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Non-thermal lon Desorption From an Acetonitrile (CH3CN)
Astrophysical Ice Analogue Studied by Electron Stimulated lon
Desorption

F. de A. Ribeiro,*” G. C. Almeida,** Y. Garcia-Basabe,™® W. Wolff,° H. M. Boechat-Roberty' and M.
L. M. Rocco®*

The incidence of high-energy radiation onto icy surfaces constitutes an important route for leading new neutral or ionized
molecular species back to the gas phase in interstellar and circumstellar environments, especially where thermal
desorption is negligible. In order to simulate such processes, an acetonitrile ice (CHsCN) frozen at 120 K is bombarded by
high energy electrons, and the desorbing positive ions are analyzed by time-of-flight mass spectrometry (TOF-MS). Several
fragment and cluster ions were identified, including the Hy - 13", CHpeo:3 /NHn=0-1"; CaHn=o-3"/CHn=0.3N", CaHn-0.6N" ion series
and the ion clusters (CHsCN),-1.,"and (CH3CN)-1,H". The energy dependence on the positive ion desorption yield indicates
that ion desorption is initiated by Coulomb explosion following Auger electronic decay. The results presented here suggest
that non-thermal desorption processes, such as desorption induced by electronic transitions (DIET) may be responsible for
delivering neutral and ionic fragments from simple nitrile-bearing ices to the gas-phase, contributing to the production of
more complex molecules. The derived desorption yields per electron impact may contribute to chemical evolution models

in different cold astrophysical objects, especially where the abundance of CHsCN

Introduction

Acetonitrile (CH3;CN), also known as methyl cyanide, is the
simplest organic molecule bearing the nitrile (~C=N) functional
group. Due to its high dipole moment (3.91 Debye), the
rotational transition emission lines (in the millimetre and sub-
millimetre wavelength range) of CH;CN are a good probe for
estimating gas temperature and density towards molecular
clouds in the interstellar-medium (ISM),1 turning CH;CN into a
relevant astrophysical molecule.

The first detection of millimetre emission lines of CH;CN was
made by Solomon et al.? towards Sgr A and Sgr B molecular
clouds. Since that time, CH3;CN has also being detected
towards a number of sources, including cold starless molecular
cIouds,3 highl' 4> and low-mass®’ proto-stars and extragalactic
sources.® Acetonitrile is also a prominent molecule in the
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is expected to be high.

Titan’s atmosphere,9 and in the coma of Kohoutek'® and Hale-
Bopp11 comets. Recently, CH;CN has also been identified in the
in situ analysis of the 67P/Churyumov-Gerasimenko comet by
the COSAC experiment onboard the Philae lander."” The latter
is particularly interesting, since recent observations of CH3CN
and HCN toward the boundaries of the protoplanetary disk
around the young star MWC 480 showed similar abundance
ratios in comparison to Solar System comets.*® This fact points
to a connection between the interstellar and planetary
material, and leaves an open question regarding how complex
molecules may survive and evolve from the early stages of star
formation up to their presence in planetary systems.

Inside dense molecular clouds, most molecules are expected
to directly freeze out onto the surface of cold dust grains,14
forming ice mantles. Nonetheless, there is also the possibility
of in situ formation of CH3;CN by the radiative association
reaction CH3 + CN > CH3CN, and by hydrogenation of C,N on
grains at earlier times of star-formation.™ Though any CH;CN
infrared absorption band has been detected up to date, the
cyanate anion OCN  is commonly detected in ices towards a
number of sourt:es,16 indicating that a nitrile chemistry
network might be occurring in the ISM. Both interstellar and
planetary ice mantles are exposed to several ionizing agents,
such as ultraviolet (UV) radiation, stellar winds, cosmic ray
bombardment and charged particles magnetically trapped in
planetary magnetospheres.17 All these radiation sources
deposit energy into ices, leading to a more complex chemistry.
Several attempts have been made in order to understand the
energetic and dynamics of the fragmentation of CH3;CN by
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ionizing radiation. On the condensed medium, a few

