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RESUME (FR)

L'absence de symétrie aussi appelée asymétrie est très présente dans la nature. On la voit sous différentes formes comme la violation de parité dans les interactions faibles, l'asymétrie biologiques chez les crabes violonistes ou la sélection d'énantiomères spécifiques dans la constitution des biomolécules. Cette dernière porte le nom d'homochiralité de la vie : les acides aminés et les acides nucléiques, les molécules chirales qui constituent les briques élémentaires des protéines et du matériel génétique, n'existent dans le monde vivant que sous une seule forme énantiomérique.

Depuis la découverte de la chiralité moléculaire par Pasteur il y a plus de 150 ans, l'origine de l'homochiralité de la vie reste un mystère non résolu et troublant, qui remonte probablement à l'origine de la vie elle-même. Cette énigme a récemment été recensée dans Nature comme étant l'une des cinq plus grandes énigmes non résolues par la science.

Aujourd'hui il existe deux façons d'aborder le problème de l'origine de l'asymétrie moléculaire impliquant des scénarios soit déterministes soit aléatoires. Ces derniers étant basés sur la résolution spontanée des énantiomères, et sont donc impossible à tester. En revanche, les théories déterministes peuvent être confrontées à l'expérience afin notamment de valider la reproductibilité de leur influence chirale.

Parmi les scénarios déterministes, figurent ceux basés sur des processus asymétriques induits par la lumière, mettant en jeu l'interaction de la lumière polarisée circulairement (LPC) ayant des propriétés de reconnaissance chirale. En effet, des sources astronomiques de LPC ont effectivement été identifiées, notamment dans des régions de formations d'étoiles lourdes. De plus des acides aminés d'origine extraterrestre ont étés découverts dans des météorites carbonées avec des excès énantiomériques compatibles avec l'origine extraterrestre de l'asymétrie moléculaire.

Le présent manuscrit est une synthèse bibliographique et expérimentale mettant en évidence les interactions de la LPC avec des molécules chirales dans le cadre de l'origine de l'homochiralité de la vie. Ces travaux ont pour but de mieux comprendre les propriétés chiroptiques de molécules chirales ainsi que de déterminer les espèces chirales susceptibles d'être présentes dans la glace cométaire.

Le manuscrit comporte quatre parties. Dans un premier temps je présente une étude bibliographique. Puis, sont décrites les méthodes analytiques utilisées dans le cadre de ma thèse. Ensuite, j'aborde le thème de la détection de molécules prébiotiques des analogues de glace interstellaire. Enfin je propose une étude sur les aspects analytiques du dichroïsme circulaire de photoélectrons.

L'étude bibliographique introduit la problématique de la thèse et donne un bref aperçu des travaux déjà effectués dans ce domaine. Un scénario photochimique pour l'origine de l'homochiralité est proposé dans ce chapitre. Dans le premier article, les molécules d'origine extraterrestre déjà détectées avec un excès énantiomérique ont été groupées dans un tableau accompagné d'une discussion sur la pertinence des résultats déjà publiés. Parmi eux, les acides aminés α-methylés xii RESUME (e.g. isovaline) présentent la plus grande asymétrie, qui peut aller jusqu'à 18% d'excès énantiomérique. Après une disscusion sur la détection des molécules météoritiques, les molécules prébiotiques formées dans la glace interstellaire artificielle sont décrites. Également le modèle de Greenberg de la formation de la glace interstellaire est présenté suivi d'une illustration explicative. Comme les molécules chirales, telles queles acides aminés, peuvent être formées par simulation de glace cométaire, l'article décrit les expériences d'induction d'asymétrie dans ce typede précurseurs. Ensuite la brisure de symétrie est étudiée comme produit i) des forces chirales, ii) de la violation de parité, et iii) de transitions de phases. Les avantages et les inconvénients de chaque théorie sont soulignés dans ce chapitre. Selon ces hypothèses, l'obtention d'un composé énantiopur impose que la brisure de symétrie initiale soit toujours suivie par l'amplification de cet excès énantiomérique, dont le principe est décrit dans cette partie. Finalement toutes les informations présentées sont mises en perspectives dans le contexte de la mission Rosetta, la première mission spatiale conçue pour les analyses in-situ d'un noyau cométaire.

Le deuxième article de cette étude bibliographique s'intéresse principalement aux propriétés chiroptiques des molécules chirales et aux méthodes spectroscopiques qui permettent de les étudier. Tout d'abord le concept de fausse et de vraie chiralité est introduit. Il s'en suit une discussion sur les forces chirales parmi lesquelles la LPC, le champ magnétique colinéaire avec le vecteur de propagation d'un faisceau lumineux, et les électrons polarisés en spin. Comme la LPC est très présente dans l'espace et qu'elle est le seul object capable d'induire un enrichissement énantiomérique significatif, les autres processus d'induction chirale sont omis dans la discussion qui suit. L'article explique en détail le principe de la spectroscopie de dichroisme circulaire (CD) ainsi que la conception des instruments correspondants. Les spectres de CD d'acides aminés publiés précédemment ont été réunis dans ce chapitre, où ils ont été placés dans le contexte de la photolyse asymétrique. Pourtant l'information déduite de ces spectres n'est pas suffisante pour prédire un excès énantiomérique induit par la LPC à une longueur d'onde donnée. Ceci requiert en effet le passage de la spectroscopie dedichroisme circulaire à la spectroscopie d'anisotropie qui nous prermet d'obtenir des mesures quantitatives. Le spectre d'anisoptropie est obtenu en divisant le coefficient d'extinction différentiel enregistré pendant les mesures de CD par le coefficient d'extinction moyen enregistré au cours des mesures d'absorption. Plusieurs spectres d'anisotropie d'acides aminés sont présentés dans cette étude bibliographique. Les valeurs d'enrichissement énantiomérique obtenu ont été ensuite corrélées aux expériences de photolyse asymétrique précédemment effectuées. Les propriétés chiroptiques des molécules chirales prébiotiques autres que les acides aminés sont aussi décrites de façon approfondie.

Le chapitre intitulé "Méthodes analytiques" présente un travail sur une procédure analytique perfectionnée pour la résolution et la quantification des énantiomères d'acides aminés par chromatographie en phase gazeuse multidimensionnelle. La protocole consiste en une étape de dérivatisation, par lesquels des acides aminés ont été transformés en N(O,S)-ethoxycarbonylheptafluorobutyl esther. Cette étape a été optimisée pour la résolution d'acides aminés non protéique-dans la matrice d'échantillons complexes d'origine extraterrestre. La procédure s'est avérée être très sensible et présente un large domaine de linéarité avec des limites de détection de l'ordre 0.005-3 pmol pour des mesures quantitatives. La procédure mise au point a été testée sur un échantillon de la météorite Murchison, pour lesquels les chromatogrammes obtenus montrent une excellente résolution, avec un minimum de co-élution. Finalement, nous avons conclu que la chromatographie en phase gazeuse bidimensionnelle est une technique très appropriée pour l'analyse d'échantillons présents en faible quantité et contenant des molécules potentiellement prébiotiques, comme dans des analogues de glace cométaire et météoritique.

Le chapitre surla chimie prébiotique des analogues de glace interstellaire est composé de deux articles. L'intérêt scientifique pour les analogues de glaces vient du fait qu'ils pourraient être sans doute être considérés comme une simulation de la matière cométaire qui serait ensuite tombée sur les planètes telluriques primitives, enrichissant celles-ci avec des composés organiques complexes. Le premier article de la troisième partie de ce manuscrit porte sur la détection d'une nouvelle famille de molécules d'intérêt prébiotique dans la glace cométaire simuléeen laboratoire. L'utilisation de la chromatographie en phase gazeuse multidimensionnelle couplée à la spectrométrie de masse à temps de vol, a permis la détection de 10 aldéhydes, y compris le glycolaldéhyde et glycéraldéhydes -deux espèces considérées comme les intermédiaires clés de la chimie prébiotique intervenant dans les premières étapes de la synthèse de ribonucléotides. La présence d'ammoniaque dans des glaces produites avec un mélange d'eau et de méthanol apparaît comme essentielle pour la formation et/ou la détection de ces aldéhydes dans le résidu organique réfractaire à température ambiante, bien que ces produits soient exempts d'azote. Enfin l'importance de la détection des aldéhydes et des sucres dans des environnements extraterrestres est soulignée. Les molécules présentes dans la phase gazeuse de nuages moléculaires chauds ainsi que dans les comètes et les météorites primitives ont été le plus probablement apportées sur Terre lors du grand bombardement d'il y a 4,2 milliards d'années.

La suite de ce travail de recherche de nouvelles espèces moléculaires est présentée dans le deuxième article du chapitre "La chimie prébiotique des analogues de glace interstellaire". Cette fois-ci le ribose, une des briques élémentaires de l'ARN, a été détectée dans des résidus organiques d'analogues de glaces interstellaires initialement composées de H2O, CH3OH et NH3. Hormis le ribose, un grand nombre d'aldopentoses aété détecté également dans un même résidu. Ces résultats suggèrent que la synthèsede nombreuses molécules de sucre, y compris le ribose, puisse être produite suite àdes processus photochimiques et thermiques sur des glaces cométaires lorsdes derniers stades de l'évolution de la nébuleuse solaire. La détection du ribose fournit des indications sur les processus chimiques qui pourraient conduire à la formation de molécules d'intérêt biologique dans des environnements planétaires.

La dernière partie de ce manuscrit est centrée sur le dichroïsme circulaire de photoélectrons (PECD), un effet chiroptique en phase gaz étudié ici sur des molécules chiralesmodèles: le camphre et la fenchone. Le PECD se manifeste par une intense asymétrie avant / arrière dans la distribution angulaire des photoélectrons xiv RESUME produits par photoionisation induite par une LPC sur des énantiomères orientés de façon aléatoire. En tant que sonde sensible à la dynamique de photoionisation ainsi qu'au potentiel moléculaire chiral, le PECD a attiré beaucoup d'intérêt, suite au développement récent d'expériences menées non plus avec du rayonnement synchrotron mais avec des lasers. Dans cette partie du manuscrit des nouvelles valeurs de mesures d'asymétries très précises sont reportées pour le camphre et la fenchone qui sont des isomères. Les valeurs ont été obtenues par l'utilisation de la LPC quasi-parfaite du rayonnement synchrotron combinée avec un spectromètre de double imagerie de photoélectrons/photoion détectés en coïncidence (i 2 PEPICO). Ces données ont en outre été normalisées par rapport à l'énantiopureté absolue de l'échantillon telle que mesurée par une technique de chromatographie en phase gazeuse bidimentionelle. Ils peuvent donc être utilisés comme données de référence pour de nouvelles expériences PECD, ainsi que pour les modèles théoriques. Au cours de cette étude, le potentiel analytique du PECD a également été évalué. Il été conclu que la technique PECD-PICO permet la corrélation des mesures de PECD avec les masses d'ions parents spécifiques, ce qui ouvre des perspectives intéressantes quant à son application pour l'analyse énantiomériques de mélanges complexes.

RESUME (EN)

The absence of symmetry also known as asymmetry is often found in nature. It can manifest itself in different forms such as a parity violation in weak interactions, as a biological asymmetry in fiddler crabs or as a selection of specific enantiomeric form for construction of biomolecules. The latest refers to the phenomenon known as homochirality: amino acids and nucleic acids, chiral molecules that form elementary building blocks of proteins and genetic material, exist in the biosphere only in one enantiomeric form.

Since the Pasteur's discovery of chirality more than 150 years ago, the origin of homochirality remains to be an unresolved mystery, which is probably linked to the origin of life-itself. This puzzle was named by the journal Nature as one of the five biggest unresolved puzzles in modern science.

Today there exist two ways to address the question of the origin of molecular homochirality. It implies either deterministic or chance scenario. The latest is based on the spontaneous resolution of enantiomers by phase transition, and in consequence, it cannot be tested. On the other hand, deterministic theories can be subjected to experimental confirmation, since if there was, in fact, a chiral influence that imposed its chirality this should in principle be reproducible.

Among the deterministic scenarios, one may find those based on the asymmetric processes induced by light. They involve interactions with circularly polarized light (CPL) which is capable of chiral recognition. Such type of light has been previously identified in several astronomical sources. Mainly it can be found in heavy star forming regions. Moreover, amino acids of extraterrestrial origin have been detected in carbonaceous meteorites with enanantiomeric excesses indicating the possible origin of molecular asymmetry to be extraterrestrial.

The presented manuscript is a synthesis of bibliographic research and experimental studies that focus on the interaction of CPL with chiral molecules which are put in the context of the origin of homochirality of life. This work is aiming to advance our understanding of chiroptical properties of chiral molecules as well as to determine chiral species susceptible to be present in cometary ice.

The manuscript consists of four chapters. At first the bibliographic overview is presented. Then, it describes analytical method implied in the current studies. Afterwards, the prebiotic chemistry of interstellar ice analogues with corresponding experiments is discussed in details. Finally, analytical properties of photoelectron circular dichroism are presented in the last chapter.

The bibliographic overview introduces the problematic of the thesis and gives a brief survey of the research that has been already conducted in this domain. The photochemical scenario for the origin of homochirality is highlighted in this chapter. In the first article, the molecules of extraterrestrial origin, previously detected with enantiomeric excess, have been grouped into a table followed by a discussion on the relevance of previously published results. Among them, α-methyleted amino acids (e.g. isovaline) show the highest degree of asymmetry which can be as high as 18% of enantiomeric excess. Shortly after discussion on meteoritic molecules, the prebiotic molecules formed in the simulated interstellar ice were described. Additionaly, the Greenberg model of the formation of inter-xvi RESUME stellar ice is presented following by explanatory illustration. Since chiral molecules such as amino acids can be formed during simulations of cometray ice, the experiences with asymmetry induction in this type of precursors have been presented as well. Afterwards, the symmetry breaking has been studied as a product of: i) chiral forces, ii) parity violation, and iii) phase transition. Flows and advantages of each theory have been highlighted in this chapter. According to the presented hypothesis, to reach the absolute enantioselectivity any symmetry breaking should be followed by amplification of enantiomeric excess the principle of which is described in this manuscript. Finally, all the presented information was put in the context of the Rosetta mission, the first space mission constructed for the systematic in-situ analysis of a cometary nucleus.

The second article of bibliographic overview is focused on the chiroptical properties of chiral molecules and spectroscopic methods to study them. First of all, the concept of false and true chirality was introduced, followed by the discussion on chiral forces, among which are CPL, magnetic field collinear with a propagating electromagnetic vector, and spin polarized electrons. As CPL is abundant in space and it is probably the only chiral driving force capable of inducing significant enantiomeric enrichment, other symmetry breaking processes were omitted in the following discussion. The article explains in details the principle of circular dichroism spectroscopy as well as it describes the corresponding equipment. Previously published CD spectra of amino acids have been presented in this chapter, where they were discussed in the context of asymmetric photochemistry. Nevertheless, information deduced from CD spectra is insufficient to predict enantiomeric enhancement induced by CPL at a given wavelength. Therefore, we pass from CD spectroscopy to anisotropy spectroscopy in the following discussion. The anisotropy spectra are obtained by dividing differential extinction coefficient recorded during CD measurements by the extinction coefficient recorded during adsorption measurements. Several anisotropy spectra of amino acids were presented in this bibliographic overview. The values of enantiomeric enrichment were then linked to the experiences on asymmetric photolysis. The chiroptical properties of chiral prebiotic molecules other then amino acids have been mentioned as well.

The chapter "Analytical methods" presents an improved analytical procedure for the resolution and quantification of amino acid enantiomers by multidimensional gas chromatography. The procedure contains a derivatization step, by which amino acids were transformed into N(O,S)-ethoxycarbonylheptafluorobutyl esters. It was optimized for the resolution of non-proteinogenic amino acids in the matrix of complex non-terrestrial samples. The procedure has proven to be highly sensitive and shows a wide linearity range with 0.005-3 pmol detection limits for quantitative determinations. The developed procedure was tested on a sample of the Murchison meteorite, for which obtained chromatograms show excellent peak resolution with minimal co-elution. Finally, it was concluded that comprehensive two dimensional chromatography is a highly suitable technique for the analysis of samples with very limited quantities and containing potentially prebiotic molecules, such as interstellar ice analogs and meteorites.

The following chapter "Prebiotic chemistry of interstellar ice analogues" is composed of two articles. The scientific interest in the cometary ice analogues comes from the fact that they can be considered as an approximation of precometary materials that will later fall on primitive telluric planets. The first article of this chapter is devoted to the discovery of a new family of prebiotic molecules in simulated interstellar ice. Multidimensional gas chromatography coupled to timeof-flight mass spectrometry, allowed the detection of 10 aldehydes, including the sugar-related glycolaldehyde and glyceraldehyde-two species considered as key prebiotic intermediates in the first steps toward the synthesis of ribonucleotides. Moreover glyceraldehyde is a chiral unit that stereodictates the prebiotic synthesis of activated pyrimidine nucleotides, and therefore might be the key to the homochirality of genetic material. The presence of ammonia in water and methanol ice mixtures appears essential for the formation and/or recovery of these aldehydes, although these products are free of nitrogen. Finally, the importance of aldehydes and sugars detection has been stated. Molecules present in the gas phase of hot molecular clouds, as well as in comets and in primitive meteorites have been most probably brought to Earth with a heavy bombardment that occurred 4.2 billion years ago.

The follow-up study of new prebiotic species in cometray ice is presented in the second article of this chapter. This time ribosethe molecular sub-unit of RNAhas been detected in the organic residue of interstellar ice analogs initially composed of H2O, CH3OH, and NH3. Apart from ribose, other aldopentoses have been as well detected in the same residue. These results suggest that the generation of numerous sugar molecules, including the ribose, may be possible from the photochemical and thermal treatment of cosmic ices in the late stages of the solar nebula. The detection of ribose provides plausible insights into the chemical processes that could lead to the formation of biologically relevant molecules in suitable planetary environments.

The last part of the manuscript is devoted to photoelectron circular dichroism (PECD), a chiroptical orbital-specific effect in the gas phase studied here on the showcases chiral molecules fenchone and camphor. Photoelectron circular dichroism (PECD) manifests itself as an intense forward/backward asymmetry in the angular distribution of photoelectrons produced by photoionization with circularly polarized light (CPL) of randomly-oriented enantiomers. As a sensitive probe of both photoionization dynamics and of the chiral molecular potential, PECD attracted much interest recently with the recent development of laser-based PECD experiments. In this part of the manuscript new and accurate values of the corresponding asymmetries of chiral camphor and fenchone were presented. These values were obtained by use of quasi-perfect CPL VUV synchrotron radiation and using a double imaging photoelectron/photoion coincidence (i 2 PEPICO) spectrometer. The data have additionally been normalized to the absolute enantiopurity of the sampleas measured by two dimensional gas chromatography. They can, therefore, be used as reference data for new PECD experiments, as well as for theoretical models. In the course of this study, we could also evaluate the analytical potential of PECD in terms of releative enantiomeric excess dtermination. It was concluded that the PECD-PICO technique allows correlating PECD measurements to specific parent ion masses, which open interest in perspectives in terms of its application to the ee analysis of complex mixture

INTRODUCTION (FR)

"Everything existing in the universe is the fruit of chance and necessity. Auparavant une autre découverte importante a été réalisée par un chimiste français. En 1847, Louis Pasteur sépare les deux formes du cristaux de tartrate et note que les solutions correspondantes font dévier la lumière polarisée soit vers la gauche, soit vers la droite. Il en déduit que les cristaux étudiés présentent deux structures géométriques différentes, dextrogyre ou lévogyre, et que la dissymétrie de la forme cristalline correspond à une dissymétrie interne de la molécule. C'était la première apparition de la notion de chiralité moléculaire, qui a abouti à la naissance du domaine de stéréochimie.

Aujourd'hui, on dit que la molécule est chirale si elle n'est pas superposable avec son image dans un miroir, autrement dit si elle ne présente aucune symétrie intrinsèque. Ces deux formes non superposables constituent un couple d'énantiomères. Souvent les molécules ayant un centre stéréogène, comme un atome de carbone lié à quatre radicaux différents, ont des propriétés chirales. Parmi eux, les constituants des protéines -les acides aminés avec un centre stéréogène en position α et aussi les composantes des acides nucléiquesribose et désoxyribose avec ces 4 carbones asymétriques. Les études de suivi ont démontré que les acides aminés et glucides naturels n'existent que sous une de leurs formes énantiomériques. La synthèse de ces molécules à partir de méthane, ammoniac, hydrogène et a été effectuée dans une fameuse expérience de Miller-Urey. Pourtant les briques moléculaires obtenues se trouvent toujours réparties en part INTRODUCTION égale entre la forme dextrogyre et lévogyre, c'est-à-dire un mélange racémique optiquement inactif. La stéréosélectivité trouvée au sien de tous les organismes vivants est un phénomène qu'on appelle aujourd'hui l'homochiralité biomoléculaire.

La question de l'origine de l'asymétrie des molécules biologiques est considérée comme étant étroitement associée au problème de l'origine de la vie elle-même. Une hypothèse séduisante pour expliquer l'origine de l'homochiralité de la vie fait appel à une irradiation intensive de précurseurs des biomolécules par une source de lumière interstellaire polarisée circulairement. La polarisation circulaire d'un rayonnement électromagnétique est une polarisation où la norme du vecteur du champ électriquene change pas, alors que son orientation change selon un mouvement de rotation. Ce type de lumière peut exister sous deux formes opposées, polarisée dans le sens horaire ou antihoraire, et présente donc un système chiral. La photolyse de mélange racémique par une source de lumière polarisée a été utilisée pour produire unexcès énantiomérique dans quelques acides aminés. Or, récemment, une forte polarisation circulaire de la lumière infrarouge a été découverte dans la nébuleuse d'Orion. Par ailleurs, la météorite de Murchison présente un surplus d'acides aminés lévogyres. L'homochiralité de la vie pourrait donc être née dans l'espace. Cependant, ce scénario suppose une photochimie asymétrique importante des molécules pour l'obtention d'un enrichissement énantiomérique significatif.

Le degré d'excès induit dépend des propriétés physico-chimiques de la matière, ces dernières peuvent être étudiées par spectroscopie de dichroïsme circulaire et par spectroscopie d'anisotropie. Ces deux techniques sont complémentaires et permettent de prédire un enrichissement énantiomérique pour l'avancement de réaction connue et longueur d'onde choisie.

Ce manuscrit inclut quelques axes de recherche qui ont été menés afin de mieux comprendre le phénomène de la photolyse asymétrique et la possible évolution chimique de molécules organiques dans l'espace. Pour examiner l'hypothèse de l'origine extraterrestre de l'homochiralité, les excès énantiomériques ont été plus précisément déterminés sur des matériaux provenant de météorites, les seuls objets d'origine interstellaire facilement accessibles sur terre. La méthode d'analyse par la chromatographie en phase gazeuse a été testée sur l'extrait de météorite de Murchison et aussi sur des glaces interstellaires simulées au laboratoire. De plus, la cote analytique de dichroïsme circulaire photoélectronique a été étudiée en utilisant un système de double imagerie photoélectron/photoion coïncidence (i 2 PEPICO) spectromètre.

INTRODUCTION (EN)

"Everything existing in the universe is the fruit of chance and necessity. Form the very beginning of its existence humanity was wondering about its origins and the origins of life itself. The searches for an answer continuing till nowadays brought us numerous mystifications and purely theological theories. The ancient philosophers like Democritus and Aristotle believed that living organisms did not have any predecessors, appeared from nowhere and evolved independently from non-living matter. One would have to wait until the XVII century to test this hypothesis and two more centuries to refute it completely. The scientific revolution started shortly afterwards with the discovery of DNA structure and decipherment of the molecular composition of polypeptides. Those two discoveries demonstrated that all living organisms were made of the same set of molecular building blocks: amino acids and nucleic acids.

Even before that another important discovery was made by a French chemist. In 1847, Louis Pasteur separated two forms of tartrate crystals and he noticed that corresponding solutions rotate the plane of polarization either in left or in the right direction. He deduced form it that crystals under the question represent two geometrically different structures, dextrorotatory and levorotatory and that dissymmetry of crystalline structure corresponds to internal dissymmetry of the molecule. This was the first notion of molecular chirality that resulted in the development of the field of stereochemistry.

Today, we say that a molecule is chiral if it is not superimposable with its image in the plane mirror, or in other words if it does not have any intrinsic symmetry. Those two non superimposable images form a pair of enantiomers. Often molecules with the stereogenic center, i.e. a carbon atom linked to four different substituents, have chiral properties. Among them building blocks of proteinsamino acids with stereogenic center at α position, as well as building blocks of nucleic acidsribose and deoxyribosewith 4 asymmetric carbons. The follow-up studies demonstrated that natural amino acids and sugars exist only in one of two possible enantiomeric forms. The synthesis of those molecules starting from methane, ammoniac, hydrogen and water has been achieved in famous experiment of Miller-Urey. Nevertheless, obtained molecular building blocks were always found as an equal mixture of two enantiomric forms, also known as an optically inactive INTRODUCTION racemic mixture. The stereoselectivity observed among the all living organisms a phenomenon known nowadays as biomolecular homochirality.

The question of the origin of the asymmetry of biomolecules is considered closely associated to the problem of the origin of life itself. An attractive hypothesis to explain the origin of life homochirality implies intensive irradiation of precursors of biomolecules by a circularly polarized interstellar light source. Circular polarization of electromagnetic radiation is a polarization where the norm of the vector of electric filed does not change while its orientation changes and describes a circle as time progresses. Such light exists in two opposite forms clockwise and anti-clockwise, and thus, represents another form of the chiral system. The photolysis of a racemic mixture by circularly polarized light was used to induce enantiomeric excess in several amino acids. Moreover, recently, strong circular polarization was discovered at the Orion Nebula. Furthermore, an excess of left-handed amino acid was detected in the Murchison meteorite. All the abovementioned discoveries indicated that the homochirality of life may have originated in space. In the meanwhile, the proposed scenario assumes an important asymetric photochemical destruction of chiral molecules to obtain significant enantiomeric enrichment.

The degree of the induced excess depends on the physico-chemical properties of the matter under the question. They can be studied by circular dichroism spectroscopy and by anisotropy spectroscopy. These two techniques are complementary as they help to predict enantiomeric excess for given extent of reaction and a chosen wavelength.

This manuscript includes several research axes that were carried out to achieve a better understanding of asymmetric photolysis and a possible chemical evolution of organic molecules in space. To examine the hypothesis of the extraterrestrial origin of homochirality, enantiomeric excesses were precisely determined in the meteoritic organic matter, as those samples are the only extraterrestrial samples easily accessible on earth. The analytical method of enantioselective analysis by gas chromatography was tested on the extracts of Murchison meteorite as well as on the interstellar ice analogues. Moreover, the analytical side of photoelectron circular dichroism was investigated by using a double imaging photoelectron/photoion coincidence (i 2 PEPICO) spectrometer.

Introduction

The ESA Rosetta mission [1], successfully launched in March 2004, has now completed its 10 year journey to comet 67P/Churyumov-Gerasimenko (67P/C-G). Contrary to its predecessor missions Giotto and Vega to comet 1P/Halley, [2] Deep-Space 1 to comet 19P/Borrelly [3], Stardust to comet 81P/Wild 2 [4], and Deep Impact to comet 9P/Tempel 1 [5], Rosetta is the first space mission designed and constructed to follow a cometary nucleus through perihelion passage and to deposit a landing unit on the cometary nucleus. The Philae lander detached from the Rosetta spacecraft on November 12, 2014 and softlanded on the surface of the cometary nucleus, the morphology and chemical composition of which is largely unknown. Philae contains the "Cometary Sampling and Composition" (COSAC) instrument, which is equipped with a chirality module for the in situ identification, separation, and quantification of organic molecules, including enantiomers, expected to be present in cometary ices. The planned analyses will provide essential information on the formation of the solar system and possibly on the origin of molecular asymmetry in biological systems [6].

Nature's selectivity in the discrimination between left and right enantiomers has fascinated scientists since Louis Pasteur's first investigations on chiral molecules. The origin of this distinctive and essential feature of homochirality, however, remains elusive. A multitude of hypotheses and speculations have been put forward during the last few decades. One possible scenario involves the photochirogenesis of small enantiomeric excesses (ee) in extraterrestrial matter, followed by the exogenous delivery of organic molecules to Earth and the amplification of the generated asymmetry to a near homochiral state. Three distinct approaches are commonly in use for the validation of this hypothesis: 1) meteorite analysis to provide information on enantiomeric enhancements of extraterrestrial origin, 2) laboratory simulations of interstellar ices to advance our understanding of asymmetric photochemical mechanisms involved in the generation of an enantiomeric excess, and 3) the ultimate step, in situ analysis of pristine cometary matter by the COSAC instrument of the Rosetta mission. Data obtained by research in these fields is expected to provide valuable insight into the origins of biomolecular homochirality.

This Minireview links the experimental simulation of interstellar ices with information obtained from the stereochemical elucidation of extraterrestrial organic matter. It will serve as a basis for the interpretation of upcoming data from the Rosetta lander and for understanding the enantiomeric enhancements detected in extraterrestrial samples and in cometary ices in particular. We give an overview of current studies on the homochirality of life as a result of the asymmetric evolution of cosmic matter and highlight existing scientific hypotheses on the source of the chiral bias in biomolecules.

Enantiomeric enhancement in meteoritic samples

Meteorites, in particular carbonaceous chondrites, are some of the oldest and most primitive solid materials. They display unique physical and chemical records of the formation of the solar system approximately 4.56 billion years ago, long before homochiral life originated on Earth. The enantiomeric enhancements observed in some meteoritic organic compounds are to date the only reference for molecular asymmetry that is not influenced by the terrestrial biosphere. Therefore, understanding of the origin of this phenomenon is crucial for solving the puzzle of biomolecular homochirality.

The stereochemistry of organic molecules in meteorites

It became apparent through the epochal experiments of Harold C. Urey and Stanley L. Miller that specific biological building blocks can be formed from a primitive reducing gas mixture of water, methane, and ammonia [7]. However, our vision of the atmosphere on early Earth has evolved since 1953, and it is now believed to have consisted mostly of carbon dioxide, nitrogen, and water. Under such conditions prebiotic molecules are produced only in trace amounts [8]. As an alternative source of prebiotic molecules, outer-space chemistry has been suggested [9]. In space, chemical reactions can take place both in the gas phase and on ice and mineral grain surfaces during the accretion phase of protoplanetary bodies. Many of the reaction products are thus incorporated into asteroids, interplanetary dust particles (IDPs), cometary ices, and other interplanetary objects. The structure of this diverse range of organic molecules depends on the environment in which they have formed.

Meteorites are asteroid remnants that survived impact on the surface of the Earth. Primitive meteorites, such as carbonaceous chondrites, are important reservoirs of a wide variety of organic compounds. Their material can be broadly described in terms of solubility in aqueous and organic solvent systems. Insoluble and soluble components make up 70 and 30% of the total carbon content, respectively. Insoluble organic matter (IOM) has a complex kerogen-like macromolecular network. Regardless of its high abundance, little is known about the molecular composition of IOM. Spectroscopic [10] and decomposition [11] studies suggest a general structure composed of aromatic-ring clusters bridged by aliphatic chains containing S, N, and O atoms, with peripheral branching and functional groups. However, this refractory material is not soluble in water, and its influence on prebiotic chemistry is disputable.

