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Abstract. Chemical reactions in mixed molecular ices as relevant in the context of astrochemistry can be
initiated by electron-molecule interactions. Dissociative electron attachment (DEA) as initiating step is
identified from the enhancement of product yields upon irradiation at particular electron energies. Herein,
we show that DEA to CO leads to the formation of HCN in mixed CO/NHs ice at electron energies around
11 eV and 16 eV. We propose that this reaction proceeds via insertion of the neutral C fragment into a N-H
bond. In the case of CO/H20 and CO/CH3OH ices, a resonant enhancement of the yields of HCOOH and
CH3OCHO, respectively, is observed around 10 eV. In both ices, both molecular constituents exhibit DEA
processes in this energy range so that the energy-dependent product yield alone does not uniquely identify
the relevant DEA channel. However, we demonstrate by comparing with earlier results on mixed ices where
CO is replaced by C2H4 that DEA to CO is again responsible for the enhanced product formation. In this

case, O~

activates HoO or CH3OH which leads to the formation of larger products. We thus show that

DEA to CO plays an important role in electron-induced syntheses in molecular ices.

1 Introduction

Electron-molecule interactions are typically associated
with their dissociative nature which has been studied
for many cases and reviewed repeatedly [1-8]. How-
ever, when these interactions occur in dense environ-
ments, reactive species resulting from such electron-
induced dissociation can undergo further chemical reac-
tions. This leads to the formation of new products [9-
11] or can be exploited to fabricate novel materials with
interesting properties [12,13]. Electron-induced chem-
ical processes also receive attention with respect to
research on the origin of organic molecules in space. It is
nowadays recognized that low-energy electrons released
under the effect of ionizing radiation can drive much of
the interstellar chemistry within molecular ice layers
that form on the surface of cold dust grains [11,14,15].

In fact, electron-molecule interactions can trigger
reactions that lead to the synthesis of larger molecules
from smaller building blocks. In ideal cases, the prod-
ucts can even incorporate all atoms of the initial reac-
tants [16]. As prototypical examples, the syntheses
of ethylamine (CoHsNHs2) from ethylene (C3H4) and
ammonia (NH;3) [17], ethanol (CoH;OH) from ethylene
(C2Hy) and water (Hz0) [18], as well as formamide
(HoNCHO) from carbon monoxide (CO) and ammo-
nia (NHj) [19] have been observed under low-energy
electron irradiation in cryogenic condensed ices con-
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taining the starting compounds. It was proposed in all
three cases that electron ionization (EI) of one of the
reactants creates an attractive force between adjacent
molecules. This initiates a reaction sequence in which
bonds form between the reactants, one of the hydrogen
atoms migrates and the resulting product radical cation
is neutralized by thermalized electrons thus leading to
the neutral stable product.

While this ionization-driven reaction mechanism is
temptingly simple, a deeper insight into the reactions
occurring in the ice mixtures is of utmost impor-
tance to arrive at a comprehensive understanding of
the electron-induced chemistry in ices. The potential
complexity of the reaction networks is obvious con-
sidering the wealth of products that can be formed
even in a pure ice as exemplified by the case of pure
methanol (CH3O0H) ice [15,20]. As another example,
ethanol (CoHsOH) formation was also observed as con-
sequence of electron attachment (EA) to CoHy in the
presence of HoO [18] indicating that different reaction
mechanisms can contribute to the formation of a par-
ticular product.

