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Abstract

Solid molecular nitrogen (N2) may exist in large abundances in various low-temperature interstellar and solar system environments.
Intense radiation fields can cause molecular nitrogen ice to undergo chemical alterations by cleaving the nitrogen–nitrogen triple bond.
We have simulated this chemical processing by carrying out radiolysis experiments using energetic electrons on molecular nitrogen ice at
10 K that has been labeled with different isotopes. We have identified four isotopologues of the azide radical (N3) via infrared spectros-
copy. The 14N3 radical was detected by a doublet that has peaks centered at 1657 and 1652 cm�1. The formation dynamics are also
investigated.
� 2007 Published by Elsevier B.V.
1. Introduction

In order to study the chemistry of ices that are exposed
to the harsh radiation environments in space, it has been
useful to send spacecraft to objects to spectroscopically
investigate their surfaces. For example, the Galileo space-
craft observed Europa (one of Jupiter’s moons) to find that
the radiation-induced decay of water can produce hydro-
gen peroxide [1]. This technique works well for water, car-
bon dioxide, and other molecules that are in reach of
spacecraft. However, volatile molecules like molecular
nitrogen only exist in the solid state in the outskirts of
the solar system where the temperature is low enough
and they are therefore very difficult to observe. Addition-
ally, molecular nitrogen has no dipole moment and so
determining its chemical properties and abundance is
spectroscopically difficult. This makes laboratory studies
of chemically processed molecular nitrogen extremely
important.

Ground based observations have confirmed that nitro-
gen ice is the dominant component of the surfaces of Tri-
tion [2] (Neptune’s largest moon) and Pluto (ex-planet)
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[3]. Nitrogen ice may also be present in large abundances
in comets, Kuiper Belt Objects (KBOs), and trans-Neptu-
nian objects [4] (TNOs), although this has not been spec-
troscopically confirmed. Since molecular nitrogen is a
homonuclear diatomic molecule with a strong triple bond
(9.8 eV), its radiation-induced chemistry would not intui-
tively seem very interesting. However, the full potential
of nitrogen chemistry is only starting to come into view.

The linear azide molecule has long been known and has
been extensively studied both experimentally and theoreti-
cally [5–10]. Hudson and Moore [7] have previously pro-
posed using the linear azide radical as a tracer molecule
to follow the abundance of molecular nitrogen in space.
Its formation may also indicate the type of radiation envi-
ronment in which molecular nitrogen exists since, in their
experiments, the azide radical was found to form under
proton irradiation of low-temperature molecular nitrogen
ice but not by photolysis.

More recently, photodissociation of ClN3 has provided
experimental evidence for the production of the cyclic N3

isomer, identified by its predicted photoionization potential
[11] and also by photofragment translational spectroscopy
[12]. Theoretical work has also predicted the stability of
several N4 and N6 isomers [13–16] and possible experimen-
tal identifications of one N4 isomer (azidonitrene) [17] and
one N6 isomer (hexaazabenzene) [18] have been proposed.
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Table 1
The infrared absorption positions are give for the m3 vibrational mode of
the azide radical

Isotopologue Peaks positions
(cm�1)

14N3 1657, 1652
15N14N14N 1648, 1643
14N15N15N 1612, 1607
15N3 1603, 1598

The wavenumbers are reported for both peaks of the doublet observed for
each isotopologue although Tian et al. [6] have considered the higher
wavenumber peak the most stable site.
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These higher order nitrogen molecules, if confirmed, could
prove to be extremely useful high energy density materials
by storing large amounts of internal energy, especially if
ring structures exist [19]. Secondly, molecular nitrogen
byproducts are in line with the general trend for green
chemistry desired in energy sources. Here we carry out irra-
diation experiments of different isotopologues (molecules
of the same isomeric form but differing in isotopic compo-
sition) of molecular nitrogen. We identify the linear azide
radical (N3) via infrared spectroscopy and investigate the
mechanism(s) of its formation.

