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ABSTRACT: We irradiated binary ice mixtures of ammonia (NH3) and
oxygen (O2) ices at astrophysically relevant temperatures of 5.5 K with
energetic electrons to mimic the energy transfer process that occurs in
the track of galactic cosmic rays. By monitoring the newly formed
molecules online and in situ utilizing Fourier transform infrared spec-
troscopy complemented by temperature-programmed desorption studies
with single-photon photoionization reflectron time-of-flight mass spectro-
metry, the synthesis of hydroxylamine (NH2OH), water (H2O), hydrogen
peroxide (H2O2), nitrosyl hydride (HNO), and a series of nitrogen oxides
(NO, N2O, NO2, N2O2, N2O3) was evident. The synthetic pathway of the
newly formed species, along with their rate constants, is discussed
exploiting the kinetic fitting of the coupled differential equations repre-
senting the decomposition steps in the irradiated ice mixtures. Our studies suggest the hydroxylamine is likely formed through an
insertion mechanism of suprathermal oxygen into the nitrogen−hydrogen bond of ammonia at such low temperatures.
An isotope-labeled experiment examining the electron-irradiated D3-ammonia−oxygen (ND3−O2) ices was also conducted, which
confirmed our findings. This study provides clear, concise evidence of the formation of hydroxylamine by irradiation of interstellar
analogue ices and can help explain the question how potential precursors to complex biorelevant molecules may form in the
interstellar medium.

1. INTRODUCTION

During the last decades, the hydroxylamine molecule (NH2OH)
has received considerable attention from the astrochemistry
and laboratory astrophysics communities due to its potential
role as a precursor to biorelevant molecules like amino acids in
the interstellar medium (ISM).1−3 Theoretical and laboratory
studies suggest that protonated glycine (NH3CH2COOH

+)
(Reaction 1) and α-(NH3CH2CH2COOH

+) or β-alanine
(CH3CH(NH3)COOH

+) (Reactions 2 and 3) might be formed
in the gas phase via the reaction of protonated hydroxyla-
mine (NH3OH

+) with acetic acid (CH3COOH) and propanoic
acid (CH3CH2COOH), respectively.

1,2 Dissociative recombi-
nation with an electron was proposed to yield amino acids
(Reactions 4−6). While acetic acid is a well-known interstellar
molecule4−6 and propanoic acid is a plausible species in the
regions where acetic acid is found,7 hydroxylamine has not been
observed so far in the ISM, although the stability of ionized and
protonated hydroxylamine8,9 (Reactions 7 and 8) in the ISM
was revealed computationally2,3 as well as experimentally.1,10

Thus, it would be of great interest for astrochemists and astro-
biologists to untangle the formation mechanism of hydroxyl-
amine under conditions relevant to the ISM eventually answering

the question how potential precursors to complex biorelevant
molecules may form.

+ → ++ +NH OH CH COOH NH CH COOH H O3 3 3 2 2
(1)

+ → ++ +NH OH CH CH COOH NH CH CH COOH H O3 3 2 3 2 2 2

(2)

+ → ++ +NH OH CH CH COOH CH CH(NH )COOH H O3 3 2 3 3 2

(3)

+ → ++ −NH CH COOH e NH CH COOH H3 2 2 2 (4)

+ → ++ −NH CH CH COOH e NH CH CH COOH H3 2 2 2 2 2
(5)

+ → ++ −CH CH(NH )COOH e CH CH(NH )COOH H3 3 3 2

(6)
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+ → ++ +H NH OH NH OH H3 2 3 2 (7)

+ → ++ +CH NH OH NH OH CH5 2 3 4 (8)

However, the crucial question still under debate is whether
the hydroxylamine synthesis takes place under collisionless
conditions in the gas phase, via surface-mediated reactions, or
in the “bulk” ices in condensed phase.11 Recent laboratory
studies focused on the formation of hydroxylamine in the con-
densed phase on ice-coated interstellar grains at temperatures
as low as 10 K. Upon irradiation of a mixture of ammonia
(NH3) and water (H2O) ices with ultraviolet (UV) photons,12

electrons,13 and heavy ions of nickel and zinc,14 hydroxylamine
was efficiently formed through radical−radical recombina-
tion involving amidogen (NH2) and hydroxyl radical (OH)
(Reaction 9). Via modeling, Charnley et al. proposed that
hydroxylamine might also be formed through successive
hydrogenation reaction of nitric oxide (NO) ice under dark
cloud conditions (Reaction 10).15 This was confirmed experi-
mentally.16−21 Recently, He et al. reported the formation of
hydroxylamine on amorphous silicate surfaces via oxidation of
ammonia at 70 K (Reaction 11), but mechanistical details are
absent.22

+ →NH OH NH OH2 2 (9)

+ →NO 3H NH OH2 (10)

+ →NH O NH OH3 2 (11)

Astrochemical models propose that the formation of hydroxyl-
amine involves radical−radical reactions within the ice-coated
interstellar grains. The chemical models developed by Garrod
et al.23,24 considered NH, NH2, and OH radicals along with
hydrogen atoms; these are produced by cosmic ray-induced
dissociation of ammonia and water molecules in the ice. The
model speculated that the radicals are not mobile at 10 K and
only become mobile on the grain surface and eventually take
part in successive radical reactions upon heating. These studies
were expanded computationally revealing that hydroxylamine
might be formed by radical−radical recombination such as
reactions between the amidogen (NH2) and the hydroxyl

radical (OH) (Reaction 9)25 or via oxidation of ammonia
(Reaction 11).26

Although laboratory work and theoretical studies demon-
strated the possibility of the formation of hydroxylamine
(NH2OH) in the ISM, it has not been detected in space.
Several unsuccessful attempts were reported that struggled to
detect the emission of NH2OH toward a selection of bright
sources including the galactic center hot-core source Sgr B2(N)
using the NRAO27 as well as toward the L1157-B1 and B2
shocked regions using CSO and CARMA.28 Upper limits of
NH2OH column densities were estimated to be 1.4 × 1013 cm−2

and 1.5 × 1013 cm−2 toward the B1 and B2 shocks, respectively;
upper limits of the relative abundances of NNH2OH/NH2 were
1.4 × 10−8 and 1.5 × 10−8, respectively. A recent experi-
mental study suggested that the nondetection of hydroxylamine
in space could be due to the high reactivity of the molecule.29

They observed partial fragmentation of the molecule into
nitrosyl hydride (HNO), ammonia (NH3), and oxygen (O2) close
to 130 K, a temperature that is lower than the sublimation tem-
perature of hydroxylamine (160−190 K).13,16

Considering the fact that ammonia is present in ice mantles
of interstellar grains at levels typically in the range of a few
percent of water, in some rare cases at higher abundance,30−35

we probe the hypothesis to what extent hydroxylamine can be
formed inside interstellar ices via reactions of ammonia (NH3)
with oxygen atoms (O). Suprathermal oxygen atoms, which are
not in equilibrium with the surrounding ice, can be generated
from oxygen-bearing molecules like water,36−39 carbon dioxide
(CO2),

40 and methanol (CH3OH)
41 (Reactions 12−14) at tem-

peratures as low as 10 K. The newly formed hydroxylamine
(NH2OH) molecules along with their fully deuterated counter-
parts (ND2OD) were probed via infrared spectroscopy online
and in situ during the processing of astrophysically relevant ices
by energetic electrons as a proxy for secondary electrons
generated in the track of galactic cosmic rays (GCRs)
penetrating ices on interstellar grains.42,43 Quantitatively, rate
constants are calculated, and the formation mechanisms are
discussed based on the kinetic profiles fit by solving a set of
coupled differential equations.44,45 After irradiation, the newly
formed molecules were allowed to sublime during the controlled

