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ABSTRACT

The surface ice of Europa is known to contain high proportions of inorganic material that could
heavily influence the compositional analysis of organic compounds in ejecta ice grains by the
SUrface Dust Analyzer (SUDA) impact ionization mass spectrometer onboard NASA’s Europa

Clipper mission. We previously have analyzed the effects of NaCl'-?

on the mass spectral
appearance of organic-rich ice grains. Here we present analogue experiments for SUDA
simulating cation and anion mass spectra of organic-rich ice grains together with sulfates, one
of the most abundant inorganic compounds on Europa’s surface. Using the Laser Induced
Liquid Beam Ion Desorption (LILBID) technique a diverse range of representative organic
species in MgSO4- and H2SO4-rich matrices at concentrations ranging from 0.01M to 1M were
measured. Results show that mass spectrometric signatures of organic species can be detected
in MgSOs-rich and H>SOs-rich ice grains via molecular ions, although the mass spectral
appearance changes from molecular ions to a range of adducts with Mg?*, OH", HSO4" ions,
and MgS0O4 and H>SO4 molecules depending on the matrix and the matrix concentration.
Sensitivity to the organics is typically higher in cation mode than anion mode in both matrices.
Due to suppression effects, the sensitivity to detect the organics decreases with increasing
MgSO4 concentration; but it does not decrease in H2SO4 matrices in cation mode. We establish
generic rules for the detection of organics in Europan ice grains by SUDA, applicable to a wide

range of organic species in complex ice matrices. The recorded mass spectra complement a

spectral reference database for Europa Clipper and other ocean world missions.



TEXT

1 Introduction

Subsurface oceans have been detected in several icy satellites in the outer solar system, such
as Europa®*, Enceladus®, Ganymede® and Callisto’. As potentially habitable environments they
are at the center of attention of planetary exploration and astrobiology investigations®’. On
Europa, there is intriguing evidence of erupting plumes®#-'° that might eject water ice grains
from subsurface reservoirs to high altitudes. A similar plume has previously been observed at
the south pole of Enceladus'!!>!13:14, Bombardment by micrometeorites also ejects ice particles
from the surface, continuously supplying dust clouds around atmosphereless bodies such as the

Galilean moons of Jupiter'>®,

The compositional analysis of such ice grains from Europa will be accomplished by the Surface
Dust Analyzer!” (SUDA) onboard NASA’s upcoming Europa Clipper mission'®. SUDA is an
impact ionization time-of-flight mass spectrometer (TOF-MS) and the successor instrument of
the Cosmic Dust Analyzer'® (CDA) which detected water?®, salts?!?>> and organic
material’*#*>?® in dust grains from Enceladus during the Cassini mission, thus characterizing
properties of an extraterrestrial water reservoir. SUDA will be able to detect both cations and
anions at a high mass resolution (m/Am =200-250) in the mass range m = 1-500 u, and will
potentially sample freshly ejected plume material at Europa, enabling the compositional

mapping of geological surface features by analysis of surface ejecta®’-?32%30,

SUDA will be able to detect organic material encased in Europan ice grains. This material may
originate from the subsurface ocean and be transported to the surface by tectonic processes
(e.g., resurfacing) but it will also be exposed to surface conditions such as radiation processing
and S-ion implantation and mixed with salts and other inorganic compounds present in the
subsurface ocean and ice crust. Europa’s subsurface ocean and surface ice are rich in salts, such

as NaCl ¢¢-31-32 and sulfates &+ 33343536 Magnesium sulfates are likely some of the major salts



in Europa’s ice composition and, although exact concentrations are not yet constrained,
estimates range from 0.04 to 4.2 mol/kg H,O?7*8. Whereas their distribution has been broadly
determined ©& 3%%°, their origin is still debated. On the one hand, the Io plasma torus that

interacts with and affects the surface of Europa*!'*?

was found to lack magnesium ions®’,
suggesting that magnesium ions are likely to originate directly from the subsurface ocean®.
Generally, sulfates could be formed abundantly through the differentiation of a subsurface
ocean and leaching of chondritic material**. On the other hand, they could be a radiation
product of exogenic sulfur ions and magnesium salts already present on Europa’s surface®>,

Regions experiencing sulfur radiolysis may therefore contain particularly high concentrations

of sulfate salts.

Europa’s surface ice is exposed to substantial ionizing radiation due to the strong

magnetosphere of Jupiter*4¢

. Several studies have shown that irradiating water ice leads to
the production of a variety of radiolytic products, such as H, and Oz #7#434%% The production
of strong oxidants such as HOz and Os is expected on Europa®&->!>2 but so far only H,O» has
been observed on Europa’s leading hemisphere®*-?. Oxidation reactions are presumed to play
a major role in the surface chemistry of Europa’s ice>*. Due to the bombardment of sulfur ions
onto the surface, another expected product of radiolytic chemistry is sulfuric acid hydrate
H>S04(H20) 33357 Indeed, sulfuric acid hydrates mixed with water ice dominate the surface
composition in the trailing hemisphere of Europa, as they are the main product of the surface
radiolysis reactions®3%°%> Recent ground-based observations at high spectral resolution have
confirmed the presence of sulfuric acid on the trailing hemisphere®**°. The concentration of
H>SO4 in Europa’s ice has been estimated to be up to 2.5-3.6 mol/kg H,O ¥/, but these values

are strongly location-dependent”®!,

Laboratory experiments reproducing the impact ionization mass spectra of icy dust grains as

produced by SUDA- or CDA-type instruments have been conducted with the Laser Induced



Liquid Beam Ion Desorption®>®* (LILBID) technique. This technique has been used to calibrate
spaceborne mass spectrometers and reproduce the compositional variations seen in icy moons’
water ice particles?!?>?%%  LILBID analog experiments have also been conducted to
investigate the mass spectral characteristics of different biosignatures, such as amino acids,
fatty acids, peptides and bacterial material, as if enclosed in sampled water ice grains'-%>%®, In
both LILBID and impact ionization, the analyzed material is exposed to very high energy
densities and undergoes a high degree of macroscopic and molecular fragmentation, leading to
the formation of charged molecular fragment clusters detectable by time-of-flight mass
spectrometry. In both cases, the chemical composition - and not the phase, i.e., liquid or solid
— is key in the formation of molecular and elemental ions due to the very high energy density
applied to the analyzed material*!**»?%. The main difference between the populations of ions
created by LILBID vs by impact ionization (for a similar composition of analyzed material) is
due to differences in the electric field environment in which the ionization and the formation
of molecular clusters and fragments occurs: ions are collected and rapidly accelerated towards
the detector in spaceborne impact ionization mass spectrometers, while in LILBID ions drift
through a field-free region after they are generated. The selection of ions crossing this field-
free region at a certain speed therefore allows the simulation of the speed at which the impact
cloud expands in spaceborne impact ionization mass spectrometers and with that the kinetic

energy of the impact. This can be achieved by combining variations in laser power density with

delay time®*.

Recently, the LILBID technique was used to investigate the mass spectral fingerprints of a
wide range of organic compounds in NaCl-rich water ice grains® as present at Enceladus?! and
probably Europa®’. We showed that despite high salt concentrations, organic material -
depending on the NaCl concentration - can be detected via molecular peaks or sodiated and

chlorinated adducts®. Matrix effects were shown to play an important role on the detectability



of organics and were dependent on the structural and compositional properties of the organic

compounds, including the presence of functional groups, and the salt concentration.

Building on these experiments’, we here measured LILBID spectra of the same range of
organic species (5-amino-1-pentanol, acetic acid, benzoic acid, butylamine, glucose, methanol,
pyridine) in both cation and anion mode, to investigate their mass spectral signatures in 0.01,
0.1 and 1M concentration MgSQO4- and H>SO4- rich matrices, i.e., concentrations representative
of those expected at the surface of Europa and similar as those used for NaCl matrices?. The
goal of this work is to understand the interactions between salts or sulfuric acid and organics
in simulated impact mass spectra of SUDA, for organic content on the order of several % in
concentration. We here complement the general rules inferred to predict the mass spectral
appearance of organic species in salt-rich ice grains with matrix compound specifically relevant
on Europa’s surface (MgSO4 and H>SO4) for the analysis of ice grains by SUDA-type impact

ionization mass spectrometers.

