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A B S T R A C T

Mars is our planetary neighbor and is now known to host trace levels of organic matter at its surface. However, little is known of the organic molecular composition or
the survival potential for organic biosignatures, such as the enantiomeric excess of amino acids or the carbon chain patterns of lipid hydrocarbons, as a function of
depth below the martian surface. The Mars Organic Molecule Analyser (MOMA) is an instrument onboard the Rosalind Franklin rover that is scheduled to be launched
to Mars in 2022 as part of the ExoMars mission. This experiment includes a gas chromatograph instrument dedicated to the in situ analysis of organic molecules and
their enantiomers present in martian samples collected by the rover at the surface down to 2 m depth. In order to evaluate the performance of the integrated
chromatographic system which was selected for the flight model, experiments were carried out with a laboratory setup that reproduced the flight configuration and
mimicked the in situ operating conditions. We show that the column instrument package can separate and detect a wide range of organic and inorganic volatile
compounds, from noble gases to hydrocarbon chains with up to 29 carbon atoms (C29). We study the enantiomeric resolution of selected chiral chemical standards and
compare our laboratory results to: i. tests performed with the same instrumental setup but using a natural sample spiked with amino acids in order to evaluate the
influence of a mineral phase on the analysis, and ii. tests run on a MOMA engineering test unit (ETU) which is representative of the flight model. In each case, tests on
the more complex sample and the more flight-like instrument allow a comparison with laboratory results, in order to confirm that laboratory data are reliable for
supporting peak identification within flight data. The obtained results demonstrate the ability of the gas chromatographic subsystem to identify a wide range of
organic and inorganic volatile compounds, including biomolecular signatures, within the constrained space operating conditions of MOMA. The results form a
retention time and mass spectral database for MOMA which will be critical for analysis of the eventual flight data.
1. Introduction

Gas chromatography coupled to mass spectrometry (GC-MS) was first
used for in situ Mars exploration by the twin Viking landers, which
arrived on Mars in 1976 with the aim of searching for signs of life in the
near surface environment. In support of the three Viking biology exper-
iments, the Viking landers conducted an organic inventory of the martian
regolith, since primitive life on Earth is understood to have originated
from the processing of organic molecules by liquid water (Brack, 2010).
The Viking GC-MS experiment did not detect organic molecules, with the
exception of chloromethane (detected by Viking Lander 1 at levels of 15
parts per billion by mass) and dichloromethane (detected by Viking
Lander 2 at levels of 2–40 parts per billion bymass). These signals were at
first attributed to cleaning agents used on the spacecraft before launch
(Biemann et al., 1977). Despite the open question of whether or not the
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Viking landers detected organics native to Mars (Guzman et al., 2018;
Navarro-Gonz�alez et al., 2010), their results represent a paradigm shift
within Mars astrobiology exploration. The possibility of widespread
microbial life at the martian surface was replaced with an understanding
that, given such low detection limits for organic compounds determined
at the time of the Viking results, it is difficult to maintain that living
organisms based on the terrestrial carbon-hydrogen-nitrogen-oxygen
chemistry are widely distributed at the surface of Mars (Biemann et al.,
1977; Pavlov et al., 2012).

Additionally, the Viking GC-MS results required a mechanism for the
destruction of organic molecules at Mars. It was understood then and has
now been estimated that significant amounts of carbon material are
delivered to themartian surface each year from at least the interplanetary
medium (Flynn, 1996). Since the Viking result, radiation has been
studied as a degradation and alteration mechanism for organic matter in
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Table 2
List of GC capillary columns selected for MOMA GC and their main
characteristics.

Name
(Supplier)

Stationary Phase Dimensions L/
ID/df (m/mm/
μm)

Compounds
targeted

MXT Q BOND
(Restek)

Divinylbenzene 20/0.25/8 Inorganic
volatile
molecules
C1–C5 organic
molecules

MXT CLP
(Restek)

Not available from the
supplier

20/0.25/0.25 C4–C25 organic
molecules

MXT 5
(Restek)

95% dimethylsiloxane
5% diphenylsiloxane

20/0.25/0.25 C4–C25 organic
molecules

CP Chirasil
Dex CB
(Agilent)

Enantioselective,
β-cyclodextrin bonded to
dimethylpolysiloxane

20/0.25/0.25 Organic
enantiomers
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the context of Mars, e.g., the influence of the ultraviolet radiation envi-
ronment on organic matter at the martian surface (Stalport et al., 2019).
The Viking result also suggested a powerful oxidant capable of convert-
ing all organic molecules in the martian regolith to carbon dioxide
rapidly relative to the rate at which they arrive from exogenous sources
(Benner et al., 2000). In fact, there are now multiple oxidants assumed to
be present at the martian surface or which have been detected already on
Mars (Lasne et al., 2016). The 2008 Phoenix mission confirmed the
presence of oxychlorine phases in the form of perchlorates at the
northern pole of Mars (Hecht et al., 2009). Perchlorates have also been
studied at Gale Crater by the GC-MS instrument within the Curiosity
rover’s Sample Analysis at Mars (SAM) instrument suite (Leshin et al.,
2013; Sutter et al., 2017). The unexpected discovery of perchlorates by
Phoenix resulted in another paradigm shift in which the community
began to question if pyrolysis-GC-MS could enable the detection of trace
levels of organics (Navarro-Gonz�alez et al., 2010). Curiosity’s SAM in-
strument, in addition to significantly advancing our understanding of
martian habitability, has shown that a GC-MS instrument can detect or-
ganics in martian samples collected within the 5 cm drill capability of the
Curiosity rover despite the challenges of perchlorates (Eigenbrode et al.,
2018; Freissinet et al., 2015; Szopa et al., 2020).

The Mars Organic Molecule Analyser (MOMA) experiment is sched-
uled to travel to Mars onboard the Rosalind Franklin rover of the joint
ESA/Roscosmos ExoMars 2022 mission (Vago et al., 2017). MOMA is a
miniaturized chemical laboratory specifically dedicated to analyzing the
organic and inorganic content of samples collected by the rover at the
martian surface and subsurface (Goesmann et al., 2017). Through these
measurements, MOMA will contribute to characterizing the past and
present habitability of Oxia Planum, the landing site selected for the
rover, where features and minerals associated with flowing liquid water
were observed from the Mars orbit (Quantin et al., 2016). MOMA will
have the capability to detect non-statistical distributions of molecules, or
molecular patterns of astrobiological interest, with the Laser Desorptio-
n/Ionization Mass Spectrometry (LDMS) mode. Laboratory experiments
have shown the LDMS mode to be less sensitive to the presence of
oxidizing reagents such as perchlorates (Li et al., 2015). MOMA will also
have the capability to analyze drilled samples from up to 2 m in depth.
These samples may be protected from the oxidation processes discussed
Table 1
List of chemical standards tested on GC columns. The derivatization reagents cited in
first column. *Alcohols were not derivatized for studying the MXT Q BOND column sin
the nominal 35-min run time.

Column Family Chemical Standard Solvent and Concentration

CP Chirasil
Dex

MXT-5
MXT-CLP

Alcohols C2 to C9 linear alcohols 10�4 vol% in methanol (for n

Alkanes C7 to C40 linear and
ramified alkanes

1 g⋅L-1 in hexane

Carboxylic
acids

Oxalic acid
Benzoic acid
Hexanoic acid
Octanoic acid
Nonanoic acid
Decanoic acid
Dodecanoic acid
Mellitic acid

10�2 mol�L�1 in demineraliz

Amino acids Glycine
DL-alanine
DL-valine
DL-glutamic acid
DL-serine
DL-leucine

10�2 mol�L�1 in demineraliz

CP Chirasil
Dex

Alkanes 3-methylhexane, 3-
methylheptane

10�3 vol% in cyclohexane

MXT Q
BOND

Alcohols C2 to C5 linear alcohols 10�4 vol% methanol
Noble Gases Neon, Argon, Krypton,

Xenon
15 mol.%, 5 mol.%, 3 mol.%

Hydrocarbons Ethane, Ethylene, Butane,
Pentane

0.0095675% (butane), 0.009
concentration for ethane and
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earlier and from solar and galactic radiation over geologic timescales
(Pavlov et al., 2012). Therefore, they may contain more abundant and
pristine organic materials.

