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ABSTRACT

Context. Formamide (NH,CHO) is one of the simplest “CHON” molecules that has been observed in different environments in space.
In star-forming regions, its abundance in the gas phase is correlated to isocyanic acid (HNCO), indicating a chemical relation between
the two species. Many studies have investigated the different routes for the transformation of the two species from one to the other.
Aims. We carry out an experimental analysis on the interaction of atomic H at 300 K with solid NH,CHO to probe whether HNCO
can form.

Methods. The effects of H atom irradiation on NH,CHO have been analyzed by Fourier-transform infrared spectroscopy.

Results. During irradiation, a decrease in the band intensity of the C-H, C=0, and N-H modes of NH,CHO with a simultaneous
increase in the N=C=0 band intensity of HNCO is observed, indicating a transformation of NH,CHO to HNCO. The corresponding
destruction and formation cross-sections have been estimated from the trend of the normalized column densities as a function of the
H atom fluence. The transformation follows a three-step reaction sequence driven by H atom exothermic abstractions that also induce
sputtering of the products. No bands of aminomethanol were detected.

Conclusions. The interaction of H atoms with NH,CHO in space can be one of the promising mechanisms to explain the chemical
relation between NH,CHO and HNCO. In addition, the comparison of our results with those of other energetic processing agents

suggests that H atoms play a crucial role in the destruction of NH,CHO ice in dense regions of the interstellar medium.

Key words. astrochemistry — methods: laboratory: solid state — techniques: spectroscopic — ISM: molecules

1. Introduction

In recent years, formamide (NH,CHO), a molecule containing
an amide bond, has gained considerable interest as a promising
candidate for prebiotic chemistry in space. It acts as a precursor
of essential biological components of life: amino acids, nucle-
obases, sugars, carboxylic acids, etc. (Saladino et al. 2012; Ferus
et al. 2015; Botta et al. 2018). Formamide was detected for the
first time in space in the gas phase towards the giant molecular
cloud Sgr B2 (Rubin et al. 1971). Since then, it has been observed
in other astrophysical environments such as star-forming regions
and comets (e.g., Blake et al. 1986; Turner 1991; Bisschop et al.
2007; Mendozaetal. 2014; Lopez-Sepulcre et al. 2015; Bockelée-
Morvan et al. 2000; Biver et al. 2014; Goesmann et al. 2015).
Formamide has also been tentatively identified in interstellar
ices through Infrared Space Observatory spectra towards
NGC 7538 IRS9 and W33A (Raunier et al. 2004; Gibb et al.
2004).

The formation mechanism of NH,CHO is highly debated.
Based on experimental and theoretical studies, it has been pro-
posed that NH,CHO forms in the gas phase by a series of ion-
molecule and neutral-neutral reaction channels (Quan & Herbst
2007; Halfen et al. 2011; Redondo et al. 2013, 2014; Spezia
et al. 2016; Garrod et al. 2008; Barone et al. 2015). On the other
hand, solid NH,CHO has been shown to form in interstellar ice
analog mixtures via energetic processing, which is induced by
several agents such as electrons, ions, ultraviolet (UV), vacuum-
ultraviolet (VUV), and H atoms (e.g., Bernstein et al. 1997,
Muiioz Caro & Schutte 2003; Gerakines et al. 2004; Raunier
et al. 2004; Jones et al. 2011; Jheeta et al. 2013; Bergantini et al.
2014; Kanuchova et al. 2016; Urso et al. 2017; Dulieu et al.
2019).

Article published by EDP Sciences

A specific formation route of NH,CHO in the gas and solid
phase considers isocyanic acid (HNCO) as a precursor molecule.
This idea is based on astronomical observations of young stellar
objects that show a tight linear correlation between HNCO and
NH,CHO abundances (L6pez-Sepulcre et al. 2019, references
therein). This result suggests that the two molecules are chemi-
cally linked and either both of them form from a common pre-
cursor or one forms from the other (e.g., Bisschop et al. 2007;
Lopez-Sepulcre et al. 2019).

