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Abstract

ABSTRACT

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 tliem
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 haf@med starting from gaseous methane, ammonia
and water under the effect of an electrical dischafiggs result, together with

the OparirHaldane 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 continuowspplies 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 pdgles are thought to promote

the polymerization of biomolecules. Several lines of evidence suggest that

hydr ot her mal fields on early Earth
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Abstract

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 fumarelvents.

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 67Bhuryumov/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
600i nhospitabl edd c armeediumi (&M)s wherd lowt h e
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 t
(I'R) emission bands seerei differennast®physical n d
environments, evidenced their presefi€@et embedded in a watdch 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 iceg.

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 oxyPAlgsause 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 convesion 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 solistate irradiation and heating conditions and the
catalyticrole 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), I-naphthol (2HN), and1,8 dihydroxynaphthalene (:[BHN), in the

origin of life scenarios:

1. study of thephotochemical susceptibility of PAHs, oxyPAHs and
COMs under simulated interstellar conditipns
2. study of the role played by PAHs and oxyPAHs in the chemical

transformations occurring under early Earth conditions
In detall, the attention has been focused on the following research activities:

la. high energy proton beam irradiation of oxyPAHs adsorbed on

meteorites
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1b.  photoprocessing and thermal desorption of PA(N)Hs and COMs on

ice dust grains

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

of Solfatara

2b.  synthesis and characterizationoodyPAH-polymersand study of their
catalytic effectin the chemical processes leading to the formation of

the peptide bond.

la. 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 1,8DHN 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 steingn, an achondrite, and a chondrite type.
The structural characterization of the main reaction products was performed
by gaschromatography associated with mapgctrometry (GEMS) analysis
and by comparison with authentic samples. The analysis of these data shows
that the proton beam irradiatiggromotes the conversion ofHN 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, notabigeaofa
guinones and perylene derivatives. The addition of urea expanded the range of
identified species to include, among others, quinone diimines. The nitrogen
4| Pag.
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transfer from urea to reactive naphthoquinone intermediates might explain a
possible mechanism for the initial formation of theNCbond in complex

heterocyclic derivatives.

1b. Photoprocessing 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 irradiatiocan 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 wat@me mixtures of acetaldehyde
(CH:COH), acetonitrile (CkCN), NAPH and quinoline (QUIN) deposited on
olivine grains, used as dust analog, thanks to the combination of Temperature
Programmed Desorption (TPD) experiments and Electron lonization (EIl) mass
spectrometry analyses.
In detail, monolayers of pure GHBOH, pure CHCN, mixture
CHsCN:CH:COH (1:6) CHCN:CHCOH:H0 (1:1:3), NAPH:HO (1:10000)
and QUIN:HO (1:10000) were deposited onhandredmicron thick layer
made of olivine smaller than 5 um, at 10 K, in an ditigh vacuum (UHV)
chamber and were subjected to UV irradiation with photons in eV
range.
Through the deep inspection of the products formed from pure ices and binary
and ternary ice mixtures of GHOH and CHCN, 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 actioraied 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 mixtures of NAPH and QUIfter

UV irradiation indicatesa dynamic interplay ogpecies resulting from the
fragmentation of water, those arising from the fragmentatiopithalene or
qguinoline, and species resulting from the combination of both giroucts
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 rAptatdd cold

finger. This finding highligked 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 oxyPAHSs 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;HN and 1,8DHN, these compounds
have been incubated in the thermal water of SaifatAfter 48 h, the reaction
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mixture was subjected to a centrifugation step to afford a supernatant solution,
analysed by G@/S, and a solid, analysed by attenuated total reflection (ATR)
and U\tvis 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 sefissembly and synthetic processes. Degradation pathways
leading to the erosion ofi¢ 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 ggeeorganic surfaces,
coatings, particles and layers on which adsorbed organic molecules can benefit

from catalytic and protective effects under UV irradiation conditions.

2b. Synthesis and characterizatiorof oxyPAH-polymersand study of their
catalytic effectin 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 produtbm the impact of high energy radiations.
This study was aimed at assessing the peptide bond formation process starting
from the amino acid glycine under waity conditions. In this context, the
effect of two novel potential catalytic systems has been investigated: 1) the
7] Pag.
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thermal water of Solfatara; 2) the polymers obtained from the oxidation-of 1,8
DHN and 2HN.

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 welty 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 presenééigher 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 thaorganic minerals and distilled water, used as

references.
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Chapter 1. General Introduction

CHAPTER 1

GENERAL INTRODUCTION

Al t mu st be admitted from the beginnin
It is generally believed that a varietymocesses 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 explanason a

gener al as this. o

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

AWhen, where antlow did life originate onEartlb r e mai ns one of t
ancientquestionghat haseen a subject @& longstanding debatamongthe

scientific religious,and philosophicdiields.

The assessmemf Miller and Orgelfrom around 48 years ago about the origin

of lifeiscurrentyst i | | true i n many ways. This d
has been made in this field, but rather that this topic is aiilinsolved

conundum and a scientific consensus regarding some questions has still not

been achievedeaving many interesting questions yet to be answered.

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

intriguing and challenging problems faced by scientists

However, twoalternativehypotheses have been propo$adthe emergence

of life on Earth: endogenous synthesis and exogenous geliver

The endogenous hypothesis, namely the idea that life started onfiearth

simple precursorge.g., NB, HCN, HCO), water and some energy soultise
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Chapter 1. General Introduction

commonly assumed since thnstorical contributions byOpariri Haldane
hypothesisin 1929%7 and the Millef Urey experimenin 19531
The scientific merit of these breakthroughs is the assumption that life
originated on Earth through physicochemical processes that camblated
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 |
hypothesis which stated that lifedlae gun i n a #fAwarm | it
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. Ttigory 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 blescyof
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 ef/idence suggest that hydrothermal fields on
earl vy Earth resembl e todayods sites
Yellowstone and Solfatara.
The endogenous theohas been the most likely scenandhe last 50 years.
However, with the discovery of a wide range of complex organic
molecules in the interstellar mediyi®M) and within several celestial bodies
(i.e. comets and meteoritethe exogenous deliveffPanspermiahypothesis

has been gaining increasing acceptance.
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Indeed, the idea that the interstellar mediurs is ¢ hhoraesfor & plethora

of structurally different molecules, even thouggcal 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 micrometerites, estimated around ~1@g/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 Eartithe detection oEomplex biomoleculesuch as
amino acids, nucleotides, sugars and lipidsneteoritesollected across the
planet including the most famous Murchison metedfitéis aclear evidence

that these molecules survivddspite the extreme pressures and temperatures
of the impact ontéhe Earth surfacealso thanks to the presence of a reducing
atmospheré

Therefore, iis conceivable that the starting building bleck life werea gift

from the meteoritg whichtriggeredand acceleradthe biosynthesis on Earth.
Recently,an extension to this hypothesis has been proposed: the material
based Panspermia hypothé<im this scenario, Panspermia seeds are made of
materials, such as polymerngtebiotically formed on a hypothetical donor
planet and landed on a habitable planet via meteorites.

Primitive polymers mudulfil 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 theseverallconsiderations, 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 sourcagqd significant roles in the

emergence of life otheearly Earth.

1.1 Panspermiahypothesis the exogenous delivery
1.1.1Interstellar 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% byiny 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.

17| Pag.



Chapter 1. General Introduction

DIFFUSE CLOUD SENEM G

EVOLVED STAR
AND MASS LOSS

STAR AND PLANET
FORMATION

-
STELLAR SYSTEM . ‘ "
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e

EXOGENOUS DELIVERY

DUST PARTICLES
COMETS

ASTEROIDS

Figure 1| The cycle of organic molecules in the universe and the delivery of
exogenous material on the primitive Eatthageadaptedrom Ref.
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Diffuse clouds, with particle densities of 21610° cm'® and kinetic
temperatures of a few hundredKare relatively optically transparent and
continuously exposed to radiations, thus few molecules can suberee,
these clouds are dominated by atoms and ions, especially H'aaddHmost

of the chemistry is mediated by galsase reaction's

Gravitational forces produce the condensation of gas and dust, increasing the
density of particles. Thugliffuse cloudsevolve intoso-called dense, dark
molecular cloudsAs the name suggests, these lattex characterized by
higher particle number densitiesp to 168 cm'3, 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 gadid interfacdeading to the formatioof
several specigbat are known asomplex organic molecul¢€OMs)1618

The dense clouds are considered to b
stage that they are formed. During the accretion otidmewe can observe the
formation of the saalled 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 systeendwaslater incorporatednto 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 develéped.

Thereafter, he remnant planetesimais the form of comets and asteragids
impacted the young planets in the early history of the solar sy8tem

The large quantities axtraterrestrialmaterial delivered to young planetary
surfaces during the heavy bombardment phasg have played 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 attte building blocks of life.

For many yearghe hostile and inhospitable conditions of ISM, suctypial
densities of 16cm' 3, low temperatures dtes (0-100K) and thepermeabn

of high-energy radiation fieldsncluding UV radiation made the astronomers
sceptical about the presence of molecular species, in particular those with a
prebiotic characteBut, surprisingly, the ISM hosts a very ricand 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. Moreovsryrentioned beforehe
densamnolecular cloudare shielded from the onslaughthafrshUV radiatiors

by interstellar dustparticles that efficiently absorthem, permitting the
synthesis and the survival of gplsase species.

Interstellar moleculeare typicallyidentified by measuring their gas
phase spectra with telescopé&3ur 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 techniquesbetter than
others. he 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 obselsedising radiowaves

Rotational transitions occbetween the lowest energy levels(® 1 0'®), ¢ m
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and since interstellar gas is typically cdltg populatiorof rotational levelss
heavily favored As a consequence, about 90% of all knowterstellar
molecules have been detected via their pure rotatidrahsitions.
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 rotatiomaking theradio observations
impossible.
Another technique is that observing the vibrational transitions occunrthg
infrared (IR) regionThey require an external field for excitation, such as that
of a young/old star or a shock waifeince are sufficiently high in energy (e
~ 1005000 cm?).
The promotion of an electron to a higtging molecular orbital is the highest
energytransition (Eelec > 10,000 crit). Electronic transitions occur in the
optical and UV parts of the electromagnetic spectrumi(400 nm).Theyare
usually observednly 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. Howeverssalalspectra
are typically measured in the |Because are allowed only vibrational mosipn
butdo not have the specificity found in the gas phase.

The field of astrochemistry started in the 1940s with the detection of
CH, CN,andCH" by optical absorption spectroscoff{?* However, about 30
years passed until the discovery of more complex species, such as ammonia
detected by Townesnd ceworkers
In 1969, the detection ofater and formaldehyde, the first organic molecule,

witnessedheir ubiquity in interstellar cloud$>2°

21| Pag.



Chapter 1. General Introduction

In the 1970s, the construction te#lescopes capable of observing rotational
molecular emissions at millimeter wavelengths opened up new avenues for the
discovery of a lot of molecules, such @®, the most abundaimterstellar
molecule after 1" hydrogen sulfide b8, the first alcohol CEDH, ethanol

and so on.

To date,with the progress in the sensitivity of detector technolamys,
understanding of the interstellar medium has increased dramatiedhyan
explosion of new detections, particularly in the last 2 yedigre than 250
molecular species, not counting isotopologues, have been identified in the
interstellar medium via their gghase spectralhese species range from
simple di and triatomic molecules to complex ones. The latter, some with ten
atoms or more, include aldehydes, alcohols, acids, anfihescurrent list of
detectednterstellar molecules is presented in Tableorted by the number of

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

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 7 atoms 8 atoms 9 atoms
H, Cs c-CsH Cs CsH CeH CHsCsN CHzCH
AlF CH 1-CsH CH I-H,C4 CH,CHCN HC(O)OCH; CH;CH.CN
AICI C,0 CsN C4Si CoHa CH3CH CH;COOH (CHs):0
C, C.S G0 1-CsH, CH:CN HCsN CH CH;CH,OH
CH CH; CsS c-CsH, CH3NC CH;CHO CeH> HC:N
CH* HCN C.H, H,CCN CH;OH CH;3NH, CH,OHCHO CgH
CN HCO NH3 CH, CHsSH ¢c-C,H.O I-HCeH CH;C(O)NH,
CO HCO* HCCN HC;3N HC3NH* H,CCHOH CH,CHCHO  CgH
co HCS HCNH* HCCNC HCCCHO  CgH CH,CCHCN  CzHg
CP HOC* HNCO HCOOH  NH,CHO CHsNCO H,NCH,CN CH;CH,SH
SiC HO HNCS H,CNH CsN HCsO CH;CHNH CH;NHCHO
HCI H,.S HOCO H.C;0 [-HCH HOCH,CN CH;SiH; HC;0
KCI HNC H.CO H,NCN I-HC,N HCCCHNH H,NC(O)NH, HCCCHCHCN
NH HNO H.CN HNC; ¢c-H.C:0 HC4NC HCCCHCN H,CCHGN
NO MgCN H.CS SiH, H,CCNH c-CsHCCH HCsNH* H,CCCHCCH
NS MgNC HsO* H,COH" G\ [-H:Cs CH,CHCCH  HOCHCHCHO
NaCl NH* c-SiCs CH HNCHCN  MgCsN MgCeH
OH N.O CHs HC(O)C SiH:CN CHCsN C,HsNH,
N
PN NaCN (o=\ HNCNH CsS (CHOH),
SO OoCs PHs CH;O MgC.H
SO* SG; HCNO NH4 CH;CO*
SiN c-SiC, HOCN H.NCO'  CgHs
Sio CGo; HSCN NCCNH"  H,CsS
SiS NH. H.0, CHCI HCCCHS
Cs Hs* CgH* MgCsN CsO
HF SiCN HMgNC NH,OH CsH*
HD AINC HCCO HC;0* HCCNCH
FeO SiNC CNCN HC,;S* c-CsCH
0O, HCP HONO H.C,S
CF CCP MgC.H CsS
SiH AIOH HCCS HC(O)S 10 atoms 11 atoms 12 atoms >12 atoms
H
PO H,O* HNCN HC(S)C  CHCsN HCyN ¢c-CeHg Ceo
N
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AlO H.CI* HoNC HCCCO (CHs).CO CH;CgH n- Cro
CsH/CN
OH* KCN HCCS (CH,OH), C;HsOCHO i- Ceo"
CsH/CN
CN FeCN CH;CH,CH CH;OC(O)CH; C,HsOC c-C¢HsCN
(0] Hs
SH* HO, CH;CHCH, CH;C(O)CHOH 1-c- HCuN
e} CsHsCN
SH TiO- CH;OCHO ¢c-CsHg 2-c- 1-C;0H,.CN
H CsHsCN
HCI* C:N c-CgHa HOCH,CH,NH, CHC:N  2-C;H/.CN
TiO Si,C H,CCCHG H,CCCHCH n- c-CoHs
N C3H,0OH
ArH* HS, C:HsNCO i- 1-c-CsHsCCH
CsH/OH
N HCS CoHsNH, 2-¢-CsHsCCH
NO* HSC HC/NH* c-CsH4,CCH,
NS* NCO CH;CHCH 2-CoH,CN
CN
HeH* CaNC CHsC(CN)CH,
PO NCS

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

despite four putative precursors of glycine, methylarffrfermamide?®-°
glycolonitrile®® and aminoacetonitril® are detected. In this regard, the
compounds containing th€N moiety are particularly important since are
considered potential precursors of amino acids.

Polycyclic aromatic hydrocarbons (PAHaye anotherimportant family of
aromaticcarbonbearing moleculefoundin the ISM These latter molecules

are particularly interesting for their widespread abundance in the ISM and their
potential role in the emergence of life | ndeed, besi des PAHs
directly from biological processédthey are considereabputativeprecursors

of themoleculesof life.3*
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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 welbwn. These
particl es, c¢sateltheydlo notrvapbrizeaimtittemnpeyatures 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 phaseévioreover they represerd third bodyenabled t@absorb the binding
energy of a newly formed molecule, thereby stabilizng preventingt from
dissociating again.

Dust grains are the primary sites of molecular formadiot are thought to be
responsible for essentially all of the i the ISM. Molecular chemistry with

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

In dense cold regionsemperatures below 20 K allow the condensation of
volatiles from thegas phasenthe surface oflustgrainsforming ice mantles
consisting primarily of KO ice.

The existence of ice mantlesurrounding interstellar dust grajrend thér
chemical compositiomave been confirmedy infrared measurements made

by space telescopes such as Spitzer and the Infrared Space Observatory (ISO).

25| Pag.



Chapter 1. General Introduction

silicate
102
ocs
*Co, silicate
\ CO,
— 10"} E
= [ 1
x
& [ CH,OH
100 \ =
CO; W33A
H,0
101 d 2 n . !
3 5 10! 20

A (um)
Figure 2 | W33A Dustembedded Massive Young stamage adapted from
Ref. 3

The amorphous solid water was the first icy molealdeected in the ISM
through the absorption feature at about 3300 cdue to the ©OH symmetric

and antisymmetric stretching modé$A shift in the position and shape of this
feature due to intramolecular-bbnd allows distinguishing the solid phase
from the gas phase.

Throughthe comparisons of infrared spectra of laboratory ices with those of
molecular clouds, we know that interstellar ice is made alsel&£b of other
species including CO, GOCHs, OH, NHs, formed after the accretion of C, O,

N and H onto grains.

