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Research Article
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Abstract

The Mars Organic Molecule Analyzer (MOMA) and Sample Analysis at Mars (SAM) instruments onboard the
Exomars 2022 and Mars Science Laboratory rovers, respectively, are capable of organic matter detection and
differentiating potentially biogenic from abiotic organics in martian samples. To identify organics, both these
instruments utilize pyrolysis–gas chromatography coupled to mass spectrometry, and the thermochemolysis
agent tetramethylammonium hydroxide (TMAH) is also used to increase organic volatility. However, the
reactivity and efficiency of TMAH thermochemolysis are affected by the presence of calcium perchlorate on the
martian surface. In this study, we determined the products of TMAH pyrolysis in the presence and absence of
calcium perchlorate at different heating rates (flash pyrolysis and SAM-like ramp pyrolysis with a 35�C$min-1

heating rate). The decomposition mechanism of TMAH pyrolysis in the presence of calcium perchlorate was
studied by using stepped pyrolysis. Moreover, the effect of calcium perchlorate (at Mars-relevant concentra-
tions) on the recovery rate of fatty acids with TMAH thermochemolysis was studied. Results demonstrate that
flash pyrolysis yields more diversity and greater abundances of TMAH thermochemolysis products than does
the SAM-like ramp pyrolysis method. There is no obvious effect of calcium perchlorate on TMAH degradation
when the [ClO4

-] is lower than 10 weight percent (wt %). Most importantly, the presence of calcium perchlorate
does not significantly impact the recovery rate of fatty acids with TMAH thermochemolysis under laboratory
conditions, which is promising for the detection of fatty acids via TMAH thermochemolysis with the SAM and
MOMA instruments on Mars. Key Words: Calcium perchlorate—TMAH thermochemolysis—Pyrolysis-GC-
MS—Mars—SAM and MOMA. Astrobiology 21, xxx–xxx.

1. Introduction

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

which detected *0.4–0.6 weight percent (wt %) ClO4
- ions

in the martian soil (Hecht et al., 2009). After this initial in situ
detection, calcium and magnesium perchlorates were iden-
tified at the landing site (Hecht et al., 2009), and Kounaves
et al. (2014b) concluded that the soil samples analyzed by the
Phoenix’s WCL could be composed of an *3:2 ratio of

1Laboratoire Génie des Procédés et Matériaux (LGPM), CentraleSupélec, University Paris-Saclay, Gif-sur-Yvette, France.
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Ca(ClO4)2 to Mg(ClO4)2 phases. Later, chlorine-bearing
compounds were detected by the Sample Analysis at Mars
(SAM) instrument, 1 of 10 instruments on the Mars Science
Laboratory Curiosity rover, such as hydrogen chloride (HCl)
gas, chloromethane, dichloromethane, chlorobenzene (Ming
et al., 2014), and isomers of dichlorobenzene (Millan et al.,
2019). These chlorine-bearing hydrocarbons have been at-
tributed to the reaction of oxychlorine-related species with
organic compounds during the pyrolysis of the samples an-
alyzed with SAM (Freissinet et al., 2015; Millan et al., 2019).
From these results, a reinterpretation of the data obtained
with the gas chromatography–mass spectrometry (GC-MS)
experiment onboard the 1976 Viking landers suggests that
perchlorates and/or chlorates were also present in the samples
analyzed by these experiments (Sutter et al., 2017a; Guzman
et al., 2018). Furthermore, analysis of the Rocknest wind
ripple with the SAM instrument and a comparison with re-
sults obtained from laboratory measurements indicate that
calcium perchlorate is a better candidate for the perchlorate
species than Fe, Mg, Na and K perchlorates (Leshin et al.,
2013). More recently, chloride-bearing hydrocarbons have
been produced by the reaction of oxychlorine-related species
with organics in SAMs pyrolysis oven. This lead to the
conclusion that in modern sand deposits and some much older
rocks, Ca and Mg perchlorates are the most likely sources of
chlorine-related products (Freissinet et al., 2015; Millan
et al., 2019).

The detection of widespread perchlorates and likely
chlorates on Mars led to several studies related to the po-
tential effect of perchlorates on the detection of organic
compounds with various instruments. Perchlorate is a strong
oxidizing agent because oxygen can be released from the
decomposition of perchlorates and could be the main cause
of the degradation of organic compounds. The thermal de-
composition of perchlorates, including lithium, sodium,
potassium, magnesium, iron, aluminum, and calcium per-
chlorates, has been analyzed by using a thermobalance from
previous experiments (Marvin and Woolaver, 1945). Two
possible mechanisms for the thermal decomposition of a
perchlorate were proposed (Marvin and Woolaver, 1945):
(1) by gradual hydrolysis of hydrated compounds to yield
perchloric acid and an oxide, such as magnesium, iron, and
aluminum perchlorates, and (2) by dehydration followed by
decomposition to yield oxygen and chloride, as in the case
of lithium (*440�C), sodium (*480�C), potassium
(*540�C), and calcium (*405�C) perchlorates. The salts
may be dehydrated first and then decomposed when the
temperature is high enough to force their release.

The temperature of oxygen release from perchlorate can
be affected by other minerals present in a solid sample. For
example, the decomposition temperature of calcium per-
chlorate or another oxychlorine species can decrease due to
the presence of iron phases (Bruck et al., 2014; Hogancamp
et al., 2018). Regardless of the perchlorate phase, oxygen
will be released from any perchlorate in solid samples on
Mars when the SAM instrument ovens are heated, leading to
the oxidation of organic compounds into carbon dioxide.
The main consequence of this is that organic matter is de-
graded and would not be detected (Ming et al., 2014).
Furthermore, the abundance of oxychlorides varies by one
order of magnitude (Farley et al., 2016). Some experiments
have shown that there should be a minimum ratio of 4.7:1

between organic matter and perchlorate to ensure the de-
tection of organic molecules with pyrolysis–gas chroma-
tography coupled to mass spectrometry (Pyr-GC-MS)
(Kounaves et al., 2014a) without major impact from the
perchlorate. In addition, HCl produced during the thermal
decomposition of martian perchlorate can react with soil
carbonates leading to low temperature inorganic CO2 re-
lease, and the presence of calcium chloride (CaCl2), which
is formed from the reaction between calcite and HCl, has
been confirmed by X-ray diffraction experiments (Cannon
et al., 2012). Therefore, the detection of organic fragments,
not CO2 alone, should be used as definitive evidence for
organics in martian soils (Cannon et al., 2012).

Perchlorate not only affects the type and the number of
organic compounds detected (Steininger et al., 2012), it can
also react with organic compounds to form chlorine-related
compounds. For example, Guzman et al. (2018) observed
the presence of chlorobenzene at a concentration of 0.08–1.0
ppb (relative to sample mass) in Viking Lander 2 (VL-2)
data at a pyrolysis temperature between 350�C and 500�C.
They concluded that the reaction of indigenous organic
carbon and instrument contamination with martian per-
chlorate during the pyrolysis process is the likely source of
the chlorobenzene. Laboratory experiments confirm that
perchlorates mixed with organic molecules with different
molecular weights (low, medium, or high) will form
chloride-related gases such as HCl, carbonyl dichloride
(CCl2O), and carbon tetrachloride (CCl4) (Sephton et al.,
2014). However, Montgomery et al. (2019) reported that the
presence of perchlorate and other oxyanion salts inhibited
the detection of organic compounds when analyzed by Pyr-
GC-MS; removing perchlorates and sulfates of Atacama
Desert showed identifiable biomarkers associated with
cyanobacteria.

