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Discriminating Aromatic Parent Compounds and Their
Derivative Isomers in Ice Grains From Enceladus and
Europa Using a Laboratory Analogue for Spaceborne Mass
Spectrometers
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Abstract Results from the Cassini-Huygens space mission at Enceladus revealed a substantial inventory
of organic species embedded in plume and E ring ice grains originating from a global subsurface and putative
habitable ocean. Compositional analysis by the Cosmic Dust Analyzer indicated the presence of aromatic
species and constrained some structural features, although their exact nature remains unclear. As indicated by
many studies, among other organic species, low-mass aromatics likely played a role in the emergence of life on
Earth and may be linked to potential prebiotic or biogenic chemistry on icy moons. Here, we study the behavior
of single-ringed aromatic compounds—benzoic acid and two isomeric derivatives, 2,3-dihydroxybenzoic acid
and 2,5-dihydroxybenzoic acid—using Laser-Induced Liquid Beam Ion Desorption (LILBID), an analogue
setup to simulate the impact ionization mass spectra of ice grains in space. These compounds share common
structural features but also exhibit differences in functional groups and substituent positions. We investigate
the fragmentation behavior and spectral appearance of each molecule over three simulated impact velocities,
in both positive and negative ion modes. Parent compounds can be distinguished easily from their derivatives
due to various spectral differences, including the (de)protonated molecular ion peaks appearing at different
m/z values. We conclude that distinction between structural isomers in LILBID is more challenging, but

some insights can be revealed by considering intermolecular bonding regimes. This work will guide future
investigations into elucidating the composition of isomeric biosignatures in ice grains, relevant for future space
missions to Enceladus and Europa.

Plain Language Summary The Cassini-Huygens space mission discovered a plume at Enceladus
that ejects gases and frozen ice grains originating from an ocean of liquid water below its icy shell. In these
ice grains, a range of interesting organic molecules were discovered by Cassini's Cosmic Dust Analyzer mass
spectrometer. Organic molecules are important in the search for life beyond Earth as they form the basis of all
known Earth life, and active biology elsewhere would likely have a discernible effect on the local inventory of
organic species. One class of organic, with a ring structure of carbon atoms, called aromatics, were discovered
in the plume. We investigate the spectral appearance of one example of aromatic compound, benzoic acid, as
well as two similar compounds with additional chemical groups attached to the aromatic ring. The two similar
compounds have the same mass and general structure, but slightly different arrangements of the additional
groups, known as isomers. We find that it is simple to distinguish mass spectral features between benzoic

acid and its related compounds, but more difficult to explain the differences between the isomers. This work
will assist the analysis of mass spectrometry data from future habitability-investigating space missions to
ocean-bearing icy moons.

1. Introduction

Mass spectrometers on space missions, e.g., Galileo, Stardust, Cassini-Huygens, and Rosetta, have demon-
strated the applicability of mass spectrometry for the in situ analysis of dust and ice grains in different planetary
environments (Kissel et al., 2003; Scherer et al., 2006; Srama et al., 2004; Thiessenhusen et al., 2000). The
Cassini-Huygens mission investigated the Saturnian system—planet, rings, and moons—for 13 years between
2004 and 2017. The mission experienced significant successes with the Cosmic Dust Analyzer (CDA) and Ion
and Neutral Mass Spectrometer (INMS) instruments (Srama et al., 2004; Waite et al., 2006), revealing unprece-
dented results related to Saturn's moon Enceladus (Schenk et al., 2018).
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Enceladus is a small, cryovolcanically active moon that orbits Saturn within the densest part of the E ring.
Beneath its icy crust, Enceladus harbors a global subsurface ocean of liquid water, supported by tidal heating,
which is in contact with its rocky core (Hsu et al., 2015; Postberg et al., 2009). At this ocean-core interface,
hydrothermal activity is strongly suspected to be ongoing, diversifying the chemical inventory in the depths of
the Enceladean ocean (Hsu et al., 2015; Waite et al., 2017). A plume, consisting of many individual jets, expels
subsurface material originating from the ocean from four parallel fractures, the so-called tiger stripes, located in
the south polar terrain (Spencer et al., 2006). This plume is the source of E ring ice grains (Spahn et al., 2006)
and was successfully sampled during the Cassini mission. Another plume of gas and ice grains may be present on
the Jovian moon Europa, which also hosts a subsurface ocean and may experience seafloor hydrothermal activity
(Hand et al., 2007; Jia et al., 2018; Roth et al., 2014; Sparks et al., 2016). The presence of a liquid water ocean
and hydrothermal activity on these planetary bodies, combined with the easily accessible sampling environment
presented by the plumes, makes them prime targets in the search for extraterrestrial life.

The Cassini mass spectrometers conducted measurements of both vapor-phase and solid-phase plume components
at Enceladus and in the E ring. INMS was sensitive for the compositional analysis of gaseous species, while CDA
analyzed dust and ice grains and is relevant for this work. CDA worked on the principle of impact ionization
whereby micron and submicron sized ice and dust grains hit the rhodium metal target of the instrument at velocities
>1 km/s. On impact, these particles were vaporized, ionized, and dispersed into impact clouds containing ions,
electrons, neutrals, and macromolecular fragments. The cations generated upon impact were accelerated toward the
mass analyzer, producing time-of-flight (TOF) mass spectra with resolutions m/Am ~ 20-50 (Srama et al., 2004).