The complex distribution of soluble organic matter has been studied extensively in carbonaceous meteorites, including the Murchison and Murray meteorites. These studies revealed a series of alkyl-substituted bicyclic and tricyclic aromatic compounds [13], aliphatic compounds ranging from C1 to C7, including both saturated and unsaturated hydrocarbons [14], more than 80 amino acids (Fig. 1.1), including diamino acids [15], N-alkylated amino acids [16] and iminodiacids [17], small amounts of aldehydes and ketones up to C5 [18], a wide spectrum of carboxylic acids and hydroxycarboxylic acids [19], several nucleobases [20], and sugar acids [21]. A comprehensive overview of the organic composition of carbonaceous chondrites is provided by theme-specific review articles [22]. From the diverse array of meteoritic organic molecules, amino acids, hydroxycarboxylic acids, monocarboxylic acids, and amines have been investigated in terms of their stereochemical composition. The chirality of meteoritic amino acids is discussed in detail in Section 2. 2. Amino acids exhibit the widest range of reported ee values: from 60% D-ee for allo-isoleucine [23] to 18% L-ee for isovaline [24]. The ee value varies significantly for different amino acids, as well as for the same amino acid in different meteorite samples, even within the same chondrite [25]. Surprisingly, meteoritic aliphatic amines and carboxylic acids that might share a common chemical origin with amino acids were recently detected as racemates [26]. Studies of enantiomeric distribution within hydroxycarboxylic acids gave another unexpected result: Lactic acid turned out to be the only hydroxy acid species to display an excess of one enantiomer [27]. The lack of consistency in the observed enantiomeric distribution may speak against a universal explanation of their origin. Such explanations take into account the possible role of ultraviolet circularly polarized light (UV-CPL) [28], deracemization during aqueous alterations, and possible asymmetric effects of inorganic matrices within the meteorite [30], or, alternatively, the complex interplay between compoundspecific physicochemical properties, synthetic pathways, and/or so-far unknown symmetry-breaking effects [25].

Enantiomeric enhancement in meteorites: Up to 18% ee in L-isovaline

After the first discovery by Engel and Nagy [31], enantiomeric enrichment in meteoritic amino acids attracted much attention in the scientific communi-ty. In an extract of the Murchison meteorite, an ee value of 30% in the L enantiomer was found for alanine, which is assumed to be one of the first molecular building blocks. Even though it was later concluded that the presented ee value was not entirely indigenous [32], this study deserves special mention as pioneering research on extraterrestrial enantiomeric enrichment.

Subsequent studies focused on α-dialkylated amino acids as species with rare occurrence in the biosphere and a low rate of racemization. In contrast to proteinogenic amino acids, which can lose and reacquire their α-hydrogen atom through the attainment of equilibrium during aqueous alteration, adialkylated amino acids are believed to preserve pristine ee values. An investigation on the terrestrially rare C5-C7 amino acids in the Murchison meteorite demonstrated nonzero ee values in favor of the L configuration for α-amino-α,β-dimethylpentanoic acid, isovaline, norvaline, and α-methylnorvaline [24,25,33], whereas β-aminobutyric acid was found to be racemic [34]. Table 1.1 presents an overview of reported ee values of amino acids in carbonaceous meteorites. Isovaline, the most abundant of the α-dialkylated chiral amino acids, shows one of the highest reported ee values (see Table 1.1 and Fig. 1.2) [24]. Pizzarello et al. [24a] interpreted the high enrichment of isovaline in the L form as a result of its distinct synthetic pathway. It is generally thought that amino acids in meteorites are formed through Strecker cyanohydrins synthesis from aldehydes and ketones. In this case, the enantiomeric enhancement of isovaline was proposed to be derived from its aldehyde precursor. Later, Glavin and Dworkin [24b] demonstrated a direct relationship between the degree of aqueous alteration and the amplification of meteoritic L-isovaline. Although the indigenousness of the ee values of α-dialkylated amino acids leaves no doubt, the question of the origin of this enantiomeric enrichment remains open. 

Chirality investigations in simulated comets

Taking into consideration the evolutionary relationship between meteorites and IDPs with their icy mantles [35], one would expect to find similar molecular and chiral signatures (e.g. amino acids and their ee values) within comets. So far, however, only small volatile molecules have been detected with confidence in cometary atmospheres. The failure to detect such signatures can be explained by the insufficient sensitivity of telescopes for the analysis of refractory compounds or the absence of liquid water essential for prebiotic chemical processing [36]. The achiral amino acid glycine was identified in a sample of the comet Wild 2 [37]. For better insight into the molecular and stereochemical composition of pristine cometary matter and thus an understanding of the original symmetry-breaking influence, laboratory interstellar-simulation experiments and the in situ analysis of cometary ices are necessary.

Organic Molecules in Simulated Cometary Ices

Knowledge on cometary ices has been obtained by remote observations of comets and by the identification of volatile and refractory components adsorbed on interstellar dust. The results have led to the development of experimental methods that enable the production of both refractory materials and frozen volatiles with chemical, structural, and morphological characteristics that are assumed to reproduce those observed and/or expected in comets [38]. According to the comet core-mantle grain model developed by Greenberg [39], small molecules condense from the gas phase on the cold surface of interstellar dust grains, thereby forming an icy mantle. During the deposition, the grain and mantle are subjected to energy in the form of UV photons and cosmic-ray particles. This processing is assumed to result in the formation of free radicals and creates a highly conducive environment for the transformation of ice-trapped radicals and molecules into prebiotically relevant organic compounds, such as amino acids, nucleobases, and sugars [40] (Fig. 1.3). Further aggregation of interstellar dust particles results in the formation of larger bodies, such as comets.

Such processes are generally simulated in the laboratory by the deposition of a gaseous mixture of key interstellar species under high vacuum on a cold surface and irradiation with UV light or charged particles. The organic residue formed in such experiments provides valuable information on the possible composition of the cometary nucleus: information that is inaccessible by remote observations. A remarkable diversity of organic compounds has been synthesized within interstellar-ice analogues by both UV and charged-particle irradiation [41]. Bernstein et al. [42] detected glycine, alanine, and serine as products after acid hydrolysis of a residue originating from a 20:2:1:1 H2O/CH3OH/NH3/CH3CN gas mixture. Independently, Muñoz Caro et al. [43] identified 16 amino acids in the hydrolyzed and derivatized organic residue obtained by UV irradiation of H2O/CH3OH/ NH3/CO/CO2 (2:1:1:1:1). Muñoz Caro et al. used 13 C-labeled precursors to exclude contamination as a possible source of organic molecules. Further experiments of Meinert et al. [44] provided an up-to-date list of 26 amino acids, including proteinogenic and nonproteinogenic amino acids, diamino acids, and N-(2-aminoethyl)glycine. All amino acids were detected as racemates, as no chiral influence was introduced into the system. The analysis of a nonhydrolyzed residue by Briggs et al. [45] resulted in the detection of only glycine, the simplest amino acid (see also Ref. [46]). It was therefore proposed that the products of the photochemical reactions are incorporated into some macromolecular structure, and then released upon acid hydrolysis. Apart from amino acids, different mixtures of simulated interstellar ices produced purine and pyrimidine compounds, urea, and polyols, along with other prebiotic molecular structures [47].

The majority of the detected compounds were identified in meteorites as well. Thus, a logical question arises: "Do pristine cometary chiral molecules, like the further-altered meteoritic molecules, exhibit any enantiomeric preference?" To answer this question, we introduce in Sections 3.2 and 4.1 a set of experiments in which prebiotic chiral molecules and/or their precursors have been subjected to truly chiral entities, such as CPL.

Enantiomeric enhancements in simulated cometary ices

The interaction of matter with UV-CPL has been proposed as one of the possible sources of biomolecular asymmetry (see Section 4). This notion implies a scenario in which the first symmetry-breaking event occurred when the giant molecular cloud from which our solar system formed was exposed to asymmetric CPL of a given helicity [48]. This hypothesis was tested by systematically simulating interstellar ices by irradiation with right-and left-handed UV-CPL.

The first attempts to perform absolute asymmetric synthesis from an ice mixture of H2O, CH3OH, and NH3 by irradiation with CPL at a wavelength of λ = 167 nm resulted in a small ee value of 1%, which lay within the limits of detection of the instruments and methods [49]. Further improvement of the experimental procedure by changing the CPL wavelength to λ =187 nm and using multidimensional gas chromatography for advanced analysis yielded in eeL values of up to -1.34% [50]. In recent investigations by Modica et al. [51], statistically relevant ee values were induced in five enantiomeric pairs of amino acids, with a maximum value of -2.54% eeL for 2-aminobutyric acid. The sign of the induced ee values depends on the helicity as well as the energy of the CPL and was identical for all five amino acids at λ = 121 nm for each given helicity. Similar ee values to those induced photochemically in laboratory ices can be expected for cometary amino acids.

These studies, however, do not provide information on the mechanism for the asymmetric formation of amino acids. It remains difficult to distinguish between the two relevant mechanisms of absolute asymmetric photosynthesis and absolute asymmetric photolysis.

Stereochemical mechanism of enantiomeric enrichments

Many theories exist to explain the original instance of enantiomeric enrichment. These theories can be broadly classified according to Jacques Monod's famous phrase into "chance and necessity" or alternately "probabilistic versus deterministic" [52]. The "chance" school hypothesizes that homochirality arose from a random symmetry-breaking event and assumes an equal probability of generating a world with an opposite handedness. The supporters of the "necessity" model assume a selection process between enantiomers and a unique definitive solution to the origin of biological asymmetry. In this section, we group the main theories for the generation of an enantiomeric excess according to the nature of the chiral influence involved.

Enantiomeric enhancement induced by asymmetric photochemistry

Among photochemical effects, only circularly polarized light and a static magnetic field collinear with a light beam are truly chiral systems and thus can potentially produce an enantiomeric enhancement within initially racemic mixtures [53]. Both of these mechanisms were proposed to be responsible for the symmetry breaking in biomolecules [48,54].

With CPL, the electric-field vector E and the magneticfield vector B remain constant in magnitude but proceed in the form of left or right helices around the axis of the direction of propagation. Therefore, CPL can distinguish between two enantiomers owing to the difference in absorption of left-handed and righthanded CPL, an effect that is wavelength-dependent and known as circular dichroism (CD). This chiroptical property leads to the preferential destruction of one of the enantiomers, as demonstrated in numerous experiments [55]. A detailed mechanistic understanding of the photochemical nature of the mirror-symmetrybreaking event upon CPL irradiation is provided in the literature [28,56] and illustrated in Fig. Interaction with CPL of sufficient energy imparts a slight bias for the less photoabsorbent enantiomer as the more photoabsorbentenantiomer undergoes faster photolysis. The degree and sign of the induced asymmetry depend on the helicity of the CPL, the energy of the driving electromagnetic radiation, the photolysis rate, and the ratio between the differential extinction (∆ε) and the extinction coefficient (ε) of the enantiomers. This ratio is also known as anisotropy, g=∆ε/ε, which itself depends on the wavelength of the incident CPL. Anisotropy spectra include crucial information about enantioselective photolysis. These data enable the selection of a CPL wavelength for induction of greater enantiomeric enrichment, prediction of the sign of the induced enantiomeric enrichment, and the calculation of expected ee values.

It is hypothesized that extraterrestrial organic material, prior to its delivery to Earth by IDPs, meteorites, and/or comets, has been exposed to interstellar UV-CPL and thus become enriched in one of the enantiomeric forms; its sym-metry has been broken. Autocatalytic processes could have amplified small ee values to produce a state close to homochirality. The detection of circularly polarized electromagnetic radiation in the infrared wavelength domain from several star-forming regions [48d, 57] provided additional support for this proposed scenario. Calculations show that ultraviolet CPL capable of inducing enantiomeric enhancement is also present [58] but cannot be observed owing to the high degree of dust obscuration of UV light in such environments.

An oriented beam of unpolarized light passing through a static magnetic field is another example of a truly chiral influence. Similarly to the CPL model, enantiomers absorb the radiation traveling parallel or antiparallel to the applied magnetic field to different extents. This effect is referred to as magnetochiral dichroism (MD). It was demonstrated to induce very small ee values (10 -5 %) in specific chiral ferromagnetic molecules [59]. The ubiquity of magnetic fields and unpolarized light in the cosmos led Barron [54] to propose this effect as a candidate for the abiotic generation of an enantiomeric excess. However, given the fact that MD depends upon very high magnetic fields of up to 15 T and results in such small asymmetry, it is now thought by adherents of this assumption that meteoritic enantiomeric enhancement has been caused either by UV-CPL generated from a directed magnetic field (Faraday effect) or by direct asymmetrical magnetooptical effects distinct from Faraday rotation [60].

Both chiral influences cause enantiomeric enhancement in either the L or the D form, depending on the local nebular region, but not when averaged over the entire cosmos. Given the data from astronomical observations [48d, 57] and the most recent experiments [49,50,55] we can conclude that the origin of biomolecular asymmetry is probably a consequence of photochemical effects based on CPL.

Enantiomeric enhancement induced upon crystallization, phase transition, and Viedma ripening

Chiral-symmetry breaking upon spontaneous crystallization has long been known for sodium chlorate solution [61]. Achiral sodium and chlorate ions are known to crystallize as two separate chiral solid phases in the form of a racemic mixture [62], but under specific stirring conditions, the sodium chlorate can precipitate randomly as a single chiral phase. Later, this phenomenon was determined to be a result of secondary nucleation enhanced by agitation under farfrom-equilibrium conditions [63].

In 2005, a new mechanism of symmetry breaking was demonstrated for sodium chlorate. A single chiral solid state was formed under "near-equilibrium" conditions, under which no new crystals nucleate. This phenomenon is known as "Viedma ripening" [START_REF] De Marcellus | Non-racemic amino acid production by ultraviolet irradiation of achiral interstellar ice analogs with circularly polarized light[END_REF]. Extension of this approach to proteinogenic amino acids under prebiotically plausible conditions resulted in a solid-phase enantiomeric enrichment of up to 99% for aspartic acid [64b]. L-Aspartic acid was thus proposed to be an ancestor of left-handed molecules [65]. The choice of aspartic acid was by no means a coincidence, as it is one of two proteinogenic amino acids that meets all necessary requirements for "Viedma ripening", that is, 1) the formation of conglomerate crystals and 2) fast racemization of the enantiomers in solution.

These restrictions leave little room for chiral-symmetry breaking in the other 17 chiral proteinogenic amino acids, and especially in meteoritic αdialkylated analogues, which are resistant against racemization. The sublimation protocol recently introduced by Viedma et al. [66] reveals both the conversion of a racemic compound into a racemic conglomerate and subsequent enantioenrichment; it might open new horizons for the enantiomeric purification of previously overlooked amino acids.

Regardless of the significance of chiral-symmetry breaking upon crystallization, current data provide a rather poor explanation for the observed meteoritic ee values, and the model has low astrophysical relevance, as chiral molecules in outer space are believed to be incorporated in a macromolecular matrix [25] rather than existing in a solution under constant stirring or grinding. Further investigation of chiral resolution through sublimation and other astrophysically admissible processes may provide new insight on this topic [67].

Enantiomeric enhancement induced by weak nuclear interaction

All universal interactions were considered to be entirely symmetrical before the discovery in 1956 of the parity violation in the weak force [68]. Parity violation means that the true mirror image of an object or experiment is energetically not equivalent to the original [69]. It was demonstrated that in the β-decay, mediated by the weak force, radioactive 60 Co nuclei emit exclusively leftpolarized electrons, which therefore violate parity [70]. As a consequence, we expect a small energy difference between two enantiomers [71]. This energy gap has not yet been measured, but it was calculated to have an order of 10 -12 -10 -15 Jmol -1 [72] with a magnitude and sign that depend on the particular conformer of the studied compound. Owing to this dependence, there is no general answer to the question of which enantiomer is generally favored. Quack [73] pointed out that even if parity violation causes a left or right preference on the molecular level, this preference is not necessarily linked to the evolution of biomolecular homochirality.

Another indirect way that weak nuclear forces could cause enantiomeric enhancement is chirality transfer from spin-polarized electrons to chiral molecules. The enantiomers of a chiral molecule become ionized at different rates upon irradiation with β-electrons, thus resulting in enantioselective degradation. This effect known as "electronic circular dichroism" was first measured for the optical isomers D-and L-camphor, which did not weaken the passing spin-polarized electrons equally [74]. It was applied to induce optical activity in leucine [75], tryptophan [76], and alanine [77]; however, the kinetic energy of the investigated spinpolarized electrons was by orders of magnitude too high for efficient enantiomerdiscriminating absorption.

In early 1962, Ulbricht and Vester [78] proposed to use bremsstrahlung radiation produced by decelerated spin-polarized electrons to produce enantioselective interactions within organic matter. Each individual step in the Vester-Ulbricht mechanism has received experimental confirmation. First encouraging results were obtained by Garay [79], who detected small differences in the ultravi-olet absorption spectra of D-and L-tyrosine after exposure for 18 months to 90 SrCl2 β-rays and bremsstrahlen. Subsequent experiments produced either very small [START_REF] Goesmann | [END_REF] or no [81] asymmetrical effects and were considered inconclusive and contradictory [82]. However, they do not preclude the contribution of the Vester-Ulbricht scenario to enantiomeric enrichment in interstellar evolution, during which numerous β-radiators have been present [28].

Amplification of enantiomeric enhancement by autocatalytic processes

A tiny enantiomeric excess produced by one of the above-mentioned mechanisms can be increased by means of autocatalytic processes to homochirality. Models for the amplification of an enantiomeric imbalance were divided by Blackmond [83] into those governed by kinetics in far-from-equilibrium processes and those based on thermodynamics and equilibrium phase behavior.

The first theoretical model of spontaneous asymmetric amplification was proposed by Frank in 1953 [84]. In this model, a large enantiomeric excess can be generated in a chemical reaction in which one enantiomer catalyzes its own formation while inhibiting the formation of the other enantiomer. Soai et al. [85] provided the first experimental proof for this model when they reported the formation of 5-pyridyl alcohol with up to 90% ee from the same alcohol with a small initial ee value upon treatment with diisopropylzinc and pyrimidine-5-carboxaldehyde. This reaction clearly does not occur under prebiotic conditions, but it is an important example of the absolute asymmetric synthesis of enantiomerically enriched products. The Soai reaction was later shown to be extremely sensitive to initial ee values as small as those produced upon CPL irradiation [86]. Its kinetic model has been studied in detail by the groups of Blackmond [87] and Buhse [88].

Another example of the Frank model is the amplification of an initial enantiomeric disproportion through physical processes, such as evaporation, crystallization, or sublimation under "far-from-equilibrium" conditions. This strategy has proven to be effective for threonine [89], aspartic acid, and glutamic acid [START_REF] Viedma | Origins Life Evol[END_REF], as well as for valine [91].

The autocatalysis based on equilibrium phase behavior is fully reflected in crystallization under "near-equilibrium" conditions as described by Viedma [64b,92]. Moreover, Klussmann et al. [93] established that the coupling of solidliquid phase behavior and amino acid catalysis results in an efficient thermodynamically controlled mechanism for asymmetric amplification.

In attempts to link the opposite chirality of nucleotides and amino acids, it was proposed that a small imbalance in the D/L ratio of amino acids might have played a crucial role in the generation and/or amplification of ee values in nucleotide precursors. Studies carried out by Mathew et al. [94] showed that proline could influence a reaction by increasing the rate of the formation of one of the two possible optical isomers of the product. Further investigations by the same research group revealed that amino acids with a small initial enantiomeric excess can drive the formation of enantiomerically enriched nucleotide precursors, thus paving the way to homochiral RNA [95].

The chirality module on board the Rosetta lander Philae

For the advancement of our scientific knowledge about the origin and evolution of extraterrestrial molecules and particularly about the origin of the observed asymmetry in meteoritic matter, the underlying mechanisms of the formation of these molecules have to be understood. This challenge is being taken up, at least partially, by the Rosetta mission. Approved in 1993 as the "Planetary Cornerstone Mission" of the ESA and launched in 2004, the Rosetta spacecraft has finally reached its target comet 67P/C-G. The Rosetta [1] spacecraft is composed of two principal elements: the lander Philae and the orbiter Rosetta. Each of them is equipped with 10 instruments specifically designed to accomplish the mission objectives. In November 2014, the Philae lander detached from the Rosetta spacecraft to perform the first scientific in situ investigation of a cometary nucleus (Fig. 1.5).

A drilling system (SD-2) will obtain samples from a depth of up to 23 cm and distribute them to the other instruments for the investigation of their chemical composition, density, near-surface strength, porosity, texture, ice phase, and thermal properties. Among these instruments, the "Cometary Sampling and Composition" (COSAC) [96] experiment is of high importance for stereochemical investigations. The COSAC instrument is equipped with a multicolumn gas chromatograph (GC) and a time-of-flight mass spectrometer (TOFMS), and is connected to an electronic system that allows remote operation of the suite. The GC system includes a set of eight parallel capillary columns and two types of pyrolysis ovens. The chromatographic columns vary in their stationary phase, film thickness, diameter, and length; three of them can resolve chiral organic molecules. COSAC is the first instrument sent to space for the investigation of chirality [97].

On the basis of remote observations [36], previous flyby missions [2][3][4][5], and interstellar ice simulations [42,43,45,[49][50][51], the cometary nucleus has been imagined as a "dirty snowball" owing to its high content of dust, organic material, and ice. Analysis of the stereochemical and molecular composition of this "dirty snowball" is the objective of the COSAC experiment. Before a cometary sample is subjected to chromatographic separation, it will be derivatized with N,Ndimethylformamide dimethyl acetal [98] to transform refractory molecules through methylation into volatile species. After separation on the GC column, these molecules enter the TOFMS, where they become ionized and produce characteristic spectral signals allowing structural elucidation.

The main interest in the COSAC instrument regards the separation and quantification of chiral organic molecules [99]. The list of Rosetta-relevant chiral molecules includes hydrocarbons, amines, alcohols, diols, carboxylic acids, and amino acids [97-100]. The investigators responsible for the COSAC chiral module assume that there is a reasonable chance of finding partial enantiomeric enrichment in chiral molecules as result of the exposure of the cometary ices to extraterrestrial chiral fields [28]. An identical or similar excess of L-configured molecules to those observed in meteorites would support the assumption that chiral organic molecules were indeed delivered to early Earth during the late heavybombardment phase by comets and/or other small interplanetary bodies whose organic content may be of interstellar/presolar origin, from the molecular cloud from which our solar system formed. Even though the physicochemical mechanisms for the generation of an enantiomeric excess are not yet fully understood, the results of the COSAC experiment will bring us one step closer to solving the puzzle of how homochiral life could have originated on Earth.

Summary and outlook

The main astrobiologically relevant hypotheses to explain the origin of biomolecular asymmetry assume the induction of a small enantiomeric excess by either photochemical effects, parity violation, or phase changes and its amplification by autocatalytic processes on Earth. The key step, chiral-symmetry breaking, has been puzzling scientists for over 50 years. In view of the results of icesimulation experiments and analyses of meteoritic samples, UV-CPL can be considered as one favorable candidate for the original asymmetrical influence. Nevertheless, alternative sources of chiral imbalance must not be overlooked. The longawaited results from Rosetta's chirality module will hopefully provide crucial insight into the stereochemistry of prebiotic molecules within interstellar objects. The detection of prebiotic chiral molecules in comets will be an important step towards understanding the emergence and development of homochiral life.

The previous section explored in details the existing theories of enantiomeric enrichment with regards to their classification. In particular, the astrophysical scenario of the original symmetry breakingreceived special attention. The interaction of circularly polarized light with chiral organic matter is a crucial part of the hypothesis under question. To predict the behavior of a racemic mixture upon exposure with CPL their chiroptical properties have to be understood. The following article explains how circular dichroism and anisotropy spectroscopy can be used to predict sign and degree of enantiomeric enrichment. An overview regarding chiroptical properties of specific classes of prebiotic molecules i. e 

Abstract
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Introduction

One of the most intriguing questions in modern science addresses the origin of life and concerns the first chemical processes producing the simplest precursors of biomolecules. Proteins and nucleic acids are central to the emergence of self-replicating systems, and are made up exclusively of homochiral units: L-amino acids and D-sugars. [1] However, the driving force behind the original enantio discrimination preceding the homochiral state remains obscure, generating a new puzzle in chemical evolution: how the selection of "one-handedness" has occurred? Is this the result of deterministic chemical or physical laws?

In a larger sense, chirality is a geometrical property of symmetry by which objects differ only as an image in a mirror from the object that produces it. This concept, embraces several disciplines including physics, chemistry, mathematics and biology. Unlike in biological systems, in synthetic chemistry enantiospecific reactions which produce only one chiral image of the molecule are rare, thus enantiopure products are mainly generated by the means of asymmetric synthesis or asymmetric catalysis. Absolute asymmetric synthesis/formation is a branch of asymmetric reactions that refers to a large group of enantio-enriching processes induced by truly chiral systems.

One should not forget that chirality does not only apply to stationary objects, but also to time-dependent physical entities, which may present a transient chirality. As a consequence we can distinguish between true and false chirality. [2] A system is called truly chiral when it exists in two distinct enantiomeric states which can be interconverted by space inversion (parity P), but not by time reversal (T) (see L. D. Barron [3] and A. Guijarro, M. Yus [4] for an elaborated explanation). Among the truly chiral systems are: circularly polarized electromagnetic radiation, [5] uniform magnetic field collinear with the propagation vector of a light beam [6] and spin polarized elections. [7] Since organocatalysts and chiral auxiliaries typically used in classical asymmetric synthesis are not compatible with prebiotic chemistry, the answer to the "handedness" puzzle is assumed to originate from a truly chiral entity capable of absolute asymmetric discrimination under prebiotic settings.

The above-mentioned approach is commonly referred to as deterministic and includes parity violation in the weak nuclear force [8] and the application of chiral fields [5-7] to generate a chiral bias. Deterministic mechanisms are opposite to randommechanisms for symmetry breaking [9] , where the chiral sign in the biosphere evolved by mere chance. As it is difficult to test any random theory, and as the energy gap between enantiomers produced by parity violation cannot currently be recorded by any technique, in this review we will focus on the last remaining experimentally testable group of theories: asymmetry induction by chiral forces.

Among possible chiral forces, [6,7] inter-and circumstellar circularly polarized light (CPL) is thought to be a highly plausible factor of the initial symmetry breaking. Differential absorption of circularly polarized photons by chiral biological building blocks results in photosynthetic or photolytic selection of one enantiomer over the other. [10] According to the photochemical model [11] the asymmetry of life originated in interstellar space where the simplest chiral organic molecules could be produced. Following exogenous delivery [12] of enantioenriched organic matter during late accretion, the inventory of meteoritic and cometary objects have triggered the origin of biological homochirality through an autocatalytic amplification of the initial enantiomeric imbalance [13] on primitive Earth.

Similar to circularly polarized light, unpolarized light in an oriented magnetic field was found to be absorbed differently by left and right enantiomers (magnetochiral dichroism). It was shown experimentally that the combination of oriented magnetic with electromagnetic fields may induce an enantiomeric excess of the less absorbing enantiomer, the handedness of which depends on the sign of the scalar 𝑘 ⃗ • 𝐵 ⃗ product. [6b, 6c] As magnetic fields and unpolarized light are known to be more common than circularly polarized light in the cosmos, it could be expected that magnetochiral dichroism would play a significant role in the formation of ee. However, the formation of any substantial amount of ee depends upon very high magnetic fields, for example only 10 -5 % ee can be reached for a magnetic field of 1 T. [6b] Consequently, further studies, including synchrotron radiation experiments, are needed to provide more evidence for the role of magnetochiral phenomena in any enantioselection process. While this field continues to develop we will focus our attention on circularly polarised electromagnetic radiation as a source of initial symmetry breaking.

In order to explain molecular asymmetry from the point of view of photochirogenesis, one has to understand the interaction of CPL with chiral molecules relevant in prebiotic evolution. In this review we will highlight the origin of the first biological building blocks and systematically describe their chiroptical response to interstellar/circumstellar CPL.

Chiroptical response and absolute asymmetric formation of amino acids

Amino acids are one of the key players in early chemical evolution, as they polymerize to become proteinsthe main catalytic units of cells. There are several hypotheses to where prebiotic amino acids may have been generated; one involves the synthesis of organic matter in interstellar molecular clouds and its subsequent delivery to Earth, [14] another hypothesis refers to hydrothermal vents as a suitable environment for prebiotic chemistry. [15] While both approaches have been validated for amino acid formation, only the exogenous model includes an external source of chirality and is therefore capable of explaining the origin of molecular asymmetry. The discovery of L-enantioenriched amino acids in carbonaceous chondrites, [16] together with the observation of partially circularly polarized radiation in the Orion Nebula, [5, 11, 17] strengthened the astrophysical scenario where the "one-handedness" of amino acids was triggered by the preferred "handedness" of interstellar CPL.

The chiroptical features of chiral molecules such as amino acids can be characterized via several techniques including circular dichroism (CD) spectroscopy and anisotropy spectroscopy (AIS) [18] as well as Photoelectron Circular Dichroism (PECD) [19] . The spectra obtained via the former two techniques provide valuable information on both the rate and the degree of photochemical enantioenrichment, while PECD could have been involved in a photophysical enantioen-richment in a given direction of space. [20] Herein we will present the theoretical and experimental background of CD and anisotropy spectroscopy, historically extensively studied for amino acids. Those spectra will be further discussed in the context of absolute asymmetric photosynthesis and chiral symmetry breaking.

Circular Dichroism spectroscopy

In general, dichroism is a polarization-dependent property of matter linked to its symmetry characteristics. When chiral molecules are exposed to circularly polarized light, unequal absorption of left-and right-circularly polarized electromagnetic radiation takes place and circular dichroism is observed. CPL is known to travel through an optically active medium with different velocities. The differential extinction coefficient ∆ε measured in CD spectroscopy is defined as ∆A = (∆ε)cl where ∆A is the difference in absorption of left-and right-CPL, c is the sample concentration and l is the sample's optical path length. The CD spectrum itself can be used to estimate both rate and degree of an asymmetric photochemical reaction.

A typical spectropolarimeter used in CD spectroscopy is illustrated in Fig. 2.1. It consists of a light source producing UV and visible radiation (commonly xenon arc lamps), a monochromating unit for wavelength selection followed by a polarizer which produces linear polarized light, which is transformed by a photoelastic modulator (PEM) into electromagnetic radiation which is alternatively left-or right-circularly polarized. The light is passed through the analyte and a photo-multiplier tube (PMT) detector determines the energy-dependent differential absorption for the two circular polarizations. The PMT signal is dependent on the light intensity and also the high tension voltage (HV) applied to the detector. The detector HV is directly related to the sample absorbance, and can be converted into an absorption spectrum. [18] This setup is commonly used to study the chiroptical response of simple organic molecules. However, it presents a number of limitations when applied to short wavelengths. The recorded spectra contain little structural information mainly due to low light flux in the VUV range and consequently low signal-to-noise data. Experimental configuration for measuring CD spectra. [21] The photoelastic modulator (PEM) converts monochromatic light into alternating left and right-handed CPL. Optically active organic molecules have differential absorptions of chiral photons. This differential absorption as well as the high-tension voltage (HV) are recorded by the photo-multiplier tube (PMT) detector.

