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ABSTRACT: Energetic materials such as 1,3,5-trinitro-1,3,5= .’ Py

triazinane (RDX) are known to photodissociate when exposed to v ® 5

UV light. However, the fundamental photochemical process(es) \ A 4 . 9 @
that initiate the decomposition of RDX is (are) still debatable. In o % % f J,"
this study we investigate the photodissociation of solid-phase RDX ° <

at four distinct UV wavelengths (254 nm (4.88 eV), 236 nm (5.25 +3 %3 ‘

eV), 222 nm (5.58 eV), 206 nm (6.02 eV)) exploiting a surface . @ @99 3%90 2,9,
science machine at 5 K. We also conducted dose—dependenk ,J‘:'. P °,0
studies at the highest and lowest photon energy of 206 nm (6.02 : 3 : \/ \ \' = et

eV) and 254 nm (4.88 eV). The products were monitored online o0

and in situvia infrared spectroscopy. During the temperature- ) ‘Vz - .)

programmed desorption phase, the subliming products | were 9 it 2

detected with a rectron time-ofight mass spectrometer coupled

with soft-photoionization at 10.49 eV (PI-ReTOF-MS). Infrared spectroscopy revealed the formation of small molecules includin
nitrogen monoxide (NO), nitrogen monoxide dimer ([M@linitrogen trioxide (MD5), carbon dioxide (C£), carbon monoxide

(CO), dinitrogen monoxide @®), water (HO), and nitrite group (ONO) while ReTOF-MS ideng&d 32 cyclic and acyclic

products. Among these, 11 products such as nitryl isocyanég,(&Nitro-1,3,5-triazinan-2-onglgN,0O5) and 1,5-dinitro-
1,3,5-triazinan-2-onegt@NsOs) were detected for thest time in photodecomposition of RDX. Dose-dependent in combination

with wavelength-dependent photolysis experiments aid to identify key primary and secondary products as well as distinguist
pathways that are more preferred at lower and higher photon energies. Our experiments revdl@d tibatiNssion and

nitro nitrite isomerization are the initial steps in the UV photolysis of RDX. Reaction mechanisms are derived by comparing th
experimentalndings with previous electronic structure calculations to rationalize the origin of the observed products. The presen
study can assist in understanding the complex chemistry behind the photodissociation of electronically excited RDX molecule, tf
bringing us closer to unraveling the decomposition mechanisms of nitramine-based explosives.

1. INTRODUCTION Scheme 1. Molecular Structure of 1,3,5-Trinitro-1,3,5-
Cyclic nitramines, such as 1,3,5-trinitro-1,3,5-triazinarfé@zinane (RDX)
(RDX), have wide applications as explosives and rocket NO,

propellants due to their high energy corténtherefore, an

understanding of the fundamental decomposition mechanisms |

of energetic materials at the molecular level is essential to N

increase the energy@ency of nitramines in explosion and

combustion applications. Over the past decades, copious

studies have been devoted to investigate the fundamental

chemical processes involved in the fragmentation of RDX

(Scheme)1* *° Diverse methods ranging from shock waves, N N

infrared (IR) lasers, electron beams to ultraviolet (UV) lasers ~ \/ N

have been employed to initiate the complex dissociation O2N NO,

mechanism(s), but the vengt reaction step(s) that initialize

the decomposition is (are) still debdfed?® Received: June 23. 2020
The decomposition of condensed phase RDX via thermal, . ed: ' July 27 ’2020

energy, shock waves, and infrared laser exposure suggest, héd-JuIy 28’ 2020

the N NO, bond ssion represents the primary patfiway. ' ’

On the contrary, infrared multiphoton dissociation of RDX in

molecular beams in the gas phase reveals a triplbo@id
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rupture leading to three methylene nitramine moleculesitrides (C N) moieties:> However, no vibrational signature
(H,C N NO,) as the dominating chanA2IThis channel  of nitrite group (-ONO) or nitrogen dioxide (MOwere
has also been observed in the decomposition of solid phasported; therefore, the authors predicted that tHdQy
RDX via infrared laser leading eventually to the formation @ond cleavage represents the dominant pathway. Tang et al.
ketene (HCCO) and water (5KD).** Thermal decomposition also proposed the MO, bond ssion as a primary step in
studies disclose yet another primary mechanism, whithe dissociation of solid RDX at 266 nm (4.66 eV) based on
involves a concerted elimination of nitrous acid (HONO)the detected products such as, Nftrogen dioxide), NO
along with the formation of triazineJGNs).5%** Very (nitrogen monoxide), and (a)cyclic species carryin§y C
recently, the dissociation of RDX conducted via energetimoieties>
electrons revealed that the products involving tHeOM In summary, previous UV photolysis studies have not
homolysis and HONO elimination are more prevailing tharlucidated the role of the nitmoitrite isomerization
the triple dissociatidn Although several discrepancies revolvanechanism in the decomposition of RDX. This is due to the
around the initial step of decomposition, the proposed reactidack of the identcation of higher molecular weight products
schemes in the aforementioned studies could elucidate ttat could result from the nitroitrite isomerization process.
decomposition of RDX from its ground electronic stgte (S In the gas phase, the higher molecular weight species formed
However, the primary/secondary steps responsible for thvéa the nitro nitrite isomerization plus nitrogen monoxide
fragmentation of nitramine-based energetic materials frofNO) elimination could be undetected considering the low
their excited electronic states could be quieeentit>® number densities and absence of (state) spdeiection
Previous experiments demonstrated that excited electrosichemes such as laser inducedrescence (LIF) and
states (§ S) of energetic materials could play a fundamentatesonance enhanced multiphoton ionization (REMPI); this is
role in their decomposition and also in the ignition processesvident from the works of Bernstein et al. reporting solely NO
In the laboratory, these excited states are readily access(bieogen monoxide) as the primary product, whose LIF
once the sample is exposed to ultraviolet (UV) phttons. scheme is well established, but no heavier cofrag@ants.
However, only a few studies have been pursued to unravel the other hand, condensed phase studies could provide a
fragmentation processes of RDX that occur after electrorsigni cantly more complex chemistfalfle S).*%*° How-
excitation Table S)L.*1523252528 Here, the majority of the ever, a systematic experimental approach is required to shed
UV photolysis experiments are conducted in the gas phasefmdamental insight on the complex chemistry of the
Bernstein and co-workér§.These studies investigated the decomposition of RDX upon UV photo fragmentation, i.e.,
photodissociation of RDX from its excited electronic statgzathways which may involve multiple reaction channels such as
upon photoexcitation at three distinct wavelengths of 230, 228, NO, bond ssion, nitronitrite isomerization, and/or
and 226 nm; in each case, only nitrogen monoxide (NO) waddONO elimination. Furthermore, a complete spectrum of
observed.Their observation of rotationally cold, but vibra- the wavelength-dependent photodissociation products of RDX
tionally hot excitation spectra of NO (nitrogen monoxide)in the condensed phase is scarce.
suggests that RDX dissociates ingh&te after rapid internal Herein, we investigate the photofragmentation of solid RDX
conversion from the, State'® Calculations on the excited- at four distinct UV wavelengths (254 nm (4.88 eV), 236 nm
state potential energy surface (PES) revealed that followi(®25 eV), 222 nm (5.58 eV), and 206 nm (6.02 eV))
electronic excitation, the RDX molecules undergomittite exploiting a surface science machine at 5 K to trap the products
isomerization after passing through a series of conioalthin the low temperature solid. These energies are well
intersections (Cls) andhally dissociate from thgs®ate via  below the adiabatic ionization energy of RDX determined to
simple O NO bond rupture processelsn et al. conducted be between 9.9 and 10.2 eV in the gas pHésat the
femtosecond pumprobe experiments to demonstrate that highest and lowest photon energy of 206 nm (6.02 eV) and
photodecomposition dynamics of RDX at 226 nm involves 264 nm (4.88 eV), we also conducted time (dose) dependent
time scale faster than 186 femire et al. also conducted studies to gauge theeets of higher order reaction products.
photodissociation of RDX at 226 nm in the gas phase arBy employing four dérent wavelengths, distinct electronic
primarily observed only the nitrogen monoxide (NO)transitions of RDX,i.e.,n *and * are accessét’
fragment. The weak n * transition involves an excitation of a
Although gas phase studies by Bernstein and co-workexsnbonding electron located at the oxygen atom and can be
convincingly suggested nitnitrite isomerization to be a excited via 254 nm (4.88 eV) and 222 nm (5.58 eV). The
major fragmentation channel involving initially excited statggnicantly stronger g * absorption promotes an
dynamics, evidence of such isomerization mechanism upelactron located in the orbital of the ring-nitrogen to the
photoexcitation has not been observed in the condensed phaseorbital at the N@group. The 236 nm (5.25 eV) and 206
yet. The infrared spectrum of RDX collected by Alix et al. inm (6.02 eV) excitation can readily activate this *
the argon matrix at 10 K after photodissociation with aransitio®® The calculated oscillator strengths of these
broadband UV light did not reveal any vibrational featuresansitions are providedTiable 1
corresponding to the nitrite group@NO). Only features Thus, the discrete choice of excitation wavelengths enables
attributed to nitrogen mowrime (NO), formaldehyde us to cover critical and major transitions that populate the
(H,CO), dinitrogen monoxide ¢8), carbon monoxide electronic spectrum of RDX. During the photolysis, chemical
(CO), dinitrogen trioxide (pD3), methane (ChH), and changes in the RDX samples were monitored via Fourier
ozone (Q) were reportelf Gares et al. recorded the deep- transform infrared spectroscopy (FTIR). &aton time-of-
ultraviolet resonance Raman (DUVRR) spectra of solution anéght mass spectrometry coupled with VUV photoionization
solid phase RDX after photolysis at 229 nm (5.41 eV) an{PI-ReTOF-MS) was employed to record the mass spectra of
observed a decrease in theN®, band intensity along with  the photoirradiated samples during temperature-programmed
evidence of the formation of nitrate ioNQ; ) and carbon  desorption (TPD) following the photolysis of the RDX. Our
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Table 1. Calculated Transition EnergiesH) and Gas closed-cycle helium refrigerator (Sumitomo Heavy Industries,
Phase Oscillator Strength$) (of the Excited States of RDX RDK-415E), which reduces the temperature of the substrate to
Probed in This Study 5.0+ 0.1 K. A silicon diode (Lakeshore DT-670) and a

cartridge heater are attached to the ngkt to monitor and

calculated (RI-CC2/TZVPP) control the temperature of the substrate. This assembly is

wavelength gﬁ%‘%&‘, ”g;‘g'rg‘)’/“ ‘;frce"r'%tt%' horizontally rotated and vertically translated utilizing a doubly
(nm) (eV) state transiton ( E eV) % di erentially pumped rotareefdthrough (Thermoionics
254 488 1E n * 454 0.000 Vacuum Products, RNN-600/FA/MCO) and a UHV compat-
236 5.25 2E 5 * 524 0.064 ible bellow (McAllister, BLT106), respectively. After the RDX
222 5.58 1A n ¢ 5.36 0.025 samples have been cooled to 5 K, infrared spectra of the
206 6.02 20 5 * 6.01 0.126 samples were recorded in the region of 4000 to 6&@tcan

resolution of 4 cm employing a Fourier-transform infrared
spectrometer (FTIR; Nicolet 6700). All FTIR measurements
re performed in an absorptiom ection absorption mode

a reection angle of 43to the substrate normal. We
termined the thickness of the RIMK througheq 1

