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General preamble 

 

The work described in this thesis manuscript was carried out at the laboratory LGPM 

(Laboratoire de Génie des Procédés et Matériaux), belonging to CentraleSupélec (Université 

Paris-Saclay).  

The manuscript is based on four publications, which make up chapters 1, 2, 3 and 4, with 

some additional unpublished information also included. The contents of the publications were 

unchanged except for the section, figure, table and equation numbers and the corresponding 

references to these in the text (the numbering was adapted to follow the manuscript format). 

The publications are listed as below:  

1. He Y, Buch A, Szopa C, et al. The search for organic compounds with TMAH 

thermochemolysis: from Earth analyses to space exploration experiments [J]. TrAC Trends in 

Analytical Chemistry, 2020: 115896. 

2. He Y, Buch A, Morisson M, et al. Application of TMAH thermochemolysis to the detection 

of nucleobases: Application to the MOMA and SAM space experiment [J]. Talanta, 2019, 204: 

802-811. 

3. He Y, Buch A, Szopa C, et al. Influence of calcium perchlorate on the search for organics on 

Mars with TMAH thermochemolysis [J]. Astrobiology, 2020 accepted. 

4. He Y, Buch A, Szopa C, et al. Influence of calcium perchlorate on the derivatization of 

MTBSTFA/DMF [J]. Under review. 

This work was also presented at four international conferences, as below: 

1. AbSciCon 2019, Seattle, USA. He Y, Buch A, Morisson M, et al. Optimization of the in situ 

detection of Nucleobase on MOMA and SAM experiments[C]//2019 Astrobiology Science 

Conference. AGU, 2019. 

2. EANA conference 2019, Orléan, France. He Y, Buch A, Szopa C, et al. Influence of calcium 

perchlorate on the search for organics on Mars with TMAH thermochemolysis.  

3. EANA conference 2020, Virtual. He Y, Buch A, Szopa C, et al. The detection of DNA/RNA 

with TMAH thermochemolysis on SAM.  
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4. Astrobiology Australasia meeting 2020, Virtual.  He Y, Buch A, Szopa C, et al. Search for 

life biosignatures on Mars: the detection of DNA/RNA with TMAH thermochemolysis on SAM.  
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Réumé en français 

 

Dans son plus jeune âge Mars, planète tellurique, avec une atmosphère, un climat, et une 

géologie diverse et complexe comme la Terre. La mission Mars Science Laboratory a prouvé qu’elle a 

été habitable durant le premier milliard d’année. Si elle a abrité une quelconque forme de vie alors il 

pourrait y avoir des molécules organiques préservées en subsurface. D’autre part des organiques 

exogènes provenant par exemple de micrométéorites et des particules de poussière interplanétaire 

pendant la période amazonienne de l'histoire de Mars peuvent également être présent en surface et 

subsurface. Toutefois, les radiations et oxydation de surface peuvent altérer les potentiels composés 

organiques présent en surface martienne. C’est pourquoi Curiosity et la mission MSL s’intéressent plus 

particulièrement à la subsurface martienne car les argiles comme les phyllosilicates, les carbonates et 

les sulfates pourraient permettre la préservation de ces composés organiques. Par ailleurs, des composés 

tels que des acides aminés, des acides carboxyliques, des nucléobases qui sont essentiels à la vie ont été 

détectés dans les météorites. Or ces météorites pourraient être des sources exogènes de composés 

organiques. Par conséquent, il pourrait être possible d'avoir ces composés organiques essentiels sur Mars 

pour soutenir la vie. C’est pourquoi ce travail est principalement basé sur la recherche de matière 

organique sur Mars, qui est l'un des principaux objectifs de l'expérience SAM (Sample Analysis at Mars) 

à bord du rover Curiosity de la NASA. La recherche de composés organiques sur Mars pourrait aider à 

comprendre l'origine de la vie sur Terre. 

Depuis 1975, Plusieurs missions ont été menées pour rechercher des traces de vie sur Mars, en 

particulier les atterrisseurs Viking, le rover Curiosity (2012), Persévérance (2021, atterrissage le 18 

février 2021) et ExoMars (qui sera lancé en 2022). Ces missions ont fourni et fourniront des informations 

substantielles sur Mars, par exemple sur l'atmosphère martienne et la composition du sol martien. Parmi 

ces rovers, seuls les atterrisseurs Viking, le rover Curiosity et ExoMars disposent d'un laboratoire de 

chimie. Ils ont été conçus pour rechercher des traces de vie en analysant les composés organiques du sol 

martien. Les instruments Mars Organic Molecule Analyzer (MOMA) et Sample Analysis at Mars (SAM) 

respectivement à bord des rovers Exomars 2022 et Mars Science Laboratory, sont quant à eux capables 

de détecter la présence de matières organique jusqu’au ppb et pour MOMA de différencier les matières 

organiques potentiellement biogènes des matières abiotiques. Pour identifier les matières organiques, 

ces instruments utilisent la pyrolyse-chromatographie en phase gazeuse couplée à la spectrométrie de 

masse (Pyr-GC/MS), la dérivatisation avec un mélange de N-tert-butyldiméthylsilyl-N-

méthyltrifluoroacétamide (MTBSTFA) et de N,N-diméthylformamide (DMF) et la thermochimie avec 

le réactif hydroxyde de tétraméthylammonium (TMAH) (25 % dans le méthanol). 

Grace à l’instrument SAM, les premières molécules organiques endogène ont pu être mise en 

évidence.  Parmi ces dernières des composés thiophéniques, aromatiques et aliphatiques libérés à haute 
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température (500 à 820 °C) ont été détectées [51]. Ces composés ont pu être préservées dans des 

mudstones lacustres à la base de la formation de Murray, vieille de 3,5 milliards d'années, à Phahrump 

Hills. La présence de thiophène démontre que de la matière organique ayant subi une sulfuration a pu 

être préservée sur Mars. Les thiophènes sont généralement présents sur Terre dans le kérogène, le 

charbon et le pétrole brut, ainsi que dans les stromatolites et les microfossiles.  

En plus des composés soufrés des composés chlorés ont également été détectés sur Mars. Le 

chlorométhane (environ 15 ppb) et le dichlorométhane (environ 2-40 ppb) ont d'abord été détectés par 

les atterrisseurs jumeaux Viking 1975/76 (VL-1 et VL-2). Cependant, les composés chlorés signalés à 

l'époque, notamment le chlorométhane et le dichlorométhane, ont tout d’abord été attribués à une 

contamination terrestre résultant de l'utilisation de solvants chlorés ou de la réaction entre du méthanol 

et du HCl [53]. La première détection in situ de composés de perchlorate ou d'oxychlorure par Mars 

Phoenix Lander en 2008 [54] pourrait cependant offrir une explication alternative à la présence de 

chlorométhane et de dichlorométhane dans les ensembles de données GC/MS de Viking [55]. En effet, 

depuis 2012, plusieurs autres composés chlorés ont été détectés par SAM à bord du rover Curiosity. 

Glavin et al [56] ont rapporté la détection par SAM de chlorométhane, de dichlorométhane, de 

trichlorométhane et de chlorométhylpropène. Cependant, ces composés chlorés ont été attribués à la 

réaction de l’oxychlorine/perchlorate martien avec le carbone organique du MTBSTFA. Le 

chlorobenzène a d'abord été attribué aux réactions du chlore martien libéré par le perchlorate avec le 

benzène ou le toluène terrestre dérivé de l'oxyde de 2,6-diphénylphénylène (Tenax®) provenant du piège 

à hydrocarbures de SAM [56]. Par la suite, Curiosity a détecté certains composés chlorés, tels que le 

1,2-dichloroéthane, le 1,2-dichloropropane, le 1,2-dichlorobutane, le trichlorométhylpropane et le 

chlorobenzène, avec des quantités maximales de ~150 à 300 ppbw [57], le dichlorobenzène de ~0,5 à 

17 ppbw [58], etc. 

Avec la détection de composés chlorés sur Mars, le MTBSTFA/DMF, est considéré comme la 

source de carbone possible de certaines substances organiques qui ont été détectées sur Mars. Par 

conséquent, les sous-produits de la dégradation des réactifs avec et sans perchlorates doivent être listé 

de façon exhaustive et considérés comme des données de référence. En plus du MTBSTFA, le TMAH 

est également utilisé pour rechercher des composés organiques pouvant être des bioindicateurs et des 

biosignatures sur Mars ses produits de décompositions doivent également être identifiés.  

Nous avons d'abord évalué les effets de la température de pyrolyse et du mode de chauffage sur 

la dégradation du MTBSTFA, du DMF et d'un mélange MTBSTFA/DMF (4:1). Nous avons également 

évalué l'effet du perchlorate de calcium sur la dégradation du MTBSTFA et du DMF. Nous avons 

rapporté les produits de pyrolyse de MTBSTFA/DMF aux différentes températures de 210, 300, 600 et 

850 °C, à la fois en absence et en présence de perchlorate de calcium. Tous les produits de MTBSTFA 

et DMF produits dans ces différentes expériences ont été identifiés afin de former une base de données 
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pour soutenir l'interprétation des données obtenues par les instruments spatiaux SAM et MOMA. Les 

résultats démontrent que le mélange MTBSTFA/DMF peut être utilisé efficacement à une température 

inférieure à 300 °C pendant la flash pyrolyse, ce qui donne lieu à relativement peu de sous-produits. Le 

TFMA, le MSW et le BSW sont les principaux produits, formés après le craquage de la liaison N-Si du 

groupe fonctionnel de dérivation TBDMS pendant le processus de pyrolyse. Beaucoup d’autres 

composés contenant du fluor ont été formés lorsque la température de pyrolyse atteint 850 °C, ce qui 

démontre que la rupture de la liaison F-C nécessite de hautes températures. Diverses aromatiques ont 

été formés, comme le benzène, le toluène, le naphtalène, le fluoranthène et le pyrène. Le chlorométhane 

et le chloro-tert-butylméthylsilane ont également été détectés. De plus, par rapport au nombre de 

produits de la flash pyrolyse du MTBSTFA/DMF, moins de produits du MTBSTFA/DMF ont été 

détectés lors de la pyrolyse en rampe de type SAM (35°C/min) quelle que soit la température maximale. 

Nous concluons donc que le MTBSTFA/DMF peut être utilisé avec une vitesse de chauffage lente avec 

une température finale allant jusqu'à 850 °C. La présence de perchlorate de calcium n'a pas d'effet 

évident sur la pyrolyse en rampe en présence de MTBSTFA/DMF. Enfin, nous notons que ce travail 

confirme que les matières organiques indigènes des échantillons martiens, contenant également des 

espèces de perchlorate, pourraient être l'une des sources de carbone possibles des composés 

chlorobenzènes, en accord avec la conclusion de Freissinet et al. (2015). 

En plus du MTBSTFA/DMF, la dégradation du TMAH avec et sans la présence de perchlorate 

de calcium lors de la flash pyrolyse et de la pyrolyse en rampe à 600 °C a été étudiée. Certains composés 

chlorés ont été détectés pendant la pyrolyse du TMAH avec >10 % en poids de perchlorate de calcium, 

notamment le chlorométhane, le chlorure de tétraméthylammonium, le 5-chloro-2-pyridinol, le 5-

chloro-1-méthylimidazole et le 4,5-dichloro-1-méthyl-imidazole. Bien que l'intensité du pic de ces 

composés chlorés soit plus de 1000 fois inférieure à celle des produits principaux, ils sont des potentiels 

candidats pour les sous-produits chlorés du TMAH. Toutefois, le TMAH a montré une faible réactivité 

avec les substances contenant du chlore. Nous notons que le perchlorate de calcium n'affecte pas la 

dégradation du TMAH à une température de pyrolyse en rampe de type SAM de 600 °C lorsque les 

concentrations de perchlorate de calcium sont inférieures à 10 % en poids. Bien que le TMA et l'éther 

diméthylique soient les principaux sous-produits de la pyrolyse du TMAH, certains nouveaux sous-

produits sont formés lorsque les concentrations de perchlorate de calcium sont supérieures à 10 % en 

poids. Le DMF est formé en raison de l'oxydation du groupe méthyle par l'O2 libéré lors de la 

décomposition du perchlorate de calcium et suivi par la formation de cyanamide et d'acétonitrile par la 

voie de cyanation des amines. Le TMTAC est formé par la trimérisation du DMF, qui est un 

intermédiaire crucial pour la formation d'autres sous-produits azotés du TMAH. L'urée est formée par 

la réaction de Ritter et la réaction de Manich, et le réarrangement de Steven et l'élimination de Hofmann 

sont impliqués dans la formation de divers intermédiaires et ylides. Cependant, dans nos conditions 

expérimentales, le perchlorate de calcium n'a pas affecté la récupération des acides gras par 
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thermochromolyse au TMAH, même lorsque le volume d'acides gras était faible. Ces éléments de preuve 

démontrent que le TMAH est un bon réactif de thermochimie à haute température (600 °C) pour la 

méthylation et la détection de substances organiques sur Mars avec les instruments SAM et MOMA.  

Après avoir testé l'influence du perchlorate de calcium sur l'application du réactif de 

thermochromolyse TMAH, nous avons étudié l'application de la thermochromolyse TMAH sur la 

détection des nucléobases. Sept types de nucléobases ont été étudiés ici : l'adénine, la thymine, l'uracile, 

la cytosine, la guanine, la xanthine et l'hypoxanthine. Les produits de thermochimie TMAH de sept 

standards de nucléobases et de mélanges pyrolysés à différentes températures ont été analysés 

individuellement par Pyr-GC/MS. Les dérivations de toutes les nucléobases à la température optimale 

de pyrolyse, ainsi que la limite de détection (LOD) et la limite de quantification (LOQ) des nucléobases 

ont été déterminées. En outre, les mécanismes de thermochromolyse de toutes les nucléobases dans le 

TMAH ont été analysés. Ces données sont les premières du genre, permettant de déterminer s'il serait 

possible de détecter toutes ou certaines des bases azotées étudiées avec sur les expériences SAM et 

MOMA. Toutefois, il convient de noter que sur Mars, les nucléobases sont contenues dans une matrice 

solide dont il faudra les extraire. 

Nous concluons que la thermochimolyse TMAH permet la méthylation et la détection des sept 

nucléobases étudiées ici. La température optimale pour la thermochimolyse des nucléobases dans les 

conditions SAM et MOMA est de 600°C. La triméthyl-adénine, la 1,3-diméthyl-thymine, le 1,3-

diméthyl-uracile, la triméthyl-cytosine, la 1, 3, 7-triméthyl-xanthine (caféine) et la diméthyl-

hypoxanthine étaient les principaux produits méthylés de l'adénine, de la thymine, de l'uracile, de la 

cytosine, de la guanine, de la xanthine et de l'hypoxanthine, respectivement, car ce sont les formes les 

plus stables de chaque nucléobase en phase gazeuse ou sous forme aqueuse. En outre, il n'y a pas eu 

d'interaction entre ces nucléobases lorsqu'elles ont été pyrolysées dans un mélange, ce qui permet de 

détecter différentes nucléobases dans des échantillons naturels. D'après les valeurs de LOD et LOQ pour 

chaque nucléobase, l'adénine, la thymine et l'uracile sont plus faciles à détecter, puisqu'ils peuvent être 

détectés à environ 0,15 nmol.  Il est possible, bien que plus difficile, de détecter la guanine, la cytosine 

et l'hypoxanthine (LOD=0,40, 0,55 et 0,75 nmol, respectivement). Cependant, la matrice complexe doit 

être prétraitée avec le processus d'extraction afin de détecter les nucléobases sur Mars, la LOD peut être 

plus élevée que la valeur de notre étude. 

En un mot, il serait possible de détecter les nucléobases si les échantillons sont frais et si leur 

contenu est supérieur à la limite de détection des instrument spatialisés. 

Puisque la thermochimie au TMAH peut être appliquée pour analyser efficacement les bases 

nucléiques, l'application de cette technique à la détection des acides nucléiques a également été étudiée. 

En effet, l'acide désoxyribonucléique (ADN), en tant que support d'information, stocke l'information qui 

définit l'organisme dans des ordres uniques de quatre bases (A, T, C, G) situées dans de minuscules 
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molécules, et cette façon de stocker l'information a continué pendant trois milliards d'années. Certaines 

études ont suggéré que l'ADN peut être placé dans les régions extrêmement froides de la Terre ou même 

sur Mars pour un stockage de plusieurs millénaires [144]. L'ARN a probablement constitué la base de 

la première forme de vie terrestre. Il est composé de séquences de quatre nucléotides différents, ces 

derniers pouvant être formés par une source de réaction. Les polymères d'ARN ont dû apparaître très 

rapidement après le dépôt des météorites (moins de quelques années), et la synthèse des nucléotides et 

leur polymérisation en ARN se sont produites en un ou quelques cycles d'humidité et de sécheresse 

seulement [145]. Même les acides nucléiques artificiels peuvent exister dans un grand nombre 

d'alternatives chimiques. Le rôle de l'ARN dans l'origine de la vie est bien établi, et la façon dont l'ARN 

a émergé sur la Terre primitive est l'une des premières étapes de la compréhension de l'origine de la vie 

[678]. Il est donc essentiel d'étudier l'efficacité de la détection de l'ADN ou de l'ARN et de leurs 

fragments. Les nucléobases, les nucléosides et les nucléotides sont les composants de l'ADN et de 

l'ARN. Les nucléobases sont les éléments constitutifs les plus importants de l'ADN et de l'ARN ; les 

nucléosides sont constitués de nucléobases et de ribose. Les nucléotides et les nucléotriphopshates sont 

des molécules organiques constituées d'un nucléoside et d'un phosphate. Comme leurs structures sont 

différentes même si elles présentent certaines similitudes, leurs comportements pourraient être différents 

lors de la thermochimie avec le TMAH. C'est pourquoi, dans ce chapitre, les nucléosides, les nucléotides 

et les nucléotides triphosphates de l'ADN et de l'ARN ont été analysés par thermochromolyse au TMAH, 

afin d'évaluer l'efficacité et le potentiel du TMAH sur l'analyse d'échantillons réels d'ADN ou d'ARN. 

Enfin, la thermochimie TMAH a été appliquée pour analyser le poly A, qui est la queue de l'ARN et 

joue un rôle important dans la protection de la molécule d'ARN. 

Les produits des nucléosides, nucléotides et nucléotides phosphates avec la thermochimie au 

TMAH ont été étudiés en flash pyrolyse et en pyrolyse avec rampe de température de type SAM. Nous 

en avons conclu que les nucléobases méthylées sont les principaux composés des nucléosides, 

nucléotides et nucléotides triphosphate lors de leur thermochémiolyse au TMAH. La température 

optimale pour la détection des nucléobases méthylées, des nucléosides et des dérivés du ribose tels que 

le furfuryl méthyl éther est de 200 °C ; 300 °C est la température optimale pour la détection du méthyl 

phosphate. Cependant, une température plus élevée peut être nécessaire pour la détection des 

nucléosides, des nucléotides et des nucléotides triphosphate en raison de la forte adsorption des matières 

organiques sur la matrice solide. Nos résultats ont permis de montrer que les nucléobases méthylées 

pouvaient être détectées même à une température élevée de 600 °C. Par conséquent, les nucléosides, les 

nucléotides et les nucléotides triphosphate pourraient encore être détectés s'ils étaient contenus dans les 

échantillons de sol martien. La structure des bases nucléiques d'origine influence la détection des 

composés caractéristiques. Par exemple, l'abondance des nucléosides méthylés issus de la méthylation 

des nucléosides et des nucléotides est différente. L'intensité des nucléosides méthylés issus de la 

thermochimie des nucléosides avec le TMAH est plus élevée que celle des nucléotides thermochimisés 
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avec le TMAH. Bien que 200 °C soit la température optimale pour la détection des nucléobases 

méthylées, pour le poly A, l'abondance d'adénine méthylée est la plus élevée à 400 °C. Ceci démontre 

que l'efficacité de la thermochimolyse à la TMAH dépend de la dégradation des fragments d'ADN. Par 

conséquent, la température de la thermochimolyse de la TMAH affecte l'efficacité de la détection des 

fragments d'ADN. Ainsi, s'il y a de la vie sur Mars, et notament la présence de bactéries, les conditions 

expérimentales de détection de la vie devront être optimisées. 

Pour tester l'efficacité du TMAH sur l'application de l'analyse des composés organiques ou des 

nucléobases des cellules, les composés organiques des cellules d'E.coli ont été étudiés en premier lieu. 

De nombreux esters méthyliques d'acides gras ont été détectés lors de la flash pyrolyse de E.coli avec le 

TMAH, les acides gras comprennent le vanillate de méthyle, l'ester méthylique de l'acide dodécanoïque, 

l'ester méthylique de l'acide tétradécanoïque, le myristoléate de méthyle, le palmitoléate de méthyle. En 

outre, l'ester méthylique de l'acide (Z)-9-octadécénoïque, l'ester méthylique de l'acide octadécanoïque, 

l'ester méthylique de l'acide cis-10-nonadécénoïque ont également été détectés. En plus des acides gras, 

des nucléobases ont également été trouvées à partir d'E.coli lors de la thermochimie au TMAH.  

L'un des principaux objectifs de SAM est de faire l'inventaire des composés organiques sur Mars 

en analysant les composés organiques du sol martien. Étant donné l'environnement difficile de Mars, les 

problèmes de préservation de la vie sont d'énormes défis pour la vie. Cependant, nous pensons que les 

micro-organismes pourraient éventuellement survivre dans des conditions extrêmes. En outre, certaines 

bactéries telles que les cyanobactéries ont été détectées dans l'échantillon du désert d'Atacama, qui est 

un analogue martien sur Terre. On ne peut exclure la possibilité qu'il y ait des bactéries vivantes sur 

Mars. S'il y a des bactéries sur Mars, l'application de la thermochimie TMAH à la détection des bactéries 

pourrait être essentielle. Par conséquent, l'application de la thermochimie TMAH à la détection de 

composés organiques provenant de cyanobactéries (Chroococcidiopsis cubana), d'anctinobactéries 

(Rubrobacter radiotolerans) qui ont été détectées dans l'échantillon d'Atacama, et d'archées halophiles 

(Halobacterium salinarum) pourraient éventuellement survivre dans un environnement extrême a été 

étudiée avec la thermochimie TMAH. Les principaux produits de ces vies réelles avec la 

thermochémolyse TMAH ont été étudiés, et la température de thermochémolyse a été optimisée. 

Pour tester l'efficacité du TMAH sur l'application de l'analyse des composés organiques ou des 

nucléobases des cellules, les composés organiques des cellules d'E.coli ont été étudiés en premier lieu. 

De nombreux esters méthyliques d'acides gras ont été détectés lors de la flash pyrolyse de E.coli avec le 

TMAH, les acides gras comprennent le vanillate de méthyle, l'ester méthylique de l'acide dodécanoïque, 

l'ester méthylique de l'acide tétradécanoïque, le myristoléate de méthyle, le palmitoléate de méthyle. En 

outre, l'ester méthylique de l'acide (Z)-9-octadécénoïque, l'ester méthylique de l'acide octadécanoïque, 

l'ester méthylique de l'acide cis-10-nonadécénoïque ont également été détectés. En plus des acides gras, 

des nucléobases ont également été détectées à partir d'E.coli.  
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Les composés organiques varient selon les espèces. Les principaux composés des échantillons 

de cyanobactéries et d'actinobactéries sont les acides gras et les alcools, variant de C11~C19, ils sont 

les composés organiques les plus détectables. C’est le cas des composés tels que l'acide 9-

hexadécénoïque, l'acide hexadécanoïque, l'acide octadécanoïque, l'acide 9,12-octadécadiénoïque. Le 

glucopyranoside est également l'un des composés organiques les plus importants. Par exemple, l'éther 

tétraméthylique du L(-)-Fucose , le à-D- méthyl 2,3,4,6-tétra-O-méthyl-galactopyranoside, à-D-méthyl 

2,3,4,6-tétra-O-phényl- glucopyranoside, à-D-méthyl 2,3,4,6-tétra-O-glucopyranoside. D'autre part, des 

dérivés de la lignine ont été détectés dans cette étude. Le 1,2,4-triméthoxy-benzène au temps de rétention 

de 19,69 min est l'unité guaiacyl ; PCA (unités p-coumarate) ont été détectés, y compris l'ester 

méthylique de l'acide p-méthoxy-cinamique, 1-(4-méthoxyphényl)-4-méthyl-1-penten-3-one, etc. Les 

produits de dégradation de la chlorophylle ont été détectés. Le phytol et ses dérivés ont été trouvés dans 

les chromatogrammes. L'acétate de phytol et le phytol ont pu être dégradés à partir de la chlorophylle 

dans les cyanobactéries. 

Pour tester l'efficacité du TMAH sur l'application de l'analyse des composés organiques ou des 

nucléobases des cellules, les composés organiques des cellules d'E.coli ont été étudiés en premier lieu. 

De nombreux esters méthyliques d'acides gras ont été détectés lors de la pyrolyse flash de E.coli avec le 

TMAH, , les acides gras comprennent le vanillate de méthyle, l'ester méthylique de l'acide 

dodécanoïque, l'ester méthylique de l'acide tétradécanoïque, le myristoléate de méthyle, le palmitoléate 

de méthyle. En outre, l'ester méthylique de l'acide (Z)-9-octadécénoïque, l'ester méthylique de l'acide 

octadécanoïque, l'ester méthylique de l'acide cis-10-nonadécénoïque ont également été détectés. En plus 

des acides gras, des nucléobases ont également été trouvées à partir d'E.coli avec la thermochimie au 

TMAH.  

Pour les cellules de Rubrobacter radiotolerans, les acides gras, le glucopyranoside, et les 

produits des pigments sont les principaux produits. Les acides gras comprennent l'acétate de lauryl, 

l'acétate de 1-hexadécanol, l'ester méthylique de l'acide heptadécanoïque, l'ester méthylique de l'acide 

octadécanoïque, le nonadécanoate de méthyle, l'ester méthylique de l'acide eicosanoïque, l'acide 

tétradécanedioïque, l'ester méthylique de l'acide (Z)-13-docosénoïque. Certains alcanols ont également 

été détectés, comme le l-nonadécanol, le 1-octadécanol, le 1-hexadécanol, le 1-docosanol. Ces longues 

chaînes contenant des acides gras et des alcanols pourraient être les produits de la dégradation des 

membranes cellulaires de Rubrobacter radiotolerans. Carreto [686] a également étudié la composition 

en acides gras de Rubrobacter radiotolerans avec GC/MS combiné avec la triméthylsilylation par bis-

(triméthylsily1)-trifluoroacétamide, l'acide 12-méthylhexadécanoïque (12-méthyl-16:0) et l'acide 14-

méthyloctadécanoïque (14- méthyl-18:0) ont été déterminés comme les principaux acides gras. Les 

sucres ou les composés contenant du sucre représentent une grande partie des produits de Rubrobacter 

radiotolerans. Parmi ces dérivés glucopyranosides, l'abondance du phényl 2,3,4,6-tétra-O-méthyl-a-D-

glucopyranoside est la plus élevée. En outre, la bactériorubérine et la monoanhydrobactériorubérine sont 
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les deux principaux pigments caroténoïdes qui ont été détectés chez Rubrobacter radiotolerans. 

Pour les Archaea halophiles, les dérivés de l'adénine et le squalène sont les plus faciles à trouver 

et sont les plus abondants par rapport aux autres composés organiques de Halobacterium salinarum.  

L'adénine pourrait provenir de la dégradation de l'ATP, qui est une molécule liée à la transformation de 

l'énergie pour maintenir la viabilité des cellules. Le squalène, un isoprénoïde à 30 carbones, est le 

principal composant de la fraction non polaire, connu principalement pour son association avec la 

bactériorhodopsine. Les acides gras sont d’autres composés importants trouvé chez Halobacterium 

salinarum. Les membranes des extrêmophiles constituent la première ligne de défense contre les 

agressions environnementales. La partie lipidique polaire de la membrane de Halobacterium salinarum 

est principalement composée de phospholipides et de glycolipides à base d'archéol, un lipide diéther de 

glycérol contenant des chaînes phytanyles dérivées d'isoprénoïdes. 

Le glucopyranoside est l'un des composés cibles les plus importants des trois bactéries 

extrêmophiles utilisées ici. Cependant, son abondance est différente dans chaque échantillon. 

L'abondance du glucopyranoside-derivate est la plus faible chez Halobacterium salinarum, la plus élevée 

chez Cyanobacterium. L'abondance du phényl glucopyranoside est la plus élevée chez Rubrobacter 

radiotolerans. Les caroténoïdes sont les principaux pigments chez Rubrobacter radiotolerans et 

Halobacterium salinarum. Le squalène est leur composé majoritaire dans le cas d’une présence de 

caroténoïdes. D'après les résultats, nous pouvons conclure que 200 °C pourrait être suffisant pour la 

décomposition des membranes cellulaires, bien qu'une température plus élevée puisse favoriser la 

détection de certains composés organiques plus réfractaires. De nombreux composés organiques ont été 

détectés à partir de ces échantillons de vie naturelle ; cependant, d'autres expériences sont nécessaires 

pour identifier tous les composés organiques. Il s'agit d'une nouvelle méthode et d'un nouveau projet 

pour étudier les composés caractéristiques des échantillons naturels. 

Le désert d'Atacama est un ancien désert hyperaride tempéré, qui s'étend sur près de 1000 km 

le long de la côte Pacifique de l'Amérique du Sud, de 30 °S à 20 °S. Son extrême aridité peut être 

attribuée à l'inversion constante de température provoquée par le courant de Humboldt, frais et orienté 

vers le nord, et à la présence du fort anticyclone du Pacifique [67,68]. C'est l'un des plus importants 

analogues martiens sur Terre, et c'est un point chaud pour les extrêmophiles et les microorganismes 

extrêmotolérants où les limites chimiques et physiques de la vie peuvent être étudiées [76]. Il est donc 

essentiel d'étudier les composés organiques de l'échantillon d'Atacama par thermochimie TMAH, afin 

d'optimiser les conditions expérimentales pour l'analyse in-situ de l'échantillon martien. Dans ce 

chapitre, les composés organiques de l'échantillon du désert d'Atacama (AT05-177 et AT05-22) ont été 

analysés avec et sans thermochimie au TMAH, et à différents taux de chauffage, avec trois types de 

programmes, dont la flash pyrolyse, la rampe de type MOMA et la pyrolyse en rampe de type SAM. 
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IOM Acid-insoluble molecular 

LC-MS Liquid chromatography–mass spectrometry 

LDI Laser desorption / ionization 
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SAM Sample Analysis at Mars 
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TBDMS-F Tert-butyldimethylfluorosilane 

TBSA Tuberculostearic acid 

TEAH Tetraethylammonium hydroxide 
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TFMA N-methyl-2,2,2-trifluoroacetamide; N-methyltrifluoroacetamide 
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TG Thermal gravimetry 
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TID Total ionizing dose 

TMA Trimethylamine 
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mass spectrometry 

TMCS Trimethylchlorosilane 

TMPAH Phenyltrimethylammonium hydroxide 

TMSH Trimethylsulfonium hydroxide 
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XRD X-ray diffraction 

XRF Fluorescence spectrometry 
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Chapter 1. Introduction 
 

1.1 The background of the study 

  

This work is mainly based on the search for organic material on Mars, which is one of 

the main goals of the Sample Analysis at Mars (SAM) experiment [2] aboard the NASA 

Curiosity rover. Searching for organic compounds on Mars could develop the understanding of 

the origin of life on Earth. There are three main theories about the origin of life on Earth. One 

is the theory proposed by Haldane and Oparin: they thought that life could originate from 

inorganic matters, which could spontaneously generate organic matters. Haldane and Oparin 

speculated that living matter evolved from self-replication, but non-living molecules could 

explain the origin of life on Earth. Therefore, another two hypotheses for the orgin of life were 

proposed. One is that organic molecules that support life come from space. The detection of 

organic compounds such as nucleobases and amino acids could prove this theory. The third 

main origin theory suggests that Earth’s primordial organic matrials were first generated in 

deep-sea fumaroles-hydrothermal vents. Each of these three main theories for the origin of life 

are not mutually exclusive. Life could have occurred in different ways and could be combining 

with the delivery of extraterrestrial compounds. In order to identify if there is extraterrestrial 

life, we have to search for biosignatures or the biomarkers that relate to life directly at 

extraterrestrial locations. Therefore, some missions have been designed to search for 

biosignatures in space, including missions to Mars, Venus, and Saturn, and to Saturn’s largest 

satellite, Titan, as well as to cometary destinations, etc. Among these planets, Mars is the most 

plausible candidate planet that possibly allows life to survive since there is evidence showing 

that Mars had a similar environment around 3.8 Gy ago to that of the Earth when terrestrial life 

first started. However, Mars cooled more quickly, leading to a possible extinction of life, or a 

dormant and buried life on Mars. Hence, many efforts have been made to explore biosignatures 

on Mars, including the Viking missions (1976), Spirit and Opportunity (2004), the Mars 

Express mission (2003) [28], Phoenix spacecraft (2008), Curosity rover (2012), and the latest 

Perseverance rover (2020). Among these missions, one of the most important ways to detect 

biosignatures is the GC/MS system. 

In 1976, the first in situ landing mission to Mars, the Viking mission, aimed at finding 

extraterrestrial life using a GC/MS system. In recent missions, more advanced analytical 

methods and systems have been applied. Pyrolysis-GC/MS was carried out by SAM, and wet 
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chemistry has been applied to analyze possible organic compounds on Mars. Derivatization 

reagents, MTBSTFA/DMF and TMAH, are carried by SAM to detect refractory organics on 

Mars possibly linked with traces of life. Those organic compounds could be fatty acids, amino 

acids, nucleobases etc. To guide the space experiments and to explain the results collected by 

rovers on Mars, lab experiments need to be done, including optimizing the experimental 

conditions and understanding the byproducts of reagents. Therefore, this thesis is focused on 

the optimization of experimental conditions and providing the corresponding data reference for 

the interpretation of data from SAM. In addition, previous work on the application of 

derivatization reagents and related work has been reviewed. 

1.1.1 The habitability of Mars 

 

1.1.1.1 The Red planet-Mars 

 

Mars is the 4th planet from the Sun and is an arid, rocky, cold, and apparently lifeless 

world. It has some similarities and differences compared with the Earth. There are two moons 

of Mars, Phobos (13.8 miles) and Deimos (7.8 miles). The size of Mars (4220 miles in diameter) 

is smaller than Earth (7926 miles in diameter). The average distance of Mars from the Sun is 

about 1.42×108 miles. A year on Mars is almost twice as long as a year on Earth; there are 687 

Earth days on Mars. The volume of Mars is one-sixth the volume of the Earth, and Mars has 

about one tenth of the mass of the Earth. The gravity of Mars is about 62.5% less than that on 

Earth. 

 

 

Figure 1-1 The facts of Mars, from NASA website. 
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The environment of Mars is also different from that of the Earth. On Mars, the 

temperature is very low and varies from -140 °C to 30 °C; the average temperature is about -

63 °C. The atmosphere of Mars contains 96% carbon dioxide, < 2% argon, < 2% nitrogen, and 

< 1% other gases. On the surface of Mars, there are a lot of rocks composed of minerals such 

as olivine, pyroxene, amphiboles, carbonates, sulfates, silica, phyllosilicates, phosphates, 

feldspar, and iron oxides (hematite). Based on similar landforms on Earth and Mars, some 

places on Earth have been considered as Martian analogues. Samples from Iceland (with more 

iron), Antarctica (with a cold and dry environment), the Atacama Desert in Chile (very dry and 

similar rocks to Mars), Arizona (basaltic volcanism) and Hawaii (large basaltic shield volcanoes) 

are some examples of Martian analogue samples. 

 

1.1.1.2 Why go to Mars? 

 

For us, Mars is one of the most accessible places in the Solar System. Exploring Mars 

could provide the opportunity to possibly answer the question of the origin and the evolution 

of life, and it could someday be a destination for the survival of humankind. 

Mars has been considered as a terrestrial planet with an atmosphere and climate, and 

has diverse and complex geology like Earth. It would have been habitable for life in the past 

and the climate on Mars appears to have changed over its history. From -4.56 Gy to -4.1 billion 

years ago, it was the pre-Noachian period on Mars. During the pre-Noachian period, Mars was 

formed and differentiated, and the Martian Crust formed [29,30]. However, there would not be 

traces remaining. Liquid water would have existed during the Noachian and Hesperian periods 

on Mars, though it was lost during the Amazonian period. Those three periods are the three 

major geological periods in Martian history: 1) The Noachian (-4.1 to 3.7 billion years ago). 

During the Noachian period, there would have possibly been the presence of perennial liquid 

water at the Martian surface. There is evidence for an ancient ocean on Mars because of the 

global distribution of deltas and valleys [31]; 2) The Hesperian (-3.7 to 3.0 billion years ago). 

During the Hesperian period, liquid flow at the surface become rarer and the climate conditions 

changed, the temperature decreased, and the atmosphere become thinner. There were still 

volcanic activities [32]; 3) The Amazonian (-3.0 billion years ago to today). The planet 

gradually became a cryosphere via the loss of water [33]. Glacial and/or wind hydrological 

processes were the main activates. In this period, the most friable rocks were turned into grains 

and dusts [34].  
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In addition, Mars is impacted by UV radiation from the Sun. This radiation could 

promote photochemistry in the atmosphere at the surface of Mars. The formation of a magnetic 

field (during the first billion of <4.5 Ga) [35] on Mars could protect the surface from energy 

sources such as energetic particles and galactic cosmic rays [36]. As we know that Mars had 

geophysical activity related to volcanism [37], the gradient of geothermal flow is a possible 

energy source. In addition, there would have been hydrothermal events serving as a type of 

energy source. These energy sources could have promoted the formation and development of 

life on primitive Mars.  

There could be organic molecules at the surface of Mars, deposited by exogenous 

sources such as micrometeorites and interplanetary dust particles, which were particularly 

bombarding the surface of Mars during the Amazonian period of Mars’s history. Organic 

compounds could also be formed by abiotic photosynthesis or electrochemical reduction of CO2 

[38]. It could also be possible that organic compounds are from biotic sources present in the 

subsurface of Mars. Organic compounds on Mars could be destroyed by ultraviolet radiation 

and by oxidation processes at the surface of Mars, although clays such as phyllosilicates, 

carbonates, and sulfates could serve as preservers for those organic compounds. Additionally, 

organic compounds such as amino acids, carboxylic acids, and nucleobases that are essential 

for life have been detected in meteorites, such as the Murchison meteorite [39–42]. Meteorites 

could be an exogenous source of organic compounds. Therefore, it is possible that these 

essential organic compounds are present on Mars and could have supported the formation of 

life.  

Therefore, liquid water, an energy source, and organic compounds essential for life 

would have been present across geologic timescales in Mars’s past. Mars would have been a 

habitable planet in the past. Therefore, searching for the traces of life could be an important 

way to study the origin and the development of life. 

1.1.2 Mars missions – the search for traces of life with in-situ analysis 

 

In-situ analysis is one of the most important methods to detect traces of life on Mars. 

There have been several missions focused on the search for traces of life on Mars, including the 

Viking landers, the MERs, Spirit and Opportunity (2004), the Mars Express mission (2003), 

the Phoenix mission (2010), the Curiosity rover (2012), Perseverance (2021, landing Febuary 

18, 2021), and ExoMars (will be launched in 2022). Those missions have provided and will 

provide substantial information about Mars, e.g. the Martian atmosphere and the composition 
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of the Martian soil. Among these rovers, only the Viking landers, the Curosity rover and 

ExoMars have a chemistry lab. They were designed to search for traces of life by analyzing 

organic compounds in the Martian soil. Therefore, the instruments and the exploration have 

been reviewed in this section. 

1.1.2.1 Viking landers 

 

The Viking mission was the first in situ landed mission to Mars aimed at finding 

extraterrestrial life. Two twin landers were successfully placed on the surface of Mars in 1979. 

The Viking 1 lander, launched on August 20, 1975, touched down on the surface of western 

Chryse Planitia at 22.697 deg N latitude and 48.222 deg W longitude on July 20, 1976. The 

Viking 2 lander was launched on September 9, 1975 and touched down on September 3, 1976. 

Viking 2 landed about 200 km west of the crater Mie in Utopia Planitia at 48.269 deg N latitude 

and 225.990 deg W longitude. Both of the two landers were designed to achieve the following 

goals: 1) to study the biological and chemical composition (organic and inorganic), 

meteorology, seismology, magnetic properties, appearance, and physical properties of the 

Martian surface and atmosphere; 2) to search for Earth-like life; 3) to measure for heterotrophic 

metabolism.  

For achieving these goals, the landers carried the Pyrolytic Release Experiment (PR) 

and a GC/MS instrument (Figure 1-2). Before the sample was sent to the PR experiment, it 

passed through a sample preparation system. The Martian sample was sieved to obtain a particle 

size smaller than 300 µm. The Martian samples were heated in the pyrolyzer from 50 to 500 °C. 

The PR experiment includes an oven to heat the Martian samples that had been exposed to 

radioactively tagged CO2/CO in the presence of sunlight to measure either photosynthetic or 

chemosynthetic fixation of CO2 or CO into organic compounds. Volatiles could be formed 

during the PR experiments; they were then carried by a carrier helium flow and sent to the GC 

for separation and the MS for the detection of organic compounds. That was the first time a GC 

system was used for a space exploration application. The GC was 9×9×6 cm, connected to an 

injection system, which could facilitate an injection of a sample volume of up to 100 µL. The 

GC column was heated at a heating rate of 8 °C min-1 from 50 °C (held for 10 min) to 200 °C, 

and held for 1 hour at 200 °C. The carrier gas was helium, and the flow rate was 2 mL min-1. 

The mass detection range of the MS was 12 to 215 Da [43]. 
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Figure 1-2 The Viking landers and the sample analysis instruments. 

1.1.2.2 Curiosity- SAM 

 

NASA’s Mars Science Laboratory (MSL) was launched from Cape Canaveral Air Force 

Station, Florida, in November 26, 2011. The Mars Curiosity rover landed successfully at Gale 

Crater, at 4.6 degrees on south latitude, 137.4 degrees east longitude, on August 6, 2012. The 

Curiosity Rover is a big rover (about 3 meters or 10 feet), weighing 899 kilograms (1982 

pounds). It has been designed to explore the habitability of Mars in the past and present, through 

the exploration and assessment of a local region on the surface of Mars as a potential habitat 

for life.  

There are scientific instruments and a sample acquisition, processing, and distribution 

system onboard the Curiosity rover. Acquired Martian samples of rocks, soil, and atmosphere 

are analyzed by the analytical instruments. The Sample Analysis at Mars (SAM) experiment 

(Figure 1-3) was designed to analyze the molecular and elemental chemistry relevant to life. 

SAM can analyze organic compounds, the chemical state of light elements other than carbon, 

and isotopic tracers of planetary change [1]. SAM contains a Quadrupole Mass Spectrometer 

(QMS), a GC, and a Tunable Laser Spectrometer (TLS) (Figure 1-4). The QMS is the second 

detector, after a TCD detector (Thermal Condictivity Detector) for the GC with a mass range 

of 2-523 Dalton. The GC and GC/MS systems analyze volatiles released from the solid samples 

(rocks or soils). Those volatiles released by Martian samples are carried by a helium carrier gas 

and sent to the GC for separation. The TLS analyzes precise isotope ratios for carbon and 

oxygen in CO2.  

Besides the analytical system, the sample preparation system still plays an important 

role for the analysis of organic compounds on Mars. The in-situ derivatization and pyrolysis 

methods are essential for the detection of organic compounds in Martian samples. To prepare 

the Martian samples, the solid phase materials such as soil or rocks are sampled by sieving them 

Viking landers 1&2  Sample analysis instrument 
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(≤150 µm) and transporting them to one of 74 SMS sample cups. Those samples are sent to 

the EGA experiment. The oven is heated up to its final temperature (950 °C to 1100 °C) at a 

heating rate of 35 °C/min. All the volatiles released by EGA are collected by SAM hydrocarbon 

traps for later GC/MS analysis.  

 

 

Figure 1-3 The Curiosity rover and SAM instrument, adapted from [1]. 

 

 

Figure 1-4 The three SAM instruments are the Quadrupole Mass Spectrometer (QMS), the Gas 

Chromatograph (GC), and the Tunable Laser Spectrometer (TLS) on SAM, from [2]. 

 

In addition, organic compounds in solid samples can be analyzed by GC/MS aided by 

wet chemistry. The SAM instrument is able to perform a lower temperature (75-300 °C) wet 

chemical processing step prior to GCMS analysis. The application of derivatization reagents, 

SAM 
 (Sample analysis at Mars) 

NASA 

Curiosity Rover 2012 
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such as MTBSTFA/DMF and TMAH, can transform targeted organic compounds into species 

that are sufficiently volatile and amenable to separation by GC columns in order to enable their 

detection by GC/MS [44]. MTBSTFA/DMF is a type of reagent used for the silylation of 

organics; TMAH can be applied for the methylation of labile organic compounds at high 

temperature such as 600 °C. Those organic compounds could be amino acids, fatty acids, and 

carboxylic acids, etc. The use of wet chemistry can improve the volatility and reduce the 

polarity of targeted organic compounds, which improves the probability of detection of these 

compounds. Because TMAH thermochemolysis is the main method that was studied in this 

thesis, the application of TMAH thermochemolysis is reviewed in the next section. 

 

1.1.2.3 ExoMars-MOMA 

 

The Mars Organic Molecule Analyzer (MOMA) instrument will be onboard the 

ESA/Roscosmos ExoMars rover (to launch in 2022). ExoMars will be able to analyze the 

organic compounds of the Martian sample drilling from 2m below the Martian surface. The 

main goal of ExoMars is to search for traces of life in the past or present life on Mars. This goal 

could be divided into several sub-goals, e.g., 1) search for molecular biosignatures; 2) Search 

for evidence of active processes (geochemical, biologic, or exogenous); 3) Understand the 

geologic context. To achieve these goals, MOMA has been designed with four analytical 

objectives. It would be able to detect and characterize organic molecular species in solid 

samples with high sensitivity, analyze the organic compounds at a wide range of weight, 

analyze the chiral organics, and study the inorganic geochemical components of the organic 

analyses. The ExoMars and MOMA instruments are shown in Figure 1-5. 

 

 

Figure 1-5 The ExoMars and MOMA instruments. 

To analyze organic compounds in volatile at a wide range of weight, pyrolysis-GC/MS 

and combined with wet chemical method will also be applied on MOMA. For non-volatile 
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organics, the LDMS will be applied to produce gas-phase ions by high-intensity laser pulses, 

the products in gas phase will be analyzed by MS, with a common linear ion trap MS (ITMS) 

for detection and identification of molecular ions. Figure 1-6 is the chain of sample processing 

and analysis. First, the sample in the subsurface of Mars will be collected by drilling and ground 

into powder, then it will be delivered into the refillable sample tray and the oven, and be treated 

by lase or heated by oven and chemical alteration (derivatization and thermochemolysis), 

respectively. The mixtures of these products formed during this process will be sent to aperture 

valve and GC. At last, MS or TCD and MS will be applied to detect the mass fragments of 

organic compounds. All the detailed information of these instruments have been explained in 

the review article of Goesmann et.al [3]. 

 

 

Figure 1-6 Chain of sample processing and analysis, cited from [3]. 

 

1.2 The detection of organic and inorganic compounds on Mars 

 

1.2.1 Organic compounds 

Organic compounds are widespread throughout the solar system, and the access to its 

primitive form is achieved by analyzing extraterrestrial samples from comets, asteroids, 

meteorites and dust particles. They have been studied in the last few decades. Organic 

compounds can be divided into solvent-soluble (SOM) and acid-insoluble (IOM), which is 

obtained after demineralization. The SOM content of meteorites showed a high molecular 

diversity with ten thousands of different molecular compositions [45], such as carboxylic acids, 

amino acids, purines, sugars and sugar-related compounds, hydrocarbons, alcohols, amines, etc. 

The IOM is a type of macromolecular organic solid which accounts for more than half of total 

organic carbon, and their intact molecular structure is still unknown because of its complex 

configuration [46]. In addition, the origin of the organic containing materials is not certain. This 
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is mainly because that alteration may have occurred in the organic containing parent body, such 

as thermal metamorphism, aqueous alteration, impact shock and brecciation (fragments of older 

rock fused together) may have influenced the chemical composition of chondrites [47–49]. 

During the detection of organic compounds on Mars, plumes or patches of methane in 

the Martian atmosphere that vary over monthly time scales have been detected by the tunable 

laser spectrometer (TLS) of the Sample Analysis on Mars instrument suite on Curiosity at Gale 

crater [50]. Compared with the background level of the atmospheric methane of mean value 

0.69 ± 0.25 ppbv (95% confidence interval, CI), the elevated levels of methane of 7.2 ± 2.1 

ppbv (95% CI) demonstrated that Mars is episodically producing methane from an additional 

unknown source.  

Some organic matters including thiophenic, aromatic, and aliphatic compounds released 

at high temperatures (500 to 820 oC) were detected by SAM [51]. These organic matters were 

preserved in lacustrine mudstones at the base of ~3.5-billion-year-old Murray formation at 

Phahrump Hills, Gale crater, Mars. Thiophene is one of the important organic matters that have 

been detected on Mars, demonstrating that sulfurization aided organic matter could have been 

preserved on Mars. Thiophenes are typically occurring on Earth in kerogen, coal and crude oil 

as well as in stromatolites and microfossils. Their results showed that the abundance of 

thiophenes and sulfur-bearing minerals showed a close correlation [52], however, the origin of 

thiophene derivatives is controversial, and there is no evidence that it is of biotic origin.  

In addition, chlorine-bearing compounds are important organic compounds that have 

been detected on Mars. The detection of chloromethane (about 15ppb) and dichloromethane 

(about 2-40 ppb) were detected by the twin 1976 Viking landers (VL-1 and VL-2) firstly. 

However, the chlorine-bearing compounds that have been reported at that time, including 

chloromethane and dichloromethane were attributed to either terrestrial contamination resulting 

from the use of chlorinated cleaning solvents, or from the reaction of absorbed traces of 

methanol and HCl [53]. The first in situ detection of perchlorate or oxychloride compounds by 

2008 Mars Phoenix Lander [54], however, could offer an alternative explanation for the 

presence of chloromethane and dichloromethane in the Viking GC/MS data sets [55]. Since 

2012, several other chloride compounds have been detected by SAM aboard the Curiosity rover. 

Glavin et al. [56] reported that chloromethane, dichloromethane, trichloromethane, and a 

chloromethylpropene, were detected by SAM. However, these chlorine-bearing compounds 

were attributed to the reaction of Martian chloride with terrestrial organic carbon of MTBSTFA. 

Chlorobenzene was firstly attributed to the reactions of Martian chlorine released from 

perchlorate with the terrestrial benzene or toluene derived from 2,6-diphenylphenylene oxide 
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(Tenax) coming from the SAM hydrocarbon trap [56]. Later, the Curiosity detected some 

chloride-bearing compounds, such as 1,2-dichloroethane, 1,2-dichloropropane, 1,2-

dichlorobutane.trichloromethylpropane, and chlorobenzene at the highest amount of ~150 to 

300 ppbw [57], dichlorobenzene of ~0.5 to 17 ppbw [58], etc. Guzman et al.[59] reanalyzed the 

Viking GCMS data sets and searched for chlorobenzene signals, they found that the presence 

of chlorobenzene was considered in the light of possible sources of organic carbon that possibly 

indigenous from the martian sample and instrument contaminations. For example, the 

degradation products of the Tenax®, a polymer-based chemical trap on Curiosity Rover, could 

react with perchlorate forming chloride-bearing aromatic compounds. The abundance of 

chlorinated compounds depend on the quantity of calcium perchlorate, the type of Tenax® and 

the desorption temperature [60]. As the detection of chlorine-bearing compounds on Mars 

proved that the chlorobenze detected from Cumberland was from martian origin [57]. However, 

the precursors that could react with chlorine-bearing compounds forming chlorobenze are still 

not clear. Therefore, some studies were focused on the possible precursors of chlorozenen and 

other chlorine-bearing compounds. Because there was leaks of MTBSTFA/DMF [56], it could 

possibly be one of the precursor of chlorobenzene. Therefore, more studies need to be done to 

determine the precursors of chlorobenzene that has been detected on Mars. 

 

1.2.2 Oxychlorides on Mars 

 

NASA’s 2008 Phoenix Mars lander and its wet chemistry laboratory (WCL) was the 

first experiment on Mars which detected ~0.4-0.6 wt.% ClO4
- ions in the Martian soil [54]. Later, 

chlorine bearing compounds were detected by the Sample Analysis at Mars (SAM) instrument, 

one of ten instruments on the Mars Science Laboratory (MSL) Curiosity rover, such as 

hydrogen chloride gas, chloromethane, dichloromethane, chlorobenzene [61], and isomers of 

dichlorobenzene [62]. From these results, a reinterpretation of the data obtained with the GCMS 

experiment onboard the 1976 Viking landers suggest that perchlorates and/or chlorates were 

also present in the samples analyzed by these experiments [59,63]. Further, analysis of the 

Rocknest wind ripple with the SAM instrument and a comparison with results obtained from 

laboratory measurements indicates that calcium perchlorate is a better candidate for the 

perchlorate species than Fe-, Mg-, Ca-, Na- and K-perchlorates [64,65]. These chlorine-bearing 

hydrocarbons have been attributed to the reaction of oxychlorine related species with organic 

compounds during the pyrolysis of the samples analyzed with SAM [57,62].  
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The detection of widespread perchlorates and likely chlorates on Mars has led to several 

studies related to the potential effect of perchlorates on the detection of organic compounds 

with various instruments. Perchlorate is a strong oxidizing agent because oxygen can be 

released from the decomposition of perchlorates and could be the main cause of the degradation 

of organic compounds. On the other hand, the chlorine could form chlorine-bearing organic 

compounds. There are two main possible carbon and chlorine sources, one is the terrestrial 

carbon source on Mars; the other one is the non-terrestrial sources such as contaminates from 

the sample handling chain and the reagent has leaked into the system [56,57,66]. As 

MTBSTFA/DMF is one of the derivatization reagents that have been applied in SAM and will 

be applied in MOMA in-situ analysis of Martian samples, it is essential to study the possible 

chlorinated compounds formed during the pyrolysis of MTBSTFA/DMF in the presence of 

calcium perchlorate. 

 

1.3 Possible life bioindice on Mars 

1.3.1 Organic compounds from Atacama Desert 

 

Atacama Desert (Chile) is an ancient temperate hyperarid desert, which runs nearly 1000 

km along the Pacific coast of South America from 30 °S to 20 °S. Its extreme aridity can be 

attributed to the constant temperature inversion caused by the cool, north- flowing Humboldt 

Current and the presence of the strong Pacific anticyclone [67,68]. The mean temperature of 

this region is about 14-16°C with an increase in precipitation along the North-to-South latitude 

gradient [69]. Atacama Desert has been treated as one of the most important and interesting 

Martian analogues on Earth. Therefore, many studies have been done to have a well 

understanding of Atacama Desert samples, and to have a further understanding on Mars. 

Some researchers studied the igneous minerals, carbonates, sulfates and carbonaceous 

materials were unambiguously identified by Mars Micro-beam Raman Spectrometer (MMRS) 

in the Atacama Desert (Chile) [70]. The interaction of gas atmosphere with fossilization process 

was studied. Viennet [71] studied the influence of CO2 vs. N2/O2 on the fossilization process 

using an emblematic biomocule (RNA) and clay minerals, at 200 °C for 7 days. Their results 

demonstrated that the gas phase impacts the chemical structural of the residual N-rich organic 

compounds trapped within the interlayer spaces of Mg-smectites. It’s mainly aliphatic-rich 

under CO2 atmosphere, whereas, the heterocycles, mainly piperidine or pyrrolidine are the 

predominant products from the atmosphere of N2/O2.  
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The organic compounds and microbiomes of Martian soil have been studied. Amine 

biomarkers were detected  through compositional analysis of soil samples and the detection of 

amino acids from ancient terrestrial life in the most arid Yungay region of the Atacama desert 

[72]. Aerts [73] studied the organic compounds and the microorganism communities of 

Atacama Desert, which include wet and dry, and intermediate to high elevation salt flat. Several 

amino acids extracted from salt crusts and sediments were detected by using liquid 

chromatography and multidimensional gas chromatography mass spectrometry. These amino 

acids include L-asp, L-glu, D-glu, L-Iso-Leu.et al. Proteinogenic amino acids are the most 

abunbant types and enantiomeric ratio of L-amino aicds and D-amino acids indicates biotic 

origin of these molecules, meaning L-amino acids have higher abundances than their D- amino 

acids counterparts. In addition, DNA has been extracted from soil samples and determined the 

composition of microbial communities. Halophilic archaeal family Halobacteriaceae (Phylum 

Euryarchaeota) dominates the dataset making up 39% of the total number of sequences reads. 

Haloparvum, Natronomonas, Halorubrum, Halomicrobium, and Haloarcula are some of the 

most dominant genera from halophilic archaeal. Amino acids and organic carbon and nitrogen 

found with the Atacama soils match the microbial observations in that they generally correlate 

with the presence of pronounced life. Salts, such as halite and gypsum, which dominate these 

salts, have strong preservation potential for biomarkers shown on Mars. 

The organic compounds in the Martian subsurface have also been studied. Laura [74] 

simulated a robotic drilling mission searching for signs of life in the Martian subsurface in the 

Rı´o Tinto basin (Southwestern Spain), by using a 1m-class planetary prototype drill mounted 

on a full-scale mockup of NASA’s Phoenix and InSight lander platforms. The organic 

compounds from soil samples such as lipids were analyzed by GC/MS combined with lipid 

extraction. The distribution of bacteria was studied by DNA extraction, polymerase chain 

reaction amplification, and DNA sequencing. Their results demonstrating that subsurface 

biosignatures spanning a wide range of compositional nature, preservation potential, and 

taxonomic specificity can be recovered from an iron-rich Mars analog site. Non-volatile such 

as polycarboxylic acids could be in the subsurface of Atacama, though they could be oxidized 

completely at the top surface of Atacama [75].  This means that it’s possible to find life 

biomarkers under the surface of Atacama Desert because the ground could protect the organic 

compounds from oxidizing or radiation. 

1.3.2 The possible bacteria on Mars 
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Atacama is a hotpot for extremophiles and extremotolerant microorganisms where the 

chemical and physical limits for life may be studied [76]. Only extreme organisms which are 

capable of surviving at very low temperatures and water shortage on Earth, could present 

hypothetical habitants of Mars [77]. What is “extreme”? Perhaps extreme is the eye of beholder 

[78]. An organism thrives in an extreme environment more than one extreme called 

extremophile. The definition of extreme conditions is based on the evolutionary perspective, 

meaning the earliest environment for life defines what is “extreme”; and the physical definition 

of “extreme”, such as temperature, radiation, pressure, desiccation, salinity, pH, oxygen, and 

other extreme conditions. This definition is congruent with the colloquial definition, with 

exceptions [78]. Various microorganisms, including phototrophic [79] and heterotrophic 

bacteria, archaea and fungi, were identified in halite crusts of the Atacama Desert. Among these 

bacteria, the microbial communities are generally dominated by members of the 

Halobacteriales (e.g. Halococcus, Halorhabdus, Haloterrigena, Natrinema), Bacteroidetes (e.g. 

Salini-bacter) and Cyanobacteria (e.g. Halothece) [80]. Therefore, some extremophile 

microorganisms that could be possible survived on Mars will be reviewed in the following sub-

sections. 

 

1.3.2.1 Halotolerant bacteria 

 

A candidate form of life that could possibly exist in Martian brine is the family of 

halophile bacteria, such as halobacterium halobium [81,82]. Halobacteria is a form of 

extremophilic Archaea; they could adapte to survive in saturated salt solutions, and they are 

able to revive in the presence of water after being desiccated into a crust of solid salt. In addition 

to being adapted to high salt, the halophilic archaeon halobacterium halobium, also shows a 

strong resistance to desiccation, high pressure, UV radiation, and IR [83,84]. Halophilic 

Archaea could be long–term survived in ancient halite and the preservation of DNA within fluid 

inclusions for periods of tens of thousands of years [85].They also could be able to travel 

hundreds or even thousands of miles in the form of dry, windblown dust and salt and by this 

means colonize transient small pools [82]. Extremely halophilic archaea (haloarchaea) are of 

astrobiological interest since viable strains have been isolated from million years old salt 

deposits [86] and halite has been found in Martian meteorites and in surface pools [87]. 

Therefore, due to their ability to survive in extremes, they are often considered a model group 

of organisms to study responses to the harsh conditions associated with space [88]. Halophilic 
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Archaea has been proposed as a possible candidate for life on early Mars by Litchfield (1998) 

[89] and as a possible life form on present Mars by Landis [90] and Aerts [73].  

With the detection of oxychlorines on Mars, some research has been done to study the 

effect of perchlorate on the survival of Halobacterium salinarum. Perchlorate at a concentration 

of 0.2 M for up to 2 weeks did not affect the ability of a yeast extract-based medium to support 

growth of the archaeon Halobacterium salinarum. Halophilic microorganisms surprisingly well 

adapt to survival, and maybe even to life, under conditions prevailing on Mars, now or in the 

past [91]. Halotolerant yeast Debaryomyces hansenii was found to tolerant at most of 2.4 M 

NaClO4 in liquid growth medium, which is the highest microbial perchlorate tolerance reported 

to date, more than twice as high as the record reported prior (for the bacterium Planococcus 

halocryophilus). This result demonstrated that it’s plausible that Martian microbes, if they exist, 

could adapt to high perchlorate concentrations and also increase the likelihood of microbial life 

thriving in the Martian brines [92]. Hypersaline environments preserve biomolecules over 

geologically significant timescales; therefore, salt-bearing materials should be high-priority 

targets for the search for evidence of life on Mars [93]. Although the perchlorate are inhibitory 

for most microorganisms, the presence of Mg(ClO4)2 and NaClO4 on Mars would not inhibit 

the growth and the function of haloarchaea, such as H. lacusprofundi. Extreme halophiles may 

be tolerating higher concentrations of the perchlorate ions. For example, the amount of 

perchlorate tolerated by H. lacusprofundi and Halobacterium sp. NRC-1 is 30 times higher than 

that of methanobacteria [94]. Laboratory strain Halobacterium salinarum NRC-1 is one of the 

best-studied representative to date, and they are ideal candidates for space related studies [88]. 

Studies have investigated how this strain reacts to desiccation, shifts in osmotic pressure [84,95], 

heat [96], oxidative stress [97], ionizing radiation [98,99], oxygen limitation [97], and a broad 

range of different UV radiation regimes [100,101].  

The main structure and its properties enable the halophilic Archaea to survive in harsh 

environment. For example, intracellular salts provide protection against ionizing radiation in 

Halobacterium salinarum NRC-1; High salt concentration could stabilize halophilic protein 

structures through solvation shells made up of hydrated salt ions [102]. This property is 

correlated with negatively charged protein surfaces; this is because of the enrichment in acidic 

amino acids and marginal hydrophobic amino acids, which favors repulsive interparticle forces 

to avoid aggregation in the high salt environment [103,104]. Most halophilic proteins display 

an obligatory requirement for high salt conditions in order to be active and stable [105]. 

Intracellular halides in H. salinarum could scavenge the reactive oxygen species, resulted in 

increased protection against nucleotide modification and carboxylation of protein residues 
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[106]. Manganese plays an important role in radiation resistance. The rich abundance of Mn, 

phosphate, amino acids, and peptides in H. salinarum provides a great level of enzyme 

protection against the deleterious effect of IR [83]. Association of Mn and trehalose was also 

essential for the extreme radiation resistance observed in Rubrobacter species [107]. In addition, 

the pigments inside of Halobacterium salinarium lend itself for use as a cosmetic colorant [108]. 

Bacterioruberin and monoanhydrobacterioruberin are the two main carotenoid pigments that 

have been detected from Rubrobacter radiotolerans[109]. Rubrobacter radiotolerans is also 

known to be highly extremely gamma radiation resistant [110].  

 

1.3.2.2 Cyanobacteria 

 

The Atacama Desert, the driest nonpolar desert in the world, is often referred to by 

astrobiologists as an analogue of Mars due to its environmental conditions. The association of 

cyanobacteria (Chroococcidiopsis sp.) and bacteria belonging to Actinobacteria and Beta-

Gammaproteobacteria and Firmicutes phyla were found inhabiting the near surface of salt 

(halite) deposits of the Salar Grande Basin, Atacama Desert (Chile) [111]. They are the example 

of life that has adapted to extreme environmental conditions caused by dryness, high irradiation, 

and metal concentrations. This suggests that the adaption of these micro communities is of 

importance in the investigation of life outside of Earth. Cockell et al. [112] found a sample of 

shocked gneiss containing a coherent band of cyanobacterial endolithic growth, from the 

Haughton impact crater in the Canadian Arctic. The organism inhabiting these rocks is the 

desiccation and radiation resistant cyanobacterium, Chroococcidiopsis sp. The adaptability of 

Chroococcidiopsis sp. to extreme environments was also demonstrated in the Martian analogue 

named the Mojave Desert. Therefore, Chroococcidiopsis sp, isolated from different rock types 

(talc, marble, quartz, white carbonate, and red-coated carbonate) was found to have shifted the 

photosynthetic pigment emissions, presumably as an adaptation to the rocks’ different light 

transmission properties [113]. Chroococcidiopsis is also probably the most desiccation-

resistant cyanobacterium, the sole photosynthetic organism in extreme arid habitats. Its 

remarkable tolerance of environmental extremes makes Chroococcidiopsis a prime candidate 

for use as a pioneer photosynthetic microorganism for terraforming of mars. It is noteworthy 

that under laboratory desiccation desert strains of Chroococcidiopsis could survived several 

years of storage [114]. Charles et al. [115] reported that Chroococcidiopsis sp. could survive 

under the high Martian UV flux if water and nutrient requirements for growth were met. After 
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8-hour exposure, equivalent to approximately 1 day on Mars, cell morphology was not changed, 

and DNA was still detectable by 4’,6-diamidino-2-phenylindole staining.  

Desiccation-, radiation-resistant desert strains of Chroococcidiopsis have been 

employed in several experiments to ground-based simulations of space and Martian conditions, 

in order to study the tendency of life as we know it, to investigate the possibility of detection 

of life biosignatures on Mars or other planets. The extreme conditions in space could damage 

DNA, which could lead to the chemical modification(alkylation or oxidation), cross-linking, 

base removal such as depurification, or damage by ionizing and non-ionizing radiation [116]. 

Because Chroococcidiopsis has the ability to repair and/or protect its genome under DNA-

damaging conditions, such as extreme desiccation, ionizing radiation and UV-exposure, among 

desiccation-tolerant cyanobacteria it is the only one suitable to genetic manipulation [117].  

Extracellular polysaccharides (EPS) are the most important compounds produced by 

cyanobacterial, contributing to its desiccation tolerance. The production of abundant 

polysaccharide-rich envelopes allows the high adaptability of Chroococcidiopsis to 

anhydrobiosis [118]. They provide both a repository for water and a matrix which stabilizes 

desiccation-related enzymes and molecules [119]. The productions of extracellular 

polysaccharides act in synergy with an accumulation of the disaccharide trehalose in the 

cytoplasm, which occurs in most anhydrobiotes upon desiccation. Trehalose could substitute 

water molecules and prevent the phase transition of cellular membranes and stabilizes dried 

proteins [120]. Trehalose appears to depress the phase transition temperature of the dry lipids 

after water has been removed and maintains them in the liquid crystalline state [121]. They 

could expand phospholipid monolayer films [116,122].  

Biological lipids are among the most stable biomarkers over geological time scales and 

are easily analyzed. The alteration of lipid content of membranes in major importance in 

response to environmental stresses and maintenance of membrane integrity in anhydrobiotic 

organisms represents a Central mechanism of desiccation tolerance [121,123]. The 

characterization of Chroococcidiopsis EPS’s lipidic component stability will give us a 

supplementary potential biosignatures for guiding future search for life missions [124]. As 

Chroococcidiopsis is able to resist up to 15 kGy of ionizing radiation in the active form, 

Chroococcidiopsis could potentially withstand a radiation environment equivalent to 200,000 

years on the Martian surface. Its radiation resistance in the dormant desiccated state and at low 

temperatures could moreover be enhanced by the interplay of protection mechanism involved 

in both desiccation and radiation resistance [125–127].  
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1.3.3 The organics in Bacteria 

 

To study the organic life biomarkers in space, the organic compounds in real bacteria 

sample is of primary importance. The major components of microbial biomass are protein, RNA, 

lipids, and glycogen. These four components have been reported to constitute 88% of the dry 

biomass, as the model gram-negative microbe Escherichia coli [128]. The relative abundance 

of the main compounds in E.coli is DNA (3.1% of dry weight), lipopolysaccharide (3.4%), 

peptidoglycan (2.5%), and intracellular metabolites, cofactors, and ions (3.5%), and the 

amounts of these components are expected to be relatively constant. If we take a look at 

molecules present in a bacterial cell, we find biopolymers (nucleic acids, polysaccharides), 

small organic molecules (lipids, saccharides, metabolites), and inorganic molecules. Over 50 % 

of the cell dry weight consists of proteins, which represents the phenotype of the organism and 

in spite of their high diversity. Lipids constitute approximately 50% of the weight of cellular 

membranes and 5–10% of the prokaryotic cell dry weight, but it means the highest number of 

molecules per cell [129]. There could be products derived from the organics in from microbial 

biomass. Zhu et al [130] studied the microbial biomass in subsea floor sediment by Py-GC/MS, 

benzyl nitrile (derived from DNA and protein), 2-furanmethanol (from DNA and 

peptidoglycan), indole (from peptidoglycan and protein), phenol (from DNA, peptidoglycan 

and protein) and pyrrole (from peptidoglycan) were determined as diagnostic fingerprints. 

Detection of microbial signals through the molecular fingerprints requires a cell density of at 

least 106 cells/g. 

1.3.3.1 Lipids  

 

Lipids are the main components of cell walls. Fatty acids methyl esters have been 

detected in cells with derivatization of TMAH, such as C13-C18 FAMEs [131–133]. Lipids in 

pathogens have been analyzed by Py-GC/MS combined with in situ thermal hydrolysis 

methylation of the whole bacteria, with a total analysis time less than 10 min/lipid profile. The 

lipids profiles of bacteria depend on growth factors such as the type of media, age of culture, 

and incubation temperature [134]. Lipopolysaccharides (LPS) and lipooligosaccharides (LOS) 

are components of the G-bacteria outer cell membrane and are responsible for the antigenic 

properties of bacterial cells. Lipid A of lipopolysaccharides is considered to be the most 

conserved part; oligosaccharidic core and O-antigen, which constitute conversely the most 

variable part and thus may be used as a specific biomarker [135]. In addition, the resilience of 

lipids from dead organic material in the saline sediments represented  by samples from lakes 
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lends demonstrated that sulfates, in tandem with phyllosilicates and iron oxides, may be a viable 

target for preserved biomarkers on Mars [136].  

 

1.3.3.2 Amino acids 

 

Amino acids are the structural units that make up proteins, also important bioindice for 

life. Several amino acids have been detected in cell walls. For example, muramic acid occurs 

exclusively in bacterial cell walls, especially in the murein skeleton of Gram-positive species 

[137,138]. Galactosamine was also detected from cell walls, especially in peptidoglycan cell 

wall, but only the glucosamine that occurs in excess to muramic acid may be attributed to fungal 

sources [139]. Golecki [140] studied the composition of cell walls of the cyanobacterium 

Anacystis nidulans. Several organic compounds have been detected. Among this, in the un-

soluble electron dense layer, typical components include peptidoglycan diaminopimelic acid, 

muramic acid, glutamic acid, glucosamine and alanine in the molar ratio of 1.0 : 0.9 : 1.1 : 1.5 : 

1.9. In addition, other amino acids (molar ratio from 0.05-0.36), mannosamine (molar ratio 

0.54), and lipopolysaccharide components were detected in low concentration. Mycosporine-

like amino acids (MAAs), scytonemin, ectoine, bacterioruberin, sphaerophorin, pannarin, and 

melanin have been isolated from UVR-resistant extremophiles. MAAs are characterized by a 

cyclohexenone or cyclohexenimine core conjugated with the nitrogen moiety of an amino acid, 

and are synthesized by the shikimic acid pathway via 3-dehydroquinic acid and 4-deoxygadusol, 

a known strong antioxidant [141,142]. MAAs could absorb UVR, which plays an essential role 

in photoabsorption [143]. Scytonemin, a kind of yellow to brown and lipid-soluble compound 

from cyanobacteria, also shows promise as a sunscreen. Scytonemin is a symmetrical indole-

alkaloid consisting of fused heterocyclic units, connected via a carbon–carbon bond. In its 

structure, the complex ring structure and its conjugated double bonds make the compound 

particularly stable and allow for the absorption of UVR [142]. 

