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1. Einleitung 

Diese Arbeit gliedert sich thematisch in zwei Teile. Der erste Teil befasst sich mit der prä-

biotischen Chemie von Porphyrinen und ihrer potentiellen Beteiligung bei der Entstehung 

des Lebens auf der Erde. Der zweite Teil widmet sich der Rolle von Porphyrinen als mögliche 

Biosignaturen (molekulare Biomarker) und ihrer Bedeutung für die Suche nach Leben 

außerhalb der Erde, wie beispielsweise auf unserem Nachbarplaneten Mars, auf den 

Eismonden Europa und Enceladus und darüber hinaus. 

1.1 Präbiotische Chemie ς die Chemie, die zum Ursprung des Lebens führte 

Das Adjektiv αpräbiotischά bedeutet αvor dem Lebenά. Die präbiotische Chemie befasst sich 

folglich mit chemischen Prozessen, die vor dem Ursprung des Lebens stattfanden. Dies 

beinhaltet chemische Vorgänge, die zur Entstehung des Universums, des Sonnensystems 

und der Erde beigetragen haben, und ebenso Prozesse, die aus einfachen Molekülen 

zunehmend komplexere Moleküle entstehen ließen. Alles beginnt zwischen den Sternen, 

also im interstellaren Medium, in sogenannten Molekülwolken. Sie bestehen hauptsächlich 

aus Wasserstoff und mineralischen Staubteilchen mit Temperaturen von ungefähr 10 bis 

20 K (Irvine & Hjalmasron, 1984; Charnley & Rodgers, 2008). Die Staubpartikel in 

Molekülwolken dienen als Kondensationskeime für die einfachsten Verbindungen wie 

Wasser, Methan und Ammoniak (Anders et al., 1974; Ehrenfreund & Charnley, 2000; 

Ehrenfreund et al., 2002). Durch den Einfluss von UV- und kosmischer Strahlung können 

aus diesen Verbindungen einfache organische Moleküle wie Methanol und Formaldehyd 

entstehen (Greenberg, 2002). Im Jahr 2018 waren schon über 200 Moleküle, in der Größe 

von zwei bis 70 Atomen und aus 16 verschiedenen Elementen aufgebaut, im interstellaren 

Medium nachgewiesen worden (McGuire, 2018). Auf größeren Objekten, wie 

beispielsweise Planeten oder Asteroiden, können weitere Reaktionen stattfinden. In 

Meteoriten wurden zum Beispiel Aminosäuren, Purine und Pyrimidine nachgewiesen. 

Diese Prozesse, die zu einer wachsenden Komplexität von abiotisch entstandenen, orga-

nischen Molekülen beigetragen haben, gipfelten im Ursprung des Lebens. Für die 
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Gesamtheit dieser Prozesse wird häufig der Begriff αchemische Evolutionά verwendet 

(Calvin, 1956). Die chemische Evolution ist Voraussetzung für die biologische Evolution, 

deren Beginn auch gleichzeitig der Beginn des Lebens ist (Joyce, 2002). Nach Joyce (2002) 

ist chemische Evolution gleich präbiotischer Chemie: eine Reihe spontan ablaufender che-

mischer Reaktionen. Natürliche Auswahl ist möglich durch kinetische oder 

thermodynamische Vorteile bestimmter Reaktionsprodukte. Variation kann durch die 

Kombination vieler Reaktionen auftreten, die zur Ansammlung zufällig gebildeter 

Verbindungen führen. Verschiedene Gradienten, wie beispielsweise pH- oder 

Temperaturgradienten, können die benötigte Energie für die Reaktionen liefern. In diesem 

hypothetischen Modell sorgen wechselnde Umweltbedingungen dafür, dass sich über 

längere Zeiträume kein chemisches Gleichgewicht einstellen kann. Somit wird das System 

der chemischen Evolution am Laufen gehalten und endet nicht in einer Sackgasse, sprich 

der Umwandlung aller Komponenten in ein komplexes Gemisch unreaktiver Endprodukte 

όαAsphaltάύ.  

In dieser Arbeit liegt der Fokus auf der präbiotischen Chemie, die auf der frühen Erde 

stattfand. Das Leben muss aber nicht zwangsläufig auf der Erde entstanden sein. Der 

Ursprung des uns bekannten Lebens könnte auch auf dem Mars oder noch weiter von der 

Erde entfernt liegen. Lebewesen wären dann von dort in Kometen oder Asteroiden auf die 

Erde gelangt ҍ Ƴŀƴ ǎǇǊƛŎƘǘ Ǿƻƴ [ƛǘƘƻǇŀƴǎǇŜǊƳƛŜ όaƛƭŜƛƪƻǿǎƪȅ et al., 2000; Gladman et al., 

2005). Durch Modellversuche konnten einzelne Schritte dieser Hypothese als plausibel 

eingestuft werden (z. B. Cockell et al. 2007; Horneck et al., 2008). Es ist sehr wahrscheinlich, 

dass auch in diesem Augenblick die chemische Evolution außerhalb der belebten Erde 

abläuft, beispielsweise auf erdähnlichen Exoplaneten außerhalb unseres Sonnensystems. 

Chemische Evolutionsforschung findet an der Grenze des Erforschbaren statt: Aus der Zeit 

der Entstehung des Lebens sind praktisch keine chemischen Spuren erhalten. Die ältesten, 

unbestrittenen Belege für die Existenz von Leben sind 3,4 Milliarden Jahre alt; 

Kohlenstoffisotopenzusammensetzungen deuten sogar auf 4,1 Milliarden Jahre alte 

Spuren des Lebens hin (Übersicht in Javaux, 2019). Die präbiotisch-chemischen Reaktionen, 

die zum Ursprung des Lebens führten, müssen also noch früher stattgefunden haben. Um 
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trotz dieses langen Zeitraums, der zwischen der Gegenwart und dem Ursprung des Lebens 

liegt Hypothesen aufstellen zu können, kommen zwei Ansätze in Frage. Beim top-down-

Ansatz werden heute lebende Organismen und deren Biochemie betrachtet, und man 

versucht, daraus abzuleiten, welche Bestandteile in einfacheren Organismen bis hin zum 

Last-Universal-Common-Ancestor (LUCA) oder sogar in den Protometabolismen vor der 

Entstehung des Lebens vorkommen konnten. Der zweite mögliche Ansatz ist ein bottom-

up-Ansatz, bei dem man das vorhandene Repertoire an organischen und anorganischen 

Verbindungen vor dem Ursprung des Lebens als Startpunkt wählt. Es werden dann bei-

spielsweise Simulationsexperimente durchgeführt, wie sie auch einen Großteil der 

vorliegenden Arbeit bilden. Im bottom-up Ansatz simuliert man die Bedingungen der 

frühen Erde möglichst exakt nach aktuellem Stand der Forschung, wobei sich in einem 

einzelnen Experiment jeweils nur ausgewählte Bedingungen simulieren lassen. Man 

untersucht, welche Reaktionen unter den gewählten Bedingungen ablaufen und welche 

neuen Verbindungen sich ggf. bilden. Das bekannteste Simulationsexperiment ist sicherlich 

jenes von Miller (1953), bei dem Aminosäuren durch Blitzentladungen in einer 

hypothetischen Uratmosphäre entstanden. Es wird auf dieses Experiment später genauer 

eingegangen. Um plausible Simulationsexperimente durchführen zu können, ist ein 

genaues Bild der frühen Erde vor dem Ursprung des Lebens unerlässlich.  

1.2 Die Erde vor vier Milliarden Jahren 

Die Entstehung der Erde 

Die Erde entstand vor 4,56 Milliarden Jahren (Patterson, et al., 1955; Patterson, 1956; 

Allegre et al., 1995). Während eines Prozesses, der als Akkretion bezeichnet wird, 

kollidierten kosmische Objekte miteinander, die dabei immer größer wurden und 

schließlich unsere Erde formten (Wetherill, 1980; Gaffey, 1997; Weidenschilling, 2008; Yu 

& Jacobson, 2011). Auf diese Weise entstehen aus winzigen Staubkörnern zunächst die 

Vorläufer von Planeten, sogenannte Planetesimale, und schließlich Planeten. Bei 

derartigen Kollisionen wird sehr viel Energie in Form von Wärme freigesetzt; der 

radioaktive Zerfall der beiden Isotope 26Al und 60Fe liefert zusätzliche Energie (Shukolyukov 

& Lugmair, 1993; Gosh & McSween, 1998; Yoshino et al., 2003; Kunihiro et al., 2004). Durch 
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diese großen Mengen an freiwerdender Energie war die Erde kurz nach ihrer Entstehung 

sehr wahrscheinlich von einem Magmaozean bedeckt (Li & Agee, 1996; Abe, 1997; Wills & 

Bada, 2000; Wade & Wood, 2005) und könnte während der Akkretion sogar vollständig 

geschmolzen gewesen sein (Abe & Matsui, 1986). Die Temperaturen des Magmaozeans 

könnten bei über 2100 K gelegen haben (Abe & Matsui, 1985; Abe, 1997). Organische 

Moleküle und flüchtige Verbindungen wie Wasser konnten bei solch hohen Temperaturen 

auf der Erde noch nicht existieren (Delsemme, 1992). Dieser erste Äon der Erdgeschichte 

wird als Hadaikum bezeichnet, abgeleitet vom griechischen Gott der Unterwelt Hades. Er 

begann mit der Entstehung der Erde und endet nach aktueller Einteilung vor 4,03 Milliar-

den Jahren, dem Alter des ältesten bekannten Gesteins, dem Acasta Gneis (Bowring & 

Williams, 1999; Gradstein et al., 2012). Geprägt war das Hadaikum durch häufige 

Einschläge von Kometen und Meteoriten, hohen Temperaturen und anfänglich dem 

Vorhandensein des Magmaozeans, dessen Oberfläche langsam abkühlte und so im späten 

Hadaikum erste Inseln aus kontinentaler Kruste entstanden (Elicki & Breitkreuz, 2016). 

Feste Kruste, Ur-Ozean und Vulkaninseln  

Mit der Entdeckung des Acasta Gneises im Kanadischen Schild konnte nachgewiesen 

werden, dass am Ende des Hadaikums und am Beginn des Archaikums eine feste 

kontinentale Kruste existierte (Johnson et al., 2018). Noch älter könnten Gesteine des 

Nuvvuagittuq-Grünsteingürtels mit einem Alter von 4,28 Milliarden Jahren ǎŜƛƴ όhΩbŜŀƭ et 

al., 2008), deren Datierung allerdings umstritten ist (Andreasen & Sharma, 2009). Bei den 

ältesten bekannten geologischen Spuren handelt es sich, im Gegensatz zu den eben 

genannten makroskopischen Gesteinen, um mikroskopische Zirkone aus den Jack Hills in 

Westaustralien, deren Alter auf 4,4 Milliarden Jahren datiert wurde (Wilde et al., 2001). 

Untersuchungen des 18O/16O-Verhältnisses deuten darauf hin, dass die Zirkone zur Zeit 

ihrer Bildung Kontakt mit flüssigem Wasser hatten (Mojzsis et al., 2001; Valley et al., 2002). 

IƛŜǊōŜƛ ƪǀƴƴǘŜ Ŝǎ ǎƛŎƘ ǳƳ ŜƛƴŜƴ IƛƴǿŜƛǎ ŘŀǊŀǳŦ ƘŀƴŘŜƭƴΣ Řŀǎǎ ŘƛŜ 9ǊŘŜ ǎŎƘƻƴ ǾƻǊ пΣоҍпΣп 

Milliarden Jahren eine feste Kruste, die von einem Urozean bedeckt war, besaß (Wilde et 

al., 2001; Mojzsis et al., 2001, Harrison et al., 2005; Watson & Harrison, 2005; Harrison, 

2009). Dies ist jedoch umstritten (Hoskin, 2005; Nemchin et al., 2006). 



 

5 
 
 

 

Sedimentablagerungen mit einem Alter von 3,8 Milliarden Jahre in sogenannten Banded 

Iron Formations stellen einen sicheren Beweis für das Vorhandensein flüssigen Wassers dar 

(Martin, 2005; Nutman, 2006). Die Existenz eines Urozeans aus flüssigem Wasser legt nahe, 

dass spätestens zu dieser Zeit moderatere Temperaturen, vermutlich zwischen 55 und 

85 °C, auf der Erde herrschten (Knauth, 2005). Das Wasser des Urozeans könnte aus 

verschiedenen Quellen stammen: Das Modell der sogenannten nassen Akkretion geht 

davon aus, dass sich in den Planetesimalen, aus denen die Erde entstand, genügend Wasser 

befand, damit durch vulkanisches Ausgasen allein genügend Wasser auf die Erdoberfläche 

zur Bildung eines Urozeans gelangte (Drake & Righter, 2002). Oder es wurden noch 

zusätzlich externe Wasserlieferanten wie Kometen wassereiche Asteroiden und/oder 

Mikrometeoriten benötigt, wobei ein rein kometarer Ursprung des irdischen Wassers als 

unwahrscheinlich gilt (Meier et al., 1998; Altwegg et al., 2014). Morbidelli et al. (2000) hal-

ten im äußeren Asteroidengürtel geformte Protoplaneten, die in die Erde einschlugen, für 

eine wahrscheinliche Quelle des irdischen Wassers. Ein großer Teil des irdischen Wassers 

könnte beim Einschlag des hypothetischen Protoplaneten Theia, bei dem der Mond 

entstand, auf die Erde gebracht worden sein (Budde et al., 2019).  

Der Urozean, der die Erdoberfläche am Übergang des Hadaikums zum Archaikum fast 

vollständig bedeckte, hatte vermutlich einen höheren Salzgehalt als heutiges Meerwasser 

(Knauth, 1998; Knauth, 2005; Izawa et al., 2010). Der pH-Wert war leicht sauer bis neutral 

(Morse & Mackenzie, 1998). Welche Salze im urzeitlichen Meerwasser gelöst waren, 

konnte bislang nicht geklärt werden. Es wird vermutet, dass Chlorid-Ionen den größten Teil 

der Anionen ausmachten, und Natrium, Kalium, Magnesium und Calcium die 

dominierenden Kationen waren (Holland, 1984). Aus dem Urozean ragten als einzige 

Landmassen nur aktive Vulkaninseln sowie vermutlich kleine und kurzlebige 

Protokontinente empor (Russell & Arndt, 2005; Martin et al., 2006). Falls die 

Plattentektonik schon eingesetzt hatte, existierten die Vulkaninseln als Vulkaninselbögen 

(Turner et al., 2014), wie beispielsweise die heutigen Marianen. Die Vielfalt an Mineralen 

war zu dieser Zeit bei Weitem nicht so groß wie heute. Von den über 4800 heute offiziell 

anerkannten Mineralen waren ungefähr 500 schon während des Hadaikums auf der Erde 

vorhanden; eine Übersicht findet sich in Hazen (2013) und Morrison et al. (2018). Es wird 
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davon ausgegangen, dass trotz der eingeschränkten Zahl an mineralischen Spezies nahezu 

jedes der mehr als 70 wesentlichen mineralbildenden Elemente an chemisch reaktiven 

Oberflächen vorhanden war (Morrison et al., 2018). Außerdem erwähnenswert ist, dass 

eventuell organische Verbindungen in kristalliner Form vorlagen, unter anderem 

Aminosäuren (z. B. Glycin, Alanin, Isovalin), Nukleobasen (z. B. Adenin, Guanin, Uracil), 

polycyclische aromatische Kohlenwasserstoffe (z. B. Fluoren, Anthracen, Coronen, Pyren), 

Hexacyanidoferrate und 2-Aminooxazole (Morrison et al., 2018). 

Die Küsten der urzeitlichen Vulkaninseln waren, bedingt durch einen geringeren Abstand 

zwischen Erde und Mond und einer schnelleren Rotation des Monds, stärkeren Gezeiten 

als heute ausgesetzt, die auch in höherer Frequenz auftraten (Lathe, 2006). Die Erde drehte 

sich zu dieser Zeit viel schneller (Walker, 1982; Zahnle & Walker, 1987; Lathe, 2004; Varga 

et al., 2006), sodass vor 3,9 Milliarden Jahren ein Tag nur zwischen ca. 4 und 17 Stunden 

dauerte (Lathe, 2006). 

Ur-Atmosphäre und ultraviolette Strahlung  

In frühen Experimenten zur präbiotischen Chemie wurde von einer stark reduzierenden 

Atmosphäre ausgegangen, die aus Wasserstoff, Methan, Ammoniak, Wasser und Kohlen-

stoffmonooxid bestand (Miller, 1953; 1955; 1957a; 1957b; 1959). Nach heutigem 

Kenntnisstand entspricht dies aber nicht der Zusammensetzung der Uratmosphäre. 

Methan und Ammoniak wurden photochemisch abgebaut zu Stickstoff und Wasserstoff 

oder Kohlenstoffdioxid und Wasserstoff, wobei der Wasserstoff nicht in der Atmosphäre 

gehalten wurde, sondern ins Weltall entwich (Walker, 1978; Kuhn & Atreya, 1979; Kasting 

& Pollack, 1983; Kasting et al., 1983). Man geht heute davon aus, dass die Atmosphäre der 

frühen Erde redoxneutral bis schwach reduzierend war, wobei die Atmosphäre 

hauptsächlich aus Stickstoff, Kohlenstoffdioxid und Wasser bestand (Kasting, 1987; Kasting, 

1990; Zahnle et al., 2010). In der Nähe der Erdoberfläche war praktisch kein freier 

Sauerstoff vorhanden (Kumpp, 2008; Haqq-Misra et al., 2011). Durch das Fehlen von Ozon 

war die frühe Erde nicht wie die moderne Erde vor kurzwelligem ultraviolettem Licht 

geschützt (Farquhar et al., 2001). Hinzu kam der Umstand, dass die junge Sonne zu dieser 

Zeit einen höheren Anteil an ultraviolettem Licht emittierte als heute (Ribas et al., 2010; 



 

7 
 
 

 

Claire et al., 2012). Ultraviolettes Licht konnte organische Moleküle zerstören (siehe oben: 

photochemischer Abbau von Methan; Sagan, 1973; Cockell & Knowland, 1999), aber auch 

präbiotisch-chemische Reaktionen ermöglichen (z. B. Sarker et al. , 2013; Patel et al., 2015; 

Xu et al., 2017). 

1.3 Der abiotische Ursprung organischer Moleküle 

Entstehung im Weltall und Transport auf die ErdŜ όαŜȄƻƎŜƴŜ !ƴƭƛŜŦŜǊǳƴƎάύ 

Im vorherigen Abschnitt wurde das Vorhandensein von organischen Verbindungen auf der 

frühen Erde erwähnt. Wie auch beim Wasser stellt sich die Frage der Herkunft dieser 

organischen Verbindungen. Hier gibt es zwei grundsätzlich verschiedene Möglichkeiten, 

endogene und exogene Quellen. In Kometen, Asteroiden und (Mikro-)Meteoriten konnten 

sowohl einfache als auch komplexere organische Verbindungen auf die Erde gelangen. 

Kometen stammen vermutlich entweder aus dem Kuipergürtel (kurzperiodische Kometen; 

Crovisier, 2007) oder aus der Oortschen Wolke (langperiodische Kometen; Oort, 1950). 

Kometen sind Überreste der Entstehung unseres Sonnensystems (Oró & Mills, 1989; 

Brooke, 1997; Ehrenfreund et al., 1997). Der Komet 67P/Churyumov-Gerasimenko wurde 

von 2014 bis 2016 von der ESA-Raumsonde Rosetta begleitet, die den Philae Lander auf 

dem Kometen absetzte (Übersicht in Boehnhardt et al., 2017). Massenspektrometrisch 

konnten durch Philae die in Tab. 1 aufgeführten Verbindungen identifiziert werden. Unter 

ihnen finden sich Alkohole, Carbonylverbindungen, Amine, Nitrile, Amide und Isocyanate 

(Boehnhardt et al., 2017). Durch Kometeneinschläge könnten demnach eine Vielzahl von 

organischen Verbindungen auf die frühe Erde gelangt sein, die dann wiederum an der Ent-

stehung des Lebens beteiligt gewesen sein könnten (Oró & Berry, 1987; Greenberg, 1993; 

Sagan & Chyba, 1997; Delsemme, 2000; Despois et al., 2002, Crovisier, 2004). 
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Tab. 1: Mögliche Verbindungen, die anhand eines Spektrums identifiziert wurden, das vom COSAC-

Massenspektrometer an Bord des Philae Landers ca. 150 m über der Oberfläche des Kometen 

67P/Churyumov-Gerasimenko registriert wurde (nach Boehnhardt et al., 2017). 

Verbindung Prozent im Massenspektrum Verbindung Prozent im Massenspektrum 

H2O 80,92 HCONH2 3,73 

CH4 0,70 C2H5NH2 0,72 

HCN 1,06 CH3NCO 3,13 

CO 1,09 CH3COCH3 1,02 

CH3NH2 1,19 C2H5CHO 0,44 

HNCO 0,47 CH2OHCHO 0,98 

CH3CHO 1,01 CH2(OH)CH2(OH) 0,79 

 

 

Auch mit Meteoriten, also Bruchstücken von Asteroiden, könnte eine Vielzahl organischer 

Verbindungen auf die junge Erde gelangt sein. Die sogenannten kohligen Chondrite, eine 

spezielle Untergruppe der Meteoriten, spielen eine herausragende Rolle für die 

astrobiologische Forschung und präbiotische Chemie, denn bei ihnen handelt es sich um 

wenig veränderte Objekte aus der Zeit der Entstehung unseres Sonnensystems 

(MacPherson et al., 1988; Grevesse & Anders, 1989; Sephton, 2005; Van Schmus & Wood, 

2005). Aber auch die kohligen Chondrite waren Veränderungen und der chemischen 

Evolution unterworfen. Auf den Mutterkörpern dieser Meteorite vorhandenes Wasser 

ermöglichte Reaktionen, die unter anderem Aminosäuren hervorbrachten (Bunch & Chang, 

1980; Zolensky et al., 1988; Cronin & Chang, 1993; Lerner et al., 1993; Endress et al., 1996; 

Bischoff, 1998; Botta et al., 2002). Einer der am besten untersuchten kohligen Chondrite ist 

der Murchison-Meteorit. Die vielen organischen Verbindungen, die dieser Meteorit 

enthält, machen ihn zu einer α{ŎƘŀǘȊǘǊǳƘŜ ŦǸǊ ŘƛŜ ǇǊŅōƛƻǘƛǎŎƘ-ŎƘŜƳƛǎŎƘŜ CƻǊǎŎƘǳƴƎά 

(Strasdeit, 2005). Besonders interessant ist, neben dem Vorhandensein von Aminosäuren, 
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auch die Anwesenheit von Purinen und Pyrimidine (Tab. 2). Somit sind neben den 

Monomeren der Proteine auch die Stickstoffbasen der Nukleinsäuren vorhanden. Bei 

einigen Aminosäuren liegt sogar ein L-Enantiomerenüberschuss vor (Pizzarello & Cooper, 

2001). Die Aminosäuren könnten durch Strecker-Synthese aus Aldehyden oder Ketonen 

und Cyanwasserstoff entstanden sein (Abb. 1, Peltzer et al., 1984, Burton et al., 2012). Für 

diesen Syntheseweg spricht das Vorhandensein von Hydroxycarbonsäuren (Peltzer & Bada, 

1978; Peltzer et al., 1984; Cronin et al., 1993) sowie Iminodicarbonsäuren (Pizzarello & 

Cooper, 2001). 

 

Tab. 2: Konzentrationen für ausgewählte Gruppen organischer Verbindungen im Murchison-Mete-

orit (vereinfacht nach Sephton, 2002). 

Verbindungsklasse Konzentration [µg gҍ1] Ref. 

Monocarbonsäuren 332 Yuen et al., 1984; Lawless & Yuen, 

1979 

Aminosäuren 60 Cronin & Pizzarello, 1983 

Aliphatische Kohlenwasserstoffe мнҍор Kvenvolden et al., 1970 

Aromatische Kohlenwasserstoffe мрҍну Pering & Ponnamperuma, 1971 

Dicarbonsäuren 25,7 Lawless et al., 1974 

Ketone 16 Jungclaus et al., 1976 

-hHydroxycarbonsäuren 14,6 Peltzer et al., 1984 

Alkohole 11 Jungclaus et al., 1976 

Aldehyde 11 Jungclaus et al., 1976 

Purine 1,2 Stoks & Schwartz, 1981 

Pyrimidine 0,06 Stoks & Schwartz, 1979 
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Abb. 1: Strecker-Synthese: Ein Aldehyd (R1 = H) oder Keton (R1 und R2 ґ Iύ ǊŜŀƎƛŜǊǘ Ƴƛǘ 

/ȅŀƴǿŀǎǎŜǊǎǘƻŦŦ ǳƴŘ !ƳƳƻƴƛŀƪ Ȋǳ ŜƛƴŜƳ ʰ-Aminonitril, das im Sauren zur racemischen -h

Aminosäure hydrolysiert. 

 

Entstehung auf der ErdŜ όαŜƴŘƻƎŜƴŜ Erzeugungάύ 

Es kann als gesichert gelten, dass organische Verbindungen auch direkt auf der jungen Erde 

entstanden. Die bereits erwähnten Arbeiten von Miller (siehe Abschnitt 1.1) sind sicher die 

bekanntesten Beispiele für entsprechende Simulationen im Labor. In diesen Experimenten 

konnte die Entstehung von Aminosäuren durch Blitzentladungen in einem Gemisch von 

stark reduzierenden Gasen gezeigt werden. Wie im Abschnitt 1.2 ausgeführt, geht man 

heute allerdings nicht mehr von einer stark reduzierenden Atmosphäre auf der frühen Erde 

aus. Jedoch dürften lokal in Vulkanasche-Wolken stark reduzierende Bedingungen ge-

herrscht haben, und die Gase waren dort natürlichen Blitzentladungen (volcanic lightning) 

ausgesetzt (Johnson et al., 2008). Auch schwefelwasserstoffreiche Gasgemische wurden in 

diesem Zusammenhang untersucht (Parker et al., 2011). Für die Bildung der Aminosäuren 

wurde der Strecker-Reaktionsweg (Abb. 1) vorgeschlagen (Miller, 1957). Laut Ab-Initio-

Computersimulationen jedoch sind Ameisensäure und Formamid wichtige frühe 

Intermediate im Reaktionsmechanismus der Miller-Reaktionen, und es ist das Formamid, 

das weiter zu Aminosäuren reagiert (Saitta & Saija, 2014). Oró (1961) zeigte, dass sich durch 

Blitzentladungen, Hitzeeinwirkungen oder photochemisch aus wässrigen Cyanwasserstoff-

Lösungen, Nukleinsäurebasen, wie das Adenin, bilden können (Abb. 2). 
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Abb. 2: Adenin-Synthese aus Cyanwasserstoff (1): Aus insgesamt fünf Molekülen HCN entsteht über 

die Zwischenprodukte Diaminomaleonitril (4) und 4-Amino-imidazol-5-carbonitril (5) ein Adenin-

Molekül (verändert nach Sutherland & Whitfield, 1997). 

