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ABSTRACT: Europa and Enceladus, respective moons of Jupiter
and Saturn, are prime targets in the exploration of potentially
habitable extraterrestrial ocean worlds. Organic material could be
incorporated from the ocean into ice grains ejected from the
surface or in potential plumes and detected via spacecraft flybys
with impact ionization mass spectrometers, such as the SUrface
Dust Analyzer (SUDA) onboard Europa Clipper or the Cosmic
Dust Analyzer (CDA) onboard the past Cassini mission. Ice grains
ejected from both Europa and Enceladus are expected to contain
sodium salts, specifically sodium chloride (NaCl), in varying
concentrations. Consequently, it is important to understand its
effects on the mass spectrometric signatures of organic material in
salt-rich ice grains. Previous studies have only focused on the
detection of biosignatures, such as amino acids, in salt-rich ice
grains. We here perform analogue experiments using the Laser Induced Liquid Beam Ion Desorption (LILBID) technique to study
how a wide variety of abiotic and potentially biotic organic molecules could be identified by SUDA-type instruments. We investigate
their mass spectral characteristics and detectability at various typical NaCl concentrations expected for salt-rich ice grains and in both
cation and anion modes. Results show that organics in salt-rich ice grains can still be detected because of the formation of molecular
ions and sodiated and chlorinated species. However, high salt concentrations induce compound- and concentration-dependent
suppression effects, depending on the chemical properties and functional groups of the analytes. Our results emphasize the need of
both ion modes to detect a wide range of organics embedded in complex matrices and to discriminate between abiotic and
potentially biotic species. This work complements a spectral reference library for Europa Clipper and other ocean world missions.
KEYWORDS: ocean worlds, Europa Clipper, SUDA, analogue experiments, mass spectrometry, LILBID, salt matrix effects, ice grains

1. INTRODUCTION
Ocean worlds are of growing interest for life detection
missions. In particular, Jupiter’s moon Europa and Saturn’s
moon Enceladus both have a high potential to host extant
biological life in their global subsurface water oceans1−4 with
uniquely hospitable chemistry.5 Europa’s ocean is thought to
be in contact on its lower part with a rocky silicate seafloor and
on its upper part with an ice shell that may have tectonic
activity allowing reductant−oxidant cycling,6,7 and it might
have been present for much of the history of the solar system,
providing a long-term stable environment with geochemical
interactions, essential elements, and energy sources for an
independent origin of life.8−11 Enceladus’s subsurface ocean of
salty water12,13 is also thought to be long lived and hosts a
variety of organic material, including compounds made of the
biologically essential elements carbon, hydrogen, oxygen,
nitrogen, and phosphorus14−17 potentially acting as building
blocks or byproducts of life. The discovery of hydrothermal
processes at the interface between the ocean and the rocky
core of Enceladus was deduced from the detections of

nanometer-scale silica particles18 and of molecular hydrogen
(H2),

19 a product of serpentinization reactions, in a large
plume of icy particles emanating from cracks in the southern
pole.20,21 These jets of water provide a source of potentially
life-bearing material being ejected from the subsurface ocean
and emitted to space in icy particles.
Europa’s subsurface ocean may be communicating material

to the surface through tectonic activity, resurfacing, or other
forms of upwelling,22 rendering subsurface material analyzable
by spacecraft flybys. Organic material possibly related to
bioactivity in Europa’s subsurface ocean might therefore reach
the surface ice and be sputtered to high altitudes by
micrometeorite bombardment23,24 and by energetic heavy
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ions trapped in Jupiter’s magnetosphere.25 Organics could also
be incorporated in potential plumes ejecting gas and water ice
grains from the subsurface ocean into space.26−29 The
detection and identification of organics in Enceladus plume
ice grains allowed the interpretation of ice grains’ origins, their
formation mechanisms, and the presence of an organic-rich
layer at the upper ocean−ice interface.15,16 Diverse complex
organic species including hydrocarbons, amino acids, and
carboxylic acids could be geochemically synthesized in icy
moons’ oceans by serpentinization reactions and reduction of
inorganic precursors30−32 in potential hydrothermal systems.
Processes such as bubble-scrubbing may increase the
concentration of organic material and lead to enriched particles
allowing the detection of organic biosignatures in ice grains at
a much higher level than expected in the bulk ocean.33

Dust analyzers are powerful instruments for the analysis of
extraterrestrial ice grains and the identification of molecules
therein. A dust analyzer detects individual particles impacting
its target at hypervelocities (several km/s), creating an impact
plasma whose composition is measured via time-of-flight
(TOF) mass spectrometry (MS). Such instruments can detect
chemical species embedded in ice at the ppm level, including
organic compounds15,34 and salts,12 and have revealed some of
the most significant advances about the chemistry of the plume
of Enceladus.35,36 The Cosmic Dust Analyzer (CDA) onboard
the Cassini spacecraft allowed the discovery of complex
organic macromolecules with molecular masses above 200 u,15

as well as smaller reactive nitrogen- and oxygen-bearing
molecules16 from the ocean of Enceladus. Onboard NASA’s
upcoming Europa Clipper mission,37 the SUrface Dust
Analyzer (SUDA) will capture and analyze dust particles
released from Europa’s surface by impacts and in its potential
plumes.38 During close flybys, SUDA will map the composition
of encountered ejecta particles onto certain surface features of
Europa.13,39 The SUDA instrument is a TOF reflectron-type
mass spectrometer optimized for a high mass resolution in the
mass range m = 1−500 u. As compared to the CDA instrument
that could only detect cations, the SUDA instrument will be
able to record both cation and anion mass spectra, aiming to
target a wider range of compounds.
The search for organic material and molecular biosignatures

in ice grains ejected from ocean worlds with SUDA-type
instruments might be challenged by the complex chemistry and
salty composition of their ice and oceans. The salinity of
Enceladus’s ocean is assumed to be roughly similar to Earth’s
ocean or lower40 at around 20 g/kg41 and dominated by NaCl
at a concentration of 0.05−0.2 mol/kg.12 At Europa, the strong
magnetic induction field measured by Galileo suggested a
salinity perhaps in excess of 50 g/kg.42 Analysis of the Galileo
Near-Infrared Mapping Spectrometer (NIMS) data showed
that the Europa’s icy surface is dominated by water, sulfuric
acid hydrate, and other non-ice material. Sulfuric acid hydrate
is an expected product of radiolytic chemistry occurring on the
heavily irradiated and sulfur-bombarded trailing hemi-
sphere.43−45 Its detection was confirmed on the trailing
hemisphere by telescopic observations, which also detected
spatially coincident magnesium sulfate salts, suggesting a
radiolytic origin of the sulfate salts.46,47 The non-ice material
identified by NIMS has been first interpreted as endogenous
sulfate salts originating from the subsurface ocean.48−51

