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Solid nitromethane (CH3zNO,) along with its isotopically labelled counterpart D3-nitromethane (CD3NO,)
ices were exposed to Lyman o photons to investigate the mechanism involved in the decomposition
of energetic materials in the condensed phase. The chemical processes in the ices were monitored
online and in situ via infrared spectroscopy complimented by temperature programmed desorption
studies utilizing highly sensitive reflectron time-of-flight mass spectrometry coupled with pulsed
photoionization (ReTOF-PI) at 10.49 eV. The infrared data revealed the formation of cis-methylnitrite
(CHzONO), formaldehyde (H,CO), water (H,O), carbon monoxide (CO), and carbon dioxide (CO,).
Upon sublimation of the irradiated samples, three classes of higher molecular weight products, which
are uniquely formed in the condensed phase, were identified via ReTOF-PI: (i) nitroso compounds
[nitrosomethane (CH3NO), nitrosoethane (C,HsNO), nitrosopropane (CsH;NO)], (ii) nitrite compounds
[methylnitrite (CH3zONO), ethylnitrite (Co,HsONO), propylnitrite (CzsH,ONO)], and (iii) higher molecular
weight molecules [CHzNONOCHz, CHzNONO,CHz, CHzOCH,;NO,, ONCH,CH,;NO,]. The mechanistical

Received 9th December 2014, information obtained in the present study suggest that the decomposition of nitromethane in the

Accepted 13th February 2015 condensed phase is more complex compared to the gas phase under collision-free conditions opening
up not only hitherto unobserved decomposition pathways of nitromethane (hydrogen atom loss, oxygen

atom loss, retro carbene insertion), but also the blocking of several initial decomposition steps due to

DOI: 10.1039/c4cp05759g

www.rsc.org/pccp the ‘matrix cage effect’.

photodissociation (UVPD) both theoretically and experimen-
tally for the last 30 years (Table 1, Fig. 1). These studies revealed
three channels: (1) the unimolecular decomposition of nitro-
methane (CH3;NO,) to the methyl radical (CH3) and to nitrogen

1. Introduction

Nitromethane (CH3NO,) is widely exploited as a prototype
model compound of nitrohydrocarbon-based (RNO,) energetic

materials with a wide variety of applications. These involve
the use as monopropellants,'™ liquid explosives,*® and high-
performance fuel additives for internal combustion engines as
well as in pulsed detonation engines.'® An understanding of the
reaction mechanisms involved in the decomposition of nitro-
methane and of the successive reactions of the carbon-,
nitrogen-, and oxygen-centered radical fragments produced in
this process is imperative to predict the long-term stability
(aging behavior),"'* the explosion efficiency (performance),*'*
and the sensitivity of energetic materials to heat and shocks.'*"**

Due to these implications, the decomposition mechanisms
of nitromethane (CH3NO,) have been extensively explored
under collisionless conditions in the gas phase*** exploiting
infrared multi photon dissociation (IRMPD) and ultraviolet
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dioxide (NO,)****7° via reaction (1) as well as (2) a roaming-
mediated nitromethane (CH3;NO,)-methylnitrite (CH3;ONO)
isomerization in IRMPD studies followed by unimolecular
decomposition via (2a) a radical pathway to the methoxy radical
(CH30) plus nitrogen monoxide (NO) (reaction (2a) and (2b))
through a molecular elimination pathway yielding formaldehyde
(H,CO) plus nitrosylhydride (HNO) (reaction (2b)).>”*!

CH,NO, — CH; + NO, 1)
CH,NO, — CH;ONO — CH;O0 + NO (2a)
— H,CO + HNO. (2b)

Surprisingly, in the condensed phase only a few experimental
studies on the decomposition of nitromethane exist. Rebbert and
Slagg (1962)** and Bielski et al. (1964)** conducted mercury arc
photolysis of liquid nitromethane and pure nitromethane ice
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Table 1 Compilation of results of the decomposition of nitromethane (CH3zNO,) in the gas phase

Experimental

Authors Method Main results

Wodtke et al.®” 10.6 um IRMPD CH;3NO, + nhy — CH; + NO,

CH;NO, + nhv — CH;ONO — CH;0 + NO
CH3NO, + Av — CHj; + NO, (X’A,, A’B,)

Butler et al.*® 194 nm UVPD (n—n*)

Lao et al.*° 200 and 218 nm UVPD Electronic and vibrational predissociation pathways
p P !
along the 'B,(nn*) surface leading to NO, fragment
Guo et al.*® 226 nm UVPD (n—7n* CHj3, NO, OH, CH;0 fragments
g
Kohge et al.”® Ion imaging, 212 nm UVPD CH;3NO, + hv — CH; + NO + O three-body dissociation channel

Suits et al.*’ State selective ion imaging of NO IRMPD fragment Roaming-mediated isomerization to CH;0NO

Computational

Authors Level Main results

Zhu and Lin®®  Statistical calculations UCCSD(T)/CBS c¢is-CH3;ONO isomerization, in addition to CH; + NO, and trans-CH;ONO; CH;0 + NO
potential energy surface. kinetics channel dominant below 246 k] mol " excitation.

Thermal decomposition kinetics. Isomerization to CH3;ONO via a roaming TS is dominant at pressures below 2 Torr,
leading to CH;0 + NO and H,CO + HNO. CH; + NO, decomposition channel becomes
more important at higher pressures

Isomerization-roaming pathway to the CH;0ONO isomer and then to the CH;0 + NO

Lin et al.*

Homayoon and UB3LYP/6-311+g(d,p)
Bowman*!
Suits et al.*°

Quasi-classical trajectory calculations Confirmed the roaming assisted isomerization pathway to CH;0 + NO observed via NO

ion imaging

CH;+ NO,

Relative Energy, kJ mol’!

trans-CH;ONO

CH,0 +NO

H,CO + HNO
vdw

cis-CH3;0NO

Fig. 1 Schematic representation of the potential energy surface for the isomerization and decomposition of nitromethane (CHsNO,) adapted from

Homayoon and Bowman.**

at 77 K correspondingly. These experiments suggested that the
initial step of the photodissociation of nitromethane results in
the formation of the methyl radical (CH;3) and to nitrogen
dioxide (NO,) in analogy to reaction (1) in the unimolecular
decomposition in the gas phase. Further, broad-band photo-
lysis of nitromethane in the range of 240 to 360 nm in an argon
matrix at 20 K combined with infrared studies by Brown and
Pimentel (1958)** and Jacox (1984)*° proposed the formation of
cis- and trans-methylnitrite (CH;ONO). On prolonged photo-
lysis, the absorptions of cis- and trans-methylnitrite (CH;0NO)
diminished with a growth in the absorptions of a formaldehyde
(H,CO)-nitrosylhydride (HNO)-bonded complex as well as nitroso-
methanol (ONCH,OH). Likewise, as the irradiation exposure
continued, a water (H,O)-isocyanic acid (HCNO) complex was
monitored. Jacox suggested that the observed formation of carbon
monoxide (CO) and nitrogen monoxide (NO) in the later stages of
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the irradiation could be explained by the photodecomposition of
(2b) reaction products; further, reaction (5) as discussed below
might be responsible for the water (H,O) production.