As the UV-extension of the wavelength range requires a source of higher brightness, the replacement of the xenon arc lamp by a synchrotron light source gives rise to a modern spectroscopic technique called synchrotron radiation circular dichroism (SRCD) spectroscopy. [22] In contrast to conventional CD, SRCD spectra provide much more accurate data at lower wavelengths, allowing for the interpretation of more energetic electronic transitions within the chiral molecule.

To complement and/or interpret experimentally recorded CD or SRCD spectra, one may attempt to theoretically predict the interaction of electromagnetic radiation with chiral organic molecules. Quantum mechanical calculations are able to compute theoretical CD spectra based on the Hamiltonian operator Ĥ int of interaction between light and matter. The Hamiltonian operator is calculated as follows:

𝐻 ̂𝑖𝑛𝑡 = -𝜇̂• 𝐸 -𝑚 ̂• 𝐵 (2.1)
Where μ is the analyte's electric dipole momentum, E is the light's electric field vector, m is the magnetic dipole momentum and B is the magnetic field vector. [23] Such a theoretical calculation for the n→π* electronic transition for amino acids in aqueous solution has been anticipated to produce a CD signal at around 200 nm. [24] This agrees quite well with CD studies of amino acids [25] and diamino acids, [26] where the spectral maximum was observed around 205 nm. It soon became evident that even though CD spectra of amino acid solutions were easily accessible, they did not provide full information on the electronic molecular transitions. Water absorption, beginning at 190 nm, is cutting off all the signals at lower wavelengths. [27] Moreover, the liquid state appeared to be rather irrelevant in the context of an astrophysical scenario.

By taking into consideration the above-mentioned drawbacks, researchers interested in VUV CD spectra moved from liquid samples to condensed amorphous films that were prepared in a specially assembled sublimation chamber by thermal deposition onto a MgF2 window. Intense CD-active transitions of amino acids became visible when CD spectroscopy was extended to the VUV spectral range between 140 and 190 nm, with intensities much higher than the previously known CD bands between 190 and 330 nm. [28] All the studied α-H amino acids showed the same CD magnitude and sign over a large wavelength range (Fig. 2.2), thus indicating the possibility of photochemically-inducible enantiomeric excesses (ees) of the same handedness within the proteinogenic amino acids. DFT calculations of Nakagawa et al. [29] match these experimentally obtained UV and VUV spectra allowing the assignment of electronic transitions to individual CD signals.

As an example, the major peak observed in most amino acids between 165 and 180 nm was interpreted as a π→π* transition. [30] What came as a surprise from the studies of condensed amino acid CD spectra [28] is that the α-methylated amino acids, isovaline and α-methyl valine, those showing the highest ees of left-handed enantiomers in meteorites, were giving CD signals of the opposite sign compared to the family of α-H amino acids (Fig. 2.2). The higher steric hindrance due to the methyl group in the α-position is assumed to provide dramatic changes in the preferred realized amino acid confor-mation [31] and its molecular orbitals, probably leading to reversal of the CD band. It was further shown that the molecular environment of amino acids has a great impact on the CD structure, giving a significant difference in the peak shape and sometimes leading to inversion of the n→π* band by passing from liquid to amorphous state. [21] Figure 2.2. VUV SRCD spectra of amorphous solid-state amino acids immobilized on MgF2: a) CD spectra between 140 and 330 nm of isotropic amorphous D-Ala (red) and L-Ala (blue) of different film thicknesses; b) L-Val (orange), and L-Leu (green) c) L-3-Aba (dark blue) and L-Ser (light blue); d) D-Iva (red), L-Iva (black). [28] While the CD spectrum for any given molecule can be used to predict how it will behave upon CPL exposure, CD spectra alone are insufficient to predict the maximum ee-value inducible upon CPL irradiation, as the induced asymmetry depends on both ∆ε and ε. Therefore, a new spectroscopic technique known as anisotropy spectroscopy (AIS) was introduced.

Anisotropy spectroscopy

The chiroptical response of a molecule interacting with monochromatic CPL can be quantified by the anisotropy factor g, defined as g = ∆ε/ε. [16, 32] This term was introduced by W. Kuhn as "…the factor by which the contribution to ordinary refraction has to be multiplied in order to get the contribution to the optical activity". [33] Kuhn also indicated that g attains its highest value if the vibrating moment corresponding to the absorption band has components vertical to each other and are of equal magnitude in distant parts of the molecule. [34] Thus, high anisotropy values are typically observed for weak absorption bands. In molecular quantum physics g is usually approximated as 4R/D, where R is the rotational strength and D is the dipole strength of the molecule. [32b] The dependence of the optical yield upon the anisotropy factor was later established by W. Kuhn and E. Knopf. [35] Subsequent studies of Balovoine et al. [32c] evaluated three possible chemical routes of enantioenrichment: asymmetric photodestruction, partial photoresolution, and asymmetric photosynthesis and kinetic models were generated for each particular case. The most commonly encountered scenario of introducing the chiral bias with CPL is preferential enantiodestruction. During the asymmetric photolysis of a racemate, the R-and S-enantiomers photodegrade at different rates. These two reactions can be described as pseudo-first order reactions defined by the following equation:

𝑔 = 2 𝜀 𝑅 -𝜀 𝑠 𝜀 𝑅 +𝜀 𝑆 = 2 𝑘 𝑅 -𝑘 𝑠 𝑘 𝑅 +𝑘 𝑆 (2.2)
Where kR and kS correspond to rate constants for the photodestruction of R-and S-enantiomers, respectively. [32c] From kinetic studies, Balovine et al. deduced quantitatively the enantiomeric purity achievable during photolysis of a racemate as a function of the magnitude of g and the extent of the reaction ξ. Thus showing that an optical purity of 100% can be obtained with a sufficiently large g value and ξ. This means that the optical purity increases as the chemical yield approaches zero.

In early studies the anisotropy factor was calculated for a given wavelength only, however, the sign and magnitude of g depend on the wavelength. By determining g for every λ of the CPL, it becomes possible to generate anisotropy spectra that afford full and direct characterization of the photodiscrimination of a given molecule. In practice, anisotropy spectra can be obtained by dividing the differential excitation coefficient recorded [22a] during CD measurements by the excitation coefficient recorded during absorption measurements. [36] For high quality recording of g, simultaneous measurement of the CD signal and absorption is essential. The anisotropy can then be directly evaluated as g = ∆A/A without knowing the pathlength and concentration, which can be difficult to determine with, e.g., films. The use of high brightness sources, such as synchrotron radiation, is not only necessary for the acquisition of the VUV part of the anisotropy spectrum, but also for accurate measurements when CD and absorption are low, but still yield a high g value.

As outlined above, anisotropy spectra allow the quantitative prediction of the inducible ee into a racemic sample by enantioselective photolysis. At a given extent of reaction, ξ, the upper limit of inducible ee can be determined by equation 2.3 [36] :

𝑒𝑒 ≥ (1 -(1 -𝜉) 𝑔/2 ) × 100% (2.3)
As the more photoabsorbing enantiomer is destroyed during CPL irradiation, the concentration of the opposite enantiomer increases. The final ee depends on both the extent of reaction and the anisotropy factor of a given molecule.

Once recorded, anisotropy data allow for: 1) the prediction of the sign of the induced ee, especially at astrophysically-relevant wavelengths, 2) the determination of the kinetics and the ee values of the enantioselective photolysis and 3) the selection of the wavelength most suitable for inducing high enantioenrichments. [36] By comparing CD spectra of amino acids (Fig. 2.2) with corresponding anisotropy spectra (Fig. 2.3), it becomes obvious that even though the highest CD signal is located in the 165-180 nm area, it does not necessarily correspond to the highest g value and consequently to the highest inducible ee. As ε becomes lower at longer wavelengths the spectral region around 200 nm turns out to be a more attractive choice for asymmetric photolysis. For example, optical purities greater than 5% can be photochemically induced into racemic alanine, assuming that the extent of the reaction ξ = 0.9999 is reached. [37] In a recent study [38] on the energy and polarization-controllable symmetry breaking in amorphous films of racalanine, it was shown that anisotropy spectra proved to be essential for determining the optimal wavelengths of asymmetric photolysis. Therefore both CD and anisotropy spectra have to be recorded ahead of absolute asymmetric photolysis with intense chiral light.

Absolute asymmetric photolysis

First results on chirality transfer from CPL to racemic organic molecules appeared in the work of Kuhn and Braun [39] , as they induced optical activity in α-bromopropanoic acid ethyl ester upon irradiation with CPL. Follow-up experiments demonstrated similar effects for α-cyanopropanoic acid dimethylamide in n-hexane [40] , α-azido-N,N-dimethylpropionamide and camphor [32c] . Inspired by these results, Bonner et al. [41] were the first to apply asymmetric photochemistry to prebiotically relevant molecules in the form of a racemic mixture of amino acids. They showed that at a chosen energy, the R-enantiomer of rac-leucine, was degraded more intensively than the opposite enantiomer. In this study an enantiomeric excess of approximately 2% was determined by enantioselective gas chromatography. The analytical method applied presented numerous advantages over previously used techniques, namely polarimetry. [42] Another study on the asymmetric photoresolution of rac-leucine was conducted by Inoue et al. as they demonstrated the pH dependence of the anisotropy factor g and achieved a maximal optical purity of 0.2%. [43] The selection of leucine as a target molecule was by no means a coincidence as it has a large anisotropy at 211 nm (g = 0.0244), thus providing a higher probability of producing a significant ee.

Alanine and glutamic acid are two other genetically encoded amino acids partially resolved under CPL irradiation in earlier studies. The wavelengths for irradiation were selected based on recorded CD spectra, resulting in a maximum optical purity of 0.06% for alanine (g= 0.007) and 0.22% for glutamic acid (g = 0.008). [44] As discussed in Section 2.1., CPL irradiation of liquid samples show limited astrophysical relevance. Furthermore, due to solvent absorption below 200 nm, such studies have been restricted to excitations of n→π* electronic transitions, so that only a part of the UV/VUV absorption spectrum was accessible. This is somewhat unfortunate, as in general amino acids exhibit stronger absorption cross-sections and higher CD values for the π→π* electronic transition in the VUV range, which is accessible by investigating solid state samples only.

The first transition from liquid to solid samples was made by Meierhenrich et al. [45] The authors induced 2.6% ee into a solid sample of leucine by right-CPL at 182 nm. The results obtained for the opposite helicity were three times lower, probably due to the difference in the spatial transverse flux density between left-and right-CPL. Following experiments, on the photolysis of racemic amorphous films lacking long-range order and of defined film thickness, resulted in a greater enantiomeric purity of 5.2% ee but were not confirmed by the opposite helicity. [46] Recently, the same group reported CPL-induced ee values of up to 4% for both helicities of incident light in alanine accompanied by TDDFT calculations. [47] Another sophisticated experimental set-up to study the asymmetric photolysis of solid state amino acids was introduced by Takahashi et al. [48] as they compared CD spectra before and after CPL exposure.

The astrophysical scenario, however envisions interstellar ices as a mixture of organic molecules embedded in a complex matrix, rather than a homogeneous amorphous film of amino acids. According to the Greenberg core-mantlegrain model, [49] small volatile molecules condense from the gas phase on the cold surface of interstellar dust grains, thereby forming an icy mantle. During the deposition, grain and mantle are subjected to energy in the form of UV photons and cosmic-ray particles, creating free radicals that can recombine and form complex organic molecules, so icy grains are considered as efficient astrochemical microreactors. Cometary ice simulation experiments were proven to be successful in recreating organic matter potentially present in the interstellar medium. The UV irradiation of the key volatile interstellar species under high vacuum on a cold surface gives rise to a remarkable diversity of organic compounds. Among them are amino acids, sugars in form of ribose and its sister aldopentoses arabinose, xylose and lyxose along with aldehydes, nucleobases etc. [50] All chiral molecules in the experiments listed above were detected as racemates since no chiral influence was introduced.

It should not be overlooked that all the above-mentioned molecules were detected by either liquid or gas chromatography, which involve a hydrolysis and/or derivatization step prior to analysis. Heating and pH changes during derivatization have been shown to produce significant alterations in molecular composition of the initial mixture. [51] However, in this case hydrolysis and heating release the analytes, e.g. amino acids, from a complex matrix of the sample, and do not produce new molecular species. Validation of this method [52] has been performed for amino acid analytes and the analytical procedure has proven to be effective without modifying the initial composition.

Recently, it has been shown that partially circularly polarized radiation is present in the star forming regions [5] and therefore the interstellar medium could contain a certain degree of asymmetry. In this regard, the logical extension of the ice simulation experiments was to replace the classical unpolarized UV source by intense circularly polarized synchrotron radiation from an undulator beamline [53] , as done by de Marcellus et al. [54] . The resulting photoprocessed astrophysical ices contained alanine with 1.34% optical purity. It was later found that an elaborate set-up can be replaced by two steps: achiral formation of astrophysical ices and subsequent irradiation with chiral photons at the synchrotron radiation source. [55] In 2007, K. Kobayashi and his team [56] simulated the formation of interstellar amino acid precursor molecules in a similar manner, by irradiating carbon monoxide, ammonia, and water with 3.0 MeV protons. The resulting organic material was then subjected individually to right-and left-handed CPL produced at a synchrotron radiation source. An enantiomeric enrichment of 0.65% in alanine was detected by enantioselective liquid chromatography. Recent investigations by Modica et al. [55] revealed statistically relevant ee values, all of the same sign, in five enantiomeric pairs of amino acids, with a maximum value of -2.54% eeL for 2-aminobutyric acid.

Ice simulation experiments provide indirect evidence for the photochemical model proposed by Greenberg, further strengthened by in situ analysis of a cometary nucleus in the frame of the Rosetta-Philae mission.

Aldehydes as prebiotic precursor molecules

Deoxyribonucleic acid (DNA) is the genetic source code for all known living organisms. Monomers of DNA display distinct chirality defined by the asymmetric sugar subunit within the nucleotide structure. The sugar subunit of DNAdeoxyribofuranosehas been found exclusively in D-configuration. Currently it is believed that DNA evolved from the more fragile ribonucleic acid (RNA). In this hypothesis, known as RNA World state [55] , D-ribofuranose replaces D-deoxyribofuranoseas the stereo-dictating element. Nevertheless, the ultimate origin of the sugar subunits as well as the original process of enantioselection remains unknown.

It is fascinating that the stereodictating elements of nucleic acids and proteins, sugars and amino acids, may have had a common precursor, chiral aldehydes. In this section we will emphasize the synthetic relationship between aldehydes, amino acids and sugars and the implications for prebiotic chemistry.

Aldehydes as amino acid precursors

Based on the observed relative abundance of organic precursors in meteorites and the interstellar medium, a number of synthetic routes have been proposed for amino acid formation in space [56] . The discovery of high proportions of α-amino acids in the Murchison meteorite correlated well with Miller's Streckercyanohydrin synthesis work [57] , which demonstrated that reactions of aldehydes and ketones with NH3 and HCN yielded α-amino acids (Fig. 2.4).

Due to the high HCN and ammonia abundances, together with various carbonyls detected in the Murchison meteorite, the Strecker synthesis has become generally accepted as responsible for both α-amino and α-hydroxy acid formation within a meteorite parent body. [58] However β-,γ-,δ-amino acids as well as diamino acids cannot be formed by cyanide addition to carbonyl compounds. Furthermore, compound specific D/H measurements [59] suggest diverse synthetic mechanisms of interstellar amino acids. Alternatively, reductive amination of α-keto acids [60] , radical-radical mechanisms [61] and ion-molecule reactions in the gas-phase [62] have been proposed. Regardless of the diversity of chemical reactions occurring within a meteorite parent body and on the surface of dust grains, aldehydes are still thought to be the major precursors for the production of amino acids. This synthetic relation is capable of explaining certain contentious enantiomeric excesses detected within Murchison extracts. For example Pizzarello et al. [63] reported on the pristine nonracemic isoleucine showing the opposite sign of enantioenrichment as its diastereomer allo-isoleucine. This contradictory result can be explained through the synthetic origin of the molecules concerned. When the cyanohydrin reaction of a chiral five-carbon (R)(S)-2-methylbutyraldehyde occurs, four amino acid diastereomers are formed. If the initial aldehyde was racemic the diastereomers are formed in equal proportions, but if some ee is present those amino acids that carried a S-portion of the initial molecule through their synthesis will be more abundant than their respective enantiomers. In the above example, this would be the (RS)-allo-isoleucine and (SS)-isoleucine, which agrees with the observation of opposite signs of ee in these meteoritic amino acids Another point that deserves to be discussed is the high optical purity of meteoritic α-methylated amino acids. [64] As mentioned in Section 2.1 the CD spectra of α-methylated amino acids show relatively low anisotropies that result at maximum of 4% inducible ee under the photolysis rate of 99.99%, thus indicating that asymmetric photolysis of α-methylated amino acids could not be directly responsible for the high optical purities found in meteorites. One possible interpretation may be an aqueous alteration of the meteorite parent body that amplified the initial CPL induced molecular asymmetry. [64c] Another explanation may come from investigation of CD and anisotropy spectra of chiral aldehydes, precursors for α-methylated amino acids. Since no g value has ever been reported for those molecules, one can so far only hypothesize that reported ees have originated from enantioselective photodecomposition of chiral aldehydes.

Aldehydes as nucleic acid precursors

When considering asymmetric nucleotide synthesis under prebiotic conditions, several issues have to be addressed. Firstly, even though both nucleobases and sugars can be formed from prebiotic precursors, nucleobase-sugar covalent bond formation is energetically unlikely. Purines are insufficiently reactive with ribose and ribose derivatives and pyrimidines do not react at all with preformed sugars. [65] Moreover, ribose is difficult to form selectively. [66] Recently, an alternative synthetic pathway bypassing the classical free ribose and nucleobase reaction was proposed by Sutherland et al. [67] (Fig. 5). Starting materials for the synthesis included glycolaldehyde and glyceraldehyde, which were further condensed to amino-oxazolines in the presence of cyanamide, cyanoacetylene and inorganic phosphate. Currently this route is considered an attractive mechanism of ribonucleotide formation on early Earth.

In the Sutherland model, glyceraldehyde is the first chiral molecule on the way to nucleic acids. The asymmetry of nucleotides can therefore be driven by chiral catalysis governed by enantioenriched amino acids [68] , or it could also have been directly promoted by interstellar CPL. To evaluate the astrophysical relevance of the proposed scenario one would estimate the abundance of the molecules concerned in the interstellar medium and evaluate their chiroptical properties by recording CD and anisotropy spectra. Glycolaldehyde has been detected in emission and/or in absorption by radio astronomy toward the galactic center source, Sagittarius B2(N) [69] , in the hot molecular core, G31.41+0.31 [70] , in the solar-type protostellar binary, IRAS 16293-2422 [71] , and its upper limit could be determined in the Hale-Bopp comet [72] , in the C/2012 F6 and C/2013 R1 comets [73] as well as in the comet C/2014 Q2 (Lovejoy) [73] .

Glyceraldehyde is readily produced via a self-aldol reaction from glycolaldehyde, which is itself formed from formaldehyde. Taking into account their synthetic relationship, one would expect to find glyceraldehyde together with glycolaldehyde in the interstellar medium. Indirect evidence for this came from studies of de Marcellus et al. [50c] as they detected 10 aldehydes, including the sugarrelated glycolaldehyde and glyceraldehyde, in interstellar ice analogues resulting from a H2O: 13 CH3OH:NH3 gas mixture condensation. Notably, the same molecular composition was used to produce amino acids in previous works [50e, 74] suggesting that bodies such as comets contain all molecules necessary for early prebiotic chemistry and the generation of life. Moreover, recent analyses of a simulated interstellar ice produced from the same gas mixture revealed the presence of ribose and its sister aldopentoses arabinose, lyxose and xylose in large amounts. [75] The total quantity of sugars detected adds up to 3.5% of the entire sample, with ribose giving the higher yields among the sugars. [75] The presence of alcohols and the sugar acids hydroxymethylglycerol and hydroxymethyltetritol in the same sample indicate a formose type-reaction mechanism. [76] The above mentioned results are in agreement with organic molecules found via in situ analysis of the cometary nucleus of Churyumov/Gerasimenko 67P performed by the COSAC experiment on the Rosetta [77] lander Philae [78] .This provides a direct link between the laboratory simulation and cometary composition.

Other chiral species relevant for prebiotic enantiomeric discrimination

Often amino acids, sugars, and nucleotides are considered as the main molecular precursors of life, leaving a large group of structurally related organic molecules out of the discussion. In this section we will focus on the origin and significance of other chiral organic molecules such as amines and carboxylic acids for prebiotic evolution and more importantly for the generation of an enantiomeric bias.

The evolution and detection of chiral amines

Aliphatic amines and amino acids share structural features such as carbon backbones and chiral centres. 13 C isotopic studies [79] suggested direct synthetic connections between these two classes of compounds, either through the loss or the addition of a carboxylic group. Both aliphatic amines and amino acids were found in meteorites [79-80] , simulated interstellar ices [50e, 81] and even in interstellar dust grains [78, 82] . C1 and C2 aliphatic amines (methylamine and ethylamine) were detected in comet-exposed material from the Stardust sample return mission to comet Wild 2 [82a] and by the COSAC instrument on board the Rosetta-Philae Mission [78] . Another great achievement of the Stardust mission approaching comet Wild 2 was the detection of the amino acid glycine. [82b, 82c] Knowing the high ee values detected for meteoritic amino acids and taking into account their structural similarities and their common origin with chiral amines, one would expect to find a similar enantiomeric distribution within chiral amines. Nevertheless, recent investigation of Aponte et al. [79] revealed no ee within 2-aminobutane while its structurally related homologue isovaline showed an eeL = 9.8%. Two more amines 2-aminopentane and 2-amino-3-methylbutane gave R/S ratios close to 1. These, at first sight contradictory, results question the possibility of CPL enantioenrichment in the interstellar medium. The disagreement was resolved in a recent investigation on CD and anisotropy spectra of chiral amines. Meinert et al. [83] provided quantitative predictions of inducible eeL-values at a given photolysis rate of 99.99% based on selected anisotropies gmax in aqueous solution. Three chiral aliphatic amines were selected for this study: S-2-aminobutane, S-2-aminohexane, and S-2-amino-heptane. The shapes of the recorded CD and anisotropy spectra of the investigated amines were quite similar: all displaying a negative CD and g band for the S enantiomer at 195±4 nm and 218±3 nm respectively (see Fig. 2.6). This band was assigned as the transition of one of the unshared electrons of nitrogen to an antibonding σ* orbital (n→σ*). The maximum g values deduced from the anisotropy spectra were relatively small (g = 0.0003-0.00004) and consequently predicted ee values were below 1%. These values may be compared with anisotropy spectra recorded for water solutions of amino acids [20] where the maximum g-value varies between 0.01 and 0.015, which corresponds to theoretically inducible ee of 8-10% of the same sign. All in all the presence of racemic amines does not contradict the CPL driven asymmetric induction mechanism, but rather supports it. CHAPTER I: Bibliographic overview 41

The evolution and detection of chiral hydroxycarboxylic acids

Similar to aliphatic amines, monocarboxylic and α-hydroxycarboxylic acids are structurally related to amino acids, suggesting a possible link between these compounds. Chiral molecules from both classes have been detected in carbonaceous chondrites [84] and simulated interstellar ices [85] .

Hydroxycarboxylic acids were first identified in Murchison extracts by Peltzer and Bada [86] , as a suite of several compounds having a general molecular and chiral distribution comparable to those of the amino acid. Further studies on the chiral distribution of hydroxycarboxylic acids were undertaken by Pizzarello et al. [84b] In this work up to 20 hydroxycarboxylic acids were identified, and for 6 of them enantioresolution was achieved. Interestingly, the α-hydroxy analogue of alaninelactic acidappears to be the only hydroxyl carboxylic acid species displaying molecular asymmetry (eeL = 3-12%). At the same time the authors underline that L-lactic acid is common in the terrestrial biosphere and therefore can be introduced as contamination during the analytical procedure. Several polyhydroxycarboxylic acids, also known as sugar acids, were detected by Cooper in the Murchison meteorite [87] , but no enantiomeric resolution was reported. The absence of CD and anisotropy data complicates the interpretation of ee-values. Further investigations of the chiroptical properties of hydroxycarboxylic acids will shed light on the optical purities in meteorites. New insights on the enantiodistribution of free monocarboxylic acids (MCA) and aliphatic side chains present in meteoritic insoluble organic matter were given by Aponte et al. [84a] , as they showed no enantiomeric excess within the studied samples of CM2 and CR2 meteorites. As a possible explanation the authors suggested that UV-CPL might have a different effect on the MCAs and amino acids resulting in no observable asymmetry in the free carboxylic acids. Meinert et al. [83] examined this hypothesis by recording CD and anisotropy spectra of two carboxylic acids, S-2-methylbutanoic acid and S-3-methylpentanoic acid (Fig. 2.7). The maximum anisotropy g = 0.0024 was observed at 220 nm for S-2methylbutanoic acid, while S-3-methylpentanoic acid exhibited a minimal value of g = -0.0011 at 213 nm. Such differences in sign and anisotropy values suggest that the carboxyl group adopts a preferred conformation with respect to the rest of the molecule, thereby inverting the sign of rotational strength R and CD bands. Recorded g values correspond to an enantiomeric excess below 1% for both S-2methylbutanoic acid and S-3-methylpentanoic acid. Again, the low anisotropies of MCAs in this study, as in the case of aliphatic amines, are assumed to explain their racemic distribution in meteoritic samples.

Outlook

The photochemical model of symmetry breaking in the interstellar environment remains as one of the most pertinent explanations for how biomolecular homochirality arose on early Earth. There exist many indirect sources of evidence including the enantioselective analysis of meteorites and laboratory simulations of interstellar ices. The straightforward interpretation of the reported ee values becomes possible through the systematic analysis of VUV and UV CD spectra and anisotropy data. AIS provides a predictive tool for the degree to which a molecule can be CPL-enantioenriched for a given extent of reaction and at a given wavelength. As discussed in this review the amino acids show CD maxima and minima in the spectral VUV range from 160 to 220 nm and anisotropy extrema in the UV range from 185 to 220 nm, which correspond to reasonably achievable ee-values of ~5%. Closely related to amino acids, amines and carboxylic acids on the other hand show very low anisotropies and consequently would yield very low enantioenrichment by asymmetric photolysis in any spectral range. This agrees with the racemic values detected for meteoritic amines and monocarboxylic acids.

Until now, photochemically induced ees correlate well with those found in meteorites. The results which stand out, e.g., high ees in α-methylated amino acids can be explained by the synthetic relationship between aldehydes and amino acids. New data originating from CD and anisotropy spectra of aldehydes, sugars, and hydroxycarboxylic acids are required to further evaluate the role of asymmetric photolysis or photosynthesis in triggering the selection of the handedness of the molecular building blocks of life.

Any hypotheses, as well as hypothesis regarding the origin of life, require experimental methods to test them. The photochemical model of enantioenrichment implies very small enantiomeric excesses to be produced by means of CPL irradiation. Since the optical purity increases together with the photolysis rate, eventually the amount of sample drastically decreases to provide reliable quantification. Another way to test the photochemical model is to analyze meteoritic samples, where enantioenriched amino acids have been found previously. The precisely determined ee values may shed some light on the origin of molecular asymmetry.

In this regard, the following section is dedicated to development of an analytical protocol for the quantitative enantioseparation of amino acids.

Introduction

The search for prebiotic organic compounds of non-terrestrialorigin such as amino acids, is one of the major tasks of numerous space missions [1,2] and meteorite studies [3]. Once found, they open a window into the chemical evolution of organic matter-possible precursors to the origin of life and further biological evolution [4]. It has been shown that some of the key molecules in terrestrial biology, e.g. amino acids [5,6], nucleobases [7][8][9], and sugar acids [10] are present in ppb to ppm level within a specific class of meteorites-carbonaceous chondrites, thus suggesting an exogenous delivery of prebiotic organic matter to Earth. In this context the enantiomeric resolution of chiral species is of a primary relevance as the ratio between two optical isomers can beviewed as a signature of their biotic versus abiotic origin. Additionally, small enantiomeric excesses (ee) are often interpreted as the result of a molecular symmetry breaking event, e.g., driven by achiral force [11]. The first detection of an enantiomeric enrichment in L-amino acids within the Murchison meteorite opened a debate on the indigeneity of the observed ees and the efficiency of the applied analytical separation technique [12]. Since then, demands for the analytical procedure with high precision ee measurementand increased separation power have raised significantly.

Gas chromatography (GC) has a long track record in the analysis of extraterrestrial samples [13]. Given the complex nature of extraterrestrial organic matter and its low available quantity [14], an analytical procedure for the enantioselective analysis of amino acids has to meet certain requirements such as: (i) low detection and quantification limits; (ii) high enantiomeric resolution; (iii) complete absence of racemization following the analytical protocol; (iv) minimal co-elution. While some of the mentioned limitations are linked to the derivatization step (e.g., the degree of racemization) others are mainly related to the separation power of conventional GC. As the monodimensional capillary GC technique has reached its limits for complete analyte separation, further improvement of gas chromatographic resolution has been achieved as a result of the development of comprehensive multidimensional gas chromatography (GC × GC). Since its first introduction in the 1990s [15] the innovative technique has been successfully applied to detect and quantify trace-level constituents and contaminants in various types of samples [16]. In this study we emphasize the advantages of enantioselective multidimensional gas chromatography applied to samples of astrobiological relevance, includinga sample of the Murchison meteorite. The developed analyticalmethod is compared to previously reported HPLC, GC-MS and GC × GC-MS methods [17][18][19][20][21] for the separation of amino acid enantiomers.

Furthermore, the classical optimization and validation of analytical procedures for amino acid separation is generally limited to 20 genetically encoded units, keeping a much larger group of non-proteinogenic amino acids out of the picture. However, the enantiomeric separation of non-proteinogenic amino acids gains more and more attention in a number of fields of bioanalytical chemistry, metabolomics, medicinal chemistry, and pharmacology [22]. Regarding an outer space origin of these molecules, the newly developed analytical procedure is of primary interest in meteoritic and planetary research. In spite of their importance to the field, only a few researchers have studied their resolution and analytical response [23,24]. Thus, this work contains an elaborated list of amino acids taking into account their relevance for the chemical evolution of organic matter in solar system objects. Additionally, high precision measurements of amino acid ees in a Murchison meteorite extract were performed.

