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ABSTRACT: Thin films of nitromethane (CH;NO,) along with its isotopically labeled
counterpart D3-nitromethane (CD;NO,) were photolyzed at discrete wavelength between
266 nm (4.7 eV) and 121 nm (10.2 V) to explore the underlying mechanisms involved in
the decomposition of model compounds of energetic materials in the condensed phase at 5
K. The chemical modifications of the ices were traced in situ via electron paramagnetic
resonance, thus focusing on the detection of (hitherto elusive) reaction intermediates and
products with unpaired electrons. These studies revealed the formation of two carbon-
centered radicals [methyl (CH;), nitromethyl (CH,NO,)], one oxygen-centered radical
[methoxy (CH;0)], two nitrogen-centered radicals [nitrogen monoxide (NO), nitrogen

CH50®

dioxide (NO,)], as well as atomic hydrogen (H). The decomposition products of these

channels and the carbon-centered nitromethyl (CH,NO,) radical in particular represent crucial reaction intermediates leading via
sequential molecular mass growth processes in the exposed nitromethane samples to complex organic molecules as predicted
previously by dynamics calculations. The detection of the nitromethyl (CH,NO,) radical along with atomic hydrogen (H)
demonstrated the existence of a high-energy decomposition pathway, which is closed under collisionless conditions in the gas

phase.

1. INTRODUCTION

During the last decades, the nitromethane molecule
(CH3NO,), the simplest representative of an organic nitro
compound carrying a resonance stabilized functional group
(nitro), has received considerable attention from the material
science community because nitromethane is considered as a
model compound of nltrohydrocarbon -based (RNOZ) ener-
getic materials covering propellants,"” explosives,” ® and high-
performance fuel additives for internal combustion engines and
detonation systems.” A detailed knowledge of the underlying
reaction mechanisms in the decomposition of nitromethane
and of the successive reactions of the carbon-, nitrogen-, and
oxygen-centered radicals formed in this process is imperative to
predict the aging behavior, performance, and the sensitivity to
heat and shock of energetic materials.”~"° The investigation of
these decomposition processes still represents a significant
hurdle for experimentalists, theoreticians, and modelers
considering the nonequilibrium conditions under which these
reactions often occur.

Previously, experimental investigation of the decomposition
pathways of nitromethane has been mainly restricted to gas-
phase processes utilizing ultraviolet photodissociation
(UVPD)'®"?° and infrared multiphoton dissociation
(IRMPD).”'™** These studies were often conducted under
collisionless conditions in molecular beams. Combined with
electronic structure calculations, three key channels were

-4 ACS Publications  © 2016 American Chemical Society

1577

exposed: (1) the unimolecular decomposition of nitromethane
(CH;3NO,) to the methyl radical (-CH,) and nitrogen dioxide
(‘NO,) (reaction 1) and (2) a roaming-mediated nitromethane
(CH3NO,)—methylnitrite (CH;0ONO) isomerization followed
by fragmentation of the methylnitrite through a radical pathway
to the methoxy radical (CH;0-) plus nitrogen monoxide (-
NO) (reaction 2a) and via a molecular elimination pathway
forming formaldehyde (H,CO) plus nitrosylhydride (HNO)

(reaction 2b; Scheme 1).224%

CH,NO, — -CH, + -NO, 1)
CH,NO, — CH,0ONO — CH,0- + -NO (2a)
— H,CO + HNO (2b)

Until recently, only limited studies have been conducted in
the condensed phase. Photolysis studies of liquid nitromethane
and nitromethane ices at 77 K suggested a decomposition of
nitromethane in analogy to reaction 1 forming the methyl
radical (-CH;) plus nitrogen dioxide (-NO,). 3031 Follow- up
studies revealed the isomerization of nitromethane (CH;NO,)
to methylnitrite (CH;ONO); successive photolysis leads to the
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Scheme 1. Compilation of Initial Isomerization and
Decomposition Mechanisms of Nitromethane (CH;NO,)
Inferred from Gas-Phase and Condensed-Phase
Experimental Studies along with Molecular Dynamics
Simulations (See Text for Details)
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detection of the molecular fragmentation pathway to form-
aldehyde (H,CO) and nitrosylhydride (HNO) (reaction 2b)
and also a poorlgr understood isomerization to nitrosomethanol
(ONCH,OH).**™** Extensive molecular dynamics simulations
proposed that besides the traditional nitromethane (CH;NO,)-
to-methylnitrite (CH;ONO) isomerization, intermolecular
hydrogen atom transfer processes yield N-hydroxy-nitroso-
methane (CH;N(O-)OH) plus a nitromethyl (-CH,NO,)
radical (reaction 3) along with an isomerization to aci-
nitromethane (H,C=N(O)OH) (reaction 4).***” These
computations revealed further that the decomposition of
nitromethane should lead to a complex mixture of carbon-,
oxygen-, nitrogen, and hydrogen-bearing organics of hitherto
unknown composition.**”

CH,NO, + CH,NO, - CH,NOOH + CH,NO,  (3)

(4)

Recent experimental studies on the interaction of cryogenic
films of nitromethane (CH3NO,) and of D3-nitromethane
(CD;NO,) films with ionizing radiation in the form of
energetic electrons and photons (Lyman a; 10.2 eV) exposed
that besides the classical gas-phase pathways (reactions 1 and
2), nitromethane (CH;NO,) follows high-energy (nonequili-
brium) and strongly endoergic decomposition routes (reactions
5—8).”"~*" As confirmed via isotopic substitution experiments,
these involve the decomposition of nitromethane and/or the
methylnitrite isomer to the nitromethyl radical (-CH,NO,)
and/or methylene nitrite radical (-CH,ONO) plus supra-
thermal atomic hydrogen (H-) (reactions Sa and Sb), to
nitrosomethane (CH;NO) plus atomic oxygen (-O-) (reaction
6), to the nitrosomethyl radical (-CH,NO) plus atomic
hydrogen (H-) (reaction 7), and to singlet carbene (:CH,)
plus nitrous acid (HONO) (reaction 8). The carbon-centered
radicals and closed-shell species indicated in italics in reactions
5a—8 were found to initiate mass growth processes leading to
three key classes of complex organic molecules:*”~*' (1) a
homologues series of nitrosoalkanes [nitrosoethane (C,H;NO)

