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ARTICLE INFO ABSTRACT

Keywords: In this Feature Article, we highlight the crucial findings from experimental and theoretical studies investigating
Nitrom_ethjaﬂe the dissociation mechanisms of condensed phase nitromethane (CH3NO;), a model compound of nitro-
Isomerization hydrocarbon (R-NO3) based energetic material. Our findings on intriguing isomerization, decomposition and
PM}?(j:osigf;zt;:zztry molecular mass growth pathways of nitromethane are placed into perspective by exploiting complementary

spectroscopy probes such as Fourier Transform Infrared Spectroscopy (FTIR), Electron Paramagnetic Resonance
(EPR), and single-photon isomer selective photoionization reflectron time-of-flight mass spectrometry (PI-
ReTOF-MS) in conjunction with quantum chemical calculations. These investigations unravel the isomerization
of nitromethane to exotic isomers such as aci-nitromethane, nitrosomethanol, and N-hydroxyoxaziridine. Evi-
dence of non-equilibrium decomposition channels involving suprathermal oxygen, hydrogen and carbene for-
mation are also revealed. Finally, involvement of these radical species in molecular mass growth processes
leading to higher molecular weight products are emphasized. Benchmark studies established from a ‘simple’

nitromethane system are highly beneficial to predict the decomposition mechanisms of ‘real’ explosives.

1. Introduction

For the last decades, the fundamental isomerization, (unimolecular)
decomposition, and molecular mass growth processes of nitromethane
(CH3NOgy; 1) have received extensive interest from the physical chem-
istry [1,2], theoretical chemistry [3-5], and material science community
[6,7] since nitromethane represents a model compound of
nitrohydrocarbon-based (R-NO3) energetic material covering explosives
[8-11], propellants [12,13], and high-performance fuel additives for
detonation systems and internal combustion engines (Fig. 1) [14]. A
detailed knowledge of the (unimolecular) decomposition pathways of
nitromethane and of the consecutive reactions of the radicals formed in
these processes are critical to predict the performance [15,16], aging
behaviour [17,18], and sensitivity to heat and shock of energetic ma-
terials [1,6,7,19-21]. This comprehension is also valuable to simulate
the time-dependence during the ignition stage of explosives, to dispose
(aged) energetic materials securely under controlled conditions, and to
design novel, shock- insensitive energetic materials [22,23]. However,

the unraveling of the decomposition pathways, isomerization processes,
and molecular mass growth processes of nitromethane still signifies
ample challenges for experimentalists, theoreticians, and modelers
contemplating the non-equilibrium conditions under which these re-
actions often transpire [24-30]. This requires first an understanding of
the underlying mechanisms at the most fundamental, microscopic level
exploiting single nitromethane molecules in the gas phase, but also in
the condensed phase so that the initially formed molecular and radical
fragments such as carbon-, oxygen-, and nitrogen-centered radicals may
react with the neighboring molecules.

The unimolecular decomposition of nitromethane has been
comprehensively explored in the gas phase exploiting ultraviolet
photodissociation (UVPD) and infrared multi photon dissociation
(IRMPD) [31-45]. Utilizing supersonic molecular beams, these studies
revealed two key channels: (1) a unimolecular decomposition of nitro-
methane (CH3NOy; 1) to the methyl radical (CHs) and to nitrogen di-
oxide (NOy) [reaction (1)] and (2) a roaming-mediated nitromethane
(CH3NOg; 1) — methylnitrite (CH3ONO; 2) isomerization along with a
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Fig. 1. Key structural isomers of nitromethane (CH3NO,; 1) along with their relative energies (in kJ mol~!) and adiabatic ionization energies (in eV): methylnitrite
(CH30NO; 2), aci-nitromethane (H,C=N(O)OH; 3), nitrosomethanol (H;C(NO)OH; 4) and N-hydroxyoxaziridine (c-CHoNOH(O); 5) adapted from reference [82].

unimolecular decomposition through a radical mechanism forming a
methoxy radical (CH30) and nitrogen monoxide (NO) [reaction (2a)]
and via a molecular elimination pathway resulting in formaldehyde
(H2CO) plus nitrosyl hydride (HNO) [reaction (2b)].[46] Note that upon
photoexcitation of the 1 — n* transition, nitrogen dioxide (NO3) was
found to be formed in its electronic ground (XzAl) and first excited state
(A%B,) [32]. Recently, a three-body dissociation pathway to the methyl
radical, nitrogen monoxide, and atomic oxygen was proposed as well.
State-selective ion imaging studies of the nitrogen monoxide fragment
by Suits et al. support roaming mediated reaction dynamics [36]; Lin
et al. proposed that the 1 — 2 isomerization (reaction (2)) via a roaming
transition state dominates at pressures below 2 Torr, whereas the radical
decomposition pathway (reaction (1)) becomes more important at
higher pressures [47]. At higher ultraviolet photon fluxes, decomposi-
tion of the rovibrationally excited methyl radicals and/or their subse-
quent photolysis lead to fragmentation forming highly reactive carbene
(CHy) and methylidyne (CH) radicals [48]. Although predicted theo-
retically [4], high energy pathways do not compete under IRMPD and
UVPD conditions. These include a hydrogen atom migration from the
methyl group of nitromethane (CH3NO; 1) to an oxygen atom via a
barrier of 314 kJ mol ! forming aci-nitromethane (H,C=N(O)OH; 3), an
oxygen atom shift in aci-nitromethane (HoC=N(O)OH; 3) to nitro-
somethanol (H2C(NO)OH; 4), and/or ring closure of aci-nitromethane
(H2C=N(O)OH; 3) to N-hydroxyoxaziridine (c-CHoNOH(O); 5).