Very recently, Han et al.*® and Zhang et al.*” investigated the
thermal decomposition of nitromethane (CH3;NO,) theoreti-
cally in the condensed phase via molecular dynamics calcula-
tions at time scales of up to 200 ps. The authors predicted two
initial reaction pathways: a nitromethane (CH;NO,) to methyl-
nitrite (CH3ONO) isomerization (reaction (3)) dominating at
lower temperatures (2000-2500 K) and an intermolecular hydrogen
atom transfer process leading to N-hydroxy-nitrosomethane
(CH3NOOH) plus a nitromethyl (CH,NO,) radical at elevated
temperatures (3000 K) (reaction (4)). Further, hydrogen migration
in nitromethane leads to aci-nitromethane (H,C=—N(O)OH),
which then eliminates water (H,O) to form isocyanic acid
(HCNO) (reaction (5)). The formation of water might involve
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intramolecular hydrogen atom transfers as well. Here, the
hydroxyl group (OH) is predicted to originate from CH;NOOH
with the second hydrogen atom released from formaldehyde
(H,CO) leading to the formyl radical (HCO) (reaction (6)). The
authors concluded that besides these low molecular weight
products, the decomposition of nitromethane is anticipated
to lead to larger molecules of unknown structure containing
between 40% and 70% of the total carbon and nitrogen content
with up to three carbon atoms per molecule.*®

CH,;NO, — CH;ONO (3)
CH;3NO, + CH3NO, — CH;NOOH + CH,NO,  (4)
CH;3;NO, — H,C=N(O)OH — HCNO + H,0 (5)
CH;NOOH + H,CO — CH3;NO + HCO + H,0 (6)

Further, Reed et al carried out quantum molecular dynamics
calculations simulating condensed phase nitromethane (CH3;NO,)
as it undergoes chemical decomposition under explosive detonation
conditions.*>*® This study amplified the potential role of an
intramolecular hydrogen atom shift from the methyl group to
the oxygen atom of the nitro group forming aci-nitromethane
(H,C=N(O)OH) (reaction (5)) after about 8 ps. Close to the end
of the simulation at about 100 ps, a mixture of small (stable)
molecules exist such as water (H,0), carbon dioxide (CO,), and
nitrogen (N,). Hereafter, Guo et al.*’ and Citroni et al.>" predicted
computationally that the decomposition of nitromethane in the
solid state involves two (or possibly more) molecules in the
initial step leading eventually to intermolecular hydrogen atom
transfer together with the generation of short-lived (picosecond)
radical intermediates and the synthesis of higher-molecular
weight molecules of unknown structure, which likely contain
C-N-C-N-based chains. This simulation also suggested a discerning
view on water molecule formation. Here, a carbon-hydrogen
bond rupture in nitromethane (CH3;NO,) leads to an energetic
hydrogen atom, which is proposed to subsequently react with
the NO, moiety of a neighboring nitromethane molecule forming
a hydroxyl radical (OH) plus nitrosomethane (CH3;NO). The
hydroxyl radical could eventually react with a second hydrogen
atom forming a water molecule.

To summarize, the compilation of previous studies suggests
that no consistent picture has emerged on the decomposition
of nitromethane and the successive reactions of the carbon,
nitrogen, and oxygen-bearing radical species generated in the
solid state. Whereas molecular beam gas phase studies yielded
valuable information on the dynamics of the decomposition of
these model compounds under single collision conditions
either via IRMPD or UVPD (reactions (1) and (2a/2b)), the
decomposition of energetic materials and their model compounds
in the solid state is expected to be more complex - as evident from
theoretically predicted intermolecular hydrogen atom transfer,
‘dimerization’ reactions, and the formation of higher-molecular
weight molecules of unknown structure.*®*” This is expected to
lead to a greater variety as well as more complex transient
intermediates and reaction products compared to gas phase
processes. Therefore, a high-level experimental investigation of
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the decomposition of nitromethane in the condensed phase
and the reaction of the carbon, nitrogen, and oxygen-bearing
radicals generated in these processes is imperative and neces-
sary for the future of mankind.

2. Experimental

The apparatus utilized for the present experiments has been
introduced previously.”>>* Briefly, the experiments were carried
out in a contamination-free ultra-high vacuum (UHV) chamber
(Fig. 2), which can be evacuated down to base pressures of a
few 10~ Torr with the help of two magnetically suspended
turbomolecular pumps backed by an oil-free scroll pump.
A cold finger assembled from oxygen free high conductivity
copper (OFHC) is coupled to an UHV compatible closed-cycle
helium refrigerator (Sumitomo Heavy Industries, RDK-415E).
A polished silver wafer is mounted to the cold finger and pressed
against a 0.1 mm thick indium foil to ensure thermal conductivity
and subsequently cooling to 5.5 &+ 0.1 K; the entire ensemble is
freely rotatable within the horizontal center plane and translatable
in the vertical (z-axis) via a UHV compatible bellow (McAllister,
BLT106) and differentially pumped rotary feed through (Thermo-
ionics Vacuum Products, RNN-600/FA/MCO). Nitromethane
(CH3NO,, TCI AMERICA, 99+%) and D3-nitromethane (CD;NO,,
Aldrich, 99+% D) were condensed via vapor deposition through
a glass capillary array at a pressure of 5 x 10~® Torr for
approximately 2 minutes yielding ice sample thicknesses of
380 £ 10 nm. The thickness of the sample was determined
in situ using He-Ne laser interferometry.>® We derive the index
of refraction by measuring the intensity ratio between maxima
and minima of the measured interference curve.’®*">® From this
technique, we obtain the index of refraction neznm = 1.39 £
0.02 for nitromethane ice, which is close to published data of
liquid nitromethane 1.38.>° These ices were irradiated with
Lyman o vacuum ultraviolet (VUV) photons at 122 + 5 nm for
60 hours while maintaining a constant temperature of 5.5 +
0.1 K. Here, A 30 W deuterium lamp (McPherson Model 632)
was exploited as light source. This model is coupled to an ultra-
high vacuum compatible monochromator (McPherson Model
302UHV), which is equipped with a 1200 grooves per mm
grating. The width of the entrance and exit slits was set to
1 mm in order to allow a sufficiently high flux of Lyman « to
enter the main chamber. The ice surface was oriented normal
to the incident photon beam during the irradiation with 3.5 £
0.5 x 10" photons s~* em™? as determined via a NIST cali-
brated photodiode (International Radiation Detectors Model
AXUV-100G). For the on line and in situ identification of the
newly formed molecules, a Fourier transform infrared spectro-
meter (Nicolet 6700) monitored the samples throughout the
duration of the experiment in the range from 6000 to 500 cm ™
at a resolution of 4 cm™ " in absorption-reflection-absorption
mode. We recognize that integrated band areas can be altered
by optical interference effects inherit in absorption-reflection—-
absorption FTIR spectroscopy as demonstrated by Teolis
et al.;°° however, this issue is circumvented as shown in our

This journal is © the Owner Societies 2015


http://dx.doi.org/10.1039/c4cp05759g

Published on 16 February 2015. Downloaded by ETH-Zurich on 09/03/2015 19:34:13.