CH,NO, — H,C=N(0)OH — HCNO + H,0
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and nitrosopropane (C;H,NO)], (2) a homologues series of
nitritoalkanes [ethylnitrite (C,H;ONO) and propylnitrite
(C3H,0NO)], and (3) complex organics formally incorporat-
ing two nitromethane building blocks (CH;NONOCHS,,
CH,NO-NO,CH,, CH,0CH,NO,, and ONCH,CH,NO, ).

CH,NO, - -CH,NO, + H-  AyG = +461 k] mol ™’

(52)
CH,ONO — -CH,0NO + H-  AzG = +472 kJmol "

(sb)
CH;NO, — CH;NO + -O-  AyG = +363 kJmol ™'

(6)
CH;NO — -CH,NO + H-  A;G = +460 kJmol™'  (7)
CH,NO, — CH;0ONO — :CH, + HONO

ARG = +430 kJ mol ™ (8)

These pathways have been derived based on exposing mixed
nitromethane—D3-nitromethane ices to ionizing radiation,
following the chemical evolution of the irradiated ices on line
and in situ via infrared spectroscopy, and subliming the newly
formed molecules via temperature-programmed desorption
followed by photoionizing the subliming molecules and
detecting the latter via reflectron time-of-flight mass spectrom-
etry (ReTOF).

Whereas the closed-shell species such as the nitrosoalkanes
and nitritoalkanes were nicely identified via ReTOF and
correlating shift of the mass-to-charge ratios of the products
upon (partial) deuteration, the inferred carbon- and oxygen-
centered radical intermediates and the atoms (hydrogen,
oxygen) have not been identified, neither via infrared nor
mass spectroscopic detection schemes, in our previous studies.
This is due to the small amount of the radicals formed, their
high reactivity, and/or the overlapping absorptions with the
fundamentals of the corresponding closed-shell precursors.
Consequently, a further analysis on the decomposition of
nitromethane is absolutely critical to understand the full
complexity of the process. Here, we provide the final pieces of
the puzzle and attempt to identify multiple carbon-, oxygen-,
and nitrogen-centered radicals formed in the wavelength-
selective photolysis of solid nitromethane and D3-nitro-
methane, ie, 266 nm (4.7 eV), 254 nm (4.9 eV), and 121
nm (102 eV) at 5 K exploiting electron paramagnetic
resonance (EPR). Due to the closed-shell nature of the
reactants, but the presence of unpaired electrons in the radical/
atom intermediates, EPR provides essentially a “background
free” detection method, thus providing unprecedented
information on the formation and potential branching ratios
of the open-shell products formed. We discuss these findings in
the context of previous EPR studies of nitromethane exposed to
ionizing radiation and then merge these novel data with those
obtained from our previous FTIR and ReTOF analyses to
ultimately reveal a unified picture of the decomposition of
nitromethane in the condensed phase at ultralow temperatures.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. Nitromethane (99%+,
Acros) and D3-nitromethane (99.5 atom % D+, abcr GmbH)
were used in the experiments without further purification. For
the matrix isolation experiments, argon and neon (Messer-
Griessheim; 99.9999%) were exploited. X-band EPR experi-
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ments were recorded with a Bruker Elexsys ES00 EPR
spectrometer holding an Er077R magnet with a 75 mm pole
cap distance, an Er047XG-T microwave bridge, and an oxygen-
free high-conductivity copper rod (75 mm length, 3 mm
diameter) cooled by a Sumitomo SHI-4-S closed-cycle 4.2 K
cryostat.42

2.2. EPR Measurements. Argon or neon matrices doped
with 0.2—0.05% of nitromethane or D3-nitromethane were
deposited on the copper rod, which was maintained at 5 K by a
helium closed-cycle cryostat. Typically, deposition times range
between 5 and 40 min. The copper rod was then lowered into a
quartz tube (75 mm length, 10 mm diameter) at the bottom of
the shroud, which allowed the matrix-isolated nitromethane
(D3-nitromethane) to be irradiated at 254 nm (4.9 eV) from a
low-pressure mercury lamp, 266 nm (4.7 eV) from a Nd:YAG
laser, and 121 nm (10.2 V) from a hydrogen-discharged lamp
photons. Spectra were recorded at various irradiation times as
detailed below.

2.3. EPR Simulations. The EPR spectra were simulated
exploiting the EasySpin suite, a comprehensive software
package for spectral simulation and analysis in EPR (version
5.0.2)." For the simulation, the experimental parameters
including the frequency, number of points, and the spectral
range were matched with those from the experiment; the
dynamic parameters such as the Lorentzian line width and the
distribution in magnetic parameters (g and A strains) were
taken from literature data and adjusted to our frequency.
Branching ratios are calculated by integration of the individual
peaks of the radicals.

