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ABSTRACT:The decomposition mechanisms of 1,3
trinitro-1,3,5-triazinane (RDX) have been explored ove
past decades, but as of now, a complete picture on
pathways has not yet emerged, as evident fro
discrepancies in proposed reaction mechanisms a
critical lack of products and intermediates obse
experimentally. This study exploited a surface science me
to investigate the decomposition of solid-phase RD
energetic electrons at a temperature of 5 K. The produt
formed during irradiation were monitored online and in[Sit
via infrared and UWis spectroscopy, and products sublimi
in the temperature programmed desorption phase We
probed with a rectron time-ofight mass spectrometer
coupled with soft photoionization at 10.49 eV (ReTOF-MS-PI). Infrared spectroscopy revealed the formatiosOgf water (H
carbon dioxide (C£, dinitrogen oxide (pD), nitrogen monoxide (NO), formaldehyde@8), nitrous acid (HONO), and

nitrogen dioxide (N§. ReTOF-MS-PI identd 38 cyclic and acyclic products arranged into, for example, dinitro, mononitro,
mononitroso, nitronitroso, and amines species. Among these molecules, 21 productdNsuethgsitrous amide

(CH4N50), 1,3,5-triazinane {B4N5), and N-(aminomethyl)methanediamineligN;) were detected for thest time in

laboratory experiments; mechanisms based on the gas phase and condensed phase calculations were exploited to rationalize
formation of the observed products. The present studies reveal a rich, unprecedented chemistry in the condensed phas¢
decomposition of RDX, which is sigantly more complex than the unimolecular gas phase decomposition of RDX, thus
leading us closer to an understanding of the decomposition chemistry of nitramine-based explosives.

1. INTRODUCTION standing of the reaction mechanisms involved in the

Nitramine-based (NNO,) energetic materials such as 1,3,5-decomposition of RDX is based on extensive experimental as

trinitro-1,3,5-triazinane (RDX$¢heme )lhave been widely ~Well as computational studies performed in the gas-phase and
in the condensed-phas€alle ).* *" Gas-phase studies

Scheme 1. Molecular Structure of RDX predicted the NNO, bond ssion as the initial step in the
unimolecular decomposition of RDX.° For instance, the
photodissociation of supersonic jet-cooled RDX at 226 nm
revealed the formation of nitrogen monoxide (NO) as the

NO,

L
r w decomposition product via rapid predissociation of nitrogen
| | dioxide (NQ) with the latter being released by the initial N
o T N, NO, bond rupturé*® However, infrared multiphoton

dissociation (IRMPD) studies of RDX in a jet-cooled
molecular beam proposed aedént mechanisiilhis study

exploited as explosives and propeliahterefore, over the ; L _ >
past decades, extensive studies have been performedel idated a concerted, symmetric triple dissociation of the

understand the fundamental decomposition mechanisms a3if<1ing, producing three molecules of methylene nitramine
the combustion behavior of RDX” These investigations are (CH2NNO2) as the dominant decomposition pathway in
very much required by the energetic material community ta
unravel the mechanism along with initial and higher-ordéteceived: September 12, 2019
bond breaking processes, which trigger the decompositionradvised: October 4, 2019
energetic molecules such as nitramines. Our current underblished: October 7, 2019
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Table 1. Molecular Formula, Mass, and lonization Energies of Decomposition Products of RDX Previously Reported in Gas-
Phase and Condensed-Phase Studies
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products observed

mass IE
method formula name (amu) (eV) references
photodissociation of RDX at 225 nm in supersonic jet NO nitrogen monoxide 30 9.26 Im and Bernstein
photodissociation at 226 nm in supersonic jet NO nitrogen monoxide 30 9.26 Guo et al.
photodissociation at 226 nm in supersonic jet NO nitrogen monoxide 30 9.26 Lefflire et al.
NO, nitrogen dioxide 56 8.80
IR multiphoton dissociation in molecular beam HCN hydrogen cyanide 27 13.59 Zhao et al.
CO carbon monoxide 28 14.01
NO nitrogen monoxide 30 9.26
H,CO formaldehyde 30 10.88
CH,NN diazomethane 42 8.99
N,O nitrous oxide 44 12.77
CO, carbon dioxide 44 13.77
NO, nitrogen dioxide 46 8.80
HONO nitrous acid 47
C,H/N, 56
CH,N,0, 74
C3H3N3 striazene 81 10.00
C3H/N; 82
C3HsN; 83
C,H/N;0, 102
CH,N30, 120
C,HN,O3 132
C,H3N,O, 148
shockwave decomposition NO nitrogen dioxide 56 8.80 Miao eft’al.
HONO nitrous acid a7
thermal decomposition @ water 18 12.80 Behrens and Bilusu
NO nitrogen monoxide 30 9.26
CH,0 formaldehyde 30 10.88
NCO 42
N,O nitrous oxide 44 12.77
NO, nitrogen dioxide 46 8.80
(CH3)NHCHO  N-methylformamide 59 9.50
C5H3N5O oxostriazine 97
C,HN,O3 132
thermal decomposition @ water 18 12.80 Maharrey and Beffens
HCN hydrogen cyanide 27 13.59
CcO carbon monoxide 28 14.01
CH,O formaldehyde 30 10.88
NO nitrogen monoxide 30 9.26
N,O nitrous oxide 44 12.77
H,NCHO N-formamide 45 10.20
NO, nitrogen dioxide 46 8.80
HONO nitrous acid 47
(CH3)3N trimethyl amine 59 7.80
(CHz)NHCHO  N-methyl formamide 59 9.05
C,H,NO 70
(CH3),NCHO N,N-dimethyl formamide 73 9.55
(CH3),NNO N-nitroso dimethylamine, 74 8.69
C3H3N5 striazene 81 10.00
C5H3N50 oxostriazine 97
C3HNLO, 128
C3HeNgOs ONDNTA 206
CO, laser pyrolysis HCN hydrogen cyanide 27 13.59  Botcher and Wight
NO nitrogen monoxide 30 8.80
N,O nitrous oxide 44 12.77
CO, carbon dioxide 44 13.77
N,O,4 nitrogen dioxide dimer 92
CO, laser pyrolysis and combustion , H hydrogen molecule 2 15.44 Lee &t al.
H,O water 18 12.80
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Table 1. continued

products observed

mass IE
method formula name (amu) (eV) references
HCN hydrogen cyanide 27 13.59
CO carbon monoxide 28 14.01
H,CNH methyleneimine 29 9.90
NO nitrogen monoxide 30 9.26
H,CO formaldehyde 30 10.88
HNCO isocyanic acid 43
N,O nitrous oxide 44 12.77
NO, nitrogen dioxide 46 8.80
C,H/N, diazaethane 56
HONO nitrous acid 47
C,H5N, iminoacetonitrile 54 11.60
C,H,NO 70
C3H3N5 striazene 81 10.00
C3H3N;0 oxo-triazine 97
thermal decomposition: flagteating HNCO isocyanic acid 43 11.60 Gongwer ard Brill
HONO nitrous acid 47
C,HsNO, C-hydroxyN-methylformamide 75
C3H3N; striazene 81 10.0
photodissociation at 248 nm OH hydroxyl radical 17 Capelld8 et al.
NO nitrogen monoxide 30 9.26
NO, nitrogen dioxide 46 8.80
photodissociation at 248 nm » H hydrogen 2 15.44  Dickinson et‘al.
OH hydroxyl radical 17 13.6
H,0 water 18 12.80
HCN hydrogen cyanide 27 13.59
H,CO formaldehyde 30 10.88
NO nitrogen monoxide 30 9.26
CH,NN diazomethane 42 9.00
C,HyN ethanenitrilium 42
N,O nitrous oxide 44 12.77
C,H/N ethanenitrilium 45
NO, nitrogen dioxide 46 8.80
CH,CH,N, diazaoethane 56
CH,NNO, methylene nitramine 74
C3H3N; striazene 81 10.0
photolysis at 266 nm (0] nascent oxygen 16 Tang'et al.
OH hydroxyl radical 17 13.6
CN cyanide radical 26
HCN hydrogen cyanide 27 13.59
NCN cyanonitrene 40
CHNN diazomethane radical 41
CH,NN diazomethane 42 9.00
NO, nitrogen dioxide 46 8.80
photolysis at 229 nm NO nitrogen dioxide 46 8.80 Gares éf al.
thermal decomposition at high temperature and pressure  CO carbon dioxide 44 Connor efl.
N,O nitrous oxide 44 12.77
radiation-induced decomposition in solution 2> NO nitrogen dioxide 46 8.80 Markarov éf al.
H,0, hydrogen peroxide 34 12.10
catalytic thermal decomposition CcoO carbon monoxide 28 14.01 Sdfg et al.
N, nitrogen 28
N,O nitrous oxide 44 12.77
NO, nitrogen dioxide 46 8.80
photodissociation at 236 nm NO fragments nitrogen monoxide 30 9.26  Wshn et al.

