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ABSTRACT: Icy films of nitromethane (CH3NO2) together with D3-nitromethane
(CD3NO2) were exposed to ionizing radiation to investigate the mechanisms in the
decomposition of (D3)-nitromethane. The radiation induced modification of the ices
was followed during the radiation exposure in situ via infrared spectroscopy (condensed
phase) and via temperature-programmed desorption (TPD) exploiting reflectron time-
of-flight mass spectrometry joined with single photon ionization of the subliming
molecules at 10.49 eV (gas phase). The infrared spectroscopic and kinetics studies reveal
the synthesis of methyl nitrite (CH3ONO) via isomerization of nitromethane
(CH3NO2) as well as the presence of the molecular (formaldehyde (H2CO),
nitrosylhydride (HNO)) and radical decomposition pathways (methoxy radical
(CH3O), nitrogen monoxide (NO)) accounting for about 85% of all products formed.
Here, TPD studies exploiting reflectron time-of-flight mass spectroscopy together with
single photon ionization exposed three classes of complex molecules: (i) nitroso compounds [nitrosomethane (CH3NO),
nitrosoethane (C2H5NO), nitrosopropane (C3H7NO)], (ii) nitrites [methylnitrite (CH3ONO), ethylnitrite (C2H5ONO),
propylnitrite (C3H7ONO], and (iii) higher molecular weight products with the synthesis of the homologues series of nitroso and
nitrite compounds likely governed by a stepwise molecular growth via carbene (CH2) insertion. Three decomposition pathways
of nitromethane were identified, which do not take place in the gas phase: (i) the fragmentation of nitromethane to the
nitromethyl radical (CH2NO2) plus suprathermal atomic hydrogen (H), (ii) formation of nitrosomethane (CH3NO) plus atomic
oxygen (O), and (iii) generation of singlet carbene (CH2) plus nitrous acid (HONO) thus opening up mass growth processes,
which are not feasible under collisionless conditions.

1. INTRODUCTION

Nitromethane (CH3NO2) is considered as a model of
nitrohydrocarbon-based (RNO2) energetic material covering
propellants,1,2 explosives,3−6 and high-performance fuel addi-
tives for internal combustion engines and detonation systems.7

Here, an intimate knowledge of the pathways in the
(unimolecular) decomposition of nitromethane and of the
succeeding reactions of the radicals formed in this process is
crucial to foretell the aging behavior,8,9 performance,10,11 and
the sensitivity to heat and shock of energetic materials.9,12−20

These insights are further invaluable to dispose energetic
materials safely under controlled conditions, to model the time-
dependence during the ignition stage of explosives, and to
develop novel insensitive energetic materials. The investigation
of these decomposition processes still represents a substantial
challenge for experimentalists, theoreticians, and modelers21,22

considering the nonequilibrium conditions under which these
reactions often occur.23−34

Therefore, the fragmentation pathways mechanisms of
nitromethane (CH3NO2) have been comprehensively inves-
tigated in the gas phase utilizing and ultraviolet photo-
dissociation (UVPD) and infrared multi photon dissociation
(IRMPD) for the last three decades.39−53 The experiments and
computations exposed three channels: (1) the unimolecular

decomposition of nitromethane (CH3NO2) to the methyl
radical (CH3) and to nitrogen dioxide (NO2) (reaction 1)
together with (2) a roaming-mediated nitromethane
(CH3NO2)−methylnitrite (CH3ONO) isomerization along
with a unimolecular decomposition through (2a) a radical
mechanism forming the methoxy radical (CH3O) and nitrogen
monoxide (NO) (reactions 2a and 2b) through a molecular
elimination pathway resulting in formaldehyde (H2CO) plus
nitrosylhydride (HNO) (reaction 2b).35−38,54−63 Nagata et al.
proposed that multiphoton dissociation of nitromethane
(CH3NO2) at 193 nm results in the formation of highly
reactive carbene (CH2) and methylidyne (CH) radicals from
methyl radicals (CH3) via two- and/or three-photon processes
(reactions 3), respectively.38

→ +CH NO CH NO3 2 3 2 (1)

→ → +CH NO CH ONO CH O NO3 2 3 3 (2a)
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→ +H CO HNO2 (2b)

ν+ → +CH NO h CH NO3 2 3 2 (3a)

ν+ → +CH h CH H3 2 (3b)

ν+ → +CH h CH H /2H3 2 (3c)

Note that alternative high energy pathways do not compete
under IRMPD and UVPD conditions at wavelengths as low as
193 nm (Scheme 1). These involve a hydrogen atom migration
via a barrier of 314 kJ mol−1 forming aci-nitromethane (H2C
N(O)OH) (reaction 4) followed by an oxygen atom shift to
form nitrosomethanol (H2C(NO)OH) (reaction 5) or ring
closure to N-hydroxyoxaziridene (c-CH2NOH(O)) (reaction
6).64 Finally, aci-nitromethane (H2CN(O)OH) might
eliminate water (H2O) to form isocyanic acid (HCNO) via a
concerted molecular elimination pathway.

→ CH NO H C N(O)OH3 2 2 (4)

→H C N(O)OH H C(NO)OH2 2 (5)

→ ‐H C N(O)OH c CH NOH(O)2 2 (6)

In the solid state, only two experimental works exist. Broad-
band photolysis of nitromethane (240−360 nm) in an argon
matrix at 14 and 20 K suggested the formation of cis- and trans-
CH3ONO as the primary pathway. On prolonged photolysis,
these absorptions diminish in intensity, and there is continued
growth in the absorptions of higher order products such as a

formaldehyde (H2CO)−nitrosylhydride (HNO)-bonded com-
plex and also nitrosomethanol (ONCH2OH).

65,66 A water
(H2O)−isocyanic acid (HCNO) complex was monitored at
prolonged radiation exposure. Han et al.67 and Chang et al.68

probed the thermal decomposition of condensed phase
nitromethane theoretically in molecular dynamics calcula-
tions.67,68 These computations postulated a nitromethane
(CH3NO2) to methyl nitrite (CH3ONO) isomerization
dominating at lower temperatures (2000−2500 K) and an
intermolecular hydrogen atom transfer forming the
CH3NOOH isomer plus a nitromethyl (CH2NO2) radical at
temperatures of about 3000 K (reaction 7). A hydrogen
migration in nitromethane was also found to yield aci-
nitromethane (H2CN(O)OH), which then ejects water
(H2O) to isocyanic acid (HCNO) (reaction 8).