MOMA includes a gas chromatographic (GC) package, developed
from the experience acquired by our team from the SAM instrument, and
an ion trap mass spectrometer (ITMS) (Brinckerhoff et al., 2013). The
GC-MS will separate volatile and semi-volatile compounds within a
sample after heating or chemical treatment and provide a spectral
signature of each compound. This combination allows the strict identi-
fication of organic molecules. In order to achieve the separation of a wide
range of volatile compounds potentially released from the sample, the GC
is composed of four different and complementary analytical channels
(Table 2), all including a capillary column dedicated to a specific range of
chemical species. As on the Rosetta mission’s Cometary Sampling and
Composition (COSAC) experiment, MOMA will carry a chiral gas chro-
matographic column with the capability to separate molecular enantio-
mers of chiral compounds from various chemical families; in some cases,
after the compounds are derivatized with the appropriate derivatization
reagent (Freissinet et al., 2010; Meierhenrich et al., 2013; Myrgorodska
et al., 2016). The use of a chiral column enables the extraterrestrial
the last column were used for each of the GC columns listed in the corresponding
ce the underivatized alcohols had already sufficiently high retention times within

Derivatization Agent

on-derivatized alcohols) Tests were conducted with no derivatization and with
derivatization (DMF-DMA, MTBSTFA/DMF)
N/A

ed water Carboxylic acids were derivatized with DMF-DMA and
MTBSTFA/DMF

ed water Amino acids were derivatized with DMF-DMA and
MTBSTFA/DMF

N/A

N/A*
, 2 mol.% in helium N/A

9951% (pentane) in helium;
ethylene not available

N/A
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determination and quantification of the enantiomeric excess of chiral
molecules. The quantification of enantiomeric excess could reveal in-
formation about whether martian organic enantiomers are in a racemic
ratio, if they express an enantiomeric bias, or even homochirality, a
molecular quality considered to be a signature of terrestrial biology.

Additionally, some of the compounds of astrobiological interest for
MOMA, and specifically those biomolecules displaying the property of
homochirality in terrestrial life (e.g., amino acids), contain labile
hydrogen atoms in polar functional group (e.g., –OH, –COOH, –NH, –SH,
or -PH). These kinds of compounds tend to self-react or to be strongly
adsorbed by the GC column stationary phase, which prevent their anal-
ysis by GC-MS. To overcome this analytical problem, a derivatization
reagent can be utilized to produce controlled reactions which protect the
reaction group against unwanted reactions and thermal destabilization
(Knapp, 1979). MOMA carries three different chemical reagents, N,
N-Dimethylformamide dimethyl acetal (DMF-DMA) and N-methyl--
N-tert-butyl-dimethylsilyltrifluoroacetamide (MTBSTFA) for derivatiza-
tion and tetramethylammonium hydroxide (TMAH) for
thermochemolysis, each one with the capability to reveal specific prop-
erties of organic molecules. DMF-DMA is the only reagent selected which
enables the detection of molecular enantiomers and has so far never been
utilized in the analysis of martian samples. The MOMA gas chromato-
graphic package is heavily aided by these wet chemistry capabilities in
order to meet its objectives, both to enable the detection of molecules
with labile polar functional groups and, in the case of DMF-DMA, to
enable the detection of molecular enantiomers.

The flight model (FM) of MOMA is now finalized and integrated in the
rover, and the range of operating conditions of the instrument under the
Mars surface environmental conditions has been constrained (e.g., carrier
gas flow rates, transfer line temperatures). Expected GC-MS operating
conditions for Mars are shown in Table 3. The aim of this paper is to
present the final chromatographic column package selected for MOMA,
the analytical procedures that will be used on Mars, a retention time and
mass spectral library to support the analyses of eventual Mars flight data,
and a demonstration of the analytical performance of a laboratory system
that simulates the flight experiment and the in situ operating conditions.
We give special attention to the enantiomeric separation capabilities
Table 3
Technical parameters of the GC-MS analysis between the FM and in the labora-
tory. We include the derivatization-GC-MS parameters here, since pyrolysis-GC-
MS has not been studied in this work. However, it is expected that the maximum
temperature of the pyrolysis ovens will be 800 to 850 �C (Goesmann et al., 2017).

Experimental
component

Parameter Flight Model Laboratory GC-MS

Ovens, transfer
lines, and
trap

Tmax

derivatization
oven (�C)

600 Optimized
derivatization
temperatures for
standards (75 �C for
MTBSTFA; 140 �C for
DMF-DMA)

Tmax transfer
lines (�C)

�135 250 (GC-MS transfer
line)

Tmax trap (�C) 300 No trap
Trap flow mode Supports flow

inversion
No flow inversion

GC Ti (�C) �30 35–45
Ramp rate
(�C�min�1)

1–15 3–10

Tf (�C) 220 �C (MXT 5,
MXT CLP)
180 �C (Chirasil
Dex)
200 �C (Q BOND)

220 �C (MXT 5, MXT
CLP)
180 �C (Chirasil Dex)
200 �C (Q BOND)

He flow rate
(mL�min�1)

0.8 to 1.4 mL⋅min-1

(adjustability); 1.2
mL⋅min-1 (nominal)

0.2 to 2 mL⋅min-1

MS Mass range (m/
z)

50–500 10–500
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which have not been performed on Mars before. A set of chemical
compounds of interest for Mars near-surface science and astrobiology
was selected and analyzed across each of the four columns. We show that
the column instrument package can separate and detect a wide range of
organic and inorganic volatile compounds, from noble gases to hydro-
carbon chains with up to 29 carbon atoms (C29). Next, a study of selected
chiral chemical standards demonstrates the analytical performance of the
chiral column based on enantiomeric resolution of these molecules. The
results of the laboratory chiral studies were compared to tests performed
with the same laboratory setup but using a natural sample, which
included a mineral phase, spiked with amino acids, in order to test a more
realistic case. The laboratory chiral studies were also compared to tests
run on a MOMA engineering test unit (ETU) to show the relevance and
utility of column testing performed in the laboratory for interpretation
and data treatment of MOMA flight data. Because any planetary instru-
ment with the capability to enable biosignature detection is unlikely to
demonstrate a single indisputable positive result, it is critical to produce a
group of complimentary observations to be assessed together for inter-
pretation. We demonstrate the capability of the chromatographic column
package to detect multiple parameters indicative of terrestrial biology.

2. Materials and methods

2.1. Samples

2.1.1. Selection of standards
Among the chemical families of organic molecules that can be

deposited on Mars via exogenous sources and/or synthesized on Mars
endogenously, the number of organic species that could be tested
experimentally is too large to lead a systematic study in a reasonable
amount of time. Therefore, the following specific chemical families, and
specific molecules within those families, have been selected for our study
of the MOMA GC columns and are summarized in Table 1. The com-
pounds are appropriate for the design requirements outlined for the main
classes of chemical species to be separated by the MOMA GC columns
(Goesmann et al., 2017).

The organic compounds selected for this study were targeted ac-
cording to several criteria:

� Potential to elute across a range of retention times from the GC col-
umns, e.g. linear and ramified alkanes with a molecular mass range
from 100.21 g⋅mol-1 (heptane) to 563.08 g⋅mol-1 (tetracontane).

� Representatives of several key families of molecules, thus several
physio-chemical characteristics, e.g. alkanes without a labile polar
functional group versus alcohols with an –OH chemical function.

� Potential presence in the samples that can be collected at Mars’s
surface and sub-surface, i.e. the molecules selected are among the
most abundant within known exogenous sources or correspond to
evolution products of organic molecules under Martian environ-
mental conditions, e.g. carboxylic acids as products of oxidation
(Benner et al., 2000) and potential precursors to previously detected
chlorinated hydrocarbons (Miller et al., 2016).

� Organic molecules of interest for astrobiology, e.g. chiral amino acids.

Amino and carboxylic acids are particularly interesting for testing on
the MOMA gas chromatographic package, since they are of particular
interest for astrobiology (Davila and McKay, 2014), require derivatiza-
tion for optimal detection by GC-MS (Freissinet et al., 2010), and have
been detected in meteorites and comets (Altwegg et al., 2016; Glavin
et al., 1999, 2004; Sephton, 2012). Among our selected amino acids, only
glycine does not possess the property of chirality. Glycine (C2H5NO2) and
alanine (C3H7NO2) have both been detected in micrometeorites and
carbonaceous chondrites (Ehrenfreund et al., 2001; Maurette, 1998;
Pizzarello et al., 2006; Sephton, 2005; Sephton and Botta, 2008), and, in
the case of glycine, in comet material (Altwegg et al., 2016; Elsila et al.,
2009). In addition to the potential for amino acids to be brought to the



Fig. 2. Noble gases separated on the MXT Q BOND. The GC column was held at
35 �C for 7 min, then heated to 182 �C with a 3�C�min�1 ramp. The Ar response
is high compared to the other noble gases, considering the relative ratios of the
gases, because Ar was mixed with some air (N2 and O2) that entered the syringe
before injection.
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surface of Mars by exogenous sources, they can be synthesized by various
endogenous and abiotic processes, such as via hydrothermal vents
(Hennet et al., 1992; Marshall, 1994), atmospheric processes (Cleaves
et al., 2008), and under the influence of irradiation (Kobayashi et al.,
1995).

The selected amino acids include those heavily studied (glycine) and
largely undiscussed (glutamic acid) in relation to martian environmental
conditions. The potential evolution of glycine under martian environ-
mental conditions has been a topic of numerous experimental studies
(Or�o and Holzer, 1979; Poch et al., 2014; Stoker and Bullock, 1997; ten
Kate et al., 2006). While laboratory studies show that alanine is unstable
in the martian oxidation surface environment (Benner et al., 2000) and
under martian surface UV radiation (ten Kate et al., 2006), studies have
shown it would be preserved in minerals such as magnesium sulfates
(François et al., 2016) and clays (Bowden and Parnell, 2007; Kennedy
et al., 2002) and its potential subsurface stability may be elucidated by
MOMA.

