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An isomer specific study of energetic electron exposed nitromethane ices was performed via
photoionization – reflectron time of flight mass spectrometry (PI-ReTOF-MS) of the subliming products
employing tunable vacuum ultraviolet light for ionization. Supported by electronic structure calculations,
nitromethane (CH3NO2) was found to isomerize to methyl nitrite (CH3ONO) and also via hydrogen
migration to the hitherto elusive aci-nitromethane isomer (H2CNO(OH)). The latter isomerizes to
nitrosomethanol (HOCH2NO) through hydroxyl group (OH) migration, and, probably, ring closure to the
cyclic 2-hydroxy-oxaziridine isomer (c-H2CON(OH)) as well. The importance of hydrogen migrations was
also verified via the nitrosomethane (CH3NO) – formaldehyde oxime isomer (CH2NOH) pair.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Due to the importance of nitromethane (CH3NO2) as a model
explosive of nitrohydrocarbon-based (RNO2) energetic materials
[1] and monopropellants [2], there is a crucial prerequisite from
the material science community to study the decomposition
mechanisms of nitromethane along with the successive reactions
of the carbon-, nitrogen-, and oxygen-centered radicals produced
in this process [3]. In contrast to the condensed phase, the
unimolecular decomposition of nitromethane in the gas phase
has been extensively studied over the past decades via ultraviolet
(UV) photolysis and infrared multi-photon dissociation (IRMPD)
[4]. In the ultraviolet photolysis, the dominant channel is a
barrierless dissociation to the methyl radical (�CH3) and nitrogen
dioxide (�NO2), whereas in the case of IRMPD this pathway com-
petes with a roaming-mediated nitromethane – methylnitrite
(CH3ONO) isomerization followed by decomposition to the
methoxy radical (CH3O�) plus nitrogen monoxide (�NO) and
formaldehyde (H2CO) plus nitrosylhydride (HNO) (Fig. 1) [5,6].
Until lately, only limited experiments have been carried out in
the condensed phase. Matrix isolation studies employing
ultraviolet photolysis combined with Fourier transform infrared
(FTIR) detection [7,8] suggested that the nitromethane (CH3NO2)
– methyl nitrite (CH3ONO) isomerization represents the key step
in the decomposition mechanism. A computational analysis
proposed that an external electric field lowers the isomerization
barrier, potentially providing a detonation stability control [9].
However, more exotic isomers have not received much attention.
These are: aci-nitromethane (H2CNO(OH)) (3), 2-hydroxy-
oxaziridine (c-H2CON(OH)) (4), nitrosomethanol (HOCH2NO) (5),
and formohydroxamic acid (HCONH (OH), HOCHNOH) (6/7)
(Table 1). What little is known on these isomers is summarized
in the next paragraphs.

Nitrosomethanol (HOCH2NO) (5) was first discovered by
Mueller and Huber [13]. By exciting the S1(np⁄) transition at
365 nm of matrix isolated methyl nitrite (CH3ONO) (2), a
hydrogen-bonded formaldehyde (H2CO) – nitrosylhydride (HNO)
complex was formed. Photolysis of this complex produced either
the trans (k = 345 nm) or the cis (k > 645 nm) isomer of
nitrosomethanol (HOCH2NO) (5). Yu and Liu [14] explored the
photochemical study by Mueller and Huber via ab initio methods
and found that the photolysis of the above mentioned complex
should produce trans-nitrosomethanol (HOCH2NO) (5) exclusively,
which can be further transformed into the cis form at k > 645 nm.
Kalkanis and Shields [15] predicted that nitrosomethanol
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Fig. 1. Potential energy surface (PES) for nitromethane isomerization and decomposition pathways in the gas phase with energetics indicated relative to nitromethane
(kJ mol�1). The isomers are: (1) nitromethane, (2A) and (2B) trans- and cis-methyl nitrate, (3) aci-nitromethane, (4) 2-hydroxy-oxaziridine, (5) nitrosomethanol, (6 and 7) 1-Z
and 2-Z formohydroxamic acid.
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(HOCH2NO) (5) was the dominant reaction product of the
hydroxymethyl (CH2OH) – nitrogen monoxide (NO) radical–radical
recombination. The calculations were later improved to the
MP4SDTQ/6-311+G(d,p) level with MP2(full)/6-31G(d,p) geometry
optimization by Shin et al. [16].