 

Auch in hydrothermalen Tiefseequellen könnten zahlreiche organische Verbindungen abio-

tisch entstanden sein, zum Beispiel Aminosäuren, Alkane, Alkohole, Carbonsäuren und 

lipidähnliche Verbindungen (Yangawa & Kobayashi, 1992; Hennet et al., 1992; Marshall, 

1994; Holm & Charlou, 2001; Rushdi & Simoneit, 2001; McCollom & Seewald, 2007). 

Sogenannte α{chwarze Raucherά können Temperaturen über 400 °C erreichen (Übersicht 

in Colín-García et al., 2016)Φ αWeiße Raucherά dagegen sind mit Temperaturen zwischen 40 

und 75 °C deutlich kühler (Kelley et al., 2001). Es können in hydrothermalen Systemen sehr 

unterschiedliche Bedingungen herrschen, nicht nur hinsichtlich der Temperatur. Dies 

macht die hydrothermalen Tiefseequellen zu potentiell interessanten Orten für die 

präbiotische Chemie. Übergangsmetallverbindungen in hohen Konzentrationen könnten in 

den Schloten der Raucher als Oberflächenkatalysatoren fungiert haben (Kohara et al., 

1997). Bei den hohen Temperaturen könnten in Schwarzen Rauchern 

oberflächenkatalysierte, Fischer-Tropsch-artige Reaktionen ablaufen, bei denen sich 

Alkane, Alkohole und Carbonsäuren bilden (McCollom & Seewald, 2007; Abb. 3). He et al. 

(2021) konnten zeigen, dass für die Fischer-Tropsch-artigen Reaktionen in hydrothermalen 
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Systemen cobalthaltige Oberflächen und Hydrogencarbonat-Ionen eine wichtige Rolle 

spielen könnten.  

 

Abb. 3: Fischer-Tropsch-Reaktion ausgehend von Kohlenstoffmonooxid an einer Eisen- oder Cobalt-

Oberfläche bei hohem Druck und hohen Temperaturen (z. B. 20 bis 30 MPa und 200 bis 300 °C) 

unter Bildung von Alkenen und Alkanen mit Җ 24 Kohlenstoffatomen (verändert nach He et al., 

2021).  

 

Der für Fischer-Tropsch-artige Reaktionen nötige Wasserstoff kann in hydrothermalen Sys-

temen durch Serpentinisierung aus Fayalit und Wasser gebildet werden (Sleep et al., 2004; 

Frost & Beard, 2007): 
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σ &Å3É/ ς (/ O ς &Å/ σ 3É/ ς (  

Eventuell bildet sich auch zunächst Eisen(II)-hydroxid, welches dann in der Schikorr-

Reaktion unter anaeroben Bedingungen in Wasser zu Magnetit und Wasserstoff reagiert 

(Bach et al., 2006; Russell et al. 2010; Schrenk et al., 2013): 

σ &Å/(  O &Å/ ς (/  (  

Außerdem spielen hydrothermale Tiefseequellen auch eine wichtige Rolle in der Eisen-

Schwefel-Welt-Hypothese (Wächtershäuser, 1990; 1992). Darüber hinaus ist 

erwähnenswert, dass hydrothermale Tiefseequellen und die dort möglicherweise 

entstandenen präbiotisch-chemischen Produkte durch die hohe Wassersäule über ihnen 

gut vor schädlicher, kurzwelliger UV-Strahlung geschützt wurden (Weyl, 1968; Westall et 

al., 2018). 

Neben Vulkanasche-Wolken und hydrothermalen Tiefseequellen gibt es noch einige 

weitere mögliche Orte für die endogene Entstehung von organischen Molekülen auf der 

frühen Erde. Eine Übersicht findet sich beispielsweise in Westall et al. (2018). Auf einen 

weiteren Ort soll hier aber noch kurz eingegangen, werden, da dieser in späteren Kapiteln 

genauer betrachtet wird: Rock Pools an urzeitlichen Vulkanküsten. Neben den zuvor 

beschriebenen Vulkanaschewolken waren auch die Küstenbereiche vielversprechende 

Orte für die chemische Evolution, die vielfältige geochemische und geophysikalische 

Bedingungen, zum Beispiel pH-Wertgradienten und unterschiedliche Temperaturen, boten 

(Strasdeit, 2010). Rock Pools an den Vulkanküsten könnten eine Art urzeitliches 

wŜŀƪǘƛƻƴǎƎŜŦŅǖ ŘŀǊƎŜǎǘŜƭƭǘ ƘŀōŜƴΣ ƛƴ ŘŜƳ ǎƛŎƘ ǎǇƻƴǘŀƴ ƎŜōƛƭŘŜǘŜ αwŜŀƪǘƛƻƴǎŀƴǎŅǘȊŜά 

gesammelt haben könnten, die dann von vorbeifließender Lava erhitzt wurden. Dies ist mit 

dem Vorgehen im heutigen Syntheselabor vergleichbar. 

Die Kenntnis möglicher abiotischer Synthesewege für organische Moleküle ist nicht nur für 

die Forschung zum Ursprung des Lebens wichtig, sondern auch für die Suche nach Leben 

außerhalb der Erde. Unter Bedingungen wie sie auf der Marsoberfläche herrschen (z. B. 

destruktive Strahlung und oxidierende Substanzen) werden keine lebenden Organismen 

erwartet, sondern allenfalls deren Überreste. Auf der Marsoberfläche sucht man mit 
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Rovern nach derartigen Überresten unter anderem in Form von sogenannten chemischen 

Biosignaturen (oder Biomarker). Dabei ist es wichtig, diese Biosignaturen von organischen 

Stoffen, die abiotischen Ursprungs sind, unterscheiden zu können. Der Bereich 

Biosignaturen gehört zu den wichtigsten Themengebieten der Astrobiologie (z. B. Chan et 

al., 2019).  

1.4 Chemische Biosignaturen 

Allgemein ƪŀƴƴ Ƴŀƴ .ƛƻǎƛƎƴŀǘǳǊŜƴ ǿƛŜ ŦƻƭƎǘ ŘŜŦƛƴƛŜǊŜƴΥ αWŜŘŜ {ǳōǎǘŀƴȊΣ DǊǳǇǇŜ Ǿƻƴ {ǳō-

stanzen oder Phänomene, die einen Beweis für (oder Hinweis auf) [ŜōŜƴ ŘŀǊǎǘŜƭƭŜƴά 

(Catling et al., 2018). Im engeren Sinne werden unter Biosignaturen chemische und 

morphologische Spuren von Lebewesen sowie durch Lebewesen veränderte 

Isotopenzusammensetzungen, die in Gesteinen, Sedimenten oder Mineralen erhalten 

wurden, verstanden (Westall & Cvalazzi, 2011). Man unterscheidet zwischen potentiellen 

und sicheren Biosignaturen, wobei die sicheren definitiv nur von einer biologischen Quelle 

stammen können (Hays et al., 2017). Hier tritt allerdings ein grundsätzliches Problem auf. 

In vielen Fällen ist eine definitive Aussage zur Quelle (biologisch oder abiotisch?) einer 

organischen Verbindung nur schwer oder gar nicht möglich. Dann können 

Isotopenanalysen und die Komplexität der gefundenen Verbindung hilfreich sein (Fox & 

Strasdeit, 2017). 

Anhand der in den vorangegangenen Abschnitten beschriebenen Beispiele für abiotisch 

entstandene organische Verbindungen wird deutlich, dass es nicht einfach ist, eine Liste 

mit möglichen Kandidaten für chemische Biosignaturen zu erstellen. Neben der möglichst 

sicheren Zuordnung zu einer biologischen Quelle und dem Ausschluss einer abiotischen 

Entstehung sollte eine Biosignatur einfach zu detektieren und unter ungünstigen 

Umweltbedingungen (Strahlung, Temperatur, pH-Wert, Oxidationsmittel etc.) möglichst 

beständig sein. Die einfache Detektierbarkeit ist wichtig, da die meisten 

Weltraummissionen Messungen vor Ort durchführen (siehe beispielsweise die in Abschnitt 

1.3 kurz vorgestellte Rosetta-Mission) und keine Proben zur Erde bringen. Des Weiteren 

kann man davon ausgehen, dass die Konzentration von Biosignaturen tendenziell eher 

gering sein werden. Die verwendeten Analysemethoden sollten daher eine niedrige 
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Nachweisgrenze haben. Eine hohe Beständigkeit unter widrigen Bedingungen ist wichtig, 

damit über lange Zeiträume genügend Substanz zum Nachweis erhalten bleibt. 

Verschiedene Faktoren nehmen dabei Einfluss auf die Stabilität von Biosignaturen. 

Abiotische Prozesse und biologisches Recycling können zum Abbau von Biosignaturen 

führen. Selbst recht inerte Polymere können biologisch abgebaut werden. So wird zum 

Beispiel Polyethylentherephthalat (PET) durch das Bakterium Ideonella sakaiensis mit Hilfe 

des Enzyms PETase abgebaut (Yoshida et al., 2016). Destruktive abiotische Faktoren 

können ultraviolette und ionisierende Strahlung, hohe Temperaturen oder chemische 

Einflüsse wie extreme pH-Werte und oxidierende Substanzen sein. In Bezug auf laufende 

und zukünftige Forschungsmissionen auf dem Mars, den Eismonden Enceladus und Europa 

sowie an anderen Orten unseres Sonnensystems ist es wichtig, die vorhandenen Bedin-

gungen zu kennen, um die Suche nach chemischen Biosignaturen möglichst gezielt 

durchführen zu können. 

Da wir nur das Leben auf der Erde kennen, ist es verständlich, dass bei der Auswahl von 

möglichen molekularen Biosignaturen in Normalfall Lebewesen auf der Erde betrachtet 

werden. Auf dieser Basis identifiziert man grundlegende Biomoleküle, die möglichst 

universell vorkommen und die oben genannten Kriterien für Biosignaturen erfüllen. Bislang 

wurden eine Vielzahl von potentiellen molekularen Biosignaturen vorgeschlagen, 

beispielsweise Membranlipide (z. B. Georgiou & Deamer, 2014)  darunter auch cyclische 

Triterpenoide wie Sterine und Hopanoide (z. B. Simoneit et al., 1998) , Aminosäuren (z. B. 

Kminek et al., 2000; Bada et al., 2008), Polysaccharide und Nucleobasen (z. B. Simoneit et 

al., 1998) und Porphyrinoide (Suo et al., 2007). Zu den molekularen Biosignaturen zählen 

ŀōŜǊ ŀǳŎƘ ǎƻƎŜƴŀƴƴǘŜ αƳƻƭŜƪǳƭŀǊŜ CƻǎǎƛƭienάΣ ŘƛŜ ŘƛǊŜƪǘ ƻŘŜǊ ƛƴŘƛǊŜƪǘ ŜƛƴŜƳ ōƛƻƎŜƴŜƴ 

Ursprung zugeordnet werden können. Beispielsweise können Hopanoide durch Reduktion 

in Geohopane, durch Oxidation in aromatische Kohlenwasserstoffe oder durch Reaktion 

mit Schwefel in thioaromatische Verbindungen umgewandelt werden (Simoneit et al., 

1998). Von einigen molekularen Fossilien ist bekannt, dass sie mehr als eine Milliarde Jahre 

in Gesteinen erhalten bleiben können. Hierzu zählen Carotinoid-Derivate, Geohopane und 

Geoporphyrine (Peng et al., 1998; Brocks et al., 2005; Waldbauer et al., 2009; Lee & Brocks, 

2011; Gueneli et al., 2018). Diese Verbindungsklassen sind folglich ausreichend stabil, um 
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über lange Zeiträume als Biosignaturen erkennbar zu bleiben. Zusätzlich sind sie auch 

komplex aufgebaut (Abb. 4), was eine spontane abiotische Entstehung unwahrscheinlich 

erscheinen lässt. Allerdings gibt es inzwischen auch für relativ komplex aufgebaute 

organische Verbindungen plausible abiotische Entstehungswege; hierauf wird im 

folgenden Abschnitt genauer eingegangen. Von den drei genannten Substanzklassen sollen 

die Porphyrine detaillierter betrachtet werden. 

 

 

Abb. 4: Beispiele für ein Geohopan, ein Carotinoid und ein Geoporphyrin: (a) Moretan (17̡ ,21h -

Hopan), (b) ̡ -Carotin und (c) Vanadyletioporphyrin. 

 

1.5 tƻǊǇƘȅǊƛƴŜ  ŘƛŜ αtƛƎƳŜƴǘŜ ŘŜǎ [ŜōŜƴǎά 

Vorkommen und Funktionen in der belebten Natur 

Porphyrine (Porphine) und weitere Tetrapyrrole mit verschiedenen Kerngrößen und teil-

weise reduziert, beispielsweise Corrine, Chlorine und Corphine (Abb. 5), werden in dieser 

Arbeit als Porphyrinoide zusammengefasst. Mit verschiedenartigen Seitenketten 

substituiert kommen sie in der belebten Natur allgegenwärtig vor (Milgrom, 1993; Kaim et 

al., 2013). Auf Grund ihrer biologischen Bedeutung bekamen Porphyrinoide von Battersby 

H

H

H

H

a b

N

N N

N

V

O

c



 

17 
 
 

 

όнлллύ ŘŜƴ .ŜƛƴŀƳŜƴ αPigƳŜƴǘŜ ŘŜǎ [ŜōŜƴǎάΦ .ŜǎƻƴŘŜǊŜ .ŜŘŜǳǘǳƴƎ ƪƻƳƳǘ ŘŀōŜƛ ŘŜƴ 

Metallkomplexen der Porphyrinoide zu, während die freien Porphyrinbasen kaum eine 

Rolle spielen (Kaim et al., 2013). Anhand einiger ausgewählter Beispiele sollen im 

Folgenden das Vorkommen und die Funktionen von Porphyrinoiden dargestellt werden. 

 

Abb. 5: Vier Beispiele für die Kernstrukturen von Porphyrinoiden. 

 

Magnesium-Komplexe: Chlorophylle 

Schaut man in die belebte Natur, zum Beispiel in Wälder oder auf Wiesen, so ist Grün 

oftmals die beherrschende Farbe. Daher kann man behaupten, dass zu den bekanntesten 

Vertretern der Porphyrinoide sicherlich die Chlorophylle zählen. Der grüne Blattfarbstoff 

der höheren Pflanzen kommt auch in photosynthetisch aktiven Algen, Cyanobakterien und 

Bakterien vor. Bei oxygenen Phototrophen findet man die Chlorophylle a bis f und bei 

anoxygenen Phototrophen die Bacteriochlorophylle a bis g, wobei Chlorophyll a (Abb. 6) 

die Hauptrolle in allen Organismen mit oxygener Photosynthese spielt (Kadereit et al., 

2021). Chlorophyll spielt eine Schlüsselrolle bei der Wasserspaltung während der 

Lichtreaktion. Hierbei wird Disauerstoff gebildet. Der entscheidende Schritt der 
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Photosynthese, die Ladungstrennung, findet an einem Dimer des Chlorophyll a, dem 

Special Pair (Chla2) statt (Kadereit et al., 2021): 

#ÈÌÁ 
  
ựựựựựự  #ÈÌÁÅ 

Die in der Lichtreaktion gewonnene Energie wird zur Fixierung von Kohlenstoffdioxid und 

dem Aufbau von Glucose im Calvin-Zyklus genutzt.  

  

 

Abb. 6: Strukturformel von Chlorophyll a aus Cyanobakterien und phototrophen Eukaryonten.  

 

Die ältesten bekannten Organismen lebten vor über 3 Milliarden Jahren. Sie bewohnten 

Flachwasserregionen und waren möglicherweise photosynthetisch aktiv (Westall et al., 

2006). Daher liegt die Vermutung nahe, dass einfache Photosynthese-Reaktionen eine 

Rolle bei der Entstehung des Lebens spielten. An solchen Reaktionen könnten einfache Vor-

läufer von Chlorophyllen beteiligt gewesen sein. 

Eisen-Komplexe: Häme 

Häme sind Eisenporphyrinkomplexe, wobei Häm b (Abb. 7) der bekannteste Vertreter ist. 

Häme kommen beispielsweise in Hämoglobin, Myoglobin, Katalasen und Peroxidasen, 
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Cytochrom P450, Cytochrom c sowie Cytochrom-c-oxidase vor (Kaim et al., 2013). Im 

Menschen sowie allen Wirbeltieren ist Hämoglobin in den Erythrocyten für den 

Sauerstofftransport durch die Blutgefäße verantwortlich. Hämoglobin besteht aus vier 

Globin-Untereinheiten, von denen jede eine Hämgruppe besitzt (Milgrom, 1997). In den 

Kapillaren, die die Lungen-Alveolen umschließen oder sich in den Kiemen befinden, bindet 

O2 an das zentrale Eisen der Hämgruppe und kann so in die Organe und in die Muskeln 

transportiert werden (Kaim et al., 2013).  

 

Abb. 7: Strukturformel von Häm b, einem Eisen-Komplex des Protoporphyrins IX, wie er als 

prosthetische Gruppe der Cytochrom-P450-Enzyme vorkommt. Das zentrale Eisen ist über das 

Thiolat-Schwefelatom eines Cysteins an das Protein gebunden.  

 

Andere Hämoproteine sind im Gegensatz zum Hämoglobin weit über die Wirbeltiere hinaus 

verbreitet. Einige sind an sehr grundlegenden metabolischen Prozessen beteiligt. So 

kommen Cytochrome in Organismen aus allen Reichen des Lebens, also Bakterien, 

Archaeen und Eukaryonten, vor (Bertini et al., 2006). Es ist sogar ein Virusgenom bekannt, 
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dass für das Enzym Cytochrom P450 codiert (Lamb et al., 2009). Cytochrom-P450-Enzyme 

könnten schon vor 3,5 Milliarden Jahren existiert haben (Nelson et al., 1993). Cytochrom 

P450 ermöglicht den Transfer eines Sauerstoffatoms auf ein nichtaktiviertes Substrat (Kaim 

et al., 2013), zum Beispiel: 

2 ( / ς Ὡ ς (  ự 2 /( (/ 

oder 

 

Cytochrome c (Abb. 8) ist mit ca. 12 kDa, entsprechend etwa 100 Aminosäuren, ein kleines 

Protein, das durch die Übertragung eines Elektrons einen grundlegenden Beitrag zur Zell-

atmung leistet (Salemme, 1977; Kaim et al., 2013). Auch Cytochrom c ist 

evolutionsgeschichtlich sehr alt. Da es eine so grundlegende Funktion erfüllt, liegt die 

Vermutung nahe, dass einfache Cytochrom-c-Vorläufer vielleicht schon vor den ersten 

Lebewesen in Protometabolismen als Einelektronen-Überträger fungierten. Alles in allem 

kann über Häme gesagt werden, dass diese Eisenporphyrin-Komplexe zu den wichtigsten 

Biomolekülen auf der Erde zählen und sehr wahrscheinlich schon in den ersten Organismen 

vorkamen (Koǌený et al., 2022). 
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Abb. 8: Struktur des Cytochroms c aus dem Herzmuskel eines Tunfischs. Die Abbildung wurde mit 

der Software CCP4mg (McNicholas et al., 2011) und Daten von Takano und Dickerson (2013) 

erstellt. 

 

Cobalt-Komplexe: Cobalamine 

Zu den Cobalaminen, die in allen Lebewesen vorkommen, zählen unter anderem das Vita-

min B12 (Cyanocobalamin, Abb. 9), das als Medikament zur Vitamin-B12-Supplementierung 

genutzt wird, und das Coenzym B12 (Adenosylcobalamin; Kaim et al., 2013). Die biologische 

Nutzung von Cobalt, einem der seltensten Metalle der 3d-Reihe in der Erdkruste und im 

Meerwasser, sowie der im Vergleich zum Porphyrin kleinere Corrin-Ring erscheinen 

ungewöhnlich. Cobalamine sind in drei verschiedenen Enzymklassen enthalten (Kaim et al., 

2013): (a) adenosylcobalamin-abhängige Isomerasen, die durch homolytische Spaltung von 

/ƻҍ/-Bindungen hochreaktive Radikale bilden können, (b) Methylcobalamin in Enzymen 

mit alkylierender Funktion, beispielsweise Methioninsynthase und (c) B12-abhängige 

reduktive Dehalogenasen von anaeroben Bakterien (diese enthalten oft auch Fe/S-Cluster). 
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Abb. 9: Strukturformel von Cyanocobalamin, der Verabreichungsform von Vitamin B12 zur 

Supplementierung. 

 

Nickel-Komplexe: Cofaktor F430 und Tunichlorin 

Cofaktoren, die Nickel enthalten, sind selten. Der Cofaktor F430 (Abb. 10), benannt nach 

seinem Absorptionsmaximum bei 430 nm, ist der Cofaktor der Methyl-Coenzym-M-Reduk-

tase, die nur in methanogenen Archaeen vorkommt (Kaim et al., 2013). Die Methyl-

Coenzym-M-Reduktase katalysiert den letzten Schritt hin zum Methan durch Reduktion 

von 2-Methylthioethansulfonat. Im Tunicaten Trididemnum solidum konnte ein weiteres 

Nickelporphyrinoid nachgewiesen werden, das Tunichlorin (Bible et al., 1988). Tunichlorin 

stammt vom Chlorophyll a ab, und bisher konnte noch keine metabolische Funktion 

nachgewiesen werden (Küpper et al., 2006). 
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Abb. 10: Strukturformel von Cofaktor F430. 

 

Kupfer-Komplexe: Turacin und Turacoverdin 

Wie Nickelporphyrinoid-Komplexe sind auch Porphyrinoid-Komplexe des Kupfers in der 

Natur sehr selten. Die einzigen Beispiele sind die Pigmente Turacin (Abb. 11) und 

Turacoverdin aus den Federn der afrikanischen Turako-Vögel (Dyck, 1992). Diese 

Verbindungen besitzen keine bekannte Funktion im Metabolismus.  

 

 

Abb. 11: Strukturformel von Turacin. 
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Abiotisch entstandene (Metallo-)Porphyrine: ihre mögliche Bedeutung für den Ursprung des 

Lebens und frühe Organismen 

Die zuvor gezeigten Beispiele geben einen Eindruck von der Vielzahl unterschiedlicher 

Funktionen von Porphyrinoiden in der heutigen belebten Natur. Die weite Verbreitung in 

allen Lebewesen sowie der Umstand, dass viele dieser Verbindungen als evolutionsge-

schichtlich sehr alt eingestuft werden, legen die Vermutung nahe, dass Vorläufer der heute 

bekannten Porphyrinoide auch schon vor den ersten Lebewesen in Protometabolismen, 

einfachen autokatalytischen Netzwerken (Abb. 12), eine Rolle spielten. Die Funktionen in 

solchen Netzwerken könnten bereits sehr vielfältig gewesen sein und von einfachen 

Schutzpigmenten vor kurzwelliger Sonnenstrahlung über Redox-Katalysatoren bis hin zu 

α9ƴŜǊƎƛŜƭƛŜŦŜǊŀƴǘŜƴά für das Netzwerk (Stichwort: Treiberreaktion) gereicht haben (Abb. 

12). Von besonderem Interesse ist hierbei die Eigenschaft vieler Porphyrinoide, als 

Photosensitizer agieren zu können. Diese Eigenschaft machte man sich zum Beispiel bei der 

Synthese des Anthelminthikums Ascaridol in einer [4+2]-Cycloaddition zunutze, indem den 

Reaktionsansätzen chlorophyllhaltiges Pflanzenmaterial zugegeben wird (Abb. 13; Costa e 

Silva et al., 2020). Auf ähnliche Weise könnten Porphyrinoide lange vor der Entstehung der 

Photosynthese, wie wir sie heute kennen, die Energie für Protometabolismen geliefert 

haben. Monreal Santiago et al. (2020) konnten im Labor einen einfachen, von Licht 

angetriebenen, selbstreplizierenden Protometabolismus konstruieren, bei dem 

Tetraphenylporphyrin als Photosensitizer wirkt und die Oxidation eines Thiols zum Disulfid 

ermöglicht. Dies ist nur ein einfaches Modell, das aber beweist, dass das Prinzip 

grundsätzlich funktioniert. Es zeigt, dass Porphyrine und Porphyrinoide in Modellsystemen 

eine wichtige Rolle spielen können. Der Einsatz von Metallkomplexen wäre eine 

interessante Erweiterung dieses Experiments, da durch das Metallzentrum beispielsweise 

weitere Redox-Reaktionen ermöglicht werden könnten und somit das Reaktionsnetzwerk 

vergrößert werden könnte. Es wäre denkbar, dass ein Metalloporphyrin gleich mehrere 

Schlüsselrollen in dem Netzwerk übernehmen könnte. 
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Abb. 12: Prinzip eines autokatalytischen Reaktionsnetzwerks. Das Netzwerk besteht aus Molekülen, 

hier A bis G und J, die zum Beispiel Porphyrinoide (por) oder deren Metallkomplexe [M(por)] sein 

können (beispielhaft an zwei Stellen des Netzwerks eingezeichnet). Die Moleküle katalysieren die 

Entstehung von anderen Molekülen des Netzwerks (grüne Pfeile), sodass das Netzwerk als Ganzes 

autokatalytisch ist. Eine Treiberreaktion, hier die photochemische Anregung eines Porphyrinoids 

durch Sonnenlicht, liefert die Energie für das Netzwerk. Die spontan abiotisch entstandenen Ver-

bindungen X und Y dienen als αNahrungά. Verbindung K geht durch eine irreversible Reaktion aus 

dem Netzwerk verloren. O  : Irreversible Reaktion; ᵰ: reversible Reaktion; χ : Katalyse; ©: 

Verbindungen, die Teil des Netzwerks sind; X, Y, K: Verbindungen die nicht Teil des Netzwerks sind. 

(Verändert und erweitert nach Shapiro, 2006) 
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Abb. 13: Ascaridolsynthese als Beispiel für die Verwendung eines Porphyrinoids [M(por)], hier 

Chlorophyll, als Photosensitizer in der Synthesechemie (verändert nach Costa e Silva et al., 2020). 

 

Potentiell präbiotische Porphyrinsynthesen 

Für viele einfache Biomoleküle sind potentiell präbiotische Entstehungswege bekannt. 

