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ARTICLE INFO ABSTRACT
Keywords: Aromatic organic salts such as benzoates or phthalates may be widespread degradation products of organic
Aromatic organic salts molecules at the surface of Mars. The low volatility of these aromatic carboxylic salts could have compromised

Gas chromatography-mass spectrometry
Pyrolysis,derivatization
Mars

their detection through thermal extraction in situ analyses such as those performed by the Viking landers.
However, over the years, analytical chemistry laboratories on board current and future Martian surface missions,
such as the Sample Analysis at Mars (SAM) instrument suite on board the Curiosity rover and the Mars Organic
Molecule Analyzer (MOMA) instrument of the Rosalind Franklin ExoMars rover, respectively, have evolved.
These instruments have improved in efficiency to detect refractory and polar organic compounds, which could
influence the detection of aromatic organic salts. To evaluate the capability of detecting aromatic organic salts on
Mars with in situ instruments, we performed laboratory experiments under Viking, SAM, and MOMA-like Gas
Chromatography-Mass Spectrometry (GC-MS) conditions with two carboxylic acid/salt couples: phthalic acid/
calcium phthalate and benzoic acid/calcium benzoate. We studied the behavior and signatures of both molecular
forms when using pyrolysis and derivatization experiments and the implications of these results in the search for
organic molecules on Mars. This study showed that the Viking experiments could not have detected the presence
of aromatic carboxylic salts in Martian samples because its maximum pyrolysis temperature was too low
(500 °C). However, we showed that calcium benzoate and calcium phthalate, despite their refractory nature,
could be identified indirectly through the detection of thermal and derivatized degradation products, both with
SAM and MOMA. No conclusive proof of the presence of these aromatic organic salt species have been found in
the SAM in situ data but given the right instrumental set-up they could be detected if present. The conclusions of
this work raise essential questions on the detectability of refractory molecules, the analytical efficiency of flight
instruments, and the interpretation of in situ data.

1. Introduction of organic molecules has been identified such as hydrocarbons, chlor-
oorganics and sulfur-bearing compounds. (Eigenbrode et al., 2018;

The detection and identification of organic molecules on Mars are of Freissinet et al., 2015; Millan et al., 2022; Szopa et al., 2020) despite the
primary importance to establish the existence of a possible ancient harsh environmental conditions present at the surface. Several factors
prebiotic chemistry or even past or present biological activity and is, can be involved in this low detection: (a) high doses of ionizing elec-
therefore, a central goal for Mars exploration missions. A small diversity tromagnetic and particle radiation penetrating the thin Martian
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atmosphere, leading to the destruction or transformation of surface
organic compounds, (b) presence of strong oxidants on the soil, (c)
technical biases of current flight-instruments such as high temperature
pyrolysis or thermochemolysis which could lead to the thermal degra-
dation of organic molecules and (d) insufficient instrument sensitivity.
The harsh oxidative and radiative conditions of the Martian environ-
ment influence the fate of organic molecules present on its surface.
Organic compounds, either endogenous to Mars or from exogenous
sources such as meteorites, likely undergo oxidative processes due to the
oxidants present in the Martian soil (e.g, oxychlorines such as per-
chlorates, or hydrogen peroxide (H205)) (Glavin et al., 2013; Lasne
et al., 2016). On Mars, these oxidation processes are also likely accel-
erated by the presence of iron mineral catalysts (Hassler et al., 2013).
Moreover, the surface of Mars is exposed to ultraviolet radiation with
wavelengths above 190 nm, which is efficiently absorbed by organic
molecules producing photochemical reactions in very short timescales
and it is sufficiently energetic to cleave water condensed on mineral
surfaces producing free radicals and molecules (H', OH, H,05) that
can oxidize organic molecules (Fornaro et al., 2018). The formation of
these radical species may transform organic macromolecules into car-
boxylic acids through Fenton chemistry (Benner et al., 2000; Or6 and
Holzer, 1979a, 1979b) or via the irradiation of semiconductor surfaces
(possibly clay minerals) (Fox et al., 2019). In this study, we focused on
two aromatic carboxylic acids: phthalic acid and benzoic acid. These
molecules are thought to be abundant on the Martian surface as they are
in stable intermediate oxidation states and can be formed from the
oxidation of Polycyclic Aromatic Hydrocarbons (PAHs) or alkylbenzene
compounds (Benner et al., 2000; Oro and Holzer, 1979a, 1979b).
Moreover, benzoic acid has been detected with the Sample Analysis at
Mars (SAM) instrumental suite on board the Curiosity rover (Millan
et al., 2022; Williams et al., 2021), and is considered to be a potential
precursor for the chlorinated aromatic organic molecules detected on
Mars (Freissinet et al., 2020). Because benzene carboxylates are meta-
stable, they would not be entirely oxidized into volatile molecules such
as CO5 or Oy, but instead, ionized by solar radiation to form organic salts
(Benner et al., 2000; Kminek and Bada, 2006; Lasne et al., 2016; Pavlov
et al., 2022). Benner et al. (2000) suggested that the low volatility of
these salts could have compromised their in situ detection through
thermal extraction analyses as performed by the Viking landers (Hak-
kinen et al., 2014). These assumptions are still relevant today as SAM
and the Mars Organic Molecule Analyzer (MOMA) instrument of the
Rosalind Franklin ExoMars rover, also perform pyrolysis experiments to
analyze the molecular composition of the Martian surface. However,
whereas the Viking experiments were set to perform flash pyrolysis to a
maximum temperature of 500 °C, SAM and MOMA can reach temper-
atures above 800 °C, therefore widening the window of detectability for
low volatility compounds or their thermal decomposition products.
Moreover, SAM and MOMA have the capability to perform derivatiza-
tion experiments which increases the volatility of refractory materials
without thermal degradation of the parent molecule. A recent laboratory
study by Lewis et al. (2021) examined the CO5 and CO evolutions pro-
duced by the thermal decomposition of small aliphatic organic salts,
which were then compared to data from SAM Evolved Gas Analysis
(EGA) experiments. Numerous fits between laboratory and SAM data
were observed, indicating that organic salts are compelling candidates
for many SAM CO, and CO peaks but EGA data alone cannot conclu-
sively identify organic salts.

To complement the Lewis et al. (2021) study and to investigate ar-
omatic organic salts molecules through their direct or indirect detection
on Mars, we performed laboratory tests using SAM and MOMA-like Gas
Chromatography-Mass Spectrometry (GC-MS) analyses of two acid/salt
couples: phthalic acid/calcium phthalate and benzoic acid/calcium
benzoate.