3. RESULTS

The photolysis of nitromethane (CH3;NO,) and D3-nitro-
methane (CD;NO,) in both argon and neon matrices as well as
in the pure solid at 5 K resulted in the appearance of multiple
new features in the electron paramagnetic resonance spectrum
(Figure 1). To assign these features, we pursue the following
strategy. First, we simulate the EPR spectrum of each of the
individual carbon-, nitrogen-, and oxygen-centered radicals
predicted to be formed during the photolysis.””*" Second, we
exploit a linear combination of these individual spectra as base
functions to simulate the experimentally obtained EPR spectra
after the photolysis. Figure 1 demonstrates that distinct
matrices in the experiments have little effect on the newly
identified species; as expected, the peaks were found to be
sharper in the matrix-isolated samples (Figure 1a). Also as can
be seen in Figure 1a, no additional peaks emerge after about 20
min of irradiation; only the yield is enhanced. Finally, an
annealing of the irradiated samples to 30 K decreases the
intensity of the (radical) peaks as the result of radical diffusion
and hence recombination (Figure 1b).

3.1. Individual EPR Spectra. 3.1.1. Methyl (CH3) and D3-
Methyl (CDs) Radicals. The EPR spectrum of the methyl
radical (CH;) consists of four lines (Figure 2a), which are
observed after short irradiation times of about 1 min of
nitromethane (CH;NO,) at § K. Because the unpaired electron
is localized at the carbon atom, which is surrounded by three
chemically equivalent hydrogen atoms, we expect a quartet of
lines for the methyl (CH,) radical as a result of the hyperfine
interactions between the spin of the electron and the nuclear
spin of three protons 'H (I = 1/2). Similarly, we predict septet
lines for the D3-methyl radical (CD;) due to interaction of the
unpaired electron with the three adjacent deuterium atoms *H
(I 1). The methyl radical trapped in low-temperature
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Figure 1. EPR spectra obtained after 4 = 254 nm (4.9 eV) photolysis
of matrix-isolated and neat nitromethane at S K: (a) 0.2%
nitromethane (CH;NO,) in solid argon after irradiation times of 1,
2, 10, 15, 25, 55, and 85 min; (b) neat nitromethane (CH;NO,) after
180 min irradiation (i) and subsequent annealing at 30 K for S min

(ii).

matrices have been studied by EPR spectroscoFy previously;
thus, the EPR parameters are already known.”*~>" It was shown
that at 4.2 K, the methyl radical has four EPR lines with a
hyperfine coupling constant (hfcc) of an average of about 23.1
G. In agreement with these studies, our experiment at 5 K
yields well-resolved and separated quartet lines attributed to the
methyl radical with hfcc values of 23.06, 23.12, and 23.27 G
(Figure 2a). Bielski et al. reported that the total separation of
the four lines of the methyl radical formed after photolysis of
nitromethane in a water matrix or a tetrachloride matrix at 77 K
was 65 G, in close agreement to our experimental findings of
69.45 G.”° The EPR parameters of the D3-methyl radical
trapped in low-temperature matrices were also reported.44_46 It
shows a septet of lines with an average hfcc of about 3.59 G. In
our experiments we measured an average hfcc of 3.8 G septet
lines for the D3-methyl radical (CD,).™

3.1.2. Nitromethyl (CH,NO,) and D2-Nitromethyl
(CD,NO,) Radicals. In the case of the nitromethyl radical
(CH,NO,), the unpaired electron is localized at the carbon
atom. Because of coupling between the spin of the electron and
the nuclear spin of the two adjacent protons "H (I = 1/2) as
well as the nitrogen atom "N (I = 1), we expect to see a triplet
of triplet EPR lines for the CH,NO, radical (Figure 3a). The
simulation enables us to extract the spin Hamiltonian
parameters of CH,NO,: the hfccs of the hydrogen atoms
(Ag = 23.19 G) and the nitrogen atom (Ay = 4.3 G) and the g-
value g, = 2.0020. This was found to be in close agreement to
the reported values of A,("H) = 22 G, A,('"H) =22 G, A;(**N)
-6 G

Similarly, we expect a quintet of triplets for the D2-
nitromethyl (CD,NO,) radical. The two chemically equivalent
deuterium atoms *H (I = 1) result in 5 lines, of which each
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Figure 2. EPR spectra of methyl (a) and D3-methyl (b) radicals produced by A = 254 nm (4.9 eV) irradiation of nitromethane (CH;NO,) and D3-
nitromethane (CD;NO,), respectively, matrix isolated in argon (0.05%) at 5 K followed by annealing to 30 K for S min (red). The simulated spectra
of the CH; and CD; radical are shown in blue with the simulation parameters compiled in Table 1.
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Figure 3. EPR spectra of nitromethyl (CH,NO,) (a) and D2-
nitromethyl (CD,NO,) radicals (b) produced by 4 = 266 nm (4.7 €V)
irradiation of nitromethane (CH;NO,) (doped with CD;NO,) and
D3-nitromethane (CD;NO,) (doped with CH;NO,), respectively,
matrix isolated in argon (0.05%) at S K. Simulated spectra of the
CH,NO, and CD,NO, radical are shown in blue; experimental spectra
of the individual radicals are depicted in red. The simulation
parameters are given in Table 2.

component will then further split into three lines due to
coupling with '*N of the nitrogen dioxide nitrogen atom (I = 1)
to give a total of S X 3 = 15 lines. The simulation of the
experimental spectrum of CD,NO, fits best with the following
parameters: A, (*H) = 114 G, A, (CH) = 114 G, A; (*N) =
3.85 G, g, = 2.0010 (Figure 3b).
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3.1.3. Methylene Nitrite (CH,ONO) and D2-Methylene
Nitrite (CD,0ONO) Radicals. The EPR spectrum of the
methylene nitrite (CH,ONO) radical was not yet reported.
However, if the same rules apply to the nitromethyl radical
(CH,NO,), i.e., we consider only the contribution of the Fermi
contact term to the hyperfine structure and we take into
account that the two protons are equivalent, we would expect
to see 3 X 6 = 18 lines for the methylene nitrite radical.
Similarly, a minimum of § X 6 = 30 lines are expected for D2-
methylene nitrite radical. Neither 18 nor 30 unidentified lines
are observed in the present experiments, indicating that (D2)
methylene nitrite radicals are not formed or are below the
detection limit of our system.