CDA experienced unprecedented success in sampling the plumes of Enceladus, revealing extensive composi-
tional diversity in ice grains. The detection of silica (SiO,) nanoparticles indicating ongoing alkaline hydrother-
mal activity at elevated temperatures (%90°C) in the depths of the Enceladus ocean (Hsu et al., 2015), similar
to the terrestrial Lost City hydrothermal field on the mid-Atlantic seafloor, has further revealed the ocean to
be putatively habitable. Postberg et al. (2018) and Khawaja et al. (2019) reported the detection of high mass
complex macromolecular (>200 u) as well as low-mass semivolatile (<100 u) aromatic, and nitrogen-bearing
and oxygen-bearing organic compounds. These studies have indicated huge compositional and structural diver-
sity in organic compounds originating from the depths of the Enceladus ocean. Besides oxygen-bearing and
nitrogen-bearing functional groups and aliphatic hydrocarbon side chains, the structural properties of the plume
organics also imply the presence of single-ringed or multiringed aromatic species.

In addition, the discovery of abiotic amino acids in the Lost City hydrothermal field on Earth—which hosts similar
conditions (pH and temperature) to the hydrothermal vent systems on Enceladus—by Ménez et al. (2018) suggests
that single-ringed aromatic structures may play a key role in synthetic pathways to biomolecules. The authors propose
that Friedel-Crafts(-like) reactions may provide a route from aromatic hydrocarbons to proteinogenic aromatic
amino acids, tryptophan in this case. The presence of applicable catalytic minerals and favorable thermodynamic
conditions in Lost City raises the possibility of a pathway involving alkylation followed by reductive amination
(Barge et al., 2019; Cody et al., 2000; Khawaja et al., 2019). As a result, single-ringed aromatic compounds could
also potentially be involved in prebiotic or biogenic chemistry in Enceladean hydrothermal sites at or inside its
rocky core. Therefore, it is of great importance to understand the exact composition and the structural properties of
aromatic compounds in the ice grains originating from Enceladus', and Europa's tentative, subsurface oceans.

In this work, we investigate single-ringed aromatic acids—namely, benzoic acid (C,H¢O), and two of its hydroxy
derivatives—2,3-dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid (DHBA; C;H,O,). Figure 1 details the
molecular structures of the DHBAs and benzoic acid. The work of Postberg et al. (2018) and Khawaja et al. (2019)
revealed that the higher mass complex macromolecular fragments detected in the plumes are likely insoluble,
inviting the possibility of a benzoic acid-like aromatic units due to its poor solubility in water. Furthermore, the
high relative abundances of benzene-like cations highlighted by Khawaja et al. (2019) suggest the presence of
phenyl and/or benzoyl-like aromatic compounds. Laboratory analogue investigations in the same work revealed
the preference of phenyl cation formation when an aromatic ring is attached to a nonalkyl group.

Furthermore, aromatic carboxylic acids have been discovered in carbonaceous meteorites and are speculated to exist
in low-temperature interstellar ices (McMurtry et al., 2016; Remusat et al., 2005). In particular, benzoic acid was
identified in the Murchison and Orgueil meteorites (Martins et al., 2006). Benzoic acid is heavily involved in biosyn-
thetic processes and often acts as an intermediate toward more complex molecules, such as amino acids and second-
ary metabolites (Cobb, 2014; Widhalm & Dudareva, 2015). 2,3-DHBA is found naturally in some plants, and acts a
metabolite in many forms of life, including humans (Grootveld & Halliwell, 1988; Li et al., 2014). 2.5-DHBA is also

KHAWAJA ET AL.

20f 18

85U8017 SUOWILIOD @A 81D 8|qeolidde auy Aq peusenob a1e sejole YO ‘@SN o Se|nJ 0} Areiq1T8UlUO /8|1 U (SUORIPUOD-PUE-SWB 00" A3 IM A 1[eul [UO//SdNY) SUORIPUOD pue SWwie 1 841 88S *[£202/S0/ST] U0 AkeiqiTauliuo 48| ‘ulled eelsieAlun @eid Aq £08200v32202/620T 0T/I0pwioo A8 im A g1 jeuljuo'sgndnBe//:sdny wouy pepeojumoq ' ‘€202 ‘YB0SEEEZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002807

a)

c) a metabolite and is present across a range of plant and animal species (Juurlink
) o et al., 2014; Sankaranarayanan et al., 2019). Structural isomerism itself has also

been suggested as a potential indicator of biotic processes, in combination with
™ o the search for enantiomeric excess and isotopic depletion (Glavin et al., 2020;
Summons et al., 2008). Additionally, aromatic compounds, such as those stud-

~ ied in this work, and their complexes may form in hydrothermal systems like
| those present on Enceladus and potentially Europa, as well as on Earth and
other icy moons (Venturi et al., 2017). Analysis of their mass spectral appear-

Figure 1. The molecular structures of (a) benzoic acid, (b) 2,3-DHBA and (¢) ~ ance continues to build toward a spectral reference library for space missions

2,5-DHBA.

to the outer solar system (Klenner et al., 2022). The distinction of structural

isomers by mass spectrometry is generally challenging. There are solutions

offered, however, by utilizing a separation method prior to mass spectrometry in
a laboratory setting (Reusch et al., 2018), although this is not feasible for spaceborne impact ionization instruments.
In the same study, the authors find that isomers of other disubstituted benzene derivatives could be differentiated
using chirped femtosecond laser ionization by ion yield ratios drawn from the mass spectra.

