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ABSTRACT

Anion photoelectron spectroscopy (PES), supported by Density Functional Theory
(DFT) calculations, is employed to study energetic materials RDX (3,5-
trinitroperhydro-1,3,5-triazine) and HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine). Their isolated anions and decomposition products are generated by
matrix assisted laser desorption ionization (MALDI). Their anionic parent species
are not observed, but instead accessible fragmentation ions are detected. The
vertical detachment energies (VDEs) of these anionic, dissociation generated
species are experimentally determined, and the corresponding structures are
identified by comparing DFT calculated VDEs to the experimental ones. RDX™ and
HMX' can fragmentate through loss of HNO,, NO,, and NCH, groups. RDX" loses
up to two NO, groups and one NCH, moiety, and HMX" can fragment by up to
three NO, groups and two NCH, moieties. The mass units of (RDX — H — NO,),
(RDX — H — (NO,),), and (RDX — NCH, — (NO,),) are the same as those of
(HMX —H — (NO;), — NCH,)", (HMX — H — (NO,); — NCH,)", and (HMX — (NO,);
— (NCH,),)', respectively. These dissociation related anions with the same mass
units share nearly identical photoelectron spectra and geometrical structures, which
suggest structural and dissociation routine similarities between RDX and HMX
anions. By way of comparison, energetic material TATB (2,4,6-triamino-1,3,5-
trinitrobenzene) has also been considered: its parent anion generated through
MALDI processes can be observed in the mass spectrum. The observation of
TATB" parent anion, but not RDX" and HMX" parent anions, is consistent with
TATB’s higher thermal stability than those of RDX and HMX.
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I. INTRODUCTION

Nitro-heterocyclic energetic materials RDX (3,5-trinitroperhydro-1,3,5-triazine),
and HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) are commonly used
solid propellants and chemical explosives for both widespread military and
commercial purposes. They have similar molecular structures and share chemical
similarity. They are classified as nitramines with interacting CH, and N-NO,
moieties, and characterized as cyclohexane and cyclooctane with nitramine groups:
presence of nitramine groups is vital to their explosive kinetics. RDX is known to
exist in five crystalline polymorphs (a, B, v, €, and 9), while HMX has four
crystalline phases (a, B, v, and d), depending on different temperature and pressure
conditions. Phase transitions at high pressure are identified by using vibrational
spectlroscopy.l'7

Combustion mechanisms and decomposition behavior are extremely important for
understanding ignition and energy release chemistry of RDX and HMX, especially
at different temperature, pressure, or phase conditions. Many experimental
investigations have been devoted to the study of thermal decomposition behaviors
of RDX and HMX.*” Through in situ, rapid-scan Fourier transform infrared
spectroscopy studies, NO, is identified as the predominant initial gas product from
RDX, and HCN from HMX. CH,0O, N,O and HONO are also determined to be
important initial products of pyrolysis.'"” Thermal degradation of RDX has also
been time-resolved and kinetically analyzed over selected thermal ranges with a
pyrolysis unit interfaced to an atmospheric pressure chemical ionization tandem
mass spectrometry (MS-MS) system.'" The pyrolysis process and pyrogenic
products of RDX and HMX are further identified using pyrolysis-gas
chromatography and pyrolysis capillary gas chromatography—mass spectrometry,
and it is found that HMX and RDX have similar pyrolysis mechanisms.'> The
thermal kinetic parameters of decompositions of RDX and HMX are determined
using thermal analytical techniques (thermogravimetric analysis and differential
scanning calorimetry).”” Some combustion-wave structures are analyzed via a
microthermocouple technique by measuring temperature distributions in powder
combustion waves.'* A thermal decomposition study of RDX through molecular
dynamics simulations at a variety of temperatures and densities identifies
appearance times and equilibrium populations of products CO, CO,, N, and H,0."

