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Abstract
Nitrogen Monoxide (NO) is observed in the gas phase of molecular clouds. It
may accrete on dust grains and there its hydrogenation should lead to hydroxylamine
(NH2OH), the same way that CO is transformed in methanol (CH3OH) on the surface
dust grains. NO hydrogenation has been said barrier-less, whereas CO hydrogenation
proceed through quantum tunneling, and is thus slower. However, CH30H is widely
observed and is considered as a proxy of complex organic molecules while hydroxy-

lamine remains undetected. We aim at studying, analyzing, and understanding the
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chemical network of NO hydrogenation on cold surfaces. Experiments are carried
out using a new Ultra-Hight Vacuum (UHV) set-up named VENUS. NO molecules
and H atoms are co-deposited on a golden mirror at different temperatures. Infrared
spectroscopy as well as Temperature Programmed Desorption (TPD) are used to follow
the NO reactivity, with both H and D, and in presence or absence of water substrate.
Quantum calculations on water ice cluster models are computed separately.

During the hydrogenation of NO, 10 reactions proceed concurrently. They are identi-
fied and constrained by changing physical conditions in experiments or in calculations.
Among them, we demonstrate that the HNO+H addition reaction has a barrier which
is probably crossed via quantum tunneling at 10 K. Moreover, abstraction reactions
are occurring although they are limited by H and O bonding with their environment.
Chemical desorption should occur especially in absence of water which enhances the
total production of hydroxylamine. The chemical network of the hydrogenation of NO
has been re-investigated. Each of the 10 reactions are sorted by efficiency. We exclude
the possibility of a chemical loop between NO and HNO, especially in presence of
water. Therefore hydroxylamine remains the main product of the hydrogenation of NO
on grains and the question of its non-detection in ices or in the gas phase, specifically

in shocked regions where ice mantles should be sputtered, is still open.

Keywords: Astrochemistry, molecular clouds, NO hydrogenation, dust grains, energy

barriers, quantum tunneling

1. INTRODUCTION

With the unprecedented capability of mapping at small scale and at high sensitivity
astrophysical regions, the origin and the evolution of the molecular complexity is perma-
nently questioned. As an example|Ando et al.” has shown that chemical composition of
two molecular clouds, separated by only 10 pc in the nearby galaxy NGC253, exhibit a

very different chemistry. In particular, in one clump both NO and CH3zOH are detected,



whereas another one presents a poor chemical composition. Progressively a long and
subtle inventory of possible chemical links emerges from the observations. For example
we pinpoint the possible correlation of HNCO and NH,CHO? or the possible link of
O bearing compounds®. Less representative but probably equally meaningful, the non
detection of CH,OH* or the detection of very low concentrations of the CH3zO molecule
is an important but unsolved problem®. Because the chemical link in the gas phase with
CH3OH is firmly established®, how to explain their non detection in shocks where CH;OH
is very abundant?

The presence of methanol in the gas phase and many other hydrogenated molecules
is thought to be due to the sublimation of ice mantles. The identified species of the ice
such as water, carbon dioxide, formaldehyde, and methanol are formed on the cold grains,
by surface reactions combining H, O and CO. A2 Under dense cloud conditions, just like
CO molecules, NO molecules can also accrete and react with many species on the surface
and with H in particular, leading to an increase in the chemical complexity of both O- and
N-bearing species.

Even if the NO abundance is not as high as CO, it is however relatively abundant. In
circumstellar oxygen-rich envelopes NO relative abundance is as high as 107¢ (Velilla
Prieto et al.?), whereas even in pre-stellar cores that undergo gas depletion it is still at
the 1-3 x 1078 level.?! NO is an important gas phase molecule detected towards many
dark and warm clouds with the abundance from 1 x 1078 to 1 x 1077 relative to H,
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abundance??, and is at the corner-stone of the N and O chemistry. Therefore the case

of the non detection of hydroxylamine (NH,OH) is an enigma, since its production by
hydrogenation of NO on grains should occur without barrier%?, and has other possible
formation routes.?* Taking into account the low reactivity of CO with H, the absence of

NH,OH in space and the omnipresence of CH30OH is questioning our understanding of

their synthesis, or their destruction pathways.17182>
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From experimental works , a reactive network for the {NO+H} reactive system



on cold surfaces has been proposed. Five reactions were able to satisfactorily explain the

measurements:
H+H X H, (1)
K2
NO + H =% HNO 2)
HNO + H ¥ H,NO 3)
H,NO + H X4 NH,0H (4)
HNO + NO X N,O + OH )
followed by
OH +H X H,0 (6)
Or alternatively to k5 and
k5bis
HNO + HNO — N,O + H,O (7)

However, in models is sometimes inserted the back reaction.

HNO + H *% NO + H, (8)

14)19/28|29
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Reaction (8) is an abstraction reaction, well known in methylated systems or

even in sulfur bearing species.” The H + HNO reaction has been studied experimentally
in the gas phase between 300 and 1170 K showing high rate constant (Glarborg et al.]*!
and references therein). Theoretical calculations on the same reaction (Soto and Page**
and Nguyen et al.**) have shown either no barrier or a small one depending on the
theoretical level. A low (or no) energy barrier for this reaction may be critical as it favors
looping leading to Hy formation. This kind of looping reactions k; and kyp is a problem

for astrochemical models including solid phase reactions (e.g. Vasyunin and Herbst,**



Ruaud et al.,*> and Cuppen et al.*®), because their inclusion in the surface reaction network
dissipates a large number of H atoms, deviating hydrogenation processes toward simple
H, production. Therefore, the final degree of hydrogenation of the ice mantle is very
sensitive to this balance of addition and abstraction mechanisms (private com. from
Vasyunin et al.*%).

