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Collisions of N* and N," with C3 hydrocarbons, represented by a self assembled monolayer of
propanethiol on a polcrystalline gold surface, were investigated by experiments over the incident energy
range between 5 eV and 100 eV. For N*, formation of HCN* is observed at incident energies of
projectile ions as low as 20 eV. In the case of N, projectile ions, the yield of HCN" increased above
zero only at incident energies of about 50 eV. This collision energy in the laboratory frame corresponds

Received 6th August 2020, to an activation energy of about 3 eV to 3.5 eV. In the case of N* projectile ions, the yield of HCN* was

Accepted 8th September 2020 large for most of the incident energy range, but decreased to zero at incident energies below 20 eV.
This may indicate a very small energy threshold for the surface reaction between N* and C3
hydrocarbons of a few tenths of an eV. Such a threshold for the formation of HCN™ may exist also for

collisions of N* with an adsorbed mixture of hydrocarbon molecules.
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Introduction

Interstellar hydrogen cyanide (HCN) was discovered in 1971 by
Snyder and Buhl" by its radio emission. It is one of the most
abundant high dipole moment molecules found in space.” The
luminosity of HCN is a tracer of dense molecular gas, which
often is associated with star-forming giant molecular cloud
cores.® In addition, HCN has been detected in many comets®
as well as in planetary atmospheres,>” brown dwarfs® and the
atmosphere of Titan.”™*> Hydrogen cyanide is a key molecule
for the production of molecular building blocks of life and
played an essential role in Earth’s early atmosphere.’*™*®
Electron'® and photoionization'” of HCN lead predominantly
to the formation of the molecular cation HCN' and electron
attachment leads to the formation of CN™ as the only anionic
product.”®? In the present study, we are investigating the
formation of the cation HCN" upon impact of N* and N," with
a well-defined self-assembled monolayer (SAM) surface.

In our previous publications**>* we reported on studies of
collisions between projectile ions Ar’, N" and N," with residual
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gas hydrocarbons, covering surfaces of tungsten, carbon, and
beryllium. In these studies, we observed the formation of HCN"
in heterogenous reactions between the projectile ions N* and
N," and hydrocarbons adsorbed to the metal surfaces. These
hydrocarbon molecules originate from cracked pump oil
residuum, usually assumed to be formed mostly by C7 and
C8 hydrocarbons. The results may have a certain relevance to
heterogenous chemical reactions of ions with aerosols in the
atmosphere of Titan. These aerosols are referred to as tholins
and only their elemental composition (C, H, N) is known from
pyrolytic analysis.’*> The residual gas hydrocarbons were
assumed to be at least a first approximation to those mysterious
tholins. The former experiments were carried out on the
Innsbruck apparatus BESTOF, described in ref. 24. It consisted
of two mass spectrometers arranged in tandem geometry and
composed of the following parts: an electron impact ion source
to form projectile ions, a two-sector field mass spectrometer to
select a specific projectile ion, a metal or carbon target surface
covered with hydrocarbons, a system to extract pulses of
product ions, a linear time-of-flight analyser for the product
ions and a multichannel-plate detector. The intensity of the
projectile beam was fairly low and the sputtering of hydro-
carbons from the surface was slow. The hydrocarbon coverage
was thus quite stable and constantly renewed from the hydro-
carbons present in the residual gas. However, such a hydro-
carbon surface does not represent a well-defined target and
an extension of these experiments requires better-defined
surfaces. Such a surface can be provided by self-assembled
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monolayer (SAM) samples prepared according to procedures
published in the literature.>**®

