PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13 Physical Chemistry Chemical Physics

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE WWW. 15C.0rg/ 3ok | XXXXXXXX

Solid state chemistry of nitrogen oxides - Part I: Surface consumption
of NO

M. Minissale*?, G. Fedoseev’, E. Congiu?, S. Ioppolo‘?, F. Dulieu’, and H. Linnartz?

Received Xth XXXXXXXXXX 2013, Accepted Xth XXXXXXXXX 2014
First published on the web Xth XXXXXXXXXX 2014
DOI: 10.1039/b000000x

The role of nitrogen and oxygen chemistry in the interstellar medium is still rather poorly understood. Nitric oxide, NO, has been
proposed as an important precursor in the formation of larger N- and O-bearing species, such as hydroxylamine, NH,OH, and
nitrogen oxides, NO; and N>O. The topic of this study is the solid state consumption of NO via oxygenation and the formation
of NO; and other nitrogen oxides (ONNO, and N,Oy) for conditions close to those encountered on icy grains in quiescent
interstellar clouds.

In our experiments nitric oxide and oxygen allotropes (O, O,, and O,) or N atoms are co-deposited under ultra-high vacuum
conditions on different substrates (silicate, graphite, compact ASW ice, and gold) at temperatures ranging between 10 and
35 K. Reaction products are monitored via Fourier Transform Reflection Absorption Infrared Spectroscopy (FT-RAIRS) and
Temperature Programmed Desorption (TPD) using mass spectrometry. We find that NO, is efficiently formed in NO+0/O,/O,/N
solid surface reactions. These are essentially barrier free and offer a pathway for the formation of NO, in space. Nitrogen dioxide,
however, has not been astronomically detected, contradicting the efficient reaction channel found here. This is likely due to other

pathways, including regular hydrogenation reactions, as is discussed separately in part II of this study.

1 Introduction

Dark interstellar clouds act as birth sites of stars and planets,
in which a complex network of sequential and parallel chem-
ical processes, both in the gas phase and in the solid state,
leads to the formation of larger molecules. Since gas-phase
reactions alone cannot explain the full molecular complexity
observed in space, it is generally accepted that more complex
and saturated species form in the solid state through energetic
(heating or hits by UV photons, X-rays, electrons or ions) and
non-energetic (atom bombardment) processing. ' Indeed, deep
within dark clouds, temperatures drop as low as 10 K and
with densities higher than 10° cm=3,? gas species accrete onto
grains forming icy mantles. These regions are shielded from
external UV light (other than local Ly-@ emission from cos-
mic rays excited hydrogen) and the chemistry is largely driven
by the impact of free atoms on icy dust. Atoms and unsatu-
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rated species diffuse in the ice, meet, and eventually react ther-
mally or through tunneling3- with the grain acting as a third
body absorbing excess energy. Many of the bulk molecules
observed in interstellar ice (e.g., H,O, CO,, H,CO, CH3OH,
HCOOH, CHy, NH3, and other nitrogen-bearing species 7‘11)
form in this way. In later stages of the star formation process
(i.e., when the protostar has formed), and the local UV field
gains intensity, energetic processing becomes important, con-
tributing also to molecular complexity in space. !4

Over the past decade, a number of independent laboratory
experiments have been performed to study surface reactions
involving hydrogen, oxygen, carbon, and nitrogen atoms on
cold surfaces. '>22 The focus in these studies has been largely
on hydrogen and oxygen chemistry, characterizing the solid
state formation of water and methanol, for example. More re-
cently also a number of studies involving nitrogen have been
reported.?? The solid state formation of NH3 has been dis-
cussed?* and NO ice was shown to be a good starting point in
the formation of hydroxylamine, upon H-atom additions. >~
Both nitric oxide and ammonia are considered important pre-
cursor species in the formation of N-containing organics. NO,
specifically, is a seed for N- and O-bearing species?® such as
NO,, N;O, HNO, HONO, HNOs3, and NH,OH.

NO (N 160) was initally identified in the molecular clouds
Sgr B2%° and OMC1.3 Nitric oxide has been identified in a
number of different astrophysical regions, including star form-
ing regions,30 dark clouds,3'33 hot cores,* PDRs,3’ and in
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the nucleus of the starburst galaxy NGC 253 - an extragalac-
tic source.*® NO can be easily formed and destroyed by two
neutral-neutral gas-phase reactions: >’

e N+OH — NO+H

e NO+N — N,+O.

Laboratory experiments have shown that NO is also formed
through surface reactions, upon exposure of different ice mix-
tures (i.e. HpO:Nj, CO:N,, and N;,:0,) to different ions
(13C?*, Ar**, N* and H*, respectively) with energies in the
range between 15-200 keV.3%40 So far no evidence has been
found that NO forms in non-energetic surface reactions like
for example, N + O. Astrochemical models predict typical NO
abundances in the gas-phase, with respect to molecular hy-
drogen, of f(NO/H,)~1077-107. The actual observed abun-
dance*! is about a factor 10 lower: f(NO/H;)~10%. This dif-
ference may be due to lacking destruction (i.e., consumption)
routes that have not taken correctly into account; actually large
amounts of NO (up to 10 % of the gas-phase abundance) are
likely to accrete on the cold (10 K) dust grains, and therefore
to react with H, O, and N atoms arriving from the gas-phase.
It is not straight forward to estimate the relevance of solid NO
as a starting point for the formation of more complex species.
Reactions of NO with O-atoms have not been experimentally
studied yet and this is the topic of the present study.

In this paper, part I in a two-article series, we present ex-
perimental results for NO+O, NO+0O;, NO+O3, and NO+N
reactions in the solid state that mainly lead to the formation
of NO,. Part II focusses on the surface consumption of NO,
through NO,+H/O/N. This paper is organized as follows. The
experimental setup and methods are described in the next sec-
tion. Section 3 presents the experimental results. Section 4
discusses the possible reaction routes and physical chemistry
of N-O world. The findings are summarized in the conclusion.