The aci-nitromethane isomer (H2CNO(OH)) (3) was proposed
tentatively in the gas phase via neutralization–reionization mass
spectrometry by Egsgaard et al. [17]. In the condensed phase, it
was inferred as the initial reaction product in the protonation of
the nitromethyl anion (H2CNO2

�) [18]. More recently, the calcula-
tions of Dhanya et al. [19] explained the appearance of the hydroxyl
radical fragment (OH) in photolysis by an aci-nitromethane (H2CNO
(OH)) (3) intermediate. Sung et al. [20] applied a quantum
mechanics/molecular mechanics approach to study nitrogen oxides
reduction with acetic acid or acetaldehyde in the novel Barium Y
zeolite, and identified aci-nitromethane (H2CNO(OH)) (3) as one of
the key intermediates. Further, Wang et al. [21] applied the ONIOM
computational method to investigate nitromethane (CH3NO2) (1)
confined inside armchair (5, 5) single-walled carbon nanotubes
(CNT) to understand the confinement effect of CNT on the initial
reactions of nitro-energetic compounds. They determined that the
barrier for nitromethane (CH3NO2) (1) to aci-nitromethane
(H2CNO(OH)) (3) isomerization was decreased by the confinement
effect from 260 to 239 kJ mol�1, and that the barrier for
nitromethane (CH3NO2) (1) to methyl nitrite (CH3ONO) (2)
rearrangement decreased from 272 to 193 kJ mol�1.
A cyclic 2-hydroxy-oxaziridine isomer (c-H2CON(OH)) (4) has
never been observed experimentally, but was predicted to exist
based on theoretical studies. The first comprehensive ab initio study
of the CH3NO2 PESwas performed byMcKee in 1986 employing – by
today’s standards – a very modest MP2/6-31G⁄ level of theory [22].
This work identified five structural isomers and defined their
energetics and isomerization barriers. Hu et al. [23] extended the
calculations to ten CH3NO2 isomers, 46 transition states, and 16
dissociation pathways. These results, obtained at the G2MP2//
B3LYP/6-311++G(2d,2p) level of theory, qualitatively agree with
those by McKee. The 2-hydroxy-oxaziridine isomer (c-H2CON
(OH)) (4) can be formed from aci-nitromethane (H2CNO(OH)) (3)
via a 229 kJ mol�1 barrier. It is 121 kJ mol�1 less stable than nitro-
methane (CH3NO2) (1), but it resides in a deep potential energymin-
imumwith barriers to isomerization into aci-nitromethane (H2CNO
(OH)) (3), nitrosomethanol (HOCH2NO) (5), and formohydroxamic
acid (HC(O)N(H)OH) (6) in excess of 190 kJ mol�1. Most recently,
Zhang et al. [24] studied the CH3/NOx potential energy surfaces
and addressed most of the known isomers, including 2-hydroxy-
oxaziridine (4) (Table 2).

Finally, the formohydroxamic acid isomer (HCONHOH) (6/7)
represents a well-studied compound of biological importance
[25]. This molecule has also been considered for uranium
extraction process [26]. Formohydroxamic acid can exist in keto
and iminol forms. The isomer has been addressed computationally
by Hu et al. [23] and Zhang et al. [24].



Table 1
Isomers of nitrosomethane (CH3NO), nitromethane (CH3NO2), and of the nitromethane dimer ((CH3NO2)2) along with calculated and experimental ionization energies. Energies
relative to the most stable isomer are listed in parentheses (kJ mol�1).

# Name Structure (B3LYP) Ionization energy, eV

IE, eV (B3LYP//CCSD(T))/CBS IE, eV (MP2//CCSD(T)) IE, eV (CCSD//CCSD(T)) Exp.

