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Abstract

Using laboratory experiments, we investigate the role of photo and thermal degradation in
the possible complexification mechanisms of organic matter that may originate from
interstellar ices prior to, or during the formation of the Solar System. We perform High
Resolution Orbitrap Mass Spectrometry on organic residues formed from the photo- and
thermochemical alterations of Interstellar Medium (ISM) dirty ice laboratory analogues. We
probe, at the molecular level, the possible effects within the protosolar nebula on the
composition and structure of these organic refractory materials obtained from an initial ice
composition representative of astrophysical ices. We show that nitrogen incorporation, by
competing with the carbon, has a strong influence on the final composition of the residue.
NHs rich ices lead to a group of unsaturated molecules in the final residue, while H,O rich ices
lead to saturated ones. Finally, we observe and discuss the strong effect of UV irradiation on
the decarboxylation on organic matter and discuss potential implications of this result for the

protosolar nebula.
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1. Introduction

The organic content of the solar system small bodies such as comets, asteroids or meteorites
found on Earth, has been an ongoing field of study for decades. One of the interest of such
study is that the organic matter content of these bodies can be used as a tracer to unveil their
history. Such organic matter can be, at least partially, inherited from the organic matter
formed in the interstellar medium (ISM) prior to the protosolar nebula (PSN) formation. In this
regard, understanding the chemistry occurring during the photo and thermal processing of
astrophysical ices is a key aspect to apprehend the primitive organic contents of the small

bodies and the history of the solar system.

Ices are observed in a wide range of objects, from dense molecular clouds (Boogert et al.,
2008) to comets/asteroids or icy satellites of giant planets such as Europa or Enceladus (Clark
et al., 2013). The ice organic content can be obtained by their in situ analysis (e.g. Goesmann
et al,, 2015), infrared remote sensing (e.g. De Sanctis et al., 2017) or inferred from molecules
detected in the gas phase of objects (e.g. Meech and Svoren, 2004). However, such
information remains sparse, difficult to obtain and with limited knowledge of the alteration
processes (aqueous, thermal or by irradiation) undergone by the organic matter analyzed. In
contrast, the soluble organic matter (SOM) in meteorites has been extensively studied and
displays a wide variety of organic matter, such as hydroxy and amino acids, sugar derivatives
and hydrocarbons (Burton et al., 2014; Callahan et al., 2014; Cooper et al., 2001; Cronin and

Moore, 1971; Martins et al., 2015; Pizzarello and Shock, 2010a).

For a few decades, laboratory simulations have been developed to bridge the gap between
the organic matter observed in astrophysical ices and the one observed in meteorites. In this

work, we use such an experimental approach to investigate the chemistry of organic
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molecules that could be (trans-) formed from interstellar ices in the PSN and later

incorporated in the meteorites parent bodies.

Laboratory ice processing has been shown to form refractory organic residues — also called
yellow stuff - if reduced carbon such as methanol or methane is present, in addition to H,O
and NHs, in the initial ice (Bernstein et al., 1995; Briggs et al., 1992). A wide molecular diversity
was inferred in these residues by infrared analyses (Mufioz Caro and Schutte, 2003). Bernstein
et al., (1995) showed that infrared bands relative to nitrogen functional groups increase when
the quantity of NHsz increases in the ice, while increasing H,0 in the initial ice results in residues
presenting similar signatures to the ones of residues formed from NHjs rich ices (Henderson
and Gudipati, 2015; Nuevo et al., 2011). The formation of such organic residue is also of high
interest for astrobiology, in particular de Marcellus et al., (2015) and Meinert et al., (2016)
reported the formation aldehyde and sugars such as ribose and other related sugars in the

residue.

A direct snapshot of the residue molecular diversity was obtained by high resolution mass
spectrometry (HRMS) (Danger et al., 2013) where thousands of molecules presenting masses
up to several thousands of Da were detected. Previous work from our group showed that
residues are formed with two distinctive distributions for the organic matter, one enriched in
nitrogen, with an average nitrogen to carbon ratio of 1.3, and another one presenting

molecules predominantly with a carbon skeleton (Fresneau et al. 2017).

In this contribution, we analyze the molecular content using HRMS and infrared spectroscopy
of organic residues formed through the irradiation and warming of several types of

H,0:CH30H:NHj3 ices. We mainly focus on the chemistry of ammonia and on the rapid decay
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of carboxyls functions under UV irradiation in the protosolar ice, in apparent contradiction

with the large amount of carboxyls found in meteorites.

2. Materials and Methods

2.1. Sample Synthesis

In this work we investigate the processing of ice layers, analogs to organic rich protosolar
grains, into organic residues under photo and thermal alterations. The experimental setup
used to produce these laboratory analogs has been described in detail in Nuevo et al., 2007.
The samples analyzed for the present work were the ones used by Fresneau et al. 2017 to
investigate the relationship between cometary materials and interstellar ices at a
macromolecular level. The main characteristics of the setup and of the samples are recalled
here. To produce the analogs, water, ammonia and methanol were mixed in a stainless-steel
line before injection into the deposition chamber. The H,0 was purified with a Millipore Direct
Q5 system. The high purity CH30H (99.9%) and NH3(99.98%) were purchased from Aldrich and
Messer, respectively. To investigate the effect of the original ice composition on the molecular
complexification of the organics in the sample, different ratios of water ammonia and
methanol were used for this study and are given in Table 1. To form the analog samples, ices
were deposited under vacuum (107 Pa) on a MgF2 substrate cryogenically cooled down to 77K.
The ices were irradiated with VUV photons (principally Ly-a, at 121.5 nm) simultaneously to
its deposition on the substrate using a hydrogen discharge lamp emitting 2 x 10 photons.cm"
2,51, This rate corresponds to an average of 2 Lya photons interacting with each deposited
molecule during the sample production. The photon-molecule interaction occurs
predominantly in the bulk ice and not before the molecules condensation. The ice deposition