contrast to the NNO, bond ssior?. On the other hand, hydroxyl (OH) radicals either directly or via dissociation of
IRMPD experiments of RDX performed by Zuckermann et ahitrous acid (HONOY:

in the gas-phase revealed a third decomposition route involvingeveral theoretical calculations have been performed to
a ve-membered ring intermediate, which eventually formadsolve the aforementioned discrepancies for the gas-phase

9481 DOI:10.1021/acs.jpca.9b08695
J. Phys. Chem. 2019, 123, 94799497


http://dx.doi.org/10.1021/acs.jpca.9b08695

The Journal of Physical Chemistry A

decomposition of RD¥X.'%'® 2! The majority of these molecular weight species with mass-to-clmargevélues of
calculations favored the homolyticNO, bond ssion over 47 (HONO), 54 (GH,N,), 56 (CH,N,), 70 (GH,N,0), 81
the concerted triple QN scission mechanisi!® The (CsHaN3), and 97 (GH3N30).”® UV-photolysis of RDX
energy required for the NIO, homolysis is lower by about crystals were explored at distinct waveletfgttis>*
84 kJ mol* relative to the concerted mecharifsim addition Photolysis at 248, 236, and 229 nm predominantly produced
to the most favorable MO, bond ssion, Goddard et al. NO,, which further supports the NO, bond ssion to be
proposed a new decomposition pathway, which involved thrtee primary route for the decomposition of RESXExposure
successive molecular eliminations of HONO forming evete 266 nm resulted in successive M8ses, ring opening to
tually the 1,3,5-triazine #@;N;) molecule?” Quantum form nitrogen-bearing species along with highly unsaturated
calculations performed by Swadley and Li furthemueah molecules carrying QN moieties® Molecular dynamics
the N NO, bond rupture and HONO elimination reactions assimulations revealed the formation of M@ N NO, bond
the initial steps in the decomposition of RDMarris and rupture, HONO elimination, and fragmentation to methylene
Lammertsma proposed that theND, homolysis could be  nitramine (CHNNO,).*> 3’
followed by hydrogen migration during the decomposition of In summary, condensed phase studies exposedcarsigni
RDX!® In contrast to these three pathways NiD, bond richer and more complex chemistry as evidenced in higher
ssion, HONO elimination, concerted tripleNCscission),  molecular weight products, which were not observed in the gas
Im and Bernstein extracted a fourth pathway, where isomghase conditions. It is important to mention that the majority
ization of one of the nitro NO,) to a nitroso ( ONO) of the thermal decomposition studies of RDX were carried out
group was considered as an initial route for the unimoleculdr a temperature range from 443 to 57%“KAt these
decomposition of RDXBartlett et al. revealed that the temperatures, the reactive intermediates formed during the
HONO elimination reaction represents the most preferredecomposition may undergo rapid decomposition to secon-
route at 298 K and 1 atm pressure compared QN dary products; likewise, the initially formed carbon-, oxygen-,
homolysis, concerted ® scission, and nitroso QNO) and nitrogen-centered radicals can react fthrtHeerefore, a
isomerization’> However, ab initio molecular dynamics complete picture and a consistent decomposition mechanism
calculation by Schweigert proposed the dominance of Nof condensed phase RDX has not yet emerged. Here, we
NO, bond rupture over HONO elimination and tripleNC ~ employed a surface science machine to explore the
scission mechanism over a temperature range from 1000dgcomposition of RDX in the condensed phase (solid) via
2000 K:° energetic electrons. The sample is kept at 5 K during the
Besides the gas phase, the decomposition of RDX in tegposure, thus eliminating the escape of any volatile products
solid as well as liquid phase was explored by exploiting therriig® the gas phase. The products are igehtiia Fourier
energy, shock waves, and laser irradéticfiFor example,  transform infrared (FTIR) and ultraviokgisible (UV vis)
thermal decomposition of RDX was investigated by Behrefgectroscopy (condensed phase) and byeetnen time-of-
and Bulusu using simultaneous thermogravimetric modulatei@ht mass spectrometer coupled with vacuum ultraviolet
beam mass spectrometry at a temperature above and below(MeV) photoionization (PI-ReTOF-MS) during the temper-
melting point of RDX (478 K¥. These authors observed ature programmed desorption (TPD). This technique has
several products such as wateOfH hydrogen cyanide been used previously to study the decomposition mechanism
(HCN), carbon monoxide (CO), formaldehyde,GB), of nitromethane (CHNO,), which is considered as the
nitrogen monoxide (NO), dinitrogen oxide@)| formamide  simplest model compound of nitrohydrocarbon-based ener-
(NH,CHO), nitrogen dioxide (N§), nitrous acid (HONO), getic materiaf€. °* Our study on the decomposition of RDX
N-methylformamide ((CHNHCHO), oxystriazine revealed 21 previously unobserved intermediates. Most
(CsH3N3O; OST), and 1-nitroso-3,5-dinitrohexahwdria- signi cantly, the observation of mononitroso intermediates
zine (ONDNTA; GHN¢Os).*** The authors proposed that Proposes the existence of ONDNTA decomposition product.
ONDNTA is formed during the early stage of theOur results also show evidence of reactive radical species
decomposition; this molecule subsequently decomposed REeviously only predicted computationally, but not observed in
dinitrogen monoxide @) and formaldehyde ¢80).* experiments as reactive intermediates. On the basis of our
However, the authors did not observe any primarpbservations, we propose comprehensive decomposition path-
intermediates in the experiments. Thermal decompositioMays of RDX in the condensed phase.
studies of RDX further showed that during decomposition
increase in NDand oxygen content inhibits the decom- 2. EXPERIMENTAL SECTION
position processes by removing the products such as2.1.Experimental. The experiments were carried out in an
hydroxymethyl formamide ((OH)GNHCHO) and form- ultrahigh vacuum (UHV) chamber evacuated to a pressure of
aldehyde (KHCHO), which act as catalysts for thermal typically 2x 10 ° Torr, exploiting oil-free turbomolecular
decompositioff: *” Furthermore, shock wave decompositionpumps backed by dry scroll pu%?p%‘f A polished silver
of RDX crystals at pressures lower than 10 GPa revealed theaifer (substrate) coated withlm of RDX of thickness of
the decomposition pathways leading to the formation,of NO16.8+ 1.0 m is sandwiched with indium foil and interfaced to
and HONO were dominant. However, stresses higher than &0cold nger manufactured from oxygen-free high conductivity
GPa resulted in dominance of reaction between pristineopper. This assembly is connected to a UHV compatible
radicals generated and unreacted RDWght and Botcher  closed cycle helium refrigerator (Sumitomo Heavy Industries,
studied the laser pyrolysis of RDX at 77TKeir observation ~RDK-415E) which cools down the temperature of the
of dinitrogentetraoxide ¢N,) during the initial stage of the substrate to 5.@ 0.1 K. The temperature of the substrate
decomposition proposed that theN\D, bond ssion was can be controlled with the help of a cartridge heater. This
likely the primary pathway. Laser pyrolysis of RDX was alsgstem is freely rotatable horizontally and translatable vertically
studied at 293 K; the authors observed hitherto higheexploiting a derently pumped rotary feedthrough (Ther-
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moionics Vacuum Products, RNN-600/FA/MCO). Infrared covering the fringes. The Wis spectra of the RDXms

(IR) spectra of the RDXIm were collected in situ at 5 K in were also recorded in situ at 5 K covering the range from 190
the 4000600 cm?® region using a FTIR spectrometer to 800 nm using a moeid UV vis spectrophotometer
(Nicolet 6700) operated at a resolution of 4'c@ill FTIR (Evolution 600). All UVvis measurements were performed at
measurements were performed in an absom#iection an angle of 3Qelative to the normal of the substrate. After the
absorption geometry at an angle 6ftd3he normal of the  reference spectra of the unirradiated RDX samples were taken,
substrate Higures 12, and Table 3. The thickness of the each RDXIm was exposed to energetic electrons (5 keV) at
an angle ofOrelative to the normal of sample surface, at two

di erent electron currents of 2@ nA for 30 min (low dose)

Reflectron Time-of-Flight and 150+ 2 nA for 60 min (high dose) by scanning the
Mass Spectrometer - t — electron beam over an area ot:1M1 cm. IR spectra of the
3 M’ UV Laser RDX Ims were collected in situ before and after irradiation to
monitor the changes induced by the ionizing radiation inside
Quadtpale Mess Spectiomenet e E the Ims. Monte Carlo simulations via the CASINO 2.42

} - software® were performed to determine electron penetration
N s et Pulsed VUV Photoionization depth and the average energy deposited on the IRDX-

