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Caractérisation de la matiére organique par spectrométrie de massassistée
par laser : applicaton™ | a pal ®ont ol ogi e et ~ |1 6exo

Résumeé

L'origine de la matiere organique sur Mars sera étudiée avec le rover « Rosalind Franklin »
d'ExoMars a l'aide de plusieurs instruments d'analyse, dont le Mars Organic Molecular Analyzer
(MOMA). L'instrument MOMA combine la spectrométrie de mastaesardésorptionionisation

(LDI-MS) et la spectrométrie de masse a chromatographie en phase gazeud&)(@Qur

analyser des échantillons debsurface. La similitude du LBMS de MOMA avec notre
instrument LDIMS / L2MS (spectrométrie de masse laser en deaped) nous a encouragés a
caractériser la matiére organique a partir de différents types d'échantillons, dans le but de fournir
une nouvelle méthodologie pour la caractérisation moléculaire a-étbelle de traces des
débusde la vie sur Terre et pour soutenirfietures recherches sur Mars.

Tout d'abord, nous avons développé une nouvelle source d'ions a injection latérale pour notre
spectrometre de masse hybride (radiofréquence/temps de vol) existant permettant la microscopie
en transmission et en réflexion emidgerie chimique en L2MS et LIMIS avec une résolution

latérale jusqu'a 3 pum.

Deuxiemement, la caractérisation des molécules de référence a été pealishdS et LDFMS

pour aider a lidentification chimique de différents types de matiere organique-ciCe
comprenaient un dérivé du tryptophane (acide aminé biotique/abiotique), I'hnexylthiophéne (proxy
pour les hydrocarbures sulfurés), le cholestane (biomarqueur eucaryote), le tocophérol (issu de la
photosynthese) et une porphyrine (dérivé de la chigttg)hAinsi, nous donnons un apercu de la
sensibilité de la méthode pour ces classes importantes de molécules et de leurs modéles de
fragmentation.

Troisiemement, une roche sédimentaire du paléolagon jurassique d'Orbpgrteuge de matiére
organiguamicrobienne diagénétiguement sulfuegété analysée. Cet échantillon a été choisi suite

a la détection récente de molécules sulfurées sur Mars. Les caractérisations chimiques de différents
échantillons de roche d'Orbagnoux (roche fraiche et tranche pbli@@ ses souBactions
correspondantes extraites de la roche sédimentaire (extraits solubles, malténe et kérogene) ont été
réaliséeparL2MS et LDI. Cela donne accés a des informations moléculsinediverse classes
chimiques dntérét (organiques et inorganiqueselles que les hydrocarbures aromatiques
polycycliques, les hydrocarbures oxygéneés, thiophéniques et azotés, les clusters de carbonate de
calciumet desulfure de fer et les métaux tels que Ni ou VO qui indiquent la préservation des
géqoorphyrines.

Quatriemement, une résine Dammar moderne et quatre résines fossiles (ambres) ont été analysées
parLDI-MS pour tester la capacité de la technique a fournir des informations sur les biopolymeres
fossiles d'origine végétale, y compris leur adegie maturité et/ou leur type botanique. Des
différences claires dans les modeles de fragments d'hydrocarbures ont été observées dans les
spectres de masse et analyséesoemposards principdes

Mots-clés : désorption/ionisation laser, matiere organiguegchantillons paléontologiques
micro-L2MS, instrument MOMA



Characterization of organic matter by laserassisted mass spectrometry:
application to paleontology and exobiology

Abstract

The origin of organic matter on Mars will be investigated viitk o Mar s 6 A Rosal i nd
rover using several analytical instruments including the Mars Organic Molecular Analyzer
(MOMA). The MOMA instrument combines laser desorptionization mass spectrometry (LDI

MS) and gashromatography mass spectrometry (@IS) to analyze suburface samples. The
similarity of the LDFMS of MOMA with our LDFMS / L2MS (twostep laser mass spectrometry)
instrument has encouraged us to characterize organic matter from different types of samples, with
the goals of providing new @thodology for microscale molecular characterizatiotrades of

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

First, we developed a neside injection ion source for our existing hybrid (radiofrequency#ime
of-flight) mass spectrometer enablingansmission and reflection microscopy and chemical
imaging in L2ZMS and LDMS with a lateral resolution down to 3 pm.

Second, characterization of reference molecules was carried with L2ZMS arAd3.B0 help
chemical identification of different types orga 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 prade 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 diageneticallysulfurized micobial 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 correspondirigastibns 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, oxygettatgzhenic, and
nitrogenated hydrocarbons, calcium carbonate/iron sulfide clusters, and metals suar &Ni

that point to the preservation of geoporphyrins.

Fourth, a modern Dammar resin and four fossil resins (ambers) were analyzedWSLiDItes

the technique capability to provide insights into pldetived fossil biopolymers, including their
maturity grade and/or botanic type. Clear differences in hydrocarbon fragment patterns were
observed in mass spectra andestigaed with principal compaent analysis.

Keywords: laser desorption/ionization, organic matterpaleontological samples, micre
L2MS, MOMA instrument
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Chapter 1

Introduction

This chapter mvidesthe scientific context of the work conducted in this Rh&sis 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 surofmangt of the missions

that were sent to Mars in the pagtthe National Aeronautics and Space AdministratidASA)

and he future mission ahe European Space Agency (ESA) and the Roscosmos State Corporation
for Space ActivitiegfRoscosmoswill be preseted 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 852%hysique des Lasers, Atomes, et
Molécules, CNRS/ Université de Lille) and at LOG (UMR 8187 a b or at éanalogie el 6 Oc

de Géoscience, CNR&iversité de Lile Uni ver si t ® du Litt kdAM I Clt e
group has developed highbensitive and selective ladeaised mass spectrometry techniques for

the study of environmental samples. These techniques were mainly optimized to investigate the
chemical composition of combustion byprodugdtldanova et al., 2009; Faccinetto et al., 2015;
Delhaye et al., 2017Due to their high sensitivity and selectivity, these techniques are valuable
analytical tools that can be used for the analysis of various samples. A-sisaredcondary ion

mass spectrometer (SIMS) available at the Regional Platform of Surface Analysis (UG@GS

de Catalyse et Chimie du Solidgniversité delille) and a pyroysis gaschromatography mass
spectrometer (RGEC-MS) from the UMET Laboratory (Unité Matériaux et Transformations,
Université de Lill@ were also used in this studyhe similarity ofthe lasetbased technique dhe

Mars organic molecular analyzer  MOMA)n st r ument onboard twth ARosa
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 lasemass spectrometry technique for possible application to the study of early life on Earth
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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 appl@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 thesisvas funded jointly by the Université de Lille and théglRn Hautsde-France
andwas carried out in the framewor tonandscale he AN
Molecular, Mineralogical, Morphological and isotopic identification of Micro and Mécms s i | s 0
led by Dr. Kevin Lepot. The team involves researctard scientists from different research
institutes from France and Belgiu®even scientific institutes collaborated on this project from
FranceLabor at oi r e do Oc é&aeaes @0Q), abaatoge de Bhgsiquz®es Lasears,
Atomes et Molécules (PHM), Unité de Catalyse et Chimie du Soli@d#CCS),Unité Matériax
et Transformatios (UMET), Institut de Physique du Globe de Paris (IPGP), Biogéosciences in
Université de Bourgogne in Dijoand Institut de minéralogie, de physique des matériaux et de
csmochimie (I MPMC) at the MuseunThdDaparimema| do Hi
Geologyat theUniversity of Genin Belgiumwas alsanvolved in this project.

The project aims at constraining-ewgolution of life and the environments on earlyrth
(between 3.4 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 chon isotog ratio

Correlating fossils with moleculardsignature

= =2 4

Correlating fossils with geochemical metabolic/environmental proxies

The use of a combination of mierte nanoscale characterization methods can help overcome these
challenges. Thesgharacterization methods include miscale laser desorption/laser ionization
mass spectrometepl(2MS) and timeof-flight secondary ion mass spectrometry (79IMS).
These techniques will help retrieve molecular information. The project brings togeplestise



Chapter 1 Introduction

from different fields such as organic and isotope geochemistry, paleontologymivaralogy,

mass spectrometry and analytical developments.

1.2. Paleontological interest

In order to understand the evolution of life on Earth, and where/how to deangbssible life
beyond Earth, we need to reconstruct the history of life on Earth. When did it appear? Where?
How? In which conditionsAnd what may the first life forms have been? If we want to reconstruct
the history of -reckst tentemstiarth, gaherdd throudh uneestigations 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 spatidtibligion, etc. They can also be
classified in terms of roeforming processe§Guéguen and Palciauskas, 199Rpcks can be

groupedalongthree major categories of processes:

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

2) Sedimentary rocks, originatvhen particles settle out of water or air, or by precipitation of
minerals from water.

3) Metamorphic rocks, result when existing rocks are modified by heatsupegsand

chemical processes.

Formation of sedimentary rocks is generally associated with deposition of organic(@tjer

either from benthic organisms living at the water/sediment interface, organisms living within the
sedimentand organisms or degded (soluble and particulate) organic matter sinking from the
water column. Once deposited, sedimentary organic matsgr transform following three
consecutivestages: diagenesis, catagenesis and metagénissist and Weltel978) Diagenesis

is the earliest stage of organic matter alteration. It is typically associated with low temperature and
low-pressure regimd&illops 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 bel®® £Ziagenesis occurs

under burial temperatures between *F@&nd ~180°C and is associated with oil and-gaet

3
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production(Killops and Killops, 2038). 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) bitumesoluble organic
molecules that can be extracted usinganicsolvents occur under solid and/or liquid (oil) form,
(b) kerogeri the insoluble macromolecular organic matter that doring diagenesis from the
preservation of biomacromolecules (e.g., lignin) and condensation and polymerization of smaller
biomolecules and their degradation products,n@ural gas that consssof a wide range of
complexhydrocarbons. During catagemegetroleum (including liquid and gaseous molecules)
is formed from the thermal decomposition of kerogen. Kerogarsaid dark organic substance,
which contains hydrocarbons that are insoluble in common organic solvents, soekaas,
methanol, etheol, 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 asdhgle OM in
recent sediments and even in soils. Different types of kerogen can be differentiated based on the
origin of the organic matter presg¢Mandenbroucke and Largeau, 2007)

- Type 1 kerogens are mostly algal in origin, generate oil, and are characterized by high
values of hydrogen/carbofd/C) ratio, between 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 Jandl1.7, and average O/C ratio betweear@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 betweeartdd, and high O/C ratin
the range.0771 0.25.

Four main mechasms can play a role in OM preservation in sedimentary r@eé&ston et al.,
2007) 1- degradation or recondensation, $lective peservation, 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 recondensaiimio a geopolymeKTissot and Welte,

1978) Selective preservation is based on the production of insoluble biomacromolecules, highly
resistant to chemical and microbial degradation, by some living organisms especialbigaiero

and plantgLargeau et al., 1990Natural vulcanization (sulfurization) resuitsthe formation of
high-molecularweight sedimentary OM by the intermolecular incorporation of inorganic sulfur
into low-molecularweight molecules such aBinctionalized lipids(Sinninghe Damsté et al.,
1988) Finally, OM can also be preserved from diagenetic degradation by the adsorption of organic
compounds onto mineralSalmon et al., 200@nd 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 biomokegui#®lestane
from cholestero(Simoneit, 2004Brocks and Grice, 2011Yhe 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 dépositional environmentin sedimentary environmes)t
lipids escaping theemineralization procesarechemicallyreduced to hydrocarbon skeletons
(Brocks and Grice, 2011 ukaryotes and prokaryotes are cytologically different from each other.
The eukayotic cell usuallycontainsan internal lipidmembrane, which is bound to intracellular
structureqorganellesysuch as nucleus, mitochondria, chloroplasts,(Beters et al., 2004; Xiao,
2005) These structures are rarely preserved in fossil record, which make it difficult to recognize
afossil eukaryoteespecially theunicellularones Lipid membranes in eukaryotes help regulate
water passge in or out the cell§Peters et al., 2004Lipids are the main source of many
compoundgound in petroleumEor instance, normal alkanes found in crudecaii be attributed
to be aiginally from lipids in living organisms that include naturahikanes and fatty acigBeters
et al., 2004)Phytane could be originated from phytyl chain of chlorognd steranes can be
originated from saturated ster@Reters et al., 2004; Knoll et al., 200Mppanoids and sterols are
used by eubacteria and eukaryotes respectively to modify the lipid mensamadraze the main

source of the saturated biomarkers of hopanes and steranes in petroleum

Determining lipidderived 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



Chapter 1 Introduction

this work. The goal of this study is to determine the diversitpya&cular 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 biogeni sources such as various ampssducing plants, or various
microorganisms forming benthic microbial mats (e.g., algae vs. cyanobaétgria, We devel o
the application of laseassisted mass spectrometry in order to be able to analyze precious samples
such as ambers or macroscopic fossils, or individual fossil microorganisms at16@ n 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 onMars

Whilst attention was fullyriven 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 | ike A Maupimages Seveaahnissigniisited n g o
Marsand ended up with varying results in the ea
is a geologically active planet and its atmospherepismarily composed of C®with small

amounts of CO, @and HO and some other trace gagBarker, 1972) A technical report from

NASA stated that the Martian surface contains about 189 HBrack, 2020) Laboratory
simulations revealed that the direct interaction of UV radiation and the Martian surfdee in
presence of catalytic surface could produce simple organic comp@uouisg et al., 1965)The

Mariner missions were not designed to search for organic matter or any small form of life. For this
reason, ng¢g bdemineredesigned and launched in 1975 for Martian surface analysis.

AVi king 10 and AViking 20 missions were compo
instruments designed for analysis of soil, rock and Martian atmos{®w@ffen, 1977) Themain

goal of this mission was iavestigate folife on Mars A gas chromatographyass spectrometer

(GC-MS) was designed for the molecular analysishef Viking mission(Anderson et al., 1972;
Rushneclet al., 1978)By heating the Martian soil samples up to 200 °C, 350 °C and 500 °C, the
released gases were analyzed usingd68®. A Vi king 10 detected 15 pa
of chloromethane at 20 0-40p@h of cloromethénd atRGBOGOYC 20 de
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(Owen et al., 1977)They concluded that these chlorohydrocarbons wegrestrial contaminants,

and at the end, no organic compound of Martian origindetected.

