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We report the results of chemical processing induced by 1 keV electron irradiation of a solid N,0 ice sam-
ple formed at 25 K. Ozone and several oxides of nitrogen (NO,, N,05, N,03, N,O4 and N,Os) were observed
to form during the irradiation period. Such reactions have important implications for the ice chemistry of
outer solar system planets/satellites and interstellar ices.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nitrous oxide (N,O) is an important gaseous species in the ter-
restrial atmosphere [1]. First detected by Adel, through its charac-
teristic absorption band at 7.8 pm [2], it is one of the most
important greenhouse gases in the terrestrial troposphere. In the
stratosphere, N,O plays a key role in ozone depletion chemistry
being a natural source for the nitric oxide (NO) that destroys ozone
in a catalytic NO, reaction. Significant amounts of N,O are released
into the atmosphere as a result of biological activity at Earth’s sur-
face but chemical production of N,O is also possible via the reac-
tion of molecular nitrogen (N,) either with atomic oxygen (O) or
with O3 [3]. However, research has shown that non-biological for-
mation pathways are less significant [4,5] than biological.

N,O was the third molecule to be detected in space that con-
tains the NO bond therefore demonstrating the universality of ba-
sic chemistry that, on Earth at least, led to evolution of life.
Significant concentrations of nitrous oxide (a relative fractional
abundance of 10~ to molecular hydrogen H,) have been observed
in the SgrB2(M) [6] and is believed to have been produced by neu-
tral-neutral reactions [7]. Although N,O has not yet been detected
in any of the outer solar system planets/satellites it is nevertheless
likely that it will be formed by irradiation of common ices like N,
CO, and CO. Indeed irradiation of N, and carbon dioxide (CO,) ice
by energetic electrons at 5 keV [8] and protons at 0.8 MeV [9] have
shown that N,O will be easily formed in astrochemical ices. There-
fore it is important to study irradiation of N,O ices to determine
subsequent chemical products. One earlier experiment [10] has re-
vealed that, contrary to expectations, ozone is formed when solid
nitrogen oxides are bombarded using 4 keV argon atoms and ions.
Since ozone is widely suggested as a biomarker in extrasolar plan-
ets, the mechanisms and probability of ozone being formed by
such abiotic processes should be investigated.
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In order to understand such ozone formation it is necessary to
investigate the dissociation dynamics of N,O within the irradiated
ice. To date there have been no definitive experiments on dissoci-
ation of N,O in condensed multilayers however some information
on possible chemical pathways may be obtained by reviewing gas-
eous phase photochemistry.

Photo-dissociation reactions of N,O include the production of
atomic oxygen and molecular nitrogen and nitric oxide via the fol-
lowing reactions [11]:

N0 +hv — N, + O('D) or O('S)
(4 <337 nm or 210 nm, respectively), (1)
— NO +N(*S) (2 < 250 nm). (2)

Atomic oxygen can combine to form molecular oxygen and then re-
act with atomic oxygen to form O3

0(CP) + O(’P) — 0y, (3)
OCP) + 0, + M — 03 +M (where M = N, or 0,), (4)
while O('D) can further dissociate N,O to form NO or N, + O5:
0('D) + N,0 — NO + NO, (5)
— Ny +0,. (6)

Hence in any dissociation of N,O in a dense media, such as an
ice we might expect to observe formation of O; and NO as well
as N, and O,.

2. Experimental method

The apparatus used in this experiment has been described in
detail before [12] so only a brief description is given here. The
apparatus is comprised of an ultra high vacuum (UHV) chamber
(base pressure less than 1072 mbar) with a liquid helium cooled
cryostat which cools the zinc selenide (ZnSe) substrate placed at
the cryostat to 25 K. N,O (stated purity 99.5% from Argo Interna-
tional) was deposited at a pressure of 10~/ mbar for about 90 s at
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~25 K. After deposition an IR spectrum of the solid N,O ice was re-
corded using a Fourier Transform InfraRed (FTIR) spectrometer
over the 4000-600 cm ! region using 4 cm ™! resolution. Ten micro
ampere of 1 keV electrons (beam spot size ~ 3 mm) produced by a
conventional electron gun irradiated the ice sample for about
90 min. IR spectra were recorded continuously throughout the irra-
diation period in order to detect the formation of new molecules.
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3. Results

Fig. 1 shows an infrared spectrum of a N,O ice sample main-
tained at ~25 K before irradiation. Fundamental bands correspond-
ing to vibrational modes v, and v; were found to be at 1292.2 cm™!
and 2237 cm™!, respectively [13-15]. Eight other bands were ob-
served at 1164.8 cm™!, 2580.2 cm™' and 3861 cm™' (correspond-
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Fig. 1. Infrared bands recorded in a thin film of nitrous oxide ice cooled to ~25 K.
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Table 1
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Infrared band positions for solid N,O at different temperatures

Mode Wavenumber, cm !