Thiol SAMs on gold are frequently used for building systems
and devices for nanotechnology, including nanodevices and
molecular electronics,?” micro- and nanofabrication,*® molecular
recognition,” biomimetic systems® and to stabilize and/or
functionalize metal nanoparticles.**** For our first study with a
defined surface, a self-assembled monolayer of propanethiol on
a gold surface was chosen. In this way, collisions between the
projectile ions Ar", N" and N," with a C3 hydrocarbon chain could
be investigated. In the meantime, however, BESTOF, the appara-
tus for studying reactive ion-surface collisions, was replaced by
a considerably more advanced machine, designated SurfTOF
(Surface Time-of-flight Mass Spectrometer).*®> The main advan-
tages of this new apparatus are higher sensitivity, higher resolu-
tion, better vacuum conditions, and much higher intensity of
the incident projectile beam then the apparatus BESTOF could
provide (by several orders of magnitude).

Experimental

The new apparatus SurfTOF and its performance were in detail
described elsewhere.** Briefly, projectile ions from an electron
impact source are mass-per-charge selected using a quadrupole
Pfeiffer QMA 400 filter. The projectile beam then hits the
surface (in the experiments described here under an angle of
45°) with an incident energy adjustable from a few eV to several
hundred eV. Ions emerging from the collisions are extracted
from the surface region, focused into a beam and guided to a
second mass spectrometer system for analysis. In order to
maximize the yield of product ions, the distance from the
surface to the analysing mass spectrometer system is kept as
short as possible and the acceptance angle of the lens system as
large as possible. The ions are accelerated and focused on the
entrance of an orthogonal extraction reflectron time of flight
mass spectrometer. The ions are detected by a set of two
multichannel plates forming a chevron stack. The rigorous
use of computer aided design software during the development
of this instrument is responsible for the successful perfor-
mance of the new device (see Fig. 1).

The SAM of propanethiol was prepared by immersing a
clean gold substrate into a propanethiol solution.’* The target
surface for SurfTOF was a polycrystalline gold sheet 15 X
5 x 0.7 mm (purity of 99.97% from Ogussa GmbH) and for
the STM analysis of the SAM we used a single crystal Au(111)
sample (purity 99.999% from MaTecK). Although self-assembly
takes place rapidly, several experimental procedures are required
to produce consistent, highly ordered films.>> A clean environ-
ment is key to preparing high-quality SAMs. The gold surface as
well as all glass containers and tools were cleaned with piranha
solution (70 : 30 v/v solution of 70% concentrated sulfuric acid and
30% hydrogen peroxide). For thiol compounds, the most common
method is to put the gold surface in deoxygenated ethanol at a
total concentration of thiol of 1 to 5 mM.*> We stored the samples
for 24 h at room temperature which resulted in perfect monolayer
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Fig. 1 Schematic of the apparatus SurfTOF with the major parts labelled;
(a) electron impact ion source, (b) quadrupole mass filter, (c) heated
target surface, (d) ion optics and second electron impact ion source,
(e) orthogonal extraction region of a reflectron TOF-MS, (f) drift tube of
the TOF-MS.

packing as indicated by the STM image of a propanethiol SAM on
a single crystal Au(111) surface (see Fig. 2). After rinsing the SAM
samples with ethanol and drying them in a stream of dry nitrogen
gas, we transferred the samples into the ultra-high vacuum of the
STM or SurfTOF. All samples were irradiated with a projectile ion
current of 1.4 nA for better comparison of different projectile ions.
Table 1 compares the pressures, ion fluence and dose rate per
molecule of SurfTOF with the previous setup BESTOF.>>**

Results

Fig. 2 shows four STM images before (left) and after (right) the
attachment of propanethiol SAMs to Au(111) (top) and the
polycrystalline gold surface (bottom) used as the target in
SurfTOF. All images cover the same area of 2 x 2 nm. Fig. 2a
shows the clean atomically flat region of Au(111). A regular

Fig. 2 2 x 2 nm?STM images before (left column) and after (right column)
the attachment of a propanethiol SAM on Au(111) (upper images, imaging
parameters: Iy = 1.06 nA, Upias = 0.88 V) and the polycrystalline gold
SurfTOF surface (lower line, I = 0.33 nA, Upias = 1.35 V).
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Table 1 Comparison of the experimental parameters used in the present
study (SurfTOF) and the previous experimental setup (BESTOF) utilized by