N1997, the Mars APathfindero | ander and tFl
Mars. The small 25 pounds (11.34 kg) ardlteel rover only designed toskaa week, ended up
spending 83 days capturing 550 pictures, and taking atmospheric measurement from the planet
surface(Matijevic and Shirley, 1997) I n 2004, twi iOppoeteniiSpori a
Mars in different locations. These rovers were of a size of acgolveighing 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 fousigns of water and conditions for lifgVithers and Smith,
2006) I n 2010, ASpirito stopped operaiedudan almoattld n g, \

years

I n 2012, NASA | aunched a | arger and more t
It is about the size of Wini-Cooper, weighing 2000 pound8Q7 kg). It is equipped with 17
camerasandlabi ke t ool s and i nstrumentl H.m IBV@IESON ngi t y
was to searchof evidence if Mars is or ever was capable wdtaining microbial life irthe Gale
Crater(Grotzinger etal.,2015a) ACuri osi tyo has found an anci er
a lake, a stream and groundwater netw@totzinger etal., 2015b) Cur i osi t yés payl
a GCMS (SAM: Sample Analysis at Mardor measuring isotopic compositions and volatile
abundances. It also includas X-ray diffractometer to determine the mineralogical diversity of
soils and rocksanalphaparticle Xray spectrometer (APXS) to determine the composition of rock
and soll, a laseinduced breakdown spectrometer (LIBS) for remote sensing of minerals and rocks
with high resolution imaging (ChemCanf§rotzinger et al., 2015and other instrumental
techniques that are able to establish geological and paleoenvironmental sStih@iesAM
instrument detected andconfirmed the detection ofchlorobenzene, and revealed-C
dichloroalkaneslichlorobenene isomers, trichloromethyl propane and chlorobengenepa et
al., 2020) Experiments demonstrated that the chlorohydrocarbons could have forthedSAM
ovens by reaction of indigenous organic moleculesaxyghlorines(Szopa et al., 20205AM
also revealed aromatics, aliphatics, thioplse(@H4S) and methylthiophenes, as well as>.C
sulfur compounds such as ¥ GHeS, COS and CS(Eigenbrode et al., 2018Yhis result
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suggested that sulfurization could have helped the preservation of biogenic or abiogenic organic

matter at the surface of Mars.

I n the summer of 2020, dnlkheredptanetItweidh 23006 ever
pounds (104% g ) . 't is similar to ACuriosityo, but
drill for collecting rock in soil samples. The rover will also have the ability to conduct an oxygen
making experiment. Onef the main objectives is toreservesome driltcore rock samples that
may be returned tBarthby future missions.t6 companiomm e | i copt er naookédsd fAl ng:
first test flights in the Marsdés atmosphere.

The next future missiorto Mars is ExoMar2022. It is a mission cooperated hfie
European Space Agency (ESA) aheé Russian space agency (Roscosn{d&go et al., 2017,
2018, p. 12) The Mars organic molecular analyzer (MOMA) instrumemboardtheiln Ros al i nd
Fr ank | iaddoessesahe ebjectivetbE ExoMars project 202&hichis to search for life on
Mars.The MOMA instrument is one of several instruments looking for signatures of life on Mars.

Therover carries other instrumenisted below:

PanoramicCamera (PanCam),

Infra-red Spectrometer for ExoMars (ISEM)

CloseUp Imager (CLUPI)

Water Ice an@®ubsurface Deposit Observation on Mars (WISDOM)
Adron

Mars Multispecttral Imager for Subsurface Studies (Ma_MISS)

MicrOmega

= =2 4 A4 A4 A A -

RLS Raman Spectrometer

The MOMA instrument is the largest instrument onbdhedExoMars roverlt weighs ~12 kg and
it is of low power (75W)Goesmann et al., 2017hi et al., 2017)It is used to targedrganic
molecules and possibbBomarkers by analyzing samples drilledthg ExoMars drill at 2 meters
below the Martian surfagevhich are protected from any degradation mechanism ¢aidation,

radiation).The sample will then be distributed and analyzed the instrument onboarddrganic
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compounds must be volatilized first to be detedtedcludes a linear ion trap (LIT) developed in
NASA GSFC USA (Goesmann et al., 2017b; Li et al., B02017)and the laser was built by LZH
company in Germanyl he different parts ache MOMA instrumentare shown irFigure 1.1.

e | _JE
Optical Fiber
L |
Laser
Pump Source
Laser Head and Electronics
Vacuum Pump Lo | Le |

2
Mass -

Spectro- _-
meter

Oven ¥ et
Sample Carousel Tray

Figure 1.1 The different parts the MOMA instrumentReproduced fronsoetz et al.2016

Tapping Station RF Electronics

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 asmaéGoesmann et al.,
2017b) MOMA should also search for evidence of active processes and have an extensive
understanding of chemicprocesses. 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 usedto 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 widlageco

any temperature difference between the sample and the reference.

MOMA has several objectives to addreass listed ifGoesmann et al., 20lincluding
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1 Objective 1detection and characterization of organic molecules with concentrations down
to ppb level in solid samples.

T Obj ect i ve patterns ana anteryelatonshiips a mong or gani c mol e
wide range of masses and volatilities.

1 Objective 3: analysisf enantiomer excess (ee) to discriminate between biological and non
biological sources.

1 Objective 4: characterization of associated inorganics

It also shall be able to:
1. Detect organic compounds at >10 ppb (by weight) concentrations.
2. ldentify chain/ringbased 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.
Detect lowstability molecules as scarce as 10 ppm (by volume).
Measure enantiomer concentrations at 1 ppym@ight) level

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

S A o

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.

o

Investigatecontextual elemental compositions.

9. Investigate contextual mineralogical compositions.

MOMA has two operational modegsigned to supply molecules to the mass spectrometer: ovens
and chenical derivatization apparatus to convey molecules tgaa chromatograpliGC)
developed jointly by Laborat@ Atmospheére, Observations SpatigleATMOS) and Laboatoire
Inter-Universitaire des Systemes Atmosphériques (LISA) in France laser desorption
ionization(LDI) developed in Max Planck Institute for Solar System Research, Germany. MOMA
operates at Martian atmospheric pressuré wibars and temperature betwe4°C and +20 °C
(Goesmann et al., 2017b)

10
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The two operational modes of MOM#e presented iRigure 1.2. After coringthe sample and
crushing it, it is delivered tarefillable sample tray on the rotating carousel or to the dvigule

1.2) to be treated by lasdesorptionbnization(LDI) or heated or chemicalblteredto be detected

by MS directly in case of LD It canalso passthrough the chromatographlgolumn thenbe
detected by thermabnductivity detector and MS in case of G&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, itwill go to the chromatography column by He stream, therctimepounds

will be delivered to mass spectrometier.LDI mode, the sample introducedtime tray will be
analyzed ora small area by a laser beam for desorption and ionization. lons generated are then

guided tathemass spectrometer.

Sample Delivery Treatment Products Interface Detection
Acquisition
MS surve
refillable laser complex aperture .
sample ionization > ions —>  valve MS/MS and
tray detailed
volatiles analysis
heating < e
fragments ac TCD and MS
oven 1 o
volatiles
chemical -
alteration chiral
volatiles

Figure 1.2 Two operational modes adhe MOMA instrument:gas chromatography me
spectrometer GC-MS) and laser desorptiofionization mass spectromete(LDI-MS).
Reproduced from Goesmann et al., 2017.

The laser used in LDs the solidstate Gswitched Nd": YAG of wavelength 26@&mand
pulse width 1ns, generating pulses-800 uJ The laser beam incidents the surface of the sample
at 4%. It has a spot diamete600 um (slightly elliptical) and produces fluence in theler of
0.01-0.1 J/cmand irradiance of 2000 MW/cn¥. The lasegenerates 50 pulses in a repetition rate

of 100 Hz. It analyzes organigsthemass range 5800u.

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

11
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reminded, in addition to the different types of fossilized oigaratter and the mechanisms of its
preservation in sedimentary rock$he potential of laseassisted mass spectrometry for
paleontology and exobiology have been preser@ite we aimed at generating data to help
interpretation of theresultstobepmwd ed by t he MOMA i nstrument ont
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 inkhiBhagochapter
is subdivided into four sections: i) presentation of the analyzed samples (refereleceles
Orbagnoux rocks and resins of different age and origin), their characteristics found in the literature,
and the procedures followed for theireparation in the lab; ii) laboratory mass spectrometric
techniques employed for probing the chemical composition of the sampleM&U2MS, ToF
SIMS and PyGC-MS); iii) the mass spectrometric data treatment methodologies; and iv)

instrumental developnm¢ of a combined system for optical and chemical imaging.

The third chapter (referenceolecule$ presentsheresponse ogachreferencesampleto
the appliedirradiation which in turn show the inferred fragmentation pattern ahe organic
molecules ofdifferent families using L2ZMS and Te&IMS instrumentsThe 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 approachese discussed in chapter four. All the sample fractions were analyzed
using laser mass spectrometry in L2ZMS mode (and some with the LDI mode). Statistical methods
were used to interpret the mass spectrometry Wégaanalyze and discuss patterns represgnti
the diversity of molecules and their fragments produced by L2MS andih 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 dammadjdn 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 fulter illustrate the use of laser assisted MS in distinguishing fossil biopolymers.

12



Chapter 1 Introduction

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 areaeddw this
dissertation: further optimization of the uL2MS 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.

13
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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 workThree different samples of interesillvibe discussed: (A) referenaaolecules
(tryptophan, cholestane, tocopherol, hetkybphene and porphiy), (B) Orbagnoux sample and

(C) fossilizedresins of different ages and origins. The procedure followed to prepare the studied
referencemoleculesand Orbagnoux fractions (soluble extract, maltene and kerogdh)e&v
describedin detail. Thedescriptim of the employedmass spectrometric techniquedl be
provided.A specific approach followed for treating the data recomwiéicbe discussed as wellk
includesa methodology for massalibraton and assigment ofthe chemical formukarelated for
eachpeak signal recorded with the use of mass defect plots. Statistical analysis was also applied

to help further assigning and treating teeordedmass spectra

This chapter also presents the development of a new micrep2dh8 system to be used
for chemcal imaging(Thlaijeh et al., 2021manuscript in preparati@nThe first tests performed
led to successful chemical images on relatively simple objects. The best lateral resolution achieved
was 3um with a 266 nm desorption laser. The development of this instrument is still in progress

to achieve a better laterakmution 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
Ar ef er e n c edectedpdlectathelr gossibly important presence as tkemsan fossils,

for preliminary (fAcal i brBheotherwogroupsaredamposedwfi t h
environmental/natural samples: arganicmatter rich sedimentary rogk®rbagnoux) from Jura

mountains in Francand five fossilized resingdm different regions in China and India.

14
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2.1.1. Reference nolecules

The five molecules selected for prior studies with our mass spectrometric techniquel Were:
BOC-L-tryptophan 5-a-cholestang D-a-tocopherol 2-n-hexylthiophene, and ahadium
etioporphyrin Illoxide 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 acidscurring in proteindt plays an important role
in tying up membrane proteins with the cell membramp maybe formed from biotic or abiotic
sourcesAlthough other amino acids were detected in meteof@dsnour, 2014) this isnot (to
the best of our knowledge), the case for tryptophathis studya derivative of TrpN BBOC-
L-tryptophan 97% purity, white powder ACROS Orstyuature ioFgylire 2.1a) was
employed for availability reasons.

Cholestane is a saturated tetracyclic triterp@méone of the most abundant biomarkers
for rock studies(Simoneit, 2004; Zumberge et al.0ZD). It indicates ancienphotosynthetic
unicellular eukaryotes @nimal life which can be used to reconsteudtaryoticevolution in early
Earth history(Knoll et al., 2007) The 5U-cholestane molecule9$% white powde; ACROS
Or gani cs E, Figute 2.1b)adpreserds cholestane in this work.

Vitamin E is the name given to the family consisting of chromanol hrapched
(isoprenoid) andiliphatic side chairfTucker and Townsend, 20053} consists of two grougp
tocopherols with a saturated side chain and tocotrienols with unsaturated side dplagn. A
t 0 c o p h)dstlelmost biblogically activefm o f Vi t a mi,n-, bEonadnHgne,g U
this family will be represented by thedtocopherol moleculé7%, viscous liquid, density: 0.95
ACROS Or gsiruciure isFigure 2.1c).

Thiophenemoleculescontain a fivemember group made &bur carbon and one sulfur
atons. They can be found on Earth naturally in kerogé@saddock et al., 2018)bitumen
(Pomerantz et al., 2014, this current woddude oil(Waldo etal., 1991) sedimentgYang et al.,
1998) microfossilgLemelle et al., 2008nd fossil stromatolite@_epot et al., 2009)Thiophenes
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are generallyproduced by abiotic process during diagenddigophenes and few derivativesre
recently detecteth lacustrine mudstone of the ~3.5 billion year old Murray formatidherGale
Crateron Mars(Eigenbrode etlg 2018)usingthe Sample Analysis at Mars (SAM) instrument
onboard the Curiosity rovein this work, the 2n-hexylthiophene molecule (98%, white powder,

Alfa AesaE , structure irFigure 2.1d) represents the thiophene group

Porphyrins are a group of heterocyclic organic compounds, composed of four modified
pyrrole subunitgtetrapyrrole) either as a large macromolecular ringsasraopen chain. All its
forms are involved in photosynthesis general, metalloporphyrin is formed of porphyrins
combined with a metal ioorphyrin isone ofthe first compound isolated from petroleum among
many biomarkergBennett and Czechowski, 1980; Didyk et al., 1975hjs family often occur as
nickel (Ni) and vanadium oxide or vanadyl (VO) complexes in crude oil and sedimentfgeo
Petro porphyrins)(Rankin and Czernuszewic 1993) Vanadium etioporphyrin Il oxide
(crystal |l i nstructurk irfigare 21e) sepresénts the porphyrin family in this study
Thef i wtanddid molecules used in this work areummaried in Table 2.1, along with their

molecular formulae anchonoisotopianasses.

Table2.1 List of thestudiedstandardmoleculeswith their molecular formula anthonoisotopic
mass

Studied material Molecular Formula Monoisotopic masqu)
N UBOC-L -tryptophan Ci1eH20N204 304.142
5-U-cholestane CarHas 372.375
D- U-tocopherol CaoHs002 430.381
2-n-hexylthiophene C1oH16S 168.097
Vanadium (1V) etioporphyrin 11l oxide Cs2H3sN4sOV 543.232
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a) Na-BOC-L-tryptophan b) S-a-cholestane

CHs

HsC 0 l CH, @\
CH I

HO PCHy CHy CH, S CH2(CH»)4CH34

CHs

¢) D-alpha-tocopherol d) 2-n-hexylthiophene

— rla .'.'\N-: \
—2

e) Vanadium etioporphyrin III oxide

Figure 2.1 The molecular structures of the studied referencdeoules: a) NJBOG-L-
tryptophan b) 5-U-cholestane, clp-alphatocopherol, d) 2h-hexylthiophengande) Vanadiun
etioporphyrin 11l oxide

All referencemoleculeswere solid (powder, crystals), with the exceptionDealpha
tocopherol Solutions of each solid referenceolecule were prepared in 7 ml clear vials
(Supel cokE) using the f avatérdowiNdJBOC-IsTayptophamt s :
dichloromethane (DCMjor 5-U-cholestanand Vanadium (1V) etioporphyrin 1ll oxideabsolute
ethanol for 2n-hexylthiopheneD-alphatocopterol was used in its genuine liquid forfarom
each solution/liquid,éw drops were transferred onto a silicon wafer and stored under the hood for
solvent evaporatior very thin dry layer was so deposited on the Si wafers and further transferred
under vauum for MS analysis (see sectidr?). Examples ofriyptophanand porphyrin deposits
on Si wafer{which were shown not to produce significant"$luste peaks under lownoderate

desorption fluencgsare shown irFigure 2.2.
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Silicon

wafer |

= Tryptophan
= 0 deposit

Porphyrin
deposit

Figure 2.2 a) Tryptophan deposit on silicon wafer, b) porphyrin deposit on silicon wafe
(purple colored).