and irradiation processes were performed for 48h, after which the deposition and irradiation
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were stopped and the MgF, substrate slowly warmed up to room temperature at 1.7 x 10’3
K.s'using a thermal regulator (335 Temperature Controller from LakeShore) on the cryogenic
head. The sample was monitored during its formation using a FT-IR spectrometer attached to
the deposition chamber. The mid-infrared spectra (4000-1000 cm™, sum of 500 scans and a
resolution of 2 cm™) were used to ensure the proper deposition rate and composition of the
ice, as well as to give information about the organic residue composition left on the substrate
after the ice warm-up (de Marcellus et al., 2017). These residues obtained in the laboratory
are considered analogs of the organic residues formed by the processing of icy mantles on
interstellar grains during the solar system formation. To investigate the effect of UV dose
received by the organic residue during its lifetime inside proto-planetary disks, three samples
were additionally over-irradiated at room temperature during 48 hours without further
deposition and after their warm-up to room temperature and 10 Pa, considerably increasing
the irradiation dose imparted per bond to around 10keV (de Marcellus et al, 2017). After their
synthesis, all samples were retrieved under inert atmosphere (Argon) sample holders to
prevent contamination. Given the extremely low amount of material formed during these
experiments, a quantitative production yield was not determined. However, we can
gualitatively assess the production rates relatively to each other by comparing their
absorbance spectra, as described in Fresneau et al. 2017. Using this approach, the sample
with the highest production yield was the H,0:CH30H:NH3 3:1:1 sample, followed by the NH3-
poor ices 10:1:1 and 3:1:0.2 which have similar residue production yield. However, the NH3-
rich ice 3:1:5 is by far the one yielding the less organic residue as discussed in Fresneau et al.

2017.

Table 1: List of samples and their production parameter used for this study. Molecules are

considered detected in the samples only if they are present in all replicates.

6



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

H,0:CHsOH:NHj; ratio Over-Irradiation of the sample Number of replicates

3:1:1 = 3
3:1:1 48 hrs 3
3:1:5 - 2
3:1:0.2 - 3
10:1:1 - 3

2.2. Sample Analysis and data treatment

2.2.1. Orbitrap High resolution mass spectrometry

To access their molecular composition, samples were analyzed through high-resolution mass
spectrometry (HRMS) using an LTQ Orbitrap XL. Residues were dissolved in 250 uL of ultrapure
methanol. All residues were totally soluble in methanol except the over-irradiated ones that
contained a non-soluble fraction (Fresneau et al. 2017, de Marcellus et al. 2017). Note that
only the soluble fraction of these residues in methanol can be analyzed by HRMS with ESI
ionization. The exact solubilization protocol can be found in Fresneau et al. 2017. The
instrument was equipped with an electrospray ionization source (ESI). Instrument parameters
used were: syringe flow rate: 3 uL.min!; needle voltage: 3.7 kV; capillary temperature: 275°C;
tube lens voltage: respectively -131 V and +90 V for the negative and positive ionization
modes; resolution was set at 100,000 at m/z 400; actual resolution was of 120 000 at m/z 200
and reached 220 000 at m/z 400; the mass acquisition range: m/z 200-400. The instrument

was externally calibrated using a mix of caffeine, MRFA peptides and Ultramark.

2.2.2. Data processing
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The data were acquired with the XCalibur software and then post-calibrated and processed
through Attributor, and in-house software developed at IPAG specifically for the processing

and interpretation of high-resolution mass spectrometry data.

In order to avoid mis-attribution of peaks and discussing non relevant signal, we chose to be
extremely conservative in the attribution of the peaks. We thus keep peaks for which we had
a completely unambiguous attribution. This lead to discard peaks for which an isobaric
ambiguity may have existed and peaks for which the signal-to-noise ratio (i.e. number of ions
in the cell) was low enough to affect the mass accuracy of the Orbitrap. This lead us to a sharp
decrease between the number of detected peaks and the number of attributed ones. For
example, for the 3:1:1 sample, there was ~35000 detected peaks, most of them having a very
low signal to noise ratio (S/N<3); amongst the detected peaks, 1168 were at sufficient S/N
ratio and resolution to limit low ion counts and isobaric effects and were successfully and
unambiguously attributed to a molecular formula. We did not detect any significant variation
in the ratio of attributed peaks versus detected peaks with the samples studied. All samples
were treated following exactly the same data treatment to ensure no bias would be

introduced.

2.2.3. Modified van Krevelen Diagrams

van Krevelen diagrams were originally introduced in the 50’s for petroleomics and present a
scatter plot of the oxygen to carbon ratio versus hydrogen to carbon ratio of the sample
elementary composition (van Krevelen, 1950). This visualization is especially adapted to
investigate structural changes in complex samples such as petroleum (Kim et al., 2003; Wu et
al., 2004) and has been adapted in so-called ‘modified van Krevelen’ for the study of planetary

interest constituted of several thousands of molecules of unknown composition (Danger et
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al., 2016; Gautier et al., 2014; Pernot et al., 2010; Ruf et al., 2017; Somogyi et al., 2012). It
should be underlined here that although van Krevelen or modified van Krevelen diagrams
present visible linear alignments of structures, these alignments cannot be directly linked to
the structure of the material but simply reflect the intrinsic order of the C, H, N and O

compositional space (Hertkorn et al., 2008).

2.2.4. Ternary space diagrams

van Krevelen diagrams allow for the discrimination of samples along two dimensions of the
parameter space. This can limit the separation of samples presenting little divergence, in
which case a representation using three dimensions could be necessary. A step forward was
made using the m/z of the molecules as third dimension in 3D van Krevelen Diagrams (Wu et
al., 2004, Pernot et al. 2010, Gautier et al. 2014, Danger et al. 2016) but these 3D diagrams
demonstrated to be impractical to use as they require a user-defined orientation, which

introduces a bias in the representation.

We introduce here a visualization for complex organic matter using a mix of modified van
Krevelen diagrams and ternary space representations. These ternary space representations
were introduced in the 18™ century for the study of color mixing (Newton, 1704) and are now
commonly used in Geology, Chemistry and Material Sciences (Howarth, 1996). This
visualization can be defined as follows: each of the molecules present in the sample is located
in a three-parameter triangular space with non-orthogonal axes. In this work we chose each
axis to respectively bear information about the oxygen, carbon and nitrogen content, of the
molecules. This means that the representation presented here focuses on the large scale
structure of the macromolecules and does not bear information about the hydrogen content

or the double bond equivalent of the molecules. Should such information be needed, a way
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to mitigate this issue would be to use Hydrogen content as axis instead of carbon, nitrogen or

oxygen.