CH3NO, — CH;3 + NO; @
CH;3NO; - CH30NO — CH30 + NO (2a)
CH;3NO, — CH30NO — H,CO + HNO (2b)

In the solid state, only a few experimental and computational studies
were carried out. Rebbert and Slagg [49] and Bielski et al. [50] per-
formed a mercury arc photolysis of liquid nitromethane and nitro-
methane ice at 77 K. These studies exposed a carbon-nitrogen single
bond cleavage in 1 as the initial step accompanied by the detection of
methyl radicals and nitrogen dioxide (reaction (1)). A broad-band
photolysis of nitromethane covering 240 to 360 nm in a low tempera-
ture argon matrix revealed the 1 — 2 isomerization as the primary

pathway [51,52]. Extended photon exposure resulted in higher order
products such as a formaldehyde (H2CO) — nitrosyl hydride (HNO)
bonded complex as expected in the molecular pathway via reaction (2b)
and also in the formation of nitrosomethanol (H,C(NO)OH; 4) [51].
Water (H,0) - isocyanic acid (HCNO) complexes were detected at pro-
longed radiation exposure. Jacox et al. proposed that the detected car-
bon monoxide (CO) at extended stages of the irradiation could be
explained by the photodecomposition of formaldehyde formed via re-
action (2b) [52]. The thermal decomposition of condensed phase
nitromethane was also explored theoretically via molecular dynamics
calculations [5,53]. At temperatures of 2,000 to 2,500 K, the 1 —» 2
isomerization dominated; an intermolecular hydrogen transfer in a
nitromethane dimer ((CH3NO5)5) lead to the N-hydroxy-nitrosomethane
radical (CH3NOOH) plus a nitromethyl radical (CHoNO2) at tempera-
tures reaching 3,000 K (reaction (3)). Further, an intermolecular
hydrogen shift in nitromethane yielded aci-nitromethane (HoC=N(O)
OH; 3), which decomposes to water (H20) and isocyanic acid (HCNO)
(reaction (4)). The dynamics simulations proposed an alternative
pathway to water formation via an initial hydroxyl radical (OH) for-
mation from N-hydroxy-nitrosomethane (CH3NOOH) followed by
recombination with atomic hydrogen. Most important, these simula-
tions predicted that besides these smaller molecules, the decomposition
result in (hitherto unidentified) complex organic molecules containing
up to 70% of the carbon and nitrogen atoms of nitromethane. Consid-
ering that the simulations involved timescales of only up to 200 ps [5],
only products carrying up to three carbon atoms were formed involving
molecular mass growth processes through hydrogen atom transfer re-
actions and short-lived radicals along with organics carrying the C-N-C-
N chain moiety.

CH3NO, + CH3NO, — CH;NOOH + CH,NO, 3)
CH;NO, — H,C=N(0)OH — HCNO + H,0 4)

However, no comprehensive reaction mechanisms have been
developed portraying the decomposition of nitromethane (CH3NOy; 1)
together with the reactions of the carbon, nitrogen, and oxygen-bearing
radical species formed in these processes. Whereas molecular beam
studies provided exceptional information on the dynamics of the
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Fig. 2. Isomerization of distinct isomers of nitromethane (CH3NO,; 1) calculated at the B3LYP/cc-pVTZ//CCSD(T)/CBS level of theory. Adapted from refer-

ences [79,80].

decomposition of 1 under single collision conditions (reactions (1) and
(2)), the decomposition of energetic materials in the solid state is ex-
pected to be more complex as evident from theoretically predicted
intermolecular hydrogen atom transfer reactions, ‘dimerization’ re-
actions, and the formation of higher-molecular weight molecules of yet
unknown structure. Further, these processes might involve more exotic
isomers beyond nitromethane (CH3NOy; 1) and methylnitrite (CH3ONO;
2): aci-nitromethane (H,C=N(O)OH; 3), nitrosomethanol (H,C(NO)OH;
4), and N-hydroxyoxaziridine (c-CH,NOH(O); 5) (Fig. 1). Hence, new
experimental investigations of the decomposition of nitromethane in the
condensed phase and the subsequent reaction pathways of the carbon,
nitrogen, and oxygen-bearing radicals are desired.

In this Feature Article, recent accomplishments on the isomerization
of nitromethane (CH3NOg; 1) to distinct isomers beyond methylnitrite
(CH30NO; 2) - aci-nitromethane (H,C=N(O)OH; 3), nitrosomethanol
(H2C(NO)OH; 4), and N-hydroxyoxaziridine (c-CHoNOH(O); 5) - are
presented (2.1.). Latest achievements on classical and non-equilibrium
decomposition pathways of nitromethane (CH3NOj; 1) involving
suprathermal hydrogen atoms (H), oxygen (O), and carbene (CHg)
pursue this section (2.2. and 2.3.). Finally, the role of these species in
molecular mass growth processes are highlighted and compared to
recent molecular dynamics simulations (2.4.). This is achieved by
exposing thin films of nitromethane (CH3NOs; 1) and mixtures with D3-
nitromethane (CD3NOy; 1) to ionizing radiation in form of energetic
electrons and Lyman a (10.20 eV) photons at 5 K under ultra high
vacuum (UHV; 10~ Torr) conditions. Considering the low temperature
of 5 K, the ice target having a thickness in the range of 380-450 nm,
represents a ‘closed system’ as reaction products - including atomic and
molecular hydrogen — remain trapped in the cryogenic sample. Previous
investigations suggested that the molecular packing of the solid nitro-
methane (CH3NOy; 1) does not change with the temperature from 4.2 K
to the melting point [54], making the current experimental work rele-
vant to higher temperature as well. During the exposure to ionizing
radiation, the chemical modifications of the target is monitored via
Fourier Transform Infrared (FTIR) spectroscopy on line and in situ; this

