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ABSTRACT: The Dragonfly mission payload includes the
Dragonfly Mass Spectrometer (DraMS) instrument, which
operates in both gas chromatography−mass spectrometry
(GCMS) and laser desorption mass spectrometry (LDMS)
analysis modes. DraMS will investigate Titan chemistry at
geologically diverse locations. Titan uniquely offers direct access
to abundant, complex, carbon- and nitrogen-rich chemistry on the
surface of a water-ice-dominated ocean world. Amino and amide
functional groups, if both present, would be witnesses of redox
conditions in the surface environment. An enantiomeric excess in
those compounds could help discriminate the chemical or
biological origins of these molecules. In this study, we first
investigated a wide range of amines and amides (primary,
secondary, tertiary, aliphatic, aromatic, branched, and linear
moieties) using DraMS-like GCMS protocols, with sample volatilization via both pyrolysis and wet chemistry (derivatization
with dimethylformamide dimethyl acetal�DMF-DMA). We determined the general patterns of this derivatization according to the
chemical families: dimethylformamidination of the primary amines and amides; methylation, formylation, and dimethoxymethylation
of the secondary amines; and lack of derivatization of the secondary amides. The minor coproducts were also identified for each
chemical family, to help strict identification of molecules in a Titan GCMS spectrum. The limits of detection and quantification
showed that N-species could be detected in the range of tens of fmol to hundreds of pmol. Out of the six chiral amines and amides
investigated, five were enantiomerically resolved. We also performed LDMS measurements on a subset of compounds, amines�
aliphatic and aromatic�and an amide, and their detection and identification demonstrated the complementarity of LDMS and
GCMS modes. Altogether, our results demonstrate the application of DraMS to characterize the expected wide diversity of N-
containing compounds of interest at Titan’s surface.
KEYWORDS: DraMS, organic molecules, GCMS, LDMS, Dragonfly, Titan, amines, amides

■ INTRODUCTION
Titan’s dense atmosphere of nitrogen and methane supports
rich organic photochemistry. Energetic particles and ultraviolet
(UV) photons dissociate and ionize atmospheric components
to produce a suite of carbon−hydrogen−nitrogen (CxHyNz)
compounds. Experimental gas-phase studies of Titan chemistry
indicate that nitriles are the more abundant N-containing
molecules.1,2 Amino and amide functional groups (-NR′R″,
and R-CO-NR′R″, respectively), if present, may be indicators
of redox conditions on the surface of Titan. Amines have been
reported as a component of solid Titan analog material, termed
tholins, using several measurement techniques (e.g., IR
absorption, atmospheric pressure photoionization mass spec-
trometry, matrix-assisted laser desorption/ionization (MALDI)
mass spectrometry, NMR, microcapillary electrophoresis with
laser-induced fluorescence, and high-performance liquid

chromatography-Orbitrap mass spectrometry).3−11 Yet they
have not been extensively reported in papers utilizing pyrolysis-
gas chromatography−mass spectrometry (pyr-GCMS) as the
primary analysis. Khare et al.12 reported the detection of four
aromatic primary amines (2-amino-pyridine, 2-amino-pyrimi-
dine, aminomethyl-pyridine, and aminomethyl-pyrimidine)
using pyr-GCMS of complex Titan analogs. Morisson et al.3

used pyr-GCMS to analyze samples generated from 10% CH4/
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90% N2 gas mixtures, and reported the detection of amino-
pyridine and tentative detection of ammonia, amino-cyclo-
butane, 2-propyn-1-amine, and benzylamine. These results
suggest a potential bias toward ring-based structures. In
Morisson et al.,3 it is discussed that the measurement of linear
amines is challenging in GCMS due to their polar nature and
adsorption on stainless steel in the GCMS transfer lines.
Derivatization approaches are thus used as complementary
methods to help detect linear amines. Only a few derivatization
experiments have been performed on tholins and none
revealed linear amines.13,14

Not all techniques are quantitative. The most quantitative of
these is capillary electrophoresis used in Cable et al.,4 in which
the abundance in Titan analogs ranges from 0.001 to 0.4 wt %
for individual aliphatic linear primary amines. It is also
noteworthy that despite the use of an extraction technique in
the capillary electrophoresis work of Cable et al.,4 which was
tailored to analyze the soluble and free molecules in the
tholins, only a limited number of amines were detected and it
was reported that the more volatile amines were detected in a
sample kept at ∼170 K until the analysis. This observation is
relevant to the interpretation of the analysis of tholins with pyr-
GCMS in general as most of the samples analyzed with this
technique are stored at laboratory ambient temperature, likely
resulting in the evaporation of light amines that may have been
present in the tholins. It may also indicate that many of the
amine groups detected in tholins are associated with large
carbon-based molecular structures (both aliphatic and
aromatic) that are difficult to extract as intact species for
analysis.

Thus, it is not apparent whether the differences between
amine detections reported across the literature are a result of
the analysis approach, the composition of the sample, the
sample handling/storage, or (likely) all three. The pyr-GCMS
analysis presented by Morisson et al.3 utilized samples that
were of similar provenance to those studied in Gautier et al.,1

in which amine signatures in IR spectroscopy were reported to
be most prevalent in the analog samples made with the lowest
CH4 gas mixture, i.e., 2% CH4/98% N2. Interestingly, in the
supporting tables from Morisson et al.,3 the 2% CH4/98% N2
samples yielded fewer detected compounds overall, yet still
include several amines. However, the results are not quantified
in the tables, and the relative abundances (or experimental
detection limits) of these species are not reported.

The Dragonfly mission, which will explore Titan beginning
in the mid-2030s and investigate Titan chemistry at geo-
logically diverse locations,15 is equipped with the Dragonfly
Mass Spectrometer (DraMS) instrument. DraMS is an ion trap
mass spectrometer, with a mass range of 15−1950 Da, that can
operate in both GCMS and laser desorption mass spectrometry
(LDMS) analysis modes.16 GCMS on DraMS allows a
separation and strict identification of volatile compounds
extracted from the sample either with heat (pyrolysis up to 600
°C) or chemical reaction (derivatization), using either
tetramethylammonium hydroxide (TMAH) or dimethylforma-
mide dimethyl acetal (DMF-DMA) as derivatization reagents.
DMF-DMA derivatization not only allows for the extraction
and analysis of higher-molecular-weight and more polar
compounds than pyrolysis alone but also preserves the chiral
center of molecules. LDMS primarily seeks to characterize the
refractory and low-volatility organic content by characterizing
the mass profiles and identifying specific mass spectral patterns
in the organic matter present in the Titan surface samples.