(Table 3. The average penetration depth of the electrons is
- ey :
. EZOR NI, o] Table 2. Data Applied to Calculate the Average Dose per
Q ZESii RN M RDX Molecule for the Low and High Dose Experiments
5 4
Continuous VUV s 3
Photolysis Source // \/{YW‘ HE 4 (a) (b)
ovvis | [H= initial kinetic energy of the 5 keV 5 keV
FTIR ’ ; Rama b electrons
Detector Ppectrometer ectrometer . o
5 5 ) irradiation currentl) 20+ 2 nA 150+ 2 nA
4 irradiation time t] 1800 s 3600 s
average penetration depth, 267+ 80 nm 267 80 nm
. . . . average kinetic energy of  3.6% 0.3 keV 3.& 0.3 keV
Figure 1.Schematic top view of the ultrahigh vacuum chamber backscattered electrofg®
including the radiation sources (electron source), analytical inStryraction of backscattered 0.6+ 0.1 0.6 0.1
ments (FTIR, UVvis, ReTOF), and cryogenic target (point of electronsf,s®
convergence lines). Adapted with permission frét @bpyright average kinetic energy of 0.0 keV 0.0 keV
(2015) Royal Society of Chcamis:'ﬁ'y!;.)4 transmitted electrong s
fraction of transmitted 0 0
electronst &
00204 | @ - I Pecl P density of the ice, 1.82 g c? 1.82 g cn?
e irradiated ared 1.0+ 0.1 crd 1.0+ 0.1 cr
0.0136 - total number of molecules  (1.1+ 0.2)x 10®  (1.6+ 0.2)x 10
: processed
dose per moleculd, 8.1+ 1.0 eV 10& 16 eV
0.0068 - 83
° 23 total number of electrons (231.0)x 10 (3.4 1.0)x 10"
§ 0.0000 k"g‘\ #V/alues from CASINO simulations.
-‘g (b) ~~~~~~~ Aﬂe_ar_lrradiat\on at 150nA for 60 min )
2 oote8| T Indvidual PeakFis EH, calculated to be 26780 nm with averages doses o0f£8110
<

and 10Gt 16 eV per molecule for the low dose and high dose
experiments, respectively. The penetration depth of the
electron is less than the thickness of the RD¥uaranteeing

that the electron beam does not interact with the silver

0.0112 -

0.0056 -

o000k _ substra’_te. o
T . . , , , After irradiation, the exposed samples were annealed from 5
4000 3500 3000 2500 2000 1500 1000 to 320 K at a rate of 1 K min(TPD). During the TPD, the
Wavenumber (cm-1) products subliming from the substrate were analyzed,

exploiting photoionization ®ctron time-ofight mass
spectrometry (PI-ReTOF-MS). Details of the PI-ReTOF-MS
setup have been described previotiéfy/. °° In brief, we
exploited pulsed VUV light at 10.49 eV to softly photoionize
The subliming molecules. These ions are extracted and
eventually detected in theeaetron time-ofight tube based
N on their mass-to-chargey £) ratios prior to reaching the

[2& o & microchannel plate (MCP) detector (Jordan TOF Products
2Jn°Ssit (4S 5) (1) Inc.). The signal generated by MCP detector is @ahplsing
whered is the thickness of thém, N is the number of fringes a pre-ampler (Ortec 9305) and shaped with a 100 MHz
in the spectral region fromto , cm?, n is the refractive  discriminator (Advanced Research Instruments Corporation;
index of RDX1f = 1.49)>° is the angle of incidence, apd ~ F-100TD). A computer-based multichannel scaler (FAST
and , are the start and end points of the spectrum ih cm ComTec, P7888-1 E) receives the signal from the discrim-

Figure 2.IR spectra of RDX collected at 5 K (a) before and (b) after
irradiation of the high dose experiment.

RDX Im was determined based on interference patter
observed in the IR spectrum due to fringilgteviaeq 1

d=
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inator and records it in 4 ns bins triggered at 30 Hz by a pulSeable 3. (a) IR Features of RDX before the Irradiation
delay generator (Quantum Composers 9518). 3600 sweeps aleng with (b) New Bands Observed in the Spectrum in the
collected per mass spectrum per 1 K increase during the TRigh Dose Experiment at 5 K

phase.

2.2. Sample Preparation. RDX samples were received W?‘t’,ggt‘vngger Wﬁ‘é?g{‘urpger vibrational
from BAE Systems, Inc. prepared according to the MIL-DTL  (cm 9 (cm H®? assignments vibrational modes
398 D (Military Spectation, Detail Specation RDX, 12 (a) Before Irradiation
DEC 1996); this spe@s an HMX (1,3,5,7-tetranitro-1,3,5,7- 3068 3068 3CH,) C H asymm stretch
tetrazoctane; ElgNgOg) impurity in RDX at levels from 4to  3g0g 3004 (CH.,) C H symm stretch
17%. The maximum permissible quantity of other impurities if;59g 1593 3INO,) NO, asymm stretch
present is 0.08%. In order to remove the impurities, productions7g 1576 3NO,) NO, asymm stretch
grade RDX was recrystallized from acetone (Fisher 8cienti 1531 1535 3NO,) NO, asymm stretch
Inc.). Nuclear magnetic resonance (NMR) spectroscopy wasgasg 1460 (CH,) CH, bending in plane
exploited to characterize the recrystallized RDX. Figure S1 afy3s 1435 (CH,) CH, bending in plane
the Supporting Informatishows thé’C NMR spectra of the 1423 1424 (CH,) CH, bending out of
crude and recrystallized RDX measured using a Spinsolve 60 plane
Carbon benchtop 60 MHz NMR spectrometer after dissolving1392 1391 (CH)p) CH, bending out of
in dimethylsulfoxidds solvent. The disappearance of the plane

1352 N NOy) N N symm stretch
1322 N NOy N N symm stretch
76 1275 NO,) NO, symm stretch
1232 (N CN) ring skeletal vibrations
1219 (N CN) ring skeletal vibrations
1043 1040 aring) ring asymm vibrations

peaks associated with the chemical shift of HMX indicates that>>2
RDX has been s@iently puried to a level of at least 99%9%.

A thin Im of RDX onto the silver substrate was prepared 12
using a drop-casting method. For the drop-casting, about 2 m
of recrystallized (pugd) RDX is dissolved in 3 g of methyl
ethyl ketone (MEK; Acros Organics) inside a vial. Sonication

and mild heating at 305 K ensure complete dissolution of the-%6 1020 :S(rfng) ring asymm vibrations
RDX in MEK. Using a glass pipette, a drop of RDX/MEK 248 947 {ring) ring asymm vibrations
solution was deposited onto the silver substrate and then left*® o7 (CH) C'&gﬁg”d'”g out of
for drying. A uniform layer of RDX is observed after the g;q 882 Kring) ring symm vibration
evaporation of solvent and characterized via IR spectroscopy, 844  (C N C)  ring skeletal vibrations
(Section 3)1 784 790 (C N C) ring skeletal vibrations
655 670 (ring) ring deformation

3. RESULTS AND DISCUSSION (b) After Iradiation

3.1. IR Spectroscopy3.1.1. Qualitative Analysigigure 3565 3000 (H0) O H stretch of HO
2a,b displays the IR spectra of RDX before and after irradiation (HONO) O H stretch of HONO
in the region from 4000 to 600 ¢mDetailed assignments of (NH,) N H stretch of amines
the observed IR bands are provideddble 3 The IR (CH,NNO,  C H stretch of
spectrum of RDX reveals prominent,Nsfretch, NN nitramines _
stretch, Cltbending, and ring vibrational bands in the region (NH,) C H stretch of amines
1600 600 cm® along with Chstretches in the 3108000 ring C H stretch of ring
cm *region; thesendings are in excellent agreement with the 2341 2347 (CO,) C O stretch of CQ
IR spectrum of RDX reported in the literattité The thin 2235 2232’; (N20) N N stretch of HO