Table 1. Summary of CASINO Simulations on the Electron Irradiation Experiments of Ammonia (NH3), D3-Ammonia (ND3),
Ammonia−Oxygen (NH3−O2), and D3-Ammonia−Oxygen (ND3−O2) Ices

ice NH3 ND3 NH3−O2 ND3−O2

molar mass of molecules in the ice, M (g mol−1) 17.03 20.05 17.03,a 32.00b 20.05,a 32.00b

average density of the ice, ρ (g cm−3) 0.66 ± 0.03 0.94 ± 0.04 0.91 ± 0.03 1.14 ± 0.03

irradiated area, A (cm2) 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1

angle of incidence, θ (deg) 70 70 70 70

irradiation time, t (s) 3600 ± 2 3600 ± 2 3600 ± 2 3600 ± 2

applied electron current, I (nA) 15 ± 2 15 ± 2 15 ± 2 15 ± 2

total number of electrons (×1014) 3.4 ± 0.4 3.4 ± 0.4 3.4 ± 0.4 3.4 ± 0.4

initial kinetic energy of the electrons, Einit (keV) 5.0 5.0 5.0 5.0

averagec kinetic energy of backscattered electrons, Ebs (keV) 3.2 ± 0.1 3.2 ± 0.1 3.3 ± 0.1 3.3 ± 0.1

fractionc of backscattered electrons, f bs (%) 31 ± 3 31 ± 3 34 ± 3 34 ± 3

averagec kinetic energy of transmitted electrons, Etrans (keV) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

fractionc of transmitted electrons, f trans (%) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

simulated averagec penetration depth, l (nm) 350 ± 30 350 ± 30 300 ± 20 300 ± 20

total number of molecules exposed (1 × 1017) 8.2 ± 1.1 6.9 ± 0.9 5.0 ± 0.7a, 2.5 ± 0.3b 4.6 ± 0.6a, 2.3 ± 0.3b

dose per molecule, D (eV) 1.7 ± 0.3 1.4 ± 0.3 1.4 ± 0.3a, 2.6 ± 0.5b 1.3 ± 0.2a, 2.0 ± 0.4b

aNH3/ND3 molecules.
bO2 molecules.

cValues from CASINO simulations.
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heating of the irradiated samples to 300 K (temperature-
programmed desorption (TPD)). During this phase, the solid
state (ices) was monitored spectroscopically in the infrared,
while the gas phase was probed via single-photon photoionization
reflectron time-of-flight mass spectroscopy (PI-ReTOF-MS).

→ +H O H O2 2 (12)

→ +CO CO O2 (13)

→ +CH OH CH O3 4 (14)

2. EXPERIMENTAL SECTION
The experiments were conducted in a contamination-free
ultrahigh vacuum (UHV) chamber evacuated to a base pres-
sure of (5 ± 2) × 10−11 torr.11,46 A rhodium-coated silver
wafer located in the center of the chamber served as a substrate
and was interfaced to a coldfinger made of oxygen-free

high-conductivity copper with a 0.2 mm sheet of indium foil
to ensure thermal conductivity. The entire assembly is cooled
to 5.5 ± 0.2 K by a closed-cycle helium refrigerator (Sumitomo
Heavy Industries, RDK-415E). The ices were prepared by
depositing the gas mixtures of ammonia (NH3, Matheson,
99.999%; ND3, Isotopes Inc., 99+% D) and oxygen (O2, BOC
Gases, 99.999%) via a glass capillary array positioned 30 mm in
front of the silver target. Deposition times range between 5 and
10 min. During the deposition, the main chamber pressure was
increased to (3 ± 2) × 10−8 torr; the thickness of the ices were
measured online via in situ He−Ne laser interferometry (CVI
Melles-Griot, 25-LHP-213) at λ = 632.8 nm striking the surface
at an angle of incidence of θ = 4°.47−49 Given that the number
of observed interference fringes (Nf) and the refractive indices
of NH3 (nNH3 = 1.36 ± 0.03)50 and molecular oxygen (nO2 =
1.322)51 are known, the thickness of the ices (d) can be
extracted using eq E1 to be 500 ± 50 nm.49,50,52 With a
modified Lambert−Beer relationship40,53,54 with the absorption
coefficients of 3.11 × 10−17 cm molecule−1 of the v3 NH3 band
between 3700 and 3000 cm−1 based on the results of Sill et al.55

and the total thickness of the ice, the ratio of ammonia to
oxygen is determined to be 1.7 ± 0.4:1. Isotopically mixed ices
of ND3−O2 (2:1) were also exposed to energetic electron
radiation to confirm assignments via infrared frequency shifts
and in the reflectron time-of-flight data via their shifts in mass-
to-charge ratios.

λ

θ
=

−
d

N

n2 sin
f

2 2 (E1)

Each sample was then irradiated for 60 min with 5 keV elec-
trons at a current of 0 nA (blank experiment) and at 15 ± 2 nA
generated by a SPECS eq 22/35 electron gun measured by a
Faraday cup mounted between the electron gun and the
sample. With the Monte Carlo simulation program CASINO
(v2.42)56 averaging over 100 000 trajectories, the average dose
per molecules (D) deposited was computed using eq E2, where
I, t, M, e, NA, ρ, A, and Einit are the irradiation current (C s−1),
irradiation time (s), molecular mass of the molecule (g mol−1),
the electron charge (C), Avogadro’s constant (mol−1), the
density of the ice (g cm−3), the irradiated area of the ice (cm2),
and the initial kinetic energy of the electrons (eV), respectively.
The values f trans, f bs, Ebs, Etrans, and l denote the fraction of
electrons transmitted through the ice, the fraction of electrons
that are backscattered, the average kinetic energy of the
backscattered electrons (eV), the average kinetic energy of the
transmitted electrons (eV), and the average penetration depth
of the electrons (cm), respectively. The simulation parameters
are summarized in Table 1. These calculations yield average
doses of 1.7 ± 0.3 eV per ammonia (NH3) molecule and 2.0 ±
0.4 eV per D3-ammonia (ND3) molecule. In the ammonia−
oxygen mixed ices we determined a dose of 1.4 ± 0.3 eV per irra-
diated ammonia (NH3) molecule and 2.6 ± 0.5 eV per irradiated
oxygen molecule. Similarly, a dose of 1.6 ± 0.3 eV per irradiated
D3-ammonia (ND3) molecule and 2.6 ± 0.5 eV per irradiated
oxygen molecule was calculated in the D3-ammonia−oxygen
ices. The average penetration depth of the 5 keV electrons was
also computed to be 300 ± 20 nm, which is less than the
thickness of the deposited ice mixtures (500 ± 50 nm) ensuring
that there is no interaction between the substrate and the
electrons.

Figure 1. (a) Infrared spectrum of the ammonia−oxygen (NH3−O2)
ices at 5.5 K before (black) and after (red) the electron irradiation.
The infrared assignments are compiled in Table 2a. (inset) Details of
the spectrum in the region of 770−2300 cm−1. Deconvolution of the
2420−3550 cm−1 region to show features of hydroxylamine (NH2OH),
water (H2O), and ammonia (NH3) for selected temperatures are given in
Figure 2. (b) Infrared spectrum of the D3-ammonia−oxygen (ND3−O2)
ices at 5.5 K before (black) and after (red) 5 keV electron irradiation.
The infrared assignments are compiled in Table 2b. Deconvolution of
the 1930−2600 cm−1 region to show specific features of hydroxyl-
amine (ND2OD), D2-water (D2O), and D3-ammonia (ND3) for
selected temperatures are given in Figure 2.
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ρ
= − −D

ItM
eN Al

E f E f E( )
A

init trans trans bs bs
(E2)

Before, during, and after irradiation, chemical modifications
of the ices were recorded online and in situ using Fourier
transform infrared spectroscopy (FTIR; Thermo Nicolet
6700), in the range of 6000 to 600 cm−1 with a resolution of
4 cm−1, and an EI-QMS device (Extrel 5221) to monitor
molecules released into the gas phase (70 eV, 2 mA). One hour
after the irradiation, TPD studies were conducted by heating
the irradiated ices to 300 K at a constant rate of 0.5 K minute−1.
The spectra for selected temperatures were deconvoluted
exploiting Gaussian fits utilizing the peak fitting using the least
number of peaks resulting in a residual within the signal-to-
noise ratio of the original spectra as described elsewhere.46,57

After the ices were irradiated, molecules subliming into the
gas phase were photoionized with 10.49 eV photons using
soft vacuum ultraviolet (VUV) photoionization coupled with a
reflectron time-of-flight mass spectrometer (ReTOF; Jordan

TOF Products, Inc.), which has been described in detail pre-
viously.11,46,49 The 10.49 eV photons were generated by fre-
quency tripling of the third harmonic of an Nd:YAG (354.7 nm)
(Spectra Physics, PRO-250, 30 Hz) laser in a jet of pulsed xenon
(Xe) gas, as was reported earlier.46 In the present setup, a flux
of 5 × 1010 photons pulse−1 were generated at 30 Hz.58

3. RESULTS
3.1. FTIR Data. 3.1.1. Qualitative Analysis. Figure 1 reveals

the infrared (IR) spectra of the electron-irradiated ammonia−
oxygen (NH3−O2) and D3-ammonia−oxygen (ND3−O2) ices
before and after the irradiation. The newly formed species after
the radiolysis are identified and compiled along with their
vibrational assignments in Tables 2a and 2b, respectively.
Before irradiating the sample, the absorption peaks of the
reactant molecule (D3-)ammonia are observed, which nicely
match the IR spectra of solid ammonia ices reported previously
(Tables 2a and 2b).54,59−62 The fundamental O−O stretching
of molecular oxygen can be seen at 1550 cm−1 especially in the