The widespread availability of calcium on Mars makes it an element
of high interest to form organic salt complexes. The calculated repre-
sentative in situ mass fraction of calcium at different landing sites was
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evaluated between ~4.0 and 4.6% (Karunatillake et al., 2007).
Geochemical analysis, from the ChemCam instrument onboard the Cu-
riosity rover at Gale Crater, reported enhanced calcium associated to
sulfur detection interpreted as Ca-sulfates (Nachon et al, 2017)
disseminated in the bedrock at 30-50 wt% (Rapin et al., 2019). In Oxia
Planum, the planned landing site of the Rosalind Franklin rover, calcium
pyroxene signatures were detected from orbit with the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) aboard the
Mars Reconnaissance Orbiter (MRO) (Seelos et al., 2014). Additionally,
a Ca/K ratio > 5 wt% was detected by the Viking X-ray fluorescence
spectrometer (Toulmin III et al., 1976) as well as the elemental analysis
of the Viking landing sites reporting a significant concentration of
several elements like calcium in the Martian regolith (Clark et al., 1976).
Finally, the possible presence of calcium chloride brines was also re-
ported by Brass (1980) and Ca-perchlorates were detected at Gale Crater
with SAM (Glavin et al., 2013; Ming et al., 2014).

If organic salts can be confirmed to be present on Mars, it would help
better understand the transformation of organic matter under the harsh
conditions of the Martian surface. Moreover, organic salts can originate
from metabolic processes that can be preserved in the geological record
(Jehlicka and Edwards, 2008), making them primary targets for in situ
molecular analyses.

2. Materials and methods
2.1. Studied analytes

This study was focused on two aromatic carboxylic acid species:
phthalic acid and benzoic acid. The corresponding aromatic carboxylic
salts were selected to be linked with calcium as the carboxylic acids
could have reacted with the calcium present at the Martian surface.

Moreover, both calcium phthalate and calcium benzoate were
available commercially and allowed consistency with the cation
involved in the reaction pathway for both carboxylic acids.

All products were commercially sourced. The benzoic acid
Ce¢HsCOOH (> 99.5%) and 1,2-benzenedioic acid (phthalic acid)
(CgH4-1,2-(CO2H)3) (> 99.5%) were purchased from Merck. The cal-
cium benzoate trihydrate (Cj4H;0CaO4. 3H30) was purchased from
Unites States Pharmacopeia (USP) and calcium phthalate hydrate
(CgH4Ca04.H50) (98%) from Combi-Blocks.

2.2. Sample preparation

Organic molecules and salts would most likely be present as trace
components (~ 100 ppbw) in Martian soil composed of amorphous and
crystalline inorganic phases (Rampe et al., 2020). In order to simulate
such conditions in our experiments, the carboxylic acid and calcium
salts standards were dispersed in a chemically inert matrix of fused
synthetic silica quartz (Schlten and Leinweber, 1993)(~44 pm grain size
powder, supplied by Sigma-Aldrich). The fused silica was conditioned at
1000 °C for 24 h in an oven to remove any potential organic contami-
nation. Each of the organic compounds studied were diluted in the silica
in their solid form at 1:100 mixing ratios for the acid and 2.3:100 and
1.2:100 for calcium benzoate and calcium phthalate, respectively, in
order to obtain the same molar abundance with the acids and their
respective salts. The solid samples were ground to a powder and mixed
in an organically-clean porcelain mortar and pestle which had been
baked at 500 °C for two hours prior to sample preparation. To ensure a
better homogenization of the powders, the samples were further mixed
in a CryoMill Ball Mill (Retsch) (25 Hz for 10 min).

2.3. Instrumentation
The pyrolysis instrumental procedures were performed using a

Frontier Laboratories 3030D multi-shot pyrolyzer (FrontierLab) moun-
ted on the split/spitless injector of a gas chromatograph Trace Ultra



O. McIntosh et al.

coupled to an ISQ quadrupole mass spectrometer (both from Thermo-
Scientific). The pyrolysis oven was in the carrier gas (Helium, purity
>99,999%, Air Liquide) flow pathway (1.0 mL-min 1), allowing all the
gaseous species produced in the chamber to be instantaneously trans-
ferred to the injector. For the derivatization experiments, the derivati-
zation reaction was performed offline and the subsequent injection was
made directly through the gas chromatograph injector with a micro-
volume liquid syringe.

2.4. Evolved Gas Analysis (EGA)

Prior to EGA analyses, the samples were deposited in a Frontier Lab
stainless steel Eco-Cups pre-cleaned with ethanol (purity >95%, Merck)
and heated red with a burner (about 1400 °C). 5 mg of the organic/silica
mixture were then deposited in the cup and weighed with a microscale
(Mettler Toledo) that was precise to 0.001 mg. The sample cup was then
lowered into the pyrolysis oven.

The EGA experiments were conducted using an inert Ultra ALLOY-
DTM metallic tube (2.5 m long; 0.15 mm internal diameter - Frontier
Lab), connected on one end to the GC injector and on the other end to the
MS with a deactivated fused silica transfer line (0.4 m long; 0.25 mm
internal diameter). The short length of the tube minmized the duration
of transfer of the gases from the injector to the mass spectrometer (~10
s), with a constant helium flow of 1 mL-min~L. The tube was maintained
at an isothermal temperature of 250 °C throughout the run to limit any
condensation. The GC injector was set in a split mode with a 1:20 split
ratio. The ion source and transfer line temperatures of the MS were both
set at 300 °C, and ions produced by electron impacts (energy of 70 eV)
were scanned between masse to charge ratios (m/z) of 10 to 400.

Among the Mars instruments relevant to this study, only SAM can
perform EGA. For this reason, the samples were heated from 80 °C to
800 °C with a temperature ramp of 35 °C-min~! to mimic SAM EGA
temperature conditions. The time scale given by the chromatographic
analysis was converted into temperature scale for EGA by simply using
the heating rate of the pyrolysis and the known time of transfer between
the pyrolyzer and the MS.

Blank runs were performed between each sample analysis in order to
ensure the absence of contamination from the previous experiment.
When contamination was detected, the pyrolyzer-GC-MS chain was
cleaned by heating the whole sample pathway at the maximum tem-
perature. Each analysis was repeated twice to ensure repeatability.

2.5. Pyrolysis-GC-MS

The sample preparation procedure was identical to the one described
above for the EGA experiments.

Three sets pyrolysis conditions were tested: Viking-like, MOMA-like,
and SAM-like.

To simulate SAM experiments, the samples were slowly heated in the
pyrolyzer furnace from 80 °C to 800 °C with a 35 °C-min~! ramp. The
volatiles evolved from the sample throughout the entire duration of the
ramp, i.e., in about 22 min. To mimic the Injection Trap (IT) present
ahead of three out of six SAM GC columns and utilized to preconcentrate
the analytes and to increase the separation power of the chromatograph
(Mahaffy et al., 2012), the gases were condensed at the GC column inlet
during the whole pyrolysis phase using a cryogenic trap. The cryotrap
used a liquid nitrogen cooling system (T ~ —180 °C) supplied by
FrontierLab, which was directly coupled to the pyrolyzer control system.
Once the pyrolysis was completed, the cryotrap was stopped. The con-
densates were quickly vaporized to flow through the chromatographic
column for their separation with the GC and detection with the MS.