In an effort to unravel electron-induced chemistry in
ices, we have recently conducted comprehensive stud-
ies by post-irradiation thermal desorption spectrometry
(TDS) on thin layers of different pure and mixed ices
[20-23]. In each case, the dependence of product for-
mation on electron energy was monitored for several
products. This approach not only gives insight into the
electron-molecule interactions that initiate the forma-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjd/s10053-021-00310-5&domain=pdf
https://orcid.org/0000-0002-2944-791X
https://orcid.org/0000-0003-0643-7636
https://orcid.org/0000-0002-7977-6762
https://orcid.org/0000-0002-4355-5546
mailto:swiderek@uni-bremen.de

302 Page 2 of 8

tion of the products by releasing reactive intermediate
species. It also allows us to draw conclusions on the
reaction mechanisms that occur after this initial event.
This is achieved by comparing the energy dependences
of different products that are potentially formed via
the same intermediates. Most interestingly, resonance
structures around 10 eV in the energy dependences have
suggested that dissociative electron attachment (DEA)
to CO leads to formation of formic acid (HCOOH) in
mixtures of CO and HoO [22] and of methyl formate
(CH;OCHO) in mixed ices of CO and CH3;OH [23].
Here, we substantiate the claim that DEA to CO is an
efficient pathway to product formation in ices. To this
end, we present new results on mixed CO and NHj ices
that reveal the role of DEA to CO in electron-induced
chemistry by monitoring the formation of hydrogen
cyanide HCN. Furthermore, we compare the results on
CO/H30 and CO/CH3O0H ices [22,23] with the data
on mixed ices where CO is replaced by CyHy [18,21]
to demonstrate that a resonance around 10 eV is only
visible when CO is present. We thus show that DEA to
CO plays an important role in electron-induced synthe-
ses in molecular ices and propose mechanisms for the
reactions that are initiated by the fragments resulting
from DEA.

2 Experimental

The electron energy-dependent formation of products
upon electron irradiation of condensed molecular ices
was monitored by post-irradiation thermal desorp-
tion spectrometry (TDS). The experimental procedures
were described in detail previously [16-23]. Briefly, all
experiments were performed in an ultrahigh vacuum
chamber with a base pressure of 10~'° mbar. Molecu-
lar ices were prepared by leaking vapours of the reac-
tants onto a Ta substrate (this work and Refs. [19-23])
or an Au substrate (Refs. [16-19]) held at ~ 30-35 K
either as a gas mixture or sequentially, the latter rely-
ing on rapid diffusion into pores of the first compo-
nent. The amounts of gases leaked into the chamber
were monitored as pressure drop in the gas handling
manifold measured with an MKS Baratron type 622B
capacitance manometer. Film thickness was estimated
from TDS for the individual components by observing
at which pressure drop the transition from monolayer
to multilayer desorption signal occurs. TDS data were
acquired by resistively heating the substrate with heat-
ing rates of ~ 1 K/s while monitoring characteristic
m/z ratios of the investigated neutral desorbing species
using a quadrupole mass spectrometer (QMS) residual
gas analyser (Stanford Research System RGA 200). The
QMS has an electron-impact ion source operating at an
electron energy of 70 eV.

The targeted mixing ratio of the two components in
the ice can be established by different procedures. In
the simplest case, a 1:1 gas mixture was leaked with the
aim of producing an ice layer of the same composition.
This procedure was applied previously for CoHy/NHj
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Fig. 1 Overview of gas phase dissociative electron attach-
ment to CHsOH (from Ref. [24] reporting DEA ion yields
in arbitrary units), HoO (from Ref. [25] reporting absolute
DEA cross sections), NH3 (from Ref. [26] reporting absolute
DEA cross sections), CO (10 eV resonance from Ref. [27]
reporting DEA ion yields in arbitrary units), and CoHy (10
eV resonance from Refs. [28,29] reporting DEA ion yields in
arbitrary units). In the case of CoHy, only the most intense
signals are displayed. See Ref. [30] for data on minor frag-
ments. Also included is non-dissociative electron attachment
at 2 eV to CO (from Ref. [31] reporting charge trapping
in arbitrary units) and CoHs (from Ref. [32] derived from
energy-dependent cross section for vibrational excitation).
Each curve has been normalized to its maximum. The fig-
ure does not represent the relative yields of individual frag-
ments from same molecule but merely serves to illustrate to
resonance positions. Tick marks on the y-axis indicate the
vertical offset