+ → +CH NO CH NO CH NOOH CH NO3 2 3 2 3 2 2 (7)

→ → +CH NO H C N(O)OH HCNO H O3 2 2 2 (8)

Alternatively, the formation of water might involve intra-
molecular hydrogen atom transfers. In this process, the
hydroxyl group (OH) is forecasted to commence from
CH3NOOH and the remaining hydrogen atom originates
from formaldehyde (H2CO). The authors concluded that
besides these smaller molecules, the decomposition forms
(hitherto unidentified) complex organic molecules containing
up to 70% of the carbon and nitrogen of the nitromethane.
Since the computations predict that on a time scale of 200 ps,

Scheme 1. Schematic Potential Energy Diagram of High and Low Energy Isomerization Pathways of Nitromethane (CH3NO2)
a

aEnergies are given in kJ mol−1 and were compiled from Lin117 et al. (bold) and McKee64 (italics).
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only molecules holding a maximum of three carbon atoms are
formed. Guo et al.61 and Citroni et al.69 predicted that the
destruction of nitromethane likely implicates multi center
pathways involving intramolecular hydrogen atom transfer and
short-lived radicals along with complex molecules carrying the
C−N−C−N-based chain moiety. Reed et al. conducted
quantum molecular dynamics calculations mimicking con-
densed phase nitromethane (CH3NO2) during the explo-
sion.70,71 These calculations amplify the crucial mechanism of
an intermolecular hydrogen atom shift from the methyl group
to the oxygen atom to aci-nitromethane (H2CN(O)OH)
(reaction 8). In conclusion, no coherent mechanisms have been
untangled describing the decomposition of nitromethane along
with the reactions of the carbon, nitrogen, and oxygen-bearing
radical species generated in these processes.68,69,72 Conse-
quently, a novel experimental investigation of the decom-
position of nitromethane in the condensed phase and the
subsequent reaction pathways of the carbon, nitrogen, and
oxygen-bearing radicals is required.
Here, we experimentally explore the underlying mechanisms

of the decomposition of nitromethane (CH3NO2)together
with the fully deuterated counterpart (CD3NO2)in a novel
ultrahigh vacuum machine upon exposure to energetic
electrons at 5 K and expose the primary reaction products.
These experiments are carried out in the condensed phase at
temperatures as low as 5 K exploiting energetic electrons
depositing on average 4.1 ± 0.4 eV per CH3NO2 molecule. The
decomposition of the precursor molecules (CH3NO2) and the
successive radical reactions are traced spectroscopically via
Fourier transform infrared (FTIR) spectroscopy in thin icy
films on line and in situ during the electron exposure. These
studies assist extracting concepts on the reaction mechanisms,
products, and intermediates in the decomposition of nitro-
methane and of the radical reactions involved in the condensed
phase. After the irradiation, the samples are warmed up and the
subliming molecules are detected in the gas phase via two
complementary methods: (i) quadrupole mass spectrometry via
electron impact ionization (70 eV) of the neutral species and
(ii) vacuum ultraviolet (VUV) single photon ionization of the
subliming neutral molecules at 10.49 eV coupled with a
reflectron time-of-flight mass spectrometer (ReTOFMS).
These data ultimately aid the fundamental understanding of
the nonequilibrium decomposition of energetic materials and
inherent energy transfer processes involving the generation of
carbon-, nitrogen-, and oxygen-centered radicals.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation and Radiation Exposure.

Briefly, the experiments were conducted in a ultrahigh vacuum
(UHV) vessel (Figure 1)75−77 evacuated to a base pressure of a
few 10−11 Torr. A coldfinger is interfaced to a Sumitomo Heavy
Industries helium refrigerator. A polished silver wafer is
attached to the target and sandwiched with indium foil to
maximize thermal conductivity. Cyrogenic solid films of
nitromethane (CH3NO2, TCI AMERICA, ≥99%) and D3-
nitromethane (CD3NO2, Sigma-Aldrich, ≥98% D) are
deposited at 5.5 K via vapor deposition at a pressure
(uncorrected for ion gauge sensitivity) of 5 × 10−8 Torr
resulting in ices of 500 ± 10 nm thicknesses determined via
laser interferometry exploiting a HeNe laser (632 nm).78−82

Each ice was irradiated with 5 keV electrons at 5.5 ± 0.1 K for 1
h at electron currents of 15 nA by scanning the electron beam
over an area of 1.0 ± 0.1 cm2. The dose per molecule deposited

was computed from Monte Carlo simulations (CASINO)83 to
be 4.1 ± 0.4 eV molecule at an irradiation currents of 15 nA,
taking into consideration the scattering coefficient and the
energy deposited from the backscattered electrons (Table 1).75

We utilize the latest version of CASINO (v2.42) to simulate the
interaction of electrons and the energy loss processes with the
nitromethane ices.84 A simulation was performed for pure
nitromethane (CH3NO2) with a thickness 500 nm as derived
from the in situ laser interferometry. CASINO requires a priori
knowledge of the densities and composition. This was
estimated here via the Lorentz−Lorenz relation.85 The Lorenz
coefficient L is almost constant over a fixed wavelength. From
the calculated refractive index and the densities, we obtain L =
0.217 cm3g−1. By substituting L and the refractive index nf into
the Lorentz−Lorenz relation (9)

ρ = − +L n n( 1)/( 2)f
2

f
2

(9)

Figure 1. Schematic top view of the main chamber including the
analytical instruments, radiation sources, and the cryogenic target
(point of converging lines). The alignment of the cryogenic target,
radiation sources, and infrared spectrometer allows simultaneous on
line and in situ measurements of the modification of the targets upon
the irradiation exposure. After the irradiation, the cold head can be
rotated 180° to face the ReTOF mass spectrometer; the target can
then be warmed up allowing the newly formed products to sublimate
where upon they are photoionized and mass analyzed. The inset (top
right) shows the geometry of the ReTOF ion source lenses with
respect to the target and ionization laser.

Table 1. Compilation of the Energy Fractions Extracted
from the CASINO Calculations for a 15 nA Irradiation

back scatter energy (BSE) per electron 1.21 ± 0.12 keV
transmitted energy (TE) per electron 0.018 ± 0.001 keV
absorbed energy (AE) per electron 5 keV
fraction BSE ( f1) 36 ± 5%
fraction TE ( f 2) 2 ± 1%
fraction AE ( f 3) 62 ± 5%
total dose keV/electron 4.6 ± 0.4
total electrons 3.4 × 1014

average depth 371 ± 10 nm
density 1.117 g cm−3

area processed 1.0 ± 0.1 cm2

total number of molecules processed 4.1 × 1017

dose per molecule 4.1 ± 0.4 eV per molecule
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we calculate the density of nitromethane ice to be 1.117 g cm−3.
This density compares well to the density of pure nitromethane
in the liquid phase with literature values of 1.137 g cm−3.82

Estimating the density of ices following this technique has been
demonstrated previously by Modica et al. and Luna et al.85,86 to
be accurate within 20%. Within CASINO, electrons are
simulated with kinetic energy of 5 keV to strike the surface
of sample layer at an angle of 70° relative to surface normal; a
total of 106 trajectories were used to simulate the energy
transfer processes. These calculations result in an average dose
of 4.1 ± 0.4 eV per molecule (see Table 1).
2.2. Analytical Techniques. For the on line and in situ

identification of the newly formed species, FTIR spectroscopy
was exploited in the range of 6000−500 cm−1 at a resolution of
4 cm−1 in intervals of 2 min resulting in 30 infrared spectra.