Paper

Reflectron Time-of-Flight
Mass Spectrometer

Quadrupole Mass Spectrometer
VUV Detector

View Article Online

PCCP
L[]
&1 — —
RE— I I —
CE i < VUV Laser
Rd;

Pulsed VUV Photoionization

Continuous VUV
Photolysis Source

FTIR
Detector

Fig. 2 Schematic top view of the main chamber including the analytical instruments, Lyman o photolysis sources, photoionization laser, and the
cryogenic target (point of converging lines). The inset (top right) shows the geometry of the ReTOF ion source lenses with respect to the target and

ionization source. Adapted from Jones and Kaiser.>®

group by integration of weak bands, whose absorbance remains
linear with respect to the amount of ice deposited.®*

After the irradiation, temperature programed desorption
(TPD) studies were conducted by heating the irradiated ices
at a rate of 0.5 K min~" to 300 K. The subliming molecules were
then photoionized via single photon ionization and detected in
a reflectron time-of-flight mass spectrometer (ReTOF)>* exploiting
single photon ionization with pulsed (30 Hz) coherent vacuum
ultraviolet (VUV) light at 118.2 nm (10.49 eV). Here, the third
harmonic (354.6 nm) of a high-power pulsed Nd:YAG laser
(Spectra Physics, PRO - 250; 30 mJ per pulse) was frequency
tripled to produce the VUV photon utilizing xenon (Xe) gas as the
nonlinear medium producing 3.5 & 0.5 x 10"*> photons cm > s™*
depicting a conversion efficiency of typically 10~* exploiting a
nonlinear four wave mixing process (wyyy = 31). A pulsed valve
was housed in a doubly differentially pumped chamber held at
typically 2 x 10~* Torr when operated at 30 Hz, - 400 V, and
80 us opening time; the pulsed valve fired 200 ps prior to the
Q-switch of the Nd:YAG laser to release the xenon gas at a backing
pressure of 1266 Torr (99.999%; Specialty Gases of America) in
a T-shaped stainless steel adapter with 1 mm diameter hole at
25 mm in length in line with the propagating laser beam. The
VUV light was then separated and directed to 1 mm above the
ice surface utilizing an off-axis, differentially pumped lithium
fluoride (LiF) lens, where the sublimating molecules are then
photoionized. The ions were then extracted into a reflectron
time-of-flight mass spectrometer whereupon the ions are mass
resolved according to their arrival times. Ultimately, the ions are
detected utilizing a multichannel plate with a dual chevron con-
figuration. From here the signals were amplified using a fast pre-
amplifier (Ortec 9305) and shaped with a 100 MHz discriminator.

This journal is © the Owner Societies 2015

The TOF spectra were recorded with a personal computer based
multichannel scaler (FAST ComTec, P7888-1 E) using a bin
width of 4 ns.

3. Results and discussion

3.1. Infrared spectroscopy

3.1.1. Qualitative analysis. During the photolysis of the
nitromethane and D3-nitromethane ices with Lyman o photons,
new infrared absorption features of five molecules appeared
(Table 2). Compared to the neat nitromethane and D3-nitro-
methane ices, whose absorption features are compiled in (Table 2A),
the formation of cis-methylnitrite (cis-=CH;ONO) - the structural
isomer of nitromethane (CH;NO,) — was confirmed via its N—O
stretching mode at 1615 cm™ " as well as its deuterated analog
at 1608 cm " (Table 2B and 2C; Fig. 3A and B) in agreement
with previous assignment.®> Further, the formaldehyde molecule
(H,CO) was detected at 1720 cm ™" via its carbonyl stretching mode
together with water/D2-water (3600-2800 cm™*; 2600-2050 cm ),
carbon dioxide (2343 cm™ "), and carbon monoxide (2137 cm ™).
Although searched for, we would like to stress that we did not
detect any absorptions of the methyl radical (CHj3), nitric oxide
(NO), or nitrogen dioxide (NO,).

3.1.2. Quantitative analysis - reaction pathways. Having
assigned five individual molecules formed during the radiolysis
of nitromethane (Table 2), we are now proposing the underlying
formation pathways exploiting coupled differential equations
to numerically fit the temporal profiles of the column densities
of the newly formed molecules during the irradiation (Fig. 4
and 5).** The resulting rate constants are listed in Table 3.

Phys. Chem. Chem. Phys., 2015, 17, 7514-7527 | 7517
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Table 2 (A) Absorptions observed in nitromethane (CH3zNO,) and
D3-nitromethane (CD3sNO,) ices. (B) New absorption features observed
in the nitromethane (CH3NO,) ice after Lyman o photolysis. (C) New
absorption features observed in the D3-nitromethane (CDsNO,) ice after
Lyman a photolysis

(A)

This Work Literature® Assignment®°
CH;NO,

3073 3072 CH stretch (B,)
3041 3045 CH stretch (B,)
2963 2958 CH stretch (A,)
1572 1571 NO stretch (B,)
1423 1428 CH;, bend (B,)
1378 1381 NO stretch (A;)
1106 1102 CH; rock (B,)
663 660 NO, bend (A;)
CD;NO,

2281 2280 CD stretch (B,)
1565 1567 NO stretch (By)
1402 1401 CD; bend (A,)
1035 1038 CD; bend (B,)
885 884 CD; rock (B,)
632 630 NO, bend (A,)
(B)

This work  Literature ABLE2

(em™) value (em™")  Assignment (cm molecule™)
3600-2800  3500-3200%°  H,O (OH str.) 2.0 x 10°'°
2343 2345% CO, (CO str.) 7.6 x 107
2137 2143% co 1.1 x 107"
1720 1726"* H,CO (CO str.) 1.8 x 107
1615 1613 cis-=CH;ONO (NO str.) 2.8 x 10™'®

©

This work  Literature AB?