Both the Mars Organic Molecule Analyzer (MOMA)
instrument onboard the ESA/Roscosmos ExoMars rover and
the SAM instrument on the NASA Curiosity rover can de-
tect organic molecules. MOMA and SAM are analytical
suites that utilize Pyr-GC-MS. MOMA carries three deriv-
atization/thermochemolysis agents (Goesmann et al., 2017),
that is, N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide/
N,N-dimethylformamide (MTBSTFA/DMF, for carboxylic
and amino acids, nucleobases, amines, and alcohols), DMF
dimethyl acetal (for amino acids, fatty acids, and primary
amines with chiral centers), and tetramethylammonium hy-
droxide (TMAH) in methanol (for lipids and fatty acids,
when driven to higher temperatures). SAM carries only
MTBSTFA/DMF and TMAH in methanol (Mahaffy et al.,
2012). These derivatization/thermochemolysis agents in-
crease the volatility of organic molecules with labile groups,
such as amino acids, carboxylic acids, and nucleobases (He
et al., 2019a, 2020). TMAH is very useful for the liberation
of polar molecules from macromolecules and the volatili-
zation of fatty acids, but the decomposition of TMAH at
elevated temperatures above 500�C (Morisson et al., 2017)
can cause additional issues that complicate organics detec-
tion. The degradation of TMAH at relatively low tempera-
tures (lower than 200�C) has been studied, and different
TMAH degradation mechanisms have been reported
(Musker, 1967; Chempath et al., 2008, 2010; Long and
Pivovar, 2012), but no study has reported on the by-products
of TMAH pyrolysis at elevated temperatures.
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The thermal degradation of TMAH can proceed via two
different pathways. The first pathway is a nucleophilic
substitution reaction mechanism (the bimolecular or SN2
pathway) defined by the synchronous formation of one bond
as another bond is broken. In this case, it is the nucleophilic
attack by OH- on the CH3 group that produces trimethyla-
mine (TMA) and dimethyl ether (Musker, 1967). The sec-
ond pathway is the ylide one wherein the decomposition of
TMAH to give TMA and dimethyl ether results from the
initial removal of a proton from the quaternary ammonium
salt, followed by the decomposition of the resulting ylide
(Musker, 1964). For example, Macomber et al. (2008) did
experiments with D-labeled TMAH to work out the mech-
anism of TMAH decomposition, using differential scanning
calorimetry (DSC), thermal gravimetry (TG), and evolved
gas analysis (EGA). They concluded that TMA, methanol,
and dimethyl ether were the main resulting products. The
extraction of the a-proton to generate a nitrogen ylide is an
important degradation mechanism for methyl ammonium
species. Deprotonation of the tetramethyl ammonium ion by
hydroxide establishes a rapid equilibrium between the tetra-
methylammonium ion and the nitrogen ylide species and
water that combines the deuterium with the proton in the
methyl groups. Then, the methoxide formed in this way reacts
with [Me4N]+ via an SN2 process to generate dimethyl ester.

However, Chempath et al. (2008) proposed that the ylide
pathway is more reasonable than the SN2 pathway. These
researchers performed Thermogravimetry and mass spec-
trometry (TG-MS) experiments to evaluate the stability of
tetramethylammonium ([N(CH3)4

+]) under aqueous condi-
tions in the presence of OH- ions. They verified the H-D
exchange, and their results demonstrated that the ylide
mechanism plays a crucial role on the decomposition of
TMAH. Moreover, they confirmed this pathway by calcu-
lation of the energy of the activation barrier, and they
proved that it is lower than for the SN2 pathway. Finally, the
ylide pathway can give rise to unstable intermediates with
side reaction, including the Stevens rearrangement reactions
(Surpateanu et al., 1976), Sommelet–Hauser rearrangement,
and Hofmann elimination (Chempath et al., 2010).

The Hofmann elimination is a vulnerable pathway for deg-
radation of n-alkyl-tetramethylammonium (TMA+) cations
(Long and Pivovar, 2012). However, this barrier is also found to
depend on the carbon chain length because of steric interference
and number of hydrogens susceptible to the Hofmann elimi-
nation (Long and Pivovar, 2012). OH- can attack the a-carbon
atom and the cation degrades by the SN2 pathways. Edson et al.
(2012) studied the effect of the number of b-hydrogen atoms
susceptible to the Hofmann elimination and the mechanism of
different alkyltrimethylammonium cations in deuteroxide form
using EGA (Fig. 1). The Hofmann elimination is the preferred
decomposition pathway for ammonium cations bearing b-
hydrogens, and ylide formation reorganizes protons from water
into TMA that is formed with a low activation barrier. The
stability of cations increased with the blocking of b-hydrogens,
and without b-hydrogen, SN2 reactions occurred, as shown in
Fig. 1. However, no studies report the degradation mechanism
of TMAH at high temperature.

To distinguish the source of chlorinated organic com-
pounds detected by the SAM instrument (Eigenbrode et al.,
2018), Miller et al. (2015) evaluated possible carbon sources
with and without the Tenax� trap, which is used to con-

centrate the evolved species from the martian samples. They
found that perchlorates have nearly no effect on the Tenax
trap onboard SAM when the trap is not heated above 300�C.
In laboratory experiments, there is rare degradation of the
trap after hundreds of pyrolysis experiments of Mars analog
soils doped with perchlorates (calcium perchlorate, magne-
sium perchlorate, or iron chloride). Moreover, the effect of
calcium perchlorate on the degradation of Tenax and the
subsequent by-products have been studied (Buch et al.,
2019). The by-products of perchlorates have an impact on
the degradation products of Tenax, such as chlorinated
phenyl molecules, chlorobenzaldehyde, chlorophthalic acid,
and chlorobiphenyl. To date, few studies have reported on
the effect of perchlorate on the function of derivatization
agents, especially TMAH, at high temperature (600�C).
Thus, the influence of perchlorate on the function of TMAH
thermochemolysis must be studied to best understand the
potential influence of perchlorates on the TMAH experiment
on the SAM and MOMA instruments.

This study explores the degradation of TMAH and the
effect of calcium perchlorate on TMAH pyrolysis at 600�C
(with different heating ramps, including flash pyrolysis and
SAM-like ramp pyrolysis at 35�C$min-1) using Pyr-GC-MS
with a hydrocarbon trap. From these results, we propose a
mechanism for TMAH degradation at a high pyrolysis
temperature (600�C) in the presence of calcium perchlorate.
These results provide important foundational data for the
interpretation of the origin of organic molecules detected by
SAM and MOMA.

2. Experimental Design

2.1. Samples and chemical products

A TMAH solution (25% by weight in methanol; Sigma-
Aldrich) was used in this study, and calcium perchlorate
tetrahydrate (99%; Sigma-Aldrich) was used to make the
calcium perchlorate solution. Naphthalene-d8 (isotopic pu-
rity, 99 atom % D; Sigma-Aldrich) was used as an internal
standard (IS). The concentration of calcium perchlorate
solution (0.85 mol$L-1) was measured by atomic absorption
spectrometry (Varian Australia Pty Ltd) (Zagatto et al.,
1979; Milačič et al., 1992; Fayiga and Ma, 2006; Špirić
et al., 2013), using air–acetylene flame test, with a calcium
cathode lamp set at the 422.7 nm resonance wavelength.