After the irradiation, the sample was kept at 5.5 K for 1 h; then,
temperature-programmed desorption (TPD) studies were
carried out by heating the irradiated ices at a rate of 0.5 K
min−1 to 300 K. The subliming molecules were photoionized
via single photon ionization and probed in a reflectron time-of-
flight mass spectrometer (ReTOF)76 and a residual gas analyzer
quadrupole mass spectrometer (QMS). For gas phase detection
and mass analysis via ReTOF, the molecules were ionized
following single photon ionization exploiting pulsed (30 Hz)
coherent vacuum ultraviolet (VUV) light at 118.2 nm (10.49
eV).75,87−89 Here, the third harmonic (354.6 nm) of a Nd:YAG
laser (Spectra Physics, PRO − 250; 30 mJ per pulse) was
exploited to produce the VUV photon utilizing xenon (Xe) gas
as the nonlinear medium producing about 1013 photons cm−2

s−1 depicting a conversion efficiency of about 10−4 exploiting a

Figure 2. (A) Infrared spectra of the nitromethane ices at 5.5 K before (black) and after (red), irradiation at 15 nA. (B) Difference spectra of pristine
and irradiated nitromethane ice at 5.5 K to highlight the subtle changes; shown on the right is an expanded view for clarity.
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nonlinear four wave mixing process (ωvuv = 3ω1). The 10.49 eV
light was separated exploiting an off-axis lithium fluoride (LiF)
lens. The ions resulting from the photoionization were then
extracted into a reflectron time-of-flight mass spectrometer
whereupon the ions are mass resolved according to their arrival
times.

3. RESULTS AND DISCUSSION

3.1. Infrared Spectroscopy. 3.1.1. Qualitative Analysis.
During the radiation exposure of the nitromethane and D3-
nitromethane samples with energetic electrons, multiple new
absorption features emerged (Figures 2 and 3). These could be
assigned to small and discrete molecules (Table 2, Figures 2
and 3). The most intense band observed correlates with the
formation of cis-methylnitrite (CH3ONO/CD3ONO), a

structural isomer of the nitromethane reactant, detected via
two absorptions at 1614/1614 cm−1 (ν3) and 1227/1235 cm−1

(ν6) based upon FTIR data of matrix isolated cis-CH3ONO.
90

Less intense fundamentals overlap with the absorptions of the
nitromethane matrix. Note, however, that nitrogen dioxide
(NO2) has a similar peak position at 1614 cm−1 with
comparable band strength.65,91 In addition, cyanic acid
(NCOH) could account for the peak at near 1230 cm−1.92−94

Formaldehyde oxime (CH2NOH/CD2NOD)a structural
isomer of nitrosomethane (CH3NO)is tentatively assigned
to the band observed at 1640 cm−1 based on literature value of
1640 cm−1 attributed to the CN stretching.95 Other modes of
formaldehyde oxime with similar intensity overlap with water
and weak combination bands of nitromethane; as such, a
definitive assignment is difficult to ascertain. Formaldehyde

Figure 3. (A) Infrared spectra of the D3-nitromethane (CD3NO2) ices at 5.5 K before (black) and after (red) irradiation at 15 nA. (B) Difference
spectra of pristine and irradiated D3-nitromethane ice at 5.5 K to highlight the subtle changes; shown on the right is an expanded view for clarity.
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(H2CO/D2CO) was detected at 1720/1670 cm−1 (ν2) based
on previously reported assignments.65,82,91 In addition, simple
carbon and nitrogen oxides were detected as well. Here, carbon
monoxide (CO) and carbon dioxide (CO2) were respectively
monitored at 2140 cm−1 (ν1) and 2340 cm−1 (ν3) along with
nitrogen monoxide (NO) at 1870 cm−1 (ν1) in agreement with
previous assignments of these molecules.65,91 Isocyanic acid
(HNCO) is assigned tentatively to a small peak at 2260 cm−1

(ν2);
65,91 no other peaks were observed, as the most intense

absorption was obscured by water and the amount formed was

too low for detection above the noise limit with other
vibrational bands.96 Finally, water (H2O/D2O) was observed
from the broad peak roughly centered at 3280/2560 cm−1 (ν1),
again, in agreement with previous assignments of energetically
processed frozen nitromethane.65,91

3.1.2. Quantitative Analysis: Reaction Pathways. Having
assigned the species synthesized from the radiolysis of
nitromethane (Table 2), we are now elucidating the
mechanisms associated with their formation. This is done by
tracing the temporal profiles of the column densities of the

Table 2

(A) Fundamental Absorption Features Observed in the Nitromethane (CH3NO2) and D3-Nitromethane (CD3NO2) Ices before the Irradiation

CH3NO2 CD3NO2

this work literature value65,82,90,91,118 assignment this work literature assignment

3074 3072 ν 1 (CH str (B2) CH3NO2) 2281 2280 ν 2 (CD str (B2) CD3NO2)
3041 3045 ν 1 (CH str (B1) CH3NO2) 2184 2185 ν 11 (CD str (A1) CD3NO2)
2964 2958 ν 2 (CH str (A1) CH3NO2) 1564 1567 ν 3 (NO str (B2) CD3NO2)
1577 1571 ν 11 (NO str (B2) CH3NO2) 1403 1401 ----
1425 1428 ν 4 (CH3 bend (B2) CH3NO2) 1076 1077 ν 1 (CD str (B1) CD3NO2)
1380 1381 ν 5 (NO str (A1) CH3NO2) 1035 1038 ν 5 (CD3 bend (B2) CD3NO2)
1124 1125 ν 6 (CH3 rock (B1) CH3NO2) 898 897 ν 6 (CD3 rock (B1) CD3NO2)
1105 1102 ν 13 (CH3 rock (B2) CH3NO2) 632 ----- ν 8 (NO2 bend (A1) CD3NO2)
919 921 ν 7 (CN str (A1) CH3NO2) ----- ----- -----
663 660 ν 8 (NO2 bend (A1) CH3NO2) ----- ----- -----