Porphyrinoide sind allerdings vergleichsweise komplexe Verbindungen. Schon der 

Tetrapyrrolmakrozyklus (Abb. 5) ohne Seitenketten scheint auf den ersten Blick zu 

komplex, um spontan entstehen zu können. Neben der Entstehung des Porphyrinoidkerns, 

also des Tetrapyrrolmakrozyklus, stellt sich auch die Frage nach dem Einbau eines Metalls 

als Zentralatom, da heute in der Natur, wie oben erwähnt, nur die Metallkomplexe eine 

Rolle spielen. Trotz der Komplexität des Porphinkerns sind heute mehrere plausible, 

präbiotische Synthesewege bekannt, die zu unterschiedlich -̡substituierten Porphyrinen 

führen. Drei dieser abiotischen Entstehungswege werden im Folgenden vorgestellt. 

Die Arbeitsgruppe um Lindsey konnte die nichtenzymatische Bildung von Porphyrinogen 

ŀǳǎ ʲ-5ƛƪŜǘƻƴŜƴ ƻŘŜǊ ʲ-YŜǘƻŜǎǘŜǊƴ ǳƴŘ ʰ-Aminoketonen in Wasser zeigen (Abb. 14; 

Lindsey et al., 2009, 2011; Soares et al., 2012a, b; Taniguchi et al., 2012; Soares et al., 

2013a). Die Syntheseroute verläuft über das Porphobilinogen und ist von der 

Porphyrinbiosynthese in modernen Organismen inspiriert. Eine spontane abiotische 

Entstehung der Ausgangstoffe für diese Route ist allerdings noch nicht beschrieben 

worden. Die Ausgangsstoffe könnten aber in Protometabolismen (siehe oben) oder frühen 

Zellvorfahren (Pohorille, 2009) gebildet worden sein. Außerdem wurde kein präbiotisch 

plausibler Weg für die Oxidation des Porphyrinogens zum Porphyrin gezeigt. 

O

Ohv, O2, [M(por)]

EtOH
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Abb. 14: Reaktionsschema der nichtenzymatischen Porphyrinogensynthese nach Lindsey 

et al. (2009ύΦ !ǳǎ ʲ-5ƛƪŜǘƻƴ ǳƴŘ ʰ-Aminoketon entsteht über Porphobilinogen das Uro-

porphyronogen III in wässriger Lösung. 

 

Fox und Strasdeit (2013) konnten eine mögliche präbiotische Porphyrinsynthese unter 

simulierten Bedingungen einer urzeitlichen heißen Vulkanküste auf der frühen Erde zeigen. 

Die Synthese startet mit in Meerwasser gelösten Aminosäuren, von denen man annimmt, 

dass sie auf der frühen Erde vorhanden waren (siehe oben). Trocknet Meerwasser auf dem 

Gestein der Vulkanküsten ein, so entstehen Salzkrusten (Abb. 15), in die die Aminosäuren 

eingebettet sind. Das Eintrocknen wird durch die vulkanische Untergrundhitze und nahe 

gelegene Lavaströme begünstigt. Solche Prozesse können auch an heutigen Küsten 

beobachtet werden (Edmonds & Gerlach, 2006). Beim Zusammentreffen von Meerwasser 

und heißer Lava bildet sich unter anderem Chlorwasserstoff (Kullman et al., 1994; Edmonds 

& Gerlach, 2006), der in einem späteren Schritt der Porphyrinsynthese wichtig ist. 

Vorbeifließende Lava konnte die Salzkrusten stark erhitzen. Bei dieser thermischen 

Belastung reagieren die Aminosäuren in den Salzkrusten nicht wie freie Aminosäuren. 

Grund hierfür ist die Bildung von Calcium- Aminosäuren-Komplexen, deren Calciumionen 

aus dem Meerwasser stammen. Die Komplexierung verhindert die Sublimation der 

Aminosäure und ermöglicht auf diese Weise neue thermische Reaktionen.  

Modellhaft wurden die Thermolyseprodukte, die aus Ca2+-koordiniertem Alanin entstehen, 

untersucht (Fox & Strasdeit, 2013). Dabei wurden unter anderem Pyrrole nachgewiesen.  
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Abb. 15: Beispiel für eine moderne Salzkruste, die sich durch Eintrocknen von Meerwasser 

in einem Rock Pool an einem Felsstrand gebildet hat. Das Foto wurde auf der vor allem aus 

Rhyolith bestehenden Halbinsel La Scandola, Korsika, aufgenommen. 

 

An urzeitlichen Vulkanküsten könnten die entstandenen Pyrrole an kälteren Orten konden-

siert sein und sich beispielsweise in Rock Pools gesammelt haben. Dort könnten sich neben 

den Pyrrolen auch Wasser, Chlorwasserstoff, Formaldehyd und Nitrit angesammelt haben. 

Nitrit konnte vermutlich durch Blitze in Vulkanaschewolken entstehen (Navarro-Gonzáles 

et al., 1998; Summers & Khare, 2007). Damit waren alle Komponenten vorhanden, die für 

eine Oligomerisierung der Pyrrole und die anschließende Oxidation der Oligomeren nötig 

waren. Tatsächlich konnte im Labor unter diesen Bedingungen die Entstehung von 

Octaalkylporphyrinen beobachtet werden. Zusammenfassend kann man diese Route in vier 

Schritte unterteilen: (I) Bildung von aminosäurehaltigen Salzkrusten, (II) Bildung von 

Pyrrolen und Chlorwasserstoff durch Erhitzen der Salzkrusten, (III) Abscheidung der Pyrrole 
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und einer wässrigen Chlorwasserstoff-Lösung an kühleren Orten und (IV) säurekatalysierte 

Oligomerisierung der Pyrrole mit Formaldehyd und Oxidation durch Nitrit (Abb. 16). Die 

Gesamtausbeute der Reaktion (von der Aminosäure bis zum Porphyrin) ist sehr gering, aber 

über einem langen Zeitraum könnten sich auf Grund der hohen Stabilität der Porphyrine 

größere Mengen des Produkts angesammelt haben. Auf die Stabilität der Porphyrine wird 

später ausführlicher eingegangen. In einer Variante der Bildung von Porphyrinen aus 3,4-

Dialkylpyrrolen und Formaldehyd, bei der die Reaktion in Mizellen in wässriger Lösung 

ablief, konnten trotz geringer (und daher präbiotisch plausibler) Konzentrationen gute 

Ausbeuten erhalten werden (Alexy et al., 2015). 

 

 

Abb. 16: Ca2+-koordiniertes Alanin reagiert bei 350 °C unter anderem zu Alkylpyrrolen. 

Diese können säurekatalysiert mit Formaldehyd oligomerisieren, und die Oligomere 

können durch Nitrit oxidiert werden. Unter den Reaktionsprodukten finden sich 

Alkylporphyrine. 

 

Der nächste wichtige Schritt, um den heutigen biologischen Porphyrinoiden näher zu 

kommen, ist der abiotische Einbau eines Metallions in den Tetrapyrrolring. Frühe 

Experimente von Hodgson und Baker (1967) mit Pyrrolen, Formaldehyd und verschiedenen 

Metallsalzen lieferten nur sehr niedrige Ausbeuten. Hohe Ausbeuten von 40 84 % konnten 

dagegen erreicht werden, indem hydrophile Uroporphyrine mit MnCl2, CoCl2 oder NiSO4 

unter kontrollierten Bedingungen (pH 6.39.1, 37 °C) in wässriger Lösung umgesetzt 

wurden. Dieser Ansatz wurde von Soares et al. (2013b) aufgegriffen, modifiziert und 

erweitert. Es wurden die Acetate von Mg2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+ und Pd2+ sowie 
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Ammoniumeisen(II)sulfat verwendet, und bis auf das Magnesium-Uroporphyrin konnten 

alle Metall-Uroporphyrine erhalten werden (Abb. 17). Für eine präbiotische Reaktion ist die 

hierbei verwendete mit 3-(N-morpholino)propansulfonsäure gepufferte Lösung  und 

generell der Einsatz gepufferter Lösungen  kritisch zu sehen. Diese Reaktion scheint somit, 

wie auch schon die Uroporphyrinogenbildung nach Lindsey, wohl nur innerhalb eines 

Protometabolismus denkbar. Somit bleibt die Frage bestehen, ob und wie Metalloporphy-

rinoide unter präbiotischen Bedingungen, ohne Beteiligung eines Protometabolismus, auf 

der frühen Erde entstehen konnten. Von besonderem Interesse sind hierbei die von Fox 

und Strasdeit (2013) unter simulierten Bedingungen von heißen urzeitlichen Vulkanküsten 

erhaltenen Octaalkylporphyrine. Diese sind im Gegensatz zu dem von Soares et al. (2013b) 

verwendeten Uroporphyrin komplett unlöslich in Wasser, was einen gänzlich anderen 

Reaktionsweg zur Metallaufnahme voraussetzt. 

 

 

Abb. 17: Bildung von Metallouroporphyrin I aus Uroporphyrin I und einem Metallsalz MXn 

in einer mit 3-(N-morpholino)propansulfonsäure (MOPS, pH 7) gepufferten wässrigen 

Lösung. In das Uroporphyrin konnten die Dikationen der Metalle M =  Mn, Fe, Co, Ni, Cu, 

Zn und Pd eingebaut werden. (Nach Soares et al. 2013b) 
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(Metallo-)Porphyrine und Porphyrinoide als Biosignaturen 

Im Jahr 2007 erschien ein Artikel, in dem Porphyrine als ideale molekulare Biosignaturen 

dargestellt wurden, da sie sehr stabil, einfach zu detektieren und so komplex sind, dass 

damals noch keine nennenswerten spontanen, abiotischen Porphyrinsynthesen bekannt 

waren (Suo et al., 2007). Mittlerweile kennt man jedoch mehrere potentiell abiotische 

Entstehungswege von Porphyrinoiden und deren Metallkomplexen (siehe oben). Trotzdem 

erscheinen Porphyrinoide weiter als vielversprechende, wenn auch nicht als ideale 

Biosignaturen. Grund hierfür ist die zuvor schon erwähnte ubiquitäre Verbreitung von 

Porphyrinoiden in der belebten Natur und die hohe Stabilität. Letztere bewirkt, dass 

Porphyrine über lange Zeiträume erhalten bleiben. So sind über 1,1 Milliarden Jahre alte 

Geoporphyrine bekannt (Gueneli et al., 2018). Die hauptsächlichen Vorläufer solcher Geo-

porphyrine sind Chlorophylle und Häme. Sie verändern sich während der Diagenese häufig 

durch Decarboxylierung und Oxidation der Vinyl-Gruppen und bilden verschiedene 

Geoporphyine und Metallogeoporphyrine, wie beispielsweise (Metallo)etioporphyrine und 

(Metallo)deoxophylloerythroetioporphyrine (Abb. 18; Callot & Ocampo, 2000). Außerdem 

tritt häufig eine Transmetallierung auf, sodass bei Geoporphyrinen Vanadyl- und Nickel-

Komplexe am häufigsten auftreten (Filby & van Berkel, 1987). Es kommen aber auch 

Chrom-, Gallium und Eisen-Komplexe vor (Gaumette et al., 2009; Liu et al., 2016; Zheng et 

al., 2018). Sogar ein kristallines Nickelgeoporphyrin, der Abelsonit, ist bekannt (Mason et 

al., 1989; Hummer et al., 2017). Daher ist es lohnenswert, sich bei der Suche nach 

Porphyrinoiden als Biosignaturen nicht nur auf die Metallkomplexe mit den bekannten 

Metallen zu fokussieren, sondern auch αungewöhnlicheά Metalle wie Chrom, Vanadium 

und Gallium als Zentralatome sowie freie Porphyrinoidbasen mit einzubeziehen.  
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Abb. 18: Strukturformeln von Etioporphyrin I und Deoxophylloerythroetioporphyrin. 

 

Porphyrinoide lassen sich mit einer Vielzahl von analytischen Methoden relativ einfach 

detektieren, zum Beispiel mit Fluoreszenzspektroskopie (z. B. Durek et al., 2016), Raman-

Spektroskopie (z. B. Haezeleer et al., 2019) und Massenspektrometrie (z. B. Suo et al., 

2007). Soll zwischen abiotisch entstandenen Porphyrinoiden und solchen mit biologischem 

Ursprung unterschieden werden, bedarf es zusätzlicher Untersuchungen, zum Beispiel 

Isotopenanalysen (Fox & Strasdeit, 2017). Eine Unterscheidung wird aber wohl in vielen 

Fällen nicht eindeutig möglich sein. Dieses Problem ist allerdings nicht auf die Porphy-

rinoide beschränkt. Tatsächlich wird man bei der Suche nach extraterrestrischen 

molekularen Biosignaturen wohl meist die Möglichkeit eines abiotischen Ursprungs nicht 

gänzlich ausschließen können. Es erscheint durchaus sinnvoll, Porphyrinoide als mögliche 

molekulare Biosignaturen anzusehen, insbesondere wenn man die Vorteile der hohen 

Stabilität und einfachen Detektierbarkeit berücksichtigt. Immer zu beachten bleibt dabei 

das Problem einer möglichen abiotischen Entstehung. 

1.6 Ziele der Arbeit 

Seit Jahrzehnten besteht ein unverändert großes Interesse daran, die möglichen Schritte 

des Ursprungs des Lebens immer detaillierter zu erforschen, um schlussendlich eine 
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plausible Theorie zu erhalten, wie die ersten Lebewesen entstehen konnten. Wie zuvor 

dargelegt, könnten Porphyrinoide in vielfältiger Weise an der Lebensentstehung beteiligt 

gewesen sein. Ausgehend von der abiotischen Octaalkylporphyrinsynthese, welche unter 

den simulierten Bedingungen von urzeitlichen heißen Vulkanküsten abläuft (Fox & 

Strasdeit, 2013), sollten weitere mögliche Reaktionen von Octaalkylporphyrinen im 

Rahmen des Hot-Volcanic-Coast-Szenarios untersucht werden. 

Entwurf und Test einer Apparatur zur automatisierten Durchführung von Nass-Trocken-

Zyklen 

Der erste Schritt hierfür war, die Laborsimulation einer urzeitlichen Vulkanküste mit ihren 

Rock Pools noch besser an die angenommenen Umweltbedingungen anzupassen. In den 

Experimenten von Fox und Strasdeit (2013) wurden schon die atmosphärische 

Zusammensetzung auf der frühen Erde, insbesondere das Fehlen von freiem Sauerstoff, 

und die an Vulkanküsten herrschenden hohen Temperaturen berücksichtigt. Dies sollte 

auch in den weiteren Versuchen der Fall sein. Zusätzlich sollte der Einfluss der Gezeiten 

und von diversen Mineralen berücksichtigt werden. Durch Gezeiten und/oder Regenfälle 

konnten sich an urzeitlichen Vulkanküsten Nass-Trocken-Zyklen einstellen, die bei 

entsprechender Lage eines Rock Pools periodisch abliefen. Ein Rock Pool im 

Gezeitenbereich der Küste wurde regelmäßig überflutet, ein weiter weg gelegener nur 

sporadisch. Um periodische Nass-Trocken-Zyklen zu simulieren, wurde eine automatisierte 

Apparatur (kurz WDA für Wet Dry Apparatus) entworfen und ausgiebig mithilfe 

verschiedener Testreaktionen erprobt. Ein besonderes Augenmerk wurde hierbei auf den 

strikten Ausschluss von Luftsauerstoff gelegt. 

Einfluss von Nass-Trocken-Zyklen und verschiedenen Mineralen auf die Bildung von Metallo-

porphyrinen 

In dem neu entworfenen WDA wurde 2,3,7,8,12,13,17,18-Octaethylporphyrin, H2(oep), als 

typischer Vertreter der Octaalkylporphyrine mit verschiedenen Metallsalzen und 

Mineralen Nass-Trocken-Zyklen und Temperaturen über 100 °C in der Trockenphase 

ausgesetzt. Dabei ging es um die Frage, ob unter diesen Bedingungen Metallionen in das 

Porphyrin eingebaut werden. Daneben sollte auch der Einfluss von künstlichem Meersalz 
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und weiteren Faktoren auf eine mögliche Bildung von Metallooctaethylporphyrinen 

untersucht werden. 

Untersuchung der Stabilität von Metalloporphyrinen 

In vielen Publikationen wird auf die hohe Stabilität der Porphyrine als Hückel-Aromaten 

hingewiesen (z. B. Suo et al., 2007). Eine umfassende Studie zur Stabilität unter 

verschiedenen astrobiologisch relevanten Bedingungen wurde aber bislang noch nicht 

durchgeführt. Die Stabilität von Porphyrinen ist in unterschiedlichem Kontext von 

Bedeutung. Für die präbiotische Chemie bedeutet eine hohe Stabilität, dass sich spontan 

abiotisch entstandene Porphyrine ansammeln konnten und nicht schneller wieder zerstört 

wurden, als sie sich bildeten. Mindestens ebenso wichtig ist die Frage der Stabilität für 

Porphyrine als mögliche molekulare Biosignaturen. Es sollte untersucht werden, wie stabil 

der Modellkomplex Chlorido(octaethylporphyrinato)eisen(III), [FeCl(oep)], unter 

verschiedenen potentiell destruktiven Bedingungen ist. Hier lag der Fokus auf 

Metalloporphyrine als mögliche extraterrestrische Biosignaturen. Dementsprechend 

sollten Bedingungen, wie sie auf dem Mars oder den Eismonden Europa und Enceladus 

vorkommen, im Labor nachgestellt werden. Ausgewählt wurden ionisierende Strahlung 

(Teilchen- und Röntgen-Strahlung), UV-Strahlung, hohe Temperaturen, Säuren und Basen 

sowie oxidierende Spezies wie zum Beispiel Perchlorat und Hypochlorit. 
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2.1 An automated apparatus for the simulation of prebiotic wet-dry cycles under 

strictly anaerobic conditions 

Stefan Fox*, Hannes Lukas Pleyer* und Henry Strasdeit 

*Diese Autoren waren an der Erstellung der Arbeit zu gleichen Teilen beteiligt. 
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DOI: https://doi.org/10.1017/S1473550418000010 

Mit freundlicher Genehmigung von Cambridge University Press.  

Reproduced with permission from Cambridge University Press. 

Kurzzusammenfassung 

Fluktuierende Umweltbedingungen, wie beispielsweise Temperaturschwankungen und 

Nass-Trocken-Zyklen in vulkanischen Rock Pools, könnten die präbiotische chemische 

Evolution vorangetrieben haben. Diese Publikation beschreibt die Entwicklung und 

Anwendungsmöglichkeiten eines Nass-Trocken-Apparats (WDA) zur Simulation von 

Bedingungen, wie sie vermutlich auf der frühen Erde, speziell in vulkanischen Rock Pools, 

herrschten. Die Bedingungen, die sich mit der entwickelten Apparatur einstellen lassen, 

sind insbesondere die Dauer der Nass-Trocken-Zyklen, Temperaturschwankungen, eine 

sauerstofffreie Atmosphäre und das Vorhandensein von organischen und mineralischen 

Komponenten. Erste Testexperimente unter Einsatz des WDA waren 

Oligomerisierungsversuche mit Glycin und Stabilitätsversuche mit Linolsäure und 

Pyrogallol. Untersuchungen mithilfe des WDA können zum Verständnis der chemischen 

Evolution auf der frühen Erde und möglicherweise auf anderen terrestrischen Planeten 

beitragen.  
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Abstract: Prebiotic chemical evolution on the early Earth may have been driven in part by 

ŦƭǳŎǘǳŀǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ŦƻǊ ŜȄŀƳǇƭŜ ǿŜǘ ŘǊȅ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŎȅŎƭƛƴƎ ƛƴ ǾƻƭŎŀƴƛŎ ǊƻŎƪ 

pools. Here, we describe the setup, operating principle and test applications of a newly 

developed άǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎέ (WDA) designed to simulate such fluctuating 

environments. The WDA allows adjusting the duration of the cycles, the temperature 

during the wet and dry phases, and the organic and mineral components, which are all key 

parameters in wetςdry ǎƛƳǳƭŀǘƛƻƴǎΦ ¢ƘŜ ²5!Ωǎ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ŦŜŀǘǳǊŜǎΣ ƘƻǿŜǾŜǊΣ ŀǊŜ (i) 

that it is automated, which means that long-time experiments are possible without the 

need for an operator, and (ii) ǘƘŀǘ ǘƘŜ ǾƛǊǘǳŀƭ ŀōǎŜƴŎŜ ƻŦ ŦǊŜŜ ƻȄȅƎŜƴ ƛƴ ǘƘŜ ŜŀǊƭȅ 9ŀǊǘƘΩǎ 

atmosphere at ground level can be simulated. Rigorously oxygen-free conditions were 

achieved by passing 99.999 % nitrogen gas through two alkaline pyrogallol solutions in 

series, prior to entering the WDA. We used three chemical systems to test the WDA: (i) the 

amino acid glycine in the presence and absence of clay minerals, (ii) linoleic acid (an oxygen-

sensitive amphiphile) with and without the mineral olivine, and (iii) alkaline pyrogallol 

solution. We observed that clay minerals greatly accelerated the decomposition of glycine 

ǳƴŘŜǊ ǿŜǘ ŘǊȅ ŎƻƴŘƛǘƛƻƴǎΦ DƭȅŎƛƴŜ ǇŜǇǘƛŘŜǎ ǿŜǊŜ ŦƻǊƳŜŘ ŀǎ ƳƛƴƻǊ ǇǊƻŘǳŎǘǎΦ Lƴ ǘƘŜ ŎƻǳǊǎŜ 

of the glycine experiments, we developed a reliable gas chromatographic method to 

quantify the cyclic dipeptide 2,5-diketopiperazine (DKP). The decomposition of linoleic acid 

ƛƴ ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ǿŀǎ ǇǊƻƳƻǘŜŘ ōȅ ōƻǘƘ ŀƛǊ ŀƴŘ ƻƭƛǾƛƴŜΦ !ƴŘ ŦƛƴŀƭƭȅΣ ǘƘŜ ŜȄǘǊŜƳŜƭȅ ƻȄȅƎŜƴ-

sensitive pyrogallol solution was used as a color indicator for residual oxygen in the WDA. 

The simulation facility in our laboratory ŎǳǊǊŜƴǘƭȅ Ŏƻƴǎƛǎǘǎ ƻŦ ŜƛƎƘǘ ƛŘŜƴǘƛŎŀƭ ǿŜǘ ŘǊȅ 

apparatuses and a surrounding infrastructure. It can be made available to others who wish 

to perform cyclic wetςdry experiments. 

Key words: Ǝŀǎ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅΣ ƎƭȅŎƛƴŜΣ ƘƛƎƘ-performance liquid 

chromatography, linoleic acid, minerals, prebiotic fluctuating environments, pyrogallol,  

ǊƻŎƪ ǇƻƻƭǎΣ ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ 
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Introduction 

It has been suggested that various environmental settings simultaneously contributed to 

the chemical building blocks from which life originated (Stüeken et al. 2013). Most probably 

among these microenvironments were different types of water bodies on volcanic islands, 

such as rock pools supplied with seawater in the rhythm of the tides (tide pools) and rock 

pools above the splash zone which contained freshwater. Organic reactions in rock pools 

may have substantially contributed to chemical evolution on the early Earth. However, 

direct chemical information from the time before life began is scarce and mainly restricted 

to a few very old rocks and minerals and to pristine organic material in meteorites and 

comets. Prebiotic chemical research, therefore, strongly relies on theoretical and 

experimental simulations. An example is laboratory studies on the repeated wetting and 

drying of potentially prebiotic reaction mixtures. 

²Ŝǘ ŘǊȅ ŎȅŎƭŜǎ ŀǊŜ ǊŜƎŀǊŘŜŘ ŀǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ǘƘŜ ŦƭǳŎǘǳŀǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘ ƛƴ 

primordial rock pools at volcanic sites (Lathe 2004; Deamer 2014; see Fig. 1 for a modern 

counterpart of these rock pools). Several prebiotic simulation experiments have therefore 

used alternating wetting and drying, mostly to facilitate oligomer formation (see for 

example: Lahav et al. 1978; Lahav & White 1980; Saetia et al. 1993; Olasagasti et al. 2011; 

DeGuzman et al. 2014; Mamajanov et al. 2014; Forsythe et al. 2015). 

WettinƎ ŘǊȅƛƴƎ depends on the presence of sufficiently high temperatures and, of 

course, subaerial environments. Throughout the Late Hadeanς9ŀǊƭȅ !ǊŎƘŜŀƴΣ 9ŀǊǘƘΩǎ ǊŀǘŜ 

of heat production was much higher than today (Franck 1998; Martin et al. 2006). As a 

consequence, volcanic activity was strong. At that time, most of the crust was flooded 

(Arndt & Nisbet 2012). However, subaerial volcanoes very probably existed, either as island 

arcs, if plate tectonics already operated (Turner et al. 2014), or as islands formed by hot 

mantle upwelling (Van Kranendonk 2011), or both. Magma chambers provided the surface 

of the volcanic islands with thermal energy, for example by lava flows, which episodically 

heated the surface. If thick enough, the resulting lava fields remained warm for longer 

periods of time. Areas of elevated temperatures also occurred where hot hydrothermal 

water raised to the surface. Tide pools on the volcanic islands were regularly filled with 

seawater, while rock pools more distant from the coast were sporadically filled with 
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rainwater. On warm ground, the water must have evaporated quite rapidly from the rock 

pools, at least from the shallow ones. All this took place under a virtually anoxic 

atmosphere with an O2 partial pressure at ground level that did not exceed 105 times the 

present-day value and could have been much lower (Kump 2008; Haqq-Misra et al. 2011).  

 

 

Fig. 1. Rock pool with olivine-dominated sand surrounded by igneous rock. This photo was taken at 

21° мтΩ опΦмέ S 55° пуΩ нлΦтέ E on the volcanic island of La Réunion, Indian Ocean, in August 2011. 

 

Several factors can or must be considered when conducting experimental simulations of 

ǿŜǘǘƛƴƎ ŘǊȅƛƴƎ ǇǊƻŎŜǎǎŜǎ ƛƴ ǇǊƛƳƻǊŘƛŀƭ ǊƻŎƪ ǇƻƻƭǎΦ For this reason, we have designed an 

apparatus that allows the adjustment of key parameters and conditions such as the 

duration of the wetςdry cycles, temperature, pH value, a strictly oxygen-free atmosphere, 

and the inorganic content material of a rock pool. The apparatus, its operating principle, 

and some test applications will be described in the following. 
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Materials and methods 

5ŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎ ό²5!ύ 

9ȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇΥ ! {ŎƘƭŜƴƪ Ŧƭŀǎƪ όάŀέ ƛƴ CƛƎΦ н!ύ ƛǎ ŀǘǘŀŎƘŜŘ ǘƻ ŀ ƘŜŀǘ-insulated glass riser 

(b), whose upper part is linked to a 50-mL reservoir (c). The reservoir is connected to the 

lower part of the riser via a time controlled magnetic polytetrafluoroethylene (PTFE) valve 

(d; Staiger, Erligheim, Germany). Perfluoroalkoxy alkane (PFA) tubings and poly(p-phen-

ylenesulfide)/poly-tetrafluoroethylene (PPS/PTFE) screw joints are used to connect the 

valve with the glass parts. A reflux condenser (e) is mounted on top of the reservoir. Its 

outlet is connected to a safety bubbler (f). An oil bath (g) is used to heat the flask. The 

whole WDA can be purged with nitrogen or another gas or gas mixture before and during 

the experiment. For a technical drawing and dimensions of the WDA, see SOM-Figure 1. 