technique assists in the identification of newly formed small molecules
and functional groups of complex organics [55]. These studies assist
extracting concepts on the reaction mechanisms, products, and in-
termediates in the decomposition of nitromethane and of the radical
reactions involved in the condensed phase. After the exposure to
ionizing irradiation, the samples are warmed up (temperature pro-
grammed desorption; TPD), and the subliming molecules are detected in
the gas phase via vacuum ultraviolet (VUV) single photon ionization (PI)
of the subliming neutral molecules coupled with a reflectron time-of-
flight mass spectrometer (PI-ReTOF-MS) [56-65] with tunable VUV
light generated by resonance enhanced sum (2w;;02) and difference
(2w1-02) frequency nonlinear mixing [66,67]. Compared to electron
impact ionization, PI-ReTOF-MS represents a versatile approach to
selectively detect and to photoionize distinct isomers ideally fragment-
free based on their ionization energies thus gaining a comprehensive
inventory of the isomer selective decomposition and reaction products.
These data provided compelling evidence of multiple non-equilibrium
reaction mechanisms, products, and intermediates, which were found
to be quite distinct from those observed in the decomposition of nitro-
methane in the gas phase under collision less conditions. Hence, these
data eventually aid the fundamental understanding of the (non-equi-
librium) decomposition of energetic materials, inherent energy transfer
processes, and mass growth mechanisms involving the generation of
carbon-, nitrogen-, and oxygen-centered radicals.

2. Reaction mechanisms
2.1. Structural isomers & isomerizaton pathways

Historically, the aci-nitromethane isomer (H,C=N(O)OH; 3) was
proposed to exist in the gas phase and detected tentatively via neutral-
ization - reionization mass spectrometry by Egsgaard et al. in 1989 [68].
In the condensed phase, it was inferred as the initial reaction product in
the protonation of the nitromethyl anion (H,CNO3) [69]. More recently,
calculations of Dhanya et al. [70] suggested that the hydroxyl radical
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Fig. 3. (a) PI-ReTOF-MS data of the newly formed products subliming into the gas phase from irradiated nitromethane (CH3NO; 1) ice as a function of temperature
at a photon energy of 10.49 eV. (b) PI-ReTOF-MS data of the newly formed products subliming into the gas phase from irradiated methane — nitrogen dioxide ice as a

function of temperature at a photon energy of 10.49 eV.

fragment (OH) in photolysis experiments originated from the aci-
nitromethane isomer (3). Sung et al. [71] exploited a quantum me-
chanics/molecular mechanics approach to explore the reduction of ni-
trogen oxides with acetic acid and acetaldehyde in the Barium Y zeolite;
this work identified (3) as one of the key intermediates. Further, Wang
et al. [72] utilized the ONIOM (our own n-layered integrated molecular
orbital and molecular mechanics) approach to investigate the chemistry
of nitromethane (CH3NO»; 1) and the isomerization to (3) confined in-
side armchair (5, 5) single-walled carbon nanotubes (CNT). Compared
to a gas phase barrier of 260 kJ mol ™!, the barrier to isomerization was
reduced to 239 kJ mol ! by confinement effects; likewise the barrier to
isomerization from nitromethane (CH3NOs; 1) to methyl nitrite
(CH30ONO; 2) decreased from 272 to 193 kJ mol L.

The nitrosomethanol isomer (HoC(NO)OH; 4) was first observed by
Mueller and Huber [73]. Through excitation of the S;(nn*) transition at
365 nm of matrix isolated methyl nitrite (CH3ONO; 2), a hydrogen-
bonded formaldehyde (HCO) - nitrosyl hydride (HNO) complex was
formed. The photolysis of this complex produced either the trans (A =
345 nm) or the cis (A > 645 nm) isomer of (4). Yu and Liu [74] expanded
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the aforementioned photochemical study computationally and pre-
dicted that the photolysis of the complex should produce trans (4), which
can further isomerize to cis (4) at A > 645 nm. Kalkanis and Shields[75]
predicted that (4) represented the dominant reaction product of the
hydroxymethyl (CH,OH) - nitrogen monoxide (NO) radical-radical
recombination. The calculations were later expanded to the MP4SDTQ/
6-311 + G(d,p) level with MP2(full)/6-31G(d,p) geometry optimization
by Shin et al. [76]

The N-hydroxyoxaziridine (c-CH;NOH(O); 5) was initially predicted
to exist based on theoretical studies by McKee et al. [4] Subsequent
studies by Hu et al. [77] at the G2MP2//B3LYP/6-311++G(2d,2p) level
of theory qualitatively agree with those by McKee and revealed that (5)
can be formed from (3) via a 229 kJ mol~! barrier. This isomer is 121 kJ
mol ! less stable than nitromethane (1 ), but it resides in a deep potential
energy minimum with barriers to isomerization into (3) and (4) beyond
190 kJ mol ™. Most recently, Zhang et al. [78] also predicted the exis-
tence of (5) computationally.

