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lcy moons in our solar system are targets of interest to search for signs of life and
habitability beyond Earth. They are the astrobiological aim for several developing space
missions (JUICE, Europa Clipper, and Europa Lander). A further understanding of the
processes that force a planetary object to develop a biological system and to develop
habitability conditions could be obtained by adopting a prebiotic chemistry point of view.
In this regard, it is highly interesting to search for organic compounds synthesized from
cyanide since it has been proposed that polymerization of NH;,CN would be applicable
to icy planetary environments. Thus, the effect of water freeze-thaw cycles, UV-radiation
and salts on the polymerization of NH4CN was explored as an approach to understand
the possible organic chemistry of icy worlds. As a result, insoluble and soluble NH;CN
polymers, synthesized under multiple conditions, were analyzed by GC-MS. A diverse set
of amino acids, carboxylic acids, and several N-heterocycles were identified. Glyoxylic
acid was detected under particular reaction conditions, extending the plausible favorable
conditions for the emergence of this molecule, referred to as the “glyoxylate scenario.”
In addition, the GC-MS results were studied by multivariate analysis, showing that the
ice-water interfaces may be ideal places to develop complex organic chemistry from a
carbon source as simple as cyanide.

Keywords: HCN polymers, prebiotic chemistry, GC-MS, astrobiology, water interfaces, ocean worlds

INTRODUCTION

Icy moons in our solar system are some of the places that astrobiologists are studying to search for
signs of life beyond Earth. Several of these moons have subsurface oceans that, combined, contain
many times the volume of liquid water on Earth. The icy moons of the Solar System and their
potential habitability conditions are a target for the scientific community (e.g., Sephton et al., 2018;
Sherwood et al., 2018). Furthermore, they are the astrobiological aim for several space missions
currently being developed: JUICE (Grasset et al., 2013), Europa Clipper (Campagnola et al., 2019),
and Europa Lander (Pappalardo et al., 2013). The processes that cause a planet or a satellite to
develop a biological system and habitability conditions could be further understood by adopting
a prebiotic chemistry point of view. In this regard, it is highly interesting to search for organic
compounds synthesized from HCN because this molecule is considered a key to understanding
the origin of a potential protometabolic system (e.g., Eschenmoser, 2007; Marin-Yaseli et al., 2016;
Sutherland, 2016), and it is ubiquitous in the universe (e.g., Bacchus-Montabonel, 2017; Rannou
and West, 2018), including in terrestrial hydrothermal environments (e.g., Holm and Neubeck,
2009; Huber et al., 2012). The presence of hydrothermal systems on the icy moons of the Solar
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System has been demonstrated (e.g., Sparks et al., 2016, 2017;
Waite et al., 2017), and due to the mechanism of HCN production
(e.g., the review Ruiz-Bermejo et al., 2013b), the presence of HCN
in the subsurface oceans of these icy moons can be assumed.
Additionally, exogenous sources of HCN on these moons may be
considered (Levy et al., 2000). The water HCN polymerization
reactions are efficient means to obtain purine, pyrimidine,
pteridine, amino acid, and carboxylic acid precursors (e.g., Ruiz-
Bermejo et al., 2013b; Marin-Yaseli et al., 2015). However, such
reactions require high concentrations (>0.01 M) of HCN to
overcome the competing hydrolysis processes that lead to the
formation of formate and ammonia. One means to obtain high
concentrations of HCN is eutectic freezing of dilute solutions of
HCN (Sanchez et al., 1966). Thus, since high concentrations of
NH4CN can be obtain by freezing, polymerization of NH4CN
would be applicable to icy planetary environments (Levy et al.,
1999). Additionally, polymerization of HCN (possible at pH 8-
10) may be supported by plausible alkaline conditions in these
kinds of environments (Russell et al., 2017). In addition, the
existence of liquid water plumes with eruptions of CHy4, CO,
NH3, and Hy; simple and complex organic matter on Enceladus
(Waite et al., 2017; Postberg et al., 2018), in addition to the
observed plumes (Brainard, 2018; Jia et al., 2018); and plausible
plate tectonics (Kattenhorn, 2018) on Europa suggest melting
and freezing processes and, subsequently, plausible water freeze-
melt cycles on these icy moons. During the freeze-thaw cycles, the
temperature gradients and changes in the water density induce
pressure and potential gradients along the ice canals and changes
in the water dielectric constant (e.g., West et al., 2007), and the
icy surface presents catalytic properties (Graham and Roberts,
2000). Taking into account all these characteristics of the ices, the
ice-water matrix can be considered a plausible prebiotic reactor
implicated in the production of building blocks for life. In this
sense, it has been shown that the ice-water matrix may have
acted as an efficient environment for the production of organic
prebiotic molecules (Menor-Salvan and Marin-Yaseli, 2012),
monomer condensation (Lui and Orgel, 1998), promotion of the
RNA biogenesis (Monnard et al., 2003), and RNA replication
(Attwater et al., 2010) due to the concentrator effect of the ice
and stabilization of thermolabile compounds.