2 Experimental
2.1 Laser Induced Liquid Beam Ion Desorption (LILBID) Experimental Setup

The LILBID technique (Figure 1), used here to record mass spectra of the different solutions
of organic compounds in MgSOs- and H>SO4-rich matrices, is described in detail in Klenner et
al.%*. The sample is injected in a pm-sized liquid water beam into a vacuum chamber (5 x 107
mbar) and ionized by irradiation with a pulsed infrared laser (A = 2840 nm) at variable laser
energies (up to 4 mJ). A time-of-flight (TOF) mass spectrometer then detects and records the
created ions with a mass resolution of 600-800 m/Am. The ion mode (cation or anion) can be
chosen by adjusting the polarity of the mass spectrometer’s electrodes. Delayed extraction of
the ions, as shown in Figure 1, allows the selection of ions of different velocities: after going

through a field-free region, ions arriving later than the defined delay time are blocked by the



repeller (applying a potential that prevents them to enter the mass spectrometer detector).
Different impact speeds of the ice grains, ranging from 3 to >20km/s, can thus be simulated by
adjusting the extraction delay and the laser’s power intensity®*. Before each measurement
session, the LILBID setup was calibrated and checked for contamination (e.g., by salts or other
organic species that could interfere in the spectra). lon signals were amplified, digitized and
recorded with a LabVIEW-controlled computer. Each recorded spectrum was an average of
three hundred individual spectra, co-added to improve the signal-to-noise ratio and baseline-
corrected by using an in-house developed Python script based on the Penalized Least Squares

Method®’. The recorded spectra are stored in a database (https://lilbid-db.planet.fu-berlin.de)

in which analogue data for impact ionization mass spectrometers®’ is collected and made

available.
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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 with permission from Klenner et al.®*. Copyright 2023 John Wiley and Sons). The


https://lilbid-db.planet.fu-berlin.de/

principle of delayed extraction of the ions as a function of their initial velocities is shown on

the bottom right insert.

2.2 Organic Solutions

Solutions containing both an organic species and MgSO4 or H2SO4 were prepared. The
solutions were made in 18.2 MQ-cm ultrapure water, to which was added either MgSO4 or
H>SO4 at different concentrations (0.01M [mol/L], 0.1M and 1M - i.e., concentrations of 1.2
g/L, 12 g/L and 120 g/L for MgSQO4 and of 0.98 g/L, 9.8 g/L, and 98 g/L for H»SOs,
respectively). Seven organic species (Table 1), namely 5-amino-1-pentanol (CsHi3NO), acetic
acid (C2H403), benzoic acid (C7HeO2), butylamine (CsHi1N), glucose (CsH120s), methanol
(CH40), and pyridine (CsHsN), were measured individually. Among those, four species (acetic
acid, glucose, methanol, and pyridine) were measured at concentrations of 5 wt% in both
matrices; two species (butylamine and 5-amino-1-pentanol) at reduced concentrations of
0.1wt% and 1.3wt% respectively when in 1 M H2SOj4 due to the formation of precipitates; and
one species, benzoic acid, measured at 0.17 wt% in all concentrations of both matrices as it is
poorly soluble in water. The organic species we investigated cover a wide range of functional

groups, namely: hydroxyl, azine, (aromatic) carboxylic acid, (aromatic) amine, and

alkanolamine.
5-amino-1- | Acetic acid Benzoic Butylamine Glucose Methanol Pyridine
pentanol acid CH,OH
o 7
(0] O,
HNT " 0n OH HO—CHy |
CHs)J\OH @ OH [~ M, OHQ)H SN
OH
Formula C5H13NO C2H402 C7H602 C4H1 1N C6H1206 CH4O C5H5N
Molecular weight (u) 103 60 122 73 180 32 79
Molecular | All MgSO, 485 833 13.9 685 278 1563 633
concentrat matrices &




ions 0.01M, 0.1M
(mmol/L) H>S04
IM H:804 126 833 13.9 14 278 1563 633
matrix
H,0 12.1 2.4 3.3 12.3 7.1 9.0 8.6
0.01M
MgSO 11.9 25 3.2 12.1 5.5 7.6 8.7
. 0.1M MgSO, 10.9 25 3.2 11.5 5.6 7.6 8.6
pH in
solution | 1M MgSO4 9.3 4.16 3.3 9.4 6.2 6.7 8.8
0.01M H,SOs4 12.0 2.0 2.1 12.2 1.9 2.0 6.8
0.1M H,S04 11.0 0.9 1.2 11.2 1.3 1.2 58
1M H,S0,4 0.4 0.2 0.8 0.4 0.2 0.8 0.8

Table 1. Organic species investigated in the LILBID experiments, their molecular weights,
their molecular concentrations and the resulting pH values of the different matrix solutions

investigated.

3 Results

We here present the results of the LILBID measurements of the organic species (Table 1) in
MgSO4- and H»SOs-rich matrices at 0.01, 0.1 and 1M MgSO4 or HoSO4. Due to the high
number of spectra recorded, only part of the data is presented in this manuscript and the

supplementary material, with the remainder available in the LILBID database (https://lilbid-

db.planet.fu-berlin.de). The same organic compounds were previously measured in pure water

and NaCl matrices at similar concentrations?.
3.1. Spectra of the MgSO4 Background Matrix

The cation spectra of magnesium sulfate at 0.01M concentration (Figure 2) show a wide range
of Mg-bearing cations: [Mg(OH)]", [nMg+(OH)2n1]" (i.e., [2Mg+(OH)3]", [3Mg+(OH)s]",
[4Mg+(OH)7]", [5Mg+ (OH)]"...), [(MgSO4)io+H]", [Mg(OH)(MgSO0s)i2]" and
[nMg+(OH)2n-1+(MgS04)]" species, with n > 1. All peaks corresponding to Mg-bearing cations

show characteristic Mg isotope patterns (**Mg, Mg and *Mg with intensities of 79%, 10%
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and 11% respectively). The cation mass spectra of the 0.1M MgSOs solution (Figure S1) show
similar peaks of Mg-bearing cations, but at lower intensities and with a smaller number of
water clusters. Fewer peaks were detected in 1M MgSO4 (Figure S2), but [Mg(OH)]" and

[nMg+(OH)an-1]" peaks are still identified.

In anion mode, peaks from deprotonated sulfate ions [(H2SO4),-H] and a range of magnesium-
containing species were present in the mass spectra of 0.01M and 0.1M MgSO4 (Figure 3 and
Figure S3): [(MgS04)n (OH)], [(MgSO04)s HSO4]", and [(MgSO4)n (H2SO4)m (HSO4)]". In IM
MgSO4the intensities of these peaks were reduced. The sulfite anion [SOs], or the [S2O] anion,

was tentatively detected at m/z 80 in the spectra of 0.1M and 1M MgSO4 (Figure S3).
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Figure 2. Baseline-corrected cation mass spectrum of magnesium sulfate (MgSO4) at a

concentration of 0.01M, generated with a delay time of 5.0 pus.
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Figure 3. Baseline-corrected anion mass spectrum of magnesium sulfate (MgSOs) at a
concentration of 0.01M, generated with a delay time of 6.3 us. All peaks related to sulfate only
are labeled with circles whereas all species containing magnesium sulfate are labeled with

triangles.
3.2 Spectra of Organic Compounds in MgSQOs-rich Matrix
Cation mode

In cation mode, protonated molecular peaks [M+H]" were detected for all organic species in
0.01M MgSOsq, for all species except benzoic acid in 0.1M MgSO4 and only for 5-amino-1-
pentanol, methanol and pyridine in 1M MgSO4 (Table 2). These are the highest intensity peaks
in the spectra of 5-amino-1-pentanol (Figure 4, Figures S4 and S5) and pyridine (Figure S6) at

all MgSO4 concentrations, and of butylamine in 0.01M (Figure S7) and 0.1M MgSOs.



A wide range of other organic cations containing Mg atoms were detected (Table 2, Figure 4,

Figures S4-S12):

- [M-H+Mg]" cations for all species except 5-amino-1-pentanol, methanol and
pyridine;

- [M+Mg(OH)]" cations for all species except methanol (but tentatively for
butylamine);

- [M+2Mg+(OH)-2H]* (M+63u), [M+3Mg+(OH),-H]* (M+105u),
[M+4Mg+(OH)s-H]" (M+180u) cations in the spectra of acetic acid in 0.01M and
0.1M MgSOq;

- [M+2Mg+(OH)3]" and [M+3Mg+(OH)s]" cations in the spectra of benzoic acid in
0.01M MgSOy;

- [M(SO3)+3H]", [M(SO3)+Mg+H]", [M(SO3)(MgSO4)+Mg+H]" in the spectra of
glucose in 0.01M MgSOy;

- [M+Mg+(OH),+H]" and [2M+Mg+(OH),+H]" in the spectra of methanol in 0.01M

MgSOs.