The abundance of ClO4
� in TMAH solution (wt %) is

given by the following equation:

A¼ 2CCa(ClO4)2
� VCa(ClO4)2

� MClO4
�

VTMAH � qTMAH

· 100%,

where A is the abundance of ClO4
� in wt %; CCa(ClO4)2

is the
concentration of Ca(ClO4)2 solution, 0.85 mol$L-1; MClO4

�

is the molar mass of ClO4
� , 99.45 g$mol-1; VCa(ClO4)2

is the
volume of Ca(ClO4)2 solution; VTMAH is the volume of
TMAH solution, 3mL; and qTMAH is the density of TMAH
solution, 0.866 g$mL-1.

The effect of different wt % of ClO4
� (0.1, 0.5, 1.0, 2.0,

3.0, 4.0, 5.0, 10.0, 15.0, 20.0, 30.0, 40.0 wt %) on TMAH
pyrolysis at 600�C was studied. The calcium perchlorate
was dried at room temperature under a dinitrogen flow for
3 h, and the water abundance in the sample was measured
by the Karl Fischer method with an Aqua processeur
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radiometer (Seaman et al., 1949; Burns and Muraca, 1962;
Bryan and Bhaskara, 1976; Galletti and Piccaglia, 1988;
Ewa and Piotr, 2009). The calibration curve of the moisture
detection is shown in Fig. 2. Results show that the content of
moisture within the capsule is less than 1.6% and 0.7%
when the calcium perchlorate abundance is 40 and 15 wt %,
respectively, which ensured that the experimental conditions
are more Mars like.

Individual solutions of octanoic acid (C8, ‡98%; Sigma-
Aldrich), nonanoic acid, Kosher (C9, ‡96%; SAFC), de-
canoic acid (C10, ‡98.0%; Sigma Grade), undecanoic acid
(C11, ‡97.0%; Fluka), lauric acid (C12, ‡98.0%; Sigma-
Aldrich), tridecanoic acid (C13, ‡98.0%; Sigma Grade),
myristic acid (C14, 99–100%; Sigma Grade), pentadecanoic
acid (C15, *99%; Sigma Grade), palmitic acid (C16,
‡99.0%; Sigma Grade), heptadecanoic acid (C17, ‡98.0%;
Sigma Grade), stearic acid (C18, ‡98.5%; Sigma Grade),
and arachidic acid (C20, ‡99.0%; Sigma-Aldrich) were
prepared by diluting the pure fatty acids into pyridine
(‡99.9%; Sigma-Aldrich) solvent. The concentration of
each fatty acid is 0.67 mmol$L-1. For the recovery of fatty

acids with 3 mL TMAH, 2 mL of the fatty acid solution was
used. For the recovery of fatty acids under similar condi-
tions used on Mars by the SAM and MOMA instruments,
the original fatty acids solution was diluted to 1000 times,
about 2.2 mL of diluted fatty acid solution and 0.2 mg of
ClO4

- were used, respectively.

2.2. Pyrolysis experiments

The pyrolysis experiments were performed with an EGA/
PY-3030 D micro-oven pyrolyzer (Frontier Lab), installed
on the split/splitless (SSL) injector of a Trace GC Ultra gas
chromatograph (Thermo Scientific) coupled to a quadrupole
mass spectrometer (ISQ LT; Thermo Scientific). Varying
volumes of Ca(ClO4)2 solution were injected in a capsule
(Eco-Cup; Frontier Lab) under a stream of nitrogen to dry
the Ca(ClO4)2 solution, and then, 3mL of TMAH was in-
jected into the capsule. That capsule carried by an eco-stick
(Frontier Lab) was attached to the top of the pyrolyzer.

Two kinds of pyrolysis ramps were used in this study. The
first one is flash pyrolysis wherein the sample is pushed into
a heated and stabilized oven at 600�C for 30 s, after which
the sample is removed from the oven. Helium is used as the
carrier gas to carry the pyrolysis volatile products into the
GC-MS. The second ramp is the SAM-like ramp pyrolysis.
During this process, the heart-cut EGA analysis method was
used. For that, the sample cup was attached to the pyrolyzer
and the pyrolyzer head space was purged for 2 min before
proceeding. Then, the sample cup was pushed inside the
oven (initial temperature was 50�C), and the oven was he-
ated to the final temperature of 600�C (with a 1 min hold) at
the SAM heating rate of 35�C$min-1. The MicroJet Cryo-
Trap (Frontier Lab) was used to trap and preconcentrate at
-180�C all the released products. When the pyrolysis pro-
cess was finished, the temperature of the trap was quickly
increased to 40�C. Then, all the products were released and
sent to the GC-MS through the helium flow.

Finally, to explore the products of TMAH pyrolysis with
calcium perchlorate, a stepped pyrolysis of TMAH with and
without calcium perchlorate was performed. For this study,
the sample was injected into the pyrolyzer and was heated at

FIG. 1. Thermal decomposition of alkyltrimethylammonium deuteroxide, adapted from Edson et al. (2012). Case 1: R1,
R2, and R3 = H; Case 2: R1 = CH3, R2, and R3 = H; Case 3: R2 = H, R1, and R3 = CH3; Case 4: R1, R2, and R3 = CH3. TS,
transition state.

FIG. 2. The calibration curve of H2O detection.
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a SAM-like heating rate of 35�C$min-1 from 50�C to
100�C, every increase in 100�C up to 1000�C, as 100–
200�C, 200–300�C, 300–400�C, 400–500�C, 500–600�C,
600–700�C, 700–800�C, 800–900�C, and 900–1000�C. All
experiments were repeated more than three times.

2.3. GC-MS analysis

Analyses were conducted with a Trace GC Ultra gas
chromatograph (Thermo Scientific) coupled to a quadrupole
mass spectrometer (ISQ LT; Thermo Scientific). The GC is
equipped with a Supelco SLB-5MS Inferno column
(30 m · 0.25 mm i.d. · 0.25 mm film thickness) with 5 m in-
tegrated guard column. For the flash pyrolysis, the temper-
ature programming of the column starts at 40�C held for
2 min, then at a heat rate of 3�C min-1 up to 200�C and then
raised to 300�C at a rate of 6�C min-1 and maintained for
1 min. To mimic the SAM ramp, the temperature pro-
gramming of the column starts at 40�C hold for 2 min, then
at a heat rate of 6�C min-1 up to 300�C and maintained
1 min. In both ramps, helium was used as the carrier gas and
the helium flow rate in the column was 1.2 mL$min-1. The
split flow was 24 mL$min-1. The temperature of the SSL
injector was set at 280�C. The masses were scanned be-
tween m/z 40 and m/z 500. The ionization energy was 70 eV.

The relative abundance of the compounds was obtained
through the following equation:

Ci¼
Ai

Ais

S Ai

Ais

· 100%,

where Ai and Ais refer to the peak areas of the products and
the peak area of the internal standard, respectively.

