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ABSTRACT: A significant increase of the ion yield at m/z 27 in
collisions of low-energy ions of N2

+ and N+ with hydrocarbon-covered
room-temperature or heated surfaces of tungsten, carbon-fiber
composite, and beryllium, not observed in analogous collisions of
Ar+, is ascribed to the formation of HCN+ in heterogeneous reactions
between N2

+ or N+ and surface hydrocarbons. The formation of HCN+

in the reaction with N+ indicated an exothermic reaction with no
activation barrier, likely to occur even at very low collision energies. In
the reaction with N2

+, the formation of HCN+ was observed to a
different degree on these room-temperature and heated (150 and 300
°C) surfaces at incident energies above about 50 eV. This finding
suggested an activation barrier or reaction endothermicity of the
heterogeneous reaction of about 3−3.5 eV. The main process in N2

+ or N+ interaction with the surfaces is ion neutralization; the
probability of forming the reaction product HCN+ was very roughly estimated for both N2

+ and N+ ions to about one in 104

collisions with the surfaces.

■ INTRODUCTION

Information from space missions has provided motivation for a
wide range of laboratory experiments and modeling calcu-
lations. The results of the Cassini−Huygens mission to Saturn
and especially the rich data on Titan’s atmosphere and surface
from the Huygens probe and lander have turned considerable
attention to studying the ionosphere and atmosphere of this
object. The atmosphere of Titan is composed mostly of
molecular nitrogen (above 95%) with 2−5% of methane and
small amounts of more complex hydrocarbons (ethane,
ethylene, acetylene, propane), traces of nitriles, and oxygen-
containing compounds.1 The transmitted data revealed a rich
chemical composition of the ionosphere2 and led to emphasis
of importance of nitrogen chemistry in the upper atmosphere.
Present data on gas phase processes relevant to the atmosphere
of Titan are plentiful and have been summarized in several
recent reviews.3,4

The direct observations of the satellite revealed also the
existence of aerosols forming the organic haze in the
atmosphere.1,5 Pyrolytic analysis suggested a chemical
composition that includes carbon, hydrogen, and nitrogen.6

Considerable effort has been put into synthesizing the
laboratory analogues of these aerosols,7 referred to as tholins,
but up to now the problem remains open. However, the
existence of aerosols brought up the question of heterogeneous
reactions of ions and neutrals on their surface. Though
information on reaction of ions and neutrals in the gaseous
phase, relevant to the atmosphere of Titan, is plentiful,

information on possible heterogeneous processes appears to
be very limited.
We report here on an observation of elementary heteroge-

neous chemical reactions of N2
+ and N+ ions with surface

hydrocarbons that lead to the formation of the HCN+ ion.
Experimental information comes from our work on the ion−
surface interaction of slow (up to 100 eV) Ar+, N2

+, and N+

ions with surfaces covered with adsorbed hydrocarbons. The
principal aim of the studies was to provide data on collisions of
selected low-energy seeding gas ions (argon and nitrogen) with
surfaces relevant to construction of fusion devices (carbon,
tungsten, beryllium).
Our previous investigation of collisions of molecular ions of

energies from several electronvolts up to about 100 eV with
solid surfaces has provided information on the neutralization
(or survival probability) of ions,8,9 on dissociation processes
and chemical reactions at surfaces,10,11 on partitioning of
energy in these processes,11 and on the low-energy sputtering
of the surface material.12

Chemical reactions between low-energy incident ions and
surface material have been observed in many systems. The
reaction described most often is hydrogen atom transfer
between some incident ions (e.g., polyatomic organic cations)
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and hydrogen-containing surface material,13 leading to
protonated incident ions. Other reactions (e.g., formation of
CsCO+, CsOH+,14 XeF+, XeCF+, XeCF2

+ 15) have been
observed in specific systems. Collisions of molecular ions N2

+

with surfaces have been studied in particular in connection with
surface modification (nitridation),16 scattering results con-
cerned neutralization and dissociation at higher incident
energies.17 To our knowledge, however, no chemical reactions
of low-energy N2