(em™) value (em™")  Assignment (cm molecule™)
2600-2050  2600-2300*"  D,O (OD str.)

2343 2345% CO, (CO str.) 7.6 x 107"
1608 1613%2 cis-CD3;0NO (NO str.)

2137 2143% co 1.1 x 107V

Basically these data propose that the photolysis of nitromethane
initiates a branched reaction, which is followed by two sequential
reaction schemes. In detail, nitromethane (CH;NO,) was found to
isomerize first via (pseudo) first order kinetics to methylnitrite
(CH30NO) (k;), which then decomposes through a molecular
elimination channel forming formaldehyde (H,CO) and nitro-
sylhydride (HNO) (k,).°*®®> Formaldehyde then fragments via
molecular hydrogen loss forming carbon monoxide (CO) (k3),
which then reacts via atomic oxygen addition (from nitromethane)
leading to carbon dioxide (CO,) (k,).°*®” As proposed by Guo
et al.,”” water formation can proceed via photolysis of nitro-
methane forming an energetic (suprathermal) hydrogen atom,
which then reacts with a second nitromethane molecule leading
to the hydroxyl radical (OH), which subsequently recombined with
a second hydrogen atom forming water. Note that in order to
fit the formaldehyde profile, it was necessary to include a
decomposition pathway from nitromethane (k,). This pathway
has never been included in any reaction scheme prior to this
study and has not been identified in previous calculations (Fig. 1);
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however, the non-equilibrium nature of the decomposition of
nitromethane might involve higher energy isomers, which may
undergo water elimination upon photolysis (Fig. 1). In particular
the fast formation of water (ks/ks) proposed non-equilibrium
chemistry and suprathermal hydrogen atoms (hydrogen atoms
with an excess kinetic energy formed upon photolysis). These
pathways are explored in future studies. Note that carbon dioxide
can be formed by addition of suprathermal oxygen atoms to
carbon monoxide; the oxygen atoms could be released via
decomposition of nitromethane (CH3NO,) to nitrosomethane
(CH3NO) (see below).

3.1.3. Quantitative analysis - mass balance. Based on
the decay profile of the nitromethane, (2.4 + 0.2) x 10
nitromethane molecules (CH;NO,) were destroyed after 3.2 x
10° seconds of irradiation. This number translates into
destruction rate of (2.0 & 0.3) x 10~2 molecules per photon
or (2.0 £ 0.3) x 10~ molecules per absorbed eV. On the other
hand, (1.0 & 0.2) x 10"® water molecules (H,0) were produced.
Smaller amounts of carbon monoxide (CO; (1.2 + 0.1) x 10"°),
formaldehyde (H,CO; (6.0 + 1.0) x 10'*), carbon dioxide (CO,;
(5.0 + 1.0) x 10", and cis-methylnitrite (CH;0NO; (5.0 & 0.7) x
10'*) were also formed. Considering that two carbon monoxide
molecules are needed to form one carbon dioxide molecule,
these new products can account for only 55 + 15% of the
decomposing nitromethane molecules. Therefore, we have to
conclude that approximately half of nitromethane molecules
are transformed into newly formed products, which have
remained unobserved via the infrared spectroscopic studies.
Therefore, we have to apply a complementary, highly sensitive
detection technique to probe these molecules upon their
sublimation from the condensed phase into the gas phase:
reflectron time-of-flight mass spectrometry coupled with single
photon ionization.

3.2. ReTOFMS-PI

Despite the infrared data, with the exception of cis-methylnitrite
(CH30NO), formaldehyde (H,CO), water (H,O), carbon monoxide
(CO), and carbon dioxide (CO,), these data alone cannot account
quantitatively for the destruction of the nitromethane (CH;3;NO,)
molecules. Therefore, we applied the complementary, highly
sensitive ReTOFMS-PI technique to identify individual organic
molecules during their sublimation events based on their mass-
to-charge ratios, the sublimation temperatures, and how these
mass-to-charge ratios shift upon isotope labeling. Fig. 6 depicts
the ReTOFMS as a function of temperature during the warm up
phase of the photolyzed nitromethane and D3-nitromethane ices.
These spectra portray the intensity of the ion counts of the
ionized products subliming into the gas phase at well-defined
temperatures. In the nitromethane and D3-nitromethane systems,
molecules with masses up to 106 amu and 112 amu, respec-
tively, are observable. By photolyzing D3-nitromethane, we are
assigning the mass-to-charge ratios via shifts in their masses
upon deuteration. Further, the isotopically labeled counter-
parts can be identified in these ices by plotting the sublimation
temperatures versus the ion counts and verifying that these
species hold identical sublimation profiles (Fig. 7). The ionization
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Fig. 3 (A) Infrared spectrum of the nitromethane (CH3NO,) ice at 5.5 K before (black) and after (red), Lyman o photolysis. (B) Infrared spectrum of the
D3-nitromethane (CD3NO,) ice at 5.5 K before (black) and after (red), Lyman o photolysis.
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Fig. 4 Reaction scheme exploited for the kinetic fits of the temporal
profiles of the newly formed molecules during nitromethane photolysis.

threshold represents another crucial factor since only species
that can be ionized at a photon energy lower than 10.49 eV can
be detected.

3.2.1. Lower molecular weight molecules. Let us first verify
the infrared spectroscopically observed molecules. It is impor-
tant to stress that the parent molecule nitromethane (CH;NO,;
61 amu) cannot be ionized since its ionization energy (IE) of
11.1 eV is higher than the photon energy exploited in the
present studies (10.49 eV). Therefore, we recorded the sub-
limation profile of nitromethane and its D3-nitromethane

This journal is © the Owner Societies 2015

via traditional mass spectroscopy exploiting electron impact
ionization (100 eV; 1 mA) (Fig. 8). However, its isomerization
product cis-methylnitrite (CH;0ONO; 61 amu) together with its
D3-cis-methylnitrite (CD;ONO; 64 amu) counterpart as formed
via reaction (3) could be easily traced via their parent ions at
m/z = 61 and 64, respectively, considering their ionization
energy of 10.44 eV. The TPD profiles suggest two sublimation
events from about 125 K to 175 K and from 175 K to 275 K. Note
that the first sublimation event correlates with the sublimation
of the (D3)-nitromethane reactants (Fig. 8).