[17}, CQH4/H20 [18}, as well as CQH4/CH30H [21] ices.
The actual stochiometric ratio of the two reactants in
the ice can be deduced by integrating the area under
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Fig. 2 a Thermal desorption spectra of CO/NHs mixed ice (thickness 10-14 monolayers) without electron exposure
(denoted 0 pC/cm?) and after electron irradiation with 500 pC/cm? at an electron energy (Eo) of 20 eV. The peaks at
~133 K in the m/z 26 and 27 curves were assigned to HCN. The signals at ~50 K and above 220 K in the m/z 27 curve
result from desorption of CO from the ice and from parts of the sample holder that warm up more slowly than the Ta foil
itself. CO is detected at m/z 27 due to its high abundance which leads to spillover of intensity to mass channels adjacent to
the main signal at m/z 28. Tick marks on the vertical axis indicate the baseline level. b Reference mass spectrum of HCN

[35]

the TDS curves and correcting for the partial electron
ionization cross sections of the characteristic fragments
that are monitored in the QMS [21]. The thus deter-
mined ice composition may deviate from the mixing
ratio of the gases if one of the compounds adsorbs more
strongly to the walls of the gas injection tube and to
parts of the vacuum chamber than the other. In the
case of CoHy/CH3OH ice, the gas mixture was conse-
quently adjusted to produce a 1:1 composition of the ice
[21]. Alternatively, the two components can be leaked
sequentially. This is advantageous when one component
tends to form a porous ice such as H,O. The pores can
then accommodate the molecules of the subsequently
dosed gas and this can enhance its sticking probabil-
ity. This procedure was applied previously to prepare
CO/H30 ices [22] and also to study the formation of
HCN in CO/NHs ices reported herein. In detail, the ice
was prepared by leaking first an amount of NHj3 corre-
sponding to a pressure drop of 28 mTorr in the man-
ifold followed by CO (15 mTorr). According to TDS,
this produced an ice with a comparable composition
as used previously to investigate the formation of for-
mamide [19].

Electron irradiation was performed using a commer-
cial STAIB NEK-150-1 electron source with an energy
resolution of 0.5 eV. After irradiation, the ice was des-
orbed in a TDS experiment, again with a heating rate
of ~ 1 K/s, while monitoring characteristic m/z ratios
of the investigated neutral reaction products. After
each experiment, the substrate temperature was held
at 450 K for 2 min to desorb remaining species on
the sample holder, which warms up more slowly than
the substrate. A relative product yield was obtained
by integrating the area under the characteristic des-
orption signals in the TDS curves. Typically, the same

experiment was repeated three to four times to estab-
lish an experimental error. This overall procedure was
then repeated for a range of electron energies to obtain
energy-dependent product yields. Here, attention was
paid to select an electron exposure that falls within
the linear regime where product yields increase linearly
with exposure. This ensures that the product yields
obtained at different electron energies can be directly
compared.

3 Results and discussion

3.1 DEA processes of the investigated molecular ice
constituents

As a reference for the discussion of resonant prod-
uct formation in the molecular ices studied herein,
Fig. 1 provides an overview of the gas phase DEA
processes of the individual ice components. It is well-
established that the energetic position and the cross
sections of the individual DEA channels can change
in a condensed environment, the latter even by orders
of magnitude [2,33]. Nonetheless, the overview given
in Fig. 1 clearly illustrates the wealth of DEA pro-
cesses that exist in the vicinity of 10 eV (grey band
in Fig. 1). In fact, in both CO/H;0 and CO/CH3;O0H
mixed ices, both components exhibit DEA resonances
around this energy. The position of the maximum prod-
uct yield alone is therefore not a sufficient criterion
to identify which DEA channel enhances the forma-
tion of a particular product in a mixed ice. More-
over, we note that electron-stimulated desorption of
O~ from condensed multilayer films of CO is reso-
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Fig. 3 a Peak areas for the m/z 27 desorption signal of HCN at 133 K obtained by TDS without electron exposure
(plotted at 0 pC/cm?) and after increasing electron irradiation of CO/NHjz mixed ice at an electron energy (Eo) of 20 eV.
Error bars denote the estimated error for the peak area. b Energy dependence of the relative yield of HCN formed after
electron irradiation of CO/NHj ice with an electron dose of 500 wC/cm? as derived from the integrated m/z 27 and m/z 26
desorption signals. The thickness of the ice layer was 10-14 monolayers. Tick marks on the vertical axes indicate a peak