3. Results

3.1. Flash pyrolysis of TMAH at 600�C
3.1.1. Products of TMAH treated with flash pyrolysis at

600�C. Flash pyrolysis is a high temperature process, in
which the sample is rapidly heated at a very high heating
and heat transfer rate in the absence of air (Bridgwater and
Peacocke, 2000). Samples treated with the flash pyrolysis
method almost always yield a greater number and diversity
of fatty acid methyl esters than ramped pyrolysis, because
the flash pyrolysis step of macromolecules with TMAH
thermochemolysis is higher efficient (Williams et al., 2019).
Therefore, the flash pyrolysis products of TMAH at 600�C
were analyzed. Figure 3 shows the chromatogram of TMAH
flash pyrolysis at 600�C, and all products released from flash
pyrolysis are listed in Supplementary Table S1. Most of the
by-products of TMAH pyrolysis were detected from the
retention time (RT) of 1.0–5.0 min; the naphthalene-d8
(internal standard) was eluted at the retention time of
14.80 min. TMA (eluted at 2.06–2.29 min) and dimethyl
ether (eluted at 1.95 min) are the main products of TMAH
flash pyrolysis degradation at 600�C. The production yield
of TMA and dimethyl ether is ca. 48% and 25%, respec-
tively, and carbon dioxide formed during the TMAH py-
rolysis process accounts for 15% of all pyrolysis products
from TMAH pyrolysis. Other nitrogen-bearing compounds
account for 12% of all pyrolysis products from TMAH flash
pyrolysis, such as N-methyl-ethylamine, N,N-dimethyl-

ethylamine, and the N-O containing compounds such as
urea. Various siloxane compounds were detected at different
retention times of 6.60, 6.80, 10.69, 11.0, and 13.79 min,
which were caused by the column bleeding, a loss of its
stationary phase (5% diphenyl/95% dimethyl siloxane).

During the flash pyrolysis of TMAH at 600�C, radicals
such as $H, $CH3, :CH2, $CH2 (CH3)3N+, and$CH2(CH3)2N+

were formed because of the cracking of the bond of nitrogen
and a methyl group, the C-H bond in the methyl func-
tional group, and the recombination of these radicals. For
example, the hydrogen radicals stabilize the structure of
(CH3)2N+CH2– and TMA was formed (Wang and Liang,
2014). The Hoffman elimination plays a key role in alkene
formation, the aromatization of alkenes producing aromatics,
such as benzene, and N,N-dimethyl-benzenemethanamine
formation from the combination of benzene radicals and
(CH3)2N+CH2–. Methanol could be formed through the
demethylation of TMAH and the combination of methyl
functional group with the OH radicals, and dimethyl ether
was formed through the dehydration of methanol. The al-
dehyde product (CH3)3N+CHO could be generated by the
hydrolysis reaction of carbon center radicals, and the alde-
hyde products could be oxidized by the oxygen radicals
from the system and to form the carboxylic acids at high
temperature. The possible route of TMAH degradation is
shown in Fig. 4.

3.1.2. Effect of Ca(ClO4)2 on flash pyrolysis of TMAH.
As described previously, perchlorates have been detected on
Mars, with calcium perchlorate thought to be the main
source of chlorine (Ming et al., 2014). Therefore, the in-
fluence of calcium perchlorate on the pyrolysis behavior of
TMAH was investigated; in particular, the pyrolysis be-
havior of TMAH with calcium perchlorate in different
concentrations (0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, and
15.0 wt %) was studied. The resulting chromatograms are
shown in Fig. 5. When the perchlorate abundance is lower
than 2 wt %, few new products are formed during the flash
pyrolysis of TMAH. When the abundance of perchlorate is
higher than 2 wt %, new products are detected such as
(dimethylamino)acetonitrile (RT: 5.33 min) and dimethyl
cyanamide (RT: 5.80 min) with the C � N bond, DMF with
the aldehyde functional group eluted at 6.26 min, and 1,3,5-
trimethyl-1,3,5-triazacyclohexane (TMTAC) with a six-
membered heterocyclic aromatic ring eluted at 11.10 min.
Pyrrole was formed during the pyrolysis of TMAH, such as 2,5-
dimethyl-pyrrole at the retention time of 7.49 min and 4-
ethyl-2-methyl-pyrrole at the retention time of 9.83 min.
The products of TMAH pyrolysis with calcium perchlo-
rate at a concentration higher than 10 wt % are listed in
Supplementary Table S2. There are only three possible
Cl-containing compounds at low abundance detected in
this study, including 5-chloro-2-pyridinol (RT = 10.12,
12.57 min), 5-chloro-1-methylimidazole (RT = 10.18, 12.0,
and 12.69 min), and 4,5-dichloro-1-methyl-imidazole (RT =
15.72 min). The intensity of these peaks is at the detection limit
of the instrument.

The distribution of the main products of TMAH flash
pyrolysis with 10 wt % calcium perchlorate is shown in
Table 1. Most of the products are N-containing com-
pounds. These include TMA, N,N,N¢,N¢-tetramethyl-
methanediamine, and TMTAC at 12.7%, 21.3%, and 16.7%,
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respectively. Dimethyl ether and CO2 are also main products
at 11.0% and 13.9%, respectively. The newly formed prod-
ucts of dimethylamino acetonitrile and DMF, of 6.2% and
6.7%, respectively, account for a relatively high proportion
compared with other nitrogen-containing by-products.

Figure 6 shows the effects of calcium perchlorate on the
main products produced during the flash pyrolysis of TMAH
at 600�C. TMA and dimethyl ether are the main compounds

from the flash pyrolysis of TMAH with the presence of
calcium perchlorate, as shown in Table 1, and their abun-
dance did not show obvious changes with the increase
of calcium perchlorate when its abundance is lower than
5 wt %. TMA abundance increases as calcium perchlorate
reaches 2 wt %, and the TMA abundance remains stable as
the calcium perchlorate concentration increases to 10 wt %.
However, TMA decreases with an increase of calcium

FIG. 3. The chromatogram of
TMAH flash pyrolysis at 600�C.
Peak 1: CO2; peak 2: 3-
Aminobutanoic acid; peak 3: Di-
methyl ether; peak 4: TMA (and
isomers); peak 5: Dimethyoxy-
methane; peak 6: N-methyl-
ethylamine; peak 7: Urea; peaks 8
and 9: N,N-dimethyl-ethylamine;
peak 10: Betaine; peak 11: 1,2-
Dimethoxy-ethane. IS, internal
standard; TMA, trimethylamine;
TMAH, tetramethylammonium
hydroxide.

FIG. 4. The mechanism of TMAH degradation via flash pyrolysis.
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perchlorate up to 15 wt %, which means that other
N-bearing compounds are formed. Dimethyl ether shows a
similar trend as TMA.

Nitrogen-containing compounds such as DMF and di-
methylamino acetonitrile, and TMTAC and dimethyl cyana-
mide are formed when calcium perchlorate is higher than
2 wt %, and the yield of DMF and dimethylamino acetonitrile
increases with an increase in calcium perchlorate when its
abundance is higher than 5 wt %. For example, the amount of
DMF formed after the TMAH pyrolysis with the presence of
15 wt % ClO4

- is ca. 2.7 times higher than that from TMAH
pyrolysis with calcium perchlorate with the presence of 5 wt %
ClO4

-; the TMTAC and dimethyl cyanamide show a slight
increase with the increase of perchlorate higher than 5 wt %.
N,N,N¢,N¢-tetramethyl-methanediamine is one of the most
important by-products from TMAH pyrolysis, and the abun-
dance of N,N,N¢,N¢-tetramethyl-methanediamine increases
with an increase in calcium perchlorate up to 10 wt %.
N,N,N¢,N¢-tetramethyl-methanediamine could possibly be de-
composed or transferred to other nitrogen-containing com-
pounds, such as cyanamide or triazine. 1-methoxy-3,3-

diethyltriazene 2-oxide at the retention time of 11.66 min is an
intermediate compound, and the abundance of N,N-dimethyl-
ethylamine increases slightly with increasing perchlorate con-
centration. And, N,N-dimethylbenzenamide was detected at a
low concentration, indicating that additional perchlorate pro-
motes the formation of these products.