In this work, we use Laser-Induced Liquid Beam Ion Desorption (LILBID), a proven analogue technique that
simulates impact ionization mass spectra of water ice grains in space, which has been crucial to the analysis of
CDA mass spectra (Klenner et al., 2019). For the first time, we investigate the fragmentation behavior and spec-
tral appearance of these aromatic acids (benzoic acid, 2,5-DHBA and 2,3-DHBA) and the influence of substituent
functional groups on the mass spectra measured in both cationic and anionic modes with LILBID. We focus on
fragmentation pathways of different structural isomers and compare them to discriminate their composition. Such
comparisons may reveal key similarities or differences in the mass spectra that could be considered indicators of a
certain isomer. Our work will not only assist in the interpretation of existing spacecraft data (e.g., Cassini's CDA),
but will also provide guidance to upcoming space missions (NASA's Europa Clipper and JAXA's Destiny+)
carrying CDA-like impact ionization mass spectrometers (SUrface Dust Analyzer—SUDA; Kempf et al., 2014
and Destiny Dust Analyzer—DDA; Kriiger et al., 2019).

2. Methods

The LILBID facility utilized in this work is situated at the Freie Universitidt Berlin (FUB) in Germany and
has been used to measure mass spectra of a variety of organic and inorganic compounds dissolved in water or
other organic solvents (Charvat & Abel, 2007; Khawaja et al., 2019; Klenner, Postberg, Hillier, Khawaja, Cable,
et al., 2020; Klenner, Postberg, Hillier, Khawaja, Reviol, et al., 2020). LILBID has also been used for astrobiol-
ogy investigations to predict the spectral appearances and detection limits of biosignatures in impact ionization
mass spectrometers (Dannenmann et al., 2022). Similar mechanisms are utilized in both LILBID and CDA-like
spaceborne impact ionization mass spectrometers (Wiederschein et al., 2015). We present a brief introduction to
the LILBID-TOF mass spectrometry process, with more detailed information available in Klenner et al. (2019).
The setup for LILBID is detailed in Figure 2.

With the LILBID method, a beam of liquid solvent containing the dissolved analyte compound is vertically
injected into a vacuum chamber (~5 X 10> mbar) through a quartz nozzle (radius ~ 7—-12 pm) at a constant flow

rate (typically ~0.2-0.35 mL min~!

; maintained by an HPLC pump). The liquid flow remains stable for ~2-3 mm
downwards before forming droplets (Charvat & Abel, 2007). In the chamber, the liquid beam is intersected by a
pulsed (20 Hz) infrared laser, which irradiates the beam with variable pulse energies of up to 4 mJ at a wavelength
that matches the OH-stretch absorption frequency of water (~2,850 nm). The liquid beam absorbs the laser energy
in a near-surface region which initiates the mechanical dispersion of both charged and neutral atomic, molecu-
lar, and macroscopic fragments (Charvat & Abel, 2007; Wiederschein et al., 2015). The energy absorbed by the
system remains below the nominal ionization potentials and bond enthalpies of present species; the formation of
ions is therefore believed to be governed by rapid changes in the charge density distribution within the matrix. This
process almost exclusively creates singly charged cations and anions (Karas et al., 2000), which then pass through
a field-free drift region, after which they are accelerated using the principle of delayed extraction and subsequently
analyzed in a reflectron-type TOF mass spectrometer, with a mass resolution m/Am ~ 600-800 and a mass range
miz > 1,000, far exceeding those of CDA (Srama et al., 2004). This TOF mass spectrometer is also a suitable
analogue for SUDA, which will offer a mass range of up to m/z 500 and a mass resolution of 150-300 m/Am
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Figure 2. The Laser-Induced Liquid Beam Ion Desorption (LILBID) apparatus (figure taken from Klenner et al. (2019)).

(Kempf et al., 2014). The principle of delayed extraction allows the correlation of combinations of delay times and
laser energy densities of different impact velocities of ice grains onto spaceborne detectors (Klenner et al., 2019).

The LILBID setup is calibrated daily using a solution of 10-° M NaCl at three different delay times and laser
intensities in order to quantify any potential contaminants in the system and to ensure reproducibility of the
spectra. In general, mass spectra of organic compounds analyzed in LILBID can exhibit features from various
cationic fragments as well as contamination from trace amounts (sub-ppm) of Na and K. This effect is generally
well-quantified in earlier work (Khawaja et al., 2019; Klenner et al., 2019).

The signal produced by the ions on the detector is amplified, digitized, and recorded on a computer, which plots m/z
values against relative ion yields to produce a mass spectrum. The signal-to-noise ratio is improved by averaging
500 single spectra to produce each coadded spectrum. A number of previous works have demonstrated that coadded
LILBID spectra of one compositional type are applicable to in situ mass spectra from CDA (e.g., Klenner et al., 2019;
Klenner, Postberg, Hillier, Khawaja, Cable, et al., 2020; Klenner, Postberg, Hillier, Khawaja, Reviol, et al., 2020). The
threshold for peak retention in the mass spectra was set at 0.005%. Recorded mass spectra are archived in a compre-
hensive spectral LILBID database and aid planning for future space missions to icy moons (Klenner et al., 2022).