area of zero

nantly enhanced around 12 eV [34,35] and thus about
2 eV above the maximum product yield in the mixed
ices described above. Also, and in contrast to the gas
phase, ESD from condensed CO evinces a second res-
onance around 16 eV [34,35]. We demonstrate in the
following that these DEA channels indeed play a role
in the investigated mixed ices. The neutral C frag-
ment leads to the production of HCN in CO/NHj ice
(Sect. 3.2) while the O™ radical anion initiates both
the formation of formic acid (HCOOH) in CO/Hz0 ice
and methyl formate (CH;OCHO) in CO/CH30H ice
(Sect. 3.3).

3.2 Molecular synthesis triggered by the neutral C
fragment

The electron-induced chemistry of CO/NHjz mixed ice
has been investigated previously with particular focus
on the formation of HoNCHO [19]. A resonant enhance-
ment of this product was observed in a broad range
around 10 eV. Aiming at a more comprehensive insight,
we have now investigated the production of HCN in
CO/NH3; ice and its dependence on the electron energy.
Figure 2a shows representative TDS data obtained
before and after electron irradiation at 20 eV. A dis-
tinct desorption signal with maximum at 133 K is seen
in the TDS curves obtained for both m/z 26 and 27.
The relative intensity of these signals is 1:5 and thus
very similar to the intensity ratio of these two signals
in a reference mass spectrum of HCN [36] (Fig. 2b) indi-
cating that this product is indeed formed under electron
irradiation of the CO/NHj ice.

To establish the relative product yields as function
of electron energy, the area under the TDS signal at
133 K in the m/z 27 data was evaluated. First, it was
verified that the exposure of 500 wC/cm? applied in
Fig. 2a falls within the linear regime so that electron-
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induced depletion of the reactants CO and NHj as
well as decomposition of the product HCN can still be
neglected. Therefore, the integral intensity of the des-
orption signal was first plotted for increasing electron
exposure at 20 eV (Fig. 3a). The product yield in fact
increases linearly with electron exposure. As reaction
rates are typically lower at lower electron energies, an
electron exposure of 500 pC/cm? was thus also used in
all subsequent experiments at lower electron energies.
The resulting energy-dependent integral desorption sig-
nals of HCN are shown in Fig. 3b. The constant inten-
sity ratio between the signals at m/z 27 and m/z 26
shows that the data are representative of HCN at all
electron energies. The curves evince resonant enhance-
ment of the product yield around 11 eV and 15 eV. DEA
processes in NHj3 that could contribute to this enhance-
ment have been reported around 10 eV (see Fig. 1) but
not at higher energy. In contrast, apart from a shift
to lower energy, the resonances observed here compare
well with the maxima in the ESD yields of O™ from
condensed multilayer films of CO around 12 eV and
16 eV [34,35]. This shift is rationalized by considering
that desorption of the anion requires a certain excess
energy to overcome the polarization forces in the con-
densed phase. In contrast, HCN is produced within the
layer and the energy required for desorption is supplied
thermally in the subsequent TDS experiment. We thus
conclude that DEA to CO is the initiating electron-
molecule interaction that leads to the formation of HCN
in the CO/NH3 mixed ice. We propose that the neutral
C fragment released together with O~ upon DEA to
CO reacts with NHj3 by insertion into one of the N-
H bonds and subsequent elimination of Hy to produce
HCN (Fig. 4) as also reported earlier [37].
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Fig. 4 Proposed reaction mechanism for the electron-
induced formation of HCN in CO/NH3 mixed ice