3.2. The pyrolysis of TMAH under SAM experimental
conditions

3.2.1. Products of TMAH pyrolysis under SAM experiment
conditions. The chromatogram for TMAH pyrolysis using
the SAM-like (35�C$min-1) heating ramp (Fig. 7) is similar
to the results of TMAH flash pyrolysis from 50�C to 600�C.
Indeed, no compounds of interest were detected after 5 min
retention time. TMA and dimethyl ether are the main
products of TMAH pyrolysis. Other pyrolysis products of
TMAH include nitrogen- and oxygen-containing com-
pounds (Supplementary Table S3). Compared with TMAH
flash pyrolysis, there are fewer by-products with TMAH
pyrolysis at the SAM-like ramp. This is due to radical

FIG. 5. Chromatograms of
TMAH flash pyrolysis with Ca
(ClO4)2 in different abundances at
600�C. Peak 1: Dimethyl ether; peak
2: 2-Methoxyethoxy-ethene; peak 3:
N,N-dimethyl-methylamine and iso-
mers; peak 4: Tetramethylammonium
acetate; peak 5: 1-Methylaziridine;
peak 6: N,N-dimethyl-ethylamine;
peaks 7 and 8: N,N,N¢,N¢-
tetramethyl-methanediamine; peak 9:
Dimethylamino-acetonitrile; peak 10:
Dimethyl-cyanamide; peak 11: N-
methyl-N-(2-hydroxyethyl)carbamic
acid, methyl ester; peak 12: N,N-
dimethyl-formamide; peak 13:
Propenal dimethylhydrazone; peak
14: 1-Methyl-3-piperidinol; peak
15: N,N-dimethylacetamide; peak 16:
Hexahydro-1,3,5-trimethyl-1,3,5-
triazine (TMTAC); peak 17: N-
methyl-N-(2-hydroxyethyl)carbamic
acid, methyl ether; peak 18: Benzoic
acid, methyl ester; peak 19: N,N,
4-trimethyl-benzenemethanamine;
peak 20: Hexadecanoic acid, me-
thyl ester (palmitic acid, methyl
ester); peak 21: Octadecanoic acid;
methyl ester (stearic acid, methyl
ester); peak 22: 2-Butenedioic
acid(Z)-diethyl ester (maleic acid
diethyl ester).
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fragments being formed simultaneously and in a highly reac-
tive state (Onay and Mete Kockar, 2003; He et al., 2014) during
TMAH flash pyrolysis at 600�C. Thus, the radicals interact with
each other forming more by-products. The pyrolysis products
of TMAH pyrolysis at ca. 135–140�C have been previously
studied (Musker, 1964), with the main products of dimethyl
ether and TMA being consistent with our study.

3.2.2. The effect of calcium perchlorate on TMAH under
SAM-like pyrolysis experimental conditions. To study the
effect of calcium perchlorate on TMAH pyrolysis under
SAM-like ramp conditions (35�C$min-1 up to a final tem-
perature of 600�C), the pyrolysis products of TMAH with
different calcium perchlorate concentrations were analyzed.

Figure 8 shows the chromatograms of TMAH pyrolysis with
Ca(ClO4)2 at the SAM-like ramp from 50�C to 600�C. Re-
sults show that chloromethane is formed during the pyrolysis
of TMAH when calcium perchlorate concentrations are
higher than 3 wt %, and chloromethane abundance increases
with an increase in calcium perchlorate percentage. This
trend may be caused by the decomposition of ter-
tramethylammonium chloride. This reaction (1) can be ex-
pressed by the following equation (Lawson and Collie, 1888):

CH3ð Þ4NCl! CH3ð Þ3NþCH3Cl (1)

Figure 9 shows the results of calcium perchlorate on
TMAH pyrolysis at the SAM-like heating ramp. Dimethyl

Table 1. The Distribution of the Pyrolysis Products of Tetramethylammonium Hydroxide

with 10 wt % of Perchlorate During the Flash Pyrolysis at 600�C

Compounds Yields (%) Compounds Yields (%)

Carbon dioxide 13.9 Dimethylamino-acetonitrile 6.2
Dimethyl ether 11.0 Dimethylformamide 6.7
Trimethylamine 12.7 Dimethyl-cyanamide 1.0
N,N-dimethyl-ethylamine 1.3 1,3,5-Trimethyl-1,3,5-triazacyclohexane 16.7
N,N,N¢,N¢-tetramethylmethanediamine 21.3 1-Methoxy-3,3-diethyltriazene-2-ox 1.2
Others 8.0

FIG. 6. Effect of perchlorate on the main products of TMAH flash pyrolysis at 600�C (Ai/AIS represents the peak area of
the internal standard divided by the peak area of the target compounds).
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ether and TMA do not show obvious changes with the in-
crease of calcium perchlorate until the perchlorate percent-
age is higher than 10 wt %. After 10 wt % perchlorate, the
abundance of dimethyl ether and TMA decreases slightly
with the increase in perchlorates. At the same time, DMF
and TMTAC are formed and become the main pyrolysis
products, with a stable trend in their yield with the increase
in calcium perchlorate. This demonstrates that the presence
of calcium perchlorate can cause the formation of
N-containing compounds, and the transfer of N from TMA
to other nitrogen-containing compounds was promoted.
However, the reaction among these cracking fragments and
how these by-products are formed during the TMAH flash
pyrolysis and at SAM-like ramp pyrolysis need to be
studied.

4. Discussion

4.1. Mechanism of reaction of perchlorate with TMAH
during the pyrolysis

To elucidate how calcium perchlorate influences the
formation of by-products from TMAH pyrolysis at 600�C, a
step pyrolysis experiment was conducted to assess the
products of TMAH with calcium perchlorate (at 20 wt %)
and without calcium perchlorate. Compared with the SAM-
like pyrolysis products of TMAH, there was no obvious
difference between the experiments except for the TMAH
+20 wt % Ca(ClO4)2 from the 400�C to 500�C temperature
range (Fig. 10). Table 2 summarizes all products of TMAH
with and without 20 wt % calcium perchlorate. TMA is the
main pyrolysis product and was detected at temperature
steps ranging from 100�C to 400�C. This indicates that
TMAH can be decomposed at temperatures as low as ca.
100�C, and a variety of N-bearing compounds was formed.
In the 400–700�C range, lower abundances of TMA are
detected. At temperatures higher than 800�C, only CO2 was
detected. In the 200–500�C range, chloromethane was de-
tected at higher concentrations, indicating that methyl
groups are formed during TMAH pyrolysis, as shown in
Fig. 11.

Compared with TMAH-only experiment, the numbers of
pyrolysis products were increased in TMAH SAM-like ramp
pyrolysis in the presence of 20 wt % ClO4

-. Figure 11 shows
the chromatograms of TMAH pyrolysis with the presence of
20 wt % ClO4

- at different temperatures. Dimethyl ether and
TMA are the main products of TMAH pyrolysis. There are
also other O- and N-containing compounds that were detected
when the pyrolysis temperature was lower than 400�C, such
as 1-methoxy-2-(vinyloxy)-ethane and N,N-dimethyl-
ethylamine. There was no significant change in the number
of by-products when the pyrolysis temperature was lower
than 400�C; however, more than 20 compounds were de-
tected during the TMAH pyrolysis from the 400�C to 500�C
temperature range. Approximately 50% of these compounds
contain nitrogen. Among these compounds, a high concen-
tration of TMTAC was detected. Other related nitrogen-
containing and nitrogen–oxygen-containing compounds were
identified, such as dimethyl-cyanamide, dimethylamino-
acetonitrile, N-dimethyl-N-D-aspartic acid, pyrrole, and DMF.
TMTAC, DMF, and TMA are the main products obtained
from the pyrolysis of TMAH with Ca(ClO4)2, and the inten-
sity of TMTAC is the highest, which means that the TMTAC
is the most stable form of a nitrogen-containing compound in
these experiments.