3. Data Sets and Selection Criteria

In this work, benzoic acid, and two of its isomeric derivatives, 2,3-DHBA and 2,5-DHBA, have been investigated
with LILBID-TOF mass spectrometry. Each compound was injected into LILBID as an aqueous solution of
concentration 0.025 M, significantly below the solubility limits of these species, at a flow rate of 0.23 mL min~!.
Three different simulated impact velocity regimes were studied in this work—henceforth called low, interme-
diate, and high—because different impact speeds of ice grains can produce fundamentally different spectral
appearances even when the grains have the same composition (Klenner et al., 2019). The low velocity simulation
corresponds to an impact velocity ~4—6 km/s and is achieved by operating the laser at 92.0% intensity with a mass

spectrometer delay time of 69 ps. The intermediate velocity ~6.5-8.5 km/s is simulated with 96.2% laser intensity
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and 55-ps delay time, while the high velocity regime corresponds to ~9—11 km/s and is simulated with 100% laser
intensity and 43-ps delay time. Ions were measured in both the positive and negative modes; the importance of
using both modes in analyzing organic-containing ice grains and searching for biosignatures was demonstrated
in Klenner, Postberg, Hillier, Khawaja, Cable, et al. (2020) and Dannenmann et al. (2022). Similarly, the SUDA
instrument aboard Europa Clipper will also measure ions in both polarities.

4. Results

Given that three different impact speeds were simulated for the three compounds and analyzed in two different
ion modes (positive and negative), the mass spectra have been grouped by velocity for the sake of comparison.
Figures 3-5 detail the positive mode spectra for the simulated low, intermediate, and high velocities, respectively,
while Figures 6-8 detail the corresponding negative ion mode spectra. In all spectra, pure water cluster peaks are labe-
led in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
Tables 1-3 detail the m/z values of the peaks in the corresponding positive mode spectra, while Tables 4—6 detail the
corresponding negative mode peaks. Note that only the peaks corresponding to organic species are listed in the tables.

4.1. Positive Ion Mode

In positive spectra, pure water cluster peaks at higher impact velocities appear at m/z values 19, 37, with interme-
diate velocities extending up to m/z 55 and 73, and lower velocities including peaks at m/z 91, 109, and potentially
127. Water clustering [(H;0)*H,0, ,; ] in the positive ion mode of LILIBD-TOF-MS has been discussed exten-
sively in Khawaja et al. (2019) and Klenner et al. (2019), and our observations that water clustering is suppressed at
higher impact velocities is in agreement with earlier results. Similarly, many organic-water clusters form in LILBID,
usually distinguishable by spacings of 18 u, equivalent to the molecular mass of water, between peaks in the spec-
trum. Organic-water clusters follow a general trend of decreasing in number and intensity with increasing velocity.

The low velocity positive mode spectra for benzoic acid, 2,3-DHBA, and 2,5-DHBA are detailed in Figure 3. In
the benzoic acid spectrum, the protonated ion peak at m/z 123 represents the species [M+H]* and the peak at m/z
105 is the fragment following the loss of a water molecule [M+H-H,O]*. The 2,3-DHBA and 2,5-DHBA spectra
exhibit significant numbers of peaks at identical m/z values, but at varying abundances. A peaks at m/z 273 corre-
spond to the dimer fragment [2M+H-2H,O]*, while the peak at m/z 155 represents the protonated ion [M+H]*.
Fragment species at m/z 137, 109, and 81 are tentatively assigned to [M+H-H,0]*, [M+H-H,0-CO]*, and
[M+H-H,0-2CO]*, respectively.

Intermediate velocity spectra, recorded in the positive mode, are detailed in Figure 4. The benzoic acid spectrum
exhibits a protonated ion [M+H]* peak at m/z 123, and displays fragments at m/z 105, following the loss of water,
and m/z 77, following the further loss of CO—i.e., [M+H-H,0O]* and [M+H—-H,0—-CO]*, respectively. The
DHBA spectra at this velocity are almost identical to each other, with the only exception being the fragmented
dimer species at m/z 273 in the 2,5-DHBA spectrum, which has the same composition as above. Further mass
lines at m/z 155, 137, 109, and 81 are assigned to the same species as above. In addition to these peaks, there
are also signals at the lower masses of m/z 63 and 53, which are assigned to [C;H,]* and [C,H,]*, respectively.

The higher velocity positive mode spectra are detailed in Figure 5 and exhibit far fewer organic-water clusters
than lower velocities. There are pure organic fragments for benzoic acid once again at m/z 105 and 77, with
additional peaks at m/z 51 from [C,H,]* and m/z 2 from [H,]*. The two DHBA spectra here exhibit identical
features, with peaks at m/z 137, 109, 81, and 53 assigned to the same species as above. There is an additional
feature at m/z 65, which likely originates from [C;HJ]*.

4.2. Negative Ion Mode

The negative mode spectra are detailed in Figures 6—8 and exhibit significant differences from their positive
counterparts. The patterns of water clustering observed here are similar in nature to the positive spectra, but differ
by masses of 2 u, owing to the deprotonation process involved in anion formation, as opposed to protonation in
cation generation. Higher velocity spectra include water cluster peaks at m/z 17 and 35, with intermediate veloci-
ties including additional peaks at m/z 53, 71, and 89, while low velocities extend up to m/z 107 and 125.