2. Materials and methods

The experiments were carried out in an ultra high vac-
uum stainless steel chamber [20]. The chamber can reach
pressures as low as 5 · 10�11 Torr by use of a magnetically
suspended turbo molecular pump that is backed by a scroll
pump. All pumps used are oil-free to ensure no hydrocar-
bon contaminants enter the system. Temperatures as low
as 10 K are reached using a two-stage closed-cycle helium
refrigerator that is interfaced directly to a polished single
crystal silver mirror onto which the ices are condensed.
The silver substrate is suspended by a differentially pumped
rotatable feedthrough, which aligns the wafer in the center
of the main chamber. Gas condensation is carried out at
10 K where the pressure is regulated by a thermovalve that
lets gas through the linear transfer mechanism and to
the gas capillary array which evenly disburses the gas.
The gases were condensed for 30 min at a pressure of
1.0 · 10�7 Torr at 10 K to give an amorphous molecular
nitrogen ice with a total thickness of 1 lm. The ice thick-
ness was derived using an equation provided in Bennett
et al., [20] where the column density of the initial ice was
calculated by integrating the m1 absorption feature of
molecular nitrogen (14N2, 2328 cm�1) and dividing by the
absorption coefficient for molecular nitrogen in pure nitro-
gen ice (1.8 · 10�22 cm molecule�1) [21]. The ice sample
was then irradiated isothermally with 5 keV electrons to
cleave the N–N triple bond. The experiments were also car-
ried out at three different electron beam currents of 1.0, 0.1,
and 0.01 lA. The beam has an extraction efficiency of
78.8% and is scanned over the sample area 1.8 ± 0.3 cm2

to avoid heating the ice. The sample was irradiated for
one hour, which exposed the target to 1.8 · 1016 electrons
in the 1 lA experiment. In this work, three molecular nitro-
gen irradiation experiments were performed using (a) 14N2,
(b) 15N2, and (c) 14N2:15N2 (1:1). The progress of the reac-
tion was monitored using a Nicolet 510 DX Fourier Trans-
form Infrared Spectrometer (FTIR). The spectrometer has
a wavenumber range of 6000–500 cm�1 and operates in
absorption–reflection–absorption mode with a reflection
angle of 75� with respect to the surface normal relative to
the silver mirror. The infrared spectra of the ice were
recorded online and in situ at an integrated time of
2.5 min (242 scans) and at a resolution of 2 cm�1. The col-
umn densities of a molecule (or abundance, in units of mol-
ecules cm�2) can be calculated according to Bennett et al.
[20]. A quadrupole mass spectrometer (Balzer 420) with
electron impact ionization was attached directly to the
reaction chamber to detect molecules liberated into the
gas phase.

3. Results

The experiments were carried out in three phases. First,
the nitrogen ices were irradiated for one hour while the
experiment was monitored by infrared spectroscopy. The
temporal developments of the infrared bands of the azide
radical were quantified to help us understand the kinetics
of the reactions that occur. Next, the electron beam was
turned off and the ice was left at 10 K to check the stability
and/or reactivity of the molecular species produced.
Finally the ice was warmed at a rate of 0.5 K min�1 to
observe any reaction, dissociation, and/or sublimation of
the products.

In the rather featureless infrared absorption spectrum of
molecular nitrogen, a small peak was observable before
irradiation at 2327 cm�1 corresponding to 14N2. In the
15N2 experiment, the fundamental mode of nitrogen was
shifted to 2249 cm�1. The samples were then irradiated
for one hour.

In the 14N2 experiment, the 14N3 radical was observed by
a doublet with peaks at 1657 and 1652 cm�1 (Table 1,
Fig. 1). Comparing these absorptions to previous work
by Tian et al., both peaks of the doublet seem to corre-
spond to the m3 vibrational mode of the azide radical that
are in different sites in the nitrogen matrix [6]. In their
experiment, Tian et al. found a triplet of peaks in this spec-
tral region centered at 1657.5, 1654.5, and 1652.6 cm�1 (we,
therefore, did not observe this middle absorption). They
gave three lines of argument that justify that these three
absorptions resulted from the m3 vibration of the 14N3 rad-
ical occupying different sites in their matrix ice. First,
reducing the deposition rate or increasing the deposition
temperature during the formation of their molecular nitro-
gen ice matrix had the effect of only producing one N3

absorption feature (1657.5 cm�1) after the N2 ice was irra-
diated, rather than the three peaks in their original experi-
ment. This could be explained by a more homogeneous
crystal structure that is formed at higher deposition tem-
peratures or slower deposition rates resulting in fewer



Fig. 1. The infrared spectra are shown for the different azide radical isotopologues after irradiating a molecular nitrogen ice for 1 h. The initial molecular
nitrogen isotopologue is boxed in the upper left corner of each graph. The only absorption features that were observed after irradiation were due to the
azide radical. Doublets are observed for each azide radical isotopologue due to their occupation of different sites in the ice thereby affecting their
absorption character [6].
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unique sites in the ice in which the azide radical could
vibrate. This argument was also confirmed by creating a
more uniform crystal structure by repeatedly annealing
the ice once the triplet of peaks had been produced by irra-
diation. The result was that the two lower energy peaks
(1654.5 and 1652.6 cm�1) began to disappear while the
intensity of the high energy peak (1657.5 cm�1) increased.
This confirmed that the 1657.5 cm�1 peak is due to the
azide radical in its most stable site in the nitrogen matrix
and that the three peaks are likely correlated. Lastly, to
further confirm that the three peaks are due to the same
molecule, isotopically labeled nitrogen ice was irradiated
where identical shifts in the peak positions were observed.