Experiments

Chemicals, reagents, and tools

Different groups of amino acids were analyzed: proteinogenic amino acids (Gly, Ala, Ser, Asp, Val, Pro, Glu, Met, Leu, Ile, and Phe), α-nonproteinogenic amino acids (2-aminobutyric acid, norvaline, norleucine, and tertleucine), β-amino acids (β-alanine, 3-aminobutyric acid, 3-aminoisobutyric acid, 3-aminopentanoic acid, and β-leucine), a γ-amino acid (4-aminobutyric acid), αdialkylated amino acids (2-aminoisobutyric acid, isovaline, and 2-methylglutamic acid), N-alkylated amino acids (sarcosine, N-methylalanine, and N-ethylglycine), an iminodiacid (iminodiacetic acid), and diamino acids (2,3-diaminopropanoic acid and 2,3-diaminobutanoic acid). All the chemicals used in this study were purchased from Sigma-Aldrich, Fluka, or Acros Organics. To prepare the amino acid stock solution (1.25 x 10 -3 M), the individual 30 amino acids were weighted, mixed, and dissolved in 0.1 MHCl solution prepared by dilution of 6 MHCl (Fluka) in ultrapure water (HPLC grade). Serial dilutions (from 10 -5 M to 10 -9 M) were prepared for the generation of the calibration curves (supplementary information Fig. S3.1 (1-8)). Due to their low response, two amino acidsisovaline and αaminoisobutyric acidwere prepared separately with serial dilution from 10 -3 M to 10 -6 M. All glassware used was wrapped in aluminum foil, and heated at 500 °C for at least 3 hours to eliminate possible terrestrial contamination.

Derivatization

Diluted series of the standard solution were transformed into N(O,S)-ethoxy-carbonylheptafluorobutylester derivatives (ECHFBE) according to the modified standard procedure of Abe et al. [25] described elsewhere [19,20]. Arguments for the choice of the derivatization method were reviewed by Meinert and Meierhenrich [26]. The reagents were added into a reaction vial in the followingorder: 25 µL of a 2,2,3,3,4,4,4-heptafluoro-1-butanol/pyridine mixture (3:1, v/v) followed by 5 µL of ethyl chloroformate. The reaction mixture was vigorously shaken for 10 seconds to form the ECHFBE derivatives. The amino acid derivatives were extracted from the reaction mixture by adding 40 µL of chloroform and 10 µL solution of pyrene in chloroform (2 µg mL -1 ), the last serving as an internal standard (IS). The organic phases were withdrawn and transferred into 1 mL GC vials equipped with 100 µL inserts for enantioselective GC × GC analyses.

This derivatization method was also applied to an extract of the Murchison meteorite. The detailed extraction procedure is described in the supplementary information and can be found in the literature [6].

GC × GC-TOFMS

The enantioselective multidimensional analysis was carried out by a GC × GC Pegasus IV D instrument coupled to a time-of-flight mass spectrometer (LECO, Michigan, USA). The MS system operated at a storage rate of 150 Hz, with a 50-400 amu mass range, detector voltage of 1.8 kV, and solvent delay of 15 min. Ion source and injector temperatures were set to 230 °C.

The column set consisted of two Press-Tight © connected Varian-Chrompack Chirasil-L-Val columns (49.2 m × 0.25 mm, 0.12 μm film thickness) in the first dimension and a DB Wax as secondary column (1.4 m × 0.1 mm, 0.1 μm film thickness). Helium was used as carrier gas at a constant flow of 1 mL min -1 . All samples were injected in the splitless mode with an identical temperature program. The temperature of the primary column was held at 40 °C for 1 min then increased to 80 °C at a rate of 10 °C min -1 and held for 10 min, finally it was heated up to 180 °C with a 2 °C min -1 rate and held for 15 min. The secondary oven used a temperature offset of 20 °C. It stayed at 60 °C for 1 min, warmed up to 100 °C with a 10 °C min -1 rate, and held for 10 min, then heated up to 150 °C at a rate of 2 °C min -1 and finally it was increased to 210 °C at a rate of 4 °C min -1 and held for 30 min. A modulation period of 3 seconds was applied. All samples were injected 3 to 5 times in order to accurately calculate peak areas with reliable statistical error bars. Data were processed using the LECO Corp ChromaTOF TM software. Volume peak integration was performed, taking into account possible modulation-induced errors.

Result and discussion

Mass spectra of the derivatives

Mass spectra of amino acids were interpreted based on the previously described fragmentation mechanism [18] 3.1 summarizes the characteristic mass fragments for all analyzed amino acids. [a] Numbers designated in boldface are the main mass fragments. [b] McLafferty rearrangement. [c] Bis-acylated. [d] Cyclic oxonium ion. [e] Cyclic iminium ion. [f] Dehydration product of glutamic acid. [g] Dehydration product of methylglutamic acid. [h] Amino acids that were not detected in the Murchison extract.

Method validation

The developed method was tested for quantitative analysis in terms of linearity and working range. At least 5 concentrations of the standard solution were used in this study. The calibration curves were plotted as the logarithm of AAA/AS, versus logarithm of CA/CIS, to provide visual confirmation of the linear range (see supporting information Fig. S3.1 (1-8)). Each point of the curve represents the average value of three replicated measurements. The linear relationship was evaluated by the calculation of a regression line by the method of least squares for the plot of peak area as a function of analyte concentration. The squared correlation coefficient values are close to 1, which certify good agreement with generated linear equation (Table 3.2). The upper limit of the working range was determined by the saturation of the detector response and the lower limit corresponds to the method detection limit (Table 3.2) [27]. Additional information on the regression parameters and the working range for all studied amino acids can be found in the supporting information. 

Compound

S [a] σ [b] R 2 [c] Cmax [d] ,μM Cmin [e] ,μM Glycine [a] Sslope of the calibration curve. [b] σstandard deviation of response. [c] R 2coefficient of determination. [d] The upper limit of working range calculated from the regression equation as a concentration of the detector response saturation. [e] The lower limit of working range.

In the developed protocol the limit of detection (LOD) and the limit of quantification (LOQ) were calculated based on the standard deviation of the response (σ) and the slope of the calibration curve (S) at levels approximating the LOD and LOQ according to the formulas: LOD = 3.3σ/S, LOD = 10σ/S [28]. The standard deviation of the response was determined based on the standard deviation of y-intercepts of regression lines. Most of the studied amino acids showed adequate sensitivity with detection limits ranging from 0.005-3 pmol. Exceptions are 2-AIB, isovaline, 3-aminopentanoic acid, 4-aminobutanoic acid, 2,3-aminobutanoic acid, serine, glutamic, pyroglutamic, and iminodiacetic acid, where the LOD is above 3 pmol (Table 3.1). Based on the obtained data we can conclude that the reaction yield decreases with the addition of a new functional group, moving the amine group from the α-to γ-position, and most prominently with addition of an additional alkyl group in α-position.

In GC × GC analysis the thermal modulator compresses the analytes before they are released into the secondary column. This feature of the modulator, also known as focusing effect results in narrow peaks with enhanced peak height [16]. Consequently, the calculated LOD and LOQ exceed previously reported values [18,21] (ranging from 0.18 pmol to 6 nmol) by an order of magnitude, hence indicating the enhanced sensitivity of the developed procedure. Remarkably, even the lowest LOQ values of α-dialkylated amino acids are above the concentrations found in carbonaceous meteorites [29], and therefore the procedure can be used for further quantifications.

Enantioseparation

The one-step, achiral chloroformate derivatization combined with the separation on a chiral stationary phase provides substantial advantages versus the widely used chiral derivatization followed by diastereomer separation via an achiral stationary phase. It eliminates sources of errors in the quantitative enantioseparation related to the derivatization procedure, e.g. enantiomeric impurities of the derivatization auxiliary, partial racemization of both reactants during derivatization, and the difference in reaction kinetics of enantiomers with a chiral reagent [29]. Chiral OPA/NAC was used in recently reported nanoelectrospray ionization high resolution orbitrap mass spectrometry coupled to HPLC [17]. It was proven to detect amino acids with concentrations as low as 10 -10 M. However, errors resulting from chiral derivatization and incomplete resolution of several amino acids make this technique less suitable for quantification of small enantiomeric excesses in complex matrices.

The here-developed analytical method was investigated for the enantioseparation of 23 enantiomeric pairs of amino acids. Out of these, 13 pairs of nonproteinogenic amino acids have been previously viewed as particularly important target molecules [30] due to their rare occurrence in the biosphere, and therefore indigenous ee distribution within carbonaceous meteorites. Additionally, our results show that the Chirasil-L-Val stationary phase in combination with the applied derivatization was not able to separate N-methylalanine, proline, and 3-aminoisobutyric acid (Figure 3.1). The chemical structure of the stationary phase is known to be crucial for the resolution of amino acid enantiomers. The interaction between analytes and the Chirasil-Val stationary phase is mainly based on hydrogen-bridged intermediate diastereomeric associates. Consequently such interaction cannot take place if the asymmetric carbon bonds to the substituted amino group. To achieve better resolution of proline and N-alkylated amino acid enantiomers, Chirasil-β-Dex or mixed phases such as Chirasil-Val/Chirasil-β-Dex were described to be useful [23]. Previous studies of the resolution of α-alkyl and α-dialkyl amino acids demonstrated that the presence of an alkyl chain in α-position complicates enantiomeric separation [21]. Both enantiomers were resolved for all other amino acids. All of them display baseline separation, i.e. resolution higher than 1.5 (Table 3.1). The best separation of the α-dialkyl amino acid isovaline was achieved using a temperature program with a 10 min plateau at 80 °C. On the studied stationary phase (Chirasil-L-Val), the elution order was constant for all the enantiomeric pairs: the D-form always elutes first. The exception is pyroglutamic acid where it is inverse.

Method application

In one-dimensional GC, peak overlapping of amino acid enantiomers with the sample matrix is a common problem. Therefore, enantioselective comprehensive two-dimensional gas chromatography with different column sets has previously been tested on complex natural samples providing narrower peaks and better detection limits. The lowest values reported are in the order of 10 -2 mg L -1 [20,21]. However, no method validation and resolution data have been reported.

In this study, the separation power of GC × GC and the developed analytical procedure were applied to an amino acid extract of the Murchison meteorite. The method was proven to produce results coherent with previous findings [29] for amino acids in the presence of interfering compounds and a complex matrix. The two-dimensional counter plot shown in Fig. 3.1 demonstrates complete resolution of the main enantiomeric species. In total, the baseline separation was achieved for more than 200 signals. dimension in combination with the focusing effect of the modulator and the powerful mass spectrometer drastically increase the amount of information one can deduce from a single gas chromatogram. As an example, the separation of glutamic and pyroglutamic acid would be impossible in 1D GC as they present nearly identical first dimension retention times (Fig. S3.4). Furthermore, the L-enantiomer of 3-aminopentanoic acid co-elutes with numerous compounds having the same main mass fragment in conventional 1D GC (Fig. S3.5), thereby contributing to an eeL while two-dimensional analysis discriminates against all sorts of co-elution and gives the precise racemic value of 3-aminopentanoic acid. Summarizing, GC × GC analysis minimizes errors resulting from the interference through peak overlap and/or co-extracted matrix impurities. Moreover, the produced structured chromatograms result in similar elution patterns for structurally related homologues. Diamino acids, for example, elute in the upper right corner of the chromatogram due to the high polarity, while amino dicarboxylic acids have a shorter second dimension retention time, therefore eluting in the lower right corner. The clustering in this case can provide additional insights for future identifications. The determined ee values of meteoritic chiral amino acids are summarized in Table 3. 3. The maximum enantioenrichments were observed for the proteinogenic amino acids leucine and isoleucine. Here, further isotopic ratio studies are needed to determine the origin of the observed asymmetry; high eeLvalues are an indicator of terrestrial contamination. Among the non-proteinogenic amino acids, α-methylated amino acids showed the highest ee values that is consistent with data reported by Pizzarello et al. [31].

Conclusions

This study provides an improved multidimensional analytical method for enantiomeric separation of amino acids in samples potentially relevant for the origin of homochirality on Earth, such as meteorites, comets, and interstellar ices. The present procedure provides several distinct advantages for the quantitative enantioselective analysis. Firstly, the method sensitivity, linearity, and separation power tested on the diverse groups of amino acids including non-proteinogenic amino acids showed improved LOD and LOQ resulting from the multiplication of the individual peak capacities of the two single columns. Secondly, most of the studied enantiomeric pairs were baseline separated and demonstrated excellent resolution in combination with minimal co-elution with the complex matrix of extraterrestrial samples. The high data acquisition of TOF-MS instruments combined with improved mass spectral deconvolution software allow for clean, unambiguous spectra to be produced, even for partially co-eluting compounds. Additionally, [a] Amino acid eeL (%) ± 3σ [b] Corrected eeL (%) [c] 3 Alanine 3.51± 0.74 3.16± 0. [a] Number of carbon atoms. [b] ± gives the standard deviation 3σ of multiple injections n (n = 5-8). [c] ± corrected against L-amino acid abundances quantified in serpentine blank.

the alkyl chloroformate derivatives of amino acids demonstrate class specific mass fragmentation enabling the identification of so far unknown amino acid structures in such samples.

The combination of two distinct chromatographic separations allowed us to detect and resolve more than 200 peaks within a single fraction of the Murchison meteorite sample. It was shown that co-elution of analytes with interfering compounds and the complex meteoritic matrix can be minimized by performing GC × GC analysis. We anticipate that our method will be employed for the precise quantification of organic compounds and/or calculation of small ees in meteorites, simulated interstellar ice analogs, and potentially interplanetary dust and cometary particles.

Supporting information

Method validation

The linearity of the calibration curves was verified for more than three orders of magnitude with concentrations of amino acids varying from 10 -5 to 10 -10 M. For amino acids with lower response (isovaline and 2-aminoisobutyric acid) individual standard solutions with a concentration ranging from 10 -3 to 10 -5 M were prepared. To correct the errors derived from analyte loss during sample preparation, the sample inlet, and changes in the detector response; the calibration was done by using an internal standard (IS). An IS solution of pyrene in chloroform (2 µg mL -1 ) was added into all samples including the Murchison extract. To demonstrate the linearity, calibration curves were plotted in double-logarithmic scale (Figure S3.1). We have chosen to present one amino acid for each class analyzed: alanine for proteinogenic amino acids, 2-aminobutyric acid for α-nonproteinogenic amino acids, β-alanine for β-amino acids, 4-aminobutyric acid for γ-amino acid, isovaline for α-dialkylated amino acids, sarcosine for N-alkylated amino acids, iminodiacetic acid for iminodiacides, and 2,3-diaminopropanoic acid (DAP) for diamino acids. For the majority of the studied amino acids four different concentrations (in some cases 3) provide a good agreement with the linear model. To calculate LOD and LOQ, the calibration curves were plotted as concentration versus peak area. Coefficient of determination (R 2 ), standard deviation of the response (σ) and the slope of the mentioned calibration curve (S) are listed in Table S3.1 as well as retention time in both dimensions. 

Extraction of amino acids from the Murchsion meteorite

An interior piece of 1.0105 g of the Murchison meteorite (USNM 5451) provided by the Smithsonian National Museum of Natural History as well as 0.9966 g of serpentinite used as a procedural blank (heated to 500°C for more than 3 h) were separately crushed into powder using ceramic mortars and pestles. Samples were transferred into glass ampoules and 2 mL of water (HPLC grade) were added to each ampoule before they were flame-sealed and placed in a heating block for 24 h at 100 °C. The ampoules were then opened, centrifuged, and each supernatant was transferred into a small test tube. Each supernant was dried under vacuum, and subjected to a 6 M HCl acid vapor hydrolysis (150 °C for 3 h). The acid-hydrolyzed fractions were desalted on a cation exchange resin, the amino acids eluted with 5 ml of 2 M ammonium hydroxide, and the eluates dried under vacuum before being derivatised.

Interpretation of mass spectra

The individual mass spectra of the N-ethoxycarbonylheptafluorobutyl esters of 31 amino acids and the interpretation of their most prominent mass spectrometric fragments are shown in Figure S3.2 (1-31). 

Figure S3.2 (1-31)

Proposed fragmentation mechanism of amino acid ECHFBE derivatives and their mass spectra, numeration on the spectra corresponds to numeration of the amino acids in the Table 3.1. Asterisk under the compound name indicate that the mass spectra correspond to the mass spectra of the standard, while for all the others amino acids the mass spectra is take from the Murchison sample. Formation mechanism for characteristic ions m/z=129 and m/z=101 from ion m/z=329 is presented in the Fig. S3. Once the analytical method has been tested and validated it can be further applied to a sample of choice. In the following study several samples of simulated interstellar ices have been analyzed by comprehensive two-dimensional gas chromatography. As a result several aldehydes and carbonyls have been detected. Among the identified species are glyceraldehyde and glycoaldehyde two intermediate species of the formose reaction. They are also necessary intermediates in the synthesis of activated nucleotides. Moreover, glyceraldehyde is the first chiral aldehyde detected in simulated interstellar ices.

GC×GC chromatograms of a standard solution of amino acids

This study became possible because of an accurate and sensitive analytical method developed to target specifically organic molecules with carbonyl groups. The following publications will expain the relavence of this discovery in the context of the origin of life.

Significance statement

In molecular clouds out of which stars and planetary systems form, simple solid-state molecules made in large part of H2O, CO, CO2, CH3OH, and NH3 are abundantly present. In these environments, energetic and thermal processes on these ices, which can be simulated in the laboratory, lead to complex organic matter. Possibly at the origin of the organic matter in our Solar System and incorporated into planetesimals, this material may be considered as a potential source for prebiotic chemistry on telluric planets, following a process that may be quite universal. The composition of these laboratory-evolved ices includes potentially prebiotic species such as amino acids and, as presented in this paper, aldehydes and sugars.

Introduction

In dense molecular clouds, interstellar ices are by far the most abundant molecular fraction in the solid state compared with the gas-phase molecules. They are observed in the mid-infrared range around protostars, from which planets, but also much debris, such as comets and asteroids, eventually form. Their composition is dominated by H2O, followed by CO, CO2, CH3OH, NH3, CH4, and some less abundant molecules, although their respective abundances can vary from one (type of) source to another [1]. Ices are subjected to various energetic processes such as cosmic rays and UV irradiation [2] as well as thermal reactions, which initiate a rich solid-state chemistry from diffusion within the bulk of reactive species such as ions and radicals, which ultimately recombine to form new and more complex molecules. This molecular complexity is difficult to trace in astrophysical settings and to characterize in the solid state by in situ infrared spectroscopy alone because of the presence of the dominant simple ice species as well as the deep and broad silicate feature along the line of sight that hide minor features expected from complex molecules. However, in warmer regions such as hot molecular cores, icy mantles can sublimate, and complex molecules become more easily detectable and identifiable by radio astronomy due to their rotational spectra [3]. Detected gas-phase molecules are thus more complex than those observed in the solid phase, but models show that an important initial solid-state (ice) chemistry is usually required to explain the measured abundances, which cannot result from gas-phase reactions alone [4,5].

Laboratory experiments that simulate the photochemical evolution of simple interstellar ices (including C, H, O, and N elements) lead to the production of a complex semirefractory organic residue after warming up to room temperature [6,7], which is often considered as an analog of precometary matter. Such residues display a macromolecular structure, including a large variety of chemical functions such as alcohols, amines, amides, esters, carboxylic acids, etc. [8,9]. Among the numerous individual molecules detected in these residues, hexamethylenetetramine (HMT) is a dominant species [10][11][12][13], although it seems not to have any direct prebiotic implication [14]. On the other hand, several molecules of potential prebiotic interest have been found, such as amino and diamino acids [14][15][16][17][18], hydantoin [19], urea and glycolic acid [6,20], lipid precursors [21], quinines when polycyclic aromatic hydrocarbons are irradiated in water ice [22], and even nucleobases-however, only when pyrimidine is added to the initial ice mixture [23][24][25]. The presence of sugars, in particular those included in nucleotides that are the building blocks of nucleic acids, has never been reported in these residues.

In this study, we report the first to our knowledge detection of aldehydes in room temperature organic residues, including glycolaldehyde and the chiral glyceraldehyde. We discuss their potential implications for prebiotic chemistry within an astrophysical scenario that emphasizes the central role of extraterrestrial ice photo/thermochemistry as an ubiquitous phenomenon in protostellar media and protoplanetary disk environments [26].

Results

Ten different aldehydes, ranging from one to four carbon atoms (Table 4.1), were detected in the organic residue resulting from the processing of an initial H2O: 13 CH3OH:NH3 (12:3.5:1) ice mixture: formaldehyde (H2CO), glycolaldehyde (CH2OHCHO), acetaldehyde (CH3CHO), propanal (CH3CH2CHO), propenal (CH2CHCHO), lactaldehyde (CH3CHOHCHO), glyceraldehydes (CH2OHCHOHCHO), glyoxal (OCHCHO), methylglyoxal [CH3C(O)CHO], and butyraldehyde [CH3(CH2)2CHO]. Our analysis of aldehydes in the organic residues uses a definitive means of detection, 2D gas chromatography, coupled to time-of-flight mass spectrometry (GC×GC-TOFMS). All of these aldehydessome of them exhibiting additional functional group (Fig. 4.1)-were identified as their O-pentafluorobenzyl oxime (PFBO) and O-pentafluorobenzyl oximetrimethylsilyl ether (PFBO-TMS) derivatives, respectively, using aqueous-phase derivatization with O-(pentafluorobenzyl)hydroxylamine (PFBHA). Nine out of ten aldehydes were identified by their mass fragmentation patterns, along with the chromatographic elution time in both dimensions of individual PFBHA-TMSreacted authentic standard injections. Due to the lack of a lactaldehyde reference standard, the structural elucidation of lactaldehyde is solely based on the interpretation of its mass spectrum and its predicted retention time.

For glyceraldehyde, the mass spectrum of the detected molecule is displayed just above the mass spectrum of the corresponding standard (Fig. 4.2). We remind the reader here that organic residues were made with 13 C only, whereas standards are composed of 12 C. Thus molecular ions and fragments containing one or more carbon atom(s) are shifted accordingly and lead to unambiguous detections.

Table 4.1. Aldehydes and sugar-related molecules identified in simulated pre-cometary organic residues. Data were obtained from a VUV-irradiated ice mixture at 78 K containing water, 13 C-labeled methanol, and ammonia; H2O: 13 CH3OH:NH3, in molar composition of 12:3.5:1. After water extraction of the residue at room temperature, the aldehydes were derivatized to form 1-(O-pentafluorobenzyl)oxime derivatives and identified by enantioselective GC×GC-TOFMS analysis.

#C [a] Compound Rt1 [b] [min] Rt2 [c] [sec] MS-fragmentation / 13 In the homologous series of aldehydes detected in the organic residues, the lower-molecular-weight members are usually more abundant (Fig. 4.3)-the exception here of formaldehyde may be due to its higher volatility and its gradual loss while heating the vacuum chamber up to room temperature after forming in the ices. The abundances of aldehydes (Fig. 4.3A) and hydroxyaldehydes (Fig. 4.3B) are decreasing with increasing carbon number, as previously observed for amino acids in such ice simulation experiments [13,17]. Three different samples were analyzed in this study: one containing ammonia (H2O: 13 CH3OH: NH3 = 12:3.5:1, with a simultaneous deposition and irradiation time of 67.5 h) and two without ammonia (H2O: 13 CH3OH = 3:1, one made during 65 h and one during 91 h, resulting in a higher quantity of organic residue for the second one). Relative aldehyde abundances for the two samples without ammonia follow the trend of the total experiment duration (the global amount of organic residue), although not strictly proportional to it (Fig. 4.3). Interestingly, the abundances of the simple aldehydes (formaldehyde, acetaldehyde, propanal, and butyraldehyde) are lower in the absence of ammonia in the initial ice mixture. Even more striking, the hydroxyaldehydes, including glycolaldehyde, lactaldehyde, and glyceraldehyde, are completely absent in the samples without ammonia (Figs. 4.3 and 4.4). In contrast, the abundances of the dialdehydes, glyoxal and methylglyoxal, are reduced in the presence of ammonia, an effect that we do not explain at this stage. 

Astrophysical discussion

Six out of the ten molecules in Table 4.1 have been detected in extraterrestrial environments, which include protostellar media but also Solar System objects such as comets and asteroids, including meteorites on the Earth's surface. Formaldehyde is actually ubiquitous, observed in many places of the interstellar medium [3,27], but also in the gas originating from comets [28] and in meteorites [29]. Acetaldehyde, propanal (propionaldehyde), and propenal (acraldehyde) are detected in the hot molecular core Sagittarius B2 [30,31], the well-known "Large Molecular Heimat" (LMH) of radio astronomers, as well as, for the first two, in meteorites [29]. Butyraldehyde has been reported in the Murchison mete-orite as well [29]. Additionally, Cooper et al. [32] identified several sugars, sugar alcohols, and sugar acids, some of them with up to six carbon atoms, in the Murchison and Murray meteorites. Because of the prebiotic importance of sugarrelated molecules, the following discussion will focus on glycolaldehyde and glyceraldehyde.

Glycolaldehyde has been detected in emission and/or in absorption by radio astronomy toward the galactic center source, Sagittarius B2(N) [33][34][35][36][37], in the hot molecular core, G31.41+0.31 [38], and in the solar-type protostellar binary, IRAS 16293-2422 [39]. However, glycolaldehyde has never been detected in Solar System objects, for which only an upper limit could be determined in the Hale-Bopp comet [40,41], as well as in the C/2012 F6 and C/2013 R1 comets [42]. Glyceraldehyde has been searched for in the interstellar medium by Hollis et al. [31] toward Sgr B2 (N-LMH), but no lines were detected. Note, however, that aldehydes of higher molecular weights are more difficult and uncertain to search for because of the intrinsic complexity of their rotational spectra associated with the likely presence of several conformers/tautomers.

In the laboratory, only glycolaldehyde has been detected, in the ice phase. An infrared study of glycolaldehyde and its tentative identification in a protonirradiated CO:CH3OH 100:1 ice mixture was reported in 2005 by Hudson et al. [43]. In 2009, Öberg et al. [44] reported the formation of acetaldehyde and minor contributions of glycolaldehyde in UV-irradiated CH3OH-rich ice analogs. Bennett et al. [45] provided an upper limit for the formation rate of glycolaldehyde during ion bombardment of pure CH3OH ice. IR spectroscopy and mass spectrometry allowed Bennett and Kaiser [46] to establish the formation of glycolaldehyde in CH3OH:CO ices irradiated with energetic electrons.

The first formation mechanism speculated for glycolaldehyde was an interstellar equivalent of the formose reaction in solid or gas phase based on the polymerization of formaldehyde [35]. Recently, Woods et al. [47,48] considered several different reaction mechanisms in solid or gas phase, most of them previously suggested in the literature [33,38,46,49,50], and, from a theoretical point of view, studied their effectiveness at 10 K. To our knowledge, no formation mechanism in extraterrestrial conditions has been proposed for glyceraldehyde or higher-mass aldehydes, although the speculative "interstellar formose reaction" may again apply.

The favored mechanisms, involving CH3OH, H2CO, and HCO in the solid state, are applicable to our experimental protocol. Indeed, CH3OH is a component of the initial ice mixture and a major component of interstellar ices, and H2CO and HCO are some of the UV photoproducts, detected by in situ IR spectroscopy during the experiment. H2CO is observed in interstellar ices but not HCO, probably because of its instability as a radical coupled to its absorption range (1,850 cm -1 ), inaccessible from the ground and with very poor infrared spectroscopic data from the Infrared Space Observatory and Spitzer satellites. Moreover, observations support the idea that glycolaldehyde is sublimated into the gas phase from the grains' ice mantles [35, and references therein].

An important point to underscore here is that all of these experimental and theoretical studies are made at 10-20 K, mainly in the ice phase. Moreover, Hudson et al. [43] reported that glycolaldehyde sublimates completely after 10 min at 195 K. In our case, we have searched for the aldehydes, in the organic residues only, at 300 K. Remarkably, the samples still contain aldehydes, including glycolaldehyde, in a free form because our samples were not acid-hydrolyzed before analysis, which is the usual protocol for extracting amino acids. Indeed, the aldehydes should have been evaporated from the substrate well before reaching room temperature.

However, we did not detect the 10 aldehydes in each sample. As underlined above, organic residues made by irradiation of H2O: 13 CH3OH:NH3 contain all of the aldehydes. On the other hand, when NH3 was not present in the initial ice mixture (H2O: 13 CH3OH = 3:1), the hydroxyaldehydes glycolaldehyde, lactaldehyde, and glyceraldehyde were not detected, suggesting an essential role of NH3 for their presence in the residues. This importance of NH3 was already mentioned in the literature in similar experiments involving the photochemistry of interstellar ice analogs, for the formation of amphiphilic compounds [21] or polyoxymethylene [51,52] within the organic residue. Although the underlying mechanism(s) in these experiments (including ours) may not be the same, they all point to the crucial role of NH3 for the formation and the final composition of the organic residues.

Finally, and independently of the exact understanding of the mechanism maintaining the aldehydes up to 300 K, one should remember that ammonia is actually present in protostellar ices [53], and aldehydes may indeed be formed and preserved on the grains' surface, as observed in our laboratory simulations, to later become incorporated in planetesimals and various parent bodies of meteorites.

Implications for prebiotic chemistry

Sugars are carbohydrates, components of nucleic acids (DNA, RNA). D-2-Deoxyribofuranose is the sugar subunit present in DNA, but it is currently thought that DNA was not actually the original genetic material and that our present DNA genomic composition evolved from a primordial RNA World state, with D-ribofuranose sugar subunits dictating genetic stereochemistry [54][55][56]. However, the ultimate origin of the ribose sugar subunit essential to the RNA structure still remains unknown. Recently, experimental evidence was given, revealing that the origin of ribonucleotides could have bypassed the classical chemical synthesis and proceeded from the starting materials, glycolaldehyde and glyceraldehyde, via pentose aminooxazolines [57]. These data suggest that glyceraldehyde and its derivatives were the fundamental asymmetric building blocks, from which enantiomerically enriched oligonucleotide intermediates were synthesized in a prebiotic RNA World.

The detection of glycolaldehyde and glyceraldehyde in our laboratory analogs of extraterrestrial organic residues may thus be of importance from a prebiotic point of view when considering the scenario of an exogenous delivery of organics to the early Earth's surface by small Solar System bodies [58,59]. Furthermore, as for some meteoritic amino acids [60][61][62], glyceraldehydes may have been enantiomerically enriched by the same process, but with an opposite excess (D instead of L, as is the case in biological sugars and amino acids, respec-tively). These excesses could have originated from UV circularly polarized light irradiation, as previously suggested [for a review, see ref . 63] and recently experimentally shown by our group in the case of amino acids formed from precometary ices [START_REF] De Marcellus | Non-racemic amino acid production by ultraviolet irradiation of achiral interstellar ice analogs with circularly polarized light[END_REF]65], experiments in which a similar procedure to the one reported in this paper was used.

We emphasize here that such laboratory organic residues, as long as their initial ice mixture is composed of the simple molecules, H2O, CH3OH, and NH3, contain, in a single residue, a wide variety of organic molecules, including the important molecular bricks linked to the origin of life: amino acids, sugars, lipid precursors, urea, hydantoin, etc. All of these molecules could have thus simultaneously seeded individual comets andasteroids and have then been delivered at the same moment and location on the early Earth.

Finally, the search for glyceraldehyde, for which spectroscopic data exist in the millimeter range [66], should be attempted with the new Atacama Large Millimeter Array (ALMA) in the various astronomical gas-phase environments where glycolaldehyde is already detected. However, the lack of positive detection of the simplest amino acid, glycine, in the gas phase [67] underscores the lack of stability against cosmic or UV irradiation of such complex molecules in this gas phase. This was shown in laboratory experiments [68] for various amino acids in rare gas matrices, proxy for gas-phase media, and glyceraldehyde may well be similarly unstable in the gas phase of molecular clouds. Molecular complexity does need the protection offered by the solid-state environment [69]. In fact, much more significant for prebiotic inference, glycolaldehyde and glyceraldehyde should be searched for in comets and in the Soluble Organic Matter (SOM) of the less possibly aqueously altered carbonaceous chondrites, such as the "Paris" meteorite [70]. These proposed detections must be seen as the next step for supporting a scenario in which chemically evolved cosmic ices played a major role in the feeding of organic materials to the primitive solar nebula.