There appear to be far more peaks related to dimer species for both benzoic acid and the DHBAs in the anionic
low velocity regime, shown in Figure 6. In the benzoic acid spectrum, the peak at m/z 243 represents the dimer
species [2M—H], the peak at m/z 121 relates to the deprotonated molecule [M—H]~, and the lower mass peak
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Figure 3. Low velocity cationic mass spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster peaks
are labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
at m/z 77 is assigned to [C¢Hg]~. The two DHBA compounds exhibit identical near-peaks with far more frag-
mentation than observed in the positive mode. Peaks at m/z 307, 289, and 245 all relate to the dimer fragments
[2M—-H]-, [2M-H-H,0]", and tentatively [2M—H—-H,0—CO,] ", respectively. The peak at m/z 153 is assigned
to the deprotonated molecule [M—H]~. Further fragments species at m/z 135 and 109 are assigned to [M—H—
H,0]~ and [M—H—-CO,]", respectively.
KHAWAIJA ET AL. 60of 18
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Figure 4. Intermediate velocity cationic spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster
peaks are labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
The intermediate velocity spectra, from the negative ion mode, are detailed in Figure 4. The benzoic acid spectrum
exhibits just two peaks, at m/z 121 and 77, assigned to the same species as above. The DHBA spectra now appear
to exhibit significant differences at this velocity. Common, previously observed, peaks appear at m/z 153, 109, and
81. The 2,3-DHBA spectrum, however, also exhibits peaks at m/z 245 and 65, whereas the 2,5-DHBA spectrum
KHAWAIJA ET AL. 7of 18
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Figure 5. High velocity cationic spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster peaks are
labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
does not. These peaks are assigned to [2M—H—H,0—-CO,]~ and [M—H—-2CO,], respectively. Similarly, the
2,5-DHBA spectrum also exhibits additional peaks, not observed with 2,3-DHBA, at m/z values 135 and 97.
The former peak likely relates to [M—H—H,O]~ while the composition of the species at m/z 97 is unidentifiable.
Finally, the high velocity spectra recorded in the negative ion mode exhibit significantly different spectral features
than previously observed. The only organic peak observed in the benzoic acid spectrum is an unidentified species
KHAWAIJA ET AL. 8 of 18
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Figure 6. Low velocity anionic spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster peaks are
labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
at m/z 11. The only peak in the 2,3-DHBA spectrum relates to the fragment [M—H—H,0-CO]~ at m/z 107.
This is also observed in the 2,5-DHBA spectrum alongside additional peaks at m/z 79, 51, 41. These peaks are
assigned to the species [M—H-H,0-2CO]~, [M-H-H,0-3CO]"~, [C;H]". A further peak at m/z 25 is tenta-
tively assigned to deprotonated acetylene [C,H] -, while the composition of the species at m/z 10 is unidentifiable
and may be an experimental artifact.
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Figure 7. Intermediate velocity anionic spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster peaks
are labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
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Figure 8. High velocity anionic spectra for (a) benzoic acid, (b) 2,3-DHBA, and (c) 2,5-DHBA. Pure water cluster peaks are
labeled in blue, organic/water cluster peaks are labeled in black, and pure organic ions and fragments are labeled in red.
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Table 1
Organic-Related Features in the Low Velocity Cationic Mass Spectra
Benzoic acid 2,3-DHBA 2,5-DHBA
Relative
mlz Fragment Relative intensity Fragment Relative intensity Fragment intensity
273 = = [2M+H-2H,0]* 0.0119 [2M+H-2H,0]* 0.0135
155 - = [M+H]* 0.1400 [M+H]* 0.1300
137 = = [M+H-H,0]* 0.1551 [M+H-H,0]* 0.1656
123 [M+H]* 0.1120 — - — —
109 - - [M+H-H,0-COJ* 0.0430 [M+H-H,0-COJ]* 0.0406
105 [M+H-H,O]* 0.1155 = = = =
81 — - [M+H-H,0-2CO]* 0.0079 [M+H-H,0-2CO]*  0.0078
Note. A “—* entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.
5. Discussion
5.1. Mass Spectral Analysis
Significant differences are observed between the benzoic acid and DHBA spectra across all velocities in both
positive and negative modes. There are no common organic-related features between benzoic acid and either
DHBA spectra at any velocity across both modes. The additional hydroxyl groups present on the DHBA rings
thus seem to have a greater influence on fragmentation than aromatic cleavage does, although this does occur in