studies have focused on the correlation between ion
desorption and Auger electron emission after localized
24-26

electronic excitation employing synchrotron radiation.
Previous laboratory studies were also dedicated in
understanding the energetic processing of CH;CN ices under
conditions that those found in astrophysical
environments. Hudson et al.”” noted CH3NC isomerisation and
the production of H,C=C=NH (ketenimine), CH, and HCN
products in the CH5;CN ice bulk by both UV photolysis and 0.8
MeV proton bombardment. Similar results were achieved by
Abdugalil et al.® employing the reflection—absorption infrared
spectroscopy (RAIRS) technique before and after 200 keV
proton irradiation of frozen CH;CN deposited at 15 K. On the
other hand, Abdugalil et al.”® noted that the electron
irradiation in the 250-400 eV energy range leads only to CH3CN
surface removal by electron-promoted desorption. Since the
RAIRS technique probes only the remaining ice material after
electron irradiation, the authors could not conclude about the
nature of the desorbing species.

Electrons impinging on a surface transfer part of their energy
and momentum to the target by inelastic scattering collisions
that may result in molecular ionization. In case of core level
ionizations, such high energy states may decay through Auger
electron emission, whose final state is characterised by
localized multiple valence holes. The mutual electrostatic
repulsion between unscreened valence holes is the basis for
Coulomb explosion, leading to molecular bond breakage and
desorption of neutral and ionic species.29 This ion desorption
mechanism is generally known as the Auger Stimulated lon
Desorption (ASID) mechanism. Non-thermal desorption
processes, such as desorption induced by electronic transitions
(DIET), is thought to play a role in delivering surface processed
material back to the gas-phase of dense regions in the Ism.°
For instance, ion emission from regolith analogs of the
Mercury surface by fast electron impact has been claimed®® as
a possible mechanism contributing to the formation of the
planet exosphere.

In this work we investigate the fragment and cluster ion
desorption from the surface of a CH;CN ice by means of the
Electron Stimulated lon Desorption (ESID) technique. The
CH;CN ice film was grown in situ at 120 K, which is close to the
thermal desorption peak of CH;CN at approximately 135 K
under laboratory conditions®. In these circumstances, similar
non-thermal desorption processes, as studied here by ESID,
are expected to occur during the warm-up phase of the inner
envelope of pre-stellar cores prior to the hot core phase, when
ice mantles are up to sublimate. Implications for Titan’s
chemistry are also highlighted.

mimic

Experimental

In this study, an acetonitrile (CH3CN) ice analogue is
bombarded by a pulsed electron beam, and the positive ions
desorbed from the icy surface are analyzed by time-of-flight
mass spectrometry (TOF-MS). The experimental setup consists
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of an XYZ sample manipulator connected to a liquid nitrogen
cooling system, a commercial electron gun (Kimball Physics,
ELG-2), and a linear time-of-flight mass spectrometer. All
instruments are housed in an ultrahigh vacuum (UHV)
chamber at 1.0 x 107° mbar base pressure.

The liquid CH3;CN sample was purchased from Sigma-Aldrich
with purity greater than 99.8%, which was further degassed
through several freeze-pump-thaw cycles before admission
into the UHV chamber with a leak valve. The vapour entrance
is monitored by a residual gas analyzer (RGA) and the ice
analogue is grown by directly condensation of background
CH3;CN molecules onto the 120 K cooled metallic substrate of
the sample manipulator. Once the pressure inside the
chamber was kept at ~ 5 x 10® mbar during 5 minutes of
sample dosing, this exposure leads accordingly to an ice
thickness of 11 Langmuir (1 Langmuir = 10° Torr-s), assuming a
sticking coefficient equal to unity for CH;CN at 120 K.