 

 

Fig. 2. Schematic representation of the components and operating principle of the automated 

WDA. See Materials and methods and SOM for a detailed description. 

 

Operating principle: (i) While the magnetic valve is closed, the Schlenk flask is heated, 

and the water inside slowly evaporates. Assisted by the gas stream, the water vapor rises 

into the reflux condenser. There it condenses, and the liquid water accumulates in the 
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reservoir (Fig. 2A). (ii) After the water has completely evaporated, the residue is dry heated 

(Fig. 2B). (iii) After a pre-set time, the magnetic valve opens briefly to allow the water to 

flow back into the hot flask (Fig. 2C). When the valve has closed, the next wetςdry cycle 

starts. 

In our laboratory, up to eight WDAs can be simultaneously operated and jointly 

controlled. Figure 3 shows an array of four WDAs. Each magnetic valve is controlled by an 

interactive bourne-again shell script (bash script). The operating system is Linux (Raspbian 

Jessie with PIXEL, version: September 2016, release date: 2016-09-23, kernel version: 4.4), 

which is installed on a Raspberry Pi model B (RPi). After starting the script, the following 

can be entered via the front-end (see SOM-Fig. 2): (i) name of the experiment, (ii) desired 

number of cycles, (iii) cycle duration, and (iv) additional information about the experiment.  

 

 

Fig. 3. Four simultaneously operated and jointly controlled WDAs. The control electronics can be 

seen on the left. 
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The additional information, the experimental parameters, and the current date are 

saved in a log file under the name of the experiment as entered. Figure 4 shows the circuit 

diagram of the WDA controller. The transistor board is necessary because the signal output 

voltage of the GPIO ports of the RPi is 3.3 VDC, whereas the relay module requires a signal 

input voltage of 5 VDC. The LED indicates a successful activation of the GPIO ports after the 

operating system has been started. For further details, see SOM text. 

 

 

Fig. 4. Schematic circuit diagram of the WDA controller. The power supply unit (PSU) supplies the 

hardware (Raspberry Pi and relay module) with 5 VDC. The green lines represent the signal lines 

controlling the magnetic valves (1ς8). GUI = graphical user interface. 

 

 

Chemicals and minerals 

Glycine (Acros, >99 %), 2,5-diketopiperazine (Fluka, 98 %), diglycine (Fluka, 99 %), 

triglycine, tetraglycine, pentaglycine, and hexaglycine (Sigma-Aldrich), hexanoic acid 

(Sigma-!ƭŘǊƛŎƘΣ җффΦр %), heptanoic acid (Sigma-Aldrich, җфф %), octanoic acid (Sigma-

!ƭŘǊƛŎƘΣ җфу %), linoleic acid [(9Z,12Z)-9,12-octadecadienoic acid; Alfa Aesar, 95 %], mixture 

of cis- and trans-9,11- and -10,12-octadecadienoic acid methyl esters (Sigma-Aldrich), 

pyrogallol (benzene-1,2,3-triol; Acros, 99 %), 1-fluoro-2,4-dinitrobenzene ({ŀƴƎŜǊΩǎ 
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reagent; Fluka, >99 %), N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide (Acros, 

98 ҈ύΣ ǘǊƛŜǘƘȅƭŀƳƛƴŜ όCƭǳƪŀΣ җ99.5 %), trifluoroacetic anhydride (Sigma-Aldrich, җ99 %), and 

0.25 mol Lς1 trimethylsulfonium hydroxide solution in methanol (Acros) were used as 

received. The following analytical standards were obtained from Sigma-Aldrich: hexanal, 

(2E)-2-heptenal, (2E)-2-octenal, (2E,4E)-2,4-decadienal, nonanedioic acid, and 2-

pentylfuran. Hydrochloric acid and the ammonium salts were of analytical grade. All 

chemicals used to prepare HPLC buffer solutions and all organic solvents were of HPLC or 

LC-MS grade. Double distilled water, prepared in a BD 50 quartz glass distillation apparatus 

(Westdeutsche Quarzschmelze), was used throughout. Deaerated water was prepared by 

bubbling pure nitrogen through double distilled water for at least 2 h. If it was necessary to 

remove residual traces of oxygen, the nitrogen was passed through two flasks containing 

alkaline pyrogallol solution before it was used to prepare the deaerated water. Nitrogen 

gas was 99.999 % pure. According to the manufacturer, it contained 3 vol ppm oxygen 

(Westfalen AG 2017). 

Ca-montmorillonite (SAz-1), kaolinite (KGa-2), and nontronite (NAu-2) were obtained 

ŦǊƻƳ ǘƘŜ /ƭŀȅ aƛƴŜǊŀƭǎ {ƻŎƛŜǘȅΦ CǊŀŎǘƛƻƴǎ ǿƛǘƘ ǇŀǊǘƛŎƭŜ ǎƛȊŜǎ Җн µm were used throughout. 

They were prepared by sedimentation (for details, see Dalai et al. 2016). The olivine used 

was from Shigar, Pakistan, and was supplied by M. Jentsch Mineralien (Extertal, Germany). 

X-ray powder diffraction revealed that it consisted mainly of forsterite (Mg2SiO4) and to a 

lesser extent of fayalite (Fe2SiO4). Only olivine crystals that visually appeared homogeneous 

were used. Prior to use, the olivine samples were crushed and passed through a sieve stack. 

The particle size fraction between 100 and 250 µm was used. No further treatment of the 

minerals was performed. 

¢Ŝǎǘ ǊŜŀŎǘƛƻƴǎ ƛƴ ǘƘŜ ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎ 

Typical procedure for experiments with glycine and clay minerals 

A Schlenk flask containing 30 mL of water, 1 g of clay mineral and 55 mg of glycine was 

attached to the rest of the WDA. The whole setup was then purged with nitrogen for 14 h. 

!ŦǘŜǊ ǘƘŀǘΣ ǘƘŜ ǿŜǘ ŘǊȅ ŎȅŎƭƛƴƎ ǿŀǎ ǎǘŀǊǘŜŘ ōȅ ƘŜŀǘƛƴƎ ǘƘŜ Ŧƭŀǎƪ ǘƻ мрл °C. During the whole 

experiment the oil bath was kept at this temperature, and a constant flow of nitrogen gas 

(3.6 L hς1) was maintained. After 6 h, the magnetic valve opened for 30 min and allowed 
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the water to flow back into the hot flask. Then the next cycle started. In this way, 4, 8, 12, 

мс ƻǊ ну ǎǳŎŎŜǎǎƛǾŜ ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘΦ !ŦǘŜǊ ǘƘŜ ƭŀǎǘ ŘǊȅ ǇƘŀǎŜ ǘƘŜ Ŧƭŀǎƪ ǿŀǎ 

detached from the apparatus, and its content was extracted with water. 

tǊƻŎŜŘǳǊŜ ŦƻǊ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ƭƛƴƻƭŜƛŎ ŀŎƛŘ 

The preparation of the experiments was carried out inside a glove box containing a pure 

argon atmosphere (<1 ppm O2). In all cases, 200 µL (643 µmol) of linoleic acid and 30 mL of 

deaerated water were mixed in a Schlenk flask. Four different systems were then studied 

ǳƴŘŜǊ ǿŜǘǘƛƴƎ ŘǊȅƛƴƎ ŎƻƴŘƛǘƛƻƴǎΥ (a) ǘƘŜ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ǿŀǘŜǊ ƳƛȄǘǳǊŜ ǳƴŘŜǊ ŀƛǊΣ (b) the 

ƭƛƴƻƭŜƛŎ ŀŎƛŘ ǿŀǘŜǊ ƳƛȄǘǳǊŜ ǘƻƎŜǘƘŜǊ ǿƛǘƘ м g of olivine under air, (c) ǘƘŜ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ǿŀǘŜǊ 

mixture in a 99.999 % nitrogen atmosphere, and (d) ǘƘŜ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ǿater mixture 

together with 1 g of olivine in a 99.999 % nitrogen atmosphere. Each Schlenk flask was 

attached to a WDA. Throughout the experiments with the systems a and b, the top of the 

WDA was left open, and the WDA was flushed three times with air to ensure that no oxygen 

deficiency occurred. In the experiments with the systems c and d, a nitrogen flow of  

3.6 L hς1 was adjusted and maintained throughout the experiment. 

By heating the oil bath to 150 ϲ/ ǘƘŜ ǿŜǘ ŘǊȅ ŎȅŎƭƛƴƎ ǿŀǎ ǎǘŀǊǘŜŘΦ !ƴ ŜȄǇŜǊƛƳŜƴǘ 

consisted of eight cycles. The net heating time was 48 h, during which the valve opened 

every 6 h for 15 min. At the end of the eighth and last dry phase, the oil bath was removed 

and the flask was allowed to cool down. Afterwards, the flask was detached and its 

contents extracted. The experiments with the systems c and d were repeated in a static 

nitrogen atmosphere (i.e., without nitrogen flow). This was necessary because the gas flow 

spread the linoleic acid, which is a liquid, in the whole apparatus. In order to prevent air 

from entering the apparatus during the static atmosphere experiments, a glass pressure 

relief valve (Rettberg, Göttingen, Germany) was attached to the top of the WDA to maintain 

a slight overpressure (ca. 0.1 bar). The valve was connected to the nitrogen supply as 

shown in SOM-Figure 3. The WDA was purged with nitrogen for 24 h before the Schlenk 

flask which contained the linoleic acid was attached against a countercurrent of nitrogen. 

Experiments with pyrogallol 

Special care was taken to exclude oxygen throughout the experiments. An alkaline 

pyrogallol solution was prepared in an argon glove box (<1 ppm O2) by dissolving 0.8 g of 
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pyrogallol in 30 mL of a deoxygenated 2 % sodium hydroxide solution in a Schlenk flask. 

The flask was then taken out of the glove box and attached to the WDA against a counter 

flow of nitrogen gas. A nitrogen stream of ca. 72 L hς1 was adjusted and maintained 

throughout the experiment. The high nitrogen flow rate ensured that no negative pressure 

occurred by the cooling effect of the water flowing back into the hot flask at the end of 

each dry phase. The oil bath was heated to 110 ϲ/Φ ¢ƘŜƴ ŦƻǳǊ ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ǿŜǊŜ 

performed during which the magnetic valve opened every 6 h for 15 min. At the beginning 

of the fifth wet phase, 1 mL of air was injected directly into the solution with a syringe. The 

observed color change allowed to draw conclusions on the oxygen sensitivity of the 

pyrogallol solution. The nitrogen used contained 3 ppm of residual O2. In a repetition of the 

experiment, the nitrogen was passed through two strongly alkaline pyrogallol solutions to 

remove the residual oxygen, as described by Shriver & Drezdzon (1986). The experiments 

were also conducted with 30 mL of pure water instead of the pyrogallol solution in order 

to instrumentally determine the O2 content of the liquid phase. The dissolved oxygen was 

measured with a FiveGo F4 instrument equipped with an LE621 IP67 sensor (Mettler-

Toledo). 

Analytical instrumentation and procedures 

Dŀǎ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ Ƴŀǎǎ ǎǇŜŎǘǊƻƳŜǘǊȅ 

Gas chromatograms were recorded on an Agilent 6890N/5973 GC/MSD system (Agilent, 

Waldbronn, Germany) equipped with a HP-5MS capillary column (Agilent, 30 m length, 

0.25 mm inner diameter, 0.25 µm film thickness, 5 ҈ ŘƛǇƘŜƴȅƭ фр % dimethyl 

polysiloxane). Helium was used as carrier gas. The inlet temperature was 280 °C and the 

inlet pressure 1.60 bar. The mass detector was operated in the full-scan mode (35ς

650 amu, 1.24 scans sς1, electron impact ionization at 70 eV). 

DKP was analyzed as its bis(tert-butyldimethylsilyl) derivative (see below for the derivati-

zation procedure). Typically 1 µL of the analyte solution was injected into the GC-MS. The 

temperature program was as follows: 140 °C (hold for 8 min) Ҧ 180 °C (5 °C minς1) Ҧ 

320 °C (10 °C minς1). For quantification the selected ion chromatogram at m/z 342 was 

used. 
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For GC-MS analysis of linoleic acid methyl ester, typically 0.2 µL of the analyte solution 

were injected using a split ratio of 9:1. The following temperature program was used:  

100 °C (hold for 4 min) Ҧ нпл °C (6 °C minҍ1, hold for 4 ƳƛƴύΣ Ҧ ол0 °C (20 °C minҍ1).  

For quantification the selected ion chromatogram at m/z 294 was used. 

For GC-MS analysis of other fatty acid methyl esters and decomposition products,  

5.0 µL of the analyte solution were injected in splitless mode. The temperature program 

used was 75 °C (hold for 4 min) Ҧ нпл °C (6 °C minҍ1, hold for 4 ƳƛƴύΣ Ҧ онл °C 

(20 °C minҍ1). 

High-performance liquid chromatography 

An HPLC system from Sykam (Fürstenfeldbruck, Germany) was used. It consisted of the 

following components: reagent organizer S7121, solvent delivery system S1122, low 

pressure gradient mixer S8111, injector valve bracket S5111, column oven Jetstream II Plus 

(ERC, Riemerling, Germany), and UV/Vis diode array detector S3210. 

For ion-pair chromatography, a BDS Hypersil C18 column (3 ˃ Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΣ нрл mm 

length, 4.6 mm internal diameter) from Thermo Fisher Scientific was used. Typically,  

a sample injection volume of 75 ˃ [ ǿŀǎ ǳǎŜŘΦ ¢ƘŜ ƳƻōƛƭŜ ǇƘŀǎŜ ŎƻƴǎƛǎǘŜŘ ƻŦ ŀ мл mmol Lς

1 aqueous solution of sodium hexanesulfonate (C6H13SO3Na) acidified with phosphoric acid 

to pH 2.5 (Bujdák & Rode 1999). The flow rate was 1 mL minς1, the column temperature 

40 °C and the detection wavelength 210 nm. 

For HPLC analysis of the 2,4-dinitrobenzene derivatives, a modification of the method 

by Dalai et al. (2016) was used. The column was a Nucleodur C18 Gravity (3 µm particle 

size, 150 mm length, 4.6 mm internal diameter) from Macherey-Nagel (Düren, Germany). 

Typically, 50 µl samples were injected. UV absorbance at 340 nm was used for detection.  

A mixture of acetonitrile and 10 mmol Lς1 trifluoroacetic acid in water served as the mobile 

ǇƘŀǎŜΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƎǊŀŘƛŜƴǘ ǇǊƻƎǊŀƳ ǿŀǎ ǳǎŜŘΥ нлҦнр % of acetonitrile over the first 

20 ƳƛƴΣ ǘƘŜƴ нрҦул % of acetonitrile over the next 20 min. The flow rate was 1 mL minς1 

and the column temperature 40 °C. 

The derivatization of glycine peptides was performed, with a few modifications, as 

described by Dalai et al. (2016). One hundred and fifty µL of the clay mineral extract  
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(see below) were placed in a 2 mL plastic tube. After addition of 100 µL  

(3.5 µmol) of a 1 % solution of 1-fluoro-2,4-dinitrobenzene and 20 µL (20 µmol) of 1 mol Lς

1 sodium hydrogen carbonate in water, the tube was heated to 40 °C for 1 h in a 

thermoshaker. The sample was then cooled to room temperature, and 10 µL (20 µmol) of 

a 2 mol Lς1 hydrochloric acid were added. After mixing, the resulting solution was dried in 

a vacuum desiccator over sodium hydroxide. Finally, the residue was dissolved in 300 µL of 

dimethyl sulfoxide. The solutions were protected from light. 

High-resolution/high-accuracy mass spectrometry 

Mass spectra were obtained on a Thermo LTQ Orbitrap XL instrument (ThermoScientific, 

Bremen, Germany) equipped with an electrospray ionization (ESI) ion source. External mass 

calibration was performed with the Pierce LTQ ESI Positive Ion Calibration Solution 

(caffeine, MRFA and Ultramark 1621). For internal calibration, lock-mass ions from ambient 

air were used (Olsen et al. 2005). The spectrometer was operated in the positive ion mode 

with an ionization voltage of 1.5 kV and a capillary temperature of 200 °C. Data acquisition 

was in the 50 to 1800 Da mass range using the Orbitrap mass analyzer operated with a 

target mass resolution of 60,000 (defined at m/z 400). The mass spectrometer was coupled 

to a nanoACQUITY UPLC system from Waters (Milford, Massachusetts, USA) equipped with 

a Waters BEH 130 C18 column (250 mm x 75 µm, 1.7 µm particle size). Gradient elution 

was from 1 to 50 % acetonitrile in 0.1 % aqueous formic acid over 60 min. Data processing 

and analysis were performed with Xcalibur software (ThermoScientific). 

Infrared spectroscopy 

Infrared spectra were measured in attenuated total reflection (ATR) mode with a Thermo 

Nicolet 5700 FTIR spectrometer equipped with an ATR Smart Orbit accessory 

(ThermoScientific, Dreieich, Germany). A total of 600 scans were recorded per spectrum. 

The measurement range was 4000ς400 cmς1 with a resolution of 2 cmς1. 
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X-ray powder diffractometry 

Powder diffractograms of olivine were obtained on a Bruker D8 Focus instrument (Bruker 

AXS, Karlsruhe, Germany) with a Sol-X energy dispersive detector (Baltic Scientific Instru-

ments, Riga, Latvia). The measurements were performed with /ǳYʰ ǊŀŘƛŀǘƛƻƴ ό˂ Ґ мΦрпму Å) 

ƛƴ ǘƘŜ нʻ ǊŀƴƎŜ рςмнлϲΦ {ƻŘƛǳƳ ŎƘƭƻǊƛŘŜ ǿŀǎ ǳǎŜŘ ŀǎ ŀƴ ƛƴǘŜǊƴŀƭ нʻ ǎǘŀƴŘŀǊŘΦ 

9ȄǘǊŀŎǘƛƻƴ ŀƴŘ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƎƭȅŎƛƴŜ ŀƴŘ ƎƭȅŎƛƴŜ ǇŜǇǘƛŘŜǎ ŀŦǘŜǊ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎ 

with clay minerals 

The extraction was carried out as described by Dalai et al. (2016). In short, 10 extraction 

stages were performed with a 100 mg sample (3 x 600 µL and 7 x 450 µL of water). In each 

stage, the suspended sample was shaken for 1 h and then centrifuged. The supernatants 

were collected, and the volume of the combined supernatants was made to 5 mL. Prior to 

derivatization or direct analysis, the extracts were filtered through a 0.20 µm PET 

membrane to remove possible particulate matter. Glycine was directly quantified by ion-

pair HPLC using calibration curves, while DKP was quantified as its bis(tert-

butyldimethylsilyl) derivative by GC-MS (see below), and diglycine was quantified as its 2,4-

dinitrophenyl derivative by HPLC, also using calibration curves (see above). The absolute 

amounts of the higher peptides up to hexaglycine were calculated from the known amount 

of diglycine under the assumption that the extinction coefficient did not significantly vary 

between the different dinitrophenyl peptides (for this assumption see for example: Fujio 

et al. 1959). To ensure the correct assignment of the peaks, spiking with reference 

compounds was performed. 

Derivatization of DKP 

Derivatization was carried out in two steps: (i) protection of amino groups by N-trifluoro-

acetylation, which was necessary to prevent the formation of DKP from glycylglycine;  

(ii) transformation of DKP into its bis(tert-butyldimethylsilyl) derivative using a modified 

method of Shimoyama & Ogasawara (2002). Typically, an aliquot of 500 µL of the clay 

mineral extract was placed in a 1-mL V-vial and evaporated to dryness under vacuum. To 

the dry residue, 100 µL of dry acetonitrile, 6 µL (42 µmol) triethylamine and 5 µL (36 µmol) 

of trifluoroacetic anhydride were added. The vial was then tightly closed and heated for 
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60 min at 40 °C. DKP was stable under these conditions, whereas amino groups were 

trifluoroacetylated. After that, the sample was evaporated to dryness in a stream of 

nitrogen. To the dry residue, 75 µL of dry acetonitrile and 25 µL (106 µmol) of N-(tert-

butyldimethylsilyl)-N-methyltrifluoroacetamide were added. The vial was tightly closed, 

and the mixture was heated for 3 h at 100 °C with frequent shaking (approximately every 

30 min). After cooling to room temperature, the volume was made to 100 µL with dry 

acetonitrile. Then the solution was transferred to a GC vial and measured. 

The excess of the derivatizing reagent used was sufficient for quantitative reaction.  

The completeness of the second derivatization step was tested by comparing the GC peak 

area of the product 1,4-bis(tert-butyldimethylsilyl)piperazine-2,5-dione in experiments 

with different excesses of the reagent. Pure glycine and glycylglycine were also derivatized 

as described above to ensure that they do not form DKP during the derivatization process. 

Furthermore, pure DKP was derivatized as described above as well as only with N-(tert-

butyldimethylsilyl)-N-methyltrifluoroacetamide. Comparison of the resulting 

chromatograms showed that DKP is stable under the chosen conditions. Furthermore, 

mixtures of DKP, glycine and glycylglycine in various ratios were derivatized to ensure that 

quantification was not affected by side reactions occurring during the derivatization 

process (e.g. DKP hydrolysis or formation). 

9ȄǘǊŀŎǘƛƻƴ ŀƴŘ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ŀŦǘŜǊ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎ 

The residues in the flasks containing linoleic acid or linoleic acid plus olivine were extracted 

ten times with 1 mL of tert-butylmethyl ether each time. The final volume was made to 

10 mL. Additionally, the aqueous phase in the reservoir was extracted with 10 mL of 

dichloromethane. Both extracts were used for GC-MS analysis. Before measurement, the 

extracts were filtered through a 0.45 µm PTFE membrane to remove particulate matter. 

The dichloromethane extract was divided in half, one half was measured directly with GC-

MS and the other half was derivatized with trimethylsulfonium hydroxide (see below). The 

tert-butylmethyl ether extract was also derivatized with trimethylsulfonium hydroxide. 

Decomposition products were identified by comparing their retention times and mass 

spectra with those of authentic samples. 
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Derivatization of fatty acids 

Fatty acids were methylated with trimethylsulfonium hydroxide as described by Butte 

(1983). 50 µL of the tert-butylmethyl ether or dichloromethane extract were mixed with 

150 µL of a 0.25 mol Lς1 methanolic trimethylsulfonium hydroxide solution. After ten 

minutes at room temperature, the mixture was injected directly into the GC (inlet 

temperature 280 °C). The completeness of the derivatization reaction was tested using a  

4-, 8- and 12-fold excess of the reagent; in all three cases, the peak area of the linoleic acid 

methyl ester was the same and no underivatized linoleic acid could be detected. Thus a 4-

fold excess would have been sufficient for quantitative reaction. In practice, we used a 12-

fold excess to take into account that derivatizable decomposition products may 

additionally be present.  

 

 

Results and discussion 

±ŜǊǎŀǘƛƭƛǘȅ ƻŦ ǘƘŜ ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎ ό²5!ύ 

The setup and operating principle of the WDA are described under Materials and methods. 

Below, we also describe some test applications using typical experimental conditions and 

a standard design of the apparatus. However, the basic functional principle allows a much 

wider range of conditions and the study of additional aspects, partly after slight 

modification of the experimental configuration. For example: 

(i) Temperature (fluctuations). In our test applications, the temperature of the flask 

content at the beginning of the wet phase was ca. 100 °C (boiling point of the aqueous 

solution). The temperature slowly increased as a result of evaporation of water and 

reached between 110 and 150 °C, depending on the heating bath temperature, when the 

ŘǊȅ ǇƘŀǎŜ ǎǘŀǊǘŜŘΦ ¢ƘǳǎΣ ǘƘŜ ²5! ǇŜǊŦƻǊƳǎ ƴƻǘ ƻƴƭȅ ǿŜǘ ŘǊȅ ōǳǘ ŀƭǎƻ ǘŜƳǇŜǊŀǘǳǊŜ 

fluctuations. The possible prebiotic role of combined fluctuations of water content and 

temperature was recognized early on by Lahav et al. (1978). With the standard design of 

ǘƘŜ ²5!Σ ǘƘŜ ǳǎŀōƭŜ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƛǎ ŎŀΦ млл нлл °C. Certain technical modifications 

would allow an upper temperature limit of 250 °C. The low temperature limit is determined 

by the wet phase duration which, of course, increases with decreasing temperature of the 
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heating bath and will become unreasonably long when the temperature is too low. The 

temperature limits may be different for non-aqueous solutions. This is worth mentioning 

because organic solvents can be prebiotically interesting, for example, in the context of the 

oil-slick scenario (Lasaga et al. 1971; Cleaves & Miller 1998; Nilson 2002). 

(ii) Cycle duration. In the experiments described in the present paper, the duration of a 

complete cycle was 6 h. The wet phase varied between 2 and 3 h and the dry phase 

between 3 and 4 h, depending on the composition of the reaction mixture and the flow 

rate of the nitrogen stream. When no gas stream was used (see experiments with linoleic 

acid), the dry phase was much shorter. There are no fundamental restrictions on the cycle 

duration. However, a value of 6 h was chosen for practical reasons (exactly four complete 

cycles per day) and because it is in the range of the suggested tidal cycle duration on Earth 

3.9 Ga ago (Lathe 2006). Since the durations of the wet and the dry phases can be 

independently adjusted, a combination of short wet and long dry phases, for example, is 

possible with the WDA. This will be important if rock pools above the splash zone are to be 

simulated which are refilled with (rain)water after longer time intervals. 

(iii) Liquid and gas phase. The only materials that come into contact with the liquid and 

gaseous components in the WDA are perfluoroalkoxy alkane (PFA), 

polytetrafluoroethylene (PTFE), perfluoroelastomer (FFKM) and Borosilicate glass 3.3. As 

these materials are largely inert, a broad range of acids, bases, salty solutions, organic 

solvents, gases or gas mixtures can be employed. 

(iv) Solid phase. Virtually all types of prebiotically relevant solids can be used, for 

example, rocks, minerals, meteoritical materials, and insoluble organics such as tholins 

(Sagan & Khare 1979) and thermomelanoids (Fox et al. 2015). 

