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Caractérisation de la matière organique par spectrométrie de masse assistée 

par laser : application ̈  la pal®ontologie et ¨ lôexobiologie 

Résumé 

L'origine de la matière organique sur Mars sera étudiée avec le rover « Rosalind Franklin » 

d'ExoMars à l'aide de plusieurs instruments d'analyse, dont le Mars Organic Molecular Analyzer 

(MOMA). L'instrument MOMA combine la spectrométrie de masse à laser désorption-ionisation 

(LDI-MS) et la spectrométrie de masse à chromatographie en phase gazeuse (GC-MS) pour 

analyser des échantillons de subsurface. La similitude du LDI-MS de MOMA avec notre 

instrument LDI-MS / L2MS (spectrométrie de masse laser en deux étapes) nous a encouragés à 

caractériser la matière organique à partir de différents types d'échantillons, dans le but de fournir 

une nouvelle méthodologie pour la caractérisation moléculaire à micro-échelle des traces des 

débuts de la vie sur Terre et pour soutenir les futures recherches sur Mars. 

Tout d'abord, nous avons développé une nouvelle source d'ions à injection latérale pour notre 

spectromètre de masse hybride (radiofréquence/temps de vol) existant permettant la microscopie 

en transmission et en réflexion et l'imagerie chimique en L2MS et LDI-MS avec une résolution 

latérale jusqu'à 3 µm. 

Deuxièmement, la caractérisation des molécules de référence a été réalisée par L2MS et LDI-MS 

pour aider à l'identification chimique de différents types de matière organique. Ceux-ci 

comprenaient un dérivé du tryptophane (acide aminé biotique/abiotique), l'hexylthiophène (proxy 

pour les hydrocarbures sulfurés), le cholestane (biomarqueur eucaryote), le tocophérol (issu de la 

photosynthèse) et une porphyrine (dérivé de la chlorophylle). Ainsi, nous donnons un aperçu de la 

sensibilité de la méthode pour ces classes importantes de molécules et de leurs modèles de 

fragmentation. 

Troisièmement, une roche sédimentaire du paléolagon jurassique d'Orbagnoux porteuse de matière 

organique microbienne diagénétiquement sulfurée a été analysée. Cet échantillon a été choisi suite 

à la détection récente de molécules sulfurées sur Mars. Les caractérisations chimiques de différents 

échantillons de roche d'Orbagnoux (roche fraîche et tranche polie) et de ses sous-fractions 

correspondantes extraites de la roche sédimentaire (extraits solubles, maltène et kérogène) ont été 

réalisées par L2MS et LDI. Cela donne accès à des informations moléculaires sur diverse classes 

chimiques dôintérêt (organiques et inorganiques) telles que les hydrocarbures aromatiques 

polycycliques, les hydrocarbures oxygénés, thiophéniques et azotés, les clusters de carbonate de 

calcium et de sulfure de fer et les métaux tels que Ni ou VO qui indiquent la préservation des 

géoporphyrines. 

Quatrièmement, une résine Dammar moderne et quatre résines fossiles (ambres) ont été analysées 

par LDI-MS pour tester la capacité de la technique à fournir des informations sur les biopolymères 

fossiles d'origine végétale, y compris leur degré de maturité et/ou leur type botanique. Des 

différences claires dans les modèles de fragments d'hydrocarbures ont été observées dans les 

spectres de masse et analysées en composantes principales. 

Mots-clés : désorption/ionisation laser, matière organique, échantillons paléontologiques, 

micro-L2MS, instrument MOMA  

  



 

 

Characterization of organic matter by laser-assisted mass spectrometry: 

application to paleontology and exobiology 

Abstract 

The origin of organic matter on Mars will be investigated with ExoMarsô ñRosalind Franklinò 

rover using several analytical instruments including the Mars Organic Molecular Analyzer 

(MOMA). The MOMA instrument combines laser desorption-ionization mass spectrometry (LDI-

MS) and gas-chromatography mass spectrometry (GC-MS) to analyze sub-surface samples. The 

similarity of the LDI-MS of MOMA with our LDI-MS / L2MS (two-step laser mass spectrometry) 

instrument has encouraged us to characterize organic matter from different types of samples, with 

the goals of providing new methodology for microscale molecular characterization of traces of 

early life on Earth and to support future investigations on Mars. 

First, we developed a new-side injection ion source for our existing hybrid (radiofrequency/time-

of-flight) mass spectrometer enabling transmission and reflection microscopy and chemical 

imaging in L2MS and LDI-MS with a lateral resolution down to 3 µm. 

Second, characterization of reference molecules was carried with L2MS and LDI-MS to help 

chemical identification of different types organic matter. These included a tryptophan derivative 

(biotic/abiotic amino acid), hexylthiophene (proxy for sulfurized hydrocarbons), cholestane 

(eukaryote biomarker), tocopherol (from photosynthesizers) and a porphyrin (chlorophyll 

derivative). Thus, we provide insight into the sensitivity of the method for these important classes 

of molecules, and into their fragmentation patterns. 

Third, a sedimentary rock from the Jurassic paleolagoon of Orbagnoux was analyzed as a proxy 

for diagenetically-sulfurized microbial organic matter. This sample was chosen following the 

recent detection of sulfurized molecules on Mars. Chemical characterizations of different samples 

of Orbagnoux rock (fresh rock and polished slice) and its corresponding sub-fractions extracted 

from the sedimentary rock (soluble extracts, maltene and kerogen) were performed using L2MS 

and LDI. This gives access to organic and inorganic molecular information of various chemical 

classes of interest such as polycyclic aromatic hydrocarbons, oxygenated, thiophenic, and 

nitrogenated hydrocarbons, calcium carbonate/iron sulfide clusters, and metals such as Ni+ or VO+ 

that point to the preservation of geoporphyrins. 

Fourth, a modern Dammar resin and four fossil resins (ambers) were analyzed in LDI-MS to test 

the technique capability to provide insights into plant-derived fossil biopolymers, including their 

maturity grade and/or botanic type. Clear differences in hydrocarbon fragment patterns were 

observed in mass spectra and investigated with principal component analysis. 

Keywords: laser desorption/ionization, organic matter, paleontological samples, micro-

L2MS, MOMA instrument  
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Chapter 1  

Introduction  

This chapter provides the scientific context of the work conducted in this PhD thesis. The different 

types of rocks are briefly reminded, in addition to the different types of fossilized organic matter 

and the mechanisms of its preservation in sedimentary rocks. A summary of most of the missions 

that were sent to Mars in the past by the National Aeronautics and Space Administration (NASA) 

and the future mission of the European Space Agency (ESA) and the Roscosmos State Corporation 

for Space Activities (Roscosmos) will be presented. Finally, the structure of this dissertation will 

be presented. 

1.1. Context of the study 

The studies performed during this PhD thesis were carried out in the ANATRAC (Trace Analysis) 

research group from the PhLAM laboratory (UMR 8523 ï Physique des Lasers, Atomes, et 

Molécules, CNRS/ Université de Lille) and at LOG (UMR 8187 ï Laboratoire dôOcéanologie et 

de Géoscience, CNRS/ Université de Lille / Universit® du Littoral C¹te dôOpale). The PhLAM 

group has developed highly-sensitive and selective laser-based mass spectrometry techniques for 

the study of environmental samples. These techniques were mainly optimized to investigate the 

chemical composition of combustion byproducts (Moldanová et al., 2009; Faccinetto et al., 2015; 

Delhaye et al., 2017). Due to their high sensitivity and selectivity, these techniques are valuable 

analytical tools that can be used for the analysis of various samples. A shared-use secondary ion 

mass spectrometer (SIMS) available at the Regional Platform of Surface Analysis (UCCS ï Unité 

de Catalyse et Chimie du Solide, Université de Lille) and a pyrolysis gas-chromatography mass 

spectrometer (Py-GC-MS) from the UMET Laboratory (Unité Matériaux et Transformations, 

Université de Lille) were also used in this study. The similarity of the laser-based technique on the 

Mars organic molecular analyzer (MOMA) instrument onboard the ñRosalind Franklinò rover with 

the one installed in our laboratory has encouraged us to extend our work. The main objective of 

my work was to characterize the organic matter found in different types of samples using the two-

step laser mass spectrometry technique for possible application to the study of early life on Earth 



Chapter 1 Introduction 

2 

 

and to the search of life on Mars. The variety of the chosen samples helps us in reconstructing the 

history of the early life, and at the same time can be applied and extended to the search of life on 

Mars, i.e., it can be considered as a database/library that may help in data treatment of the results 

that will be produced by the MOMA instrument.  

This thesis was funded jointly by the Université de Lille and the Région Hauts-de-France 

and was carried out in the framework of the ANR project ñM6Fossils: Micro- to nanoscale 

Molecular, Mineralogical, Morphological and isotopic identification of Micro and Macro-fossilsò 

led by Dr. Kevin Lepot. The team involves researchers and scientists from different research 

institutes from France and Belgium. Seven scientific institutes collaborated on this project from 

France: Laboratoire dôOc®anologie et de G®osciences (LOG), Laboratoire de Physique des Lasers, 

Atomes et Molécules (PhLAM), Unité de Catalyse et Chimie du Solide (UCCS), Unité Matériaux 

et Transformations (UMET), Institut de Physique du Globe de Paris (IPGP), Biogéosciences in 

Université de Bourgogne in Dijon, and Institut de minéralogie, de physique des matériaux et de 

cosmochimie (IMPMC) at the Museum National dôHistoire Naturelle in Paris. The Department of 

Geology at the University of Gent in Belgium was also involved in this project.  

The project aims at constraining co-evolution of life and the environments on early Earth 

(between 3.4 ï 0.4 Ma) related with the changes in redox conditions and oxygenation. In order to 

identify fossils related to that time, some challenges must be undergone. These challenges are 

illustrated by: 

¶ Simple morphology 

¶ Non-diagnostic organic carbon isotope ratio 

¶ Correlating fossils with molecular biosignature 

¶ Correlating fossils with geochemical metabolic/environmental proxies 

The use of a combination of micro- to nanoscale characterization methods can help overcome these 

challenges. These characterization methods include micro-scale laser desorption/laser ionization 

mass spectrometer (µL2MS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

These techniques will help retrieve molecular information. The project brings together expertise 



Chapter 1 Introduction 

3 

 

from different fields such as organic and isotope geochemistry, paleontology, nano-mineralogy, 

mass spectrometry and analytical developments.  

1.2. Paleontological interest 

In order to understand the evolution of life on Earth, and where/how to search for possible life 

beyond Earth, we need to reconstruct the history of life on Earth. When did it appear? Where? 

How? In which conditions? And what may the first life forms have been? If we want to reconstruct 

the history of Earth, we need ñclue-rocksò present on Earth, gathered through investigations in 

geology, paleontology, biology, chemistry and physics.  

Rocks have numerous properties that can be used for classification, such as constituent 

minerals, their volume fractions, their texture and spatial distribution, etc. They can also be 

classified in terms of rock-forming processes (Guéguen and Palciauskas, 1994). Rocks can be 

grouped along three major categories of processes:  

1) Igneous rocks, formed from the solidification of molten rock material (magma or lava).  

2) Sedimentary rocks, originate when particles settle out of water or air, or by precipitation of 

minerals from water.  

3) Metamorphic rocks, result when existing rocks are modified by heat, pressure, and 

chemical processes.  

Formation of sedimentary rocks is generally associated with deposition of organic matter (OM), 

either from benthic organisms living at the water/sediment interface, organisms living within the 

sediment, and organisms or degraded (soluble and particulate) organic matter sinking from the 

water column. Once deposited, sedimentary organic matter may transform following three 

consecutive stages: diagenesis, catagenesis and metagenesis (Tissot and Welte, 1978). Diagenesis 

is the earliest stage of organic matter alteration. It is typically associated with low temperature and 

low-pressure regimes (Killops and Killops, 2013). In this stage, microbes such as microbial sulfate 

reducers, methanogens and fermenters, impart a large range of chemical transformations to the 

sedimentary organic matter. Diagenetic alteration usually occurs below ~70ºC. Catagenesis occurs 

under burial temperatures between ~70°C and ~180°C and is associated with oil and wet-gas 
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production (Killops and Killops, 2013). Metagenesis starts around ~180°C, yielding only dry gas. 

Metamorphism follows, which will ultimately lead to the production of graphitic carbonaceous 

matter.   

The fossilized organic matter is found in the form of (a) bitumen - soluble organic 

molecules that can be extracted using organic solvents ï occur under solid and/or liquid (oil) form, 

(b) kerogen ï the insoluble macromolecular organic matter that forms during diagenesis from the 

preservation of biomacromolecules (e.g., lignin) and condensation and polymerization of smaller 

biomolecules and their degradation products, (c) natural gas that consists of a wide range of 

complex hydrocarbons. During catagenesis, petroleum (including liquid and gaseous molecules) 

is formed from the thermal decomposition of kerogen. Kerogen is a solid dark organic substance, 

which contains hydrocarbons that are insoluble in common organic solvents, such as hexane, 

methanol, ethanol, ether, benzene, acetone and dichloromethane. It is by far the largest pool of 

sedimentary OM compared to other forms. The definition of kerogen was extended to all insoluble 

sedimentary organic material, including pure organic deposits, as well as the insoluble OM in 

recent sediments and even in soils. Different types of kerogen can be differentiated based on the 

origin of the organic matter present (Vandenbroucke and Largeau, 2007):  

- Type 1 kerogens are mostly algal in origin, generate oil, and are characterized by high 

values of hydrogen/carbon (H/C) ratio, between 1 and 2.2, and low oxygen/carbon 

(O/C) ratio <0.1. 

- Type 2 kerogens, comprise a mixture or planktonic biomass, bacteria, and transported 

plant debris. They generate oil or gas, and are characterized by average H/C ratio 

between 1 and 1.7, and average O/C ratio between 0 and 0.2. 

- Type 3 kerogens are humic, that is mostly derived of plant material. They can generate 

gas, and are characterized by low H/C ratio between 0.5 and 1, and high O/C ratio in 

the range 0.07 ï 0.25. 

Four main mechanisms can play a role in OM preservation in sedimentary rocks (Pacton et al., 

2007): 1- degradation or recondensation, 2- selective preservation, 3- vulcanization and 4- 

adsorption. Degradation/recondensation is characterized by the absence of source organism 

morphological features. It is based on the fragmentation/transformation of OM 
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bio(macro)molecules followed by their recondensation into a geopolymer (Tissot and Welte, 

1978). Selective preservation is based on the production of insoluble biomacromolecules, highly 

resistant to chemical and microbial degradation, by some living organisms especially microalgae 

and plants (Largeau et al., 1990). Natural vulcanization (sulfurization) results in the formation of 

high-molecular-weight sedimentary OM by the intermolecular incorporation of inorganic sulfur 

into low-molecular-weight molecules such as functionalized lipids (Sinninghe Damsté et al., 

1988). Finally, OM can also be preserved from diagenetic degradation by the adsorption of organic 

compounds onto minerals (Salmon et al., 2000) and encapsulation in the macromolecular kerogen 

network (Vandenbroucke and Largeau, 2007).  

Biomarkers are molecules that have suffered little or no transformations since their 

production by organisms and that can be used to identify precursor biomolecules e.g. cholestane 

from cholesterol (Simoneit, 2004; Brocks and Grice, 2011). The use of biomarkers as indicators 

arises from the fact that certain types of molecules are specifically associated with organisms, or 

plants that grow in a specific type of depositional environment. In sedimentary environments, 

lipids escaping the remineralization process are chemically reduced to hydrocarbon skeletons 

(Brocks and Grice, 2011). Eukaryotes and prokaryotes are cytologically different from each other. 

The eukaryotic cell usually contains an internal lipid membrane, which is bound to intracellular 

structures (organelles) such as nucleus, mitochondria, chloroplasts, etc. (Peters et al., 2004; Xiao, 

2005). These structures are rarely preserved in fossil record, which make it difficult to recognize 

a fossil eukaryote, especially the unicellular ones. Lipid membranes in eukaryotes help regulate 

water passage in or out the cells (Peters et al., 2004). Lipids are the main source of many 

compounds found in petroleum. For instance, normal alkanes found in crude oil can be attributed 

to be originally from lipids in living organisms that include natural n-alkanes and fatty acids (Peters 

et al., 2004). Phytane could be originated from phytyl chain of chlorophyl and steranes can be 

originated from saturated sterols (Peters et al., 2004; Knoll et al., 2007). Hopanoids and sterols are 

used by eubacteria and eukaryotes respectively to modify the lipid membrane and are the main 

source of the saturated biomarkers of hopanes and steranes in petroleum.  

Determining lipid-derived biomarkers is beyond the scope of this study, as it requires 

resolution of isomers (e.g., for steranes), which is not possible with the analytical scheme used in 
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this work. The goal of this study is to determine the diversity of molecular formula in sedimentary, 

biogenic organic matter using mass spectrometry, in order to establish global fingerprints that 

could possibly be used to distinguish: 1) biogenic from abiogenic (e.g., meteoritic) organic matter, 

and 2) different biogenic sources such as various amber-producing plants, or various 

microorganisms forming benthic microbial mats (e.g., algae vs. cyanobacteria, é). We develop 

the application of laser-assisted mass spectrometry in order to be able to analyze precious samples 

such as ambers or macroscopic fossils, or individual fossil microorganisms at the 10-100 µm scale. 