1 Nitrosomethane 9.25 9.18 9.07 9.3[10]
(50.5) (48.0) (47.7)

2A Trans-Formaldehyde oxime 10.03 9.96 9.87 10.1[10]
(0.0) (0.0) (0.0)

2B Cis-Formaldehyde oxime 9.83 9.77 9.67
(19.4) (18.7) (18.8)

1 Nitromethane 11.10 10.96 10.88 11.08
[11](0.0) (0.0) (0.0)

2A Trans-methyl nitrite 10.31 10.28 10.11 10.4[12]
(11.5) (2.6) (3.9)

2B Cis-methyl nitrite 10.50 10.43 10.31
(7.6) (�1.5) (�0.01)

3 Aci-nitromethane 9.57 9.38 9.32
(60.1) (60.6) (62.0)

4 2-Hydroxy-oxaziridine 9.99 9.65 9.62
(104.7) (115.6) (117.3)
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Table 1 (continued)

# Name Structure (B3LYP) Ionization energy, eV

IE, eV (B3LYP//CCSD(T))/CBS IE, eV (MP2//CCSD(T)) IE, eV (CCSD//CCSD(T)) Exp.

5A Trans-nitrosomethanol 8.77 8.75 8.50
(�10.6) (�13.1) (�11.9)

5B Cis-nitrosomethanol 8.90 8.75 8.63
(�24.9) (�27.9) (�26.7)

6A 1-Z formohydroxamic acid 9.50 9.40 9.26
(�118.6) (�116.0) (�115.1)

6B 1-E formohydroxamic acid 9.65 9.59 9.43
(�111.5) (�111.6) (�110.6)

7A 2-Z formohydroxamic acid 9.66 9.47 9.44
(�113.9) (�114.3) (�112.9)

7B 2-E formohydroxamic acid 9.42 9.23 9.21
(�97.8) (�99.2) (�97.9)

1A Trans-nitrosomethane
dimer

8.38 8.20 8.12a 8.3[10]
(0.0) (0.0) (0.0)

(continued on next page)
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Table 1 (continued)

# Name Structure (B3LYP) Ionization energy, eV

IE, eV (B3LYP//CCSD(T))/CBS IE, eV (MP2//CCSD(T)) IE, eV (CCSD//CCSD(T)) Exp.

1B Cis-nitrosomethane dimer 8.22 8.30 7.93a

(42.6) (47.2) (46.9)

a Geometry optimization by CCSD/cc-pVDZ.

Table 2
Compilation of relative energies of CH3NO2 isomers calculated in this work in
comparison with previous literature results.

# Name This
work

A B C D E F

kJ mol�1

1 Nitromethane 0 0 0 0 0 0 0
2A Trans-methyl nitrite 12 11 12 12 7 8 24
2B Cis-methyl nitrite 8 8 7 12 5 5 15
3 Aci-nitromethane 60 60 51 62 91
4 2-Hydroxy-oxaziridine 105 105 95 121 131
5A Trans-nitrosomethanol �11 �10 25
5B Cis-nitrosomethanol �25 �25 �32 7
6A Formohydroxamic

acid (1-Z)
�119 �130 �112

6B Formohydroxamic
acid (1-E)

�112 �124 �106

7A Formohydroxamic
acid (2-Z)

�114 �128 �82

7B Formohydroxamic
acid (2-E)