 

1.3.3.3 Nucleic acids 

 

Deoxyribonucleic acid (DNA), as information carrier, stores the information that 

defines the organism in unique orders of four nucleobases (A, T, C, G) located in tiny molecules, 

and this way of storing information has continued for three billion years. Some studies have 

suggested that DNA can be placed in the extremely cold regions of the Earth or even on Mars 
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for millennium-long storage [144]. RNA probably formed the basis of first life, which is made 

up of sequences of four different nucleotides, the latter of which can be formed through reaction 

source. RNA polymers must have emerged very quickly after the deposition of meteorites (less 

than a few years), and the synthesis of nucleotides and their polymerization into RNA occurred 

in just one to a few wet-dry cycles [145].  

 Nucleosides, nucleotides, and nucleobases, a group of highly active compounds, are 

essential components of life; they constitute the building blocks of nucleic acids, RNA and 

DNA, and involved in the regulation and modulation of various physiological process in human 

body [146,147]. The structure of nucleobases, nucleosides, and nucleotides have been 

determined in previous studies [148–150], polynucleotides are composed of pentose sugar 

moieties linked by 3’,5’-phosphodiester bonds forming a sugar-phosphate backbone. The 

furanose ring is centrally located in the sugar phosphate chains of nucleic acids [151].  

Nucleic acids can be analyzed by HPLC, LC-MS-MS, GC/MS. ATP, ADP, AMP, 

adenine, adenosine, cAMP, ITP, IDP, IMP, hypoxanthine, inosine, cIMP, the guanine series, 

NAD, NADPH, xanthine, 3-methylxanthine were often characterized using high-performance 

liquid chromatography (HPLC) [152], in which peak height was used to quantify hypoxanthine, 

AMP, uric acid and ADP. Turner [153] characterized ribonucleotides and ribonucleosides by 

Py-GC decades ago where the sample was pyrolyzed at 800 ±5°C. The pyrolysis products 

include low-boiling products, such as CO, CO2, CH4, C2H4, etc., and the purine and pyrimidine 

structure contribute significantly to the formation of low molecular weight pyrolysis products. 

Py-GC was suggested as a means of characterizing fragments produced in the degradation of 

nucleic acids. GC/MS has long been sued for identifying metabolites od biological fluid, 

however, this technique is limited by the volatility or the ability to form appropriate volatile 

derivatives of the molecules [154]. The determination of phosphorus is one of the most effective 

methods to quantify nucleotides, because DNA is composed of deoxynucleotides (dNMPs), 

which consist of deoxyribose, a base, and phosphate. The phosphorus measurements provides 

a highly accurate quantification of mass for both dNMPs and DNA [155]. Inductively coupled 

plasma mass spectrometry (ICP-MS) was used to quantify the DNA concentration by the 

phosphorus value, the detection limits of DNA sample obtained from ICP-MS were 3.1–26 

ng/mL [155]. Stefan Neubauer [156] did the quantitative profiling of the nucleotides, 

nucleosides, and nucleobases in yeast extracts using LC-MS-MS, the limits of detection <1 

μmol L−1 was obtained. Elemental species analysis method enabled determination of 

nucleotides by phosphorus detection [157]. The detection limit and absolute detection limit of 

phosphorus were 0.24 µg/Land 0.012 pg, respectively. Guo [158] developed a rapid and 
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sensitive method to determine 20 nucleobases, nucleosides, and nucleotides in in Ziziphus 

plants at trace levels by using hydrophilic inter- action ultra-high performance liquid 

chromatography coupled with triple-quadrupole tandem mass spectrometry (HILIC–UHPLC-

TQ-MS/MS). The LODs and LOQs were 0.11–3.12 ng mL−1 and 0.29–12.48 ng mL−1 for the 

20 analytes, respectively. LC-MS-MS was applied to analyze nucleotides, nucleosides, and 

nucleobases, for the application to feed supplements [156], including cytosine, uracil, adenine, 

guanine, cytidine, uridine, adenosine, guanosine, inosine, 5’CMP, 5’UMP, 5’AMP, 3’AMP, 

2’AMP, 5’GMP, 2’GMP and 3’ GMP, and 5’IMP.  

The analysis of DNA could help to determine the bacteria species contained in the 

Atacama Desert samples. DNA was extracted from different Atacama samples to determine the 

composition of microbial communities present within the soil samples, Microbial life was 

strongly represented in salars and halophilic organisms contributes to a large amount to the 

communities [73]. Amino acids and organic carbon and nitrogen found within the investigated 

soils match the microbial observations in that they generally correlate with the presence of 

pronounced life [73]. The low biomass was detected in Mars analogs such as high-elevation 

University Valley permafrost (103 cells/g) [159] and Lost Hammer Spring sediment (105 cells/g) 

[160], corresponding to ~0.01–1ng DNA based on an average bacterial genome size of ~2–5 

Mbp and ~2.5–5 fg of DNA per genome. 

In addition, the phosphate is one of the chemical nutrients thought to be essential for life 

and is also considered critical to reactions that may have led to life on Earth. Phosphate release 

rates during water-rock interactions on Mars that are as much as 45 times higher than on Earth, 

the phosphate concentrations of early wet Martian environments more than twice those of Earth, 

which suggested that available phosphate may have mitigated one of the hurdles to abiogenesis 

on Mars [161]. Phosphate possesses many contributes for biotic and prebiotic roles. Phosphate 

bond configuration and resulting net negative charge act to ionize and protect the 

macromolecule from hydrolysis, two qualities required for cell containment and the persistence 

of genetic material [162]. 

1.3.3.4 Polysaccharides 

 

The bacterial polysaccharides make up a group of polymers in which the structural 

variation is almost unlimited, and unusual sugars are often components of these polymers. 

These polysaccharides are generally composed of oligosaccharide repeating units, and 

structural studies should lead to a complete structure of the unit. In addition to the 
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polysaccharides proper, bacteria also produce other polymers containing mainly carbohydrates. 

The first type is comprised by lipopolysaccharides, which presents in the cell wall of gram-

negative bacteria connecting with the specific polysaccharides. Peptidoglycans are one of the 

components of the bacterial cell wall, where polysaccharide chains are cross-linked via short 

peptide chains and form a two-dimensional network. A third type includes the teichoic acids in 

the bacterial cell walls. In these polymers, mono- or oligosaccharide residues are connected via 

phosphoric diester linkages [138].  

During the biochemical analysis of Atacama samples, monosaccharides such as glucose, 

galactose, mannose, xylose, or glucuronic acid that usually are structural components of 

microbial extracellular and cell wall polysaccharides were detected [93]. Exopolysaccharides 

(EPS) are polysaccharides produced extracellularly by microorganisms and compose of simple 

sugars. The repeating units of these polysaccharides are very regular, branched or unbranched 

and interconnected by glycosidic linkages [163]. 

1.3.3.5 Pigments 

 

Biomolecules, especially photosynthetic pigments (chlorophyll and accessory pigments 

such as phycocyanin) and derivatives may be detectable beneath the oxidized zone in the near-

subsurface profile of Mars [164]. Raman spectroscopy offers a promising tool for the detection 

of hopnanoids as long-lived bacterial cell wall products and the photosynthetic pigments as the 

most promising targets. In cyanobacteria, they contain photo protective and antioxidant 

molecules(e.g., carotenoids), ultraviolet screening compounds (e.g.,scytonemin), 

photosynthetic pigments (e.g., chlorophyll a and phycobiliproteins), and their degradation 

products such as porphyrins, which have been classified as high priority targets for biomolecule 

detection [165]. In addition, pigments of different nature are widely used as biomarkers for the 

classification of microorganisms. Pigments include magnesium-containing chlorophylls and 

bacteriochlorophylls, phaeophytins and phycobiliproteins characteristic especially for 

cyanobacteria, retinal-containing pigments such as bacteriorhodopsin, halorhodopsin and 

proteorhodopsin, carotenoids, flexirubins and many others [166,167]. Especially carotenoids 

have a great structural variety, which represent a diversified group of chemicals with a polyene 

skeletal backbone. Carotenoids could participate in ernegy-hacrvesting complexes, UV 

protection and in the repair of cellular damage [168,169]. 
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1.3.3.5.1 Carotenoids 

 

Carotenoids’ pigment are promising targets to search for life on Mars due to their 

biogenic origin, they could be detected by Raman spectroscopy easily, especially with a 532 

nm excitation because of the resonance effects. Therefore, Raman spectroscopy has been a 

classical instrument used to analyze carotenoids. And also, the desiccation can protect 

carotenoid Raman signatures in the desert cyanobacterium Chroococcidiopsis sp. For hydrated 

Chroococcidiopsis sp, increasing gamma ray doses(from o to 113 kGy), the peaks of C=C, C-

C, and CH3 groups decreased significantly; however, for dried Chroococcidiopsis sp cells, all 

the characteristic peaks are detectable after UV irradiation [170]. Most carotenoids of the 

Halobacteriaceae are colored brightly red-orange due to a high content of carotenoid pigments 

in their cell membrane. The reddish-pink color of saltern crystallizer brines is mainly caused 

by these archaeal carotenoids [167]. Therefore, the carotenoid-like signatures could be the 

possible biosignatures preserved for millions of years [170]. 

The specific carotenoids bacterioruberin and salinixanthin are excellent biomarkers for 

extremely halophilic heterotrophs. Bacterioruberin is an unusual C50 carotenoid constantly 

studied and analyzed by Raman spectroscopy [171,172], and present in some halophilic archaea 

and some actinobacteria belonging to the family Rubro bacteraceae [109]. Bacterioruberin is 

the main carotenoid component responsible for the color of the red Archaea of the family 

Halobacteriacene. It has a distinct molecular structure in which it has a primary conjugated 

isoprenoid chain with a length of 13 C=C units without subsidiary conjugation arising from 

terminal groups, which contain four (or less) OH group functionalities [173]. However, 

salinixanthin from Salinibacter ruber the C40 conjugated chain with 13 double bonds and a 

fatty acid chain are linked to a β-D-glycoside [166,167,174]. Figure 1-7 shows the main 

structure of carotenoids.  

Raman spectroscopy has been used as one of the most popular device instrumentations 

for analyzing the presence and the structure of carotenoids. It is able to analyze carotenoids in 

native samples from surface and subsurface colonization of rocks or sediments, thus trace 

pigment detection is sometimes possible using especially the excitation wavelengths 514.5 and 

532 nm [175–177]. Marshall et al [175] detected carotenoids of members of the 

Halobacteriaceae by resonance Raman spectroscopy. Fendrihan et al. [178] tested the suitability 

of Raman spectroscopy for the detection of extremely halophilic Archaea embedded in halite 

in terrestrial and possibly extraterrestrial samples as well, a high abundance of carotenoids 

(bacterioruberin) were detected as well as peptide bonds and nucleic acids. 
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Figure 1-7 Structural formulas of carotenoids. 

In addition, Carotenoids could be extracted from food and human samples with different 

extraction methods and solvents. Extraction methods include liquid-liquid [179–181], solid-

liquid [182–184], supercritical-fluid extraction (SFE) [185] , pressurized liquid extraction (PLE) 

[186–188], accelerated solvent extraction (ASE) [189,190], ultrasound-assisted extraction 

(UAE) and microwave-assisted extraction (MAE) [191–193], etc. Carotenoid identity can be 

confirmed by liquid chromatography coupled to mass spectrometry (LC-MS), comparing 

comparing the mass spec- tra with published fragment-ion abundances, or mass spectral 

libraries [194]. A range of LC-based techniquies have been applied to analyze carotenoids, 

mainly coupled to a photodiode array (PDA) or UV-Vis detector [194]. Mass spectrometery is 

one of the most important methods for the detection and identification of carotenoids. MS 

instruments have been used to achieve high sensitivity in complex mixtures and to obtain 

molecular structure information on the basis of the molecular mass and fragmentation patterns. 

This demonstared that MS system could be applied to determine the main structure of 
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carotenoids. GC/MS have been applied to analyze carotenoid and chlorophylls in leaves and 

bacteria[195,196], the carotenoid cleavage [197–201]. Their results demonstrated that GC/MS 

could be applied to analyze the fragments of carotenoids. However, few studies reported tha 

application of GC/MS system on the dtetection of carotenoids. 

It is not likely that the pigments such as bacterioruberin or carotenoids directly protect 

the DNA in terms of damage prevention, however, those pigments might aid in the recovery 

from UV damage by supplying energy indirectly to photo reactivating enzymes for the reversal 

of thymine dimers [169,202]. In addition, pigments are not the only possible biomarkers to 

indicate presence of halophilic and other microorganisms by using Raman spectroscopy [203]. 

Most halophilic and halotolerant microorganisms (but not including members of the 

Halobacteriaceae and Salinibacter) could accumulate high concentrations of different organic 

osmotic solutes, which could be excellent biomarkers [204].  

 

1.3.3.5.2 Chlorophyll 

 

Chlorophyll fulfils the requirements from photosynthesis: the absorption of visible light, 

the photochemical capabilities, a rich supply of redox levels and chemical stability. The 

biosynthetic pathway of chlorophyll can be read as the evolutionary history of photosynthesis, 

which is the prerequisite of all life on earth [205]. In this process, porphyrins pigment is the 

basements of chlorophyll. Chlorophyll c is a mixture of magnesium tetradehydro- and hexa- 

dehydropheoporphyrin a5 monomethyl ester (Ia, Ib). Chlorophyll c is common in widely 

distributed plants including the most abundant organisms of the open seas, which means the 

marine diatoms, dinoflagellates, and brown algae. These organisms contain Chlorophyll c in 

addition to the predominant Chlorophyll a [206]. Chlorophyll was also detected from the 

colonies of cyanobacteria (Gloeocapsa, Nostoc) in gypsum and other evaporites in the High 

Arctic [207] and within halite from hyperarid areas of the Atacama Desert, Chile [208], by 

Raman system. Therefore, Chlorophyll could be one of the biomarkers for search life 

biosignatures on Mars. Since GC/MS system is one of the most important method to detect the 

organic compounds, we found that GC/MS have been used to analyze chlorophyll and its 

degradation in previous study [209,210]. Therefore, SAM instruments could have the potential 

to analyze chloropyll compounds by analyzing the products degraded from choropyll if they 

are presented in Martian soil.  
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1.3.3.6 Proteins 

 

Some pigments are proteins. Bacteriorhodopsin, a retinal protein within the proteome 

of Halobacterium, is a photochemical material produced by halophiles. Its function was 

discovered in early 1970s within the cell membrane of Halobacterium salinarum. It serves as a 

light-driven proton pump and enables direct use of light energy to generate a proton gradient 

over the membrane that can be converted to ATP [163,211]. Halorhodopsin is the second retinal 

protein, also first discovered in Halobacterium salinarum. It has a quite similar structure to that 

of bacteriorhodopsin. However, this pigment can acts as a chloride pump: excitation by light 

(absorption maximum 578 nm) drives transport of chloride ions from the medium into the cells 

[212]. Inward chloride transport is important for maintaining the proper ionic balance and is 

essential for cell growth. Halobacterium salinarum contains two more retinal-containing 

membrane proteins involving in light sensing for phototaxis. Sensory rhodopsin I is a green 

light receptor that responds to a color to which the cells are attracted. Sensory rhodopsin II, also 

termed photorhodopsin, is sensitive to blue light that acts as a repellent [167]. Photoactive 

yellow protein is another interesting photopigment used for light sensing in many halophilic 

anoxygenic phototrophic Bacteria. It was first observed in Halorhodospira halophila in 1985. 

This protein is a photoreceptor that mediates negative phototaxis to blue light [167]. Later it 

was identified as a 4-hydroxycubbamyl (p-coumaric acid) chromophore. It is covalently bound 

to Cys-69 of the protein via a thiol ester bond. [213]. 

1.3.4 Important organic compounds for life  

 

From last section, we could conclude that important life biomarkers including lipids, 

amino acids, nucleic acids, saccharides, pigments such as chlorophyll and carotenoids, and 

proteins. This means that soluble organic matters, include sugar derivatives, amino acids, and 

nucleobases, could be potential metabolic reactants and genetic information recorders [214]. 

Carboxylic acids are the most abundant soluble compounds in Murchison, about 330 ppm [215] 

Phosphate is central to the origin of life [216–218]. Because it is a key component of nucleotides, 

phospholipids, and metabolites such as adenosine triphosphate used in cellular replication, 

compartmentalization, and energy transfer, respectively [219]. In addition,PAHs are invariably 

associated with highly altered fossils (e.g., fossil fuels and their combustion products) and thus 

are relatively unambiguous signatures of life [220]. PAHs are common in the interstellar 

medium, such as in Martian meteotite ALH84001 are biogenic [221].  
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As it has been described in the background, SAM and MOMA are designed for the 

detection of biomarkers that related for life or life activities. Pyrolysis-GC/MS combined with 

derivatization method has been applied to detect the possible organic compounds in Martian 

soil. MTBSTFA/DMF and TMAH are two derivatization reagents carried by SAM and will be 

used on MOMA. MTBSTFA/DMF have been applied to analyze the organic compounds on 

Mars since the launch of Curosity rover [64,222,223], TMAH will be applied to study the 

organic compounds which could be the biomarkers or bioindicators for life on the surface or 

the subsurface of Mars. In addition, TMAH will be applied on Dragonfly (DraMS) and Europa 

Lander (Emily). Therefore, the applications of TMAH thermochemolysis on the detection of 

organic compounds need to be well understood. In the next Chapter, the application of TMAH 

thermochemolysis has been reviewed.  

 

1.4 The search for organic compounds with TMAH thermochemolysis: From 

Earth analyses to space exploration experiments 

 

Abstract: 

Tetramethylammonium hydroxide (TMAH) is one of the most popular methylation reagents 

that have been increasingly used for the detection of organic compounds within a wide range 

of samples, such as soil, coal, lacquer, lignin, polymers and for in situ analysis of solid samples 

by space experiments. The analytical methods and instruments, experimental conditions, and 

the qualitative and quantitative analysis of organic compounds using TMAH thermochemolysis 

for the last 10 years were reviewed; additionally, the mechanism of TMAH thermochemolysis 

and TMAH degradation are overviewed herein. The objective of this paper is to give a broad 

view of the TMAH thermochemolysis analysis, to demonstrate how the technique can be used 

for the detection of organics on Mars and other planets, and to promote cooperation between 

different disciplines which may use thermochemolysis. 

Keywords:  

Tetramethylammonium hydroxide (TMAH); thermochemolysis; Pyrolysis-GC/MS; thermally assisted 

hydrolysis and methylation (THM); TMAH degradation; derivatization; quantitative analysis; internal 

standard; space experiment; SAM and MOMA.  
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1.4.1 Introduction  

1.4.1.1 What is thermochemolysis? 

The analysis of organic compounds is an essential way to detect and demonstrate if there 

are life signatures in space. Since the early 19th century, it has been hypothesized that there 

could be life-derived organic matter surviving in the martian soil and randomly distributed 

across the martian surface over geologic timescales [224]. Extraterrestrial matter and the 

potential for it to reach the surface of the Earth has been a topic of interest and debate for 

centuries. One of the oldest meteorites, which is still preserved today, fell from the sky on 

November 7th, 1492 and is still on display in the French region of Alsace. Since then, many 

meteorites have been found to contain soluble organic matter. Subsequent analyses explore how 

to distinguish a biotic from an abiotic origin for this organic matter [225]. Therefore, the 

analysis of organics plays a crucial role in the search for life beyond the Earth. Human beings 

continue to make efforts to explore the universe and search for other habitable planets, even 

within our own solar system. Today, the Mars Organic Molecule Analyzer (MOMA), an 

experiment onboard the 2022 ExoMars rover, will search for signs of past or present life on 

Mars by analyzing the potential organic content in samples collected from up to a two meter 

depth below the martian surface [3]. 

There are three main methods for analyzing complex and non-volatile organic 

compounds. Pyrolysis is a traditional method for analyzing the components of complex 

materials. Pyrolysis can be performed as slow pyrolysis, which requires a temperature ramp, 

and fast pyrolysis, in which the sample is heated at a different heating rate at relatively high 

temperatures in the absence of oxygen. The pyrolysis process, especially at high temperatures, 

can degrade the main chemical structures of the analyzed materials. Consequently, it is often 

very difficult to speculate about the initial chemical composition of unknown samples during 

the analysis of the pyrolysis products. For example, coal pyrolysis is the most traditional way 

to study the structure and composition of coal and the kinetic rates and mechanisms of coal 

pyrolysis [226]. Characterization of pyrolysis residues such as char [227] combined with gas 

releasing properties provide a valuable and comprehensive understanding of coal structure 

[228]. However, the pyrolysis process is always operated at temperatures higher than 200 °C 

and up to about 1800 °C [229,230], which can destroy the original structure of the sample and 

produce the char, tar and gas products that are released during coal pyrolysis. Pyrolysis is 

generally not a good way to conserve the main structure of samples. 

Chemical derivatization is another analytical method which can keep intact the main 

chemical structure of substances by adding a derivatization reagent which reacts with the polar 
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and labile compounds at a relatively low temperature (below 200 °C). The derivatization 

reaction usually involves a substitution of a nonpolar functional group in place of a polar 

functional group, where the most common reactions are alkylation, acylation and silylation. 

Alkylation reagents reduce the polarity of the compounds by substituting labile hydrogens for 

an aliphatic or aliphatic–aromatic (e.g., benzyl) group. Silylation is the most prevalent 

derivatization technique, and common reagents are trimethylchlorosilane (TMCS), 

trimiethylsilylimidazole (TMSI), N-methyl-trimethylsilyltrifluo roacetamide (MSTFA), N, O-

bis-(trimethylsilyl)trifluoroacetamide (BSTFA) and N-(t-butyldimethylsilyl)-N-

methyltrifluoroacetamide (MTBSTFA). BSTFA and MTBSTFA are most frequently used, 

particularly when analyzing phenolic compounds, sterols and sugars [231,232]. Derivatization 

methods can be used to reduce the polarity of amino groups to improve their separation and 

detection by gas chromatography/mass spectrometry (GC/MS).  Derivatization reactions of 

amines by GC were reviewed by Kataoka [233], with respect to reactivity, selectivity and 

sensitivity, for the application of environmental analysis related to human health. Common 

derivatization reactions for the GC analysis of amines were presented, including acylation, 

silylation, dinitrophenylation, permethylation, Schiff base formation, carbamate formation, 

sulphonamide formation and phosphonamide formation, and the derivatization reactions of 

different amines were reviewed, including primary amine, secondary amine, tertiary amine, 

ammonia, and nitrosamine. For volatile and polar compounds, MTBSTFA/DMF is one of the 

most popular silylation reagents. For the MTBSTFA derivatization reaction, silylation is always 

performed using mild experimental conditions at low temperatures between 75 °C to 300 °C 

[234], which can result in the replacement of the labile hydrogen atom in an -OH, -COOH, -

SH, -NH, -CONH, -POH, -SOH group or enolizable carbonyl with a silyl group. This reduces 

the polarity of the analytes, increases their stability, and improves the GC behavior without 

damaging the main structure of the molecules. However, some refractory materials cannot be 

detected at low temperature; therefore, derivatization combined with a high temperature 

environment is needed to obtain important information of certain refractory materials. 

Thermochemolysis, or thermally assisted hydrolysis and methylation (THM) in most 

cases [235], is a type of analytical pyrolysis for in situ characterization of complex samples 

with a wide range of materials [25]. This method can be tracked back to at least 56 years ago 

when a study investigated the analysis of fatty acids by GC in the presence of 

tetramethylammonium hydroxide (TMAH) [236]. The thermochemolysis method is a 

combination of the analytical techniques of pyrolysis and derivatization. Heat plays a key role 

in the thermochemolysis process, which facilities the cleavage of the bonds between the main 
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structures at selected chemical bonds of analytes. The reorganization of the analytes’ main part 

and the thermochemolysis functional groups produces the less polar, smaller molecular weight 

compounds, with higher stability and volatility, which are amenable to chromatographic 

analysis. 

1.4.1.2 Factors influencing thermochemolysis 

1.4.1.2.1 Thermochemolysis reagents 

The reagent plays a key role in the thermochemolysis process. Therefore, 

thermochemolysis reagents that have been used for the characterization of organic compounds 

since 2010 have been reviewed, such as TMAH, trimethylsulfonium hydroxide (TMSH) 

[237,238], tetramethylammonium acetate (TMAAc) [10,239,240], m-

(trifluoromethyl)phenyltrimethylammonium hydroxide (TFTMAH) [241], 

tetraalkylammonium hydroxides (TAAH) [242] et al. Table 1-1 lists some of the 

thermochemolysis reagents that have been used in the detection of organic compounds, mainly 

fatty acids. TMAH is a relatively strong thermochemolysis reagent with high efficiency in 

methylation, which is capable of methylating all available active hydrogens from various 

functional groups, including phenolic hydroxyl groups, carboxylic acids, amines etc. Compared 

with TMAH, TMSH is a competitive reagent with strong alkaline and heat-sensitive properties; 

however, TMSH requires lower temperature for its alkylation while TMAH can be used at a 

relatively high temperature up to 600 °C. Therefore, TMAH is one of the most popular 

thermochemolysis reagents. More than 90% of published thermochemolysis applications have 

used TMAH [25], therefore we mainly focus on the properties of TMAH thermochemolysis 

hereafter. 

Table 1-1 Thermochemolysis reagents have been used in the detection of organic compounds. 

Reagent Sample Functional groups Publications 

Tetraethylammonium hydroxide 

(TEAH); 

 Tetrabutylammonium hydroxide 

(TBAH) 

Wood sample  Fatty acid [243] 

Trimethylsulfonium 

hydroxide (TMSH) 

Soils collected from three different 

ecosystems  

Phospholipid fatty 

acids (PLFAs)  

[244] 

Primary sludge; Water and articulate; 

Nexapa River basin samples 

Thiol or 

polysulfidethiol  

[245] 

Tetraethylammonium acetate 

(TEAAc) 

Lignite Humic acids [246] 

Phenyltrimethylammonium 

hydroxide (TMPAH) 

Milk Fatty acids [247] 

m-(Trifluoromethyl) 

phenyltrimethylammonium 

hydroxide (TFTMAH) 

Paint samples Fatty acids 

 

[241] 
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1.4.1.2.2 TMAH thermochemolysis type (on-line and off-line) 

There are mainly two types of thermochemolysis, off-line and on-line thermochemolysis. 

In the off-line case, the sample is mixed with a certain amount of TMAH inside some kind of 

sealed vessel and derivatized for a certain amount of time followed by an analysis by GC–MS. 

For example, Poerschmann [248] analyzed the organic compounds in the effluent from 

phytoremediation systems at the laboratory-scale using offline TMAH-assisted 

thermochemolysis GC/MS (TMAH-GC/MS). In this study, ~15 mg of lyophilized effluent 

samples was mixed with 2.5 mL of a 25% w/w freshly prepared TMAH solution in methanol 

(~40×excess TMAH by weight) inside glass ampoules. Next, the open glass ampoule was 

tightly closed and placed in a steel autoclave, constructed in-house, which allowed the 

thermochemolysis to take place at 240 °C for 180 min. Then the sample was analyzed by 

GC/MS. Carboxylic acids, phenols and the lignin-derived breakdown products were detected, 

which showed that TMAH thermochemolysis may serve to detect monomolecular organic 

compounds sorbed onto the root. Tadini [249] studied humic substances extracted from river 

sediments of northwestern São Paulo which had undergone different soil uses by off-line 

TMAH-GC–MS and solid state 13C nuclear magnetic resonance (NMR) spectroscopy 

characterization. In this study, about 100 mg of dried composted organic biomasses was placed 

in a quartz boat and moistened with 1 mL of a TMAH (25% in methanol) solution. The sample 

was introduced into a Pyrex tubular reactor (50 cm × 3.5 cm i.d.) and heated at 400 °C for 30 

min in a furnace (Barnstead Thermolyne 21100 furnace) after drying the mixture under a gentle 

stream of nitrogen for about 10 min. Organic compounds related to the humic acid in the 

structure were detected by off-line TMAH-GC/MS, including plant waxes, plant biopolyester 

and a large amount of fatty acid methyl ester. The characterization by NMR provided the carbon 

nuclei present in the structure, which inferred that the humic acids from an area characterized 

by sugar cane cultivation (41.9%) and a typical rural area (35.0%) showed the highest 

aromaticity percentage. 

Compared with off-line thermochemolysis, on-line or in-situ thermochemolysis is a 

simpler process that involves mixing the sample with a certain amount of TMAH immediately 

before injection of the sample into the GC instrument. This process avoids laborious and time-

consuming sample work-up steps and allows us to conduct the reaction efficiently only by 

mixing the specimen and reagents [250]. The on-line TMAH thermochemolysis technique is 

able to control the reaction temperature easily and reaction time with efficient transfer of 

volatiles to GC/MS analysis system. These advantages ensure the high efficiency of TMAH 

thermochemolysis. Therefore, on-line TMAH thermochemolysis has been widely used in the 
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characterization of a variety of natural and synthetic materials. It showed a good performance 

during the analysis of methylated lignin phenols and other from the rivers derived sediments 

[251], compounds of asphaltene biodegradation [252], lacquer compositions [253], model 

compounds guaiacyl palmitate and 2-nonyl palmitate [254], etc. For example, Mason [255] 

studied the molecular composition of grassland soil with adjacent unforested and afforested 

moorland ecosystems using on-line thermally assisted hydrolysis and methylation in the 

presence of both unlabelled and 13C-labelled TMAH. During the thermochemolysis experiment, 

an aqueous solution of TMAH and 13C-labelled TMAH (25%; w/w) were added into a quartz 

pyrolysis tube plugged with pre-extracted silica wool containing approximately 2 mg of sample 

immediately prior to thermal hydrolysis and methylation. The 13C-labelled TMAH 

thermochemolysis revealed the chemical composition of soil organic matter (SOM) and 

reflected the different vegetation inputs in each of the chemicals associated with a 

litter/fermentation (L/F) layer.  

In addition, off-line thermochemolysis is able to detect more compounds, because of the 

longer retention time compared with online thermochemolysis, thus the recovery rate of off-

line thermochemolysis is better than on-line thermochemolysis in some cases. However, the 

long reaction time such as 30 min could cause the rearrangements and decompositions of amino 

acids [250]. The off-line thermochemolysis requires several steps, including the solvent 

derivatization, extraction and the evaporation of the solvent. These processes are too technically 

complex to be fully automated for the in situ analysis in space missions, especially in the 

detection of organic compounds on Mars. Therefore, a simpler “on-line” thermochemolysis 

method has been implemented for SAM and MOMA [23], thanks to the advantage of being 

able to control the reaction temperature and reaction time with efficient transfer formed 

thermochemolyzates to GC/MS system.  

1.4.1.2.3 Sample pre-treatment methods  

Direct thermochemolysis is the simplest way to derivative samples; it does not need any 

cumbersome sample pretreatment, only mixing the sample with derivatization regent 

immediately followed by the analysis process. In our previous study, the nucleobases standard 

samples were characterized by TMAH direct thermochemolysis [23], without any pretreatment. 

Though without any tedious pretreatment, direct thermochemolysis could have a sufficient 

accuracy and efficiency. Baidurah’s team [12,13] compared the effect of direct 

thermochemolysis with conventional method with extraction pretreatment of bacterial samples. 

Through analyzing the yield of characteristic peaks of polymers from bacteria, direct 
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thermochemolysis showed a good performance as the conventional method with sample 

pretreatment process. However, in addition to the direct thermochemolysis, two pre-treatment 

processes prior to thermochemolysis could be used in the laboratory: extraction and 

mineralization, especially for solid matrix such as soils, kerogens, meteorites etc. 

 Extraction: Extraction is a separation process in which substances are separated from 

a solid or liquid matrix. This type of separation process mainly includes liquid-liquid extraction 

and solid-liquid extraction, and the solid-phase extraction. The first experimental application 

of solid-phase extraction started 50 years ago and is the most frequently used procedure for 

extraction of a wide range of organic analytes across many fields [256]; such as the extraction 

of fatty acids in bilayer oil paint models [257], of carbohydrates, lignin and lipids from peat 

bog or soil [2,258–260], of sputum specimen [261,262], of organic mercury species in 

petroleum [263], of the amino, carboxylic, and nucleic acids from martian analogue samples 

[264–266], of iodine from environmental samples [267,268], of trace elements from soil 

environmental matrices [269], of free small molecules from coal [270–272], of humic 

substances from lignocellulose waste [273], etc. Solid-phase extraction is faster and less labor 

intensive than the liquid-liquid extraction and only requires smaller volumes of reagents, 

generating less toxic waste and producing better analyte enrichment factors [274]; because of 

these advantages of the solid-phase extraction, it has been widely used for the analysis of soot 

from the combustion of fossil fuels and synthetic biofuels [275], drugs in waste water [276], 

etc.; isolate bisphenol A in urine [277], food analysis such as the extraction of ochratoxin A 

from red wines [278], botanic and marine applications, etc. For the in situ analysis of organic 

compounds that could possibly be detected in other surface environments such as that of Mars, 

solid-phase extraction is the optimal method for the characterization of that soil. 

Recently, in order to comprehensively analyze the organics in solid samples such as soil, 

fossils [279], coal, and wood, some pre-treatments were used. Extraction has been one of the 

most popular pre-treatment techniques for solid sample analysis, which could include a 

sequential extraction of samples by different extraction solvents. For example, Allard [280] 

characterized the organic matter from a forest soil using sequential microwave assisted acid and 

TMAH hydrolysis at 190 °C. The solvent extraction included hydrogen chloride /acetonitrile 

(HCl/MeCN), H2O, and ethyl acetate (EtOAc) extraction. The different extracts were also 

derivatized by different reagents. Organic or aqueous extracts were analyzed by GC/MS; the 

residue was characterized by the solid state 13C nuclear magnetic resonance (NMR) 

spectroscopy. Aromatic compounds are the main component of the organic extractions. 

Microwave-assisted acid hydrolysis provided information about hydrophilic constituents and 
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unaltered lignin-derived constituents of SOM. Microwave-assisted TMAH hydrolysis released 

predominantly aliphatic compounds from cutin and suberin.  

Demineralization: Demineralization is a process in which different acids are used to 

remove the mineral that is tightly associated with organics in the solid matrix. For example, 

demineralization processes have been used to improve the efficiency of extraction and  

characterization of organic matter from soil/kerogen [281,282]. The solvent varies depending 

on the mineral that will be removed; normally water can remove the alkali and alkaline earth 

metals, while HCl and hydrogen fluoride (HF) can be used to remove the inherent minerals 

from coal [283]. HF media for demineralization treatment of soil samples were also used for 

organic analysis. This technique allows the demineralization of three kinds of agricultural soils 

followed by TMAH-GC/MS [284]. Results showed that the clay removal provided by HF 

pretreatment can improve the capacity of TMAH thermochemolysis. Doskočil [271] obtained 

a similar result when they studied the pyrolysis process of South Moravian lignite in its natural 

and treated forms, including extraction with chloroform, demineralization, and the 

remineralization or sorption of calcium ions on the demineralized lignite. TMAH 

thermochemolysis was also used to analyze the component of lignite. Results demonstrated that 

the highest yields of the aliphatic molecules were obtained in the case of demineralized lignite, 

which could be caused by the cracking of carboxylic groups between calcium bridges and 

functional groups during the demineralization process. Additionally, the Fourier transform 

infrared spectroscopy (FTIR) and TG-FTIR were also used to analyze the pyrolysis products in 

solid and gaseous states, respectively. 

Extraction could increase the concentration of target compounds in a sample and 

improve the efficiency of sample analysis; therefore, when the organic compounds are in low 

abundance or the individual compounds need to be analyzed separately, the sequential 

extraction technique should be used; when the minerals in the sample could affect the detection 

of organic compounds, the demineralization process should be used to remove different 

minerals by using different reagents.  

1.4.1.2.4 Experimental conditions 

Experimental conditions such as the temperature of thermochemolysis, the pH of the 

sample, and the amount of solvent influence the efficiency of TMAH thermochemolysis. The 

optimal temperature varies with the sample and the compounds that need to be derivatized. 

Decq [285] analyzed European lacquer and optimized the thermochemolysis temperature (350, 

480, 550, 650 °C) of natural resins, including Sandarac, Mastic, Colophony, Manila copla, and 
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Congo copal. Results showed that 350 °C is the optimal thermochemolysis temperature for 

natural resins and that 550 °C is the second most optimal temperature. Polycommunic acid 

markers ‘‘b1’’ and ‘‘b4”, Pimaric acid, and the poly-ozic marker were used as the markers of 

Sandarac, Colophony, and Congo copal, respectively. For nucleobases, we found 600 °C is the 

optimal temperature for TMAH thermochemolysis combined with Pyrolysis-gas 

chromatography and mass spectrometry (TMAH-Py-GC/MS) [23]. The amount of TMAH 

could also influence the thermochemolysis result [23,286]. For example, TMAH concentration 

or pH values can cause the conversion of aliphatic model compounds [287], such as succinic, 

adipic, and azelaic acid, into diesters. At a sample pH of 7~8, the ester yield is the highest 

around 90%; however, at a higher pH value (>10), the methylation process can be negatively 

affected. TMAH is a strong thermochemolysis reagent which remains fully functional after 

exposure to a total ionizing dose (TID) up to 300 krad, with a post-exposure, GC/MS analysis 

showing no or few degradation products of the chemicals [234]. This result is very important 

for in situ space analyses where reagents can be exposed to high radiation doses. In addition, 

the minerals such as perchlorate and other oxyanion salts of soils and meteorites could possibly 

influence the type and numbers of organic compounds [288], though few researchers studied 

the influence of minerals on TMAH thermochemolysis. Therefore, plenty of experimental 

conditions of SAM and MOMA need to be studied in the future. 

 

1.4.1.3 Set-ups for thermochemolysis and complementary technologies 

 

Py-GC/MS is the main device used for TMAH thermochemolysis, or namely reactive 

Pyrolysis-GC/MS [10,289–291], because the technique can provide precise information about 

the molecular formula and the structures of compounds. Commercial pyrolysis devices have 

been used in studies conducted over the past 10 years, such as a Curie-point [292–299], a CDS 

type pyrolyzer [300–303], a micro-furnace pyrolyzer [23,238,239,304–309], and a tubular oven 

[271,272,284,310–313]. Commercial GC/MS is used for the separation-detection of samples 

after thermochemolysis. The GC column plays a key role in the separation of volatiles, so 

different kinds of columns have been used, including fused silica capillary columns 

[292,297,310], HP-5 columns [301,314–318], Rtx-5Sil MS columns [284,294,311–

313,319,320], and SLB 5MS capillary columns [304,305,321]. The type of column is the first 

and one of the most important steps to obtaining the optimal conditions in the analysis of 

organic compounds by using GC/MS. Selecting the column depends on four factors, including 

the stationary phase, the column inner diameter, the membrane thickness, and the column length, 
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with the stationary phase being the most important factor. Because TMAH is aggressive, the 

resistance of the stationary phase toward the TMAH is another factor that we have to take in 

account. SLB 5MS capillary columns with a 5% phenyl equivalent phase provide a boiling 

point elution order with a slight increase in selectivity, especially for aromatic compounds. The 

low bleed characteristics and durable nature make it the column of choice for any experiment 

in which a low bleed non-polar column is required. The Rtx-5Sil MS column, a low polar 

column, is appropriate for the analysis of amines, anesthesia analysis, Crossbond™, 

organochlorine pesticides, phenols, and phthalates. The HP-5 column has a wide range of 

applications since it is a high-performing non-polar column available in a variety of 

configurations, especially for active compounds including acidic and basic compounds.  

Sawicka [322] investigated the removal of visually disturbing lead soap efflorescence 

with ethylenediaminetetraacetic acid (EDTA), and optimized conditions such as pH, 

concentration of EDTA solution and application. The result showed that it is feasible to thin the 

superficial material significantly. A combined method of ATR-FTIR and SEM-EDX analysis 

coupled to TMAH thermochemolysis were used. In this study, the TMAH was used as a kind 

of derivatized solvent and two kinds of internal standards (C13 and C23 fatty acids) were used. 

The lead stearate, lead palmitate and mineralized lead soap are the predominant components. 

Barden [323] studied a tadpole from the Oligocene Enspel Formation in Germany using the Py-

GC/MS technique combined with TMAH thermal methylation of the fossil tadpole matrix, in 

addition to FTIR. Results showed that the organic remains of the tadpole are original and are 

not the result of external contamination. The Py-GC/MS analyses indicate the presence of 

bacterial biomarkers in the matrix but not the tadpole. SRS-XRF also has been used to analyze 

the levels of zinc. Table 1-2 lists all of the devices that have been used as a complementary 

method with TMAH thermochemolysis. 
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Table 1-2 Combined analyses methods with TMAH-thermochemolysis 

Analysis Instruments Analysis goal Publications 

Thermal analysis Pyrolysis-gas chromatography and mass spectrometry  

(Py-GC/MS) 

Heat samples (flash pyrolysis or slow pyrolysis) and get volatiles, 

these volatiles were swept into GC and detected by MS  

[5,6,16,17,238,249,254,279,293,295,296,

306,309,314,321,324–341] 

Thermogravimetric analyzer –mass spectrometry  
(TGA-MS) 

Slow pyrolysis and fragments detection [271,273,342,343]  

Separation Gas chromatography (GC) Separation of mixtures [344,345] 

High performance liquid chromatography (HPLC) Separate, identify, and quantify each component in a mixture [337,346] 

Chemical structures  

 

liquid chromatography –mass spectrometry (LC-MS) Separation of mixtures and organic compounds detection [332] 

Direct temperature resolved mass spectrometry (DTMS) Chemical composition of a broad range of materials [347–350] 

Matrix Assisted Laser Desorption Ionization-Time of 

flight-mass spectrometry (MALDI-TOF MS) 

Sensitive detection of large, non-volatile, labile biomolecules [351–353] 

Inductively coupled plasma mass spectrometry (ICP-MS) Binder characterization in artistic samples [305,354–370] 

13C nuclear magnetic resonance (13C NMR) Chemical structure of C  [294,300,308,319,331,335,342,371–374] 

2D nuclear magnetic resonance (2DNMR) Characterize the structure of molecular components and functional 

groups in humic matter 

[375] 

H nuclear magnetic resonance (H NMR) Chemical structure of H [376,377] 

Raman spectroscopy Identify molecules and study chemical bonding and intramolecular 

bonds 

[332,343,378,379] 

Fourier transform infrared spectroscopy (FTIR) 

 

Chemical functional groups [271,273,321,326,331,332,336,372,376–

389] 

Total organic carbon analysis (TOC) Total organic carbon content for soil analysis [364,390,391] 

Surface or crystal 

structures 

Fluorescence spectrometry (XRF) Mineral composition  [321,334,382,392] 

X-ray diffraction (XRD) Study the structure, composition, and physical properties of 

materials 

[336,387,390] 

X-ray photoelectron spectroscopy (XPS) Surface properties and chemical state of modified catalysts [294,373,380,390] 

Light microscopic (LM) Examination of small objects [332,347] 

Photography Visible and ultraviolet-induced visible fluorescence images [336] 

Transmission electron microscopy (TEM) Image of the microstructure of sample [380,387] 

Scanning electron microscope (SEM-EDX/EDS) Elemental analysis or chemical characterization of a sample [332,334,337,347,380,382,383,385,393,3

94] 

Fluorescence spectrum by 3DEEM spectrofluorometer Direct quantification of Effluent Organic Matter (EfOM) fractions [342] 

Microfade testing electron paramagnetic resonance 

spectroscopy (MFT ) 

Direct lightfastness testing on objects or minute samples from 

objects 

[395] 
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1.4.2 Applications 

 

Since TMAH is one of the most popular thermochemolysis reagents [25], the studies 

about TMAH thermochemolysis have been reviewed for its application on the analyses of 

humic acids [273,306,312,327,396], humic-like substances [372,373,397,398], fatty acids 

[247,304,310,327], phenolic compounds [237,239,303,399], amino acids [286,400], aromatic 

and aliphatic compounds [254,401], and carbamates [402]. In addition, TMAH is not only a 

thermochemolysis reagent but is also used as an effective silicon etching solvent [403–405], for 

dissolution of E. crypticus [406], as a strong base catalyst for transesterification [407], as an 

extraction solvent for mercury [263,360,367,408,409], and Sulphur atom detection [238,410], 

as a dispersant [411], as a balance-fluid in the fabrication of functionalized-porosity layered-

ceramics processes [412], as a digestion solvent for biological samples [413,414], for pH 

adjustment of solutions [415,416], and for extraction of different halogen elements in soils, 

such as fluorine [417], chloride [418,419], bromine [420,421], and iodine [359,364,422,423]. 

The detection of iodine can be useful for two main types of applications; the first, measurements 

of the concentration and distribution of iodine in soils [362,424,425], and the transference of 

iodine in different forms between soils and plants, [426–431] as well as foods, [357,432] have 

been combined with characterization by inductively coupled plasma mass spectrometry (ICP-

MS). The second main application is to detect the concentration of iodine and related 

compounds in a contaminated environment [363,433–435]. For example, Yang [267] studied 

rapid iodine release from soil, sediments, and rock samples through mild TMAH extraction. 

The 127I concentration was analyzed by the triple-quadrupole inductively coupled plasma-mass 

spectrometry (ICP-QQQ) single MS mode and the 129I/127I ratio was analyzed by the ICP-QQQ 

MS/MS mode. TMAH is also a major problem for wastewater [436], and could be degraded by 

biological treatment in an up-flow anaerobic sludge blanket (UASB), mainly the methanogens 

involved in methanogenic degradation of TMAH [436–438]. Hereafter we mainly focus on the 

application of TMAH thermochemolysis. 

1.4.2.1 Lignin and plants 

 

Lignin, the second most abundant terrestrial polymer on Earth after cellulose, and the 

only large-volume renewable feedstock composed of aromatics, is an essential raw materials 

for the polysaccharides, renewable source of fuels, functional polymers, materials, and  

aromatic chemicals such a phenol, vanillin, and ferulic acid [439,440]. Lignin is a complex 
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heterogeneous biopolymer mainly constructed out of three oxidative p-hydroxycinnamyl 

alcohol monolignols differing in their degree of methoxylation, such as p-coumaryl, coniferyl, 

and sinapyl alcohols. Each of them gives rise to a different type of lignin unit named p-

hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, respectively [6]. Lignin is a highly 

aromatic cell-wall polymer typical of vascular plants that is of importance during the growth 

and development of the plant and for pathogen protection, meaning lignin provides structural 

support to woody and vascular plants and is believed to account for ca. 20% of the organic 

matter input to the biosphere [4,441]. On the other hand, lignocellulosic biomass is a sustainable 

source of organic carbon that is a valuable feedstock for the production of biofuels and materials 

[4]. Because of its availability and the variety of potential modifications offered by its chemical 

nature, lignin has long been attractive for many scientists. However, the recalcitrance of 

lignocelluoses associated with lignin is an obstacle for the utilization of lignin. Therefore, 

pretreatment and delignification is very important. There are two types of lignin 

depolymerization, chemical and biological delignification, which can be used to analyze 

degradation products of lignin as a way to characterize the depolymerization process. Examples 

include the analysis of lignin degradation products from white-rot basidiomycete fungi [302], 

rown rot fungi Gloeophyllum trabeum and Postia placenta [442], beetles [443], and termites 

[444]. 

 Py-GC/MS and TMAH thermochemolysis is often used to analyze organic compounds 

released from the degradation of lignocellulosic biomass. The process of pyrolysis in the 

presence of TMAH avoids decarboxylation and releases intact methylated phenolic compounds 

[6]. Therefore, this method has been widely used for the analysis of the structure of lignin in 

various plants. For example, Kaal [445] analyzed the main compositions of plant organs of P. 

oceanica and the coarse organic matter from a mat core spanning 750 yrs using Py–GC/MS and 

TMAH (25% in water) combined with THM–GC/MS in order to improve our understanding of 

the molecular properties and their preservation during mat development. Results showed that 

constituents based on p-hydroxybenzoic acid (p-HBA) are the main component of leaf sheaths, 

roots and the outer parts of rhizomes. The inner rhizome and leaf blades are mainly composed 

of carbohydrates. Additionally, the changes in molecular composition of Posidonia australis 

sheaths (SH) and roots plus rhizomes (RR) along a sediment core were studied by using 13C 

NMR, TMAH-Py-GC/MS [446]. Marques [5] studied the structure of lignin and suberin and 

ferulic acid in cork from Quercus suber L. The polymer structure in cork, corksap, and milled-

cork lignins (MCL) was studied by TMAH-Py-GC/MS and heteronuclear single quantum 

coherence spectroscopy (2D-HSQC-NMR). Results showed that the suberin contained 94.4% 
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aliphatics and 3.2% phenolics with 90% ω-hydroxyacids and α,ω-diacids. There is about 3% 

and 6% of ferulic acid in cork and cork lignin. The cork lignin is essentially a G-lignin with 

more than 96% G units, the structure of which is largely dominated by β–O–4′ alkyl-aryl ether 

linkages.  

Through the Py-GC/MS method combined with TMAH thermochemolysis, lignin is 

decomposed into different fragments. The main structures present in different plants are 

summarized in Figure 1-8. Based on these structures present in lignin, TMAH 

thermochemolysis could be used for the detection of byproducts coming from the degradation 

of lignin [6,302,447,448]. Lignin degradation can occur in leaves, needles, roots, the extracts 

from wood, sporollenin [260,328,449–452], and leaf and needle litter. Some of these 

byproducts, such as the phenolic compounds and fatty acids coming from lignin degradation 

[259,335,453–456], have been quantified by using 13C-labelled TMAH thermochemolysis 

[260,449,457]. For example, in situ TMAH-Py-GC/MS was used to study the lignocellulosic 

unlocking mechanism for carbohydrate hydrolysis in termites [444], which is able to 

characterize the product distribution between the control and the termite feces, and results 

indicated dehydroxylation and modification of selective inter-monomer side-chain linkages in 

the lignin in the termite feces. Later, the wood metabolites in each gut segment were tentatively 

analyzed using TMAH-Py-GC/MS [458], which showed a selectivity of β-O-4’ linkages and 

subsequent methylation of all ring hydroxyls that were represented by the generation of 

abundant new pyrolyzates. This study helps to provide more information about the absolute 

structure change of lignin compared with a normal pyrolysis analysis. On the other hand, the 

stepwise lignin unlocking mechanism in termites was elucidated. The changes in lignin 

composition or structure could provide information to understand the reaction in nature; for 

example, the analysis of compositional changes of lignin in river samples could help to increase 

understanding of the responses of terrestrial vegetation in central Japan to global climate 

changes [299]. The study of lignin fractions isolated previously by sequential enzymatic 

hydrolyses using Py-GC/MS, with and without TMAH thermochemolysis, could help to well 

understand the behavior of the polymeric part of lignin exposed to fecal microbiota [329] and 

the molecular changes of corn stover lignin in the laccase system by comparing the methylated 

fractions of lignin [459].  
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Figure 1-8 The structures of lignin that react with TMAH thermochemolysis, adapted from [4–8]. (A) β–O–4′ 

alkyl-aryl ethers; (A′) γ-acylated β–O–4′ alkyl-aryl ethers ； (B) phenylcoumarans; (C) resinols; (C′) 

tetrahydrofuran structures formed by β−β coupling of monolignols acylated at the γ-carbon ； (D) 

dibenzodioxocins; (D′) spirodienone structures formed by β−1′ coupling; (E) Cα-oxidized β−O−4′ structures; (I) 

cinnamyl alcohol end-groups; (I′) γ-acylated cinnamyl alcohol end-groups; (J) cinnamyl aldehyde end-groups; 

(PCA) p-coumarate units; (FA) ferulates; (H) p-hydroxyphenyl units; (G) guaiacyl units; (S) syringyl units；(S′) 

oxidized syringyl units bearing a carbonyl (R, lignin side-chain) or carboxyl (R, hydroxyl group) group at Cα.  



 

77 

 

For plants, suberin and suberan are the important natural biopolymers. Their role is to 

provide a protective barrier between the plant and the environment [460]. The structure of this 

hydrolysable polyester is proposed to be comprised of long chain (C11-C24) polymethylenic 

domains with carboxylic acids held together by aromatic rings and esters [461]. Olivella 

[324,460] analyzed the suberin monomers isolated from cork by TMAH-Py-GC/MS. Their 

study showed that the major compounds of suberin from back and cork layers were octadec-9-

enedioic acid, docosanedioic acid, and 9,10-epoxyocta-decanedioic acid with mean values of 

17.0%, 14.5%, and 11.0%, respectively. These isolated monomers were used to study the 

sorption of three pesticides (isoproturon, methomyl and oxamyl), and modeling calculations 

was used to study the interaction between the suberin monomers. Results showed that, in 

addition to the van der Waals interactions with the apolar region of sorbent and isoproturon, 

hydrogen bonds were also formed between the isoproturon NH group and a carboxylic oxygen 

atom of a suberin monomer.  

We showed here that TMAH thermochemolysis was mainly used to analyze phenolic, 

ester, ether bonds and carboxyl functional groups of lignin, as well as their related degradation 

compounds, which demonstrates its suitability for the determination of the composition of large 

polymers. Soil is the necessary condition for plant, leaves, stem, roots or other organs of plants 

that are contained in soils, therefore TMAH thermochemolysis could also be used to analyze 

the degradation compounds of lignin or compounds derived from lignin in soil. 

1.4.2.2 Coal  

 

Coal is a kind of flammable sedimentary rock in black or brown-black color, which is 

predominantly of vegetal origin. Lignin is possibly the most important vegetal precursor of 

vitrinite in coal in terms of quantity; monocyclic aromatic units are condensed with the aliphatic 

lignin forming polycyclic aromatic units, such as naphthalene, anthracene, or phenanthrene 

through the coalification process [462]. Figure 1-9 shows the structural model of high-volatile 

bituminous coal. Coal has a macromolecular three-dimensional cross-linked network 

(immobile phase) with a multitude of relatively small molecules with varying structures 

embedded therein (mobile phase). Coal has been widely used in many fields. For example, coal 

has been the main energy source for power generation in China. Coal char is used in the 

metallurgical industry, while coal tar is used to refine oil to different quality grades, such as the 

heavy oil used for aircraft oil and the light oil used in chemical products. Light oils include the 

light aromatic compounds, such as benzene, toluene, ethylbenzene, xylene and naphthalene. All 
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these light aromatic compounds are important raw materials for chemical products, such as 

fibers, plastics, pharmaceuticals, dyes, and other chemicals [463]. Coal gasification is a means 

to covert fossil fuels into a combustible gas or a synthesis gas, and this process plays an 

important role in the green energy conversion of coal into natural gas. Therefore, coal is one of 

the most important energy sources except for petroleum.  
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Figure 1-9  The structure of bituminous structure, adapted from [9]. 

 

The conversion rate of coal into “clean” energy depends on the utilization methods and 

the properties of coal. In fact, the structure of coal determines the conversion and utilization 

method, and plays an important role in the utilization of coal. Coal structure and the main 

organic matters of coal have been studied using XRD, 13C NMR, Raman, and FTIR 

spectroscopy. Organic matters, such as low molecular weight compounds, can be extracted 

from coal by organic solvents [270,464]. Pyrolysis GC/MS combined with extraction methods 

can result in the formation of light aromatics [465,466]. Although these are the traditional 
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methods, TMAH thermochemolysis has become an increasingly popular method for 

characterization of organic matter in coal. For example, TMAH-GC/MS was used to analyze 

the composition of filtrate coal after coal depolymerization [467]; identified compounds 

included fatty acids and derivatives, benzene related O-containing compounds, alcohols, 

heteroatom containing compounds, hydrocarbons, aromatics, and dicarboxylic acids.   

Coal is composed of some macromolecular structures as shown in Figure 1-9. Humic 

acids, complex compounds containing hydroxyl and phenolic hydroxyl functional groups, are 

one of the important components of coal, and TMAH thermochemolysis has been used for the 

analysis of humic acids. For example, Grasset [468] characterized the lignin monomers in low 

rank coal humic acids using TMAH thermochemolysis followed by reductive cleavage. Results 

showed that the lignite (low rank coal) from the Czech Republic contains intact lignin 

monomers with a dominance of coniferyl units, which is in accordance with the gymnosperm 

origin of the lignite. The major methylated lignin derivatives included 3,4-

dimethoxybenzaldehyde, 3,4-dime-thoxyacetophenone and a 3,4-dimethoxybenzoic acid 

methyl ester. Nasir [469] also studied the structure of humic acids and nitrohumic acids (NHA) 

extracted from Pakistani lignite as well as the standard leonardite humic acids (LHA) using Py-

GC/MS with and without TMAH thermochemolysis and with a flash pyrolysis temperature of 

721 °C. In addition, the FTIR and NMR techniques were used to elucidate the influence of coal 

rank on the regeneration and nitration processes related to the chemical composition of coal and 

derived materials. The most abundant aromatic derivatives were a 4-benzenedicarboxylic acid 

dimethyl ester and 1,6,7-trimethyl naphthalene. A high proportion of long-chain fatty acid 

methyl esters, nitrogen compounds and furan compounds were detected.  

Extraction of organic matter from coal is a crucial method to first separate the free small 

molecules, including the aliphatics, and ether bridges within the skeleton structure of coal 

[9,270]. The organic compounds in coal extracts and extraction residues can then be studied 

combined with TMAH thermochemolysis. Stefanova [470] analyzed the components of CHCl3 

extraction residues of bitumen coal by using off-line TMAH-Py-GC/MS where the sample was 

pyrolyzed at 400 °C. Diterpenoids, n-Fatty acids, phenols and its alkylated homologues were 

detected. The long-chain homologues of nC24 and nC26 were maximal in the bitumen coal used 

herein; their results demonstrated that the predominance of conifers in the Bobov dol 

palaeomire was the biomarker assemblage of the “free” extractable bitumen [470] . The 

extracted component of the coal sample was influenced by the extraction solvent. Doskočil [272] 

studied the water-extractable fractions from South Moravian lignite, and results showed that 

the main contents of the off-line TMAH thermochemolysis of lignite were aromatic compounds 
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(77% of the total identified molecules), such as benzene carboxylic acids and their derivatives, 

especially methoxybenzoic acids, and to a lesser extent, methoxybenzenes. The identified 

aliphatic compounds consisted of short-chain diacids, fatty acids and polyols and were 23% of 

the identified compounds. Py-GC/MS can provide more insights into the chemistry of the resin-

derived material, while THM-GC/MS is more informative about poly-methylene compounds. 

The two methods are complementary for detecting the aryl–O macromolecular backbone of 

kerogen. On the other side, the maturity of coal also influences the content and the type of its 

organic matter. The effect of coal rank on coal molecular properties has been investigated using 

27 coal samples from lignite to high volatile bituminous rank using Py-GC/MS and THM-

GC/MS methods [471]. Polyphenolic, polymethylenic and resin-derived constituents were 

detected. Lignin-derived material and long-chain (≥C24) ester-bound polymethylene chains 

are the main components of immature coal, whereas the mature coals are enriched in short 

(C10–C25) free and/or trapped (isoprenoid) hydrocarbons, alkylated phenols and resinite 

aromatic derivatives. 

Biodegradation or bioconversion of coal is a valuable form of clean energy conversion. 

In one study, asphaltenes were separated from a series of Liaohe biodegraded bitumens and the 

asphaltenes were analyzed using on-line flash pyrolysis-GC assisted by TMAH thermal 

hydrolysis and methylation [252]. Results showed that the alkyl moieties bonded to asphaltene 

macromolecules are dominated by C–C and ether (thioether) bonds but less so through ester 

and hydrogen bonds. Furthermore, the linear alkyl moieties bonded to the asphaltene structure 

by hydrogen and ester bonds are more susceptible to biodegradation than those bonded to the 

asphaltene core through stronger covalent bonds such as C–C and ether (thioether) bonds. On 

the other side, the TMAH-thermochemolysis method was also used to study the coal 

bioconversion activity of nonmycorrhizal fungi in the C. dactylon/coal rhizosphere [472]. The 

methylation compounds obtained from TMAH thermochemolysis were pyrolysed at 700 °C for 

15 seconds and analyzed by GC/MS. Poly(tert-butylstyrene) (0.05 mg/mL in hexane) was used 

as an internal standard and benzeneamine, diazine, dimethylpyranone, furfural, hexadecanoic 

acid, methylaminophenol, and propanenitrile were semi-quantified. Results showed that low 

molecular weight organics can facilitate the bioconversion of coal and that the phyto-

bioconversion of hard coal involving plants and microbes which occurs in the rhizosphere 

promotes the growth of C. dactylon. 

In summary, TMAH has been mainly used for the characterization of coal or 

components extracted from coal through Py-GC/MS with or without an extraction method. 

Most of the studies focused on the qualification of coal composition, while few studies have 
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focused on the quantitative analysis of coal composition. Therefore, the composition of coal or 

coal-related components needs to be studied in the future. Low molecular weight compounds 

in coal play an important role in coal pyrolysis [270,464]. O-bearing compounds such as –OH, 

carbonyl group, phenols, alcohols, acids and esters have been detected in the extractions of a 

brown coal by FTIR characterization. While the abundance of each compound has not been 

quantified, TMAH thermochemolysis could be used to methylate these organic compounds and 

quantify the concentrations of the free organic compounds in coal samples. 

1.4.2.3 Lacquer and heritage 

 

Lacquer is a glossy and durable coating material that has been used as an adhesive or 

painting material for crafts, weapons, wooden products, coffins, and daily necessities, since 

ancient times all over the world. Some examples of lacquer materials include natural lacquer 

sap, synthetic lacquer derivatives, and their films. The natural lacquer is made with the sap from 

lacquer trees, such as the Rhus vernicifera lacquer trees. They are also known as Asian lacquer 

trees or Shengqi in China and Urushi in Japan, with urushiol being the main lipid component. 

From the Rhus succedanea trees, which are used as Vietnamese and Chinese Taiwan lacquer, 

the main lipid component is laccol. Whereas thitsiol is the main lipid compound in the sap from 

the Melanorrhonea (Gluta) usitata trees; their sap has been used in lacquer from Myanmar, 

Laos, Cambodia, and Thailand [473]. The Toxicodendron vernicifluum trees grow naturally in 

Korea and various artifacts coated in the natural lacquer produced from their sap have been 

excavated there. European lacquers are complex decorative finishes imitating the appearance 

of Asian lacquer but made from locally available materials and techniques [325]. 

The sap was used alone or with additives such as flour or clay for the ground layers and 

they can be colored with pigments or metal fillers. The refined sap was applied on the surface 

of the relics for protection and/or decoration, and with multiple very thin layers on the top of 

the artwork. The multiple layers of lacquers can consist of a mixture of oils such as perilla oil, 

tung oil, tallow tree oil, linseed oil, sesame oil, tee seed oil, and Canola oil or Rapa oil [474]; 

resinous materials include waxes or synthetic resins; colorants and pigments; proteins such as 

pig’s blood, animal glue, and egg; carbohydrates such as starchy materials (e.g., flour); 

miscellaneous materials such as the pig gall or bile; and the products of their interaction and 

degradation. Lacquer is dried under the specific conditions of over 70% relative humidity (RH) 

at room temperature overnight, which results in mainly the oxidation and polymerization of 

main lipid compounds, including the urushiol, laccol, and thitsiol by laccase [475–477]. The 
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unsaturated side-chain autoxidation process occurs after the concentration of lipid monomers 

decreases to less than 30%. Subsequently, a very sturdy and dense lacquer film is formed and 

its properties are of extreme hardness (approximately 6H pencil hardness) and insolubility due 

to accelerating nucleus-side chains (C–C, C–O–C) and side chain-side chain (C–C) cross-

linkages [478]. These properties make it difficult to analyze the consistency of lacquers, 

especially the organic compounds that have been used in lacquers.  

Lacquer is a glossy and durable coating material that has been used for thousands of 

years. The investigation of the composition of lacquer, with the aim of further enriching 

scholarship and contributing to our understanding of history, helps the archaeologist to 

understand global historical trade practices and heritage of the coating skills. Therefore, several 

analytical instruments have been used to characterize the composition of different lacquers, 

such as FTIR [479,480], which is commonly applied to the characterization of the organic 

functional groups in ancient artworks and ancient buildings because it is a non-destructive 

method. For example, it was shown that the utilization of natural organic compounds such as 

rice soup, the juice from vegetable leaves, egg whites, tung oil, fish oil, or even animal blood 

can greatly improve the performance of lime mortars [481]. Infrared spectroscopy in the range 

of 4000–600 cm−1 (middle IR) is one of the most widely used techniques for the detection of 

organic materials [481], such as the CO stretching vibrations at around 1228, 1164, and 1087 

cm−1 , the ester carbonyl stretching band at around 1740 cm−1 , NH bending vibrations at around 

1584 cm−1, etc. [480]. However, FTIR was found to be unable to differentiate the organic 

structures of similar lacquers and the various organic and inorganic materials that were mixed 

with different lacquer saps [482], to differentiate the original lacquer tree of a given lacquer, 

and to distinguish macromolecular peptides and proteins. The peaks from the solid state nuclear 

magnetic resonance (NMR) spectroscopy could demonstrate the main carbon structures of the 

organic compounds; however, this technique cannot give precise information because it is 

difficult to analyze the peaks and obtain clear results [473]. Therefore, Py-GC/MS is widely 

used as the best method to characterize the components of the different organics. A 

macromolecular compound is heated at different temperatures and volatiles are formed. These 

volatiles are carried by a carrier gas into the GC for separation and the MS for detection. This 

method requires lower sample amounts and simple manipulation and pre-treatment of the 

sample. Though Py-GC/MS is an efficient instrument to acquire the fingerprint information of 

organic matter in lacquers, varnishes, and paintings, there are some refractory materials for 

which it is difficult to form volatiles with the pyrolysis process and thus it is difficult to detect 

these molecules directly by GC/MS. Therefore, wet chemistry, mainly derivatization reactions, 
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is combined with Py-GC/MS to elucidate the composition and structure of the target materials 

at the molecular level. Among various derivatization methods, as described in section 1.2, 

TMAH-Py-GC/MS has been shown to dramatically improve the sensitivity and specificity of 

organic analysis, such as in a study of the composition of Chinese lacquers 

[334,338,343,474,483–485]. These methods have been widely used for the analysis of artwork 

from many countries, including artwork from China, Korea and Japan, as well as some 

European countries such as Italy [336], the Netherlands [486], Spain [324] and Portugal [354]. 

TMAH-Py-GC/MS is a practical method for the characterization of ancient art works, 

especially the composition of lacquer, such as the black lacquers of 19th-century furniture [487], 

European lacquer [325], wooden chips [488], varnish [394,480,489], the paints of antiques, 

historical coatings on objects of art [490] and the organic matters of archaeological scenarios 

[301,350,491]. Lists of markers generated in this process could be added into a database to 

improve the interpretation of complex mixtures in lacquers and combined with other 

complementary techniques for the compositional analysis of coatings, lacquers, pigments and 

binders in different antique and ancient architecture. For example, Cauzzi [492] studied the 

chemical compositions of sculptural polychromy of employed materials and pigments of the 

Buddha in the Zhongshan Grottoes (R.P.C.) using Raman analysis, Fourier-transform infrared 

analysis, analysis through energy-dispersive X-ray spectrometry coupled to scanning electron 

microscopy and Py-GC/MS. TMAH was used to analyze the compositions of the pigments with 

Py-GC/MS [493]. Resinous constituents of varnishes on 19th and early 20th century tintypes 

were analyzed by TMAH-Py-GC/MS and the resinous materials of the collection tintypes were 

analyzed. This was the first large-scale analysis of tintype manufacturing and provided unique 

information on the working habits of photographers during the 19th and early 20th centuries. A 

summary of the applications of TMAH-Py-GC/MS and the main analyzed compositions of 

ancient art-objects are listed in Table 1-3. 
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Table 1-3 The organic compounds detected in ancient samples with TMAH-Py-GC/MS in previous studies 

Sample Compounds TMAH volume Derivatization 

method 

Tpyrolysis Year Publication 

Bronze vessels  Glycero lipids of animals or animal+plant origin; PAHs 5 µl, 25% w/w in water  On-line 600 °C,  

10 s 

2011 [494] 

Orange glaze p-coumaric acid, linseed oil, colophony and sandarac 2–3.5 μl , 25% in methanol  On-line 550 °C  2011 [495] 

Harpsichord Cupressaceae or Araucariaceae resins, Pinaceae resin 0.5 µl, 25% in methanol On-line 610 °C,10s 2012 [496] 

Crucifix panel  Hexadecanoic acid; nonanedioic acid; the methyl ester of 7-oxo-dehydroabietic (7-oxo-DHA) 

acid; poly(n-butylmethacrylate) and diterpenoid Pinaceae resin; acrylic copolymer 

poly(ethylmethacrylate-methylacrylate) 

3µl , 25% in water On-line 600 °C 2013 

 

[352] 

Sculptural 

polychromy 

Saccharidic derivative; Fatty acids 5 µl, at 25% w/w in water On-line 750 °C, 10s 2013 [492] 

Cartonnage masks Permethylated and partially methylated 3-deoxyaldonic acids 5 µl, 25% in water Off-line 

(30min) 

300 °C to 700 °C 2014 [497] 

Tintypes Camphor, dammar, Pinaceae, sandarac, and shellac 3 µl, 25% in methanol Off-line 

(3min) 

550 °C, 6 s 2014 [493] 

Wooden screen Pine resin (colophony) and shellac, urushiol and different oils; blood (most likely pigs’ blood).  3 µl , 25% in water Off-line 

(3min) 

550 °C,6 s 2016 [498] 

Rectangular trays Laccol (arlenic acid, C17), and drying oils, such as perilla oil, protein, soot; blood, pine resin, 

beeswax. 

 

3 µl , 25% in methanol Off-line 

(3min) 

550 °C,6 s 2016 [499] 

Gloss paints Drying oil; such as palmitic, stearic, azelaic acid, suberic, sebacic acid, dehydroabietic acid, 7-

oxo-dehydroabietic acid, 15-hy- droxy-7-oxo-DHA. 

2 µl, 25% in methanol On-line 550 °C 2016 [500] 

European scale 

armor 

Wax and lipids, with fatty acids possibly from multiple sources (oils, fat, wax, soil) 3 µl, 25% in methanol On-line 550 °C 2017 [501] 

Wall paintings at 

Caere 

No organic binding medium was detected. 1.6 µl, 25% in methanol On-line 50 °C to 450 °C (3 

min) 

2017 [502] 

Part of wall 

paintings  

Fatty acid (especially high content of azelaic acid); rosin resin; protein; the binding medium 

includes animal glue; bovine (or yak) glue; Tung oil and rosin resin 

3 µl, 25% Off-line 

(60 min) 

600 °C,10 s 2018 [503] 

Tie luo Animal glue, drying oils, beeswax 5 μl of 10% methanol On-line 600 °C , 0.2 min 2018 [504] 

Folding doors in 

foyer at Herlev 

Hospital 

Phthalic acids, monocarboxylic acids caproic (C6:0), capric (C10:0), palmitic (C16:0), oleic 

(C18:1), stearic (C18:0), dicarboxylic acids suberic (2C8), azelaic (2C9), dehydroabietic acid 

(DHA), 7-oxo DHA, 7-methoxy-tetradehydroabietic acid. 

15 µl, 2.5% in methanol On-line 550 °C for 12 s 2018 [505] 

Wooden panel of the 

Nongso offin 

Markers of drying oil like azelaic acid and palmitic acid existed in large quantities. 3 µl, 25% in methanol On-line 550 °C 2018 [506] 

Furniture in black 

lacquer 

Copal oil and Pinaceae resin 4 µl , 2.5% TMAH in 

methanol 

- 480 °C 2019 [487] 

Hillebrand Desk Oils, pine resin, larch turpentine, sandarac, shellac, gum benzoin. 5 µl, 25% TMAH in methanol, 

diluted to 5% with methanol 

On-line 360 °C to 660 °C 

at 500 °C min-1 

2019 [325] 

Four resins Resins 2 μL 2.5 wt % in methanol 

from 25 wt % in methanol 

On-line 480 °C 2019 [490] 

“Tixi” carved 

lacquer 

Pigment (soot, black layer), orpiment (yellow layer), cinnabar (red layer), lacquer sap, heat-

bodied tung oil and tannins (partial layer); catechols, acid catechols, phenols, alkyl benzenes, 

and hydrocarbons of a maximum side chain length of 17 carbons; alcohols.  