For the MOMA-like experiments, the fast temperature ramp (200 °C.
min~1) (Goesmann et al., 2017) which will be performed by the flight
instrument present a non-linear heating profile, difficult to accurately
simulate with our laboratory setup. Therefore, we performed experi-
ments using flash pyrolysis where the samples were directly heated to
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the maximal temperature (800 °C) attainable by the MOMA instrument
for a few minutes. In the flash heating mode, the chromatographic
analysis started as soon as the sample was introduced into the pyrolizer;
the gases were produced and transferred to the GC instantaneously.

Finally, the Viking-like experiments consisted in flash heating the
samples (within seconds) to 500 °C, held for thirty seconds at this
temperature.

For the chromatographic analyses, we used a Zebron 5MS Plus col-
umn with a 5% Phenyl-Arylene, 95% Dimethylpolysiloxane stationary
phase (30 m long; 0.25 mm internal diameter, 0.25 pm stationary phase
thickness) (Phenomenex®) equipped with a 5-m long integrated guard
line to protect the analytical column from contamination and fast
degradation. The injector temperature was set to 250 °C in split mode
with a 1:20 ratio. The column temperature program started at an initial
temperature of 40 °C followed by a 10 °C-min~! ramp up to a final
temperature of 300 °C held for 10 min. The MS settings were identical to
the ones described for the EGA experiments and two replicas of each
samples were done.

2.6. Derivatization-GC-MS

2.6.1. Wet chemistry experiments

In this study, wet chemistry derivatization experiments were per-
formed using N-Methyl-N-(tert-butyldimethylsilyD)trifluoroacetamide
(MTBSTFA) (98%, Merck) (used on SAM (Mahaffy et al., 2012)) and
MOMA (Goesmann et al., 2017)) and N,N-Dimethylformamide dimethyl
acetal (DMF-DMA) (99.0%, Merck) (to be used on MOMA for chiral
separation (Goesmann et al., 2017)). 5 mg of the organic/silica mixture
were placed in a conic 2 mL glass vial. 35 pL of derivatization reagent
were added to the mixture in the vial in order to obtain a supernatant
that we could draw from with a syringe for further GC-MS injection. The
solution used for DMF-DMA derivatization was heated to 145 °C for 3
min, suitable for in situ analysis in space (Freissinet et al., 2010). The
MTBSTFA derivatization reagent was mixed with N,N-Dimethylforma-
mide (DMF) (Merck) in a 4:1 solution (Mahaffy et al., 2012), as
employed in the SAM instrumental suite onboard the Curiosity rover.
The organic/silica/MTBSTFA/DMF mixture was then heated to 75 °C for
15 min. After heating, the supernatant was collected in an Eppendorf
tube, and 1 pL of Naphthalene dg (99,99% Merck) diluted in DMF
(99.0%, Merck) at 5.10 3 M was added and used as an internal standard
for all the derivatization experiments to compare their respective per-
formances. The solution was centrifuged for 30 s to prevent silica par-
ticles from getting stuck in the syringe during the injection. 1 pL of the
supernatant was then injected in the instrument. On the SAM and
MOMA flight models, the derivatization reagent is contained in dedi-
cated cups or capsules where the sample is dropped. The capsules con-
taining the sample and the reagent are then heated and the volatile
products are analyzed through GC-MS (Goesmann et al., 2017; Mahaffy
et al., 2012).

2.6.2. Thermochemistry

Thermochemistry experiments were performed using Tetramethy-
lammonium hydroxide (TMAH) diluted at 25% into methanol (Merck)
(used on both the SAM and MOMA instruments). 2.5 mg of acid or salts
(5.00 mg total) were deposited in the pyrolysis cup. 4 pL of TMAH so-
lution with 1 pL of internal standard (Naphthalene dg) were then added
to the solid mixture. The cup containing the sample was introduced in
the pyrolysis oven and heated at 600 °C for 30 s under helium flow.

GC-MS analyses for wet chemistry and thermochemolysis experi-
ments were performed under the same conditions as those used for py-
rolysis-GC-MS analyses described above.

2.7. SAM-flight experiments simulated in the laboratory

Analyses on SAM spare columns were conducted in the laboratory to
evaluate the detectability of the products obtained from the pyrolysis
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Fig. 1. Evolved gas profile of m/z 44 (CO,), m/z 78 (Benzene), m/z 154 (Biphenyl), m/z 105 (Benzoic acid), and m/z 182 (Benzophenone) versus temperature
obtained in SAM-like EGA conditions (35 °C-min ! ramp) of a 100:1 fused silica-benzoic acid mixture (top), and a 100:2.3 fused silica-calcium benzoate mixture
(bottom). The Viking, SAM and MOMA pyrolysis temperature limits are indicated with dashed lines.

and derivatization experiments of benzoate and phthalate salts if present
on the Martian surface. The SAM spare columns kept at the Laboratoire
Atmospheres, Observations Spatiales (LATMOS) in France are part of the
same set that were integrated into the SAM flight model and allowed to
simulate the SAM-like conditions in the laboratory. Among the six col-
umns present on the SAM instrument suite (Mahaffy et al., 2012), two
were used in this study: the MXT-5 spare column referred to as GC2 (30
m long; 0.25 mm internal diameter, 0.25 pm stationary phase thickness)
(Restek) and the SAM MXT-CLP spare column referred to as GC5 (30 m
long; 0.25 mm internal diameter, 0.25 pm stationary phase thickness)
(Restek). GC2 was used to reproduce SAM’s first in situ TMAH thermo-
chemolysis experiment at the Mary Anning (MA) drill site in the Glen
Torridon region (Williams et al., 2021). The detection of several com-
pounds of interest in the sample motivated these analyses. GC5 was
chosen to evaluate the detectability of the products obtained during the
analysis of aromatic carboxylic salts with another SAM spare column.
Several in situ GC5 analyses have been performed by SAM and perfor-
mance evaluations of the column in the laboratory showed a good sep-
aration efficiency of the tested species regardless of their mass (Millan
et al., 2019).

A 60 cm fused silica tubing (0.75 pm/ 190 pm) (SGE) was added to
the column end going to the injector. This extension acts as a flow
restrictor to allow the regulation of the pressure and mimic the low
pressure of the SAM instrument (Millan et al., 2019). A 20 cm silica
transfer tube (0.25 mm internal diameter; 0.25 pm stationary phase
thickness) was used in the MS transfer line to prevent electrical arcs
forming from the presence of a metallic column near the mass spec-
trometer ion source.

In the flight chromatogram of the Mary Anning (MA) sample ob-
tained with the GC2 column, two species of interest, diphenylmethane
and benzoic acid methyl ester, were detected. In order to confirm their
identification and assess the possibility to detect other compounds of

interest on this column, the temperature parameters as performed in situ
during the SAM MA experiments were retrieved from the SAM flight
data set. Because this flight analysis was performed as a dual column
experiment where the samples were analyzed with the SAM MXT-20
column (referred to as GC1) prior to GC2, we took into consideration
the opening and closing of the hydrocarbon trap valves that could have
allowed chemical species to go through GC2 even before the start of the
analysis. Therefore, the GC-MS analyses started with a column tem-
perature of 45 °C for 7 min corresponding to the opening of the hy-
drocarbon trap valves, followed by a first ramp of 120 °C.min"! to reach
66 °C. Then a second slow rate ramp of 0.3 °C.min""! to 59 °C and finally
a third ramp of 10 °C.min " to reach a final temperature of 232 °C. The
analysis was extended at the final temperature for 30 min to ensure the
detection of that all the targeted compounds. The pressure was adjusted
to match the retention time value of a known molecule, bi-silylated
water (BSW), a byproduct of MTBSTFA, identified in the SAM GC2
MA chromatogram.