�98 �112 �92

This work: CCSD(T)/CBS; A: re-calculation of MC Lin 2009; B: MC Lin, 2009 UCCSD
(T)/CBS [27]; C: JM Bowman, 2013, UCCSD(T)/CBS [28]; D: Zhang 2005, MC-QCISD/
B3LYP [24]; E: Hu 2002, G2MP2/B3LYP [23]; F: McKee 1986, MP2/6-31G⁄ [22].
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This aforementioned compilation suggests that a study of the
isomerization processes from nitromethane (CH3NO2) to its more
exotic isomers in the condensed phase is still in its infancy.
Considering spectral congestion, broadening, and matrix-specific
shifts, the infrared spectra in matrix isolation experiments are
difficult to interpret unambiguously. A recent alternative approach,
involving electron paramagnetic resonance (EPR) spectroscopy,
confirmed the presence of carbon centered (CH3 and CH2NO2),
oxygen centered (CH3O) and nitrogen centered (NO and NO2) rad-
ical intermediates in the 121 nm irradiated nitromethane ice [29].
In the present study, our approach relies on reflectron time-of-
flight mass spectrometry employing single photon vacuum
ultraviolet (VUV) ionization. An exposure of nitromethane
(D3-nitromethane) ices to ionizing radiation in form of energetic
electrons and photons (Lyman a; 10.2 eV) and subliming the newly
formed molecules via temperature programmed desorption
revealed that the decomposition pathways of nitromethane in
the condensed phase is considerably more complex than in the
gas phase under collisionless conditions [4,30,31]. Since the VUV
light can be tuned, the subliming isomers can be differentiated
according to their ionization energies (Table 1) [32,33]. In addition
to ionization energy selectivity, the structural isomers are discon-
nected based on their distinct sublimation temperatures according
to their polarity in the temperature programmed desorption
process.
2. Experimental

The details of the experimental apparatus have been reported
elsewhere [31]. Briefly, thin films of solid nitromethane (CH3NO2)
were prepared in a contamination-free chamber at base pressures
of a few 10�11 Torr. The films were deposited onto a
15.0 � 12.7 mm2 silver mirror interfaced via indium foil to a cold
finger cooled to 5.6 ± 0.1 K by a two-stage Gifford–McMahon
cryocooler. Degassed nitromethane (CH3NO2, Aldrich, 99+ %) vapor
was introduced into the main chamber at a background pressure of
4 � 10�8 Torr for 4 min through a glass capillary array placed at
30 mm distance from the silver wafer. The ice thickness was
determined in situ via laser interferometry with a helium–neon
632.8 nm laser. Two periods of laser intensity temporal oscillations
during ice deposition correspond to 455 ± 10 nm, based on an
index of refraction of the ice of 1.39 ± 0.02 [4]. The chemical
reactions were initiated within the ice by scanning a 5 keV electron
beam at 15 nA current over a rectangular area within the sample of
1.0 ± 0.1 cm2 for 60 min. Possible sputtering effects of the
irradiation process were below the detection limit of our QMS
spectrometer. In an earlier study it was shown that the irradiation
induced heating was below a few 0.1 K at comparable conditions
[34]. The electrons were implanted at 70� relative to the surface
normal of the silver wafer. The averaged penetration depth of the
energetic electrons was calculated via Monte Carlo simulations
(CASINO) [35] to be 370 ± 10 nm, which is less than the thickness
of the deposited ices of 455 ± 10 nm. This relationship insures that
the energetic electrons do not interact with the silver substrate.
The dose deposited into the ice sample was determined on average
to be 4.1 ± 0.4 eV per molecule. The temperature programed
desorption (TPD) studies were conducted by heating the irradiated
ices at a rate of 0.5 K min�1 to 300 K. The subliming molecules
were mass-analyzed with a reflectron time-of-flight mass
spectrometer coupled with pulsed vacuum ultraviolet (VUV) pho-
toionization in separate experiments at five distinct wavelengths:
118.2 nm (10.49 eV) [4,30,31], 121.4 nm (10.21 eV), 126.5 nm
(9.80 eV), 135.6 nm (9.14 eV), and 156.3 nm (7.93 eV). The
rationale of selecting these particular wavelengths for isomer
specific photoionization will be discussed in Section 4. The
10.49 eV photons were produced via non-resonant tripling of the
third harmonic (355 nm, 350 mJ per pulse, 30 Hz) of a Nd:YAG
laser fundamental in xenon pulsed jet. The remaining four VUV
photon energies utilized in the present study were generated via
two-photon resonance enhanced difference frequency mixing in
either xenon or krypton pulsed jets [36,37]. An ultraviolet photon
x1 and a visible photon x2 were generated by the two Nd:YAG
pumped dye lasers systems with an additional frequency
conversion stage for x1 generation. Table S1 in Supplementary
Material summarizes the laser system parameters utilized for the
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VUV generation; Fig. S1 in the Supplementary Material presents the
pulse sequence to ensure the temporal overlap of the two laser
pulses with a rare gas pulse along with the proper ReTOF data
acquisition timing.
3. Computational approach