Grain surface chemistry mostly includes hydrogenation reactions beeause
this temperatureH atoms are much more mobiéend are 3 to 4 orders of
magnitude more abundant than any other ice atoms, such as C, N. and O
Therefore, these reactions generate®, CH; and NH molecules CO is

relatively quickly formed in the ggshase and thecondensesut.
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After the O condensation, OH will be abundant on the grain surfacésand

reaction withcondensed CO cdorm CO..

100

80

60

40

Ice Abundances

20

H,0 CO, CO CH;OH NH; CH,

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

ISM.

The study of ice compositiamsingabsorption infrared spectroscopy reveals
layered structure surrounditige grainalowerwaterrich andanupperwater

poor layer (alsocalledp ol ar 6 andFigogre® ol ar 6 i ces)
The watesrich layer is thought to form first in the evolution of a cloud and
containspolar, H-bondedmolecules such as-B and NHaz. In contrast, the
waterpoorlayeris observed to form in much denser gas anctharacterized

by the presence afpecies that require lower temperatures to stick onto the
dust, with carbon monoxide (C8)*°being the most abundant componamnd
related molecules such as £€&hd CHOH.1"4This latter was proposed to be
formed by thénydrogenation of CO moleculéSFigure4 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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Line of sight conditions in dense molecular clouds

NH3,CH,4 CO, N,
COg CO2, CO << CO2

CH30H CH30H CH30H <<02
uv
snacks_/ H20

I/YS(‘)\' sublimation of sublimation of accretion of
- volatile molecules apolar ices apolar ices

ice ice polar apolar
sublimation segregation ices ices

10K ~50-90K ~10-60 K <20K

hot core

Temperature zones -

Figure 4| A schematic illustration showing the variation in the structure of the
ice mantles toward massive protostars Y$¥J4Far from the protostar, in
colder (below 20K) and denser regiomghere CO is abundant, apolar ice
mantles accreten the underlying polar ice layer. As the temperature rises in
the vicinity of protostars, thevolution of interstellar ice mantles occurs. All
trapped molecules inside the ice sublimate at specific temperadoogsD 50

K the major ice specieare CHsOH and CQ, aove 80 K CHOH #°46
separatefrom H>O and above D 90i 100 K the majority of ice species

sublimate Image adapted from Ref

At the low temperature of dense cloudsost chemical and physical
processes are thermally inhibitesdchemical processing of the ice mantle is
driven byionizing radiation in the formf cosmic rays and Ughotons These
sources of energy can break molecular boaddjonize adsorbed molecules
forming radical species, which are able to react even at the low temperatures
of the ice mantlg-ollowing dissociation, the phofaroduced radicals can both

recombine into the original molecule amtombine with surrounding radicals
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and molecules through radiemldical reaction'd (Figure 5) This latter
processorms more complex moleculealtering significantlythe chemistry of

ice. Which path will dominae depend on a combination of radical
concentration, diffusion and desorption barriers, the importance of non
thermal ¢hot atonw) diffusion and desorption, the ice temperature, and
whether the radicals form close to the surface or desgdthe ice.

adsorption

desorption J

Figure 5 | Overview of the most important grain surface procesisesge
adapted from Ref

Otherwise if these dust grains covered by ice mantles get closer to a protostar,
experiened raising temperatures, and radicals trapped in the ice can further
reactdriven by thermic energy.

The formation ohew speciefollowing therearrangement of chemical bonds

of compounds within the icgivesriseto a more complex ice mantle.
Moreover,another effect ohigh-energy irradiatioron ices isthe rupture of
intermolecular bonds between species on the surface of the ice naatles
their migration within the ice at very low temperatyrésading to the
desorptionof molecules that would otherwise rem#iappedinsidethe dust.

This process i&known as photodesorptiti(Figure6). In this sense, the ice
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mantles contribute a chemically enriched population of molecules to the gas

phase chemistry and thdetection of the séormed species is usually achieved.

L4
X-ray e

| —
=

Sample _ Mobility Pimto-desorption

=

Figure 6 | Doublelayer ice irradiated by soft-Xays. 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 pha€®.(mage adapted from Ref

The desorption from the solid phase toghs phaseould be also accountable

to the high temperatures (>100 K), as those found in hot regions, such as hot
corinos or B 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, GOr HxS, require higher temperatures to desorb, since

are bonded strongeoreover,intermolecularH bondsestablished between
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moleculeswvith O-H or N-H groupsjncludingH20, NHs or CHOH, increased
their desorption temperature.
However thermal desorption is strongly dependent on surrounding species.
For example, carbon monoxid€0O), when adsorbed as a pure molecule
thermally desorbs around 30 K, but in presence of water, it desorbs during
crystallization of water molecules or-desorbs with water molecules, around
180 K. Similar effects have bedoundfor nitrogen (N), ammonia (NH), or
methangCHg).5%%1
The experimental technique that allovesmulating thermal desorption
occurring in the interstellar hot regiois thermal programmed desorption
(TPD)in which the substrate is heated usiriear temperature rani The
gas phase composition is monitored as a function of time (and temperature)
with thequadrupolenass spectromet@@MS). The observed desorption curve
of a species depends on thember 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 doesnot
abundances. Photochemical processgjageratesce compositions strikingly
different from the gas phase.

To shed maglight on the photochemical evolution of ice grain masjtle
a lot of laboratory experimentaimicking ice mantles of dense cloudave
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¥ %’ Further studies have clarified the evolution and
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conservation of COMs in hostile astronomical environnt&fishere the
presence of grains can play a key role.

Ice mixture photochemistry experimegtnsistof preparing ice samples with
known compositionssimilar to those in real astrophysical contextghich
commonly include water as the main ice componsinice its dominance

most interstellar ice mantles’he presence of water influences tloe
photochemistry compared to pure icéedissociation of water when exposed

to VUV radiation produces reactive radicaleat will contribute to the ice
chemistry andhe 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 yearsriadiation experiments have shown that the processing
of ices containing only a few simple intersteltapleculesleadsto a lot of
complexorgant molecuks
The typical structur@and processingf an interstellar iceovered grain are

schematically represented irgkre 7

A) B) SHOCKS Q)

a 2 ’ UV IRRADIATION

X %

Tl L A . 0 > ’ J}J )
‘ﬁt'.*’r':' bk, : . ki 5 dxxwx A
AR AV ) R ATl W), R e
WO © C 4 Triss - " RS e

'J" - A = } {

TN ’ " 5 > ’ - ‘; # F o
- , cosuIC RaVs 5 \ADSORPTIM ° o
4 CHEMTDESORPTION
PHOTODESORPTION
ACCRETION PROCESSING COMPLEX MANTLE

Figure 7 | Schematic representation of interstellar ice mantle formation and
chemical evolution. A) gaphase molecules accrete onto the surface of cold
dust grains to forntheice mantle B) surface reactions between these species,

ultraviolet irradiation cosmic ray bombardment and thermal processes
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contribute to the processing tife ice mantle C) the processed ice mantle
becomes a complex ice manieading tothe formation of thecomplex

molecular species observed in the I9Mage adapted from RéP

Some of these compounds are also detected in meteorites and represent the
prebiotically relevant building block of 1ife8%63

Multicomponent ice mixtures were also explored to evaluate the formation of
CONMs after warrrup of ultraviolet or iofprocessed ices.

Interestingly,the ultraviolet photolysis of water ice mixtsreith methanol

and ammonia invariablyas been shown to yielihose, the principal structural
and functional unit of RNA.

The UV irradiation of frozen pyrimidine in thpgesence of kD, CHOH, NH;,

and CH resulted in the formation of the nucleobases uracil, cytosine, and
thymine®4 67

Similarly, the irradiation of purine in ices containing fahd HO leads to the
formation of the nucleobasasguanine and adenirié

UV photochemistry experimenggerformedon two interstellar ice analogs,
containing HO, NHs, CH:OH, CO, CQ and HO, NHs;, CHsOH, HCN,

revealed the presence of amino acids inréisedue(Figure §. >2
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Figure 8 | A GC-MS spectum showing the amino acids and other compounds
produced by UV irradiation of an ice mixturecontaining
H20:CH;OH:NH3:CO:CQy. Image adapted from Ref

The investigation of residues obtairedter irradiation of a simple ice mixture
containing only NHand CHOH, unveiled the presenceurea, glycolic acid,
glycerol, hydroxyacetamide and glycerol amide
Great interest is aroused by glycerol since it is a sugar and the glycerol
backbone ipart of all lipids. A proposed pathway for glycerol formation is a
reaction between two GKEH radicals and KCO, all produced from
photodissociation of C¥DH.
More recently, COMs were aldormed after theof X-ray irradiation of ice
analog mixtureg®"?

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

and other prebiotic species are among the main prodtris’
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Accordingly, ldoratory studies are crucial to study the evolution and
preservation of processed complex molecules and organic compounds in harsh
astronomical environments.

In this sense, experimental astrochemistgn provide tools forthe
interpretation ofmolecules observations to look for specific processes in

specific environments.
1.1.4 Polycyclic aromatic hydrocarbons(PAHS)

The advent of infrared astrononmgvealed the richness and complexity
of the astronomical spectra with broad, resolved emission bands centered at
8.6 and®drmnd 2sebmsequent!| y.®at 3.3, 6.2
These emission bandbatalways appeared togethare widely observed in
a largerange ofastronomicalenvironments in ouand in other glaxes
including thelSM, reflection nebulae, TTauri stars, Herbig AeBe stars, Hii
regions, posAGB stars, planetary nebulae and more exceptionally in few
AGB stars, WR stars, novae and supernovae remr&inte the carrier of th
set ofbands remainednassignedior almost a decade, they warellectively
calledthe Unidentified InfraRed (UIR) bands.
In 1981, Duley and Wilam<’ made the perceptive observation that some
featuresof the UIR band correspond to the stretching and bending modes
characteristic of aromatic compounds.
Léger and Pugé1984 78 and Allamandola et al. (1988proposed a collection
of partially hydrogenated, positively charged PAHs as carriers of UIR bands
leading to the birth ahe PAH hypothesis.
PAHs are organic molecules containing only carbon and hydrogen and

composed of multiple fusetomaticrings, such as those seerfigure9.
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®)

Figure 9 | Polycyclic aromatic hydrocarbon species: (1) phenanthrene, (2)
anthracene, (3) pyrene,(4) benz[alanthracene, (5)chrysene, (6)
dibenzol[c,g]phenanthrer(&) benzo[a]pyreng(8) tetrabenzonaphthalen)

coronene.

The evidences in support of the PAH hypothesis w@ethe banded rather
than continuous nature of the emission spectra from vaastrephysical
sources; (2) the clossonnectionof the emissions with ultraviolet radiation,
suggesting that they are due tfoe excitation by photons ajas phase
molecules than thermal emissions from sgithse (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, egriespond

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 spdb&anconsistency
between thevell-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 kndvoreover, and

most critically, pure PAHs alone cannot account for cedpecific spectral
data, e.g., the position of the 6.2 um band, which is not compatible with the
strongest CC stretching of pure PAHSs.

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

revised proposing various PAtglated species:

1) heteroatom substituted PAB%8? If nitrogen atoms substitute carbon
atoms in specific positions, the position of theCGstretching band
shifts towards shorter wavelengths, while the positions of other
vibrational modes remain unaffectélthe red shift of this band could
be also due to the presencéei in PAHs®
The incorporation of other abundant elements such as oxygen and
sulphur into the hydrocarbon compounds has been proposed

2) PAH-metal complexe&82848Metal complexes can be chelated by
the extended aromatt@arbon rings;

3) PAH clusters such as dimers and trinfér&

4) mixture of PAHs of different size, structure and charge state. Small
PAHs quumber of carbondNC) O 4 8) e mi fInaantrast,. 6 ¢
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|l arge PAHs (54 O NC®¥@endegi®orderdani t a't
repr odu c e bathtsreall @nd largesPAHS are required

5) mixture of aromatic and aliphatic components

Figure10 shows a recently proposed chemical structure of the carrier of UIE
features. The structure is compos#d highly disorganized arrangement of
small units of aromatic rings linked by different kinds of aliphatiains

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

Figure 10| Proposed structure of the carrier of UIE featuhemge adapted

from Ref.%°

Nowadays, thepresenceof interstellar PAHs iggenerally accepted,
despite the secure identification of specific PAH molecules in the ISM has
been limited tothe recentastronomical identificatiamof a few aromatic

species.®'? Especially the unambiguousietection of two nitrilegroup
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functionalized PAHs1-cyanonaphthalene and 2yanonaphthaled&in the
TMC-1 molecular cloud was of particular interéSigure 11)

1-cyanonaphthalene 2-cyanonaphthalene

10

N

E

-10 -5 0 5 10 -10 -5 0 5 10
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{ )
% Q ——t
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Figure 11 |Chemical structures and specstacks of icyanonaphthalen@)
and 2cyanonaphthaleng). Image adapted from Ré&f.

Polymerization of acetyleneia a sequence of stable radicals has been
proposed as the most promising mechanism for the formafid?AHs in
astrophysical environmenf8 Figure 12 shows two possible chemical routes
towardthe closure of the first aromatic ringjhefirst route (A) starts with a
threebody collision of acetyleng H C [ @With)Xhe formation of the propargyl
radical (HC=C=CH).Reactions of these radicals with each other generate the
phenyl radical(CsHsA. The second reaction pathway (B) starts with the
isomerization of acetylene to the vinylidene radical (HH@O. Then, this
latter radical reacts with acetylene to form benzyne and finally the phenyl

radical.
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A)
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Figure 12 | Schematic representation for the radiceddiated 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 ofetlsecond 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 Réxentlyhas been proposed

a low-temperaturalternative mechanistio the traditional one that occurs at

high temperature¥.In a combinedrosseebeamand theoretical stugyt has

been demonstrated that naphthalene can be formed in thehgss via a

barrierless and exoergic reaction between a phenyl radical and vinylacetylene.
PAHsget electronicallyexcitedwhen exposed to higanergy photons

(up to 13.6 eV) and increaskeir temperature considerably reaching up to

D1000 K

They very quickly redistribute the adsorbed energy internally among all

different vibrational modeand relax by either near and HiR emissions or

fragmenting(Figure13).%’

Electronic o
A levels Vibrational
(1-10 eV) levels
S TT— .
Inter-crossing,
Internal
re-arrangement

 — Vibrational

re-distribution
Solar 0 T iiaiiaes »

Ground state

Figure 13 | Schematic diagram showing the relaxation of the solar energy
absorbed by the PAHSs in the UV and itseraission in the nedR and mid
IR. Image adapted from RéX.
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Figurel4illustrates 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 specira similarin peak position and

shapeand are dominated by emission features centered around 6.2, 7.7, 8.6,

11.2 and 12.7 pm.

Specifically, the 3.3 em band is due

band to the CC stretching mode, the

7.

t
2

CHinrpl ane bending modes,6 -plahedbenfingnodem band

andthe 1@l 5 & m r eedCH oukof-plame (GHbop) bending modes.