(B) New Absorption Features Observed in the Nitromethane (CH3NO2) Ice after the Irradiation with 15 nA of 5 keV Electrons

peak position (cm‑1) literature values assignment reference

3250 3280 ν1 OH stretch (H2O)
65,91

2340 2340 ν3 CO stretch (CO2)
65,91

2135 2140 ν1 CO stretch (CO) 65,91

2260 2254 ν2 asymmetric stretch (HNCO) 96

1870 1875 ν1 NO stretch (NO) 65,91

1720 1720 ν4 CO stretch (H2CO)
65,91

1614 1614 ν3 NO stretch (cis-CH3ONO)
90

1227 1230 ν6 CH3 rock (cis-CH3ONO)
90

(C) New absorption features observed in the D3-nitromethane (CD3NO2) ice after the irradiation with 15 nA of 5 keV electrons

peak position (cm‑1) literature values assignment reference

2560 2572 ν1 OD stretch (D2O)
91,119

2340 2340 ν3 CO stretch (CO2)
65,91

2135 2140 ν1 CO stretch (CO) 65,91

2082 2072 ν1 CD symmetric stretch (D2CO)
65,91

1870 1875 ν1 NO stretch (NO) 65,91

1670 1680 ν4 CO stretch (D2CO)
65,91

1614 1614 ν3 NO stretch (cis-CD3ONO)
65

1235 1230 ν6 CD3 rock (cis-CD3ONO)

Figure 4. Temporal profiles of the determined column densities (circles) with fits of the of the reactant at 1380 cm−1 (CH3NO2) and of the products
at 1614 cm−1 (CH3ONO), 1720 cm−1 (H2CO), 2135 cm−1 (CO), 2340 cm−1 (CO2), 3280 cm−1 (H2O), and 1872 cm−1 (NO) during the
irradiation of solid nitromethane at 5.5 K.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp5127267
J. Phys. Chem. C 2015, 119, 14653−14668

14658

http://dx.doi.org/10.1021/jp5127267
http://pubs.acs.org/action/showImage?doi=10.1021/jp5127267&iName=master.img-005.jpg&w=468&h=121


newly formed molecules during the irradiation (Figure 4) and
utilizing a set of coupled differential equations to numerically fit
these profiles (Figure 5). The column densities were derived

exploiting a modified Lambert−Beer law.97−99 We would like
to stress that the integrated absorption coefficients of the
products formed during the irradiation are known from the
literature. Here, the ν3 (NO stretch) of methyl nitrite
(CH3ONO) holds a band strength of 2.8 × 10−17 cm
molecule−1;103 the ν4 mode of formaldehyde has an integrated
band strength of 9.6 × 10−18 cm molecule−1, whereas carbon
monoxide (CO) and carbon dioxide (CO2) were quantified via
their ν1 and ν3 fundamentals having integrated absorption
coefficients of 1.1 × 10−17 cm molecule−1 and 1.6 × 10−17 cm
molecule−1, respectively. Water was probed using an integrated
band strength of 2.0 × 10−16 cm molecule−1 in the area of 3600
to 2500 cm−1.104,105 Finally, the fundamental of nitrogen
monoxide (NO) was quantified by exploiting an absorption
coefficient of 6.8 × 10−18 cm molecule−1.106 A MATLAB script
was written that was designed to solve the coupled differential
equations as assuming all first-order kinetics utilizing optimized
rate constants that minimized the error between the observed
column densities and those predicted from the numerical
solutions to the equations according to the reaction scheme
shown in Figure 5. The resulting rate constants are listed in
Table 3 for the nitromethane along with the numerical fits in

plotted in Figure 4. We are aware that the interaction of
ionizing radiation such as energetic electrons with low
temperature solids can change the electronic structure of the
ices. Further, a primary high energy electron can generate a
cascade of secondary electrons within the sample as
demonstrated by our CASINO calculations.83 Therefore, the

rate constants derived here have to be considered as “global”
rate constants accounting for these accumulated effects. The
infrared studies suggest that the response of the nitromethane
by the energetic electrons is dictated by several key pathways:
(i) the isomerization of nitromethane (CH3NO2) to methyl-
nitrite (CH3ONO) (k2), (ii) the isomerization to aci-nitro-
methane (H2CN(O)OH) (k3) followed by a decomposition
resulting in the formation of water (H2O) and isocyanic acid
(HNCO) and/or cyanic acid (HCNO) (k8), and (iii) a less
important, but required generic destruction pathway (k1) of
nitromethane to higher molecular weight products, which
cannot be detected via infrared spectroscopy, to account for the
mass balance as described below. Note that the sum of the rate
constants of the isomerization of nitromethane to methylnitrite
(CH3ONO) and to aci-nitromethane (H2CN(O)OH) is about
30 times higher compared to the conversion of nitromethane to
higher molecular-weighted products. The production of
methylnitrite is then followed by a branched reaction involving
a decomposition via a molecular pathway (k4) forming
formaldehyde (H2CO) plus nitrosyl hydride (HNO) and a
radical fragmentation pathway (k7) resulting in the production
of methoxy (CH3O) plus nitrogen monoxide (NO),
respectively. Formaldehyde is then followed with a decom-
position resulting in the formation of carbon monoxide (CO)
plus atomic and/or molecular hydrogen.97,98 Carbon dioxide is
formed following a reaction of carbon monoxide with another
excited state carbon monoxide as identified previously.99

Considering the mechanisms, it is important to highlight that
the decomposition and successive reactions can happen on the
ground, but also on excited state surfaces. The present
experiments alone cannot untangle the role of the ground
versus excited state surface; therefore, term symbols have been
omitted.

3.1.3. Quantitative Analysis: Mass Balance. Utilizing the
experimentally derived integrated band strengths of nitro-
methane,100 we determined the number of nitromethane
molecules destroyed and converted into products as a result
of exposure to the high energy electrons. From the modified
Beers−Lambert law101 with the integrated area of the ν5 band
(NO stretching) at 1380 cm−1 and the derived integrated band
strength of 4.4 × 10−18 cm molecule−1, the calculated initial
column density is 4.9 ± 0.2 × 1016 molecules per cm2 and 3.6 ±
0.2 × 1016 molecules per cm2 post irradiation resulting in a total
budget of 1.3 ± 0.2 × 1016 nitromethane (CH3NO2) molecules.
Band areas can be changed by optical interference;102 however,
this issue is bypassed by integrating only weak bands, whose
absorbance remains linear with the amount of ice deposited.
Following this, we can calculate the number of molecules for
each of the identified species formed for comparison.
Considering the most prominent band identified post
irradiation was attributed to the ν3 (NO stretch) of methyl
nitrite (CH3ONO) and a calculated integrated band strength of
2.8 × 10−17 cm molecule−1,103 the total number of molecules
formed is 1.4 ± 0.1 × 1015 or approximately 2.9 ± 0.2% of
nitromethane. The amount of formaldehyde produced was
estimated using an integrated band strength of 9.6 × 10−18 cm
molecule−1 for the ν4 mode,

104 resulting in 8.6 ± 1.0 × 1014

molecules or 1.7 ± 0.2% of nitromethane. Column densities of
carbon monoxide and carbon dioxide were extracted using
integrated band strengths of 1.1 × 10−17 cm molecule−1 and 1.6
× 10−17 cm molecule−1 respectively105 resulting in the total
production of 7.5 ± 1.0 × 1014 carbon monoxide (CO)
molecules and 6.7 ± 1.0 × 1014 carbon dioxide (CO2)

Figure 5. Overall kinetic scheme to fit the temporal evolution of the
reactant and the newly formed products shown in Figures 3.