On the other hand, UV radiation, like HCN, is ubiquitous in
the universe, and thus, it can play an important role in chemical
evolution. Most works focus on prebiotic chemistry using
vacuum UV radiation (10-200 nm) to simulate the conditions
of the ISM. UV radiation using Hg lamps has been considered
in only a few studies that considered the production of organics
from HCN/cyanide as main reactant (Abelson, 1966; Mizutani
et al, 1975; Hartig and Getoff, 1980; Ritson and Sutherland,
2012; Ruiz-Bermejo et al., 2013a). The amount and type of UV
radiation that arrives at a predetermined planetary zone depend
on several factors (the dispersion, transmittance, and albedo of
the environment), and it is an important constraint to take in
consideration in the astro/exobiological exploration of the icy
objects of solar systems (Cessateur et al., 2016). Ice is a highly
dispersive environment and reflects UV radiation; thus, the
presence of an icy layer notably reduces the UV radiation incident
on the liquid water of the ocean, and it has been demonstrated

that sea ice acts as a photochemical microreactor, where 85%
of the reactions are produced in the upper zone of the ice-
water column (King et al., 2005). Thus, in a dual manner, the
freeze matrix might protect bioorganics from photodestruction
and provide an ideal environment for the diversity of organics
synthesized via photochemical reactions (Perovich, 2002). In
addition, it has been proposed that salts could protect amino
acids (McLaren and Shugar, 1964) and nucleobases (Cleaves and
Miller, 1998) from photodegradation by UV radiation. However,
to the best of our knowledge, the effect of salts on an irradiated
freeze matrix has not yet been studied.

Thus, the main goal of this work is to explore the effect
of the water freeze-thaw cycles, UV-radiation and salts on
ammonium cyanide polymerization, as a step-by-step approach
to understand the possible organic chemistry of the icy moons of
the Solar System.

MATERIALS AND METHODS

Synthesis of Cyanide Polymers

Fifty milliliters of NH4CN solution (1M, NaCN + NH4CI in
equimolar amounts) in ultra-pure, degassed water (experiment
3, Table 1) or degassed saline solution (experiment 6, Table 1)
was frozen at —25°C in a sealed and thermostated glass reactor
(Menor-Salvan et al., 2008, 2009; Menor-Salvan and Marin-
Yaseli, 2013) under an inert atmosphere of argon of the maximum
purity available (99.9995%, Praxair SA, Spain). Once the reactor
was filled, freeze-thaw cycles were established by varying the
temperature between —25 and 4°C (2h at —25°C, ramping to
4°C at 0.1°C min~!, and 2 h at 4°C) by using a Haake Phoenix
IT programmable cryostat (Thermo Electron Corporation). The
system was irradiated with UV radiation using a Spectroline
11SC-1 Hg vapor discharge lamp (Menor-Salvan and Marin-
Yaseli, 2013). The irradiation was performed for 72 h. After this
period, the lamp was disconnected, and the reactor was kept
sealed, which then underwent active freeze-thaw cycles for 30
days. Three days of irradiation was adopted to compare with
previous works (Menor-Salvén et al., 2008, 2009; Menor-Salvan
and Marin-Yaseli, 2013). For a detailed scheme of the reactor
please see the supplementary information of Menor-Salvan and
Marin-Yaseli (2013). In the present case Ar was used to fill
the reactor. The system was then allowed to warm to room
temperature. The resultant reaction mixtures were centrifuged
at 12,000 rpm for 10 min and washed with water (4x). The
supernatants and the black pellets (insoluble NH4CN polymers)
were collected and freeze-dried. The freeze-dried supernatants
were fractionated using Nanosep® centrifugal devices (Pall, Life
Sciences) to retain molecules above 3 kDa (soluble NH4CN
polymers). Finally, brown solids (soluble NH4CN polymers) and
black solids (insoluble NH4CN polymers) were obtained. The
dried samples were stored at —80°C under an inert atmosphere
until analysis. The composition of the saline solutions was as
follows: 0.63M NaCl, 0.18 M MgCl,, 0.015M CaCl,, 0.015M
KCl, and 0.02M NaHCOs3. This salty composition was chosen
for comparison with previous results (Marin-Yaseli et al., 2016,
2017, 2018) since the actual composition of the icy oceans of
the Solar System is not yet fully known. Other freeze-thaw cycle
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TABLE 1 | Experimental conditions used to study the effects of ice-water interfaces, UV-radiation and salts on ammonium cyanide polymerization.

Experiment T (°C) Air Salts Interfase UV radiation Final pH Weight IP Conversion Weight SP
(mg) (%) (%)
1 From —25 to 4 + - + 9.6 12.8 1.0 0.5
2 From —25 to 4 - - + 9.9 6 0.5 6
3 From —25to 4 - - + 10.0 28.6 2.2 1
4 From —25to 4 + + + 9.5 20.2 1.6 37
5 From —25to 4 - + + 9.3 3.3 0.3 36
6 From —25to 4 - + + 9.28 7.4 0.6 3
7 4 + - - 9.6 40.5 3.1 75
8 4 - - - 9.5 9 0.7 21
9 4 - - - 9.6 71.9 5.5 20
10 4 + + - 9.5 112 8.6 83
11 4 - + - 9.5 25.5 2.0 2
12 4 - + - 9.2 104.8 8.1 36
13 -25 + - - 9.3 - - -
14 -25 + + - 9.3 - - -

After a reaction time of 30 days, insoluble black polymers were collected by centrifugation (IR, insoluble polymer), and the supernatants were concentrated using centrifugal devices with
a cutoff of 3 kDa (SR, soluble polymer). T(°C) = reaction temperature. Air = presence of atmospheric oxygen (+) or under atmosphere of Ar (<). Salts = using Milli Q water (-) or using a
saline solution (+). Interfaces = freeze-thaw cycles (+) or liquid water (). UV radiation = activation of the system by UV radliation during 3 days (+) or in the absence of radiation. Final
pH = final pH of the crude reactions. Conversion (%) = [(mg IP/initial mg of CN~)*100]. Weight SP (%) = % in weight of the soluble polymer based on the total water-soluble organic

matter obtained in the polymerization process.

experiments (1-2 and 4-5) were performed under the same
conditions without UV radiation activation. Experiments 7-14
were performed using the same reactor in analogous manner but
without freeze-thaw cycles, using the temperatures reported in
Table 1.