2 Experimental

The experiments are performed using two different setups:
FORMOLISM located in LERMA lab at the University of
Cergy-Pontoise (FR)?> and SURFRESIDE? at the Sackler
Laboratory for Astrophysics in Leiden (NL)*?. The possi-
bility to perform similar experiments in two different setups
allows us to study the same reaction pathways under differ-
ent physical conditions, i.e., different surface coverage (sub-
monolayers - mainly FORMOLISM - vs. multilayers - mainly
SURFRESIDEz), different substrates (gold, silicates, graphite
and amorphous solid water (ASW) ice), and different ice mix-
tures (pure NO, NO in polar ice, and NO in apolar ice).

Both setups comprise a central ultra-high vacuum chamber in
which a sample holder is mounted in thermal contact with

the cold finger of a closed-cycle He cryostat. The ice sam-
ples are studied in situ using Fourier Transform Reflection
Absorption Infrared Spectroscopy (FT-RAIRS) and thermally
relieved species are monitored in the gas phase by Temper-
ature Programmed Desorption (TPD) using quadrupole mass
spectrometry (QMS). Two different experimental procedures
are applied. In pre-deposition experiments, ice is first de-
posited on the substrate and then exposed to the beam with
reactants. This approach is necessary for O3 as it is not pos-
sible to work with a pure ozone beam. Instead pure O3 ice
is obtained through annealing, causing other constituents than
ozone to thermally desorb.*3** In pre-deposition experiments
NO is subsequently deposited on top of the pure O3 ice. In
the case of O and O, experiments, all the reactants, including
NO, are co-deposited. In all the experiments presented in this
paper, unless otherwise specified, molecules of the most abun-
dant isotopologues are used (10,, H,1°0, 14N16Q, 14N, !60)

RAIR difference spectra are acquired during the exposure of
the sample with respect to a background spectrum of the initial
deposited ice at low temperature. In the case of co-deposition
experiments, nitrogen oxide bearing ices are continuously de-
posited together with the reactant ices (NO+O and NO+0O,).
In this case, RAIR difference spectra are acquired during co-
deposition with respect to a background spectrum of the bare
substrate at a low temperature. Once completed, the ice com-
position is further constrained using TPD, typically with rates
between 1 up to 10 K/min.

As full descriptions of both setups are available from
Refs.?>*2 only the relevant details are given below.

2.1 FORMOLISM setup

The main chamber of the FORMOLISM setup2>* has a base
pressure of 10719-10~!! mbar. It contains a non-porous amor-
phous olivine-type silicate (or a HOPG) sample surface (1 cm
in diameter), operating at temperatures between 6.5 and 400
K. The silicate sample was obtained by thermal evaporation of
San Carlos olivine (Mg sFe2Si04) onto a gold-coated sub-
strate (1 cm in diameter), operating at temperatures between
6.5 K and 350 K. The density sites of adsorption is about the
same of compact ice samples. Sample preparation and surface
analysis are described extensively in Djouadi et al. 2005.46
The temperature is controlled by a calibrated silicon-diode
sensor and a thermocouple (AuFe/Chromel K-type) clamped
on the sample holder. ASW ice can be grown in situ on the
silicate sample. The H,O vapour is obtained from deionized
water previously purified by several freeze-pump-thaw cycles
carried out under vacuum. H,O molecules are deposited on
the surface maintained at 110 K through a leak valve equipped
with a micro channel doser positioned at 3.5 cm in front of the
cold surface during the water ice deposition phase.

Two triply differentially pumped beam-lines are used to
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(co)deposit the reactants (NO and O, O,, or O3) onto the sur-
face of the sample holder. Each beam line is equipped with
a microwave dissociation source (a Surfatron cavity deliver-
ing 300 W at 2.45 GHz) that can generate oxygen atoms (
in the 3P ground state) from O,. The O, dissociation effi-
ciency is T = 65 %-70 %. The flux of O atoms arriving onto
the surface is ¢o =2 7o, where ¢p, = 3.2 (£ 0.3)x 1012
molecules cm™2 s~! is the flux of O, molecules (see Amiaud
et al. (2007) for more information on the flux calibration). The
flux of O atoms, consequently, is estimated to be 4.4 (+ 0.4)
x 10'2 atoms cm™2 s~!. The (direct) flux of NO molecules at

the surface is 2.8 (= 0.2) x 10'2 molecules cm=2 s~!.

2.2 SURFRESIDE? setup

SURFRESIDE? comprises three distinct UHV chambers: a
main chamber and two beam lines. Base pressures are better
than 1071% mbar. In the main chamber, ices can be deposited
with monolayer precision on a gold substrate and processed at
astronomically relevant temperatures. The substrate tempera-
ture is varied between 12 and 300 K with a relative precision of
0.5 K through a cryogenic temperature controller (LakeShore
model 340). Ices are monitored in situ by means of RAIRS
using a commercial FTIR, which covers the range between
4000 and 700 cm™! (2.5-14 um). TPD is used as a comple-
mentary analytical tool to constrain the experimental results.
In the two beam lines different atom sources are used, to pro-
duce atoms and radicals: (i) a thermal cracking source 4749
is used to generate controlled beams of H/D atoms; (ii) a mi-
crowave discharge source %! is used to generate O atoms that
are co-deposited with NO-containing mixtures onto the sub-
strate. This source has a 2.45 GHz microwave power supply
(Sairem) that produces up to 300 W of power that are cou-
pled into a microwave cavity, where atoms are generated in a
plasma. All electronically and ro-vibrationally excited species
generated in the plasma are energetically quenched through
multiple collisions on passing through a quartz pipe before
reaching the sample surface. Different plasma cavity pres-
sures and/or different plasma power values give access to a
tunable range of atom fluxes covering roughly 10'! and 10'3
atoms cm~ s~!. In the present experiment, O and N atoms
are obtained from N,O and N, dissociation, respectively (see
Ref.*?). The effective O- and N-atom flux at the surface are
1(x 0.3) x 10" and 9 x 10'%toms cm™2 s~!, respectively.
Shutters separate the beam line chambers from the main cham-
ber and allow for an independent operation of the individual
beam lines.

In the following sections the experiments are not specifically
labeled as FORMOLISM or SURFRESIDE? based, instead an
overview of all performed experiments is given in Table 1.