Table 3. Rate constants derived via solution of the reaction
scheme depicted in Figure 5

reaction pathway rate constant (s−1)

CH3NO2 → X k1 = 3.0 ± 1.5 × 10−6

CH3NO2 → CH3ONO k2 =3.7 ± 0.4 × 10−5

CH3NO2 → CH2NOOH k3 = 5.1 ± 0.6 × 10−5

CH3ONO → H2CO + HNO k4 = 7.1 ± 1.0 × 10−4

H2CO → CO + H2/2H k5 = 1.1 ± 0.4 × 10−3

CO + CO → CO2 + C k6 = 1.0 ± 0.2 × 10−3

CH3ONO → CH3O + NO k7 =4.5 ± 0.5 × 10−4

CH2NOOH → H2O +HCNO/HNCO k8 = 7.0 ± 1.0 × 10−2
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molecules. The amount of formed water was probed from
integrating the broad feature from 3600 to 2500 cm−1 while
correcting for the overlapping nitromethane bands in this
region via integration of these peaks and subsequent
subtraction. Exploiting a band strength of 2.0 × 10−16 cm
molecule−1 of water,105 the total number of water molecules
formed is calculated at 7.8 ± 1.0 × 1015. This is most likely an
overestimate as isocyanic acid (HNCO) overlaps with this
integrated band as well.96 Finally, using an integrated band
strength value of 6.8 × 10−18 cm molecule−1 for the
fundamental of nitrogen monoxide (NO),106 and a band
strength value of 1.6 × 10−16 for the ν2 band of isocyanic acid
(HCNO),96 a final abundance of 1.5 ± 0.5× 1015 nitrogen
monoxide (NO) molecules and 9.8 ± 1.0 × 1012 isocyanic acid
(HNCO) molecules has been determined, respectively. In
summary, 85 ± 10% of the nitromethane molecules that were
destroyed upon exposure to 5 keV electrons can be accounted
for via small molecules with the dominant product channel
being the formation of water.
3.2. Mass Spectroscopy. 3.2.1. Molecules Identified via

FTIR. From the determined number of nitromethane reactants
converted into smaller molecules as stated above (85 ± 10%), it
is evident that 15 ± 10% of nitromethane is also transformed
into higher molecular weight diversity of products that was
either formed in such a low abundance as to not be detected
utilizing in situ FTIR spectroscopy or their vibrational modes
have similar frequencies and are consequently masked. In an
effort to identify these missing molecules, we turned our
attention to their detection utilizing TPD techniques coupled
with single photoionization reflectron time-of-flight mass
spectroscopy (ReTOFMS) and a quadrupole mass spectrom-
eter (QMS) operating in residual gas analyzer mode. Here, after
the electron exposure of the icy films, the irradiated
nitromethane and D3-nitromethane samples are warmed up
with 0.5 K min−1 to 300 K. The photoionization laser (10.49
eV) intersects the subliming molecules perpendicularly 1 mm
above the target in ReTOFMS. The resulting ion counts are
compiled as a function of temperature and mass-to-charge
ratios for all systems (Figures 6 and 7; Table 4). From the vast
quantities of observed ion counts at distinct mass-to-charge
ratios during TPD process from the irradiated sample as shown
in Figures 2 and 3, it is apparent that the molecules identified
via in situ FTIR spectroscopy alone cannot account for all of
the observed molecules. This observation is further supported
from the apparent “missing” molecules as concluded in the
mass-balance quantification described above. Signal observed in
the ReTOFMS yields information only relevant to the mass-to-
charge ratio. In order to elucidate chemical structure, we can
compare the sublimation profiles of the irradiated CH3NO2 ices
to that of the CD3NO2 ices. As shown in Figure 6, there are in
general four major sublimation events occurring at temper-
atures 100, 165, 230, and 280 K ± 2 K in both of the processed
ice systems. For the sake of avoiding redundancy, we will be
listing the peak sublimation temperatures without the
associated error of ±2 K. As evident from Figures 6 and 7,
the sublimation profiles for the majority of ionized species peak
with the sublimation of the parent nitromethane matrix at 165
K (Figure 8). This behavior was observed previously and
attributed to cosublimation of the matrix isolated products due
to the inherent intermolecularmainly dipole−dipole
interactions.107,108 Similar instances are observed throughout
the remaining heat ramp to 300 K and either stem from
cosublimation of molecules with comparable heats of

desorption or in some cases fragmentation resulting from the
ionization process. Let us focus our attention first on those
reaction products observed via infrared spectroscopy
(CH3ONO, H2CO, CO, CO2, NO, H2O, HNCO) (3.1.).
Here, nitrogen monoxide (NO; ionization energy IE = 9.26 eV)
could be identified via its signal at m/z = 30 in both the
irradiated nitromethane and deuterated nitromethane ices.
Note that the subliming nitromethane (CH3NO2) reactant
cannot be photoionized since its ionization energy (11.08
eV)109 is above the energy of the photoionization laser. In a
similar fashion formaldehyde (H2CO; IE = 10.88 eV),109

carbon monoxide (CO; IE = 14.01 eV),109 carbon dioxide
(CO2; IE = 13.77 eV), water (H2O; IE = 12.62 eV), and
isocyanic acid (HNCO; IE = 11.59 eV) are above the available
ionization energy resulting in the lack of observed signal at the
particular mass-to-charge ratios in the ReTOFMS analysis.
However, methylnitrite (CH3ONO), which presents the
isomerization irradiation product of nitromethane, holds an
ionization energy of only 10.44 eV109 and can be photoionized.
Therefore, the ion signal at m/z = 61 may originate from
CH3ONO

+; however, some sublimation events originate also
from fragmentation of higher masses (see below). Furthermore,
comparison of the TPD profile of ion signal at m/z = 61
(CH3ONO) and 64 amu (CD3ONO) should report similar
sublimation rates if methylnitrite was indeed formed. As shown
in Figure 7, the mass traces do not entirely overlap, implying
that not only is methyl nitrite formed, but that fragmentation of
higher molecular weight products also likely contributes.