Of the carboxylic acids, oxalic acid is the most abundant dicarboxylic
acid in several carbonaceous chondrites (Peltzer et al., 1984; Pizzarello
and Garvie, 2014; Shimoyama and Shigematsu, 1994). Benzoic and
mellitic acids have both been proposed as metastable and stable inter-
mediate oxidation state molecules formed from polycyclic aromatic hy-
drocarbons (PAHs) potentially provided by exogenous sources (Benner
et al., 2000). Mellitic acid has been studied under martian irradiation
conditions (Poch et al., 2014; Stalport et al., 2009) and would be
destroyed by nearly 63% after a few hours of irradiation in addition to
undergoing dehydration leading to the formation of mellitic acid tri-
anhydride (Archer, 2010; Stalport et al., 2019). In addition to aromatic
and di-carboxylic acids, we tested several long chain carboxylic acids
which, although terrestrial contamination cannot be ruled out, have been
detected in carbonaceous chondrites with between 13 and 23 carbon
atoms (Murchison) and with between 2 and 12 carbon atoms
(Asuka-881458) (Deamer and Pashley, 1989; Naraoka et al., 1999).

2.1.2. Non-derivatized standards
For the laboratory experiments, the non-derivatized linear alcohols

were diluted in methanol at 10�4 vol% in order to inject precise amounts
of chemical standards and without risking saturation of the stationary
phases or detector. For the same reason, the C7 to C40 linear alkanes were
diluted in hexane at a 1 g⋅L-1 mass concentration. The 3-methylhexane
and 3-methylheptane were diluted in cyclohexane at 10�3 vol%. Liquid
and solid compounds were supplied by Sigma-Aldrich, whereas gaseous
components were supplied by Air Liquide, Linde andMesser. 0.5 μL of the
liquid solutions were injected into the GC-MS using a 1 μL liquid syringe
(SGE) and 1mL of the gas mixtures were injected using a 5mL gas syringe
(SGE). Fig. 2 shows a run with no syringe injection performed directly
Figure 1. (Left) Comparison of main column temperature programs used for characte
MOMA temperature curves used for the study of chemical standards on each of the fo
temperature program used for the study of enantiomeric resolution of chiral compoun
The MOMA injection trap heating profile from the FM-TAS-I tests.
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after a run with a 1 mL syringe injection of the noble gas mixture due to
saturation of the column with this high injection volume.

2.1.3. Derivatized standards
MTBSTFA is a silylation reagent that reacts with a wide range of

functional groups by replacing labile hydrogen with a tert-butyl-
dimethylsilyl group (Si(CH3)2C(CH3)3 or TBDMS), as shown in Fig. 5
(Mawhinney and Madson, 1982). This derivatization reagent was used
for the first time in space exploration in the SAM experiment onboard the
Mars Curiosity rover (Mahaffy et al., 2012). Despite its high reaction
yield, disadvantages of using MTBSTFA include sizable background sig-
nals of reaction byproducts such as tert-butyldimethylsilanol (mono-
silylated water or MSW) and 1,3-bis(1,1-dimethylethyl)-1,1,3,
3-tetramethyldisiloxane (bisilylated water or BSW). The second deriva-
tization reagent utilized by MOMA, DMF-DMA, is a reagent that replaces
a labile hydrogen atom by a methyl group or by a trimethylformamidine
group on the amine part of the molecule (Freissinet et al., 2010; Meier-
henrich et al., 2001). Although DMF-DMA has a lower reaction yield than
MTBSTFA, it has the capability to enable separation of enantiomers when
used with an enantioselective column (Freissinet et al., 2010). The use of
TMAH enables the technique of thermochemolysis on MOMA, which
rization of the MOMA GC columns in a laboratory setting. We show the nominal
ur columns (MXT 5/CLP, MXT Q BOND, and CP Chirasil Dex CB), as well as the
ds on the MOMA chiral column, which was meant to mimic the ETU tests. (Right)



Fig. 3. C7–C40 alkanes solution run on the MXT 5 column. The x-axis scale
represents a nominal MOMA run time of 35 min. (1) heptane, (2) octane, (3)
nonane, (4) decane, (5) undecane, (6) dodecane, (7) tridecane, (8) tetradecane,
(9) pentadecane, (10) hexadecane, (11) heptadecane, (12) octadecane, (13)
nonadecane, (14) icosane, (15) henicosane, (16) docosane, (17) tricosane, (18)
tetracosane, (19) pentacosane, (20) hexacosane, (21) heptacosane, (22) octa-
cosane, (23) nonacosane. The GC column was heated from 45 �C to 220 �C with
a 10�C�min�1 ramp and held for a total run time of 35 min.

Fig. 4. A comparison of the separation capabilities of derivatized and non-
derivatized alcohols on the MXT CLP and MXT Q BOND capillary columns.
(Top) pure alcohols, MXT CLP, (Middle) MTBSTFA-derivatized alcohols, MXT
CLP, and (Bottom) pure alcohols, MXT Q BOND. (1) ethanol, (2) 1-propanol, (3)
1-butanol, (4) 1-pentanol, (5) 1-hexanol, (6) 1-heptanol, (7) 1-octanol, (8)1-
nonanol, (9) 1-undecanol. Although marked with the same numbering system,
note that in the case of the middle panel, molecules are MTBSTFA-derivatized
alcohols. The GC column was heated from 45 �C to 220 �C (MXT CLP) or
200 �C (Q BOND) with a 10�C�min�1 ramp and held for a total run time of 35
min or 45 min.
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allows the analysis of refractory and/or insoluble matter in complex
matrices (Geffroy-Rodier et al., 2009). In this paper, we will not explore
the use of TMAH for martian organic analyses because it has been
covered recently in other publications (He et al., 2019).

Solid amino acids and carboxylic acids were diluted in demineralized
water at a concentration of 10�2 mol�L�1. 10 μL of these standard solu-
tions were put into a 2 mL glass vial to evaporate the water under a
stream of dry gaseous pure dinitrogen. 30 μL of MTBSTFA and 10 μL of
DMF were added to the vial and the derivatization reaction took place by
5

heating the mixture at 75�C for 30 min (Millan et al., 2016). For the
DMF-DMA derivatization, 20 μL of DMF-DMA were added to the vial
containing the dried amino acid sample before heating the mixture at
140�C for 3 min (Freissinet et al., 2010). Derivatization was also per-
formed on alcohol mixtures: 0.1 μL of each alcohol was diluted directly
with the derivatization agent (40 μL MTBSTFA/DMF (4:1 mixing ratio);
20 μL DMF-DMA) before the derivatization heating protocol. 0.5 μL of the
final solution were injected into the GC-MS.

For the derivatization that was performed directly on a solid natural
sample (see 2.1.4 section) spiked with amino acids, 15 μL of DL-serine
and DL-alanine, diluted in demineralized water at a concentration of
10�2 mol�L�1 were added to 15 mg of the natural sample and placed
under a stream of dry gaseous pure dinitrogen until complete evaporation
of the water. 30 μL of DMF-DMA were then added and the solution was
heated at 200�C for 3 min. The solution was then extracted, with some
solid particles in the liquid extract, using a 100 μL liquid syringe (Ham-
ilton) and centrifuged for 1min to separate the solid and liquid parts. 1 μL
of the supernatant was injected to the GC-MS using a 5 μL liquid syringe
(SGE).

2.1.4. Natural analog sample
Enantiomeric resolution of DL-alanine and DL-serine was studied on a

natural analog sample which was spiked with amino acids. The Arctic
Mars Analog Svalbard Expedition (AMASE) KitKat sample, a buff-colored
carbonate mudstone, was selected as the natural analog sample for this
study. This sample is from an environment which has low levels of
organic and biological material in mineralogical assemblages as well as a
climate relevant to Mars. Carbonates have been found on Mars (Ehlmann
et al, 2008; Morris et al, 2010) and in martian meteorites (McKay et al.,
1996) and are good reservoirs for organics. Even if phyllosilicate-bearing
terrains are expected at Oxia Planum, the now selected landing site for
the Rosalind Franklin rover, a relevant Oxia Planum analog sample for
laboratory testing still remains to be fully constrained (Poulet et al.,
2019; Quantin et al., 2016) and additional minerals to those seen from
orbit are likely to be detected in situ (Rampe et al., 2018). Additionally,
since our objective is to test the capabilities of the MOMA flight spare
columns within known MOMA operating conditions, we rely on previous
MOMA testing which has been employed on this same sample (Siljestr€om
et al., 2014).