+ or N+ ions at surfaces have been so far
reported.
The observation of HCN+ formation in heterogeneous

reactions of the nitrogenous ions with surface hydrocarbons can
be of interest from the point of view both of chemical reactivity
of nitrogenous ions at surfaces and of astrophysics. However,
the relevance to the conditions of space and planetary
atmospheres (Titan) should be regarded with caution. We
believe that the formation of the molecular ion HCN+ in the
observed heterogeneous processes is worth reporting, though
the probability of the reactions is rather small. The reaction of
N+ has been observed clearly at all measured incident energies,
it appears to be exothermic and thus it may be expected to
occur even at very low N+ energies relevant to space conditions.
On the other hand, the reaction of N2

+ seems to have a high
activation barrier (or endothermicity) as inferred from its
observation only at incident energies of N2

+ above about 50 eV.
The occurrence of ions of such high energies in planetary
atmospheres is unlikely and this limits the relevance of the N2

+

reaction to conditions of the astrophysical systems.

■ EXPERIMENTAL SECTION
The experiments were carried out on the tandem apparatus
BESTOF in Innsbruck, described in detail in our previous
publications (e.g., ref 18). It consists of two mass spectrometers
arranged in tandem geometry (Figure 1). Projectile ions were

produced in a Nier-type ion source by electron ionization (75
eV energy) of argon or nitrogen. The ions produced were
extracted from the ion source region and accelerated to 3 keV
for mass and energy analysis by the double-focusing two-sector-
field mass spectrometer. After passing the mass spectrometer
exit slit, the ions were refocused by an Einzel lens and
decelerated to the required incident energy, before interacting
with the target surface. The incident impact angle of the
projectile beam was kept at 45° and the scattering angle was
fixed at 46° (with respect to the plane of the surface). The
energy spread of the projectile ion beam was about 0.5 eV (full

width at half-maximum). A fraction of the product ions formed
at the surface left the shielded chamber through a 1 mm
diameter orifice. The ions were then subjected to a pulsed
deflection-and-acceleration field that initiated the time-of-flight
analysis of the ions. The second mass analyzer was a linear
time-of-flight (TOF) mass spectrometer with a flight tube
about 80 cm long. The mass selected ions were detected by a
double-stage multichannel plate connected to a multichannel
scaler and a computer. The product ion yields were obtained by
integration of the area under the recorded peaks in the mass
spectra.
The pressure in the ion source was (4−9) × 10−5 mbar, the

bakeable surface chamber and the TOF analyzer were
maintained under ultrahigh-vacuum conditions (10−8 mbar)
by a turbo-pump. However, even these ultrahigh-vacuum
conditions did not exclude deposition of a layer of hydro-
carbons on the surface, kept at room temperature, whenever
the valve between the sector-field mass spectrometer and the
surface chamber was opened and the pressure in the surface
region increased to the 3 × 10−8 mbar range. To investigate the
dependence of product ion signals on surface temperature, the
surface samples could be heated during measurements up to
450 °C by a heating wire located inside the surface sample
holder.
The hydrocarbons adsorbed on the surface of the solid

samples are generally assumed to be cracked pump oil aliphatic
hydrocarbons of chain length of about C8.13 The hydrocarbon
coverage at room temperature is quite stable and constantly
renewable by adsorption from the hydrocarbon background. At
higher surface temperatures it may be viewed as a surface
covered largely or partially with islands of hydrocarbons, which
decrease in size with increasing temperature of the sample. At
600 °C the surface is practically devoid of any hydrocarbons, as
checked by the absence of H-atom transfer reactions with
radical cations.10

The metal samples were cut from a 0.25 mm tungsten (Alfa
Aesar, #10415) and beryllium (Alfa Aesar, #41642) foils,
respectively. The carbon-fiber composite NB-31 (CFC) sample
was obtained from the Max-Planck Institute for Plasma
Chemistry, Garching. It is a carbon−carbon composite with
interwoven carbon fibers densified by pyrocarbon.
Ionization of N2 by electrons produces N2

+ ions in the
ground state X2Σg

+ as well as in the A2Πu, B
2Σu

+, and C2Σu
+

electronic excited states. The excited states pass in fast radiative
transitions to the ground state (B,C), the lifetime of the A-state
is of the order of microseconds,19 short in comparison with the
passage time of the beam to the surface (longer than about 5 ×
10−5 s). The C-state is also partially dissociative. Therefore, it is
generally assumed that the N2

+ ions in the beam are practically
only in their electronic ground state X2Σg

+.
The beam of atomic ions N+ formed by electron dissociative

ionization of N2 is composed mostly of ions in the ground state
3P, about 15% is expected to be in the long-lived metastable
excited state 1D.20 A small admixture of doubly charged ions
N2

2+ could be avoided by measuring at electron energies of 40
eV, below the ionization energy of the dication.