Recently, by exposing nitromethane (CH3NOj; 1) ices to ionizing
radiation at 5 K, fundamental isomerization processes of nitromethane
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Fig. 4. (a) TPD profiles of irradiated nitromethane ice recorded at m/z = 61 at photon energies of 10.49, 10.21, 9.80 and 9.14 eV. (b) TPD profiles of irradiated
methane — nitrogen dioxide ice recorded at m/z = 61 at photon energies of 10.49, 10.20, 9.80 and 9.70 eV. Adapted from references [79,82].
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Fig. 5. Key isomerization (yellow), decomposition (green), and molecular mass growth pathways (pink) in nitromethane ices. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(CH3NOgy; 1) were exploited through a detection of the isomerization
products by PI-ReTOF-MS of the subliming products employing tunable
vacuum ultraviolet light [79]. Validated by electronic structure calcu-
lations, nitromethane (CH3NOy; 1) was found to isomerize to methyl-
nitrite (CH3ONO; 2) and also via hydrogen migration to the aci-
nitromethane (H,C=N(O)OH; 3) isomer. The later (isomer 3) could
undergo hydroxyl group (OH) migration to form nitrosomethanol (HyC
(NO)OH; 4) or ring closure to generate N-hydroxyoxaziridine (c-
CH2NOH(O); 5). In detail, starting from nitromethane (CH3sNOo; 1), two
initial isomerization pathways were identified (Figs. 1 and 2). The first
pathway comprises the isomerization to cis- or trans-methylnitrite
(CH30ONO; 2a/b) involving transition states located at 207 and 282 kJ
mol ! with respect to (1); 2a and 2b may interconvert through a barrier
of 45 kJ mol!. The second isomerization pathway from (1) to aci-
nitromethane (HyC=N(O)OH; 3) passing a barrier of 265 kJ rnol’l;
this isomer was found to be 60 kJ mol~! less stable than (1). Aci-
nitromethane (H,C=N(O)OH; 3) was predicted to undergo a ring
closure by overcoming a 265 kJ mol~! barrier to N-hydroxyoxaziridine
(c-CH2NOH(O); 5). Alternatively, aci-nitromethane (HyC=N(O)OH; 3)
could isomerize via hydroxyl (OH) group migration from the nitrogen to
the carbon atom via a lower barrier (240 kJ mol™) to rearrange to
nitrosomethanol (HoC(NO)OH; 4); this isomer is more stable by 25 kJ
mol ! with respect to nitromethane (CHz NOo; 1).

Experimentally, thin nitromethane ices were subjected to ionizing
radiation in form of energetic electrons [55,79,80] and Lyman o photons
[81]. The exposed ices are then subjected to temperature programmed
desorption (TPD) to sublime the newly formed molecules into the gas
phase, where they are then photoionized. Ionized CH3NO; species (m/z

= 61) were explored between photon energies from 10.49 eV to 9.14 eV
(Figs. 3a and 4a). First, accounting for distinct ionization energies
(Fig. 4a), the sublimation event around 250 K could be linked to cis/
trans nitrosomethanol (Ho,C(NO)OH; 4). Toward lower temperatures,
the sublimation event at 185 K vanishes when switching from 9.80 eV to
9.14 eV. This sublimation region could be attributed to aci-nitromethane
(HoC=N(O)OH; IE = 9.56 eV; 3) and/or formohydroxamic acid
(HCONHOH; IE = 9.42-9.66 eV, 6-7) isomers as their ionization en-
ergies exist between 9.80 and 9.14 eV. Based on the potential energy
surface depicted in Fig. 2, it could be suggested that aci-nitromethane
(H2C=N(O)OH; 3) might originate from nitromethane (CH3NO»9; 1),
while formohydroxamic acid (HCONHOH; 6-7) could form from nitro-
somethanol (HoC(NO)OH; 4) via hydrogen migration. Since nitro-
somethanol (HoC(NO)OH; 4) itself can only originate from aci-
nitromethane (H,C=N(O)OH; 3) via hydroxyl group migration there-
fore, we can link the sublimation profile peaking at 185 K to the aci-
nitromethane (HoC=N(O)OH; 3) isomer with possible contributions
from formohydroxamic acid (HCONHOH). Combined with the infrared
spectroscopic observation of methylnitrite (CH3ONO; 2), the exposure of
solid nitromethane (CH3NO5; 1) to energetic radiation is dictated by two
isomerization processes: nitromethane (CH3NOg; 1) — methylnitrite
(CH3ONO; 2) and nitromethane (CH3NO,; 1) — aci-nitromethane
(H2C=N(O)OH; 3) — nitrosomethanol (HoC(NO)OH; 4) thus involving
critical hydrogen and hydroxyl group migrations and revealing the
involvement of at least two exotic isomers in the decomposition of
nitromethane: aci-nitromethane (H,C=N(O)OH; 3) and nitro-
somethanol (H,C(NO)OH; 4). The importance of hydrogen shifts in the
isomerization in the condensed phase was also verified via the
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nitrosomethane (CH3NO) - formaldehyde oxime isomer (HoNCOH) pair
[80].

Finally, the chiral, thermodynamically least stable isomer - N-
hydroxyoxaziridine (c-CHoNOH(O); 5) — was only detected very
recently. Recall that N-hydroxyoxaziridine (c-CH,NOH(O); 5) is con-
nected via a substantial barrier ranging of 265 kJ mol™! to the ther-
modynamically favored aci-nitromethane (H,C=N(O)OH; 3). Formally,
this isomerization involves a rotation of the CH, moiety perpendicularly
to the -NOH fragment followed by a migration of the oxygen atom to
form a carbon-oxygen ¢ bond and hence a three-membered ring through
a [1,2] sigmatropic shift. However, the kinetic and thermodynamical
stability of aci-nitromethane (H3C=N(O)OH; 3) compared to N-
hydroxyoxaziridine (c-CH;NOH(O); 5) along with the preferred isom-
erization of aci-nitromethane (H,C=N(O)OH; 3) to nitrosomethanol
(H2C(NO) OH; 4) through a hydroxyl group migration from the nitrogen
atom to the carbon atom reveals the necessity of an alternative synthetic
route to N-hydroxyoxaziridine (c-CH;NOH(O); 5). This was achieved by
exploiting PI-ReTOF-MS of subliming reaction products of radiolyzed
methane (CH,4), D4-methane (CDg4) or 13C.-methane (13CH4) plus nitro-
gen dioxide (NOj) ices (Fig. 3b).[82] Bond-cleavage processes in
(isotopically labeled) methane were initiated by exposing these ices to
energetic electrons at doses of 1.2 + 0.2 eV per molecule on average. N-
hydroxyoxaziridine (c-CHoNOH(O); 5) represents one of the simplest
members of an oxaziridines [83-89] and was prepared eventually via
addition of carbene (CHy) to the nitrogen-oxygen double bond of nitrous
acid (HONO) formed in situ via hydrogen atom recombination with
nitrogen dioxide (NO3) [82]. By systematically tuning the photoioni-
zation energies from 10.49 eV to 10.20 eV and 9.80 eV to 9.70 eV, N-
hydroxyoxaziridine (c-CHoNOH(O); 5) was eventually identified by
selectively ionizing distinct CH3NO; isomers (Fig. 4b).