NGC4536

Orion Bar (H2S1)

L

elengtt [H"’ i

Figure 14 | The ISOSWS spectra of the planetary nebula NGC 7027 and the
PhoteDissociation Region (PDRin the Orion Bar, and the SpitzéRS
spectrum of the nuclear region of NGC 453%w a rich set of emission
features® At the top, the assignments of the major PAH bands with the

vibrational modes are indicatddiage adapted from Ref
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Based on the aromatic infrared bands, it estsmated that PAHsarry
up to 20%°%1%of all interstellar carboand thatthey are widely distributed
throughout the ISM itboth in the gas ansblid phase$®*

Furthermore, PAHs and their cat®rare considered prominent
candidatesor the carriers of diffuse interstellar absorption bands (D&Y
Significant amounts of PAHs are also detected in carbonaceous chondrites
(CCs), for example, in the Allende meteofittthe Murchison meteorité?
and samples from theomet 81P/Wild 2% Gas chromatographynass
spectrometry analysis of extracts revealed that PAHs found in CCs display
sizes ranging from 10 (naphthalene) to 24 carbon atoms (coréifeAey®
(Figure 15), unlike those found in ISM whickangesfrom 50 to 100 carbon

atoms?2:110

Mukundpura O‘O Céj * ‘

‘ a0 o\—»( '\
\

|
‘ ‘

} ‘ |
)|
‘~ T A T ; e u W, A U T TR ) W PR | |

10 15 ; . . 20 25
Retention time (min)

Figure 15| GCi MS chromatograms of DCM/MeOektractd!! of the Kolang,
Mukundpura, Aguas Zarcas meteorites. The blank chromatogram is shown as
a reference. More abundant detected PAHs are naphthalene, phenanthrene,

fluoranthene and pyrenknage adapted from Réf!
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PAHSs including fluoranthene and pyreneas recently detected on thaface
material from the nedEarth carbonaceous {@pe) asteroid (162173)
Ryugul?2
The formation of PA#Howso ba@asuepddo otnt @m
chemistres namely they are formed both from cleavage reactions of larger
structures or by joining together smallermolecules 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 productiosnll

molecules essential for li{Eigure16). %13

Bottom-Up Chemistry

Grains A %

Grand PAHs

Fullerenes and PAHs

. NH
Complex Organic Molecules | P ‘
N LY
NTOH
Simple Molecules - ;
H H-g—H
H
Atoms and Diatoms v ¢ H,

Top-Down Chemistry

Figure 16 |Schematic diagraqthowrbBi Bindiprod ot h e n
chemistry for PAuHsO plenr stpleet Obet t am o ms
molecules associate to form large molecules. Further additions to the molecular
structure may result in the formation of a q@dex organic molecule, from

PAHs to carbonaceous dust gradmwnd The e

chemical perspective, in which larger molecular structures are broken up after
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the energetic processing, thus yielding simpler molectuiesge taken from
Ref, 114

Tielens et al. 2015°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 clblete, the UV
radiation destroys the PAH populatiand as they @ closerto the starther
abundancstarts decreasingndclosedcaged fullerene moleculese formed

as shown in Figure7l

However,despitesomeprogress has been madee mechanismanderlying

the formationand the chemical rolef 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 recerinfnéded
instrument (MIRI) on the James Webb Space Telescope (JWST).
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; LY ey T

PAH molecules Molecular clusters Nanometer-sized particles Dust grains

FULLERENES GRANDPAHs a‘f
DESTRUCTION PAH* PAH®
dehydrogenation + DOMINATED DOMINATED GRAINS

& fragmentation

STAR q MOLECULAR CLOUD

Figure 17 | Evolution of carbonaceous material acrosgeftection 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 phaweaporabn of larger grains. This intense PAH
processing generat#dse grandPAH population: a unique mixtaiethe most
stable PAHs. This population would initially be dominated by ne@tfdts

with small to medium sizes and compact pericondensed strucAsethe
grandPAH population becomes progressively exposed to more intense
radiation, they get ionized and destroyEdrther processing in regions even
closer to the star these ionized and fragmented PAHs will end up in the most

stable forms of fullerenetmage adapted from Ref®
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1.14.1 Photochemistry of PAHs

Given the widespread occurrence of PAHs throughout the
astronomicallyrelevant environments, a crucial questionmsether 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, PAR 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 watdothermain ice
speciesovershadowhe weaker ones dPAHs or of simple hydrocarbons,
whereby elucidation of radiatieinduced processing in astrophysical ices
remains a challenging task.

After exposure to higlenergy irradiation, PABI or their derivatives are
expected to react with the surrounding matgiving rise to a wide array of
complexorganic moleculed''’*8that could haveplayed a vital roldén the
emergence of lifd® (Figure 18).

Although the UV photolysis of PAHSs in interstellar ices likely acts only on a
small fraction of the interstellar PAH population, these modifications are
significantfrom the astrochemical point of view.

The extensiveexperimental investigation has been dedicated to the photo
processing of PAHs in water igeatrix upon UV irradiation under different
astrophysicgonditions.

In situ spectroscopic studies have shown that PAHs embedded in aivater

matrix are easily ionized aftbigh-energyVUV irradiation.
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Potential Formation Mechanism of Complex Organic Molecules from PAHs

S H o R O e
PAHs in the presence of / Irradiation of Evaporation and sublimation
other molecules PAHs liberates the organics

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°

Gudipati and Allamandolalemonstratedhat 4methylpyrene, naphthalene,
and quaterrylene in waigce can be ionized to their cationic fortfis'?2after
theLyman-U(10.2 eV) irradiation

Similarly, the formation of cationic triphenylene gngene in wat@rice at 20

K after theVUV broadband irradiation (1260 nm)were observed by
Kofman et al. and Bouwman et,akspectively!23124

In 2012, Cuylle et al. showethe formation ofboth anionic pyrene and
benzo[ghi]perylen&ghenembedded in ammoniaeafter exposuréo Lymart

U irradiation!?® Since the formation of anionic PAHs increased as the
concentration of ammonia increas&dth respect to water, the authors
hypothesizedhe transfer oinelectron to the PAH through ammoniated

photoproducts
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PAH molecules and ions ameherently stable systenmand this carexplain

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 photoionizatiomf PAHs126:127

Experimental investigations combined with computational studies have shown
that theionizationof PAHs adsorbed on water ice requires about2l(beV

less energy than in the case of isolated PEAY and that the resulting
radical cation®f PAH would beextremelystable over timé??

Other experimentsn the &ect of vacuunultraviolet (VUV) irradiation of
interstellar iceanalogscontaining trace amounts of PAH®ve shown the
occurrence of extensive hydrogenation, oxygenation, and hydroxylation
reactions and/or the substitution with heteroatoms, mainly nitragetme
carbon skeletaf?® Therefore, the photolysis decorates the edge of parent PAH
with chemical sidegroups formed from the photoproducts of the other ice
constituentsHydrogen atom addition converts some of the edge rings into
cyclic aliphatichydrocarbons, resulting in molecules with both aromatic and
aliphatic properties and a reduction in aromaticity.

Instead, the addition of oxygenttte 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 matrikavebeen shown to lead to oxygenated products, including
mainly phenolic and quinone derivatives, e.g-naphthol and 14
naphthoquinone. Computationally, it has been shown that the addition of the

OH radical to neutral or cation naphthalene is barrietféss
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oxyPAHs o\
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Absorbance at 320 nm

Retention Time (minutes)

Figure 19 | The HPLC separation of the material resulting from the UV
photolysis of an bD:naphthalene ice at 15.Krhe main photoproducts
identified arel-naphthol (1-HN), 2-naphthol (2-HN), 1,4naphthoquinone
(1,4NP), 2,6dihydroxynaphthalene  (2,6-DHN) and 2,7
dihydroxynaphthalen&,7-DHN).
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With reference to Figurel9, signal intensities should not be
misinterpreted: 1and 2naphthol might be the most stable photoproducts, but
t heir peak?o intensities ar e not ne
efficiency of their photoproduction. It could rather be possible thand 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 2naphtol are stuck in their potential wells just for kinediasons. On the
other hand, the most efficient photoinduced pathways could be the ones
producing dihydroxyderivatives which further react very quickly in a sort of
steadystate process as long as naphthalene is available so that only very little
guantities can be detected after the quench. Thermodynamic and kinetic factors
should be taken into account sinceyttboth contribute to theghotoproducts

abundanceatfter the quencfFigure 20).

Quinones are of particular interest from the prebiotic chemistry
perspective because closely related compounds are widely usedrémt
living systems for electron transport across cell membranes. Moreover, their
presence has been detected in metedrfeEherefore, 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 tpéapthoquinone and the ubiquity of 4,4
napthoquinondased compounds in biochemistry is not a coincidence.
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Naphthalene Naphthalene

Naphthols

Naphthols

RC RC

Naphthalene

Naphthols

RC
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
dihydroxynaphthalenesDHNSs) 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 amerplanetary dust particles
(IDPy) 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 ozoneand only later did they become involved in biological
systems.Moreover, alsoaromatic amino acids were produced after the
irradiation of naphthalene at 15 K in a water/ammonia ice mixture with
photons in the extrematraviolet range.

Figure 21 displays theVUV photolysis of various coroneriee mixtures
resultingin 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 analags also from pyrene and anthracene irradiated by
ultraviolet light. However, the processing of these molecules by UV
radiationcan even partially break them down and increase their reactivity.
Chen et al. (201#}? demonstrated that the oxyg@&mctionalised PAH,
bisanthenquinone @H120.) cation, is notphotostable and preferentially
loses neutral CO units via phefi@gmentation.

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 PAHSs, rather than erosion processes that lead to the formation of
small molecules such as CO, ¢@nd HCO 18
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Figure 21 | Side group addiction to PAHs in Ulradiated cosmic ice

analoguesimage adapted from Ref!

Incorporation ofheteroatoms into the ring structure of the PAH is also
possiblet*3and the resultant heterocyclic molecules are also of great biological
significance with nitrogeitontaining 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 similatto 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 analolgadsto the formation of

species similar to those formed after UV irradiatiofPéiHs; these have also
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been detected in the Murchison meteoriter examplethe quinolinewhen
embedded in water ice mixed with methane and methklaalsto the
formation of oxidized species after exposur&'tdV irradiation.

In some cases, all theanctionalizationsould resulin 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 PAH$ave been foundo 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 fromvhich theUIBs emanate, aha more detailed
understanding of their destruction routes is therefore needed.

Although hydrogenation and oxygenation reactions may occur on
PAHSs, 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$)amely oxyPAHS,
recently captured the interest of the scientific community for their potential
properties as prebiotic molecules, includthgir 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 PAHSs 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, 1,8dihydroxynaphthalene (1-BHN), and 1,6
dihydroxynaphthalene (1;BHN) underwenibxidative polymerizatiovia an
interplay of competindor free radical and quinone coupling pathwaysen
adsorbed on minerals aafter irradiation with UV light3*

By combining the results obtained from diffuse reflectance infrared Fourier
transform spectroscopyDRIFTS) analysis and froma computational
approach, it emerged that the oxidative reactivity of hydroxylated naphthalenes
is significantly affected by the number arelative position ofthe hydroxyl
groups. The formation of polymeric produgtasrevealed by FAIR spectra

that showed absorption enhancement above 4000amd band broadening,
characteristic spectral changes accompanying autoxidMiareover partial
degradation and decarboxylatiomere supposed to occur sincihe IR
detectable generation of GQFigure 2).

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 alpoogsctive matrices

or mineral coating layers that can facilitate molecular synthesis.

The attractive hypothesis that PAH and oxyRpblymers 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 photoprotectivergperties of these polymers, strictly associated
with their broad band absorption of in the whole -\USible portion of the

electromagnetic spectrum.
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Figure 22 | Proposed Conversion Pathways of-DJ@N under UV Irradiation

conditions on Forsteritémage adapted from Ref*

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 identdicati some analogies
between the structural and physicakemical properties of the IOM and

polymers deriving byhe oxidatiorof 1,8DHN.
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1.2 Endogenous synthesis tie 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 framch 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 publishe@ihe Origin of Specie's®
Darwin was always reluctant to publish his viewtba 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 speculatednthe conditions and principal elements to triggergjeead of
life: fit is oftensaid 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 salfdight, heat, electricity, etc. present, that a
protein compound was chemically formed, ready taeugaistill 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
formedo
The idea that earlfarth 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 *®and Haldan® 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, sudiglaging or UV rays.

The discovery of the submarine hydrothermal vents in the 1970s reinforced
this idea and the ocedimeory for theorigin 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 simulatiting
laboratorythe 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
Hal daneb6s theories.

Miller-Urey experimenit!®’ elegantly showed the easy formation of amino
acids from mixtures of simple molecules, such a® H\Hs;, CHs, and H,
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 lightnir{§igure 2).

| An electric spark simulates
‘ a lightning storm

— |
/
g

| Energy from the spark
| Powers reactions among |
CH, NI ) molecules thought to be
4 N, ;L present in Earth's early
atmosphere

Boiling water adds 1
water vapor to the
artificial atmosphere \

. L ——
cm“n",[ ! Em water | When the hot gases in ,
boiling chamber =Y S the spark chamber are .
b » cooled, water vapor V.
condenses and any 4
d soluble molecules
present are dissolved
.é Organic molecules
\_4

appear after a few
L days

Figure 23 | The layout of MillerUrey 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 (Ta&plebeyond 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 metha#z.

Compound Yield (umoles) Yield (%)
Glycine 630 2.1
Glycolic acid 560 1.9
Sarcosine 50 0.25
Alanine 340 1.7
Lactic acid 310 1.6
N-Methylalanine 10 0.07
a-Amino-n-butyric acid 50 0.34
c-Aminoisobutyric acid 1 0.007
a-Hydroxybutyric acid 50 0.34
B-Alanine 150 0.76
Succinic acid 4 0.27
Aspartic acid 4 0.024
Glutamic acid 6 0.051
Iminodiacetic acid 55 0.37
Iminoaceticpropionic acid 15 0.13
Formic acid 2330 40
Acetic acid 150 0.51
Propionic acid 130 0.66
Urea 20 0.034
N-Methyl urea 15 0.051

In the flurry of following experimentations, it wagemonstrated that the
mixture of hydrogen cyanide (HCN) and ammonia gNkh 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, ATF®
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 (Fige a welkknown reaction

between ammonia, cyanide and aldehydgs.

HO, CONH, HO, COOH
+H,0
D —
+HV Ry Ry -NH, Ry Ry

] HO CN

)k +HCN >< hydroxy acids
N\ i 1
~—
Rj R, -HCN Rj Ry NI
- 3
:H\\\ HN_ C

H H
s N 1,0 HoN CONH, +H,0 N
>< —_— e
R{ Ry R{ Ry -NH, R,
amino acids

Figure 24 | The Strecker mechanism for the formation of hydemigsand

amino acids
1.2.2 Timeline for the origin of life on Earth

Geological recordsuggestedhat 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

Ga“*!' and during which dominant geodynamic processes like impacts and
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collisions with asteroids played a key role in the evolutiothefoung Earth.

At that time,the primitive Earth appeared, therefore, violent and desolate,
enduring the rain of extrerrestrial materialgFigure %).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, iraditing a surface temperature above 273%) the

young sun was less brightthantod4/3) r adi ati on at the Eal
more intense 3.5 Ga ag®,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
vapout4® with minor contributions of reduced species, such as carbon

monoxide, methane, hydrogen and ammotifal*’

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 sudhtiee Eartibecame

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'fife.

However, some investigations evidence that the earliest life on Earth
corresponds with this period of intense meteoritic ass#its’

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. 142151155 |ndeed, The Late Heavy Bombardment has been postulated as
being so catastrophic that conditions of edthrth have been too harsh to
allow for the colonization of lifetherefore the impactgenerated 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 cels. 11153155

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 o polymers ortheearly Earthhas not been delineated.

In cells todaypolymers are continuously synthesiigdenzymes 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 tiwatsprings host thriving
microbial ecosystems, able to survive and adapt in these challenging
environmentshinted at a novel scenario ftre 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 othe 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 ceworkers (2012) suggested that the chemistry of modern
cells may reflecthe chemical conditiaof the environments in which the first
cells emerged:>®

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.

Thereforethe chemical nature of volcanic pools more closely resembles the
cytoplasmcompositionof cells supporting the geothermal terrestrial origin of
life.

Several lines of evidence suggest ttia hydrothermal fields orthe early
Earthmay have been quite similar to siteskamchatka, Hawaii, Iceland,
Yellowstone, Kawah ljen and Solfatafigure &). 17
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Figure 26 | Geothermal springs. On the left: mud pools of the Solfatalcano
located inside the caldera of Phlegrean Fields. On the dghter of Kawah

lien 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 developmehe of
primitive forms of life. Noticeable examples include the advantageous
synthesis of amino acids and carbohydrates, by means of Sttgpkeand
formose reactions, under hydrothermal conditi3A$°

Furthermore, hydrocarbon derivatives, suchlagrchain monocarboxylic
acids and alcohols, can be abiotically produced in hot spring settings by
Fischei Tropsch synthesi¥!

The vapor phase of geothermal systems is particularly enriched in borate,
which seems to be important for the stabilization of ript§$e®3

moreover, a lot of studies demonstrated the abiotic synthesis of nucleotides and
amino acid¥®41"3from formamide, via hydrolysis of hydrogen cyanide, which

is found in volcanic gasemd in exhalations of geothermal fiefds.
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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 endothermicnature, the presence of water makes the reverse
hydrolytic process thermodynamically favoured.

Unquestionably, water is a mandatory-pequisite 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 inherdidlyico to
polymers (e.g. nucleotides or proteins) necessary for life. In 1986, the
biochemist Robert Shapiro, who critiqued the primordial ocean hypoti2sis,
wrote in his boolOriginsthatfiwater is an enemy to be excluded as rigorously

as possible. We are faced withthewat er Yar adoxo.

To overcome this difficulty, researchers have testiffierent methods
including the use of condensing agents, high temperatures, andfigater
solvents. Besides some of these being successful, not all of these routes would
have been plausible aheearly Earth.

Recently, regular cycling between wet and dry conditions has been proposed
as a crucial driving factor for condensation reactidhrederthese conditions,

the polymerization does not require activated monomers or condensing agents.
Wet dry cycles are regarded as charact
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 tilne surface and rainstorms and flooding occurred.

The cycling frequency olvet-dry cycles is as short asinutes, when caused

by geysers splash water on surrounding hot rocks, hobiesn 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 establish¢@igure ).

Fluctuating environment

Hydrothermal puddle wet-dry cycles

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 wetdry 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 pie 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 increagbempolymerizationyields
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Sa if nucleotides are presenhe hydroxyl and phosphate groupsy react
forming ester bondand leading to the assemblyrafcleic acid polymerg/”
1% as it happens for the formation of proteins throtighformation opeptide
bondsbetweeramino acids.

In this context, claysninerals and silicates located at hydrosphi@r®sphere
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 polymation 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 hydraghmal 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 theyacaras a template,
adsorbing selectively molecules, allowing their concentration, and promoting
molecular selorganization processé®*®!Minerals can also act as catalysts,
accelerating chemical reactions by lowering the corresponding activation
energy or promoting selective synthesis of biomolecules on their
Suncace]:SOJSZ 187

This can happen because mineral surfaces are able to induce the orientation of
reacting groups of neighboring molecules through specific molecuderal

interactions.
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Mineral surfaces can also have an enantioselective potential and hence a role
in the development of chirality under prebiotic conditidfis.