We also test analytical parameters that would be adapted to generate data comparable with remote 

exobiology missions such as ExoMars. 

1.3. Exobiological interest: search of life on Mars 

Whilst attention was fully driven on the moon landing in 1960s, National Aeronautics and Space 

Administration (NASA) was beginning to explore Mars from space. Starting in 1965, NASA began 

sending orbiters like ñMarinerò and ñVikingò to gather close-up images. Several missions visited 

Mars and ended up with varying results in the early 1970s. ñMariner 9ò orbiter showed that Mars 

is a geologically active planet and its atmosphere is primarily composed of CO2 with small 

amounts of CO, O2 and H2O and some other trace gases (Barker, 1972). A technical report from 

NASA stated that the Martian surface contains about 1% H2O (Brack, 2020). Laboratory 

simulations revealed that the direct interaction of UV radiation and the Martian surface in the 

presence of catalytic surface could produce simple organic compounds (Young et al., 1965). The 

Mariner missions were not designed to search for organic matter or any small form of life. For this 

reason, the ñVikingò missions were designed and launched in 1975 for Martian surface analysis. 

ñViking 1ò and ñViking 2ò missions were composed of an orbiter and a lander each. They carried 

instruments designed for analysis of soil, rock and Martian atmosphere (Soffen, 1977). The main 

goal of this mission was to investigate for life on Mars. A gas chromatography-mass spectrometer 

(GC-MS) was designed for the molecular analysis of the Viking mission (Anderson et al., 1972; 

Rushneck et al., 1978). By heating the Martian soil samples up to 200 ºC, 350 ºC and 500 ºC, the 

released gases were analyzed using GC-MS. ñViking 1ò detected 15 parts per billion (ppb) traces 

of chloromethane at 200 ÜC, and ñViking 2ò detected 0.4-40 ppb of chloromethane at 200-500 ºC 
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(Owen et al., 1977). They concluded that these chlorohydrocarbons were terrestrial contaminants, 

and at the end, no organic compound of Martian origin was detected.  

In 1997, the Mars ñPathfinderò lander and the ñSojournerò rover successfully landed on 

Mars. The small 25 pounds (11.34 kg) and 6-wheel rover only designed to last a week, ended up 

spending 83 days capturing 550 pictures, and taking atmospheric measurement from the planet 

surface (Matijevic and Shirley, 1997). In 2004, twin rovers ñSpiritò and ñOpportunityò landed on 

Mars in different locations. These rovers were of a size of a golf-car weighing 400 pounds (181.44 

kg) each. They shared the same mission of understanding the evolution of Mars and see if liquid 

water ever existed there. They found signs of water and conditions for life (Withers and Smith, 

2006). In 2010, ñSpiritò stopped communicating, while ñOpportunityò operated for almost 15 

years.  

In 2012, NASA launched a larger and more technologically advanced rover, ñCuriosityò. 

It is about the size of a Mini-Cooper, weighing 2000 pounds (907 kg). It is equipped with 17 

cameras and lab-like tools and instruments. ñCuriosityò is still active as Iôm writing. Its mission 

was to search for evidence if Mars is or ever was capable of sustaining microbial life in the Gale 

Crater (Grotzinger et al., 2015a). ñCuriosityò has found an ancient habitable environment made of 

a lake, a stream and groundwater network (Grotzinger et al., 2015b). Curiosityôs payload includes 

a GC-MS (SAM: Sample Analysis at Mars) for measuring isotopic compositions and volatile 

abundances. It also includes an X-ray diffractometer to determine the mineralogical diversity of 

soils and rocks, an alpha-particle X-ray spectrometer (APXS) to determine the composition of rock 

and soil, a laser-induced breakdown spectrometer (LIBS) for remote sensing of minerals and rocks 

with high resolution imaging (ChemCam) (Grotzinger et al., 2015a) and other instrumental 

techniques that are able to establish geological and paleoenvironmental studies. The SAM 

instrument detected and confirmed the detection of chlorobenzene, and revealed C2-C4 

dichloroalkanes dichlorobenzene isomers, trichloromethyl propane and chlorobenzene (Szopa et 

al., 2020). Experiments demonstrated that the chlorohydrocarbons could have formed in the SAM 

ovens by reaction of indigenous organic molecules and oxychlorines (Szopa et al., 2020). SAM 

also revealed aromatics, aliphatics, thiophenes (C4H4S) and methylthiophenes, as well as C1-2 

sulfur compounds such as CH4S, C2H6S, COS and CS2 (Eigenbrode et al., 2018). This result 
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suggested that sulfurization could have helped the preservation of biogenic or abiogenic organic 

matter at the surface of Mars. 

 In the summer of 2020, the rover ñPerseveranceò landed on the red planet. It weighs 2300 

pounds (1043 kg). It is similar to ñCuriosityò, but with upgrades like camera zoom capability and 

drill for collecting rock in soil samples. The rover will also have the ability to conduct an oxygen 

making experiment. One of the main objectives is to preserve some drill-core rock samples that 

may be returned to Earth by future missions. Its companion helicopter named ñIngenuityò took its 

first test flights in the Marsôs atmosphere. 

The next future mission to Mars is ExoMars 2022. It is a mission cooperated by the 

European Space Agency (ESA) and the Russian space agency (Roscosmos) (Vago et al., 2017, 

2018, p. 12). The Mars organic molecular analyzer (MOMA) instrument onboard the ñRosalind 

Franklinò rover addresses the objective of the ExoMars project 2022 which is to search for life on 

Mars. The MOMA instrument is one of several instruments looking for signatures of life on Mars. 

The rover carries other instruments listed below:   

¶ Panoramic Camera (PanCam),  

¶ Infra-red Spectrometer for ExoMars (ISEM) 

¶ Close Up Imager (CLUPI) 

¶ Water Ice and Subsurface Deposit Observation on Mars (WISDOM) 

¶ Adron 

¶ Mars Multispecttral Imager for Subsurface Studies (Ma_MISS) 

¶ MicrOmega 

¶ RLS Raman Spectrometer 

The MOMA instrument is the largest instrument onboard the ExoMars rover. It weighs ~12 kg and 

it is of low power (75W) (Goesmann et al., 2017a; Li et al., 2017). It is used to target organic 

molecules and possible biomarkers by analyzing samples drilled by the ExoMars drill at 2 meters 

below the Martian surface, which are protected from any degradation mechanism (e. g. oxidation, 

radiation). The samples will then be distributed and analyzed by the instrument onboard. Organic 
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compounds must be volatilized first to be detected. It includes a linear ion trap (LIT) developed in 

NASA GSFC, USA (Goesmann et al., 2017b; Li et al., 2015, 2017) and the laser was built by LZH 

company in Germany. The different parts of the MOMA instrument are shown in Figure 1.1.  

 

 

 

 

 

 

 

The subgoals of MOMA can be illustrated to search for molecular biosignature which is a 

distribution of molecular structures derived from biological processes or from a part of organism 

such as cell wall lipids or products of biogenic processes such as methane (Goesmann et al., 

2017b). MOMA should also search for evidence of active processes and have an extensive 

understanding of chemical processes. The third subgoal is to understand the geological context. 

MOMA primarily focuses on organic compounds; however, MOMA is capable of analyzing 

inorganic and mineralogical elements. MOMA can also perform evolved gas analysis (EGA) 

which is used to monitor gas evolved from a heated sample that undergoes desorption or 

decomposition. It can also perform differential thermal analysis (DTA) on which the material 

under study and an inert reference are made to undergo identical thermal cycles while recording 

any temperature difference between the sample and the reference. 

MOMA has several objectives to address, as listed in Goesmann et al., 2017, including: 

Figure 1.1 The different parts of the MOMA instrument. Reproduced from Goetz et al., 2016. 
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¶ Objective 1: detection and characterization of organic molecules with concentrations down 

to ppb level in solid samples. 

¶ Objective 2: analyze ñpatterns and interrelationshipsò among organic molecules over a 

wide range of masses and volatilities. 

¶ Objective 3: analysis of enantiomer excess (ee) to discriminate between biological and non-

biological sources. 

¶ Objective 4: characterization of associated inorganics 

 

It also shall be able to:  

1. Detect organic compounds at >10 ppb (by weight) concentrations. 

2. Identify chain/ring-based organic compounds at 10 ppm (by weight) level. 

3. Analyze molecular weight distribution patterns up to m/z of 1000 at 10 ppm (by weight) 

level. 

4. Detect low-stability molecules as scarce as 10 ppm (by volume). 

5. Measure enantiomer concentrations at 1 ppm (by weight) level 

6. Detect volatile organics at 10 ppm (by weight) level. 

7. Detect refractory organics (heavy PAHs, macromolecular materials such as kerogen or 

meteoritic insoluble organic matter) at 10 ppm (by weight) level and masses up to 1000 u. 

8. Investigate contextual elemental compositions. 

9. Investigate contextual mineralogical compositions. 

 

MOMA has two operational modes designed to supply molecules to the mass spectrometer: ovens 

and chemical derivatization apparatus to convey molecules to a gas chromatograph (GC) 

developed jointly by Laboratoire Atmosphère, Observations Spatiales (LATMOS) and Laboratoire 

Inter-Universitaire des Systèmes Atmosphériques (LISA) in France and laser desorption-

ionization (LDI) developed in Max Planck Institute for Solar System Research, Germany. MOMA 

operates at Martian atmospheric pressure of 6 mbars and temperature between -40ºC and +20 ºC 

(Goesmann et al., 2017b). 
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The two operational modes of MOMA are presented in Figure 1.2. After coring the sample and 

crushing it, it is delivered to a refillable sample tray on the rotating carousel or to the oven (Figure 

1.2) to be treated by laser desorption/ionization (LDI) or heated or chemically altered to be detected 

by MS directly in case of LDI. It can also pass through the chromatography column then be 

detected by thermal conductivity detector and MS in case of GC. In GC mode, the oven will move 

to the tapping station and will be heated up to 900°C to evaporate all volatile compounds from the 

sample. After that, it will go to the chromatography column by He stream, then the compounds 

will be delivered to mass spectrometer. In LDI mode, the sample introduced in the tray will be 

analyzed on a small area by a laser beam for desorption and ionization. Ions generated are then 

guided to the mass spectrometer. 

 

The laser used in LDI is the solid-state Q-switched Nd3+: YAG of wavelength 266 nm and 

pulse width 1ns, generating pulses of ~200 µJ. The laser beam incidents the surface of the sample 

at 45º. It has a spot diameter ~600 µm (slightly elliptical) and produces fluence in the order of 

0.01-0.1 J/cm2 and irradiance of 10-100 MW/cm2. The laser generates 50 pulses in a repetition rate 

of 100 Hz. It analyzes organics in the mass range 50-500 u.  

1.4. Structure of the manuscript 

The dissertation is structured in six chapters. The first (current) chapter presents the scientific 

context of the studies conducted in this PhD work. The different types of rocks are briefly 

Figure 1.2 Two operational modes of the MOMA instrument: gas chromatography mass 

spectrometer (GC-MS) and laser desorption-ionization mass spectrometer (LDI-MS). 

Reproduced from Goesmann et al., 2017. 
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reminded, in addition to the different types of fossilized organic matter and the mechanisms of its 

preservation in sedimentary rocks. The potential of laser-assisted mass spectrometry for 

paleontology and exobiology have been presented. Since we aimed at generating data to help 

interpretation of the results to be produced by the MOMA instrument onboard ñRosalind Franklinò 

rover, a short summary illustrates the missions sent to Mars by NASA. The future mission of 

ESA/Roscosmos is also presented. 

The second chapter presents all the experimental techniques used in this work. This chapter 

is subdivided into four sections: i) presentation of the analyzed samples (reference molecules, 

Orbagnoux rocks and resins of different age and origin), their characteristics found in the literature, 

and the procedures followed for their preparation in the lab; ii) laboratory mass spectrometric 

techniques employed for probing the chemical composition of the samples (LDI-MS, L2MS, ToF-

SIMS and Py-GC-MS); iii) the mass spectrometric data treatment methodologies; and iv) 

instrumental development of a combined system for optical and chemical imaging. 

The third chapter (reference molecules) presents the response of each reference sample to 

the applied irradiation, which in turn shows the inferred fragmentation pattern of the organic 

molecules of different families using L2MS and ToF-SIMS instruments. The results obtained 

would be of great asset for MOMA instrument of ExoMars mission.  

The analysis of Orbagnoux sedimentary rock and the results obtained using different mass 

spectrometric approaches are discussed in chapter four. All the sample fractions were analyzed 

using laser mass spectrometry in L2MS mode (and some with the LDI mode). Statistical methods 

were used to interpret the mass spectrometry data. We analyze and discuss patterns representing 

the diversity of molecules and their fragments produced by L2MS and LDI-MS in sulfurized, low-

maturity biomass.  

The fifth chapter includes the results of a pilot study performed on five fossilized resins of 

different ages and origins: extant dammar, India, Matasukh, India, Vastan, India, Xixia, China and 

Yanji, China. The results have been analyzed using mass defect plots and principal component 

analysis (PCA). The molecular patterns recorded in these different samples are discussed and 

compared to further illustrate the use of laser assisted MS in distinguishing fossil biopolymers. 
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The final (sixth) chapter summarizes the main results of this work, proposing several general 

conclusions and future perspectives. The work will be continued in two areas covered by this 

dissertation: further optimization of the µL2MS system for optical and chemical imaging and the 

analysis of a different set of geological samples with the newly developed system through the start 

of a new PhD thesis. 
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Chapter 2  

Materials and Methods 

In this chapter, we will try to give a clear and complete overview of the experimental methods 

used in this work. Three different samples of interest will be discussed: (A) reference molecules 

(tryptophan, cholestane, tocopherol, hexyl-thiophene and porphyrin), (B) Orbagnoux sample and 

(C) fossilized resins of different ages and origins. The procedure followed to prepare the studied 

reference molecules and Orbagnoux fractions (soluble extract, maltene and kerogen) will be 

described in detail. The description of the employed mass spectrometric techniques will be 

provided. A specific approach followed for treating the data recorded will be discussed as well. It 

includes a methodology for mass calibration and assignment of the chemical formulae related for 

each peak signal recorded with the use of mass defect plots. Statistical analysis was also applied 

to help further assigning and treating the recorded mass spectra. 

This chapter also presents the development of a new microprobe-L2MS system to be used 

for chemical imaging (Thlaijeh et al., 2021, manuscript in preparation). The first tests performed 

led to successful chemical images on relatively simple objects. The best lateral resolution achieved 

was 3 µm with a 266 nm desorption laser. The development of this instrument is still in progress 

to achieve a better lateral resolution and apply it to the imaging of more complex natural samples. 

2.1. Samples  

The samples studied in this work can be divided in three groups. The first one represents five 

ñreferenceò molecules selected, due to their possibly important presence as biomarkers in fossils, 

for preliminary (ñcalibrationò) studies with our techniques. The other two groups are composed of 

environmental/natural samples: an organic-matter rich sedimentary rock (Orbagnoux) from Jura 

mountains in France and five fossilized resins from different regions in China and India. 
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2.1.1. Reference molecules 

The five molecules selected for prior studies with our mass spectrometric techniques were: NŬ-

BOC-L-tryptophan, 5-a-cholestane, D-a-tocopherol, 2-n-hexylthiophene, and Vanadium 

etioporphyrin III oxide. A brief presentation of the motivations behind their choice is given below, 

with more complete presentation of previous studies performed on these molecules to be given in 

Chapter 3.  

Tryptophan (Trp) is one of the twenty amino acids occurring in proteins. It plays an important role 

in tying up membrane proteins with the cell membrane. Trp may be formed from biotic or abiotic 

sources. Although other amino acids were detected in meteorites (Gilmour, 2014), this is not (to 

the best of our knowledge), the case for tryptophan. In this study, a derivative of Trp (NŬ-BOC-

L-tryptophan, 97% purity, white powder, ACROS OrganicsÊ, structure in Figure 2.1a) was 

employed for availability reasons.  

Cholestane is a saturated tetracyclic triterpene and one of the most abundant biomarkers 

for rock studies (Simoneit, 2004; Zumberge et al., 2020). It indicates ancient photosynthetic 

unicellular eukaryotes or animal life which can be used to reconstruct eukaryotic evolution in early 

Earth history (Knoll et al., 2007). The 5-Ŭ-cholestane molecule (98%, white powder, ACROS 

OrganicsÊ, structure in Figure 2.1b) represents cholestane in this work.  

Vitamin E is the name given to the family consisting of chromanol ring branched 

(isoprenoid) and aliphatic side chain (Tucker and Townsend, 2005). It consists of two groups: 

tocopherols with a saturated side chain and tocotrienols with unsaturated side chain. Alpha-

tocopherol (Ŭ-) is the most biologically active form of Vitamin E among Ŭ-, ɓ-, ɔ- and ŭ-. Here, 

this family will be represented by the D-a-tocopherol molecule (97%, viscous liquid, density: 0.95, 

ACROS OrganicsÊ, structure in Figure 2.1c).  