■ RESULTS AND DISCUSSION
Reactions of N2

+. As an example, Figure 2 shows mass
spectra of product ions resulting from the interaction of Ar+

with the tungsten target kept at room temperature (a), heated
to 150 °C (b), and heated to 300 °C (c). The mass spectra
were measured at a series of incident energies of Ar+ between

Figure 1. Schematics of the tandem apparatus BESTOF: a mass-
selected ion beam interacts with a surface, and product ions are
detected by a time-of-flight (TOF) mass spectrometer.
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20 and 100 eV. Figure 2 shows the result at 70 eV. The ion
yields are mutually comparable, because they were normalized
to the same projectile beam intensity and measurement time.
The spectrum of product ions at room temperature (Figure

2a) showed mostly aliphatic hydrocarbon species sputtered
from the surface, covered by adsorbed hydrocarbons. Hydro-
carbon ions CH3

+ (m/z 15), C2H3
+ and C2H5

+ (m/z 27 and
29), C3Hn

+ (m/z 39−43), and C4Hn
+ (m/z 53−57), and to a

lesser extent C5Hn
+ (m/z 65−69), C6Hn

+ (m/z 77−81), amd
C7Hn

+ (m/z 91) can be identified. In addition to the
hydrocarbon ions, the spectra indicated the presence of surface
contaminants: water (m/z 18) and traces of oxygen-containing
compounds from the sample cleaning procedure (m/z 30−32,
parts of ion yields at m/z 42−45 and 57−58). The spectrum at
the surface temperature of 150 °C (Figure 2b) showed a
relative decrease of the hydrocarbon ion yields. At the same
time, alkali ions at m/z 23 (Na+) and m/z 39 and 41 (K+)
appeared in the spectrum. The alkali ions are regarded as
sample contaminants whose conspicuous appearance in the
spectra was due to their easy and disproportionate ionization
efficiency. They were not taken into consideration in the
discussion of the ion yields. The mass spectrum at 300 °C
(Figure 2c) was dominated by strong ion signals of these alkali
ions. Aliphatic hydrocarbon ions were reduced even more, only
the C2 group at m/z 27−29) was clearly observable. No
sputtering of the basic material (ions of tungsten or its
compounds) was observed at these low incident energies in any
of the experiments.
Figure 3 shows the analogous mass spectra from collisions of

N2
+ projectiles with the same tungsten surface, at the same

incident energy of 70 eV, and at the three surface temperatures.
Much the same as what was said about Ar+ collisions holds for
the N2

+ interaction: at room temperature, sputtering of
hydrocarbon ions of the groups C1−C7 of approximately
comparable yields. The yield of m/z 28 was higher (surviving
N2

+ projectile ions). At 150 °C the ion yields decreased with
one notable exception: the ion yield at m/z 27 dramatically
increased in comparison with the ion yield at m/z 29. Alkali
contaminants Na+ and K+ appeared in the spectra, too. At 300
°C the yields of hydrocarbon ions decreased to very small

values, whereas the alkali contaminants increased even more.
Most significantly, however, the ion yield of m/z 27 strongly
increased in comparison with the yield of other hydrocarbon
product ions.
This strong increase of the ion yield at m/z 27 was not

observed in the Ar+ spectra, and we interpret it as being due to
the product of a surface reaction of the projectile ion N2

+ with
the surface hydrocarbons, namely formation of HCN+ in a
heterogeneous ion−surface chemical reaction of the type
(CnHm−S denotes hydrocarbon chain attached to the surface
S)

+ − → + −+ +
− −S SN C H HCN (N, C H )n m n m2 1 1 (1)