Laboratory investigations successfully used HNCO as a
starting molecule to form NH,CHO. In a gas phase study, a mix-
ture of HNCO and H, under glow discharge successfully pro-
duced NH,CHO (Ferus et al. 2018). The result was interpreted
using an ab initio molecular dynamics simulation that showed
that the hydrogenation of HNCO, by both H and H,, is the
thermodynamically favored reaction pathway to NH,CHO for-
mation. On the other hand, in the solid phase, the VUV photo-
dissociation of HNCO ice produces free H atoms, which react
with remaining HNCO to form NH,CHO (Raunier et al. 2004).
However, no detectable amount of NH,CHO was found in the
hydrogenation experiment of HNCO that was performed at 15 K
(Noble et al. 2015).

From a theoretical point of view, the hydrogenation of
HNCO efficiently produces NH,CHO in the grain mantle chemi-
cal model of Garrod et al. (2008). In addition, quantum mechan-
ical calculations on hydrogenation of HNCO on the surface of
amorphous water ice show that H atom tunneling plays an impor-
tant role in the formation of NH,CHO at low temperatures (Song
& Kistner 2016).

The chemical relation between HNCO and NH,CHO can
also be explained through a reverse reaction pathway, that is,
HNCO forming from NH,CHO. In general, only a limited
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number of laboratory studies have been performed on the
destruction of NH,CHO under energetic processing; HNCO
was not obtained in all cases. For example, under electron and
Ly-a irradiation of NH,CHO, OCN~ and CO were obtained
(Dawley et al. 2014). A pure NH,CHO ice film does not show
significant degradation upon exposure to a UV-enhanced xenon
lamp, whereas in the presence of oxide minerals TiO, and
MgAl,Oy, a gradual degradation was observed (Corazzi et al.
2020). Also, no reaction occurred between NH,CHO ice and a
hydrogen atom (Noble et al. 2015). On the other hand, HNCO
formed along with CO,, N,O, CN~, NH}, OCN~, and CO when
NH,CHO ice films were irradiated with 200keV H* (Brucato
et al. 2006). Very recently, HNCO also formed from NH,CHO
through H-abstraction reactions via a HNCO radical intermedi-
ate in the presence of a para-hydrogen quantum-solid matrix host
(Haupa et al. 2019).

In the present work, we report the results of the interac-
tion of thermal H atoms (300K) with a NH,CHO ice film at
12 K. The interaction results in the destruction of NH,CHO and
the formation of HNCO and OCN~™. The reaction sequence has
been clearly identified and quantitative evaluation of NH,CHO
destruction cross-sections and a HNCO formation cross-section
by H atoms have been estimated for the first time. Finally, astro-
physical implications of the results are discussed.

2. Experimental methods

The experiments were performed in a high vacuum set-up with
a main chamber equipped with a closed-cycle helium cryostat
(Galileo Vacuum model K1) and a dosing unit. The base pres-
sure of the main chamber was better than 1078 mbar. A CsI sub-
strate was mounted on the cold finger of the cryostat. The sub-
strate temperature was measured with a calibrated silicon diode
mounted close to the substrate. Formamide (EMSURE grade;
Merck) liquid was purified by several freeze-pump-thaw cycles
to degas impurities and then the vapors were admitted via a
precision leak valve (MDC vacuum limited) to the substrate at
12 K. The gas inlet extending from the dosing chamber (pressure
~107° mbar) was directed to the substrate inside the main cham-
ber to ensure vapor exposure primarily to the substrate. The ice
film that formed in this way is expected to result in nonhomoge-
nous film growth as compared to a background deposition.