Table 2a. Infrared Absorption Features Recorded Before and After the Electron Irradiation of Ammonia−Oxygen (NH3−O2)
Ices at 5.5 K

band position (cm−1) assignmenta

this work literature value ref species vibration characterization

before irradiation
5000 4994 61 NH3 v3 + v4 combination
4477 4478 61 NH3 v3 + v2 combination
4345 4345 61 NH3 v1 + v2 combination
3488 3472 61 NH3 v1 + vL combination
3369 3372 61 NH3 v3 antisymmetric stretch
3300 3290 61 NH3 2v4 overtone
3211 3212 61 NH3 v1 symmetric stretch
1624, 1646 1628 61 NH3 v4 degenerated deformation
1550 1549 63 O2 v1 fundamental
1077 1097 61 NH3 v2 symmetric deformation

after irradiation
3452 3452 37 H2O v1 symmetric stretch (out-of-phase)
3391 3317 13,17 NH2OH v1 O−H stretch
3336 3332 37 H2O v3 antisymmetric stretch (longitudinal)
3248 3261 13,17 NH2OH v7 N−H stretch (antisymmetric)
3213 3209 13,17 NH2OH v2 N−H stretch (symmetric)
3109 3107 37 H2O v1 symmetric stretch (in-phase)
3024 3074 13,17 NH2OH v2 N−H stretch (symmetric)
2963 2943−2507 13,17 NH2OH v3 + v4 combination
2916 13,17 NH2OH 2v4 overtone
2748 13,17 NH2OH v3 + v5 combination
2525 13,17 NH2OH v4 + v8 combination
2236 2235 17,20,67 N2O v3 NN stretch
1875 1875 17,20,64,65 NO v1 fundamental
1836 1833−1851 17,20,64,68 N2O3 v1 NO stretch
1735 1737 17,20,64,65 (NO)2 v5 NO stretch (antisymmetric)
1560 1561 17,69,70 HNO v3 NO stretch
1507 1507 17,69,70 HNO v2 HNO bend
1486 1486 13,17 NH2OH v4 NOH bend
1375 1389 37 H2O2 v6 antisymmetric bend
1342 1359 13,17 NH2OH v4 NOH bend
1303 1303 17,20,64,68 N2O3 v3 NO2 stretch (symmetric)
1235 1240 66 N2O2 v1 NO2 stretch (symmetric)
1145 1144 13,17 NH2OH v5 NH2 wag
950 941 37 H2O vL libration
796 880 66 N2O2 v2 N−N stretch

aAssignment based on references.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b07500
J. Phys. Chem. A 2017, 121, 7477−7493

7480

http://dx.doi.org/10.1021/acs.jpca.7b07500


oxygen excess ammonia−oxygen (1:10) experiment (Figure S1
and Table S1 in the Supporting Information).63 After the irradia-
tion, the ammonia (NH3) fundamentals at 3369 and 1077 cm−1

and the D3-ammonia (ND3) absorptions at 2500 and 840 cm−1

decrease significantly in intensity. Nitrogen monoxide (NO)
with its absorption band appears at 1875 cm−1 and its dimer
(NO)2 at 1735 cm−1 were evident in the electron-irradiated
(D3-)ammonia−oxygen ices.17,20,64,65 The IR absorptions
bands at 1235 and 796 cm−1 in the irradiated ammonia−
oxygen ices and at 1252 and 796 cm−1 in the irradiated
(D3-)ammonia−oxygen ices are assigned to dinitrogen dioxide
(N2O2) based on its IR TPD profile, which was growing during
the warm-up phase of the ice simultaneously with the decay
of the NO band.66 Further, a new band at 2236 cm−1 from
ammonia−oxygen ices was assigned to nitrous oxide (N2O) in
accordance with the literature value.17,20,67 A weak band at
1616 cm−1 in the irradiated ND3−O2 sample is attributed to the
antisymmetric stretch v(NO) of nitrogen dioxide (NO2) in
agreement with the literature value at 1614 cm−1.67 However,
this band is hidden in the irradiated ammonia−oxygen (NH3−
O2) ice by the intense NH3 fundamental. Small, but distinct,

levels of dinitrogen trioxide (N2O3) were observed in both
irradiated ices at 1836 and 1303 cm−1.17,20,64,68 Upon surface
destruction of nitrogen dioxide (NO2), Ioppolo et al. observed
formation of a series of nitrogen oxides including nitrogen
monoxide monomer (NO), dimer ((NO)2), nitrous oxide
(N2O), dinitrogen trioxide (N2O3), and dinitrogen tetrox-
ide (N2O4).

20 The formation of dinitrogen tetroxide (N2O4) is
excluded in our experiments, as the calculated column density
of the nitrogen dioxide (NO2) is too small; therefore, it is not
expected that its dimer is present in the sample with a con-
centration above detection limit.
The next species observed in the irradiated ammonia−

oxygen (NH3−O2) ices at 5.5 K is nitrosyl hydride (HNO)
with its stretching and bending fundamental absorption bands
appearing at 1560 and 1507 cm−1, respectively, in agreement
with literature values.17,69,70 Similarly, the fundamental absorp-
tion bands of deuterated nitrosyl hydride (DNO) at 1543 and
1135 cm−1 were found in the irradiated D3-ammonia−oxygen
(ND3−O2) ices at 5.5 K.17,69 Furthermore, water (H2O) could
be identified with its out-of-phase symmetric stretch appear-
ing at 3452 cm−1 and the libration band at 950 cm−1 in the

Table 2b. Infrared Absorption Features Recorded Before and After the Electron Irradiation of D3-Ammonia−Oxygen
(ND3−O2) Ices at 5.5 K

band position (cm−1) assignmenta

this work literature value ref species vibration characterization

before irradiation
3700 ND3 v3 + v4 combination
3348 ND3 v3 + v2 combination
3178 ND3 v1 + v2 combination
2642 ND3 v1 + vL combination
2500 2503 59 ND3 v3 antisymmetric stretch
2342 ND3 2v4 overtone
2330 2326 59 ND3 v1 symmetric stretch
1550 1549 63 O2 v1 fundamental
1184, 1204 1185 59 ND3 v4 degenerated deformation
840 833 59 ND3 v2 symmetric deformation

after irradiation
2567 2572 36 D2O v1 symmetric stretch (out-of-phase)
2522 2482 17 ND2OD v1 O−D stretch
2474 2470 36 D2O v3 antisymmetric stretch (longitudinal)
2358 2393 17 ND2OD v7 N−D stretch (antisymmetric)
2346 17 ND2OD v2 N−D stretch (symmetric)
2297 2305 36 D2O v1 symmetric stretch (in-phase)
2267 17 ND2OD v2 N−D stretch (symmetric)
2248 2184 17 ND2OD v3 + v4 combination
2131 17 ND2OD 2v4 overtone
2075 2045 17 ND2OD v3 + v5 combination
2027 17 ND2OD v4 + v8 combination
1875 1875 17,20,64,65 NO v1 fundamental
1836 1833−1851 17,20,64,68 N2O3 v1 NO stretch
1735 1737 17,20,64,65 (NO)2 v5 NO stretch (antisymmetric)
1616 1614 67 NO2 v3 NO stretch (antisymmetric)
1543 1546 17,69 DNO v3 NO stretch
1303 1303 17,20,64,68 N2O3 v3 NO2 stretch (symmetric)
1252 1240 66 N2O2 v1 NO2 stretch (symmetric)
1135 1156 17,69 DNO v2 DNO bend
1038 1037 63 O3 v3 antisymmetric stretch
881 920 17 ND2OD v5 ND2 wag
796 880 66 N2O2 v2 N−N stretch
708 701 36 D2O vL libration

aAssignment based on references.
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electron-irradiated NH3−O2 ices.37 Note that assignments of
other bands of water such as the in-phase symmetric stretch
were difficult at 5.5 K due to overlying absorption of ammonia
(NH3) (Section 3.1.2). Similarly, the two bands in the energetic
electron-irradiated ND3−O2 ices at 2567 and 708 cm−1 were
assigned to deuterated water (D2O), in agreement with the
literature data at 2572 and 701 cm−1.36 Next, a weak band
appearing at 1038 cm−1 in the irradiated ND3−O2 sample was
assigned to the fundamental absorption band (v3) of ozone
(O3), in accordance with literature value at 1037 cm−1.63 This
band could not be detected in the irradiated NH3−O2 ices due
to overlapping absorption of ammonia (NH3) and hydroxyl-
amine (NH2OH). Further, a new band at 1375 cm−1 in the irra-
diated NH3−O2 ices was tentatively assigned to antisymmetric
bending (v6) vibration of hydrogen peroxide (H2O2), in agree-
ment with the literature data at 1389 cm−1.37 However, the
analogues D2-hydrogen peroxide (D2O2) could not be detected
in the irradiated ND3−O2 ices due to overlying absorption of
ozone (O3).
Finally, a set of new bulk absorptions appeared at ∼3213,