2 µl, 25 wt % in methanol On-line 550 °C, 6 s 2019 [338] 

Cabinet on stand Shellac, pine resin 5 %  - 350 °C – 700 °C 2019 [486] 

Bartolomeu Dias 

table 

The binder is a mixture of proteins (primarily animal glue and blood) and drying oil; laccol was 

detected for the bottom lacquer layer and a mixture of laccol and urushi for the top lacquer 

layers 

3 µl, 25% in methanol Off-line(1 min) 600 °C, 12 s 2019 [479] 

Lamp panel, fuel 

residue 

Long-chain fatty acids, fatty alcohols and hydrocarbons, beeswax 3 μl of 25% in water On-line 550 °C 2019 [507] 
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TMAH-Py-GC/MS can be used to analyze the organic components of different relics, 

other organic substances, and sap mixtures of urushiol, laccol, and thistsiol with two phenolic 

hydroxyls. Fatty acids reveal the presence of oils, which can be further identified according to 

the ratio of certain fatty acids. For example, drying oils can be identified by a ratio of azeleic 

acid to palmitic acid methyl esters (the so-called A/P ratio); the ratios of palmitic to stearic acid 

methyl esters (P/S ratios) at 1.0–1.2 show the presence of tung oil.  

TMAH thermochemolysis is mainly the methylation of hydroxides of phenolic 

compounds, alcohols, saturated and unsaturated long-chain fatty acids, etc. [508,509]. Figure 

1-10 shows the mechanism of TMAH thermochemolysis of different species, in which 

methylation plays a key role. Indeed, these compounds can be used as biomarkers to determine 

the origin of the lacquers or the trade among countries. TMAH thermochemolysis methods are 

not only used to study specific questions surrounding a material’s composition, but also for 

elucidating aging/deterioration mechanisms and restoration treatments for long-term 

preservation of art-objects. For example, Katsibiri [347] characterized the properties, function 

and chemical composition of mordants and the deterioration that occurred during aging of the 

mordants. In this study, the TMAH was used as a methanolic solution for the samples to give 

complementary information combined with the EI-DTMS method. By comparing the 

differences and similarities of wall paintings across three churches, a common painter was 

identified. The compositional evolution of different ancient artworks is its own field of study 

since the natural aging or man-made decay problems of paintings is one of the most important 

problems in the hermitage science field. 

Some researchers simulated the aging process and studied the effect of environmental 

conditions on the aging process of selected artworks [257,510,511]. For example, Ploeger [512] 

characterized the artists’ alkyd paints and paint stability issues using characterization methods 

such as Fourier transform infrared spectroscopy attenuated total reflectance (FTIR-ATR) to 

analyze different functional groups. Py-GC/MS combined thermal hydrolysis and methylation 

methods to disclose the monomers used to manufacture an alkyd resin. Results showed that the 

aged films were brittle and difficult to handle, because of the high molecular weight of the alkyd 

polymer and faster stiffening from the excessive cross-linking and subsequent degradation 

reactions. The conclusion was that they should be preserved in conditions similar to those used 

for oil paintings.  
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Figure 1-10 TMAH thermochemolysis with different organic compounds. 

 

The amount of recorded literature on the application of TMAH thermochemolysis in 

archeology over the last 10 years is about 5 times higher than that during the ten-year period 

before 2010. A wide range of organic compounds were detected, including natural resins and 

fatty acids, which demonstrated that the TMAH-Py-GC/MS is an efficient method to analyze 

the organic compounds in coatings or paint layers of ancient artworks. This method could 

determine the compositions and the origin of lacquers, varnishes, and paints of relics, which 

played a key role in the conservation and restoration of ancient artworks. In addition, some 

advanced characterization technologies were used to characterize ancient artworks 

comprehensively, such as light microscopy (LM), optical microscopy (OM), direct temperature 

resolved mass spectrometry (DTMS), scanning electron microscopy–energy dispersive X-ray 
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spectroscopy (SEM–EDX), etc. However, few studies have focused on the quantitation of 

lacquer. 

1.4.2.4 Soil 

 

The importance of organic matter within soil cannot be overemphasized because this 

organic matter plays a vital role for life, as a nutrient source, an energy and cation reservoir or 

source, a pH, temperature, and water storage buffer, an absorber of toxic organic compounds 

and inorganic ions, an enzyme activity controller, and finally, a major role player in greenhouse 

gas regulation [513]. The organic matter in soil is primarily responsible for the soil properties 

that control the productive capacity of soil and the sustainability of a productive soil system 

[514]. Therefore, it is of great importance to gain as much insight as possible into organic 

compounds within soils on the Earth. TMAH-Py-GC/MS is one of the most used methods for 

the characterization of organic compounds within soil samples. This method has been widely 

used in the analysis of forest soil [515], farmland [319], cattle husbandry soil [516], coastal 

Wetland soils [300], permafrost sediments [517], archaeological settings [301], peat soil 

[258,318,342], forensic soil [518], archaeological scenarios [301], and river sediments 

[249,390,519–521]. The organic compounds that have been detected in different soil samples 

are summarized and listed in Table 1-4. 

The organic matter in soil can be classified into four categories : i) particulate organic 

matter, ii) humus, iii) resistant soil organic matter and iv) dissolved organic compounds 

[514,522].  The particulate organic matter, or particulate organic carbon (POC), is composed 

of decomposing plant residues, fungal hyphae, fine plant roots and associated biomasses, which 

are unstable and have a short turnover time less than 1-2 years. Lignin and its derivatives are 

the main decomposition products of plants and their organs. TMAH thermochemolysis has been 

widely used to characterize the decomposition products of plants and their organs in forest soil, 

farmland and Wetland soil. Lignin is also considered to be a major component of soil organic 

matter (SOM) [523], which mainly comes from the organs of plants such as leaves, roots, and 

grass litters [295,315,317]. The main structure of lignin and its derivatized compounds can be 

seen in Figure 1-8 in section 1.4.2.1 lignin and plants.   
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Table 1-4 The organic compounds detected in soil samples with TMAH-Py-GC/MS in previous studies. 

Soil location Organic compounds TMAH volume Derivatization 

mode 

T Pyrolysis Year Publications 

Mediterranean forest soil Fatty acids, n-alkanols, α,w-diacids, hydroxyacids, ligneous 

subunits, carbohydrates 

2 mL 50% (w/w) in methanol  Off-line 400 °C 2009 [310] 

Weerterbergen in The Netherlands. Lignin, polysaccharides, phenols diketodipyrrole, n-alkenes/n-

alkanes (C10–C33), 2-methylketone; alkanoic acid 

A droplet, 25% in water - 600 °C, 5 s 2010 [292] 

Acer pseudoplatanus on Petˇrín hill in Prague in 

May 2010. 

litters Excess, 25% in water Off-line 550 °C,10 s 2011 

2014 

[314,315] 

Loire and the Gartempe rivers Heterocyclic compounds, N-containing compounds 25% (w/v) in methanol  - 650 °C, 10s 2012 [294] 

Coastal Wetland soils Aliphatic compounds, lignin-derived compounds, N-containing 

compounds, Polysaccharide-derived compounds, S-containing 

compounds 

-  620 °C, 20 s  2012 [300] 

A wet tropical forest on the island of Hawaii in 

the Kohala Mountains.  

 Aromatic, lipid, polysaccharide, N-bearing, lignin, phenol 5 μL Off-line 

(24 h) 

590 °C  2012 [293] 

Koroglu Mountain in Turkey  Amber extract, fossil resin - On-line 480 °C, 20 s 2014 [524] 

Kervidy-Naizin catchment, in central Brittany, 

western France  

Lignin and tannin markers, carbohydrates, and fatty acids. Excess, solid TMAH On-line 400 °C, 1 

min 

2014 [304] 

Mega Rice Project area in Kalampangan village 

and Sebangau National Park in Central 

Kalimantan Province, Indonesia. Mega 

Humic acids 25 μl  Off-line 550 °C, 4 

min 

2015 [342] 

Soil cores from Shark to Taylor Sloughs, the 

primary flowpaths of the southern Everglades 

Kaurenes, cyclic diterpenoids; branched isoprenoids 

(C20HBIs) and Bot-ryococcenes; lignin phenols. 

100 mg of reagent Off-line - 2015 [525] 

Soil from the permanent grassland in the south 

of France 

Leaves and roots (aliphatic compounds, aromatics) A few drops, at 25% ) in 

methanol 

On-line 650 °C, 10 s 2016 [295] 

Four forest sites situated in the Italian Alps Aromatic compounds, polysaccharides, fatty acids, N-

containing compounds. 

Excess  On-line 550 °C, 10 s 2017 [316] 

Sokolov brown-coal mining district, Czech 

Republic.  

Litter (aliphatic and aromatic compounds and a decrease of 

carbohydrates) 

Excess, in water Off-line 550 °C, 10 s 2017 [317] 

Abbaretz (BABZ^), Mioche (BMCH^) and La 

Petite Faye (BLPF^), France 

Products originated from proteins, carbohydrate, lignite, fatty 

acids, sterols and lipids fractions. 

15 μl On-line 400 °C 2017 [321] 

Wetland soil, in Brittany (France). Lignin and tannin markers, carbohydrates and fatty acids. Excess, solid TMAH On-line 400 °C, 1 

min 

2018 [305] 

Chateau de Versailles in Versailles; Rothamsted 

Research, United Kingdom; the Swedish 

University of Agricultural Sciences, Sweden; 

Askov Experimental Station, Denmark 

Aromatic compounds, lignin-derived compounds and phenolic 

compounds, aliphatic compounds, carbohydrates and N-

containing compounds  

A few drops, 25% (w/w) in 

methanol 

On-line 650 °C, 10 s 2018 [296] 

Araguás catchment (Central Spanish Pyrenees) Lignin (0–0.74 µg mg in soil) 20 μL, 25% (w/w) in water Off-line(2 min) 600 °C, 5 s 2019 [297] 

Archaeological Sites, The NW of the Iberian 

Peninsula 

Monocyclic aromatic hydrocarbons, methylene chain 

compounds; N-compounds; short-chain FAMEs (C16,C18); 

lignin 

25% in water - 750 °C, 20s  2019 [301] 
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The humus part of the soil has a longer turnover time, around 2-25 years, and includes 

partially stabilized organic materials and microbial metabolites. The resistant soil organic 

matter is strongly stable either chemically or physically and may be part of the humus fraction. 

Its turnover time is about 250 to 2500 years [514,522]. The humic substances represent 

approximately 40–60% of the soil organic matter, including humin, humic acid, and fulvic acid. 

Humin (C-based macromolecular compounds) is the insoluble fraction of humic substances. 

Humic acids are soluble under alkaline conditions and fulvic acid is the fraction that is soluble 

under both alkaline and acidic conditions. Humic substances can influence the soil buffering 

capacity, increase moisture retention, and supply plants with available micronutrients. These 

compounds can also interact with complex metals which alleviates both heavy metal toxicity 

and metal deficiency in soils [526]. Therefore, it’s important to characterize the structure of 

humic substances in soil. Branched-chain fatty acids and methyl esters are related to a large 

amount of humic acid structures in the soil, and can be used as biomarkers in humic substances 

from matured compost samples. A higher level of branched-chain fatty acids indicates a higher 

aromaticity and lower molecular weight of humic substances and provides information on the 

history of microbial activities during the composting process [327]. The structures of humic 

substances are related to the soil function [249]. For example, humic substances from sugar 

cane cultivation areas were found to contain compounds rich in lipids and fatty acids [249,372]. 

The salinity of the soil can also affect the compositional formation of humic acids, with one 

study suggesting an increasing recalcitrance of humic acids along the salinity gradient. The 

same study observed a higher percentage of aromatics in humic acid compounds in soil with 

higher clay content [300]. Steel slag-compost fertilizer was shown to alter the steel slag during 

the fertilization period, mainly involving a decrease in phenolic moieties and a significant 

increase in the sulfur-containing pyrolysate compounds [306].  

The dissolved organic compounds, mainly including sugars, amino acids, soluble P-

containing compounds, and low molecular organic acids, make up a small but essential 

proportion of the soil organic compounds and serve a wide range of functions, most notably 

nutrient cycling [249]. Polysaccharides were used as an indicator and proxies have been 

proposed for the reconstruction of past peatland vegetation [527]. TMAH thermochemolysis 

has been proven to be able to analyze amino acids which consequently represent one of the 

most important components in the organic N cycle [286]. On the other side, microbial 

communities also play an important role for soil and drive the transformation of organic 

components in soil [452,516], TMAH thermochemolysis was used for the characterization of 
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changes in soil microbial communities by analyzing the changes in the inner composition of 

soil organics such as ligninocellulose or lignin [296,516]. 

Overall, TMAH thermochemolysis combined with Py-GC/MS or GC/MS has been used 

to analyze various organic compounds such as humic acids, fatty acids, lignin, N-containing 

compounds, and aliphatic and aromatic compounds in soil samples GC/MS.  

1.4.2.5 Polymers 

 

To expand the applications of Py-GC/MS and THM, induced by the most widely applied 

thermochemolysis reagent, TMAH, we will cover the wide usage of this method for the 

structural characterization of various polymer samples [10,11,14–16]. During the pyrolysis and 

THM method, specific chemical bonds including ester, ether, and carbonate linkages of 

different polymers can be decomposed forming smaller methylated fragments which are 

amenable to GC/MS analysis. However, the products of polymers without ether, ester, and 

carboxylic bonds (polar compounds) are unaffected by TMAH thermochemolysis, such as 

polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride (PVC). 

However, TMAH thermochemolysis shows a good performance on the analysis of polyethylene 

terephthalate (PET), polycarbonate (PC), poly(methyl methacrylate) (PMMA), poly(alkyl 

methacrylate), polyamide 6 (PA6), and nylon. For those compounds the thermochemolytic 

transmethylation is the main mechanism of the TMAH reaction [16,298]. Though TMAH 

thermochemolysis did not show good performance on the analysis of polyethene, it can be used 

to predict the lifetime of artificial aging problems. By aging the unstablized polyethylene in 

water at elevated temperature and under a high pressure of oxygen, the TMAH 

thermochemolysis method can be applied to assess the degree of oxidation. In this study, α,w-

diacids are the valuable indicators to determine the degree of oxidation of PE aging, which is 

caused by the attraction of hydroxyl to the carbonyl group and cleavage of the C-C backbone 

to yield carboxylic acids [17].  

Poly (butylene succinate-co-butylene adipate) (PBSA) is one of the popular commercial 

packaging and container materials that can be biodegraded, because its physical properties are 

similar to those of commodity plastics with a good biodegradability. TMAH thermochemolysis 

was applied to characterize its structure and the degradation byproducts of it. Baidurah [18,19] 

evaluated the biodegradability of PBSA based on its copolymer composition using THM-GC 

method. The butylene succinate (BS) and the butylene adipate (BA) units are the original 

components of PBSA. The copolymer composition of butylene adipate (BA) units decreases 
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with soil burial degradation time. Butanediol dimethyl ether (BD), butanediol monomethyl 

ether (BM), dimethyl succinate (SD), and dimethyl adipate (AD) were the characteristic peaks 

of PBSA degradation in the presence of TMAH, and they were used to calculate the content of 

BS and BA units in PBSA. Later, they clarified the cause of the changes of BS and BA units in 

copolymer composition, and studied the biodegradation behavior of PBSA with lowered 

crystallinity using the TMAH-GC method. Results showed that the butylene adipate (BA)-rich 

moieties in the copolymer chains could show relatively lower crystallinity than the butylene 

succinate (BS)-rich moieties and that they were preferentially biodegraded during soil burial 

tests, leading to the decrease in the BA content as the biodegradation proceeded.  

Poly (3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] is one of the 

biodegradable co-polyesters, which can be produced by several types of bacteria such as 

Cupriavidus necator and Aeromonas caviae and serve as their energy storage compounds. In 

order to control the biodegradability of the [P(3HB-co-3HHx)], it is of importance to analyze 

the structure of [P(3HB-co-3HHx)]. Baidurah [20,21] studied the composition of [P(3HB-co-

3HHx)] accumulated in whole bacterial cells using TMAH THM-GC method. Characteristic 

compounds of 3HB and 3HHx units were determined. Methyl 3-butenoate, methyl cis-2-

butenoate, methyl trans-2-butenoate, and methyl 3-methoxybutanoate originated from 3HB. 

Methyl cis-2-hexenoate, methyl trans-3-hexenoate, methyl cis-3-hexenoate, methyl trans-2-

hexenoate, and methyl 3-methoxyhexanoate are products of 3HHx. They also studied the soil 

burial biodegradation of [P(3HB-co-3HHx)]. The chemical composition of 3HB units increased 

while 3HHx units decreased with the soil burial time. In addition, THM-GC was also applied 

to direct analysis of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)] in 

Cupriavidus necator cells, without any appreciable pretreatment of the bacterial matrix [12]. 

Through analyzing the yield of the characteristic peaks 3HB and 3HV, results from THM-GC 

in the presence of TMAH were demonstrated in good agreement with those obtained from 

conventional technique, which is in alignment with the result obtained from study of 

polyhydroxybutyrate (PHB) film with TMAH-GC without any cumbersome sample 

pretreatment [13]. 

Tetramethylammonium acetate (TMAAc) was also used to analyze styrene/butyl 

acrylate/methacrylic acid terpolymer by a two-step reactive Py-GC process [10]. TMAAc was 

applied to control the undesirable transesterification. A solid ammonium Y zeolite was used as 

a thermochemolysis reagent for identification of polyethers and polyesters [11]. TMAH is the 

main thermochemolysis reagent used in the characterizations of various polymers. The main 
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structure of polymers can be seen in Figure 1-11. Aldehyde, carboxyl, ether, and ester functional 

groups are the main structures that react with TMAH and on which the methylation occurs. 
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Figure 1-11 The structures of polymers that react with TMAH during thermochemolysis, adapted from 

[10–21]. 

1.4.2.6 Thermochemolysis for space exploration 

 

TMAH is used in space experimentation devoted to in situ characterization of the 

chemical composition of martian soils with automatized analytical laboratories. The SAM 

(Sample Analysis at Mars) experiment onboard the Curiosity rover of the Mars Science 

Laboratory mission, and MOMA (Mars Organic Molecule Analyzer), onboard the Rosalind 

Franklin rover of the Exomars mission, are able to implement TMAH thermochemolysis 

through an experimental set-up developed to meet the technical requirements for use on Mars. 

TMAH thermochemolysis will also be implemented in the future DraMS instrument onboard 

the Dragonfly drone that will explore the surface of Titan starting from 2034. However, only 

rare studies have been focused on the application of thermochemolysis in space. David [528] 

tested a pilot laboratory model for validation of the on-line preatreatment for analyses of 

organics by GC/MS, including the derivatization solvents N-Methyl-N-(tert-

Butyldimethylsilyl)-trifluoroacetamide (MTBSTFA) as a silylating reagent, and N, N-

Dimethylformamide Dimethylacetal (DMF-DMA) and TMAH as methylating agents. 
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1.4.2.6.1 Thermochemolysis in the Sample Analysis at Mars (SAM) experiment  

 

SAM is a complete in situ chemistry laboratory which is part of the Mars Science 

Laboratory mission and operates onboard the Curiosity rover. SAM includes a Gas 

Chromatograph (GC) and a Quadrupole Mass Spectrometer (QMS) which are coupled together 

to detect the organic molecules potentially present in the solid samples collected by the rover 

[1]. With this aim, a sample preparation and gas processing system is used to vaporize the 

molecules, and it includes three different techniques adapted to different organic molecules of 

interest: (i) a pyrolysis system heating the sample up to 850 °C, (ii) derivatization using 

silylation process with MTBSTFA/DMF, (iii) TMAH (25% in methanol) thermochemolysis. 

Derivatization and thermochemolysis have been developed and adapted for in-situ space 

applications by several authors [529–531]. For SAM, 500 µL of each derivatization reagent 

(MTBSTFA/DMF and TMAH) is placed in the bottom of nine (7 for MTBSTFA/DMF and 2 

for TMAH) of the 74 metal ovens. The bottom (outer volume) of each cup which contains the 

derivatization reagent is closed with an aluminum foil which is punctured when the sample is 

delivered into the oven [2]. The inner volume of the cup contains a standard compound 

(nonanoic acid for TMAH and 3-fluoro-DL-valine for MTBSTFA). This internal standard is 

reactive with the reagent and it is used as a control compound to check the reaction worked well 

(Figure 1-12).  

Up today, only pyrolysis and wet chemistry based on MTBSTFA/DMF have been used 

to extract and analyze organic molecules present in the martian samples collected. The 

instrument allowed to detect chlorinated (chlorobenzene, dichlorobenzene, etc.) and sulfur-

bearing compounds [58,64,532] (thiophene and thiophene derivatives) proving for the time that 

organic matter is present at the Mars surface despite the harsh environmental conditions. 

Chlorinated compounds are most certainly the result of a reaction of martian perchlorate with 

endogenous martian organic compounds [222]. Because sulfur-bearing compounds have been 

detected at high temperature, two hypotheses have been proposed to explain their origin: i) they 

are refractory compounds endogenous to the martian sample, and ii) they are compounds 

released after reaction with sulfur-bearing compounds. 
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Figure 1-12 Sample Monitoring System (SMS) and close up of the SAM oven. Adapted from [22]. 

The strengths of TMAH thermochemolysis on SAM include desorption of organic 

compounds from the soil, a decrease in the polarity of the released products (through the 

methylation reaction) and a limitation of secondary reactions, resulting in improved 

chromatographic performance. Moreover, it is then easier to determine the analyte’s parent 

molecular structure. Several authors showed that under SAM conditions TMAH 

thermochemolysis enabled the analysis of carboxylic acids (fatty acids), amino acids, and 

nucleobases [23,340,533] from standard samples but also from natural and analog samples [22]. 

Indeed, authors showed that under SAM-like pyrolysis conditions [22] TMAH 

thermochemolysis allows the extraction and analysis of fatty acid methyl esters (FAMEs) from 

martian analog samples. 

Because one (or more) of the SAM cups containing MTBSTFA/DMF leaks, it is 

possible that TMAH may be put in contact with MTBSTFA/DMF when it will be used for the 

first time. Williams [22] studied the recovery of fatty acids from mineralogical Mars analogs 

by TMAH-Py-GC/MS. The experimental parameters were analyzed, including the sample 

exposure time to TMAH, possible TMAH reactions with MTBSTFA, and loss of the TMAH 

solvent methanol prior to sample pyrolysis. Results showed that the MTBSTFA vapor could 
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react with TMAH in some ways that the evaporation of methanol will not have a significant 

effect on the TMAH thermochemolysis, and that TMAH shows a good performance on the 

methylation of FAMEs. However, iron sulfide presents a challenge for thermochemolysis. 

Further studies need to be conducted in the future such as the recovery of TMAH 

thermochemolysis on other organics, such as carbolic acids and complex organics such as DNA 

or RNA.  

1.4.2.6.2 Thermochemolysis in the Mars Organic Molecule Analyzer (MOMA) 

 

The Mars Organic Molecule Analyzer (MOMA) experiment aboard the future ExoMars 

2020 mission will continue the effort to search for organic compounds at the martian surface 

[3,534]. Compared to previous missions, samples will be collected as deep as 2 meters below 

the martian surface where organic materials are expected to be preserved from the effects of 

radiation and oxidation occurring at the surface. This will significantly improve the capacity 

for the instruments to detect traces of organic molecules indigenous to Mars. In order to analyze 

a wide range of potential organic compounds (volatile and non-volatile compounds) present in 

the martian soil, the MOMA instrument utilizes both UV laser desorption / ionization (LDI) 

and pyrolysis GC ion trap mass spectrometry (Py-GC-ITMS). 

In order to analyze refractory organic compounds, and characterize the enantiomeric 

ratio for chiral species, the sample can be submitted to different sample preparation processes 

including derivatization. With this aim, MTBSTFA [529], DMF-DMA [222], TMAH [533] 

were selected as the derivatization agents in MOMA. To perform derivatization and 

thermochemolysis on MOMA, capsules have been designed to store 15 µL of each corrosive 

reagent dedicated to the derivatization and thermochemolysis processes. Moreover, each liquid 

is released at a temperature corresponding to the melting temperature of different eutectics for 

each wet chemistry reaction. The temperature of each eutectic was chosen to optimize the 

chemical reaction during the sample treatment: DMF-DMA is released at 145 °C, MTBSTFA 

at 200 °C, and TMAH at 309 °C. Six capsules have been filled with MTBSTFA, six with DMF-

DMA, and six with TMAH. Thermochemolysis and derivatization will be performed in an oven 

which is a part of the taping station [3] (Figure 1-13). TMAH thermochemolysis will occur in 

three steps:  

i) Oven is heated with a ramp of 135 °C min-1 up to 309 °C 

ii) At 309 °C derivatization capsule releases TMAH 

iii) Oven is heated up to 600 °C 
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iv) Thermochemolysis occurs during 30 s 

v) Oven valve is opened and volatile compounds are trapped at 0 °C on the Tenax® 

trap 

vi) Trap is heated and volatile compounds are injected into the gas chromatographic 

column 

  

Figure 1-13 Tapping station with its oven (left) and derivatization capsule (right). 

 

The chromatographic column dedicated to the analysis of the apolar and semi-polar compounds 

from the thermochemolysis reaction is an MXT5 metallic column (30mx0.25mmx0.25μm), its 

stationary phase is filled with diphenyl dimethyl polysiloxane, with a low-polarity. This is a 

column suitable for a broad range of applications, such as the analysis of hydrocarbons, 

polychlorinated biphenyl (PCB) congeners, drugs, solvent impurities, pesticides, essential oils 

and semi-volatiles. These advantages make it possible to reach the target of SAM and MOMA, 

characterizing organic compounds at a wide range of mass weight [3].  

In order to prepare future thermochemolysis experiments on Mars, authors studied the 

thermal degradation byproducts of Tenax® in the presence of the derivatization reagent 

MTBSTFA/DMF and calcium perchlorate under SAM-like experimental conditions [60]. 

TMAH thermochemolysis experiments were also performed using chemical standards of seven 

kinds of nucleobases, important components of DNA and RNA, based on experimental 

conditions of the MOMA instrument [64]. In this study, properties of the TMAH 

thermochemolysis method were characterized and optimized for the detection of nucleobases 

under MOMA and SAM-like experimental conditions, as shown in Figure 1-14 (adenine, 

thymine, uracil, cytosine, guanine, xanthine, hypoxanthine, and fatty acids). Results showed 

that 600 °C is the optimal thermochemolysis temperature for all seven nucleobases. The 

methylated compounds and the methylation mechanisms of these seven nucleobases were 
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analyzed and there was no overlap among these seven nucleobases in the chromatographs. In 

addition, the limits of detection of these seven nucleobases were investigated and quantified, 

showing that adenine is the most probable nucleobase to be detected on Mars if its abundance 

is higher than the detection limit of the device.  
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Figure 1-14 The structure of nucleobases and fatty acids, adapted from [22,23]. 

1.4.2.7 Others 

 

In addition to the application of TMAH for the analysis of soil, coal, lacquer, lignin and 

plants, polymers, and in space experimentation, TMAH has been used in other fields. It can be 

used as a strong base catalyst for increasing the transesterification of cotton seed oil and used 

frying oil [407] for biodiesel production. It can be used to analyze the biotransformation of 

organic matter during composting of solid waste from traditional tanneries, which involves the 

discrimination between four main families of compounds, including aromatic compounds, 

lipids, polysaccharides and nitrogen-containing substances, as well as the degradation of these 

compounds during the composting [401]. TMAH thermochemolysis has been used to 

characterize a rare tiny residue in a historic 18th century pharmaceutical vessel labelled 

MUMIA. The residue was microscopically subsampled and analyzed by Curie point Py-GC/MS 

(CP-Py-GC–MS) and GC/MS. Results demonstrated that the historic 18th century MUMIA 

vessel contained authentic mummy material [535]. 

Recently, TMAH has been used by the medical community. For example, TMAH was  

used to liberate and purify nanoparticles from tissues and showed a good performance 

compared with other alkaline compounds such as KOH and NaOH [536]. In this process, 

TMAH was used to dilute the blood sample and sonicated at 135W for 1 h to liberate the 

nanoparticles and avoid nanoparticle aggregation. Researchers also studied the component of 

triglycerides and cholesterol in serum samples [537], preserved bone tissue [330], and the 
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mycocerosic acid components of the phthiocerol dimycocerosate (PDIM) family of lipids [262] 

by using TMAH-GC/MS method. Additionally, TMAH methylation was used for the 

classification of bacteria based on an analysis of fatty acid methyl ester profiles [538]. TMAH-

GC/MS was used to differentiate Mycobacterium tuberculosis complex (MTB) from non-

tuberculous mycobacteria (NTM), tuberculostearic acid (TBSA) was used to check the 

sensitivity of the MS detector [539]. Results showed that the TMAH-GC/MS method provided 

a fast and reliable method for the differentiation of MTB and NTM bacteria after culture with 

an accuracy of greater than 95%; it was also used to analyze the degradation products of 

phthiocerol dimycocerosate waxes found in Mycobacterium tuberculosis [540].  

1.4.3 Quantitative analysis 

 

The TMAH-thermochemolysis method has been mainly used to qualify the organic 

compounds of different samples. Only a few studies have focused on the quantitation of 

organics. There are mainly two types of quantitative analytical methods: the external standard 

quantitation and internal standard quantitation. External standard quantitation is one of the most 

common approaches for calibration. The standard or known material is separated or external to 

the unknown material. The advantages of external standard calibration are that it is simple to 

perform this type of calibration and it can be applied to a wide variety of methods. However, it 

is greatly affected by the stability of the chromatographic detector system and the presence of 

chromatographic interferences in a sample or sample extract [541]. Table 1-5 shows the studies 

about external standard quantitative analysis of different compounds over the past 10 years. Py-

GC/MS is the main instrument used for quantitative analysis of samples, including soil 

components, lignin analysis, and humic acid analysis. The pyrolysis experiment is mainly 

operated between 350 and 600 °C. However, the external standard quantitative method is not 

as popular as the internal standard quantitative method. 
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Table 1-5 Quantification using Py-GC/MS with the external calibration curves. 

Sample  Chromatographic column GC temperature program TPyrolysis  Year Publications 

Paddy soil from Wujiang Municipality, 

Suzhou City, Jiangsu Province, China 

Restek Rtx-5 MS fused silica capillary column (30 m × 

0.25 mm× i.d., 0.25 μm film thickness) 

1 min at 80 °C, from 80 to 180 °C at 4 °C min−1, 180 

to 320 °C at 10 °C min−1, hold 10 min. 

- 2010 [319] 

Humic samples Fused-silica capillary column (Restek Rtx©-5MS, 30 m 

length ×0.25 mm I.D. ×0.25 μm film thickness) 

From 100 °C to 300 °C at 4 °C min−1 and hold 20 min. 600 °C 2012 [320]  

Lignin standards, lipid standards and alkane 

standards  

BPX-5 column (60 m x 0.25 mm, film thickness 0.25 

μm) 

5 min at 40 °C, 5 °C min-1 to 270 °C and 30 °C min-1 1 

to a 300 °C (hold 10 min). 

590 °C 2012 [293] 

Heptadecane, tridecanoic acid, cinnamic 

acid, octadecanol, 16-hydroxy 

hexadecanoic acid, docosandioic acid, and 

beta-sitosterol.  

RTX-5MS WCOT capillary column (Restek, 30 

m×0.25mm i.d.; film thickness = 0.25 μm) 

1 min at 60 °C raise at 7 °C min−1 to 100 °C and then 

at 4 °C min−1 to 320 °C (hold 5min). 

400 °C 2012 

2013 

[284,311]  

Bisphenol A and bisphenol S A DB5 fused silica capillary column (30 m × 0.25 mm 

i.d., 0.25 μm film thickness) 

100 °C to 250 °C at 10 °C min-1, and then to 275 °C at 

5 °C .min-1  then at 15 °C min-1 to 320 °C (hold for 5 

min).  

400 °C, 

0.5s 

2013 [238] 

Gallic acid A metal capillary column (Frontier Lab., Ultra ALLOY-

5+, 30 m × 0.25 mm ID) coated with poly(5%-diphenyl–

95%-dimethyl) siloxane (0.25 μm film thickness) 

50 °C to 300 °C at a rate of 5 or 10 °C min-1. 350 °C 2015 [239] 

Polymer standards  DB5 (J&W); 30 m x 0.25 mm ID, film thickness 0.25 

µm 

50 °C (1 min) to 310 °C (10 min) at 3 °C min-1 590 °C 2017 [298] 

Tridecanoic acid, octadecanol, 16-

hydroxyhexadecanoic acid, docosanoic 

acid, β-sitosterol, and cinnamic 

Rtx-5MS WCOT (30 m × 0.25 mm id, 0.25 µm)  60 °C (1 min) to 100 °C at 7 °C min-1 and then at 4 °C 

min-1 to 320 °C (hold 10 min) 

400 °C, 

30 min 

2013 

2014 

[312,313]  
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Table 1-6 Quantification using internal standards. 

No. Internal standard Solvent Sample  Analysis method TPyrolysis  Year Publications 

1.  Nonadecanoic acid  A mixture of acetone and 

methanol (v/v = 3/2) 

Fertilizer samples, 

humic acid 

Py-GC/MS 550 °C, 0.4 or 1 min 2009 

2011 

2012 

2016 

[306–309] 

Nonadecanoic acid Hexane Sediment sample (lignin analysis) Py-GC/MS 590 °C, 20 s  2014 [299] 

Nonadecanoic acid Acetone Humic acid and fulvic acid samples Py-GC/MS 550 °C, 0.4 min 2018 [327] 

Nonadecanoic-d37 acid Ethyl acetate Sterols and stanols GC/MS 300 °C  2017 

2018 

[519,521] 

2. n-Eicosane  TMAH Freshly fallen litter and litter from litter bags  Py-GC/MS  350 °C 2011 [260,449]  

n-Eicosane 25% (wt%) TMAH methanol Phenolic compounds GC/MS 250 ± 2 °C for 30 min  2012 [542] 

n-Eicosane(C20) EtOAc  Suberan Py-GC/MS 610 °C,15 s 2013 [461] 

n-Eicosane Hexane Lipid extraction of soil  GC/MS 280 °C 2015  [525] 

3. 5α-Androstane TMAH Peat litter and litterbag Py-GC/MS 450 °C 2010 [456] 

5α-Androstane Dichloromethane Wheat straw Py-GC/MS 600 °C 2012 [302] 

5α-Androstane TMAH (25%; w/w)  Living plant tissues and litters Py-GC/MS 610 °C, 10 s 2013 [303] 

5α-Androstane TMAH (25%, w/w)  Eight peat cores, sphagnum acid Py-GC/MS 610 °C, 10 s  2013 [318] 

5α-Androstane  Cyclohexane Soil samples Py-GC/MS 600 °C, 5 s. 2019 [297] 

4. n-Nonadecane Dichloromethane Methylated lignin derivatives Py, GC/MS - 1996 [9] 

n-Nonadecane - Lignite Py-GC/MS 400 °C 2017 [271,272] 

5.   3,5-dimethoxyphenol  - Softwood lignin Py-GC/MS 210 °C(3 min), 610 °C(1 

min), and hold 56 min 

2011 [444] 

6. n-Decylbenzene TMAH Winery wastewaters Py-GC/MS Pretreatment 340 °C then 

flash to 720 °C 

2012 [543] 

7.  Heptylbenzoic acid  Methanol Fatty acids GC/MS  - 2012, 

2010 

[544,545] 

  Heptylbenzoic acid - Components of the “free” bitumen  Py-GC/MS 300 °C (S1), 600 °C (S2), 

390 °C (S3) 

2013 [470] 

8. Heneicosanoic acid Methanol or dichloromethane Guaiacyl palmitate and 2-nonyl palmitate Py-GC/MS 600 °C, 2 s 2013 [254] 

 Heptadecanoic acid TMAH in methanol  Outer surfaces of archaeological pottery Py-GC/MS 480 °C 2017 [491] 

9. Polymethylstyrene Dichloromethane asphaltene powders Py-GC/MS  650 °C 2015 [252] 

10. Linolenic acid methyl ester Ethyl acetate Lignin Py-GC/MS - 2017 [457] 

11. n-Methyl- nonadecanoate Dichloromethane Lignin, carbohydrates, and lipids GC/MS 250 °C 2018 [258] 

12. Tridecanoic acid (C13) 5% methanolic solution of 

TMAH 

saturated fatty acid (SFA) Py-GC/MS 360 °C to 700 °C (3 min) 2019 [257] 

13.  Naphthalene-D8 Dichloromethane Nucleobases  Py-GC/MS 600 °C, flash pyrolysis 2019 [23] 

14 - - Amino acids Py-GC/MS 400, 500, 700, and 

900 °C 

2010, 

2011 

[286,400]  
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For the internal standard quantitative analysis, an internal standard calibration involves 

the comparison of the instrument responses from the target compounds in the sample to the 

responses of other standards added to the sample or sample extract before injection. It can be 

used to account for routine variation in the response of the chromatographic system as well as 

variations in the exact volume of sample or sample extract introduced into the chromatographic 

system; however, the internal standard should not be the compounds that could be found in the 

samples or its related degradation products. Compared to external standard quantitative analysis, 

the internal standard quantitative method demonstrates better capabilities. For example, Seddon 

[546] studied the quantification method of UV-B absorbing compounds in Pinus sylvestris L. 

pollen. The study found that the quantification method can be improved using normalization by 

sporopollenin-based components, including external standards (para-coumaric acid stock 

solution), and internal standards (Vanillic acid (4-hydroxy-3-methoxybenzoic acid) and 

nonadecanoic acid in methanol). The THM–GC/MS method was used in order to identify the 

best analytical procedure to enable robust determination of UV-B absorbing compounds for 

future applications. Results showed that the internal standard methodology, using vanillic acid 

ensures more precise quantitative determination of UV-B absorbing compounds in P. sylvestris 

pollen, because the vanillic acid has a similar structure with para-coumaric (both include the 

combination of a carboxylic group and a phenolic hydroxyl group which react with TMAH). 

The similarity in chemical structure and in the reactions ensures comparable reactivities and 

transfer efficiencies during the analysis. The internal standard quantitative analysis that have 

been used in TMAH-thermochemolysis experiments are listed in Table 1-6. Only 13 kinds of 

internal standards were used to quantify organic compounds, including nonadecanoic acid, n-

eicosane, 5α-androstane, n-nonadecane, 3,5-dimethoxyphenol, n-decylbenzene, heptylbenzoic 

acid, and heneicosanoic acid, polymethylstyrene, n-methyl nonadecanoate, tridecanoic acid 

(C13), and Naphthalene-D8. Among these, the 5α-androstane, nonadecanoic acid and n-eicosane 

are the most popular internal standards. Dichloromethane, methanol, TMAH and hexane are 

the solvents of these internal standards. Py-GC/MS or GC/MS is widely used for the 

quantitative analysis of TMAH thermochemolysis products, and the pyrolysis temperatures 

varied from 300 °C up to 900 °C according to the sample type, which included humic acids, 

nucleobases, lipids, and fatty acids.  

However, more qualitative or semi-quantitative methods [547], rather than quantitative 

analysis of samples, were reported since 2010; only about 14% of  these studies did quantitative 

analysis. Therefore, more efforts need to be put forward to develop a robust quantitative 

analysis method in the future. 
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1.4.4 The reactional mechanisms involved in TMAH thermochemolysis 

1.4.4.1 The mechanism of TMAH thermochemolysis 

 

TMAH works as a methylation agent boosting the cleavage of macromolecules during 

the TMAH thermochemolysis process. The TMAH thermochemolysis mechanism of using a 

certain compound with an acidic functional group was proposed by Kossa et al. in 1979 [24].  

Trimethylamine was formed by the nucleonic attack by OH or methoxide ion. The methyl 

functional group can replace the active hydrogen of target compounds, such as the replacement 

of labile hydrogen in nucleobases [23]. A hydrolysis step was added by Challinor [26] where 

the OH- from the TMAH could cause a cleavage of ester or ether bonds. The Kossa methylation 

theory has been widely accepted, as shown in Figure 1-15. For example, Templier [548] studied 

the pyrolysis of 16 kinds of dipeptides with TMAH by GC/MS, in order to evaluate the effect 

of the peptide bond on the pyrolysis products released from proteinaceous materials. Results 

show that the direct methylation of peptide is the main pathway due to the presence of TMAH, 

along with the formation of piperazine-2,5-diones (DKPs) previously observed from single 

amino acids. In addition, the C- or N-terminal position of the amino acids is of importance for 

the formation of different products, such as imidazolidinedione. However, rarely new theories 

about the mechanism of TMAH thermochemolysis have been developed. There are mainly two 

methods to do TMAH thermochemolysis, including off-line and on-line thermochemolysis, 

TMAH has to be mixed with samples in both processes, which means that the methylation 

process happens when a sample is mixed with TMAH. However, it should be studied if TMAH 

could methylate a functional group such as –NH2 in the gas phase. If the methyl functional 

group from TMAH in the gas phase could methylate samples, we could try to do further 

research in utilizing the derivatization reagent in gaseous form. New derivatization reagents 

need to be developed, such as derivatization substances in the solid or gas phase, which could 

increase the ease of delivery.  
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Figure 1-15 The mechanism of TMAH thermochemolysis, adapted from [24–26]. 

1.4.4.2 The mechanism of TMAH degradation 
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During the thermochemolysis process, TMAH undergoes two different pathways of 

degradation, the SN2 pathway and the ylide pathway. The SN2 pathway is the nucleophilic 

attack by OH- on the CH3 group that produces trimethylamine and dimethyl ether [549]. For 

example, Macomber [550] studied the thermal decomposition pathways of TMAH using DSC, 

TG, and evolved gas analysis (EGA), finding that trimethylamine, methanol and dimethyl ether 

were the main byproducts. The methoxide formed in this way then reacts with [Me4N]+ via an 

SN2 process to generate dimethyl ester. The ylide pathway is the decomposition of TMAH to 

give trimethylamine and dimethyl ether, caused by the initial removal of the proton from the 

quaternary ammonium salt followed by the decomposition of ylides [551]. The abstraction of 

the α-proton to generate a nitrogen ylide is a very important degradation mechanism for methyl 

ammonium species. Deprotonation of the tetramethyl ammonium ion by hydroxide establishes 

a rapid equilibrium between tetramethylammonium ions and the nitrogen ylide species and 

water that scrambles the deuterium with the proton in the methyl groups.  

However, some researchers think that the ylide pathway is more reasonable than the SN2 

pathway [552]. The stability of tetramethylammonium ([N(CH3)4
+]) under aqueous conditions 

in the presence of the OH ion was studied. Results showed that the ylide mechanism plays a 

crucial role in the decomposition of TMAH demonstrated by the TG-MS experiments which 

verified the H-D exchange. On the other side, the activation barrier for the ylide reaction is 

lower than for the SN2 pathway based on the calculations of the density functional theory. Also, 

the ylide pathway can give rise to unstable intermediates with side reactions including the 

Stevens rearrangement reaction [553], Sommelet-Hauser rearrangement, and Hofmann 

elimination [554]. Hofmann elimination is a vulnerable pathway for degradation of n-alkyl 

TMA+ cations [555]; the barrier is dependent on the carbon chain length because of  steric 

interference and the number of hydrogens susceptible to Hofmann elimination [555]. On the 

other side, the Hofmann elimination is the preferred decomposition pathway for ammonium 

cations bearing β–hydrogens, and ylide formation scrambles protons from water into 

trimethylamine which is formed with a low activation barrier [27].  

However, the degradation mechanism of TMAH has been studied at low temperatures 

(about 200 °C) and TMAH has been used extensively at high temperatures such as 600 °C. At 

this high temperature the degradation of TMAH could be different and the radical mechanisms 

that commonly occur at high pyrolysis temperatures should be studied. Moreover, TMAH 

biodegradation and the degradation under ultraviolet (UV) light have been investigated. For 

example, Wang [556] studied the oxidative degradation of a TMAH solution with UV light 

activated persulfate (S2O8
2-). The effect of conditions such as the pH, dosages of persulfate, UV 
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intensities and system temperatures has been studied. Results showed that the TMAH decay 

increased with the increasing persulfate dosage; when the persulfate concentration was 50 mM, 

the highest degradation was observed. Higher reaction temperatures and strong UV irradiation 

increased the degradation of TMAH. Nitrate and ammonium are the degradation products of 

TMAH, which means that the demethylation mechanism is the main degradation pathway. The 

biodegradation of TMAH has a similar mechanism. The most proposed metabolic pathway for 

TMAH is that TMAH is first degraded into trimethylamine and methanol. In biological and 

chemical oxidative decompositions, it is proposed that TMAH will be decomposed into 

formaldehyde and ammonium. Finally, the TMAH will be decomposed to N2, H2O, and CO2 

by microorganism strains or thermal decomposition and oxidation catalysts [557], processes 

which could help to understand the TMAH degradation process during pyrolysis. However, the 

mechanism of TMAH degradation at high temperature as well as the byproducts of TMAH 

degradation still needs to be studied.  

1.4.5 Conclusions and future trends 

 

TMAH thermochemolysis has been widely used in various fields in recent years, 

especially for the analysis of organic compounds present in soils, lacquers, lignin and other 

related samples. TMAH thermochemolysis has become more and more popular for the study of 

artwork during the last ten years. The organic substances that could be analyzed by TMAH 

thermochemolysis include saturated and unsaturated long-chain fatty acids, humic acids, 

phenolic structures, alcohols, polymers containing aldehyde, carboxyl, ether, and ester 

functional groups, such as lignin, lignocelluse, and resins, and unnatural polymers such as 

polyethylene terephthalate (PET), polycarbonate (PC), poly(methyl methacrylate) (PMMA), 

poly(alkyl methacrylate), polyamide 6(PA6), and nylon, etc. These are the potential compounds 

that could be detected if related compounds exist on Mars.  

This review gives an overview of the studies about TMAH thermochemolysis; however, 

most of the studies focus on the qualitative analysis of organic compounds, while the 

quantitative analysis of organic compounds and the use of internal or external standards require 

more study. For example, the quantitative analysis of lacquers in ancient artwork is useful for 

the repair and inheritance of these relics. On the other hand, the quantitative method needs to 

be developed, especially new internal standards. TMAH thermochemolysis has been used for 

the characterization of organics in soil samples. There is also ongoing development of the 

TMAH thermochemolysis technique for the analysis of organic compounds by space 
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experiments. Therefore, more studies need to be done under space conditions. It is useful to 

combine chemical and biological data on organic compounds in order to understand the 

properties of life on Earth or potentially on other planets; for example, TMAH studies can 

investigate if pretreatment of the TMAH chemical reagent will have an effect on 

microorganisms in a soil sample or the genetic information fundamental to life. An 

understanding of the relationship between organic matter, the parentage of that organic matter, 

and the environment across geological timescales can be constructed in order to improve our 

understanding of the origin of life. To achieve this goal, analytical methods and instrumentation 

must be developed which combine chemical and biological characterization methods. For 

example, most of the mass spectrometry used in previous studies targets compounds in a mass 

range below 500 u. An effective separation and detection device could be developed in the 

future which surpasses this range. Finally, the mechanism of TMAH thermochemolysis—as a 

methylation process—is well known; however, the degradation products of TMAH reagents at 

high temperatures and the effect of minerals on TMAH degradation or TMAH 

thermochemolysis should be studied, in order to optimize the experimental conditions of SAM 

and MOMA. In parallel, in situ technologies based on TMAH thermochemolysis and analysis 

are under development, and the application of TMAH thermochemolysis on the detection of 

organic compounds for space exploration is a new trend.  

 

1.5 Conclusions 

 

1.5.1 Thesis scope, objectives and hypotheses 

 

The core objective of this thesis was to develop an understanding of how perchlorate influences 

the efficiency of the derivatization reagents, mainly MTBSTFA/DMF and TMAH. They are 

two main derivatization reagents that have been applied to search for life biosignatures on SAM 

and will be carried by MOMA. In addition, TMAH thermochemolysis, which will be applied 

in future missions, it’s essential to have a better understanding of the application. It achieves 

this through a diverse set of studies involving analytical chemistry, biochemistry and pyrolysis 

method, etc. Effectively, three top level questions are addressed as below: 

 

Q1. If perchlorates on Mars will influence the efficiency of the derivatization reagent on SAM 

onboard Curiosity? If there were some effects, what’re the effects and how do they affect the 

reagents? 
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Hypothesis:  

(1). The presence of perchlorate or chlorine-bearing compounds could release oxygen to 

burn the organic compounds from the Martian sample or from the derivatization 

reagents.  

(2). There would be some chlorine-bearing compounds were formed during the reaction 

of perchlorate with the reagents.  

(3). The presence of perchlorate may or may not influence the mechanisms of the 

degradation of the reagents.  

 

Q2. If it’s possible to apply TMAH thermochemolysis on the analysis of DNA or RNA 

fragments? What’s the optimal temperature of TMAH thermochemolysis, and what are the 

LOD and LOQ of our device? 

Hypothesis: 

 

(1). It could be possible to characterize DNA or RNA fragments; however, it’s difficult 

to determine the optimal temperature of different DNA or RNA fragments.  

(2). The nucleobases are the basic components of DNA or RNA, therefore, the LOD and 

LOQ of nucleobases are of importance. 

(3). Other important fragments of DNA or RNA such as the phosphate and ribose 

derivatives are still important.  

 

Q3. If it’s possible to analyze DNA or RNA or some other organic compounds from real life 

with TMAH thermochemolysis?  

Hypothesis: 

 

(1). It could be possible to detect the DNA or RNA fragments from real life, however, 

maybe it will need a huge number of cells.  

(2). The complicity of real-life cells makes it difficult to predict the optimal temperature 

for the detection of DNA or RNA fragments or other organic compounds. 

1.5.2 Thesis outline 

 

In this thesis, a range of different interlinked studies are documented. The methods and 

techniques used are detailed in each individual chapter. Figure 1-16 is the outline of this thesis. 
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Figure 1-16 the Outline of this thesis. 

 

The first chapter provides: a general introduction of the background of this study; a 

comprehensive literature review of previous work in related fields; the objectives and the 

outline of this thesis. 

Chapter 2 and 3 provide detailed information about the influence of calcium perchlorate 

on the application of derivatisation reagents, mainly about MTBSTFA/DMF and TMAH. The 

byproducts of these two kinds of reagents, the influence of calcium perchlorate on the 

degradation of the reagents and their mechanisms of degradation were studied. 

Chapter 4 is about the application of TMAH thermochemolysis on the detection of 

nucleobases. The optimal temperature of TMAH thermochemolysis and the LOD and LOQ 

were determined. 

Chapter 5 then studied the application of TMAH thermochemolysis on a bit more 

complicated DNA and RNA fragments, such as nucleosides and nucleotides, and Poly A. The 

thermochemolysis temperature was optimized and all the products from nulceosides and 

nucleotides with TMAH thermochemolysis were studied. 

Chapter 6 illustrated the application of TMAH thermochemolysis on real life. We 

studied the organic compounds from bacteria and Archaea that could be possibly survive in 

extremophile environment, mainly include E.Coli (for pre-experiments), cyanobacterium, 

anctinobacterium, and halophilic Archaea.  

Chapter 7 is about the application of TMAH thermochemolysis on the Martian 

analogues, Atacama Desert soil samples. 

Chapter 8 summarizes and synthesis the overall findings and the perspectives for future 

workers.  
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Chapter 2. Influence of pyrolysis and calcium 

perchlorate on the search for organic compounds 

using derivatization with MTBSTFA/DMF 
 

2.1 Introduction 

 

Searching for organic molecular biosignatures is one of the main goals of the Sample 

Analysis at Mars (SAM) experiment [2] onboard the NASA Curiosity rover. It is also a primary 

goal of the Mars Organic Molecule Analyzer (MOMA) instrument onboard the 

ESA/Roscosmos Rosalind Franklin rover, which will launch in 2022 and will land at Oxia 

Planum for the purpose of investigating Martian surface and subsurface sedimentary rocks [3]. 

For both missions, pyrolysis-gas chromatography and mass spectrometry (Py-GC-MS) 

combined with derivatization methods are employed to analyze the organic content of the 

collected samples. Three derivatization reagents have been selected for this purpose. 

MTBSTFA/DMF [532] and tetramethylammonium (TMAH) [558–560] are used for silylation 

and methylation derivatizations by both SAM and MOMA. Dimethylformamide-

dimethylacetal (DMF-DMA) [222,561–564], a derivatization reagent specifically dedicated for 

chiral separation, is also used by MOMA.  

MTBSTFA was chosen because it is one of the most popular silylation reagents. 

Silylation is a chemical reaction in which a labile hydrogen atom in OH, COOH, SH, NH, 

CONH, POH and SOH functional groups, or enolizable carbonyl, is replaced with a silyl group, 

most frequently with tert-butyldimethylsilane (TBDMS). An MTBSTFA/DMF mixture is often 

used, with the DMF acting as a solvent as well as a proton acceptor, significantly increasing the 

silylation reaction yield [234,529]. The MTBSTFA/DMF mixture has been shown to enable 

controlled reactions resulting in stable derivatives [565] and can maintain its derivatization 

efficiency after exposure to ionizing radiation [234], making it suitable for space applications. 

Figure 2-1 shows an example of derivatization of fatty and amino acids with MTBSTFA/DMF. 

This is a process related to the SN2 mechanism with the formation of a transition state derived 

from the nucleophilic attack of the analyte on the silicon atom [566]. Silylation of organic 

compounds results in better thermal stability, enhanced volatility, and reduced polarity of the 

silyl-derivatives with respect to the native analytes [368] and it improves the GC analysis [567]. 

However, the degradation of MTBSTFA/DMF may sometimes lead to 

misinterpretations in the characterization of organic compounds present in unknown samples. 
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Important ionized fragments of the MTBSTFA pyrolysis products include m/z 75, m/z 147, m/z 

134, m/z 127, m/z 41, and m/z 15. The m/z 75 fragment comes from the MTBSTFA pyrolysis 

product tert-butyldimethylsilanol (monosilylated H2O or MSW), m/z 147 comes from 1,3-

bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane (bisilylated H2O or BSW) [568], m/z 124 

from tert-butyldimethylfluorosilane (TBDMS-F), and m/z 41 from 2-methylpropene (C4H8). A 

significant contribution at m/z 15, either CH4 or methylene ions, were found by Stern et al. 

(2015). The characteristic fragmentation patterns presented by MTBSTFA derivatives are 

mainly the fragments of the molecular ion [M]+, [M−57]+ and [M−131]+, of which [M−57]+ is 

generally dominant in the mass spectrum. [M−57]+ results from cleavage of the t-butyl moiety 

(-C(CH3)3) while [M−131]+ results from cleavage of the t-butyl-dimethyl silyl moiety. [M]+, 

[M−15]+ and [M−89]+ are the characteristic fragments of BSTFA-derivatives and [M]+ is the 

main ion [231]. [M−15]+ results from cleavage of the methyl group from the molecular ion 

while [M−89]+ results from cleavage of the trimethylsilyl ether moiety.  
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Figure 2-1: Example of fatty acids and amino acids derivatized by MTBSTFA. 

 

The steric hindrance and molecular mass play a very important role in the choice of the 

best derivatization reagent. It is not always possible to use MTBSTFA, especially when the 

target compound presents sterically hindered sites or when the m/z of fragments resulting from 

the derivatized compounds is outside of the mass spectra range. The derivatization products of 

MTBSTFA/DMF are often detected in Py-GC-MS, but the lack of mass spectra of MTBSTFA-

derivatized molecules in the NIST library is the main challenge for the identification of the 

chromatographic peaks [570]. MTBSTFA/DMF is usually used at low temperatures, varying 

from 50 to 150 °C [571]. However, the degradation products of MTBTSFA and DMF at 

different temperatures, especially at high temperatures, have not been systematically studied. 
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The Wet Chemistry Lab (WCL) onboard NASA’s 2008 Phoenix Lander first detected 

the perchlorate ion (ClO4
-) in the Martian soil (0.4-0.6 wt.%), with calcium and magnesium 

perchlorate identified as its probable sources [54]. Later, oxychlorines were suggested to have 

been present at the Viking landing sites [55] and were also detected in Gale crater by SAM 

(~0.4 to 2 wt.% of ClO4
- ) [56,63]. Some Cl -bearing compounds have also been detected by 

SAM, including hydrochloric acid, chloromethane, and dichloromethane [532]. Chlorobenzene 

and other chlorinated hydrocarbons detected on Mars may be the reaction products of 

oxychlorine species such as perchlorate and indigenous Martian organic carbon; e.g. benzene 

carboxylic acids may be the organic precursor of chlorobenzenes detected by SAM 

[57,223,572]. However, it is also possible that analytical components of the instrument, such as 

Tenax® adsorbent trapping [60,573] and derivatization reagents, contribute as sources of 

carbon- chloride-bearing compounds. For example, MTBSTFA/DMF has been considered as 

one of the possible precursors of the chlorine-bearing compounds, through the reaction of 

MTBSTFA/DMF with perchlorate [532].  

To summarize, utilizing MTBSTFA/DMF with Py-GC-MS to analyze soils and rock 

samples on Mars raises several issues: i. the degradation of MTBSTFA/DMF can produce 

organic products that can interfere with the identification of indigenous organics present in the 

Martian sample; ii. the presence of calcium perchlorate could influence the degradation of 

MTBSTFA/DMF; iii. MTBSTFA/DMF could be the possible precursor of chlorine-bearing 

compounds in the presence of calcium perchlorate. For these reasons, it is of key importance to 

study the behavior of MTBSTFA/DMF under pyrolytic conditions, in the presence as well as 

in the absence of perchlorate.  

In this study, we assessed the effects of pyrolysis temperature and heating mode on the 

degradation of MTBSTFA, DMF and an MTBSTFA/DMF (4:1) mixture. We also assessed the 

effect of calcium perchlorate on the degradation of MTBSTFA and DMF. All products of 

MTBSTFA and DMF were identified in order to form a database to support the interpretation 

of data obtained from the SAM and MOMA space instruments. Moreover, we propose a 

plausible mechanism of MTBSTFA and DMF degradation, which may shed additional light on 

the interpretation of SAM findings as well as future MOMA results. Finally, we note that this 

work is consistent with the conclusions of Freissinet et al. (2015), which proposes indigenous 

organics in Martian samples as the carbon source of detected chlorobenzene compounds. 
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2.2 Experimental 

2.2.1 Chemical products 

 

MTBSTFA (97%, Sigma-Aldrich), DMF (anhydrous, 99.8%, Sigma-Aldrich), and a 

MTBSTFA/DMF mixture (v:v = 4:1) made from individual chemical compounds were used in 

this study. Calcium perchlorate tetrahydrate (99%, Aldrich) was used to make the calcium 

perchlorate solution (in ultra-pure water). Calcium perchlorate was considered to be a better 

candidate for the perchlorate species present in Martian samples analyzed by SAM than Fe-, 

Mg-, Na- and K-perchlorates, since the release temperature of oxygen from calcium perchlorate 

is consistent with rover data [57,62,64]. Naphthanlene-D8 (Sigma-Aldrich, isotopic purity, 99 

atom % D) was used as an internal standard [23]. The concentration of calcium perchlorate 

solution (1.375 mol.L-1) was measured by Atomic Absorption Spectrometry (AAS) [574–577] 

(Varian Australia Pty Ltd ), using the air-acetylene flame, with a calcium cathode lamp set at 

the 422.7 nm resonance wavelength. 

The abundance of 𝐶𝑙𝑂4
−

to MTBSTFA/DMF (wt.%) is given by the following 

equation: 

 

𝑤𝑡.% =
2𝐶𝐶𝑎(𝐶𝑙𝑂4)2 ∙ 𝑉𝐶𝑎(𝐶𝑙𝑂4)2 ∙ 𝑀𝐶𝑙𝑂4−

𝑉𝑀𝑇𝐵𝑆𝑇𝐹𝐴/𝐷𝑀𝐹 ∙ 𝜌𝑀𝑇𝐵𝑆𝑇𝐹𝐴/𝐷𝑀𝐹
% 

 

Where 𝐶𝐶𝑎(𝐶𝑙𝑂4)2is the concentration of the Ca(ClO4)2 solution at 1.375 mol.L-1; 𝑀𝐶𝑙𝑂4−is the 

molar mass of ClO4
−

, 99.45 g/mol; 𝑉𝐶𝑎(𝐶𝑙𝑂4)2  is the volume of Ca(ClO4)2 solution; 

𝑉𝑀𝑇𝐵𝑆𝑇𝐹𝐴/𝐷𝑀𝐹  is the volume of the mixture of MTBSTFA/DMF solution, 3µl; 

and 𝜌𝑀𝑇𝐵𝑆𝑇𝐹𝐴/𝐷𝑀𝐹 is the density of the mixture of the MTBSTFA/DMF solution. 

In the SAM experiment, each derivatization cup was filled with 500 µl of the 

MTBSTFA/DMF (4:1) mixture. We note that the first measurements on Mars completed by 

SAM showed the presence of leaks from at least one cup [56]. Estimates led to the suggestion 

that that the maximum amount of MTBSTFA still present in the cup was ~100 nmol [56]. To 

be conservative, simulating a leak of MTBSTFA worse than that in the SAM case, 3 µl of the 

MTBSTFA/DMF mixture was used in our experiments, representing about 10 µmol MTBSTFA.  

To test the influence of oxychlorines, different amounts of calcium perchlorate were 

introduced in the MTBSTFA/DMF mixture. Calcium perchlorate was used as the 𝐶𝑙𝑂4
−

 carrier, 

and was dried under a flow of dinitrogen for 2 hours. It is possible that MTBSTFA could react 
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with water, forming mono-and bisilylated water compounds that could influence the 

background signals and compete with the derivatization process. We note that water abundance 

in the perchlorate has been measured by the Karl Fischer method with Aqua Processor 

Radiometer [60,578–582]. detailed information could be seen in our previous work [560]The 

hydration states of perchlorates could influence their thermal decomposition behavior [583]; 

therefore, the use of the same drying conditions could make it possible to test a sample 

containing calcium perchlorate with the same or with a very similar composition of hydration 

states. In addition, the products of calcium perchlorate under flash pyrolysis (600 °C) were 

analyzed to confirm the purity of its solution. As shown in Figure S2-1 in the supplementary 

material, only CO2 at a low intensity was detected, which showed that there was no organic 

contamination in the solution of calcium perchlorate. 

 

2.2.2 Pyrolysis experiments 

 

An EGA/PY-3030D micro-oven pyrolyzer equipped with a MicroJet Cryo-trap 

(Frontier Lab) was used. It was installed on the split/splitless (SSL) injector of the gas 

chromatograph. Different volumes of Ca(ClO4)2 solution were deposited in a capsule, followed 

by the drying process of Ca(ClO4)2 solution under a stream of dinitrogen; then 3 µl of 

MTBSTFA/DMF (4:1, v/v) was injected into a capsule. That capsule, carried by an eco-stick 

(Frontier lab), was attached to the top of the pyrolyzer and the pyrolyzer head space was purged 

for 2 minutes before proceeding. Flash pyrolysis and SAM-like ramp pyrolysis, reaching 

maximum temperatures of 210, 300, 600, and 850 °C, were used for our study. For the flash 

pyrolysis, the sample was dropped inside the oven at a set temperature (with a 1 min hold). For 

the SAM-like ramp pyrolysis, the heart-cut EGA analysis method was used, using a capsule 

carried by an eco-stick (Frontier lab) which was attached and introduced inside the oven (initial 

temperature was 50 °C) and flushed by 1 mL∙min-1 of helium. The oven was programmed to 

reach the final temperature (hold 1 min) at the SAM heating rate of 35 °C∙min-1. The liquid 

nitrogen MicroJet Cryo-trap was used to trap and pre-concentrate all products of pyrolysis at -

180 °C at the chromatographic column inlet. When the pyrolysis process was finished, the 

liquid dinitrogen flow was stopped, and the temperature of the column inlet was quickly 

increased to 40 °C. All products then were released and sent to the GC/MS by helium flow (1.2 

mL ∙min-1). In addition, to study the influence of calcium perchlorate on the pyrolysis of 

MTBSTFA/DMF, the step pyrolysis of MTBSTFA/DMF with and without calcium perchlorate 
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was performed on a Py-GC/MS using the SAM-like temperature ramp. The sample was injected 

into the pyrolyzer and heated from 50 °C to 100 °C, and then the temperature was increased up 

to 900 °C by steps of 100 °C. 

Finally, for the analysis of the Murchison meteorite powder sample (Murchison USNM 

5453), about 5 mg of meteorite was pyrolyzed in the flash mode at a temperature of 850 °C. 

The pyrolysis was done in the presence of 5 wt.% of calcium perchlorate. 

 

2.2.3 Analysis of pyrolysis products 

 

A gas chromatograph (Trace GC Ultra, Thermo Scientific) coupled to a quadrupole 

mass spectrometer (ISQ LT, Thermo Scientific) was used in this study. The GC instrument was 

equipped with a Supelco SLB-5MS Inferno column (30 m × 0.25 mm i.d. × 0.25 μm film 

thickness). More details have been described in a previous work [23]. The temperature 

programming of the column started at 40 °C and was held for 2 min, then ramped up to 300 °C 

at a heating rate of 3 °C∙min-1 and maintained for 1 min at this final temperature. Helium (Ultra-

high purity grade >99.9999%, Air Liquide) was used as the carrier gas and its flow rate in the 

column was set to 1.2 mL∙min-1. The split mode was used with a 24 mL∙min-1 split flow value. 

The temperature of the SSL injector was set to 280 °C. The ions were scanned between m/z 40 

and m/z 500 (full scan mode), which revealed the total ion current (TICs) chromatograms. All 

the products were identified on the basis of their full scan mass spectra by comparison with the 

National Institute of Standards and Technology (NIST) library. The ionization energy of the 

electron impact source was set to 70 eV.  

2.3 Results  

2.3.1 MTBSTFA and DMF flash pyrolysis at different temperatures 

2.3.1.1 DMF flash pyrolysis at different temperatures 

 

DMF was pyrolyzed at the temperature of 210, 300, 600, and 850 °C, respectively. 

Figure 2-2 shows the chromatograms that were obtained for each temperature and Table 2-1 

lists the chemical compounds that were detected. These results show that the decomposition of 

DMF started between 300 and 600 °C (Figure 2-2). The abundance of DMF detected at 850 °C 

decreased drastically as it was thermally decomposed into several other products (see Appendix 

Figure S2-2). During the pyrolysis at 600 °C, more and new products were formed, such as 

hydracrylonitrile (containing a C≡N functional group) and benzene, as shown in Table 2-1.  
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Table 2-1: Products detected from DMF flash pyrolysis at 210, 300, 600, 850 °C 

Compounds Masses of fragments* and relative 

abundance: m/z (%) 

Structure Tpyrolysis/°C 

 200 300 600 850 

 Retention time/min 

Carbon dioxyde 44 CO2 2.1 2.1 1.6 1.9 

N, N-

dimethylformamide 

(DMF) 

73(100), 44(81), 42(56), 

72(21),74(17), 58(15) 
NO

 

6.9 4.6, 5.0 4.6-6.5 6.9 

Trimethylamine 58(100), 59(55), 42(19) N

 
 2.26 2.16  

Dimehtylamine 44(100),42(23), 41(16), 45(12) 
NH  

  1.8  

Ethanolamine 41(100), 44(61), 40(34) 
OH

NH2

 
  1.82  

N, N, N’, N’-

tetramethyl-

methanediamine 

58(100), 42(12), 102(8) N N

 
  2.8,3.0  

Dimethylamino-

acetonitrile 

83(100),84(64),58(64),42(59), 

40(22),43(15) 
N

N  

  4.2  

Styrene 73(78),44(89),104(78),40(54), 

103(42), 78(42), 51(18) 
 

  8.7 8.6 

1,3,5-trazine, 

hexahydro-1,3,5-

trimethyl- 

44(100),86(42),128(30),43(18), 

57(15) 
N

NN  

  12.2 12.2 

N, N-

dimethyldodecanami

de 

87(100),100(21), 45(20), 72(19), 

55(17) 
N

O

 
  61.1,64.8  

Hydracrylonitrile 44(100),41(94), 53(61), 

52(47),40(46),51(20), 42(15) 

OH

N  

   2.1 

Benzene  78(100),44(40),77(24), 44(19), 

52(14) 
 

   3.0 

Naphthalene 128(100) 

 

   22.8 

 

Some of the byproducts of DMF detected at 850 °C were also observed at 600 °C, for 

example, N,N,N’,N’-tetramethyl-methanediamine, dimethylamino-acetonitrile; olefins such as 

1-decene, 1-undecene, and 1-dodecene. Hexahydro-1, 3, 5-trimethyl-1, 3, 5-trazine (TMTAC) 

were the main products of DMF pyrolyzed at 600 °C. However, no TMTAC was detected at 

850 °C, which means TMTAC could be decomposed at high pyrolysis temperature, leading to 

secondary chemical reactions. Compared with the products obtained from DMF pyrolyzed at 

600 °C, more aromatic were are formed at 850 °C, probably through the aromatization of alkyl 

groups at this higher temperature [270]. Therefore, in order to prevent the decomposition of 

DMF and the formation of products, we conclude that DMF should be used at temperatures 

lower than 600 °C. 
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Figure 2-2: Chromatograms (TIC) of the compounds detected after DMF pyrolysis at different 

temperatures. Peak attributions: 1: Dimehtylamine; 2: Ethanolamine; 3: N, N, N’, N’-tetramethyl-

methanediamine; 4: Dimethylamino-acetonitrile; 5: Hexahydro-1,3,5-trimethyl-1,3,5-trazine; 6: 

Hydracrylonitrile; 7: Benzene. 

 

2.3.1.2 MTBSTFA flash pyrolysis at different temperatures 

 

The flash pyrolysis of MTBSTFA at temperatures of 210, 300, 600 and 850 °C was also 

studied. The resulting chromatograms are shown in Figure 2-3, and in Table 2-2, provides a list 

of the chemical species detected as well as additional information about them. The number of 

compounds detected from the pyrolysis of MTBSTFA was significantly higher at 850 °C than 

210 or 600 °C. 
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Figure 2-3 Chromatogram (TIC) of MTBSTFA flash pyrolysis at different temperatures. GC conditions 

can be seen in section 2.3 analysis of pyrolysis products. Peak attributions: 1: tert-

butyldimethylsilylflurosilane; 2: N-methyltrifluoroacetamide(TFMA); 3: tert-

butyldimethylsilanol(MSW); 4: N-Methyl-N-trimethylsilyl-trifluoroacetamide(MSTFA); 5: BSW; 6: 

Tris(trimethylsilyl)borate; 7: 3-methyl-3H-cyclonona[def]biphenylene. 
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As also noted by Malespin et al. [568,584], when heated to 210 °C, the pyrolysis 

products of MTBSTFA were found to be dominated by N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA), N-methyltrifluoroacetamide (TFMA), tert-

butyldimethylsilanol (MSW), and 1,3-ditert-butyl-1,1,3,3,-termethyldisiloxane (BSW). 

MSTFA is one of the products of MTBSTFA pyrolysis formed by the breakage of the Si-C 

bond connecting the t-butyldimethyl functional group. TFMA and tert-butyldimethyl radicals 

were formed by the cracking of the N-Si bond of MTBSTFA, while tert-butyldimethyl radicals 

were stabilized by other radicals, such as OH radicals, to form the MSW. BSW is a typical 

byproduct of MTBSTFA when there is H2O in the system [56]. Tris(trimethylsilyl)borate was 

detected from MTBSTFA pyrolysis at different temperatures. The borate could possibly 

originate from the borate glass used to contain MTBSTFA (Buch et al., 2019). At 210 °C, other 

pyrolysis products of MTBSTFA primarily included Si- and F- containing compounds, which 

were easily distinguishable from the natural samples during the derivatization analysis of 

organics. When the temperature was increased to 300 °C, no additional products were observed 

compared to the products from MTBSTFA degradation at 210 °C, as shown in Figure 2-3. 

When the temperature was increased to 600 °C, the distribution of the main products from 

MTBSTFA was almost the same as that at 210/300 °C, though some new products were 

detected at very low intensities when MTBSTFA were pyrolyzed at 600 °C. 

However, many extra products were detected during the pyrolysis of MTBSTFA at 

850 °C. As shown in Figure 2-3, the response from the original MTBSTFA molecule is 

significantly decreased at 850 °C (compared to lower pyrolysis temperatures), showing almost 

severe decomposition. Aromatic compounds and polyaromatic compounds were mainly formed. 