Mid- and farinfrared 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 ofibmolecules 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 time8%19°

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 radiatiohe degradation of the adsorbed
molecules catalyzed by mineral surfaé®&s®:19could 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 moletnkral
interactions under plausible prebiotic and interstellar conditions may be a

breakthrough in solving unansred questions about the origin of life on Earth.
1.4 Aims of the research work

On the basis of this complex and wide scenarioPmyD.thesis work has been
focused on the study of thensformation 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 sdtdte irradiation and heating
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conditions and the catalytic role of their polymers in prebiotically relevant
processes.

In this connection, the workas 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}naphthol (3HN) ard 1,8
dihydroxynaphthalene (1;BHN) (Figure B), 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 photeprocessing 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 oxyPAKpolymers in the chemical processes
leading to the formation of the peptide bpnd

Chapter6- chemical transformations of PAHs and oxyPAHSs in the thermal

water of Solfatara
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Representative compounds of

1-HN

PAHs PANHSs
O
P
N
NAPH QUIN
OxyPAHs

1,8-DHN

Figure 28 | Structure of molecules selected tbrs thesis work.
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CHAPTER! 2

HIGH -ENERGY PROTON BEAM
IRRADIATION OF OXYPAHSs
ADSORBED ON METEORITES

AThe c¢cos mos We are vadetohstaatuff. We are a way for the

uni verse to know itself. 0

Carl SaganCosmos, 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 higdmergy proton beam irradiation, selected to
mimic the solar wind. In this connection, we decided to explore the chemical
reactivity of oxygenated derivatives of PAH oxyPAHs under such

conditions.
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Extensive literature data show the identification of oxyPAHs as primary
phot ochemical transformation product
interstellar medium.Most of these studies includ®hAPH as the probe PAH
and indicated extensive oxygenation withe formation of XHN as the
dominant product, along with dihydroxylated derivatives and
naphthoquinone$Other studies showed ththe irradiation of naphthalene at
15 K in a HO+NHs ice mixture with photons in the extrera#raviolet range
produce an organic residue containisgveraamino acids.It was concluded
that naphthalene, with other PAHSs, can be a source of interstilaced
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, enstiramger
adsorption on mineralendhigh reactivity
In a recent studyit has been shown thatHN as well as two isomeric
dihydroxy naphthalene derivatives, ID6IN and 1,8DHN, 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/decarboxylatioproducts’

Overall, the results obtainddbm these irradiation experiments supported a
feasible formation of molecules of prebiotic interest from PAHSs in a variety of
astrophysical environmenkgfore reaching the primitive Earth by meteaite
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 irmeteorites.

This hypothesis would be supported by various lines of eviddgratehave
been highlighted in a recent pafeuch as:

1. Theelemental composition of IOM from chondrites provideerage
values close t€100Hs0020N4S, whichcan be ascribe the elemental
composition of dihydroxynaphthaleneqCioHgO2) plus a minor
contribution from some nitrogen and suttontaining®

2. The results of chemical investigations (i. e. pyrolysis studiggyested
that IOM is made up of small PAthitsbearing short, highly branched
aliphatic and ester chains. Moreover, NMR data sugddbtt the
PAH components in IOM do not exceed & Ting size, making
naphthalendased scaffolds likely candidates

3. The environment in whiclOM is supposed to be formed (e.g. tBi,
the nebular or mixed nebuldBM contex) would be compatible with
thecritical involvement of PAHggiven the abundant presence of these
latter in thelSM.8

In view of the limited knowledge on thgossible involvemendf PAHS and
oxyPAHsin thegeneratiorof IOM in meteorites anih theprebiotic processes
occurring m the early Earththe research activitseportedn this Chapter was
designed taassessi) the chemical transformatiorsccurring onoxyPAHs
under the irradiation withproton beams, a relatively little explored
astrochemicallyrelevant energy source compared to thermal or UV activation;
i) theeffect of the geochemical environment when the same process is carried

out on oxyPAHSs adsorbed on the surface of meteorite gianthe mtential
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modulatoryrole carried out bysmall nitrogenous molecules of astrochemical
relevancei.e. ureg. In particular, the research work was aimed at:

1 defining the possible competition among the oxygenation,
polymerization and degradation pathwaygsurring onoxyPAHs on
meteorites;

1 checking the possible analogies betwinanresulting producind 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 andleotides, and in the thermal
processes modelling volcanic scenario or the impact events in the Earth
atmosphere wurfacet’

To thebest 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 -lIN and 1,8DHN, selected as model
oxyPAHSs, promoted by higanergy proton beannradiation in the presence

of meteorites and urea has been carried out and reported in this Chaybiés.

aim, three different meteoritémvebeen selected, includingséonyiron, an
achondrite, and a chondrite type.

The identification of the main reaction produckas beemperformed by gas
chromatographwssociated with maspectrometry (GEMS) analysis and by

comparison with authentic samples.
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IRRADIATION:170 Mieya
high-ehérgy proton besim
.at 243 K for 3,min ! -

Figure 1 | Highly functionalized oligomeric derivatives anditrogen
containing compounds produced by meteoriialyzed irradiation of

hydroxynaphtalene using proton besamimicking the solar wind.

This work has been carried out in collaboration withBruno 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 J|
Dubna (Russia)ah Pr of . Judit E. Gponer from |In
Czech Academy of Sciences, Brno (Czech Republic).

These resulthavebeenpublished in the pap&3and presented in the

meetingOP L.
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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 subjetitily
and 1,8DHN, as model oxyPAH speciego high energy proton beam
irradiation modeling of the solar wingdin the presence of meteorites of
differenttypesand the effect of urea, a plausible nitrogiim component of
the organienolecules foundbothin the space anoh primitive Earth and a key
precursor in prebioticonditions. 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 typeddtails
aboutmineralogical composition, cosrarigin, and historical and terrestrial
provenience of selected meteorise® the experimental sectjoRreviously,
the NWA 4482 and Al Haggunia meteorites have already shown their catalytic
effect in reactions of prebiotic relevance, such as the syatbesucleobases
and nucleosides, and and the oligomerization process of suitable chemical
precursors under higénergy proton beainradiation®
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 CHGTH3OH (2:1 v/v) and dried under
a high vacuum to remove the contamination of any organic soluble

compounds?
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2. ADSORPTION OF OXY -PAHs: amethanol solution of-HN or 1,8
DHN was adsorbed on the surface of the meteorite powder using a
casting procedure anthe evaporation of the solvent was performed
undermild conditions (40 °C). In addition, to study the efficacy and
chemaselectivity of the irradiation in the presence of a wetognized
and astrochemicaklevant nitrogertontaining prebiotic compound,
the meteorite powders have been coated wittiNlor 1,8-DHN along
with urea in equimolar amount with respecthe hydroxynaphthalene
derivatives following thesamepreviously reported casting process.

3. SPECTROSCOPIC ANALYSIS OF METEORITE SAMPLES: the
presence and retention of the structural integrity-BiNLand 1,8DHN
after the adsorption procedure was confirmed by ATR-IET
spectroscopyFigures 24 show theinfrared spectra of-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 transfe(LET) of 0.57 keVEm, modeling the high energy
component of the solar wind radiatibhThe irradiation of pure-HN
and 1,8DHN was used as a referenddis activity was performed in
collaboration with theJ oi nt Institute for Nucl e
Laboratory of Radiation Biology, Dubna (Russia)

5. ANALYSIS: the reaction mixtures were, then, analyzed by- gas
chromatography associated to mapsctrometry (GEVS) after

standard derivatization of the sample (trimethylsilyl eth¥rjhis
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analysis had been carried out in collaboration with Prof. Saladino of the
University of Tuscia.

ADSORPTION ON METEORITE NWA 4482
100
100
MWMWWWM M
g meteorite w g meteorite
o 507 < 804 ) /
A /
E W%\ — J‘w A(WW % W"’\ ﬁnw/v «m\ﬂl//f D/W/b f’\f
£ ~/ Pure 1,8-DHN £ Pure 1-HN )
; - H z ‘ Lo
g [ H‘W" f‘\ O HM W Hmartiers il . Hmw
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\\ ;’“ﬁ 1-HN on meteorite !
o4 " 1,8-DHN on meteorite
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Figure 2| ATR FT-IR spectra of the meteorite NWA 4482 before and after the
adsorption of AHN and 1,8DHN. The ATR FFIR spectrum of the pure solid

1-HN and 1,8DHN are also reported as references.

ADSORPTION ON METEORITE AL-HAGGUNIA
5 o
1904 W
=\? 1 meteorite °\: metenritw
o
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g o T, " i\ 5 T '\ {1
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Figure 3| ATR FT-IR spectra of the meteorite Alaggunia before and after
the adsorption of-HN and 1,8DHN. The ATR FFIR spectrum of the pure

solid 2-HN and 1,8DHN are also reported as references.
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ADSORPTION ON METEORITE ET 96029
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Figure 4 | ATR FT-IR spectra of the meteorite ET 96029 before and after the
adsorption of 4HN and 1,8DHN. The ATR FFIR spectrum of the pure solid
1-HN and 1,8DHN are also reported as references

Figures 5and 6 reported the epresentative GC chromatograms and
Tablesl and Jeporedtheyields of the main reaction products.
The structure of products25 was assigned on the basis of the comparison
with commercially available electron mass spectrum librgriesNIST).
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 experimensalction).

2.2.2 Irradiation of 1-naphthalene in presence of meteorites

An extensive oxidation and oxygenation of the naphthalene ring and

radicatcoupling mediated oligomerization processes emerged from the
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analysis of the reaction mixtures obtained after the irradiation-ldN1
adsorbed on meteorites (Scheme 1, Table 1).

A large panel of polyhydroxylated naphthalene and naphthoquinone
derivatives was detected, including -Hiaydroxynaphthaler(®)®, 1,2
dihydroxynaphthalengs)6, 2-hydroxynaphthalen,4-dione(4) (lawsoney’,
5-hydroxynaphthalené,4-dione (5) (juglone)®, naphthalengetraol isomers
(6a-c)'°, naphthalend,4,5,8 tetraone(7)?°, 8-dihydroxy naphthalené,4
dione(8)?! (naphthazarin), and naphthaleh@,4,5,8pentaol(9)%2.

The reported highest electron density and reactivity of tBea@d G4
positions of 2HN with electrophilic species led to the selective formation of
compound® and3 with respect to other possible isomé&tdlaphthoquinones
4 and5 were probably formed by further oxidationin agreement with the
quantitative transformation of ZXdihydroxynaphthalene into 1,4

naphthoquinonésee scheme 2}

The order ofreactivity of meteoritesobservedor the conversion of -HN is

the following ETT 96029> AlHaggunia> NWA 4482 (Table 2). The
conversion othe 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 theabsence of meteorijta low value of mass balance was meas(ifatile

2, entry 1) likely due to he occurrence of ovarxidation processes aride
formation of high molecular weight oligomersot identifiable from the
reaction mixture. Whereasyith ETT 96029, AlHaggunia and NWA 4482
(Table 2, entries -2), a progressive improvement of mass balance was

obtained.
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a)
e : Irradiation of 1-HN
# 0l
fJUi'f’" : ik
§ . SUSEUR: S, SO0 L . — -
b) Irradiation of 1-HN adsorbed on NWA 4482
3 "
- | 1990
(. ‘I
| ‘ | AL LR
0 Irradiation of 1-HN and urea adsorbed on NWA 4482
i
I o
W e Ll el U - | et

Figure 5 | Chromatogram of the irradiation of dhydroxynaphtalenea) 1-
Hydroxynaphtalene in presence of NWA 44&9 1-hydroxynaphtalene in

98| Pag.



Chapter 2. Results and Discussion

presence of NWA 4482 and ure@ with highenergy protonbean. The

numbering is referred to assigned compounds.

Table 1| Irradiation of Xhydroxynaphthalene in the presence of meteorites

Entry | Meteorite | Conversio | Produ | R (min) Amount® | Yield(%)'
n ct
(%)
1 2 18.449 0.03 0.39
2 3 18.480 0.05 0.65
3 6a 2.650 0.14 1.52
4 6b 2.617 0.20 2.17
5 6c 2.583 0.09 0.97
6 7 2.54F 0.25 2.77
7 None 69.5 8 18.94F 0.10 1.09
8 10a 21.212 0.17 1.24
9 10b 22.158 0.39 2.83
10 10c 22.449 0.28 2.04
11 13 9.124, 0.01 0.07
21.033
12 14 13.90F 0.09 0.66
13 2 18.25F 0.21 2.67
(16.156) [0.97] [9.76]
14 3 18.484 0.10 1.27
(18.472) [1.42] [14.3]
15 6a 2.65F 1.0;0.25 | 10.6;
5.208 [0.65] 2.65
(2.564) [5.45]
16 6b 2.617 0.09:0.03 | 0.95; 0.32
5.18%
(2.585)
17 NWA | 70.2[90.2F | 6¢c 2.585 0.15 1.59
18 4482 7 2.542 0.33 3.57
(2.54%) [0.23] [1.97]
19 8 18.948 0.16 1.71
(9.239) [0.20] [1.69]
20 9 5.398 0.03 0.29
21 10a 21.213 0.14[1.00]| 0.99
(21.414) [5.63]
22 10b 22.176 0.80 5.69
(21.960) [1.15] [6.48]
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23 10c 22.494 0.90 6.41
(22.174) [1.55] [8.72]
24 11 27.283 0.12 0.86
25 12 28.992 0.11 0.79
26 13 21.037 0.01 0.07
27 14 13.905 0.13 0.94
28 15 21.959; 0.16 1.22
29 16 23.672; 0.17 1.15
(25.026) [0.23] [1.23]
30 17 20.396; 0.1[0.5] |0.65
(20.393) [2.58]
31 18 26.717; 0.03[0.3] | 0.19
(26.712) [1.47]
32 19 (17.845) [0.43] [3.68]
33 20 (19.674) [0.16] [1.26]
34 2 18.453 0.63 7.8
(16.156) [1.54] [13.8]
35 3 18.486; 0.75 9.36
18.948,
36 4 10.854 0.91 10.5
37 5 10.889 0.49 5.6
38 Al- 72.0 6a 2.567 0.87 9.1
Haggunia | [>99.99] 4.04% [0.77] [5.8]
(2.574
5.272)
39 6b 2.526 Traces -
40 6c 2.51G Traces -
41 7 2.47C¢ 0.21 2.24
(2.478 [0.19] [1.44]
42 8 18.939 0.12 1.26
(9.23P) [0.15] [1.12]
43 9 5.27F 0.07 0.67
44 10a 21.407 0.16 1.12
(21.399) [0.24] [1.21]
45 10b 22.162b 0.07 0.49
(22.164b)
46 10c 22.607 0.19 1.33
[0.11] [0.55]
47 17 20.375 0.13 0.83
(20.385) [0.21] [0.97]
48 19 (17.436) [0.23] [1.76]
49 20 (19.657) [0.26] [1.83]
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50 2 18.430 0.43 3.9
51 3 18.455 0.57 5.18
(18.444) [1.38] [12.4]
52 6a 2.589; 1.64 12.4
(2.57%7 [0.61] [4.57]
ETT 99.2[99.8] 5.089)
53 96029 6b 2.572 traces -
54 6¢C 2.547 traces -
55 7 2.463 0.33 2.55
(2.478 [0.27] [2.06]
56 8 18.925 0.75 5.73
(9.207) [1.42] [10.8]
57 9 5.254 traces -
58 10a 21.402 0.53 2.69
(21.386) [2.74] [13.8]
59 10b 22.156 0.82 4.16
(21.914) [0.89] [4.49]
60 10c 22.607 0.89[1.1] | 4.53
(22.159) [5.54]
61 11 27.189 0.01 0.05
62 12 29.076 0.02 0.1
63 13 21.11%, 1.4[1.6] |6.24
[8.12]
64 15 21.929 0.51[0.6] | 2.77
[3.23]
65 16 23.549 0.18 0.87
66 17 20.37F 0.12 0.56
(20.373) [0.03] [0.14]
67 18 26.980 traces -
68 19 (17.425%) [0.49] [3.75]
69 20 (15.654) [0.11] [0.78]

[a] No silylated derivative. [b] Detected as mesilylated derivative. [C]
Detected as bisilylated 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 tong of the product obtained starting from 10 mg thie
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 casetl@ dimer, the expected mmol tfie
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productcorrespond$o half of those of the starting material. [g] The conversion

of the reaction in the presence of urea is reported in square brackets.

Moreover, AlHaggunia provided a higher total yield of monomeric
derivatives than ETT 96029 and NWA 4482 (Table 2, entry 3 versus entries 4

and 2, respectively).

Ly LY 7y
AT AT
2 OH 3 4 O 5

OH Proton beam,

170 MeV,
243K, 3 min
=3

1-HN (1) Meteorite

Scheme 1 Irradiation of thydroxynaphtalene with higanergy proton beam
performedin the presence of Northwest Africa NWA 4482, Al Haggunia, and
Elephant Moraine EET 96029 meteoritesl urea.
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In the green panel echeme lthedetectedlimeric compoundare shownin
particular, dinydroxydinaphthyl derivativd®ac were clearly produced by a
C-C radical coupling process starting from the initial formation of ié&NL
corresponding O-centred phenoxyl radical (scheme 3). All the three
energetically favorable coupling isomers were obtained, namely:paaaa
103, orthcortho10b, and paraortho 10ccombinations, respectivefy:?