2.2. Instrumentation

2.2.1. Metallic capillary columns
Duplicates of the four MOMA capillary columns were used for this

study. Each is one of the two duplicates of each column (three for the
Chirasil Dex) purchased in 2013 in the same batch as the flight columns.
After their purchase, the columns were tested with a limited number of
compounds and the results were used to confirm the good health and
performances of the columns during their integration into the flight
hardware, and finally to select the ones for the flight and spare models of
the instrument. After these tests, the non-selected columns were kept
under clean storage conditions. They were plugged and stored in a plastic
bag pressurized with pure dinitrogen (99.9999% purity from Linde). The
original columns purchased were 25 m long. Due to mass constraints for
the space instrument, each column was shortened to 20 m. Characteris-
tics of each column are summarized in Table 2. This combination of four
columns was chosen for the purposes of being able to separate a wide
range of organic molecules, including i) volatile organic molecules con-
taining 1 to about 25 carbon atoms, ii) organic enantiomers, iii) species
produced from derivatization with the three chemical reagents to be used
on MOMA, and iv) inorganic volatiles (Goesmann et al., 2017). The
combination of these four types of columns (i.e., a porous-layered open
tubular (PLOT) column, a chiral wall-coated open tubular (WCOT) col-
umn, and two general purpose (WCOT) columns) fulfilled these re-
quirements, while assuring some redundancy and overlap in their
targeted compounds (as in Szopa et al., 2002, Szopa et al., 2004).



Figure 5. (Top) Scheme of the chemical reaction between a carboxylic acid and MTBSTFA. (Middle) MTBSTFA-derivatized mellitic acid showing six carboxylic acid
functions. Therefore, mellitic acid has six additional tert-butyldimethylsilyl groups added after derivatization with MTBSTFA, leading to a much higher molecular mass
than (bottom) MTBSTFA-derivatized palmitic acid with only one carboxylic acid function and one additional tert-butyldimethylsilyl group.
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2.2.2. Gas chromatography mass spectrometry run conditions
The measurements were carried out with a GC Trace Ultra coupled to

an Ion Trap Quadrupole (ITQ) MS and a GC Trace Ultra or a GC Trace
1300 coupled to a Single Quadrupole MS (ISQ) (all from ThermoFisher
Scientific). The same protocols were used for each instrument. The lab-
oratory work was performed on ITQ/ISQ mass spectrometers, while
MOMA will carry a linear ion trap (LIT) mass spectrometer which is a
miniaturized version of the ThermoFisher LXQ design (Arevalo et al.,
2015). However, the comparison between MOMA ETU data and labo-
ratory data in Section 3.2.3 is sufficient since this current work is focused
on the gas chromatography parameters, such as retention time and peak
shape, which are not affected by any differences between an LXQ and
ITQ/ISQ-type design. The laboratory MS data is used for the identifica-
tion of compounds, which is also sufficient since all compounds which
are injected and studied are known standards.

A split/splitless syringe injector (split ratio of 20 or 50) was used to
vaporize and transfer the liquid samples to the column. The temperature
of the injector was 250�C and the temperature of the GC-MS transfer line
was 250�C to allow the volatilization of all the species studied and their
transfer to the MS without any risk of condensation. The laboratory ITQ
and ISQ instruments used in this study scanned the ions produced after
electron impact ionization of the molecules at 70 eV from m/z 10 to 500.
The ionization source temperature was set at 250�C. The carrier gas was
helium (99.999% purity from Air Liquide), the same type of helium
which is used in the MOMA FM.

On MOMA, the flow rate is adjustable from 0.8 mL⋅min-1 to 1.4
mL⋅min-1, with a nominal flow rate at about 1.2 mL⋅min-1. The initial
column temperature can be as low as 30�C and will be ramped to a final
temperature which is dependent on a given column and limited either
due to the maximum temperature of use of a column or to the limited
amount of energy that can be used for heating. Due to these constraints,
6

the expected MOMA gas chromatographic run duration is about 35 min.
Because there is adjustability to the parameters of flow rate and column
temperature program, it is important to ensure that experiments will be
completed in the shortest time possible on Mars without compromising
chromatographic performance. For the study of standards on the col-
umns, the GC column was heated from 45 to 220�C for the MXT 5 and
MXT CLP columns, 45–180�C for the Chirasil Dex column, and 45–200�C
for the MXT Q BOND column, with a 10�C�min�1 ramp in all cases. 220�C
is shown to be the maximum column temperature which can be reached
on the FM based on recent tests performed on a MOMA engineering test
unit (ETU) similar to the FM (Section 2.2.3). 180 �C and 200 �C were
chosen as the maximum operating temperatures for the Chirasil Dex and
MXT Q BOND columns respectively, as they are 20 �C lower than the
maximum temperature of the columns recommended by the suppliers.
This difference was chosen to avoid a premature degradation of the
columns’ stationary phases. For the study of enantiomeric resolution of
chiral molecules, the column was held at 35�C for 7 min, then heated to
182�C with a 10�C�min�1 or a 3�C�min�1 ramp. The column temperature
programs used in our tests are shown in Fig. 1.

2.2.3. Relevant tests on MOMA ETU and FM
Our laboratory tests were performed on a commercial GC-MS system

with a hand-held syringe injection. However, at points throughout the
paper we will compare these laboratory analyses with tests performed on
both an ETU and the FM. The two such testing campaigns that will be
referred to in this paper are 1) tests performed during a GC-MS coupling
campaign at the NASA Goddard Spaceflight Center (GSFC) on an ETU in
2018 (Kaplan et al., 2019), described in Section 3.2.3 and referred to as
the ETU tests, and 2) thermal-vacuum tests on the FM performed at the
Thales Alenia Space Italia (TAS-I) in 2019, referred to as the FM-TAS-I
tests. Important differences between the laboratory and an ETU/FM



Table 4
Retention times of selected compounds on the Chirasil Dex, MXT 5, and MXT CLP
columns. The measured dead times were 0.63–0.70 min (MXT 5), 0.69–0.76
(MXT CLP), and 0.61–0.63 (Chirasil Dex). *Shows a comparison between
retention times for runs with a dead time of 0.69 vs. 0.63 min. **Less robust
identification due to low mass spectra resolution at higher m/z values on the lab
instrument. The range in dead time values was constrained by the operating
range of each instrument.

Family Compound
Reference
Number

Compound Chirasil
Dex

MXT 5 MXT
CLP

Alcohols 1 1-Propanol-1,
pure

1.53 0.84 0.95

2 1-Butanol, pure 2.91 1.03 1.19
3 1-Pentanol,

pure
4.48 1.46 1.68

4 1-Hexanol,
pure

5.78 2.24 2.48

5 1-Heptanol,
pure

6.91 3.32 3.59

6 1-Octanol, pure 8.03 4.64 4.87
7 1-Propanol,

DMF-DMA
derivative

3.96 2.53 2.41

8 1-Butanol,
DMF-DMA
derivative

5.12 3.63 3.40

9 1-Pentanol,
DMF-DMA
derivative

6.43 4.92 4.57

10 1-Hexanol,
DMF-DMA
derivative

7.73 6.22 5.82

11 1-Heptanol,
DMF-DMA
derivative

8.97 7.54 7.06

12 1-Octanol,
DMF-DMA
derivative

10.16 8.77 8.27

13 1-Propanol,
tbdms

6.49 2.66 2.62

14 1-Butanol,
tbdms

7.79 3.78 3.55

15 1-Pentanol,
tbdms

9.00 4.98 4.76

16 1-Hexanol,
tbdms

10.15 6.29 5.98

17 1-Heptanol,
tbdms

11.27 7.58 7.21

18 1-Octanol-1,
tbdms

13.52 8.82 8.42

Alkanes 19 Heptane (C7) 1.66 1.10 0.97
20 Octane (C8) 2.60 1.61 1.36
21 Nonane (C9) 3.85 2.47 2.05
22 Decane (C10) 5.23 3.64 3.06
23 Undecane (C11) 6.62 4.98 4.26
24 Dodecane (C12) 7.96 6.36 5.53
25 Tridecane (C13) 9.20 7.70 6.8
26 Tetradecane

(C14)
10.38 9.00 8.04

27 Pentadecane
(C15)

11.50 10.22 9.21

28 Hexadecane
(C16)

12.57 11.39 10.34

29 Heptadecane
(C17)

13.86 12.49 11.42

30 Octadecane
(C18)

15.70 13.55 12.44

31 Nonadecane
(C19)

18.43 14.55 13.41

32 Icosane (C20) 22.56 15.51 14.34
33 Henicosane

(C21)
28.84 16.42 15.23

34 Docosane (C22) Not
within
run time

17.31 16.91
35 Tricosane (C23) 18.23 17.71
36 19.39 19.8

(continued on next page)
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scenario include the method of sample injection, transfer line tempera-
tures, and the gas sample processing system. Some quantitative opera-
tional information is given in Table 3 to summarize some of these
differences. On MOMA, injection traps (IT), based on the principle of
thermal desorption, allow direct transfer of compounds to the column.
Trapped chemical species are released from the IT to the chromato-
graphic columns by rapid heating (Fig. 1) to enable sufficiently short
injection times (Goesmann et al., 2017). In the laboratory, injection is
completed manually with a hand-held microliter-volume syringe.

3. Results and discussion

3.1. Separation power of selected standards

A number of chemically diverse compounds (Table 1) were targeted
and tested on a laboratory GC-MS under constrained operating condi-
tions imposed by the limitations of the space experiment. Alkanes, al-
cohols, carboxylic acids, and amino acids were tested on each of the
appropriate spare MOMAGC columns. The retention time, or the time for
each solute to pass through a given chromatographic column, of each
compound by chemical family and by GC column are catalogued in
Table 4 (Chirasil Dex, MXT 5 andMXT CLP columns) and Table 5 (MXT Q
BOND column) and are also described pictorially in Fig. 7. This type of
retention time library allows for an examination of the capability of the
chromatographic column suite as a package to achieve the needed sep-
arations under MOMA-like operating conditions. We will develop with
more details the performances of each chromatographic column.