Together, the LDMS and GCMS analyses will enable a
substantial compositional survey of organic materials present
on various terrains at the Titan surface, with the objectives to
understand Titan’s complex chemistry and chemical surface
processing and possibly identify chemical biosignatures.

Although not an explicit requirement of DraMS, it is of high
interest to explore its capabilities for the detection of amines
and other N-containing compounds. Except for the analysis of
heterocyclic amines,17−19 the literature on the derivatization of
such chemical families with DMF-DMA is scarce with no
published systematic studies. Due to its chemical structure,
DMF-DMA carries an electrophilic site on its C as well as a
nucleophilic site on its N, which makes it a reactive chemical20

(Figure S1). To achieve the derivatization with DMF-DMA, it
is required to heat the sample and the reactant to 145 °C in the
laboratory and to slightly higher temperatures (∼160 °C) in
DraMS due to the melting temperature of the eutectic that
releases the reagents. This temperature, although moderate,
will favor some chemical reactions in the sample due to the
heat alone (soft pyrolysis) and not only to the chemical
reaction with DMF-DMA. The combination of soft pyrolysis
and derivatization in a DMF-DMA derivatization experiment
complicates the analysis of a sample, and a better under-
standing of each contribution will aid in the interpretation of
the data and to work backward to determine the initial
composition of organic matter present in the sample. For these
reasons, we have tested the DMF-DMA derivatization on a
diversity of amines and other N-containing compounds of
interest to Titan chemistry. We also tested LDMS analyses on
a subset of the compounds investigated in GCMS to evaluate
the performance of both techniques to detect and identify the
same molecules. We investigated different types of amines
(primary, secondary, tertiary, aliphatic, aromatic, linear, and
branched), as well as amides. By understanding the GCMS and
LDMS signatures of these compounds (e.g., retention times,
mass spectra), we can better assess the Dragonfly/DraMS
analytical capabilities and anticipate required approaches for
the interpretation of Titan nitrogen-chemistry mission data.
Limits of detection were also investigated in GCMS, as well as
the quantitative differences between under- and derivatized
amines, to demonstrate the complementarity of the two
methods. The enantiomeric separation of chiral amines was
also explored in this study as pure compounds as well as with
DMF-DMA derivatization followed by GCMS analysis.

■ MATERIAL AND METHODS
Chemicals and Samples. All chemicals were purchased

from Merck and Sigma-Aldrich. Aliphatic primary amines were
ethylamine, butylamine (>99.5%), pentylamine (99%), hexyl-
amine (99%), octylamine (99%), nonylamine (99%), decyl-
amine (95%), dodecylamine (>99%), tetradecylamine (95%),
hexadecylamine (98%), and octadecylamine (97%). Aromatic
primary amines were 1-naphthylamine (99%) and aniline
(>99.5%). Branched primary amines were isopropylamine
(>99.5%), tert-amylamine (98%), 2-aminobutane (99%), 2-
aminopentane (97%), 2-aminoheptane (99%), 3-aminohep-
tane, 8-aminopentadecane, and 10-aminononadecane (97%).
Aliphatic secondary amines were N-methylpropylamine (96%),
N-isopropylmethylamine (98%), N-ethyl-N-propylamine, and
N-methyl-2-pentanamine. Aromatic secondary amine was
1,2,3-triazole (98%). Tertiary amines were 4-methylpyridine,
1-propyl-1H-1,2,4-triazol-3-amine, N-methylpyrrole (99%),
2,3,5,6-tetramethylpyrazine (98%), hexamethylenetetramine
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(HMT), and triethylamine. Amides were nicotinamide,
acetamide (99%), butyramide (98%), N-methylacetamide
(99%), N-ethylacetamide (99%), and 2-ethyl-3-methylpenta-
mide (>96%).

Among those, the chemicals holding a chiral center were 2-
aminobutane, 2-aminopentane, 2-aminoheptane, 3-aminohep-
tane, N-methyl-2-pentanamine, and 2-ethyl-3-methylpenta-
mide. All compounds are represented in Supporting Table
S1. Given the operating laboratory requirement to perform
analysis with the sample placed under vacuum in the system
setup, LDMS analyses focused exclusively on nonvolatile
samples. Therefore, a selection of samples consisting of
tetradecylamine, hexadecylamine, octadecylamine, 1-naphthyl-
amine, and butyramide were studied by LDMS.
GCMS Instrumentation and Methods. Most of the

experiments were performed on a Thermo Fisher Scientific
Trace 1300 gas chromatograph coupled to a Thermo Fisher
Scientific ISQ II quadrupole mass spectrometer. Electronic
ionization at 70 eV was used as the source. The MS range was
from m/z 5 to m/z 535. The GC was equipped with a split/
splitless injector, and its temperature was set to 250 °C. Carrier
gas was helium (as on DraMS) (Air Liquide, purity >99.999%)
flowing at a 1 mL·min−1 rate throughout the column. An RTX-
20 chromatographic column (Restek, 30 m in length × 0.25
mm ID × 0.25 μm phase thickness) was used. The
temperature program was set within the expected DraMS
operating limits: initial oven temperature 40 °C, heated to 280
°C with a 10 °C·min−1 ramp, and held for 15 min at the
highest temperature. For chiral analyses, a CP-Chirasil-Dex
(Agilent −25 m in length × 0.25 mm ID × 0.25 μm phase
thickness) was used. In this study, the oven was set to 40 °C
and ramped at a rate of 5 °C·min−1 up to 190 °C. The
maximum temperature was held for 15 min.

It is worth noting that the two columns present on the
DraMS are RTX-5 and Chirasil-Dex. The performances of the
RTX-20 and RTX-5 columns with identical dimensions have
been shown to be very similar under DraMS-like analytical
conditions.14 Thus, the results obtained with the RTX-20 used
for this study can be considered representative of those of the
RTX-5 used on DraMS-GC. For Chirasil-Dex, a deeper

exploration of the DraMS columns demonstrated that the
actual phase thickness of the stationary phase of the column
onboard DraMS may differ from the one used in the laboratory
for this investigation and may lead to instrumental variability
between both, slightly impacting the direct comparison
between laboratory and DraMS measurements.