2.1.2. Orbagnoux rock sample

We studied wo A Or brecksoooing¥ & om t he ACal caire en Pl aqu
Platy Limestone Formation) of Orbagnoux, in the southern Jura Mountains in FBaroeer,

1984; Mongenot et al., 1999, 1997; Sarret et al., 2002; Tribaviét al., 2000, 1992Both rocks
wereprovided by PrafNicolas Tribovillard(LOG) and were name®@RBA3 (Figure 2.3a) and

Dark Parallel(DP) (Figure 2.3b). These deposits were formed during the Upper Kimmerdgian
(157152 Ma ago). Extensive stratigraphical and sedimentological studies of the sedimentation in

the southern Jura Mountains were performed by Bernier in (B384ier, 1984)The Orlagnoux

area was part of a carbonate platform with a nsailith oriented barrieeef at its outer boundary.

In a confined lagoonal setting west of the basresf, the CPF was deposited. The bituminous

.

- = |
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o -“.Mlllll‘!o““.‘l.‘..l.--o.-no».o bt s Benw o el od ob 4

\"“:
Figure 2.3

Iages of the two Orbagnoux sampl@sORBA3 and b) Dark Parallel (DP).
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laminates from the Orbagnoux Jurassic carbonatptatvere extensively studigtMlongenot et

al., 1997; Tribovillard et al., 2000; Van KaapPeters et al., 1998At 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 oxyges), &d sulfidic (high level of freydrogen

sulfide, HeS). Later in 1992, Tribovillardteal. 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 @mples of Orbagnoux were prepared:Al)olished slice,
(without any further decontamination or extractiigure 2.3a), 2) a flat piece of fresh rock
characterizedby black layers, 3) soluble organic matter (bitumen), 4) maltene, and 5) insoluble
organic matter (kerogenjhe ORBA3 sampleRigure 2.3a) wasextracted and fractionated into
soluble extract (bitumerFigure 2.4C) and kerogerfFigure 2.4D), andthe DP sample(Figure
2.3b) was fractionated by DrArmelle Riboulleau(LOG) to obtain the maltene subsample

according to the analytical diagramfigure 2.4.

This section includes descriptive details of the procedure followed on Orbagnoux sample
preparation to obtain the different fractioR&st, 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 {gPide dichloromethane (DCM)
solvents. The polistikeslice was previously prepared as a rése semithin section(Figure
2.4B) by Alexandre Fadel, as described(lfadel et al., 20205ilicon wafers were placed in a
cellulose thimble (white container) and cleaned with DCM solution for decontamination using a
Saxhlet extractorFigure 2.5). These wafers were further used as a deposit surface for the standard

materials (mentioned above) and Orbagnseixbleextracts (bitumen and maltene)
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Orbagnoux
A) sample

Powder

L

Extraction with DCM
(for 48 hours using Soxhlet extractor)

Bitumen: soluble Kerogen: insoluble
organic matter organic matter
HF HCl

Extraction with
organicsolvents

Remove ssilicates

_ Aspha"er@ Remove carbonates (_Z*\Qu‘

: DCM/MeOH : .

Figure 2.4 A) Diagramof the preparation procedumgerformed on Orbagnoux samplévialten
in blue frame refers to the second DP Orbagnoux sample. Asphaltene wpsovided no
analyzed B) Polished slicgprepared from the upper part of ORBAS) Bitumenextracted wit|
DCM,; D) Kerogen after removing the silicates and carbonates

In the current study, only th@eces with thélack layers were chosen from tO&RBA3
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 solkefhix (Soxhlet) apparaty§igure 2.5) for 48
hours where round bottom flask was filled with 200 ml DCM and ¢fiass 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 Rotavaf00)Ro
obtain a dry bitumen fraction. The Soxhlet extraction yielded 1.6 g of bituFigaré 2.4C)

. 0 , . o+ et < . 8.
which represents a 1.7% extraction yielD( Xm+v?iii e 1 0 —). The

powder after extractioaf thebitumenweighed 87 g.

The maltene fraction of Orbagnoux was obtained ftbeDP 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 furthfeactionated 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 diftdeant Si wafers

prior to MS analysis.
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For the kerogen maceration, 9.5 g of the Soxékdtacted powder of ORBAS3 were further
extracted with DCM/MeOH (2:1 by volume) by Soxhlet extractor prior to treatments with
Hydrofluoric acid (HF) and Hydrochloric acid (HCI) to remove silicates and caré®na
respectively(Letcher, 2013)The residue was rinsedttvdistilled 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, Ecolgie etPaléontologie 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 deialelé copper tape and introduced into

the preparation chamber.

Figure 2.5 Four Soxhlet extractors using DCM solvent in the round bottom flask, place
heating bench. Each extractor contains the powdered sample in a cellulose thimble.
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2.1.3. Resins

Five resinsof different ageschemical/botanical typesmd geographical regionslatasukhindia,
Yanji-Ching extant dammarindia, Vastanindia and XixiaChing were providedby Prof.
Suryendu Dutta (Department of Earth Sciences, Indian Institute of Technology, IIT Bombay,
India).

The different resins studied are showrrigure 2.6. These imagewere collected using
Keyence microscope (VHX000) at different magnification levels. Five different samples were
provided: amodern(extant)dammar collected from West Bengal, eastern Iiiiliallick et al.,
2014)(Figure 2.6A), one earlyEocenesample frontheMatasukh lignite mine, Rajasthan western
India (Dutta et al.2014)(Figure 2.6B), one early Eocenesample fronthe Vastan lignite mines,
western IndiaMallick et al., 2014)Figure 2.6C), an early Eocene sample from Yanji, China
(from unknow type and agéfrigure 2.6D) and alate Cretaceous Xixia amber collected from the
Gaogou Formation at Wulgiao Town, Chi¢ghi et al., 2014fFigure 2.6E). The modern resin
and the fossil resins from Matasukh and from Vastan are class || ambers or dammé#Bezains

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

Figure 2.6 Microscopic images of the figtudiedambersecordedusinga Keyence microsco
(VHX-6000): a) Modern Dammaindia, b) Matasukhindia, c) VastanIndia, d) Xixia China
and e)Yanji China The scale bar for all images is 1Qf.
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2.2. Experimental MS approaches

Due to its sensitivity and versatilitynass spectrometry has become the analytical method of
choice in many scientific fields: proteomi€Trauger et al., 2002; Domon and Aebersold, 2006)
metabobmics(Fenn et al., 1989knvironmental analysi&anbs and Galceran, 2003; Ibafiez et

al., 2004) pharmaceutical analys{gatou et al., 2018)cosmochemistrySabbah 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) geochemistrfPomerantz et al., 2009; Thiel and Sjovall, 2011; Pomerantz et
al.,2014; Schultz et al., 2014)

In order tounveil as manyas possible moleculapeciegpresenton the surfacer in the
volumeof the samples, three mass spectrometric techniques were used in this studytéptwo
laser mass spectrometry (L2MS), whigtas implemented and developed timee PhLAM
laboratory, ii) secondary ion mass spectrometry (Sli#8)ga commercial sharedse instrument
available at the Regional Platform of Surface Analysis (UCQi8yersité de Lille) and iii)
pyrolysis gaschromatogaphy mass spectrometry (Pyrolysis -®GIS), a commercial sharagse
instrument available @he Unité Matériaux Et Transformations (UMEWniversitédelLille). The
operating principle of these three techniqués described belowas well as thexperimental

conditionsused duringhe experiments.
2.2.1. Two-step laser mass spectrometry

The wo-step laser mass spectrometry (L2MS) technique is based the coupling of laser
desorptiorablation(LD), laserionization (LI), andime-of-flight mass spectromgt (To~MS),

as schematically presented iRigure 2.7. The firstlaserstep (desorptiofablation is used to
transfer from condensed to gas phasmaetion of the sample surface (in case of desorption) or a
micro-volume of thesample (in case of ablationpreserving as much as possible the intact
molecular compounds, while the second laser stefz@ton)generats thegasphase ionsvhich

are furtheseparatd according taheir masgo-charge ratio (m/z)n some studies, desorption and
ionization are performed in a single stép.(using a single laser), the technique is then usually

referredto as lasedesorptionionization(LDI).
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1) Desorption laser beam

3) Time-of-Flight I Helectrode

mass spectrometer ﬂ.\‘” .

sample plate

liquid-nitrogen-cooled
Sample holder
Figure 2.7 The three stages involved ithe L2MS technigueat PhLAM 1) Lase
desorptiorfablation, where the sample is irradiated by a nanosecond pulsed teesen(green
which promotes the ejection of molecufesm the surface/volume of the sampklLasel
ionization, where tha@eutral molecules are ionized by a UV laser beam (violet), and 3)

spectrometry where thens are extracted and separated usfimgour casel ToF mass analyz
(black arrow showing the direction of the extracted ions).

The L2MS techniquehas been used to probe the molecular composition of Smhghle
in various fiéds including terrestrial (Mahajan et al., 2001; Pomerantz et al., 20aay
extraterrestrial materia{Sabbah etlg 2017; Sandford et al., 2008) has beeimplemenéd and
extensively used bthe ANATRAC groupat the PhLAM laboratory during the last two decades
for analysesmainly delicaed to characteriag the chemical composition of combustion
byproductqFocsa et al., 2006; Thomson et al., 2007; Faccinetto et al., 2013, Irimiea et al.,
2018; Duca et al., 2019; Focsa et al., 2020)

I n the previous studies, atl be TANATRAG orpewd
(RM Jordan, Inc.) with moderate mass resolutionDfm/~1000).A new, custombuilt L2ZMS
instrument (Fasmatech S&Figure 2.8) was implemented at PhLAM a few months before the
start of this thesisThe new i nstrument i's a fAhybrido RF/

radiofrequency (RF) ion guiding and cooling andieretfon timeof-flight (ReToF) m/z separation,
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in a very similar way to a previously installed instrument at the University of Tou{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 valveoiileermalization 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 classic&liley-McLaren configuration(Chandezon et al., 1994Dur

instrument is able to reach mass resolution of the order,of @@ , we o6l | t he+t efore
L2MS (i.e., high resolution L2ZMSjor the sake of distinguishing it from older L2Nt&truments

(RM Jordan, Inc.) of moderate resolution/ qo+h000), also available in our lab.

Figure 2.8 Pictures of the HR.2MS instrument (Fasmatech S&TDifferent parts of th
instrument: control unit, ToMS, He cylinder, ion source (on the left). A closer look ol
different parts of the ion source: sample holdss inlet, gate valve, load lock chamber,
segmented PCB octupole ion trap (on the right).

The HRL2MS instrument consists of the following three magarts: 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.
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2.2.1.1. Laser desorptiofablation

During the desorption/ablation step, the energy lalsarpulse 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 kas¢rinduced local heating. The applied laser fluence
(defined as the pulse energy per unit of irradiated area3)/omust be carefully adjusted to

promote efficient desorption while avoiding extensive molecular fragmentation. Other parameters

can influence e 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 swdansitive analytical technique saonly the

species present on the sample surface are transferred to the gas phase. At higher fluences, a crater
(usually um depth) will be formed, resulting in the ejection of a sample maitone, we speak

in this case of laser ablatighlaglund, 1996) A <c¢l ear | anguage separat.
and fAabl ationd has enotasyat choeremu nridaghewe 6ild  ttt
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 (<1um depth) at the surface

of the analyed sample.

The desorption/ablation process was performed using "ther 2he 4™ harmonis of a
Nd:YAG laser (Quantel Brillian= 532 nm or 266 nm, 4 ns pulse duration, 10 Hz repetition rate).
The optical path of the desorption laser is schematizEgyjure 2.9. Both used wavelengths share
the same optical path. The laser beam profile used was shaped d=gpagile, using a home
made telescopeonsisting of a divergent lens (50 mm), a convergent lens (f= 200 mm) and a
pinhole. For each analysis, the energy of the laser is adjusted with aneheeattenuator (circular
variable reflective neutralensity filter, mounted on a stepper mot@lgced before the power
meterusedto measure the desorptiguilseenergy. The lasdoeamis then directed to normal
incidence onto the sample surface. The beam diameter on the sample surface is routinely measured
using a photosensitive paper: the laserknaa the paper is measured using an optical microscope
(Keyencemicroscope VHX-6000) and the beam diameter is inferred from periodic calibration
with a beam profiler (Beamage, Gentecf)e desorption/ablation laser beam entersattadysis

chamber through a quantzi nd o w, passing through a hole in
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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-®H51/cm dependng 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.
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Figure 2.9 Desorptiorablation laser beam optical path for HR2ZMS (common for both 5:
nm and 266 nm used wavelength8). distances are given in centimeters. The rel:
dimensions presented are not to scale

27



Chapter 2 Experimental

2.2.1.2. Laser ionization

Various ionization methods are available in the MS field. Eledirgract(El) is a widelyused

one (e.g. in GEMS, see below), but because of the excess energy transferred to the molecules, it
leads tdragmentatior(Van Berkel, 2003; Vestal, 200 hotcionization is another widelysed
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. Variousqtipation
mechanisms applied to some classes of chemical compounds are presehigdren2.10
(Desgroux et al., 2013)f the energy of one photon is higher than the ionization potential of a

given species, Single Photon lonization (SPI) widtar. Several photons can be absorbed and

4 PAH Alkanes e Alkenes v Alkyl-PAH Dienes
12 SPT___ _REMPI
- 100ev | |
9.32 eV

> &, A
9, ﬁ ﬁ g § = A J‘ N
. 888gda oo b
5.00 eV |

466 eV
4 A 3.68 eV 4

0.08 / 7
0.06 i
0.04 4 ]
88%— 118 nm 157 nm 193 nm 266 nm 248 nm 337 nm -

0 10 20 30 40 50
Carbon Number

Figure 2.10 Photoionization mechanisms of some chemical families, with commonly use
wavelengthsised in our laboratory (reproduced from Desgroux et al., 2013). SPI: single |
ionization, REMPI: Resonar@nhanced muiphoton ionization, MPI: mukphoton ionization.

their energy can be added to ionize a molecule/atom of a certain ionization energy. This illustrates
the case of MultPhoton lonization (MPI). In this case, the molecule/atom absorbs the energy of
a photon and ipromoted 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 ionizatien cross

section of MPI processes is rather low. In the case of Resonance Enhancdehidiati lonization

28



Chapter 2 Experimental

(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 ionizatio26& nm, which is known to be resonant for some
aromatic compounds (in a resonanplibton 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 udiegdiesorption/ablation
laser, the so forme@ertica)ii pl ume o i s irradiated by an ortho
by the 4" harmonic of the Nd:YAG laser (Quantel Briliane= 266 nm, 4 ns pul s
Hz repetition rate). The optical path of the ionization laser is illustratdeigmre 2.11. The
distance between the sample andfthie r s t ion optics electrode ('t
above the sample) is small (53nm), for this reason the ionization laser was shaped into a
rectangular sheet of 0.5 x 0.25 Tusing a rectangular slit. The ionization fluence was adjusted
for each sample individually.

lon source

Retractable power |-
meter head

éQuartz window

Sample holder

15
45 Y
6.5 ¢

102

Figure 2.11 266 nm onization laser beam optical path ftre HR-L2MSsetup. All distances
are given in centimeters. The relative dimensjpresented are not to scale

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. A4 ps delay between the two mds of wasset usingdigital channel delay generator
(Stanford Research System, Inc (model-b&5))
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2.2.1.3.lon guiding and cooling

Once the molecules are ionized, they are extracted from the analysis chamber and guided into the
segmentednultipole, by a set of electrodesSigure 2.12). The voltage applied on each electrode

was determined from ion simulations to maximize the ion transmifBadie 2.2), in positiveion

polarity. For negative ionspppositesign of each voltage is applied on electrodesthe side

injection ion source, the ions generated are extracted in an orthogonal direction (orange dashed
line) and guided inside thaultipoleion trap with the applied voltages on the sample plate, back
plate, and electrode 1.