The isomerization pathways of nitromethane (CH3NO2) are
investigated by ab initio electronic structure calculations. The opti-
mized geometries and harmonic frequencies of the isomers (and
their cations) and transition states are predicted by the hybrid den-
sity functional B3LYP [38–41] level of theorywith the cc-pVTZ basis
set. The coupled cluster [42–45] CCSD(T)/cc-pVDZ, CCSD(T)/cc-
pVTZ, and CCSD(T)/cc-pVQZ energies of these species are further
computed and extrapolated to completed basis set limits [46],
CCSD(T)/CBS, with B3LYP/cc-pVTZ zero-point energy corrections.
The relative energies are expected to have an accuracy within
8 kJ mol�1 [47]. The adiabatic ionization energies were then
calculated by taking the energy difference between the ionic and
the lowest lying neutral state. The GAUSSIAN09 program [48] was
utilized in the electronic structure calculations. Previous computa-
tions at this level compared with experimentally derived ionization
energies suggests that the ionizationenergiesderived fromtheCCSD
(T)/cc-pVTZ with B3LYP/cc-pVTZ zero-point energy correction
method are lower by not more than 0.1 eV compared to the experi-
mentally derived values [32,49,48,30,46,27,43,26,42]. This is also
confirmed by a comparison of literature values of the ionization
energies with our computationally predicted ionization energies at
the B3LYP// CCSD(T)/CBS level of theory as compiled in Table 1.
4. Results and discussion

4.1. Computed isomerization pathways

The computed isomerization pathways are compiled in Fig. 1,
whereas the predicted ionization energies and energetics of the
isomers are presented in Tables 1 and 2, respectively. Starting with
nitromethane (CH3NO2) (1), two initial isomerization pathways
were located. The first pathway involves the traditional isomeriza-
tion to cis- or trans-methyl nitrite (CH3ONO) (2B, 2A) via classical
barriers located at 207 and 282 kJ mol�1 with respect to
nitromethane. The cis and trans isomers can interconvert through
a barrier of only about 45 kJ mol�1. The second isomerization route
from nitromethane involves a hydrogen atom migration from the
carbon to the oxygen atom to form aci-nitromethane (H2CNO
(OH)) (3) through a barrier of 265 kJ mol�1; this isomer was found
to be 60 kJ mol�1 less stable than nitromethane. Aci-nitromethane
(3) can undergo a ring closure by overcoming a 265 kJ mol�1

barrier to yield an energetically even less favorable 2-hydroxy-
oxaziridine (c-H2CON(OH)) (4) isomer. Alternatively,
aci-nitromethane (3) isomerizes via hydroxyl (OH) group migra-
tion from the nitrogen to the carbon atom via a lower barrier
(240 kJ mol�1) to rearrange to cis-nitrosomethanol (HOCH2NO)
(5); this isomer is more stable by 25 kJ mol�1 with respect to
nitromethane (CH3NO2) (1). Nitrosomethanol (HOCH2NO) (5) can
isomerize further to keto formohydroxamic (HCONHOH) acid (6)
via a 140 kJ mol�1 barrier. This isomer can subsequently rearrange
via hydrogen shift to iminol formohydroxamic acid (HOCHNOH)
(7) passing a 184 kJ mol�1 barrier. Alternatively, nitrosomethanol
(HOCH2NO) (5) isomerizes to iminol formohydroxamic acid
(HOCHNOH) (7) by overcoming a transition state located
254 kJ mol�1 above nitrosomethanol (HOCH2NO) (5).
4.2. Photoionization studies