The number and intensities of these peaks typically decreased with increasing MgSOs

concentration (Table 2; e.g., Figures S8 and S9).

Addition of MgSO4 molecules onto organic cations was observed in 0.01M MgSO;4 for all
species except butylamine and methanol, with cations such as [M(MgSO4)+H]",
[M(MgSO04)+Mg-H]" and [M(MgSO4) (OH)+Mg]" (Table 2). These species are suppressed at
higher MgSO4 concentrations and have only been observed for 5-amino-1-pentanol and
tentatively for acetic acid in 0.1M and 1M MgSO4. Addition of H2SO4 molecules onto organic

cations (i.e., [nM+(H2SO04)+H]" peaks with n > 1) was observed for 5-amino-1-pentanol in



0.01M and 0.1M MgSOg4 (Figures 4, S4), for pyridine in 0.1M MgSO4 and tentatively for acetic

acid and benzoic acid in 0.01M MgSOsa.

Adducts of molecular organic species and charged fragments thereof ((M+M-x]" with x a
fragment of the organic species) or fragmented polymers of the organics ([nM-x]" with n > 1)
were observed in the cation spectra of 5-amino-1-pentanol in 0.01M and 0.1M MgSO4 (Figures
S4, 4), butylamine in 0.01M and 0.1M MgSO4 (Figure S7), acetic acid in 0.01M MgSO4

(Figure S8), and glucose in 0.01M MgSO4 (Figure S12).

5-amino-1- Acetic acid Benzoicoacid Butylamine Glucose Methanol Pyridine
entanol o iy =
H,N/z/\AOH CHS)J\OH ©)LOH N o Sy J
[M+H]* M+lu v v v v v v
[M-H+Mg]* M+23u v v v v
[M+Mg(OH)]* M+41u v v ? v v
&Z;g: [AM+(H,S0,)+H]* M+99 u ? ?
[M+(MgSO,)+H]* M+121u v v v v
[M+(MgS0,)+Mg-H]* M+143u ? v v
[M+(MgS0,)+Mg(OH)]* | M+161u v ? v v 7
[M+H]* M+1u v v v v v v
[M-H+Mg]* M+23 u v v v
[M+Mg(OH)]* M+41u v 2
“2;5';' " (MM {H;S0,)+H]* M99 u v v
[M+{MgSO,)+H]* M+121u v
[M+(MgS0,)+Mg-H]* M+143 u ?
[M+(MgS0,)+Mg(OH)l* | M+161u v ?
[M+H]* M+1u v v v
[M-H+Mg]* M+23 u
[M+Mg(OH)]* M+41u v
Mt':lo,, [NMI+{H,S0,)+H]* M+99 u
[M+{MgSO,)+H]* M+121u v
[M+(MgSO,)+Mg-HI* | M+143u
[M+(MgSO,)+Mg(OH)]* | M+161u
Figures 54,4,55 $8,59 510 57 512 511 3

Table 2. Characteristic detected peaks, and their respective m/z values, in cation mode for the

investigated organics at 0.01M, 0.1M and 1M MgSOs. In case of multiple species for a given
concentration, the most prominent species are represented by bold checkmarks (). Question

marks represent tentative identifications.
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Figure 4. Baseline-corrected cation mass spectrum of 5-amino-1-pentanol (concentration 5

wt%) in 0.1M magnesium sulfate (MgSOs), generated with a delay time of 7.0 ps.

Anion mode

In anion mode, deprotonated molecular peaks [M-H] were detected for five organic species
(acetic acid, benzoic acid, glucose, methanol and pyridine) in 0.01M MgSOs, for three organic
species (acetic acid, benzoic acid and glucose) in 0.1M MgSO4 and only for acetic acid and
benzoic acid in 1M MgSOy4 (Table 3; Figures S13-S17). Deprotonated molecular peaks have
highly prominent intensities in the spectra of acetic acid and benzoic acid in all MgSO4
concentrations (Figures S13 and S14), and in the spectra of glucose and methanol in 0.01M

MgSOg4 (Figures S15 and S16).



Ionization by addition of hydrogen sulfate anion onto organic molecules was observed with the
detection of [M(HSO4)]™ peaks in the spectra of 5S-amino-1-pentanol, acetic acid, glucose and
methanol, and [M(H2SO4)(HSO4)]" peaks for 5-amino-1-pentanol and acetic acid (Table 3;
Figure 4, Figures S13, S15, S16 and S18). The intensity of the [M(HSO4)]" and
[M(H2SO4)(HSO4)]” peaks typically decreased with increasing MgSO4 concentration (e.g.,

Figure 5 and Figure S18, Table 3).

Addition of MgSO4 molecules onto deprotonated organic anions ([M(MgSOs4)-H] anions) has
been observed for acetic acid, benzoic acid and glucose in 0.01M MgSQ4, and acetic acid,
benzoic acid and glucose in 0.1M MgSOs4, and acetic acid in 1M MgSO4 (Table 3, Figures S13-
S15). Adducts of magnesium sulfate and sulfate molecules onto the organic species

(IM(MgS0O4)(HSO4)] anions) were detected for glucose in 0.01M MgSO4 (Figure S15).

Other Mg-bearing species detected in the spectra of acetic acid in 0.01M and 0.1M MgSO4
include [M(OH)+Mg-H], [M(OH);+Mg], [M(OH)s+2Mg], [2M+(OH)+Mg-2H] and
[2M+(OH)+(MgS0O4)+Mg-2H] anions (Figure S13). In the mass spectrum of glucose in 0.01M
MgSOs, a peak at m/z 261 (i.e., M+81u) was identified as [M(HSO3)]” anion (Figure S15). In
the mass spectra of methanol in 0.1M and 1M MgSOs, a peak at m/z 111 (i.e., M+79u) was

identified as [M(SO4)-OH] anion (Figure S19).

Peaks at m/z 124 were detected in the mass spectra of butylamine in 0.01M and 0.1M MgSO4
(Figure S20), which correspond to [CoH2(H2SO4)]” or [CN(H2SO4)], i.e., a sulfuric acid
molecule added to butylamine fragments. An adduct of glucose and a charged fragment thereof
([IM(C2H302)] at m/z 239 u) in the cation spectra of glucose in 0.01M and 0.1M MgSO4 (Figure

S15) was also identified.



5-amino-1- Acetic acid Benzoic acid Butylamine Methanol Pyridine
pentancl o o Z
P~ OH NN HO—CH:
a0 CHg)LOH d ' h NH, N 3 Sy |
n
[M-HI- M-1u v v v v v
[M(HS0,)]" M+97 u g v v v
0.01M
M(MgS0,}-HI M+119u v v
Mgso, IM(MgS0,)-H] v v
[M(HSO)(HSO)] | M+195u v
[M(HSO,)(MgSO,)" | M+217u J
[M-H] M-1u v v v
[M{HSO,)] M+97 u v v J
0.1M IM(MgS0,)-H] M+119u P v v
Mgso,
[M{H504)(H,50,)] M+195u v v
[M{HSO.)(MgSO.)I" | M+217u
[M-H]- M-1u v v
[M{HSO) M+97 u v
im .
[M(MgS0,)-H] M+119u v
Mgso,
[M(HSO,)(H250,)1 M+195 u
[M{HSO,)(MgSO,)I" | M+217u
Figures 518,5 513 514 520 515 516,519 517

Table 3. Characteristic detected peaks, and their respective m/z values, in anion mode for the

investigated organics at 0.01M, 0.1M and 1M MgSOs. In case of multiple species for a given

concentration, the most prominent species are represented by bold checkmarks (#).
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Figure 5. Baseline-corrected anion mass spectrum of 5-amino-1-pentanol (concentration 5
wt%) in 0.1M magnesium sulfate (MgSO4), generated with a delay time of 7.3 ps. Unlabeled

peaks originate exclusively from the MgSO4 matrix.

Detection of organic fragments. In summary, the number and intensity of fragment peaks
typically decreased with increasing MgSO4 concentration in both ion modes (Table S1, Figures
S3, S5). Organic fragment cations (e.g., [M-OH-NH3]") were detected for 5-amino-1-pentanol
in 0.01M, 0.1M and 1M MgSOys; for acetic acid, benzoic acid, butylamine and glucose in 0.01M
and 0.1M MgSOs; and pyridine in the 0.01M MgSO4 (Table S1). In anion mode, organic
fragments were detected for 5-amino-1-pentanol in 0.01M and 0.1M MgSOy; for acetic acid,
benzoic acid, butylamine and glucose at all MgSO4 concentrations; and pyridine in 0.01M
MgSO4 (Table S2). No fragments were detected for methanol in any of the MgSO4 matrices
investigated in neither ion mode, except a tentative fragment of methanol with sulfuric acid

[M(S0O4)-OH] or [M(SO3)-H] (Figure S19).