The doublet absorption features due to N3 were the only
peaks found to result from irradiation in our experiments.
When the 15N2 ice was irradiated, the azide radical peaks
shifted to 1603 and 1598 cm�1 due to the formation of
15N3 [6]. Lastly, a 1:1 ice mixture containing two nitrogen
isotopologues (14N2:15N2) was irradiated. Peaks were
observed that correspond to 14N3 and 15N3 as previously
found but also peaks for the isotopologues 15N14N14N
and 14N15N15N with absorptions centered at 1648 and
1643 cm�1 and 1612 and 1607 cm�1, respectively. From
Fig. 1 the doublets of the four isotopologues of the azide
radical are clearly marked, however, the nondetection of
the remaining two isotopologues, 14N15N14N and
15N14N15N, is interesting. From Tian et al. [6], the expected
peaks positions for the m3 vibrations of these isotopologues
are centered at 1621.4 and 1639.7 cm�1, respectively. This
gives clues into the formation of the azide radical as will
be discussed in the next section.

In comparison with previous works investigating the
radiation-induced decomposition of molecular nitrogen
ice at low-temperatures, our results compare well. Hudson
and Moore [7] carried out proton irradiation of solid N2 at
12 K to find N3 as their only irradiation product. They
observed peak positions of 1657, 1649, 1615, and
1603 cm�1 for 14N3, 15N14N2, 14N15N2 and 15N3, respec-
tively, compared with our peak positions of 1657, 1648,
1612, and 1603 cm�1, respectively for the high energy band
of our observed doublets. The interesting difference here is
that Hudson and Moore observed only a single band while
our experiment showed doublets and, as previously men-
tioned, Tian et al. observed a triplet of peaks correspond-
ing to N3 absorptions. This is not too surprising since, as
Tian et al. have found, the number of peaks observed for
the N3 radical is very sensitive to the experimental condi-
tions such as deposition rate, deposition temperature, and
possibly other factors like radiation source or the type of
substrate onto which the nitrogen ice is condensed. Evi-
dence that altering the radiation source may play a role
in altering the formation of the azide radical is well pro-
vided by Hudson and Moore where they found photolysis
of solid nitrogen by Lya photons (10.6 eV) to be inefficient
at producing the azide radical and it was not detected (in
contrast to their proton irradiation experiments).

This last significant difference between the current work
and past experiments is that Tian et al. report the detection
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of two more N3 isotopologues (15N14N15N and 14N15N14N)
as well as the m1 + m3 and m2 vibrations for several of the iso-
topologues. For example, for 14N3, they observed three dif-
ferent absorption features including peaks at 2944.9
(m1 + m3), 472.7 (m2), and 1657.5 cm�1(m3). In the current
experiment, only the m3 absorption was detected and four
of the six possible isotopologues were observed.
4. Discussion

We will now investigate the formation pathways of the
azide radical. First it would be useful to understand the
irradiation effects within the ice. As the electrons enter
the sample, they may interact with the N2 molecules caus-
ing electronic excitations and/or ionizations. If ions were
produced in our 10 K ice, they could be stabilized. How-
ever, there was no evidence of ionized species in the infra-
red spectra and so they may not play a large role
influencing the observed chemistry. Instead, to initiate
reactions, a molecule may be electronically excited to a dis-
sociative state where it may then fragment. For example,
radiation-induced dissociation of molecular nitrogen may
take place within the ice to produce two nitrogen atoms
(Eq. (1).