35
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Figure 2.12 Schematic diagram of the skilgection ion source: DC voltages on the segmer
the ionguidetrap (a), sample plate, back plate, electrodes 1 (up and down), Linul&pole ior
guidetrap, L3 transfer lens and RF hexapole ion guide (b). Dimensioasgaven in mn

Reproduced fro.Ducads PRBOR20 t hesi s
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Table2.2 The DC voltages applied on various electrodes ramndtipolesegments for detecting
positive ions.

Electrode  Voltage (V)| Electrode Voltage (V)
Sample plate +95 S +29
Back plate +187 S +23
Electrode 1 up +29 S +22
Electrode 1 down -34 S +19
L1 +20 S +22
L2 -30 Ls +35

The multipole ion guide/trap is an enclosed differentipllynped vacuum compartment.
It is composed of 7 independent segments, where eadirtoatpair of insulating rings (polyether
ether ketone, PEEK) radially slotted to fit eight plated R@inted circuit boardsglectrodes
matched togetheiF{gure 2.13). The segments are compressed together using a PEEK flange at
the entrance and a stainlessel ring at opposite ends. The flange is also used to position the lens
electrodes (injection lensg 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.

RC network
By iu‘m.-T 5 1
B X

lon optics

Injection Sample

lenses holder
Figure 2.13 3D model of thenultipoleion guidetrap (from
FASMATECH)
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Pumping is applied through a gap between two bottom PCBs. Electrical connectiormsaiedpr

at the top interface delivering RF and DC potentials to each of the segifenten 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. Traagmission 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 theiland L lenses. The ions are radially cordd in the first three segments
(S1-Sg) 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 inertags molecules in the ion trap (segmeg)t B this configuration, Helium
(He) is used as collision gas to help in the thermalization of theg(Ramanastasiou et al., 2006,
2008)

Moving from the first three segments (octupolar field), the RF field changestisupolar
from & to §. 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 &odiffusive jet flow, and then the
guadrupolar field is used to compress radially the ion packets. This allows a high transmission of

ions through the narrow apertures)ito the ToFMS.

The gas introduction and the two laser pulses should be syncltoimzéhis current
configuration,He gas is injected in the segments for 240 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 45. Thermalization of ions starts in the first segments, and
continues to segment $r 25 ms. The ions are then transferred it lowering the applied
voltage, leading to the axial compression of the ion packet. The ions are trappédribSms
andthen 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 massspectrometry

The thermalized ions are separated according to their m/z ratio in a reflectreof-filght
(ReToF) mass spectrometdfiqure 2.14). The ions are extracted from the ion guide and
accelerated by an electric field created by a series of electrodes,A#ith876 V and = - 8320

V, seeFigure 2.14. The ion initial kinetic energy distribution is corrected for in a-stage
reflectron (\k1=-4820 V and 2= +685 V)(Mamyrin, 2001) The reflectron uses an electric field
to change the trajectory of the ions by slowing them aratcelerating them back towards the
detector. It is used to improve the mass resolution by compressipgadkas of same m/z ratio.
The time passed in reflectron compensates the-aifrfiight difference of ions having the same
m/z. In addition, it elongates the flight distance (almost double the length of thB1Fdkbe)
which further increases the mass resolution. The ions arri/ergract the detector (MagneTOF),
set at +1950 V. This impact starts a plunge of electreb€ lectrons for one impacting ion),
propagating through the channels which amplifies the original signal by several orders of
magnitude, and generates currentlomanode. This current is then recorded raoditored with

a digitizer at a time resolution of 0.5 ns and transferred to a PC with a ebstibsoftware to be
treated further.

; ; Liner (Flight tube) ~ Extractor

Two-stage |y oo a9 V= -8320V V,=-1876V
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Figure 2.14 Path of ions in theeflectrontime-of-flight mass spectrometer of HRMS
(Fasmatech, S&T)
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The ion packets extractedtothe TMFS ar e fAspatially stretchedo c
as illustrated inFigure 215( yel | ow i on packets). Sever al p o
wi ndows 0) are selected based on the time del ¢
recorded for all mass windows setied are combined into a single mass spectrum. These mass
windows were determined by their transmission function and explained in defaiinitru

Ducads P(busa, 2080eSeversmass windows were selected and used during this work.

Delay
generator
A fzzzzzzzz:z:d
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Figure 2.15 Schematic representation of the ion path (red dashed line) inside the2ME
from ion source to segmented PCB octapole ion trap into theVi®besorption waveleng
can also be 266 nm. The ionization laser beam passesviee n t he @A s amg
and the sample holder.

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 swds. It has proved to be of high importance in several
fields such as material sciences, bioscienard Earth science Beyond Earth,Cometary
Secondary lon Mass Analyzer (COSIMA) on board the Rosetta ovteidesigned to study the
composition of cometry dust particleHilchenbach et al., 2017; Bardyn et al., 2017; Fray et al.,
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2017) In SIMS, the surface is bombarded under ultrahigh vacuum using a beam of high energy
(keV) primary iongBenninghoven, 1994F5econdary ions are released from the surface at every
primary ion pulse and recordedgmduce a mass spectrum. SIMS arises from its high and spatial
resolution, providing chemical and distributional information of a sample suySacki, 2004)

The timeof-flight ToF-SIMS® instrument(ION-TOF GmbH installed at the Regional
Platform of Surface Analysis (Uiitle Catalyseet Chimie du Solide, UCCSIrigure 2.16b), was
used in this work to study the organic sotikltract of OrbagnouxChapter 4. The sample is
attached to the sample holder and introduced into the analysis chamber (residual pressure 10
mbar) through the loalbck chamber. A valveopened between the two chambeblows 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: statia atynamic,that correspondo the regime of
sputtering from the sample surface by the primary ion lgpioally 102 to 103 ions/cnt (Thiel
and Sjovall, 2011)The static mode igenerdly usedfor the analysis of the first morayers of a
sample surface, le the samplevolumeremains undisturbed. The dynamic mode is used for
sequential ablation of rimo pum-deep layers of samples, which are usually alternated with
analyses in static (or neatatic) 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 spectrigenerated reveals characteristic fragments that can help
identify the composition of the sample surfaBeth secondaryon polarities wereecordedn our
study.Bis" is used as the primary ion source since it is highly efficient in ionizing orgarmiespe
and minimizing fragmentation. The energy of the primary ions" B 25 keV with a current
intensity of 0.29 pAPulses of ions, within a focused ion beam qfm diameter at the sample
surface and a pulse length of 1 ns, hit the sample surfa@mples zone of 50Qm x 500um is

analyzed.

Uponbombardment, the energy of the primary ions is transferred to the atoms/molecules
of the sample (process is illustratedrigure 2.16a). A cascade collision occurs between the atoms
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in the solid, followed by the emission of atoms/molecules (via sputtering), where a small fraction
of the sputtered molecules becomes ionizextdadary ions, representlD % of the ejected
speciels These ions are then extracted from the sputtered region using ion optics and guided to
the timeof-flight mass spectrometer (TS, average mass resolutionaart 40006000). The

signal is recorded ugg a multi-channel plate (MCPyletector and can be averaged over the
measuredareaproducing 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 ionsspeciesdistributed across the whole mass range. The mass resolution of this
technique is highly dependent on the length of the primary ioe @tilskerman and Briggs, 2013)

and otherinstrumental parameteend characteristics of the samijéeg., surface smoothness).

Low surface roughnessrequired in ordeto obtain high mass resolutigRadel et al., 2020)

a)
Dual source
Neutral c O -sputterin Reflectron
econdary
molecules ons (Cs* &0 // ToF-MsS ‘ l
Primary © ‘
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'« Analysis
chamb:

Analyzed sample

Figure 2.16 a) The SIMS working principle, and picture of the TOF-SIMS instrumentavailable
at UCCS, Univ. Lille), showing its main parts:zBion gun (primary ion source), dual sou
column sputtering (Cs& O2"), loadlock chamber, analysis chamber and reflectron ToF
analyzer

2.2.3. Pyrolysis gaschromatography mass spectrometry

Orbagnoux kerogen wamnalyzed using pyrolysis gatromatograpyh mass spectrometry (Py
GC-MS) at Unité Matériaux et Transformation (UMET, CNRS UMR 8207, Université de Lille)
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The sample wagyrolyzed using double shot at 380 and 600 °C for 0.5 min with a Frontier Lab
Multi-shot Pyrolyzer (EGA/PY3030D). The pyrolyer is coupled to a Shimadzu GCMZE?2010

SE systemwith a SLB5MS column (30m x 0.25 mm diameter x 0.25 pm film thickness). The
sample was injected in spless mode. The initial oven temperature was kept at 40°C for 2 min.
and then ramped to 300°C at a raft&°C/min and kept constant for 5 min. The solvdglay was

setfor 2 min. The MS ion source was @ectronimpact(El) mode with 70 e\klectron energy

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

in full scan mode in a mass rangei4600u.

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 ttleemical composition of the analyzed sample is known

(such as a referenceohaculefor which the fragmentation pattern has been analyzed using other
techniques). It becomes harder when it comes to an unknown sample bearing -adngigx

mixture, such abitumen(Mandal et al., 2019r kerogenVandenbroucke and Largeau, 2007)
2.3.1. m/z s@le calibration

In time-of-flight mass spectrometry, the relationship between the-toadsarge ratian/z of an
ion and the time takehy this ion to travel a fixed distance (fiefcee path) and arrive at the
detector is quadratic in the flight tinhes describedin first approximation) byhe equation below:

ary 60 O

whe A addd ar e t wo par amet er s ntdl ¢toaditionsl €opdeterdineo n t h
their values and calibrate any spectrum, two peaks at least are required. Usually in soft ionization,

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

units and we will also s ( somehow abusively) the term fma
cal i br at i on eaccurhcy massacalibrationf thishrequgtion (derived for the time needed

to travel a fieldfree dstance with constant speed) cannot be applied, as we have ittec@hso
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the time spent in the extraction/acceleration/reflectron regions. For this reason, -tt&EMIR

spectrometric data generated are more commonly calibrated usihdeme polynomial:
i7g 16 "0 #
whereA, B andC are parameters to be deteneul 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
crosscontamination). A mass spectrumoftiic al i br ati on standar do s amg
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 (Sigr#sdrich) was used as a calibration standard.
Fullerene soot contains various fullerene species among whigim 720) and & (m/z 840)
are the most stable structures. Mass spe€igu(e 2.17 andFigure 2.18) revealed the presence
of fullerene G with n being an even number ranging from 56 tpv@ile in the lower mass range,
a series of carbon clusters was detedkegure 2.17 and Figure 2.18 show examples of mass
spectra recorded for fullerene soot in positive and negative polarities, respectively, with 532 nm

desorptionwavelength Similar spectra were recorded witte 266 nndesorptionaser.

Once we use thpeaks 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 detaateslit,
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 dlllerene soot recoredd using HR.2MS inpositivepolarity,
with 532 nm desorption laser. The label indicates carbon number.

35000
4 Fullerene_soot_Cg, Negative
] c- Desorption laser @ 532nm
30000 4
172
- 4
= i
- 25000
o i
=y ]|
g, 20000 - 121
o ]
e o
< 15000 -
— 1 |oe 132
© .
c i i
k=) ~ Ceo
¢ 10000 - gq||pa4
5000 Faq 1%
] T e 58| 66 70
o L lLle .516 LIHML.L
: e I P
200 400 600 800 1000 1200

m/z

Figure 2.18 Mass spectrum of fullerene soot recorded usingL2RIS 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 selecteslgfithkeir
to-noise ratio (S/Njs higher than a defined threshold (seB to all our studiesand assigned to a
specific molecular formuléollowing various methods, among which the most used was#ss

defect analysis

The nuclear binding energy is different for e@dbbar (species with the same number of
nucleons) The mass defect (opom) is defined as the
and its nominal magiteger mass valuefplotting themassdefect for a given spectrum can help
to visually identify and assign peaks to different chemical familidgs been proven to act as a
powerful technique for chemical assignm&iieno, 2012; Duca et al., 2018)nd has been used
in our groupmainly for assigning combustion produd¢Buca et al., 2019; Irimiea et al., 2018)

For instance, the exact mass of Carbon até@) (S mixac=12.000000 u, and & for Hydrogen

atom ¢H) is mexac=1.007825 u. This resulis a mass defedor °C and'H o fc=0cpmall mass

def ect h=+t@AOWB25dpositive mass defgatspectively. Species withe same number

of carbomatomsbut different number of hydrogerians have a positive mass defect proportional

to thenumberof hydrogen atoms~or example, the mass defect of pyrene moleculgHie; m/z

200i s @m=+0. 078250 w@and sufwatoes/have 3 negativg rgassndefect of

g m=-0.005085 uand qpma=-0.027920 u, respectively. Therefore, speaestaining multiple
(successive) oxygen or sulfur atoms will exhibit negative slopes in the mass defast gitotvn

in Figure 2.19%. Such representation simplifies the visualization of complex mass spzectie

one displayed inFigure 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 linisanor0 corresponds to carbon
clusters. Mass defect analysis can be applied to our mass spectra since they feature high resolution
( m/ quptel5,000)as well agoodmass accuracy (€230 ppm).In this work, mass defect plots

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

sampleand fossilized resin samplasorder to assign chemical formel detected peaks.
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Figure 2.19 (a) Mass spectrum of tholins in positive polaritgcorded withan Orbitrap mas
spectrometer, (b) mass defebbt of this spectrum, evidencing some chemical families al
along highlighted slopeg¢Reproduced from Vuitton alt., 2021)

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 @edpsise

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 spectrometrac giterated by L2MS in our
laboratory have been traditionally treated by multivariate statistical me(bods et al., 2019;

Irimiea et al., 2018)such as therincipal component analysis.