These cyclic nitramine energetic materials can release significant amounts of
energy through a complicated bulk decomposition process, involving both
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unimolecular, and perhaps even multimolecular, reactions. A molecular level
understanding of the underlying complex chemical processes is essential to obtain
the critical information for initial chemical steps of decomposition, chemical
reaction pathways, as well as molecular structure of intermediates and end
products. The total energy release process must involve all RDX and HMX species
(i.e., ground and excited electronic state neutrals, as well as positive and negative
ions in various degrees of electronic excitation).'*"”

Different theoretical investigations focusing on possible unimolecular
decomposition mechanisms for RDX and HMX suggest that NO, fission, HONO
elimination, concerted ring breaking, and dissociation of the ring along the C—N
bond are some of the neutral molecule ground state decomposition pathways.?*>
Another initiation decomposition mechanism of HMX and RDX with the
unimolecular C—H bond cleavage has also been suggested.”” >’

The experimental investigations of degradation products and unimolecular
decomposition mechanisms include mass spectrometry’ ™’ and laser spectroscopy
measurements. Mass spectrometry is also widely employed for trace levels of
energetic materials detection by in conjunction with many different analytical
approaches, including liquid chromatography, gas chromatography, laser-induced
ionization, and electrospray ionization, etc.”®**

A negative chemical ionization combined with tandem mass spectrometry has been
used to identify fragmentation patterns of RDX: such patterns demonstrate
pathways for elimination of NO, and NOs, and suggests anion-molecule complexes
with axial N-N bond cleavage instead of formation of RDX anion.* Laser
ionization time of flight mass spectrometry analysis of explosive compounds has
been performed on RDX; dependence of resultant spectra on the laser energy or
fragmentation pathways is suggested.”™* Infrared multiphoton decomposition
experiments have been dedicated to illustrate that OH radicals are formed in the
unimolecular decomposition of neutral ground state RDX and HMX,* and three
CH,N,0, fragments can be produced through concerted symmetric triple fission of
RDX. CH,N,0, fragments can subsequently undergo secondary concerted
dissociation to produce HCN, H,CO, HONO (or HNO,), and N,0.

Fourier transform infrared spectroscopy (FTIR),”', X-ray photoelectron
spectroscopy (XPS), and electron paramagnetic resonance (EPR) spectroscopy’”
have been utilized to study the initial decomposition behavior of EMs due to laser
irradiation. Time-resolved optical spectroscopic techniques (emission, absorption,
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transmission, and Raman spectroscopies) are used to examine shock wave induced
chemical decomposition of RDX: NO, radicals are suggested to be generated in the
initial decomposition. Nonetheless, bimolecular reactions between unreacted RDX
and free radicals are evident on high stress samples.”™* A photodecomposition
study following 248 nm photolysis of RDX has reported electronically excited NO,
and OH, which are suggested to derive from N-N bond scission, followed by
HONO elimination.”” More photodissociation studies using laser-induced
fluorescence spectroscopy or ultrafast UV femtosecond laser pump-probe
techniques find NO as the observed initial decomposition product of RDX and
HMX from their neutral excited electronic states: NO,, HONO, or CH,NNO, are
not intermediates for NO under these conditions.'®'”*° A laser induced breakdown
spectroscopic study of RDX and HMX shows presence of C and CN mass peaks,
which are signatures of highly energy materials.”” Dissociative electron attachment
to HMX with an electron energy range of 0-20 eV gives rise to two most intense
jons NO, and C3HN;O,.°® Electron affinity and mass spectral decomposition
mechanisms of RDX isomers upon electron attachment have been investigated
theoretically: the vertical detachment energies are calculated to be between 1.3 and
4.0 eV with NO, loss common for anions.”

From these previous studies, one concludes that RDX/HMX, and for that matter all
energetics, release their stored chemical energy through reactions that are
dependent on different neutral, ionic, and excited state species at the ultrafast
initiation process. Less attention has been focused, however, upon structural
characterization of the generated products and intermediates. Thereby, the intrinsic
initial unimolecular decomposition mechanisms have not been fully addressed. Gas
phase studies of isolated atomic/molecular ions produced through decomposition
of energetic materials can be employed to explore the decomposition patterns and
structural details, and eventually explicate the full nature of all unimolecular
decomposition mechanisms for all generated species.

In the present work, we initiate anion photoelectron spectroscopy (PES) studies
jointly with density functional theory (DFT) analysis for the nitramines RDX and
HMX (Figure. 1) and their related decomposition anionic species. Their electronic
and geometric structures are fully identified and characterized. The experimental
observations (vertical detachment energy, VDEs), coupled with theoretical
calculations of structures and VDEs, give insights into initial decomposition
intermediates/products arising from one or multiple bond cleavages and structural
and electronic rearrangement, further highlighting their reactive and highly
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energetic nature. One very clear and obvious conclusion from these prior studies in
our laboratory'®'® >> ® is that release of stored chemical energy from energetic
molecules depends on the generation of excited vibronic states of neutral
molecules, and the generation of both anions and cations of the energetic
molecules and their fragmentation species.