The time-of-flight mass spectrometer consists of an
electrostatic extraction system, a collimating lens pair, a drift
tube of 25 cm length, and two microchannel plate detectors
(MCPs) disposed in the chevron configuration. Positively
charged desorbing ions are extracted by a constant positive
electrical potential (+1900 V) applied to the sample. After
extraction, the positive ion beam traverses three metallic grids
(each one with 90% nominal transmission) before reaching the
MCP detector. The grid entrance of the TOF tube (grounded) is
sited 10 mm away from the sample surface, and the major axis
of the TOF tube is parallel to the surface normal. The positive
potential applied on the sample also accelerates the incident
electron beam, enhancing the final impact energy.

The incident electron beam impinges onto the sample surface
focused in a 0.5 mm spot size and with an angle of 60° with
respect to the surface normal. We used the CASINO code* to
simulate the electron trajectories within the ice under the
experimental conditions described previously. The results give
a distribution maximum at a penetration depth of 80 nm for
2300 eV electrons in a CH;CN ice of 0.8 g cm’ density.27

An external pulse generator (Hewlett-Packard, HP 8116A) is
responsible for triggering and pulsing the electron beam with a
20 ns pulse width within a time repetition rate of 80 kHz (12.5
us). Thus, the pulse generator is also responsible for supplying
the start signal of the time-to-digital converter device (TDC),
with a 12.5 us time window for ions arrival. Each ion generates
an output detector signal, which is processed by standard
pulse counting electronics and used as the stop signal of the
TDC device. More details about the available experimental
setup can be found elsewhere.®

The positive ion desorption yield Y; (ions/electron) for each
desorbed ion was derived directly from the time-of-flight (TOF)
mass spectrum by the standard expression33‘ 34,

A;

Y= ———
NstartsTe=

M

where A, is the integrated peak area for each desorbed ioniin
the TOF mass spectrum; Ny is the number of start signals of
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the TDC device and n,. is the number of incident electrons in
the electron beam at each start signal, derived by measuring
the incident electron beam current. A typical electron beam
current of 9.6 nA result in 7.5 x 10° incident electrons. lons
assignment and their respective Y; values at 2300 eV electron
impact energy are listed in Table S1 (available on the electronic
supplementary information).

Results and discussion

The electron-stimulated ion desorption (ESID) spectrum of
positive ions from the CH3CN ice is presented in Figure 1. It can
be divided into four groups, in which each group corresponds
to the fragmentation of the CH;CN molecule into different ion
series. The first group is the H, . 1.3 ion series and the
remaining are ascribed to the CHn_o3'/NHn01"; CoHnoos'/
CH,0.3N" and the C,H,.o¢N" ion series. Some of the ions within
each ion series have already been observed during the gas
phase fragmentation of the CH3;CN with soft X—rays,u’ 3
ultraviolet radiation™® and by electron impact20 and, thus, it is
assumed that these ions originate from the direct
fragmentation of isolated CH3;CN molecules.

A minor amount of water from the residual gas of the UHV
chamber also co-deposit with CH3;CN during the ice growth.
Water contribution is noted by the presence of the fragments
m/z = 16, 17, 18 and 19, attributed to O°, OH", H,0" and H;0",
respectively. On the other hand, the present relative ratios
Yoi/Yuz0+ Yonus/Yrzos and Yyo0./Yusos are clearly different for
the ESID of pure water ice.3° Moreover, the other members
of the water cluster ion series (H,0)," and (H,0),H" with n > 2
are absent,4°' “ probably because water molecules are well
diluted on the frozen CH5CN surface. In this framework, Mejias
et al.*? showed that a single proton tends to stay bonded to
H,O to form H;0" when solvated by more than one CH5CN
molecule. This trend is thought to increase the H,;0"
desorption probability in the present case.

The most intense desorbed fragment is the H® ion, what is
consistent with the formation of a thick molecular film.*? Also,
light fragments, such as H" and H,", have high initial kinetic
energy, what lowers their residence time on surface, lessening
their probability of neutralization.*® In addition to H" and H,",
the H;" ion was also produced as a member of the H, _,.;" ion
series.

