevant for their possible implications in the origin of 
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the Insoluble Organic Matter (IOM), the most abundant carbonaceous 

component in meteorites.5 

This hypothesis would be supported by various lines of evidence that have 

been highlighted in a recent paper 6 such as: 

1. The elemental composition of IOM from chondrites provided average 

values close to C100H80O20N4S2, which can be ascribed to the elemental 

composition of dihydroxynaphthalenes (C10H8O2) plus a minor 

contribution from some nitrogen and sulfur-containing.5 

2. The results of chemical investigations (i. e. pyrolysis studies) suggested 

that IOM is made up of small PAH units bearing short, highly branched 

aliphatic and ester chains. Moreover, NMR data suggested that the 

PAH components in IOM do not exceed a 1-3 ring size, making 

naphthalene-based scaffolds likely candidates;7 

3. The environment in which IOM is supposed to be formed (e.g. the ISM, 

the nebular or mixed nebular-ISM context) would be compatible with 

the critical involvement of PAHs, given the abundant presence of these 

latter in the ISM.8 

In view of the limited knowledge on the possible involvement of PAHs and 

oxyPAHs in the generation of IOM in meteorites and in the prebiotic processes 

occurring on the early Earth, the research activity reported in this Chapter was 

designed to assess: i) the chemical transformations occurring on oxyPAHs 

under the irradiation with proton beams, a relatively little explored 

astrochemically-relevant energy source compared to thermal or UV activation; 

ii ) the effect of the geochemical environment when the same process is carried 

out on oxyPAHs adsorbed on the surface of meteorite grains; iii ) the potential 
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modulatory role carried out by small nitrogenous molecules of astrochemical 

relevance (i.e. urea). In particular, the research work was aimed at:  

¶ defining the possible competition among the oxygenation, 

polymerization and degradation pathways occurring on oxyPAHs on 

meteorites;  

¶ checking the possible analogies between the resulting products and the 

IOM components. 

Recently, a lot of studies evidenced the rich chemistry that can be 

promoted by the proton beam irradiation of organic molecules, e.g. in the solar 

wind-directed synthesis of nucleobases and nucleotides,9 and in the thermal 

processes modelling volcanic scenario or the impact events in the Earth 

atmosphere or surface.10 

To the best of our knowledge, studies on the irradiation of PAH precursors 

with proton beams and meteorites are lacking. In this connection, a study on 

the chemical modifications of 1-HN and 1,8-DHN, selected as model 

oxyPAHs, promoted by high-energy proton beam irradiation in the presence 

of meteorites and urea has been carried out and reported in this chapter. To this 

aim, three different meteorites have been selected, including a stony-iron, an 

achondrite, and a chondrite type.  

The identification of the main reaction products has been performed by gas-

chromatography associated with mass-spectrometry (GC-MS) analysis and by 

comparison with authentic samples. 
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Figure 1 | Highly functionalized oligomeric derivatives and nitrogen-

containing compounds produced by meteorite-catalyzed irradiation of 

hydroxynaphtalene using proton beams mimicking the solar wind. 

 

This work has been carried out in collaboration with Dr. Bruno Mattia 

Bizzarri, Prof. Raffaele Saladino and Ernesto Di Mauro of University of 

Tuscia, Viterbo (Italy), Dr. Michail Kapralov and Prof. Eugene Krasavin from 

Joint Institute for Nuclear Research JINRôs Laboratory of Radiation Biology, 

Dubna (Russia) and Prof. Judit E. Ġponer from Institute of Biophysics of the 

Czech Academy of Sciences, Brno (Czech Republic). 

These results have been published in the paper P3 and presented in the 

meeting OP1. 
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2.2 Results and discussion 

2.2.1 Preparation, irradiation and analysis of samples 

In this section will be reported the results obtained by subjecting 1-HN 

and 1,8-DHN, as model oxyPAH species, to high energy proton beam 

irradiation, modeling of the solar wind, in the presence of meteorites of 

different types and the effect of urea, a plausible nitrogen-rich component of 

the organic molecules found both in the space and on primitive Earth and a key 

precursor in prebiotic conditions. This work involved the collaboration of 

different research institutions. 

Africa's Northwest NWA 4482, Al Haggunia, and Elephant Moraine 

EET 96029 were chosen as representative samples of the three major classes 

of meteorites, namely stony iron, achondrite, and chondrite types (for details 

about mineralogical composition, cosmo-origin, and historical and terrestrial 

provenience of selected meteorites see the experimental section). Previously, 

the NWA 4482 and Al Haggunia meteorites have already shown their catalytic 

effect in reactions of prebiotic relevance, such as the synthesis of nucleobases 

and nucleosides, and and the oligomerization process of suitable chemical 

precursors under high-energy proton beam irradiation.9 

For the preparation, irradiation and analysis of the meteorite sample, the next 

steps have been followed: 

1. PURIFICATION OF METEORITE: before use, the meteorite 

powders were extracted with CHCl3-CH3OH (2:1 v/v) and dried under 

a high vacuum to remove the contamination of any organic soluble 

compounds.11 
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2. ADSORPTION OF OXY-PAHs: a methanol solution of 1-HN or 1,8-

DHN was adsorbed on the surface of the meteorite powder using a 

casting procedure and the evaporation of the solvent was performed 

under mild conditions (40 °C).  In addition, to study the efficacy and 

chemo-selectivity of the irradiation in the presence of a well-recognized 

and astrochemical-relevant nitrogen-containing prebiotic compound, 

the meteorite powders have been coated with 1-HN or 1,8-DHN along 

with urea in equimolar amount with respect to the hydroxynaphthalene 

derivatives following the same previously reported casting process.12 

3. SPECTROSCOPIC ANALYSIS OF METEORITE SAMPLES:  the 

presence and retention of the structural integrity of 1-HN and 1,8-DHN 

after the adsorption procedure was confirmed by ATR FT-IR 

spectroscopy. Figures 2-4 show the infrared spectra of 1-HN and 1,8-

DHN after the deposition procedure compared with the pure 

compounds.  

4. IRRADIATION:  the prepared sample was irradiated with 170 MeV 

high-energy proton beam at 243 K for 3 min with an averaged linear 

energy transfer (LET) of 0.57 keV/ɛm, modelling the high energy 

component of the solar wind radiation.13 The irradiation of pure 1-HN 

and 1,8-DHN was used as a reference. This activity was performed in 

collaboration with the Joint Institute for Nuclear Research JINRôs 

Laboratory of Radiation Biology, Dubna (Russia). 

5. ANALYSIS:  the reaction mixtures were, then, analyzed by gas-

chromatography associated to mass-spectrometry (GC-MS) after 

standard derivatization of the sample (trimethylsilyl ethers).14 This 



Chapter 2. Results and Discussion  

95 | P a g .  

 

analysis had been carried out in collaboration with Prof. Saladino of the 

University of Tuscia. 

 

Figure 2 | ATR FT-IR spectra of the meteorite NWA 4482 before and after the 

adsorption of 1-HN and 1,8-DHN. The ATR FT-IR spectrum of the pure solid 

1-HN and 1,8-DHN are also reported as references.  

 

Figure 3 | ATR FT-IR spectra of the meteorite Al-Haggunia before and after 

the adsorption of 1-HN and 1,8-DHN. The ATR FT-IR spectrum of the pure 

solid 1-HN and 1,8-DHN are also reported as references.  
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Figure 4 | ATR FT-IR spectra of the meteorite ET 96029 before and after the 

adsorption of 1-HN and 1,8-DHN. The ATR FT-IR spectrum of the pure solid 

1-HN and 1,8-DHN are also reported as references. 

 

Figures 5 and 6 reported the representative GC chromatograms and 

Tables 1 and 3 reported the yields of the main reaction products. 

The structure of products 1-25 was assigned on the basis of the comparison 

with commercially available electron mass spectrum libraries (i.e. NIST). 

The assignment of structural isomers was performed by comparison with 

standard compounds commercially available compounds or, in the alternative, 

with standard compounds prepared according to reported synthetic procedures 

(for details see the experimental section). 

 

2.2.2 Irradiation of 1-naphthalene in presence of meteorites 

An extensive oxidation and oxygenation of the naphthalene ring and 

radical-coupling mediated oligomerization processes emerged from the 
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analysis of the reaction mixtures obtained after the irradiation of 1-HN 

adsorbed on meteorites (Scheme 1, Table 1).  

A large panel of polyhydroxylated naphthalene and naphthoquinone 

derivatives was detected, including 1,4-dihydroxynaphthalene(2)15, 1,2- 

dihydroxynaphthalene (3)16, 2-hydroxynaphthalene-1,4-dione (4) (lawsone)17,  

5-hydroxynaphthalene-1,4-dione (5) (juglone)18, naphthalene-tetraol isomers 

(6a-c)19, naphthalene-1,4,5,8- tetraone (7)20, 8-dihydroxy naphthalene-1,4-

dione (8)21 (naphthazarin), and naphthalene-1,2,4,5,8-pentaol (9)22. 

The reported highest electron density and reactivity of the C-2 and C-4 

positions of 1-HN with electrophilic species led to the selective formation of 

compounds 2 and 3 with respect to other possible isomers.23 Naphthoquinones 

4 and 5 were probably formed by further oxidation of 2 in agreement with the 

quantitative transformation of 1,4-dihydroxynaphthalene into 1,4- 

naphthoquinone (see scheme 2).24 

The order of reactivity of meteorites observed for the conversion of 1-HN is 

the following: ETT 96029> Al-Haggunia> NWA 4482 (Table 2). The 

conversion of the substrate was almost quantitative in the case of ETT 96029 

and significantly higher than the reference (Table 2, entry 4 versus entry 1), 

highlighting the higher reactivity of the substrate in the presence of a meteorite 

of the chondrite type. 

In the absence of meteorite, a low value of mass balance was measured (Table 

2, entry 1), likely due to the occurrence of over-oxidation processes and the 

formation of high molecular weight oligomers, not identifiable from the 

reaction mixture. Whereas, with ETT 96029, Al-Haggunia and NWA 4482 

(Table 2, entries 2-4), a progressive improvement of mass balance was 

obtained. 
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Figure 5 | Chromatograms of the irradiation of 1-hydroxynaphtalene. a) 1-

Hydroxynaphtalene in presence of NWA 4482; b) 1-hydroxynaphtalene in 
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presence of NWA 4482 and urea; c) with high-energy proton beam. The 

numbering is referred to assigned compounds. 

Table 1 | Irradiation of 1-hydroxynaphthalene in the presence of meteorites. 

Entry  Meteorite Conversio

n 

(%) 

Produ

ct 

Rt (min) Amounte 

 

Yield(%) f 

1  

 

 

 

 

 

None 

 

 

 

 

 

 

69.5 

2 18.449c 0.03 0.39 

2 3 18.480c 0.05 0.65 

3 6a 2.650a 0.14 1.52 

4 6b 2.617a 0.20 2.17 

5 6c 2.583a 0.09 0.97 

6 7  2.541a 0.25 2.77 

7 8  18.941c 0.10 1.09 

8 10a 21.212b 0.17 1.24 

9 10b 22.158b 0.39 2.83 

10 10c 22.449b 0.28 2.04 

11 13 9.124a; 

21.033b 

0.01 0.07 

12 14 13.901a 0.09 0.66 

13  

 

 

 

 

 

 

 

 

 

NWA 

4482 

 

 

 

 

 

 

 

 

 

 

 

70.2 [90.2]g 

2 18.251c 

(16.156b) 

0.21 

[0.97] 

2.67 

[9.76] 

14 3 18.484c 

(18.472b) 

0.10 

[1.42] 

1.27 

[14.3] 

15 6a 2.651a; 

5.208b 

(2.564a) 

1.0;0.25 

[0.65] 

10.6; 

 2.65 

[5.45] 

16 6b 2.617a; 

5.183b 

(2.585a) 

0.09;0.03 0.95; 0.32 

17 6c 2.585a 0.15 1.59 

18 7  2.542a 

(2.542a) 

0.33 

[0.23] 
3.57 

[1.97] 

19 8  18.948c 

(9.239b) 

0.16 

[0.20] 

1.71 

[1.69] 

20 9 5.398a 0.03 0.29 

21 10a 21.213b 

(21.414b) 

0.14[1.00] 0.99 

[5.63] 

22 10b 22.176b 

(21.960b) 

0.80 

[1.15] 

5.69 

[6.48] 
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23 10c 22.494b 

(22.174b) 

0.90 

[1.55] 

6.41 

[8.72] 

24 11 27.283b 0.12 0.86 

25 12 28.992b 0.11 0.79 

26 13 21.037b 0.01 0.07 

27 14 13.905a 0.13 0.94 

28 15 21.959b;  0.16 1.22 

29 16 23.674b; 

(25.026c) 

0.17 

[0.23] 

1.15 

[1.23] 

30 17 20.396a; 

(20.393a) 

0.1 [0.5] 0.65 

[2.58] 

31 18 26.717b; 

(26.712b) 

0.03 [0.3] 0.19 

[1.47] 

32 19 (17.845c) [0.43] [3.68] 

33 20 (19.674c) [0.16] [1.26] 

34  

 