Thus it is important to put into the scope of our study the possibility of abstraction

reactions. We add:

H,NO + H 5% HNO + H, (9)
and
NH,OH + H % 1,NO + H, (10)

There are 10 competing reactions on the surface, 8 actually belonging to the hydrogena-
tion of NO. Reaction @ is the completion of water, and reaction , the self-reaction of
H, is the most important from the kinetic point of view. Because it’s a fast reaction only
limited by H diffusion, other reactions can’t compete if they are too slow, and thus the
system won’t evolve chemically. This paper is intended to re-investigate the chemical
network of the hydrogenation of NO by examining the whole question on two fronts, from
both an experimental and a theoretical approach.

The article is organized as follows: we first present methods including the experimental
setup, theoretical calculations. In the next section, we show and interpret experimental
results, including the study of temperature dependence, the effect of different isotopes,
the role of the water substrate and the theoretical results. In the following section, we
conclude results in relation to the experiments and theory. In the discussion section, we
compare approaches and discuss possible astrochemical implications before summarizing

in the conclusion.



2. METHODS

2.1. Experimental setup

Experiments have been performed using the VENUS (VErs de NoUvelles Synthses) setup
at the LERMA laboratory in the University of Cergy Pontoise.

The experiments were carried out under ultra-high vacuum (UHV) conditions with
pressure from 1 x 1071 to 5 x 107!9 mbar. Two different beams are used to deposit the
reactants to the sample surface, which is constituted of a copper mirror coated with gold.
The sample temperature can be controlled from 7 K to 350 K by using a regulated resistive
heater. Absorption spectra of adsorbate (reactants and products) are recorded through
Fourier Transform-Reflection Adsorption Infrared Spectroscopy (FT-RAIRS). Quadrupole
mass spectrometer (QMS) is used 1) for probing the reactants beams before they accrete to
the surface; 2) for measuring the products during the thermally programmed desorption
(TPD).

VENUS has 4 different beam lines, but only two are used in this study. The top beam
was used to inject the NO molecules onto the surface. The source pressure is 2.05 x 10~*
mbar, which corresponds to a flux at the surface level of 2 x 102 molecules/cm?/s. The
atomic hydrogen was sent to the surface through the right beam. Its flux is around 8 x
1012 atoms/cm?/s. H/D atoms were generated by dissociating of Hp /D, molecules within
a microwave discharge of 75W /40W. The dissociation efficiency of Hy /D, was 75 £ 5 %.
We use FT-RAIRS to probe the new features during the co-deposition duration. After the
deposition, the products are detected with the TPD technique, which consists in measuring
with the QMS the different products desorbing during the linear increase of the surface
temperature (0.2 K/s).

In order to calibrate the mono-layer of NO (ML, IML = 10" molecules/cm?), we
performed series of NO TPD (like in Noble et al. U with different doses deposited at 10 K,

then heated to 80 K. Thus, we determined that 1 ML of NO is obtained after 8 to 10 minutes



of deposition. All the experiments presented here consist in co-deposition experiments,
which means that NO and H(D) were sent simultaneously on the substrate (varied in
composition, gold or water) at different temperatures, kept constant during the deposition.
At the end of the co-deposition, the hydrogenation is continued for 10 minutes.

We note {NO+H}, the reactive system, to make the difference with the NO + H (—
HNO) reaction. Actually as mentioned earlier the {NO+H} system include at least ten
reactions, and at higher temperatures, some desorption pathways can also be activated.

To understand the possible role of the substrate, we have performed similar co-
deposition experiments, but on a water substrate. The substrate was previously grown at
a surface temperature of 10 K by background deposition of 5 ML of H,O. So the substrate
is porous and exhibits a larger surface area due to its 3D structure, but remains almost

completely accessible to deposit.*®

2.2. Theoretical approach

To guide the interpretation of our experimental results, we carried out Density Functional
Theory (DFT) calculations to locate the transition states on the H + HNO, H + H,NO and
H + H,NOH reactions paths in the gas phase. The hybrid-meta GGA M06-2X* functional
was used for that purpose in conjunction with the aug-cc-pVTZ atomic basis set. While the
MO06-2X highly nonlocal functional is well suited to describe noncovalent bonds (transition
states, loose complexes) it may slightly underestimate barriers.*?#" Therefore for the low
energy transition states involved in the H + HNO reactions (barriers below 1000 K) we
recalculated these barriers using the CCSD(T)*! method on geometries optimized at the
above M06-2X level, and the explicitly correlated (F12b) version of the coupled-cluster
method (CCSD(T)-F12b)*? combined to the cc-pVQZ basis set with F12 optimized (cc-
pVQZ-F12)*¥ and QCISD/6-311++G(d,p) geometries. Finally, because of the constant
decrease of the energy barriers for the H + HNO hydrogen abstraction reaction we used

the Weizmann-4 thermochemical protocol**#> which calculates the CCSDTQ5/CBS energy



using geometries and zero point energies optimized at the CCSD(T)/cc-pVQZ level.