TATB (2,4,6-triamino-1,3,5- trinitrobenzene), with three nitro groups (NO,) and
three amine (NH;) groups attached to an aromatic carbon ring, is additionally an
important explosive that is insensitive to shock, vibration, fire, or impact, and that
is also widely employed for military and civilian application.” Thermal
decomposition studies based on spectroscopic and thermal analysis techniques
suggest that C-NH, bond rupture appears to be the primary step in the thermolysis
of TATB, and NH;, CO,, NO,, HCN, and H,0 are produced in its initial stages of
decomposition.”> Photoinduced decomposition of TATB is investigated via
ultrafast time-resolved infrared and steady-state Fourier transform IR
spectroscopies: decomposition products vary with pressure and CO, is a
decomposition product at ambient pressure and H,O is a decomposition product at
elevated pressure.” Theoretical investigations of initial decomposition mechanisms
of TATB find that decomposition pathways include N—H, N—O, C—NH, bond
dissociation, C-NO, bond cleavage, N, formation, NO,—~ONO isomerization within
different electronic states, and ring closures mediated by intramolecular hydrogen
transfer.®*®” Some efforts have been dedicated to combining TATB with other
energetics and with polymers to generate new and specific formulations. Their
properties, behaviors, and performances have subsequently been analyzed.®®”?
Employing the same techniques used for RDX and HMX, the TATB parent anionic
species is observed, unlike the case for RDX and HMX, further demonstrating its
higher overall stability.

II. EXPERIMENTAL PROCEDURES

The experimental apparatus consists of three parts: a pulsed supersonic nozzle with
an attached matrix assisted laser desorption ionization (MALDI) source, a
reflectron time of flight mass spectrometer (RTOFMS), and a magnetic bottle
photoelectron TOF spectrometer (MBTOFPES). Details of this system
(RTOFMS/MBTOFPES) can be found in our previous publications.'” 7 The
nozzle employed for the sample beam generation is constructed from a Jordan Co.
pulsed valve with a home made laser desorption attachment. Sample drums for the
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MALDI process are prepared by wrapping the sample desorption substrate Zn on a
clean Al drum.'® A mixed solution of EM sample and matrix (R6G or DCM) dye
with mole ratio 1:2 in a solvent (typically, methanol or acetonitrile) is uniformly
sprayed on the drum/substrate surface using an air atomizing spray nozzle
(Spraying System Co.) with siphon pressure of 10 psig. During the spraying
process, the sample drum i1s rotated under heat of a halogen lamp in a fume hood to
ensure deposition of EM and matrix on the drum surface is homogeneous and dry.
The well coated and dried sample drum is then placed in the laser ablation
head/nozzle assembly and put into the vacuum chamber. Second harmonic (532
nm) light pulses from a Nd:YAG laser are used to ablate the sample drum, which
rotates and translates simultaneously to maintain a fresh sample area for each laser
ablation pulse. Intact EM molecules are desorbed from the drum, interact with
other species (including electrons) in the ablated material, and are entrained in the
supersonic flow of helium carrier gas with a 50 psi backing pressure through a 2 x
60 mm channel in the ablation head, and expanded into the sample chamber.

With a closed pulsed valve, the RTOFMS chamber pressure is ~ 6 x 10 Torr.
Generated molecular anions are pulsed into the RTOFMS and are mass analyzed
using the RTOFMS. For PES experiments, specific anions are first mass selected
and decelerated before interacting with a 532 nm (2.331 eV), 355 nm (3.496 eV),
or 266 nm (4.661 eV) laser beam from another Nd:YAG laser in the
photodetachment region. Photodetached electrons are collected and energy
analyzed by the MBTOFPES at nearly 100% efficiency. The photodetachment
laser is operated at a 10 Hz repetition rate, while the ablation laser is
synchronously triggered at 5 Hz. Data are collected at 5 Hz employing a
background subtraction with alternation of the ablation laser on/off when the
detachment laser generates 266 nm or higher energy photons. Every photoelectron
spectrum is calibrated by the known spectra of Cu™ and Pb™ at the employed
detachment photon energy. The photoelectron energy resolution is ~ 4% (40 meV
for 1 eV kinetic energy electrons), as anticipated for a 1 m PES flight tube.