 

 

 

 

Al-

Haggunia 

 

 

 

 

 

 

 

72.0 

[>99.99] 

2 18.453b 

(16.156b) 

0.63 

[1.54] 

7.8 

 [13.8] 

35 3 18.486c; 

18.948c,  

0.75 9.36 

36 4  10.854a 0.91 10.5 

37 5  10.889a 0.49 5.6 

38 6a 2.567a; 

4.041b 

(2.574a; 

5.272b) 

0.87 

[0.77] 

9.1 

 [5.8] 

39 6b 2.526a Traces - 

40 6c 2.510a Traces - 

41 7 2.470a 

(2.471a) 

0.21 

[0.19] 

2.24 

[1.44] 

42 8 18.939c 

(9.231b) 

0.12 

[0.15] 

1.26 

[1.12] 

43 9 5.271a 0.07 0.67 

44 10a 21.407b 

(21.399b) 

0.16 

[0.24] 

1.12 

[1.21] 

45 10b 22.162b 

(22.164b) 

0.07 0.49 

46 10c 22.607b 0.19 

[0.11] 

1.33 

[0.55] 

47 17 20.375a 

(20.385a) 

0.13 

[0.21] 

0.83 

[0.97] 

48 19 (17.436c) [0.23] [1.76] 

49 20 (19.657c) [0.26] [1.83] 
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50  

 

 

 

 

ETT 

96029 

 

 

 

 

 

99.2 [99.8] 

2 18.430c 0.43  3.9  

51 3 18.455c 

(18.444c) 

0.57 

[1.38]  

5.18 

[12.4]  

52 6a 2.589a; 

(2.577a; 

5.089b) 

1.64 

[0.61]  

12.4 

[4.57]  

53 6b 2.572  traces  -  

54 6c 2.547  traces  -  

55 7 2.463a 

(2.471a)  

0.33 

[0.27]  

2.55 

[2.06]  

56 8 18.925c 

(9.207b)  

0.75 

[1.42]  

5.73 

[10.8]  

57 9 5.254a  traces  -  

58 10a 21.403b 

(21.386b)  

0.53 

[2.74]  

2.69 

[13.8]  

59 10b 22.156b 

(21.914b)  

0.82 

[0.89]  

4.16 

[4.49]  

60 10c 22.601b 

(22.159b)  

0.89 [1.1]  4.53 

[5.54]  

61 11 27.189b  0.01  0.05  

62 12 29.076b  0.02  0.1  

63 13 21.111b,  1.4 [1.6]  6.24 

[8.12]  

64 15 21.929b  0.51 [0.6]  2.77 

[3.23]  

65 16 23.549b  0.18  0.87  

66 17 20.371a 

(20.373b)  

0.12 

[0.03]  

0.56 

[0.14]  

67 18 26.980b  traces  -  

68 19 (17.425c)  [0.49]  [3.75]  

69 20 (15.654c)  [0.11]  [0.78]  

[a] No silylated derivative. [b] Detected as mono-silylated derivative. [c] 

Detected as bis-silylated derivative. [d] The retention time value (min) of the 

reaction with urea is reported in the round brackets. [e] The amount of product 

is corresponding to mg of the product obtained starting from 10 mg of the 

substrate. The data referring to the reaction in the presence of urea are shown 

in square brackets. [f] Yield is defined as mmol of product relative to mmol of 

the converted substrate. In the case of the dimer, the expected mmol of the 
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product corresponds to half of those of the starting material. [g] The conversion 

of the reaction in the presence of urea is reported in square brackets. 

 

Moreover, Al-Haggunia provided a higher total yield of monomeric 

derivatives than ETT 96029 and NWA 4482 (Table 2, entry 3 versus entries 4 

and 2, respectively).  

 

 

 

Scheme 1 | Irradiation of 1-hydroxynaphtalene with high-energy proton beam 

performed, in the presence of Northwest Africa NWA 4482, Al Haggunia, and 

Elephant Moraine EET 96029 meteorites and urea. 
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In the green panel of scheme 1, the detected dimeric compounds are shown. In 

particular, dihydroxydinaphthyl derivatives 10a-c were clearly produced by a 

C-C radical coupling process starting from the initial formation of the 1-HN 

corresponding O-centred phenoxyl radical (scheme 3). All the three 

energetically favorable coupling isomers were obtained, namely: para-para 

10a, ortho-ortho 10b, and para-ortho 10c combinations, respectively.25,26 

 

Scheme 2 | Pathways for the formation of compounds 2-5. 

 

The relative amounts of dimers formed depend on the type of meteorite. 

In general, compounds 10b and 10c were the most abundant derivatives (Table 

1, 22-23, 45-46, and 59-60, respectively). 

The radiative generation of phenoxyl radicals and the role played in this 

process by different energy sources and physical states have been investigated 
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under gas,27 liquid 28,29 and solid conditions.30 The occurrence of electron 

transfer followed by hydrogen abstraction processes emerged as the prevalent 

mechanism in the irradiation of aliphatic alcohols with low-energy protons (1.0 

MeV) under space-like experimental conditions (20 K).31 

In the presence of NWA 4482 and ETT 96029, dihydroxydinaphthyl 

derivatives (10b) and (10c) selectively evolved to the corresponding 

benzofuran and benzopyran derivatives dinaphtho[1,2-b:2',3'-d]furan-7-ol 

(11)32 and dibenzo[c,kl]xanthen- 3-ol (12)33 (Table 1, entries 22-23 and 59-60, 

respectively),  by intermolecular C-O radical coupling (Scheme 3). The 

formation of benzofuran and benzopyran rings in hydroxynaphthalene dimers 

was previously reported as a result of intramolecular radical-mediated 

oxidative coupling in the biosynthetic melanin pathway.34 

On the other hand, from the dimer (10a), through a cascade of successive C-C 

radical coupling and oxidation processes, a large panel of polyoxygenated 

perylene derivatives were formed (Scheme 3), such as perylene-3,10-diol 

(13),35 perylene-3,10-dione (14),36 perylene-1,2,6-triol (16),37 bis-perylene-

3,4,9,10-tetraone (17),38 and 2,4,9-trihydroxy perylene-3,10-dione (18).39 

Perylen-3-ol (15),40 a product of deoxygenation of one of the naphthalene 

rings, was also detected in appreciable yield probably due to the occurrence of 

a disproportionation process (Table 1).41 
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Scheme 3 | Pathways for the formation of compounds 10-18 starting from 

phenoxyl radical. 

Benzofuran and benzopyran derivatives 11-12 and polyoxygenated perylene 

derivatives 16-18 were obtained only when meteorites were present. Moreover, 

with ETT 96029, the highest production of the perylene derivative 13 was 

found (Table 1, entry 63). The following order of total yield of dimeric 

products 10-18 was found: ETT 96029 > NWA 4482 >> Al- Haggunia (Table 

2, entries 2-4). Noteworthy, this order of reactivity is different compared with 

that previously reported for the formation of monomeric derivatives, 

suggesting that the composition of meteorites affected in a different way the 

efficacy of the radical coupling process versus the simple oxygenation of the 

naphthalene ring.  

The results obtained after the irradiation of 1-HN (1) in the presence of 

meteorites and urea are reported in Scheme 1 and Table 1. Urea is a ubiquitous 

nitrogen-containing molecule that has been detected in the interstellar 

medium.42 This compound is easily synthesized by sparking mixtures of gas 

(CH4, CO, CO2, N2, NH3, H2O, and H2)
43 and by the irradiation of hydrogen 



Chapter 2. Results and Discussion  

106 | P a g .  

 

cyanide (HCN) in both liquid and solid state.44 Moreover, a mixture of 

formamide and meteorites under both thermal and high-energy radiative 

experimental conditions resulted in the formation of urea.45,46 

In the presence of urea, the formation of the same products of radical-

coupling oligomerization, oxidation and oxygenation of 1-HN were observed 

again, including polyhydroxylated naphthalene and naphthoquinone 

derivatives 3 and 6-9, dihydroxydinaphthyl derivatives 10a-c and 

polyoxygenated perylene derivatives 16-18. Under these conditions, the 

presence of meteorites led to comparable amount of conversion of the substrate 

(Table 2, entries 5-7). The presence of urea enhanced the conversion of the 

substrate in the case of NWA 4482 and Al-Haggunia. In agreement with the 

relative stability of urea toward ionizing radiation once adsorbed on the surface 

of minerals,47 a considerable amount of unreacted urea was observed in the 

reaction mixture (from 50% to 90% with respect to initial amount). Regarding 

the chemo-selectivity of the reaction, the presence of urea decreased 

significantly the total yield of monomeric derivatives in the case of Al-

Haggunia (Table 2, entry 6 versus entry 3). Instead, in presence of ETT 96029 

(Table 2, entry 7 versus entry 4) and NWA 4482 (Table 2, entry 5 versus entry 

2), their amount increased. A similar trend was observed for the synthesis of 

dimeric products (Table 2).  

Noteworthy, the presence of urea led to the formation of two novel 

quinone diamine derivatives 5,8-diimino-5,8-dihydronaphthalene-1,4-diol 

(19)48 and 5,8-diamino-2- hydroxynaphthalene-1,4-dione (20)49 (Table 1, 

entries 32-33, 48-49, and 68-69). These products included in their structure the 

nitrogen atom from urea expanding the inventory of identified species toward 

the formation of nitrogen-containing oxyPAH systems. Imine derivatives have 
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been detected in IOM by N-XANES (c.a. 405 eV) and EELS spectra besides 

amines, amides and nitrogenated heterocycles.7 The decomposition of urea 

under Ὓ-irradiation conditions (60Co, 0.14ï600 kGy) is reported to generate 

hydrogen, carbon dioxide and ammonia.50 This latter nucleophilic compound 

might be responsible for the observed amination of the electrophilic 

naphthalene quinone ring. 

 

 

 

 

Table 2 | Total yield and partial yield of polyhydroxylated naphthalene and 

perylene derivatives recovered from the proton beam irradiation of 1-HN. 

Entry  Conditions Conversion 

(%)  

Total 

product 

yield 

(%)  

Yield of 

monomeric 

derivatives 

(%) a 

Yield of 

dimeric 

derivatives 

(%) b 

1  no meteorite  69.5  15.74  9.56  6.18  

2  NWA 4482  70.2  44.58  25.62  18.96  

3  Al -Haggunia  72  50.3  46.53  3.77  

4  ETT 96029  99.2  51.47  29.76  21.97  

5  NWA 

4482/urea  

90.2  64.22  38.11  26.11  

6  Al -

Haggunia/urea  

>99.9  28.48  25.75  2.73  

7  ETT 

96029/urea  

99.8  65.68  34.36  31.32  



Chapter 2. Results and Discussion  

108 | P a g .  

 

[a] Yield of polyhydroxylated naphthalene and naphthoquinone derivatives. 

[b] Yield of dihydroxydinaphthyl and perylene derivatives. 

 

2.2.3 Irradiation of 1,8-dihydroxynaphthalene in presence of 

meteorites 

The irradiation of 1,8-DHN in presence of meteorites led to the 

formation of a similar pattern of products, including 4, 6a, 6c, 7-8, and 17-18, 

highlighting a chemo-selectivity comparable to 1-HN. In addition, the 

formation of other compounds, such as 1,1'-binaphthalene-4,4',5,5'-tetraol 

derivatives (22a-c) 51 and 4,9-dihydroxy-perylene-3,10-quinone (23)52 was 

observed (scheme 4, table 3).  

Also in the case of 1,8-DHN, the reaction carried out in presence of 

urea led to the formation of products deriving from the amination of the 

naphthalene ring (table 3), such as 19, 4-imino-5-hydroxy-8-amino-1(4H)-

naphthalenone (24)53 and 8-hydroxy-4-iminonaphthalen-1(4H)-one (25)54. 

These results indicate that regardless of the hydroxylation state of the starting 

compound, the reaction pathways were similar. 

The compounds 22a and 23 have been previously detected as key intermediates 

in the laccase-mediated radical oxidative coupling of 1,8-DHN during the 

formation of melanin in different fungal species.55,56 

Table 4 (entries 2-4 versus entry 1) displayed that the mass balance of the 

reaction performed in the presence of meteorites was higher than that measured 

for the reference. 

Moreover, in the reaction conducted with 1,8-DHN, the total yield of products, 

deriving from oxidation reactions, was significantly lower than 1-HN (Table 

4, entries 2-4 versus Table 2, entries 2-4). This finding suggests that high 
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molecular weight oligomerization products prevailed in the case of 1,8-DHN, 

since the presence of a higher number of reactive hydroxyl groups on the 

starting naphthalene ring. 

Generally, the prevalence of monomeric products with respect to dimeric 

derivates (Table 4) was assessed. Moreover, the conversion of starting 

substrate was increased by the presence of urea in the reaction mixture. 
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Figure 6 | Chromatogram of the irradiation of 1,8-dihydroxynaphtalene a) 1,8-

dihydroxynaphtalene in presence of NWA 4482 b) 1,8-dihydroxynaphtalene 
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in presence of NWA 4482  and urea c) with high-energy proton beam. The 

numbering is referred to assigned compounds 

Scheme 4 | Irradiation of 1,8-dihydroxynaphtalene with high-energy proton 

beam, in the presence of Northwest Africa NWA 4482, Al Haggunia, and 

Elephant Moraine EET 96029 meteorite and urea. 
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Table 3 | Irradiation of 1,8-dihydroxynaphthalene in the presence of 

meteorites. 