#Values reproduced from B&f

experiments revealed a wide spectrum of photoproducts W
RDX. The FTIR spectroscopy detects small decompositidgf
products and the nitrite (-ONO) functional group, while the%®
majority of higher-order products including 32 cyclic and N
acyclic products were ideeti through PI-ReTOF-MS. d= v »

Among these, 11 products observedvat values of 59 2y S sit (S ) (1)
(C,HsNO), 72 (CH,N,0) 73 (CH:Ns), 88 (CN,O,), 99

(C5HsN30), 117 (GH;N30,), 118 (GHgN,O,), 119 whered is the thickness of thdm, N the number of
(C,H5NZ05), 146 (GHgN4O5), 149 (GH44N5O5), and 191 interference fringes observed in the FTIR spectrum due to
(CsH:N:O:) in the mass spectrum were detected forrgte  fringing eect,nthe refractive index of RDX= 1.49)>° the

time in photolysis experiments. Dose-dependent studies angle of incidence (33and , and , the start and end points
conjunction with wavelength-dependent photolysis expewf the spectrum in crhcovering the fringes. After acquiring
ments aid in identifying key primary and secondary specigfe reference IR spectrum of the RDX sample, leachas

as well as distinguish pathways that are preferred at higher @x@osed to the pulsed UV light (radius: &.3505 cm) at

lower photon energies. Mechanisms based on previouglifoton energies lower than the adiabatic ionization energy of
r_epogtggmgglss-zphase and condensed-phase calcuRbpX (9.99 10.2 eV) and at an angle &f relative to the
tions™ ** were exploited to propose the formation normal of the substrate’ The chemical changes in the RDX
pathways of the observed products. Experimental resulign were monitored online and in situ via an FTIR
suggest that NNO, bond ssion and nitronitrite isomer-  gpectrometer during the photolysis.

ization are the initial steps in the UV photolysis of RDX. 14 jnvestigate the ect of the excitation wavelength on the
Intriguingly, previously unidewriil higher molecular weight photolysis mechanism of RDX, we chose four distinct
products observedmatz = 73, 88, 99, 119, 146, 149, and 1915 elengths, 254 nm (4.88 eV), 236 nm (5.25 eV), 222 nm
could originate after nitraitrite isomerization process. On %5;258 eV), and 206 nm (6.02 eV). Here, 254, 236, and 222 nm

the basis of our observations, we propose probable react .

; ? : generated via frequency doubled output of a dye laser
e e ol I e Brelolis of ROX &M mped by an NAYAG laser (30 iz, 10 1. 100 ma'se

206 nm photons are generated viardnce frequency mixing

2. METHODS of the doubled output and the fundamental of a dye laser
pumped by an Nd:YAG laser (30 Hz, 10 ns, 267 mJ%aulse
The RDX samples were exposed to aforementioned UV light
Gver an area of #90.1 cr for 60 min. The irradiation dose
(D) in units of eV moleculkis calculated at each irradiation
wavelengthTable 3 usingegs 2 3.2°

2.1. Experimental Section. The experiments were
performed in an ultrahigh vacuum (UHV) surface scienc
chamber evacuated to a base pressure of a féWwdm®
exploiting magnetically kaved turbo molecular pumps
coupled to oil-free dry scroll pumpsg@re SL>° *> A
highly reected silver substrate coated with a thirof RDX
at a thickness of 1&0L.0 m is sandwiched to an oxygen free t x M i
high conductivity copper (OFHC) cofdjer via indium foil. number of photong
This entire unit is attached to a UHV compatible two-stage molecule N @

Table 2. Parameters Utilized to Calculate the Dd3g€V molecule!) at the Photolysis Wavelengths of 254 nm (4.88 eV),
236 nm (5.25 eV), 222 nm (5.58 eV), and 206 nm (6.02 eV)

wavelength integrated absorption cagent penetration laser intensity  photon energy irradiation photons dose
( , nm) (Ao cm moleculé)® depth (,, m) (P, dstcm? (Es, J) time ¢, s) molecule! (D, eV moleculé)
254 2.3 10% 11.1+ 0.7 (7.8£ 0.5)x 10° 7.82x 10 '° 3600 8.a: 1.0 39.G+ 5.0
236 5.8x 10 ¥ 9.4+ 0.6 (7.8 0.5)x 10% 8.42x 107%° 3600 12.% 1.3 66.8 7.0
222 3.3x10% 9.3+ 0.6 (7.8£ 0.5)x 10°  8.95x 10 *° 3600 9. 1.0 50.8 5.0
206 8.4x 10 ¥ 8.1+ 0.5 (7.8£ 0.5)x 10° 9.64x 10%° 3600 13.8 1.4 83.G+ 8.0

ntegrated absorption cagents f,) of RDX is derived by integrating the molar absorptivity (mol 'em %) vs wavenumber graph
acquired from the réB.

6803 https://dx.doi.org/10.1021/acs.jpca.0c05726
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Table 3. Parameters Utilized to Calculate the Dose (D; eV molefuier the Dose-Dependent Experiments Conducted at
the Photolysis Wavelengths of 254 nm (4.88 eV) and 206 nm (6.02 eV)

wavelength ( integrated absorption cagent laser intensity photon energy irradiation time photons dose

nm) (Aexp cm moleculé)® (P,Js'cm? (Es, J) (t, s) moleculet (D, eV moleculé)

254 2.3x 1015 (4.4+ 05)x 102 7.82x 10 1° 1800 2.2+ 0.2 10.A# 1.0
2.3x101%° (1.1£ 0.5)x 103 7.82x 10 1° 300 0.1 0.02 0.5t 0.1
23x 101 0.2+ 0.05)x 103 7.82x 10 1° 300 0.02G 0.004 0.1& 0.02

206 8.4x 10 ¥ (4.4+ 05)x 102 9.64x 10 1° 1800 3.7 0.4 22.3 2.0
8.4x 101° (1L.1+ 05)x 10° 9.64x 10 ° 300 0.15 0.02 0.9 0.1
8.4x 101° 0.2+ 0.05)x 103 9.64x 10 1° 300 0.03@ 0.005 0.2& 0.02

fntegrated absorption coeients A,) of RDX is derived by integrating the molar absorptivity. (mol L em %) vs wavenumber graph
acquired from the réf.
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Figure 1.Di erence infrared spectra of RDX collected at 5K after exposure to (a) 254, (b) 236, (c) 222, and (d) 206 nm light at doses of 39.0

5.0, 66.8& 7.0, 50.& 5.0, and 83.8 8.0 eV moleculérespectively. The assignments of the bands depicted in (c and d) correspond to those
provided in (a and b) and are represented through dotted lines.

_ number of photons 5 coe cient A, of RDX in the UV region is derived by
dose D )= molecule E.v (eV moleculé’ integrating the molar absorptivity; (L mol* cm 1) vs
©) wavenumber graph acquired from the work of @tlal*°
. . . . The penetration depthd) of a UV light is determined using
Here,Pis thg laser intensity .(Jl.sm 2) B Is the energy of a eq 5provided beloW wheret is the thickness of the RDI,
photon (J) is the total irradiation time (dY,is the column andA is the absorbance at a certain wavelength (
density (molecules cAiand Ey is the energy of a photon in

units of eV. To determine the valudNpfwe used moded 2t
Lambert Beer law equatioh(4) which is given as P~ 5 30R ©)
2
N = In10 A d cos(3f) We subsequently investigated theeteof the dose on the
Acxp 2 @) decomposition mechanism of RDX by tuning the dose over 2
orders of magnitude, i.e., from 1.7.0 to 0.1Gt 0.02 eV

where 2 A d is the integral peak area of the absorbance imolecule® at 254 nm (4.88 eV) irradiation and from 22.3

the region ; ,in cm?, Asyp is the integrated absorption 2.0 to 0.20+ 0.02 eV moleculk at 206 nm (6.02 eV)

coe cient in units of cm molecuteThe value of absorbance irradiation wavelengtiigble 3. After the irradiation, the

(A) at a given wavenumber in UV region is obtained from thexposed samples were annealed from 5 to 320 K at a rate of 1
UV vis spectrum of RDX measured at BHgure Sp K min ! (temperature-programmed desorption; TPD); tem-
employing a moded UV vis spectrophotometer (Evolution perature increase was halted at 320 K until all the products
600). The UV vis measurement was performed at an angle glublimed. During the TPD phase, the molecules subliming
3C relative to the normal of the substrate in an absorption from the substrate were monitored exploiting a photo-
re ection absorption mode. The integrated absorptionionization reectron time-ofight mass spectrometer (PI-

6804 https://dx.doi.org/10.1021/acs.jpca.0c05726
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ReTOF-MS). In the PI-ReTOF-MS setup, we utilized pulsel” 0.004 {— 0.5+ 0.1 ev molecute”

vacuum ultraviolet (VUV) light at 10.49 eV to softly 10.7 £1.0 eV molecule”
photoionize the subliming molecules. The ions produced i 0.000 — vw“fv\w\l\,wvy—w
the photoionization process of the neutrals are then separal

in the reectron time-ofight tube based on their mass-to-  -0.004

charge ratio and eventually detected via a dual chevrig

con gured microchannel plate (MCP) detector (Jordan TOFg -0.008 (5

Products Inc.). The MCP detector generates the signal, whi2 1

is amplied via a preampdir (Ortec 9305) and shaped with a § 0.004 -

100 MHz discriminator (Advanced Research Instrument<

Corporation; F-100TD). A aowputer-based multichannel 0.000 -

scaler receives the signal from the discriminator and recot ——0.9:£0.1 eV molecule’

it using 4 ns bin widths triggered at 30 Hz by a pulse dele -0.004 — 23%20eVmolecule”

generator (Quantum Composers 9518). 3600 sweeps a

collected per mass spectrum per 1 K increase in th -0.008- (b)

temperature during the TPD phase. : . . . . .
2.2. Sample Preparation.RDX samples were procured 4000 3500 3000 2500 2000 1500 1000

from BAE Systems, Inc. prepared according to the MIL-DTL Wavenumber (cm™)