Correct assessment of the ion yield of m/z 27 due to HCN+

required subtraction of the hydrocarbon background on m/z
27. The ion yields at m/z 27 and 29 in the mass spectra with
Ar+ originated only from sputtered hydrocarbon fragments
C2H3

+ and C2H5
+ and sputtering of surface hydrocarbons with

N2
+ may be regarded as very similar to that by Ar+. To cross

check this assumption, the ratio of yields of another pure
hydrocarbon ion pair, m/z 53 (C4H5

+) and m/z 55 (C4H7
+),

was measured (the yields at m/z 41 and 43 were obstructed by
the signals of Ar+ and K+ ions). The ratio Y(53)/Y(55) was
found to be practically the same for both Ar+ and N2

+ collisions
at all measured incident energies and temperatures, thus
justifying the above-mentioned assumption.
To subtract the hydrocarbon contribution, the mass spectra

with Ar+ and with N2
+ were mutually compared at all incident

energies and all sample temperatures measured, and the ratio
FAr = (Y[27]/Y[29])Ar was determined from the Ar+ mass
spectra. The portion of the ion yield at m/z 27 in the mass
spectra with N2

+, corresponding to hydrocarbon sputtering, was
then calculated as Y[27]CH,N2 = FArY[29]N2, and subtracted
from the total ion yield at m/z 27. The net yield at m/z 27,
ascribed to the formation of HCN+, was then Y(HCN+) =
ΔY(27)N2 = Y(27)N2 − Y(27)CH,N2. The value of FAr was found
to increase slowly at room temperature from about 1.1 to 1.4
for incident energies 20 −100 eV, more steeply at higher

Figure 2. Mass spectra of product ions from collisions of Ar+ with a
hydrocarbon-covered tungsten surface kept at (a) room temperature
(rt), (b) 150 °C, and (c) 300 °C. The incident energy of the Ar+ ions
was 70 eV. The position of m/z 27 is denoted by an arrow.

Figure 3. Mass spectra of product ions from collisions of N2
+ with a

hydrocarbon-covered tungsten surface kept at (a) room temperature
(rt), (b) 150 °C, and (c) 300 °C. The incident energy of the N2

+ ions
was 70 eV. The position of m/z 27 is denoted by an arrow.
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surface temperatures (at 300 °C from 1.5 at 20 eV to 2.8 at 100
eV).
The net yield ascribed to HCN+ formation in the N2

+−
tungsten surface collisions, ΔY(27), is plotted in Figure 4 as a

function of the incident energy of N2
+ for the three

temperatures of the surface (histograms), and (for comparison)
the total yield of m/z 27, Y(27), is plotted, too. The error in
determination was fairly large, as indicated by the alternating
positive and negative values of ΔY(27) at low incident energies
(in principle, ΔY(27) should not be negative). The estimated
error is about ±150 arb.u. for the room-temperature data and
±10 arb.u. for the data at 150 and 300 °C. However, the data
clearly show a strong increase of ΔY(27) at incident energies

above about 50 eV. At 70−100 eV the yield ascribed to the
reaction product HCN+ represents from 40% (room temper-
ature) to 80% (300 °C) of the total ion yield at m/z 27.
No indication of formation of N2H

+ (m/z 29) by H-atom
transfer from surface hydrocarbons could be discerned from the
comparison of the Ar+ and N2

+ mass spectra and from the
analysis of the ion yields at m/z 28 and 29.
If these considerations are correct, one should observe the

reaction between N2
+ and surface hydrocarbons also in

experiments with other hydrocarbon-covered surfaces, though
possibly to a different extent. Figure 5 (upper part) shows the
results of an analogous analysis of our experiments on Ar+ and
N2

+ collisions with hydrocarbon-covered surfaces of carbon,

Figure 4. Net ion yield at m/z 27, ΔY, ascribed to the formation of
HCN+ (histogram), and total ion yield at m/z 27, Y(27) (points),
from the interaction of N2

+ ions of incident energy Einc with a
hydrocarbon-covered tungsten surface kept at room (rt) or elevated
(150 °C, 300 °C) temperature.