Note that a 1M concentration of cyanide is considered a
really high concentration in any plausible prebiotic scenario.
However, in hydrothermal systems a continuous production of
HCN and NH3 can be assumed providing a high disponibility of
these prebiotic reagents (Villafane-Barajas et al., 2020). Herein,
as just a approach to the plausible chemistry of the icy moons
and in order to check the effect of the ice-water interfaces, and
other experimental variables, this apparent high concentration
was choosen with comparative purpose respect our own previous
reports, knowing that this concentration leads to a successful
polymerization of cyanide. The oligomerization/polymerization
of cyanide is always carried out at concentrations >0.01 M,
because if the concentration is minor the hydrolysis will be
dominant against polymerization, while in the eutectic point
this effect is not observed (Ferris et al., 1978). Therefore,
in spite of 1M can seem a high concentration, there are
mechanisms that may secure the right concentration for the
oligomerization/polymerization of cyanide. Other aspect is the
influence of the concentration in the kinetic and pathways of
formation of the cyanide polymers, but this issue is out the scope
of the present paper.

Instrumental Analyses

FT-IR Spectroscopy

Diffuse reflectance spectra were acquired in the spectral region
of 4,000-400 c¢cm™! using an FT-IR spectrometer (Nicolet,
model NEXUS 670) configured with a drift reflectance accessory

(Harrick, model Praying Mantis DRP) mounted inside the
instrument compartment. The spectra were obtained in Csl

pellets, and the spectral resolution was 2 cm™!.

Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS analyses in the full-scan mode were performed using
a 6,850 network GC system coupled to a 5,975 VL MSD with
a triple-axis detector operating in electronic impact (EI) mode
at 70eV (Agilent) using an HP-5MS column (crossbond 5%
diphenyl-95% dimethyl polysiloxane, 30m x 0.25mm id. x
0.25 wm film thickness) and He as the carrier gas.

Analytical Procedure

For the identification of polar organic molecules in the NH4CN
polymers, the following steps were taken. (i) The samples were
hydrolyzed with 6 M HCI at 110°C for 24h and then freeze-
dried to remove water, HCI and any volatile organics. (ii) Two
milligrams of each hydrolyzed sample in 75 pL of BSTFA
with 1% TMCS [N,O-bis(trimethylsilyl)trifluoroacetamide with
trimethylchlorosilane, from Thermo Scientific] was heated at
70°C for 19h to obtain the respective TMS derivatives. (iii)
The derivatized samples were analyzed by GC-MS using the
following GC oven program: 60°C (initial temperature) with
a hold time of 1.5min, heated to 130°C at 5°C/min with a
hold time of 11 min, heated to 180°C at 10°C/min with a hold
time of 10min and heated to 220°C/min at 20°C/min with
a final hold time of 15min. One microliter of each sample
was injected. The temperature of the injector was 275°C, and
the injections were performed in splitless mode. The detector
temperature was 300°C. The flow rate was 1.1 mL/min. As a
rule, the identification of the GC-MS peaks attributed to organic
compounds was verified by comparison with the retention times
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and mass spectra of external standards (purchased from Sigma-
Aldrich and Fluka). The detection limit was about 5-10 ppm
depending on the analyte.

The multiple point external standard method, using standard
solutions from 10 to 100 ppm, was used for the quantification of
glyoxylic acid as it is detailed in Mompedn et al. (2019).

Statistical Analysis: Multivariate Analysis
Three principal component analyses (PCAs) of the relative
proportion of the number of the diverse amino acids, carboxylic
acids, N-heterocycles identified, and the total number of organics
identified in every experiment were performed. They were
separately calculated based on the soluble and insoluble polymer
data and the sets of both polymers for each experiment.
Furthermore, for each case, using the variables (proportion of
amino acids, carboxylic acids, N-heterocycles, and the total
number of organics identified), hierarchical dendrograms based
on the Euclidean squared distance method were calculated. PCA
was performed using the multivariate data analysis software
CANOCO 4.5 (Microcomputer Power, Ithaca, NY, USA) (Braak
and Smilauer, 2002). The program CANODRAW 4.0 (in the
Canoco package) was used for graphical presentation. The
hierarchical dendrograms were obtained using the IBM SPSS
Statistics 23 package.

RESULTS

To study the effect of ice-water interfaces on the ammonium
cyanide polymerization, a set of reactions under different
conditions were performed (Table1). The experiments at 4
and —25°C are control experiments to determine the effect of
the freeze-thaw cycles on the polymerization process. Although
previous works showed effective oligomerization-polymerization
of ammonium cyanide at temperatures below 0°C (Schwartz
et al.,, 1982; Levy et al.,, 1999, 2000; Miyakawa et al., 2002), in
the cases presented here, at —25°C, no reactions were observed,
using a reaction time of 1 month, as confirmed by FT-IR
spectroscopy (data not shown; the rest of the FT-IR spectra are
included in supplementary information section).