Qualitative Studies. For all qualitative studies, the amount
of the initial compound or derivatized compounds was not
strictly maintained. For pyrolysis, about 0.2 μL of each pure
compound were injected in the GCMS (the injector was set to
250 °C) with a split ratio of 50:1. For derivatization, see the
Derivatization Procedures Section.

Derivatization Procedures. Derivatization with DMF-DMA
(Merck, >99% purity) was performed as follows: 20 μL of
DMF-DMA were added to the samples (samples are either
liquid or solid form), in a 2 mL glass vial. Qualitative studies
did not require any quantification of the sample; a few
microliters of the pure liquid sample were typically used, or the
minimum visible amount of samples in solid form was used.
The vial was then heated up to 145 °C for 3 min21 in a block
heater. 0.1 or 0.2 μL of the reacted solution was injected into
the GCMS with a microsyringe, with a split ratio of 50:1.

For derivatization of racemic mixtures of amines, an
equivolumetric solution of each of the five racemic compounds
was made, and 1 μL was derivatized with 5 μL of DMF-DMA.
For derivatization of the racemic amide, an equivolumetric
solution of both enantiomers was made in DMF (10−2 M of
each enantiomer, in DMF). 10 μL of the mixture was
derivatized with 20 μL of DMF-DMA. 0.2 μL was injected into
the GCMS with a microsyringe, with a split ratio of 50:1.

Blank derivatization samples consisted of DMF-DMA heated
by itself in a 2 mL glass vial to 145 °C for 3 min to identify and
subtract the byproducts generated by the heat treatment only.

Quantitative Studies. For quantitative studies (limits of
detection�LOD, limits of quantification�LOQ), the con-
centration range of the standard molecules was 1.6 × 10−5 to
10−2 mol·L−1, diluted in DMF. Methyl laurate (>98%) was
used as an internal standard. Methyl laurate was prepared as
10−2 M in ethyl acetate (purity 99.8%). Each solute was
studied derivatized and underivatized in the same range of

Figure 1. Chromatogram of heated DMF-DMA (derivatization blank, 145 °C, 3 min). GC program: 40 to 300 °C (hold at 300 °C) with a 10 °C·
min−1 ramp. Injection of 0.2 μL, split 25. Major compounds are identified in the figure.
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concentrations, for comparison. 10 μL of underivatized
solutions were used, in which 1 μL of internal standard was
added. 0.5 μL of it was injected in the GCMS with a split ratio
of 1:15. For derivatized solutions, 5 μL of the standard

solutions were mixed with 5 μL DMF-DMA (in molar excess).
The reaction occurred at 145 °C for 3 min. After
derivatization, 1 μL of the internal standard was added. 0.5
μL of the solution was injected in the GCMS with a split ratio

Figure 2. Recognizable mass spectra from a DMF-DMA-derivatized linear aliphatic amine heptylamine (=1-aminoheptane) (a) and branched
aliphatic amines 2-aminoheptane (b) and 3-aminoheptane (c), with their ion interpretations.
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of 1:15. Each experiment was repeated 3 times, and the errors
correspond to their standard deviation. The area of the peak of
interest (total ion chromatogram, TIC mode) was plotted
relative to the area of the peak of the internal standard for
normalization.
LDMS Instrumentation and Methods. LDMS prioritizes

qualitative studies over quantitative studies, primarily because
of the variations arising from the laser desorption process and
sample surface morphology. Powdered samples of the studied
chemicals were prepared by first dissolving them in dichloro-
methane, and the solution was then drop-cast onto a highly
polished ground stainless steel LDMS target plate. Solvent was
used for better adherence of samples to the commercial sample
plate and to ensure a more uniform sample surface. Sample
plates were loaded into a Bruker Autoflex Speed matrix-assisted
laser desorption/ionization (MALDI) time-of-flight (TOF)−
mass spectrometer, capable of tandem mass spectrometry (e.g.,
MS/MS). This instrument is equipped with a pulsed 355 nm
laser, up to 1 kHz repetition rate, and a focal diameter of 100
μm. The instrument has a mass resolution as high as 26,000
(m/Δm full width at half-maximum), while the maximum
registered mass can reach >500,000 u/e. In this investigation,
we used the simplest functional capabilities of the instrument
to record the mass spectra of the pure chemicals without using
any additional matrix in both positive and negative ion modes.
MS/MS scans were used to examine the structure of selected
compounds through isolation of a parent molecule, fragmenta-
tion by collision-induced dissociation (CID), and subsequent
mass analysis of the fragment species.

■ RESULTS
GCMS Analyses. DMF-DMA Alone. Because DMF-DMA

contains a nitrogen atom, several of its byproducts are
nitrogen-bearing compounds that could interfere with
compounds originating from Titan’s samples. A typical
chromatogram of heated DMF-DMA is presented in Figure 1.

The presence of DMF indicates that a retro-acetalization
occurred and converted part of the DMF-DMA into DMF. A
coproduct of this reaction is methanol,22 which was also
detected. DMF-DMA also dissociated in dimethylamine and

methylformate, observed in Figure 1 at around 1.4 min. Some
N-bearing compounds are formed, which would challenge their
detection from a Titan sample using DMF-DMA derivatiza-
tion. All compounds from this blank were considered as
analytical background in the sample analyses.

Linear, Branched, and Aromatic Primary Amines. DMF-
DMA derivatization of linear (CnH2n‑1NH2) and branched
primary amines was close to total (i.e., no underivatized amine
detected) and led to a single major derivatized form. The
molecule had a dimethylformamidine group replacing the
amine functional group (Figure S1). Aromatic primary amines
followed the same reaction; however, the reaction was not
total, and minor underivatized forms were detected. As an
example, underivatized aniline was observed, about 10 times
less abundant than derivatized aniline (ratio of peaks’
respective areas).

The fragmentation patterns in the MS for a derivatized linear
aliphatic amine and a derivatized branched aliphatic amine are
distinguishable (Figure 2). The linear amine undergoes a β-
scission, forming a m/z 85 ion (C4H9N2

+), while a branched
amine with a methyl group on the α-C forms a m/z 99 ion
(C5H11N2

+), and a branched amine with a methyl group on the
β-C results in a m/z 113 fragment (C6H13N2

+). The same
trend is followed for other isomers: derivatized 8-amino-
pentadecane formed a m/z 183 main ion, and 10-amino-
nonadecane formed a m/z 211 fragment. The tert-amylamine,
having two methyl groups on the α-C, produced a m/z 113
fragment. In most cases, the molecular peak corresponds to
Munderiv + 55 and is faint, except for small molecules (e.g.,
isopropylamine).