Ground-based spectroscopic observations have proposed
sodium chloride and potassium chloride46 or a mixture of
magnesium chloride, chlorate, and perchlorate52 as the

dominant non-ice component of the leading hemisphere.
The non-ice material is likely a combination of multiple
materials, including frozen brines, sulfate salts, and chlorides or
chlorates, with relative proportions varying spatially over
Europa’s leading and trailing hemispheres. Endogenous
material reflecting the composition of the interior ocean is
thought to be particularly abundant in the chaos terrains of the
leading hemisphere, as these terrains are geologically young,
are potential regions of subsurface upwelling or melt-
through,53,54 and are shielded from the sulfur ion implantation
of the trailing hemisphere. Chaos terrains are rich in sodium
chloride,47,55−57 an inorganic salt likely to be a major
component of Europa’s ocean, as this salt is expected to
dominate in an ocean with an extensive hydrothermal
circulation.58 Sodium chloride is estimated to be present at a
mean concentration of 0.1−1.2 mol/kg H2O,7 but surface ice
inhomogeneities could even increase the salt concentrations,
leading the Europa lander mission concept to request that
onboard instruments should be prepared for samples
containing up to 30% salt.59 Analytical instruments aiming at
investigating the chemical composition and possible bio-
signature content of ocean worlds will therefore have to deal
with native samples containing significant amounts of salts.
Interpreting mass spectra acquired in space from SUDA-type

instruments requires terrestrial calibration by analogue experi-
ments. Spaceborne impact ionization mass spectrometers
analyze projectile ions from ice grains impacting onto metal
targets. It is challenging to recreate this impact process in
laboratories because micrometer-sized ice grains cannot
currently be easily accelerated at relevant speeds.60,61 There-
fore, the Laser Induced Liquid Beam Ion Desorption
(LILBID) technique has been developed to simulate the
impact ionization mass spectra of ice grains recorded in space
at impact speeds from 3 to >20 km/s62−64 without the need of
a dust accelerator. This technique has been used to reproduce
compositional differences of ice grains detected from
Enceladus with the CDA instrument12,15,16 and to investigate
the mass spectral characteristics and fragmentation patterns of
organics between different ionization methods.65 Klenner et
al.66,67 used LILBID analogue experiments to investigate the
detection of amino acids, fatty acids, and peptides in water-rich
and salt-rich ice grains in an ocean world scenario, as they
could be identified by future spaceborne mass spectrometers
such as SUDA or the Enceladus Ice Analyzer (ENIA).68 They
found that these bioessential compounds can be detected
down to the micro- or nanomolar level, with optimal encounter
velocities of 4−6 km/s, and that these complex organic
molecules remained largely intact up to encounter velocities of
8 km/s. Moreover, characteristic abiotic and biotic fingerprints
could be discriminated in the mass spectra. Recently, the
investigation of bacterial extracts showed that microbial
biosignatures could be reliably identified at the ppm level in
salt-rich ice grains and that the sensitivity to biosignatures
decreases with increasing salt concentration.69

In impact ionization mass spectrometry, the matrix from
which a sample is analyzed can increase or decrease the
ionization process, hence influencing ion formation and the
resulting spectra.70,71 In particular, salts in the analyte solution
can cause a significant degradation of the signal-to-noise ratio
and lead to ion suppression and adduct formation, which may
mask or complicate the ion signals with interferences. Matrix
effects can therefore limit the quantitative and qualitative
analysis of SUDA-type instruments, which are likely to analyze
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salty and oxidant-rich ice grains reflecting icy moons’
compositions. To prevent these difficulties, laboratory
analogue experiments investigating salt-rich matrices are
required. A previous study by Klenner et al.67 investigated
the spectral appearance of amino acids in salt-rich solutions.
They found that, although high salt concentrations suppress
characteristic organic peaks, amino acids typically form
sodiated (sodium-complexed) molecules in which a sodium
ion replaces a hydrogen ion and could be detected down to
micromolar concentrations.
This work investigates the characteristic mass spectral

signatures of several water-soluble organics in salt-rich ice
grains reflecting the composition of Europa and Enceladus. We
discuss data collected from LILBID analogue experiments in
which we examine the effects of sodium chloride (NaCl), at
concentrations of 0.01, 0.1, and 1 M NaCl, on the spectral
appearance of organic molecules and their detectability with
SUDA-type instruments. We focus on the mass spectral
signatures of 5-amino-1-pentanol, acetic acid, benzoic acid,
butylamine, glucose, methanol, and pyridine, in both cation
and anion modes, to infer general rules predicting the behavior
of organic species containing a wide range of functional groups,
namely, hydroxyl, azine, (aromatic) carboxylic acid, (aromatic)
amine, and alkanolamine. Such functional groups are especially
relevant for icy moons because oxygen- and nitrogen-bearing
as well as aromatics compounds have been detected on
Enceladus ice grains.15,16 Sugars and N-heterocycles are
especially relevant for astrobiology investigations as they are
essential to biological processes in all terrestrial life and may
have played an important role in the origin and evolution of
life.72−74 The purpose of this study is to form a better
understanding of peak suppression and matrix effects involving
salts and different organic species as if detected in icy moons’
ice grains by impact ionization mass spectrometers.

2. EXPERIMENTAL SECTION
2.1. Laser Induced Liquid Beam Ion Desorption

(LILBID) Experimental Setup. The experimental LILBID
setup (Figure 1) was used to record mass spectra of several
solutions of organic compounds in salt-rich water matrices. It
has been described in detail by Klenner et al.64

The LILBID setup comprises a vacuum chamber, where the
sample is ionized, and a time-of-flight mass spectrometer,
which detects and analyzes the created ions. In the vacuum
chamber, the impact ionization process is simulated by
irradiating a micrometer-sized liquid water beam and dissolved
substances therein with a pulsed (20 Hz, 7 ns pulse length)
infrared laser (λ = 2840 nm) at variable laser energies (up to 4
mJ). The laser energy is absorbed by the water molecules,
creates a thermal explosion, and breaks the analyte solution
into charged and uncharged atomic, molecular, and macro-
scopic fragments.75,76 After passing through a field-free drift
region, the created ions (cations or anions, depending on the
chosen polarity) are then accelerated and analyzed in the TOF
mass spectrometer with a mass resolution of 600−800 m/Δm.
The principle of delayed extraction allows ions to be selected
for analyses as a function of their initial velocities (see
Supporting Information, Additional Methods). By adjusting
the delay time together with the laser’s power density, different
impact speeds of ice grains onto the space instrument’s metal
target can be accurately simulated.64 Both impact ionization
and the laser desorption experiment almost exclusively produce
singly-charged ions. Ion signals are amplified, digitized (analog-

to-digital converter), and recorded with a LabVIEW-controlled
computer. Each mass spectrum presented here is the average of
300 individual, co-added spectra. The recorded spectra are
stored in a newly developed database containing analogue data
for impact ionization mass spectrometers available at https://
lilbid-db.planet.fu-berlin.de.77

2.2. Organic Solutions. Seven organic species containing
a wide range of functional groups, namely, hydroxyl, azine,
(aromatic) carboxylic acid, (aromatic) amine, and alkanol-
amine, were investigated (Table 1): 5-amino-1-pentanol
(C5H13NO), acetic acid (C2H4O2), benzoic acid (C7H6O2),
butylamine (C4H11N), glucose (C6H12O6), methanol (CH4O),
and pyridine (C5H5N). Each compound was dissolved in
distilled, deionized Milli-Q purified water and NaCl-rich
solutions at a concentration of 5 wt % of the organic species,
except for benzoic acid that was dissolved at a concentration of
0.17 wt % due to its low solubility in water. Each organic
compound was measured in pure water and in three solutions
of different NaCl concentration (0.01, 0.1, and 1 M NaCl)
with the LILBID setup. Because of the low purity of the
glucose sample, the Na ion exchange resin Amberlite was
added to the “pure water” glucose solution to record cation
mode spectra. The LILBID setup was checked for contami-
nation and cleaned between sample measurements.