Conclusions

In this paper, we show that the UV irradiation of astrophysically relevant ice mixtures leads to the detection of a new family of molecules, the aldehydes, within the room temperature organic residues. Our results show that the formation of a large range of aldehydes in the solid phase of dense molecular clouds is likely. Among them, two are of particular importance for prebiotic processes: glycolaldehyde and glyceraldehyde are indeed chemical intermediates in ribonucleotide synthesis.

By changing the initial ice composition we observe the apparently essential role of NH3 in stabilizing light aldehydes within the refractory organic residues. This phenomenon could have been of a fundamental importance to allow these molecules to remain trapped in grains and later be incorporated into small Solar System bodies, from which meteorites found on the Earth originate. The recovery of these aldehydes in comets and in primitive chondrites may constitute a test, bridging our experimental simulations to the SOM of meteorites, linking molecular clouds' ice chemistry to primitive materials in the solar nebula and further playing a significant role in prebiotic chemistry at the surface of telluric planets.

Finally, the reported data will be of importance for the Rosetta mission that landed on a cometary nucleus in November 2014 [71] to perform in situ measurements of cometary ices, particularly with the Cometary Sampling and Composition (COSAC) instrumentation, which contains a GC-MS device specifically designed for the characterization of organic molecules.

Material and Methods

The experimental setup has already been described in detail elsewhere [e.g., ref. 72]. In brief, it consists of a high-vacuum chamber (10 -7 mbar), in which an infrared (IR) transparent MgF2 window is cooled down to 78 K. A gas mixture, previously prepared in an independent stainless steel gas line pumped down to about 5•10 -6 mbar, is then injected into the chamber where it condenses on the cold MgF2 substrate to form a thin film of "ices." These ices are, simultaneously to their deposition, irradiated by UV photons using a H2 microwave-discharge lamp [73]. In our experiments the ratio of UV photons to deposited molecules is around 1. The entire experiment (deposition rate, ice mixture, and effect of UV photolysis) is monitored by IR spectroscopy.

For this study, we prepared one mixture composed of H2O, 13 CH3OH, and NH3 in relative proportions 12:3.5:1, qualitatively representative of interstellar/precometary ices. We also made mixtures without ammonia (H2O: 13 CH3OH = 3:1), to examine the effect of a different ice mixture on the chemical composition of the final residues. Methanol, our unique source of carbon, was labeled with 13 C to avoid any confusion with potential biological contamination in the handling and analysis processes of the samples. H2O (water, liquid) was purified by using a Millipore Direct Q5 system, 13 CH3OH (methanol, liquid) was purchased from Aldrich (99.9% purity), and NH3 (ammonia, gas) was purchased from Messer (99.98% purity). The ratios between the components were determined by their partial pressures in the gas line, measured by an absolute pressure gauge (Baratron).

Note that the physicochemical state of the initial sample (temperature and ice composition) is used as a template of preaccretionary ices and not fully representative of interstellar conditions. At 78 K, enhanced diffusion of reactants allows for a faster chemical evolution than at 10 K without significantly affecting the nature of the organic residue, as noted by Muñoz Caro and Schutte [8]. For the initial ice composition, we observe that CO and CO2 do appear during the photochemical process and are thus part of the icy molecular chemical reservoir.

After a total of 65-91 h of deposition and simultaneous irradiation, the samples were slowly warmed up to room temperature (about 0.15 K min -1 ), then removed from the vacuum chamber and kept under argon atmosphere in special sample holders for storage and transportation until their analysis at the Université de Nice-Sophia Antipolis, Institut de Chimie de Nice, Nice, France.

Samples were water-extracted from their substrate, derivatized, and then analyzed by 2D gas chromatography-time-of-flight mass spectrometry (GC × GC-TOFMS) using a LECO Pegasus IV D system. Supporting information provides the detailed procedure.

Supporting information

Extraction, Derivatization, and GC×GC Analysis

Sample-handling glassware was wrapped in aluminum foil and heated at 500 °C for 3 h before use. Eppendorf tips were sterile, and the water used for extraction, standard solutions, reagent solutions, and blanks had been prepared by a Millipore Super-Q water filter system (4 ppb total organic carbon). The organic residues were water-extracted from their MgF2 windows and transferred into conical reaction vials. The samples were derivatized in a two-step derivatization procedure that begins with the initial formation of pentafluorobenzyl oximes of aldehyde functional groups, followed by trimethylsilylation of protic groups to enhance the resolution of hydroxyaldehydes on the secondary polar column in our gas chromatographic analysis. The first reaction used freshly prepared aqueous O- (2,3,4,5,6-pentafluorobenzyl) hydroxylamine (PFBHA) to selectively transform aldehydes into the corresponding PFB oximes at room temperature [1,2]. After 45 min, concentrated sulfuric acid was added to each vial to prevent excess of PFBHA from being extracted into the organic solvent together with the PFBHA reaction products. The oxime derivatives were then extracted twice with dichloromethane and pooled into new conical vials. The dichloromethane extracts were evaporated to dryness using a gentle stream of nitrogen and then silylated with 50 μL BSTFA [N,O-bis-(trimethylsilyl)trifluoroacetamide] for 1.5 h at 80 °C. The mixtures were cooled to room temperature and transferred into GC vials prior their analyses by 2D gas chromatography-time-of-flight mass spectrometry (GC × GC-TOFMS) using a LECO Pegasus IV D system. Procedural blanks were run in sequence to each sample to monitor significant background interferences.

The GC×GC column set consisted of a Chirasil-Dex CB primary column (24.85 m × 0.25 mm internal diameter, 0.25-μm film thickness) modulator coupled to a DB-Wax secondary column (1.42 m × 0.1 mm ID, 0.1-μm film thickness). Helium was used as carrier gas at a constant flow of ū= 1 mL min -1 . Sample volumes of 1 μL were injected in the splitless mode at an injector temperature of 230 °C. The primary oven was operated as follows: 40 °C for 1 min, temperature increase of 10 °C min -1 to 80 °C and held for 2 min, followed by 2 °C min -1 to 180 °C and an isothermal hold at 180 °C for 20 min. The secondary oven used the same temperature program with a constant temperature offset of 30 °C. A modulation period of 5 s was applied. The TOFMS was operated at a storage rate of 150 Hz with a 25-450 atomic mass unit (amu) mass range. Data were acquired and processed with LECO Corp ChromaTOF software. Compound identification was performed by comparison with the chromatographic retention in both dimensions and mass spectra of authentic standards. The mass spectra of unknown aldehydes were interpreted based on their fragmentation patterns. Compounds were quantified using the characteristic mass fragment m/z 181, corresponding to the C6F5CH2 + (or substituted-tropylium) ion.

Glyceraldehyde and glycoladehyde, detected in the previous study, are both products of formaldehyde condensation, also known as the formose reaction. Their identification in interstellar ices gave a hint to the possible presence of other products of the formose reaction within the solid-state sample. The following study is focused on the analysis of similar interstellar ice analogues with the analytical protocol developed for the sugar detection.

This time we were able to detect ribose as well as other related aldopentoses within interstellar ices and therefore could infer that chemical sub-units of nucleotides can be formed in the precisely described physico-chemical conditions of space. Their mechanism of formation and their relevance in prebiotic evolution is discussed in details in the following section. 
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Abstract

Ribose is the central molecular subunit in RNA, but the prebiotic origin of ribose remains unknown. We observed the formation of substantial quantities of ribose and a diversity of structurally related sugar molecules such as arabinose, xylose, and lyxose in the room-temperature organic residues of photo-processed interstellar ice analogs initially composed of H2O, CH3OH, and NH3. Our results suggest that the generation of numerous sugar molecules, including the aldopentose ribose, may be possible from photochemical and thermal treatment of cosmic ices in the late stages of the solar nebula. Our detection of ribose provides plausible insights into the chemical processes that the generation of numerous sugar molecules, including the aldopentose ribose, may be possible from photochemical and thermal treatment of cosmic ices in the late stages of the solar nebula. Our detection of ribose provides plausible insights into the chemical processes that could lead to formation of biologically relevant molecules in suitable planetary environments.
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DNA is the genetic source code for all known living organisms. It is currently thought that DNA evolved from a primordial ribonucleic acid RNA world state (1,2), in which ribose chemically binds and orientates the complementary purine and pyrimidine nucleobases for efficient base pairing. Ribose thereby forms the essential part of the RNA backbone. However, ribose is difficult to form, and the source of the ribose subunits in the sugars that constitute the key stereodictating elements in nucleic acid structure remained unknown (3,4). We describe here the identification of precursor molecules, including ribose, in simulated precometary ices using the sensitive two-dimensional gas chromatography time-of-flight mass spectrometry (GC × GC-TOFMS) technique.

Our astrophysical scenario involves the simulation of the photo-and thermo-chemistry of precometary ices. It is based on the assumption that planetesimals (including asteroids, comets, and the parent bodies of meteorites) were formed in the solar nebula from the aggregation of icy grains already present and processed at the late molecular cloud stages. This also took place within the protoplanetary disk phase, owing to vertical/radial mixing of the protostellar materials ( 5). As a model, these dust particles are composed of silicate (or carbon) grains surrounded by icy mantles containing H2O, CH3OH, NH3, and other volatile species (6). In this environment, dust particles and icy mantles are expected to be subjected to ultraviolet photons and cosmic-ray irradiation, leading to a complex chemistry in the condensed phase. We empirically simulated this process in the laboratory at low temperature (T = 78 K) and low pressure (p = 10 -7 mbar). Volatile molecules H2O, 13 CH3OH, and NH3 in a 10:3.5:1 ratio were condensed on the cooled surface, while being irradiated with ultraviolet photons, and then warmed up to room temperature, leading to the formation of an organic residue (7). 13 C isotopic labeling of the methanol allowed us to distinguish between the reaction products and potential contamination during manipulation of the sample and through the analytical procedure. A precise description of the experimental setup is provided in the supplementary materials.

The samples were extracted with water, derivatized, and submitted to GC × GC-TOFMS analysis (8). The analytical multidimensional separation apparatus consisted of a 0.25-mm capillary column with a β-cyclodextrin stationary phase in the first dimension and a polyethylene glycol capillary column of 100 mm inner diameter in the second dimension. A cryogenic modulator connected both capillary columns (7). A reflectron time-of-flight (TOF) mass spectrometer has been used for recording retention times and mass spectra. The GC × GC-TOFMS analysis in combination with our derivatization protocol (7) provided the simultaneous resolution and identification of the sugar and sugar-related compounds, which has not been possible with classical chromatographic devices because of coelution of analytes. We detected aldoses and ketoses in these simulated interstellar ice analogs as schematically represented by the Fischer projections in Fig. 5. 1. The monosaccharides ribose, arabinose, xylose, and lyxose belong to the aldopentoses; ribulose and xylulose are ketopentoses. The aldopentoses were resolved and identified in both α-and β-pyranose form (Fig. 5.2), and the ketopentoses show ketol form. Besides aldopentoses and ketopentoses, we identified the ketotetrose erythrulose. Mass spectra of the analytes and the interpretation of characteristic fragmentation pathways leading to unambiguous identification are provided (supplementary text), along with details on the quantification of the analytes.

The corresponding saccharinic acids (sugar acids) were identified. We also detected the corresponding sugar alcohols, along with threitol, erythritol, mannitol, and sorbitol. We further found the related series of hydroxycarboxylic acids.

A systematic representation of the identified molecular species is given in Table 5.1, which indicates the analytes' retention times in the first and second chromatographic dimension and mass spectra of analyzed sample and standard. The analytes detected in the organic residue were found to contain 13 C isotopes, whereas the standard samples used for identification were made of the natural isotopic composition dominated by 12 C (figs. S5.3 to S5.5). We therefore exclude experimental contamination and conclude that all described analytes were formed by the H2O, 13 CH3OH, and NH3 volatile reactants that were deposited under simulated interstellar precometary conditions (fig. S5.2). The molecular complexity in the evolved ices reported here suggests a far larger similarity to meteoritic organic materials than previously assumed. Thus, molecular evolution of meteoritic organic species available for planetary environments could have benefited from accretion of protostellar material. The sugars, dicarboxylic acids, C-4 hydroxycarboxylic acids, and branched-chain molecules described here have not previously been identified, although aldehydes, including glycolaldehyde and glyceraldehyde, have been found in similar laboratory residues (9), along with lower hydroxycarboxylic acids (10). Sugar-related alcohols and acids have previously been detected in the Murchison meteorite (11). Glycolaldehyde has been found sublimating from the nucleus of comet Lovejoy (C/2014 Q2) (12) and by means of millimeter wave rotational transitions in emission toward the Galactic center source Sagittarius B2(N) (13). Glycolaldehyde was recently also detected in solar-type protostars (14). Moreover, glycolaldehyde and ethylene glycol were characterized by means of infrared spectroscopy in radiation chemistry of laboratory ices (15). Compound Rt1 [b] [min]

Rt2 [c] [sec] MS-fragmentation / 13 Compound Rt1 [b] [min]

Rt2 [c] [sec] MS-fragmentation / 13 C sample MS-fragmentation / 12 C standard [a] Quantity of carbon atoms. [b] GC  GC retention time 1st dimension and [c] 2nd dimension . [d] Identification based on literature data on the formose reaction, former ice simulation experiments, as well as chromatographic retention properties of sugar and sugar-related molecules (see SI). [e] Identification based on NIST mass spectral database and retention time prediction. [f] McLaffertyand McLafferty-type (ester migration) rearrangement. [g] Retention time shift by +3 min due to changes in column flow. [h] Temperature program of first dimension: 40 °C (1'), 10 °Cmin -1 , 80 °C (10'),2°C min -1 , 180 °C (5'). [i] Stereoisomers of dimeric or anhydrol form. The diversity of sugar molecules formed from H2O, 13 CH3OH, and NH3 under interstellar conditions can be understood in the framework of a photochemically initiated formose-type reaction. Reactant and intermediate species of the formose reaction (16)(17)(18) are formaldehyde and glycolaldehyde that undergo aldol condensations to produce hydroxyl aldehydes and hydroxyl ketones with linear and branched structures (Fig. 5.3 and fig. S5.6). As in our case, sugar alcohols and sugar acids typically accompany the sugars formed by the formose reaction. We further detected the branched chain molecules hydroxymethylglycerol and hydroxymethyltetritol, which indicate a formose type reaction mechanism (19,20). The classical formose reaction is known to require a divalent metal catalyst such as Ca 2+ , Pb 2+ , or Tl 2+ for the stabilizing effect of chelating ions on enediols (18), a condition not needed in the present work. Final steps of the formose-type reaction might have occurred above 78 K during temperature increase of the sample to room temperature, in which reactants diffuse and react within the labile and sublimating ice matrix.
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The parts-per-million values of the photoproducts described in Fig. 5.1 sum up to greater than 35,000 (table S5.1), which corresponds to a value >3.5% (by mass) (7). Thus, sugars, sugar alcohols, and sugar acids are present notably above trace or ultratrace quantities and are therefore considered major molecular constituents of the condensed interstellar organics. The relative yield of ribose, which is known to be very small in the classical formose reaction, resulted in higher values during our cold scenario. We regard this result as central for an implication for prebiotic chemistry because it shows that even at this initial level of molecular "simplicity," we observe an autocatalytic reaction. This, in turn, may be interpreted as a link between astrochemistry and astrobiology. The acquisition of kinetic data and enantioseparation will be necessary to rationalize the reaction mechanism of the sugar formation and to search for asymmetric autocatalytic effects.

The identification of ribose in the organic residues obtained from evolved precometary ices does not necessarily indicate the prebiotic evolutionary pathway. Besides ribose, we identified threose in its oxidized and reduced form, threonic acid and threitol, respectively. Threose is the molecular component of threose nucleic acid (TNA), a nucleic acid analog discussed to have preceded RNA (21). We further detected glycol and glycerol, which provide the molecular backbones of glycol and glycerol nucleic acids (GNAs) (22,23). The molecular building blocks of peptide nucleic acids (PNAs), N-(2-aminoethyl) glycine and 2,4-diaminobutanoic acid, were previously detected in organic residues from similar ice experiments (24). In this experimental frame, precursors of both proteins (amino acids) (25) and genetic material (sugars and their derivatives) are produced in large amounts so that if delivered from meteorites in the Earth's environment, their coevolution may be considered one of the standing issues in prebiotic chemistry (26).

Our samples are fully soluble in water (as well as in other polar solvents), a condition that is essential for any further prebiotic activity. In aqueous solution, sugar molecules, including ribose, develop chemical equilibria between the open form (Fig. 5.1), the cyclic furanose and pyranose forms (Fig. 5.2), and in between the various constitutional isomers such as ribose and arabinose. Our experiments demonstrate plausible physical and chemical environmental conditions that allow for abiotic ribose synthesis.

Our findings support the identification of organic molecules in cometary samples taken in situ by the Philae Lander (27,28) part of the cometary Rosetta mission (29). Our analytical results demonstrate the usefulness of multidimensional chromatographic techniques for the chemical analyses of extraterrestrial samples, which are often available only in small quantities, in which sugar molecules including ribose may be present.

Supplementary materials

Materials and Methods

Preparation of the interstellar pre-cometary ice analogue

The experimental setup has already been described in detail elsewhere (30). It consists of a high vacuum chamber (10 -7 mbar) in which an infrared (IR) transparent MgF2 window is cooled down to 78 K. A gas mixture, previously prepared in an independent stainless steel gas line pumped down to about 5.10 -6 mbar, is then injected into the chamber where it condenses on the cold MgF2 substrate to form a thin film of "ices". These ices were, simultaneously to their deposition, irradiated by UV photons for 142 h, using an H2 discharge lamp providing essentially Lyman-α photons at 122 nm with a tail including an H2 recombination line at approximately 160 nm and a continuum down to the visible range. In our experiments the ratio of ultraviolet photons to deposited molecules is around 1, meaning approximately 10 eV per deposited molecule to obtain the soluble organic matter sample. The sample was further irradiated, at room temperature, with right-hand circularly polarized synchrotron radiation (CPSR) at 10.2 eV for 2 h at the beamline DESIRS (31) of the SOLEIL synchrotron because we initially intended to induce asymmetric photochemical reactions. At this level of interpretation, no stereochemical effects induced by CPSR could be definitely identified yet in our samples. The entire experiment in terms of deposition rate, ice mixture, and the effect of UV photolysis is constantly monitored by IR spectroscopy which reveals the presence of a few photochemical produced molecules and radicals such as CO, CO2, HCO, and H2CO, trapped in the ice phase. Photonmolecule interactions are assumed to occur predominantly in the condensed phase but in rare events UV photons may have initiated gas-phase reactions, with the photo-products being subsequently trapped on the ices.

For this study, we prepared one mixture composed of H2O, 13 CH3OH, and NH3 in relative proportions 10:3.5:1, qualitatively representative of interstellar/pre-cometary ices. Methanol, our only source of carbon, was labelled with 13 C in order to avoid any confusion with potential biological contamination in the handling and analysis processes of the samples. H2O (water, liquid) was purified by using a Millipore Direct Q5 system, 13 CH3OH (methanol, liquid) was purchased from Aldrich (99.9% purity), and NH3 (ammonia, gas) from Messer (99.98% purity). The ratios between the components were determined by their partial pressures in the gas line, measured by an absolute pressure gauge (Baratron). The physicochemical state of the initial sample (temperature and ice composition) is used as a template of pre-accretionary ices and is not fully representative of interstellar conditions. At 78 K, enhanced diffusion of reactants allows for a faster chemical evolution than at 10 K without significantly affecting the nature of the organic residue (32). The organic residue is always extracted after warm-up to room temperature as when considering the chemical composition of meteorites. For the initial molecular ice composition, we observed that CO and CO2 13 C isotopologues appear during the photochemical process, formed and trapped in the ice and are thus part of the icy molecular chemical reservoir. During the preparation of the samples infrared monitoring is used to control deposition rate and UV efficiency by using the apparition of a weak HCO band and a reasonably strong H2CO band, which falls at 1720 cm -1 . The 3.4-μm feature, which consists of two subfeatures at 2925 cm -1 (3.42 μm) and 2875 cm -1 (3.48 μm) indicative to the presence of CH2OH groups (33), was recorded in our ice during temperature increase to 230 K when the sublimation of water, methanol, and ammonia is almost finished. Below 230 K the sample is optically too thick for the detection of the 3.4-μm feature.

Analysis of the interstellar pre-cometary ice analogue

Sample-handling glassware was wrapped in aluminum foil, and heated at 500 °C for 3 h prior to usage. Eppendorf tips® were sterile and the water used for extraction, standard solutions, reagent solutions, and blanks had been prepared by a Milipore Super-Q water filter system (4 ppb total organic carbon). The organic residues were extracted with 150 µL high-performance liquid chromatography grade water from their MgF2 windows and transferred into conical reaction vials. The samples were silylated with 10 L N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 25 L pyridine for 2 h at 80 °C. The samples were evaporated to dryness using a gentle stream of nitrogen and 30 L of the internal standard methyl laurate in n-hexane (510 -5 M) were added. The mixtures were transferred into GC vials prior their analyses by two-dimensional gas chromatography-time-offlight mass spectrometry (GC × GC-TOFMS) using a LECO Pegasus IV D system. Procedural blanks were run in sequence to each sample in order to monitor significant background interferences.

The GC×GC column set consisted of a Chirasil-Dex chemically bonded primary column (24.5 m × 0.25 mm inner diameter (ID), 0.25 μm film thickness) modulator-coupled to an Agilent Wax secondary column (1.40 m × 0.1 mm ID, 0.1 μm film thickness). Helium was used as carrier gas at a constant flow rate ū = 1 mL min -1 . Sample volumes of 1 µL were injected in the splitless mode at an injector temperature of 230 °C. The primary oven was operated as follows: 40 °C for 1 min, temperature increase of 10 °C min -1 to 80 °C and held for 15 min, followed by 2 °C min -1 to 180 °C, and an isothermal hold at 180 °C for 5 min. The secondary oven used the same temperature program with a constant temperature offset of 15 °C. A modulation period of 3 seconds was applied. The TOF-MS was operated at a storage rate of 150 Hz, with a 25-500 amu mass range. Data were acquired and processed with LECO Corp ChromaTOF TM software. Compound identification was performed by comparison with the chromatographic retention in both dimensions and mass spectra of authentic standards. All reference compounds were purchased from Sigma Aldrich including the monosaccharides: glycolaldehyde dimer, D,L-, D-, and L-glyceraldehyde, dihydroxyacetone, erythrose, erythrulose, ribose, arabinose, lyxose, xylose, and ribulose; the saccarinic acids: glyceric and threonic acid; the polyols: ethylene glycol, 1,3-propanediol, glycerol, threitol, erythritol, xylitol, arabitol, mannitol, sorbitol, and dulcitol; the hydroxycarboxylic acids: glycolic, D,L-; D-; and L-lactic, 3-hydroxypropanoic, 2-hydroxyisobutyric, S-2-hydroxybutyric, S-3-hydroxybutyric, 4-hydroxybutyric, malic, dicarboxylic acid: succinic, and fumaric acid as well as the dialdehyde: glyoxal. The mass spectra of unknown analytes were interpreted based on their fragmentation patterns. Compounds were quantified using external standards.

Arabitol can be formed by the reduction of either arabinose or lyxose. Therefore, arabitol is sometimes but less often called lyxitol. In Figure 5.1 we used the name arabitol for both, the reduced arabinose and for the reduced lyxose.

Analyte quantification

The simulated interstellar pre-cometary ice samples were deposited onto magnesium fluoride (MgF2) windows. The condensation was performed on two rectangles of 4 mm to 9 mm providing a sample surface A = 72 mm 2 and a sample mass m = 100 ± 50 g. To avoid sample loss while weighting, the mass and its estimated error were deduced from IR spectroscopy by comparison with a similar sample previously measured as a standard at the Institute d'Astrophysique Spatiale (IAS) (34). The quantification of each analyte indicated in ppm by mass (Figure 5.1) corresponds to the mass of the analyte in a 100-g ice sample. Relative quantities from one molecular species to another are reliable to within the indicated error bars. Absolute quantities vary within ± 50%. Note however that the absolute errors are less important if one considers the final conclusion that the detected sugars are abundant within this sample.

The quantities of the analytes were calculated based on the relative response factors (RRF) using standard solutions with known concentration of the internal standard and the compound of interest. The RRF was calculated as follows: RRF = AX•cIS/AIS•cX, where AX is the peak area of the analyte, AIS the peak area of the internal standard, cX and cIS are the concentrations of the analyte and internal standard, respectively. The approximations for the compounds without corresponding standard were based on the RRF of structurally related compounds, i.e. RRF(threonic acid) = RRF(erythronic acid) = RRF(ribonic acid) = RRF(lyxonic acid) = RRF(xylonic acid); RRF(ribulose) = RRF(xylulose), and RRF(xylitol) = RRF(ribitol).

The RRFs of ribose, arabinose, lyxose and xylose were calculated for mass/charge (m/z) 204 ( 12 C) and 206 ( 13 C), respectively, to avoid any contribution from co-eluting compounds. For xylulose and ribulose, m/z 335 and 339, respectively, were used for the same reason. As for the other analytes, the peak area and RRFs were calculated for the most abundant mass fragment m/z 73. For arabinose, lyxose, and xylose the sum of both anomeric forms (α-and β-pyranose) was used. The calculated concentrations of the identified sugar and sugar-related compounds (Fig. 5.2) accompanied by their experimental 3σ errors (n = 6) are given in Table S5. 1. Figure S5.1 provides a supplementary view on the multidimensional gas chromatographic separation of ribose and other monosaccharides and sugarrelated molecules. Potential 13 C-contamination from biological and/or laboratory sources was determined by analyzing a blank sample. Therefore, 150 µL HPLC grade water was dried in a conical reaction vial, derivatized with BSTFA and pyridine, and analyzed under identical analytical conditions as the pre-cometary ice sample. Figure S5.2 shows the GC × GC-TOFMS chromatogram of the blank sample, in which monosaccharides are clearly absent.

Identification of organic molecules in the interstellar precometary ice analogue

Compound identification was performed by comparison with the chromatographic retention in both dimensions of authentic standards and mass spectra. For those compounds that were not available as standard solution, e.g. 3-hydroxyisobutyric acid, we utilized the mass selectivity of the fragments of silylated derivatives, provided by the characteristic electron impact (EI) mass spectra, present in the NIST library (35).

Comparison with previously reported data on the photoproducts formed in the organic residues of interstellar ice mixtures (10) let us identify oxamic acid (36). 2-Hydroxymethylglycerolone of the major products in the photochemically induced formose reactionwas identified from its reported spectral and analytical data (19) as well as 2-hydroxymethyltetritol (20).

Identification of monosacharides in the interstellar precometary ice analogue

Monosaccharides with an anomeric center can yield mixtures of αand β-anomeric derivatives. The possibility of both pyranose (6-membered ring) and furanose (5-membered ring) forms of sugar molecules increases the number of potential derivatives. Mass spectra, however, allow pyranose derivatives to be unambiguously distinguished from furanose derivatives (37,38). Pyranose trimethylsilyl ethers produce characteristic ions by electron impact sugar degradation at: m/z 217 ( 13 ) is generally very intense for the furanose form whereas the relative intensity of the ion at m/z 204 ( 13 C = 206) is always less than 5%. Based on our recorded mass spectra we thus conclude that the majority of the extracted and derivatized C5-sugar molecules from the interstellar ice sample is present in the pyranose ring form. Since the known fragmentation pattern for trimethylsilyl derivatives is almost identical for all of the C5-sugar pyranosides, the assignment was confirmed by the retention time and comparison with authentic standards. We used the following observations to distinguish between the α-and β-anomeric derivatives. Figure S5. 3 shows the mass spectra and the characteristic mass fragmentation pathway of ribose, representative for all other C-5 monosaccharides.

10 Rules for monosaccharides identification Anomerization occurring in pyridine during preparation of TMS derivatives is minimal (39).

Each anomer yields one peak. All free OH groups are thus converted to TMS derivatives (39). αand β-composition of equilibrium mixtures of sugars in a) aqueous solution: arabinose: α = 51%, β = 44%; lyxose: α = 74%, β = 26%; ribose: α = 89% & xylose: α = 41%, β = 55% and in b) pyridine: arabinose: α = 32%, β = 53%; lyxose: α = 72%, β = 28%; ribose: α = 19%, β = 63% & xylose: α = 46%, β = 43% (39,40).

Excellent resolution of anomeric forms. Structural properties imparted by pyranose and furanose ring account for their excellent separation of various stereoisomers.

αand β-pyranose separation factor: ribose (1.08) < arabinose (1.2) < lyxose (1.4) < xylose (1.4) (39,40).

α-Anomer elutes before β-anomer in case of glucose, galactose, mannose, talose, xylose, lyxose, and arabinose (39,41).

Pyranosides having planar structures are more strongly retained (39). The first peaks eluted are always α-lyxo-and α-arabinopyranoses; they are also the less planar pyranose forms. Maximum retention is always attained for β-xylose, whose TMS groups are all equatorial.

Elution order of pyranoses: α-lyxose ≈ α-arabinose < β-arabinose = β-ribose < β-lyxose ≈ α-ribose < α-xylose < β-xylose (41).

Retention times of ketoses in ring form are often lower than those of the analogues aldoses whereas the open form (ketol) is more strongly retained (42).

Replacement of OH by H in deoxysugars leads to decreased relative retention times (39).

Identification of sugar alcohols in the interstellar precometary ice analogue

The trimethylsilyl derivatives of alditols with three to six carbon atoms including glycerol, erythritol, threitol, arabinitol, glucitol, xylitol, ribitol, galactitol, and mannitolthat were all detected in the organic residue of the simulated interstellar iceswere studied in detail (43). The mass spectra and corresponding fragmentation pattern of arabitol (arabinitol) are illustrated in Figure S5. 4. Favoured α-cleavage with charge retention followed by rearrangement loss of trimethylsilanol [((CH3)3)Si-OH] + has been shown as the predominant fragmentation pathway. For the alditols this type of resonance stabilization favors cleavage of all other C-C bonds. The abundance of these α-cleavage ions is explained by the stabilization of the positive charge by the unshared electron pairs on the oxygen atoms. The differentiation of diastereomeric derivatives, however, is nearly impossible due to the small differences between these spectra.

For sugar alcohols that were not commercially available, we compared their reported retention indices with the proposed structures detected in our study with GC × GC-TOFMS. The elution order and final peak assignment was thus possible for the C-5-alditols: ribitol and alditol (42) as well as for the C-6 sugar alcohols: allitol and talitol (altritol) (39). It has been previously demonstrated that chiral prebiotic molecules such as amino acids and sugars are present in photoprocessed interstellar ices, and therefore may be present in the actual cometary nucleus of 67P and/or interstellar dust particles. The following step in the astrophysical scenario of the photodependent symmetry breaking would be the interaction of chiral racemic molecules with interstellar CPL. This interaction is directed by the CD of the chiral molecule under investigation, while PECD could have been involved in a photophysical gas phase enantioenrichment in a given direction of space.