The position of a given molecule in the diagram can be defined so that its projection on each

axis relatively to an atom a (with a = C, N or O) is be equal to An example of this

C+N+0’

representation is given in Figure 1.

W HCON
0.00, , o ® CH30H
' & CH4N20
A CcO2
0.25
K 3
3
(]
oy =
g 0 e 0.50 ‘E:Qr
& 1z
0.75 0.25

1.00
> : T e s . }-0.00
0.00 0.25 0.50 0.75 1.00
Normalized C

Figure 1 : Example of ternary space molecular diagram and the position of four molecules in this
diagram. The black square shows the position of a molecule of composition HCON, the blue circle a
molecule of CH3;0H, the red triangle would be CO; and the purple diamond a molecule of formula
CH4N,0. The colored dashed lines are the projection of each point on the three axes to facilitate the
interpretation of the diagram.

The black square shows the position of a molecule of composition HCON which has an equal
number of carbon, nitrogen and oxygen atoms, each axis thus has a 1/3 weight in the position
of the molecule. The blue circle shows the position of methanol (CH3OH, or also CO,

formaldehyde H,CO or acetic acid CH3COOH) where O and C are equals. The red triangle shows

10
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the position of CO; and the purple diamond would be the location of a molecule with raw
formulae CH4NO. Since this visualization requires the normalization of the molecular ratios
to the sum of C+N+O atoms, the position of a point on an axis should not be read as the

molecular composition of this molecule.
2.2.5. Structural markers

The formulas of organic molecules, available thanks to the use of high-resolution mass
spectrometry, can be used to infer structural information about the molecules detected in the
samples. A structural marker extensively used in the literature is the Double Bond Equivalent

(DBE), which gives information regarding the unsaturation (double bonds and cycles) borne
by a molecule in its structure. The DBE is calculated as follows: DBE = % (2C—H+N)+1

where C, H and N represent respectively the number of carbon, hydrogen and nitrogen atoms
within the molecule. The interpretation of DBE in itself is however difficult in the case of large
molecules and/or molecules with a large number of heteroatoms such as the one present in
our samples (Danger et al. 2016). In addition to the DBE we therefore also used the New

Aromaticity Equivalent parameter X. as defined by Yassine et al., 2014 : X, = %

where m is the fraction of oxygen atoms in the conjugated structure of the molecules. Using
infrared analysis of the residue Danger et al. 2016 estimated that the double bonded O atoms
represented approximately 50% of the O atoms in the residue, giving an estimate of m=0.5.
Should this value of m be slightly higher or lower, this would not affect the classification of the
bulk of the molecules but simply shift the Xcdistribution toward higher or lower values. The X,

distribution for all samples is given in Figure S| 1.

For each molecule detected in the sample we calculated the DBE and X.. Following Yassine et

al. 2014 classification, molecules for which Xc > DBE are by essence aliphatic. If X <2.5, the

11
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molecules were considered as aliphatic; those with 2.5 < Xc < 2.7 were classified as aromatic

and those for which X is greater than 2.7 as condensed aromatic.

3. Results and discussion

3.1. Effect of Ammonia and water proportion in ices

3.1.1. Influence of ammonia

Modified van Krevelen diagram H/C vs. N/C does not give sufficient information on the impact
of the initial ammonia ice ratio as they rapidly become congested for such complex mixture of
similar properties (Figure Sl 8). We therefore used another representation that spreads the
sample representation over three dimensions, the ternary space diagrams (Figure 2,
respectively with H,0:CH3OH:NHj3 ratios of 3:1:5 blue circles and 3:1:0.2 red circles). Each dot
in this diagram corresponds to the molecules detected in sample either in positive or in
negative ionization mode. As inferred from this figure, both samples present a bi-modal
distribution of their molecules. This bimodality is not related to the positive/negative
ionization, but to the presence of a group of nitrogen-rich molecules in both samples. This N-
rich fraction of the residue has already been observed by Fresneau et al. 2017 on the average
composition of the residues. However, using elemental composition only, Fresneau et al. 2017
were not able to provide an explanation for this N-rich distribution. We confirm here that this
bimodality is clearly detected at the molecular level (bi-modal distributions for both samples
in Figure 2), and we can use the ternary space diagram to investigate its origin. We can see in
Figure 2 that for both residues the N-rich distributions are at higher N-axis and lower C-axis

values relatively to the C-rich distribution. This corresponds to molecules with a higher

12
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Figure 2 : Ternary space diagrams of the molecules detected in positive and negative ionization
mode in the sample produced with H,O:CH3OH:NHj; ratios of 3:1:5 (blue circles) and 3:1:0.2 (red
circles). The areas at high N ratios correspond to the N-rich distribution identified by Fresneau
et al. 2017 in the 3:1:5 and 3:1:0.2 samples respectively. The blue and red stars represent the
position in the ternary space of the ice used to form the residue, respectively the
H,0:CH;0H:NH;5 3:1:5 and 3:1:0.2 ones. Colored arrows show the evolution pathway underwent
by the organic matter from the ice to the formation of the residue.

nitrogen content and lower carbon content (hence their names). But we can also see that
these distributions have a similar position on the O-axis, implying that the competition for
inclusion in the residue does not happen between N and O but between N and C. This indicates
that the difference between the carbon rich and the nitrogen rich group would be due to the
existence of nitrogen bearing functional groups with no oxygen or fewer carbon atoms, such
as cyclic or aromatic structures including nitrogen. See part 1.3 for further discussion on the

ice reactivity

For both initial ice mixtures, it appears that the residue formed contained far less oxygen

relatively to carbon and nitrogen than the original ice. This could be due to a large use of
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carbon and nitrogen for the growth of the macromolecular structure, while oxygen would tend
to inhibit polymeric or cyclic molecules formation. An unsurprisingly low reactivity of H,O in
the residue formation could also explained these observations, implying that most of the O

atoms in the residue comes from the methanol.