Im of RDX can exist in a crystalline or amorphous phase. Thé864 186# (NO) free NO stretch
crystalline form of RDX shows sharp IR bands with narrow!?47 1742 (HCO) Cfor?nglté‘ztﬁ;‘d‘éf
band width, whereas the amorphous phase of RDX exhibit
broad and duse bandS. The IR spectra of the RDXm To4s 1640 (HONO) NHoONSgetCh of
measured in the present study and that of the crystalline phaseoa 1304 (NO,) N O stretch of N@
recorded by Botcher et al. are compared in Figure S2 of theoso (NH,) NH,, bending modes of
Supporting InformatioRigure S2inveils that the thinm of amine
RDX used in this work is amorphous. The fundamentals aB65 871’ (NNO,)/ deformation modes of
3068 and 3006 crhcorrespond to the GHasymmetric and (ring) nitramines/ing

symmetric stretching modes, respectively. Theb€ding
modes (in-plane and out-of-plane) are observed in the spectral

range from 1450 to 1380 cmA group of three bands at  The IR spectrum after irradiation is distinct from the data
1596, 1579, and 1531 dmcan be attributed to the obtained for the pure RDX sampleig(ire B); the
antisymmetric stretching modes of thd¢O, group. The  fundamentals of RDX decrease in column density by 40
characteristic NNO, stretching vibrations of RDX appear at 10% (low dose) and 2214% (high dose); new bands appear
1352 and 1322 crh The spectral regions 124210, 1050 in the region 35653000, 2341, 2235, 1864, 1747, 1645, 1304,
950, and 880600 cm?! are dominated by ring vibrations. 1080, and 865 crh These new features can be assigned to
Bands observed in the region 124010 cm! are linked to  primary and secondary decomposition products of RDX.
the N C N stretching modes of the ring. The symmetricBands at 2341, 2235, 1864, and 1747 cam be associated
vibration mode of the ringalso known as ring breathing  with stretching vibrations of carbon dioxidejCdnitrogen
appear at 879 c bands at 840 and 784 crare attributed  oxide (NO), nitrogen monoxide (NO), and formaldehyde
to C N C stretching vibrations. (H,CO), respectively. Absorptions corresponding to secon-

9484 DOI:10.1021/acs.jpca.9b08695
J. Phys. Chem. 2019, 123, 94799497


http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b08695/suppl_file/jp9b08695_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b08695/suppl_file/jp9b08695_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b08695/suppl_file/jp9b08695_si_001.pdf
http://dx.doi.org/10.1021/acs.jpca.9b08695

The Journal of Physical Chemistry A

dary products (C9 N,O, NO, and HCO) have been (4.4+ 0.4x 10 molecules crd), NO (1.5+ 0.2x 10“
observed by Botcher and Wight and Alix and Collins durinmolecules cm), CO, (2.6 + 0.3 x 10* molecules crf),
decomposition of RDX via laser pyrolysis and phot6fysis. N,O (7.1+ 0.7x 10" molecules crd), and HO (6.0+ 0.6
The band observed at 1645 troan be allocated to the x 10 molecules cm) accounts for only @ 1% of the
fundamental N O stretch of HONO, which is in good decomposed RDX molecules. Therefore, we can conclude that
agreement with the 1640 ¢nassigned previously to the cis nearly 90% of RDX molecules decomposes into products,
conformer of HONG? which remained unobserved via IR spectroscopy due to

Further, the characteristic symmetric stretching vibration oiverlapping fundamentals with the RDX reactant.
NO, is observed at 1304 ciwhich matches nicely with the  In summary, our IR spectroscopic studies provide clear
reported literature value of 1304 tfh The asymmetric  evidence of formation of critical decomposition products such
stretching vibration of NO1613 cm?) is masked by the as water (KD), carbon dioxide (C{ dinitrogen oxide
broad absorption feature of RINO, (stretching vibrations;  (N,0), nitrogen monoxide (NO), formaldehyde, @),
1600 1520 cm'). We also observe a feature at 108G,cm nitrous acid (HONO), and nitrogen dioxide (NQafter
merged with the absorption band of RDX; this can berradiation of RDX Kigure 3. Although, the presence of
tentatingIymassigned to the bending mode of 1amines
( NH,). The absorption band observed at 865" cm
could be linked to the decomposition, product methylene )") 99 N o0
nitramine (CHNNO,) based on its calculated vibrational (H.0) (co,) (HONO) (N,0)
frequencies reported by Mowrey &f dhis assignment is Water Carbon dioxide Nitrousacid ~ Dinitrogen oxide
tentative as it is merged with the ring vibrations of RDX. In
fact, probing the formation of methylene nitramine
(CH,NNO,) during RDX decomposition is dult via IR o9 0”\0
spectroscopy as most of its vibrational bands are obscured by 9
the absorption bands of RBXIt is also important to (H,CO) ~ (NO) e
highlight that evidence of formation of HONO, ,Nénd Formaldehyde - Nittogen monoxide ?
amines (NH,) from the decomposition of RDX have not Figure 3.Structures of the decomposition products detected through
been reported previously through IR spectroscopy. ThelTIR spectroscopy.
signatures have been reported only through mass spectrome=
try 2?4 Figure B also shows broad absorption band coveringprimary products such as methylene nitramingN@8l,),
the spectral range from 3565 to 3000 ciihis broad feature amines, and cyclic as well as acyclic intermediates cannot be
is due to multiple vibrations in the region 33680 cm?, unraveled with absolute certainty through FTIR spectroscopy
which include the CH stretch (HO, HONO), N H stretch due to functional groups overlapping with RDX, their existence
(amines), and CH stretch (amines, nitramines, is inferred indirectly based on the appearance of broad
ring) 546567 69 absorption bands in the region 3580, 11001000, and

3.1.2. Quantitative Analysis: Mass Balarbee column 950 850 cm!, where vibrational frequencies of amines,
densities were calculated using a mddiambertBeer law  nhitramines, and ring vibrations are observable.
to determine the amount of RDX molecules destroyed and that3.2. UV Vis Spectroscopy.Figure 4shows the UWis
of products formed.The integrated absorption caéent of  spectra of the RDXm measured before and after irradiation
the reactant and products used for the calculation of column
densities are taken from thigerature. The absorption 10
coe cient of the RDX band at 1596 ¢éris 1.0x 10 ¥ cm
molecule’. The integrated band strength of the stretching
mode of NQ (1304 cm?) is 6.2x 10 '8 cm moleculé.”*
The N O stretch of NO (1864 cr) and HONO (1645
cm 1) hold integrated band strengths oP63 and 7.2«
10 *¥cm moleculé respectively, whereas the N stretch of 02
N,O (2235 cm?) has an absorption coeient of 5.7 10 '
cm moleculé.”® 72 Carbon dioxide (C§) was quantied via 0.0
the stretching mode (2341 djn which has an absorption 20 300 200 500 600 700 800
coe cient of 7.6x 10 cm moleculé>* The column
density of HO (water) is measured in the region of 3500
3100 cmt using an integrated band strength of 20 1°cm Figure 4.UV vis spectra of RDX collected at 5 K before and after
molecule®.” It is important to note here that the broad the high dose.
absorption in the region 35000 cm! includes OH

Before Irradiation
After Irradiation

207

0.8

236

0.6

0.4+

Absorbance

Wavelength (nm)

stretch of HONO, amines M stretch, and ring CH stretch in the spectral range of 18D0 nm. UV vis spectrum of
along with OH stretch of HO. Therefore, to determine the RDX prior to irradiation displays an absorption maximum at
column density of water, only region 33100 cm! is around 207 nm and a shoulder at around 236 nm. The

considered where the @ stretch of HO has maximum  absorption at 207 and 237 nm is primarily due to the *
absorption. The amount of RDX molecules destroyed vimansition from the nitro group; the broad absorption around
radiolysis (high dose) is £3.3x 10" molecules cr, that 236 nm_ has contributions from the weak n *

is 72% of the initial column density (¥80.3 x 10 transition*’® After irradiation, a decrease in the intensity of
molecules cm). On the other hand, the total number of the absorption at 236 nm and an increase in the intensity of
molecules of NQ(4.5+ 0.4x 10 molecules cm), HONO absorption maxima at 207 nm are observed. Furthermore, the
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Figure 5.Temperature-dependent ReTOF data of the decomposition products of RDX for the high dose (a), low dose (b), and blank (c)
experiments.
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Table 4. Molecular Formula, Structure, and lonization Energies of the Masses Observed in ReTOF Mass Spectrometer via
Photoionization at 10.49 €V

m/z | Molecular Structure IE Low | High m/z | Molecular Structure IE Low | High
formula (eV) Dose | Dose formula (eV) Dose Dose
30 NO + +
9.26 71 C,HsN3
+ +
HNO 10.1
31 +
72 CsHgN, + +
CH3NH, 8.90
n
42 CH2N, 8.99
73 CoHoN; + +
9.30
+
43 C,HsN
9.20 74 CH:N,0, + +
10.16 + +
75 C,HoN3
45 9.30
CH3NO +
81 C3H3N3 9.80 + +
10.11
46 NO, 9.58 + +
82 C5HaN; + +
8.95 + +
56 C,HuN, 83 C3HsN3 + +
CH>N,0
58 + + 85 C3HsN; + +
CoHeN2
87 C5HoN; r w + +
60 | CH.N0 + ~
89 | CH:3N;0, N F + +
70 C3HeN, +
9487 DOI:10.1021/acs.jpca.9b08695
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Table 4. continued

m/z | Molecular Structure IE Low High m/z | Molecular Structure IE Low High
formula (eV) Dose Dose formula (eV) Dose Dose
+ +
o1 CH N30, 128 C3H4NLO, + +
+ + C3HeN4O,
97 C3H3NsO
130
C3HeNLO, * *
+ +
98 C,H,:N,0
+ +
100 C,H4N,O
132 C5HgN4O, + +
101 C,H3N;50, + +
N 148 | CoHaN4Os4
HyC CH, + +
103 | CoHsN30; | + +
NH
OZN/
149 C,H7Ns05 + +
105 C,H7N;0, + +
116 C,H4NLO + +
e 150 | CoHeN.O4
+ +
17 C3H;Ns0, +
157 C3H3Ns0;3
+ +
118 C,HgN4O,
+ +