Harnisch et al.?°

SurfTOF BESTOF*°
Base pressure surface 2 x 10 ° Pa 10°° Pa
Base pressure ion source 1.4 x 10°° Pa 2 x 107° Pa
Pressure surface beam on 3 x10°°Pa 3 x 10 °Pa
(7 x 10°° N%)
Pressure ion source 3 x107° Pa 4-9 x 107> Pa
beam on (3 x 107" N%)
Projectile ion fluence 10" s~ mm 2 10% s~ mm?
Dose rate per molecule 2x103%s7! 2x10°s7!

pattern with a substantially larger unit cell can be seen for the
propanethiol SAM grown on the Au(111) surface. The maximum
coverage of thiolate than can be achieved on Au(111) is 1/3 ML.
At this coverage and room temperature, a v/3 x v/3 R30° phase
is often found for alkanethiol monolayers.>**” However, the
coverage observed in Fig. 2b is much lower. Compared with the
literature,**® the structure seen is likely to be a 4 x /3 phase
where the sulphur heads occupy every second position in one
direction (/3 times the lattice distance of Au(111)) but only
every fourth position in the other direction (4 times the lattice
distance of Au(111)). Fig. 2c shows an STM image of a clean
polycrystalline gold surface. Due to the roughness of the sample,
no atomic resolution could be achieved. The same is true also after
covering the surface with a propanethiol SAM (Fig. 2d).

In order to probe the degradation of the SAM upon ion
irradiation, we measured the temporal behavior of C,H;", S*
and Au' in the secondary ion mass spectra upon 1.4 nA Ar"
bombardment at 69 eV collision energy for almost 17 hours.
The ion yield at m/z = 32 consists of two isobaric ions (see
Fig. S1 in the ESI%). For the evaluation, we only used the lighter
peak that we assigned to S'. The yields of the two products from
propanethiol, i.e., C;H;" and S* decrease more than an order of
magnitude within the first hour. In the case of S' (red dashed
line in Fig. 3), the data follow nicely a simple exponential

lon yield (cps)
lon yield C,H;" (cps)

Time (h)

Fig. 3 Temporal evolution of the fragment ions S* and C,Hs" of propa-
nethiol and sputtered Au* from the Au(111) substrate upon long-term Ar*
irradiation at 69 eV and 1.4 nA.

This journal is © the Owner Societies 2021

View Article Online

Paper
+
6] Ar
4
0 | l I\ i \ 114 A
' r N 1 M v T v 1 r N N T T M N M 1 M
- 64 30 35 40 45
e ]
L 44 +
o 1 2
© 24
go-‘.l.l.l.....,..‘. L‘.‘..A,.
= 104 30 35 40 45
1 +
5—l N
0 J‘l s e ‘,~.L+4 -
30 35 40 45
m/z

Fig. 4 Sections of product ion mass spectra obtained for three different
projectile ions colliding at 100 eV onto a propanethiol SAM on Au(111).

decrease, whereas the yield of C,H;" (black solid line in Fig. 3)
decreases even more rapidly. Please note that the left logarithmic
y-axis belongs to these data. The yield of sputtered Au' ions rises
after one hour above the noise level. We consider at this the SAM
to be completely sputtered off the gold surface. All following
measurements were performed at freshly prepared SAM samples
with irradiation times substantially shorter than one hour which
required frequent replacement of target samples.