The temperature programmed desorption studies exploiting
PI-ReTOF-MS supplied a wealth of new information on the prod-
ucts escaping previous FTIR studies of this system [31] either
because of the low concentration of the products or overlapping
spectral features. On the other hand, the product detection with
tunable energy of the ionizing photons allowed a discrimination
between various isomers [31]. Fig. 2 represents an overview of
the mass spectra (m/z) and how the ion counts at distinct m/z val-
ues depend on the temperature. These data were collected during
the TPD process in separate experiments conducted with photon
energies of 10.49 eV, 10.21 eV, 9.80 eV, 9.14 eV, and 7.93 eV. It is
important to stress that at 7.93 eV, no signal was observed at all
indicating that all products have ionization energies above this
level. Our data interpretation focuses on the isomers of
nitromethane (CH3NO2; m/z = 61) formed in the irradiation expo-
sure along with possible decomposition products of these species
via atomic oxygen loss leading to nitrosomethane isomers (CH3NO;
m/z = 45) and their dimers ((CH3NO)2; m/z = 90) (Fig. 3). Smaller
fragments connected to this study atm/z = 46, 31, and 30 were also
analyzed (Fig. 4).

4.2.1. m/z = 90
The TPD profiles depicting strong sublimation events around

275 K (green) show similar pattern for photon energies between
10.49 eV and 9.14 eV. The signal is absent at 7.93 eV. These
observations are consistent with our previous assignment [31] of
m/z = 90 being the cis- and/or trans-nitrosomethane ‘dimers’
((CH3NO)2) holding ionization energies of 8.22 eV and 8.38 eV,
respectively (Table 1). It further infers that a nitrosomethane
monomer (CH3NO) should be initially synthesized, from which
the nitrosomethane dimer can be formed (Section 4.2.3).
Nitrosomethane readily forms dimers because of the low barrier
explained by a simultaneous formation of an N@N double bond
and transformation of two N@O double to NAO single bonds, the
two processes cancelling each other energetically. It has been
reported that nitrosomethane preferentially forms the cis form of
nitrosomethane dimer [50].

4.2.2. m/z = 61
The ionized species at m/z = 61 are observable from ionization

energies between 10.49 eV and 9.14 eV (Fig. 3). Considering the
computed ionization energies (Table 1), we conclude that the only
possible isomers subliming in a broad region around 250 K (red)
could be cis- and/or trans-nitrosomethanol (HOCH2NO, IE = 8.90
and 8.77 eV, respectively). The fact that the lower temperature part
of this part of the TPD profile grows faster with increasing detec-
tion photon energy then the higher temperature side suggests that
either we observe here at least two distinct species with different
photoionization efficiency curves with ionization energies below
9.14 eV, or that there is an additional contribution from a species
with an ionization energy between 9.14 and 9.80 eV. The former
case is consistent with the observation of both cis- and trans-
nitrosomethanol (5). A close look at the computed potential energy
surface (Fig. 1) reveals that nitrosomethanol (HOCH2NO) (5) can
only be formed via isomerization of aci-nitromethane (CH2NOOH)
(3) (IE = 9.57 eV) or formohydroxamic acid isomer (HCONHOH)
(6/7) (IE = 9.42–9.66 eV).

The sublimation event at 185 K (green) disappears at a
photoionization energy of 9.14 eV. There are several isomers with
ionization energy between 9.14 eV and 9.80 eV: aci-nitromethane
(CH2NOOH, (3), IE = 9.57 eV) and formohydroxamic acid
(HCONHOH, (6/7), IE = 9.42–9.66 eV). A comparison of any of those
structures with the nitromethane reactants and the underlying
potential energy surface (Fig. 1) suggests the involvement of at



Fig. 2. PI-ReTOF-MS data of the newly formed products subliming into the gas phase from the irradiated nitromethane (CH3NO2) ice as a function of temperature at four
different energies of the ionizing photon: (a) 10.49 eV, (b) 10.21 eV, (c) 9.80 eV, and (d) 9.14 eV.
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least one hydrogen migration either from nitromethane (CH3NO2)
(1) to aci-nitromethane (CH2NOOH) (3) or from nitrosomethanol
(HOCH2NO) (5) to iminol formohydroxamic acid (HOCHNOH)
(6/7). Since nitrosomethanol itself can only be formed via hydrogen
migration from aci-nitromethane (CH2NOOH) (3), these findings
suggest that aci-nitromethane (CH2NOOH) (3) must contribute to
the sublimation profile at 185 K with possible contributions from
formohydroxamic acid. Note that the absence of the 185 K peak
in previous electron irradiation studies of D3-nitromethane with
10.49 eV photoionization detection at m/z = 64 [31] suggests a
strong isotope effect in the hydrogen versus deuterium migration,
effectively reducing the isomerization via deuterium shift below
our detection limit.