398 D (M"'tar¥ Specc_:atlon, Detail Specation RDX' 12 Figure 2.Di erence infrared spectra of RDX collected at 5K after

DEC 1996); this spe@s an HMX (1,3,5,7-tetranitro-1,3,5,7- exposure to (a) 254 nm at doses of 3070 and 0.5 0.1 eV

tetrazoctane; £gNgOg) impurity in RDX at levels from 4% molecule! and (b) 206 nm at doses of 22.2.0 eV and 0.9 0.02

to 17%. The maximum permissible quantity of other impuritiesy molecule. For clarity, only assignments of the bands

if present is 0.08%. The impurities were removed from thmrresponding to the products observed at low dose experiments

production grade RDX through recrystallization process @re provided. For the assignments of other bands, please refer to

acetone (Fisher Sciewti Inc.). Nuclear magnetic resonance Figure 1

(NMR) spectrum was measured to characterize the recrystal-

lized RDX. The!3C NMR spectra of the crude and

recrystallized RDX measured using a Spinsolve GOlcar,b&B}responds to antisymmetric stretching modesN@,
benchtop 60 MHz NMR spectrometer after dissolving innitro) group. The characteristic stretching vibration of
dimethyl sulfoxide-dé (DMSO-d6) solvent are depicted irhitramine bond (NNO,) appears at 1323 chadjacent to
Figure S3The peaks associated with the chemical shift of267 cm! band ascribed to symmetric stretching mode of
HMX disappears after recrystallization which indicates thai\o, group. The in-plane and out-of-plane bending modes of
RDX has been suiently puried to a level of at least 99:9%. CH, group are observed at 1442 and 1377 rspectively.
Drop-casting method has been utilized to prepare &tfoh-  The ring vibrations of RDX prevail the spectral regions 1100
RDX on the silver substrate. For the drop-casting, about 2 Mgoo and 900700 cm?.

of recrystallized (pugd) RDX is dissolved in 3 g of methyl  after the irradiation new vibrational features appear in the
ethyl ketone (MEK; Acros Organics) inside a vial. Sonicatiopgions 35008100, 2340, 2231, 2138, 2079, 1861, and 1756
and mild heating at 305 K ensure complete dissolution of they 1 \which can be ascribed to photolysis products of RDX
RDX in MEK. Using a glass pipet, a drop of RDX/MEK (Taple . A broad absorption feature covering the spectral
solution was deposited onto the silver substrate and then lefyge from 3500 to 3100 crarises from OH stretching

for drying. A uniform layer of RDX is observed after thgnodes of water (@) and nitrous acid (HONOY ©
evaporation of solvent and characterized via infrared spectipgominent bands at 2340, 2231, 2138, 2079, 1861, and 1756

3355
1300

copy. cm! are assigned to carbon dioxide {CQ@linitrogen
monoxide (MO), carbon monoxide (CO), formyl radical
3. RESULTS AND DISCUSSION (HCO), nitrogen monoxide (NO), and the nitrogen monoxide

3.1. IR Spectroscopy3.1.1. Qualitative AnalysiBigures  dimer ([NOJ,), respectivel§:*%> The observed vibrational
1 and 2 display infrared (IR) dérence spectra of RDX features of these products are in excellent agreement with
collected at 5 K after exposure to 254 (4.88), 236 (5.25), 22those reported by Alix et al. after photodecomposition of RDX
(5.58), and 206 nm (6.02 eV) light, respectively. Negativemploying a broadband UV lighAn absorption feature at
“absorptioris manifest a decrease of the intensity of RDX1300 cm! is also observed (s€éyure ) which can be
vibrational bands due to photolysis, while infrared features agsigned to ON O symmetric stretching mode of either
the products are observed along the positive scale. Promindittitrogen trioxide (hDs) and/or nitrogen dioxide (N.%°
vibrational features of the RDX are observed in the specttdbwever, the symmetric stretch of ,N© very weak in
regions of 310000 cm* and 1600600 cm?; which are in intensity; therefore, based on the observed intensity of 1300
excellent agreement with the IR spectrum of RDX reported itm * band in our IR spectrum, it could be assignegQg N
the literature Table 4.°%°* The amorphous nature of the is important to mention that dinitrogen trioxide@} could
RDX- Im used in the present study is evident from broad andither form via a barrier-less radical recombination of nitrogen
di use infrared absorptions measured before the irradiatiomonoxide (NO) and nitrogen dioxide (BJQor through
(Figure S4h The crystalline phase of RDK: displays sharp  bimolecular reaction of nitrous acid (HONO); the latter
vibrational bands with narrow bandwidilyfre S4a* The pathway has a barrier of about 66 kJ*¥6f The barrierless
fundamentals of RDX at 3066 and 298¢ ane attributed to  radical radical recombination seems to be favorable since
CH, asymmetric and symmetric vibrations, respectively. énder UV exposure, nitrous acid (HONO) dissociates rapidly
broad and intense absorption band centered at 1581 cmto OH and NO radicafs:"®
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Table 4. (a) Infrared Features of RDX before Irradiation and (b) New Vibrational Bands Appeared after Irradiation at 5 K

(a) Before Irradiation

wavenumber observed (&n wavenumber literature (chf* assignments carrier
3066 3068 3{CHy) C H asymm. stretch
2989 3004 YCHy) C H symm. stretch
1581 1576 3NO,) NO, asymm. stretch
1442 1435 (CHy) CH, bending in plane
1377 1391 (CHy) CH,, bending out of plane
1323 1322 N NOy) N N symm. stretch
1267 1275 NO,) NO, symm. stretch
1218 1219 (N CN) ring skeletal vibrations
1083 1040 a{ring) ring asymm. vibrations
1000 1020 aring) ring asymm. vibrations
910 917 (CHy) CH,, bending out of plane
779 790 (C N O ring skeletal vibrations
(b) After Irradiation
wavenumber observed (én wavenumber literature (chf* assignments carrier
3500 3100 (H,0) O H stretch of HO
2340 234% (CO,) C O stretch of CQ
2231 222% 1(N,0) N N stretch of NO
2138 2148 4(CO) C O stretch of CO
2079 2085 (HCO) C O stretch of HCO
1861 1864 1(NO) N O stretch of NO
1756 1757 «(INOJ ») N O stretch of [NO}
1300 1309 3(N,O3) O N O stretch of MO3
804 813" ( ONO) N O stretch of ONO

It is intriguing to analyze the infrared spectra recordetbrmed during the photolysis, we calculated their column
during the dose-dependent photolysis experiments conductéehsities using a moeil LambertBeer law equatiGh’?
at irradiation wavelengths of 254 nm (4.88 eV) and 206 nnithe integrated absorption cagnts are acquired from the
(6.02 eV).Figure 2 reveals the IR spectra recorded aftediterature as 5.k 10 " cm moleculé for the NG
exposure to 254 nm UV light at a dose of 20170 eV asymmetric stretching mode of RDX at 158%.'CnThe
molecule! (high dose) and 0.5 0.1 eV moleculé (low N O stretch of nitrogen monoxide (NQ; 1861 cm?) and
dose). At the low dose experiment, only product correspondf the nitrogen monoxide dimer ([NQ]s; 1756 cm?) hold
ing to NO (nitrogen monoxide, 1857 &n[NO] , (nitrogen integrated band strengths of %.20 1" and 9.3x 10 " cm
monoxide dimer, 1755 chy and NOs (dinitrogen trioxide,  molecule!, respectiveli. The dinitrogen trioxide (Ds) was
1292 cm') are prominent® This may imply that these identied via its ON O stretching mode £ 1300 cm?),
products (NO and pD,) rapidly develop during the initial which has an integrated absorption cisat of 4.6< 10 */
stage of the decomposition relative to alternative products liken moleculé.”* The column density of 8 (dinitrogen
CO,, N,O, CO, and HO, which are considereg&nd monoxide) is measured at 2231 cfn;; N N stretching
membersof the decomposition. The IR spectrum recordedmode) using an integrated band strength ot 3.2 7 cm
after exposure to 206 nm at a dose of @.9 eV moleculé molecule.”> The C O stretch of carbon dioxide (§O5;
reveals product bands corresponding to nitrogen monoxi@840 cm?) and carbon monoxide (CO; 2138 cm?) holds
(NO), nitrogen monoxide dimer ([N@)] dinitrogen trioxide  integrated band strengths of 7.60 1" and 1.1x 10 " cm
(N,Oz) along with dinitrogen monoxide JD) carbon molecule! respectivel§y’. The broad absorption band in the
dioxide (CQ), and water (KO). A new absorption feature region 35003100 cm? attributed to O H stretch of water
emerges at 804 ctnwhich can be attributed to stretching has an averaged absorption cint of 2.0x 10 '® cm
mode of the nitrite (-ONO) group.Although the IR spectra molecule®.”® The integrated area of the vibrational bands of
investigated after irradiation at 254 and 206 nm ar¢he reactant/products and their corresponding integrated
qualitatively similar for both high dose experiments, wabsorption coecients are utilized to determine the column
observe noticeable dience in low dose studies. Even at adensities in the photolysis experiments conducted at 254 and
dose of 0.% 0.1 eV moleculg the exposure to 206 nm 206 nm; thesendings are listed in Table S2 of$heporting
results in the formation of GM,O, and BO, which were  Information
not observed at 254 nm at a similar dose; this suggests that the )
decomposition of RDX is faster at a shorter wavelength, i.e., "€ photolysis at 254 nm at a dose of 0170 eV
close to the absorption maximum of RDX. When exposed to moéeculel results in the dec_omposmco)n of (6.6.6)x
the lowest doses of 04®.02 and 0.26 0.02 eV moleculk 10" molecules ¢ of RDX, i.e., 73 8%. The amount
at 254 and 206 nm, respectively, the absorptions of the new 0f NO ((1.0+ 0.1) x 10°* molecules crd), [NO],

d : tha - ((3.1+ 0.4)x 10**molecules cr), N,O; ((3.0+ 0.3)
products are not detectable in the IR spectrum; the intensity of 7 i
the RDX bands decreases by onky 286. x 10 molecules crf), N,O (7.9 + 04'8) x 10°