The principal component analysis (PCA) is a powerful statistical tool used for the analysis
of data sts of probed samples (observations) described by several variables which are inter
correlated. It is used to identify hidden patteritsyeduce the dimensionality of the data by

removing the noise and redundant variables while preserving the majohty iofarmation, and
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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 compleXAtiten and Baker,

2007) The algorithms used isolate important data from a given input and express it in form of new
variables, knownas principal compones{PC). A PC corresponds to ankar 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 varppkedangasvmass i ni t
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 inteyp®f 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 approaclirimiea et al., 2018; Alexandrov, 2012; Cejnar et al., 2018)this study,
normalization to TIC was considered. All mass peaks with a stgradise ratio higher than 3

were considered.

The variance of the integrated peaks has usually -ahape distributin. 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 otaked variance (e.g., 780%) are considered.
Another common practice in determining the optimal number of PCs is to use the scree plot
(Figure 2.20) which representshe percentages of variances by each PC (proportional to its
eigenvalue) and to identify a point where the slope significantly cha@gg.the components
bef ore the change(PeéresNetootwald2086f e consi der ed
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Figure 2.20 Example of a scree plot showing the contribution of each principal compone
the cumulative contribution (red dots) of all principal componeiitse trend line of tf
component contribution is shown i n uldlyfar
this scree plot, the first two principse
contain the maijority of the meaningful data.

By projecting the observations (mass spectra in our case) onto-dinemsional sub
space, it is pssible 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)dt 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.
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Figure 2.21 Example of a score plot showing the contribution of each observation (mass ¢
on the first two principal componeniBhe observation can be easily grouped into three clt
(C1, C2 and C3). Reproduced from Ducalet2019.

Loading plos (Figure 2.22) whichillustrate thecontributionsof all the initial variable$o
the PCamay also baisedfor peak assignment (based, e.g., on fragmentation proceEsesg
plotsshow how strongly eackariableinfluences a principal componefithe sign of the loading
is importantas itshows the correlation among variables.
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Figure 2.22 Example of loading plstshowing the contribution of each/z peako the first twi
principal componentg¢a) PC1 and(b) PC2 The contribution of hydrocarbons and oxygen
species are shown in different colors. (Reproduced from Irimiea et al., 2019).

2.4. Development of acombinedsystem for optical andchemical imaging

In order to study Orbagnoux roekid other paleontological sampbt micrometric scalaye

developed a new system combining an optical microscopehé@tiR-L2MS.

24.1.

Overview of existing masspectrometry imaging techniques

The ability to determine chemical species and their spatial distribution on a sample surface, known

as chemical imaging (Cl), is of great importance for surface chemical characterization. Chemical

imaging has been used irffdrent fields of applications anglith different analytical techniques
such as Ramaspectroscopyiepot et al., 2009; Foucher et al., 20Id&gctron microscopfRades
et al., 2014pandmass spectrometfAdams and Barbante, 2015)

One of these methods is the combination of mass spectrometry and chemical imaging,

which is know asmassspectrometryimaging (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 beenificantly expanded with the development of new
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ionization techniquesuch as secondary ions, liquid extraction, spemd laseibased(Perez et
al., 2019) It is applied in different fields: biological and biomedical resefsdmafer et al., 2009;
Chaurand, 2012; Lanni et al., 2012; Zou et al., 20g&leontological resear¢flammann et al.,
2020; Pan et al., 2019; Wiesendanger et al., 208)aterrestrial sampld€lemett and Zare,
1997) etc.

Available mass spectrometric imaging techniques can be categorized intéaserbased
and lasetbased SIMS and nanSIMS are among the most common Hdaserbased techniques
(Colliver et al., 1997)ToF~SIMS provides high spatiesolution images (suimicronto 50 nm),
which may allow the location of biomarkers at sulcroscopic scal@ollmer et al., 2003; Thiel
and Sjovall, 2011) but leads to extensive fragmentation due to its hard ionization mdthod.
addition, nancdesorption electrospray ionization (naD&Sl) is characterized by Ilow
fragmentationbut has the drawback of using solvegttaskin et al.2018)

Matrix-assistedaserdesorptionionization (MALDI) (Doroshenko et al., 2002ndL2MS
are the most commonly uskerMSI methods applied in bioscienc®ALDI records the spatial
distribution of highmass molecules using molecular ions, with gu&btypical spatial resolution,
with recent improvements reaching pm resolutior(Zavalin et al., 20132014)and even 04.5
pum (Spengler and Hubert, 2002Y1IALDI can however be limited by the possible interaction

between the matrix and the sample.

A further classification of MSI methodsan be based ottve mode of operatianunder
vacuum orat atmospheric pressur&igure 2.23 summarizes available techniques that operate
under vacuum and at atmospheric pressalmngwith theirtypicalbestlateral resolutionSIMS,
naneSIMS (Laskin et al., 2019)< 0.25um) and L2VS (Gross, 2021jbetween 10 and lm) are
the most common techniques that operate under vaclinese techniques provide high spatial
resolution but can be limited only to those samples that are compatibleatwalyzed under
vacuum However,atmospherigressure MALDI(ROmpp and Spengler, 2013aser ablation
electrospray ionization (LAES(Nemes et al., 2008)aserassisted rapid evaporative ionization
(LA-REIMS) (Schafer et al., 2009nhanospray desorption electrospray ionization (F2B&I)
(Laskin et al., 2012and SPIDERMAS$Fatou et al., 2018; Saudemont et 2018)operate under

atmospheric pressyrehich helps in analyag a broaderange ofsamplesbut are quitdimited
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in spatialresoluion (usually inum rangg. On the other hand, neéield MS techniquesuch as
nearfield laserablationion trap TOFMS (NFLA-IT-ToFMS) (Schmitz et al., 2008nearfield

laser ablationquadrupole MS (NALA-QMS) (Stockle et al., 2001)nearfield laser ablation
inductively coupled plasma MS (NEP-MS) (Becker et al., 2006nd neatffield desorption post
ionization TOFMS (NFDPI-To~MS) (Yin et al., 2019xan achieve a lateral resolution down to

50 nm, but are somehow more difficult to implement at atmospheric pressure (because of the

limited efficiency intransferring ejecta from the ablated narmdume towards th&S vacuum).

(" nano-5IMS
= > Hard ionization
T p-LDI/L2MS % Vacuum
£ -~ resolution .~ Reduced fragmentation prd Expensive
E _< o ~ Selectivity, sensitivity
S X sample prep. & compatibility | v Geometry limits focusing NDPI-TOFMS
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Atmospheric Pressure (AP)
A

Figure 2.23 Summary of availablmass spectrometry imagitgchniquesAll abbreviations are
explained in text.

Following the path of other ionization method in M&icroprobeL2MS has been proven
to be a powerful technique in analyzing ancient terrestrial r@lksvs et al., 2003)As a part of
the M6fossils projecta novel sidenjection ion source for microscale HRMS (UHR-L2MS)
was developed in our laboratory in collaboration with Fasmateche®& TUniversity 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 pHR2MS in our laboratory.
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2.4.2. Optical and mechanical setup

This section provides a detailed description of the different @amsembledo develop the
combinel system of optical and chemical imagiddne sample is positioned using translational
stages ECS3030and ECS3050, Attocube Systems AG) driven by {pgécision piezoelectric
displacements. This, combined with a custbesigned sample holder allows to pta
transmission/reflection optical microscopy with laser desorption / laser ionization of chemical

speciegFigure 2.24)

A reflective objective (Cassegrain X15, Newport 50025 numericalaperture 0.4,
working distance 24 mm, diameter = 49.3 mm, height = 38.6 mm, (BBRMStype extenal
thread) wasmplemented 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.objestive is coated with Al and
MgF2, providing a reflectance better th&0 to >90% in the 266 nm10 um wavelength range.
The laser damage threshold is of 100W/cmz2 at 532 nm, continuous exposure (Newport, personal
communication), and not specified foulped lasers. This same objective is also used to
visualize/image the sample surface in real time using transmitted or reflected whit&itjgine (
2.24, Figure 2.25).

Gate-Valve

Load Lock Chamber

Post lonization Window

Figure 2.24 Schematic representatigaide view)of the new ion source, including the
Cassegrain objective anttierefractive objective
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A refractive objective (10X Mitutoyo PlaApo, 0.28 NA 34 mm WD) housed below the sample
stage, is used as a whlight condenser for transmittdayht microscopy. This objective is
mounted on a vertical translation system, and an iris placed between it amditth& ED light
sourcMCWHL7, Thorlabg so hat Kohler illumination can be adjusted to various samplas.
objective might be used to focus ldlmence desorption lasers through the sample (e.g., a thin

film sample deposited on a transparent glass slide-tmati&parent window).

o [ e ;‘J‘E
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lons I/f

To Mass onization
Spectrometer + |L— laser Sample
“ i
/Desorption
/ plume \

1 Refractive

objective
57 Transmission
ight source

Figure 2.25 Schematic representation of the new ion source, integrating the three stages
(left panel), and the internal configurations of the different parts combined to
focusing/microscopy partsonization beam can be positioned above or below thekapiate
electrode.

The different arts used to develop an optical microscope that can be used for chemical
imaging with L2MS are: reflection and transmission light sourcegth their corresponding
controlles, refractive objective (below the sample holder), reflective objective (Cassegnaim
camera folive visualization of the sample$he different parts of the microscope are shown in

Figure 2.26(A). The pathwagof the desorption and ionization lasers are shovagare 2.26(B).
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Figure 2.26 (A) Optical parts of thei-HR-L2MS setup: camera, reflection/transmission lig
sources and their controller Cassegrain objective and refractive objecti(i) Optical path o
desorption and ionization laser beanms the ui-HR-L2MS setup. The relative dimensio
presented araot to scaleThe ionization laser beam is positioned between the sample surfe
the sample plate electrode.

The desorption laser beam passes through the reflective objective and is focused on the
sample surface studied. Its spidmeteron the samplean be adjusted by the distance between
the sample and the objective. The position can be controlled by moving the sample aleng the z
axis and a micrometric screw above the objective. Thedipotetercan also be controlled by
adjusting the diameter offanhole that is lying 10 mm frorthe beam combinefror this purpose,

Orbagnoux slice was first used to determine the dipoheterof the desorption laser

2.4.3. Chemicalimaging 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 peakample surfaceasteing will be easily perbrmed due to the presence of

translation stageéXYZ) of a maximum drive velocity of 4.5 mmie enable acquiring mass
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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 thgestral axis (m/z)Rigure 2.27Error! Reference source not

found.). After defining the X and Y dimensions on thangple to be mapped (controlled by the
software), a spadiameterof the desorption laser beam must be determifedftual grid would

lay out to help understand/design the rastering procedure, and the desorption laser fires each
Api xel 0 ®hedesorpton spadianteter(green circle)s typically smaller oequal tothe

pixel size(defined by the rastering step sizeprder to avoid oversampling. At each piggieen

square) a mass spectrum will be recorded showing the chemical species @eseist pixel
position. After rastering the chosen surface by following the red dashethknteajectory of the
desorption laser on the sample, by moving the translation sieganalysiproduces data cube

T a threedimensional block. A chemical image is obtained by plotting the spatial variation of the
signal associated with one sgveral chemical species (m/z).
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Figure 2.27 Representationfahe rasterbased chemicamaging A mass spectrum is obtair
for each pixel (green square) and holds the information about the chemical compositio
irradiated zone by the desorption laser (green circle). The red dashed line represents thary
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 i
order to test the spatial resolution capabilities of the setup. The first che@maga was obtained

for a section o& fine pattern, for instancetr@nsmission electron microscofyEM) copper grid.

Figure 2.28 illustrates the chemical image obtained for a-8@#sh TEM copper grid of 9%m

hole and 3Qum bar width. For this measurement, the desorption spot diameter was decreased to
20um and a stefpixel) size of 25um was usedThe signal of Cu was once again used to construct
the chemical imagé\ smaller desorption spot and step size carebehedo improve the quality

of the obtained imageg&igure 2.29 shows the chemical image of a TEM copper grid ofi85

hole and 4Qum bar width, obtained with a pixel size of fibh x 15um and a desorption laser spot

of 10um.

TEM grid Cu signal

0.5

800 um

Figure 2.28 Analyzed section of a 200 mesh (95 um hole and 30 pum bar) TEM copper g
its corresponding chemical image (33 x 33 pixels) obtained from the signal of Cu.

TEM grid Cu signal

0.5

< >
o 1215 pm

Figure 2.29 Analyzed section of a 200 mesh (85 pm hole and 40 um bar width) TEM cop
grid and its corresponding chemical image (81 x 81 pixels) obtained from the signal of C
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One of tlke 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 capabilita sample composed of a TEM grid (@ hole and 3Qum bar width)

was placed on a top of a PhenanthreneH{) pellet and analyzed with a desorption spot diameter

of 20pum and a step size of 38m. Phenanthrene can be probed only through the openiinigs o

TEM grid, and its chemical image will be acbtrrelated with the one obtained for Grigure

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 chankiglaré 2.30, d). A similar

pattern was obtained from the signal of carbon clustarsaf@ Gs) (Figure 2.30, €)

TEM grid on phenanthrene

Cu

I 1
| mm— ®
. M TEM grid

B | | 0.5
o — Phenanthrene
pNT) .
- >

800 um

CiaH1o Cu & Cy4Hyg

C,
1 Cu 1
(C) (d]
0.5 0.5
0 Ci4H10 0

Figure 2.30 Analyzed section of a TEM grid placed on top of a Phenanthrene pellet (a) ar
corresponding chemical images (33 x 33 pixels) obtained from the signal of several comj
Cu (b), GaH10(c), both togethe(d), and carbon cluster@Cisand Gs) (e).