N2 X1Rþg

� �
! Nð2D=4SÞ þNð2D=4SÞ: ð1Þ

Upon direct dissociation, where spin conversion should oc-
cur, the nitrogen atoms would either both be in the doublet
D or both in the quartet S states. However, if a predissocia-
tive mechanism were followed, the most likely electronic
states of the fragments would be 2D for one atom and 4S
for the other [22]. The branching ratios of these dissocia-
tion pathways in our ice is not currently known. Dissocia-
tion into two ground state nitrogen atoms (4S) requires at
least 941 kJ mol�1 of energy to be absorbed by molecular
nitrogen and an electronically excited nitrogen atom (2D)
lies 231 kJ mol�1 above the ground 4S state. Consequently,
to produce two excited nitrogen atoms in the 2D state
would require 1403 kJ mol�1 of total energy, just below
the ionization limit of molecular nitrogen (1503 kJ mol�1)
[23]. The excess energy absorbed by the nitrogen molecule,
beyond what is needed to break the bond, is channeled into
translational degrees of freedom of the fragment species.

Previous experiments using ion irradiation to dissociate
molecular nitrogen indicate the observation of the
N(2D) N(4S) emission in their ices and that, conse-
quently, the previously mentioned, direct dissociation path-
way occurs [6,7]. However, we cannot discount the
possibility that different energy transfer processes using
electron radiation exist that may result in different path-
ways to initiate reactions. For example, an ‘N2 + N2*!
N + N3, type reaction could occur where an electronically
excited nitrogen molecule reacts with another nitrogen
molecule to produce a nitrogen atom and the azide radical.
This has been found to be the case for the dissociation of
carbon monoxide [24–26]. One argument against this pro-
cess in our experiment is that in the photolysis experiments
by Hudson and Moore using 10.6 eV photons to irradiate
molecular nitrogen, the azide radical was not produced
[7]. These photons should be energetic enough to excite
molecular nitrogen into a reactive state, assuming one
existed (note the carbon monoxide dissociation reaction
requires much less energy than the direct dissociation reac-
tion). The lack of observable chemistry at these excitation
energies seems to suggest that direct dissociation by higher
energies is necessary to initiate nitrogen chemistry.

Secondly, we have carried out electron radiation exper-
iments on N2:CO2 ice mixtures where the nitrogen mole-
cule was found to dissociate producing two nitrogen
atoms that reacted with carbon dioxide to produce the
OCNO molecule [27].

Assuming the reactions in our ice are initiated by the
direct dissociation of molecular nitrogen, the nitrogen
atoms that are produced may be either electronically
excited and/or suprathermal (with an excess kinetic
energy), and can then react with molecular nitrogen to
form the azide radical (Eq. (2)).

Nð2D=4SÞ þN2 X1Rþg

� �
! N3ðX2�Þ: ð2Þ

This reaction was calculated to be slightly endoergic by
0.96 kJ mol�1 at 0 K relative to the ground state reactants
(Fig. 2, adapted from Zhang et al. [10]). However, intersys-
tem crossing is required where a barrier of 219 kJ mol�1 to
reach the minimum on the seam of crossing (MSX) has
been calculated [10]. On the other hand, reaction initiated
by N(2D) on the doublet potential energy surface would
require a barrier of only 13.2 kJ mol�1 to open this channel
where the reaction is exoergic by 236 kJ mol�1. Since, in
this reaction, the nitrogen atom approaches molecular
nitrogen at C1v symmetry, the attacking nitrogen atom
would be incorporated into the azide radical as one of
the terminal nitrogens. This is consistent with the detection
of 15N14N14N and 14N15N15N in our 14N2:15N2 experiment.

Theoretical work has proposed the formation of a stable
and long-lived cyclic N3 molecule [10]. Energetically this
molecule exists 127 kJ mol�1 higher in energy than the lin-
ear isomer but lies well below (118 kJ mol�1) the minimum
on the crossing seam from the N2 + N(4S) reaction at C2v

geometry (Fig. 2). This suggests that although the reaction
between N(2D) and molecular nitrogen likely has sufficient
energy to proceed to the lowest energy isomer (linear-N3)
by immediate isomerization of the cyclic structure, reaction
between N(4S) and N2 where the nitrogen atom approaches
at C2v geometry should produce the stable cyclic N3 mole-
cule. This cyclic structure may subsequently isomerize to
the linear conformation by passing a barrier of
133 kJ mol�1 where there should be an equal probability
of opening at any of the three N–N bonds, assuming com-
plete intramolecular vibrational redistribution (IVR). This
would result in isotopic scrambling in the linear isomer if
different isotopes were being used. However, from our
experiment there is no spectroscopic evidence for the



Fig. 2. This potential energy surface relates the N2 + N(4S/2D) reactions with the cyclic N3(X2B1) and linear-N3(X2P) products. It was adapted from
Zhang et al. [10].
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formation of the cyclic structure. Also, the nondetection of
14N15N14N and 15N14N15N indicates that the isotopes in
the linear azide radical are not scrambled. In summary,
there is no evidence that the cyclic isomer has been pro-
duced or even accessed at any point during our experiment.