AMasses marked with green color were reported previously by both experiment and theoretical calculations, whereas masses marked with blue
are observed only in the previous experimental studies and masses marked with red color are supported only through theoretical calculati
reported in the literature.

maximum at around 207 nm is slightly blue-shifted after 3.3. Single Photon lonization Re ectron Time-of-
irradiation. Our UV spectra, measured before and aftédight Mass Spectrometry.To identify individual molecules
irradiation of RDX, is in good agreement with that reportedormed in the decomposition of RDX, single photon ionization
by Gares et al. and Makarov &% The increase in the '€ ectron time-ofight mass spectrometry (PI-ReTOF-MS)

intensity of the absorption at 207 nm after irradiation is due t as exploiteff, ™ this approach aIIows_ the detection of a .
. . road range of products based on their mass-to-charge ratio
accumulation of decomposition products of RDX such

L _ ) _ z) and sublimation temperatukégure a,b depicts the
dinitrogen oxide (bD), methylene nitramine (GNNO,), temperature-dependent mass spectra of the ionized decom-

diazomethane (CM,), and nitrogen dioxide (Nfwhich position products of the irradiated RDX samples at the high
contribute through their * transitions to the 207 nm  dose and low dose experiments, respectively. It is apparent that
band?® the ion counts of the decomposition products formed after

9488 DOI:10.1021/acs.jpca.9b08695
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Figure 6.TPD pro les of the ion counts recorded at mass-to-charge ratios of (a) 30, 31, 42, 43, 45, 46, (b) 56, 58, 60, 70, 71, 72, (c) 73, 74, 75, 81
82, 83, (d) 85, 87, 89, 91, 97, 98, (e) 100, 101, 103, 105, 116, 117, 118, (f) 128, 130, 132, 148, 149, 150, and 157 at a photoionization energy
10.49 eV. Blue: high dose; green: low dose; red: blank.

irradiation are enhanced with the dose, that is higher iomonoxide (NO; IE = 9.26 eV), which has been previously

counts as the dose increases. Furthermore, the ion countsobierved in the decomposition of RDXlon signal atv z =

the lower molecular weight products are enhanced comparetl can be either assigned to nitrosyl hydride (HNO; IE = 10.1

to the higher molecular weight species in the high doseV) and/or methylamine (GNH,; IE = 8.90 eV). The

experiments, proposing that the initially formed high molecularaximum of the ion count pte atm/z = 31 at 280 K

(possibly primary decomposition) products subsequentlgorrelates with the second sublimation event reconchér at

decompose to lower molecular products as the dose increase80 at 280 K. Therefore, ion countsnat = 30 at around

Overall, we observed species holding mass-to-chagge ( 280 K likely represent fragmentsméfz = 31 (CHN®;

values of 30, 31, 42, 43, 45, 46, 56, 58, 60, 70, 71, 72, 73, AMNO™), that is CHN* and/or NO'. Lossing et al.

75, 81, 82, 83, 85, 87, 89, 91, 97, 98, 100, 101, 103, 105, 1démonstrated an appearance energy (AE) of AE = 10.18 eV

117, 118, 128, 130, 132, 148, 149, 150, and 157 in the ReT@# CH,N* from CHN*2* Therefore, we may conclude that at

after the high-dose irradiation. All masses are also observetbast some of the ion countsnéz = 31 and 30 originate from

the low-dose experiment with the exception of 31, 42, singly ionized methylamine () and its CHN™ fragment,

45, 60, 70, and 117. The assigned molecular formulae armapectively. It is important to note thét = 31 has not been

potential structures of all these species are shdownlénd identi ed in any previous experimental study investigating the
It is essential to mention that the ReTOF data collected idecomposition of RDX. lon signal ratz = 42 can be

blank experimentsexperiments conducted in the similar associated with the molecular formula,NIH (diazo-

fashion, but without exposing the samples to energetinethane; IE = 8.99 eV), which has been observed in the

electronsKigure 6) did not show any signal, which ensuresprevious experimental studi&s* Two molecules with the

that the decomposition products observed in irradiatiomolecular formula ;8N can contribute towz = 43:

experiments are solely due to the impinging ionizing radiatioethylenimine (c-¢H,NH) and N-methylmethanimine

The corresponding TPD traces are compil€iine 6 (CH3NCH,). The maximum of the ion counts measured at
Figure @ shows the TPD pries ofn/z = 30, 31, 42,43, m/z = 43 andm/z = 42 at 320 K correlates very well,

45, and 46. The ion signal intensitiew at= 30, 43, and 46  suggesting that some of the ion counts measumnéd at42

are lower by a factor of about three in the low-doseould be due to fragmentation gfigN*. Photofragmentation

experiments. Signalmatz = 30 can be assigned to nitrogen of ethylenimine (c+EI,NH) into C,H,N* has been observed

9489 DOI:10.1021/acs.jpca.9b08695
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by Gallegos and Kiser at 12.%%Vherefore, it is highly likely formally the monomeric unit of REXaterestingly, TPD

that some of the ion counts observew/at= 42 are due to  pro les measured atVz = 73, 74, and 75 show peak
fragmentation of c,@,NH* (m/z = 43) to ¢c-GH,N". lon maximum at the same temperature, 300 K. This could be either
counts at/z = 45 can be assigned to isomers of moleculagiue to cosublimation of the products associatenxith73,
formula CHNO: nitrosomethane (CMO), formamide 74, and 75 or fragmentation of one species into another.
(HCONH,), and formaldehyde oxime ,ENOH). The Photofragmentation ofi@N; (mV z = 75) to GH-N;" (v z

TPD prole measured at/z = 45 shows two maxima, =73)is highly viable. Similarly, the fragmenjiéfiG* (v z

which correlate well with the maxima observed in the TPR 73) C,H{N," could contribute to the ion countsnaltz

pro le ofm/ z= 30, at around 280 and 320 K. This implies that= 72.

ion signal atv/ z = 30 at around 280 and 320 K could be due Furthermore, ion signals mtz = 81, 82, and 83 are

to NO" ions generated as a result of photofragmentation @fssigned to the molecular formulaeg8; CH,N, and
nitrosomethari€. Therefore, we can conclude that some ofcH.N,, respectively. These intermediates carry ring moieties
the ion counts amV/z = 45 andm/z = 30 are due to the of RDX and have been detected in the gas phase as well as
nitrosomethane ion (GNO®) and its fragment NO  condensed phase decomposition of RbXhe fragment of
respectively. Finally, ion signainet = 46 can be assigned C,H,N, (m/z = 83) C;H,N;* could account for the ion

to NO, (IE = 8.80 eV). Fragmentationmofz = 46 (NO,") to counts measuredratz = 82. Higher masses carrying the ring
m/z = 30 (NO) can be easily presumed based on the fact thafygjety such asvz = 85 and 87 are also observed in our
the TPD prole measured at/z = 46 in the temperature  eyperiments, and their TPD des are shown Figure @. It

range of 160240 K is very similar to that of measured at s intriguing to note here thatz = 85 and 87 have not been

= 30. Dibeler et al. have demonstrated photofragmentation @fnti ed in previous studieSigure @ further shows TPD
nitrogen dioxide into NCat 12.34 e¥’ All threenv z values Ero les of/ z = 89, 91, and 97. lon signaréz = 89 and 91

of 43, 45, and 46 have been reported previously in variols, pe assigned to the molecular formulagNgM

experimental studies invgating the decomposition of (5mingmethylenenitramine) and SHO, (aminomethylnitr-

RDXH92834 . . !
_ amine), respectively. Both molecules with likely structures
The TPD proles of/z = 56, 58, 60, 70, 71, and 72 are  aqsented ifable 4have not been detected before.

shown inFigure 6.z = 56 was idented by Dickinson et The maximum of the ion counts measured at 89 and

gb;nd tﬁhao I'edt ?l'tWh'lz .|n\t/ﬁst|gat|nﬁ the deccgg .‘;);mon 9& appears at the same temperature of 300 K, suggesting that
D7 In the Solid state and In the gas phase, FeSpECIlEly. g, me of the ion countsratz = 89 arise from fragmentation of

Zz =56 can be .assouated with the mol_ecular forngtdjl.C CHgN-O," (m/z = 91) into CHN-O," (m/z = 89). Signal at

(Table 4. lon signal at/z = 58 can be either allocated to the m/z = 97 is associated to OST with the molecular formula

hmo?Qi(?m mtiﬁzomf&rergulg: ;?ritgﬁlrer&iuQgraoT'?gngﬁgﬁr C5H3N3O. Until now, evidence of OST has been observed
9 9 P y only during thermal decomposition of RDX in the liquid

amine moiety with the molecular formuld 8, (Table 3.
Evidence of mass 58 has been reported earlier by Behrens
co-workers in thermal decomposition of RDX cristals.
Decomposition product af z = 60 can be accounted for as A
the hydrogenated form offz = 58 (H,CNNO and/or 101, 103, 105, 116, 117, and 118 are compilgdure @.