3.3 Molecular synthesis triggered by the O~ radical
anion fragment

Figure 5a shows the energy-dependent yield of HCOOH
in mixed CO/H50 ice [22] and Fig. 5b the yield of
CH3;0CHO in CO/CH30H ice [23], both obtained from
the areas under the characteristic TDS signals. For com-
parison, the data for ices in which CO is replaced by
CoHy [18,21] is also included. For details of the experi-
ments and data analysis we refer to the previous studies
[18,21-23]. The resonant enhancement of the yields of
HCOOH and CH3OCHO around 10 eV clearly indicates
that an electron attachment process contributes to the
product formation. We show now that the sequence of
reactions leading to these products must be initiated by
the O™ radical anion resulting from DEA to CO. This
is, however, not a priori obvious. In fact, both HoO and
CH3OH also exhibit DEA channels in this energy range
(Fig. 1). Furthermore, as discussed in Sect. 3.1, both
the energies and the cross sections of DEA processes
can change under the effect of the condensed medium.

The formation of HCOOH and CH3OCHO through
DEA must involve reactions of radical species with CO.
This should be more favourable than reactions of nega-
tive ion fragments with the electron-rich CO molecule.
Regarding HCOOH formation in CO/H2O mixed ice,
gas phase data suggest that DEA to HyO around 10 eV
produces either O~ or OH™, the latter accompanied
by release of H' (Fig. 1). In the mixed ice, H can react
with CO to yield the HCO' radical. This radical is a key
intermediate to the formation of formaldehyde (H2CO)
as has also been deduced from the finding that HoCO
is resonantly formed around 4 eV [22] (see also Fig. 6).
It was proposed that at this energy, the HCO' radical
results from electron attachment (EA) to CO yielding
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the CO™ radical anion which in turn acts as a strong
base and is thus converted to the HCO' radical by trans-
fer of a proton from HyO. However, a corresponding res-
onant structure at 4 eV was not observed in the yield
of HCOOH (Fig. 6) thus ruling out its formation by
reaction of HCO™ with HyO. Therefore, the DEA chan-
nel near 10 eV yielding OH™ and H' cannot account
for the 10 eV resonant signal in the yield of HCOOH
(Fig. ba, bottom and Fig. 6) and is also not dominant
with respect to the formation of HoCO (Fig. 6). In con-
sequence, DEA yielding O™ is the most conceivable
reaction channel leading to HCOOH. O™ can accept a
proton from HsO to yield HO" which in turn can add
to CO yielding a HOCO' radical. The latter can react
with further HoO to yield the product HCOOH.

Having identified O™ as the most likely species to
initiate formation of HCOOH in CO/H3O ice alone,
however, does not provide a unique assignment of the
DEA process that initiates the formation of HCOOH.
In the gas phase, O™ is produced both by DEA to
CO around 10 eV and to HyO at slightly higher energy
(Fig. 1). Considering again that gas phase resonance
energies can be shifted and cross sections modified in
an ice layer [2,33], it was thus previously unclear which
of these DEA processes drives the formation of HCOOH
[22]. A comparison with the energy dependent yield
of CoH5;OH in mixed ices of CoHy and HoO [18] can
resolve this question (Fig. 5a). The decisive step in the
formation of CoH5OH is the addition of HO™ radicals
to the double bond CyHy [18]. As noted above, HO'
can be formed by reaction of O~ with HoO. However,
a resonant enhancement around 10 eV is absent from
the energy-dependent yield of CoH5;O0H (Fig. 5a, top).
Instead, the yield of CoH5OH increases steadily above
8 eV (Fig. 5a) pointing to a process initiated by EI or
possibly ND. Comparing the cases of CO/H20O mixed
ice with the CoH,/H5O ice thus gives evidence that O™
must be formed with much higher yield by DEA to CO
than to HoO in the mixed ice. In conclusion, DEA to
CO is the initiating electron-molecule interaction that
leads to formation of HCOOH in the CO/H20O mixed
ice. We note that C™ has also been observed in ESD
from condensed multilayer films of CO but with yield
peaking at 14 eV and thus about 2 eV higher than that
of O™ [34]. In contrast, the energetic shift between the
maximum yield of HCOOH at 10 eV and the resonance
position in ESD of O™ is in line with the earlier conclu-
sion that the ion needs about 2 eV excess energy to be
able to desorb [34]. Therefore, we rule out a significant
contribution of the resonance producing C~ to the for-
mation of HCOOH around 10 eV seen in Figs. 5a and
6.