3.1.4. Nitrosomethyl (CH,NO) and D2-Nitrosomethyl
(CD,NO) Radicals. The nitrosomethyl radical (CH,NO) has
not been studied in depth via EPR spectroscopy. Farmer and
co-workers™ reported the only experimental EPR studies of
this radical in an argon matrix at 4 K. Very recently, Jaszewski et
al.> carried out ab initio calculations of the EPR parameters of
the nitrosomethyl radical (CH,NO), which showed good
agreement to earlier experimental findings of Farmer and co-
workers. These authors suggested that the unpaired electron
centered at the carbon atom couples to the '*N nitrogen atom
and also the two inequivalent hydrogen atoms located in cis and
trans positions relative to the nonbonding electron pair of the
nitrogen atom; this results in a complex, multiple-line spectrum
of the nitrosomethyl radical (CH,NO). The parameters
reported were g-factors of g, = 1.9930, g, = 2.0021, and g3 =
2.0042 along with hyperfine splitting of A,("*N) = 33.7 G,
A,("H) = 262 G and A;('"H) = 2.8 G. Using these parameters,
the simulated spectrum of the nitrosomethyl radical (CH,NO)
is given in Figure 4. Also the EPR spectrum of D2-
nitrosomethyl radical was not yet reported. By taking into
account the difference in magnetic moment between the proton
and deuteron, we similarly carried out simulation for the
CD,NO radical. However, in the present experiment, both
CH,NO and CD,NO radicals remain unobserved.

3.1.5. Methoxy (CH;0) and D3-Methoxy (CD;0) Radicals.
The EPR spectrum of the methoxy radical (CH;0) formed
upon photolysis of nitromethane in a perfluoromethylcyclo-
hexane matrix at 77 K is documented.”” The reported
parameters are as follows: hyperfine coupling constant (A'H)

DOI: 10.1021/acs jpca.5b12520
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Table 1. EPR Parameters of Methyl (CH;) and D3-Methyl (CD;) Radicals at 5 K

g-values hyperfine coupling constant (hfcc) (G)
sample temp (K) & o & A, A, A, Aio ref
H,+CO 4.2 2.0026 2.0026 2.0022 23.50 23.50 22.20 23.07 S0
D,+CO 42 2.0026 2.0026 2.0022 3.62 3.62 3.42 3.55 50
CH, 4.1 - - - 23.00 23.15 23.33 23.15 44
CH;NO, 5.0 2.0005 2.0005 2.0005 23.06 23.12 2327 23.15 this work
CD;NO, 5.0 2.0007 2.0008 2.0009 3.73 3.84 3.84 3.80 this work
Table 2. EPR Parameters of Nitromethyl (CH,NO,) and D2-Nitromethyl (CD,NO,) Radicals
g-values hyperfine coupling constant (hfcc) (G)

sample temp (K) & & & A, A, A, ref
CH;NO, S 2.0020 2.0020 2.0020 23.19 23.19 4.30 this work
CH;NO, 77 - - 22 22 S 52
CD;NO, S 2.0010 2.0010 2.0010 114 114 3.85 this work

b) J

a)

ﬁﬁw

T T T T T
3300 3350 3400 3450 3500
Magnetic field strength (G)

Figure 4. (a) Simulated spectra of the nitrosomethyl radical
(CH,NO); (b) EPR spectrum produced by 4 = 254 nm (4.9 eV)
irradiation of nitromethane (CH;NO,), matrix isolated in argon
(0.05%), over 18 h at S K, followed by annealing at 30 K for S min.

is 9 G and gfactors are 2.0135 (perpendicular) and 1.9932
(parallel). These data are in excellent agreement with our
simulations proposing a best fit to the experimental spectrum
(A'H) = 9 G and g-factors g; = 2.0122, g, = 1.9934, and g3 =
2.0315 (Figure S). However, we failed to detect the D3-

ﬁ/\ A

T T T T T T T T T
3340 3360 3380 3400 3420 3440 3460 3480 3500
Magnetic field strength (G)

Figure S. Comparison of simulated spectrum of the methoxy (CH;0)
radical (blue) with the EPR spectrum of the methoxy radical produced
by A =254 nm (4.9 V) irradiation of nitromethane (CH;NO,) for 18
h, matrix isolated in argon (0.05%) at S K followed by annealing at 30
K for 5 min (red).
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methoxy radical (CD;0) upon photolysis of D3-nitromethane;
this is likely due to the overlap with the spectral lines of the
CD,NO, and CD; photoproducts.

3.1.6. Nitrogen Dioxide (NO,). We expect three EPR lines
(M; = +1, 0, —1) for nitrogen dioxide (NO,), which result from
the interaction of the unpaired electron with the nuclear spin of
the nitrogen atom N (I = 1). In addition, in a randomly
oriented nitrogen dioxide (NO,) molecule, each M; value will
split further into three x, y, and z components to give a total of
3 X 3 = 9 lines.”™” Experimentally, the EPR spectrum of
nitrogen dioxide (NO,) in low-temperature matrices has been
extensively investigated.”***~% It was shown that the spectral
line shapes as well as line positions of the nitrogen dioxide
(NO,) are temperature-dependent. Thus, the value of the hfcc
due to the interaction of the magnetic moment of the unpaired
electron with the nitrogen atom varies from about 55 G at 4 K
to 12 G at 173 K, of average splitting of the triplet spectrum
observed for nitrogen dioxide (NO,).%" It was also reported
that the rotational motion of the nitrogen dioxide (NO,)
radical is axially symmetric about the y axis (parallel to O—O
bond direction; Figure 6) over the temperature range from 12
to 87 K.%%%%°* Therefore, even at the low temperature of 4 K,
the x and z components of the g and A tensors of nitrogen
dioxide are less resolved, whereas the y components are
observable up to 102 K.%’ In accordance to these studies, we
observed in the present experiments well-resolved y-compo-
nents of the nitrogen dioxide (NO,) radical at S K (Figure 6).