To irradiate the NH,CHO ice film, an atomic hydrogen beam
was produced by microwave dissociation of molecular hydro-
gen (99.9999% purity). The H source is made of a Pyrex tube,
with a 10 mm outer diameter and 1 mm in thickness, which was
inserted in an Evenson cavity operating at 2.45 GHz with 45W
microwave power. The atomic beam has a Maxwellian distribu-
tion of the velocity of H atoms at 300 K (Mennella 2006). The
NH,CHO ice film was studied in situ before and during irradi-
ation in transmittance mode in the range 4000-700cm™! at a
resolution of 2cm™! using a Fourier transform infrared (FTIR)
spectrometer (Bruker Vertex 80V) with a Mercury Cadmium
Telluride (MCT) detector. The substrate is at an angle of 22.5°
and 67.5° with respect to the hydrogen beam and the IR beam,
respectively, such that the IR spectral evolution of the sample
can be monitored during irradiation. For each single measure-
ment, 1024 scans were co-added. The background was acquired
for any spectral measurement of NH,CHO before and after each
irradiation dose. The NH,CHO ice film thickness was derived
independently from the column density of N-H, C-H, and C—
O stretching IR modes using the band strengths 1.35 x 1071,
47 x 107 and 6.54 x 1077 cm mol™!, respectively, (Brucato
et al. 2006). The average value, expressed in units of monolayer
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Fig. 1. IR spectrum of a 29 ML thick NH,CHO film at 12K (black
line). The spectrum after irradiation (subtracted from the initial spec-
trum) of 2 x 10'7 Hatomscm™ (red line) is reported. The NH,CHO
spectrum after irradiation (subtracted from the initial spectrum) of
2.7 x 10" H, molcm™? (blue line) as obtained in a blank experiment
is also shown for comparison purposes. The red and blue curves are
offset in ordinate by —0.007 and —0.035, respectively, for the sake of
clarity.

(1 ML = 10" mol cm™2), is 29 ML. In determining this value, we
also considered the cosine of the angle between the IR beam and
the normal to the surface plane.

3. Results and discussion

Figure 1 shows the IR spectrum of a 29 ML thick NH,CHO
film deposited at 12K. The fundamental vibration modes of
NH,CHO are identified to be in agreement with previous mea-
surements (Brucato et al. 2006; Sivaraman et al. 2013; Urso
et al. 2017) and are labeled in Fig. 1. A broad band is observed
between 3500 and 3000 cm™! with peaks centered at 3355 and
3170 cm™!, respectively, which correspond to the asymmetric
and symmetric stretch modes of the —NH, group. The band
centered at 2878 cm™! is assigned to the C—H stretching mode
and the strongest band centered at 1690 cm™! is due to the C=0
stretching of the carbonyl group. The peak centered at 1631 cm™!
is due to the in-plane NH, bending (scissor) mode. This peak
appears as a shoulder to the strongest band at 1690 cm™'. Two
additional peaks centered at 1386 and 1324 cm™" are attributed to
the in-plane C-H bending (scissor) and C—N stretching modes,
respectively. The two peaks at around 836 and 710cm™! corre-
sponding to the NH, wagging and twisting modes, respectively,
could not be detected in our spectra.

Upon exposure to H atoms, the intensity of all the NH,CHO
IR bands decreases and a new band appears at 2265 cm™'. Only
for a fluence higher than 1.5 x 10'7 Hatomscm™, a second
band at 2172 cm~! becomes evident. These features are assi gned,
respectively, to the N=C=0 asymmetric stretching mode of
HNCO and isocyanate anion (OCN™) based on prior assignments
(Brucato et al. 2006). It is important to note that NH:lr is the most
likely counterion of OCN~ (see footnote 2). It has an IR fea-
ture at 1478 cm™! (Raunier et al. 2004). We could not identify it
because the expected band intensity is under the detection limit
owing to a weaker band strength than OCN~ (Van Broekhuizen
et al. 2004). In the difference spectrum in Fig. 1, one can also
see that some IR bands are slightly shifted and become sharper
than the pristine NH,CHO ice. The observed sharpening could
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Fig. 2. Evolution with H atom fluence of the C-H (a), C=0 (b), N-H (c¢), and N=C=0 (HOCN) (d) normalized column density (filled circles).
In the first three cases, the normalization factor is the corresponding initial column densities, while for HNCO, the data are normalized to the
initial value of the column density of NH,CHO. The best fit to the data (solid lines), following first order kinetic relations (1 — a;(1 — e~74f1) and
ay(1 — e~tM)) are also shown. The first equation refers to the destruction with the boundary condition that considers a residual reactant for Fy = co
(i.e., H atoms cannot react with the deeper ice layers). The second equation refers to the formation limited by the availability of the reactants. The
estimated destruction (o) and formation (o) cross-sections and the asymptotic destruction of NH,CHO (a;) and asymptotic formation of HNCO