53



Chapter 2 Experimental

We wereexcitedto extend the work towardsealworldo samples after observing the success of

this preliminarystudy.A printed circuit board (PCB, a coppglated fiberglassimagedfollowing

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 64.92gure 2.31 shows a scheme of the rasbased chemical
imagingof 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.n\tledesorption lasbeam irradiatea zone

where Cu atomexist(blue arrow)we record a mass spectrum showthg Cu isotopesWhen it

irradiates a zonégreen arrowyvhere there is no Cu coating (no Cu atome)Cu signal is detected

in the recordednass spectrunThe chemical imagsogenerated is shown Figure 2.32.
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Figure 2.31 Chemical imaging raster for a Golated PCBand recorded mass spectra show
presence or absence of Cu signal on two analyzed pixels

0.5

1.5 mm

Figure 2.32 Section of the PCB sample ( left), the analyzed squared sextioter) andCu-signal
chemical image (22 x 22 pixeB8 um pixel size, right
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An Euro-cent coin was also analyzed and a chemical image was produced witimepi| size
(Figure 2.33). The chemical image was obtained from the signal of titanium dajm@ied on the

upmost surfaces of the coin)

Figure 2.33 Example of chemical imageecorded byiL2MSon a titanium oxide coatedugzo-
cent coin(left); the analyzed region of 1.5 X 0.8 cm is shown in the center picture, the che
image produced following the signal of titanium oxide is shown on the right.

In order to achieve the best lateral resolution that is defined by the smallest laser beam
diameter, several experimentarpmeters 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 ablegm down to 3um lateral resolutionFigure
2.34 shows the successive lateral resolutions we were aklehieve . The best lateral resolution

achieved so far is gm.

Optical image Pixel size = 30 ym Pixel size = 15 um Pixel size = 3 ym

Figure 2.34 Optical image of &EM grid (left) and its correspondindnemical images at
different lateral resolutios: 30 um, 15 pm, and 3m (from left to right).
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2.4.4. Preliminary chemical images produced from Orbagnoux slice

After testing the optical microscope anbtainingreproducible chemical imagedsom several
types of samplesye moved towards Orbagnoux slice as a geologiatlralsample The sample
slice was analyzed with a 30n-diameterdesorption spoand % um stepsize.The slice on the
sample holder with the produced chemical images are showigume 2.35. We were able to
construct chemical imag following the signal intensity otalcium hydroxideat m/z 56.96
(CaOH). It is spread over the yellow region which is characterized by calcium ratdso
Calcium clusters such agC0OH", Ca0sH7", CaiOgHo" and GuOgH11" were also reproduced
from the yellow regiorby following the peak signal intensity atzrl32.92, 166.95, 296.&hd
314.89 respectively However, iron (F8), bi-sulfur (S2*), barium (Bd) and barium hydroxide
(BaOH") wereall reproduced from the black line on thght side of the slicdy following their
signal intensity at m/55.93,63.944,137.90 and 154.90 respectiveQuring analysis, we were

able to observe the sliceing only the reflection light but not with transmissiight because of

the thickness of the sample.

Figure 2.35Chemical images produced franalyzingOrbagnoux slicen positive polaritywith 50um
desorption spotliameterand 50um step sizeOptical image of the interested region (upper |
constructed chemical images following the signal intensity GfG&OH", S, C;CaOH", Ba', BaOH',
CaOsH7", CayOgHo* and CaOgH11".
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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 araVingpits focus ability. Each laser is
characterized by Kiquality factorwhich 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 arf#1.2 Nd: YAG laser. Simulations profiles of the new laser at 266
nmwavel ength with the current reflective objec
Marc Le Parquie(Figure 2.36). It shows that the theoretical diameteeflLis close to 0.fum if

the sample is in focus. It also shows that any defocusing alongéakis Zbove 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 reflectivebgective with a higher numerical aperture canebgisagedo

3.10° ;
L 2 :
2.10°
T

reduce the laser spot diamete

Input beam: 46mm diameter (FWHM)
Size computed at 1/e? threshold

15 ’

[um]

10

Diameter @ 1/e?

4300 nm

-25 -20 -15 -10 25

Z-Z0 [um]

Figure 2.36 CODE V smulatiors of thenew purchased Nd: YAG£ 266 nm M 2= 1.2) laser
focusingby 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 willpr es en't some dApr el iL@MSNiastrument avdilabld ate s wii
PhLAM, performed on s elTaegoa o thdse expgenmemswaset@o mo | e
fold: first, to characterize and optimize the response of the instrument in various configurations
(both L2MS and LDI modes were testelifferent 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 LZM&ndbr LDI, associated with high resolution ToF

MS, might be a great asset in helping data treatment of the retulte producedn LDI-mode

with lower resolution MS by thMIOMA instrument onboartheé Ro s al i inndé Frt@en&d of
ExoMars missiorfLi et al., 2015; Goesmann et al., 2017b; Li et al., 2017)

3.1. Studied reference molecules

The five selected reference molecules wBréBOC-L-Tryptophanchosen as a model for amino

acids bearing an aromatic ring+cholestane represémy the sterane chemical familyU-

tocopherol (Vitamin E) represenyy an aromatic ring with a side aliphatic chaig-n-
hexylthiophene molecule represiagt the thiophene chemical famjlyand Vanadium (1V)
etioporphyrin Il oxide as a model fahe macremolecular familyof i por phyr i ns o. Al
reference rlecules were analyzed in L2ZMS and LDI modes using 266 and 532 nm desorption
wavelengths at differemtesorption fluences. Tryptophan asfiblestane were also analyzed using
ToFRSIMS (see sectioB.2.2for technical details)We will startthis chaptewvith abrief literature

surveyof previous studies performexh the five selected reference molecules.
3.1.1. N(alpha)-tert-Butoxycarbonyl-L -tryptophan

Tryptophan(Trp) is one ofthe twenty amino acids occurring in proteins. It is among the three
aminoacids that contain fluescent chromophore (excitation wavelengths 26810 nm)

(Gregersen a n d Its Tholecaldr estkucture 2s0 répbeyented Rigure 3.1. Trp
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fluorescence is extensively used as an intrinsic probe in the structure and function of proteins and
enzymegGhosh et al., 1992; Heberle et al., 2000; van Wuijckhuijse et al., 2d@B) o ugh it 6 s
one ofthe less common amino acids found in progii plays an important role in tying up
membrane proteins with the cell membrane. Trp acts as a biochemical precursor of
neurotransmitter seroton{®chaechter and Wurtman, 199the hormone melatonin and vitamin

B3. Tryptophamay be formed from biotic or abiotic sourc&dthough other amino acids were
detected in meteoritg$&ilmour, 2014) this is not (to the best of our knowledge), the case for
tryptophanA recent studyfMénez et al., 2018)sing synchrotron coupled deep ultraviolet micro
spectroscopy detectedyptophanalong other N bearing aromatics suchsé&atole hydroxy
anthranilic acicand indolébeneath the Mid Atlantic Ridge an abiotic origin for these molecules

was proposedn that study, pesence of Trp was confirmed due to the presence of indgteNC)

as a fragment ion in Fech saponite usingme-of-flight secondary ion mass spectromefrpk-

SIMS) imaging.

Several studies reported on fragmentation of tryptophan witreiift ionization methods,
such as chemical ionizatiagffsang and Harrison, 1976gollision induced dissociation (CID)
(Lioe et al., 2004andphotoionization of gaphase iongReilly and Reilly, 1994; Sherin et al.,
2006) The collisioninduced dissociation mass spectra of protonated trigptogvith ions of 10
keV showed a major fragmentation corresponding to the loss of amasstaiated witla peak

at m/z 188The ionization energy dfyptophammolecule is<7.5eV (NIST Webbook)

Bond cleavage of & Cp (m/z 130), G- Cp (m/z 117) and m/z 187 correspatd loss of
water molecule or NkElcombined with H atom¢ Gr eger sen andTheTlass & | e k
ammonia group from a protonated tryptophan occurs by the nucleophilic attack frposi@8n
of the indole side chaifLioe et al., 2004)

N

o SN Figure 3.1 Labeled Tryptophan molecule show bond cleavage
Ho 5 in CID (reproduced fronkioe et al., 2004)
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Chemical ionization of Trp using GHind BHO at high pressure showed different abundances of
different fragmentgTsang and Harrison, 197@pesorption of pure peptidesasdemonstrated
using a 266 nm laser followed by 255 nm resopamthanced muiphoton ionization (REMPI)
(Kinsel et al., 1992)Amino acids were studied using vacuum ulti@let single photon post
ionization (VUV-SP) and U¥YMALDI, which showed that some fragmentation of intact ioas
observed in VUVYSPpost ionizationHsu and Ni, 2018)Trp was also studied with resonant IR
desorption coupled to UV poesinization L2ZMS(Ziskind et al., 2004; Focsa et al., 2006; Uckert
et al., 2018)

3.1.2. Alpha-Cholestane

Cholestane is a saturated tetracyclic triterpengH#s, m/z 372.37% The molecular structure of
cholestane is representedFigure 3.2. It is produced by diagenesis of cholesterol which makes
up to 30 % ofanimal cell membranes for membrane rigidity and fluigg@ymons and Ehehalt,
2002) It is one of the most abundant biomarkers for rock stu@esoneit, 2004; Zumberge et
al., 2020) indicaing ancientphotosynthetic unicellular eukargst oranimal life which can be
used to reconstrueukaryoticevolution in early Earth histoiknoll 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 (ES(Liebisch et al., 2006;
Hutchins et al., 2008atmospheric pressure chemical ionization (ARRHssmann et al., 20Q7)
matrix-assisted laser desorption/ionization (MALDPStubiger and Belgacem, 2007; Sugiura and
Setou, 2009and laser induced acoustic desorption/chemicakation in Fourier Transform lon

Cyclotron Resonance mass spectrometry (LIAD/CIIER) (Jin et al., 2011)

Figure 3.2 Labeled cholestane moleaulstructure
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3.1.3. D-alpha-tocopherol

D-alphatocopherol C29Hs5002, m/z 430.381) oWNitamin E is the name given to the family

consisting of chromanol rindgpranched (isoprenoidand aliphatic side chain(Tucker and

Townsend, 2005)It consists of two group tocopherols with a saturated side chain and

tocotrienols with unsaturated side chain. Ajpha ¢ o p h)ésithe most(itdgically active fom

of Vi tami n - B ammd.orhegnolecular structure of alptacopherol 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 ce(Wayner et al., 1985)Tocopherol is only

synthesized by photosynthetic organisms, including plants, algae and some cyandiSattknia

et al., 2003)

H;C

HO

CHj,

CH

CH

CHj

CH

Figure 3.3 Molecular structure oalphatocopherolmolecule

The photoelectron spectra were previously recorded for all the fivams8 to 21 eV

(Abyar and Farrokhpour, 2014hhe first ionization eneggincreassi n

t he

f ol 4<o wi

b-< -9 -and is elated tathe highest occupied molecular orbital (HOMO) that is localized on
t he ar omaed i &c) (Abyar gnd EFarrokhpour, 2014)

Previouss t u d i #osophernl that was isolated from heart muscles and analyzed using

GC-MS showed fragmentation with the loss of the siderchad loss of a C#H CH! CH fragment

(Nair and Luna, 1968)During pyrolysis of a sulfurich kerogen, two precursors have been

proposed that could generate isoprenoid alkenes-(pese and its isomer prigtene): kerogen

bound tocopherol and an unknown suliaund molecul€Hold et al., 2001)A pathway involving

phote and auteoxidative degradation of vitamin E has also been invoked in the formation of

precursors thatould generate the isoprenoid alkenes in kerogen pyroly$édssiry et al., 208).
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3.1.4. 2-n-hexylthiophene

Thiophenemoleculescontain a fivemember group made dbur carbon and one sulfur atem

They can be found on Earth naturally in kerog@mddock et al., 2018bitumen(Pomerantz et

al., 2014, this current workrude di (Waldo et al., 1991)sediments(Yang et al., 1998)
microfossils(Lemelle et al., 2008xnd fossil stromatolite@_epot et al., 2009)Thiophenes are
generallyproduced by abiotic process during diagenesis. They can be produced when inorganic
sulfur nucleophiles react with organic matahigh temperaturgrein and Aizenshtat, 1994
Sulfides can be produced low temperaturby sulfatereducing bacteria antheir reaction with
organic matter includg biomolecules such as lipids or terpendildisessulfurization of organic
matter(Orr and White, 1990)

For example, aroposed mechanism for productioiisoprenoid thiophenes in sediments
is when sulfur incorporates into chloroptdgrived phytol or bacteriochlorophydierived
phytenes which yieklpolysulfidesthat arethen conveed thermally nto thiopheneg¢Krein and
Aizenshat, 1994) Sulfurrich biomarkers showed highstability and preservability than with low
sulfur/carbon ratigLemelle et al., 2008)A previous work showed that alkylthiophenes are stable
degradatiomproducts at high thermal maturity levdisalso showed that the position of thiophenes
moietesagrees with the position of tleeiginal functional groupgKoopmans et al., 19967 hus
isoprenoid thiophenes and thiophemssociated unsaturated polycyclic hydrocarbons (e. g.

thiophene bearing steranes, hopanes) beaysed as biomarkefgan 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 Craf{&igenbrode et al., 2018)ingthe Sample
Analysisat Mars (SAM) instrument onboard the Curiosity rover. The detected organic matter
includes diverse pyrolysis products: thiophenes and few derivatives such amsd23
methylthiophene and benzothiophene (probably), small sulfur containing compounds
(methamthiol, dimethylsulfide, carbonyl sulfide, carbon disulfide, hydrogen sulfide and sulfur
dioxide), and sulfufree aromatics and aliphatic compounds. These products were released at high
temperatures (500° to 820 °C) and were detectghbghromatographynass spectrometry (GC
MS).
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As previously reported byHeinz and Schulz&akuch, 2020) there is a possible correlation
between the detection of thiophenes and sulfate existence. The high jarés#©O)s(SQu)]
concentration was accompanied with the highest thiopt@ementdetected by Curiosity rover in
Mojave mudstonéMartin et al., 2017)Magnesium suéte (MgSQy) was detected in thiophene

rich sites Mojave and Confidence HiMachon et al., 2017However, jarosite and magnesium
sulfite weren 6detected in Cumberland’he John Klein drill holesexhibited low signal of
thiopheres (Hurowitz et al., 2017)This carelation 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 procesggglinton et al., 1992Ji) thiophenes that formed earlier are stable

and preserved due to the presenceutibe mineral§Aubrey et al., 20069r iii) thiophenes are

formed from sulfates the pyrolytic process

Thiophene derivatives detected on Mars can be a result of meteorite impacts, especially
after the detection of thiophenes in various metesrsuch as Murray(Sephton, 2002and
Murchison(Sephton, 2004)They can alstaveabiotic origin accordingo the reaction between
sulfur nucleophiles and organic matter during early diagenesis or by ttemial sulfate
reduction into nucleophilic sulfides at temperatures > 120 °C.