Yields of Insoluble and Soluble Polymers

In all experiments listed in Table 1, water-insoluble solids
(insoluble HCN polymers) and brown solutions after the
centrifugation of the reaction crudes were collected. The
water-soluble brown solids obtained after freeze-drying were
concentrated via ultrafiltration by using centrifugal devices with
a cutoff of 3 kDa (soluble HCN polymers). The insoluble HCN
polymers were considered the final product of the reactions,
while the soluble HCN polymers were understood to be
intermediate products in the polymerization process (Marin-
Yaseli et al., 2017).

In the case of the insoluble polymers collected, generally,
the conversion (%) values were greater in the polymerizations
performed at 4°C than in the syntheses using freeze-thaw cycles
(Table 1). Activation of the system by UV-radiation increased
the production of the insoluble polymers compared to the
analogous non-irradiated reactions, as expected (Sanchez et al.,

1967). The effect of the presence of salts in solution during the
polymerization process is clear in the experiment performed at
4°C (experiments 7-12, Table 1). The saline solutions increased
the conversions for the insoluble polymers, as expected (Marin-
Yaseli et al.,, 2018). However, this fact was not observed in
experiments 1-6 (Table 1).

In the case of soluble polymers, as in the case of insoluble
polymers, the freeze-thaw cycles do not favor the polymerization
process (Table 1), obtaining a greater percent of soluble polymers
in the syntheses performed at 4°C, probably due to the kinetic
effect of the temperature (Ferndndez et al., 2018). However,
the effect of UV-radiation was not regular, and it was opposite
that observed in the freeze-thaw experiments in terms of the
insoluble polymers, i.e., the UV-radiation decreased the yields
of soluble polymers, but in the experiments at 4°C, the yield of
soluble polymers was similar or greater compared to the non-
irradiated reactions. In contrast, the presence of salts increased
the production of soluble polymers in most of the experiments
(Table 1).

Therefore, for the insoluble polymers, there is an
anticorrelation between the conversion value and freeze-
thaw cycles, but there is a positive correlation with the presence
of salts in the reaction environment and with the UV radiation.
In contrast, for the soluble polymers, their relative percentage by
weight presented a positive correlation with the presence of salts
and air, a negative correlation with the freeze-thaw cycles and a
negative correlation with the presence of UV radiation.

Thus, it is shown that the behavior of the system for the
production of insoluble NH4CN polymers is different in terms
of the manner of formation of the soluble polymers, taking into
account the same experimental parameters.

GC-MS Analyses

Due to the differences observed in the previous section, the
insoluble and soluble HCN polymers were studied separately, in a
previously reported manner (Marin-Yaseli et al., 2016), to explore
the relationship between the degree of polymerization and/or
cross-linking and the experimental conditions assayed with the
monomeric diversity present in the different samples synthetized.
Thus, the insoluble and soluble NH4CN polymers were analyzed
via GC-MS using BSTFA as a derivatization reagent to obtain
the respective TMS derivatives of polar compounds, such as
amino acids, carboxylic acids and several N-heterocycles. This
derivatization method is not specific for each type of compound
mentioned, but for comparative purposes, it provides an excellent
general overview of polar molecules with biological interest
present in all polymers synthesized. This analytical methodology
allows discrimination among the various synthesis conditions
tested to determine which are the most favorable from the point
of view of the prebiotic production of polar bioorganics (Marin-
Yaseli et al., 2016; Mompedn et al., 2019). Another important
question is the hydrolysis conditions used previous to the GC-
MS analysis. It is well-known that the identification of biorganics
from HCN polymers depends directly on the hydrolysis method
used (e.g., Miyakawa et al., 2002; Marin-Yaseli et al., 2015). In
the present case, acid hydrolysis conditions were used because
they are a standard method for screening for a wide variety of
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polar bioorganics present in complex substances, such as tholins,
HCN polymers and carbonaceous materials present in meteorites
(Miller and Cleaves, 2006; Burton et al., 2012). Figure 1 shows all
of the analytes identified in this work.

GC-MS Analyses of Insoluble NH4CN Polymers

The results of the qualitative GC-MS analyses of the acid-
hydrolyzed insoluble polymers 1-12 are shown in Figure 2.
Only the amino acid glycine (al) was identified in all of the
insoluble polymers synthetized. In contrast, isoserine (a5), 3-
hydroxypropanoic acid (c6), and 8-hydroxyadenine (h14) were
only identified under unique reactions conditions. The carboxylic
acids malic acid (c7), pyruvic acid (c9), and succinic acid (c14),
all of them forming part of the r-TCA cycle, were simultaneously
identified in the insoluble polymers 3, 4, 6, 9, and 12, indicating
that the presence of UV radiation favors the formation of these

relevant compounds needed for the emergence of a plausible
protometabolism (Morowitz et al., 2000). Additionally, the
identification of glyoxylic acid (c8) in insoluble polymers 1 and
6 is interesting. These results extend the experimental conditions
that can lead to the prebiotic production of glyoxylic acid (c8)
(Menor-Salvan and Marin-Yaseli, 2013; Marin-Yaseli et al., 2016;
Mohammed et al., 2017; Mompedn et al, 2019) and may be
interesting for the further development of the “glyoxylic acid
scenario” proposed by Eschenmoser (2007), as will be discussed
later. The yields of glyoxylic acid (c8) for the experiments 1
and 6 were 1.1:107* % (13 mg/L) and 9.5-10~% % (169 mg/L),
respectively. The yields were calculated from the total amount
of the initial carbon input in the system. These yields are
comparable with the previous yields obtained for pteridines
and purines identified in the insoluble NH4CN polymers from
the polymerization of NH4CN using liquid water at 38°C or
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FIGURE 2 | Organic polar compounds identified as their TMS-derivatives by GC-MS in acid-hydrolyzed insoluble NH4CN polymers synthesized under the conditions
indicated in Table 1. (A-C) Correspond to the amino acids, carboxylic acids, and N-heterocycles, respectively, found in insoluble NH;CN polymers synthesized in the
presence of freeze-thaw cycles; (D-F) correspond to amino acids, carboxylic acids, and N-heterocycles, respectively, found in insoluble NH4,CN polymers synthetized
at 4°C. The numbers on the abscissa correspond to the enumeration of analytes shown in Figure 1. The colored bars indicate the presence of a concrete analyte in