(a,) are also reported.

be a sign of film crystallization. However, its amount is much
less than that observed during the transition from amorphous to
crystalline NH,CHO ice (Urso et al. 2017). For instance, those
authors found that the full width at half maximum (FWHM) of
the C=0 stretching mode decreases by 39 cm™! after the transi-
tion. In contrast, after H atom exposure, we found a decrease of
7cm™! in FWHM with respect to the pristine NH,CHO. More-
over, crystallization mostly induces a red shift of the IR bands
(Sivaraman et al. 2013), whereas the peaks in our study are
mainly blue shifted. Therefore, we tend to exclude crystalliza-
tion and attribute the variations in the band profile to the changes
in local bonding of the molecule induced by the interaction of H
atoms.

Figure 2 shows the evolution of normalized column densities
of NH,CHO and HNCO as a function of H atom fluence, Fy.
In particular, with increasing Fy, Figs. 2a—c show the destruc-
tion of NH,CHO through the decrease in the intensity of C-H,
C=0, and N-H stretching modes, respectively, whereas Fig. 2d
shows the formation of the HNCO through the increase in the
intensity of the N=C=0 asymmetric stretch mode. The forma-
tion of HNCO demonstrates that H atom abstraction is active.

No bands due to aminomethanol at 3040cm™' (O-H stretch),
2942 cm™! (CH, asymmetric stretch mode), and 1040 em™! (C-
N+C-O stretch combination band) were present (Bossa et al.
2009). This indicates that the H atom addition to NH,CHO is
inactive.

Fits to the experimental data in Fig. 2 allowed us to esti-
mate the cross-sections and asymptotic values for the NH,CHO
destruction (oy, a;) and HNCO formation (o%, a;), respec-
tively. The average of the three estimated asymptotic fit param-
eters aj cy, a1,co and a; ng is 4.8 X 102, which corresponds to
the destruction of 1.4 ML of the initial NH,CHO ice. Destruc-
tion is thus confined to the ice surface. On the other hand,
the estimated asymptotic fit parameter, a;, for HNCO forma-
tion is 4.7 X 1073, corresponding to 0.14 ML. This indicates
that 10% of the destroyed NH,CHO molecules are converted
into HNCO. For OCN™ observed at the highest fluences, the
average values for the column density', which are normalized
with respect to the initial NH,CHO ice thickness (29 ML), are

! Calculated assuming band strength of 1.3 x 107! cmmol™! (Van

Broekhuizen et al. 2004).
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around 1.4 x 1073, corresponding to 0.04 ML. This means that
~3% of the destroyed NH,CHO molecules result in the forma-
tion of OCN™.

The estimated destruction cross-section of oqcy and oqco
are equal within the error and are larger than oyni suggesting
that a H atom interaction induces the transformation of NH,CHO
to HNCO through the following reaction sequence:

1. H abstraction from the C—H group:

H + NH,CHO — NH,CO + Hy g ey

2. Rearrangement around the carbonyl group;
3. H abstraction from the —NH, group:

H + NH,CO — HNCO + Hj,gs. 2)

The similarity of the ognu and o¢Nnco cross-sections sug-
gests that H atom abstraction from the —NH, group is the rate-
limiting step for both NH,CHO destruction and HNCO forma-
tion. Our results are in agreement with the recent findings by
Haupa et al. (2019), who studied the interaction of H atoms with
NH,CHO in a para-hydrogen quantum-solid matrix at 3.3 K.
These authors observed the formation of HNCO via NH,CO
intermediate through Reactions (1) and (2). Furthermore, poten-
tial energy computations revealed that the first H atom abstrac-
tion from the C-H group of NH,CHO (Reaction (1)) has an
activation barrier of 0.27 eV (3130 K), while the second H atom
abstraction from the NH,CO (Reaction (2)) is barrierless?. In our
study, the energy of thermal H atoms (300 K) is also well below
the activation barrier. Therefore, similar to the findings of Haupa
et al. (2019), the first H atom abstraction proceeds through quan-
tum tunneling.