The spin Hamiltonian parameters (the g and A tensor
components) for nitrogen dioxide (NO,) in various selected
matrices over a wide range of temperatures are summarized in
Table 3. The values reported in the literature were found to be
in good agreement with our experimental results. Our
simulation best fit to the experimental spectrum of nitrogen
dioxide (NO,) produced by irradiation of nitromethane using
the parameters g, =2.0026, g, =1.9907, g, =2.002§, A, = S1.0 G,
A, =437 G, A, = 679 G, and Ay, = 544 (Table 3, row 1) at
K; the parameters were slightly changed when the matrix was
annealed between 20 and 30 K (g, =2.0009, g =1.9892, ¢,
=2.0010, A, = 56.5 G, A, = 44.6 G, A, = 68.5 G, and A;, = 56.5
(Table 3).

Bielski et al. reported two triplet lines for the NO, radical:
one major triplet with an average separation of 58 G and one
minor triplet with a 46 G separation, giving a total of 3 + 3 = 6
lines in the EPR spectrum which were observed upon
photolysis of nitromethane at 77 K.** This is in agreement
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Figure 6. (a) Simulated spectrum of nitrogen dioxide (NO,) and (b)
the EPR spectrum produced by 4 = 254 nm (4.9 eV) irradiation of
nitromethane (CH;NO,) for 18 h matrix isolated in argon (0.05%) at
5 K followed by annealing to 30 K for S min. The simulation
parameters are given in Table 3.

with our experimental results at S K: A, = 46 G and an average
A, and A, of 57.5 G. The fact that we have got a well-resolved
and separated triplet of triplets in the spectrum of nitrogen
dioxide (NO,) upon photolysis of nitromethane could be
explained by the difference in temperature and the use of argon
matrices in our experiments. While we used inert gas matrices
at 5 K in the present experiments, previous experiments
exploited water and carbon tetrachloride matrices at 77 K.*°
3.1.7. Nitrogen Monoxide (NO). The EPR spectrum of
nitrogen monoxide (NO) has been reported previously.”’ ">
The coupling between the unpaired electron and the nitrogen
atom results in spin Hamiltonian parameters of g; = 2.008, g, =
20061, g; = 2.0027, A, = 5.7 G, A, = 5.7 G, A, = 30.7 G, and
Ay, = 14.1 G.% These are in a close agreement with our best fit
simulations of the nitrogen monoxide (NO) radical with the
parameters g; = 2.0027, g, = 2.0064, g3 = 2.0002, A, = 6.4 G, A,
=3.6 G, A; = 30.7 G, and A,, = 13.6 (Figure 7, Table 4).
3.1.8. Atomic Oxygen (O). Among the three naturally
occurring isotopes of oxygen, O and *O have a nuclear spin
of I = 0; hence, we do not expect any magnetic hyperfine
structure. In contrast, the least abundant isotope, 70, has a

T T T T T
3300 3350 3400 3450 3500

Magnetic field strength (G)

Figure 7. Comparison of (a) simulated spectrum of nitrogen
monoxide radical (NO) (b) with the EPR spectrum of the nitrogen
monoxide (NO) radical produced by 4 = 254 nm (4.9 V) irradiation
of nitromethane (CH;NO,) for 18 h, matrix isolated in argon (0.05%)
at 5 K followed by annealing to 30 K for 5 min.

Table 4. EPR Parameters of the Nitrogen Monoxide (NO)
Radical

hyperfine coupling constant
(hfec) /(G)

&1 & & Ay Ay Ay A

2.0080 2.0061

2.0027 2.0064

g-values

- ref
2.0027 5.7 5.7 30.7 14.1 67

2.0002 6.4 3.6 30.7 13.6 this work

nuclear spin of I = 5/2. Thus, in theory we should get a sextet
of lines in the corresponding EPR spectrum. However, on the
basis of the abundances of the photoproducts in our
experiments and the natural abundance of '’O, we expect the
yield of 'O atoms in their *P electronic ground state to be
below the level of detection. Here, it is well-known that atomic
oxygen has a *P electronic ground state. Here, the spin orbit
term of j = 2 results in a separation of 1.85 G and hence four
lines (M;=2—> 1,1 - 0,0 - —1, =1 — 1); for j = 1, this
results in a separation of 10.7 G and a doublet (M;=1 — 0,0
— —1), ie, a total of 4 + 2 = 6 lines.””™ " Although we
exploited a solid argon matrix at 5 K, we could not detect any
signal of atomic oxygen. Using parameter hfcc values of A =
15.1 G and g = 2.0023 and nucleus 170, the simulation suggests
this could probably be due to overlapping of the spectral lines
with CH;, NO,, and NO radicals and the low-concentration
oxygen atoms (Figure 8).