3.3. Spectra of the H2SO4 Background Matrix

All cation mass spectra of sulfuric acid show strong water cluster peaks [H3O(H20)a]", as well
as protonated sulfuric acid peaks [H3SO4]" and their water clusters [H3SO4(H20)n]" , with n
defined as n > 1 (Figures 6 and S21). In 0.01M H2SOs, water cluster peaks are much higher
than those from sulfuric acid (Figure S21). In 0.1M and 1M H»SO4, peaks corresponding to
sulfuric acid polymers [(H2SO4)ntH]" and their water clusters [(H2SO4)n (H20)m +H]" were
detected (with m defined as m > 1), with n increasing with the H>SO4 concentration of the
sample (Figure 6). Peaks at m/z 80, tentatively identified as [SO3]" cations (see Discussion),

were detected in 0.01M, 0.1M, and 1M H>SO4 spectra.
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Figure 6. Baseline-corrected cation mass spectrum of sulfuric acid (H2SO4) at a concentration

of 1M, generated with a delay time of 6.0 ps.

In anion mode, all mass spectra of sulfuric acid show prominent deprotonated sulfuric acid
peaks [HSO4]", as well as sulfuric acid polymers [(HSO4)(H2SO4)s]” and their respective water
clusters [(HSO4)(H2SO4)n(H20)m]” (Figure 7 and Figure S22). The maximum number n of
sulfuric acid molecules increased with the H>2SO4 concentration, whereas the maximum number
m of water clusters sulfuric acid polymers decreased with increasing HoSO4 concentration
(Figure 7 and Figure S22). We did not detect any pure water cluster ions in any anion sulfuric
acid spectrum, even at the lowest H2SO4 concentrations. The sulfite anion [SO3]", or the [S20]

anion, was tentatively detected at m/z 80 in the spectra of 0.01M H2SO4 (Figure S22).
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Figure 7. Baseline-corrected anion mass spectrum of sulfuric acid (H2SO4) at a concentration

of 1M, generated with a delay time of 6.4 ps.
3.4 Spectra of Organic Compounds in H2SOs-rich Matrix

In cation mode, protonated molecular peaks [M+H]" were detected for all organic species at
all H2SO4 concentrations (Table 4). Protonated molecular peaks are the highest intensity peaks
in the spectra of 5-amino-1-pentanol, butylamine, methanol and pyridine, and are highly
prominent in acetic acid, benzoic acid and glucose spectra (e.g., Figure 8 and Figures S23-
S30), at all H2SO4 concentrations. We observed the addition of H>SOs molecules onto
protonated organic species ([nM+(H2SO4)m+H]"), with the intensity and number (m > 1) of
H>SO4 molecules increasing with the HySO4 concentration of the sample (e.g., Figure 8 and
Figures S23 and S24). Such [nM+(H2SO4)m+H]" peaks were detected for all organic species in

0.1M and 1M H2SO4 (Table 4), and for four species (5-amino-1-pentanol, butylamine, glucose,



pyridine) in 0.01M H>SOs4, and they have particularly high intensities for 5-amino-1-pentanol
and butylamine (Figure 8, Figures S23, S24 and S30). The spectra of both glucose and
methanol in 0.01M H>SO4 (Figures S28 and S29) show similar patterns of water clusters as

those seen in the pure HoSO4 matrix spectra (Figure 6 and Figure S21).

5-amino-1-pentanol and butylamine both have much higher [2M+(H2SO4)+H]" peaks than
[M+(H2S04) +H]" peaks at all H2SO4 concentrations (Figure 8 and Figures S23, S24, and S30).
This is also observed to a lower extent for acetic acid in 1M H2SO4 (Figure S26), pyridine in

0.01M and 0.1M H2SO4 (Figure S25), and methanol in 0.1M H>SOa.

Adducts of the organic species and charged fragments thereof ((M(M-x)]" with x as a fragment
of the organic species) or fragmented polymers of the organics ([nM-x]" with n > 1) were
detected in the cation spectra of 5-amino-1-pentanol (e.g., [M(M-OH-NH3)]"; Figure 8, Figures
S23 and S24), acetic acid (Figure S26), butylamine (Figure S30), and glucose (Figure S28) at
all H2SO4 concentrations, and in the spectra of methanol in 0.1 and 1M H2SO4. Adducts of the
organic species and charged fragments together with sulfuric acid ((M(M-x)(H2SO04)]") were
observed for 5-amino-1-pentanol in 0.1M and 1M H»SOs4 (Figure 8 and Figure S24);

butylamine, benzoic acid, and methanol in 1M H2SO4 (Figure S27).
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Table 4. Characteristic detected peaks, and their respective m/z values, in cation mode for the

investigated organics at 0.01M, 0.1M and 1M H>SOs. In case of multiple species for a given

concentration, the most prominent species are represented by bold checkmarks (#).
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Figure 8. Baseline-corrected cation mass spectrum of 5-amino-1-pentanol (concentration 5

wt%) in 1M sulfuric acid (H2SO4), generated with a delay time of 6.9 ps.

In anion mode, deprotonated molecular peaks [M-H]” were detected for three organic species
(5-amino-1-pentanol, acetic acid and benzoic acid; Table 5, Figures S31-S33). A higher
number of organic species can be detected by their [M(HSO4)]™ peaks (Table 5): in 0.01M and
0.1M HSOs4, all organics except butylamine and pyridine; in 1M H>SOs, glucose and

tentatively acetic acid. [M(H2SO4)n(HSO4)]" peaks were detected for 5-amino-1-pentanol,



acetic acid, glucose and methanol in 0.01M and 0.1M H>SO4 (Table 5, Figures S14-S36), and
for 5-amino-1-pentanol (Figure 4) and methanol in 1M H>SOs. The observable number, n, of
polymers of sulfuric acid [M(H2S04),(HSO4)]™ increased with the H>SO4 concentration (e.g.,
Figure 9 and Figure S31). [M(HSO4)(SOs3)] peaks have been detected for glucose in 0.01M

and 0.1M H2SO4 (Figure S35); and for 5-amino-1-pentanol and glucose in 1M H>SO4 (Figure
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Table 5. Characteristic detected peaks, and their respective m/z values, in anion mode for the
investigated organics at 0.01M, 0.1M and 1M H>SOs4. Question marks represent tentative

identifications. In case of multiple species for a given concentration, the most prominent

species are represented by bold checkmarks (V).
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Figure 9. Baseline-corrected anion mass spectrum of 5-amino-1-pentanol (concentration 5
wt%) in 1M sulfuric acid (H2SO4), generated with a delay time of 6.9 ps. Unlabeled peaks

originate exclusively from the HoSO4 matrix.

Detection of organic fragments. Organic fragment cations were detected for 5-amino-1-
pentanol, acetic acid, benzoic acid, butylamine and glucose at all H>SO4 concentrations, and
for methanol and pyridine in 1M H2SO4 (Tables S3). In contrast to the observations in the NaCl
and MgSO4 matrices, both the intensity and number of detected cationic fragments is usually
unchanged or even increase with the HoSO4 concentration (e.g., Figure 8, Figures S23 and S24;
Table S1). In anion mode, organic fragments were only detected for 5-amino-1-pentanol and

butylamine in 0.01M H>SO4 (Table S2).

3.5 Summary of General Trends



Our results show that organic species can be detected in ice grains rich in magnesium sulfate
and sulfuric acid, due to the formation of molecular ions, fragment ions and a range of adducts
with Mg?*, OH", HSO4" ions, and MgSO4 and H2SO4 molecules. The mass spectral appearance
of the organics fundamentally changes depending on the matrix (MgSO4 or H2SO4) and the
matrix concentration. Similar to NaCl matrices, strong suppression effects by the salt % were
observed in MgSO4 matrices in both ion modes, i.e., the absolute number and intensities of
organic-related peaks decrease with increasing MgSOs4 concentration (Tables 2, 3, Figure 5,
Figures S4, S5, S18). Suppression effects were also observed in H>SO4 matrices in anion mode,
but to a lower extent than in MgSO4 matrices (Table 5, Figure 9, Figures S31, S34). However,
no suppression effects were observed in H>SO4 matrices in cation mode. The intensity of
suppression effects was characterized for organics in NaCl, MgSO4 and H>SO4 matrices in both
ion modes (Table 6). Detection limits were established in pure water matrix (Table 6) for the
(de)protonated molecular peaks of all organic species in the most sensitive ion mode. Detection
limits are estimated to be similar in pure water and in H>SO4 matrices for organics in cation

mode.



