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Abstract

Astrochemical probes, such as the interstellar medium or meteorites, show an enor-
mous richness of complex organic molecules. This huge molecular diversity of ex-
traterrestrial organic matter, especially in carbonaceous chondrites, represents a
chemodiversity hotspot. The co-existence of this manifold organic chemical space
and the history of exposure to high astrophysical energies of meteorites during their
formation has given rise to many questions in the field of recent organic astrochem-
istry. Mechanisms for forming and preserving organic molecules within chemical
evolution have been proposed. In this context, metalorganic species are supposed
to selectively preserve certain organic compounds, in particular prebiotically rele-
vant, surface-active molecules like fatty acids. Here, we describe the detection of
dihydroxymagnesium carboxylates (CHOMg) in astrochemical context. CHOMg
compounds were detected in meteorites via ultrahigh-resolving mass spectromet-
ric techniques (FT-ICR-MS analysis). Ultrahigh mass spectrometric resolution was
necessary to enable unambiguous detection of CHOMg molecules in complex or-
ganic mixtures. High resolving power R > 106 and high mass accuracy <200 ppb
enabled to resolve mass peaks, which differ in mass differences by less than the
mass of an electron (CHOMg-CHO isobaric problem). Mass spectra of many ten
thousands of detected mass signals resulted. These results underline the power of
data-driven astrochemical research for in-depth studies of meteoritic (metal)organic
matter composition. We demonstrate the occurrence and remarkable diversity of
dihydroxymagnesium carboxylates within meteoritic soluble (metal)organic matter
and discuss their chemical properties/reactivity. The huge organic molecular di-
versity makes meteorites ideal samples to elucidate fundamental organic chemical
reactivity. Additionally, CHOMg signatures can be related to meteoritic thermal
history and fractionation processes. Furthermore, dihydroxymagnesium carboxy-
lates represent a novel chemical class, which has not been documented in chemical
databases to date. Thus, we probed chemical stability of these novel CHOMg chem-
ical compounds. Quantum chemical studies gained fundamental insights into chem-



ical properties of CHOMg molecules, as assessed by means of both second-order
Møller–Plesset perturbation theory (MP2) and density functional theory (DFT)
methods. Chemical stability was studied by targeting two molecular regimes, (i)
the polar head group and its resistance towards release of CO2; (ii) the apolar alkyl
chain for charge-remote fragmentation. CO2 release out of dihydroxymagnesium
carboxylates results in formation of Grignard-type dihydroxymagnesates. Fragmen-
tation probability and chemical characteristics of putatively formed Grignard-type
molecules are discussed. In addition, dihydroxymagnesium carboxylates were found
to release methylene (CH2) and ethylene (C2H4) via alkyl chain fragmentation, as
probed via experimental MS/MS and computational DFT studies. CHOMg com-
pounds and their corresponding CHO molecules (e.g. fatty acids) showed increased
relative abundances of even over odd carbon-bearing alkyl chains. This implies po-
tential selective preservation of amphiphilic CHOMg-derived life-relevant molecules,
with might has direct consequences on chemical evolution in general and capacity
for vesicle formation in particular. The finding of dihydroxymagnesium carboxy-
lates in meteorites proposes ongoing studies in future to deeper elucidate the role
of CHOMg molecules in context of early complex organic molecule formation and
their implications on chemical evolution.



Zusammenfassung

Astrochemische Analysen vom interstellaren Medium oder von Meteoriten zeigen
einen enormen Reichtum an komplexen organischen Molekülen. Die große mole-
kulare Vielfalt extraterrestrischer organischer Materie, in kohligen Chondriten im
Speziellen, ist ein Hotspot für Chemodiversität. Die Koexistenz dieses mannigfal-
tigen organischen chemischen Raums und die vorangegangene Exposition von Me-
teoriten gegenüber hoher astrophysikalischer Energien während deren Entstehung
hat viele Fragen auf dem Gebiet der jüngsten organischen Astrochemie aufgewor-
fen. Mechanismen zur Erzeugung und Konservierung organischer Moleküle innerhalb
der chemischen Evolution wurden vorgeschlagen. In diesem Zusammenhang sollen
metallorganische Spezies bestimmte organische Verbindungen, speziell präbiotisch-
relevante oberflächenaktive Moleküle, wie Fettsäuren, selektiv konservieren. Hier
beschreiben wir den Entdeckung von Dihydroxymagnesiumcarboxylaten (CHOMg)
im astrochemischen Kontext. CHOMg-Verbindungen wurden in Meteoriten mit-
tels ultrahochauflösender, massenspektrometrischer Methoden detektiert (FT-ICR-
MS-Analyse). Sehr hohe Massenauflösung war notwendig, um CHOMg-Moleküle in
komplexen organischen Mischungen eindeutig nachzuweisen. Hohes Auflösungsver-
mögen R > 106 und hohe Massengenauigkeit <200 ppb ermöglichten, Massensi-
gnale eindeutig aufzulösen, die sich in Massendifferenzen um weniger als die Mas-
se eines Elektrons unterscheiden (isobares CHOMg-CHO-Problem). Es resultier-
ten Massenspektren, die mehrere zehntausend detektiere Massensignale enthielten.
Diese Ergebnisse unterstreichen die Leistungsfähigkeit der datengetriebenen astro-
chemischen Forschung für grundlegende Studien der Zusammensetzung meteoriti-
scher (metall)organischer Substanzen. Wir zeigen das Vorkommen und die bemer-
kenswerte Diversität von Dihydroxymagnesiumcarboxylaten in meteoritischen, lös-
lichen (metall)organischen Substanzen und diskutieren deren chemische Eigenschaf-
ten/Reaktivität. Die große organische molekulare Vielfalt macht Meteoriten zu idea-
len Proben, um fundamentale organisch-chemische Reaktivität aufzuklären. Darüber
hinaus konnten CHOMg-Signaturen mit meteoritischen thermischen Verlaufs- und



Fraktionierungsprozessen in Beziehung gebracht werden. Desweiteren stellen Dihy-
droxymagnesiumcarboxylate stellen eine chemische Substanzklasse dar, die bisher
in chemischen Datenbanken nicht dokumentiert wurde. Daher haben wir die che-
mische Stabilität dieser neuartigen chemischen CHOMg-Verbindungen untersucht.
Quantenchemische Studien lieferten grundlegende Einblicke in die chemischen Eigen-
schaften von CHOMg-Molekülen, die sowohl mittels Møller-Plesset-Störungstheorie
zweiter Ordnung (MP2), als auch mittels Dichtefunktionaltheorie (DFT) studiert
wurden. Die chemische Stabilität wurde getestet, indem zwei molekulare Regimes
beprobt wurden, (i) die polare Kopfgruppe und ihre Resistenz gegenüber der Frei-
setzung von CO2; (ii) die unpolare Alkylkette hinsichtlich der ladungsgetrennten
Fragmentierung. Die CO2-Freisetzung von Dihydroxymagnesiumcarboxylaten führt
zur Bildung von Grignard-ähnlichen Dihydroxymagnesaten. Fragmentierungswahr-
scheinlichkeit und chemische Eigenschaften von hypothetisch gebildeten Grignard-
artigen Molekülen werden diskutiert. Darüber hinaus wurde durch experimentel-
le MS/MS und theoretische DFT-Studien gefunden, dass Dihydroxymagnesiumcar-
boxylate Methylen (CH2) und Ethylen (C2H4) über eine Alkylkettenfragmentierung
freisetzen. CHOMg-Verbindungen und ihre entsprechenden CHO-Moleküle (z. B.
Fettsäuren) zeigten erhöhte relative Häufigkeiten von geradzahligen über ungerad-
zahligen Kohlenstoffketten. Dies beinhaltet eine potentiell selektive Konservierung
amphiphiler CHOMg-abgeleiteter lebensrelevanter Moleküle mit direkten Konse-
quenzen für die chemische Evolution im Allgemeinen und die Fähigkeit zur Vesi-
kelbildung im Besonderen. Die Entdeckung von Dihydroxymagnesiumcarboxylaten
in Meteoriten schlägt weitere Forschungsprojekte in der Zukunft vor, um die Rolle
von CHOMg-Molekülen im Kontext der Entstehung früher komplexer organischer
Moleküle und deren Auswirkung auf die chemische Evolution tiefgründig zu studie-
ren.
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1. Introduction

Astrochemistry represents a manifold scientific field, including various
disciplines. Here, special emphasis should be placed on data-driven meth-
ods, such as ultrahigh-resolving analytics and their interplay with quan-
tum chemical computations. These methods enable remarkable insights
into complex chemical spaces in meteorites and allow to extract even pre-
viously unknown chemistry. By considering the title of this thesis, "Previ-
ously unknown organomagnesium compounds in astrochemical context",
we will first introduce basic terms within this field of research. Clari-
fications on astrochemistry, meteoritic research with respect to organic
chemistry and their implications towards astrobiology will be given. In
addition, special care is taken with respect to molecular complexity and
chemical evolution. Questions on chemical evolution scratch philosoph-
ical problems. Finally, the motivation and objectives of this thesis are
outlined.

This chapter has been submitted for publication.



1.1 Astrochemistry

1.1. Astrochemistry

"Astrochemistry is the science devoted to study of chemical processes within different
astrophysical environments, including the interstellar medium, comets, circumstellar
and circumplanetary regions" [1]. This scientific field combines many aspects from
different disciplines, which profit from different ways of thinking. Roughly spoken,
it includes "everything", as considering the need for tracking the origin of the uni-
verse up to implications on astrobiology. The latter disciplines focus on questions
on the origin of life or asking for habitability on planets other than Earth. Inspira-
tion, "language", scientific techniques from astronomy, astrophysics and chemistry
(physical/theoretical/analytical chemistry) are combined to investigate molecular
information in space. Additionally, biologists complement this manifold area of
research for tracking astrobiological problems, as tracking the origin of life or hab-
itability on outer Earth planets. Even interests for philosophers are set in these
topics. Evolution, transport and transformation of molecules are monitored, from
molecular clouds and diffuse interstellar medium (ISM) to their incorporation into
solar system material such as comets and meteorites.

1.1.1. Interstellar medium and circumstellar environments

Probing molecules within ISM and circumstellar environments is achieved via radio
astronomy. For a long time, scientists suspected that the interstellar medium would
be too harsh for organic species and that only a few simple molecules could be formed
under such extreme conditions. However, since the 1970s, millimeter and submil-
limeter observations have detected ≈200 interstellar and circumstellar molecules to
date, including hydrocarbons, alcohols, acids, aldehydes, ketones, amines, ethers,
and other organic molecules (Table 1.1) [2]. In addition, 62 extragalactic molecules
were detected [2]. Molecular spectroscopy studies led to the detection of this huge
number of molecules in astrophysical environments. Most of them have been discov-
ered via their rotational signature from radio to far-infrared frequencies. In addition,
some have also been observed in the visible and near-infrared domains.

Technically, infrared ground-based, airborne, and space-based spectroscopic ob-
servations have found evidence of complex organic molecules (COMs) with aro-
matic and aliphatic structures in space. As a striking example, the Atacama Large
Millimeter/submillimeter Array (ALMA) ground-based observatory from European
Southern Observatory (ESO) should be mentioned here [3]. Examplarily, powerful
scientific results such as studies on cosmic dust [4], comae of comets [5] or proto-
planetary disk surrounding star images [6] were obtained. A second break-through
example in radio astronomy is the Herschel Space Observatory, a space observatory
from European Space Agency (ESA), collaborating with National Aeronautics and
Space Administration (NASA) [7]. Striking results on planet formation could be
reported by help of Herschel detection [8].

1.1.2. Molecular complexity

This observed and increasing manifold diverse astrochemistry is neccessarily con-
nected with the term of molecular complexity [1]. Generally, the problem of complex-
ity can be tracked by two differently motivated approaches, namely via a bottom-up
approach or a top-down approach. First, the bottom-up approach considers pre-
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1.1 Astrochemistry

cise description of fundamental building blocks and their interactions towards each
other. In terms of astrochemistry, characteristics of simple diatomic species and
their formation to more complex small-scale polyatomic molecules are studied. The
top-down approach starts with exploring present highly complex molecular spaces.
Putative precursors are targeted out of complicated and complex molecular net-
works. Obviously, these two strategies converge and try to describe problems on
astrochemical molecular complexity as comprehensive as possible.

Atom number Molecules
2 atoms H2; AlF; AlCl; C2**; CH; CH+; CN; CO; CO+; CP; SiC; HCl; KCl; NH; NO; NS;

NaCl; OH; PN; SO; SO+; SiN; SiO; SiS; CS; HF; HD; FeO?; O2; CF+; SiH?; PO;
AlO; OH+; CN–; SH+; SH; HCl+; TiO; ArH+; N2; NO+ ?

3 atoms C3*; C2H; C2O; C2S; CH2; HCN; HCO; HCO+; HCS+; HOC+; H2O; H2S; HNC;
HNO; MgCN; MgNC; N2H+; N2O; NaCN; OCS; SO2; c-SiC2; CO2*; NH2; H3+(*);
SiCN; AlNC; SiNC; HCP; CCP; AlOH; H2O+; H2Cl+; KCN; FeCN; HO2; TiO2;
C2N; Si2C2015

4 atoms c-C3H; l-C3H; C3N; C3O; C3S; C2H2*; NH3; HCCN; HCNH+; HNCO; HNCS;
HOCO+; H2CO; H2CN; H2CS; H3O+; c-SiC3; CH3*; C3N–; PH3; HCNO; HOCN;
HSCN; H2O2; C3H+; HMgNC; HCCO2015

5 atoms C5*; C4H; C4Si; l-C3H2; c-C3H2; H2CCN; CH4*; HC3N; HC2NC; HCOOH;
H2CNH; H2C2O; H2NCN; HNC3; SiH4*; H2COH+; C4H–; HC(O)CN; HNCNH;
CH3O; NH4+; H2NCO+ (?); NCCNH+2015; CH3Cl2017

6 atoms C5H; l-H2C4; C2H4*; CH3CN; CH3NC; CH3OH; CH3SH; HC3NH+; HC2CHO;
NH2CHO; C5N; l-HC4H*; l-HC4N; c-H2C3O; H2CCNH(?); C5N–; HNCHCN;
SiH3CN2017

7 atoms C6H; CH2CHCN; CH3C2H; HC5N; CH3CHO; CH3NH2; c-C2H4O; H2CCHOH;
C6H–; CH3NCO2015; HC5O2017

8 atoms CH3C3N; HC(O)OCH3; CH3COOH; C7H; C6H2; CH2OHCHO; l-HC6H*;
CH2CHCHO(?); CH2CCHCN; H2NCH2CN; CH3CHNH; CH3SiH32017

9 atoms CH3C4H; CH3CH2CN; (CH3)2O; CH3CH2OH; HC7N; C8H; CH3C(O)NH2;
C8H–; C3H6; CH3CH2SH (?); CH3NHCHO ?2017

10 atoms CH3C5N; (CH3)2CO; (CH2OH)2; CH3CH2CHO; CH3CHCH2O2016
11 atoms HC9N; CH3C6H; C2H5OCHO; CH3OC(O)CH3
12 atoms c-C6H6*; n-C3H7CN; i-C3H7CN; C2H5OCH3 ?
>12 atoms HC11N ?; C60*; C70*; C60+*

Table 1.1: Molecules in the Interstellar Medium or Circumstellar Shells (as of 10/2017) [2]. All
molecules have been detected (also) by rotational spectroscopy in the radiofrequency
to far-infrared regions unless indicated otherwise. * indicates molecules that have been
detected by their rotation-vibration spectrum, ** those detected by electronic spec-
troscopy only. Tentative detections, which have a reasonable chance to be correct, are
indicated by "?". Depicted dates represent the year most relevant to the detection (in-
cluding isotopic species or vibrationally excited states) is given for recent results – the
past two to three years.

Astrochemical molecular complexity can be probed both in interstellar/circumstellar
medium or in meteoritic systems. Sampling the ISM can be compared to gas-phase
physical chemistry and tracks mostly gas-phase reactions or grain-surface reactions
[1]. Methodologically, molecular complexity in terms of mostly <10 atom molecules
is tracked with chemical reaction networks, including basic molecular transforma-
tions (e.g. e− or H transformations) [1]. Therefore, fundamental reaction path-
ways within formation of complex organic molecules can be understood within this
bottom-up approach. Sampling meteorites revealed a signficantly higher number
of involved components within a chemical network of diverse and complex organic

3
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molecules [9, 10]. This comprehensive top-down approach provides complementary
insights on global chemical processes.

1.1.3. Chemical evolution

When speaking about diversity and complexity of organic molecules, one simulta-
neously asks for the origin and temporal evolution of these complex organic species
[11]. The term chemical evolution is ambiguously discussed nowadays [12]. Orig-
inally, Calvin introduced this term to describe "the conversion of simple organic
or inorganic molecules to assemblied, complicated, partly polymeric chemical com-
pounds, which eventually became capable of reproduction including mutatation and
metabolism" [12]. Nevertheless, the term is also interpreted and used to denote
processes of astrophysical element/molecule synthesis [13]. Herein, chemical evolu-
tion is used to combine a general concept of formation and evolution of chemical
molecules, starting from astrochemical synthesis within interstellar environments
towards their interactions/transformation within prebiotic chemical systems. The
transformation of (abiotic) molecular systems towards prebiotic and finally biotic
systems can be expressed by a decrease in chemical complexity and a convergence
of the molecular set towards local stability minima. One brief example is the con-
vergence out of the amino acid chemical space and its decrease from ≈159 amino
acid isomeric structures, as found in meteorites [14, 15], towards primarly 20 pro-
teinogenic amino acids within biochemical systems on Earth [16]. A need for future
aspects underlies in deeper learning on mechanisms of convergence of abiotic towards
biotic chemical spaces. More data on astrochemical organic diversity and its tran-
sition towards a less diverse set of organic molecules within biospheres will enable
more precise descriptions of molecular convergence within geological time scales.
What are the driving forces to select only ≈13% of amino acids for bi-
otic organized systems? What makes these 20 proteinogenic amino acids
special? Is chemical convergence towards biochemical spaces stochastic
or deterministic?

Fig. 1.1 sketches chemical evolution in terms of molecular diversity and molec-
ular complexity. Starting within interstellar and circumstellar medium with simple
organic precursor molecules (e.g. H2O, NH3 or CH3OH), chemical evolution and
transformation towards rather complex biomolecules is triggered by highly diverse
and multiparametric circumstances [17]. Chemical evolution goes "hand in hand"
with material aggregation of astronomical/celestial bodies. A molecule’s life-time is
highly dependent on the following parameters:

• astrophysical energy gradients
• combinatorial effects of molecular synthesis, influenced by local element abun-

dances
• intrinsic life-times of molecules (chemical stability)
• encapsulation within changed molecular motifs to increase chemical stability

(early molecular preservation)
• molecular assembly potential (primitive chemical communication systems)
• molecular environments as compartmentalized systems (different energetic con-

ditions, possibility of preservation)
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1.1.4. Comet chemistry

Next to molecular sampling within interstellar or circumstellar space, comets repre-
sent states being one the step further within chemical evolution. Comets originate
either from the Kuiper belt or from the Oort Cloud, as formed in the outer regions
of the solar system. The Kuiper belt is a disc-shaped collection of icy debris at a
distance of around 100 astronomical units (AU) just outside the orbit of Neptune.
The Oort Cloud is located at a distance as much as 50,000 AU that may contain
a significant mass of material left over as a remnant of the formation of the solar
system. Generally, chemical composition of a present-day comet is a good marker
to study the composition of the outer solar system and, more interestingly, the early
solar nebula [18].
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meteorites Planetary systems

Simple molecules

(H2O, NH3, CH3OH,

(CH2OH)2)
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Figure 1.1: Sketching chemical evolution in terms of molecular diversity and molec-
ular complexity. Molecular transformation within time and space are illustrated.
Simple molecules within interstellar and circumstellar medium evolve to highly ori-
ented, complex macromolecules on planetary systems, enabling the potential of living
systems.

A milestone in probing comet chemistry was Rosetta, a space probe built by
ESA, along with its lander module Philae [19]. The comet 67P/Churyumov–Gerasimenko
was visited. This mission was named charmingly "Rosetta - rendezvous with a
comet", launched from 2 March 2004 until 30 September 2016. In astrochemical con-
text, special focus was set on the search for organic molecules on 67P/Churyumov–Gerasimenko.
Philae’s COSAC instrument (Cometary Sampling and Composition Experiment, gas
chromatograph, GC and a time-of-flight mass spectrometer, TOF-MS) was designed
to identify organic compounds in the material from the nucleus of the comet. Sec-
ond, ROSINA (Rosetta Spectrometer for Ion and Neutral Analysis) was used to
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study organic compounds within the comet’s atmosphere and ionosphere. ROSINA
consists of two mass spectrometers, a double focusing magnetic mass spectrometer
(DFMS) and a reflectron-type time-of-flight mass spectrometer (RTOF). Especially,
the DFMS data are of high interest because of its high mass resolving power (R =
3,000), which allows for differentiating 12C16O from 14N2 or 13C from 12CH within
a mass range of 1 - 150 amu (atomic mass units). Successfully, various organic
molecules, including prebiotic chemicals, such as the smallest amino acid glycine
[20], or suggested high-molecular-weight organic compounds were detected [21].

1.1.5. Laboratory astrophysics

Laboratory astrophysical studies are a contemporary important tool to "solve puz-
zles" in the field astrochemistry, in complement to observational radio astronomy,
astrophysical modeling and state-of-the-art chemical analyis of meteoritic samples
[22]. Technical detection problems within observational approaches can be over-
come by simulating e.g. interstellar ice analogs in the laboratory (e.g. spectroscopic
interference by brightness of sampling molecular species close to stars). This en-
ables a better understanding of formation mechanisms of complex organic molecules
[23], predicting reactive intermediate species [24], overcoming spectrosopic detection
challenges [25] or understanding celestial body evolution [26].

Digging one step further in chemical evolution is realized via probing mete-
orites, possessing mineral components and even rocky materials. This brings mete-
oritic bodies closer towards planetesimal charateristics, in terms of geology. Next to
comets, meteorites represent astronomical objects that are thought to have survived
from the very beginnings of the solar nebula some 4.5 billion years ago [18]. The
analysis of meteorites is revealing to probe astrochemical complexity, as it will be
further discussed within the next sections. We will see further benefits of laboratory
chemical analysis.

1.2. Meteorites

Hot cores in giant molecular clouds collapse to form young stellar objects, the birth of
stars via protostars. Formed stellar objects include their own cloud or nebula around
them. Analogously, the solar nebula was nothing more than an average collection
of dust and matter that had achieved critical mass. Molecular cloud collapses may
have been triggered by shock waves, perhaps from a supernova, accelerating the rate
of collapse so that above a critical mass the collapse was inevitable. Shock waves
are mainly believed to be collisionless plasma instabilites including extremely high
energy particles, travelling through space [27, 28]. Meteoroids are aggregated dust
particles as derived from a giant molecular cloud. The early composition of solar
nebula was fundamentally responsible for the composition of the Sun and, with some
processing, the chemistry of the planets. In other words, early composition of solar
nebula is directly connected to our contemporary "chemical household", including
the evolution and origin of life.

Together with comets, meteorites may aswell be called as fossils or children
of our solar system. Meteorites are thought to have survived form birth of solar
nebula some 4.5 billion years ago [16, 18]. These stony samples profit from many
aspects relative to other types of extraterrestrial materials. As meteorites land
on Earth, these types of samples can be analyzed in chemical laboratories using
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high-end analytical instrumentations. A high degree of analytical precision allows
for sensitive probing on e.g. early solar system or planetary history information
[29, 30]. Many more powerful channels of information are provided by analyzing
meteorites, such as profiling of astrochemical complexity.

First, we want to clarify terminology on meteor, meteoroid and meteorite [18].

meteor an object entering Earth’s atmosphere that burns up com-
pletely during its passage through the upper atmosphere -
a ’shooting star’

meteoroid the name given to a meteorite or a meteor before it enters
Earth’s (or any other planetary) atmosphere

meteorite an object entering Earth’s atmosphere that survives the fall
to Earth’s ground and can be sampled

1.2.1. Classification of meteorites

Meteorites are of special interest for some already mentioned reasons (e.g. laboratory
analysis, accessable information on solar system history). This makes those objects
special for human scientific research and classification schemes of meteorites were
invented. Basically, meteoritic classification terminology follows geological mineral
grouping. Meteorite mineralogy is complicated since 275 mineral species were re-
ported so far [18]. Nevertheless or excatly therefore, this proxy is diagnostic of the
origin of the sample. Broadly screened, meteorites are classified into three major
classes [18]:

iron composition principally of pure metallic nickel-iron (sensi-
tive to oxidation)

stony principally silicates or rocky meteorites (requires careful
laboratory analysis to determine extraterrestrial origin)

stony-iron a mixture of the previous two classes

In addition, meteorites are grouped into falls and finds. Falls refer to an observed
landing and a find is a meteorite discovery. A more detailed scheme of classification
of meteorites is sketched in Fig. 1.2. Special emphasis is taken on undifferentiated
chondrites, especially carbonaceous chondrites (C chondrites) to study organic or-
ganic chemistry within these types of meteorites. CI chondrites are thought to be
the most primitive meteorites in terms of mineralogy [31]. C chondrites contain ≈2
wt% (percentage by weight) carbon-bearing organic matter [15]. Additional help on
classification is provided from cosmochemical meteoritic isotopic analysis [32]. Bulk
H, C and N abundances were determined, as assessed mostly by organic material.
Lability of organic matter by aqueous alteration suggests analysis on organic matter
to be a more sensitive probe for classifying meteorites.

An important issue within meteoritic research is the question of its parent body,
as meteoroids are generally formed by collision of two celestial bodies. Meteorites
are well-described, which originate from asteroidal parent bodies (e.g. HED me-
teorites or Chelyabinsk), from planets (e.g. Mars) or from moon (e.g. or lunar
meteorites) [16]. To the best of my knowledge, no meteorite was ever directly found
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with cometary origin, although studies probed properties of putive meteorites with
cometary origin [33–36]. Nevertheless, interstellar dust particles were observed in
the Earth’s atmosphere [37]. These results could be relevant since interstellar dust
is directly connected to cometary material [38]. Furthermore, dynamical studies
and meteor observations indicate a continuum between dark asteroids and comets
and conclude that there should be a small fraction of the ≈30,000 meteorites that
originate from comets [39]. Differences between CI1 chondrites and cometary nuclei
could be ascribed by recent space missions, which were recorded basically from star-
dust data [39]. It has been suggested that type 1 (and maybe type 2) C chondrites
are best candidates for being cometary meteorites. In direct comparision, the D/H
ratio of CI1 chondrites is lower than that of comets.

A meteoritic composition is influenced by shock processes (e.g. by impact,
collision during meteoroid formation), thermal metamorphism (e.g. by radionucleic
heat) or aqueous alteration effects.

Meteorite

Undifferentiated
chondrites

Primitive
achondrites

Differentiated
achondrites

HED Moon Mars

Ordinary
O

Enstatites
E

Carbonaceous
C

CI CM-CO CV-CK CR clan H-L-LL

Ureilites URECI CM CO CV CK CR CH CB R KH L LL

CLA
SS

CLA
N

GROUP

Figure 1.2: Classification of meteorites. This figure is adapted from the classification scheme,
as shown by Weisberg, McCoy and Krot [40]

1.2.2. Chondrules, CAIs, cosmochemistry

The chrondrite subclass of stony meteorites is characterized by globules of once-
molten material that quickly solidified. These globues are called chondrules and are
remnants of the early protoplanetary disc. Their composition is usually similar to
that of the Sun and contain silicate minerals, e.g. olivine (Mg,Fe)2SiO4. Chondrules
are attractive, weakly processed probes for isotopic ratio determinations. Secrets
on the early solar system may be unlocked or this measure is used to get insights
on composition of interstellar dust, as both chondrules and dust originate from the
protoplanetary disc. Putatevily even older are calcium-aluminium-rich inclusions
(CAIs), submillimeter- to centimeter-sized light-colored calcium- and aluminium-
rich inclusions, which are found within C chondrites. Probing CAIs via lead (Pb-Pb)
isotope radiometric dating (using radioactive clocks) represents a sensitive measure
for geological time scales. For the Northwest Africa 2364 (NWA 2364) meteorite, an
age of 4568.22 ± 0.17 million years has been determined, which was inferred as the
beginning of the formation of the planetary system, meaning this time could be inter-
pretated as the age of the solar system [41]. This field of tracking meteoritic isotopic
signatures is known as cosmochemistry or chemical cosmology. Chemical cosmology

8



1.3 Organic material in meteorites

can be interpretated as tracking the formation of the universe/solar system by help
of chemical probes. Cosmochemistry is also used to track the spatial/astronomical
origin of a meteoritic sample within the solar system, e.g. via determination of the
deuterium/hydrogen ratio (D/H) [42]. Generally, it is important to match data from
different techniques (radioastronomy, meteoritic laboratory analysis, computational
modeling). One example for doubtful astronomical origin due to lack of underlying
data is the NWA 7325 meteorite, which has been discussed to putatively originate
from Mercury [43–45].

In addition, chondrules might also be a source of interstellar molecules, as pro-
cessed in ice layers of dust particles in giant molecular clouds. What are astro-
chemical origins and how are these complex organic molecules formed?
Did they form within a meteoritic body? Are there any interactions
between organic molecules and minerals? However, the source of organics
within chondulic compartments and their interaction with minerals is not fully un-
derstood yet. Further studies both from analytical meteoritic chemistry and labo-
ratory studies on interstellar ice analogs are needed to understand better the origin
and formation of ancient complex organic molecules.

1.3. Organic material in meteorites

Searching for organic matter within meteorites is mainly motivated by tracking
carbon-bearing compounds within carbonaceous chondrites (C chondrites). C chon-
drites contain ≈2 wt% organic matter carbon [15]. This field of research is connected
by astrobiological/origin of life questions. The Murchison meteorite, an observed fall
of ≈100 kg of in 1969 in Australia, influenced significantly studies on meteoritic or-
ganic material [46]. Early investigations on Murchison meteorite by well-equipped
laboratories was motivated that time also in the context of return samples from
Apollo missions, a NASA program dedicated for manned lunar landing. Over al-
most 50 years, Murchison has become a valuable extraterrestrial organic reference
material, which has been probed by modern analytical techniques.

Organic material in meteorites is known to be present in various forms. Me-
teoritic organic matter can be roughly grouped into soluble and insoluble organic
matter (SOM and IOM). Soluble organic matter reprents small free molecules, in-
cluding prebiotically-relevant compounds, such as amino acids or fatty acids. The
major part (≈70 %) of meteoritic organic matter is entitled as being insoluble, which
is referred to a highly cross-linked aromatic chemical network or macromolecules [47].

1.3.1. Insoluble organic matter

Studying insoluble organic matter requires extensive analytical sample preparation.
A meteoritic specimen will be suspended to a HF/HCl mixture with considering
the residue as insoluble organic matter. Subsequently, IOM is thermally and chem-
ically degraded (via pyrolysis and RuO4 oxidation to release aromatic and aliphatic
moieties). Remaining organic compounds are analyzed via gas chromatography
mass spectrometry (GC-MS) [48]. Alternatively, nuclear magnetic resoncance spec-
troscopy (NMR) [47, 49] or Raman spectrosopy [50, 51] are used to elucidate me-
teoritic IOM . IOM is generally characterized as a highly macromoleclar chemical
network of high chemical aromaticity. Derenne and Robert proposed a chemical
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model structure for insoluble organic matter of Murchison [52]. Despite a high de-
gree of unsaturation/aromaticity, incorporation of heteroatoms (oxygen, nitrogen,
sulphur) can be observed. Chemical parameters were described as H/C = 0.70,
O/C = 0.22 and N/C = 0.03 [52]. Additionally, Raman spectroscopy studies on
IOM provide information on thermal metamorphism of meteorites [53, 54].

Figure 1.3: Model of molecular structure of Murchison insoluble organic matter. Figure
is adapted with permission from John Wiley & Sons, Inc. [52].

1.3.2. Soluble organic matter - amino acids and beyond

Soluble organic matter in meteorites, often entitled as free organic compounds [15],
is of high interest, especially in prebiotic focus of origin of life questions [55]. Herein,
amino acids are perhaps the most often discussed compound class in carbonaceous
chondrites. Special care is taken with the issue of terrestrial contamination [56–
58], e.g. on carbon and nitrogen stable isotope composition [59]. Carbon isotopic
measurements are routinely used to test organic target molecules for extraterrestrial
origin [60].

Amino acids. Amino acids are building block for life within proteins. In addi-
tion, these molecules were found within astronomical environments, namely comets
[20]. The Martian meteorite Allan Hills 84001 (ALH 84001) attracted intense media
attention in 1996. U.S. president Bill Clinton gave a speech about potential life on
Mars [61]. Interpretations based on studies on ALH 84001, which was examined for
organic material and fossils [62]. Subsequent conclusions deciphered the detected
fossils and polyaromatic hydrocarbons are probably artefacts or terrestrial contami-
nation, respectively [63]. Isotopic measurements of 14C amino acid measurements of
ALH84001 could be related to antarctic terrestrial contamination [18]. Nevertheless,
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the search for amino acids, building blocks of life, are an ongoing highlight within
general meteoritic research. Analysis on fresh Murchison meteorite samples revealed
the presence of both proteinogenic and non-proteinogenic amino acids, in concen-
tration ranges of ≈60 ppm [15, 64]. ≈159 amino acid isomeric structures could be
found in meteorites to date [14, 15].

Nucleobases. Moving one step further on the prebiotic ladder, nucleobases
were found in Murchison meteorite, as well [60]. The nucleobases pyrimidine and
purine are essential for terrestrial organisms, which depend on nucleid acids (RNA
and DNA) to encode genetic information, a crucial biotic process in all known forms
of life. In addition to Murchison, nucleobases were found later in other eleven
meteorites, mostly carbonaceous chondrites [65]. Interestingly, Almahata Sitta #4,
an ureilite meteorite, was reported to contain the nucleobase adenine, as well [65].

Sugars. Addditionally, other prebiotically-relevant molecules were probed within
meteorites. Studies on the carbonaceous chondrites Murchison and Murray revealed
the presence of polyols (sugars and derivatives) [66], in comparable amounts to amino
acids. Sugars are together with nucleobases two out of three essential building blocks
of nucleic acids, the probably most important biomolecules. Only phosphorylation
reactions keep the puzzle of astrochemical nucleic acid formation still alive to date
[67–71].

Carboxylic acids. Next to proteins or nucleid acids, carboxylic acids are of
significant biochemical importance. Vesicle formation, membrane bilayer structures
and finally the built-up of biological minimal cells are mainly dependent on am-
phiphilic molecules, like carboxylic acids/fatty acids. Fatty acids represent a com-
pact store of energy in cell membranes. Therefore, attraction was focussed on the
analysis of carboxylic acids within meteorites [72, 73]. Carboxylic acid are known
to reach concentrations of ≈300 ppm within carbonaceous chondrites and represent
the most abundant organic species in meteorites [16].

Chirality. The concept of chirality is an important probe for living systems
by differentiating L and D form enantiomeric conformers. In other words, homochi-
rality represents a signature of life. To present-day knowledge, nature uses almost
exclusively L-amino acid and D-sugar enantiomers to incorporate these biomolecular
building blocks into protein or nucleid acid chemical machineries within living sys-
tems [74]. This phenomenon attracted many people within the field of origin of life
studies. Enantiomeric excess of both amino acids [75] and sugars [76] were studied
within meteorites. L-isovaline was found to have δ13C values of ≈+18h [75]. Never-
theless, the origin of homochirality is still under debate [77–80]. Many theories have
been presented, ranging from "by chance" versus "determinism", including chemi-
cal models like autocatalysis or physical models like enantiomeric amplification as
triggered via circularly polarized electromagnetic radiation.

Generally spoken, soluble free organic compounds can be analyzed by two differ-
ent analytical approaches, by means of targeted or nontargeted analytical strategies.
Above described examples represent targeted analyses, in which a precisely defined
goal exists, as the search for amino acids within a Martian meteorite to gain insights
on the probability of exististence of Martian life. Within this fairly rigid hypothesis-
driven research, putatively important latent analytes may be overlooked. As follow-
ing, motivations for nontargeted analytical methodologies and their manifold power
within meteoritic organic matter studies will be given.
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1.3 Organic material in meteorites

1.3.3. High-resolving chemical analytics - data-driven astrochemistry

A critical parameter within studying in-depth meteoritic organic matter is analytical
instrumentation. A significant increase in instrumental quality has been observed
over the last decades. Huge steps forward in terms of sensitiviy and resolution have
been done, caused by analyzing extraterrestrial samples by help of state-of-the-
art analytical techniquies. Special emphasis is set here on high-resolving chemical
analytics. Modern equipment, like high-resolution mass spectrometry (MS), nu-
clear magnetic resonance spectroscopy (NMR) pushed organic astrochemistry sig-
nificantly forward. Increase of sensitivity, accuracy and resolution by orders of mag-
nitude within analytical instrumentation enabled previsouly "unseen" astrochemical
insights, like the observation of ribose within interstellar ice analogs by two dimen-
sional gas chromatography coupled to mass spectrometric detection (GCxGC-MS)
[81].