3.1.1. MXT Q BOND
The MXT Q BOND column is dedicated to the separation of the

lightest compounds including the noble gases and the smallest hydro-
carbons. Although we cannot expect to elute any compound above a C6
carbon chain with this column in a nominal 35-min run time, we will be
able to clearly separate lighter organic compounds and even inorganic
gases which are permanently gaseous under martian atmospheric con-
ditions. Although the scientific priority of MOMA will be the detection of
organic molecules in solid samples, our tests show that the noble gases
can be successfully separated on the MXT Q BOND column (Fig. 2) using
a lower carrier gas flow rate (1.0 mL⋅min-1) and the ETU temperature
program (Fig. 1). This is an example of additional science, e.g. in situ
isotope measurements of noble gases in the martian atmosphere (Conrad
et al., 2016), that can be successfully completed using the MOMA chro-
matographic column package with a modified column temperature pro-
gram within the adjustability of MOMA.

3.1.2. MXT 5 and MXT CLP columns
The MXT 5 and MXT CLP columns were selected for the separation of

organic compounds that contain up to about 25 carbon atoms (depending
on their chemical nature). The number of compounds targeted by these
columns is significant and the opportunity for overlap of a compound of
interest with another peak coming from the martian sample and/or from
derivatization products and byproducts is likely, given the complexity of
most chromatograms from natural samples. Therefore, the use of two
columns limits the risk of non-identification of such species (Szopa et al.,
2002c; 2003). Moreover, most of the compounds we expect to detect
should be analyzed with these columns. Their capability to separate the
same range of compounds is therefore a key instrumental redundancy in
the case that the performance of one of these columns is degraded
through time on Mars. Fig. 7 illustrates how the retention times across
families of molecules on each of these two columns is very similar, yet
staggered, increasing the likelihood of detecting compounds of interest
and creating redundancy within the GC subsystem.

Fig. 3 shows C7–C29 alkanes (up to C40 were injected) detected on the
MXT 5 column within the 35-min GC run time. An expected significant
peak broadening is observed with increasing retention time, due to
increased longitudinal diffusion inside the column. This broadening with
7



Table 4 (continued )

Family Compound
Reference
Number

Compound Chirasil
Dex

MXT 5 MXT
CLP

Tetracosane
(C24)

37 Pentacosane
(C25)

20.89 21.28

38 Hexacosane
(C26)

22.93 23.27

39 Heptacosane
(C27)

25.60 25.76

40 Octacosane
(C28)

29.14 29.12

41 Nonacosane
(C29)

33.98 33.63

Carboxylic
Acids

42 Oxalic acid,
dimethyl ester

5.02** 3.25** 3.82**

43 Benzoic acid,
methyl ester

6.93 5.49 5.47

44 Decanoic acid,
methyl ester

9.78 8.51 8.25

45 Dodecanoic
acid, methyl
ester

12.02 11.01 10.55

46 Palmitic acid,
methyl ester

20.19 14.81 14.55

47 Mellitic acid,
DMF-DMA
derivative

Not within run time

48 Oxalic acid, di-
tbdms

11.76** 11.30 10.93**

49 Benzoic acid,
tbdms

11.31 10.56 10.28

50 Decanoic acid,
tbdms

13.55 12.31 12.22

51 Dodecanoic
acid, tbdms

17.67 14.43 14.02

52 Palmitic acid,
tbdms

26.88 18.19 17.50

53 Mellitic acid,
MTBSTFA
derivative

Not within run time

Amino
Acids

54 DL-Serine,
DMF-DMA
derivative

6.93,
7.20

4.26/
3.90*

4.79

55 Glycine, DMF-
DMA
derivative

8.00 6.57
(tM ¼
0.69
min)

6.85

56 DL-Alanine,
DMF-DMA
derivative

7.41,
7.63

6.62
(tM ¼
0.69
min)

6.63

57 DL-Valine,
DMF-DMA
derivative

8.62,
8.69

8.10/
7.59*

7.95

58 DL-Leucine,
DMF-DMA
derivative

9.68,
9.71

9.30/
8.78*

9.05

59 DL-Glutamic
Acid, DMF-
DMA
derivative

13.08 11.87
(tM ¼
0.63
min)

12.55

60 DL-Serine,
MTBSTFA
derivative

14.31** 13.30 13.10**

61 Glycine,
MTBSTFA
derivative

12.10 10.90 10.72

62 DL-Alanine,
MTBSTFA
derivative

11.53 10.61 10.46

63 12.66 11.94 11.71

Table 4 (continued )

Family Compound
Reference
Number

Compound Chirasil
Dex

MXT 5 MXT
CLP

DL-Valine,
MTBSTFA
derivative

64 DL-Leucine,
MTBSTFA
derivative

13.17 12.41 12.18

65 DL-Glutamic
Acid,
MTBSTFA
derivative

19.82 15.37 15.12

Table 5
Retention times for selected compounds on the MXT Q BOND column. The
measured dead time was ~0.55 min. *The ETU temperature program was used.

Family Compound Reference Number Compound Q-PLOT

Alcohols (pure) 1 1-Propanol 10.11
2 1-Butanol 13.02
3 1-Pentanol 15.61
4 1-Hexanol 19.09
5 1-Heptanol 26.21
6 1-Octanol 41.56

Noble Gases (pure) 66 Neon 0.85*
67 Argon 0.89*
68 Krypton 0.98*
69 Xenon 1.69*

Hydrocarbons (pure) 70 Ethane 1.13
71 Ethylene 0.95
72 Butane 6.38
73 Pentane 9.61
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increasing molecular weight has consequences for the detection limit of
higher molecular weight compounds. In tests performed on the MXT CLP
in which C7–C40 alkanes were injected, up to a C30 alkane was visible
above background at a retention time of about 40.10 min (longer than a
nominal MOMA run) before the signal was no longer resolvable from the
background signal. Our tests demonstrate a best-case scenario in terms of
the maximum carbon number (in this case, for alkanes) that will be
detectable by MOMA. First of all, we start the GC temperature ramp
immediately with no isothermal hold at the beginning of the run;
conversely, on MOMA and flight-like setups such as the ETU, there is an
isothermal hold of at least 1–5min at the beginning of the GC run, both to
elute non- and poorly-retained compounds and to accommodate time for
trap cooling/flow path changes prior to the start of the ramp. In addition,
it has not yet been systematically characterized how differences in the
operating temperatures (e.g. line temperature differences) and gas pro-
cessing systems between the FM and the laboratory (Table 3) will affect
the maximum carbon number we could expect to see with MOMA.

As described in the introduction, compounds that contain a labile
polar functional group, such as the alcohols, amino acids, and carboxylic
acids, require derivatization in order to be reliably identified by a GC-MS
system. Based on the relative retention time results for these three fam-
ilies of compounds (Fig. 7), the MXT CLP column appears to have a more
polar stationary phase, since molecules with higher polarity such as the
pure alcohols are slightly more retained by the MXT CLP than for the
MXT 5 column. Additionally, the alkane group, with the least polarity, is
retained by the stationary phase of the MXT 5 slightly longer than for the
MXT CLP. When molecules (i.e. alcohols, carboxylic acids, amino acids)
are derivatized and become less polar, the compounds often elute first
from the MXT CLP column, meaning they experience a weaker interac-
tion with the stationary phase.

C3 to C8 linear alcohols were injected and were detected in their pure,
DMF-DMA derivatized, and MTBSTFA derivatized forms. Fig. 4 shows a
comparison between the retention times of pure alcohols and with



Fig. 6. (Top) DMF-DMA derivatized amino acids separated on the Chirasil Dex column. (1) L-serine, (2) D-serine (3) D-alanine, (4) L-alanine (5) DMF-DMA byproduct,
(6) glycine, (7) DL-serine*, (8) D-valine, (9) L-valine (10) DL-leucine. (Bottom) A magnification of the above chromatogram showing the separation of DL-serine, DL-
alanine, and DL-valine. The GC column was held at 35 �C for 7 min, then heated to 182 �C with a 3�C�min�1 ramp. DL-glutamic acid was detected at a retention time of
44 min, and was not enantiomerically separated, but is not plotted here so that the separation of other enantiomers is clearly visible. *All the mass spectra of the
derivatized amino acids, including L-D-serine, follow Freissinet et al. (2010) Table 1. Peak 7 is an additional DMF-DMA derivative of DL-serine, possibly DL-serine,
-dimethyl, -methyl ester.
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MTBSTFA derivatization on the MXT CLP column and pure alcohols
separated by the MXT Q BOND column. This comparison illustrates two
important components of the gas chromatography analysis. First of all,
when derivatization is performed, especially in the case of MTBSTFA
derivatization in which a silyl group (Si(CH3)2C(CH3)3) replaces any
labile hydrogen, the mass of the compound can increase substantially.
This accounts for the higher retention times of derivatized compounds in
Fig. 4 on the MXT CLP column and will be an important consideration
when adjusting for GC run time during derivatization runs on Mars. It is
particularly interesting for the case of the derivatized alcohols because
the retention time for alcohols derivatized with MTBSTFA versus with
DMF-DMA is quite similar for the MXT 5 and MXT CLP columns (Fig. 7).
This suggests that the DMF-DMA derivatized alcohols are not merely
undergoing a methylation, but rather a dimethylformamidination or
another closely related reaction, causing the mass of the parent alcohol
molecule to increase proportionally to the mass of an added silyl group.
This example illustrates the importance of understanding the potential
mass spectral library for MOMA surface science in addition to the
retention time library fully described in this paper. Secondly, a com-
parison between alcohols separated by the MXT CLP, a WCOT column,
and the MXT Q BOND, a PLOT column, shows the expected higher
retention times produced by a PLOT column compared with a WCOT
9

column since PLOT columns have a thick porous layer of adsorbent
attached to the column walls which increases the amount of time in
which compounds interact with the stationary phase. In Fig. 4, the
decreasing baseline level is due to peak broadening with increasing
retention time, due to increased longitudinal diffusion inside the column.