LOD in pure H,0
matrix in best

Nacl

MgSO,

H,S0,

suppression effects

Best ion suppression effects Best ion suppression effects Best ion
ion mode d d d
mode cation mode anion mode mode cation mode anion mode mode cation mode anion mode
5-amino-1- 1ppb [4] Low: High: Low: High: Intermediate:
7 + 2 orders of >2 orders of + 1 order of >2 orders of + None 1 order of
pentanol (107 wt%) i . i . .
magnitude magnitude magnitude magnitude magnitude
<1 ppb* [] Intermediate: Low: High: Low: Intermediate:
acetic acid PE 2 orders of 1 order of >2 orders of 1 order of + None 2 orders of
(<10 wt%) K . i . .
magnitude magnitude magnitude magnitude magnitude
1ppb [ High: Low: High: Low: High:
benzoic acid p?p >2 orders of 1 orders of - >2 orders of 1 order of + None >2 orders of
(107 wt%) i X . ) .
magnitude magnitude magnitude magnitude magnitude
<1 ppb* [+] Intermediate: High: High: Intermediate: Intermediate:
butylamine < 1'2: wt%) + 2 orders of >2 orders of + =2 orders of <1 order of + None <1 order of
magnitude magnitude magnitude magnitude magnitude
100 ppm [+] Low: High: High: Intermediate: Intermediate:
glucose (102 wtss) + 1 order of >2 orders of - >2 orders of 1 orders of + None 1 order of
magnitude maghitude magnitude magnitude magnitude
Intermediate: High: Low: Intermediate: Intermediate:
500 ppm [+]
methanol 2 + 1 order of >2 orders of + 1 order of <1 order of + None 1 order of
(5%10“ wt%) ) ) . R .
magnitude magnitude magnitude magnitude magnitude
Intermediate: High: High: High:
- 1 ppb [+]
pyridine (107 wt%) + 2 orders of >3 orders of + None >3 orders of + None >3 orders of
¢ magnitude magnitude magnitude magnitude

* the exact LOD of acetic acid and butylamine in water matrix was not determined, but this value is lower than 1 ppb.

Table 6. Limits of detection (LOD) of (de)protonated molecular peaks of the organic species in pure water matrix with LILBID, and the estimated
intensities of suppression effects for all organic species in the different matrices (NaCl, MgSO4, H2SO4). The (+) or (-) in the first column gathering
the LODs indicate the ion mode in which the LOD was measured — cation mode for (+) or anion mode for (-). No suppression effects were observed
for organics in H2SO4 matrices in cation mode, and pyridine in MgSO4 matrix. For all other matrices, the suppression effects are considered “low”
when organics’ (de)protonated molecular peaks were detected in all matrix concentrations (from 0.01M to 1M); “intermediate” when any organic
ions (including organic fragments and clusters) were detected in all matrix concentrations; and “high” when no organic ions were detected at the
highest matrix concentration of 1M. Additionally, the strength of the suppression effects was quantified - with order of magnitude accuracy - by
comparing the ion abundances of the highest organic-bearing ion between the spectra of organics in the pure water matrix, and in the NaCl, MgSOa,

or H>SO4 matrices at 1M concentration




Cation mode is generally more sensitive than anion mode to organics in MgSQO4 solutions
(Tables 2 and 3), especially for butylamine and pyridine — two species for which the sensitivity
is very low in anion mode. However, acetic acid and benzoic acid in MgSO4 matrices are more
easily detected in anion mode than cation mode. Cation mode is preferred over anion mode for
the detection of all organic species in H>SO4 matrices because organic species can be
unambiguously detected via protonated molecular peaks even at the highest sulfuric acid

concentrations (Tables 4).

In both MgSO4 and H>SO4 matrices, interactions of the organic species with sulfates lead to
the detection of [M(HSO4)] anions for four organic species (5-amino-1-pentanol, acetic acid,
glucose and methanol). [M(HSO4)]™ anions were also detected in the spectra of benzoic acid
only in H>SOs solutions. These anion peaks are suppressed with increasing matrix
concentration in both MgSO4 and H2SO4 matrices. [M(H2SO4)n(HSO4)] anions (with n > 1)
were detected in both MgSO4 and HoSO4 matrices: for 5-amino-1-pentanol and acetic acid in
MgSO4 matrices, and all organics except benzoic acid and pyridine in HoSO4 matrices. The
maximum number, n, of (H2SO4) molecules in [M(H2SO4),(HSO4)]” peaks typically increased

with increasing matrix concentration.

Adducts of organics with H>SO4 molecules were observed in both matrices and in both ion
modes, although more frequently in H>SOs matrices (e.g., [M(H2SO4)+H]" peaks were
observed for one, and tentatively for two, organic species in MgSO4 matrices, and for all
organic species in H>SOs matrices). In H>SO4 matrices, the intensities and number of
[M(H2SO4)s+H]" peaks typically increased with increasing H>SO4 concentrations, whereas
these peaks are suppressed in MgSO4 matrices with increasing MgSO4 concentration. We
observe [nM+(H2SO4)m+H]" peaks for all species at H2SO4 concentrations > 0.1M, and for
most species at an H2SO4 concentration of 0.01M. The [nM(H2SO4)m+H]" peaks are especially

prominent for basic species (i.e., S-amino-1-pentanol and butylamine). In MgSO4 matrices,



adducts of MgSO4 molecules with organic ions were observed in both ion modes, with the
detection of [M(MgSO4)+H]", [M(MgS04)-H], [M(MgS04)+Mg-H]* and [M(MgSOs)

(OH)+Mg]" ions.

Generally, a lower degree of fragmentation was observed in NaCl matrices as compared to
MgSO4 and H2SO4 matrices in cation mode for most species (i.e., 5S-amino-1-pentanol, acetic
acid, benzoic acid, glucose, pyridine). The absolute number and intensities of fragment peaks

are higher in cation mode than anion mode for all organic species in all three matrices.

Comparing organic fragments detected in sulfate matrices of this work (Tables S1, S2) with

fragments detected in NaCl matrices?, the following trends can be established:

- 5-amino-1-pentanol: the type and abundance of cationic fragments of 5-amino-1-
pentanol detected in MgSO4 and H>SO4 matrices were roughly similar in both

matrices, but a much smaller number of fragments were detected in NaCl matrices.

- carboxylic acids: highly prominent [M-OH]" fragments were detected in the mass
spectra of both acetic acid and benzoic acid in MgSO4 and H>SO4 matrices (at all
matrix concentrations), whereas in NaCl matrices, they were detected only at low
NaCl concentrations and at much lower intensities. Such peaks were also very
prominent in the cation mass spectra of acetic acid and benzoic acid in pure water

matrices?.

o Acetic acid: more cationic fragments of acetic acid were detected in MgSO4
matrices than in HoSO4 matrices, and very few in NaCl matrices. In the
anion spectra, [CH3]" fragments were detected in both MgSO4 and NaCl

matrices, but no fragments were detected in H2SO4 matrices.

o Benzoic acid: more cationic fragments of benzoic acid were detected in

H>SO4 matrices than in MgSO4 matrices, and very few in NaCl matrices. In



anion mode, deprotonated benzene was detected in both MgSO4 and NaCl

matrices, but no benzoic acid fragments were detected in HoSO4 matrices.

- Butylamine: a decreasing trend with matrix composition was found in the number
and intensities of cationic fragments of butylamine: MgSO4 > H>SO4 > NaCl. In
anion mode, only one anionic fragment was detected in HoSO4 matrices, whereas
many more anionic fragments were detected in MgSO4 and NaCl matrices. Very
prominent fragment peaks (e.g., [C2Hz2]” or [CN] at m/z 26; Figure S20) were
detected in the anion spectra of butylamine in MgSO4 matrices at all MgSOg4

concentrations.

- Glucose: many cationic fragments of glucose, but no anionic fragments, were
detected in H>SO4 matrices. Fewer cationic fragments were detected in MgSO4
matrices than H>SO4 matrices, and even less in NaCl matrices. Anionic fragments
were detected in MgSO4 and NaCl matrices, with more fragments and at higher

intensities in NaCl matrices.