For all the abownentioned reasons,-r2hexylthiophene (@H16S) was chosen to
representthe thiophene family as a simple model compound for more complex thiophenic

biomarkes (e. g, with hopanes or isoprenoid side chaififie molecular structurés represented

{ -
g~ ~CHz(CH2)4CHs

Figure 3.4 Molecular structure of zhexylthiophene molecule

in Figure 3.4.
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3.1.5. Vanadium etioporphyrin Il oxide

Porphyrins are a group tieterocyclic 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
chlorophyta. It is the most important chlorophyl that is present in all algae, higher plants and
cyanobacteri@illops and Killops, 2013)CHhorophytb 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 transppgen
and it is associated with a protein, globin arfteenoglobin Iron and magnesium metals in haem
and chlorophylls are important in electron transfer that occurs during respiration and
photosynthesis respectively. Phycobilins are accessory pigmehtoacyclized 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 formedpmdrphyrins combined with a metal idPorphyrin
is one ofthe first compound isolated from petroleum among many bioma(Besnett and
Czechowski, 1980; Didyk et al., 19793his family often occur as nickel (Ni) and vanadium oxide
or vanadyl (VO) complexes in crude oil and sediments-(gedetro porphyrinsjRankin and
Czernuszewicz,1993pi | and ancient sedi-mpetsesadoecdoomi eaar
Ni2*and VG'. Metal ions interact with organic moieties and play an important role in diagenesis.
Their distribution in sediments kgrovide information on the depositional environment of the
source rockFigure 3.5 shows the redox potential {Eand acidity (pH) conditions for marine
organic sedanents(Lewan, 1984) The chemical form of sulfur determinedich metal may be
available (N¥* or VO?*). In area |, the sulfur is in form of $©and nickel is available (as X)
but not vanadium. In area Il, sulphate is the major form of sulfur, §caNil VG* are available
for bonding. In area lll, sulfur exists as$at pH<7 and HS&t higher pH. In this case vanadium

is available in the form of V& and \#*, but N#* can be hindered.
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Figure 3.5 Redox potential (§ and acidity (pH)stability in sediments. The shaded are
the natural stability field for marginal and open marine sediments (Reproduced from
1984).

Some ionization technigues have been apghedharacterization of porphyrin, such as
hydrogen ionizatior{fEvershed et al., 1985)ast atom bombardme(®Schurz and Busch, 20Q2)
electrospray ionization (ES{yandell and Limbach, 1998atmospheric pressure photoionization
(APPI) (Gueneli et al., 2018and laser desorption/ionization tiroéflight mass spectrometry
(LDI-ToF~MS) (Xu et al., 2005)In the latter study, porphyroontaining faction was isolated
from Chinese Gudao heavy oil (> 500 °C residue).-LBI~MS indicated that Ni porphyrins are
a mixture of etio-homologues (& 1 Csz4) and deocophylerythretioporphyrin (DPEP)
homologues (&1 Cas7). A series of selected porphyrins and metalloporphyrin were analyzed by
laser desorption timef-flight mass spectrometry with laser pashization at 193 nnfDale 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 showé&igure 3.6.
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Figure 3.6 Molecular structure of Vanadium (1V) etioporphyrin 11l oxide

3.2. Results and discussion

3.2.1.

TheN UBOC -L-tryptophan(N-BOC-Trp, CieH20N204, m/z 304.142molecular structure shown
in Figure 3.1) samplewas first analyzed using 532 nm desorption wavelength and 266 nm
ionization wavelength. The sample was placed inside the ionization chamber and explsed to

desorption bearf+440 umdiameterwhile shootingoverthe whole samplsurfaceand not on the

N UBOC-L -tryptophan

same spot. The sample was analyzedoaistant ionization fluence (10Jfen?) and different

desorption fluencem the range.1- 0.5 J/cm. The mass speatim recorded in positive polarity

at 0.4 J/crhis displayed inFigure 3.7. The mass spectra of the other desorption fluences showed

a similar patternThe mass spectra were calibrated using molecular foenasl&NSi;*, Si,

CoHsN™, Ci1", CioH11N2" and S¢* which correspondto the following exact masse§9.956,

111.907, 130.065, 132, 159.092 and 167,.864pectively.The m/z scalecdibration showed a

mass accuradyetter tharilO ppm.

The massspectrumdisplayedin Figure 3.7 for N-BOC-Trp exhibits peaks of higher

intensity in the m/z 50 200 range. The base peak is thelfll" fragment at m/z 13065which

corresponds to the loss of glyciradical (C2HsNO2A m/z 74024). Glycine ionwas detected as

we l |

peak at m/z 188 corresponds to the loss of.Nldss of-COOH showed a peak at m/z 159. The

The peak at

m/ z

parent peak at mf204.142wasnot detected
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Figure 3.7 L2MS mass specimin positive polarity foNU-BOG-L-Tryptopharwith desorptiol
wavelengtts32 nm, spotliameter 440um, 0.4 J/cnt desorption fluencand 266 nmionizatior
fluenceof0.01 J/cm. Annotations above each peak correspond to the nominal mass and &
molecular formula. Annotations in pink correspond to the silicon wafer. The black
indicates where the parent peak should be detected.

At this desorption fluencewe observe pealat 69.9% (NSi;*), 103054 (CgH7"), 115042
(CgHsN™), 117.057 (CgH7/N™), at 111.97 (Sis") and167.86L (Sis"). Thelatter two ions and NSi
detectedoriginate from the silicon wafer substrate itséff all the masspectra, m/z at 130
corresponding to §HsN* was the base peak. The sample created a thin film on the wafeaand
fully depleted from th@radiatedareaafter 7 lasepulses the silicon wafer was irradiated which

leads to the abovenentioned peaks.
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Another N-BOC-Trp sample was analyzed LDI mode using only one laser bea®bQ pm
diameter)at 266 nmwavelength (botldesorption and ionizatioperformed in one laser pulse)
TheLDI mass spectra recorded 266 nm for NFBOC-L-Tryptophan is showin Figure 3.8. It
shows GHsN™ as a base peakifilar toL2MS).

1400000
] LDI: N-alpha-BOC-L-Tryptophan M*=304.1423
] CgHgN" Desorptiton fluence (266nm)=0.24 J/cm?
1200000 - (-CH) R,, =7600
o 130
3 1000000 - \ A~ 7Z
g 1o Sspt
S— - N/ ¢
'E" ] ; [M-2H]*
‘D 800000 -
c : CgH;* 202
‘9 ] (-N)
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§ : (ibi:” ILLJI‘IJ, ,AEA\“JJJ&.A,.LI#I;“'AI‘JL‘IV‘AI:J.JLLI.“.Lu,wl,"llydl]-:.]‘ul\.nl%lulllJ}»IL]
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Figure 3.8 LDI mass spectrunm positive polarityfor N-BOG-Trp using 266 nm desorpti
wavelength (0.24 J/cih Annotations above each peak correspond to the nominal ma
assigned molecular formulaFormulae with brackets correspond to fragments rem
compared to the peak annotated to the right.

The NBOC-Trp was also analyzed using 266 nm desorption wavelength in LZMS mode
to be compared witthe LDI mode. The comparison is shownkigure 3.9. The fragmentation
pattern for LZMSmode with 266 nm desorption wavelength was shown to be similar to the

fragmentation pattern shown with LDiodein Figure 3.8.
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TheL2MS and LDIfragmentation pattesare similar to the ones obtained dxllision-induced
dissociation CID) (Lioe et al., 2004)and those published on NIST Chemistry Webbook for
Tryptophanmolecuk by electronmpactat 70 eV(NIST Webbook.

1200000 PR
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—— LDI 266 (Desorption fluence=0.24 J/cm?)
i L2MS: Des. at 266(Desorption fluence=0.24 J/cm?)
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Figure 3.9 Comparison betweenass spectra positive polarityobtained using.2MS (0.2.
Jlcnt desorption fluencel.12 J/crhionization fluence (266 nm), desorption spot diam
650um) and LDI(0.24 J/cr desorption fluencedesorption spot diameter: 650n) mode
using 266 nm desorption wavelengtie LDI masspectrum is shown in red and the Lz
one is shown in bluéAnnotations above each peak correspond to the nominal ma
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/crd), placing this experimentF{gure 3.7) in nearLDI conditions rather than the true
L2MS. In contrast, the ionization fluence in the L2ZMS experiment usirgriééfor both lasers
were1.12 J/cm, and the desorptieionization fluence of the 266 nm LDI experiment was 0.24
Jicnt. The relative intensities of the various fragments in the 266 nm L2MS and LDI experiments
are similar(Figure 3.9), while the intensitiegrelative to the m/z 130 base peakj t h-eDIGine ar
532 nm experiment@-igure 3.7) are distinct, notably with low signal of the Trm/z 204), of

the main fragments at 144 and 159 nozthe parent NBOC-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 L2MBD(.0fJ fAnear

When amatomic/molecular system in anexcited state, it has the probability to decay and
relax in several forms such as insgistem crossingjuorescence or intranolecular and inter
molecular hydrogen transf¢Frackowiak, 1988)In case of Trp, there might be a competition
between the time needed for Trp fluorescence and Trp fragmentEtiemrp ionization energy
is ~8.4 eV(NIST Webbook) In our experimentsa two-photon ionizatiormechanisnmat 266 nm
(4.66 eV)laser wavelengtleads t.32 eVtransferred to the moleculihe ~ 1 eV excessnergy

would thereforeexplain theobservedragmentation

N-BOC-Trp was further analyzed with TeBIMS for better understanding its
fragmentation patterand comparison with L2ZMS/LDIThe mass spectrum recorded is shown in
Figure 3.10. The parent peak was detected at m/z 304 but with a weak inte®sdipm (Na’)
was detected at m/z 23 and considered smaplecontaminationlf we neglect Napeakthat is
notrelated taour samplethe base peadf the mass spectrum correspondth&CoHsN™ fragment
as detected with L2ZMS and LDI modes kigure 3.7 and Figure 3.8, respectively.The
fragmentation pattern is similar to traftthe L2MS techniqueln adlition, a peak related tine
silicon wafer was also detected at rb/z (SiGHs"), which shows the depletion of the thin layer

of the sample during analysis
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Figure 3.10 ToR~SIMS spectrum of BOGC-Trp reference mlecule Annotations above ea
peak correspond to nominal mass and assigned molecular formula.

3.2.2. Alpha-Cholestane

Alpha-cholestandCy7Hss, m/z 372.37pwas analyzed using L2MS modes with 582266 nm
desorption wavelength$he best compromise between parent molecule signal and fragmentation
was obtained &0.25 J/cm asdesorption fluence using 532 nm desorption wavelength ard 0.0
Jlcnt as ionization lience(266 nn) as shown irFigure 3.11. The molecular structure of alpha
cholestane is shown Figure 3.2. The mass spectrum was calibratethgshe followingspecies:
CsH14", Sis", C11", Sk and GeHo7" with their correspondingexactmasses74.109. 111.907, 132,
139.884 an@19.211respectively The mass accurasp obtained was better tharmppm

The fragmentation pattern tfe cholestane molecule is shownparenthesisbove each
peak signal inFigure 3.11. The parent peak of cholestane at m/z 372.375 was absent in the
spectrumat thisdesorgion fluence.Few carbon clusters were also detected: at m/z 120, 132, 168
and 180 which correspond ®o", C11*, C14" and Gs' respectivelyOncethe cholestane sample is

depleted under the desorption beanmaarfeéer ~7 laser pulsethe substrate was desorbed instead
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and ionized This explains the reason behind detectingl8sters such as 8j Sk" and S¢* as

shown in pinkannotationson the mass spectrum.f we don o6t 4 peakwe oldesve t h e
that a fragment at m/z 219 is the base p&hk.possible fragmentation patn corresponds to the
following descriptionthe peak at m/z 219 recorded is assumed to correspond to the cleavage of
Ci31 Ciz7bond and @i Cis bond in ring D by removing H21 of mass 153. lalso showshe

removal of CHmoiety to give m/z 203. Aeak at m/z 174 may correspond to the cleavage-of C

i Cizand G 1 Cis bonds.Peaks were also identifieat m/z 162 (Ci2H1s"), 133 (GoH13"), 121

(CoH13") and 74(CsH14"). In comparisorwith electronionizationmass spectrurof cholestan®n

(NIST Webbook}the base peak the lateris at m/z 217 andot 219.

1
00000 ] Cholestane: C,;H,4: m/z= 372.3756
Fluence of desorption laser (532 nm)= 0.25 J/cm?
Fluence of ionization laser (266 nm)= 0.01 J/cm?
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80000 - si,
- ] 111.9
=
©
S
3 4
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]
e
=
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219
C5H14 CiaHyg
20000 | 74 [-C;Hs]
N . 174
1 (fa';ss si T C15H23
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Figure 3.11 Mass spectruntecorded in L2ZMS modm positive polarity of5-alphacholestan
moleculeat 0.25 J/cm desorption fluences (532 nm, spameter 440 un), and ionization fluenc
(266 nm)of 0.01 J/cr. Annotations above each peak correspond to its nominal vadiss and it
corresponding molecular formulaxcept for those related to silicon wafer. Formulae with bra
correspond to fragments removed compared to the peak annotated to the right.

Another sample of cholestane was prepared to be analyzed é§imgr2desorption wavelength
in LDI mode. The mass spectrum recorded for cholestane at 0.% dfesorption fluence is

represented ifrigure 3.12. The spectrum showsw similar fragments as detected with 532 nm
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desorption wavelengttannotated in blackDther fragments were recorded such as: P@itis/z
128, 178 and 202nd other hgirocarbon®f high H/C raticsuch as @H7*, GsH7*, CrH11", CsHas',
C11H13", CioH21" and GeH2s™. These fragment@reconsisentwith To~SIMS data irFigure 3.13.

The mass spectrum recorded with LDI at 266 nm showed higher fragmentation pattehethan
onerecorded with 532 nnin addition, LDI resulted with few PAH# is not easy to telvhether

the origin of thesePAHSs is as contamination on the surface of the sangple€onsidered as
recombination products t¢aserpyrolysisfragments of cholestanBurther analyses of cholestane
at different fluencesayhelp reveal the source of thes&H.

60000
1 Cholestane: C,;H,g: m/z 372.375

CsH,;" LD!: desorption fleunce (266 nm)= 0.3 J/cm?

] ot R,, = 10,500
50000 -
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30000 ~

Signal intensity (a. u.)

20000 4

10000

50 100 150 200 250 300

Figure 3.12 LDI mass spectrum in positive polarity fatphacholestaneusing 266 ni
desorption wavelength @J/cnt). Annotations above each peak correspond to its nomina
value and itsorresponding molecular formula.