It is noteworthy that the present H;" ion desorption yield from
CH5CN is almost the same for CH;OH ice, as measured by
Almeida and co-workers.>* Eland et al.*’ proposed that the Hs"
ion comes from charge separation of doubly charged precursor
jons, mainly when the partner ion formed with H;" is
thermodynamically stable. Pilling et al.”® have also observed
the production of H;" by the dissociation of core-excited
organic molecules containing the methyl group, including
CH3CN. These observations correlates well with a general
desorption mechanism, in which H;* originates from the
dissociation of the methyl group during the fragmentation of
the multiply charged parent molecule.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Electron Stimulated lon Desorption (ESID) spectrum up to m/z = 50 of frozen
CHsCN at 120 K by 2300 eV electron impact energy. Some regions of the spectrum have
been expanded in the sake of clarity and their scaling factors are shown in blue. The
assignment of the desorbed ions is given in Table S1.

In case of normal Auger electronic decay of the core ionized
CH3CN molecule, this process may lead to a final state with
two localized valence holes (2h) in a bonding orbital, whose
unscreened hole-hole repulsion results in charge separation
and ion desorption by Coulomb explosion. The doubly charged
parent molecule (CH;CN™") has not been identified, though its
formation may not be ruled out, due to the presence of the
doubly charged N™* fragment (see Figure 1).

The positive ion yield as a function of the electron impact
energy in the energy range from 1000 to 1800 eV is presented
in Figure 2. Each curve in Figure 2 represents the sum over all
desorbed fragments in each ion series (CH,*, C,H,"/H,CN* and
C,H,N*, respectively).

As can be noted in Figure 2, there is a desorption increase for
all ion series at 1400 eV, which is 3.5 times the ionization
threshold for the CH3;CN N1s core level at 406 ev.? Typically,
the electron impact ionization cross-section reaches a broad
maximum at energies 3 — 4 times the energy required for
photoionization.47 Therefore, all fragmentation channels are
enhanced at 1400 eV electron impact energy, especially those
channels involving the rupture of the C=N bond, resulting in
C,H," desorption. As the electron impact energy is increased
up to 1800 eV, there is a drop in the positive ion desorption
yield for C,H,N" and CH," ion series, while the C,H,"/H,CN"
positive ion vyield
experimental error. The latter is probably due to ionizations

remains almost the same within the

caused by secondary electrons produced in the CH3CN ice bulk.
Secondary electrons lead mainly to valence-shell jonizations™®
and, thus, only soft fragmentation is expected. As a result,
there is a minor production of the atomic fragments from the
CH," ion series, and the excited parent molecule will dissociate
preferentially in the C,H,"/H,CN" ion series.

J. Name., 2013, 00, 1-3 | 3
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Figure 2. Positive ion desorption yield curves as a function of the incident electron
impact energy in the range 1000-1800 eV. Each curve presents the summation of the
desorption yield of all ions comprised within each ion series (CHnﬂ CHn"/H.CN" and
C,H.N"). See text for more details.

The first group in the ESID spectrum of Figure 1 is composed
by intense and light fragment ions, showing strong
fragmentation of the CH3;CN molecule on surface. The range
from m/z = 12 to m/z = 15 is attributed to the CH," ion series
(n = 0-3), which is caused by C—C bond cleavage and hydrogen
elimination. The most intense ion of the CH," ion series is CH;",
followed by CH,", C" and CH", respectively. This behaviour is
quite different from the one observed by Almeida and co-
workers** for ion desorption from CH3;OH ice, in which the
intensity sequence follows CH5*, CH,” CH* and C*. The presence
of an additional carbon in the C=N group of CH;CN increases
the C* desorption for CH;CN in respect to CH;OH. Moreover,
assuming that a similar mechanism rules the ion dissociation of
the methyl group of CH3;CN and CH3;OH, and that the ions from
the CH," ion series in both cases have the same desorption
probability, one finds that the ratio Y;3/Y;5 for CH;OH is greater
than the same ratio for CH3CN (0,22 and 0,064, respectively).
This m/z range for CH;CN may also contain the ions N* and NH*
at m/z = 14 and m/z = 15, resulting from C=N bond cleavage
and proton transfer to CH;CN, respectively.