All of the studied derivatized aromatic and aliphatic carboxylic acids
were detected (up to hexadecanoic acid (palmitic acid),m/z 256), except
mellitic acid (m/z 342). While the molar mass of hexadecanoic acid is
about 256 g⋅mol-1, it has only one carboxylic acid function, while mellitic
acid has six carboxylic acid functions (Fig. 5). Therefore, mellitic acid has
six additional tert-butyldimethylsilyl groups added after derivatization
with MTBSTFA, which leads to a molecular mass of 1026 g⋅mol-1. This
explains the non-detection of mellitic acid in comparison to the detection
of hexadecanoic acid within the nominal MOMA GC run time. Given the
elution time of hexadecanoic acid on theMXT 5/CLP and the Chirasil Dex
columns, it is likely that a linear carboxylic acid with a molecular mass of
around 340 g⋅mol-1 and only one labile hydrogen, corresponding to a
molecular mass of only around 454 g⋅mol-1 after MTBSTFA derivatiza-
tion, would be visible within the nominal MOMA GC run time. Although
the run time did not allow the detection of mellitic acid, several potential
byproducts of mellitic acid were observed after derivatization by DMF-
DMA on the MXT 5 column, e.g. 1,2,4-benzenetricarboxylic acid,



Fig. 7. An illustration of the spread of retention times of tested compounds across a nominal 35-min gas chromatographic run for each of the MOMA GC columns. The
Compound Ref. # corresponds to the values given for each compound in Tables 4 and 5.
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trimethyl ester and 1,2-benzenedicarboxylic acid bis(2-methylpropyl)
ester. It is easier to detect partially derivatized mellitic acid with DMF-
DMA in comparison with MTBSTFA, because adding a methyl group to
the molecule (DMF-DMA) in comparison to a tert-butyldimethylsilyl
group (MTBSTFA) results in a lower molecular weight of the final
molecule after derivatization, which means a greater chance of it eluting
during the 35-min run.

3.1.3. Chirasil Dex column
We cannot retrieve up to the same molecular weight compounds with

the Chirasil Dex column, in comparison to the MXT 5/CLP columns, since
the maximum operating temperature allowed for the integrity of the
column’s stationary phase is lower. However, the Chirasil Dex column
has the obvious added value of enabling enantiomeric separation. We
study enantiomeric resolution of amino acids and other chiral molecules
on the MOMA chiral column in more detail in Section 3.2.1. Additionally,
the Chirasil Dex column appears more polar than either the MXT CLP or
the MXT 5, since polar compounds such as the pure alcohols have the
longest retention times of these three columns. Therefore, this column
will also have better separation of more polar molecules. The retention
times for derivatized carboxylic acids are higher on the Chirasil Dex
column than the MXT series for both MTBSTFA and DMF-DMA deriva-
tization. The molecules have become less polar after derivatization, but it
appears that other physical and/or chemical interactions between these
specific kinds of molecules, i.e. amino acids and carboxylic acids, and the
stationary phase of the Chirasil Dex column are also important.

All of the injected derivatized amino acids were detected (i.e. DL-
serine, DL-alanine, glycine, DL-valine, DL-leucine, and DL-glutamic
acid). The chiral enantiomers of L-D-serine, D-L-alanine, and D-L-valine
were separated under run conditions similar to those performed during
the ETU tests (Fig. 6). As described in Section 2.1.3, the –COOH group of
the amino acid is methylated while the amine group undergoes dime-
thylformamidination during the DMF-DMA derivatization reaction.
Additional derivatization can also occur on –OH groups attached to the
side chain. An example of this is DL-serine, which has an additional hy-
droxyl group and therefore will undergo additional derivatization. The
MTBSTFA-derivatized serine will undergo trisilylation, which has a clear
effect on the final molecular weight of the compound and its retention
10
time (Fig. 7, Table 4). The later retention times of derivatized amino
acids on the Chirasil Dex as compared to those on the MXT series is not as
pronounced as for other molecules, with the exception of DL-serine,
likely due to its polar quality and its resulting derivatization process.

3.1.4. Combined effectiveness of MOMA chromatographic column package
A full table of retention times is shown in Table 4 (Chirasil Dex, MXT

5, MXT CLP) and Table 5 (MXT Q BOND). The separation domains of the
columns overlap and most of the targeted volatile species are detectable
by the GC column package, demonstrating the system to be efficient for
the separation of compounds in the same mass range than those origi-
nally targeted by MOMA. Fig. 7 illustrates the overlapping separation
domains of the GC column package with a cartoon that visually sum-
marizes the spread of retention times of targeted compounds across a 35-
min run time. Species identification by the flight chromatograms will
require the availability of this type of database and likely will require
iterations on systematic laboratory tests such as this one. These tests do
not consider the capabilities of the MOMA hydrocarbon traps, whichmay
limit heavier molecules from ever reaching the column, since the tem-
perature controls of the hydrocarbon traps can be optimized to adsorb/
desorb compounds within a specific range of number of carbon atoms.
Molecules which are not desorbed from the hydrocarbon trap during
injection may still be detected by the MOMA LDMS. If preliminary bio-
molecules are detected on Mars, flight and laboratory GC-MS runs will
inform the trade space on whether to modify the GC run conditions in
order to target higher molecular weight compounds. Conversely, if the
team wants to focus on the separation of small molecules, the tempera-
ture ramp could be decreased.

In addition to eluting across a range of retention times, the types and
families of molecules were chosen in order to assess the separation of
important compounds for MOMA’s science objectives which include
testing for bioindicators and biosignatures. For example, many important
biochemicals exist in discreet molecular weight ranges (e.g., C14–C20 lipid
fatty acids). Whereas the relative abundance for abiotic volatiles in cos-
mic carbon chemistry is uniform and drops off as the carbon number
increases (Ehrenfreund and Cami, 2010; Ehrenfreund and Charnley,
2000), the molecular weight distribution of biologically-derivedmatter is
concentrated in discreet clumps corresponding to the various
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life-specialized families of molecules (Summons et al., 2008). Addition-
ally, many biological products (e.g., proteins and nucleic acids) are syn-
thesized from a limited number of simpler units. An identifiable
molecular weight signature could be recovered in fragments from highly
derived products, since classes of biomolecules can exhibit characteristic
carbon chain length patterns. For example, C15, C20, C25 carbon chain
length patterns are constructed by acyclic isoprenoids using repeating
C5H10 subunits and C14, C16, C18, C20 carbon chain length patterns are
constructed by enzymes synthesizing fatty acids in C2H4 subunits (Vago
et al., 2017). Our study suggests that the combination of pyrolysis and
derivatization-GC-MS techniques on MOMA could enable the detection
of C29 straight-chain alkanes, C20 straight-chain alcohols, as well as C18 to
C20 straight-chain carboxylic acids, and C8 or C10 amino acids, depending
on the derivatization reagent and the number of labile hydrogens.
Therefore, the MOMA gas chromatographic columns would be capable of
detecting straight-chain lipids in the form of alkanes, alcohols, and fatty
acids with specific carbon patterns which indicates certain kinds of
bacteria and plant life on Earth.

We also show that an assortment of proteogenic amino acids can be
detected with the chromatographic column package, and that the column
package enables multiple kinds of biosignature detection, including
amino acid enantiomeric excess (which will be discussed in Section 3.2)
and the relative abundance of types of amino acids. Biotic and abiotic
processes on Earth can produce distinctly different amino acid (and lipid
hydrocarbon) mixtures. Terrestrial life is selective, using a limited subset
of molecular building blocks to construct larger, more complex bio-
molecules in order to meet physiological needs (Ehrenfreund et al., 2001;
Eigenbrode, 2008; Summons et al., 2008). In contrast, abiotic processes
favor random synthesis of smaller, simpler molecules (Davila andMcKay,
2014; Georgiou, 2014). If subsurface Mars is sterile, amino acids and
lipid hydrocarbons are still expected to be present given their abundance
in meteorites, comets, synthesis products of hydrothermal reactions, and
predicted products of organic chemistry models. The ability of the
MOMA gas chromatographic column package to test multiple parameters
(e.g., relative abundance of amino acids, enantiomeric excess, patterns in
lipid hydrocarbons, chain length distributions as a function of carbon
number) enables a confidence value to any potential biosignature
detection (Vago et al., 2017).