No methylation or dimethylation was observed on primary
amines even though they were considered as potential
products.

Minor byproducts were detected: aldehyde counterparts of
the linear aliphatic amines and ketone counterparts of the
branched aliphatic amines, where an O atom substitutes for the
amine functional group. In the absence of DMF-DMA, those
aldehydes and ketones were not detected. The pyrolysis alone
did not allow this reaction to occur.

Figure 3. (Top) Chromatogram of N-isopropylmethylamine derivatized with DMF-DMA. Three derivatized forms were observed as well as the
underivatized form. The other peaks are DMF-DMA byproducts (Figure 1). GC temperature program: 30 to 300 °C with a 10 °C·min−1 ramp,
injection 0.1 μL, split ratio 50:1, column RTX-20.
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An exception was the presence of 8-pentacanone in the
pyrolysis of 8-aminopentadecane. However, because of the
presence of 8-pentacanone and 8-pentadecanol in direct
injection of 8-aminopentadecane, it is expected that those
two compounds are contaminated from the sample itself.

The linear aliphatic primary amines also led to the formation
of the dimethylformamidine forms of C(n‑1) and C(n‑2) amines.
For example, the decylamine led to the derivatized octylamine
and nonylamine, although their signals are 2 orders of
magnitude lower than the derivatized decylamine.

Small linear amines (ethylamine, butylamine, pentylamine),
branched amines (up to 2-aminopentane) and aromatic amine
(aniline) also undergo some dimerization, likely due to the
high temperature of the derivatization reaction.

Finally, for linear aliphatic primary amines, nitriles with the
same carbon chain length as the initial amine were detected. A
pyrolysis-only (without DMF-DMA) analysis performed on
the same samples also showed the nitrile, demonstrating that
the heat-only case allowed the reaction.23

We were able to detect up to C19 amine 10-amino-
nonadecane. The high signal from the derivatized C19 amine,
coupled to the reasonable retention time (∼21 min) and
column elution temperature (∼250 °C) under DraMS
conditions, hints at the C19 amine not being the heaviest
linear amine identifiable with DraMS. Unfortunately, higher-
molecular-weight amines were not available to purchase from
our suppliers such as Merck/Aldrich.

Linear and Aromatic Secondary Amines. Without the two
hydrogen atoms present in the primary amines, secondary
amines were not expected to undergo dimethylformamidina-
tion. Indeed, derivatization of those compounds with DMF-
DMA produced three distinct derivatized forms of amines:
methylated, formylated, and dimethoxymethylated.

The ratio between the three forms varies from molecule to
molecule and did not reveal a specific derivatization pattern.
However, methylation was the less abundant derivatized form
among the four aliphatic secondary amines, yet the most
abundant after derivatization of the aromatic secondary amine.
The dimethoxymethylated form was the most abundant form
for three aliphatic amines, but the formylated form was the
most abundant form for the fourth one.

In addition, some pure (underivatized) amine was still
present after derivatization, attesting to different thermody-
namic or kinetic effects compared to those for the primary
amines (Figure 3).

Tertiary Amines. To evaluate their detection in GCMS,
tertiary aliphatic amines were also tested, even though their
absence of any hydrogen atom bonded to the nitrogen atom
would imply they were not susceptible to derivatization. As
expected, no specific reaction with DMF-DMA was observed
on the tertiary amine of either of the six molecules tested:
aromatics 4-methylpyridine, 1-propyl-1H-1,2,4-triazol-3-amine,
N-methylpyrrole (99%), 2,3,5,6-tetramethylpyrazine (98%),
and aliphatic HMT and triethylamine. They were detected as
underivatized molecules. 1-Propyl-1H-1,2,4-triazol-3-amine
also holds a primary amine group, and this molecule is
detected as both underivatized and dimethylformamidinated
on the primary amine at a lower abundance (∼5 times less
abundant). All six tertiary amines are seen in their under-
ivatized forms on the chromatograms.

Amides. Primary amides were derivatized to form the
dimethylformamidinated configuration. Because of the elec-
tronic distribution due to the presence of O, primary amides
also led to the associated methyl alkanoate, although in a more
minor abundance. Some, but not all, of the derivatized amides
also generated the dimethylated form. After derivatization,
underivatized primary amide was observed at a minor level and
for butyramide only, suggesting a near-complete reaction with
DMF-DMA.

For secondary amides, the N-alkyl group was replaced with
an N-dimethylformamidine group to form the dimethylforma-
midine derivative. In addition, the amide indented by one
carbon was also observed (e.g., N-ethylpropanamide is
observed after derivatization of N-ethylacetamide). After
derivatization, the under-derivatized amide is present as the
major compound in the runs (Figure 4).

Quantitative Investigations. Quantitative analyses and
comparison between derivatized and underivatized amines
and amides were performed on pentanamine, decylamine, N-
ethyl-N-propylamine, aniline, and butyramide. For derivatiza-
tion, DMF-DMA was in molar excess compared to amines, and

Figure 4. Chromatogram of N-methylacetamide (secondary amide) derivatized with DMF-DMA. The derivatized form (RT: 9.9 min) is minor
compared to the under-derivatized form (RT: 5 min). The amide indented by one carbon is also observed (RT: 6.2 min).
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we did not detect underivatized amines/amides in the
chromatograms.

As expected, retention times of the derivatized form, which
is heavier, are higher than those of the underivatized forms
(Table S2). Pure amine led to peak tailing, while the same
amount of derivatized amine displayed a Gaussian-shaped peak
(Figure S3). The tailing of the free amines is due to the
polarity of the amine functional group. The tailing is
suppressed when the amine functional group is derivatized
because the polarity is significantly decreased. It translated into
different tailing and asymmetry factors between underivatized
and derivatized peaks. The tailing factor is computed as (a +
b)/2a, and the asymmetry factor as b/a, with a and b being the
first and last half-width parameters, respectively, at 15% of peak
height. As an example, for pure decylamine at 1 × 10−3 mol·
L−1 (in DMF), the tailing factor was 2 and the asymmetry
factor was 3. The same amount of derivatized decylamine led
to a chromatographic peak with both a tailing factor and
asymmetry factor of 1.