To model the ice surface of the experiment we used a cluster of water molecules. To
define the size of this cluster we investigated HNO-XH,O complexes with X varying
from 4 to 6 . Our full geometry optimization of these complexes demonstrated that the
orientation of the HNO molecule with respect to the clusters was not affected by their size.
Indeed 4 water molecules were sufficient to account for all the hydrogen bonds that bind
HNO to the water clusters and therefore to account for the surfaces interactions between
HNO and the water clusters. This was verified too for H,NOH-XH,O complexes with X=4
and 5. Limiting to 4 water molecules the size of our water cluster allowed us to study the
hydrogenation of NO catalyzed by the ice at a theoretical level equivalent to the one used
for the hydrogenation of HNO in the gaze phase, including reaction path investigations,
frequency analyses and zero point energy calculations. Combining a 6-311++G(d,p) basis
set to the hybrid-meta GGA M06-2X functional set we used an ultrafine integration grid for
the optimization of our NO-4H,O, HNO-4H,0, H;NO-4H,;0 and HyNOH-4H,O minima
and transition state. This was required regarding the loose structure of our complexes and
some of their very low frequency modes. To locate the transition state for the addition of H
on the HNO-4H,0 complex, an extensive investigation of the H-HNO-4H,0 hyper-surface
was required. This was achieved by optimizing the H-HNO-4H;O complex for each fixed
distance of approach H.. HNO-4H,O. The transition state was determined by locating the
maximum on the calculated optimized potential energy curve.

Finally, we determined the binding energies to the 4 water cluster, of the NO, HNO,
H,NO and NH,;OH molecules as the difference between the energy of the molecules bond
to the water cluster and the sum of the energies of the water cluster and of the molecules.
We also calculate the binding energy using our model developed in Wakelam et al..*® All
calculations have been done using either Gaussian 09*” or MOLPRO*® quantum chemistry

codes.



3. RESULTS AND DISCUSSION

3.1. Theoretical results
3.1.1. The H + HNO abstraction reaction

Experimental results on the H + HNO reaction in the gas phase have pointed out for
a high rate constant with a low barrier in the entrance valley.*** Previous MP2 and
QCISD theoretical calculations on the abstraction pathway have led to a small barrier of
2KkJ/ mol, 23 shown to vanish at the MRCI level.*2 Our present theoretical investigations
using the Weizmann-4 thermochemical protocol see Table 2 in the Supporting information
confirm that there is no barrier for this abstraction reaction. Since this approach has been
found to give thermochemical properties (such as atomization energies) with sub-kJ/mol

) we can

95% confidence intervals from highly accurate experimental determinations,
confidently confirm that this reaction is barrier-less in the gas phase a statement that cannot
be generalized to the same reaction on the ice. Indeed our theoretical investigations show
that HNO is bound to the 4 water cluster through two hydrogen bonds (Table 4 in the
supporting information) involving respectively the oxygen and hydrogen atoms of HNO.
Such a position with respect to the cluster prevents the hydrogen abstraction reaction H
+ HNO-4H,O to occur. Indeed, in the gas phase (Table 2 in the Supporting information)
the abstraction pathway requires a quasi-linear H... HNO approach (with an HHN angle
close to 180°). Such an approach, as confirmed by our attempt to constrain the abstraction

reaction on HNO adsorbed on the water cluster is very repulsive, forcing the H atom to

follow the valley corresponding the addition reaction path.

3.1.2. The H + HNO addition reaction

For the addition of H on the nitrogen atom our results from Table 2 in the Supporting
information show that this reaction presents a barrier of 6.6 kJ/mol at the DFT level

(12.8 kJ /mol at the CCSDTQ5/CBS level). At the same DFT level, this barrier is almost
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unchanged when HNO is on the 4 water cluster i.e. (6.1 kJ/mol-Table 5 in the Supporting
information); the difference is less than 10%. The 4 water cluster has almost no catalytical
effect on the reactivity of H with HNO bound to the water cluster. The addition of H on
the oxygen atom of HNO presents a very high energy barrier in the gas phase (Table 2
in the Supporting information). We did not investigate this reaction with HNO on the 4
water cluster because of this high barrier, which we do not expect to be reduced to the

level that this reaction could become efficient on the ice.

3.1.3. The H + H,NO reaction

Even though we expected the addition of H on H,NO to form H,NOH to be barrier-less in
the gas phase we checked this point by investigation this reaction path at the both M06-
2X/aug-cc-pVTZ and QCISD/6-311++G(d,p) levels . We also investigated the addition of
H on H;NO bound to the 4 water cluster and similarly we saw no evidence for the existence
of a transition state for the formation of the H,NOH-4H,O complex. It is interesting to
notice here that the OH bond of H,NOH is involved in a hydrogen bond with one of the
oxygen of the water cluster (Table 4 in the Supporting information) with a consequence on

its reactivity that will be discussed latter.

3.1.4. The H + HyNOH reaction

For this reaction, only the gas-phase mechanism have been considered. Our DFT calcu-
lations (Table 3 in the Supporting information) show that the two possible abstraction
reactions for the formation of H,NO and NHOH can compete, having similar energy
barriers. On the ice one would expect the formation of NHOH to be favored because of

the orientation of H,NOH with respect to the surface of the ice.
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3.2. Experimental results
3.2.1. Completeness of the reactions of the {NO + H} system before the TPD

Because the TPD diagnostic requires the heating of the sample, it is important to know
if all the initial reactants are consumed during the co-deposition phase. The use of the
infrared spectroscopy gives precious indications because it can be performed during the
reacting phase so before any thermal transformation of the sample. It is sometimes called
in situ measurements. Figure|l|shows in red the IR spectrum recorded after NO deposition
(without co-deposition of H). We can see the characteristic, N=0O asymmetric stretch vs
and the N = O symmetric stretch v, observed at 1770 and 1860 cm !, respectively, of
NO dimer.?**! In blue is displayed the IR spectrum obtained after the co-deposition of
NO and H on the gold surface held at 10 K. NO dimer (or monomer) features are no
longer detectable, what we observe is a peak at 2233 cm ! which is attributed to N,O.
We note here that the IR features of NH,OH is composed of broad bands from (900 -
1800) cm~! and (2700 - 3500) cm !, that are hardly detectable and furthermore unusable
for quantitative analysis under our experimental conditions, because of their relative
low contrasts compared to narrower peaks such as those of NO or N,O. No evolution
of the IR signal is observable during the heating phase of the TPD, except of course the
disappearance of the N,O peak due to its desorption of N,O.