3.1.5. Comparison with Curiosity’s SAM
Based on the vast experience of the Curiosity rover’s SAM instrument,

MOMA was designed to support the detection of higher mass compounds
within chemical families of interest. The nominal flow rate is lower on
SAM (~0.8 mL⋅min-1) than on MOMA (~1.2 mL⋅min-1) and the GC col-
umns on SAM are longer, resulting in more retained compounds with
longer retention times. For example, of the amino acids, only glycine and
alanine are visible within SAM conditions from laboratory experiments,
while we show here that MOMA run conditions allow for the detection of
serine, valine, leucine, and glutamic acid in addition to glycine and
alanine. On the alkane side, dodecane takes 18–20 min to elute from the
SAM columns, while here we measure the retention time of dodecane to
be between 5 and 8 min depending on the MOMA column (Millan et al.,
2016). This comparison offers an exciting prospect for MOMA’s capa-
bility to detect higher molecular weight compounds of interest on Mars.

3.2. Enantiomeric capability of MOMA’s chiral column

3.2.1. Separation power
The MOMA instrument has the unique capability to detect and

separate molecular enantiomers. The quantification of enantiomeric
excess could reveal information about whether martian molecules are
racemic or if they express an enantiomeric bias as is observed in terres-
trial biomolecules. Therefore, it is paramount that a combination of the
flight hardware, i.e. the gas chromatographic columns, the wet chemistry
protocol, and the in situ operating conditions of the flight experiment, be
shown to successfully separate chiral molecules into their enantiomers.
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The resolution of both enantiomers, RS, is used to characterize the degree
of separation of two enantiomeric peaks, where:

RS ¼ 1:8 �ðtBR � tARÞ
�ðωA þωBÞ (Eq 1)

RS, the enantiomeric resolution, depends on two parameters, the time
separating the two peaks (thermodynamic factor), tRB-tRA, and the width of
each of the two peaks (kinetic factor), ωA þ ωB. We tested the enantio-
meric resolution of three types of chiral compounds: an alkane (3-
methylheptane), underivatized alcohols (2-butanol, 2-pentanol, and 2-
hexanol) and DMF-DMA derivatized amino acids (DL-serine, DL-
alanine, DL-valine, DL-leucine, and DL-glutamic acid) as a function of
the carrier gas velocity which moves solutes through the GC column.

The range of carrier gas velocities utilized for the study of enantio-
meric resolution, and plotted in Fig. 8 (~40-80 cm�s�1), corresponds to a
range in dead time (the time for a non-retained compound to travel
through the column) of ~0.45–0.85 min, consistent with the expected
dead times on MOMA (Fig. 1). Fig. 6 shows the enantiomeric separation
of L-D-serine, D-L-alanine, and D-L-valine on the MOMA spare chiral
column and Fig. 8 shows the enantiomeric resolution of all the chiral
compounds that were tested in this study. We find that “mid-range” (55-
60 cm�s�1) to “low” (35-55 cm�s�1) helium velocities are optimal for
enantiomeric resolution. For the alcohols, there is a decrease in resolu-
tion also at “low” flow rates (below ~55 cm�s�1) with the exception of 2-
butanol. We also find that baseline separation (separation at or below
half-height-half-width of the chromatographic enantiomeric peaks) is
achieved for most of the chiral compounds using a column temperature
ramp of 10�C �min�1, a ramp which will allow for detection of higher
molecular weight compounds within a given run time.

However, for the amino acids, baseline separation was achieved with
a 10�C�min�1 column temperature ramp only for DL-alanine and DL-
serine. A lower temperature ramp, 3�C�min�1, was employed, since
lower temperature ramps have been shown to successfully separate
amino acids after optimization on a longer (30 m) Chirasil Dex column
(Freissinet et al., 2010). This lower temperature ramp allowed for base-
line separation of an additional amino acid in our test set, DL-valine.
Valine was not separated to half-height-half-width with the higher
ramp rate, 10�C�min�1. The optimization of enantiomeric separation is a
tradeoff with run time, as the slower ramp requires longer run times and
more resources from the spacecraft. MOMA has the capability to decrease
its GC column temperature ramp as low as 1�C�min�1. However, the
implications of a lower ramp are that heavier molecules may not be
detected during the run time.

3.2.2. Enantiomeric separation on natural sample
We tested a martian analog sample on the MOMA chiral column to

demonstrate GC separation and identification of selected spiked amino
acids in the presence of a complex mineral phase. As with the study of
standards, we aim to test GC separation under conditions similar to that
of the MOMA experiment without mimicking the entire process. For
example, we performed derivatization in an oven external to the GC-MS
instrument and then injected the derivatized sample by syringe injection,
while for MOMA, the sample is heated within the oven until the deriv-
atization reagent is released at a given temperature. However, the use of
an analog sample allows the analysis of a more realistic gaseous mixture
than those produced with chemical standards. Additionally, we can
confirm that the influence of the mineral phase does not limit the ability
to detect certain organic molecules such as amino acids if they are pre-
sent at a certain concentration in the sample. The natural sample used in
this study was spiked with amino acids, so that the amino acids were
partially adsorbed to the sample’s mineral matrix. On MOMA, thermal
desorption performed on the sample prior to the release of the derivati-
zation reagent will aid extraction of organics adsorbed on mineral sur-
faces and/or within interlayer spaces (Goesmann et al., 2017, Buch et al.,
2009). We chose a derivatization temperature of 200 �C, consistent with
the 175 �C temperature used during the AMASE campaign on the same



Fig. 8. Enantiomeric resolution of selected compounds vs. carrier gas linear velocity. 2-butanol and 3-methylheptane were not separated to baseline at the highest
carrier gas velocity. The chiral alcohols and 3-methylheptane in this study are not derivatized while the amino acids are derivatized with DMF-DMA. The GC column
was heated from 45 �C to 180 �C with a 3�C�min�1 ramp for the amino acids and the GC column was heated at 35 �C for 7 min and ramped to 182 �C at a ramp rate of
10�C�min�1 for the chiral alcohols and the 3-methylhexane.
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sample (Siljestr€om et al., 2014). We select a higher temperature for the
laboratory tests in order to procure a more efficient extraction of or-
ganics, but low enough to safeguard against decomposition of the
derivatization reagent.

Fig. 9 shows the separation of enantiomers after DMF-DMA deriva-
tization within a more complex natural sample. Comparing the enan-
tiomeric behavior in Figs. 6 and 9 illustrates the appropriateness of
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analog samples for limit of detection studies due to the more realistic
noise levels. We expect to see peaks from other organic molecules
indigenous to the sample, in addition to the spiked amino acids, since the
AMASE KitKat sample was previously determined to contain low
amounts of aliphatic and aromatic organic material after GC-MS pyrolysis
and derivatization (Siljestr€om et al., 2014), although the enantiomers of
amino acids indigenous to the sample have not been successfully
Fig. 9. Chromatogram resulting from the GC-MS
analysis of the AMASE KitKat sample, spiked with
amino acids and derivatized with DMF-DMA, on the
MOMA Chirasil Dex column. (Bottom) Total ion cur-
rent; (Top Left) extracted ion chromatogram for m/z
70, showing the enantiomers of L-D-serine; (Top
Right) extracted ion chromatogram for m/z 99
showing the enantiomers of D-L-alanine. The GC
column was heated from 45 �C to 180 �C with a
10�C�min�1 ramp and held for a total run time of 35
min.
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separated. The chromatograms in Fig. 9 illustrate the value of GC-MS
instrument coupling for strict identifications of targeted compounds on
these more realistic samples. On the chromatographic side, additional
peaks with the same important ion fragments (i.e. m/z 70 andm/z 99) are
prevalent in the single ion mode, sometimes at higher abundances than
the targeted molecules themselves. On the mass spectrometry side, the
occurrence of co-eluting peaks interferes with discreet mass spectral
signatures and definitive identification by spectral libraries. The identi-
fication of DL-serine and DL-alanine were made using specific peak ions
(m/z 70 andm/z 99 respectively) coupled with the known retention time
of DL-serine and DL-alanine (measured by chemical standard in Section
3.1) which allows for the strict identification of these targeted chemical
species. This exercise demonstrates the utilization of retention time li-
braries such as the one described in this paper in order to make identi-
fications within more complex samples.

3.2.3. Comparison of enantiomeric separation between laboratory and
MOMA ETU

Chiral molecules were recently analyzed on a MOMA ETU GC-MS
coupled system at the NASA GSFC (Kaplan et al., 2019). A chiral com-
pound, i.e. 3-methylhexane, has been consistently used in MOMA ex-
periments as a reference compound. Here we use 3-methylhexane as a
reference compound for comparing retention times under similar column
temperature programs between the ETU tests and the laboratory. We also
compare the enantiomeric separation results for DL-serine between the
ETU tests and our laboratory results.