3024, 2748, and 1145 cm−1 that raised during radiation exposure

of ammonia−oxygen (NH3−O2) ice at 5.5 K. These bands
were persistent on the substrate up to ∼200 K and were
assigned to hydroxylamine (NH2OH) in accordance with
literature values.13,17 Although hydroxylamine (NH2OH) was
produced in the irradiated ice at 5.5 K (Figure 1), it was
difficult to assign all absorptions at 5.5 K due to broadening and
overlapping of peaks. In the NH bending region NH2OH peaks
were overlapping mainly with the aforementioned species,
whereas in the NH and OH stretching region they were masked
by the host molecule NH3 as well as by H2O peaks making the
assignments difficult (Section 3.1.2). Similarly, broad bands
centered at ∼2346, 2267, 2075, and 881 cm−1 in the irradi-
ated (D3-)ammonia−oxygen (ND3−O2) ices are assigned to
D3-hydroxylamine (ND2OD).

17 It is interesting to note, that
the electron radiolysis of ammonium perchlorate (NH4ClO4)
led to the formation of decomposition products similar to the
ones listed above.71

3.1.2. Deconvolution of the Absorption Features in the
OH(/OD) and NH(/ND) Stretching Region of Hydroxylamine.
Since the main topic of this work is probing the formation
of hydroxylamine under conditions relevant to astrochemical

Figure 2. Deconvoluted infrared spectra of water, ammonia, and hydroxylamine from 2420−3550 cm−1 (left) and D2-water, D3-ammonia, and
D3-hydroxylamine from 1930−2600 cm−1 (right) for selected temperatures corresponding to the sublimation temperatures of oxygen,
(D3-)ammonia, and (D2-)water as observed via PI-ReTOF-MS and QMS. The individual band with particular color as marked 1−14 in (b) and
their assignments are compiled in Tables 3a and 3b. The IR features of (D3-)hydroxylamine are increasing in intensity after most of the host
molecule (D3-)ammonia (gray lines) and (D2-)water (sky blue lines) sublimed (see color version of this figure).
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environments, hereafter we focus on that formation during
the oxidation of the NH3 (ND3) sample. First, IR spectra of the
present work revealed the formation of NH2OH (ND2OD) in
electron-irradiated (D3-)NH3−O2 ices at 5.5 K. However, as men-
tioned earlier, the absorptions of (D3-)NH3 and (D2-)H2O
made the (D3-)NH2OH assignments difficult at lower tem-
peratures. In addition, absorptions were broad and not well-
defined. Thus, it was necessary to perform their deconvolution
to discriminate the peaks and probe which species were truly
represented by these absorptions. The spectra for selected
temperatures at 5.5, 30, 150, 175, and 200 K, corresponding to
the sublimation temperatures of oxygen, (D3-)ammonia, and
(D2-)water as observed via PI-ReTOF-MS and EI-QMS, were
deconvoluted exploiting Gaussian fits utilizing the peak fitt-
ing application using the fewest number of fitting peaks to
compute a fit that resulted in a residual within the signal-to-
noise ratio of the original spectra (Figure 2, Tables 3a and 3b).
Figure 2a−e exhibits the deconvoluted spectra of the NH
and OH stretching region of NH2OH in the region of 2420−
3550 cm−1, and their associated assignments are compiled in
Table 3a. Likewise, Figure 2f−j exhibits the deconvoluted
spectra of the ND and OD stretching region of ND2OD in the
region of 1930−2600 cm−1, and their associated assignments
are compiled in Table 3b.
The deconvolution identified three absorptions of NH3

centered at 3366, 3307, and 3204 cm−1 and similarly ND3
at 2500, 2350, and 2323 cm−1 in irradiated (D3-)ammonia−
oxygen (NH3/ND3−O2) ices at 5.5 K, which are matching the
absorption of NH3 and ND3 before irradiation, respectively
(Tables 3a and 3b). Next, three bands centered at 3452, 3336,
and 3109 cm−1 in the irradiated NH3−O2 ice at 5.5 K can be
correlated to the out-of-phase symmetric stretch (v1), the
antisymmetric stretch (longitudinal mode) (v3), and the
in-phase symmetric stretch (v1) of H2O, respectively, which are
in agreement with the literature data at 3452, 3332, and 3107 cm−1,
respectively.37 Similarly, three bands at 2567, 2474, and
2297 cm−1 in the irradiated ND3−O2 ice at 5.5 K are assigned
to D2O, in agreement with the literature data at 2572, 2470,
and 2305 cm−1, respectively.36 Further, the band at 3163 cm−1

in the irradiated NH3−O2 ice at 150 K, that is, after most of the
host molecule ammonia sublimed, are linked to the antisym-
metric stretch (transversal mode) (v3) of H2O (Table 3a). Note
that this band is observed only after most of the NH3 molecule
sublimed. Likewise, the band centered at 2364 cm−1 in the
irradiated ND3−O2 ice at 150 K is assigned to the antisym-
metric stretch (transversal mode) (v3) of D2O (Table 3b), in
agreement with the literature value at 2370 cm−1.36

Concerning the hydroxylamine, the deconvolution revealed
eight absorptions centered at 3391, 3248, 3213, 3024, 2963,
2916, 2748, and 2525 cm−1 in the irradiated NH3−O2 ice, and
similarly at 2522, 2358, 2346, 2267, 2248, 2131, 2075, and
2027 cm−1 in the irradiated ND3−O2 ice at 5.5 K, which are
close to the literature values of (D3-)NH2OH.

13,17,72,73 These
IR bands are affected by the absorptions of the ammonia and
water molecules at lower temperatures and are increasing in
intensity once these molecules sublimed at higher temperatures
as monitored via TPD IR study. In summary, deconvolution of
the TPD IR spectra revealed three molecules in the region of
2420−3550 cm−1 in the irradiated NH3−O2 ices at 5.5 K:
ammonia, water, and hydroxylamine, with ammonia dominating
the IR spectra below 145 K, and then water overlaying the
hydroxylamine up to 174 K. These findings were confirmed by
the radiolysis of isotope-labeled ND3−O2 experiments as well. T
ab
le
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Figure 3a,b shows the decay of absorption features of
(D3-)hydroxylamine after (D3) ammonia and (D2-)water sub-
limed, with its vibrational mode frequencies compiled and
compared with literature values in Tables 4a and 4b, respec-
tively.13,17 The absorptions at 3395 cm−1 in the irradiated
ammonia−oxygen (NH3−O2) ices at 175 K correspond to the
stretching mode of OH (v1); those at 3250 cm−1 match the
antisymmetric stretch vibration (v7) and at 3196 and 3074 cm

−1

originate from the symmetric stretch (v2) of N−H. The absorp-
tions at 2833 and 1845 cm−1 allotted to the NOH bending and
N−O stretch overtones, respectively, and those at 2912, 2786,
and 2532 cm−1 results from combination bands. The bands at
1695 and 1580 cm−1 results from the bending mode (v3) of
NH2 and at 1473 cm−1 match to the NOH bending mode (v4).
The absorptions at 1220 and 1145 cm−1 assigned to the NH2
rocking (v8) and wagging (v5) modes, respectively, and at
928 cm−1 corresponds to the N−O stretching mode (v6).
These patterns are similar to those ND2OD absorption peaks
observed in electron-irradiated deuterated ammonia−oxygen
(ND3−O2) ices (Table 4b).
3.1.3. Quantitative Analysis of Hydroxylamine Formation,

Mass Balances. The number of reactant molecules decom-
posed during the radiolysis in the ammonia (NH3)−oxygen
(O2) ices can be calculated if the decrease in their integrated
infrared areas and their absorption coefficients are known; these
are summarized in Table 5 (and in Table S2 in the Supporting
Information for the 1:10 mixture). When comparing the number
of destroyed ammonia molecules ((4.8 ± 0.7) × 1017 cm−2)
to the exposed reactants ((5.0 ± 0.7) × 1017 cm−2, Table 1),
it can be concluded that 95 ± 5% of them are destroyed within
the penetration depth of the electrons. The same values for
molecular oxygen (O2) are (1.6 ± 0.3) × 1017 cm−2 and
(2.5 ± 0.3) × 1017 cm−2 meaning that 66 ± 15% of the
irradiated molecules decomposed. To calculate the number of
molecules degraded, the integrated absorption coefficients of