3.2.2. Molecules without in Situ FTIR Identification.
3.2.2.1. Lower Molecular Weight Molecules. cis-Methylnitrite
was found to fragment via a radical and molecular pathway
(reaction 4) leading to a methoxy radical (CH3O; 31 amu) plus
nitrogen monoxide (NO; 30 amu) and formaldehyde (H2CO;

Figure 6. ReTOF photoionization spectra at a photon energy of 10.49
eV as a function of temperature of the newly formed products
subliming into the gas phase from the irradiated nitromethane
(CH3NO2; top) and D3-nitromethane (CD3NO2; bottom) ices.
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30 amu) plus nitrosylhydride (HNO; 31 amu). As stated above,
the radical pathway could be tracked down by nitrogen
monoxide (IE = 9.26 eV) at about 165 K. The molecular
channel as detected via formaldehyde (H2CO; 30 amu) in the
infrared can only be traced via the molecular ion of
nitrosylhydride (HNO; 31 amu) and D1-nitrosylhydride
(DNO; 32 amu) (IE = 10.1 eV). Recall that formaldehyde

(IE = 10.9 eV) cannot be ionized in our setup (10.49 eV). Note
that nitrogen monoxide (NO; 30 amu) also reacts with
hydrogen atoms (H; 1 amu) to nitrosylhydride (HNO; 31
amu). Further, signal at m/z = 45 was assigned to nitroso-
methane (CH3NO; 45 amu; IE = 9.3 eV) likely formed via an
atomic oxygen loss from nitromethane (CH3NO2; 61 amu);
this process is endoergic by 363 kJ mol−1. The formation of

Figure 7. ReTOF sublimation profiles of the nitromethane ices processed via energetic electrons. Black squares correspond to those m/z ratios
sublimating from CH3NO2 and red circles from CD3NO2.
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nitrosomethane can be matched based on the TPD profiled of
the D3-nitromethane sample at m/z = 48 via the molecular ion
peak of D3-nitrosomethane (CD3NO; 48 amu); both TPD
profiles at m/z = 45 and 48 for the processed nitromethane and
D3-nitromethane sample agree nicely from 90−130 K, 140−
175 K, 250−300 K.
The next group of mass peaks observed at this temperature

correspond to m/z = 27, 28, and 29 amu in the processed
CH3NO2 ice. Given the mass combinations and ionization
energies we can effectively rule out carbon monoxide (CO; IE
= 14.01 eV)109 and molecular nitrogen (N2; IE = 15.58 eV)109

leaving the possibilities for molecular formulas to only include
C, H, and/or N. As such, isomers of CHN, CH2N, and CH3N
may explain the observed ion signal at m/z = 27, 28, 29 amu.
The corresponding deuterated isomers would appear at m/z =
28, 30, and 32 amu, respectively. Given that closed shell
isomers of CHN (hydrogen cyanide, hydrogen isocyanide)
have ionization energies above 10.49 eV, no ion signal should
appear. As such, these peaks are suggested to be the result of
photofragmentation of the cosublimating higher mass organics
(see below). Unfortunately, a direct comparison at m/z = 28
amu (CH2N) and m/z = 30 amu (CD2N) cannot be made as
the dominant ion signal at m/z = 30 is attributed to nitric oxide
as described above. Other possibilities for the these masses
maybe attributed to the vinyl radical (C2H3, IE ≤ 8.59 eV),109

ethylene (C2H4; IE = 10.51 eV),109 or the ethyl radical (C2H5;
IE = 8.12 eV).109 These molecular formulas were discounted,
however, as the TPD profiles did not match the deuterated
counter parts. In regards to CH3N isomers, methenamine
(CH2NH, IE = 9.88 eV)109 is the only stable closed shell
species in contrast to the associated radical. As we cannot
completely negate VUV photoinduced fragmentation of the gas
phase molecules, we are proposing these mass peaks to have
molecular formula of CHxN resulting from fragmentation of
higher mass organics and/or possibly fragmentation of
methenamine resulting in methylene amidogen radical
(CH2N, IE = 9.4 eV)109 and CHN radical as these mass
fragments were not seen in the TPD spectra of the pristine ices.

Table 4. Compilation of Product Classes Formed in the
Photolysis of Nitromethane by Energetic Electronsa

Nitroso Compounds Nitrite Compounds
CH3NO (45 amu; 48 amu) CH3ONO (61 amu; 64 amu)
C2H5NO (59 amu; 64 amu)
C2H3NO (57 amu; 60 amu)

C2H5ONO(75 amu; 80 amu)
C2H3ONO 73 amu; 76 amu)

C3H7NO (73 amu; 80 amu) C3H7ONO (89 amu; 96 amu)
Complex Products

CH3NONOCH3 (90 amu; 96 amu)
CH3NONO2CH3 (106 amu; 112 amu)

(CH3NO)3 (135 amu; 144 amu)
CH3OCH2NO2 (91 amu; 96 amu)

ONCH2CH2NO2 (104 amu; 108 amu)
Open Shell Reaction Intermediates

H, O, CH2, CH3O, NO, NO2, CH2NO, CH2NO2

aCompounds in italics are identified tentatively. Molecular weights of
the products are given in parentheses; values in italics are for the fully
deuterated products formed in the D3-nitromethane system.

Figure 8. Sublimation profiles of nitromethane (CH3NO2) and D3-
nitromethane (CD3NO2) as measured via the QMS showing the
sublimation event of the parent at 165 K.

Figure 9. Reaction mechanisms taking place in nitromethane (CH3NO2) ice film under exposure to energetic electrons. Bold: infrared detection;
blue: ReTOF detection; red: inferred reaction intermediates.
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Finally, the ion signal at m/z = 46 amu has been attributed to
nitrogen dioxide (NO2) as the TPD profile in the deuterated
nitromethane ice is equivalent during the sublimation of the
parent at 165 K. However, the ion signals at m/z = 46 and 50
amu match perfectly at all sublimation events after the parent
(Figure 10), implying that the chemical formula has four

hydrogen associated with this mass. As such, the observed
sublimating masses may correspond to CH3NOH

+, which is a
result of fragmentation from higher mass organics (see below).
Similar observations hold true for the remaining masses (33 vs
38; 44 vs 46; 47 vs 52). Based on previous UV photo-
dissociation studies, we can suggest that the NO2 fragment is
produced in the gas phase in an excited state that decomposes
to NO and O,31,53,60 which is then subsequently ionized. Note
that ion signal at m/z = 16 amu is not observed, as the
ionization energy of oxygen atom is significantly above the
threshold of this experimental setup at 13.6 eV.109