OH OH OH
¢2 OH
(O — || OO
Hydroxylation
o4 2 OH 3
1
Oxidation
Q OH O
(L) OH
4 O 5 0

Scheme 3 Pathways for the formation of compouriis.

The relative amounts of dimers formed depend on the type of meteorite.
In general, compound®bandl0cwere the most abundant derivatives (Table
1, 2223, 4546, and 560, respectively).
The radiative generation of phendxydicals and the role played in this

process by different energy sources and physical $tatebeen investigated
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under gag/ liquid ?¢2° and solid condition$® The occurrence of electron
transfer followed by hydrogen abstraction processes emerged as the prevalent
mechanism in the irradiation of aliphatic alcohols Wath-energyprotons (1.0

MeV) under spactike experimental conditions (20 Kj.

In the presence of NWA 4482 and ETT 96029, dihydroxydinaphthyl
derivatives (10b) and (109 selectively evolved tothe corresponding
benzofuran and benzopyran derivatives dinaphthdj1223-d]furan7-ol
(11)%? and dibenzol[c,kl]xanthers-ol (12)* (Table 1, entries 223 and 59560,
respectively), by intermolecular-Q radical coupling(Scheme 3) The
formation of benzofuran and benzopyran rings in hydroxynaphthalene dimers
was previously reported as @esult of intramolecular radicatmediated
oxidative coupling in the biosynthetic melanin pathway.

On the other hand, from the dim@o0a), through a cascade of successiv€C
radical coupling and oxidation processes, a large panel of polyoxygenated
perylene derivatives were formd&cheme 3) such as peryleng,10diol

(13),%° perylene3,10dione (14),%® perylenel,2,6triol (16),%" bis-perylene
3,4,9,16tetraone (17),%® and 2,4,9rihydroxy perylene3,10-dione (18).3°
Perylen3-ol (15),%° 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).
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o] C-C radical

o’ o]
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Scheme 3| Pathways for the formation of compountid-18 starting from

phenoxyl radical.

Benzofuran and benzopyran derivatidgds12 and polyoxygenated perylene
derivativesl6-18wereobtainedonly whenmeteoritesvere preseniVioreover

with ETT 96029 the highest production dhe perylene derivativel3 was
found (Table 1, entry 63). The following order of total yield of dimeric
productsl0-18 wasfound ETT 96029 > NWA 4482 >> AlHaggunia (Table

2, entries 24). Noteworthy, his order of reactivity is differemompared with

that previously reported for the formation of monomeric derivatives,
suggesting that thcompositiorof meteoritesaffectedin a different way the
efficacy of the radical coupling process versus the simple oxygenation of the
naphthalene ring.

The results obtained after the irradiation €filll (1) in the presence of
meteorites and urea are reported in Scheme 1 and Table 1. Urea is a ubiquitous
nitrogerrcontaining molecule that has been detected in the interstellar
medium?2 This compound is easily synthesized by sparking mixtures of gas
(CHa4, CO, CQ, Nz, NHs, H20, and H)* and by therradiation of hydrogen
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cyanide (HCN) in both liquid and solid stdfeMoreover, a mixture of
formamide and meteorites under both thermal and-érghrgy radiative
experimental conditions resulted in the formation of 4réé.

In the presence of urea, thiermation of thesame products afdicat
coupling oligomerization, oxidation and oxygenation ¢l wereobserved
again, including polyhydroxylated naphthalene and naphthoquinone
derivatives 3 and 6-9, dihydroxydinaphthyl derivativesl10ac and
polyoxygenated perylene derivativd$-18. Under these conditionghe
presence of meteorites led to comparable amount of conversion of the substrate
(Table 2, entries ). The presence of ureanhancedhe conversion of the
substrate in the case of NWA 4482 andHsggunia. In agreement with the
relative stability of urea toward ionizing radiation once adsorbed on the surface
of minerals!’ a considerable amount of unreacted urea was observed in the
reaction mixture (from 50% to 90% with respect to initial amount). Regarding
the chemeselectivity of the reaction, the presence of urea decreased
significantly the total yield of monomeric deatives 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 syndiiesis
dimeric products (Table 2).

Noteworthy,the presence of urea led to the formation of two novel
qguinone diamine derivatives 5¢Bimino-5,8-dihydronaphthalené,4-diol
(19* and 5,8diamino2- hydroxynaphthalené,4-dione (20)*° (Table 1,
entries 3233, 4849, and 6&9). These products included in their structure the
nitrogen atom from urea expanding the inventory of identified species toward

the formation ohitrogencontainingoxyPAH systems. Imine derivatives have
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been detected in IOM by-MANES (c.a. 405 eV) and EELS spectra besides
amines, amides anditrogenatedheterocycles.The decomposition of urea
under"Yirradiation conditions%Co, 0.14600 kGy) is reported tgenerate
hydrogen, carbon dioxide and ammotfiahis latter nucleophilic compound
might be responsible for the observed amination of the electrophilic
naphthalene quinone ring.

Table 2 | Total yield andpartial yield of polyhydroxylated naphthalene and

perylene derivatives recovered from the proton beam irradiatiorHdf.1

Entry Conditions Conversion | Total Yield of Yield of
(%) product monomeric dimeric
derivatives | derivatives
Vield 1 (gg)e Ok
(%)
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 90.2 64.22 38.11 26.11
4482/urea
6 Al- >99.9 28.48 25.75 2.73
Haggunia/uree
7 ETT 99.8 65.68 34.36 31.32
96029/urea
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[a] Yield of polyhydroxylated naphthalene and naphthoquinone derivatives.
[b] Yield of dihydroxydinaphthyl and perylene derivatives.

2.2.3 Irradiation of 1,8dihydroxynaphthalene in presence of
meteorites

The irradiation of 1,8HN in presence of meteorites led to the
formation of a similar pattern of products, includga, 6¢, 7-8, and17-18,
highlighting a chemeelectivity comparable to -HN. In addition, the
formation of other compounds, such as -bjhaphthalendl,4',5,5tetraol
derivatives (22a-c) °! and 4,9dihydroxy-perylene3,10-quinone 23)*? was
observed (scheme 4, table 3).

Also in the case of 1;BHN, 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 B 4-imino-5-hydroxy-8-aminc1(4H)-
naphthalenone2@)®® and 8hydroxy-4-iminonaphthalel(4H)-one @5y
These results indicate that regardless of the hydroxylation state of the starting
compound, the reaction pathways were similar.
Thecompound&2aand23have beepreviouslydetected as keptermediates
in the laccasenediated radical oxidative coupling of ADBAN during the
formation of melanin in different fungal specrés®
Table4 (entries 24 versus entry 1) displaydatiat 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-DBIN, the total yield of products,
deriving from oxidation reactions, was significantly lower thaidN (Table
4, entries 24 versusTable 2, entries 24). This finding suggests that high

108| Pag.



Chapter 2. Results and Discussion

molecular weight oligomerization products prevailed in the case dDH|S,

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 assesse Moreover, the conversion of starting

substrate was increased by the presence of urea in the reaction mixture.
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Irradiation of 1-HN

a)
U/ ‘\” " ,‘ ........................
b) .| Irradiation of 1-HN adsorbed on NWA 4482
f
L A 20 5 S
0 Irradiation of 1-HN and urea adsorbed on NWA 4482

Figure 6 | Chromatogram of the irradiation of ighydroxynaphtalene a) 1,8
dihydroxynaphtalene in presence of NWA 4482 b}dil8droxynaphtalene
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in presence of NWA 4482 and urea c) with hegtergy protorbeam. The

numbering is referred to assigned compounds

OH OCOH OH OH
e OO
OH
OH CH
B6a
OH i 0 O
Proton beam, O‘
OH OH 170 MeV, .
; OH (0]
243K, 3 min HO
_—> o
Meteorite
1,8-DHN
OH CH
(22) OH OH OH OH OO OH
e o ol Lo 1)
OH OH ‘
S seatlee
)
OH OH
OH CH
22a
OH ©O OH NH
NH OH OH NH

Scheme 4 Irradiation of 1,8dihydroxynaphtalene with higanergy proton
beam in the presence of Northwest Africa NWA 4482, Al Haggunia, and
Elephant Moraine EET 96029 meteomted urea.
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Table 3 | Irradiation of 1,8dihydroxynaphthalene in the presence of

meteorites.
Entry | Meteorite | Conversion | Product | Rt (min) | Amount® | Yield
(%) (%)
1 4 10.526 | traces -
2 6a 2.58% |0.02 0.17
3 6C 2.594 0.07 0.62
4 7 2.560 traces -
5 17 20.397° | 0.16 0.88
6 18 26.71P |0.75 3.96
7 None 63.1 22a 18.69F [0.03 0.16
8 22b 18.933 | 0.17 0.91
9 22¢ 19.88% | 0.08 0.43
10 23 25.02% | 0.02 0.11
11 4 10.526% | 0.03 0.30
12 6a 2.61% |0.44 4.44
(2.604) |[0.58] [4.8]
13 6C 2.595 0.4 3.58
14 7 2.556¢ |0.48 4.33
(2.51%) |[0.72] [6.08]
15 8 (5.19%) |[0.1] [0.85]
16 17 20.397 |0.21 1.10
(20.409 |[0.13] [0.66]
17 18 26.71¢ |0.18 0.92
NWA | 94[>99.99 (26.712) | [0.11] [0.53]
18 4482 19 (9.269°) [[0.22] |[1.92]
19 22a 18.71F |0.39 2.02
(20.231) | [0.14] [0.70]
20 22b 20.238 |0.18 0.98
(20.561) | [0.11] [0.55]
21 22¢ 25.02% |0.41 2.18
22 23 (25.02%) | 0.25 1.36
[0.21] [1.07]
23 24 (3.6163 | [0.38] [3.24]
24 25 95273 [0.31] [2.87]
)
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25 6a 2548 | 0.71 6.00
(2.578) |[0.85] [7.08]

26 6cC 2.512 traces -

27 7 2520 |0.73 6.30
(2.486) |[0.95] [8.07]

28 8 (5.44) |[0.33] [2.77]

29 Al- 98.6 17 20.39F | 0.09 0.47

Haggunia | [>99.99] (20.40° | [0.20] [1.02]

30 18 (26.850) | [0.09] [0.43]

31 19 (9.270° | [0.07] [0.60]

32 22a 18.724 |0.71 3.63
(18.699; | [0.60] [3.01]
20.193)

33 22b 18.933 |0.82 4.18
(18.94%; | [0.5] [2.52]
20.226)

34 23 (24.778) | [0.10] [0.51

35 24 (3.613% | [0.09] [0.76]

36 25 515'274 [0.12] [1.11]
)

37 6a 2.568; |0.80 7.01
5.068 | [0.60] [5.00]
(2.544)

38 ETT 95[>99.9] |6¢C 2.535 traces -

39 96029 7 2.478 | 0.68 6.09
(2.477) |[0.53] [4.50]

40 8 (5447  |10.33] [2.77]

41 17 20.383 |0.35 1.89
(20.40) | [0.29] [1.48]

42 19 (9.253) |[0.11] [0.94]

43 22a 18.71¢ | 0.41 2.16
(18.70@; | [0.55] [2.77]
19.517)

44 22b 19.06¢ | 0.59 3.12
(18.942; | [0.53] [2.66]
19.560)

45 22¢ 20.230 |0.48 2.55
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[a] Unsilylated derivative. [b] Detected as mesitylated derivative. [c]
Detected abis-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 reactian 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 convansdf the reaction in the

presence of urea is shown in square brackets.

Table 4 | Total yield and patrtial yield of polyhydroxylated naphthalene and

perylene derivatives recovered from the proton beam irradiation-&HN.

Entry | Conditions Conversion | Total Yield of Yield of
(%) product | monomeric dimeric
yield derivatives(%)? | derivatives
(%) 0/)\ 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 >00.9 23.27 |19.76 3.51
4482/urea
6 Al- >090.9 27.88 |20.39 7.49
Haggunia/ur
ea

[a] Yield of polyhydroxylated naphthalene and naphthoquinone derivatives.
[b] Yield of dihydroxydinaphthyl and perylemerivatives.
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2.2.4 Mechanistic modelling

In this paragraph, the results deriving from the modelling of the reaction of OH
radical with1-HN were shown. We assumed that the OH radicals can form
from the degradation ofHIN induced by radiation. In this way, the formation

of polyhydroxylated naphthalene derivates was justified.

A
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— o
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Figure 7 | B3LYP/6-311++G** free energydiG) profile for the OHradical
induced hydroxylation reaction of-daphthol TS: transition state. Color

coding: Ored, Ggrey, H-white.

The ability of OH radicals to bring about a direct attack on aromatic carbons is
well documented’ This reaction has beanodelledwith ab initio quantum
chemical calculations at the B3LYP/@11++G** level of theory (for
CCSD(T) benchmark calculations on related systems (for detail, see
experimental section). As reported in Figudrehis 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 ZJ#ydronaphthalen&,2,3triol, which
then spontaneously loses water leading to the formation afahB&thodiol.

In the reactions conducted in presence of urea, the formatiorsobstituted
products could be ascribable a0 analogous chemistry triggered by amino
radicals, a dissociation product of urea formed after the irradiakanle 5
showed thathe relative electronic energies computed at B3LYR/6++G**
and CCSD(T)/6311++G** levelswerein excellent agreement, which justifies
the u of the B3LYP/6311++G** energy data fothe evaluation of the
reaction mechanism shed before CCSD(T) calculations were performed
with the MOLPRO program packagé.

Table 5| Computed electronic energies (in Hartree) of radicals formed-by H
abstraction from 4 naphthol at B3LYP/6311++G** level and from
CCSD(T)/6311++G** singlepoint calculations using the DFEvel

optimized geometries.

Radical B3LYP/6-311++G** | CCSD(T)/6-311++G**
Cl)H
/C /C\ .
TS
HCﬁ /C\ ~CH
cH o -460.28644 -459.424443
?H
HC7CH‘C/C“~ECH
| [| |.
e N -460.285285 -459.423616
OH
CH /(‘:\
HC= ~C “XCH
H(!ZQ\ ,l(l.“,\ .;(l:H
cH >c -460.283488 -459.421728
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2.3 Conclusions

The formation and structural modification of oxyPAHBsderUV 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 irradiationodellingof the solar wind in the presence of
various meteorites, including stony iron, achondrite, and chondrite igse,
suggested as a plausible multicomponent scenario for the conversion of
oxyPAHSs i.e. 2HN and 1,8DHN, into complex mixtures of oxygenated and
oligomeric derivativesMoreover, the catalytic role of meteoriiegpromoting
the synthesis of a broad panel of higher molecular weight reaction products
was disclosed. Among these products, camspling dimeic derivatives
resembling the -B ring framework characteristic of the pyrolysate of the IOM
in chondrite meteoritesere detecteé®

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 radedited
coupling leading tobis-naphthols and perylene derivatives through the
formation of GC and GO bondsWhich pathways prevailed depends on the
type of meteorite.
The achondrite type, represented by théHaggunia sample, was more active
in the synthesis of monomeric derivatives frorailll, 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 eDHR. 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 suggestbe possibility that the high variability observed

in the IOM composition for different sources might be dependent not only on
the origin andnthe 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 presemier debaté® the
morphological analyseshowed that IOM is adjacent to some mineral
components in interplanetary dust particles, as well as in chorftritds.
principle, these minerals could behave as active catalytic sites for the accretion
of organic matte?® 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 organiatter®*

Moreover the range of discovered species was increased by the addition of
urea, aprebioticallyrelevant chemical precursancluding among othies,
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 1,8DHN 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 GN bond in complex heterocyclic derivatives. Generally, the observed
nitrogen transfer from urea to oxyPAldpens 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 elu@datf the
nitrogen transfer capacity of urea as an astrochemret&lant 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

proceses.
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2.4 Experimental section
2.4.1Materials and methods

Urea (Merch, > 99%), -HHN (Merck, > 99%), 1, &HN (Merck, >
99%) were used without further purification. NWA 4482 were obtained from
Saharanayzak, Asnieres sur Seine, France;Hslggounia and ETT 96029
from AZ meteorites, Tombstone, Arizona, USA. @&asomatography mass
spectrometry (G&@VS) analyseswere performed with a G®IS Varian
GC410320MS equipped with a CP8944 column (WCOT fused silica, film
thickness 0.28m, stationary phase Vbms, @0.25 mm,Jength30m).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 4004000 cm'* with aresolution fixed to 4 crh

2.4.2 Preparation and irradiation of the meteorite samples

Before the irradiation process, any soluble organic matter from the
meteorite samplesasremoved 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 1,8DHN 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 mixturavas gently homogenized under mild
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sonication fora few seconds and the solvemas evaporated irthe oven at
40°C.