3. RESULTS
3.1. NaCl Background Matrix. Several salt ions and

clusters were identified in the mass spectra of the NaCl
background matrix without any organics. In cation mode, the
clusters [Na(H2O)n]+, [Na(NaOH)n]+, [Na(NaCl)n]+, [Na-
(NaCl)n(H2O)m]+, and [Na(NaCl)n(NaOH)m]+ were identi-
fied (Figure 2). These species were also observed by Postberg
et al.12 in analogue LILBID data with pure salt solutions. The
spectra with the lowest salt concentration (0.01 M NaCl;
Figure S1) show a predominance of [Na(H2O)n]+ clusters,
whereas [Na(NaCl)n]+ clusters are predominant in 0.1 and 1
M NaCl spectra (Figure 2 and Figure S2). In anion mode, the
clusters [Cl(H2O)n]−, [Cl(NaOH)n]−, [Cl(NaCl)n]−, [Cl-

Figure 1. The Laser Induced Liquid Beam Ion Desorption (LILBID)
laboratory setup, reproducing the impact ionization mass spectra of
ice grains recorded in space (figure reproduced from Klenner et al.
(2019).64 Copyright [2019] Rapid Communications in Mass
Spectrometry, Wiley). The principle of delayed extraction of the ions
as a function of their initial velocities is shown on the bottom right
insert.
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(NaCl)n(H2O)m]−, and [Cl(NaOH)(NaCl)n]− were identified
(Figure 3). At 0.01 M NaCl, [Cl(H2O)n]− clusters are
predominant (Figure S3), whereas [Cl(NaCl)n]− clusters
become predominant at 0.1 and 1 M NaCl (Figure 3 and
Figure S4). In both ion modes, peaks corresponding to ions
containing Cl atom(s) show characteristic 37Cl isotopes.
3.2. Organic Compounds in Water Matrices. We

measured all the organic species in pure water matrices
without any salts (Figures S37−S50). We detected protonated
molecular peaks ([M + H]+) and deprotonated molecular
peaks ([M − H]−) for all organic species except butylamine,
for which no deprotonated molecular peak was observed. We
detected prominent [M − 3H]− peaks in the anion spectra of
5-amino-1-pentanol (Figure S38). Positively and negatively
charged organic fragments were detected for all compounds
except methanol, for which only positively charged fragments
were observed (Tables S1 and S2). We detected clusters of the

organic species and charged fragments thereof ([M + M − x]+
and [M + M − x]−, with x a fragment of the organic species)
or fragmented polymers of the organics (e.g., [2M − x]+ and
[2M − x]−, with x a fragment of the organic species) in both
cation and anion spectra of 5-amino-1-pentanol (e.g., [M + (M
− OH − NH3)]+; Figures S37 and S38) and pyridine (Figures
S49 and S50), in the cation spectra of butylamine (Figure
S43), and in the anion spectra of glucose (Figure S46).
3.3. Organic Compounds in NaCl-Rich Matrices.

3.3.1. Low Salt Concentration (0.01 M NaCl). At a
concentration of 0.01 M NaCl, all the investigated organics
form both protonated molecular ions ([M + H]+, with M the
molecular mass of the organic compound) and sodiated ions
([M + Na]+) (Table 2), as well as water clusters (+(H2O)n) of
these ions. The intensities of sodiated peaks are usually higher
than those of protonated molecular peaks (e.g., Figure 4 and
Figures S7, S13, S26, and S31). Positively charged clusters of

Table 1. Organic Compounds Investigated in the Experiments and Their Values of pKa and Measured pH in the Different
Solutions Investigated

Figure 2. Baseline-corrected cation mass spectrum of sodium chloride
(NaCl) at a concentration of 0.1 M recorded at a delay time of 6.1 μs.
Sodiated cations are identified and labeled with their corresponding
water clusters.

Figure 3. Baseline-corrected anion mass spectrum of sodium chloride
(NaCl) at a concentration of 0.1 M recorded at a delay time of 6.1 μs.
Chlorinated anions are identified and labeled with their corresponding
water clusters.
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sodiated organic molecules with NaCl ([M(NaCl) + Na]+)
were detected for all organics. Clusters of sodiated organic
molecules with NaOH ([M(NaOH) + Na]+) were detected
for 5-amino-1-pentanol, butylamine, and pyridine and
tentatively detected for both acetic acid and benzoic acid.
[M(NaCl)n + H]+ was detected for benzoic acid and
tentatively detected for acetic acid at high delay time (Figures
S13 and S8). Disodiated molecules ([M − H + 2Na]+) were
detected in cation mass spectra of 5-amino-1-pentanol, acetic

acid, benzoic acid, and glucose, and trisodiated species were
detected for glucose ([M − 2H + 3Na]+) and acetic acid
dimers and trimers ([2M − 2H + 3Na]+, [3M − 2H + 3Na]+).
Clusters of disodiated organic molecules with NaCl
([M(NaCl) − H + 2Na]+) were detected only for benzoic
acid and acetic acid. Organic fragments were detected for five
organics (5-amino-1-pentanol, acetic acid, benzoic acid,
butylamine, and glucose) in the cation mode (Table S1). An
adduct of the organic molecule and a charged fragment thereof,
[M + NH4]+, was detected for 5-amino-1-pentanol (Figure 4).
In anion mode, 5-amino-1-pentanol, acetic acid, benzoic

acid, and glucose were identified as deprotonated molecular
ions ([M − H]−), and 5-amino-1-pentanol, benzoic acid,
glucose, methanol, and pyridine formed chlorinated ions ([M
+ Cl]−) (Table 3). Salt adducts were detected: [M(NaCl)n +
Cl]− for 5-amino-1-pentanol and glucose, tentatively for both
benzoic acid and methanol; [M(NaOH)n + Cl]− tentatively for
glucose; [M(NaCl)n − H]− for 5-amino-1-pentanol, acetic
acid, benzoic acid, and glucose; and [M(NaOH) − H]− and
[M(NaCl)(NaOH) − H]− for glucose. Dichlorinated anions
[M + H + 2Cl]− were tentatively identified for glucose, but this
peak interferes with possible [2M − H − (H2O)6]− peaks.
Sodiated anion dimers were detected as [2M − 2H + Na]− for
acetic acid, benzoic acid and methanol, and disodiated anion
oligomers ([3M − 3H + 2Na]−, [4M − 3H + 2Na]−) were
detected for acetic acid. Negatively charged organic fragments
were detected for 5-amino-1-pentanol, acetic acid, benzoic
acid, butylamine, and glucose (Figure 5; Figures S5, S11, S15,
and S21; and Table S2).

3.3.2. Intermediate Salt Concentration (0.1 M NaCl). At a
concentration of 0.1 M NaCl in the matrix solution,

Table 2. Detected Peaks and Their Respective m/z Values in Cation Mode for the Investigated Organics at 0.01, 0.1, and 1 M
NaCl Concentrationsa

aBlue check symbols represent tentative identifications.

Figure 4. Baseline-corrected cation mass spectrum of 5-amino-1-
pentanol at a concentration of 5 wt % in a 0.01 M NaCl matrix
recorded at a delay time of 6.2 μs. Unlabeled peaks originate
exclusively from the salty matrix.
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protonated molecular peaks ([M + H]+) are much weaker than
in a 0.01 M NaCl matrix (e.g., Figures 4 and 6) but are still
detectable for 5-amino-1-pentanol, butylamine, and glucose
(Table 2). Protonated molecular peaks are not detected
anymore for acetic acid, benzoic acid, methanol, and pyridine.
Sodiated molecular ions ([M + Na]+) are detectable for all

organics except acetic acid at intensities lower than in 0.01 M
NaCl matrices (e.g., Figures S18 and S19). Clusters of sodiated
organic molecules with NaCl ([M(NaCl) + Na]+) were
detected for all organics except acetic acid, usually at higher
intensities than in 0.01 M NaCl matrices (e.g., Figures 4 and
6). Clusters of sodiated organic molecules with NaOH
([M(NaOH) + Na]+) were detected for 5-amino-1-pentanol,
butylamine, and pyridine and tentatively detected for benzoic
acid at roughly similar intensities as compared to 0.01 M NaCl
matrices. Disodiated peaks ([M − H + 2Na]+) were detected

Table 3. Detected Peaks and Their Respective m/z Values in Anion Mode for the Investigated Organics at 0.01, 0.1, and 1 M
NaCl Concentrationsa

aBlue check symbols represent tentative identifications.