3.11 × 10−17 cm molecule−1 of the v3 NH3 band between
3700−3000 cm−1 based on the results of Sill et al.55 and
5.00 × 10−21 cm molecule−1 (v1 O2 band at 1550 cm−1)74 were
used, respectively.
The integrated band areas can also be determined for the

radiolysis products, and if their absorption coefficients are
known, it allows for the calculation of their concentration in the
sample. On the basis of the absorption coefficient of 4.16 ×
10−18 cm molecule−1 for the vibrational band of the
hydroxylamine (ν4 NH2OH) at 1486 cm−1 (utilizing the
findings of Saldyka & Mielke),75 its column density is found to
be (1.6 ± 0.2) × 1017 cm−2. The same value for nitrogen
monoxide (ν1 NO at 1875 cm−1) equals to (1.6 ± 0.3) ×
1016 cm−2 when the absorption coefficient of 6.80 × 10−18

cm molecule−1 is used.65 An absorption coefficient of 1.66 × 10−17

cm molecule−1 can be used for the vibrational band of the
nitrosyl hydride (ν3 HNO) at 1560 cm−1 corresponding to
(6.0 ± 4.1) × 1013 cm−2; the estimation is based on the absorp-
tion coefficients obtained for its isomer isonitrosyl hydride
(HON).76 The column density of dinitrogen dioxide (N2O2)
was calculated to be (3.2 ± 0.1) × 1015 cm−2 based on the
integrated area of its vibrational band at 1235 cm−1 (O−N−O
symmetric stretching); for this, the absorption coefficient
(5.00 × 10−17 cm molecule−1) had to be estimated as well.
This was conducted by using the absorption coefficients of
the same vibrational mode of similar dinitrogen oxides (N2Ox,
x = 3−5).65 The number of nitrogen monoxide dimer ((NO)2)
molecules are determined to be (2.15 ± 0.03) × 1015 cm−2 if
its absorption coefficient of 2.72 × 10−17 cm molecule−1 for
its ν1 vibrational band (at 1735 cm−1) is utilized.77 The column
density of water molecules formed upon irradiation can also
be determined ((2.1 ± 0.2) × 1015 cm−2) through the inte-
grated area of its vibrational band at 950 cm−1 (νL H2O,
3.10 × 10−17 cm molecule−1).78 The vibrational bands of ozone
are completely hidden by the more intense ammonia (NH3)

Table 3b. Deconvoluted Peak Positions of D3-Hydroxylamine (ND2OD), D2-Water (D2O), and D3-Ammonia (ND3)
Absorption Bands Observed in the Processed D3-Ammonia−Oxygen (ND3−O2) Ices As Shown in Figure 2

this work (cm−1)

before
irradiation after irradiation literature values (cm−1) assignmenta

band 5.5 K 5.5 K 30 K 150 K 175 K 200 K ref 17 ref 59 ref 36 species vibration characterization

1 2567 2559 2539 2557 2572 D2O v1 symmetric stretch
(out-of-phase)

2 2522 2522 2527 2524 2529 2482 ND2OD v1 O−D stretch

3 2500 2500 2500 2512 2497 2487 2503 ND3 v3 antisymmetric stretch

4 2474 2476 2465 2470 D2O v3 antisymmetric stretch
(longitudinal)

5 2342 2350 2352 ND3 2v4 overtone

6 2358 2360 2392 2398 2409 2393 ND2OD v7 N−D stretch
(antisymmetric)

7 2346 2342 2364 2364 2358 ND2OD v2 N−D stretch (symmetric)

8 2330 2323 2323 2326 ND3 v1 symmetric stretch

9 2297 2293 2364 2364 2361 2370, 2305 D2O v3, v1 antisymmetric stretch
(transversal), symmetric
stretch (in-phase)

10 2267 2267 2279, 2218 2271, 2223 2257, 2219 ND2OD v2 N−D stretch (symmetric)

11 2248 2249 2190 2192 2183 2184 ND2OD v3 + v4 combination

12 2131 2129 2142 2135 2139 ND2OD 2v4 overtone

13 2075 2075 2074 2068 2043 2045 ND2OD v3 + v5 combination

14 2027 2020 2011 2005 2003 ND2OD v4 + v8 combination
aAssignment based on references.
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and hydroxylamine (NH2OH) signals at 1038 cm−1 (ν3 O3,
1.53 × 10−17 cm molecule−1) in the irradiated NH3−O2 2:1
ices.79 However, it can be observed in the deuterated sample
(ND3−O2 2:1), and its column density can then be estimated
((7.9 ± 1.4) × 1014 cm−2). Tentatively, hydrogen peroxide is
also produced upon irradiation; the integrated area of its band
at 1375 cm−1 (ν6 H2O2) with an estimated absorption coeffi-
cient of 6.00 × 10−17 cm molecule−1 can be used to obtain its
column density ((5.5 ± 0.2) × 1014 cm−2). It is worth noting
that the absorption coefficient was obtained based on the
known one of the combinational bands close to 2900 cm−1

(ν2 + ν6 H2O2).
80 The number of nitrous oxide (ν1 N2O

at 2236 cm−1) with an absorption coefficient of 5.20 ×
10−17 cm molecule−1,81 and nitrogen dioxide (ν3 NO2 at
1616 cm−1, 6.36 × 10−17 cm molecule−1)65 could also be deter-
mined; these values are (3.7 ± 0.1) × 1014 cm−2 and (3.5 ±
0.2) × 1014 cm−2, respectively. Note that the signal of nitrogen
dioxidesimilarly to that of the ozone (O3) moleculeis
hidden in the normal ice; it can be determined by using the
results of the deuterated ND3−O2 2:1 ice mixture. The last
species that could be detected in the radiolyzed ice is
dinitrogen trioxide (N2O3) having an absorption coefficient
of 6.43 × 10−17 cm molecule−1 for the vibrational band at
1836 cm−1 (ν1 N2O3)

65 meaning its column density corre-
sponds to (5.7 ± 1.3) × 1013 cm−2.
If the number of nitrogen and oxygen atoms that can be

found in the irradiation products is added up, the values
obtained can be compared to the number of these elements
originated from the destruction of ammonia (NH3) and oxygen
(O2). Their total number required for the formation of the afore-
mentioned species are found to be (1.9 ± 0.2) × 1017 cm−2 and
(9.6 ± 1.2) × 1016 cm−2, whereas (4.8 ± 0.7) × 1017 cm−2 and
(3.3 ± 0.6) × 1017 cm−2 nitrogen and oxygen atoms were
formed when the two parent molecules were destroyed. This
means that they account for the 39 ± 8% and 29 ± 4% of the
total number of nitrogen and oxygen atoms formed upon the
irradiation. Some of the oxygen that cannot be accounted for
combines with another one recycling molecular oxygen (O2),

82

which sublimes from the irradiated sample upon TPD at
∼35 K, and its signal at m/z = 32 can be detected via the
EI-QMS instrument.83,84 The missing nitrogen is likely pre-
sent as molecular nitrogen (N2) formed via the radiolysis of
ammonia.85

3.2. PI-ReTOF-MS Data Analysis. It is of interest to
correlate the infrared observation with a highly sensitive mass
spectrometric analysis of the molecules subliming into the gas
phase. The PI-ReTOF-MS data of the subliming molecules
taken at the photoionization energy of 10.49 eV are compiled
in Figure 4. The TPD profiles are dominated by the signal of
the host matrix molecule ammonia (NH3) at mass-to-charge
ratio (m/z) = 17 (IE = 10.07 ± 0.01 eV)86 and, respectively at
m/z = 20 from D3-ammonia (ND3) (IE = 10.08 ± 0.01 eV).86

The TPD profile suggests two sublimation events for this
species from ∼75 and 145 K with a maximum peak at ∼125 K
and from ∼170 and 220 K with maximum peak at 190 K.87

The next highest contribution found in the 10.49 eV probed
(D3)−ammonia−oxygen samples is that of the nitrogen mon-
oxide (NO) (IE = 9.2643 ± 0.0002 eV)88 with its mass-to-
charge-ratio at 30 peaking at 165 ± 2 K and second sublimation
event maximum at ∼191 ± 2 K. Further, nitrosyl hydride
(HNO) (m/z = 31 and IE = 10.18 ± 0.01)89 with its counter-
part deuterated nitrosyl hydride (DNO) (m/z = 32 and IE =
10.29 ± 0.14)90 were observed in the 10.49 eV probed (D3-)
ammonia−oxygen sample peaking at 187 ± 5 K. Finally
NH2OH (IE = 10.00 eV)8 at m/z = 33 and ND2OD at m/z =
36 were detected with 10.49 eV photolyzed NH3−O2 and
ND3−O2 samples, respectively. The TPD profiles found for
NH2OH and ND2OD molecules are essentially identical peak-
ing at 191 ± 2 and 196 ± 1 K, respectively. Note that the
formation of a series of nitrogen oxides evident in the FTIR
experiment such as nitrous oxide (N2O) (IE = 12.880 ±
0.005 eV)91 were unable to be detected using the PI-ReTOF-MS,
as their ionization energy is higher than the energy of the
photons applied in our experiments (10.49 eV). For the same