3.1.2. Quantitative Analysis: Mass BalariBe.quantify molecules cnf), CO, ((3.9 * 0.4) 10 molecules
the number of RDX molecules decomposed and the products M 9, CO ((5.3% 0.5) x 10 molecules crf), and
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Table 5. Rate Constants Derived by Solving the Reaction Scheme Shévguiia 4

wavelength ( nm) equation rate constant value units
206 GHNgOs  3NO, + CzHeN, ke (1.0+ 0.1)x 104 st
CHgNgOs  3NO + GHgN3O, ky 22+ 0.2)x 10° st
CsHeNgOs  3NO + 30H + GH3N, ks 3.2+ 0.4)x 104 st
NO, + NO  N,O, Ky (2.0+ 0.2)x 10 16 cn? molecule! s *
NO + NO N,0, ks (3.6 0.4)x 1018 cn? molecule! s *
CsHeNgOs  3N,O + 3H,CO Ke 3.1+ 0.3)x 10° st
H,CO 2H+CO ks 6.3+ 0.6)x 101 st
OH+H H0 Ke (2.6 0.3)x 101° cn? molecule! s *
CsHeNgOs X kg (5.1+ 0.5)x 10* st
254 GHNgOs  3NO, + C3HeN, Ky 1.6+ 0.2)x 104 st
CsHeNgOg  3NO + CHgN4O, ks 3.0+ 0.3)x 10* st
NO, + NO  N,Os k4 9.9+ 1.0)x 101® cn? molecule! s *
NO + NO N0, Ks (5.0+ 0.5)x 10 '8 cn? molecule! s *
CHNgOs X Ko (1.6+ 0.2)x 108 st
(a) 4E+14
o 4E+15- RDX <
£ §
g g 3E+14 4
% 3E+15+ g
§ 2 2E+14
< 2E+15 5
S 1E+154 F e
£ £
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Figure 3.Temporal evolution of the column densities of the reactant at 13§RDiX) and of the products at 1861 értNO), 1757 cm?

(INOJ ), 2227 cm? (N,0), 1305 cm' (N ,0,), and 35003100 cm? (H,0) during the photodissociation of RDX at (a) 206 nm at a dose of 0.9
+ 0.02 eV moleculeand (b) 254 nm at a dose of @3.1 eV moleculé Solid line represents the kinet& obtained solving the coupled

di erential equations leading to the reaction schemeddeFigure 4andTable 5

H,O ((5.8 + 0.6) x 10 molecules crd) formed
during photolysis accounts for &9 7% of the
decomposed RDX molecules. This implies that 30% of
the decomposed molecules could not be iddntia
infrared spectroscopy; these molecules could belong to
higher order products and/or are obscured by the
fundamentals of the RDX. In the low dose experiment,
the amount of RDX molecules destroyed is{(D2)

x 10" molecules cm, which is only 43 5% of the
initial column density ((2.2 0.2) x 10" molecules

cm ?). At this dose, the quantity of the NO ((2.D.3)

x 10" molecules cr), [NOJ, ((2.8 + 0.3) x 10"
molecules cm), and NO; ((2.2 = 0.2) x 10"

6807

molecules cm) products formed accounts for only 36

+ 3% of the photolyzed RDX molecules. Therefore, we
can conclude that almost 74% of the decomposed
products were uniderdid through IR spectroscopy.

Upon photolysis at 206 nm at a dose of 223 eV
molecule!, about (4.5t 0.5) x 10 RDX molecules
cm 2 dissociate; this corresponds t0+88% of the
initial column density ((5.4 0.5) x 10" molecules
cm ?). The amount of products such as NO ((5.2
0.7)x 10"*molecules cm), [NO], ((2.2+ 0.2)x 10+
molecules cm), N,O; ((5.5 + 0.6) x 10" molecules
cm ?), N,O ((1.0+ 0.1) x 10" molecules cm), CO,
((6.9 = 0.7) x 10 molecules crd), CO ((5.6+ 0.6)
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x 10" molecules cnd), and HO ((4.3+ 0.4) x 10" experiments conducted at 206 and 254 nm have been
molecules cm) formed during photodecomposition considered here. At high dose, the rate of decomposition
accounts for 8% 8% of the decomposed RDX may drastically change after some duration because the
molecules. It is intriguing to compare the high and lovaccumulated products also absorb the UV photons.
dose photodissociation studies conducted at 206 nm. OnAs mentioned previously, the FTIR spectrometer detects
the basis of column density calculations, the amount @foducts when the sample was exposed to 206 nm light at a
RDX molecules photolyzed at a dose of (091 eV dose of 0.2 0.1 eV moleculé To rationalize the formation
molecule! is (1.5+ 0.2)x 10" molecules cn, which  of these products and account for the mass balance, nine key
is only 55 5% of the initial number of molecules ((2.7 pathways have been considered. First, re&gtiamhich
+ 0.2)x 10" molecules cnd). Products formed during  involves decomposition of RDX into nitrogen dioxide)(NO
photodecomposition including NO ((32.3) x 10* and a higher molecular weight intermediagd(G), has a
molecules c), [NO] , ((7.8 = 0.8)x 10 molecules  rate constant of (1.8 0.1) x 104 s . RDX could also
cm %), N,O; ((2.6 £ 0.2)x 10" molecules crf), N,O decompose to nitrogen monoxide and intermediate
((7.7+ 0.8)x 10" molecules cr), and HO ((1.2+ CsHgN3O;; this reaction has a rate constant value of:(2.2
0.2) x 10" molecules crf) accounts for 62% of the 02) x 10° s (k). The third decomposition pathway
decomposed RDX molecules. The comparison of thgycludes elimination of HONO, which could rapidly
column densities of the reactant versus productaecompose to nitrogen monoxide (NO) and hydroxy (OH)
between 254 and 206 nm reveal that the amount gfygicals as mentioned abdue((3.2+ 0.4)x 10 *s ). The
decomposed RDX molecules and that of productegyiting NO and NOmay react to form dinitrogen trioxide
formed is higher at later wavelength. Thesengs N,0,) moleculesk, = (2.0 0.2) x 10 6 cn? moleculet
are indicative of higher dec?:mposm_on rates at th Y. Nitrogen monoxide molecules can undergo self-reaction
shorter wavelength, whege transitions occur. 44 ‘form nitrogen monoxide dimer (NOYhis bimolecular
3.1.3. Quantitative Analysis: Kinetic Fittingaving reaction has a rate constankof (3.6+ 0.4) x 10 8 cn?
identi ed the species formed during the photolysis of RDXmolecule! s . It is important to note here that NO molecules
we are now proposing the underlying mechanism of thefsrmed in the second and third reactions could also combine
formation. This is achieved by exploiting a set of couple form the (NO), dimer. RDX could dissociate directly to
di erential equations to numericallthe temporal prdes of dinitrogen oxide (D)D) and formaldehyde g80) (ks = (3.1
the column densities of the new species formed during thep.3)x 10 °s %). Formaldehyde rapidly decomposes to form
photolysis. A MATLAB script was used to solve the equatioRgrbon monoxide (CO) and atomic/molecular hydrdgen (
and determine the rate constants. Initially assurstrayder 6.3+ 0.6) x 101 s%. The OH (hydroxy radical) and
and second-order kinetics, the rate constants were optimizecth{@jrogen can combine to form waktgr=((2.6+ 0.3)x 10 1°
reduce the error between experimentally observed colurgf? molecule! s Y. Finally, a generic reaction involving
densities a_md those predicted fron_1 the_numeri_cal 3°|Uti0rl§ecomposition of RDX into products which could not be
The resulting rate constants are liste@ainle Swith the  jgentj ed through IR spectroscopy has been considered to
numerical ts plotted inFigure 3along with the observed gccount for the mass balance as discussed laboy.{ +
column densities. The kinetic scheme is compifeduire 4 0.5)x 1045 Y.
It is important to mention here that only low dose photolysis \yhen the RDX samples are exposed to 254 nm light at a low
dose (0.1@& 0.02 eV molecul®, only three products (NO,
[NO],, and NOj) are detected via IR spectroscopy. Their
origin can be jused by four key pathways. (i) stepwise
decomposition of RDX leading to three nitrogen dioxide
(NO,) molecules and intermediatgHEgN; (k; ), (i) RDX
decomposition into nitrogen monoxide (NO) and intermedi-
3NO + C3HgN;0;4 ate GHgN1O; (k, ), (iii) reaction of NQ and NO molecules

ki (k1) AN to form N,Os (k, ), (iv) reaction of two nitrogen monoxide
@& \ ks(ks)) (NO) molecules to form the dinitrogen dioxide (M ).
[NOJ,
k3 i

N,O3

4,
(%,

K9() Finally, a fth pathway for the decomposition of RDX into
X < ( C3HgN,Og products WhiCh are unidetil through IR spectroscopy has
/ been considered and expressed generically via the rate constant
3NO +30H + C3H;N; ko . The aforementioned reaction mechanisms have also been
exploited to t the temporal prdes of the products NO,
k6 (NO),, and NO; observed in the 206 nm photolysis
S H,0 experimentFigure 3further reveals that the ples of

7 nitrogen monoxide (NO) and dinitrogen monoxide dimer can
3N,0 + 3 H,cO — CO+2H be t with fast kinetics, while products such as dinitrogen

monoxide (NO) and water (HO) exhibit slower rises. This
suggests that the NO andQy products are likely formed

pro les of the reactant and products observed via FTIR spectrosco[qa tldly at the early stage of decomposition. It is important to

during photolysis at 254 and 206 nm lighisute }. Pathways of e here that the total concentration of nitrogen monoxide
the pink arrows are considered for both 254 and 206 nm photoly<BO), i.e., column density of NO + (NOn the reaction
experiments. Rate constants of the reactions corresponding to the #8&@dium is always higher than the other products such as
nm irradiation are provided in parentheses. dinitrogen oxide (pD), carbon monoxide (G water

(RDX)

Figure 4.0Overall reaction scheme utilized for thef the temporal
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Figure 5.Temperature-dependent ReTOF mass spectra collected during the sublimation phase after exposure to 254 nm at dsés of (a) 10.7

(b) 0.5+ 0.1, and (c) 0.1& 0.02 eV molecule Exposure to 206 nm at doses of (d) 22230 eV, (e) 0.2 0.02, and (f) 0.2& 0.02 eV
molecule®.

