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ABSTRACT

Acetonitrile and water are molecules detected not only in space but also in planetary
atmospheres. On Earth, the nitrile compound is emitted from the biomass burning and
can be found up to the stratosphere. Trapped in water icy cores, they may be exposed to
energetic particles, photons and secondary electrons, and contribute to the formation of
complex organic molecules. Here, we show that methanol is the main product from the
effective reaction of low-energy (<15eV) electrons with acetonitrile-water films deposited
on a substrate maintained at 85 K. In this process, each of the molecules is decomposed
by the colliding electrons, producing respectively the methyl and the hydroxyl radicals,
which further recombine to form methanol, as supported by DFT calculations. In
addition, we also report a small production of glycolonitrile, a key precursor of adenine.
This information contributes to a better comprehension and description of chemistry on

icy grains.
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l. INTRODUCTION

Low energy (< 20 eV) electrons have now been shown to be implicated in the chemistry of
interstellar medium (e.g., ices »?%) and planet atmospheres ¢, They are produced by the
primary energetic particles (e.g., galactic cosmic rays, photons) when penetrating in dense
media such as icy grains or low atmospheric layers. For instance, the measurements of the low
atmospheric structure of Titan (~ 60 km) by the Huygens probe show an abundant production
of secondary electrons (c.a., 4.5x108 m?) "8, Moreover, these ballistic electrons possess a
typical energy distribution below 20 eV °, and they are able to trigger complex chemistry in
molecular solids, as it has been demonstrated by the observation of various complex products
(e.g., methoxymethanol, ethylene glycol, 1,2,3-propanetriol, ...) after the irradiation of films of

methanol by 20 eV electrons *°,

Water (H20) and acetonitrile (CH3CN) are compounds detectable in space 1,22 and
atmospheres 41°, The nitriles species are of particular interest. They are not only at the origin
of the processes for the formation of prebiotic molecules, but also more specifically acetonitrile
is found to be a good tracer of the conditions found in “hot molecular core” phase of massive
star formation in warm (> 100K) and dense region 3. Moreover, CHsCN is present on icy dusts
16 as well as H20 and methanol (CHsOH) and also various other species (e.g., acetone,
acetaldehyde, methyl formate) as it has been reported recently 7. The observations suggest that
the complex organic molecules are formed through the surface chemistry triggered by atoms,
UV lights, cosmic rays or thermal processing. On Earth, CH3CN are generated from the biomass
burning *81° contributing significantly to the local and regional pollutions. The molecule has
been found in the atmosphere up to the stratosphere level 2° with a long residence time, ca. 73
years 2%, and it can be potentially trapped by water ice cores (e.g., polar stratospheric clouds).

Thus, it is desirable to study the chemistry of CH3CN in presence of H-O.

The irradiation of pure acetonitrile 22 and pure water 2 ices by high energy particle (> 200
eV) synthetizes predominantly neutral species such as (HC3N, HCN, ...) and (H2, O2),
respectively. For the acetonitrile-water solids formed at 10 K, the irradiation by 0.8 MeV H*
ions has been shown to generate complex products such as amino acids 2*. It is noteworthy that
in such experiments not only the primary particles but also radicals and the ballistic low energy
secondary electrons act all together for the complex chemistry. In a recent study, the irradiation
of films composed of an admixture of acetonitrile-water at 20 K with a relatively high density
(i.e., > 10'® photons cm) of 7-12 eV photons resulted in the production of a large variety of

species 2. In this work, we investigate the irradiation of acetonitrile-water (CHsCN-H,0) films



by low energy (< 15 eV) electrons at 85 K. We demonstrate that methanol, CH3sOH, is
synthesized by typically 102 electrons cm and the process involves resonant dissociation of
the precursor molecules by the slow particles, followed by radical recombination, as
rationalized by DFT calculations. In addition, we report a very weak signal at m/z 56, attributed

to glycolonitrile.