These results are similar to those previously published**#”. Taking into account the
sensitivity of the method, we note that more than 90% of the NO should have reacted
during the co-deposition phase so at low temperatures.

We show the TPD curves in figure 2| For pure {NO} experiments (in red) we observe
a desorption peak at around 50 K. In blue is displayed the desorption after the {NO+H}
reactive system completion. We can clearly see both N,O desorption (140-160 K) and
NH,OH desorption (160-200 K). Their ratios are clearly indicating that NH,OH is the

major product, whereas N>O is the minor product.
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Figure 1: IR spectra obtained after the deposition of 4 ML of NO at 10 K on gold (red line),
and after NO (4ML) and H (16 ML) co-deposition (blue line).

Around 50 K, there is still a weak desorption of NO, slightly shifted and broadened com-
pared with the case of pure {NO} experiments, indicating some remaining NO. However,
the NO consumption is ~90%, in agreement with IR spectra. The shift and broadening of
the peak is due to the change of the molecular surrounding of the desorbing NO. Actually,
in case of {NO+H} experiments the NO molecules have to escape from an ice film now
composed in majority of NH,OH and N;O. These two compounds are desorbing at higher
temperatures (~180 K and ~150 K, respectively) and therefore are slightly delaying the
NO desorption.

The remaining NO could originate from incomplete NO consumption, although we
cannot exclude some default in our physical beams overlap on the sample, making a
geometrical zone of NO less exposed to H atoms. Longer H expositions time on thinner
NO films, however, rule out this possibility. Under these conditions we can achieve a
full NO disappearance. More reasonably, we can suppose that the remaining part of NO
is due to an insufficient total number of H atoms compared to NO molecules, but it is
also possible that a back reaction HNO + H— NO + H, (reaction [8) impedes a complete

consumption of NO by repopulating NO from is product HNO. This possibility will be
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discussed later.
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Figure 2: TPD profiles of pure {NO} (red curve) and {NO +H} (blue curves). m/z 30, 33
and 44 are displayed corresponding respectively to NO, N,O and NH,OH

3.2.2. Temperature dependency

In previous experiments, reactivity of NO with H has been tested at different tempera-
tures??, up to 42 K using porous amorphous ice as a substrate. The aim was to establish
that the H + NO reaction is barrier-less. However, only NO consumption was tested, and
no products were analyzed. Such product analysis was conducted only for experiments
performed on surfaces held at 10 K.

Here we present new results that show the main products of NO hydrogenation,
namely hydroxylamine (NH,OH m /z=33) and nitrous oxide (N,O m /z=44) for two surface
temperatures of 8 K and 40 K, respectively (Figure [3). For both experiments, there is a
remaining part of NO. It corresponds to the desorption peak at around 50 K (green curve).
The other features of m/z = 30 at higher temperature are due to the cracking patterns
of both NH,OH (peak at 160-200 K) and N,O (around 140-170 K). More important is the
extreme difference in intensity of the NH,OH and N>O TPD peaks. At 8 K, NH,OH is the

major product whereas at 40 K N,O becomes the major product and NH,OH is almost
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present in trace amounts. We calculated the ratio of the integrated TPD areas between

NH,OH and N»O, itis 6.7 at 8 K, and 0.01 at 40 K.
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Figure 4: TPD traces of NH,OH (left panel) and N,O (right panel) at different surface
temperatures. Each temperature (8, 12, 24, 35, 40 K) corresponds to one specific co-
deposition experiment {NO+H}. Curves are smoothed by adjacent averaging for a better
visibility. NH,OH amount decreases with Ts whereas N,O increases. The vertical black
arrows represent the evolution of the peak with the temperature of the substrate.

Figure 4{shows the TPD series of NH,OH (left panel) and N,O (right panel) at different
surface temperatures. By looking at NH,OH and N,O peaks, we see a clear decrease
in NH,OH, whereas NO yield is increasing with the surface temperature. We have
calculated the integrated area of NH,OH and N,O desorption peak for each temperature,
and plotted the result in Figure 5| We can see an exchange of the chemical output of
the {NO+H} reactive system. There is a decrease in NH,OH, which can be fitted by an
exponential decay, while the N,>O yield may exhibit a double increment, one at the lowest
temperature and the other one at around 30 K.