This work Lapinski et al. [13]  Dows [15] Smith et al. [14]

25K 6 K 70 K 15K
2v; 1164.8 1166.6 1165.6 1166.5
Vi 1292.2 1291.2 1293.4 1291.3
VitV 1887.9 1885.3 1888.1° 1885.9
V3 2237.0 22356 2238.0 22359
v1+2v, 2468.7 2466.5 2468.5% 2466.9
2v; 2580.2 25753 2579.5 2576.0
v, +v3  2813.6 2809.3 2813.7 2809.2
2v,+v3 33795 3374.5 - 3373.8
Vit V3 3508.0 3499.3 3508 3499.9
3 3861.0 3853.7 - -

¢ Calculated values.

1

ing to the overtone bands 2v,, 2v; and 3v;) and 1887.9 cm ',
2468.7 cm™!, 2813.6 cm™!, 3379.5 cm~! and 3508 cm™! (assigned
to combination bands vq + vy, vq +2vy, Vo +v3, 2V, +v3 and vy +
v3). Table 1 shows a comparison of our measured band positions
with those recorded by earlier authors at different temperatures.
At higher temperatures a phase change may occur forming a highly
ordered crystal ice matrix leading to new spectral signatures. In a
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Fig. 2. IR spectra of the new bands observed in solid N,O during irradiation. (a)
1039.6 cm ™! (v3) band of O3 and (b) details of the spectral region between 1950 and

1550 cm ™! showing formation of several oxides of nitrogen.

high density ice N,O dimers may also be formed and identified
through their four distinctive absorption bands at 2213.1, 2214.3,
2220.7 and 2221.9 cm~! [16]. In our spectrum a shoulder around
2219.6 cm™! may therefore be attributed to (N;0),.

During irradiation several new infrared bands appeared in the
measured IR spectrum (Fig. 2) indicating the synthesis of new
molecules under the influence of electron irradiation. A band at
1039.6 cm~! was observed to appear in the IR spectrum immedi-
ately and is identified as the v3 O-O asymmetric stretch of Os
(Fig. 2a). Several new bands were found to be grouped within
the 1950-1550 cm™! region (Fig. 2b and Table 2) and may be as-
signed to several nitrogen oxides e.g. that at 16149 cm™! is as-
cribed to NO,, 1594cm™' (N,03), 1741.2cm™! (trans-N,O,
N,0s), 1763.4cm™! (cis-N,0,, sym-N,04), 1702.4cm™' (N,05),
17182 cm™! (0,N-NO,), 1855.7cm™! (trans-N,0,, cis-N,0,,
asym-N,04) and 1832.1cm™! (asym-N,0s). Several additional
vibrational modes of newly formed products might be present
in the saturated regions of the N,O spectrum and therefore can
not be distinguished, whilst any N, or O, formed as the result
of N,O dissociation cannot be observed since neither species is

IR active.

Table 2

Assignments of new IR bands that are observed during 1keV electron irradiation

upon solid N,O at temperature ~25 K

New bands in wavenumbers (cm™") Molecule Mode References
1039.6 0, Vs A
1594.0 N,Os3 ? B
1614.9 NO, V3 A
1702.4 N>Os Vo A
1718.2 N,O4 ? B
1741.2 trans-N,0, Vs A
N,Os5 Vi A
1763.4 cis-N,0, Vs A
sym-N;04 Vg A
1832.1 asym-N,03 Vi A
1855.7 trans-N,0, Vi A
cis-N»0, Vq A
asym-N;04 Vi A
1867.0 N,05 ? B
?, Unable to assign the vibrational mode.
A - Jamieson et al. [8] and references therein.
B - Fateley et al. [21].
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Fig. 3. Ozone growth during irradiation by 1 keV electrons in solid N,O at ~25 K.
The column density is calculated using the absorption coefficient value of 1.4 x
1017 cm molecule! for v5 band of 05 [22].
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4. Discussion