TPD Yields (ML/s)
TPD Yields (ML/s)

40 50 60 110 120 130 140
Temperature (K) Temperature (K)

Fig. 1 TPD curves of NO (mass 30, left-panel) and NO; (mass 46,
left-panel) for four different (co)deposition experiments: 0.4 ML of
NO (black line), 0.4 ML NO + 1.5 ML of O (red line), 0.4 ML NO
+ 1.5 ML of O3 (green line) and 0.4 ML NO + 1.5 ML of O3 (blue
line). A silicate sample held at 10 K is used as substrate.

3 Results

Figure 1 shows four TPD curves of NO (mass 30, left-panel)
and NO, (mass 46, right-panel) as obtained after completion
of different experiments in the (sub)monolayer (ML) regime:
0.4 ML NO (black curve), 0.4 ML NO + 1.5 ML O (red curve),
0.4 ML NO + 1.5 ML O; (green curve), and 0.4 ML NO +
1.5 ML O3 (blue curve) on a silicate sample held at 10 K. In
our experiments, the desorption of NO takes place between 43
and 60 K, while NO, desorbs between 110 and 140 K. The left
panel of Fig. 1 clearly shows that NO is consumed when oxy-
genated. In particular, when O atoms are co-deposited with
NO molecules, these react and less than 10 % of NO remains.
This is about 40 % in the case of O3 molecules, while in the
case of Oy up to 70 % of NO does not react. In parallel, the
integrated area under the NO, TPD curves in Fig. 1 (right
panel) anti-correlates with the corresponding integrated area
of the NO TPD curve; a smaller amount of NO left on the cold
surface after oxygenation corresponds to a larger amount of
NO; formed in the ice.

In the next sections we present RAIRS results, separately for
NO+0O, NO+0O;,, NO+0O3, and NO+N.

3.1 NO+O

The NO+O reaction was studied by co-depositing reactants
on different substrates (silicate and gold), and in different
ice environments (pure NO + O, NO:H,O + O, and NO:CO
+ O). In addition, as shown in Table 1, we performed every
single experiment under different coverage conditions. The
submonolayer regimes cover from 0.1 to 1 ML, and the
multilayer regimes are in the range of 1 to 10 ML.

As mentioned before, oxygen atoms are obtained via O;
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Table 1 List of experiments.

Experiment Method Ratio Raep Taep T atom—add Py MWP Atom-fluence 1 RAIRS TPD
(L/min) (K) (K) (107° mbar) w (10'® atoms/cm?)  (min)
SURFRESIDE® NO,">CO
0+N,0+3CO co-dep 1:10:500 -4 15 15 2 275 0.01 15 Y -
0+NO+N,0+'3CO co-dep 1:2:10:500 0.015, 4 15 15 2 275 0.01 15 Y -
0+NO+N,0+3CO co-dep 1:10:10:500 0.08, 4 15 15 2 275 0.01 15 Y -
NO, H,O
O+N,0+H,0 co-dep 1:10:500 -4 15 15 2 275 0.01 15 Y -
0O+NO+N,0+H,0 co-dep 1:2:10:500 0.015, 4 15 15 2 275 0.01 15 Y -
O+NO+N,0+H,0 co-dep 1:10:10:500 0.08, 4 15 15 2 275 0.01 15 Y -
05, PCO
0+80,+N,0+°CO co-dep 1:10:10:500 0.08, 4 15 15 2 275 0.01 15 Y -
0+'30,+N,0+3CO co-dep 1:50:10:500 04,4 15 15 2 275 0.02 30 Y -
%0,, H,0
0+%0,+N,0+H,0 co-dep 1:50:10:500 04,4 15 15 2 275 0.02 30 Y -
NO
DN+DPN, co-dep 1:100 - 15 15 8 300 0.03 60 Y -
SN, +NO co-dep 1:5 2.5 15 15 8 300 - 90 Y -
BN+PN,+NO co-dep 1:100:500 2.5 15 15 8 300 0.045 90 Y -
Experiment Method Thickness Riep Tyep T atom—add Par MWP Atom-fluence t RAIRS TPD
(ML) (L/min) (K) (K) (107'° mbar) (W) (10'6 atoms/cm?)  (min)
FORMOLISM NO, O; on (SiO), (O from O3)
NO+0+0, co-dep 0.5 0.09, 0.025 15 15 1.9 90 0.17 6 N QMS
NO+0+0;, co-dep 0.5 0.09, 0.025 25 25 1.9 90 0.17 6 N QMS
NO+0+0;, co-dep 0.5 0.09, 0.025 35 35 1.9 90 0.17 6 N QMS
NO+0+0;, co-dep 1.2 0.09, 0.025 10 10 1.9 90 0.2 8 Y QMS
NO,O; on graphite
NO+0+0, co-dep 0.5 0.12,0.035 10 10 1.9 90 0.17 6 N QMS
NO+0+0;, co-dep 0.5 0.12,0.035 10 10 1.9 90 0.17 6 N QMS
H,0, NO, O,
H,O0+NO+0+0, co-dep 50:0.3 2.4,0.08,0.02 10 10 1.9 80 0.05 2 N QMS
H,O+NO+0+0, seq-dep 50:0.3 2.4,0.08,0.02 10 10 1.9 80 0.2 8 N QMS
H,O+NO+0+0, seq-dep 50:1.1 2.4,0.08,0.02 10 10 1.9 80 0.7 24 N QMS
H,0+NO+0+0, co-dep 50:5 2.4,0.08,0.02 10 10 1.9 90 1 35 Y QMS
0,, NO on (SiO),
NO+0, co-dep 0.5:1 0.08, 0.09 10 10 - - - - N QMS
NO+0, seq-dep 0.5:1 0.08, 0.09 10 10 - - - - N QMS
0,+NO seq-dep 0.5:1 0.08, 0.09 10 10 - - - - N QMS
NO+0, co-dep 2.5:5 0.08, 0.09 10 10 - - - - Y QMS
0,, NO“ on graphite
NO+0, co-dep 1:1 0.09, 0.1 10 10 - - - - N QMS
NO+0, seq-dep 1:1 0.09, 0.1 10 10 - - - - N QMS
H,0, O,, NOW
H,O0+NO+0; co-dep 50:0.5:1 2.4,0.08, 0.09 10 10 - - - - N QMS
H,0+NO+0; seq-dep 50:1:1 2.4,0.08, 0.09 10 10 - - - - N QMS
H,0+0,+NO seq-dep 50:1:2 2.4,0.08, 0.09 10 10 - - - - Y QMS
H,0+NO+0+0, co-dep 50:2:4 2.4,0.08, 0.09 10 10 - - - - Y QMS
03, NO on (SiO),
03+NO seq-dep 1.2:0.2 0.09, 0.1 10 10 - - - - N QMS
03;+NO seq-dep 1.2:04 0.09, 0.1 10 10 - - - - N QMS
03;+NO seq-dep 1.2:0.6 0.09, 0.1 10 10 - - - - N QMS
03;+NO seq-dep 1.2:0.8 0.09, 0.1 10 10 - - - - N QMS
03+NO seq-dep 1.2:1.4 0.09, 0.1 10 10 - - - - N QMS
03+NO seq-dep 1.2:2 0.09, 0.1 10 10 - - - - N QMS
03+NO seq-dep 1.5:0.2 0.09, 0.1 10 10 - - - - Y QMS
03+NO seq-dep 1.5:0.4 0.09, 0.1 10 10 - - - - Y QMS
03;+NO seq-dep 1.5:0.6 0.09, 0.1 10 10 - - - - Y QMS
03;+NO seq-dep 1.5:0.9 0.09, 0.1 10 10 - - - - Y QMS
03+NO seq-dep 1.5:1.8 0.09, 0.1 10 10 - - - - Y QMS
03+NO seq-dep 1.5:3.5 0.09, 0.1 10 10 - - - - Y QMS
H,O0, 03, NO
H,0+03+NO seq-dep 50:1.2:1.2 2.4,0.08, 0.09 10 10 - - - - Y QMS