Figure 5. Net ion yield at m/z 27, ΔY, ascribed to the formation of
HCN+ (histogram), and total ion yield at m/z 27, Y(27) (points),
from the interaction of N2

+ ions of incident energy Einc with a
hydrocarbon-covered carbon-fiber composite (CFC) surface kept at
room (rt) or elevated (150 °C) temperature (upper and middle part);
analogous data for interaction of N2

+ ions with a hydrocarbon-covered
surface of beryllium at 300 °C (lower part).
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namely of the carbon-fiber composite (CFC) surface, kept at
room temperature and at 150 °C. The signals were much
weaker and the increase of the ion yield ascribed to HCN+ was
much more buried in the hydrocarbon background (about 20%
of the total yield of m/z 27 at room temperature and 150 °C)
but showed a noticeable increase above about 50−70 eV.
Finally, Figure 5 (lower part) gives as an example of our
analysis of the data from Ar+ and N2

+ collisions with a
hydrocarbon-covered beryllium surface, the results of the
measurements at 300 °C. The increase of the ion yield at m/
z 27 due to the HCN+ formation shows up in the positive value
of ΔY(27) at 70 eV (30% of the total yield at m/z 27). In the
measurements with the room-temperature Be surface and the
surface heated to 150 °C the ΔY(27) signals were obstructed
by high hydrocarbon background, the values oscillated between
small positive and negative values and though they showed a
tendency to go up to positive with increasing energy they
remained below the error limits, and thus the identification was
inconclusive. Therefore, the data are not shown in the figure.
Different efficiency of forming the ion product of reaction 1 on
different surfaces, in comparison with the sputtered hydro-
carbon background, is presumably due to the differences in
binding of surface hydrocarbons to the underlying surface and/
or to different efficiency of sputtering from the surfaces.
The data presented in Figures 2−5 led us to the conclusion

that in collisions of N2
+ with hydrocarbons adsorbed on

surfaces, HCN+ was formed in a heterogeneous reaction of the
type of reaction 1 at incident projectile energies above 50 eV.
The experimental evidence came from the observation of an
increase of the ion yield at m/z 27 with the N2

+ projectile, in
comparison with the data using Ar+ as the projectile, on three
different hydrocarbon-covered surfaces (clearly on the W
surface, partially on carbon and Be surfaces) and its
dependence on the incident energy of the projectile ion and
the surface temperature. In this connection, some further
considerations may be useful.
Energy Considerations. In the gaseous phase, HCN+

formation in reactions of N2
+ with hydrocarbons was observed

only as a minor channel (3%) in the reaction with acetylene in
ICR experiments.21,22 No formation of HCN+ was observed in

reactions of N2
+ with aliphatic hydrocarbons. Product ions were

only molecular and fragment hydrocarbon ions formed in
charge transfer and dissociative charge transfer processes.22

Interestingly, energy calculations23 show that, starting with
ethane, reactions of N2

+ with alkanes, leading to HCN+ and
neutral amines, are only slightly endothermic and with the
increasing chain length become thermoneutral and slightly
exothermic; e.g., the reaction

+ → ++ +N C H HCN H NC H2 8 18 2 7 15 (2)

is exothermic in the gaseous phase by about 5 kJ/mol.
However, no such reactions were observed in the gaseous
phase.
Data in Figures 4 and 5 indicate that the formation of HCN+

increased significantly at incident energies of the N2
+ projectile

above about 50 eV. This behavior suggests either that the
reaction between N2

+ and surface hydrocarbons in which
HCN+ is formed is strongly endothermic or that it has an
activation barrier. It follows from studies of surface scattering of
small polyatomic ions and partitioning of incident energy at
surfaces11,24 and from theoretical model calculations25 that less
than 10% of the incident energy, usually about 6−8%, is
transformed into internal energy of the projectile in the surface
collision. If this finding is applied to the molecular N2

+

projectile, the roughly estimated height of the putative
activation barrier (or the endothermicity of the reaction)
would be about 3−3.5 eV. An activation barrier that high may
be connected with breaking the very strong N−N bond of the
ion. The nature of the neutral reaction products of reaction 1 is
not known and this prevents any conclusions concerning the
endothermicity or activation barrier of the reaction. However,
embedding the other nitrogen atom into the surface and
formation of nitrogen-containing surface compounds from
surface hydrocarbons appears to be an interesting possibility.