In the case of the CO/CH3OH mixed ice [23], DEA
channels of CH3OH near 10 eV lead to H™ accompa-
nied by CH30" or fragments thereof, to CH30™ and H',
or to O™ and corresponding neutral species (Fig. 1).
Again, it is therefore not immediately obvious if DEA
to CO or to CH3OH triggers the resonant production
of CH3OCHO around 10 eV (Fig. 5b, top). A domi-
nant contribution of the CH30™ and H DEA chan-
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nel has been excluded. This was again deduced from
the lack of resonant formation of the concurrent prod-
uct HoCO [23], anticipated to be produced by reac-
tion of H with CO and subsequent abstraction of a
hydrogen atom from CH3;OH by the resulting HCO
radical. It is, however, more difficult to identify which
of the remaining DEA channels is responsible for for-
mation of CH3OCHO. This product results when a
CH30' radical adds to CO to produce CH3OCOQO" which,
in turn, abstracts a hydrogen atom from an adjacent
CH30OH molecule to yield the final product. CH50
can result directly from DEA to CH30OH or via reac-
tion of O~ with CH30OH. Note again that O is
potentially formed by DEA to both CH3OH and CO.
These different reaction pathways can again be distin-
guished by comparing with the CoHy/CH3OH mixed
ice (Fig. 5b, bottom). Here, addition of CH30" to CoHy
and abstraction of hydrogen from an adjacent molecule
yields CH;0OCoH; [21]. However, as deduced from the
threshold-type behavior of the energy dependent prod-
uct yield, this reaction is not dominated by DEA (see
also [21]). In conclusion, this supports again that DEA
to CO rather than DEA to CH3OH is responsible for the
10 eV resonant enhancement of the yield of CH30CHO
in CO/CH30H mixed ice (Fig. 5b, top). Overall, the
comparison of different ice systems provides clear evi-
dence that the O~ DEA fragment from CO activates
molecules such as HoO and CH3OH to initiate further
chemical reactions. DEA to CO thus plays a dominant
role in the electron-induced synthesis of larger products.

We finally comment on the different energetic posi-
tion of the resonance maximum in the case of reac-
tions driven by O™ (10 eV) and the first maximum of
the HCN production driven by the neutral C fragment
(11 eV). It is possible that, in the latter case, the reso-
nant process overlaps with contributions of ND and/or
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DI that distort the DEA signal. As another explanation,
the reactions initiated by O~ and C may encounter
differently high activation barriers. However, a compre-
hensive evaluation of this effect is beyond the scope of
this work.

4 Conclusions

We have provided evidence that DEA to CO in mixed
molecular ices is an important initiating electron-
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molecule interaction leading to different reaction prod-
ucts. In the case of mixed CO/NHj ice, the neutral
carbon fragment resulting from DEA to CO reacts with
NHj; to yield HCN. This is supported by the observed
resonant enhancement of the HCN yield around 11 eV
and 15 eV which is in good agreement with earlier
ESD studies on condensed CO [34,35]. In CO/H50
and CO/CH3OH ices [22,23], the corresponding anionic
DEA fragment O™ initiates reactions leading to the for-
mation of HCOOH and CH30CHO, respectively. This
is evident from the comparison with mixed ices where
CO is replaced by CyHy [18,21]. In these latter sys-
tems, the 10 eV resonance seen in product formation
in the ices containing CO is absent. We thus show that
DEA to CO plays an important role in electron-induced
syntheses in molecular ices. The understanding gained
herein contributes to the general goal to unravel the
reactions sequences in astrochemical molecular ices.
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