For example, light aromatic compounds such as toluene, xylene, and ethylbenzene were 

identified at retention times of 4.83, 7.31, and 7.76 mins, respectively. Naphthalene and related 

compounds were also detected, including methyl-naphthalene, dimethyl-naphthalene and their 

isomers, biphenyl and diphenylmethane, which both contain two benzene rings. Polyaromatic 

compounds were detected with retention times after 40.00 min and contained three (9H-

fluorene, phenanthrene, methylphenanthrene, phenyl-naphthalene and their isomers), four 

(pyrene, fluoranthene, 3,4-benzophenanthrene, triphenylene and their isomers) or five 

(benzo[k]fluoranthene and 9H-cyclopenta[a]pyrene) carbon rings.  

F-containing aromatics and benzonitrile compounds were also formed during the 

pyrolysis of MTBSTFA at 850 °C. F-bearing aromatics include fluorobenzene, p-fluoro-styrene, 

2,3-dimethylfluorobenzene, difluorobenzene, difluorobiphenyl, trifluoromthyl-benzene, and 

2,3,4-trifluorobenaldehyde and their isomers. Fluoro-naphthalene and 
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fluorbenzol[a]anthracene were also detected, indicating that the fluorine radicals of MTBSTFA 

could combine during the aromatization process forming fluorine-containing polyaromatics. 

Benzonitrile compounds included benzonitrile, naphthonitrile and their derivatives and isomers. 

Pyridine and its derivatized compounds were also observed in the chromatograms, such as 5, 

6-dimethyl-1,10-phenathroline, dimethyl-bipyridine, 1-hydeoxyphenazine and its isomers. The 

main pyrolysis products are listed in Table 2-2, and a tabulation of all products of MTBSTFA 

at 850 °C can be found in the supplementary material in Table S2-1.  

 

Table 2-2: The main products of MTBSTFA flash pyrolysis at different temperatures 

Tpyrolysis RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

210 °C/300 °C 
1. 1 1.39 44 CO2   

2. 2 2.67,2.

94 

77(100), 56(74), 58(40), 57(22), 

69(13), 78(12), 134(10) 

Tert-

Butyldimethylfluorosilane 
SiF

 
3. 3 3.65 58(100), 69(45), 127(19), 78(18) N-methyltrifluoroacetamide F

F

F

O

NH  
4. 5 5.98 75(100), 76(33), 47(22), 45(22) 

132(16), 73(11) 

Tert-butyldimethylsilanol 
Si OH

 
5. 6 13.57-

16.27 

134(100), 184(95), 77(89), 

73(36), 135(17), 185(17), 

110(13), 118(15) 

N-methyl-N-

(trimethylsilytrifluoroacetami

de 

F

F

F

O

N
Si

 
6.  19.30, 

20.42 ,

21.37,4

9.22 

147(100), 189(47), 148(31), 

73(30), 149(16), 117(10), 133(10) 

1,3-ditert-butyl-1,1,3,3,-

termethyldisiloxane 
O

SiSi

 

7.  19.07, 

19.48 

147(100), 191(53), 133(15), 

68(10) 

Bis(trimethylsilyl) carbonate 
O

O O
Si

 
8.  20.59 133(100), 147(68), 148(10), 

73(10) 

Disiloxane, pentamethyl- O
Si SiH

 
9.  24.44 146(100), 188(50), 130(20) Bis(tert-

butyldimethylsilyl)amine NH

SiSi

 
10.  29.10 221(100), 73(43), 263(23), 

222(23) 

Tris(trimethylsilyl)borate 
B

O

O

O

Si

Si

Si

 
11.  32.34 147(100), 233(35), 73(21) Bis(tert-butyldimethylsilyl) 

carbonate 

O

O O
Si

Si

 

600 °C 
1.  1.94 44(100), 81(96), 69(68) , 51(23), 

76(20), 100(15), 50(17) 

difluorodimethylsilane 

Si

F

F

 
2.  2.4 57(100), 41(92), 56(79), 40(45), 

91(27), 55(21), 58(10) 

4-methyl-1-hexene 
 

3.  2.62,2.

93,3.43 

56(100), 76(72), 155(71), 57(49), 

77(43), 134(35), 41(24), 49(19), 

119(14) 

Tert-Butyldimethylsiyl 

fluoride SiF

 

4.  5.71  58(100), 77(98), 93(82), 56(58), 

121(50), 57(40), 127(36), 

155(35), 95(29), 171(22) 

tert-Butyldimethyksilyl 2,2,2-

trifluoroacetate Si
O

O

F

F

F

 



 

119 

 

Table 2-2 (Continued)  

Tpyrolysis RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

5.  8.31 151(100), 152(24), 73(24), 

75(23), 100(21), 152(25) 

O-(trimethylsilyl)phenol 
O

Si

 
6.  9.64,20

.47 

100(100), 57(19), 56(17), 72(14), 

85(12), 70(12) 

Tert-Butyl-isocyanato-

dimethylsilane Si
N

O

 
7.  13.0, 

16.62 

134(100) ,184(96),7 7(77), 

73(32), 135(17), 185(16), 118(13) 

N-methyl-N-

(trimethylsilytrifluoroacetami

de 

F

F

F

O

N
Si

 
8.  19.60 189(100), 147(91), 148(62), 

73(48), 149(33), 190(21), 

133(20), 117(15) 

1,3-ditert-butyl-1,1,3,3,-

termethyldisiloxane 
O

SiSi

 

9.  20.10 133(100), 73(31), 147(30), 

189(20), 134(14) 

Pentamethyldisiloxane O
Si SiH

 
10.  23.91 73(100), 207(86), 208(18), 

209(12), 211(11) 

Bis(trimethylsiloxy)methylsila

ne 
N

O O
Si Si

 
11.  27.34 221(100), 73(32), 263(31), 

222(25), 223(13) 

Tris(trimethylsilyl)borate 

B
O

O

O

Si

Si

Si

 
12.  31.21 73(100), 147(80), 189(54), 

115(21), 57(22) 

Bis[tert-butyl(dimethyl)silyl] 

oxalate 
O

O

O

O
Si

Si

 

850 °C 
1.  1.47, 

1.53 

85(100), 81(86), 80(23), 64(17), 

44(16), 47(19), 100(18)  

methyltrifluorosilane 

Si

F

F

F  
2.  2.79 77(100), 56(98), 57(69), 134(51), 

151(27), 119(19), 96(16), 41(44), 

49(27) 

Tert-

Butyldimethylfluorodilane SiF

 

3.  3.16-

3.18 
78(100), 77(92), 56(55), 96(29)，
51(25), 52(24), 50(21), 57(17), 

79(16), 114(13)   

Fluorobenzene F

 
4.  3.40 114(100), 77(71), 58(48), 101(46), 

88(25), 47(23), 155(16), 141(11) 

1,4-difluoro-Benzene F

F  
5.  3.65 58(100), 69(45), 77(10), 127(33), 

146(27), 145(17), 56(13) 

Benzene,(trifluoromethyl)- F

F

F

 
6.  3.92 58(58), 69(76), 127(25), 155(32), 

181(28), 78(18), 73(16), 233(13) 

N-methyltrifluoroacetamide F

F

F

O

NH CH3 
7.  4.47 79(100), 52(62), 51(30), 50(23) Pyridine 

N  
8.  4.83 91(100), 92(77), 65(30), 63(15), 

51(12), 7(11) 

Toluene CH3
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Table 2-2 (Continued)  

Tpyrolysis RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

9.  6.19 100(100), 126(48), 70(20), 86(12) Isocyanatotrimethylsilane 
Si

N

O
 

10.  7.18 151(100), 152(18), 73(10) O-(Trimethyl)phenol 

O

Si

 
11.  7.31 91(100), 143(26), 77(15), 106(34), 

143(26), 158(12), 65(10), 167(11) 

Ethylbenzene 

 
12.  7.76 91(100), 106(52), 111(23), 77(11), 

51(10) 

p-xylene 

 
13.  8.30 100(100), 101(34), 56(34), 72(31), 

157(21), 41(17) 

Tert-Butyl-isocyanato-

dimethylsilane 
Si

N
O

 
14.  8.67 104(100), 78(73), 103(71), 77(34), 

51(30), 91(19), 105(16), 50(13) 

Styrene 

 
15.  8.79,8.

86, 

9.13 

122(100), 121(39), 96(35), 101(36), 

75(15) 

p-fluoro-Styrene 

F  
16.  9.26 ? 109(100), 91(58), 64(56), 124(43), 

63(17), 159(14)  

2,3-Dimethylfluorobenzene 

F 
17.  9.90,10

.06 

122(100), 100(34), 100(25), 

121(25), 159(23), 101(22), 140(14) 

P-fluoron-Styrene 

F  
18.  10.76 77(100), 120(67), 170(64), 143(23) 2,2,2-trifluoro-N-

(trimethyl)acetamide 

O

F

F
F

NH
Si

 
19.  11.00 139(100), 154(30), 47(27), 91(18), 

140(16) 

2-Hydroxy-5-

fluoroacetophenone 

O

OH

F  
20.  12.82 77(100), 134(97), 103(87), 184(57), 

73(43), 121(10) 

N-Methyl-N-

(trimethyl)trifluoroacetamid

e 

F

F

F

O

N
Si

 

21.  13.02, 

13.18 

117(100), 121(79), 118(60), 94(34), 

115(30) 

Benzene,2-propenyl- 

 
22.  16.40,1

7.52 

117(100), 90(60), 116(58), 89(34), 

63(12) 

3-methyl-Benzonitrile 
N

 
23.  18.88 147(100), 73(21), 189(22), 148(18) 1,3-Ditert-butyl-1,1,3,3-

tetramethyldisiloxane 
O

SiSi
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Table 2-2 (Continued)  

Tpyrolysis RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

24.  22.05 146(100), 128(84), 129(20), 

147(17), 145(16), 102(13), 120(12) 

1-fluoro-Naphthanlene F

 
25.  26.89 142(100), 141(88), 115(33), 

160(30), 159(29), 139(13), 71(10) 

2-methyl-naphthelene 

 
26.  30.53,3

2.66 

154(100), 153(43), 152(32), 

172(26), 76(18), 171(12), 151(10) 

Biphenyl 

 
27.  33.39 152(100), 151(26), 150(19), 76(14) Acenaphthylene 

 
28.  35.30,3

6.50 

153(100), 126(25) 1-Naphthonitrile N

 
 41.06 165(100), 166(44), 179(21), 

164(17), 82(18) 

9-methyl-Fluorene 

 
29.  45.90,4

6.23 

178(100), 176(21), 152(12), 76(14), 

196(15), 76(14), 177(13) 

phenanthrene 

 
30.  54.92,5

6.44 

202(100), 200(22), 101(20), 

203(18), 100(14) 

Fluranthene 

 
31.  55.65 202(100), 200(23), 203(20), 

220(15), 101(19), 88(10) 

Pyrene 

 
32.  56.17 203(100), 202(87), 201(24), 

200(21), 101(21), 88(21) ,101(21), 

175(11) 

9-ethenyl-Anthracene 

 

 

2.3.1.3 MTBSTFA/DMF flash pyrolysis at different temperatures 

 

The chromatograms obtained when pyrolyzing MTBSTFA alone and the 

MTBSTFA/DMF (4:1) mixture at different temperatures are shown in Figure 2-4. Compared 

with the pyrolysis of DMF and MTBSTFA respectively, no new main products were observed 

after the pyrolysis of the MTBSTFA/DMF (4:1, v/v) mixture across all temperatures. This 

suggests that there is no obvious cross-reaction between MTBSTFA and DMF during the 

pyrolysis process. Therefore, N-methyl-N-(trimethylsilyl)trifluoroacetamide, TFMA, MSW, 

and BSW are the main products of the mixture of MTBTSFA/DMF pyrolysis at temperatures 

of 210 and 300 °C, which is similar to our results for MTBSTFA and DMF pyrolysis 

individually. However, when the pyrolysis temperature was increased to 600 and 850 °C, the 
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mixture of MTBTSFA/DMF was completely cracked (Figure 2-4), resulting in a crowded 

chromatogram populated by the numerous products coming from both MTBSTFA and DMF. 

The main products are listed in Table 2-2.  
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Figure 2-4: Chromatograms of MTBSTFA/DMF (4:1) pyrolyzed at different temperatures compared 

with those obtained with MTBSTFA only under the same conditions (as Section 2.3 analysis of pyrolysis 

products).  

 

2.3.2 MTBSTFA/DMF flash pyrolysis with Ca(ClO4)2 at different temperatures 

 

The effects of calcium perchlorate on MTBSTFA/DMF flash pyrolysis at different 

temperatures (210, 300, 600 °C) were also studied. Figure 2-5 shows that calcium perchlorate 

does not have any obvious qualitative effects on the pyrolysis of the MTBSTFA/DMF mixture 

at 210 °C (no new pyrolysis products were detected). This is assumed to be because calcium 
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perchlorate is thermally stable up to 210 °C, and it is expected that the reactivity of oxychlorine 

species in pyrolysis is effective only from the gaseous compounds it produces, such as HCl (for 

an example see [585]). However, the presence of oxychlorine can influence the quantity of 

products released by the mixture. Therefore, the effect of calcium perchlorate on the main 

pyrolysis products of MTBDTFA/DMF at 210 °C was studied. Figure 2-6 shows the effect of 

calcium perchlorate on the main products of MTBSTFA/DMF, including MSTFA, TFMA, 

BSW, and TBDMS-F. At 210 °C, the detection of DMF was not affected by calcium perchlorate. 

This suggests that the presence of calcium perchlorate should not affect the performance of 

DMF at least up to this temperature. The abundance of TFMA increased with the addition of 

calcium perchlorate when the abundance of ClO4
- is lower than 20 wt.%. However, the presence 

of calcium perchlorate did not influence the formation of BSW, while it promoted the formation 

of TBDMS-F when the abundance of ClO4
- was higher than 15 wt.%.  

When MTBSTFA/DMF was pyrolyzed at 300 and 600 °C, the main degradation 

products were similar to those products detected at 210 °C, though there were more products 

compared to the pyrolysis results at 600 °C (see Figure S2-3). However, the presence of calcium 

perchlorate did not show any obvious influence on the degradation of MTBSTFA/DMF, as can 

be seen in Figure S2-4 and Figure S2-5 of the Appendix. On the other hand, we did not analyze 

the degradation of MTBSTFA/DMF in the presence of calcium perchlorate at a pyrolysis 

temperature of 850˚C, because the MTBSTFA/DMF was degraded severely and there were too 

many products. Hence, we conclude that the MTBSTFA/DMF mixture should not be applied 

for silylation at high temperatures, such as 850 °C. 
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Figure 2-5: Chromatograms of MTBSTFA/DMF (4:1) pyrolysis with and without calcium 

perchlorate at 210 °C. 
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Figure 2-6: Influence of calcium perchlorate on the abundance of main products of MTBSTFA/DMF 

flash pyrolysis at 210 °C. 

 

2.3.3 MTBSTFA/DMF and calcium perchlorate pyrolysis with SAM-like ramp  

 

Figure 2-7 shows the chromatograph of a SAM-like ramp pyrolysis of MTBSTFA/DMF 

across different temperatures. The results show that there were not as many products of 

MTBSTFA/DMF pyrolysis after a SAM-like pyrolysis ramp compared to the number of 

products detected after a flash pyrolysis at the corresponding temperatures. MSTFA, TFA, 

MSW, and BSW were again the main pyrolysis products of the MTBSTFA/DMF mixture when 

the final pyrolysis temperatures were 300, 600, and 850 °C. In contrast to flash pyrolysis at 

300 °C, no new products were produced from MTBSTFA/DMF pyrolysis using the SAM-like 

ramp pyrolysis. This demonstrated that the MTBSTFA/DMF mixture has the potential to be 

utilized under SAM-like ramp pyrolysis conditions at high temperatures, including 850 °C. The 

only chlorine–bearing compound detected was TBDMS-Cl and it was detected at relatively low 

levels. This chemical species has been detected among the pyrolysis products of the Rocknest 

soil sample that was analyzed on Mars [586]. It could be formed during the reaction of the 

TBDMS molecule with the Cl- ion when calcium perchlorate decomposed to CaCl2 [587]. 
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Figure 2-7: Chromatograms (TIC) of MTBSTFA/DMF (4:1) mixture pyrolyzed at different 

temperatures. Peak attributions 1: CO2; 2: TBDMS-F; 3: DMF, 4: TFMA; 5: MSW;  6: MSTFA; 7: 

Ethyl isopropyl(dimethyl)silyl ether ; 8: BSW; 9: Bis(tert-butyldimethylsilyl)amine; 10: Tert-

butyldimethylsilyl isocyanate; 11: Tris(trimethylsilyl)borate; 12: Bis(tert-butyldimethylsilyl)carbonate; 

13 : Tert-butyl(methoxy)dimethylsilane; IS: Naphthalene-d8(Internal standard). 

 

Figure 2-8 shows the effect of calcium perchlorate on the pyrolysis of MTBSTFA/DMF 

at SAM-like ramp pyrolysis at the final temperature of 300 °C. There was no obvious impact 

on the formation of most of the main products of MTBSTFA/DMF when the pyrolysis heating 

rate was 35 °C∙min-1 and the final temperature was 300 °C. Out of the main pyrolysis products 

of MTBSTFA/DMF (TFA, MSW, BSW, MSTFA), only the formation of MSTFA was affected 

by the presence of calcium perchlorate. The yield of MSTFA increased with the increasing 

abundance of perchlorate when the perchlorate abundance was higher than 3 wt.%. However, 

the presence of 20 wt.% of perchlorate promoted the decomposition of MSTFA. Therefore, the 

presence of calcium perchlorate did not influence the degradation of MTBSTFA/DMF during 
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a SAM-like pyrolysis with final temperatures up to 300 °C. Even at 850 °C, calcium perchlorate 

did not influence the degradation of MTBSTFA/DMF. The influence of the amount of calcium 

perchlorate on the main chemical products observed when MTBSTFA/DMF (4 :1) was 

pyrolyzed using a SAM-like ramp with a final temperature of 850 °C can be seen in Figure 2-

8 in the supplementary material. 
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Figure 2-8: Influence of the amount of calcium perchlorate on the main chemical products observed 

when MTBSTFA/DMF (4 :1) is pyrolyzed using a SAM-like ramp with a final temperature of 300 °C. 

 

2.3.4 Flash pyrolysis at 850 °C of Murchison meteorite and calcium perchlorate 

 

Figure 2-9 shows a chromatogram of the flash pyrolysis (850 °C) of the Murchison 

meteorite. Most of the main compounds are aromatic compounds, including light aromatics 

such as benzene, toluene, m,p- or o-xylene and their isomers. Polyaromatic compounds were 

detected from the pyrolysis of the Murchison sample; for example, naphthalene, methyl-

naphthalene, fluorene, phenathrene, pyrene and their isomers were detected. Sulfur-containing 

compounds were also identified following pyrolysis of the Murchison meteorite, e.g. sulfur 

dioxide, N-methyltaurine, thiophene, benzenethiol, dibenzothiophene, and phenalenol[1,9-

bc]thiophene. Among these S-bearing compounds, the abundance of N-methyltaurine is the 

highest. Acetonitrile was also detected with a retention time of 2.63 min.  
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Figure 2-9: Chromatogram of flash pyrolysis at 850 °C of the Murchison meteorite. 
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Figure 2-10: Chromatogram of flash pyrolysis of Murchison and carbon-free Murchison with 

calcium perchlorate(Chloro-bearing benzene and their isomers). 
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Figure 2-10 shows the chromatogram of the flash pyrolysis of Murchison and carbon-

free Murchison both with calcium perchlorate. In addition to aromatic compounds, S-bearing 

compounds, and N-bearing compounds, chlorine-bearing compounds were also detected 

following the flash pyrolysis of the Murchison meteorite samples. These Cl-bearing organic 

compounds include chlorobenzene, dichlorobenzene, tri-chlorobenzene, tetra-chlorobenzene, 

and penta-chlorobenzene and have retention times of 6.60 min, 11.48 min, 15.17 min, 18.54 

min, and 22.55 min, respectively. Murchison residue was collected after the pyrolysis (850 °C) 

of the Murchison meteorites. Then the Murchison residues were pyrolyzed at 850 °C in the 

presence of calcium perchlorate. Carbon dioxide was the main product and no other organics 

were identified in the chromatogram.  

 

2.4 Discussion 

2.4.1 The mechanism of MTBSTFA/DMF degradation at different temperatures  

 

As flash pyrolysis, the distribution of the products of MTBSTFA changed with the 

pyrolysis temperature. The number of silicon bearing compounds increased with the pyrolysis 

temperature. However, the number of TBDMS-bearing compounds, TBDMS being the 

functional group of derivatization, decreased since these compounds decomposes at high 

temperature, while the formation of aromatic compounds was promoted. At the same time, the 

formation of nitrogenous heterocycles was also enhanced because of the high temperature, 

which may promote the cracking of F-C bonds forming the fluorine radicals. The formation of 

F-containing compounds also increased when the pyrolysis temperature increased from 210 to 

850 °C. Figure 2-11 shows the distribution of the products of MTBSTFA flash pyrolysis at 

different temperatures. With increasing pyrolysis temperature, more aromatic compounds were 

formed from MTBSTFA pyrolysis. 
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Figure 2-11: Distribution of the byproducts detected from MTBSTFA flash pyrolysis at 

different temperatures. 

Figure 2-12 shows possible reaction pathways of MTBSTFA pyrolysis. When the 

pyrolysis temperature is lower than 600 °C, MSTFA, BSW, MSW, TBDMS and TBDMS-

bearing compounds appear to be the main products of MTBSTFA pyrolysis; these are the 

classic products of MTBSTFA that have been reported in previous studies [231,568]. However, 

aromatization appears to be the main reaction occurring when the pyrolysis temperature reaches 

850 °C. From these results, we conclude that high temperatures provide enough energy to crack 

chemical bonds, such as F-C, N-Si, Si-C, and N-C bonds of MTBSTFA. As a result, some 

active radicals are formed, such as F·, ·CH3, and ·NH2.  

The cracking of MTBSTFA at high temperature during flash pyrolysis appears to 

significantly decrease the efficiency of derivatization. When the temperature is lower than 

300 °C, fewer products were detected. The formation of TBMDS functional group could 

improve the efficiency of derivatization process. We therefore conclude that the MTBSTFA 

derivatization should be operated below 300 °C for flash pyrolysis. 
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Figure 2-12: Possible reaction pathways of MTBSTFA pyrolyzed at different temperatures. 

 

We observed that the products of MTBSTFA/DMF pyrolysis using SAM-like heating 

ramp were different than those resulting from flash pyrolysis, especially at high temperatures 

of 600 °C and 850 °C. This is because that the heating rate affects the distribution of pyrolysis 

products, even when the same final pyrolysis temperature is used [588]. The difference in 

retention times of the volatiles from MTBSTFA/DMF pyrolysis between the SAM-like 

pyrolysis and the flash pyrolysis indicates the difference in timing of the reactions, which in 

turn lead to different secondary reactions. When the pyrolysis temperature was lower than 

300 °C, only some main products are formed, such as MSTFA, BSW, MSW. However, the 

products of MTBSTFA/DMF formed during the SAM-like ramp at 600 °C and 850 °C were 

almost in alignment with the products from the flash pyrolysis at 300 °C. As shown in Figures 

2-4 and 2-7, the products of MTBSTFA/DMF from flash pyrolysis were very different than 

those resulting from SAM-like ramp pyrolysis at high temperature (850 °C), demonstrating that 

MTBSTFA/DMF can be used for derivatization using SAM-like heating ramp pyrolysis even 

for high final temperatures. This limitation of the number of products observed after a SAM-

like ramp is obviously important for in situ analyses, as it will limit the risk of misinterpretation 

in attributing identifications to organic molecules detected to the analyzed sample. 

Finally, under high temperature conditions, we conclude that it would be difficult to 

determine the origin of organic compounds detected in experiments performed on Mars. There 

are simply too many products from MTBSTFA and DMF flash pyrolysis. Therefore, the 

MTBSTFA/DMF mixture should be used at temperatures lower than 300 °C to limit this effect. 

The products of MTBSTFA/DMF pyrolysis should also be considered when MTBSTFA/DMF 
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is applied to analyze the organic compounds in natural samples. For example, oxalic acid were 

detected in MTBSTFA/DMF pyrolysis tests conducted in this study. However, 

MTBSTFA/DMF has primarily been used for the qualification and quantitation of organic 

compounds, such as amino acids, fatty acids, carboxylic acids, etc. Thus, it is essential to assess 

any possible contamination of the analysis system, including the instruments and the reagents, 

and to understand the products that can be produced from the derivatization reagents. 

 

2.4.2 The mechanism of MTBSTFA/DMF pyrolysis in the presence of calcium perchlorate  

 

Calcium perchlorate can decompose in O2 and Cl2 when heated above their 

decomposition temperatures. As a result, organic matter that might be present in the samples 

could be combusted [56]. Carbon dioxide was observed from MTBSTFA degradation in the 

case of the SAM experiment [64]. For this reason, we analyzed the abundance of CO2 detected 

from the pyrolysis of MTBSTFA/DMF at different temperatures. As shown in Figure 2-13, the 

abundance of CO2 from MTBSTFA/DMF pyrolysis with Ca(ClO4)2, using a flash pyrolysis and 

SAM-like ramp pyrolysis was investigated. When MTBSTFA/DMF was pyrolyzed at 

temperatures below 300 °C, there were not obvious changes in the CO2 abundance, even with 

an increase in calcium perchlorate. However, the CO2 abundance increased with an increase in 

calcium perchlorate when the pyrolysis temperature was between 300 and 850 °C. This is due 

to the decomposition of calcium perchlorate, which includes three main stages [587]. The first 

stage is the process of dehydration, as shown in reaction (1); the second stage is the phase 

transition of solid to melted calcium perchlorate according to differential scanning calorimetry 

(DSC) curve at 346 to 416 °C, as shown in reaction (2); the third stage is the decomposition of 

Ca(ClO4)2, which happens concurrently with the formation of CaCl2 and the release of O2 at 

about 462 °C (3). When water is present, CaCl2 could react with H2O and release HCl at the 

pyrolysis temperatures higher than 450 °C [56], as shown in reaction (4).  

 

[Ca(𝐻2O)4](ClO4)2 → [Ca(𝐻2O)2](ClO4)2 + 2𝐻2O                                       (1) 

[Ca(𝐻2O)2](ClO4)2 → Ca(ClO4)2 + 2𝐻2O  Ca(ClO4)2 → Ca(ClO4)2(melt)  (2) 

Ca(ClO4)2 → Ca𝐶𝑙2 + 4𝑂2                                                                              (3) 

 4 Ca𝐶𝑙2 + 𝐻2𝑂
T > 450 ℃
→      Ca4𝐶𝑙6 𝑂 + 2𝐻𝐶𝑙                                                    (4) 

We observed that the abundance of O2 released from the decomposition of calcium 

perchlorate increased slightly with the increase in the concentration of calcium perchlorate. As 
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more calcium perchlorate was added, more CO2 was formed and detected when the pyrolysis 

temperature was higher than 600 °C. This demonstrates that some, but not all, of the carbon 

from the MTBSTFA/DMF derivatization reagent was oxidized by O2 to CO2, rather than all 

MTBSTFA/DMF, since the abundance of the main products of MTBSTFA, such as MSTFA, 

BSW, and MSW, did not show a significant decrease with increasing calcium perchlorate. In 

addition, a large amount of MSTFA, BSW, and MSW were formed no matter the percentage of 

calcium perchlorate during the degradation of MTBSTFA/DMF from both flash pyrolysis and 

the SAM-like ramp pyrolysis. For example, the abundance of BSW was significantly higher 

than of CO2 (e.g., roughly 2800 times higher than the yield of CO2 during the pyrolysis of 

MTBSTFA/DMF in the presence of 15 wt. % of calcium perchlorate). This suggests that the 

only a tiny part of carbon from MTBSTFA/DMF was combusted to CO2. This likely will not 

influence the performance of MTBSTFA/DMF during the derivatization process in the presence 

of natural samples, a result which is consistent with results obtained by Glavin at al. [56]. 

Furthermore, about 10 µmol of MTBSTFA was used, corresponding to 80 µmol of C, along 

with about 7.8 µmol of DMF mixed with the MTBSTFA, corresponding to an additional 23 

µmol of C. Therefore, there was at least 103 µmol of C in the system, yet the maximum O2 that 

could have been produced by calcium perchlorate at 15 wt. % would only be 8 µmol. Given 

that the abundance of carbon is about 12 times higher than that of O2, and there are 500 µl of 

MTBSTFA/DMF on SAM, we conclude that the presence of calcium perchlorate will not 

influence of the performance of MTBSTFA/DMF, under either flash pyrolysis or SAM-like 

ramp pyrolysis conditions. 
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Figure 2-13: Abundance of CO2 from MTBSTFA/DMF pyrolysis with Ca (ClO4)2 at different 

conditions. 

 

Chlorinated compounds have become a hot topic since the detection of chlorine-bearing 

products at Mars [53], The origin of the carbon and chlorine components of these compounds 

is controversial. There are two main possible explanations for the carbon source and for the 

chlorine source of these chlorinated compounds, including either sources indigenous to the 

Martian sample and/or from contaminants present in the sample handling chain and from leaked 

reagents [56,57,66]. As MTBSTFA/DMF is one of the derivatization reagents onboard SAM 

and MOMA, it is essential to understand the possible chlorinated compounds that can be formed 

during the pyrolysis of MTBSTFA/DMF in the presence of perchlorate salts such as calcium 

perchlorate. In previous studies, some chlorinated compounds, such as chloromethane, 

chloromethylpropenes, and chlorobenzenes have been detected, as shown in Table 2-3.  
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However, in this study, only chloromethane and chloro-tertbutyldimethylsilane 

(TBDMS-Cl) were detected in the presence of calcium perchlorate. Chloromethane was only 

present following the SAM-like ramp pyrolysis. The abundance of chloromethane was 

relatively low at the final temperature of 300 °C with the SAM-like ramp pyrolysis. This is 

because the final temperature of 300 °C is lower than the decomposition temperature of calcium 

perchlorate, theoretically meaning that no chloride is released during the pyrolysis process. 

However, a low abundance of chloromethane detected following the SAM-like ramp pyrolysis 

showed that a low percentage of chloride from the GC/MS system may contribute to the 

formation of chloromethane. When the temperature was in the percentage increased up to 

850 °C, the yield of chloromethane increased slightly with an increase of calcium perchlorate 

percentage, as shown in Figure 2-14. This result illustrated that the chloromethane detected in 

SAM experiments could be partially from MTBSTFA/DMF degradation in the presence of 

calcium perchlorate, as also suggested by previous studies [56,58].  
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Figure 2-14: Chlorinated compounds detected from the pyrolysis of MTBSTFA/DMF with 

calcium perchlorate. 

 

TBDMS-Cl, with important fragments at m/z of 93, 150, and 56, is the other chlorinated 

compound detected in our study from MTBSTFA/DMF pyrolysis in the presence of calcium 

perchlorate. As shown in Figure 2-14, TBDMS-Cl was detected both in the flash pyrolysis and 

the SAM-like ramp pyrolysis. Its abundance was the highest following flash pyrolysis at 600 °C, 
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and the yield of TBDMS-Cl increased consistently, with an increase in the percentage of 

calcium perchlorate. TBDMS was one of the ecpected products from MTBSTFA pyrolysis, and 

the chlorine element came from the decomposition of calcium perchlorate. The presence of this 

compound could be explained by the derivatization of HCl by TBDMS functional group. A low 

abundance of TBDMS-Cl was detected following flash pyrolysis at 210 and 300 °C and SAM-

like pyrolysis at 300 °C, since the final pyrolysis temperature were lower than the degradation 

temperature of calcium perchlorate (expected to be around 400 ~500 °C). Therefore, no Cl2 

were released and no HCl was formed during the pyrolysis of calcium perchlorate at these 

temperatures.  

 

Table 2-3: The chlorinated compounds have been detected in previous SAM and MOMA studies. 

Compounds  Molecular 

formula 

Mass fragments Publications 

Chloromethane CH3Cl 50 [56,57,64,66,531]  

Dichloromethane CH2Cl2 84 [56,57,64,66,223,531,589] 

Trichloromethane CHCl3 83 [56,57,64,66,223,531] 

Carbon tetrachloride CCl4 117 [57,531] 

Tetrachloroethene C2Cl4 - [57] 

Chloroethane C2H5Cl 64 [57] 

Chloromethylpropene;(1-chloro-2-

methyl-1-propene; 

 3-chloro-2-methyl-1-propene) 

C4H7Cl 55 [56,57,64,223,531] 

1,2-dichloroethane C2H4Cl2 63 [57]  

1,2-dichloropropane C3H6Cl2 63 [57,531] 

1,2-dichlorobutane C4H8Cl2 90 [57,531] 

2-chloro-2-methylpropane C4H9Cl - [56,57] 

Chlorobenzene C6H5Cl 112 [56,57,60,64,223,531,589] 

Dichlorobenzene C6H4Cl2 146 [60,223]  

Trichlorobenzene C6H3Cl3 182 [60]  

Tetrachlorobenzene C6H2Cl4 216 [60]  

 

It should be noted that neither dichloro-related compounds nor chlorobenzene were 

detected in this study. If chlorobenzene was one of the pyrolysis products of MTBSTFA/DMF 

and calcium perchlorate, benzene-bearing substances are expected to be formed. 

Chlorobenzene was detected from the pyrolysis of aromatic carboxylic acids along with 

products such as benzene and toluene, indicating that aromatic carboxylic acids could be one 
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of the possible precursors of chlorobenzene [572]. However, the aromatization of organic 

compounds occurs when pyrolysis temperature are higher than 600 °C [270,463]. As shown in 

Figure 2-11, only a few aromatic compounds formed from MTBSTFA/DMF pyrolysis at 

600 °C. A higher temperature of 850 °C enhanced the formation of aromatics and polyaromatic 

hydrocarbons, such as benzene, toluene, ethylbenzene, naphthalene; fluorobenzene, 

dichlorobenzene, and trifluoromethylbenzene. However, following a SAM-like pyrolysis with 

a final temperature of 850 °C, no chlorobenzene was detected. To further study the mechanism 

of MTBSTFA/DMF degradation, the stepwise pyrolysis of MTBSTFA/DMF with and without 

calcium perchlorate from 50 to 1000 °C, with and without calcium perchlorate, was conducted. 

Figure 2-15 shows the chromatograms of MTBSTFA/DMF (4:1) following stepped pyrolysis 

with 15 wt.% of ClO4
- at different temperatures. Most of the MTBSTFA/DMF was decomposed 

between 50 to 100 °C, and the TBMDS functional group was formed. This is an important 

advantage of MTBSTFA, which can be used as a derivatization reagent at a low temperature. 

With the increasing of pyrolysis temperature, only CO2 was detected, and the abundance of 

CO2 was the highest from 300 to 500 °C, which means that the O2 was formed during the 

decomposition of calcium perchlorate, combusting some of the carbon from the pyrolysis 

system. In addition, chloromethane was formed and detected primarily during the step pyrolysis 

of MTBSTFA/DMF from 200 to 500 °C, as shown in Figure 2-16. When the pyrolysis 

temperature was lower than 300 °C, the calcium perchlorate was not sufficiently degraded, so 

there was no overlap between the degradation of MTBSTFA/DMF and calcium perchlorate. 

Therefore, chlorobenzene was not been detected following SAM-like pyrolysis, demonstrating 

that MTBSTFA/DMF cannot be a source of chlorobenzene in SAM, This result is consistent 

with the conclusions of Freissinet et al. [57] for the chlorobenzene detected by SAM. In 

conclusion, the calcium perchlorate has no obvious influence on the performance of 

MTBSTFA/DMF. 
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Figure 2-14: Chromatograms of MTBSTFA/DMF (4:1) stepped pyrolysis with 15wt% of ClO4
- at 

different temperatures. Peak 1: tert-Butyldimethylsilanol; 2: tert-butyldimethylfluorosilane; 3: TFMA; 

4: N-Methyl-N-(trimethylsilyl)trifluoroacetamide; 5: BSW; 6: Tris(trimethylsilyl)borate; 7: DMF; 8: 

trimethylamine; 9: N,N-dimethyltrifluoroacetamide; 10: Carbon dioxide. 
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Figure 2-15: Distribution of CO2 and CH3Cl of MTBSTFA/DMF (4:1) step pyrolysis with 

15wt.% of ClO4
- at different temperatures. 



 

138 

 

2.4.3 Consequences on the origin of chlorine bearing organic molecules detected from the 

pyrolysis of Martian rock samples with the SAM experiment  

 

Chlorobenzene (~150 to 300 ppbw) has been detected on Mars by the SAM experiment 

onboard the Curiosity Rover [57]. The possible sources of  the carbon component of the 

chlorobenzene could be from the derivatization reagent MTBSTFA/DMF [56,64] or the 

indigenous functionalized aromatic compounds indigenous to the Martian sample. However, 

no chlorobenzene was detected in the pyrolysis of MTBSTFA/DMF in the presence of calcium 

perchlorate in this study. Therefore, MTBSTFA/DMF should not be a likely source of carbon 

of chlorobenzene in our experiments. Therefore, MTBSTFA/DMF should not be a likely source 

of the carbon component of the chlorobenzene detected by SAM based on our experiments. 

Thus, we can reasonably assume that indigenous organic compounds could be one of the 

possible sources of the chlorobenzene. In order to test our hypothesis, 5 wt.% calcium 

perchlorate was applied to a sample of the Murchison meteorite and underwent flash pyrolysis 

at 850 °C.  

2.4.3.1 The formation of organic compounds from the pyrolysis of the Murchison meteorite 

 

Several organic compounds have been detected in samples of the Murchison meteorite. 

The soluble organic compounds include sugars derivatives [42], amino acids [39], nucleobases 

[40], amines and amides [41], etc. Among these soluble organic compounds, carboxylic acids 

(330 ppm) are the most abundant [215]. These compounds could be decomposed easily when 

the Murchison sample is pyrolyzed at high temperatures. The insoluble organic matter present 

in the Murchison meteorite is mainly in the form of aromatic structures; only 20 to 30 % of the 

carbon constitutes aliphatic bonds, which represents the aliphatic bridge among aromatic units 

[214]. These macromolecular structures could be destroyed by thermal pyrolysis and 

decomposed into light aromatics and polyaromatic compounds [270,463,464]. Indeed, mainly 

aromatic compounds were identified following the flash pyrolysis at 850 ˚C of the Murchison 

meteorite (Figure 2-9). Remusat et al. [590] also detected aromatic compounds such as benzene, 

naphthalene, and pyrene from the pyrolysis of the Murchison meteorite at 900 °C. In addition, 

phenylpropiolic acid was detected in our results, which could be from the decomposition of the 

skeleton structure of inorganic matter present in the Murchison sample. This is consistent with 

results that suggest the presence of carboxylic acid functional groups in the molecular modeling 

of Murchison inorganic matters [591].  
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S-containing compounds, mainly occurring as thiophenes, have been detected in 

Murchison meteorite samples [214]. In this study, S-bearing compounds such as sulfur oxide, 

taurine, thiophene, benzenethiol, thianaphthene, phenaleno[1,9-bc]thiophene and their isomers 

have been detected from the pyrolysis of the Murchison sample. These sulfur-bearing 

compounds have been previously identified [45,590,592,593] in Murchison samples.  

2.4.3.2 The formation of Cl-containing compounds from the pyrolysis of the Murchison meteorite 

 

It has been confirmed that carboxylic acids containing a benzene ring, rather than 

benzene or toluene, are the preferred precursor of chlorinated benzene detected by SAM [572]. 

The organic compounds contained in the Murchison sample, such as carboxylic acids, aromatic 

hydrocarbons, aliphatic hydrocarbons, etc. [214], could be the possible precursors of the Cl-

containing aromatics detected following the reaction of the Murchison sample and calcium 

perchlorate. In addition, benzene can be readily chlorinated in gas phase reactions with Cl2 at 

elevated temperatures through the mechanism of chlorine radicals [594]. However, when there 

is water, HCl would be released from the decomposition of calcium perchlorate at pyrolysis 

temperatures higher than 450 °C [56].  

In this study, Murchison samples and calcium perchlorate were pyrolyzed at 850 °C, 

which was high enough to produce Cl• radicals. With the degradation of the skeleton structure 

of the Murchison sample, a huge number of aromatic units, especially benzene radicals with 

one or more active sites could be formed. The formation of benzene radicals could accelerate 

the formation of chlorine-bearing aromatics. Indeed, chlorobenzene, dichlorobenzene, tri-

chlorobenzene, tetra-chlorobenzene, and penta-chlorobenzene were detected. Among these Cl-

bearing aromatics, the intensity of chlorobenzene was the highest among these chlorinated 

benzenes following the pyrolysis of the Murchison meteorite in the presence of calcium 

perchlorate (Figure 10). No Cl-bearing aromatics were formed when the Murchison residue was 

pyrolyzed with calcium perchlorate, which demonstrates that the organic carbon present in the 

Murchison meteorite was the carbon source of Cl-bearing aromatic compounds. 

In addition, dichlorobenzene isomers (~0.5  to 17 ppbw) and trichloromethylpropane 

were also detected by the SAM instrument [223]. Szopa et al. (2020) also reported that 

polycyclic aromatic hydrocarbons, amino acids, and carboxylic acids would be plausible 

organic precursors of the chlorinated aromatic molecules detected with SAM. Therefore, our 

results confirm that indigenous carbon, especially aromatic units, could be the carbon source of 

the chlorobenzene that has been detected on Mars by Viking and Curiosity’s SAM [57,59]. 
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However, the effect of sulfur- and nitrogen-bearing functional groups, especially as components 

of aromatic compounds, on the formation of Cl-bearing compounds will need a further study in 

the future. 

 

2.5 Conclusion 

Here we report the pyrolysis products of MTBSTFA/DMF at the different temperatures 

of 210, 300, 600 and 850 °C, both in the absence and presence of calcium perchlorate. Results 

demonstrate that MTBSTFA/DMF can be used effectively below 300 °C during flash pyrolysis, 

resulting in relatively few products. TFMA, MSW, and BSW were the main products, formed 

after the cracking of the N-Si bond from the TBDMS derivatization functional group during the 

pyrolysis process. Far more F-containing compounds were formed when the pyrolysis 

temperature was increased to 850 °C, which demonstrates the F-C bond breakage is enhanced 

at high temperature. Various aromatics were formed, such as benzene, toluene, naphthalene, 

fluoranthene, and pyrene. Chloromethane and chloro-tert-butylmethylsilane were also detected. 

In addition, compared with the numbers of products of MTBSTFA/DMF flash pyrolysis, less 

products of MTBSTFA/DMF were detected during SAM-like ramp pyrolysis across all final 

temperatures; therefore, we conclude that MTBSTFA/DMF can be used with a slow heating 

rate with a final temperature up to 850 °C. The presence of calcium perchlorate has no obvious 

effect on the ramp pyrolysis of MTBSTFA/DMF, additional validation that this reagent is a 

good fit for the SAM and MOMA experimental operations. Finally, our results confirm that the 

chlorobenzene that has been detected by SAM is probably from the indigenous carbon 

(especially macromolecular aromatic structures) present in the Martian sample. 
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Chapter 3. Influence of calcium perchlorate on the 

search for organics on Mars with TMAH 

thermochemolysis 
 

3.1 Introduction 

 

NASA’s 2008 Phoenix Mars lander and its wet chemistry laboratory (WCL) was the 

first experiment on Mars which detected ~0.4-0.6 wt.% ClO4
- ions in the Martian soil [54]. After 

this initial in situ detection, calcium and magnesium perchlorates were identified at the landing 

site [54], and Kounaves et al., (2014) [65] concluded that the soil samples analyzed by the 

Phoenix WCL could be composed of an ~3:2 ratio of Ca(ClO4)2 to Mg(ClO4)2 phases. Later, 

chlorine bearing compounds were detected by the Sample Analysis at Mars (SAM) instrument, 

one of ten instruments on the Mars Science Laboratory (MSL) Curiosity rover, such as 

hydrogen chloride gas, chloromethane, dichloromethane, chlorobenzene [61], and isomers of 

dichlorobenzene [62]. These chlorine-bearing hydrocarbons have been attributed to the reaction 

of oxychlorine related species with organic compounds during the pyrolysis of the samples 

analyzed with SAM [57,62]. From these results, a reinterpretation of the data obtained with the 

GCMS experiment onboard the 1976 Viking landers suggests that perchlorates and/or chlorates 

were also present in the samples analyzed by these experiments [59,63]. Further, analysis of the 

Rocknest wind ripple with the SAM instrument and a comparison with results obtained from 

laboratory measurements indicates that calcium perchlorate is a better candidate for the 

perchlorate species than Fe-, Mg-, Na- and K-perchlorates [64]. More recently, chloride-bearing 

hydrocarbons have been produced by the reaction of oxychlorine related species with organics 

in SAM’s pyrolysis oven. This lead to the conclusion that in modern sand deposits and some 

much older rocks, Ca and Mg perchlorate are the most likely sources of chlorine related 

products [57,62]. 

The detection of widespread perchlorates and likely chlorates on Mars led to several 

studies related to the potential effect of perchlorates on the detection of organic compounds 

with various instruments. Perchlorate is a strong oxidizing agent because oxygen can be 

released from the decomposition of perchlorates and could be the main cause of the degradation 

of organic compounds. The thermal decomposition of perchlorates, including lithium, sodium, 

potassium, magnesium, iron, aluminum, and calcium perchlorates, have been analyzed by using 

a thermobalance from previous experiments [595]. Two possible mechanisms for the thermal 
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decomposition of a perchlorate were proposed [595]: (1) by gradual hydrolysis of hydrated 

compounds to yield perchloric acid and an oxide, such as magnesium, iron, and aluminum 

perchlorates, and (2) by dehydration followed by decomposition to yield oxygen and chloride, 

as in the case of lithium (~440 °C), sodium (~480 °C), potassium (~540 °C), and calcium 

(~405 °C) perchlorates. The salts may be dehydrated first and then decomposed when the 

temperature is high enough to force their release.  

The temperature of oxygen release from perchlorate can be affected by other minerals 

present in a solid sample. For example, the decomposition temperature of calcium perchlorate 

or another oxychlorine species can decrease due to the presence of iron phases [366,596]. 

Regardless of the perchlorate phase, oxygen will be released from any perchlorate in solid 

samples on Mars when the SAM instrument ovens are heated, leading to the oxidation of 

organic compounds into carbon dioxide. The main consequence of this is that organic matter is 

degraded and would not be detected [61]. Furthermore, the abundance of oxychlorides varies 

by one order of magnitude [597]. Some experiments have shown that there should be a 

minimum ratio of 4.7:1 between organic matter and perchlorate to ensure the detection of 

organic molecules with Pyr-GC/MS [598] without major impact from the perchlorate. In 

addition, hydrogen chloride (HCl) produced during the thermal decomposition of Martian 

perchlorate can react with soil carbonates leading to low temperature inorganic CO2 release, 

and the presence of calcium chloride (CaCl2) which is formed from the reaction between calcite 

and hydrogen chloride, and has been confirmed by X-ray diffraction (XRD) experiments [599]. 

Therefore, the detection of organic fragments, not CO2 alone, should be used as definitive 

evidence for organics in Martian soils [599].  

Perchlorate not only affects the type and the number of organic compounds detected 

[600], it can also react with organic compounds to form chlorine-related compounds. For 

example, Guzman et al., (2018) [59] observed the presence of chlorobenzene at a concentration 

of 0.08 to 1.0 ppb (relative to sample mass) in Viking Lander 2 (VL-2) data at a pyrolysis 

temperature between 350 and 500 °C. They concluded that the reaction of indigenous organic 

carbon and instrument contamination with Martian perchlorate during the pyrolysis process is 

the likely source of the chlorobenzene. Laboratory experiments confirm that perchlorates mixed 

with organic molecules with different molecular weights (low, medium, or high) will form 

chloride related gases such as hydrogen chloride (HCl), carbonyl dichloride (CCl2O), and 

carbon tetrachloride (CCl4) [601]. However, Montgomery et al. [288] reported that the presence 

of perchlorate and other oxyanion salts inhibited the detection of organic compounds when 



 

144 

 

analyzed by Pyr-GC/MS; removing perchlorates and sulfates of Atacama Desert showed 

identifiable biomarkers associated with cyanobacteria. 

Both the Mars Organic Molecule Analyzer (MOMA) instrument onboard the 

ESA/Roscosmos ExoMars rover and the SAM instrument on the NASA Curiosity rover can 

detect organic molecules. MOMA and SAM are both analytical suites that utilize Pyr-GC/MS. 

MOMA carries three derivatization/ thermochemolysis agents [602], i.e. N-tert-

Butyldimethylsilyl-N-methyltrifluoroacetamide/ N,N-Dimethylformamide (MTBSTFA/ DMF, 

for carboxylic and amino acids, nucleobases, amines, and alcohols), N,N-Dimethylformamide 

dimethyl acetal (DMF-DMA, for amino acids, fatty acids, and primary amines with chiral 

centers), and TMAH in methanol (for lipids and fatty acids, when driven to higher temperatures). 

SAM carries only MTBSTFA/ DMF and TMAH in methanol [2]. These derivatization/ 

thermochemolysis agents increase the volatility of organic molecules with labile groups such 

as amino acids, carboxylic acids, nucleobases [558], etc. TMAH is very useful for the liberation 

of polar molecules from macromolecules and the volatilization of fatty acids but the 

decomposition of TMAH at elevated temperatures above 500 °C [340] can cause additional 

issues that complicate organics detection. The degradation of TMAH at relatively low 

temperatures (lower than 200 °C) has been studied and different TMAH degradation 

mechanisms have been reported [549,552,554,555], but no study has reported on the byproducts 

of TMAH pyrolysis at elevated temperatures.  

The thermal degradation of TMAH can proceed via two different pathways. The first 

pathway is a nucleophilic substitution reaction mechanism (the bi-molecular or SN2 pathway) 

defined by the synchronous formation of one bond as another bond is broken. In this case it is 

the nucleophilic attack by OH- on the CH3 group that produces trimethylamine (TMA) and 

dimethyl ether [549]. The second pathway is the ylide one wherein the decomposition of TMAH 

to give TMA and dimethyl ether results from the initial removal of a proton from the quaternary 

ammonium salt followed by the decomposition of the resulting ylide [551]. For example, 

Macomber et al., (2008) [550] actually have been doing experiments with D-labeled TMAH in 

order to work out the mechanism of TMAH decomposition, using Differential Scanning 

Calorimetry (DSC), Thermal Gravimetry (TG), and Evolved Gas Analysis (EGA). They 

concluded that TMA, methanol and dimethyl ether were the main resulting products. The 

extraction of the α-proton to generate a nitrogen ylide is an important degradation mechanism 

for methyl ammonium species. Deprotonation of the tetramethyl ammonium ion by hydroxide 

establishes a rapid equilibrium between the tetramethylammonium ion and the nitrogen ylide 

species and water that combines the deuterium with the proton in the methyl groups. Then, the 
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methoxide formed in this way reacts with [Me4N]+ via an SN2 process to generate dimethyl 

ester. However, Chempath et al., (2008) [552] proposed that the ylide pathway is more 

reasonable than the SN2 pathway. These researchers performed TG-MS experiments in order to 

evaluate the stability of tetramethylammonium ([N(CH3)4
+]) under aqueous conditions in the 

presence of OH- ions. They verified the H-D exchange and their results demonstrated that the 

ylide mechanism plays a crucial role on the decomposition of TMAH. Moreover, they 

confirmed this pathway by calculation of the energy of the activation barrier and they proved 

that it is lower than for the SN2 pathway. Finally, the ylide pathway can give rise to unstable 

intermediates with side reaction including the Stevens rearrangement reactions [553], 

Sommelet-Hauser rearrangement, and Hofmann elimination [554]. Hofmann elimination is a 

vulnerable pathway for degradation of n-alkyl- tetramethylammonium (TMA+) cations [555]. 

However, this barrier is also found to depend on the carbon chain length because of  steric 

interference and number of hydrogens susceptible to Hofmann elimination [555]. OH- can 

attack the α-carbon atom and the cation degrades by the SN2 pathways. Edson et al., (2012) [27] 

studied the effect of the number of β-hydrogen atoms susceptible to Hofmann elimination and 

the mechanism of different alkyltrimethylammonium cations in deuteroxide form using evolved 

gas analysis (EGA) (Figure 3-1). The Hofmann elimination is the preferred decomposition 

pathway for ammonium cations bearing β–hydrogens, and ylide formation reorganizes protons 

from water into TMA that is formed with a low activation barrier. The stability of cations 

increased with the blocking of β–hydrogens, and without β–hydrogen, SN2 reactions occurred, 

as shown in Figure 3-1. However, no studies report the degradation mechanism of TMAH at 

high temperature. 

To distinguish the source of chlorinated organic compounds detected by the SAM 

instrument [51], Miller et al., (2015) [573] evaluated possible carbon sources with and without 

the Tenax® trap, which is used to concentrate the evolved species from the Martian samples. 

They found that perchlorates have nearly no effect on the Tenax® trap on board SAM when the 

trap is not heated above 300°C.  In laboratory experiments there is rare degradation of the trap 

after hundreds of pyrolysis experiments of Mars analogue soils doped with perchlorates 

(calcium perchlorate, magnesium perchlorate, or iron chloride). Moreover, the effect of calcium 

perchlorate on the degradation of Tenax® and the subsequent byproducts have been  studied 

[60]. The byproducts of perchlorates have an impact on the degradation products of Tenax®, 

such as chlorinated phenyl molecules, chlorobenzaldehyde, chlorophthalic acid, chlorobiphenyl 

etc. To date, few studies have reported on the effect of perchlorate on the function of 

derivatization agents, especially TMAH, at high temperature (600°C).  Thus, the influence of 
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perchlorate on the function of TMAH thermochemolysis must be studied to best understand the 

potential influence of perchlorates on the TMAH experiment on the SAM and MOMA 

instruments.   

This study explores the degradation of TMAH and the effect of calcium perchlorate on 

TMAH pyrolysis at 600 °C (with different heating ramps, including flash pyrolysis and SAM-

like ramp pyrolysis at 35°C.min-1) using Pyr-GC/MS with a hydrocarbon trap. From these 

results we propose a mechanism for TMAH degradation at a high pyrolysis temperature (600 °C) 

in the presence of calcium perchlorate. These results provide important foundational data for 

the interpretation of the origin of organic molecules detected by SAM and MOMA. 
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Figure 3-1 Thermal decomposition of alkyltrimethylammonium deuteroxide[27]. Case 1: R1, R2, and R3 

=H; Case 2: R1=CH3, R2 and R3=H; Case 3: R2=H, R1and R3=CH3; Case 4: R1, R2, and R3=CH3. 

TS=Transition State. 

 

3.2. Experimental design 

3.2.1 Samples and chemical products 

 

A TMAH solution (25% by weight in methanol, Sigma-Aldrich) was used in this study 

and calcium perchlorate tetrahydrate (99%, Aldrich) was used to make the calcium perchlorate 

solution. Naphthalene-d8 (Sigma-Aldrich, isotopic purity, 99 atom % D) was used as an internal 

standard. The concentration of calcium perchlorate solution (0.85 mol.L-1) was measured by 

Atomic Absorption Spectrometry [574–577] (Varian Australia Pty Ltd ), using air-acetylene 

flame test, with a calcium cathode lamp set at the 422.7 nm resonance wavelength. 



 

147 

 

The abundance of 𝐶𝑙𝑂4
−

to TMAH solution (wt.%) is given by the following equation 

(1): 

𝑤𝑡.% =
2𝐶𝐶𝑎(𝐶𝑙𝑂4)2 ∙𝑉𝐶𝑎(𝐶𝑙𝑂4)2 ∙𝑀𝐶𝑙𝑂4

−

𝑉𝑇𝑀𝐴𝐻∙𝜌𝑇𝑀𝐴𝐻
%        (1) 

where 𝐶𝐶𝑎(𝐶𝑙𝑂4)2is the concentration of Ca(ClO4)2 solution of 0.85 mol.L-1;  

𝑀𝐶𝑙𝑂4−is the  molar mass of 𝐶𝑙𝑂4
−

, 99.45 g.mol-1;  

𝑉𝐶𝑎(𝐶𝑙𝑂4)2 is the volume of Ca(ClO4)2 solution ;  

𝑉𝑇𝑀𝐴𝐻 is the volume of  TMAH, 3µl; and 

𝜌𝑇𝑀𝐴𝐻 is the density of TMAH solution : 0.866 µg.mL-1.  

 

The effect of different wt.% of 𝐶𝑙𝑂4
−

,  (0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 15.0, 20.0, 

30.0, 40.0 wt.% ) on TMAH pyrolysis at 600 °C was studied. The calcium perchlorate was dried 

at room temperature under a dinitrogen flow for 3 hours and the water abundance in the sample 

was measured by Karl Fischer method with an Aqua processeur radiometer[578–582]. The 

calibration curve of the moisture detection is shown in Figure 3-2. Results show that the content 

of moisture within the capsule is less than 1.6 % and 0.7% when the calcium perchlorate 

abundance is 40 wt. % and 15 wt. %, respectively, which ensured that the experimental 

conditions are more Mars like. 

 

Figure 3-2 The calibration curve of H2O detection 

Individual solutions of octanoic acid (C8, Aldrich, ≥ 98%), nonanoic acid, Kosher (C9, 

SAFC, ≥96%), decanoic acid (C10, Sigma Grade, ≥98.0%), undecanoic acid (C11, Fluka, 

≥97.0%), Lauric acid (C12, sigma-aldrich, ≥98.0%), tridecanoic acid (C13, Sigma Grade, 

≥98.0%), myristic acid (C14, Sigma Grade, 99-100%), pentadecanoic acid (C15, Sigma Grade, 

appro.99%), palmitic acid (C16, Sigma Grade, ≥99.0%), heptadecanoic acid (C17, Sigma 
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Grade, ≥98.0%), stearic acid (C18, Sigma Grade, ≥98.5%), and arachidic acid (C20, sigma-

Aldrich, ≥99.0%) were prepared by diluting the pure fatty acids into pyridine (Aldrich, 99+%) 

solvent. The concentration of each fatty acid is 0.67 mmol·L-1. For the recovery of fatty acids 

with 3 µL TMAH, 2 µL of the fatty acid solution was used. For the recovery of fatty acids under 

similar conditions used on Mars by the SAM and MOMA instruments, the original fatty acids 

solution was diluted to 1000 times, about 2.2 µL of diluted fatty acid solution and 0.2 mg of 

ClO4
- was used, respectively. 

3.2.2 Pyrolysis experiments  

 

The pyrolysis experiments were performed with an EGA/PY-3030 D micro-oven 

pyrolyser, Frontier Lab, installed on the Split/SplitLess (SSL) injector of a Trace GC Ultra gas 

chromatograph (Thermo Scientific) coupled to a quadrupole mass spectrometer (ISQ LT, 

Thermo Scientific). Varying volumes of Ca(ClO4)2 solution were injected in a capsule (Eco-

Cup, Frontier lab) under a stream of nitrogen to dry the Ca(ClO4)2  solution; and then 3µl of 

TMAH was injected into the capsule. That capsule carried by an eco-stick (Frontier lab) was 

attached to the top of the pyrolyzer.  

Two kinds of pyrolysis ramps were used in this study. The first one is flash pyrolysis 

wherein the sample is pushed into a heated and stabilized oven at 600 °C for 30 seconds, after 

which the sample is removed from the oven. Helium is used as the carrier gas to carry the 

pyrolysis volatile products into the GC/MS. The second ramp is the SAM-like ramp pyrolysis. 

During this process, the heart-cut EGA analysis method was used. For that, the sample cup was 

attached to the pyrolyzer and the pyrolyzer head space was purged for 2 minutes before 

proceeding. Then the sample cup was pushed inside the oven (initial temperature was 50 °C), 

and the oven was heated to the final temperature of 600 °C (with a 1 min hold) at the SAM 

heating rate of 35°C.min-1. The MicroJet Cryo-trap (Frontier Lab) was used to trap and pre-

concentrate at -180 °C all the released products. When the pyrolysis process was finished, the 

temperature of the trap was quickly increased to 40 °C. All of the products then were released 

and sent to the GC/MS through the helium flow. Lastly, to explore the products of TMAH 

pyrolysis with calcium perchlorate, a stepped pyrolysis of TMAH with and without calcium 

perchlorate was performed. For this study, the sample was injected into the pyrolyzer and was 

heated at a SAM-like heating rate of 35°C.min-1 from 50 °C to 100  °C , every increase in 100 °C 

up to 1000 °C, as 100-200 °C, 200-300 °C, 300-400 °C, 400-500 °C, 500-600 °C, 600-700 °C , 

700-800 °C, 800-900 °C, and 900-1000 °C. All experiments were repeated more than 3 times. 
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3.2.3 GC/MS analysis 

 

Analyses were conducted with a Trace GC Ultra gas chromatograph (Thermo Scientific) 

coupled to a quadrupole mass spectrometer (ISQ LT, Thermo Scientific). The GC is equipped 

with a Supelco SLB-5MS Inferno column (30 m × 0.25 mm i.d. × 0.25 μm film thickness) with 

5m integrated guard column. For the flash pyrolysis, the temperature programming of the 

column starts at 40 °C held for 2 min, then at a heat rate of 3 °C min-1 up to 200 °C then raised 

to 300 °C at a rate of 6 °C min-1 and maintained for 1 min. To mimic the SAM ramp, the 

temperature programming of the column starts at 40 °C hold for 2 min, then at a heat rate of 

6 °C min-1 up to 300 °C and maintained 1 min. In both ramps, helium was used as the carrier 

gas and the helium flow rate in the column was 1.2 mL.min-1. The split flow was 24 mL.min-1. 

The temperature of the SSL injector was set at 280 °C. The masses were scanned between m/z 

40 and m/z 500. The ionization energy was 70 eV. 

The relative abundance of the compounds was obtained through the following formula: 

C𝑖= 

𝐴𝑖
𝐴𝑖𝑠

∑
𝐴𝑖
𝐴𝑖𝑠

× 100% 

Where 𝐴𝑖and 𝐴𝑖𝑠 refer to the peak areas of the products and the peak area of the internal 

standard, respectively. 

3.3 Results and discussion 

3.3.1 Flash pyrolysis of TMAH at 600 °C 

3.3.1.1 Products of TMAH treated with flash pyrolysis at 600 °C 

 

Flash pyrolysis is a high temperature process, in which the sample is rapidly heated at a 

very high heating and heat transfer rate in the absence of air[603]. Samples treated with the 

flash pyrolysis method almost always yield a greater number and diversity of fatty acid methyl 

esters than ramped pyrolysis, because the flash pyrolysis step of macromolecules with TMAH 

thermochemolysis is higher efficient [22]. Therefore, the flash pyrolysis products of TMAH at 

600 °C were analyzed. Figure 3-3 shows the chromatogram of TMAH pyrolysis at 600 °C, and 

all products released from flash pyrolysis are listed in Table 3-1. Most of the byproducts of 

TMAH pyrolysis were detected from the retention time of 1.0 to 5.0 min; the naphthalene-d8 

(internal standard) was eluted at the retention time of 14.80 min. TMA ( eluted at 2.06-2.29 

min) and dimethyl ether (eluted at 1.95 min) are the main products of TMAH flash pyrolysis 

degradation at 600 °C. The production yield of TMA and dimethyl ether is ca. 48% and 25%, 
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respectively, and carbon dioxide formed during the TMAH pyrolysis process accounts for 15% 

of all pyrolysis products from TMAH pyrolysis. Other nitrogen bearing compounds account for 

12% of all pyrolysis products from TMAH flash pyrolysis, such as N- methyl-ethylamine, N, 

N-dimethyl-ethylamine, and the N-O containing compounds such as urea. Various siloxane 

compounds were detected at different retention times of 6.60, 6.80, 10.69, 11.0, and 13.79 min, 

which were caused by the column bleeding, a loss of its stationary phase (5% diphenyl/95% 

dimethyl siloxane). 
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Figure 3-3 The chromatogram of TMAH flash pyrolysis at 600 °C. Peak 1: CO2 ; Peak 2: 3-

Aminobutanoic acid ; Peak 3: Dimethyl ether ; Peak 4 : Trimethylamine ; Peak 5 : Dimethyoxy-

methane ; Peak 6：N- methyl-ethylamine；Peak 7：Urea ；Peak 8, 9：N,N-dimethyl-ethylamine; 

Peak 10: Betaine; Peak 11: 1, 2-dimethoxy-ethane. 

 

During the flash pyrolysis of TMAH at 600 °C, radicals such as ·H, ·CH3, :CH2, ·CH2 

(CH3)3N
+, ·CH2(CH3)2N

+, etc., were formed because of the cracking of the bond of nitrogen 

and a methyl group, the bond of C-H bond in the methyl functional group, and the 

recombination of these radicals. For example, the hydrogen radicals stabilize the structure of 

(CH3)2N
+CH2– and TMA was formed [556]. The Hoffman elimination plays a key role in 

alkene formation, the aromatization of alkenes producing aromatics, such as benzene, and N, 

N-dimethyl-benzenemethanamine formation from the combination of benzene radicals and 

(CH3)2N
+CH2–. Methanol could be formed through the demethylation of TMAH and the 

combination of methyl functional group with the OH radicals, and dimethyl ether was formed 

through the dehydration of methanol. The aldehyde product (CH3)3N
+CHO, could be generated 
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by the hydrolysis reaction of carbon center radicals, and the aldehyde products could be 

oxidized by the oxygen radicals from the system and to form the carboxylic acids at high 

temperature. The possible route of TMAH degradation is shown in Figure 3-4. 
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Figure 3-4 The mechanism of TMAH degradation via flash pyrolysis. 

 

Table 3-1 The pyrolysis products of TMAH flash pyrolysis at 600 °C, refers to Figure 3-3. 

Num. RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

1 1.73 44(100) CO2 Carbon dioxide CO2 

2 1.80 44(100), 45(54), 46(28) C2H5NO3 3-Aminobutanoic acid 

CH3 OH

NH2 O

 

3 1.95 45(100), 46(74) C2H6O Dimethyl ether O  

4 2.06-

2.29 

58(100), 59(69), 42(36), 57(15), 

45(12), 56(10) 

C3H9N Trimethylamine 
N

 

5 2.38 45(100), 75(81), 58(64), 59(31), 

42(18), 44(14) 

C3H8O2 Dimethyoxy-methane  O O
 

6 2.58 44(100), 58(69), 59(34), 42(19) C3H9N N- methyl-ethylamine NH
 

7 2.64/ 

2.69 

61(100), 58(19), 42(17), 45(16), 

44(16) 

CH4N2O Urea  O

NH2 NH2 
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Table 3-1 (Continued) 

Num. RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

8 2.87,

3.02 

73(100),72(81),58(77),56(18) C4H11N N,N-dimethyl-ethylamine N

 

9 3.10 58(100), 57(51), 73(33), 72(25), 

44(14), 88(13), 56(12) 

C5H13N Betaine  

 

N
+

O

O  

10 3.42 45(100), 60(24), 78(22), 58(12), 

90(7) 

C4H10O2 1, 2-dimethoxy-ethane  O
O  

11 3.75 58(100), 42(30), 43(31), 44(29), 

45(28), 59(22), 73(18), 72(16), 

41(16), 71(12) 

C4H11N N, 1-dimethyl-ethylamine NH

 

12 6.60,

6.80 

207(100), 44(48), 208(19), 96(12), 

191(12), 209(12), 133(7) 

C6H18O3Si3 Hexamethyl-Cyclotrisiloxane 

(from column bleeding) 
O

Si

Si

O

O

Si

 

13 9.30 58(100), 117(10), 44(27), 42(10) C5H11NO2 Glycine, N,N-dimethyl, 

methyl 

ester[ Methyl(dimethylamino) 

acetate] 

O
N

O

 

14 9.41 59(100), 89(76), 45(50), 58(50), 

43(23), 102(23), 88(15), 71(14) 

C6H14O3 1,2,3- trimethoxy-propane 

Glycerol trimethyl ether 

O O

O  

15 9.82 72(100),74(21), 43(12), 42(10) C5H11N3O2 N,N,1-trimethyl-Ethylamine 
N

 

16 10.69

,11.0 

281(100), 58(87), 282(29), 265(21), 

42(19), 249(14), 207(7), 191(10), 

133(12) 

C8H24O4Si4 Octamethyl-

Cyclotetrasiloxane 

(from column bleeding) 

Si O

Si

O

SiO
Si

O

 

17 11.22 91(100), 121(63), 122(55), 92(31), 

77(30), 65(20), 56(14), 69(11) 

C8H10O Benzyl methyl ether O

 

18 12.20 87(100), 57(79), 102(54), 59(30), 

101(20), 115(17), 130(12), 55(12), 

129(11) 

C9H18O2 Hexanoic acid-2-ethyl-methyl 

ester 

O

O

 

19 12.72 45(100), 75(34), 144(26), 85(23), 

99(18), 69(18), 129(14), 41(13), 

97(10), 55(10) 

C10H22O4 2-[2-(2-

butoxyethoxyl)ethoxy]-ethonl/ 

Buyoxytriethylene glyol 

O
O

O
OH 

20 12.93 58(100), 91(70), 135(61), 134(40), 

57(57), 65(17), 44(43), 92(14), 

42(25), 118(11) 

C9H13N N,N,4-Ddimethyl-

Benzenemethamine  

 

N
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Table 3-1 (Continued) 

Num. RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

21 13.13 58(100), 56(41), 55(40), 41(27), 

70(28), 57(21), 83(21), 91(21), 

97(11), 134(14) 

C13H28O n-Tridecanol 
OH 

22 13.79 73(100), 267(67), 355(39), 74(34), 

105(20), 268(16), 356(14), 269(12), 

357(11) 

C10H30O5Si5 Decamethyl-

Cyclopentasiloxane 

(from column bleeding) 

Si

O

Si

O

O
Si

O

Si

O
Si

 

23 14.06 104(100), 58(88), 149(58), 105(56), 

44(46), 77(26), 78(18), 79(16), 

42(15), 41(11) 

C12H20N2 N,N,4-tetramethyl-1,3-

Benznedimethanamine 

N

 

24 23.85 74(100), 87(69), 143(19), 55(26), 

43(24), 129(10) ,227(15), 171(8), 

199(8), 207(15) 

C17H34O2 Hexadecanoic acid methyl 

ester 

O

O

 

25 25.78 74(100), 87(73), 207(55), 55(32), 

43(23), 69(21), 143(18), 75(19), 

96(15), 281(14), 199(13), 255(10), 

97(9), 191(9) 

C19H38O2 Methyl stearate 
O

O

 

 

3.3.1.2 Effect of Ca(ClO4)2 on flash pyrolysis of TMAH 

 

As described previously, perchlorates have been detected on Mars, with calcium  

perchlorate thought to be the main source of chlorine [61].  Therefore, the influence of calcium 

perchlorate on the pyrolysis behavior of TMAH was investigated; in particular the pyrolysis 

behavior of TMAH with calcium perchlorate in different concentrations (0.1, 0.5, 1.0, 2.0, 3.0, 

4.0, 5.0, 10.0 and 15.0 wt. %) was studied. The resulting chromatograms are shown in Figure 

3-5. When the perchlorate abundance is lower than 2 wt.%, few new products formed during 

the flash pyrolysis of TMAH. When the abundance of perchlorate is higher than 2 wt.%, new 

products were detected such as (dimethylamino)acetonitrile (Rt : 5.33 min) and dimethyl 

cyanamide (RT : 5.80 min) with the C≡N bond, N, N-dimethylformamide (DMF) with the 

aldehyde functional group eluted at 6.26 min, hexahydro-1,3,5-trimethyl-1, 3, 5,-triazine 

(TMTAC) with a six-membered heterocyclic aromatic ring eluted at 11.10 min. Pyrrole was 

formed during the pyrolysis of TMAH, such as 2,5-dimethyl-pyrrole at the retention time of 

7.49 min and 4-ethyl-2-methyl-pyrrole at the retention time of 9.83 min. The products of 

TMAH pyrolysis with calcium perchlorate at a concentration over 10 wt.% are listed in Table 



 

154 

 

3-2. There are only three possible Cl-containing compounds at low abundance detected in this 

study, including 5-chloro-2-pyridinol (RT=10.12, 12.57 min), 5-chloro-1-methylimidazole 

(RT=10.18, 12.0, and 12.69 min), and 4, 5-dichloro-1-methyl-imidazole (RT=15.72 min). The 

intensity of these peaks are at the detection limit of the instrument.  

 

Table 3-2 The products of TMAH flash pyrolysis with calcium perchlorate over 10 wt.% at 

600 °C, refers to Figure 3-5. 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

1.72,1.