Sequential deposition (seq-dep), co-deposition (co-dep), and deposition of single species (dep) are performed under different laboratory conditions. The thickness is expressed in
monolayers (ML); Ry, is the deposition rate of a selected molecule expressed in Langmuir (L) min~', where 1 L = 1.3 x 107° mbar s™!; Tgep is the substrate temperature during
deposition; Tyrom-ada 1S the substrate temperature during atom addition; P,y is the atomic line pressure during atom exposure; atom-fluence is the total fluence at the end of the
experiment; 7 is the time of atom addition; RAIRS is the acquisition of RAIR spectra during seq-dep, co-dep, or dep of selected species; TPD is the temperature programmed desorption
experiment performed afterward. ¥ Minissale et al, 2013.°
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Fig. 2 RAIR spectra obtained after deposition on a silicate sample
held at 10 K of: (a) 1.5 ML of NO ; (b) co-deposition of 1.5 ML
NO+O; (c) co-deposition of 3.5 ML of NO+O; (d) co-deposition of
3.5 ML of NO+O, annealing to 86 K and cooling down to 50 K.

(FORMOLISM) or N,O (SURFRESIDE?) dissociation. In
the first case, the O, dissociation is not complete (65 %), and,
therefore, some oxygen molecules may still reach the surface,
and react with NO. In the second case, undissociated N,O
molecules are still present, but the probability of forming O,
molecules is very low (see Ref.#?). An advantage of using
N, O is that it does not no react with NO (and other nitrogen
oxides) or O atoms.*2

Figure 2 shows four RAIR spectra recorded at a silicate

sample held at 10 K using O, dissociation. Curve a) shows
the unprocessed spectrum for 1.5 ML of NO. Curves b) and
c) show the results for a co-deposition resulting in 1.5 and
3.5 ML thick ice of NO+0O+0O, in a mixing ratio (3:3:1),
respectively. Curve d) shows the spectrum for deposition
conditions used in curve c), but after annealing to 86 K and
cooling down to 50 K.
In curve a) the NO (dimer) symmetric and asymmetric N-O
stretch modes can be seen around 1861 and 1770 cm™!. The
other three curves are clearly different with a number of new
spectral features. Peaks at 1304-1311 and 1602 cm™! are due
to both NO, and ONNO; (i.e. N;O3). Peaks at 1878, 1741
and 1256 cm™! are due to N,O4. The peak at 1834 cm™! is
also due to ONNO; (N=O stretch). This latter peak does not
show up in curve d) indicating that ONNO, is not present at
high temperature (> 80K). For this reason, in curve d), we
think that peaks at 1304-1311 and 1602 cm™" are due to NO,
ice. Here annealing offers an additional tool in assigning the
bands. For instance, both NO dimer and N,Oy4 can contribute
to the bands shown in curve c) between 1890-1850 and
1755-1730 cm~!. However, since the spectrum in curve d)
is obtained after annealing to 86 K - at this temperature all
NO molecules have desorbed - the peaks at 1878 and 1741
cm™! only can be due to NpO4. This facilitates the overall
assignment of all spectra.

Wavenumber, cm™

2200 2000 1800 1600 1400 1200 1000
T T T T

0.007 |
N,0

4

0.006

0.005

0.004

0.003

0.002

Absorbance

0.001

0.000

0.0008

0.0006

0.0004

0.0002

Absorbance

0.0000

1880 1860 1840 1320 1300 1280
Wavenumber, cm"

Fig. 3 Top panel: four RAIR spectra of co-depositions at 15K of (a)
N, O plasma dissociation products with HyO molecules; (b) and (c)
N> O plasma dissociation products with HO and NO molecules
(two different mixing ratios, see text); and (d) N,O plasma
dissociation products with H,O and 180, molecules. The bottom
panels show absorption features of solid ONNO; (N;O3) in two
spectral regions.

Figure 3 shows four more RAIR spectra (with two zoom-
ins), now explicitly involving water in the 15 K deposition
process simulating a polar environment. In curve a) the
resulting spectrum is shown of a co-deposition of the dissoci-
ation products from an N,O plasma with H,O (O:N,O:H,0
= 1:10:500). In curves b) and c) the co-deposition spectra
have extra features due to added NO; mixing ratios of
O:NO:N,O:H;0 = 1:2:10:500 and 1:10:10:500 are applied,
respectively. Curve d) shows the spectrum resulting from
co-deposition of N,O dissociation products with HoO and
180, molecules (0:'30,:N,0:H,0 = 1:10:10:500).