Finally, a desorption feature at 160 K (yellow bar), is observable
in the 9.14 eV profile as well. However, a control experiment that
was conducted without exposure of the ice to energetic electrons
(blank experiment) revealed a similar peak at 160 K. Since the
nitromethane ionization energy (IE = 11.10 eV) is higher than
the energy of the detection photons, we could only explain the
appearance of this ion in the blank experiment by a consecutive
absorption of a second photon facilitated by high gas phase con-
centration of desorbing molecules during the peak sublimation
event of the ice samples at a pressure of �10�9 Torr. Therefore,
the real onset of the 160 K peak is at 9.80 eV, as for the 185 K
signal. Therefore we cannot exclude a contribution of
aci-nitromethane to this peak either. However, the ratio of signal
at 185 K and 160 K increases with rising photoionization energy.
We attribute the sharp increase from 10.21 to 10.49 eV mainly to
cis- or trans-methylnitrite (cis- or trans-CH3ONO; IE = 10.50 eV
and 10.31 eV, respectively). The assignment of cis-methylnitrite
via PI-ReTOF-MS also correlates with our recent infrared spectro-
scopic detection of this isomer [31]. Considering that ion counts
increase by switching from 9.80 eV to 10.21 eV, these additional
ion counts could be attributed to an isomer holding an ionization
energy between 10.21 eV and 9.80 eV: the cyclic 2-hydroxy-
oxaziridine isomer (c-H2CON(OH); IE = 9.99 eV). Alternatively,
formohydroxamic acid isomers could be the major desorbing
species at 160 K, displaying photoionization efficiency behavior



Fig. 4. Temperature programmed desorption profiles of ionized products at m/z = 46 (left), m/z = 31 (center) and m/z = 30 (right) formed in electron irradiated nitromethane
ice. The energies of the ionizing photons were, from top to bottom: (1) 10.49 eV, (2) 10.21 eV, (3) 9.80 eV, (4) 9.14 eV and (5) 7.93 eV. The bottom profiles correspond to non-
irradiated ice at 10.49 eV detection photon energy.

Fig. 3. Temperature programmed desorption (TPD) profiles of ionized products at m/z = 90 (left), m/z = 61 (center) and m/z = 45 (right) formed in electron irradiated
nitromethane ice. The energies of the ionizing photons were, from top to bottom: (1) 10.49 eV, (2) 10.21 eV, (3) 9.80 eV, (4) 9.14 eV and (5) 7.93 eV. The bottom profiles of the
TPD profiles of m/z = 61 correspond to blank experiments of the subliming non-irradiated ices and photoionizing the subliming species at 10.49 eV, 10.2 eV, 9.8 eV, and
9.15 eV.
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that is different from aci-nitromethane (CH2NOOH) (3), which is
the main contributor of the 185 K desorption event.