The GCMS signal was higher for derivatized primary amines
and the amide than that for underivatized forms (Figure 5).
The DMF-DMA derivatization thus decreased the detection
limit of primary amines and amides. The underivatized amide
was detected only at the highest concentration. Secondary
amines, leading to three derivatized forms, did not display this
pattern, and the underivatized secondary amine led to a higher
signal than the derivatized ones (Figure 5C).

In the concentration range 1.6 × 10−5−10−2 mol·L−1

(corresponding to 0.53 pmol to 333 pmol in the GCMS for
underivatized compounds, and 0.27 pmol to 167 pmol in the
GCMS for derivatized compounds), the strong linearity of the
response determined by the squared correlation coefficient
values (R2 > 0.98 for each compound, except for the
dimethoxymethylated form of the secondary amine) enabled
us to investigate the theoretical limits of detection and limits of
quantification from our experimental measurements, both for
derivatized and underivatized molecules (Table 1). The
detection limit XLOD and quantification limit XLOQ were
determined as functions of the analyte concentration, yielding
a signal value, respectively, YLOD = yb + 6σb and YLOQ = yb +

20σb, where yb is the blank average signal generated from 10
blank responses (background signal on the chromatograms
used for quantification) and σb its standard deviation. The
detection and the quantification limits were computed as XLOD
= 6σb/S and XLOQ = 20σb/S, respectively, where S is the slope
of the calibration line.

XLOD and XLOQ for underivatized molecules were below the
pmol level (initial solution concentration in the μM level),
while it could be in the tens of fmol level for derivatized
molecules.

Enantiomeric Separation. Enantiomeric separation of three
primary amines (2-aminobutane, 2-aminopentane, and 2-
aminoheptane), one secondary amine (N-methyl-2-pentan-
amine), and a primary amide (2-ethyl-3-methylpentamide),
derivatized with DMF-DMA and underivatized, was inves-
tigated on a Chirasil-Dex GC column. The resolution of the
peaks was plotted as Rs = (trb − tra)/(ωa + ωb), where tra and trb
and are the retention times of the two peaks and ωa and ωb
their width at half-height. Rs values higher than 1 correspond
to a baseline separation of the two enantiomers and allow
calculation of the enantiomeric ratio.

The Chirasil-Dex column did not allow for a satisfactory
elution of underivatized primary amines. The excessive tailing
caused by the polarity of the molecule on the nonpolar
stationary phase thus prevented enantiomeric separation. The
DMF-DMA derivatized primary amines, however, led to less
polar molecules, resulting in more Gaussian-like peaks, and
allowed separation of the three enantiomeric pairs of 2-
aminobutane, 2-aminopentane, and 2-amineheptane with a
resolution >1 for each (Figure 6b). In contrast, the
underivatized chiral primary amide 2-ethyl-3-methylpentamide
and the secondary amine N-methyl-2-pentanamine both
allowed enantiomeric separation on Chirasil-Dex without
derivatization (Figure 6c,d). This enantiomeric separation is
partial for the amide, and derivatization worsened the
resolution of its two enantiomers (Figure 6d). Changes in
GC parameters could enhance the enantiomeric separation;
however, this was out of the scope of this investigation. For N-
methyl-2-pentanamine, the derivatized form led to the pair of
the formylated form of the derivatization, but also to a residual

Figure 5. Calibration curves for (A) pentylamine, (B) decylamine, (C) N-ethyl-N-propylamine, (D) aniline, and (E) butyramide. The area of the
GC peak was ratioed to the area of the internal standard.
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pair of underivatized form, at about twice the abundance of the
formylated form.
LDMS Analyses. Figure 7 shows the mass spectral results

obtained with LDMS for relatively large linear amines, in solid
phase; specifically tetradecylamine (C14H31N), hexadecylamine
(C16H35N), and octadecylamine (C18H39N). In the positive
mode of all three spectra, the protonated parent ion ([M +
H]+) of the amines was detected, although it did not represent
the most prominent peak. Across all three cases, the peaks
corresponding to [M + H + 51]+ and a mass of 208 u exhibited
the highest intensity in the spectra. In contrast, the negative
mode spectra lack observable parent ions, with the most
dominant peaks identified as [M − H + 44]− and a mass of
121 units across all spectra.

In addition to the linear amines, we conducted measure-
ments on an aromatic amine, 1-naphthylamine, and an amide,
butyramide, for comparison. The mass spectra in positive
mode for these species are shown in Figure 8. Notably, both
spectra showed the presence of parent ions (without
protonation). In the spectrum of 1-naphthylamine, peaks at
lower masses were identified as the fragments derived from the
parent ion. However, in the butyramide spectrum, the presence
of the m/z 51 adduct was once again observed. Negative mode
spectra are not shown due to the lack of detection of parent or
related peaks in the spectra.

■ DISCUSSION
Primary amines −NH2, secondary amines (−NHR), primary
amides (−CONH2), and secondary amides (−CONHR) hold
a polar functional group and thus an inclination to form
hydrogen bonds with the matrix or with the stationary phase of
the GC column. Table 2 provides a summary of the dominant
DMF-DMA reactions and products for all of the chemical
classes studied.

Although amines are separated and identified easily on a
general RTX-20 midpolar stationary phase, they display a small
tailing which expands the peak laterally and thus increases its
detection limit. On the Chirasil-Dex stationary phase (with
specific presence of cyclodextrins for enantiomeric separation),
an underivatized primary amine is not easily analyzable (Figure
6). When derivatized, the primary amine will form a major
product, where a dimethylformamidine group (−N�CH−N−
(CH3)2) replaces the amino group (−NH2) (Table 2). The
compound is heavier (increase of mass: 55 u) and thus elutes
at a later retention time on the column (Table S2). However,
the compound is less polar, and the peak shape becomes more
Gaussian (tailing and asymmetry factors of 1 for the example of
decylamine), which increases the sensitivity when the
compound is close to the LOD. Both underivatized and
derivatized primary amines are detectable with carbon chain
lengths at least up to C19 on the RTX-20 column, and it is
expected that the detection can reach higher chain lengths.