In this case the oxygen atoms originate from N,O disso-
ciation, and the resulting RAIR spectra are very similar to
those shown in Fig. 2. Moreover, N,O (see Table 2) and
H,0O precursor features show up in the spectra. The latter
in particular does not allow an unambiguous identification
of solid NO; in curves b) through d). The two insets of
Fig. 3 show bands due to NO dimer, NO, and ONNO;
that only show up when NO is co-deposited with O-atoms.
Furthermore, curve c) shows peaks of NO and N,O that
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are also present in the other curves, including the peak
in curve a) at 1861 cm™! due to c¢is-(NO), and two more
peaks due to ONNO; at 1834 and 1304 cm™!. The presence
of cis-(NO), in the ice can be explained by a high NO
concentration, while the other two features arise from surface
reactions, as will be discussed later. With respect to the
previous experiments performed on the silicate sample, here
all peak positions are somewhat shifted (5 cm™! at maximum)
because of the polar environment the species are embedded in.

Finally, we have studied the NO+O reaction in an 3CO ma-
trix, i.e., apolar environment. Figure 4 shows four more RAIR
co-deposition spectra at 15 K. In curve a) N,O dissociation
products with BCO molecules (O:N20:13CO = 1:10:500);
curves b) and ¢) N, O dissociation products with 13CO and NO
molecules (O:NO:N,0:3CO = 1:2:10:500 and 1:10:10:500,
respectively); and curve d) N,O dissociation products with
13CO and "*0, molecules (0:'80,:N,0:13CO = 1:50:10:500).
In Figure 4 the CO signatures (see Table 2) for different iso-
topologues (1*CO, '2CO, 3C!70 and 3C'30), due to impu-
rities present in the '3CO bottle, are clearly visible. In this
case, the region of the water bending mode is flat and allows
a clear identification of NO5 at 1614 cm™!. The N,O and NO
(monomer) spectra are visible in each spectrum. While the
N>O band positions are almost the same in each spectrum,
the band intensities actually depend on the mixing ratio of the
deposited species. The NO band is present also in curve a)
although it is not deposited directly in the sample; actually it
comes from the N,O dissociation as evident in the left inset
in Fig. 4. The NO; monomer peak (at 1614 cm™!) shows
the same behaviour as the NO band. It is present in curves a)
and b), but it gains absorption strength when NO molecules
are deposited as shown in curves b) and c) (see central panel
of Fig. 4). Finally O3 is formed only when 30, is added to
the co-deposition of NO and N,O dissociation products (see
curve d) and the right-hand panel.

3.1.1 Dependence on substrate, coverage and temper-
ature
The different substrates (silicate, compact ASW ice, gold) and
the ice composition used to do not visibly affect the final prod-
ucts. They are, however, responsible for small shifts of the
IR features. Surface coverage only slightly changes the final
products of our experiments. In particular, multilayer regimes
facilitate dimerization reactions, as we will discuss below in
Section 4. In order to investigate any temperature dependence
of the NO+O reaction, experiments are performed in which
the deposition temperature was varied. Figure 5 shows three
NO TPD curves (left-panel) after deposition of 0.5 ML NO +
1 ML O on a silicate sample held at 15 K (dashed curve), 25
K (solid curve), and 35 K (dotted curve), respectively. The
amount of NO left as a function of substrate temperature (cal-
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Fig. 4 Top panel: four RAIR co-deposition spectra at 15 K of: (a)
N, O plasma dissociation products with 13CO molecules; (b) and ()
N,O plasma dissociation products with '3CO and NO molecules
(two different mixing ratios, see text); and (d) N,O plasma
dissociation products with 13CO and 80, molecules. The zoom-in
panels show absorption features of NO, NO,, and O3 in three
different spectral regions.

culated by integrating the area of each NO peak) is plotted in
the inset of Fig. 5. Within the experimental error bars, this
does not show any substantial temperature dependence. The
reaction is already efficient at low temperatures and seems to
be essentially barrier free.

3.2 NO+O;

This reaction has been studied in detail before,® and is dis-
cussed here merely for completeness, as this reaction channel
is intimately linked to the other two reactions presented here -
NO+O and NO+O3.

In the NO+O experiments the reaction NO+O, can take
place for two reasons: (i) the oxygen plasma (generated from
cracking O, molecules) is not fully atomic, and about 20-
30 % of O, molecules remain; and (ii) O, molecules also can
form on the cold surface due to O+O recombinations. In the
NO+O3 experiments, O, molecules are formed through the
reaction itself. In Fig. 6 a RAIR spectrum is shown of 5 ML
0O, + 2.5 ML NO co-deposited at 10 K on a silicate surface
(taken from Ref.®). The features at 1897 and 1902 cm™' are
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Fig. 6 Adapted from Minissale et al 2013. RAIR spectrum of 5 ML
O3 + 2.5 ML NO co-deposited at 10 K on a silicate surface. Seven
features due to NO, (NO);, NO,, ONNO, and N,O4 are marked.

assigned to NO monomer,>? and bands at 1863 and 1776 cm™!
are signatures of NO dimer. 52 N,0y is represented by a band
at 1875 cm™! .73 The broad band at 1311 cm™' is attributed
to the v(N-O) symmetric stretch and the band at 1605 cm™! to
the v(N-O) asymmetric stretch of NO,.3*3 The band at 1832
cm™! originates from the asymmetric stretch of ONNO, > that
most likely also contributes to the bands at 1311 cm™! and
1605 cm™!. These data are summarized in Table 2.

As described in Ref. this illustrates that in NO+O, solid state
interactions nitrogen dioxide is formed.