(H,O) and dinitrogen trioxide (), even at the low dose mention here that the ReTOF mass spectrum collected in a
experiments. blank experimentthat is an experiment conducted without
3.2. Mass Spectrometry.Single-photon rectron time- exposing the RDX sample to UV lighid not reveal any
of- ight mass spectrometry enables the detection of wide rangignal Figure Sp This ensures that the product signals
of photodecomposition products of RDX based on their massbserved in the photolysis experiments are solely due to the
to-chargerty z) ratio and sublimation temperature. Parts a action of UV photons.
of Figures Seveal the temperature-dependent mass spectraFigure 9display the TPD traces of the photoproducts of
measured after exposing the RDX samples to 254 nm (4.B®X observed after exposure to 254 nm at a dose af 10.7
eV) at doses of 10# 1.0, 0.5+ 0.1, and 0.1& 0.02 eV 1.0, 0.5 0.1, and 0.1 0.02 eV molecule Signal at z =
molecule! respectively. PartsfFigure Sshow the data after 30 and/ z = 31 can be allocated to nitrogen monoxide (NO;
photolysis of RDX at 206 nm (6.02 eV) at doses ot 22.(3 IE = 9.26 eV) and methylamine (§HH,; IE = 8.90 eV),
0.90+ 0.1, and 0.28 0.02 eV molecult It is apparent from  respectively. The maximum intensitgvat = 31 at 260 K
Figure Zhat the ion counts corresponding to lower moleculacorrelates with the second sublimation eventof 30 at
weight species are enhanced at the high dose experim260 K, proposing that at least some of the ion counts recorded
compared to low dose study; higher molecular weight produas m/z = 30 at 260 K could be due to the fragment of
are more prominent at lower doses. This suggests that higl@;NH,*, i.e., CHNH*. The appearance energy (AE) of
mass (primary) products eventually decompose to lowd0.18 eV for CENH* from CHNH," has been reported by
weight species as the dose increases. Overall, we obsehasing et al., which further corroborates our assigfirrent.
products holdingV z values of 30, 31, 42, 44, 45, 46, 57, 58 previous experimental studies, ion signdkzat 30 has been
59, 60, 71, 72, 73, 74, 75, 81, 87, 88, 89, 97, 98, 99, 101, 18%signed to formaldehyde, i) based on electron impact
117, 118, 119, 128, 130 146, 149, and 191. The assigriedizatiorf In the present study, the photoionization energy of
molecular formulas and potential structures of all thesBED.49 eV is lower than the ionization energy of formaldehyde
products are revealedTiable 6andFigure 6 (H,CO, IE =10.88 eV); therefore, the signa¥at= 30 has
It is intriguing to note here that when RDX samples ar¢o be assigned to nitrogen monoxide (NO; IE = 9.26 eV).
exposed to very high doses of 3990, 66.& 7.0, 50.& Product signal at/ z= 42 has been observed in several studies
5.0, and 83.@ 8.0 eV moleculéat 254, 236, 222, and 206 investigating the decomposition of RDX. Althaughs= 42
nm respectively, products correspondimg tovalues of 57, is assigned to diazomethangQNN; IE = 8.99 eV) in most
60, 87, 98, 105, 117, 118, 119, 130, 146, 149, and 191 are obtthe studie¥’***° our recent investigation on RDX
observed. This proposed that these species, especially higlemomposition exploiting isomer selective soft-photoionization
molecular weight products holdinig = 130, 146, 149, and technique enabled us to assign it to keteseGB; IE = 9.62
191, could decompose to any lower molecular weight produet¥)* The ion signal aty z = 44 can be ascribed to dinitrogen
upon further photolysis. The mass spectra and the TPBonoxide (MO; IE = 12.89 eV) and/or methane diazene
pro les of the individual masses recorded in these experimehtdding the molecular formula H (IE = 8.81 eV). The
are depicted ifrigures 7and8 respectively. It is essential to photoionization energy of 10.49 eV used in this experiment is
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Table 6. Probable Molecular Formulas of the Masses Observed in the ReTOF Mass Spectrometer after Photodecomposition of
RDX at 254 and 206 nih

254 nm 206 nm
m/z Molecular formula  High Low  Lowest High Low Lowest  Reference
30 NO + + + + + + 8
31 CH;sN + - - + + -
42 CHLN, + + + + + + 10, 23
CH,0 44
44 N,O + - - + - - 8
CH4N;
45 CH5;NO + + - + - - 8,9
46 NO; + - - + + - 9
57 C,HsNO - - - + + + 67
58 C,HeN» + + + + + -
CH:N,O 67,78
59 C,HsNO + - - + + - 9
60 N,O, + - - - - - 79
C,HgN,
71 C,HsN5 + + + + + +
72 C,H4N>O + + + - - - 80
73 C,H/N; + + + + + +
74 CH:N,0, + + + + + + 78, 80
75 C,HsNO, + + + + + + 21
C2HoN3
81 C3H3N3 + + + - - - 8, 80
87 C;HoN; + + - + + +
88 CN,03 + + - - - - 78
C2H4N202 78
89 CH3N;50, + + - - - -
97 CsH3N;0 + + + + + + 9
98 C,H:N4O + + + - - -
99 Cs;HsNs0 + + + - - -
101 C,H3N30, + + + + + + 80
105 CoH7N;0, + + + - - -
117 C;H7N50, + + + + + +
118 C,HN4O, + + + + + +
119 C,HsN303 + + + + + +
128 C3HsN4O, + + + + + + 15,12
130 C3HeN4Oo - - - + + + 35, 80
146 C3HgN4O3 + + + + + + 80
149 C4H11N303 + + + - - -
191 C3H;sN50s + + + + + + 80

®High, low and lowest denotes the dose strength. Presence and absence of a signal atvalgevés represented by (+) ang 6igns
respectively. lon signal intensities ofrftevalues marked with blue color are enhanced at a high dose while that of marked with red color are
enhanced at a low dose.

lower than the ionization energy of dinitrogen monoxidg@roduct signal at/ z = 45, which was assigned to molecular
(N,0); therefore, the signal miz = 44 should be due to formula CHNO based on isotopic scrambling experifiient.
CH3NNH (methane diazene). A broad signaat= 45 can The peak maxima of the TPD geomeasured a¥ z = 45 at

be associated with the structural isomers of molecular form@86 and 316 K correlates with the second and third
CH3NO: nitrosomethane (CNO; IE = 9.30 eV), formamide sublimation events recordednéz = 30 implying that the
(HCONH,; IE = 10.16 eV), and formaldehyde oxime NO*fragment of CENO* (nitrosomethane) could contribute
(H,CNOH; IE = 10.11 eV). Behrens et al. also observed & some of the ion counts mtz = 30 at 256 and 316 K.
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Figure 6.Probable structures and molecular formulas of the masses observed in ReTOF mass spectrometer.

Therefore, we can propose that at least a fraction of the idrom higher molecular weight products at later stage of the
counts measuredratz = 45 andr/ z= 30 at around 256 and photolysis process. On the other hand, ion countz at42

316 K could be due to GNO* and its fragment ions NO  are enhanced in low dose experiments:(0.4 and 0.1&
respectively. Dose-dependent experiments show @astgni  0.02 eV molecul® revealing that this product could form at
decrease in the ion intensityréz = 30 and z = 45 at low an early stage of decomposition.

dose. Signal at'z = 31 and 44 also disappears in low dose The TPD prole recorded atyz = 46 can be allocated to
experiments, indicating that these products must be originatinigrogen dioxide (N© IE = 9.58 eVy. Furthermore, the
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Figure 7.Temperature-dependent ReTOF mass spectra collected during the sublimation phase measured after exposure to (a) 254, (b) 236, (
222, and (d) 206 nm at doses of 39.8.0, 66.8& 7.0, 50.& 5.0, and 83.8 8.0 eV moleculérespectively.

Figure 8.TPD pro les of the ion counts recorded at mass-to-charge ratios of 30, 42, 44, 45, 46, 58, 59, 71, 72, 73, 74, 75, 81, 87, 88, 97, and 128
a photoionization energy of 10.49 eV, after exposure to 254, 236, 222, and 206 nm photons at Hds6s 66.80.0.0, 50.& 5.0, and 83.0
+ 8.0 eV moleculé respectively.
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Figure 9.TPD pro les of the ion counts recorded at mass-to-charge ratios of 30, 31, 42, 44, 45, 46, 58, 59, 60, 71, 72, 73, 74, 75, 81, 87, 88, 89, ¢
98, 99, 101, 105, 117,118, 119, 128, 146, 149, and 191 at a photoionization energy of 10.49 eV, after exposure to 254 nm atlj@sss of 10.7
+ 0.1, and 0.18 0.02 eV molecul®

sublimation events measuredvat = 46 at around 284 and energy of 9.20 eV has been reported. Therefore, fragmentation
316 K correlate with two peaks observedzt 30 at around  of CHgN," (N-methylmethanediamine ion) intgHGN," at a

284 and 316 K, signifying that fragments of N&, NO, photoionization energy of 10.49 eV is likely. The ion counts at
may contribute to the ion counts measuretd/ at= 30 at nYz = 46 andn/ z = 58 are reduced by a factor of 2 at low
these temperaturésThe signal at/z = 58 can be assigned dose (0.5 0.1 eV molecul® and show almost negligible

to an amine with the molecular formuld 8!, or to a nitroso counts at the lowest dose (0400.02 eV molecul®.
derivative of methylene nitramine (@KD). In several  Similarly, no signal is observetVat= 59 and 60 in low dose
experimental and computational studies, the produc at experiments. Thesendings provide evidence that species
58 has been assigned to,84D.°""® The ion signal atV z = corresponding tov z = 46, 58, 59, and 60 could berts as

59 can be attributed to a molecular formyHaO based on  secondary products. lons recorded at= 71 are likely linked
previous assignments reported by Behrens and co-Workets.an amine holding the molecular formyitIS,. lons aty