The main learning that comes from this new set of experiment is that the ratio between
the different reactions vary with surface temperature. The yields of all kinetic experiments,
as those presented here, are always the result of a competition between the different
reactions. Every single reaction rate evolves differently with temperature. In the given set
of equations we can distinguish and classify some of them. Reaction|1|(H + H — Hb),

is central to this reactive system, since it regulates the H surface density, so the efficiency
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Figure 5: Integrated areas of NH,OH (blue circles) and N>O (red squares) desorptions as a
function of the surface temperature, obtained after the same co-deposition of NO and H.

of the hydrogenation. In absence of any other reactants, the H surface density reduces
with surface temperature. Between 8 and 14 K it is due to the increase in the H mobility
that limits the reaction. At higher temperature, desorption of H start to be significant and
opens a new competitive exit channel. However, even if the residence time of H is very
short, reaction 2] (NO+H — HNO) turns out to be faster since the chemical network is fed
by this reaction and also NO is still highly consumed at 42 K.

To calculate a rate such as kj or ky, it is usually assumed that it can be decomposed in
different parts, one which is intrinsic to the reaction, and corresponds to the probability
per attempt to cross the barrier, and one which depends on the conditions which are
determining the number of attempts per second, so the diffusion and the surface density

(or concentration). As an example we write kj and k.

ki = kdiff(H)PRl [H] [H]
ka = kgiff(no,H)Pr2|NOJ[H]

where [H] is the surface density of H.

In first approximation we can consider that the diffusion is dominated by H diffusion

16



so the diffusive terms ky;¢¢(no, 1) Kaif (1) are equal. Moreover, the probability to overcome
the barrier of reaction prj and pgr» are equal and close to unity because the two reactions
are associating two radicals. Therefore, we can see that once the [NO] surface concentration
is larger than the [H] surface concentration, the rate k, will dominate over k;.

Therefore a decrease of [H] does not necessarily reduce the efficiency of reaction
because it affects firstly reaction |I|due to the square function of [H]. Having verified that
reaction ] (H,NO + H— NH;OH) on the 4 water cluster is also barrier-less, it should
proceed promptly as soon as some H,NO is appearing on the surface, and should be
kinetically behaving like reaction 2] Reactions[5and [7, which lead to N,O and H,O, are
not hydrogenation reactions. Therefore, the limiting factor compared to hydrogenation
reactions for these reactions is certainly the diffusive part of the reaction because the
diffusion of H is believed to dominate over all other species diffusion. Atlow temperatures,
only the increase of the surface density of HNO, so the relative inefficiency of its destruction,
is able to explain why at 10 K we can observe the formation of N,O.

Now we have to consider other reactions, especially reaction 3| (HNO + H— H,NO
), which enables the formation of hydroxylamine. We have seen before that the envi-
ronmental part (diffusion and surface concentration) of the rate k3 is very favourable. It
is hydrogen addition so the diffusion is about the same level as other hydrogenation,
and follow the same temperature trend, and the surface concentration of HNO is likely
to be high enough to accelerate reaction 5| Therefore, the limiting factor should be the
probability prs which is lower than other hydrogenation reactions, implying a barrier to
the reaction. From our theoretical investigations we have located a barrier of 734 K for the
addition of a H atom on the nitrogen of HNO adsorbed on the water cluster. We have also
calculated for the HNO + H— NHOH reaction a barrier above 10000 K (Table 3 in the
supporting information). Since the ice surface is not expected to lower such a high barrier
at a level where tunneling could become efficient, this reaction should be a minor one on

the ice. Therefore, as we observe a relative decrease in hydroxylamine with temperature,
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likely due to reaction 3} and since we have located a low energy barrier for HtHNO-4H,0O
reaction, it is fair to suppose that this addition proceed via tunneling.

Figure [6|shows a sketch of the {NO+H} reactive system, including the main change
with temperature of the chemical pathways, which is probably induced by the different

dependency on the temperature of reaction[3} if compared to other hydrogenation reactions.

K, k k,
NO o +H >~ HNO . ++ "~ H.NO _—+rn "~ NH,OH
kQB kSB kAB
%5
I =z x’
S IS
¥ £ N,O + OH (+ H,0)

=~ N,O + H,0

Figure 6: Sketch of the {NO+H} reactive system as it proceeds at 8 K (blue arrow, and and
40 K (red arrow).

3.2.3. The {NO + D} reactive system at various temperatures

It is possible to test the hypothesis of the reaction proceeding through quantum tunneling
by substituting H atoms by D atoms. Indeed, the mass variation is supposed to lower
considerably the reaction rate in case of quantum tunneling.

Figure [/|shows the TPD profiles of the {NO+D} co-deposition experiment for a surface
held at 10 K. ND,OD desorbs between 170 K and 190 K a,nd N,O between 140 K and
180 K. The presence of the two main products indicates that the reactive network is similar

but if we consider the height of the peak of hydroxylamine, we can see by comparison
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Figure 7: TPD profiles of masses m/z = 36 am.u. (in red) and m/z = 44 (in blue)
corresponding to ND,OD and N,O, respectively, recorded after a co-deposition experiment
of {NO+D} at 10 K.

with Figure 3| that it is relatively smaller, whereas N,O is about the same size.

Table 1: Ratios of the TPD areas of N,O, NH,OH (or ND,OD) obtained after co-deposition
experiments and the TPD area of NO in the pure NO experiment (indicated by NO*). {NO
+ D} and {NO + H} are performed on a gold substrate hold at 10 K whereas {NO + H +
H,O } is made on a H,O substrate.