A very pronounced intensity alternation between odd and
even-mass fragment ions is observed in the range from m/z =
24 to 29. Such pattern is generally observed for the desorption
of ions from the C,H," ion series, in which odd-mass fragments
are more abundant than even-mass ﬁ'agments49 due to the
production of more stable closed-shell ions with odd number
of hydrogen atomsso, which yield odd-numbered m/z ions. On
the other hand, the stoichiometry of the CH3;CN molecule itself
cannot lead directly to C,H," ions with n > 4, and N-bearing
fragments might also be present. Indeed, Rider et al.” and
Kukk et al.”® attributed the ion peak at m/z = 28 to the CH,N*
ion during the gas phase photofragmentation of CH;CN. This is
an interesting feature, since the production of ions from the
CHnN+ ion series require hydrogen migration during
fragmentation and desorption. Therefore, the m/z range from

4| J. Name., 2012, 00, 1-3

24 to 27 is attributed to the C,H," (n = 0 — 3) ion series along
with the CH,N" (n = 0 — 4) ion series.

The last ion series presented in Figure 1 is attributed to the
parent ion region CH,CN", in which the ions of m/z ratio up to
40 originate from the sequential loss of hydrogen atoms by the
parent ion CH;CN" (m/z = 41). Another possibility for the m/z =
41 jon peak would be desorption of CH;NC". The isomerization
of CH3CN into CH3;NC under 200 keV proton and UV irradiation
was already reported in the literature by Hudson and Moore®’
and Abdulgalil et al.® But, it is noteworthy that whichever any
CH53CN"* or CH3NC' (m/z = 41) is desorbing, with only Time-of-
Flight mass spectrometry it is not possible to distinguish them.
As can be seen in Figure 1, the same even-odd intensity
alternation is not observed anymore, as the most intense ion
within this series appears at m/z = 42. Interestingly, since
nitrogen has an odd-number of valence electrons, N-bearing
positive fragments are more stable at even m/z values, and the
parent molecule tends to desorb in the protonated form,
CH;CNH".

The greater ion desorption yield of CH;CNH' in respect to
CH,CN* also suggests that neighbouring CH;CN molecules
might be strongly bound by C—H--:N intermolecular forces on
the ice surface. This fact contribute to the proton-transfer
reaction — CH;CN" + CH3CN = CH;CNH™ + CH,CN — between an
ionized acetonitrile molecule and its neutral neighbour,
leading to a more stable ion with a proton bounded to the
neutral parent molecule.
acetonitrile as the result of ion-molecule reactions in the gas-
phase was reported by Ascenzi and co-workers®?, in which they
observed the same threshold appearance energy for both
CH5CN* and CH,CNH" at about 12.2 eV photon energy. Such
reactions are certainly favoured in the condensed medium,

The production of protonated

since the intermolecular distance among CH;CN molecules
might be considerably reduced and there is an excess of
protons being formed and solvated by CH;CN. The strong ion-
dipole interaction between H* and CH;CN comes from the
strong proton affinity of CH;CN. Thus, the proton transfer and
the ion desorption might occur through a similar mechanism
to what has been proposed for H;O" desorption from H,0
ice.> Coulomb repulsion between such solvated protons
occurs on the surface during or after the separation of valence
holes created by Auger decay.

The electron-stimulated desorption of fragments from a
surface is an isolated event, governed by single electron-
impact events.>” 3% 53
impinging electrons should be correlated with a linear enhance
of the amount of desorbed ions. The relative ion desorption
yield N; (ions/start) for C,N*, CHCN®, CH,CN®, CH;CN" and
CH3CNH' as a function of the electron beam current I (nA)
impinging on the ice surface at 2300 eV electron impact energy

Therefore, an increase in the flux of

is shown in Figure 3. The integrated area for each ion peak was
normalized by the number of start signals of the TDC device
and, thus, it represents the average amount of ions desorbed
within a time-of-flight window.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Relative ion desorption yield N; for the ions comprised in the parent ion region
(CHLCN®) as a function of the incident electron beam current at 2300 eV electron
impact energy.