Entry  Meteorite Conversion 

(%)  

Product Rt (min) Amounte 

 

Yield 

(%) f 

 

1  

 

 

 

 

 

None 

 

 

 

 

 

 

63.1 

4  10.526a  traces  -  

2 6a  2.585a  0.02  0.17  

3 6c  2.594  0.07  0.62  

4 7  2.560a  traces  -  

5 17  20.397 c  0.16  0.88  

6 18  26.711b  0.75  3.96  

7 22a  18.691a  0.03  0.16  

8 22b  18.933a  0.17  0.91  

9 22c  19.885a  0.08  0.43  

10 23  25.025b  0.02  0.11  

11  

 

 

 

 

 

 

 

 

 

NWA 

4482 

 

 

 

 

 

 

 

 

 

 

 

94 [>99.9]g 

4  10.526 a  0.03  0.30  

12 6a  2.619a 

(2.604a)  

0.44 

[0.58]  

4.44  

[4.8]  

13 6c  2.595  0.4  3.58  

14 7  2.556a 

(2.512a)  

0.48 

[0.72]  

4.33 

[6.08]  

15 8  (5.198b)  [0.1]  [0.85]  

16 17  20.397c 

(20.40 c)  

0.21 

[0.13]  
1.10 

[0.66]  

17 18  26.710b 

(26.712b)  

0.18 

[0.11]  

0.92 

[0.53]  

18 19  (9.269 b)  [0.22]  [1.92]  

19 22a  18.711a 

(20.231)  

0.39 

[0.14]  

2.02 

[0.70]  

20 22b  20.238b 

(20.561)  

0.18 

[0.11]  

0.98 

[0.55]  

21 22c  25.025b  0.41  2.18  

22 23  (25.025b)  0.25 

[0.21]  

1.36 

[1.07]  

23 24  (3.616 a)  [0.38]  [3.24]  

24 25  (15.273 
b)  

[0.31]  [2.87]  
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25  

 

 

 

 

 

Al-

Haggunia 

 

 

 

 

 

 

 

98.6 

[>99.99] 

6a  2.545a 

(2.578a)  

0.71 

[0.85]  

6.00 

[7.08]  

26 6c  2.512  traces  -  

27 7  2.520a 

(2.486a)  

0.73 

[0.95]  

6.30 

[8.07]  

28 8  (5.44b)  [0.33]  [2.77]  

29 17  20.391c 

(20.40 c)  

0.09 

[0.20]  

0.47 

[1.02]  

30 18  (26.850b)  [0.09]  [0.43]  

31 19  (9.270 b)  [0.07]  [0.60]  

32 22a  18.724a 

(18.699a; 

20.193b)  

0.71 

[0.60]  

3.63 

[3.01]  

33 22b  18.933a 

(18.941a; 

20.226b)  

0.82 

[0.5]  

4.18 

[2.52]  

34 23  (24.778b)  [0.10]  [0.51  

35 24  (3.613 a)  [0.09]  [0.76]  

36 25  (15.274 
b)  

[0.12]  [1.11]  

37  

 

 

ETT 

96029 

 

 

 

95 [>99.9] 

6a  2.568a; 

5.068b 

(2.544a)  

0.80 

[0.60]  

7.01 

[5.00]  

38 6c  2.535  traces  -  

39 7  2.478a 

(2.477a)  

0.68 

[0.53]  

6.09 

[4.50]  

40 8  (5.44b)  [0.33]  [2.77]  

41 17  20.383c 

(20.40c)  

0.35 

[0.29]  

1.89 

[1.48]  

42 19  (9.253b)  [0.11]  [0.94]  

43 22a  18.710a 

(18.700a; 

19.517b)  

0.41 

[0.55]  

2.16 

[2.77]  

44 22b  19.069a 

(18.942a; 

19.560b)  

0.59 

[0.53]  

3.12 

[2.66]  

45 22c  20.230b  0.48  2.55  
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[a] Unsilylated derivative. [b] Detected as mono-silylated derivative. [c] 

Detected as bis-silylated derivative. [d] The retention time value (min) of the 

reaction with urea is reported in the round brackets. [e] Amount of product is 

corresponding to mg of product obtained starting from 10 mg of substrate. The 

data referring to the reaction in the presence of urea are shown in square 

brackets. [f] Yield is defined as mmol of product relative to mmol of converted 

substrate. In the case of dimer, the expected mmol of product correspond to 

half of those of the starting material. [g] The conversion of the reaction in the 

presence of urea is shown in square brackets. 

 

Table 4 | Total yield and partial yield of polyhydroxylated naphthalene and 

perylene derivatives recovered from the proton beam irradiation of 1,8-DHN. 

Entry  Conditions Conversion 

(%)  

Total 

product 

yield 

(%)  

Yield of 

monomeric 

derivatives(%)a 

Yield of 

dimeric 

derivatives 

(%) b 

1 no meteorite  63.1  7.24  0.79  6.45  

2 NWA 4482  94  28.71  12.65  8.56  

3 Al -Haggunia  98.6  20.58  12.30  8.28  

4 ETT 96029  95  22.82  13.1  9.72  

5 NWA 

4482/urea  

>99.9  23.27  19.76  3.51  

6 Al -

Haggunia/ur

ea  

>99.9  27.88  20.39  7.49  

[a] Yield of polyhydroxylated naphthalene and naphthoquinone derivatives. 

[b] Yield of dihydroxydinaphthyl and perylene derivatives. 
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2.2.4 Mechanistic modelling 

In this paragraph, the results deriving from the modelling of the reaction of OH 

radical with 1-HN were shown. We assumed that the OH radicals can form 

from the degradation of 1-HN induced by radiation. In this way, the formation 

of polyhydroxylated naphthalene derivates was justified. 

 

Figure 7 | B3LYP/6-311++G** free energy (ȹG) profile for the OH radical 

induced hydroxylation reaction of 1-naphthol. TS: transition state. Color 

coding: O-red, C-grey, H-white. 

 

The ability of OH radicals to bring about a direct attack on aromatic carbons is 

well documented.57 This reaction has been modelled with ab initio quantum 

chemical calculations at the B3LYP/6- 311++G** level of theory (for 

CCSD(T) benchmark calculations on related systems (for detail, see 

experimental section). As reported in Figure 7, this reaction proceeds with an 

almost negligible activation energy of 5 kcal/mol and may be followed by two 
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additional highly exergonic reaction steps. The first step is a radical 

recombination reaction leading to 2,3-dihydronaphthalene-1,2,3-triol, which 

then spontaneously loses water leading to the formation of 1,2-naphthodiol.  

In the reactions conducted in presence of urea, the formation of N-substituted 

products could be ascribable to an analogous chemistry triggered by amino 

radicals, a dissociation product of urea formed after the irradiation. Table 5 

showed that the relative electronic energies computed at B3LYP/6-311++G** 

and CCSD(T)/6-311++G** levels were in excellent agreement, which justifies 

the use of the B3LYP/6-311++G** energy data for the evaluation of the 

reaction mechanism showed before. CCSD(T) calculations were performed 

with the MOLPRO program package. 58 

 

Table 5 | Computed electronic energies (in Hartree) of radicals formed by H-

abstraction from 1- naphthol at B3LYP/6-311++G** level and from 

CCSD(T)/6-311++G** single-point calculations using the DFT-level 

optimized geometries. 

Radical  B3LYP/6-311++G**  CCSD(T)/6-311++G**  

 

 

 

-460.28644 

 

 

-459.424443 

 

 

 

-460.285285 

 

 

-459.423616 

 

 

 

-460.283488 

 

 

-459.421728 
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2.3 Conclusions  

The formation and structural modification of oxyPAHs under UV irradiation 

on minerals have recently been proposed as a possible channel of PAH 

transformation in astrochemical and prebiotic scenarios of possible relevance 

for the origin of life. 

Herein, proton beam irradiation modelling of the solar wind in the presence of 

various meteorites, including stony iron, achondrite, and chondrite type, was 

suggested as a plausible multicomponent scenario for the conversion of 

oxyPAHs, i.e. 1-HN and 1,8-DHN, into complex mixtures of oxygenated and 

oligomeric derivatives. Moreover, the catalytic role of meteorites in promoting 

the synthesis of a broad panel of higher molecular weight reaction products 

was disclosed. Among these products, cross-coupling dimeric derivatives 

resembling the 1-3 ring framework characteristic of the pyrolysate of the IOM 

in chondrite meteorites were detected.59 

We found that two different reaction pathways dominate the oxyPAH 

radiative chemistry in the above conditions: 1) the extensive hydroxylation of 

the naphthalene ring and 2) the dimerization reactions via radical-mediated 

coupling leading to bis-naphthols and perylene derivatives through the 

formation of C-C and C-O bonds. Which pathways prevailed depends on the 

type of meteorite.  

The achondrite type, represented by the Al-Haggunia sample, was more active 

in the synthesis of monomeric derivatives from 1-HN, whereas the chondrite 

ETT 96029 showed the highest catalytic effect in the formation of dimeric 

products. 

The chondrite ETT 96029 was also the best catalyst for the formation of both 

monomeric and dimeric products, in the case of oxidation of 1,8-DHN. Thus, 
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high molecular weight products are mostly expected in chondrites than in the 

other cases.  

In presence of urea, monomeric derivatives prevailed with respect to the 

dimeric counterpart. 

Overall, these data suggested the possibility that the high variability observed 

in the IOM composition for different sources might be dependent not only on 

the origin and on the alteration processes experienced by the meteorite but also 

on the intrinsic catalytic activity associated with its mineralogical composition, 

which cannot be completely ruled out.  

Although the relationship between the localization of IOM in the matrix and 

the surrounding mineral components is at present under debate,60 the 

morphological analyses showed that IOM is adjacent to some mineral 

components in interplanetary dust particles, as well as in chondrites.61,62 In 

principle, these minerals could behave as active catalytic sites for the accretion 

of organic matter.63 The catalytic role of phyllosilicates in the late 

polymerization of pristine soluble organic matter into the second generation of 

IOM has been also reported, focusing on the role played by the aqueous 

alteration in the overall composition of the organic matter.64  

Moreover, the range of discovered species was increased by the addition of 

urea, a prebiotically-relevant chemical precursor, including, among others, 

quinone diimines. 

In conclusion, in this study emerged two main findings that are worthy of note 

in the context of emerging prebiotic scenarios:  

1) both 1-HN and 1,8-DHN generate napthoquinones and naphthoquinone 

imines in significant yields. Given the possible role of these derivatives as early 

and primitive redox shuttling systems providing chemical and photochemical 
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energy transduction pathways via reversible electron transfer, these results 

point to the possible role of napthoquinones and naphthoquinone imines 

produced by oxyPAH (irradiation) processing as important mediators in 

prebiotic processes; 

2) the incorporation of nitrogen from urea in reactive naphthoquinone 

intermediates might explain a possible mechanism for the initial formation of 

the C-N bond in complex heterocyclic derivatives. Generally, the observed 

nitrogen transfer from urea to oxyPAHs opens interesting perspectives to the 

possible generation of nitrogenous building blocks of life from early PAHs 

nitrogenous precursors. The systematic inventory of the species produced by 

irradiation of oxyPAHs on various meteorites and the elucidation of the 

nitrogen transfer capacity of urea as an astrochemical-relevant precursor is 

expected to delineate an intriguing framework of scaffolds and functionalities 

that may play a role at different levels and with different modalities in prebiotic 

processes. 
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2.4 Experimental section 

2.4.1 Materials and methods 

Urea (Merch, > 99%), 1-HN (Merck, > 99%), 1,8-DHN (Merck, > 

99%) were used without further purification. NWA 4482 were obtained from 

Sahara-nayzak, Asnieres sur Seine, France; Al-Haggounia and ETT 96029 

from AZ meteorites, Tombstone, Arizona, USA. Gas-chromatography mass-

spectrometry (GC-MS) analyses were performed with a GC-MS Varian 

GC410-320MS equipped with a CP8944 column (WCOT fused silica, film 

thickness 0.25 ɛm, stationary phase VF-5ms, Øɑ 0.25 mm, length 30m). ATR 

spectra of the powders in transmission mode have been recorded with a Nicolet 

5700 spectrometer. The spectra have been scanned on the wave number range 

of 400-4000 cm-1 with a resolution fixed to 4 cm-1. 

2.4.2 Preparation and irradiation of the meteorite samples 

Before the irradiation process, any soluble organic matter from the 

meteorite samples was removed following the next two steps: 

1. extraction with sodium hydroxide (1.0 mL, 0.1 N) and chloroform-

methanol mixture (3.0 mL, 2:1 v/v, respectively); 

2.  treatment with sulphuric acid (1.0 mL, 0.1 N) and chloroform-

methanol mixture (3.0 mL, of 2:1 v/v, respectively).  