(v) Volatile products. Gas absorption bottles filled with different absorbing solutions can 

be easily connected to the gas outlet of the WDA. They can be used to selectively collect 

different classes of volatile compounds (e.g. acids), which may help to elucidate the 

chemical processes occurǊƛƴƎ ŘǳǊƛƴƎ ǿŜǘ ŘǊȅ ŎȅŎƭƛƴƎΦ /ƻƭŘ ǘǊŀǇǎ Ƴŀȅ ŀƭǎƻ ōŜ ǳǎŜŘΦ 

(vi) Reaction flask. The standard version of the WDA has a one-necked round bottom 

flask with gas inlet (Fig. 2). However, because of the modular construction, different flasks 

are possible. A two-necked flask with gas inlet, for example, would allow taking samples 
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against a counter flow of gas during the experiments. If a quartz flask is used, UV irradiation 

of the reaction mixture, preferably by use of a fiber-optic cable, would be possible. 

Test application I. Glycine and clay minerals 

Inspired by the work of Lahav et al. (1978), we chose to study the behavior of glycine (Fig. 

5) in the presence of clay minerals as a first test application of the WDA. Instead of exactly 

repeating the literature experiments, our experiments were adapted to the WDA by 

selection of the minerals, glycine content, temperature range, atmosphere (N2), and cycle 

and experiment duration. The clay minerals used were kaolinite (KGa-2), montmorillonite 

(SAz-1) and nontronite (NAu-2). Lahav et al. (1978) also used kaolinite so that at least the 

results of one of our experimental approaches are more or less directly comparable with 

their results. Furthermore, in the present study a closer look was taken at the 

decomposition of glycine. 

First we investigated the behavior of glycine in the absence of minerals. After 12 wetς

dry cycles (in total, ca. 36 h each at 100 °C and 150 °C) 98 % of the glycine had survived; 

after 28 cycles (in total, ca. 84 h each at 100 °C and 150 °C) 97 % were still present (Table 1 

and Fig. 6). In an experiment without wetςdry cycling, Dalai (2013) has dry heated glycine 

at 150 °C for 48 h under nitrogen. She observed that 98 % of the amino acid remained 

unchanged. Comparing this result with that of our 12-cycle experiment, which included ca. 

36 h of dry heating at 150 °C, we see that the glycine survival rate was equally high in both 

cases. Obviously, the wet phases had no effect. 

 

 

Fig. 5. Structures of glycine (Hgly), cyclic glycine dipeptide (2,5-diketopiperazine, DKP) and linear 

glycine homopeptides (Glyn). 
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Table 1. Survival and oligomerization of glycine during ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ŀƴŘ ƛƴ ǘƘŜ 

presence of different clay minerals. The µmol values given for glycine and peptides are the total 

amounts in the respective experiment. 
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Without 

mineral 

12 677 665 98 0.7 1.3 n.d. n.d. n.d. n.d. 

28 758 735 97 4.0 3.2 0.37 0.09 n.d. n.d. 

 28a 756 731 97 3.3 3.3 0.43 0.11 n.d. n.d. 

Kaolinite  

KGa-2 

4 677 239 35 1.9 2.4 n.d. n.d. n.d. n.d. 

8 677 219 32 2.7 2.6 0.33 n.d. n.d. n.d. 

12 677 96 14 3.0 1.2 0.23 0.10 0.08 0.06 

16 677 39 6 4.8 1.8 0.24 0.11 0.09 0.06 

28 677 9 1 7.9 2.1 0.20 0.17 0.11 0.07 

Montmorill

onite SAz-1 

4 742 361 49 0.9 2.7 n.d. n.d. n.d. n.d. 

8 742 251 34 1.8 3.0 0.22 n.d. n.d. n.d. 

12 742 229 31 2.2 3.5 0.41 0.09 n.d. n.d. 

16 742 196 26 2.3 3.7 0.56 0.15 n.d. n.d. 

28 742 51 7 2.7 1.5 0.62 0.31 0.22 0.20 

Nontronite  

NAu-2 

4 698 216 31 0.7 1.2 n.d. n.d. n.d. n.d. 

8 698 174 25 1.9 1.6 n.d. n.d. n.d. n.d. 

12 698 75 11 2.1 1.2 n.d. n.d. n.d. n.d. 

16 698 56 8 2.8 0.8 0.07 n.d. n.d. n.d. 

28 698 23 3 2.8 1.7 0.34 0.18 0.04 n.d. 

n.d., Not detected by HPLC using UV/Vis detection. a Repeat of previous experiment. 
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Fig. 6. Survival of glycine during ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ŀƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ Ŏƭŀȅ ƳƛƴŜǊŀƭǎ 

in an anaerobic atmosphere. 

 

There were, however, differences in the residue composition between dry heating and 

wetςdry cycling. Dry heating of glycine yielded small amounts of the cyclic dipeptide DKP  

(Fig. 5) as the only peptide. Wetςdry cycling, in contrast, also produced the linear dipeptide 

Gly2
 (Fig. 5, 0.4 % yield) in addition to DKP (0.2 % yield, Table 1). Possibly Gly2 was formed 

from DKP by ring-opening hydrolysis during the wet phases. After 28 cycles, tri- and 

tetraglycine were also detected by HPLC (0.2 and 0.05 % yield, respectively; Table 1).  

In order to check if peptides longer than Gly4 had been formed, high-resolution/high-

accuracy mass spectrometry was used to analyze the sample. It revealed that all linear 

peptides from Gly2 to Gly10 were present (SOM-Table 1). Thus, wetςdry cycling led to longer 

oligomers than dry heating alone. This is a general observationφnot limited to 

glycineφwhich has motivated some recent theoretical studies (Varfolomeev & 

Lushchekina 2014; Higgs 2016; Ross & Deamer 2016). According to Higgs (2016), for 

example, oligomer formation occurs during a dry phase, but is constrained by restricted 

diffusion. In the subsequent wet phase, however, repositioning of the molecules takes 

place, so that in the next dry phase oligomerization can progress. Therefore, and despite 
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possible hydrolysis during the wet phases, longer oligomers are formed than by dry heating 

alone. In a best-case scenario, wetςdry cycling will generate an equilibrium chain length 

distribution that approaches the one that would occur if free diffusion was possible in the 

dry phase. 

The stability of glycine under wetςdry conditions decreased dramatically when clay 

minerals were added. With all three minerals tested, the glycine survival rate dropped 

below 10 % after 28 cycles (Table 1 and Fig. 6). The decrease of the glycine content follows 

approximately first-order kinetics; the fits are quite good, given that the systems are 

heterogeneous (see SOM-Fig. 4). As in the experiments without minerals, all peptides up 

to the decamer (Gly10) were identified in the 28-cycle experiment with montmorillonite 

(SOM-Table 2). The peptides up to Gly6 were quantified (Table 1). Overall, a trend can be 

observed that the amount and length of peptides increased with increasing number of 

cycles. Also, there is a clear tendency for the formation of longer peptides (Glyп с) in the 

presence of a clay mineralφeven though DKP and Gly2 were still formed preferentially. 

Figure 7 shows the individual peptide contents as a function of cycle number for the 

montmorillonite experiment. It can be seen that the amounts of DKP and Glyо с increased 

steadily over the 28 cycles of the experiment. In contrast, the amount of Gly2 reached a 

maximum at cycle 16 (3.7 µmol, 1 % yield) and then decreased to 1.5 µmol (0.4 % yield) at 

cycle 28. With the other two minerals, a maximum in the amount of Gly2 occurred already 

at cycle 8 (kaolinite: 2.6 µmol, 0.8 % yield; nontronite: 1.6 µmol, 0.5 % yield). Then, after 

an intermediate decrease, another maximum was reached at cycle 28. Such a renewed 

increase was not observed in the montmorillonite experiment. One might speculate that 

here the second maximum was beyond the 28-cycle limit. 

Two sources of Gly2 have to be considered, namely the condensation of glycine 

molecules in the dry phase and the partial hydrolysis of other peptides, particularly DKP, in 

the wet phase. The reverse reactionsφGly2 hydrolysis (wet phase) and condensation to 

ƻǘƘŜǊ ǇŜǇǘƛŘŜǎ όŘǊȅ ǇƘŀǎŜύφare the potential sinks. Obviously, in our mineral experiments, 

the formation initially prevailed, because the Gly2 yields increased up to a certain point in 

time. But then the situation changed and the loss of Gly2 dominated. The first idea that may 

come to mind is that, at this point in time, the rate of formation of Gly2 and its precursor 
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DKP decreased because not enough glycine was left. However, on a molar base still 50- to 

100-fold more glycine was present than Gly2, when the Gly2 content started decreasing. 

Another possibility is that the more of the peptides Glyо с that formed in the course of the 

experiment, the more crucial binding sites of the mineral were occupied by them. Gly2 may 

not have been able to displace these longer peptides. As a result, Gly2 formation and/or 

protection against hydrolysis decreased. These models, however, cannot explain why a 

second maximum of the amount of Gly2 was observed with two of the minerals. The 

situation is further complicated by as yet unidentified decomposition reactions (see below). 

Therefore, further studies are required, which are however beyond the scope of the 

ǇǊŜǎŜƴǘ ǇŀǇŜǊ ǿƘƻǎŜ ǇǳǊǇƻǎŜ ƛǎ ǘƻ ƛƭƭǳǎǘǊŀǘŜ ǘƘŜ ŀǇǇƭƛŎŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎΦ 

 

Fig. 7. Changes of the glycine and peptide contents in the system glycinemontmorillonite during 

ǿŜǘ ŘǊȅ ŎȅŎƭƛƴƎΦ The asterisk indicates the overlapping curves for Gly5 and Gly6. 

 

The decrease of glycine over time varied only marginally between the minerals used 

(Table 1 and Fig. 6). With regard to peptide formation, however, there were clear 
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differences. For example, the formation of longer peptides is promoted in the order: 

kaolinite > montmorillonite > nontronite. With kaolinite all peptides up to Gly6 could be 

detected with HPLC already after 12 cycles. With montmorillonite it took 28 cycles before 

detectable amounts of Gly6 had formed, and with nontronite Gly6 was not observed at all. 

Regarding the overall yield of peptides, kaolinite was again the most efficient mineral: 3.3 % 

of the glycine had been transformed into peptides after 28 cycles. The corresponding 

numbers for montmorillonite and nontronite were 1.9 % and 1.6 %, respectively. 

In the mineral experiments, peptide formation only accounted for a minor proportion 

of the glycine decrease. In fact, several unidentified decomposition products were detected 

by HPLC. We know from the analysis of the 2,4-dinitrophenyl-derivatized samples that 

many of these products were amines. To trap volatile acidic and basic products, the 

kaolinite experiment was repeated twice using an absorption bottle which contained 30 % 

ammonia solution and 20 % hydrochloric acid, respectively. The bottle was attached to the 

gas outlet of the WDA. After 12 cycles, the content of the bottle was analyzed. No products 

were detected in the ammonia solution. From the hydrochloric acid, however, ammonium 

chloride was isolated and identified by its IR spectrum, indicating that the reaction mixture 

released NH3. The fact that no acetic acid was found suggests that the NH3 may not have 

been produced by deamination of glycine but in secondary decomposition reactions. 

It is interesting to compare the results of our 28-cycle kaolinite experiment with the 

results obtained by Lahav et al. (1978) in their experiment no. 7, in which kaolinite was also 

used. The number of cycles (28 and 27, respectively) and the initial amount of glycine per 

milligram of clay (677 and 791 nmol, respectively) were similar in both experiments. But 

there were marked differences in the overall duration of the dry phases (ca. 3.5 d vs. 67.4 d) 

and the temperature range (100ς150 °C vs. 60ς94 °C). Furthermore, we performed our 

experiment in a pure N2 atmosphere, which might have suppressed some decomposition 

reactions. Despite these differences, the amount of Gly2 formed was the same within a 

factor of 1.7 (2.1 and 3.5 nmol/mg clay, respectively). The yields of Gly3 and Gly4, however, 

were considerably higher in the experiment by Lahav et al. (by a factor of 8 and 3.5, 

respectively); but on the other hand, the authors detected only traces of Gly5 and no Gly6. 

The overall yield of linear peptides was also higher (1.8 % vs. 1.0 %). Thus, we cautiously 
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conclude that higher temperatures and short cycles, as present in our experiment, favor 

the formation of longer peptides, but also reduce the overall yield of linear peptides. DKP 

formation and the decrease of glycine over time were not investigated by Lahav et al. and 

therefore cannot be compared between the two experiments. 

In this section, we demonstrated that our newly designed apparatus enables the  

fully automated execution of wetςdry cycles over a one-week period. Long-time 

ŜȄǇŜǊƛƳŜƴǘǎφǿƛǘƘ ƻǇŜƴκŎƭƻǎŜ commands for the magnetic valve also during nights and 

ǿŜŜƪŜƴŘǎφŀǊŜ ǇƻǎǎƛōƭŜ ǿƛǘƘƻǳǘ ǘƘŜ ƴŜŜŘ ŦƻǊ ŀƴ ƻǇŜǊŀǘƻǊΦ CǳǊǘƘŜǊƳƻǊŜΣ ǿŜ ǎƘƻǿŜŘ ǘƘŀǘ 

it is possible to collect for analysis volatile reaction products at the gas outlet of the 

apparatus. 

Test application II. Stability of linoleic acid 

Compartmentalization is regarded as a key step in the origin of life; in this context, vesicles 

and micelles have been extensively studied (see for example: Deamer 2016, 2017; Hanczyc 

& Monnard 2016). Linoleic acid, a doubly unsaturated long-chain fatty acid (Fig. 8), is 

among the compounds that can form vesicles (Gebicki & Hicks 1976). Therefore, it seems 

reasonable to consider it as a potential model compound in origins of life research, 

although it has been argued that unsaturated fatty acids are less prebiotically plausible 

than saturated ones (Hanczyc et al. 2003). Linoleic acid is sensitive to air oxidation (see for 

example: Frankel 1991; Porter et al. 1995); otherwise it is quite stable and can, for example, 

survive in fossil teeth for at least one million years (Das & Harris 1970). Thus, linoleic acid 

was considered ideal to test the suitability of the WDA for experiments with air-sensitive 

compounds. 

 

 

Fig. 8. Structure of linoleic acid [(9Z,12Z)-9,12-octadecadienoic acid]. 
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According to a model proposed by Damer & Deamer (2015), amphiphile vesicles, 

minerals and hydrationςdehydration cycles on volcanic islands could have been central to 

ǘƘŜ ŜǾƻƭǳǘƛƻƴ ƻŦ ǎȅǎǘŜƳǎ ƻŦ ŦǳƴŎǘƛƻƴŀƭ ǇƻƭȅƳŜǊǎ όάǇǊƻǘƻŎŜƭƭǎέύΦ !Ǝŀƛƴǎǘ ǘƘƛǎ ōŀŎƪground, we 

investigated the stability of linoleic acid (as a potential prebiotic amphiphile) in wetςdry 

cycling under various experimental conditions: in air and under nitrogen, and in the 

presence and absence of the mineral olivine. A mineral was included in this study because 

our test application I (see above) had already shown that minerals can drastically alter the 

behavior of an organic molecule in wetςdry cycles. Olivine was chosen because it is 

commonly associated with volcanic rock pools (Fig. 1). 

When linoleic acid, a colorless liquid, was subjected to eight consecutive wetςdry cycles 

in air, a brown residue resulted. Analysis of this residue showed that only 45 % of the initial 

amount of linoleic acid had survived (Fig. 9). This is not surprising since linoleic acid is 

known to react with atmospheric oxygen and to subsequently decompose even without 

wetςdry cycling (Frankel 1991; Porter et al. 1995). Furthermore, 9 % of the initial linoleic 

acid formed the conjugated linoleic acid isomers 9,11- and 10,12-octadecadienoic acid. This 

thermal isomerization of linoleic acid is also a known phenomenon (Destaillats & Angers 

2005). 

Next, we tried to repeat the above experiment under anaerobic conditions using a 

stream of nitrogen as in the glycine experiments. However, the gas stream caused the 

linoleic acid to spread in the whole apparatus, making a quantitative extraction virtually 

impossible. Therefore, the WDA had to be modified with a pressure relief valve to enable 

the use of a static nitrogen atmosphere (see Materials and methods). With this 

modification, spreading of the linoleic acid no longer occurred. After eight wetςdry cycles 

under a static nitrogen atmosphere, the residue was still colorless, even though only 73 % 

of the initial amount of linoleic acid were left (Fig. 9). This can be explained by the fact that 

the amount of conjugated isomers formed was much higher than in the previous 

experiment (24 % vs. 9 %). Considering both linoleic acid and its conjugated isomers, only 

a total of 3 ҈ ƻŦ ǘƘŜ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭ ǿŜǊŜ ŘŜŎƻƳǇƻǎŜŘφŎƻƳǇŀǊŜŘ ǘƻ пс % in the 

experiment in air. This result shows that in the absence of oxygen linoleic acid is quite stable 

against decomposition, but not against isomerization, under wetςdry cycling conditions. 
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The experimental data also suggest that the oxidative decomposition may be faster than 

the isomerization. 

 

 

Fig. 9. Stability of linoleic acid [(9Z,12Z)-9,12-octadecadienoic acid] after eight wet dry cycles under 

various conditions. The amounts of survived linoleic acid and formed conjugated isomers (9,11- and 

10,12-octadecadienoic acid) are given relative to the initial amount of linoleic acid. 

 

In further experiments, the effects of olivine on the stability of linoleic acid were 

investigated. After eight wetςŘǊȅ ŎȅŎƭŜǎ ƛƴ ŀƛǊΣ ŀ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ƻƭƛǾƛƴŜ ƳƛȄǘǳǊŜ ƭŜŦǘ ŀ ōǊƻǿƴ 

residue whose GC-MS analysis showed that 46 % of the linoleic acid had survived and  

7 % had formed the conjugated isomers (Fig. 9). These values were not significantly 

different from those obtained in the experiment in air without olivine (45 % and 9 %, 

respectively). Consequently, one might not expect olivine to have an effect in a nitrogen 

atmosphere either. However, a slightly brown residue was obtained with olivine after eight 

wetςŘǊȅ ŎȅŎƭŜǎ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ŀǘƳƻǎǇƘŜǊŜφƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘƻǳǘ ƻƭƛǾƛƴŜΣ 

where the residue was colorless. Overall, 85 % of the starting material had survived 

unaltered (64 %) or been transformed into the conjugated isomers (21 %, Fig. 9). This is 
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12 % less than in the experiment without olivine. Thus, against expectation, olivine affected 

the decomposition. 

 

 

Fig. 10. Number of decomposition products formed from linoleic acid in eight wet dry cycles under 

various conditions. Only products with a GC peak area >0.5 % of the total area were taken into 

account. Individual products that could be identified are listed in Table 2. 

 

To obtain a better understanding of the effect of olivine we analyzed by GC-MS the 

volatile products from all four experiments (air, N2, air + olivine, and N2 + olivine). As an 

overview, first the number of decomposition products was determined (Fig. 10). In air, 

many more products were formed than under nitrogen atmosphere (28 vs. 3). This is in 

accordance with the substantially higher decomposition rate observed in air. Under 

nitrogen, the presence of olivine increased the number of decomposition products from 

three to eight, again in accordance with the decomposition rates. This effect of olivine was 

much more pronounced in air. Here, the addition of the mineral strongly increased the 

number of decomposition products from 28 to 46. This influence is not reflected in the 

decomposition rates in air, which were virtually the same with and without olivine (see 

above). These observations show that olivine intervenes in the decomposition mechanism. 

One may assume that interactions with the mineral surface open additional reaction paths 
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for radicals, which are known to be involved in the decomposition of linoleic acid. We did 

not pursue this idea further, because the main focus of this work is the WDA and its possible 

applications. 

Up to ten individual volatile decomposition products could be identified (Table 2). For 

an overview of typical volatile oxidation products from linoleic acid and the mechanisms of 

their formation, see, for example, Frankel (1982). These compounds are secondary 

products that usually form from the initially formed hydroperoxides. Hexanal, 2,4-

decadienal and 9-oxononanoic acid were present in all samples. Indeed, they belong to the 

most abundant oxidation products mentioned by Frankel (1982). Octanoic acid occurred in 

three of the four experiments; it could not be detected only in the residue obtained after 

wetςdry cycling under nitrogen without olivine. Nonanedioic acid was the only compound 

identified that was not listed by Frankel (1982). This product occurred only in the 

experiment with olivine in air. Obviously, the mineral was responsible for its formation, 

possibly by promoting the oxidation of 9-oxononanoic acid. Even in the experiment under 

nitrogen without olivine, three typical oxidation products were found, namely hexanal, 2,4-

decadienal and 9-oxononanoic acid. This, together with a slight decomposition (3 %, see 

above), indicates that minor oxidation has occurred. The residual oxygen (3 ppm) present 

in the nitrogen gas or atmospheric oxygen that diffused into the WDA (and, as a result of 

the static nitrogen atmosphere, was not removed) may have caused the oxidation in this 

case. Furthermore, the 3 % decomposition may, at least in part, be attributed to the 

derivatization process for linoleic acid and its isomers which was carried out in air. The 

same considerations apply to the experiment under nitrogen with olivine. In this case, 

however, olivine clearly exerted an additional influence reflected in a more complex 

mixture of decomposition products (Fig. 10). 
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Table 2. Volatile decomposition products formed from linoleic acid in wetdry cycling experiments. 

The compounds were identified by mass spectrometry and comparison of the  

GC retention times with those of authentic samples. 

Compound  

Experiment 

Air N2 atmosphere 
Air 

+ olivine 

N2 atmosphere 

+ olivine 

Hexanal ṉ ṉ ṉ ṉ 

2-Heptenal n.d. n.d. ṉ n.d. 

2-Octenal ṉ n.d. ṉ n.d. 

2,4-Decadienal ṉ ṉ ṉ ṉ 

9-Oxononanoic acida ṉ ṉ ṉ ṉ 

Hexanoic acid ṉ n.d. ṉ n.d. 

Heptanoic acid n.d. n.d. ṉ n.d. 

Octanoic acid ṉ n.d. ṉ ṉ 

Nonanedioic acid n.d. n.d. ṉ n.d. 

2-Pentylfuran n.d. n.d. ṉ n.d. 

a Compound identified only by its mass spectrum. ṉ, Detected.  n.d., Not detected. 

 

In the absence of olivine, the potential prebiotic amphiphile linoleic acid proved 

relatively resistant to wetςdry cycling in an oxygen-free atmosphere, except that it formed 

larger amounts of two of its conjugated isomers. The virtual absence of oxygen in early 

9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ ŀƴŘ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƛƴŦƭǳŜƴŎŜ ƻŦ ƳƛƴŜǊŀƭǎ ǎƘƻǳƭŘ ŀƭǿŀȅǎ ōŜ ŎƻƴǎƛŘŜǊŜŘ ƛƴ 

experiments simulating the conditions in prebiotic rock pools. If, for example, the above 

experiments had only been conducted in air, one would have concluded that olivine had 

no effect, because the survival rate of linoleic acid was independent of the presence of 

olivine (46 % and 45 % with and without olivine, respectively; Fig. 9). The experiments 
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under nitrogen, however, revealed that olivine significantly affected the decomposition, as 

already discussed. 

Rocks, minerals and other solids and, as demonstrated in the linoleic acid experiments, 

with slight technical modifications also liquid organics can be used in the WDA. These 

features make the apparatus suitable for studying mixtures that closely simulate the 

probable contents of primordial rock pools. The 99.999 % N2 used in the test applications I 

and II should be sufficiently oxygen-free for most applications of the WDA. However, in the 

experiment with linoleic acid under nitrogen, minor oxidation was observed (see above). 

Hence, more sensitive compounds may require an atmosphere with less residual oxygen. 

In the following, we describe how virtually complete exclusion of oxygen can be achieved 

by a simple means. 

Test application III. Alkaline pyrogallol solution 

In order to assess the importance of residual oxygen in the aqueous phase, we monitored 

the dissolved oxygen concentration in pure water during wetςdry cycling using an oxygen 

meter. Prior to deaeration, the water contained 4.15 mg O2 Lς1. After deaeration, the 

oxygen concentration was below 0.01 mg Lς1 όлΦо ˃Ƴƻƭ O2 Lς1), which was the detection 

limit of the instrument. With this deaerated water four wetςdry cycles with a total duration 

of 24 h were performed in the WDA in a stream of 99.999 % N2 (3.6 L hς1). At the start of 

the wet phase immediately following the end of the fourth cycle, the oxygen concentration 

was still below 0.01 mg Lς1. To check the measurement process, 1 mL of air (corresponding 

to 0.01 mmol of O2) was injected against a countercurrent of nitrogen next to the oxygen 

sensor. This increased the dissolved oxygen concentration up to 0.15 mg Lς1 for a short 

time. Then the concentration decreased again, since the nitrogen stream removed the 

oxygen from the WDA. 

In addition to the physical measurement of the residual oxygen, we used alkaline 

pyrogallol solution as a highly sensitive O2 color indicator. This solution reacts 

quantitatively with O2φǘƘŜǊŜŦƻǊŜ ƛǘ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ǘƘŜ ǇǳǊƛfication of gases and removal 

ƻŦ ƻȄȅƎŜƴφŀƴŘ ŎƘŀƴƎŜǎ ŎƻƭƻǊ ŦǊƻƳ colorless to red-brown or dark brown in the presence 

of O2 (Shriver & Drezdzon 1986). Pyrogallol reacts with oxygen to form a complex mixture 

of products, among them the dark colored purpurogallin (Fig. 11, Abrash et al. 1989). 
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Therefore, pyrogallol allows the detection of traces of oxygen with the naked eye. O2 

amounts as low as 0.35 µmol (8 µL) have been determined using a photometer (Duncan et 

al. 1979). 

 

 

Fig. 11. Reaction scheme for the formation of purpurogallin (2,3,4,6-tetrahydroxybenzocyclo-

hepten-5-one) by air oxidation of an alkaline solution of pyrogallol (Abrash et al. 1989). 