Figure 3. (a) Infrared absorption features of the hydroxylamine
(NH2OH) species at 175, 180, 185, 190, 195, and 200 K after most of
the host molecules ammonia (NH3) and oxygen (O2) as well as
accompanying byproducts such as water (H2O) sublimed. The
deconvoluted absorption features of the NH2OH at 5.5, 30, 150,
175, and 200 K are shown in Figure 2 and Table 3a. The individual
band assignments are compiled in Table 4a. (b) Infrared absorption
features of the D3-hydroxylamine (ND2OD) species at 175, 180, 185,
190, 195, and 200 K after most of the host molecules D3-ammonia
(ND3) and oxygen (O2) as well as computing byproducts such as
water (D2O) sublimed. The deconvoluted absorption features of the
ND2OD at 5.5, 30, 150, 175, and 200 K are shown in Figure 2 and
Table 3b. The individual band assignments are compiled in Table 4b.
Atmospheric carbon dioxide has been traced out.
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reason, water (H2O) (IE = 12.6188 ± 0.0009 eV),92 D2-water
(D2O) (IE = 12.6398 ± 0.0009 eV),92 hydrogen peroxide
(H2O2) (IE = 10.92 ± 0.05 eV),93 and ozone (O3) (IE = 12.519 ±
0.004 eV)94 were not detected in our PI-ReTOF-MS experi-
ments (Table 6).
Special attention is paid to the detection of hydroxylamine

utilizing the highly sensitive PI-ReTOF-MS technique based on
its mass-to-charge ratio, the sublimation temperature, and how
the mass-to-charge ratios shift upon isotope labeling. Here,
because of the simplicity of the host ice, made up of only three
elements (H, N, and O), the identification of the observed
mass-to-charge ratios are straightforward (Figure 5). Thus, the
signal at m/z = 33 must stem from molecule(s) with a chemical
formula N2H5, HO2, NH3O, and/or NH2OH. First we ruled
out the formation of the hydroperoxyl radical (HO2), as its
ionization energy (IE = 11.35 ± 0.01 eV)95 resides well-above
the energy of our photons (10.49 eV). Next, although N2H5 is
claimed to exist as intermediate,96 it has never been isolated in
pure form, and the ionization energy is not known as a result.
Also, no signal was observed for N2D5 in the deuterated
ammonia−oxygen samples. This suggests that the signal at
m/z = 33 can only arise from NH2OH and/or its zwitterionic

form NH3O. However, a recent study at the CCSD(T)/BSIII//
MP2/BSIII level of theory (Reaction 15) suggests that the
normal hydroxylamine isomer NH2OH is more stable than
the zwitterionic form NH3O by ∼1 eV.97 Hydroxylamine was
detected between 160 and 220 K peaking at 191 ± 2 K, in
agreement with literature values (Table 7).13,16,19,20,22,29

Moreover, the TPD profile reveals that NH2OH peaks at the
same temperature (191 ± 2 K) as the signals of mass-to-charge
ratio m/z = 31 (HNO) and m/z = 30 (NO) (Figure 5). This is
consistent with the findings of Congiu et al.16 who performed
the hydrogenation of NO and observed NH2OH in the TPD
along with its thermal degradation in the region of 160−200 K
peaking at 190 K. These findings are also consistent with the
isotope-labeled experiment, namely, the electron irradiation of

Table 4a. Assignment of the Hydroxylamine (NH2OH) Absorption Bands (cm−1) at 175 K Compared to Reference Values

this work (NH3−O2 ice) ref 1a,b,13 (NH3−H2O ice) ref 2a,c,17 (NO + H ice) assignmenta

3395 3317 v1(a′) O−H stretch
3250 3332 3261 v7 (a″) N−H stretch (antisymmetric)
3196, 3074 3209−3074 3194 v2 (a′) N−H stretch (symmetric)
2912 2943−2507 2899 v3 + v4 combination
2833 2v4 overtone
2786 2716 v3 + v5 combination
2532 v4 + v8 combination
1845 1886 2v6 (a′) overtone
1695 1608 v3 (a′) NH2 bend
1580 1616 1592, 1514 v3 (a′) NH2 bend, v4 (a′) NOH bend
1473 1486 1359 v4 (a′) NOH bend
1220 1201 1203 v8 (a″) NH2 rock
1145 1107 1144 v5 (a′) NH2 wag
928 921 919, 889 v6 (a′) N−O stretch

aAssignment based on references. bat 175 K. cat 15 K.

Table 4b. Assignment of the D3-Hydroxylamine (ND2OD)
Absorption Bands (cm−1) at 175 K Compared to Reference
Values

this work (ND3−
O2 ice) ref 1a,b,17 (NO+D ice) assignmenta

2524 2482 v1(a′) O−D stretch

2398 2393 v7 (a″) N−D stretch (antisymmetric)

2364, 2271 v2 (a′) N−D stretch (symmetric)

2192 2184 v3 + v4 combination

2135 2v4 overtone

2068 2045 v3 + v5 combination

2005 v4 + v8 combination

1267−1230 2v6 (a′) overtone
1185 v3 (a′) ND2 bend

1216−1170 1175, 1126 v3 (a′) ND2 bend, v4 (a′) NOD bend

988−1107 1026 v4 (a′) NOD bend

952 946 v8 (a″) ND2 rock

920 v5 (a′) ND2 wag

819−933 878, 825 v6 (a′) N−O stretch
aAssignment based on reference. bAt 15 K.

Table 5. Mass Balance of the Ammonia−Oxygen (NH3−O2)
Ice as well as that of the Irradiation Products Determined
from Their Experimental IR Decay/Growth Curves

process
decay
product

number of molecules produced/
decomposed during irradiation

NH3 → X (4.8 ± 0.7) × 1017

fraction of NH3 degraded 95 ± 5%
O2 → O O (1.6 ± 0.3) × 1017

fraction of O2 degraded 66 ± 15%
number of molecules in
sample after irradiation

NH2OH (1.6 ± 0.2) × 1017

NOc (1.6 ± 0.3) × 1016

N2O2 (3.2 ± 0.1) × 1015

(NO)2
c (2.15 ± 0.03) × 1015

H2O (2.1 ± 0.2) × 1015

O3
d (7.9 ± 1.4) × 1014

H2O2 (5.5 ± 0.2) × 1014

N2O (3.7 ± 0.1) × 1014

NO2
d (3.5 ± 0.2) × 1014

HNO (6.0 ± 4.1) × 1013

N2O3 (5.7 ± 1.3) × 1013

nitrogen balancea 39 ± 8%
oxygen balanceb 29 ± 4%
aFraction of nitrogen atoms originating from ammonia destruction
that is needed for the formation of the irradiation products. bFraction
of oxygen atoms originating from molecular oxygen destruction that is
needed for the formation of the irradiation products. cThe NO mono-
mer and dimer were treated together during the simulations. dDeter-
mined by using the integrated band areas of the ND3−O2 ice sample.
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ND3−O2 ices. As can be seen in the right panel of Figure 5,
signals are recorded at mass-to-charge ratio m/z = 36 (ND2OD),
m/z = 32 (DNO), and m/z = 30 (NO) after exposing the
ND3−O2 ices to 10.49 eV photons.