2.2. Classical decomposition pathways

Having identified four structural isomers of nitromethane (CH3NOo;
1) [79,82], we are commenting now on ‘classical’ decomposition path-
ways ‘expected’ from aforementioned gas phase decomposition studies
under molecular beam conditions (reactions (1) and (2)). By exposing
thin films of nitromethane (CH3sNOo; 1) to ionizing radiation at 5 K, the
infrared data revealed first order kinetics and the initial isomerization of
nitromethane (CH3NOg; 1) to methyl nitrite (CH3ONO; 2). The infrared
studies documented that methyl nitrite (CH3ONO; 2) decomposed via
two competing pathways involving the radical route and the molecular
fragmentation mechanism into the methoxy radical (CH30) plus nitro-
gen monoxide (NO) (reaction (2a)) and into formaldehyde (H2CO) plus
nitrosyl hydride (HNO) (reaction (2b)), respectively (Fig. 5) [80,81].
The decomposition of nitromethane (CH3NOo; 1) into methyl radicals
(CHj3) plus nitrogen dioxide (NO3) (reaction (1)) was traced via electron
spin resonance (ESR) spectroscopy (Fig. 5) [90]. It is important to
highlight that the overall branching ratios of (1) vs. (2a) and (2b)
strongly depend on the source of ionizing radiation (electrons versus
photons) and also the photolysis wavelength [55,79,81,90]. Conse-
quently, we can conclude that the molecular (1) and radical fragmen-
tation pathways (2a/2b) are important both in the gas phase and
condensed phase (ices) decomposition of nitromethane (CH3NOg; 1)
albeit with different branching ratios. Considering that the gas phase
experiments on the decomposition of nitromethane (CH3NOy; 1) were
conducted under molecular beam conditions and the primary products
fly apart undisturbed to the detector, i.e. they cannot react back, the
solid matrix at 5 K may critically influence these branching ratios. This
has been documented in experiments exposing methanol (CH3OH) —
nitrogen monoxide (NO) ices at 5 K to ionizing radiation [91]. Consid-
ering the radical pathway, methanol decomposes via atomic hydrogen
loss either to the methoxy radical (CH30) or to the hydroxymethyl
radical (CH,OH) [57,91]. Both radicals were found to react with nitro-
gen monoxide (NO) to form methyl nitrite (CH3ONO; 2) and nitro-
somethanol (HoC(NO) OH; 4), respectively.
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2.3. Non-equilibrum decomposition

Besides the isomerization (2.1.) and classical radical and molecular
elimination channels (2.2.), the exposure of thin films of homogeneously
mixed nitromethane (CH3NO; 1) and of D3-nitromethane (CD3NO>) to
the ionizing radiation in form of energetic electrons and monochromatic
photons (Lyman «a; 10.2 eV) at 5 K revealed three more exotic high en-
ergy pathways [55], which have not been observed under collision-less
conditions in the gas phase. These highly endoergic (by up to 440 kJ
mol™H) processes involve suprathermal oxygen (O) (reaction (5)),
hydrogen (H) (reaction (6)), and carbene (CHy) (reaction (7)) formed in
the decomposition of (CH3sNOy; 1) and/or methyl nitrite (CH3ONO; 2)
(Fig. 5).

CH3NO; — CH3NO + OCP/'D) ARG = + 363/552 kI mol ™! (5)
CH3NO; — CH,NO, + H(S) ARG = + 461 kJ mol ™! (62)
CH30NO — CH,0NO + H(%S) ARG = + 472 kJ mol ! (6b)
CH;ONO — HONO + CHy(a'A;/X’B)) ARG = + 418/380 kI mol™!  (7)

2.3.1. Atomic oxygen loss channel

Experiments on the decomposition of pure nitromethane (CH3NO3)
and D3-nitromethane (CD3NO>) ices at 5 K upon exposure to energetic
electrons and Lyman o photons detected signal via PI-ReTOF-MS at m/z
=45 (CH3NO; 45 amu; IE = 9.3 eV) and m/z = 48 (CD3NO; 48 amu; IE =
9.3 eV) [80,81]. This signal could be attributed to nitrosomethane
formed via atomic oxygen loss of nitromethane (CH3NO,; 61 amu) and
D3-nitromethane (CD3NOy; 64 amu), respectively. In homogeneously
mixed nitromethane (CH3NO,) - D3-nitromethane (CD3NO») ices, m/z
= 61 and m/z = 64, respectively, were also observed [55]. To form
ground or excited state oxygen atoms, this channel is endoergic by 363
or 552 kJ mol !, respectively. Further evidence on the atomic oxygen
loss channel was presented based on the identification of the ‘dimers’ of
nitrosomethane and D3-nitrosomethane at m/z = 90 and 96, respec-
tively, in the form of (E)-azodioxymethane (IE = 8.6 eV). In irradiated
nitromethane (CH3NO,) - D3-nitromethane (CD3NO,) ices, (CH3NO),
(m/z = 90), (CD3NO), (m/z = 96), and also (CH3NOCD3NO) (m/z = 93)
was observed. Minor signal at m/z = 92 and 91 at levels of less than 10%
compared to signal at m/z = 93 is likely the result of CHsNO-CD3;HNO
and CH3NO-CH,;DNO dimerization. This in turn proposes the existence
of CH3;DNO, and CD>,HNO,, as discussed below. These dimerization re-
actions could take place in the condensed phase upon exposure to en-
ergetic electrons and photons. It is important to mention that in the TPD
phase of the irradiated (D3)-nitromethane ices, two peaks emerged at m/
z =45 and 48, respectively. Extensive PI-ReTOF-MS studies revealed the
existence of two distinct isomers: nitrosomethane (CH3NO; IE = 9.25
eV) and (trans) formaldehyde oxime (CHoNOH; IE = 10.03 eV), which is
less stable by about 50 kJ mol ! 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.
This pathway is similar to the keto-enol tautomerization of acetaldehyde
(CH3CHO) to vinyl alcohol (CoH30H) in low temperature ices [92].