Table 3. EPR Parameters of Nitrogen Dioxide (NO,) in Various Media

g-values hyperfine coupling constant (hfcc) (G)
sample temp (K) & & 2 A, A, A, Ay ref
CH;NO, S 2.0026 1.9907 2.0025 S1.S 43.7 67.9 54.4 this work
CH;NO, 30 2.0009 1.9892 2.0010 56.5 44.6 68.5 56.5 this work
CD;NO, S 2.0026 1.9907 2.0025 S1.8 43.7 67.9 54.4 this work
CD;NO, 30 2.0026 1.9900 2.0008 56.5 45.5 68.6 56.8 this work
CH;NO, 77 2.0060 1.9910 2.0020 47 46 66 53.0 54
vycor” 4.8 2.0051 1.9913 2.0017 S0 46 65.5 53.8 62
zeolite” 4.8 2.0051 1.9913 2.0017 S50 46 65.5 53.8 62
SiO,” 4.2 2.0057 1.9920 2.0020 50.1 45.8 65.5 53.8 60
MgO” 77 2.005 2.002 1.9910 52 65 49 5§8.3 66
“NO, adsorbed on surface studies
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Figure 8. Comparison of (a) the simulated spectrum of atomic oxygen
to (b) the EPR spectrum produced by A = 254 nm (4.9 eV) irradiation
of nitromethane (CH;NO,) (b) matrix isolated in argon (0.05%) at S
K followed by annealing to 30 K for 5 min.

3.1.9. Atomic Hydrogen (H) and Deuterium (D). The EPR
parameters of atomic hydrogen trapped in low-temperature
matrices are frequently reported in the literature.”*™”" It was
shown that below 70 K, atomic hydrogen has two spectral lines
separated by about 510 G, centered at approximately g = 2 and
hfcc A = 504.9 G. The hfcc and g-factor of free hydrogen atom
are also theoretically known to be 506.8 G and 2.00228384,
respectively.”*"*" These reports agreed well with our finding of
two lines for atomic hydrogen produced by photolysis of
nitromethane, which are separated by about 508 G, centered at
g = 2.002 and described by hfcc of (A'H) = 505.62 G (Figures
9 and 10, Table S). Similarly, upon decomposition of D3-

(D) (D)
(H) (H)
.| |
| |
5 =
508 —

3150 3200 3250 3300 3350 3400 3450 3500 3550 3600 3650
Magnetic field strength (G)

Figure 9. (a) Simulated spectrum of atomic hydrogen and deuterium
shown in blue; (b) the individual EPR spectra of atomic hydrogen and
deuterium (red) produced by 4 = 266 nm (4.7 eV) laser irradiation of
the mixture of excess D3-nitromethane (CD;NO,) and nitromethane
(CH,NO,) for 30 min matrix isolated in argon (0.05%) at S K.

nitromethane, we observe three lines assigned to deuterium
atoms which are separated by about 150 G with a g-factor of
2.007 and hfcc of 77.43 G. These values agree well with the
reported values of 150, 2.0023, and 77.88 G, respectively
(Figure 9, Table 5). 78

3.2. Simulation of the Experimental EPR Spectra. We
use a linear combination of the individual EPR spectra (sections
3.1.1—3.1.9.) to simulate the complex experimental EPR spectra
of the photolysis products (Figures 11 and 12). The results are
compiled in Table 6. The photolysis of (D3)-nitromethane ices
at 266 nm (4.7 €V), 254 nm (4.9 eV), and 121 nm (10.2 eV) at
5 K excites the 7% « n, 7% « 7, and 7* < o transitions.”” ™ *°
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H(1/2 H(-1/2
(172) CHs (-1/2)
1/2-1/2
Mi=3/2 312
s J
i [ r’
69.4
B,
508 G

Figure 10. EPR spectra produced by A = 266 nm (4.7 V) irradiation
of nitromethane (CH;NO,) for 10 min matrix isolated in argon
(0.05%) at S K. The simulated spectra of the methyl (CHj) radical and
atomic hydrogen (H) shown in blue fit well with the experimental
spectrum shown in red. Simulation parameters are given in Tables 1
and S.

Table 5. EPR Parameters of Atomic Hydrogen (H) and
Deuterium (D)

temp hyperfine coupling
sample/radical (K) gtensor constant (hfcc§ (G) ref
free hydrogen atoms 2.0023 506.84 81
CH,NO,/H S 20020 505.62 this
work
C3,H,,0,,8is/H 10 20029 505.19 76
(OSi(CH,),)8is0,,/H 40 — 506.06 77
free deuterium atoms 2.0023 77.88 81
CD5;NO,/D N 2.0070 7743 this
work
(0Si(CD3),)S8i05,/D 40 — 77.87 77
a=CHs
b =NO2
¢=CHs3O
d=NO
b bc ¢ |db cd
a
a a

T T T T T T T T T
3340 3360 3380 3400 3420 3440 3460 3480 3500
Magnetic field strength (G)

Figure 11. EPR spectra produced by 4 = 254 nm (4.9 eV) irradiation
of nitromethane (CH;NO,) over 18 h matrix isolated in argon
(0.05%) at S K followed by annealing to 30 K for S min. The simulated
spectra of the methyl (CHj;), nitrogen dioxide (NO,), methoxy
(CH;0), and nitrogen monoxide (NO) radicals are shown in blue
with the experimental spectrum overlaid in red.

In general, the radicals observed are not found to be
wavelength-dependent with the exception that the (D2)
nitromethyl radicals (CH,NO,/CD,NO,) radicals are obtained
in higher yield while using 266 nm (4.7 V) and 121.5 nm
(102 V) photons.