Figure 5. Baseline-corrected anion mass spectrum of glucose at a
concentration of 5 wt % in a H2O and NaCl (0.01 M) matrix recorded
at a delay time of 6.1 μs. Characteristic deprotonated molecular peak
[M − H]− and chlorinated peak [M + Cl]− are labeled in purple and
red, respectively, with their corresponding water clusters. Unlabeled
peaks originate exclusively from the salty matrix. Peaks labeled in
brown correspond to glucose fragments. Peaks labeled in all other
colors were identified as salt adducts.

Figure 6. Baseline-corrected cation mass spectrum of 5-amino-1-
pentanol at a concentration of 5 wt % in a H2O and 0.1 M NaCl
matrix recorded at a delay time of 6.3 μs. Unlabeled peaks originate
exclusively from the salty matrix.
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in the cation mass spectra of 5-amino-1-pentanol, acetic acid,
benzoic acid, and glucose (Figure 6 and Figures S9, S14, and
S23), and trisodiated peaks were detected for 5-amino-1-
pentanol ([M − 2H + 3Na]+) and acetic acid dimers ([2M −
2H + 3Na]+). Whereas the disodiated peaks of benzoic acid
had weaker intensities in 0.1 M NaCl than in 0.01 M NaCl
matrices, the intensities of disodiated glucose peak were
roughly similar in both matrices, and those of 5-amino-1-
pentanol and acetic acid were stronger in 0.1 M NaCl matrices.
The trisodiated peak of 5-amino-1-pentanol was not present in
0.01 M NaCl matrices, and that of the acetic acid dimer is
much higher in 0.1 M NaCl than in 0.01 M NaCl matrices.
Clusters of disodiated organic molecules with NaCl
([M(NaCl) − H + 2Na]+) were detected for acetic and
benzoic acids. Compared to 0.01 M matrices, a smaller number
of fragments at lower intensities are usually detected (e.g.,
Figures 4 and 6). No [M(NaCl)n + H]+ peak was detected.
In anion mode, acetic acid, benzoic acid, and glucose were

identified as deprotonated molecular ions ([M − H]−), and 5-
amino-1-pentanol, glucose, and methanol were identified as
chlorinated ions ([M + Cl]−) (Table 3), all at lower intensities
as compared to 0.01 M NaCl matrices (Figures 5 and 7;

Figures S5, S6, S11, S12, S15, S16, S29, and S30). Salt adducts
were detected for 5-amino-1-pentanol, acetic acid, benzoic
acid, glucose, and methanol at intensities roughly similar to
0.01 M NaCl matrices: [M(NaCl)n + Cl]− for 5-amino-1-
pentanol, glucose, and methanol; [M(NaCl)n − H]− for 5-
amino-1-pentanol, acetic acid, benzoic acid, and glucose; and
[M(NaOH) − H]− and [M(NaCl)n(NaOH) − H]− for
glucose. As in the 0.01 M NaCl matrix, sodiated anion dimers
[2M − 2H + Na]− and disodiated anion trimers [3M − 3H +
2Na]− were detected in the spectra of acetic acid at higher
intensities as compared to 0.01 M NaCl. Fragments of acetic
acid, benzoic acid, butylamine, and glucose were detected
(Table S2).

3.3.3. High Salt Concentration (1 M NaCl). At a
concentration of 1 M NaCl, protonated molecular peaks ([M
+ H]+) are detectable for 5-amino-1-pentanol (Figure 8) and
glucose despite an interference with a salt cluster (Figure S25).
Sodiated molecular ions ([M + Na]+) are detected for 5-

amino-1-pentanol, glucose, methanol, and pyridine (Figure 8
and Figure S25, S28, and S33). As compared to the 0.1 M
NaCl matrix, protonated molecular peaks are not detected
anymore for butylamine, and sodiated peaks are not detected
anymore for benzoic acid and butylamine. All detected
protonated and sodiated peaks have lower intensities than in
0.1 M NaCl matrices (e.g., Figures 6 and 8). Clusters of
sodiated organic molecules with NaCl ([M(NaCl) + Na]+)
were detected for all organics except acetic and benzoic acid
and at lower intensities than in 0.1 M NaCl matrices. In the
mass spectra of butylamine (Figure S20), [M(NaCl)1−2 + Na]+
clusters were detected, although no [M + Na]+ peaks were
detected. [M(NaCl) + Na]+ clusters are the highest organic-
related peaks in the mass spectra of 5-amino-1-pentanol,
butylamine, pyridine, and methanol. Clusters of sodiated
organic molecules with NaOH ([M(NaOH) + Na]+) were
detected for 5-amino-1-pentanol at lower intensities as
compared to 0.1 M NaCl matrices (Figures 6 and 8).
Disodiated peaks ([M − H + 2Na]+) were detected in the
cation mass spectra of 5-amino-1-pentanol, acetic acid, and
glucose at similar (for acetic acid) or lower intensities as
compared to 0.1 M NaCl matrices. As compared to the 0.1 M
NaCl matrix, disodiated peaks were not detected for benzoic
acid anymore. Trisodiated dimers ([2M − 2H + 3Na]+) and
clusters of disodiated organic molecules with NaCl ([M(NaCl)
− H + 2Na]+) were detected for acetic acid, both at lower
intensities as compared to 0.1 M NaCl matrices. Cationic
fragments were only detected for glucose and 5-amino-1-
pentanol (Figure S25 and Table S1). Similarly to 0.1 M NaCl
matrices, [M(NaCl) + H]+ cations were not detected.
In anion mode, only acetic acid and benzoic acid showed

characteristic organic signatures, whereas the spectra of all
other organics are similar to pure 1 M NaCl spectra. For both
acetic acid and benzoic acid, deprotonated molecular peaks
were detected with a high sensitivity (Figure 9 and Figure S17)
but at lower intensities than in 0.01 M NaCl matrices. Salt
adducts ([M(NaCl)n − H]−) were detected for both acetic
acid and benzoic acid, for both at lower intensities as compared

Figure 7. Baseline-corrected anion mass spectrum of glucose at a
concentration of 5 wt % in a H2O and NaCl (0.1 M) matrix recorded
at a delay time of 6.2 μs. Unlabeled peaks originate exclusively from
the salty matrix.

Figure 8. Baseline-corrected cation mass spectrum of 5-amino-1-
pentanol at a concentration of 5 wt % in a H2O and 1 M NaCl matrix
recorded at a delay time of 6.5 μs. Characteristic protonated
molecular peak [M + H]+ and sodiated peak [M + Na]+ are labeled
in purple and red, respectively. Unlabeled peaks originate exclusively
from the salty matrix. Peaks labeled in all other colors were identified
as salt adducts.
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to 0.01 M NaCl matrices. Clusters [2M − H + (NaCl)n]−,
[3M − H + (NaCl)n]−, [2M − 2H + (NaCl)n + Na]−, and
[3M − H + (NaCl)n]− were detected for acetic acid (Figure
9). One organic fragment was detected for acetic acid
([CH3]−) and benzoic acid (deprotonated benzene).
Detection limits were estimated in 1 M NaCl matrices for

the compounds with the highest sensitivities (i.e., 5-amino-1-
pentanol in cation mode and acetic acid in anion mode).
Deprotonated molecular ions of acetic acid were identified in a
1 M NaCl matrix at a concentration as low as 0.1 wt % (Figure
S35). In cation mode, 5-amino-1-pentanol and glucose were
the only organics that could be surely identified at 1 M NaCl as
a protonated molecular peak at a concentration of 5 wt %
(Figure 8 and Figure S25). The protonated molecular peak of
5-amino-1-pentanol could not be observed at lower concen-
trations than 5 wt %, but the sodiated peak was detected down
to a concentration of 1 wt % (Figure S36).
3.4. Detection of Organic Fragments. Organic frag-