91 

44(100), 45(54), 46(28)  C2H5NO3 O-

(Carboxymethyl)hydro

xylamine 
NH2

O
OH

O

 

1.79 45(100), 46(74) C2H6O Dimethyl ether 

O
CH3 CH3

 

2.07-

2.31 

58(84),59(100),42(40),57(21) C3H9N Trimethylamine 
N

CH3 CH3

CH3  

2.39 58(100), 42(44), 59(41), 43(31), 

74(17) 

C6H5NO2 Tetramethylammoniu

m acetate N
+

O

OH 

2.52 42(100),57(61),41(13) C3H7N 1-methyl-aziridine 
N  

2.67,2.

97 

58(100),73(29),72(24), 

42(21),44(16) 

C4H11N N,N-dimethyl-

ethylamine N

 

2.71 61(100) CH4N2O Urea O

NH2 NH2 

2.83 61(100),45(79), 44(68), 42(27) C3H8O3 Glycerin 
OHOH

OH

 

3.38,4.

67 

58(100),44(20), 45(11),42(9),102

（6） 

C5H14N2 N,N,N’,N’-

Tetramwthyl-

methanediamine 

N

CH3

CH3

N
CH3

CH3  

4.85 74(100),42(37),43(18) C2H6N2O N-

Nitrosodimethylamine 

N
N

O

 

5.03 80(100) ,53(42),52(12) C4H4N2 Pyrazine N

N  
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

5.26 83(100),84(58),58(55),42(46), 

43(10) 

C4H8N2 Dimethylamino-

acetonitrile 
N CH3

CH3

N  

5.58 79(100),52(57),51(30),50(21),69(

14),78(13) 

C5H5N Pyridine N

 

5.64 45(100),74(46),75(9) C4H8O3 Acetic acid, methoxy,-

methyl ester 

O
O

O  

5.80 69(100),70(49),58(37),44(31),42(

25), 74(26),53(12) 

C3H6N2 Dimethyl-cyanamide 
N

N  

6.11 102(100),44(94),59(35),72(37),10

3(25) 

C7H17NO2 2-methoxy-N-(2-

methoxyethyl)-N-

methyl-Ethanamine 

O
N

O

 

6.20,8.

47 

44(100), 42(99), 102(71), 

58(60),43(47), 

72(23),103(18),41(17), 74(10) 

C4H10N2O Trimethyl-urea 
NH N

O

 

6.52 59(100), 58(21),44(10) C2H3N Acetonitile CH3 N 

6.56 73(100), 44(53), 42(28), 

72(14),43(9) 

C3H7NO Dimethylformide 
NO

 

7.49 94(100),95(66),42(12),93(12),78(

11) 

C6H9N 2,5-dimethyl-pyrrole 

N
H  

7.71 83(100),42(32),98(13),43(11) C5H10N2 1,5-dimethyl-2-

pyrazoline 

N

N

 

8.02 58(100), 114(14),42 (16), 87(7) C5H11NO2 N,N-dimethyl-glycine-

methyl ether 
O

N

O

 

8.09 69(100),84(54),55(27),56(25),42(

21) 

C6H12 3-methylene-pentane 

 

8.63 57(100), 116(70),86(24),87(34), 

87(33), 56(33),85(21), 86(24), 

84(19),55(19) , 102(15),117(13) 

C5H12N2O N-methyl-N-nitoso-2-

butanamine 

O
N

N
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

8.77 58(100),115(28),78(14) C6H13NO N,N-diethyl-acetamide N

O  

8.82 104(100),103(53), 

78(51),114(28),77(25),51(25), 

52(20) 

C8H8 Styrene 

 

8.81 93(100),87(66),44(69),66(41),92(

39), 65(35) 

C7H7NO2 2-Pyridineactic acid 

N OH

O

 

8.94 44(100),87(51),42(38/), 

72(30),58(23),43(19) 

C4H9NO N,N-

dimethylactetamide 

O

N

 

9.00 72(100), 42(38),44(36),43(17) C5H13N  N-methyl-diethylaime N

 

9.07 58(100),72(67),44(40), 

42(72),87(12) 

C7H18N2 N1-Isopropyl-2-

methyl-1,2-

propanediamine 

NH

NH2  

9.36 58(100),44(64),42(48), 43(29), 

87(14), 59(11) 

C6H16N2O N-(N,N-

Dimethylaminoethyl)a

minoethanol 

N
NH

OH

 

9.56 97(100),69(85),42(84),108(45),78

(36),44(24), 56(20),112(18) 

C6H12N2 2-

(diethylamino)acetonitr

ile 

N

N

 

9.71 58(100),83(9),42(22)44(17) C7H17N N,N-dimethyl-1-

pentanamine 
N

 

9.83 94(100),109(52),42(43),43(17),93

(16), 53(8) 

C7H11N 4-ethyl-2-methyl-

pyrrole 
NH

 

10.02 42(100),43(33), 98(19), 41(17), 

69(12),40(11) 

C4H6N2O 2-hydroxyl-4-methyl-

imidazole 
N NH

OH  
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

10.12,1

2.57 ? 

129(100),58(97), 

101(92),106(90),78(61),42,114(4

5), 131(31), 80(26), 52(22), 

79(21)? 

C5H4ClNO 5-chloro-2-pyridinol N

Cl

OH

 

10.18,1

2.0,12.

69 

42(100),116(99), 43(58),44(40), 

118(35), 54(22), 79(20),81(20), 

109(12),117(17),87(17),73(15)? 

C4H5ClN2 5-chloro-1-

methylimidazole 

N

NCl

CH3  

10.65 42(100),43(50),44(40), 

58(45),86(35),71(23),40(15) 

C8H19NO N-ETHYL-n-[1-

methylethoxy)methyl]-

ethanamine 

N O

 

10.68 77(100),105(94), 106(77), 

44(48),51(44) 

C7H6O Benzaldehyde O

 

10.71 58(100),42(87),101(57),86(44) C5H11NO N,N-dimethyl-

Formamide 
N

O

 

10.77? 115(100), 78(44),80(21),58(17) C9H8 1-Propynyl-benzene 

 

11.14 44(100), 86(66),42(62), 

128(40),43(29), 57(25) 

C6H15N3 1,3,5-Trimethyl-1,3,5-

triazacyclohexane N

N

N  

11.65 102(100),44(58),42(57),132(39), 

43(34),133(13), 72(12),58(6) 

C5H13N3O2 1-methoxy-3, 3-

diethyltriazene-2-oxide 
N

N

O

N
O

 

11.88 106(100),105(83),78(34),74(20),4

3(18) 

C6H6N2 2-methyl-(1H)pyrrole-

3-carbonitrile 
N

N

 

12.17 44(100),57(73),87(75),102(57),41

(27), 42(25), 43(22), 59(15), 

69(10) 

C9H18O2 Hexanoic acid, 2-ethyl-

methyl ester 
O

OH
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

12.45 58(100),91(98),135(71),134(67),6

5(28),118(11) 

C9H13N N,N-dimethyl-

benzenemethanamine 

N

 

13.25 105(100),77(70),149(54),136(41),

151(34),51(26), 73(25),112(18) 

C9H11NO N-ethyl-benzamide 
NHO

 

13.82 58(98),104(100),105(58), 

149(49),77(22),107(23),114(15) 

C10H15N N,N,4-Trimethyl-

benzenemethamine 

N

 

14.12 95,124,67,66,81,107 C7H8O2 2-methyl-1,4-

Benzenediol 

OH

OH  

14.42 58(100),112(92),116(43), 

83(26),56(18) 

C8H17N3 1-Ethyl-3-(3-

dimethylaminopropyl)c

arbodiimide 

N

N C N

 

14.47 112(100),83(27),60(13),117(170 C5H8N2O 2,4-dugydro-4,5-

dimethyl-3H-Pyrazol-

3-one 
NNH

O

 

15.26 74(100),87(48),141(11),55(22),59

(11) 

C10H20O2 Nonanoic acid, methyl 

ester 
O

O

 

15.56 70(100),155(87),55(21) C6H9N3O2 6-Azathymine , 

Bis(methyl) ether 

N
N

NO O

 

15.72? 150(100),109(75),152(64), 

110(44), 76(31),88(26),154(12), 

47(11) 

C4H4Cl2N2 4,5-dichloro-1-methyl-

imidazole N N

Cl Cl

 

15.80 42(100),146(77) 148(26), 

117(26),57(13),44(12) 

C8H6N2O 4(1H)-Quinazolinone 
NH

N

O  

16.12 71(100),56(46),44(41),113(20),15

6(20),98(13) 

C11H24 Undene  
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

16.28,1

6.54,16

.72 

42(100),140(64),69(26),83(22),97

(13),112(10) 

C10H20 E-5-Decene 

 

16.72 42(100), 

74(94),140(62),87(50),43(22), 

143(19),55(16),112(10) 

C11H22O2 Decanoic acid, methyl 

ester 

O

O

 

16.95,2

2.72 

42(100),76(50),140(70),180(36),1

12(15),124(8) 

C8H12N4O4 Imidazo[4,5-

d]imidazole-1-acetic 

acid, a-ethyloctahydro-

2,5-dioxo- 

O

NH

NH

NH

N

O

OH

O

 

17.67 42(100),69(76),55(56),41(55),83(

52),43(54),112(59),97(40),140(39

), 

C12H26O 1-dodecanol 
OH 

17.84 58(100),42(29),98(20),141(21),44

(19)  

C9H20N2 2,2,6,6-tetramethyl-

4-Piperidinamine 

NH

NH2 

18.59 58(100),42(76),83(53),111(52), 

41(37), 82(36), 138(26), 69(25), 

112(23), 168(15) 

C14H30O 1-Tetradecanol 
OH 

18.97 55(100),43(82), 69(80), 57(74), 

83(67), 70(53), 41(51), 

71(35),84(33),85(16) 

C15H30 1-pentadecene  

19.35 74(100),87(65),43(20),55(22),143

(12) 

C13H26O2 Dodecanoic acid, 

methyl ester 

O

O  

20.19 71(100),43(91),83(71),69(69), 

97(46),41(51),70(51),57(51), 

55(61) 

C14H30O 1-tetradecanol 
OH 

20.46 42(100),42(95),57(78), 41(73), 

43(63),82(50), 55(46),71(33), 

96(33) 

C8H14O3 7-oxo-Octanoic acid O

OH

O
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

20.86 149(100),140(14),121(13) C11H17NO Methoxyphenamine/ion 

trap 

NH

O

 

20.98 163(100), 121(64), 140(62), 

135(61), 205(23) 

C12H18O 3, 5-disopropyl-phenol 

OH

 

15.97, 

21.35 

42(100),140(65),42(22), 150(17), 

69(14),83(11),163(11) 

C6H12N4 Methenamine N

N
N

N  

21.42 149(100),140(58),121(15),193 C15H24O 4-Tert-Octyl-oCresol 

OH  

21.69 74(100),42(50),87(66),199(16),14

0(41), 55(19) ,69(15), 

C15H30O2 Tetradecanoic acid, 

methyl ester 

O

O

 

22.77 74(87),140(100),87(65),42(40),85

(23),71(16) 

C16H32O2 Pentadecanoic acid, 

methyl ester 

O

O

 

23.57 55(79),96(100),97(96), 

74(85),140(92), 84(68) ,98(43), 

110(35) 

C17H32O2 Methyl palmitoleate 

O

O

 

23.80 74(100),87(71),143(18),227(13),5

5(22),270(13) 97(9),129(7) 

C17H34O2 Hexadecanoic acid, 

methyl ester 

O

O

 

24.77 74(100),87(73),96(54), 

97(46),143(24),207(22), 241(10) 

C18H36O2 Heptadecanoic acid, 

methyl ester 

O

O

 

25.49 55(100),96(97), 

97(90),69(56),83(62),98(123,180,

207,264,235 

C19H36O2 Oleic acid, ,ethyl ester 

O

O  
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Table 3-2 (continued) 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

25.72 74(100),87(70),143(22),199(11),2

55(13),55(24),43(17),57(17), 

C19H38O2 Methyl stearate 
O

O

 

26.64 91(100),180(11),224(10), 65(10) C15H14O2 Benzeneacetic acid, 

phenylmethyl ester O

O

 

27.34 42(100),99(90),128(62),56(26),71

(24), 212(22), 85(14),143(14), 

C6H12N2O 1,3-

Dimethyltetrahydro-

2(1H)-pyrimidinone 

N

N O
 

28.08 57(100),42(79), 207(58), 43(47), 

97(39),96(31),71(30), 69(25), 

55(24), 103(22),111(22),208(16) 

C22H44O2 2-octyldodecyl acetate O

O

 

 

The distribution of the main products of TMAH flash pyrolysis with 10 wt.% calcium 

perchlorate is shown in Table 3-3. Most of the products are N-containing compounds. These 

include TMA, N,N,N’,N’-tetramethyl-methanediamine and TMTAC at 12.7 %, 21.3 %, and 

16.7%, respectively. Dimethyl ether and CO2 are also main products at 11.0% and 13.9%, 

respectively. The newly formed products of dimethylamino acetonitrile and DMF, of 6.2% and 

6.7% respectively, account for a relatively high proportion compared with other nitrogen 

containing byproducts.  
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Figure 3-5 Chromatograms of TMAH pyrolysis with Ca (ClO4)2 in different abundance at 600 °C. 

(Peak 1: dimethyl ether; 2: 2-methoxyethoxy-ethene; 3: N,N-dimethyl-methylamine; 4: 

Tetramethylammonium acetate?; 5: 1-methylaziridine; 6: N,N-dimethyl-ethylamine; 7,8 : N,N,N’,N’-

tetramethyl-methanediamine; 9: dimethylamino-acetonitrile; 10: dimethyl-cyanamide; 11: N-methyl-N-

(2-hydroxyethyl)carbamic acid, methyl ester; 12: N,N-dimethyl-formamide; 13: propenal 

dimethylhydrazone; 14: 1-methyl-3-piprtidinol; 15: N,N-dimethylacetamide; 16: hexahydro-1,3,5-

trimethyl-1,3,5-triazine; 17: N-methyl-N-(2-hydroxyethyl)carbamic acid, methyl ether; 18: benzoic acid, 

methyl ester; 19: N,N,4-trimethyl-benzenemethanamine; 20: hexadecanoic acid, methyl ester(plalmitic 

acid, methyl ester); 21: octadecanoic acid; methyl ester ( Stearic acid, methyl ester); 22: 2-butenedioic 

acid(Z)-diethyl ester( Maleic acid diethyl ester). 
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Table 3-3 the distribution of the pyrolysis products of TMAH with 10 wt. % of perchlorate 

during the flash pyrolysis at 600 °C  

Compounds Yields(%) Compounds Yields(%) 

CO2 13.9 Dimethylamino-acetonitrile 6.2 

Dimehtyl ether 11.0 Dimethylformamide 6.7 

Trimethylamine 12.7 Dimethyl-cyanamide 1.0 

N,N-dimethyl-ethylamine 1.3 Hexahydro-1,3,5-trimethyl-1,3,5-triazine 16.7 

N,N,N’.N’-tetramethanediamine 21.3 1-methoxy-3,5-diethyltriazene-2-ox 1.2 

Others 8.0   

 

Figure 3-6 shows the effects of calcium perchlorate on the main products produced 

during the flash pyrolysis of TMAH at 600 °C. Trimethylamine and dimethyl ether are the main 

compounds from the flash pyrolysis of TMAH with the presence of calcium perchlorate as 

shown in Table 3-3, and their abundance did not show obvious changes with the increase of 

calcium perchlorate when its abundance is lower than 5 wt.%. TMA abundance increases as 

calcium perchlorate reaches 2 wt.%, and the TMA abundance remains stable as the calcium 

perchlorate concentration increases to 10 wt.%. However, TMA decreases with an increase of 

calcium perchlorate up to 15 wt.%, which means other N-bearing compounds are formed. 

Dimethyl ether shows a similar trend as TMA. Nitrogen containing compounds such as DMF 

and dimethylamino acetonitrile, TMTAC and dimethyl cyanamide are formed when calcium 

perchlorate is over 5 wt.%, and the yield of DMF and dimethylamino acetonitrile increases with 

an increase in calcium perchlorate when its abundance is higher than 5 wt.%. For example, the 

amount of DMF formed after the TMAH pyrolysis with the presence of 15 wt.% ClO4
- is ca. 

2.7 times higher than that from TMAH pyrolysis with calcium perchlorate with the presence of 

5 wt.% ClO4
- ; the TMTAC and dimethyl cyanamide shows a slight increase with the increase 

of perchlorate over 5 wt. %. N,N,N’,N’-tetramethyl-methanediamine is one of the most 

important byproducts from TMAH pyrolysis and the abundance of N,N,N’,N’-tetramethyl-

methanediamine increases with an increase in calcium perchlorate up to 10 wt.%. N,N,N’,N’-

tetramethyl-methanediamine could possibly be decomposed or transferred to other nitrogen 

contain compounds, such as cyanamide or triazine. 1-methoxy-3, 3-diethyltriazene 2-oxide at 

the retention time of 11.66 min is an intermediate compound and the abundance of N,N-

dimethyl-ethylamine increases slightly with increasing perchlorate concentration. And N,N-

dimethylbenzenamide was detected at a low concentration, indicating that additional 

perchlorate promotes the formation of these products. 
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Figure 3-6 Effect of perchlorate on the main products of TMAH pyrolysis at 600 °C(AI/AS represents 

the peak area of the internal standard divided by the peak area of the target compounds) 

 

3.3.2 The pyrolysis of TMAH under SAM experimental conditions  

3.3.2.1 Products of TMAH pyrolysis under SAM experiment conditions 

 

The chromatogram for TMAH pyrolysis using the SAM-like (35°C.min-1) heating ramp 

(Figure 3-7) is similar to the results of TMAH flash pyrolysis from 50°C to 600°C. Indeed, no 

compounds of interest were detected after 5 minutes retention time. Trimethylamine (TMA) 

and dimethyl ether are the main products of TMAH pyrolysis. Other pyrolysis products of 

TMAH include nitrogen and oxygen containing compounds (Table 3-4). Compared with 

TMAH flash pyrolysis, there are fewer byproducts with TMAH pyrolysis at the SAM-like ramp. 

This is due to radical fragments being formed simultaneously and in a highly reactive state 

[604,605] during TMAH flash pyrolysis at 600 °C. Thus the radicals interact with each other 

forming more byproducts. The pyrolysis products of TMAH pyrolysis at ca. 135 to 140 °C has 

been previously studied [606], with the main products of dimethyl ether and TMA being 

consistent with our study. 
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Table 3-4 The products of TMAH pyrolysis at 600 °C at a heating rate of 35°C .min-1 from 50°C to 

600 °C, refers to Figure 3-7. 

 Peak  

No. 

Retention 

time/min 

Masses of fragments* and 

 Relative abundance: m/z (%) 

Empirical 

formula 

Compounds 

N-

containing  

5 1.64, 

1.95,  

2.77 

58(100), 59(51), 42(33), 

45(29), 46(15) 

C3H9N Trimethylamine 

6 2.37 58(100), 44(29), 59(26), 

42(26), 73(15), 72(10) 

C4H11N N,N-dimethyl-Ethylamine 

7 2.61 44(100), 58(20), 42(7), 57(7) C4H12N2 N,N’-dimethyl-

Ethylenediamine 

8 2.68 44(100), 58(17), 59(7), 42(6) C3H9N 2-propanamine 

9 2.90 44(100), 58(52), 42(19), 

59(12) 

C4H11N Diethylamine 

10 4.96 75(100), 73(70), 58(59), 

44(58), 43(21) 

C4H11NO2 2,2-dimethoxy-ethanamine 

O-

containing  

1 1.24 44  CO2 Carbon dioxide  

2, 4 1.27 45(100), 46(80), 44(11) C2H6O Dimethyl ether 

3 1.46 45(100), 46(80), 44(54) C2H2O4 Ethanedioic acid 
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Figure 3-7 Chromatography of TMAH pyrolysis at SAM ramp. Peak 1: CO2 ; peak 2,4 : Dimethyl ether; 

peak 3: Ethanedioic acid; peak 5: Trimethylamine; peak 6: N, N-dimethyl-Ethylamine; peak 7: N, N’-

dimethyl-Ethylenediamine; peak 8: 2-propanamine; peak 9: Diethylamine; peak 10: 2, 2-dimethoxy-

ethanamine. 
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3.3.2.2 The effect of calcium perchlorate on TMAH under SAM-like pyrolysis experimental 

conditions 

 

In order to study the effect of calcium perchlorate on TMAH pyrolysis under SAM-like 

ramp conditions (35 °C .min-1 up to a final temperature of 600 °C), the pyrolysis products of 

TMAH with different calcium perchlorate concentrations were analyzed. Figure 3-8 shows the 

chromatograms of TMAH pyrolysis with Ca(ClO4)2 at the SAM-like ramp from 50 to 600 °C. 

Results show that chloromethane is formed during the pyrolysis of TMAH when calcium 

perchlorate concentrations are > 3 wt.%, and chloromethane abundance increases with an 

increase in calcium perchlorate percentage. This trend may be caused by the decomposition of 

tertramethylammonium chloride. This reaction  can be expressed by the following equation 

[607]:  

(CH3)4NCl → (CH3)3N + CH3Cl     (2)  

Figure 3-9 shows the results of calcium perchlorate on TMAH pyrolysis at the SAM-like 

heating ramp. Dimethyl ether and TMA do not show obvious changes with the increase of 

calcium perchlorate until the perchlorate percentage is higher than 10 wt. %. After 10 wt.% 

perchlorate, the abundance of dimethyl ether and TMA decrease slightly with the increase in 

perchlorates. At the same time, DMF and TMTAC are formed and become the main pyrolysis 

products, with a stable trend in their yield with the increase in calcium perchlorate. This 

demonstrates that the presence of calcium perchlorate can cause the formation of N-containing 

compounds, and the transfer of N from TMA to other nitrogen containing compounds was 

promoted. However, the reaction among these cracking fragments and how these byproducts 

are formed during the TMAH flash pyrolysis and at SAM-like ramp pyrolysis need to be studied. 
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Figure 3-8 Chromatograms of TMAH pyrolysis with Ca(ClO4)2 at SAM ramp. Peak 1: N,N-dimethyl-

ethylamine; peak 2 and 4 : N,N,N’,N’-tetramethyl-methanediamine; peak 3: Dimethylamino-acetonitrile; 

peak 5: DMF; peak 6: N-ethyl-acetamide; peak 7: TMTAC. 
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Figure 3-9 The effect of Ca(ClO4)2 on the pyrolysis products of TMAH at a heating rate of 35 °C.min-

1 from 50 to 600 °C. 

 

3.3.3 Mechanism of reaction of perchlorate with TMAH during the pyrolysis 

 

To elucidate how calcium perchlorate influences the formation of byproducts from 

TMAH pyrolysis at 600 °C, a step pyrolysis experiment was conducted to assess the products 

of TMAH with calcium perchlorate (at 20 wt.%) and without calcium perchlorate. Compared 

with the SAM-like pyrolysis products of TMAH, there was no obvious difference between the 

experiments except for the TMAH + 20 wt % Ca(ClO4)2 from the 400 to 500 °C temperature 

range (Figure 3-10). Table 3-5 summarizes all products of TMAH with and without 20 wt% 

calcium perchlorate. TMA is the main pyrolysis product and was detected at temperature steps 

ranging from 100 to 400 °C. This indicates that TMAH can be decomposed at temperatures as 

low as ca. 100 °C, and a variety of N-bearing compounds were formed. In the 400 to 700 °C 

range, lower abundances of TMA are detected. At temperatures >800 °C, only CO2 was 
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detected. In the 200 to 500 °C range, chloromethane was detected at higher concentrations, 

indicating methyl groups are formed during TMAH pyrolysis, as shown in Figure 3-11. 
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Figure 3-10 The chromatography of TMAH with 20 wt.% ClO4
- , TMAH, and Ca(ClO4)2  pyrolysis at 

400 to 500 °C at a heating rate of 35 °C.min-1. 
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Figure 3-11 Chromatograms of TMAH pyrolysis (a heating rate of 35 °C.min-1) with 20 wt. % calcium 

perchlorate at different temperatures ( Peak 1: CO2); 2: chloromethane; 3 and 5: TMA; 4: N,N-dimethyl-

ethylamine; 5, 6: N,N,N’,N’-tetramethyl-methanediamine; 7: 1-Methyl-pyrrole; 8: Dimethylamino-

acetonitrile; 9: Dimethyl-cyanamide; 10: N,N-dimethylformamide; 11: TMTAC; 12: Dimethyl ether.) 
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Table 3-5 The step pyrolysis products of TMAH with 20 wt. % calcium perchlorate at a heating rate of 35 °C.min-1. 

Compounds 
Pyrolysis Temperature/°C 

50~100 100~200 200~300 300~400 400~500 500~600 600~700 700~800 800~900 900~1000 

Name Mass Empirical formula 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20 

Carbon dioxide 44 CO2                     

Trimethylamine 58,59,42,43,63 C3H9N                     

Chloromethane 52,50 CH3Cl                     

Dimethyl ether 45,46 C2H6O                     

N,N-dimethyl-Ethylamine 58,59,42,73 C14H12N2                     

Acetonitrile 41,44 C2H7NO                     

O-(Carboxymethyl)hydroxylamine 44,42,46,50 C2H5NO3                     

2-propanamine 44 ;58 ;72 C3H9N                     

Tetramethylammonium chloride 58,59,50 C4H12ClN                     

Betaine Hydrochloride 58,59,45,49,73,91,104 C5H12CINO2                     

Dimethoxydimethylsilane 105,75,58,45 C4H12O2Si                     

Methamphetamine 58,59,42,75,91,105 C11H17NO                     

Metamfetamine 58,59,91,44 C10H15N                     

Tetramethylammonium perchlorate 58,59,44,45,74 C4H12ClNO4                     

N-methyl- ethylamine 44,58,59 C3H9N                     

Betaine 58,59,105,42,75 C5H11NO2                     

1-methoxy-2-(vinyloxy)-ethane 58,59,45,46 C5H10O2                     

Tetramethylammonium acetate 43,58,74 C6H15NO2                     

Bis(dimethylamino)methane 58,42,102 C5H14N2                     

1-methyl-pyrrole 58,81,80,72,42 C5H7N                     

Dimethylamino-acetonitrile 83,58,42,74 C4H8N2                     

Dimethyl-cyanamide 69,70,58,42,53 C3H6N2                     

Dimethylformamide 73,44,58 C3H7NO                     

4,5-Dimethyl-DELTA.[2]-pyrazoline 83,59 ,42,73,98,44 C5H10N2                     

N-n-Butylaminoacetonitrile 42,59,58,83,73,102,98,116 C6H12N2                     

2-ethyl-1-Butene 69,58,42,84,113,73 C6H12                     

(1E)-Ethanal o-ethyloxime 59,58,42,87,72,69, C4H9NO                     

Methyl-dimethyl ester Malonic acid 59 ,58,44,87,72,115 C5H8O4                     

2-Mehtyl-2,4-pentanediamine 59 ;42 ;58 ;44 ;73 ;97 C6H16N2                     

Cycloserine 42 ,59,73,104 C3H6N2O2                     

Hexahydro-1,3,5-trimethyl-S-Triazine 44,86,128,57,50 C6H15N3                     

2-Chloro-N,N-diethyl-3-oxo-Butanamide 42,44,59,58,73,102,149,134,151 C8H14ClNO2                     

1,3,5,7-Tetraazaadamantane 42, 140,58,69,85,112 C6H12N4                     

4,5-Dichloro-1methyl-1H-imidazole 42,44,58,109,150 C4H4Cl2N2                     
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Compared with TMAH-only experiment, the numbers of pyrolysis products were 

increased in TMAH SAM-like ramp pyrolysis in the presence of 20 wt. % ClO4
-
. Figure 3-11 

shows the chromatograms of TMAH pyrolysis with the presence of 20 wt.% of ClO4
- at 

different temperatures. Dimethyl ether and TMA are the main products the pyrolysis. There are 

also other O- and N-containing compounds that were detected when the pyrolysis temperature 

was lower than 400 °C, such as 1-methoxy-2-(vinyloxy)-ethane and N,N-dimethyl-ethylamine. 

There was no significant change in the number of byproducts when the pyrolysis temperature 

was lower than 400 °C; however, more than 20 compounds were detected during the TMAH 

pyrolysis from the 400 to 500 °C temperature range. Approximately 50% of these compounds 

contain nitrogen. Among these compounds, a high concentration of TMTAC was detected. 

Other related nitrogen-containing and nitrogen-oxygen containing compounds were identified, 

such as dimethyl-cyanamide, dimethylamino-acetonitrile, N-dimehtyl-N-D-aspartic acid, 

pyrrole, and DMF. TMTAC, DMF, and TMA are the main products obtained from the pyrolysis 

of TMAH with Ca(ClO4)2, and the intensity of TMTAC is the highest, which means the 

TMTAC is the most stable form of a nitrogen containing compound in these experiments.  

TMTAC, with a chair conformer with the axial orientation of one CH3 group based on 

electron diffraction data [608], is a kind of nucleophilic acyl group transfer reagent and can 

provide a convenient alternative to the established dialkoxymethyllithium compounds and 

lithiodithianes commonly employed as one-carbon nucleophiles, a building block for 

imidazoles[609]. It is well known that hexamethylenetetramine (HMT) or hexamine can be 

formed by the reaction of formaldehyde and ammonia, and they are stable intermediates during 

the reaction. Ogata[610] explained the mechanism and kinetics of the formaldehyde and 

ammonia reaction, wherein the formation of methylenediamine (NH2CH2CH2) is faster than 

that of hexamine, and a higher ratio of CH2O vs. NH3 is favorable for the formation of hexamine. 

They proposed the dimethylamine pathway for the formation of HMT during the reaction of 

formaldehyde and ammonia, which has been confirmed by Zeffiro[611]. Their results showed 

that dimethylamine plays a key role in the formation of HMT, which are stable intermediates. 

Through a dehydration process, methylenediamine reacts with dimethylamine and forms the 

cyclotrimethylenetriamine, which is the related heterocyclic compound of (CH2NR)3, where R 

is hydrogen; however, if R represents a methyl group, the product should be TMTAC.  

This reaction led to the conclusion that the presences of aldehyde and amine functional 

group-containing compounds are key factors for the formation of TMTAC. Results from our 

study indicate that DMF, with both aldehyde and amine functional groups, could be the main 

compound formed simultaneously with the formation of TMTAC. Thus, we speculate that DMF 
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is a vital intermediate and plays a key role in the formation of TMTAC. DMF is a polar solvent 

used widely in industrial processes that can dissolve a wide range of both organic and inorganic 

compounds because of its large dipole moment, a high dielectric constant and its donor-acceptor 

properties[612]. It can also be used as a dehydrating agent and catalyst in the dehydration of 

aldoximes to nitriles[613]. The oxygen atom in DMF is the negative pole and is an ideal 

hydrogen bond acceptor that extends out from the rest of the molecule. The TMTAC cannot be 

the condensation product of nitriles because the lack of methyl groups on the nitrile N atom 

makes it impossible to form TMTAC.  
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Figure 3-12 The chromatography of DMF flash pyrolysis at 600 °C. 

 

To confirm the function of DMF during the formation of TMTAC, the flash pyrolysis 

products of DMF at 600 °C were studied. Figure 3-12 shows the chromatogram of DMF flash 

pyrolysis at 600 °C and the main pyrolysis products are listed in Table 3-6. Results show that 

the TMTAC was formed during the pyrolysis of DMF at 600 °C, and N, N, N’, N’-tetramethyl-

methanediamine (RT=2.77 and 3.02 min), dimethylamino-acetonitrile (RT=4.02 min), and 

some olefins such as 1-nonene (RT=8.53 min) and 1-decene (12.78 min) were detected. These 

results indicate that DMF is the main intermediate for the formation of these compounds.  
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Table 3-6 The pyrolysis products of DMF flash pyrolysis at 600 °C, refers to Figure 3-12. 

Num. Retention 

time/ min 

Masses of fragments* and 

 relative abundance: m/z (%) 

Empirical 

formula 

Compounds Structure 

1  1.36 44(100) CO2 Carbon dioxide  

2  1.61 42(100),43(52),44(21),40(18) C2H5N Ethylenimine 
NH 

3  1.80 44(100), 45(54), 46(28) C2H7NO Ethanolamine NH2
OH  

4  1.97 44(100), 42(38), 43(21), 41(15), 58(10) C3H9N 2-Propanamine CH3

CH3

NH2

 

5  2.77, 3.02 58(100), 42(11), 102(6) C5H14N2 N,N,N’,N’-

tetramethyl- methane

diamine 

N

CH3

CH3

N
CH3

CH3  

6  4.02  83(100),84(58),58(55),42(46), 43(10) C4H8N2 
Dimethylamino-

acetonitrile 
N CH3

CH3

N  

7  4.65-6.31 73(100), 44(53), 42(28), 72(14),43(9) C3H7NO Dimethylformide N

CH3

CH3
O

 

8  8.53 56(100),43(87), 55(82), 41(63), 

69(61),70(49),42(34), 83(26),97(24), 

C9H18 1-Nonene  

9  8.68 104(100), 78(51), 103(49), 77(24), 51(22) C8H8 Styrene 

 

10  12.20 44(100), 86(66),42(62), 128(40),43(29), 

57(25) 
C6H15N3 

1,3,5-Trimethyl-

1,3,5-

triazacyclohexane 

N

N

N

CH3

CH3 CH3 

11  12.77 56(100),55(97), 70(87),41(79),57(60)43(62), 

83(41),97(28),111(14),  

C10H20 1-Decene  

12  14.20, 

14.44 

93(100),92(40),68(40),79(32),107(16), ,59(1

1), 121(9) 

C10H16 1-methyl-4-(1-

methylethyl)-(S-)-

Cyclohexene 
 

13  17.47 55(100),70(91), 41(80), 43(76), 83(61), 

97(35), 111(15) 

C11H24O 1-Undecanol OH 

14  17.87 57(100), 43(74), 71(55), 41(32), 70(15) C11H24 Undecane  

15  22.43 55(100),69(93),56(89),70(78),83(71),97(50),

98(20) 

C12H24 1-Dodecene  

16  22.63 57(100),71(67), 43(49), 85(37),55(30), 

70(25), 41(24), 97(11) 

C12H26O 2-Butyl-1-Octanol 
OH  

 

The question remains of how DMF is formed during the TMAH pyrolysis at 600 °C in 

the presence of calcium perchlorate. The thermal decomposition process of calcium perchlorate 

is an integral step in understanding this process. Migdał-Mikuli[587] studied the thermal 
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decomposition of calcium perchlorate, which includes three main stages: and the first stage is 

the process of dehydration as shown in reaction (3), between 184 and 287 °C; the phase 

transition of solid to melted calcium perchlorate is the second stage according to differential 

scanning calorimetry (DSC)curve at 346 to 416 °C  as shown in reaction (4); the third stage is 

the decomposition of Ca(ClO4)2 concurrent with the formation of CaCl2 and the release of O2 

at about 462 °C (5). When water is present, CaCl2 could react with H2O and release HCl at the 

pyrolysis temperatures higher than 450 °C[56]. The oxidation of TMAH was caused by the 

oxygen released during the thermal decomposition of calcium perchlorate from 400 to 500 °C, 

which can provide enough energy needed for the thermal decomposition of calcium perchlorate, 

as shown in Figure 3-10 and 11.  

[Ca(𝐻2O)4](ClO4)2 → [Ca(𝐻2O)2](ClO4)2 + 2𝐻2O                                       (3) 

[Ca(𝐻2O)2](ClO4)2 → Ca(ClO4)2 + 2𝐻2O  Ca(ClO4)2 → Ca(ClO4)2(melt)   (4)                        

Ca(ClO4)2 → Ca𝐶𝑙2 + 4𝑂2                                                                              (5) 

During the pyrolysis of TMAH, TMA was detected, which is the most possible likely 

precursor of DMF, which means the methyl functional group of TMA or tetramethylammonium 

ion could be oxidized by O2 released from the degradation of calcium perchlorate. The reaction 

between CH3 and O2 may proceed through three different channels, as shown in equations (6), 

(7), and (8)[614]. 

CH3 + O2  → CH3O2                                                                                               (6) 

                    → CH3O ∙ +O ∙                                                                                       (7) 

                    → CH2𝑂
+ + 𝑂𝐻−                                                                                  (8)                                                                   

Reaction (6) is the main channel at low temperatures about 300 K. The reaction (7) and 

(8) play a major role in the consumption of CH3 during methane oxidation at elevated 

temperatures. For the oxidation of TMA in this study, result showed that channel (8) is the main 

process of TMAH oxidation, because the hydrogens are active and can be transited among 

different methyl groups [615,616]. Therefore, the oxidation of the methyl functional groups of 

the TMA or TMAH ion by oxygen released during the decomposition of calcium perchlorate is 

the main source of DMF formation. However, oxygen has consistently been present such that 

formation of the intermediate (CH3)2NCH2O2 was not rate determining [617]. Therefore, the 

formation of DMF with different percentages of calcium perchlorate did not substantially 

change with the 35 °C.min-1 heating rate. However, the potential energy surface of OH 

formation is pressure dependent [617]. The pressure of TMAH flash pyrolysis increases 
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immediately when the sample is injected into the pyrolysis chamber. At the same time, many 

radical fragments are formed and volatile volumes increase to facilitate the combination among 

these radicals and form different chemical products. Therefore, the yield of DMF during the 

flash pyrolysis increased with the increasing amount of calcium perchlorate, and there are many 

more byproducts of TMAH with the SAM-like ramp pyrolysis. For the same reason, the 

formation of TMTAC showed a relatively stable trend with SAM-like ramp pyrolysis. 

Additionally, TMTAC increased with an increase of calcium perchlorate, which could also be 

facilitated by the higher formation and mass transfer rate of hydrogen radicals during the flash 

pyrolysis. 

The cyanamide and acetonitrile feature a nitrogen atom (sp3 or sp2) bearing a nitrile 

group and possess unique properties as building blocks for organic synthesis owing to their 

original unique structures [618]. Cyanamide and acetonitrile bearing compounds are formed 

during TMAH pyrolysis at 600 °C with the presence of calcium perchlorate. Examples of these 

products include dimethylamino-acetonitrile (RT=5.26 min, Figure 3-5) and dimethyl-

cyanamide (5.80 min, Figure 3-5), which indicates not only oxidation but also cyanations occur 

during the TMAH pyrolysis with calcium perchlorate. The simplest form of cyananamide can 

be formed naturally. Cyanamide is also considered as an important molecule in prebiotic 

chemistry with the condensation of cyanamide 1 with α-hydroxy aldehydes being a possible 

prebiotic route to cytosine-type nucleosides [619]. Cyanamide can be formed through several 

different methods, including the alkylation and acylation of cyanamides, the cyanation of 

amines and their derivatives, and dehydration of urea and amide oximes [620]. Doubly labeled 

nitrile compounds have been synthesized by combining the source of –CN from DMF (96% 

13C source) and ammonia (98% 15N source) in the palladium-catalyzed cyanation of aryl C-H 

bonds [621]. Cyanamide can also be formed by the direct transformation of DMF[622]. Both 

element N and C of cyano functional group derived from DMF (C3H7NO), O2 and –CH3 are the 

sources of element O and C in the generated –CHO group, individually; which demonstrated 

that the functional group –CHO were generated from the methyl oxidation by O2. Results 

showed that the presence of H2O decreases the yield of –CN formation, which could be caused 

by the –CN group hydration to amine[623]. The formation of various intermediates could also 

be formed through the Ritter reaction[624,625]. Therefore, hydration processes could occur 

during TMAH degradation. As shown in Figure 3-10, some urea related products are formed, 

such as urea and N,N-dimethyl urea. Therefore, DMF is the key intermediate for the formation 

of cyanamide and (dimethylamino)acetonitrile during the TMAH pyrolysis in presence of 

calcium perchlorate over 15 wt.%. This is demonstrated by the pyrolysis of DMF at 600 °C. 
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Therefore, the formation of cyanamide and nitriles, CO2, and other byproducts related to DMF 

formation are influenced by the formation rate of DMF, hence these compounds’ formation 

remains stable. The reaction route can be seen in Figure 3-13. There are two competitive 

processes involved: the oxidation by O2 and hydrogenation reduction by hydrogen radicals 

including ·H radicals and ·CH3 radicals formed from the demethylation reactions of TMAH. 

The nitrogen ylide could be oxidized to acyl containing compounds, and then further oxidized 

to carboxyl by O2, followed by the methylation process, or by the formation of CO2 through 

carboxyl elimination; and the intermediate products could be stabilized by hydrogen radicals. 

CO2 could also result from the partial hydrolysis of secondary and tertiary amide groups formed 

in branching and crosslinking reactions[623]. Alternatively, the methyl groups could form the 

alkyl chain products via the free radical polymerization mechanism[626].  At the same time, 

the aromatization of these active free radicals could occur according to the aromatization 

mechanism[463]. The cyclization reaction also plays a key role during the degradation of 

TMAH at 600 °C, such as the formation of pyrrole compounds that may be formed through the 

reaction of amine functional groups with α-hydrogen[400]. However, no researchers have 

reported the direct formation of –CN from TMAH pyrolysis, which would represent a new 

pathway for cyanamide and nitrile formation. However, the hydroxyl ion can catalyze the 

hydrolysis of cyanamide, which could be decomposed in alkaline solutions to urea [627] as well 

as polymerized to dicyanodiamide.  
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Figure 3-13 The plausible mechanism of TMAH degradation with the presence of calcium perchlorate at 600 °C. 
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As mentioned before, the decomposition of TMAH at low temperatures (ca. 200 °C) 

has two possible pathways: the SN2 and the ylide pathway. Based on the TMAH pyrolysis 

products at 600 °C, the nucleophilic attack of TMAH and the ylide intermediate pathway is a 

more satisfactory explanation. Ylide is another important compound for the formation of 

nitrogen containing byproducts, including dimethyl-methanolamine, dimethylamine, and N, N, 

N’,N’-tetramethyl-methanediamine [623], all formed during the TMAH pyrolysis process. For 

example, unstable ylides can decompose to produce dimethyl ethylamine and polyethylene, and 

the ylide would be involved in the formation of the dimethyl ether [628]. The ylide can 

rearrange via intramolecular hydrogen exchange to form the dimethyl ether products mixed 

with CH3OCH3, CH2-DOCHs, CHD2OCH3, and CD3OCH3 [66,629].  The charge distribution 

of N-containing ylides is largely affected by the electron withdrawing properties of the 

quaternary nitrogen [630]. Other than the Mannich reaction [631,632] , in situ dehydration of 

water from the hemiaminal products of the reaction between formaldehyde containing 

compounds and an amine also plays an important role in the formation of different alkyl ylides, 

as shown in Figure 3-13.  

 

3.3.4 Fatty acid recovery with TMAH thermochemolysis in the presence of calcium perchlorate 

 

Lastly, the performance of TMAH on the recovery of fatty acids (16 nmol) was studied. 

Although there are several new products formed during the pyrolysis of TMAH with >10 wt. % 

calcium perchlorate, the highest concentrations of ClO4
- detected on Mars is ca. ~1 wt.% 

[633,634]. Therefore the effect of calcium perchlorate (< 5 wt. %) on the detection of fatty acids 

was studied. Naphthalene-d8 was used as the internal standard and the fatty acids were 

quantified by rationing the peak area of the fatty acid divided by the peak area of naphthalene-

d8. Figure 3-14 shows the recovery of fatty acids without and with different percentages of 

calcium perchlorate. Results demonstrate that the increase in calcium perchlorate up to 5 wt. % 

has nearly no effect on the detection of fatty acids. Additionally, the concentration of the methyl 

group (about 86 µmol, calculation can be seen in supplementary materials) used to derivatize 

the fatty acids is much greater than (in excess) the concentration needed to complete fatty acid 

methylation (of 16 nmol). Therefore, the calcium perchlorate has no obvious effect on the 

recovery of the fatty acids.  
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Figure 3-14 The effect of calcium perchlorate on the recovery of fatty acids by TMAH 

thermochemolysis 

 

To further explore how calcium perchlorate may affect the detection of organics on Mars, 

experiments were conducted that utilized the same concentration of fatty acids and perchlorate 

as has been reported from Mars [59]. Chlorobenzene has been detected on Mars at 300 ppb and 

is used as a proxy for the concentration of organics on Mars for this experiment. Perchlorate on 

Mars has been detected at about ca. 1 % [61]. The Curiosity rover which carries the SAM 

instrument is capable of delivering ca. 20 mg of sample to SAM for a TMAH thermochemolysis 

experiment. Therefore, ca. 6×10-9 g (300 ppb×20mg=6×10-9 g) of fatty acids and 0.2 mg ( 1% 

× 20 mg) ClO4
- were set to simulate the Mars conditions for this experiment. Figure 3-15 shows 

the recovery of fatty acids with and without calcium perchlorate on Mars-like conditions. 

Different percentages of calcium perchlorate have nearly no effect on the detection of fatty 

acids at these ratios. The calcium perchlorate used in this study can release 4×10-6 mol of O2, 

the abundance of TMAH is about 4.4 times higher than the amount of O2, and the C abundance 

is 17.6 times higher than that of O2 (calculation can be seen in supplementary materials). 

However, TMAH can be degraded to methyl radicals which more readily react with O2. The 

fatty acids used in these experiments are very stable [635] and have been derivatized to methyl 
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esters by TMAH thermochemolysis, the methylation of the groups containing esters and ethers 

could increase the thermodynamic stability and chromatographic detection by GC/MS [249]. 

However, methyl groups can be formed when TMAH pyrolysis temperatures reach to 100 °C, 

readily driving forward reactions with O radicals [636]. The presence of calcium perchlorate 

did not show obvious effects on fatty acid recovery (about 11.8 pmol, calculation can be seen 

in the supplementary materials). Hence, the excess TMAH to sample ratio is essential for the 

detection of organics with the SAM and MOMA instruments. However, fatty acid detection 

becomes more difficult with both long alkyl chains or with lower abundance of fatty acids. 
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Figure 3-15 The recovery of fatty acids with TMAH thermochemolysis on Mars-like conditions. The 

concentration of perchlorate is the ratio of perchlorate to organics (300 ppb of fatty acids). 

 

3.4 Conclusions 

 

In this study, the degradation of TMAH with and without the presence of calcium 

perchlorate at flash pyrolysis and SAM-like ramp pyrolysis to 600 °C was studied. Some 

chloride related compounds were detected during TMAH pyrolysis with >10 wt. % calcium 

perchlorate, including chloromethane, tetramethylammonium chloride, 5-chloro-2-

pyridinol, 5-chloro-1-methylimidazole, and 4,5-dichloro-1-methyl-imidazole. Though the 

peak intensity of these chlorinated compounds was over 1000 times lower than that of the 
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main products, they are the potential candidates for the chloride containing byproducts of 

TMAH. Therefore, TMAH showed little reactivity with chlorine-containing substances. 

We also conclude that calcium perchlorate does not affect TMAH degradation at a 

SAM-like ramp pyrolysis temperature 600 °C when calcium perchlorate concentrations are 

lower than 10 wt.%. Although TMA and dimethyl ether are the main byproducts of TMAH 

pyrolysis, some new byproducts are formed when the calcium perchlorate concentrations is 

higher than 10 wt.%. DMF is formed because of methyl group oxidation by O2 released 

from the decomposition of calcium perchlorate and followed by the formation of cyanamide 

and acetonitrile through the cyanation route of amines. TMTAC is formed by the 

trimerization of DMF, which is a crucial intermediate for the formation of other nitrogen 

containing byproducts of TMAH. Urea is formed through the Ritter reaction and Manich 

reaction, and the Steven rearrangement and Hofmann elimination are involved in the 

formation of various intermediates and ylides. However, in our experimental conditions, 

calcium perchlorate did not affect the recovery of fatty acids with TMAH thermochemolysis, 

even when the fatty acid volume was low. These lines of evidence demonstrate that TMAH 

is a good thermochemolysis reagent at high temperature (600 °C) for the methylation and 

detection of organics on Mars with the SAM and MOMA instruments.  
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Chapter 4. Application of TMAH thermochemolysis 

to the detection of the nucleobases: application to the 

MOMA and SAM space experiment. 
 

4.1 Introduction 

 

Searching for the biochemical precursors at the Mars surface is one of the main goals of 

the Sample Analysis at Mars (SAM) and Mars Organic Molecule Analyzer (MOMA) 

experiments onboard the Curiosity and ExoMars 2020 rovers, respectively. Among the 

chemical compounds, organic molecules are of particular importance and key species include 

carboxylic acids, amino acids, and nucleobases.  Seven nucleobases are of particular importance 

in terrestrial biology. Five — adenine (A), guanine (G), thymine (T), cytosine (C), and uracil 

(U) — are contained within DNA and/or RNA.  These nucleobases build codons, and each 

codon corresponds to an amino acid.  Two others — xanthine (X) and hypoxanthine (HX) — 

are important metabolic intermediates.  Here we show that if these seven nucleobases were 

present in Martian samples, they could be detected in situ by instruments on current Mars rover 

missions even at low concentrations.  

Low concentrations of nucleobases have been identified in carbonaceous chondrite-type 

meteorites [40,41,225,637–643] . Callahan [644] analyzed the component of five different 

martian meteorites after formic acid extraction, purification and concentration followed by 

liquid chromatography-mass spectrometry. However, no nucleobases or nucleobase analogs 

were observed above their detection limit of 1 ppb in any of the martian meteorite samples 

studied [13]. These laboratory studies of carbonaceous chondrites and martian meteorites 

provide a solid baseline for future searches for nucleobases on the martian surface.  

Though Basiuk and Douda [645] investigated the recovery rate of underivatized adenine, 

guanine, cytosine, and uracil after sublimation at temperatures between 400°C and 1000°C 

using a laboratory furnace under a N2 or CO2 atmosphere. Results indicated that the temperature 

range from 500-600°C represented the best compromise between the thermal decomposition 

and volatilization rate, suggesting that thermal introduction of nucleobases is a viable strategy 

for sample analysis.  Pyrolysis-Gas Chromatography-Mass Spectrometry (Pyr-GC/MS) is one 

of the operational modes used to detect the organic compounds as part of the SAM and MOMA 

experiments.  Unlike sublimation, pyrolysis does not preserve the initial organic compounds, 
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some derivatization solvent should be used, such as N,N-tert-butyl-dimethylsilyl-

trifluoroacetamide (MTBSTFA) and dimethylformamide (DMF) and tetramethylammonium 

hydroxide (TMAH) will be used on MOMA and SAM to protect polar compounds released 

from the pyrolysis experiment. MTBSTFA and DMF have been proved as good derivatization 

solvent. For example, Glavin [646] detected the adenine, thymine, uracil, cytosine, and xanthine 

(interpreted as a product of guanine degradation) in the extract of Escherichia coli strains (E. 

coli) inoculated with  serpentine samples.  Results showed that sublimation coupled with 

chemical derivatization using MTBSTFA and DMF as the derivatization solvent, with GC/MS 

analysis, could detect nucleobases in Martian soil analogs. TMAH works as a methylation agent 

boosting the cleavage of macromolecules, thereby methylating the products released from 

sample pyrolysis, and giving rise to improved detection by GC/MS. For example, thymine can 

react with TMAH [24,647]. TMAH thermochemolysis can provide much more important 

information about organic compounds of different samples [294,563,648–650], such as amino 

acids [250,286,548,651–653], aliphatic and aromatic carboxylic acids [654], natural water, soil 

samples, and kerogen [655,656]. TMAH derivatization can increase the volatility of the 

nucleobases by decreasing the polarity of the labile molecules, which makes it easier to identify 

nucleic acids in the complex mixtures [647].  

However, the classical process of offline thermochemolysis requires several steps, 

including the process of solvent derivatization, the thermochemolysis products extraction, and 

the supernatant drying under a flow of N2 to remove solvent or separate derivatives prior to 

GC/MS analysis [264,657].  At present, these steps are too technically complex to be fully 

automated for in situ analysis in space, especially for the detection of organic compounds on 

Mars.  Therefore, a simpler “on-line” thermochemolysis method suited to such an application 

has been implemented for SAM and MOMA. 500 µL of 25% TMAH in methanol and 15 µL 

of TMAH are stored in the SAM oven [2] and MOMA derivatization capsules [3], respectively. 

The TMAH thermochemolysis process needs to be tested and optimized according to the 

analysis conditions of the SAM and MOMA experiments, i.e. by contacting the sample and the 

TMAH directly in contact inside the pyrolysis furnace without any further sample processing. 

The results of TMAH derivatization are affected by the experimental conditions, such as TMAH 

concentrations, pyrolysis temperature, and volume of TMAH (which in turns affects pH) 

[286,287] . TMAH thermochemolysis, however, has rarely been considered for the analysis of 

nucleobases based on the SAM and MOMA missions, thus the experimental conditions as well 
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as the direct TMAH thermochemolysis process in SAM and MOMA conditions have yet to be 

optimized.  

In this study, the TMAH thermochemolysis products of seven nucleobase standards and 

mixtures pyrolyzed at different temperatures were analyzed individually by Pyr-GC/MS. The 

derivatizations of all nucleobases at the optimal pyrolysis temperature, as well as the limit of 

detection (LOD) and limit of quantification (LOQ) of the nucleobases were determined. In 

addition, the thermochemolysis mechanisms of all nucleobases in TMAH were analyzed. This 

data is the first of its kind, benchmarking whether it would be possible to detect all or some of 

the studied nucleobases with the in situ TMAH thermochemolysis experiments on the SAM 

and MOMA experiments of the Mars Science Laboratory and ExoMars 2020 space missions.  

However, it should be noted that on Mars the nucleobases are contained in a solid matrix from 

which they will have to be extracted. 

4.2 Experiments 

4.2.1 Materials and methods 

 

In this study, individual solutions of adenine (Sigma, purity > 99%), thymine (Fluka, 

purity > 99%), uracil (Alfa Aesar, purity > 99%), cytosine (Fluka, purity ~ 97%), guanine 

(Fluka, purity > 99%), xanthine (Alfa Aesar, purity > 99% ) and hypoxanthine (Sigma, purity > 

99%) were prepared by diluting the pure solid nucleobases in TMAH solutions (25% by weight 

in methanol, Sigma-Aldrich). The concentration of each nucleobase and their mixtures used in 

this study are shown in Table 4-1. TMAH was always in excess compared to the nucleobase, 

with a minimum of six molecules of TMAH for three methylation sites in the case of cytosine. 

Naphthalene-d8 (Sigma-Aldrich, isotopic purity: 99 atom % D) was used as an internal standard. 

All of the samples were stored in the refrigerator at 3°C.  

 

Table 4-1 Detailed information of nucleobases used in this study. 

Nucleobases 
Amount 

(nmol) 

Injection 

volume 

(µl) 

Concentration 

(mol·L-1) 

Adenine 0.125 0.05 2.5×10-3 

 0.25 0.10 2.5×10-3 

 2.50 0.01 0.25 

Thymine 0.26 0.10 2.6×10-3 

Uracil 0.26 0.10 2.6×10-3 

Cytosine 15.0 0.05 0.3 
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                   Table 4-1 (continued) 

Nucleobases 
Amount 

(nmol) 

Injection 

volume 

(µl) 

Concentration 

(mol·L-1) 

Guanine 11.0 0.05 0.22 

Xanthine 0.22 0.10 2.2×10-3 

Hypoxanthine 1.20 0.10 1.2×10-2 

Mixtures 

Adenine 18 0.10 0.18 

Guanine 31 0.10 0.31 

Cytosine 43 0.10 0.43 

Thymine 0.19 0.10 1.86×10-3 

Uracile 0.19 0.10 1.86×10-3 

Xanthine 0.18 0.10 1.57×10-3 

Hypoxanthine 0.86 0.10 8.57×10-3 

 

4.2.2 Pyrolysis-GC/MS and methods  

 

During the pyrolysis experiments, several amount of each nucleobase solution was 

pyrolyzed at 400°C, 500°C, and 600 °C, and 0.1 μl of the mixture of seven nucleobases in 

solution were pyrolyzed at 600°C. The pyrolysis experiments were performed with an 

EGA/PY-3030D micro-oven pyrolyzer (Frontier Lab), installed on the Split/SplitLess (SSL) 

injector of a gas chromatograph (Trace GC Ultra, Thermo Scientific) coupled to a quadrupole 

mass spectrometer (ISQ LT, Thermo Scientific). An Optic 4 injector (GL Sciences) was used 

for the low temperature analyses (injection at 250°C and 300°C). It was connected to a GC 

(Trace GC Ultra, Thermo Scientific) coupled to a quadrupole mass spectrometer (DSQ II, 

Thermo Scientific). The GC was equipped with a Zebron ZB-5HT Inferno column (30 m × 0.25 

mm i.d. × 0.25 μm film thickness) with a 5 m integrated guard column. The temperature 

programming of the column started at 50°C, was held for 5 min, then heated at a rate of 6°C.min-

1 up to 240°C, then raised to 300°C at a rate of 10°C.min-1 and held for2 min. Helium was used 

as the carrier gas, with the helium flow rate in the column at 1.5 mL min-1. The split flow was 

50 mL min-1. The temperature of the SSL injector was 280°C. The masses were scanned 

between m/z 40 and m/z 500. The ionization energy was 70 eV.  These conditions are similar 

to those on SAM and MOMA since it can be used to analyze whether or not it will be able to 

detect nucleobases on Mars. 

4.2.3 Quantification of all nucleobases 
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A solution of naphthalene-d8 in dichloromethane was prepared at a concentration of 

0.05 mol·L-1, and 0.4 μl of naphthalene-d8 internal standard solution was added in each solution 

of the nucleobase. A standard solution of all seven nucleobases (A, G, T, U, C, X, and HX) at 

a concentration of 0.01 mol·L-1 was prepared with the mix of TMAH (25% by weight in 

methanol) and H2O in the same volume. For the calibration curve of guanine, different amounts 

of guanine (0, 15, 20, 40, 80, 120 nmol) were injected; for the other six nucleobases, 0, 5, 10, 

15, 20, 30, 50 nmol were injected.  The main peaks of each nucleobase (m/z = 177, 154, 140, 

153, 194, 194, 164) were chosen respectively as target products for A, T, U, C, G, X, and HX 

quantification.  

In order to analyze the mixtures of all nucleobases, a new GC temperature program was 

used. The initial column temperature was set at 40°C and held for 2 min, followed by a ramp 

of 3°C min-1 up to 200°C. The temperature raised to 300°C at a rate of 6°C min-1 and maintained 

at this temperature for 2 min. The split ratio was set at 20:1. All of the nucleobase solutions 

were sampled in a clean capsule (pre-cleaned at 1000°C for 30 sec) and dried completely with 

a stream of nitrogen. Then 3.0 μl of TMAH was added. All points were repeated more than 

three times. The quantification curves of all nucleobases were used to quantify the 

corresponding nucleobase. 

4.3 Results and Discussion 

4.3.1 Optimization of the thermochemolysis for nucleobases 

To determine the optimal temperature of TMAH thermochemolysis by direct Pyr-

GC/MS analysis, each of the seven nucleobases diluted in TMAH was pyrolyzed at 400°C, 

500°C, and 600°C.  

4.3.1.1 Adenine  

 

2.5 nmol of adenine dissolved in TMAH was injected successively at 400°C, 500°C, 

and 600°C, and all derivatives of adenine were analyzed. The chromatograms obtained are 

given in Figure 4-1A. At 500°C, 3-methyl-adenine was not detected. The five peaks 5, 6, 7, 8 

and 9 were methylated derivatives of adenine which cannot be detected at 400°C, however, 

their exact tautomeric forms cannot be determined. The major peak is N, N, 9-trimethyl-adenine 

(or N, N, 9-trimethyl-9H-purin-6-amine, peak 2), and its three labile hydrogen sites are fully 

methylated at every tested temperature. At this amount of adenine (2.5 nmol), these two 

compounds were detected from 400°C to 600°C. However, it should be noted that the intensity 
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of all peaks increased strongly with the increase of pyrolysis temperature, and the optimal 

detection temperature of adenine in TMAH thermochemolysis was 600°C. According to our 

previous work, when the temperature is higher than 600°C, TMAH can be degraded.  This gives 

rise to more byproducts [658], which are degradational to the thermochemolysis of nucleobases 

in TMAH; hence 600 °C is considered the optimal temperature for TMAH thermochemolysis 

experiments. Some siloxane peaks were detected in the thermochemolysis products of seven 

nucleobases at different temperatures, there are also siloxane in the blank experiments. Thus, 

these siloxanes may originate either from the thermal degradation of the septum of the GC 

injector or from the degradation of the stationary phase of the column caused by the corrosive 

effect of TMAH, or both.  

 

 

Figure 4-1: Chromatograms of adenine thermochemolysis in TMAH performed at different temperature 

(A: 600°C, 500°C, and 400°C.) and different amount (B: (a) 0.125 nmol (b) 0.25 nmol (c) 2.5 nmol). 

Chromatogram A: Peak 1: 3-methyl-3H-purin-6-amine; Peak 2: N, 9-dimethyl-9H-purin-6-amine; Peak 

3: N, N, 9-trimethyl-9H-purin-6-amine; Peak 4: N, N, 3-trimethyl-3H-purin-6-amine; Peak 5: dimethyl 

adenine; Peak 6,7,8,9: trimethyl adenine.  Note the break in the intensity scale to show the height of 

peak 3; 

Chromatogram B: Peak 1: 3-methyl-adenine; Peak 2: N, 9-dimethyl-adenine; Peak 3: N, N, 9-trimethyl 

adenine; Peak 4: N, N, 3-trimethyl-adenine; Peak 5: dimethyl adenine; Peak 6,7,8,9: trimethyl adenine.  

Note the break in the intensity scale to show the height of peak 3 in the 2.5 nmol chromatogram. 
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Figure 4-2: Mass spectra of adenine methylated through thermochemolysis. (a-e) 162 m/z corresponds 

to the molecular ion of dimethyladenine and (b-e) 177 m/z corresponds to the molecular ion of 

trimethylated adenine. 

Figure 4-1B shows the chromatograms of different amounts of adenine 

thermochemolyzed at 600°C. For the 0.125 nmol adenine solution (Figure 4-1B(a)), three 

different methylated derivatives of adenine were identified, with low intensity peaks: a 

dimethylated form (peak 2: N, 9-dimethyl-adenine) and two kinds of trimethylated tautomeric 

forms (peak 3: N, N, 9-trimethyl-adenine, and peak 4: N, N, 3-trimethyl-adenine). No additional 

peaks were observed for an injection of 0.25 nmol (Figure 4-1B (b)). There were six adenine 

related peaks in addition to the three mentioned previously when 2.5 nmol of adenine was 

analyzed (Figure 4-1B (c)). Peak 1 is 7-methyl-adenine, which corresponds to the methylation 
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of adenine. The other five products could not be unambiguously attributed to specific 

derivatives of adenine. However, if the peaks with the highest m/z values represent the 

molecular ion (and not the fragment of a heavier molecule), the chromatographic data of five 

peaks correspond to a dimethyl derivative of adenine (peak 5: m/z 163) and four trimethylated 

tautomeric forms (peaks 6, 7, 8 and 9: m/z 177). The mass spectra corresponding to peaks 5 to 

9 are given in Figure 4-2. All of the corresponding retention times, and the masses of the 

molecular ions and main fragments are given in Table 4-2. It should be noted that there are 

some other peaks on the chromatograms that are not related to adenine.   

4.3.1.2 Thymine and Uracil 

 

Once thermochemolysis occurs, there are similar derivatized pyrimidine bases between 

thymine and uracil since they differ only by the presence of an additional methyl group at 

carbon position 5 in the thymine (i.e. 5-methyl-uracil, see Figure 4-3). Thymine and uracil 

solutions at a concentration of 2.6×10-3 mol·L-1 in TMAH were analyzed by Pyr-GC/MS.  

 

  

Figure 4-3: Chromatograms of thymine (0.26 nmol) and uracil (0.26 nmol) thermochemolysis in TMAH 

at different temperatures. 

 

Since the compounds respond well to that concentration (high signal intensity), there 

was no need to inject a larger amount of thymine and uracil. The chromatograms of thymine 
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and uracil obtained at 400°C, 500°C, and 600°C are shown in Figure 4-3, respectively. 1, 3-

dimethyl-thymine (1, 3, 5-trimethyl-2, 4 (1H, 3H) -pyrimidinedione) was the only compound 

derived from thymine detected at a retention time of 21.5 min. The only derivative of uracil 

was 1, 3-dimethyl-uracil (1, 3-dimethyl-2, 4 (1H, 3H) -pyrimidinedione) at a retention time of 

20.4 min. The molecular ion masses of 1, 3-dimethyl-thymine and 1, 3-dimethyl-uracil and their 

major fragments are shown in Table 4-2, respectively. 

For thymine and uracil, the thermochemolysis temperature had no effect on the number 

of derivatives detected, since only the canonical form was observed. However, the signal 

intensities of thymine and uracil were stronger at a higher pyrolysis temperature (i.e. 600°C), 

suggesting a high reaction rate. The optimal temperature for analysis of thymine and uracil 

pyrolysis products is 600°C, same as the case of adenine. As for adenine, siloxane peaks, 

coming from the column bleeding or septum decomposition, were detected. 

 

4.3.1.3 Cytosine 

 

Cytosine solution at a concentration of 0.3 mol·L-1 in TMAH was analyzed by Pyr-

GC/MS. Because injection of 0.3 and 2.5 nmol of cytosine in TMAH gave no chromatographic 

response, 15 nmol of cytosine in TMAH was used to prevent a possible decrease in the response 

of the cytosine derivatization at a lower temperature. Compared with the nucleobases studied 

above, the cytosine solution was much more concentrated. The difficulty of detecting cytosine 

is probably due to the high polar primary amino group. The analysis of amines is particularly 

problematic with Pyr-GC/MS not only because of their adsorption on the transfer line and the 

liner of the pyrolyzer, but also because of their interaction with the stationary phase of the 

chromatographic column (5% diphenyl/95% dimethyl polysiloxane), which results in 

significant spreading peaks.  

The chromatograms of 15 nmol cytosine pyrolyzed at 400°C, 500°C, and 600°C are 

shown in Figure 4-4. Whatever the pyrolysis temperature, the same molecules were detected, 

including N, N, N-trimethyl-cytosine corresponding to the canonical form of the three 

methylated cytosine, and 2-O-methyl-cytosine corresponding to an enol form of the cytosine 

methylated on the oxygen atom site. Besides, peak 2 (m/z = 139), peaks 3 and 5 (m/z = 153) 

correspond to a dimethyl and trimethyl forms of cytosine, respectively. All of the cytosine 

derivatives in TMAH are summarized in Table 4-2. The mass spectra corresponding to peak 2, 

3, and 5 are given in Figure 4-5, respectively. The spectrum of peak 5 spreads over several 
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minutes, and may overlap with other coeluted tautomers; however, according to the mass 

spectra, the main compound is trimethyl-cytosine. In summary, the major peaks correspond to 

two tautomeric forms of trimethyl-cytosine: N, N, N'-trimethyl-cytosine, which is the canonical 

form of the fully methylated cytosine, and another trimethylated tautomeric form. 

As in the case of thymine, the thermochemolysis temperature of cytosine had no effect 

on the number of functionalized derivatives detected; six methylated derivatives of cytosine 

were observed at 400°C, 500°C, and 600°C, respectively. However, from a quantitative point 

of view, the intensity of cytosine peaks is higher at 600°C than that at other temperatures. Hence, 

600°C is the optimal temperature. 

 

 

Figure 4-4: Chromatograms of cytosine (15 nmol) thermochemolysis in TMAH thermochemolysis at 

different temperatures (1: 4-amino-2-methoxy-pyrimidine; 2: dimethyl cytosine; 3: trimethyl-cytosine; 

4: N, N, N'-trimethyl-cytosine; 5: trimethyl-cytosine; 6: siloxane). 
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Figure 4-5: Mass spectra of methylated cytosine. 139 m/z corresponds to the molecular ion of the 

dimethylated cytosine and 153 m/z corresponds to the molecular ion of the trimethylated cytosine.  

 

4.3.1.4 Guanine 

 

11 nmol of guanine in TMAH solution was injected to study the effect of 

thermochemolysis temperature. The chromatograms of guanine thermochemolyzed at 400°C, 

500°C, and 600°C are shown in Figure 4-6. 1, 3, 7-trimethylxanthine (caffeine) was identified 

using the NIST database when guanine is thermochemolyzed at 500°C and 600°C. The other 

peaks were identified from the m/z ratios of their supposed molecular ions, including dimethyl-

guanine (peak 2, m/z 179), three tautomers of trimethyl-guanine (peaks 3, 5 and 9, m/z 193) and 

four tautomers of tetramethyl-guanine (peaks 4, 6, 7 and 8, m/z 207). The mass spectra 

corresponding to peaks 2 to 9 are given in Figure 4-7. Some other compounds are also detected 

with lower intensity, such as glycocyamine (RT=20.0 min) and mesalamine (RT=21.3 min). 
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Figure 4-6: Chromatograms of guanine (11 nmol) thermochemolysis in TMAH at 600 °C, 500 °C, and 

400 °C. (1: caffeine; 2: dimethyl-guanine; 3 and 5: trimethylguanine; 4, 6, 7, 8: tetramethylguanine; 9: 

trimethylguanine). 

 

The intensity of peaks generally increased with the increase in temperature. However, 

Peak 9 (trimethyl-guanine) was observed only at 400°C while peaks 1, 4, and 6 were not 

detected at 400 °C. Peak 1 corresponds to the methylated xanthine from the degradation of 

guanine as mentioned before, which probably occurs at temperatures above 400°C. Peaks 4 and 

6 correspond (according to the m/z ratios of the molecular ion) to two tautomers of 

tetramethylated guanine. Trimethyl-guanine (peak 9) certainly coeluted with peak 7 at a higher 

temperature than 400°C. All detected compounds of guanine can be seen in Table 4-2. 

Compared with adenine and cytosine, guanine is the third nucleobase with a primary 

amine moiety that can decrease the effectiveness of GC/MS analysis dramatically. At low 

temperatures of 250°C and 300°C, no thermochemolysis products of guanine in TMAH 

solutions were detected. Thus, we conclude that thermochemolysis reactions barely occur at 

temperatures lower than 400°C to 600°C. However, it was difficult to analyze guanine because 

of the numerous derivatives and the spread and often coeluted peaks.  
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Figure 4-7: Mass spectrum of methylated guanine. 179 m/z corresponds to the molecular ion of 

dimethyl guanine, 193 m/z corresponds to the molecular ion of trimethylated guanine, and 207 m/z 

corresponds to the molecular ion of tetramethylated guanine. 
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4.3.1.5 Xanthine 

 

2.2×10-3 mol·L-1 of xanthine in TMAH was used. Like thymine and uracil, xanthine 

responded well at the lower concentration. The chromatograms of xanthine obtained at 400°C, 

500°C, and 600°C are shown in Figure 4-8. The only derivative of xanthine detected was 1, 3, 

7-trimethylxanthine (caffeine; TR = 28.90 min at 600°C), which is the trimethylated form of 

xanthine, with a mass of the molecular ion of 194 g.mol-1. As shown in Figure 4-8, the signal 

intensity increased with the increase of thermochemolysis temperature, and the optimal analysis 

temperature was 600°C. 

 

  

Figure 4-8: Chromatograms of xanthine (0.22 nmol) and hypoxanthine (1.2 nmol) thermochemolysis in 

TMAH at different temperatures. 
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at 600 °C) with relatively higher intensity and dimethyl-hypoxanthine tautomer (at a retention 
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at 400 °C; the derivative compounds were only detectable above 500 °C. Some nucleobases—
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their intracyclic nitrogen (trimethyl substitutions of xanthine, dimethyl substitutions of 

hypoxanthine)—were detectable at low concentration.  

4.3.2 Thermochemolysis patterns 

 

All derivatized compounds detected are listed in Table 4-2. It can be seen that most of 

the derivatized compounds are the methylated products of the seven nucleobases. However, the 

nucleobases exist in different tautomeric forms because of the presence of π bonds and non-

binding doublet. Tautomerism of the nucleobases is manifested by the delocalization of π 

electrons and the displacement of a hydrogen atom, thus the protons move from one site to 

another and transform from a functional group into another within the same molecule. There 

are two kinds of prototropic tautomerisms in nucleobases, one is the keto-enol tautomerism, 

where the ketone form is in equilibrium with the enol form (C=C with OH functional group in 

the vinyl position)  and imine-enamine tautomerism, where the enamine forms (ethylenic alpha 

amine) and is in equilibrium with the ketimine form. Imine-enamine tautomerism is involved 

in all the above-mentioned nucleic bases.  In all cases, different tautomeric forms of the same 

molecule coexist in an equilibrium that can be displaced towards one or the other, depending 

on pH, temperature, and solvent (with the pH value of dependent on the solvent). As a result, 

the position of the methylation sites varies with labile protons moving within the molecule. The 

proton is substituted by the methyl group and acquires the stable form. Hence, there are different 

methylation forms of nucleobases besides the canonical form.  