Recall that cis-methylnitrite can fragment via a radical
(reaction (2a)) and molecular (reaction (2b)) decomposition
pathway forming the methoxy radical (CH3;O; 31 amu) plus
nitrogen monoxide (NO; 30 amu) and formaldehyde (H,CO;
30 amu) plus nitrosylhydride (HNO; 31 amu). The radical
decomposition pathway could be traced via nitrogen monoxide
(IE = 9.26 eV), whose TPD profiles from the photolyzed nitro-
methane and D3-nitromethane samples are essentially identical
peaking at 165 K. In contrast to the nitrogen monoxide ‘free
radical’, the methoxy radical does not sublime but rather reacts
(see below).®®®° The molecular fragmentation channel as
traced via formaldehyde (H,COj; 30 amul) in the infrared studies
can only be monitored via the molecular ion of nitrosylhydride
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Fig. 5 Temporal evolution of the column densities of (a) CHsNO, (1402 cm™
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(2137 cm* band), (e) CO, (2343 cm™* band) and (f) H,O (3600-2800 cm™*
band). Kinetic fits (solid lines) have been made assuming the scheme in Fig. 4.

Table 3 Compilation of rate constants derived for the decomposition of
nitromethane via the scheme in Fig. 4 during Lyman o exposure

Rate constants, st

ks (3.5 £0.4) x 10°®
ks (1.9 +0.5) x 107°
ks (1.0 £0.2) x 107°
ks (2.2 £0.5) x 10°°
ks (1.0 £ 0.3) x 107°
ke (3.4 +1.5) x 10°°
ks (9.2 £1.5) x 10°®

(HNO; 31 amu) and D1-nitrosylhydride (DNO; 32 amu) holding
an ionization energy of 10.1 eV, since formaldehyde (IE = 10.9 eV)
cannot be ionized under our experimental conditions. It is
important to stress that nitrogen monoxide (NO; 30 amu) can
also react with hydrogen atoms in the sample (H; 1 amu) to
form nitrosylhydride (HNO; 31 amu) as well. Both nitrosylhydride
(HNO) and D1-nitrosylhydride (DNO) sublime together with the
(D3) nitromethane reactants. It is important to highlight that the
ionization energies of carbon monoxide (CO; 28 amu; IE = 14.0 eV)
and carbon dioxide (CO,; 44 amu; IE = 13.8 eV) are too high to be
observed via RETOF-PL

Finally, signal at m/z = 45 could be attributed to nitroso-
methane (CH3;NO; 45 amu; IE = 9.3 eV) likely formed via
atomic oxygen loss photodissociation of nitromethane (CH3zNO,;
61 amu); this process is highly endoergic by 363 k] mol". The
formation of nitrosomethane can be verified based on the TPD
profiled of the D3-nitromethane sample at m/z = 48 via the
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molecular ion peak of D3-nitrosomethane (CD;NO; 48 amu); both
TPD profiles at m/z = 45 and 48 for the photolyzed nitromethane
and D3-nitromethane sample match exceptionally well depicting
two distinct sublimation events prior to the sublimation of the
nitromethane reactant molecules (90-130 K) and during the
sublimation of the nitromethane reactants (140-175 K), as well
as sublimation of a higher mass in the 250 to 300 K range
producing CH;NO fragments. The central peak could also borrow
intensity from m/z = 75 product (CH;CH,NO,) fragmentation.

3.2.2. Higher molecular weight molecules derived from
carbene reactions. A detailed analysis of the TPD profiles and
the mass-to-charge ratios of the ionized products reveals patterns
of a molecular mass growth by 14 amu (nitromethane sample)
and 16 amu (D3-nitromethane sample), which could be reflected
in a mass growth through reaction of precursor molecules with
carbene (CH,) and D2-carbene (CD,), respectively. This growth
process by 14 amu and 16 amu is evident from signal detected
at mass-to-charge ratios of 45 versus 59 and 61 versus 75 from
the photolyzed nitromethane samples, which is also matched at
mass-to-charge ratios of 48 versus 64 and 64 versus 80 in the
photolyzed D3-nitromethane ices. Carbene - if it is in its singlet
state - can insert without barrier’® into the carbon-hydrogen
bond of the methyl group of nitrosomethane (CH;NO; 45 amu)
forming nitrosoethane (CH;CH,NO; 59 amu; IE = 10.1 eV). In
the D3-nitromethane system, this shifts from D3-nitrosomethane
(CD3NO; 48 amu) to D5-nitrosoethane (CD;CD,NO; 64 amu), Ze. a
mass difference of 5 amu as reflected by the presence of five
deuterium atoms instead of hydrogen. Likewise, singlet carbene
can also insert into the carbon-hydrogen bond of methylnitrite
(CH30NO; 61 amu) forming ethylnitrite (CH;CH,ONO; 75 amu);
this mechanism is also verified in the D3-nitromethane system
via the observation of D3-methylnitrite (CD;ONO; 64 amu) and
D5-ethylnitrite (CD;CD,ONO; 80 amu) formed via D2-carbene
insertion. Note that the ionization energy of ethylnitrite of
10.53 eV is slightly above the photon energy of 10.49 eV; however
as demonstrated earlier in our group, the electric fields of the
repeller plate can lower the ionization energy (Stark effect) by at
least 0.04 eV.”® Note that ethylnitrite (CH;CH,ONO; 75 amu) can
also be formed via carbene insertion into a carbon-hydrogen
bond of nitromethane forming nitroethane (CH;CH,NO,) followed
by nitro-nitrito isomerization to ethylnitrite (CH;CH,ONO;
75 amu). However, the ionization energy of nitroethane
(CH3CH,NO,) of 10.9 eV is too high compared to the 10.49 eV
of the photon exploited in the current experiments. It should be
stressed that the TPD profiles of 59 and 64 ((D5)nitrosoethane)
as well as 75 and 80 ((D5)ethylnitrite) match nicely thus high-
lighting the importance of deuterium substitution in the assign-
ment of potential reaction products.

The assignment of the weak signal at m/z = 89 could be
explained by a successive mass growth via a second carbene
insertion - this time upon reaction with nitroethane (CH;CH,NO,;
75 amu) or ethylnitrite (CH;CH,ONO; 75 amu) - forming
nitro(iso)propane (C3H,NO,; 89 amu) or (iso)propylnitrite
(C3H,ONO; 89 amu). Here, only propylnitrite (IE = 10.34 eV)
and isopropylnitrite (IE = 10.23 eV) can be photoionizaed, but not
nitropropane (IE = 10.78 eV) or isonitropropane (IE = 10.74 eV).
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Fig. 6 (A) ReTOFMS-PI data as a function of temperature of the products subliming into the gas phase from photolyzed nitromethane (CH3NO,).
(B) ReTOFMS-PI data as a function of temperature of the products subliming into the gas phase from photolyzed D3-nitromethane (CDsNO,).