The product corresponding i@z = 60 can be allocated to z = 72 can be linked to 1-methyeleneurea with the molecular
N,O,’® or designated as the hydrogenated form of the amirfermula GH,N,O. The signal at/z = 72 has also been
moiety allocated 1o/ z = 58 and hence might be linked to the observed in electron impact fragmentation of RDX by Yinon et
molecular formula8gN, (N-methylmethanediamine). The al®° Product at/'z = 73 is likely linked to &-N;" which is
former (NO,; 60 amu) could form via self-reaction of hydrogenated counterpart gHEN;" (m/ z = 71). The TPD
nitrogen monoxide (NO). The TPD ptes measured @i z traces measured at these chanméls< 71, 72) show peak

= 59 and 60 are very similar suggesting that some of the iamaxima at same temperatures of 310 K. This could be either
counts anyz = 59 could be due to,8,N," generated via due to cosublimation of the products or photofragmentation of
fragmentation of internallifot’ C,HgN," (N-methylmetha- one species into another. Fragmentation ldfNZO* to
nediamineny z = 60) ions. Although the appearance energyC,H;N,O" is viable. The TPD prie measured at'z = 74

(AE) for CH/N,* from GHgN," (N-methylmethane can be certainly associated with the monomeric unit of RDX
diamine ion) is not known, the AE of fragmeji/ 8, i.e. methylene nitraminedngNNOZ), based on assignments
from ethylenediamine fdsN,") ion at a photoionization reported by previous studig€®* lon signal at/ z= 75 can
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Figure 10.TPD pro les of the ion counts recorded at mass-to-charge ratio of 30, 31, 42, 44, 45, 46, 57,58, 59, 71, 72, 73, 74, 75, 87, 97, 101, 11
118, 119, 128, 130, 146, and 191 at a photoionization energy of 10.49 eV, after exposure to 206 nm atdafe &P D3I, and 0.28
0.02 eV moleculk

be allocated to an amingHGN; or c-hydroxyN-methyl by a factor of 23 at low dose (0.% 0.1 eV molecul®;
formamide (GHsNO,). The latter (GHsNO,"; mVz = 752 nearly no counts are observed at the dose of @IP eV
has been observed in the thermal decomposition of"RDX.molecule’. It is crucial to mention here that fragmented ions
lon counts for speciesmatz = 71 and 72 increase at a dose of of CH;N;O," (m/z = 89), i.e., CEN3O," and CHNO,",
0.5+ 0.1 eV moleculd suggesting that these species could beould contribute to some of the ion countg/at= 88 and 87
generated at the early stage of decomposition. On the othmspectively; this is evident as the peak maxima of the TPD
hand, intensity of ions signalmét = 74 and 75 are reduced pro le recorded atm/z = 89 is in agreement with the
by a factor of 2 at medium dose and by a factor of 5 at theublimation peak observednat = 88 and 87 at around 310
lowest dose (0.18 0.02 eV molecul® providing evidence K.
that products correspondingrikz values of 74 and 75 should  The signal atwz = 98 is allocated to a mononitroso
be originating at a later stage of the photolysis. compound holding the molecular formuyld. 8,0. Mono-

TPD traces observed via their ion counté at 81 and 87 nitroso species have been proposed to form during RDX
can be attributed to species carrying ring moieties offRDX. decomposition in previous experimental sttididhe TPD
= 81 has been often associated with triazigsNG 1E = pro le recorded atwWz = 99 can be associated with the
9.80 eVj®° whilemyz = 87 is likely associated as a fully hydrogenated form of ogymatriazine (GH3N;O; m/ z = 97),
hydrogenated counterpart of 1,3,5-triazine, i.e., 1,3,5-triazindemce assigned to the molecular formyilaNGO. Although,
(C3HgNy). Althoughm’z = 81 has been observed in severalm/z = 97 has been observed in previous condensed phase
experiment&:® there is only a single report of productvat studies investigating the decomposition of RDX, the signature
= 87! Signal at/z = 88 can be ascribed to mononitro of ¥z = 99 has not been observed before. It is also important
compound with the molecular formulas@or CH,N,O, to note that the maximum of the TPD peoatm/z = 99
following the assignments reported by SchrdeBigmal at  corresponds to the data recordedvat = 98 and 97; this
m/z values of 89 and 97 can be linked to aminomethysuggests thats8:N;O" (m/z = 99) could fragment into
nitramine (CHN3;O,) and oxysymtriazine (OST,; C;H,N,O" and GH3N;O". Signals atvz = 101, 105, 117,
C5;H3N30), respectively. The latem/@z = 97) has been and 118 may be allocated to mononitro species holding
observed in thermal decomposition studies and was assignecthlecular formulas,id;N;0,, CH;NsO,, CH;N;O,, and
C;H3N,0.° Products observedratz = 81, 87, 88, and 89 are  C,H¢N,O, respectively. Product afz = 101 has been
generated during the later stages of the photodissociatiozported by Yinon et al. investigating the fragmentation of
based on the fact that ion counts of these species are redu&ddX and was assigned teHEN,O,"5° Following similar
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Figure 11.continued
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Figure 11Proposed decomposition mechanisms of RDX into products at (a) 30, 31, 42, 44, 46, 58, 59, 81, 87, 97, 105, and 130 amu and at (b) 4!
57,59, 71, 72, 73, 74, 75, 81, 88, 89, 97, 99, 117, 118, 119, 128, 146, 149, and 191 amu (masses shaded with color bars cyan, blue, and
Reaction mechanisms predicted through previous theoretical calculations are shown in green. Pathways which are selectively favorable at 25
206 nm are derentiated using red- and blue-colored arrows, respectively. Products preferably observed at lower and higher photon energies :
shaded with red- and blue-colored bars, respectively.

assignment, we assigned mass signal zat= 101 to (m/z=105, 117, and 118) reveal maxima of the ion intensity
C,H3N3;O,". m/z = 105 (GH-N3O,) can be considered as at the same temperatures either due to cosublimation of the
hydrogenated counterpart gHGN;O," (m/z = 101). It is products or fragmentation of one species into another. The
important to note here that evidence of product spenies at  fragment ion §4:;N,O," from GHgN,O," (m/ z= 118) could

= 105, 117, and 118 has been recently reported by owontribute to the ion signalratz = 117. lon signal at/ z =
group?” these species have not been addressed previouslylit® has not been observed before; this new product can be
experimental or computational studies. Their TPOepro assigned to nitranitroso moiety with the molecular formula
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C,HsN;05. Products holding nitro and nitroso groups haveization and eventually dissociate from Rgxano State via
been proposed to form during decomposition of RDkhe O NO bond cleavadé®
signal atm/ z = 128 can be allotted to the cyclic mononitro The process of nitranitrite isomerization through conical
moiety (GH4N,O,). Evidence ofz = 128 has been intersections is barrierless and hence highly favorable. Excited
reported in previous studiés’ The TPD prole measured molecules could also relax through nonradiative transition
atnyz = 146 can be considered as the mononitro counterpaftom the higher electronic states & to higher vibrational
of oxysyrrtriazine, i.e., 5-nitro-1,3,5-triazinan-2-one; thereforégvels of its ground state, (5xno2) and nally dissociate
it might be assigned to molecular formua,O,. from its Grpxnoz State following three primary reaction
Similarly,m/z = 191 can be linked to dinitro form of OST channels: (i) NNO, bond ssion, (i) HONO elimination,
(C5H3N3O; mv z = 97) holding molecular formulaHzN5O0s. and (ii) C N bond cleavage. The calculated energy barriers
The proposed molecular formulasyaf= 146 and 191 are in  for the N NO, ssion (163 kJ md) and HONO elimination
agreement with Yinon ef@Although species @i z values (164 kJ mol") are lower than that for @ bond rupture, and
of 146 and 191 have been observed before in electrdence the former two channels are more favorable at the
fragmentation study of RDX, these species have not beground stat&> On the basis of these mechanisms, we have
reported previously in UV photolysis experiments. lon signal ptoposed probable reaction channels in parts a and b of
nY z = 149 can be allocated to molecular formya;R;0,. Figures 11hat could occur after electronic excitation of RDX.
To the best of our knowledge, signal corresponding to produket Figure 14, we depict reactions channels that could initiate
mass 149 amu have not been observed in previous expdte to N NO, ssion, CN bond rupture, and HONO-
ments. Dose-dependent studies reveal that ion intensitiesetifnination at the ground state of RDX; these reactions have
products at/z = 99, 105, 119, 128, 146, 149, and 191 arebeen previously proposed through theoretical calcula-
enhanced by a factor of 2 at low dose #0.8.1 eV  tions® *"**2and certainly rationalize the products observed
molecule!) implying that these species are likely formedn our experiments.
during the initial stage of the RDX decomposition. These 3.3.1. N NO, Fission Channelhe rst NO, bond ssion
products Wz = 119, 146, 149, and 191) have not beenof RDX (1) leads to a cyclic aminyl radi®al (C;HgNsO,5;
identi ed previously in photolysis experiments. 176 amu) and nitrogen dioxide, (NO,; 46 amu); this
Figure 10depicts the TPD prdes of all the individual requires an energy of 163 kJ fiGl The later (NQ) can
masses that appeared in the ReTOF-MS after photalecompose to nitrogen monox#tl@O; 30 amu), via NO
decomposition of RDX samples via 206 nm light at a dod®nd cleavage. Rada(C;H¢N:O,4; 176 amu) can undergo
of 22.3+ 2.0, 0.90+ 0.1, and 0.2& 0.02 eV molecult a second NNO, bond ssion followed by 1,2-hydrogen shift
Products are observedrat values of 30, 31, 42, 44, 45, 46, to yield a mononitro produéb (C;HgN,O,; 130 amu) after
58, 59, 71, 72, 73, 74, 75, 87, 97, 101, 117, 118, 119, 128, 1&6ssing an energy barrier of 187.4 kJ;ntiuik pathway was
and 191. These products have been observed during photolysisdicted computationally by Goddard and co-wdrkers.
of RDX at 254 nm and their assignments have been discusgédtérnatively, intermediaba can also accept two hydrogen
earlier. Although photodecomposition at 206 nm did noatoms to form a cyclic mononitro prod@¢t;sHgN,O,; 132
generate products correspondingyVto values of 60, 81, 89, amu). This mononitro moiety6)( may encounter NNO,
98, 99, 105, and 149, we observed few new speties &7 ssion followed by hydrogen addition leading to 1,3,5-
and 130. The later mentioned species were not @knti triazinane8 (C3;HgN5; 87). Products corresponding to the
during RDX photolysis at longer wavelength (254 nmmolecular masses of 13QHEN,O,), 87 (CHgN3), and 46
proposing that at higher photon energy (206 nm) few of théNO,) amu were observed in our experiments, signifying a
products further dissociates to form new molecular species. lugh probability of NNO, ssion(s) of RDX. It is intriguing
signal atn/z = 57 can be assigned to molecular formulato note that species holdingz = 130 and 87 were not
C,H3NO. Formation of product corresponding to molecularobserved in the mass spectrum when exposed to 254 nm light
formula GH,NO has been supported through computationalat the lowest dose (0.200.02 eV moleculg Figure $. On
study. TPD prde collected viay z= 130 can be linked to the the contrary these specigé4 = 130 and 87) were detected
dinitro cyclic moiety with the molecular formuldN,0,, upon photolysis at 206 nm light at the lowest dose £0.20
based on assignments reported in previous experimental @02 eV moleculg Figure 1)) This nding may indicate that
computational studig€ Results of dose-dependent photol- pathways leading to products holding masses 130 and 87 amu,
ysis experiments conducted at 206 nm are in good agreemeat, N NO, ssion of radicéla followed by a 1,2-hydrogen
with those performed at 254 nm. lon counts of productshift or hydrogen addition, are (preferentially) formed at
assigned tav z = 30, 31, 44, 45, 46, 57, 58, 59, 89, 117, andhigher photon energy.