using aqueous aerosols (Marin-Yaseli et al., 2015) but lower than
the yield reported for glyoxylic acid synthetized using spark
discharges and alkaline gas-liquid interfases (Mompedn et al.,
2019). Indeed, in the insoluble polymer 6, a great diversity in N-
heterocycles was observed. These results seem to indicate that
polymerization of cyanide in saline water-ice interfaces in the
presence of UV-radiation exhibits favorable conditions for the
emergence of a plausible prebiotic chemistry.

In addition, statistical methods were used for a better
comparison of the analytical results shown in Figure 3. PCA,
performed on these GC-MS analytical results, found that 99%
of the total variance could be explained with three components
(Figure 3A). In this case, for the insoluble polymers, hierarchical
dendrogram revealed three clusters (Figure 3B). The first cluster
corresponds to the insoluble polymers 6, 7, 8, and 11, since
they appear grouped. In the case of the PCA plot, this cluster
is also clear, but insoluble polymer 7 is slightly ungrouped

(Figures 3A,B). In fact, the insoluble polymers 6, 8, and 11
presented the major positive correlation of N-heterocycles, and
all of them were obtained in the absence of air. In the hierarchical
dendrogram, these four samples were grouped because these
insoluble polymers exhibited the highest monomeric diversity
obtained, but the N-heterocycles efficiency in insoluble polymer
7 was lower, in strong agreement with the proposal made
by Ferris and Edelson (1978) about oligomerization of HCN.
The second cluster grouped insoluble polymers 3, 9, and 4.
This cluster is not as clear in the PCA plot. The third cluster
grouped insoluble polymers 1, 2, 10, and 12. In this case,
the PCA analysis (Figure 3A) and the hierarchical dendrogram
(Figure 3B) revealed same grouping, where insoluble polymers 1
and 2 and 10 and 12 were more similar to each other. These four
polymers exhibited negative correlations with the total number
of organics identified (Figure 3A). It is especially remarkable
that both insoluble polymers 1 and 2 were synthesized using
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a water-ice interface without salts and UV radiation. It is
interesting that the final pH in both experiments was low.
Insoluble polymer 5 was ungrouped in both analyses (Figure 3),
showing clearly that it was the polymer that leads to the lowest
number of organics identified.

GC-MS Analyses of Soluble NH4CN Polymers

The GC-MS analytical results for the soluble polymers were
studied in the same manner as the insoluble polymers,
as discussed above. Oxalic acid (c12) was identified in all
soluble polymers identified, while 2-aminobutyric acid (a7), 2,2-
dihydroxyacetic acid (c2), ketoisovaleric acid (c10), alloxanoic
acid (h3), uracil (h4), and leucopterine (h18) were identified
in only soluble polymers synthesized under particular reaction
conditions (Figure 4). Note that some compounds identified in
the soluble polymer series were not identified in the insoluble
polymers series, and vice versa. In this case, the carboxylic acids
malic acid (¢7), pyruvic acid (c9), and succinic acid (c14) were
simultaneously identified in the soluble polymers 1, 3, 7, and 8.
No significant relationship between the experimental conditions
used and the identification of these carboxylic acids was found.
On the other hand, for the soluble polymers synthesized in the
presence of freeze-thaw cycles, the negative influence of the
presence of salts and oxygen during the polymerization process
on the identification of N-heterocycles in the acid-hydrolyzed
residues (Figure 4E), in agreement with previous results (Marin-
Yaseli et al., 2017), is notable.

For the soluble polymers, PCA (Figure 5A), in addition to
the hierarchical dendrogram (Figure 5B), showed two major
clusters among the experiments. One cluster contained the
soluble polymers 4, 5, 6, 9, and 12. Furthermore, the PCA
plot showed a negative correlation between these experiments

and the monomeric diversity found (total number of individual
organics identified by GC-MS in each sample) for these soluble
polymers, indicating that they were the soluble polymers with
fewer amino acids, carboxylic acids and N-heterocycles identified
(Figure 5A). In this cluster, soluble polymers 4, 5, and 12
were strongly grouped, and nearby is the soluble polymer 6
(Figure 5A). The factor common to all these was the use of saline
solution. The second cluster grouped experiments 3, 7, 8, 10,
and 11, with experiments 3 and 7 being more strongly grouped.
These two experiments exhibited positive correlations with the
total number of organics identified, especially with carboxylic
acids and N-heterocycles (Figure 5A). The factor common
to both experiments was that they were performed without
saline solutions. Soluble polymers 1 and 2 were ungrouped in
both analyses (Figure5). It is interesting to note the strong
correlations between soluble polymer 2 and the N-heterocycles
and the total number of organics identified in this polymer. This
experiment was performed in the absence of saline solution.
Therefore, if the analytical results for soluble polymers are
considered, the most favorable conditions to obtain greater
monomeric diversity are a water-ice scenario free of salts in the
presence of UV radiation.