In the context of asymmetric photodynamics, PECD properties of chiral molecules have to be understood in details and benchmarked versus theory. The following article describes, besides its stricking sensistivity to isomer, the analytical aspects of PECD, which enable the detection of relative enantiomeric excesses in the gas phase as precisely as a comprehensive two dimensional gas chromatography.

Introduction

Since its formal prediction in 1976, 1 its first precise calculated values in 2000, 2,3 and its first experimental evidence in 2001, 4 Photoelectron Circular Dichroism (PECD) has been the subject of a large number of both theoretical and experimental studies, 5-7 mainly carried out with Synchrotron Radiation (SR), for valence and core-shell ionization. PECD is an orbital-specific chiroptical effect which manifests itself as a forward/backward asymmetry, with respect to the photon axis, of the electron angular distribution produced by the photoionization with Circularly Polarized Light (CPL) of randomly-oriented pure enantiomers of a chiral system. More precisely, PECD asymmetry can be defined, for agiven light helicity and molecular handedness, as the normalized difference between the electron flux in the forward vs. backward direction which will equal 2b1 in the case of one-photon ionization, where b1 is the so-called dichroic parameter. The corresponding asymmetry factors are large (up to a few tens of %) because PECD emerges in the pure electric-dipole approximation, and PECD is therefore orders of magnitude more intense than other chiroptical probes, such as circular dichroismin absorption, requiring interaction with weaker (magnetic and quadrupolar) terms. 8 As found for other chiroptical parameters, b1 is anti-symmetric with the switching of either enantiomers or light helicity.

In the context of molecular photoionization, b1 depends onboth the initialstate (orbital) and final state (continuum). 9,10 However, unlike the usual cross section σ or the asymmetry parameter β, this new observable has a pure quantum origin in the scattering of the outgoing electron by an intrinsically chiral potential, being also fully dependent on the sine of the relative phase between adjacent outgoing partial wave continuum functions. 5 This phase dependence makes b1 a very sensitive probe of the whole molecular potential, much more so than σ or β, with a demonstrated dependence on conformers, 11-15 chemical substitution, 16,17 dimerization 18 and clustering, 19,20 and even vibrational-dynamics. 21,22 PECD possesses, therefore, a real analytical potential in the gas phase (i.e. in a solvent-free environment) which has recently been the driving force for a new emerging field of table-top PECD experiment based on fs laser ionization: UV-resonance enhanced multi-photon ionization (REMPI) PECD 23-28 or 1-photon VUV PECD by High Harmonic Generation (HHG). 29 These experiments are paving the way towards a potentially very sensitive analytic use of PECD for enantiomeric separation on mass-selected samples, 30 competing with other promising and emerging enantiomeric probes in the gas phase such as the one based upon phase-sensitive microwave spectroscopy. 31-33 A natural step further will be the development of Time-Resolved (TR)-PECD to probe stereo-chemical reactions of chiral systemsin real time.

Most of the pioneering SR-based experiments 34-36 as well as the new generation of laser-based PECD experiments, were performedon the monoterpenes camphor and/or fenchone, 24-26,30,37 two isomeric forms of a rigid, singleconformer, bi-cyclic ketone, quite easy to bring in the gas phase, and that can both be considered as showcases for molecular chirality. Note that fenchone has also been used to demonstrate a pioneering chiroptical method based upon High Har-monic Generation (HHG) from a chiral molecule, 38 and both isomers have been studied by REMPI-UV Ion Yield CD. 39 To be validated insensitivity and reliability laser-based PECD experiments need benchmarking with data obtained with more well-established and controlled experiments such as the one that can be carried out with pure-CPL SR sources. This is one of the motivations for the present study, which provides for the first time complete and very accurate measurements of b1 parameters for the two outermost orbitals of camphor and fenchone up to hν~16 eV. Indeed, in the past some of us 34,36,40 and other authors 35 published some data for these molecules but, because of technical SR light source limitations at the time, there were uncovered regions of the spectrum-notably in the crucial 10 to 15 eV photon energy range for which theoretical models 36,41 predict large oscillations of b1. The benchmarking of theory versus experiment, in this specific range, with very accurate data obtained with a state-of-the-art double imaging electron/ion coincidence (i 2 PEPICO) spectrometer set-up and quasi-perfect CPL is the second motivation of the present study, especially in a context where multiphoton/high field PECD modeling has just been initiated on these showcase molecules. 42,43 The precision of the measurements we provide are such that departures from perfect enantiopurity in the sample we purchased could be detected, quantified, and corrections applied to the measured b1 parameter, all perfectly corroborated by an independent analysis performed via chromatographic techniques. Establishing this new standard of accuracy, in terms of enantiomeric excess measurement via PECD, became an important issue that we also focused on in the course of the data analysis.

Finally, and this is an important goal of this work, the observation of PECD for various valence orbitals for both fenchone and camphor, which only differ by the position of two methyl groups, will allow us to expand our previous knowledge 40 on the sensitivity of valence-shell PECD to isomerism which in thiscase cannot be detected from the shape of the photoelectron spectra.

Experimental methods

Both R-and S-fenchone and R-and S-camphor were obtained from Sigma-Aldrich with a chemical purity above 98%. In the case of fenchone, the optical rotations quoted in the bottle labels for both enantiomers ([𝛼] 𝐷 24 = -51.5 for the R and ([𝛼] 𝐷 24 = +62 for the S) suggested a difference in enantiopurity, with an R/S ratio of 0.81. For camphor, the optical rotations quoted in the chemical analysis of the particular lots used ([𝛼] 𝐷 24 = +44.6 for the R and ([𝛼] 𝐷 24 = -43.5 for the S), led to an R/S ratio of 1.02.Therefore, we decided to analyze the exact enantiopurity of the purchased samples with multi-dimensional gas chromatography coupled to time-of-flight mass spectrometry (GC × GC-TOFMS). 44 The GC × GC column set consisted of a Chirasil-Dex CB (for fenchone) or Hydrodex-β-6-TBDM(for camphor) primary column modulator-coupled to a DB Wax secondary column. Temperature program was adapted to achieve maximum peak resolution. Secondary column was operated with 30 °C off-set. Modulation period of 3 s was applied. Helium was used as carrier gas at a constant flow of 𝑢 ̅= 1 mLmin -1 . Sample volumes of 1 mL were injected in the split mode at an injector temperature of 230 °C. The TOF-MS was operated at a storage rate of 150 Hz, with a 25-500 amu mass range. Data were acquired and processed with LECO Corp Chroma-TOF TM software. Samples of S-and R-enantiomers with the concentration 10 -3 M were injected several times in order to obtain statistically relevant ee values.

PECD experiments were performed on the SAPHIRS endstation 45 of the VUV synchrotron beamline DESIRS, 46 at the French synchrotron facility SOLEIL. Each enantiomer of each molecule was directly placed into a temperaturecontrolled in-vacuum stainless steel oven. The reservoir was gently heated at 40°C and the resulting vapor was mixed with 0.5 bars of Heand adiabatically expanded through a 70 μm nozzle. After traversing a differentially pumped chamber with two ϕ= 1 mm skimmers, the collimated molecular beam crossed the synchrotron radiation at a right angle.

Tailored polarized light was provided by the HU640 electromagnetic undulator of DESIRS, set in the so-called ''pure CPL mode''and monochromatised with the 200 lines per mm grating of the 6.65 m normal incidence monochromator. For photon energies below 15 eV, a gas filter located upstream the monochromator was filled with Kr or Ar to remove the high harmonics from the undulator. 47 The monochromator slits were merely set to avoid saturation of the charged particle detectors, providing energy resolutions between 6 meV at the lowest photon energy, and 11 meV at the highest. The full polarization ellipse, including the unpolarized component, was measured in situ at the sample level with a dedicated polarimeter, 48 and was found to be quasi-purely circular, with absolute circular polarization rates (S3) values of 0.99±0.01 over the whole photon energy range 46 which we have used to normalize the experimental PECD values. Further and more complicated corrections to the PECD values due to S1 and S2 terms can be neglected in view of the polarization purity. In addition, the stability of S3 over time is routinely confirmed by frequent polarimetry checks.

Electrons and ions formed in the interaction region are accelerated in opposite directions by a continuous electric field perpendicular to the molecular and synchrotron beams. A complete description of the DELICIOUS3 i 2 PEPICO spectrometer used in this work and its performances has been reported elsewhere. 45,49 Briefly, it consists of an electron velocity map imaging (VMI) analyser coupled to a modified ion Wiley-McLaren imaging spectrometer. Electron and ion arrivals are correlated in time and therefore the photoelectron VMI images can be obtained and filtered as a function of ion mass and translational energy. Photoelectron spectra (PES) and angular parameters are then extracted from the Abel inversion of the VMI image using a least squares fitting of previously computed forward Abel functions. 50 For the PECD measurements, typically a total of around 20 images are obtained at a given fixed photon energy for a given enantiomer with alternating light helicities, switched every 15 min. The images are then summed according to the light helicity to provide a single pair composed of the left (LCP) and right (RCP) circularly polarized measurements. The PES is then obtained byAbel inversion of the LCP + RCP image with a kinetic energy resolution of 3% for the fastest electrons, while the b0b1 term, where b0 is the total cross-section of ionization of a given electronic band as given by the integral of the PES, is obtained from the LCP-RCP difference, leading to the final PECD, 2b1, through normalization by b0 (see ref. 36 for a complete description of the procedure). The statistical error bars are given as the standard error on the principle that each image pixel acts as an independent counter that follows a Poisson distribution, with the associated error properly propagated through all subsequent operations. Systematic errors are estimated by comparison of both enantiomers' data, which should exhibit perfect mirroring behavior.

Results and discussions

Camphor data

Fig. 6.1 shows the typical data recorded in these experiments, in this case for R-and S-camphor at 12.3 eV. Several features mentioned in the introduction can be readily observed in the figure. Indeed the large asymmetry observed with PECD up to 12% means that it is readily visible even in the raw non-inverted 2Ddifference images shown in Fig. 6.1a and b. The strong initial orbital dependency is also appreciated with the sign and magnitude changing for different electronic bands across the image radius. Moreover, the PECD value in Fig. 6.1c oscillates several times between IE = 10 and 12 eV. These oscillations, although not seen in the VMI-PES concurrently recorded with our spectrometer, are real and exceed our error bars. They are perfectly mirrored in the R-and S-enantiomer curves as anticipated fromthe anti-symmetry of the b1 coefficients for the two enantiomers, showing the high quality of the data. The mirroring is explored in Fig. Error bars are obtained according to the description written at the end of the experimental section. A higher resolution PES obtained at hν = 95 eV is also represented (dashed line) along with the calculated values (arrows), both taken from ref. 51 Deviation from the ideal value of zero could be ascribed to statistical error (different S/N), to systematic error (e.g. residual instrumental asymmetry), or to different enantiopurity. In the higher resolution PES recorded by Rennie et al. 51 with a hemi spherical analyzer the electronic band structure is slightly moremarked and seen to correlate with the PECD changes. The OVGF calculations published by Rennie et al. also correspond to the observed oscillations, which highlights the enhanced sensitivity of PECD to electronic structure when compared to usual observables such as ionization cross-sections-even in the case of congested electronic bands as already observed in camphor 36 and glycidol. 13 The onset of camphor parent ion fragmentation is ~9.7 eV, with the parent ion rapidly disappearing as photon energy isincreased (less than 10% of parent yield remains at 10.0 eV). The first electronic band seen in Fig. 6.1c, which corresponds to ionization of the HOMO orbital localized onto the carbonyl oxygen lone pair, results solely in the production of parent ion. Thus, by filtering the electron images according to the coincident parent ion mass, the electrons ejected from the HOMO can be better isolated. This becomes 36 extremely useful at high photon energies where the moderate resolution of the VMI leads to overlap between the HOMO and the inner orbitalbands. Fig. 6.2 illustrates the result of applying the filtering for the parent ions at hν = 12.3 eV, and can be directly compared to Fig. 6. 1. It is clear that the mass-filtering removes the contribution from inner orbitals since these lead to fragmentation. Conversely, to obtain the PECD of the deeperlying orbitals, we have obtained the electron images correlated to the fragmentions only, so ensuring removal of any contribution from the HOMO orbital electron data. This treatment is especially effective when the HOMO and HOMO-1 orbitals have b1 parameters of opposite sign, and so might tend to cancel if unresolved, as happens here in certain regions of photon energy. For instance, at hν = 12.3 eV the weighted HOMO |b1| values obtained from Fig. 6.1c (unfiltered) and Fig. 6.2 (filtered) are 0.055 and 0.058, respectively, a discrepancy in the unfiltered data of 5% due to the small overlap between HOMO and HOMO-1. In addition, the double imaging coincidence scheme permits removing common background impurities such as water, N2, O2, which would increase the achiral content in the total signal used for normalization and therefore decrease the observed PECD. Overall, the procedure dramatically increases the signal-to-noise ratio with respect to previous non-coincident data 36,40 recorded for camphor and fenchone, as evidenced with the low error barsand excellent mirror behavior. Indeed, in Fig. 6.1c the PECD baseline, BL, barely deviates from the ideal zero value over the whole kinetic energy range, with a weighted mean value of 0.0003 ± 0.0005. Deviations from zero outside of the given errorbars are ascribed to systematic errors. It is worth noting that the R and S measurements correspond to two different experiments spaced by one month. In Fig. 6.2, the parentcoincident data show small deviations from perfect mirroring behavior, associated to the lower overall signal. Even in this case, however, the PES intensity weighted integral of the baseline, BL, over the FHWM of the HOMO band is very close to zero, 0.0005, so that the mean b1 values across the HOMO and HOMO-1 regions (see text below and Fig. 6.3 and 6.4) will have very similar absolute values forboth enantiomers within the given error bars-provided both have the same enantiopurity Figure. 6. 3 Mean chiral parameter (b1) for ionization of the HOMO orbital of camphor obtained at different photon energies. The markers represent experimental measurements while the lines correspond to two different scattering models. The S-enantiomer data have been negated. For some of the data points, the statistical error bars are not visible because they are smaller than the point width (see Table S6.1, Sup. Inf.). The values in this work have been normalized by S3 and the ee measured by GC × GC-TOFMS. a From ref. 36. b From ref. 35.

However, at the photon energies where both enantiomers were recorded (12.3 and 15.0 eV), we initially found that the raw, uncorrected magnitude of the HOMO band PECD measured for the R enantiomer was slightly smaller than that of the S, leading to a PECDR/PECDS average ratio of 0.97 ± 0.02, as derived from the uncorrected data presented in Fig. S6.1(a) (Sup. Inf.). It is known that the magnitude of measured asymmetries will scale linearly with the absolute value of the enantiomeric excess (ee) as defined by (

[R] -[S])/([R] + [S]) where [R] (resp.
[S]) corresponds to the concentration of the R (resp. S) enantiomer, and this therefore suggests some variation of the relative enantiopurity of the two commercial samples with an ee ratio of 0.97 ± 0.02, surprisingly quite different from the value of 1.02 that could be inferred from the optical rotation data provided by Aldrich (see Experimental methods above). We therefore took additional steps to verify purity of our samples analyzing them by chiral-sensitive GC × GC-TOF MS to obtain a precise value of the ee. The results of the chromatographic analysis are shown in Table 6. 1. The agreement between ee ratio deduced from these PECD data and the absolute ee obtained by GC × GC-TOFMS is remarkable, as are the experimental PECD error bars. The presented data of Fig. 6.1, and that discussed further below discussed were subsequently corrected for these reduced ee ratios, to represent the enantiopure values for PECD. S6.1, Sup. Inf.). The values in this work have been normalized by S3 and the ee measured by GC × GC-TOFMS. a From ref. 36. b From ref. 35.

The importance of the quality of the circular polarization needs also to be highlighted because the measured b1 is directly proportional to S3. A low absolute value of S3 will at best-when it is known-lead to a decreased sensitivity to chirality by increasing the error bar on b1 and, at worst-if not recognized-lead to incorrect PECD amplitudes. The argument must be also extended to cases where the Stokes parameters S1 and S2 defining respectively the linear polarization rates with respect to normal and 45° tilted axis, are non-zero. In such cases, if the usual anisotropy parameter β is non-zero, the S1 and S2 contributions to the photoelectron angular distribution (PAD) need to be taken into account. This would be a severe issue in the case of a VMI spectrometer relying on Abel inversion of a 2D image (i.e. without electron time-of-flight available to provide a direct 3D momentum determination) since only the cases where the axis of symmetry given by the light's polarization state is contained within the detector plane can be properly treated. However, in the case of the present experiments, the DESIRS beamline delivers quasi-perfect CPL and the undesirable effects cited above do not apply here. Also, the error bars on the S3 measurement are negligible and do not increase those of b1.

The data shown in Fig. 6.1 and 6.2 can be obtained at different photon energies in order to study dynamical effects such as the dependence on electron kinetic energy or the effects of continuum resonances. For this, the orbital-specific PECD hasbeen extracted by taking the PES intensity weighted average of b1 over the FWHM of the corresponding electronic band. The results are given in Fig. 6.3 and 4 for the HOMO and HOMO-1 of camphor, which also compile the data from previous works. The HOMO-1 data have been obtained by filtering the electron images on the sum of the camphor fragments (discarding therefore the parent contribution) and by considering the binding energy range 10.0-10.3 eV as in ref. 36. Note that for the sake of providing highly accurate benchmarking PECD data, we list in Table 6. 1. of the Sup. Inf. the corresponding new b1 values.

The new data on the HOMO orbital of camphor, as given by the solid squares in Fig. 6.3, fit very well with previous existing data recorded below 10 eV and above 13 eV although they have much better accuracy. The completion of the 10-13 eV photonenergy range is extremely useful since in this range the CMS-Xα model 36 made predictions of oscillations in the PECD which are now clearly evident in the experimental data. While these fixed equilibrium geometry calculations appear to over emphasize the magnitude of the swings experimentally observed in the 10-17 eV range, they do capture the essence of the energy dependent variation in b1. One may speculate that allowance for vibrational motion averaging in such calculated PECD might attenuate the swing in b1 values suggested by experiment. An alternative calculation, the density functional based B-spline model of Stener et al. 41 has previously been reported and compared. In the case of coreshell C1s ionization of camphor, both models give very comparable results in close agreement with the experimental data. 41 Unfortunately, due to limitations in the LB94 exchange-correlation potential employed for these B-spline calculations the scattering potential generated for the valence ionization was too attractive, and consequently the available B-spline model predictions do not cover this crucial first few eV above the HOMO ionization threshold.

In the case of the HOMO-1 orbital, as shown in Fig. 6.4, the new data in the 10-13 eV range display a reversed PECD asymmetry, as compared to the HOMO orbital, as the b1 parameter flips sign. This experimentally observed behavior is well reproduced by the CMS-Xα model calculations until, in the first eV above threshold, the model predicts a spurious unobserved swing in b1. Such lowenergy electrons will, of course be especially sensitive to the subtleties of the molecular potential, making this regione specially challenging for calculation. Nevertheless, the overall experiment/theory is satisfactory.

Fenchone data

In Fig. 6.5 and 6.6 we present photon energy dependent PECD data for the HOMO and the HOMO-1 orbital ionizations of fenchone, obtained following a similar procedure outlined for camphor. In particular, the same PEPICO filtering treatment, to decipher the HOMO and HOMO-1 contribution has been applied to fenchone since the two molecules exhibit the same fragmentation pattern with HOMO orbital ionization leaving an intact molecular ion, while the inner orbitals leads to the cation fragmentation.

Pre-alerted by previous reports 25,37 that similarly sourced commercial fenchone samples may not be enantiopure, and by our own experience with camphor (above), we took additional steps to verify purity of our fenchone samples. The two different enantiomeric samples of fenchone were analyzed by GC × GC-TOFMS to obtain a precise value of the ee. The results of the chromatographic analysis are shown in Table 6. 1. While the S-fenchone sample was perfectly enantiopure, the nominal R-fenchone sample, had an ee of 82.1 ± 0.5%. Note that here the error bars are given by the 3σ statistical distribution analysis of the ee measurements over 10 injections into the GC × GC-TOFMS apparatus. While treating the fenchone PECD data we could infer such an enantiopurity difference between the two samples of fenchone since at the three photon energies for which we had measured the PECD for both enantiomers (9.4, 15.5 and 18.6 eV) we observed systemically lower magnitudes for the b1 values of the R-sample. The average ratio of the b1 absolute values for the R-, S-enantiomer pairs at these three photon energies, weighted by the standard deviation, provides us with ee[R]/ee[S] ratio of 0.82 ± 0.01, as deduced from data presented in Fig. S6.1(b) (Sup. Inf.), in perfect agreement to the 0.821 ± 0.005 obtained from the GC × GC-TOFMS analysis (see Table 6.1). All the new data presented here in figures (and including Table S6.2, Sup. Inf.) have been corrected for the reduced sample enantiopurity, as was done earlier with our camphor data.

In a more extensive study using REMPI-PECD Kastner et al. 52 have similarly demonstrated relative ee determinations with better than 1% uncertainty for fenchone mixtures spanning the full range (0-100%). However, as compared to this latter method, the i 2 PEPICO experiment provides the capability for ion masstagged PECD measurement. This allows for the simultaneous enantiomer specific analysis of multi-component mixtures which was proposed and demonstrated for a mixture of chiral and non-chiral speciesspurious achiral decomposition product of alanine 15 and for prepared mixtures of chiral compounds by Rafie Fanood et al. 30 In that later case an ee measurement on a component present in chiral mixture was made with 20% uncertainty, the limitation being the restricted data rate in that work. The present result confirms that this is not a fundamental restriction and that mass-selected PECD can be used for analyzing gas phase enan-tiomeric excess with precision in the ±1% range. This is not far below chiral chromatographic measurement precision and very competitive with other gas phase chiroptical methods for relative ee determination, such as the one based upon microwave three-wave mixing. 33,53 Note that in addition, PECD-PICO may as well provide the chemical purity (by MS-TOF analysis of the coincident cation) at the same time as the relative enantiopurity for each mass-selected species (by PECD). S6.2, Sup. Inf.). a From ref. 40. For some of the data points, the statistical error bars are not visible because they are smaller than the point width (see Table S6.2, Sup. Inf.). a From ref. 40.

The new measurements provide b1 data for fenchone below 12 eV photon energy, where previously none had been published. The CMS-Xα modeling pre-dicts for the HOMO orbital (Fig. 6.5) an intense asymmetry in the first few eV kinetic energy (KE) range, followed by a sign change of the asymmetry at increasing photon energies. These features are reproduced by the experimental data. However, and unlike the clearer case of camphor, the situation of the ''HOMO-1'' orbital in fenchone (Fig. 6.6) is more complex since due to our limited electron energy resolution and to the congestion of the PES, what we labeled as ''HOMO-1'' is in fact a mixture of several closely lying electronic orbitals such as the one labeled 39, 40 and 41 in ref. 40. In consequence the b1 value observed in the A band (10.05-10.61 eV binding energy range) represents a blend of these individual ionizations. The comparison with the theoretical modelling of the various contributing orbitals is consequently not straightforward, although at high energy all calculations agree toward the same sign of b1, corresponding to the experimental observations i.e. fixing the absolute configuration.

Camphor/fenchone comparison: sensitivity to isomerism

The sensitivity of PECD to chemical substitution in oxirane derivatives has been studied in the past theoretically 16 as well as experimentally 17 and strong effects upon substitution were reported even when the initial orbital appeared identical for all molecules and not centered onto the substituted chemical group. Even more spectacular are effects, as seen here, concerning pure isomers with the same chemical formula and the same localization of the HOMO orbitals as shown in Fig. S6.2 (Sup. Inf.). In this respect, Powis et al. 40 already commented on the different PECD values measured on camphor and fenchone, albeit in an energy range restricted to electron KE 4.4 eV for the HOMO orbital. Here we can now extend this comparison to the threshold energy regions, which are known to be the most sensitive to the molecular potential. 7 The HOMO orbital in both molecules is a localized 2p lone pair of the carbonyl oxygen (see Fig. S6.2, Sup. Inf.). The corresponding hole in the unrelaxed cation potentials used for the CMS-Xα calculations is consequently similarly localized. The good CMS-Xα theory/experiment agreement that is evident, even within a few eV of the ionization threshold (Fig. 6.3 and 6.5) is then possibly attributable to relative accuracy with which the atomic-site partitioning of the multiple scattering potential model can reproduce this potential. Supporting this, ionization of the highly localized C1s orbital by soft X-ray SR in early studies of camphor and fenchone is similarly well described by the CMS-Xα calculations. In contrast, the more delocalized HOMO-1 ionizations give rise to PECD behavior which as discussed above is less well described by the CMS-Xα calculations in the low energy region.

Turning to a broader comparison of these molecules, both are rigid single-conformer structures whose isomerism can be reduced to the shift of two methyl groups (see Scheme 1) from a top position to a side one, none of them being directly connected to the asymmetric carbons (C1, C4) nor to the carbonyl group-in other words the isomeric changes are remote from the chiral centers and the localized HOMO orbitals. Fig. 6.7 shows the PES and PECD obtained at photon energies of 10.3 and 10.5 eV for 1R,4R-(+)-camphor and 1R,4S-(-)fenchone respectively. The two photon energies are close enough so that dynam-ical effects would be marginal, so we can compare directly the data. The figure shows similar PES for both molecules, except for an energy shift due to the small ionization energy difference (fenchone is 180 meV lower than camphor 40,51 ). The PECD curves, however, show a striking difference with opposite sign for the same absolute configuration of the two molecules. Here, note that absolute configuration of the C4 asymmetric carbon is fixed by the rigid cycle; the change in labelling from 4R (camphor) to 4S (fenchone) is due to a change in priority assigned by the Cahn-Ingold-Prelog nomenclature rules rather than a rearranged molecular configuration. Therefore, the natural comparison is shown in Fig. 6.7 and Scheme 6.1, i.e. between 1R,4R-(+)camphor and 1R,4S-(-)-fenchone. In this respect the quasi-mirroring of the PECD curves appearing in Fig. 6.3 is quite spectacular since it shows, that at 10.3/10.5 eV photon energy the two isomers behave nearly as opposite enantiomers while they have in fact the same absolute configuration! A marked difference between REMPI-PECD measurements on fenchone and camphor at a single given energy was also reported by Lux et al., 24,25 especially for the odd Cn (n>1) parameters describing the high-order multi-photon electron angular distribution. Of course the role of the intermediate resonant state adds additional complexity to the interpretation of such results. Indeed, in the REMPI-PECD case, the origin may also lie in the resonant excited intermediate state which can also differently select, and align, the two isomers. Such a structure specificity in REMPI experiments is a well known process which has been recently applied to measure conformer-specific response in absorption CD. 54 In the pre-1R,4R camphor 1R,4S fenchone The comparison between 1R-camphor and 1R-fenchone PECD spectra is shown across the full photon energy range studied in Fig. 6.8 and 6.9 for respectively the first (HOMO-1 channel) and second PES bands. In a previous study carried out with photon energies above 13 eV, 40 a difference between the b1 curve for the HOMO orbitals of fenchone versus camphor was observed mainly as a difference in amplitude in the 18-22 eV range, i.e. KE of B9-13 eV, corresponding to a shape resonance. These are known to be sensitive to molecular structures. Here (Fig. 6.8) the new PECD data show a far more striking signature of isomerism, in the KE = 0-5 eV region. Although it is also quite evident in the A band PECD (Fig. 6.9), this enhanced sensitivity is especially marked for electrons ejected from the HOMO orbital. There is a totally different behavior of the b1 parameter, in terms of oscillation pattern and sign, for the same absolute configuration. With caveats discussed above, b1 is very well reproduced by the CMS-Xα modeling.

In a more general context the enhanced sensitivity of the chiral parameter b1 to the molecular potential-and thus to effects such as isomerism, chemical substitution, conformers, vibrational dynamics, clustering-has been discussed previously 3,6,7 and arises from the strong dependence on the phase shifts of the different outgoing partial waves that interfere in the scattering process. 5 This dependency has been shown to be much more marked in the dichroic parameter b1 than in the anisotropy parameter β or in the cross section, 16 so that tiny changes in the molecular potential will have a much larger effect on this new observable (b1) accessible on randomly-oriented chiral targets. In contrast to b1, numerical computations of the β parameter of fenchone 40 and camphor 41 lead to very similar, nondistinguishable behaviour with photon energy. The present results also confirm that the enhanced sensitivity of PECD to the molecular potential is especially marked for slow electrons as already pointed out in the case of conformers 14,15 and dimers. 18 Finally, this sensitivity to isomerism confirms also that PECD is a longrange effect, at least for slow electrons, since in the case of camphor the methyl groups are localized quite far from the site of the ionized orbital. The points represent all the available experimental data in the literature (S enantiomers negated), including the present work, while the lines correspond to CMS-Xα calculations. In the case of fenchone, an average theoretical curve of three orbitals (#39, #40 and #41) weighted by their cross sections is shown. The data have been normalized to the absolute ee as provided by GC × GC-TOFMS. a From ref. 40. b From ref. 36. Because PECD happens during the scattering process, it also observed upon inner-shell ionization from spherical orbitals, and some difference have also been found in the PECD from C1s ionization of camphor and fenchone. 55 However these differences, mainly observed along the shape resonance above 10 eV KE, are much smaller than what is observed here for outer valence shell electrons. This difference of sensitivity to isomerism between core and valence ionization, clearly observed experimentally and simulated by theory, is a priori unexpected since in both cases the initial orbital is very localized, and in the same area in the molecule.

In a broader context of chiroptical spectroscopies, note that the microwave 3 wave-mixing technique has been shown to be also sensitive to isomerism able for instance to distinguish menthone from isomenthone. 56 

Conclusions and future prospects

In this work we have experimentally studied the chiroptical PECD effect induced by one-photon valence-shell ionization in the VUV range of randomlyoriented enantiomers. We provide b1 values on showcase chiral isomers camphor and fenchone with high accuracy since sources of systematic errors such as imperfect CPL or enantiopurity have been taken into account. We expect these data to be useful for the development and benchmarking of new PECD experiments, especially those involving VUV radiation based upon HHG and probably in the near future Free Electron Lasers (FELs).

In addition, in the context of a growing development of VUV/XUV CPL sources from FELs, 57 HHG, 29,58,59 plasma-based laser 60 and associated polarizing optics, 61 PECD could, like other dichroic effects, 62 be used as a ''molecular polarimeter template'', especially when either the β parameter is null or known, or when the linear polarization components of light (S1 and S2) are negligible, in which case accurate PECD benchmarking with the present data would allow the disentangling of the unpolarized component (S4) from the circular one (S3). This would be a complementary approach from the molecular polarimetry data deduced from molecular-frame photoelectron angular distributions (MF-PADs), recently demonstrated 63 and valid in the dissociative ionization continuum range of small molecules, i.e., above 20 eV or so. We therefore hope in this context, to contribute to the expansion of the active field of polarization dependent short wavelength photodynamics with short pulses.