3.3 NO+O;

In Fig. 7 the results are presented for 1.5 ML pre-deposited
O3 being exposed to increasing doses of NO at 10 K. In this
specific case the species are not co-deposited on the surface,

Wavenumber (cm™)

Fig. 7 Seven RAIR spectra after deposition at 10 K of 1.5 ML O3
with increasing doses of NO from a to g: 0, 0.2, 0.4, 0.6, 0.9, 1.8,
3.5 ML of NO.

as in the case of NO+O and NO+O,, but O3 is first deposited
and subsequently bombarded with NO. This procedure does
not permit to work with high coverages (more than 2 ML)
because of layering effects, i.e., for a high NO coverage,
the top NO layers will not react with O3 molecules since
ozone is shielded by the underlying NO molecules. This
effect is partially visible from Fig. 7, where it is possible to
follow the (dis)appearance of spectral features as function
of NO coverage. The spectrum in panel a) is obtained after
deposition of 1.5 ML O3 (1043 cm™!, see Table 2). The
NO coverage increases from 0.2 ML (b curve) to 3.5 ML (g
curve), while the intensity of the O3 band slowly decreases,
and that of the nitrogen oxide bands (NO;, ONNO;, N>Oy4
and (NO),) increases.

In line with the spectra recorded for NO+O and NO+O; we
assign the bands at 1874 and 1773 cm™! to NO dimer.>> N, O,
is found at 1874 cm™!.33 The broad band at 1307 cm™! is at-
tributed to the v(N-O) symmetric stretch of NO; (or ONNO,)
and the band at 1612 cm™! to the v(N-O) asymmetric stretch
of NO; (or ONNO>).>*3> The band at 1838 cm™! is due to the
asymmetric stretch of ONNO,. ¢
Similar experiments have been conducted on a surface of non-
porous (compact) amorphous solid water ice and no evident
differences - except for small band shifts - have been found.

34 NO+N

This reaction has been studied before,*? and is presented here
for completeness, to show the full N-O solid state chemical
network.

Figure 8 shows three RAIR spectra recorded at a gold
sample held at 15 K using N, dissociation. In curve a) the

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 On the top picture three RAIR spectra are shown: (a)
co-deposition of N atoms at 15 K (N:N»=1:100); (b) co-deposition
of Ny (plasma off) with NO molecules (N2:NO=100:500) at 15 K;
(c) co-deposition of N atoms with NO molecules
(N:N3:NO=1:100:500) at 15 K. On the bottom picture regions of the
spectra are magnified to indicate observed formation of dinitrogen
trioxide (ONNO>) on the right panel and of N>O on the left panel.

resulting spectrum is shown of a co-deposition of N atoms
at 15 K (N:N»=1:100); curve (b) shows co-deposition of N,
(dissociation off) with NO molecules (N;:NO=100:500) at 15
K; while curve (c) results from co-deposition of N atoms with
NO molecules (N:N>:NO=1:100:500) at 15 K.

In curve a) we cannot identify any spectral features while
curves b) and c) spectra present features due to added NO,
i.e. the two cis-(NO), bands at 1865 and 1771 cm™'. In
curve ¢) we can also see two bands due to NO, and ONNO,
at 1606 and 1307 cm™!, respectively. Two more bands at
1836 and 774 cm™! are assigned to ONNO,;. Furthermore,
curves b) and c) show a band due to N,O at 2245 cm™'; the
presence of N»O is likely the result of contamination in the
NO gas bottle. The presence of cis-(NO), can be explained
by a high NO concentration, while the NO, and ONNO,
features arise from surface reactions, as will be discussed later.

[vo),| | No, 2o,

Fig. 9 Schematic representation of the reaction scheme, involving
NO+0/0,/03 reactions. Solid lines are the reactions with no
barrier; dashed lines are the reactions with a small barrier.

4 Discussion

4.1 The solid surface reaction network

All experiments presented in Section 3 have in common that
solid NO reacts with all the allotropes of oxygen (O, O, and
03) and N atoms leading to a reduction of the NO abundance
and the formation of new molecular species. The formation of
these molecules - as concluded from the presented low temper-
ature RAIR spectra - is explained by a set of partially coupled
reactions. NO; is formed through reactions 1 to 3:

NO +0 — NO, 1)
NO +0, — NO; =9 2N0, )
NO + 03 — NO; + O,. 3)

Reactions 4 to 6 result in the formation of more complex
nitrogen oxides without actually involving any oxygen al-
lotrope:

NO +NO — (NO), 4
NO +NO,; —» ONNO, o)
NO; +NO; — (NO»y);. (6)

Two recombination reactions (7 and 8) lead to the formation

of oxygen allotropes, 57,58
O0+0; — O3 ®)

showing that the reactions NO+O, NO+O; and NO+O3
cannot be studied fully independently and cross-channels have
to be taken into account. Moreover another reaction that al-
lows the re-formation of NO should be considered

NO; +O — NO+0, ©)

Actually, as shown in the Results section, in NO+O experi-
ments almost all NO molecules are consumed suggesting that
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Table 2 List of detected features in the RAIR spectra shown in Figures 2, 3, 4, 6, and 7.

N (Si0), H,Oice  COice  Gold
Experiment NO+O NO+0,(Ref.®) NO+03 NO+N,0* NO+N,O* NO+N
Molecule (em™) (cm™ (cm™h) (cm™
NO - 1897 - 1871 1876 -
cis-(NO), N-O s-str (a,(1)) 1861 1863 1874 1861 1865 1865
N-O a-str (b,(5)) 1770 1776 1773 1763 1770 1771
NO, N-O a-str 1602 1605 1612 1606 1614 1606
N-O s-str 1304-1311 1311 1307 1304 1304 1307
ONNO, N=O str 1834 1834 1838 1835 1840 1836
N-O a-str 1602 1605 1612 1606 1614 1606
N-O s-str 1304-1311 1311 1307 1304 1304 1307
NO; deform - - - - - 774
N»O4 N=O str 1878 1875 1874 - -
NO; a-str (b3, (11)) 1741 - - - -
NO; s-str (b, (11)) 1256 - 1255 - -
N,O NN str - - - 2254 2240 2245
N=O str - - - 1284 1288
1616160y, 0-0 a-str - - 1043 - - -
1818160y, 0-0 a-str - - - - 974 -
2¢l6p C-0 a-str - - - - 2094 -
Bcleo C-0 a-str - - - - 2140 -
B¢l7o C-0 a-str - - - - 2020 -
lelLlo) C-0 a-str - - - - 1987 -

NO-consumption reactions (mainly reaction 1) are quicker
than the NO-formation reaction (reaction 9) (in other words
kyo+o >>kno,+0). For this reason we neglect reaction 9 in
the present work and refer to Part II for more details.