Thiophene molecules contain a five-member group made of four carbon and one sulfur 

atoms. They can be found on Earth naturally in kerogens (Craddock et al., 2018), bitumen 

(Pomerantz et al., 2014, this current work), crude oil (Waldo et al., 1991), sediments (Yang et al., 

1998), microfossils (Lemelle et al., 2008) and fossil stromatolites (Lepot et al., 2009). Thiophenes 



Chapter 2 Experimental 

16 

 

are generally produced by abiotic process during diagenesis. Thiophenes and few derivatives were 

recently detected in lacustrine mudstone of the ~3.5 billion year old Murray formation in the Gale 

Crater on Mars (Eigenbrode et al., 2018) using the Sample Analysis at Mars (SAM) instrument 

onboard the Curiosity rover. In this work, the 2-n-hexylthiophene molecule (98%, white powder, 

Alfa AesarÊ, structure in Figure 2.1d) represents the thiophene group. 

Porphyrins are a group of heterocyclic organic compounds, composed of four modified 

pyrrole subunits (tetrapyrrole) either as a large macromolecular ring or as an open chain. All its 

forms are involved in photosynthesis. In general, metalloporphyrin is formed of porphyrins 

combined with a metal ion. Porphyrin is one of the first compound isolated from petroleum among 

many biomarkers (Bennett and Czechowski, 1980; Didyk et al., 1975). This family often occur as 

nickel (Ni) and vanadium oxide or vanadyl (VO) complexes in crude oil and sediments (geo- or 

Petro porphyrins) (Rankin and Czernuszewicz, 1993). Vanadium etioporphyrin III oxide 

(crystalline, Alfa AesarÊ, structure in Figure 2.1e) represents the porphyrin family in this study. 

The five ñstandardò molecules used in this work are summarized in Table 2.1, along with their 

molecular formulae and monoisotopic masses. 

Table 2.1 List of the studied standard molecules with their molecular formula and monoisotopic 

mass. 

  

Studied material Molecular Formula Monoisotopic mass (u) 

NŬ-BOC-L-tryptophan C16H20N2O4 304.142 

5-Ŭ-cholestane C27H48 372.375 

D- Ŭ -tocopherol C29H50O2 430.381 

2-n-hexylthiophene C10H16S 168.097 

Vanadium (IV) etioporphyrin III oxide  C32H36N4OV 543.232 
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All reference molecules were solid (powder, crystals), with the exception of D-alpha-

tocopherol. Solutions of each solid reference molecule were prepared in 7 ml clear vials 

(SupelcoÊ) using the following solvents: distilled water for NŬ-BOC-L-Tryptophan, 

dichloromethane (DCM) for 5-Ŭ-cholestane and Vanadium (IV) etioporphyrin III oxide, absolute 

ethanol for 2-n-hexylthiophene. D-alpha-tocopherol was used in its genuine liquid form. From 

each solution/liquid, few drops were transferred onto a silicon wafer and stored under the hood for 

solvent evaporation. A very thin dry layer was so deposited on the Si wafers and further transferred 

under vacuum for MS analysis (see section 2.2). Examples of tryptophan and porphyrin deposits 

on Si wafer (which were shown not to produce significant Sin
+ cluster peaks under low-moderate 

desorption fluences) are shown in Figure 2.2.  

Figure 2.1 The molecular structures of the studied reference molecules: a) NŬ-BOC-L-

tryptophan, b) 5-Ŭ-cholestane, c) D-alpha-tocopherol, d) 2-n-hexylthiophene, and e) Vanadium 

etioporphyrin III oxide. 
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2.1.2. Orbagnoux rock sample 

We studied two ñOrbagnouxò rocks coming from the ñCalcaire en Plaquetteôô Formation (CPF, 

Platy Limestone Formation) of Orbagnoux, in the southern Jura Mountains in France (Bernier, 

1984; Mongenot et al., 1999, 1997; Sarret et al., 2002; Tribovillard et al., 2000, 1992). Both rocks 

were provided by Prof. Nicolas Tribovillard (LOG) and were named ORBA3 (Figure 2.3a) and 

Dark Parallel (DP) (Figure 2.3b).  These deposits were formed during the Upper Kimmerdgian 

(157-152 Ma ago). Extensive stratigraphical and sedimentological studies of the sedimentation in 

the southern Jura Mountains were performed by Bernier in 1984 (Bernier, 1984). The Orbagnoux 

area was part of a carbonate platform with a north-south oriented barrier-reef at its outer boundary. 

In a confined lagoonal setting west of the barrier-reef, the CPF was deposited. The bituminous 

Figure 2.3 Images of the two Orbagnoux samples: a) ORBA3 and b) Dark Parallel (DP). 

Figure 2.2 a) Tryptophan deposit on silicon wafer, b) porphyrin deposit on silicon wafer 

(purple colored). 
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laminates from the Orbagnoux Jurassic carbonate platform were extensively studied (Mongenot et 

al., 1997; Tribovillard et al., 2000; Van Kaam-Peters et al., 1998). At first, Bernier in 1984 

proposed that the bituminous laminated rocks in this region deposited in an euxinic environment, 

that is when the water is both anoxic (no oxygen, O2) and sulfidic (high level of free hydrogen 

sulfide, H2S). Later in 1992, Tribovillard et al. have contrastingly proposed that organic matter 

(OM) preservation had resulted from the presence of microbial mats, where the mats would have 

acted as a barrier separating oxygenated water from anoxic conditions in the sediments 

(Tribovillard et al., 1992).  

In this part, five different samples of Orbagnoux were prepared: 1) A polished slice, 

(without any further decontamination or extraction, Figure 2.3a), 2) a flat piece of fresh rock 

characterized by black layers, 3) soluble organic matter (bitumen), 4) maltene, and 5) insoluble 

organic matter (kerogen). The ORBA3 sample (Figure 2.3a) was extracted and fractionated into 

soluble extract (bitumen, Figure 2.4C) and kerogen (Figure 2.4D), and the DP sample (Figure 

2.3b) was fractionated by Dr. Armelle Riboulleau (LOG) to obtain the maltene subsample 

according to the analytical diagram in Figure 2.4.  

This section includes descriptive details of the procedure followed on Orbagnoux sample 

preparation to obtain the different fractions. First, all mechanical materials, steel equipment and 

glassware needed for grinding and extracting our samples were rinsed with soap and water, 

followed by an intense cleaning using ethanol, acetone and HPLC-grade dichloromethane (DCM) 

solvents. The polished slice was previously prepared as a resin-free semi-thin section (Figure 

2.4B) by Alexandre Fadel, as described in (Fadel et al., 2020). Silicon wafers were placed in a 

cellulose thimble (white container) and cleaned with DCM solution for decontamination using a 

Soxhlet extractor (Figure 2.5). These wafers were further used as a deposit surface for the standard 

materials (mentioned above) and Orbagnoux soluble extracts (bitumen and maltene). 
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 In the current study, only the pieces with the black layers were chosen from the ORBA3 

rock, and were crushed into millimetric/coarse pieces to be grounded in an agate mortar mill. The 

powdered sample (89 g) was extracted in a solvent-reflux (Soxhlet) apparatus (Figure 2.5) for 48 

hours where round bottom flask was filled with 200 ml DCM and glass-fiber thimbles filled with 

no more than 50 g of rock powder. After 48 hours of extraction, the organic soluble fraction 

(bitumen) was dissolved in DCM, which was evaporated using a Butchi Rotavapor (R-300) to 

obtain a dry bitumen fraction. The Soxhlet extraction yielded 1.6 g of bitumen (Figure 2.4C) 

which represents a 1.7% extraction yield (100 x 
□╪▼▼█░▪╪■ ▄●◄►╪╬◄

□╪▼▼ ░▪░◄░╪■ ▬▫◌▀▄►▄▀ ►▫╬▓
 ὀ 

Ȣ
). The 

powder after extraction of the bitumen weighed 87 g.  

The maltene fraction of Orbagnoux was obtained from the DP sample. The maltene fraction was 

obtained first from 32 g of rock extracted first with DCM (Soxhlet, 24 h), extracting 705 mg of 

soluble extract. Then this extract is further fractionated into maltene and asphaltene using 

cyclohexane by ultrasound sonication and presented 47% of the total extract. The bitumen and 

maltene were dissolved with DCM and few drops were spread on two different clean Si wafers 

prior to MS analysis. 

Figure 2.4 A) Diagram of the preparation procedure performed on Orbagnoux samples. Maltene 

in blue frame refers to the second DP Orbagnoux sample. Asphaltene was not provided nor 

analyzed; B) Polished slice prepared from the upper part of ORBA3; C) Bitumen extracted with 

DCM; D) Kerogen after removing the silicates and carbonates.  
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For the kerogen maceration, 9.5 g of the Soxhlet-extracted powder of ORBA3 were further 

extracted with DCM/MeOH (2:1 by volume) by Soxhlet extractor prior to treatments with 

Hydrofluoric acid (HF) and Hydrochloric acid (HCl) to remove silicates and carbonates, 

respectively (Letcher, 2013). The residue was rinsed with distilled water to remove residual HF in 

the sample. HF is a hazardous material which requires a special chemical exhaust hood and extra 

personal protection equipment for safety. All kerogen extraction was done by Sylvie Regnier 

(Unité Evolution, Ecologie et Paléontologie, EEP). Dried kerogen formed millimetric nuggets 

(Figure 2.4D) that were flattened (they deform, but do not break) in an agate mortar in DCM. The 

kerogen was attached to the sample holder using a double-sided copper tape and introduced into 

the preparation chamber. 

  

Figure 2.5 Four Soxhlet extractors using DCM solvent in the round bottom flask, placed on a 

heating bench. Each extractor contains the powdered sample in a cellulose thimble. 
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2.1.3. Resins 

Five resins of different ages, chemical/botanical types and geographical regions (Matasukh-India, 

Yanji-China, extant dammar-India, Vastan-India and Xixia-China) were provided by Prof. 

Suryendu Dutta (Department of Earth Sciences, Indian Institute of Technology, IIT Bombay, 

India). 

The different resins studied are shown in Figure 2.6. These images were collected using a 

Keyence microscope (VHX-6000) at different magnification levels. Five different samples were 

provided: a modern (extant) dammar collected from West Bengal, eastern India (Mallick et al., 

2014) (Figure 2.6A), one early Eocene sample from the Matasukh lignite mine, Rajasthan western 

India (Dutta et al., 2014) (Figure 2.6B), one early Eocene sample from the Vastan lignite mines, 

western India (Mallick et al., 2014) (Figure 2.6C), an early Eocene sample from Yanji, China 

(from unknow type and age) (Figure 2.6D) and a late Cretaceous Xixia amber collected from the 

Gaogou Formation at Wulqiao Town, China (Shi et al., 2014) (Figure 2.6E). The modern resin 

and the fossil resins from Matasukh and from Vastan are class II ambers or dammar resins (Bera 

et al., 2017). The raw resins were subjected to MS analysis without any further preparation. 

 

Figure 2.6 Microscopic images of the five studied ambers recorded using a Keyence microscope 

(VHX-6000): a) Modern Dammar- India, b) Matasukh- India, c) Vastan- India, d) Xixia- China, 

and e) Yanji- China. The scale bar for all images is 100 µm.  
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2.2. Experimental MS approaches 

Due to its sensitivity and versatility, mass spectrometry has become the analytical method of 

choice in many scientific fields: proteomics (Trauger et al., 2002; Domon and Aebersold, 2006), 

metabolomics (Fenn et al., 1989), environmental analysis (Santos and Galceran, 2003; Ibáñez et 

al., 2004), pharmaceutical analysis (Fatou et al., 2018), cosmochemistry (Sabbah et al., 2010; 

Freissinet et al., 2015; Danger et al., 2016; Fray et al., 2016; Goesmann et al., 2017b; Vuitton et 

al., 2021) and (bio) geochemistry (Pomerantz et al., 2009; Thiel and Sjövall, 2011; Pomerantz et 

al., 2014; Schultz et al., 2014).  

In order to unveil as many as possible molecular species present on the surface or in the 

volume of the samples, three mass spectrometric techniques were used in this study: i) two-step 

laser mass spectrometry (L2MS), which was implemented and developed in the PhLAM 

laboratory, ii) secondary ion mass spectrometry (SIMS) using a commercial shared-use instrument 

available at the Regional Platform of Surface Analysis (UCCS, Université de Lille) and iii) 

pyrolysis gas-chromatography mass spectrometry (Pyrolysis GC-MS), a commercial shared-use 

instrument available at the Unité Matériaux Et Transformations (UMET, Université de Lille). The 

operating principles of these three techniques is described below, as well as the experimental 

conditions used during the experiments. 

2.2.1. Two-step laser mass spectrometry 

The two-step laser mass spectrometry (L2MS) technique is based on the coupling of laser 

desorption/ablation (LD), laser ionization (LI), and time-of-flight mass spectrometry (ToF-MS), 

as schematically presented in  Figure 2.7. The first laser step (desorption/ablation) is used to 

transfer from condensed to gas phase a fraction of the sample surface (in case of desorption) or a 

micro-volume of the sample (in case of ablation), preserving as much as possible the intact 

molecular compounds, while the second laser step (ionization) generates the gas-phase ions which 

are further separated according to their mass-to-charge ratio (m/z). In some studies, desorption and 

ionization are performed in a single step (i.e., using a single laser), the technique is then usually 

referred to as laser-desorption-ionization (LDI). 



Chapter 2 Experimental 

24 

 

 

The L2MS technique has been used to probe the molecular composition of solid samples 

in various fields including terrestrial (Mahajan et al., 2001; Pomerantz et al., 2009) and 

extraterrestrial materials (Sabbah et al., 2017; Sandford et al., 2006). It has been implemented and 

extensively used by the ANATRAC group at the PhLAM laboratory during the last two decades 

for analyses mainly dedicated to characterizing the chemical composition of combustion 

byproducts (Focsa et al., 2006; Thomson et al., 2007; Faccinetto et al., 2011, 2015; Irimiea et al., 

2018; Duca et al., 2019; Focsa et al., 2020). 

In the previous studies, the ANATRAC group used ñclassicalò ToF mass spectrometers 

(RM Jordan, Inc.) with moderate mass resolution (m/Dm ~1000). A new, custom-built L2MS 

instrument (Fasmatech S&T, Figure 2.8) was implemented at PhLAM a few months before the 

start of this thesis. The new instrument is a ñhybridò RF/ToF mass spectrometer, combining 

radiofrequency (RF) ion guiding and cooling and reflectron time-of-flight (ReToF) m/z separation, 

Figure 2.7 The three stages involved in the L2MS technique at PhLAM: 1) Laser 

desorption/ablation, where the sample is irradiated by a nanosecond pulsed laser beam (green) 

which promotes the ejection of molecules from the surface/volume of the sample, 2 Laser 

ionization, where the neutral molecules are ionized by a UV laser beam (violet), and 3) Mass 

spectrometry where the ions are extracted and separated using (in our case) a ToF mass analyzer 

(black arrow showing the direction of the extracted ions). 
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in a very similar way to a previously installed instrument at the University of Toulouse (Sabbah et 

al., 2017). A differentially pumped segmented octupole ion trap biased by an RF waveform is used 

for ion guiding and storage across a wide mass range. The ions trapped are then cooled by collision 

with Helium (He) gas atoms, injected through a fast solenoid valve. The ion thermalization reduces 

their initial position and velocity distribution in the acceleration region of the ToF section, thus 

improving the mass resolution. This is a beneficial way to overcome the resolution limitation 

associated with the classical Wiley-McLaren configuration (Chandezon et al., 1994). Our 

instrument is able to reach mass resolution of the order of 20,000, weôll therefore refer to as HR-

L2MS (i.e., high resolution L2MS), for the sake of distinguishing it from older L2MS instruments 

(RM Jordan, Inc.) of moderate resolution (m/ȹm ~1000), also available in our lab.   

 

The HR-L2MS instrument consists of the following three main parts: 1) laser 

desorption/ionization source, 2) segmented ion guide/trap, and 3) reflectron ToF mass analyzer. 

Each part will be described in detail in the following. 

Figure 2.8 Pictures of the HR-L2MS instrument (Fasmatech S&T). Different parts of the 

instrument: control unit, ToF-MS, He cylinder, ion source (on the left). A closer look on the 

different parts of the ion source: sample holder, N2 inlet, gate valve, load lock chamber, and 

segmented PCB octupole ion trap (on the right). 
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2.2.1.1.  Laser desorption/ablation 

During the desorption/ablation step, the energy of a laser pulse is used to transfer the molecules 

and atoms of a solid sample to the gas phase. Soft desorption of neutral species from the sample 

surface can be achieved by an extremely fast, laser-induced local heating. The applied laser fluence 

(defined as the pulse energy per unit of irradiated area (J/cm2)) must be carefully adjusted to 

promote efficient desorption while avoiding extensive molecular fragmentation. Other parameters 

can influence the desorption process, such as the sample properties (homogeneity, optical 

absorption coefficient, thermodynamic properties, etc.) and the laser wavelength. At moderate 

desorption fluences, L2MS is considered as a surface-sensitive analytical technique since only the 

species present on the sample surface are transferred to the gas phase. At higher fluences, a crater 

(usually µm depth) will be formed, resulting in the ejection of a sample micro-volume, we speak 

in this case of laser ablation (Haglund, 1996). A clear language separation between ñdesorptionò 

and ñablationò has not yet been reached in the laser community, weôll therefore use one or the 

other, or desorption/ablation; we note however that most of our analyses were performed in an 

ablation regime, leading typically to the creation of a shallow crater (<1µm depth) at the surface 

of the analyzed sample.  