4.2.3. m/z = 45
Based on the detection of m/z = 90 and the assignment of the

cis- and/or trans-nitrosomethane dimer, we also searched for the
nitrosomethane monomer at m/z = 45. Here, two sublimation
events emerged with high intensity maxima at around 160 K
(yellow) and 275 K (green); two broader sublimation events are
observable at around 110 K (red) and 230 K (blue). These events
revealed an interesting pattern. First, the sublimation event at
275 K (green) overlaps with the sublimation profile recorded at
m/z = 90 of the nitrosomethane dimer ((CH3NO)2) (green).
Therefore, signal atm/z = 45 of this sublimation event can be linked
to the photofragment of the nitrosomethane dimer: nitro-
somethane (CH3NO). Second, considering the ionization energy of
nitrosomethane of 9.25 eV and the computed ionization energies
of the cis- and trans-formaldehyde oxime isomers (CH2NOH) of
9.83 eV and 10.03 eV, the main product contributing to signal at
m/z = 45 at the sublimation events peaking at 110 K and 160 K
should be nitrosomethane (CH3NO, IE = 9.25 eV). Third, the faint,
broad feature around 230 K (blue) disappears at 9.80 eV. Consider-
ing the computed ionization energies, this signal can be assigned as
trans-formaldehyde oxime (trans-CH2NOH, IE = 10.03 eV), which is
less stable by about 50 kJ mol�1 compared to nitrosomethane and
likely formed by a keto-enol-type tautomerization via hydrogen
shift from the carbon atom to the oxygen atom of the nitroso group
of nitrosomethane. We have no explicit evidence of the formation
of the cis-formaldehyde oxime (cis-CH2NOH, IE = 9.83 eV). How-
ever, since this isomer ranges in stability between the detected
nitrosomethane and trans-formaldehyde oxime (trans-CH2NOH),
its formation seems feasible. Since the relative intensities of the
sublimation events peaking at 110 K (red) and 160 K (yellow) are
changing from 10.49 eV to 9.80 eV, in particular the fine structure
of the 110 K (red) sublimation event, the cis-formaldehyde oxime
(cis-CH2NOH) might contribute to ion counts around 110 K.

4.2.4. m/z = 46
The sublimation events at 160 K (yellow), 235 K (red) and 275 K

(blue) are observed down to ionization energies of 9.80 eV and
disappear at 9.14 eV. This is consistent with the assignment as
nitrogen dioxide (NO2) which has an ionization energy of
9.59 eV. This conclusion is in agreement with a recent EPR study
of 121 nm irradiated nitromethane ice [29]. The species desorbing
around 190 K (green) has an ionization energy between 9.80 eV
and 10.21 eV. The species with general formulae H2N2O and
CH2O2 are 46 amu, but their ionization energy values are not
reported (except formic acid (HCOOH; IE = 11.3 eV)), precluding
us from making further conclusions.

4.2.5. m/z = 31
The sharp desorption feature at 160 K (yellow) and the broader

one at 190 K (red) are present down to photoionization energies of
9.80 eV. Furthermore, the ratio of the peak intensities changes,
suggesting that, apart from nitrosyl hydride (HNO, IE = 10.1 eV),
there should be at least one additional product with an ionization
energy between 9.14 eV and 9.80 eV. Methylamine (CH3NH2) with
an ionization energy of 9.6 eV would be a feasible candidate, but
this would requiremultiple hydrogenation steps of nitrosomethane
(CH3NO) accompanied by formation of water (H2O).

4.2.6. m/z = 30
The sharp desorption feature at 160 K (yellow) is visible at

photoionization energies between 10.49 eV and 9.80 eV. This is con-
sistent with the nitrogen monoxide (NO) assignment (IE = 9.26 eV).
5. Summary

The present study exploited an isomer specific detection of prod-
ucts generated in electron exposed nitromethane ices by probing
the subliming products via photo ionization – reflectron time of
flight mass spectrometry (PI-ReTOF-MS) of the subliming products
ionized via a tunable vacuum ultraviolet light. Supported by elec-
tronic structure calculations, nitromethane (CH3NO2) (1)was found
to isomerize to cis-methyl nitrite (CH3ONO) (2) as detected previ-
ously via its 1615 cm�1 fundamental [31] and also via hydrogen
migration to the hitherto elusive aci-nitromethane isomer (H2CNO
(OH)) (3). These pathways require at least 207 kJ mol�1 and
265 kJ mol�1, respectively. To the best of our knowledge, this is
the first experimental detection of aci-nitromethane formed in the
condensed phase. The aci-nitromethane isomer then undergoes
hydroxyl (OH) migration to (HOCH2NO) (5) via a barrier of about
240 kJ mol�1 as supplied by the impinging electrons. The impor-
tance of carbon–nitrogen hydrogen shifts in electron-irradiated
nitromethane ices was also verified via the detection of the nitro-
somethane (CH3NO) – formaldehyde oxime isomer (CH2NOH) pair.
These studies suggest that in the condensed phase, hydrogen shifts
are crucial reactionmechanisms, which are absent in the gas phase.
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