ments are crucial for spectral interpretation as they provide
structural information and might help to resolve ambiguities
from the molecular or cluster peaks alone. In water matrices,
fragments were detected for all organic species in both ion
modes, except for methanol in anion mode (Tables S1 and
S2). In salt-rich matrices, organic fragments were detected in at
least one ion mode for all the investigated organics except
methanol and pyridine (Tables S1 and S2). The number of
characteristic organic fragments, as well as their intensities,
decreased with increasing NaCl concentration (Tables S1 and
S2). The fragments observed at high NaCl concentrations were
usually also observed at low NaCl concentrations.
Both 5-amino-1-pentanol and butylamine formed cationic

fragments by losing their functional groups, typically forming
[NH4]+, [CH2NH2]+ and/or [CH2O]+, [M − OH − NH3]+,
and [M − OH]+ fragments for 5-amino-1-pentanol and
[NH4]+ and [M − NH2]+ fragments for butylamine.
Both acetic acid and benzoic acid formed [M − OH]+ peaks

in 0.01 M NaCl matrices, but different cationic fragments are
detected at higher NaCl concentrations: at 0.1 M NaCl, [CO]+

is detected for acetic acid and [C3H3]+ for benzoic acid. No
fragments are detected at higher NaCl concentration in cation
mode. In the anion mass spectra of acetic acid, [CH3]−

fragments were detected at all NaCl concentrations at
approximately similar intensities (Figure 9 and Figures S11
and S12). Deprotonated benzene ([M − COOH]−) was
detected in the anion mass spectra of benzoic acid at all NaCl
concentrations and at intensities decreasing with increasing
NaCl concentrations (Figures S15−S17).
A high number of glucose fragments were detected in cation

mode at all NaCl concentrations (Table S1), and in anion
mode at 0.01 M and 0.1 M NaCl (Table S2). Fragments
resulted from the successive loss of water from the alcohol
functional groups of the deprotonated glucose molecule and
other fragmentation pathways (e.g., Figure 10). As other

compounds containing hydroxyl (−OH) groups, glucose
typically form [M − OH]+ fragments. Glucose is the only
organic for which a high number of fragments were detected in
1 M NaCl matrices.
3.5. General Trends. Our results show that organics

embedded in high-salinity ice grains can still be detected
because of the formation of molecular ions and sodiated and
chlorinated adducts. However, the spectral appearance of the
organics fundamentally changes from relatively low (0.01 M)
to high (1 M) NaCl matrices. The formation and relative
intensities of different ions and salt adducts at varying salt
concentrations strongly influence the resulting spectra. Organic
molecular peaks but also sodiated and chlorinated organic
adducts are effectively suppressed with increasing NaCl
concentrations, and the relative intensities of peaks change
with varying salt concentrations.

3.5.1. Suppression Effects. Effective suppression effects by
the salt67,71 provoked a general decrease of the absolute
number and intensities of organic-related peaks, including
molecular peaks, fragment peaks, and sodiated and chlorinated
peaks, with increasing NaCl concentration in both ion modes
(Figures 11 and 12, Tables 2 and 3, and Tables S1 and S2). We
investigated the trends of the amplitudes of protonated and
sodiated peaks (Figure 11) and of (de)protonated molecular
peaks (Figure 12) in matrices of increasing NaCl concentration
by normalizing these peaks’ integrals against the total
integrated ions. This analysis showed that the degree of
suppression of molecular peaks as well as some sodiated and
chlorinated peaks by the salt is highly dependent on the
organic species and ranges from less than a factor of 2 up to
several orders of magnitude. Figures 11 and 12 should
nonetheless be treated cautiously because they do not
represent true comparisons of ionization efficiencies between
the different organic species: multiple variables have an
influence on the peak amplitudes (e.g., the organic/NaCl
ratio is decreasing in the solution as [NaCl] increases; the

Figure 9. Baseline-corrected anion mass spectrum of acetic acid at a
concentration of 5 wt % in a H2O and 1 M NaCl matrix recorded at a
delay time of 6.5 μs. Characteristic deprotonated molecular peaks [M
− H]− are labeled in purple. Unlabeled peaks originate exclusively
from the salty matrix. Peaks labeled in brown correspond to organic
fragments. Peaks labeled in all other colors were identified as salt
adducts.

Figure 10. Examples of fragmentation pathways of some detected
cation fragments of glucose. The arrows represent bond cleavage.
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different organic samples have different molecular densities).
Rather than an absolute quantitative comparison, Figures 11

and 12 provide valuable trends representative of suppression
effects for a variety of organic species. The amount of water

Figure 11. Relative amplitudes of protonated molecular peaks [M + H]+ and sodiated peaks [M + Na]+ in 0.01, 0.1, and 1 M NaCl matrices for the
seven measured organic species. Peak amplitudes were normalized to the total integrated ions.
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clusters in the spectra of both pure NaCl matrix and organic-
rich salty solutions decreased with increasing NaCl concen-
tration. Counterintuitively, the number and intensities of both
sodiated and chlorinated peaks were also found to likewise
decrease with increasing NaCl concentration (e.g., Figures
4−8).
By contrast, intensities increased with salinity for clusters of

sodiated organic molecules with NaCl ([M(NaCl) + Na]+.
3.5.2. Ion Mode. Most of the organics investigated typically

formed a larger number of peaks in cation mode than in anion
mode (Tables 2 and 3). Generally, we observe a trend of lower
response of the organics in anion mode as compared to cation
mode. Whereas all organics formed protonated and sodiated
molecular peaks (at least in 0.01 M NaCl matrices), only some
of the organics formed deprotonated or chlorinated peaks. The
intensities of organic peaks are usually higher in cation mode
than anion mode, except for the two carboxylic acids, to which
the sensitivity was much higher in anion mode than cation
mode. These two species are the only organics that were
detected at the highest NaCl concentration (1 M) in anion
mode, thanks to highly significant deprotonated molecular
peaks (Figure 9 and Figure S17). In anion mode, the response

of the different organics varied greatly from one organic species
to another. In particular, butylamine and pyridine are not or
barely detectable even at low NaCl concentrations.

3.5.3. Sodiation and Chlorination Processes. Sodiation
appears to play a major role in the spectral appearance of the
organics in salt-rich matrices. In cation mode spectra, the most
prevalent characteristic peaks are sodiated peaks ([M + Na]+)
for all organics, except for acetic acid and benzoic acid for
which disodiated peaks [M − H + 2Na]+ dominate (Figures
S7−S10, S13 and S14). A higher absolute number of sodiated
species have been detected for acetic acid and benzoic acid
(e.g., [M(NaCl) − H + 2Na]+, [2M − 2H + Na]−; Tables 2
and 3) and for acetic acid only ([3M − 3H + 2Na]−, [4M −
3H + 2Na]−, [xM − 2H + Na]−, [xM − 3H + 2Na]−, and [4M
− 4H + 3Na]−; Table 3, Figures S11 and S12) as compared to
other organics. Disodiated cations [M − H + 2Na]+ have been
detected for all species containing hydroxyl (−OH) functional
group(s) except methanol (i.e., 5-amino-1-pentanol, acetic
acid, benzoic acid and glucose) but at much higher intensities
for acetic acid and benzoic acid as compared to the other
organics. Trisodiated cations have been detected for glucose
([M − 2H + 3Na]+) and acetic acid dimers and trimers ([2M

Figure 12. Relative amplitudes of protonated molecular peaks [M + H]+ (top) and deprotonated molecular peaks [M − H]− (bottom) in water
matrices and 0.01, 0.1 M, and 1 M NaCl matrices for the seven organic species measured in cation and anion mode. Amplitudes were normalized
against the integral of the whole spectra and plotted on a logarithmic scale.
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− 2H + 3Na]+, [3M − 2H + 3Na]+). Chlorination processes
(i.e., addition of a chloride anion) were also observed:
chlorinated peaks ([M + Cl]−) were detected in 0.01 M
NaCl matrices for most organics, and dichlorinated peaks ([M
+ H + 2Cl]−) were tentatively detected for glucose in 0.01 M
NaCl matrix.