We have found two interesting results regarding the inter-
action of H atoms with NH,CHO ice: the low reaction yield
and the destruction of a limited fraction of the initial NH,CHO
molecules (see the saturation of the normalized column densities
at an average ~95% in Fig. 2). Concerning the low reaction yield,
we have estimated that only ~13% of the destroyed NH,CHO
molecules are converted into HNCO and OCN~. No other reac-
tion products have been identified by infrared spectroscopy. We
exclude the sputtering of NH, CHO molecules due to the energy
of 300K H atoms as the cause of the low yield. In fact, we did
not find any spectral variation in a blank experiment (see Fig. 1)
by exposing NH,CHO ice to H, molecules. In that experiment,
we have a similar interaction energy as for H atoms but without
their reactivity. Alternatively, the low yield could be due to the
sputtering of reactants and/or products induced by the reaction
of H atoms with NH,CHO ice. In the sequence described above,
the two H atom abstractions, forming NH,CO, HNCO, and two
H; molecules, are exothermic (Haupa et al. 2019). In general, the
H atom recombination to H; releases 4.5eV of energy. For H,
formation in chemisorbed sites, the exoenergeticity is reduced
due to the bond breaking: C-H in (Reaction (1)) and N-H in
(Reaction (2)). From the potential energy diagram calculations
reported by Haupa et al. (2019), one can deduce a net energy
release of ~0.5¢eV in Reaction (1) and ~3.3 eV in Reaction (2).
This energy goes into the kinetic energy and internal excitation
energy of the newly formed H, molecules. In addition, a fraction
of the energy goes to molecules that remained in the ice after
H atom abstractions. Energy partitioning is not well defined, so
equipartition among the three possibilities is commonly assumed

2 The H atom addition to NH,CO forming NH,CHO is also barrierless
(Haupa et al. 2019). The formed NH,CO radical can also react with H
atoms producing NH; and CO (Woolley & Back 1968). Isocyanic acid
will react with NH; to form NH} OCN~.
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(e.g., Black & Dalgarno 1976; Shaw et al. 2005). This means
~1/3 fraction of the net available energy, that is to say, 0.17 eV
(in Reaction (1)) and 1.1eV (in Reaction (2)) goes primarily
to NH,CO and HNCO molecules, respectively. Since most of
the energy is received by HNCO and as its binding energy? is
the lowest among the three considered molecules, we expect its
selective sputtering to be the reason for the observed low yield
with respect to the NH,CHO that was destroyed by the interac-
tion of H atoms. In situ mass spectroscopic measurements could
be useful to confirm this interpretation from an experimental
point of view by detecting HNCO that was released in the gas
phase during the interaction of H atoms with NH,CHO. Fur-
thermore, a H atom recombination occurring on NH, CHO could
also contribute to the nonselective sputtering of all the species
present in the ice. In fact, in this case, 1.5eV of the energy is
released to the ice surface and it exceeds the binding energies of
all the species.

On the other hand, concerning the destruction of a limited
fraction of the initial NH,CHO, we have identified some factors
that could determine this result. First, the interaction takes place
on the ice surface as H atoms (with little meV energy) cannot
penetrate the entire ice layer. Second, we have to consider that
the addition of H atoms to HNCO, forming NH,CHO, is active
(Haupa et al. 2019). Therefore, the total destruction of NH,CHO
molecules reacting with H atoms is not anticipated, rather an
equilibrium value of their number is expected as determined by
the efficiency of the two competitive processes (i.e., addition and
abstraction of H atoms). Finally, the sputtering of molecules, as
discussed above, has to be also taken into account.

In the end, we want to stress that the estimated destruc-
tion cross-section of NH,CHO and the formation cross-section
of HNCO are a good representative of all the involved
processes — abstraction, sputtering, and addition — during the
interaction of H atoms with NH,CHO ice. The estimated cross-
sections should then be considered as effective quantities rather
than being referred to as a single process. Our results thus extend
the possibility of NH,CHO ice destruction via H atom abstrac-
tion to experimental conditions which are more similar to dense
cloud conditions than those met in laboratory experiments that
have been performed so far.