In-depth compositional profiling - ultrahigh-revolving MS. Mass spec-
trometers are fine scales that weigh precisely masses of molecules. Ultrahigh-resolving
analytics, like Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS) mass spectrometry, represent one of the most powerful tools to allow
holistic insights into complex chemical spaces. FT-ICR mass spectrometry offers
highest resolving power and mass accuracy among all types of mass spectrometers
[82, 83]. In addition, high sensitivity is provided to enable the study of complex
mixtures. Frequency-based measurements, like in FT-ICR-MS, result in extremely
high mass resolving power (R > 106 ) and mass accuracy (<200 ppb). This enables
the differentiation of mass differences less than the mass of an electron. Measured
m/z signals are assigned to molecular compositions.

In addition to ultrahigh-resolving FT-ICR-MS techniques, Orbitrap instrumen-
tation is used more and more in astrochemical studies. In comparison to FT-ICR-
MS, Orbitrap is lower in resolving power and mass accuracy by ≈ one order of mag-
nitute (R ≈105 and mass accuracy ≈2 ppm) [84, 85]. Investigations on refractory
carbonaceous components of comets [86], interstellar ice/pre-cometary ice analogs
[87] or on meteorites were performed [88–90]. Striking results like the detection of
nucleobases in meteorites were reported using high-end analytical methods [65]. Ad-
ditionally, orbitrap mass analysers were also suggested as space mission instruments
to characterize in situ planetary environments [91].

A disadvantage of mass spectrometry is that only molecular formulas are pro-
vided. No direct structural information is provided on a first hint. Nevertheless,
data-analytical methods were devoloped to gain insights into chemical structural
properties. Senior reported in 1951 graph-theoretical derivations (cyclomatic num-
ber) to elucidate chemical structural information out of molecular formulae [92].
Basic assumptions here are the similarity between molecules and graphs (networks).
This mathematical concept allows for applying graph-theoretical rules on molecu-
lar systems. Based on Senior’s work, many applications were reported to describe
structural characteristics for given elemental compositions, e.g. the seven golden
rules of Kind and Fiehn [93]. In addition, Pellegrin presented in 1983 a second,
similar approach to Senior’s, on the nitrogen rule and degree of unsaturation of or-
ganic molecules [94]. This approach has been applied further to describe chemical
properties on aromaticity via the aromaticity index [95] or aromaticity equivalent
approach [96].
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1.3 Organic material in meteorites

Data-driven astrochemistry. Ultrahigh-resolving chemical analytics is di-
rectly connected to high-dimensional data sets. Schmitt-Kopplin et al. reported
high chemical diversity and complexity within meteorites. Chemical information of
thousands of individual components out of a complex organic mixture was assessed
from diversely-classified meteorites [9, 97–100]. Tens of thousands of different molec-
ular compositions and likely millions of diverse structures were observed in solvent
extracts of pristine carbonaceous meteorites [9].

Figure 1.4: van Krevelen diagram of Murchison sol-
uble organic matter. O/C versus H/C
is plotted for negative ionization ESI-FT-
ICR-MS methanolic soluble organic matter of
Murchison. The bubble size is normalized to
mass spectrometric intensity. Chemical sub-
spaces: CHO (blue), CHNO (orange), CHOS
(green), CHNOS (red). ≈15,000 molecular
formulae are shown [9].

Data analytical tools are
required to extract informa-
tion out of these complex
and diverse chemical data sets.
Dealing with thousands of
detected signals, visualizing
data is a crucial first step
to evaluate chemical analy-
sis. A moderately simple,
but powerful approach to plot
data is a van Krevelen dia-
gram [101]. Atomic ratios,
mostly oxygen/carbon versus
hydrogen/carbon, are plotted
to gain information on com-
plex high-dimensional compo-
sitional spaces. Fig. 1.4
shows a van Krevelen diagram
of Murchison soluble organic
matter, highlighting presence of
a manifold number of organic
molecules. ≈15,000 molecular
formulae are visualized. This
representation enables to ex-
tract information regarding chemical classes at first sight [9]. Fatty acids/lipids,
aromatic hydrocarbons, amino acids or sugar compounds were observed. In ad-
dition, this representation depicts information on homologoues series, as revealed
from experimental FT-ICR mass spectrometric data. Differentiation of the complex
organic mixture into chemical spaces CHO, CHNO, CHOS and CHNOS is enabled.
Variability in degree of unsaturation (via H/C ratio) and oxygenation (O/C ration)
can be deciphered. van Krevelen diagrams enable also visual comparison of different
samples regarding their chemical similiarities.

Another data-driven analytical approach to get insights into complex organic
chemical spaces is mass difference network analysis [102–104]. Herein, nodes repre-
sent experimental m/z values and edges (connections within the network) represent
exact mass differences, which are equivalent to a net molecular formula of a chemical
reaction. Holistic chemical diversity is visualized. Mass difference networks allow
for studying unknown chemical substances (chemical dark matter). Additionally,
chemical pathways can studied within reaction sequences only by help of molecular
formulas [105]. Fig. 1.5 shows a mass difference network of soluble organic matter
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1.3 Organic material in meteorites

of Murchison, as computed from negative ionization ESI-FT-ICR-MS experiments.
≈15,000 molecular formulae are depicted to extract information on the global dis-
tribution of chemical spaces CHO, CHNO, CHOS and CHNOS [9]. In this analysis,
edges (reaction-equivalent mass differences) are represented by fundamental astro-
chemical building blocks (e.g. H2, CH2, N2 or SO2). 66% of all mass differences are
C-, H-, O-bearing molecular formulas. Thus, interconnections among heteroatomic
chemical subspaces (e.g. CHO-CHNO transitions) are not widespreadly present and
heteroatomic chemical spaces remain to be fairly separated. A zoomed-in picture of
CHO-bearing molecules, including their respective connected mass differences, are
depicted. This compartment within the complex chemical network illustrated exem-
plariliy basic aliphatic carbon chemistry within Murchison soluble organic matter.
Herein, an exemplary chemical reaction is:

C19H30O7 + CH2 C20H32O7

Data-driven mass difference network analysis is highly sensitive to experimental
mass accuracy. Routinely, mass accuracy ranges of ±0.1-0.2 ppm are required to
accurately perform valid results via mass difference network analysis. This makes
this method still challenging for broadly adapted Orbitrap experimental data. Nev-
ertheless, FT-ICR mass spectrometry enables valid experimental data for studying
comprehensive chemical characteristics out of high-dimensional chemical space data
sets [103, 104].

C20H30O7

C20H32O7

C20H28O7

C19H30O7
2H2

H2

CH2

CHO

CHNO

CHOS

CHNOS

C

Figure 1.5: Mass difference network of Murchison soluble organic matter. Mass dif-
ference network of negative ionization ESI-FT-ICR-MS methanolic soluble organic
matter of Murchison. The network was visualized via Gephi software [106], using the
Force Atlas2 layout algorithm. Chemical subspaces: CHO (blue), CHNO (orange),
CHOS (green), CHNOS (red). ≈15,000 molecular formulae are shown [9].
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1.3 Organic material in meteorites

Data science profits from global holistic data analysis by implementing stasticial,
ensemble-related data treatment to understand and analyze general phenomena with
data [107]. A major aspect of motivation in data-driven science is that results and
subsequent interpretations of scientific problems should be independent of the ex-
perimentator’s hypothesis, but only be based on observed data [108]. High-resolving
chemical analytics of meteorites, inlcuding thousands of data per sample, allow for
moving forward in analyzing meteoritic organic matter by help of data-driven meth-
ods, such as network approaches or machine learning techniques [9, 109].

The application of multivariate statistical methods (e.g. prinicipal component
analysis, PCA or partial least squares analysis, PLS) will allow to extract significant
features out of a multiple complex feature spaces with thousands of compounds each
and further increase the disposable resolution [110, 111]. Therefore, discriminant
molecules can extracted, which differ in relative abundance between several samples,
even out of complex chemical spaces.

Structural chemical information - organic spectroscopy.

Figure 1.6: Model of molecular structure of
Murchison soluble organic matter.
Figure is adapted with permission from
John Wiley & Sons, Inc. [112].

Complementary to comprehen-
sive compositional information, spec-
trosopic techniques, like NMR, in-
frared (IR) or Raman spectroscopy
provide insights into chemical func-
tionalities. IR spectroscopy stud-
ies revealed the presence of car-
bonyl compounds (aldehydes, ke-
tones) in solvent extrats of Mur-
ray [113] or Orgueil meteorite [114].
Compositional diversity in mete-
oritic IOM was also revealed by IR
spectrocsopy [115]. Additionally,
Raman spectroscopy represents an
important tool within characteriza-
tion of insoluble organic matter [50,
51]. NMR spectroscopy was used to
characterize both insoluble [47, 52]
and soluble organic matter [112]. Hertkorn et al. proposed in a nontargeted NMR
approach a model for soluble organic matter for Murchison [112]. Aliphatic methyl,
methyl in β-position to carboxylic groups and carboxylic groups were reported in a
ratio 12 : 2 : 7.

Insights on chemical isomers - chromatography. In addition to composi-
tional and structural information, differentiation of chemical isomers is probed via
analytical separation techniques. Capillary electrophoresis (CE) analyses revealed
insights on amino acid chirality [116]. Gas chromatographic studies (GC-MS) de-
tected sugars [117], diamino acids [118] or nucleobases [60] in meteorites. Results
from two-dimensional GCxGC-MS methods revealed the challenging detection of
ribose out of a complex mixture including various conformers within interstellar
ice analogs [81] and suggest a pathway for prebiotic ribose formation, the central
molecular subunit in RNA.

By combining state-of-the-art chemical analytical techniques, probing composi-
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1.3 Organic material in meteorites

tional complexity, chemical structural information and isomeric specific data, chem-
ical complexity can be studied in great detail. The Schmitt-Kopplin lab developed
and optimized for more than a decade ultrahigh-resolving compositional FT-ICR-MS
[9], structural NMR spectrosopic [112] and chromatographic [9] analyses on complex
meoritic organic matter in a holistic nontargeted analytical approach. It could be
shown that coupled high-resolving analytics in combination with sophisticated data
analytical methods (e.g. molecular networks) helps in expanding our knowledge in
astrochemistry towards higher molecular masses and complex molecular structures
[10, 97].

1.3.4. Targeted versus nontargeted analysis

The molecular diversity of extraterrestrial organic matter in carbonaceous chondrites
represents a chemodiversity hotspot. As shown numerous times for Murchison, which
is considered as carbonaceous meteoritic reference material, a manifold set of organic
compounds were found. Chemical analysis were performed by means of both tar-
geted [55, 117–119] and nontargeted [9, 112, 120] methodologies. Both approaches
complement each other and converge in combination for gaining as much informa-
tion on the studied scientific system as possible. On a first sight, the nontargeted
methodology can be seen as a top-down profiling/screening approach, which profits
from targeted complemental results (and vice versa), whereas the targeted approach
elucidiates specific systems in-depth in a bottom-up manner. In a nontargeted ap-
proach, all analytes are globally profiled within maximum analytical possibilities
without biased or constrained hypothesis in order to gain comprehensive informa-
tion in top-down manner. As such, holistic nontargeted analyses of meteoritic soluble
organic matter revealed a much higher degree of molecular diversity than that found
in any organic matter of terrestrial origin, as observed in Murchison [9, 112].

Thoughts on comprehensive chemical analysis. Every analytical chemical
method starts with defining a hypothesis prior analysis. Targeted analysis mostly
fix these hypotheses with respect to a set of defined molecules, which should be
detected or quantified. Nontargeted approaches define the analytical goal by de-
scribing chemical processes, seeking for more global chemical desciption of a sample
or studying interactions within a complex chemical network including all analytes.
In short, the term target is synonym to chemical compounds within a sample. Non-
targeted methods profit from not overlooking specific analyte molecules, which were
not focussed during the hypothesis formation prior analysis [121]. Fig. 1.7 illustrates
the power of curiosity-driven research, motivated for not defining too strictly ana-
lytical targets. In contrast, targeted methods are able to dig deeper for mechanistic
studies of single analyte molecules. Therefore, both analytical strategies enable a
powerful complementary set for analyzing chemical mixtures.

Generally spoken in abstract manner, the appropriate choice of an analytical
method to probe a sample of interest is not so trivial - it can even become a philo-
sophical problem. Probing a sample is motivated by a specific interest of an analyst.
For example, one is interested into the absolute or relative abundance of one specific
molecule in a sample, e.g. the absolute abundance of a specific amino acid within a
Martian meorite. Another type of analyst’s interest could be the probing of inten-
sitiy distributions of fatty acid homologues series within a sample of interest. On
this second level, confounding effects for a set of single fatty acid molecules can be
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1.3 Organic material in meteorites

tracked due to the simulataneous detection of chemically similar molecules. When
moving one abstract layer forward, the interest of an analyst can be described as a
comprehensive, holistic probing of a certain sample of interest. Herein all molecules
of a sample are defined as actual analytes. In fact, in the third case samples will
studied, including its ingredients’ interactions in total. Analytes are not treated as
isolated systems within the sample of interest. A general sketch of different funda-
mental analytical strategies can be summarized as following.

• targeted Analytes are single molecules
→ Quantification/monitoring of single molecules/studying
molecules on a mechanistic level

• semitargeted Analytes are a set of molecules
→ Relationships of chemically similar molecules

• nontargeted Analytes are all present molecules (in theory)
→ Information on as many as molecules and their in-
between interactions/screening of global molecular spaces

Nontargeted analysis in practice.

Figure 1.7: Curiosity-driven research This
figure is adapted with permission
from ©The Nobel Foundation, no-
bel lecture of Laureate Theodor W.
Hänsch, Stockholm, Dec. 8, 2005
[122].

The analytical scenario of a global,
holistic screening of both, analytes
and analytes’ interactions represents
an ideal, which cannot be realized
practically. It is obvious that all
molecules cannot be sampled simulta-
neously within one analytical method.
Instrumental constraints limit the cov-
erage of analytical targets within an ex-
periment. For instance, in mass spec-
trometry, certain number of molecules
are discriminated by the ionization
mode (e.g. apolar molecules in electro-
spray ionization - ESI). Another exam-
ple is the analytical technique gas chro-
matography, which specifically focusses
on volatile chemical compounds.

When thinking on targeting a chem-
ical sample as holistic as possible, the
analytical matrix sets the role of the chemical analytes, which goes in hand with
several problems. In targeted analysis, the interfering effect which can confound a
target peak is called matrix effect [121]. Methods were devoloped to balance out the
matrix when targeting single compounds, e.g. the standard addition method [121].
However, in nontargeted strategies, the matrix effect cannot be tracked such easily
and represents a present-day problem within this kind of analytical approach [123].
Therefore, the intention of holistically probing a chemical system is a fundamental
problem of experimental research. Results and interpretations are always depen-
dent on "what you see", meaning scientific conclusions are dependent on detection
specifitiy and sensitivity. So, what is actually a global chemical profile? In
practice, nontargeted, comprehensive analysis is dominated by high-dimensional big
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data experiments (data-driven astrochemistry), which are discussed above.

1.3.5. Comprehensive chemical profiling of meteoritic organic matter

Studying meteoritic soluble organic matter via nontargeted analytical strategies
(data-driven astrochemistry), represents a powerful tool to probe astrochemical com-
plexity in a broad molecular range (100 - 1,000 amu, atomic mass units). To date,
thousands of individual components were profiled within complex organic mixtures
from diversely-classified meteorites [9, 112]. Likely millions of diverse structures
were observed in solvent extracts of pristine C chondrite meteorites [9, 112]. This
suggests that interstellar chemistry is extremely active and rich.

The extreme richness in chemical diversity of meteoritic soluble organic mat-
ter offers information on the meteoritic parent body history. Hints on heteroatom
incorporation and it’s chronological assemblies, shock and thermal events can be
extracted by advanced data analytical methods of these correlated high-dimensional
data sets [10]. Heteroatomic organic and metalorganic molecules (e.g. N-, S- or Mg-
bearing compounds) play an important role in the description of chemical evolu-
tion. It could be shown that coupled high-resolving analytics in combination with
sophisticated data analytical methods (e.g. molecular networks) helps in expand-
ing our knowledge in astrochemistry towards higher molecular masses and complex
molecular structures [10].

Nitrogen chemistry. Heteroatomic organic molecules were found to play an
important role in the description of chemical evolution. The thermally and shock-
stressed Chelyabinsk (LL5 chondrite) [98] showed high numbers of nitrogen atoms
within CHNO molecular formulas, relative to other L-type meteorites with lower
shock grades, especially in the melt region. Analogous concordance could be also
observed for Soltmany (L6 chondrite) [97] Novato (L6 chondrite) [124], Braunschweig
(L6 chondrite) [125]. L and LL ordinary chondrite meteorites are similar in their
petrologic composition

Sulphur chemistry. The extremely thermally altered Sutter’s mill (C-type)
reflects a loss in the organic diversity, but an increase in the polysulphur domain, as
compared to other CM2-analyzed falls [10, 126]. Sutter’s mill soluble organic matter
specifically exhibit many signals in mass range 318.75 - 319.0 amu, corresponding
to oxygen-rich and multiple sulphur-containing molecules

1.3.6. Combining experimental and computational techniques

Astrochemistry deals with molecular complexity and diversity [1]. The presence of
≈200 molecules to be detected in interstellar and circumstellar medium was not
always expected by the scientific community [2]. This remarkable chemical space
is not trivial to understand regarding the formation and stability of it’s consisting
organic molecules under highly energetic (gradual) conditions in astronomical en-
vironments. The combination of quantum chemical simulations with observational
results is powerful to understand astrochemical systems [127]. With significant in-
crease in computational power over the past years, large molecular systems could be
realized to probe via molecular simulations.

As an example, interstellar grain prebiotic chemistry was computed by means of
interactions of glycine and alanine on polycyclic aromatic hydrocarbon flakes [128].
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Enhanced stability of the carboxyl group by chemisorption could be found and impli-
cations on enantioselection were proposed. This work is one example for putatevily
important results in prebiotic chemical evolution in absence of experimental data.
Nevertheless, the power of quantum chemistry herein is to help laboratory experi-
mental modeling and observational studies by suggesting theoretical data, like here
on adsorption energies within this relevant interstellar prebiotic system. As another
example, quantum chemical studies could shed insights into the lack of detection
of interstellar anions [129]. This work underlines the importance of valence and
dipole-bound excited states in the detection of anionic species in ISM. These results
may help in addition to laboratory data future work on the detection of interstellar
anions.

In terms of computational methods, specific emphasis should taken on den-
sity functional theory (DFT) and second-order Møller– Plesset perturbation theory
(MP2). These two quantum chemical methods were mainly used in this work.

Density functional theory (DFT) is the current workhorse in theoretical chem-
istry determining electronic structures. In difference to traditional ab initio quantum
chemistry concepts like Hartree-Fock theory (HF), DFT replaces Ψ by the electron
density function ρ to describe the quantum mechanical system and its energy [130].
DFT often succeeds in computational costs over ab initio quantum chemical meth-
ods and can be therefore adapted to medium-large molecular system (<50 atoms).
Sensitive to accuracy of DFT results is majorly the choice of the functional and the
basis set regarding the respective chemical system to compute.

Møller– Plesset perturbation theory (MP2) represents an ab initio quantum
chemical method, describing a system’s energy by the many-body wave function
Ψ. In advantage to Hartree-Fock theory (HF) routines, MP2 computations include
electron correlation effects, which increases the accuracy in describing electronic
properties of a chemical system [131]. Practically, MP2 computations are more
accurate than DFT simulations, but are also computationally much more expensive.
Therefore, MP2 simulatios on moderately large molecular systems are not fully
practicable.

In conclusion, the interplay between experimental and computational methods
are powerful within organic astrochemistry studies. Sparse observational data or
the degree of complexity of targeted chemical network require help from quantum
chemistry methods. Increasing computational power enables nowadays a quantum-
mechanical description of challenging complex molecular systems, including fairly
high number of atoms.

1.4. Organometallics in astrochemistry

Organometallic molecules are rarely discussed in astrochemistry yet [132, 133]. Sci-
entists focussed mainly on studying either organic material (discussed above) or
minerals [134] within astronomical environments. Interestingly and contradictory to
the lack of research, they are supposed to represent key intermediates for organic
evolution.

Particularly as reported for interstellar medium reactions, iron interactions with
polyaromatic hydrocarbons (PAH) are discussed. The formed Fe-PAH complexes
have been proposed to influence the growth of PAH in evolved star envelopes and
influence therefore the formation of aromatic organic molecules within these as-
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tronomical environments [135, 136]. Additionally, Fen+ has been proposed to be
involved in the destruction/formation of CO [137] and formation of HCO [137].

In meteoritic context, few work was done on mineral-organic spatial associa-
tions, e.g. interactions between aromatics and carboxylic functional groups with
phyllosilicates for Renazzo meteorite (CR2 chondrite), Murchison (CM2 chondrite)
and Orgueil (CI chondrite) [138], suggesting modification of organic matter by clay-
mediated reactions [139]. Additionally, associations between aliphatic CH and OH
in phyllosilicates in Tagish lake meteorite (C2-ung chondrite) were found [140].

Generally, organometallic species are well-known from classical organic labora-
tory to efficiently catalyze various reactions [141]. This stimulates research on as-
trochemical molecules within astrochemical environments. As indicated above, the
origin and formation of early complex organic molecules within meteoritic chondrules
is still unknown. One putative pathway might be the formation via organometallic
intermediate states. Studies on the hypothesis that the formation of soluble organic
matter in meteorites is related to mineral aqueous alteration were performed previ-
ously [142]. Nevertheless, the problem of primordial complex organic molecule for-
mation still remains largely unsolved. Thus, more extensive research on com-
plex organic molecules formation and the role of organometallic species
therein has to be done.

1.5. Relevance of (metal)organic astrochemistry - astrobiological implications

Research on complex organic molecules within astrochemical environments is often
connected to astrobiological questions, like the search for building blocks of life [143–
145]. When searching for building blocks of life, one would need to define life first.
This represents an intrinsic problem within this scientific question itself, since the
definition of life is a long ongoing manifold challenging task [146]. Many prominent
scientists, e.g. Erwin Schrödinger, have done research on the question of definition
of life [147]. While digging deeper into a guess to strictly define life in a physical
manner, many problems rose up [147–149]. As an example, Schrödinger reported
the problem of negative entropy within a rigorous physical definition [147].

Generally, life can certainly be defined through a collection of characteristics.
Due to enormous physical and chemical complexity, this methodology would be more
profitable rather than a concept of definition via strict mathematical derivations.
Many definitions are biologically-oriented, including basically four characteristics,
as proposed by Schulze-Makuch and Irwin [146].

• metabolism
• growth
• reproduction
• adaptation to environment

Benner, Ricardo and Carrigan asked for "a common chemical model for life in
the universe" [150]. For an astrochemistry community, a chemical way of defining
life might be more intuitive. Benner, Ricardo and Carrigan listed the following
parameters as fundamental requirements for life.
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• thermodynamic disequilibrium assuming Darwinian evolution to be a
progressive process and that "that life
actually does something"

• bonding covalent bond, e.g. C-C
• isolation within the environment Darwinian cycle can proceed only if it

replicates itself in preference to oth-
ers; compartmentalization

• carbon-like scaffolding "machinery’s nutrients"
• energetic patterns in metabolism no equlibrium, but energy transfer
• solvent efficiency of chemical reactions within

liquid phase

Independent of the exact definition of life, a common aspect is the need for
organic molecules (nutrients) within a living environment. Therefore, the search for
organic molecules in putative habitable environments is required as one fixed criter-
tion for life. Second, energetic conditions (temperature, pressure, electromagnetic
radiation) are also important to be profiled, since energetic patterns in metabolism
are needed for living systems. In conclusion, the search for organic compounds as
building blocks of life is neccessarily related to their surrounding energetic conditions
to ask for molecular local stability and energetic reaction patterns within a found
local chemical network.
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Figure 1.8: Metal distributions for mete-
orites, Earth and a biologi-
cal system. Data are adapted
from Lodders for CI chondites [31],
McDonough for Earth [151] and
Williams for cell cytoplasm [152]

Organic molecular diversity in me-
teorites likely reflects an integrated tem-
perature history of the respective bodies
[98, 124–126]. Cometary systems and
primitive bodies are conserved at lower
temperatures (both CM2 primitive me-
teorites, keeping their original chemical
complex signature and CM2 meteorites
that have been altered with temperature
and/or aqueous alteration) [16]. Since
most meteorites undergo high energy
gradients within astrophysical environ-
ments, especially during the formation
of a meteoroid body, high energy local
surface temperatures and pressures are
involved when two celestial bodies col-
lide. The presence of highly diverse ex-
traterrestrial meteoritic organic matter
seems to be in contradiction on a first
glance. Therefore, thermolabile organic
molecules (e.g. carboxylic acids [153])
must be operative under a wide range of conditions. The following questions thus
arise:
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• Are intermediate states within chemical evolution required to preserve organic
compounds?

• Can minerals stabilize organic molecules within geological time scales?

The interaction of organic matter and minerals, especially clay minerals, is
known to play an important role in organic chemical evolution via catalytic effects
in meteorites [139]. The importance of metal ions within chemical evolution has
been previously suggested numerous times [154–156]. Metal ions may drive prebi-
otic reations via free-radical reactions. In particular, their role in peptide formation
was studied in clay environments by polymerization of alanine and glycine [157].

In biological, living systems (end-members of chemical evolution), metal ions
play essential roles in about one third of enzymes [158]. Therein, metal ions are
significantly involved in biochemical electron flow processes in a substrate or enzyme
or change substrate molecular conformations via specific bindings [159].

Metal abundance distributions for several environments following the time line
of chemical evolution (meteorites - Earth - biological system, Fig. 1.8) give insights
on the relevance of different elements. Magnesium Mg and iron Fe are most abun-
dant species for all three chemical systems, meteorites, Earth and biological cell
cytoplasm. In parallel, the significance of magnesium in traditional organometal-
lic chemistry has been broadly studies and well-known [141]. both abundance and
organometallic affinity motivate for probing magnesiumorganic compounds within
context of chemical evolution. The finding of magnesium-bearing species (MgCN
[160]) in proto-planetary nebulae argues for studying this research topic.
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1.6. Motivation and objectives of the thesis

The co-existence of manifold organic chemical diversity and high astrophysical en-
ergy history of meteorites sets the basic motivation ot this work. Organometal-
lic species are supposed to preserve organic compounds, especially prebiotically-
relevant molecules like fatty acids within chemical evolution. The role of intermedi-
ate organometallic chemistry is asked and studied by help of experimental ultrahigh-
resolving chemical analytics of meteoritic samples, combined with quantum chemical
computations on chemical stability of metalorganic molecules. both abundance and
organometallic affinity of magnesium-bearing molecules motivate for probing mag-
nesiumorganic compounds within astrochemical context. The outline of this work
is illustrated in Fig. 1.9. As a coarse guide, section 2 describes the detection of pre-
viously unknown organomagnesium compounds, dihydroxymagnesium carboxylates
[(OH)2MgO2CR]− (CHOMg) in meteorites. Section 3 and section 4 study funda-
mental chemical properties of dihydroxymagnesium carboxylates. In addition, their
chemical stability is discussed on both experimental and theoretical levels.

Section 2 describes the detection of CHOMg in meteorites. Dihydroxymagne-
sium carboxylates represent an unreported chemical class, which has not been re-
ported to date in chemical databases (e.g., ChemSpider, SciFinder, and PubChem).
We demonstrate the occurrence and remarkable diversity of CHOMg compounds
within meteoritic soluble metalorganic matter and present discussions on chemical
properties and reactivity of dihydroxymagnesium carboxylates. Molecular diversity
makes meteorites ideal samples to elucidate fundamental organic chemical reactivity.
Additionally, CHOMg signatures can be related to meteoritic thermal history and
fractionation processes.

In a next step, we ask for the chemical stability of these novel chemical com-
pounds, dihydroxymagnesium carboxylates. Quantum chemical studies gained in-
sights into decarboxylation fragmentation mechanisms (section 3). Computations
were performed by means of both second-order Møller–Plesset perturbation the-
ory (MP2) and density functional theory (DFT) methods. Release of CO2 from
dihydroxymagnesium carboxylates enables formation of Grignard-type dihydroxy-
magnesates. Fragmentation probability and chemical characteristics of putatively
formed Grignard-type molecules will be discussed.

Section 4 studies chemical stability of dihydroxymagnesium carboxylates regard-
ing alkyl chain fragmentation. Odd/even alternation effects were observed within the
stability of CHOMg molecules. In addition, chemical properties of CHOMg-related
fatty acid compounds were discussed. Amplification of even carbon-bearing CHO
and CHOMg molecules were observed and their implications on chemical evolution
will be discussed.
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1.6 Motivation and objectives of the thesis

Do dihydroxymagnesium carboxylates

form Grignard-type reagents?

(Section 2)

Previously unknown class of metalorganic

compounds revealed in meteorites

(Section 1)

The role of organomagnesium

species within chemical evolution

(Section 3)

Figure 1.9: Outline of this thesis.
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2. Previously unknown class of metalorganic compounds
revealed in meteorites

CHOMg chemical space

CHO chemical space

The rich diversity and complexity of organic matter found in meteorites is
rapidly expanding our knowledge and understanding of extreme environ-
ments from which the early solar system emerged and evolved. Here,
we report the discovery of a hitherto unknown chemical class, dihy-
droxymagnesium carboxylates [(OH)2MgO2CR]−, in meteoritic soluble
organic matter. High collision energies, which are required for fragmen-
tation, suggest substantial thermal stability of these Mg-metalorganics
(CHOMg compounds). This was corroborated by their higher abundance
in thermally processed meteorites. CHOMg compounds were found to
be present in a set of 61 meteorites of diverse petrological classes. The
appearance of this CHOMg chemical class extends the previously inves-
tigated, diverse set of CHNOS molecules. A connection between the evo-
lution of organic compounds and minerals is made, as Mg released from
minerals gets trapped into organic compounds. These thermostable com-
pounds might have contributed to the stabilization of organic molecules
on a geological time scale, which emphasizes their potential astrobiolog-
ical relevance.

This chapter has been published in Proceedings of the National Academy of Sciences 2017 114 ,
2819–2824. [161].



2.1 Introduction/motivation

2.1. Introduction/motivation

The molecular diversity of extraterrestrial organic matter in carbonaceous chondrites
has been studied by means of both targeted [55, 117–119] and nontargeted [9, 112,
120] analytical methodologies, which are complementary to each other. The targeted
approach focuses on molecules of biological/prebiotic interest in greater detail, such
as amino acids, nucleobases, or carbohydrates [162], overlooking other analytes. In
the nontargeted approach all analytes are globally profiled to gain comprehensive
information. As such, holistic nontargeted analyses of meteoritic soluble organic
matter revealed a much higher degree of molecular diversity than that found in any
organic matter of terrestrial origin, as observed in Murchison [9, 112]. The Murchison
meteorite (CM2 type, where CM refers to Mighei-type carbonaceous chondrite) is
the most investigated meteorite, typically seen as an example of abiotic organic
complexity and a model of the processes that occurred inside its asteroid parent
body [9].

Few metalorganic compounds have hitherto been described in the meteoritic con-
text [133], despite the close proximity and intercalation of the mineral and organic
phases in meteoritic materials. Fioroni predicted the identification of metalorganic
species in measureable quantities; however, these have not been detected yet, either
by spectroscopic techniques or upon meteorite analyses. Carbonaceous meteorites,
such as Murchison (CM2) or Orgueil (CI1), are heterogeneous in organic molecular
species and their abundances [138, 163]. These organic materials, including car-
boxylic compounds, are known to be mixed with Mg-rich phyllosilicates [138]. The
interaction of organic matter and minerals, especially clay minerals, plays an im-
portant role in the evolution of meteoritic organic matter via catalytic effects [140].
Mg is one of the most abundant elements in the solar system [31] and is an impor-
tant component in many common rockforming minerals. Furthermore, relative to
other elements in the first three groups of the periodic table, Mg offers the highest
propensities of forming metalorganic compounds [164], for example chlorophyll or
Grignard reagents. Classical metalorganic compounds with a covalent Mg–C bond
exhibited high binding energies with a distinct thermal robustness and an apprecia-
ble photostability [165].

Mg commonly occurs as a divalent cation that is coordinated to six water
molecules or other oxygen-containing ligands [166]. Meteorites contain Mg-rich min-
erals (Fig. 2.1) [167] and complex organic compounds [9, 55], which are thought to
evolve chemically, not simultaneously, in the early solar system [142, 168]. For ex-
ample, Fischer–Tropsch-type (FTT) reactions are believed to play an important role
in providing pathways to form (complex) organic molecules. The reacting molecules
in FTT reactions are CO, H2, and inorganic minerals as catalysts [169]. Another hy-
pothesis for organic matter formation is the mineral alteration by aqueous alteration
(18). In both cases, minerals, including those that bear Mg [170], have a potential
consequence on the organic chemistry in space.

Here, we demonstrate the occurrence and remarkable diversity of previously un-
recognized CHOMg compounds within meteoritic soluble organic matter and present
the chemical class of dihydroxymagnesium carboxylates, followed by a discussion of
their chemical properties and reactivity. CHOMg signatures will be shown to relate
to meteoritic thermal history and fractionation processes.
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Figure 2.1: Elemental analysis. Element abundances in the methanolic extract and the residue
sample of the NWA 7325 meteorite are shown, as obtained from ICP-MS data. (A) A
bar graph with the decimal logarithm of the measured element’s intensities, provided
for 31 elements in the extract (red) and in the residue (blue). (B) A linear regression
between the extract’s intensity and the residue’s intensity, both expressed in the deci-
mal logarithm, is presented to reflect the solubility potential of the measured elements.
The red data points represent elements enriched in extracts, and the blue-labeled ele-
ments remain in residue. High abundances for Al, Ca, and Mg and volatile elements
are enriched in the extract, with exceptions, mainly observed at trace levels. Spatially
resolved elemental distribution of the Novato meteorite surface is depicted, as gained
from LA-ICP-MS measurements, for the dark and the bright site of the specimen (C).
HCA of 13 element profiles reveals extensive concordance of the abundant elements
Mg and Si, which is in agreement with dominant magnesium silicates in the solid-
state phase. SIMS analyses results of a glassy vein of the LL5 ordinary chondrite
Chelyabinsk specimen are shown with the mapped intensities of Si−, MgO−, C−, and
H− (D–G) This supports that the analyzed specimen is rich, both in C− and H− (likely
organic matter), next to congruent areas of Si− and MgO− (magnesium silicates). (H)
Mg isotope results of organic extract and whole-rock residues for Novato and NWA
7325 .
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2.2. Evaluating the CHOMg Chemical Space

Our methods and processes for conducting electrospray ionization Fourier transform
ion cyclotron resonance mass spectrometry (ESI-FT-ICR-MS) on soluble organics
in meteorites are described in the Appendix A.3. To understand the nature of pre-
viously unassigned peaks, we studied 61 meteorites with different petrologic types,
covering a wide range of meteorite classes (Table S1). The selected representative
meteorites include achondrite Northwest Africa 7325 (NWA 7325, ungrouped [171]),
ordinary chondrites Novato and Chelyabinsk [98, 124], and carbonaceous chondrite
Murchison (CM2 [9]).
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Figure 2.2: Detection of the CHOMg chemical space. Negative ionization mode ESI-FT-
ICR mass spectrum of an ungrouped achondrite (NWA 7325) is shown (A). It is
aligned together with two ordinary chondrites (Novato and Chelyabinsk) and a car-
bonaceous chondrite meteorite (Murchison) by CHNOS compounds (B). Some distinct
mass peaks were detected that are nonaligned and represent CHOMg compounds (pink
labels). Less than one electron mass difference (∆m/z = 0.0003 amu) between the
isobaric molecule ions [C16H31O6]− and [C18H31MgO3]−, with the corresponding mass
difference of C2O−3Mg, requires an ultrahigh mass resolving power and high mass ac-
curacy to enable unambiguous differentiation between the CHNOS and the CHOMg
chemical spaces. The second most abundant CHOMg isotopologue, here at m/z =
320, consists of two peaks (25Mg and 13C) of comparable amplitude. The specific
presence of [C18H31MgO3]− is confirmed in NWA 7325 and Novato but excluded in
Chelyabinsk and Murchison meteorites, which only display the single 13C-based peak
and no second isotopologue mass peak at m/z = 320. (C) Relative abundances of
NWA 7325 chemical species are depicted.
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Figure 2.3: Isotopic fine structure for the [C16H33MgO4]− molecule ion. (A–E)
[C16H33MgO4]− was identified via its isotopologues in the Novato methanolic extract,
as seen in ESI-F T-ICR mass spectra. The black spectrum is the experimental mass
spectrum from Novato extract, and the red profile represents the theoretically com-
puted isotopic pattern at natural abundance of C, H, O and Mg. The observed isotopic
distribution is primarily caused by the isotopes 24/25/26Mg, 12/13C, 16/18O and 1/2H.
To separate each isotopologue at FWHM, a minimum mass resolving power of R ≈
125,000 at m/z = 313 is required. Beyond CHOMg, the total combinatorial molecular
complexity within the sample set includes N and S compositions. The mass resolving
power of R ∼ 500,000 helps to exclude more complex combinatorial formula solutions,
which contain, for example, nitrogen and sulfur and discriminates unambiguously the
CHOMg from the CHNOS chemical compositions.
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2.2 Evaluating the CHOMg Chemical Space

The mass spectra of the ungrouped achondrite NWA 7325 show a very dense
CHNOS space of soluble organic compounds, comparable to ordinary chondrites
(Fig. 2.2). Recurrent patterns of 876 unassigned mass peaks were discovered to
which we assigned CHOMg formulas (Fig. 2.2). These mass peaks accounted for
22% of peaks in the soluble organic matter of NWA 7325, 26% in Novato, and 24%
in Chelyabinsk, all of which underwent significant heating during petrogenesis, but
only 2% in the comparatively primitive meteorite Murchison; absolute quantities
are not directly accessible via ESI. Nevertheless, CHO and CHOMg compounds
are observed in almost equal mass peak counts n for thermally stressed meteorites
[n(CHO) : n(CHOMg) ≈ 1:1]. CHO compounds represent the major soluble organic
compounds in ordinary chondrites, ranging up to ∼300 ppm [55]. Thus, CHOMg
compounds are expected to be in a similar concentration range.