The solid material was recovered by centrifugation (6000 rpm, 10 min., 

Haereus Biofuge) and carefully dried under high vacuum before use.  

10 mg of 1-HN and 1,8-DHN were adsorbed on the surface of meteorite 

powder (2.0 mg) by a casting procedure using a freshly prepared MeOH 

solution (30mg/mL). Then the mixture was gently homogenized under mild 



Chapter 2. Experimental section  

121 | P a g .  

 

sonication for a few seconds and the solvent was evaporated in the oven at 

40°C.  

Then, the meteorite powder coated with 1-HN or 1,8-DHN was further 

embedded with urea (MeOH solution, 30mg/mL) in equimolar amounts with 

respect to the substrate (4.2 mg for 1- HN and 3.75 mg for 1,8-DHN) following 

the previously described casting procedure.  

For the irradiation, the appropriate sample was exposed to 170 MeV proton 

beam in the Phasotron facility of the Joint International Nuclear Institute 

(JINR; Dubna, Russia) at 243 K for 3.0 min., the uniform proton field being 

bounded to 10x10 cm2 by the collimator system (averaged linear energy 

transfer LET of 0.57 keV/µm, calculated absorbed dose 6 Gy).  

After the irradiation process, to recuperate the organic molecules on the 

meteorite, successive extractions with MeOH (3 x 1.0 mL) were performed. 

The meteorite powder was removed by centrifugation (6000 rpm, 10 min, 

HaereusBiofuge). The organic phase was then removed under reduced pressure 

(40°C, 4x10-4 barr), and the residue was analyzed by gas-chromatography 

associated to mass-spectrometry (GC-MS) analysis after derivatization with 

N,N-bis-trimethylsilyl trifluoroacetamide in pyridine (620 µL) at 60°C for 4 h. 

The analysis was performed in the presence of betulinic acid [3ɓ-hydroxy- 

20(29)-lupaene-oic acid] as an internal standard (0.2 mg) using the following 

program: injection temperature 280°C, detector temperature 280°C, gradient 

100 °C x 2min, then 10°C/min for 60 min. First, the spectra were compared 

with commercially available electron mass spectrum libraries such as NIST 

(Fison, Manchester, UK). Secondly, GC-MS analysis was repeated with 

standard compounds. All products have been recognized with a similarity 

index (S.I.) greater than 98% compared to the reference standards or, in the 
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alternative, with standard compounds obtained by applying reported synthetic 

procedures. 

 

2.4.3 Mass spectra analysis 

The structure of products 1-25 was assigned on the basis of the 

comparison with commercially available electron mass spectrum libraries such 

as NIST (Fison, Manchester, UK). The following compounds are 

commercially available and have been used as standards for the assignment of 

reaction products: 1-naphtol (1) (CAS Registry Number: 90-15-31), 1,4-

dihydroxynaphtalene (2) (CAS Registry Number: 571-60-8), 2-

dihydroxynaphtalene (3) (CAS Registry Number: 574-00-5), 2-

hydroxynaphthalene-1,4-dione (4) (lawsone) (CAS Registry Number: 83-72-

7), 5-hydroxynaphthalene-1,4-dione (5) (juglone) (CAS Registry Number: 

481-39-0), naphthalene-1,4,5,8-tetraone (7) (CAS Registry Number: 23077-

93-2), 5, 8-dihydroxynaphthalene-1,4-dione (8) (naphthazarin) (CAS Registry 

Number: 475-38-7), perylene-3,10-diol (13) (CAS Registry Number: 5796-90-

7), perylene-3,10-dione (14) (CAS Registry Number: 5796-93-0), 1,8-

dihydroxynaphtalene (21) (CAS Registry Number: 569-42-6), [1,1'-

binaphthalene]-4,4',5,5'-tetraol (22a-c) (CAS Registry Number: 111936-76-6), 

4,9-dihydroxy-perylene-3,10-quinone (23) (CAS Registry Number: 10190-97-

3), and 4-Imino-5-hydroxy-8-amino-1(4H)-naphthalenone (24) (CAS Registry 

Number: 6259-68-3). Naphthalene-1,2,4,5,8-pentaol (9), dinaphtho[1,2-

b:2',3'-d]furan-7-ol (11), dibenzo[c,kl]xanthen-3-ol (12), Perylen-3-ol (15), 

perylene-1,2,6-triol (16), bis-perylene-3,4,9,10-tetraone (17), perylene-3,10-

dione (18), 5,8-diimino-5,8-dihydronaphthalene-1,4-diol (19), 5,8-diamino-2-

hydroxynaphthalene-1,4-dione (20), and 8-hydroxy-4-iminonaphthalen-
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1(4H)-one (25) were assigned by comparison with authentical samples 

prepared as reported in references in the main text. The structural isomers 

1,4,5,8-tetrahydroxy-naphthalene (6a) (CAS No.: 5690-27-7), 1,2,3,4-

tetrahydroxy-naphthalene (6b) (CAS No.: 5690-26-6), and 1,2,4,8-

tetrahydroxy-naphthalene (6c) (CAS No.: 5690-27-7) were unambiguously 

assigned on the basis of the comparison with authentical commercially 

available samples. The structure of isomers (10a-c) was assigned on the basis 

of data reported in Ref.22. The characteristic m/z fragmentation values of the 

main reaction products are reported in Table 6. 

Table 6 | Ion abundance and MS fragmentation profiles of compounds 1-25. 

Entry  Product m/z 

 1b 216 [M+ TMS] (100), 

201 [M+ TMS-Me] (75), 

186 [M+ TMS-2Me] 

(50).   

 2c 304[M+ 2 TMS] (3), 287 

[M+2TMS-Me] (73). 

 3c 304[M] (40), 287 [M-

Me] (12).  

 4a 174 [M] (100), 73 

[TMS] (5).  
 5a 174 [M] (75), 73 [TMS] 

(100). 
 6aa  192 [M] (100), 175 [M-

OH] (3), 73 [TMS] (77). 

 6ba 192 [M] (100), 175 [M-

OH] (6), 73 [TMS] (80). 

 6ca 192 [M] (100), 175 [M-

OH] (4), 73 [TMS] (80). 

 6ab  264 [M] (14); 192 [M-

TMS] (20). 73 [TMS] 

(100). 

 6bb 264 [M] (8), 192 [M-

TMS] (18). 73 [TMS] 

(100). 
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 7a 188 [M] (75), 73 [TMS] 

(100). 

 8c  334 [M+ 2 TMS] (3), 

319 [M+ 2 TMS-Me] (9), 

261 [M+ TMS] (20). 

 9a 208 [M] (26), 191 [M-

OH] (26), 179 [M-CHO] 

(3). 

 10ab 358 [M+ TMS] (25), 343 

[M+ TMS-Me] (3), 328 

[M+ TMS-2Me] (5), 285 

[M-H] (21), 269 [M-OH] 

(7). 

 10bb 358 [M+ TMS] (10), 343 

[M+ TMS-Me] (38), 328 

[M+ TMS-2Me] (2), 285 

[M-H] (3), 269 [M-OH] 

(3). 

 10cb 358 [M+ TMS] (25), 343 

[M+ TMS-Me] (10), 285 

[M-H] (16), 269 [M-OH] 

(8). 

 11b 356 [M+ TMS] (31), 343 

[M+ TMS-Me] (8), 326 

[M+ TMS-2Me] (4), 283 

[M-H] (30), 267 [M-OH] 

(5). 

 12b 356 [M+ TMS] (30), 343 

[M+ TMS-Me] (11), 326 

[M+ TMS-2Me] (8), 283 

[M-H] (35), 267 [M-OH] 

(10). 

 13b 358 [M+ TMS] (26), 343 

[M+ TMS-Me] (5), 285 

[M-H] (30), 269 [M-OH] 

(6). 

 14a 

 

282 [M] (24). 

     15b 

 

340 [M+ TMS] (28), 310 

[M+ TMS-2Me] (3), 267 

[M-H] (10) 

 16b 

 

372 [M+ TMS] (2), 357 

[M+TMS-Me] (15), 342 
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[M+ TMS-2Me] (5), 299 

[M-H] (2). 

 17a   314 [M] (70). 

 18b   402 [M+ TMS] (100), 

329 [M-H] (5), 73 [TMS] 

(80). 

 19c 332 [M+ 2 TMS] (10), 

302 [M+ 2TMS-2 Me] 

(6), 259 [M+TMS-H] (7), 

73 [TMS] (100). 

 20c 333 [M+ 2 TMS-Me] (5), 

73 [TMS] (100). 

 21c 304 [M]  [M+ 2 TMS] 

(100), 289 [M+ 2TMS- 

Me] (5), 216 [M+TMS-2 

Me] (28), 73 [TMS] (73). 

 22aa 318 [M] (50), 260 [M- 

2 CHO] (22). 
 22ba 318 [M] (12), 260 [M- 2 

CHO] (61). 
 22ca 318 [M] (12), 260 [M- 2 

CHO] (41). 
 22ab 390 [M+ TMS] (33), 317 

[M-H] (2), 73 [TMS] 

(100). 

 22bb 390 [M+ TMS] (13), 317 

[M-H] (4), 73 [TMS] 

(100).  

 22cb 375 [M+ TMS-Me] 

(100), 73 [TMS] (90). 

 23b  371 [M+ TMS-Me] (50),  

 24a 172 [M-NH2] (100). 

 25b 245 [M+TMS] (100), 73 

[TMS] (52).  
aUnsilylated derivative. bDetected as mono-silylated derivative. cDetected as 

bis-silylated derivative. 
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4a

 

5a
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6aa 

 

6ba

 

6ca
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6bb
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7a

 

8c 

 

9a

 

10ab

 

10bb
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10cb

 

11b

 

12b

 

13b

 

14a
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15b

 

 

16b

 

 

17a 

 

18b  

 

19c
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20c
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22ab

 

22bb

 

22cb

 

23b 

 

24a

 

Figure 8 | M/z fragmentation spectra. 
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2.4.4 Quantum chemical calculations.  
 

Computations were performed at DFT-level of theory using the 6-

311++G** basis set of atomic orbitals and Beckeôs three parameters hybrid 

functional65 in combination with Lee-Yang-Parrôs correlation functional.66,67 

Free energy data were derived from frequency calculations performed at 273 

K in the harmonic approximation. All DFT calculations were carried out in the 

gas-phase using the ORCA 4.1 program package.68 In addition, a set of single-

point benchmark calculations was performed at CCSD(T)/6-311++G** level 

for three radicals derived by H-abstraction from 1-naphthol. In these 

calculations, the B3LYP/6-311++G** geometries were used.  

 

2.4.5 Mineralogical composition, cosmo-origin and historical and 

terrestrial provenience of selected meteorites 

Northwest Africa NWA 4482. Class: Pallasite. Group: Main Group 

Pallasite. Made of large olivine grains (Fa12.2-13.0) (FeO/MnO = 41.1-

42.5).69 Contains iron as iron hydroxides and accessory chromite, scheibersite 

(Fe, Ni) 3P and metal (both kamacite and tainite ɔ-[Fe, Ni]). 

Al Haggounia 001. Class: Aubrite type. Aubrites are brecciated 

piroxenites made of FeO-free enstatite and reassembled in igneous lithologies. 

Al Haggounia 001 is a breccia cemented by iron oxide and carbonate.70 The 

composition is dominated by enstatite and plagioclase. Contains troilite, 

graphite, oldhamite CaS, Si-rich kamacite and schreibersite. 

Elephant Moraine EET 96029. Class: CR2. This meteorite is a CM 

carbonaceous chondrite with unusually mild aqueous alteration.71 CM 

meteorites are among the most primitive bodies carrying out information on 
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the early history of the Solar System thanks to the presence of materials that 

have remained unchanged since the accretion from the protoplanetary disc 

(crystalline and amorphous silicates, oxides, metals, sulphides, organic 

matter), together with secondary components produced during aqueous 

alteration of parent body interiors (principally phyllosilicates). A low 

magnesium/iron ratio value and the presence of glass and quench crystallites 

in chondrules, associated to gehlenite-bearing calcium- and aluminum-rich 

inclusion suggested for ET 96029 the occurrence of an unusual low aqueous 

alteration.72 Following aqueous alteration, ET 96029 was heated to Ḑ400ï

600°C by impacts or solar radiation with concomitant amorphisation and 

dehydroxylation of serpentine, replacement of tochilinite by magnetite, loss of 

sulfur from the matrix, and modification to the structure of organic matter that 

includes organic nano-globules. 
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CHAPTER  3 

PHOTO -PROCESSING  AND  

THERMAL  DESORPTION  OF  

PA(N)H S AND  COM S ON   

ICE  DUST  GRAINS  
 

 

ñAll my life I have wondered about the possibility of life elsewhere. What 

would it be like? Of what would it be made? éIs extraterrestrial life, if it exists, 

based on the same organic molecules as life on Earth? Do the beings of other 

worlds look much like life on Earth? é What else is possible? The nature of 

life on Earth and the search for life elsewhere are two sides of the same 

question - the search for who we are.ò  

ʄ Carl Saganôs Cosmos 

 

3.1 Introduction  

For many years the ISM has been considered an óóinhospitableôô 

environment in which the low temperature and density together with the 

intense ionizing radiations may prevent any kind of chemical reactivity. 