- Methanol: the only methanol fragment detected was [CH3]" in the 1M H2SO4

matrix, and together with sulfate [CH3(SO4)] in 0.1M and 1M MgSOs.

- Pyridine: small fragment peaks of pyridine were detected in the 1M H2SO4 matrix
and in 0.01M MgSO4 matrix in cation mode, and in the 0.01M MgSO4 matrix in

anion mode whereas no fragments were detected in the NaCl matrices.

4 Discussion

Suppression effects. Suppression effects are described as the decrease in the mass
spectrometric response of an analyte due to matrix effects®. In the H2SO4 matrix, no ionization
suppression effects occurred in cation mode (because the only cation species sulfuric acid

releases in water is H'), whereas suppression effects were observed in anion mode. The mass



spectra of organics in MgSOs matrices show suppression effects with increasing matrix
concentration, a phenomenon frequently seen for the detection of analytes in salt-rich
matrices!®. This effect (in MgSO4 matrices) is similar or stronger than that seen for the same
organic compounds in NaCl matrices®>. While detection limits can typically drop by orders of
magnitude with high concentrations of salts, this effect is strongly compound-dependent and
was mild for some organic species (e.g., for 5-amino-1-pentanol in 1M MgSOs4 as seen in

Figure S5).

The origins and mechanisms of ionization suppression in mass spectrometry are poorly
understood. King et al.”” showed that the presence of nonvolatile solutes is the main cause of
ionization suppression in electrospray ionization (ESI) due to induced changes in the droplet
solution properties. They suggested that nonvolatile materials inhibit the formation of small
droplets and therefore the release of analytes into the gas phase. In the LILBID setup, the
analyte is converted from the liquid water beam into gas phase ions, so coprecipitation of
organic molecules (before the formation of gaseous ions) with nonvolatile sample components
could be an efficient mechanism of ionization suppression. Gas phase reactions, such as acid-
base neutralization or charge transfer to another gas phase species, could also lead to a loss of
charge in the total ions created in the LILBID experiments. Both explanations are consistent
with the fact that suppression effects are compound-dependent (i.e., they have different

intensities for different organic species in a given matrix).

Fragmentation of the organic species. In MgSO4 matrices, the number and the intensities of
organic fragment peaks typically decrease with increasing MgSOa4 concentration in both ion
modes (Table S1, Figures S3, S5), a trend similar to that observed in NaCl matrices?. This
result reinforces our hypotheses that high salinity matrices might provoke the suppression of
the fragmentation process (i.e., adducts of organics and salts are more stable than the pure

organics) or the neutralization of charged fragments (or neutral fragments are produced).



Sulfuric acid does not appear to inhibit the formation of cationic fragments since (1) we
detected a high number of cationic fragments (Table S1), which in some cases increased with
increasing H>SO4 concentration (2) almost all cationic fragments detected in water matrices
were also detected in H>SO4 matrices. However, anionic fragments were only detected via
infrequent, low amplitude, peaks and at low H>SO4 concentrations, probably due to a lower

sensitivity to organic species with increasing H>SO4 concentration.

Comparing the organic fragments detected in MgSO4, H2SO4 and NaCl matrices (Section 3.5),
we observe a wide diversity of fragments varying with the matrix’s nature and concentration.
Each matrix induced different fragmentation patterns, e.g., the cation spectra of organics in
NaCl matrices show fewer fragments compared to MgSO4 and H>SO4 matrices and entirely
inhibited fragmentation of hydroxyl groups in carboxylic acids (a typical cleavage of
carboxylic acids; section 3.5). Fragment peaks are also subject to suppression effects with
increasing salt concentration in MgSO4 and NaCl matrices. This variability of fragmentation
patterns might be due to differences in the energetics of the fragmentation mechanisms induced
by the varying matrix. For SUDA’s analysis, many other factors than the matrix’s composition
will influence the level of fragmentation of organics embedded in ice grains, such as the impact
velocity, the pH of the ice matrix and the spatial distribution of the organic species inside the
ice grain®&’172_ Schulze et al.”? showed that in extreme saline ice (>1M), salting-out effects
(i.e., a decrease in solubility at high salt concentrations leading to phase separation of organics,
salts, and water) shield organic species from the impact energy, therefore further limiting

fragmentation by alteration of the ice’s mechanical behavior.

We detected [M+M-x]" and [M+M-x] species where x is a fragment of the organic species
(e.g., [2M-OH-NH3]"; Figure 4). They might form by fragmentation of an organic polymer

rather than by addition of a charged fragment onto a neutral organic molecule, because we



observe fragmented polymers (e.g., ((3M-OH-NH3]" in 5-amino-1-pentanol in 0.01M MgSO4

matrix; Figure S4) but no addition of several charged fragments onto an organic molecule.

We observed oxygen-carrying fragment ions in the spectra of 5-amino-1-pentanol, acetic acid,
benzoic acid and glucose, and nitrogen-carrying fragment ions in the spectra of 5-amino-1-
pentanol, butylamine and pyridine. Khawaja et al.”* measured a range of aldehydes and ketones
with the LILBID technique, and showed that oxygen-carrying fragment ions (e.g., [CHO]",
[CH30]", [C2H30]", [C2HsO]"...) were also typically produced. Some fragments were
observed in MgSO4 and/or HoSO4 matrices, but not in the spectra of the organic species in pure
water (e.g., [C2HsN] was observed only for butylamine in MgSOs matrices, [NH4]" for
pyridine in 1M H2SO4 matrix, [C3H3]" or [HCCN]" for butylamine in H2SO4 matrices, [CHO]"
for acetic acid in MgSO4 matrices; Tables S1, S2). These species may therefore indicate that
different fragmentation patterns appear due to compositional differences in the matrix; or they

might be products of interactions of organic fragments with matrix compounds.

In mass spectrometry experiments, organic fragments can interact with ions from the matrix,
thus forming for example sodiated or chlorinated fragments in NaCl matrices 74, Although
we did not detect sodiated or chlorinated fragments with LILBID (potentially because of the
suppression of fragmentation processes or the neutralization of charged fragments?), we
detected a few species formed by the interaction of organic fragments with ions from the
MgSO4 or H2SO4 matrix:
- aspecies consisting of a charged butylamine fragment and a sulfuric acid molecule
([C2H2(H2S04)] or [CN(H2SO4)] at m/z 124) in the anion spectra of butylamine in
0.01 and 0.1M MgSO4 matrices (Figure S20)
- [mM+(H2SO04)m-OH]" and [2M+(H2SO4)m-OH-NH3]" cations in the spectra of 5-

amino-1-pentanol in 1M H»SO4 matrix (Figure 8)



- [CoH4N+Mg+SOs] anions in the spectra of 5-amino-1-pentanol in 0.01M H>SO4
matrix (Figure S31)

- afragment of methanol with sulfuric acid [M(SO4)-OH] in MgSO4 matrix.

Ion formation from organic/matrix interaction. In MgSOs solutions, we observed the
addition of Mg?* cations onto both deprotonated organic species ([M-H+Mg]") and together
with OH™ groups (e.g., [M(OH)+3Mg-H]", [M(OH):+2Mg]", [M(OH)+Mg+H]"...).
Magnesium adducts including [M+Mg-H]" cations have previously been observed by Han et
al.” with electrospray ionization (ESI) mass spectrometry. As the LILBID ionization method
tends to produce singly charged ions, and magnesium (Mg?") and sodium (Na*) ions have
different charges, the organic cations formed in MgSO4 matrices are different from the species
observed in NaCl matrices, where sodium adducts form with organic molecules via sodiation
processes®&127 The replacement of structural elements by Na* cations (i.e., sodiation) seems
to be more efficient than by Mg?* cations, as protonated organic species typically dominate the
cation spectra of MgSO4 matrices whereas sodiated cations typically dominate in NaCl
matrices'. In organic molecules, it is easier to replace H" with Na* than with Mg** because
Na*and H" have the same charge. Additionally, the larger size of Mg?* ions compared to Na*

slows down the attachment to organic molecules by steric hindrance.