For GC5, the column temperature program used was identical to the
nominal GC5 SAM-flight instrument with an initial temperature of 35 °C
for 6.3 min, then 10 °C.min ! rate up to a final temperature of 185 °C.
The maximum time of analyses for GC5 is 21 min (Millan et al., 2019)
but we extended the run for 40 min at the final temperature to be able to
detect all the compounds of interest. The pressure was adjusted on the
commercial GC based on the dead time observed on GC5 (Millan et al.,
2019).

For all analyses the GC injector was set in a split mode with a 1:20
split ratio. The ion source and transfer line temperatures of the MS were
both set at 300 °C, and ions produced by electron impacts (energy of 70
eV) were scanned between masse to charge ratios (m/z) of 10 to 585. 1
pL of a solution with the species targeted was then injected in the GC
with a syringe.
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Summary of the ranges and maximum temperatures of released benzoic acid (B), calcium benzoate (CaB), phthalic acid (Ph) and calcium phthalate (CaPh) (observed

through their main ion) in EGA. N/A: Not Applicable.

m/z Corresponding molecule Outagassing temperature range (°C) Maximum Temperature (°C)
B CaB CaPh B CaB Ph CaPh
44 CO, 470-800 470-800 300-800 300-800 630 520 and 680 470 690
78 Benzene 470-800 470-800 470-630 630 630 N/A 550
154 Biphenyl 500-720 500-650 N/A 630 630 N/A N/A
105 Benzoic acid 110-620 N/A N/A 200 N/A N/A N/A
148 Phthalic acid N/A N/A 180-280 N/A N/A N/A 230 N/A
182 Benzophenone N/A 470-590 470-600 N/A 530 and 550 N/A 560
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Fig. 2. Evolved gas profile for m/z 44 (CO5), m/z 78 (Benzene), m/z 148 (Phthalic acid), and m/z 182 (Benzophenone) versus temperature obtained in SAM-like EGA
conditions (35 °C.min~’ ramp) of a 100:1 fused silica-phthalic acid mixture (top), and a 100:1.2 fused silica-calcium phthalate mixture (bottom). The Viking, SAM

and MOMA pyrolysis temperature limits are indicated with dashed lines.

3. Results
3.1. EGA

3.1.1. Thermal behavior of benzoic acid compared to calcium benzoate
Fig. 1 represents the evolution of the main ions detected during the
EGA of benzoic acid and its associated salt, calcium benzoate. We
observed that benzoic acid released gases within two distinct tempera-
ture ranges: the first release occurred around 110 °C and reaches a
maximum around 200 °C with a tail reaching up to 620 °C. The corre-
sponding organic compound is benzoic acid itself identified from its
mass spectrum and characterized by its parent molecular ion (m/z 105).
The second gas release starts at higher temperatures and ranges from
470 °C to 800 °C, with a maximum at ~630 °C. The signal is more
intense than the first peak, indicating that only a small amount of ben-
zoic acid was released at lower temperatures. Three main ions
contribute to the second release: m/z 44, m/z 78 and m/z 154 corre-
sponding to CO,, benzene and biphenyl, respectively, which were
identified via their mass spectra. CO, and benzene are products of the
decarboxylation of benzoic acid, and biphenyl results from the

interaction of benzene rings. The temperature ranges at which each
compound evolve can be found in Table 1.

For calcium benzoate, no low-temperature benzoic acid release was
observed, indicating that no hydrogenation of the benzoate anion
occurred during the heating of the sample. However, as for benzoic acid,
we observe that gases are released from the sample mainly within the
temperature range 470 °C to 800 °C. Most of the chemical species
contributing to this signal are the same as those identified for benzoic
acid, i.e. COy, benzene and biphenyl. However, the EGA of calcium
benzoate reveals the presence of an additional species detected in the
range 470 °C and 590 °C, with a characteristic ion m/z 182 corre-
sponding to benzophenone. This result is in agreement with a study
published by Dabestani et al. (2005). The presence of two maxima in the
corresponding peak can be explained by the presence of two benzoic
acid molecules complexed with Ca®" which ensures electronegativity.
The first molecule is transformed into benzophenone followed by the
second molecule at slightly higher temperature.

3.1.2. Thermal behavior of phthalic acid compared to calcium phthalate
Fig. 2 represents the evolution of the main ions of phthalic acid and
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Fig. 3. Chromatograms obtained from the pyrolysis (35 °C-min " ramp, up to 800 °C) of benzoic acid (top) and calcium benzoate (bottom) at 1 wt% in fused silica, in
SAM-like pyrolytic conditions (35 °C-min™"). The grey shading corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (*)artifact of
the column (stationary phase bleeding), (1) benzene, (2) toluene, (3) styrene, (4) phenol, (5) naphthalene, (6) benzoic acid, (7) biphenyl, (8) dibenzofuran, (9)
benzophenone, (10) fluorenone, (11) Fluorene, methylene-, (12), (14), and (15) terphenyl isomers, (13) anthracenedione, (16) benzanthracene, (17) trime-
thylbenzene, (18) diphenylmethane, (19) triphenylmethane, (20) 9H-Fluorene, phenyl-.

its corresponding salt, calcium phthalate in EGA. We observed that
phthalic acid produced a single major peak corresponding to the mo-
lecular ion at m/z 148 in the relatively low temperature range 180 °C to
280 °C, with a maximum around 230 °C (Table 1). No other major
species were detected. Release of CO, (m/z 44) from 300 to 800 °C with
a maximum around 470 °C was also observed with a lower intensity (~6
times lower than the phthalic acid peak’s maxima). This CO5 release
could come from the decarboxylation of the acid leading to the forma-
tion of species such as benzoic acid or benzene. The masses of these two
molecules were found in the EGA of phthalic acid, but at level of
abundance close to the limit of detection (106).

The calcium phthalate did not produce phthalic acid. However, we
observed species evolving at high temperatures. Three main ion con-
tributors were identified. As observed in the EGA of calcium benzoate,
we identified a peak evolving from 470 °C to 600 °C with a maximum at
560 °C corresponding to benzophenone (m/z 182). Benzophenone co-
evolved with the release of benzene (m/z 78) between 470 °C to
630 °C with a maximum at 560 °C. A major CO; release is observed
between 300 °C and 800 °C with two maxima: the first peak around
520 °C and a higher intensity peak around 680 °C. The release of ben-
zene and CO; are related to the decarboxylation of the salt.