some spectra. While it is clear that the DHBA spectra must arise from very similar compounds, it is not straight-
forward to decipher the relationship between benzoic acid and the DHBAs from the mass spectra alone.
There also appears to be a correlation between the simulated impact velocity and the degree and diversity of differ-
ences between the 2,3-DHBA and 2,5-DHBA spectra produced. There is virtually no difference between the frag-
mentation pattern exhibited by both DHBAs during low velocity impacts. Intermediate velocities yield spectra
that exhibit greater differences, particularly in the negative mode. Higher impact velocities appear to only exhibit
significant spectral differences in the negative mode. Therefore, collecting data over a range of impact velocities will
be advantageous for the elucidation of structural features from impact ionization mass spectrometers. The estima-
tions of impact speed ranges for CDA based on the experimental parameters of LILBID are well-defined (Klenner
et al., 2019), but SUDA will be able to determine such velocities far more precisely than CDA. This more precise
determination will further improve confidence in mass spectral analysis for spaceborne instruments.
Table 2
Organic-Related Features in the Intermediate Velocity Cationic Mass Spectra
Benzoic acid 2,3-DHBA 2,5-DHBA
Relative Relative Relative
mlz Fragment intensity Fragment intensity Fragment intensity
273 = = = = [2M+H-2H,0]* 0.0056
155 - - [M+H]* 0.0243 [M+H]* 0.0600
137 - - [M+H-H,0]* 0.2574 [M+H-H,0]* 0.3006
123 [M+H]* 0.0517 = = = =
109 - - [M+H-H,0-CO]* 0.1056 [M+H-H,0-CO]*  0.0781
105 [M+H-H,0]* 0.2582 - - - -
81 = = [M+H-H,0-2CO]* 0.0776 [M+H-H,0-2CO]*  0.0756
77 [M+H-H,0-CO]* 0.0282 - - - -
63 = = [C,H,]* 0.0079 [C,H,]* 0.0098
53 = = [C,HJ]* 0.0208 [C,HJ]* 0.0409
Note. A “— entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.
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Table 3
Organic-Related Features in the High Velocity Cationic Mass Spectra
Benzoic acid 2,3-DHBA 2,5-DHBA
Relative Relative Relative
mlz Fragment intensity Fragment intensity Fragment intensity
137 - - [M+H-H,O]* 0.0145 [M+H-H,O]* 0.0240
109 - - - - [M+H-H,0—-CO]*  0.0080
105 [M+H-H,0]* 0.0888 - - - -
81 - - [M+H-H,0-2CO]* 0.0782 [M+H-H,0-2CO]*  0.0906
77 [M+H-H,0-CO]* 0.1192 - - - -
65 = = [C,HJ]* 0.0247 [C.H,]* 0.0231
53 = = [C,HJ]* 0.0644 [C,H]* 0.0515
51 [C,H,]* 0.0075 = = = =
2 [H,]* 0.0313 - - - -
Note. A “—* entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.
There is a degree of uncertainty surrounding the peak at m/z 109, currently assigned to the ion [M+H-H,0—
COJ*, that appears in some positive spectra for the DHBAs. This species lies 45 u below the nonprotonated
molecular ion (at m/z 154) which may imply the process of decarboxylation or successive losses of OH and
then CO, in which case the species would appear as [M—COOH]*. However, LILBID favors the production of
protonated ions (Khawaja et al., 2022; Klenner et al., 2019), which precedes the loss of water and successive CO
molecules in this instance. Losses of 28 u from DHBA in matrix-based mass spectrometry due to the liberation
of CO molecules are well-established in the literature (Hsu et al., 2014), suggesting that multiple fragmentation
pathways may take place with varying likelihoods of occurrence. Other potentially interfering fragments and
clusters are listed in Tables S1-S3 in Supporting Information S1. It is important to note that patterns of clustering
between water and organics are an identifying feature that can assist in tracking various structural features across
a mass spectrum and elucidating compositions.
5.2. Role of Hydrogen Bonding
In the positive ion mode, the 2,3-DHBA and 2,5-DHBA spectra are almost identical, but there is one key differ-
ence. The lack of intramolecular hydrogen bonding in 2,5-DHBA particularly influences the spectra at low and
intermediate velocities, with a peak at m/z 273 i.e., absent in the 2,3-DHBA spectrum. This peak is assigned to the
Table 4
Organic-Related Features in the Low Velocity Anionic Spectra
Benzoic acid 2,3-DHBA 2,5-DHBA
m/z  Fragment Relative intensity Fragment Relative intensity Fragment Relative intensity
307 - - [2M—H]- 0.0103 [2M—H]- 0.0196
289 = = [2M—-H-H,0]~ 0.0086 [2M—-H-H,0]~ 0.0061
245 = = [2M—H-H,0-CO,]- 0.0149 = =
243 [2M-H]- 0.0071 - - - -
153 - - [M—H]~ 0.1723 [M—H]~ 0.1644
135 - - [M-H-H,0]~ 0.0067 [M-H-H,0]~ 0.0139
121  [M-H]- 0.1311 - - - -
109 - - [M-H-CO,]~ 0.0769 [M-H-CO,]|~ 0.0637
77 [CH- 0.0084 - - - -
Note. A “— entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.
KHAWAIJA ET AL. 13 of 18
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Table 5
Organic-Related Features in the Intermediate Velocity Anionic Mass Spectra