In order to gain an understanding of the evolution of the
abundance of the azide radical over the course of the exper-
iment, the column density has been quantified and plotted
versus time (Fig. 3). This graph was derived by integrating
each peak of the doublet corresponding to 14N3 for three
different irradiation currents. Column densities were
calculated according to a Beers law derived method pro-
vided in Bennett et al. [20] where the absorption coefficient
for the m3 band of N3 has been previously calculated by our
group at the B3LYP/6-311G(d) level of theory using the
GAUSSIAN 98 programing package [28]. The calculated
value was found to be 4.00 · 10�17 cm molecule�1. This
compares with an experimentally estimated value of
Fig. 3. The abundances (column density with units of molecules cm�2) of t
experiments for three different irradiation currents. Each peak of the doublet (se
and the abundances were kinetically fit using pseudo-first order kinetics for the
stopped after 3600 s and warmup began at 7200 s.
7.2 · 10�20 cm molecule�1 that was found by Hudson and
Moore [7]. These two values are obviously in conflict with
each other, however, assumptions are made in each case.
For example Hudson and Moore set the N3 concentration
at 1% of the N2 abundance which surely is an overestimate
resulting in the low absorption coefficient. Our calculated
result also has errors associated with it since the calcula-
tions assume gas phase vibrations which may be inaccurate
in describing vibrational frequencies in our ice. These gas
phase calculations can be 20–30% off from the solid state
values. We have decided to use our calculated absorption
coefficient for determining the N3 column densities. Fol-
lowing the development of the column densities in Fig. 3,
we can begin to understand the evolution of the abundance
of the azide radical over time.

During irradiation (t = 0–3600 s) the bands of the azide
radical (1657 and 1652 cm�1) increased at each of the three
irradiation currents where, as expected, the higher currents
he azide radical (N3) are shown over the course of the 14N2 irradiation
e Fig. 1) resulting from N3 was individually integrated for each experiment
irradiation phase of the experiment (see text and Table 2). Irradiation was



Table 2
The integrated absorption of the observed peaks of N3 were fit with the pseudo-first order kinetic equation [N3] = a(1 � e�kt), where a is in units of
molecules cm�2 and k is in s�1

Current
(lA)

Peak center
(cm�1)

a

(molecules cm�2)
k

(s�1)
k 0

(s�1 lA�1)

1.0 1657 1.4 ± 0.3 · 1014 4.8 ± 0.7 · 10�3 4.8 ± 0.7 · 10�3

1652 8.3 ± 0.2 · 1013 1.2 ± 0.1 · 10�3 1.2 ± 0.1 · 10�3

0.1 1657 9.2 ± 0.3 · 1013 1.2 ± 0.1 · 10�3 1.2 ± 0.1 · 10�2

1652 7 ± 2 · 1013 3.7 ± 0.2 · 10�4 3.7 ± 0.2 · 10�3

0.01 1657 1.1 ± 0.4 · 1014 1.3 ± 0.6 · 10�4 1.3 ± 0.6 · 10�2

1652 6 ± 3 · 1013 1.0 ± 1.0 · 10�4 1.0 ± 1.0 · 10�2

The effective rate constant (k 0) which takes into account the irradiation current was calculated where k 0 = k/I, I is the irradiation current in microamps.
These values (a, k, and k0) are reported for both N3 peaks of the doublets (1657 and 1652 cm�1) that were observed in the nitrogen experiments using
different irradiation currents.
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formed the azide radical more quickly and at a higher
abundances. The developments of the N3 bands in each
experiment were quantified using pseudo-first order kinet-
ics (Table 2). More specifically, the column densities of
each peak of the azide radical were best fit using the equa-
tion: [N3] = a · (1 � e�kt) where a is the pre-exponential
factor in units of molecules cm�2 and k is the rate constant
in s�1. The effective rate constant for the development of
these bands (k 0) was calculated where k 0 = k/I. Here, I is
the irradiation current in lA and k is the observed rate con-
stant. It is most useful to compare the effective rate con-
stants since it accounts for the irradiation current.