The evolution of CO5 (m/z 44) is different for the phthalic acid and
calcium phthalate. In the EGA of phthalic acid, the CO, peak is widely
spread throughout the thermal range at low intensities, whereas, for
calcium phthalate, CO3 has a higher degassing intensity and higher
temperatures. The absence of organic compounds during the CO5 evo-
lution in the EGA of phthalic acid and around 670 °C for calcium
phthalate could either mean that the organic molecules formed are
below the detection level of our instruments or that there is a complete
degradation of the compound resulting only in carbon dioxide in that
temperature range.

3.2. Pyrolysis GC-MS
3.2.1. Pyrolysis in slow heating mode (35 °C.Min’1) (SAM-like)

3.2.1.1. Benzoic acid versus calcium benzoate. Fig. 3 shows that pyrolysis
of benzoic acid under SAM-like conditions produced a variety of aro-
matic compounds. The major organic molecules observed in EGA, ie.
benzene, benzoic acid and biphenyl, are also detected in GC-MS as the
most abundant compounds. The peak shape for the benzoic acid (Fig. 3,
top chromatogram, peak 6) is typical of column overloading resulting
from a poor solubility of the molecule in the stationary phase and/or a
quantitative saturation.

Fewer compounds were produced from the pyrolysis of calcium
benzoate compared to benzoic acid. This is likely an indication of a
higher thermal stability of the salt compared to benzoic acid (from the
EGA data). We retrieved the major species detected in EGA, i.e. benzene,
biphenyl and benzophenone. As expected, the parent molecule, benzoic
acid, identified among the most abundant compounds in the chro-
matogram of the acid, was not detected in the pyrolysis of calcium
benzoate. Instead, calcium benzoate evolved another major compound,
benzophenone (Fig. 3, peak 7), as predicted by the EGA results, which
was found in much lower concentration in the chromatogram of the acid
(area of the benzophenone peak/area of the biphenyl peak = 2.1 for the
salt compared to 0.8 for the acid). The salt also produced additional
molecules that were not detected in the chromatogram of benzoic acid
such as diphenylmethane, triphenylmethane and phenyl fluorene
(Fig. 3, bottom chromatogram, peak 18, 19 and 20, respectively).

3.2.1.2. Phthalic acid versus calcium phthalate. Fig. 4 showed that
phthalic acid did not evolve many byproducts in ramp pyrolysis condi-
tions and the major product detected was phthalic acid itself (Fig. 4, top
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Fig. 4. Chromatograms obtained from the pyrolysis (35 °C-min~! ramp, up to 800 °C) of phthalic acid (top) and calcium phthalate (bottom) at 1 wt% in fused silica
in SAM-like pyrolytic conditions. The grey shading corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (1) benzene, (2) phthalic
acid, (3) biphenyl, (4) naphthalene, (5) diphenylmethane, (6) fluorene, (7) benzophenone, (8) fluorenone, (9) anthracenedione, (10) triphenylmethane, (11) flu-

orene, phenyl-, (12) anthracene, phenyl-.

chromatogram, peak 2). This is consistent with the EGA results (Fig. 2).
On the other hand, phthalic acid was not detected when calcium
phthalate was pyrolyzed in SAM-like heating conditions, as expected
from the EGA results. However, several byproducts were generated
during the ramp pyrolysis of calcium phthalate with benzene and
benzophenone as the two major products (Fig. 4, bottom chromatogram,
peak 1 and 7, respectively) as well as other compounds such as fluo-
renone or anthracenedione (Fig. 4, bottom chromatogram, peak 8 and 9,
respectively). The EGA results suggest that calcium phthalate is stable
under low temperature conditions, and that the byproducts detected in
GC-MS were formed through cleavage when high temperature (>
500 °C) was reached. As in the pyrolysis of calcium benzoate, diphe-
nylmethane, triphenylmethane and phenyl fluorene were identified as
characteristic products of the degradation of calcium phthalate (Fig. 4,
bottom chromatogram, peak 5, 10 and 11, respectively).

3.2.2. Pyrolysis in flash 500 °C heating mode (Viking-like)

3.2.2.1. Bengzoic acid versus calcium benzoate. Fig. 5 shows the stark
difference between the compounds detected with benzoic acid and cal-
cium benzoate during flash pyrolysis at 500 °C. In the chromatogram of
the acid, the parent molecule, benzoic acid (Fig. 5, top chromatogram,
peak 3), is detected as a major compound as predicted by the EGA results
(Fig. 1). Other molecules were detected in high abundance such as
benzene, phenol, and biphenyl (Fig. 5, top chromatogram, peak 1, 2 and
4, respectively).

Benzoic acid was not detected when calcium benzoate was flash
pyrolyzed to 500 °C. Overall, calcium benzoate did not evolve many
gaseous products in flash 500 °C conditions. The major compound
observed is benzene (Fig. 5, top chromatogram, peak 1), in agreement
with EGA, showing that this is the major compound among those
observed to be released above 470 °C. The absence of byproducts is

related to the evolution temperature of calcium benzoate species, which
as shown by the EGA, evolved at temperatures above 500 °C.

3.2.2.2. Phthalic acid versus calcium phthalate. Phthalic acid was not
detected when calcium phthalate was pyrolyzed in fast heating mode to
500 °C whereas it was the major compound observed during the py-
rolysis of the acid (Fig. 6, top chromatogram, peak 4), as expected from
EGA results. The flash pyrolysis of calcium phthalate to 500 °C gener-
ated benzophenone as the major product, followed by fluorenone and
anthracenedione (Fig. 6, bottom chromatogram, peak 5, 6 and 7,
respectively). The Total Ion Current (TIC) chromatogram of calcium
phthalate represented in Fig. 6 did not allow the detection of benzene.
However, its presence was confirmed through selected-ion monitoring
(SIM) mode by selecting the base peak (m/z 78). Moreover, diphenyl-
methane and triphenylmethane were not observed in the chromatogram
of the salt, though we detected phenyl fluorene as a pyrolysis byproduct
of aromatic carboxylic salts pyrolysis as mentioned above (Fig. 6, bot-
tom chromatogram, peak 8).

3.2.3. Pyrolysis in flash 800 °C heating mode (MOMA-like)

3.2.3.1. Bengzoic acid versus calcium benzoate. Fig. 7 shows that benzoic
acid was more degraded at high flash pyrolysis temperature (800 °C),
and therefore was not the major compound detected contrary to what
was observed in the two previous pyrolysis conditions for the acid
(Fig. 7, top chromatogram, peak 3). Moreover, the major compounds in
the chromatograms of benzoic acid flash-pyrolyzed to 800 °C were
benzene and biphenyl (Fig. 7, top chromatogram, peak 1 and 5,
respectively) as seen in EGA. For calcium benzoate the parent molecule
was not detected in the chromatogram of calcium benzoate but pro-
duced benzene and biphenyl as major compounds (Fig. 7, bottom
chromatogram, peak 1 and 5, respectively) as described in the EGA
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Fig. 5. Chromatograms obtained from the flash pyrolysis (500 °C) of benzoic acid (top) and calcium benzoate (bottom) at 1 wt% in fused silica. The grey shading
corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (*) artifact of the column (stationary phase bleeding), (1) benzene, (2)
phenol, (3) benzoic acid, (4), biphenyl, (5) diphenyl ether, (6) phenylpropenal, (7), (11), and (12) hydroxybiphenyl (isomers), (8) dibenzofuran, (9) benzophenone,
(10) benzoic acid, phenyl ester, (13) 9H-Fluoren-9-one, (14), (16), and (17) terphenyl (isomers), (15) 4-Hydroxy-9-fluoreneone.