As already expected, the greater the electron beam current
(which to the flux of incident
electrons), more ions desorb from the ice surface at each start

is directly proportional

signal. A linear dependence on the electron beam current is
seen for all desorbed ions of the CH,CN* (n = 0-3) ion series,
suggesting that these ions result from the direct CH;CN
molecular fragmentation on surface. On the other hand, the
CH;CNH' relative ion desorption yield seems to obey a power
law in respect to the incident electron beam current, N; oc /¥, in
which x is the power law exponent.

As indicated in Figure 3, the relative ion yield dependence of
CH;CNH' on the electron beam current exhibits almost a
quadratic growth. Such nonlinear dependence has already
been observed for low energy electron-stimulated anion
desorption,54 fs-laser induced associative desorption55 and ion
desorption following ultra-short XUV pulses,ss’ 7
indicating that collisions and/or reactions between more than

laser

one dissociating products may lead to a more complex
desorption framework. In this sense, this scenario may be
consistent with the framework of proton-transfer reactions
between dissociating species during ion desorption as the first
step towards the production of more complex species, such as
cluster ions.

The ESID spectrum of CH3CN acquired at the same conditions
of Figure 1, but now extended from m/z = 37 to m/z = 90 is
presented in Figure 4. The high-energy electron bombardment
of frozen CH5CN stimulates the ion desorption of cluster ions.
The presence of the latter is attributed to the interaction
between outgoing fast desorbed ions and neutral CH3;CN
molecules on the top ice surface. The region between 50 < m/z
< 60 corresponds to the association of a neutral CH3;CN
molecule to ions from the CH,"/NH," ion series, while the ions
appearing at 65 < m/z < 72 correspond to the association of
the neutral CH;CN to ions from the C,H,"/CH,N" ion series.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. ESID spectrum of frozen CH3CN at 120 K by 2300 eV electron impact energy
showing desorbed ions from m/z = 37 up to m/z = 90. The last region of the spectrum
was expandend by a factor of seven in order to highlight the desorption of (CHsCN),"
and (CH3CN),H" dimer cations. The assignment of the desorbed ions is given in Table S1.

A set of suggested reaction routes to more complex nitriles
starting from CH3CN is shown in the scheme 1. For instance,
the high intensity ion peaks at m/z = 54 and 55, assigned to the
cluster ions (CHsCN)CH" and (CH3;CN)CH,", respectively, can
lead to protonated acrylonitrile (CH,CHCNH") and propionitrile
cation (CH5CH,CN") in the gas-phase after ion desorption. The
jon peak at m/z = 60 can be assigned to the (CH;CN)H;0"
cluster ion, what strongly agrees with the calculations of
Mejias et aI.,42 in which the formation of the cluster CH;CNH'—
H,O0 occurs when H;0" interacts with a single CH;CN molecule,
and the proton remains bonded to a solvating CH3;CN
molecule.

Figure 4 also points to the ion desorption of the acetonitrile
dimer cation (CH5CN)," and the protonated acetonitrile dimer
(CH3CN),H" at m/z = 82 and 83, respectively. These ions are
members of the (CH;CN)," and (CH;CN),H" ion series, whose
occurrence in gas-phase experiments®' is known. The greater
desorption ion yield for the ion cluster (CH;CN),H" in respect
to (CH;CN)," may be attributed to the production of a stronger
proton-bound linear complex,51 in which the proton is trapped
symmetrically between two CH3;CN molecules, as it was
predicted by Mejias et al..*? It is remarkable that the pattern of
the CH5CN ESID spectrum observed in Figure 1 entirely repeats
itself after m/z = 50. As a rule of thumb, it is possible to
summarize the ESID spectrum of frozen CH3;CN by the general
formula (CH3;CN), X", in which n =0 — 2 and X" corresponds to a
charged fragment generated by the dissociation of the isolated
CH3CN molecule.