In the 1.0 lA experiment, the peak centered at
1657 cm�1 was found to form at four times the rate of
the formation of the 1652 cm�1 peak (k 0 = 4.8 ± 0.7 ·
10�3 and 1.2 ± 0.1 · 10�3 s�1 lA�1, respectively). This
same trend was also found in the 0.1 lA experiment, where
the 1657 cm�1 peak was found to form three times faster
than the 1652 cm�1 peak (k 0 = 1.2 ± 0.1 · 10�2 and 3.7 ±
0.2 · 10�3 s�1 lA�1, respectively). However, comparing
the two peaks of N3 molecule in the 0.01 lA experiment,
the rate constants are nearly identical (k 0 = 1.3 ± 0.6 ·
10�2 and 1 ± 1 · 10�2 s�1 lA�1, respectively), although
the errors present in these rate constants detract from the
importance of this result. Comparing between the experi-
ments, the development of the N3 bands in the 0.1 lA
experiment were found to occur at about three times the
rate as in the 1.0 lA experiment, although the reason for
this is unclear (remember these rate constants account for
the irradiation current).

The most interesting part of Fig. 2 graphs is the marked
increase in the area of the 1652 cm�1 peak but not the
1657 cm�1 peak immediately after the irradiation was
stopped. This increase is most evident for irradiation at
1 lA, still significant at 0.1 lA, but within the error limits
at 0.01 lA. There are a few possible scenarios in consider-
ing what could cause this increase in the N3 abundance.
One explanation could be that residual reactions in the
ice are still occurring after the irradiation has ended
thereby forming more azide radical. For example, nitrogen
atoms could still be present in the ice and react with molec-
ular nitrogen. However, as evident in Fig. 2, reaction of 2D
nitrogen atoms with molecular nitrogen would still need to
surpass a minimum barrier of 13.2 kJ mol�1 and N(4S)
reactions would require 219 kJ mol�1. This energy is not
available in the 10 K ice once the nitrogen atoms have ther-
malized. Additionally, the lifetime of the electronically
excited nitrogen atom is not long, only several seconds
[29]. This seems to eliminate the N + N2 reaction as a
source of the delayed N3 production. Another possibility
could be from the decay of either an N5 or N6 molecule
that may have been produced in the ice. For example,
two C2v symmetric isomers of N5 exist that are metastable
with a dissociation barrier of only a few kJ mol�1 to molec-
ular nitrogen and an azide radical [30,31]. This low barrier
should have a non-negligible rate constant even at 10 K
and may therefore be responsible for producing the azide
radical after completion of irradiation. However, it is noted
that no other observable bands were found in the infrared
spectra to confirm the presence of higher order nitrogen
compounds.

Another explanation for the increase in the azide band
may be due to relaxation effects that may take place in
the nitrogen ice after irradiation had ended. Irradiation
often has the effect of destroying ordered regions within
the ice creating a more amorphous ice. During the isother-
mal phase of the experiment, disordered regions of the ice
may be relaxing into a more ordered or even crystalline
state. This would influence the infrared absorption coeffi-
cient since the N3 radical resides in distinct lattice environ-
ments. This explanation seems to agree with the fact that
only one of the N3 bands changes in intensity after irradi-
ation since these bands likely arise from the azide radical in
different matrix sites in the nitrogen ice [6].

After leaving the irradiated ice at 10 K for 1 h, the tem-
perature of the sample was slowly raised at a rate of
0.5 K min�1. The N3 peaks began to decrease in intensity
concurrently with the sublimation of the molecular nitro-
gen matrix (�30 K). This indicates that the azide radical
was stable up to the temperature at which the N2 ice started
to disappear. It is therefore difficult to comment on the
cause of the disappearance of the N3 molecule since it
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could be explained by sublimation, reaction, or dissocia-
tion. However, no signal was detected at m/z = 42 in the
mass spectrometer during warmup and so sublimation
and survival of the azide radical in the gas phase is not
likely.

5. Conclusions

Due to the large abundance of molecular nitrogen on
Triton, Pluto, and possibly Kuiper belt objects in the outer
solar system, understanding its radiation-induced chemis-
try is extremely important. We have carried out irradiation
experiments of molecular nitrogen ice at 10 K that has been
labeled with different isotopes and at various irradiation
currents. We have identified four isotopologues of the azide
radical (N3) via infared spectroscopy. The 14N3 radical was
detected by a doublet that has peaks centered at 1657 and
1652 cm�1. No evidence could be found to confirm the
presence of the cyclic N3 structure; by either its vibrational
features or by the detection of two azide radical isotopo-
logues, 14N15N14N and 15N14N15N. Summarized, energetic
processing of low-temperature solar system ices is expected
to produce solely the azide isomer.
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