The unambiguous distinction between the CHNOS and the CHOMg chemical
spaces requires an extremely high mass resolving power (R > 106) and mass accu-
racy (<200 ppb, Fig. 2.2) to differentiate mass differences less than the mass of an
electron. At lower mass resolving power, CHOMg compositions would be largely
occluded by merging with the CHNOS compositional space. To avoid any align-
ment error due to this m/z overlap, CHNOS compounds are shown to reveal the
precise internal calibration (Fig. 2.2). The 24/25/26Mg isotopic fine structure analy-
sis validated the existence of C-, H-, O-, Mg-based compositions (Fig. 2.2 and Fig.
2.3).
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Figure 2.4: Characteristics of the CHOMg chemical space. CHOMg chemical composi-
tions of NWA 7325 soluble organic matter are depicted by massedited H/C ratio,
for the complete A) and zoomed-in compositional space (B), illustrating the den-
sity of fairly complete homologous series within the CHOMg compositional space.
The bubble size represents the relative intensity of the mass peaks. The detailed ar-
rangement of CHOMg compounds allows visualization of nominal elemental/molecular
transformations, with examples provided (circled numbers: 1 , C18H33MgO5

−; 2 ,
C19H33MgO5

−; 3 , C19H35MgO5
−; 4 , C21H37MgO4

−; and 5 , C20H35MgO5
−). (C)

Relative abundances of these Mg-metalorganics, shown in different colors (B and C),
demonstrate the dominance of the MgO4R− molecular subspace, with R = hydrocar-
bon CxHy and {x,y} ∈ N.
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2.2 Evaluating the CHOMg Chemical Space

Figure 2.5: Complexity of the CHOMg chemical space. (A) The dominance of CHOMg
molecules possessing four oxygen atoms compared with the whole CHOMg chemical
space for the soluble organic matter of NWA 7325. H/C vs. O/C for NWA 7325 (B),
H/C vs. O/C and H C vs. m/z representations of CHOMg chemical compositions
for Novato (C and D), Chelyabinsk (E and F), and Murchison (G and H) meteorite
samples illustrate the chemical complexity of their organic extracts. The bubble size
represents the relative intensity of the mass peaks. The mass-edited H/C ratio diagram
of NWA 7325 is shown in Fig. 2.4A in the main text.
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CHOMg chemical compositions of NWA 7325 soluble organic matter are de-
picted by massedited H/C ratio, for the complete A) and zoomed-in compositional
space (B), illustrating the density of fairly complete homologous series within the
CHOMg compositional space. The bubble size represents the relative intensity of
the mass peaks. The detailed arrangement of CHOMg compounds allows visual-
ization of nominal elemental/molecular transformations, with examples provided
(circled numbers: 1 , C18H33MgO5

−; 2 , C19H33MgO5
−; 3 , C19H35MgO5

−; 4 ,
C21H37MgO4

−; and 5 , C20H35MgO5
−). (C) Relative abundances of these Mg-

metalorganics, shown in different colors (B and C), demonstrate the dominance of
the MgO4R− molecular subspace, with R = hydrocarbon CxHy and {x,y} ∈ N.

The diversity of CHOMg species within soluble organic matter of NWA 7325
highlights the complex chemical space that is occupied by these metalorganic com-
pounds (Fig. 2.4 and Fig. 2.5). This van Krevelen-type representation shows several
extended, methylene-based fairly complete homologous series (Fig. 2.5). The ab-
sence of odd–even preferences in alkyl chains testifies to a nonbiological origin of
CHOMg compounds [172]. Biological synthesis of fatty acids or general aliphatic
chain molecules is usually a C2 unit propagation process [173]. Therefore, the ex-
traterrestrial origin (C1 step chemosynthesis) can be distinguished from a terrestrial
synthesis environment. Compounds bearing four oxygen atoms (MgO4R−, with R
= hydrocarbon CxHy and {x,y} ∈ N dominate the CHOMg chemical compositions
(>80%, Fig. 2.4C and Fig. 2.5A) with a prevalence of nearly saturated aliphatics R,
including long alkyl chains, which is uncommon for meteoritic soluble organic matter
[112]. The sequential traces of the CHOMg compositional space of the other three
meteorites, Novato, Chelyabinsk, and Murchison, demonstrate their wide molecular
ranges and diversity (Fig. 2.5).

2.3. Dihydroxymagnesium Carboxylates: A Previously Unreported Chemical Class

To establish the chemical structure responsible for those peaks, the most intense
mass peaks of MgO4R− compounds (R = hydrocarbon CxHy and {x,y} ∈ N)
were subjected to collision-induced dissociation tandem mass spectrometry (CID-
MS/MS) to initiate fragmentation. These CHOMg compounds were found to be
highly thermostable. High collision energies (>10 eV, 965 kJ/mol) were neces-
sary to observe Mg(OH)2 abstraction [∆m/z = 57.99052 atomic mass units (amu),
Fig. 2.6] from the parent ions. Fragmentation patterns were characteristic of
long-chain aliphatic compounds [∆m/z = 2.01565 amu for H2 loss and ∆m/z =
28.03130 amu for C2H4 elimination [174], Fig. 2.6]). Acidification of the samples
caused Mg-metalorganics (organomagnesium complexes) to hydrolyze. The precip-
itation of Mg(OH)2 substantiates the idea that the observed CHOMg molecules
are [(OH)2MgO2CR]− anionic complexes (Fig. 2.6), namely dihydroxymagnesium
carboxylates, which have not been reported to date in chemical databases (e.g.,
ChemSpider, SciFinder, and PubChem).

Thermodynamic properties of dihydroxymagnesium carboxylates were eluci-
dated both experimentally and theoretically. Mass spectrometric and computed
fragmentation energies are in agreement, indicating a remarkable stability of CHOMg
molecules as well as a strong (covalent) binding between Mg(OH)2 and the carboxyl
group (Eqs. S1 and S3 and Table S2). The [(OH)2MgO2CC15H31]− anion ap-
proaches a tetrahedral coordination geometry with Mg as coordination center (Fig.
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Figure 2.6: Fragmentation experiments to characterize dihydroxymagnesium carboxy-
lates. (A–C) CID mass spectra of NWA 7325 of C16-dihydroxymagnesium carboxylate
[C16H33MgO4]− complex are shown at collision energies of 10 eV, 15 eV, and 20 eV.
Additionally, five precursor molecular ions, ranging from C14 to C19 show fairly con-
gruent fragmentation patterns of dihydroxymagnesium carboxylates. The computed
coordinates of the depicted structures are presented in Table S2. (I) Exact masses
of the fragmented molecules. (J) (-)-ESI-FT-ICR mass spectra of selected dihydrox-
ymagnesium carboxylates in the NWA 7325 methanolic extract are shown, where
the standard extract is labeled blue and the red signal is the extract in presence of
formic acid (HCOOH). The complex is hydrolyzed in the presence of formic acid and
Mg(OH)2 is precipitated. The peaks were smoothed via the Gauss smoothing algo-
rithm, as implemented in Bruker Compass DataAnalysis 4.2 SR1, with a smoothing
width of 0.001 amu (2.1 points).
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2.7). Interestingly, Mg atoms seem to occur in a rarely observed fourfold coordi-
nation [175]. The reactivity of dihydroxymagnesium carboxylates as a function of
chain length was assessed by determining Gibbs free energies ∆G for the reaction,
shown in Eq. 2.1; ∆G was computed both by means of density functional theory
(B3LYP-DFT) and by second-order Møller– Plesset perturbation theory (MP2):

RCOO− + Mg(OH)2
K [(OH)2MgO2CR]− (2.1)

The measured equilibrium constant K’ [K’ ∼ K·c(Mg(OH)2, Eqs. S2 and S3]
of the complex formation, following Eq. 2.1, relates to Gibbs free energy ∆G via
Eq. 2.2:

∆G = −RTlnK ′ (2.2)

Eq. 2.2 provides a negative correlation of ∆G with K’ (Fig. 2.7 and Fig.
2.8). The tendency of carboxylate complex formation continually decreases with
increasing alkyl chain lengths R, as a result of two opposite effects. The inductive,
bond-polarizing +I effect increases with higher numbers of alkyl carbons, making the
carboxyl groups better nucleophiles, thereby shifting the equilibrium toward complex
formation. However, the inverse effect of chain length on the acidity or the deproto-
nation potential of the ligand dominates. Here, longer alkyl chain carboxylates have
higher potential to remain in their protonated form (RCOOH), which makes them
weaker nucleophiles. Consequently, a higher coordination tendency for short-chain
organic acids results (Fig. 2.7), which was verified for various homologous series
(Fig. 2.8).
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Figure 2.7: Characterization of dihydroxymagnesium carboxylates. (A) The negative cor-
relation between the experimental equilibrium constant, expressed as ln K’), and the
computed Gibbs free energy ∆G of the [(OH)2MgO2CCnH2n+1]− complex forma-
tion with n ∈ N) for different linear alkyl chain lengths between C11 and C18, as
computed with density functional theory (DFT). (B) The dependency of ln(K’) (ex-
perimentally via MS) and ∆G (theoretically via DFT) on different alkyl chain lengths
is displayed to illustrate the reactivity of dihydroxymagnesium carboxylates, whereas
the optimized computed geometry for the representative ion dihydroxymagnesium-n-
pentanoate [(OH)2MgO2CC4H9]− is depicted in C (see Table S2 for the computed
coordinates of relaxed geometry of C5-dihydroxymagnesium carboxylate complex an-
ion.)
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Figure 2.8: General CHOMg reactivity and verification of DFT simulations with MP2
level of theory. (A) Negative correlation of the Gibbs free energy ∆G with ln
(K’), following Eq. 2.2 for different linear alkyl chain lengths between C11 and C18,
computed with MP2 extracts (discussed in the main text). (B) ln(K’) is plotted vs.
the number of carbon atoms for several homologous series, varying by alkyl saturation
and number of oxygen atoms in the aliphatic chain. A general decreasing trend with
increasing numbers of C atoms is observed, indicating that smaller alkyl chain CHO
molecules are more reactive to form CHOMg compounds, relatively longer aliphatic
chain molecules. Additionally, local reactivity anomalies are highlighted by functional
fluctuations. (C) ∆G is plotted vs. the number of carbon atoms in linear alkyl chain
lengths of the [(OH)2MgO2CCn]− complex formation with n ∈ N, as computed on
MP2-level of theory. (D) Correlation between the DFT-B3LYP and MP2 methods,
which illustrates the accuracy of DFT, describing this complex formation reaction
properly.
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Mass difference network analysis visualizes holistic chemical diversity of CHOMg
in detail. In this data driven analytical approach, nodes represent experimental m/z
values (here, FT-ICRMS data of NWA 7325 soluble organic matter) and edges (con-
nections within the network) represent exact mass differences, which are equivalent
to a net molecular formula of a chemical reaction [102]. The chemical complex-
ity/reactivity of the CHOMg space (pink-coded nodes) and its regular connection
to certain CHO compositions (blue-coded nodes, Fig. 2.9 and Fig. 2.11) is revealed.

Figure 2.9: Mass difference networks, presenting the chemical complexity/reactivity
of the CHOMg space and its connection to CHO compositions. (A–E) Five
subnetworks, each representing one distinct degree of unsaturation, as well as a gradual
increase in the number of oxygen in CHOMg molecules, are shown for NWA 7325
soluble organic matter. The variance in unsaturation is expressed via DBE values.
CHOMg nodes are pink and CHO nodes are blue. The nodal diameter is proportional
to the natural logarithm of each mass peak’s intensity. Three types of edges are defined,
the mass differences of CH2 and O illustrate the systematic connection within the
CHO or CHOMg chemical space, and ∆m/z(Mg(OH)2) addresses reaction pairs that
connect CHO and CHOMg compositions. (F) Proposed alternative organomagnesium
complex formation with unsaturated β-hydroxy ketones as chelate ligands.
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Here, CxHyO +Mg(OH)2 reaction pairs (with {x,y} ∈ N) were identified for
various degrees of unsaturation and numbers of oxygen atoms. First, highly con-
nected methylenebased homologous series can be observed (CH2 as an edge) for
the CHO and CHOMg compositional spaces, respectively. Second, different sub-
series with varying oxygen numbers are present. This functional network is split
into five disconnected subnetworks, differing in their saturation states and laid out
in the CH2 vs. O directions. The degree of unsaturation (described via double-
bond equivalent values, DBE) affects the reactivity of CHO compounds (CxHyOz

+ Mg(OH)2 → CxHy+2Oz+2Mg reaction, with x,y,z ∈ N); the number of possible
reactions increases with increasing DBE. Saturated CxHyO2 compounds (DBE = 1)
almost exclusively react to MgO4R− compositions (like dihydroxymagnesium car-
boxylates, R = hydrocarbon CxHy and {x,y} ∈ N). With increasing numbers of
DBE, additional varieties of organomagnesium complex formation become available
due to increased numbers of isomers of CHO compounds. On average, the transition
from Fig. 2.9A to Fig. 2.9B doubles the number of organomagnesium compounds
(pink chains), representing an increase in chemical CHOMg complexity.

The presence of carbonyl and hydroxyl groups in meteoritic soluble organic mat-
ter has previously been demonstrated [55, 112]. We propose the additional presence
of β hydroxy carbonyl functionalities for unsaturated compounds that are isomeric
and vinylogous to carboxylic compositions. Unsaturated β-hydroxy ketones are sta-
bilized via conjugation effects, which enhance the likelihood for alternating σ and
π bonds within the aliphatic chain (Fig. 2.9). The enol form is preferred, relative
to the keto form, due to the presence of a pseudo ring, driven by hydrogen bond-
ing. Additionally, keto–enol tautomerism explains the acidic character of β-hydroxy
ketones. They are able to form chelate complexes [176], similar to organomagne-
sium coordination compounds. This alternative Mg coordination motif, compared
with carboxylate ligands, may explain why highly unsaturated oxygenated CHO
molecules react to CHOMg compositions. Further, the presence of two organic lig-
ands enhances the probability of forming organomagnesium complexes, compared
with one single organic educt class.

2.4. Chemosynthesis of organomagnesium compounds and the link to thermal history

One might ask about the origin of these organomagnesium compounds and whether
the genesis of this compound class is coupled to the individual “history” of the
various meteorites, meteoroids, and parent bodies. The effects of shock events,
thermal metamorphism, and aqueous alteration play a major role in the classification
of meteorites, which are commonly based on petrologic indicators [177]. CM-type
meteorites [9, 99] have shown the highest number of CHNOS compositions. The
thermally altered Sutter’s Mill shows losses of these signatures with additional new
polysulfidic patterns [126]. The recent falls of the ordinary chondrites, such as
Novato (L6), Chelyabinsk (LL5), or Vicência (LL3.2), show similar losses in nitrogen
and sulfur compounds. Conversely, formation of compounds with high numbers of
nitrogen at higher shock levels [98, 100, 124] are observed, suggesting that shock
events/thermal metamorphism play a role in this context as well.

The CHOMg signatures relate to shock stage (with S0 being unshocked and
S5 highly shocked meteorites, as assigned for examples in Fig. 2.10) and thermal
processing among 61 meteorites of various classes, as demonstrated by orthogonal
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partial least square regression analysis (OPLS) (Fig. 2.10, x axis as first component).
For example, the thermally altered meteorite Soltmany [97] contains >700 CHOMg
compounds. In comparison, the less-altered meteorite Paris (CM) with only weak
thermal alteration [178] shows merely 90 CHOMg compounds of low mass peak
intensity. The information on the variation of oxygen numbers within CHOMg
formulas is revealed by the y axis (orthogonal to the first component) of the OPLS
analysis. Based on the mass difference network analysis (Fig. 2.9), we propose that
the y axis potentially also represents a discrimination of the degree of unsaturation.
High oxygen numbers of CHOMg molecular formulas correspond to a higher degree
of unsaturation.

Figure 2.10: Relationship of CHOMg signatures with different thermal processing
stages of meteorites. An OPLS score scatter plot for 61 meteorites (CI, CK,
CM, CO, CR, CV, EUC, H, L, LL, URE, and achondrite classes) with different
inter- and intrameteorite class metamorphism stages is shown, based on the abun-
dance and molecular diversity of CHOMg compounds. Details on the OPLS analysis
are given in SI Materials and Methods and meteorite assignments are listed in Table
S1. The box plots represent the averaged numbers of CHOMg molecular formulas
for low and highly thermally altered meteorites, respectively. Thermal processing
states vary from low to high along the x axis (first component), proceeding from
negative to positive values. This first component (x axis) is related to the number
and intensity of CHOMg molecular formulas, as represented in the box plot. The y
axis (orthogonal to the first component) represents the proportion of oxygen atoms
within the molecular formulas, as illustrated by modified van Krevelen diagrams of
the most relevant loading values. Independent of the specimen, CHOMg signatures
were observed with increased Mg-metalorganic diversity for thermally stressed me-
teorites. The two CM2 chondrites, Y-793321 and Y-86720, reported to be thermally
metamorphosed [177], well described meteorites, with respect to their shock history
(Chelyabinsk [98] and Novato [124]), as well as the recently classified fall Sidi Ali Ou
Azza (L4) and a very new German fall Stubenberg (LL6) were also assigned to the
thermally stressed region.

38



2.4 Chemosynthesis of organomagnesium compounds and the link to thermal history

Parent body thermal metamorphism also imposes a compositional variance of
CHOMg compounds. High thermal metamorphism is associated with an elevated
saturation (high H/C ratio) and a convergence of oxygen numbers to 4 within the
organomagnesium molecules at high thermal stress (Fig. 2.11). By heating Murchi-
son, a meteorite with a low degree of metamorphism, we were able to simulate and
follow the effect of short-duration thermal stress in a laboratory experiment. Here,
CHOMg-based hierarchical cluster analysis revealed differentiation according to tem-
perature regimes Fig. 2.12). Similarly, the number of oxygen atoms in CHOMg
molecules converges toward O = 4 at high temperatures, as expected (Fig. 2.12).
A detailed comparison within highly shocked/thermally stressed ureilite meteorites
also agrees with the above results (Fig. 2.12).

The production of CHOMg compounds by heating is further demonstrated by
analyses of meteorite’s fusion crust. Freshly fallen meteorites are found with a glassy
coating that formed at ∼1,400 °C surrounding their cold interior. The fusion crust
is formed upon atmospheric entry by melting the meteoroid’s surface as it enters
the Earth’s atmosphere at supersonic speed. During the brief melting, the liquid-
like crust loses volatile elements and reacts with atmospheric matter faster, relative
to the heterogeneous solid-state interior. ESI-FT-ICR mass spectra were acquired
for Maribo (CM2) and Allende (CV3) by probing their outer crust and their inner
core. Higher numbers and higher molecular diversity of CHOMg compounds were
obtained from the crusted surfaces, relative to the core regions (Fig. 2.13). The
different thermal conditions experienced by the outer and inner parts of a meteorite
lead to different potential chemical activities, which promote the synthesis of these
rganomagnesium compounds at elevated temperatures within a short time scale.
This observation agrees with the above experimental results, demonstrating that
reaction energy, namely pressure and temperature, as substantiated by Eq. 2.2,
relate with higher abundance of CHOMg molecules.

The role of alteration can also be evaluated from the isotopic signature of the
Mg atoms in CHOMg compounds. Isotopic analyses of Mg were performed on both
organic extracts and residual fractions of NWA 7325 and Novato (Fig. 2.1). The
organic extract of Novato had a δ26Mg value of -0.74 ± 0.08 ‰, and the residue had
a δ26Mg value of -0.29 ± 0.09 ‰. Details on the Mg isotopic analysis are given in SI
Materials and Methods. Similarly, the organic extract of NWA 7325 had a δ26Mg
value of -0.62 ± 0.04 ‰, and the residue had a δ26Mg value of -0.35 ± 0.11 ‰.
Thus, for both Novato and NWA 7325, the organic extracts were relatively enriched
in isotopically light Mg, compared with the isotopic composition of Mg in the bulk
rock. This is consistent with the observation by Black et al. [180], who found
chelation during intracellular processes enrich light Mg isotopes.

However, Mg isotopic fractionation occurs upon abiotic aqueous alteration as
well. Aqueous alteration leads to clay-mineral formation and Mg-rich phases [138].
We did not observe any significant direct correlation between the numbers of organo-
magnesium compounds and the extent of aqueous alteration within CM2 meteorites,
ranging from CM2.7 to CM2.0 (Fig. 2.13). Studies fromWimpenny et al. [181] show
that the removal of exchangeable magnesium from alteration phases preferentially
liberates isotopically light Mg, compared with the bulk mineral. This suggests that
aqueous alteration may have an indirect effect on the synthesis of organomagnesium
compounds. If a released Mg educt, produced by aqueous alteration, is consecutively
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Figure 2.11: Van Krevelen-type diagrams for the comparison of CHO and CHOMg
compositions and representing the thermal metamorphism signature. Van
Krevelen representations of soluble organic matter in NWA 7325 (A), Novato (B),
Chelyabinsk (C), and Murchison (D) are shown. Modified van Krevelen diagrams
of the overlapped CHOMg molecules (50th percentile of positive loading values on
the x axis) reflect the highly aliphatic structure of the CHOMg compositional space
(A) for relevant loadings, which represent high (E) and low (G) thermal metamor-
phism signatures, as seen in the 61 meteorites studied. The bubble size represents
the relative intensity of the mass peaks. (F and H) Mass-edited H/C ratios of two
representative examples for low- (Paris) and high-degree thermally processed mete-
orites (Soltmany) [97]. The convergence of O = 4 in CHOMg molecular formulas for
thermal stress loading values is presented by an oxygen number-m/z diagram. (I)
Again, these plotted m/z values reflect the 50th percentile of the variables, out of
the OPLS score plot (Fig. 2.10).
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Figure 2.12: Simulated thermal metamorphism of Murchison and CHOMg-based shock
stage differentiation. (A) Laboratory experiment, in which a Murchison meteorite
sample was heated to selected temperatures for variable durations (25 °C, 250 °C,
600 °C, and 1,000 °C). Number and distribution of organomagnesium compounds en-
abled reconstruction of thermal exposure by means of HCA. The samples clustered
according their elevated temperatures (25 °C, 250 °C, 600 °C, and 1,000 °C). This ef-
fect of convergence with increasing temperature is depicted in modified van Krevelen
diagrams in B. The bubble size represents the relative intensity of the mass peaks
((-)-ESI-FT-ICR-MS). Sampling the effect of time-dependency on the variation of
the CHOMg chemical space, three different time points were sampled for tempera-
ture 250 °C and clustered together. (C) Four ureilite meteorites were studied, which
had experienced high thermal and shock conditions [179]. (D) (Top) CHOMg chem-
ical spaces of four ureilite methanolic extracts (overlapped CHOMg compounds) are
shown on top. (Bottom) CHOMg compositions, which increased in abundance in the
higher-shocked ureilite meteorites Dhofor 1303 and NWA 2634.

41



2.4 Chemosynthesis of organomagnesium compounds and the link to thermal history

Figure 2.13: Crust-core comparison and their influences on the CHOMg synthesis and
dependency of CHOMg formulas on the aqueous alteration. (A) Number
of CHOMg compounds in crust and core sections of the Maribo and Allende mete-
orites. The mass edited H/C ratios (B–E) illustrate the increased coverage within
the CHOMg chemical space for the crust, compared with the core (interior) region.
Among the specific organomagnesium molecules, some are unique for the crust and
for the core regions, respectively, indicative of a preferential spatial accumulation for
certain CHOMg (F and G). The bubble size represents the relative intensity of the
mass peaks. Pictures of the Maribo and the Allende specimens are shown in H and
I, to reflect the different morphology of their outer crusts and their interiors. (J)
Number of CHOMg molecular formulas in methanolic extracts of several CM2 me-
teorites that had been subjected to variable extents of aqueous alteration [classified
from CM2.7 (left) to CM2.0 (right)]. No significant correlation between the extent of
aqueous alteration of a meteorite and the number of organomagnesium compounds
was retrieved, suggesting that the CHOMg synthesis is not directly dependent on
the aqueous alteration.
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exposed to high temperatures, enhanced CHOMg formation would be expected to
result by close spatial proximity and intercalation of the mineral and organic phases
in CM2 meteoritic materials [138]. Secondary ion mass spectrometric (SIMS) anal-
yses of the Chelyabinsk meteorite indicated a spatial proximity of Mg and organic
compounds (Fig. 2.1), which has not been reported previously by this method.
Ordinary chondrites do not typically undergo aqueous alteration.

2.5. Conclusions/outlook

The composition of soluble CHOMg compounds is shown to be highly related to the
thermal-processing states of meteorites. Molecular complexity of MgO4R− compo-
sitions (R = hydrocarbon CxHy and {x,y} ∈ N) is increasingly diversified, because
a meteorite experiences increasing degrees of thermal processing. The most abun-
dant subclass of CHOMg compounds in meteorites is the four-oxygen-containing
MgO4R− type and represents the previously unreported chemical class of dihydrox-
ymagnesium carboxylates [(OH)2MgO2CR]−.

The use of CHOMg compound distributions as potential chemical markers, to-
gether with the CHNOS chemical space, may help to expand our knowledge of (i)
astrochemistry of higher molecular masses and chemical complexity within the solar
nebula and/or (ii) postaccretional processes in meteoritic parent body metamor-
phism. In the context of meteorite classification, CHOMg content and diversity
may provide a useful estimate of the degree of thermal alteration reflecting their
temporal evolution under high temperature.

Additionally, this work raises the questions of whether these CHOMg compo-
sitions are specific for extraterrestrial chemistry and what we can learn from these
findings within ongoing studies on natural metalorganic compounds in terrestrial
systems and deep carbon sequestration in the Earth interior under high tempera-
ture and pressures [182].

Metal ions are essential for the origin of living systems on Earth [183–185].
Metal ions can either support reactions via catalytic effects or stabilize organic
molecules, because life-relevant organics are often thermolabile and celestial bodies
undergo highenergy gradients through time and space. Here, highly thermostable
organomagnesium compounds might have contributed to the stabilization of organic
molecules, such as fatty acids, on a geological time scale, being in contact with Mg-
bearing minerals at high energetic conditions. These protecting metalorganic motifs
might represent important intermediate molecules in the selection history of organic
molecules of life. A concentration/fractionation of fatty acids can be accomplished
via the stabilization in their organomagnesium motifs, which is highly relevant in
the formation of protocells/cells due to compartmentization/vesicle formation in
membranes.

Due to their high abundance [31] and known metalorganic chemistry, Fe, Ni,
Al, Zn, and V [133, 186, 187] may also be present as astrobiologically relevant
molecular building blocks in meteorites, next to Mg-bearing compounds. No other
metalorganics could be experimentally detected yet.

Potential future detections of organometallic compounds (or organics in general)
from sample return missions to Mars, asteroids, or the Moon would imply that
meteoritic organic compounds might survive some of the high-temperature, early
phases of planetary accretion processes. This may not necessarily mean that life
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existed at a certain point in the histories of these planetary bodies. Insights into
potential amplification of abiogenesis probabilities among planetary systems with
various chemistries and molecular complexities can be achieved.
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3. Do dihydroxymagnesium carboxylates form
Grignard-type reagents?

Grignard-type

anion
Dihydroxymagnesium

carboxylate

?

Dihydroxymagnesium carboxylates (CHOMg) represent a novel, previ-
ously unreported chemical class. Thus, we assess fundamental chemical
properties of these CHOMg molecules. Chemical stability was studied
by targeting (i) the polar head group and (ii) the apolar alkyl chain.
Here, were probed CHOMg at their polar head group for decarboxyla-
tion, both via MP2 and DFT computations. This study is connected
to the question whether these CHOMg molecules form Grignard-type
molecules. Forward energy barrier for decarboxylation increases linearly
as a function of the ligand’s chain length, as observed for C4 and C11.
Decarboxylation-type fragmentations of these CHOMg seem to be im-
probable in non-catalytic, low energetic environments. A high forward
energy barrier (EMP 2 > 55 kcal/mol) towards a described transition state
restricts the release of CO2. Once, this challenging transition state is
overcome, a stable Mg-C bond is formed via an intramolecular nucle-
ophilic attack, as studied by NBO analysis. Putatively formed Grignard-
type OH-bearing product molecules possess a more polarized Mg-C bond
in comparison to RMgCl species. Thus, carbanion formation reactions
out of OH-bearing Grignard-type molecules are made feasible.

This chapter has been accepted for publication in the Journal of Molecular Modeling.



3.1 Introduction/motivation

3.1. Introduction/motivation

As a part of coordination chemistry and inorganic chemistry, organometallic chem-
istry encompasses a successful research area, ranging from organic synthesis to ap-
plications in materials science [188]. In addition, several Nobel prizes were awarded
to organometallic scientists, including the prominent works on Grignard reactions
[189] or on enantioselective catalysis [190]. The synthesis of diethylzinc by Frankland
in the mid nineteenth century [191] and especially the already mentioned remark-
able work of Victor Grignard on organomagnesium reagents at the beginning of the
twentieth century [192] reflect the basis of modern organometallic chemistry. The
Grignard reaction is an important tool for the formation of carbon–carbon bonds
[193].

Eventhough, organometallic chemistry is usually defined conservatively to com-
pounds possessing metal-carbon bonds [141, 194]. Organic ligands, which form
metal-heteroatom bonds (e.g. towards hydrogen, oxygen or nitrogen) also play
important roles in certain organometallic/coordination compound reactions [195].
Especially, carboxylate ligands belong to an important family of binding partners
towards metallic central atoms. Particularly in the field of bioinorganic chemistry,
carboxylates represent key motifs and bind towards doubly charged cations, like
Mg2+, Ca2+ (parvalbumins in muscles) [196, 197] or Fe2+ (iron-containing methane
monooxygenase) [198]. The coordination of the magnesium center is switched be-
tween a mono- and bidentate coordination, as been referred as "carboxylate shift"
[199, 200]. Another important motif in nature for magnesium-carboxylate interac-
tions is the plant protein RuBisCO’s active site, which catalyzes C-C bond formation
during the addition of CO2 towards a carbohydrate substrate [201].

Recently, a previously unreported chemical class, diyhdroxymagnesium carboxy-
lates [(OH)2MgO2CR]− with R = hydrocarbon CxHy and {x,y} ∈ N, could be
observed in meteorites [161] and extended the already extremely high complex as-
trochemical compositional space [9, 112] to metalorganic species. Their formation
is supposed to require high energetic conditions, since the compound’s abundance
could be related to the thermal processing history of a meteoritic body. Metalorganic
compounds are rarely discussed in astrochemistry yet, but are supposed to repre-
sent key intermediates for extraterrestrial organic evolution [133]. Exemplarily, the
iron interaction with of polyaromatic hydrocarbons (PAH) is discussed, which is
supposed to influence their growth in evolved star envelops [132, 135]. Dihydrox-
ymagnesium carboxylates might have contributed to the selective stabilization of
organic molecules on a large time scale, which emphasizes their potential astrobio-
logical relevance [161].

Dihalogenomagnesium carboxylates [X2MgO2CR]− with R = {Me, Et, Pr, iPr,
tBu, vinyl, allyl, HC−−−C, Ph, PhCH2 , PhCH2 CH2} ; X = {Cl, Br, I}, a closely
related chemical family, were probed for their gas-phase fragmentations and their
transformation towards organomagnesates/Grignard (intermediate) reagents could
be successfully observed [202]. Mg-C bonds formation was monitored via decar-
boxylation reactions in that study and therefore the formation of Grignard reagents
(RMgX compositions with R = hydrocarbon CxHy and {x,y} ∈ N and X = Halogen)
proposed. This motivated us to probe decarboxylation-type fragmentations for the
analog, astrochemically/astrobiologically relevant chemical class, dihydroxymagne-
sium carboxylates. Can RMg(OH) be used as Grignard reagent analogs for organic
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synthesis? This questions might has consequences for astrochemical organic evolu-
tion or general organic synthesis routes. OH-bearing Grignard molecules seem to
be a powerful alternative next to traditional halogen-bearing Grignard molecules in
green chemistry and organic synthesis strategies.

O

O

CMg
HO

HO

δ+
δ-

δ-

δ-

δ-

Charge-proximal
head group

Charge-remote
non-polar organic chain

Figure 3.1: Schematic representation
of spatial chemical dif-
ferences within dihydrox-
ymagnesium carboxylates.
This molecular class can
be majorly classified by a
charged head group and a
non-polar organic motif.

Here, we testify whether dihydroxymagne-
sium carboxylates [(OH)2MgO2CR]− with R =
hydrocarbon CxHy and {x,y} ∈ N are able
to form Grignard reagent-type (intermediate)
molecules. Therefore, we probed the charge-
proximal head group to test for decarboxylation-
type fragmentations (Fig. 3.1). Charge-
proximal fragmentation channels were computed
both by means of second-order Møller–Plesset
perturbation theory (MP2) and density func-
tional theory (DFT), on 6-311+G(2d,p) // 6-
31+G(d,p) level of theory to get orthogonal
quantum-chemical information. Different linear
alkyl chain lengths between C4 and C11 were
computed to extract putative trends to describe
differences in stability towards decarboxylation
within homologues series of [(OH)2MgO2CR]−.
In addition, natural bond orbital (NBO) analyses were performed to probe the re-
spective molecule’s charge distribution to get insights into the fragmentation mecha-
nism and describe properties of putative OH-bearing Grignard-type molecules. This
theoretical work is on the basis of experimental findings, which were published pre-
viously [161].

3.2. Decarboxylation of dihydroxymagnesium carboxylates - probing the potential
energy surface

Dihydroxymagnesium carboxylates [(OH)2MgO2CR]− with R = hydrocarbon CxHy

and {x,y} ∈ N were probed extensively for decarboxylation-type fragmentations
on a theoretical level. By using orthogonal quantum chemical methods, namely
second-order Møller–Plesset perturbation theory (MP2) and density functional the-
ory (DFT), insights were given into the stability of this recently introduced metalor-
ganic compound class [161].

To probe the decarboxylation-type fragmentation pathway of dihydroxymag-
nesium carboxylates in greater detail, the energy profile of [(OH)2MgO2C7H13]−
along decarboxylation intrinsic reaction coordinate (1D potential energy "surface",
PES) was investigated. Fig. 3.2 represents the fragmentation channel for the decar-
boxylation of [(OH)2MgO2CC7H13]−. As reported previously, dihydroxymagnesium
carboxylates approach a relaxed, fairly tetrahedral coordination [161]. The carboxy-
late ligand is bound as a bidentate towards the magnesium coordination center. This
bidentate coordination complex represents the local minimum on the PES when con-
sidering charge-proximal fragmentations (lowest potential energy along this reaction
coordinate).

The bidentate conformation is being transformed towards a monodentate chelate
complex. This rearrangement requires an energy barrier of approximately 6 kcal/mol,
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which needs to be overcome. Both quantum chemical methods are in agreement
when describing this transition state on the coordination switch.