1. METHODOLOGIES
Experimental method

The UHV apparatus functioning at a base pressure of 7.10°2° mbar is equipped with a
trochoidal electron monochromator (TEM), a cryogenically polycrystalline Au substrate
(10x8x1) mm?® mounted on a manipulator, and a commercial quadrupole mass spectrometer
(QMS, Balzers) with a home-built extraction system 26. The TEM based on a dispersive ExB
fields provides the energy selection (AE ~ 250 meV) and also guides the electron beam (of ~
0.3 cm?) normally to the substrate. The electron energy is calibrated by a fast record of the
electron transmission curve due to the charging of the film during the irradiation 2. Thus, the
incident electron energy is rescaled (every 30 s) until no appreciable shift of the onset of the
transmission curve is observed. We estimate the accuracy of the electron energy to be 0.5 eV.
The gold substrate is cooled down to 80 K by means of a closed cycle He refrigerator and
resistively heated to several hundred Kelvin (> 450 K) for the cleaning. The temperature is
measured by a E-type thermocouple fixed to the substrate. Acetonitrile and water (spectroscopic
grade), provided from Sigma Aldrich, is purified by repeated freeze-pump-thaw cycles in
vacuum before use. The water vapor is introduced to a 27 mL buffer cell before acetonitrile
since their respective vapor pressures for preparing an admixture of acetonitrile-water (2:1).
This mixed gas is then introduced in the UHV chamber for co-condensing onto the substrate by
exposing to a volumetrically calibrated effusing gas quantity (MKS Baratron type 127). In the
present experiments, the thickness of the films is evaluated approximately to 5 ML + 30%, but
the exact knowledge of the thickness of the film is not a pre-requisite. Indeed, the films must
be thick enough to avoid the effect of the gold substrate, and sufficiently thin to minimize
multiple electron inelastic scattering that would modify the electron energy for reaction. For
instance, the mean-free path of the electrons in multilayer films has been evaluated to be about
3 nm 28, For Thermal Programed Desorption Spectrometry, TDS, the species are monitored at

a given mass by heating the substrate at a rate of 0.3 K/s (Figures 1 and 2). The desorbed neutral



molecules are detected by recording the positive ions via the electron impact ionization at 70
eV in the QMS and for which the mass spectra of the molecules are well-known 2°. For
methanol, the ionization mass spectrum shows the dominant signals (100%) for the [CH3OH -
H]* (m/z 31) and the [CH3OH]" cation (m/z 32) with 100% and ~75% 2°. The m/z 31 signal is
usually served as the TDS signature of methanol. However, to avoid potential confusion with
species arising from the cracking of glycolonitrile in the mass spectrometer, i.e., m/z 31, 29 and
28 which are common features to methanol, we use the m/z 32 signal. Each data point in Figure
3 is an average value from the irradiation of 2 to 4 fresh films and the estimated reproducibility
is 35-40%.

Theoretical method

Calculations were performed in the framework of the density-functional theory (DFT)
and the time-dependent DFT (TDDFT) using the range-separated hybrid density functional
©B97x *°. The resonance electron attachment energies for H,O are evaluated with a multi-basis-
set TDDFT method 3! in which the vertical electron affinity (VEA) is evaluated using DFT
calculations with the diffuse basis set aug-cc-pvtz 32 while the anionic excitation energies are
calculated using TDDFT and the cc-pvtz basis set 1. VEA is calculated to be -0.72 eV for H2O.
This relatively low-cost method is well suited for describing valence-type states, but it cannot
treat states where the electron lies at long range, e.g. dipole-bound states. Therefore, the
resonances of acetonitrile, whose anionic ground state has a dipole-bound characteristic (the
electric dipole moment of the molecule is calculated to be 4.07 D, in agreement with the
experimental data of 3.924 D 3 while the electron lies by ~10 meV) are obtained with the
stabilization method 3 coupled with TDDFT calculations. The excited states of the ion are
obtained at ®B97x/aug-cc-pvtz level where the most diffuse exponents of the basis set are
scaled by a factor a = 0.2-3, in order to discriminate the discrete continuum states, which
correspond to the attachment of the electron, from the continuum states. The energies of the
former are expected to be independent of the scaling parameter o, while those of the latter
collapse for small values of a.

The anion states presently calculated for acetonitrile and water agree with previous
electron transmission spectroscopy *°, DEA%®, R-matrix % and real-time TDDFT % studies.
Enthalpies and Gibbs free energies of the fragmentation are calculated at ®B97x/aug-cc-pvtz
level at 85 K.

All calculations are performed with the Gaussian16 suite of programs %°. Pre- and

postprocessing operations are performed by using the graphical interface Gabedit .