2.3.2. Atomic hydrogen loss channel

The PI-ReTOF-MS studies could verify the existence of free hydrogen
atoms (reaction (6)). These free hydrogen atoms could be formed via
highly endoergic carbon-hydrogen bond rupture in nitromethane
(CH3NO3) and/or methylnitrite (CH3ONO). Note that ESR studies also
provided compelling evidence of free hydrogen atoms (H) and of the
nitromethyl (CH2NO;) radical demonstrating the existence of a high
energy decomposition pathway, which is closed under collision-less
conditions in the gas phase [90]. These findings could be replicated in
D3-nitromethane ices through the ESR detection of the D2-nitromethyl
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(CD3NO») radical. Note that the methylene nitrite (CHoONO) radical
was not reported in these ESR studies proposing that the methylene
nitrite radical is not formed or concentrations are below the detection
limit of our system. Consequently, the decomposition of nitromethane
(CH3NOy) is expected to represent the dominant source of suprathermal
hydrogen atoms (reaction (6a)). In nitromethane (CH3NOjy) - D3-
nitromethane (CD3NO>) ices, recombination of deuterium atoms with
the nitromethyl (CH2NO5) radical and of atomic hydrogen with the D2-
nitromethyl (CDyNOy) radical should result in DI-nitromethane
(CHyDNO3) and D2-nitromethane (CD2HNO,), respectively, as
observed experimentally.

2.3.3. Carbene loss channel

The studies of the nitromethane (CH3NO;3) and D3-nitromethane
(CD3NOy) ices provided compelling evidence of molecular mass
growth processes involving carbene (CHy) and D2-carbene (CD2) re-
actants likely formed via reaction (7). Carbene in its first excited singlet
state (alAl) can insert barrierlessly into carbon-hydrogen bonds [93].
These mass growth processes by 14 amu and 16 amu are connected to
the detection of m/z = 45 (CH3NO; 45 amu; IE = 9.3 eV) versus 59
(CH3CH3NO; 59 amu; IE = 10.1 eV) and 61 (CH30NO; 61 amu; IE =
10.44 eV) versus 75 (CH3CH;ONO; 75 amu; IE = 10.53 eV) from the
exposed nitromethane samples, which is also correlated with the mass-
to-charge ratios of 48 (CD3NO; 48 amu; IE = 9.3 eV) versus 64
(CD3CD3NO; 64 amu; IE = 10.1 eV) and 64 (CD3ONO; 64 amu; IE =
10.44 eV) versus 80 (CD3CD2,ONO; 80 amu; IE = 10.53 eV) in the D3-
nitromethane ices reaching peak sublimation rates at about 160 K.
These findings could also be verified in mixed nitromethane (CH3NO5) -
D3-nitromethane (CD3NOy) ices through the identification of the car-
bene ad D2-carbene insertion products into carbon-hydrogen/carbon-
deuterium and carbon/nitrogen single bonds and detection of m/z =
59, 61, 62, and 64 (reactions (8)—(11)).

CH3NO (45 amu) + CH, (14 amu) - CH3CH,;NO m/z = 59 (8)
CH;3NO (45 amu) + CD, (16 amu) — CH3CD,NO m/z = 61 (9a)
CH3NO (45 amu) + CD; (16 amu) - CD,HCH,NO m/z = 61 (9b)
CD3NO (48 amu) + CH; (14 amu) — CD3CH,NO m/z = 62 (10a)
CD3NO (48 amu) + CH; (14 amu) - CH;DCD,NO m/z = 62 (10b)
CD3NO (48 amu) + CD; (16 amu) — CD3CD,NO m/z = 64 an
CH30ONO (45 amu) + CH; (14 amu) - CH3CH,ONO m/z = 75 12)
CD30NO (45 amu) + CD; (14 amu) — CD3CD,0ONO m/z = 80 (13)

In support of the carbene insertion pathway, the authors also verified
the molecular mass growth processes from methyl nitrite (CH3ONO) to
ethylnitrite (C2HsONO) and n/iso-propylnitrite (C3sH7;ONO) along with
the isotopically labeled counterparts. Note that since the ionization
energies of the corresponding nitro isomers (e.g. IE (CH3NO3) = 11.08
eV, IE(CoHsNO2) = 10.9 eV) is below the highest photon energy of
10.49 eV exploited for the photoionization, mass growth processes
leading to nitro alkane isomers could not be explicitly elucidated. With
respect to the alkyl nitrites, carbene (CHy) and D2-carbene (CD5) reac-
tion with methyl nitrite (CH3ONO; 61 amu) and D3-methyl nitrite
(CD3ONO; 64 amu), respectively, lead to signal at m/z = 75
(C2HsONO™) and m/z = 80 (C;DsONO") [reactions (12) and (13)].
Likewise, insertion of carbene (CH,) and D2-carbene (CDs) into the
carbon-hydrogen and/or carbon-nitrogen single bonds of D3-methyl
nitrite (CD3ONO; 64 amu) and methyl nitrite (CH30ONO; 61 amu)
resulted in signal at m/z = 78 (CD3CH,0ONO"/CH,DCD,ONO ") and m/z
= 77 (CH3CD,ONO™"/CD,;HCH,ONO™). It should be noted that smaller
signal peaking at 160 K could also be found at m/z = 76 and 79; this
signal could arise from H versus D and D versus H exchange pathways in
the methylnitrite/D3-methylnitrite molecules followed by carbene and
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D2-carbene insertion. Note that the D versus H and/or H versus D ex-
change can also take place in the nitromethane and D3-nitromethane
prior to their isomerization to the (D3)-methylnitrite isomers. Never-
theless, these minor pathways clearly indicate the effectiveness of a
carbon-hydrogen bond rupture in either the reactants ((D3)-nitro-
methane) or the nitrite isomers ((D3)-methyl nitrite) as suggested in
reaction (7)). Carbene insertion also lead to the detection of n/i-propyl
nitrite (C3H7;ONO) at m/z = 89.