Then, the meteorite powder coated wittHN or 1,8DHN was further
embedded with urea (MeOH solution, 30mg/mL) in equimolar amounts with
respect to the substrate (4.2 mg foHN and 3.75 mg for 1;®HN) following

the previously described casting procedur

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 cfnby the collimator system (averaged linear energy
transfer LET of 0.57 keV/um, 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 & removed under reduced pressure
(40°C, 4x10* barr), and the residue was analyzed by-gf@smatography
associated to maspectrometry (GEMS) analysis after derivatization with
N,N-bis-trimethylsilyl trifluoroacetamide in pyridine (620 uL) at 60°G #h.

The analysis was perfor med -hydrox he p:
20(29})lupaeneoic 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 @/min for 60 min. First, the spectra were compared
with commercially available electron mass spectrum libraries such as NIST
(Fison, Manchester, UK). Secondly, @S analysis was repeated with
standard compounds. All products have been recognized witimilargy

index (S.l.) 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.

2.4.3Mass spectra analysis

The structure of product3-25 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: inaphtol (1) (CAS Registry Number: 905-31), 1,4
dihydroxynaphtalene (2) (CAS Registry Number: 5760-8), 2
dihydroxynaphtalene (3) (CAS Registry Number: 5700-5), 2
hydroxynaphthalené,4-dione (4) (lawsone) (CAS Registry Number: -82-

7), 5hydroxynaphthalené,4-dione (5) (juglone) (CAS Registry Number:
481-39-0), naphthalend,4,5,8tetraone(7) (CAS Registry Number: 23077
93-2), 5, 8dihydroxynaphthalené,4-dione(8) (naphthazarin) (CAS Registry
Number: 47538-7), perylene3,10diol (13) (CAS Registry Number: 57980
7), perylene3,10dione (14) (CAS Registry Number: 57983-0), 1,8
dihydroxynaphtalene (21) (CAS Registry Number: 5692-6), [1,1-
binaphthaleneft,4',5,5'tetraol(22ac) (CAS Registry Number: 1119365-6),
4,9dihydroxy-perylene3,10-quinong(23) (CAS Registry Number: 101997-
3), and 4Imino-5-hydroxy-8-aminc-1(4H)-naphthalenong4) (CAS Registry
Number: 625%8-3). Naphthalend,,2,4,5,8pentaol (9), dinaphtho[1,2
b:2',3-d]Jfuran-7-ol (11), dibenzo[c,kl]xanthes3-ol (12), Perylen3-ol (15),
perylenel,2,6triol (16), bisperylene3,4,9,10tetraone(17), perylene3,10
dione(18), 5,8diimino-5,8-dihydronaphthalené,4-diol (19), 5,8diaminc 2-
hydroxynaphthalené,4-dione (20), and 8hydroxy-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
1,4,5,8tetrahydroxynaphthalene (6a) (CAS No.: 569e27-7), 1,2,3,4
tetrahydroxynaphthalene (6b) (CAS No.: 569626-6), and 1,2,4;8
tetrahydroxynaphthaleng6c) (CAS No.: 569627-7) were unambiguously
assigned on the basis of the comparison with authentical commercially
available samples. The structure of ison{éfia-c) was assigned on the basis

of data reportedniRef?2 The characteristic m/z fragmentation values of the

main reaction products areported in Table 6.

Table 6 | lon abundance and MS fragmentation profiles of compo(i+itts

Entry Product m/z

1° 216 [M+ TMS] (100),
201 [M+ TMSMe] (75),
186 [M+ TMS-2Me]
(50).

2° 304[M+ 2 TMS] (3), 287
[M+2TMS-Me] (73).

3 304[M] (40), 287 [M
Me] (12).

42 174[M] (100), 73
[TMS] (5).

Sh 174[M] (75), 73 [TMS]
(100).

6 192 [M] (100), 179M-
OH] (3), 73 [TMS] (77).
6b? 192 [M] (100), 179M-
OH] (6), 73 [TMS] (80).
6c 192 [M] (100), 179M-
OH] (4), 73 [TMS] (80).
6ad 264 [M] (14); 192 [M
TMS] (20). 73 [TMS]
(100).

6hP 264 [M] (8),192 [V-
TMS] (18). 73 [TMS]
(100).
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7 188 [M] (75),73 [TMS]
(100).
g° 334 [M+ 2 TMS] (3),

319 [M+ 2 TMSMe] (9),
261 [M+ TMS] (20).

o 208 [M] (26), 191 [M
OH] (26), 179 [MCHO]
(3).

108 358 [M+ TMS] (25), 343
[M+ TMS-Me] (3), 328
[M+ TMS-2Me] (5), 285
[M-H] (21), 269 [M-OH]
(7).

10KP 358 [M+ TMS] (10), 343
[M+ TMS-Me] (38), 328
[M+ TMS-2Me] (2), 285
[M-H] (3), 269 [M-OH]
(3).

10¢° 358 [M+ TMS] (25), 343
[M+ TMS-Me] (10), 285
[M-H] (16), 269 [M-OH]
(8).

11 356 [M+ TMS] (31), 343
[M+ TMS-Me] (8), 326
[M+ TMS-2Me] (4), 283
[M-H] (30), 267 [M-OH]
(5).

12 356 [M+ TMS] (30), 343
[M+ TMS-Me] (11), 326
[M+ TMS-2Me] (8), 283
[M-H] (35), 267 [MOH]
(10).

12 358 [M+ TMS] (26), 343
[M+ TMS-Me] (5), 285
[M-H] (30), 269 [MOH]
(6).

14 282 [M] (24).

15 340 [M+ TMS](28), 310
[M+ TMS-2Me] (3), 267
[M-H] (10)

16° 372 [M+ TMS] (2), 357

[M+TMS-Me] (15), 342
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[M+ TMS-2Me] (5), 299

[M-H] (2).

17 314 [M] (70).

18 402 [M+ TMS] (100),
329 [M-H] (5), 73 [TMS]
(80).

17 332 [M+ 2 TMS] (10),

302 [M+ 2TMS2 Me]
(6), 259 [M+TMSH] (7),
73 [TMS] (100).

20° 333 [M+ 2 TMSMe] (5),
73 [TMS] (100).
21° 304[M] [M+ 2 TMS]

(100), 289 [M+ 2TMS
Me] (5), 216 [M+TMS2
Me] (28), 73 [TMS] (73).

228 318 [M] (50), 260 [M
2 CHOJ (22).

2217 318 [M] (12), 260M - 2
CHO] (61).

22¢ 318 [M] (12), 260/M - 2
CHOJ (41).

228 390 [M+ TMS] (33), 317
[M-H] (2), 73 [TMS]
(100).

22t 390 [M+ TMS] (13), 317
[M-H] (4), 73 [TMS]
(100).

220 375 [M+ TMSMe]
(100), 73 [TMS] (90).

23 371 [M+ TMSMe] (50),

24 172 [M-NHg] (100).

25 245 [M+TMS] (100),73
[TMS] (52).

4Unsilylated derivative®Detected as monsilylated derivative. cDetected as

bis-silylated derivative.
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2.4.4 Quantum chemical calculations.

Computations wergerformedat DFT-level of theory using the-6
311++G** basis set of atomic orbital
functionaf® in combination with LeerangPar r 6s cor r et i on
Free energy data were derived from frequency calculations performed at 273
K in theharmonic approximation. ADFT calculationsvere carried out ithe
gasphase using the ORCA 4.1 program pack&dge addition, a set adingle
point benchmark calculations was performed at CCSD{(BY6++G** level
for three radicals derived by -kbstraction from -haphthol In these

calculationsthe B3LYP/6311++G** geometries were used.

2.4.5 Mineralogical composition, cosm@rigin and historical and

terrestrial provenience of selected meteorites

Northwest Africa NWA 448Zlass: Pallasite. Group: Main Group
Pallasite. Made of large olivine grains (Fat220) (FeO/MnO = 41
42.5)% Contains iron as iron hydroxides and accessory chromite, scheibersite
(Fe, Ni) 3P and metal (both kamacite and tainifEe, Ni]).

Al Haggounia 001.Class: Aubrite type. Aubrites are brecciated
piroxenites made of Fe@ee enstatite and reassembled in igneous lithologies.
Al Haggounia 001 is a breccia cemented by iron oxide and carb@rite.
composition is dominated by enstatite and plagioclase. Contains troilite,
graphite, oldhamite CasS,-8ch kamacite and schreibersite.

Elephant Moraine EET 9602%lass: CR2. This meteorite is a CM
carbonaceous chondrite with unusually mild aqueous altergti@ivi

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 secongarcomponents 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 gehletiigaring calciumand aluminurerich
inclusion suggested for ET 96029 the occurrence of an unusual low agueous
alteration’? Following aqueous alteratipfeET 96029 was heated D400

600°C by impacts or solar radiation wittoncomitant 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 nanglobules.
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CHAPTER 3

PHOTO -PROCESSING AND
THERMAL DESORPTION OF
PA(N)H s AND COM s ON

ICE DUST GRAINS

ALl I my |ife | have wondered about
would it be Iike? Of what would it be
based on the same organic molecules as life on Earth? Do the beings of other
worlds look muchke | i fe on Earth? é What el s

life on Earth and the search for life elsewhere are two sides of the same
questiont he search for who we are. o

[ Car | Saganbés Cosmos

3.1 Introduction

For many years the ISM has beenonsi dered an 060i
environment in which the low temperatuaad density together with the
intense ionizing radiations may prevent any kind of chemical reactivity
Nowadayswe know that the space between the stars hosts a rich palette of
molecular specigesvith the identification omore than 250 individuapecies,
excludingisotopologuesAbout 50 of theseontain6 or more atomsThese
molecules have been defined by astronorasrgterstellar complex organic
molecules (iCOMS)
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An increasing number of iICOMs, in a large variety of -&baming
sites,have beerdiscovered by millimeter and centimeter observations. The
advent of large interferometers in the (9abm range, such as IRAMOEMA
and ALMA, haverevealedhe presence of iCOMs in d@llestages of the Solar
like star formation process: from the earliest stages of star fornfat@nin
prestellar dense coréd, in hot corinos around protostar$,and in the
associated jets and outfloli8® to protoplanetary disks. In particular,
protoplanetary disks are extremely interesting because are the place where
planets forminheriting their chemical complexity. Nevertheletbs region in
which the dust temperature is high enough to allow the thermal desorption of
water ice and i COMs (T>100 -like)starst's very
making the so COMs detection very hdsge sketch reported in panel a in
Figurel).

Only methanol?*3acetonitrile'* and formic acié® 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 accretiondmabence 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 Figudg. This phenomenon was first observed in V883
Ori by Cieza et ain 2016 The increase in brightness, according to the latter
authors, extended the water snow line up to 42Methanol has been detected

in this disk by Hoff et alin 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.® 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 formatfe.

0.01” 0.02-0.04"

(b) Fresh COMs sublimates seen
from optically thin region Outburst
Inner disk midplane: withT>100K & snow-line

viscous heating and o)
optically thick jJ/\J $‘ /
B

continuum

7

VAl

@-
V o a

Y

]
i i
! 0.1 ”
T =1 surface ! 0.1 0.2-0.4
0.08"

Figure 1 | The sketches shown in Figure reveal thiferencesbetween a
protoplanetary disk around a Seliée star @) and a FuOri objedb). Sketch
(a) shows that in a protoplanetary disk around a Solastdeethe region where
the dust temperature is high enough to let waer and iCOMs thermal
desorption (>100 K) is very small. At a distarioem the central star greater
than 0.01"¢5 AU), the dustemperatureas lower than 100 K and the iCOMs
are frozen in the ice mantlesketch(b) shows what happens in a FuOri object.
The central star undergoeswdden accretion burst which leadshteheating

of the surrounding disk artd a quick expanen of the molecular snow lines
to larger radii (0.08*-100AU). Image adapted from Ré&f.
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Acetonitrile (CHCN) was found in many regions both within and
outside the Solar System: in the Titan atmospH&fejn the comet67P /
ChuryumovGerasimenkd! in the cometary coma of HaleBopp?? in the
molecular cloud SgrB2(N} in the high and low mass protostats$®in hot
cores?®in protoplanetary disk¥?’moreover, it is among the most commonly
detected organic molecules in diggks.

Many works invoked chemical reactions occurring on the surface of the grains
triggered by atoms, UV light, cosmic rays, or thermal processi to
explainthe large abundance observed in the gas phassetdnitrile

The nitrile species are of particular interest for their involvement in the
processes for the formation of prebiotic molecules.

Acetaldehyde (CECOH) was also observed in the interstellar medium, irt low
and highmass protostar€;* in hot corinog*3* and comet§. The reaction
pathways involving the iCOMs described by theH@ formula, such as
acetaldehydeQHsCOH), are stillamatter of debaté’ Many works show how
acetaldehyde can be synthesized directly on the grain sufféftstarting from

HCO and CHradicals on C@ich ices® or through surface chemistry at 10 K

on GH;ices with Hatomsand OHradicals *° or through UV photoprocessing

of interstellar ice analod8 Other works claimed that it is not clear whether
acetaldehyde is formed on the icy surfaces of interstellar grains or through gas
phase reactiorfs.

Polycyclic aromatic hydrocarbond?AHs) 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 presenceevidenced by their strong and ubiquitous -mid
infrared (midIR) emission features at 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 andrt?
commonly known as unidentified infrared (UIR) baf@i&>
These bandsanbe seenin various ISMenvironments, including reflection
nebulae, planetary nebulae, photodissociation regions, Hll regions, asymptotic
giant branch (AGB) objects, young stellar objects, active star formation
regions, diffuse interstellar regioasdexternal galaxies’® >3
The PAH hypothesislevelopedy Leger and Pugéh 1984 state¥ thatthe
mid-IR fluorescence emission bands restdim the excitation of gaphase
PAH molecules by energetic ultraviolet (UV) photons from young &afs>
The broad features of the rrlig bands have beesaibedto thesimultaneous
presencef a series of PAHelated speciesuch as

1 heteroatom substituted PAHSor examplein the case of PANH®ne

or more carbon atoms are replaced with nitrogen atGi%s®’
1 PAH-metal complexesMetal is placed either below or above the
aromaticcarbonrings skeleton 26 °°

. PAH oligomers, such as dimers or triméfs!

1 mixture of PAHsof differentsize;

f mixture of aromatic and aliphattomponentsatio 6% ¢°
PAHs are commonlythoughtto be produced inthe circumstellar shells and
outflows of latetype carba stars including AGB starsyia gasphase radical
reactionsinvolving the polymerizatiorof acetylené® Neverthelessii T o p
downo c | e av amg eonsiderexhs tanother possible formation
pathways.
Smaller size PAHs, ranging from 10 (naphthalene) to 24 carbon atoms

(coronene) are also founal atleast 20 carbonaceous chondrites (CE&$}
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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 (D K) andbeing
incorporated in the interstellawaterrich icy grains mantles. M-IR
absorption features in the spectrh stars embedded withidense clouds
emphasize the occurrence of PAHSs in these &S,

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
envel ope, thus ¢10@H)tanditignsAs thetenipérdiuvet 6 6
gradually increases, the frozen molecules in grain mantles acquire mobility and
the desorption into the gas phase may otieermally.

PAHs may play an active role at this stagenducting tahe formation of a

set of PAHrelated molecules and/or fragments to be released in the gas phase,
which may contribute to the high chemical diversitySM.

Polycyclic aromatic nitrogen heterocycles (PANHs&hich can be
formally derived from PAHs by replacing a methylidyne (CH) moieity an
isoelectronic nitrogen atom (N), are also supposed to be present in the ISM
The interest in this class of molecules derives fromhilgl abundance of
nitrogenated compounds in the ISM and on different celestial bddok=ed
nitrogencontaining aromatic heterocycles, such as nucleobases, have been
detected on comets and meteorites and many small building blocksasuch
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 (GHsCN), 2l-cyancl,3
cyclopentadiene ((E16CN), and 1 and 2cyanenaphthalene (GH7CN) have
alsobeen detected in a cold molecular cl&%&
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The photeprocessing of interstellar icy mantles through Jemergy
cosmic ray$? X-ray 24 and U\?® photons irradiation, is another aspect to take
into account.

In particular, UV radiatios areresponsible fothechemical evolution in space
promoting photochemical reactions on surfaces of dust grains. Laboratory
experiments simulatintpethermal and energetic processing of interstellar ice
analogieshowed how new molecules, radicals and fragments are produced by
the ice photoprocessirf§ °*

The photeprocessing can take place in different protostellar regions, around
young stellar object$®® or in the outer regions of the circumstellar
environments, where there are UV photons scattered by dust in the bipolar
outflow cavities around protostat&>®

In 2018 Taha et ateported on the observation of the emission of Pitke

disk around the Herbig star HD 1792%8Jsing 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, Moz Caro et af/ calculated that at 100 AU from

the central star in a disk of the T Tauri phase with a UV field of intensify 10
phot oisechA’and for a UVcrosssection of 18 cn?, a molecule
absorbs about 1 UV photon per week inside the ice mantle, enough to convert
~10% of the carbon in the ice intGOMs;

moreover, relatively high abundances of iCQMsich as acetonitriland
acetaldehydeand PAHsare observed in photeshominated regions (PDRS)

and in the UVexposed atmospheres of plaf@ming disks?®
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In this context, laboratory studies are crucial to study the evolution and
preservation of processed complaerganicmolecules in harsh astronomical
environments.