The desorption/ablation process was performed using the 2nd or the 4th harmonics of a 

Nd:YAG laser (Quantel Brilliant, ɚ= 532 nm or 266 nm, 4 ns pulse duration, 10 Hz repetition rate). 

The optical path of the desorption laser is schematized in Figure 2.9. Both used wavelengths share 

the same optical path. The laser beam profile used was shaped as a top-hat-profile, using a home-

made telescope consisting of a divergent lens (f=-150 mm), a convergent lens (f= 200 mm) and a 

pinhole. For each analysis, the energy of the laser is adjusted with a home-made attenuator (circular 

variable reflective neutral-density filter, mounted on a stepper motor), placed before the power 

meter used to measure the desorption pulse energy. The laser beam is then directed to normal 

incidence onto the sample surface. The beam diameter on the sample surface is routinely measured 

using a photosensitive paper: the laser mark on the paper is measured using an optical microscope 

(Keyence microscope, VHX-6000) and the beam diameter is inferred from periodic calibration 

with a beam profiler (Beamage, Gentech). The desorption/ablation laser beam enters the analysis 

chamber through a quartz window, passing through a hole in the ion source ñsample plateò (see 
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below) and irradiates the sample surface at normal incidence. The desorption laser fluences used 

for the samples studied here range between 0.01-2.5 J/cm2 depending on the sample type. The 

optimum desorption fluences were determined for each sample individually, each time trying to 

obtain a high signal intensity of the analyte with minimal fragmentation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Desorption/ablation laser beam optical path for HR-L2MS (common for both 532 

nm and 266 nm used wavelengths). All distances are given in centimeters. The relative 

dimensions presented are not to scale. 
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2.2.1.2. Laser ionization 

Various ionization methods are available in the MS field. Electron impact (EI) is a widely-used 

one (e.g. in GC-MS, see below), but because of the excess energy transferred to the molecules, it 

leads to fragmentation (Van Berkel, 2003; Vestal, 2001). Photo-ionization is another widely-used 

method (Holmes et al., 2007). If a (usually expensive) tunable (laser) source is available, the 

energy of the photons can be tuned to minimize or avoid fragmentation. Various photo-ionization 

mechanisms applied to some classes of chemical compounds are presented in Figure 2.10 

(Desgroux et al., 2013). If the energy of one photon is higher than the ionization potential of a 

given species, Single Photon Ionization (SPI) will occur. Several photons can be absorbed and 

their energy can be added to ionize a molecule/atom of a certain ionization energy. This illustrates 

the case of Multi-Photon Ionization (MPI). In this case, the molecule/atom absorbs the energy of 

a photon and is promoted from the ground state to a virtual excited state, before being brought to 

the ionization continuum by other photon(s) from the same beam. However, the ionization cross-

section of MPI processes is rather low. In the case of Resonance Enhanced Multi-Photon Ionization 

Figure 2.10 Photo-ionization mechanisms of some chemical families, with commonly used laser 

wavelengths used in our laboratory (reproduced from Desgroux et al., 2013). SPI: single photon 

ionization, REMPI: Resonance enhanced multi-photon ionization, MPI: multi-photon ionization. 
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(REMPI), the molecule/atom is promoted by the first photon(s) to an actual excited state, with 

much longer lifetime, leading to significantly higher ionization efficiency upon the absorption of 

subsequent photon(s). We used ionization at 266 nm, which is known to be resonant for some 

aromatic compounds (in a resonant 2-photon ionization (R2PI) process), and proved to be an 

efficient ionization channel for other species addressed in this work. 

 After ejection of molecules/atoms from the solid sample using the desorption/ablation 

laser, the so formed (vertical) ñplumeò is irradiated by an orthogonal (horizontal) beam generated 

by the 4th harmonic of the Nd:YAG laser (Quantel Brilliante, ɚ= 266 nm, 4 ns pulse duration, 10 

Hz repetition rate). The optical path of the ionization laser is illustrated in Figure 2.11. The 

distance between the sample and the first ion optics electrode (the ñsample plateò, placed just 

above the sample) is small (~3.5 mm), for this reason the ionization laser was shaped into a 

rectangular sheet of 0.5 x 0.25 cm2 using a rectangular slit. The ionization fluence was adjusted 

for each sample individually. 

 

A precise synchronization between the desorption/ablation and ionization nanosecond laser 

pulses is necessary for optimizing the ionized fraction of the ejected plume and thus the detected 

signal. A 4 µs delay between the two pulses of was set using digital channel delay generator 

(Stanford Research System, Inc (model DG-535)). 

Figure 2.11 266 nm ionization laser beam optical path for the HR-L2MS set-up. All distances 

are given in centimeters. The relative dimensions presented are not to scale. 
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2.2.1.3. Ion guiding and cooling 

Once the molecules are ionized, they are extracted from the analysis chamber and guided into the 

segmented multipole, by a set of electrodes (Figure 2.12). The voltage applied on each electrode 

was determined from ion simulations to maximize the ion transmission (Table 2.2), in positive ion 

polarity. For negative ions, opposite-sign of each voltage is applied on electrodes. In the side-

injection ion source, the ions generated are extracted in an orthogonal direction (orange dashed 

line) and guided inside the multipole ion trap with the applied voltages on the sample plate, back 

plate, and electrode 1. 

  

Figure 2.12 Schematic diagram of the side-injection ion source: DC voltages on the segments of 

the ion guide/trap (a), sample plate, back plate, electrodes 1 (up and down), L1, L2, multipole ion 

guide/trap, L3 transfer lens and RF hexapole ion guide (b). Dimensions are given in mm. 

Reproduced from D. Ducaôs PhD thesis, 2020. 



Chapter 2 Experimental 

31 

 

Table 2.2 The DC voltages applied on various electrodes and multipole segments for detecting 

positive ions. 

 

 

 

The multipole ion guide/trap is an enclosed differentially-pumped vacuum compartment. 

It is composed of 7 independent segments, where each contains a pair of insulating rings (polyether 

ether ketone, PEEK) radially slotted to fit eight plated PCB (printed circuit boards) electrodes 

matched together (Figure 2.13). The segments are compressed together using a PEEK flange at 

the entrance and a stainless-steel ring at opposite ends. The flange is also used to position the lens 

electrodes (injection lenses) at the entrance of the ion guide/trap. PEEK rods are inserted in-

between the flanges to confine the gas introduced using a pulsed valve within the trapping region.   

Electrode Voltage (V) Electrode Voltage (V) 

Sample plate +95 S1-3 +29 
Back plate +187 S4 +23 

Electrode 1 up +29 S5 +22 
Electrode 1 down -34 S6 +19 

L1 +20 S7 +22 
L2 -30 L3 +35 

Figure 2.13 3D model of the multipole ion guide/trap (from 

FASMATECH) 
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Pumping is applied through a gap between two bottom PCBs. Electrical connections are provided 

at the top interface delivering RF and DC potentials to each of the segments. The ion guide/trap is 

driven by a pair of rectangular RF waveforms at 1.8 MHz with the amplitude of 170 V. This 

provides optimal transmission for ions with m/z > 40. The transmission of ions with m/z < 40 can 

be improved by changing the RF waveform frequency and amplitude. 

The ions generated are extracted from the ionization region and injected into the ion 

guide/trap through the L1 and L2 lenses. The ions are radially confined in the first three segments 

(S1-S3) by an RF octupolar field. Before the ions enter the ion trap, their axial energy has to be 

minimized to avoid collision induced dissociation (CID) which may lead to their fragmentation. 

The ions collide with inert gas molecules in the ion trap (segment S6). In this configuration, Helium 

(He) is used as collision gas to help in the thermalization of the ions (Papanastasiou et al., 2006, 

2008). 

Moving from the first three segments (octupolar field), the RF field changes to quadrupolar 

from S4 to S7. This hybrid configuration (octupole and quadrupole fields) maximizes the 

transmission efficiency of the ions in a wide mass range. In the first part of the ion guide, the 

octupolar field is used to capture the ions generated from a diffusive jet flow, and then the 

quadrupolar field is used to compress radially the ion packets. This allows a high transmission of 

ions through the narrow aperture (L3) to the ToF-MS.  

The gas introduction and the two laser pulses should be synchronized. In this current 

configuration, He gas is injected in the segments for 240 µs. After 4 ms, the desorption/ablation 

laser pulse desorption hits the sample surface, generating a plume that is further irradiated with the 

second (ionization) laser after 4 µs. Thermalization of ions starts in the first segments, and 

continues to segment S6 for 25 ms. The ions are then transferred to S7 by lowering the applied 

voltage, leading to the axial compression of the ion packet. The ions are trapped in S7 for 10 ms 

and then transported to the RF hexapole ion guide. The ion packet is guided through a series of 

high vacuum DC lenses into the extraction region of the ReToF mass analyzer.  
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2.2.1.4. Time-of-flight mass spectrometry 

 The thermalized ions are separated according to their m/z ratio in a reflectron time-of-flight 

(ReToF) mass spectrometer (Figure 2.14). The ions are extracted from the ion guide and 

accelerated by an electric field created by a series of electrodes, with VA= -1876 V and VB= - 8320 

V, see Figure 2.14. The ion initial kinetic energy distribution is corrected for in a two-stage 

reflectron (VR1= -4820 V and VR2= +685 V) (Mamyrin, 2001). The reflectron uses an electric field 

to change the trajectory of the ions by slowing them and re-accelerating them back towards the 

detector. It is used to improve the mass resolution by compressing ion packets of same m/z ratio. 

The time passed in reflectron compensates the time-of-flight difference of ions having the same 

m/z. In addition, it elongates the flight distance (almost double the length of the ToF-MS tube) 

which further increases the mass resolution. The ions arrive and impact the detector (MagneTOF), 

set at +1950 V. This impact starts a plunge of electrons (~106 electrons for one impacting ion), 

propagating through the channels which amplifies the original signal by several orders of 

magnitude, and generates current on the anode. This current is then recorded and monitored with 

a digitizer at a time resolution of 0.5 ns and transferred to a PC with a custom-built software to be 

treated further.  

Figure 2.14 Path of ions in the reflectron time-of-flight mass spectrometer of HR-L2MS 

(Fasmatech, S&T). 



Chapter 2 Experimental 

34 

 

The ion packets extracted to the ToF-MS are ñspatially stretchedò compared to their initial length 

as illustrated in Figure 2.15 (yellow ion packets). Several portions of the ion packet (ñmass 

windowsò) are selected based on the time delay between ion injection and ion trap. The signal 

recorded for all mass windows selected are combined into a single mass spectrum. These mass 

windows were determined by their transmission function and explained in detail in Dumitru 

Ducaôs PhD thesis (Duca, 2020). Seven mass windows were selected and used during this work. 

2.2.2. Secondary ion mass spectrometry 

Secondary ion mass spectrometry (SIMS) is an analytical technique used to analyze the chemical 

composition (elements/molecules) of surfaces. It has proved to be of high importance in several 

fields such as material sciences, biosciences and Earth science. Beyond Earth, Cometary 

Secondary Ion Mass Analyzer (COSIMA) on board the Rosetta orbiter was designed to study the 

composition of cometary dust particles  (Hilchenbach et al., 2017; Bardyn et al., 2017; Fray et al., 

Figure 2.15 Schematic representation of the ion path (red dashed line) inside the HR-L2MS 

from ion source to segmented PCB octapole ion trap into the ToF-MS. Desorption wavelength 

can also be 266 nm. The ionization laser beam passes between the ñsample plateò electrode 

and the sample holder. 
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2017). In SIMS, the surface is bombarded under ultrahigh vacuum using a beam of high energy 

(keV) primary ions (Benninghoven, 1994). Secondary ions are released from the surface at every 

primary ion pulse and recorded to produce a mass spectrum. SIMS arises from its high and spatial 

resolution, providing chemical and distributional information of a sample surface (Sodhi, 2004). 

The time-of-flight ToF-SIMS5 instrument (ION-TOF GmbH) installed at the Regional 

Platform of Surface Analysis (Unité de Catalyse et Chimie du Solide, UCCS) (Figure 2.16b), was 

used in this work to study the organic soluble extract of Orbagnoux (Chapter 4). The sample is 

attached to the sample holder and introduced into the analysis chamber (residual pressure 10-9 

mbar) through the load-lock chamber. A valve -opened between the two chambers- allows the 

transfer of the sample on a mobile stage that can be visualized with an optical camera and help 

select the zone of analysis. 

SIMS can operate in two modes: static and dynamic, that correspond to the regime of 

sputtering from the sample surface by the primary ion beam typically 1012 to 1013 ions/cm2 (Thiel 

and Sjövall, 2011). The static mode is generally used for the analysis of the first mono-layers of a 

sample surface, while the sample volume remains undisturbed. The dynamic mode is used for 

sequential ablation of nm- to µm-deep layers of samples, which are usually alternated with 

analyses in static (or near-static) conditions to generate 3D depths profiles. In our experiment, we 

used the static mode, since the soluble extract was deposited on a silicon wafer substrate and we 

were interested in the surface chemical composition.  

In this mode, the mass spectrum generated reveals characteristic fragments that can help 

identify the composition of the sample surface. Both secondary ion polarities were recorded in our 

study. Bi3
+ is used as the primary ion source since it is highly efficient in ionizing organic species 

and minimizing fragmentation. The energy of the primary ions (Bi3
+) is 25 keV with a current 

intensity of 0.29 pA. Pulses of ions, within a focused ion beam of 1 µm diameter at the sample 

surface and a pulse length of 1 ns, hit the sample surface. A sample zone of 500 µm x 500 µm is 

analyzed.  

Upon bombardment, the energy of the primary ions is transferred to the atoms/molecules 

of the sample (process is illustrated in Figure 2.16a). A cascade collision occurs between the atoms 



Chapter 2 Experimental 

36 

 

in the solid, followed by the emission of atoms/molecules (via sputtering), where a small fraction 

of the sputtered molecules becomes ionized (secondary ions, represent 1-10 % of the ejected 

species). These ions are then extracted from the sputtered region using ion optics and guided to 

the time-of-flight mass spectrometer (ToF-MS, average mass resolution m/æm 4000-6000). The 

signal is recorded using a multi-channel plate (MCP) detector and can be averaged over the 

measured area producing one mass spectrum, or extracted for each pixel to map the measured 

species on the sample surface. The spectrum obtained is calibrated using at least four known 

secondary ions species distributed across the whole mass range. The mass resolution of this 

technique is highly dependent on the length of the primary ion pulse (Vickerman and Briggs, 2013) 

and other instrumental parameters and characteristics of the sample (e.g., surface smoothness). 

Low surface roughness is required in order to obtain high mass resolution (Fadel et al., 2020).  

 

2.2.3. Pyrolysis gas-chromatography mass spectrometry 

Orbagnoux kerogen was analyzed using pyrolysis gas-chromatography mass spectrometry (Py-

GC-MS) at Unité Matériaux et Transformation (UMET, CNRS UMR 8207, Université de Lille). 

Figure 2.16 a) The SIMS working principle, and b) picture of the ToF-SIMS instrument (available 

at UCCS, Univ. Lille), showing its main parts: Bi3
+ ion gun (primary ion source), dual source 

column sputtering (Cs+ & O2
+), load-lock chamber, analysis chamber and reflectron ToF mass 

analyzer. 
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The sample was pyrolyzed using double shot at 300 °C and 600 °C for 0.5 min with a Frontier Lab 

Multi -shot Pyrolyzer (EGA/PY-3030D). The pyrolyzer is coupled to a Shimadzu GCMS-QP2010 

SE system, with a SLB-5MS column (30m x 0.25 mm diameter x 0.25 µm film thickness). The 

sample was injected in split-less mode. The initial oven temperature was kept at 40°C for 2 min. 

and then ramped to 300°C at a rate of 8°C/min and kept constant for 5 min. The solvent delay was 

set for 2 min. The MS ion source was in electron impact (EI) mode with 70 eV electron energy 

and source temperature of 230 °C. The interface temperature was 280 °C. The analysis was done 

in full scan mode in a mass range 40 ï 600 u.  

2.3. Data processing methodology 

Once a mass spectrum is recorded, further data treatment must be applied to assign the signal peaks 

to chemical species. The first step in this procedure is the m/z scale calibration. Accurate m/z 

calibration can be achieved easily if the chemical composition of the analyzed sample is known 

(such as a reference molecule for which the fragmentation pattern has been analyzed using other 

techniques). It becomes harder when it comes to an unknown sample bearing a highly-complex 

mixture, such as bitumen (Mandal et al., 2019) or kerogen (Vandenbroucke and Largeau, 2007).  

2.3.1. m/z scale calibration 

In time-of-flight mass spectrometry, the relationship between the mass-to-charge ratio m/z of an 

ion and the time taken by this ion to travel a fixed distance (field-free path) and arrive at the 

detector is quadratic in the flight time t as described (in first approximation) by the equation below: 

άȾÚ ὃὸ Ô   

where óAô and ót0ô are two parameters that depend on the experimental conditions. To determine 

their values and calibrate any spectrum, two peaks at least are required. Usually in soft ionization, 

all detected ions are singly-charged, therefore m/z is equal to the mass of the ion in atomic mass 

units and we will also use (somehow abusively) the term ñmass calibrationò instead of ñm/z 

calibrationò. In case of high-accuracy mass calibration, this equation (derived for the time needed 

to travel a field-free distance with constant speed) cannot be applied, as we have to consider also 
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the time spent in the extraction/acceleration/reflectron regions. For this reason, the HR-L2MS 

spectrometric data generated are more commonly calibrated using a 2nd degree polynomial: 

ÍȾÚ !Ô  "Ô  # 

where A, B and C are parameters to be determined by the fitting procedure.  