J. Name., 2013, 00, 1-3 | §
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Scheme 1. Suggested reaction routes for production of acrylonitrile cation (CH,CHCN®),
protonated acrylonitrile (CH,CHCNH"), propionitrile cation (CH;CH,CN") and protonated
propionitrile (CH;CH,CNH") by desorption of (CHsCN)CH,* (x = 0-3) cluster ions.

Astrophysical implications

The ESID data presented in this study indicate a possible
process by which the molecular inventory covering cold ice
mantles may be incorporated into the gas-phase of molecular
clouds in the ISM and, furthermore, a possible contribution to
the synthesis of more complex nitrile-bearing molecules. lon
desorption under electron bombardment is initiated by
Coulomb explosion of unscreened valence holes,53 a condition
matched since multiple valence holes are localized in the
adsorbate for at least 10-100 fs,36 corresponding to the ion
desorption time. Multiple valence holes may be created via
Auger decay of a shallow core-hole, such as the N1s, after high
energy electron-impact. As shown in Figure 2, all ion
desorption channels are enhanced at energies ~ 3.5 times the
ionization threshold of the N1s core level. At even higher
electron-impact energies, multiple excitations by the primary
electron beam or excitations caused by the scattering of
secondary electrons also contribute to CH3;CN fragmentation
and ion desorption.

The H" ion is by far the most desorbed ion, since it contributes
to almost 96 % of the entire ESID spectrum at 2300 eV electron
bombardment. As pointed out by Pirim et aI.,59 the desorption
of light fragments, such as H" in the present case, is a probe for
determining molecular damage promoted by electron impact.
The H" ion has the highest desorption probability and,
therefore, dissociation channels on surface that may result in
H" desorption will be best probed by ESID. By computing the
ion yield for all ions desorbed from the CH5CN ice surface, one
finds the total positive ion desorption yield of Y* = 5 x 108
ions/electron.

Taking into account that the typical coverage of a vapour-
deposited surface is on the order of ~ 10" molecules cm'z,60
the maximum total cross section for ion desorption from the
CH5CN ice surface is estimated to lie on the order o'~ 5 x 102
cm”. Individual ion desorption cross sections o;" (in which i =
fragment or cluster ion) derived in the same way are displayed
in Figure 5.
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Figure 5. Cross sections derived for desorption of CH3CN positive fragments and ion
clusters due to the bombardment of 2.3 keV electrons. The inset at top right shows the
ion desorption cross sections for fragments of the H,.,.;" ion series.

It is noteworthy that the total cross section ¢ derived in this
work is considerably smaller than the CH3CN desorption cross
section measured by Abdulgalil and co-workers.”®  The
desorption of neutral fragments, which are not observed with
the present experimental setup, probably accounts for such
large divergence. Cross sections for ion desorption are
generally orders of magnitude smaller than those for neutral
species.60

The desorption of protonated fragments from surfaces at
cryogenic temperatures seems to be favoured by strong ion-
dipole interactions and post-dissociation interactions that lead
to proton-transfer reactions. Among them, CH;CNH" (m/z = 42)
is even more abundant than the parent molecule CH;CN" (m/z
= 41). As discussed by Betts and co-workers,49 closed-shell
cations are more stable due to the formation of a closed-shell
species. This particular result points to the role played by ion
desorption to gas-grain interactions in the ISM. The production
of CH;CNH" appears to be governed by a non-linear (power
law) dependence on the incident electron beam current (see
Figure 3). Based on the similar results of YiIdirim,54 this
tendency suggests that ion collisions are necessary to induce
proton-transfer reactions on the CH;CN ice top surface.