3.5.4. Salt Clusters with NaCl and NaOH. A variety of salt
clusters were observed in both ion modes. Clustering of NaCl
onto cations or anions was observed more frequently and
created higher intensity peaks than clustering of NaOH in both
ion modes. This is consistent with the spectra of the pure NaCl
matrix, where clusters of [Na(NaCl)n]+ and [Cl(NaCl)]− are
much more significant than [Na(NaOH)n]+ and
[Cl(NaOH)n]− (Figures 2 and 3 and Figures S1−S4).
Clustering of NaCl onto sodiated molecules ([M(NaCl)n +
Na]+) appeared to be more frequent than onto protonated
molecules ([M(NaCl)n + H]+). The relative intensity of
[M(NaCl)n + Na]+ in many cases increased with NaCl
concentrations (e.g., Figures 4, 6, and 8), although the
intensities of [M + Na]+ peaks decreased. Conversely, clusters
of protonated organics with NaCl ([M(NaCl) + H]+) were
detected only in 0.01 M matrices but not at higher NaCl
concentrations. At 1 M NaCl concentrations, [M(NaCl) +
Na]+ peaks were detected for butylamine, although sodiated
peaks [M + Na]+ were not detected. In anion mode, both
[M(NaCl)n − H]− and [M(NaCl)n + Cl]− clusters were
detected for many organics, but clustering of anions with
NaOH was only observed for glucose.

4. DISCUSSION
In this work, we performed analogue experiments for the
detection of organic molecules in salt-rich ice grains from icy
moons with impact ionization mass spectrometry. A range of
organic compounds were measured with the LILBID setup in
water and NaCl-rich matrices at different salt concentrations
(0.01, 0.1, and 1 M NaCl). Our results show that our
laboratory setup is more sensitive to the majority of the
measured organics and their fragments in the cation mode than
in the anion mode. The sensitivity in negative ion mode has
also been reported to be generally lower than that in positive
ion mode in both matrix assisted laser desorption ionization
mass spectrometry (MALDI)-MS78,79 and electrospray ioniza-
tion (ESI)-MS.80 The lower sensitivity in anion mode must be
due to differences in mechanisms leading to the formation of
charged analyte molecules during the ionization process, which
are not yet very well understood. Anions can be generated by
(i) deprotonation from the analyte, (ii) fragmentation during
the ionization process, (iii) adduct formation with anions, or
(iv) simultaneous deprotonation and adduct formation with
cations (e.g., [2M − 2H + Na]− ions). Analytes with free
electron pairs can be easily ionized by the attachment of
protons and cations (e.g., [M + Na]+).
Different organic species have different ionization efficiency

that depends on the organic’s intrinsic properties.81 The
organic’s response depends on its molecular structure and on
its physicochemical properties. Using the LILBID setup,
Klenner et al.66 found a better sensitivity to amino acids in
the cation mode than in the anion mode. Basic amino acids
with high proton affinities have efficient proton transfer and
therefore promote an efficient formation of cations. Generally,
basic analytes often have lower sensitivities in negative ion
mode than their corresponding protonated species in cation
mode.82 On the contrary, strong acids have higher ionization

efficiency and give higher signals in the negative mode than in
the positive mode, as shown by Kruve et al.83 using ESI-MS.
We found that the molecular structure of the organic species
and the presence of functional groups influence the ionization
efficiency, the fragmentation pathways, and the formation of
adducts:

• Hydroxyl (OH) functional groups increase the ioniza-
tion efficiency to form molecular anions. They also
promote the formation of sodiated species, with protons
from the hydroxyl functional groups being easily
replaced by Na+, and allow the formation of character-
istic [M − OH]+ fragments, which often have a very
prominent intensity, even higher than molecular peaks in
some cases (e.g., for glucose; Figures S24 and S25).

• Carboxylic acid functional groups (COOH) greatly
increase the ionization efficiency to form deprotonated
molecular anions. Such functional groups can be easily
cleaved from the carboxylic acid-bearing molecule,
leading to the formation of [M − COOH]− anions.
They also promote sodiation processes, leading to the
formation of both sodiated cations and anions. In cation
mode, [M − H + 2Na]+ peaks are highly prominent and
much higher than [M + Na]+. In water matrices, [M −
OH]+ fragments are the most prominent peaks in cation
mass spectra (Figures S39 and S41).

• Amine functional groups (NH2) were found to decrease
the ionization efficiency of molecular species in anion
mode. Similarly to hydroxyl groups, they also promote
the formation of sodiated species, with protons from the
NH2 being easily replaced by Na+.

• The presence of aromatic rings increases the stability of
the molecular structure, inhibiting its fragmentation and
the formation of respective fragment ions.

• Species with a low pH show a very high signal in the
anion mode and show significantly high deprotonated
molecular peaks even at high salt concentrations.

• High pH species might be better detected in cation
mode than anion mode, as seen in the anion mass
spectra of 5-amino-1-pentanol, butylamine, and pyridine
that show very low signal.

Comparing butylamine and 5-amino-1-pentanol, i.e., two
species with the same pH value of 12, we suggest that 5-amino-
1-pentanol might have a better detectability than butylamine
owing to its hydroxyl functional group. With the aim to detect
specific types of organics, their pH values are a first important
consideration when preferring negative or positive mode
analysis. However, we could not establish a straightforward
trend of detectability of all organics in relation to the pH,
suggesting that the pH is only one important parameter among
others, such as the presence of functional groups or the ion
mode. This is in accordance with a study by Liigand et al.84

that showed that decreasing pH can significantly increase the
ionization efficiency of a compound, although other
physicochemical properties, such as the pKa, the number of
potential charge center, and the hydrogen bonding acceptor
capacity, were also found to play an important role in the
analyte behavior.
In our experiments, the ionization efficiency of an organic

species is related to the molecular density in the ionization
region of the sample; therefore, it depends on the organic’s
molecular concentration. The organics investigated have molar
masses ranging from 32 to 180 g/mol (Table 1). In a constant
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volume V, the molecular density D of an organic species of
mass m decreases when the molecular mass M increases (

= ×D m
M V

); e.g., glucose (M = 180 g/mol) has a lower
molecular density than methanol (M = 32 g/mol). Molecular
densities of the investigated organics therefore vary by a factor
of ∼6 between the lowest and the highest molecular masses
organics. However, we believe that this effect has a second-
order significance on the sensitivity as compared to the
organics’ intrinsic properties such as the pH or some specific
functional groups.
Our results emphasize the need of both ion modes for future

spaceborne impact ionization mass spectrometers because
different organic families have different sensitivities in cation
compared to anion mode. For example, the sensitivity to
carboxylic acids is very high in anion mode even at the highest
salt concentration (Figure 9 and Figure S17), whereas
butylamine and pyridine at CNaCl > 0.01 M could be detected
in cation mode but not in anion mode (Tables 2 and 3).
Measurements in both ion modes are therefore necessary to
cover the complete range of the characteristic spectral
signatures investigated here. Severe ion suppression as
described here could result in false-negative results for samples
containing organics. Both SUDA and ENIA will be capable of
detecting both cations and anions.38,68