C,HeN,) and hence might be assigned to the molecula}nterestingly, the ion signal intensities of these TPIegro

formula CHN,O and/or GHgN,. Unlikenvz = 56 and 58 are nearly identical in low-dose and high-dose irradiation
evidence ofiz = 60 has not been reported in the previous €XPeriments. lon signahaliz = 100 has the saméz as the

studies. The ion signalnalz = 70, 71, and 72 is linked to the mononitroso intermediate holding the molecular formula
molecular formulaeg8N, CHsNs and GHgN,, respec-  C2HaNO. The TPD prole atm/z = 100 andn/'z = 98 are

o sé
nﬁm plots of ion signal intensities as a function of
temperature at higher mass-to-charge ratioézof 100,

tively (Table 4. The peak of the sublimation eventbf = very similar suggesting that some of t+he ion commﬂ§398

72 at 320 K matches the maximum of the TPDepatny z = are fragments of¥ z = 100 (GH,N,0") CpH,N,O". lon

71. Therefore, at least some ion counts/at= 71 likely ~ counts atm'z 101, 103, and 105 are likely associated to

represent fragments gHgN," (M z = 72): GH,N,' (M z = mononitro species with the molecular formul&gNzO,,

71). C,HsN30,, and QH7N302,. respectively. It is intriguing to
Figure 6 shows TPD prdes recorded a/'z = 73, 74, 75,  Nhote here that fragmentation 9HEN;O," (mVz = 103) into

81, 82, and 83. Like/ z = 71 (CH:Ns,), ion signal any z = CoHaNZO," (m'z 101) is highly feasible. Although these

73 can be associated to an amine moiety. Imfact,73 can mononitro species have not been idedtiin previous

be designated to the hydrogenated counterpat gfi v experimental studies, formation of th¢1:8;0, and

z = 71) and, therefore, might be assigned to the molecul&r.HsNzO, radicals have been predicted by theoretical
formula GH;N (Table 2. Similarlym/ z= 75 is attributed to calculation’ The ion signals an/z 116, 117, and 118 are
the molecular formulal@,N; because it might represent the proposed to be associated with mononitro intermediates with
hydrogenated analog ofz = 73 (CHsNy) and/or 71  the possible molecular formulgei 81,0, C;H/N;O,, and
(C,HsNy). It is important to mention that formation of higher C;HgN,4O,, respectively. lon countsréiz = 116 could be due
molecular weight amine-based species have been predictedobyagmentation of 8¢N,O," (/' z = 118) into GH,N,O,"

ab initio molecular dynamics simulations, but these moleculegcause the TPD pile recorded aty z= 116 peaking at 280
have never been observed in experiments $mfdnis study,  and 320 K correlates well with two of the ion count maxima
both mass and FTIR spectBe¢tion 3)lreveal evidence of observed at 280 and 320 K in the sublimatiotepmeasured
formation of amines in the decomposition of RDX. lon signaitm/ z = 118. Evidence of these speciég £ 116, 117, 118)
atm/ z = 74 has been observed in several experimental studies not been reported through previous experimental or
and can be allocated to methylene nitramip€NNO,), theoretical calculations.
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Figure 7.continued
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Figure 7.(a) Proposed decomposition mechanism of RDX into products at 157, 150, 149, 148, 132, 130, 128, 117, 97, 87, 85, 83, and 74 am
Reaction mechanisms predicted by theoretical calculations are color codédti*piit) Proposed decomposition mechanism of RDX into

products at 118, 116, 105, 103, 101, 100, 98, 91, 89, 75, 73, 72, 71, 70, 60, 58, 56, 46, 45, 43, 42, 31, and 30 amu. Reaction mechanisms prec
by theoretical calculations are color coded it ‘g,

Finally, TPD prdes ofm/ z = 128, 130, 132, 148, 149, 150, RDX>'*'® We have also observed intermediates belonging
and 157 are shown kigure & lon counts are higher by to nitro nitroso species, that is species carrying both a nitro
around 2 times in the low dose relative to high dose irradiaticind nitroso group viamit z = 149 and 157. These species are
experiments. Signalratz = 128 is allocated to molecular assigned to molecular formula#l 805 and GH3N:Os,
formula GH,N,O, whose structure consists of the ring moietyrespectively. This is thest experimental evidence of
of RDX with only one nitro groupgble 4for structure)m z formation of intermediates having both nitro and nitroso
= 128 has the highest signal intensity compared to aé}roups during the decomposition of RDX.
rgmaining masses in the Iow—dose irradiation experiment. 10n, summary, our ReTOF mass spectroscopic studies
signal am/z = 130 can be considered as hydrogenated form qfeajed several new decomposition products of RDX that
m'z = 128 and hence might be assigned 4d¢\GO,. have not been reported before. These include HMND=

Evidence of formation of z = 130 has not been shown in _ _
previous experimental studies, but gas phase theoretig1 1)C éﬂ%%{iﬂ’;éﬁ%(r(wniz_:G%)QgﬁNﬁ(?xvz
calculations predict its existefic&imilarly,m/z = 132 L2 PR 373

could be designated as hydrogenated fommi 20f130; its z = 89), C\SHQL\% (mz = 87), C'__EN302 (m'z = 89),
formation has been suggested by both experiments as welpg%NSOZ (m'z=91), GH,N,O (m'z=98), GH,N,O (m'z
theoretical calculatiofs:®2* On the basis of the similarity - 100): GHsNsO, (mz = 101), GHsN3O, (m/z = 103),
between the TPD prtes measured & z = 130 and 128, it~ C2HNZO2 (M2 = 105), GH/N,O, (M 2 = 116), GH:N3O,

can be envisaged thatigN,O," (' z = 130) could fragment  (MZ = 117), GHeN,O, (/' z = 118), GHeN,O, (m/z =

into C;H,N,O," (m/ z = 128). Dinitro intermediates of RDX 130), GH/NsO5 (m/z = 149), GHgN,O, (m/ z = 150), and

such agv z= 148 and 150 are also observed in our experimetsHaNsO3 (Mz = 157). We observed intermediates that
and are allocated to molecular formulaed,O, and belong to amines, mononitro, and mononitroso families as well
C,HgN,O,, respectivelyT@ble 3. Signal atn/z= 150 can be  as intermediates that carry both nitro and nitroso groups. The
considered as a hydrogenated formv af= 148; only the  underlying decomposition reactions involved in the formation
latter was detected during thermal decomposition off the observed species are proposed in the next section.
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3.4. Decomposition Mechanism. Here, we discuss the IntermediatdOacan also accept two hydrogen atoms yielding
decomposition pathways of RDX based on the reactioa cyclic productila(CsHgN,O,; 132 amu). Both products
mechanisms proposed through gas-phase and condengk@bandllg have been observed in our experiment. Product
phase calculations accounting for the aforementioned expgtacan further decomposead (C;H,N3O,; 117 amu) via
imental ndings. The majority of the gas-phase calculation8 N scission and a hydrogen atom shift. Similarly, the acyclic
predict that the decomposition of RDX proceeds Vi aminyl radical2b (C3HgNsO;) can form a biradical
homolytic bond ssion and/or 1,2-elimination of HONO; intermediate,10c (C3HgN,O5) via N N ssion which
these pathways are suggested to be more favorable comparetergoes 1,2-H-shift to form an open chain isdbér,
to alternative mechanisms such as concerted triple scissiof@fHgN,O,; 130 amu) of cyclic produdl; this requires an
C N bonds forming KCNNO, and nitro nitrite isomer-  energy of 190 kJ mal® The biradical intermediafé)c can
ization from NNO, to N ONO. The calculated energy also accept two hydrogen radicals to form an acyclic isomer,
barrier for the NN ssion (163 kJ md) and HONO 11b(C3HgN4O,; 132 amu) of produdtla The acyclic aminyl
elimination (164 kJ md) are signicantly lower than the radical2b (CsHgNsO}) can also experience al scission,
triple C N scission (248 kJ mé) or nitro nitrite isomer-  which requires 103 kJ mladf energy to form a mononitro N-
ization (192 kJ madl).** Condensed phase calculations alsocentered radicas (C,H,Nz05) and methylene nitrami&
support N N ssion and HONO elimination as the primary (CH,NNO,; 74 amu)l.z“The radical5 could engage in M
steps in the decomposition of R¥. *’ However, Monte ~ scission to form a molecule of methylene nitramine
Carlo variational transition-state theory calculations performé@H,NNO,; 74 amu) and KCN; this process requires an
by Shalashilin and Thompson reveal that in gas phase therradtlitional energy of 84 kJ maklative to that of radic2b
decomposition concerted triplelCbond scission of RDX is  (C,H4N305). Alternatively, radic&5 can react further by
more dominant compared to NO, bond ssiorf.” On the either abstracting a hydrogen atom to form the mononitro
basis of these mechanisms, we have presented a decompogitioduct, 35 (C,HsN;O,; 103 amu) or by eliminating a
scheme of RDX iRigure @,b that reveals probable reactionshydrogen atom to yield prodt (C,H3NsO,; 101 amu)
involved in the formation of various decomposition product¢Figure B). Furthermore, the addition of three hydrogen
These products can be broadly categorized into six speciagms to radic&l5 can generate prodigs (C,H,N;O,; 105
dinitro, mononitro, mononitroso, nitmitroso, ring com-  amu;Figure B).** Interestingly, all four mononitro products
pounds, and smaller molecules. (103, 101, 105, and 74 amu) have been observed in our