Interestingly, while there is almost no species in common in the distribution of the molecules
detected in the residue formed from H,0O:CH30OH:NHj3 ratios of 3:1:5 and 3:1:0.2, they both
overlap with the distribution of molecules from the sample produced with a HO:CH3OH:NH3

ratio of 3:1:1 as shown in Figure 3.

H,0:CH,OH:NH,

0.00 1.00 - 311

o 3115
o 3:1:0.2

) 7 >-0.00
0.00 0.25 0.50 0.75 1.00

Normalized C

Figure 3: Superposition of the ternary space diagrams of the molecules detected in the sample
produced with H,O:CH3OH:NHj; ratios of 3:1:1 (black dots) compared to the one detected in the 3:1:5
(blue circles) and 3:1:0.2 (red circles) samples. Black, blue and red stars indicate the position of the
initial ices on the ternary diagrams, with a ratio H,0:CH3;OH:NH; of 3:1:1, the 3:1:5 and the 3:1:0.2
respectively.
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As visible in this figure, a major fraction of the molecules detected in the 3:1:1 sample are
indeed present either in the 3:1:5 or in the 3:1:0.2 sample. This implies that although the
chemistry leading to the formation of the organic residue can be strongly driven in
distinguishable pathways depending on the ammonia content, the 3:1:1 sample represents an
intermediate case with both pathways starting to emerge (however, both pathways
incomplete in the 3:1:1 sample as the most extreme points of the distribution - high nitrogen
and/or low carbon and/or high oxygen contents - are only populated by the 3:1:0.2 and 3:1:5
samples). This can be confirmed also in the mid-infrared signature of the residue (see spectra
in Fresneau et al. 2017), where the absorption bands in the 1000-1700 cm™ wavenumber
range (5.9 — 10 um) of the 3:1:1 residue correspond to the bands detected either in the 3:1:0.2

or the 3:1:5 samples.

3.1.2. Ammonia and water competition

Fresneau et al. 2017 reported that the average composition of samples produced with
H20:CH30H:NH;s ratios of 3:1:5 and 10:1:1 were surprisingly similar and confirmed the results
of Henderson and Gudipati 2015 that “an increase of water or ammonia in the initial ice leads
to the same effect: a higher incorporation of nitrogen in the residue”. This first order similarity
between the residues formed from water and ammonia rich mixtures can be confirmed by
their highly similar infrared signatures (Fresneau et al. 2017) and strong correlations in
modified van Krevelen and ternary space diagrams as visible in Figure SI 2 and Figure SI 3. In
this work we investigate this phenomenon further by comparing, at a molecular level, the two
samples respectively enriched in water and ammonia using the aromaticity criteria

classification (Yassine et al. 2014, Danger et al. 2016).
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Figure 4 a) and b) present the division of different classes of molecules respectively in the
ammonia rich (3:1:5) and water rich (10:1:1) samples. Each molecule detected in these
samples was classified amongst three categories depending on its aromaticity equivalent.
Molecules for which 0 < X.< 2.5 or a double bond equivalent (DBE) <4 are classified as having
an aliphatic structure with a few unsaturation carried by heteroatoms, molecules for which
2.5 < X< 2.7 are classified as aromatic based structures and finally molecules with a X¢ higher
than 2.7 are considered to be condensed aromatics. For more information, the histogram of

the complete distribution for all samples is given in Figure SI 1.
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a) Ammonia Rich Whole distribution

H,0:CH;O0H:NH,
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3:1:5
14%

o
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EEl Aliphatic Xc<2.5
BN Aromatic 2.5<Xc<2.7
- Condensed aromatic Xc>2.7

CHNO group
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b) WaterRich
Whole distribution

H,0:CH;0H:NH, _—

10:1:1
10%

CHN group 33%
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Hl Aliphatic Xc<2.5
B Aromatic 2.5<Xc<2.7
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=
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34%
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CHNO group

Figure 4 : a) Repartition of the molecules detected in the Ammonia rich H,0:CH3;OH:NHj5 3:1:5 sample
depending on their level of unsaturation based on the evolution of the aromaticity equivalent (Xc)
for the totality of the molecules detected in the sample (whole distribution, 711 molecules, top
chart), the molecules containing C,H,N and O atoms (CHNO group, 652 molecules, bottom chart) and
the molecules solely containing C, H and N atoms (CHN group, 59 molecules, left chart). No molecules
solely comprised of only C, H and O were identified. b) : Repartition of the molecules detected in the
water rich HO0:CH3OH:NH; 10:1:1 sample depending on their level of unsaturation based on the
evolution of the aromaticity equivalent (Xc) for the totality of the molecules detected in the sample
(whole distribution, 831 molecules, top chart), the molecules containing C,H,N and O atoms (CHNO
group, 775 molecules, bottom chart) and the molecules solely containing C, H and N atoms (CHN
group, 56 molecules, left chart). No molecules solely comprised of only C, H and O were identified.
The fraction of molecules classified as aliphatic is shown in black, red represent the fraction classified
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as aromatic and green the fraction considered to be condensed aromatic molecules. The percentage
corresponds to the one of the molecules classified according to a given aromaticity relatively to the
entire distribution. Given the number of classified molecules and their variability in the replicates,
we can make a conservative estimate of *10% as the 2o uncertainties associated with this
classification for the CHN groups. Uncertainties on the CHNO and whole distributions percentages
are much lower.

When looking at the whole distribution (top charts in Figure 4a and b), corresponding to the
molecules identified in the ammonia rich and water rich samples respectively, the major
fraction of the molecules detected in these samples fits into the aromatic category (roughly
60%). The second most predominant class corresponds to the aliphatic molecules (24% and
33% respectively for the 3:1:5 and 10:1:1: sample) and the least present group is the one
comprised of condensed aromatics (14% and 10% respectively). Given the associated error
bars of these distributions, we can conclude that, taken as a whole, both samples have a
practically identical molecular content as previously observed. This is actually driven by the
similarity of the CHNO groups (bottom charts) of 3:1:5 and 10:1:1 that comprise ~90% of the

molecules detected in these samples.