Even though the attempts to detect CH;CNH' towards the ISM
have failed,61 CH3;CNH" desorption to the gas of dense
molecular clouds would contribute to maintain the high
abundances observed for CH;CN by dissociative electron
recombination of CH3CNH+.62 Through a similar pathway,
complex organic molecules can be generated in the gas-phase
by barrierless ion-molecule reactions or directly delivered to
the gas phase after ion desorption. The latter process, would
be the case for CH,NH" (m/z = 29) and CH3;NH," (m/z = 31),
whose neutral species are all known interstellar molecules.® %
It is known that gas-phase chemistry alone is unable to explain
the diversity and abundance of many of the identified
interstellar complex molecules.® Thus, grain-surface chemistry
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and ion desorption are suggested to play a role in the
formation of more complex gas-phase known nitriles,
especially involving CH3CN as a precursor molecule. The closely
related aliphatic nitriles, propionitrile (CH;CH,CN), acrylonitrile
(CH,CHCN), n-butyronitrile (CH3(CH,),CN) and isobutyronitrile
((CH3),CHCN), have all been detected towards the Sgr B2(N)
molecular cloud.”™ % such molecules might be formed
through intra-cluster reactions involving the ion clusters
(CH3CN)CH,-1," and (CH3;CN)C,H," desorbed from the CH;CN
ice, even prior to evaporation of ice mantles covering dust
grains during the warm-up phase of star-forming regions.
Regarding the Solar System, the desorbed fragments and ion
clusters detected in this work are relevant to nitrile chemistry
in Titan. Gas-phase CH;CN in the upper atmosphere is
expected to precipitate downward the stratosphere onto
aerosol hazes, where ice clouds have been observed.®” 7° solar
radiation, cosmic-ray bombardment and high-energy electrons
trapped in the saturnian magnestophere penetrate the
satellite atmosphere,71 triggering its energetic processing.
Indeed, the lon Neutral Mass Spectrometer (INMS) probe
onboard the Cassini spacecraft detected several nitrile-bearing
fragments in the Titan’s ionosphere, including HCNH®,
CH,NH,", CHsCNH", C,HsCNH", C,HsCNH', among others.’ It has
been suggested that protonated nitriles and ion clusters might
play a major role in developing proton exchange reactions that
lead to the production of more complex ions and neutral
molecules in the Titan’s atmosphere.72’ 3 The production of
protonated fragments is generally attributed to gas-phase
ionizations and ion-molecule reactions, but the ESID results
from this work show how some of the ions observed by the
INMS probe would be delivered to the gas-phase from frozen
CH;CN molecules.

Conclusions

High energy electron impact was employed in order to
simulate electron-induced processes that can occur on the
surface of interstellar ice mantles covered by acetonitrile
(CH3CN) molecules and on icy condensates at the Titan’s
atmosphere and surface. Several fragment ions were identified
by time-of-flight mass spectrometry (TOF-MS), indicating
strong fragmentation of the parent molecule. Coulomb
explosion following Auger electronic decay seems to be a
reasonable mechanism for ion desorption, since all
fragmentation channels are enhanced at energies 3.5 times
the N1s ionization threshold. Predominance for protonated
fragments, such as CH;CNH®, was observed. Such ions may be
formed as the result of proton transfer reactions on surface.
Collisions between dissociating products is also suggested as
the first step in the production of more complex species, in the
form of ion clusters. Desorption of (CH3CN),” and (CH;CN),H"
ion clusters were readily observed, along with clusters made
up of the neutral CH3;CN molecule bonded to an ion fragment
of the parent molecule alone. The measured desorption ion
yields were used to estimate a total desorption cross-section
on the order of o*~ 5 x 10%* cmz, which correlates to the
CHsCN by  molecular

destruction cross-section of

This journal is © The Royal Society of Chemistry 20xx

fragmentation and positive ion desorption. Our findings
suggest that electron stimulated desorption from CH;CN
covered ice mantles may play a role in delivering ions to the
cold interstellar and circumstellar material, which can further
participate in barrierless gas-phase ion-neutral reactions. Such
processes may play a role in the generation of more complex
nitriles already observed in the gas-phase of star-forming
regions. Similar conclusions can be ascribed to the Titan
atmosphere, where a set of complex nitriles is known to exist.
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