In summary, considering the results shown in Figures 3A,
5A, the experimental conditions of control experiments 7 and 8
lead to greater monomeric diversity. However, the presence of
water-ice interfaces and UV radiation (experimental conditions
3 and 6) seems to provide the most favorable conditions for the
production of carboxylic acids implicated in the r-TCA cycle and
for the production of several N-heterocycles, with the role of
saline solutions being truly ambiguous. Thus, a joint study of the
organics identified from soluble and insoluble polymers is needed
to obtain a good overview of the conditions that lead to greater
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monomeric diversity as a result of cyanide polymerization under
plausible planetary conditions.

Global Analysis of the Monomeric Diversity of NH4CN
Polymers With Respect to the Experimental Synthetic
Conditions

Because the global interpretation of the analytical results
discussed above is difficult due to the different correlations
found between the monomeric diversity and the experimental
conditions for the insoluble and soluble polymers, additional
statistical analyses were performed. In this case, for each of
the 12 experimental conditions studied, the set of organics
identified in the soluble polymer and the organics identified in
the insoluble polymers were considered. The total data from PCA
(Figure 6) and the hierarchical dendrogram revealed two major
clusters among the experiments, including one heterogeneous
cluster containing experiments 1, 4, 6, 9, 10, 11, and 12,

which exhibited a negative correlation with the total number
of organics obtained (which is not very clear in experiments
6 and 11). It is interesting to note that experiments 10 and
12 yielded the lower total number of organics identified. Both
experiments were performed in the presence of saline solutions
at 4°C, and the resulting crude reactions yielded higher final
pH values. The second cluster strongly grouped experiments 2,
3, 7, and 8. All of them showed positive correlations with the
total number of organics identified (Figure 6A). The common
factor between all these was the absence of saline solutions.
Therefore, it is now clear that the presence of saline solutions, as
here used, is not favorable to identify polar organic compounds
from the polymerization of cyanide, although it increases the
global yield of NH4CN polymers. This lack of a clear role
of salts was also reported previously by Cleaves et al. (2006)
in the context of cyanoacetylene polymerization in eutectic
solutions. On the other hand, experiment 5 was ungrouped
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in both analyses (Figure6), clearly showing that it was the
experiment with the lowest number of organics identified. It
is interesting to note that three PCA plots (Figures 3A, 5A,
6A) indicated that experiment 5 was, in all cases, the most
inefficient. In contrast, when experiment 5 was modified to

include irradiation (experiment 6), the number of organics
identified was notably greater, and experiment 3 presented one
of the greatest amounts of monomeric diversity observed in
this work. However, experiments 9 and 12, which also included
UV radiation, presented a low diversity of organics (Figure 6A),
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FIGURE 7 | Comparison of the experimental conditions against analytes found by GC-MS for the particular case of the experiments performed in the presence of
water-ice interfaces. Note that in each step, a new variable is added. The analytes represented correspond to those identified in both the insoluble and soluble
polymers.

indicating that water-ice interfaces play an important role
of protecting against photodestruction and/or provide better
conditions for prebiotic chemistry than only liquid water, when
cyanide is used as the main reactant, in agreement with the
proposal indicated in the introduction section.

To understand the plausible complex organic chemistry of
icy systems, these results are truly interesting. Experiments 2

and 3 yielded the greatest monomeric diversity, after the control
experiment 7, indicating that water-ice interfaces can serve as
suitable chemical reactors in a planetary scenario. Focusing
on a more exhaustive analysis of these interfacial experiments,
Figure 7 shows in detail the variation in the monomeric diversity
present in NH4CN polymers when a new experimental condition
is added in each step. Thus, it is easy to see that the presence
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of UV radiation does not favor the production of amino acids
but increases the diversity in carboxylic acids and provides the
identification of pyrimidines. These results will be discussed later.

DISCUSSION

In most of the previous works reported in the bibliography
that performed chromatography analysis of HCN polymers,
only the soluble or insoluble fractions of the total material
obtained were analyzed (Ruiz-Bermejo et al., 2013b). Here,
it is shown that for a qualitative analysis of the monomeric
diversity present in NH4CN polymers, it is necessary to explore
both the insoluble and soluble polymers because otherwise,
important information would be missed. As was observed above,
the statistical results are strongly dependent on the part of
the NH4CN system analyzed. Therefore, for a comprehensive
understanding of the organic complex samples prepared in the
lab, as simulations of planetary environments, a first fractionation
of the crude reactions is required to obtain better analytical
results by chromatographic techniques (e.g., Miyakawa et al.,
2002; Marin-Yaseli et al., 2016) using those methods that enable
identification of a greater number of analytes in one step. Then,
it is necessary to consider the analytical results as a whole for
each sample previously subfractionated. In addition, the GC-
MS results presented herein represent plausible icy planetary
conditions, with this technique being the most widely used
analytical method for in situ investigation of organic molecules in
space environments; as recently demonstrated, it can be applied
to study the space environment of Jupiter’s icy moons (Freissinet
et al,, 2016). Thus, the present analytical results may aid in
understanding the possible organic chemistry on the icy moons
of the Solar System.