Differences between the ammonia and the water driven residues become noticeable when it
comes to the molecules containing solely carbon, hydrogen and nitrogen atoms, the CHN
group (left charts in Figure 4a and 4b). However, these effects are visible on a minor fraction
of the total attributed peaks (59 and 56 molecules in the CHN group for 3:1:5 and 10:1:1
samples respectively), potentially rendering the statistics poorly representative of the samples
and the following paragraph discussion presents only hypotheses that would require further
investigated in the future: for the sample produced from an ammonia rich ice, the CHN group
does not contain any aliphatic molecules. This indicates that the ammonia could tend to drive
the molecular growth leading to the formation of the CHN fraction toward aromatization,
probably due to the likelihood of nitrogen atom inclusion in aromatic structures. On the other

hand, the CHN fraction of the sample produced from water rich ice has the highest aliphatic
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content of all the samples investigated in this work (see Figure SI 4 and Figure SI 5 for the other
samples distributions). This effect does not appear to be correlated with the length of the
chains as both distributions have a similar average m/z (266.04 for the ammonia rich sample
and 267.02 for the water rich sample). For further discussion on the aromaticity of the
residues, readers can direct themselves to Fresneau et al. 2017 and its Figure 5 presenting the

DBE vs N/C ratio in both positive and negative mode of the 3:1:1 sample.

3.1.3. Effects on the ice reactivity

The chemistry driving the residue formation is largely dependent on radical chemistry at low
temperature (77K) (Danger et al., 2013). During the UV irradiation, the initial molecules in the
ices are photo-activated leading to the formation of radicals. In case of H,0, CH3OH and NH;s
ices, H* and OH* are formed from H>0, H* and NH* for NH3 and various radicals from CH3zOH
such as CH30O", HCO®, CH,OH?*, CHs® and OH". Therefore, the radical recombination leading to
the first molecules at low temperature is highly impacted by the initial ice composition.
Furthermore, this reactivity probably occurs concomitantly to the evolution of morphological
and physical properties of organic residues, as observed by Piani et al. (2017). In the case of
ices rich in H,0, water photochemistry increases the amount of radical hydrogen (H®), which
rapidly migrates through the ice at 77K, potentially increasing a rapid recombination with
other radicals. This recombination would be enhanced depending on the temperature, since
Tachibana et al.,, (2017) observed a liquid-like behavior at 50-150 K in such ice. This
observation would imply a higher radical diffusion in UV-irradiated ice leading to an effective
formation of organic molecules. This would imply a fast-paced saturation of the alkyl chains
during the molecular growth of the residue. Furthermore, H,O can act as a diluting agent

spatially separating the different radicals at low temperature and limiting their direct
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recombination for those that do not migrate at this temperature. Therefore, a higher content
of Hy0 in the initial ice could limit the incorporation of nitrogen on the molecular skeleton,
which is not the case when NHs is dominant in the initial ice. This effect is actually visible in
the higher N/C ratio detected in the ammonia rich sample (1.8 on average for molecules of
the CHN group) versus the one of the water rich sample (0.8 on average for the CHN group).
For the ammonia rich mixture, nitrogen radicals quickly saturate carbon-bearing radicals,

implying a fast incorporation of nitrogen atoms into the molecular skeletons.

These results clearly demonstrate that nitrogen plays an important role in the chemistry of
the residue formation. Next to carbon, it drives the chemistry and directly impacts the global
molecular skeleton of the residues formed. At high amounts of NHs in the initial ice, nitrogen
competes with carbon, implying the formation of molecules-bearing skeletons mixing nitrogen
and carbon. This leads to the formation of higher unsaturated structures such as nitrogen
heterocycles. Interestingly, as observed for residues produced from a H,O:CH3OH:NH3 3:1:1,
with the same amount of C vs. N in the initial ice, a well-balanced chemistry is driven by
nitrogen and carbon leading to a molecular diversity fading of the dichotomy observed
between 3:1:5 and 3:1:0.2 ices. Nitrogen is thus not only a heteroatom allowing the formation
of specific chemical functions such as amines, nitriles or amides. Nitrogen incorporation also
probably enhances the formation of polar structure in the residue, reacting easily with radicals
when the ice is warmed. Nitrogen is thus an important reactant impacting the chemistry
driving the residues formation, at the difference of oxygen as discussed in the next section. It
is also interesting to note that without NHs in the mixture almost no residue is obtained.

Furthermore, the observed reactivity in the residue formation is directly correlated to
molecules detected in the gas phase while the ice is warmed up to 300 K. Abou Mrad et al.,

2017 have shown that CHO molecule abundances in the gas phase are highly influenced by
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the presence of ammonia in the initial ice. Indeed, the presence of ammonia reduces the
amount of aldehyde observed in the gas phase by recombination of the aldehyde precursor
radicals with radicals produced by NHs photodestruction. The same behavior between radicals
is observed for ethers. Therefore, at least in the laboratory, a direct relation can be drawn
between the residue composition and the molecular abundances in the gas phase. Such
investigation is beyond the scope of this manuscript, but the monitoring of the gas phase
during the residue irradiation could help identifying processes at act during this phase.
3.2. Residue irradiation

3.2.1. Evidence of molecular decarboxylation

To visualize the effect of sample over-irradiation at the molecular level we used a modified
van Krevelen representation as presented in Figures 5, SI 1 and Sl 2. Black circles represent
the molecules detected in the sample before over-irradiation in their O/C vs O/H (Figure 5),
H/C vs O/H (Figure SI 6) and H/C vs O/C (Figure Sl 7) parameter spaces. Green dots represent

the molecules detected in the sample after over-irradiation.
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Figure 5: O/C vs O/H modified van Krevelen diagram of the molecules detected in the sample in
positive (a) and negative (b) ionization mode before (black circles) and after (green dots) the sample
irradiation. See Figures SI 6 and SI 7for the O/H vs. H/C and H/C vs. O/C representation.
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From these visualizations, one can see that a substantial fraction of the molecules initially
present in the soluble fraction of the 3:1:1 sample are not detectable anymore after over-
irradiation of the sample. These molecules degraded during irradiation do have the following
compositional parameters: (i) an oxygen to hydrogen ratio greater than 0.3 which is
significantly higher than the O/H ratio of most of the molecules detected in the over-irradiated
sample; (ii) an oxygen to carbon ratio greater than 0.4; and (iii) a hydrogen to carbon ratio
lower than 1.7. We can reasonably exclude this being solely due to a detection effect (such as
an intensity threshold) since (1) this effect is visible in all replicates of the experiments and (2)
these molecules are significantly located in the same area of the parameter space and not

randomly dispersed in Figures 5, SI 1 and Sl 2.