3.4.1. Formation of Dinitro Species. the early stage of experiment. The acyclic aminyl rad&talC;HNsO;) can
RDX decomposition, the major products to be formed aralso decompose to a mononitro carbon centered raflical,
dinitro species. Initially, the NO, ssion of RDX (1) leads (C3HgN3O53) via elimination of pD, (Figure @). Radica26
to a cyclic aminyl radicd2a (C3HgNsO3); this process  (C3HgN3O3) may involve in the formation ofe membered
requires an energy of 163 kJ molRadicaacan undergoa ring species, which will be discussed later. The dinitro
ring-opening reaction via 8 scission to form an acyclic intermediate]l2 (C;HsNsO,4; 175 amu) formed via concerted
isomer,2b (C3HeNsO;) via a barrier of 110 kJ mbt* HONO elimination from RDX can eliminate yet another
Intermediat@b (C3HgNsO;) can further undergo a hydrogen- HONO molecule to the mononitro produts, (C;H,N5O,;
shift requiring 36 kJ méj this process forms yet another 128 amu) Eigure @) with a barrier of 134 kJ m’of4

acyclic isomer with a carbon centered radal, Intermediatel3 undergoes decomposition to form various
(CsHgN:03).** The intermediat@c decomposes to generate cyclic species which will be discussed later.
the carbon-centered radictd, (C,H;N,O;) along with a 3.4.3. Formation of Ring Compoun&pecies carrying the

hydrogen cyanide (HCN) molecule viaNC -scission. This  cyclic RDX moiety mainly originate from cyclic dinitro or
reaction has a barrier of 68 kJ fadlAddition of a hydrogen ~mononitro compounds formed via HONO elimination or N
atom to 4a results in a stable neutral intermediate, NO, ssion(s). The most common cyclic product is triddine
(C,HgN,O4 150 amu), which has been observed in our(CzH3Ng; 81 amu), which is formed via HONO elimination
experiment. Alternatively, radidal may encounter QN from the mononitro intermediaf} (CsH,N3O,; 128 amu).
scission to form methylene nitrami2@,(CH,NNO,; 74 The calculated energy barrier for this reaction is 84 k3‘mol
amu) and the CENHNO, radical* The dinitro intermediate  Besides triazine, our experiments also suggest the formation of
6b (C.H/N,O4 148 amu) can form from RDX via 2 X oxysymtriazine (OSTL5 (C3H3NzO; 97 amu). Formation of
scissions followed by a hydrogen atom shift. As mentiongis molecule has been proposed computationally from the
before, the decomposition of RDX could also be initiated byononitro intermediatel3 (C,H,N;O,; 128 amu) after
concerted HONO elimination. Thest HONO elimination  elimination of a HNO molecug}é‘.1 Hydrogenated forms of
from RDX leads to the dinitro intermedia(C;HsN5O,; the triazine ring such agHzN5 (83 amu), GH;N; (85 amu),
175 amu). The reaction barrier for HONO elimination (164 kJand GHgN3 (87 amu) could be generated from mononitro
mol %) is very similar to that of \NO, ssion-* intermediates via successiveNN, ssion reactions. For
3.4.2. Formation of Mono-Nitro Speci€Bhe dinitro example, the dinitro intermedidt2 (CsHsNsO,; 175 amu),
species formed during the early stage of decomposition cahich is formed via HONO elimination from RDX, could
subsequently undergo B scission, NN ssion, or undergo two successive MD, ssion reactions to form a
hydrogen atom shift to form mononitro species. For exampleitrogen-centered biradicdld (C;HzN3 ). The energy
RDX (1) undergoesrst a N NO, ssion to the dinitro  required for this process is around 184 kJ'MidRadical
radical,2a (C3HgNsO3), which can subsequently undergo a 18can further undergo a hydrogen shift, yieldiiG;HsNs;
second NNO, ssion to a cyclic biradical intermediHie, 83 amu). Similarl®3 (CsH;Ng; 85 amu) can originate from
(C3HgN3O™). This radical,l0a undergoes hydrogen atom the mononitro specieg)bvia N NO, ssion followed by a
shift to form a cyclic mononitrtQb (C;HgN,O,; 130 amu), hydrogen atom addition. The fully hydrogenated form of
product. This process has a barrier of 187 kJ.fhol triazine (GH N5 87 amu) can be formed from mononitro
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11a(C3HgN4O,; 132 amu) after NNO, ssion followed by  plus methylamine (GNH,; 31 amu56) via C N scission.
hydrogen addition. Five membered ring species such BR&ng compounds such a% (Cs;HgN5 87 amu) can also
C5HgN, (72 amu) and gHgN, (70 amu) are also observed. decompose to generate a carbon-centered birddaal
These products could originate from a mononitro rahical, (C,HsN™). Radical44a can either undergo ring closure to
(C3HgN3O3) via the ring closure mechaniskig(re B). 44b (c-CHsN; 43 amu) or hydrogen-shift4dc(C,HgN; 43
Cyclization of radic&6 leads to a cyclic nitrogen-centered amu). Dinitro speci€s can undergo two successive HONO
radical, which can undergo hydrogen addition followed by Neliminations to generat& (C,H,N,; 56 amu).
N ssion to form another nitrogen-centered radiéal, 3.4.7. Formation of Small Moleculdgnally, methylene
(C3HEN3). This radical45) can abstract a hydrogen to form nitramine 27 (CH,NNO,; 74 amu) formed from higher
product46 (C;HgN,; 72 amu) or it may release a hydrogen molecular weight species decomposes into secondary products
atom to formd5b (C5HgN,; 70 amu). such as dinitrogen oxide,(, hydrogen cyanide (HCN),
3.4.4. Formation of NitroNitroso SpeciesProducts nitrogen monoxide (NO; 30 an#8), formaldehyde (}CO;
carrying both a nitro and nitroso groups have not beed0 amu;52), and methylene nitrosoamine (@GHO; 58
observed before with the exception of ONDNTA (fére, amu; 49b). Several pathways for the decomposition of
we see few products that could originate from ONDNTA. Itmethylene nitramine exist. (i) The NO, ssion of27
has been suggested that the ONDNTA is formed vidCH,NNO,; 74 amu) results in formation of N@#6 amu;
recombination of cyclic aminyl rad&a(C;HgNsO,") with 51) and CHN" (28 amu; 50) radical. (ii) Methylene
nitrogen monoxide (NO) at the early stage of decomposhitramine, 27 (CH,NNO,; 74 amu) can also undergo
tion>?> ONDNTA (7) eventually undergoes B scissionto ~ HONO elimination to form hydrogen cyanide (HCN) (27
form an acyclic nitrogen-centered biradic@l,H,4N¢Oz ). amu;52). (iii) It can also decompose into dinitrogen oxide
RadicalB can accept two hydrogens to f&rC,HgNgOs; (N,0) and formaldehyde g80O; 30 amup7). (iv) Another
194 amu); the latter may undergoNN ssion leading to a  possibility is the NO ssion, which results in the formation of
nitrogen-centered radic@i¢c (C,H¢NsO3). Addition of a  methylene nitrosamine (@RNO; 58 amu;49b). Product
hydrogen atom to radicét gives rise to an intermediate, ~ 49b can undergo hydrogen addition to form methyl nitros-
(C,H;NsO5; 149 amu). Alternately, a hydrogen atom can beémine (CHNHNO; 60 amu;55). The CHN" radical,50
abstracted frorfic to produce intermedia8 (C,HsN:O5; formed from methylene nitramine viaND, ssion can
147 amu). Intermediath can further dissociate to form the combine withOH radical to form formaldoxime (@¥OH;
mononitro produc®9 (C,HN,O,; 118 amu) via elimination 45 amu; 549, which can isomerize to nitroso methane
of a HNO moleculeRigure B). Similarly, intermediate 28 (CH3NO; 45 amujb4b).
may eliminate a HNO molecule to form the mononitro
product30 (C,H,N,O,; 116 amuFigure B). Intermediatéb 4. CONCLUSIONS
(CH/NsOg; 149 amu) can also lead to a nitrogen-centeredn the present study, the decomposition of RDX by energetic
radical 37 (CH,N3O3) via elimination of a nitrosoamine electrons was explored using a surface science machine at 5 K.
radical (CHNHNO®). The reactive radicdl7 eventually  The decomposition products were probed by exploiting the
either abstracts a hydrogen atom to f88n(CHsNsO,; 91 FTIR, UV vis, and Re-TOF-PI techniques. Our FTIR data
amu) or releases a hydrogen atom yieB#ii{GH ;N3;0,; 89 revealed the formation of simple decomposition products such
amu). The nitro nitroso intermediates suctB4€3H;NsOs; as water (KD), carbon dioxide (C{) dinitrogen oxide
157 amu) can be generated from a cyclic aminyl rabical, (N,0), hydrogen cyanide (HCN), nitrogen monoxide (NO),
(CsHeNsOy) after eliminating water and a hydrogen atomformaldehyde ()€0), nitrous acid (HONO), and nitrogen
(Figure @). dioxide (NQ). 38 species were detected through ReTOF-PI
3.4.5. Formation of Mono-Nitroso Specid@oducts  mass spectroscopyratz values from 39 to 157. Products
carrying both nitro and nitroso groups could represent thebserved atv z values of 31, 60, 71, 72, 75, 85, 87, 89, 91, 98,
precursor for mononitrosgexies. For example, the 100, 101, 103, 105, 116, 117, 118, 130, 149, 150, and 157 were
mononitroso producB2a (C,H,N,O; 100 amu) may form detected for therst time. The new products observed in the
from intermediat28 (C,HgNzO3; 147 amu) after elimination present study belong to six classes. These are (i) dinitro
of nitrogen dioxide followed by hydrogen atom s$hiti(e compounds: N0, (m/z = 150), (ii) mononitro
7b). Hydrogen abstraction from mole@Recould lead to  compounds: CkNzO, (nm/z = 89), CHN;O, (" z = 91),
product33 (C,H,N,O; 98 amu). C,H3N;0, (mV z = 101), GHzN30, (nV z = 103), GH;N30,
3.4.6. Formation of Amineblononitro and nitronitroso (m/ z=105), GHgN,O, (m/ z=118), and gH¢N,O, (m/ z =
species can decompose into amines \NOMN ssion as well  130); (iii) mononitroso compounds: M0 (M z = 60),
as C N scission mechanismBigure B). For example, C,H,N,O (m/z = 98), and GH,N,O (m/z = 100); (iv)
mononitro producB5 (C,HsN;O,; 103 amu) can undergo nitro nitroso compounds: ;8;NsO; (mVz = 157) and
N NO, ssion to form a nitrogen-centered amine radical, C,H,NsO; (m/z = 149), (v) cyclic compounds:sHN,
(C,HsN3), which can accept a hydrogen atom to generate afm/z = 72), GH¢N; (m/z = 75), GH;N; (/' z = 85), and
amine produc#9a (C,HgN,; 58 amu). The barrier to this CsHN5 (mV z=87), and (vi) amines: BsN; (m/ z=71) and
process is about 189 kJ rolikewise, intermedia4e can CHoN; (m'z = 75). We also inferred reactive radical
decompose into diamine radid@lvia two successive N intermediates such as $4gN,05, CHgN,O5, CHsN,Of,
ssion reactions; this radical can then undergo a hydrogen-skift ,N;0.,., c-GHsN3;, and GHgN3; previously these radical
to generatel2 (C,H,N5; 73 amu). Alternatively, radidal species have only been predicted through electronic calcu-
may accept two hydrogen atoms to form the diadine, lations. Finally, the decomposition mechanisms leading to the
(CoHgNg; 75 amu). Specied2 can further release two observed products have bediscussed. Overall, the
hydrogen atoms to produt®(C,H:sN5; 71 amu). Mononitro  decomposition of RDX is most likely initiated vidN®,
36 can decompose into a molecule of methylene nitraminession that leads to the formation of a cyclic aminyl radical,
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which can further undergo B scission, NNO, ssion, or trinitrohexahydro-s-triazine (RD¥).Phys. Chef292 96, 8891
hydrogen-shift to form dinitro and mononitro intermediates8897. _ _