TMTAC, with a chair conformer with the axial orienta-
tion of one CH3 group based on electron diffraction data
(Zverev et al., 2007), is a kind of nucleophilic acyl group
transfer reagent and can provide a convenient alternative to
the established dialkoxymethyllithium compounds and li-
thiodithianes commonly employed as one-carbon nucleo-
philes, a building block for imidazoles (Subramanian, 2001).
It is well known that hexamethylenetetramine (HMT) or
hexamine can be formed by the reaction of formaldehyde
and ammonia, and they are stable intermediates during the
reaction. Ogata and Kawasaki (1964) explained the mech-
anism and kinetics of the formaldehyde and ammonia re-
action, wherein the formation of methylenediamine
(NH2CH2CH2) is faster than that of hexamine, and a higher
ratio of CH2O versus NH3 is favorable for the formation of
hexamine. They proposed the dimethylamine pathway for

FIG. 7. Chromatography of TMAH py-
rolysis at SAM-like ramp. Peak 1: CO2;
peaks 2 and 4: Dimethyl ether; peak 3:
Ethanedioic acid; peak 5: TMA (and iso-
mers); peak 6: N,N-dimethyl-ethylamine;
peak 7: N,N¢-dimethyl-ethylenediamine;
peak 8: 2-Propanamine; peak 9: Diethyla-
mine; peak 10: 2,2-Dimethoxy-ethanamine.
SAM, Sample Analysis at Mars.
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the formation of HMT during the reaction of formaldehyde
and ammonia, which has been confirmed by Zeffiro et al.
(2016). Their results showed that dimethylamine plays a key
role in the formation of HMT, which are stable intermediates.
Through a dehydration process, methylenediamine reacts
with dimethylamine and forms the cyclotrimethylene-
triamine, which is the related heterocyclic compound of
(CH2NR)3, where R is hydrogen; however, if R represents a
methyl group, the product should be TMTAC.

This reaction led to the conclusion that the presence of
aldehyde and amine functional group-containing com-
pounds is key factor for the formation of TMTAC. Results

from our study indicate that DMF, with both aldehyde and
amine functional groups, could be the main compound
formed simultaneously with the formation of TMTAC.
Thus, we speculate that DMF is a vital intermediate and
plays a key role in the formation of TMTAC. DMF is a polar
solvent used widely in industrial processes that can dissolve
a wide range of both organic and inorganic compounds
because of its large dipole moment, a high dielectric con-
stant, and its donor–acceptor properties (Attri et al., 2010).
It can also be used as a dehydrating agent and catalyst in the
dehydration of aldoximes to nitriles (Supsana et al., 2007).
The oxygen atom in DMF is the negative pole and is an

FIG. 8. Chromatograms of TMAH pyrolysis with Ca(ClO4)2 at SAM-like ramp. Peak 1: N,N-dimethyl-ethylamine; peaks
2 and 4: N,N,N¢,N¢-tetramethyl-methanediamine; peak 3: Dimethylamino-acetonitrile; peak 5: DMF; peak 6: N-ethyl-
acetamide; peak 7: TMTAC.
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ideal hydrogen bond acceptor that extends out from the rest
of the molecule. The TMTAC cannot be the condensation
product of nitriles because the lack of methyl groups on the
nitrile N atom makes it impossible to form TMTAC.

To confirm the function of DMF during the formation of
TMTAC, the flash pyrolysis products of DMF at 600�C were
studied. Figure 12 shows the chromatogram of DMF flash
pyrolysis at 600�C, and the main pyrolysis products are
listed in Supplementary Table S4. Results show that the
TMTAC was formed during the pyrolysis of DMF at 600�C,
and N,N,N¢,N¢-tetramethyl-methanediamine (RT = 2.77 and
3.02 min), dimethylamino-acetonitrile (RT = 4.02 min), and
some olefins such as 1-nonene (RT = 8.53 min) and 1-decene
(12.78 min) were detected. These results indicate that DMF is
the main intermediate for the formation of these compounds.

The question remains of how DMF is formed during the
TMAH pyrolysis at 600�C in the presence of calcium per-
chlorate. The thermal decomposition process of calcium
perchlorate is an integral step in understanding this process.
Migdał-Mikuli and Hetmańczyk (2008) studied the thermal
decomposition of calcium perchlorate, which includes three
main stages: the first stage is the process of dehydration as
shown in reaction (2), between 184�C and 287�C; the phase
transition of solid to melted calcium perchlorate is the
second stage according to DSC curve at 346–416�C as
shown in reaction (3); the third stage is the decomposition of
Ca(ClO4)2 concurrent with the formation of CaCl2 and the
release of O2 at about 462�C [reaction (4)]. When water is

present, CaCl2 could react with H2O and release HCl at the
pyrolysis temperatures higher than 450�C (Glavin et al.,
2013). The oxidation of TMAH was caused by the oxygen
released during the thermal decomposition of calcium per-
chlorate from 400�C to 500�C, which can provide enough
energy needed for the thermal decomposition of calcium
perchlorate, as shown in Figs. 10 and 11.

Ca H2Oð Þ4
� �

ClO4ð Þ2 ! Ca H2Oð Þ2
� �

ClO4ð Þ2þ 2H2O (2)

[Ca(H2O)2](ClO4)2 ! Ca(ClO4)2þ 2H2O Ca(ClO4)2

! Ca(ClO4)2(melt)

(3)

Ca(ClO4)2 ! CaCl2þ 4O2 (4)

During the pyrolysis of TMAH, TMA was detected, which
is the most likely precursor of DMF, which means that the
methyl functional group of TMA or tetramethylammonium
ion could be oxidized by O2 released from the degradation of
calcium perchlorate. The reaction between CH3 and O2 may
proceed through three different channels, as shown in reac-
tions (5), (6), and (7) (Yu et al., 1995).

FIG. 9. The effect of Ca(ClO4)2 on the pyrolysis products
of TMAH at a heating rate of 35�C$min-1 from 50�C to
600�C.

FIG. 10. The chromatography of TMAH with 20 wt %
ClO4

-, TMAH, and Ca(ClO4)2 pyrolysis at 400–500�C at a
heating rate of 35�C$min-1.
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CH3þO2 ! CH3O2 (5)

CH3þO2 ! CH3O � þO� (6)

CH3þO2 ! CH2Oþ þOH � (7)

Reaction (5) is the main channel at low temperatures
about 300 K. Reactions (6) and (7) play a major role in the
consumption of CH3 during methane oxidation at elevated
temperatures. For the oxidation of TMA in this study, results
showed that channel (7) is the main process of TMAH ox-
idation because the hydrogens are active and can be trans-
ited among different methyl groups (Vieira et al., 1984;
Filley et al., 1999). Therefore, the oxidation of the methyl
functional groups of the TMA or TMAH ion by oxygen
released during the decomposition of calcium perchlorate is
the main source of DMF formation. However, oxygen has
consistently been present such that the formation of the

intermediate (CH3)2NCH2O2 was not rate determining (Onel
et al., 2013). Therefore, the formation of DMF with dif-
ferent percentages of calcium perchlorate did not substan-
tially change with the 35�C$min-1 heating rate.