Experiment N>O/NO* | NX;OX/NO* | NO/NO*
{NO*} < 2% <1% 100%
{NO + D} 16% 8% 25%
{NO + H} 14% 53% 13%
{NO + H + H,O} 12% 82% 2%

Table presents the relative production of N,O and NH,OH (or ND,OD), at the end of
co-deposition experiments performed at 10 K. We divide the TPD areas of the products by
the TPD area of NO molecules obtained during the {NO} experiment. We have added a
star in the NO* case to emphasize that the normalization is not done with respect to the
remaining NO in each experiments, but according to the amount of NO obtained in the
pure NO experiment. Therefore, the ratio NO/NO* is 100% for the first experiment. We
tirst point out that the efficiency of detection of the QMS is not exactly equal from one

molecule to the other. It can vary within a few tens of % for these molecules. It is due to
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the different ionization cross sections (which could be calculated), but also to the different
spatial and kinetic distributions of the different desorbing species (which is unknown).
We added TPD areas of all the cracking patterns of a given molecule. This can be done
even for masses showing several peaks such as mass 30, which is attributed to 3 parent
molecules (NO, N,O, NH,OH), because they these species not desorb in the same window
of temperature. As a conclusion, the ratios presented in the table do not exactly represent
the ratios of the species, but they give a good indication. In the same column, the relative
error is similar, so if we underestimate or overestimate a species, we do the same for all
the experiments. Therefore, if the absolute values can be debated, the relative values are
reliable.

In Table[T] we first notice that the total yield for the {NO+H} experiment is 80% of the
deposited dose. It is less than 100% which could be due to the inaccuracy of the method.
But this is certainly not an explanation for the {NO+D} experiment whose total yield is
49%. So there are missing products in the deuterium experiment.

Our hypothesis is that some of the products are lost because of the chemical desorption
(or reactive desorption). The chemical desorption is the direct return to the gas phase
of a newly formed molecule on a surface due to the excess energy released in case of an

exothermic reaction.”? Following our previous findings,>>>*

this is very likely to occur
when the excess of chemical energy is large and when the products have a small number

of atoms, such as in the following reactions for example:

NO + H — HNOgs (11)
HNO + H — NO + Hagas (13)

However, the chemical desorption efficiency is not believed to change dramatically

by substitution of isotope, and remains a relatively low probability effect (<10-20% per
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reaction) most of the time. So we conclude that to increase the loss of products (i.e., species
that go to the gas phase), the efficiency of some reactions should increase, and that probably
reactions[8land [I2] which are abstraction reactions, are enhanced in the case of the {NO+D}
experiment.

Indeed, as the abstraction reaction [§|and [12have much smaller barriers than addition
reactions, they are enhanced for D atoms as tunneling is less efficient for D than it is for H.

Thus the reaction

DNO + D —3 D,NO (14)

is unfavored with respect to

DNO + D —s NO + D, (15)

From Table [1jwe can see that the production of NoO may be higher, but it is at the limit
of our experimental uncertainties. The increase of DNO on the surface, that is induced
by the reduction of the second step of deuteration favors the N,O production. However
the absence of mobility of the reactants at low temperature, keep the yield relatively
low, because N>O does not come directly from an hydrogenation reaction. So, the only
remaining possibility for DNO is to react via the back reaction[8, which favors the chemical
desorption, hence the prompt release of molecules into the gas phase.

Figure 8| compares the yields of NH,OH and ND,OD after {NO+H} and {NO+D}
experiments carried out at different surface temperatures. We can see that the trend is
similar. Hydroxylamine is less efficiently produced when the temperature is increased.
But the hydrogenation is always more efficient than the deuteration, especially at low
temperatures. On the other hand, the formation yield of N,O is slightly favored in the
deuteration experiments, but the most striking point is the lost of a large fraction of the

initial reactants, probably expelled from the surface due to the chemical desorption. This
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non-thermal desorption efficiency is enhanced in the case of reactions that proceed in both
directions. We can conclude that DNO + D — D,NO is much slower than HNO + H —
H)NO. This is an indication that quantum tunneling should be at play for this specific
reaction. This is consistent with our calculated low energy barrier for this reaction. Of
course, it could also be an effect of zero-point energy shift, D atoms lying usually deeper
in adsorption wells, and therefore may have a higher barrier to cross. However, in this
peculiar case one has to explain why the abstraction reaction DNO + D — NO + D; is
relatively more efficient than the reaction HNO + H — NO + Hj. Our best explanation
remains that reaction 3/ has a higher barrier than reaction (8 and that reaction 3/should be

overcome via quantum tunneling.
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Figure 8: Blue circles: NH,OH integrated areas after the co-deposition of NO molecules
and H atoms. Red circles: ND,OD integrated areas after the co-deposition of NO molecules
and D atoms. ND,OD yield is less than that of NH,OH at the same surface temperatures.

3.2.4. Catalytic role of water

In dark molecular clouds, the major component of molecular mantles covering dust grains
is solid water.”> A water substrate should have an effect on the kinetic of surface reactions
because it changes at least the environmental factors of the hydrogenation. Indeed, the H
diffusion is dependent on the type of substrate*® and is known to affect the hydrogenation

of CO.”® The comparison of the efficiency of formation of hydroxylamine is presented in
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Figure [0} The blue curve, obtained in the {NO+H} experiment on a porous ice substrate,
has the same shape but a higher amplitude than the one obtained after the hydrogenation
of NO on a gold substrate (in red). Therefore, we can conclude that the presence of water
is helping the formation of hydroxylamine. The last line of Table 1| displays the amount
of the different products. The consumption of NO is higher, the formation of NH,OH
is also enhanced while the production of N;O is stable or slightly reduced. The higher
consumption of NO is a precious indication. Actually we know that reaction 2is barrier-
less and therefore that NO should be continuously consumed. The remaining amount of
NO at the end of the experiment is probably due to the presence of the (reverse) abstraction
reaction (8l So we can conclude that the presence of water is limiting reaction 8} probably
by imposing geometrical constraints on the orientation of HNO.