The loss of molecules upon over-irradiation also corresponds to molecules detected in the
negative ionization mode. This implies that chemical functions bearing acidic hydrogen such
as carboxylic acids are strongly affected (HolCapek et al., 2007; Kruve et al.,, 2014).
Concomitantly to this loss in the over-irradiated samples, new molecules are observed, mainly
in the negative ionization mode, with lower O/H and O/C ratios (see Figure SI 7). The residue
over-irradiation seems to induce a decarboxylation process, clearly visible in the negative
mode, which presents a disappearance of molecules at high O/C and O/H in total concordance
to a loss of COOR (R: H or alkyl) groups, and in counterpart, the appearance of new molecules
at low O/C and O/H. However, the whole mechanism is not entirely observable by HRMS
analyses, since a part of the molecules modified by the over-irradiation phase is actually

insoluble (de Marcellus et al., 2017) and thus not taken into account in this type of analysis.

This decarboxylation was thus confirmed by the infrared absorption spectra of the residue

before and after irradiation. These spectra are presented in Figures 6 and 7 together with their
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435  Gaussian deconvolution. Bands attributions and positions are the ones described in Fresneau

436 et al. 2017.
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438  Figure 6: Gaussian deconvolution after baseline subtraction of the 1200-1850 cm™ region of the IR
439  absorption spectrum of the residue produced from 3:1:1 ices before its irradiation. The measured
440 spectrum is in full black, the deconvoluted Gaussians in dotted color lines and the dashed red line
441  corresponds to the reconstructed fit after deconvolution. For the Gaussian fit, band positions were
442  taken from Fresneau et al. 2017 and their intensities and HWHM were fitted iteratively using Fityk
443  software.
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445 Figure 7: Gaussian deconvolution after baseline subtraction of the 1200-1850 cm™ region of the IR
446  absorption spectrum of the residue produced from 3:1:1 ices after its irradiation. The measured
447 spectrum is in full black, the deconvoluted Gaussians in dotted color lines and the dashed red line
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corresponds to the reconstructed fit after deconvolution. For the Gaussian fit, band positions were
taken from Fresneau et al. 2017 and their intensities and HWHM were fitted iteratively using Fityk
software.

As visible in these figures, the C=0 stretch in esters or acids (blue Gaussian curves) is strongly
depleted by the irradiation of the sample compared to C=0 stretch in amides (orange Gaussian
curves). As a counterpart, the NH bendings or C=N bands appear stronger in the over-

irradiated sample.

Together with the HRMS analyses we can thus conclude that the residue over-irradiation
induces a strong decarboxylation process. This result would imply a fast decay of carboxylic
functions in the protosolar organic matter analog upon UV irradiation. Regarding residue
irradiation, in addition to the chemical changes we investigate in our work, it should also be
noted that Piani et al. (2017) have also reported significant evolution of morphological and
physical properties of organic residues formed from the evolution of H,0-CH3OH-NHj3 ices due

to UV irradiation.

3.2.2. Possible implications of this decarboxylation process on the —COOR molecules

in meteorites

A -1 .
M — where Aq745 cm-1 IS the

1665 cm—1

Fresneau et al. 2017 have defined an a parameter as a =

area of the vc-0 band of ester or acids and A;4¢5 -1 IS the area of the vc-o band of amide or

carbamic acid. Using the area of the deconvoluted Gaussian presented in Figure 6 and

Figure 7, we can retrieve the value of a to be 0.54 in the residue before irradiation, while it
plummets to 0.09 after the residue irradiation. Given the 48 hours of the over-irradiation of

our sample and that our lamp has a fluence of 2 x 10'* photons.cm™.s, the total dose
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deposited in our sample is of 3 .5 x 10'° photons.cm™. The experimental conditions used here
can be compared with the model developed by Ciesla and Sandford, 2012, which describes
the exposure of ice grains to the UV flux during their dynamical evolution within the protosolar
nebula (PSN). In their nominal model, these authors find that a typical dose for particles with
1 pum radii is about 5 x 10*? photons after 1 Myrs of radial and vertical transport within the
disk, and assuming a nominal interstellar UV flux of 108 photons cm2.s! (Habing, 1968). This
would give a dose for such particles of 1.6 x 102° photons cm™in 1 Myrs. In comparison, the
total dose from our experiment of 3.5 x 10%° photons.cm™ would represent ~220 kyrs of the

evolution of Ciesla and Sandford (2012)’s PSN model for such particles.

Our results show that these 220 kyrs would be enough to induce a dramatic decrease in the
-COOR or -COOH functional group of the organic matter in the grains. If organic rich particles
indeed spent ~1 Myr in the PSN, they would be completely depleted in such functional groups.
This conclusion is not in agreement with measurement performed on chondritic meteorites,
where carboxylic acids are a major component of the soluble organic matter. For example, in
the Murchison meteorite (CM2), the total abundance of carboxylic acids has been estimated
to be around 330 pg g?, roughly 40% of the identified organic content and more than any
other organic groups besides the macromolecular structure (Lawless and Yuen, 1979;

Pizzarello and Shock, 2010b; Sephton, 2002; Yuen et al., 1984).