It is also interesting to observe that branched primary amine
retention times are lower than those of linear primary amines,
which would allow branched amines of higher MW to elute
within the limited time of analysis dedicated to a DraMS
experiment. Adding the fact that the mass spectra of the linear
and various isomers of primary amines are easily recognizable
(Figure 2), we would be able to identify the structural isomers
of amines from a Titan sample with DraMS GCMS. It has also
been shown in this study that the limit of detection of
derivatized primary amine is improved compared to the one on
underivatized primary amine, by a factor of up to 2 orders ofT
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magnitude (Table 1 and Figure 5). Having the same initial
quantity of compounds in the derivatized vs nonderivatized
experiments, the differences in detection between derivatized
and underivatized primary amines/amides may be due to
chromatographic parameters: (1) the more Gaussian peak
shape of the derivatized compounds (less polar) makes it easier
to integrate for area and (2) the ionization cross section of the
derivatized molecule is higher than the underivatized one; thus,

ionization is more efficient and leads to a higher signal on the
MS.

With the Chirasil-Dex column, we were able to detect the
derivatized molecule but also to perform a chiral separation
and calculate their enantiomeric ratio (Figure 6). On the
contrary, the derivatized amide showed a degraded resolution
that made its enantiomeric separation harder compared to the
underivatized amide.

Figure 6. Chromatograms of (a) underivatized and (b) DMF-DMA derivatized mixture of amines: 2-aminobutane, 2-aminopentane, 2-
aminoheptane, 3-aminoheptane, and N-methyl-2-pentylamine, separated on a Chirasil-Dex GC column. Chromatograms of (c) underivatized and
(d) derivatized amide 2-ethyl-3-methylpentamide, separated on a Chirasil-Dex GC column.
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Secondary amines can unexpectedly form three derivatives
under DMF-DMA reaction: a methylated, a dimethoxymethy-
lated, and a formylated one (Figures 3 and S2), in no
predictable abundance. We were able to identify the
formylation and dimethoxymethylation thanks to a former
publication,24 as the mass spectra of those did not correspond
to existing data in the NIST library. The reactions proposed by
Grubb et al.24 imply a retro-acetalization that converts the
dimethoxymethylated amine into the formylated amine. Being
split into three products and the underivatized form, the limit
of detection of each of the derivatized forms is thus higher than
the limit of detection of the pure amine, although on the same
order of magnitude as the tenth of pmol in this
instrumentation (Table 1). Secondary amides mostly do not
react with DMF-DMA. However, we could detect the presence
of the dimethylformamidinated form as a minor product,
which corresponds to the integral substitution of the N-alkyl
group with a dimethylformamidine group. In that latter case,
the information on the length of the carbonated chain of the
amide is thus lost.

The dimethylformamidination of the primary aliphatic
amines (linear or branched) and the primary aliphatic amides
is total when the DMF-DMA is in excess. The derivatization of
secondary amines and amides is not total, and the presence of
the underivatized form is present on the chromatogram; for
secondary amides, the underivatized form is the majoritarian

Figure 7. Mass spectra of the linear amines with positive mode (a) and negative mode (b). Protonated parent ions, along with strong adduct peak
(adding mass of 51 u) and 208 peak, were observed in the positive mode. Yet only an adduct peak (adding mass 44 u) and m/z 121 peak were
evident in the negative mode.

Figure 8. Mass spectra of 1-naphthylamine (a) and butyramide (b) in
positive mode. Parent ions were observed in both cases. Fragments
presented in the 1-naphthylamine spectrum, and the adduct (adding
mass of 51) peak were detected in the butyramide spectrum.
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form observed. Different temperatures and durations of
derivatization (80 to 300 °C, 30 s to 60 min) were tested,
but variation on derivatization conditions on secondary amides
did not lead to any improvement of the derivatization yield.
This implies a thermodynamic limitation of the reaction on
secondary amines. The specific electronic repartition in the
amino group in both types of compounds (primary vs
secondary) may explain their difference in reactivity. In
addition, all types of compounds display additional, although
often minor, molecules present in the sample after the
derivatization reaction.

Aliphatic linear and branched primary amines substitute for
their amine functional group, leading to aldehydes and ketones,
respectively. The presence of derivatized C−1 and C−2 amine
demonstrates a decarbonation of the initial amine, followed by
derivatization. The heat of the derivatization reaction also led
to the formation of nitriles from the initial primary amine and
dimerization on small amines. Because of the electronic
distribution due to the presence of O, primary amides also led
to the associated methyl alkanoate, although in more minor
abundance. Some of the derivatized amides, but not all, also
generated the dimethylated form. It was expected that the
primary amides could lead to a nitrile through dehydratation;
however, no nitrile was observed. For secondary amides, the

amide indented by one carbon was also observed (e.g., N-
ethylpropanamide is observed after derivatization of N-
ethylacetamide).

We tested if the aromaticity of the molecule could alter the
derivatization, as the aromaticity of the heterocycle weakens
the nucleophilic reactivity of the nitrogen as it relocates and
flattens the electronic distribution evenly on the atoms of the
aromatic ring. While the aromatic core attracts electrons via
inductive and mesomeric effects, aliphatic molecules, on the
other hand, give electron density to the nitrogen via inductive
effect only. A slight difference was observed in the
derivatization of aromatic primary amines and amides:
although the major derivatized compound was the expected
dimethylformamidinated form, we noticed the presence of
some under-derivatized aromatic amines and amide. The
secondary amines displayed no difference in their derivatiza-
tion, whether aliphatic or aromatic; both led to the three
derivatized forms as well as the underivatized forms.