The release of CO2 is only possible from a monodentate coordinated structure,
not out of the bidentate coordination. Within the bidentate complex, the angle
between CO2-carbon atom towards Mg and Cα (first carbon atom in the chain
attached to the carboxyl group) approaches 180°. Starting from the monodentate
complex, this triangle is described by an angle of around 100°. This monodentate
intermediate is stabilized via a six-membered pseudo-ring structure (O-Mg-O-C-C-
C). The reactive center (CO2-carbon atom, Mg and Cα) is characterized on the
saddle point/transition state by a fairly equilateral triangle. Anyhow, the high
forward energy barrier of transition state #2 (EMP 2 > 55 kcal/mol) is challenging
to overcome within natural, non-catalytic environmens.

Relative to MP2 level of theory, B3LYP-DFT underestimates the energy barrier
for the decarboxylation transition state by a difference of approximately 9 kcal/mol.
Details on the computed presented structures are given in supplementary informa-
tion.

(TS #1)

(TS #2)

(Bidentate)

(Monodentate)

(Grignard-type

molecule)

6.50

5.526.41
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52.46

61.71
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42.66
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0.00

Hydrogen

Carbon

Oxygen

Magnesium

Figure 3.2: Potential energy curve of CO2 fragmentations out of dihydroxymagnesium
carboxylates. The charge-proximal fragmentation of [(OH)2MgO2C7H13]− is shown.
Dihydroxymagnesium carboxylates are present as bi- and mono-chelate complexes
("TS #1"). Starting from a monodentate coordinated geometry, CO2 can be released
("TS #2"). Fragmentation channels were computed both by means of MP2 (as assigned
in red) and B3LYP-DFT (as assigned in blue), both on 6-311+G(2d,p) // 6-31+G(d,p)
level of theory.
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3.3. Chain length dependence of [(OH)2MgO2CR]− decarboxylation

Dihydroxymagnesium carboxylates were recently introductory reported [161]. As
presented in that study, collision-induced dissociation tandem mass spectrometry
experiments (CID-MS/MS) could not experimentally show a loss of CO2 out of
probed [(OH)2MgO2CR]− anions. Molecular series from C14 to C19 were subjected
for experimental fragmentation studies. Therefore, we studied here the influence of
the ligand’s chain length on the decarboxylation of dihydroxymagnesium carboxy-
lates. Is there a trend within the energy barrier of charge-mediated fragmentations
as a function of the ligand’s chain length?

A B

C D

E F

B
3

L
Y

P
-D

F
T

M
P

2

TS #1 TS #2

Figure 3.3: Chain length dependence of [(OH)2MgO2CR]− decarboxylation. Forward
energy barriers are plotted for various carbon atom numbers (C4 and C11) within the
aliphatic chain in dihydroxymagnesium carboxylates. (A,C) The carboxylate coordi-
nation shift dependence ("TS #1") was computed both via MP2 and B3LYP-DFT.
No trend could be observed here. Otherwise, a linear increase of the forward energy
barrier as a function of the ligand chain length could be observed for the loss of CO2
(panel B,D). The correlation of extracted computed energies for both methods, MP2
and B3LYP-DFT is shown in panel E and F.
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3.4 Insights into the decarboxylation-type fragmentation mechanism

To track the influence of the chain length on decarboxylation-type fragmenta-
tions, we probed eight species, [(OH)2MgO2C4H7]− to [(OH)2MgO2CC11H23]− (C4
to C11), as representatives of the homologues series of saturated dihydroxymagne-
sium carboxylates. Therefore, insights can be tracked to observe trends within the
energy barrier of decarboxylation for various ligand chain lengths.

As shown in Fig. 3.3, the variation of the forward energy barriers was studied
for the respective two transition states, which influence the loss of CO2 out of a
dihydroxymagnesium carboxylate molecule. The notation of the transition state
labelling is introduded in Fig. 3.2. The forward transition along "TS #1" represents
the conversion of a bidentate towards a monodentate coordination complex and
"TS #2" reflects the saddle point, which enables the release of CO2 from these
organomagnesium complexes.

Transition state #1 (carboxylate shift between mono- and bidentate coordina-
tion at the magnesium center) is not significantly influenced by the chain length
variation of the aliphatic ligand in these organomagnesium complexes. No trend
could be observed, neither by MP2 nor by B3LYP-DFT computations. This effect
is referred to the active site only, namely the charge-proximal site directly. There-
fore, no direct electronic influence (neither inductive nor mesomeric effect) of the
ligand’s chain can be observed on the energy barrier of the coordination switch.

In contrast, the forward energy barrier for the release of CO2 from dihydroxy-
magnesium carboxylates (labelled as "transition state #2") increases linearly with
longer carbon chain lengths. This trend is significant (p-value = 6.41e-05 for the
slope of the forward energy barrier (MP2)). The degree of energy difference between
C4 and C11 computations is in range of expectations. In comparision, the variation
in nucleophilicity as a function of the carbon chain length was reported in similar
energy differences, as obtained in this study [203]. Extracted data points could be
fitted via linear regression with resulting correlation coefficients of r2 > 0.9.

This observed chain length dependence gives evidence why no CO2 loss could
be experimentaly observed for fairly large dihydroxymagnesium carboxylates (C14
to C19) [161]. Addtionally, the high absolute value (EMP 2 > 55 kcal/mol for C4) of
the lowest forward energy barrier argues the difficulty of decarboxylating dihydrox-
ymagnesium carboxylates.

3.4. Insights into the decarboxylation-type fragmentation mechanism

Natural bond orbital analyes (NBO) were performed to extract mechanistic insights
for CO2 fragmentations of dihydroxymagnesium carboxylates. Once the forward
energy barrier of TS #2 is overcome, there exists a competition between the in-
tramolecular nucleophilic attack of Cα (labelled as C1 in Fig. 3.4) atom towards
two electrophilic centers, either towards the CO2-carbon (C∗) atom or towards the
magnesium electrophile. In the first case, the reaction will be directed towards the
reversed reaction path, namely towards the monodentately coordinated diyhdrox-
ymagnesium carboxylate. In the latter case, CO2 release is observed towards the
formation a Mg-C bond, which means the formation of a Grignard-type molecules.

Fig. 3.4 reflects the charge distribution of these organomagnesium molecules.
The aliphatic chain ligand is surrounded by hydrogen atoms, which possess a net
charge of fairly 0 and thus, they are unlabelled in Fig. 3.4. On the left side in this
representation of dihydroxymagnesium-n-pentanoate [(OH)2MgO2C5H9]−, a higher
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3.5 Properties of putative Gignard-type OH-bearing molecules

degree of electronic polarization can be observed. Within this charge-proximal head
group, the active center for decarboxylation is expressed by a triangle between the
highlighted atoms C∗, Mg and C1. These atoms represent a fairly equilateral triangle
within this transition state geometry ("TS #2"). Here, the CO2 moiety is decribed to
be almost neutral, which enhances its release from the organomagnesium complex.
The formation of a Mg-C bond is directly driven via a nucleophilic attack of Cα
(labelled as C1, chargeNBO = -0.964) towards the electrophilic magnesium center
(chargeNBO = 1.446). Therefore, the nucleophilic attack within this transition state
environment is preferred towards the Mg center, relative to the C∗ electrophilic
center, which is less electropositive (chargeNBO = 1.026), compared to Mg. Details
on the NBO analysis are given in supplementary information.
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Figure 3.4: Charge population analysis of the C5-dihydroxymagnesium carboxylate
transition state #2. NBO analysis was performed to get insights into the charge dis-
tribution of dihydroxymagnesium carboxylates. Resulted charge values for key atoms
of the polar head group are depicted, as computed on B3LYP/6-311+G(2d,p) level
of theory. Additionally, bond lengths for the active center for decarboxylation are
fairly equidistant (triangle between C∗, C1 and Mg) are depicted (in grey font color).
Special interest was taken on the charge-proximal head group. Mechanistically, the
CO2 loss is forced by the high negative charge of Cα (chargeNBO (Cα) = -0.964) and
the released entropy by the loss of CO2, present as almost electroneutral species. The
color code was ranged from charges -0.7 to 0.7.

3.5. Properties of putative Gignard-type OH-bearing molecules

The formation of Grignard-type OH-bearing organomagnesates, starting from dihy-
droxymagnesium carboxylates, seems to be improbable, as majorly influenced by the
presence of two transition barriers. Especially, the high forward energy barrier of
transition state #2 (EMP 2 > 55 kcal/mol) is challenging to overcome. Nevertheless,
once this barrier is passed, dearboxylation out of dihydroxymagnesium carboxylate,
meaning the formation of a Grignard-type OH-bearing organomagnesate molecule,
is enabled.

To track properties of putatively formed Grignard-type, natural bond orbital
(NBO) analyses for both, anionic and neutral motifs of the Grignard reagent RMgCl
and the Grignard-type molecules RMg(OH) were computed. In Fig. 3.5, charge

51



3.6 Conclusions/outlook

distributions of the respective neutral compounds are presented, while details on
the charged organomagnesates are given supplementary information. Formed Mg-C
share similar bond lenghts, both in the OH and the Cl motif (≈2.10 Å).

The formation of carbanion intermediates is an important step within C-C bond
formation in the Grignard reaction [204]. Therefore, the polarizabilty of the Mg-C
bond within a Grignard reagent is of high interest. The polarizability of the Mg-C
bond differs for hydroxy and chloro ligands (∆ChargeMg−C = 2.569 for OH species
and ∆ChargeMg−C = 2.397 for Cl species). This makes OH-bearing Grignard-
type molecules potentially attractive to use them for C-C bond formation reactions,
either in their carbanionic or neutral motif, in the field of organic synthesis and
green chemistry.
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Figure 3.5: Charge population analysis of putative Grignard-type OH- and Cl-bearing
molecules. NBO analyses helped in describing chemical properties of potential
Grignard-type OH- (A) and Cl-bearing (B) molecules. C5 compounds were used as
representatives, as depicted in their neutral motifs. Resulted charge values for key
atoms of the polar head group are depicted, as computed on B3LYP/6-311+G(2d,p)
level of theory. Bond lengths of formed Mg-C are highlighted. For both probed
species, similar Mg-C bond lenghts were observed. The polarizability of the Mg-C
bond is increased in the OH case, which prefers a potential carbanion formation out
of the OH-bearing Grignard-type molecules. The color code was ranged from charges
-1.5 to 1.5.

3.6. Conclusions/outlook

Dihydroxymagnesium carboxylates [(OH)2MgO2CR]− with R = hydrocarbon CxHy

and {x,y} ∈ N were probed for decarboxylation-type fragmentation on a theoretical
level. Both second-order Møller–Plesset perturbation theory (MP2) and density
functional theory (B3LYP-DFT) quantum chemical methods were used to decipher
the ability of these organomagnesium compounds to form Grignard-type molecules.

Different linear alkyl chain lengths between C4 and C11 were analyzed to ex-
tract the influence of the ligand’s chain length on the decarboxylation likelihood.
The observed slight increase in the forward energy barrier for decarboxylation of di-
hydroxymagnesium carboxylates suggests that the potential formation of Grignard-
type (intermediate) reagent molecules is limited with respect to larger ligand’s chain
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length. Experimentally, no CO2 could have been observed for C14 and C19 molecules
[161], which is in agreement with these theoretical findings. Decarboxylation-type
fragmentations of these organomagnesium compounds seem to be improbable. First,
a coordination conversion of the relaxed electronic structure from a bidentate to-
wards a monodentate complex is required. Second, the presence of TS #2 with a
high forward energy barrier (EMP 2 > 55 kcal/mol) challenges the release of CO2 in
addition.

Nevertheless, an intramolecular nucleophilic attack mechanism enables the re-
lease of CO2, as natural bond orbital (NBO) analysis could reveal. The Cα atom is
supposed to prefer binding towards the electrophilic magnesium coordination cen-
ter, relative towards the electrophilic CO2-carbon atom (C∗). Once, the challenging
transition state for decarboxylation is overcome, Mg-C can be formed and would be
stable. Properties of putatively formed OH-bearing Grignard-type molecules show
a tendency to form carbanionic species, which may be used for C-C bond formation
reactions.

In conclusion, decarboxylation-type fragmentations of dihydroxymagnesium car-
boxylates seem to be improbable within non-catalytic, low energetic chemical envi-
ronments. Nevertheless, we want to stimulate ideas on a theoretical level by this
study, eventhough that decarboxylation-type fragmentations of these organomagne-
sium compounds are endergonic processes including high forward energy barriers.
First, it is supposed to require certain catalytic effects to lower the forward en-
ergy barrier for the decarboxylation transition state (TS #2) to form OH-bearing
Grignard-type molecules. Murray et al. presented a Ruthenium-based catalyst to
convert alkenoic fatty acids into alkenes [205].

Second, the endergonic nature of this reaction has to be considered. External
energy excess is required to get the sytem out of equilibrium and to trigger the
release of CO2. It is proposed to use energy propagation properties to make these
kind of endergonic processes feasable, or generally a high energy source [206, 207].
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4. The role of organomagnesium species within chemical
evolution

Carbon number Odd n CnHOMg

Even n CnHOMg

C
h
e
m

ic
a
l 
s
ta

b
il
it

y chemical    evolution

In addition to probe dihydroxymagnesium carboxylates (CHOMg) for po-
lar head group fragmentation, we assessed chemical stability with respect
to their apolar alkyl chain fragmentation. Here, we observed odd/even
alternation patterns within CHOMg stability. Odd/even alternation ef-
fects among fatty acids play an important role within biochemical sys-
tems, e.g. bilayer membranes. Here, we observed both experimentally
and theoretically enrichment of even carbon-bearing fatty acids (CHO)
and their organomagnesium (CHOMg) counterpart molecules, as com-
pared to their adjacent odd carbon species. In-depth quantum chemical
simulations of pseudocyclic organomagnesium conformers give mechanis-
tic insights into the difference in chemical stability between odd and even
carbon species. Thus, thermostable CHOMg preserve early information
on odd/even alternation signatures within chemical stability and enables
fatty acid hyrolytic release. This emphasizes its relevance on chemical
evolution within prebiotic vesicles and formation of minimal cells by ana-
log dominance of even carbon-bearing fatty acid within both high energy
astrochemical and biochemical environments.

This chapter has been submitted for publication.



4.1 Introduction/motivation

4.1. Introduction/motivation

Odd/even alternation effects within biochemical aliphatic alkyl chains play an im-
portant base the metabolic fundaments of life and is found over role withinall living
organisms. Especially Lipids as bases for biological membranes preserve amphiphilic
molecules like fatty acids as main building blocks, which commonly exist in even car-
bon number motifs (e.g. C14, C16, C18 and C20). Fatty acid biosynthesis is based on
a starting C2 unit, namely acetyl-CoA [208] and governs therefore the resulting bio-
chemical fingerprint. The presence of odd number of carbon metabolism is reserved
to some very rare biological processes occurring in bacteria [209]. This phenomenon
implies evolutionary aspects as well, because of the ability to form vesicles, proto-
cells and finally cells via lipid membranes [210, 211]. Therefore, repeating molecular
sub-unit patterns of even carbon numbers represents a structural biomarker [212].

In context of prebiotic, chemical organic evolution and the search for life’s origin,
amphiphilic molecules, like dihydroxymagnesium carboxylates or fatty acids, are of
high relevance [213]. Amphiphilic molecules within self-assembled microcompart-
ments form vesicles and membrane bilayer structures. Nevertheless, these building
blocks of a minimal cell are not strictly biogenic and were also studied in various
astrophysical environments. Vesicle formation could be observed out of ice experi-
ments [214], Murchison meteorite extract [215, 216] or hydrothermal vent reactions
[217]. Herein, odd/even effects are known to be stronger when inserting chemical
functional groups into a carbon-based backbone molecular system [218]. Meteorites
contain organic material that are similar, sometimes identical, to those found in
the biosphere, such as amino acids, carboxylic acids, and sugar derivatives, which
makes meteorites ideally to probe chemical evolution in the laboratory [219]. Fatty
acids’ concentrations in meteorites were reported to be significantly high (≈300 ppm
[16]). In addition to small carboxylic acids [72, 73], broad molecular series including
various degree of unsaturation could be observed [9]. Studies on small carboxylic
acids (C1 to C10) show a decreasing molecule abundance with increasing number of
carbon. Second, an inequality in odd/even patterns can be observed, which was not
discussed in further detail previously [72, 73].

Carbon clusters are of high interest in astrochemistry within the formation
of linear carbon chains and therefore within carbon chemical evolution [220, 221].
Odd/even effects are well reported for linear and cyclic carbon clusters, doped with
various elements [222] including magnesium-carbon clusters [223] or cyanopolyynes,
which are closely related to complex organic molecules [224]. In addtion to biochem-
ical carboxylic acids, also within heteroatom-doped carbon clusters, even carbon
chain molecules dominate in stability over odd numbers of carbon, as being present
in interstellar medium [222, 223].

Recently, a previously unreported chemical class, diyhdroxymagnesium carboxy-
lates [(OH)2MgO2CR]− (CHOMg, R = hydrocarbon CxHy and {x,y} ∈ N), could
be observed in meteorites [161]. CHOMg majorly share similar chemical proper-
ties with fatty acids (CHO), but are orders of magnitude more thermostable [161].
Previously, we showed the reversibility of the reaction CHO4Mg 
 CHO2 at low
pH and their hydrolysis back into the corresponding fatty acids. Thus, they might
have contributed to the selective stabilization of organic carboxylated molecules like
fatty acids on a large time scale through high energy gradients within astrophysical
environments, which emphasizes their potential astrobiological relevance [161]. This
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4.2 Odd/even alternation within meteoritic (metal)organic matter

enables them to preserve early fatty acid fingerprints, including odd/even alternation
chain length signatures.

Here, we test dihydroxymagnesium carboxylates for odd/even alternation pat-
terns witin their aliphatic chain. Experimental ultrahigh-resolution mass spectro-
metric data will be discussed next to quantum chemical fragmentation studies. Over-
all, we elucidate the stability of dihydroxymagnesium carbxylates with respect to
different chain lengths and targeting the influence of odd and even chain lengths on
a CHOMg/CHO molecule’s stability. In addition to observations, we propose an ex-
planation of odd/even alternation within CHOMg alkyl chains. Finally, implications
of the results on early fatty acid chemical evolution will be given.

4.2. Odd/even alternation within meteoritic (metal)organic matter

Dihydroxymagnesium carboxylates (CHOMg) and fatty acid molecules (CHO) were
tested for odd/even patterns within their aliphatic carbon chain stability. Experi-
mentally, negative ionization electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry (ESI-FT-ICR-MS) was used to get insights into in-
tensity distributions of CHOMg and CHO for meteorite samples. Ultrahigh mass
resolving power (R > 106) and mass accuracy (<200 ppb) was needed to extract
unambigously CHOMg compounds out of highly complex molecular spaces [161].

Fig. 4.1 shows odd/even alternation within dihydroxymagnesium carboxylate
and fatty acid intensites, as observed by FT-ICR-MS experiments for methanolic ex-
tracts of meteorite specimen (soluble (metal)oraganic matter). Even carbon number-
bearing molecules show higher intensities (local maxima) over a broad molecular
range (C6 - C36) relative to their odd carbon number-bearing adjacent molecular
neighbours. Additionally, O/C ratios were calculated for all molecular formulas.
Two stability maxima were obtained within NWA 7325 CHOMg and CHO FT-ICR
mass spectrometric data (Fig. 4.1). Molecules possessing≈16 and≈24 carbon atoms
and O/C ratios of ≈0.15 and ≈0.25 represent the most abundant CHOMg/CHO
molecules.

Odd/even alternation varies with meteoritic thermal/shock processing. Four
representative samples, Thika L6 S1 W0 [125], Soltmany L6 S2 W0 [225], Ash Creek
L6 S3W0 and Braunschweig L6 S4W0 [125] were probed, differing in their meteoritic
shock history. In addtion, NWA 7325 was used as moderately processed meteorite,
representing medium shock grade and low weathering grade. All meteorite samples
represent metamorphosed L6-type chondrites with almost no terrestrial weathering
(W0 value). Therefore, insights are given into shock effects via meteoritic shock
grades (ranging from S0 being unshocked towards S5 highly shocked meteorites).
Higher degrees of odd/even fluctuation for both CHOMg and CHO could be ob-
served for shocked meteorites (Fig. 4.1). Mass spectrometric were normalized by
Euclidean norm prior data evaluation to observe intrinsic odd/even stability alter-
nation (Fig. C.1). Artificial chain length fluctuation amplitudes due to different
absolut intensities are ruled out. More stable even-n CnHOMg/CnHO compounds
(CnHOMg/CnHO) remain whereas odd-n CnHOMg/CnHO (Cn−1HOMg/Cn−1HO)
decompose more likely, expressing early chemical differentiation/fractionation of
odd/even carbon-bearing molecules, as triggered by high energy astrophysical con-
ditions.

In conclusion, higher abundance of even carbon species compared to their adja-
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4.3 Methylene and ethylene release from dihydroxymagnesium carboxylates

cent molecular neighbours suggests higher stability of even carbon number-bearing
CHOMg and CHO molecules in meteorites.
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Figure 4.1: Odd/even alternation within meteoritic (metal)organic matter. (A), (C)
Experimental negative ionization ESI-FT-ICR-MS intensity distribution of CHO2 and
CHO4Mg are shown for various carbon numbers, as observed for NWA 7325 meteorite.
In addition, O/C ratios are depicted in violet color for CHO (A) and blue for CHOMg
(C). Bubble sizes are scaled by the mass spectrometric intensity. (B), (D) Differ-
ences in odd/even intensity fluctuations as a function of carbon number are shown
for differently shock-processed meteorites, ranging from weakly processed Thika (blue
line) to highly shocked Braunschweig meteorite (red line). ∆(lg(intensitynormalized))
calculations are defined in supplementary information.

4.3. Methylene and ethylene release from dihydroxymagnesium carboxylates

Next to experimental mass spectrometric data of meteorites, modern computational
quantum chemical approaches (density functional theory, DFT) were performed to
study in-depth alkyl chain fragmentation of methlyene CH2 and ethylene C2H4. This
gives detailed insights into the stability dihydroxymagnesium carboxylates [161].
CHOMg was tested due to their higher thermal stability and therefore higher im-
portance within chemical evolution, as compared to CHO compounds [161].

CH2 and C2H4 releases were modelled on B3LYP-DFT6-311+G(2d,p) // B3LYP-
DFT6-31+G(d,p) level of theory. Computational details are given in supplementary
information. Different linear alkyl chain lengths were computed to extract infor-
mation on odd/even alternation [(OH)2MgO2CR]− stability regarding alkyl chain
fragmentation. Homologous series of C12 - C19 were chosen, as motivated by two fol-
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4.3 Methylene and ethylene release from dihydroxymagnesium carboxylates

lowing aspects. (i) The global intensity/stability maximum was extracted in a range
of twelve to nineteen carbon atoms (Fig. 4.1). This allows most sensitive sampling
of odd/even stability fluctuations by highest numbers in intensity differences. (ii)
C12 to C19 fatty acids are of biological importance [208]. These amphililic molecules
have been evolved to be optimal in formation of vesicles, lipid membranes or finally
biological cells.
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TS C2H4

Figure 4.2: Computed alkyl chain fragmenation out of CHOMg. (A) CH2 release, as
modelled by thermodynamic fragmenatation energy ∆EF for varying number of carbon
atoms. (B) C2H4 fragmentation monitoring by plotting its transition state energy
barrier as a function of carbon number. For both cases, odd/even alternation within
CHOMg stability is observed. Even-n CnHOMg were observed to be more stable,
relative to their adjacent odd-n species. (C) Transition state geometry of C2H4 release.
Atom’s trajectories within this transition state are inidicated by black arrows. All
computations were on B3LYP-DFT/6-311+G(2d,p) level of theory.

Fig. 4.2 depicts thermodynamic fragmentation energies for CH2 fragmenta-
tion and transition state (TS) energy barriers for C2H4 release from respective
CHOMg molecules. Releasing carbene moieties requires higher fragmentation as
compared to the entropy-driven loss of C2H4. Collision energy of >20 eV of accel-
erated CHOMg ions are required to induce carbene CH2 release, as being experi-
mentally observed from MS/MS fragmentation studies [161]). C2H4 release was ex-
perimentally observed with signficantly lower collision energy (<10 eV [161]). The
favorable C2H4 fragmentation channel was studied via integrated transition state
analysis to compare the stability of odd/even CHOMg ionic systems. CH2 stabil-
ity investigations were probed via thermodynamic fragmentation energies to test
single carbon changes. This enables direct comparision between odd-n and even-n
CnHOMg molecules.

For both fragmentation channels, odd/even alternation patterns were observed.
For CH2 release, local maxima of computed fragmentation energies were extracted
for even carbon number-bearing molecules, as compared to their odd carbon molec-
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4.4 Why is there odd/even alternation? Insights from pseudocyclic conformations

ular neighbours. Energy barriers for C2H4 release were found to be higher for even-n
CnHOMg molecules. In other words, higher energy is needed to fragment even-n
CnHOMg molecules, as indidicated by modelling these fragmenation pathways. The
C2H4 release transition state, describing C2-C3 bond breaking, is characterized via a
[1,3] H shift, governed by the hydrogen atom, labeled as H*. H* translates in plane
with respect to the released ethylene molecule.

In summary, quantum chemical fragmentation studies revealed a higher stability
of even carbon-bearing CHOMg species, supporting experimental findings.

4.4. Why is there odd/even alternation? Insights from pseudocyclic conformations

Previous two sections described odd/even alternation effects within (i) meteoritic
(metal)organic matter (experimental data) and (ii) for methylene CH2 and for ethy-
lene C2H4 fragmentation (computational simulations). Next, we want to decipher
the reason behind this stability alternation effect within dihydroxymagnesium car-
boxylates.

Hydrogen Oxygen MagnesiumCarbonA

O*

H* H*

O*

C14 C15

de
do

B C

Figure 4.3: Pseudocyclizaton of dihydroxymagnesium carboxylates. (A) Relaxed pseu-
docyclic C14H29MgO4

− and C15H31MgO4
− geometries, as computed on M06-2X-

DFT/def2TZVP-D3 level of theory. Average alky chain distances are de ≈3.7 Å for
even carbon species and do ≈4.0 Å for odd carbon species. (B) Incremental binding en-
ergy ∆EI as a function of number of carbon atoms shows odd/even alternation within
CHOMg alkyl chain. (C) Bond length fluctuation (O*-H* bond) with varying carbon
atoms give insights into structural differences between odd and even carbon-bearing
CHOMg species.

Insights into mechanistic understanding for odd/even alternation within CHOMg
alkyl chains were enabled by pseudocyclic conformers of dihydroxymagnesium car-
boxylates. Computations on M06-2X-DFT/def2TZVP-D3 level of theory were per-
formed, considering disperion effect for pseudocyclic CHOMg geometries [226]. M06-
2X functional has been employed as it has been demonstrated to describe noncova-
lent interactions reliably [227]. van der Waals forces, especially London dispersion

60



4.4 Why is there odd/even alternation? Insights from pseudocyclic conformations

interactions, were taken into account [228] by using disperion correction imputa-
tions, as introduced by Grimme et al. [226]. Fig. 4.3 shows distances do and de

between two opposing alkyl chains to be in the range of 3.5-4.0 Å. This range of
bond distances is sensitive for noncovalent ineractions [226]. Details on the computa-
tional methodology on probing noncovalent interactions are given in supplementary
information. Relative stability of pseudocyclic organomagnesium systems was in-
vestigated in analogy to the concept of incremental binding energy [224]. Here, EI

is defined by comparing total Gibbs free energies of adjacent molecules CnHOMg
and Cn−1HOMg within a homologous series (with integer n). Therefore, insights are
given into stability fluctuations as a function the homologous series’ sub-unit, like
CH2 here.

Hydrogen

Carbon

Oxygen

Magnesium

C14

C15

Figure 4.4: Pseudocyclic geometries for
odd and even CHOMg species.
Relaxed geometries, as computed
on M06-2X-DFT/def2TZVP-D3
level of theory, for C14H29MgO4

−

and C15H31MgO4
−. Both struc-

tures are eclipsed, but the even
carbon-bearing molecule eclipse
more complete than the odd
carbon-chain. This gives insights
into stability difference based on
varying strengths of van der Waals
forces between opposed carbon
chain increments.

Fig. 4.3 shows an alternating ef-
fect of the incremental binding energy
EI as a function of carbon atoms. EI is
higher for odd-n CnHOMg molecules, as
compared to their even-n counterparts,
meaning odd-n CnHOMg are lower in
absolute Gibbs Free energies. This
suggests a higher stability of even-n
CnHOMg relative to the odd-n ones.
Two important parameters, which in-
fluence the stability of pseudocyclic
CHOMg conformers, are bond length
between oxygen atom of the Mg(OH)2
head group (O* in Fig. 4.3) and the
degree of eclipse of two opposed alkyl
chains. Polar interactions between the
heteratomic head group and the alkyl
chain terminus are stronger for even
carbon number species, as indicated
by smaller O*-H* bond lengths (Fig.
4.3). Even carbon molecular O*-H*
bond lengths are ≈2.2 Å, whereas O*-
H* bond lengths for odd carbon-bearing
CHOMg molecules are slightly higher
(≈2.3 Å). Second, alkyl chains are
more completely eclipsed for even car-
bon number species (Fig. 4.4), which
enhances attractive London force inter-
actions. The distance between two alkyl
chains are shorter for even carbon number-bearing molecules (Fig. 4.3, de ≈3.7 Å for
even carbon species and do ≈4.0 Å). Both parameters argue for increased stability
of even-n CnHOMg, as compared to their odd carbon-bearing homologous.

Higher stability, as deduced from both experimental and computed data, of
even-n CnHOMg species in relation to odd-n molecules is better understood when
considering intramolecular interactions of pseudocyclic dihydroxymagnesium car-
boxylate conformers.
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4.5. Implications for fatty acid chemical evolution

Dihydroxymagnesium carboxylates (CHOMg) were found to show odd/even alter-
nation effects in their chemical stability. CHOMg molecules are chemically similar
to fatty acids [161], but are much more thermostable than fatty acids. This pro-
poses them to be astrobiologically relevant due to putative stabilization of fatty
acids within organic chemical evolution on a geological time scale.

FT-ICR mass spectrometry experiments provide insigths on meteoritic fatty
acid abundance distributions over a broad molecular range. Odd/even alternation
patterns are observed for also fatty acids next to CHOMg intensity fluctuations
(Fig. 4.1). Fig. 4.5 shows the ratio of organomagnesium molecules over fatty acid
molecules for different carbon atoms. These data were obtained for NWA 7325 me-
teorite. Small chain lengths (< 14 carbon atoms) are dominated by CHOMg motifs
(CHOMg/CHO ratio > 1), whereas chain lengths between 15 and 29 carbon atoms
are fairly equally distributed between CHOMg and CHO motifs (CHOMg/CHO
≈ 1). This indiacates molecular sequestation for small carbon fatty acids and a
moderate effect for long alkyl carboxylates as being present as CHOMg motifs.

Figure 4.5: Distribution of fatty acids and their organomagnesium counterparts. This
plot shows the ratio of logarithmic FT-ICR mass spectrometric intensities i of CHOMg
over CHO compounds within NWA 7325 meteoritic soluble (metal)organic matter,
represented in arbitrary units (a.u.) over the number of carbon atoms. Here, both de-
picted chemical species are only saturated carboxylate molecules, meaning CnH2n+2O4
and CnH2nO2, as illustrated by two C5 representative structures.

Odd/even CHOMg stability alternation suggests an importance of amphiphilic
organomagnesium molecules within fatty acids chemical evolution and finally within
the evolution of prebiotic membranes. CHOMg molecules possess a higher molecu-
lar asymmetry relative to fatty acids, which enhances their attractive interactions
between the polar head group and the apolar alkyl chain terminus. Second, ther-
mostability of CHOMg enables preservation of thermolabile fatty acids within high
energy astrophysical environments [153, 161]. Dihydroxymagnesium carboxylates
store early information on odd/even alternation signatures within chemical stability
and enable fatty acid release via hydrolysis [161]. This underlines astrobiological
relevance and its influence in early prebiotic molecular selection processes within
the evolution of vesicles of protocellar biological systems.
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4.6. Conclusions/outlook

Odd/even alternation within chemical stability of both, fatty acid CHO and dihy-
droxymagnesium carboxylates CHOMg molecules could be observed on both ex-
perimental and theoretical level. Meteoritic FT-ICR-MS analysis provided addi-
tional insights into meteoritic shock grade dependence on the amplification of even
carbon-bearing alkyl chain species. In-depth quantum chemical computations pro-
pose mechanistic insights via pseudocyclic CHOMg conformers to understand the
effect of enrichment of even-n CnHOMg molecules, as compared to their adjacent
odd carbon species. Therefore, thermostable CHOMg preserve early information on
odd/even alternation signatures within chemical stability and enables fatty acid hy-
rolytic release. The pairwise dominance of even carbon-bearing CHO and CHOMg
species within both high energy astrochemical and biochemical environments em-
phasize its relevance on chemical evolution within prebiotic vesicles and formation of
minimal cells. This chemical route may be one out of various mechanisms, which has
lead to amplification of even carbon-bearing fatty acid molecules during chemical
evolution.
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5. Conclusions and outlook

This thesis reports on findings on organomagnesium-based metalorganic molecules
(CHOMg) in astrochemical context (section 2). CHOMg compounds were experi-
mentally found in meteorites via ultrahigh-resolving mass spectrometric techniques
(FT-ICR-MS analysis). The neccessecity of ultrahigh mass spectrometric resolution
was shown to enable unambiguous detection in complex organic mixtures. High
resolving power R > 106 and high mass accuracy <200 ppb was required to resolve
mass peaks, which differ in mass difference by less than the mass of an electron
(CHOMg-CHO isobaric problem). These results underline the power of data-driven
astrochemical research for in-depth studies of meteoritic organic matter.

In addition, dihydroxymagesium carboxylates were probed for fundamental chem-
ical stability, as those molecular properties have been not reported previously. Chem-
ical stability was studied by targeting two molecular regimes, (i) the polar head
group and its resistance towards release of CO2. (ii) The apolar alkyl chain was
investigated for charge-remote fragmentation.

Release of carbon dioxide from dihydroxymagnesium carboxylates may open new
pathways of Grignard reactions, based on non-halogenated compounds. The poten-
tial on the formation of Grignard-type organomagnesate were probed via quantum
chemical computations (section 3). Therefore, catalytic C-C coupling reactions in
context of green chemistry might be enabled.

Probing alkyl chain fragmentations within CHOMg molecules showed odd/even
alternation effects in chemical stability (section 4). Even carbon-bearing CHOMg
compounds were found to be more stable, as compared to their adjacent odd car-
bon species. The chemical relationships between CHOMg and CHO analog species
suggested implications within context of chemical evolution. The preferred presence
of even over odd carbon-bearing molecules might shed light into early mechanism of
vesicle formation.

The finding of dihydroxymagnesium carboxylates (CHOMg) enable subsequent
research possibilities, which are listed in the following:



• Extensive CHOMg screening within meteoritic and natural Earth
samples. As presented in section 2, CHOMg were found to relate with ther-
mal processing in meteorites. In general scope, thermal processing can be ex-
tended to natural Earth samples as well. Project objectives are fundamental
learning on formation mechanisms of CHOMg, as spatially resolved. Addition-
ally, insights on early deep carbon sequestration within chondrules and their
implications on the formation of complex organic molecules within chondrules
may be gained.

• CHOMg-Grignard reactions. A mid-term research aim is the application
of laboratory-synthesized dihydroxymagnesium carboxylates and their modi-
fications towards Grignard-type organomagnesates. To-date, we assume the
requirement of high energy for synthesising dihydroxymagnesium carboxylates.
This hypothesis is based on the relation of CHOMg to meteoritic thermal pro-
cessing. The formation of halogen-free Grignard-type is a twofold challenging
investigation, finding (i) a catalytic system lowering the forward reaction en-
ergy barrier and (ii) to find a smart way to set the chemical system out of
equilibrium to enable the endergonic reaction of carbon dioxide release. Even-
though, this project is a challenging task, the main project objective of enabling
green Grignard chemistry within C-C coupling reactions give motivations for
studying this problem.

• Experimental studies on CHOMg vesicle formation. Similar to the
described project on CHOMg-based Grignard chemistry, challenging synthe-
sis of dihydroxymagnesium carboxylates is required prior studying CHOMg
vesicle formation. The increased thermostability of CHOMg compounds rel-
ative to their analogous CHO counterparts [153] drives research questions to
experimentally probe CHOMg for early odd/even aliphatic chain alternation.
Project objectives are implications of differentiated odd/even carbon-bearing
CHOMg molecules within vesicle formation and their consequences for chem-
ical evolution.
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A. Appendix Chapter 2

A.1. ICP-MS Experiments

Methanolic extracts and residues of the meteorites were analyzed for total elemen-
tal composition. Extracts were diluted appropriately 10- or 26-fold to achieve the
necessary sample volume. Extract residues were pressuredigested. Samples were
exactly weighed within quartz vessels, to which 1 mL HNO3, Suprapur, subboiling
distilled (Merck), was added. The vessels were closed and introduced into a pressure
digestion system (Seif) for 10 h at 170 °C. The resulting clear solutions were filled
up exactly to the mark at 10 mL with Milli-Q H2O and were then ready for element
determination.