→NH OH NH O2 3 (15)

4. DISCUSSION
Having already assigned the (D3-)hydroxylamine formed after
energetic electron irradiation of (D3-)ammonia−oxygen ices
(Tables 3a and 4a, Figures 1−5), we are now proposing the
possible formation pathway exploiting the IR and ReTOF data.
For the infrared data, we fit the temporal profiles of the reac-
tants and of the newly formed molecules with a system of
coupled differential equations (R1−R12). These are visualized
by the kinetic scheme in Figure 6 and listed in Table 8; the
fitting curves resulting from the numerical solution of the set of
equations are plotted on the experimental column densities in
Figure 7, whereas Table 8 also summarizes the kinetic rate
constants obtained as a result of the kinetic fitting. First, upon
exposure to energetic electron, the ammonia (NH3) molecule is
known to undergo decomposition to form atomic hydrogen (H)
and amidogen (NH2) via reaction (16a) as well as a spin-
forbidden molecular decomposition to molecular hydrogen
(H2) and the triplet amino hydride (NH) via reaction 16b.85,87

The amidogen radical can undergo barrierless recombina-
tion with a second amidogen radical forming hydrazine (N2H4)
followed by stepwise radiolysis via diimide (N2H2) to form
eventually molecular nitrogen (N2) (Reactions 17−19).85
In the present system, this scheme is expressed with the overall
equation R3 and rate constant k3 (Rice-Herzfeld chain,
ΔrH0K = +77.9 kJ ± 0.5 mol−1). Likewise, molecular oxygen
was shown to decompose to two oxygen atoms63 (R1, ΔrH0K =
+683.2 kJ mol−1) thus supplying a highly oxidizing environ-
ment and a reactant to form ozone (O3, R12, ΔrH0K = +391.3
± 2.0 kJ mol−1). The energy needed for these endoergic
reactions to take place and therefore for the formation of the
energetic oxygen atoms are covered by the 5 keV electrons used
for irradiating the sample.

→ +NH NH H3 2 (16a)

→ +NH NH H /2H3 2 (16b)

+ →NH NH N H2 2 2 4 (17)

Figure 4. Three-dimensional visualization of the PI-ReTOF-MS data of the irradiated (a) ammonia, (b) ammonia−oxygen, (c) D3-ammonia, and
(d) D3-ammonia−oxygen ices at a photon energy of 10.49 eV collected during the TPD of the reactants and products subliming into the gas
phase.

Table 6. Ionization Energies of the Species under Discussion

m/z speciesa ionization energy (eV) references

17 NH3 10.07 86

OH 13.017 98

18 H2O 12.6188 92

ND2 11.14b 99

OD 13.029 98

20 ND3 10.08 86

D2O 12.6398 92

28 N2 15.581 100

30 NO 9.2643 88

31 HNO 10.18 89

32 DNO 10.29 90

O2 12.0697 101

33 NH2OH 10.00 8

HO2 11.35 95

34 DO2 11.35b 95

H2O2 10.92 93

35 NH3-H2O

36 ND2OD 10.00b 8

D2O2 10.92b 93

44 N2O 12.880 91

46 NO2
c 9.586 102

48 O3 12.519 94

60 N2O2

62 NO3 12.57 103

76 N2O3

92 N2O4 10.8 104

108 N2O5 11.90 103
aItalic font indicates species detected by PI-ReTOF-MS, as their
ionization energy (IE) is less than the photon source applied in our
experiments (10.49 eV). bIE is not known, but it can be assumed to be
similar to the IE of the isotopologues containing H atoms. cBelow
detection limit.
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→ +N H N H H /2H2 4 2 2 2 (18)

→ +N H N H /2H2 2 2 2 (19)

Ammonia was found to be oxidized via two pathways leading
eventually to nitrosyl hydride (HNO): the oxidation via reac-
tion with two oxygen atoms and water (H2O) elimination
(R4, ΔrH0K = −583.6 kJ ± 0.4 mol−1) and in one step to hydroxy-
lamine (NH2OH, R2, ΔrH0K = −430.1 kJ mol−1), which
itself can be oxidized to nitrosyl hydride (HNO, R5,
ΔrH0K = −335.9 kJ ± 10.0 mol−1). Note that the oxidation
of ammonia to hydroxylamine is, by a factor of ∼5, faster than
the oxidation to nitrosyl hydride (HNO). As evident from
Figure 7, nitrosyl hydride (HNO) builds very rapidly within the

first few minutes of the experiments reaching then a steady concen-
tration. This can only be accounted for by a destruction pathway of
nitrosyl hydride (HNO, R6, ΔrH0K = +196.6 kJ ± 0.3 mol−1) to
nitrogen monoxide (NO). The latter can either form dinitrogen
dioxide (N2O2, R7) or is oxidized to nitrogen dioxide (NO2, R8,
ΔrH0K = −300.6 kJ ± 0.1 mol−1). Both processes are barrierless,
since they involve a recombination of radicals/atoms. A second
production pathway of dinitrogen dioxide (N2O2) proceeds
through oxidation of nitrogen to dinitrogen monoxide (N2O,
R10, ΔrH0K = −161.8 kJ ± 0.5 mol−1),67 which itself can be
oxidized to form dinitrogen dioxide (N2O2, R11). To avoid
overproduction, an additional oxidation route to dinitrogen
trioxide (N2O3, R9) was incorporated.

Figure 5. Selected TPD profiles extracted from the PI-ReTOF-MS spectra shown in Figure 4. TPD profiles of (a) m/z = 30 (NO+), (b) m/z = 31
(HNO+), (c) m/z = 33 (NH2OH

+), and (d) m/z = 35 (NH3−H2O
+) subliming from the irradiated ammonia−oxygen (NH3−O2) ices (left) and

TPD profiles of (e) m/z = 30 (NO+), (f) m/z = 32 (DNO+), (g) m/z = 35 (ND2OH
+) and (h) m/z = 36 (ND2OD

+) subliming from the irradiated
D3-ammonia−oxygen (ND3−O2) ices (right) recorded at photoionization energies of 10.49 eV.

Table 7. Compilation of the Desorption Temperatures of (D3-)Hydroxylamine NO stretch (antisymmetric)

temperature (K)

sample conditions detection techniques range peaking at approximately ref

NH3 + O2 electron irradiation at 5.5 K QMS, IR, PI-ReTOF-MS 160−220 191 ± 2 this work

ND3 + O2 electron irradiation at 5.5 K QMS, IR, PI-ReTOF-MS 160−220 196 ± 1 this work

NH3 + O oxidation of NH3 at 70 K QMS 160−200 180 22

NH3 + H2O electron irradiation at 10 K QMS, IR 160−200 190 13

NO + H hydrogenation at 10 K QMS, IR 160−200 190 16,19

NO + D deuteration at 10 K QMS, IR 160−200 190 19
NO2 + H hydrogenation at 10 K QMS, IR 225−265 245 20

(NH2OH)3H3PO4 thermal decomposition then condensation at 3 K QMS, IR 130−220 180 29
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Considering the formation of hydroxylamine (NH2OH),
recall that three possible formation routes were proposed in the
interstellar medium. These are the synthesis of hydroxylamine
(NH2OH) via an exoergic reaction (ΔH0

r,298 = −270.2 kJ
mol−1)105 involving radical recombination between amidogen
(NH2) and hydroxyl radical (OH) (Reaction 9)13,23,25 and/or
through a barrierless successive hydrogenation of nitrogen
monoxide (NO) (Reaction 10)15,16 at low temperatures.
However, our kinetics scheme reveals that these two reaction
pathways are insignificant to the synthesis of hydroxylamine
(NH2OH) in our experiments. The third and the most likely
reaction route for the formation of hydroxylamine (NH2OH) in
our experiment is via the insertion of a suprathermal singlet or a
triplet atomic oxygen (O) into the N−H bond of ammonia
(NH3), with the latter being followed by intersystem crossing
(ISC) to the singlet surface. Recall that both are among the most

abundant species in our system of interest. These reaction
pathways are further verified by kinetically fitting the temporal
evolution of the column densities of all species formed during
irradiation (Figures 6 and 7, Table 8).

5. CONCLUSIONS

Since its first detection in 1968 in the center of our galaxy,106

ammonia has been known to be one of the most common
species adsorbed onto the colder interstellar dust icy-grain
surface, with an abundance of ≈5% relative to water ice.34,35