 

We performed an experiment in which alkaline pyrogallol solution was exposed to four 

wetςdry cycles in a stream of 99.999 % N2 (ca. 72 L hς1; for further experimental details, 

see Materials and methods). Photographs of the solution were taken before the cycles 

were started, after four cycles at the beginning of the fifth wet phase, and after injection 

of 1 mL of air (Fig. 12A, B and D, respectively). After four cycles, the initially colorless 

solution had turned brown (Fig. 12B), indicating reaction with oxygen. The subsequent 

injection of 1 mL of air (corresponding to 0.01 mmol of O2) caused only a slight color 

intensification (Fig. 12D). This result was surprising because the WDA had been carefully 

checked for tightness before starting the experiment. In addition, the high nitrogen flow 

rate prevented any negative pressure. However, it was precisely this high flow rate that 

caused the oxidation! According to the manufacturer, the nitrogen used contained 

3 vol ppm oxygen (Westfalen AG 2017). This means that ca. 5 mL (0.2 mmol) of O2 entered 

the apparatus during the 24-h duration of the experiment, enough to cause the brown 

color. 
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Fig. 12. (A) Pyrogallol starting solution. (B) After four cycles for 24 h under 99.999 % N2. (C) After 

four cycles for 24 h under 99.999 % N2 that had been passed through two pyrogallol solutions before 

entering the WDA. (D, E) After insertion of 1 mL of air into the solutions shown in B and C, 

respectively. 

 

The previous experiment was repeated, but now the nitrogen was passed through two 

gas washing bottles in series, each containing strongly alkaline pyrogallol solution to 

remove the residual oxygen. The resulting oxygen-free nitrogen was used in the 

experiment. Again, photographs of the flask were taken before the cycles were started, 

after four cycles at the beginning of the fifth wet phase, and after injection of 1 mL of air 

(Fig. 12A, C and E, respectively). After four cycles, the solution was still almost colorless 

(Fig. 12C), indicating that during the experiment the O2 concentration in the WDA was 

negligible. Only when 1 mL of air (0.01 mmol of O2) was injected directly into the solution, 

a color change to light brown/dark yellow was observed (Fig. 12E). This experiment proved 

that when the nitrogen used is thoroughly freed of O2, even extremely oxygen-sensitive 

compounds can be wetςdry cycled in the WDA. 
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Concluding remarks 

In summary, we have shown that our novel apparatus is well suited for the automated 

perforƳŀƴŎŜ ƻŦ ǇǊŜōƛƻǘƛŎ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊǎ ǘƘŀǘ ŀǊŜ ŎƘŀǊŀŎǘŜǊistic of 

ŦƭǳŎǘǳŀǘƛƴƎ ŜƴǾƛǊƻƳŜƴǘǎ ƛƴ ǇǊƛƳƻǊŘƛŀƭ ǊƻŎƪ ǇƻƻƭǎφŦƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ duration of the wetς

dry cycles, the temperature, and the ƻǊƎŀƴƛŎ ŀƴŘ ƳƛƴŜǊŀƭ ŎƻƴǘŜƴǘφŎŀƴ ōŜ ŀŘƧǳǎǘŜŘ ƻǾŜǊ ŀ 

fairly wide range. Another key feature is that the experiments can be conducted in a strictly 

oxygen-free atmosphere. We tested the apparatus on three chemical systems, namely (i) 

the amino acid glycine with and without clay minerals, (ii) the oxygen-sensitive amphiphile 

linoleic acid in air and under nitrogen, and with and without olivine, and (iii) an extremely 

oxygen-sensitive alkaline solution of pyrogallol. In addition, the apparatus has been used 

in a study on the prebiotic formation of iron porphyrins (Pleyer et al., manuscript in 

preparation). 

Currently, eight identical ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎŜǎ ŀǊŜ ƻǇŜǊŀǘŜŘ ƛƴ ƻǳǊ ƭŀōƻǊŀǘƻǊȅΦ ¢ƘŜȅ ŀǊŜ 

embedded in an infrastructure of analytical tools, for example (chiral) GC-MS, HPLC-

DAD/ELSD/CD, X-ray powder diffractometry, and IR and UV/Vis spectroscopy. Also 

available is an argon-filled glove box (<1 ppm O2) in which oxygen-sensitive starting 

ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ōŜ ǇƭŀŎŜŘ ƛƴǘƻ ǘƘŜ Ŧƭŀǎƪ ƻŦ ǘƘŜ ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎ ŀƴŘ ǘƘŜ ǊŜŀŎǘƛƻƴ ǇǊƻŘǳŎǘǎ 

can be isolated and prepared for analyses. This facility can be made available to researchers 

from other institǳǘƛƻƴǎ ǿƘƻ ŀǊŜ ƛƴǘŜǊŜǎǘŜŘ ƛƴ ǇŜǊŦƻǊƳƛƴƎ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎΦ 
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2.2 A possible prebiotic ancestry of porphyrin-type protein cofactors 

Hannes Lukas Pleyer, Henry Strasdeit und Stefan Fox 

Orig. Life Evol. Biosph. 2018, 48, 347ς371. 

https://link.springer.com/article/10.1007/s11084-018-9567-4 

Mit freundlicher Genehmigung von Springer Nature.  

Reproduced with permission from Springer Nature. 

 

Kurzzusammenfassung  

Fox und Strasdeit (2013) fanden einen potentiell präbiotischen Reaktionsweg für die Bil-

dung von hydrophoben Porphyrinen an urzeitlichen Vulkanküsten. In dieser Arbeit wird 

hieran angeknüpft, indem die Metallaufnahme durch hydrophobe Porphyrine untersucht 

wird. Als Modellverbindung dient das wasserunlösliche Octaethylporphyrin H2(oep). In 

einem simulierten Rock Pool wurden Nass-Trocken-Zyklen unter reiner 

Stickstoffatmosphäre durchgeführt. Als Quellen für die Metallionen wurden lösliche 

Chloride von Mg2+, Fe2+, Co2+, Ni2+ und Cu2+ sowie praktisch unlösliche Minerale und 

Gesteine und auch Eisenmeteorite verwendet. Außerdem wurde der Einfluss von niedrigen 

pH-Werten und künstlichem Meerwasser im Vergleich zu Süßwasser (doppelt destilliertem 

Wasser) untersucht. Es wurden Metalloporphyrin-Ausbeuten bis zu 78 % bezogen auf 

H2(oep) beobachtet. Bei den Untersuchungen stellte sich heraus, dass 

Octaethylporphyrinatomagnesium(II) im Sauren und auch in Anwesenheit von Fe2+-Ionen 

instabil war; die Fe2+-Ionen bewirkten eine Transmetallierung unter Bildung des 

Eisenkomplexes. Auf Grund der Versuche erscheint es plausibel anzunehmen, dass 

Vorläufer der modernen Cofaktoren Häm, B12 und F430 ς Eisen-, Cobalt- und 

Nickelporphyrinoid-YƻƳǇƭŜȄŜ ҍ ŀōƛƻǘƛǎŎƘ ŀǳŦ ŘŜǊ ŦǊǸƘŜƴ 9ǊŘŜ Ŝƴǘǎǘehen konnten und für 

Protometabolismen zur Verfügung standen. 
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Abstract In previous experiments that simulated conditions on primordial volcanic islands, 

we demonstrated the abiotic formation of hydrophobic porphyrins. The present study 

focused on the question whether such porphyrins can be metalated by prebiotically 

plausible metal ion sources. We used water-insoluble octaethylporphyrin (H2oep) as a 

model compound. Experiments were conducted in a nitrogen atmosphere under cyclic 

ǿŜǘ ŘǊȅ ŎƻƴŘƛǘƛƻƴǎ ƛƴ ƻǊŘŜǊ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ŦƭǳŎǘǳŀǘƛƴƎ environment in prebiotic rock 

ǇƻƻƭǎΦ ²ŜǘǘƛƴƎ ŘǊȅƛƴƎ ǇǊƻǾŜŘ ǘƻ ōŜ ŀ ŎǊǳŎƛŀƭ ŦŀŎǘƻǊΦ Significant yields of the 

ƳŜǘŀƭƭƻǇƻǊǇƘȅǊƛƴǎ όнл ту % with respect to H2oep) were obtained from the soluble salts 

MCl2 (M = Mg, Fe, Co, Ni and Cu) in freshwater. Even almost insoluble minerals and rocks 

metalated the porphyrin. Basalt (an iron source, 11 % yield), synthetic jaipurite (CoS, 33 %) 

and synthetic covellite (CuS, 57 %) were most efficient. Basalt, magnetite and FeCl2 gave 

considerably higher yields in artificial seawater than in freshwater. From iron sources, the 

highest yields, however, were obtained in an acidic medium (hydrochloric acid with an 

initial pH of 2.1). Under these conditions, iron meteorites also metalated the porphyrin. 

Acidic conditions were considered because they are known to occur during eruptions on 

volcanic islands. Octaethylporphyrinatomagnesium(II) did not form in acidic medium and 

was unstable towards dissolved Fe2+. It is therefore questionable whether magnesium 

porphyrins, i.e. possible ancestors of chlorophyll, could have accumulated in primordial 

rock pools. However, abiotically formed ancestors of the modern cofactors heme (Fe), B12 

(Co), and F430 (Ni) may have been available to hypothetical protometabolisms and early 

organisms. 

 

 

Keywords  Abiotic syntheses ϊ Acidic conditions ϊ Iron ϊ Metalloporphyrins ϊ Rock pools ϊ 

²Ŝǘ ŘǊȅ ŎȅŎƭƛƴƎ 
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Introduction 

In order to perform their function, Ƴŀƴȅ ǇǊƻǘŜƛƴǎφǇŀǊǘƛŎǳƭŀǊƭȅ ǘƘƻǎŜ ƛƴǾƻƭǾŜŘ ƛƴ ƎǊƻǳǇ 

transfer and redox reactions (including electron ǘǊŀƴǎŦŜǊύφǊŜǉǳƛǊŜ ǎƳŀƭƭ ƻǊ ƳŜŘƛǳƳ-sized 

organic molecules as άcoenzymesέ ƻǊΣ ƳƻǊŜ ƎŜƴŜǊŀƭƭȅΣ άcofactors.έ ¢ƘŜ ǇƻǊǇƘȅǊƛƴ-type 

cofactors (PTCs) are metal complexes that consist of a macrocyclic tetrapyrrole ligand and 

a tightly bound metal ion, such as Fe2+/3+, Mg2+, Co3+, and Ni2+ (Kaim et al. 2013). They 

ubiquitously occur in all kingdoms of life. Here we use the term άǇƻǊǇƘȅǊƛƴ-ǘȅǇŜέ ƛƴ ŀ ǿƛŘŜǊ 

sense to include, for example, metal complexes of contracted porphyrins (e.g., coenzyme 

B12) and partially reduced ones (e.g., cofactor F430). Heme and chlorophylls are the best 

known representatives of the PTCs. Heme-containing cytochrome P450 enzymes are 

thought to have existed for more than 3.5 billion years (Nelson et al. 1993). Thus, the PTC 

family is evolutionary very old and could well have a prebiotic origin. 

An abiotic formation of a PTC ancestor under early Earth conditions would probably 

have proceeded in two steps: first, the synthesis of the porphyrin and, subsequently, the 

incorporation of the metal ion. At least one alternative pathway is conceivable: an open-

chain tetrapyrrole could have first bonded to the metal ion and then cyclized to form the 

macrocyclic tetrapyrrole complex. Examples for this kind of reaction are known (Wood and 

Thompson 2007). However, they require conditions that are of little or no prebiotic 

relevance (e.g., organic solvents, bromo substituents). Therefore, the first pathway appears 

to be more plausible. Indeed, we have already experimentally demonstrated its initial step, 

the formation of porphyrins under reasonable prebiotic conditions (Fox and Strasdeit 

2013). 

The prebiotic scenario for our porphyrin synthesis is based on the chemical and physical 

environments on primordial volcanic islands. The synthesis consists of four steps: (i) em-

bedding of amino acids in sea salt crusts near coastal lava flows; (ii) thermal transformation 

of these amino acids into pyrroles, accompanied by release of hydrochloric acid from the 

sea salt; (iii) condensation of the (volatile) pyrroles and hydrochloric acid in cooler rock 

pools; (iv) hydrochloric acid-catalyzed condensation of the pyrroles with formaldehyde and 

oxidation by nitrite to give conjugated oligopyrroles, including porphyrins. The entire 

sequence was experimentally simulated in the laboratory. Moreover, the starting materials 
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involved (sea salt, amino acids, formaldehyde, nitrite) are generally regarded as 

άǇǊŜōƛƻǘƛŎΦέ The overall yield was low but must be seen against the facts that (i) the alkyl-

substituted porphyrins formed were water insoluble and (ii) porphyrins are extremely 

stable under geological conditions (Callot and Ocampo 2000). Therefore, the 

alkylporphyrins must have accumulated over time. 

Lƴ ǊŜƭŀǘŜŘ ǎǘǳŘƛŜǎΣ [ƛƴŘǎŜȅΩǎ ƎǊƻǳp has demonstrated the non-enzymatic synthesis of 

porphyrinogens ŦǊƻƳ ʰ-ŀƳƛƴƻƪŜǘƻƴŜǎ ŀƴŘ ʲ-ŘƛƪŜǘƻƴŜǎ ƻǊ ʲ-ketoesters in water (Lindsey et 

al. 2009; Lindsey et al. 2011; Soares et al. 2012a, b; Taniguchi et al. 2012; Soares et al. 

2013a). A spontaneous prebiotic formation of the starting materials used is, to our 

ƪƴƻǿƭŜŘƎŜΣ ǳƴƪƴƻǿƴΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘƛǎ ǊŜŀŎǘƛƻƴ Ŏŀƴƴƻǘ ōŜ ǊŜƎŀǊŘŜŘ ŀǎ ŀ άǇǊƛƳƻǊŘƛŀƭ-soup 

ǎȅƴǘƘŜǎƛǎέ όŀǎ ŘŜŦƛƴŜŘ ƛƴΥ {ǘǊŀǎŘŜƛǘ ŀƴŘ CƻȄ нлмоύΦ IƻǿŜǾŜǊΣ ŜŀǊƭȅ ŎŜƭƭ ŀƴŎŜǎǘƻǊǎ όtƻƘƻǊƛƭƭŜ 

2009) may have produced the starting materials in primitive protometabolisms. Already 

half a century ago, the formation of porphyrins from pyrroles and aldehydes has been 

recognized as a potentially prebiotic reaction (see for example: Szutka 1964). In line with 

this idea, the reaction of 3,4-dialkylpyrroles with formaldehyde in aqueous micellar 

solution has recently been studied (Alexy et al. 2015). Despite low (probably prebiotically 

realistic) pyrrole concentrations, good yields were obtained. 

Early metal incorporation experiments using pyrrole, paraformaldehyde, and metal salts 

under simulated prebiotic conditions gave only tiny yields of metal porphyrins (Hodgson 

and Baker 1967). In contrast, the reaction of Mn2+, Co2+ and Ni2+ salts with the hydrophilic 

uroporphyrins in ŘƛƭǳǘŜ ŀǉǳŜƻǳǎ ǎƻƭǳǘƛƻƴǎ όǇI ǊŀƴƎŜ сΦо фΦмΣ от °C) resulted in 40 to 84 % 

yields of the respective metal complexes (Frydman and Stevens 1968). In a more recent 

study, modiŦƛŎŀǘƛƻƴǎ ŀƴŘ ŜȄǘŜƴǎƛƻƴǎ ƻŦ ǘƘƛǎ ǳǊƻǇƻǊǇƘȅǊƛƴ ƳŜǘŀƭ ǎŀƭǘ ŀǇǇǊƻŀŎƘ ǿŜǊŜ 

described, including the use of additional metal ions (Mg2+, Fe2+, Cu2+, Zn2+, and Pd2+; Soares 

et al. 2013b). 

However, it still remains unclear how hydrophobic porphyrins such as 

octaethylporphyrin (H2oep, Fig. 1) could have been able to bind metal ions under prebiotic 

conditions. Hydrophobic alkylporphyrins are products of the above-described amino acid 

route (Fox and Strasdeit 2013) and also form from appropriately substituted aminoketones 

and diketones (Soares et al. 2013a). In addition, prebiotic hydrophilic or amphiphilic 
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porphyrins could have been transformed into more hydrophobic ones by thermal 

decarboxylation, for example in volcanic environments. Recently, solvent-free syntheses of 

metal(II) porphyrin complexes have been accomplished by reacting solid metal ion sources 

(magnesium oxide and hydrated metal acetates, respectively) with solid meso-

tetraphenylporphyrin (Schneider et al. 2016; Ralphs et al. 2017). The results suggest that 

ǎƻƭƛŘ ǎƻƭƛŘ ǊŜŀŎǘƛƻƴǎ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ŀǎ ǊƻǳǘŜǎ ǘƻ ƳŜǘŀƭ ǇƻǊǇƘȅǊƛns on the early Earth, 

even though the reported syntheses were not performed under simulated prebiotic 

conditions. 

 

 
Fig. 1 Structures of (A) 2,3,7,8,12,13,17,18-octaethylporphyrin (H2oep),  

(B) 2,3,7,8,12,13,17,18-octaethylporphyrinato metal(II) complexes ([M(oep)]),  

(C) H2oepO (an oxygenation product of H2oep), and (D) [Fe(oepOH)] (an iron complex of 

the oxygenated porphyrin). 
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Obviously, the water insolubility of alkylporphyrins poses a problem for metal complex 

formation in aqueous media. Moreover, some metals relevant to PTC ancestors had rather 

low concentrations in the Hadeanςearly Archean ocean, namely iron, cobalt, and nickel, 

but not magnesium (Holland 1984; Saito et al. 2003). The iron concentration, for example, 

is often reported to have been ~0.1 mmol Lς1 (see for example: Holland 1973; Saito et al. 

2003; Canfield 2005; Li et al. 2013). In addition to dissolved metal salts, several minerals 

could have served as metal ion sources (Hazen 2013), but here again their virtual 

insolubility seems to be problematic. Our idea was that the reaction between an 

alkylporphyrin and a (soluble or insoluble) metal ion source may nevertheless be possible 

in ǿŜǘ ŘǊȅ ŎȅŎƭŜǎΦ Lǘ ƛǎ ǇǊŜǎǳƳŜŘ ǘƘŀǘ ǿŜǘ ŘǊȅ ŎȅŎƭŜǎ ǇǊƻŘǳŎŜŘ ŀ Ŧƭuctuating environment 

in prebiotic rock pools (Lathe 2004; Deamer 2014). Therefore, alternating wetting and 

drying has been used in several prebiotic simulation experiments, with a major focus on 

oligomer formation (see for example: Lahav et al. 1978; Lahav and White 1980; Saetia et 

al. 1993; Olasagasti et al. 2011; Mamajanov et al. 2014; Forsythe et al. 2015; Rodriguez-

Garcia et al. 2015). Recently, we have studied glycine oligomerization and other test 

ǊŜŀŎǘƛƻƴǎ ƛƴ ŀ ƴŜǿƭȅ ŘŜǾŜƭƻǇŜŘ ŀǳǘƻƳŀǘŜŘ ǿŜǘ ŘǊȅ ŀǇǇŀratus, which can be operated 

under strictly anaerobic conditions (Fox et al. 2018). 

During the late Hadeanςearly Archean period, the alternation between wet and dry 

phases must have been particularly pronounced on the shores of active volcanic islands. At 

that time, the Earth had a considerably faster rotation rate (Walker 1982; Walker et al. 

1983; Zahnle and Walker 1987; Lathe 2004; Varga et al. 2006). The day length 3.9 Ga ago 

has been estimated between ~4 and ~17 hours; 14 hours (i.e., tides every ~7 hours) 

appears to be a good provisional value for use in simulation experiments (Lathe 2006). 

¢ƘǳǎΣ ŀǊƻǳƴŘ ǘƘŜ ǘƛƳŜ ǿƘŜƴ ƭƛŦŜ ŜƳŜǊƎŜŘΣ ǿŜǘ ŘǊȅ ŎȅŎƭƛƴƎ ƛƴ ǊƻŎƪ Ǉƻƻƭǎ ǿŀǎ ǇǊƻōŀōƭȅ 

nearly twice as fast as today. 

5ǳǊƛƴƎ ǘƘŜ ŘǊȅ ǇƘŀǎŜ ƻŦ ŀ ǿŜǘ ŘǊȅ ŎȅŎƭŜΣ ǎƻƭƛŘ ǎƻlid surface contacts may allow insoluble 

substances, such as alkylporphyrins and minerals, to react with each other. In the 

subsequent wet phase, the solids are separated again, so that in the next dry phase fresh 

surfaces can come into contact and react. We have tested this idea with octaethylporphyrin 
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and several prebiotically plausible iron and some copper, cobalt, nickel, and magnesium 

sources, and the results are reported here. 

 

 

Materials and Methods 

Chemicals, Minerals, Rocks, and Meteorites 

2,3,7,8,12,13,17,18-Octaethylporphyrin (H2oep, 97 %) and chlorido(octaethyl-

porphyrinato)iron(III) ([FeCl(oep)], 97 %) were purchased from TriPorTech, Selmsdorf, 

Germany. Octaethylporphyrinatocobalt(II) ([Co(oep)], 98 %) and octaethyl-

porphyrinatonickel(II) ([Ni(oep)], 98 %) were obtained from PorphyChem, Dijon, France. 

Octaethylporphyrinatocopper(II) ([Cu(oep)], 97 ҈ύΣ ŦŜǊǊƻȊƛƴŜ όҗфт %), and neocuproine 

(99 %) were from Sigma-Aldrich. Octaethylporphyrinatomagnesium(II) ([Mg(oep)], Johnson 

et al. 1980), octaethylporphyrinatoiron(II) ([Fe(oep)], Konarev et al. 2009), µ-oxo-

bis[octaethylporphyrinatoiron(III)] ([{Fe(oep)}2(µ-O)], Dolphin et al. 1978), octaethyl-

porphyrinium dichloride ((H4oep)Cl2, Ogoshi et al. 1973), cobalt(II) sulfide, and nickel(II) 

sulfide (Glemser and Schwarzmann 1981) were prepared by literature procedures. The 

following compounds were used in high-purity form: ammonium iron(II) sulfate 

hexahydrate (99.997 %, Sigma-Aldrich), iron powder (99.998 %, Alfa Aesar, particle size 

Җс ˃ ƳύΣ ƛǊƻƴόII) chloride tetrahydrate (99.99 %, Sigma-Aldrich), iron(II,III) oxide (99.995 %, 

Sigma-Aldrich), and iron(III) oxide (99.999 %, Sigma-Aldrich). All other metal salts and all 

organic solvents were of analytical grade. Double distilled water, which was prepared in a 

quartz glass distillation apparatus (BD 50, Westdeutsche Quarzschmelze), was used 

throughout the study. 

Well-formed crystals of pyrrhotite (Nikolaevskiy mine, Dalnegorsk, Russia) were pur-

chased from Wilfried Kittler, Freiberg, Germany. Pyrite (Mererani, Tanzania), olivine 

(Shigar, Pakistan) and chalcopyrite (Alban, France) samples were obtained from Jentsch 

Mineralien, Extertal, Germany. X-ray powder diffraction showed that the chalcopyrite also 

contained pyrite. The ankerite sample (Oust, Ariège, France) was also from Jentsch 

Mineralien. Its Fe content was 2.8 %, its carbonate-C content 11.8 % (determined by 
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Mikroanalytisches Labor Pascher, Remagen, Germany). Magnetite crystals (Bahia, Brazil) 

were obtained from Mineraliengrosshandel Hausen, Telfs, Austria. For all minerals used, 

including the synthetic ones, the phase purity was checked by X-ray powder diffraction.  

The basalt used in this study was a product of the 2010 eruption of the Piton de la 

Fournaise volcano on the island of La Réunion, Indian Ocean. The samples were collected 

in 2011. They were taken from the interior of larger basalt chunks in order to minimize 

biological and weathering contamination. Within two weeks after collection, the material 

was dried and sterilized at 150 °C for 24 hours and then stored in a closed container at 

~0 °C. Major elements (determined by X-ray fluorescence spectrometry at the Landesamt 

für Geologie, Rohstoffe und Bergbau, Freiburg, Germany), expressed as oxides, were: SiO2 

45.36, Al2O3 13.91, CaO 12.83, FeO 8.02, MgO 7.05, Fe2O3 4.27, Na2O 3.02, TiO2 2.77, K2O 

0.82, P2O5 0.32, and MnO 0.18 %. The SiO2, MgO and (Na2O + K2O) contents together define 

this rock as a basalt (Gill 2010). The komatiite used in this study was a relatively fresh one 

from the 3.27 Ga Weltevreden Formation, Barberton Greenstone Belt, South Africa 

(sample SA 564-1; Kareem 2005; Puchtel et al. 2013). Our sample contained 0.9 % Fe2+ 

(determined by Mikroanalytisches Labor Pascher); for further analytical data, see Puchtel 

et al. (2013). The sample was provided by Dr. Igor Puchtel of the University of Maryland, 

College Park, USA. 

Prior to use, all minerals and rocks were crushed and passed through a 500-µm sieve. 

The fraction with particle sizes <500 µm was used for the experiments, unless otherwise 

stated. 

Shavings of the iron meteorites {ƘƛǒǊ лпо ŀƴŘ ¢ǿŀƴƴōŜǊƎ LL ǿŜǊŜ ǳǎŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ 

ƳŀƧƻǊ ŎƻƴǎǘƛǘǳŜƴǘǎ ƻŦ {ƘƛǒǊ лпо ŀǊŜ iron (91.00 %) and nickel (8.07 %), with the remainder 

being mostly cobalt and phosphorus (Al-Kathiri et al. 2006). The size of its shavings was 

~0.5 x 0.25 mm. Twannberg II has a higher iron content (95.5 %) and contains ~4.5 % nickel 

(Hofmann et al. 2009). The Twannberg II shavings used were ~5 x 1 mm in size. Both 

meteorite samples were provided by Dr. Beda Hofmann of the Naturhistorische Museum 

Bern, Switzerland. Prior to use, the samples were treated with hydrochloric acid  

(2 mol Lς1) for 10 minutes and then thoroughly washed with water. 
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Artificial seawater was prepared by dissolving 41.20 g (705 mmol) of sodium chloride, 

1.12 g (15 mmol) of potassium chloride, 16.26 g (80 mmol) of magnesium chloride hexa-

hydrate, and 2.21 g (15 mmol) of calcium chloride dihydrat in water and making up to 1 L. 

The reasons why this composition was chosen as a model for primordial sea salt have been 

discussed elsewhere (Fox and Strasdeit 2013). The resulting overall salt content of 5.0 % 

was higher than that of modern seawater (3.5 %). This is in accordance with the idea that 

the ocean in the Archean was more saline than today (Knauth 1998, 2005). 

Reactions in the WetςDry Apparatus (WDA) 

The experimental setup and operating principle of the WDA have been described in detail 

elsewhere (Fox et al. 2018). In brief, the apparatus consists of a Schlenk flask, a heat-

insulated glass riser, a reflux condenser, a 50-mL reservoir, and a time controlled magnetic 

valve. The aqueous mixture in the flask is heated with an oil bath, causing the water to 

slowly evaporate. During this wet phase, the water vapor rises through the riser into the 

reflux condenser. From the condenser, the water flows into the reservoir and collects 

there. When the water has completely evaporated from the flask, the residue is dry heated. 