An ELEMENT 2 Thermo-Electron inductively coupled plasma sector field mass
spectrometry instrument was used for determination of the elements. A solution
of 103Rh was added as an internal standard to each sample at a concentration of 1
µg/L. Sample introduction was carried out using a peristaltic pump connected to
a Meinhard nebulizer with a cyclon spray chamber. The rf power was adjusted to
1,300 W, the plasma gas was 15 (L Ar)/min, whereas the nebulizer gas was ∼0.9 (L
Ar)/min after daily optimization. Measured element isotopes were as follows: 9Be,
114Cd, 59Co, 52Cr, 56Fe, 202Hg, 193Ir, 55Mn, 98Mo, 60Ni, 208Pb, 121Sb, 78Se, 51V, and
184W.

Each determination method has been validated previously by regular labora-
tory intercomparison studies and by regular analyses of adequate certified reference
materials, the latest directly before this study. Routinely, every 10 measurements,
three blank determinations and a control determination of a certified standard for

This chapter has been published in Proceedings of the National Academy of Sciences 2017 114 ,
2819–2824. [161].



A.2 SIMS Experiments

all mentioned elements were performed. Calculation of results was carried out on
a computerized laboratory-data management system, relating the sample measure-
ments to calibration curves, blank determinations, control standards, and the weight
of the digested sample.

The solid-state meteorite sample was scanned using a commercial laser ablation
system coupled to inductively coupled plasma mass spectrometry (LA-ICP-MS). The
laser ablation system was a NWR 213 instrument from New Wave Research/ ESI,
equipped with a beam expander, yielding laser spot sizes between 4 and 250 µm.
The laser system was coupled to a PerkinElmer NexIon 300 ICP-mass spectrometer
(Sciex). The ICPMS was synchronized with the LA unit in external triggering mode.
The meteorite piece was mounted into the standard sample cell of the LA system
with laboratory plasticine between the sample holder and the lower side in such a
way that the flat upper side surface of the meteorite was placed on a level, where
the laser would be focused. The exact position for ablation lines was defined by
using the dual microscope of the LA system. The laser settings were as follows:
energy, 30 J/cm2; power output, 100%; pulse repetition rate, 10 Hz; scan speed, 20
µm/s; spot size, 100 µm; and ablation pattern, lines. The Ar-gas flow to ICPMS
was 1.14 L/min. The ICP-MS settings were as follows: rf power, 1,200 W; plasma
gas, 15 (L Ar) /min; and dwell time per isotope, 15 ms. The following isotopes
have been selected for analysis: 24Mg, 27Al, 28Si, 35Cl, 51V, 55Mn, 57Fe, 59Co, 60Ni,
63Cu, 66Zn, 98Mo, and 138Ba. ICP-MS data were exported to Microsoft Excel, where
signal intensities were color-coded.

A.2. SIMS Experiments

Measurements were performed using an IMS-4f Cameca secondary ion mass spec-
trometer. Etching in oxygen plasma for 10 min was performed to remove carbon
contamination on the sample surface after grinding and polishing. These conditions
were used to study a glassy vein of Chelyabinsk meteorite as selected target.

The sample target is a good insulator and charged during analysis. A normal
incidence electron gun was used to compensate the positive charge on the sample
surface. This gun has been effectively applied to detect negative secondary ions.
In this case, the field accelerating the secondary ions was decelerating for electrons
and therefore a cloud of electrons was created above the sample surface. This cloud
discharges the charging areas of the sample surface, which was coated additionally
with thin a layer of gold (∼10 nm) to improve the discharge.

Because negatively charged secondary ions were selected for analysis, it was
necessary to provide a high yield. This technique is well-known and consists of
using Cs+ as the primary ions with impact energy of 14.5 keV to ablate analyte
atoms/molecules. In contrast to the positive secondary ions, the detection of nega-
tive secondary ions has its own characteristics. Not all chemical elements have strong
electron affinity. For example N, Ca, Mn, and Mg have electron affinity values close
to zero. However, the analyzed sample was a mixture of oxides. To determine the
elements of these oxides, molecular ions of MgO− as well as C−, H−, and Si− ions
were detected and mapped.

Mass spectral resolution of 5,000 was used to overcome interference problems.
The map of element distributions was performed using a dynamic transfer system.
Lateral resolution was determined by the field-of-view aperture and equals 5 µm
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with a raster of 250 x 250 µm. Output data of the SIMS results were the signal
intensities at the coordinates (x,y) analysis at a certain depth. The software, using
the obtained coordinates and the intensities of the analyzed element signal, allows
visualizing the data as a 2D distribution, where each point is assigned as a color
depending intensity at that point.

A.3. ESI-FT-ICR-MS experiments

Fragments of fresh interior samples were first washed by stirring for a few seconds
within the extraction solvent (methanol, LC-MS grade; Fluka) before crushing in 1
mL solvent poured into the corresponding agate mortar. This procedure was shown
to limit the number of peaks resulting from terrestrial and human contamination,
for example fatty acids arising from sample handling. The mixture (suspension)
was transferred into an Eppendorf vial and underwent ultrasonic cleaning for <10
min and then was centrifuged. The supernatant liquid was removed with a microsy-
ringe, ready for flow injection into the ESI source. A solvent methanolic blank was
measured in accordance to be able to detect indigenous meteoritic (metal)organic
matter in each sample. Organomagnesium compounds were absent in blank spectra.

The experimental study was performed on a high-field FT-ICR mass spectrom-
eter from Bruker Daltonics with a 12-T magnet from Magnex. A timedomain tran-
sient with 4 MWords was obtained and Fouriertransformed into a frequency do-
main spectrum. The frequency domain was afterward converted to a mass spec-
trum by the solariX control program of Bruker Daltonics. The ion excitations
were generated in broadband mode (frequency sweep radial ion excitation) and
3,000 scans were accumulated for each mass spectrum in a mass range of 147-1,000
amu. Ions were accumulated for 300 ms before ICR ion detection. The pressure in
the quadrupole/hexapole and ICR vacuum chamber was 3x10−6 mbar and 6x10−10

mbar, respectively. For CID-MS/MS, ions were accumulated for 3 s.
The ESI source (Apollo II; Bruker Daltonics) was used in negative ionization

mode. The methanolic solutions were injected directly into the ionization source by
means of a microliter pump at a flow rate of 120 µL·h−1. A source heating tempera-
ture of 200 °C was maintained and no nozzle-skimmer fragmentation was performed
in the ionization source. The instrument was previously externally calibrated by
using arginine negative cluster ions (5 mg·L−1 arginine in methanol).

FT-ICR mass spectra with m/z from 147 to 1,000 amu were calibrated exter-
nally and internally to preclude alignment errors. Subsequently, the mass spectra
were exported to peak lists at a signal-to-noise ratio ≥ 3. Elemental formulas were
calculated combinatorially within a mass accuracy window of ±0.2 ppm for each
peak in batch mode by an in-house software tool and validated via the senior-rule
approach/cyclomatic number [92], assuming valence 2 for S and valence 4 (coordi-
nation number) for Mg.

A.4. Computations

The electronic structure simulations were performed on a stand-alone computer by
ab initio quantum mechanical computations, based on density functional theory
(DFT), as implemented in Gaussian 03 [229]. The hybrid DFT-functional B3LYP
was implemented with d-polarization functions for each heavy atom and 1p for each
hydrogen atom in all single-point energy calculations. All geometry optimizations
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were performed with the 6-31+G(d,p) basis set. Frequency calculations were done
for each optimized geometry with the same 6-31+G(d,p) basis set to obtain the zero
point vibrational energy. This value was multiplied by a scaling factor of 0.9804
to correct for vibrational anharmonicities [230]. Another intention for performing
the frequency analysis is the identification of transition states. Detecting negative
frequencies (imaginary frequencies) implies that the optimized geometry is not fully
relaxed as a stationary point on the potential energy surface. The single point
energy calculations were done at the 6-311+G(2d,p) level of theory. The use of dif-
fuse functions was important to represent the correct geometry and thermodynamic
properties of anionic species [231]. Stability tests were performed in critical cases
(significantly different energy values relative to the homologous series of treated
attachment systems) to ensure that the used wave function represents the lowest
energy solution of the selfconsistent field equations.

For geometry optimization, the Berny analytical gradient optimization routines
[232, 233] were used in combination with the GDIIS algorithm [234]. The requested
convergence value in the density matrix was 10−8, the threshold value for maxi-
mum displacement was 0.0018 Å, and the threshold value for the maximum force
was 0.00045 Hartree Bohr−1. The nature of the stationary points was established
by calculating and diagonalizing the Hessian matrix (force-constant matrix). All
geometries of electronic structures calculated were viewed with the GaussView or
Avogadro program.

The Gibbs free energy ∆G between each neutral Mg(OH)2 and the anionic
carboxylate anion in the gas phase was calculated as Eq. A.1, satisfying the reaction
of Eq. 2.1:

∆G = −BE = EComplex − (EMg(OH)2 + ERCOO−) (A.1)

E(x) are the single-point energies of respective species x and R = hydrocarbon
CxHy and {x,y} ∈. Therefore, the two educts were first optimized in the absence
of the reaction partner (step 1). Afterward, the charged complex was relaxed (step
2). The mentioned energies in Eq. A.1 are the single-point energies of steps 1 and
2. All computations are referred to gas-phase conditions.

A.5. Correlation Between the Experimental and Computed Fragmentation Energies

The minimum collision energy of 10 eV, required to initiate dissociation of the C16-
dihydroxymagnesium carboxylate complex anion, had to be scaled because the mag-
nitude of internal energy deposition from kinetic acceleration in an electric field
in a quadrupole can be estimated to reach 20% [235]. The corresponding en-
ergy of 193.3 kJ/mol is in the range of the DFT-computed binding energy (BE)
for [(OH)2MgO2CR]− for the reaction of Mg(OH)2 with the carboxylate anion
(BEcomputed = 206.7 kJ/mol).

A.6. Calculation of the Measured Equilibrium Constant K’

The equilibrium constant K for the reaction in Eq. A.2 is given as

K = a([(OH)2MgO2CR]−
a(RCOO− · a(Mg(OH)2) ≈

c([(OH)2MgO2CR]−
c(RCOO− · c(Mg(OH)2) (A.2)
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with R = hydrocarbon CxHy and {x,y} ∈. Thermodynamic activities a(x) can be
approximated by concentrations c(x) for different molecules x, when ideal behavior is
assumed. c(x) is expressed as the compound’s mass spectrometric intensity I , which
is proportional to the compound’s abundances [236]. For K , a measured equilibrium
constant K’ is used with the assumption that c(Mg(OH)2) » c(RCOO−) because of
the much higher amount of mineral compounds relative to the organic compounds
[237]. Therefore, the reaction is considered as a pseudo-first-order reaction, where
d(c(Mg(OH)2))/dt ≈ 0. Thus, K’ is calculated with Eq. A.3 instead:

K ′ = I([(OH)2MgO2CR]−
I(RCOO−) (A.3)

A.7. Mass Difference Network Reconstruction

Theoretical ion masses of the above assigned molecular formulas were used for mass
difference network reconstruction. Theoretical ion masses (nodes) were connected by
edges if their mass differences were equal (±0 ppm) to the theoretical mass differences
of ∆CH2 (14.015650 amu), ∆O (15.994915 amu), or ∆Mg(OH)2 (57.990521 amu).
Mass difference networks were laid out using the Cytoscape software (Allegro version
3.2.1 layout) (55).

A.8. Statistical Evaluation of Meteorite Samples

CHOMg mass lists were aligned with an in-house software [238]. To stabilize the
variance, only m/z values present in more than 5% of all samples were further
considered in the statistical elaboration to remove unique compounds. The peak
intensities were scaled to unit variance and logarithm-transformed.

To evaluate the data, several multivariate models were set up. Orthogonal
partial least square discriminant analysis (OPLS-DA) and OPLS regression models
were performed by the sevenfold cross-validation procedure, as implemented in the
software SIMCA, and then verified with CV-ANOVA (cross-validation ANOVA),
to exclude overfitting. Relevant indicators, such as P value, R2(Y), and Q2(cum),
were subsequently reported to indicate the significance, the goodness of the fit, and
the quality of the model prediction. Moreover, potential discriminating variables
were chosen by examining the loading plot. The software tools, used for the statis-
tical elaboration, were SIMCA 13.0.3.0 (Umetrics) and RStudio (version 0.98.1103;
RStudio, Inc.).

First, a classification model was set up via OPLS-DA using a meteorite subset,
formed by samples with assigned information about their thermal stress level. All
samples were correctly classified with a Fisher probability of 5e−81 and the model
was valid (P < 0.001). Based on this model, properties were predicted for additional
samples without any available thermal stress information. Based on the classifica-
tion, a gradient for the thermal stress was set up among all samples from low- to
high-thermally stressed meteorites. This gradient was used as Y variable in an OPLS
model to reveal a possible relation between the m/z variables and Y. The OPLS score
scatter plot (Fig. 2.10) was robust to overfitting ((P = 0.004) with R2(Y) = 0.91
and Q2(cum) = 0.27. The ellipse represents the Hotelling’s T2 confidence region
(95%). The first axis (x axis) is the so-called first component with the new samples
coordinate. It can be seen as the best-fit line that traverses the geometric origin of
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the dataset accounting for the greatest amount of variance of the data. The second
greatest variance is explained by the second component, orthogonal to the first, and
so on. All of the components have to be uncorrelated each other and cumulatively
all together account for the 100% of the variance. The aforementioned coordinates
of data points on the first component are the first principal component values, or
component scores; they are computed as the product of (centered) data matrix and
the eigenvector.

The most relevant masses, 50th percentile of loading values of the y axis (oxygen
variation in CHOMg formulas), were visualized in modified van Krevelen diagrams,
as depicted in Fig. 2.10. Concerning the thermal stress variation, the most relevant
masses, 50th percentile of loading values of the x axis, were visualized in modified van
Krevelen diagrams, as depicted in Fig. 2.11. The box plot was set up by counting
CHOMg formulas for negative and positive loading values on the x axis, respectively.

Hierarchical cluster analysis (HCA) was performed using the average linkage
method (UPGMA) for the distance between clusters and the Pearson correlation
coefficient as criteria to cluster the variables. The HCA was done by the Hier-
archical Clustering Explorer 3.0 (Human-Computer Interaction Lab, University of
Maryland). Hierarchical cluster analysis organizes the samples, as a graphical out-
put, into a dendrogram (cluster tree) whose branches are the desired clusters. Based
on different similarity rules the clusters are defined. Similar samples are within a
cluster.

A.9. Mg Isotope Measurements

All samples (both the methanolic extracts and residues) were dissolved subsequently
using a standard 3:1 HF:HNO3 dissolution technique in Savillex 3-mL vials (hexago-
nal cap, square body type) [239]. After dissolution, ca. ∼1% aliquot of the solution
was saved for 27Al/24Mg analyses. The remainder was centrifuged and processed
through a cation exchange column to separate Mg from the sample matrix and po-
tential isobaric interferences. The column procedure was first calibrated to separate
Mg from matrix elements, such as Na, Al, K, and Ca. In particular, separation of
Mg and Ca is important because this has been shown to cause fractionation of Mg
isotope ratios by up to 1‰[240]. Standards and unknowns were dried down (∼20
µg of Mg) and redissolved in 0.5 mL of 1 N HNO3 before eluting through 0.75 mL
of BioRad AG50W-X12 resin (200–400 mesh). We added a rinse step involving 3
mL of 0.15 M HF, which causes removal of Al and Ti from the column but leaves
Mg unaffected. The Mg cut was collected in 12 mL of 1 N HNO3. Once eluted,
the Mg fraction was collected and dried down and the residue was redissolved in 20
µL of concentrated HNO3 to oxidize any organic molecules derived from the resin.
After repeating this column chemistry, the final Mg fraction was dried down and
redissolved in 1 mL of 2% HNO3. After sample processing, the resin was cleaned by
repeated elutions of 7 M double-distilled HNO3 and Milli-Q ultrapure H2O. Both
Mg isotope compositions and 27Al/24Mg ratios were measured on a Thermo Nep-
tune Plus HR-MC-ICP-MS in the Department of Earth and Planetary Sciences at
the University of California, Davis.

Isotopic analyses of Mg were bracketed using the DSM-3 pure Mg standard [241]
to account for instrumental mass bias and drift throughout the analysis period.
Mg isotope ratios are expressed using delta notation as parts per thousand (‰)
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differences from DSM-3. Each sample was initially prescreened using 1% of the
final Mg solution to ensure accurate dilution of the sample to match the signal
intensity of the bracketing standard to within 10%. Samples were analyzed under
dry plasma conditions using an ESI Apex IR desolvating nebulizer, which suppresses
oxide interferences. The samples were analyzed in medium resolution to avoid the
CN+ peak on 26Mg, which cannot be resolved at low resolution. Using a high-
sensitivity “x” skimmer cone the typical intensities for a 500-ppb solution at medium
resolution were between 20–25 V of 24Mg (amplified with a 1011-ohm register board).
Blank intensities on 24Mg were typically 0.003-0.005 V. To assess the accuracy of our
measurements, the pure Mg standard CAM-1 was routinely measured throughout
each analytical session. In total, CAM-1 was measured 78 times with anaverage
δ26Mg value of -2.61 ± 0.08 ‰, which is within error of the accepted value (-2.59
± 0.14 ‰) [241]. To assess the accuracy of the column chemistry and our external
reproducibility, the USGS basalt standard BCR-2 was processed with every batch
of column chemistry. A total of 26 separate analyses from eight separate chemical
separations were performed on this standard. On average, BCR2 had a δ26Mg value
of -0.20 ± 0.07 ‰and δ25Mg value of -0.10 ± 0.04 ‰, which is within error of the
estimated average composition of the upper continental crust (δ26Mg = -0.22 ‰)
[242] and other recent published values for basalts [243].
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A.10. Information on 61 meteorite samples, used in the statistical analysis

Assignment of 61 meteorite samples, used in the statistical multivariate analysis. CHOMg molecular signatures were found in all these
meteorites (Fig. 2.10).

Table A.1: Information on 61 meteorite samples, used in the statistical analysis
Sample ID Meteorite description Type class Number of CHOMg Mean CHOMg

formulas intensities
49 Achondrite-ung S-medium W-low NWA 7325 Achondrite-ung 1154 1.82E+08
14 CI1 Orgueil CI 514 8.71E+07
15 CK4 S2 W0 NWA 7310 CK 888 1.00E+08
5 CM2 WA Y-74662 CM 286 2.35E+07
9 CM2 Y-86720 991 7.27E+06
11 CM2 Y-791198 273 2.81E+07
13 CM2 Y-793321 762 4.42E+06
16 CM1 Moapa Valley 1102 1.55E+09
17 CM1/2 W-low NWA 8534 676 1.22E+07
18 CM2 S0 W1 Jbilet Winselwan 396 1.64E+07
19 CM2 S0 W0 Maribo 552 1.61E+07
20 CM2 S1-2 W1-2 Murchison 610 1.53E+07
21 CM2 Murray 902 3.55E+07
22 CM2-an W1 NWA 3340 470 2.94E+08
23 CM2 S0 W0 Paris 521 9.59E+06
27 CM2 DOM 08003 387 4.38E+06
28 CM2 EET 87522 194 3.31E+06
30 CM2 EET 96029 213 3.76E+06
40 CM2 LEW 85311 320 2.79E+06
41 CM2 WB LEW 85312 317 4.54E+06
43 CM2 WB MCY 05230 432 3.61E+06
45 CM1 MET 01070 218 4.48E+06
46 CM2 WA MIL 07700 209 9.23E+06
48 CM2 S2 W-low NWA 7131 331 1.74E+08
50 CM2 WB PCA 02010 255 6.24E+06

74



A
.10

Inform
ation

on
61

m
eteorite

sam
ples,used

in
the

statisticalanalysis
51 CM2 WB PCA 02012 253 4.64E+06
52 CM2 WB PCA 91008 110 1.00E+07
53 CM2 WA/Be QUE 93005 287 1.62E+07
61 CM2 WA/BeWIS 91600 333 3.06E+07
6 CO3.0 Y-81020 CO 186 3.98E+07
7 CO3.2 Y-82050 1157 6.75E+07
8 CO3.5 Y-82094 610 1.21E+08
12 CO3.3 Y-791717 1315 1.63E+08
24 CO3.6 S2 W0 Moss 1019 3.71E+08
29 CR2 EET 92042 CR 270 2.10E+07
32 CR2 GRA 06100 445 5.30E+07
33 CR2 GRA 95229 214 1.69E+07
34 CR2 GRO 03116 251 1.20E+07
35 CR1 GRO 95577 173 1.70E+07
54 CR2 WBE QUE 99177 392 2.90E+07
10 CV3 Y-86751 CV 837 5.47E+06
25 CV3 S1 W0 Allende 361 1.10E+07
26 CV3 Vigarano 259 1.78E+08
31 EUC W0 Tirhert EUC 787 3.33E+08
47 H4 Grüneberg H 920 7.06E+07
1 Howardite S3 W-low Saricicek Howardite 1090 1.10E+08

(Recent Turkish Fall, September 2015)
3 L4 S3 W0 Sidi Ali Ou Azza L 738 1.94E+08
36 L6 S4 W0 Braunschweig 504 7.15E+07
37 L6 S4 W0 Novato 1023 1.77E+08
38 L6 S4 W0 Battle Mountain 566 6.71E+07
39 L6 S2 W0 Soltmany 1363 1.74E+08
44 L(LL)3.05 WB/C MET 00526 497 2.79E+07
55 L6 S1 W0 Thika 777 1.08E+07
60 L5 S4 W0 Varre-Sai 276 5.59E+07
2 LL5 S4 W0 Chelyabinsk LL 1111 1.32E+08
4 LL6 S3 W0 Stubenberg 1412 1.13E+08

(Recent German fall, March 2016)
42 LL6 Kilabo 636 1.40E+06
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56 URE S3 W4 Dho 1303 URE 935 6.10E+08
57 URE S-high NWA 2634 1015 6.69E+08
58 URE NWA 5928 858 7.79E+08
59 URE Sahara 98505 156 2.64E+07
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A.11. Mass list of significantly enriched compounds in thermal processed meteorites

Mass list of significantly enriched compounds in thermal processed meteorites, plotted in
Fig. 2.11. These plotted m/z values reflect the 50th percentile of the variables, which are
unique for the positive values of the first component (x-axis) of the OPLS score plot (Fig.
2.10).

Table A.2: Mass list of significantly enriched compounds in thermal processed meteorites
m/z (exp) m/z (theo) Error (m/z) / ppm Molecular formula O/C H/C
143.02002 143.02003 -0.066 C4H7O4Mg1- 1.00 2.00
144.99928 144.99929 -0.076 C3H5O5Mg1- 1.67 2.00
145.03565 145.03568 -0.163 C4H9O4Mg1- 1.00 2.50
154.98364 154.98364 -0.007 C4H3O5Mg1- 1.25 1.00
156.99929 156.99929 -0.034 C4H5O5Mg1- 1.25 1.50
157.03567 157.03568 -0.03 C5H9O4Mg1- 0.80 2.00
158.97854 158.97856 -0.101 C3H3O6Mg1- 2.00 1.33
159.01494 159.01494 -0.018 C4H7O5Mg1- 1.25 2.00
159.05132 159.05133 -0.05 C5H11O4Mg1- 0.80 2.40
168.99931 168.99929 0.112 C5H5O5Mg1- 1.00 1.20
171.01495 171.01494 0.057 C5H7O5Mg1- 1.00 1.60
171.05133 171.05133 -0.001 C6H11O4Mg1- 0.67 2.00
172.9942 172.99421 -0.029 C4H5O6Mg1- 1.50 1.50
173.03059 173.03059 0.012 C5H9O5Mg1- 1.00 2.00
173.06698 173.06698 0.048 C6H13O4Mg1- 0.67 2.33
179.02003 179.02003 -0.005 C7H7O4Mg1- 0.57 1.14
180.94765 180.94765 -0.006 C1H1O9Mg1- 9.00 2.00
183.05134 183.05133 0.056 C7H11O4Mg1- 0.57 1.71
185.03059 185.03059 -0.023 C6H9O5Mg1- 0.83 1.67
185.06697 185.06698 -0.018 C7H13O4Mg1- 0.57 2.00
187.00986 187.00986 0.036 C5H7O6Mg1- 1.20 1.60
187.04624 187.04624 0.001 C6H11O5Mg1- 0.83 2.00
187.08263 187.08263 0.026 C7H15O4Mg1- 0.57 2.29
189.02553 189.02551 0.109 C5H9O6Mg1- 1.20 2.00
193.03567 193.03568 -0.028 C8H9O4Mg1- 0.50 1.25
197.06698 197.06698 0.015 C8H13O4Mg1- 0.50 1.75
199.00985 199.00986 -0.008 C6H7O6Mg1- 1.00 1.33
199.08262 199.08263 -0.014 C8H15O4Mg1- 0.50 2.00
201.02551 201.02551 0 C6H9O6Mg1- 1.00 1.67
201.09828 201.09828 -0.005 C8H17O4Mg1- 0.50 2.25
203.00477 203.00477 0.011 C5H7O7Mg1- 1.40 1.60
203.02003 203.02003 0.011 C9H7O4Mg1- 0.44 0.89
203.04116 203.04116 0.019 C6H11O6Mg1- 1.00 2.00
203.07756 203.07754 0.117 C7H15O5Mg1- 0.71 2.29
207.01493 207.01494 -0.054 C8H7O5Mg1- 0.63 1.00
207.05133 207.05133 0.002 C9H11O4Mg1- 0.44 1.33
208.97896 208.97895 0.019 C3H5O9Mg1- 3.00 2.00
209.0306 209.03059 0.036 C8H9O5Mg1- 0.63 1.25
209.06698 209.06698 0.007 C9H13O4Mg1- 0.44 1.56
211.00988 211.00986 0.125 C7H7O6Mg1- 0.86 1.14
211.04623 211.04624 -0.029 C8H11O5Mg1- 0.63 1.50
211.08263 211.08263 0.008 C9H15O4Mg1- 0.44 1.78
213.0255 213.02551 -0.015 C7H9O6Mg1- 0.86 1.43
213.09827 213.09828 -0.035 C9H17O4Mg1- 0.44 2.00
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215.07755 215.07754 0.026 C8H15O5Mg1- 0.63 2.00
215.11393 215.11393 -0.002 C9H19O4Mg1- 0.44 2.22
217.02042 217.02042 0.018 C6H9O7Mg1- 1.17 1.67
217.09319 217.09319 -0.029 C8H17O5Mg1- 0.63 2.25
219.01495 219.01494 0.047 C9H7O5Mg1- 0.56 0.89
221.03059 221.03059 -0.007 C9H9O5Mg1- 0.56 1.11
223.04625 223.04624 0.049 C9H11O5Mg1- 0.56 1.33
223.08264 223.08263 0.043 C10H15O4Mg1- 0.40 1.60
225.02555 225.02551 0.195 C8H9O6Mg1- 0.75 1.25
225.06189 225.06189 -0.024 C9H13O5Mg1- 0.56 1.56
225.09828 225.09828 0.019 C10H17O4Mg1- 0.40 1.80
227.04116 227.04116 0.033 C8H11O6Mg1- 0.75 1.50
227.11393 227.11393 0 C10H19O4Mg1- 0.40 2.00
229.09318 229.09319 -0.04 C9H17O5Mg1- 0.56 2.00
229.12958 229.12958 0.031 C10H21O4Mg1- 0.40 2.20
231.03607 231.03607 -0.008 C7H11O7Mg1- 1.00 1.71
231.07247 231.07246 0.074 C8H15O6Mg1- 0.75 2.00
231.10881 231.10884 -0.121 C9H19O5Mg1- 0.56 2.22
233.03059 233.03059 -0.013 C10H9O5Mg1- 0.50 1.00
233.06698 233.06698 0.03 C11H13O4Mg1- 0.36 1.27
233.08807 233.08811 -0.156 C8H17O6Mg1- 0.75 2.25
235.04624 235.04624 0.008 C10H11O5Mg1- 0.50 1.20
235.08263 235.08263 0.004 C11H15O4Mg1- 0.36 1.45
237.0619 237.06189 0.048 C10H13O5Mg1- 0.50 1.40
237.09829 237.09828 0.073 C11H17O4Mg1- 0.36 1.64
239.04117 239.04116 0.037 C9H11O6Mg1- 0.67 1.33
239.07754 239.07754 -0.012 C10H15O5Mg1- 0.50 1.60
239.11394 239.11393 0.038 C11H19O4Mg1- 0.36 1.82
241.05681 241.05681 0.013 C9H13O6Mg1- 0.67 1.56
241.09319 241.09319 0.004 C10H17O5Mg1- 0.50 1.80
241.12958 241.12958 -0.005 C11H21O4Mg1- 0.36 2.00
245.05173 245.05172 0.027 C8H13O7Mg1- 0.88 1.75
245.0881 245.08811 -0.01 C9H17O6Mg1- 0.67 2.00
247.00986 247.00986 0.002 C10H7O6Mg1- 0.60 0.80
247.04624 247.04624 0.011 C11H11O5Mg1- 0.45 1.09
249.0255 249.02551 -0.032 C10H9O6Mg1- 0.60 1.00
249.0619 249.06189 0.019 C11H13O5Mg1- 0.45 1.27
249.09827 249.09828 -0.025 C12H17O4Mg1- 0.33 1.50
251.04116 251.04116 0.028 C10H11O6Mg1- 0.60 1.20
251.07755 251.07754 0.017 C11H15O5Mg1- 0.45 1.45
251.11394 251.11393 0.064 C12H19O4Mg1- 0.33 1.67
253.05681 253.05681 0.02 C10H13O6Mg1- 0.60 1.40
253.09319 253.09319 -0.002 C11H17O5Mg1- 0.45 1.64
253.12958 253.12958 0.017 C12H21O4Mg1- 0.33 1.83
255.03607 255.03607 -0.012 C9H11O7Mg1- 0.78 1.33
255.07246 255.07246 0.016 C10H15O6Mg1- 0.60 1.60
255.14523 255.14523 0.001 C12H23O4Mg1- 0.33 2.00
257.05173 257.05172 0.016 C9H13O7Mg1- 0.78 1.56
259.03101 259.03099 0.076 C8H11O8Mg1- 1.00 1.50
259.06737 259.06737 0.013 C9H15O7Mg1- 0.78 1.78
259.10376 259.10376 0.014 C10H19O6Mg1- 0.60 2.00
259.14016 259.14014 0.072 C11H23O5Mg1- 0.45 2.18
261.02551 261.02551 -0.002 C11H9O6Mg1- 0.55 0.91
261.04665 261.04664 0.047 C8H13O8Mg1- 1.00 1.75
261.06189 261.06189 0.006 C12H13O5Mg1- 0.42 1.17
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261.09829 261.09828 0.038 C13H17O4Mg1- 0.31 1.38
261.11942 261.11941 0.045 C10H21O6Mg1- 0.60 2.20
263.04116 263.04116 0.01 C11H11O6Mg1- 0.55 1.09
263.07753 263.07754 -0.058 C12H15O5Mg1- 0.42 1.33
263.11393 263.11393 0.003 C13H19O4Mg1- 0.31 1.54
265.05681 265.05681 0.031 C11H13O6Mg1- 0.55 1.27
265.0932 265.09319 0.016 C12H17O5Mg1- 0.42 1.50
265.12957 265.12958 -0.027 C13H21O4Mg1- 0.31 1.69
267.03607 267.03607 0.002 C10H11O7Mg1- 0.70 1.20
267.05723 267.0572 0.095 C7H15O9Mg1- 1.29 2.29
267.07246 267.07246 -0.003 C11H15O6Mg1- 0.55 1.45
267.10885 267.10884 0.039 C12H19O5Mg1- 0.42 1.67
269.05173 269.05172 0.018 C10H13O7Mg1- 0.70 1.40
269.08811 269.08811 0.006 C11H17O6Mg1- 0.55 1.64
269.16089 269.16088 0.06 C13H25O4Mg1- 0.31 2.00
271.06736 271.06737 -0.031 C10H15O7Mg1- 0.70 1.60
271.17653 271.17653 -0.001 C13H27O4Mg1- 0.31 2.15
273.04665 273.04664 0.054 C9H13O8Mg1- 0.89 1.56
273.1194 273.11941 -0.013 C11H21O6Mg1- 0.55 2.00
275.04115 275.04116 -0.032 C12H11O6Mg1- 0.50 1.00
275.0623 275.06229 0.061 C9H15O8Mg1- 0.89 1.78
275.07756 275.07754 0.062 C13H15O5Mg1- 0.38 1.23
275.09866 275.09867 -0.041 C10H19O7Mg1- 0.70 2.00
275.11388 275.11393 -0.182 C14H19O4Mg1- 0.29 1.43
277.02042 277.02042 0.005 C11H9O7Mg1- 0.64 0.91
277.05682 277.05681 0.05 C12H13O6Mg1- 0.50 1.17
277.0932 277.09319 0.014 C13H17O5Mg1- 0.38 1.38
277.12959 277.12958 0.059 C14H21O4Mg1- 0.29 1.57
279.03607 279.03607 -0.016 C11H11O7Mg1- 0.64 1.09
279.07248 279.07246 0.078 C12H15O6Mg1- 0.50 1.33
279.10884 279.10884 -0.017 C13H19O5Mg1- 0.38 1.54
279.14523 279.14523 0.02 C14H23O4Mg1- 0.29 1.71
281.05175 281.05172 0.102 C11H13O7Mg1- 0.64 1.27
281.08813 281.08811 0.09 C12H17O6Mg1- 0.50 1.50
281.1245 281.12449 0.026 C13H21O5Mg1- 0.38 1.69
281.16086 281.16088 -0.043 C14H25O4Mg1- 0.29 1.86
283.04624 283.04624 -0.022 C14H11O5Mg1- 0.36 0.86
283.06736 283.06737 -0.052 C11H15O7Mg1- 0.64 1.45
283.10376 283.10376 0.028 C12H19O6Mg1- 0.50 1.67
283.17654 283.17653 0.034 C14H27O4Mg1- 0.29 2.00
285.04664 285.04664 -0.001 C10H13O8Mg1- 0.80 1.40
285.08303 285.08302 0.029 C11H17O7Mg1- 0.64 1.64
285.09825 285.09828 -0.098 C15H17O4Mg1- 0.27 1.20
285.19219 285.19218 0.033 C14H29O4Mg1- 0.29 2.14
287.06231 287.06229 0.066 C10H15O8Mg1- 0.80 1.60
287.07756 287.07754 0.05 C14H15O5Mg1- 0.36 1.14
287.09867 287.09867 0.002 C11H19O7Mg1- 0.64 1.82
287.11388 287.11393 -0.179 C15H19O4Mg1- 0.27 1.33
287.13507 287.13506 0.037 C12H23O6Mg1- 0.50 2.00
287.17149 287.17144 0.16 C13H27O5Mg1- 0.38 2.15
289.04156 289.04155 0.037 C9H13O9Mg1- 1.00 1.56
289.05681 289.05681 0.03 C13H13O6Mg1- 0.46 1.08
289.0932 289.09319 0.016 C14H17O5Mg1- 0.36 1.29
289.1143 289.11432 -0.074 C11H21O7Mg1- 0.64 2.00
289.15076 289.15071 0.174 C12H25O6Mg1- 0.50 2.17

79



A.11 Mass list of significantly enriched compounds in thermal processed meteorites