The dolestane sample was further analyzed il ToRSIMS instrumentThe mass
spectrum recordenh positive polarityis shown inFigure 3.13. The peak at higher masg m/z
371.367 corresponds to thparentmolecular ion-1H [M-H] ). The parent peakhows aower
intensitythanthe-1H molecularion. The base peak in this spectrum correspondsizGt m/z
41. Severalhydrocarborpeakswith high H/C ratio were detected such a¢i¢, CsH7*, GsHo",
C7H11", CgH13", GoH1s', CiiH13", CioH21™ and GeH21™ at m/z 55, 67, 81, 95, 109, 123, 145, 165
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and 217 respectively very similarmass spectruwwa s r e p o r20RecHolestaneletétidd

in crude oilusing ToFSIMS (Siljestrom et al., 2009)The similarity lies on the detectioof
deprotonated molecular ion, very close fragmentation patbertthe base peak corresponded to
CsH7" at m/z 55nstead of m/z 4IThe mass spectrum recorded for cholestane in our disphays
peaks similar to those obtainadth electronionization (NIST Webbool, although with more
extensive fragmentation. The discrepancy between EI;SIOFS spectra and L2MS peaks may
be explained by impiires in the standard that wial be preferemlly ionized by LDI (e.g.,
PAHSs), however, the dominants87" fragments appear most likely related to the cholestther

than, e.g., PAH contaminants
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Figure 3.13 ToFSIMS mass spectrum recorded positive polarityfrom cholestane samj
deposited nsilicon wafer. The annotations above each peak correspond to the nominal mas
and its corresponding molecular formula.
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3.2.3. D-alpha-tocopherol

The D-alphatocopherol C29Hs002, m/z 430.381sample was analyzed withe two desorption
wavelengths: 266 and 532m. With 266 nm, it was further analyzed in LDI and L2MS modes for
comparisonStarting with the analyses using 532 desorption(spotdiameter= 320 um 0.68
Jlcnt desorption fluendeand 266 nm ionization wavelength75mJ/cnt ionization fluency, the
mass spectrum recorded is showrFigure 3.14. The mass spectrum was calibrated using the
following molecular formula: CsHoO", CoH130", CioH1302", Ci3H1702" andCogHs002" with their
exact masses: 121.065, 137.096, 165.091, 205.122 and 430.381 respddirelgcuracyf the

calibrated m/z scale was better tHanppm.
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] Ray : 9,000

—~ 40000

= ]

% ]

. 35000 Mm*
% ] 430.38
— 30000 -
> ]
= ]

2 25000 - )
40_2 - CoH;" CygH430;
c ] 115 165
= 20000 H R
© h CeHis
c 1 109 CgHgO"
2 15000 121
w ]
] o CqsH,,0,"
b 77 H *
10000 - g[S 208
] ocsi C12H1602;/
{ &% 128 192
— 095 CoHy . ¥
5000 . 91 Cﬂ‘éo 216
0

50 100 150 200 250 300 350 400 450

m/z
Figure 3.14 Mass spectrunin positive polarityrecorded for alphaocopherol at 0.68 J/ct
desorption fluence (532 nm) and 3.75 mJ/éamization fluence (266 nmip L2MS modt
Annotations above each peak correspond to its nominal mass value and its corres
molecular formula. The orange arrow shows m/z 177 peak.
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At 0.68 J/cr desorptiorfluence, we were able to detect the parent péakt m/z 430.38 as the
base peakThe first labilemoietyto detach from this molecule is the phytal cH&@nsHs3) and the
possible cleavage is labeled in redrigure 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 molegshaAG>"). After that,

a fragmentatiompatternwould be possible by the loss cdrbon and hydrogestoms to givehe
following: C13H1702" at m/z 205{CHz) A Ci12H1602" at m/z 191{CHz) A C1iH1302" at m/z 177
(-C)A CioH130." at m'z 165 ¢(CO)A CoH130+at m/z 137 {CHs) A CgHyeO" at m/z 121 {CHO)

A C7H7"at m/z 91 Label on peak 177 is shown on the specthynthe orange arrowew peaks
that correspond to the substrate were also detected (shown in pink) suchasCESIT,
CoSipH*, CsSix", and GHSIis" at m/z67.953,76.984,80.961, 92.96 nd136.915respectively.

Another tocopherol sample was analyzed in LDI and L2MS modes using 266 nm as
desorptionandionization wavelengthThe mass spectra recorded are showrigire 3.15. The
fragmentation pattern of L2ZMS and LRt 266 nmare quite similar to the pattern with 532 nm
desorptionNo clear difference appeared between L2MS and LDI maflescan still detect the
parent peak with its daughter fragmeriswever, in this case, the base peak is a daughter peak at
m/z 165 (GoH1302") and the intensitgignalof the parent peak is loweFhis might be due to the
higher energy per photon sent by 266 nm rather than 532adimtion (4.66 >2.33 eV
respectively) Photoionizatiorof tocopherol with L2MS technique showed a great similarity with
electronionization(NIST Webbook)

A theoretical study on all forms d}tocopherolin gas phas¢Abyar and Farrokhpour,
2014) provedthat the first ionization band offtocopherolwas assigned to the ionizatiorom
“c=cand” *c=c of the aromaticing. The calculated ionization energy range between-9.28 eV.
This can explain the ionizaticand detectior f -toddpherolparentmolecule with 266 nmThe

excess energy provided by the lasgry have led to fragmentation.

76



Chapter 3 Standard molecules

500000 —
_ Tocopherol (vitamin E): M"=430.38
N LDI (desorption fluence 0.45 J/cm?)
C10H130; —— L2MS (desorption fluence at 266nm=0.45 J/cm?,
400000 . 165 lonization fluence at 266nm = 1.12 mJ/cm?)
= .
s
2 300000 -
n -
c
Q
b
.E - C‘EH‘EOZ'
= 200000 - bt
: -
2 -
w 1 CH.O" 430.38
137 CyHiy0,"
100000 - o
: CH,t O CeHyy’
e 91 109
i 177
0 ""'ll"'l'L'”'|""|""|""|""|"'L
50 100 150 200 250 300 350 400 450

m/z

Figure 3.15 Comparison between mass spectra in positive polarity obtained using L2\
Jlcnt desorption fluence, 1.12 J/8ionization fluence (266 ninind LDI (0.4 J/cnt fluence
modes usig 266 nm desorptiowavelengthMass spectrum recorded in LDl mode is shov
orange and in L2ZMS mode is shown in blaanotations above each peak correspond 1
nominal mass value and its corresponding molecular formula.

3.2.4. 2-n-hexylthiophene

The 2n-hexyl-thiopheng(Ci0H16S, m/z 168.0973ample was analyzed with LDl mode using 266

nm desorption wavelength at three different fluen@€¥, 0.24 and 0.4 J/énwith 400 pm

desorption spatliameter The mass spectra recorded at these fluences are sh&iguie 3.16.

All the 3 mass spectra recorded showed peaks in the mass ran@®Gd hey were calibrated

using the following molecular formuaCsHsS*, CeH7S"™ and GoH16S™ with their corresponding

exact masss97.011, 111.026 and 168.Q9@spectively.
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Figure 3.16 LDI mass spectra recorded afférent fluence$0.07, 0.24 and 0.4 i) for hexyt
thiophene samplat 266 nm desorption wavelength. Carbon clusters,(CH", CH2") are
annotated in black, £1,S+ in red and GHS+ in blue. Annotations above each peak corres
to its nominal mass value and its corresponding molecular formula.

Starting with 0.07 J/cA(lower panel), we observe the parent peak at m/zTlG8phenic
molecules were detectaéd redsuch as: eHsS", CsHeS" andCeH-S". In this mass spectrum, the
base peak corresponds to a daugiégmentthiopyrylium ionCsHsS* at m/z 97Avhichoriginates
in the bond cleavagleetween the thiopyrylium ioand the side chairdditional cleavage of 1
carbon atom leads taBsS* fragment which corresponds to tiophernum ion only. In electron
ionizationmass spectra of alkylthiophen@xHz:SCGHzn+1, N= 1-6) as seen on the NIST database,
the GHsS™ at m/z 97 dominate the spectra together with the parent molecule (M&®B
Webbooh.

As weincrease the desorption fluence to 0.24 3/gnmiddle panel)weobservdower m/z

peakswhich may correspond tsagmentéion of the parent pealkCarbon clusterand carbon
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clusterswith two hydroges (Cx*, CH*, CH2") or with sulfur (GHS") were alsodetected The
carbon clusters detected range frogtHE of m/z 98untl C11" at m/z 132.Carbon clusters of
higher masses were not detect€dosewith sulfur range fronCsHS" of m/z 68.979 (69 on the
graph)until CsHS" of m/z 128.979 (129 on the graphith CsHS" as the base peak.

As we increase further the desorption fluence to 0.4%)apper panel)we observe the
dominancy of carbon clusters and those bound to sulfur other than the thiophenic compounds.
More carborclusters were detectespecially those with 2 and 3 hydrogen atoms suchstds' C
and GHzs". Thus, the usuaCsHsS" base peak in electrdonization of alkyl thiophenes is only
observed at very low desorption fluence, and is replacedsH$ Gt higher fluencesThe later
may be used to suggest the presence of alkyl thiophenes (in particular in spectra where it would
dominate over other {EIS" species as observed héereThis result is very important for the
interpretation of later data on the Orbagnoux sediments.

3.2.5. Vanadium etioporphyrin Il oxide

Vanadiumetioporphyrin 11l oxide(VO etioporphyrin,Cs2H3sN4sOV, m/z 543.23 sample on a
silicon wafersubstratgFigure 3.17) wasanalyzed only using 266 nm desorption wavelength in
LDI modeand200 pum spotdiameter

Figure 3.17 Microscopic image of porphyrin deposit recorded using a Keyence micr¢
(VHX-6000).Thearrowspoint to regions depleted by laser desorption.
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Thesample was analyzed @i, 0.2 and0.3 J/cnt laserfluence.Starting with0.1 J/cn?, the mass
spectrum recorded is shownkigure 3.18. An external tillerene sample was usémt m/z scale

calibration (accuracipetter tharlO ppn).
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Figure 3.18 Mass spectrum recorded for etioporphyrin sample in LDI mode in positive po
using 266 nm laser wavelength at 0.1 Jéioence.

The mass spectruniearly showgrous of mass peakketween nfz 4007 500.For each
group the maximumintensitypeak wa labeled by itmominalmass valuevO-etioporphyrinlii
(C2gH19N4OV™, exact monoisotopic mass df78099 and a series ofCHx (x=0,2,3 can be
distinguishegalthough with some differences with the electimmizationspectrum published in
(NIST Webbook.
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The parent peak at m/z 523 was absenin contrast, other type (newiO) porphyrins studied in

(Dale et al., 1996Jlisplayed their parent peak using£l0Oa s er des or @idil38mnm ( &~10
ionization.At this energytheyonly 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 fragmealidkoogh
theselonsrecorded in the higinassrange are considered as daughter peaks from the par&nt pea

at m/z 543 As we increase thiaserfluence t00.2 J/cn?, we recorded the mass spectra shown in

Figure 3.19 (upperpanel)
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104 | 137 242
= 14000:-
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Figure 3.19 Comparison betwegpositive polaritymass spectra recorded for etioporphyhy
LDI (266 nm, 20(um spot diametgmat twodifferent fluencesd.1 (lower panelland0.2 (uppel
panel) Nominal masses displayed abovernian peaks. The molecular ion is absent (or:
arrow).

We observe the sanpeaks in the higher mass range as with 0.1%)fout 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 t6.\8Bher fragments may be related tolfiH
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 aHeN.O," (where m=7, 8, 9, 15, 20; n=6, 9, 15, 17,
20; 0= 1, 2, 3, 4; p= 0, 1%ame fragments were detected at higlesodotion fluenc€0.3 J/cm).
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3.3. Conclusions

This chaptepresens our L2MS and LDI studies on five selectedderence ralecules Our laser
based techniquesere able talesorband ionizethese reference samples, leading to the detection
of specificfragmentation pattesfor all of them. Some comparisons with T®MS spectra were
performed for two reference moleculeéBhe results showed that the aromatic compounds
respondedhe best to our analytical setupor example, analysis of tocopherol showedss
spectra with main peaks that are similar to those recorded with eléatiaation Similarly,
tryptophan showed common peaks as detected withSIBFS and electroionization In contrast,

the saturated cyclic cholestane yielded a weak ion countrass spectrum that is difficult to
relate to data from other ionization methotise porphyrins seem to show up very nicely as well
in LDI conditions.This reflectsthe sensitivity of the instrument towards the studied reference
materials in L2MS and LDinodes.

The similarity ofthemass spectrabtainedwith LDI and L2MS (e.g., in case df UBOC-
L-tryptophan cholestaneand Dalphatocopheragl brings hopefor ExoMars missiorthat these
moleculescan be efficiently detectedhe LDI modeshowed a goodesorption and ionization
efficiency at 266 nm for all the moleculeft. is important to understand the mecharssoh
fragmentation othese selectedompounds as theyould help to deal with the data that will be
produced usinghe LDI module implementeasn the MOMA instrument onboardheii Ros al i nd
Franklind rover 't hadeel®. | | be | aunched in 2022
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Chapter 4
Chemical characterization ofOrbagnoux, a referencesedimentary

rock

This chapter provides detailegscription anénaly®s of organiematter richsedimentary rocks

from the Jurassipaleclagoonof the Orbagnouxocality, Jura, Francel'he sediment desdion
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 belown this chapter, different fréions of Orbagnoux sam&vere
extracted and analyzed using L2ZM®I-MS, ToRSIMS and PyGC-MS.

4.1. Overview of previous studies

4.1.1. Environment of deposition and petrology of Orbagnoux sedimentaryock

Extensive petrological studies using various petrological observations (scanning and transmission
electron microscopy) were performed on Orbagnoux defiadiagnoux sedimentary sequence is
composed of five calcareous fadmts massive limestones, which is largely composed of
calcium carbonate (CaGJ) 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
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Figure 4.1 Location map ¢
Orbagnoux deposit in France a
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o Ordanic matterrich (Reproduced fronMongenot et a
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1997).
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flourished coccolithophorids led to the accumulation of the-agihdred laminae, alternatingth
accumulated OM which must have been derived from planktonic microorganisms. Various macro
and micrefossils are present in parallel laminae: ammonites, benthic foraminifersstradods
(Tribovillard et al., 1991fFigure 4.2).

Figure 4.2 Photomicrographs of the studied ORBA3 sample, of-daré lightparallel laminat
facies. Mosaic of higldynamierange images (mukexposure combination) recorded with a
objective on a NE Nikon microscope. (A) Full thisection, and (B) zoom on the boxed are
(A). Lightgrey area compriseorganicmatter poor carbonate laminae (corresponding to
white layers seen on the rock), and sets of orange/brown orgaatierrich laminae
(corresponding to the black layeseen on the rock). Note the brecciated aspect of some car
layers. Note the orange color of laminae that likely results of the vulcanization of organic
(Tribovillard et al., 2001) Arrowsin (B) indicate foraminifera.

On the other hand, the undulated facies seemed to be less affected or, more likely,

unaffected by the settling mechanigfiribovillard et al., 1992)It was interpreted that the bio
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