For adenine, there are three possible methylation sites: one is at the N9 position, and the 

two others are at the N10 position, as shown in Figure 4-9. During the TMAH 

thermochemolysis process, dimethyl and trimethyl-adenine were detected. As shown in Figure 

4-1A, the peak intensity of N, N, 9-trimethyl-adenine, which is the methylated products of the 

N9H form of adenine, was the highest. This is because the N9H tautomeric form is the major 

form of adenine and the N7H and N3H tautomeric forms are minor forms [659,660], however, 

the formation and observation of the 7(H) and 3(H) tautomers may be facilitated in the solution 

phase [661]. The N, 9-dimethyl-adenine form was the second highest peak at 600°C, which is 

also the methylated derivative of the N9H form of adenine. According to Fonseca Guerra [660], 

the natural N9H form of adenine was the most stable tautomer of the twelve systems studied 

and the stability of the N3H form of adenine was preceded only by the N9H form. Hence, the 

methylated derivatives of the N7H form of adenine were also detected during the TMAH 

thermochemistry process. 7-methyl-adenine and N, N, 3-trimethyl-adenine are the monomethyl 
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substitution and trimethyl substitution, respectively. The content of trimethyl substitution 

products was higher than that of monomethyl substitution or dimethyl substitution, which 

demonstrates that the trimethyl substitution products are more stable than other substitutions. 

 

Table 4-2: The thermochemolysis products detected from different nucleobases. 

Nucleobases 
Retention 

time 
Base peak 

Masses of fragments* and relative 

abundance: m/z (%) 
Compounds 

Adenine 24.84 149 

149(100), 44(86),148(27), 42(26), 

122(23), 121(11), 207(10), 53(10), 

68(9) 

7-methyl-adenine 

 25.90 163 
163(100), 107(72), 135(69),134(55), 

80(31), 133(30), 162(27) 
N, 9-dimethyl-adenine 

 26.54 148 
148(100),  162(38), 177(34), 

107(22), 133(22), 135(15), 106(12) 
N, N, 9-trimethyl-adenine 

 27.93 162 
162(100),  163(45), 42(41), 82(17), 

121(17), 108(15), 135(15) 
dimethyl-adenine 

 28.33 176 
176(100),  177(56), 148(33), 

147(23), 67(24), 133(20), 42(16) 
trimethyl-adenine 

 28.54 162 
162(100), 177(91), 176(44), 148(37), 

42(38), 133(30), 94(30), 121(29) 
trimethyl-adenine 

 29.47 177 
177(100),  135(93), 44(92), 42(83), 

121(63), 162(44), 133(41), 107(32) 
trimethyl-adenine 

 30.54 177 
177(100),  135(81), 162(66), 44(50), 

42(49), 108(21), 120(15), 133(10) 
trimethyl-adenine 

 30.72 148 
148(100),  162(59), 177(34), 

134(30), 107(21), 135(21), 119(18) 
N, N, 3-trimethyl-adenine 

Thymine 21.49 154 
154(100), 68(93), 69(46), 42(41), 

97(15), 96(11), 56(9.0) 
1,3-dimethyl-thymine 

Uracil 20,40 140 
140(100), 42(62), 55(53), 83(43), 

82(29), 54(15), 56(11) 
1,3-dimethyl-uracile 

Cytosine 18.90 95 
95(100), 125(72), 124(50), 68(38), 

67(19), 96(16), 41(15)  

4-amino-2-methoxy-

pyrimidine 

 20.33 139 
139(100),  109(80), 108(63), 

138(59), 95(53), 110(32), 81(22) 
dimethyl-cytosine 

 20.58 153 
153(100),  124(39), 152(7), 123(7), 

138(5), 44(1.14), 95(1) 
trimethyl-cytosine 

 21.36 72 
72(100), 44(68), 153(15), 71(17), 

207(10) 

2-(dimethylamino)-1-phenyl-

1-propanone 
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Table 4-2 (continued) 

Nucleobases 
Retention 

time 
Base peak 

Masses of fragments* and relative 

abundance: m/z (%) 
Compounds 

 21.84 124 
124(100),  153(75), 55(44), 95(43), 

96(36), 42(29), 54(13) 
N, N, N'-trimethyl-cytosine 

 24.40 123 
123(100), 96(76), 42(72), 154(58), 

44(46), 80(37) 

2-amino-4,6-dimethyl-

pyrimidine 

 28.95 166 
166(100), 44(65), 197(26), 139(23), 

109(20), 83(19), 138(11) 
3,4,5-trimethyoxybenzylamine 

 30-37 153 
153(100),  124(44), 42(13), 138(11), 

125(6), 154(5), 123(4), 152(3) 
trimethyl-cytosine 

Guanine 19.98 122 122(100), 123(7) Glycocyamine 

 21.28 136 136(100), 108(7) Mesalamine 

 28.88 194 
194(100),  109(62), 55(44), 82(29), 

44(27), 67(26), 193(20), 

Caffeine 

(1, 3, 7-trimethyl-xanthine) 

 29.18 179 
179(100),  150(49), 42(45), 178(40), 

149(37), 107(27), 44(24) 
dimethyl-guanine 

 30.01 193 
193(100),  149(65), 164(51), 

165(52), 42(48), 192(21), 163(28) 
trimethyl-guanine 

 30.20 207 

207(100),  178(94), 163(71), 

192(54), 42(54), 149(48), 44(31), 

164(28) 

tetramethyl-guanine 

 30.51-32.21 193 
193(100),  82(32), 55(31), 42(29), 

67(27), 164(24), 109(22) 
trimethyl-guanine 

 31.25 178 
178(100), 67(70), 207(67), 109(52), 

55(41), 82(40),137(36) 
tetramethyl-guanine 

 32.99 164 
164(100),  207(65) , 123(64), 

163(60), 178(50), 136(40), 67(23) 
tetramethyl-guanine 

 37.10-38.00 207 
207(100),  44(66), 163(49), 178(30), 

42(30), 164(29), 67(24), 109(14)  
tetramethyl-guanine 

 35.12 193 
193(100),  164(92), 123(60), 67(32), 

163(24), 110(28), 136(20)  
trimethyl-guanine(400°C) 

Xanthine 28.90 194 
194(100), 109(52), 67(47), 55(38), 

82(32), 193(21), 42(13) 

1, 3,7-trimethyl-xanthine 

(caffeine) 

Hypoxanthine 29.60 164 
164(100), 163(58), 42(44), 110(14), 

68(14), 67(13), 53(9) 
1,7-dimethyl-hypoxanthine 

 31.52 164 
164(100), 135(56), 42(56), 82(21), 

163(16), 67(10), 108(9)  
dimethyl-hypoxanthine 

Note: * the masses of the main fragments are in order of decreasing abundance; the mass marked in bold is the main peak. 
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For thymine and uracil, only the methylated canonical forms were detected during the 

TMAH thermochemolysis. Although the keto form, enol form, and keto-enol tautomerism of 

thymine and uracil have been reported before [662–666], the canonical tautomer is 

thermodynamically more stable than all enol and dienol forms. Therefore, the canonical 

tautomer is the main thermochemolysis product of thymine and uracil in TMAH solution as 

shown in Figure 4-3. There are two active sites (secondary amine) on the thymine and uracil at 

N1 and N3 position, and they are replaced by a methyl group during TMAH thermochemolysis, 

as shown in Figure 4-9. The absence of methylation of the enolactic tautomeric forms of 

thymine and uracil is explained by the keto-enolic thermodynamic equilibrium shifted very 

strongly in favor of the ketone form. Therefore, 1, 3-dimethyl-thymine and 1, 3-dimethyl-uracil 

are detected, which are the most stable methylated products of thymine and uracil, respectively.  

For cytosine, various tautomeric forms have been detected in different studies [667]. 

These are mainly amino-oxo, imino-oxo and amino-hydroxy forms of cytosine. The 

computational investigations have obtained different results via different methods. The amino-

hydroxy tautomer was found to be the most stable in the gas phase, and the canonical amino-

oxo form seemed to be the most stable one under aqueous solvation [668–670]. In TMAH 

solutions, methylated cytosine in canonical forms, such as trimethyl-cytosine and N, N, N'-

trimethyl-cytosine, were the main products, which means that the canonical amino-oxo form of 

cytosine was also the most stable form in TMAH solutions. In addition, there are relatively 

weak peaks of the methylated compounds of cytosine in enol form, such as 4-amino-2-methoxy-

pyrimidine (Figure 4-4, peak 1), 2-(dimethylamino)-1-phenyl-1-propanone (Figure 4-4, 

RT=21.36 min), 2-amino-4,6-dimethyl-pyrimidine(Figure 4-4, RT=24.40 min), and 3,4,5-

trimethyoxybenzylamine(Figure 4-4, RT=28.95 min). 

According to the guanine thermochemolysis chromatograph, there were more 

tautomeric transformations of guanine compared with cytosine. The keto (amino-oxo) and enol 

(amino-hydroxy) forms were the most stable forms according to the value of the relative 

energies of the tautomers of guanine and both exist in approximately equal concentrations[671]. 

The 7-, 9- or 1-methylations of guanine and dimethylated guanine were identified by some 

researchers using Infrared spectroscopy (IR) [672–674]. In our study, the dimethyl, trimethyl, 

and tetramethyl-guanine were detected and are probably the methylated products of the 9NH or 

7NH form of guanine. These are the products of methylation and oxidative deamination of 

guanine, as shown in Figure 4-9. The deamination and oxidation of guanine to xanthine, which 
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was methylated by TMAH on its three labile hydrogen atoms, 1, 3, 7-trimethylxanthine 

(caffeine) was consequently detected. 

Hypoxanthine and guanine are structurally very similar, and they play an important role 

during the DNA replication process and can form a base pair with cytosine. From this point of 

view, therefore, hypoxanthine also has keto-enol and prototropic tautomeric phenomena 

[672,675,676]. The keto-N7H and keto-N9H forms are the most stable forms of hypoxanthine, 

and there are two possible substituted sites at N1 and N7 position.  According to the 

chromatograph of the hypoxanthine, dimethyl products were detected in excessive TMAH 

solutions, which must be the most stable methylated forms of hypoxanthine. Xanthine also has 

a similar structure with hypoxanthine, there are three possible substituted sites, N1, N3, and N7 

position. Therefore, the trimethyl form must be the most stable methylated product of xanthine. 

TMAH can improve pyrolysis by mild thermal decomposition and a selective cleavage 

of ester and ether bonds as opposed to random and uncontrolled thermal decomposition and 

fragmentation of the organic material via standard pyrolysis [2]. During the thermochemolysis 

of nucleobases, tautomerism transformations of all nucleobases occur. TMAH also plays an 

important role by promoting the cracking of N-H bonds at 600°C; thus the fragments of 

nucleobases in stable tautomerism forms are methylated and form the stable derivatives. It is 

not surprising that the methylated compounds of all of the nucleobases detected by GC/MS 

were their most stable forms in an aqueous phase. Their characteristic methylated compounds 

are summarized in Table 4-3. Thymine, uracil, and xanthine each have only one unique 

characteristic peak individually; however, the case is different for the other four kinds of 

nucleobases, as at least two characteristic peaks correspond to their identification. Hence, the 

characteristic thermochemolysis products of each nucleobases (list in Table 4-3) could be used 

to identify these nucleobases on MOMA or SAM. 
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Figure 4-9: The TMAH thermochemolysis schemes of seven nucleobases. 
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4.3.3 Analysis of the mixture of nucleobases 

 

The chromatogram corresponding to the thermochemolysis of 0.1 µl of the nucleobases 

mixture detected at 600°C is shown in Figure 4-10, and the concentration and the amount of 

each nucleobase are shown in Table 4-1. The methylated derivatives of the nucleobases detected 

as well as their retention times and the associated parent molecules are listed in Table 4-4.  The 

characteristic peak of each nucleobase appears at different retention times but in the same order 

as shown in Table 4-3 because the temperature programming of the column was changed 

(starting at 50°C held for 2 min, then at a heating rate of 3°C min-1 up to 170°C then raised to 

300°C at a rate of 10°C min-1 and maintained for 3 min). 

Each of the seven nucleobases was identified when more samples were used, and the 

derivatives of thymine, uracil, xanthine, and hypoxanthine were uniquely identified. All 

compounds were the methylated canonical form of all their labile hydrogens, except for 

dimethyl-hypoxanthine, where a second tautomer was detected. Compared with five different 

methylated derivatives during the injection of 15 nmol of cytosine, only the trimethylated 

canonic form, one of the weakest peaks, was detected.  

 

 

Figure 4-10: Chromatogram of seven nucleobases mixtures dissolved in TMAH thermochemolysis at 

600°C. Peak 1: 1, 3-dimethyl-uracil ; Peak 2 : 1, 3-dimethyl-thymine; Peak 3 : N, N, N'-trimethyl-

cytosine; Peak 4 : N, N, 9-trimethyl-adenine; Peak 5 : 1, 3, 7-trimethyl-xanthine (caffeine); Peak 6 : 1,7-

dimethyl-hypoxanthine; Peak 7: methyl ester hexadecanoic acid; Peak 8 : trimethyl-guanine; Peak 9 : 

trimethyl-adenine Peak X: Siloxane. 
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Table 4-3: The characteristic peaks of the seven nucleobases in TMAH. 

Nucleobase Retention time (min) Characteristic peak 

Uracil 20.40 1, 3-dimethyl-uracil 

Thymine 21.49 1, 3-dimethyl-thymine 

Cytosine 21.84 N, N, N'-trimethyl-cytosine 

Adenine 26.54 N, N, 9-trimethyl-adenine 

Xanthine 28.90 1, 3, 7-trimethylxanthine 

Hypoxanthine 29.60 1,7-dimethyl-hypoxanthine 

Guanine 30.01 trimethyl-guanine 

 

Table 4-4: The methylated components detected from pyrolysis of the nucleobases mixture. 

Retention time (min) Component Parent compound 

27.79 1, 3-dimethyl-uracil Uracil 

29.94 1, 3-dimethyl-thymine Thymine 

31.19 N, N, N'-trimethyl-cytosine Cytosine 

39.81 N, N, 9-trimethyl-adenine Adenine 

43.78 1, 3, 7-trimethyl-xanthine (caffeine) Xanthine 

44.34 1,7-dimethyl-hypoxanthine Hypoxanthine 

45.66 trimethyl-guanine Guanine 

45.91 trimethyl-adenine Adenine 

 

Compared with the nine derivatives obtained by the pyrolysis of 2.5 nmol of adenine, 

two derivatives were observed in the 0.1uL mixture. The predominant peak of adenine 

corresponded to the trimethylated canonical structure whereas the second peak of low intensity 

was a trimethyl tautomer form of adenine. A single derivative of guanine with low intensity 

was also detected. Guanine was the only nucleobase whose methylation was uncompleted: only 

three out of four labile hydrogens were replaced by methyl groups. A small amount of guanine 

was detected due to the oxidative deamination of guanine which degraded to xanthine. This is 

also the reason for the high intensity of the 1, 3, 7-trimethyl xanthine peak, which is 

preponderant in the chromatogram. In addition, there were no interactions among seven 

nucleobases, because there were nearly no obvious cracking reactions of nucleobases at low 

temperature.  

We conclude that among the seven nucleobases, four peaks with high intensity should 

be easily detected by thermochemolysis if there were in the nanomole range or higher amounts 
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in natural samples, including xanthine, adenine, thymine, and uracil. Due to the oxidative 

deamination of guanine to xanthine during thermochemolysis, detection of xanthine may also 

be a strong indicator of the presence of guanine.  

4.3.4 Quantification study of nucleobases  

Limit of detection (LOD) and limit of quantitation (LOQ) can be determined by signal-

to-noise (S/N) and relative standard deviation (RSD). A value of S/N=3 or RSD≈17% can be 

used for LOD, S/N=10 or RSD≈5% can be used for LOQ[677–681]. Therefore, S/N=3 and 

S/N=10 were used to determine the LOD and LOQ of the nucleobases in this study. The 

calibration curves of nucleobases were obtained by plotting peak area ratio values (the peak 

area of nucleobases/internal standard peak area) against the concentration ratio of nucleobases 

(nucleobases amount/internal standard amount).  

Naphthalene-d8 was used as the internal standard, and the stability was tested five times 

at 600°C. The average peak area of Naphthalene-d8 was about 3.2 ×108 cps.s-1.min; the % RSD 

was about 6.96%, which is calculated by the average divided by the standard deviation (about 

2.26×107 cps.s-1.min). Moreover, we observed no degradation of the Naphthalene-d8 after a 

pyrolysis at 600°C compared at the same GCMS injection at 270°C in the GC injector. 

Therefore, because of its good stability at 600°C, naphthalene-d8 was used as our internal 

standard. 

Table 4-5 LOD and LOQ values and the standard curves of each nucleobase. 

Nucleobases LOD(nmol) LOQ(nmol) Linear regression equation Correlation coefficient 

Adenine 0.075 0.15 y = 0.0190x – 0.00001 0.9975 

Thymine 0.075 0.15 y = 0.0250x + 0.0259 0.9989 

Uracil 0.075 0.30 y = 0.0023x – 0.0038  0.9973 

Cytosine 0.55 0.65 y = 0.0004x – 0.0015 0.9898 

Guanine 0.40 0.675 y = 0.0002x – 0.0004 0.9958 

Xanthine 0.15 0.275 y = 0.0090x + 0.0018 0.9992 

Hypoxanthine 0.75 0.95 y = 0.0006x – 0.0019 0.9805 

 

To confirm the value of LOD and LOQ for each sample, all experiments were run in 

triplicate. The LOD and LOQ value and the linearity of standard curves for each nucleobase 

are summarized in Table 4-5. We conclude that the relativity of standards curves is not a 

sufficient metric, as shown in Figure 4-11, possibly because of the interaction of TMAH with 

the column.  
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Figure 4-11: Calibration curves for the seven nucleobases. 
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4.4 Conclusion 

 

We conclude that TMAH thermochemolysis allows for the methylation and detection 

of the seven nucleobases investigated in this study. The optimal temperature for nucleobase 

thermochemolysis under SAM and MOMA conditions was 600°C. Trimethyl-adenine, 1,3-

dimethyl-thymine, 1,3-dimethyl-uracil, trimethyl-cytosine, 1, 3, 7-trimethyl-xanthine (caffeine) 

and dimethyl-hypoxanthine were the main methylated products of adenine, thymine, uracil, 

cytosine, guanine, and xanthine, and hypoxanthine, respectively, because they are the most 

stable forms of each nucleobase in a gas phase or in aqueous form. In addition, there was no 

interaction among these nucleobases when pyrolyzed in a mixture, which makes it possible to 

detect different nucleobases in natural samples. However, oxidative deamination of guanine to 

xanthine may also lead to misidentifications when these molecules are detected in unknown 

samples. The presence of the -NH2 group also induces a tautomerization of the molecule and 

therefore multiplies the number of methylated derivatives detected for each of these nitrogenous 

bases. Based on the values of LOD and LOQ for each nucleobase, adenine, thymine, and uracil 

are easier to be detected, as they can be detected at about 0.15 nmol.  It is possible, though more 

difficult, to detect the guanine, cytosine and hypoxanthine (LOD=0.40, 0.55 and 0.75 nmol, 

respectively). However, the complex matrix needs to be pretreated with the extraction process 

in order to detect the nucleobases on Mars, the LOD may be higher than value of our study. 

According to the observed retention times, potential coelutions may occur in studies of 

mixtures of different nucleobases at high concentrations. This was mainly due to the spread of 

cytosine peaks (between 30 and 37 min), guanine (between 30.5 and 32.2 min) and, to a lesser 

extent, adenine (around 30.7 min). There was also a coelution between dimethyl-uracil (at the 

retention time of 20.40 min) and dimethyl cytosine (at the retention time of 20.33 min), though 

these problems can be avoided by using a lower column heating rate. In addition, some 

nucleobases with a primary amine function (-NH2), such as adenine, guanine, and cytosine, 

displayed a spreading of the chromatographic peaks because of the interaction of the amine 

group with the stationary phase of the column.  

All nucleobases detected here had relatively high retention times in the range of 27 to 

47 minutes of elution with the temperature programming of the column used here (50°C for 2 

min, then 3°C min-1 up to 170 °C then 10 °C.min-1 up to 300°C, held 3 min), the column of 

MOMA flight instruments is shorter than the column used herein; Therefore, it would be more 

easier to detect the nucleobases related compounds in situ, such as trimethyl-guanine, trimethyl-
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adenine and dimethyl-hypoxanthine; and signs of adenine and hypoxanthine can be detected 

when the temperature is lower than 250°C. What’s more, the separation and detection abilities 

of the device on SAM and MOMA will be tested in the coming missions, and SAM is ready to 

do the TMAH analysis experiments soon; MOMA will be ready in 2022. In a word, it would 

be possible to detect the nucleobases if the samples are fresh and their content are higher than 

the limit of detection of the device on Mars and MOMA, and our results laid the data foundation 

for the implementation of SAM and MOMA missions. 
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Chapter 5. Application of TMAH thermochemolysis 

to the detection of nucleic acids: application to the 

MOMA and SAM space experiment. 
 

Deoxyribonucleic acid (DNA), as information carrier, stores the information that 

defines the organism in unique orders of four bases (A, T, C, G) located in tiny molecules, and 

this way of storing information has continued for three billion years, and some studies have 

suggested that DNA can be placed in the extremely cold regions of the Earth or even on Mars 

for millennium-long storage [144]. RNA probably formed the basis of first life, which is made 

up of sequences of four different nucleotides, the latter of which can be formed through reaction 

source. RNA polymers must have emerged very quickly after the deposition of meteorites (less 

than a few years), and the synthesis of nucleotides and their polymerization into RNA occurred 

in just one to a few wet-dry cycles [145]. Even artificial nucleic acids may exist in a large 

number of chemical alternatives; however, biological RNA and DNA are universal, unique, and 

very conservative. The role of RNA in the origin of life is well established, and how RNA 

emerged on the early Earth is one of the first steps in understanding the origin of life [682]. 

Therefore, it’s essential to study the detection efficiency of DNA or RNA and their fragments. 

Nucleobases, nucleosides, and nucleotides are the components of DNA and RNA. Nucleobases 

are of the most important buding blocks of DNA and RNA; nucleosides consist of nucleobases 

and ribose. Nucleotides and nucleotriphopshates are organic molecules consisting of a 

nucleoside and a phosphate. Since their structures are different though with some similarities, 

their behaviors could be different when thermochemolysis with TMAH. Therefore, in this 

chapter, nucleosides, nucleotides, and nucleotides triphosphate of DNA and RNA were 

analyzed with TMAH thermochemolysis, in order to evaluate the efficiency and the potential 

of TMAH thermochemolysis on the analyze with real DNA or RNA samples. At last, TMAH 

thermochemolysis was applied to analyze poly A, which is the RNA tail and plays an important 

role in protecting the RNA molecular.  
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5.1 Experiment conditions  

 

5.1.1 Samples  

 

In this study, nucleosides, nucleotides, and nucleotides triphosphate were used. Nucleosides 

include deoxyadenosine (dA, Sigma, ≥ 99%, stored 2-8 °C), deoxyguanosine (dG, Sigma, 99-

100% ); 2’-deoxycytidine (dC, Sigma, ≥ 99%, HPLC, stored -20 °C); thymidine (dT, Sigma, 

≥ 99%), 2’-deoxyuridine (dU, Sigma, 99-100%), deoxyinosine (dI, Sigma, ≥ 98%, stored -

20 °C). Nucleotides include 2’-deoxyadenosine 5’-monophosphate (dAMP, Sigma grade, 98-

100%, stored -20 °C); 2’-deoxyguanosine monophosphate (dGMP, Sigma, 99-100%), 2’-

deoxycytidine 5’-monophosphate (dCMP, Sigma, ≥  99%, stored -20 °C), thymidine 5’-

monophosphate disodium, salt hydrate (dTMP, Sigma, ≥ 99%, stored -20 °C), 2’-deoxyuridine 

5’-monophosphatedisodium salt (dUMP, Sigma grade, stored -20 °C), 2’-deoxyinosine 5’-

monophosphate sodium salt (dIMP, Sigma, ≥ 97%, HPLC, stored -20 °C), 2’-deoxyguanosine 

5’- monophosphate sodium salt hydrate (dGMP, Sigma, ≥  99%, HPLC, stored -20 °C) . 

Nucleotides triphosphates include deoxyadenosine triphosphate (dATP, PCR grade, Roche 

Diagnostics GmbH, Germany), deoxyguanosine triphosphate (dGTP, PCR grade, Roche 

Diagnostics GmbH, Germany), deoxycytosine triphosphate (dCTP, PCR grade, Roche 

Diagnostics GmbH, Germany), deoxythymine triphosphate (dTTP, PCR grade, Roche 

Diagnostics GmbH, Germany), deoxyuridine triphosphate (dUTP, PCR grade, Roche 

Diagnostics GmbH, Germany), deoxyinosine triphosphate (dITP, molecular biology grade, 

thermoscientific). All nucleotides triphosphates were bought from Roche diagnostics GmbH, 

Germany, and they were stored at -15 to -20 °C. All the structures of nucleosides, nucleotides, 

and nucleotides triphosphate can be seen in Figure 5-1. Ployadenylic acid (Poly A, Sigma, 

stored -20 °C) was used herein. The concentration of each nucleoside, nucleotide, nucleotides 

triphosphate, and their mixtures have been shown in Table 5-1. 3 µl TMAH was applied in this 

study, which is always in excess compared to the nucleosides, nucleotides, and nucleotides 

triphosphate. Naphthalene D8 (Sigma-Aldrich, isotopic purity, 99 atom % D) was used as the 

internal standard.  
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Figure 5-1 The structures of nucleobases, nucleosides, nucleotides, and nucleotides triphosphate. 
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Table 5-1 Detailed informations of samples used in this study. 

 

Compounds 
Amount 

(nmol) 

Injection 

volume 

(µl) 

Concentration 

(mol·L-1) 

Nucleosides dA 10 0.5 0.05 

 dG 10 1.0 0.01 

 dT 10 0.5 0.05 

 dU 10 0.5 0.05 

 dC 10 0.5 0.05 

 dI 10 0.5 0.05 

 

Mixtures 

dA 2 0.2 0.01 

 dT 2 0.2 0.01 

 dU 2 0.2 0.01 

 dC 2 0.2 0.01 

 dI 2 0.2 0.01 

Nucleotides dAMP  10 0.25 0.04 

 dGMP  10 1.0 0.01 

 dTMP  10 0.25 0.04 

 dUMP  10 0.25 0.04 

 dCMP  10 0.25 0.04 

 dIMP  10 0.25 0.04 

 Mixtures dAMP 2.5 0.25 0.01 

  dTMP 2.5 0.25 0.01 

  dUMP 2.5 0.25 0.01 

  dCMP 2.5 0.25 0.01 

  dGMP 10 1 0.01 

Nucleotides 

triphosphate 
dATP  10 0.1 0.1 

 dGTP  10 0.1 0.1 

 dTTP  10 0.1 0.1 

 dUTP  10 0.1 0.1 

 dCTP  10 0.1 0.1 

 dITP  10 0.1 0.1 

 Mixtures dATP 10 0.1 0.1 

  dGTP 10 0.1 0.1 

  dTTP 10 0.1 0.1 

  dUTP 10 0.1 0.1 

  dCTP 10 0.1 0.1 

DNA Poly A  5 1 0.005 
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5.1.2 Py-GC/MS and methods 

 

The pyrolysis experiments were performed with an EGA/PY-3030D micro-oven 

pyrolyser, Frontier Lab, installed on the Split/SplitLess (SSL) injector of a Trace GC Ultra gas 

chromatograph (Thermo Scientific) coupled to a quadrupole mass spectrometer (ISQ LT, 

Thermo Scientific). Flash pyrolysis and SAM-like ramp pyrolysis were applied in this chapter. 

For flash pyrolysis, the final temperatures are the following: 200, 300, 400, 500, 600 °C. The 

sample is pushed into a heated and stabilized oven at the designed final temperatures for 30 

seconds, after which the sample is removed from the oven. Helium is used as the carrier gas to 

carry the pyrolysis volatile products into the GC/MS. SAM-like ramp pyrolysis is the same as 

the previous work, which can be seen in the experiment section of the chapter 2 and 3. All of 

the products then were released and sent to the GC/MS through the helium flow. All 

experiments were repeated 6 times. 

Analyses were conducted with GC/MS that has been described in the previous chapter. 

The temperature programming of the column starts at 40 °C held for 2 min, then at a heat rate 

of 6 °C min-1 up to 130 °C then raised to 300 °C at a rate of 10 °C min-1 and maintained for 1 

min. In both ramps, helium flow rate in the column was set at 1.2 mL.min-1. The split flow was 

12 mL.min-1. The temperature of the SSL injector was set at 280 °C. The masses were scanned 

between m/z 40 and m/z 500. The ionization energy was 70 eV. 

 

5.2 TMAH thermochemolysis of nucleosides 

5.2.1 TMAH thermochemolysis for nucleosides 

In order to determine the main products of nucleosides with TMAH thermochemolysis, 

the thermochemolysis products of each nucleoside were analyzed at flash pyrolysis at 200 °C, 

including dI, dC, dU, dT, dG, and dA. Figure 5-2 shows the chromatogram of nucleosides with 

TMAH thermochemolysis at flash pyrolysis of 200 °C. The target compounds of nucleosides 

with TMAH thermochemolysis at 200 °C was shown in Figure 5-2. Though there are various 

methylated compounds of nucleobases as in our previous study [23], the methylated compounds 

with the highest intensity were selected as the target compounds of nucleosides with TMAH 

thermochemolysis. Table 5-2 shows the main products of nucleosides with TMAH 

thermochemolysis at flash 200 °C. 
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For dI, 1,7-dimethyl-hypoxanthine is the target compound at the retention time of 27.60 

min; N, N, N'-trimethyl-cytosine at the retention time of 27.42 min is the main methylated 

compounds of dC with TMAH thermochemolysis; 1,3-dimethyl-uracil at the retention time of 

20.22 min is the main methylated compounds of dU; 1,3-dimethyl-thymine at the retention time 

of 21.27 min is the key products of thymine with TMAH thermochemolysis; tetramethyl-

guanine is the main methylated compounds of dG at the retention time of 28.08 and 29.39 min. 

This is because guanine has diferent cases for the replace of polar hydrogen with methyl 

functional group from TMAH, there are several peaks of methylated guanine [23]; N, N, 9-

trimethyl-adenine or N, N, 3-trimethyl-adenine at the retention time of 25.44 min and 28.13 

min is the main methylated compounds of dA with TMAH thermochemolysis. This is caused 

by the different abundances of each mass fragment, which means even trimethyl-adenine has 

the almost the same mass fragments, their abundances of each m/z are not completley the same. 

For example, trimethyl-adenine at the retention time of 28.13 min, the mass fragments and their 

abundances are of 148(100), 162(54), 177(39), 134(32), 107(20), 133(13), which is a bit 

different from that of 25.41 min, 148(100), 177(51), 162(48), 107(27), 133(27), 134(13). 

However, the compounds from 28.13 min still should be trimethyl-adenine. This principle could 

be used to explain why same compounds are at different retention times in the chromatograms.  
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Figure 5-2 The chromatogram of nucleosides with TMAH thermochemolysis at flash 

pyrolysis of 200 °C.  
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Figure 5-3 Mass spectrums of the organic compounds from nucleosides obtain after TMAH 

thermochemolysis. 

 

In addition, not only the methylated nucleobases derivated from each nucleoside was 

detected, the characteristic peak of methylated ribose of nucleosides was also found at the 

retention time of 6.0 min, named 2-methoxymethyl-furan or furfuryl methyl ether, it’s the 

methylated products of ribose from nucleosides. As we mentioned, nucleosides consist of one 

basic nucleobase and one ribose, and their methylated compounds were detected when 

nucleosides thermochemolysis with TMAH, which could be an evidence for the detection of 
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nucleosides. On the other side, the methylated nucleosides were also detected in our study, such 

as the methylated dC at the retention time of 34.44 min, the methylated dU at the retention time 

of 30.07 min, named 2’-deoxy-3-methyl-3,5’-di-O-methyl-uridine; the methylated dT at the 

retention time of 30.48 min is 2’-deoxy-N,N,O-trimethyl-thymidine; 2’-deoxy-N,N,O,O-

tetramethyl-adenosine at the retention time of 33.06 min is methylated dA. Their peaks 

intensities are high, which demonstrated that the methylated nucleosides are stable and could 

be the direct evidence of the presence of DNA molecule fragments. Figure 5-3 shows the mass 

spectrum of different methylated compounds from nucleosides thermochemolysis with TMAH. 

In addition to the main methylated compounds of nucleoside obtain after flash TMAH 

thermochemolysis at 200°C, there are some byproducts of nucleobases. Hexadecanoic acid and 

methyl stearate methyl esters, at the retention time of 27.68 and 29.66 min, respectively, have 

been detected from the reaction of nucleosides with TMAH thermochemolysis. Their intensities 

are relatively higher than other byproducts.  

 

Table 5-2 The compounds of nucleosides and nucleotides with TMAH thermochemolysis at 

200 °C. 

Mother 

Molecule 

RT (min) Masses of fragments* and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds 

Structure 

dA 6.10 81,112,53,97 C6H8O2 2-methoxymethyl-furan 
O

O

 
 24.99 163,107,135,148,80,42,53 C7H9N5 9H-Purin-6-amine,N,9-

dimethyl- 
N

N

N

N

NH

CH3

CH3  
 25.45  148,162,177,107,133,80,42,

52 

C8H11N5 N,N,9-Trimethyl-9H-

purin-6-amine 
N

N

N

N

N

CH3

CH3

CH3

 
 26.67 178,192,207,149,135,109,8

0,67,44 

C11H15N5O4 N-methyl-adenosine 

N

N

N

N

NH

CH3

O
OH

OHOH  
 26.78 134,162,177,148,121,93,42,

58 

C8H11N5 N,N,3-trimethyl-3H-6-

amine 

N

N

N

N

N

CH3 CH3

CH3  
 26.94 194,109,67,55,82,162,177,1

48,121,133 

C8H10N4O2 Caffeine or 3,7-dihydro-

1,3,7-trimethyl-1H-purine-

2,6-dione 
N

N

N

N

O
CH3

CH3

O

OH

 
 27.90 177,135,162,120,108,42,79,

, 

C7H7N5O Trimethyl-adenine 

N

N

N

N

N

CH3

CH3

CH3

 
 33.06,33.29 134,163,148,192,292,307,1

20 

C14H21N5O3 2’-deoxy-N,NO,O-

tetramethyl-adenosine N
O

O

O

N

N
N

N

CH3 CH3

CH3

CH3  
dU      

 6.11 81,112,53,97 C6H8O2 2-methoxymethyl-furan 
O

O

 
 10.28 91;121;77;65;105 C8H10O Methoxymethyl-benzene 

O

CH3
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Table 5-2 (continued) 

 

5.2.2 Optimization of thermochemolysis for nucleosides 

 

In order to optimize the temperature of TMAH thermochemolysis of nucleosides, the 

TMAH thermochemolysis were operated at different temperatures, from 200 °C to 600 °C. 

Mother 

Molecule 

RT (min) Masses of fragments* and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds 

Structure 

dU 10.85 111,45,81,99,71,53 C5H8N2O 4,5-dimethyl-2-

oxazolamine 
N

OCH3

CH3

NH2

 
 20.22 140,83,42,55,111 C6H8N2O2 1,3-dimethyl-uracil 

N

N

O

O

CH3

CH3  
 30.01 145,113,87,59,45,127 C12H18N2O5 2’-Deoxy-3-methyl-3’,5’-

di-O-methyl-uridine N
O

O

O

N

O

OCH3

CH3

CH3

 
dT      

 6.04 81,112,53,97 C6H8O2 2-methoxymethyl-furan 
O

O

 
 21.54 154,68,97,42,140 C7H10N2O2 1,3-Dimethyl-thymidine 

N

N

O

O

CH3 CH3

CH3  
 30.13 145,113,87,59,45,127 C12H18N2O5 2’-Deoxy-3-methyl-3’,5’-

di-O-methyl-uridine N
O

O

O

N

O

O

CH3

CH3

CH3  
dI      

 6.13 81,112,53,97 C6H8O2 2-methoxymethyl-furan 
O

O

 
 27.54 164,107,134,81,67,53,42 C7H8N4O 1,7-Dimethyl-

hypoxanthine 
N

N

N

N

O

CH3

CH3

 
 26.95 194,109,55,67,82,137,165,4

2 

C8H10N4O2 Caffeine 
N

N

N

N

O

CH3

CH3

O

CH3  
dG      

 6.07 81,112,53,97 C6H8O2 2-methoxymethyl-furan 
O

O

 
 26.96 194,109,55,67,82,137,165,4

2 

C8H10N4O2 Caffeine 

N

N

N

N

O

CH3

CH3

O

CH3  
 27.79 207,178,192,163,149,133,1

21,107,42,67 

C8H11N5O Trimethyl-guanine 

N

N

N

N

NH

O

CH3

CH3

CH3  
 29.42 164,207,123,136,178,192,6

7,108 

C8H11N5O Tetramethyl-guanine 

N

N

N

N

NH

O

CH3

CH3

CH3  
 30.99 178,109,164,67,82,55,207,1

92,137 

C9H13N5O Tetramethyl-guanine 

N

N

N

N

NH

O

CH3

CH3

CH3  
 31.40 207,163,136,123,94,192,67,

178 

C9H13N5O Tetramethyl-guanine 

N

N

N

N

N

O

CH3

CH3

CH3

CH3  
 34.51 193,164,178,150,45,59,87,3

37 

C15H22N5O4 Methyl guanosine 
N

O
O

O

N

N
N

N

O

CH3

CH3

CH3

CH3

CH3  
dC      

 6.10 81,112,53,97 C6H8O2 2-methoxymethyl-Furan 
O

O

 
 27.44 153,124,138,109,82,95,42,5

5 

C7H11N3O 4-Dimethylamino-1-

methyl-2(1H)-

pyrimidinone 
N

N

N

O

CH3 CH3

CH3  

 34.44 110,140,124, 

153,181,45,268,252, 268 

C13H20N2O5 2’-deoxy-N,N,O,O-

tetramethyl- Cytidine 
N

N

N

O
O

O

O

CH3

CH3

CH3 CH3
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Figure 5-4 shows the chromatograms of each nucleoside after TMAH thermochemolysis at 

different temperatures. We have compared the main compounds from nucleosides with TMAH 

thermochemolysis at different temperatures. Whatever the temperature the target compounds 

of each nucleoside thermochemolysis products are the same.  

However, the amounts of their target compounds are of differences, as shown in Figure 

5-5. The target peak intensity of each nucleoside with TMAH thermochemolysis is the highest 

at flash pyrolysis of 200 °C, including the methylated nucleobases and the methylated 

nucleosides. For dA, dT, and dU, their methylated compounds were detected, as 2’-decoxy-

N,N,O,O-tetramethyl-adenosine, 2’-decoxy-N,O,O-trimethyl-thymine, 2’-decoxy-3-methyl-

3’,5’-di-O-methyl-uridine, respectively. With the temperature increasing, the methylated 

nucleosides decreased, while the abundances of methylated nucleobases were increased. This 

demonstrated that the bond between the ribose and the nucleobase was cracked because of the 

high temperature. Thus, the yield of methylated nucleobases increased when the temperature 

increases from 300 to 600 °C.  

Figure 5-6 shows the abundance of methyl fufuryl obtained from nucleosides with 

TMAH at different temperatures. The yield of methylated ribose, 2-methoxymethyl-furan, 

increased with the rise of temperature, which also demonstrated that the high temperature 

destroyed the nucleosides and seperated them into two parts, the nucleobases and the ribose. 

The decomposition of nucelosides could also be demonstrated from Figure 5-5. The abundance 

of methylated nucleotides decreased with an increase of thermochemolysis temperature. 

However, the adundance of the methyl furfuryl showed the opposite trends with that of 

methylated nucleotides. The methylated nucleobases from nucleosides with TMAH 

thermochemolysis were detected at high temperature of 600 °C, which showed that TMAH 

thermochemolysis could be applied at 600 °C.  

However, 200 °C is the optimal temperature for the detection of nucleosides chemical 

standards with TMAH thermochemolysis. On the otherside, it could be different cases when 

applying TMAH thermochemolysis on the detection of nucleotides from natural samples. The 

optimal temperature could be different because of the adsorption of nucleosides on rocks or soil 

smaples [683]. And also, maybe a higher temperature would be needed to analyze the 

nucleotides from natural samples with TMAH thermochemolysis.  
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Figure 5-4 The chromatograms of nucleosides with TMAH thermochemolysis at different flash 

pyrolysis temperatures. 
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Figure 5-5 Distribution of thermochemolysis products of nucleosides in TMAH at different temperatures 

(Ai/AIS is the ratio of area of organics and the area of internal standard). 
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Figure 5-6 The abundance of methyl fufuryl obtained from nucleosides with TMAH at different 

temperatures (Ai/AIS is the ratio of area of organics and the area of internal standard). 

 

5.2.3 Analysis of the mixture of nucleosides at different temperatures 

 

The methylated products of nucleosides and their target compounds at different 

temperatures have been analyzed. Then, in order to determine whether or not there are overlaps 

among these nucleosides, the mixtures of nucleosides, including dA, dU, dC, dT, and dI with 

TMAH thermochemolysis have been analyzed between the temperatures of 200 to 600 °C, as 

shown in Figure 5-7. According to the previous research, dG was not mixed with the other five 

kinds of nucleosides, because we found it could be decomposed into caffeine, which is one of 

the byproducts from hypoxanthine after TMAH thermochemolysis [23]. The target peak of each 

nucleoside has been found in the chromatogram. For example, the methylated compounds of 

dU and dT were separated completely, even if their structure is similar, methylated uracil (peak 

4) at the retention time of 20.17 min, methylated thymine (peak 5) at the retention time of 21.25 

min. In addition, some of the methylated nucleosides were detected directly, including 2’-

deoxy-3-methyl-3’,5’-di-O-methyl-uridine (peak 10), 2’-deoxy-N,O,O-trimethyl-thymidine 

(peak 11), 2’-deoxy-N,O,O,O- tetramethyl-adenosine(peak 12). These methylated nucleosides 

are more stable and with simpler structures and their mass fragments are within the limitation 

of detection of our device.  
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Figure 5-7 Chromatograms of nucleosides (10 nmol each) after TMAH thermochemolysis at different 

temperatures. Peak 1 : Furfuryl methyl ether; Peak 2 : 2’-deoxy-Cytidine?; peak 3 : 3-methyl-1,2-

cyclopentanedione?; peak 4 : 1,3-dimethyl-uracil ; peak 5 : 1,3-dimethyl-thymine; peak 6: N,N,9-

trimethyl-adenine; peak 7,9 : 1,7-dimethyl-hypoxanthine; peak 8: N,N,3-trimethyl-adenine; peak 10: 2’-

deoxy-3-methyl-3’,5’-di-O-methyl-Uridine; peak 11: 2’-deoxy-N,O,O-trimethyl-thymidine ; peak 12 : 

2’-deoxy-N,O,O,O- tetramethyl-Adenosine. 

 

5.2.4 SAM-like ramp pyrolysis 

 

The methylated products of nucleosides and their target compounds at SAM-like ramp 

pyrolysis were studied, in order to simulate the condition of SAM instrument on Mars. Figure 

5-8 shows the products from nucleosides with TMAH thermochemolysis at SAM-ramp 

pyrolysis. Compared with the chromatogram of nucleosides with TMAH thermochemolysis at 

flash pyrolysis (Figure 5-2), it could be found that the methylated compounds of each 

nucleoside and the byproducts from nucleoside with TMAH thermochemolysis at SAM-like 

ramp pyrolysis are almost the same. Table 5-3 shows the main products of nucleosides with 

TMAH thermochemolysis at SAM-like ramp pyrolysis.  
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Figure 5-8 The pyrolysis products of nucleosides at SAM-like ramp pyrolysis. 

 

Figure 5-9 is the chromatogram of the mixtures of five kinds of nucleosides with TMAH 

thermochemolysis. dG was not mixted with other five kinds of nucleosides because we have 

already known that the guanine could decompose into caffeine, hence influence the quantitation 

of the hypoxanthine. Results showed that there was no overlap among these five kinds of 

nucleosides after TMAH thermochemolysis. The target compounds of each nucleoside with 

TMAH thermochemolysis can be seen in Figure 5-9. Figure 5-10 shows the relative abundance 

of the target compounds from each nucleoside with TMAH thermochemolysis. Compared the 

peak intensities of these nucleosides, the responding values of these nucleosides detected by 

GC/MS decreased as dA > dG > dT > dU> dI> dC. This demonstrates that dA is the most 

possible compounds that could be detected among the mixtures of nucleosides. The result is in 

consistent with the conclusion in our previous work [23]. As adenine is the most possible 

nucleobases that could be detected on Mars, if the abundance of nucleobases is higher than the 

detect limitation of our device [23]. This means adenine is one of the nucleobases that give the 

best response after TMAH thermochemolysis  
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Table 5-3 The target compounds of nucleosides with TMAH thermochemolysis 

 

 

RT ( min) Masses of fragments* 

and relative 

abundance: m/z (%) 

Empirical 

formula 

Compounds 
Compounds 

Structure 

dA 

25.45 148,162,177,107,133,

80,42,52 

C8H11N5 N,N,9-Trimethyl-

adenine 
N

N

N

N

N

CH3

CH3

CH3

 
33.06 134,163,148,192,292,

307,120 

C14H21N5O3 2’-deoxy-N,N,O,O-

tetramethyl-

adenosine 

N
O

O

O

N

N
N

N

CH3 CH3

CH3

CH3  

dU 

20.22 140,83,42,55,111 C6H8N2O2 1,3-Dimethyl-Uracil 
N

N

O

O

CH3

CH3  
30.01 145,113,87,59,45,127 C12H18N2O5 2’-Deoxy-3-methyl-

3’,5’-di-O-methyl-

Uridine 

N
O

O

O

N

O

OCH3

CH3

CH3

 
dT 

21.54 154,68,97,42,140 C7H10N2O2 1,3-Dimethyl-

Thymidine N

N

O

O

CH3 CH3

CH3  
30.13 145,113,87,59,45,127 C12H18N2O5 2’-Deoxy-3-methyl-

3’,5’-di-O-methyl-

Uridine 

N
O

O

O

N

O

O

CH3

CH3

CH3  
dI 

27.54 164,107,134,81,67,53,

42 

C7H8N4O 1,7-Dimethyl-

hypoxanthine 
N

N

N

N

O

CH3

CH3

 
26.95 194,109,55,67,82,137,

165,42 

C8H10N4O2 Caffeine 

N

N

N

N

O

CH3

CH3

O

CH3  
dG 

27.79 207,178,192,163,149,

133,121,107,42,67 

C8H11N5O Trimethyl-guanine 

N

N

N

N

NH

O

CH3

CH3

CH3  
29.38 164,207,123,136,178,

192,67,108 

C8H11N5O Tetramethyl-

guanine N

N

N

N

NH

O

CH3

CH3

CH3  
34.51? 193,164,178,150,45,5

9,87,337 

C15H22N5O4 Methyl guanosine 
N

O
O

O

N

N
N

N

O

CH3

CH3

CH3

CH3

CH3  
dC 

23.52 153,124,138,109,82,9

5,42,55 

C7H11N3O 4-dimethylamino-1-

methyl-2(1H)-

pyrimidinone 
N

N

N

O

CH3 CH3

CH3  
34.44 110,140,124, 

153,181,45,268,252, 

268 

C13H20N2O5 2’-deoxy-N,N,O,O-

tetramethyl-

Cytidine 
N

O
O

O

N

N

O

CH3 CH3

CH3

CH3  



 

226 

 

 

5 10 15 20 25 30 35 40

0

1x109

2x109

3x109

4x109

5x109

6x109

In
te

n
s
it
y
(c

p
s
)

Retention time/min

 5 mix dN SAM

IS

1

2

3

5

6

4

7
8

9

10

11

12

 

Figure 5-9 The chromatogram of the mixtures of nucleosides at SAM-like ramp pyrolysis. Peak 1: 

Furfuryl methyl ether; 2: 1,3-dimethyl-uracil; 3: 1,3-dimethyl- thymine; 4: trimethyl-cytosine; 5: N,N,9-

Trimethyl-adenine; 6,8: 1,7-dimethyl-hypoxanthine; 7: N,N,3-Trimethyl-adenine; 9: 2’-Deoxy-3-

methyl-3’,5’-di-O-methyl-Uridine; 10: 2’-Deoxy-3-methyl-3’,5’-di-O-methyl-Uridine; 11: 2’-deoxy-

N,N,O,O-tetramethyl-adenosine; 12: 2’-deoxy-N,N,O,O-tetramethyl-Cytidine. 
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Figure 5-10 the abundance of each nucleoside detected by Py-GC/MS at SAM-like ramp pyrolysis 

with TMAH thermochemolysis. 

 



 

227 

 

 

5.3 TMAH thermochemolysis of nucleotides 

Nucleotides are important compositions of DNA. The application of TMAH 

thermochemolysis on the detection of nucleosides was studied in this section. The products 

from nucleosides with TMAH thermochemolysis at 200 °C were analyzed, the target 

compounds of each nucleoside were determined firstly. In order to obtain the highest intensity 

of the target compounds of each nucleoside, the temperature of TMAH thermochemolysis were 

optimized. Furthermore, the products of nucleosides with TMAH thermochemolysis at different 

temperatures were analyzed. The possible mechanisms of TMAH thermochemolysis with 

nucleosides were investigated. Therefore, the nucleosides samples were thermochemolysis at 

temperatures of 200, 300, 400, 500, and 600 °C, at flash pyrolysis and SAM-like ramp pyrolysis. 

5.3.1 TMAH thermochemolysis for nucleotides 

The products of nucleotides with TMAH thermochemolysis were analyzed at 200 °C, 

including dIMP, dCMP, dUMP, dTMP, dGMP, and dAMP. Figure 5-11 shows the 

chromatogram of nucleotides with TMAH flash thermochemolysis at 200 °C, including the 

structures of the main products of each nucleotide. Results show that 1,7-dimethyl-

hypoxanthine, at the retention time of 27.5 min, is the main products of dIMP after TMAH 

thermochemolysis. N,N,N’-trimethyl-cytosine, at the retention time of 20.44 and 27.38 min, is 

the main thermochemolysis products of dCMP. For dUMP, 1,3-dimethyl-uracil is the 

methylated compounds of dUMP. 2’-deoxy-3-methyl-3’,5’-di-O-methyl-uridine, the 

methylated dU was detected at the retention time of 29.98 min. However, compared with the 

intensity of 1,3-dimethyl-uracil, the peak intensity of methylated dU is about 27 time lower 

than that of 1,3-dimethyl-uracil. 1,3-dimethyl-thymine, at the retention time of 21.32 min, is 

the main methylated products of dTMP. 2’-deoxy-N,O,O-trimethyl-thymine at a low intensity 

is detected at the retention time of 30.41 min. N,N,9-trimethyl-adenine at the retention time of 

25.44 min and the N,N,3-Trimethyl-adenine at the retention time of 28.14 min are the main 

methylated compounds of dAMP. In addition, 2’-deoxy-N,N,O,O-tetramethyl-adenosine, the 

methylated dA, was detected at the retention time of 33.0 min. For dGMP, the main products 

from TMAH thermochemolysis were trimethyl- and tertamethyl-guanine. Trimethyl-guanine 

was detected at the retention time of 28.27 min. However, the highest peak at the rethention 

time of 29.79 min is the target peak for dGMP, i.e. tetramethyl-guanine. Because of isomers of 

guanine and different cases for the replace of polar hydrogen with methyl functional group from 

TMAH, there are several peaks of methylated guanine. For example, in addition to the retention 



 

228 

 

 

time of 29.79 min, the products of dGMP with TMAH thermochemolysis are also tetramethyl-

guanine at the retention time of 28.00 min, 28.27 min, 31.23 min and 31.58 min. All the target 

compounds of each nucleotide with TMAH thermochemolysis are the methylated compounds 

of their corresponding nucleobases. The mass fragments of the methylated nucleobases can be 

seen in Table 4-2. 

The methylated compounds of nucleotides with flash TMAH thermochemolysis were 

detected at 200 °C, as well as some byproducts are from the degradation of TMAH, such as 

trimethylamine, dimethyl ether, as what we have shown in Chapter 4. All the byproducts of 

TMAH pyrolysis at 600 °C. Other byproducts are from the degradation of nucelotides under 

TMAH thermochemolysis. Table 5-4 lists the main products of nucleotides with TMAH 

thermochemolysis at flash 200 °C.  
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Figure 5-11 The chromatography of nucleotides with TMAH thermochemolysis at flash 

200 °C. 
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Table 5-4 The main products of nucleotides with TMAH thermochemolysis at flash 200 °C 

RT/ 

min 

Masses of fragments* and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds 

Structure 

dAMP 

24.99 163,107,135,148,80,42,53 C7H9N5 9H-Purin-6-amine,N,9-dimethyl- 

N

N

N

N

NH

CH3

CH3  
25.45  148,162,177,107,133,80,42

,52 

C8H11N5 N,N,9-Trimethyl-9H-Purin-6-amine 

N

N

N

N

N

CH3

CH3

CH3

 
26.78 134,162,177,148,121,93,42

,58 

C8H11N5 N,N,3-trimethyl-3H-6-amine 

N

N

N

N

N

CH3 CH3

CH3  
26.94 194,109,67,55,82,162,177,

148,121,133 

C8H10N4O2 Caffeine 

Or 3,7-dihydro-1,3,7-trimethyl-1H-

Purine-2,6-dione 
N

N

N

N

O
CH3

CH3

O

OH

 

33.06, 134,163,148,192,292,307,1

20 

C14H21N5O3 2’-deoxy-N,NO,O-tetramethyl-

adenosine N
O

O

O

N

N
N

N

CH3 CH3

CH3

CH3  
dUMP 

20.19 140,58,83,42,155 C6H8N2O2 1,3-Dimethyl-Uracil 
N

N

O

O

CH3

CH3  
29.98 145,113,87,59,45,71,101,1

27 

C12H18N2O5 Uridine,2’-deoxy-3-methyl-3’,5’-di-o-

methyl- N
O

O

O

N

O

OCH3

CH3

CH3

 
dTMP 

21.52 154,68,97,42,140 C7H10N2O2 1,3-Dimethyl-Thymidine 
N

N

O

O

CH3 CH3

CH3  
30.40 145,113,45,59,87,71,112,2

84 

C13H20N2O5 2’-deoxy-N,O,O-trimethyl-Thymidine 
N

O
O

O

N

O

O

CH3

CH3

CH3  
dIMP 

26.95 194,109,55,67,82,137,165,

42 

C8H10N4O2 Caffeine 
N

N

N

N

O

CH3

CH3

 

27.45 164,110,42,68,82,138, C7H8N4O 1,7-Dimethyl-Hypoxanthine 
N

N

N

N

O

CH3

CH3

 

dCMP 

21.64 153,124,138,95,109,44,81,

68,54 

C7H11N3O 4-Dimethylamino-1-methyl-2(1H)-

pyrimidinone 
N

N

N

O

CH3 CH3

CH3  
dGMP 

28.00 207,178,192,163,149,133,4

2 

C9H13N5O Tetramethyl-Guanine 
N

N

N

N

N

O

CH3

CH3

CH3

CH3  
     

28.27 193,164,109,67,82,55,138,

149 

C8H11N5O Trimethyl-Guanine 
N

N

NH

N

N

O

CH3

CH3

CH3  isomers 

     

29.58 164,123,136,178,207,67,19

2,149,108 

C9H13N5O Tetramethyl-Guanine 
N

N

N

N

N

O

CH3

CH3

CH3

CH3  
31.23 178,109,164,67,55,82,193,

207,137,123 

C9H13N5O Tetramethyl-Guanine 
N

N

N

N

N

O

CH3

CH3

CH3

CH3  
31.58 207,163,136,123,94,67,42,

192,178, 

C9H13N5O Tetramethyl-Guanine 
N

N

N

N

N

O

CH3

CH3

CH3

CH3  
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5.3.2 Optimization of thermochemolysis for nucleotides 

 

The target compounds of each nucleotide with TMAH thermochemolysis have been 

determined in the last section. In this part, the abundances of products from nucleotides 

thermochemolysis with TMAH at different temperatures were studied, at flash temperature of 

200, 300, 400, 500, 600 °C. Figure 5-12 shows the chromatograms of nucleotides with TMAH 

thermochemolysis at different temperatures. With the increase of temperatures, the target 

compounds of each nucleotide with TMAH thermochemolysis did not show obvious changes, 

which demonstrated that there is no new compounds were formed with the increase of 

temperature. Only the methyl phosphate was detected at 300-500 °C, as shown in Figure 5-13. 

The mass spectrum of methyl phosphate can be seen in Figure 5-14. Its main mass fragments 

should be 110; the mass weight of 140 is also important as it’s the total mass weight of methyl 

phosphate. All the products of nucleotides thermochemolysis with TMAH at different 

temperatures were analyzed, from 300 to 600 °C. Compared the products of different 

temperatures, a few new products were formed during the pyrolysis of these methylated 

nucleotides. Therefore, the abundance of the target nucleobases from the thermochemolysis of 

nucleotides with TMAH differs with the increase of temperature; barely new compounds were 

formed during the pyrolysis process. 

The relative intensity of each target compounds of each nucleotide was analyzed. Figure 

5-15 shows the distribution of the methylated compounds of nucleotides with TMAH 

thermochemolysis at different temperatures. Compared the relative intensity of the target 

compounds of each nucleotide, 200 °C is the optimal temperature of each nucleotide with 

TMAH thermochemolysis. For cytosine, N,N,N’-trimethyl-cytosine is the only methylated 

compounds of dCMP, the intensity of N,N,N’-trimethyl-cytosine dtetected at different 

tempratures are similar except that at 400 °C. The yields of the methylated products of other 

nucleotides with TMAH thermochemolysis decreased with the increase of pyrolysis temprature, 

including dAMP, dTMP, and dUMP. However, dGMP showed different results. It shows that 

at 600 °C, the abundance of methylated guaninie is the highest. At 200 and 300 °C, its 

abundance is similar. Therefore, for dGMP, the TMAH thermochemolysis could also be apllied 

at 200 or 300 °C. 
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Figure 5-12 Chromatograms of nucleotides with TMAH thermochemolysis at different flash 

temperatures. 
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Figure 5-13 the abundance of methyl phosphate from four mix of nucleotides monphosphate with 

TMAH thermochemolysis at different temperatures. 
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Figure 5-14 The mass spectrum of methylated phosphate. 

Figure 5-15 shows that the methylated nucleobases are the main methylated byproducts of 

nucleotides wathever the temperature. Though the methylated nucleosides, such as dA, dT, and 

dU, have been detected from 200 to 500 °C. However, their abundances are much lower than 

that of the methylated nucleobases. The abundance of methylated nucleosides decreases with 

the increase of pyrolysis temperature. This demonstrates that the structure of these methylated 

nucleosides become unstable at high temperatures. Most of the methylated ribose was removed 

from nucleotides when the temperature is higher than 200 °C. This is mainly because of the 

cleavage of the N-C bond, which connects the nucleobases and the ribose of the nucleosides. 

Methylated phosphates were detected when the temperature is higher than 300 °C. The 

abundance of methylated phosphates decreased with the increase of temperature, from 300 to 

500 °C. When thermochemolysis temperature is lower than 200 °C or higher than 600 °C, the 

methylated phosphate of nucleotides thermochemolysis with TMAH could not be detected. At 

low temperature, the phosphate groups are stable; they are attached with the ribose stably. 

However, increasing temperature leads the cleavage of O-C bonds connecting the phosphate 

and the ribose structure. On the other side, methylated phosphates could be decomposed at high 

temperatures. Therefore, the abundance of methyl phosphate decreases drastically with the 

increase of temperature. However, no methyl phosphate was detected at 600 °C, which 

demonstrated that methyl phosphate was decomposed completely when the temperature is 

higher than 600 °C. The abundance of the methylated phosphates is the highest at 300 °C. 

Methyl phosphate could be one of the target compounds of nucleotides, but the optimal 

temperature should be 300 °C.  
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Figure 5-15 Distribution of thermochemolysis products of nucleotides in TMAH at different 

temperatures (Ai/AIS is the ratio of area of organics and the area of internal standard). 

In addition, thermochemolysis temperature still influences the detection of methylated 

nucleosides. Higher temperature could lead the fission of N-O bonds connecting the 

nucleobases and the ribose structure, which could be concluded from the intensity of the 

methylated adenosine, the methylated uridine, and thymine, as shown in Figure 5-15.  Therefore, 

the optimal temperature for the detection of methylated nucleotides should be from 200 to 

300 °C. However, if there are nucleotides in Martian soil samples, the optimal temperature 

could be different from that of the nucleotides chemical standards with TMAH 

thermochemolysis. Owning the fact that the strong adsorption by the matrix can result in the 

poor recovery of organic compounds [684], hence the detection of organics from solid matrix 

could be difficult even combined with etraction process [685]. Therefore, a higher temperature 
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would be needed for the detection of organics from soild matrix. From the results of nucleotides 

with TMAH thermochemolysis at different temperatures, as in Figure 5-15, the methylated 

nucleobases obtained from nucleotides with TMAH thermochemcolysis could be detected even 

at high temperature of 600 °C.  

5.3.3 Analysis of the mixture of nucleosides at different temperatures 

The chromatography corresponding to the thermochemolysis of the nucleotides 

mixtures detected at different temperatures (from 200 to 600 °C) is shown in Figure 5-16. Each 

of methylated nucleotide with TMAH thermochemolysis was identified and they are the 

derivatives of uracil, thymine, and adenine.  

The predominate peak of adenine corresponded to trimethylated canonical structure 

whereas the second peak of low intensity was a trimethyl tautomer form of adenine, at the 

retention time of 25.43 min and 28.15 min, respectively. A single derivative of dUMP and 

dTMP were detected, 1,3-dimethyl-uracil and 1,3-dimethyl-thymine at the retention time of 

20.18 min and 21.28 min, respectively. Therefore, all the methylated nucleotides were separated 

and detected by our programs.  
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Figure 5-16 Chromatograms of nucleotides (10 nmol) thermochemolysis in TMAH at different 

temperatures. Peak 1: Methyl phosphate ; peak 2 :1,3-dimethyl-uracil ; peak 3 : 1,3-dimethyl-thymine; 

peak 4: N,N,9-trimethyl-adenine; peak 5: Hexadecanoic acid, methyl ester; peak6: N,N,3-trimethyl-

adenine; peak 7: octadecanoic acid, methyl ester; peak 8: 2’-deoxy-N,O,O-trimethyl-

thymidine(trimethyl-dT) ; peak 9: 2’-deoxy-N,O,O,O- tetramethyl-Adenosine(tetramethyl-dA). 
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5.3.4 SAM-like ramp pyrolysis 

 

In order to mimic the experimental conditions of SAM on board Curiosity on Mars, the 

products of nucleotides with TMAH thermochemolysis at SAM-like ramp pyrolysis were 

studied. Figure 5-17 shows the chromatograms of nucleotides (10 nmol) thermochemolysis in 

TMAH at SAM-like ramp pyrolysis. The target compound of each nucleotide with TMAH 

thermochemolysis has been presented in Figure 5-17. The target compounds of each nucleotide 

are almost the same as the products are obtained from nucleosides and nucleotides 

thermochemolysis with TMAH, as shown in section 5.1 and 5.2. The main differences of these 

products are the degradation of the ribose. Furfuryl methyl ether, at the retention time of 6.31 

min, is one of the main typical products from nucleosides and nucleotides degradation at flash 

pyrolysis and SAM-like ramp pyrolysis. However, some ribose derivatives were detected when 

the nucleotides thermochemolysis with TMAH at SAM-like ramp pyrolysis. Furfuryl alchohol 

and furfuryl formate were detected, at the retention time of 7.26 and 8.15 min, respectively. 

Furfuryl formate could be formed through the reaction of furfuryl alchohol and acetyl formate 

at 60 °C [686]. The nucleotides were analyzed at high temperature as 200 °C leading to the 

formation of furfuryl formate. In addition, 2,5-dimethyl-furan at the retention time of 6.52 min 

was detected. This demonstrates that there are the transformations of furfuryl methyl ether 

during the heating of nucleotides with TMAH thermochemolysis. At SAM-like ramp pyrolysis, 

the volatiles that formed from the nucleotides with TMAH thermochemolysis have a longer 

retention time at the pyrolyser. Therefore, some secondary reactions could produce the 

derivatives of furans.  

Figure 5-18 shows the chromoatograms of the mixtures of nuceotides (10 nmol) 

thermochemolysis in TMAH at SAM-like ramp pyrolysis. Methyl phosphate and methyl 

furfuryl ester were detected at 6.32 min and 9.28 min, respectively. The methylated uracil, 

thymine, adenine, guanine, and cytosine were detected. Theintensity of methylated cytosine 

was the lowest; this demonstrated that cytidine could not be detected easily compared with other 

nucleotides. There was no overlap among these nucleobases. This demonstared that 

nucleobases could be well separated and detected by Py-GC/MS combined TMAH at SAM-

like ramp pyrolysis. 
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Figure 5-17 Chromatograms of nucleotides (10 nmol) thermochemolysis in TMAH at SAM-like ramp 

pyrolysis.  
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Figure 5-18 Chromatograms of the mixtures of nucleotides (10 nmol) thermochemolysis in TMAH at 

SAM-like ramp pyrolysis. Peak 1: Furfuryl methyl ether; 2: furfuryl alcohol; 3: Methyl phosphate; 4: 

1,3-dimethyl-uracil; 5: 1,3-dimethyl-thymine; 6: N,N,9-trimethyl-adenine; 7: Hexadecanoic acid, 

methyl ester; 8: trimethyl-cytosine; 9: Tetremethyl-gaunine; 10: N,N,3-trimethyl-adenine; 11: 

tetramethyl-guanine; 12: Octadecanoic acid methyl ester. 
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5.4 TMAH thermochemolysis of nucleotides triphosphate 

 

Nucleotides triphosphate is the most important components of DNA or RNA. The 

products of each nucleotide and their mixtures with TMAH thermochemolysis at different 

temperatures were analyzed, at flash pyrolysis from 200 to 600 °C and SAM-like ramp 

pyrolysis at the final temperature of 850 °C.  

5.4.1 Flash pyrolysis 

The methylated products of each nucleotide with TMAH thermochemolysis at different 

temperatures were analyzed. Figure 5-19 shows the chromatogram of nucleotides triphosphate 

with TMAH thermochemolysis at different temperatures. Their target compounds have been 

presented as well, which are consistent with the target compounds from nucleosides and 

nucleotides with TMAH thermochemolysis at different flash temperatures. Furthermore, the 

target compounds of each nucleotides triphosphate with TMAH thermochemolysis are the same 

under different thermochemolysis temperatures. Therefore, we did not list the main products 

herein. However, their intensities increase with the increasing of temperatures.  

The abundance of methyl phosphate was analyzed. Figure 5-20 shows the abundance of 

methyl phosphate from 5mix of nucleotides triphosphate with TMAH thermochemolysis at 

different temperatures. No methylated phosphate was detected when the temperature is lower 

than 300 °C. At 300 °C, the relative intensity of methyl phosphate is the highest, and its intensity 

declined dramatically with the raising of the temperature of thermochemolysis. The yield of 

methyl phosphate of nucleotides at flash 300 °C is about 5.6 times higher than that from the 

600 °C; at 600 °C, only a few amounts of methyl phosphate was detected with the lowest 

abundance. The relative intensity of methyl phosphate from nucleotides triphosphate 

thermochemolysis with TMAH at flash 400 °C is about 0.6 times lower than that obtained from 

300 °C. Methyl phosphate is one of the significant units of nucleotides triphosphate; therefore, 

it is necessary to optimize the detection conditions of methyl phosphate. Results demonstrate 

that the optimal temperature for the characterization of methyl phosphate is at 300 °C. 
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Figure 5-19 Chromatograms of nucleotides after flash TMAH thermochemolysis at different 

temperatures (200°C-600°C). 
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Figure 5-19 (continued) Chromatograms of nucleotides after flash TMAH thermochemolysis at different 

temperatures (200°C-600°C). 
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Figure 5-20 The abundance of methyl phosphate from 5mix of nucleotides triphosphate with TMAH 

thermochemolysis at different temperatures. 

 

Figure 5-21 shows the distribution of thermochemolysis products of nucleotides 

triphosphate in TMAH at different temperatures. Since the methylated nucleobases are also the 

main compounds from nucleotides triphosphate with TMAH thermochemolysis, as Figure 5-

19. Therefore, the abundance of the methylated nucleobases is the criterion for selecting the 

optimal temperature of nucleotides detection with TMAH thermochemolysis. For the detection 

of methylated nucleobases, 200 °C is the optimal temperature for methylated adenine, guanine, 

uracil, thymine, and cytosine. The abundances of methylated nucleobases reduced significantly 

with an increase in temperature of flash thermochemolysis. For example, the relative intensity 
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of trimethyl-cytosine obtained from 200 °C is 5.2 times of that from the 600 °C. This is similar 

with the case of deoxyuridine triphosphate and deoxyguanosine triphosphate, which is the 

adundance of methylated uracil and methylated guanine decreased with an increseing of 

temperature. Only deoxyadenosine triphosphate showed a relative stable property. The 

abundance of the methylated adenine from flash 200 °C is 1.4 times higher that of the 

methylated adenine from flash 600 °C. This is different from the case of detection of 

nucleobases with TMAH thermochemolysis, 600 °C is the optimal temperature for the detection 

of nucleobases. Since nucleotides and nucleobases are different from their structures, the 

addition of ribose and phosphate changed their stabilities when thermochemolysis at different 

temperatures. Nucleobases showed better stabilities than nucleotides. In addition, the methylate 

nucleosides were also detected but at a low intensity, such as the methylated deoxyadenosine, 

deoxyuridine, deoxythymine, deoxyguanosine. High temperature prohibited the preservation of 

these methylated nucleosides because of the degeneration of these nucleotides triphosphate. 

Therefore, 200 °C is the optimal temperature for the detection of these methylated nucleobases. 
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Figure 5-21 Distribution of thermochemolysis byproducts of nucleotides triphosphate in TMAH at 

different temperatures (Ai/AIS is the ratio of area of organics and the area of internal standard). 
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Figure 5-21(continued) Distribution of thermochemolysis byproducts of nucleotides triphosphate in 

TMAH at different temperatures (Ai/AIS is the ratio of area of organics and the area of internal standard). 

The solution of dAMP, dGMP, dTMP, dUMP, and dCMP standard was mixed and their 

thermochemolysis byproducts were studied. Figure 5-22 shows the chromatograms of the 

mixtures of the five nucleotides triphosphate after flash TMAH thermochemolysis at different 

temperatures. The target compounds of each nucleotide triphosphate were detected respectively. 

And they have the same retention time as we mention in section 5.1 and 5.2. This demonstrates 

that increasing the thermochemolysis temperature does not influence the separation and 

detection of these nucleotides triphosphate.  
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Figure 5-22 The mixtures of nulceotides triphosphate with TMAH thermochemolysis at different 

temperatures. Peak 1: 1,3-dimethyl-uracil; 2: 1,3-dimethyl-thymine; 3: N,N,9-trimethyl-adenine; 4: 

N,N,3-trimethyl-adenine; 5: Tetramethyl-guanine. 
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5.4.2 SAM-like ramp pyrolysis 

 

Figure 5-23 shows the pyrolysis products of nucleotides triphosphate with TMAH at 

SAM-like ramp pyrolysis. Same as the results of nucleotides triphosphate with TMAH 

thermochemolysis, the methylated nucleobases are the target compounds of each corresponding 

nucleotides with TMAH thermochemolysis at SAM-like ramp pyrolysis, such as 1,3 dimethyl-

uracil at the retention time of 20.13 min, 1,3-dimethyl-thymine at the retention time of 21.26 

min, N,N,9-trimethyl-adenine at the retention time of 25.41 min, tetramethyl guanine at 29.41 

min. Hence we did not list the main target compounds here. In addition, the methylated 

phosphate was detected at a relatively high intensity. The mixture of five kinds of nucleotides 

triphosphate, including dATP, dGTP, dTTP, dUTP, and dCTP with TMAH thermochemolysis 

has been analyzed, as shown in Figure 5-24. Results show that all of the target compounds have 

been separated and detected efficiently. Therefore, there is no overlap among these nucleotides 

triphosphate, and their target methylated nucleobases, furfuryl methyl ether, and the methylayed 

phosphate have been detected at a high intensity.  
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Figure 5-23 The pyrolysis products of nucleotides triphosphate with TMAH at SAM-like ramp pyrolysis.  
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Figure 5-24 Chromatograms of mixtures of nucleotides triphosphate thermochemolysis in TMAH at 

SAM-like ramp pyrolysis. Peak 1: 1-chlorocyclohexene; 2: Furfuryl methyl ether; 3: methyl phosphate; 

4: 1,3-dimethyl-uracil; 5: 1,3-dimethyl-thymine; 6: N,N,9-Trimethyl-adenine; 7: trimethyl-cytosine; 8: 

N,N,3-Trimethyl-adenine; 9,10:tetramethyl-guanine. 