291.03607 291.03607 0.01 C12H11O7Mg1- 0.58 1.00
291.07246 291.07246 0.021 C13H15O6Mg1- 0.46 1.23
291.10884 291.10884 0.009 C14H19O5Mg1- 0.36 1.43
291.14524 291.14523 0.037 C15H23O4Mg1- 0.27 1.60
292.91206 292.91206 0.014 C1H1O16Mg1- 16.00 2.00
293.05171 293.05172 -0.044 C12H13O7Mg1- 0.58 1.17
293.08811 293.08811 0.017 C13H17O6Mg1- 0.46 1.38
293.12451 293.12449 0.047 C14H21O5Mg1- 0.36 1.57
293.16089 293.16088 0.033 C15H25O4Mg1- 0.27 1.73
295.06739 295.06737 0.076 C12H15O7Mg1- 0.58 1.33
295.10375 295.10376 -0.006 C13H19O6Mg1- 0.46 1.54
295.14015 295.14014 0.028 C14H23O5Mg1- 0.36 1.71
295.17654 295.17653 0.058 C15H27O4Mg1- 0.27 1.87
297.08305 297.08302 0.099 C12H17O7Mg1- 0.58 1.50
297.11941 297.11941 0.014 C13H21O6Mg1- 0.46 1.69
299.06229 299.06229 0.019 C11H15O8Mg1- 0.73 1.45
299.09868 299.09867 0.037 C12H19O7Mg1- 0.58 1.67
301.07794 301.07794 0.02 C11H17O8Mg1- 0.73 1.64
301.09319 301.09319 0.009 C15H17O5Mg1- 0.33 1.20
301.1871 301.18709 0.023 C14H29O5Mg1- 0.36 2.14
303.05722 303.0572 0.065 C10H15O9Mg1- 0.90 1.60
303.07247 303.07246 0.045 C14H15O6Mg1- 0.43 1.14
303.09358 303.09359 -0.007 C11H19O8Mg1- 0.73 1.82
303.10884 303.10884 -0.004 C15H19O5Mg1- 0.33 1.33
305.05172 305.05172 0.008 C13H13O7Mg1- 0.54 1.08
305.08811 305.08811 -0.003 C14H17O6Mg1- 0.43 1.29
305.1245 305.12449 0.017 C15H21O5Mg1- 0.33 1.47
305.16088 305.16088 0.015 C16H25O4Mg1- 0.25 1.63
307.06736 307.06737 -0.048 C13H15O7Mg1- 0.54 1.23
307.10376 307.10376 0.009 C14H19O6Mg1- 0.43 1.43
307.14015 307.14014 0.044 C15H23O5Mg1- 0.33 1.60
307.17654 307.17653 0.049 C16H27O4Mg1- 0.25 1.75
309.08303 309.08302 0.032 C13H17O7Mg1- 0.54 1.38
309.11942 309.11941 0.057 C14H21O6Mg1- 0.43 1.57
309.1558 309.15579 0.012 C15H25O5Mg1- 0.33 1.73
309.19219 309.19218 0.031 C16H29O4Mg1- 0.25 1.88
311.09867 311.09867 -0.007 C13H19O7Mg1- 0.54 1.54
311.13506 311.13506 0.008 C14H23O6Mg1- 0.43 1.71
311.17143 311.17144 -0.021 C15H27O5Mg1- 0.33 1.87
311.20783 311.20783 0.026 C16H31O4Mg1- 0.25 2.00
313.11432 313.11432 0.009 C13H21O7Mg1- 0.54 1.69
313.12954 313.12958 -0.116 C17H21O4Mg1- 0.24 1.29
313.22348 313.22348 0.017 C16H33O4Mg1- 0.25 2.13
315.07247 315.07246 0.044 C15H15O6Mg1- 0.40 1.07
315.09361 315.09359 0.079 C12H19O8Mg1- 0.67 1.67
315.16636 315.16636 0.009 C14H27O6Mg1- 0.43 2.00
315.20276 315.20274 0.059 C15H31O5Mg1- 0.33 2.13
317.05173 317.05172 0.028 C14H13O7Mg1- 0.50 1.00
317.08808 317.08811 -0.078 C15H17O6Mg1- 0.40 1.20
317.16085 317.16088 -0.083 C17H25O4Mg1- 0.24 1.53
319031 319.03099 0.043 C13H11O8Mg1- 0.62 0.92

319.06736 319.06737 -0.043 C14H15O7Mg1- 0.50 1.14
319.10376 319.10376 0.002 C15H19O6Mg1- 0.40 1.33
319.14015 319.14014 0.028 C16H23O5Mg1- 0.31 1.50
319.17654 319.17653 0.058 C17H27O4Mg1- 0.24 1.65
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321.08301 321.08302 -0.041 C14H17O7Mg1- 0.50 1.29
321.11944 321.11941 0.103 C15H21O6Mg1- 0.40 1.47
321.1558 321.15579 0.033 C16H25O5Mg1- 0.31 1.63
321.19219 321.19218 0.038 C17H29O4Mg1- 0.24 1.76
323.13503 323.13506 -0.071 C15H23O6Mg1- 0.40 1.60
323.17145 323.17144 0.021 C16H27O5Mg1- 0.31 1.75
323.20783 323.20783 0.02 C17H31O4Mg1- 0.24 1.88
325.11431 325.11432 -0.045 C14H21O7Mg1- 0.50 1.57
325.15069 325.15071 -0.052 C15H25O6Mg1- 0.40 1.73
327.09357 327.09359 -0.041 C13H19O8Mg1- 0.62 1.54
327.10884 327.10884 0.002 C17H19O5Mg1- 0.29 1.18
327.12996 327.12997 -0.021 C14H23O7Mg1- 0.50 1.71
329.10921 329.10924 -0.071 C13H21O8Mg1- 0.62 1.69
329.14563 329.14562 0.022 C14H25O7Mg1- 0.50 1.86
329.16084 329.16088 -0.103 C18H25O4Mg1- 0.22 1.44
329.18199 329.18201 -0.057 C15H29O6Mg1- 0.40 2.00
329.21842 329.21839 0.076 C16H33O5Mg1- 0.31 2.13
331.0885 331.0885 -0.004 C12H19O9Mg1- 0.75 1.67
331.10375 331.10376 -0.034 C16H19O6Mg1- 0.38 1.25
331.16126 331.16127 -0.03 C14H27O7Mg1- 0.50 2.00
331.17652 331.17653 -0.013 C18H27O4Mg1- 0.22 1.56
333083 333.08302 -0.061 C15H17O7Mg1- 0.47 1.20

333.11941 333.11941 0.011 C16H21O6Mg1- 0.38 1.38
333.15579 333.15579 -0.008 C17H25O5Mg1- 0.29 1.53
333.19219 333.19218 0.048 C18H29O4Mg1- 0.22 1.67
335.09866 335.09867 -0.038 C15H19O7Mg1- 0.47 1.33
335.13507 335.13506 0.037 C16H23O6Mg1- 0.38 1.50
335.17144 335.17144 0.001 C17H27O5Mg1- 0.29 1.65
335.20783 335.20783 0.015 C18H31O4Mg1- 0.22 1.78
337.1143 337.11432 -0.066 C15H21O7Mg1- 0.47 1.47
337.1507 337.15071 -0.033 C16H25O6Mg1- 0.38 1.63
337.18708 337.18709 -0.035 C17H29O5Mg1- 0.29 1.76
339.11478 339.11472 0.188 C11H23O10Mg1- 0.91 2.18
339.12995 339.12997 -0.063 C15H23O7Mg1- 0.47 1.60
339.16636 339.16636 0.008 C16H27O6Mg1- 0.38 1.75
339.23913 339.23913 0.014 C18H35O4Mg1- 0.22 2.00
341.05172 341.05172 0.011 C16H13O7Mg1- 0.44 0.88
341.21839 341.21839 -0.011 C17H33O5Mg1- 0.29 2.00
341.25477 341.25478 -0.022 C18H37O4Mg1- 0.22 2.11
343.12491 343.12489 0.06 C14H23O8Mg1- 0.57 1.71
343.14015 343.14014 0.013 C18H23O5Mg1- 0.28 1.33
343.17651 343.17653 -0.063 C19H27O4Mg1- 0.21 1.47
343.19766 343.19766 0.01 C16H31O6Mg1- 0.38 2.00
345.06777 345.06777 0.016 C12H17O10Mg1- 0.83 1.50
345.1042 345.10415 0.141 C13H21O9Mg1- 0.69 1.69
345.11941 345.11941 0.005 C17H21O6Mg1- 0.35 1.29
345.15581 345.15579 0.041 C18H25O5Mg1- 0.28 1.44
345.19212 345.19218 -0.16 C19H29O4Mg1- 0.21 1.58
347.09867 347.09867 0.006 C16H19O7Mg1- 0.44 1.25
347.13505 347.13506 -0.005 C17H23O6Mg1- 0.35 1.41
347.17144 347.17144 0.004 C18H27O5Mg1- 0.28 1.56
347.20779 347.20783 -0.118 C19H31O4Mg1- 0.21 1.68
349.07794 349.07794 -0.004 C15H17O8Mg1- 0.53 1.20
349.11429 349.11432 -0.098 C16H21O7Mg1- 0.44 1.38
349.1507 349.15071 -0.028 C17H25O6Mg1- 0.35 1.53
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349.18709 349.18709 0.004 C18H29O5Mg1- 0.28 1.67
349.22349 349.22348 0.031 C19H33O4Mg1- 0.21 1.79
351.09357 351.09359 -0.032 C15H19O8Mg1- 0.53 1.33
351.12995 351.12997 -0.047 C16H23O7Mg1- 0.44 1.50
351.15112 351.1511 0.039 C13H27O9Mg1- 0.69 2.15
351.16636 351.16636 0.005 C17H27O6Mg1- 0.35 1.65
351.20275 351.20274 0.03 C18H31O5Mg1- 0.28 1.78
351.23915 351.23913 0.056 C19H35O4Mg1- 0.21 1.89
353.10926 353.10924 0.073 C15H21O8Mg1- 0.53 1.47
353.14563 353.14562 0.038 C16H25O7Mg1- 0.44 1.63
353.18202 353.18201 0.043 C17H29O6Mg1- 0.35 1.76
353.25477 353.25478 -0.012 C19H37O4Mg1- 0.21 2.00
355.14601 355.14602 -0.018 C12H27O10Mg1- 0.83 2.33
355.16128 355.16127 0.025 C16H27O7Mg1- 0.44 1.75
355.27043 355.27043 0.016 C19H39O4Mg1- 0.21 2.11
357.14056 357.14054 0.066 C15H25O8Mg1- 0.53 1.73
357.15576 357.15579 -0.076 C19H25O5Mg1- 0.26 1.37
357.21329 357.21331 -0.051 C17H33O6Mg1- 0.35 2.00
359.13505 359.13506 -0.009 C18H23O6Mg1- 0.33 1.33
361.07792 361.07794 -0.031 C16H17O8Mg1- 0.50 1.13
361.15072 361.15071 0.032 C18H25O6Mg1- 0.33 1.44
361.18708 361.18709 -0.036 C19H29O5Mg1- 0.26 1.58
361.22347 361.22348 -0.007 C20H33O4Mg1- 0.20 1.70
363.07835 363.07833 0.041 C12H19O11Mg1- 0.92 1.67
363.09358 363.09359 -0.028 C16H19O8Mg1- 0.50 1.25
363.12997 363.12997 -0.009 C17H23O7Mg1- 0.41 1.41
363.16635 363.16636 -0.013 C18H27O6Mg1- 0.33 1.56
363.20273 363.20274 -0.043 C19H31O5Mg1- 0.26 1.68
363.23914 363.23913 0.042 C20H35O4Mg1- 0.20 1.80
365.07288 365.07285 0.092 C15H17O9Mg1- 0.60 1.20
365.10922 365.10924 -0.045 C16H21O8Mg1- 0.50 1.38
365.14562 365.14562 -0.01 C17H25O7Mg1- 0.41 1.53
365.18201 365.18201 -0.001 C18H29O6Mg1- 0.33 1.67
365.21839 365.21839 0.001 C19H33O5Mg1- 0.26 1.79
365.25478 365.25478 0.016 C20H37O4Mg1- 0.20 1.90
367.12487 367.12489 -0.048 C16H23O8Mg1- 0.50 1.50
367.16127 367.16127 0 C17H27O7Mg1- 0.41 1.65
367.19766 367.19766 0.008 C18H31O6Mg1- 0.33 1.78
367.27045 367.27043 0.074 C20H39O4Mg1- 0.20 2.00
369.10414 369.10415 -0.031 C15H21O9Mg1- 0.60 1.47
369.12527 369.12528 -0.024 C12H25O11Mg1- 0.92 2.17
369.14052 369.14054 -0.057 C16H25O8Mg1- 0.50 1.63
369.17692 369.17692 0.008 C17H29O7Mg1- 0.41 1.76
371.1198 371.1198 -0.017 C15H23O9Mg1- 0.60 1.60
371.13506 371.13506 0.01 C19H23O6Mg1- 0.32 1.26
371.17143 371.17144 -0.031 C20H27O5Mg1- 0.25 1.40
371.22899 371.22896 0.077 C18H35O6Mg1- 0.33 2.00
373.12015 373.1202 -0.124 C11H25O12Mg1- 1.09 2.36
373.13547 373.13545 0.056 C15H25O9Mg1- 0.60 1.73
373.15071 373.15071 -0.004 C19H25O6Mg1- 0.32 1.37
373.18708 373.18709 -0.023 C20H29O5Mg1- 0.25 1.50
373.2234 373.22348 -0.2 C21H33O4Mg1- 0.19 1.62
375.1664 375.16636 0.107 C19H27O6Mg1- 0.32 1.47
375.20273 375.20274 -0.04 C20H31O5Mg1- 0.25 1.60
375.23914 375.23913 0.033 C21H35O4Mg1- 0.19 1.71
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377.00598 377.00596 0.063 C7H13O16Mg1- 2.29 2.00
377.07872 377.07873 -0.022 C9H21O14Mg1- 1.56 2.44
377.10923 377.10924 -0.007 C17H21O8Mg1- 0.47 1.29
377.14561 377.14562 -0.029 C18H25O7Mg1- 0.39 1.44
377.18201 377.18201 0.02 C19H29O6Mg1- 0.32 1.58
377.21839 377.21839 0.009 C20H33O5Mg1- 0.25 1.70
377.25477 377.25478 -0.014 C21H37O4Mg1- 0.19 1.81
379.12485 379.12489 -0.088 C17H23O8Mg1- 0.47 1.41
379.1613 379.16127 0.063 C18H27O7Mg1- 0.39 1.56
379.17653 379.17653 0.003 C22H27O4Mg1- 0.18 1.27
379.19766 379.19766 0.017 C19H31O6Mg1- 0.32 1.68
379.27045 379.27043 0.062 C21H39O4Mg1- 0.19 1.90
381.04662 381.04664 -0.037 C18H13O8Mg1- 0.44 0.78
381.14055 381.14054 0.029 C17H25O8Mg1- 0.47 1.53
381.17691 381.17692 -0.018 C18H29O7Mg1- 0.39 1.67
381.21331 381.21331 0 C19H33O6Mg1- 0.32 1.79
381.28609 381.28608 0.024 C21H41O4Mg1- 0.19 2.00
383.06228 383.06229 -0.016 C18H15O8Mg1- 0.44 0.89
383.15615 383.15619 -0.087 C17H27O8Mg1- 0.47 1.65
383.19258 383.19257 0.021 C18H31O7Mg1- 0.39 1.78
383.30176 383.30173 0.08 C21H43O4Mg1- 0.19 2.10
385.17184 385.17184 0.005 C17H29O8Mg1- 0.47 1.76
385.18708 385.18709 -0.019 C21H29O5Mg1- 0.24 1.43
385.22345 385.22348 -0.062 C22H33O4Mg1- 0.18 1.55
385.2446 385.24461 -0.015 C19H37O6Mg1- 0.32 2.00
387.1511 387.1511 0.009 C16H27O9Mg1- 0.56 1.75
387.16637 387.16636 0.037 C20H27O6Mg1- 0.30 1.40
387.20274 387.20274 0.006 C21H31O5Mg1- 0.24 1.52
387.22386 387.22387 -0.043 C18H35O7Mg1- 0.39 2.00
389.14562 389.14562 -0.004 C19H25O7Mg1- 0.37 1.37
389.18204 389.18201 0.093 C20H29O6Mg1- 0.30 1.50
389.21837 389.21839 -0.062 C21H33O5Mg1- 0.24 1.62
389.25477 389.25478 -0.029 C22H37O4Mg1- 0.18 1.73
391.1096 391.10963 -0.067 C14H23O11Mg1- 0.79 1.71
391.12488 391.12489 -0.011 C18H23O8Mg1- 0.44 1.33
391.16124 391.16127 -0.084 C19H27O7Mg1- 0.37 1.47
391.19764 391.19766 -0.042 C20H31O6Mg1- 0.30 1.60
391.23402 391.23404 -0.063 C21H35O5Mg1- 0.24 1.71
391.27039 391.27043 -0.089 C22H39O4Mg1- 0.18 1.82
393.10412 393.10415 -0.088 C17H21O9Mg1- 0.53 1.29
393.14052 393.14054 -0.045 C18H25O8Mg1- 0.44 1.44
393.17691 393.17692 -0.02 C19H29O7Mg1- 0.37 1.58
393.21331 393.21331 0.001 C20H33O6Mg1- 0.30 1.70
393.24968 393.24969 -0.024 C21H37O5Mg1- 0.24 1.81
393.28609 393.28608 0.021 C22H41O4Mg1- 0.18 1.91
395.1562 395.15619 0.034 C18H27O8Mg1- 0.44 1.56
395.19257 395.19257 -0.014 C19H31O7Mg1- 0.37 1.68
395.22896 395.22896 0.004 C20H35O6Mg1- 0.30 1.80
395.30175 395.30173 0.051 C22H43O4Mg1- 0.18 2.00
397.13547 397.13545 0.038 C17H25O9Mg1- 0.53 1.53
397.17183 397.17184 -0.006 C18H29O8Mg1- 0.44 1.67
397.20824 397.20822 0.036 C19H33O7Mg1- 0.37 1.79
397.3174 397.31738 0.048 C22H45O4Mg1- 0.18 2.09
399.0995 399.09946 0.097 C12H23O13Mg1- 1.08 2.00
399.15109 399.1511 -0.029 C17H27O9Mg1- 0.53 1.65
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399.20275 399.20274 0.032 C22H31O5Mg1- 0.23 1.45
399.23918 399.23913 0.127 C23H35O4Mg1- 0.17 1.57
401.16671 401.16675 -0.112 C17H29O9Mg1- 0.53 1.76
401.21838 401.21839 -0.031 C22H33O5Mg1- 0.23 1.55
403.14603 403.14602 0.025 C16H27O10Mg1- 0.63 1.75
403.23403 403.23404 -0.03 C22H35O5Mg1- 0.23 1.64
403.27038 403.27043 -0.116 C23H39O4Mg1- 0.17 1.74
405.17692 405.17692 -0.006 C20H29O7Mg1- 0.35 1.50
405.2133 405.21331 -0.019 C21H33O6Mg1- 0.29 1.62
405.2497 405.24969 0.01 C22H37O5Mg1- 0.23 1.73
405.27087 405.27082 0.132 C19H41O7Mg1- 0.37 2.21
405286 405.28608 -0.179 C23H41O4Mg1- 0.17 1.83

407.14097 407.14093 0.095 C15H27O11Mg1- 0.73 1.87
407.19259 407.19257 0.035 C20H31O7Mg1- 0.35 1.60
407.22894 407.22896 -0.029 C21H35O6Mg1- 0.29 1.71
407.26535 407.26534 0.018 C22H39O5Mg1- 0.23 1.82
407.30173 407.30173 0.001 C23H43O4Mg1- 0.17 1.91
409.07795 409.07794 0.027 C20H17O8Mg1- 0.40 0.90
409.08385 409.08381 0.085 C13H21O13Mg1- 1.00 1.69
409.13542 409.13545 -0.089 C18H25O9Mg1- 0.50 1.44
409.17183 409.17184 -0.012 C19H29O8Mg1- 0.42 1.58
409.20822 409.20822 -0.001 C20H33O7Mg1- 0.35 1.70
409281 409.28099 0.031 C22H41O5Mg1- 0.23 1.91

409.31742 409.31738 0.101 C23H45O4Mg1- 0.17 2.00
411.09358 411.09359 -0.023 C20H19O8Mg1- 0.40 1.00
411.15111 411.1511 0.017 C18H27O9Mg1- 0.50 1.56
411.1875 411.18749 0.021 C19H31O8Mg1- 0.42 1.68
411.22387 411.22387 -0.012 C20H35O7Mg1- 0.35 1.80
411.33304 411.33303 0.034 C23H47O4Mg1- 0.17 2.09
413.20315 413.20314 0.02 C19H33O8Mg1- 0.42 1.79
413.21838 413.21839 -0.018 C23H33O5Mg1- 0.22 1.48
413.27591 413.27591 0.008 C21H41O6Mg1- 0.29 2.00
415.18244 415.1824 0.082 C18H31O9Mg1- 0.50 1.78
415.19767 415.19766 0.022 C22H31O6Mg1- 0.27 1.45
415.23403 415.23404 -0.032 C23H35O5Mg1- 0.22 1.57
415.25515 415.25517 -0.052 C20H39O7Mg1- 0.35 2.00
417.16166 417.16167 -0.016 C17H29O10Mg1- 0.59 1.76
417.19805 417.19805 -0.008 C18H33O9Mg1- 0.50 1.89
417.24969 417.24969 0.002 C23H37O5Mg1- 0.22 1.65
417.28607 417.28608 -0.015 C24H41O4Mg1- 0.17 1.75
419.19256 419.19257 -0.022 C21H31O7Mg1- 0.33 1.52
419.26533 419.26534 -0.036 C23H39O5Mg1- 0.22 1.74
421.17186 421.17184 0.062 C20H29O8Mg1- 0.40 1.50
421.24463 421.24461 0.052 C22H37O6Mg1- 0.27 1.73
421.31738 421.31738 0 C24H45O4Mg1- 0.17 1.92
423.09947 423.09946 0.02 C14H23O13Mg1- 0.93 1.71
423.13588 423.13585 0.091 C15H27O12Mg1- 0.80 1.87
423.18747 423.18749 -0.044 C20H31O8Mg1- 0.40 1.60
423.22388 423.22387 0.031 C21H35O7Mg1- 0.33 1.71
423.26027 423.26026 0.021 C22H39O6Mg1- 0.27 1.82
423.33308 423.33303 0.128 C24H47O4Mg1- 0.17 2.00
425.14563 425.14562 0.012 C22H25O7Mg1- 0.32 1.18
425.18202 425.18201 0.04 C23H29O6Mg1- 0.26 1.30
425.20315 425.20314 0.036 C20H33O8Mg1- 0.40 1.70
425.21837 425.21839 -0.062 C24H33O5Mg1- 0.21 1.42
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425.34871 425.34868 0.067 C24H49O4Mg1- 0.17 2.08
427.05798 427.05799 -0.015 C12H19O15Mg1- 1.25 1.67
427.18241 427.1824 0.014 C19H31O9Mg1- 0.47 1.68
427.19772 427.19766 0.149 C23H31O6Mg1- 0.26 1.39
427.2188 427.21879 0.037 C20H35O8Mg1- 0.40 1.80
427.23402 427.23404 -0.057 C24H35O5Mg1- 0.21 1.50
427.29155 427.29156 -0.006 C22H43O6Mg1- 0.27 2.00
429.16162 429.16167 -0.108 C18H29O10Mg1- 0.56 1.67
429.2133 429.21331 -0.015 C23H33O6Mg1- 0.26 1.48
429.2497 429.24969 0.014 C24H37O5Mg1- 0.21 1.58
429.27083 429.27082 0.015 C21H41O7Mg1- 0.33 2.00
431.14092 431.14093 -0.027 C17H27O11Mg1- 0.65 1.65
431.26534 431.26534 -0.012 C24H39O5Mg1- 0.21 1.67
433.19296 433.19297 -0.023 C18H33O10Mg1- 0.56 1.89
433281 433.28099 0.021 C24H41O5Mg1- 0.21 1.75

433.31731 433.31738 -0.146 C25H45O4Mg1- 0.16 1.84
435.1511 435.1511 -0.013 C20H27O9Mg1- 0.45 1.40
435.18752 435.18749 0.065 C21H31O8Mg1- 0.38 1.52
435.22386 435.22387 -0.02 C22H35O7Mg1- 0.32 1.64
435.26024 435.26026 -0.044 C23H39O6Mg1- 0.26 1.74
435.29663 435.29664 -0.021 C24H43O5Mg1- 0.21 1.83
435.33303 435.33303 0.017 C25H47O4Mg1- 0.16 1.92
437.20315 437.20314 0.022 C21H33O8Mg1- 0.38 1.62
437.23951 437.23952 -0.028 C22H37O7Mg1- 0.32 1.73
437.2759 437.27591 -0.004 C23H41O6Mg1- 0.26 1.83
437.3487 437.34868 0.045 C25H49O4Mg1- 0.16 2.00
438.94882 438.94884 -0.047 C10H7O18Mg1- 1.80 0.80
439.1824 439.1824 -0.006 C20H31O9Mg1- 0.45 1.60
439.2552 439.25517 0.065 C22H39O7Mg1- 0.32 1.82
439.36437 439.36433 0.098 C25H51O4Mg1- 0.16 2.08
441.19805 441.19805 -0.004 C20H33O9Mg1- 0.45 1.70
441.23447 441.23444 0.07 C21H37O8Mg1- 0.38 1.81
441.27084 441.27082 0.043 C22H41O7Mg1- 0.32 1.91
441.30719 441.30721 -0.032 C23H45O6Mg1- 0.26 2.00
443.21368 443.2137 -0.053 C20H35O9Mg1- 0.45 1.80
443.22897 443.22896 0.021 C24H35O6Mg1- 0.25 1.50
443.26533 443.26534 -0.016 C25H39O5Mg1- 0.20 1.60
445.15064 445.15071 -0.155 C25H25O6Mg1- 0.24 1.04
447.15107 447.1511 -0.07 C21H27O9Mg1- 0.43 1.33
447.29663 447.29664 -0.025 C25H43O5Mg1- 0.20 1.76
447.33294 447.33303 -0.19 C26H47O4Mg1- 0.15 1.85
449.06347 449.06347 -0.003 C11H21O17Mg1- 1.55 2.00
449.16676 449.16675 0.019 C21H29O9Mg1- 0.43 1.43
449.18791 449.18788 0.052 C18H33O11Mg1- 0.61 1.89
449.23953 449.23952 0.017 C23H37O7Mg1- 0.30 1.65
449.2548 449.25478 0.059 C27H37O4Mg1- 0.15 1.41
449.27593 449.27591 0.051 C24H41O6Mg1- 0.25 1.75
449.3486 449.34868 -0.168 C26H49O4Mg1- 0.15 1.92
451.05797 451.05799 -0.036 C14H19O15Mg1- 1.07 1.43
451.25517 451.25517 0.003 C23H39O7Mg1- 0.30 1.74
451.29158 451.29156 0.049 C24H43O6Mg1- 0.25 1.83
451.36434 451.36433 0.029 C26H51O4Mg1- 0.15 2.00
453.11005 453.11003 0.041 C15H25O14Mg1- 0.93 1.73
453.14056 453.14054 0.063 C23H25O8Mg1- 0.35 1.13
453.19806 453.19805 0.019 C21H33O9Mg1- 0.43 1.62
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453.23448 453.23444 0.086 C22H37O8Mg1- 0.36 1.73
453.38002 453.37998 0.106 C26H53O4Mg1- 0.15 2.08
455.26531 455.26534 -0.062 C26H39O5Mg1- 0.19 1.54
455.30167 455.30173 -0.117 C27H43O4Mg1- 0.15 1.63
455.32286 455.32286 0.016 C24H47O6Mg1- 0.25 2.00
457.15655 457.15658 -0.069 C19H29O11Mg1- 0.58 1.58
457.19294 457.19297 -0.051 C20H33O10Mg1- 0.50 1.70
457.24462 457.24461 0.019 C25H37O6Mg1- 0.24 1.52
457.28096 457.28099 -0.066 C26H41O5Mg1- 0.19 1.62
461.31229 461.31229 0.002 C26H45O5Mg1- 0.19 1.77
463.16124 463.16127 -0.061 C25H27O7Mg1- 0.28 1.12
463.25519 463.25517 0.048 C24H39O7Mg1- 0.29 1.67
463.29157 463.29156 0.035 C25H43O6Mg1- 0.24 1.76
463.32795 463.32794 0.014 C26H47O5Mg1- 0.19 1.85
463.36437 463.36433 0.084 C27H51O4Mg1- 0.15 1.93
464.89768 464.89759 0.191 C3H5O25Mg1- 8.33 2.00
465.18277 465.1828 -0.052 C18H33O12Mg1- 0.67 1.89
465.23447 465.23444 0.081 C23H37O8Mg1- 0.35 1.65
465.27085 465.27082 0.066 C24H41O7Mg1- 0.29 1.75
465.28606 465.28608 -0.033 C28H41O4Mg1- 0.14 1.50
465.34362 465.34359 0.058 C26H49O5Mg1- 0.19 1.92
465.38002 465.37998 0.1 C27H53O4Mg1- 0.15 2.00
467.14096 467.14093 0.05 C20H27O11Mg1- 0.55 1.40
467.22896 467.22896 0.014 C26H35O6Mg1- 0.23 1.38
467.25007 467.25009 -0.028 C23H39O8Mg1- 0.35 1.74
467.2865 467.28647 0.054 C24H43O7Mg1- 0.29 1.83
467.39567 467.39563 0.083 C27H55O4Mg1- 0.15 2.07
469.20828 469.20822 0.125 C25H33O7Mg1- 0.28 1.36
469.2294 469.22935 0.103 C22H37O9Mg1- 0.41 1.73
469.26578 469.26574 0.094 C23H41O8Mg1- 0.35 1.83
469.30212 469.30212 -0.004 C24H45O7Mg1- 0.29 1.92
469.33853 469.33851 0.044 C25H49O6Mg1- 0.24 2.00
470.97508 470.97505 0.061 C11H11O19Mg1- 1.73 1.09
471.20864 471.20862 0.039 C21H35O10Mg1- 0.48 1.71
471.22387 471.22387 0.002 C25H35O7Mg1- 0.28 1.44
471.24502 471245 0.033 C22H39O9Mg1- 0.41 1.82
471.26026 471.26026 0.004 C26H39O6Mg1- 0.23 1.54
471.29661 471.29664 -0.067 C27H43O5Mg1- 0.19 1.63
473.3123 473.31229 0.024 C27H45O5Mg1- 0.19 1.70
473.34867 473.34868 -0.021 C28H49O4Mg1- 0.14 1.79
475.17658 475.17653 0.113 C30H27O4Mg1- 0.13 0.93
475.29158 475.29156 0.049 C26H43O6Mg1- 0.23 1.69
475.31264 475.31269 -0.098 C23H47O8Mg1- 0.35 2.09
475.32794 475.32794 -0.008 C27H47O5Mg1- 0.19 1.78
475.36431 475.36433 -0.041 C28H51O4Mg1- 0.14 1.86
477.18284 477.1828 0.091 C19H33O12Mg1- 0.63 1.79
477.21326 477.21331 -0.108 C27H33O6Mg1- 0.22 1.26
477.21911 477.21918 -0.161 C20H37O11Mg1- 0.55 1.90
477.27083 477.27082 0.007 C25H41O7Mg1- 0.28 1.68
477.30722 477.30721 0.022 C26H45O6Mg1- 0.23 1.77
477.37992 477.37998 -0.125 C28H53O4Mg1- 0.14 1.93
479.14088 479.14093 -0.107 C21H27O11Mg1- 0.52 1.33
479.16204 479.16206 -0.034 C18H31O13Mg1- 0.72 1.78
479.23492 479.23483 0.174 C20H39O11Mg1- 0.55 2.00
479.26533 479.26534 -0.024 C28H39O5Mg1- 0.18 1.43
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479.28647 479.28647 0.003 C25H43O7Mg1- 0.28 1.76
479.35929 479.35924 0.11 C27H51O5Mg1- 0.19 1.93
479.39566 479.39563 0.073 C28H55O4Mg1- 0.14 2.00
480.92891 480.92889 0.039 C4H9O25Mg1- 6.25 2.50
481.09905 481.09907 -0.034 C23H21O10Mg1- 0.43 0.96
481.22935 481.22935 0.003 C23H37O9Mg1- 0.39 1.65
481.26573 481.26574 -0.004 C24H41O8Mg1- 0.33 1.75
481.30214 481.30212 0.038 C25H45O7Mg1- 0.28 1.84
481.41135 481.41128 0.148 C28H57O4Mg1- 0.14 2.07
483.2814 483.28139 0.035 C24H43O8Mg1- 0.33 1.83
483.29659 483.29664 -0.111 C28H43O5Mg1- 0.18 1.57
483.35416 483.35416 0.006 C26H51O6Mg1- 0.23 2.00
485.16674 485.16675 -0.029 C24H29O9Mg1- 0.38 1.25
485.22422 485.22427 -0.086 C22H37O10Mg1- 0.45 1.73
485.23951 485.23952 -0.02 C26H37O7Mg1- 0.27 1.46
485.26067 485.26065 0.038 C23H41O9Mg1- 0.39 1.83
486.93352 486.93358 -0.115 C10H7O21Mg1- 2.10 0.80
487.20356 487.20353 0.058 C21H35O11Mg1- 0.52 1.71
487.21883 487.21879 0.096 C25H35O8Mg1- 0.32 1.44
487.29156 487.29156 0.017 C27H43O6Mg1- 0.22 1.63
487.32794 487.32794 -0.001 C28H47O5Mg1- 0.18 1.71
487.36433 487.36433 0.002 C29H51O4Mg1- 0.14 1.79
489.23444 489.23444 0.007 C25H37O8Mg1- 0.32 1.52
489.34361 489.34359 0.039 C28H49O5Mg1- 0.18 1.79
491.2501 491.25009 0.027 C25H39O8Mg1- 0.32 1.60
491.28647 491.28647 -0.001 C26H43O7Mg1- 0.27 1.69
491.32287 491.32286 0.024 C27H47O6Mg1- 0.22 1.78
491.35924 491.35924 0.002 C28H51O5Mg1- 0.18 1.86
491.39556 491.39563 -0.126 C29H55O4Mg1- 0.14 1.93
493.26572 493.26574 -0.038 C25H41O8Mg1- 0.32 1.68
493.28105 493.28099 0.113 C29H41O5Mg1- 0.17 1.45
493.30215 493.30212 0.053 C26H45O7Mg1- 0.27 1.77
493.37491 493.37489 0.037 C28H53O5Mg1- 0.18 1.93
493.41128 493.41128 0.006 C29H57O4Mg1- 0.14 2.00
495.13579 495.13585 -0.114 C21H27O12Mg1- 0.57 1.33
495.24497 495245 -0.073 C24H39O9Mg1- 0.38 1.67
495.26023 495.26026 -0.054 C28H39O6Mg1- 0.21 1.43
495.28135 495.28139 -0.076 C25H43O8Mg1- 0.32 1.76
495.31781 495.31777 0.071 C26H47O7Mg1- 0.27 1.85
495.42691 495.42693 -0.026 C29H59O4Mg1- 0.14 2.07
497.16675 497.16675 -0.003 C25H29O9Mg1- 0.36 1.20
497.20311 497.20314 -0.053 C26H33O8Mg1- 0.31 1.31
497.27584 497.27591 -0.13 C28H41O6Mg1- 0.21 1.50
497.29706 497.29704 0.047 C25H45O8Mg1- 0.32 1.84
497.33345 497.33342 0.057 C26H49O7Mg1- 0.27 1.92
497.36986 497.36981 0.107 C27H53O6Mg1- 0.22 2.00
499.23986 499.23992 -0.11 C23H39O10Mg1- 0.43 1.74
499.2552 499.25517 0.052 C27H39O7Mg1- 0.26 1.48
499.32786 499.32794 -0.158 C29H47O5Mg1- 0.17 1.66
501.23448 501.23444 0.082 C26H37O8Mg1- 0.31 1.46
501.25562 501.25557 0.106 C23H41O10Mg1- 0.43 1.83
501.34357 501.34359 -0.041 C29H49O5Mg1- 0.17 1.72
501.37991 501.37998 -0.142 C30H53O4Mg1- 0.13 1.80
503.21375 503.2137 0.096 C25H35O9Mg1- 0.36 1.44
503.25011 503.25009 0.046 C26H39O8Mg1- 0.31 1.54
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503.28649 503.28647 0.026 C27H43O7Mg1- 0.26 1.63
503.32283 503.32286 -0.058 C28H47O6Mg1- 0.21 1.71
503.35926 503.35924 0.033 C29H51O5Mg1- 0.17 1.79
503.39569 503.39563 0.117 C30H55O4Mg1- 0.13 1.87
505.19292 505.19297 -0.102 C24H33O10Mg1- 0.42 1.42
505.30212 505.30212 0 C27H45O7Mg1- 0.26 1.70
505.37491 505.37489 0.034 C29H53O5Mg1- 0.17 1.86
505.41124 505.41128 -0.081 C30H57O4Mg1- 0.13 1.93
507.1418 507.14172 0.148 C15H31O17Mg1- 1.13 2.13
507.17226 507.17223 0.063 C23H31O11Mg1- 0.48 1.39
507.26024 507.26026 -0.033 C29H39O6Mg1- 0.21 1.38
507.28136 507.28139 -0.058 C26H43O8Mg1- 0.31 1.69
507333 507.33303 -0.053 C31H47O4Mg1- 0.13 1.55