At the end of the dry phase, the valve opens for a short time and allows the water to flow 

back from the reservoir into the flask. At this point, the next wet phase starts. Before and 

during an experiment, the WDA can be purged with nitrogen or another suitable gas. The 

apparatus is automated. Key experimental parameters (for example, the durations of the 

wet and dry phases) can be varied. 

Typical procedure: Special care was taken to exclude oxygen during the whole 

experiment. To a Schlenk flask containing 30 mL of deoxygenated water, artificial seawater 

or hydrochloric acid (10 mmol Lς1), 1.00 mg (1.87 ˃ Ƴƻƭύ ƻŦ ƻŎǘŀŜǘƘȅƭǇƻǊǇƘȅǊƛƴ ŀƴŘ ŀ 

defined amount of an iron source were added against a countercurrent of nitrogen gas 

(99.999 % purity). Iron was always present in excess. The flask was attached to the rest of 

the WDA, and the whole system was purged with nitrogen for 60 hours. Then the wetςdry 

cycling was started by heating the flask to 150 °C, which resulted in the evaporation of the 

water. After 7 hours, the magnetic valve opened for 15 minutes so that the water flowed 

back into the hot flask. Thus, the reaction mixture was rehydrated, and the next cycle 
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started. The mixture was subjected to 13 consecutive wetςdry cycles. After the last dry 

phase, the flask was transferred for analysis into a glove box containing an argon 

atmosphere (~1 ppm O2). The same procedure was applied with sources of metals other 

than iron. In these cases, only water and typically 1 mmol of the respective metal source 

were used. 

Analytical Instrumentation 

High-performance thin-layer chromatography (HPTLC) Silica gel 60 HPTLC plates 

(10 x 20 cm, MS grade, Merck) were used as the stationary phase. Bands of the sample and 

standard solutions were applied by an Automatic TLC Sampler 4 from Camag (Muttenz, 

Switzerland). Typically, 18 bands with a length of 6 mm each were applied on a single plate, 

and the plates were developed up to a migration distance of 60 mm in a flat bottom 

chamber at ambient temperature and humidity. After development, the plates were dried 

at ambient conditions and scanned at a single wavelength with a TLC Scanner 3 (Camag) in 

the absorption mode. Additionally, absorption spectra of the bands were recorded in the 

200ς700 nm range with the TLC Scanner 3 to check the correct substance assignment and 

the purity. The colors of the bands were visible with the naked eye. 

LDIςTOF/TOF mass spectrometry Mass spectra were measured with an Autoflex III spectro-

meter from Bruker Daltonics (Bremen, Germany). A toluene solution of coronene, phthalo-

cyanine, and the fullerenes C60 and C70 was used for external calibration of the instrument. 

Typically, 2 µL of a solution of the analyte in dichloromethane were transferred to a 

polished steel target plate and dried at room temperature. Sample preparation was 

conducted under an argon atmosphere in a glove box (~1 ppm O2). 

UVςvisible spectroscopy Absorption spectra were recorded on a Specord 210 spectrometer 

from Analytik Jena (Jena, Germany). The scan speed was 1 nm sς1, and the resolution was 

0.5 nm. Dichloromethane solutions of the analytes were measured in the wavelength range 

нрл улл nm in a gas-tight quartz glass cuvette under anaerobic conditions, unless 

otherwise stated. For the colorimetric iron determination with ferrozine, the spectrometer 
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was operated in the single wavelength mode at 562 nm. Disposable polystyrene cuvettes 

were used which were discarded after each measurement to avoid cross-contamination. 

Atomic force microscopy (AFM) on magnetite surfaces AFM was performed using a JPK 

NanoWizard II system (JPK Instruments, Berlin, Germany), which was placed on a vibration 

insulated table. The images were acquired in tapping mode with a PPP-NCH silicon 

cantilever (Nanosensors, Neuchatel, Switzerland). The drive frequency was ~300 kHz, and 

the scan rate was between 0.8 and 1.0 Hz. All measurements were performed in air. The 

ŦǊŜŜ ǎƻŦǘǿŀǊŜ DǿȅŘŘƛƻƴ όǾŜǊǎƛƻƴ нΦрлΤ bŜőŀǎ ŀƴŘ YƭŀǇŜǘŜƪ нлмнύ ǿŀǎ ǳǎŜŘ ŦƻǊ ƛƳŀƎŜ 

processing. 

The samples were natural octahedral magnetite crystals (~6 mm edge length, 500ς

600 mg). Prior to use, the crystal surfaces were manually wet polished with progressively 

finer silicon carbide abrasive paper (grit sizes P400, P600, P800, P1000, P1200 and P2000) 

and rinsed repeatedly with water. After drying in a desiccator, the polished crystals were 

stored in a pure argon atmosphere to prevent oxidation of the surfaces. A few crystals were 

crushed using tungsten carbide equipment, and the phase purity of the obtained powder 

was checked by X-ray diffraction. Before a wetςdry experiment was started, the polished 

magnetite surfaces were examined by AFM. Then the crystal was exposed to 12 wetςdry 

cycles using 30 mL of deaerated water. All experiments were carried out in a nitrogen 

atmosphere. After the experiments the samples were stored under an argon atmosphere 

for no longer than three days before they were examined by AFM. At least ten randomly 

chosen areas of each magnetite sample were analyzed. 

Fluorescence microscopy on H2oep deposited on magnetite Fluorescence microscopy was 

performed using an Axioscope 2 microscope equipped with EC Epiplan-Neofluar 20x and 

40x objectives, filter set 09 (BP 450ς490 exciter filter, FT 510 beam splitter, LP 515 emission 

filter), and HBO 100 illuminator (Carl Zeiss Microscopy GmbH, Jena, Germany). Photo-

micrographs were taken with a 10.6 megapixel CMOS camera SC100 (Olympus, Hamburg, 

Germany) attached to the microscope. The camera was controlled by cellSens Standard 

V1.15 software including Manual Process Control, which allowed focus stacking and thus 

the production of high depth of field images. The magnetite samples were manually 
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polished natural octahedral crystals as used for AFM. In each experiment, one magnetite 

crystal and 5 mg of H2oep were exposed to wetςdry cycles in 30 mL of deaerated water in 

a nitrogen atmosphere. The magnetite crystal was recovered at the end of a dry phase, and 

the H2oep on its surfaces was analyzed by fluorescence microscopy. The high-energy edge 

of the Q IV band of H2oep was within the excitation range used (450ς490 nm). 

X-ray powder diffractometry Powder diffraction data were obtained on a D8 Focus 

diffractometer from Bruker AXS (Karlsruhe, Germany) using CuY  hradiation (˂  = 1.5418 Å). 

The instrument was equipped with a Sol-X energy dispersive detector. Diffractograms were 

measured in the 2̒  range 5ς90°. 

Analytical Procedures 

Extraction of the metalloporphyrins and sample preparation The dry residue obtained from 

the reaction with an iron source was transferred into a glove box (argon atmosphere, 

~1 ppm O2) where it was extracted with deaerated dichloromethane eleven times (once 

with 2 mL and ten times with 1 mL). For the mass spectrometric and absorption 

spectroscopic measurements, 4 mL were taken from the extract. The remaining 8 mL were 

stirred in air with 2 mol Lς1 hydrochloric acid for 1 hour. Under these conditions, all possibly 

formed iron porphyrin complexes were converted to [FeCl(oep)] (Maricondi et al. 1969; 

Dolphin et al. 1976; Goff 1981). Then the organic phase was separated, and the solvent was 

removed under reduced pressure. The residue was dissolved in 1 mL of dichloromethane. 

Aliquots of this solution were used for the yield determination by HPTLC. The extraction 

procedure was tested with various known amounts of [Fe(oep)]. It was found that no 

demetalation occurred and the complex was completely converted to [FeCl(oep)] under 

these conditions. 

When artificial seawater or water-soluble iron sources were used, a slightly modified 

procedure was applied. First, the salt crust which had formed in the experiment was 

extracted with a total of 12 mL of deaerated dichloromethane. In this case only 200 µL of 

the extract were taken for mass spectrometric and absorption spectroscopic 

measurements. Then the salt crust was dissolved in 20 mL of 2 mol Lς1 hydrochloric acid, 



 

91 
 
 

 

7 mL of dichloromethane were added, and the mixture was stirred for 10 minutes. Next, 

the resulting two phases (aqueous and organic) were combined with the first 

dichloromethane extract, and the combined mixture was stirred in air for 1 hour. The 

subsequent steps were carried out as described above. 

Residues obtained from reactions with sources of metals other than iron were processed 

in the same manner, except that the treatment with hydrochloric acid was omitted. 

Determination of the metalloporphyrin yields by high-performance thin-layer chromatog-

raphy 

 For the quantitative determination of iron porphyrin complexes, sample and standard 

solutions in dichloromethane were applied to HPTLC plates. [FeCl(oep)] served as the 

standard. The plates were developed in a saturated chamber with a mixture of n-hexane, 

methanol and chloroform (8:2:1, v/v/v). Densitometry was performed by absorption 

measurement at 386 ƴƳΦ ¦± ǾƛǎƛōƭŜ ǎǇŜŎǘǊŀ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ŘǳǊƛƴƎ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ 

[FeCl(oep)] was transformed into the µ-oxido dimer [{Fe(oep)}2(µ-O)]. This behavior is 

known from chromatography on alumina (Ivashin et al. 1996). 

In order to check the HPTLC results, the iron content of selected samples was 

additionally determined by inductively coupled plasma atomic emission spectroscopy (ICP-

AES; Mikroanalytisches Labor Pascher). Prior to analysis, each dichloromethane extract (the 

same as used for HPTLC) was filtered through a 0.45 µm PTFE membrane to remove 

particulate material. An aliquot of the filtrate was used for ICP-AES after evaporation of the 

solvent at ambient temperature and pressure. HPTLC measured only the iron in the iron 

porphyrin, while with ICP-AES the whole iron content of the sample was determined. As 

can be seen in Table 1, the ICP-AES values are close to, but systematically higher than, the 

HPTLC values. Probably our efforts to remove the particulate material were not entirely 

successful, and the ICP-AES data contained a contribution from non-porphyrin-bound iron. 

However, the ICP-AES values still support the reliability of the HPTLC results, as they are 

only 3 to 8 percentage points higher. 

The porphyrin complexes of other metals were also quantified by HPTLC. The basic 

procedure was the same as described for [FeCl(oep)], but with different mobile phases and 

detection wavelengths. A mixture of n-hexan and toluene (1:1, v/v) was used for [Cu(oep)] 
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and [Ni(oep)], and a mixture of dichloromethane and methanol (100:2, v/v) for [Co(oep)]. 

In all three cases, the detection was at 398 nm. The yield of [Mg(oep)] was determined with 

toluene as the mobile phase and detection at 572 nm. 

As the metal ion sources were used in excess of the porphyrin, the yields given in Tables 

1 and 3 were calculated with respect to H2oep. 

Quantitative determination of dissolved iron by the ferrozine method Samples were 

prepared by suspending mineral or rock particles in either water, artificial seawater or 

10 mmol Lς1 hydrochloric acid. Typically after 60 hours, the sample was centrifuged. The 

supernatant was used to determine the iron that had been liberated from the solid. A 500-

µL aliquot was diluted either with 500 µL of 20 mmol Lς1 hydrochloric acid (in case of water 

or artificial seawater as solvent) or with 500 µL of 10 mmol Lς1 hydrochloric acid (in case of 

10 mmol Lς1 hydrochloric acid as solvent). The method used for the subsequent iron 

determination was adopted from Riemer et al. (2004). To prepare the iron-detection 

reagent, 16 mg (32.5 µmol) of ferrozine, 7 mg (33 µmol) of neocuproine, 964 mg 

(12.5 mmol) of ammonium acetate, and 881 mg (5.0 mmol) of ascorbic acid were dissolved 

in 5 mL of water. Neocuproine was used to mask otherwise disturbing copper ions. To 

300 µL of an aqueous sample solution, 300 µL of 10 mmol Lς1 hydrochloric acid and 100 µl 

of the iron-detection reagent were added. The solution was thoroughly mixed and after 30 

minutes transferred into a disposable cuvette. The absorbance at 562 nm was measured 

against a reagent blank consisting of 600 µL of hydrochloric acid and 100 µL of the iron-

detection reagent. The iron content was calculated using a calibration curve, which was 

obtained from ammonium iron(II) sulfate hexahydrate standard solutions. The standard 

solutions were treated in the same manner as the actual samples. If necessary, samples 

were diluted with double distilled water prior to use. 
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Results and Discussion 

.ŀŎƪƎǊƻǳƴŘ ƻŦ ǘƘŜ ²Ŝǘ 5Ǌȅ {ƛƳǳƭŀǘƛƻƴ 9ȄǇŜǊƛƳŜƴǘǎ 

The aim of this study was to simulate organicςinorganic interactions in rock pools, 

especially in tide-washed ones, on primordial volcanic islands. The experiments were 

performed in a newly developed wetςdry apparatus (WDA, see Materials and Methods). 

The temperature, pH, duration of the wetςdry cycles, content material of a rock pool, and 

an oxygen-free atmosphere could be simulated in the WDA. 

It is reasonable to assume that two essentially different types of rock pools existed at 

primordial coasts. One type was close to the shoreline. It was affected by the tides and 

therefore contained seawater (tide pools). The other type was more remote from the 

shoreline and occasionally filled with rainwater (freshwater). In such freshwater rock pools, 

the wetςdry cycles were much more irregular because rainfall did not occur as periodic as 

tides. Nevertheless, we performed the freshwater and salt-water experiments with the 

same wetςdry frequency to ensure comparability of the results. In addition to rain, water 

vapor from the interaction of seawater with hot lava represents another freshwater source. 

Sea salt-containing aerosols or mixtures of seawater and rain water can form brackish 

water in rock pools. If lava is sufficiently hot, it releases hydrochloric acid (HCl) from 

ǎŜŀǿŀǘŜǊΦ ¢Ƙƛǎ Ƙŀǎ ōŜŜƴ ƻōǎŜǊǾŜŘΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ŀǘ ǘƘŜ Ŏƻŀǎǘǎ ƻŦ IŀǿŀƛΩƛ ŀƴŘ [ŀ wŞǳƴƛƻƴ 

(Edmonds and Gerlach 2006; Bughwant et al. 2009). The HCl originates from the 

decompostion of solid MgCl2 hydrates (Wiberg 2001). It is plausible that this process 

already occurred at primordial volcanic coasts because 9ŀǊǘƘΩǎ ŜŀǊƭȅ ƻŎŜŀƴ was probably 

highly saline (Knauth 1998, 2005; Izawa et al. 2010). Therefore, Hadeanςearly Archean rock 

pools could also have contained acidic water. Based on these considerations, we performed 

our experiments with freshwater, acidic freshwater, and saltwater as reaction media. 

In this study, the hydrophobic octaethylporphyrin (H2oep, Fig. 1) was used as a model 

compound. The reasons for this are explained in the Introduction. If porphyrins were 

present in primordial rock pools, they inevitably came into contact with minerals and rocks. 

Since rock pools at volcanic coasts are depressions in solidified lava, our experiments 

focussed on igneous rocks and their mineral components. However, other minerals that 

http://www.dict.cc/englisch-deutsch/occasionally.html
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were probably present on the early Earth (Hazen 2013) were also included in the series of 

experiments reported here. 

 

Metalation of Octaethylporphyrin by Iron Sources 

General remarks Besides igneous rocks (basalt and komatiite), we studied the volcanism-

related minerals magnetite and olivine as iron sources. In addition, other plausible Hadean 

minerals such as ankerite, pyrite, and pyrrhotite, as well as the soluble salt iron(II) chloride 

were used. Large amounts of metallic iron could have been delivered to the early Earth by 

meteorites, especially during the late heavy bombardment. Therefore, we also employed 

synthetic iron powder and shavings ƻŦ ǘƘŜ ƛǊƻƴ ƳŜǘŜƻǊƛǘŜǎ ¢ǿŀƴƴōŜǊƎ LL ŀƴŘ {ƘƛǒǊ лпоΦ 

After each wetςdry experiment, the iron porphyrin complexes that had formed were 

completely transformed into the air-stable [FeCl(oep)]. This ensured a reliable 

quantification of the complexed iron. Experimental and analytical details are given in 

Materials and Methods. 

Spectroscopic results and oxidative processes Fig. 2A shows, as an example, the LDIς

TOF/TOF mass spectrum of the dichloromethane-soluble products from a wetςdry experi-

ment with H2oep and basalt in artificial seawater. The three main peak groups correspond 

to (i) unreacted H2oep ([H2oep + H]+ at m/z 535.3, overlapped by H2oep+; compare Fig. 2D),  

(ii) [Fe(oep)]+ (m/z 588.3), and (iii) [FeCl(oep)]+ (m/z 623.3). Mass spectra of the standard 

[FeCl(oep)] usually showed the corresponding molecular peak at m/z 623.3 (Fig. 2C). 

However, under LDI conditions the chlorido ligand was partly or, at higher laser energies, 

completely lost, resulting in a signal at m/z 588.3 ([Fe(oep)]+). Not unexpectedly, the same 

m/z value occurred in the spectrum of the iron(II) complex [Fe(oep)] (Fig. 2B). 

Consequently, the formation of [Fe(oep)] in chloride-containing media cannot be proved 

by LDIςTOF/TOF MS, because the m/z 588.3 signal may also be due to [FeCl(oep)]. 

Oxidation of Fe(II) to Fe(III) may already occur in the wetςdry cycles. Thus, even in the 

absence of chloride, the m/z 588.3 signal does not necessarily indicate the presence of the 
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Fe(II) complex [Fe(oep)] in the sample. Avoiding oxidation in wetςdry experiment is techni-

cally very demanding (Fox et al. 2018). This is especially true when highly oxygen-sensitive 

species such as [Fe(oep)] and Fe(II)(aq) are present in low amounts. Under these conditions, 

low residual oxygen concentrations in the gas phase are sufficient to cause oxidation. 

Therefore, we cannot rule out the possibility that Fe(II) was partly oxidized to Fe(III) in our 

wetςdry experiments. Fe(III) also reacts with H2oep to form a complex. This was confirmed 

through wetςdry experiments with iron(III) oxide as the iron source. 

In order to test whether [Fe(oep)] was the final product of wetςdry experiments with 

Fe(II) sources, the dichloromethane extract from a suitable experiment (iron(II) chloride 

and H2oep in hydrochloric acid) was deliberately oxidized by air. The ¦± ǾƛǎƛōƭŜ ǎǇŜŎǘǊŀ 

before and after oxidation differed significantly (Fig. 3A and D, respectively). The spectrum 

of the oxidized extract was virtually identical to that of an equimolar mixture of [FeCl(oep)] 

and H2oep (Fig. 3E), demonstrating that [FeCl(oep)] had formed and H2oep was present. If 

[FeCl(oep)] was already the major iron species in the untreated extract, exposure to air 

would not have caused considerable changes in the ¦± ǾƛǎƛōƭŜ ǎǇŜŎǘǊǳƳΣ ōŜŎŀǳǎŜ ǘƘƛǎ 

complex is not oxidizable. Thus, the occurrence of spectral changes indicates that originally 

an Fe(II) complex, very probably [Fe(oep)], was present. In line with this, the spectrum of 

the untreated extract showed a shoulder at 388 nm, which is the position of the Soret band 

of [Fe(oep)] (compare Fig. 3A and B). The Q-bands of [Fe(oep)] could not be unambiguously 

identified, because of overlap with bands of H2oep and (H4oep)Cl2 (see next paragraph). 
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Fig. 2 LDIςTOF/TOF mass spectra: dichloromethane extract of the dry residue from a 

simulation experiment with H2oep and basalt in artificial seawater (A); standard 

substances: [Fe(oep)] (B), [FeCl(oep)] (C), H2oep (D), and [Cu(oep)] (E). Calculated values 

are given in parentheses. 

 

The strong bands at 404 and ~422 nm in the spectrum of the non-oxidized extract 

(Fig. 3A) coincide with the Soret band of H2oep (Fig. 3G) and (H4oep)Cl2 (Fig. 3C), 

respectively. The formation of (H4oep)Cl2 from H2oep and hydrochloric acid has been 

described in the literature (Ogoshi et al. 1973). In contrast to the insoluble H2oep, 

(H4oep)Cl2 is slightly soluble in acidic water. Because of this, (H4oep)Cl2 may be at least 

partly responsible for the comparatively high yields observed in wetςdry experiments 

under acidic conditions (Table 1). (H4oep)Cl2 also played an important role in the oxidation 

of the dichloromethane extract (see above), whereby [Fe(oep)] was oxidized to [FeCl(oep)] 

(reaction 1). The formation of the chlorido complex was to some extent unexpected 

because air oxidation usually leads to the oxido dimer [{Fe(oep)}2(µ-O)] (James 1978). 
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(H4oep)Cl2, however, provided not only the chloride ions needed as ligands but also protons 

ǘƻ ǘǊŀǇ ǘƘŜ ƻȄƛŘŜ ƛƻƴ όǎŜŜ ǘƘŜ ŦƻǊƳŀƭ ǊŜŀŎǘƛƻƴǎ н ŀƴŘ оύΦ CǊŜŜ I/ƭφŀ ǇƻǘŜƴǘƛŀƭ ŀƭǘŜǊƴŀǘƛǾe 

ǎƻǳǊŎŜ ƻŦ ŎƘƭƻǊƛŘŜ ŀƴŘ ǇǊƻǘƻƴǎφǿŀǎ ƴƻǘ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ŘƛŎƘƭƻǊƻƳŜǘƘŀƴŜ ŜȄǘǊŀŎǘΣ ōŜŎŀǳǎŜ 

the extraction was performed on a dry residue. 

2 [Fe(oep)] + (H4oep)Cl2 + ½ O2  Ҧ  н ώCŜ/ƭόƻŜǇύϐ Ҍ I2oep + H2O (1) 

2 [Fe(oep)] + 2 Cl + ½ O2  Ҧ  н ώCŜ/ƭόƻŜǇύϐ Ҍ hн (2) 

(H4oep)Cl2 + Oн  Ҧ  I2O + H2oep + 2 Cl (3) 

In the spectrum of the oxidized extract (Fig. 3D), the Soret band at 402 nm and the  

Q-bands at 503, 506, 538, 571, 599 and 626 nm could be unambiguously assigned to H2oep. 

The shoulder at ~382 nm was consistent with the presence of [FeCl(oep)], which has its 

Soret band at 380 nm (Fig. 3F). Assignment of the Q-bands of [FeCl(oep)], however, was 

difficult, because in the relevant region H2oep dominated the spectrum. Only the broad 

band at ~640 nm could be identified as a Q-band of [FeCl(oep)]. In the reference spectrum, 

it occurred at 636 nm and was absent in the spectrum of H2oep. As mentioned above, the 

simultaneous presence of [FeCl(oep)] and H2oep in the oxidized extract was demonstrated 

by comparison with the spectrum of an equimolar mixture of the two compounds (Fig. 3D 

and E). The 1:1 mixture did not only reproduce the band positions but also the relative band 

intensities, indicating a metal complex yield of around 50 % in the wetςdry experiment. 

This is in good agreement with the actually measured yield of 58 % (entry 1c in Table 1). 
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Fig. 3 ¦± ǾƛǎƛōƭŜ ǎǇŜŎǘǊŀ ƛƴ dichloromethane: extract of the dry residue from a simulation 

experiment with FeCl2 and H2oep under acidic conditions (A), [Fe(oep)] (B), 

octaethylporphyrinium dichloride (H4oep)Cl2 (C), extract of the residue after air oxidation 

(D), equimolar mixture of [FeCl(oep)] and H2oep (E), [FeCl(oep)] (F), and H2oep (G). 
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The mineral pyrite turned out to be different from the other iron sources. It is known 

that when pyrite comes into contact with oxygen-free water, hydrogen peroxide (H2O2) is 

formed (Borda et al. 2001). H2O2 can oxygenate a carbon atom at one of the meso positions 

of H2oep or [Fe(oep)], resulting in the formation of H2oepO and [Fe(oepOH)], respectively 

(Fig. 1; Balch 2000, Kalish et al. 2000, Kalish et al. 2001). Indeed, LDIςTOF/TOF spectra of 

the extracts from our wetςdry experiments with H2oep and pyrite or chalcopyrite showed 

the signals of H2oepO (m/z found 550.4, calcd 550.37) and [Fe(oepOH)] (m/z found 603.3, 

calcd 603.28). The observation that chalcopyrite also led to the formation of the 

oxygenated species is plausibly explained by its pyrite content (see Materials and 

Methods). These results indicate that alkylporphyrin complexes analogous to [Fe(oepOH)] 

Ƴŀȅ ƘŀǾŜ ŦƻǊƳŜŘ ōȅ ƻȄƛŘŀǘƛƻƴ ƛƴ ŀ ǇǊŜōƛƻǘƛŎ ǿŀǘŜǊ ǇȅǊƛǘŜ ŜƴǾƛǊƻƴƳŜƴǘΦ ώCŜόƻŜǇhH)] can 

be regarded as the Fe(III) complex of triply deprotonated H2oepO, at least in one of its 

resonance structures. 

The influence of low pH Strongly acidic conditionsφŦƻǊ ŜȄŀƳǇƭŜΣ Ǌŀƛƴ ƻŦ ǇI  нφoccur on 

present-day volcanic islands as a result of eruptions (Staudacher et al. 2009; see also the 

Introduction). It therefore seems plausible that acidic environments also existed on 

primordial volcanic island. This led us to examine whether low pH influenced the formation 

of ώCŜόƻŜǇύϐ ƛƴ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎΦ Brønsted acidity is often an important factor in metal 

complex formation. On the one hand, metal ions can be mobilized from solids at low pH so 

that they become available for complex formation. On the other hand, metal ions and 

protons compete for ligands; therefore, complex formation with protonable ligands often 

becomes increasingly difficult with decreasing pH. In our experiments, the yields of the iron 

complex were always significantly higher under acidic than under neutral conditions 

(Table 1). For basalt, magnetite, metallic iron, and Twannberg II, for example, the yields 

were in the 40 % range in acidic solution, compared with 11 % or less without acid. 