In anion mode, we observe the addition of hydrogen sulfate anions HSO4™ to organic species
(i.e., bisulfate adducts [M(HSO4)]") in both MgSO4 and H>SO4 solutions. Bisulfate adducts
[M(HSO4)] were previously observed by other mass spectrometry methods e.g., with Matrix
Assisted Laser Desorption Ionization (MALDI) 77 and with ESI-MS’®. The formation of
bisulfate adducts is comparable to the chlorination of organics (i.e., addition of a chloride

anion) in NaCl matrices>’**,



In both ion modes, we observed the addition of MgSO4 and H>SO4 molecules to organic ions
in MgSO4 matrices and the addition of H2SO4 molecules in H>SO4 matrices. Addition of HoSO4
molecules is therefore a common characteristic pattern in sulfate-rich matrices. The addition
of MgSO4 molecules onto organic cations was observed for all organic species except
butylamine and methanol, suggesting that linear molecules having few functional groups might
be less prone to the addition of MgSO4 molecules. The observed addition of NaCl and NaOH
molecules in NaCl matrices! is consistent with these mechanisms. The number of added
H>SO4 and NaCl molecules often increased with increasing matrix concentration. Attachment
of sulfuric acid molecules onto peptides and proteins have been previously reported by using

ESI-MS?!, together with a decrease of the mass spectrometric signal.

In the cation spectra of the sulfuric acid matrix without organics (Figures 6, S21), cations at
m/z 80 were identified as [SOs]" as seen in the electron ionization spectra retrieved from the
National Institute of Standards and Technology (NIST). The [SOs3]" cation can form by the loss
of water from H2SO4. Although sulfuric acid is intrinsically different from salts, mass spectral
similarities can be found in the spectra of organics in MgSO4 and H>SO4 matrices. This is due
to the presence of sulfates in both MgSO4 and H>SO4 matrices, therefore inducing the formation

of similar species in both matrices.

In the cation mass spectra of 5-amino-1-pentanol and butylamine in H>SO4 matrices (Figures
8, S23, S24, S30), and to a lesser extent in the spectra of 5-amino-1-pentanol in the MgSO4
matrix (Figures 4, S4), we observe [2M+(H>SO4)+H]" in higher abundance than
[M+(H2SO04)+H]". As shown in Figure 10, this could be because [2M+(H>SO4)+H]" cations
preferentially form as [2(M+H)+(SO4)+H]" cations (i.e., two protonated organic molecules
interact with one SO4% anion, and the adduct thus formed is protonated), and [M+(H2SO4)+H]"
cations are rather formed as [(M+H)+(HSO4)+H]" cations (i.e., a protonated organic molecule

interacts with HSO4’, and the adduct thus formed is protonated). This formation mechanism is



explained by the dissociation of sulfuric acid in water into different ions including hydrogen
sulfate HSO4™ and sulfate SO4?": the sulfate ion has two negative charges making it more likely
to interact with two other positively charged molecules. If sulfuric acid is predominantly
present as SO4>" (i.e., at high pH), then [2(M+H)+(SO4)+H]" cations are more likely to form
than [(M+H)+(HSO4)+H]" cations. This mass spectral pattern was observed for the two most

basic species we measured (i.e., 5-amino-1-pentanol and butylamine; Table 1).

high pH ./' > k "

sulfuric acid dissociation in H,0

- S0, is predominant

[2(M+H)+(SO,)+H]* > [(M+H)+(HSO,)+H]*

Figure 10. Possible interaction of basic organic species with sulfate ions, explaining the higher

intensities of [2(M+H)+(SO4)+H]" cations as compared to [(M+H)+(HSO4)+H]" cations.

The differences in sensitivity to the organics between different matrices is primarily due to the
organics’ properties (e.g., pH, the presence of functional groups). The molar concentration of
the organic species in solution can also play a role (since the organic species were investigated
at similar weight percentages but consequently at different molar concentrations; Table 1), but
no direct correlation was observed between the sensitivity to an organic species and its molar
concentration in solution. This suggests that the difference in molecular densities in the

ionization region of the LILBID only plays a minor role in the sensitivity to the organics.

Liquid phase reactions. Liquid phase reactions can occur in solution when mixing organic
species with salts or sulfuric acid. Reactions involving high concentrations of sulfuric acid
played a significant role in our experiments, e.g., amines participated in acid-base reactions
with sulfuric acid in solution and were partially precipitated as salts in the samples of

butylamine and 5-amino-1-pentanol in H>SOs matrices (especially at high H>SO4



concentrations). Matrices such as sulfuric acid could also induce liquid-phase fragmentation of
the organic species. Although the formation of salt crystals in solution is thought to negatively
perturb the mass spectrometric response of the analytes’®, no suppression effects were observed
in cation mode despite the strong ion pairs formed between sulfuric acid and basic organic
species, and all organics could be identified even in 1M H>SO4 matrices. High concentrations
of strong acids in the matrix therefore do not restrict the detection of organics in cation mode

with impact ionization mass spectrometers at the concentrations investigated.

General rules for the mass spectral appearance of organic species in Europa-like ice
grains. In Napoleoni et al.?, we established generic rules for the detection of organics in NaCl-
rich matrices using LILBID, and by extension, impact ionization mass spectrometry. We here
summarize the list of rules established with salts (NaCl, MgSO4) and H>,SO4 matrices, to
provide a complete set for the detection of organics in ice grains of typical Europa composition
with SUDA:
e sulfuric acid
o sulfuric acid does not inhibit the detection of organics in cation mode even at
high sulfuric acid concentrations. Indeed, all organic species in H2SO4 matrices
show highly prominent protonated [M+H]" peaks at all H.SO4 concentrations
(0.01M-1M). The cation mass spectra of all organics in H>SO4 matrices are
quite similar to the spectra of those organics in pure water matrices, with
additional signatures due to the addition of H2SO4 molecules onto organic
cations with increasing H>SO4 concentration.
o organic species in H2SO4 matrices typically form bisulfate adducts [M(HSO4)]
and/or [M(HSO4)(H2SO4)n]" species, whereas deprotonated molecular peaks
[M-H] are only observed for a few species in low H>SO4 concentrations.

Bisulfate adducts can also form in MgSO4 matrices for some organic species.



Generally, low pH matrices (i.e., having a high concentration of H") are

expected to inhibit the formation of deprotonated molecular peaks [M-H]".

NaCl and MgSOs4 salts

o

in salt-rich matrices, protonated and deprotonated molecular peaks are usually
suppressed with increasing salt concentrations, but organic species can still be
detected via the presence of molecular ions and adducts with salt ions.

in salt-rich samples, organic species form adducts with Na* and Mg*" ions, but
adduct formation with these two ions occurs via different mechanisms and
results in different ions with different mass spectral properties. Sodiation seems
more efficient than Magnesium-adduct formation and can lead to the formation
of polysodiated adducts for organic species that contain hydroxyl and/or amine
functional groups (i.e., carboxylic or amidic protons are replaced by Na"). The
formation of Mg-adducts accompanies the loss of a proton or addition of a
negatively charged group (e.g., OH"), thus forming singly charged ionic species.

A wide variety of Mg-adducts can be formed.

Fragments. We expect to detect a range of organic fragments in future SUDA mass

spectra of Europan organic-rich ice grains, providing valuable structural information

for the identification of parent organic species. Extensive fragmentation can be

expected in sulfuric acid-rich ice grains (in cation mode), whereas the fragmentation

will be limited with increasing matrix concentration in salt-rich ice grains and in

sulfuric acid-rich ice grains in anion mode. The extent of the organic fragmentation will

also be determined by the organic’s structure and the presence of functional groups

likely to be cleaved (e.g., hydroxyl, amine groups), and other parameters e.g., the

impact velocity of the ice grain, the crystallinity of the water ice, and the spatial

distribution of the organics and ions inside the water ice

71,72



The mass spectrometric signal of most organics is generally higher in cation mode than in anion
mode. However, the response greatly depends on the organics’ chemical family and
physicochemical properties. The pH is an important parameter that influences the formation
and detectability of organic molecular ions, adducts and fragments, together with other
physicochemical factors such as the organics’ molecular structure or the presence of functional
groups. We established characteristic mass spectral signatures of different organic families:
e carboxylic acids
o form highly prominent deprotonated molecular peaks [M-H] in salt-rich
matrices even at high salt concentration. Such peaks are also detected in H2SO4
matrices but with a lower intensity. Among the investigated compounds, this
chemical family is the one to which anion polarity LILBID-MS is most sensitive
in salt-rich matrices, although it is only moderately sensitive in H2SO4 solutions.
Generally, we expect highly acidic compounds to be highly responsive in anion
mode analysis thanks to a strong tendency to form deprotonated molecular
peaks.
o typically form highly prominent [M-OH]" fragment peaks, as observed here in
MgSO4 and H2SO4 matrices and by Khawaja et al.% in similar experiments
with pure water matrix. This differs from the case of NaCl matrices where [M-
OH]" peaks have a low intensity, but highly prominent disodiated [M-H+2Na]"
peaks are observed?.
o typically form a range of highly prominent Mg-adduct cations (e.g., [M-
H+Mg]", [M+Mg+OH]"...) in MgSO4 matrices.

e N-bearing organics



o produce abundant characteristic peaks in cation mode in MgSO4 and H>SO4
matrices, with highly prominent [M+H]" peaks, and have a moderate response
in NaCl matrices.

o these compounds have a much better response in cation mode than in anion
mode in all investigated matrices (pure H>O, NaCl, MgSQOs, H>SOs).

e high pH organics typically form highly prominent [2M+H+H>SO4]" peaks in H>SO4
matrices.

e aromatic rings in organic species typically undergo a low degree of fragmentation, as
seen for example with benzoic acid fragmenting to form highly prominent peaks of
protonated benzene in H>SOs4 matrices and of deprotonated benzene in MgSO4

matrices.