To the best of our knowledge, there are few works that
explore polymerization of NH4CN below 0°C (Schwartz et al.,
1982; Levy et al, 1999, 2000; Miyakawa et al, 2002), and
they are generally focused on identification of purines and
pyrimidines. Schwartz et al. (1982) described the production
of adenine, Levy et al. (1999) discussed the formation of the
adenine and guanine, and Miyakawa et al. (2002) identified
a set of eleven purines and pyrimidines, the yields of which
are dependent on the hydrolysis conditions. Only Levy et al.
(2000) jointly described the formation of amino acids and
purines. Here, it is shown for the first time that it is possible to
obtain amino acids, hydroxy acids, carboxylic acids, hydantoins,
pyrimidines, triazines, purines, and pteridines using NH4CN
and water-ice interfaces even in the presence of UV radiation.
It is certain that a suitable and comprehensive comparison
between the results reported here, the results of the commented
previous works and the unique effect of the icy matrix is not
possible since, on one hand, our control experiments using a
reaction time of 1 month using only icy water did not lead to
positive polymerization reactions, and in previous works, longer
reaction times were used to test the concentrator effect of the
eutectic point (from 2 months to 27 years), since it was proved
that cyanide oligomers production takes place in preference
to hydrolysis when 0.01 M solutions of cyanide are cooled to

—23.4°C (Sanchez et al,, 1966). On the other hand, there is a
bias in the previous chromatographic analyses reported in the
bibliography. However, in any case, herein, it is demonstrated
that water-ice interfaces provide suitable niches for the prebiotic
formation of organics of biological interest even in the presence
of UV radiation when NH4CN is used as the main reactant.
In addition, it is necessary to note that the presence of UV-
vis radiation would favor the formation of radicals during the
periods in which the system is in the liquid phase and therefore,
the formation of some organic molecules, as previously indicated.
During the formation of the ice-liquid water interfaces or at
times when only ice is present, these icy layers would protect
the organic molecules from photodestruction, because the ice
does not let UV penetrate significantly beyond 200 nm (Cruz-
Diaz et al, 2014). Therefore, we would only see a beneficial
effect of UV-vis radiation in relation to the production of organic
molecules, from cyanide, in the presence of freeze-thaw cycles
because the effects of photoproduction prevail in the presence of
liquid water, and the effects of UV-vis radiation only be evident
in the first 200 nm of the frozen layer. Thus, the effect of the UV
radiation only would be effective in the surface of the icy moons.
However, one might establish a transport of in/organic materials
between the liquid subsurface and the frozen surface owing to the
presence of the plumes observed on Enceladus and potentially
on Europa (e.g., Hansen et al., 2020; Ingersoll et al., 2020; Pasek,
2020; Quick and Hedman, 2020). In this way, one chemistry
might be observed in the water-ice interfaces of the subsurfaces
and the other one in the water-ice interfaces of the frost layer
of the surface. In both cases, the presence of water-ice interfaces
would create a richer diversity in polar organic compounds than
only liquid water.

Amino Acids

The pathway of production of amino acids from NH4CN is
not yet well-established. However, it has been proposed that the
trimer of HCN or its tetramer, aminomalononitrile (AMN), and
diaminomaleonitrile (DAMN), respectively, might be involved
in the synthesis. Studies regarding the formation of amino acids
from AMN and DAMN were conducted by Sanchez et al. (1966,
1967), and Moser et al. (1968a,b) showed that DAMN formation
is accelerated by lowering the temperature from 25 to —22°C
when diluted solutions of HCN were used. The greater diversity
in amino acids observed in the NH4CN polymers observed in
experiments 2 and 4, in which water-ice interfaces were used, is
in agreement with these previous results. The lower temperatures
favored the initial formation of DAMN since the eutectic phase
of an aqueous HCN solution, which occurs at —23.4°C, contains
74.5% HCN (25M), and the cyanide concentration is so much
greater that oligomer formation proceeds at an appreciable rate
(Sanchez et al., 1966) and therefore might improve the formation
and diversity of amino acids in these two experiments.

In a pioneering work, Abelson (1966) showed the production
of glycine, alanine, aspartic acid and serine using diluted
solutions of HCN at pH 8-9, UV (254 nm) radiation and working
at room temperature. The relative yields of the amino acids
depended on the time of irradiation. With short irradiation
times, the yields were low, and glycine was prominent. With
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longer times, the yields were better, and larger amino acids
were more prominent. At very long times, the yields decreased.
However, these times of irradiation were not detailed. In the
present case, the diversity in amino acids found in experiments
2 and 3 and were lower than those found in experiments 4
through 6, indicating that 3 days is a long time for irradiation
and that our results are in agreement with those reported by
Abelson (1966).

Independently on the pathway of formation, the identification
of amino acids from cyanide polymerization under different
plausible prebiotic conditions is astrobiologically relevant since
the finding of extraterrestrial biosignatures is a no trivial issue.
Thus, it has been discussed that if amino acids are detected
at Enceladus, Europa, or other hydro thermally active ocean
worlds, they should have been formed recently due to an
active production within the ocean (Truong et al, 2019) and
the discrination in space mission between abiotic and biotic
amino acids demands the development of sensible and specific
analytical tools (Klenner et al., 2020). The detection of amino
acids under simulated extraterrestrial conditions can help to tune
up these techniques.