Alternatively, RDX decomposes through HONO elimination(6) Greenfield, M.; Guo, Y. Q.. Bernstein, E. R. Ultrafast
to form dinitro, mononitro, and triazine-like cyclic compoundg2lotodissociation dynamics of HMX and RDX from their excited
Dinitro and mononitro products could further experience C ‘é'ﬁc”on'% Statiﬂsma"a éerr;tosezcgnd laser munotpe techniques.

N scission or NNO, ssion to form methylene nitramine as em. Phys. L00G 43Q 277 281.

I ; Methvl . ine further f > (7) Guo, Y. Q.; Greenfield, M.; Bhattacharya, A.; Bernstein, E. R. On
well as amines. Methylene nitramine further fragments InfRe" oycited electronic state dissociation of nitramine energetic

secondary products such as dinitrogen oxid§,(Nydrogen  materials and model systednsChem. Phg€07, 127, 154301.

cyanide (HCN), nitrogen monoxide (NO), formaldehyde (g8) im, H.-S.; Bernstein, E. R. On the initial steps in the
(H,CO), and nitrogen dioxide (NJO The mononitroso and  decomposition of energetic materials from excited electronic states.
nitro nitroso species most likely originate from ONDNTA.J. Chem. Phg€0Q 113 7911 7918.

The latter could form at an early stage of the decompositiorf9) Zhao, X.; Hintsa, E. J.; Lee, Y. T. Infrared multiphoton
via radical recombination of cyclic aminyl radical and nitrogeissociation of RDX in a molecular behnChem. Phy088 88,

monoxide (NO). Mononitroso and nitmitroso species were 801 810. , o
detected, as well. (10) Lemire, G W.; Slmeonssor), J. B, Sausa,.R.. C. Monltorlng.of
An investigation of the decomposition of RDX as COnducteﬁapor-phase nitro compounds using 226-nm radiation: fragmentation

in the present experiments is very challenging and insights %\%t\hk subsequent NO resonance-enhanced multiphoton ionization

b ided b ; h . | | ith ctionAnal. Cheni993 65, 529 533.
€ provide y merging the experimental results wit 11) Zuckermann, H.; Greenblatt, G. D.; Haas, Y. Hydroxyl radical

computational investigation of decomposition pathways. Th&mation in the infrared multiphoton decomposition of jet-cooled
present study represents the vesystep in an investigation cyclic nitroamined. Phys. Chet®87, 91, 5159 5161.

of the decomposition by ionizing radiation. Further experi-(12) Wu, C. J.; Fried, L. E. Ab initio study of RDX decomposition
ments should exploit tunable VUV light to explicitly identifymechanismg. Phys. Chem1997, 101 8675 8679.

the nature of the decomposition products. This requires g13) Molt, R. W.; Watson, T.; Bazanfe P.; Bartlett, R. J.;
computational determination of the ionization energies of dRichards, N. G. J. Gas phase RDX decomposition pathways using
structural isomers. Finally, additional insights will be obtainégupled cluster theorfyhys. Chem. Chem. P23/ 18 26069

lectively ph xciting RDX under th me&8077.
by selectively photo exciting under the sa 8(14) Chakraborty, D.; Muller, R. P.; Dasgupta, S.; Goddard, W. A.

experimental conditions of 5 K via distinct transitions Withl‘he mechanism for unimolecular decomposition of RDX (1,3,5-

the goal to selectively cleawt least initially N NO,, C Trinitro-1,3,5-triazine), an ab initio stuthPhys. Chem2@0Q 104
N, N O, and C H bonds. 2061 2272
(15) Swadley, M. J.; Li, T. Reaction mechanism of 1,3,5-trinitro-s-
ASSOCIATED CONTENT triazine (RDX) deciphered by density functional thdorghem.
*  Supporting Information Theory Comp®007, 3, 505 513.
The Supporting Information is available free of charge on th¢l6) Schweigert, I. V. Ab initio molecular dynamics of high-
ACS Publications websaeDOI: 10.1021/acs.jpca.9b08695 temperature unimolecular dissociation of gas-phase RDX and its
NMR spectra and IR spectrDp) dissociation products. Phys. Chem2@15 119 2747 2759.
P P (17) Sharia, O.; Kuklja, M. M. Ab initio kinetics of gas phase
decomposition reactiods.Phys. Chem2@1Q 114 12656 12661.
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