Implications for Europa Clipper. SUDA’s measurements will allow a compositional

mapping of the surface by trajectory reconstruction of the ejecta particles®->°

providing
accurate locations of measured/interpreted compositions. Together with the potential
identification of organics, the analogue spectra presented here and in Napoleoni et al.? will help

to determine the concentrations of NaCl, MgSO4 and H>SO4 on the surface, by comparing the

presence and relative abundances of ions in SUDA’s mass spectra.

As Europa’s trailing hemisphere is likely dominated by sulfuric acid hydrate (a product of
surface radiolytic chemistry®#->°65%)  SUDA’s measurements in cation mode in this
hemisphere, with potentially lower salt concentrations, should undergo no suppression effects
and therefore the assessment of organics on Europa’s surface should be of high sensitivity and

quality.

Europan ice grains are likely to have a more complex composition than the compositions

investigated here, i.e., they may contain a variety of salts and organics instead of a binary



mixture of species. In matrices composed of complex mixtures, information can be deduced
from mass spectral characteristics such as isotope patterns to help reduce ambiguities due to
interferences. For example, for an organic species of molecular mass M, the [M-H+Mg]" and
[M+Na]" cations have the same mass (M+23u). In the case of [M-H+Mg]", these two species
can be differentiated from each other by Mg-isotope peaks at M+24u and M+25u at
characteristic intensities. The identification of characteristic fragments could also help to
constrain ambiguous identifications of organic species, as shown in this work by the

identification of fragmentation patterns for typical functional groups.

The LILBID setup simulates different impact speeds of ice grains onto impact ionization mass
spectrometers’ detectors by adjustment of the laser power density and ion extraction
parameters®®. The analogue mass spectra presented here were recorded with laser intensities of
95% to 100% and delay times of the gating system of 5.0 us to 9.3 us, which is representative
of a speed regime of around 4-10 km/s. This speed regime includes the sampling speeds
previously recommended®>’! for a maximum sensitivity to organic species and biosignatures

(4—6 km/s). The speed of SUDA flybys is planned to be between 4 and 5 km/s*.

The limits of detection (LODs) of organics in pure water matrix (Table 6) established in this
work and the inferred suppression effects are a good approximation for SUDA or similar space
detectors. In fact, detection limits of these space instruments are expected to be improved by
at least one magnitude compared to our laboratory setup by the use of more efficient ion
detectors (SUDA has a much higher dynamic range and therefore a higher sensitivity than the

LILBID-ToF used here).

The results of our laboratory analogue experiments are applicable to other ocean worlds visited
by Europa Clipper. For example, the icy surface of Ganymede is thought to contain large

proportions of sulfuric acid and salts, likely sulfates®*. Sulfates might be recurring components



of icy ocean worlds, as they can be dominant products formed through the differentiation and
evolution of subsurface oceans®*. Sulfuric acid hydrates are thought to be generally abundant
material on the surface of the Galilean moons due to their formation mechanisms®. The
analogue mass spectra recorded with the LILBID experiment are stored in a database

(https://lilbid-db.planet.fu-berlin.de)®’ that supports both Europa Clipper and the development

of future ocean world missions, such as the proposed mission concept Enceladus Life Finder

(ELF)®$, with the Enceladus Ice Analyzer (ENIA)® onboard.

Relevance for biosignature detection. Our analogue experiments established rules for the
detection of organic material in Europan ice grains and include organic species that are relevant
to astrobiology — e.g., sugars and N-heterocycles which play essential roles in all known
biological processes®®%*?°. The range of investigated organic species cover relevant functional
groups for astrobiological investigations of icy moons, since oxygen- and nitrogen-bearing as
well as aromatics compounds have been detected in Enceladean ice grains®*-%%. The experiments
covered general classes of organic compounds in a generic approach, so that results are
potentially applicable to a variety of diverse agnostic biosignatures. Previous LILBID
experiments targeting terrestrial biosignatures were conducted with bacterial extracts, amino
acids, fatty acids and peptides and showed that these materials are detectable by SUDA-type
mass spectrometers even at low concentrations'*>%. The rules established here could help the

detection of more, and potentially yet unknown, organic biosignatures of alien lifeforms.
5 Conclusions & Outlook

Europa’s ocean and ice crust are expected to contain high proportions of non-water constituents
such as sulfates and sulfuric acid®*-*%3%%%8 In this work, we simulated the mass spectra of
organic-rich ice grains mixed with these compounds as expected to be produced by SUDA-

type impact ionization mass spectrometers. We performed analogue experiments with the


https://lilbid-db.planet.fu-berlin.de/

LILBID technique and measured seven organic species, representative of a wide range of
chemical families, in magnesium sulfate and sulfuric acid liquid matrices at 0.01M, 0.1M and

1M concentrations.

Our results showed that SUDA will be more sensitive to the majority of the measured organics
and their fragments in cation mode than in anion mode. The higher sensitivity in cation mode
is particularly enhanced for sulfuric acid matrices (i.e., no suppression effects were observed
in cation mode and the organic signal was as high as in pure water). The reason is that the only
cation species sulfuric acid releases in water is H', whereas salt matrices release cations such
as alkali metals (e.g., Na") which induce suppression effects. A better sensitivity in cation mode

than anion mode was also previously found for organics in NaCl matrices?.

The cation mode enhanced sensitivity to organics in sulfuric acid matrices may serendipitously
serve the Europa Clipper observations well. Endogenous organics should be associated with
oceanic salts, such as NaCl and MgSO4, and thus we predict that if organics are to be found on
Europa, they would likely be associated with those salts. Conversely, sulfuric acid is an
exogenous radiolytic product and there is no a priori reason to expect a direct association with
endogenous organics. In addition, the radiolytic processing that generates sulfuric acid may

t1. As a result, it is reasonable to predict that lower

also modify any organics that are presen
concentrations of organics might be associated with sulfuric acid-rich regions, relative to salt-
rich regions. Thus, SUDA’s enhanced organic sensitivity in cation mode to organics associated

with sulfuric acid is advantageous, given the above considerations for the Europan

environment.

Importantly, we emphasize the necessity of both ion modes in spaceborne impact ionization
mass spectrometers to cover a wide range of organic families (e.g., anion mode is more

sensitive to non-polar compounds such lipids). Both SUDA!7 and the Enceladus Ice Analyzer



instrument (ENIA)®’, in a proposed astrobiology mission concept to Enceladus (Enceladus Life

Finder)3¢, will be capable of detecting cations and anions.

Our experiments show that the detection of organic species in ice grains by SUDA can be
possible despite the potentially complex inorganic ice matrices. Suppression effects reduce the
sensitivity to the organics in the presence of Na-chlorides’ and Mg-sulfates, but not in the
presence of sulfuric acid. We established generic rules applicable to a wide range of organic
species, which may allow the discovery of organic biosignatures in Europan ice grains. This
study provides valuable experimental context for the interpretation of impact ionization mass
spectra of SUDA-type instruments at relevant impact speeds, and for space mission planning
(e.g., use of cation or anion modes, compositional locations to target). This work will also
significantly enhance our ability to interpret the origin and evolution of organic material on
Europa, possibly providing insights into hydrothermal sources in the subsurface ocean,
interactions with salts and inorganic material, transport from the subsurface ocean to the
surface and lastly modification via surface processes such as irradiation by magnetospheric
particles. These processes may all be part of the pathway of organic material toward finally be

detected in a dust cloud of ice particles by the Europa Clipper mission.
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