Carboxylic Acids

The preferential formation of carboxylic acids from NH4CN
when UV radiation and water-ice interfaces are present
(experiment 3) is in agreement with previously reported results
that showed that water-ice interfaces subject to UVC radiation
are a source of reactive oxygenated compounds, which favors the
syntheses of carboxylic acids (Menor-Salvan and Marin-Yaseli,
2013). The identification of those from NH4CN polymerization
is very interesting from the perspective of the emergence of a
primordial metabolism. Specifically, it is known that glyoxylic
acid (c8) can be directly produced from hydroxyl radicals
attacking glycolic acid (cl) (Eugene et al, 2016). Herein, it
is shown that glyoxylic acid (c8) was found in the irradiated
experiment 6, in which glycolic acid (c1) was also identified.
Eschenmoser suggested a relationship between HCN and the
constituents of the rTCA cycle (Eschenmoser, 2007), known
as the “glyoxylate scenario,” wherein glyoxylate and its formal
dimer, dihydroxyfumarate, were proposed to be the central
starting materials of a chemical constitution of a possible
primordial metabolism. Verification of the “glyoxylate scenario”
implicates the experimental revision of the HCN chemistry
(Eschenmoser, 2007). In this sense, aqueous, air-water (Marin-
Yaseli et al., 2016), or water-ice interfaces favor the production of
glyoxylic acid when free radical are formed during the NH4CN
polymerizations. On the other hand, glyoxylic acid (c8) was
also identified in experiment 1, in which UV radiation was not
used. In this case, the production of glyoxylic acid (c8) may
be explained from the hydrolysis of the dimer of the cyanide,
HN=C-CN, in the water-ice interfase (Eschenmoser, 2007). The
yields calculated for glyoxylic acid for the experiments 1 and
6 seems to indicate that the pathway through radicals is more
favorable for the production of glyoxylic acid. Indeed, a large
variety of dicarboxylic and tricarboxylic acids were identified as
radiolytic products from cyanide solutions, being produced by
free-radical-initiated chemical reactions (Negron-Mendoza et al.,

1983). All these results bring to light the role of the radicals in the
generation of carboxylic acids from cyanide.

N-heterocycles

In general, the N-heterocycles identified in this work are the
same as those reported from the polymerization of cyanide in the
presence of aqueous aerosol or using liquid water at 38°C by GC-
MS analyses using the same analytical procedure herein indicated
(Marin-Yaseli et al., 2016). This fact shows the robustness of
NH4CN polymerization to produce N-heterocycles, although
some of them can be identified only under particular synthesis
conditions. By the contrary, the diversity in amino acids seems
to have a greater dependence on the experimental synthetic
conditions, being higher in diversity, and yield in those cases
where higher temperatures were used (Levy et al., 2000; Marin-
Yaseli et al., 2016).

Experiments 2, 3, 7, and 8 present the greatest diversity
in N-heterocycles (Figure7). Again, as in the case of the
amino acids, the presence of water-ice interfaces improves the
diversity in N-heterocycles. This fact can be due to DAMN
and its preference production when the temperature is down
to eutectic point, as one can see above. DAMN has been
proposed to be the main precursor implicated in the formation
of pyrimidines and purines from cyanide oligomerization (e.g.,
Ruiz-Bermejo et al., 2013b and internal references) and AMN
and DAMN have also been suggested are main intermediates in
a hypothetical pathway for the production of pteridines from
HCN (Marin-Yaseli et al., 2015). It is notably, that the UV
radiation increases the diversity in pyrimidines (experiment 3)
although in this case, uracil (h4) was not identified, as it was
expected. Ferris and Joshi (1979) synthesized uracil (h4) from
the UV radiation of orotic acid solutions by a decarboxylation
process. From this point, Miyakawa et al. (2002) suggested
that the yield of uracil from HCN could be much higher if
the NH4CN polymers were exposed to UV light. In any case,
the polymerization of cyanide is a not-fully resolved problem
(e.g., Nandi et al., 2018) and for extension the pathway of its
hydrolyzed products.

POTENTIAL ORGANIC CHEMISTRY IN ICY
OCEAN WORLDS

Icy environments, in particular water-ice interfaces, might be
ideal places to develop a complex organic chemistry from a
carbon source as simple as cyanide. In addition, this organic
chemistry at interfaces is extendable to other simple carbon
compounds that are likely also present on the icy moons
of the Solar System, such as CHy, urea and acetylene. In
the presence of water-ice interfaces, the activation of reduced
atmospheres based on CHy leads to the production of PAHs
when pure water is used (Menor-Salvan et al., 2008) in addition
to a set of triazines, pyrimidines and purines when urea is
present in solution (Menor-Salvan et al, 2009). Moreover,
UV irradiation of an acetylene-based atmosphere and urea
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solutions yields hidantoins, pyrimidines, and purines (Menor-
Salvan and Marin-Yaseli, 2013). Therefore, it seems possible to
find a rich organic chemistry in icy worlds and hence favorable
habitability conditions for these planetary environments of
our Solar System. Russell and coworkers suggested that the
conditions for abiogenesis are/were met in any of the oceanic
icy moons (Camprubi et al., 2019). By the contrary, Damer and
Deamer (2020) indicated that these environments of the Solar
System have not the capacity for life to begin. In any case,
beyond of the very ambitious goals of the hypotheses about
the origin of life, herein it is just showed that a potential wide
organic chemistry can be produced from very simple carbon
sources where the ice-liquid water interfases play an active
role. Thus, more comprehensive and systematic synthetic studies
are needed, considering other temperature ranges below 0°C,
pressures, doses of radiation, concentrations of reactants and
the presence of sulfates (due to the emplacement of endogenic
sulfates on Europas surface, Fox-Powell et al, 2019), that
simulate the subsurface water oceans in liquid-solid equilibrium
to design the best chromatography tools and finest analytical
methods for space exploration with the objective of collecting
suitable data about the possible habitability of a particular
icy environment. On the other hand, interpolation of the
data about the plausible organics found in these icy places
together with the statistical studies performed via simulation
experiments could help to interpret and understand the planetary
conditions under which this plausible organic chemistry has
been produced.
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