The (D3)-methyl radical (CH;/CD;) was detected at all
three photolysis wavelengths in neat and also isotopically mixed
ices. Similarly, hydrogen (H) and deuterium (D) could be
monitored in all samples as well. The absorptions of these four
species are prominent in the EPR spectra already after the first
minute of photolysis at all wavelengths and contribute to the
dominating EPR signal and account for up to 55 & 10% (CH,/

DOI: 10.1021/acs jpca.5b12520
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Figure 12. EPR spectra produced by 4 = 254 nm (4.9 eV) irradiation
of a mixture of D3-nitromethane (CD;NO,) and nitromethane
(CH;NO,) for 18 h followed by annealing to 30 K for S min matrix
isolated in argon (0.05%) at S K. The simulated spectra of D3-methyl
(CD3), D2-nitromethyl (CD,NO,), deuterium atoms (D), nitrogen
dioxide (NO,), and methyl (CH;) radicals are shown in blue; the
experimental spectrum is overlaid in red.

CD;) and 30 + 10% (H/D) of all open-shell products. Also,
the nitrogen-centered radicals, nitrogen dioxide (NO,) and
nitrogen monoxide (NO), were identified upon photolysis of
the low-temperature ices at all wavelengths. These species
account for up to 15 + 5% and 10 + 5% of the open-shell
reaction products, respectively. Furthermore, the oxygen-
centered methoxy radical (CH;0) could be verified to be
formed upon photolysis of the nitromethane samples at all
wavelengths at levels of up to 10 + 5%. Finally, the EPR studies
provided compelling evidence of the formation of the (D2)-
nitromethyl radical (CH,NO,/CD,NO,) at levels of up to 25
+ 5%. We stress that despite extensive searches, we were unable
to identify atomic oxygen (O), the methylene nitrite
(CH,0ONO), or nitrosomethyl (CH,NO) radicals in the
irradiated ices. Based on the overlap with the EPR signal of

the photoproducts as compiled in Table 6, we can derive upper
limits of 10%, 15%, and 15%, respectively.

4. DISCUSSION AND CONCLUSIONS

The present studies identified two carbon-centered radicals
[methyl (CH;) (55 + 10%), nitromethyl (CH,NO,) (25 +
5%)], one oxygen-centered radical [methoxy (CH;0) (10 +
5%)], two nitrogen-centered radicals [nitrogen monoxide
(NO) (10 = 5%), nitrogen dioxide (NO,) (1S + 5%)], as
well as atomic hydrogen [H (30 + 10%)] with the branching
ratios given in parentheses; despite extensive searches, oxygen
(O; < 10%), the methylene nitrite (CH,ONO; < 15%), and
nitrosomethyl (CH,NO; < 15%) could not be identified.

First, we compare our results with previous EPR
investigations on the interaction of ionizing radiation with
nitromethane (CH;NO,) in the condensed phase.””**~>*%
These experiments revealed that the formation of methyl
(CH,;), nitromethyl (CH,NO,), nitrogen dioxide (NO,), and
methoxy (CH;0) radicals agrees well with our findings. Bielski
et al. (1964) conducted an EPR experiment exploiting a
mercury lamp photolysis of nitromethane in a water and a
tetrachloride matrix at 77 K confirming the formation of both
methyl (CH;) and nitrogen dioxide (NO,) radicals after short
irradiation times.”” With prolonged irradiation times, complex
sets of multiplets appeared, which were tentatively attributed to
nitrogen monoxide (NO) and methoxy (CH;0) radicals.
Chachaty (196S) carried out a-particle irradiation of nitro-
methane at 77 K; these showed the presence of methyl (CH;),
nitrogen dioxide (NO,), and nitromethyl (CH,NO,) radicals.”
The same group (1969) suggested that the photolysis of
nitromethane in a perfluoromethylcyclohexane at 77 K
produced mainly the methoxy (CH;0) radical.”” Finally,
Symons (1988) exposed nitromethane and D3-nitromethane
to ®Co y-rays at 77 K and observed mainly methyl (CH,) and
nitrogen dioxide (NO,) radicals.>*

Based on these considerations, we discuss now the
decomposition pathways of nitromethane (CH;NO,) upon
photolysis. We note that none of the previous experi-
ments’”>> 77> was able to detect six radicals simultaneously.
Furthermore, atomic hydrogen and nitrogen monoxide (NO)
radical have never been observed as a photolysis product in

Table 6. Summary of Photolysis Experiments of Nitromethane and D3-Nitromethane in Various Media

sample wavelength (nm) (eV) irradiation time (min)

CH,NO, 254 (4.9) 1
N

20

S

254 (4.9) 30

266 (4.7) 20

121.5 (102) 20

121.5 (10.2) 50

CH,NO, + CD;NO, 254 (4.9) 20
S

266 (4.7) 20

121.5 (102) 20

CD,NO, 254 (4.9) 25
S

266 (4.7) 20

121.5 (10.2) 20

matrix temp (K) observed products

Ar, Ne S CH3; H

Ar, Ne 5 CH,;, H, NO,

Ar, Ne 5 CH,, NO,, H, NO, CH;0

Ar, Ne 20-30% CH,, NO,, H, NO, CH,0

neat s CH,, NO,, H, NO, CH;0

Ar, Ne s CH,, NO,, H, NO, CH,0, CH,NO,

Ar s CH,, NO,, H, NO, CH,0, CH,NO,

neat 5 CH,, NO,, H, NO, CH;0, CH,NO,

Ar s CH,, CD,, NO,, H, D, CH,NO,, CD,NO,
Ar 20—30° CH,, CD,, NO,, CH,NO,, CD,NO,, H, D
Ar s CH,, CD,, NO,, CH,NO,, CD,NO,, H, D
Ar 5 CH,, CD;, NO,, CH,NO,, CD,NO,, H, D
Ar, Ne 5 CD,, D, NO,, CD,NO,