118 decreases, while those of speciezat 97, 101, 119, 3.3.2. CN Bond Rupture Channelhe cyclic aminyl
128, 130, 146, and 191 increase at low dose (0.9 eV radical,2a (C3HgNsO,; 176 amu), could undergo a i€
molecule?). bond rupture to form an acyclic intermed2téC;H N:O,%;

3.3. Proposed Decomposition Mechanisms.Here we 176 amu), via a barrier of 110 kJ A6’ This radical Zb)
propose the underlying photodecomposition pathways of RDKXay encounter a second NC bond cleavage which has an
involved in the formation of the aforementioned products bgnergy barrier of 103 kJ nlplto yield a mononitro N-
comparing our experimentatings Figures @and10) with centered radica®, (C,H,N;0,% 102 amu), and methylene
previous electronic structure calculations as discussed belnitramine, 10 (CH,NNO,; 74 amu). Chakraborty et al.
The RDX molecules are electronically excited when exposedoredicted this reaction sequenceabiadnitiocalculation$’

UV light. Gas phase calculations suggest that excited moleciasglical9 can eliminate a hydrogen atom to generate a
may relax from higher electronic statgsgpnonadiabati-  mononitro product,11 (C,H3;N;O,; 101 amu). Radical
cally through a series of conical intersections to the grouratermediate9 (C,H;N;0,%) could undergo cyclization
state of RDXnitrite (S roxono), Via nitro nitrite isomer-  followed by elimination of ,8 to generate an oxygen-
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centered radical3 (C,H,NO®); this pathway was predicted formation of a dinitro intermedia2&,(C3HsNsO,; 175 amu),
by Thynell and co-workers through quantum chemicalvhich can subsequently undergo a second HONO elimination
calculation$’ This radicall3, may accept a hydrogen atom to generate a cyclic mononitro prod28t(C;H,N,O,; 128
leading to a product having mass 59 amds(D; 1439, amu). This product2@) may encounter yet a third HONO
which is observed in the experiment. elimination yielding 1,3,5-triazid@(C;H;N5; 81 amu). Gas
Intermediate2b may further undergo a hydrogen-shift to phase calculations performed by Goddard and co-workers
form yet another acyclic carbon-centered radical, identi ed the HONO elimination pathway to be energetically
(C3HgNsO,9); this process requires an energy of 36 kJmost favorable for the formation of triazingH¢Ns; 81
mol 1. Radical intermediat2c dissociates to yet another amu)>® Our observation of species holding masses at 128 and
carbon-centered radicaf (C,HsN,O,% 149 amu), and a 81 amu are indicative of the HONO elimination channel
hydrogen cyanide molecule (HCN) after crossing a barrier @iccurring during the UV photolysis of RDX. It is intriguing to
68 kJ mol*; this pathway was proposed by Chakraborty et atecall that the ion signalmtz = 81 is not observed in the
and Schweigert through ab initio calculdtidrhis radical ReTOF-MS data after photodecomposition at 206 nm.
(C,HsN,0,F; 15) may eliminate a NOnolecule via NNO, However, the signal mtz = 81 is observed when irradiated
ssion to yield a stable intermedid®,(C,HsN;O,; 103 at 254 nm even in the low dose experiment. This observation
amu)?’ which can accept two hydrogen atoms to form theroposes that HONO elimination from prod9
product17 (C,H;N3;O,; 105 amu). The latterlf) could (CsHN,O,; 128 amu) leading to 1,3,5-triazine (81 amu) is
experience yet another @ bond cleavage leading to preferable at lower photon energy. At higher photon energy
methylaminel8 (CH;NH,; 31 amu) and methylene nitr- (206 nm), a mononitro product holding mass 128 amu
amine,10 (CH,NNO,; 74 amu). Intermediats could also (CsH/NLO,) may follow the HNO elimination pathway
dissociate to N-centered radidd,(C,H:N®) via N NO, instead of the HONO elimination channel and generate oxy-
ssion; this radical could undergoNCscission to form  symtriazine31 (C3H3N;O; 97 amu).
methylenimine (CHN; 20).>” Addition of two hydrogen 3.3.4. Bimolecular Reaction with Nitrogen Monoxide
atoms to methylenimine could lead to its hydrogenatedNO).Once the concentration of nitrogen monoxide (NO)
counterpart methylamine (g¥H,; 18), which has been molecules increases, NO may react with residual (unreacted)
observed in the experiment. Radi®atould also accept a RDX molecules to produce a mononitroso analogue of RDX,
hydrogen radical to form the prod@da(C,Hg¢N,), holding 32, i.e., l-nitroso-3,5-hexahydtoazine (ONDNTA,;
mass 58 amu. The resulting methylene nitramingN{CB}; C3HgNgOs). Such reactions have been proposed previously
10) molecules may dissociate to dinitrogen monoX®le, in the condensed ph&$é.ONDNTA may decompose via
(N,O; 44 amu), and formaldehyd@s,(H,CO; 30 amu). The = HONO elimination followed by QN bond rupture to yield a
N,O molecule may react with the S8 radical to produce mononitroso producN-methylene nitrousamid@.lb
diazomethane (CININ). This reaction pathway was predicted (CH,N,O; 58 amu), and a mononitro produdtl
by Goddard and co-workers based on theoretical calcul@,H;N;O,; 101 amu). This pathway has been computation-
tions?* Furthermore, the diazaomethane fO) molecules  ally explored by Thynell and co-worke@NDNTA could
could undergo a hydrogen addition reaction to generatso lead to mononitroso intermediates suckHsBlfO (98
methane diazene (@MNH). H,CO (formaldehyde) either amu); this has been previously discussed ib. ref
dissociates to CO (carbon monoxi@é; 28 amu) and 3.3.5. Nitro Nitrite Isomerization ChannelAfter elec-
hydrogen and/or it reacts with another formaldehyde molecuteonic excitation, the excited RDX molecules may reach the
to form ketene27 (H,CCO; 42 amu), and water {&; 18 ground state of RDXitrite (S roxono) from the excited
amu). The later pathway, i.e., formation of ketene waalectronic states {S,) via conical intersections. The
predicted computationally and vexti experimentally in our barrierless nature of this nonadiabatic pathway makes it highly
previous study.The detection of products holding masses offavorable. It is important to mention that nitrtrite
105, 101, 74, 58, 59, 42, and 31 amu in our experifiane(  isomerization from the ground state of RODYXREBX-NG)
9) further validates the likelihood of theNCbond rupture is unfavorable due to a very high energy barrier (386 kJ
channel in the UV decomposition of RDX. The existence ahol %).” Once the excited RDX molecule relaxes to the ground
these masses also revealderue of reactive radical state of RDXnitrite (§ rpxono), it could dissociate via
intermediates such as,HGN;O,f (9), C,H,NO® (13), multiple fragmentation chan%&lrs example, NO elimination,
C,H:N,Of (15, and GHgN® (19), which have been N NO, ssion, HONO elimination, and ® bond rupture
predicted only through ab initio calculatioh€’ Interest-  (seeFigure 1h). Excited state potential energy surfaces (PES)
ingly, ion signals et z = 105 and 58 are not observed as theexplored computationally by Bernstein and co-workers
result of RDX photolysis at 206 nm; signat¢ at 105 and revealed that elimination of nitrogen monoxide (NO) from
58 are rather distinct when exposed to 254 nm light even at thee ground state of RDX-nitrite via O-NO borssion
low dose Figure 9. This nding implies that the underlying requires an energy of 29 kJ thoi® On the other hand,
reaction mechanism yielding products corresponding to massdéssociation of RDX to nitrogen dioxide ¢N@om its
105 and 58 amu is open at lower photon energy. On the othground state (SRDX-NGQ,)) via N NO, ssion requires an
hand, reaction channel leading to a product of mass 59 aranergy of at least 163 kJ mdt Thus, elimination of NO is
appears to be more favorable at higher photon energy, simoere facile after the RDX molecule has isomerized to its nitrite
the signal atv z = 59 is distinct when RDX is exposed to 206 form following electronic excitation. This theory supports our
nm light even at a low dose, while this signal is absent inexperimental observation of higher concentration of NO
similar experiment (low dose) conducted at 254 nm. relative to N@in the IR (igures land2) and mass spectra,
3.3.3. HONO Elimination Chann®lolecular elimination even at the low dose experimerffgures 9and 10
of nitrous acid (HONO) could also initiate RDX decom- suggesting that the nitnaitrite isomerization occurred at
position. The rst molecular HONO elimination results in the the initial stage of decomposition.
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Figure 12.Wavelength-selective decomposition pathways of RDX. Channels leading to products at 130, 87, 59, and 57 amu are preferable a
higher photon energy (denoted through blue color arrows). Pathways leading to products at 149, 105, 99, 89, 88, 81, 60, and 58 amu are mq
favorable at a lower photon energy (represented through red color arrows).