4. Astrophysical implications

In space, NH,CHO is exposed to various agents such as UV pho-
tons, cosmic rays, electrons, and atom bombardment (mainly H),
which can lead to its destruction and, at the same time, lead to
the formation of new species. Laboratory measurements, under
simulated space conditions, of destruction and formation cross-
section of NH,CHO are, therefore, essential to understanding its
stability and evolution in interstellar space. In fact, these quanti-
ties are typically used in physico-chemical models to determine
molecular abundances.

Isocyanic acid formed due to the interaction of 300K H
atoms with NH,CHO. The H atom abstractions sequence from
NH,CHO ice confirms the findings by Haupa et al. (2019) and
points to a promising mechanism to interpret the tight linear
correlation of the molecular abundances of these two species in
star forming regions. In addition, the knowledge of the destruc-
tion cross-section of NH,CHO by H atoms allows us to estimate
the contribution of this reaction channel with respect to other

3 The binding energies of NH,CHO, NH,CO, and HNCO are 0.7,
0.5, and 0.3 eV, respectively (Noble et al. 2015; Penteado et al. 2017;
Chaabouni et al. 2018).
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Table 1. Destruction cross-sections of NH,CHO and the corresponding rates in the ISM.

Processing ~ Destruction cross-section Flux Destruction rate
o4 (cm?) @ (cm2s7h Ry (s7H
Diffuse Dense Diffuse Dense
H atoms 3.0+£0.6x 1077 8 x 10° 9.1 x 10* 24x10710 27x10712
Cosmic rays @ 3.7+£0.4x10716 1.8 1 6.7x1071%  37x1071°
UV photons ® 10719-1020 © 8x 107 @  48x10° @

Notes. ’Corresponds to 1 MeV protons under monoenergetic approximation (G. A. Baratta and M. E. Palumbo, priv. comm.). ®’Photons from
UV-enhanced xenon lamp. Cross-section of NH,CHO deposited on oxides and minerals (Corazzi et al. 2020). ”Corresponds to 10V photons
(Mathis et al. 1983). ©Corresponds to 10V photons (Mennella et al. 2003).

destructive mechanisms that are active in space. In fact, using
the destruction cross-section, oy, the corresponding destruc-
tion rate of a molecule in a specific environment, Rq =04 D,
can be estimated knowing the flux, @, of the acting agent in
space. In the case of H atoms, we estimated a conservative value
for Ry using oqy (i.e., ogng)=3.0 = 0.6 x 1077 cm?, which
was obtained for the rate-limiting step of NH,CHO destruction.
However, one can also use o4y since NH;CHO molecules are
already destroyed after the first H atom abstraction. Moreover,
the NH,CHO destruction cross-section obtained in the present
work is more relevant to evaluating the destruction rate for
dense cloud conditions and the derived rates for diffuse con-
ditions are meant for comparison purposes only. We adopted
the hydrogen flux @y = 8 x 10® Hatoms cm=2s~! (Sorrell 1990)
and @y =9.1x10* Hatoms cm™2 s~! (Mennella 2006) for diffuse
and dense regions of the insterstellar medium (ISM), respec-
tively. The derived rates are Rypgifuse =24 X 1071%s7! and
R H.dense = 2.7 X 10712571, The fluxes and destruction rates are
reported in Table 1.