Nowadays we know that the space between the stars hosts a rich palette of 

molecular species, with the identification of more than 250 individual species, 

excluding isotopologues. About 50 of these contain 6 or more atoms. These 

molecules have been defined by astronomers as interstellar complex organic 

molecules (iCOMs)1 
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An increasing number of iCOMs, in a large variety of star-forming 

sites, have been discovered by millimeter and centimeter observations. The 

advent of large interferometers in the (sub-)mm range, such as IRAM-NOEMA 

and ALMA, have revealed the presence of iCOMs in all the stages of the Solar-

like star formation process: from the earliest stages of star formation,2 i.e. in 

pre-stellar dense cores,3,4 in hot corinos around protostars,5,6 and in the 

associated jets and outflows,7ï10 to protoplanetary disks. In particular, 

protoplanetary disks are extremely interesting because are the place where 

planets form, inheriting their chemical complexity. Nevertheless, the region in 

which the dust temperature is high enough to allow the thermal desorption of 

water ice and iCOMs (T>100 K) is very small (Ò5 AU) for Solar-like stars,11 

making the so COMs detection very hard (see sketch reported in panel a in 

Figure 1). 

Only methanol,12,13 acetonitrile,14 and formic acid15 have been observed so far. 

A new fascinating perspective was recently provided by FU Ori objects in 

which the young central star undergoes a strong accretion burst and hence a 

sudden increase in brightness which leads to heating of the surrounding disk 

and to a quick expansion of the molecular snow lines to larger radii (see sketch 

reported in panel b in Figure 1). This phenomenon was first observed in V883 

Ori by Cieza et al. in 2016.11 The increase in brightness, according to the latter 

authors, extended the water snow line up to 42 AU. Methanol has been detected 

in this disk by Hoff et al. in 2018: the transitions observed suggest the thermal 

desorption of methanol from dust grains from the surface layers beyond or 

within the water snow line, which would therefore have extended up to 100 

AU.16 Thanks to the increase in temperature of the disk, five iCOMs thermally 
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desorbed from the disk were later detected: methanol, acetone, acetonitrile, 

acetaldehyde and methyl formate.17 

 

Figure 1 | The sketches shown in Figure reveal the differences between a 

protoplanetary disk around a Solar-like star (a) and a FuOri object (b). Sketch 

(a) shows that in a protoplanetary disk around a Solarlike star, the region where 

the dust temperature is high enough to let the water and iCOMs thermal 

desorption (>100 K) is very small. At a distance from the central star greater 

than 0.01"(~5 AU), the dust temperature is lower than 100 K and the iCOMs 

are frozen in the ice mantles. Sketch (b) shows what happens in a FuOri object. 

The central star undergoes a sudden accretion burst which leads to the heating 

of the surrounding disk and to a quick expansion of the molecular snow lines 

to larger radii (0.08" ~100 AU). Image adapted from Ref.17. 
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Acetonitrile (CH3CN) was found in many regions both within and 

outside the Solar System: in the Titan atmosphere,18ï20 in the comet 67P / 

Churyumov-Gerasimenko,21 in the cometary coma of Hale - Bopp,22 in the 

molecular cloud SgrB2(N),23 in the high and low mass protostars,24,25 in hot 

cores,26 in  protoplanetary disks;14,27 moreover, it is among the most commonly 

detected organic molecules in disks.28 

Many works invoked chemical reactions occurring on the surface of the grains 

triggered by atoms, UV light, cosmic rays, or thermal processing, 29,30 to 

explain the large abundance observed in the gas phase of acetonitrile. 

The nitrile species are of particular interest for their involvement in the 

processes for the formation of prebiotic molecules. 

Acetaldehyde (CH3COH) was also observed in the interstellar medium, in low- 

and high-mass protostars,31,32 in hot corinos33,34 and comets35. The reaction 

pathways involving the iCOMs described by the C2HnO formula, such as 

acetaldehyde (CH3COH), are still a matter of debate.36 Many works show how 

acetaldehyde can be synthesized directly on the grain surfaces37,38 starting from 

HCO and CH3 radicals on CO-rich ices39 or through surface chemistry at 10 K 

on C2H2 ices with H-atoms and OH radicals, 36 or through UV photoprocessing 

of interstellar ice analogs.40 Other works claimed that it is not clear whether 

acetaldehyde is formed on the icy surfaces of interstellar grains or through gas 

phase reactions.41 

Polycyclic aromatic hydrocarbons (PAHs) are another family of 

compounds of particular interest because they are among the most diffuse 

interstellar polyatomic molecules known in the gas phase and are thought to 

account for up 30 % of the molecular carbon in the universe.  
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Their widespread presence is evidenced by their strong and ubiquitous mid-

infrared (mid-IR) emission features at 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 and 17 ɛm, 

commonly known as unidentified infrared (UIR) bands.42ï45  

These bands can be seen in various ISM environments, including reflection 

nebulae, planetary nebulae, photodissociation regions, HII regions, asymptotic 

giant branch (AGB) objects, young stellar objects, active star formation 

regions, diffuse interstellar regions and external galaxies. 46ï53 

The PAH hypothesis developed by Leger and Puget in 1984 states54 that the 

mid-IR fluorescence emission bands result from the excitation of gas-phase 

PAH molecules by energetic ultraviolet (UV) photons from young stars.45,54,55 

The broad features of the mid-IR bands have been ascribed to the simultaneous 

presence of a series of PAH-related species, such as: 

¶ heteroatom substituted PAHs. For example, in the case of PANHs, one 

or more carbon atoms are replaced with nitrogen atoms; 48,56,57 

¶ PAH-metal complexes. Metal is placed either below or above the 

aromatic carbon rings skeleton; 56ï59 

¶ PAH oligomers, such as dimers or trimers; 60,61 

¶ mixture of PAHs of different size; 

¶ mixture of aromatic and aliphatic components ratio.62ï69 

PAHs are commonly thought to be produced in the circumstellar shells and 

outflows of late-type carbon stars, including AGB stars, via gas-phase radical 

reactions involving the polymerization of acetylene.70 Nevertheless, ñTop-

downò cleavage reactions are considered as another possible formation 

pathways. 

Smaller size PAHs, ranging from 10 (naphthalene) to 24 carbon atoms 

(coronene) are also found in at least 20 carbonaceous chondrites (CCs).71ï74 
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After the explosion of a supernova, PAHs could be ejected in the ISM where 

they condense onto very cold grains made of silicates (T = 10 K) and being 

incorporated in the interstellar water-rich icy grains mantles. Mid-IR 

absorption features in the spectra of stars embedded within dense clouds 

emphasize the occurrence of PAHs in these ices.75ï79 

The gravitational collapse of material onto a central dense core feeds the 

growth of a nascent protostar, which heats the inner regions of its surrounding 

envelope, thus creating the óóhotôô (T = 100 K) conditions. As the temperature 

gradually increases, the frozen molecules in grain mantles acquire mobility and 

the desorption into the gas phase may occur thermally. 

PAHs may play an active role at this stage, conducting to the formation of a 

set of PAH-related molecules and/or fragments to be released in the gas phase, 

which may contribute to the high chemical diversity of ISM. 

Polycyclic aromatic nitrogen heterocycles (PANHs), which can be 

formally derived from PAHs by replacing a methylidyne (CH) moiety with an 

isoelectronic nitrogen atom (N), are also supposed to be present in the ISM.  

The interest in this class of molecules derives from the high abundance of 

nitrogenated compounds in the ISM and on different celestial bodies. Indeed, 

nitrogen-containing aromatic heterocycles, such as nucleobases, have been 

detected on comets and meteorites and many small building blocks, such as 

formamide, cyanoacetylene and cyanamide, have been observed in the ISM 

and strictly associated with the processes that may have led to the formation of 

the molecules of life. 

Recently, PAH nitriles, including benzonitrile (C6H5CN), 1-cyano-1,3 

cyclopentadiene (C5H6CN), and 1- and 2-cyano-naphthalene (C11H7CN) have 

also been detected in a cold molecular cloud.80ï82 
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The photo-processing of interstellar icy mantles through low-energy 

cosmic rays,83 X-ray,84 and UV85 photons irradiation, is another aspect to take 

into account. 

In particular, UV radiations are responsible for the chemical evolution in space, 

promoting photochemical reactions on surfaces of dust grains. Laboratory 

experiments simulating the thermal and energetic processing of interstellar ice 

analogue showed how new molecules, radicals and fragments are produced by 

the ice photoprocessing.86ï91 

The photo-processing can take place in different protostellar regions, around 

young stellar objects92,93 or in the outer regions of the circumstellar 

environments, where there are UV photons scattered by dust in the bipolar 

outflow cavities around protostars.94,95 

In 2018 Taha et al. reported on the observation of the emission of PAHs in the 

disk around the Herbig star HD 179218.96 Using the radiative transfer (RT) 

model of the continuum, it was found that PAH molecules extend along the 

surface of the disk and are excited and ionized by stellar UV photons even at 

large distances. So, they are in a state of ionized charge due to the strong UV 

radiation field. Finally, Muñoz Caro et al.,87  calculated that at 100 AU from 

the central star in a disk of the T Tauri phase with a UV field of intensity 1012 

photonsĀcm-2Āsec-1 97 and for a UV cross-section of 10-18 cm2, a molecule 

absorbs about 1 UV photon per week inside the ice mantle, enough to convert 

~10% of the carbon in the ice into iCOMs; 

moreover, relatively high abundances of iCOMs, such as acetonitrile and 

acetaldehyde, and PAHs are observed in photon-dominated regions (PDRs) 

and in the UV-exposed atmospheres of planet-forming disks.28 
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In this context, laboratory studies are crucial to study the evolution and 

preservation of processed complex organic molecules in harsh astronomical 

environments. 

In this Chapter we will discuss about the results obtained from the photo-

processing and thermal desorption experiments carried out on ices made up of 

acetaldehyde, acetonitrile, NAPH and QUIN, these two latter selected as 

representative molecules of the PAHs and PANHs family (chemical structures 

in Figure 2). 

 

Figure 2 | Chemical structures of investigated molecules. 

The main focus of this research line is to shed more light on the 

mechanisms responsible for the release of tested molecules in the gas phase 

and understand the effect both of dust grains and UV irradiation on the thermal 

desorption processes and on the formation of new species. As a matter of fact, 

the mineral surface can drive the orientation of adsorbed molecules and act as 

a template, adsorbing selectively molecules and favouring their concentration. 

Therefore, the presence of minerals can influence the desorption of molecules 

so that grainïmolecule interaction cannot be neglected. 

A very useful experimental setup that simulates quite well the 

environmental conditions of ice dust grains is the ultrahigh vacuum (UHV) 

chamber (Figure 3). 
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The gas mixtures of selected molecules were prepared in the prechamber 

following the partial pressures and were deposited through a valve system 

inside the UHV chamber on a smooth nickel plate cooled at 11 K (cold finger).  

The condensation of the gas mixtures could occur also on mineral grains with 

a size smaller than 5 ɛm, such as olivine, deposed on the cold finger. 

The UHV chamber was equipped with quadrupole mass spectrometer (QMS) 

and with a Xenon lamp (wavelength range 200 - 300 nm, 4-6 eV) that simulate 

the radiation of solar-like stars. The UV radiation emitted by the lamp was 

collimated through an optical system towards an optical fiber focused on the 

cold finger. 

After condensation, the sample was heated with a linear temperature ramp. As 

the cold finger warmed, the condensed molecules desorbed, entered the mass 

spectrometer where were discriminated by their m/z value. 

The composition of the desorbed gas monitored by mass analysis was 

monitored in the mass range 1-300 a.m.u. by varying the temperature with the 

time according to a temperature-programmed desorption (TPD) curve. For a 

given mass, the TPD was analyzed by using the Polanyi-Wigner equation: 

ὶ  
Ὠ—

ὨὝ

ὃ

Ὤ
 Ͻ — ϽὩ  

3.1.1 

The TPD technique is very powerful in investigating the desorption 

process of organic molecules from the surface of dust grains. The TPD 

technique allows to obtain useful parameters including thermal desorption 

temperatures and energies.  

Up to now, TPD experiments have been carried out mainly from graphite and 

amorphous water ice surfaces.98ï101 
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Figure 3 | Experimental setup for TPD and mass spectra measurements. 

 

Molecules can interact on the mineral surface by means of Van der Waals-like 

forces and dipole-dipole interactions, as demonstrated through vibrational 

spectroscopic methods such as infrared and Raman spectroscopy.102 

Moreover, molecules can diffuse inside the grains when the submicron 

interstellar grains begin to accrete into hundreds of microns of fluffy dust.  

Because silicates are ubiquitous in space, their choice as analogue samples is 

quite straightforward. There is evidence of silicates from comets, observed 

from both ground observations103ï105 and from space missions,106,107 to 

protoplanetary disks.108ï112 Silicates were also found in the cometary coma of 
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Hale Bopp,108 in circumstellar envelopes around young stars113 and in evolved 

stars and planetary nebulae.114 

Olivine is an isomorphic mixture of forsterite (Mg2SiO4) and fayalite 

(Fe2SiO4). In our experiments, we used olivine made up of 80% forsterite and 

20% fayalite. 