However, the potential energy surface of OH formation is
pressure dependent (Onel et al., 2013). The pressure of
TMAH flash pyrolysis increases immediately when the
sample is injected into the pyrolysis chamber. At the same
time, many radical fragments are formed and volatile vol-
umes increase to facilitate the combination among these
radicals and form different chemical products. Therefore,
the yield of DMF during the flash pyrolysis increased with
the increasing amount of calcium perchlorate, and there are
many more by-products of TMAH with the SAM-like ramp
pyrolysis. For the same reason, the formation of TMTAC
showed a relatively stable trend with SAM-like ramp py-
rolysis. Additionally, TMTAC increased with an increase of
calcium perchlorate, which could also be facilitated by the
higher formation and mass transfer rate of hydrogen radicals
during the flash pyrolysis.

The cyanamide and acetonitrile feature a nitrogen atom
(sp3 or sp2) bearing a nitrile group and possess unique
properties as building blocks for organic synthesis owing to
their original unique structures (Larraufie et al., 2012).
Cyanamide- and acetonitrile-bearing compounds are formed
during TMAH pyrolysis at 600�C with the presence of
calcium perchlorate. Examples of these products include
dimethylamino-acetonitrile (RT = 5.26 min, Fig. 5) and
dimethyl-cyanamide (RT = 5.80 min, Fig. 5), which indi-
cates not only oxidation but also cyanations occur during the
TMAH pyrolysis with calcium perchlorate. The simplest
form of cyanamide can be formed naturally.

Cyanamide is also considered as an important molecule in
prebiotic chemistry with the condensation of cyanamide
with a-hydroxy aldehydes being a possible prebiotic route to
cytosine-type nucleosides (Anastasi et al., 2006). Cyana-
mide can be formed through several different methods, in-
cluding the alkylation and acylation of cyanamides, the
cyanation of amines and their derivatives, and dehydration
of urea and amide oximes (Nekrasov, 2004). Doubly labeled
nitrile compounds have been synthesized by combining the
source of –CN from DMF (96% 13C source) and ammonia

FIG. 11. Chromatograms of TMAH pyrolysis (a heating
rate of 35�C$min-1) with 20 wt% calcium perchlorate at dif-
ferent temperatures. Peak 1: CO2; peak 2: Chloromethane;
peak 3: TMA and isomers; peak 4: N,N-dimethyl-ethylamine;
peaks 5 and 6: N,N,N¢,N¢-tetramethyl-methanediamine and
isomers; peak 7: 1-Methyl-pyrrole; peak 8: Dimethylamino-
acetonitrile; peak 9: Dimethyl-cyanamide; peak 10: N,N-
dimethylformamide; peak 11: TMTAC; peak 12: Dimethyl
ether.

FIG. 12. The chromatography of DMF flash pyrolysis at
600�C. DMF, N,N-dimethylformamide.
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(98% 15N source) in the palladium-catalyzed cyanation of
aryl C-H bonds (Kim and Chang, 2010). Cyanamide can
also be formed by the direct transformation of DMF (Ding
and Jiao, 2011). The elements N and C in the cyano func-
tional group derive from DMF (C3H7NO), whereas O2 and
–CH3 are the sources of the elements O and C in the gen-
erated –CHO group; in other words, the functional group
–CHO is generated from methyl oxidation by O2. Results
showed that the presence of H2O decreases the yield of –CN
formation, which could be caused by the –CN group hy-
dration to amine (Camino et al., 1983).

The formation of various intermediates could also be
formed through the Ritter reaction (Guérinot et al., 2012;
Yin et al., 2019). Therefore, hydration processes could oc-
cur during TMAH degradation. As shown in Fig. 10, some
urea-related products are formed, such as urea and N,N-
dimethyl urea. Therefore, DMF is the key intermediate for
the formation of cyanamide and (dimethylamino)acetonitrile
during the TMAH pyrolysis in the presence of calcium
perchlorate higher than 10 wt %. This is demonstrated by the
pyrolysis of DMF at 600�C. Therefore, the formation of
cyanamide and nitriles, CO2, and other by-products related
to DMF formation is influenced by the formation rate of
DMF; hence, these compounds’ formation remains stable.
The reaction route can be seen in Fig. 13.

There are two competitive processes involved: the oxi-
dation by O2 and hydrogenation reduction by hydrogen
radicals including $H radicals and $CH3 radicals formed
from the demethylation reactions of TMAH. The nitrogen
ylide could be oxidized to acyl-containing compounds and
then further oxidized to carboxyl by O2, followed by the
methylation process, or by the formation of CO2 through
carboxyl elimination; and the intermediate products could
be stabilized by hydrogen radicals. CO2 could also result
from the partial hydrolysis of secondary and tertiary amide
groups formed in branching and cross-linking reactions
(Camino et al., 1983). Alternatively, the methyl groups
could form the alkyl chain products via the free radical
polymerization mechanism (Matheson et al., 1951).

At the same time, the aromatization of these active free
radicals could occur according to the aromatization
mechanism (He et al., 2019b). The cyclization reaction
also plays a key role during the degradation of TMAH at
600�C, such as the formation of pyrrole compounds that
may be formed through the reaction of amine functional
groups with a-hydrogen (Choi and Ko, 2011). However,
no researchers have reported the direct formation of –CN
from TMAH pyrolysis, which would represent a new
pathway for cyanamide and nitrile formation. However,
the hydroxyl ion can catalyze the hydrolysis of cyanamide,
which could be decomposed in alkaline solutions to urea
(Hetherington and Braham, 1923) as well as polymerized
to dicyanodiamide.

As mentioned before, the decomposition of TMAH at low
temperatures (ca. 200�C) has two possible pathways: the SN2
and the ylide pathway. Based on the TMAH pyrolysis
products at 600�C, the nucleophilic attack of TMAH and the
ylide intermediate pathway is a more satisfactory explanation.
Ylide is another important compound for the formation
of nitrogen-containing by-products, including dimethyl-
methanolamine, dimethylamine, and N,N,N¢,N¢-tetramethyl-
methanediamine (Camino et al., 1983), all formed during the
TMAH pyrolysis process. For example, unstable ylides can
decompose to produce dimethyl ethylamine and polyeth-
ylene, and the ylide would be involved in the formation
of the dimethyl ether (Wittig and Polster, 1956). The ylide
can rearrange via intramolecular hydrogen exchange to
form the dimethyl ether products mixed with CH3OCH3,
CH2-DOCHs, CHD2OCH3, and CD3OCH3 (Musker and
Stevens, 1968; Kenig et al., 2016). The charge distribution
of N-containing ylides is largely affected by the electron-
withdrawing properties of the quaternary nitrogen (Tsu-
chiya and Seno, 1979). Other than the Mannich reaction
(Arend et al., 1998; Marques, 2006), in situ dehydration of
water from the hemiaminal products of the reaction be-
tween formaldehyde-containing compounds and an amine
also plays an important role in the formation of different
alkyl ylides, as shown in Fig. 13.