Note that the corresponding signal in the D3-nitromethane
system at m/z = 96 is too high to account only for the formation
of D7-(iso)propylnitrite, and a hitherto unidentified product
has to contribute to this signal as well. Likewise, the weak
signal at m/z = 73 could origin from a successive mass growth
via a second carbene insertion - this time upon reaction with
nitrosoethane (CH3;CH,NO; 59 amu) forming nitroso(iso)-
propane (C3H,NO; 73 amu). However, the corresponding signal
in the D3-nitromethane system at m/z = 80 is dominated by the
formation of D5-ethylnitrite (CD;CD,ONO; 80 amu), and a
definite assignment is not feasible at the present stage. It is

This journal is © the Owner Societies 2015

worth mentioning that signal at m/z = 73 could also be
explained via molecular hydrogen elimination from ethylnitrite
(CH3CH,ONO; 75 amu) forming vinylnitrite (C,H;ONO; 73 amu).
The ionization energy of the nitroethylene isomer (C,H;NO,;
73 amu) of 11.0 eV is too high to be ionized under the present
experimental conditions. A hydrogen elimination in nitroso-
methane (CH3;CH,NO; 59 amu) could account for signal at
m/z = 57 (nitrosoethylene; 57 amu) matched by signal at m/z =
60 (D3-nitrosoethylene; 60 amu) in the photolyzed D3-nitromethane
sample. Finally, we would like to address a potential pathway to
form singlet carbene. Previous experiments investigating the
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Fig. 7 (A) Temperature programmed desorption profiles of products formed in Lyman o irradiated nitromethane (CH3NO,). Mass-to-charge ratios of the
sublimating products are indicated in the top left corner of each graph. (B) Temperature programmed desorption profiles of products formed in Lyman o
irradiated D3-nitromethane (CDsNO,). Mass-to-charge ratios of the sublimating products are indicated in the top left corner of each graph.

interaction of ionizing radiation with cryogenic films of methanol singlet nitrene (NH), and singlet carbene (CH,). If this mechanism
(CH;0H),”> methylamine (CH;NH,),”" and ethane (CH3CH;)”> also holds for nitromethane, retroinsertion of singlet carbene
provided compelling evidence on the formation of methane should yield nitrous acid (HONO; 47 amu), whose ionization energy
(CH,) formed via retro-insertion of singlet oxygen atoms (O), (IE =11.3 eV) is above the 10.49 eV photon exploited in the present
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Fig. 8 (A) Temperature programmed desorption profile of Lyman o irradiated
nitromethane detected by a quadruple mass spectrometer via electron impact
ionization at m/z = 61 amu (CH3NO,). (B) Temperature programmed
desorption profile of Lyman « irradiated D3-nitromethane detected by a
quadruple mass spectrometer via electron impact ionization at m/z =
64 amu (CD3NO,).

experiments. This process requires 415 kJ mol ™', which can be
covered by the 10.2 eV of the Lyman o photon.

It is important to note that in principle, a series of hydrogen
abstractions or losses followed by methyl loss could present a
viable alternative. However, we do not detect any methyl
radical, which is easily traceable via its 608 cm ' mode as
verified in our group in irradiated methane samples at 10 K.
Additional experiments will be conducted in forthcoming
studies involving mixtures of D3 and H3 nitromethane and
methylnitrite ices to elucidate the involvement of potential
minor methyl group pathways.

3.2.3. Higher molecular weight molecules derived from
addition reactions. The initial step of the formation of the
molecules with the chemical formulae CHsNO (47 amu) and
CH,N,0, (76 amu) could be the addition of suprathermal
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hydrogen atoms to the oxygen atom of the nitrogen-oxygen
double bound in nitrosomethane (CH;NO; 45 amu) forming a
CH;NOH (46 amu) transient radical. Typically addition of
hydrogen atoms to closed shell molecules carrying double
bonds have entrance barriers of 10 to 30 k] mol™%;">”* therefore,
this process requires suprathermal hydrogen atoms holding
excess kinetic energy to pass the entrance barrier to reaction.
The CH;NOH radical (46 amu) can then react with a second
hydrogen atom (1 amu) or with nitrogen monoxide (30 amu)
without entrance barrier via radical-radical reactions to form
the observed N-methylhydroxylamine (CH3;NHOH; 47 amu;
IE = 9.0-9.8 eV) and N-nitroso-N-methylhydroxylamine (CH;3N-
(NO)OH; 76 amu). Note that the ionization energy of the latter
is unknown, but should fall below the ionization energy of
hydroxylamine (NH,OH; IE = 9.6-10.0 eV). The formation of
N-methylhydroxylamine (CH;NHOH; 47 amu) is also verified
via its D5-counterpart (CDH3NDOD; 52 amu) in the D3-nitro
methane photolyzed sample via the sublimation event from
170 K to 250 K. Finally, N-nitroso-N-methylhydroxylamine
(CH;3N(NO)OH; 76 amu) can be matched with the sublimation
events peaking at 160 K and 210 K in the D3-nitromethane
photolyzed sample via m/z = 80 (CD;N(NO)OD). It should be
noted, however, that the dominating fraction of signal at m/z =
80 originates from ethylnitrite (CH;CH,ONO).

3.2.4. Higher molecular weight molecules derived from
two nitromethane units. We also observed higher molecular
masses from 90 amu to 106 amu, which can be explained
through the involvement (including their respective fragments)
of two building blocks of nitromethane molecules. First, both
nitromethane (CH3;NO,; 61 amu) and nitrosomethane (CH;NO;
45 amu) can lose a hydrogen atom forming the nitromethyl
(CH,NO,; 60 amu) and nitrosomethyl (CH,NO; 44 amu) upon
exposure to Lyman o photons. These processes are strongly
endoergic by 439 k] mol™" and 245 kJ mol™", which can be
overcome by the 10.49 eV Lyman o photon. Both radicals can
now recombine forming a molecule of the chemical formula
C,H,N,0;. Based on a simple radical-radical recombination,
the product should be 1-nitroso-2-nitroethane (ONCH,CH,NO,;
104 amu). Based on the TPD profile, the ion counts are very
small, but well above background level. Nevertheless, due to the
lack of signal in the D3-nitromethane system at m/z = 108, this
assignment has to be confirmed in future studies. The known
structures of the chemical formula C,H,N,O; include methasonic
acid (HONCHCH,NO,) and ethylnitrolic acid (CH;C(NOH)NO,),
although the poor stability of the former makes it a less likely
candidate.”® Further, we monitored a small signal at m/z = 91,
which possibly can be connected to the radical-radical reaction of
the nitromethyl radical (CH,NO,; 60 amu) with the methoxy
radical (CH3O0; 31 amu) forming methoxynitromethanol
(CH30CH,NO,; 91 amu). The sublimation event from 175 K
to 220 K in the D3-nitromethane system at m/z = 96 amu
(CD;0CD,NO,) could support this assignment.