Ar 20—30° CD,, D, NO,, CD,NO,

Ar 5 CD,, D, NO,, CD,NO,

Ar 5 CD;, D, NO,, CD,NO,

“After 18 h of irradiation at S K, the matrix was annealed to 20—30 K for 5 min.
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previous experiments. Finally, none of the aforementioned
experiments’”>> %7 attempted to quantify the branching
ratios of the open-shell species produced. First, considering the
decomposition pathways, it is important to highlight that both
the methoxy (CH;O) and the nitrogen monoxide (NO)
radicals were detected with a branching ratio of 10 & 5%. The
observed 1:1 ratio agrees well with our previous findings®”~*'
that the methylnitrite molecule (CH;ONO), formed via
isomerization of nitromethane (CH;NO,), represents the
common precursor to the methoxy (CH;0) and the nitrogen
monoxide (NO) radical (reaction 2a) upon exposure to
ionizing radiation in the condensed phase; the competing
pathway (reaction 2b), which was previously detected via
infrared spectroscopy,”” "' cannot be probed via EPR spec-
troscopy in the present experiments because both products are
closed-shell species and hence do not exhibit any absorptions in
the EPR spectra. Second, within the experimental error limits,
the nitromethyl radical (CH,NO,) (25 + 5%) and atomic
hydrogen [H (30 + 10%)] were also quantified to be formed at
a ratio of 1:1. Similar to the aforementioned discussion,
photolysis of nitromethane (CH;NO,) via reaction Sa provides
a rational decomposition pathway, which was previously
proposed based on results of exposing isotopically mixed
CH,NO,/CD;NO, ices to ionizing radiation.”’ This pathway
was found not to be open in previous gas-phase studies
conducted under single collision conditions (c.f. Introduction).
Third, the potential decomposition of nitromethane
(CH;NO,) to methyl (CH;) (55 + 10%) plus nitrogen
dioxide (NO,) (15 + 5%) (reaction 1) has to be discussed.
Recall that this pathway was observed in prior gas-phase studies
conducted under single-collision conditions, but the lack of
detection of the methyl radical (CH,) in infrared spectra in
previous studies of the nitromethane (CH;NO,) system
exposed to ionizing radiation™ "' suggested that this channel
was closed in the condensed phase at S K. A comparison of the
experimentally determined branching ratio of methyl (CH,) to
nitrogen dioxide (NO,) of 3.7 + 1.5 versus the expected
branching ratio of 1:1 (reaction 1) suggests that in the present
experiments, almost two-thirds of the methyl radicals cannot be
formed via decomposition of nitromethane (CH;NO,). Our
studies propose that reaction 1 is open in the condensed phase
upon photolysis of nitromethane (CH;NO,); considering the
branching ratio of reaction 1 and accounting for the signal-to-
noise of the previous infrared studies,””*’ methyl radicals are
below the detection limit in the infrared spectra. Based on the
branching ratios and the inherent stoichiometry of the
decomposition products formed via reactions 1, 2a, and Sa,
methyl radicals (CH;) at levels of 30 + 10% likely origin from
another source. Considering the lower error limits of the
branching ratios of the nitromethyl radical (CH,NO,) (25 +
5%) and atomic hydrogen (H) (30 £ 10%), up to 20% of the
intensity of the detected hydrogen atoms might not be
accounted for. This value correlates nicely with the fraction
of the hitherto unaccounted source of the methyl radicals (30 +
10%), which once again proposes that a fraction of the methyl
radicals might be the reaction products of atomic hydrogen (H)
with hitherto unidentified reaction partner. Recall that the
mass-growth products of previous low-temperature studies’ "'
propose that the methylnitrite molecule (CH;ONO) also
decomposes via reaction 8, forming carbene (:CH,) plus
nitrous acid (HONO). Therefore, in the present experiments,
carbene (:CH,) might react with atomic hydrogen (H) to form
the hitherto unaccounted fraction of the methyl radicals (CH;).
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Although it was also searched for, we were not successful in
identifying triplet carbene in the present EPR studies. This
could be due to the fact that rapid reactions with abundant
atomic hydrogen convert carbene into methyl radicals.

In summary, we presented a comprehensive investigation on
the photolysis of (D3)-nitromethane (CH;NO,) ices. These
studies identified a comprehensive suite of radicals formed in
these processes with the branching ratios compiled in
parentheses: methyl (CH;; SS + 10%), nitromethyl
(CH,NO,; 25 + 5%), methoxy (CH;0; (10 + 5%), nitrogen
monoxide (NO; 10 + 5%), nitrogen dioxide (NO,; 15 + 5%),
and atomic hydrogen (H; 30 + 10%). A detailed analysis of the
branching ratios of the open-shell species formed in these
processes verified the existence of a nitromethane (CH;NO,)—
methylnitrite (CH;ONO) isomerization along with the four
decomposition pathways; three channels (equations 1, 2a, and
Sa) could be observed directly via the spectroscopically
monitored products plus their branching ratios, whereas
reaction 8 was inferred indirectly from the branching ratios
and stoichiometry of the reaction products (Scheme 2). These

Scheme 2. Compilation of Isomerization and Decomposition
Mechanisms of Nitromethane (CH;NO,) Inferred from the
Present EPR Studies along with Overall Branching Ratios of
the Four Pathways Identified

+H

:CH, + HONOH —= * CHz+ HONO 38+12%
D
HC-N® ——= H,c-0'N ——=  CH0+ + *NO 10£5%
ol
. 9

— > HC-Ne® + °H 34+14%

Oe
+CH3 + *NO, 18+9%

studies provide valuable insights into the underlying reaction
mechanisms in the decomposition of nitromethane as a model
compound of energetic materials to forecast the aging behavior,
performance, and sensitivity to heat and shock of energetic
materials.
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