3.2.2.2. Complex Organic Molecules Originating from
Carbene Reactions. The TPD data and the mass-to-charge
ratios of the ionized products disclose a molecular mass growth
process by 14 amu (nitromethane ice) and 16 amu (D3-
nitromethane ice). This might be a consequence of a mass
growth through reactions of precursor molecules with carbene
(CH2) and D2-carbene (CD2), respectively. This process is
apparent from signal probed at m/z = 45 versus 59 and 61
versus 75 from the nitromethane samples, which is also
correlated with m/z = 48 versus 64 and 64 versus 80 in the D3-
nitromethane ices. Here, singlet carbene inserts without barrier
into the carbon−hydrogen bond of the methyl group of
nitrosomethane (CH3NO; 45 amu) yielding nitrosoethane
(CH3CH2NO; 59 amu; IE = 10.1 eV). In the D3-nitromethane
system, this shifts from D3-nitrosomethane (CD3NO; 48 amu)
to D5-nitrosoethane (CD3CD2NO; 64 amu) and results in a
mass difference of 5 amu as a consequence of five deuterium
atoms instead of hydrogen. Also, singlet carbene inserts into the
carbon−hydrogen bond of methylnitrite (CH3ONO; 61 amu)

forming ethylnitrite (CH3CH2ONO; 75 amu) as verified in the
D3-nitromethane system via the observation of D3-methyl
nitr i te (CD3ONO; 64 amu) and D5-ethylnitr i te
(CD3CD2ONO; 80 amu) formed via D2-carbene insertion.
Ethylnitrite holds an ionization energy of 10.53 eV slightly
above the photon energy of 10.49 eV; nevertheless,76 the
electric fields of the extraction plate can lower the ionization
energy (Stark effect)110 by at least 0.04 eV. Ethylnitrite
(CH3CH2ONO; 75 amu) may also be synthesized via carbene
reaction with nitromethane giving nitroethane (CH3CH2NO2),
which then isomerizes to ethylnitrite (CH3CH2ONO; 75 amu).
The TPD profiles of 59 and 64 ((D5)nitrosoethane) and 75
and 80 ((D5)ethylnitrite) agree well.
The weak signal at m/z = 89 might be rationalized by a

successive mass growth process involving another carbene with
nitroethane (CH3CH2NO2; 75 amu) or ethylnitrite
(CH3CH2ONO; 75 amu), yielding nitro(iso)propane
(C3H7NO2; 89 amu) or (iso)propylnitrite (C3H7ONO; 89
amu). Based on the ionization energies, propylnitrite (IE =
10.34 eV) and isopropylnitrite (IE = 10.23 eV) can be
photoionized, but neither nitropropane (IE = 10.78 eV) nor
isonitropropane (IE = 10.74 eV) can. It is important to point
out that the signal in the D3-nitromethane at m/z = 96 is too
high to connect with the synthesis of only D7-(iso)-
propylnitrite. Therefore, a hitherto unassigned molecule must
account for this signal, too. The signal at m/z = 73 could
originate from a successive mass growth via carbene reaction
with nitrosoethane (CH3CH2NO; 59 amu) synthesizing
nitroso(iso)propane (C3H7NO; 73 amu). The corresponding
signal in the D3-nitromethane system at m/z = 80 is dominated
by D5-ethylnitrite (CD3CD2ONO; 80 amu), and a definite
assignment is not feasible at the present stage. It is important to
note that the signal at m/z = 73 could also be explained via
molecular hydrogen elimination from ethylnitr ite
(CH3CH2ONO; 75 amu) forming vinylnitrite (C2H3ONO;
73 amu). The ionization energy of the nitroethylene isomer
(C2H3NO2; 73 amu) of 11.0 eV is too high to be ionized under
the present experimental conditions. A hydrogen elimination in
nitrosomethane (CH3CH2NO; 59 amu) may result in the
signal at m/z = 57 (nitrosoethylene; 57 amu) correlated with
the signal at m/z = 60 (D3-nitrosoethylene; 60 amu) in the
exposed D3-nitromethane sample.
How can singlet carbene be formed? Previous experiments in

our laboratory probing the interaction of ionizing radiation with
solid methanol (CH3OH),

97,98 methylamine (CH3NH2),
111

and ethane (CH3CH3)
112 revealed the presence of methane

(CH4) via retro-insertion of singlet oxygen atoms (O), singlet
nitrene (NH), and singlet carbene (CH2). If this pathway is
also valid for nitromethane, retroinsertion of singlet carbene
form nitrous acid (HONO; 47 amu). The ionization energy of
the latter of 11.3 eV is higher than the 10.49 eV utilized in our
studies. The formation of carbene and nitrous acid requires 415
kJ mol−1; this energy can be covered by the energetic electrons
easily.

3.2.2.3. Higher Molecular Weight Molecules Derived from
Two Nitromethane Molecules. Higher molecular weight
products from 90 to 106 amu can be rationalized by the
involvements of formally two nitromethane molecules. First,
upon exposure to energetic electrons, nitromethane (CH3NO2;
61 amu) and nitrosomethane (CH3NO; 45 amu) can emit a
hydrogen atom yielding the nitromethyl (CH2NO2; 60 amu)
and nitrosomethyl (CH2NO; 44 amu) radicals. These
decompositions products are endoergic by 439 kJ mol−1 and

Figure 10. ReTOF TPD profiles monitored at m/z = 46 and 50.
Nitrogen dioxide has been assigned to the peak at 165 K cosublimating
with nitromethane (black square) as this ion signal was similar to that
observed in CD3NO2 (blue circles). However, nitrogen dioxide cannot
explain the remaining sublimation events. As such, we are attributing
these peaks to be a consequence of photofragmentation of higher
molecular weight products (see text).
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245 kJ mol−1, which can be overcome by the energetic
electrons. These radicals react forming a species of the chemical
formula C2H4N2O3. Based on a radical−radical recombination,
th is molecules could be 1-ni t roso-2-ni troethane
(ONCH2CH2NO2; 104 amu). Due to the lacking signal in
the D3-nitromethane system at m/z = 108, this assignment is
tentative. Also, we probed the minor signal at m/z = 91
resulting from the reaction of nitromethyl (CH2NO2; 60 amu)
with the methoxy radical (CH3O; 31 amu) to methoxyni-
tromethanol (CH3O CH2NO2; 91 amu). The sublimation from
175 to 220 K in the D3-nitromethane ice at m/z = 96 amu
(CD3OCD2NO2) verifies this conclusion. Also, we probed the
signals at m/z = 90 and 106. This can be attributed 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 (CH3NO2; 61 amu) forming CH3NO−
CH3NO2 (106 amu). Nitrosomethane (CH3NO) dimerizes
easily forming (E)-azodioxymethane;113 this reaction could also
take place in the condensed phase via exposure to energetic
electrons. The TPD profile at m/z = 90 hints to two
sublimation events: 175 to 250 and 250 K to 300 K. The
sublimation from 250 to 300 K correlated with m/z = 45, i.e.,
the nitrosomethane monomer, thus indicating that, upon
photoionization, the cation dissociates to singly ionized
nitrosomethane monomer as well. Data in the D3-nitromethane
ice at m/z = 96 shifts the mass-to-charge by 6 amu; this
confirms the presence of six hydrogen/deuterium atoms in the
molecules at 90 amu (nitromethane system) and 96 amu (D3-
nitromethane system). The signal at m/z = 106 is formally
derived from reaction of a nitrosomethane (CH3NO; 45 amu)
with nitromethane (CH3NO2; 61 amu) yielding CH3NO−
CH3NO2 (106 amu). The TPD profiles of the nitromethane
and D-nitromethane systems at m/z = 106 and m/z = 112
agree well, proposing that this molecule contains six hydrogen/
deuterium atoms.
3.2.2.4. Higher Molecular Weight Molecules Derived from

Three Nitromethane Molecules. In the electron-irradiated
nitromethane system, the signal at m/z = 135 represents the
highest ion observable. This can be assigned to a “trimer” of
nitrosomethane (CH3NO; 45 amu) of hitherto unknown
structure. However, the signal is very weak, and no
corresponding mass shift in the D3-nitromethane system by 9
amu, i.e. (CH3NO)3 versus (CD3NO)3, could be monitored.
Therefore, this assignment must be considered as tentative.