Finally, we monitored signal at m/z = 90 and 106. Formally,
this can be attributed to dimers of nitrosomethane, i.e.
(CH3NO-CH;3NO; 90 amu; IE = 8.6 €V), and of reaction products
of nitrosomethane (CH3;NO; 45 amu) with nitromethane
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(CH3NO,; 61 amu) forming CH3NO-CH3;NO, (106 amu).
Nitrosomethane (CH3;NO) is known to react rapidly via dimeriza-
tion in the gas phase forming (E)-azodioxymethane;”® this dimeri-
zation could also be triggered in the condensed phase via
Lyman o photons forming a nitrogen-nitrogen double bond
in the nitrosomethane dimer. It is important to note that the
TPD profile at m/z = 90 suggests two sublimation events at 175
to 250 K and 250 K to 300 K. The sublimation event at 250 K to
300 K is also matched at m/z = 45, i.e. the nitrosomethane
monomer. This pattern suggests that upon photoionization at
10.49 eV, the cation also undergoes dissociation to form a
singly ionized nitrosomethane monomer giving rise to signal
at m/z = 45. Note that a comparison of the data in the
D3-nitromethane system at m/z = 96 shifts the mass-to-charge
by 6 amuy; this verifies the presence of six hydrogen/deuterium
atoms in the molecules at 90 amu (nitromethane system) and
96 amu (D3-nitromethane system) as evident from similar
sublimation profiles from 250 K to 300 K. Having assigned
the signal at m/z = 90 to the nitrosomethane dimer, we are now
analyzing the signal at m/z = 106 - the highest observed mass-
to-charge ratio as formally derived from reaction of a nitroso-
methane (CH3;NO; 45 amu) with nitromethane (CH;3;NO,;
61 amu) yielding CH;NO-CH;NO, (106 amu). Here, the TPD
profiles of the nitromethane and D-nitromethane systems at
m/z =106 and m/z = 112 correlate nicely in particular from 200 K
to 300 K suggesting that this molecule - of hitherto unknown
structure - contains six hydrogen/deuterium atoms. Citroni
et al.>" computationally described the formation of C,HgN,O;
isomers. According to the simulation of nitromethane decom-
position under high pressure, the molecule was formed via
nitrosomethyl radical (CH,NO) reaction with CH;NOOH.

3.2.5. Remaining TPD profiles. We are finally discussing
the remaining TPD profiles with decreasing m/z values, which
cannot be grouped in any of the previous categories. First,
signal at m/z = 91 might be attributed to 1-hydroxy-2-ethane-
nitrite (HOCH,CH,ONO; 91 amu), which could be formally
derived via oxygen atom insertion into a carbon-hydrogen
bond of ethylnitrite (CH;CH,ONO). Signal at m/z = 62 might
origin from dimethylperoxide (CH;OOCHj3;; 62 amu; IE = 9.7 eV)
possibly synthesized via recombination of two methoxy (CH;0)
radicals. Based on the TPD profiles, signal at m/z = 60
(CH,NO,") likely originates as a fragment from m/z = 104
(ONCH,CH,NO,"), while m/z = 44 (CH,NO") might be a fragment
ion from m/z = 45 nitrosomethane (CH;NO); we do not observe
carbon dioxide (CO,; IE = 13.8 eV) or dinitrogen monoxide
(N,O; IE = 12.9 eV). Finally, signal at m/z = 46 could be
attributed to nitrogen dioxide (NO,; 46 amu; IE = 9.6 eV). Recall
that the photodissociation of nitromethane into methyl radi-
cals and nitrogen dioxide represents the dominating process in
the gas phase photolysis under collisionless conditions;
however, we were unable to observe even traces of nitrogen
dioxide or methyl radicals - or their reaction products - via
infrared spectroscopy or ReTOF, respectively. Therefore, in the
present experiments, nitrogen dioxide might be formed via
reactions of oxygen atoms with nitrogen monoxide rather than
via photodissociation of nitromethane.
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4. Summary and conclusions

The present study examined experimentally the response of
thin films of nitromethane and D3-nitromethane upon photo-
lysis with Lyman o photons (10.2 eV) at 5.5 K and probed the
newly formed molecules via two complementary techniques:
FTIR and ReTOFMS-PI. Our FTIR data revealed the formation of
cis-methylnitrite (CH3;ONO), formaldehyde (H,CO), water
(H,0), carbon monoxide (CO), and carbon dioxide (CO,). The
fits of the temporal evolution of these absorptions indicate that
the isomerization of nitromethane (CH3;NO,) to methylnitrite
(CH30NO) formed via (pseudo) first order kinetics followed by a
molecular decomposition pathway forming formaldehyde
(H,CO) and nitrosylhydride (HNO) presents a key reaction
pathway in the condensed phase; we were unable to spectro-
scopically detect any products of the radical decomposition
pathway, i.e. the methoxy radical (CH;0) and nitrogen monoxide
(NO); likewise the radical decomposition pathway to form the
methyl radical (CH;) plus nitrogen dioxide (NO,) is absent. This
is in strong contrast to previous gas phase IRMPD studies
under collisionless conditions revealing that both radical and
the molecular decomposition pathways are open. Note that in
the condensed phase (ice), the ‘matrix cage effect’ facilitates a
recombination of the formed radicals. In the gas phase, the
initially formed fragments fly undisturbed to the detector; this
is hindered in the solid state since the surrounding nitro-
methane matrix limits the radical fragments from leaving the
formation site. If the methoxy radical and nitrogen monoxide
are formed initially upon Lyman o exposure, they can recombine
in the matrix cage to ‘reform’ nitromethane. Likewise, upon
decomposition of nitromethane, the methyl radical (CH;) and
the nitrogen dioxide fragments (NO,) can recombine. However,
this recombination can happen via formation of a carbon-
nitrogen bond via a barrier-less reaction of the methyl radical
with the radical center located at the nitrogen atom of nitrogen
dioxide (NO,) yielding again nitromethane or through recom-
bination with the radical center located - in a resonance
structure - at the oxygen atom of nitrogen dioxide (NO,)
forming methylnitrite (CH;ONO). The latter reaction pathway
can be considered the condensed phase analogy of the roaming
reaction mechanism in the gas phase.*>*"”7"’® Consequently,
both roaming (gas phase) and matrix cage (condensed phase)
result de facto in the formation of methylnitrite (CH;ONO).
Note that the recombination of two closed shell molecules —
formaldehyde (H,CO) and nitrosylhydride (HNO) formed in the
molecular decomposition pathway involves a significant
entrance barrier of at least 110 kJ mol ' (Fig. 1). Therefore,
once formed and thermalized at 5.5 K, formaldehyde and
nitrosylhydride cannot react back to methylnitrite (CH;0NO)
without absorbing a photon since the reversed reaction is
blocked by the entrance barrier. Based on the infrared data, it
is crucial to point out that only 55 £ 15% of the destroyed
nitromethane molecules have been accounted for to be
incorporated into cis-methylnitrite (CH;ONO), formaldehyde
(H,CO), water (H,O), carbon monoxide (CO), and carbon
dioxide (CO,). Recall that previous molecular dynamics calculations
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on the thermal decomposition of nitromethane (CH3;NO,) in
the condensed phase proposed that between 40% and 70% of
the total carbon and nitrogen content are incorporated into
newly formed molecules carrying up to three carbon atoms per
molecule. Therefore, the infrared studied verify that 45% =+
15% of the molecules have been converted to higher molecular
weight product, which cannot be formed under collisionless
conditions in the gas phase.