In the more fundamental context of the understanding of the PECD process itself, we found a remarkable agreement between the experimental data and the CMS-Xα modeling of the HOMO orbital of both camphor and fenchone, even in the challenging low KE energy range. On the other hand some clear discrepancies remain. Owing to the size and lack of symmetry simplifications in these molecules, current methods rely on solving independent electron dynamics in single reference derived potential (either semi-empirical as in CMS-Xα or DFT as in the B-spline method). 41 Future developments are likely to introduce electron correlations into the N -1 electron potential model, and the current experimental data could serve as a benchmark for judging performance of such developments. Equally, there is accumulating evidence of the need to take fuller account of vibrational motions in refining out understanding of PECD, 21 something which is absent from the current capabilities of fixed-geometry computations.

Besides, the accuracy of the data we provide is such that limited departure from perfect enantiopurity in the samples we purchased could be detected, by the non-perfect mirroring of the R/S PECD data. The benchmarking versus a conventional chromatographic analytical method, highlights the interest and high accuracy, in the % range, of PECD as a precise enantiomeric analytical tool in the gas phase. Especially when combined in with TOF mass spectrometry of the photoions, recorded in coincidence with the photoelectrons, via the so-called PECD-PICO scheme, we stress the ability to analyze a mixture of compounds simultaneously and to provide highly accurate relative ee measurement of each of these compounds, now with significantly improved accuracy over the first demonstrations of this capability. 15,30 As compared to the well-established GC type of technique, PECD is a direct method with no derivatization, nor use of reagents, directly applicable in the gas phase, and which provides additional electronic information, as a multi-dimensional chiroptical probe (photon energy, electron energy, coincident ion mass). Also as compared to the REMPI-PECD-PICO technique, there is no need here, in the VUV one-photon PECD-PICO approach for any chromophore absorbing in the UV range, so that the method is genuinely universal. We intend therefore in the near future to apply such a PECD-PICO scheme to disentangle the enantiomeric composition of a complex mixture of samples.

Finally, our experimental data show a very striking signature of the profound sensitivity of PECD to isomerism with large and opposite asymmetries measured on the HOMO orbital of the same enantiomers of camphor and fen-chone. This feature, especially marked for slow electrons, is very well reproduced by theory, while the same theory shows that the two isomers have similar anisotropy parameter β. This ability of PECD could be applied in the future in the field of gas phase chemical reactivity, in order to probe and disentangle isomers in chemical reactions involving chiral products, as for instance in combustion of biofuels. PECD, with its exquisite sensitivity to isomers would be, in this context of gas phase chemical reactions probed by photoionization, an additional observable to products appearance energies, 64 or even to the full PES of mass-selected species. 65,66 2 .The table contains also the negated S enantiomer data. At photon energies where several b1 values have been measured at the same photon energy and with the same experimental setup, the b1 is presented as the weighted average of these measurements plus or minus its standard deviation. In this work, the binding energy region of the HOMO-1 orbital has been chosen as 10.15 3 . The table contains also the negated S enantiomer data. At photon energies where several b1 values have been measured at the same photon energy and with the same experimental setup, the b1 is presented as the weighted average of these measurements plus or minus its standard deviation. In this work, the binding energy boundaries of the A region have been chosen as 

CONCLUSIONS (FR)

Il existe deux grandes catégories de théories expliquant l'origine de l'homochiralité du vivant: les théories deterministes et les théories basées sur le hasard. Selon les premières l'asymétrie des biomolécules serait liée soit à une asymétrie interne (différence énergétique entre deux enantiomères gouvernée par la violation de parité dans l'interaction faible) soit à l'influence de forces chirales comme une lumière circulairement polarisée (LCP) ou un champs magnétique colinéaire avec le vecteur de propagation d'un faisceau lumineux. Les théories basées sur le hasard, au contraire, expliquent l'origine d'homochiralité par une brisure spontanée de symétrie, conduisant, par le simple fruit du hasard, à un type d'énantiomères qui sont prédominants dans la biosphère, Les théories déterministes, contrairement aux théories « aléatoires » peuvent être testées expérimentalement, notamment en terme de reproductibilité. Parmi celles-ci, seule l'influence de forces chirales peut être mesurée par les instruments analytiques tandis que la violation de parité au niveau moléculaire est trop ténue pour être détectée par les techniques spectroscopiques existantes. Ensuite, si on compare les deux forces la LCP et un champ magnétique associé à un rayonnement non polarisé, on s'aperçoit que les deux sont présentes dans l'espace mais seule la LCP est en mesure d'induire les excès enantiomeriques de quelques pourcents.

Les travaux présentés dans cette thèse ont été menés dans le contexte de la recherche de l'origine de l'homochiralité du vivant, ou les interactions LCPmolécules chirales ont joué le rôle central dans la brisure de la symétrie. Dans le cadre de ce projet, les glaces interstellaires simulées au laboratoire ainsi que les échantillons extraterrestres ont été soumis à l'analyse par chromatographie en phase gazeuse bidimensionnelle. La méthode analytique pour la résolution et la quantification d'énantiomères d'acides aminés a été présentée. Les études ont établi un domaine de travail linéaire de la méthode ainsi qu'une limite de détection et et de quantification. Finalement, les avantages de la chromatographie bidimensionnelle ont été démontrés sur l'exemple de l'extrait de la météorite de Murchison où les acides aminés extraterrestres ont été séparés et les excès enantiomériques ont été précisément quantifiés. Un excès de molécules gauches dans l'échantillons de météorite Murchison suggère que la brisure de symétrie pourrait s'être produite dans l'espace par interactions avec de la LCP.

Ensuite une série d'analyses a été effectuée pour identifier, des aldéhydes et des sucres dans des analogues de glace cométaire. Une méthode analytique pour cibler les espèces d'aldéhydes a montré la présence de 6 aldéhydes dans la glace interstellaire. Parmi eux, le glycolaldehyde et le glyceraldehyde -deux espèces considérées comme les intermédiaires-clés dans la chimie prébiotiques et plus précisément dans les premières étapes de la synthèse de ribonucléotides. De plus, la présence d'ammoniaque dans des mélanges de glace apparaît essentielle pour la production et/ou récupération de ces aldéhydes. Le mécanisme de ce phénomène n'est pas encore bien compris, mais ce fait est surprenant car les produits finaux sont exempts d'azote.

La détection de glycéraldéhyde dans les analogues de glaces est de toute première importance car on pense que le glycéraldéhyde pourrait dicter la stéréochimie de synthèse des ribonucléotides et donc aurait pu avoir imposé la chiralité spécifique de l'ARN et de l'ADN. La photolyse asymétrique du glycéraldéhyde est peut-être à la base de l'asymétrie du support génétique. Par conséquent, les études en cours se focalisent sur l'enregistrement de spectres de CD et d'anisotropie du glycéraldéhyde à l'état solide. Ces spectres seront par la suite utilisés pour guider le choix de la longueur d'irradiation en lumière polarisée circulairement. Nous anticipons que la photolyse asymétrique du glycéraldéhyde conduira à une plus grande asymmétrie que celle obtenue sur les acides aminés. De plus les ee attendus devraient avoir un signe inverse pour une hélicité donnée de la lumière à des longueurs d'onde données d'intérêt astrophysique.

L'analyse ultérieure a démontré avec succès qu'une large gamme de sucres peut être formé à partir d'un mélange de gaz H2O, CH3OH, et NH3 dans des conditions simulant la formation de glaces interstellaires. Parmi les sucres détectés on trouve le ribose -un élément important pour comprendre l'origine de l'ARN et donc les origines de la vie et de la transmission de l'information génétique. La présence de divers sucres ainsi que du hydroxyméthylglycérol et du hydroxyméthylthréitol indique un mécanisme de réaction type formose. Dans cette étude, aucune énantioséparation des sucres n'a été effectuée, et du coup il n'y a pas encore eu d'expériences correspondantes de photolyse asymétrique. Dans le prolongement de ce travail, il est envisagé à l'avenir de développer une procédure analytique de séparation d'enantiomère, par chromatographie multidimensionnelle en phase gaz, afin de séparer les isomères optiques d'aldoses. Une telle méthode permettrait de détecter de faibles ee dans des analogues de glaces interstellaires et/ou des échantillons à l'état solide irradiés en LPC sur DESIRS. Comprendre la photochimie asymétrique du ribose et d'autres sucres est nécessaire pour expliquer l'asymétrie des molécules portant l'information génétique.

Par conséquent, des expériences de formation/irradiation en LPC de glaces in situ ont été programmées. Nous nous attendons à former et detécter une large gamme de molécules chirales prébiotiques dont des sucres, aldéhydes et acides aminés. La formation de glace in-situ permet de produire un résidu plus pur que par la méthode de production ex-situ (avec une lampe de laboratoire) suivie d'irradiation LPC. Ceci devrait conduire à des mesures fiables d'ee pour toutes les molécules chirales détectées dans la glace. Idéalement les acides aminés et les sucres, incluant le glycéraldéhyde, devraient montrer des énantio-enrichissements de signe opposé.

Les résultats obtenus et présentés au travers de cette thèse renforcent le scenario photochimique pour expliquer la brisure de symétrie chirale. Ils montrent que toutes les briques élémentaires constituant les protéines et acides nucléiques peuvent être formées dans l'espace dans des conditions extrêmes, sans doute via une chimie radicalaire. Ceci est en pleine cohérence avec un apport de matière organique sur terre via des météorites, comètes et/ou poussières interstellaires. La découverte du ribose produit probablement via une réaction de type formose, ouvre de nouvelles voies de recherches sur l'asymétrie induite par LPC sur les sucres.

La détection d'aldéhydes dans des analogues de glace interstellaire est bien corrélée avec les résultats de l'instrument COSAC de la mission Rosetta, avec lequel de l'acetaldéhyde, du propionaldéhyde, et du glycolaldéhyde furent aussi détectés. Ces données valident le lien direct entre les résultats des expériences de simulation au laboratoire et la composition "réelle" de la matière cométaire. Les missions spatiales futures pourront aussi bénéficier des procédures analytiques développées pour l'analyse énantiosélective d'échantillons extraterrestres. De même que les acides amines simples furent d'abord détectés dans des analogues de glaces interstellaires avant d'être probablement identifiés dans l'espace, il est fort possible que de futures missions spatiales parviennent à détecter du glyceraldehyde.

In fine, les résultats présentés dans ce manuscrit peuvent avoir des applications dans les domaines de l'astrobiologie, de la photochimie et des méthodologies analytiques.

Finalement, les propriétés chiroptiques de molécules chirales comme le camphre et le fenchone, isomères l'un de l'autre, ont été étudiées par double imagerie de coïncidence photoélectron/photoion (i 2 PEPICO). Outre la forte sensibilité à l'isomérie, nous avons établi que la spectroscopie PECD peut être aussi précise pour les mesures d'excès énantiomériques relatifs que la chromatographie multidimensionnelle en phase gaz.

Une extension possible de ce travail consiste en la détermination multiplexe d'ee dans un mélange complexe d'énantiomères par PECD-PICO. Dans ce contexte, la GC × GC permettrait de comparer et conforter les résultats obtenus par PECD. Comme nous l'avons établi sur les cas du camphre et de la fenchone, la séparation énantiomérique par GC × GC en phase gaz peut être utilisées non seulement pour l'analyse de glaces ou d'échantillons météoritiques mais aussi pour l'analyse des terpènes, de grande importance dans les domaines de l'agroalimentaire et des parfums.

CONCLUSIONS (EN)

There exist two main groups of theories explaining the origin of biomoleular homochirality: deterministic theories and theories based on chance mechanisms. According to the first group the asymmetry of biomolecules is linked to either the internal asymmetry of molecules (i.e. an energetic difference between two enantiomers governed by parity violation in the weak nuclear force) or to the influence of chiral forces like circularly polarized light (CPL) or magnetic fields colinear with the propagating vector of a light beam. Conversely, chance theories explain the origin of homochirality by random spontaneous symmetry breaking, consequently the type of enantiomers that is predominant in all living organisms on Earth was a result of simple chance.

Unlike the chance theories, deterministic theories can be subjected to experimental confirmation, since if there was in fact a chiral influence that imposed its effect this should, in principle, be reproducible. Among them only the influence of chiral forces can be systematically measured by current analytical instruments, while parity violation on the molecular level is too weak to be recorded by existing spectroscopic techniques. Furthermore, if we compare two forces, CPL and a magnetic field with nonpolarized light, we realize that both of them are present in space but only CPL is known to be able to produce enantiomeric excesses of several percent.

The presented work was conducted in the context of investigations on the origin of the homochirality of life, where interactions of CPL with chiral molecules played a central role in absolute symmetry breaking. Within this project, laboratory simulated interstellar ices as well as extraterrestrial samples were subjected to enantioselective analyses by two-dimensional gas chromatography. The analytical method for the resolution and quantification of amino acids enantiomers was presented. The studies determined the linear working range of the method along with detection and quantification limits. Finally, the advantages of two dimensional gas chromatography were demonstrated on examples of extracts of the Murchison meteorite, where extraterrestrial amino acids were separated and enantiomeric excesses were precisely quantified. An excess of left-handed amino acids in the investigated samples of the Murchison meteorite suggests, that molecular symmetry breaking may have originated in interstellar space due to interaction with CPL.

A series of analyses has been performed to identify aldehydes and sugars in cometary ice analogues. An analytical method developed for aldehyde detection enabled the identification of 6 aldehydes in interstellar ices. Among them glycolaldehyde and glyceraldehydetwo species proposed as key prebiotic intermediates towards ribonucleotide syntheses. Moreover, the presence of ammonia appeared to be crucial for the recovery and production of those aldehydes. The mechanism of this phenomenon is not yet well understood and is quite surprising since the final products do not carry any nitrogen atoms.

The detection of glyceraldehyde within the simulated interstellar ice is of particular interest since glyceraldehyde was proposed to stereodictate the synthesis of ribonuclotides, and therefore it may have imposed the distinct chirality of RNA and DNA. The asymmetric photolysis of glyceraldehyde may be key to the asymmetry of genetic material. Therefore ongoing studies are focused on recording CD and anisotropy spectra of glyceraldehyde in the solid state. Those spectra will be further used in irradiation experiments with circularly polarized light as a guide for a wavelength selection. We anticipate that the enantioselective photolysis of glyceraldehyde will result in higher asymmetry then what was previously obtained for amino acids. Furthermore, the opposite sign of enantioenrichment is expected for a given light helicity and at relevant astrophysical wavelengths.

The following analyses successfully demonstrated that a wide molecular diversity of sugars can be formed from a gas mixture made of H2O, CH3OH, and NH3 in the conditions simulating the formation of interstellar ices. Among the detected sugars we identified ribosean important element for understanding the origins of RNA and thus the molecular origin of life itself. The presence of divers sugars as well as hydroxymethylglycerol and hydroxymethylthreitol indicates a formose type reaction mechanism. In the conducted study no sugar enantioseparation has been achieved, therefore the effect of asymmetric photolysis has not yet been investigated in this particular case. As a perspective of this study we envisage the development of an enantioselective analytical procedure employing multidimensional gas chromatography to separate optical isomers of aldoses. Such method would enable the detection of small ee's within the simulated interstellar ices and/or solid states samples irradiated with the DESIRS-CPL. Understanding the asymmetric photochemistry of ribose as well as other sugars is crucial to explain the asymmetry we find nowadays within the genetic material.

As a consequence, experiments on in-situ ice formation and simultaneous CPL irradiation have been scheduled. We expect to form and detect a wide range of chiral prebiotic molecules including sugars, aldehydes, and amino acids. The in-situ ice simulation allows for a more pure organic residue to be recovered as compared to the ex-situ (with a laboratory lamp) ice production followed by the CPL-irradiation step. This should provide reliable ee values for all chiral molecules detected within the ice. Ideally, amino acids and sugars including glyceraldehyde will show opposite sign of enantioenrichment.

The results obtained and presented throughout this thesis, strengthen the photochemical scenario for the absolute symmetry breaking. They indicate that all building blocks required for the generation of proteins and nucleic acids could be formed in space in very extreme conditions, probably initiated by radical chemistry. This is fully coherent with the fact that organic material could have been delivered on Earth by meteorites, comets, and/or interstellar dust particles. The detection of ribose and the indication of formose-type reactions open a window to new research prospectives, such as the investigation of asymmetry induced in sugars by CPL.

The detection of aldehydes in simulated interstellar ices correlate well with the results provided by the COSAC experiment on the Rosetta mission, where acetaldehyde, propionaldehyde, and glycolaldehyde were detected as well. These data provide a direct link between laboratory simulation experiments and a 'real' cometary composition. Upcoming space missions may also benefit from the developed analytical procedures for enantioselective analyses of extraterrestrial samples. Eventually, as the simplest amino acids were first detected within the simulated interstellar ice and then only may have been identified in space, similarly we expect that in the near future space scientists will report on the detection of glyceraldehyde.

All in all, the results presented herein could find applications in the domains of astrobiology, photochemistry, and analytical method development.

Finally, chiroptical properties of the chiral molecules camphor and fenchone were studied by double imaging photoelectron/photoion coincidence (i 2 PEPICO). Besides a strong sensitivity to isomerism, we found that PECD spectroscopy is as precise as multidimensional gas chromatography in measurements of relative enantiomeric excesses.

A further prospective of this work would be the multiplex determination of ee values in a complex sample including a mixture of optical isomers by PECD-PICO. In this context GC×GC would support and benchmark the results obtained from PECD spectroscopy. As we can see from the fenchone and camphor enantioseparation the two-dimensional gas chromatography can be used not only for the analysis of complex ice and meteorite samples but also for terpenes analysis, which is particularly useful in food and fragrance chemistry.
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 11 Figure 1.1. Section of a two-dimensional enantioselective gas chromatogram showing amino acids detected in the Murchison meteorite. Many of the detected amino acids are chiral. 1: glycine; 2: β-alanine; 3: alanine; 4: isovaline; 5: α-aminobutyric acid; 6: valine; 7: α-methylvaline; 8: isoleucine; 9: allo-isoleucine; 10: proline; 11: tert-leucine; 12: N-ethylglycine; 13: N-methylalanine; 14: leucine. Single-ion monitoring (SIM) at 102, 116, 130, 144, and 158 amu; chromatographic conditions are provided in Ref. [12].
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 12 Figure 1.2. Sections of a two-dimensional enantioselective GC × GC-TOFMS gas chromatogram showing a) racemic D-and L-norvaline enantiomers ((-0.04±0.39) % eeL) and b) enantiomerically enriched D-and L-isovaline enantiomers ((4.61±0.83) %eeL) identified in a sample of the Murchison meteorite. SIM at 144 amu; for analytical conditions, see Ref. [12].
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 13 Figure 1.3. Development phases of interstellar dust particles: a) Silicate grains accrete ice layers from volatile molecules present in the surrounding gas phase (H2O, CO2, CO, CH3OH, and NH3). b) During the growth process, the icy mantle is irradiated with UV photons, which create radicals and initiate photochemical reactions. c) The radical-induced reactions produce a complex network of organic molecules, including amino acids. Adapted from reference [28a].
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 14 Figure 1.4. Photolytic induction of enantiomeric enrichment in racemic alanine.Interaction with CPL of sufficient energy imparts a slight bias for the less photoabsorbent enantiomer as the more photoabsorbentenantiomer undergoes faster photolysis. The degree and sign of the induced asymmetry depend on the helicity of the CPL, the energy of the driving electromagnetic radiation, the photolysis rate, and the ratio between the differential extinction (∆ε) and the extinction coefficient (ε) of the enantiomers. This ratio is also known as anisotropy, g=∆ε/ε, which itself depends on the wavelength of the incident CPL. Anisotropy spectra include crucial information about enantioselective photolysis. These data enable the selection of a CPL wavelength for induction of greater enantiomeric enrichment, prediction of the sign of the induced enantiomeric enrichment, and the calculation of expected ee values.
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 15 Figure 1.5. Computer graphic of the Rosetta lander Philae on the surface of the nucleus of comet 67P/Churyumov-Gerasimenko. Philae is equipped with an enantioselective GC-MS instrument with three chiral stationary phases. Image credit: ESA.
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 21 Figure 2.1.Experimental configuration for measuring CD spectra.[21] The photoelastic modulator (PEM) converts monochromatic light into alternating left and right-handed CPL. Optically active organic molecules have differential absorptions of chiral photons. This differential absorption as well as the high-tension voltage (HV) are recorded by the photo-multiplier tube (PMT) detector.

Figure 2 . 3 .

 23 Figure 2.3. Anisotropy spectra (thick lines) of α-amino acids in the vacuum-UV and UV spectral region.a) Anisotropy spectra of isotropic amorphous D-Ala (red) and L-Ala (blue); b) D-Val (orange) and L-Val (black); c) L-Leu (dark green); d) D-Iva (red), L-Iva (blue).Dashed lines represent the corresponding eeL plots inducible by either left or right circularly polarized light at ξ = 0.999.[36] 

Figure 2 . 4 .

 24 Figure 2.4. Formation pathway for meteoritic α-amino acids: The Strecker-cyanohydrin pathway is the generally accepted synthetic route to α-amino acids inside aqueously altered meteorites.

Figure 2 . 5 .

 25 Figure 2.5. Glyceraldehyde 4 stereodictates the prebiotic synthesis of activated pyrimidine nucleotides. Pi, inorganic phosphate. Arabinose derivative 6 is formed by the addition of 2-amino-oxazoline 3 to glyceraldehydes 4. Further reactions toanhydronucleoside 7 are stereospecific; the stereochemistry of glyceraldehydes 4 controls the chirality of the pyrimidine ribonucleotide 8.

Figure 2 . 6 .

 26 Figure 2.6. Circular dichroism (a-c) and anisotropy spectra g(λ) (d-f) of 2-aminobutane, 2-aminohexane and 2-aminoheptane, in aqueous solution. The R-enantiomers are blue curves; the S-enantiomers are shown as brown curves. Dashed lines on the right-hand side represent the inducible L-enantiomeric excesses % eeL by either left-or right-circularly polarized light as a function of g and an extent of reaction ξ of 0.9999.

Figure 2 . 7 .

 27 Figure 2.7. Circular dichroism (a-b) and anisotropy spectra g(λ) (c-d) of S-2-methylbutanoic acid and S-3-methylpentanoic acid in aqueous solution. Dashed lines on the right-hand side represent the inducible L-enantiomeric excesses % eeL by right-circularly polarized light as a function of g and an extent of reaction ξ of 0.9999.

  . The ECHFBE derivatives allow for compound specific characterization as it demonstrate class specific mass losses: [M-227-44] + is a fingerprint of N-alkylated amino acids and [M-199] + resulting in the formation of cyclic ion is a characteristic signature of the β, γ and δ-amino acids. The common characteristic ion masses for the majority of amino acids are: [M-227] + , [M-227-28] + , [M-227-46] + , [M-227-72] + , [M-88] +• . The loss of m/z = 227 corresponds to the loss of the acylium ion [CO2CH2(CF2)2CF3] + derived from αcleavage. The loss of the neutral fragment [CH3CH2OCONH2] formed by the cleavage of C-N bond in the α-position to the NH2 functional group results in the characteristic ion [M-88] +• . Fragments m/z = 28 and m/z = 46, are attributed to [CH2CH2] +• and [CH3CH2OH] +• molecular ions, respectively. The interpretation of the mass spectra for all 30 amino acids is listed in the supporting information-Fig. S3.2 (1-31).The applied derivatization provides new insights into the identification of unknown peaks based on the interpretation of mass fragmentation patterns. Table

Figure 3 . 1

 31 Figure 3.1 Two dimensionalsurface plot of GC × GC-TOFMS for the Murchison extract. Selected atomic masses are: 102, 116, 130, 142, 144, 158, and 342.

Fig. 3 .

 3 2 represents a segment of the twodimensional chromatogram superposed to its one-dimensional reconstruction, emphasizing the benefits of GC × GC analysis. The addition of a second separation

Figure 3 . 2

 32 Figure 3.2 Close-up view of the two-dimensional and reconstructed one dimensional enantioselective gas chromatogram depicting standard amino acids indentified in a sample of the Murchison meteorite. Numeration of amino acid corresponds to numeration in Table 3.1 Each point in the 3D chromatogram is accompanied by its individual mass spectrum. Atomic mass units 102, 116, 130, 144, 142, 158, and 324 were selected for the above representation. Individual signal intensities were modified for better representation.

Figure S3. 1a

 1a Figure S3.1a Calibration curves of 1) alanine, 2) 2-aminobutyric acid, 3) β-alanine, and 4) 4-aminobutyric acid plotted as function of log (As/Apyrene) over log (cs/cpyrene) with calibration line equation and squared correlation coefficient.

Figure S3. 1b

 1b Figure S3.1b Calibration curves of 5) isovaline, 6) sarcosine, 7) 2,3-diaminopropanoic acid, and 8) 4-aminobutyric acid plotted as function of log (As/Apyrene) over log (cs/cpyrene) with calibration line equation and squared correlation coefficient.

Figure S3. 3

 3 Figure S3.3 The two-dimensional enantioselective gas chromatogram depicting standard amino acids: a) overall view b) close-up view. Numeration of amino acid corresponds to numeration in Table 3.1. Each point in the 3D chromatogram is accompanied by its individual mass spectrum. Atomic mass units 102,114, 116, 130, 144, 142, 158, 172, and 270 were selected for the above representation. Individual signal intensities were modified for improved visualization.

Figure S3. 4

 4 Figure S3.4 The two-dimensional enantioselective gas chromatogram of glutamic and pyroglutamic acids in Murchison meteorite extract. Atomic mass unit 84 was selected for the above representation.

Figure S3. 5

 5 Figure S3.5 The two-dimensional enantioselective gas chromatogram of 3-aminopropanoic acids in Murchison meteorite extract. Atomic mass unit 130 was selected for the above representation.

[ a ]

 a Quantity of carbon atoms. [b] GCGC retention time 1st dimension. [c] GCGC retention time 2nd dimension. [d] Molecular ion m/z value of 1-(Opentafluorobenzyl) oxime (PFBO) derivatives. [e] Molecular ion m/z value of PFBO trimethylsilyl ether derivatives. [f] Molecular ion m/z value of di-PFBO derivatives. [g] Molecular ion m/z value of PFBO-bis(trimethylsilyl) ether derivatives. [h] McLafferty rearrangement.

Figure 4 . 1 .

 41 Figure 4.1. Selected aldehydes identified at room temperature in simulated precometary organic residues: (A) hydroxyaldehydes, (B) dialdehyde, (C) ketoaldehyde, and (D) an unsaturated aldehyde.

Figure 4 . 2 .

 42 Figure 4.2.Glyceraldehyde detected in simulated precometary organic residues. Identification of glyceraldehyde as O-pentafluorobenzyl (R) oxime bis(trimethylsilyl) ether (PFBO-TMS) in laboratory organic residues using multidimensional gas chromatography. The corresponding external glyceraldehydes standard shows identical retention times and12 C isotopic signatures in its mass spectra. The mass fragmentation reveals that glyceraldehyde formed in the residue is entirely composed of13 C-isotopes provided by the 13 CH3OH reactant present in the original ice mixture. Note that all aldehyde derivatives, except formaldehyde PFBO, can form syn (Z) and anti (E) stereoisomers of the oximes because the carbon nitrogen double bond (imine) formed during derivatization prevents rotation.

Figure 4 . 3 .

 43 Figure 4.3. Abundances of (A) aldehydes, (B) dialdehydes, keto-and hydroxyaldehydes in the room temperature samples with and without ammonia in the initial ice mixtures.

Figure 4 . 4 .

 44 Figure 4.4. Nitrogen allows aldehyde retention at room temperature in simulated precometary organic residues. (A) Identification of glycolaldehyde (1a, b), lactaldehyde (2a, b), and (E)-glyceraldehyde (3) as O-pentafluorobenzyloxime-trimethylsilylether derivatives from a VUV-irradiated ice mixture containing ammonia. Double peaks occur because two isomers are formed. (B) Complex aldehydes are absent in samples without ammonia in the initialice mixture. Peaks marked with an asterisk are interferences caused by the derivatization protocol revealed by running (C) a blank sample of the derivatization reagents.

Article 5 .

 5 Ribose and related sugars from ultraviolet irradiation of interstellar ice analogs Cornelia Meinert, Iuliia Myrgorodska, Pierre de Marcellus, Thomas Buhse, Laurent Nahon, Søren V. Hoffmann, Louis Le Sergeant d'Hendecourt, and Uwe J.

Figure 5 . 1 .

 51 Figure 5.1. Aldoses and ketoses as identified in a sample generated under simulated precometary conditions. The structures of sugar alcohols, monosaccharides, and saccharinic acids are indicate along with the amount of the identified analyte in the simulated ice sample. Identified C-6 analytes are not included. The Fischer projections indicate the D-enantiomer form only. ppm, parts per million by mass; q.l., quantification limit; d.l., detection limit.

Figure 5 . 2 .

 52 Figure 5.2. Multidimensional gas chromatogram showing ribose and other monosaccharides in the organic residue from an evolved precometary ice analog. See also fig. S5.1 (7). The atomic mass units 206 and 294 were selected for the multidimensional chromatographic representation. D-and L-enantiomers of the monosaccharides were not resolved.

Figure 5 . 3 .

 53 Figure 5.3. The formose reaction. Formaldehyde 1 condenses under autocatalytic reaction kinetics to form glycolaldehyde 2, which undergoes an aldol reaction by forming glyceraldehydes 3. Dihydroxyacetone 4 is formed by aldoseketose isomerization of 3 and reacts with 2, forming pentulose 5, which isomerizes to an aldopentose 6 such as ribose. In an alternative pathway, dihydroxyacetone 4 reacts with 1, producing ketotetrose 7 and aldotetrose 8 (18).

  C = 220) [(CH3)3SiOCH=CH-CH=OSi(CH3)3] + , m/z 204 ( 13 C = 206) [(CH3)3SiOCH=CHOSi(CH3)3] )3SiOCH=OSi(CH3)3] + . The ion at m/z 217 ( 13 C = 220

4. 3 .

 3 Identification of saccharinic, hydroxycarboxylic, and dicarboxylic acids in the interstellar pre-cometary ice analogueFragmentation studies on the aliphatic hydroxycarboxylic acids(44, 45) glycolic acid, lactic acid, and 2-hydroxybutyric acid: m/z =147: through rearrangement decomposition of the [M-15] + ions, which can be described as cyclic oxonim ions and subsequent loss of CO and CH2O for glycolic acid and CO and CH3CHO for lactic acid m/z = 147: for 2-hydroxybutyric acids direct migration of the ester trimethylsiloxyl group to a positive charge site at the other silicon atom Fragmentation studies on the aliphatic dicarboxylic & hydroxy dicarboxylic acids (45) succininc acid and malic acid: the molecular ion [M] •+ = 262 (266 for 13 C) and [M] •+ = 350 (354)often absent in trimethylsilyl derivativesis observed for succinic and malic acid, respectively Fragmentation studies on the saccharinic acids (44) glyceric acid, erythronic acid, threonic, lyxonic, ribonic (Figure S5.5), xylonic and arabinoic acid: m/z =292 (294): all acids with OH in C2 and C3 position; McLaffertytype rearrangement (ester migration) of a trimethylsilyl group with aldehyde loss (2-deoxyaldonic acid disclose that formation) m/z =205 (207): indicative of a vicinal diol group [M-15-90]: glyceric acid 217 (220) and erythronic acid 319 (323) m/z =189 (191): characteristic for glyceric acid by stepwise loss from [M-15] + of both trimethylsilanol and carbon monoxide [M-15-118] Fragmentation studies on C5 sugar acids: m/z =307 (310): decomposes by loss of formaldehyde to m/z =277 (279) m/z =307 (310): decomposes by rearrangement loss of trimethylsilanol to m/z =217 (220) m/z =423 (427): metastable peak formed from loss of the end group with electron withdrawing effect of the ester group: [M] •+ =527 (532) -[103/104-H], further decomposes to m/z =333 (337) by loss of trimethylsilanol Fragmentation studies on the branched-chain saccharinic acid (44)2-methylglyceric acid: [M-15]: 321 (325) m/z =306 (308): McLafferty-type rearrangement m/z =233 (236) &m/z = 219 (222): chain cleavage ions with charge retention at C2

Fig. S5. 1 .