In Fig. 4 the same section of three mass spectra of product
ions from collisions of Ar*, N* and N," with the propanethiol
surface at a collision energy of 100 eV are shown. It is interesting to
note that Ar' irradiation of the SAM produces more C,H," than
C;H," fragments. According to quantum chemical calculations
shown in the ESLi the C-S bond is weaker compared to the C-C
bonds. This is observed for the free propanethiol molecule and for
the radical attached to a gold cluster. For corresponding cationic
system, the relative dissociation energy of various bonds is more
evenly distributed. This can explain, along with steric hinderance
due to the presence of neighbouring propanethiol molecules on
the surface, the increased probability of C-C bond dissociation
observed in the experiment.

The spectrum from Ar" collisions shows predominantly hydro-
carbon ions sputtered from the SAM surface. At m/z = 40 some
scattered Ar" projectiles are measured. The spectra from N* and
N," collisions show the same hydrocarbon ions and a consider-
ably increased yield at m/z = 27, indicating the formation of HCN".
The ion yield at m/z = 28 is enhanced relatively to m/z = 29 for both
N' and N," bombardment of the propanethiol SAM. In the case
of N," this is predominantly due to scattered projectile ions.
In the case of N, this is singly charged molecular nitrogen
which originates from a small amount of N, projectiles that
are partially neutralized upon surface collisions. In addition, N*
collisions with the SAM lead to substantial formation of CN" at
m/z = 26. All three projectile ions produce the same relative
amounts of C;H," ions (x = 3 to 6). For Ar’, the scattered
projectile ions and sputtered K" ions are clearly present and for

Phys. Chem. Chem. Phys., 2021, 23, 7777-7782 | 7779
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N," the peak positions of lighter isobaric ions indicate the
formation of C,H,N" (x = 1 to 3). Due to the importance and
high intensity of HCN', we concentrate now on the formation of
this product ion.

Fig. 5 shows four sections of product ion mass spectra
between m/z = 26 and m/z = 29 upon bombardment of the
propanethiol surface by Ar" (red dashed line) and N* (black
line). In the case of Ar' all product ions fit perfectly to
C,H, " ions (x =2 to 5). The exact mass of these ions is indicated
by thin, vertical, dashed, red lines. A small shoulder to the
left of the peak at m/z = 29 is formed via N* collisions with
propanethiol. This indicates a small amount of CNH;" or N,H".
The poor signal to noise ratio does not allow a clear assignment
of one of these ions. N,** is isobaric to N* and is formed by
double electron ionization of N, in the ion source.*® From the
isotopic contribution of "*N'>N** at m/z = 14.5, we determined
the relative amount of N,*" at m/z = 14 (see ESL Fig. S4). At an
electron energy of 50 eV the molecular dication of nitrogen
contributes about 5% to the yield of the projectile ions at
m/z = 14. Upon surface collision, a small fraction of the
molecular dication can capture one electron and add to the ion
yield at m/z = 28. N," also agrees well with the position of this peak.
The peak at m/z = 27 is strongly enhanced for the N* projectile and
clearly wider and shifted to lower m/z values compared to the Ar*
projectile ion. This agrees well with a substantial contribution of
HCN' to C,H;" with a ratio of about 3:1.

All projectile ions react preferentially with the C3 carbon
chains of the propanethiol surface and form in this mass range
as product ions the hydrocarbons C,Hs" at m/z = 29 and C,H;"
at m/z = 27 in collisions with Ar". In collisions with N and
N, the increased intensity of m/z = 27 indicates, besides the
presence of sputtered C,H;", efficient formation of HCN' in
surface chemical reactions.

Fig. 6 shows the ratio of the ion yields at m/z = 27 and m/z =
29 from collisions of Ar, N*, and N," in dependence on the
projectile ion energy. It can be seen that in the case of Ar"
collisions the ratio increases in the collision range from 5 eV to
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Fig. 5 High resolution mass spectra of product ions formed by N* (solid
black line) and Ar* (red dashed line) projectiles on propanethiol at 69 eV
impact energy. The higher relative yield at m/z = 27 for the N* projectile
can be assigned to the formation of HCN™*.
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Fig. 6 Ratios of the ion yields at m/z = 27 and m/z = 29 as a function of
the collision energy for the three projectile ions N* (black squares),
N,* (red circles) and Ar* (blue triangles). The data points were calculated
by the arithmetic mean value of several measurements. The error bars
were determined from the statistical error of ion counting and Gaussian error
propagation. All measurements were carried out on a fresh 1-propanethiol
SAM surface with irradiation times shorter than 15 minutes.