Forsterite is the magnesium-rich end member of the olivine group and is one 

of the most abundant silicate minerals in the Solar System. It has been found 

in meteorites,115 cometary dust,116 and in protoplanetary disk.117 Furthermore, 

Mg-containing minerals are important because magnesium is supposed to have 

played a key role in prebiotic geochemistry.  

Fayalite, the iron end-member of the olivine group, was found in the 

interstellar medium and meteorite.118 

Olivine is one of the most common silicate grains in space: through IRAS low-

resolution spectra, olivine dust was detected as a common material in the 

circumstellar disks or/and shells of Herbig Ae/Be stars119 and around T Tauri 

stars.120 More recently, the mid-infrared spectrum obtained through Spitzer 

Space Telescope revealed the presence of crystalline silicate in a cold, infalling 

protostellar envelope of the Orion A protostar HOPS-68.121 Protostar EX Lupi 

is the prototype of EXORs like objects, that are similar to FUORs objects 

mentioned above but their outbursts are shorter and recursive in time, and it 

underwent its most important explosion in 2008, when its brightness increased 

by a factor of 30 for six months, due to the high accretion from the 

circumstellar disk on the star. Ábrahám et al.122 observed the system during the 

explosion and discovered the crystallization of the amorphous silicate grains 

due to the heating of the disk. In particular, they observed silicates of the order 

of micrometer size. 
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Starting from this background, TPD experiments were carried out both 

on acetonitrile and acetaldehyde, in pure form and in water ice mixtures, both 

on naphthalene and quinoline, all condensed at 11 K on micrometric grains of 

silicate olivine ((Mg,Fe)2SiO4). The effects of UV irradiation on the ice 

mixtures were also investigated to disclose possible photo-processes. 

 

The work reported in this Chapter has been carried out at INAF Arcetri 

Astrophysical Observatory (Florence) in collaboration with Prof. Robert John 

Brucato. 
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3.2 Results and discussion 

The experimental activity reported in this Chapter can be divided into two main 

blocks: 

1) The photochemistry of acetaldehyde (CH3COH)/acetonitrile (CH3CN) 

on ice dust grains; 

2) The photochemistry of naphthalene (NAPH)/quinoline (QUIN) on ice 

dust grains. 

In both cases the ultra-high vacuum chamber reported in Figure 4 has been 

used. The experimental setup allowed for: 

a) the deposition of ice layers with a controlled composition over a nickel 

surface (cold finger) under a pressure of 10-10 mbar and a temperature of 11 K; 

b) the investigation of the interaction of the selected compounds with the 

surface simulating the dust grains by means of TPD experiments; 

c) the analysis of the compounds desorbed in the gas phase by mass 

spectrometry (electron impact ionization mode); 

d) the irradiation of the ices with UV light (200 - 300 nm, 4 - 6 eV). 

In the Chapter 1 we underlined how photo-processing is one of the mechanisms 

responsible for chemical evolution in space promoting photochemical 

reactions, particularly on surfaces of dust grains that can act as catalysts.  

In this Chapter, by means of TPD experiments carried out on the ice mixtures 

of acetaldehyde, acetonitrile, naphthalene and quinoline from micrometric 

grains of olivine, we studied first how solid-phase interactions between 

molecules and grain surfaces can influence the desorption process and, hence, 

the presence and abundance of molecular species in the gas phase. Then, by 

applying a flux of UV radiations, we have investigated the possible 



Chapter 3. Results and discussion  

154 | P a g .  

 

mechanisms of formation of complex molecules identified by mass 

spectrometric analysis. 

 

 

Figure 4 | Experimental setup used for in situ UV irradiation experiments. 

 

3.2.1 Photo-processing and thermal desorption of acetaldehyde and 

acetonitrile on ice dust grains 

The photo-processing of acetonitrile and acetaldehyde ice mixtures by UV 

irradiation was performed to study the formation of complex molecules 

through TPD experiments and mass spectra analysis. To this aim a ternary ice 

mixture composed by CH3CN:CH3COH:H2O (1:1:3) was prepared and 

deposed as monolayer on the bare cold finger or on the surface of micrometric 

olivine grains on the cold finger at 11 K within the UHV chamber (P~ 6.68*10-

10 mbar). In such a composition the ice will simulate the astrophysical 

environment of the star-forming regions where water is the most abundant ice 

component. For comparative purposes, the same analyses were also carried out 
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on monolayers of pure CH3COH, pure CH3CN and of the binary mixture of 

CH3CN:CH3COH (1:6).  

To assess the effect of UV radiations in promoting the formation of new 

molecular species, we compared the mass peak intensities recorded with and 

without UV irradiation and considered only the peaks showing the highest 

intensity after UV irradiation. The structural assignment for the main peaks 

detected in the mass spectra has been performed by matching with the data 

reported in the NIST Web Book and on the basis of literature data. 

 

3.2.1.1 Pure acetaldehyde ice 

Figure 5 shows the TPD curves of acetaldehyde (m/z 44) desorbed from 

the bare cold finger in the non-irradiated case (blue line) and after 8 hours of 

UV irradiation (purple line).  

 

Figure 5 | TPD curves of CH3COH (44 m/z) before (blue line) and after 

(purple line) 8 hours of UV irradiation. 
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The TPD curves were fitted with different Polanyi-Wigner equations. 

When no irradiation was performed, a single peak, centered at 104 K (4500 

counts per second (c/s)) and associated with a binding energy of Ed/Kb of 3137 

K, was detected in good agreement with previously obtained results.123 After 

exposure to UV radiations, the intensity of the signal at 104 K was 40% lower 

(2700 c/s and a binding energy of 2230 K), despite the same amount of 

acetaldehyde was deposited, with a broadening at higher temperatures and a 

second desorption peak at 114 K (binding energy of 2400 K).  

Mass spectra of desorbed acetaldehyde were registered in the m/z 1-300 range. 

Selected data collected in the 92-138 K temperature range are reported in 

Figure 6 and summarized in Table 1. In this latter, the main peaks detected 

during the thermal desorption of CH3COH from the bare cold finger and from 

the olivine grains with or without UV irradiation were shown. 

The mass spectra obtained after irradiating pure acetaldehyde ice 

deposited on bare cold finger or olivine grains revealed the presence of three 

major clusters of peaks around m/z 15, 29, and 46. (Figure 6). In particular, a 

considerable increase due to the effect of UV irradiation was observed in the 

case of the peaks at m/z 15 and 29 relative to the methyl (CH3) and formyl 

(HCO) radicals, m/z 16 relative to methane (CH4), and m/z 46 relative to 

formic acid (HCOOH) (Figure 6, red bars). This effect proved to be more 

evident in the case of acetaldehyde ice deposited on olivine grains (Figure 6B) 

suggesting the catalytic role of the mineral in the photodegradation processes. 

By comparison with the spectra reported in the NIST Web Book it was 

possible to assign the structures of the compounds listed in Table 2 to the main 

peaks detected after UV irradiation. 
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Table 1 | Mass spectra data registered for pure CH3COH deposed on bare cold 

finger or on olivine grains with or without UV irradiation. Only main clusters 

around m/z 15, 29, 44 and the most significant peaks above m/z 50 are reported. 

Among these, only values with an intensity of at least 60 c/s are reported. 

m/z Peak Intensity (c/s) m/z Peak Intensity (c/s) 

 CH3COHa 

 Bare finger Olivine grains  Bare finger Olivine grains 

 NO UV UV NO UV UV  NO UV UV NO UV UV 

15 6Ā104 8Ā104 8Ā104 1Ā105 42 2Ā103 2Ā103 2Ā103 2Ā103 

16 9Ā103 1Ā104 1Ā104 2Ā104 43 9Ā102 9Ā102 8Ā102 2Ā103 

17 1Ā103 2Ā103 6Ā103 1Ā103 44 5Ā103 3Ā103 9Ā103 6Ā103 

18 6Ā103 9Ā103 2Ā104 4Ā103 45 2Ā104 2Ā104 3Ā104 3Ā104 

26 1Ā104 1Ā104 2Ā104 2Ā104 46 6Ā104 6Ā104 8Ā104 1Ā103 

27 5Ā103 6Ā103 7Ā103 8Ā103 48 9Ā104 9Ā104 2Ā105 1Ā105 

28 3Ā104 1Ā104 1Ā104 1Ā104 50 -- 3Ā102 5Ā102 5Ā102 

29 1Ā105 1Ā105 2Ā105 2Ā105 62 -- -- 2Ā102 -- 

30 -- -- 9Ā102 2Ā103 65 -- -- 6Ā102 -- 

31 -- 2Ā103 9Ā102 2Ā103 81 -- -- 1Ā102 -- 

32 -- 4Ā102 4Ā102 7Ā102 82 -- -- 1Ā102 -- 

a Data refer to compounds desorbed in the temperature range 92-138 K; 

 

These data enabled us to describe the main processes taking place on 

the acetaldehyde ice. In detail, UV radiation (photons with energies ranging 

from 4-6 eV) can promote the dissociation of the CH3-CHO bond (bond 

dissociation energy = 3.2 eV for the reaction CH3-CHO Ÿ CH3 + CHO) and 
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resulting in the formation of the methyl (CH3, m/z 15) and formyl (HCO, m/z 

29) radicals. 

The first one may undergo hydrogen addition, resulting in methane (CH4, m/z 

16) formation, whereas the second one may undergo hydrogen addition, 

resulting in the formation of formaldehyde (H2CO, m/z 29), or can recombine 

with the hydroxyl radicals generated by the photodissociation of water forming 

formic acid (HCOOH, m/z 46). In any case, no significant signal was observed 

beyond m/z 50. 

 



Chapter 3. Results and discussion  

159 | P a g .  

 

 

Figure 6 | Expanded regions of main clusters of mass spectra registered in the 

range m/z 1-70 for experiments carried out on acetaldehyde ice condensed on 

the bare cold finger (panel A) or on olivine (panel B). Data refer to compounds 

desorbed in the temperature range 92-138 K. Red bars refer to experiments 

carried out on irradiated ices, blue bars refer to experiments carried out on non-

irradiated ices. 
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Table 2 | Tentative assignments of the main peaks detected in the mass spectra 

of acetaldehyde ice deposited on bare cold finger or on olivine grains after UV 

irradiation. 

UV irradiation CH 3COH icea 

m/z Elemental 

composition 

Proposed 

molecular 

species 

Bare finger Olivine 

grains 

 Name 

2 H2 H2 Hydrogen (molecular) 

16 CH4 CH4 Methane 

29, 15 C2H4O CH3COH Acetaldehyde 

29 CH2O H2CO  Formaldehyde 

46, 45, 

29 

CH2O2 HCOOH  Formic acid 

48 CH4O2 CH2(OH)2 Methanediol  
aMass peaks have been assigned based on the mass spectra reported in the 

NIST Chemistry Web Book. 

 

3.2.1.2 Pure acetonitrile ice 

Figure 7 shows the thermal desorption profile of the acetonitrile ice with 

(dashed lines) or without (continuous lines) UV irradiation.  
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Figure 7 | TPD curves at 41 m/z (blue curves - CH3CN), 44 m/z (red curves ï 

a possible interpretation for this 44 m/z signal is that it could be associated with 

the cracking in the mass spectrometer of ethylamine CH3-CH2-NH2 which 

presence could be due to acetonitrile hydrogenation), 40 m/z (green curves - 

CH2CN), and 27 m/z (yellow curves - HCN) before (continuous curves) and 

after (dashed curves) 8 hours of UV irradiation. 

 

In the latter case, four peaks centered at 124 K were clearly detected: 

the more intense associated with a m/z value of 44 ascribable to dimethylamine 

(CH3NHCH3) deriving from the hydrogenation of acetonitrile, 123,124  then the 

other ones relative to acetonitrile (m/z 41) and to the CH2CN radical (m/z 40) 

and to HCN (m/z 27), both deriving from the fragmentation of acetonitrile. 

After UV irradiation, the same four peaks associated with m/z 41, 44, 40, and 

27 were detected but centered at a higher desorption temperature (130 K) with 

respect to the non-irradiated ice. Also for the acetonitrile ice the mass spectra 

in the m/z 1-300 range were recorded during the thermal desorption, both in 
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the non-irradiated and irradiated cases. We selected data in the 138-180 K 

temperature range (Figure 8, Table 3) where we observed the higher signal 

intensities.  