Whereas (de)protonated molecular peaks are the strongest
peaks in pure water solutions, salt adducts instead form the
strongest signals when salts are added to the matrix. Our
results indicate that uncomplexed organics may be less stable
than respective sodium complexes formed in a salt-rich
solution, in agreement with previous mass spectrometry
studies showing that sodium adducts can be difficult to
fragment.85,86 Sodiation of organic species is a well-known
process in mass spectrometry.67,87 The presence of hydroxyl
(OH) and amine (NH2) functional groups in the organic
species’ molecular structure promotes sodiation processes, as
the protons from these functional groups can easily be replaced
by a sodium cation (Na+), forming disodiated cations ([M −
H + 2Na]+) or, in the case of several functional groups,
polysodiated cations [M − mH + nNa]+ with m = n − 1, e.g.,
trisodiated cations [M − 2H + 3Na]+. Sodiated organics [M −
nH + mNa](m − n)+ have been observed in ESI-MS and
MALDI-MS on a number of functional groups including
amines, carboxylic groups, and amides.88−90 Interestingly, we
detected a disodiated monomer ([M − H + 2Na]+) and a
trisodiated dimer ([2M − 2H + 3Na]+) in the mass spectra of
acetic acid, and trisodiated cations were detected also for
glucose ([M − 2H + 3Na]+), confirming that multiple
functional groups are needed for multiple replacements of H
atoms with Na+. Generally, the degree of sodiation of organic
molecules depends on the number of hydroxyl and amine
functional groups available in the organic molecule. The
spectra of the two carboxylic acids show especially prominent
disodiated cation peaks ([M − H + 2Na]+) as compared to
other organics and sodiated anions were not detected for any
other organics, suggesting that carboxylic functional groups are
even more efficient in incorporating Na+ cations than hydroxyl
groups that do not belong to carboxyl groups.
We observed chlorinated species for the first time with the

LILBID, where a chloride anion is added in the molecular
structure. Chlorinated species were detected for different
families of organic species, but they were particularly
prominent for glucose and methanol. Moreover, dichlorinated

peaks ([M + H + 2Cl]−) were tentatively identified for glucose
(Figure 5), suggesting that hydroxyl functional groups may
offer favorable sites for chlorination to happen. Chlorination of
organic species has also been previously observed in ESI and
Orbitrap mass spectrometry.91,92 The chlorinated peaks we
observed were not as strong as sodiated peaks. Chloride
attachment�and, more generally, ionization by addition of
anions�is a substantially softer form of ionization than with
cations93 because bonds between anions and molecules are
usually weaker than corresponding bonds to cations (i.e.,
molecular proton affinities are usually higher than anion
affinities).
Organic-related peaks tend to be fewer and have smaller

intensities with increasing NaCl concentrations due to
suppression effects (so-called “salt-in” effects).67,71,94 The
degree of suppression varied from one sample to another,
consistent with the expectation that suppression effects by salts
are compound-dependent and concentration-dependent.95

Severe ion suppression has led to the nondetection of some
organics, especially in anion mode and at high NaCl
concentrations. We evaluated the strength of ion suppression
by comparing the signal of molecular peaks of the analytes
measured in pure water to their signal in increasing NaCl
concentration matrices (Figure 12). The signal decreased by
several orders of magnitude between pure water matrices and 1
M NaCl matrices in both ion modes. The signals of sodiated
peaks were also found to decrease drastically with increasing
NaCl matrix concentration (Figure 11). However, the ion
suppression cannot strictly be quantitatively estimated as in
Figures 11 and 12, the decrease in amplitude is likely to be due
not solely to suppression effects but also to other intertwined
factors (e.g., the molar concentration). Suppression effects are
caused by the general inhibition of ion formation at high
salinities76 and by the formation of sodiated and chlorinated
adducts, which contributes to the reduction of signal of the
(de)protonated organic species and results in loss of resolution
and sensitivity.96 The formation of salt adducts spreads the
unsodiated molecular organic ions’ signal over multiple
different masses, causing a suppression of the signal of the
analyte together with reduced detection abilities. Salt clusters
can also increase the baseline noise, further lowering the signal-
to-noise ratio.
Our results indicate that the detection and identification of

organics in the mass spectra of salty grains are likely to be more
difficult than for the salt-poor grains. At the highest NaCl
concentration investigated (1 M), most organics can only be
detected as sodiated complex in cation mode and cannot be
detected at all in anion mode. However, several organic
species, i.e., low pH organics, can still be detected even at 1 M
NaCl. High concentrations of salts as expected on Europa
(0.1−1.2 M NaCl)7 or Enceladus (0.05−0.2 M NaCl)12 could
therefore degrade the spectral quality of organic-rich ice grains
measured by impact ionization mass spectrometers. However,
salts are not expected to always be present in every ice grain
that carries organics (e.g., “Type 2” salt-poor, organic-rich ice
grains from Enceladus ocean),97 so the salt-in effects we
describe are not be applicable to all mass spectra recorded by
spaceborne mass spectrometers. Ion suppression effects
influencing the measurements of SUDA-type instruments
might be stronger in cases where organic analytes are present
only in trace amounts because the potential for ion suppression
in complex matrices is higher at low organic concentrations.98

However, high organic concentrations, perhaps on the order of
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several %, are expected on certain regions on Europa,99 i.e.,
chaos terrains.100 Moreover, the SUDA instrument will have a
substantially higher dynamic range, together with a higher
sensitivity, than the mass spectrometer of our LILBID
setup,38,68 meaning that detection limits can be expected to
be at least 1 order of magnitude lower than the detection limits
we estimated, and this might help counteracting the
degradation of the spectral quality by salt-in effects. This
increase in sensitivity would be even higher for future
instruments investigating ice grains in the Enceladus plume,
such as ENIA.68,101,102

During impact ionization processes, kinetic energy is
imparted to the molecules and can be effectively released by
the molecule breaking into fragments. Fragments have been
detected for most of the investigated organics and, in some
cases, even at high salt concentrations (Tables S1 and S2).
This is a new result as compared to previous studies by
Klenner et al.66,67 where characteristic amino acid fragments
were observed in salt-poor solutions but not in salt-rich
solutions with a similar salinity (0.1 M NaCl + 0.015 M
Na2CO3 + 0.015 M NaHCO3) as in our cases with fragment
detection, but Klenner et al.67 investigated amino acids at
concentrations <0.1%, which might be the reason why they did
not observe fragments. However, we detected fewer character-
istic organic ionic fragments with increasing salt concen-
trations. Judging from our results, the effectivity of the
suppression of fragment ions depends on the analyte species,
on its molecular structure and functional groups, and on the
matrix salt concentration: fragmentation is inhibited for smaller
organic molecules, with few functional groups, and is less likely
at high NaCl concentrations. Among the investigated organics,
glucose was found to form many fragments even at high NaCl
concentrations. This may be due to its large molecular mass
allowing the cleavage of many different bonds and to its
numerous hydroxyl functional groups that can easily be cleaved
in an ionic form from the deprotonated glucose molecule. Both
5-amino-1-pentanol and butylamine were observed to form
some of the same fragments reported by Klenner et al.66 for
amino acids, such as [NH4]+ at m/z 18 and [CH2NH2]+ at m/
z 30. Benzoic acid formed deprotonated benzene at m/z 77,
consistent with the results of Klenner et al.66 who showed that
several amino acids typically cleaved their carboxylic group to
form [M − COOH]− anions. [M − OH]+ fragments are
typically detected for species containing hydroxyl functional
groups. Fragments of pyridine and methanol were not detected
in any salt-rich matrices. In the case of pyridine, the stability of
its aromatic ring structure prevents fragmentation processes of
the pyridine molecule. In the case of methanol, the small size
of this compound (CH3OH, 46 u) does not allow the
formation of many fragments as compared to larger molecules.
The suppression of organic fragment ions at high salinities

might be because the ionization of fragments is suppressed;
alternatively, charged fragments may be neutralized by the
salts, or the fragmentation process of the organics may be
suppressed. NaCl has been shown to have a stabilizing effect
against fragmentation in ESI mass spectrometry.103 Besides, we
detected more fragments in cation than anion mode (Tables
S1 and S2). This is consistent with the generally higher
sensitivity to organic cations than organic anions that we
observed, which then also applies to fragments. We did not
detect sodiated fragments, although we expected them to form
as results of the loss of water and functional groups from
sodiated organics. Sodiated fragments have been observed in