1.  RESULTS

Figure 1 presents Temperature Desorption Spectra, TDS, of the pure films served as a
references for this work (Figure 2a,b) and TDS from detected species formed from the
irradiation of the films by low energy electrons (Figure 2c,d). TDS of water and acetonitrile
from co-deposited acetonitrile-water (2:1) films, shown by the red and the blue yields,
respectively, in Figure la, present maxima at 169 K and 153 K in agreement with already
reported studies 424> 441t is noteworthy that the yield of water (red) is broader than that of the
acetonitrile (blue) and the desorption start at the desorption temperature of the nitrile compound.
The TDS of pure methanol film shown in Figure 1b (green full-line) also agrees with the
literature 3. The green dashed-yield represents the TDS of methanol from co-deposited
methanol-acetonitrile (1:8) film. The shape of the dashed-yield is broader than the green full-
line yield, and the temperature is shifted towards that of the desorption temperature of the pure
acetonitrile film (Figure 2a, blue yield). This is a clear indication that the desorption of methanol
molecules within the film is impeded by the acetonitrile molecules and thus desorb at the
temperature of major constituent *°. Such observation has already been reported for the
desorption of methanol from co-deposited water-methanol (20:1): the TDS of the desorbed
alcohol matches that of water 4. A co-deposited acetonitrile-water (2:1) film is then irradiated
by an approximately 25 nA beam of 9 eV electrons for 50 minutes. Figure 2c¢ (black line) shows
the TDS of methanol observed at its characteristic m/z 32 after the irradiation. The yield is small
and the integrated yield represents about 2% of that of the acetonitrile from the freshly deposited
acetonitrile-water film. The desorption temperature coincides with that of the acetonitrile,
indicating that the synthesized molecules are formed within the film and they desorb along with
acetonitrile. An additional specie with very weak intensity is detected at m/z 56. As it will be
discussed below, we assign this specie to the glycolonitrile (or hydroxy-acetonitrile), for which
the m/z 56 is a characteristic fragment 2. The TDS of this fragment, also matching that of the
acetonitrile (Figure 1d), indicates that this specie is also formed within film, during the
irradiation. Otherwise, the presently observed glycolonitrile would be detected to desorb at
225 K “. Figure 3 presents the integrated yield of methanol after the irradiation by typically
10*2 electrons cm as the function of the electron energy. The yield function exhibits a threshold

at 6 eV and a feature reminiscent of resonant process.

The calculated [H2O] and [CH3CN] anion states are shown in Figures 4 and 5,

respectively. The trapping of the extra electron is associated either to a shape resonance (i.e.



accommodation to an empty molecular orbital, e.g., 6.52, 9.10 and 11.66 eV for CH3CN) or to
a core excited resonance (i.e., excitation of one of the molecule valence electron, concomitantly
with the trapping of the colliding electron in the Lowest Unoccupied Molecular Orbitals
(LUMOQ)). We have verified that the electronic structure or the resonance energies of the
acetonitrile molecule were not affected by the presence of neighboring water molecules in the
5-13 eV range by investigating a cluster of three water molecules surrounding one acetonitrile
molecule. Energetics of dissociation reactions are provided in Table 1 and Figure 6. Reactions
(a-c) correspond to the fragmentation of the H>O and the CH3CN precursor molecules for the
production of the 'OH and the ((CHs and 'CH2CN) radicals. The associated calculated Gibbs
energies indicate the threshold energy required by the colliding electron to trigger the
dissociation channels. Radical reactions are represented in schemes (d-h).

IV. DISCUSSION

At the electron energies below 10 eV, the fragmentation of acetonitrile and water
molecules arises from Dissociative Electron Attachment (DEA) 36474849 This resonant process
consists of the capture of the colliding electron into a specific molecular orbital of the target
molecule to form a transitory negative ion, TNI*, (Figure 3a). According to the dynamics (i.e.,
dissociation time vs. electron autodetachment time) of the metastable anion, the TNI** may
undergo dissociation producing one negative ion and one or more neutral counterpart(s) *°. At
these energies, the TNI* arises from (a) core-excited resonance or (b) shape resonance 51,
DEA is experimentally reflected by the peaked structures observed in the detection yield of the
fragments 36474° The yield function presented in Figure 2 exhibits a broad structure indicative
of the resonance character for the production of methanol. DEA to water and acetonitrile are
now well established and the different dissociation channels and their respective cross-sections
are known 36474 For water, the production of (H and -OH) is the dominant channel observed
from both the gas  and the condensed phase studies *. The experimentally observed resonance
energies agree with the presently calculated states, i.e., excitation of a core electron from the
HOMO to LUMO or LUMO+1 concomitantly to the trapping of an electron into the LUMO,
which presents a dissociative o* character. For the acetonitrile, the gas phase 4 and the film 4
experiments have shown the (CN™and CHzs) and the (H™ and -CH2CN) channels to be relatively
important among all the accessible fragmentation pathways. The temporary anion states are

provided in Figure 4 and 5 for water and acetonitrile, respectively. They arise from both the



shape (in grey box) and the core-excited resonances. Commonly to all DEA signals %4749 j.e.,
CN7/CH3CN, H/CH3CN and H/H>0, the threshold of appearance (AE) of the anion signals is
observed at around 6-7 eV, and agrees well with the observation of the CH3sOH production
(Figure 2).