 

Table 3 | Mass spectra data registered for pure CH3CN ices deposed on bare 

cold finger or on olivine grains with or without UV irradiation. Only main 

clusters around m/z 15, 29, 44 and the most significant peaks above m/z 50 are 

reported. Among these, only values with an intensity of at least 60 c/s are 

reported. 

m/z Peak Intensity (c/s) m/z Peak Intensity (c/s) 

 CH3CNb 

Bare finger Olivine 

grains 

 Bare finger Olivine 

grains 

NO UV UV NO UV UV  NO UV UV NO UV UV 

15 1Ā102 1Ā103 3Ā102 1Ā103 40 6Ā102 2Ā103 -- -- 

16 4Ā102 3Ā103 5Ā102 1Ā103 41 1Ā103 4Ā103 7Ā102 5Ā103 

17 3Ā103 5Ā103 2Ā103 2Ā103 42 3Ā103 9Ā103 1Ā103 1Ā104 

18 1Ā103 2Ā104 8Ā103 1Ā104 43 4Ā102 2Ā103 3Ā102 4Ā103 

26 4Ā102 1Ā103 2Ā102 1Ā103 44 6Ā103 1Ā104 2Ā103 2Ā104 

27 2Ā102 7Ā102 2Ā102 1Ā103 45 2Ā102 7Ā102 1Ā102 7Ā102 

28 1Ā103 3Ā103 6Ā102 4Ā103 46 -- 2Ā102 90 4Ā102 

29 -- 3Ā102 3Ā102 5Ā102 48 2Ā102 7Ā102 2Ā102 2Ā103 

31 -- 4Ā102 -- 3Ā102 50 -- -- -- 1Ā102 

32 -- -- -- 1Ā102 62 -- 90 -- 1Ā102 

33 -- 3Ā102 3Ā102 3Ā102 65 -- 65 -- 2Ā102 

b Data refer to compounds desorbed in the temperature range 138-180 K;  
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Figure 8 | Mass spectra registered in the range m/z 1-70 for experiments carried 

out on acetonitrile ice condensed on the bare cold finger (panel A) or on olivine 

(panel B). Expanded regions are reported in the insights. Data refer to 

compounds desorbed in the temperature range 138-180 K. Red bars refer to 

experiments carried out on irradiated ices, blue bars refer to experiments 

carried out on non-irradiated ices. 

 

Main peaks detected were assigned to methane (CH4, m/z 16) and 

ethane (CH3CH3, m/z 28), deriving from radical recombination processes, 

ethaneimine (CH3CH=NH, m/z 43) and dimethylamine (CH3NHCH3, m/z 45, 

44), deriving from hydrogen addition processes, and cyanamide (NH2CN, m/z 



Chapter 3. Results and discussion  

165 | P a g .  

 

42), deriving from both hydrogen addition and radical recombination processes 

(Figure 8 and Table 4).   

 

Table 4 | Tentative assignments of the main peaks detected in the mass spectra 

of acetonitrile ice deposited on the bare cold finger or on olivine grains after 

UV irradiation. 

UV irradiation CH 3CN icea 

m/z Elemental 

composition 

Proposed 

molecular 

species 

Bare finger Olivine 

grains 

 Name 

2 H2 H2 Hydrogen (molecular) 

16 CH4 CH4 Methane 

27 HCN HCN/HNC Hydrogen cyanide/Hydrogen 

isocyanide 

41 C2H3N CH3CN/CH3NC Acetonitrile/Methyl isocyanide 

42 CH2N2 NH2CN Cyanamide 

43b C2H5N CH3CHNH Ethaneimine 

45, 

44b 

C2H7N CH3NHCH3 Dimethylamine 

52 C2N2 CNCN/CNNC Cyanogen/isocyanogen  

54 C3H5N CH3CH2CN Propionitrile  

55 C3H5N CH3CH2NC Ethyl isocyanide 

57 C2H3NO CH3NCO Methyl isocyanate  

59 C2H5NO CH3CONH2  Acetamide 

60, 

44, 

17 

CH4N2O NH2CONH2 Urea 

60, 

43 

C2H4O2 CH3COOH Acetic acid 

66 C2H2N2 CNCH2CN Malononitrile  
aMass peaks have been assigned based on the mass spectra reported in the 

NIST Chemistry Web Book. bMass peak assigned based on Bulak et al.125 
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All these signals proved to be more intense after UV irradiation and 

when carried out at the interface of olivine grains. 

By comparing the peaks detected from acetonitrile and acetaldehyde ices, is 

evident that the intensities in the first case were significantly lower (up to two 

orders of magnitude).  

This suggested that acetonitrile has a lower ionization cross-section than 

acetaldehyde. In fact, the signals in the acetaldehyde mass spectra are higher 

because a larger ionization cross-section allows for the ionization of more 

molecules, resulting in a larger signal. Indeed, in the case of acetonitrile, the 

relative intensity of m/z 41 peak with respect to m/z 15 is greater than the 

relative intensity of m/z 44 with respect to m/z 15 of acetaldehyde. This 

evidence suggests that acetonitrile is more stable than acetaldehyde,126 which 

can be explained by the higher values of bond dissociation energy measured 

for CH3CN,127 as reported in the following equations: 

CH3-CHO Ÿ CH3 + CHO           (æH0 = 3.2 eV ) 3.2.1.2.1 

CH3-CN Ÿ CH3 + CN                 (æH0 = 5.2 eV ) 3.2.1.2.2 

H-CH2CN Ÿ CH2CN + H           (æH0 = 4 eV ) 3.2.1.2.3 

 

The dissociation of acetonitrile leads to the formation methyl (CH3, m/z 15), 

cyano (CN, m/z 26), and cyanomethyl (CH2CN, m/z 40) radicals. The methyl 

radical can recombine with itself to form ethane (CH3CH3, m/z 28), or can 

recombine with cyano radicals to form methyl isocyanide (CH3NC, m/z 41). 

The methyl and cyano radicals can recombine with hydrogen to form methane 

(CH4, m/z 16), hydrogen cyanide/hydrogen isocyanide (HCN/HNC, m/z 27). 

The cyano radical can recombine with itself to form cyanogen/isocyanogen 

(CNCN/CNNC, m/z 52) or with the cyanomethyl radical to form malononitrile 
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(CNCH2CN, m/z 66). Hydrogen addition can result in the formation of 

ethaneimine (CH3CH=NH, m/z 43) and dimethylamine (CH3NHCH3, m/z 45, 

44) from acetonitrile and methyl isocyanide. By combined hydrogen addition 

and radical recombination processes cyanamide (NH2CN, m/z 42) can be 

formed. 

 

3.2.1.3 Ice mixture CH3CN:CH3COH (1:6) 

The thermal desorption of the binary ice mixture composed by 

CH3CN:CH3COH (1:6) from the bare cold finger is reported in Figure 9. 

 

 

Figure 9 | TPD curves at m/z 44 (blue curves), 41 (bordeaux curves), 29 

(yellow curves), and 15 (orange curves) before (continuous curves) and after 

(dashed curves) 8 hours of UV irradiation. 
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The TPD curves at m/z 44 revealed the presence of two peaks, one at 

around 100 K (the temperature of sublimation for acetaldehyde) and a second 

one at around 120 K. A peak centered at 100 K was also visible in the TPD 

curves of the two acetaldehyde radicals HCO (m/z 29 - yellow curves) and CH3 

(m/z 15 - orange curves), while acetonitrile (m/z 41 - bordeaux curves) had a 

peak centered at 120 K. The TPD curves of the irradiated mixture show that 

the desorption temperatures did not change after irradiation, but the curves are 

wider due to the convolution of multiple desorption contributions that occurred 

over a wider temperature range. 

During thermal desorption, we recorded the entire mass spectrum in the 

m/z range of 1 to 300. Figure 10 and Table 5 summarize selected data collected 

in the 92 - 180 K temperature range, which covers the temperature desorption 

range of both acetaldehyde and acetonitrile. Table 5 describe the desorption of 

a CH3CN:CH3COH (1:6) mixture from a bare cold finger and olivine grains, 

respectively.  
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Table 5 | Mass spectra data registered for CH3CN:CH3COH (1:6) ice mixtures 

deposed on bare cold finger or on olivine grains with or without UV irradiation. 

Only main clusters around m/z 15, 29, 44 and the most significant peaks above 

m/z 50 are reported. Among these, only values with an intensity of at least 60 

c/s are reported. 

m/z Peak Intensity (c/s) m/z Peak Intensity (c/s) 

 CH3CN:CH3COH (1:6)c 

 Bare finger Olivine grains  Bare finger Olivine grains 

 NO UV UV NO UV UV  NO UV UV NO 

UV 

UV 

15 6Ā104 2Ā105 5Ā103 1Ā105 40 1Ā103 1Ā104 1Ā102 2Ā103 

16 9Ā103 3Ā104 7Ā103 2Ā104 41 2Ā103 3Ā104 3Ā102 3Ā103 

17 3Ā103 1Ā104 7Ā102 2Ā103 42 6Ā103 6Ā104 1Ā103 8Ā103 

18 1Ā104 5Ā104 3Ā103 7Ā104 43 2Ā103 1Ā104 1Ā103 1Ā103 

26 1Ā104 3Ā104 5Ā103 2Ā104 44 9Ā103 1Ā105 3Ā103 2Ā104 

27 5Ā103 2Ā104 4Ā103 7Ā103 45 2Ā104 3Ā104 9Ā103 1Ā104 

28 3Ā104 3Ā104 5Ā103 1Ā105 46 6Ā104 1Ā105 3Ā104 5Ā104 

29 1Ā105 3Ā103 8Ā104 1Ā105 48 8Ā104 2Ā105 4Ā104 7Ā104 

30 3Ā102 8Ā102 3Ā102 7Ā102 50 3.7Ā102 5Ā102 1Ā102 2Ā102 

31 1Ā103 4Ā103 1Ā103 2Ā103 62 -- -- -- 2Ā102 

32 3Ā102 1Ā103 2Ā102 6Ā102 65 -- -- -- 2Ā102 

33 5Ā103 6Ā102 1Ā102 3Ā102 82 -- -- -- 90 

c Data refer to compounds desorbed in the temperature range 92-180 K 
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Figure 10 | Mass spectra registered in the range m/z 1-70 for experiments 

carried out on CH3CN:CH3COH (1:6) ice mixture condensed on the bare cold 

finger (panel A) or on olivine (panel B). Expanded regions are reported in the 

insights. Data refer to compounds desorbed in the temperature range 92-180 

K. Red bars refer to experiments carried out on irradiated ices, blue bars refer 

to experiments carried out on non-irradiated ices. 

 

The mass spectra recorded after UV irradiation of the 

CH3CN:CH3COH (1:6) ice mixture revealed a combination of pure ice results, 

with main peaks found in four clusters around m/z 15, 29, 44, and 60. 

The number of compounds tentatively assigned to the peaks detected in the 



Chapter 3. Results and discussion  

172 | P a g .  

 

mass spectra is quite high, as expected, and includes compounds previously 

reported for pure ices as well as compounds derived from the crossed 

recombination of radicals from the acetonitrile and acetaldehyde fragmentation 

processes (Table 6). This is the case, for example, of formamide (HCONH2, 

m/z 45), methyl isocyanate (CH3NCO, m/z 57), acetamide (CH3CONH2, m/z 

59), and urea (NH2CONH2, m/z 60). 

 

3.2.1.4 Ice mixture CH3CN:CH3COH:H 2O (1:1:3) 

To simulate a more realistic astrophysical context and considering that water 

is the most abundant molecule in interstellar ice with abundances up to 1000 

and 10000 times greater than acetaldehyde and acetonitrile, respectively,128,129 

we decided to investigate also the icy ternary mixture constituted by 

CH3CN:CH3COH:H2O (1:1:3),  

In Figure 11 and Table 7, the data relative to the mass spectra registered 

during the thermal desorption at temperatures ranging from 138 to 220 K are 

reported. What emerged is that, both on the bare finger and on the olivine 

grains, UV radiations primarily promoted water molecule dissociation, with 

the very intense peak at m/z 17 and 18 assigned to OH radicals and H2O. 

In the case of the bare finger, the cluster of peaks in the m/z 23-33 proved to 

be less intense in the case of UV photoirradiation, whereas higher peaks were 

detected in the m/z 40-50. The situation was completely opposite when 

analyzing the mass spectra on olivine grains. 

Worthy of note are the assignments to the following peaks: hydrogen 

cyanide (27 m/z), ethane (30 m/z), methanol (32 m/z), hydroxylamine (33 m/z), 

formamide (45 m/z), formic acid (46 m/z), cyanamide (42 m/z).  
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Table 6 | Tentative assignments of the main peaks detected in the mass spectra 

of CH3CN:CH3COH (1:6) ice mixture deposited on bare cold finger or on 

olivine grains after UV irradiation. 