111 COMPUTATIONAL METHODS

In the present work, all calculations are implemented in the Gaussian 09 program’*
using density function theory (DFT) employing the B3LYP””" functional and 6-
311++G(d,p) basis set for all atoms. B3LYP/6-311++G(d,p) level of theory has
been evaluated for accurate prediction of properties of energetic materials in
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previous EMs studies.”” ® Geometry optimization is conducted by manually
creating initial structures at every possible arrangement. No symmetry restrictions
are applied for the calculations. Optimization of the low lying isomers for each
anion is performed with harmonic vibrational frequencies calculated to confirm
that the obtained structures are the true local minima. Theoretical VDEs for each
anionic species are calculated as the energy difference between the ground state of
the anion and its corresponding neutral at the same structure as the anion. For
further electronic structure based understanding of energetic materials related
species behavior, a Natural Bond Orbital (NBO, as implemented in the Gaussian
09 program suite) analysis is performed based on the B3LYP/6-311++G(d,p) level
of theory.

IV. EXPERIMENTAL RESULTS

Mass spectra of RDX and HMX, generated through the MALDI process, are
displayed in Figures 2 and 3, respectively. (See Supporting Information about the
discussion of contamination possibility of RDX and HMX samples) No parent
anionic species are observed in the mass spectra; additional associated
decomposition anions (RDX — H — NO,)’, (RDX — H — (NO,),), (RDX — NCH, —
(NO,),), (HMX -NO,), (HMX — H — (NO,),)’, (HMX — H — (NO,), — NCH,),
(HMX — H — (NO,); — NCH,)", and (HMX — (NO,); — (NCH,),)’, respectively, are
instead accessible. A small fragmentation anion NO, is also assigned. Their
corresponding photoelectron spectra are recoded via 266 nm photons; VDEs are
measured from the maxima of the corresponding PES peaks. As shown in Figure 4,
the photoelectron spectrum of (RDX — H — NO,)" shows a high electron binding
feature centered above 4.4 eV, with a broad, considerably weaker peak at lower
binding energy in the range ~1 eV to ~3.5 eV. The PES of (RDX — H — (NO,),)
evidences two features (Figure 5), centered at 2.97 and 4.15 eV, respectively.
(RDX — NCH; — (NO,),)" has a single narrow PES peak centered at 4.10 eV (see
Figure 6). In Figure 7, a broad feature centered at around 2.84 can be observed for
(HMX —NO,)". The photoelectron spectrum of (HMX — H — (NO,),) exhibits a
broad peak with maximum position higher than 3.5 eV (Figure 8). For (HMX — H
— (NO;), — NCHy,), its PES (Figure 9) shows a peak centered at 3.99 eV, and
higher EBE tail exceeding 266 nm photon energy. A shoulder at lower EBE also
appears. (HMX — H — (NO,); — NCH,)’, evidences two major PES features (2.97
and 4.20 eV), identical to that of (RDX — H — (NO,),), but with different relative
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intensities, as can be seen from Figure 10. In Figure 11, a narrow feature centered
at4.17 eV is accessible for (HMX — (NO,); — (NCH,),)", similar to the PES peak of
(RDX — NCH; — (NO»),).

TATB parent anion is observed in the mass spectrum. Its photoelectron spectrum is
presented in Figure 12. The weak peak is centered at ~2.05 eV. The intensity of
fragmentation ions (TATB-NH,) is too weak to be detected in the PES system.

The experimental VDEs of (RDX — H — NO,), (RDX — H — (NO,),), (RDX —
NCH, — (NO,),), (HMX —NO,), (HMX — H — (NO,),), (HMX — H — (NO), —
NCHz)-, (HMX — H - (N02)3 — NCHZ)-, and (HMX — (N02)3 — (NCHz)z)- are
summarized in Table 1.

V. THEORETICAL RESULTS

The low-lying isomers of RDX and HMX related anionic species, and TATB
parent anion, are summarized in Figures 12 to 16. Their calculated VDEs and
relative energies are summarized in Table 1 and compared with the experimentally
determined values.

a) RDX

Two low lying isomers of RDX" parent anion are calculated and shown in Figure
13. The lowest energy isomer RDX (A) has a structure with one NO, group
weakly interacting with the ring backbone (longer axial N-N distance of 2.35 A
compared to other two N-N bond lengths of 1.36 A). The less stable isomer RDX
(B) has a relative energy of 0.51 eV with respect to that of the most stable isomer.
Its structure appears with N-N bond lengths of 1.41 A. Their calculated VDEs are
4.38 and 1.77 eV, respectively.