experiments. The low intensity of the benzophenone peak (Fig. 7, bot-
tom chromatogram, peak 8) in the chromatogram can be explained by
side-reactions happening at high temperature during flash pyrolysis.
Moreover, similar byproducts are formed between the acid and the salts
but with intensity differences. Benzoic acid produced a much higher
yield of terphenyl isomers (Fig. 7, top chromatogram, peak 17 marked
with black diamonds), as well as more intense peaks of naphthalene,
dibenzofuran, fluorenone, anthracene or Benzanthracene. Moreover, we
identified the formation of several quaterphenyl isomers (Fig. 7, top
chromatogram, peaks 12, 14 and 15) during the pyrolysis of the benzoic
acid which were absent with the calcium benzoate. Calcium benzoate
did not produce the characteristic byproducts diphenylmethane,
triphenylmethane and phenyl fluorene at flash 800 °C.

3.2.3.2. Phthalic acid versus calcium phthalate. As previously shown
with the benzoate couple, the parent molecule in the phthalic acid
chromatogram is present (Fig. 8, top chromatogram, peak 11) but at
much lower intensity compared to the previous conditions used which is
likely due to the velocity (flash) and the high temperature of pyrolysis
applied here. A high number of molecules were detected including
benzene and biphenyl resulting from the decarboxylation of benzoic
acid and the recombination of benzene rings (Fig. 8, top chromatogram,
peak 1 and 13, respectively). Phenol was also detected in both chro-
matograms of phthalic acid obtained after flash pyrolysis at 500 °C and
800 °C, but it was not detected in ramp pyrolysis. This further confirms
that the type of pyrolysis (flash or ramp) applied can contribute to
different reactional pathways of the molecules.

After the flash pyrolysis (800 °C) of calcium phthalate, phthalic acid
was not detected but numerous byproducts were produced. Among
them, benzene, biphenyl, and benzophenone were detected (Fig. 8,
bottom chromatogram, peak 1, 13 and 19, respectively). Finally, as

observed in the chromatogram of both aromatic calcium salts in SAM-
like conditions (35 °C.min’1), diphenylmethane, triphenylmethane
and phenyl fluorene were detected as characteristic products of pyrol-
ysis of the salt as they were not present in the chromatogram of phthalic
acid (Fig. 8, bottom chromatogram, peak 40, 42 and 43, respectively).

3.3. Wet chemistry derivatizations

A comparison of the derivatized species and their yield for all three
derivatization reagents was performed to assess the behavior of calcium
salts versus carboxylic acids in wet chemistry experiments (Fig. 9). We
observed that both the acid and the salt can be derivatized with
MTBSTFA, DMF-DMA and TMAH and that they both generated the same
derivatized molecules under a given derivatization reagent. The deriv-
atization with DMF-DMA and TMAH formed benzoic acid methyl ester
with the benzoic acid and calcium benzoate, and dimethyl phthalate
with phthalic acid and calcium phthalate. With MTBSTFA, benzoic acid
and calcium benzoate both derived benzoic acid tert-butyldimethylsilyl
ester, and phthalic acid and calcium phthalate both derived phthalic
acid, bis tert-butyldim ethylsilyl ester. We did not detect other derivat-
ized molecules than the one mentioned, and the usual byproducts of the
derivatization reagents.

The derivatization products of the aromatic carboxylic salts were
detected with the three derivatization reagents. With MTBSTFA, both
calcium benzoate and calcium phthalate produced a higher abundance (
+ 42% and + 24%, respectively) of derivatized byproducts than their
acid counterpart. With DMF-DMA, the derivatization products of the
calcium salts were detected with both derivatization reagents but in
significantly lower abundance than that of the acids, (- 84% and - 99%,
respectively). Finally, with TMAH, benzoic acid and calcium phthalate
had the same derivatization yield, whereas phthalic acid derivatized
better (+ 30%) than calcium phthalate.
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Fig. 6. Chromatograms obtained from the flash pyrolysis (500 °C) of phthalic acid (top) and calcium phthalate (bottom) at 1 wt% in fused silica. The grey shading
corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (*) artifact of the column (stationary phase bleeding), (1) benzene, (2)
phenol, (3) benzoic acid, (4) phthalic acid, (5) benzophenone, (6) fluorenone, (7) anthracenedione, (8) fluorene, phenyl, (9) and (10) unidentified compound, (11)

anthracene, diphenyl-.

The abundance of the derivatized molecules is substantially higher
for both the acid and the salt with MTBSTFA compared to DMF-DMA.
However, we were not able to compare the derivatization efficiency of
TMAH with MTBSTFA and DMF-DMA as the protocols used for ther-
mochemistry and wet chemistry were different.

3.4. SAM versus laboratory experiments

Previous analyses conducted on the SAM instrument were reviewed
to see if some of the species relevant to the identification of aromatic
salts, as mentioned in this study, had been detected. Two species rele-
vant to this study were identified in the Mary Anning (MA) sample by
SAM: benzoic acid methyl ester, a possible thermochemolysis product of
benzoate salts with TMAH and diphenylmethane, one of the character-
istic product of pyrolysis of benzoates and phthalates as observed in this
study. The mass to charge ratio (m/z) of benzoic acid methyl ester and
diphenylmethane, m/z 105 and m/z 167, respectively were retrieved
from the SAM chromatogram (Fig. 10, top red chromatogram). The
laboratory chromatogram (Fig. 10, bottom black chromatogram) shows
that both species are within the same retention time range as in the SAM
chromatogram, providing a robust identification. However, benzophe-
none and triphenylmethane were not identified in the Mary Anning
sample but could be detected with GC2 if they were present above their
limit of detection. Finally, phenyl fluorene would elute beyond the end
of the SAM run and would not have been detectable in Mary Anning,
even if present.

However, it is important to note that while the temperature pro-
grams and pressure of the SAM GC2 column were simulated in the
laboratory, slight differences remain as the flight and laboratory setups
are not strictly identical. The shifts observed between the peaks of the
molecule in the SAM and laboratory analyses could be explained by
several factors: (1) the temperature profile variations in the flight model

is that the columns’ temperature control is less precise due to the heating
technique employed (Millan et al., 2019; Millan et al., 2016). (2) The
lack of adsorption injection trap (IT) prior to the GC2 column on the
SAM instrument. However, its absence upstream the GC2 column in-
dicates that all the compounds released during pyrolysis have different
retention times, thus making it difficult to match with laboratory mea-
surements despite pressure calibration. (3) Finally, the SAM flight and
spare column might have aged differently which could also play a role in
the release of organic molecules.