100 eV from less than 1 to about 1.5. N,* exhibits the same
energy dependence as Ar' up to a collision energy of 70 eV
but reaches a value of almost 2 at 100 eV. In the case of N*
collisions this ratio increases from about 1 to almost 4 in the
same collision energy range. The data were then treated in the
following way. The corrected yield of HCN" was calculated via

Y(27)ns X Y(29) 5,0
Y(HON ). = 11;(29)N+ ’

Y@ ()

Similarly, the data for N," collisions were treated. The values of
Y(HCN") are plotted in Fig. 7.

The resulting set of points for N," collision shows values for
low incident energies that scatter around zero and a strong
increase for values above about 60 eV. The strong increase
above 60 eV is the same as observed in collisions of N,
with hydrocarbons from the residual gas adsorbed on metal
surfaces.”® This was interpreted as a surface reaction with an
activation energy of 3-3.5 eV,” assuming the fraction of
translational-to-internal energy transfer of 6/8% as determined
earlier.’®*! We stick to this interpretation here, too.

In collisions with N* the value of Y(HCN") is quite high over
the energy range from 100 eV down to 24 eV (Fig. 7), then it
steeply decreases below about 20 eV and it is practically zero
at 5 eV. This indicates that in collisions of N" with the
propanethiol surface (C3 linear hydrocarbons), the hetero-
geneous reaction of HCN" formation has a very low threshold
of a few tenths of an eV. Such a threshold would, obviously,
prevent the reaction of HCN' formation between thermal
N" ions and putative C3 hydrocarbons in the ionosphere of
relevant astrophysical objects to occur. However, the propanethiol
surface is only an artificial laboratory system and the heterogeneous
reaction with aerosols of the tholin-type may still be possible.

In collisions with the background hydrocarbons® the values
remained also quite high down to 20 eV, the lowest energy

This journal is © the Owner Societies 2021
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Fig. 7 HCN" yield at m/z = 27 ascribed to reactive surface collisions of
N,* (red circles) and N* (black squares) ions at different impact energies
with a propanethiol SAM surface. The contribution of C,Hz* was sub-
tracted from the measured ion yield via egn (1). The lines are two logistic
fits of the form y = A, + (A; — Ax)/(L + (x/x0)P) to guide the eye.

measured. We do not know, if they remained high even at lower
energies (as we assumed) or if they decreased to zero, similarly
as in the experiments described here, because no data exist for
the energy range below 20 eV. As the background hydrocarbons
from cracked pump oil may contain, beside the linear C7 an C8
hydrocarbons also hydrocarbons with multiple bonds, etc.,
Y(HCN") may remain large even at very low incident energies.

Conclusions

(1) Collisions of N" and N," with C3 hydrocarbons represented
by a self-assembled monolayer of propanethiol on a polycrystalline
gold surface showed formation of HCN" at incident energies above
a threshold energy for both projectile ions.

(2) In the case of N," bombardment the yield of HCN",
increased above zero only at incident energies of about 60 eV.
This suggests an activation energy of about 3-3.5 eV, assuming
the earlier determined fraction of translational-to-internal
energy transfer of 6-8%."%"!

(3) In the case of N* collisions the yield of HCN" was large over
most of the incident energy range, but decreased to zero at incident
energies below 15 eV. This may indicate a very small threshold
energy for the surface reaction between N* and C3 hydrocarbons.
Such a threshold may have existed even for collisions with adsorbed
hydrocarbons,”® as below 20 eV there are no data available.
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