For a better mass calibration, a known composition sample can be introduced into the 

analysis chamber simultaneously with the actually analyzed sample (care must be taken to avoid 

cross-contamination). A mass spectrum of this ñcalibration standardò sample is recorded at regular 

time intervals (<2 hours, every 20 minutes if possible), before and after the analysis on the actual 

sample. This can minimize calibration shifts due to electronic jitters/drifts over longer analysis 

runs (e.g., small fluctuations in the bias of the accelerating electrodes).  

During this work, fullerene soot (Sigma-Aldrich) was used as a calibration standard. 

Fullerene soot contains various fullerene species among which C60 (m/z 720) and C70 (m/z 840) 

are the most stable structures. Mass spectra (Figure 2.17 and Figure 2.18) revealed the presence 

of fullerene Cn with n being an even number ranging from 56 to 90, while in the lower mass range, 

a series of carbon clusters was detected. Figure 2.17 and Figure 2.18 show examples of mass 

spectra recorded for fullerene soot in positive and negative polarities, respectively, with 532 nm 

desorption wavelength. Similar spectra were recorded with the 266 nm desorption laser.  

Once we use the peaks in the low mass region (50<m/z<300) and those in the high mass 

region (650<m/z<1100) for mass calibration, we assume that the mass calibration is valid for the 

whole mass range, especially for the intermediate one, where no mass peak is detected. As a result, 

the mid region 300<m/z<650 will be calibrated. In this case, a wide range of mass is calibrated 

and the data is ready for chemical assignments. 
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Figure 2.17 Mass spectrum of fullerene soot recorded using HR-L2MS in positive polarity, 

with 532 nm desorption laser. The label indicates carbon number. 

Figure 2.18 Mass spectrum of fullerene soot recorded using HR-L2MS in negative 

polarity, with 532 nm desorption laser. The label indicates carbon number. 
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2.3.2. Peak assignment 

After a proper calibration of the different mass spectra recorded, peaks are selected if their signal-

to-noise ratio (S/N) is higher than a defined threshold (set to 3 in all our studies) and assigned to a 

specific molecular formula following various methods, among which the most used was the mass 

defect analysis. 

The nuclear binding energy is different for each isobar (species with the same number of 

nucleons). The mass defect (ȹm) is defined as the difference between the compoundôs exact mass 

and its nominal mass (integer mass value). Plotting the mass defect for a given spectrum can help 

to visually identify and assign peaks to different chemical families. It has been proven to act as a 

powerful technique for chemical assignment (Sleno, 2012; Duca et al., 2019), and has been used 

in our group mainly for assigning combustion products (Duca et al., 2019; Irimiea et al., 2018). 

For instance, the exact mass of Carbon atom (12C) is mexact=12.000000 u, and that for Hydrogen 

atom (1H) is mexact=1.007825 u. This results in a mass defect for 12C and 1H of ȹmC=0 (null mass 

defect) and ȹmH=+0.007825 (positive mass defect), respectively. Species with the same number 

of carbon atoms but different number of hydrogen atoms have a positive mass defect proportional 

to the number of hydrogen atoms. For example, the mass defect of pyrene molecule (C16H10, m/z 

202) is ȹm=+0.078250 u. However, oxygen and sulfur atoms have a negative mass defect of 

ȹmO=-0.005085 u and ȹmS=-0.027920 u, respectively. Therefore, species containing multiple 

(successive) oxygen or sulfur atoms will exhibit negative slopes in the mass defect plot as shown 

in Figure 2.19b. Such representation simplifies the visualization of complex mass spectra, as the 

one displayed in Figure 2.19a. It can also help identifying unknown compounds, since 

homologous series of compounds give rise to dots which line up. Each line could correspond to a 

specific molecular class. For example, a series of species lining on æm =0 corresponds to carbon 

clusters. Mass defect analysis can be applied to our mass spectra since they feature high resolution 

(m/ȹm=up to 15,000) as well as good mass accuracy (<20-30 ppm). In this work, mass defect plots 

and their analysis were applied on mass spectrometric data from different fractions of Orbagnoux 

sample and fossilized resin samples in order to assign chemical formulae to detected peaks. 
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2.3.3. Statistical approaches 

Once a spectrum is recorded, a list of peaks (not necessarily assigned to formulae) of significant 

intensity (above a certain threshold) is prepared and can be used for statistical analysis. Because 

of the mass spectra complexity (high number of recorded peaks), it is important to find a 

representation that displays the data in an easy and direct way to point out the differences and 

similarities between spectra/samples. Mass spectrometric data generated by L2MS in our 

laboratory have been traditionally treated by multivariate statistical methods (Duca et al., 2019; 

Irimiea et al., 2018), such as the principal component analysis. 

The principal component analysis (PCA) is a powerful statistical tool used for the analysis 

of data sets of probed samples (observations) described by several variables which are inter-

correlated. It is used to identify hidden patterns, to reduce the dimensionality of the data by 

removing the noise and redundant variables while preserving the majority of the information, and 

Figure 2.19 (a) Mass spectrum of tholins in positive polarity, recorded with an Orbitrap mass 

spectrometer, (b) mass defect plot of this spectrum, evidencing some chemical families aligned 

along highlighted slopes. (Reproduced from Vuitton et al., 2021) 
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to group together correlated variables. It is especially useful when comparing mass spectra of 

several samples. It is often used to improve the readability of complex data (Adam and Baker, 

2007). The algorithms used isolate important data from a given input and express it in form of new 

variables, known as principal components (PC). A PC corresponds to a linear combination of the 

original data and represents a data set which explains a maximal amount of variance (the linear 

combinations of individual data which capture most information).  

Since PCA depends on the variances of initial variables, it canôt be applied on raw mass 

spectra directly. All spectra must be first normalized, since the signal intensity depends on several 

parameters (substrate, desorption/ionization fluences, etc.). This is used especially when the mass 

spectrum shows a high signal intensity of several compounds not related to the sample (but related 

to the substrate for example). Normalization to the total or partial ion count (TIC/PIC) is the most 

common approach (Irimiea et al., 2018; Alexandrov, 2012; Cejnar et al., 2018). In this study, 

normalization to TIC was considered. All mass peaks with a signal-to-noise ratio higher than 3 

were considered.  

The variance of the integrated peaks has usually an L-shape distribution. There is no 

universal way to decide how many components to consider in the analysis. For mass spectrometric 

data, the number of components is usually determined by the total variance, i.e., only the 

components that account for a certain fraction of the total variance (e.g., 70-80%) are considered. 

Another common practice in determining the optimal number of PCs is to use the scree plot 

(Figure 2.20) which represents the percentages of variances by each PC (proportional to its 

eigenvalue) and to identify a point where the slope significantly changes. Only the components 

before the change óelbowô are considered (Peres-Neto et al., 2005). 
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By projecting the observations (mass spectra in our case) onto a low-dimensional sub-

space, it is possible to visualize the structure of the investigated data set. The coordinates on the 

plane are called scores, and therefore plotting such a projected configuration is known as a score 

plot (Figure 2.21). During investigation of score plots, we look for clusters/groups and other 

patterns. The combination of the score plots and loading plots allows to determine the contribution 

of initial variables (mass peaks) to all observations (mass spectra). The detailed application of the 

PCA method to the analysis of our samples (Orbagnoux and resins) will be described in their 

respective chapters. 

 

 

Figure 2.20 Example of a scree plot showing the contribution of each principal components and 

the cumulative contribution (red dots) of all principal components. The trend line of the 

component contribution is shown in black with the óelbowô point highlighted. Particularly for 

this scree plot, the first two principal components are located before the óelbowô and, therefore, 

contain the majority of the meaningful data. 
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Loading plots (Figure 2.22) which illustrate the contributions of all the initial variables to 

the PCs may also be used for peak assignment (based, e.g., on fragmentation processes). These 

plots show how strongly each variable influences a principal component. The sign of the loading 

is important as it shows the correlation among variables.   

Figure 2.21 Example of a score plot showing the contribution of each observation (mass spectra) 

on the first two principal components. The observation can be easily grouped into three clusters 

(C1, C2 and C3). Reproduced from Duca et al., 2019. 
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2.4. Development of a combined system for optical and chemical imaging  

In order to study Orbagnoux rock and other paleontological samples at micrometric scale, we 

developed a new system combining an optical microscope with the HR-L2MS.  

2.4.1. Overview of existing mass spectrometry imaging techniques 

The ability to determine chemical species and their spatial distribution on a sample surface, known 

as chemical imaging (CI), is of great importance for surface chemical characterization. Chemical 

imaging has been used in different fields of applications and with different analytical techniques 

such as Raman spectroscopy (Lepot et al., 2009; Foucher et al., 2015), electron microscopy (Rades 

et al., 2014) and mass spectrometry (Adams and Barbante, 2015).  

One of these methods is the combination of mass spectrometry and chemical imaging, 

which is known as mass spectrometry imaging (MSI). Mass spectrometry is able to determine the 

exact mass (to derive chemical formula) and measure the abundance (intensity) of 

molecules/atoms/isotopes. MSI has been significantly expanded with the development of new 

Figure 2.22 Example of loading plots showing the contribution of each m/z peak to the first two 

principal components (a) PC1 and (b) PC2. The contribution of hydrocarbons and oxygenated 

species are shown in different colors. (Reproduced from Irimiea et al., 2019). 
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ionization techniques such as secondary ions, liquid extraction, spray- and laser-based (Perez et 

al., 2019). It is applied in different fields: biological and biomedical research (Schäfer et al., 2009; 

Chaurand, 2012; Lanni et al., 2012; Zou et al., 2015), paleontological research (Hammann et al., 

2020; Pan et al., 2019; Wiesendanger et al., 2018), extraterrestrial samples (Clemett and Zare, 

1997), etc.  

Available mass spectrometric imaging techniques can be categorized into non-laser-based 

and laser-based. SIMS and nano-SIMS are among the most common non-laser-based techniques 

(Colliver et al., 1997). ToF-SIMS provides high spatial-resolution images (sub-micron-to 50 nm), 

which may allow the location of biomarkers at sub-microscopic scale (Kollmer et al., 2003; Thiel 

and Sjövall, 2011), but leads to extensive fragmentation due to its hard ionization method. In 

addition, nano-desorption electrospray ionization (nano-DESI) is characterized by low 

fragmentation, but has the drawback of using solvents (Laskin et al., 2018).  

Matrix-assisted laser desorption ionization (MALDI) (Doroshenko et al., 2002) and L2MS 

are the most commonly used laser MSI methods applied in biosciences. MALDI records the spatial 

distribution of high-mass molecules using molecular ions, with a 25 µm typical spatial resolution, 

with recent improvements reaching ~5 µm resolution (Zavalin et al., 2013, 2014) and even 0.6-1.5 

µm (Spengler and Hubert, 2002). MALDI can however be limited by the possible interaction 

between the matrix and the sample. 

A further classification of MSI methods can be based on the mode of operation: under 

vacuum or at atmospheric pressure. Figure 2.23 summarizes available techniques that operate 

under vacuum and at atmospheric pressure, along with their typical/best lateral resolution. SIMS, 

nano-SIMS (Laskin et al., 2019) (< 0.25 µm) and L2MS (Gross, 2021) (between 10 and 1 µm) are 

the most common techniques that operate under vacuum. These techniques provide high spatial 

resolution but can be limited only to those samples that are compatible to be analyzed under 

vacuum. However, atmospheric-pressure MALDI (Römpp and Spengler, 2013), laser ablation 

electrospray ionization (LAESI) (Nemes et al., 2008), laser-assisted rapid evaporative ionization 

(LA-REIMS) (Schäfer et al., 2009), nanospray desorption electrospray ionization (nano-DESI) 

(Laskin et al., 2012), and SPIDERMASS (Fatou et al., 2018; Saudemont et al., 2018) operate under 

atmospheric pressure, which helps in analyzing a broader range of samples, but are quite limited 
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in spatial resolution (usually in µm range). On the other hand, near-field MS techniques such as 

near-field laser ablation ion trap ToFMS (NF-LA-IT-ToFMS) (Schmitz et al., 2008), near-field 

laser ablation quadrupole MS (NF-LA-QMS) (Stöckle et al., 2001), near-field laser ablation 

inductively coupled plasma MS (NF-ICP-MS) (Becker et al., 2006) and near-field desorption post-

ionization ToF-MS (NF-DPI-ToF-MS) (Yin et al., 2019) can achieve a lateral resolution down to 

50 nm, but are somehow more difficult to implement at atmospheric pressure (because of the 

limited efficiency in transferring ejecta from the ablated nano-volume towards the MS vacuum). 

Following the path of other ionization method in MSI, microprobe-L2MS has been proven 

to be a powerful technique in analyzing ancient terrestrial rocks (Plows et al., 2003). As a part of 

the M6fossils project, a novel side-injection ion source for microscale HR-L2MS (µHR-L2MS) 

was developed in our laboratory in collaboration with Fasmatech S&T and University of Toulouse. 

With this development, we aim at retrieving molecular information at the scale of single cells and 

to distinguish adjacent cells. Chemical images were created from mass spectrometric data 

generated from µHR-L2MS in our laboratory. 

Figure 2.23 Summary of available mass spectrometry imaging techniques. All abbreviations are 

explained in text.  
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2.4.2. Optical and mechanical setup 

This section provides a detailed description of the different parts assembled to develop the 

combined system of optical and chemical imaging. The sample is positioned using translational 

stages (ECS3030 and ECS3050, Attocube Systems AG) driven by high-precision piezoelectric 

displacements. This, combined with a custom-designed sample holder allows to couple 

transmission/reflection optical microscopy with laser desorption / laser ionization of chemical 

species (Figure 2.24) 

A reflective objective (Cassegrain X15, Newport 50105-02, numerical aperture 0.4, 

working distance 24 mm, diameter = 49.3 mm, height = 38.6 mm, 0.800-36 RMS-type external 

thread) was implemented in the new ion source vacuum chamber to focus the desorption laser 

beam onto the sample surface. Due to its Schwarzschild design, it has zero chromatic aberration 

and negligible coma, spherical and astigmatic aberrations. This objective is coated with Al and 

MgF2, providing a reflectance better than 80 to >90% in the 266 nm - 10 µm wavelength range. 

The laser damage threshold is of 100W/cm² at 532 nm, continuous exposure (Newport, personal 

communication), and not specified for pulsed lasers. This same objective is also used to 

visualize/image the sample surface in real time using transmitted or reflected white light (Figure 

2.24, Figure 2.25).  

Figure 2.24 Schematic representation (side view) of the new ion source, including the 

Cassegrain objective and the refractive objective. 
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A refractive objective (10X Mitutoyo Plan-Apo, 0.28 NA, 34 mm WD) housed below the sample 

stage, is used as a white-light condenser for transmitted-light microscopy. This objective is 

mounted on a vertical translation system, and an iris placed between it and the white LED light 

source (MCWHL7, Thorlabs) so that Köhler illumination can be adjusted to various samples. This 

objective might be used to focus low-fluence desorption lasers through the sample (e.g., a thin-

film sample deposited on a transparent glass slide or IR-transparent window).  

 

The different parts used to develop an optical microscope that can be used for chemical 

imaging with L2MS are: reflection and transmission light sources with their corresponding 

controllers, refractive objective (below the sample holder), reflective objective (Cassegrain) and a 

camera for live visualization of the samples. The different parts of the microscope are shown in 

Figure 2.26(A). The pathways of the desorption and ionization lasers are shown in Figure 2.26(B). 

 

Figure 2.25 Schematic representation of the new ion source, integrating the three stages of L2MS 

(left panel), and the internal configurations of the different parts combined together 

focusing/microscopy parts. Ionization beam can be positioned above or below the sample plate 

electrode. 
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The desorption laser beam passes through the reflective objective and is focused on the 

sample surface studied. Its spot diameter on the sample can be adjusted by the distance between 

the sample and the objective. The position can be controlled by moving the sample along the z-

axis and a micrometric screw above the objective. The spot diameter can also be controlled by 

adjusting the diameter of a pinhole that is lying 10 mm from the beam combiner. For this purpose, 

Orbagnoux slice was first used to determine the spot diameter of the desorption laser.  