To test the capability of another SAM column to detect species of
interest for the identification of aromatic calcium salts, the SAM GC5
spare column was used. In Fig. 11, the retention times of products of
interests from the thermal degradation and derivatization of organic
calcium salts are shown, within the conditions of a typical GC5 analysis.
The maximum duration of a typical SAM GC5 in situ analysis is of 21 min.
In this chromatogram, only benzoic acid methyl ester elutes within 21
min. The other species analyzed (diphenylmethane, benzophenone,
triphenylmethane and phenyl fluorene), would elute after the end of the
SAM GC-MS analysis, and thus would not be detected even if present in
a Martian sample.

4. Discussion

Our laboratory investigations have demonstrated the utility of
combining EGA and GC-MS analyses, as well as thermal extraction
(pyrolysis) and wet chemistry (derivatization) techniques for the iden-
tification of aromatic organic salts linked to calcium on Mars. The results
suggest that benzoic acid and phthalic acid, if present in the soil of Mars,
could be readily identified through the detection of the acid itself, with
EGA and pyrolysis-GC-MS techniques. However, their salt counterpart,
calcium benzoate and calcium phthalate, cannot be detected because of
their refractory nature. Indeed, calcium benzoate and calcium phthalate
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Fig. 7. Chromatograms obtained from the flash pyrolysis (at 800 °C) of benzoic acid and calcium benzoate diluted at 1 wt% in fused silica. The grey shading
corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (*) artifact of the column (stationary phase bleeding), (1) benzene, (2)
styrene, (3) benzoic acid, (4) naphthalene, (5) biphenyl, (6) dibenzofuran, (7) fluorene, (8) benzophenone, (9) fluorenone, (10) anthracene, (11) 1H-Indene, 1-
(phenylmethylene)-, (12), (14), and (15) terphenyl isomers, (13) phenylnaphthalene, (16) benzanthracene, (17) quaterphenyl isomers (peaks indicated by the black

diamonds), (18) toluene, (19) anthracenedione.

possess strong ion-dipole intermolecular forces as well as higher mo-
lecular weight of the salt (benzoic acid MW = 122 g-mol~!/Calcium
benzoate MW = 282 g-mol~! and phthalic acid MW = 166 g-mol~/
calcium phthalate MW = 204 g-mol 1), both contributing factors for the
decreased volatility of the organic salt.

4.1. EGA

The outgassing of the thermal decomposition products of the calcium
salts only occurred at temperatures higher than 470 °C. Thus, only in-
struments with a sufficient heating capability (> 500 °C) would be able
to detect the degradation products of the salts if present in a sample.
Therefore, the Viking pyrolysis system would be insufficient and could
explains the lack of detection of such organic compounds as discussed by
Benner et al. (2000). At high temperature both organic calcium salts
released benzophenone in high abundance with both EGA and GCMS
modes. Benzophenone could be used as a qualitative clue to the presence
of aromatic carboxylic salts. However, the gases produced by the ther-
mal decomposition of calcium phthalate were similar to those produced
from calcium benzoate. Thus, identifying the specific parent salt in a
sample could be difficult except that calcium benzoate also produced
biphenyl which is not observed with calcium phthalate. The presence of
biphenyl combined to benzophenone in EGA could thus be a qualitative
way to discriminate between these two aromatic organic salts.

4.2. Pyrolysis-GC-MS

In GC-MS, the presence of calcium benzoate and calcium phthalate
could only be inferred through the identification of several byproduct
characteristic of the degradation of the salts during pyrolysis. For both
carboxylic acid couples studied, the acid and the salt did not follow the

10

same degradation pathway resulting in differences in the species
detected. Several byproducts characteristic of the thermal degradation
of both aromatic calcium salts have been identified in GC-MS: benzo-
phenone, diphenylmethane, triphenylmethane, and phenyl fluorene.
Except for benzophenone, which was also identified in EGA, the other
compounds are seen in GC-MS only, due to the separation power of the
GC and a better limit of detection, which allows a better identification of
the compounds. This confirms the complementary nature of the EGA and
GC-MS techniques, the former giving precious information on the
decomposition temperatures and pathways of the original compounds,
and the latter to strictly identify compounds with a higher sensitivity.
Dabestani et al. (2005) described the reaction pathway of calcium
benzoate and suggested that the initial decarboxylation of the benzoate
salt leads to the formation of phenyl anion as the key intermediate. The
reaction of the phenyl anion with alkali benzoate generates benzophe-
none as a major product which further reacts to form other compounds
such as diphenylmethane, triphenylmethane or phenyl fluorene. A
similar behavior between calcium phthalate and benzoate suggests that
the pyrolysis of both salts proceeded via a similar anionic reaction
pathway. Thus, if the parent organic ion of calcium phthalate is not
detected, characteristic products of thermal evolution are clearly iden-
tified and they could be used as tracers of calcium benzoate and calcium
phthalate on Mars despite not being able to discriminate between the
mono- and di-acid, with pyrolysis-GC-MS alone.

Diphenylmethane was detected as a Tenax byproduct with and
without perchlorate in a study by Buch et al., (2019). This same study
showed that benzophenone was also formed as a Tenax byproduct in the
presence of perchlorate. Because the degassing temperature of both
calcium salts is consistent with the degassing temperature of calcium
perchlorate (Millan et al., 2020) and magnesium perchlorate (Clark
et al., 2020) into HCI, O, and Cls, oxychlorine reacting with Tenax could
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Fig. 8. Chromatograms obtained from the flash pyrolysis (at 800 °C) of phthalic acid (top) and calcium phthalate (bottom) diluted at 1 wt% in fused silica The grey
shading corresponds to molecules unique to the pyrolysis of the acid or unique to that of the salt. (*) artifact of the column (stationary phase bleeding), (1) benzene,
(2) toluene, (3) ethylbenzene, (4) phenylethyne, (5), styrene, (6) benzaldehyde, (7) phenol, (8) benzene, propynyl, (9) naphthalene, (10) and (12) methylnaphthalene
(isomers), (11) phthalic acid, (13) biphenyl, (14) acenaphthylene, (15) biphenylene, (16), (22), and (23) hydroxybiphenyl (isomers), (17) dibenzofuran, (18) flu-
orene, (19) benzophenone, (20) benzoic acid, phenyl ester, (21) diphenylacetylene, (24) stilbene, (25) Methanone, (2-hydroxyphenyl)phenyl-, (26) fluorenone, (27)
anthracene, (28) phenanthrene, (29) anthracene, ethynyl-, (30) xanthone, (31), (34), and (35) terphenyl (isomers), (32) 4-hydroxy-9-fluorenone, (33) phenyl-
naphthalene, (36) benzanthracene, (37) xylene, (38) trimethylbenzene, (39) Benzene, ethyl-dimethyl-, (40) diphenylmethane, (41) anthracenedione, (42) triphe-
nylmethane, (43) fluorene, phenyl-, (44) phenylanthracene, (45) Methanone, [1,1-biphenyl]-4-ylphenyl-, (46) benzo fluoranthene, (47) anthracene, diphenyl-.