Reaction Probability. The probability of reaction 1 is
difficult to estimate, because the area (“concentration”)
occupied by hydrocarbons on the surface is not known.
However, from the ion yields in the mass spectra, one may
approximately estimate that the reaction probability is of the
same order of magnitude as the survival probability of N2

+ ions,

Figure 6. Examples of mass spectra of product ions from collisions of N+ ions with a hydrocarbon-covered tungsten surface kept at room
temperature (rt) and 150 °C. The incident energy of the N+ ions was 70 eV. The position of m/z 27 is denoted by an arrow.
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Sa, in collisions with the hydrocarbon-covered surfaces. More
specifically, on the tungsten surface the ratio Y(HCN+) to
Sa(N2

+) was 1:5, 2:3, and 1:1 at 70 eV and room temperature,
150 °C, and 300 °C, respectively. The survival probability,
Sa(%), the percent ratio of the sum of the intensities of product
ions to the intensity of the incident projectile beam, measured
for N2

+ on hydrocarbon-covered tungsten8 and beryllium9

surfaces led to the values of 0.0015 and 0.018, respectively.
Obviously, the main process in the interaction of N2

+ with the
surfaces is neutralization of the projectile ions (at least formally
analogous to electron transfer in the gaseous phase). The
formation of the reaction product HCN+ should thus very
approximately occur in about one in 104 collisions of N2

+ with
the surface.
Reactions of N+. Figure 6 gives, as an example, the mass

spectra of product ions from interaction of the atomic ion N+

with hydrocarbon-covered tungsten surfaces at room temper-
ature and heated to 150 °C, and incident energy of 70 eV. The
product ions and their relative ratios were very similar to those
obtained in collisions of Ar+ and N2

+ with tungsten, as
discussed in the previous paragraph, namely at room-temper-
ature hydrocarbon ion groups C1−C5, and to a lesser extent
C6 and C7. The signal at m/z 14 corresponded to surviving N+,
the signals of contaminants from the cleaning procedure (m/z
30−32 and 45) and alkali ions were very small. At 150 °C only
hydrocarbon ion groups C1−C4 and alkali ions Na+ and K+

could be indentified. A substantial increase of the yield at m/z
27 (arrows in Figure 6) was clearly observable. The net yield at
this m/z ascribed to the formation of HCN+ was estimated in
the same way as described in the previous paragraph and the
results are summarized in Figure 7. The dependence of ΔY(27)
on the incident energy of N+ was entirely different from that
one for N2

+ collisions. It showed positive values over all
incident energies that peaked at 70 eV (room temperature) or
30 eV (150 °C). Though for technical reasons values below 20
eV could not be measured, it can be expected that the
decreasing part of the dependence would extend down to zero.
Similarly as with N2

+ experiments, formation of HCN+ in
reactions with surface hydrocarbons was confirmed by
experiments on hydrocarbon-covered surface of carbon, a
room-temperature and heated surface of carbon-fiber compo-
site (CFC). The formation of HCN+ was clearly observable
even with the room-temperature surface over all incident
energies of N+ (Figure 8). The yields of HCN+ represented
30−70% of the total yield at m/z 27 and thus the result was
much more convincing than in the case of the reaction after N2

+

impact. The shape of the dependence HCN+ yield vs incident
energy of N+ has to be regarded as very approximate and a
discussion of it was deliberately avoided. More precise data
from a series of repeated measurements are necessary to
determine it.
It can be concluded from these observations that in collisions

of N+ with surface hydrocarbons, HCN+ is formed in a
heterogeneous reaction, probably with terminal CH3 groups of
the adsorbed hydrocarbons, of the type

+ − −

→ + − − −

+

+ • •
− −

S

S S

N CH C H

HCN (H , C H ; H , CH C H )
n n

n n n n

3 2

2 2 3 1 2( 1)

(3)

Reaction 3 could be clearly observed at all incident energies of
N+, down to 20 eV.

Formation of protonated hydrogen cyanide, HCNH+ (m/z
28), could not be convincingly identified in the mass spectra.