ESI mass spectrometry experiments.104 Chlorinated fragments
have also not been detected. This may suggest that sodiated
and chlorinated species are more resistant to fragmentation
than protonated and deprotonated molecular species�thanks
to a stabilization by the salt that, in turn, hinder
fragmentation�or that, alternatively, they form neutral
fragments that we could not detect.
The sensitivity to the signal of the organics and their

detection limits vary with the simulated impact speeds (i.e.,
combination of delay time and laser energy),64 the organic
species, the salt concentration, and the ion mode. Detection
limits were found to increase with increasing NaCl
concentrations and were estimated at the highest salt
concentration (1 M NaCl). In anion mode, the most sensitive
compounds were the two carboxylic acids, with acetic acid (the
lowest pH species) forming a deprotonated molecular peak at a
concentration as low as 0.1 wt % (Figure S35). In cation mode,
a save detection was established at 1 wt % for 5-amino-1-
pentanol. Our estimated detection limits in 1 M NaCl (1000
ppmw in the best case scenario) are, as expected, higher than
those found by Klenner et al.67 for amino acids in 0.1 M NaCl
matrices (between 0.5 and 1000 ppmw). Whereas Dannen-
mann et al.69 detected bacterial biosignatures in low
concentrations in salt-rich solutions up to 10−2 M NaCl, our
results show that the detection of other organics and
potentially other types of biosignatures is possible at higher
salt concentrations.
Our results provide insights into the behavior of organics in

salt-rich solutions and therefore might help in the potential
detection of organic biosignatures from ocean worlds. In
particular, we investigated a sugar, glucose, and a N-
heterocycle, pyridine, which are from important families for
astrobiology investigations as they are typically found in
biogenic material. Results from Dannenmann et al.69 showed
that deprotonated biomolecules can be unambiguously
detected in 0.01 M NaCl solutions. Salt-complexed adducts
appear as reliable biosignatures that are more likely to be
detected than (de)protonated biomolecules in an ocean world
scenario. The wide range of compounds that we investigated
allowed for a broader characterization applicable to other
classes of (potentially yet unknown) biosignature molecules.
The salt adducts we recurrently identified (Tables 1 and 2) for
organics in NaCl-rich solutions, together with typical frag-
ments (Tables S1 and S2), can allow the identification of
unknown species in complex salt matrices. Larger organic
molecules than the species we investigated could potentially be
detected as organics contained in ice grains as they should be
able to survive impact processes at velocities comparable to
Europa Clipper flybys speeds,15,67,105 i.e., 4−5 km/s. Thanks to
the protective effect of the ice matrix for large organics, even
slightly higher impact speeds might be suitable.
Different impact speeds of ice grains onto impact ionization

mass spectrometer detectors can be reproduced by selecting
appropriate laser power density and ion extraction parameters
(i.e., delay time of the gating system) on the LILBID setup.64

The experimental parameters used here (laser intensities 97−
100%; delay time 5.5−6.8 μs) are compared to those required
to simulate different impact speeds of water ice grains and are
representative of a speed regime of around 4−8 km/s. This
range of equivalent impact speeds lies within the range
matching the maximum of detection sensitivity of amino acids,
fatty acids, and peptides.66,67
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5. CONCLUSIONS AND OUTLOOK
Both Europa and Enceladus have perhaps the highest potential
of any extraterrestrial bodies in our Solar System to host extant
biological life. Their oceans and surface ice are expected to
contain sodium chloride (NaCl) salt among their major
nonwater constituents,12,55,106 potentially complicating the
search for organic compounds including biosignatures with
mass spectrometers such as the SUDA instrument onboard the
upcoming Europa Clipper mission or a future Enceladus
mission.101 Using the LILBID setup to simulate the process of
impact ionization of organic- and salt-rich ice grains in space,
we showed that a wide variety of individual organic species
could be detected by SUDA-type mass spectrometers, although
these samples can be analytically demanding. The presence of
functional groups and the molecular structure and phys-
icochemical properties of the organics play a major role in the
detectability of the organic species. The recorded mass spectra
allowed us to establish general rules for the identification of
organic species in a NaCl-rich matrix:

• Protonated and deprotonated molecular peaks are
usually suppressed because of “salt-in” effects with
increasing NaCl concentrations, as observed in both
ion modes. Organic species can still be detected by the
identification of molecular ions and sodiated and
chlorinated adducts.

• Carboxylic acids, due to their high acidity, have highly
characteristic mass spectral signatures with signals of
high intensity especially in anion mass spectra. They
tend to form [M − H]− anions in the presence of
water107 and therefore are detectable by prominent
deprotonated molecular peaks [M − H]− in anion mode
even with high salt concentrations. In cation mode, they
can be detected by highly prominent disodiated [M − H
+ 2Na]+ peaks.

• Organic species bearing hydroxyl (OH) groups typically
form abundant molecular anions, allowing a good
detectability in anion mode. They are usually also well
detected in cation mode owing to their sodiated adducts.

• Organic species bearing amine (NH2) groups tend to
have a low response in anion mode and an intermediate
response in cation mode. Other functional groups or
other properties of the organic species may increase their
sensitivity (e.g., amino acids have a high sensitivity in
salt-rich ice grains with impact ionization mass
spectrometry67).

• Highly acidic compounds are expected to be highly
responsive in anion analysis. However, we believe that
acidity alone cannot predict the sensitivity of anions,
which is also influenced by other physicochemical
factors such as the molecular structure, its polarity, or
the presence of functional groups.

• Polysodiated complexes formed from the substitution of
carboxylic and/or amidic protons by Na+ are expected
for organic species containing hydroxyl and/or amine
functional groups.

• Organic fragments are expected to form from organic
species having hydroxyl, amine, and carboxylic groups by
the cleavage of these groups. Typical fragments include,
for hydroxyl-bearing organics, [M − OH]+; for amine-
bearing organics, [M − NH2]+, [NH4]+, and
[CH2NH2]+; and, for carboxylic acids, [M − COOH]−

and [M − OH]+. On the contrary, aromatic ring systems
significantly inhibit fragmentation processes.

• The mass spectrometric signal of organics in anion mode
is usually lower than that in cation mode (except for
acidic species) and greatly depends on the organics’
physicochemical properties.

Although these rules were established from investigations on
a limited range of representative organic species, we believe
that they are transferrable to different organic compounds
having similar pH values and functional groups. Whereas we
investigated rather “simple” samples composed of only one
organic species in NaCl matrix, the targets of SUDA-type
instruments are natural samples from icy moons likely to be
mixtures of several compounds. On the one hand, the effects of
inorganic content of the ice grains require more laboratory
investigations focusing on the spectral signatures of different
types of salts and other non-ice components of icy moons’
surfaces. We currently also perform experiments with inorganic
components expected to be found in the matrix of ice grains
ejected from Europa or Enceladus, including sulfates,46 sulfuric
acid,43,44 and magnesium salts. On the other hand, definitive
identification of organic species can be complicated by
potential interferences in complex mixtures. To resolve such
ambiguities, comparison of isobaric masses can be performed
with the high mass resolution of mass spectrometers to
establish mass differences <1 u as shown in Klenner et al.67

Besides, the rules established here can allow the identification
of functional groups in a sample, if not the definitive
identification of an organic species. The recorded LILBID
mass spectra complement a comprehensive spectral reference
library for impact ionization mass spectrometers onboard
Europa Clipper and other ocean world missions,77 which will
undoubtedly help to resolve the ambiguities encountered with
complex salt-rich ice matrices and allow a better character-
ization of icy moons’ oceanic and surface composition in the
next decades.
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