FIG. 14. The effect of calcium perchlo-
rate on the recovery of fatty acids by
TMAH thermochemolysis.
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4.2. Fatty acid recovery with TMAH thermochemolysis
in the presence of calcium perchlorate

Finally, the performance of TMAH on the recovery of
fatty acids (16 nmol) was studied. Although there are several
new products formed during the pyrolysis of TMAH with
higher than 10 wt % calcium perchlorate, the highest con-
centration of ClO4

- detected on Mars is *1 wt % (Archer
et al., 2016; Sutter et al., 2017b). Therefore, the effect of
calcium perchlorate (lower than 5 wt %) on the detection of
fatty acids was studied. Naphthalene-d8 was used as the
internal standard, and the fatty acids were quantified by
rationing the peak area of the fatty acid divided by the peak
area of naphthalene-d8. Figure 14 shows the recovery of
fatty acids without and with different percentages of calcium
perchlorate. Results demonstrate that the increase in calcium
perchlorate up to 5 wt % has nearly no effect on the detec-
tion of fatty acids. Additionally, the concentration of the
methyl group (about 86mmol, calculation is shown in the
Supplementary Data) used to derivatize the fatty acids is
much greater than (in excess) the concentration needed to
complete fatty acid methylation (of 16 nmol, calculation is
shown in the Supplementary Data). Therefore, the calcium
perchlorate has no obvious effect on the recovery of the
fatty acids.

To further explore how calcium perchlorate may affect the
detection of organics on Mars, experiments were conducted
that utilized the same concentration of fatty acids and per-
chlorate as has been reported from Mars (Guzman et al.,
2018). Chlorobenzene has been detected on Mars at 300 ppb
and is used as a proxy for the concentration of organics on
Mars for this experiment. Perchlorate on Mars has been de-
tected at about 1% (Ming et al., 2014). The Curiosity rover
that carries the SAM instrument is capable of delivering ca.
20 mg of sample to SAM for a TMAH thermochemolysis
experiment. Therefore, ca. 6 · 10-9 g (300 ppb · 20 mg = 6 ·
10-9 g) of fatty acids and 0.2 mg (1% · 20 mg) ClO4

- were set
to simulate the Mars conditions for this experiment.

Figure 15 shows the recovery of fatty acids with and
without calcium perchlorate on Mars-like conditions. Dif-
ferent percentages of calcium perchlorate have nearly no
effect on the detection of fatty acids at these ratios. The
calcium perchlorate used in this study can release 4 · 10-6

mol of O2, the abundance of TMAH is about 4.4 times
higher than the amount of O2, and the C abundance is 17.6
times higher than that of O2 (calculation is shown in the
Supplementary Data). However, TMAH can be degraded to
methyl radicals, which more readily react with O2. The fatty
acids used in these experiments are very stable (Rustan and
Drevon, 2001) and have been derivatized to methyl esters by
TMAH thermochemolysis, the methylation of the groups
containing esters and ethers could increase the thermody-
namic stability and chromatographic detection by GC-MS
(Tadini et al., 2015). However, methyl groups can be
formed when TMAH pyrolysis temperatures reach to 100�C,
readily driving forward reactions with O radicals (Lee and
Bozzelli, 2003). The presence of calcium perchlorate did not
show obvious effects on fatty acid recovery (about
11.8 pmol, calculation is shown in the Supplementary Data).
Hence, the excess TMAH to sample ratio is essential for the
detection of organics with the SAM and MOMA instru-
ments. However, long-alkyl chains in fatty acids tend to
make their detection more difficult.

5. Conclusions

In this study, the degradation of TMAH with and without
the presence of calcium perchlorate at flash pyrolysis and
SAM-like ramp pyrolysis to 600�C was studied. Some
chloride-related compounds were detected during TMAH
pyrolysis with higher than 10 wt % calcium perchlorate,
including chloromethane, tetramethylammonium chloride,
5-chloro-2-pyridinol, 5-chloro-1-methylimidazole, and 4,5-
dichloro-1-methyl-imidazole. Although the peak intensity of
these chlorinated compounds was more than 1000 times
lower than that of the main products, they are the potential

FIG. 15. The recovery of fatty
acids with TMAH thermo-
chemolysis on Mars-like conditions.
The concentration of perchlorate is
the ratio of perchlorate to organics
(300 ppb of fatty acids).
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candidates for the chloride-containing by-products of
TMAH. Therefore, TMAH showed little reactivity with
chlorine-containing substances.

We also conclude that calcium perchlorate does not affect
TMAH degradation at an SAM-like ramp pyrolysis tempera-
ture of 600�C when calcium perchlorate concentrations are
lower than 10 wt %. Although TMA and dimethyl ether are the
main by-products of TMAH pyrolysis, some new by-products
are formed when the calcium perchlorate concentrations is
higher than 10 wt %. DMF is formed because of methyl group
oxidation by O2 released from the decomposition of calcium
perchlorate and followed by the formation of cyanamide and
acetonitrile through the cyanation route of amines. TMTAC is
formed by the trimerization of DMF, which is a crucial in-
termediate for the formation of other nitrogen-containing by-
products of TMAH. Urea is formed through the Ritter reaction
and the Mannich reaction, and the Steven rearrangement and
the Hofmann elimination are involved in the formation of
various intermediates and ylides. However, in our experi-
mental conditions, calcium perchlorate did not affect the re-
covery of fatty acids with TMAH thermochemolysis, even
when the fatty acid volume was low. These lines of evidence
demonstrate that TMAH is a good thermochemolysis reagent
at high temperature (600�C) for the methylation and detection
of organics on Mars with the SAM and MOMA instruments.
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Stickstoff-ylide. Justus Liebigs Ann Chem 599:1–12.

Yin G, Yan B, Chen J, et al. (2019) An efficient transformation
of methyl ethers and nitriles to amides catalyzed by iron(III)
perchlorate hydrate. J Iran Chem Soc 16:1355–1363.

Yu CL, Wang C, and Frenklach M (1995) Chemical kinetics of
methyl oxidation by molecular oxygen. J Phys Chem 99:
14377–14387.

Zagatto EAG, Krug FJ, Bergamin H, et al. (1979) Merging
zones in flow injection analysis. Part 2. Determination of
calcium, magnesium and potassium in plant material by
continuous flow injection atomic absorption and flame
emission spectrometry. Anal Chim Acta 104:279–284.

Zeffiro A, Lazzaroni S, Merli D, et al. (2016) Formation of
hexamethylenetetramine (HMT) from HCHO and NH3—
relevance to prebiotic chemistry and B3LYP consideration.
Orig Life Evol Biosph 46:223–231.

Zverev VG, Kuznetsov VV, Rykov AN, et al. (2007) A gas
electron diffraction study of the conformational composition
of 1,3,5-trimethyl-1,3,5-triazacyclohexane. Russ J Phys
Chem A 81:1639–1644.

Address correspondence to:
Yuanyuan He

Laboratoire Génie des Procédés et Matériaux
CentraleSupélec
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Abbreviations Used

CaCl2¼ calcium chloride
DMF¼N,N-dimethylformamide
DSC¼ differential scanning calorimetry
EGA¼ evolved gas analysis

GC-MS¼ gas chromatography–mass spectrometry
HCl¼ hydrogen chloride

HMT¼ hexamethylenetetramine
IS¼ internal standard

MOMA¼Mars Organic Molecule Analyzer
MTBSTFA¼N-tert-Butyldimethylsilyl-N-

methyltrifluoroacetamide
Pyr-GC-MS¼ pyrolysis–gas chromatography coupled

to mass spectrometry
RT¼ retention time

SAM¼Sample Analysis at Mars
SSL¼ split/splitless
TG¼ thermal gravimetry

TMA¼ trimethylamine
TMAH¼ tetramethylammonium hydroxide

TMTAC¼ 1,3,5-trimethyl-1,3,5-triazacyclohexane
TS¼ transition state

VL-2¼Viking Lander 2
WCL¼wet chemistry laboratory
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