Oxygen is also the third most abundant element in the
universe107,108 and has been detected in recent comets with
local abundances ranging from 1 to 10% with respect to
water.109,110 Thus, significant experimental and theoretical work
to understand the energetic radiation effect on the oxygen and
ammonia ices is crucial to accurately model the chemistry of the
ISM. On the one hand, in cold dense molecular clouds where
the temperatures are lower than the desorption temperature of
oxygen, that is, below 20−25 K in our experimental conditions,
ammonia and oxygen ices could be exposed to different forms
of energetic irradiation and thus be responsible for the forma-
tion of various nitrogen- and oxygen-bearing building blocks of
prebiotic species such as hydroxylamine (NH2OH) through
insertion or radical−radical combination mechanisms. On the
other hand, at temperatures near or higher than 25 K, oxygen
could start to diffuse and would be able to collide with ammo-
nia ices to form the same species. In the present study, we have
shown the formation of hydroxylamine from energetic electron-
irradiated ammonia−oxygen interstellar model ices under UHV
conditions and cryogenic temperatures at 5.5 K, using infrared
spectroscopic analysis complemented by TPD studies utilizing
highly sensitive PI-ReTOF-MS at photoionization energies of
10.49 eV. According to our kinetic studies, the major reaction
pathway for the formation of hydroxylamine is found to occur
via insertion of a suprathermal singlet oxygen into ammonia or
by insertion of triplet oxygen followed by ISC.
To date, and to the best of our knowledge, hydroxylamine

has not been detected in the ISM either in solid state in dark
molecular clouds or in gas phase in the star-forming regions.
Our experimental results show that hydroxylamine may be
present both in condensed phase on ice-coated interstellar
grains as well as in gas phase in the so-called “hot-core” proto-
star regions. Our study also suggests that hydroxylamine can be
easily oxidized to HNO, with the latter detected in the ISM as
early as 1977.111 Accordingly, it might be difficult to detect
hydroxylamine, if it is formed in strongly oxidizing environ-
ments. However, we expect hydroxylamine to be detected in
the near future by ALMA at a temperature at which hydroxy-
lamine might be sublimed into the gas phase prior to excessive
oxidation (∼160 K according to our experiments). Finally, a
route for linking our findings to the synthesis of amino acids
under interstellar environments starting from gas-phase hydrox-
ylamine has been proposed by Bohme and his group.1,2 They
have shown the formation of glycine from gas-phase reaction of
hydroxylamine and acetic acid; the lattera well-known inter-
stellar molecule4−6has been successfully prepared in our
laboratory from energetic electron-irradiation of methane
(CH4) and carbon dioxide (CO2) ices under the same experi-
mental conditions to the present study.112 Moreover, Förstel
et al. pointed out that radiolysis of ammonia -methane ices
mixtures can lead to the formation of potential precursors of
amino acids.58 Thus, it would be of a great desire to synthesize

Figure 6. Reaction scheme exploited for the kinetics fits of the
temporal profiles of the newly formed molecules during photolysis of
ammonia−oxygen ices as compiled in Table 8.

Table 8. Decay Rate Constants of the Ammonia−Oxygen
(NH3−O2) Ice as well as the Formation Rates of the
Irradiation Products Based on their Experimental IR Decay/
Growth Curves

reaction

number equation
rate

constant
(pseudo) first-order

value

R1 O2 → (1D)O + (3P)O k1 (3.4 ± 0.5) × 10−4

R2 NH3 + (1D)O → NH2OH k2
a (2.5 ± 0.7) × 10−4

R3 NH3 + NH3 → N2 + 6H/3H2 k3
a (8.6 ± 1.4) × 10−5

R4 NH3 + 2O → HNO + H2O k4
a (4.6 ± 1.7) × 10−5

R5 NH2OH + O→ HNO + H2O k5
a (6.0 ± 1.7) × 10−6

R6 HNO → NO + H k6 (2.0 ± 0.2) × 10−1

R7 NO + NO → N2O2 k7
a (1.5 ± 0.2) × 10−4

R8 NO + O → NO2 k8
a (7.8 ± 0.6) × 10−6

R9 N2O2 + O → N2O3 k9
a (4.9 ± 1.5) × 10−6

R10 N2 + O → N2O k10
a (2.1 ± 0.1) × 10−6

R11 N2O + O → N2O2 k11
a (2.7 ± 0.2) × 10−4

R12 O2 + O2 → O3 + O k12
a (1.0 ± 0.3) × 10−6

aHigher-order reaction rate, its corresponding pseudo-first-order rate
can be obtained by multiplying it by the average number of the
reactant(s) during the irradiation. These are the following species
depending on the reaction equation: NH3 ([NH3]av = ((2.1 ± 1.3) ×
1017), O2 ([O2]av = ((1.5 ± 0.5) × 1017), NO ([[NO]av] = (1.4 ± 0.6) ×
1016), and O ([O]av = ((6.6 ± 1.7) × 1013).
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glycine from ice mixtures analogous to the ones that can be
found in the ISM in the future.
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F.; Ortolan, A. O.; da Silva, E. H.; Roberto-Neto, O.; Rocco, J. A. F. F.;
Machado, F. B. C. Hydrazine Decomposition on a Small Platinum
Cluster: the role of N2H5 Intermediate. Theor. Chem. Acc. 2016, 135,
58.
(97) Wang, Q.; Wei, C.; Perez, L. M.; Rogers, W. J.; Hall, M. B.;
Mannan, M. S. Thermal Decomposition Pathways of Hydroxylamine:
Theoretical Investigation on the Initial Steps. J. Phys. Chem. A 2010,
114, 9262−9269.
(98) Wiedmann, R. T.; Tonkyn, R. G.; White, M. G.; Wang, K.;
McKoy, V. Rotationally Resolved Threshold Photoelectron Spectra of
OH and OD. J. Chem. Phys. 1992, 97, 768−772.
(99) Gibson, S. T.; Greene, J. P.; Berkowitz, J. Photoionization of the
Amidogen Radical. J. Chem. Phys. 1985, 83, 4319−4328.
(100) Trickl, T.; Cromwell, E. F.; Lee, Y. T.; Kung, A. H. State-
Selective Ionization of Nitrogen in the X 2Σ+gv+=0 and v+=1 States by
Two-color (1+ 1) Photon Excitation Near Threshold. J. Chem. Phys.
1989, 91, 6006−6012.
(101) Tonkyn, R. G.; Winniczek, J. W.; White, M. G. Rotationally
Resolved Photoionization of O2

+ Near Threshold. Chem. Phys. Lett.
1989, 164, 137−142.
(102) Clemmer, D. E.; Armentrout, P. B. Direct Determination of
the Adiabatic Ionization Energy of NO2 as Measured by Guided Ion-
Beam Mass Spectrometry. J. Chem. Phys. 1992, 97, 2451−2458.
(103) Joshipura, K. N.; Gangopadhyay, S.; Vaishnav, B. G. Electron
Scattering and Ionization of NO, N2O, NO2, NO3 and N2O5
Molecules: Theoretical Cross Sections. J. Phys. B: At., Mol. Opt.
Phys. 2007, 40, 199−210.
(104) Frost, D. C.; McDowell, C. A.; Westwood, N. P. C. The
Photoelectron Spectrum of Dinitrogen Tetroxide. J. Electron Spectrosc.
Relat. Phenom. 1977, 10, 293−303.
(105) Fagerström, K.; Jodkowski, J. T.; Lund, A.; Ratajczak, E.
Kinetics of the Self-reaction and the Reaction with OH of the
Amidogen Radical. Chem. Phys. Lett. 1995, 236, 103−110.
(106) Cheung, A. C.; Rank, D. M.; Townes, C. H.; Thornton, D. D.;
Welch, W. J. Detection of NH3 Molecules in the Interstellar Medium
by Their Microwave Emission. Phys. Rev. Lett. 1968, 21, 1701−1705.
(107) Goldsmith, P. F.; Liseau, R.; Bell, T. A.; Black, J. H.; Chen, J.-
H.; Hollenbach, D.; Kaufman, M. J.; Li, D.; Lis, D. C.; Melnick, G.;
et al. Herschel Measurements of Molecular Oxygen in Orion.
Astrophys. J. 2011, 737, 96.
(108) Pagani, L.; Olofsson, A. O. H.; Bergman, P.; Bernath, P.; Black,
J. H.; Booth, R. S.; Buat, V.; Crovisier, J.; Curry, C. L.; Encrenaz, P. J.;
et al. Low Upper Limits on the O2 Abundance from the Odin Satellite.
Astron. Astrophys. 2003, 402, L77−L81.
(109) Bieler, A.; Altwegg, K.; Balsiger, H.; Bar-Nun, A.; Berthelier, J-
J.; Bochsler, P.; Briois, C.; Calmonte, U.; Combi, M.; De Keyser, J.;
et al. Abundant Molecular Oxygen in the Coma of Comet 67P/
Churyumov-Gerasimenko. Nature 2015, 526, 678−681.
(110) Rubin, M.; Altwegg, K.; van Dishoeck, E. F.; Schwehm, G.
Molecular Oxygen in Oort Cloud Comet 1P/Halley. Astrophys. J.
2015, 815, L11.
(111) Ulich, B. L.; Hollis, J. M.; Snyder, L. E. Radio Detection of
Nitroxyl (HNO): The First Interstellar NO Bond. Astrophys. J. 1977,
217, L105−L108.
(112) Bennett, C. J.; Kaiser, R. I. The Formation of Acetic Acid
(CH3COOH) in Interstellar Ice Analogs. Astrophys. J. 2007, 660, 1289.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.7b07500
J. Phys. Chem. A 2017, 121, 7477−7493

7493

http://dx.doi.org/10.1021/acs.jpca.7b07500