Overall, three key non-equilibrium pathways (reactions (5) — (7))
were unraveled which are absent under collision-less conditions in the
gas phase. The detection of three azodioxymethanes (CH3NO),,
(CD3NO),, and CH3sNOCD3NO verifies the presence of the corresponding
nitrosomethane isomers (CH3NO), which in turn are formed via atomic
oxygen loss from their nitromethane precursor molecules via reaction
(5) in strongly endoergic reactions [ARG = +363/552 kJ mol 1].
Further, carbene insertion lead to molecular mass growth processes as
validated by the conversion of (D3)-nitrosomethane (CH3NO/CD3NO) to
(D5)-nitrosoethane (CH3CH;NO/CD3CD2NO); isotopically mixed coun-
terparts CH3CD,NO/CD,HCH,NO as well as CD3CH; NO/CH;DCDoNO
suggest the reactions of D2-carbene and carbene with nitrosomethane
and D3-nitrosomethane, respectively. Additional evidence is provided
through the identification of the nitrosomethane (CH3NO3)/methylni-
trite  (CH3ONO) reaction with carbene leading to nitroethane
(CoHsNOy)/ethylnitrite (CoHsONO) together with their (partially)
deuterated counterparts. Recall that these studies have not unraveled
yet if carbene reacts with nitromethane to nitroethane followed by
isomerization to ethylnitrite or if nitromethane isomerizes first to
methylnitrite followed by reaction with carbene to ethylnitrite. Never-
theless, systematic mass growth processes via carbene insertion are
evident.

2.4. Molecular mass growth process

With the help of deuterated nitromethane reactants, PI-ReTOF-MS
exposed three classes of higher molecular weight products, which are
uniquely formed in the condensed phase: (i) nitroso alkanes, (ii) alkyl
nitrites, and (iii) higher molecular weight molecules (Fig. 5). As dis-
cussed in the previous section, a key molecular mass growth process to
nitroso and nitrite compounds could be attributed to insertion of car-
bene (CHy) into at least carbon-hydrogen bonds forming from nitroso-
methane (CH3NO) nitrosoalkanes: nitrosoethane (CoHsNO) and n/iso-
nitrosopropane (C3H7NO). Starting with methylnitrite (CH3ONO), car-
bene insertion lead to nitritoalkanes: ethylnitrite (CoHsONO) and n/iso-
propylnitrite (C3H;ONO); these pathways are not feasible under colli-
sion less conditions in the gas phase. Even higher molecular weight
products from 90 to 106 amu can be linked to the involvement of
formally two nitromethane molecules. Upon exposure to energetic
electrons and/or photons, nitromethane (CH3NOs; 61 amu) and nitro-
somethane (CH3NO; 45 amu) can emit a hydrogen atom yielding the
nitromethyl (CH3NOg; 60 amu) and nitrosomethyl (CH3NO; 44 amu)
radicals. These processes are endoergic by 461 kJ mol™! and 464 kJ
mol L. These radicals react forming a species of the chemical formula
CoH4N,03. Based on a radical - radical recombination, this molecule
could be 1-nitroso-2-nitroethane (ONCH2CH2NOo; 104 amu). Also, we
detected ion counts at m/z = 91 potentially from the reaction of nitro-
methyl (CH2NOy; 60 amu) or its isomer with the methoxy radical (CH30;
31 amu) to methoxynitromethanol (CH30-CH2NOg; 91 amu). Further,
the experiments detected signal at m/z = 90 and 106. This might be
linked to ‘dimers’ of nitrosomethane, i.e. (CH3NO-CH3NO; 90 amu; IE =
8.6 eV), and of reaction products of nitrosomethane (CH3NO; 45 amu)
with nitromethane (CH3NOy; 61 amu) forming CH3NO-CH3NO, (106
amu). Nitrosomethane (CH3NO) dimerizes easily forming (E)-azo-
dioxymethane [94]. Signal at m/z = 106 is formally derived from re-
action of a nitrosomethane (CH3NO; 45 amu) with nitromethane
(CH3NOy; 61 amu) yielding CH3NO-CH3NO5 (106 amu). The nature of
these isomers is still under investigation. Finally, in electron-irradiated
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Fig. 6. Primary decomposition pathways of (a) 1,3,5-trinitro-1,3,5-triazinane (RDX), (b) 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX) and (c) hexanitrohex-

aazaisowurtzitane (CL-20).

nitromethane ices, signal at m/z = 135 represents the highest ion
observable. This can be formally assigned to a ‘trimer’ of nitroso-

methane (CH3NO; 45 amu) of hitherto unknown structure [80].
3. Future challenges and directions