Electron impact dissociation of N,O may, as in the case of pho-
todissociation, be expected to produce molecular nitrogen and
atomic oxygen:

N,0 +e” — N, + O(P/'D). (7)

Since it requires only 1.67 eV for dissociation of N-O bond in N0 all
the incident electrons and most of the secondary electrons induced
by ionization will have enough energy to dissociate any N,O mole-
cules with which they interact. Piper and Rawlins [17] have shown
that, although a spin forbidden process, electron impact dissocia-
tion of N,O is dominated by the production of oxygen in its ground
state (3P) rather than the excited O('D). Ozone production, observed
as a characteristic IR feature at 1039 cm™', can then form via a two
step process, generating molecular oxygen in the first step and
addition of another O(*P) producing Os in the second step (reactions
(3) and (4)). Fig. 3 shows the growth of ozone during irradiation;
ozone production is observed as soon as electron irradiation begins.

In an ice matrix, kept at 25 K, O3 production can also be ex-
plained by the formation of the complex (N,O- - -0,). Once molecu-
lar oxygen is generated such a complex is easily stabilized within
the ice. The interaction of such a complex with another free oxygen
atom (N,O- - -0---0,) would then lead to a localised reaction within
the matrix cage resulting in (N;O---O3):

N,0---0, + O(P) — N,0 + Os. (8)

The possibility of such reactions occurring within N,O molecular
cages is supported by spectroscopic identification of complex
(N0...0,) [18,19].

The formation of O('D) atoms not only provides an alternative
source of O(P) atoms but may lead to the formation of the nitric
oxide dimer [20] known as dinitrogen dioxide (N,0,):

N20 +0('D) — (NO),. 9)

NO dimers were clearly identified both in the cis and trans isomeric
forms (Fig. 2b, Table 2) in our spectrum.

Due to the weak bond between N-N in the (NO), dimer they
provide a source for NO monomers. Atomic oxygen reacts with
the NO monomer to produce NO, (10), which was observed in
the spectrum at 1614.9 cm™:

NO + 0 — NO,. (10)

Further reactions then generate the heavier molecular products
N,03, N,04 and N,Os. Dinitrogen trioxide (N,Os3) can be formed in
two ways: (i) a reaction of NO, with NO (11) and (ii) addition of
atomic oxygen to N,O,. During irradiation both these reactions
might compete in forming N,O3; molecules in the N,O ice but reac-
tion (i) was observed to be very efficient due to the growth of
1594 cm~! N,O; signature and a corresponding decrease in the

NO, signature at 1614.9 cm™ '

NO, + NO — N,0s, (11)
2NO + 0, — 2NO, (12)
2NO, — N,04. (13)

NO, dimers produced via reaction Eq. (12) or due to the close
proximity of two NO, molecules produced via reaction Eq. (10)
may in turn dimerize to form N,O4 (13). A very weak band at

1702.4cm™' was assigned to N,Os, the heaviest molecule that
was produced in the N,O ice. This molecule may be formed by
03 reacting with NO, molecules [21]:

2NO; + 03 — NyO0s + O,. (14)

5. Conclusion

Electron irradiation of a 25 K sample of N,0 ice has been shown
to generate a rich chemistry with the synthesis of both ozone and a
large number of nitric oxides from N,0, up to N,Os being formed
from intermediate product such as NO, NO,, O,. Formation of N,Os
during irradiation revealed the reaction of Oz molecules with NO,.
Most of the reactions are common to those observed in the Earth’s
atmosphere where they are initiated by photo-dissociation of ni-
trous oxide. Although N,O has to date only been detected in inter-
stellar medium it is highly likely that it is formed in several of the
solar system’s icy bodies. The present experiments would then
suggest that irradiation of such N,O containing ices by the solar
wind, sunlight and/or magnetospheric ion bombardment will
quickly lead to abiotic ozone formation as well as a large number
of nitric oxides which may subsequently react with hydrocarbon
species and water to form even more complex species. Therefore,
future experiments will explore the irradiation of N,O/H,0/CO,/
hydrocarbon ice mixtures by various sources of irradiation, also
using isotopic composition to deduce the kinetics behind the for-
mation of new molecules observed in this preliminary experiment.
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