The synthesized alcohol must arise from the reaction induced by the concomitantly
generated radicals, i.e., -CH3/CH3CN and the -OH/H20. Indeed, we have theoretically explored
different scenarios, listed in Table 1, i.e., reactions (d), (e) and (f). The reactions (e) and (f) for
the methanol production, via -OH + CH3CN and -CHz + H-O are found to be endothermic by
2.37 and 1.10 eV, respectively, indicating that these one-electron processes are not likely to be
energetically accessible. In contrast, the reaction between the two close-by radicals, i.e., -CH3
+ -OH, initially produced by the decomposition of each precursor by an electron, is found to be
exothermic by 3.8 eV (Table 1, reaction (d)), thus energetically accessible. We conclude that
the methanol produced in Figure 1c requires (1) DEA to H>O and, (2) DEA to CH3CN and (3)
recombination of the neighboring methyl and hydroxyl radicals. The broad structure observed
in the yield function shown in Figure 3 is reminiscent of the convolution of the yield functions
of CN™(+ CHzs) and H™ (+ OH) reported in Refs. 36,47-49. It is noteworthy that in pure films of
water and acetonitrile, radicals reactions -OH + -OH — H20, 52 and -CH3 + -CHz — C2Hs %,
respectively, triggered by low energy electrons have been demonstrated. For the pure
acetonitrile films, the synthetised C2H2 and CH, desorb at temperature below 80 K, while HCN
has not been directly observed “¢53 but only suggested to be produced 3. Similarly, for the pure

water films, the signal of Oz has not been shown °2 but, again, suggested to be produced.

The production of glycolonitrile, HOCH2CN, in the present study in spite of the weak
intensity of the presently observed signal (Figure 2d), is more exciting in the viewpoint of
prebiotic chemistry. Recent reports have suggested this compound to be one of the key species
involved in the synthesis of DNA/RNA building blocks °*%°. Indeed, glycolonitrile, formed via
the reaction of HCN with HCHO, may further decompose along with simultaneous
oligomerization for adenine. Furthermore, glycolonitrile has also been recently detected in the
interstellar medium . From our study, this nitrile-compound can be generated from the
reaction of -OH radical with a close-by CH3CN molecule or CH2CN radical, via a one- or two-
electron process respectively (Table 1, reaction (g) and (h)). Reaction (h) is found to be
endothermic by 0.60 eV while reaction (g) is highly exothermic by 3.37 eV (Table 1), thus most

likely accessible in the present experiments. Moreover, the low signal observed m/z 56 signal



suggests that DEA cross section for the decomposition of CH3CN into (H” and CH2CN) must

be very low as well.

V. CONCLUSION

The irradiation of acetonitrile:water films (2:1) by low energy electrons presented in these
laboratory studies may, in some degrees, reflect a possible rich chemistry in the atmospheric
aerosols or space icy dusts. Within the experimental conditions, we show that methanol can
also be effectively synthesized by electrons with energies as low as 7 eV. In addition, we are
also able to produce, though at a small quantity, a species observed at m/z 56 and assessable to
glycolonitrile, a precursor molecule of DNA/RNA building blocks. Moreover, it is noteworthy
that the products are detected after the irradiation of typically few 10 electrons cm™ in

comparison to UV photolysis experiments (~ 10*® photons cm™2) 2.

The present outcomes may, for instance, potentially contribute to a better comprehension
of the chemistry occurring of the troposphere of Titan. Indeed, at this altitude (~ 60 km), the
temperature meets the high density of the secondary electrons and molecules %78, and the
formed methanol has been suggested to be a key point for the prediction of the geology 5°° of
the satellite. The information may also increase the knowledge on the chemistry of the Earth’s
atmosphere. Particularly the poorly understood presence of methanol as the second most
abundant atmospheric gas ®' can be related to the emission of CH3sCN from the frequent
wildfires burning due to the climate change. Finally, the process in the chemistry of CH3CN-

H2O triggered by slow electrons might be the initial step to more complex prebiotic molecules
53,62,
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VIl. TABLES

Table 1: Gibbs free energies of the fragmentation and reactions resulting in the production

of methanol or glycolonitrile calculated at ®B97x/aug-cc-pvtz level at 85 K.