507.39054 507.39054 0.005 C29H55O5Mg1- 0.17 1.93
507.42695 507.42693 0.05 C30H59O4Mg1- 0.13 2.00
509.2759 509.27591 -0.013 C29H41O6Mg1- 0.21 1.45
509.29699 509.29704 -0.095 C26H45O8Mg1- 0.31 1.77
509.33341 509.33342 -0.018 C27H49O7Mg1- 0.26 1.85
509.4062 509.40619 0.014 C29H57O5Mg1- 0.17 2.00
509.44261 509.44258 0.075 C30H61O4Mg1- 0.13 2.07
511.27639 511.2763 0.182 C25H43O9Mg1- 0.36 1.76
511.3127 511.31269 0.019 C26H47O8Mg1- 0.31 1.85
511.3491 511.34907 0.048 C27H51O7Mg1- 0.26 1.93
513.25554 513.25557 -0.052 C24H41O10Mg1- 0.42 1.75
513.27084 513.27082 0.041 C28H41O7Mg1- 0.25 1.50
514.96489 514.96488 0.027 C12H11O21Mg1- 1.75 1.00
515.21367 515.2137 -0.061 C26H35O9Mg1- 0.35 1.38
515.28649 515.28647 0.031 C28H43O7Mg1- 0.25 1.57
515.32287 515.32286 0.029 C29H47O6Mg1- 0.21 1.66
515.35921 515.35924 -0.06 C30H51O5Mg1- 0.17 1.73
515.39562 515.39563 -0.01 C31H55O4Mg1- 0.13 1.81
517.3021 517.30212 -0.042 C28H45O7Mg1- 0.25 1.64
517.31737 517.31738 -0.003 C32H45O4Mg1- 0.13 1.44
517.33851 517.33851 0.003 C29H49O6Mg1- 0.21 1.72
517.37492 517.37489 0.05 C30H53O5Mg1- 0.17 1.80
517.41126 517.41128 -0.033 C31H57O4Mg1- 0.13 1.87
519.20862 519.20862 0.016 C25H35O10Mg1- 0.40 1.44
519.31777 519.31777 -0.003 C28H47O7Mg1- 0.25 1.71
519.33298 519.33303 -0.09 C32H47O4Mg1- 0.13 1.50
519.35416 519.35416 0.015 C29H51O6Mg1- 0.21 1.79
519.39057 519.39054 0.058 C30H55O5Mg1- 0.17 1.87
519.42696 519.42693 0.059 C31H59O4Mg1- 0.13 1.94
520.87221 520.87217 0.094 C1H5O30Mg1- 30.00 6.00
521.1879 521.18788 0.035 C24H33O11Mg1- 0.46 1.42
521.24531 521.2454 -0.166 C22H41O12Mg1- 0.55 1.91
521.29701 521.29704 -0.042 C27H45O8Mg1- 0.30 1.70
521.33346 521.33342 0.064 C28H49O7Mg1- 0.25 1.79
521.44262 521.44258 0.076 C31H61O4Mg1- 0.13 2.00
523.12492 523.12489 0.069 C29H23O8Mg1- 0.28 0.83
523.31267 523.31269 -0.024 C27H47O8Mg1- 0.30 1.78
523.32793 523.32794 -0.027 C31H47O5Mg1- 0.16 1.55
523.34905 523.34907 -0.039 C28H51O7Mg1- 0.25 1.86
523.42186 523.42184 0.034 C30H59O5Mg1- 0.17 2.00
523.45827 523.45823 0.082 C31H63O4Mg1- 0.13 2.06
525.13118 525.13116 0.05 C18H29O16Mg1- 0.89 1.67
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525.27082 525.27082 -0.003 C29H41O7Mg1- 0.24 1.45
525.29195 525.29195 -0.009 C26H45O9Mg1- 0.35 1.77
525.30723 525.30721 0.054 C30H45O6Mg1- 0.20 1.53
525.32837 525.32834 0.069 C27H49O8Mg1- 0.30 1.85
525.36472 525.36472 0.003 C28H53O7Mg1- 0.25 1.93
527.13148 527.13155 -0.136 C14H31O19Mg1- 1.36 2.29
527.1773 527.17732 -0.031 C26H31O10Mg1- 0.38 1.23
527.25005 527.25009 -0.07 C28H39O8Mg1- 0.29 1.43
527.28642 527.28647 -0.098 C29H43O7Mg1- 0.24 1.52
527.3228 527.32286 -0.11 C30H47O6Mg1- 0.20 1.60
527.35914 527.35924 -0.195 C31H51O5Mg1- 0.16 1.68
527.39557 527.39563 -0.105 C32H55O4Mg1- 0.13 1.75
529.03808 529.03805 0.057 C11H21O22Mg1- 2.00 2.00
529.30217 529.30212 0.085 C29H45O7Mg1- 0.24 1.59
529.3385 529.33851 -0.017 C30H49O6Mg1- 0.20 1.67
529.37489 529.37489 -0.007 C31H53O5Mg1- 0.16 1.74
531.31776 531.31777 -0.014 C29H47O7Mg1- 0.24 1.66
531.39052 531.39054 -0.033 C31H55O5Mg1- 0.16 1.81
531.42685 531.42693 -0.145 C32H59O4Mg1- 0.13 1.88
532.93904 532.93906 -0.03 C11H9O23Mg1- 2.09 0.91
533.29705 533.29704 0.025 C28H45O8Mg1- 0.29 1.64
533.33346 533.33342 0.065 C29H49O7Mg1- 0.24 1.72
533.36985 533.36981 0.081 C30H53O6Mg1- 0.20 1.80
533.40621 533.40619 0.039 C31H57O5Mg1- 0.16 1.87
533.44262 533.44258 0.081 C32H61O4Mg1- 0.13 1.94
535.17299 535.17302 -0.059 C17H35O17Mg1- 1.00 2.12
535.2036 535.20353 0.128 C25H35O11Mg1- 0.44 1.44
535.27627 535.2763 -0.059 C27H43O9Mg1- 0.33 1.63
535.32787 535.32794 -0.134 C32H47O5Mg1- 0.16 1.50
535.34912 535.34907 0.097 C29H51O7Mg1- 0.24 1.79
535.38549 535.38546 0.058 C30H55O6Mg1- 0.20 1.87
535.42187 535.42184 0.044 C31H59O5Mg1- 0.16 1.94
535.45826 535.45823 0.061 C32H63O4Mg1- 0.13 2.00
537.32835 537.32834 0.023 C28H49O8Mg1- 0.29 1.79
537.36472 537.36472 -0.004 C29H53O7Mg1- 0.24 1.86
537.40111 537.40111 0.006 C30H57O6Mg1- 0.20 1.93
537.47396 537.47388 0.16 C32H65O4Mg1- 0.13 2.06
539.17738 539.17732 0.118 C27H31O10Mg1- 0.37 1.19
539.1984 539.19845 -0.086 C24H35O12Mg1- 0.50 1.50
539.34404 539.34399 0.093 C28H51O8Mg1- 0.29 1.86
539.35922 539.35924 -0.044 C32H51O5Mg1- 0.16 1.63
539.38033 539.38037 -0.082 C29H55O7Mg1- 0.24 1.93
539.39559 539.39563 -0.068 C33H55O4Mg1- 0.12 1.70
541.13548 541.13545 0.045 C29H25O9Mg1- 0.31 0.90
541.15658 541.15658 -0.003 C26H29O11Mg1- 0.42 1.15
541.28685 541.28687 -0.022 C26H45O10Mg1- 0.38 1.77
541.31738 541.31738 0.012 C34H45O4Mg1- 0.12 1.35
541.37481 541.37489 -0.151 C32H53O5Mg1- 0.16 1.69
543.29662 543.29664 -0.046 C33H43O5Mg1- 0.15 1.33
543.30255 543.30252 0.052 C26H47O10Mg1- 0.38 1.85
543.35414 543.35416 -0.037 C31H51O6Mg1- 0.19 1.68
543.39044 543.39054 -0.182 C32H55O5Mg1- 0.16 1.75
545.29708 545.29704 0.079 C29H45O8Mg1- 0.28 1.59
545.33342 545.33342 -0.007 C30H49O7Mg1- 0.23 1.67
545.40617 545.40619 -0.046 C32H57O5Mg1- 0.16 1.81
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547.31269 547.31269 0.01 C29H47O8Mg1- 0.28 1.66
547.34908 547.34907 0.017 C30H51O7Mg1- 0.23 1.73
547.38544 547.38546 -0.027 C31H55O6Mg1- 0.19 1.81
549.32827 549.32834 -0.129 C29H49O8Mg1- 0.28 1.72
549.36473 549.36472 0.006 C30H53O7Mg1- 0.23 1.80
549.40111 549.40111 -0.001 C31H57O6Mg1- 0.19 1.87
549.43747 549.43749 -0.04 C32H61O5Mg1- 0.16 1.94
549.47388 549.47388 0.005 C33H65O4Mg1- 0.12 2.00
551141 551.14093 0.118 C27H27O11Mg1- 0.41 1.04

551.19849 551.19845 0.088 C25H35O12Mg1- 0.48 1.44
551.30763 551.3076 0.051 C28H47O9Mg1- 0.32 1.71
551.34393 551.34399 -0.095 C29H51O8Mg1- 0.28 1.79
551.38038 551.38037 0.016 C30H55O7Mg1- 0.23 1.87
553.30214 553.30212 0.027 C31H45O7Mg1- 0.23 1.48
553.32326 553.32325 0.017 C28H49O9Mg1- 0.32 1.79
553.35958 553.35964 -0.098 C29H53O8Mg1- 0.28 1.86
553.3749 553.37489 0.01 C33H53O5Mg1- 0.15 1.64
553.39599 553.39602 -0.058 C30H57O7Mg1- 0.23 1.93
555.1511 555.1511 -0.003 C30H27O9Mg1- 0.30 0.93
555.35411 555.35416 -0.088 C32H51O6Mg1- 0.19 1.63
555.37528 555.37529 -0.018 C29H55O8Mg1- 0.28 1.93
555.3905 555.39054 -0.069 C33H55O5Mg1- 0.15 1.70
555.4269 555.42693 -0.049 C34H59O4Mg1- 0.12 1.76
557.33342 557.33342 -0.009 C31H49O7Mg1- 0.23 1.61
557.36979 557.36981 -0.034 C32H53O6Mg1- 0.19 1.69
557.40621 557.40619 0.025 C33H57O5Mg1- 0.15 1.76
557.44259 557.44258 0.027 C34H61O4Mg1- 0.12 1.82
559.26112 559.26105 0.122 C25H43O12Mg1- 0.48 1.76
559.27633 559.2763 0.042 C29H43O9Mg1- 0.31 1.52
559.31274 559.31269 0.088 C30H47O8Mg1- 0.27 1.60
559.38549 559.38546 0.056 C32H55O6Mg1- 0.19 1.75
559.42187 559.42184 0.043 C33H59O5Mg1- 0.15 1.82
559.4582 559.45823 -0.048 C34H63O4Mg1- 0.12 1.88
561.26138 561.26144 -0.104 C21H45O15Mg1- 0.71 2.19
561.32831 561.32834 -0.043 C30H49O8Mg1- 0.27 1.67
561.40114 561.40111 0.052 C32H57O6Mg1- 0.19 1.81
561.43746 561.43749 -0.05 C33H61O5Mg1- 0.15 1.88
561.47391 561.47388 0.064 C34H65O4Mg1- 0.12 1.94
563344 563.34399 0.026 C30H51O8Mg1- 0.27 1.73
563.3804 563.38037 0.047 C31H55O7Mg1- 0.23 1.81
563.39554 563.39563 -0.145 C35H55O4Mg1- 0.11 1.60
563.41679 563.41676 0.056 C32H59O6Mg1- 0.19 1.88
563.45316 563.45314 0.032 C33H63O5Mg1- 0.15 1.94
563.48952 563.48953 -0.013 C34H67O4Mg1- 0.12 2.00
565.35964 565.35964 -0.001 C30H53O8Mg1- 0.27 1.80
565.39597 565.39602 -0.084 C31H57O7Mg1- 0.23 1.87
567.2087 567.20862 0.147 C29H35O10Mg1- 0.34 1.24
567.37531 567.37529 0.043 C30H55O8Mg1- 0.27 1.87
567.39054 567.39054 0.005 C34H55O5Mg1- 0.15 1.65
567.41169 567.41167 0.029 C31H59O7Mg1- 0.23 1.94
569.22429 569.22427 0.05 C29H37O10Mg1- 0.34 1.31
569.31813 569.31817 -0.073 C28H49O10Mg1- 0.36 1.79
569.33343 569.33342 0.007 C32H49O7Mg1- 0.22 1.56
569.36979 569.36981 -0.028 C33H53O6Mg1- 0.18 1.64
569.40612 569.40619 -0.118 C34H57O5Mg1- 0.15 1.71
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571.31271 571.31269 0.044 C31H47O8Mg1- 0.26 1.55
571.33389 571.33382 0.119 C28H51O10Mg1- 0.36 1.86
571.34909 571.34907 0.035 C32H51O7Mg1- 0.22 1.63
571.38547 571.38546 0.03 C33H55O6Mg1- 0.18 1.70
571.42185 571.42184 0.009 C34H59O5Mg1- 0.15 1.76
571.4582 571.45823 -0.053 C35H63O4Mg1- 0.11 1.83
573.29195 573.29195 -0.003 C30H45O9Mg1- 0.30 1.53
573.36476 573.36472 0.066 C32H53O7Mg1- 0.22 1.69
573.40109 573.40111 -0.037 C33H57O6Mg1- 0.18 1.76
573.43753 573.43749 0.066 C34H61O5Mg1- 0.15 1.82
575.30761 575.3076 0.007 C30H47O9Mg1- 0.30 1.60
575.38043 575.38037 0.104 C32H55O7Mg1- 0.22 1.75
575.3956 575.39563 -0.053 C36H55O4Mg1- 0.11 1.56
575.41676 575.41676 0.011 C33H59O6Mg1- 0.18 1.82
575.45314 575.45314 -0.01 C34H63O5Mg1- 0.15 1.88
575.48952 575.48953 -0.004 C35H67O4Mg1- 0.11 1.94
577.28683 577.28687 -0.072 C29H45O10Mg1- 0.34 1.59
577.32328 577.32325 0.056 C30H49O9Mg1- 0.30 1.67
577.35964 577.35964 0.01 C31H53O8Mg1- 0.26 1.74
577.39603 577.39602 0.017 C32H57O7Mg1- 0.22 1.81
577.4324 577.43241 -0.008 C33H61O6Mg1- 0.18 1.88
577.46878 577.46879 -0.018 C34H65O5Mg1- 0.15 1.94
579.2814 579.28139 0.019 C32H43O8Mg1- 0.25 1.38
579.33887 579.3389 -0.05 C30H51O9Mg1- 0.30 1.73
579.41168 579.41167 0.011 C32H59O7Mg1- 0.22 1.88
579.44805 579.44806 -0.004 C33H63O6Mg1- 0.18 1.94
579.48446 579.48444 0.035 C34H67O5Mg1- 0.15 2.00
581.24542 581.2454 0.04 C27H41O12Mg1- 0.44 1.56
581.35458 581.35455 0.054 C30H53O9Mg1- 0.30 1.80
581.40622 581.40619 0.057 C35H57O5Mg1- 0.14 1.66
581.42734 581.42732 0.036 C32H61O7Mg1- 0.22 1.94
583.33373 583.33382 -0.146 C29H51O10Mg1- 0.34 1.79
583.34905 583.34907 -0.046 C33H51O7Mg1- 0.21 1.58
583.37026 583.3702 0.091 C30H55O9Mg1- 0.30 1.87
583.45823 583.45823 0.005 C36H63O4Mg1- 0.11 1.78
585.34359 585.34359 -0.007 C36H49O5Mg1- 0.14 1.39
585.36466 585.36472 -0.111 C33H53O7Mg1- 0.21 1.64
585.40109 585.40111 -0.026 C34H57O6Mg1- 0.18 1.71
585.47385 585.47388 -0.044 C36H65O4Mg1- 0.11 1.83
587.25596 587.25596 -0.003 C26H43O13Mg1- 0.50 1.69
587.3076 587.3076 0.005 C31H47O9Mg1- 0.29 1.55
587.34393 587.34399 -0.088 C32H51O8Mg1- 0.25 1.63
587.38027 587.38037 -0.168 C33H55O7Mg1- 0.21 1.70
587.41669 587.41676 -0.12 C34H59O6Mg1- 0.18 1.76
587.4532 587.45314 0.104 C35H63O5Mg1- 0.14 1.83
589.32321 589.32325 -0.065 C31H49O9Mg1- 0.29 1.61
589.35963 589.35964 -0.006 C32H53O8Mg1- 0.25 1.69
589.46883 589.46879 0.057 C35H65O5Mg1- 0.14 1.89
591.26617 591.26613 0.073 C29H43O11Mg1- 0.38 1.52
591.3753 591.37529 0.018 C32H55O8Mg1- 0.25 1.75
591.39063 591.39054 0.149 C36H55O5Mg1- 0.14 1.56
591.41164 591.41167 -0.051 C33H59O7Mg1- 0.21 1.82
591.42688 591.42693 -0.079 C37H59O4Mg1- 0.11 1.62
593.24549 593.2454 0.157 C28H41O12Mg1- 0.43 1.50
593.35447 593.35455 -0.145 C31H53O9Mg1- 0.29 1.74
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593.39087 593.39094 -0.107 C32H57O8Mg1- 0.25 1.81
593.4637 593.46371 -0.013 C34H65O6Mg1- 0.18 1.94
595.33385 595.33382 0.052 C30H51O10Mg1- 0.33 1.73
595355 595.35495 0.081 C27H55O12Mg1- 0.44 2.07

595.40658 595.40659 -0.009 C32H59O8Mg1- 0.25 1.88
595.45817 595.45823 -0.104 C37H63O4Mg1- 0.11 1.73
597.34938 597.34947 -0.147 C30H53O10Mg1- 0.33 1.80
597.40106 597.40111 -0.087 C35H57O6Mg1- 0.17 1.66
597.42222 597.42224 -0.033 C32H61O8Mg1- 0.25 1.94
597.47383 597.47388 -0.087 C37H65O4Mg1- 0.11 1.78
599.38042 599.38037 0.074 C34H55O7Mg1- 0.21 1.65
599.41674 599.41676 -0.026 C35H59O6Mg1- 0.17 1.71
599.45316 599.45314 0.026 C36H63O5Mg1- 0.14 1.78
601.32327 601.32325 0.039 C32H49O9Mg1- 0.28 1.56
601.43243 601.43241 0.044 C35H61O6Mg1- 0.17 1.77
601.46883 601.46879 0.07 C36H65O5Mg1- 0.14 1.83
603.37533 603.37529 0.071 C33H55O8Mg1- 0.24 1.70
603.41167 603.41167 -0.007 C34H59O7Mg1- 0.21 1.76
603.4481 603.44806 0.068 C35H63O6Mg1- 0.17 1.83
603.48442 603.48444 -0.039 C36H67O5Mg1- 0.14 1.89
605.35456 605.35455 0.007 C32H53O9Mg1- 0.28 1.69
605.39093 605.39094 -0.02 C33H57O8Mg1- 0.24 1.76
605.42731 605.42732 -0.025 C34H61O7Mg1- 0.21 1.82
605.46366 605.46371 -0.076 C35H65O6Mg1- 0.17 1.89
607.32792 607.32794 -0.036 C38H47O5Mg1- 0.13 1.26
607.3702 607.3702 -0.003 C32H55O9Mg1- 0.28 1.75
607.40664 607.40659 0.094 C33H59O8Mg1- 0.24 1.82
607.44301 607.44297 0.068 C34H63O7Mg1- 0.21 1.88
607.47934 607.47936 -0.028 C35H67O6Mg1- 0.17 1.94
609.34941 609.34947 -0.1 C31H53O10Mg1- 0.32 1.74
609.42222 609.42224 -0.035 C33H61O8Mg1- 0.24 1.88
609.43742 609.43749 -0.121 C37H61O5Mg1- 0.14 1.68
609.4586 609.45862 -0.034 C34H65O7Mg1- 0.21 1.94
611.41674 611.41676 -0.031 C36H59O6Mg1- 0.17 1.67
611.45314 611.45314 -0.003 C37H63O5Mg1- 0.14 1.73
611.48947 611.48953 -0.085 C38H67O4Mg1- 0.11 1.79
613.35963 613.35964 -0.017 C34H53O8Mg1- 0.24 1.59
613.37488 613.37489 -0.019 C38H53O5Mg1- 0.13 1.42
613.43241 613.43241 -0.002 C36H61O6Mg1- 0.17 1.72
615339 615.3389 0.159 C33H51O9Mg1- 0.27 1.58

615.37526 615.37529 -0.044 C34H55O8Mg1- 0.24 1.65
615.41169 615.41167 0.021 C35H59O7Mg1- 0.20 1.71
617.39096 617.39094 0.043 C34H57O8Mg1- 0.24 1.71
617.46372 617.46371 0.021 C36H65O6Mg1- 0.17 1.83
619.31849 619.31856 -0.111 C28H51O13Mg1- 0.46 1.86
619.37021 619.3702 0.018 C33H55O9Mg1- 0.27 1.70
619.47937 619.47936 0.016 C36H67O6Mg1- 0.17 1.89
621.42222 621.42224 -0.023 C34H61O8Mg1- 0.24 1.82
621.43751 621.43749 0.037 C38H61O5Mg1- 0.13 1.63
621.49504 621.49501 0.053 C36H69O6Mg1- 0.17 1.94
623.36516 623.36512 0.074 C32H55O10Mg1- 0.31 1.75
623.47425 623.47427 -0.036 C35H67O7Mg1- 0.20 1.94
623.48956 623.48953 0.053 C39H67O4Mg1- 0.10 1.74
625.38072 625.38077 -0.077 C32H57O10Mg1- 0.31 1.81
625.43239 625.43241 -0.024 C37H61O6Mg1- 0.16 1.68
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627.37534 627.37529 0.09 C35H55O8Mg1- 0.23 1.60
627.39057 627.39054 0.041 C39H55O5Mg1- 0.13 1.44
627.44804 627.44806 -0.027 C37H63O6Mg1- 0.16 1.73
627.48444 627.48444 -0.003 C38H67O5Mg1- 0.13 1.79
629.39098 629.39094 0.06 C35H57O8Mg1- 0.23 1.66
631.40652 631.40659 -0.098 C35H59O8Mg1- 0.23 1.71
633.31306 633.31308 -0.034 C32H49O11Mg1- 0.34 1.56
633.45867 633.45862 0.071 C36H65O7Mg1- 0.19 1.83
633.49498 633.49501 -0.037 C37H69O6Mg1- 0.16 1.89
635.2619 635.26184 0.107 C23H47O18Mg1- 0.78 2.09
635.47432 635.47427 0.067 C36H67O7Mg1- 0.19 1.89
639.44799 639.44806 -0.112 C38H63O6Mg1- 0.16 1.68
639.48438 639.48444 -0.092 C39H67O5Mg1- 0.13 1.74
641.39096 641.39094 0.036 C36H57O8Mg1- 0.22 1.61
641.40622 641.40619 0.048 C40H57O5Mg1- 0.13 1.45
645.4434 645.44337 0.043 C33H65O10Mg1- 0.30 2.00
645495 645.49501 -0.009 C38H69O6Mg1- 0.16 1.84

647.20436 647.20432 0.059 C26H39O17Mg1- 0.65 1.54
647.34988 647.34986 0.028 C30H55O13Mg1- 0.43 1.87
649.46874 649.46879 -0.08 C40H65O5Mg1- 0.13 1.65
649.48995 649.48992 0.043 C37H69O7Mg1- 0.19 1.89
651.46916 651.46919 -0.036 C36H67O8Mg1- 0.22 1.89
655.47938 655.47936 0.035 C39H67O6Mg1- 0.15 1.74
657.42226 657.42224 0.041 C37H61O8Mg1- 0.22 1.68
661.4899 661.48992 -0.039 C38H69O7Mg1- 0.18 1.84
662.91406 662.91403 0.043 C11H11O31Mg1- 2.82 1.09
663.37533 663.37529 0.065 C38H55O8Mg1- 0.21 1.47
663.4692 663.46919 0.016 C37H67O8Mg1- 0.22 1.84
665.21478 665.21489 -0.16 C26H41O18Mg1- 0.69 1.62
665.4485 665.44845 0.075 C36H65O9Mg1- 0.25 1.83
665.4848 665.48484 -0.049 C37H69O8Mg1- 0.22 1.89
667.42193 667.42184 0.132 C42H59O5Mg1- 0.12 1.43
667.44297 667.44297 -0.001 C39H63O7Mg1- 0.18 1.64
667.46418 667.4641 0.112 C36H67O9Mg1- 0.25 1.89
667.47934 667.47936 -0.026 C40H67O6Mg1- 0.15 1.70
671.3862 671.38625 -0.07 C33H59O12Mg1- 0.36 1.82
671.41679 671.41676 0.042 C41H59O6Mg1- 0.15 1.46
671.43796 671.43789 0.109 C38H63O8Mg1- 0.21 1.68
681.47969 681.47975 -0.099 C37H69O9Mg1- 0.24 1.89
683.10106 683.10104 0.031 C19H31O25Mg1- 1.32 1.68
685.48994 685.48992 0.021 C40H69O7Mg1- 0.18 1.75
691.33393 691.33382 0.156 C38H51O10Mg1- 0.26 1.37
695.08587 695.08579 0.113 C16H31O28Mg1- 1.75 2.00
699.46925 699.46919 0.083 C40H67O8Mg1- 0.20 1.70
701.48483 701.48484 -0.003 C40H69O8Mg1- 0.20 1.75
703.18828 703.18828 0.012 C35H35O14Mg1- 0.40 1.03
707.45908 707.45902 0.096 C38H67O10Mg1- 0.26 1.79
711.13244 711.13234 0.138 C21H35O25Mg1- 1.19 1.71
713.48486 713.48484 0.025 C41H69O8Mg1- 0.20 1.71
715.12728 715.12726 0.026 C20H35O26Mg1- 1.30 1.80
725.14793 725.14799 -0.085 C22H37O25Mg1- 1.14 1.73
727.44294 727.44297 -0.044 C44H63O7Mg1- 0.16 1.45
743.41687 743.41676 0.145 C47H59O6Mg1- 0.13 1.28
743.45315 743.45314 0.015 C48H63O5Mg1- 0.10 1.33
763.44295 763.44297 -0.029 C47H63O7Mg1- 0.15 1.36
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787.25765 787.25754 0.137 C26H51O25Mg1- 0.96 2.00
809.25719 809.25715 0.047 C32H49O22Mg1- 0.69 1.56
815.12795 815.12805 -0.123 C20H39O32Mg1- 1.60 2.00
830.76502 830.76499 0.041 C3H3O48Mg1- 16.00 1.33
874.85816 874.8581 0.073 C14H11O42Mg1- 3.00 0.86
884.87875 884.87883 -0.092 C16H13O41Mg1- 2.56 0.88
887.37686 887.37687 -0.008 C40H63O20Mg1- 0.50 1.60

A.12. Coordinates of the relaxed, computed geometry of C16-dihydroxymagnesium
carboxylate

Coordinates of the relaxed geometry of C16-dihydroxymagnesium carboxylate complex
anion, presented as xyz coordinates. All atoms are labeled with atom numbers.

Table A.3: Coordinates of the relaxed, computed geometries - C16-dihydroxymagnesium carboxylate
Atom xyz coordinates

1 C 5.36862 1.17566 -0.12707
2 C 6.72747 0.48060 -0.06198
3 O 6.80091 -0.74818 0.24731
4 O 7.76737 1.16891 -0.30519
5 H 5.36006 1.79618 -1.03195
6 H 5.33706 1.87997 0.71664
7 Mg 8.93792 -0.58040 0.08000
8 O 9.68341 -1.33207 -1.51151
9 H 10.42420 -1.94355 -1.46784
10 O 9.79590 -0.61696 1.78750
11 H 10.72988 -0.83040 1.86874
12 C 4.15806 0.24048 -0.08521
13 H 4.22848 -0.39351 0.80628
14 H 4.20252 -0.44517 -0.94126
15 C 2.81950 0.99078 -0.09338
16 H 2.76374 1.63353 -0.98529
17 H 2.77664 1.67004 0.77172
18 C 1.59611 0.06468 -0.06563
19 H 1.65065 -0.57848 0.82480
20 H 1.63669 -0.61281 -0.93109
21 C 0.25493 0.81039 -0.06978
22 H 0.21443 1.48693 0.79687
23 H 0.20148 1.45473 -0.95999
24 C -0.96845 -0.11562 -0.04362
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25 H -0.91374 -0.76233 0.84440
26 H -0.93075 -0.78958 -0.91206
27 C -2.30891 0.63146 -0.04195
28 H -2.34727 1.30366 0.82795
29 H -2.36293 1.27992 -0.92892
30 C -3.53245 -0.29433 -0.01860
31 H -3.49551 -0.96509 -0.88952
32 H -3.47794 -0.94412 0.86719
33 C -4.87232 0.45375 -0.01398
34 H -4.90994 1.12320 0.85797
35 H -4.92627 1.10483 -0.89894
36 C -6.09599 -0.47187 0.00700
37 H -6.05915 -1.14056 -0.86549
38 H -6.04189 -1.12365 0.89133
39 C -7.43551 0.27679 0.01305
40 H -7.47280 0.94485 0.88603
41 H -7.48943 0.92915 -0.87090
42 C -8.65925 -0.64879 0.03286
43 H -8.62207 -1.31679 -0.84016
44 H -8.60553 -1.30118 0.91677
45 C -9.99874 0.09970 0.03885
46 H -10.03738 0.76745 0.91218
47 H -10.05345 0.75256 -0.84483
48 C -11.22282 -0.82545 0.05787
49 H -11.18488 -1.49230 -0.81484
50 H -11.16894 -1.47743 0.94093
51 C -12.55658 -0.06925 0.06370
52 H -13.40857 -0.75812 0.07807
53 H -12.63917 0.58080 0.94309
54 H -12.65610 0.56480 -0.82557

A.13. Coordinates of the relaxed, computed geometries - C16-carboxylate

Coordinates of the relaxed geometry of C16-carboxylate anion, presented as xyz coordi-
nates. All atoms are labeled with atom numbers.

Table A.4: Coordinates of the relaxed, computed geometries - C16-carboxylate
Atom xyz coordinates

1 C 7.41994 -0.63693 -0.01295
2 C 8.76062 0.17837 -0.02513
3 O 8.68785 1.36462 -0.44960

95



A.14 Coordinates of the relaxed, computed geometries - C5-dihydroxymagnesium
carboxylate

4 O 9.77762 -0.45851 0.36275
5 H 7.48038 -1.38914 0.78447
6 H 7.38540 -1.19669 -0.96181
7 C 6.14981 0.20744 0.12210
8 H 6.20605 1.02378 -0.60781
9 H 6.14185 0.69188 1.11009
10 C 4.84724 -0.58484 -0.06115
11 H 4.81665 -1.41951 0.65694
12 H 4.84305 -1.04756 -1.06049
13 C 3.57675 0.26147 0.10467
14 H 3.60742 1.10008 -0.60665
15 H 3.57572 0.71593 1.10684
16 C 2.27241 -0.52261 -0.09377
17 H 2.26407 -0.96140 -1.10284
18 H 2.25070 -1.37217 0.60548
19 C 1.00423 0.31976 0.10016
20 H 1.02872 1.17527 -0.59107
21 H 1.00769 0.74912 1.11304
22 C -0.29892 -0.46243 -0.11163
23 H -0.30860 -0.88027 -1.12926
24 H -0.31779 -1.32560 0.57034
25 C -1.56650 0.37564 0.10218
26 H -1.55996 0.78660 1.12253
27 H -1.54564 1.24314 -0.57394
28 C -2.86884 -0.40513 -0.11891
29 H -2.88071 -0.80659 -1.14295
30 H -2.88474 -1.27881 0.54941
31 C -4.13629 0.42854 0.11165
32 H -4.12574 0.82637 1.13708
33 H -4.11987 1.30445 -0.55359
34 C -5.43812 -0.35186 -0.11342
35 H -5.45177 -0.74463 -1.14074
36 H -5.45178 -1.23100 0.54763
37 C -6.70563 0.47907 0.12647
38 H -6.69197 0.87126 1.15402
39 H -6.69252 1.35852 -0.53415
40 C -8.00723 -0.30157 -0.09828
41 H -8.02279 -0.69301 -1.12622
42 H -8.02085 -1.18178 0.56155
43 C -9.27524 0.52798 0.14359
44 H -9.25955 0.92048 1.16999
45 H -9.26390 1.40599 -0.51741
46 C -10.57051 -0.26114 -0.08032
47 H -10.62986 -1.12439 0.59354
48 H -11.45529 0.36053 0.09688
49 H -10.63035 -0.64033 -1.10764

A.14. Coordinates of the relaxed, computed geometries - C5-dihydroxymagnesium
carboxylate

Coordinates of the relaxed geometry of C5-dihydroxymagnesium carboxylate complex an-
ion, presented as xyz coordinates. All atoms are labeled with atom numbers.
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Table A.5: Coordinates of the relaxed, computed geometries - C5-dihydroxymagnesium carboxylate
Atom xyz coordinates

1 C -1.33614 -0.14736 0.92428
2 C 0.12785 -0.07298 0.49407
3 O 0.42935 0.01626 -0.73545
4 O 1.02103 -0.11254 1.39715
5 H -1.47867 0.59894 1.71677
6 H -1.47355 -1.12353 1.41020
7 Mg 2.49767 0.02410 -0.14482
8 O 3.34216 1.73780 -0.20673
9 H 4.18827 1.85530 -0.64814
10 O 3.37773 -1.61957 -0.56636
11 H 4.33519 -1.66400 -0.64221
12 C -2.35744 0.04288 -0.19893
13 H -2.17101 -0.70047 -0.98345
14 H -2.19506 1.01942 -0.67263
15 C -3.80981 -0.06153 0.28526
16 H -3.98733 0.68497 1.07329
17 H -3.96745 -1.04238 0.75737
18 C -4.83813 0.13202 -0.83639
19 H -4.70913 -0.62179 -1.62268
20 H -5.86664 0.05378 -0.46297
21 H -4.72665 1.11685 -1.30635
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B. Appendix Chapter 3

B.1. Computational methods

The electronic structure simulations were performed on a stand-alone computer (one node
server system) by state-of-the-art quantum mechanical computations, based on ab ini-
tio second-order Møller–Plesset perturbation theory (MP2) and density functional the-
ory (DFT), as implemented within the Gaussian 09 program [244]. These orthogonal
quantum chemical methods were used to gain unbiased insights into the stability of dihy-
droxymagnesium carboxylates regarding the release of CO2. The hybrid DFT-functional
B3LYP and post-Hartee-Fock many-body wave function description were implemented
with d-polarization functions for each heavy atom and 1p for each hydrogen atom in all
single-point energy (SPE) calculations.

For geometry optimization, the Berny analytical gradient optimization routines [232,
233] were used in combination with the GDIIS algorithm [234]. The requested convergence
value in the density matrix was 10−8, the threshold value for maximum displacement was
0.0018 Å, and the threshold value for the maximum force was 0.00045 Hartree Bohr−1.
The nature of the stationary points was established by calculating and diagonalizing the
Hessian matrix (force-constant matrix). All geometry optimizations were performed via a
6-31+G(d,p) basis set.

Additionally, frequency calculations were computed for each optimized geometry, also
with a 6-31+G(d,p) basis set to identify transition states (1st order saddle points on the
potential energy surface, PES). Detecting imaginary frequencies implies that the optimized
geometry is not fully relaxed as a stationary point on the PES. Transition structures were
characterized in detail through normal-mode analysis (frequency analysis). The transition

This chapter has been accepted for publication in the Journal of Molecular Modeling.



B.2 Coordinates of computed structures regarding the potential energy curve

vector, which is associated with the unique imaginary frequency has been determined in
each transition state found. This vector represents the eigenvector, which is associated
with the unique negative eigenvalue of the force constant matrix. This indicates that
the found structure corresponds to a first order saddle point (transition state). In order
to further check that the transition state found actually connects two energy minima
structures with each other (reactant with product), intrinsic reaction coordinate (IRC)
calculations [245] in all the transition state geometries found were performed in mass-
weighted internal coordinates [246].

All geometries of computed electronic structures were visualized either via the GaussView
[247] program.

Energy barriers between a transition state and it’s connected relaxed local minimum
on the potential energy curve along decarboxylation intrinsic reaction coordinate in the
gas phase were calculated as Eq. C.4:

Energy barrier = Etransition state − Elocal minimum structure (B.1)

E(x) represents the sum of electronic and thermal free energies (ε0 + Gcorr, corrected
by a scaled zero-point vibrational energy, ZPVE) of respective C-, H-, O-, Mg-bearing
species. ZPVE was obtained by performing frequency analysis computations. Resulted
ZPE values were multiplied by a scaling factor of 0.9804 to correct for vibrational anhar-
monicities [230]. ε0 were computed via single point energy calculations, at 6-311+G(2d,p)
level of theory. The use of diffuse functions was important to represent the correct geome-
try and thermodynamic properties of anionic species [231]. Stability tests were performed
in all cases to ensure that the used wave function represents the lowest energy solution of
the self-consistent field (SCF) equations.