In order to compare the effects in space of other processing
agents on NH,CHO, there is the need to evaluate the destruction
rates in a similar way as was done for H atoms. The destruction
cross-section of the NH,CHO ice film at 17 K by 200 keV H* ions
was recently estimated from the intensity decrease in the C-H
bending and C-N stretching modes in NH,CHO as a function of
ion fluence (G. A. Baratta and M. E. Palumbo, priv. comm.). The
destructive effects of cosmic ray irradiation on NH,CHO can,
therefore, be estimated. With this aim, we applied the approxima-
tion of monoenergetic 1 MeV protons and adopted the effective
flux of 1 MeV protons in diffuse, ®; vy = 1.8 protons cm=2s~!
and dense, @jpev = 1protons cm 27! regions, respectively
(Mennella et al. 2003, references therein). The destruction cross-
section for 1 MeV protons, 04 1mev =3.7 = 0.4 X 10710 cm?,
was obtained from the one derived from the experiment with
200keV protons, taking the difference in the stopping power
of protons at those two energies into account (G. A. Baratta
and M. E. Palumbo, priv. comm.). The corresponding rates are
Ry,1 Mev diffuse = 6.7 X 1071 571 and Ry 1 Mev dense =3.7 X 10716 7!
(see also Table 1). We note that although o4 imev ~ 10 ogn,
the high H atom flux in both the diffuse and dense medium
determines a destruction rate by at least four orders of magnitude
higher than the one by cosmic rays. Therefore, we can conclude
that the H atom has a more profound influence on NH,CHO
destruction in the diffuse and dense ISM as compared to the
effect by cosmic rays.

Very recently, Corazzi et al. (2020) performed a laboratory
experiment on UV photoprocessing of pure NH,CHO ice. They
did not find a significant degradation of NH,CHO, consequently
the destruction cross-section could not be evaluated. On the other

hand, in the presence of oxide and silicate minerals, a gradual
degradation of NH,CHO was observed and a destruction cross-
section in the range of 1071°-1072° cm? was derived. We note
that these values are two to three orders of magnitude lower
than what was obtained by H atom irradiation. In that work,
a UV-enhanced xenon lamp was used as a source to resemble
the effect of the radiation of solar-type stars on the NH,CHO
molecule. The energy of photons from the source is lower than
atomic and molecular hydrogen UV emission, which is predom-
inant in the diffuse and dense regions of the ISM. We cannot
use those destruction cross-sections by UV photons to estimate
the corresponding destruction rate in space as was done for H
atoms and cosmic rays. Nonetheless, some considerations as
to the effects of UV photons are still possible. Let us assume
that UV irradiation of NH,CHO gives rise to the same destruc-
tion rate as that obtained for H atoms. As an example, in dense
regions we would have Ryyv =Rqpn=23.6 x 1072571, Adopt-
ing the UV flux, ®yy =4.8 x 10 photonscm™s~! for these
regions (see Table 1), we obtained the destruction cross-section,
oquv =7.5x1071% cm?. This value is unrealistically high since it
is comparable to what was estimated for 1 MeV protons. Unlike
high energy protons, which induce multiple bond breaking along
the “hot track” when they interact with a solid, 10eV UV pho-
tons typically induce a single photolysis event. Therefore, the
UV destruction cross-section should be lower than that of the
1 MeV protons. In fact, in the case of hydrogenated carbon
grains, the destruction cross-section of C—H bonds by UV pho-
tons is four orders of magnitude lower than that by the 1 MeV
protons (Mennella et al. 2003). Our assumption that Rq yv = Ra
does not hold; Rqyv should be significantly lower for H atoms.
This conclusion should be verified by a dedicated experiment on
Ly-a photoprocessing of NH,CHO. However, it is clear that the
interaction of H atoms with NH,CHO is the driving mechanism
for its destruction in the regions of the ISM.

5. Conclusions

The interaction of 300 K H atoms with NH,CHO ice at 12K has
been studied under high vacuum conditions to simulate the reac-
tions in interstellar space. Infrared spectroscopy has been used
to analyze the results. The main conclusions derived from this
work are as follows.

— An interaction results in the destruction of NH,CHO, form-
ing HNCO and OCN™.

— The destruction of NH,CHO to HNCO occurs in three
steps: the abstraction of a H atom from C-H, the rearrangement
around C=0, and the H abstraction from N-H bonds. In addi-
tion, the energy released during the interaction can induce sput-
tering of the products.
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— For the first time, the effective destruction cross-section of
NH,CHO and the effective formation cross-section of HNCO,
due to H atom interaction with NH,CHO ice, are estimated.

— In dense regions of the ISM, the destruction rate of
NH,CHO by H atoms is four orders of magnitude higher than
that obtained for cosmic rays.

H atoms thus play a decisive role in the chemistry of
NH,CHO ice in dense regions of the ISM.
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