Reaction Gibbs Energy (eV)
DEA
(@ H0+e — OH+H 411
(b) CH3CN +e — 'CH3 + CN- 131
3.23

(©) CHsCN+e — *CH2CN+ H-

Production of methanol

(d) *CHs+ *OH — CHsOH -3.80
() CHsCN+ "OH — CH3OH + "CN 2.37
(f) CHs+HO0— CH3OH+ °H 1.10

Production of glycolonitrile

() CH2CN + *OH — HO-CH2CN -3.37

(h) CH3CN + *OH — HO-CH>,CN + *H 0.60




VIll. FIGURES

FIGURE 1: Temperature desorption spectra of m/z 32 species (methanol, black),
acetonitrile (blue), and water (red). The m/z 32 product is generated from the irradiation of
acetonitrile-water (2:1) films for 50 minutes at the electron energy of 9 eV. The acetonitrile
and the water spectra are recorded from acetonitrile-water (2:1) films.
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FIGURE 2: Temperature Desorption Spectra from (a) water film (red) and acetonitrile
(blue) from a co-deposited acetonitrile-water (2:1) film, (b) pure methanol film (solid green)
and methanol from acetonitrile-methanol (8:1) film (dash line), (c) m/z 32 produced after
50 minutes irradiation of acetonitrile-water (2:1) films by 9 eV electrons, (d) m/z 56 after

50 minutes of irradiation of acetonitrile:water (2:1) films by 9 eV electrons.
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FIGURE 3: Integrated yield of methanol as the function of the incident electron energy.

The 35% error bars represent signal reproducibility (film thickness, electron current

stability) and the 0.5 eV electron energy accuracy.
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FIGURE 4: Calculated attachment energies (in eV) relative to the neutral ground state of
H20O are given together with the molecular orbitals involved in the trapping of the extra
electron. Shape resonances: the orbital occupied by the extra electron is plotted in grey
background. Core-excited resonances: trapping of the colliding electron into the LUMO
concomitantly with the promotion of a valence electron from the HOMO to the LUMO+n

state. Molecular orbitals of the neutral H2O are provided on the left.
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FIGURE 5: Calculated attachment energies (in eV) relative to the neutral ground state of
CH3CN are given together with the molecular orbitals involved in the trapping of the extra
electron. Shape resonances: the orbital occupied by the extra electron is plotted in grey
background. Core-excited resonances: trapping of the colliding electron into the LUMO
concomitantly with the promotion of a valence electron from the HOMO to the LUMO+n

state. Molecular orbitals of the neutral CH3CN are provided on the left.
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FIGURE 6: Reactions and Gibbs energies for the production of neutral CH3sOH and OH-
CH2CN (Table 1).
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Supplementary

Figure S1: Temperature desorption spectra of the (a) m/56 amu and, (b) m/z 32 species. They
are recorded after 50 min of irradiation of acetonitrile-water (2:1) films by a 9 eV electron

beam. The dashed line are obtained from “blanc” experiments for unirradiated films.
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Figure S2: Geometry obtained for a cluster containing 3 water molecules and 1 molecule of

acetonitrile. Geometry optimization done at the ®B97xD/aug-cc-pvtz level.
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Figure S3: Calculated attachment energies (in eV) for the acetonitrile molecule surrounded by
three water molecules. The energies relative to core-excited states (6.29, 7.10 and 8.20 eV) are
very close to those of obtained in gas phase (6.14, 7.03 - 8.23 eV, see figure 5). The shape
resonance energies are shifted to lower values compared to the gas phase (Figure 5): the shape
resonance calculated at 2.90 eV in gas phase is shifted to 2.52 eV, that obtained at 6.52 eV is
now between 6.55 and 6.82 eV, that at 9.10 eV is between 7.97 and 8.63 eV.

Due to the size of the basis set and the number of atoms, the number of excited states is highly
increased, and it becomes quite difficult to have quantitative results above 9 eV excitations

hence we preferred focusing on states with energies between 6 eV and 9 eV.

*Two values are given, due to the presence of an avoided crossing. Such states would require

the use of the stabilization method to obtain the value from a plateau (G. Thiam, F.Rabilloud,

J. Phys. Chem. lett. 12, 9995 (2021))). Here, with a single point calculation, we just furnish

lower and upper limits.
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