Natural bond orbital (NBO) analyses were run, as implemented within the Gaussian
09 program [244], on 6-311+G(2d,p) level of theory. Respective charge distribution results
were visualized using the GaussView program [247].

All computations are referred to gas-phase conditions.

B.2. Coordinates of computed structures regarding the potential energy curve

Table B.1: Coordinates of the relaxed geometries of bidentate C7-dihydroxymagnesium carboxylate, as
computed on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C 0.14498 -0.78121 -0.77091
C -1.28349 -0.39720 -0.38595
O -1.49189 0.42899 0.55417
O -2.24046 -0.93152 -1.02877
H 0.23471 -0.63768 -1.85568
H 0.23890 -1.86420 -0.60912
Mg -3.61100 0.20582 0.17803
C 1.24786 -0.02595 -0.02626
H 1.12287 1.05072 -0.19560
H 1.11786 -0.17208 1.05288
C 2.65916 -0.45806 -0.44653
H 2.77909 -0.31203 -1.53090
H 2.77816 -1.53852 -0.27238
O -4.38208 1.70229 -0.71467
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H -5.28886 1.95230 -0.51357
O -4.56238 -0.81081 1.48521
H -4.16912 -1.58488 1.89879
C 3.77762 0.29425 0.28702
H 3.66164 1.37406 0.11274
H 3.66104 0.14895 1.37112
C 5.19094 -0.13433 -0.12971
H 5.30735 0.01038 -1.21322
H 5.30802 -1.21311 0.04656
C 6.30168 0.62473 0.60661
H 7.29723 0.29520 0.28637
H 6.23216 1.70366 0.42179
H 6.23272 0.47240 1.69067

Table B.2: Coordinates of the relaxed geometries of the transition state of the coordinate switch
from bi- and monodentate C7-dihydroxymagnesium carboxylate, as computed on B3LYP/6-
311+G(2d,p) level of theory

Atom xyz coordinates
C -0.05743 1.82145 -0.40746
C -1.49144 1.70036 0.13680
O -2.12610 0.65353 -0.27728
O -1.93491 2.56197 0.90739
H 0.32525 2.82170 -0.17572
H -0.09162 1.70739 -1.49962
Mg -3.01141 -1.04231 -0.03567
C 0.86828 0.74248 0.18156
H 0.93353 0.88491 1.26958
H 0.41296 -0.24275 0.02651
C 2.28121 0.76280 -0.41663
H 2.72378 1.76272 -0.28616
H 2.21447 0.59862 -1.50293
O -1.87338 -2.40900 0.61118
H -2.20242 -3.30247 0.74559
O -4.80668 -1.28131 -0.58230
H -5.34445 -0.52780 -0.84323
C 3.21939 -0.28727 0.19370
H 2.76743 -1.28278 0.08050
H 3.30072 -0.11381 1.27702
C 4.62517 -0.29456 -0.42155
H 5.07430 0.70334 -0.31241
H 4.54448 -0.47421 -1.50312
C 5.55776 -1.34235 0.19894
H 5.15188 -2.35363 0.07509
H 6.55279 -1.32268 -0.26199
H 5.68485 -1.16982 1.27482
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Table B.3: Coordinates of the relaxed geometries of monodentate C7-dihydroxymagnesium carboxylate,
as computed on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C 0.39276 1.63444 0.64223
C 1.74726 1.78910 -0.07309
O 2.45743 0.70950 -0.18173
O 2.08404 2.89927 -0.50451
H 0.00764 2.63724 0.85960
H 0.55400 1.11458 1.59685
Mg 2.60709 -1.20809 -0.01832
C -0.63009 0.83655 -0.18682
H -0.76791 1.33521 -1.15774
H -0.23643 -0.16803 -0.38034
C -1.99069 0.70522 0.51068
H -2.40197 1.70468 0.72433
H -1.84456 0.21531 1.48467
O 0.95969 -2.14516 0.03250
H 0.93876 -3.10500 0.08833
O 4.31360 -2.01068 0.08699
H 5.11441 -1.48193 0.02350
C -3.01135 -0.10123 -0.30344
H -2.58905 -1.09286 -0.51610
H -3.16191 0.38457 -1.27965
C -4.37031 -0.26365 0.39054
H -4.78781 0.72977 0.61079
H -4.22124 -0.75334 1.36328
C -5.38371 -1.06897 -0.43260
H -5.00895 -2.07894 -0.63856
H -6.34343 -1.16842 0.08929
H -5.57794 -0.58788 -1.39940

)

Table B.4: Coordinates of the relaxed geometries of the transition state of decarboxylation of C7-
dihydroxymagnesium carboxylate, as computed on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C -0.57195 0.75585 0.02706
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C -3.09266 1.55770 -0.02566
O -3.74751 0.56619 -0.02150
O -2.77264 2.68907 -0.03092
H -0.54064 1.40034 0.91909
H -0.54143 1.42707 -0.84340
Mg -1.98684 -1.01032 0.00070
O -2.24363 -1.93230 1.65682
H -2.03360 -1.51817 2.49909
O -2.15051 -1.84306 -1.70734
H -2.46431 -2.74953 -1.77907
C 0.70352 -0.11903 0.00780
H 0.71362 -0.80025 0.87428
H 0.70150 -0.76868 -0.88145
C 2.03023 0.67094 0.01521
H 2.05126 1.32046 0.90371
H 2.04415 1.34522 -0.85436
C 3.28846 -0.21000 -0.00233
H 3.26170 -0.86098 -0.88907
H 3.27076 -0.88448 0.86715
C 4.60541 0.57875 0.00165
H 4.62526 1.25186 -0.86743
H 4.63423 1.22865 0.88811
C 5.85461 -0.31181 -0.01660
H 5.87967 -0.97350 0.85817
H 5.87096 -0.94921 -0.90937
H 6.77759 0.28132 -0.01302

Table B.5: Coordinates of the relaxed geometries of C6-dihydroxyorganomangesate, a Grignard-type
molecule, as computed on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C -1.07980 0.87934 0.00042
H -1.02401 1.55285 0.87616
H -1.02393 1.55344 -0.87486
Mg -3.06350 -0.04474 0.00002
O -3.30302 -1.95146 0.00008
H -2.54478 -2.54397 0.00033
O -4.61836 1.07371 -0.00051
H -5.48378 0.65155 -0.00064
C 0.15336 -0.03759 0.00015
H 0.12299 -0.70844 0.87521
H 0.12293 -0.70799 -0.87525
C 1.52476 0.67253 0.00028
H 1.57926 1.33386 0.87889
H 1.57916 1.33432 -0.87799
C 2.73565 -0.27265 -0.00004
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H 2.67917 -0.93394 -0.87854
H 2.67935 -0.93431 0.87820
C 4.09340 0.44363 -0.00003
H 4.15261 1.10338 -0.87754
H 4.15280 1.10304 0.87772
C 5.29441 -0.51113 -0.00034
H 5.28145 -1.16094 -0.88438
H 6.24740 0.03260 -0.00030
H 5.28160 -1.16132 0.88343

Table B.6: Coordinates of the relaxed geometries of CO2, as computed on B3LYP/6-311+G(2d,p) level
of theory

Atom xyz coordinates
C 0.00000 0.00000 0.00000
O 0.00000 0.00000 1.16938
O 0.00000 0.00000 -1.16938
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B.3. Natural bond orbital analysis - coordinates of the computed C5-dihydroxymagnesium
carboxylate transition state geometry

Table B.7: Summary of Natural Population Analysis (NBO) for C5-dihydroxymagnesium carboxylate, as
computed on B3LYP/6-311+G(2d,p) level of theory

Natural Population
Atom No Natural Charge Core Valence Rydberg Total
C 1 -0.96393 1.99926 4.93221 0.03245 6.96393
C 2 1.02590 1.99957 2.93112 0.04340 4.97410
O 3 -0.57058 1.99973 6.53637 0.03448 8.57058
O 4 -0.53578 1.99971 6.50594 0.03012 8.53578
H 5 0.17310 0.00000 0.82480 0.00210 0.82690
H 6 0.17826 0.00000 0.81962 0.00212 0.82174
Mg 7 1.44628 9.99778 0.53595 0.01999 10.55372
O 8 -1.27206 1.99985 7.26171 0.01050 9.27206
H 9 0.43509 0.00000 0.56165 0.00326 0.56491
O 10 -1.27122 1.99985 7.26098 0.01039 9.27122
H 11 0.43691 0.00000 0.55985 0.00324 0.56309
C 12 -0.41218 1.99933 4.39546 0.01739 6.41218
H 13 0.18088 0.00000 0.81711 0.00201 0.81912
H 14 0.18960 0.00000 0.80851 0.00189 0.81040
C 15 -0.37644 1.99933 4.36071 0.01639 6.37644
H 16 0.17604 0.00000 0.82148 0.00248 0.82396
H 17 0.17837 0.00000 0.81919 0.00244 0.82163
C 18 -0.57172 1.99938 4.56159 0.01076 6.57172
H 19 0.18747 0.00000 0.81047 0.00207 0.81253
H 20 0.18024 0.00000 0.81820 0.00156 0.81976
H 21 0.18578 0.00000 0.81215 0.00207 0.81422

* Total * -1.00000 27.99380 57.75509 0.25111 86.00000
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B.4. Natural bond orbital analysis - coordinates of the computed OH- and Cl-bearing
putative Grignard-type molecules

Table B.8: Summary of Natural Population Analysis (NBO) for C5-dihydroxymagnesium organomagne-
sate, as computed on B3LYP/6-311+G(2d,p) level of theory

Natural Population
Atom No Natural Charge Core Valence Rydberg Total
C 1 -1.01074 1.99936 4.97975 0.03163 7.01074
H 2 0.16464 0.00000 0.83318 0.00218 0.83536
H 3 0.16959 0.00000 0.82828 0.00214 0.83041
Mg 4 1.49060 9.99820 0.49820 0.01300 10.50940
O 5 -1.28330 1.99987 7.27230 0.01113 9.28330
H 6 0.43008 0.00000 0.56605 0.00387 0.56992
O 7 -1.28282 1.99987 7.27202 0.01093 9.28282
H 8 0.43247 0.00000 0.56375 0.00379 0.56753
C 9 -0.38500 1.99934 4.36747 0.01820 6.38500
H 10 0.16580 0.00000 0.83178 0.00242 0.83420
H 11 0.17265 0.00000 0.82501 0.00234 0.82735
C 12 -0.38110 1.99929 4.36348 0.01833 6.38110
H 13 0.17562 0.00000 0.82175 0.00263 0.82438
H 14 0.17749 0.00000 0.81989 0.00262 0.82251
C 15 -0.38310 1.99932 4.36810 0.01568 6.38310
H 16 0.18077 0.00000 0.81656 0.00266 0.81923
H 17 0.17939 0.00000 0.81792 0.00269 0.82061
C 18 -0.56738 1.99938 4.55737 0.01063 6.56738
H 19 0.18312 0.00000 0.81538 0.00150 0.81688
H 20 0.18592 0.00000 0.81211 0.00197 0.81408
H 21 0.18531 0.00000 0.81272 0.00198 0.81469

* Total * -1.00000 23.99463 47.84307 0.16231 72.00000
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Table B.9: Summary of Natural Population Analysis (NBO) for C5-organomagnesiumhydroxid, a puta-
tive Grignard-type molecule, as computed on B3LYP/6-311+G(2d,p) level of theory

Natural Population
Atom No Natural Charge Core Valence Rydberg Total
C 1 -1.03763 1.99930 5.01191 0.02642 7.03763
H 2 0.19916 0.00000 0.79882 0.00201 0.80084
H 3 0.19918 0.00000 0.79881 0.00201 0.80082
Mg 4 1.53077 9.99655 0.46380 0.00888 10.46923
O 5 -1.33190 1.99984 7.32263 0.00944 9.33190
H 6 0.48100 0.00000 0.51609 0.00291 0.51900
C 7 -0.38954 1.99932 4.37298 0.01724 6.38954
H 8 0.17912 0.00000 0.81869 0.00219 0.82088
H 9 0.17913 0.00000 0.81869 0.00219 0.82087
C 10 -0.38035 1.99928 4.36343 0.01764 6.38035
H 11 0.18553 0.00000 0.81237 0.00210 0.81447
H 12 0.18553 0.00000 0.81237 0.00210 0.81447
C 13 -0.38253 1.99932 4.36814 0.01507 6.38253
H 14 0.18554 0.00000 0.81217 0.00229 0.81446
H 15 0.18553 0.00000 0.81218 0.00229 0.81447
C 16 -0.56889 1.99938 4.55868 0.01084 6.56889
H 17 0.19734 0.00000 0.80148 0.00118 0.80266
H 18 0.19151 0.00000 0.80681 0.00169 0.80849
H 19 0.19150 0.00000 0.80681 0.00169 0.80850

* Total * 0.00000 21.99299 39.87685 0.13016 62.00000

Table B.10: Summary of Natural Population Analysis (NBO) for C5-dichloromagnesium organomagne-
sate, as computed on B3LYP/6-311+G(2d,p) level of theory

Natural Population
Atom No Natural Charge Core Valence Rydberg Total
C 1 -1.00936 1.99930 4.97990 0.03017 7.00936
H 2 0.17840 0.00000 0.81967 0.00193 0.82160
H 3 0.17840 0.00000 0.81967 0.00193 0.82160
Mg 4 1.26354 9.99853 0.71770 0.02024 10.73646
Cl 5 -0.76324 9.99978 7.75514 0.00832 17.76324
Cl 6 -0.76327 9.99978 7.75489 0.00859 17.76327
C 7 -0.38408 1.99934 4.36666 0.01808 6.38408
H 8 0.17585 0.00000 0.82200 0.00215 0.82415
H 9 0.17584 0.00000 0.82201 0.00215 0.82416
C 10 -0.38137 1.99929 4.36417 0.01791 6.38137
H 11 0.17755 0.00000 0.82002 0.00243 0.82245
H 12 0.17755 0.00000 0.82002 0.00243 0.82245
C 13 -0.37419 1.99934 4.36001 0.01484 6.37419
H 14 0.17996 0.00000 0.81748 0.00256 0.82004
H 15 0.17996 0.00000 0.81748 0.00256 0.82004
C 16 -0.56061 1.99936 4.55114 0.01011 6.56061
H 17 0.18195 0.00000 0.81657 0.00148 0.81805
H 18 0.18355 0.00000 0.81444 0.00200 0.81645
H 19 0.18355 0.00000 0.81444 0.00200 0.81645

* Total * -1.00000 39.99472 47.85340 0.15188 88.00000
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Table B.11: Summary of Natural Population Analysis (NBO) for C5-organomagnesiumchlorid, a putative
Grignard-type molecule, as computed on B3LYP/6-311+G(2d,p) level of theory

Natural Population
Atom No Natural Charge Core Valence Rydberg Total
C 1 -1.02129 1.99925 4.99323 0.02880 7.02129
H 2 0.20290 0.00000 0.79518 0.00192 0.79710
H 3 0.20290 0.00000 0.79518 0.00192 0.79710
Mg 4 1.37584 9.99825 0.60940 0.01650 10.62416
Cl 5 -0.72591 9.99976 7.71177 0.01438 17.72591
C 6 -0.39099 1.99932 4.37423 0.01744 6.39099
H 7 0.18033 0.00000 0.81753 0.00214 0.81967
H 8 0.18033 0.00000 0.81753 0.00214 0.81967
C 9 -0.38002 1.99929 4.36272 0.01801 6.38002
H 10 0.18649 0.00000 0.81144 0.00207 0.81351
H 11 0.18649 0.00000 0.81144 0.00207 0.81351
C 12 -0.38260 1.99932 4.36827 0.01501 6.38260
H 13 0.18609 0.00000 0.81165 0.00226 0.81391
H 14 0.18609 0.00000 0.81165 0.00226 0.81391
C 15 -0.56909 1.99938 4.55883 0.01088 6.56909
H 16 0.19839 0.00000 0.80045 0.00116 0.80161
H 17 0.19201 0.00000 0.80632 0.00167 0.80799
H 18 0.19201 0.00000 0.80632 0.00167 0.80799

* Total * 0.00000 29.99458 39.86313 0.14230 70.00000
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C. Appendix Chapter 4

C.1. ESI-FT-ICR-MS experiments

ESI-FT-ICR-MS measurements/data aquisition. Fragments of fresh meteoritic
NWA 7325, Maribo, Soltmany and Chelyabinsk interior were first washed by stirring
for a few seconds within the extraction solvent (methanol, LC-MS grade; Fluka) before
crushing in 1 mL solvent poured into the corresponding agate mortar. This procedure
was shown to limit the number of peaks resulting from terrestrial and human contamina-
tion, for example fatty acids arising from sample handling. The mixture (suspension) was
transferred into an Eppendorf vial and underwent ultrasonic cleaning for <10 min and
then was centrifuged. The supernatant liquid was removed with a microsyringe, ready for
flow injection into the ESI source. A solvent methanolic blank was measured in accor-
dance to be able to detect indigenous meteoritic (metal)organic matter in each sample.
Organomagnesium compounds were absent in blank spectra.

The experimental study was performed on a high-field FT-ICR mass spectrometer
from Bruker Daltonics with a 12-T magnet from Magnex. A timedomain transient with 4
MWords was obtained and Fourier-transformed into a frequency domain spectrum. The
frequency domain was afterward converted to a mass spectrum by the solariX control
program of Bruker Daltonics. The ion excitations were generated in broadband mode
(frequency sweep radial ion excitation) and 3,000 scans were accumulated for each mass
spectrum in a mass range of 147-1,000 amu. Ions were accumulated for 300 ms before ICR
ion detection. The pressure in the quadrupole/hexapole and ICR vacuum chamber was
3x10−6 mbar and 6x10−10 mbar, respectively. For CID-MS/MS, ions were accumulated
for 3 s.

This chapter has been submitted for publication.



C.1 ESI-FT-ICR-MS experiments

The ESI source (Apollo II; Bruker Daltonics) was used in negative ionization mode.
The methanolic solutions were injected directly into the ionization source by means of
a microliter pump at a flow rate of 120 µL·h−1. A source heating temperature of 200
°C was maintained and no nozzle-skimmer fragmentation was performed in the ionization
source. The instrument was previously externally calibrated by using arginine negative
cluster ions (5 mg·L−1 arginine in methanol).

FT-ICR-MS data analysis. FT-ICR mass spectra with m/z from 147 to 1,000
amu were calibrated externally and internally to preclude alignment errors. Subsequently,
the mass spectra were exported to peak lists at a signal-to-noise ratio ≥ 3. Elemental
formulas were calculated combinatorially within a mass accuracy window of ±0.2 ppm for
each peak in batch mode by an in-house software tool and validated via the senior-rule
approach/cyclomatic number [92], assuming valence 4 (coordination number) for Mg.

The investigation of odd/even fluctuation of experimental mass spectrometric CHOMg
and CHO intensities (Fig. 4.1) requires extensive data analytical treatment. First, m/z
intensities were lg-transformed and second, lg(intensity) was normalized according Eu-
clidean norm. This enables valid comparision of odd/even chain length alternation. There-
fore, artificial odd/even fluctuations based on different absolute values of MS intensities
can be ruled when extracting stability alternation effects for differently processed mete-
orites. Data analytical transformations is shown in Fig. C.1. Fig. 4.1 discusses the
experimental odd/even alternation within alkyl chains for CHO and CHOMg. Therein,
∆(lg(intensitynormalized)) is calculated in analagy to concept of incremental binding energy
[224]. ∆(lg(intensitynormalized)) is calculated by subtracting logarithmic mass spectromet-
ric intensites, as normalized to Euclidean norm, of adjacent CnHO and Cn−1 molecules
(and HO CnHOMg and Cn−1HOMg, respectively), as shown in Eq. C.1.

∆(lg(intensitynormalized)) = lg(inormalized(CnHO) − lg(inormalized(Cn−1HO) (C.1)
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Figure C.1: Data analysis of experimental meteoritic FT-ICR-MS data. CHOMg (A, B) and
CHO homologues series were normalized according the Euclidiean norm to enable valid
comparision of odd/even chain length alternation.
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C.2. Computational methods

Linear relaxed and transition states geometries. The electronic structure compu-
tations were performed on a stand-alone computer (one node server system) by state-of-
the-art quantum chemical computations, based on density functional theory (DFT, hybrid
functional B3LYP) level of theory, as implemented within the Gaussian 09 program [244].
These orthogonal quantum chemical methods were used to gain unbiased insights into the
stability of dihydroxymagnesium carboxylates regarding the carbon chain fragmentation.

For geometry optimization, the Berny analytical gradient optimization routines [232,
233] were used in combination with the GDIIS algorithm [234]. The requested convergence
value in the density matrix was 10−8, the threshold value for maximum displacement was
0.0018 Å, and the threshold value for the maximum force was 0.00045 Hartree Bohr−1.
The nature of the stationary points was established by calculating and diagonalizing the
Hessian matrix (force-constant matrix). All geometry optimizations were performed with
6-31+G(d,p) basis set. Additionally, frequency calculations were computed for each op-
timized geometry to identify both, local relaxed energy minima and transition state ge-
ometries, also with 6-31+G(d,p) basis set. Detecting imaginary frequencies implies that
the optimized geometry is not fully relaxed as a stationary point on the on the potential
energy surface (PES). Transition structures were characterized in detail through normal-
mode analysis (frequency analysis). The transition vector, which is associated to a single
imaginary frequency has been determined in each found transition state (1st order saddle
points on the PES). This vector represents the eigenvector, which is associated with the
unique negative eigenvalue of the force constant matrix. This indicates that the found
structure corresponds to a first order saddle point (transition state). In order to further
check that the transition state found actually connects two energy minima structures with
each other (reactant with product), intrinsic reaction coordinate (IRC) analyses [245] in
all the transition state geometries found were performed in mass-weighted internal coor-
dinates [246]. C2H4 fragmentation was computed with 6-311+G(2d,p) // 6-31+G(d,p)
basis set.

Total Gibbs free energies G of each molecular system was computed as sum of thermal
and electronic free energies, corrected by a scaled zero-point vibrational energy, ZPVE,
expressed as Zero-point corrections, ZPC) of respective C-, H-, O-, Mg-bearing species
(Equation C.2).

G = Gcorr − ZPC + ZPC · fanharmonicities + SPE (C.2)

ZPC was obtained by performing frequency analysis computations. Resulting ZPC
values were scaled by a factor fanharmonicities of 0.9804 to correct for vibrational an-
harmonicities [230]. Single-point energies (SPE) were computed via implementing d-
polarization functions for each heavy atom and 1p for each hydrogen atom in all B3LYP-
DFT computations (6-311+G(2d,p) basis set). The use of diffuse functions was important
to represent the correct geometry and thermodynamic properties of anionic species [231].
Stability tests were performed in all cases to ensure that the used wave function repre-
sents the lowest energy solution of the self-consistent field (SCF) equations. All molecular
systems were treated as restricted shell systems.

Thermodynamic fragmentation energy ∆EF for methylene release fragmentation
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C.2 Computational methods

CnHmOMg → Cn−1Hm−2OMg + CH2

was defined according to Eq.C.3, namely the difference between the sum of infinetly
separated products and the reactant. Products were CH2 and CHOMg (-CH2), whereas
reactants were CHOMg molecules probed for their stability.

∆EF =
∑

Gproducts −Greactant (C.3)

Transition state energy barriers for C2H4 fragmentation

CnHmOMg → Cn−2Hm−4OMg + C2H4

between a transition state and it’s connected relaxed local minimum on the potential
energy surface along ethylene release intrinsic reaction coordinate in the gas phase were
calculated as Eq. C.4:

Energy barrier = Etransition state − Elocal minimum structure (C.4)

Pseudocyclic geometries. Pseudocyclic geometries were optimized via DFT, at
M06-2X/def2TZVP level of theory. Additionally, pseudocyclic systems were corrected for
dispersion effects after Grimme et al. [226] with the original D3 damping function. M06-
2X functional has been employed as it has been demonstrated to describe noncovalent
interactions reliably [227]. Actually, the implementation of noncovalent-considering func-
tional with dispersion correction is neccessary, since B3LYP-DFT/6-311+G(2d,p) results
failed to describe accurate odd/even alternation effects for pseudocyclic CHOMg molec-
ular systems. Resulting total Gibbs free energies G were computed, according Eq. C.2.
Thermal and electronic free energies were computed on M06-2X/def2TZVP-D3 level of
theory.

To probe the investigated pseudocyclic systems for stability, we adopted the concept
of incremental binding energy [224], labeled as ∆EI . Here, ∆EI is defined by comparing
total Gibbs free energies of adjacent molecules CnHOMg and Cn−1HOMg within a ho-
mologous series and gives therefore insights into stability fluctuations as a function the
homologous series’ sub-unit, like CH2 here. For simplification and clarity, dihydroxymag-
nesium carboxylates [(OH)2MgO2CR]− with R = hydrocarbon CxHy and {x,y} ∈ N are
accronymed as CnHOMg with integer n. ∆EI is calculated by subtracting total Gibbs free
energy differences of adjacent CnHOMg and Cn−1HOMg molecules, as shown in Eq. C.5.

∆EI = G(CnHOMg)−G(Cn−1HOMg) (C.5)

All geometries of computed electronic structures were visualized either via the GaussView
[247] program and all computations are referred to gas-phase conditions.
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C.3. Coordinates of representative computed pseudocyclic organomagnesium structures

Table C.1: Coordinates of the relaxed geometry of pseudocyclic C14-dihydroxymagnesium carboxylate,
as computed on M06-2X/def2TZVP-D3 level of theory

Atom xyz coordinates
C -5.1925 -1.13963 0.49052
C -0.1844 -1.55447 -0.04983
C -5.38809 0.38092 0.40789
C -0.70557 2.05106 -0.61948
H -6.14203 -1.6036 0.20863
H -6.282 0.62371 0.98938
H -5.61784 0.65218 -0.62921
H -0.22051 -0.59839 0.47896
H -0.68312 1.11335 -1.18936
H -0.94505 2.83845 -1.34449
H 0.01934 -2.30625 0.71759
H -5.01642 -1.41781 1.53609
C -1.53422 -1.81822 -0.70524
H -1.54281 -2.80235 -1.188
H -1.68344 -1.08665 -1.5087
C -1.81101 1.96121 0.42602
H -1.50643 1.24124 1.19475
H -1.91752 2.92238 0.94154
C 0.96459 -1.50866 -1.04151
C 2.28233 -1.04329 -0.44432
O 2.32066 -0.66448 0.75435
O 3.30256 -1.03215 -1.17849
H 1.13741 -2.48054 -1.51115
H 0.73743 -0.8174 -1.86041
Mg 4.35486 -0.21735 0.45369
O 5.59276 -1.37038 1.25028
H 5.46851 -2.31815 1.25148
O 4.62229 1.63718 0.33816
H 5.43069 2.0027 0.69605
C 0.67968 2.29188 -0.03056
H 0.90988 1.49912 0.68769
H 0.67507 3.2303 0.53446
C -2.69113 -1.70528 0.28132
H -2.62785 -2.51087 1.02022
H -2.56251 -0.78073 0.84647
C -3.15203 1.52733 -0.15503
H -2.98836 0.63581 -0.76295
H -3.52225 2.29061 -0.84809
C -4.07283 -1.73057 -0.3757
H -4.31821 -2.76568 -0.63054
H -4.03809 -1.19199 -1.32885
C -4.22315 1.24801 0.90174
H -3.76512 0.76893 1.77329
H -4.61101 2.2048 1.26312
C 1.77605 2.32765 -1.0867
H 2.76783 2.40747 -0.63434
H 1.76999 1.40716 -1.67781
H 1.62361 3.1615 -1.77923
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Table C.2: Coordinates of the relaxed geometry of pseudocyclic C15-dihydroxymagnesium carboxylate,
as computed on M06-2X/def2TZVP-D3 level of theory

Atom xyz coordinates
C 5.77032 -0.90798 -0.14308
C -0.52816 -1.64158 -0.12923
C 5.82546 0.62542 -0.20275
C -0.35692 2.11096 0.44891
H 5.85444 -1.22542 0.90285
H 5.82368 0.938 -1.25349
H 6.7947 0.92988 0.2021
H -0.54906 -0.67432 -0.63869
H -0.48843 1.17111 0.99785
H -0.28735 2.89929 1.20648
H -0.70884 -2.39179 -0.90453
H 6.66604 -1.2828 -0.64623
C 0.83784 -1.85273 0.50952
H 0.85217 -2.79287 1.07294
H 0.99558 -1.0573 1.24793
C 0.95004 2.04542 -0.33313
H 0.89331 1.20376 -1.03393
H 1.04693 2.94472 -0.95267
C -1.64919 -1.67241 0.89588
C -2.97484 -1.11375 0.4086
O -3.05327 -0.60108 -0.7365
O -3.95601 -1.14587 1.19407
H -1.8285 -2.68239 1.27317
H -1.37945 -1.0733 1.77187
Mg -4.96601 0.08469 -0.17322
O -6.47173 -0.63304 -1.01389
H -6.55563 -1.56641 -1.20115
O -4.7862 1.88685 0.31271
H -5.52656 2.48475 0.21992
C -1.56208 2.34986 -0.45159
H -1.63805 1.56295 -1.20552
H -2.51195 2.34894 0.08853
H -1.46154 3.30845 -0.96934
C 1.99401 -1.8325 -0.48386
H 1.98047 -2.73948 -1.09798
H 1.848 -0.99632 -1.17697
C 2.19731 1.89046 0.52965
H 2.03754 1.07845 1.24896
H 2.35273 2.79613 1.12704
C 3.3463 -1.67546 0.19925
H 3.51442 -2.51243 0.8859
H 3.3031 -0.78557 0.82957
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C 4.53313 -1.57178 -0.7613
H 4.79305 -2.57695 -1.10486
H 4.24019 -1.01924 -1.65977
C 3.44393 1.58519 -0.29173
H 3.24326 0.69592 -0.89124
H 3.61476 2.39134 -1.01358
C 4.71438 1.38282 0.53688
H 5.0872 2.3641 0.84399
H 4.47447 0.85599 1.46618

C.4. Coordinates of representative computed structures regarding thermodynamic
fragmentation energy simulations

Table C.3: Coordinates of the relaxed geometry of linear C14-dihydroxymagnesium carboxylate, as com-
puted on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C 4.12316 1.17954 -0.17714
C 5.49220 0.50747 -0.08887
O 5.58565 -0.70124 0.28719
O 6.52011 1.19544 -0.37916
H 4.10548 1.77102 -1.10097
H 4.08048 1.90900 0.64456
Mg 7.71883 -0.51279 0.09503
O 8.46656 -1.34092 -1.45693
H 9.21603 -1.93886 -1.38380
O 8.58679 -0.43847 1.79619
H 9.52490 -0.63006 1.88396
C 2.92681 0.22794 -0.10444
H 3.01011 -0.37910 0.80444
H 2.97856 -0.48093 -0.94108
C 1.57733 0.95797 -0.12903
H 1.50975 1.57562 -1.03771
H 1.52695 1.65953 0.71766
C 0.36737 0.01561 -0.07268
H 0.43478 -0.60416 0.83332
H 0.41391 -0.68265 -0.92115
C -0.98407 0.74237 -0.08920
H -1.03056 1.43893 0.76111
H -1.04991 1.36430 -0.99441
C -2.19465 -0.19921 -0.03574
H -2.12715 -0.82434 0.86675
H -2.15180 -0.89250 -0.88857
C -3.54495 0.52986 -0.04473
H -3.58852 1.22095 0.80998
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H -3.61145 1.15735 -0.94583
C -4.75613 -0.41105 0.00502
H -4.71441 -1.10038 -0.85105
H -4.68908 -1.04026 0.90471
C -6.10554 0.31964 -0.00037
H -6.14810 1.00728 0.85707
H -6.17177 0.95062 -0.89894
C -7.31720 -0.62080 0.04616
H -7.27549 -1.30760 -0.81194
H -7.25086 -1.25259 0.94410
C -8.66624 0.11034 0.04228
H -8.70964 0.79633 0.90114
H -8.73329 0.74319 -0.85506
C -9.87843 -0.82949 0.08693
H -9.83588 -1.51445 -0.77143
H -9.81242 -1.46161 0.98352
C -11.22176 -0.09034 0.08280
H -12.06497 -0.78939 0.11616
H -11.30860 0.57761 0.94829
H -11.33334 0.52305 -0.81947

Table C.4: Coordinates of the relaxed geometry of linear C15-dihydroxymagnesium carboxylate, as com-
puted on B3LYP/6-311+G(2d,p) level of theory

Atom xyz coordinates
C 4.75137 1.17475 -0.12907
C 6.11036 0.47989 -0.06482
O 6.18429 -0.74853 0.2458
O 7.14989 1.16804 -0.31003
H 4.74191 1.79475 -1.03429
H 4.72049 1.87952 0.71427
Mg 8.3211 -0.58066 0.07599
O 9.06531 -1.33355 -1.51554
H 9.80581 -1.94537 -1.47181
O 9.18071 -0.61555 1.7827
H 10.11538 -0.82626 1.86309
C 3.54089 0.23952 -0.08557
H 3.6122 -0.39404 0.80615
H 3.5845 -0.44651 -0.94137
C 2.20235 0.9899 -0.09277
H 2.14591 1.63247 -0.98477
H 2.16033 1.66936 0.77222
C 0.97881 0.06403 -0.06377
H 1.03424 -0.57933 0.82646
H 1.01818 -0.61327 -0.92942
C -0.36214 0.81017 -0.06615
H -0.40134 1.48657 0.80067
H -0.41641 1.4547 -0.95617
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C -1.58591 -0.1153 -0.03873
H -1.53063 -0.76203 0.84925
H -1.54944 -0.78927 -0.90721
C -2.92594 0.63254 -0.03571
H -2.96298 1.30486 0.83415
H -2.98049 1.28095 -0.92268
C -4.15011 -0.2924 -0.01098
H -4.11444 -0.96346 -0.88171
H -4.09533 -0.94193 0.87497
C -5.48936 0.45679 -0.00545
H -5.5257 1.12652 0.86634
H -5.54349 1.10767 -0.89054
C -6.71386 -0.46772 0.01678
H -6.67826 -1.13677 -0.85547
H -6.65976 -1.11921 0.90131
C -8.05271 0.28219 0.02347
H -8.08879 0.9505 0.89634
H -8.10648 0.93439 -0.86064
C -9.27741 -0.64189 0.04419
H -9.24246 -1.31038 -0.82871
H -9.22489 -1.29447 0.9282
C -10.61656 0.10744 0.05085
H -10.65245 0.77455 0.92349
H -10.66959 0.75942 -0.83231
C -11.83414 -0.82411 0.07063
H -12.77277 -0.25874 0.07484
H -11.84445 -1.48025 -0.80806
H -11.82751 -1.46517 0.96043

Table C.5: Coordinates of the relaxed geometry of methylene CH2, as computed on B3LYP/6-
311+G(2d,p) level of theory

Atom xyz coordinates
C 0.00000 0.17680 0.00000
H 0.86304 -0.53039 0.00000
H -0.86304 -0.53039 0.00000

Table C.6: Coordinates of the relaxed geometry of ethylene C2H4, as computed on B3LYP/6-
311+G(2d,p) level of theory

Atom xyz coordinates
C 0.66716 0.00000 -0.00000
H 1.23836 -0.92471 0.00000
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H 1.23835 0.92471 0.00000
C -0.66717 0.00000 0.00000
H -1.23834 -0.92472 0.00000
H -1.23834 0.92472 0.00000

Table C.7: Coordinates of the transition state geometry of ethylene C2H4 release out of C5-
dihydroxymagnesium carboxylate, as computed on B3LYP/6-31+G(d,p) level of theory

Atom xyz coordinates
C 4.07193 -0.44866 0.11791
H 3.91653 -0.90033 -0.85878
H 3.76984 -1.08229 0.94847
C 5.27939 0.35819 0.28755
H 5.76564 0.79002 -0.57793
H 3.82287 0.73532 0.19212
H 5.6125 0.63384 1.28003
C -0.16558 -0.25301 -0.30784
O -0.96679 -0.37256 -1.28249
O -0.56393 0.04963 0.85814
Mg -2.56903 0.07953 0.08417
O -3.59022 -1.47282 0.51974
H -4.48925 -1.4063 0.85361
O -3.27189 1.84691 -0.06949
H -4.2193 2.00763 -0.09749
C 2.23396 0.50095 0.11513
H 2.27763 1.45254 -0.43256
H 1.99621 0.67032 1.16751
C 1.32862 -0.51881 -0.53928
H 1.52599 -1.51602 -0.11513
H 1.50245 -0.5805 -1.61793
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