Our DFT calculations (see Table 4 in the supporting information) indicate that the most
stable geometry for HNO bound to water is via the H,O...H-NO interaction. Then the H
atom abstraction is more difficult due to geometrical constraints, and so limiting the ab-
straction reaction. If reaction [§|is less efficient, there are less chemical loops between HNO
and NO and therefore the chemical desorption total efficiency is lesser. Moreover, water
ice substrates typically impede the chemical desorption.”** We note that the total amount
of NO-bearing products in presence of water (Table|l, {NO + H + H,O} experiment) is
the highest of all experiments. There is no increase in N,O since its chemical pathway is
not much changed. There is not more HNO formed, and the water does not help or even

reduce the probability of having NO close to HNO, because of its larger surface area.

3.2.5 The possibility of back reaction NH,OH + H — H,NO + H,

To test this possibility, we first synthesize a ND,OD film in situ and later expose it to H
atoms. The ND,OD is obtained by co-depositing {NO+D} at 10 K and thus we heat the
sample to 160 K. At this temperature ND,OD does not desorb, but other species do (i.e Dy,

NO, and N,O). Then, the surface temperature is cooled to 10 K and H atoms (half the dose
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Figure 9: TPD profiles of NH,OH desorbing after {NO+H} codeposition experiment on
gold surface (red) and water ice substrate (blue), at the same sample temperature of 10 K.

of the target molecule) are sent.

The top panel of Figurdl0]shows that ND,OD is reduced by the addition of H atoms.
The bottom panel shows a large peak of mass 35. This mass can be attributed to NDHOD,
or its isomer ND,OH. This substitution reaction is unlikely to proceed directly, actually
D bonds are usually slightly stronger than H bonds due to the shift of zero point energy.
So the most probable case is that a loop of abstraction and addition occurs, making the
substitution efficient. Our DFT calculations show that, in the gas phase, the H atom
abstraction by H on the NH; and OH group of NH,OH involve barriers around 1500 K.
They also show that the most stable geometry for NH,OH bound on our water cluster
involves an HyO..H-ON interaction (see Table 4 in the Supporting information). Therefore,
the H atom abstraction from the OH group of NH,OH should be inhibited because of
geometrical constraints and the back reaction toward the formation of NHOH favoured if
tunneling can take place.

The abstraction- addition steps are the following;:

ND,OD + H —s NDOD + HD (16)
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Figure 10: Top panel: TPD profiles of initial ND,OD (black curve) and remaining ND,OD
(cyan curve) after reacting with H atoms at 10 K. Bottom panel: TPD profiles of products
detected after exposure of H atoms onto a ND,OD film. m/z 35 (red curve), m/z 34 (green
curve), m/z 33 (violet curve), and m/z 36 (cyan curve)
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NDOD + H — NDHOD (17)

The presence of mass 34 could only be due to the cracking pattern of ND,OD. But in
this case, it should be around a tenth of the mass 36. Therefore a large fraction of the mass
34 is probably the doubly hydrogenated hydroxylamine. This would be the indication that
the abstraction - addition mechanism is probably occurring on the ND, group more than
on the OD group (leading to simple hydrogenation). Even if this is speculative because
we know that proton exchange is occurring during the TPD=/? it is in agreement with
our theoretical calculations showing that the back hydrogen abstraction reaction should

favour the NHOH formation.

3.2.6 Binding energies

The TPDs performed in this work allow us to determine the binding energies of NO,
NH,OH and N,O. These values, shown on Table 1 in the Supporting information, are
compared to the values calculated in the present study and to those given by the semi-

empirical model developped by Wakelam et al..4® The agreement is good.

4. DISCUSSION AND CONCLUSIONS

4.1 Summary of the results

Our experimental re-investigation of the NO+H reactive system has demonstrated the
following points: (i) it exists an activation barrier to the H + HNO reaction, (ii) this barrier
is likely to be crossed at low temperature through quantum tunneling, (iii) the direct
evidence of the back reaction NH,OH + H has been shown, which reminds us of the
importance of taking into account this process. Indirect evidence of the H + HNO back

reaction has also been provided. (iv) Water has a catalytic role. It increases the efficiency

26



of H additions probably by reducing the efficiency of the back reaction HNO + H —
NO + Hj. Alternatively, it is the water propensity to retain the products after reactions
have occurred or, in other words, its property of reducing the chemical desorption can also
partly explain why more products are obtained on a water ice substrate.

Our theoretical calculations corroborate these experimental findings and quantum
chemistry help us to understand our results. More precisely we calculated at the MO6-2X
level within the cluster approach :

H + NO — HNO : no barrier

H + HNO — NO + H; : geometrically unfavored on water

H + HNO — NH,O : barrier of 734 K

H + NH,O — NH,OH : no barrier
At the M06-2X level in the gaze phase:

H + HNO — NHOH : barrier of 8167 K

H + NHOH — NH,OH : no barrier

H + NH,OH — NH,O + Hj : barrier of 1528 K

H + NH,OH — NHOH + Hj : barrier of 1540 K

4.2 New insights into the catalytic role of dust and water ice

H d|ffu5|on 5 H diffusion E

%< il g
.- water surface 5
T8y I ATy

Gold surface

Abstraction possible Addition favored

Figure 11: Schematic view of the role of water ice, compared with a gold surface, in
the abstraction reaction H+ HNO. Due to H-bonding in a water environment, the HNO
orientation does not favor H abstraction, despite its very low barrier in the gas phase
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Faced with the difficulty of finding effective reaction pathways leading to hydrogena-
tion of molecules in the gas phase, interstellar dust grains have long been identified as a
probable source of H additions.®” Cold surfaces are said to be catalytic centres thanks to
four main properties. i) The grains collect species coming from the gas phase and promote
encounters. ii) The grains act as third bodies and are able to dissipate excess energy. For
this, the case of Hj is emblematic. The H+H — Hj +hv reaction (where hv is a photon to
remind that it is a radioactive recombination), is highly inefficient in the gas phase for such
a small system. Here, the dust grains act as a third body and dissipate the excess energy
of the reaction. iii) In addition to accretion, property i), the grains considerably increase
the interaction time of the reactive partners. In the gas phase, once the collision is over,
reactants move away from each other (if the reaction does not proceed). On the contrary,
in the solid phase, reagents can easily form long-life complexes simply by being in two
adjacent adsorption sites, and improve the overall efficiency of the reaction. Also in the
case of reactions with an important barrier, solid-state chemistry allows hydrogenation to
proceed by quantum tunnelling.

iv) Dust grains modify the reaction barriers, and especially can lower them, or as we
can see in our study, the particular environment may impose a geometric constraint on the
adsorbate and hinder certain reaction pathways that could have been fast in the gas phase.
Figure [11|illustrates this aspect. Calculations have shown that HNO forms a H bond with
an oxygen atom in the water cluster, limiting the access of H atoms that would diffuse at
the entrance of the abstraction channel. Therefore, in this case, even if the hydrogenation
reaction of HNO has a moderate barrier (1200K) and is certainly higher than that of the
abstraction reaction channel (in the gas phase), the addition reaction is favoured (right
sketch in Fig. [11). On the gold substrate, there is less geometric stress on the entry channel
of the abstraction reaction, and thanks to its low barrier, it becomes a competitive reactive
pathway. Therefore, we would like to add an important piece of evidence resulting from

this study: v) the molecular environment (such as H,O ice), can change the balance of the
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different competitive reactive pathways, and most importantly, the H bond can prevent an
abstraction reaction. Thus, our studies seem to show that cosmic grains not only have a
catalytic role in amplifying reactivity, but also a catalytic role in guiding reactions, which

can reduce the diversity of reactive pathways on grains.

4.3 Astrophysical implications and conclusions

Our present study does not fundamentally change the conclusions of the previous exper-
imental works. At low temperatures, hydroxylamine is the major product of the direct
hydrogenation of NO. However, if the grains temperature increases, hydrogenation be-
comes less efficient. Back reactions (abstraction reactions) have to be taken into account.
In this reactive scheme, and under the assumption that H atoms are the most abundant
reaction partner on interstellar dust grains, their accretion can produce in situ radicals,
even from stable molecules such as NH,OH that would already be accreted on the grain.
In our case this radical is NHOH. These radicals, issued from hydrogenation of saturated
molecules, could be the carrier of a new generation of COMs. In [Dulieu et al®l the
formation of formamide (NH,CHO), is thought to be the result of the reaction of such
radicals, and therefore, it is possible that the absence of detection of hydoxylamine in space
is not due to low formation efficiency, but more likely to its further chemical evolution, in
particular towards formamide if some H,CO is also adsorbed on grains. The presence of
such in situ radicals produced by hydrogenation has already been used to form COMs. %2
In the present case, because we have measured a fast inclusion of D in NH,OH (Fig. ,
and found a low barrier to abstraction, we can identify the NHOH radical as a potential
important missing link of the solid phase chemistry. In this way, NH,OH is not the end of
the NO hydrogenation, but a step toward inclusion of N in the skeleton of COMs.

Our final conclusion is more general and concerns the method. Conducted indepen-
dently, both quantum chemistry and laboratory studies lead to conclusions that may be

open to discussion, while when they are combined, they can be very conclusive. We believe
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that it is now possible to disentangle complex chemical networks at play on cold surfaces
through quantitative and various measurements, and to perform advanced quantum
calculations that lift shadows and bring decisive arguments. Thanks to this synergy, the

COM s synthesis pathways on interstellar grains are beginning to reveal their secrets.
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e The comparison of the binding energies of NO, NH,OH, and N;O between experi-

mental data and models

e Energy barriers on the H + HNO reactions paths: Energies relative to H + HNO are in
k] /mol and are corrected for the unscaled ZPE energies. Basis sets are: laug-cc-pVTZ,

2cc-pVQZ-F12, 36-311++G(d,p), *CBS, Scc-pVQZ

e Energy barries on the H + HyNOH reaction paths: M062X/aug-cc-pVTZ energies
relative energies to H + HNOH are in k] /mol and are corrected for the unscaled

ZPE energies

e Structure and binding energies of NO, HNO, H,NO, and NH;OH on the 4 water
clusters: Binding energies (A E) in k] /mol are calculated at the M06X/6-311++G(d,p)
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level as the difference between the molecule bond to the cluster and the sum of
the energies of the molecule and the energy of the cluster. They are corrected for

unscaled zero point energies calculated at the same level

e Structure for the H-HNO-4H,O transition state and energy barrier with respect to H +

HNO-4H,0O: The energy barrier in kJ /mol is calculated at the M062X/6-311++G(d,p)

level. It is corrected for the unscaled zero point energies calculated at the same level
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