The mass spectra can be characteristic of the type of
molecule; on primary amines, the mass of the fragment
resulting from the β-break up depends on the position of the −
NH2 group on the carbon skeleton. On the first carbon
(linear), we observe the ion m/z 85, while on the second
carbon (branched) we observe the ion m/z 99 and on the third

Table 2. Summary of the Major and Minor DMF-DMA Derivatization Products from the Different Types of Amines and
Amides in a GCMS Analysis

molecules (example) type
main DMF-DMA deriv.

product minor coproducts remarks

ethylamine (C2) to
octodecylamine (C18)

primary aliphatic
amine (linear and
branched)

dimethylformamidination aldehydes (linear) branched and linear lead to recognizable
MS patterns

isopropylamine ketones (branched) better enantiomeric separation on
Chirasil-Dex when derivatized

2-aminobutane derivatized C(n‑1) and C(n‑2)
amine

2-aminopentane dimerization on small amines up
to C5 (heat only−no
DMF-DMA required)

2-aminoheptane nitriles (heat only−no
DMF-DMA required)

3-aminoheptane
8-aminopentadecane (C15)
10-aminononadecane (C19)
tert-amylamine
aniline primary aromatic

amine
dimethylformamidination underivatized form

1-naphtylamine dimerization (aniline)
acetamide primary aliphatic

amide
dimethylformamidination methyl alkanoate worst enantiomeric separation on

Chirasil-Dex when derivatized (
2-ethyl-3-methylpentanamide)

butyramide underivatized form (butyramide) hard to identify underivatized at low
abundances

2-ethyl-3-methylpentanamide
nicotinamide primary aromatic

amide
dimethylformamidination methyl alkanoate

dimethylation
underivatized form

N-methylpropylamine secondary aliphatic
amine

formylation methylation
N-isopropylmethylamine underivatized form
N-ethyl-N-propylamine dimethoxymethylation
N-methyl-2-pentanamine
1,2,4-triazole secondary aromatic

amine
methylation (96%) underivatized form
dimethoxymethylation
formylation

N-methylacetamide secondary aliphatic
amide

underivatized form dimethylformamidination In dimethylformamidination, Integral
replacement of the N-alkyl group, the
C-chain length is lost

N-ethylacetamide C(n+1) amide
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carbon, we observe the ion m/z 113. It is expected that a
branched amine with the −NH2 group on the fourth carbon
would break up in an ion m/z 127 and so on. The ion
fragmentation in the mass spectrometer thus gives information
about the isomer detected, while the molecular peak is the
same.

Because most of the mass spectra generated from
derivatization of amines and amides are absent from the
NIST spectral database, we thus generated a new “DMF-
DMA” database in which we have added all of the new
compounds and that will help in identification of DMF-DMA
derivatized amines in future experiments and in the analysis of
data returned from DraMS-GCMS once on Titan.

In this study, the analysis of volatile and semivolatile
substances mainly relied on GCMS because of the vacuum
system in the commercial LDMS that evacuates the more
volatile amines and amides studied, LDMS is a powerful
analytical tool for the examination of nonvolatile samples,
typically those with relatively larger molecular masses that are
challenging, if not impossible, to detect in GCMS. In this
study, LDMS was utilized to analyze linear amines
characterized by extended chain lengths, specifically C14, C16,
and C18 linear amines or compounds with a melting point
above room temperature (1-naphthylamine, butyramide). One
of the objectives is to evaluate the overlapping range of
compounds analyzable in both GCMS and LDMS modes. It is
important to note that unlike the commercial instrument,
DraMS does not require the samples to be under vacuum for
LDMS analysis and thus may allow for the detection of a few of
the lower-molecular-weight amines.

In the positive-mode LDMS spectra of linear amines, the
detection of protonated parent ions highlights the promising
potential of LDMS techniques in identifying key organics.
Therefore, its application, such as on the DraMS instrument
aboard the Dragonfly mission to Titan, holds great promise for
effectively identifying crucial organic compounds on Titan,
where organics such as amines are anticipated to be relatively
abundant. However, it is important to acknowledge the
complexity introduced by potential clusters, adducts, and
fragment peaks in the mass spectra, which can raise challenges
for data interpretation. For instance, the consistent appearance
of a mass increase of 51 u in the adducts of each parent ion
contributes to a more prominent signal in the mass spectra.
Additionally, a robust peak at m/z 208 persists across all cases.
We speculate that the mass increment of 51 u may represent a
species with a more stable or reactive structure attached to the
parent ions. Efforts were made to assign each peak through
utilization of the MS/MS technique, suggesting that the 51 u
adduct could be associated with a cyanoacetylene C3HN
adduct ion to the parent compound. Furthermore, m/z 208
likely corresponds to a fragment derived from the [M + H +
51]+ adduct peak, with its enhanced stability against multi-
photon excitation (either electronically or structurally)
contributing to this distinctive peak. Detailed MS/MS spectra
and peak assignments are provided in the Supporting
Information (Figures S4 and S5). In negative mode spectra,
on the other hand, no parent ion was detected, but prominent
adducts of [M + 43]− have been observed. Given the common
tendency in negative mode spectra for the formation of
deprotonated species to maintain a negative charge, it is more
likely that the [M + 43]− adduct corresponds to a
deprotonated M plus 44 ([M − H + 44]− as labeled in Figure
7), for the simplest ethyleneamine CH2CH2NH2. Overall,

when analyzing linear amines, the positive mode exhibits
greater potential for detecting the parent ion. However, in both
positive and negative modes, the presence of adducts
introduces complexity as well as insights into spectral
interpretation.

In the case of chemicals like 1-naphthylamine and
butyramide, the parent ions appeared more prominently
without protonation and presented as relatively stronger
peaks in the spectra compared to the protonated parent ions
observed with linear amines. Specific structures such as
aromatic functional groups are known to couple well with
the UV laser wavelength, resulting in the detection of relatively
strong peaks. Note again that in these spectra, there were
additional fragment peaks or series of peaks across a wider
mass range. For example, some of the weaker peaks exhibited
patterns indicative of hydrocarbons, likely originating from
clusters formed by laser-desorbed amines.
To Titan. In Morisson et al.,3 tholins were analyzed in pyr-