The higher molecular weight products, which are unique to
the condensed phase, have been monitored via ReTOFMS-PIL
We identified three major product classes (Fig. 9, Table 4)
containing molecules with up to three carbon atoms, which
formally require up to three nitromethane ‘building blocks’:
(i) nitroso compounds, (ii) nitrite compounds, and (iii) higher
molecular weight molecules - among them formal dimerization
products. First, we observed molecular growth processes, which
can be rationalized via successive insertion of carbene (CH,)
into carbon-hydrogen bonds yielding from nitrosomethane
(CH;3NO) a series of nitrosoalkanes: nitrosoethane (C,Hs;NO)
and nitrosopropane (C;H,;NO). Likewise — with the beginning
of methylnitrite (CH;ONO), the carbene insertions lead to the
formation a series of nitritoalkanes: ethylnitrite (C,HsONO) and
propylnitrite (C3H,ONO). Both C,H3;NO and C,H;0NO can be
formed via molecular hydrogen loss from their nitrosomethane
(C,H5NO) and ethylnitrite (C,HsONO) precursors. Second, we
detected four molecules, which formally require the reaction of

CH;NO - CH;NO,
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(fragments of) two nitromethane building blocks: CH;NONOCH3,
CH;NONO,CHj;, and tentatively due to the limited signal-to-
noise CH3;0CH,NO, and ONCH,CH,NO,. Here, the synthesis
of CH3;NONOCH; as well as CH3NONO,CH; requires the
reaction of two neighboring nitrosomethane and nitrosomethane/
nitromethane molecules - reaction pathways which have been
predicted based on quantum molecular dynamics calculations.>
Finally, the pathways to methylhydroxyamine (CH;NHOH)
and nitrosomethylhydroxylamine (CH3;N(NO)OH) require the
presence of suprathermal hydrogen atoms, which react first with
nitrosomethane (CH;NO) to form the CH;NOH transient radical,
which then reacts with a hydrogen atom and nitrogen monoxide
molecule, respectively. The formation path to 1-nitroso-2-
nitroethane (ONCH,CH,NO,) requires the recombination of the
nitrosomethyl (CH,NO) and nitromethyl (CH,NO,) radicals,
which in turn are generated via photolysis of nitrosomethane
(CH3NO) and nitromethane (CH3NO,), respectively, in overall
endoergic reactions of typically 440 kJ mol .

Finally, with respect to the understanding of the decom-
position of model compounds of energetic materials, it is
important to highlight novel reaction mechanisms on the
decomposition of nitromethane (pathways (7) to (9)), which
have not been observed in previous gas phase IRMPD and
UVPD experiments. These are the decomposition of nitro-
methane to the nitromethyl radical (CH,NO,) plus suprathermal
atomic hydrogen (H), which has excess energies of up to 5.8 eV

CH3NO-CH;NO  ONCH,-CH,NO, CH;0 - CH,NO,

(199 9 (104) o
A
CH;0
T OH w» HZO (18)
- CH,NO,
+CHNO, 2 CH,NO CH,NO, an CH, + HONO
Ad) (60) +H (14 47)
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C5H,NO weCH H H EDIED
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Fig. 9 Compiled reaction mechanisms taking place in nitromethane (CHzNO,) ice film under Lyman « irradiation. Bold: infrared detection; blue: ReTOF
detection; red: inferred reaction intermediates. The boxed structure represents the molecular structure of the ‘nitrosomethane dimer' (90 amu), which

can exist in its cis and/or trans form.
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Table 4 Compilation of product classes formed in the photolysis of nitromethane by Lyman a. Compounds in italics are identified tentatively. Molecular
weights of the products are given in parenthesis; values in italics are for the fully deuterated products formed in the D3-nitromethane system

Nitroso compounds

Nitrite compounds

CH;3NO (45 amu; 48 amu)
C,H;5NO (59 amu; 64 amu) C,H3;NO (57 amu; 60 amu)
C3H,NO (73 amu; 80 amu)

CH;O0NO (61 amu; 64 amu)
C,H;ONO (75 amu; 80 amu) C,H;ONO (73 amu; 76 amu)
C3H,ONO (89 amu; 96 amu)

Complex products

CH;3;NONOCH; (90 amu; 96 amu)
CH;NONO,CH; (106 amu; 112 amu)
CH3;NHOH (47 amu; 52 amu)
CH;N(NO)OH (76 amu; 80 amu)
CH3;0CH,NO, (91 amu; 96 amu)
ONCH,CH,NO, (104 amu; 108 amu)

Open shell reaction intermediates

H, 0, CH,, CH,0, NO, NO,

(reaction (7)), to nitrosomethane (CH3NO) plus atomic oxygen
(O) (reaction (8)), and to singlet carbene (CH,) plus nitrous acid
(HONO) (reaction (9)).

CH;3NO, + hv — CH,NO, + H ARG = +439 kf mol ™' (7)
CH;NO, + hv - CH3NO + O ARG = +363 k] mol ™" (8)
CH;3NO, + hv — CH, + HONO AgG = +415 kJ mol™"  (9)

These processes form distinct carbon-centered radicals upon
Lyman o photolysis, which can react with neighboring closed shall
molecules and/or radicals yielding distinct product classes, which
are not accessible in classical gas phase IRMPD and UVPD experi-
ments under collisionless conditions (nitroso compounds, nitrite
compounds, higher molecular weight molecules). Future experi-
ments will exploit a newly built pulsed coherent VUV light source
(4 eV to 13 eV) utilizing resonance-enhanced nonlinear four wave
mixing to photoionize the subliming molecules at different wave-
lengths. This will aid in the identification of additional, specific
isomers - among them higher energy isomers of nitromethane -
based upon their distinctive ionization energies to eventually provide
a comprehensive inventory, which molecules can be formed in the
decomposition of nitromethane in the condensed phase.
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