Energy Considerations. Reactions of N+ with lower
hydrocarbons in the gaseous phase giving HCN+ are
exothermic and HCN+ represents about 10% of the products
with CH4, C2H2, and C2H4.

22 The fraction of the protonated
product, HCNH+, is even somewhat higher forming 32% with
CH4 and 15% of the products with C2H4. Starting with C3H8,
only hydrocarbon product ions are formed in charge transfer
and dissociative charge transfer reactions.
However, energy calculations23 show that reactions with

higher alkanes in the gaseous phase are exothermic. With
octane, e.g., two reactions are possible

+ → + ++ + •N C H HCN H C H8 18 2 7 15 (4a)

or

+ → + ++ + •N C H HCN H C H8 18 7 16 (4b)

giving as the neutral product either a pair hydrogen molecule−
alkyl radical or hydrogen atom−alkane. The reaction
exothermicities are fairly high, 201 kJ/mol for reaction 4a
and 188 kJ/mol for reaction 4b. Therefore, we may assume that
analogous reactions with alkyl chains bound to the surface,
presumably with the terminal CH3 groups, are likely to be
exothermic, too, and to proceed readily even at low energies of
N+ ions.

Figure 7. Net ion yield at m/z 27, ΔY, ascribed to the formation of
HCN+ (histogram), and total ion yield at m/z 27, Y(27) (points),
from the interaction of N+ ions of incident energy Einc with a
hydrocarbon-covered tungsten surface kept at room (rt) and elevated
(150 °C) temperature.
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Reaction Probability. Similarly as with N2
+, the signals

corresponding to the yields of HCN+ in the mass spectra are
comparable to the total yield of product ions. The survival
probability Sa(N

+) on room-temperature tungsten surfaces, as
estimated from the correlation between Sa and ionization
energy,8 should be about 0.005. This leads to similar values of
the reaction probability of the heterogeneous reactions N+−
surface hydrocarbons as for the reaction with N2

+, i.e., of the
order of about one in 104 collisions of the N+ ion with the
surface, the main process at the surface being incident ion
neutralization.

■ CONCLUSIONS
A significant increase of the ion yield at m/z 27 in collisions of
N2

+ and N+ ions with surfaces covered by adsorbed
hydrocarbons, not observed in analogous collisions of Ar+

ions, was ascribed to heterogeneous reaction between N2
+ or

N+ and surface hydrocarbons leading to HCN+ formation.
In the case of N+, the formation of HCN+ was clearly

observed, after subtraction of the hydrocarbon background, on
hydrocarbon-covered surfaces of tungsten and carbon (CFC) at
room and elevated (150 °C) surface temperatures for all
incident energies between 20 and 100 eV, implying that the
reaction is likely to occur even at very small energies of the N+

ions.
In the case of N2

+, the formation of HCN+ was observed on
hydrocarbon-covered surfaces of tungsten at all surface
temperatures (room temperature, 150 °C, and 300 °C) and
on surfaces of carbon and beryllium at some surface

temperatures, in all cases the signal increased above background
at incident energies above about 50 eV. This suggested
endothermicity or an activation barrier of the heterogeneous
reaction of about 3−3.5 eV. The main process in the interaction
of N2

+ or N+ with hydrocarbons on the surfaces is incident ion
neutralization; with both nitrogenous ions the formation of
HCN+ may be very approximately estimated to occur in about
one in 104 surface collisions.
Among the scarce information on heterogeneous processes

relevant to planetary atmospheres, the formation of HCN+ in
reactions of N+ and N2

+ and surface hydrocarbons appears to
be the first description of such heterogeneous processes with
nitrogenous ions. However, the estimation of a possible
relevance of the reactions to astrophysical systems requires
caution. The reaction of N+ with surface hydrocarbons is very
probably exothermic and likely to occur even with ions of very
small energies relevant to the conditions in interstellar space
and nitrogen-containing planetary atmospheres (e.g., Titan).
On the other hand, the reaction with N2

+ appears to have a
high activation barrier (or an endothermicity) estimated to
about 3−3.5 eV and thus takes place only with rather energetic
ions (above 50 eV) whose presence in the astrophysical systems
mentioned above is unlikely.
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