5.5 TMAH thermochemolysis of poly A 

 

The products of poly A after TMAH thermochemolysis were analyzed herein, Figure 5-25 

shows the structure of poly A. In this section, the temperature of poly A with TMAH 

thermochemolysis was optimized, at both flash pyrolysis (from 100 to 700 °C) and SAM-like 

ramp pyrolysis at the final temperature of 850 °C. The target products of poly A with TMAH 

thermochemolysis were listed and analyzed.   
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Figure 5-25 The structures of Poly A. 
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5.5.1 Flash pyrolysis 

  

The methylated compounds of poly A with TMAH thermochemolysis were analyzed, at 

flash pyrolysis from 100 to 700 °C. Figure 5-26 shows the chromatograms of poly A (5.15 nmol) 

thermochemolysis in TMAH (25% in methanol) at different temperatures. No byproduct was 

detected from poly A thermochemolysis at 100 °C. The byproducts of poly A thermochemolysis 

with TMAH were detected when the temperature is higher than 200 °C. This means that the 

degradation of poly A occurred only when the thermochemolysis temperature is higher than 

100 °C. N,N,9-Trimethyl-adenine is the main methylated byproducts of poly A after TMAH 

thermochemolysis. At the retention time of 25.42, 26.89, 27.08, 27.27, and 27.92 min, 

respectively. N,9-dimethyl-adenine at the retention time of 25.19 min is detected. In addition, 

methylated adenosine is also detected but at a very low intensity. The intensity of N,N,9-

Trimethyl-adenine is the highest. Therefore, N,N,9-trimethyl-adenine is the target compounds 

of poly A thermochemolysis with TMAH at different temperatures. The main products from 

poly A with TMAH thermochemolysis are listed in Table 5-5. 
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Figure 5-26 Chromatograms of PolyA (5.15 nmol) thermochemolysis in TMAH at different 

temperatures. 
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Table 5-5 The main compounds detected from Poly A with TMAH thermochemolysis at flash 

pyrolysis 

RT/ min Masses of fragments* 

and relative abundance: 

m/z (%) 

Empirical 

formula 

Compounds Compounds Structure 

11.25 110,79,95,58,140 C3H9O4P Methyl phosphate 
P

O

O
O

O

CH3
CH3

CH3

 
25.19 163,107,135,148,80,42,

53 

C7H9N5 9H-Purin-6-amine,N,9-

dimethyl- 

N

N

N

N

NH
CH3

CH3  
25.37 74,87,143,107,129,199,

242 

C15H30O2 Tetradecanoic acid, 

methyl ester 

CH3

O CH3

O  

26.89 134,148,163,119,93,66,

44 

C7H9N5 N,N-dimethyl-adenine 

N

N

NH

N

N

CH3 CH3

 
25.42 148,162,177,107,133,8

0,42,52 

C8H11N5 N,N,9-Trimethyl-9H-

Purin-6-amine 
N

N

N

N

N

CH3 CH3

CH3  
27.67 74,87,143,129,227,171,

185,199,270,43,55 

C17H34O2 Hexadecanoic acid, 

methyl ester 

CH3

O
CH3

O  

28.22 148,162,177,134,107,1

19,94,67 

C8H11N5 N,N,3-Trimethyl-3H-

Purine-6-amine 
N

N

N

N

N

CH3 CH3

CH3  
29.65 74,87,143,199,255,298 C19H38O2 Methyl stearate CH3

O

O

CH3

 
33.06  134,163,148,192,292,3

07,120 
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Figure 5-27 Distribution of TMAH thermochemolysis byproducts of Poly A at different temperatures 

(Ai/AIS is the ratio of area of organics and the area of internal standard). 
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Figure 5-27 shows the distribution of thermochemolysis products of poly A in TMAH at 

different temperatures (Ai/AIS is the ratio of area of organics and the area of internal standard). 

Trimethyl-adenine is the main methylated compounds of poly A with TMAH 

thermochemolysis at different temperatures. With the increase of thermochemolysis 

temperature, the intensity of nucleobases containing compounds increased from 200 to 400 °C. 

The abundances of N,N,9-trimethyl-adenine and N,N,3-trimethyl-adenine are similar at 400, 

500, and 600 °C. However, the total abundance of methylated adenine and adenosine is the 

highest at 400 °C. When the temperature was at below 400 °C, poly A was decomposed into 

adenine or adenosine, which could react with TMAH and produced methylated adenine and 

adenosine. However, when the temperature is higher than 400 °C, poly A could degrade into 

smaller fragments; therefore, less methylated adenosine was formed.  

In addition, methyl phosphate, one of the most important structures of poly A, was detected 

at the retention time of 11.25 min. The byproducts from poly A obtained after TMAH 

thermochemolysis mainly include the degradation products of TMAH and poly A. The 

byproducts from TMAH degradation were released mainly at the retention time before 8 min. 

Some fatty acids methyl esters were detected, such as succinic acid dimethyl ester at the 

retention time of 11.57 min, decanoic acid methyl ester at 18.51 and 22.51 min, tetradecanoic 

acid, methyl ester at 25.37 min, pentadecanoic acid, and methyl ester at the retention time of 

36.57 min. However, these fatty acids methyl esters could be originated from the byproducts of 

poly A degradation. They were also detected from the reactions of nucleosides, nucleotides, 

and nucleotides triphosphate with TMAH thermochemolysis. And some other N-containing 

compounds such as N,N-dimethyl-benzenemethanamine at the retention time of 12.98 min, are 

the byproducts from TMAH degradation. The intensities of these byproducts are very low; 

therefore, it’s easier to discriminate the target compounds of poly A with TMAH 

thermochemolysis from the byproducts. 

 

5.5.2 SAM-ramp like pyrolysis 

 

Figure 5-28 is the chromatogram of poly A with TMAH thermochemolysis at SAM 

ramp like pyrolysis. Compared with the results from flash pyrolysis, the target compounds from 

poly A with TMAH thermochemolysis are almost the same. Trimethyl adenine is the main 

compounds from poly A with TMAH thermochemolysis at SAM-like ramp pyrolysis. The 

methylated adenosine, 2’-deoxy-N,N,O,O-tetramethyl-adenosine was detected, at the retention 
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time of 33.35 min. The relative intensity of trimethyl adenine of poly A with TMAH at SAM-

like ramp thermochemolysis is almost the same as that from flash pyrolysis. This demonstrates 

that the distribution of the main compounds of poly A with TMAH thermochemolysis is not 

influenced by the mode of thermochemolysis (no matter flash or SAM-like ramp 

thermochemolysis). 
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Figure 5-28 Chromatogram of Poly A (5.15 nmol) thermochemolysis in TMAH at SAM-like ramp 

pyrolysis. Peak 1: methyl phosphate; 2: N,N,9-Trimethyl-9H-Purin-6-amine or N,N,9-Trimethyl-

adenine; 3: Hexadecanoic acid, methyl ester; 4: N,N,3-Trimethyl-3H-Purine-6-amine N,N,9-Trimethyl-

adenine; 5: Methyl stearate; 6: 2’-deoxy-N,NO,O-tetramethyl-adenosine. 

 

However, the abundance of methyl phosphate is different between flash pyrolysis and SAM-

like ramp pyrolysis. Figure 5-29 shows the relative intensity of methyl phosphate from poly A 

with TMAH themochemolysis at different conditions, including the flash pyrolysis at different 

temperatures and SAM-like ramp pyrolysis. The abundances of methyl phosphate released from 

poly A with TMAH thermochemolysis at flash pyrolysis are different. It increases with the 

increasing of temperature, and the yield of methyl phosphate is the highest at flash pyrolysis 

400 °C. Higher temperatures precede the decomposition of methylated phosphate, caused the 

lower intensity of methylated phosphate. However, the relative intensity of methyl phosphate 

from thermochemolysis of poly A at SAM-like ramp is higher than that from flash pyrolysis, 

even at the final temperature of 850 °C. Therefore, SAM-like ramp pyrolysis is more conductive 

to the detection of methylated phosphate. Flash pyrolysis at 400 °C is the optimal temperature 

of the detection of methylated phosphate. 
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Figure 5-29 The relative intensity of methyl phosphate from poly A with TMAH themochemolysis at 

different conditions. 

Figure 5-30 shows the plausible mechanism of poly A with TMAH thermochemolysis at 

flash and SAM-like ramp pyrolysis. For poly A thermochemolysis with TMAH, there are two 

main reactions. One is the decomposition of poly A, the other is the methylation of poly A by 

TMAH thermochemolysis. Therefore, temperature is one of the main factors that affects the 

degradation efficiency of poly A. The efficiency of TMAH methylation of poly A is also 

influenced by temperature. Increasing the heating temperature enables poly A fully degrade, 

and to be methylated sufficiently with TMAH. Therefore, 400 °C is the optimal temperature for 

poly A with flash TMAH thermochemolyis.  
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Figure 5-30 the plausible mechanism of poly A with TMAH thermochemolysis 
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5.6 Thermochemolysis patterns 

 

The products of nucleosides, nucleotides, nucleotides triphosphate and DNA with 

TMAH thermochemolysis were analyzed at flash pyrolysis and SAM-like ramp pyrolysis. 

Figure 5-31 shows the plausible pathway of nucleosides, nucleotides, nucleotides triphosphate 

with TMAH thermochemolysis at different temperatures. The deoxyribose sugar conjugates 

only to the nitrogenous base form deoxyribonucleosides, and the methylayed nucleosides could 

be detected when the temperature is higher than 200 °C, 200 °C is the optimal temperature for 

the detection of methylated nucleosides. Phosphate group is one of the characteristics 

constitutes of deoxynucleotides monophosphate and deoxynucleotides triphosphate. When the 

thermochemolysis temperature is higher than 300 °C up to 500 °C, methyl phosphate of the 

nucleotides thermochemolysis could be detected. Furfuryl methyl ether could be detected from 

200 °C to 600 °C at different intensities; 200 °C is the optimal temperature for the detection of 

ribose sugar. The target compounds of these nucleosides, nucleotides and nucleotides 

triphosphate are their corresponding methylated nucleobases. The methylated nucleobases are 

stable and could be detected even at high temperature as 600 °C; they could be detected when 

the temperature is higher than 200 °C. This is mainly because the C-N sugar-bases (293 kJ/mol) 

and PO-C sugar-phosphate (358 kJ/mol) exocyclic are the thermally weakest bonds in DNA 

structure [687]. During the degradation of DNA without TMAH methylation, from 180~230 °C, 

ammonia was detected among volatiles besides water and CO2. From 50-180 °C, there is only 

10% weight loss of DNA, mainly the release of isocyanic acid (HNCO), water, and CO2. NH3, 

water, and CO2 were detected from 180 to 230 °C; H2O, CO2 and NH3 were detected from 230-

400 °C; only CO and CO2 were relseased from 400-700 °C. Thus there is 17 %, 27%, 36%, 

42%, 47%, 51%, 53% of weight loss of DNA at 230 °C, 300 °C, 350 °C, 400 °C, 450 °C, 500 °C, 

600 °C, and 700 °C, respectively [687]. After thermal polymerization, polymer surface of DNA 

residues and a higher thermally stable ceramic-like material are formed.  

However, in this study, TMAH thermochemolysis of nucelosides, nucleotides, and 

nucleotides triphosphate allows to increase the stabability of their characteristic groups, 

including the methylated nucleobases, furfuryl methyl ethers, and methyl phosphates. The 

addition of phosphate group of nucleosides has a light influence of the detection of the 

methylated nucleosides, and the methylated nucleobases should be the main byproducts from 

the degradation of DNA fragments. Therefore, TMAH thermochemolysis plays an essential 
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role and should be applied for the detection of the life signatures on Mars or other space 

missions for the detection of organic compounds with polar functional groups.  

 

 

 

Figure 5-31 The thermal stability of nucleosides, nucleotides, nucleotides triphosphate and their 

plausible pathway with TMAH thermochemolysis at different temperatures. 

 

5.7 Conclusions  

 

The products of nulceosides, nucleotides, and nucleotides phosphates with TMAH 

thermochemolysis were studied at flash pyrolysis and SAM-like ramp pyrolysis. We conclude 

that the methylated nucleobases are the main compounds of nucleodies, nucleotides and 

nucleotides triphosphate with TMAH thermochemolysis. The optimal temperature for the 

detection of methylated nucleobases, nucleosides and ribose derivatives such as furfuryl methyl 

ether is 200 °C; 300 °C is the optimal temperature for the detection of methyl phosphate. 
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However, a higher temperature may be needed for the detection of nucleosides, nucleotides and 

nucleotides triphosphate because of the strong adsorption of organics with solid matrix. Our 

results demonstrated the methylated nucleobased could be detected even at high temperature of 

600 °C. Therefore, the nucleosides, nucleotides, and nucletotides triphosphate coulde still be 

detected if they were contained in Martian soil samples. The structure of the original 

nucleogenous bases influence the detection of the characteristic compounds. For example, the 

abundance of methylated nucleosides from the methylation of nucleosides and nulceotides are 

different. The intensity of methylayed nucleosides from the nucleosides thermochemolysis with 

TMAH is higher than that from the nucleotides thermochemolysis with TMAH. Although 

200 °C is the optimal temperature for the detection of methylated nucleobases, for poly A, the 

abundance of methylated adenine is the highest at 400 °C. This demonstrates that the efficiency 

of TMAH thermochemolysis depends on the degradation of DNA fragments. Hence, the 

temperature of TMAH thermochemolysis affects the efficiency of detection of DNA fragments. 

Therefore, if there is life on Mars such as the bacteria in Martian soil, the experimental 

conditions of the detection of life should be optimized in the future. 
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Chapter 6. Application of TMAH thermochemolysis 

to the detection of bacteria: application to the 

MOMA and SAM space experiment. 
 

The applications of TMAH thermochemolysis on the detection of DNA fragments and 

a short DNA have been studied in the previous chapter, and the results demonstrate that TMAH 

thermochemolysis is an efficient way to analyze the consistent of DNA or RNA molecules. One 

of the main goals of SAM is to make the inventory of organic compounds on Mars through 

analyzing the organic compounds in Martian soil. Since the harsh environment of Mars, life 

habitation problems are huge challenges for life. However, we think that microorganisms could 

possibly survive under extreme conditions. In addition, some bacteria such as cyanobacteria 

have been detected in the Atacama Desert sample, which is a Martian analogue on Earth; it 

could be not exclude the possibility that there are some bacteria alive on Mars. If there are 

bacteria on Mars, the application of TMAH thermochemolysis on the detection of bacteria could 

be essential. Therefore, in this chapter, the application of TMAH thermochemolysis on the 

detection of organic compounds from E.coli (Escherichia coli) were studied, and the 

experimental conditions were optimized. For further study, cyanobacteria (chroococcidiopsis 

cubana), anctinobacteria (Rubrobacter radiotolerans) that have been detected in Atacama 

sample, and halophilic Archaea (halobacterium salinarum) that could possibly survive in extreme 

environment were studied with TMAH thermochemolysis. The main products from these real 

lives with TMAH thermochemolysis were studied, and the thermochemolysis temperature was 

optimized. 

6.1 Experimental 

 

6.1.1 Cultures 

6.1.1.1 E.coli culture 

 

E. coli cultures were grown in 250 mL Erlenmeyer flask filled with 50 mL of YPG 

medium (yeast, peptone and glucose medium; REF). Cultures were grown a couple of days and 

the optical density at a wavelength of 600 nm (OD600) was determined by diluting the bacterial 

suspension in a polystyrene cuvette (Fisher scientific 14-955-127), 1 ml of water was used as 

the blank with uv/Vis spectrophotometer (Evolution 60S Thermoscientific). 
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6.1.1.2 Chroococcidiopsis cubana culture 

 

Chroococcidiopsis cubana DSM 107010 was bought from DSMZ (Leibniz institute, 

DSMZ-German collection of Microgranisms and Cell Culturea GmbH). They were isolated 

from dry soil, Cuba, Pinar del Rio. They were cultivated in 250 mL Erlenmeyer flask filled with 

50 mL of 3N-Bristol medium (Table S6-1 in the appendix), under a continuous photon flux 

density of 20 µmol photons m-2s-1. The cultures were grown for approximately 10 days before 

harvesting. 

6.1.1.3 Rubrobacter radiotolerans culture 

 

Rubrobacter radiotolerans DSM 5868 was bought from DSMZ (Leibniz institute, 

DSMZ-German collection of Microgranisms and Cell Culturea GmbH). They were isolated 

from thermos-mineral water spring, Missa, Tottori Pref. Japan. They were cultivated in 250 mL 

Erlenmeyer flask filled with 50 mL Halobacteria medium at 37°C and in the dark (Table S6-2 

in the appendix). The cultures were grown for approximately 4 days before harvesting. 

6.1.1.4 Halobacterium salinarum culture 

 

Halobacterium salinarum DSM 671 was bought from DSMZ (Leibniz institute, DSMZ-

German collection of Microgranisms and Cell Culturea GmbH). They were cultivated in 250 

mL Erlenmeyer flask filled with 50 mL Halobacteria medium at 37°C and in the dark (Table 

S6-3 in the appendix). The cultures were grown for approximately 4 days before harvesting. 

6.1.2 Separation of cells 

 

In order to separate the cells from the respective growth media, aliquots of cultures of 

these bacteria sample were centrifuged at 8000 rpm from 5 mins. The supernatant was then 

discharged and the pellet suspended in normal saline (0.85% NaCl in distilled water). The whole 

process was repeated for at least 3 times to ensure that no media residues were present in the 

sample. Figure 6-1 is the samples of Chroococcidiopsis cubana(C.C.), Rubrobacter 

radiotolerans(R.R.), and Halobacterium salinarum(H.S). 
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Figure 6-1 The samples of Chroococcidiopsis cubana(C.C.), Rubrobacter radiotolerans(R.R.), and 

Halobacterium salinarum(H.S). Bacteria in saline of l000 mL (left); pure cells with less normal saline 

(right). R.R., 0.85% normal saline; C.C. in distilled water; H.S. 12.5% NaCl in water). 

6.1.3 Py-GC/MS 

The pyrolysis experiments of different bacteria samples were performed with an 

EGA/PY-3030D micro-oven pyrolyser, the organic volatiles from the pyrolysis of bacteria were 

analyzed by GC/MS as described in previous chapters. Flash pyrolysis at different temperatures 

was applied in this chapter. The final temperatures are the following: 200, 300, 400, 500, 600 °C. 

The sample is pushed into a heated and stabilized oven at the designed final temperatures. 

Helium is used as the carrier gas to carry the pyrolysis volatile products into the GC/MS. The 

temperature programming of the column is the same as the programming of nucleosides, 

nucleotides, and nucleotides triphosphate. The temperature programming starts at 40 °C held 

for 2 min, then at a heat rate of 6 °C min-1 up to 130 °C then raised to 300 °C at a rate of 10 °C 

min-1 and maintained for 1 min. In both ramps, helium flow rate in the column was set at 1.2 

mL.min-1. The split flow was 12 mL.min-1. The temperature of the SSL injector was set at 

280 °C. The masses were scanned between m/z 40 and m/z 500. The ionization energy was 70 

eV. All experiments were repeated 6 times. 

 

6.2 Organic compounds from E.coli with TMAH thermochemolysis 

 

6.2.1 Flash pyrolysis 

  

In this section, the organic compounds from E.coli with TMAH thermochemolysis have 

been studied, mainly at flash pyrolysis at different temperatures, 100 °C, 200 °C, 300 °C, 400 °C, 

500 °C, and 600 °C. However, when the pyrolysis temperature is at 100 °C, no organic 

compound was detected from E.coli with TMAH thermochemolysis. Therefore, only organic 
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compounds obtained from E.coli with TMAH thermochemolysis between 200 to 600 °C were 

analyzed herein. 

 

6.2.1.1 Organic compounds from E.coli with TMAH thermochemolysis 

 

Figure 6-2 shows the chromatograms of E.coli with TMAH thermochemolysis at 

different temperatures. Many fatty acids methyl esters were detected during the flash pyrolysis 

of E.coli with TMAH, mainly from the retention time of 22 min to 30 min, the fatty acids 

include methyl vanillate (RT=20.50 min), dodecanoic acid methyl ester (RT=22.50 min); 

tetradecanoic acid methyl ester (RT=25.37 min), methyl myristoleate (RT=26.01 min), Methyl 

palmitoleate (RT=27.45 min), etc. The abundance of hexadecanoic acid methyl ester at the 

retention time of 27.69 min is the highest; cis-10-heptadecenoic acid methyl ester at the 

retention time of 28.56 min is the second highest peak in the chromatogram, indicating that 

hexadecanoic acid and heptadecenoic acid are the main fatty acids compounds of E.coli with 

TMAH thermochemolysis. In addition, 9-Octadecenoic acid(Z)- methyl ester, octadecanoic 

acid methyl ester, cis-10-Nonadecenoic acid methyl ester were also detected. These results are 

similar with the results obtained by Dworzanski [131]. Phospholipid fatty acids or fatty acids 

are commonly used as biomarkers to trace viable bacteria in environmental samples [688], and 

they have been detected in ultra-low organic carbon Atacama desert samples [689].  

In addition to the fatty acids, nucleobases were also found from E.coli with TMAH 

thermochemolysis. Figure 6-3 shows the chromatograms of nucleobases detected from E.coli 

with TMAH thermochemolysis at flash 300 °C. The abundance of each nucleobase was lower 

compared with the abundance of fatty acids. This depends on the content of organics in parent 

E.coli, because the relative abundance of DNA in E.coli was only about 3.1 % of dry weight, 

lipopolysaccharide (3.4%), peptidoglycan (2.5%), and intracellular metabolites, cofactors, and 

ions (3.5%), proteins ( about 50%) [128]. Though some amino acids, proteins, and saccharide 

derivatives have been detected from E.coli, in this chapter we mainly focus on the main products. 
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Figure 6-2 The chromatograms of E.coli with TMAH thermochemolysis at different flash pyrolysis 

temperatures. Peak 1: Furfuryl methyl ether; 2: Methyl phosphate; 3: Methyl vanillate; 4: Dodecanoic 

acid, methyl ester; 5: Tetradecanoic acid, methyl ester; 6: Methyl myristoleate; 7: Methyl palmitoleate; 

8: Hexadecanoic acid, methyl ester; 9: cis-10-Heptadecenoic acid, methyl ester; 10: 9-Octadecenoic 

acid(Z)-,methyl ester; 11: Octadecanoic acid, methyl ester; 12: cis-10-Nonadecenoic acid, methyl ester; 

13: N,N-dimethyl-Adenosine.  



 

257 

 

 

 

Figure 6-3 The nucleobases detected from E.coli with TMAH thermochemolysis at flash 300 °C. 

 

6.2.1.2 The distribution of organic compounds from E.coli 

  

To optimize the temperature of E.coli with TMAH thermochemolysis , the abundance 

of main target organics obtained from E.coli with TMAH thermochemolysis at different 

temperatures was studied. Figure 6-4 showed the distribution of fatty acids from E.coli with 

TMAH thermochemolysis at different temperatures (200 °C to 600 °C). The abundance of 

hexadecanoic acid is the highest among these fatty acids from E.coli with TMAH 

thermochemolysis. The abundance of cis-10-heptadecenoic acid is the second highest. This 

demonstrated that the C16 and C17 fatty acids account for a high content of E.coli cells. On the 

other side, hexadecanoic acid could also be from TMAH degradation. This has been proved 

from our previous study, as shown in the chapter 3 about “Influence of calcium perchlorate on 

the search for organics on Mars with TMAH thermochemolysis”. Therefore, hexadecanoic acid 

is not only from E.coli cells, the degradation of TMAH thermochemolysis could contribute to 

the total amount of hexadecanoic acid. However, cis-10-heptadecenoic acid was not found from 

TMAH degradation. Therefore, cis-10-heptadecenoic acid could be one of the biomarkers from 

E.coli with TMAH thermochemolysis. Its content is about 2 times of the other fatty acids 

detected from E.coli with TMAH thermochemolysis.  
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Figure 6-4 the distribution of fatty acids from E.coli with TMAH thermochemolysis at different 

temperatures (200 °C to 600 °C). 

 

In addition, 300 °C is the optimal temperature for the detection of fatty acids from E.coli 

with TMAH thermochemolysis, as the abundance of each fatty acid from E.coli is the highest 

at 300 °C; 200 °C presents the second highest intensities. On the other side, methyl phosphate 

was found from E.coli with TMAH thermochemolysis. Figure 6-5 shows the abundance of 

methyl phosphate detected from E.coli with TMAH thermochemolysis at different temperatures 

(200 °C to 600 °C). The relative abundance of methyl phosphate from E.coli with TMAH 

thermochemolysis is much lower than other organics such as fatty acids. 300 °C is also the 

optimal temperature for the detection of methyl phosphate, because the abundance of methyl 

phosphate is the highest, about 4 times higher than that from E.coli with TMAH 

thermochemolysis at 400 °C. And also, methyl phosphate could be detected only when the 

thermochemolysis temperature is higher than 300 °C. However, the relative abundance of 

methyl phosphate declined with an increase of temperature. This reveals that the decomposition 

of methyl phosphate occurs with an increase of temperature. 
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Figure 6-5 The abundance of methyl phosphate detected from E.coli after TMAH thermochemolysis at 

different temperatures (200 °C to 600 °C). 

Methyl fufuryl is another characteristic peak we obtained from nucleosides, nucleotides, 

and nucleotides triphosphate. Therefore, the abundance of methyl furfuryl was analyzed. Figure 

6-6 shows the abundance of methyl furfuryl detected from E.coli with TMAH 

thermochemolysis at different temperatures (200 °C to 600 °C).  Methyl furfuryl could be 

detected from 200 °C to 600 °C, however, 200 °C is the optimal temperature for its detection. 

Therefore, the optimal temperature for the detection of organic biomarkers from E.coli with 

TMAH thermochemolysis should be at 300 °C. 
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Figure 6-6 The abundance of methyl furfuryl detected from E.coli with TMAH thermochemolysis at 

different temperatures (200 °C to 600 °C). Only one replicate done. 
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6.2.2 SAM-like ramp pyrolysis 

  

SAM-like ramp pyrolysis was applied in this study to mimic the SAM conditions on 

Mars. Therefore, the organic compounds from E.coli with TMAH thermochemolysis at SAM-

like ramp were analyzed in thissection. Figure 6-7 shows the chromatograms of E.coli with 

TMAH thermochemolysis at SAM-like ramp. However, the repeatability of SAM-like ramp for 

E.coli is not good enough. As shown in Figure 6-7, the peaks and their intensities are not well 

stable. This could be caused by the temperature program process, and during the heating process 

of E.coli , it could possibly blew to the trap and frozen there, as a result, the heating process of 

column is not be able to release organics from E.coli. Hence, compared with the results from 

flash pyrolysis, SAM-like ramp pyrolysis is not suitable for the characterizations of E.coli, or 

possibly the same for other bacteria, which needs a further research. Therefore, only flash 

pyrolysis will be applied to study the organic compounds from other typical bacteria that have 

been detected in Martian samples. 
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Figure 6-7 Chromatograms of E.coli with TMAH thermochemolysis at SAM-like ramp pyrolysis. 

 

6.3 TMAH thermochemolysis of cyanobacteria  

 6.3.1 Organics from cyanobacteria 

 

The organic compounds from cyanobacteria were analyzed with TMAH 

thermochemolysis. Figure 6-8 showed the chromatograms of chroococcidiopsis cubana with 
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TMAH thermochemolysis at different flash pyrolysis temperatures, from 100 °C to 600 °C. 

Results showed that cyanobacteria decomposed when thermochemolysis temperature is higher 

than 100 °C. Plenty of organic compounds have been detected from chroococcidiopsis cubana 

with TMAH thermochemolysis when the temperature is higher than 200 °C. The main 

compounds from cyanobacteria with TMAH thermochemolysis have been numbered in Figure 

6-8. Table 6-1 lists all the main products from chroococcidiopsis cubana with TMAH 

thermochemolysis at flash pyrolysis. Fatty acids are the main organic compounds from 

cyanobacteria with TMAH thermochemolysis, such as 9-hexadecenoic acid (RT=27.59 min), 

hexadecanoic acid (RT=27.82 min), octadecanoic acid (RT= 29.79 min), 9,12-octadecadienoic 

acid (RT= 30.36 min). Glucopyranoside is also one of the most important organic compounds. 

For example, L(-)-Fucose tetramethyl ether (RT=17.87 min), à-D- methyl 2,3,4,6-tetra-O-

methyl-galactopyranoside (RT= 23.90, 27.85, 32.20, 32.30 min), à-D-methyl 2,3,4,6-tetra-O-

phenyl- glucopyranoside (RT= 30.75 min), à-D-methyl 2,3,4,6-tetra-O-glucopyranoside (RT= 

33.09 and 35.51 min).  
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Figure 6-8 The chromatograms of chroococcidiopsis cubana with TMAH thermochemolysis at different 

flash pyrolysis temperatures. Peak 1: p-methoxy-cinnamic acid, methyl ester; 2: Heptadecane; 3: N,N,9-

trimethyl-Adenine; 4: Methyl palmitoleate; 5: Palmitic acid, methyl ester ; 6,15: GlcA-DG, 

permethylated; 7: 2(3H)-Furanone,5-heptyldihydro-; 8: Phytol; 9: Octadecanoic acid, emthyl ester; 10: 

Linoleic acid, methyl ester; 11: Glucopyranoside, phenyl 2,3,4,6-tetra-O-methyl, A-d-; 12: 

Manmopyranoside,methyk 2,3,4,6-tetra-O-methyl, a-D-; 13,14: Glucopyranoside, methyl 2,3,4,6-tetra-

O-methyl-,a-D-. 
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On the other side, lignin derivatives have been detected in this study. 1,2,4-trimethoxy-

benzene at the retention time of 19.69 min is the guaiacyl units; PCA (p-coumarate units) were 

detected, include p-methoxy-cinamic acid methyl ester at the retention time of 23.61, 23.73, 

24.97, and 28.75 min, 1-(4-methoxyphenyl)-4-methyl-1-penten-3-one at the retention time of 

28.97 min. Clinnamic acid, methyl ester (RT=20.10 min) could be possibly derived from PCA 

or (FA) ferulates. 3,4-Dimethyoxytoluene(RT=16.67 min), 4-methoxybenzyl alcohol methyl 

ether (RT=16.85 min), and 2,5-dimethoxy-toluene (RT=16.95 min) could be the products of 

lignin degradation. Isopropyl styryl ketone (RT=25.70 min) and a-methoxy-,(n)-benzeneacetic 

acid (RT=29.26 min) are also the degradation compounds of lignin from cyanobacteria with 

TMAH thermochemolysis. This demonstrates that lignin-derivatives from cyanobacteria could 

be one of the possible biomarkers from life on Mars. 

Besides, the degradation products of chlorophyll have been detected. Phytol and its 

derivatives have been found in the chromatograms. Phytol acetate (RT=26.83 min) and phytol 

(RT=29.66 min) could be degraded from the chlorophyll in cyanobacteria. Bute hydrocarbon 

at the retention time of 25.74 min could be source from the long chain structure of chlorophyll, 

the chlorophyll structure has been determined several years before [205,206].  

In addition, the methylated nucleobases such as N,N,3-trimethyl-adenine (RT=25.51 

min), N,N,9-trimethyl-adenine (28.26 min), 1,3-dimethyl-uracil (RT=20.30 min), trimethyl-

thymine (RT=21.35 min) and guanine (RT=29.51 min) have been detected. Nucleotides such 

as 2’-deoxy-N,N,O,O-tetramethyl-adenosine at the retention time of 33.50 min, N-methyl-

2’,3’,5’-trimethyl ether-cytidine (RT=30.49 min) have been detected. When the temperature is 

higher than 300 °C, 1-methyl-5-oxo- L-Proline methyl ester (RT=23.55 min) was the only new 

product from Cyanobacteria with TMAH thermochemolysis.  

Overall, several life biomarkers have been detected from cyanobacteria with TMAH 

thermochemolysis even at high temperatures. Therefore, TMAH thermochemolysis could be 

able to analyze the organic compounds from real life in Martian soil, if there is life on Mars. 

However, the experimental condition needs to be optimized, especially the thermochemolysis 

temperature. 

 

 

 

 



 

263 

 

 

Table 6-1 The organic compounds from Cyanobacteria with TMAH thermochemolysis at 200 °C. 

RT/ min 

  

Masses of fragments 

: m/z (%) 

Empirical 

formula 

Compounds Compounds 

Structure 
8.10 59,89,102,45,71 C6H14O3 Glycerol trimethyl ether 

 

8.51 85,58,42,116,69 C4H7NO3 Pyruvic acid, methyl ester, 

oxime 
 

9.73 77,105,106,51 C7H6O Benzaldehyde 

 

10.39 91,121,77,65,51 C8H10O Benzyl methyl ether 

 

12.30 135,72,91,118,65 C9H13N N,N,3-Trimethyl-

benzenamine 

 

12.41 45,103,71,89,135 C7H16O3 1,2,4-Trimethoxy-Butane 

 

12.57 111,68,142,83, C6H6O2S Methyl thiphene-2-

carboxylate 

 

13.37 129,144,55,101,85,45,69 C6H9NO5 2-Butenoic acid,3-methoxy-

4-nitro-,methyl ester, E- 
 

15.86 121,77,91,105 C10H12O3 Benzeneacetic acid,a-

methoxy-, methyl ester 

 

16.01 128,111,45,43,69,56,101,1

42,174 

C8H14O4 Hexanedioic acid, 

monoethyl ester 
 

16.11 98,55,140,70,114,82,129 C6H11NO2 Acrycil aicd, 3-

dimethylamino-, methyl 

ester 
 

16.32 127,142,42,74,57,87,154 C6H10N2O2 3,5,-trimethyl-Hydantoin 

 

16.67 152,137,109,91,79,65,51,3

9 

C9H12O2 3,4-Dimethyoxytoluene 

 

16.85 121,152,77,42,91 C9H12O2 4-Methoxybenzyl alcohol, 

methyl ether 

 

16.95 137,152,98,109 C9H12O2 2,5-Dimethoxy-Toluene 

 

17.10 71,142,104,45 C10H22O5 L-(-)-Arabitol, permethyl- 

 

17.19 71,135,77,107,45,92 C8H8O2 4-Methoxy-benzaldehyde 
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Table 6-1 (continued) 

RT/ min 

  

Masses of fragments 

: m/z (%) 

Empirical 

formula 

Compounds Compounds 

Structure 
17.68 129,115,75,59,71,161 C13H26O7 2,4,5,6,7-

Pentamethoxyheptanoic 

acid, methyl ester 
 

17.87 88,75,101,73,71,45 C10H20O5 L(-)-Fucose,tetramethyl 

ether 

 

18.82,20.

89 

128,42,71,84,100,115,55 C6H12N2O 1,3-Dimethyltetrahydro-

2(1H)-pyrimidinone 

 

19.11 98,129,71 C6H11NO2 2-propenoic acid,3-

(dimethylamino)-, methyl 

ester  

19.51 113,98,72,85,126,59,58 C21H41NO Pyrrolidine,1-(1-

oxoheptadecyl)- 

 
 

19.69 153,125,168,110,93,69,79,

52 

C9H12O3 1,2,4-trimethoxy-benzene 

 

19.95 85,75,115,45,55,127,155 C12H26O3 2-Octanol,8,8-dimethoxy-

2,6-dimethyl- 
 

20.10 131,103,162,77,51 C10H10O2 Clinnamic acid, methyl ester 

 

20.30 140,83,42,55 C6H8N2O2 1,3-Dimethyl-Uracil 

 

20.54 69,41,67,126,154,97 C13H20O4 1,5-Pentane dimethacrylate 

 

20.61 71,100,82,135,166,180,20

9 

C17H34O 1-Hexadecenyl methyl ether 
 

20.76 128 C9H18N2O4 Lle-ser 

 

21.35 154,68,69,97,42,56 C7H10N2O2 1,3,5-trimethyl-uracil 

 

21.51,21.

94 

57,70,95,82,41,109 C14H28O Tetradecanal 
 

21.75 97,70,43,55,83,111,128,15

4,165 

C11H24O 1-Undecanol 
 

22.98 97,71,55,81,111,135,123,4

3 

C18H34O 13-Octadecenal,(Z)- 

 

23.61,23.

73,24.97,

28.75 

161,133,192,118,89,100,6

3 

C11H12O3 Cinamic acid,p-

methoxy-,methyl ester 
 

23.90,27.

85,32.20,

32.30 

88,101,75,45,163,127 C11H22O6 Galactopyranoside, methyl 

2,3,4,6-tetra-O-methyl-, a-

D- 
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Table 6-1 (continued) 

RT/ min 

  

Masses of fragments 

: m/z (%) 

Empirical 

formula 

Compounds Compounds 

Structure 
25.20 57,71,85,99,43,113,127 C17H36 Heptadecane 

 

25.32 98 C6H7NO2 n-Ethymaleimide 

 

25.51 148,107,133,162,177,80,4

4 

C8H11N5 N,N,9-Trimethyl-adenine 

 

25.70 131,103,77,175,51 C12H14O Isopropyl styryl ketone 

 

25.74 57,71,85,88,103,131,152,4

3,168 

C19H40 Bute hydrocarbon 
 

26.29 101,88,141,169,201,45 C15H28O9 GlcA-DG, permethylated 

 

26.83 68,95,82,57,43,123,109,16

6,278 

C20H40O Phytol, acetate 

 

27.58 55,69,74,83,87,96,98,110,

111,124,152,194,236 

C17H32O2 Methyl palmitoleate 
 

27.64 212,153,181,58,86,50,64 C14H12O2 Methyl biphenyl-4-

carboxylate 

 

27.81, 

28.53 

74,87,143,101,129,55 C17H34O2 Hexadecanoic acid, methyl 

ester  

28.26 148,134,162,177,119,107 C8H11N5 N,N,3-Trimethyl-adenine 

 

28.59 55,69,83,87,97,98,110,148

,123,134,166,179,194,223,

208,250 

C19H36O2 Oleic acid, methyl ester 

 

28.81 74,87,210,143,164,269 C18H36O2 Heptadecanoic acid, methyl 

ester 
 

28.97 161,133,205,89,118,77 C13H16O2 1-Penten-3-one,1-(4-

methoxyphenyl)-4-methyl- 

 

29.17 85,123,55,43 C10H18O2 c-Decatactone 
 

29.26 121,77,91 C9H10O3 Benzeneacetic acid, a-

methoxy-,(n)- 

 

29.51 164,123,67,136,178,207,1

92,108 

C9H13N5O Tetramethyl-Guanine 

 

29.55,29.

60 

55,69,74,83,97,87,111,125

,138,152,166,180,222,264 

C19H36O2 Oleic acid, methyl ester 

 

29.66 71,81,95,123,57,55 C20H40O Phytol 
 

29.78 74,87,143,199,213,241,25

5,298 

C19H38O2 Methyl stearate 
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Table 6-1 (continued) 

RT/ min 

  

Masses of fragments 

: m/z (%) 

Empirical 

formula 

Compounds Compounds 

Structure 
29.94,30.

19,30.35 

81,79,95,96,109,130,141,1

88,198,294,262,41,57 

C19H34O2 Linoleic acid, methyl ester 

 

30.30 67,81,95,96,109,110,149,2

94 

C19H34O2 9,12-Octadecenoic acid, 

methyl ester  

30.49 101,45,168,71,87,143,115 C13H21N3O5 N-methyl-2’,3’,5’-trimethyl 

ether-cytidine 

 

30.59 69,55,83,98,154,111,141,4

3,278 

C19H36O2 Oleic acid, methyl ester 

 

30.75 111,101,187,71,75,45,89,1

27,155,159 

C16H24O6 Glucopyranoside,phenyl 

2,3,4,6-tetra-O-methyl-, a-

D- 
 

30.83 97,83,71,69,57,55,111,125

,43,269 

C21H40O4 Oxalic acid, hexadecyl 

propyl ester 
 

31.38 121,77 C8H4O3 Phthalic anhydride 

 

31.49 98,121,163,207,42,77 C9H9N3O3 P-Methoxybenzylazido 

formate 
 

33.09,35.

51 

88,101,12+,75,71,187,263,

45,187 

C11H22O6 Glucopyranoside, methyl 

2,3,4,6-tetra-O-methyl-, a-D 

 

33.20 121,166,144,100,69,70,22

8,251 

C9H10O3 p-methoxy-

benzenemethanol, formate 

 

33.50 134,164,114,192,220,306 C14H21N5O3 2’-Deoxy-N,N,O,O-

tetramethyl-Adenosine 
 

 

6.3.2 Optimal temperature for the detection of organic compounds 

 

In order to optimize the temperature of chroococcidiopsis cubana with TMAH 

thermochemolysis, we compared the abundance of each organic compound from 

chroococcidiopsis cubana at diffenrent temperautres. Figure 6-9 shows the the distribution of 

organic compounds from chroococcidiopsis cubana with TMAH thermochemolysis at different 

flash pyrolysis temperatures. It is obvious that the abundance of each organic compound is the 

highest at flash 500 °C, which demonstrated that 500 °C is the optimal temperature for the 

organics detection of chroococcidiopsis cubana after TMAH thermochemolysis. For example, 

the abundance of glucopyranoside increase with an increase of temperature until 500 °C, the 

peak intensity of glucopyranoside at 600 °C is much lower than that at 500 °C, which 

demonstrates that higher temperature could lead to the decomposition of the glucopyranoside, 
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or other organic compounds. Therefore, the optimal temperature should be 500 °C, when 

TMAH thermochemolysis will be applied to analyze the organic compounds from 

cyanobacteria.  

Therefore, for the detection of organic compounds from cyanoubacateria from TMAH 

thermochemolysis, the target organic compounds could be fatty acids (such as Methyl 

palmitoleate, Oleic acid, methyl ester etc.), glucopyranoside and its derivatives (eg. methyl 

2,3,4,6-tetra-O-methyl-, a-D-galactopyranoside)-, lignin derivatives (such as p-methoxy-

cinamic acid methyl ester) and nucleobases such as adenine, uracil and thymine. And the 

optimal temperature is 500 °C when analyzing the organic compounds from cyanobacteria with 

TMAH thermochemolysis. 
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Figure 6-9 the distribution of organic compounds from chroococcidiopsis cubana with TMAH 

thermochemolysis at different flash pyrolysis temperatures (from 200 to 600 °C).  

  

6.4 TMAH thermochemolysis of Anctinobacteria 

 

6.4.1 Organics from Rubrobacter radiotolerans 
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Rubrobacter radiotolerans is known to be extremely high gamma radiation resistant 

[110]. Here Rubrobacter radiotolerans was choose as one kind of extreme bacteria that could 

possibly survived in Martian environment. The organic compounds in Rubrobacter 

radiotolerans sample were analyzed with TMAH thermochemolysis at different temperatures, 

from 200 to 600 °C. Figure 6-10 shows the chromatograms of Rubrobacter radiotolerans with 

TMAH thermochemolysis at different flash pyrolysis temperatures. Table 6-2 listed all organic 

compounds that have been detected from Rubrobacter radiotolerans with TMAH 

thermochemolysis at different flash pyrolysis temperatures. A huge number of organic 

compounds have been detected from Rubrobacter radiotolerans with TMAH 

thermochemolysis. Among these organic compounds, fatty acids, glucopyranoside, and the 

products of pigments are the main products. And these main products were mainly released 

after the retention time of 25 min, which means these organic compounds need to be released 

at relatively high column temperatures. Fatty acids include lauryl acetate (RT=25.23 min), 1-

hexadecanol, acetate (RT=26.73 min), heptadecanoic acid, methyl ester (RT=28.36 min), 

octadecanoic acid, methyl ester (RT=29.79 min), methyl nonadecanoate (RT=26.73 min), 

eicosanoic acid, methyl ester (RT=30.54 min), tetradecanedioic acid (RT=31.93 min), (Z)-13-

Docosenoic acid, methyl ester (RT=33.03 min). Some alkanols were also detected, such as 1-

nonadecanol (RT=27.30 min), 1-octadecanol (RT= 28.85 min), 1-hexadecanol (RT=29.33 min), 

1-docosanol (RT=29.90min). These long chains containing fatty acids and alkanols could be 

the products from the degradation of cell membranes of Rubrobacter radiotolerans. Carreto 

[690] also studied the fatty acid composition of Rubrobacter radiotolerans with GC/MS 

combined with trimethylsilylation by bis-(trimethylsily1)-trifluoroacetamide, 12-

methylhexadecanoic acid (12-methyl-16:0) and 14-methyloctadecanoic acid (14- methyl-18:0) 

were determined as the major fatty acids. 
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Figure 6-10 The chromatograms of Rubrobacter radiotolerans with TMAH thermochemolysis at 

different flash pyrolysis temperatures. Peak 1: N,N,9-trimethyl-adenine; 2: Cyclohexane, 1R-acetamido-

4-cis-acetoxy-5,6Zcisepoxy-2-cis,3trans-dimethoxy-3: a-D-Glucopyranoside, phenyl 2,3,4,6-tetra-O-

methyl-; 4: 1-Nonadecanol; 5: Methyl 3-methoxy-2-[(2,3,4,6-tetra-O-

methylhexopyranosyl)oxy]propanoate; 6: Heptadecanoic acid, methyl ester; 7:1-Docosanol; 8: 1-

Hexadecanol; 9: Methyl nonadecanoate; 10: a-D-Glucopyranoside,2,3,4,6-tetra-O-methyl-a-

glucopyranosyl 2,3,4,6-tetra-O-methyl-; 11: a-D-Glucopyranoside, phenyl 2,3,4,6-tetra-O-methyl-; 

12:Triethylene glycol monododecyl ether; 13: 1,5-Anhydro-2,3,4,6-tetra-O-methyl-D-mannitol; 14: 

1,2,3,4-Tetramethylmannose; 15: 2-hydroxy-tetradecanoic acid; 16: Squalene. 

Compared with the organic compounds from E.Coli degradation, sugars or sugar- 

bearing compounds account for a large proportion of products from Rubrobacter radiotolerans. 

Glycosides such as methyl 2,3,5-tri-O-methyl-a-D-Xylofuranoside was detected at the retention 

of 17.26 min. Glucopyranoside derivatives include methyl 3-O-acetyl-2-deoxy-4,6-di-O-

methyl-a-D-glucopyranoside (RT=21.66 min), methyl 3-O-acetyl-2-deoxy-4,6-di-Omethyl-a-

D-glucopyranoside (RT=26.03 min), phenyl 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside 

(RT=26.86 min), and 2,3,4,6-tetra-O-methyl-a-glucopyranosyl 2,3,4,6-tetra-O-methyl- a-D-

glucopyranoside (RT=30.62 min). Among these glucopyranoside derivatives, the abundance of 

phenyl 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside is the highest. These glycosides 

derivatives could be the degradation products of polysaccharides from Rubrobacter 

radiotolerans. This is because sugars plays an important role for desiccation tolerance and they 

are thought to occupy some space between lipid molecules [116]. 

On the other side, pigments are essential for Rubrobacter radiotolerans. Bacterioruberin 

and monoanhydrobacterioruberin are the two main carotenoid pigments that have been detected 
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from Rubrobacter radiotolerans [109].  As shown in Chapter 1, The 50-carbon carotenoid α-

bacterioruberin was detected as the major carotenoid in all archaeal strains. When Rubrobacter 

radiotolerans thermochemolysis in TMAH at different temperatures, the pigments inside of 

Rubrobacter radiotolerans could be released because of the decomposition of cell memberanes. 

At the same time, the organic pigments could be degraded caused by the high temperature. 

Therefore, bacterioruberin and monoanhydrobacterioruberin were deteriorated and some 

degradation products were formed. Squalene and its isomers, at the retention time of 35.07, 

35.25, and 35.45 min, were detected and its peak intensity was high, as shown in Figure 6-10. 

From the structural point of view, squalene is the products of bacterioruberin or 

monoanhydrobacterioruberin with the loss of hydroxyl groups. 

In addition, amino acids are important life biomarkers.  Some methylated amino acids 

and their derivates were detected from Rubrobacter radiotolerans with TMAH 

thermochemolysis.  For example, L-proline, N-pivaloyl-methyl ester (RT=21.73 min), N-

glycyl-DL-Threonine (RT=22.10 min), N-[p-Vinylbenzoyl]-l-alanine (RT=25.72 min), L-

Alanyl-l-glutamine (RT=26.14 min). However, their abundance are very low compared with 

the major components.  

Nucleobases and nucleotides are the basements of DNA or RNA. Not only nucleobases 

but also nucleotides were detected herein. Such as the N,N,9-trimethyl-adenine (RT=25.54 min), 

N,N,3-trimethyl-adenine (RT=28.28 min), 1,3-dimethyl-uracil (RT=20.27 min) and dimethyl-

thymine(RT=21.36 min). Nucleotides include adenosine include 3’-amino-3’-deoxy –

adenosine (RT=29.58min) and 3’-amino-3’-deoxy-N,N-dinethyl-adenosine (RT= 33.74 min), 

cytidine, N-methyl-, 2’,3’,5’-trimethyl ether (RT=32.45 min). However, only the abundance of 

methylated adenine and adenosine are relatively higher than that of other nucleobases detected 

herein. This demonstrated that the methylated adenine should be treated as the characteristic 

compounds of nucleobases from Rubrobacter radiotolerans with TMAH thermochemolysis. 

Methyl phosphate is one of the most important compounds for life. When the 

temperature of TMAH thermochemolysis increases to 300 °C, methyl phosphate was detected. 

As with the results from Chapter 5, when the nucleotides monophosphate and triphosphate with 

TMAH thermochemolysis, methyl phosphate could be detected only when the temperature is 

higher than 300 °C. Some new products were detected when the temperature is higher than 

300 °C, however, those could be the byproducts from TMAH degradation and no interesting 

products were found.  
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Table 6-2 The organic compounds from Anctinobacterium with TMAH thermochemolysis. 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

200 °C 

8.08 89,59,102,45,71 C6H14O3 1,2,3-Trimethoxy-

propane 
 

9.73 77,105,51,86 C7H6O Benzaldehyde 

 

10.48 91,121,77,65,51 C8H10O Benzyl methyl-ether 

 

11.79 59,72,101,111,142 C2H6OS Dimethyl sulfoxide 

 

12.10 72,73,58,102,84,45 C3H6N2O2 Methylenediformamide 

 

12.36 45,71,58,103 C7H16O3 1,2,4-Trimethoxy-

Butane  

12.56 111,68,142,118,127,83 C6H6O2S Methyl thiophene-2-

carboxylate  

13.16 113,56,85 C5H7NO2 N-methyl-succinimide 

 

13.23 112,69,41,55,83 C6H8O2 3-methyl-1,2-

Cyclopentanedione 
 

13.35 129,144,105,101,77,85,4

5 

C10H8O 4-Phenyl-3-butyn-2-one 
 

13.49 129,144,101,55,85,45,75 C6H9NO5 2-Butenoic acid,3-

methoxy-4-nitro, methyl 

ester,(E)- 

 

13.61 129,144,101,55,45,85,59

,42 

C10H18O3 Ethyl 2-acetyl-2,3-

dimethylbutanoate 
 

13.70 56,42,140,110,78 C9H16O 3,3,4,4-Tetramethyl-

cyclopentanone 

 

14.03 104,58,72,149,44 C9H11NO N-

formylphenylethylamine  

14.43 138,95,77,123,65,52,51 C8H10O2 1,2-dimethoxy-benzene 

 

14.51 72,87,129,98,43 C6H12N4O2 Diamide 

 

14.76 123,72,94,108,53,43 C7H9NO 3,4-Dimethyl-1H-

pyrrole-2-carbaldehyde 

 

14.92 138,123,95,58 C8H10O2 1,4-Dimethoxy-benzene 
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Table 6-2 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

15.01 95,138,123,112,67,81,55

,54 

C10H18 p-Menth-3-ene 

 

15.14 70,154,152,42,97 C9H14O2 5-Isopropylidene-3,3-

dimethyl-dihydrofuran-

2-one  

15.85 70,121,140,54,75,97 C8H12O2 2-Acetyl-cyclohexanone 

 

16.21 127,142,101,57,42,84 C6H10N2O2 3,5,5-trimethyl-

Hydantoin 

 

16.32 129,101,142,56,45 C8H12O4 Ketone,2,5-dihydro-2,5-

dimethoxy-2-furyl 

methyl 
 

16.38 127,94,67,68,54,42,43 C7H9NO 3-Pyridinol,2,6-

dimethyl- 
 

16.67 152,137,109,94,91,77,53

,65 

C9H12O2 3,4-Dimethoxytoluene 

 

16.76 70,84,99,114,140,155 C10H24N4 1,4-Bis(3-

aminopropyl)piperazine 
 

17.08 71,84,45,115,147 C8H14O4 Tetrahydro-2-

furanylmethyl 

methoxyacetate 
 

17.26 101,71,75,83,45,56,115,

140,161 

C9H18O5 a-D-Xylofuranoside, 

methyl 2,3,5-tri-O-

methyl- 
 

17.45 181,166,196,138,125,71,

56,45,83 

C10H12O4 Xanthoxylin 

 

17.66  129,115,101,75,89,59,16

1 

C13H26O7 2,4,5,6,7-

Pentamethoxyheptanoic 

acid, methyl ester 
 

18.62 85,70,57,98,45,42,139,1

72 

C9H20N2 Spermine 
 

18.78 128,42,70,113 C6H14N2O3 DL-alpha-Hydroxylsine 

 

18.85 84,144,128,42,70,127 C10H16N2O4 N,N’-Diallyl 

tartardiamide  
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Table 6-2 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

19.02 98,129,70,71 C6H11NO2 2-Propenoic acid,3-

(dimethylamino), 

methyl ester 
 

19.48 98,113,44,85,72,126,55 C6H14N2 N-

Aminohexamethylenimi

ne 

  

19.61 70,98,152,137,42,113,54 C9H16N2 Pyrimido-

[1,2,a]azepine,2,3,4,6,7,

8,9,10-octahydro- 
 

19.70 153,125,168,98,110,70,9

3 

C9H12O3 1,2,4-

Trimethoxybenzene 

 

19.92 70,152,137,124,98,80 C8H12N2O 2-Ethyl-3,6-dimethyl-

4(3H)-pyrimidinone 

 

20.12 131,103,162,77,84,51 C10H10O2 Cinnamic acid, methyl 

ester 

 

20.27 140,83,55,42 C6H8N2O2 1,3-dimethyl-Uracil 

  
20.41 69,126,154 C6H6N2O3 5-Formyl-3-

methyluracil 
 

20.52 139,124,153,182,95,109,

72 

C7H9NO2 2,6-dimethoxy-Pyridine 

 

20.81 116,86,71,101,128,179,2

18,45 

C6H8O6 Vitamin C/L-Ascorbic 

acid 

 

20.93 139,124,96,42,111,68,83 C7H9NO2 5-Amino-2-

methoxyphenol 
 

21.16 70,151,166,94,42,137 C9H10O3 1-(2-hydroxy-4-

methoxyphenyl)-

Ethanone 
 

21.36 68,154,97,42,56 C7H10N2O2 1,3,5-trimethyl-uracil 

 

21.48 75,123,45,58,109,139,15

0,182,157 

C10H18O2 Cyclohexene,4-

(dimethoxymethyl)-1-

methyl-  
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

21.59 113,42,57,71,142,156,99

,85 

C7H11NO2 1-Acetyl-4-piperidone 

 

21.66 88,101,75,129,45,59 C11H22O6 Glucopyranosine, 

methyl 2,3,4,6-tetra-O-

methyl-, a, D- 
 

21.73 154,128,68,98,70,56,185

,43,56 

C11H19NO3 L-proline, N-pivaloyl-, 

methyl ester 
 

21.88 58,127,42,71,70,101,85,

139,170,180 

C10H24N4 1,4-Bis(3-

aminopropyl)piperazine 

 

22.04 101,75,88,114,144,201,4

5 

C12H24O6 Myo-inositol, 

1,2,3,4,5,6-hexa-O-

methyl- 
 

22.10 114,85,142,57,44 C6H12N2O4 DL-Threonine, N-

glycyl- 

 

22.15 129,154,75,101,68,45,11

4 

C13H26O7 2,4,5,6,7-

Pentamethoxyheptanoic 

acid, methyl ester  

22.24 101,89,45,59,145,75,133 C12H26O6 Dulcitol, hexamethyl 

ether 

 

22.27 154,128,68,98,185,56 C6H9N3O2 2,6-Dimethoxy-4-

aminopyrimidine 
 

22.48 152,167,124,180,109,79,

94,65 

C8H9NO3 3-Amino-4-anisic acid 

 

22.74 89,101,59,118,45,71,131

,143 

C7H14O3 Propinoic acid,3-

ethoxy-, ethyl ester 
 

22.80 182,197,112,121,139,16

7,70 

C9H10O4 Veratric acid 

 

22.97 71,89,101,115,143,152,1

75 

C10H20O5 2,5-Anhydro-1,3,4,6-

tetra-O-methyl-d-

mannitol  

23.01 138,56,110,153,126,97 C8H11NO2 2,5-dimethoxy-Aniline 

 

23.17 101,121,139,162,182,42,

53 

C6H6N6 2,4-Diaminopteridine 
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds 

Structure 

23.59 98,113,142,42,70 C6H11NO 1,5-Dimethyl-2-

pyrrolidinone 
 

23.97 98,125,153,154,138,70,5

5,42,196 

C14H22O4 5-Hydroxy-2,2-dimethyl-

5,6-bis-(2-oxopropyl)-

cyclohexanone 

 

24.06 98,184,45,68,75,128,113

,215 

C11H21NO2 7,7,9,9-Tetramethyl-1,4-

dioxa-8-aza-

spiro[4,5]decane 
 

24.13 84,157,98,128,112,70 C7H11NO3 4-Hexenoic acid,5-amino-3-

oxo, methyl ester 
 

24.27  184,98,101,45,128,215 C12H8O2 2-Dibenzofuranol 

 

24.57 142,113,42,57,72 C6H10N2O2 Sarcosine anhydride 

 

25.03 129,84,156,188,58,64 C12H15NO2 Methyl 2-amino-1,2,3,4-

tetrahydro-1-

naphthalenecarboxylate  

25.23 83,70,111,140,168,44,55 C12H28O2 Lauryl acetate 
 

25.35 98,70 C6H7NO2 N-Ethylmaleimide 

 

25.54 148,162,177,107,133,80,

44 

C8H11N5 N,N,9-trimethyl-adenine 

 

25.72 131,103,77,175,51 C12H13NO3 N-[p-Vinylbenzoyl]-l-

alanine 
 

26.03 101,71,102,141,169,242,

273 

C13H23NO7 Methyl 3-O-acetyl-2-deoxy-

4,6-di-Omethyl-a-D-

glucopyranoside  

26.08 150,165,122,55,698,94 C10H15NO 3-diethylamino-phenol 

 

26.14 182,115,84,58,71,100,14

0,42 

C8H15N3O4 L-Alanyl-l-glutamine 

 

26.36 101,143,175,115,58,71,7

4,117 

C10H20O5 2,5-Anhydro-1,3,4,5-tetra-

O-methyl-d-mannitol 

 

26.73 83,69,97,58,45,111,125,

139,161 

C18H36O2 1-Hexadecanol, acetate 
 

26.86  101,111,187,88,71,45,59

,127,155,219 

C16H24O6 a-D-Glucopyranoside, 

phenyl 2,3,4,6-tetra-O-

methyl-  
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

27.04 58,75,101,111,187,124,1

52,168,210 

C18H36O Hexahydrofarnesyl 

acetone  

27.30 69,83,97,57,55,111,125,

153,181,41 

C19H40O 1-Nonadecanol 
 

27.70 130,115,101,89,143,45,5

8 

C5H6S2 3-Methylthio-thiphene 

 

27.84 88,101,75,117,177,45,21

9 

C15H28O9 Methyl 3-methoxy-2-

[(2,3,4,6-tetra-O-

methylhexopyranosyl)o

xy]propanoate 
 

27.92 69,83,97,57,111,41,125,

140,168 

C19H38 1-Nonadecene 
 

28.23 193,67,82,110,164,138,5

5 

C9H15N5 Desoxy-minoxidyl 

 

28.28 148,162,177,137,107,94,

80,44 

C8H11N5 N,N,3-trimethyl-adenine 

 

28.36 74,87,97,143,199,241,43

,69,55 

C18H36O2 Heptadecanoic acid, 

methyl ester  

28.67 74,87,143,57,97,101,185

,213 

C19H38O2 Methyl 8,10-dimethyl-

hexadecanoate 
 

28.85 18H38O C18H38O 1-Octadecanol 
 

28.97 98,112,141,84,42,257 C10H16O3 4,5-Epoxy-2,2-

dimethylcyclohexanone 

ethylene ketal 

 

29.28 121,77,87 C7H9NO2 3-Amino-2,3-

dihydrobenzoic acid 

 

29.33 97,83,69,57,85,111,43,4

5,111,125,139,153,168,1

81,209 

C16H34O2 1-Hexadecanol 
 

29.58 123,164,136,84,67,178,2

07,192,271 

C10H14N6O3 3’-Amino-3’-deoxy-

Adenosine 

 

29.74 243,200,148,133,110,95,

82,228,79,67 

C13H9NO4 Maculin 

 

29.79 74,87,143,129,97,43,55,

199,255,271 

C19H38O2 Octadecanoic acid, 

methyl ester 
 

29.90 69,57,83,97,43,125,139,

153,41 

C22H46O 1-Docosanol 
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

30.26 74,87,43,55,143,97,199,

213,269,312 

C20H40O2 Methyl nonadecanoate 
 

30.54 87,74,58,143,168,210,45

,326 

C21H42O2 Eicosanoic acid, methyl 

ester  

30.62,

31.83 

101,111,75,187,147,127,

115 

C20H38O11 a-D-

Glucopyranoside,2,3,4,6

-tetra-O-methyl-a-

glucopyranosyl 2,3,4,6-

tetra-O-methyl- 

 

30.82 101,111,72,174,145,45,5

9,247,261,324 

C14H20N4O5 Tetramethyl ether, 

Inosine 
 

31.93 89,58,71,85,43,99,101,1

21 

C21H44O3 Chimilether 
 

32.0 121,87,74,101,57,143 C30H41NO2 3-Dodecyl-4-[(4-

methoxybenzyl)oxy]-2-

methylquinoline 
 

32.13 57,71,85,45,59,72,101,1

11,113,127,155 

C16H34O3 Diethylene glyol 

monododecyl ether  

32.23 98,86,112,125,147,222,5

8,295 

C14H26O4 Tetradecanedioic acid 
 

32.29 70,244,131,103,374 C21H29NO6 Dihydrostephamiesine 

 

32.35 101,111,71,45,89,143,17

5 

C10H20O5 1,5-Anhydro-2,3,4,6-

tetra-O-methyl-D-

mannitol 

 

32.39 58,144,75,71,43,107,98 C24H47NO4 L-Leucine, N-

methoxycarbonyl-, 

hexadecyl ester 
 

32.45 101,112,115,139,147,70,

45,56,89,169,237 

C13H21N3O5 Cytidine, N-methyl-, 

2’,3’,5’-trimethyl ether 
 

32.93 98,141,126,69,83,59,193

,171 

C14H26O 9-Tetradecenal,(Z)- 
 

33.03, 69,55,91,97,101,111,125

,144,155,184,320,41 

C23H44O2 13-Docosenoic acid, 

methyl ester,(Z)- 
 

33.12 58,71,89,99,113,43,127,

281 

C21H44O3 Chimilether 
 

33.21 121,70,139 C7H6O3 Salicylic acid 
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

33.33 101,59,71,89,111,144,15

5,187 

C20H38O11 Glucopyranoside,2,4,6-

tetra-O-methyl-a-D-

glucopyranosyl 2,3,4,6-

tetra-O-methyl-, a-D-  

33.43 141,126,58,59,71,89,163 C7H11NS 5-ethyl-2,4-dimethyl-

Thiazole 

 

33.50 58,71,89,43,41,99,113,1

21,134,164,281 

C19H38O2 Oxirane,[(hexadecyclox

y)methyl]- 

 

33.67 121,105,85,71,57,42,153 C9H12O 1-methoxyethyl-benzene 

 

33.74 134,164,114,192,220,87,

45,292 

C12H8N6O3 Adenosine,3’-amino-3’-

deoxy-N,N-dinethyl- 

 

33.77 144,134,115,91 C11H11NO2 Ethyl indole-2-

carboxylate 
 

33.94 101,129,185,43,55,73,23

0 

C13H20O6 Diethyl 3-acetyl-4-

oxoheptanedioate  

34.19 121,98,257,58 C16H16O3 Benzeneacetic aicd,(4-

methoxyphenyl)methyl 

ester 
 

35.07,

35.25,

35.45 

59,81,95,109,123,136,55 C30H50 Squalene and its isomers 
 

35.54,

35.88 

101,114,114,86,232,200,

144,147 

C26H49NO13 1,5-Di-O-acetyl-7-O-(2-

dimethylamino)-3,4,6-

tri-O-

methylhexopyranosyl]-

2,3,4,6-tetra-O-

methylheptitol 

 

35.59 87,144,100,101,72,114,4

5 

C5H8N2OS 3-(2-

Hydeoxyethyl)imidazole

-2-thione 
 

>300 °C 

4.32 69,100,85,41,59 C5H8O2 2-Butenoic acid, methyl 

ester,(Z)- 
 

4.91 69,85,100,41,59 C5H8O2 Crotonic acid, methyl 

ester,E- 
 

5.41 59,88,43 C5H10N2O3S Cys-Gly 
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

7.49 74,43,45,71,59,87,103 C5H10O3 Butanoic acid, 3-

hydroxy-, methyl ester 
 

7.63 59,75,117,102,43 C6H12O3 Methyl (3R)-

methoxybutanoate 
 

7.73 87,44,45,75 C4H9NO N,N-Dimethylacetamide 

 

7.97 59,89,44,87,102 C6H14O3 1,2,3-Trimethoxy-

propane 
 

8.51 45,58,75,89 C6H14O4 Triethylene glycol 
 

9.41 110,79,80,95,44,65 C3H9O4P Methyl phosphate 

 

9.43 77,105,44,51 C7H6O Benzalhehyde/artificial 

almond oil 

 

10.25 59,87,89,45,29 C6H14O3 1,1’-Oxybis[2-

methoxy-]ethane  

11.25 122,113,77,85,107,59,44

,91 

C8H10O m-methyl-Anisole 

 

11.99 73,72,44,58 C2H3NS Isothiocyanato-Methane 

 

12.28 45,103,58,73 C8H14O7 Dimethyl 

diglycolcarbonate  

12.56 111,68,142,83,45,99 C6H6O2S Methyl-2-thiphene 

carboxylate 

 

13.18 105,77,112,85,41,51 C10H10O3 Glyoxylic acid, phenyl-, 

ethyl ester 

 

13.46 129,144,101,85,55,45,75 C6H9NO5 2-Butenoic acid,3-

methoxy-4-nitro-, 

methyl ester, (E)- 
 

14.87 123,94,67,44,42 C7H9NO 2(1H)-Pyridone,1,3-

dimethyl- 

 

16.68 71,70,101,99,102,43,59 C5H11NO 4-methyl-Morpholine 
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Table 6-2(Continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

16.85 121,77,78,152,91,51 C9H12O2 4-Methoxyphenethyl 

alcohol 

 

17.20 135,77,92,107,63,51 C8H8O2 4-methoxy-

benzaldehyde 
 

31.00 57,69,83,98,111,43,41,1

25,254 

C18H34O2 Oleic acid 

 

32.17 71,57,85,45,121,97,141,

155 

C15H26O2 Geranyl isovalerate 
 

32.84 101,45,71,87,187,145 C10H20O6 1,2,3,4-

Tetramethylmannose 

 

33.61  58,75,71,85 C26H54 Octadecane,3-ethyl-5-

(2-ethylbutyl)- 

 

33.80 134,164,192,114,202,29

4 

C12H18N6O3 3’-amino-3’-deoxy-N,N-

dimethyl-Adenosine 
 

 

6.4.2 Optimal temperature for the detection of organic compounds 

 

Figure 6-11 shows the distribution of long-chain bearing fatty acids and alkanes from 

Rubrobacter radiotolerans with TMAH thermochemolysis at different flash pyrolysis 

temperatures. The abundance of the long-chain bearing compounds increased with an increase 

of the temperature of TMAH thermochemolysis, especially when the temperature is higher than 

300 °C. This demonstrated that the high temperature enables the decomposition of cell 

membranes or other lipids-bearing structures in cells. Therefore, more long-chain bearing 

compounds were formed. For squalene, it’s one of the products from pigment; here could be 

carotenoid, which could be treated as the characteristic compounds or life biomarker of 

Rubrobacter radiotolerans. The abundance of squalene from 200 °C is almost consistent with 

that from 400, 500, 600 °C. This demonstrated that 200 °C is already enough for the detection 

of the fragments from pigment degradation. However, if we consider other compounds from 
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Rubrobacter radiotolerans, 400 °C could be the optimal temperature for the detection of 

organic compounds from bacteria herein.  
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Figure 6-11 The distribution of long-chain bearing fatty acids and alkanes from Rubrobacter 

radiotolerans with TMAH thermochemolysis at different flash pyrolysis temperatures. RT=25.61 min: 

n-tridecanol; 27.30 min: 1-Hexadecanol; 27.92 min: 1-Docosene; 28.86 min: 1-Octadecanol; 29.34 min: 

1-Hexadecanol; 29.46 min: 1-Nonadecene; 29.94 min: 1-Docosanol; 30.29 min: Methyl nonadecanoate; 

33.14 min: Chimilether; 35.07 min: Squalene. 

 

Figure 6-12 shows some major components that have been detected from Rubrobacter 

radiotolerans with TMAH thermochemolysis. Results also shows that high temperature enables 

the detection of adenine, cytidine. For glucopyranoside, except at 300 °C, its abundances are 

similar at other different temperatures. The abundance of phenyl 2,3,4,6-tetra-O-methyl- a-D-

Glucopyranoside is the highest compared with other organic compounds that have been 

detected from Rubrobacter radiotolerans with TMAH thermochemolysis. This demonstrated 

that the high abundance of phenyl glucopyranoside may be one of the causes of radiotolerant 

property for Rubrobacter radiotolerans. In addition, some nucleobases were detected. The 

abundance of the methylated nucleobases increased with an increase of temperature, such as 

the methylated adenine. From the results, 600 °C is the optimal temperature for the detection 
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of methylated nucleobases, which is in consistent with the result we obtained from our previous 

work, as shown in the Chapter 4 [23].  
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Figure 6-12 The abundance of adenine, cytidine and glucopyranoside from Rubrobacter radiotolerans 

with TMAH thermochemolysis at different flash pyrolysis temperatures.  

 

The main organic compounds from Anctinobacterium with TMAH thermochemolysis, 

mainly include glucopyranosides, alchohols such as 1-nonadecanol, 1-octadecanol, 1-

docosanol, etc. nucleobases such as adenine and adenosine. The aduncance of these organic 

compounds increased with an increasing of temperatures. When the temperarure was higher 

than 400 °C, the abundance of organic compounds increased sslightly. Therefore, the 

thermochemolysis temperature of anctinobacteria should be higher than 400 °C. In addition, a 

higher volume of TMAH should be applied when analyzing the organic compounds from 

anctinobacaterium, because of the unmethylated alcohols. This demonstrated that when the 

anctinobacterium cells were heated, more organic compounds were relased from cells. 