GCMS which led to the detection and identification of many
nitrile compounds, but only a few free amines were tentatively
reported. It was stated that the measurement of linear amines
was challenging in GCMS due to their polar nature and
adsorption on stainless steel in the GCMS transfer lines. We
have demonstrated that if present in the sample, amines of
various sorts (primary, secondary, aromatic, aliphatic, linear,
branched) as well as amides (primary, secondary) would be
detected in pyrolysis-GCMS, besides other minor coproducts.
In addition, when derivatized with DMF-DMA, the free amines
transform into less polar forms, and the derivatization product
depends on the nature of the amine or amide. The
combination of pyrolysis and derivatization in two independ-
ent experiments on DraMS would give true confirmation of the
presence of those compounds, each leading to different
products and thus different (and characterized) retention
times on the GCMS, thus increasing the chances of not having
overlapping compounds. Derivatization with DMF-DMA will
aid in improving the limit of detection of amines and other
refractory compounds in complex samples by rendering them
less polar. Moreover, DMF-DMA serves to enhance the
extraction of bonded molecules from solid samples in a one-
pot, one-step experiment.21 It also serves to protect the
structure and thus avoid recombination during the high-
temperature pyrolysis derivatization step.21 However, deriva-
tization does not necessarily lead to one unique and
identifiable compound. In many cases, a distribution of
coproducts is detected in the der-GCMS, several of them
with unknown mass spectra in referenced libraries. Never-
theless, the distribution of compounds produces a specific
GCMS pattern characteristic of the initial organic composition
of the sample. In addition to this challenge and because DMF-
DMA itself contains N and creates complex nitrogenated
byproducts, the analysis of indigenous N-compounds in a
Titan sample is complex and necessitates several laboratory
iterations. Lastly, the sample itself could interfere with DMF-
DMA, particularly if it contains water or ammonia in high
abundance. To overcome this issue, the nominal DMF-DMA
derivatization procedure on DraMS will include a sample boil-
off to remove the volatile H2O and NH3 before the
derivatizating reagent is released.

Derivatization with DMF-DMA has been shown to be
essential to separate the enantiomers of primary amines on the
enantioselective Chirasil-Dex GC column. Although few
references discuss the importance of chiral amines in biological
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systems, some of the main neurotransmitters in many animals
and even single-celled organisms (e.g., adrenaline and
derivatives) are chiral molecules with an amine functional
group.25 The presence of chiral compounds and their
enantiomeric purity are key factors in the search for chemical
biosignatures in Titan samples. Additional information is
needed to be comprehensive on the analysis of nitrogenated
compounds and chirality on Titan’s sample by DraMS
(racemization, low and high mass weight limits). However,
this extensive study lessens the concerns of the detection of
polar nitrogen-containing compounds with DraMS, as up to at
least C19 amines (and up to C18 detected both on the general
and on the chiral column in the laboratory) were detected
under DraMS-compatible conditions,14 and down to tens of
fmol limits of detection with a laboratory analytical instrument.
In GCMS mode, the DraMS instrument detects targeted
organic molecules present at 10−100 pmol in the sample. Even
when present at low abundances, the LOD for the amines will
be comparable in the complex sample to that for the pure
compounds when the single ion chromatograms are used to
detect and identify minor compounds. The limited detection of
amines in tholins reported in the literature is thus likely due to
their absence as free amines or to their volatilization during the
sample handling prior to analysis. It may also indicate that
many of the amine groups detected in tholins, with techniques
other than pyr-GCMS, are associated with large carbon-based
molecular structures (both aliphatic and aromatics) that are
difficult to extract with heat only. The derivatization with
DMF-DMA may help in that purpose.

In addition to DMF-DMA, DraMS also carries a
thermochemolysis reagent, tetramethylammonium hydroxide
(TMAH), and is evaluating the possibility to include
trimethylsulfonium hydroxide (TMSH). The thermochemol-
ysis reagents are used to methylate reactive compounds with a
labile hydrogen at high temperatures (500−600 °C), a
temperature at which macromolecules may fragment into
lighter and more volatile compounds, potentially liberating
functional groups such as amines. TMAH/TMSH has been
shown very efficient in the thermochemolysis, detection, and
identification of nucleobases.26 The complementarity of
pyrolysis, DMF-DMA derivatization, and TMAH/TMSH
thermochemolysis prior to GCMS analyses is a key asset for
the strict identification of the complex mixtures that are
expected on Titan, particularly toward its nitrogen chemistry.

As observed in the reported LDMS results, the direct mass
spectra can be complex, particularly when detecting samples on
planetary bodies such as Titan, where an abundance of organic
species including various types of amines is expected to be
present. Therefore, it becomes crucial to incorporate
complementary information not only between positive and
negative modes but also across different techniques, such as
LDMS and GCMS. The results presented here demonstrate
that a range of high-molecular-weight linear amines (C14 to
C18), as well as an aromatic amine of low molecular weight
(MW 143) but sufficiently high melting point (∼50 °C), as well
as an amide, butyramide (MW 87, mp ∼115 °C), can be
detected and identified in both GCMS and LDMS. Specifically,
the DraMS instrument aboard the Dragonfly mission targets a
mass range of up to 1950 Da for LDMS analysis,16 capable of
detecting very long linear amines up to ∼C120 if present.
Furthermore, the instrument will collect and analyze icy
samples27 under low temperatures (<175 K) on Titan.
Consequently, LDMS could potentially provide enhanced

capabilities for accessing and analyzing certain volatile
substances that might freeze in Titan’s environment, which
could result in more comprehensive analysis when coupled
with GCMS. The integrated approach enhances the accuracy
of understanding the analyzed sample by overcoming the
challenges associated with individual modes and techniques.

■ CONCLUSIONS
The design and operation of the DraMS instrument will allow
the detection of amines and amides in DraMS-pyrolysis-
GCMS, DraMS-derivatization-GCMS, and DraMS-LDMS
modes. Derivatization with DMF-DMA of several chemical
families and structurally different N-compounds (primary,
secondary, tertiary, aliphatic, aromatic, branched, or linear
amines and amides) determined their unique pattern, from
dimethylformamidination of primary amines and amides, to
three derivatized forms of secondary amines, to mostly
underivatized secondary amides. Several minor reaction
products allow robust identification of the parent molecule.
Derivatization with DMF-DMA will also aid in improving the
limit of detection of amines and amides on the general GC
columns in complex samples by rendering them less polar. The
combination of pyrolysis and derivatization helps to strictly
identify certain compounds that may coelute. As for chiral
compounds, their enantiomers could be better separated (and
thus quantified) when derivatized and analyzed on the
Chirasil-Dex GC column, apart from the amide, which shows
a better enantiomeric resolution underivatized. A subset of
molecules was also analyzed in LDMS, and the detection of
those in both positive mode and negative mode strengthens
the case for a robust inventory of N-compounds on Titan.
However, it was also shown that both the chemistry of DMF-
DMA derivatization and the interpretation of MS spectra from
LDMS, on both amines and amides, are various and complex.
As shown, laboratory investigations are thus necessary to better
anticipate the understanding of complex data on N-containing
compounds that are expected to be obtained with Dragonfly
on Titan.
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