2.4.3. Chemical imaging data acquisition 

The MSI experiments in microprobe mode acquire mass spectra at various locations on a sample 

surface. The image is constructed from the signal obtained at each coordinate for a specific mass 

channel (mass peak). Sample surface rastering will be easily performed due to the presence of 

translation stages (XYZ) of a maximum drive velocity of 4.5 mm/s to enable acquiring mass 

Figure 2.26 (A) Optical parts of the µ-HR-L2MS set-up: camera, reflection/transmission light 

sources and their controllers, Cassegrain objective and refractive objective; (B) Optical path of 

desorption and ionization laser beams in the µ-HR-L2MS set-up. The relative dimensions 

presented are not to scale. The ionization laser beam is positioned between the sample surface and 

the sample plate electrode. 
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spectra at different locations on the sample section at greater speeds. MSI data has three key axes, 

the spatial axes (X and Y) and the spectral axis (m/z) (Figure 2.27Error! Reference source not 

found.). After defining the X and Y dimensions on the sample to be mapped (controlled by the 

software), a spot diameter of the desorption laser beam must be determined. A virtual grid would 

lay out to help understand/design the rastering procedure, and the desorption laser fires each 

ñpixelò of the grid.  The desorption spot diameter (green circle) is typically smaller or equal to the 

pixel size (defined by the rastering step size) in order to avoid oversampling. At each pixel (green 

square), a mass spectrum will be recorded showing the chemical species present at this pixel 

position. After rastering the chosen surface by following the red dashed line, the trajectory of the 

desorption laser on the sample, by moving the translation stage, the analysis produces a data cube 

ï a three-dimensional block. A chemical image is obtained by plotting the spatial variation of the 

signal associated with one or several chemical species (m/z).  

 

 

Figure 2.27 Representation of the raster-based chemical imaging. A mass spectrum is obtained 

for each pixel (green square) and holds the information about the chemical composition of the 

irradiated zone by the desorption laser (green circle). The red dashed line represents the trajectory 

of the desorption laser on the sample, by moving the translation stage. 
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During this PhD thesis, several samples with a known chemical composition were analyzed in 

order to test the spatial resolution capabilities of the setup. The first chemical image was obtained 

for a section of a fine pattern, for instance a transmission electron microscopy (TEM) copper grid. 

Figure 2.28 illustrates the chemical image obtained for a 200-mesh TEM copper grid of 95 µm 

hole and 30 µm bar width. For this measurement, the desorption spot diameter was decreased to 

20 µm and a step (pixel) size of 25 µm was used. The signal of Cu was once again used to construct 

the chemical image. A smaller desorption spot and step size can be reached to improve the quality 

of the obtained images. Figure 2.29 shows the chemical image of a TEM copper grid of 85 µm 

hole and 40 µm bar width, obtained with a pixel size of 15 µm x 15 µm and a desorption laser spot 

of 10 µm. 

Figure 2.29 Analyzed section of a 200 mesh (85 µm hole and 40 µm bar width) TEM copper 

grid and its corresponding chemical image (81 x 81 pixels) obtained from the signal of Cu. 

Figure 2.28 Analyzed section of a 200 mesh (95 µm hole and 30 µm bar) TEM copper grid and 

its corresponding chemical image (33 x 33 pixels) obtained from the signal of Cu. 
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One of the advantages of this technique is that the surface chemical composition of each pixel is 

obtained. Therefore, the surface variation of any of the detected compounds can be studied. To 

showcase this capability, a sample composed of a TEM grid (95 µm hole and 30 µm bar width) 

was placed on a top of a Phenanthrene (C14H10) pellet and analyzed with a desorption spot diameter 

of 20 µm and a step size of 25 µm. Phenanthrene can be probed only through the openings of the 

TEM grid, and its chemical image will be anti-correlated with the one obtained for Cu (Figure 

2.30, a). It can be seen that the grid pattern is well reproduced from the signal variation of copper 

and Phenanthrene. Since a chemical image obtained for a single compound is monochromatic, 

multiple images can be combined by using different color channels (Figure 2.30, d). A similar 

pattern was obtained from the signal of carbon clusters (C14 and C15) (Figure 2.30, e) 

 

 

 

Figure 2.30 Analyzed section of a TEM grid placed on top of a Phenanthrene pellet (a) and the 

corresponding chemical images (33 x 33 pixels) obtained from the signal of several compounds: 

Cu (b), C14H10 (c), both together (d), and carbon clusters (C14 and C15) (e). 
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We were excited to extend the work towards ñreal-worldò samples after observing the success of 

this preliminary study. A printed circuit board (PCB, a copper-plated fiberglass) imaged following 

the same procedure. The chemical image of the PCB was created based on the Copper (Cu) signal 

(two isotopes at m/z 62.92 and 64.92). Figure 2.31 shows a scheme of the raster-based chemical 

imaging of a PCB section. The spatial resolution of the Cu signal is shown in two mass spectra 

recorded in 2 adjacent points on the PCB section. When the desorption laser beam irradiates a zone 

where Cu atoms exist (blue arrow), we record a mass spectrum showing the Cu isotopes. When it 

irradiates a zone (green arrow) where there is no Cu coating (no Cu atoms), no Cu signal is detected 

in the recorded mass spectrum. The chemical image so generated is shown in Figure 2.32.  

 

Figure 2.31 Chemical imaging raster for a Cu-plated PCB and recorded mass spectra showing 

presence or absence of Cu signal on two analyzed pixels.  

Figure 2.32 Section of the PCB sample ( left), the analyzed squared section (center), and Cu-signal 

chemical image (22 x 22 pixels, 68 µm pixel size, right). 



Chapter 2 Experimental 

55 

 

An Euro-cent coin was also analyzed and a chemical image was produced with a 40 µm pixel size 

(Figure 2.33). The chemical image was obtained from the signal of titanium oxide (applied on the 

upmost surfaces of the coin). 

 

 

 

 

 

In order to achieve the best lateral resolution that is defined by the smallest laser beam 

diameter, several experimental parameters should be optimized. These parameters are related to 

the quality of operating laser and the reflective objective, data accumulation time and the 

sensitivity of the detection system. After optimizing the focusing and positioning of the current 

reflective objective on a TEM grid, we were able to go down to 3 µm lateral resolution. Figure 

2.34 shows the successive lateral resolutions we were able to achieve. The best lateral resolution 

achieved so far is 3 µm. 

Figure 2.33 Example of a chemical image recorded by µL2MS on a titanium oxide coated euro-

cent coin (left); the analyzed region of 1.5 X 0.8 cm is shown in the center picture, the chemical 

image produced following the signal of titanium oxide is shown on the right. 

Figure 2.34 Optical image of a TEM grid (left) and its corresponding chemical images at 

different lateral resolutions: 30 µm, 15 µm, and 3 µm (from left to right). 
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2.4.4. Preliminary chemical images produced from Orbagnoux slice 

After testing the optical microscope and obtaining reproducible chemical images from several 

types of samples, we moved towards Orbagnoux slice as a geological natural sample. The sample 

slice was analyzed with a 50 µm-diameter desorption spot and 50 µm step size. The slice on the 

sample holder with the produced chemical images are shown in Figure 2.35. We were able to 

construct chemical images following the signal intensity of calcium hydroxide at m/z 56.96 

(CaOH+). It is spread over the yellow region which is characterized by calcium carbonates. 

Calcium clusters such as C3Ca2OH+, Ca2O5H7
+, Ca4O8H9

+ and Ca4O9H11
+ were also reproduced 

from the yellow region by following the peak signal intensity at m/z 132.92, 166.95, 296.88 and 

314.89, respectively. However, iron (Fe+), bi-sulfur (S2
+), barium (Ba+) and barium hydroxide 

(BaOH+) were all reproduced from the black line on the right side of the slice by following their 

signal intensity at m/z 55.93, 63.944, 137.90 and 154.90 respectively. During analysis, we were 

able to observe the slice using only the reflection light but not with transmission light because of 

the thickness of the sample. 

  

 

Figure 2.35 Chemical images produced from analyzing Orbagnoux slice in positive polarity with 50 µm 

desorption spot diameter and 50 µm step size. Optical image of the interested region (upper left), 

constructed chemical images following the signal intensity of Fe+, CaOH+, S2
+, C3Ca2OH+, Ba+, BaOH+, 

Ca2O5H7
+, Ca4O8H9

+ and Ca4O9H11
+. 
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2.4.5. Further optimization of the lateral resolution 

Several experimental parameters can be optimized in order to reach a smaller laser beam diameter. 

One of these parameters is related to the laser beam and improving its focus ability. Each laser is 

characterized by M2 quality factor which is a parameter that quantifies the beam quality and 

determines the radiance of a laser. It measures the degree of variation from an ideal Gaussian beam. 

Recently, we purchased an M2= 1.2 Nd: YAG laser. Simulations profiles of the new laser at 266 

nm wavelength with the current reflective objective óCassegrainô were produced by our colleague 

Marc Le Parquier (Figure 2.36). It shows that the theoretical diameter (1/e2) is close to 0.5 µm if 

the sample is in focus. It also shows that any defocusing along the Z-axis above or below that focal 

plane does not only change the diameter spot but also changes its profile. The use of a beam 

filtration methods or a reflective objective with a higher numerical aperture can be envisaged to 

reduce the laser spot diameter. 

 

Figure 2.36 CODE V simulations of the new purchased Nd: YAG (ɚ = 266 nm, M 2 = 1.2) laser 

focusing by the current reflective objective (Cassegrain, NA= 0.4) (Le Parquier, personal 

communication). 
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Chapter 3  

Mass spectrometric studies on reference molecules 

This chapter will present some ñpreliminaryò studies with the L2MS instrument available at 

PhLAM, performed on selected ñreferenceò molecules. The goal of these experiments was two-

fold: first, to characterize and optimize the response of the instrument in various configurations 

(both L2MS and LDI modes were tested, different laser wavelengths and fluences, etc.) to such 

molecules of biological/paleontological interest, and second, to possibly contribute the results 

(e.g., fragmentation patterns of these reference molecules in LDI) as useful inputs for the future 

MOMA instrument. Such analysis with L2MS and/or LDI, associated with high resolution ToF-

MS, might be a great asset in helping data treatment of the results to be produced in LDI-mode 

with lower resolution MS by the MOMA instrument onboard the óRosalind Franklinô rover of the 

ExoMars mission (Li et al., 2015; Goesmann et al., 2017b; Li et al., 2017). 

3.1. Studied reference molecules 

The five selected reference molecules were; NŬ-BOC-L-Tryptophan, chosen as a model for amino 

acids bearing an aromatic ring, Ŭ-cholestane representing the sterane chemical family, Ŭ-

tocopherol (Vitamin E) representing an aromatic ring with a side aliphatic chain, 2-n-

hexylthiophene molecule representing the thiophene chemical family, and Vanadium (IV) 

etioporphyrin III oxide as a model for the macro-molecular family of ñporphyrinsò. All these 

reference molecules were analyzed in L2MS and LDI modes using 266 and 532 nm desorption 

wavelengths at different desorption fluences. Tryptophan and cholestane were also analyzed using 

ToF-SIMS (see section 2.2.2 for technical details). We will start this chapter with a brief literature 

survey of previous studies performed on the five selected reference molecules. 

3.1.1. N(alpha)-tert -Butoxycarbonyl-L-tryptophan 

Tryptophan (Trp) is one of the twenty amino acids occurring in proteins. It is among the three 

amino-acids that contain fluorescent chromophore (excitation wavelengths 260 ï 310 nm) 

(Gregersen and Tureļek, 2010). Its molecular structure is represented in Figure 3.1. Trp 
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fluorescence is extensively used as an intrinsic probe in the structure and function of proteins and 

enzymes (Ghosh et al., 1992; Heberle et al., 2000; van Wuijckhuijse et al., 2005). Although itôs 

one of the less common amino acids found in proteins, it plays an important role in tying up 

membrane proteins with the cell membrane. Trp acts as a biochemical precursor of 

neurotransmitter serotonin (Schaechter and Wurtman, 1990), the hormone melatonin and vitamin 

B3. Tryptophan may be formed from biotic or abiotic sources. Although other amino acids were 

detected in meteorites (Gilmour, 2014), this is not (to the best of our knowledge), the case for 

tryptophan. A recent study (Ménez et al., 2018) using synchrotron coupled deep ultraviolet micro 

spectroscopy detected tryptophan along other N bearing aromatics such as skatole, hydroxy-

anthranilic acid and indole beneath the Mid ï Atlantic Ridge, an abiotic origin for these molecules 

was proposed. In that study, presence of Trp was confirmed due to the presence of indole (C9H8N
+) 

as a fragment ion in Fe-rich saponite using time-of-flight secondary ion mass spectrometry (ToF-

SIMS) imaging. 

Several studies reported on fragmentation of tryptophan with different ionization methods, 

such as chemical ionization (Tsang and Harrison, 1976), collision induced dissociation (CID) 

(Lioe et al., 2004) and photoionization of gas-phase ions (Reilly and Reilly, 1994; Sherin et al., 

2006). The collision-induced dissociation mass spectra of protonated tryptophan with ions of 10 

keV showed a major fragmentation corresponding to the loss of ammonia associated with a peak 

at m/z 188. The ionization energy of tryptophan molecule is <7.5 eV (NIST Webbook). 

Bond cleavage of CŬ - Cɓ (m/z 130), C3 - Cɓ (m/z 117) and m/z 187 corresponds to loss of 

water molecule or NH3 combined with H atoms (Gregersen and Tureļek, 2010). The loss of 

ammonia group from a protonated tryptophan occurs by the nucleophilic attack from C3-position 

of the indole side chain (Lioe et al., 2004). 

 

 

Figure 3.1 Labeled Tryptophan molecule to show bond cleavage 

in CID (reproduced from Lioe et al., 2004).  
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Chemical ionization of Trp using CH4 and H2O at high pressure showed different abundances of 

different fragments (Tsang and Harrison, 1976). Desorption of pure peptides was demonstrated 

using a 266 nm laser followed by 255 nm resonance enhanced multi-photon ionization (REMPI) 

(Kinsel et al., 1992). Amino acids were studied using vacuum ultra-violet single photon post-

ionization (VUV-SP) and UV-MALDI, which showed that some fragmentation of intact ions was 

observed in VUV-SP-post ionization (Hsu and Ni, 2018). Trp was also studied with resonant IR 

desorption coupled to UV post-ionization L2MS (Ziskind et al., 2004; Focsa et al., 2006; Uckert 

et al., 2018).  

3.1.2. Alpha-Cholestane 

Cholestane is a saturated tetracyclic triterpene (C27H48, m/z 372.375). The molecular structure of 

cholestane is represented in Figure 3.2. It is produced by diagenesis of cholesterol which makes 

up to 30 % of animal cell membranes for membrane rigidity and fluidity (Simons and Ehehalt, 

2002). It is one of the most abundant biomarkers for rock studies (Simoneit, 2004; Zumberge et 

al., 2020), indicating ancient photosynthetic unicellular eukaryotes or animal life which can be 

used to reconstruct eukaryotic evolution in early Earth history (Knoll et al., 2007). Thus, indirectly, 

it also suggests the presence of oxygen.  

Various ionization and evaporation methods were used to study cholestane such as electron 

ionization (EI) (Zirrolli and Murphy, 1993), electrospray ionization (ESI) (Liebisch et al., 2006; 

Hutchins et al., 2008), atmospheric pressure chemical ionization (APCI) (Rossmann et al., 2007), 

matrix-assisted laser desorption/ionization (MALDI) (Stubiger and Belgacem, 2007; Sugiura and 

Setou, 2009) and laser induced acoustic desorption/chemical ionization in Fourier Transform Ion 

Cyclotron Resonance mass spectrometry (LIAD/CI/FT-ICR) (Jin et al., 2011). 

 

 

 

Figure 3.2 Labeled cholestane molecular structure 
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3.1.3. D-alpha-tocopherol  

D-alpha-tocopherol (C29H50O2, m/z 430.381) or Vitamin E is the name given to the family 

consisting of chromanol ring branched (isoprenoid) and aliphatic side chain (Tucker and 

Townsend, 2005). It consists of two groups: tocopherols with a saturated side chain and 

tocotrienols with unsaturated side chain. Alpha-tocopherol (Ŭ-) is the most biologically active form 

of Vitamin E among Ŭ-, ɓ-, ɔ- and ŭ-. The molecular structure of alpha-tocopherol is represented 

in Figure 3.3. Vitamin E in general is the most natural effective lipid soluble antioxidant and the 

main membrane antioxidant in mammalian cells (Wayner et al., 1985). Tocopherol is only 

synthesized by photosynthetic organisms, including plants, algae and some cyanobacteria (Sattler 

et al., 2003). 

 

 

 

The photoelectron spectra were previously recorded for all the forms from 8 to 21 eV 

(Abyar and Farrokhpour, 2014). The first ionization energy increases in the following order: Ŭ- < 

ɓ- < ɔ- < ŭ- and is related to the highest occupied molecular orbital (HOMO) that is localized on 

the aromatic ring (ˊC=Cï ˊ*C=C) (Abyar and Farrokhpour, 2014).  

Previous studies on Ŭ-tocopherol that was isolated from heart muscles and analyzed using 

GC-MS showed fragmentation with the loss of the side chain and loss of a CH3-CH¹CH fragment 

(Nair and Luna, 1968). During pyrolysis of a sulfur-rich kerogen, two precursors have been 

proposed that could generate isoprenoid alkenes (prist-1-ene and its isomer prist-2-ene): kerogen-

bound tocopherol and an unknown sulfur-bound molecule (Höld et al., 2001). A pathway involving 

photo- and auto-oxidative degradation of vitamin E has also been invoked in the formation of 

precursors that could generate the isoprenoid alkenes in kerogen pyrolysates (Nassiry et al., 2009).  

Figure 3.3 Molecular structure of alpha-tocopherol molecule. 
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3.1.4. 2-n-hexylthiophene 

Thiophene molecules contain a five-member group made of four carbon and one sulfur atoms. 