In this Chapter we will discuss abotite results obtained frortine phote
processing and thermal desorptexperiments carried out aces made upf
acetaldayde acetonitrile, NAPH and QUIN, these two latter selected as

representative moleculestbie PAHs and PANHs family (chemical structures

in Figure 3.
o)
~
| H,C—C=N
= H,C H
N
Quinoline Naphthalene  Acetonitrile Acetaldehyde

Figure 2 |Chemical structures of investigated molecules.

The main focus of this research line is to shed niigte 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 mineal 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 influenceéikerption of molecules
so that grainmolecule 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 mixture of selected moleculesiere prepared in thprechamber
following the partial pressures and were deposited through a valve system
inside the UHV chamber amnsmooth nickgblatecooled at 11 Kcold finge).

The condensation of the gas mixtures could occur also on mineral grains with
a size smaller than&m, such as olivine, deposed on the cold finger.

The UHV chamber was equipped widbadrupole mass spectromei@MS)
andwith a Xenon lamp (wavelength rang@0- 300nm, 4-6 eV) thatsimulate

the radiation of solalike stars. The UV radiation emitted blye lamp was
collimated through an optical system towards an optfibal focused on the

cold finger.

After condensation, the sample was heatitld a linear temperature ramps

the cold finger warmed, the condensed molecules desorbed, entered the mass
spectrometewhere wereaiscriminated by theim/z value

The composition of the desorbed gas monitored by mass analysis was
monitored in the mass range3@0 a.m.u. by varying the temperature with the
time according to a temperatepeogrammed desorption (TPD) cunkeor a

given mass, the TPD was analyzed by usiegPolanyiWigner equation

. Q— 0 S 31.1
| Oy Q o— 0
The TPD technique is verpowerful in investigaing the desorption
process of organic molecules from the surface of dust graims TPD
technique allows to obtain useful parameters including thermal desorption
temperatures and energies.
Up to now, TPDexperiments have been carried out mainly from graphite and

amorphous water ice surfac&st
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Temperature and
pressure controllers

Ultrahigh vacuum (UHV)
chamber (P ~ 6.68 - 1071 mbar)

Figure 3 | Experimental setup for TPD and mass spetieasurements.

Molecules can interact on the mineral surface by means of Van der-iikaals
forces and dipolelipole interactions, as demonstrated through vibrational
spectroscopic methods such as infrared and Raman spectré$copy

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 a@atogples is
quite straightforward. There is evidence of silicates from comets, observed
from both ground observatiod1% and from space mission®%7 to
protoplanetary disk¥8112 Sjlicates were also found in the cometary coma of
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Hale Bopp:®in circumstellar envelopes around young stdend in evolved

stars and planetary nebufdé.

Olivine is an isomorphic mixture of forsterite (MRJOs) and fayalite
(FeSiOs). In our experimerg, we used olivine made up of 80% forsterite and
20% fayalite.

Forsterite is thenagnesiunrich endmember of the olivine group and is one

of the most abundant silicate minerals in the Solar System. It has been found
in meteorites!® cometary dust!® and in protoplanetary disk’ Furthermore,
Mg-containingminerals are important because magnessusapposed tbave
played &ey rolein prebiotic geochemistry.

Fayalite, the iron endhember of the olivine group, was found in the
interstellar medium and meteor#¢.

Olivine is one of the most common silicatainsin space: through IRAS low
resolution spectra, olivine dust was detectech @mmon material in the
circumstellar disks or/and shells of Herldig/Be star§'® and around T Tauri
stars'?® More recently, the midhfrared spectrum obtained through Spitzer
Space Telescope revealed the presence of crystalline silicate in a cold, infalling
protostellar envelope of the Orion A protostar HGF832! Protostar EX Lupi

is the prototype of EXORSs like objects, that are similar to FUORs objects
mentioned aboveut 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. Abrah&tral*??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,FeSiOs). The effects of UVirradiation on the ice

mixtures verealso investigated to disclose possible phmtocesses.
The work reported in this Chaptenas been carried out #AF Arcetri

Astrophyscal ObservatoryFlorencé in collaboration with ProfRobert John

Brucata
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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 acetaldehyd&H;COH)/acetonitrile (CHCN)

on ice dust grains;

2) The photochemistry of naphthalene (NAPH)/quinol{@JIN) on ice

dust grains.

In both cases the ulttsigh vacuum chamber reported in Figdr&as 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 ot%@bar 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 (26B00 nm 4- 6 eV).

In theChapter ve underlined how photprocessing is one of tileechanisms
responsible for chemical evolution in space promoting photochemical
reactionsparticularly on surfaces of dust grathsit camact ascatalysts.

In this Chapter, by means ©PD experimentsarried out on thece mixtures

of acetaldehyd, acetonitrile naphthalene and quinolifeom micrometric
grains of olivine, we studiedirst how solidphase interactions between
molecules and grain surfaces cafhiuence the desorption process and, hence,
the presence and abundancemmfiecular species in the gas phabeen, by
applying a flux of UV radiations, we have investigated the possible
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mechanisms of formationof complex moleculesidentified by mass

spectometricanalysis.

Figure 4 | Experimental setup used for in situ Uvadiation experiments

3.2.1 Photeprocessing and thermal desorption of acetaldehyde and

acetonitrile on ice dust grains

The photeprocessing of acetonitrile and acetaldehyde ice migthyeUV
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 GEN:CH:COH:HO (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 K within the UHV chamber (P~ 6.68*10
10 mbar). In such a composition the ice will simulate the astrophysical
environment of the stébrming regions where water is the most akamtdce
component. For comparative purposes, the same analyses were also carried out
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on monolayers of pur€HsCOH, pure CHCN and of the binary mixture of
CH3CN:CH3zCOH (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 ieeen performed by matching with the data

reported in the NIST Web Book and on the basis of literature data.

3.2.11 Pure acetaldehyde ice

Figure5 shows the TPD curves of acetaldehyaiézéd4) desorbed from
the bare cold finger in the nomadiated case (blue line) aadter8 hours of

UV irradiation (purple line).
CHSCOH no dust

4500 /2 44
—m/z
4000 T=104.0K ::1-/‘:’ ‘:: IRR
3500 --P-W fit 1
--P-W fit 2
- 3000
o
» 2500 TK Ed/K, (K)
..E 2000 3 NO IRR 104.0 (3.137 + 0.003) - 10°
g M, T=114.0K IRR 1 104.0 (2.23+£0.13)- 103
© 1500 ) IRR 2 114.0 (24+04)-10°
1000
500
0 bt - ettt e Byt A ey A ALt oo
50 250 300

T(K)
Figure 5| TPD curves of CBCOH (44m/2 before (blue line) and after

(purple line) 8 hours of UV irradiation.
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The TPD curves were fitted with different PolaiWigner equations.
When no irradiation was performed, a single peaktered at 104 K (4500
counts per second (c/s)) and associated with a binding energ\KeE3137
K, was detecteéh good agreement with previously obtained restiftAfter
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 peakHit4 K (binding energy of 2400 K).
Mass spectra of desorbed acetaldehyde were registerechivizth&00 range.
Selected data collected in the-928 K temperature range are reported in
Figure 6 and summarized in Table 1. In this latter, the main peaks detected
during the thermal desorption 6GH:COH from the bare cold finger and from
the olivine grains with or without UV irradiatiomere 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 arourmdz15, 29, and 46. (Figure @ 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 methy) @td formyl
(HCO) radicals, m/z 16 relative to methane ¢Hnd m/z 46 relative to
formic acid (HCOOH)(Figure 6, red bars) This effect provedo be more
evident in the case of acetaldehyde ice deposited on olivine grains (6®)ure
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 p0H3COH deposed on bare cold
finger or on olivine grains with or without UV irradiation. Only main clusters
aroundm/z15, 29, 44 and the most significant peaks aloia50 are reported.

Among these, only values with an intensity of at least 60 c/s areedport

m/z Peak Intensity (c/s) m/z| Peak Intensity (c/s)
CHsCOH?
Bare finger  Olivine grains Bare finger Olivine grains
NO UV UV NO UV UV NO UV UV NOUV uv

15 |6 A1 08 A1 (8 A1 01 A%142 |2 A1 02 A*%12 A% 02 A?
16 [9A% 01 A1 (1 A1 02 A“143 |9 A1 09 A48 A2 02 A?
17 1 A1 02 A% (6 A1 01 A% 44 |5 A% 03 A*%19 A% 06 A?
18 |6 A1 09 A% (2 A1 04 AL45 |2 A1 02 A13 A1 03 A4
26 LA101A1 2A1 02 A1146 [6 A106 A18 A1 01 A3
27 A 06 A% (7 A1 08 A48 |9 AL 09 A2 AL 01 A®

28 3A1 01 A1 1 A1 01 A4[B0 |- 3 A5 A1 05 A?
29 [1 A1 01 A®1 (2 A1 02 A*162 |- -- 2 A% 0--
30 |- - 9 A2 02 A[65 |- - 6 A% 0 --
31 |- 2 A% (9 A1 02 A48 |- - 1A% 0 --
32 |- 4 A1 (4 A2 07 Aafg2 |- -- 1A% 0 --

2 Data refer to compounds desorbed in the temperature rantjz89%;

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 :&FHO bond (bond
dissociation energy = 3.2 eldr the reactiorCHs-CH O Y 3+C0HO) and
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resulting in the formation of the methyl (GHn/z15) and formyl (HCOm/z
29) radicals.
The first one may undergo hydrogen addition, resultingaéthane (Ck m/z

16) formation, whereas the second one may undergo hydrogen addition,

resulting in the formation of formaldehydexEO, m/z29), or can recombine

with the hydroxyl radicals generated by the photodissociation of water forming

formic acid (HCOOHmM/z46). In any case, no significant signal was observed

beyondm/z50.
A CH;CHO no dust 92K<T<138K
"CH; +— CH,CHO 120000
80000 CH,CHO ‘CHO
100000 H,Co
HCOOH
60000
80000
u 40
© 40000 © 60000
40000
20000
CH, 20000
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10 11 12 13 14 15 16 17 18 19 20 23 24 25 26 27 28 29 30 31 32 33
m/z m/z
CH;(OH),
80000 80
HCOOH
60000 60
L )
[ ]
40000 40
*HCO,
20000 20
Y 0

40 41 42 43 44 45 46 47 48 49 50
m/z

51 53 55 57 59 61 63 65 67 69

m/z

®WIRR

ENO IRR
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B CH;CHO olivine 92K<T<138K BIRR
199009 200000 NO IRR
[ |
90000 "CH; +——CH,CHO CH:_IC'::S *CHO
80000 2
160000 | | o
70000
60000 120000
7]
2 50000 L
40000 80000
30000
CH
20000 3 40000
10000
0 0
10 11 12 13 14 15 16 17 18 19 20 23 24 25 26 27 28 29 30 31 32 33
m/z m/z
160000 500
500
120000
HCOOH 400
» n
S 80000 S 300
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40000 . ‘ |
HCOo, 100
0 0
40 41 42 43 44 45 46 47 48 49 50 51 53 55 57 59 61 63 65 67 69
m/z m/z

Figure 6 | Expanded regions of main clusters of mass spectra registered in the

rangem/z1-70 for experiments carried out on acetaldehyde ice condensed on

the bare cold finger (panel A) or on olivine (panelBata refer to compounds

desorbed in the temperature rangel38 K. Red bars refer to experiments

carried out on irradiatedes, 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 icgeposited on bare cofcthger or on olivine grains after UV

irradiation.
UV irradiation CH 3COH ice?

m/z Elemental Proposed Bare finger Olivine

composition molecular grains

species
Name

2 H2 H2 Hydrogen (molecular)
16 CHs CHa Methane
29,15 CoH4O CH3COH Acetaldehyde
29 CH0 H.CO Formaldehydq
46, 45, CH02 HCOOH Formic acid
29
48 CH4O2 CH2(OH) Methanediol

dMass 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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CHSCN no dust

4
4.5 x10

_CHSCN 41 m/z

—44 m/z
HCN 27 m/z
CHch 40 m/z

_.CHSCN 41 m/z IRR

--44 m/z IRR
HCN 27 m/z IRR
CH20N 40 m/z IRR

c/s

200 250 300
T(K)

Figure 7 | TPD curves at 4in/z(blue curves CH3CN), 44m/z(red curves
a possible interpretatidor this 44m/zsignal is that it could be associated with
the cracking in the mass spectrometer of ethylaming-CHx-NH> which
presence could be due to acetonitrile hydrogenationjn/zQgreen curves
CH2CN), and 27m/z(yellow curves- HCN) before (continuous curves) and

after (dashed curves) 8 hours of ifkadiation.

In the latter casdour peaks centered at 124 K were clearly detected:
the more intense associated witlnavalue of 44 ascribable to dimethylamine
(CHsNHCHs) deriving from the hydrogenation of acetonitrit€®?4then the
other ones relative to acetonitrilmfz41) and to the CKHCN radical (n/z40)
and to HCN n/z27), both deriving from the fragmentation of acetonitrile.

After UV irradiation, the same four peaks associated mithd1, 44, 40, and

27 were detected but centered at a higher desorption temperature (130 K) with

respect to the neimradiated iceAlso for the acetonitrile iche mass spectra

in them/z1-300 range were recorded during the thermal desorption, both in
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the nonirradiated and irradiated casa¥e selected data in the 1380 K
temperature range (FiguB Table 3 where we observed the higher signal

intensities.

Table 3 | Mass spectra data registered for puresCHl icesdeposed on bare
cold finger or on olivine grains with or without UV irradiation. Only main
clusters arounth/z15, 29, 44 and the most significant peaks almi#b0 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)
CH3CNP
Bare finger Olivine Bare finger Olivine
grains grains
NO UV UV NO UV UV INO UV UV NO UV UV

15 L1 A2 0 1A% 03 A% 01 A%0 |6 A1 02 A%-- -

16 4 A1 0 3 A% 05A%1 01 A%41 [1 A% 04 A7 A2 (5 A%
17 BA1 0 5A% 02 A1 02 A%2 BA%L 09 A%1 A% (1 A1
18 L1 A10:2AM08A%101AM3 |4A102A%3 A% 4 A%
26 WA 0 1A% 02A101A%4 |6 A1 01 A2 A% 2 A1
27 RA210 7A102A1 01 A5 [2A21 07 A11 A% (7 A2

28 [LA1 0 3A%2 06 A2 04 A6 |- 2 A290 4 A%
29 |- 3A2 03A%05A%48 [2 A1 07 A212 A2 (2 A2
31 |- 4 A% 0-- 3 A%50 |- -- -- 1 A2
32 |- -- -- 1 A%62 |- 90 -- 1 A2
33 |- 3 A% 03 A1 03 A365 |- 65 -- 2 A2

"Data refer to compounds des8®0bld i
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B CH,CN olivine 138K<T<180K
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Figure 8| Mass spectra registered in the ramge1-70 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 insigb&éta refer to
compounds desorbed in the temperature rangel88&. Red bars refer to
experiments carried out on irradiated ices, blue bars refexgeriments

carried out on noiirradiated ices.

Main peaks detected were assigned to methane, (@K 16) and
ethane (CHCHs, m/z 28), deriving from radical recombination processes,
ethaneimine (CkCH=NH, m/z43) and dimethylamine (GNIHCHs, m/z45,
44), deriving from hydrogen addition processes, and cyanamidgCO(NlHin/z
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42), deriving from both hydrogen addition and radical recombination processes
(Figure8 and Tablet).

Table 4| Tentative assignments of the main peaks detected in the mass spectra
of acetonitrile ice depositenh the bare coldfinger or on olivine grains after

UV irradiation.

UV irradiation CH 3CN ice?
m/z Elemental Proposed Bare finger Olivine
composition molecular grains
species
Name
2 H2 H2 Hydrogen (molecular)
16 CHs CHa Methane
27 HCN HCN/HNC Hydrogen cyanide/Hydrogen
isocyanide
41 CoHsN CH3CN/CHsNC Acetonitrile/Methyl isocyanide
42 CHaN2 NH2CN Cyanamide
43 CoHsN CHsCHNH Ethaneimine
45, CoH/N CH3NHCHs Dimethylamine
44p
52 CoN2 CNCN/CNNC | Cyanogen/isocyanoge
54 CszHsN CH3CHCN Propionitrile
55 CsHsN CHs:CH2NC Ethyl isocyanide
57 CzH3NO CHsNCO Methyl isocyanate
59 CzHsNO CHsCONH; Acetamide
60, CHsN20 NH2CONH. Urea
44,
17
60, C2H4O: CHsCOOH Acetic acid
43
66 CoHoN, CNCH,CN Malononitrile |

dMass peaks have been assigned based on the mass spectra regbeed in
NIST Chemistry Web BooKRMass peak assigned based on Bulak &®al.
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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 -s@son than
acetaldehyden fact, the signals in the acetaldehyde mass spectra are higher
because a larger ionization cresection allows for the ionization of more
molecules, resulting in a larger signal. Indeed, in the case of acetonitrile, the
relative intensity ofm/z 41 peak with respect tm/z 15 is greater than the
relative intensity ofm/z 44 with respect tan/z 15 of acetaldehyde. This
evidence suggests that acetonitrile is more sttizn acetaldehydé® which
can be explained by the higher values of bond dissociation energy measured
for CHsCN,*?" as reported in the following equations:

CH»-CHO Y 3+THO ( @k 3.2eV) 3.2.1.2.1
CH»CN Y 3€HCN 0=5.2¢eV) 3.2.1.2.2
H-CH.CN Y -@NMH + H o¢=4eV) (e 3.2.1.2.3

The dissociation of acetonitrile leads to the formation methyl(@tAz 15),

cyano (CNm/z26), and cyanomethyl (GEN, m/z40) radicals. The methyl
radical can recombine with itself to forathane (CHRCHs, m/z28), or can
recombine withcyano radicals to form methyl isocyanide (DI, m/z41).