be the source of diphenylmethane or benzophenone if detected in situ
with SAM. So far, none of these molecules have been detected in the
samples analyzed by SAM except for diphenylmethane which was
identified at the Mary Anning drill site in the Glen Torridon region
(Williams et al., 2021). However, we have demonstrated that all these
molecules could have been detected if they were present in the Martian
soil with the GC2 SAM column, except phenyl fluorene which would
elute after the end of the SAM analysis time (Fig. 10). The absence of
benzophenone in the Mary Anning chromatogram is a definitive clue
that aromatic calcium salts are not present in the MA sample. To detect
phenyl fluorene, the temperature ramp could be increased, which would
shorten the elution time of the compounds making the detection of
phenyl fluorene more likely in future runs where the presence of aro-
matic organic salts was to be suspected. With the SAM GC5 column,
however, the detection of aromatic salt byproducts is unlikely as they
should all elute after the maximum time of analysis for this column in
SAM temperatures conditions (21 min). A longer analysis would be
required in order to identify some of the species in case a clue of the
presence of aromatic carboxylic salts was detected with EGA and/or
derivatization. This shows the importance to have multiple columns on
flight instruments and the predictive results such as EGA, which can help
predict the detection of refractory compounds. This work should be
applied to MOMA columns as well.

The slow pyrolysis ramp (35 °C-min~!) used on the SAM instrument
seems to be more appropriate to detect the indirect clues of the presence
of aromatic calcium salts through characteristic compounds, compared
to the flash pyrolysis used on the MOMA instrumental set-up. Indeed,
the results showed that in SAM-like pyrolysis conditions with a slow rate
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ramp of 35 °C-min~?, diphenylmethane, triphenylmethane and phenyl
fluorene were released. Results gathered from the flash 800 °C pyrolysis
experiments showed that both carboxylic acids and their salt counter-
part produced similar byproducts which can render their discrimination
difficult especially due to the low intensity of the parent molecule in the
chromatograms of the acids. Calcium phthalate produced the three
characteristic byproducts diphenylmethane, triphenylmethane and
phenyl fluorene that, could serve as indirect clue for the identification of
phthalate if present above the detection limit of the flight instruments.
However, these compounds were not observed in the chromatogram of
calcium benzoate making its identification difficult. The kinetic of for-
mation of benzoate products might be slower than for phthalates, which
could explain the lack of detection of the characteristic products of
calcium benzoate at flash 800 °C. Therefore, MOMA pyrolysis experi-
ments would benefit from step pyrolysis temperatures instead of a direct
flash 800 °C pyrolysis to help distinguish features specific to the
degradation of both the salts and their acid form. Moreover, if the
presence of aromatic carboxylic salts was suspected in a Martian sample,
a slower temperature ramp (< 200 °C.min’1) (Goesmann et al., 2017) or
a longer duration of the pyrolysis experiment could help the detection of
diphenylmethane, triphenylmethane and phenyl fluorene released from
the pyrolysis of benzoate salts.

4.3. Wet chemistry
Finally, when derivatized with DMF-DMA, MTBSTFA or TMAH, both

the acid and the organic salt produced the same derivatized product.
With MTBSTFA, the calcium salts derivatized better than their acid.
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Whereas with DMF-DMA, a higher derivatization yield was observed for
the acid than for the salt. Moreover, with TMAH, the benzoic acid and
salt had a similar derivatization yield, whereas, phthalic acid derivatized
better than its salt counterpart. Therefore, when derivatized with DMF-
DMA or TMAH, calcium lowers the availability of the labile group
during the derivatization process. The derivatization reagents can
readily react with the labile hydrogen of the carboxylic group of the
acid, whereas the salts are in their anionic form, decreasing the reac-
tivity of the reagent toward the salt. The presence of the calcium cation
also increased the steric hindrance of the molecules and therefore
decreased the access of the derivatization reagent to the reactive group.

Moreover, when comparing the yield between the wet chemistry
experiments, we obtained a higher relative abundance of derivatized
molecules for both the acid and the salt with MTBSTFA compared to
DMF-DMA. This could be explained by a difference in the mass spec-
trometer’s response for DMF-DMA and MTBSTFA derivatized com-
pounds. Molecule derivatized with MTBSTFA could be better ionized in
the mass spectrometer source than compounds derivatized with DMF-
DMA because the tert-butyldimethylsilyl group added by MTBSTFA
has a higher ionization cross section compared to the methyl group
added by DMF-DMA. Moreover, the derivatization response is higher for
compounds derivatized with MTBSTFA than molecules derivatized with
DMF-DMA. Combined, this could explain the highest detection of
MTBSTFA derivatized compounds compared to those with DMF-DMA.
These results showed that MTBSTFA would be better suited for the
derivatization of these salts if present in the Martian soil since these
molecules may not be detectable using DMF-DMA. Furthermore, Wil-
liams et al. (2021), reported the potential detection of benzoic acid
methyl ester in the first TMAH sample of the SAM instrument suite and
Millan et al. (2022) detected benzoic acid tert-butyldimethylsilyl in the
Ogunquit Beach (OG) sample collected in the sand of Bagnold Dunes by
the Curiosity rover. Therefore, if present in the Martian soil, aromatic
calcium salts could be derivatized through wet chemistry or thermo-
chemistry experiments present on SAM and MOMA, showing the
complementarity of this technique with pyrolysis.

5. Conclusions and perspectives

These results showed that sample pyrolysis, can provide a signature
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of parent carboxylic acid molecules but not aromatic calcium salts where
only byproducts were produced. If present at the Martian surface, aro-
matic carboxylic salts, such as calcium benzoate and phthalate, could be
detected indirectly through high temperature (> 500 °C) thermal
extraction analysis such as EGA or pyrolysis-GC-MS or wet chemistry
experiments, showing that the missing organic molecules described by
Benner et al. (2000) could be identified with instrumental set-ups such
as SAM or MOMA. This shows the importance of using the different
capabilities of these instrument suites in tandem to understand more
deeply the data obtained from a sample and increase the possibility to
detect refractory molecules. However, the low intensity of the com-
pounds identified in the organic salt pyrolysis chromatogram could fall
below the detection limit of the instruments. This observation also
agrees with Benner et al.’s conclusion regarding the probable low
capability of the Viking GC-MS instruments to detect certain organics
such as salts of benzenecarboxylic acids.

Overall, the conclusions of this work raise essential questions on the
detectability of refractory molecules and on the interpretation of in situ
data. To expand this work, experimental study on the high-fidelity En-
gineering Test Unit (ETU) and/or testbeds of MOMA and SAM instru-
ment suites could help further understand the signature and behavior of
aromatic organic salts under relevant Mars operational conditions.
Furthermore, matrices with relevant lithologies to the Martian surface
should be used to study the reactivity of the aromatic organic salts
during in situ measurements. Finally, this study focused only on calcium
organic salts, other cations, likely to be present on Mars like iron or
magnesium, should be tested in order to compare their influence on the
thermal degradation and derivatization of the molecules.
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