Finally, the last reaction that we have to consider is

NO+N =N, +0 (10)

This reaction consumes NO and is closely linked to the other
reactions. Actually by producing O-atoms, it is able to induce
the formation of other molecules (the main products are NO;
and ONNO,) via reactions 1-9.

Figure 9 shows a streamlined scheme of all possible
surface reactions of NO and NO, molecules with O, O,, O3,
and N. The hydrogenation of NO has been already studied
in Ref.>727. The reaction of NO with N atoms has been
described in Ref.*?. The channel NO+H is not shown here,
as NO oxygenation is the main topic of this paper. In order
to characterize the full reaction network of oxidation of NO,
we start from the simplest and most independent pathway:
NO+0O,;. When NO arrives at the surface, it reacts either
through reactions 2 or 4. In Ref.® it was shown that the two
reactions are mutually exclusive. NOs is the first intermediate
in the reaction NO + O, (Reaction 2), but NO3 is not observed
in the FT-RAIR spectra. This can be explained, as NO3 is
a highly unstable molecule; in the case it does not react

with NO to form NO,, it will dissociate very fast yielding
NO+0O,. Indeed, reactive intermediates in solid surface
reaction schemes are generally hard to observe. Reaction
2 takes place during the deposition phase mainly following
an Eley Rideal (ER) mechanism. NO dimerisation together
with the saturation of the ER mechanism are the limiting
factors for reaction 2 to occur. Once NO; is formed, it can re-
act with NO or NO, to form ONNO, or N,O4 (Reactions 5-6).

The reaction NO+Oj is obviously strongly connected to re-
action NO+0O;. In fact, when NO and O3 form NO;, and O,
through reaction 3, solid O, contributes to NO, formation via
reaction 2. As it is not possible to co-deposit a pure beam of
O3 - reaction 8 is far from complete - NO has been deposited
on top of pre-deposited O3. Two different phases can be dis-
tinguished. Initially when the NO coverage is low (< 1 ML),
O3 adsorbed on the surface is consumed in Eley-Rideal like
reactions by NO depletion from the gas phase. When NO;
and O, surface densities start to increase, the NO + O3 reac-
tion probability decreases, and instead, reactions 2 and 5 gain
in efficiency. At that stage it is unlikely that NO, forms fol-
lowing reaction 3.

The top panel of Fig. 10 shows the integrated area of the
NO; and O3 features™ as shown in Fig. 7. The lower panel

* The O3 plotted in Fig. 7 is the O3 consumed by the reactions with respect to

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Top panel: Integrated area of NO; (black circles) and
consumed O3 (red triangles) peaks as shown in Fig. 7. Red triangles
are obtained by subtracting integrated area of O3(NO=x) to
O3(NO=0). The green pinstriped zone indicates the zone where
reaction 2 starts to be efficient.

of Fig. 9 shows the integrated area of the TPD curves of the
infrared inactive O, as obtained through a similar set of ex-
periments that are not shown in the Results section. For a
NO coverage lower than 1 ML, the consumption of Oz and
the formation of NO; behave linearly. The formation of O,
follows a similar trend. Gradually (for NO coverages thicker
than 1 ML), the formed O, (experimental points) starts to sep-
arate from the linear regime. This is expected as the O, reacts
with NO through reaction 2 and O, cannot be formed any-
more, since the NO molecules cannot react efficiently with the
underlying Os. Both effects decrease the O, abundance. Also
O3 is just partially consumed at this point. This is shown in
Fig. 10 by the saturation of O3. After a similar initial satura-
tion, NO; concentration continues to increase (NO coverage
> 2 ML) through reaction 2 as shown in the pinstriped zone in
Fig. 10.

Finally, the NO+O reaction is discussed. The choice
of generating O atoms by dissociating N,O or O; has the
potential to change the reaction pathways in our experiments.

the initial amount of O3 (i.e, O3(NO=0)-0O3(NO=x)).

When O atoms are produced through N>O dissociation, the
amount of O landing on the ice is negligible and therefore
only reactions 1, 4, and 7 are in competition. In Ref.>® it
was shown that reaction 7 is barrierless or has a very small
barrier. Also reaction 4 that leads to the dimerization of NO is
barrierless. This is confirmed by the RAIR spectra of pure NO
deposited at low temperature, where only the (NO), features
are detected (see Fig. 2). To avoid NO dimerization, NO has
been deposited in a matrix of other species (e.g., NO:H,O
and NO:CO, as shown in Figs. 3 and 4). In this case, the
NO monomer becomes visible in the RAIR spectra, starting
from polar and apolar ices, respectively. These experiments
confirm the fast formation of NO, at low temperature also in
different matrix environments.

When O-atoms are produced through O, dissociation, O,
molecules can still reach the surface. This also means
that O, can react with oxygen atoms to form Os (reaction
8), specifically when the species are co-deposited. So the
formation of NO, can occur via reactions 1, 2, and 3. In
the case that O+0O; impact on already surface accreted NO
molecules, reaction 3 is less probable’ and the possible
pathways are limited to reactions 1 and 2. This is the case in
Fig. 1 (red line) where almost all the NO is converted into
NO; and only a small part (about 8 %) of NO molecules does
not react. The incomplete conversion of NO in NO; is most
likely not due to an activation barrier of reaction 1. It can
be explained by a low penetration depth of O atoms into the
NO ice, together with a small mismatch between the areas
covered by the two beams (NO and O) in FORMOLISM, as
well as recombination reactions O+0O (0O+0O,) that lead to
the formation of O, (03). As O, (as well as newly formed
O3 molecules) is less reactive than O in reactions with NO,
this can further slow down the destruction of NO and parallel
formation of NO,.

Different physical conditions have been used to constrain
the reaction mechanisms. Generally, this has not resulted
in pronounced dependencies as already discussed in 3.1.1
for the surface temperature and coverage. In the case of the
multilayer regime experiments, the dimerization channels
(reactions 4, 5, and 6) seem to be more efficient with respect
to the sub monolayer case, likely because of a higher density
of reactants. Also the different substrates do not weight on the
results strongly, mainly causing small spectral shifts as listed
in Table 2.