Benzoic acid 2,3-DHBA 2,5-DHBA

m/z Fragment Relative intensity Fragment Relative intensity Fragment Relative intensity

245 - - [2M-H-H,0-CO,]~ 0.0076 - -
153 - - [M—H]~ 0.2815 [M—-H]~ 0.2183
135 - - - - [M—-H-H,0]~ 0.0383
121 [M-H]~- 0.1658 = = = -
109 - - [M—-H-CO,]~ 0.3045 [M—-H-CO,|~ 0.2383
97 - - - - Unidentifiable 0.0074
81 - - [M-H-CO,—-CO]~ 0.0064 [M-H-CO,—-CO]~ 0.0087
77 [CeHs1~ 0.0115 - - - -
65 - - [M—-H-2CO,]~ 0.0073 - -

Note. A “—* entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.

dimer species [2M+H—2H,0]" through consideration of intermolecular and intramolecular bonding. 2,3-DHBA
has a greater number of intramolecular bonds, shown in Figure 9, most notably the additional hydrogen bond
that can occur due to the proximity of the two hydroxyl groups on C, and C;. This additional hydrogen bond is
absent in 2,5-DHBA as the hydroxyl groups are too far apart, rendering any interactions between them negligi-
ble, although the presence of this bond will influence water clustering. In 2,5-DHBA, there is thus an additional
hydrogen bond available for intermolecular interactions. Consequently, 2,5-DHBA may exhibit an affinity for
dimer formation via hydrogen bonding with other molecules during impact ionization, as previously reported by
Okabe and Kyoyama (2001). The low amplitude of this peak may be explained by the necessity of two 2,5-DHBA
molecules being in the correct orientation for dimer formation at any given instant. This likely has a low probabil-
ity of occurrence during impact ionization, hence the low abundance of this fragment. A similar effect is observed
in the low and intermediate velocity negative modes, where the same peaks are present in both 2,3-DHBA and
2,5-DHBA spectra but at lower amplitudes in the latter. At low velocities, the DHBA spectra are almost identical
in the cationic mode—the only differences lie in the acid-water clustering patterns. This is also likely due to the
difference in intermolecular hydrogen bonding interactions between the solute DHBAs and the solvent water
molecules.

The patterns of pure water clustering exhibit the same velocity dependence across all species and ion modes.
In positive ion mode, amplitudes of water clusters peaks in benzoic acid spectrum are relatively higher than in
2,3-DHBA and 2,5-DHBA spectra at lower and intermediate velocities. However, this difference in the amplitudes
of water clusters is significantly pronounced in negative ion mode spectra. This shows that negative ion mode is

Table 6
Organic-Related Features in the High Velocity Anionic Mass Spectra

Benzoic acid 2,3-DHBA 2,5-DHBA

Relative

mlz Fragment Relative intensity Fragment Relative intensity Fragment intensity

109 = - [M—-H-H,0-CO]~ 0.3533
79 _ - - - [M—H-H,0-2CO]-  0.0124
51 — — = - [M—-H-H,0-3CO]~ 0.0121
41 _ - = - [CH,]~ 0.0147
25 _ - = - [C,H]~ 0.0152
0.0128 = = - -

Unidentifiable 0.0105

[M—H-H,0-CO]-  0.1584

11 Unidentifiable
10 - - - -

Note. A “— entry corresponds to an absent peak in the spectrum. “M” denotes the molecular ion.
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Figure 9. The possible acid-water and intramolecular hydrogen bonding

more favorable for pure water clustering for benzoic acids as compared to its
derivative compounds. The organic-water clusters, however, exhibit signifi-
cant differences between benzoic acid and the DHBA spectra. One possible
explanation for this is that the presence of the polar OH group at position 2 on
the benzene ring disrupts the hydrogen bonding that would normally occur
with the carboxyl group. The intramolecular bonding exhibited by 2,3-DHBA
may prevent an additional water molecule from binding with the carboxyl
group as is the case in 2,5-DHBA. Indeed, it may be the case that intramolec-
ular interactions within molecules influence fragmentation patterns and the
types of cleavage which can occur. Figure 9 details the lack of intramolecular
bonding around the OH group at position 5 in 2,5-DHBA and the distance
between the 2-OH and 3-OH groups in 2,3-DHBA may mean that the
hydrogen bonding there is too weak to influence fragmentation. Yamagaki

regimes that may occur in solute (a) 2,3-DHBA, and (b) 2,5-DHBA. The blue et al. (2016) investigated the mechanisms for anion generation of DHBA
dotted lines represent hydrogen bonds. Note the intramolecular hydrogen bond ~ isomers in matrix-assisted laser desorption/ionization (MALDI) and found
in 2,3-DHBA between the hydroxyl groups is absent in 2,5-DHBA. that a singular proton was trapped between the carboxyl and ortho-hydroxyl

group in 2,3-DHBA and 2,5-DHBA. This suggests that hydrogen bonding

is much stronger between the carboxyl and 2-OH group than it is between
hydroxyl groups. Future work should look to investigate the fragmentation patterns of other DHBA isomers such
as 3,4-DHBA and 3,5-DHBA along with other 2,X-DHBAs to characterize the influence of OH proximity to
the -COOH group.

5.3. Implications for Icy Moons

Aqueous benzoic acid often occurs in the form of a salt dissolved in water, most commonly an alkali metal
benzoate. The presence of sodium and potassium within ice grains originating from Enceladus has been
considered evidence for dissolved salts in the ocean (Postberg et al., 2009). As a result, if benzoic acid is
present on ocean worlds, its dominant form may be sodium benzoate. While benzoic acid is generally poorly
soluble in water, the salt form dissolves more readily. At higher temperatures (~330 K), however, benzoic
acid becomes more soluble (Muhammad et al., 2020)—meaning that higher temperature regions of the ocean,
such as hydrothermal systems, may facilitate the dissolution of benzoic acid. Through salt-acid interactions
on its journey through the ocean toward cooler temperatures nearing the surface, conversion to sodium benzo-
ate may take place through interactions with dissolved ionic substances (i.e., Burdock, 2010). It should be
noted, however, that alkali metal salts have been known to modify/suppress organic signatures in mass spectra
(Piwowar et al., 2009). Thus, if benzoic acid is present on Enceladus, its features may be modified in the
presence of alkali metal salts also dissolved in the ocean. Recent work from Schulze et al. (2022) suggests
that solubility and salinity play key roles in the fragmentation pathways of amino acids in ice grains, which
may be extendable to other classes of organics. Future work should repeat these experiments with salt-rich
matrices, representing both type III ice grains from Enceladus and particles sputtered from the salty surface
of Europa.