Obviously, [Fe(oep)] was quite resistant to protonolysis (i.e., protonation of the 

coordinated porphyrinate), and positive effects of low pH on complex formation 

predominated. 
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Table 1 Yields from the reaction of H2oep with iron sources in different aqueous media 

  Experiment no. Iron source Medium Yield (%) 

        1a a Iron(II) chloride  fw 25 

b  fw 12 

c  aw 58 (64)b 

d  sw  21 

        2 a Basaltc fw  11 

b  aw 40 (45)b 

 c  sw 24 

        3 a Magnetited,e fw 1 

b aw 36 (44)b 

c sw  19 

        4 a Metallic irone fw <0.5 

b  aw 42 

        5 a {ƘƛǒǊ лпоf 

 

fw <0.5 

b aw 29 

        6 a Twannberg IIf fw <0.5 

b  aw 46 

        7 a Ankeritec fw <0.5 

b  aw 2 

        8 a Komatiitec fw <0.5 

b  aw 1 (4)b 

        9 a Olivinec fw 1 

b  aw 9 

      10 a Pyrrhotitec fw 1 

b  aw 3 

a 1a: 1 mmol FeCl2, 1bςd: 3 µmol FeCl2; b Values in parentheses were calculated 

from analytical data determined by ICP-AES by Mikroanalytisches Labor Pascher 

(see Materials and Methods); c Particle size <0.5 mm; d Synthetic iron(II,III) oxide; e 

Powder; f Shavings (see Materials and Methods) 

fw, freshwater; aw, acidic water at a starting pH of 2 (HCl); sw, artifical seawater 

(see Materials and Methods) 



 

101 
 
 

 

Indeed, at least three effects can be identified which could have promoted the 

formation of [Fe(oep)] under acidic conditions: 

(i) At the beginning of a wet phase, the hydrochloric acid, which was used in the 

experiments to obtain acidic conditions, had a low concentration (~0.04 %, corresponding 

to pH 2). However, hydrogen chloride and water form an azeotrope containing ~20 % HCl. 

Therefore, the solutions became increasingly acidic as the evaporation progressed. As a 

result, H2oep became increasingly protonated to (H4oep)Cl2. As noted before, its water 

solubility strongly suggests that (H4oep)Cl2 was beneficial to the formation of the iron 

complex. This assumption was substantiated by experiments with FeCl2 as the iron source 

(see below). 

(ii) Furthermore, the protonation of H2oep could have facilitated the complex formation 

mechanistically. Indeed, one possible pathway of metalloporphyrin formation is the 

protonŀǘƛƻƴ ƻŦ ǘƘŜ ǇƻǊǇƘȅǊƛƴ ƳƻƭŜŎǳƭŜ ƻƴ ƻƴŜ ǎƛŘŜφǿƘƛŎƘ ŘŜŦƻǊƳǎ ǘƘŜ ǊƛƴƎφŦƻƭƭƻǿŜŘ ōȅ 

incorporation of the metal ion from the opposite side (Khosropour and Hambright 1972). 

(iii) The third effect of low pH is the solubilization of relatively large amounts of iron from 

most, but not all, iron sources used (Table 2). This corresponds well with higher yields 

obtained under acidic conditions (Table 1). For ankerite and komatiite, the yields in acidic 

medium were still low in absolute terms, which is consistent with the low release of iron 

from these sources. In the case of pyrrhotite (Feм ȄS), the yield was also low, despite the 

fact that considerable amounts of iron were released. The reason for this is unclear. At least 

we can say that metal sulfides do not generally give low yields, as we have shown with CuS, 

CoS and NiS (see below). 

The importance of dissolved iron ions can be seen, for example, with magnetite. In 

nearly neutral solution, only a small amount of iron (<0.015 µmol) was released from this 

mineral within 60 hours (Table 2). Consequently, only a low yield of the iron complex (1 %) 

ǿŀǎ ƻōǘŀƛƴŜŘ ƛƴ ǘƘŜ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ ƳŀƎƴŜǘƛǘŜ ŀƴŘ I2oep under neutral 

conditions (Table 1, entry 3a). In line with this, the soluble iron source FeCl2 gave much 

higher yields of 25 % and 12 % (with 1 mmol and 3 µmol, respectively, of FeCl2; Table 1, 

entries 1a and b). This latter result also showed that the yield increased with increasing 

concentration of iron ions. These experiments were performed in neutral solution. In acidic 
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solution, the yield was nearly five times as large (58 % as compared with 12 %; Table 1, 

entry 1c), indicating that the protonation of the porphyrin, particularly the formation of the 

soluble H4oepCl2, promoted the complex formation (see above). 

In all but one of the experiments that started under acidic conditions, the pH remained 

low (between 2.2 and 5.3) until the end (Table 2). Only in the case of the carbonate mineral 

ankerite was the HCl solution neutralized from pH 2.1 to pH 7.2. At the beginning of the 

ankerite experiment, 0.3 mmol of H3O+ and 9.8 mmol of carbonate were present. Thus, 

only 1.5 % of the total amount of carbonate were sufficient to neutralize the solution. As a 

consequence of the resulting low H3O+ concentration, no protonation of H2oep occurred. 

Moreover, the iron content in the solution over the mineral remained low. These factors 

explain why only a low yield of 2 ҈ ǿŀǎ ƻōǘŀƛƴŜŘ ŦǊƻƳ ŀ ǿŜǘ ŘǊȅ experiment with ankerite 

and H2oep despite the initial presence of hydrochloric acid (Table 1).  

In addition to minerals and rocks, we investigated metallic iron and samples of two iron 

ƳŜǘŜƻǊƛǘŜǎ ƛƴ ǿŜǘ ŘǊȅ ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘŜ ǊŜŀǎƻƴ ǿŀǎ ǘƘŀǘ ƭŀǊƎŜ ŀƳƻǳƴǘǎ of meteoritic iron 

Ƴǳǎǘ ƘŀǾŜ ōŜŜƴ ŘŜƭƛǾŜǊŜŘ ǘƻ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛƴ ǘƘŜ ƭŀǘŜ IŀŘŜŀƴ ŜŀǊƭȅ !ǊŎƘŜŀƴΦ ¢ƘŜ 

ƳŜǘŜƻǊƛǘƛŎ ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ǿŜǊŜ ǎƘŀǾƛƴƎǎ ƻŦ {ƘƛǒǊ лпо ŀƴŘ ¢ǿŀƴƴōŜǊƎ LLΦ Lƴ ƻǊŘŜǊ ǘƻ ǊŜƳƻǾŜ 

surface impurities, such as rust, the shavings were briefly treated with concentrated 

hydrochloric acid and then thoroughly washed with water shortly before the experiments. 

As expected, metallic iron and the meteorite shavings released only small amounts of iron 

ions under neutral conditions (Table 2) and consequently the yields of the iron complex 

were poor (<0.5 %, Table 1). Under acidic conditions, however, the iron metal was partly 

converted to soluble FeCl2 by redox reaction with HCl, and therefore the yields were much 

higher (metallic iron, 42 ҈Τ {ƘƛǒǊ лпоΣ нф %; Twannberg II, 46 %). The fact that {ƘƛǒǊ лпо 

produced the lowest yield among the three iron sources can be explained by this 

ƳŜǘŜƻǊƛǘŜΩǎ ǊŜƭŀǘƛǾŜƭȅ ƘƛƎƘ ƴƛŎƪŜƭ ŎƻƴǘŜƴǘ όsee Materials and Methods) which may have 

impeded the reaction with HCl. Indeed, thŜ ŀƳƻǳƴǘ ƻŦ ƛǊƻƴ ǊŜƭŜŀǎŜŘ ōȅ ŀŎƛŘ ŦǊƻƳ {ƘƛǒǊ лпо 

was only half as large as for metallic iron and Twannberg II (Table 2). In summary, these 

results show that even unweathered iron meteorites can act as metal sources in the 

formation of iron porphyrins under ŎȅŎƭƛŎ ǿŜǘ ŘǊȅ ŎƻƴŘƛǘƛƻƴǎΣ ǇǊƻǾƛŘŜŘ ǘƘŜ ǊŜŀŎǘƛƻƴ 

medium is sufficiently acidic. 
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Table 2 Amounts of dissolved iron and pH values after standing of iron sources in different 

aqueous media for 60 hours in the absence of H2oep 

  Iron sourcea Mediumb Dissolved iron (µmol)c Final pHd 

  Basalt aw 22.8±0.8 2.7 

 fw <0.015 8.0 

 sw 0.026±0.001 7.2 

  Magnetite aw 23±2 2.2 

 fw <0.015 7.9 

 sw 0.03±0.02 7.1 

  Metallic iron aw 127±11 5.3 

 fw <0.015 7.8 

  Twannberg II aw 127±2 5.3 

 fw 0.011±0.07 8.0 

  Shiǒr 043 aw 62.7±0.4 5.1 

 fw <0.015 7.6 

  Ankerite aw 0.09±0.02 7.2 

 fw 0.05±0.03 8.9 

  Komatiite aw 1.2±0.2 3.4 

 fw <0.015 8.1 

  Olivine aw 10.8±0.3 3.5 

 fw 0.026±0.006 8.4 

  Pyrrhotite aw 55±4 4.6 

 fw 0.07±0.04 7.3 

a For details on the properties of the iron sources, see footnotes to  

  Table 1; b aw, acidic water (HCl); fw, freshwater; sw, artifical seawater (see 

Materials and Methods); c Average of five experiments plus and minus one standard 

derivation; d Starting values: aw, pH 2.1; fw, pH 6.7; sw, pH 5.8 
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The role of wetςdry cycling A periodic increase in acidity increased the concentrations of 

dissolved iron and protonated H2oep, illustrating one of the particular effects of wetdry 

cycling (see above). In order to identify additional effects, we performed experiments in 

neutral freshwater. First, basalt and magnetite were studied without wetdry cycling and 

in the absence of H2oep. After 60 hours, the supernatants had become slightly alkaline and 

only small amounts of iron ions had been released (<0.015 µmol, Table 2). Significantly 

more iron dissolved when wetdry cycling was included (basalt, 0.21 µmol; magnetite, 0.07 

µmol). In acidic medium, however, much larger amounts of iron dissolved, both with and 

without wet dry cycles. This shows that wetdry cycling facilitates the release of iron, but 

also that acid is more effective in this regard. 

Another set of experiments was performed with H2oep and either FeCl2 or basalt, again 

under neutral conditions and without wet dry cycling; the experimental duration was the 

same as for standard wetdry experiments. In one type of experiment, after evaporation 

of the water, the reactants were dry heated. In another type, constant reflux was applied 

so that the reaction mixtures remained in the wet phase. In none of these experiments 

were significant amounts of iron porphyrins found (yields <1 %). Under comparable wet

dry conditions, however, the yields obtained from FeCl2 and basalt were 12 and 11 %, 

respectively (Table 1). From these results we conclude that wetdry cycles are essential for 

the iron porphyrin complexes to be formed in appreciable yields in neutral medium. 

To gain insight into the possible mechanical effects that wetdry cycling may have on 

minerals, we studied polished magnetite surfaces in neutral water. In each experiment, 

only one crystal was used in order to avoid abrasion by mechanical interaction between 

crystals. Before and after the wetdry experiment, the surfaces were examined by atomic 

force microscopy (Fig. 4). Marked morphological alterations were evident: the initially 

smooth polished surface showed a large increase in roughness after the experiment. Even 

the grinding marks, which resulted from the polishing procedure, were no longer visible. It 

is reasonable to assume that more iron ions can be released because of the greater 

roughness of the crystal surfaces and the additional surface area of the ablated material. 

This can explain why in neutral water the amount of dissolved iron was higher after wet

dry cycling. 



 

105 
 
 

 

 

 

Fig. 4 AFM images of naturally grown magnetite single crystal surfaces. (A) Typical example 

of an untreated, polished magnetite surface. The red arrows and dashed lines indicate 

grinding marks resulting from the polishing procedure (see Materials and Methods). (B) 

¢ȅǇƛŎŀƭ ŜȄŀƳǇƭŜ ƻŦ ŀ ƳŀƎƴŜǘƛǘŜ ǎǳǊŦŀŎŜ ŀŦǘŜǊ мн ǿŜǘ ŘǊȅ ŎȅŎƭŜǎΣ ǳǎing water and a pure 

nitrogen atmosphere. 

 

We also studied how the mechanical contact between H2oep and magnetite changed 

with number of wet dry cycles. A single magnetite crystal in neutral water was used. Fig. 5A 

shows a fluorescence photomicrograph of H2oep on a surface of the magnetite crystal after 
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one wet dry cycle. The H2oep crystals still had sharp edges and were more or less equally 

distributed over the surface. While at this early stage some crystals were visible even with 

the naked eye, individual crystals were no longer apparent after 12 wet dry cycles. Instead, 

H2ƻŜǇ ŀǇǇŜŀǊŜŘ άǎƳŜŀǊŜŘέ ƻǾŜǊ ǇŀǊǘǎ ƻŦ ǘƘŜ ƳŀƎƴŜǘƛǘŜ ǎǳǊŦŀŎŜ όFig. 5B). Furthermore, a 

red-violet layer of H2oep was observed on the surface of the reaction flask. The crystals had 

probably been crushed by mechanical effects (see above), increasing the surface area of 

the porphyrin. In addition, it may be that the porphyrin patches were in closer contact with 

the mineral surface than the individual crystals were before. Both effects of the wet dry 

cycling could have promoted the complex formation. 

 

 

Fig. 5 Fluorescence photomicrographs of H2oep on a polished magnetite single crystal surface. (A) 

After one wetςdry cycle at the end of the dry phase, (B) after 12 wetςdry cycles at the end of the 

last dry phase. Focus stacking was performed. Scale bar, 50 µm. 

 

Complex formation in saltwater Primordial rock pools close to the shoreline must have 

contained saltwater (see Introduction). Therefore, we also performed experiments with 

artificial seawater as the reaction medium. Here the focus was on iron(II) chloride, basalt 

and magnetite as iron sources. The yields obtained were in the relatively narrow range of 

19 24 % (Table 1), which was higher than in the corresponding experiments with 

freshwater but lower than in the experiments under acidic conditions. Additional 
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preliminary experiments did not give a clear picture of how exactly the salts influenced 

complex formation. Therefore, this point will not be discussed further. 

In summary, our experimental results clearly indicate that iron porphyrins could have 

formed by wet dry cycling in primordial rock pools, whereby the yield strongly depends on 

the conditions of the aqueous environment and the type of iron source. It is worthwhile to 

consider that sources of metals other than iron could also have reacted with porphyrins. A 

first hint of this possibility came from an experiment with basalt in which the formation of 

[Cu(oep)] was observed (Fig. 2A and E). Consequently, further experiments with selected 

copper, cobalt, nickel and magnesium ion sources were carried out. With the exception of 

copper, these metals occur in biological porphyrin-type cofactors (see Introduction). 

Metalation of Octaethylporphyrin by Copper, Cobalt, Nickel and Magnesium Sources 

Wet dry cycling was performed under neutral conditions with the metal(II) chlorides and 

with synthetic forms of the minerals covellite (CuS), jaipurite (CoS), millerite (NiS) and 

brucite (Mg(OH)2). In all cases, the metal(II) complexes [M(oep)] (Fig. 1) were detected at 

the end of the experiment (Table 3), and their identities were confirmed by authentic stan-

dards. Yields were between 4 and 78 %. The chlorides of Cu2+, Co2+, Ni2+ and Mg2+ are all 

readily soluble in water, while the minerals used have low or very low solubilities. This could 

at least partly explain why, for a given metal ion, the chloride always gave a higher yield 

than the mineral. The same was observed for iron sources in freshwater where the yields 

from FeCl2 were higher than from the minerals (Table 1). It should be noted that during a 

wetςdry cycle the metal(II) chlorides changed their hydration state and thus the form in 

which they could react with H2oep. In the wet phase, they were completely dissolved. 

During the subsequent transition from the wet to the dry phase, solid hydrates MCl2 ϊ n H2O 

crystallized, the value of n being dependent on the metal ion. Then, when the temperature 

of the residue increased towards its final value in the dry phase (150 °C), the hydrates could 

lose water of crystallization. Magnesium chloride, for example, first formed the 

hexahydrate and at 117 °C transformed into the tetrahydrate (Wiberg 2001). 

Formation of the copper complex [Cu(oep)] was observed not only with CuCl2 and CuS 

but also with basalt. The mass spectrum of the products from a wetςdry experiment with 
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basalt and H2oep in artificial seawater was dominated by the signals of [FeCl(oep)]+, 

[Fe(oep)]+, [H2oep + H]+ and H2oep+ (Fig. 2A). Another, smaller, signal at m/z 595.3 could 

be unambiguously assigned to [Cu(oep)]+ on the basis of its mass value (calcd 595.29), 

characteristic isotope pattern, and comparison with a standard (Fig. 2E). The fact that 

clearly detectable amounts of [Cu(oep)] formed despite the low copper content of the 

basalt (0.01 %, compared with 6.2 % Fe2+ and 3.0 % Fe3+) could indicate an exceptionally 

high stability and/or an efficient formation mechanism of this complex. Also pointing in this 

direction is the observation that despite its extremely low solubility (Wiberg 2001), CuS 

gave a surprisingly high yield (57 %) of [Cu(oep)]. Indeed, the άstability indexέ puts Cu2+, 

but not Fe2+, among the divalent metal ions that form the most stable 

octaalkylporphyrinato complexes; high stability together with facile complex formation can 

also account for the existence of copper geoporphyrins (Buchler 1975). The stability 

difference between Cu2+ and Fe2+, however, should not obscure the fact that Fe2+ also binds 

tightly to porphyrinates. 

 

Table 3 Mass spectrometric data and yields of [M(oep)] complexes from the reaction of H2oep 

with copper(II), cobalt(II), nickel(II) and magnesium(II) sources in freshwater 

  Metal source m/z founda m/z calcdb Yield (%) 

      CuCl2 595.3 
595.29 

66 

      CuS 595.3 57 

      CoCl2 591.3 
591.29 

78 

      CoS 591.3 33 

      NiCl2 590.3 
590.29 

20 

      NiS 590.3 6 

      MgCl2 556.4 
556.34 

32 

      Mg(OH)2 556.4 4 

a LDIςTOF/TOF measurements 

b For the molecular ion [M(oep)]+ 
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It is noteworthy that despite its formula, the compound CuS is not copper(II) sulfide. 

.ŀǎŜŘ ƻƴ ƛǘǎ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ό9Ǿŀƴǎ ŀƴŘ YƻƴƴŜǊǘ мфтсύ ŀƴŘ ŀǎǎǳƳƛƴƎ ŀ αƴƻǊƳŀƭά ŎƻǾŀƭŜƴǘ 

situation, it may be assigned the formula #Õ #Õ ״3 ״3  (see for example: Wells 

1984). However, certain physical properties and electronic structure calculations suggest 

that other formulas may be more appropriate, for example, #Õ ״3 ״3 , 

#Õ ״3 ״3 , #ÕȾ ״3 ״3  or #ÕȾ #Õ ״3 ״3  (Nozaki et al. 1991; 

Liang and Whangbo 1993; Mazin 2012; Kumar et al. 2013). The latter formulas imply that 

some kind of redox reaction must have been involved in the formation of the Cu(II) complex 

[Cu(oep)] from CuS and H2oep. 

Theoretical calculations by Saito et al. (2003) showed that precipitation of highly 

insoluble copper sulfides probably caused an exceedingly low concentration of dissolved 

copper in the Archean ocean. Thus, the abiotic formation of copper complexes from 

dissolved copper ions would have been severely hampered. In this context, our observation 

that CuS can serve as an efficient copper ion source is of interest because it explains how 

porphyrinato copper(II) complexes may still have formed. CuS (covellite) is among the 420 

minerals that were probably widely distributed and/or had a significant volume at or near 

ǘƘŜ IŀŘŜŀƴ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ όIŀȊŜƴ нлмоύΦ LŦ ŎƻǇǇŜǊ ǇƻǊǇƘȅǊƛƴǎ ŜǾŜǊ ǿŜǊŜ ŦǳƴŎǘƛƻƴŀƭ 

components of (proto)metabolisms, they later lost their function(s). Today, the occurrence 

of copper porphyrins in organƛǎƳǎ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƭƛƳƛǘŜŘ ǘƻ ŦŜŀǘƘŜǊ ǇƛƎƳŜƴǘǎφǘǳǊŀŎƛƴ ŀƴŘ 

ǘǳǊŀŎƻǾŜǊŘƛƴ ό5ȅŎƪ мффнύφŦƻǊ ǿƘƛŎƘ ƴƻ ǊƻƭŜ ƛƴ ƳŜǘŀōƻƭƛǎƳ ƛǎ ƪƴƻǿƴΦ 

Cobalt, nickel and magnesium, in contrast to copper, are constituents of porphyrin-type 

cofactors that are involved in various metabolic processes (see Introduction). Our wet dry 

experiments showed that prebiotic ancestors of these cofactors may have formed in rock 

pools in the late Hadeanςearly Archean. Relatively high yields of [Co(oep)] were obtained 

from CoCl2 (78 %) and CoS (33 %). The yields of [Ni(oep)] were lower (20 % from NiCl2 and 

6 % from NiS) and similar to those of [Mg(oep)] (32 % from MgCl2 and 4 % from Mg(OH)2). 

In the case of [Mg(oep)], it turned out that neutral conditions were necessary for complex 

formation. This is consistent with the known fact that this complex is readily demetalated 

by traces of acid (Johnson et al. 1980). Remarkably, acid had the opposite effect on the 



 

110 
 
 

 

formation of the corresponding Fe2+ complex, as discussed above. This difference is in line 

with the higher stability index of octaalkylporphyrinato iron(II) complexes (Buchler 1975), 

which also explains the following observations. When dissolved Mg2+ and Fe2+ ions were 

simultaneously present in a wet dry experiment, formation of the iron complex clearly 

predominated and no [Mg(oep)] could be detected. In a further experiment in which pre-

synthesized [Mg(oep)] was exposed to wetdry cycles in the presence of FeCl2, 

transmetalation was observed, i.e. iron replaced magnesium in the porphyrinato ring. 

These results imply that in primordial rock pools, porphyrinato magnesium complexes 

could have existed only under non-acidic and essentially iron-free conditions. Therefore, 

abiotically formed chlorophyll precursors may have been less common than precursors of 

the heme group. 

 

 

Summary and Conclusions 

We have simulated the metalation of hydrophobic porphyrins in primordial rock pools by 

use of a ǿŜǘ ŘǊȅ ŀǇǇŀǊŀǘǳǎΦ Octaethylporphyrin (H2oep) was used as a model porphyrin. 

The main results of this study are: 

(i) In neutral freshwater, the salts MCl2 (M = Mg, Fe, Co, Ni and Cu) gave significant yields 

ƻŦ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ƳŜǘŀƭƭƻǇƻǊǇƘȅǊƛƴǎ όнл ту %), despite the fact that the porphyrin H2oep 

was completely water insoluble. Using FeCl2 as an example, we showed that wetςdry 

cycling was crucial. With only dry heating or refluxing, the yields were at least ten times 

lower. 

(ii) Surprisingly, under wetςdry conditions, even almost insoluble minerals and rocks 

could metalate H2oep in freshwater. The yields, however, were mostly low. Notable 

exceptions were the yields obtained with basalt as an iron source (11 %), synthetic jaipurite 

(CoS, 33 %) and synthetic covellite (CuS, 57 %). Experiments with selected iron sources 

(basalt, magnetite and FeCl2) showed that yields were considerably higher in artificial sea-

water than in freshwater. 

(iii) The highest yields from iron sources were obtained in hydrochloric acid, which was 

used to simulate the acidic conditions that can result from eruptions on volcanic islands. 
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Here again, wetςdry cycling was important: the initially low HCl concentration periodically 

increased during the evaporation phases because water and HCl form an azeotrope with a 

relatively high acid concentration (~20 %). Separate experiments without the porphyrin 

showed that the minerals and rocks generally released much larger amounts of iron in 

acidic than in neutral medium. A further reason for the beneficial effect of hydrochloric 

acid is the protonation of the insoluble H2oep to form the slightly soluble (H4oep)Cl2. 

(iv) Prebiotic porphyrinato magnesium complexes are interesting as potential primitive 

versions of chlorophyll. We have, however, demonstrated that their formation on 

primordial volcanic islands was probably much more limited than the formation of the 

corresponding iron complexes. For example, octaethylporphyrinatomagnesium(II) did not 

form under acidic conditions, in sharp contrast to the iron complex whose formation was 

facilitated by acid (see above). In addition, we observed that 

octaethylporphyrinatomagnesium(II) was destroyed in a transmetalation reaction when 

dissolved Fe2+ was present. 

(v) Iron meteorites were also effective iron sources, albeit only under acidic conditions. 

We investigated two meteorites in wetςdry cycles and obtained yields of the porphyrinato 

iron complex of 29 and 46 %. 

(vi) Based on our experimental results, it seems likely that on primordial volcanic islands, 

metalloporphyrins could have formed abiotically, even from insoluble or nearly insoluble 

porphyrins and metal ion sources. Porphyrinato complexes of iron, cobalt, nickel and 

copper, but perhaps not magnesium, may have accumulated in rock pools. If this is true, 

potential ancestors of porphyrin-type cofactors were available to hypothetical 

protometabolisms and early organisms and thus might have been involved in the origin and 

early evolution of life. In particular, abiotically formed iron porphyrins could have 

participated in electron transfer, which is one of the most basic biochemical processes. Our 

results are also consistent with the hypothesis that the porphyrin-type cofactors B12 and 

F430, which contain cobalt and nickel, respectively, are evolutionary very old (Fraústo da 

Silva and Williams 2001). 

(vii) The results of our experiments have implications for the use of metalloporphyrins 

as biosignatures. The abiotic metalation of porphyrins in wettingςdrying processes may 
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have occurred not only on Earth but also, for example, on early Mars. Therefore, should 

metalloporphyrins be discovered in Noachian or early Hesperian rocks on Mars, they could 

well be άfalse positiveέ biosignatures (Fox and Strasdeit 2017). 
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Kurzzusammenfassung  

Für die Suche nach extraterrestrischem Leben eignen sich Metalloporphyrine sehr gut als 

potentielle Biosignaturen. Die Gründe hierfür sind unter anderem ihre relativ einfache De-

tektierbarkeit und ihr ubiquitäres Vorkommen in den Lebewesen auf der Erde. Diese Arbeit 

befasst sich mit der Untersuchung der Stabilität der Modellverbindung 

Chlorido(octaethylporphyrinato)eisen(III), [FeCl(oep)], unter verschiedenen, 

astrobiologisch relevanten Bedingungen wie extreme pH-Werte, oxidierende 

Verbindungen, Temperaturen bis zu 900 °C, ultraviolette und ionisierende Strahlung. 

Dadurch ergab sich ein umfassendes Bild von der Widerstandsfähigkeit der gewählten 

Modellverbindung und der Eisenporphyrinen allgemein. Aus den gewonnenen 

Erkenntnissen lässt sich unter anderem ableiten, an welchen Orten die Suche nach 

Metalloporphyrin-Biosignaturen, die auf extraterrestrisches Leben hindeuten könnten, 

lohnend ist.  
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