The reader should keep in mind that our results are based on only one kinetic irradiation point
(48h in the laboratory — 220 kyrs in the PSN) and that further experiments should be dedicated
to the study of the kinetics of carboxylic functions degradation. However, our results suggest

a fast decay of the carboxylic acids and carboxylic esters functional groups upon UV
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irradiation. This fast decay could be in contradiction with their high abundances in CM. This

may have at least three different explanations, and possibly a combination of them;

1- The organic matter could be shielded in the protosolar nebula either by silicates or self-
shielded. This phenomenon may be strong enough to, at least partially, shield the carboxylic
function until their inclusion in CM parent bodies (Greenberg, 1993; Herbst, 2001). However
self-shielding by organic matter in only 1 um size grains as proposed by Ciesla and Stanford

2012 seems unlikely.

2- The timescale on which the organic residue would be irradiated may be much shorter than
the irradiation time of ~220 kyrs investigated in this paper, due for example to shorter lifetime
of the PSN or more effective convection in the disk. The advantage of irradiation timescales
much shorter than 1 Myrs is that they are consistent with dynamical scenarios predicting the
growth of grains and their decoupling from gas within fifty thousands of years of the disk
evolution (Weidenschilling and Cuzzi, 1993). It also should be noted that a similar dose could
be attained in much shorter irradiation timescales in the PSN if one assumes an enhanced
interstellar UV flux. This interstellar flux can be higher by a factor of 103 compared to the
nominal one, depending on the possible presence of nearby stars at that time as supported
by the presence of certain radio elements in meteorites (Adams et al., 2006; Gounelle and

Meynet, 2012).

3- The carboxylic functions detected in CM meteorites may just simply not be inherited from
the organic matter formed in the ISM and altered solely by photoprocesses within the edge of
the protosolar nebula as described in Ciesla and Sandford (2012). Instead such material may
have been, at least partially, reprocessed during later stages of the solar system formation. A

potential pathway for the reprocessing of carboxylic acid could be via the hydrolysis of nitriles
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functions by aqueous alteration in meteorites parent body (Cronin and Chang, 1993). In regard
to these hypotheses it has to be noted that CM meteorites aliphatic hydrocarbons have a
consistently lighter §'3C compared to carboxylic groups, pointing either toward an isotopically
selective process in the transformation of these materials from ISM to CM parent bodies, or
toward the fact that the carboxylic and aliphatic groups of the SOM are derived from
isotopically-distinct reservoirs (Aponte et al.,, 2019; Sephton, 2002; Yuen et al., 1984).
However, studies performed on the Insoluble Organic Matter of CM meteorites have shown
that the carboxylic group only represents a minor fraction of this material and is narrowly
affected by aqueous alteration (Cody and Alexander, 2005; Orthous-Daunay et al., 2013).
Aponte et al., (2019) also extensively discussed the carbon isotopic fractionation of carboxylic
acid in chondrites. They found decreasing concentrations of monocarboxylic acid with
increasing processing (aqueous and thermal) and that the least oxidized CR chondrites contain
higher concentration of carboxylic acids that CM, CO, CV and CK chondrites suggesting that if
formed in parent bodies “The accretion of aliphatic precursors of monocarboxylic acids was
not homogeneous throughout different parent bodies, or that the abundance of
monocarboxylic acids was mostly affected by parent body processes”. Again we emphasize on
the need for further experimental data on the kinetics of carboxylic function degradation in

the PSN until the accretion in parent bodies.

4. Conclusions

We used laboratory experiments to obtain deeper information on the reactivity occurring
during the processing of icy grains. Ice analogs are submitted to processes endured by ices
when they evolve within a proto-planetary disk, meaning in our experimental conditions UV

irradiation at Lyman o and heating. Organic residues obtained in vacuum at 300 K are then
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analyzed by very high-resolution mass spectrometry (HRMS) using a LTQ-XL-orbitrap. HRMS
analyses provide invaluable information on the molecular content of each residue. Data
obtained allow comparing the residue evolution for residues formed from different ice
compositions (variability of H,O and NHs in the initial ice). We particularly show that nitrogen
atoms take an important role in the reactivity by competing with the carbon, the resulting
composition of residues depending on the initial amount of ammonia in the ice. Higher relative
amounts of ammonia in the ices for a same ratio H.O/CHsOH leads to residue enrichment in
nitrogen and to the formation of higher unsaturated structures (nitrogen in cycles). It was
previously shown with FT-IR analyses and elemental analyses by HRMS that a higher amount
of water in the initial ice also leads to an enrichment of residues in nitrogen. We confirm these
results and by going deeper in the molecular content of the residues, we emphasize that this
similarity is only the tip of the iceberg. In fact, similarities between residues coming from
nitrogen or water rich ices are due to the prevalence of CHNO molecules forming residues that
are indeed similar. However, our present investigation shows that a difference exists in
molecules bearing only CHN atoms. In ammonia rich ices, this group is only unsaturated while
in water rich ones, it is mainly saturated. Here again, the reactivity of ammonia and water
explains these results, since ammonia drives the residue formation toward aromatization of
CHN molecules while water rich ice tends to form aliphatic rich residues. Finally, we
demonstrate that residue over-irradiation at 300 K leads to a quick decarboxylation of some
of the molecules. This result could have an important impact in our understanding of
protosolar nebula timescales and of the molecular processes leading to the organic matter

detected in meteorites.
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The first processing step is to remove the instrument noise by deleting the less intense peaks
until reaching a convex intensity distribution. Radio interference and low level noises are also
reduced by isolating structures of interest for the sample in a mass defect versus exact mass
(MDVEM) space representation as depicted in Danger et al. 2013. This representation is also
used to detect and eliminate the ringing effects, visible as vertical lines in the MDVEM. Once
this is done, the software locates the centroids of each Gaussian peak in the spectra and
reduces each peak to its centroid, greatly reducing the size of the data. The same process is
applied to the blank spectra (i.e. same experimental protocol with no sample in the solvent).
Peaks found to be present in the blank spectra are then removed from the sample mass

spectra.