F Actually O3 formation is a secondary process. O+O, reaction is almost pre-
vented because both O and O, can react with NO instead to react with each
other to form O3.
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Table 3 List of standard enthalpy - expressed in kJ/mol and eV - for
stable NyOy molecules.

Atom/Molecule AH@
Name (molecular uma  kJ/mol eV
formula)
Nitrogen (N) 14 472.62 4.89
Oxygen (O) 16 249.18 2.58
Molecular nitrogen (Np) 28 0 0
Nitric oxide (NO) 30 90.29 0.94
Dioxygen (O,) 32 0 0
Nitrous oxide (N,O) 44 82 0.85
Nitrogen dioxide (NO;) 46 33.1 0.34
Ozone (03) 48 142.67 1.48
Nitric oxide-dimer 60 170.33®  1.76®

(N20; or (NO)y)
Dinitrogen trioxide 78 82.8 0.86
(N203 or ONNO»)
Dinitrogen tetroxide 96 9 0.09
N0y

(@Enthalpies values are taken from NIST Chemistry WebBook. > (Y’ Glendening and
Halpern, JCP 127, 164307 (2007). %

4.2 Physical chemical processes

From a physical-chemical point of view, all our results lead to
the same conclusion: NO is very reactive with N and O, and
the reaction products are nitrogen oxides. These results can
be explained by having a look to the standard enthalpy of the
molecules at play. Table 3 lists the standard enthalpy values
(AH) for stable N, Oy, molecules, with x between 0 and 2 and y
between 0 and 4. The values are included between 0 and 472
kJ/mol. If we do not consider the most stable (N, and O,) and
unstable (N and O) species, we notice that the enthalpy differ-
ence is = 160 kJ/mol. This fact suggests that all molecules can
be easily transformed into each other in the presence of O and
N atoms, taking into account the activation barrier for every
single case. Actually Fig. 11 is a schematic 3D representa-
tion of the N/O network, where we consider just the stable
molecules. Their stability and formation enthalpies are repre-
sented vertically (the smaller the enthalpy the more stable the
molecules). We have drawn the different reactions identified
experimentally in this work. Presented in this way, (NO), for-
mation seems to be not very likely (from an energetic point
of view) while NO;, ONNO,, and N,y are clearly the more
stable molecules in the solid state processes involving nitro-
gen and oxygen..

Since the difference between enthalpies of these three
molecules is very small (< 73 kJ/mol) and reactions 1, 5, 6,
and 10 have not activation barrier, the ratio between N,O,
species, in our experiments, can be explained through surface
(or volume) densities of NO and O atoms (N atoms). We can

2
Z
]
s
o

Fig. 11 Schematic 3D representation of the N/O network. The two
axis in the horizontal plane represent O-atom and N-atom additions.
Standard enthalpies grow along the vertical axis. Arrows represent
the reaction studied in this work. In particular red and blue arrows
represent O-atom and N-atom addition, respectively. Solid arrow
represent barrierless reactions, while curved ones indicate reactions
with an activation barrier.

consider three different cases:

1. No O atoms (N atoms), only NO molecules
present. In this case just dimers of nitric ox-
ide, (NO);, can form. The abundances are

(NO)2 >NO>»>NO; =ONNO; =N,04 =0.

2. Sub-monolayer regime (low NO and O/N densities, with
O>=NO or N>NO), with or without water (or CO) matrix.
Small amounts of NO, can be formed and therefore the
dimerization processes (reactions 5 and 6) are limited.
(NO); reacts with O-atoms to form NO,. In this case
NO; >ONNO; >N;04 >NO=~(NO), ~0.

3. Multilayer regime (O>NO). NO; can be formed very ef-
ficiently, it can react with NO or another NO;. In this
case 0*NO=(NO); «NO; <ONNO;,,N,O4. The ratio
ONNO;/N;0O4 depends on the surrounding environment:

a With matrix- The presence of water or CO surround-
ing helps the diffusion of the lightest molecules
(NO) and prevents NO; molecules from meeting
and reacting. Actually the formation of ONNO;
is more likely with respect to NoOy4. In this case
ONN 02 >N 204.

This journal is © The Royal Society of Chemistry [year]
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b Without matrix- Newly formed NO, molecules can re-
act both with NO; and NO. In this case ONNO, ~
N> Oyq4.

Clearly from an astrochemical point of view the final prod-
ucts are dependent not only on their stability but also on the
speed of reaction and above all on interstellar abundances of
reactants, as discussed in Part II.

5 Conclusions

In the present work the surface consumption of NO has been
studied via solid surface reactions with O/O,/O3/N at low tem-
peratures and under UHV conditions. From this study we
draw the following conclusions:

e Oxygenation and nitrogenation routes (NO+0/0,/03/N)
have a comparable effects on NO ices. The reactions
NO+O/N are barrierless, while NO+0,/O3 present a
small barrier. Actually NO+O/N routes are the most ef-
ficient in consuming NO and, by considering interstel-
lar abundances (O~N>0O, >03), they are also the most
probable surface reactions on icy dust grains. From an
astrophysical point of view, the difference between ob-
served and theoretical abundance of NO is probably due
to lacking destruction (i.e., consumption) routes in the
astrochemical models.

e NO; is easily formed via NO+O/02/03/N solid surface
reactions. In its turn NO, is very efficient to react with
NO to form ONNO, or to dimerize with other NO, to
form N,O,. The non-detection of NO, (and of course of
ONNO,) in the ISM may have a clear chemical reason
following efficient destruction mechanism, such as sur-
face NO,+H/O/N reactions (discussed in Part II). This
can lead to abundances too low to be observable withthe
available sensitivity and spatial resolution of the present
telescopes. Clearly, from an astrophysical point of view,
due to the small abundance of NO, the solid state forma-
tion of ONNO; is less probable with respect to NO».

o This experimental work, together with Part II, contributes
to a better understanding of H/N/O chemistry in the ISM
and gives an almost complete solid state network of the
formation and evolution of nitrogen oxides.
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