Therefore, according to the cells number, the optimal volum of TMAH should be optimized in 

the furture study. 
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6.5 TMAH thermochemolysis of halophilic bacteria 

 

Laboratory strain Halobacterium salinarum NRC-1 is one of the best-studied 

representatives to date, and they are ideal candidates for space related studies [88]. Studies have 

investigated how this strain reacts to desiccation, shifts in osmotic pressure [84,95], heat [96], 

oxidative stress [97], ionizing radiation [98,99], oxygen limitation[97], and a broad range of 

different UV radiation regimes [100,101].  Therefore, Halobacterium salinarum was choosen 

as one of the samples in this study. In this section, the organic compounds from Halobacterium 

salinarum with TMAH thermochemolysis at different temperatures have been studied. Figure 

6-13 shows the chromatograms of halobacterium salinarum with TMAH thermochemolysis at 

different flash pyrolysis temperatures. Only when the temperature is higher than 200 °C, 

organic compounds can be detected. Cells of halobacterium salinarum with TMAH 

thermochemolysis have been tested; however, no organic compound was detected. The peaks’ 

intensities were increased with an increase of temperature, and some new organic compounds 

were formed and identified. Table 6-3 lists the organic compounds from halobacterium 

salinarum after TMAH thermochemolysis at different temperatures. From the results, the 

compounds at the retention time of 25.57 min and 35.06 min are the highest peaks, they are 

N,N,9-trimethyl-adenine and squalene, respectively. Adenine could be possible from the 

degradation of ATP, which is a molecular related to energy transformation to maintain cell 

viability. The previous studies also showed that the flagellar motor of swimming 

Halobacterium salinarum may be driven either by ATP directly or by an ATP-generated ion 

gradient that is not coupled directly to the proton gradient or the proton motive force of the cell 

[691,692]. This demonstrated that the viability of the halobacterium salinarum cell samples 

we’ve used herein. Figure 6-14 shows the abundance of some major organics that have been 

detected from Halobacterium salinarum with TMAH thermochemolysis. As shown in Figure 

6-14, the optimal temperature for the detection of adenine-derivate is either 200 °C or 600 °C. 

In addition, methylated uracil, thymine, and cytosine were detected, this demonstrated that 

TMAH thermochemolysis have a great potential for the in-situ detection of nucleobases from 

natural life samples. 
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Figure 6-13 The chromatograms of halobacterium salinarum with TMAH thermochemolysis at 

different flash pyrolysis temperatures. 

 

Squalene, a 30-carbon isoprenoid, is the primary component of the non-polar fraction, 

known primarily for its association with bacteriorhodopsin [693]. Halobacterium salinarum is 

one of the well-known extremophiles to withstand particular environmental hardships. They 

have pigments in their membrane to protect the cells from harsh environment. Halobacterium 

salinarum is colored brightly red-orange mainly due to the high content of carotenoid pigments 

in their cell membrane [167]. Squalene is one part of the bacteriorhodopsin, and also, it’s the 

products of bacteriorhodopsin pyrolysis at high temperatures. Therefore, the abundance of 
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squalene is relatively high compared with other organics detected from Halobacterium 

salinarum with TMAH thermochemolysis. Figure 6-14 shows the abundance of some major 

organics that have been detected from Halobacterium salinarum with TMAH 

thermochemolysis. Results demonstrated that the abundance of squalene decreased slightly 

with an increase of temperature. This demonstrated that high temperature could cause the 

decomposition of squalene. Therefore, 200 °C is the optimal temperature for the detection of 

squalene from Halobacterium salinarum. As the highest peak intensity of squalene, it could be 

one of the characteristic compounds from Halobacterium salinarum.  
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Figure 6-14 The distribution of main organics from halobacterium salinarum with TMAH 

thermochemolysis at different flash pyrolysis temperatures.  

 

In addition, fatty acids are another important compound found from Halobacterium 

salinarum. Membranes of extremophiles are the first line of defense against environmental 

assaults. The polar lipid portion of the membrane of Halobacterium salinarum is primarily 
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composed of phospholipids and glycolipids based on archaeol, a glycerol diether lipid 

containing phytanyl chains derived from isoprenoids [693]. Phosphatidylglycerol (PG) and 

phosphatidylglycerophosphate methyl ester (PGP-Me) are primary compounds, which account 

for about 85% of the polar lipid content [694]. This means C18:1 and C16:0 should be the main 

lipids from the membranes of Halobacterium salinarum. Oleic acid (RT=34.79 min) and 

palmitic acid (RT=27.80 min) have been detected in this study. However, their abundances are 

not as high as the fatty acids that have been detected in Rubrobacter radiotolerans and 

chroococcidiopsis cubana. On the other hand, the abundance of phenyl 2,3,4,6-tetra-O-methyl-

a-D-glucopyranoside from Halobacterium salinarum is much lower than that from Rubrobacter 

radiotolerans. The abundance of phenyl 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside from 

Halobacterium salinarum is about 40 times lower than that of Rubrobacter radiotolerans. This 

may due to the different properties of these different species. 

There are still some of the organic compounds detected from Halobacterium salinarum 

with TMAH thermochemolysis; however, more experiments need to be done to determine the 

organic compounds. On the other hand, we met huge obstacles to give a reasonable explaination 

of the organic compounds detected from Halobacterium salinarum because of lack of 

investigation of the organics in the previous study. 

 

Table 6-3 The organic compounds from halobacterium salinarum with TMAH thermochemolysis. 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

200 °C 

17.72  100,58,44,72,115 C7H17N N,N-Diethyl-2-

propanamine 

 

18.10 58,101,75,86,42 C7H19N3 Dipropylamine,3,3’-

diamino-N-methyl- 
 

18.32 84,542 C5H7NO3 DL-pyroglutamic acid 

 

18.66 70,58,139,153,168,126,9

6,113 

C9H12OS p-

Methyoxyethylthiobenz

ene  

18.99 181,125,166,153,210,19

5,56,68 

C11H18N2O2 4-[n-Propylamino]-2,5-

dimethyoxyaniline 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

19.24 70,108,140,116,59 C13H24N6O4 Pro-Gly-Arg 

 

19.28 70,141,168 C10H17NO3 L-proline, N-butyl-, 

methyl ester 

 

20.07 140,125,70,97,112,153 C7H8OS 4-methylthio-Phenol 

 

20.35 141,56,209 C11H16N4O4 Razoxane 

 

20.81 116,71,86,101,45,218 C12H22O7 Methyl 3-O-acetyl-

2,4,6-tri-O-

methylhexopyranoside 
 

20.97 114,86,72,58,42 C9H21N 1-Propanamine, N,N-

dipropyl- 
 

21.37 68,69,154,42,97 C7H10N2O2 1,3,5-trimethyl-Uracil 

 

21.49 150,121,135,67,42,81 C9H14N2 2,3-diethyl-5-methyl-

Pyrazine 
 

21.63 86,128,72,113,156 C10H23N 3-Octanamine, N,N-

dimethyl-  

21.76 124,153,96,55,180,42 C7H11N3O 4-Dimethylamino-1-

ethyl-2(1H)-

pyrimidinone 
 

21.87,

22.22 

58,127,85,170,99,113,12

8,155 

C9H17NO2 2-Methylamino-3,5-

octanedione 
 

21.92 56,72,155,183,127,140 C12H24O 3-Dodecanone 
 

22.03 98,72,142,58 C9H19N 1-butyl-piperidine 

 

22.15 141,56,72,169,99 C3H7O7P 3-Phosphoglyceric acids 

 

22.40 140,167,124,85 C7H9NO2 5-Amino-2-

methoxyphenol 
 

22.53 164,195,151,137,94,71,5

9,42 

C20H25NO5 2-[2-(3,4-

dimethoxyphenyl)ethyl]

-3,4-dimethoxy-

Benzeneacetamide 

 

22.64 128,72,86,60,100,44,144

,154 

C11H25N N-butyl-N-propyl-1-

butanamine  

 



 

288 

 

 

Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

22.73 118,70,61,128,42 C6H14S Isopentyl methyl-sulfide 

 

22.84 152,123,181,137,166,10

9,95,70,82,44 

C10H15NO2 2-Carbomethoxy-8-

methyl-8-

azabicyclo[3.2.1]oct-2-

ene 

 

22.96 140 C18H28N2O Bupivacaine 

 

23.03 140,126,112,166,61,68 C8H13NO3 N-Butyryl-DL-

homoserine lactone 

 

23.20 100,126,142,151,166,15

6,57 

C11H25N N-ethyl-3-methyl-3-

octabamine 
 

23.26 108,152,80,53,73 C9H12O2 2-(4-Methylphenoxy)-

ethanol 
 

23.39 178,131,103,151,137,20

9,194,59,77 

C10H15N3O2 Pyrimidin-4-ol,5-allyl-

6-(2-

hydroxyethylamino)-2-

methyl- 

 

23.53 113,142,42,71,99 C12H18N4O4 Piperazine-2,5-

dione,1,4-dimethyl-3,3’-

bis- 
 

23.62  127,156,58,42,99,113,14

1 

C8H16N2O 1,4-Diethyl-2-

piperazinone 

 

23.69 91,58,72,108,45,177,133

,152 

C11H15NO N,N-dimethyl-

Benzenepropanamide 

 

23.78 84,42,57,100,124,138 C7H15NO 1-Methyl-2-

pyrrolidineethanol 
 

23.88 56,141,140,169,84,125,4

1 

C10H20N2O 2-(cyclohexylamino)-2-

methyl-propanal oxime 
 

23.95  141,170,72,113,42,155 C10H16N2O3 Di-2-Propylbarbituric 

acid 

 

24.02 196,152,125,96,124,82,7

2,56,42 

C11H20N2O 1,8-Dimethyl-3,6-

diazahomoadamantan-9-

ol 
 

24.08 155,183,127,141 C12H9NO 3-Dibenzofuranamine 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

24.26 141,169,56,70,98,112,12

6 

C10H14N2O3 Aprobarbital 

 

24.56 183,155,56,169,72,98,14

13,142 

C14H11NO2 2-3-Dibenzofuranyl-

Acetamide 
 

24.65 134,115,119,91,72, C11H18N2 1,2-

Peopanediamine,N,N’-

dimethyl-3-phenyl-,(S)- 
 

24.73 156,127,141,113,99 C6H10N2O5 Alpha-Asp-Gly 

 

24.96 58,86,120,129 C8H19N 2-Pentanamine,2,4,4-

trimethyl- 
 

25.28 84,56,70,173,182,139,19

5,215,45 

C24H48 1-Tetradecene,2-decyl- 
 

25.39 84,98,111,112,168,55,14

0 

C13H26O2 Formic acid, dodecyl 

ester 
 

25.46 86,127,156,42,71,99,98 C8H20IN Ethanaminium, N,N,N-

triethyl-,iodide 
 

25.55 148,107,133,162,177,80,

44 

C8H11N5 N,N,9-Trimethyl-

Adenine 

 

25.72 131,103,77,51,175 C12H14O Isopropyl styryl ketone 

 

25.78 101,111,71,75,89,187,45

,59,218 

C16H24O6 Glucopyranoside, 

phenyl 2,3,4,6-tetra-O-

methyl-, a-D- 
 

25.95 209,180,122,100,138,22

4 

C12H16O4 2,3,4,6-

Tetramethoxystyrene 
 

25.98 197,155,169,127,139,98,

56,41,68 

C16H20 2,6-

Diisopropylnaphthalene 
 

26.20 86 C15H22N2O3 Tolycaine 

 

26.30 86,100,72,55,44,155,183 C15H23N3OS Diamthazole 

 

26.41 141,113,100,72,86,184,1

69 

C11H24N2 Isobutyraldehyde 

isopropylisobutylhydraz

one 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

26.50  100,72,86,57,141 C6H10N2O2 5-Isopropyl-2,4-

imidazolidinedione 
 

26.61 209,114,141,169,225,19

7,98,86,56,72,238 

C10H19N5O Terbumeton 

 

26.66 139,168,70,100,42 C12H8O 1-Acenaphthenone 

 

26.74 125,84,153,182,211,139,

42,70,55 

C10H17N3O2 5,5-Diethyl-3-methyl-6-

methylimino-

hexahydro-pyrimidine-

2,4-dione  

26.80 141,198,113,100,155,18

3,56,42,71,127 

C9H14N2O3 3-Acetamido-1,5,5-

trimethyl-pyrrolidin-2,4-

dione 
 

26.84 56,68,82,95,123,225,178

,197,149,169 

C17H30O3 2-(7-t-Butoxy-heptyl)-5-

methoxy-cyclopent-2-

enone 

 

26.95 100,86,72,58 C5H9NO 1-Methyl-2-

pyrrolidinone 
 

26.98 86,58,100,141,113,200,2

42 

C20H24N2O2S Hycanthone 

 

27.12 100,58,86,42,114 C7H16N2O 4-

Morpholinerpropanamin

e 
 

27.21 100,86,58,72,42,155 C15H23N3OS Diamthazole 

 

27.31 195,167,139,153,181,98,

84,71 

C13H9NO 4-Amino-9-fluorenone 

 

27.47 168,139,84,125,182,70,4

2,57,111 

C10H17N3O2 5,5-Diethyl-3-methyl-6-

methylimino-

hexahydro-pyrimidine-

2,4-dione 
 

27.58 184,169,155,70,96,115 C13H12O 1,1’-Biphenyl,4-

methoxy-  

27.69 168,139,81,114 C12H8O Dibenzofuran 

 

27.73 115,84,100,164,42,72 C5H9NO2 2-Butenoic acid, 3-

amino-, methyl ester 
 

27.80 169,184,100,115,141,15

5 

C14H16 1-methyl-7-(1-

methylethyl)-

Naphthalene 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

27.94 100,207,149,153,192,84,

121,59,42 

C11H13NO3 3,4,5-Trimethoxy-

Benzeneacetonitrile 

 

28.05 100,170,70,58,155,101,1

14,127 

C11H16IN Ethyltri-

propylammonium iodide 
 

28.30 230,100,148,115,245,56,

77 

C16H23NO 2,6-Bis(1,1-

dimethylethyl)-4-

cyanomethylphenol 
 

28.33 156,141,114,100,75 C12H12 1,2-dimethyl-

naphthalene 
 

28.48 84,100,114 C9H9NO2 c-Aminobutyric acid 

 

28.54 84,100,72,58 C5H7NO3 D-Pyroglutamic acid 

 

28.64 84,69,57,43,97,125,178 C17H34 1-Heptadecene 
 

28.72 136,111,121,275,232,18

9,83,57,67 

C18H29NO 10a-

Methylhexadecahydrona

phtho[2,1-f]quinolin-

2(1H)-one 

 

28.84 58,237,69,83,97,111,123

,152,194,296 

C19H36O2 n-Propyl 9-

hexadecenoate 
 

29.01 155,198,127,161,84,56,7

5,133,169 

C15H19F2NO3 D-Alanine,N-(2,6-

difluoro-3-

methylbenzoyl)-, 

isobutyl ester  

29.06 183,155,140,127,69,72,1

27 

C7H13N5O 1,3,5-Triazin-2(1H)-

one,4,6-bis(ethylamino)- 
 

29.17 114,142,169,86,44,58,70

,226,198 

C12H22N2O2 1,8-

Diazacyclotetradecane-

2,7-dione 

 

29.43 169,226,56,44,70,141,12

8,98 

C12H11N 4-Biphenylamine 
 

29.53 272,230,287,187,172,14

1,128,68 

C16H20N4O5 Porfiromycin 

 

29.69 169,226,128,115,141,15

5,57,89 

C15H14O2 Oxirane,(1,1’-biphenyl-

2-yloxy)methyl- 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

29.73 243,200,169,148,133,11

0,77,45 

C16H21NO Norlevorphanol 

 

29.79 74,87,155,212,128,142,1

14,43,243 

C15H30O2 Methyl tetradecanoate 
 

30.26 181,196,139,128,84,86,5

8,61,43 

C10H12O4 4’-HYDROXY-3’,5’-

dimethoxy-

Acetophenone 

 

30.82 144,115,77,96 C10H11N 1,2-dimethyl-Indole 

 

30.87 96,144,56,81 C5H8N2 1,5-Dimethyl-1H-

imidazole  

30.92 129,144,115,72,96,86,64 C11H12 1,2-dihydro-4-methyl-

Naphthalene 
 

31.01 169,141,121,96,54, C10H14N2O3 Aprobarbital 

 

31.19 84,112,98,136,207,172,4

2 

C22H23ClN2

O8 

Chlortetracycline 

 

31.25 183,121,155,56,96,72 C12H9NO 3-Dibenzofuranamine 

 

31.60 121,141,169,58,101,86,7

3,142 

C24H31FO6 Betamethasone acetate 

 

31.86 197,162,152,121,86,56,7

8,216 

C7H8N4O3 1,3-Dimethyluric acid 
 

32.11 230,96,98,136,182 C17H10O Benzanthrenone 

 

32.25 70,72,85,100,115,155,25

4 

C12H22N4S 1,8-Dimethyl-9-

thioureido-3,6-

diazahomoadamantane  

32.58 225,98,100,141,114,86,7

0,56 

C16H20N2 11H-Indolo[3,2-

g]indolizine,1,2,3,5,611

b-hexahydro-2,11b-

dimethyl- 

 

33.20 100,121,70,164,207,225,

234,268 

C21H40O2 Octadecanoic acid,2-

propenyl ester 
 

33.51 134,164,114,129,192,10

1,71,45,143,174,220,306 

C12H18N6O3 Adenosine,3’-amino-3’-

deoxy-N,N-dimethyl- 
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Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

33.73 144 C10H7NO3 Kynurenic acid 

 

34.79 83,69,57,95,97,109,123,

144,207,57 

C25H48 1,7-Dicyclopentyl-4-n-

octylheptane 
 

35.09  69,81,83,95,97,121,136,

167,169 

C30H50 Squalene 
 

>300 °C 

11.23 122,58,59,77,107,91 C8H10O p-methyl-Anisole 

 

11.54 115,87,55,65,40 C6H10O4 Butanedioic acid, 

dimethyl ester 
 

11.76 100,111,58,42,126 C11H18O6 Methyl 4,6-di-O-acetyl-

2,3-

dideoxyhexopyranoside 
 

11.91 84,118,42,73 C6H13NO N-methyl-L-prolinol 

 

12.29 45,103,71,73,142 C7H16O3 1,2,4-Trimethoxy 

butane  

12.41 89,119,63,97,129 C8H8O Phenyl-oxirane 

 

12.55 111,142,68,83,99,127,45

,55 

C8H14O2 2-Hexenoic acid, 3-

methyl-, methyl ester  

12.72 114,72,102,58,71 C8H17NO2 N,N-Dimethyl-l-leucine 

 

13.19 105,77,136,51 C8H8O2 Benzoic acid, methyl 

ester 

 

13.44 56,58,140,112,42,72 C9H16O Cyclopentanone,2,2,5,5-

tetramethyl- 
 

13.66 121,136,56,105 C11H15NO2 Carbamic acid, 

methyl-,o-cumenyl ester 
 

13.89 139,127,98,54,55,71,98 C14H22N4O2 Cuprizone 

 

13.97 104,149,72,88 C8H7NO2 2-Pyridineacrylic acid 

 

14.68 134,119,91,65,44,63 C9H10O 4’-methyl-acetophenone 
 

 



 

294 

 

 

Table 6-3 (continued) 

RT/ 

min

  

  

  

Masses of fragments* 

and 

 relative abundance: m/z 

(%) 

Empirical 

formula 

Compounds Compounds Structure 

18.77 128,70,42,113,151,180 C10H12O4 Cantharidin 

 

18.84 84,114,116,42,70 C10H16N2O4 N,N’-Diallyl 

tartardiamide  

18.98 98,70,41 C7H15NO 1-Piperidineethanol 

 

19.57 140,124,155,83,56,110 C10H17NO2 Methyprylon 

 

19.88 135,166,77,107,92,50,64 C9H10O3 p-Anisic acid, methyl 

ester 

 

21.12 131,103,77,51,162 C10H10O2 Cinnamic acid, methyl 

ester 
 

20.55 100,142,154,70,58,43,11

3,129 

C9H17NO3 Ethyl 6-

formamidohexanoate  

20.76 128 C9H18N2O4 IIe-Ser 
 

22.68 84,144,100,58,139,145 C14H19NO4 Anisomycin 

 

22.96 140,150,98 C18H28N2O Bupivacaine 

 

23.01 126,153 C5H5N3O4 5-Aminoorotic acid 

 

35.59  71,57,85,99,113,127,141

,155,169,183,197 

C27H56 Heptacosane  
 

 

6.6 Conclusions  

 

E.coli as well as three other extremophiles bacteria or Archaea samples were chosen as 

the possible candidates that could possibly survive under Martian environment. These samples 

are cyanobacteria (chroococcidiopsis cubana), anctinobacteria (Rubrobacter radiotolerans), 

and halophilic Archaea (halobacterium salinarum). The organic compounds from these four 

natural bacteria samples were analyzed by Py-GC/MS combined with TMAH 
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thermochemolysis. The organic compounds vary with different species. The main compounds 

from cyanobacteria and anctinobacterium samples are fatty acids and alcohols, varying from 

C11~C19, they are the most detectable organic compounds. However, only few long chain 

organic compounds were detected from halophilic Archaea. Adenine-derivatives are the easiest 

and has the highest abundance compared with other nucleobases. Glucopyranoside is one of the 

most important target compounds from the three extremophiles bacteria used herein; however, 

its abundance was different in each sample. The abundance of glucopyranoside-derivate is the 

lowest in halobacterium salinarum, the highest in cyanobacterium. The abundance of phenyl 

glucopyranoside is the highest in Rubrobacter radiotolerans. Carotenoids are the main 

pigments in Rubrobacter radiotolerans and halobacterium salinarum. Squalene is their target 

compound for the presence of carotenoids. From the results, we could conclude that 200 °C 

could be enough for the decomposition of cell membranes, though higher temperature could 

promote the detection of some organic compounds. Many organic compounds have been 

detected from these natural life samples; however, more experiments will need to be done to 

determine the organic compounds. This could be a new way and a new project to study the 

characteristic compounds from natural samples. 
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Chapter 7. Application of TMAH thermochemolysis 

on the analysis of Atacama sample. 

 

Atacama Desert is an ancient temperate hyperarid desert, which runs nearly 1000 km 

along the Pacific coast of South America from 30 °S to 20 °S. Its extreme aridity can be 

attributed to the constant temperature inversion caused by the cool, north- flowing Humboldt 

Current and the presence of the strong Pacific anticyclone [67,68]. It’s one of the most 

important Martian analogues on Earth, and it is hotpot for extremophiles and extremotolerant 

microorganisms where the chemical and physical limits for life may be studied [76]. Therefore, 

it’s essential to study the organic compounds from Atacama sample with TMAH 

thermochemolysis, in order to optimize the experimental conditions for the in-situ analysis of 

Martian sample. In this chapter, the organic compounds of Atacama Desert sample (AT05-177 

and AT05-22) were analyzed with and without TMAH thermochemolysis, and at different 

heating rates, with three types of programe, including flash pyrolysis, MOMA-like rampe, and 

SAM-like ramp pyrolysis. 

7.1 Experimental conditions 

7.1.1 Sample preparation  

 

The Atacama samples collected by Rafael Navaroo Gonzalez [695], named AT 05-177 

and AT 02-22 were grounded by Cryogenic Mixer Mill CryoMill, Retsch, Germany. Figure 7-

1 is the picture of the CryoMill used in this study. The soil samples were grounded with cooling 

by liquid nitrogen at -196 °C to avoid the oxidation and thermal degradation of soil samples. 

The first grinding cycle consists of a pre-cooling of 4 mins (frequency 5/s), followed by 5 mins 

grinding process (frequency 25/s), with 2 Cryo cycles. The grounded samples were collected 

after cooling the sample cup at room temperature. 
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Figure 7-1 Cryogenic Mixer Mill CryoMill, Retsch, Germany. 

 

7.1.2 Extraction of Atacama sample 

 

To well understand the organic compounds of Atacama samples, the extraction process 

was applied.  As shown in Figure 7-2, it is the extraction method that was applied in this study. 

About 3 g of AT05-177 sample were put inside of the extraction thimble, which was laid in the 

extraction tube connected with a round-bottomed flask. The extraction solvents used for this 

study is a mixture of water and isopropanol (1:1) [529], 75 mL. 3-4-zeolite grains were used to 

avoid bumping in the flask. The sample was extracted for 24 h at a temperature of 75 °C. Excess 

solvent was removed by a rotary evaporator, and the final volume of the extracts was 5 mL. 

The soil residues were dried in vaccum at 70 °C for 12 h, and the final weight was recorded. 

The whole extraction experiments were repeated 3 times. However, this extraction process was 

failed because of we did not found something interesting in the extraction process, neither 

amino acids nor nucleobases. On the other hand, maybe the extraction method will need to be 

optimized. We did not optimize the experimental conditions since the time limit. Therefore, 

more work will need to be done for further study with extraction method. What’s more, the 

preparation and extraction process are time-consuming, therefore, the extraction method could 

not be the optimal method to analyze the organic compounds from Martian soil. 
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Figure 7-2 the extraction device of Atacama sample. 1: Serpentine condenser; 2: Condensate pipe; 3: 

Extraction tube and round-bottomed flask; 4: Iron stand; 5: Electric heating mantle. 

 

7.1.3 Pyrolysis and GC/MS  

 

The organic compounds of Atacam sample were analyzed by Pyrolysis-GC/MS, as we 

described in other chapters. The samples were pyrolyzed at three different mode, flash pyrolysis, 

MOMA-like ram pyrolysis, and SAM-like ramp pyrolysis. For the flash pyrolysis, the sample 

was dropped inside the oven at a set temperature °C (with 1 min hold). For MOMA and SAM-

like ramp pyrolysis, the heart-cut EGA analysis method was used, with a capsule carried by an 

eco-stick (Frontier lab) attached and introduced inside the oven (initial temperature was 50 °C) 

flushed by 1 mL min-1 of helium, and the oven was programmed to reach the final temperature 

(hold 1 min) at the MOMA heating rate of 200 °C.min-1 and SAM heating rate of 35 °C.min-1, 

respectively. The liquid dinitrogen MicroJet Cryo-trap was used to trap and pre-concentrate all 

products of pyrolysis at -180 °C at the chromatographic column inlet. When the pyrolysis 

process was finished, the liquid dinitrogen flow was stopped, and the temperature of the column 

inlet was quickly increased to 40 °C. 

1 

2 

3 

4 

5 



 

299 

 

 

7.2 Organic compounds of Atacama sample 

7.2.1 Pyrolysis-GC/MS  

 

The organic compounds from Atacama Desert samples were analyzed by Py-GC/MS. 

Figure 7-3 is the chromatograms of AT 05-177 and AT 02-22 with TMAH thermochemolysis 

at flash pyrolysis, MOMA-like ramp pyrolysis, and SAM-like ramp pyrolysis. Table 7-1 and 

Table 7-2 listed all organic compounds detected from AT05-177 and AT 02-22 sample flash 

pyrolysis at 600 °C, respectively. The main compounds in AT 05-177 are light aromatic 

compounds and alkene. Light aromatics are mainly benzene-bearing aromatics. For example, 

benzene (RT=3.33 min), toluene (RT=4.99 min), m,p-xylene(RT= 7.94 min), trimethyl-

benezene (RT=9.73, 9.86 min), cymene (RT=11.39 min). Alkenes are also the major products, 

including 1-hexene (RT=2.63 min), 2-methyl-1-hexene (RT=3.65 min), 1-octene (RT=5.46 min) 

and their isomers, 3,5-dimethyl-3-heptene (RT=7.73 min). Similar analysis result was found 

for AT 02-22 samples with alkenes and light aromatic compounds. In addition, sulfur dioxide 

was only found in AT05-177 samples, and its intensity is relatively high. This demonstrates 

that the elements from Atacama sample depend on the ancient environment and the sample sites. 
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Figure 7-3 The chromatograms of AT 05-177 and AT 02-22 with TMAH thermochemolysis at flash 

pyrolysis, MOMA-like ramp pyrolysis, and SAM-like ramp pyrolysis.  
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When comparing the products from Atacama sample used herein, three different 

pyrolysis programs did not show obvious influence on the detection of organics, even the same 

organics were released at different retention time. Different heating rate could have a little 

influence on the retention time in the oven; therefore, the volatiles from Atacama sample would 

need different time to reach to the column. Hence, their peaks of retention time shift slightly. 

That is why we only give the products from flash pyrolysis at 600 °C. 

 

Table 7-1 Organic compounds detected from AT 05-177 sample flash pyrolysis at 600 °C. 

AT 05-177  
RT/min Mass fragments Compounds Stucture 

 1.56 44 Ethanolamine 

 
 2.16 41,44,55,70 Heptanal 

 
 2.31 44,53,67 3-methylation-

propaneitrile  

 2.63 44,56,69,84 1-Hexene 

 
 2.77,2.89 44,55,69,84 E-3-methyl-2-pentene 

 
 3.11 44,78,52 Cathinone 

 
 3.21 67,55,44,82,98 Cyclohexene 

 
 3.33 78,52 Benzene 

 
 3.54 64,48 Sulfur dioxide 

 
 3.65 56,41,70,83,98 2-methyl-1-Hexene 

 
 3.69 56,70,69,41,98 1-Heptene 

 
 3.80 41,56,69,98,43 1-Heptene 

 
 3.85 69,41,55,98,83 Z-3-methyl-3-Hexene 

 
 3.91 55,69,98,83,41 E-2-Heptene 
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Table 7-1 (continued) 

 
RT/min Mass fragments Compounds Stucture 

 3.97 69,83 3-methyl-1-pentyn-3-ol 

 
 4.03 55,81,96 4-Hexene-1-ol 

 
 4.71 44,55,69,83 5-methyl-2-Hexanamine 

 
 4.77 44,55,69 Octodrine 

 
 4.99 91,92,44,65 Toluene 

 
 5.37 55,69,83,112 2,3-dimethyl-2-hexene 

 
 5.46 55,70,69,43,83,1

12 

1-Octene 
 

 5.58 55,70,83,112,41 E-4-Octene 
 

 5.64 41,55,70,112,85 2-Octene 

 
 5.79 55,41,70,112 E-2-Octene 

 
 7.13,7.35 91,106 Toluene 

 
 7.73 55,97,126,70 3,5-dimethyl-3-heptene 

 
 7.88 56,43,70,97,84 1-Nonene 

 
 7.94 91,104,77,78,51 p-Xylene 

 
 8.23 70,126,55,95 6,6-dimethyl-cyclohex-2-

en-1-ol 

 
 9.55 91,120,65,140,5

0 

Propyl-Benzene 

 
 9.73,9.86 105,120 1,2,3-trimethyl-benzene 

 
 10.50 105,120 1-methylethyl-benzene 
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Table 7-1 (continued) 

 
RT/min Mass fragments Compounds Stucture 

 10.70 118,89,103,63 Benzofuran 

 
 11.25 119,91,134,117,

103 

p-Cymene 

 
 11.32 105,120,79 1,2,3-trmethyl-benzene 

 
 11.39 119,91,134,117,

65 

m-Cymene 

 
 11.70,12.24 44,117,64,91 Amphetamine 

 
 12.09 44,64,105,134 2-amino-1-(4-

methylphenyl)propane 

 
 

Table 7-2 Organic compounds detected from AT 02-22 sample flash pyrolysis at 600 °C. 

AT 02-22 
RT/min Mass fragments Formula Compounds Structure 

1.65,2.27 44 CO2 Carbon dioxide  
2.16 44,58,59 C3H9N N-methyl-ethanamine 

 
2.36 47,44 CH2O2 Formic acid 

 
2.50 56,55,41,69,84 C6H12 2-Methyl-1-pentene 

 
2.74,3.29 78,44,52 C6H6 Benzene 

 
2.84 55,84,69,44,41 C6H12 3-Hexene,(Z)- 

 
3.89 69,41,98,55,81 C7H14 2-Methyl-2-hexene 
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Table 7-2 (continued) 

RT/min Mass fragments Formula Compounds Structure 

5.01 91,92,44,65 C7H8 Toluene 

 
5.51 55,70,83,112,97,42,4

1 

C8H16 Cyclooctane 

 
5.65 55,83,112,44,70 C8H16 2,3-Dimethyl-2-hexene 

 
5.71 55,70,41,112,83 C8H16 E-3-Octene  
5.86 55,70,83,41,112,197 C8H16 2-Octene 

 
5.91 70,55,41,112,83,95 C8H16 3-methylene-Heptane 

 
6.42 83,55,97,43,126 C8H14O 1-cyclohexyl-Ethanone 

 
7.16 91,106,65,77 C8H10 Ethylbenzene 

 
7.28 70,55,41,126,97,110 C9H18 E-3-Nonene  
7.39,7.95 91,106,77,65,51 C8H10 1,3-dimethyl-

benzene(isotope) 

 
7.89 56,41,69,70,84,83 C9H20O 1-Nonanol  

10.51 119,91,70,57,41,81,1

34,140 

C10H14 Tert-butyl-Benzene 

 
10.62 106,120,140,77,76,42 C9H12 1,2,3-trimethyl-benzene 

 
10.71 118,89, C8H6O Benzoduran 

 
11.39 119,134,91,42,65,77,

117,140 

C10H14 m-Cymene 

 
12.23 91,134,105,119,65 C10H14 n-Butylbenzene 

 

13.09 55,70,83,97,41,154,1

17,31 

C11H24O 1-Undecanol  
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7.2.2 Atacama sample with TMAH thermochemolysis 

 

From the analysis of Atacama sample, all organic compounds containing in Atacama 

sample were determined. To test the efficiency of TMAH thermochemolysis, it was applied to 

analyze the organic compounds from natural soil sample. Figure 7-4 and Figure 7-5 showed the 

chromatograms of AT 05-177 and 02-22 samples with and without TMAH thermochemolysis 

at flash pyrolysis, MOMA-like ramp, and SAM-like ramp pyrolysis. However, the results were 

not the same as what it was supposed to be. The peaks of the organic compounds from Atacama 

samples were inhibited by the peaks of byproducts from TMAH degradation. For example, the 

benzene peak at the retention time of 3.42 min was overlapped by the peaks of thrimethylamine, 

which is one of the major byproducts from TMAH degradation. This could also be caused by 

the chromatographic problems, such as the programming process of column. In addition, other 

byproducts, such as the palmitic acid and methyl stearate, from TMAH degradation could lead 

to a miss understanding or miss explanation of the organic compounds from Atacama sample. 

In addition, thes results indicate that the efficiency of TMAH thermochemolysis is not suitable 

for the analysis of soil samples with less abundance of organic compounds, especially those 

samples without polar organic compounds. It means TMAH thermochemolysis should not be 

applied to analyze the organic compounds inside of soil samples, that if i) the content of organic 

compounds in soil sample is pretty low; 2) there are no polar functional groups-bearing 

compounds inside of the soil sample, such as amino acids, fatty acids, or nucleobases. Therefore, 

if Martian soil doesn’t contain a high amount of organic compounds, we should be careful in 

explaining the organic compounds that have been detected with TMAH thermochemolysis on 

SAM. Therefore, new methods need to be proposed to search for life biosignatures on Mars. 
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Figure 7-4 The chromatograms of AT05-177 sample without and with TMAH thermochemolysis at 

flash pyrolysis, MOMA-like ramp, and SAM-like ramp pyrolysis. 
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Figure 7-5 The chromatograms of AT02-22 sample without and with TMAH thermochemolysis at 

flash pyrolysis, MOMA-like ramp, and SAM-like ramp pyrolysis. 

 

7.3 Conclusions  

 

Py-GC/MS combined with extraction and TMAH thermochemolysis were applied to 

analyze the organic compounds of the natural Atacama sample. Light aromatic compounds and 

alkenes are the major compounds that have been detected in Atacama sample used herein. 

Sulfur oxides were also found in Atacama sample, this demonstrated that the sulfur-bearing 
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compounds could be one of the interesting compounds in the future missions. In addition, our 

result showed that Py-GC/MS is the optimal method to analyze the organic compounds from 

natural sample containing less abundance of organic compounds. TMAH thermochemolysis is 

not able to improve the detection efficiency when study the organic compounds from natural 

soil samples, especially the samples with less organic compounds. Therefore, new advanced 

characteristic methods need to be developed in the future missions. 
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Chapter 8. Conclusions and perspectives 
 

This final chapter summarizes the main findings of each previous chapter and attempts 

to provide a direction for future works. 

8.1 General conclusion 

 

The core objective of this thesis was to develop an understanding of how perchlorate 

influences the efficiency of the derivatization reagents, mainly MTBSTFA/DMF and TMAH, 

and develop the knowledge of TMAH application in DNA and RNA fragments and the 

detection of organic compounds from natural samples. 

 Chapter 1 presents the background of this study with a review of life biomarkers and 

the application of TMAH thermochemolysis in the last 10 years.  

In chapter 2, the influence of calcium perchlorate on the detection of organic compounds 

with MTNSTFA/DMF has been studied. Result showed that MTBSTFA/DMFA should be 

applied at low temperature (< 300 °C) for flash pyrolysis, to avoid the production of a huge 

amount of byproducts from MTBSTFA/DMF degradation. High temperature leads to the 

formation of aromatic compounds and F-bearing compounds. For SAM-like ramp pyrolysis, 

MTBSTFA/DMF performed well even at 850 °C. Meanwhile, the presence of calcium 

perchlorate has no obvious effect on the pyrolysis of MTBSTFA/DMF, making it a good fit for 

the SAM and MOMA missions. Finally, our results confirm that the chlorobenzene that has 

been detected by SAM is certainly from the indigenous carbon in the Martian sample. 

In chapter 3, we studied the influence of calcium perchlorate on the search for organics 

on Mars with TMAH thermochemolysis. The byproducts of TMAH with and without the 

presence of calcium perchlorate were studied. The presence of a high content of calcium 

perchlorate would probably influence the rout of TMAH degradation, and we note that DMF is 

an important intermediate for the formation of Hexahydro-1,3,5-trimtethyl-1,3,5-triazine. In 

addition, the application of TMAH thermochemolysis on the detection of fatty acids were 

studied. In our experimental conditions, calcium perchlorate did not affect the recovery of fatty 

acids during TMAH thermochemolysis, even when the fatty acid amount was low( 300ppb). 

This demonstrated that TMAH is a good thermochemolysis reagent at high temperature (600 °C) 

for the methylation and detection of organics on Mars with the SAM and MOMA instruments.  
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Since it has been proved that TMAH is a good thermochemolysis reagent in Chapter 3, 

the application of TMAH thermochemolysis on the detection of nucleobases were carried out 

in Chapter 4. TMAH allows the methylation and detection of seven nucleobases. Its optimal 

temperature is at flash 600 °C. Each target compounds of the corresponding nucleobase are 

listed, and the mechanisms of TMAH thermochemolysis have been proposed. What’s more, we 

note that adenine is the most detectable nucleobase among these seven nucleobases. Based on 

the values of LOD and LOQ for each nucleobase, adenine, thymine, and uracil are easier to be 

detected, as they can be detected at about 0.15 nmol.  It is possible, though more difficult, to 

detect the guanine, cytosine and hypoxanthine (LOD=0.40, 0.55 and 0.75 nmol, respectively). 

However, the complex matrix needs to be pretreated with the extraction process in order to 

detect the nucleobases on Mars, the LOD may be higher than value of our study. 

To have a better understanding of TMAH thermochemolysis on the detection of 

DNA/RNA, chemical standards of nucleosides, nucleotides, nucleotide mon- and tri-

phosphates were studied in Chapter 5. We note that the target compounds of these DNA/RNA 

fragments are the methylated nucleobases, also with the methylated ribose derivatives and 

methylated phosphate. Surprisingly, the methylated nucleosides were found in our results. This 

demonstrated that TMAH thermochemolysis could protect the nucleosides or nucleotides from 

decomposition at high temperatures. 

A further study of TMAH application to natural life samples were conducted in Chapter 

6, mainly about E.coli, cyanobacteria (chroococcidiopsis cubana), anctinobacteria 

(Rubrobacter radiotolerans) that has been detected in Atacama sample, and halophilic Archaea 

(halobacterium salinarum) that could possibly survive in extreme environment. We note that 

the organic compounds vary with different species. The main compounds from these natural 

samples are fatty acids; they are the most detectable organic compounds. Adenine-derivatives 

have the highest abundance compared with other nucleobases and therefore are the easiest ones 

to be detected. Glucopyranoside is one of the most important target compounds from the three 

extremophiles bacteria used herein. Carotenoids are the main pigments in Rubrobacter 

radiotolerans and halobacterium salinarum. Squalene is their target compound for the presence 

of carotenoids, and it could be the biomarkers for life.  

Chapter 7 studied the application of TMAH thermochemolysis on the Atacama Desert 

sample. Light aromatic compounds and alkenes are the major compounds that have been 

detected in Atacama sample used herein. Sulfur oxides were also found in Atacama sample, 

this demonstrated that the sulfur-bearing compounds could be one of the interesting compounds 
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in the future missions. However, TMAH thermochemolysis was not able to help the detection 

of organic compounds of Atacama Desert sample. Therefore, new advanced characteristic 

methods need to be developed in the future missions.  

8.2 Future work 

Even this work has advanced the knowledge of the calcium perchlorate on the 

application of derivatization reagents, the application of TMAH thermochemolysis on the 

detection of DNA/RNA fragments and natural samples, about real life and Martian samples. 

However, we only analyzed the influence of perchlorate on the application of the reagents, the 

influence of perchlorate and other minerals on the application of reagents and the detection of 

organic compounds in natural samples will also need to be studied. In addition, the optimal 

experimental conditions of the natural samples have not been optimized, such as the selection 

of a better derivatization reagent, the volume of thermochemolysis reagents, the analysis of 

organic compounds from SAM and MOMA ramp pyrolysis. Therefore, a range of works should 

be considered in the future, they are listed below: 

 

1) The influence of other minerals on the derivatization reagents should be studied, such 

as silicates, phyllosilicates, sulfates, carbonates, etc. They are important Martian 

minerals, which could have effects on the application of derivatization reagents.  

2) More chemical standards representing life biomarkers should be studied with TMAH 

thermochemolysis, such as lipids, amino acids, polysaccharides, proteins and pigments. 

In addition, their degradation products should also be studied. For example, carotenoids, 

as one of the important pigments, play a key role in extremophiles resiting to extreme 

conditions. And it was detected from Anctinobacteria and halophilic bacteria in this 

study. The byprouducts of carotenoids at different pyrolysis conditions should be 

studied. 

3) The organic compounds from various extremophile microorganisms should be studied 

with and without TMAH thermochemolysis. The characteristic compounds of each 

microorganism should be addressed. The experimental conditions of TMAH 

thermochemolysis should be optimized, such as the volume of TMAH with a certain 

number of cells, the optimal temperature of TMAH thermochemolysis, etc. 

4) The effect of oxychlorides such as perchlorates on the distribution of organic 

compounds in extremophile microorganisms should be investigated, in order to have a 



 

310 

 

 

further understanding on the influence of chlorine bearing compounds on the growth of 

bacteria.  

5) New in situ methods need to be developed, to analyze organic compounds with TMAH 

thermochemolysis. For example, we could try to cultivate the bacteria in soil, centrifuge 

cells and soil samples, and analyze the organic compounds from the mixture of cells 

and soil samples. Then a new system of “cultivation+clean+separation+detection” 

should be developed.  

6) The application of TMAH thermochemolysis on the detection of organic compounds 

from different types of soils should be studied. These soil samples should enrich in 

organic compounds with carboxyl, hydroxyl, amino, and acyl et al. function groups.  

7) New derivatization reagents should be developed to improve the efficiency of the 

detection of life biomarkers On Mars. TMAH (25% methanol), as both solvent and the 

reagent of thermochemolysis, is not able to dissolve some of organic compounds. In 

addition, the degradation byproducts from TMAH could be confusing when analyzing 

the data collected from space. Therefore, new derivatization reagents with higher 

disolvebility of organic compounds and with less byproducts should be developed.   
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Figure S2-1: The chromatogram of the flash pyrolysis at 600 °C of calcium perchlorate. 
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Figure S2-2: Influence of the pyrolysis’ temperatures on the amount of DMF detected with GC/MS. 
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Figure S2-3: The chromatograms of MTBSTFA/DMF (4:1) flash pyrolysis without and with calcium 

perchlorate at 600 °C. Peak attributions : 1: tert-butyldimethylsilyl fluoride; 2: MSW; 3: MSTFA; 4: 

BSW; 5: Hexamethyl-cyclotrisiloxane; 6: 1,1,3,3-tetramethyl-1,3-bis[(2Z)-pent-2-en-1-

yloxy]disiloxane; 7: bis(tert-butyldimethylsilyl)amine; 8:N-(tert-butoxycarbonyl)glycine; 

9:Tris(trimethylsilyl)borate.  
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Figure S2-4: The effect of ClO4
- on the pyrolysis of MTBSTFA/DMF at 300 °C. 
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Figure S2-5: Effect of calcium perchlorate on the pyrolysis of MTBSTFA/DMF (4:1) at 600 °C. 
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Figure S2-6: Influence of the amount of calcium perchlorate on the main chemical products observed 

when MTBSTFA/DMF (4 :1) pyrolyzing at SAM-like ramp of 850 °C. 
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Table S2-1: The products of MTBSTFA flash pyrolysis at 850 °C (supplement for Table 2). 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

1.25 41(100), 56(82), 81(82), 55(33), 

53(11) 

5-Methyl-1-hexyne 
CH3

CH3

CH

 
1.47, 

1.53 

85(100), 81(86),  80(23), 

64(17),44(16),47(19),100(18)  

methyltrifluorosilane 

Si

F

F

F

CH3

 
1.61 81(100),41(71),44(55), 

56(61),69(66), 45(21), 

96(20),100(17) 

Trans-3-Hepten-1-Ol CH3 OH 

2.25 158(100),41(38),57(32),81(29),66(1

5),53(15),130(20),155(31),57(32) 

2-Naphthol,5-amino- 

NH2

OH

 
2.34 77(100), 155(77), 103(65), 159(42), 

57(14), 66(13), 81(23), 118(20) 

[(1E)-3,4-Dimethyl-1-

pentenyl](fluoro)dimethylsil

ane 
CH3

CH3

CH3

Si

CH3

CH3

F

 
2.79 77(100),56(98),57(69), 134(51), 

151(27), 119(19) , 96(16) , 41(44), 

49(27) 

Tert-

Butyldimethylfluorodilane Si

CH3

CH3CH3

CH3

CH3F

 
3.16-

3.18 
78(100),77(92),  56(55), 96(29)，
51(25), 52(24), 50(21), 57(17), 

79(16), 114(13)   

Fluorobenzene F

 
3.40 114(100),77(71),58(48),101(46),88(

25),47(23),155(16),141(11) 

1,4-difluoro-Benzene F

F  
3.65 58(100),69(45),77(10),127(33),146(

27),145(17), 56(13) 

Benzene,(trifluoromethyl)- F

F

F

 
3.92 58(58),69(76),127(25),155(32),181(

28),78(18), 73(16), 233(13) 

N-methyltrifluoroacetamide F

F

F

O

NH CH3
 

4.47 79(100),52(62),51(30), 50(23) Pyridine N

 
4.83 91(100),92(77), 65(30), 63(15), 

51(12), 7(11) 

Toluene 

 
5.04 155(100),211(83),109(46),81(18), 

212(18), 156(19), 127(15) 

2-Tributylsilyloxybut-3-yne 

Si

CH3

CH3

CH3

O

CH3

CH
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

5.13,5.

17  

109(100),154(68),155(44), 156(29), 

83(25), 89(21), 157(15) 

Fluoromethyl-benzene F

 
5.68 127(100) 2,5-difluorotoluene CH3

F

F  
6.19 100(100),126(48),70(20),86(12) Isocyanatotrimethylsilane 

Si

CH3

CH3

CH3

N

O

 
6.42 91(100),160(31),65(11),159(11) (1-Benzyl-2-

pyrrolidinyl)methanol N

OH

 
7.18 151(100),152(18), 73(10) O-(Trimethyl)phenol 

O
Si

CH3

CH3

CH3

 
7.31 91(100),143(26),77(15),106(34),14

3(26),158(12),65(10),167(11) 

Ethylbenzene 
CH3

 
7.76 91(100),106(52),111(23),77(11),51(

10) 

p-xylene CH3

CH3 
8.30 100(100), 101(34), 56(34), 72(31), 

157(21), 41(17) 

Tert-Butyl-isocyanato-

dimethylsilane Si

CH3
CH3

CH3

CH3CH3

N
C

O

 
8.67 104(100) ,78(73), 103(71), 77(34), 

51(30), 91(19) ,105(16), 50(13) 

styrene CH2

 
8.79,8.

86, 

9.13 

122(100),121(39), 

96(35),101(36),75(15) 

p-fluoro-Styrene CH2

F  
9.26 ? 109(100),91(58), 

64(56),124(43),63(17), 159(14)  

2,3-Dimethylfluorobenzene CH3

CH3

F  
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

9.90,10

.06 

122(100),100(34), 100(25), 

121(25), 159(23), 101(22), 140(14) 

P-fluoron-Styrene 

F

CH2

 
10.76 77(100),120(67),170(64),143(23) 2,2,2-trifluoro-N-

(trimethyl)acetamide 

F

F
F

NH

O

Si

CH3

CH3

CH3  
11.00 139(100),154(30),47(27),91(18),14

0(16) 

2-Hydroxy-5-

fluoroacetophenone 

F

CH3
O

OH

 
12.10 105(100),211(55),123(37),181(42),

120(32),79(13) 

N-benzylvebzamide 
NH

O

 
12.33 118(100),117(93), 103(54), 

115(35), 78(32), 77(23), 

51(13),58(11) 

1-methylethenyl-Benzene 
CH3 CH2

 
12.58 103(100), 281(82), 77(61), 76(46), 

134(42),184(20), 282(20),  

50(14) ,121(13),265(13) 

Cyano-benzene N

 
12.82 77(100),134(97),103(87),184(57),7

3(43),121(10) 

N-Methyl-N-

(trimethyl)trifluoroacetamid

e 

F
F

F
O

N

CH3

Si

CH3

CH3

CH3
 

13.02, 

13.18, 

14.39,1

4.64 

117(100), 121(79), 118(60), 

94(34),115(30) 

Benzene,2-propenyl- CH2

 
13.92 136(100),135(54),133(39),154(27),

155(23), 166(14),131(13) 

2-Hydeoxy-5-methyl-

benzaldehyde 

O

OH

CH3  
14.08 117(100),105(30),132(52), 115(36), 

31(11),120(10) 

p-Alytoluene CH2

CH3  
15.22 115(100), 116(95), 77(23), 89(17), 

117(10),63(14) 

1H-Indene 

 
15.79 133(100),134(81)135(17),107(14) 2-methyl-5-propenyl-,(E)-

pyrazine 

N

N

CH3

CH3 
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

16.09 153(100),125(43),168(33),154(13) Dimethyl, 

fluoromethyl,phenylsilane 
Si

CH3

CH3

F

 
16.40,1

7.52,18

.20 

117(100),90(60),116(58), 

89(34),63(12) 

3-methyl-Benzonitrile N

CH3

 
16.97 117(100),132(89),115(49),91(51), 

92(27), 131(17), 65(16) 

p-Cymenene 
CH2

CH3

CH3 
17.80 149(100),164(52),47(20),150(14), 

123(11) 

2-tert-butyl-p-Cresol 

CH3

CH3

CH3CH3

OH

 
18.53 130(100), 128(46), 129(44), 

131(30), 127(20), 115(15), 85(15), 

77(12) 

1,3-diethenyl-Benzene CH2

CH2
 

18.88 147(100),73(21),189(22),148(18) 1,3-Ditert-butyl-1,1,3,3-

tetramethyldisiloxane O
SiSi

 
19.20,2

0.42 

133(100), 85(78), 182(65), 

73(51),147(33), 117(30),159(47) 

Pentamethyl-Disiloxane 
Si

CH3

CH3

CH3

O
SiH

CH3

CH3  
19.65 213(100), 151(75), 

166(67),182(48), 197(35), 149(20), 

47(20),125(18) 

4,4’-isopropylidenedi-

phenol 

OH

OH 
19.98 117(100) ,90(60), 116(56), 130(41), 

115(38), 89(37), 51(15), 63(15), 

130(41), 146(13) 

Benzyl nitrile(benzyl 

cyanide) N

 
20.51 128(100), 127(21), 129(14), 

102(14) 

Naphthalene 

 
20.77 130(100), 129(96), 115(54), 

128(53), 85(12), 146(30), 229(10) 

1,2-dihydro-

Naphthalene(Dialin) 

 
21.13 164(100),85(14), 229(39), 133(14) m-Fluorobenzotrilfluoride 

F

F

F
F

 
21.93,2

2.05 

128(100),  146(36), 127(18), 

129(14)，102(12), 51(10) 

1-fluoro-Naphthanlene F

 
22.32 164(100), 229(29), 85(14), 73(7), 

144(12) 

Salsolinol 

NH

CH3

OH

OH  
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

23.56 129(100), 85(81), 207(72), 102(40), 

128(37), 159(20) ,163(17) ,77(22) 

Trans-Cinamonitrile N

 
25.87,2

6.24,26

.61 ? 

128(100),129(66), 141(41), 

102(41),101(38),142(27),75(22),76(

20) 

1,3-Dicyanobenzne N

N  
26.89 142(100),141(88), 115(33), 

160(30), 159(29),139(13),71(10) 

2-methyl-naphthelene CH3

 
27.00 159(100),160(86), 133(29) 2,3,4-Trifluorobenzaldehyde OF

F

F  
27.55 141(100), 142(95), 160(87), 

115(35) ,159(43),139(15) 

1-fluorone-naphthalene F

 
27.97 141(100), 142(75), 115(51), 

177(25), 175(20)  

2-methylnaphthalene CH3

 
28.23 128(100), 210(30), 

141(28) ,101(28), 75(12) 

Phthalonitrile(1,2-

Benznenedicarbonitrile) 

N

N

 
28.39 ? 141(100), 142(62), 

115(49),128(32), 116(11) 

1-methyl-naphthalene CH3

 
28.97 190(100), 140(36), 114(33), 

189(32), 188(27), 171(22), 191(13) 

2,2’-Difluorobiphenyl 

F

F

 
29.35 208(100), 190(85), 193(73), 

127(56), 128(47), 189(30), 209(16), 

194(15) 

1,10-Phenanthroline,5,6-

dimethyl- 

N N

CH3 CH3
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

29.88 172(100), 171(40), 85(27), 170(25), 

172(13), 173(11) 

2-Fluoro-1,1’-biphenyl 

F

 
30.27,3

1.53 

213(100),171(82), 214(20), 

172(13), 99(11) 

2-trimethylsilyl-3-

trimethylsilylamino-1,2,4-

triazole 
NN

N

Si
CH3

CH3

CH3
NH

Si
CH3

CH3

CH3

 
30.53,3

2.66 

154(100),153(43), 152(32), 

172(26),76(18), 171(12),  151(10) 

Biphenyl 

 
31.79,3

3.39,34

.64 

153(100),154(67), 152(44), 

76(21),140(15) 

Acenaphthene 

 
32.10 141(100),156(94), 153(33), 

155(20), 115(19),159(10) 

1,7-dimethylnaphthalene CH3

CH3

 
32.28 156(100),141(73), 155(35), 

174(31), 159(25), 172(25),77(13) 

1,3-dimethylnaphthalene CH3

CH3 
32.82,3

2.93 

170(100), 85(22),  169(15),172(13) 3-Hydroxybiphenyl 

OH 
34.88 168(100), 167(63), 71(41),165(29), 

169(15) 

Diphenylmethane 

 
35.30,3

6.50 

153(100),126(25) 1-Naphthonitrile N

 
37.16 168(100),167(43), 153(32), 

152(30), 165(20), 115(17) 

1-akyl-naphthalene CH2
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

37.93, 

38.39,3

8.67,39

.39, 

40.28 

165(100), 166(61), 

82(22),163(18),164(18) 

9H-Fluorene 

 

38.10 183(100), 184(94), 91(15), 92(11) 4,4’-dimethyl-2,2’-

bipyridine 

N

N

CH3
CH3

 
38.80 166(100),197(94), 165(38), 

140(33), 139(30),201(10) 

1-Naphthaleneacetonitrile 
N

 
39.75 166(100), 180(88), 165(66), 

167(58), 178(32), 139(16) 

4-vinyl-Biphenyl 

CH2  
40.83 167(100), 166(89), 140(39), 

139(16) 

9H-Carbazole 

NH  
41.06,4

2.92,43

.39 

165(100), 166(44), 179(21), 

164(17), 82(18) 

9-methyl-Fluorene 

CH3  
43.95 178(100), 176(23), 152(14), 

177(12) 

Anthracene 

 
44.43 177(100), 

192(33),191(21),150(19),75(12),19

4(12),194(10) 

9-Fluorenone oxime 
N

OH

 
45.23,4

5.40 

196(100), 197(13), 

98(12),85(10),170(10) 

1-Hydroxyphenazine 

N

N

OH

 
45.90,4

6.23 

178(100),176(21), 152(12), 76(14), 

196(15), 76(14), 177(13) 

phenanthrene 

 
48.08 ? 222(100), 221(79), 220(20), 

192(68), 191(62), 165(39), 197(28), 

94(36), 221(27), 222(27), 

189(25),77(23) 

N-Methyl-9-

anthracenemethanamine 

NH

CH3  
48.43 203(100), 204(84), 202(60), 

101(36),201(14),205(14) 

1-phenyl-Naphthalene 

 
48.77 192(100),191(66), 189(30), 

190(25), 193(21), 165(19),210(12) 

2-Methylanthracene CH3

 
49.21 210(100),209(71),91(70), 104(42), 

94(40), 207(25), 190(20), 211(17) 

1H-1,3-Benzimidazol-ol,2-

phenyl 

NH

NH

OH
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

49.69,4

9.88,50

.43,50.

62, 

192(100),191(62) ,189(37), 

190(24), 193(16), 95(13),210(12) 

1-Methylphenanthrene CH3

 
50.27 190(100), 189(81), 95(34),187(22) 4H-

Cyclopenta[def]phenanthren

e 

 
52.23,5

4.04 

204(100), 202(44),203(37),101(21), 

205(17), 102(10) 

2-phenyl-Naphthalene 

 
54.92,5

6.44 

202(100), 200(22), 101(20), 

203(18), 100(14) 

Fluranthene 

 
55.65 202(100),200(23),203(20), 

220(15),101(19),88(10) 

Pyrene 

 
56.17 203(100), 202(87), 201(24), 

200(21), 101(21), 88(21) ,101(21), 

175(11) 

9-ethenyl-Anthracene CH2

 
57.08,5

7.30,57

.71 

203(100),74(52),87(43),176(11),10

1(11),202(15),43(15) 

9-Anthronitrile 
N

 
58.16,5

8.79,59

.19,59.

29,59.9

3 

216(100), 215(95), 213(27), 107 

(27), 234(25), 233(23), 217(20) 

1-methyl-pyrene 

CH3

 

61.22,6

1.52,62

.04,62.

22,63.7

3 

228(100), 94(78), 230(71), 215(65), 

113(37), 226(32), 114(31), 22(23), 

225(20) 

3,4-Benzophenanthrene 

 

61.73,6

2.86 

227(100),226(19), 100(19), 

99(14),228(12) 

1-Fluorobenzo[a]anthracene F

 
62.37 ? 227(100),226(40),59(21), 100(18), 

244(17), 106(15),121(12) 

7-Methyl-3,4-

benzophenanthrene 

CH3  
63.14 226(100),227(93), 

113(32),100(26) ,224(24), 225(25), 

112(23), 228(16), 200(13)  

Benzo[mno]fluoranthene 
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Table S2-1 (continued) 

RT 

(min) 

Masses of fragments* and relative 

abundance: m/z (%) 

Compounds Structures 

63.27,6

3.42 

228(100), 226(27), 114(20), 

113(18), 229(19),227(12) 

Triphenylene 

 
65.20 242(100), 240(49), 241(62), 

239(43), 120(21), 119(30), 120(30), 

243(19),107(16) 

6-methykchrysene 
CH3

 
65.50,6

5.71 

239(100), 240(97), 119(70), 

237(25), 118(19) ,106(16) 

9H-cyclopenta[a]pyrene 

 
66.01 254(100), 152(52), 

252(35),126(27), 253(21), 255(20), 

106(21) 

2,2’-Binaphthyl 

 

66.18 254(100), 252(37), 240(24), 

239(23), 126(23), 121(23), 119(22), 

253(19),255(17) 

1,1’-Binaphthyl 

 
66.53 251(100),241(97), 120(90), 

239(82), 75(73), 121(58), 

253(44),254(45), 112(38), 251(47), 

119(35) 

Benz[a]anthracene,7,2-

dimethyl- 

CH3

CH3  

67.23,6

7.32 

270(100),253(24),135(31),134(17),

268(23),271(27) 

5,7,12-

trimethylbenz(a)anthracene 

CH3

CH3

CH3

 
67.32 270(100), 135(29), 271(26), 

134(21), 268(21), 254(21),112(13) 

1-(2-naphthalenyloxy) -

Naphthalene 
O

 
67.76  252(100), 126(29), 

250(28),253(30),113(18) 

Benzo[b]fluoranthene 

 
68.12, 

68.88,6

9.19 

252(100), 126(62), 113(41), 

250(30),125(27),253(15) 

Perylene 

 
68.70 252(100),250(33), 

125(28),253(21),113(16) 

Benzo[k]fluoranthene 

 
69.80 266(100), 265(75), 132(40), 

131(34),267(27) 

10-methylbenzo(a)pyrene CH3

 
72.52 276(100), 138(40), 137(30(277(29), 

274(23),275(13) 

o-Phenylenepyrene 
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Some comments on Chapter 3.3.4:  

 

“Additionally, the concentration of the methyl group (about 86 µmol, calculation can be seen 

in supplementary materials) used to derivatize the fatty acids is much greater than (in excess) 

the concentration needed to complete fatty acid methylation (of 16 nmol, calculation can be 

seen in supplementary materials). Therefore, the calcium perchlorate has no obvious effect on 

the recovery of the fatty acids.” 

 

The abundance of methyl group for methylation in TMAH is about 86 µmol, as 

𝑛−𝐶𝐻3 =
𝑉𝑇𝑀𝐴𝐻×𝜌𝑇𝑀𝐴𝐻  

𝑀𝑇𝑀𝐴𝐻
× 75% × 4 (–CH3 in each TMAH molecule)  

𝑛−𝐶𝐻3 = 0.866 g.ml-1×3 µl÷ 91.15 g.mol-1×75% × 4=85.5 µmol≈ 86 µmol; 

The total amount of fatty acids needed to be methylated should be about 16 nmol, as 𝑛𝐹𝐴 =

𝐶𝐹𝐴 × 𝑉𝐹𝐴 =0.67 mmol-1×12×2 µl= 16 nmol. 

 

“The calcium perchlorate used in this study can release 4×10-6 mol of O2, the abundance of 

TMAH is about 4.4 times higher than the amount of O2, and the C abundance is 17.6 times 

higher than that of O2.” 

The abundance of TMAH is about 21.4 µmol, it should be about 4.4 times ((21.4-4)/4=4.4) 

higher than the amount of O2 , and the C abundance is more than 17.6 times higher than that 

of O2, because there are methanol in the solution, it can also produce methyl when it was 

heated. 

The presence of calcium perchlorate did not show obvious effects on fatty acid recovery 

(about 11.8 pmol), as 0.67×10-6 mol.L-1 ×2.2 µl×8 (C8 to C15)=11.79 pmol≈ 11.8 pmol, about 

6×10-9 g. 
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Table S6-1 Chroococcidiopsis cubana medium 3N-Bristol 

Bristol was made up by blending three previously prepared solutions. The preparation of each solution 

was done according to the following compositions. 

Solution A (for 1L): Stock solution A for medium Bristol. 

Compound Added mass (g) Concentration(M) 

NaNO3 75 0.0088 

CaCl2×2H2O 2.5 1.93×10-4 

MgSO4×7H2O 7.5 3.045×10-4 

FeEDTA 2.0 5.75×10-5 

 

 Solution B (for 1L): Stock solution B for medium Bristol. 

Compound Added mass (g) Concentration(M) 

K2HPO4 7.5 4.3×10-4 

KH2PO4 17.5 0.00128 

NaCl 2.0 3.41×10-4 

 

Solution C (for 1L): Stock solution C for medium Bristol. 

   Compound Added mass (g) Concentration(M) 

H3BO3 2.86 4.61×10-5 

MnCl2×4H2O 1.81 1.20×10-5 

ZnSO4×7H2O 0.220 1.149×10-6 

CuSO4×7H2O 0.080 4.221×10-7 

MoO385% 0.036 1.50×10-7 

CoSO4×7H2O 0.090 4.86×10-7 

Note:  

1) Maintain these three stock solutions in the refrigerator, for obtaining final Bristol Medium. 

2) For each liter, and 10 ml of solution A; 10mL of solution B; 1 mL of solution C. 

3) Autoclave the medium. 

4) Use the medium or keep it for few days.  
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Table S6-2 Rubrobacter radiotolerans medium  

Substances Mass and volume 

Trypticase Soy Broth 

(BBL 11768, Oxioid CM129 or Merck 5459) 

30.0 g 

Distilled water 1000.0 ml 

                        Autoclave at 121 °C for 15 mins. 

 

Table S6-3 Halobacterium salinarum medium  

Substances Mass or volume 

Casamino acids 7.5 g 

Yeast extract 10.00g 

Na3-citrate 3.00g 

KCl 2.00g 

MgSO4×7H2O 20.00g 

FeSO4×7H2O 0.05g 

MnSO4×7H2O 0.20mg 

NaCl 250.00g 

Distilled water 1000.0 ml 
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Résumer (French) 

Titre : Application de la dérivatisation au MTBSTFA/DMF et de la thermochémiolyse au TMAH à la 

recherche in situ de composés organiques martien 

Mots clés : Bioindice de la vie, Mars, Pyrolysis-GC/MS, thermomchémolyse de TMAH, MTBSTFA/DMF, 

Perchlorate 

 

Résumé : La recherche de biosignatures sur Mars fait 

parti des sujets scientifiques populaire à la fois dans 

le grand publique mais également au sein de notre 

communauté scientifique. Les instruments Mars 

Organic Molecule Analyzer (MOMA) et Sample 

Analysis at Mars (SAM) respectivement à bord des 

rovers Rosalind Franklin (Exomars 2022) et Curiosity 

(Mars Science Laboratory), sont capables de détecter 

la matière organique présente en surface et 

subsurface à des concenrtations inférieures au ppb. 

Afin d’identifier la matière organique, ces deux 

instruments utilisent la pyrolyse couplée à de la 

chromatographie gazeuse couplée à la spectrométrie 

de masse (Pyr-GC/MS). Afin d’analyser la matière 

organique refractaire les agents de 

thermochémiolyse, le tétraméthylammonium 

hydroxyde (TMAH) et de foncitonnalisation, le N-

tert-butyldiméthylsilyl-N-méthyltrifluoroacetamide 

(MTBSTFA) mélangé avec son solvant le N,N-

dimethylformamide (DMF) sont utilisés. Cependant, 

la mise en évidence récente de composés fortement 

oxydant (perchlorate) à compliqué l’analyse des 

résultats obtenus par l’expérience SAM. En efet, le 

MTBSTFA/DMF, en plus de ses sous produits de 

décomposition peut réagir à haute température avec 

les perchlorates présents dans le sol martien. Le 

mélange MTBSTFA/DMF est donc une possible 

source de carbone correspondant à certains 

composés organiques qui ont été détectés sur Mars 

par SAM. Par conséquent, les sous-produits de la 

dégradation des réactifs avec et sans perchlorates 

ont été listés et référencés, et des voies possibles de 

dégradation des réactifs ont été proposées. 

La thermomchémolyse au TMAH a recemment été  

 

 utilisé à bord de SAM pour analyser un echantillon 

prélévé à GR. Afin d’aider à l’interprétation de ces 

nouveaux resultats nous avons utilisé la 

thermochemiolyse au TMAH pour analyser des 

composés organiques d’intéret pur et d’autres 

contenus dans des échantillons naturels. Parmis les 

composés organiques testés nous avons inclus des 

biosignatures telles que les acides 

deoxyribonucleique (ADN) et ribonucleique (ARN) 

qui ont certainement été à la base de la formation 

de la vie sur Terre. Nous les avons étudiées seules 

et encapsulées dans leur cellule afin de mimmer au 

plus prês leurs conditions naturelles. Les 

températures de thermochimolyse ont alors été 

étudiées et optimisées. Les bactéries extrémophiles 

étudiées dans ce travail comprennent les 

cyanobactéries (Chroococcidiopsis cubana), les 

anctinoctériens (Rubrobacter radiotolerans) et 

l’archée halophile (Halobacterium salinarum). Des 

fragments d’ADN ou d’ARN ont alors été détectés. 

Parmis eux les dérivés de l’adénine sont les plus 

faciles et ont la plus grande abondance par rapport 

aux autres nucléobases. Cependant, les principaux 

composés détectés dans ces échantillons naturels 

sont les acides gras tels que le glucopyranoside, 

l’un des composés détectés majoritairement dans 

les trois bactéries extrémophiles utilisées. Les 

résultats ont démontré que la thermomchémolyse 

au TMAH pouvait être une méthode chimique 

efficace pour détecter des signatures de vie sur 

Mars et d’autres planètes lors de futures missions 

spatiales. 
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Abstract (English) 

Title: Search for organic compounds with MTBSTFA/DMF derivatization and TMAH thermochemolysis on 

Mars 

Keywords: Life bioindice, Mars, Pyrolysis-GC/MS, TMAH thermochemolysis, MTBSTFA/DMF, Perchlorate 

 

Abstract: Searching for life biosignatures on Mars 

has been a very popular topic in the world. The Mars 

Organic Molecule Analyzer (MOMA) and Sample 

Analysis at Mars (SAM) instruments onboard the 

Exomars 2022 and Mars Science Laboratory rovers, 

respectively, are capable of organic matter detection 

and differentiating potentially biogenic from abiotic 

organics in Martian samples. To identify organics, 

these instruments both utilize Pyrolysis-Gas 

Chromatography coupled to Mass Spectrometry 

(Pyr-GC/MS), and thermochemolysis using the 

reagent tetramethylammonium hydroxide (TMAH) 

and derivatization using a mixture of N-tert-

butyldimethylsilyl-N-methyltrifluoroacetamide 

(MTBSTFA) and N,N-dimethylformamide (DMF). Both 

thermochemolysis and derivatization help to increase 

organic volatility of labile and refractory compounds. 

However, with the detection of chloride-bearing 

compounds on Mars, MTBSTFA/DMF, which is 

leaking on SAM, was considered as a possible carbon 

source of some organics that have been detected on 

Mars. Therefore, the reagent byproducts following 

degradation, both in the presence of and the absence 

of perchlorates, are proposed as a data reference, as 

well as possible routes of reagent degradation. 

In addition to MTBSTFA, TMAH is also used to search 

for organic compounds that could possibly be 

bioindicators and biosignatures in Martian samples. 

Deoxyribonucleic acids (DNA) as an information 

carrier and ribonucleic acid (RNA) form the basis for 

life on Earth. However, the optimal experimental 

conditions for the detection of DNA or RNA 

fragments and other organic compounds important 

to Earth life were poorly understood. Therefore, in 

this thesis, the building blocks of nucleic acids, such 

as nucleobases, nucleosides, nucleotides, PolyA, and  

bacteria were analyzed by Pyrolysis-GC/MS with 

TMAH thermochemolysis using a SAM-like ramp 

and flash pyrolysis at different temperatures (from 

100 to 600 °C). The methylated nucleobases, ribose, 

and phosphate were detected at the highest 

intensities at 200 and 300 °C, respectively. 

Methylated adenine and adenosine are the main 

thermochemolysis products of Poly A. In addition, 

bacteria such as E. coli were also analyzed with 

TMAH thermochemolysis. Results demonstrated 

that TMAH thermochemolysis is able to 

characterize the fragments of DNA and RNA even 

at high temperatures with a limit of detection lower 

than 104 cells of E.coli. 

TMAH thermochemolysis was also applied to 

analyze the organic compounds from natural 

samples such as bacterial cells. The important 

organic compounds of extremophile bacteria have 

been studied and the thermochemolysis 

temperatures were optimized. The extremophile 

bacteria include cyanobacteria (Chroococcidiopsis 

cubana), anctinobacteria (Rubrobacter 

radiotolerans), and halophilic Archaea 

(Halobacterium salinarum). DNA or RNA fragments 

could be detected, with Adenine-derivatives being 

the easiest to detect and with the highest 

abundance compared with other nucleobases. 

However, the main compounds and the most 

detectable organic compounds from these natural 

samples are fatty acids. Glucopyranoside is one of 

the most important target compounds from the 

three extremophile bacteria used herein. Results 

demonstrated that TMAH thermochemolysis could 

be an efficient chemical method to detect life 

signatures on other planets for future missions. 
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