They can be found on Earth naturally in kerogens (Craddock et al., 2018), bitumen (Pomerantz et 

al., 2014, this current work), crude oil (Waldo et al., 1991), sediments (Yang et al., 1998), 

microfossils (Lemelle et al., 2008) and fossil stromatolites (Lepot et al., 2009). Thiophenes are 

generally produced by abiotic process during diagenesis. They can be produced when inorganic 

sulfur nucleophiles react with organic matter at high temperatures (Krein and Aizenshtat, 1994). 

Sulfides can be produced at low temperature by sulfate-reducing bacteria and their reaction with 

organic matter including biomolecules such as lipids or terpenoids drives sulfurization of organic 

matter (Orr and White, 1990).  

For example, a proposed mechanism for production of isoprenoid thiophenes in sediments 

is when sulfur incorporates into chlorophyl-derived phytol or bacteriochlorophyll-derived 

phytenes which yields polysulfides that are then converted thermally into thiophenes (Krein and 

Aizenshtat, 1994). Sulfur-rich biomarkers showed higher stability and preservability than with low 

sulfur/carbon ratio (Lemelle et al., 2008). A previous work showed that alkylthiophenes are stable 

degradation products at high thermal maturity levels. It also showed that the position of thiophenes 

moieties agrees with the position of the original functional groups (Koopmans et al., 1996). Thus, 

isoprenoid thiophenes and thiophenes-associated unsaturated polycyclic hydrocarbons (e. g., 

thiophene bearing steranes, hopanes) may be used as biomarkers (Van Kaam-Peters et al., 1998). 

Beyond Earth, organic matter on Mars was recently detected in lacustrine mudstone of the 

~3.5 billion year old Murray formation in Gale Crater (Eigenbrode et al., 2018) using the Sample 

Analysis at Mars (SAM) instrument onboard the Curiosity rover. The detected organic matter 

includes diverse pyrolysis products: thiophenes and few derivatives such as 2- and 3-

methylthiophene and benzothiophene (probably), small sulfur containing compounds 

(methanethiol, dimethylsulfide, carbonyl sulfide, carbon disulfide, hydrogen sulfide and sulfur 

dioxide), and sulfur-free aromatics and aliphatic compounds. These products were released at high 

temperatures (500º to 820 ºC) and were detected by gas-chromatography mass spectrometry (GC-

MS). 
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As previously reported by (Heinz and Schulze-Makuch, 2020), there is a possible correlation 

between the detection of thiophenes and sulfate existence. The high jarosite [KFe3(OH)6(SO4)2] 

concentration was accompanied with the highest thiophene content detected by Curiosity rover in 

Mojave mudstone (Martin et al., 2017). Magnesium sulfate (MgSO4) was detected in thiophene-

rich sites Mojave and Confidence Hill (Nachon et al., 2017). However, jarosite and magnesium 

sulfite werenôt detected in Cumberland. The John Klein drill holes exhibited low signal of 

thiophenes (Hurowitz et al., 2017). This correlation can be explained by i) the presence of high 

sulfur nucleophiles which increases the rate of formation of thiophenes during diagenesis and the 

sulfates by oxidation processes (Eglinton et al., 1992), ii) thiophenes that formed earlier are stable 

and preserved due to the presence of sulfate minerals (Aubrey et al., 2006) or iii) thiophenes are 

formed from sulfates in the pyrolytic process. 

Thiophene derivatives detected on Mars can be a result of meteorite impacts, especially 

after the detection of thiophenes in various meteorites such as Murray  (Sephton, 2002) and 

Murchison (Sephton, 2004). They can also have abiotic origin, according to the reaction between 

sulfur nucleophiles and organic matter during early diagenesis or by thermochemical sulfate 

reduction into nucleophilic sulfides at temperatures > 120 ºC.  

For all the above-mentioned reasons, 2-n-hexylthiophene (C10H16S) was chosen to 

represent the thiophene family, as a simple model compound for more complex thiophenic 

biomarkers (e. g., with hopanes or isoprenoid side chain). The molecular structure is represented 

in Figure 3.4. 

 

 

 Figure 3.4 Molecular structure of 2-hexylthiophene molecule 
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3.1.5. Vanadium etioporphyrin III oxide  

Porphyrins are a group of heterocyclic organic compounds, composed of four modified pyrrole 

subunits (tetrapyrrole) either as a large macromolecular ring or as an open chain. All its forms are 

involved in photosynthesis. One form as a macrocyclic group of tetrapyrrole pigments is 

chlorophyl-a. It is the most important chlorophyl that is present in all algae, higher plants and 

cyanobacteria (Killops and Killops, 2013). Chlorophyl-b is found in all higher plants. Additionally, 

prochlorophytes are a group of oxygenic photosynthesizers that possess divinyl derivatives of 

chlorophyl a and b.  

Haem is another form of porphyrin that has iron metal inside the ring. It transports oxygen 

and it is associated with a protein, globin and a hemoglobin. Iron and magnesium metals in haem 

and chlorophylls are important in electron transfer that occurs during respiration and 

photosynthesis respectively. Phycobilins are accessory pigments and non-cyclized and metalated 

tetrapyrroles (another form of porphyrins). Phycocyanobilin and phycoerythrobilin are two most 

important examples that are found in cyanobacteria and in certain red algae respectively. 

In general, metalloporphyrin is formed of porphyrins combined with a metal ion. Porphyrin 

is one of the first compound isolated from petroleum among many biomarkers (Bennett and 

Czechowski, 1980; Didyk et al., 1975). This family often occur as nickel (Ni) and vanadium oxide 

or vanadyl (VO) complexes in crude oil and sediments (geo- or Petro porphyrins) (Rankin and 

Czernuszewicz, 1993). Oil and ancient sediments are dominated by ñetio-speciesò complexed with 

Ni2+ and VO2+. Metal ions interact with organic moieties and play an important role in diagenesis. 

Their distribution in sediments can provide information on the depositional environment of the 

source rock. Figure 3.5 shows the redox potential (Eh) and acidity (pH) conditions for marine 

organic sediments (Lewan, 1984). The chemical form of sulfur determines which metal may be 

available (Ni2+ or VO2+). In area I, the sulfur is in form of SO4
2- and nickel is available (as Ni2+) 

but not vanadium. In area II, sulphate is the major form of sulfur, so Ni2+ and VO2+ are available 

for bonding. In area III, sulfur exists as H2S at pH<7 and HS- at higher pH. In this case vanadium 

is available in the form of VO2+ and V3+, but Ni2+ can be hindered. 
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Some ionization techniques have been applied for characterization of porphyrin, such as 

hydrogen ionization (Evershed et al., 1985), fast atom bombardment (Schurz and Busch, 2002), 

electrospray ionization (ESI) (Vandell and Limbach, 1998), atmospheric pressure photoionization 

(APPI) (Gueneli et al., 2018) and laser desorption/ionization time-of-flight mass spectrometry 

(LDI-ToF-MS) (Xu et al., 2005). In the latter study, porphyrin-containing fraction was isolated 

from Chinese Gudao heavy oil (> 500 ºC residue). LDI-ToF-MS indicated that Ni porphyrins are 

a mixture of etio-homologues (C25 ï C34) and deocophylerythro-etioporphyrin (DPEP) 

homologues (C28 ï C37). A series of selected porphyrins and metalloporphyrin were analyzed by 

laser desorption time-of-flight mass spectrometry with laser post-ionization at 193 nm (Dale et al., 

1996). The study showed that under soft ionization conditions, molecular ions are predominant, 

while under hard ionization, extensive fragmentation of the peripheral substituents was observed. 

The molecular structure of the studied porphyrin is showed in Figure 3.6.  

Figure 3.5 Redox potential (Eh) and acidity (pH) stability in sediments. The shaded area is 

the natural stability field for marginal and open marine sediments (Reproduced from Lewan 

1984). 
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3.2. Results and discussion 

3.2.1. NŬ-BOC-L-tryptophan 

The NŬ-BOC -L-tryptophan (N-BOC-Trp, C16H20N2O4, m/z 304.142, molecular structure shown 

in Figure 3.1) sample was first analyzed using 532 nm desorption wavelength and 266 nm 

ionization wavelength. The sample was placed inside the ionization chamber and exposed to the 

desorption beam (~440 µm diameter) while shooting over the whole sample surface and not on the 

same spot. The sample was analyzed at constant ionization fluence (10 mJ/cm2) and different 

desorption fluences in the range 0.1 - 0.5 J/cm2. The mass spectrum recorded in positive polarity 

at 0.4 J/cm2 is displayed in Figure 3.7. The mass spectra of the other desorption fluences showed 

a similar pattern. The mass spectra were calibrated using molecular formulae as NSi2
+, Si4

+, 

C9H8N
+, C11

+, C10H11N2
+ and Si6

+ which correspond to the following exact masses: 69.956, 

111.907, 130.065, 132, 159.092 and 167.861, respectively. The m/z scale calibration showed a 

mass accuracy better than 10 ppm. 

The mass spectrum displayed in Figure 3.7 for N-BOC-Trp exhibits peaks of higher 

intensity in the m/z 50 ï 200 range. The base peak is the C9H8N
+ fragment at m/z 130.065 which 

corresponds to the loss of glycine radical (C2H4NO2
Å, m/z 74.024). Glycine ion was detected as 

well. The peak at m/z 115 corresponds to the loss of ɓ-alanyl (C3H7NO2, m/z 89.047) radical. The 

peak at m/z 188 corresponds to the loss of NH2. Loss of -COOH showed a peak at m/z 159. The 

parent peak at m/z 304.142 was not detected.  

Figure 3.6 Molecular structure of Vanadium (IV) etioporphyrin III oxide. 
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At this desorption fluence, we observe peaks at 69.956 (NSi2
+), 103.054 (C8H7

+), 115.042 

(C8H5N
+), 117.057 (C8H7N

+), at 111.907 (Si4
+) and 167.861 (Si6

+). The latter two ions and NSi2
+ 

detected originate from the silicon wafer substrate itself. In all the mass spectra, m/z at 130 

corresponding to C9H8N
+ was the base peak. The sample created a thin film on the wafer and was 

fully  depleted from the irradiated area after 7 laser pulses, the silicon wafer was irradiated which 

leads to the above-mentioned peaks. 

Figure 3.7 L2MS mass spectrum in positive polarity for NŬ-BOC-L-Tryptophan with desorption 

wavelength 532 nm, spot diameter: 440 µm, 0.4 J/cm2 desorption fluence and 266 nm ionization 

fluence of 0.01 J/cm2. Annotations above each peak correspond to the nominal mass and assigned 

molecular formula. Annotations in pink correspond to the silicon wafer. The black arrow 

indicates where the parent peak should be detected. 
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Another N-BOC-Trp sample was analyzed in LDI mode using only one laser beam (650 µm 

diameter) at 266 nm wavelength (both desorption and ionization performed in one laser pulse). 

The LDI mass spectra recorded at 266 nm for NŬ-BOC-L-Tryptophan is shown in Figure 3.8. It 

shows C9H8N
+ as a base peak (similar to L2MS). 

The N-BOC-Trp was also analyzed using 266 nm desorption wavelength in L2MS mode 

to be compared with the LDI mode. The comparison is shown in Figure 3.9. The fragmentation 

pattern for L2MS mode with 266 nm desorption wavelength was shown to be similar to the 

fragmentation pattern shown with LDI mode in Figure 3.8.  

Figure 3.8 LDI mass spectrum in positive polarity for N-BOC-Trp using 266 nm desorption 

wavelength (0.24 J/cm2). Annotations above each peak correspond to the nominal mass and 

assigned molecular formula. Formulae with brackets correspond to fragments removed 

compared to the peak annotated to the right. 
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The L2MS and LDI fragmentation patterns are similar to the ones obtained by collision-induced 

dissociation (CID) (Lioe et al., 2004) and those published on NIST Chemistry Webbook for 

Tryptophan molecule by electron impact at 70 eV (NIST Webbook).  

 

  

Figure 3.9 Comparison between mass spectra in positive polarity obtained using L2MS (0.24 

J/cm2 desorption fluence, 1.12 J/cm2 ionization fluence (266 nm), desorption spot diameter: 

650 µm) and LDI (0.24 J/cm2 desorption fluence, desorption spot diameter: 650 µm) modes 

using 266 nm desorption wavelength. The LDI mass spectrum is shown in red and the L2MS 

one is shown in blue. Annotations above each peak correspond to the nominal mass and 

assigned molecular formula. 
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In the experiment with 532 nm desorption, the 266 nm ionization fluence used was extremely small 

(0.01 J/cm2), placing this experiment (Figure 3.7) in near-LDI conditions rather than the true 

L2MS. In contrast, the ionization fluence in the L2MS experiment using 266 nm for both lasers 

were 1.12 J/cm2, and the desorption-ionization fluence of the 266 nm LDI experiment was 0.24 

J/cm2. The relative intensities of the various fragments in the 266 nm L2MS and LDI experiments 

are similar (Figure 3.9), while the intensities (relative to the m/z 130 base peak) of the ñnear-LDIò 

532 nm experiments (Figure 3.7) are distinct, notably with low signal of the Trp+ (m/z 204), of 

the main fragments at 144 and 159 m/z, of the parent N-BOC-Trp and of fragments below m/z 

~110. Also, the total ion count is much higher in the 266 nm LDI (and L2MS) compared to the 

532 nm L2MS (or ñnear-LDIò). 

When an atomic/molecular system is in an excited state, it has the probability to decay and 

relax in several forms such as inter-system crossing, fluorescence or intra-molecular and inter-

molecular hydrogen transfer (Frackowiak, 1988). In case of Trp, there might be a competition 

between the time needed for Trp fluorescence and Trp fragmentation. The Trp ionization energy 

is ~8.4 eV (NIST Webbook). In our experiments, a two-photon ionization mechanism at 266 nm 

(4.66 eV) laser wavelength leads to 9.32 eV transferred to the molecule, the ~ 1 eV excess energy 

would therefore explain the observed fragmentation. 

N-BOC-Trp was further analyzed with ToF-SIMS for better understanding its 

fragmentation pattern and comparison with L2MS/LDI. The mass spectrum recorded is shown in 

Figure 3.10. The parent peak was detected at m/z 304 but with a weak intensity. Sodium (Na+) 

was detected at m/z 23 and considered as a sample contamination. If we neglect Na+ peak that is 

not related to our sample, the base peak of the mass spectrum corresponds to the C9H8N
+ fragment 

as detected with L2MS and LDI modes in Figure 3.7 and Figure 3.8, respectively. The 

fragmentation pattern is similar to that of the L2MS technique. In addition, a peak related to the 

silicon wafer was also detected at m/z 57 (SiC2H5
+), which shows the depletion of the thin layer 

of the sample during analysis. 
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3.2.2. Alpha-Cholestane 

Alpha-cholestane (C27H48, m/z 372.375) was analyzed using L2MS modes with 532 or 266 nm 

desorption wavelengths. The best compromise between parent molecule signal and fragmentation 

was obtained at 0.25 J/cm2 as desorption fluence using 532 nm desorption wavelength and 0.01 

J/cm2 as ionization fluence (266 nm) as shown in Figure 3.11. The molecular structure of alpha-

cholestane is shown in Figure 3.2. The mass spectrum was calibrated using the following species: 

C5H14
+, Si4

+, C11
+, Si5

+ and C16H27
+ with their corresponding exact masses: 74.109. 111.907, 132, 

139.884 and 219.211 respectively. The mass accuracy so obtained was better than 2 ppm. 

The fragmentation pattern of the cholestane molecule is shown in parenthesis above each 

peak signal in Figure 3.11. The parent peak of cholestane at m/z 372.375 was absent in the 

spectrum at this desorption fluence. Few carbon clusters were also detected: at m/z 120, 132, 168 

and 180 which correspond to C10
+, C11

+, C14
+ and C15

+ respectively. Once the cholestane sample is 

depleted under the desorption beam area after ~7 laser pulses, the substrate was desorbed instead 

Figure 3.10 ToF-SIMS spectrum of N-BOC-Trp reference molecule. Annotations above each 

peak correspond to nominal mass and assigned molecular formula. 
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and ionized. This explains the reason behind detecting Si-clusters such as Si4
+, Si5

+ and Si6
+ as 

shown in pink annotations on the mass spectrum. If we donôt consider the Si4
+ peak, we observe 

that a fragment at m/z 219 is the base peak. The possible fragmentation pattern corresponds to the 

following description: the peak at m/z 219 recorded is assumed to correspond to the cleavage of 

C13 ï C17 bond and C14 ï C15 bond in ring D by removing C11H21 of mass 153. It also shows the 

removal of CH4 moiety to give m/z 203. A peak at m/z 174 may correspond to the cleavage of C12 

ï C13 and C8 ï C14 bonds. Peaks were also identified at m/z 162 (C12H18
+), 133 (C10H13

+), 121 

(C9H13
+) and 74 (C5H14

+). In comparison with electron ionization mass spectrum of cholestane on 

(NIST Webbook) the base peak in the latter is at m/z 217 and not 219. 