4. SUMMARY AND CONCLUSIONS
The present study examined the energetic processing of solid
nitromethane upon bombardment with energetic electrons at
cryogenic temperatures and probed the newly formed
molecules via two complementary techniques: FTIR and
ReTOFMS. First we investigated the newly emerging infrared
absorption bands qualitatively and assigned their carriers.
Having detected multiple newly formed molecules in the
irradiated nitromethane ices (CH3ONO, H2CO, CO, CO2,
NO, H2O; tentatively HNCO and CH2NOOH) on line and in
situ, we also elucidated the underlying formation pathways.
First, the temporal profiles and the kinetic fits suggest (pseudo)
first-order kinetics of the formation of methyl nitrite
(CH3ONO) via isomerization of nitromethane (CH3NO2).
Second, our studies proposed two competing pathways of the
decomposition of methyl nitrite (CH3ONO) into form-
aldehyde (H2CO) plus nitrosyl hydride (HNO) and the
methoxy radical (CH3O) plus nitrogen monoxide (NO). This

mechanism is consistent with the gas phase works50 and also in
computations.59 Further theoretical calculations were also
performed recently by Homayoon and Bowman,114 confirming
the existence of these fragmentation channels. Third, our data
analysis suggests first-order kinetics of the formation of methyl
nitrite (CH3ONO) via isomerization of nitromethane
(CH3NO2) in the condensed phase. This pathway was
predicted by theory115 and confirmed experimentally that
isomerization to methyl nitrite (CH3ONO) is in competition
with the fragmentation of nitromethane.50,116 The energized
nitromethane initially enters the dissociation channel CH3···
NO2 with the calculated C−N bond length at about 4.58 Å.114

The incipient fragments reorient and recombine to transiently
form the cis-CH3ONO isomer via roaming,35−38,73,74 which can
then result in the molecular and radical fragmentation pathways
as discussed above (reaction 4). However, in the ice, the methyl
radical and the nitrogen dioxide are trapped within the matrix
cage and recombine back either to nitromethane (CH3NO2) or
methyl nitrite (CH3ONO). In the condensed phase, roaming
reaction dynamics are not required to explain the experimental
data. This “cage effect” is reflected in reaction mechanisms that
do not exist in gas phase reactions under single collision
conditions, where the nascent products “fly apart” or undergo
prior reactions via “roaming”. However, in the solid state, the
internal energy of this intermediate is transferred to the
surrounding matrix via phonon interaction; the solid acts like a
“catalyst” in forming a product that cannot be synthesized in
the gas phase. This is important in stabilizing the newly formed
molecules in the solid phase and can lead to reaction products
distinct from those in gas phase reactions under single collision
conditions. Finally, to adequately fit the column densities of
methyl nitrite, it was important to add an unknown
decomposition pathway of nitromethane. Justification of this
premise can be found in both the mass balance quantification
and the proposed reaction pathways identified from the mass
spectroscopic data that about 15 ± 10% of the nitromethane
molecules had to be converted to higher molecular weight
products.
These complex products were detected via ReTOFMS-PI.

Three major product classes were assigned (Figure 9, Table 4)
formally needing up to three nitromethane “building blocks”:
(i) nitroso compounds, (ii) nitrite compounds, and (iii) higher
molecular weight molecules. First, a key molecular mass growth
processes was attributed to insertion of carbene (CH2) into
carbon−hydrogen bonds forming from nitrosomethane
(CH3NO) a homologues series of nitrosoalkanes: nitrosoethane
(C2H5NO) and nitrosopropane (C3H7NO). Also, starting with
methylnitrite (CH3ONO), carbene insertions leads to a
homologues series of nitritoalkanes: ethylnitrite (C2H5ONO)
and propylnitrite (C3H7ONO). Both C2H3NO and C2H3ONO
are likely synthesized by hydrogen loss from their nitroso-
methane (C2H5NO) and ethylnitrite (C2H5ONO) precursors.
Second, we identified molecules that necessitate the reaction of
(fragments of) two nitromethane building blocks:
CH3NONOCH3, CH3NONO2CH3, and tentatively
CH3OCH2NO2 as well as ONCH2CH2NO2. The formation
of CH3NONOCH3 and CH3NONO2CH3 requires two
neighboring nitrosomethane and nitrosomethane/nitrome-
thane moleculespathways that have been postulated
previously.68,72 Third, a hitherto unidentified “trimer” of
nitrosomethane (CH3NO)3 could be identified tentatively.
Finally, the reactions in the condensed phase require initial
decomposition pathways, which have not been monitored in
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previous gas phase experiments. These are the decomposition
of nitromethane to the nitromethyl radical (CH2NO2) plus
atomic hydrogen (H), (reaction 10), to nitrosomethane
(CH3NO) plus atomic oxygen (O) (reaction 11), and to
singlet carbene (CH2) plus nitrous acid (HONO) (reaction
12). These pathways are highly endoergic, but could be opened
up by the interaction of energetic electrons with nitromethane
molecules in the condensed phase.

ν+ → +

Δ = + −G

CH NO h CH NO H

439 kJ mol
3 2 2 2

R
1

(10)

ν+ → + Δ = + −GCH NO h CH NO O 363 kJ mol3 2 3 R
1

(11)

ν+ → +

Δ = + −G

CH NO h CH HONO

415 kJ mol
3 2 2

R
1

(12)

In summary, our investigations unraveled that about one-
fourth of the nitromethane molecules are converted to three
product classes, which are not observable in classical gas phase
experiments. These are (i) nitroso compounds, (ii) nitrite
compounds, and (iii) complex higher molecular weight
molecules. Finally, the present research represents a vastly
undersized understanding to a very multifaceted issue that has
only been skimmed over in the gas phase. Further analysis on
the decomposition of nitromethane is absolutely critical in
order to understand the full complexity of the process. These
experiments will rely on the coherent use of molecular selective
ionization utilizing tunable vacuum ultraviolet light and ab initio
calculations as the decomposition of nitromethane in the solid
state obviously results in molecules whose ionization energies
have yet to be examined experimentally.
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