Following nitro nitrite isomerization, RDX could also atoms to form39 (CsHsN3;O; 99 amu). Although product
undergo HONO elimination. Theast HONO elimination holding mass 97 amu @N3O; 31) is observed during
would result in formation of a dinitro intermedi&i®, photolysis at 206 nm, the signature of its hydrogenated
(C3HsNsO,4; 175 amu). Subsequent elimination of second andounterpart; i.e., a product corresponding to mass 99 amu
third HONO molecules would generate a mononitro product{Cs;HsN;O; 39) is not observed at 206 nm photolysis.
29 (C4H4N,4O,; 128 amu), and 1,3,5-triazid@ (CsHsN5; 81 Interestingly, ion signals corresponding to both the masses
amu), respectively. Intermedidte can also decompose (m/z = 97 and 99) are observed at 254 nm implying that
through a concerted elimination of HNO, yielding a dinitroformation of producB9 (C3;HsN;O; 99 amu) from34
product,34 (C3HsNsOs; 191 amu). This product undergoes (C3HsNsOs; 191 amu) through consecutive HONO elimi-

N NO, ssion to form an N-centered radicaba nation and hydrogen addition is preferred at lower photon
(C3HsNLO4E; 145 amu), which can readily accept a hydrogernergy. At higher photon energy, syxgiriazine (97 amu)
atom to produce a mononitro prodi8s,(C;HgN,O5; 146 may originate via HNO elimination from prod2&
amu). The cyclic intermedia@&a (CsH:N,O5%; 145 amu) (C5HN,O,; 128 amu) as discussed ab8¢enay dissociate
could engage in ring opening reaction vid Gond rupture  to product N-nitro isocyanate}0 (CN,O5; 88 amu), via

to form an acyclic N-centered radi@ah (CsHN,O5%; 145 intermediates35¢ (c-C;HsN,O4%; 145 amu) and35d

amu). A radical intermedia88b, may undergo yet another (C3HsN,O5%; 145 amu), after consecutive MD, and C

C N bond breakage, which results in elimination of methylend bond rupture. Thal-nitro isocyana#0 (CN,O5; 88 amu)
nitramine (CHNNO,; 74 amu) and formation of a nitrogen- may undergo NNO, ssion followed by addition of a methyl
centered radic@l7 (C,H;N,0%; 71). Radica87 subsequently  radical fCH;) to produceN-methyl isocyanate produgt,

could accept a hydrogen atom to lead to a prdduct (C,H3NO; 57 amu). Itis worth to recall that produahéz =
methylene acetamidd8 (C,H,N,O; 72 amu). Products 57 is not observed during photolysis of RDX at 254 nm; on the
holding masses 72 and 146 are observed in the mass spectmfimer hand, this product is detected when RDX is exposed to
It is important to note here that elimination of HONO and 206 nm light even at the lowest dose (&20.02 eV

HNO is highly likely since the oxygen atom of the nitrite groupnolecule!; Figure 1)) On the basis of this observation, we

( ONO) could easily interact with the neighboring hydrogemmay propose that the aforementioned pathway leading to a
atom of the RDX ring. Electronic structure calculations algaroduct holding a molecular mass of 57 amd;MD) is
suggest that, during the nitrotrite isomerization, the NO more favorable at a higher photon energy. Praiuct
group at the active site interacts with the remainder of th€CN,O5;; 88 amu) could decompose rapidly 4t

molecule from a distance of 2.9 A. (C,H3NO; 57 amu) at higher photon energy, therefore, the
The oxysymtriazine (OST) molecul81 (CsH;N;O; 97 ion signal correspondingrz = 88 is not observed at 206
amu), can emerge from the dinitro prod8ttC;H:sNsOs; nm irradiation. Two consecutive NC bond ruptures of

191 amu), via two successive HONO eliminations. The formelinitro moiety34 (C3HsNsOs; 191 amu) may generate a C, N-
product (OST; GH3N;0) can further accept two hydrogen centered biradicab2 (C,H,N,0,%€; 148 amu), which
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dissociates to two molecules of methylene nitramineould dissociate via NO, ssion, HONO elimination,
(CH,NNO,, 74 amu) following another @ bond cleavage. nitro nitrite isomerization, and © bond rupture channels
Alternatively, biradica2 (C,H,N,O,*¢;, 148 amu) may when exposed to UV light. The NO, ssion and nitro
encounter a 1,2-hydrogen shift to form a dinitro intermediataijtrite isomerization channels appear to be more dominant at
44 (C,;H/N,Oy4; 148 amu). This intermediatéd] reacts to the early stage of decomposition. Th&l@, ssion channel
develop a mononitro produdg (C;H,N3O,; 117 amu), via  yields products at 130, 87, 46, and 30 amu, whereas the
N NO, ssion and addition of a methyl radit@Hg). HONO elimination channel generates products at 128, 97, and
The nitro nitrite isomerization process could be followed81 amu, while the QN rupture pathway following NIO,
by a concerted elimination of NO (nitrogen monoxide) and ssion leads to species holding masses 105, 101, 59, 58, 74, 44,
CO (carbon monoxide) yielding a nitrogen-centered radica#2, and 31. Nitronitrite isomerization in conjunction with
46 (C,HgNsO,f; 164 amu), which may experience AR, successive reaction pathways is proposed to generate a variety
ssion generating yet another biradizalC,HgN,O,¢; 118 of products including at 191, 146, 149, 117, 118, 119, 88, 71,
amu). Biradical7aundergoes a 1,2-hydrogen shift to form an72, 73, 74, 75, 60, 59, 45, and 30 amu as discussed above. Our
acyclic mononitro produetlb (C,H¢N4O,), corresponding  experimental observations suggest that besides K@, N
to mass 118 amu, which has been observed in the experimession, the nitronitrite isomerization could also play a major
Biradicald7a may dissociate into a mononitro prodd8t, role to trigger the decomposition of RDX after electronic
(CH3N30,; 89 amu), and methanimine (¢NH) via C N excitation. Most of the previously reported computational
bond cleavage. Interestingly, the signalizat 89 disappears analyses address the thermal decomposition of RDX from its
during the photolysis with 206 nm photoAgyfre 1R electronic ground state viaNO,, HONO elimination, CN
However, this product is observed during photodissociation pbnd rupture or bimolecular reactions:***%¢" Uv-
254 nm even at the lowest dose of 8.0002 eV molecule  photolysis of RDX is more complex as it involves excited
(Figure 9. This suggests that the reaction pathway leading tetate dynamics and ground states along with conical
product48 (CH3N;0,; 89 amu) could be feasible only at a intersections. To the best of our knowledge, as of now, there
lower photon energy. The HONO elimination from mononitrohas been no reported computational study that explores the
product47bwould yield a diamine produg (C,HsN3; 71 excited-state potential energy surfaces of condensed-phase
amu). Addition of two hydrogen atoms to a diamine moietyRDX.
(49) could generate its hydrogenated counterért,
(C,H;Ng5 73 amu). Alternatively, produ¢®2 may accept
four hydrogen atoms to form an amine mdétyC,HgNs; 4. CONCLUSIONS ) o )
75 amu). In summary, the UV photodissociation of solid-phase RDX
After the nitro nitrite isomerizatiodamay eliminate NO  performed at 5 K exploiting dient wavelengths (254 (4.88
(nitrogen monoxide) to form an oxygen-centered (aminoxyl§V), 236 (5.25 eV), 222 (5.58 eV), and 206 (6.02 eV) nm)
radical 52 (CgHgN:Of; 192 amu). The aminoxyl radical and doses revealed a wide spectrum of photoproducts.
(C3HeNsO:®) has been detected via electron spin resonandevidence of simple decomposition products such gs CO
(ESR) technique by Darnez et al. during photolysis of RDX &:0, CO, HCO, HO, NO, (NO),, N,Os;, and the nitrite
254 nnt>%3 Calculations reveal that this reaction has argroup ( ONO) were captured by FTIR spectroscopy in the
energy barrier of close to 29 kJ ffoRadical intermediae condensed-phase during the photolysis. PI-ReTOF-MS
could further dissociate to methylene nitramineNSB,) collected during the warmup-phase idehtB2 cyclic and
and a carbon-centered radi&at(C,H,N,0.5; 118 amu), via  acyclic products av z values ranging from 30 to 191. Low
C N bond cleavage. Radictfc could decompose to dose experiments suggest that NO g@g products rapidly
methylene nitramine and a mononitroso radial, develop during the initial stage of the decomposition relative to
(CH,NO® 44 amu), following another ® bond rupture.  CO,, N;O, CO, and HO implying that NNO, and nitro
The latter (mononitroso radic&l3) can rapidly accepts a nitrite isomerization could be the initial steps in the
hydrogen atom to form prodiet (CH;NO; 45 amu) which ~ decomposition of RDX molecules following electronic
is observed in the experiment. Raditatould also accept a excitation. Products observedvat values of 59, 72, 73, 88,
hydrogen atom to yield a nitmitroso product,55 99, 117, 118, 119, 146, 149, and 191 were detected fst the
(C,HsNgO5; 119 amu), which is detected in our masstime in photolysis experiments. Among those, prodots at

spectrum. A product holding mass 149 amtl,(8;0;; =191, 149, 146, 119, and 72 are primary products which likely
58) may originate from an aminoxyl radical via interm&@iate originate via nitronitrite isomerization. Wavelength-depend-

followed by bimolecular addition reaction with meiGiAJ] ent studies revealed that pathways leading to products holding
and hydrogen radicals. This produs8) (could further masses 130, 87, 59, and 57 amu are more prominent at a
dissociate to speciégl (CH3;NO; 45 amu) andl4b higher photon energy while reaction mechanisms yielding

(C,HNO; 59 amu) via triple CN bond cleavage. Products products of masses 149, 105, 99, 81, 89, 58, and 60 amu are
corresponding to these three masses, 149, 45, and 59 amu/faverable at a lower photon enefggire 12 Finally, the
observed in the mass spectrum. decomposition mechanisms reported through gas-phase and
The wavelength-selective decomposition pathways of R@Xndensed-phase calculafitiis®’** were exploited to
are summarized iRigure 12 Channels leading to products rationalize the formation of the observed species. Further
corresponding to masses 130, 87, 59, and 57 amu aeperiments are planned, exploiting isomer-selective photo-
preferable at a higher photon energy (206 nm, 6.02 eVipnizatiofi***®> to explicitly verify the structures of the
while pathways leading to species at 149, 105, 99, 88, 89, @composition products and hence the nature of the isomer(s)
60, and 58 amu are favorable at a lower photon energy (28fmed. Experimental results will be combined with theoretical
nm, 4.88 eV). These products might be considered as tracsisiulations to unravel the complex decomposition pathways of
of a wavelength-dependent photolysis of RDX. Overall, RCRDX.
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