Reflectron time-of-flight mass spectrometry coupled with tunable
vacuum ultraviolet (VUV) single photon ionization (PI) of the subliming
molecules (PI-ReTOF-MS) during the temperature programmed
desorption (TPD) phase has been communicated as a versatile approach
to untangle the isomerization, (non) equilibrium decomposition path-
ways, and molecular mass growth processes involved in the chemistry of
solid nitromethane (CH3NO3). First, supported by infrared spectroscopy,

the temporal profiles and the kinetic fits suggest (pseudo) first order
kinetics of the nitromethane (CH3NOo; 1) to methylnitrite (CH3ONO; 2)
isomerization. This isomerization is followed by two competing path-
ways: the molecular decomposition channel to formaldehyde (HyCO)
plus nitrosyl hydride (HNO) and the radical pathway to the methoxy
radical (CH30) plus nitrogen monoxide (NO). These mechanisms are
consistent with previous gas phase studies and computational in-
vestigations: the energized nitromethane initially enters the dissociation
channel CHs....NO, with the calculated C-N bond length at about 4.58 A
[3]. The fragments re-orient and recombine to form the cis-CH30NO
isomer via roaming, which can then result in the molecular and radical
fragmentation pathways as discussed above. In the ice matrix, the cage
effect of two initially formed radical recombining is reflected in reaction
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mechanisms, which do not exist in gas phase reactions under single
collision conditions, where the nascent products ‘fly apart’ or undergo
prior reactions via ‘roaming’. Second, three exotic isomers of nitro-
methane (CH3NOg; 1) and methylnitrite (CH3ONO; 2) were detected:
aci-nitromethane (Ho,C=N(O)OH; 3), nitrosomethanol (H,C(NO)OH; 4),
N-hydroxyoxaziridine (c-CH;NOH(O); 5) suggesting the presence of
hydrogen and hydroxyl shifts, which have not been exposed in previous
gas phase studies exploiting molecular beams. Third, besides these
isomerization and classical radical and molecular elimination channels,
the experiments in the condensed phase revealed three high energy
pathways [55,90], which have not been observed under collision-less
conditions in the gas phase. These highly endoergic (by up to 440 kJ
mol™!) processes involve the generation of suprathermal oxygen (O),
hydrogen (H), and carbene (CHy) formed in the decomposition of
(CH3NOgy; 1) and/or methyl nitrite (CH3ONO; 2). Finally, key molecular
mass growth processes were attributed to insertion of carbene (CHy) into
carbon-hydrogen bonds forming from nitrosomethane (CH3NO) a ho-
mologues series of nitrosoalkanes: nitrosoethane (CoHsNO) and nitro-
sopropane (C3HyNO). Also, starting with methylnitrite (CH3ONO),
carbene insertion can lead to a homologues series of nitritoalkanes:
ethylnitrite (CoHsONO) and propylnitrite (C3H;ONO). Finally, these
studies identified molecules, which necessitate the reaction of (frag-
ments of) two and three nitromethane building blocks, which do not
exist in gas phase reactions. Overall, these condensed phase studies
vastly undersized the detailed understanding to a very multifaceted
issue that has only been skimmed over in the gas phase by exposing key
reaction mechanisms in the condensed phase, which are not feasible in
the gas phase due to the ‘single collision conditions’ exploited. Further
analysis on the decomposition of nitromethane in the condensed phase is
critical in order to understand the full complexity of the process. These
experiments will rely on the coherent use of molecular selective ioni-
zation utilizing tunable vacuum ultraviolet light and ab initio calcula-
tions as the decomposition of nitromethane in the solid state obviously
results in molecules whose ionization energies have yet to be examined
experimentally. Further, it is desirable to combine these experimental
studies with molecular dynamics calculations. Recent dynamics studies
by Perriot et al. [95] also proposed the existence of unconventional re-
action intermediates such as of aci-nitromethane (H,C=N(O)OH; 3) and
formal ‘dimers’ of nitrosomethane (CH3NO), but these studies failed to
link the computational results to recent experimental data [79,82].
Once the experimental results of the ‘simple’ nitromethane system
have been successfully benchmarked with dynamics simulations, these
studies can be expanded to ‘real’ energetic materials and explosives such
as 1,3,5-trinitro-1,3,5-triazinane (RDX) [96-98], 1,3,5,7-tetranitro-
1,3,5,7-tetrazoctane (HMX) [99,1001, and hexanitrohex-
aazaisowurtzitane (CL-20) [101-104]. Decomposition of these explo-
sives are more complex owing to the several competing reaction
channels and high number of radicals and product species formed during
the decomposition. For instance, unimolecular decomposition of RDX,
HMX and CL-20 can initiate through four primary steps (1) N-NO bond
cleavage resulting in the formation of nitrogen dioxide (NO) along with
a N-centered radical, (2) molecular elimination channel yielding nitrous
acid (HONO) and unsaturated ring species, (3) nitro-nitrite rearrange-
ment followed by NO loss and (4) ring opening pathway leading to
methylene nitramine (HoCNNO>) (Fig. 6a-c) [99,100,103-109]. These
reaction steps are often accompanied by several secondary reactions
leading to large number of products for example, dissociation of RDX
generate products having molecular weight ranging from 18 to 191 amu
[96,97,105,107,110-112]. Recent studies exploiting PI-ReTOF-MS
revealed the necessity to exploit isomer selective photoionization
schemes of the reaction products as the only means to discount previous
problematic assignment of, e.g, diazomethane (CH2NN; 42 amu) as the
decomposition product of RDX as determined with electron impact mass
spectrometry [111,113,114], whereas PI-ReTOF-MS provided compel-
ling evidence that m/z = 42 is linked to ketene (H,CCO), but not to
diazomethane (CHoNN) [98]. Future experimental advances should link
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PI-ReTOF-MS to synchrotron facilities to take advantage of beamlines
operating with tunable VUV light [115,116]. Further, although
pump-probe experiments are widely used in the gas phase to explore, for
instance, the photodissociation dynamics of organics such as cytosine
and 1,2-cyclohexanedione [117-119] however, they have not been
exploited extensively in low-temperature targets to elucidate in partic-
ular the decomposition of energetic materials. Investigation of photo-
dissociation of explosives such as RDX employing ultrafast pump—probe
laser spectroscopy can provide information on time-dependent decom-
position dynamics.
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