UV irradiation CH 3CN:CH 3COH (1:6) ice mixturea 

m/z Elemental 

composition 

Proposed 

molecular 

species 

Bare 

finger 

Olivine grains 

Name 

2 H2 H2 Hydrogen (molecular) 

16 CH4 CH4 Methane 

27 HCN HCN/HNC Hydrogen cyanide/hydrogen 

isocyanide 

28 C2H6 

CO 

CH3CH3 

CO 

Ethane 

Carbon monoxide 

29, 

15 

C2H4O CH3COH Acetaldehyde 

29 CH2O H2CO Formaldehyde 

31 C2H6O CH3CH2OH Ethanol 

32 CH4O CH3OH Methanol  

41 C2H3N CH3CN/CH3

NC 

Acetonitrile/Methyl isocyanide 

42 CH2N2 NH2CN Cyanamide 

43b C2H5N CH3CHNH Ethaneimine 

45, 

44b 

C2H7N CH3NHCH3 Dimethylamine 

45 CH3NO HCONH2 Formamide 

46, 

45, 

29 

CH2O2 HCOOH Formic acid 

48 CH4O2 CH2(OH)2 Methandiol 

52 C2N2 CNCN/CNN

C 

 Cyanogen/Isocyanoge

n 

54 C3H5N CH3CH2CN Propionitrile 

55 C3H5N CH3CH2NC Ethyl 

isocyanid

e 

 

57 C2H3NO CH3NCO Methyl isocyanate 
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59, 

44 

C2H5NO CH3CONH2 

CH3NHCHO 

 Acetamide 

N-methylformamide 

60, 

44, 

17 

60, 

43 

CH4N2O 

C2H4O2 

NH2CONH2 

CH3COOH 

Urea 

Acetic acid 

66 C3H2N2 CNCH2CN Malononitrile 
aMass peaks have been assigned based on the mass spectra reported in the 

NIST Chemistry Web Book. bMass peak assigned based on Bulak et al.125 

 

In the case of olivine grains, the peaks detected in the m/z 50-60 range 

are more intense, implying that the mineral may play a role in promoting the 

recombination of radicals formed after UV irradiation. A clear example is 

given by the signal m/z 65, due to the loss of a hydrogen atom by the 

malononitrile CNCH2CN, m/z 66. This molecule is the result of the 

recombination of the radicals CH2CN (m/z 40) and CN (m/z 26) due to the 

photodissociation of acetonitrile.  

Overall, from the results obtained a complete picture of the complex 

sequence of processes that occur as a result of the combined action of UV 

irradiation and olivine grains in the CH3CN:CH3COH:H2O (1:1:3) ice mixture 

is reported in Figure 12. Despite its complexity, the scheme clearly shows that 

the following processes are involved in the UV photoprocessing of the 

CH3CN:CH3COH:H2O (1:1:3) ice mixture: 1) bond dissociation; 2) radical 

recombination; 3) hydrogen addition; and 4) isomerization. Figure 12 shows 

that, besides the plethora of compounds previously reported in Table 6 and 

deriving from the reactivity of the pure acetaldehyde and acetonitrile, in the 

case of the UV irradiation of CH3CN:CH3COH:H2O (1:1:3) ice mixture we 

can observe the formation of quite intense peaks deriving from recombination 
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processes involving the hydroxyl radical: methanol (CH3OH, m/z 32), 

hydroxylamine (NH2OH, m/z 33) and acetic acid (CH3COOH, m/z 60).  

 

Table 7 | Mass spectra data registered for CH3CN:CH3COH:H2O (1:1:3) ice 

mixtures deposed on bare cold finger or on olivine grains with or without UV 

irradiation. Only main clusters around m/z 15, 29, 44 and the most significant 

peaks above m/z 50 are reported. Among these, only values with an intensity 

of at least 60 c/s are reported. 

m/z Peak Intensity (c/s) m/z Peak Intensity (c/s) 

 CH3CN:CH3COH:H 2O (1:1:3)d 

 Bare finger Olivine grains  Bare finger Olivine grains 

 NO UV UV NO UV UV  NO UV UV NO UV UV 

15 2Ā104 9Ā103 8Ā102 1Ā103 40 -- 2Ā102 3Ā102 3Ā102 

16 2Ā103 3Ā103 3Ā102 1Ā103 41 2Ā102 5Ā102 4Ā102 5Ā102 

17 3Ā104 4Ā104 1Ā103 7Ā103 42 4Ā102 1Ā103 1Ā103 9Ā102 

18 1Ā105 2Ā105 7Ā103 3Ā104 43 3Ā102 9Ā102 2Ā102 -- 

26 2Ā102 4Ā102 2Ā102 4Ā102 44 5Ā102 1Ā103 2Ā103 2Ā103 

27 3Ā102 4Ā102 2Ā102 3Ā102 45 2Ā102 2Ā102 2Ā102 3Ā102 

28 4Ā103 3Ā103 7Ā102 2Ā103 46 4Ā102 8Ā102 5Ā102 5Ā102 

29 2Ā104 2Ā104 1Ā103 2Ā103 48 4Ā102 7Ā102 7Ā102 2Ā103 

30 -- -- -- -- 62 -- -- -- 90 

31 3Ā103 2Ā103 -- -- 65 -- -- -- 1Ā102 

32 5Ā104 4Ā104 1Ā102 1Ā102 81 -- 1Ā102 

33 4Ā104 3Ā104 1Ā102 2Ā102 82 -- 3Ā102 

d Data refer to compounds desorbed in the temperature range 138-220 K. 
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Figure 11 | Mass spectra registered in the range m/z 1-70 for experiments 

carried out on CH3CN:CH3COH:H2O (1:1:3) ice mixture condensed on the 

bare cold finger (panel A) or on olivine (panel B). Data refer to compounds 

desorbed in the temperature range 138-220 K. Expanded regions are reported 

in the insights. Red bars refer to experiments carried out on irradiated ices, blue 

bars refer to experiments carried out on non-irradiated ices. 

 

Methanol, as shown in the figure, is produced by the recombination of 

hydroxyl OH and the radical CH3, which can be supplied by both acetaldehyde 

and acetonitrile. Acetic acid is formed by the recombination of hydroxyl OH 

and acetaldehyde, whereas hydroxylamine is formed by the recombination of 

hydroxyl OH and the radical NH2, which is supplied by acetonitrile via 

hydrogen addition reactions and photodissociation. The formation of 
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hydroxylamine is of particular interest due to its potential role as amino acid 

precursor. It was discovered in the interstellar medium for the first time130 in 

2020 and has yet to be discovered in hot corinos and low mass protostars.131 

However, we can infer its presence, from our experiments, in star-forming 

regions beaten by UV photons in the presence of acetonitrile and silicates. 

The amount of H2O relative to other species in interstellar ices is much higher 

than the 1:1:3 ratio used in our experiments: through spectroscopic 

investigations, CH3CN has been detected in more than 10 comets and its 

molecular abundance relative to water is 0.01%,129 while the molecular 

abundance of acetaldehyde relative to water in comet Lovejoy is 0.1%.128,129 

Laboratory irradiation experiments on olivine grains with the 1:1:3 mixtures 

revealed that the observed intense hydroxylamine peaks are caused by the 

reaction of water and acetonitrile photoproducts. As a result, such a process 

must take place in space, even though the abundance of water is thousands of 

times greater than that of molecules like acetonitrile. 

The majority of the reaction pathways depicted in Figure 12 have 

previously been reported in the literature for UV photoprocessing experiments 

on pure acetonitrile ice, CH3CN:H2O and CH3COH:H2O ice mixtures. As a 

matter of fact, formaldehyde (m/z 30 H2CO), methanol (m/z 32 CH3OH) and 

acetic acid (m/z 60 CH3COOH) have been previously detected by Kleimeier et 

al.,132 whereas methane (m/z 16 CH4), hydrogen (iso)cyanide (m/z 27 

HCN/HNC), hydroxylamine (m/z 33 NH2OH), ethaneimine (m/z 42 

CH3CHNH), ethylamine (m/z 45 CH3CH2NH2), (iso)cyanogen (m/z 52 

CNCN/CNNC), 2-propenitrile (m/z 54 CH3CHCN) and ethyl isocyanide (m/z 

55 CH3CH2NC) have been reported by Bulak et al. 125 
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Figure 12 | Photodissociation, recombination, isomerization, and hydrogen 

addition reactions involved in the formation of the peaks revealed by the mass 

analysis of the UV irradiated CH3CN:CH3COH:H2O (1:1:3) ice mixture on 

olivine grains. 

 

What emerges for the first time from UV photoprocessing of the ternary 

ice mixture CH3CN:CH3COH:H2O (1:1:3) is that, despite the presence of 

water, cross-recombination processes involving only the radicals generated by 

the photodissociation of acetaldehyde and acetonitrile can still occur, enhanced 

by the presence of olivine grains.  

These processes resulted in the formation in the solid phase of COMs 

responsible for the development of prebiotic chemistry, such as formamide 

(HCONH2, m/z 44), acetamide (CH3CONH2, m/z 45) and urea (NH2CONH2, 

m/z 60), as shown in Figure 12. However, in space environments where water 

condensed on dust is the most abundant molecule, the likelihood that the 

radicals of the two target molecules interact and recombine giving rise to 
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prebiotic molecules such as formamide or urea, is lower than in our 

experiment. 

Table 8 | Tentative assignments of the main peaks detected in the mass spectra 

of CH3CN:CH3COH:H2O (1:1:3) ice mixture deposited on bare cold finger or 

on olivine grains after UV irradiation. 

UV irradiation CH 3CN:CH 3COH:H 2O (1:1:3) ice mixture a 

m/z Elemental 

composition 

Proposed molecular 

species 

Bare finger Olivine grains 

 Name 

2 H2 H2 Hydrogen (molecular) 

16 CH4 CH4 Methane 

18 H2O H2O Water 

27 HCN HCN/HNC Hydrogen cyanide/Hydrogen 

isocyanide 

28 C2H6 

CO 

CH3CH3 

CO 

 Ethane 

Carbon 

monoxide 

29, 

15 

C2H4O CH3COH  Acetaldehyde 

29 CH2O H2CO  Formaldehyde 

32 CH4O CH3OH  Methanol 

33 NH3O NH2OH  Hydroxylamine 

41 C2H3N CH3CN/CH3NC Acetonitrile/methyl isocyanide 

42 CH2N2 NH2CN Cyanamide  

43b C2H5N 

CNOH 

CH3CHNH 

HNCO/HOCN/HCNO 

Ethaneimine 

Cyanic 

acid/Isocyanic 

acid/Fulminic 

acid 

 

45, 

44b 

C2H7N CH3NHCH3  Dimethylamine 

45 CH3NO HCONH2 Formamide 

46, 

45, 

29 

CH2O2 HCOOH Formic acid  

48 CH4O2 CH2(OH)2 Methanediol 

52 C2N2 CNCN/CNNC Cyanogen/isocyanogen 
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53 C3H3N CH2CHCN 2-Propenitrile  

55 C3H5N CH3CH2NC Ethyl isocyanide 

57 C2H3NO CH3NCO  Methyl 

isocyanate 

58 C2H2O2 CHOCHO Glyoxal  

59, 

44 

C2H5NO CH3CONH2 

CH3NHCHO 

Acetamide  

N-methyl 

formamide 

 

60, 

44, 

17 

60, 

43 

CH4N2O 

C2H4O2 

NH2CONH2 

CH3COOH 

 Urea  

Acetic acid 

66 C3H2N2 CNCH2CN  Malononitrile 
aMass peaks have been assigned based on the mass spectra reported in the 

NIST Chemistry Web Book. bMass peak assigned based on Bulak et al. 125 

 

3.2.2 Photo-processing and thermal desorption of naphthalene and 

quinoline on ice dust grains  

 

3.2.2.1 TPD measurements of naphthalene and quinoline on ice dust 

grains  

To investigate the thermal desorption processes of NAPH and QUIN when 

deposed as water ice on micrometric grains of silicates, the 1:10000 gas 

mixtures with water were prepared in the prechamber and then deposed inside 

the UHV chamber on the cold finger of the cryostat or on olivine grains at 11K. 

In Figures 13-14 the TPD curves relative to NAPH (m/z 128), QUIN (m/z 129) 

and water (m/z 18) after the thermal treatment of the ices when deposed on the 

cold finger (blue traces) or on the olivine grains (red traces) are reported. By 

means of the fitting of the curves with the Polanyi-Wigner equation, it has been 
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possible to obtain the desorption temperature (Td) and energy values (Ed/Kb); 

the data are reported in Table 9. 

As expected, the curves reported in Figure 13 indicate that the desorption 

process is strongly influenced by the nature of the substrate on which the ice is 

deposed. Indeed, if the desorption of molecules occurred directly from the cold 

finger of the cryostat or from the olivine grains, different profiles were 

registered with different desorption temperatures. 

 

Table 9 | Best -fit Values of TPD Curves 

 Bare finger OLIVINE GRAINS  

Molecules T
des
(fitting) 

(K) 

E
des
/K
b
  

(K) 

T
des
(fitting) 

(K) 

E
des
/K
b
  

(K) 

H2O with 

NAPH or 

QUIN 

166.40Ñ0.05 (2.12 Ñ 0.07) *103 156.6Ñ 0.1 

168.5 Ñ 0.4 

(2.989 Ñ 0.004) *103 

(3.154 Ñ 0.007) *103 

 

Pure H2O 141.2 (3.80± 0.01) *  103 128.5 

166.4 

(3.56 ± 0.02) *  103 

(4.04 ± 0.06) *  103 

Mixture NAPH:H 2O 

NAPH 219.70±0.15  (6.0 ± 0.8) *103 142.9 ± 0.7 (3.996 Ñ 0.016) *103 

Mixture QUIN:H 2O 

QUIN 176.5Ñ 0.4 (3.3 Ñ 0.2) *103 174.9 Ñ 0.9 

186.3 Ñ 0.9 

(3.9 Ñ 0.3) *103        

(5.158 Ñ 0.018) *103 

 

 