On the MOMA ETU (as on the FM), the MOMA injection trap is heated
for at least 10–15 s in order to release organics adsorbed onto the trap
material (Goesmann et al., 2017). Therefore, unlike in the laboratory,
there is a minimum 10–15 s interval ambiguity to the exact injection time
of a given compound. For our comparison between the ETU tests and the
laboratory tests, we use the completion of the trap heating to calculate
the lower limit of the retention time of 3-methylhexane on the MOMA
ETU (Fig. 10). A retention time of 2.5 min is calculated for 3-methylhex-
ane (ETU), which is consistent with a retention time of 2.4 min for
3-methylhexane (spare Chirasil Dex column, laboratory GC-MS) under
the same GC temperature program (column held isothermally at 35 �C).
Additionally, Fig. 10 compares the enantiomeric separation of DL-serine
between the ETU test and a laboratory test with a similar GC column
temperature program (ETU temperature curve in Fig. 1). For the ETU test,
the GC column was held isothermally at 40 �C for 2.15 min, ramped at
10�C�min�1 to ~182 �C and held for about 7.8 min. For the laboratory
tests, the GC column was held at 35 �C for 7 min and then ramped at
10�C�min�1 to 182 �C. This roughly 5-min difference in the initial
isothermal hold is reflected in the roughly 5-min difference in retention
times of serine between the laboratory and ETU tests (Fig. 10). This kind
of comparison validates the value of a retention time library from labo-
ratory tests for aiding compound identification on MOMA flight-like data
sets.

In the ETU tests, the peak width of the 3-methylhexane peak (m/z 43)
was 0.17 min, while in the laboratory tests, the peak width was 0.05 min
(Fig. 10). Likewise, the enantiomeric peaks of L-D-serine (m/z 70) are
broader in the ETU tests, about 0.14–0.20 min (ETU) compared with
0.028 min (laboratory). As defined in Equation (1), the distance sepa-
rating the two enantiomeric peaks is also important for calculating
enantiomeric resolution. Differences in this value between the ETU and
laboratory may be explained by a difference in the method for controlling
the flow rate as well as some ambiguity in selecting the peak center due to
the asymmetric peak shape in the ETU case. A more efficient (sharper),
symmetric peak in the laboratory results is consistent with the fast in-
jection allowed by a syringe injection, the most efficient injectionmethod
for our given gas chromatography setup. The broader, slightly-tailing
peaks in the ETU results are consistent with injection by adsorption/
thermal desorption traps, in which the injection is less controlled and can
be considered as a worst case. The difference between enantiomeric
separation performed on a laboratory instrument versus in a MOMA ETU
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setting illustrates the challenge of resolving enantiomers on Mars.
However, a column’s ability to resolve enantiomers is determined by its
ability to separate enantiomeric peaks to half height. Separation at or
below the half height of a peak is chromatographically considered a
baseline separation. Although the implementation of enantiomeric sep-
aration for MOMA will undergo additional optimization on ETU and
laboratory models before MOMA lands on Mars, these initial ETU tests
show a successful baseline separation of the enantiomers of an amino
acid.

As discussed in Section 3.1.4, amino acid enantiomeric excess is a
detectable biosignature enabled by the enantioselective column on
MOMA. Even though amino acid homochirality can serve as an important
biosignature, recent measurements of l-enantiomeric excess values for
some conglomerate-forming a-H proteinogenic amino acids on fragments
of the Tagish Lake meteorite (Glavin et al., 2012) show that nonbiolog-
ical processes could also lead to significant enantioenrichment for some
amino acids. Additionally, a full study of the potential for racemization of
chiral mixtures within instrument elements (e.g., the heating protocol of
the hydrocarbon traps) is required to rule out any important instrument
influence on amino acid enantiomeric excess results. Both of these ex-
amples emphasize the need for multiple chemical channels of observa-
tions in order to establish confidence values for the biotic or abiotic
nature of collected martian samples (Vago et al., 2017).

4. Conclusions

As we prepare for the launch and landing of the Rosalind Franklin
rover, the work performed in this present study evaluates the perfor-
mance of the four different gas chromatographic capillary columns
coming from the same batch as those integrated in the FM. This work
establishes a database of the retention times and mass spectra of the most
probable organic compounds on Mars based on influx from the inter-
planetary medium, potential hydrothermal systems, atmospheric syn-
thesis, and/or biological origins. This database is a necessary tool in
order to robustly make identifications of target compounds within flight
data. This symbiotic relationship between laboratory and flight data for
enabling the strict identifications of target species has been previously
demonstrated through the detection and identification of compounds
using the SAM instrument and associated laboratory experiments
(Eigenbrode et al., 2018; Freissinet et al., 2015; Millan et al., 2016; Szopa
et al., 2020).

Following the finalization and delivery of the MOMA flight model,
this study helps to redefine the constraints of the space instrument, since
it is understood that space instrumentation is far less performant than
traditional laboratory instrumentation and protocol. For example, we
demonstrate the more performant separation of the enantiomers of L-D-
serine in the laboratory versus in an ETU setting due to a more efficient
injection by syringe (laboratory) rather than by adsorption/thermal
desorption traps (space experiment). However, this study also serves to
propose protocol which can improve the separation of compounds and
the likelihood of a strict identification. For example, in the case of the
separation of the enantiomers of amino acids, lower temperature ramps
and flow rates are required. Since these conditions require more energy
resources from the spacecraft, plans for decision trees during Mars op-
erations will need to consider these requirements in order to meet science
objectives.

In addition to the difference in performance between the flight
experiment and the laboratory, the number of peaks and the level of
complexity of a chromatogram obtained from the pyrolysis and/or
derivatization of a martian sample, which includes the presence of a
mineral matrix, is significantly greater than those obtained through the
injection of chemical standards. We tested a natural sample spiked with
amino acids in order to observe the effect of the presence of a mineral
phase on the complexity of the chromatogram and the ability to resolve
specific enantiomers in a scenario with more realistic background. The
coupling of the chromatographic system with preparative wet chemistry



Fig. 10. Comparison of MOMA ETU separation of pure chiral 3-methylhexane (top left) and laboratory test (top right). Comparison of MOMA ETU separation of DL-
serine (bottom left) and laboratory test (bottom right). The m/z 43 ion is shown for methylhexane and the m/z 70 ion is shown for serine. For the ETU test, the GC
column was held isothermally at 35 �C. For the laboratory test, the GC column was held at 35 �C for 7 min and then ramped to 182 �C at a ramp rate of 10�C�min�1.
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in the form of MTBSTFA and DMF-DMA derivatization enables the
detection and identification of additional species of specific astro-
biological interest such as amino acids and carboxylic acids, but also
complicates gas chromatograms with additional byproduct peaks coming
from the derivatization reagent. Therefore, the database built for this
study also presents the mass spectra and relative retention times that can
be expected from targeted molecules in order to make better identifica-
tions of martian organic compounds.

This study shows that the gas chromatographic system of the MOMA
experiment is an efficient tool for characterizing complex volatile ma-
terials. Its design enables separation and identification of a range of
organic species and some inorganic species that could be expected to be
present in martian surface and subsurface samples, including a range of
alkanes, alcohols, carboxylic acids, as well as amino acids and their en-
antiomers. We can expect to detect up to an alkane with 29 carbon atoms
using the general purpose (WCOT) columns (MXT 5 and MXT CLP) and
up to an alkane with 21 carbon atoms with the chiral column due to its
lower maximum temperature of use. Due to the nominal run conditions
of the GC system (Table 3), which are constrained by the space experi-
ment, we cannot expect to detect all potential compounds of interest. For
example, molecules such as mellitic acid, which have up to six derivati-
zation sites, are not detectable after either MTBSTFA or DMF-DMA
derivatization due to the final molecular weight of the derivatized
molecule. The way in which the molecule is altered by derivatization and
therefore its characteristics which determine its retention time on the
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column (e.g., boiling point, molecular weight) coupled to the character-
istics of a given column (e.g., the polarity of the stationary phase, the
maximum temperature of use of the column) determine if the molecule is
detectable within a nominal MOMA run. The ability of the MOMA gas
chromatographic column package to test multiple parameters (e.g.,
relative abundance of amino acids, enantiomeric excess, patterns in lipid
hydrocarbons, chain length distributions as a function of carbon number)
enables a confidence value to any potential biosignature detection (Vago
et al., 2017).

The MOMA FM recently underwent thermal vacuum testing at TAS-I.
Additionally, development of the MOMA testbed is underway at the
GSFC and follow-up tests on engineering test units for both the GC, MS,
and further coupling campaigns are planned. Although the launch
schedule has been recently updated, the plan continues for the ExoMars
rover to travel to Mars, with an updated launch date currently projected
to be between August and October of 2022. Tests that have been and will
be performed on the MOMA FM, testbed, and ETU will allow the
refinement of our understanding of the GC-MS instrument capabilities.
Further iterations on these types of laboratory studies will enable strict
identifications of targeted molecules of astrobiological interest once on
Mars.
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