The data is then post-calibrated. In Attributor, this is done by looking at the distribution of the
mass differences between every single peak of the spectra. Typically, for organic samples, one
expects to find pattern (g) differences at Am 2, 12 or 14, corresponding to a difference in Hy,
C or CH3 in the composition of the molecules detected. For a given pattern € and in an ideal
case the mass difference between molecules X and X+ € should not depend of the mass of X.
In reality, when looking at the spectra, we can see multiple pairs of points for which the mass
differences are close to € but differ with the masses of X, meaning a bias on the linearity of
the measure. To correct this bias, Attributor will check for two correction points corresponding
to trusted molecules. These molecules correspond to 2 peaks chosen by attributor for which
a molecular formula can be unambiguously attributed. Typically, these correspond to intense
peaks for which 1/ the isotopic patterns with 13C are clearly identified in the mass spectra and
2/ have univocal possible attribution (the second closest possible attribution would have an
error in ppm far superior to the closest possible attribution). Attributor then give a list of

possible attributions for these two trusted molecules that can be checked by the operator
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before proceeding to the data recalibration. Once these two trusted molecules identified, a
recalibration coefficient is applied to all the peaks in the mass spectra. If needed, this
operation can be repeated until all attributions in the mass spectra are within a 2ppm error

window.

Once the data calibrated, the software attributes if possible each peak to a molecular formula.
The matrix of list of atoms, their isotopes, and number boundaries to be considered for the
final attribution are chosen by the operator; for the present work, given our sample
composition and the mass range investigated we used only the major isotopes (*H, 12C, 14N,
60) and arbitrarily limited the number of C atom to be between 1 and 30, the number of H
atoms between 3 and 90, the number of N atoms between 0 and 15, and the number of O
atoms between 0 and 15. Once the constraints given to the software, it computes for each
peak m/z a list of combinations that span at least m/z-1 to m/z+1 of selected blocks so that
the nitrogen rule is verified and keep attributions. Attribution also takes into account the
charge of the ions and mass of the hydrogen added or loss during the ESI ionization. The
matches within a 5 ppm windows are kept for further investigation. Once the attribution done,
the software checks for the presence of isotopic pattern. For this work we considered every
isotopic peaks expected above a hundredth of the intensity of the base peak and excludes all
possible attribution that do not pass this criterion. The remaining best match (i.e. with the
nominal mass the closest of the measured mass) is kept and considered attributed if the error
between nominal and measured mass is under 5 ppm (typical maximal differences in our
measurements were 2 ppm). For each peak whose attribution has been completed, the
software outputs the number of C, H, N and O atoms and the error in ppm between the
nominal mass of the attributed formula and the measured one. If calibration has been

successful, the error in ppm between attribution and nominal masses should be centered
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around 0 and not depend of the mass of the molecules. The program thus checks for a

807

tendency in the error, and if a bias is observed, a new calibration-attribution cycle is started.

808

This step allowed to attribute molecular formulae to compound detected in the mass spectra

809

up to m/z 400. A molecule was considered to be present in the sample only if it was detected

810

in all replicates of the experiment. The list of molecules detected in the sample and used to

811

produce figures presented in this paper includes both the molecules detected in positive and

812

negative ionization modes.

813

Supplementary Figures:

814

815
816

Figure SI 1 : Histogram of Xc for all the molecules detected in the samples.

817
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819  Figure SI 2 :H/C vs O/C van Krevelen plot of the residues formed with 10:1:1 (pink circles) and 3:1:5
820  (blue dots) H,0:CH;OH:NH; ices for molecules detected in positive (a) and negative (b) ionization
821  modes.

Normalized C

822

823 Figure SI 3: Ternary plot of the residues formed with 10:1:1 (black circles) and 3:1:5 (red dots)
824  H,0:CHsOH:NH; ices
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846

3:1:1
H,0:CH;OH:NH; 55.87%

30.51%
Hl Aliphatic Xc<2.5
Aromatic 2.5<Xc<2.7

64% 55.24% Condensed aromatic Xc>2.7

31.74%

Figure Sl 4 : Repartition of the molecules detected in the 3:1:1 sample depending on their level of
unsaturation based on the evolution of the aromaticity equivalent (Xc) for the totality of the
molecules detected in the sample (whole distribution, top chart), the molecules containing C,H,N
and O atoms (CHNO group, bottom chart) and the molecules solely containing C, H and N atoms
(CHN group, left chart). The fraction of molecules classified as aliphatic is shown in black, red
represent the fraction classified as aromatic and green the fraction considered to be condensed
aromatic molecules. The percentage corresponds to the percentage of the molecules classified
according to a given aromaticity relatively to the entire distribution. Given the number of classified
molecules, we can make a conservative estimate of £5% as the 2o uncertainties associated with this
classification for the whole distribution.

3:1:0.2
H,0:CH;OH:NH; 57.52%

28.97%

Hl Aliphatic Xc<2.5
Aromatic 2.5<Xc<2.7
Condensed aromatic Xc>2.7

3.49%

29.4%

Figure SI 5 Repartition of the molecules detected in the 3:1:0.2 sample depending on their level of
unsaturation based on the evolution of the aromaticity equivalent (Xc) for the totality of the
molecules detected in the sample (whole distribution, top chart), the molecules containing C,H,N
and O atoms (CHNO group, bottom chart) and the molecules solely containing C, H and N atoms
(CHN group, left chart). The fraction of molecules classified as aliphatic is shown in black, red
represent the fraction classified as aromatic and green the fraction considered to be condensed
aromatic molecules. The percentage correspond to the percentage of the molecules classified
according to a given aromaticity relatively to the entire distribution. Given the number of classified
molecules, we can make a conservative estimate of 5% as the 2o uncertainties associated with this
classification for the whole distribution
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848 Figure SI 6: O/H vs H/C modified van Krevelen diagram of the molecules detected in the 3:1:1
849  sample in positive (a) and negative (b) ionization mode before (black circles) and after (green
850  points) the sample irradiation.
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853 Figure SI 7: H/C vs O/C van Krevelen diagram of the molecules detected in the 3:1:1 sample in
854  positive (a) and negative (b) ionization mode before (black circles) and after (green dots) the
855  sample irradiation.
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Figure SI 8 : H/C vs N/C modified van Krevelen diagram of the molecules detected
in the 3:1:5 (blue circles) and 3:1:0.2 (red circles) samples.
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