The methyl and cyano radicals can recombine with hydrogen to form methane
(CHs, m/z16), hydrogen cyanide/hydrogen isocyanide (HCN/HNC, m/z 27).
The cyano radical can recombine with itself to form cyanogen/isocyanogen
(CNCN/CNNC,m/z52) or with the cyanomethyl radical to form malononitrile
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(CNCHCN, m/z 66). Hydrogen addition can result in the formation of
ethaneimine (CECH=NH, m/z43) and dimethylamine (QNIHCHs, m/z45,

44) from acetonitrile and methyl isocyanide. By combihgdrogen addition

and radical recombination processes cyanamide@NH m/z 42) can be

formed.

3.2.1.3 Ice mixture CHCN:CH3COH (1:6)

The thermal desorption of the binaige mixture composed by
CHsCN:CHz:COH (1:6) from the bare cold finger is reported in Figlre

CH3CN:CH3COH (1:6) no dust

c/s (log scale)
— —
o o
E- [=2]

-
o
[
73

50 100 150 200

T(K)

Figure 9 | TPD curves aim/z 44 (blue curves), 41 (bordeaux curves), 29

(yellow curves), and 15 (orangeirves) before (continuous curves) and after

(dashed curves) 8 hours of UV irradiation.

_CH300H 44 m/z
—CH;, 15m/z

HCO 29 m/z
—CH,CN 41 m/z

_-CHSCN 41 m/z IRR
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HCO 29 m/z IRR
~-CH, 15m/z IRR
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The TPD curves an/z44 revealed the presence of two peaks, one at
around 100 K (the temperature of sublimation for acetaldehyde) and a second
oneat around 120 K. A peak centered at 100 K was also visible in the TPD
curves of the two acetaldehyde radicals HGZx9- yellow curves) and Cfl
(m/z15 - orange curves), while acetonitrilifz41 - bordeaux curves) had a
peak centered at 120 Khe TPD curves of theradiated 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/zrange of 1 to 300. Figud®d and Tablé summarize selected data collected
in the 92- 180 K temperature range, which covers the temperature desorption
range of both acetaldehyde and acetonitfishle 5describe the desorption of
a CHCN:CH3COH (1:6) mixture from a bare cold finger and olivine grains,

respectively.
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Table 5| Massspectra data registered for €EN:CH:COH (1:6) ice mixtures
deposed on bare cold finger or on olivine grains with or without UV irradiation.
Only main clusters around/z15, 29, 44 and the most significant peaks above
m/z50 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:CH3sCOH (1:6)°

Bare finger Olivine grains Bare finger  Olivine grains
NO UV UV NO UV uVv [NOUV UV NO UV
uv

15 A1 02 A1 5A%1 01 AL40 M AL CLAM1A212A3O0
16 PAANC3AM7 AN 02A1141 A% BA13A213A%0
17 BA% 01 A7 A2 02A%142 |6 A1 06 A1 1A% 8A%0
18 L A1 05 A1 3 A% 07 A143 R A% 01 A1 1A% 1A%0
26 1AM 03 A15A% 02A1144 DA C1AL3ANL2AO0
27 BA% 02A14 A% 07 AL45 P AM GBAM9AN 1AM
28 BA1 03A15A% 01 AMK6 |6 A1CLAL3AU5A10
29 L A1 (3A%18AM 01LAMK8 [BA1 C2AL4AM 7 A1 O
30 BA22 08 AZ13 A2 07 A0 3. ’/S5A21AA2A40

31 1 A% 04 A% 1A% 02 A%L|62 |- - -- 2A20
32 B A% 01 A% 2 A% 06 A2L|65 |- -- -- 2A20
33 b A% 06 A1 A4 03 A% |82 |- -- -- 90

¢ Data refer to compounds desorbed in the temperature rantg092
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Figure 10 | Mass spectra registered in the ramgi 1-70 for experiments
carried out on CECN: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 ranf@092

K. Red bars refer to experiments carried out on irradiated ices, blue bars refer

to experiments carried out on noradiated ices.

The mass spectra recorded after UV irradiation of the
CHsCN:CH:COH (1:6) ice mixture revealed a combination of pure ice results,
with main peaks found in four clusters aroumtt 15, 29, 44, and 60.

The number of compounds tentatively assigned to the peaks detected in the
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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
processegTable 6) This is the case, for example, of formamide (HCQNH
m/z45), methyl isocyanate (C#NCO, m/z57), acetamide (C}CONH,, m/z

59), and urea (N)CONH,, m/z60).

3.2.1.4Ice mixture CH3CN:CH3COH:H20 (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 acetaldehydeaaatbnitrile, respective{#812°
we decided to investigate also the icy ternary mixture constituted by
CH3CN:CH3COH:H20 (1:1:3),

In Figure 11 and Table/, the data relative to the mass spectra registered
during the thermal desorption at temperatures ranging from 138 to 22® K
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/z17 and 18 assigned to OH radicals an®H
In the case of the bare finger, the cluster of peaks in the 33 28oved to
be less intense in the case of UV photoirradiation, whereas higher peaks were
detected in the m/z 480. The situation wagompletely opposite when
analyzing the mass spectra on olivine grains.

Worthy of note are the assignments to the following peaks: hydrogen
cyanide(27 m/2, ethang30m/2, methano(32m/2, hydroxylaming33m/2,
formamide(45 m/2, formic acid(46 m/2, cyanamid€42 m/2.
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Table 6 | Tentativeassignments of the main peaks detected in the mass spectra
of CHsCN:CHsCOH (1:6) ice mixture deposited on bare cdidger or on

olivine grains after UV irradiation.

UV irradiation CH 3CN:CH3COH (1:6) ice mixture?
m/z  Elemental Proposed Bare Olivine grains
composition molecular finger
species Name
2 H2 H2 Hydrogen (molecular)
16 CHs CHs Methane
27 HCN HCN/HNC Hydrogen cyanide/hydrogen
isocyanide
28 CoHe CHsCHs3 Ethane
CO CO Carbon monoxide
29, CyHsO CH:COH Acetaldehyde
15
29 CH0 H2CO Formaldehyde
31 CoHeO CHsCH2OH Ethanol
32 CH.O CHsOH Methanol |
41 C2HsN CHsCN/CHs Acetonitrile/Methyl isocyanide
NC
42 CHaN2 NH2CN Cyanamide
43  CyHsN CHsCHNH Ethaneimine
45, CoH7N CHsNHCHs Dimethylamine
44p
45 CH:NO HCONH; Formamide
46, CH02 HCOOH Formic acid
45,
29
48  CH40O2 CH2(OH) Methandiol
52 C2N2 CNCN/CNN Cyanogen/Isocyanog!
C n
54 CsHsN CH3CH.CN Propionitrile
55  CsHsN CHsCH2NC Ethyl
isocyanid
e
57 C2oHsNO CHsNCO Methyl isocyanate
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59, CoHsNO CHsCONH, Acetamide

44 CHNHCHO N-methylformamide
60, CHsN2O NH2CONH, Urea

44,  CoH4O2 CHsCOOH Acetic acid

17

60,

43

66 CsHoN2 CNCHCN Malononitrile

®Mass peaks have been assigned based on the mass spectra reported in the
NIST Chemistry Web BooK¥Mass peak assigned based on Bulakl.&°

In the case of olivine grains, the peaks detected imia&0-60 range
are more intense, implying that the mineral may play a role in promoting the
recombination of radicals formed after UV irradiatidh.clear example is
given by the signam/z 65, due to the loss of a hydrogen atom by the
malononitrile  CNCHCN, m/z 66. This molecule is the result of the
recombination of the radicals GEIN (m/z40) and CN in/z 26) due to the
photodissociation of acetonitrile.

Overall, from the results obtainedcomplete picture of the complex
sequence of processes that occur as a result of the combined action of UV
irradiation and olivine grains in the GEIN:CH;COH:H20 (1:1:3) ice mixture
is reported in Figure 1Despite its complexity, the schemlearly shows that
the following processes are involved in the UV photoprocessing of the
CH3CN:CHCOH:H20 (1:1:3) ice mixture: 1) bond dissociation; radical
recombination; 3) hydrogen addition; and 4) isomerizatiogure 12 shows
that, besides the plethora of compounds previously reported in &atrid
deriving from the reactivity of the pure acetaldehyde and acetonitrile, in the
case of the UV irradiation of G&N:CH3COH:H0 (1:1:3) ice mixture we

can observe the formation of quite intense peaksidgrirom recombination
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processes involving the hydroxyl radical: methanol {CH, m/z 32),
hydroxylamine (NHOH, m/z33) and acetic acid (G&O0OH, m/z60).

Table 7 | Mass spectra data registered forsCN:CH3COH:H>0O (1:1:3) ice
mixtures deposed on bare cold finger or on olivine grains with or without UV
irradiation. Only main clusters aroundz15, 29, 44 and the most significant
peaks aboven/z50 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 20 (1:1:3)
Bare finger Olivine grains Bare finger Olivine grains

NO UV UV  NO UV UV NO UV UV  NO UV uVv
15 P A1 09 A% 8 A2 01 A3L YO |- 2 A1 3 A2 03 A1
16 P A% 03 A% 3 A2 01 A2 41 |2 A1 05 A2 4 A% 05 A%
17 BAM 04 A1 1A% 07 A2L42 |4 A1 01 A% 1 A% 09 A2
18 [L A% 02 A%1 7 A1 03 A1 43 |3 A1 09 A4 2 AA 0--
26 P A% 04 A1 2 A2 04 A2 4 |5 A% 01 A% 2 A% 02 AZL
27 B A% 04 A2 2 A1 03 A1 U5 |2 A2 02 A1 2 A% 03 A4
28 ¥ A% 03 A% 7 A1 02 AL P66 |4 A2 08 A2 5 A% 05 AA
29 PAM1 02AYM 1A% 02 A1 P8 |4 A2 07 A2 7 A2 02 AA
30 |- -- -- -- 62 |- -- -- 90
31 B A% 02 A% -- - 65 |- - -- 1A%
32 B A% 04 A1 1A% 01 A1 BL |- 1A%20
33 YA 03 A1 1 A1 02 A1 B2 |- 3A10

d Data refer to compounds desorbed in the temperature rangg2038.
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Figure 11 | Mass spectra registered in the ramgi 1-70 for experiments
carried out onCH3CN:CH3COH:H20 (1:1:3 ice mixture condensed on the
bare cold finger (panel A) or on olivine (panel Bata refer to compounds
desorbed in the temperature range-238 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-ivcadiated ices.

Methanol, as shown in the figure, is produced by the recombination of
hydroxyl OH and the radical GHwhich 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 N4 which is supplied by acetonitrile via

hydrogen addition reactions and photodissociatidime formation of
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hydroxylamine is of particular interest due to its potential role as amino acid
precursorlt was discovered in the interstellar medium for the first titie

2020 and has yet to be discovered in hot corinos and low mass profdstars
However, we can infer its presendeom our experimentsn starforming
regions beaten by UV photoirsthe presence @icetonitrile and silicates.

The amount of D relative to other species in interstellar ices is much higher
than the 1:1:3 ratio used in our experiments: through spectroscopic
investigations, CECN has been detected in more than 10 comets and its
molecular abundance relative to water is 0.0%%ayhile the molecular
abundance of acetaldehyde relative to water in comet Lovejoy is'@?183.
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 spacesem though the abundance of water is thousands of

times greater than that of molecules like acetonitrile.

The majority of the reaction pathways depicted in Figl@ehave
previously been reported in the literature for UV photoprocessing experiments
on pure acetonitrile ice, G&N:H20 andCHsCOH:H20 ice mixtures. As a
matter of fact, formaldehyden(z30 H.CO), methanolr/z32 CHOH) and
acetic acidfn/z60 CHBCOOH) have been previously detected by Kleimeier et
al.'*> whereas methane (m/16 CHi), hydrogen (iso)cyanideny(z 27
HCN/HNC), hydroxylamine ro/z 33 NHOH), ethaneimine n/z 42
CHsCHNH), ethylamine f/z 45 CHCH:NH), (iso)cyanogen nf/z 52
CNCN/CNNC), 2propenitrile (n/z54 CHCHCN) and ethyl isocyaniden(z
55 CHCH:NC) have been reported by Bulak et'at.
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[ CHyNHCH, || CH.NC | CH,CHNH
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Isomerization CH,OHCHO
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Yellow box: starting compounds |CH20H ]_’| (CH,0H), ]
Violet box: radical intermediates

White box: molecules identified by MS analysis

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 GBN:CH3COH:H20 (1:1:3) ice mixture on

olivine grains.

What emerges for the first time from UV photoprocessing of the ternary
ice mixture CHCN:CHsCOH:H2O (1:1:3) is that, despite the presence of
water, crosgsecombination 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
(HCONH, m/z44), acetamide (C#CONHz, m/z45) and urea (NFCONH,,
m/z60), as shown in FigurE2. 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 CHsCN:CHsCOH:H20 (1:1:3) ice mixture deposited on bare cblger or

on olivine grains after UV irradiation.

UV irradiation CH 3CN:CH3COH:H 20 (1:1:3) ice mixture?
m/z Elemental  Proposed molecular | Bare finger | Olivine grains
composition species
Name
2 H2 H2 Hydrogen (molecular)
16 CHs CHa Methane
18 H20 H20 Water
27 HCN HCN/HNC Hydrogen cyanide/Hydrogen
isocyanide
28 CoHe CH3CH3 Ethane
CO CO Carbon
monoxide
29, CoH4O CHsCOH Acetaldehyde
15
29 CH0 H.CO Formaldehyde
32 CH4O CHzOH Methanol
33 NH30 NH20H Hydroxylamine
41 CoHsN CH:CN/CHNC Acetonitrile/methyl isocyanidg
42 CHaN2 NH2CN Cyanamide
43  CoHsN CHsCHNH Ethaneimine
CNOH HNCO/HOCN/HCNO| Cyanic
acid/Isocyania
acid/Fulminic
acid
45, CoH7N CH3NHCHs Dimethylamine
44p
45 CHsNO HCONH: Formamide
46, CH202 HCOOH Formic acid
45,
29
48  CH.O: CH2z(OH)2 Methanediol
52 C2N2 CNCN/CNNC Cyanogen/isocyanogen
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53  CgHsN CH.CHCN 2-Propenitrile |
55 CsHsN CHsCH2NC Ethyl isocyanide
57 C2HsNO CH3sNCO Methyl
isocyanate
58 CoH202 CHOCHO Glyoxal
59, CoHsNO CH:CONH; Acetamide
44 CH3NHCHO N-methyl
formamide
60, CH4N20 NH2CONH. Urea
44, CoH4O2 CHsCOOH Acetic acid
17
60,
43
66 CsH2N2 CNCH2CN Malononitrile

%Mass peaks have been assigned based on the mass spectra reported in the
NIST Chemistry Web BooRMass peak assigned based on Bulak étal.

3.2.2 Photeprocessing and thermal desorption of naphthalene and

quinoline on ice dust grains

3.2.2.1 TPD measurements of naphthalene and quinolinen ice dust
grains

To investigate the thermal desorption processes of NAPH and QUIN when
deposed as water ice on micrometric grains of silicates1:10000 gas
mixtures with water were prepared in tipeechamber anthen deposethside
the UHV chamber on the cold finger of the cryostatn olivine grainsit 11K.
In Figures13-14the TPD curves relative to NAPIh(z128), QUIN (/z129)
and waterf)/z18) after the thermal treatment of the ices when deposed on the
cold finger (blue traces) or on the olivine grains (red traaesyeportedBy

means of the fitting of the curves with thelanyiWigner equationit has been
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possible to obtain the desorption temperatiigg dnd energy value&¢/Ky);

the data are reported in TalSle

As expected, the curves reported in FigliBeindicate thatthe desorption

process istrongly influenced by the nature of the substrate on which the ice is

deposedindeed, if the desorption of molecules occurred directly from the cold

finger of the cryostabr 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, (f i t E; /. K Tyt Ej/ K
( K) ( K) ( K) ( K)
HO with| 166.40N0 . (212N 0. 0°{156.6F1( 2. 989 N3
NAPH or 1685N 0 (3.154N 0. 08
QUIN
Pure HO | 141.2 (3.80+ 0.01) 10° | 128.5 (3.56 + 0.02) 10°
166.4 (4.04 +0.06) 10°
Mixture NAPH:H 20
NAPH 219.70+0.15 (6.0+0.8)*16 |[1429+0.7 (3.996N 0. 0 %
Mixture QUIN:H 20
QUIN 176.5K(3.3 N2®O01749N 0 (39N 0. 38)

186.3N0.9 (5.158N 0. 0 %
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