 1 Fig. S5.1. Supplementary view on the multidimensional gas chromatographic separation of ribose and other monosaccharides and sugar-related molecules. Experimental conditions are identical as compared to Figure 5.2. This view better allows for the visual separation of the -and -pyranose of xylose and arabinoic acid. Atomic mass units 206 and 294 were selected for the above representation with z-scaling = 10 5 .

Fig. S5. 2 .Fig. S5. 3 .

 23 Fig. S5.2. Analytical blank. A: Representative enantioselective GC×GC-TOFMS chromatogram of the blank sample submitted to the entire analytical protocol. Atomic mass units 206 and 294 (5) were selected for the above representation and the primary and secondary temperature program was identical to Figure S5.1. B: Reduced z-scaling (z-axis = 5,000) illustrates the absence of monosaccharides and other related compounds in the blank sample.

Fig. S5. 4 .

 4 Fig. S5.4. Mass spectra of the 12 C-arabitol standard (A) and the 13 C-arabitol ice sample (B). The arabitol fragmentation pattern is indicated (C) by representing the individual mass shifts for each fragment of the 12 C standard (black) and the 13 C sample (blue).

Fig. S5. 5 .

 5 Fig. S5.5. Mass spectra of the 12 C-ribonic acid standard (A) and the 13 C-ribonic acid in the precometary ice sample (B). The ribonic acid fragmentation pattern is indicated (C) by representing the individual mass shifts for each fragment of the 12 C standard (black) and the 13 C sample (orange).The mass spectrum of ribonic acid was taken from the NIST database (35).

Fig. S5. 6 .

 6 Fig. S5.6. The formose reaction. Formaldehyde 1 undergoes self-condensation under autocatalytic reaction kinetics to form glycolaldehyde 2, which undergoes an aldol reaction with an equivalent of 1 by forming glyceraldehydes 3. Dihydroxyacetone 4 is formed by aldose-ketose isomerization, a tautomerization, of 3. Dihydroxyacetone 4 reacts with 1 producing ketotetrose (erythrulose) 5 and aldotetrose 6 (18). The aldol condensation of 2 and 4 formsthe 2-ketopentoses 7 that isomerize to an aldopentose 8 such as ribose, arabinose, xylose, and lyxose. Branched aldotetroses 9 are formed by aldol condensation of 5 and 1.

2 Figure. 6 . 1

 261 Fig.6.1 shows the typical data recorded in these experiments, in this case for R-and S-camphor at 12.3 eV. Several features mentioned in the introduction can be readily observed in the figure. Indeed the large asymmetry observed with PECD up to 12% means that it is readily visible even in the raw non-inverted 2Ddifference images shown in Fig.6.1a and b. The strong initial orbital dependency is also appreciated with the sign and magnitude changing for different electronic bands across the image radius. Moreover, the PECD value in Fig.6.1c oscillates several times between IE = 10 and 12 eV. These oscillations, although not seen in the VMI-PES concurrently recorded with our spectrometer, are real and exceed our error bars. They are perfectly mirrored in the R-and S-enantiomer curves as anticipated fromthe anti-symmetry of the b1 coefficients for the two enantiomers, showing the high quality of the data. The mirroring is explored in Fig.6.1d, by plotting the mean value or baseline 𝐵𝐿 =𝑃𝐸𝐶𝐷 𝑅 -𝑃𝐸𝐶𝐷 𝑆 2

Figure. 6 . 2

 62 Figure. 6.2 PECD (open and filled circles) and PES (solid line) extracted in coincidence with parent ions (m/z 152, plus 153 and 154 to take into account the 13 C contributions) recorded for 1R,4R-and 1S,4Scamphor at hν = 12.3 eV. The data have been normalized by S3 and the ee measured by GC × GC-TOFMS. The bottom-left axis represents the PECD baseline (BL) extracted as the mean value of the R and S PECD curves. The inset shows the raw (left) and Abel inverted (right) difference image for 1R,4Rcamphor corresponding only to photoelectrons correlated to parent ions.

Figure. 6 . 4

 64 Figure.6.4 Mean chiral parameter (b1) for ionization of the HOMO-1 orbital of camphor, corresponding to the binding energy region 10-10.3 eV, obtained at different photon energies. The markers represent experimental measurements while the line correspond to the CMS-Xα scattering models. The S-enantiomer data have been negated. For some of the data points, the statistical error bars are not visible because they are smaller than the point width (see TableS6.1, Sup.Inf.). The values in this work have been normalized by S3 and the ee measured by GC × GC-TOFMS. a From ref.36. b From ref.35. 

Figure. 6 . 5

 65 Figure.6.5 Mean chiral parameter (b1) for ionization of the HOMO orbital of fenchone obtained at different photon energies. The values in this work are normalized to S3 and to the absolute ee as provided by GC × GC-TOFMS. The markers represent experimental measurements while the lines correspond to two different CMS-Xα models. The S-enantiomer data have been negated. For some of the data points, the statistical error bars are not visible because they are smaller than the point width (see TableS6.2, Sup. Inf.). a From ref.40. 

Figure. 6 . 6

 66 Figure.6.6 Mean chiral parameter (b1) of the A band, corresponding to the binding energy region 10.05-10.61 eV of fenchone obtained at different photon energies. The data in this work are normalized to S3 and to the absolute ee as provided by GC × GC-TOFMS. The markers represent experimental measurements while the lines correspond to two different CMS-Xα models. The S-enantiomer data have been negated. For some of the data points, the statistical error bars are not visible because they are smaller than the point width (see TableS6.2, Sup. Inf.). a From ref.40. 

Figure. 6 . 7 Scheme 6 . 1

 6761 Figure.6.7 PES and PECD for R-camphor (red) and R-fenchone (black) recordedat hν = 10.3 eV and 10.5 eV respectively. The data have been normalized to S3and the absolute ee as provided by GC × GC-TOFMS.

  the b1 sign inversion makes this isomerism phenomenologically quite striking but its origin is also very clear being, in a one-photon ionization regime, purely due to the multiple scattering of the outgoing electron in the chiral potential of the molecule.

Figure. 6 . 8

 68 Figure. 6.8 Chiral parameter (𝑏 1 (+1) ) for ionization from the HOMO orbital of R-fenchone and R-camphor (S enantiomers negated). The points represent all the available experimental data in the literature, including the present work, while the lines correspond to CMS-Xα calculations. The data have been normalized to the absolute ee as provided by GC × GC-TOFMS. a From ref. 40. b From ref. 36.

Figure. 6 . 9

 69 Figure.6.9 Chiral parameter (b1) for the A region of R-fenchone and ionization from the HOMO-1 orbital of R-camphor. The points represent all the available experimental data in the literature (S enantiomers negated), including the present work, while the lines correspond to CMS-Xα calculations. In the case of fenchone, an average theoretical curve of three orbitals (#39, #40 and #41) weighted by their cross sections is shown. The data have been normalized to the absolute ee as provided by GC × GC-TOFMS. a From ref.40. b From ref.36. 

Figure S6. 1 :

 1 Figure S6.1:Observed PECD ratio for (a) camphor and (b) fenchone at the photon energies where both enantiomers were measured. The error-weighted mean values are given as red transparent band. Note that the error bars will increase for small absolute values of b1, and for increasing photon energies where the HOMO relative cross-section is smaller, so that the more precise values are generally obtained at low photon energies.

Figure S6. 2 :

 2 Figure S6.2: Computed (HF/6-31G**) isosurface plots showing the electronic density for the HOMO orbitals of 1R,4R-camphor (left) and 1R,4S-fenchone (right).

  Dès le début de son existence l'humanité s'estposé la question sur ses origines et sur l'origine de la vie elle-même. Les recherches de réponse continuant à ces jours nous amènent vers de nombreuses mystifications et théories purement théologiques. Les philosophes de l'antiquité comme Démocrite et Aristote croyaient à l'apparition d'un être vivant sans descendant, de nulle part et indépendamment de la matière inanimée. Il faudra attendre le XVIIe siècle pour tester cette hypothèse et encore deux siècles pour la rejeter complètement. Ensuite, la révolution scientifique s'est produite par la découverte de structure d'ADN mais également par le déchiffrement de la structure de polypeptides. Ces deux découvertes ont démontré que tous les êtres vivants se constituent des mêmes briques moléculaires : d'acides aminés et d'acides nucléiques.

	"
	Democritus
	"The most beautiful experience we can have is
	the mysterious. It is the fundamental emotion
	which stands at the cradle of true art and true
	science. Whosoever does not know it and can
	no longer wonder, no longer marvel, is as
	good as dead, and his eyes are dimmed."
	A. Einstein

Table 1 . 1 .

 11 Detected enantiomeric excesses of amino acids in carbonaceous meteorites.

	Amino acid	L-ee (%)	Meteorite
	Isovaline	-1.0 to +18.5[24]	EET, LEW, LON, MN, MY,
			OR, QUE
	Norvaline	-0.7 to +3.7[24b]	EET, LON, MN, OR, QUE
	α-Methylnorvaline	2.8, 1.4[33]	MN, MY
	Valine	-0.4 to +43.6[24b,34]	EET, LEW, LON, MN, MY,
			OR, QUE
	α-Methylvaline	2.8, 1.0 [33]	MN, MY
	α-Methylnorleucine	4.4, 1.8[33]	MN, MY
	Isoleucine	3.6 -50[23]	EET, GRA LAP, ME, MIL,
			PCA, QUE
	allo-Isoleucine	-60 to -2.2 [23]	EET, GRA LAP, ME, MIL,
			PCA, QUE
	α-Amino-α-methylheptanoic acid	7.0[25]	MN
	α-Amino-α,β-dimethylpentanoic acid	1.4 -5.2[25]	MN, MY
	allo-α-Amino-α,β-dimethylpentanoic	2.2 -10.4[25]	MN, MY
	acid		
	α-Methylglutamic acid	2 -3[23]	MN
	EET, EET 92042; GRA, GRA 95229; LAP, LAP 02342; LEW, LEW 90500; LON, LON 94102; MN,
	Murchison; MY, Murray; OR, Orgueil; ME, MET 00426; MIL, MIL 07525; PCA, PCA 91082; QUE, QUE
	99177.		

Article 2. Light on Chirality:Absolute Asymmetric Formation of Chiral Molecules Relevant in Prebiotic Evolution

  . amino acids, aldehydes, sugars, amines and carboxylic acids is proposed below.

	Iuliia Myrgorodska, Cornelia Meinert, Søren V. Hoffmann, Nykola C. Jones, Lau-
	rent Nahon, , and Uwe J. Meierhenrich

Table 3 .1.Characterization of

 3 amino acids by mass spectra, detection (LOD) and quantification limits (LOQ) and resolution values (Rs) for enantiomeric pairs.

	#	Compound	Characteristic ions [a]	LOD, μM	LOQ, μM	Rs
		Glycine	256, 102, 56	0.24	0.71	
		Sarcosine	270, 116, 88	4.50•10 -3	0.01	
		-Alanine	270, 116, 70	0.03	0.09	4.00
		-Alanine	270, 242 [b] , 228, 144, 115, 102, 98, 70,	0.78	2.36	
		Serine [c]	256, 204, 129, 114, 101, 86, 60	8.80	26.67	2.00
		2,3-Diaminopropanoic acid [h]	341, 313, 256, 157, 129, 102, 85	0.16	0.49	4.00
		N-Methylalanine	284, 130, 102, 86, 58	0.13	0.40	
		N-Ethylglycine	284, 270, 242 [b] , 130, 116, 102, 86, 58	0.17	0.51	
		2-Aminoisobutyric acid	284, 130, 84, 58	41.67	126.27	
		2-Aminobutyric acid	284, 256, 130, 84, 58	0.16	0.48	3.80
		3-Aminoisobutyric acid	256, 158, 129, 112, 102, 84, 56	0.06	0.19	
		3-Aminobutyric acid	284, 270, 242, 158, 129, 116, 84, 70	0.43	1.30	1.83
		Iminodiacetic acid	369, 342, 298, 270, 242, 213, 86, 69	0.60	1.82	
		4-Aminobutyric acid	284, 158, 129, 116, 112, 102, 86, 84, 56	3.71	11.26	
		Aspartic acid	342 [d] , 296, 270, 254, 228, 142, 98, 70, 56	1.08	3.27	2.25
		2,4-Diaminobutanoic acid [h]	329, 282, 171, 128, 116, 102, 88, 56	9.65	29.23	2.60
		Isovaline	342, 270, 227, 144, 98, 72, 55	122.92	372.51	1.67
		Valine	298, 256, 144, 129, 116, 101, 98, 72, 55	0.09	0.28	3.20
		Proline	296, 142 [e] , 114, 98, 70	0.24	0.72	
		Norvaline	298, 256, 144, 100, 98, 72, 55	0.34	1.04	4.50

Table 3 .1. Continued

 3 

	#	Compound	Characteristic ions [a]	LOD, μM	LOQ, μM	Rs
	21	3-Aminopentanoic acid	298, 270, 172, 130, 98, 84, 70, 56	3.81	11.55	2.00
	22	Pyroglutamic acid [f]	84, 56	11.31	34.28	3.20
	23	Glutamic acid	356, 312, 156, 128, 84	10.09	30.57	3.67
	24	Methionine [h]	329, 256, 201, 146, 129, 101, 74	0.80	2.42	2.16
	25	tert-Leucine	329, 312, 256, 158, 129, 112, 101, 57	0.53	1.61	5.50
	26	Isoleucine	312, 283, 256, 158, 129, 101, 83, 57, 56	0.11	0.33	9.00
	27	Leucine	312, 256, 158, 129, 112, 102, 86, 58	0.33	1.01	4.75
	28	β-Leucine	342, 270, 228, 186, 144, 116, 98, 70, 56	1.20	3.62	4.50
	29	Norleucine	312, 256, 158, 142, 130, 112, 84, 70	0.15	0.45	4.57
	30	Methylpyroglutamic acid [g]	98, 82, 55	2.09	6.34	3.60
	31	Phenylalanine	330, 256, 192, 131, 103,91, 65, 59	0.15	0.46	4.00

Table 3 . 2 .

 32 The parameters characterizing regression line (S, σ, R 2 ) and working range (Cmax, Cmin) of the developed method.

Table 3 . 3 .

 33 Enantiomeric excesses (ee) identified in the Murchison meteorite #C

Table S3 .1.Regression parameters

 S3 of the studied calibration curves.

	Table S3.1.Continued					
	#	Compound	σ	S	R 2	t1, min	t2, sec
	11	3-Aminoisobutyric acid	4.8•10 12	9.2•10 4	1.000	42.77	2.49
	12	3-Aminobutyric acid	9.7•10 11	1.3•10 5	1.000	D-43.76; L-44.02	D-2.25; L-2.22
	13	Iminodiacetic acid	8.8•10 12	1.6•10 5	1.000	48.31	1.70
	14	4-Aminobutyric acid	1.2•10 11	1.3•10 5	0.982	51.06	2.10
	15	Aspartic acid	1.3•10 12	4.3•10 5	1.000	D-55.00; L-55.30	D-1.43; L-1.42
	16	2,4-Diaminobutanoic acid	3.8•10 11	1.1•10 6	0.991	D-81.60; L-82.25	D-0.81; L-0.81
	17	Isovaline	1.8•10 9	6.8•10 4	1.000	D-37.57; L-37.82	D-2.30; L-2.28
	18	Valine	5.1•10 12	1.4•10 5	1.000	D-40.82;L-41.62	D-2.11; L-1.98
	19	Proline	3.6•10 12	2.7•10 5	1.000	37.57	2.30
	20	Norvaline	6.9•10 12	7.2•10 5	1.000	D-45.06; L-45.96	D-1.86; L-1.75
	21	3-Aminopentanoic acid	3.5•10 11	4.1•10 5	0.984	D-47.66; L-47.91	D-1.82; L-1.79
	22	Pyroglutamic acid	8.1•10 11	2.9•10 6	0.971	D-62.14; L-62.94	D-2.66; L-2.65
	23	Glutamic acid	3.0•10 11	9.2•10 5	0.971	D-62.39; L-62.94	D-1.66; L-1.66
	24	Methionine	3.0•10 12	7.2•10 5	1.000	D-62.70; L-63.35	D-2.30; L-2.30
	25	tert-Leucine	1.0•10 12	1.6•10 5	0.999	D-40.72; L-41.27	D-2.01; L-1.91
	26	Isoleucine	3.9•10 12	1.3•10 5	1.000	D-44.51; L-46.31	D-1.79; L-1.67
	27	Leucine	5.1•1012	5.1•10 5	1.000	D-47.56; L-48.46	D-1.63; L-1.56
	28	β-Leucine	1.7•1011	6.1•10 4	1.000	D-49.61; L-50.31	D-1.62; L-1.57
	29	Norleucine	5.7•1012	3.5•10 5	1.000	D-49.60; L-50.41	D-1.62; L-1.55
	30	Methylpyroglutamic acid	6.1•1011	3.9•10 5	0.999	D-61.69; L-62.59	D-1.93; L-1.92
	# 31	Compound Phenylalanine	σ 1.4•1012	S 6.6•10 5	R 2 1.000	t1, min D-65.39; L-65.79	t2, sec D-2.70; L-2.68
	1	Glycine	3.0•10 12	2.1•10 5	1.000	39.82	3.98
	2	Sarcosine	4.7•10 12	1.4•10 5	1.000	28.58	3.13
	3	-Alanine	5.7•10 12	5•10 4	1.000	D-37.07; L-38.07	D-2.76; L-2.62
	4	-Alanine	7.7•10 11	1.8•10 5	1.000	42.31	3.13
	5	Serine [c]	8.7•10 10	2.3•10 5	0.976	D-60.75; L-61.09	D-2.36; L-2.38
	6	2,3-Diaminopropanoic	9.7•10 12	4.9•10 5	1.000	D-76.70; L-77.70	D-1.96; L-1.96
		acid					
	7	N-Methylalanine	3.2•10 12	1.3•10 5	1.000	29.73	2.52
	8	N-Ethylglycine	2.5•10 12	1.3•10 5	1.000	31.68	2.73
	9	2-Aminoisobutyric acid	2.0•10 10	2.5•10 5	1.000	35.33	2.50
	10	2-Aminobutyric acid	3.3•10 12	1.6•10 5	1.000	D-40.47; L-41.42	D-2.36; L-2.16

Table 6 .

 6 1 GC × GC-TOFMS analysis of the supplied fenchone samples, along with the relative ee meas-

	ured by PECD				
			GCGC-TOFMS		PECD
	Sample	Enantiomeric	Chemical purity	│eeR/eeS│	│eeR/eeS│
		excess (%)	(%) b		
	R-(+)-Camphor	+96.7 ± 0.9 a	> 99.9	0.979(9) a	0.97(2) c
	S-(-)-Camphor	-98.7 ±0.1 a	> 99.9		
	R-(-)-Fenchone	+82.1 ± 0.5 a	> 99.9	0.821(5) a	0.82(1) c
	S-(+)-Fenchone	-99.90 ±0.03 a	> 99.9		

a 3σ error bars.

b 

Not considering non-volatile or solvent species. c 1σ error bars.

Table S6 . 1 :

 S61 Compilation of literature values, and those obtained in this work of the mean 𝑏 1 +1 values for ionization from the HOMO and HOMO-1 orbitals of 1R,4R-(+)-camphor. The Nahon et al. corresponds to Ref. 1 and Lischke et al. to Ref.

Table S6 . 2 :

 S62 ± 0.15 eV, whereas Lischke et al. use 10.45 eV. The values in this work have been normalized by S3 and the e.e. measured by GC x GC-TOFMS. Compilation of literature values, and those obtained in this work of the mean 𝑏 1 +1 values for ionization from the HOMO orbital and A band of 1R,4S-(-)-fenchone. The Powis et al. corresponds to Ref.

	-0.027 ± 0.007	18.2	Nahon et al.	0.01 ± 0.01	20.5	Nahon et al.
	-0.029 ± 0.006	18.2	Lischke et al.	0.01 ± 0.02	21.2	Nahon et al.
	-0.07 ± 0.03	19.1	Nahon et al.	0.012 ± 0.005	21.2	Lischke et al.
	-0.07 ± 0.01	19.2	Lischke et al.	0.000 ± 0.004	22	Nahon et al.
	-0.077 ± 0.009	19.5	Nahon et al.	0.009 ± 0.005	22.2	Lischke et al.
	-0.072 ± 0.008	20	Nahon et al.	0.005 ± 0.006	23.2	Lischke et al.
	-0.08 ± 0.01	20.2	Lischke et al.	0.03 ± 0.01	24.2	Lischke et al.
	HOMO -0.068 ± 0.009	20.25	Nahon et al.	HOMO-1 0.006 ± 0.002	26	Nahon et al.
	𝑏 1 (+1) -0.07 ± 0.01	h 20.5	Ref. Nahon et al.	𝑏 1 (+1)	h	Ref.
	-0.011 ± 0.002 -0.06 ± 0.02	8.8 21.2	This Work Nahon et al.	0.011 ± 0.003	10	Nahon et al.
	-0.006 ± 0.004 -0.06 ± 0.01	8.8 21.2	Nahon et al. Lischke et al.	0.0172 ± 0.0009	10.3	This Work
	-0.010 ± 0.004 -0.054 ± 0.002	8.85 22	Nahon et al. Nahon et al.	0.0209 ± 0.0009	10.3	Nahon et al.
	-0.007 ± 0.002 -0.05 ± 0.01	9 22.2	Nahon et al. Lischke et al.	0.010 ± 0.001	10.8	This Work
	-0.013 ± 0.003 -0.05 ± 0.01	9.2 23.2	Garcia et al. Lischke et al.	0.001 ± 0.001	11.05	This Work
	-0.026 ± 0.006 -0.02 ± 0.02	9.2 24.2	Nahon et al. Lischke et al.	-0.0024 ± 0.0009	11.3	This Work
	-0.029 ± 0.005 -0.012 ± 0.003	9.6 26	Nahon et al. Nahon et al.	-0.013 ± 0.001	11.8	This Work
	-0.049 ± 0.001	10	Nahon et al.	-0.025 ± 0.005	12.3	This Work
	-0.038 ± 0.004	10.3	Nahon et al.	-0.032 ± 0.004	12.8	This Work
	-0.0396 ± 0.0007	10.3	This Work	-0.033 ± 0.006	13.2	Lischke et al.
	-0.0289 ± 0.0009	10.8	This Work	-0.032 ± 0.004	14	This Work
	-0.0278 ± 0.0007	11.05	This Work	-0.023 ± 0.006	14.2	Lischke et al.
	-0.0273 ± 0.0007	11.3	This Work	-0.014 ± 0.003	15	This Work
	-0.0515 ± 0.0009	11.8	This Work	0.01 ± 0.03	15.2	Nahon et al.
	-0.0584 ± 0.0003	12.3	This Work	-0.001 ± 0.004	15.2	Lischke et al.
	-0.044 ± 0.002	12.8	This Work	0.02 ± 0.02	16.2	Lischke et al.
	-0.045 ± 0.006	13	Nahon et al.	0.027 ± 0.003	16.5	This Work
	-0.030 ± 0.007	13.2	Lischke et al.	0.024 ± 0.005	17.2	Lischke et al.
	-0.016 ± 0.001	14	This Work	0.022 ± 0.004	18.2	Lischke et al.
	-0.019 ± 0.007	14.2	Lischke et al.	0.023 ± 0.007	18.2	Nahon et al.
	-0.011 ± 0.001	15	This Work	0.018 ± 0.004	19.1	Nahon et al.
	-0.02 ± 0.02	15.2	Nahon et al.	0.020 ± 0.006	19.2	Lischke et al.
	-0.010 ± 0.005	15.2	Lischke et al.	0.02 ± 0.01	19.5	Nahon et al.
	0.002 ± 0.006	16.2	Lischke et al.	0.015 ± 0.003	20	Nahon et al.
	-0.0095 ± 0.0008	16.5	This Work	0.010 ± 0.004	20.2	Lischke et al.
	-0.012 ± 0.009	17.2	Lischke et al.	0.02 ± 0.01	20.25	Nahon et al.

  10.05-10.61 eV, whereas Powis et al. used 9.9-11.0 eV. The values in this work have been normalized by S3 and the e.e. measured by GC x GC-TOFMS.

	-0.01 ± 0.02	14	Powis et al.	0.018 ± 0.004	18.2	Powis et al.
	-0.0118 ± 0.0009	15.5	This Work	0.058 ± 0.003	18.6	This Work
	-0.008 ± 0.007	16	Powis et al.	0.060 ± 0.005	18.7	Powis et al.
	-0.006 ± 0.007	16.7	Powis et al.	0.038 ± 0.006	19.1	Powis et al.
	-0.021 ± 0.008	17.5	Powis et al.	0.049 ± 0.004	19.3	Powis et al.
	-0.02 ± 0.01	18.2	Powis et al.	0.029 ± 0.007	20	Powis et al.
	-0.035 ± 0.003	18.6	This Work	0.044 ± 0.006	20.2	Powis et al.
	-0.035 ± 0.009	18.7	Powis et al.	0.015 ± 0.008	21	Powis et al.
	-0.02 ± 0.01	19.1	Powis et al.	0.026 ± 0.005	21.5	Powis et al.
	-0.03 ± 0.01	19.3	Powis et al.	0.011 ± 0.001	21.7	This Work
	-0.02 ± 0.02	20	Powis et al.	0.000 ± 0.008	22	Powis et al.
	-0.04 ± 0.01	20.2	Powis et al.	0.001 ± 0.004	22.5	Powis et al.
	-0.03 ± 0.02	21	Powis et al.			
	-0.02 ± 0.01	21.5	Powis et al.			
	-0.016 ± 0.001	21.7	This Work			
	-0.02 ± 0.02	22	Powis et al.			
	-0.025 ± 0.009	22.5	Powis et al.			
	HOMO			A band		
	𝑏 1 (+1)	h	Ref.	𝑏 1 (+1)	h	Ref.
	0.077 ± 0.002	9.22	This Work	-0.0082 ± 0.0007	10.5	This Work
	0.078 ± 0.001	9.3	This Work	0.011 ± 0.001	11	This Work
	0.0753 ± 0.0009	9.54	This Work	0.0242 ± 0.0007	11.5	This Work
	0.0601 ± 0.0007	9.8	This Work	0.019 ± 0.001	12.4	This Work
	0.0519 ± 0.0006	10.05	This Work	0.02 ± 0.02	13	Powis et al.
	0.0420 ± 0.0006	10.5	This Work	0.007 ± 0.003	13.5	This Work
	0.034 ± 0.001	11	This Work	0.01 ± 0.02	14	Powis et al.
	0.0063 ± 0.0006	11.5	This Work	0.031 ± 0.003	15.5	This Work
	-0.0239 ± 0.0008	12.4	This Work	0.04 ± 0.02	16	Powis et al.
	-0.01 ± 0.02	13	Powis et al.	0.026 ± 0.005	16.7	Powis et al.
	-0.015 ± 0.001	13.5	This Work	0.039 ± 0.004	17.5	Powis et al.
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Abstract

Evolved interstellar ices observed in dense protostellar molecular clouds may arguably be considered as part of precometary materials that will later fall on primitive telluric planets, bringing a wealth of complex organic compounds. In our laboratory, experiments reproducing the photo/thermochemical evolution of these ices are routinely performed. Following previous amino acid identifications in the resulting room temperature organic residues, we have searched for a different family of molecules of potential prebiotic interest. Using multidimensional gas chromatography coupled to time-of-flight mass spectrometry, we have detected 10 aldehydes, including the sugar-related glycolaldehyde and glyceraldehydes-two species considered as key prebiotic intermediates in the first steps toward the synthesis of ribonucleotides in a planetary environment. The presence of ammonia in water and methanol ice mixtures appears essential for the recovery of these aldehydes in the refractory organic residue at room temperature, although these products are free of nitrogen. We finally point out the importance of detecting aldehydes and sugars in extraterrestrial environments, in the gas phase of hot molecular clouds, and, more importantly, in comets and in primitive meteorites that have most probably seeded the Earth with organic material as early as 4.2 billion years ago. #C [a] Compound Rt1 [b] [min]

Rt2 [c] [sec]

MS-fragmentation / 13 C sample MS-fragmentation / 12 C standard Compound Rt1 [b] [min]

Rt2 [c] [sec] MS-fragmentation / 13 Table S5.1.Summary of the total abundances of sugar and sugar-related compounds in the water extract of a pre-cometary interstellar ice analogue. [a] Quantity of carbon atoms. [b] The data are mean values given with their standard deviation of 3σ.

#C [a] Compound Quantity [ppm] [b] #C [a] Compound Quantity [ppm] [b] Aldoses / aldehydes Ketoses [ †] The low relative abundance of ethylene glycol as compared to the corresponding C2 aldehyde and C2 acid is due to its high volatility resulting in its loss during sample preparation and analysis. 

CHAPTER IV: Photo

Abstract

Photoelectron circular dichroism (PECD) manifests itself as an intense forward/backward asymmetry in the angular distribution of photoelectrons produced from randomly-oriented enantiomers by photoionization with circularly--polarized light (CPL). As a sensitive probe of both photoionization dynamics and of the chiral molecular potential, PECD attracts much interest especially with the recent performance of related experiments with visible and VUV laser sources.

Here we report, by use of quasi-perfect CPL VUV synchrotron radiation and using a double imaging photoelectron/photoion coincidence (i 2 PEPICO) spectrometer, new and very accurate values of the corresponding asymmetries on showcase chiral isomers: camphor and fenchone. These data have additionally been normalized to the absolute enantiopurity of the sampleas measured by a chromatographic technique. They can therefore be used as benchmarking data for new PECD experiments, as well as for theoretical models. In particular we found, especially for the outermost orbital of both molecules, a good agreement with CMS-Xα PECD modeling over the whole VUV range. We also report a spectacular sensitivity of PECD to isomerism for slow electrons, showing large and opposite asymmetries when comparing R-camphor to R-fenchone (respectively -10% and +16 % around 10 eV). In the course of this study, we could also assess the analytical potential of PECD. Indeed, the accuracy of the data we provide are such that limited departure from perfect enantiopurity in the sample we purchased could be detected and estimated in excellent agreement with the analysis performed in parallel via a chromatographic technique, establishing a new standard of accuracy, in the ±1 % range, for enantiomeric excess measurement via PECD. The i 2 PEPICO technique allows correlating PECD measurements to specific parent ion masses, which would allow its application to analysis of complex mixtures.
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