This work continues to develop the understanding of impact ionization mass spectrometers in future space
missions to icy moons. Other substituent groups should be investigated to verify if intramolecular hydrogen
bonding is indeed an important factor in fragmentation patterns. Amino acids are of particular interest, especially
given the complementary role of chiral asymmetry and structural isomerism (alongside isotopic ratios; Glavin
et al., 2020) as a biosignature and their vital role in biochemistry. For isobaric compounds, those with the same
mass but different molecular structures, it may be challenging to distinguish one from the other from the molec-
ular ion peak alone, provided it is even retained in the impact ionization process. Fragmentation patterns must be
considered in order to infer the molecular structure. SUDA will be capable of detecting amino acids, for instance,
but many amino acids have similar masses, and some are structural isomers of each other (i.e., leucine/isoleucine,
131 u). Therefore, analytical techniques and instrument calibration methods for the discrimination of isobaric and
even isomeric compounds are important for future astrobiology investigations. Further work into the discrimina-
tion of isobaric compounds with LILBID is also recommended as a complementary study—the identification of
fragmentation pathways may be beneficial in elucidating the composition of species in ice grains, particularly to
those missions encountering a wider range of impact velocities. Furthermore, a mass analyzer with a higher mass
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resolution, such as an Orbitrap-based instrument (e.g., Sanderink et al., 2023), would help differentiate between
molecules that appear at the same integer mass in our experiments.

6. Conclusions

We investigated the LILBID mass spectra of benzoic acid and two of its derivatives, 2,3-dihydroxybenzoic acid
and 2,5-dihydroxybenzoic acid to discriminate the composition of single ring aromatic compounds from their
isomeric derivatives, in an effort to simulate their impact ionization mass spectra from a spaceborne instrument.
Three different impact velocities of ice grains in space were simulated by varying the laser and delay time settings
of LILBID, coupled with a mass spectrometer operating in both the positive and negative ion modes.

We conclude that, at all velocities, the DHBA spectra are significantly different from that of benzoic acid, with no
common features between them. It is thus simple to distinguish between the parent and derivative compounds. It
is challenging to decipher the relationship between the parent benzoic acid and its derivatives from LILBID mass
spectra alone due to the lack of common spectral features between them, but additional analytical techniques may
give insights in this regard—i.e., Khawaja et al. (2022), where differences in spectral features can be used in a
complementary way to relate their composition. Between the 2,3-DHBA and 2,5-DHBA spectra, there are fewer
differences at all velocities in the positive mode and at low velocities in the negative mode. The exceptional pres-
ence of a dimer species in the intermediate velocity positive 2,5-DHBA spectrum is explained by consideration
of the intramolecular hydrogen bonding regimes in each compound. We conclude that differences in the position
of the second hydroxyl group in 2,3-dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid only influence frag-
mentation in negative spectra at intermediate and high velocities. There is some affinity for dimer formation in
positive low velocity spectra, although only at low intensities, suggesting that this process is less likely to occur
and may be due to the nature of the solution used in LILBID.

Distinguishing between the parent benzoic acid compound and its disubstituted derivatives is generally straight-
forward given the significant differences between the spectra. In general, it is possible to distinguish between
structural isomers if the possible molecular structures are known. By considering hydrogen bonding regimes, the
affinity for formation of dimer and more complex oligomer species, and the subsequent influence on the spec-
trum, we find that a logical deduction of the isomers is possible. However, for species of unknown composition,
it is difficult to assign spectra to any given isomer. Intermediate impact velocities are low enough to retain simi-
larities in lower mass fragmentation between the different isomers but remain significant enough to exhibit the
key difference in dimer formation. Differences in the spectra between 2,3-DHBA and 2,5-DHBA are generally
enhanced in the anionic mode. For spaceborne impact ionization mass spectra, the identity of the general species
must first be ascertained from rule-based fragmentation pattern analysis and comparison to reference spectra,
after which structural properties of the isomers can be inferred.

Future work should consider methods to further distinguish between isomeric and isobaric compounds—the
expansion of this work to the isomeric derivatives of other molecular classes such as amino acids or indeed other
DHBA isomers is required to further clarify characteristics and rules of mass spectral analysis for future missions
to icy moons. In addition, the different types of ice grains that originate from Enceladus vary in salt and organic
content, so the influence of different concentrations and salinities should also be investigated in the future. Simi-
larly, grains ejected from the surface of Europa are likely to be salt-rich, so matrix or suppression effects may
influence the spectral appearance. Additional work using the LILBID setup at FUB will address this area.

Data Availability Statement

All mass spectral data reported in this work are available at http://dx.doi.org/10.17169/refubium-37960. They
are also available and maintained in the online LILBID database https://lilbid-db.planet.fu-berlin.de/ outlined in
Klenner et al. (2022).
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