 

Another sample of cholestane was prepared to be analyzed using 266 nm desorption wavelength 

in LDI mode. The mass spectrum recorded for cholestane at 0.3 J/cm2 desorption fluence is 

represented in Figure 3.12. The spectrum shows few similar fragments as detected with 532 nm 

Figure 3.11 Mass spectrum recorded in L2MS mode in positive polarity of 5-alpha-cholestane 

molecule at 0.25 J/cm2 desorption fluences (532 nm, spot diameter: 440 µm), and ionization fluence 

(266 nm) of 0.01 J/cm2. Annotations above each peak correspond to its nominal mass value and its 

corresponding molecular formula, except for those related to silicon wafer. Formulae with brackets 

correspond to fragments removed compared to the peak annotated to the right. 
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desorption wavelength (annotated in black). Other fragments were recorded such as: PAHs (at m/z 

128, 178 and 202) and other hydrocarbons of high H/C ratio such as C4H7
+, C5H7

+, C7H11
+, C8H13

+, 

C11H13
+, C12H21

+ and C16H25
+. These fragments are consistent with ToF-SIMS data in Figure 3.13. 

The mass spectrum recorded with LDI at 266 nm showed higher fragmentation pattern than the 

one recorded with 532 nm. In addition, LDI resulted with few PAHs. It is not easy to tell whether 

the origin of these PAHs is as contamination on the surface of the sample or considered as 

recombination products or laser-pyrolysis fragments of cholestane. Further analyses of cholestane 

at different fluences may help reveal the source of these PAHs. 

 

The cholestane sample was further analyzed with the ToF-SIMS instrument. The mass 

spectrum recorded in positive polarity is shown in Figure 3.13. The peak at higher mass at m/z 

371.367 corresponds to the parent molecular ion -1H [M-H] +). The parent peak shows a lower 

intensity than the -1H molecular ion. The base peak in this spectrum corresponds to C3H5
+ at m/z 

41. Several hydrocarbon peaks with high H/C ratio were detected such as C4H7
+, C5H7

+, C6H9
+, 

C7H11
+, C8H13

+, C9H15
+, C11H13

+, C12H21
+ and C16H21

+ at m/z 55, 67, 81, 95, 109, 123, 145, 165 

Figure 3.12 LDI mass spectrum in positive polarity for alpha-cholestane using 266 nm 

desorption wavelength (0.3 J/cm2). Annotations above each peak correspond to its nominal mass 

value and its corresponding molecular formula. 
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and 217 respectively. A very similar mass spectrum was reported on ŬŬŬ-20R-cholestane detected 

in crude oil using ToF-SIMS (Siljeström et al., 2009). The similarity lies on the detection of 

deprotonated molecular ion, very close fragmentation pattern, but the base peak corresponded to 

C4H7
+ at m/z 55 instead of m/z 41. The mass spectrum recorded for cholestane in our study displays 

peaks similar to those obtained with electron ionization (NIST Webbook), although with more 

extensive fragmentation. The discrepancy between EI, ToF-SIMS spectra and L2MS peaks may 

be explained by impurities in the standard that would be preferentially ionized by LDI (e.g., 

PAHs); however, the dominant C5H7
+ fragments appear most likely related to the cholestane rather 

than, e.g., PAH contaminants.  

Figure 3.13 ToF-SIMS mass spectrum recorded in positive polarity from cholestane sample 

deposited on silicon wafer. The annotations above each peak correspond to the nominal mass value 

and its corresponding molecular formula. 
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3.2.3. D-alpha-tocopherol  

The D-alpha-tocopherol (C29H50O2, m/z 430.381) sample was analyzed with the two desorption 

wavelengths: 266 and 532 nm. With 266 nm, it was further analyzed in LDI and L2MS modes for 

comparison. Starting with the analyses using 532 nm desorption (spot diameter = 320 µm, 0.68 

J/cm2 desorption fluence) and 266 nm ionization wavelength (3.75 mJ/cm2 ionization fluence), the 

mass spectrum recorded is shown in Figure 3.14. The mass spectrum was calibrated using the 

following molecular formulae: C8H9O
+, C9H13O

+, C10H13O2
+, C13H17O2

+ and C29H50O2
+ with their 

exact masses: 121.065, 137.096, 165.091, 205.122 and 430.381 respectively. The accuracy of the 

calibrated m/z scale was better than 10 ppm.  

Figure 3.14 Mass spectrum in positive polarity recorded for alpha-tocopherol at 0.68 J/cm2 

desorption fluence (532 nm) and 3.75 mJ/cm2 ionization fluence (266 nm) in L2MS mode. 

Annotations above each peak correspond to its nominal mass value and its corresponding 

molecular formula. The orange arrow shows m/z 177 peak. 



Chapter 3 Standard molecules 

76 

 

At 0.68 J/cm2 desorption fluence, we were able to detect the parent peak M+ at m/z 430.38 as the 

base peak. The first labile moiety to detach from this molecule is the phytal chain (C16H33) and the 

possible cleavage is labeled in red in Figure 3.14. After the loss of this side chain, we detected a 

signal at m/z 205 which corresponds to the remaining part of the molecule (C13H17O2
+). After that, 

a fragmentation pattern would be possible by the loss of carbon and hydrogen atoms to give the 

following: C13H17O2
+ at m/z 205 (-CH2) Ą C12H16O2

+ at m/z 191 (-CH2) Ą C11H13O2
+ at m/z 177 

(-C) Ą C10H13O2
+ at m/z 165 (-CO) Ą C9H13O+ at m/z 137 (-CH4) Ą C8H9O

+ at m/z 121 (-CHO) 

Ą C7H7
+ at m/z 91. Label on peak 177 is shown on the spectrum by the orange arrow. Few peaks 

that correspond to the substrate were also detected (shown in pink) such as: CSi2
+, C4HSi+, 

C2Si2H
+, C3Si2

+, and C2HSi4
+ at m/z 67.953, 76.984, 80.961, 92.961 and 136.915 respectively. 

Another tocopherol sample was analyzed in LDI and L2MS modes using 266 nm as 

desorption and ionization wavelength. The mass spectra recorded are shown in Figure 3.15. The 

fragmentation pattern of L2MS and LDI at 266 nm are quite similar to the pattern with 532 nm 

desorption. No clear difference appeared between L2MS and LDI modes. We can still detect the 

parent peak with its daughter fragments. However, in this case, the base peak is a daughter peak at 

m/z 165 (C10H13O2
+) and the intensity signal of the parent peak is lower. This might be due to the 

higher energy per photon sent by 266 nm rather than 532 nm radiation (4.66 > 2.33 eV 

respectively). Photoionization of tocopherol with L2MS technique showed a great similarity with 

electron ionization (NIST Webbook).  

A theoretical study on all forms of Ŭ-tocopherol in gas phase (Abyar and Farrokhpour, 

2014) proved that the first ionization band of Ŭ-tocopherol was assigned to the ionization from 

Ć=C and ́ *C=C of the aromatic ring. The calculated ionization energy range between 7.15-9.99 eV. 

This can explain the ionization and detection of Ŭ-tocopherol parent molecule with 266 nm. The 

excess energy provided by the laser may have led to fragmentation. 
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3.2.4. 2-n-hexylthiophene 

The 2-n-hexyl-thiophene (C10H16S, m/z 168.097) sample was analyzed with LDI mode using 266 

nm desorption wavelength at three different fluences 0.07, 0.24 and 0.4 J/cm2 with 400 µm 

desorption spot diameter. The mass spectra recorded at these fluences are shown in Figure 3.16. 

All the 3 mass spectra recorded showed peaks in the mass range 50 ï 200. They were calibrated 

using the following molecular formulae: C5H5S
+, C6H7S

+ and C10H16S
+ with their corresponding 

exact masses 97.011, 111.026 and 168.097, respectively. 

Figure 3.15 Comparison between mass spectra in positive polarity obtained using L2MS (0.45 

J/cm2 desorption fluence, 1.12 J/cm2 ionization fluence (266 nm)) and LDI (0.45 J/cm2 fluence) 

modes using 266 nm desorption wavelength. Mass spectrum recorded in LDI mode is shown in 

orange and in L2MS mode is shown in blue. Annotations above each peak correspond to its 

nominal mass value and its corresponding molecular formula. 
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Starting with 0.07 J/cm2 (lower panel), we observe the parent peak at m/z 168. Thiophenic 

molecules were detected in red such as: C6H7S
+, C8H6S

+ and C9H7S
+. In this mass spectrum, the 

base peak corresponds to a daughter fragment thiopyrylium ion C5H5S
+ at m/z 97 which originates 

in the bond cleavage between the thiopyrylium ion and the side chain. Additional cleavage of 1 

carbon atom leads to C4H5S
+ fragment which corresponds to the thiophenium ion only. In electron 

ionization mass spectra of alkylthiophenes (C4H3SCnH2n+1, n= 1-6) as seen on the NIST database, 

the C5H5S
+ at m/z 97 dominate the spectra together with the parent molecule peaks (NIST 

Webbook). 

As we increase the desorption fluence to 0.24 J/cm2 (middle panel), we observe lower m/z 

peaks which may correspond to fragmentation of the parent peak. Carbon clusters and carbon 

Figure 3.16 LDI mass spectra recorded at different fluences (0.07, 0.24 and 0.4 J/cm2) for hexyl-

thiophene sample at 266 nm desorption wavelength. Carbon clusters (Cx
+, CxH

+, CxH2
+) are 

annotated in black, CxHyS+ in red and CxHS+ in blue. Annotations above each peak correspond 

to its nominal mass value and its corresponding molecular formula. 
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clusters with two hydrogens (Cx
+, CxH

+, CxH2
+) or with sulfur (CxHS+) were also detected. The 

carbon clusters detected range from C8H2
+ of m/z 98 until C11

+ at m/z 132. Carbon clusters of 

higher masses were not detected. Those with sulfur range from C3HS+ of m/z 68.979 (69 on the 

graph) until C8HS+ of m/z 128.979 (129 on the graph) with C5HS+ as the base peak. 

As we increase further the desorption fluence to 0.4 J/cm2 (upper panel), we observe the 

dominancy of carbon clusters and those bound to sulfur other than the thiophenic compounds. 

More carbon clusters were detected especially those with 2 and 3 hydrogen atoms such as C6H2
+ 

and C7H3
+. Thus, the usual C5H5S

+ base peak in electron ionization of alkyl thiophenes is only 

observed at very low desorption fluence, and is replaced by C5HS+ at higher fluences. The latter 

may be used to suggest the presence of alkyl thiophenes (in particular in spectra where it would 

dominate over other CnHS+ species, as observed here). This result is very important for the 

interpretation of later data on the Orbagnoux sediments.  

3.2.5. Vanadium etioporphyrin III oxide  

Vanadium etioporphyrin III oxide (VO etioporphyrin, C32H36N4OV, m/z 543.23) sample on a 

silicon wafer substrate (Figure 3.17) was analyzed only using 266 nm desorption wavelength in 

LDI mode and 200 µm spot diameter.   

Figure 3.17 Microscopic image of porphyrin deposit recorded using a Keyence microscope 

(VHX-6000). The arrows point to regions depleted by laser desorption.  
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The sample was analyzed at 0.1, 0.2 and 0.3 J/cm2 laser fluence. Starting with 0.1 J/cm2, the mass 

spectrum recorded is shown in Figure 3.18. An external fullerene sample was used for m/z scale 

calibration (accuracy better than 10 ppm).  

 

 

 

 

 

 

 

 

 

The mass spectrum clearly shows groups of mass peaks between m/z 400 ï 500. For each 

group, the maximum intensity peak was labeled by its nominal mass value. VO-etioporphyrin III 

(C28H19N4OV+, exact monoisotopic mass of 478.099) and a series of -CHx (x=0,2,3) can be 

distinguished, although with some differences with the electron ionization spectrum published in 

(NIST Webbook).  

Figure 3.18 Mass spectrum recorded for etioporphyrin sample in LDI mode in positive polarity 

using 266 nm laser wavelength at 0.1 J/cm2 fluence. 
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The parent peak at m/z 543.23 was absent. In contrast, other type (non-VO) porphyrins studied in 

(Dale et al., 1996) displayed their parent peak using CO2-laser desorption (ɚ~10 Õm) and 193 nm 

ionization. At this energy, they only observe signal detected in the high mass range, and no peaks 

were in the low mass range which can tell that there was no extensive fragmentation, although 

these ions recorded in the high-mass range are considered as daughter peaks from the parent peak 

at m/z 543. As we increase the laser fluence to 0.2 J/cm2, we recorded the mass spectra shown in 

Figure 3.19 (upper panel).  

 

We observe the same peaks in the higher mass range as with 0.1 J/cm2, but some fragments 

were detected in the lower mass range (m/z<400). We may have detected vanadium oxide ion 

inside the porphyrin at 66.938 which corresponds to VO+. Other fragments may be related to [H2N-

V-NH2]
+ cluster that combines two ammonia groups with vanadium to form an ion of m/z 82.981. 

We also observed fragments in the form of CmHnNoOp
+ (where m= 7, 8, 9, 15, 20; n= 6, 9, 15, 17, 

20; o= 1, 2, 3, 4; p= 0, 1). Same fragments were detected at higher desorption fluence (0.3 J/cm2). 

Figure 3.19 Comparison between positive polarity mass spectra recorded for etioporphyrin by 

LDI (266 nm, 200 µm spot diameter) at two different fluences: 0.1 (lower panel) and 0.2 (upper 

panel). Nominal masses displayed above the main peaks. The molecular ion is absent (orange 

arrow). 
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3.3. Conclusions 

This chapter presents our L2MS and LDI studies on five selected reference molecules. Our laser-

based techniques were able to desorb and ionize these reference samples, leading to the detection 

of specific fragmentation patterns for all of them. Some comparisons with ToF-SIMS spectra were 

performed for two reference molecules. The results showed that the aromatic compounds 

responded the best to our analytical setup. For example, analysis of tocopherol showed mass 

spectra with main peaks that are similar to those recorded with electron ionization. Similarly, 

tryptophan showed common peaks as detected with ToF-SIMS and electron ionization. In contrast, 

the saturated cyclic cholestane yielded a weak ion count and mass spectrum that is difficult to 

relate to data from other ionization methods. The porphyrins seem to show up very nicely as well 

in LDI conditions. This reflects the sensitivity of the instrument towards the studied reference 

materials in L2MS and LDI modes. 

The similarity of the mass spectra obtained with LDI and L2MS (e.g., in case of NŬ-BOC-

L-tryptophan, cholestane and D-alpha-tocopherol) brings hope for ExoMars mission that these 

molecules can be efficiently detected. The LDI mode showed a good desorption and ionization 

efficiency at 266 nm for all the molecules. It is important to understand the mechanisms of 

fragmentation of these selected compounds as they could help to deal with the data that will be 

produced using the LDI module implemented on the MOMA instrument onboard the ñRosalind 

Franklinò rover that will be launched in 2022 (see 1.3).  

. 
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Chapter 4  

Chemical characterization of Orbagnoux, a reference sedimentary 

rock  

This chapter provides detailed description and analyses of organic-matter rich sedimentary rocks 

from the Jurassic paleo-lagoon of the Orbagnoux locality, Jura, France. The sediment deposition 

conditions, mineralogy, the bulk molecular composition of soluble and insoluble organic matter, 

and the textures of organic matter and its mineral matrix were previously characterized 

extensively, as summarized below. In this chapter, different fractions of Orbagnoux samples were 

extracted and analyzed using L2MS, LDI-MS, ToF-SIMS and Py-GC-MS.  

4.1. Overview of previous studies 

4.1.1. Environment of deposition and petrology of Orbagnoux sedimentary rock 

Extensive petrological studies using various petrological observations (scanning and transmission 

electron microscopy) were performed on Orbagnoux deposit. Orbagnoux sedimentary sequence is 

composed of five calcareous facies/parts: massive limestones, which is largely composed of 

calcium carbonate (CaCO3), dark or light parallel laminae and dark or light undulated laminae 

(Figure 4.1). Parallel laminae seemed to be affected by a settling mechanism where periods of 

Figure 4.1 Location map of 

Orbagnoux deposit in France and 

its corresponding sedimentation 

sequence, undulated laminae (dark 

or light), massive limestone, and 

parallel laminae (dark or light) 

(Reproduced from Mongenot et al. 

1997). 
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flourished coccolithophorids led to the accumulation of the light-colored laminae, alternating with 

accumulated OM which must have been derived from planktonic microorganisms. Various macro- 

and micro-fossils are present in parallel laminae: ammonites, benthic foraminifers and ostracods 

(Tribovillard et al., 1991) (Figure 4.2).  

On the other hand, the undulated facies seemed to be less affected or, more likely, 

unaffected by the settling mechanism (Tribovillard et al., 1992). It was interpreted that the bio-

Figure 4.2 Photomicrographs of the studied ORBA3 sample, of dark- and light-parallel laminae 

facies. Mosaic of high-dynamic-range images (multi-exposure combination) recorded with a X5 

objective on a Ni-E Nikon microscope. (A) Full thin section, and (B) zoom on the boxed area in 

(A). Light-grey area comprises organic-matter poor carbonate laminae (corresponding to the 

white layers seen on the rock), and sets of orange/brown organic-matter-rich laminae 

(corresponding to the black layers seen on the rock). Note the brecciated aspect of some carbonate 

layers. Note the orange color of laminae that likely results of the vulcanization of organic matter 

(Tribovillard et al., 2001). Arrows in (B) indicate foraminifera. 


























































































































































































































































