For (RDX — H — NO,)", two low lying isomers are exhibited in Figure 14 (I). The
lowest energy isomer (RDX — H — NO,) (A) has a structure similar to that of the
most stable parent anionic structure RDX" (A) with one of the remaining NO,
groups weakly bond (axial N-N distance: 2.41 A). Its theoretical VDE is calculated
to be 4.51 eV, in good agreement with the experimental determination (> 4.4 eV).
Isomer (RDX — H — NO,) (B) has both NO, groups residing on the ring structure.
The calculated VDE of (RDX — H — NO,) (B) is 2.97 eV, in the range of a broad
shoulder of the experimental PES. Thus, the photoelectron spectrum of (RDX — H
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— NO,) is mainly contributed by isomer (RDX — H — NO,) (A) with the presence
of (RDX — H —NO,) (B) is also possible.

Two low lying isomers for (RDX — H — (NO,),)" are exhibited in Figure 14 (II).
The most stable isomer (RDX — H — (NO,),)" (A) has an open ring structure with
C-N bond fission. The calculated VDE of (RDX — H — (NO,),)" (A) is 4.27 eV,
consistent with the higher VDE peak (4.15 eV) from the experimental PES. Isomer
(RDX — H — (NO»),) (B) has an intact ring structure with a relative energy of 0.21
eV with respect to that of isomer (A). The theoretical VDE of (RDX — H — (NO,),)’
(B) 1s 2.97 eV, in excellent agreement with the experimental feature at the lower
EBE portion of the spectrum. Thereby, the two PES features for (RDX — H —
(NO,),) are contributed by two distinct isomers: one with a ring open structure and
one with a closed ring structure.

(RDX — NCH; — (NO,),)" shows two similar structures with nearly degenerate
energies. Through losing an NCH, group, the ring open N-C-N-C back bones in
the two isomers have slightly different arrangements. Their calculated VDEs are
3.94 and 3.95 eV, close to the experimental determination (4.10 eV).

b) HMX

In Figure 13, the HMX  parent anion displays a lowest energy geometry with one
elongated axial N-N distance inducing one NO, group to be only weakly bound to
the ring. This situation and structure are identical to that found for the RDX" parent
anion. HMX has a calculated VDE of 2.21 eV.

For the (HMX — NO,) anion, two optimized low lying isomers are displayed in
Figure 15 (I). The most stable isomer (HMX — NO,)" (A) shows ring cleavage with
C-N bond scission. Its theoretical VDE is calculated to be 4.99 eV, higher than the
266 nm photo energy. Isomer (HMX — NO,) (B) has semi ring shape but with two
elongated C-N bonds (1.57 A) than averaged C-N bonds (1.44 A). It has a
calculated VDE of 3.93 eV, in reasonable consistence with the broad PES tail at
higher EBE part (> 3.5 eV). Thus, isomer (B) can be assigned to be present in the
experiments. A major PES feature centered at 2.84 eV has not as yet been
identified through calculations: this feature could be associated with the presence
of some unknown contamination in the HMX sample.

For (HMX — H — (NO,),)’, as shown in Figure 15 (II), the lowest energy isomer (A)
has obvious ring cleavage geometry through N-C bond breaking. Its calculated
VDE is 4.93 eV, exceeding the 266 nm photon energy. Isomer (HMX — H —
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(NO,),) (B) has weaker ring C-N interaction and a deformed ring conformation
compared to that of the parent species. It has a calculated VDE of 3.90 eV, in
reasonable agreement to the experimental determination (> 3.5 eV). Thus, the 266
nm PES is mainly contributed by isomer (B).

As can be seen from Figure 16 (I), the two low lying isomers of (HMX — H —
(NO,), — NCH,) display different structures. Isomer (HMX — H — (NO,), — NCH,)
(A) has an intact six-member ring evidencing one NO, group bound tightly to the
ring (axial N-N bond length of 1.34 A) and another NO, group interacting weakly
(axial N-N bond distance of 2.54 A). The calculated VDE is 4.22 eV, in agreement
with the experimental observation of 3.99 eV. Isomer (HMX — H — (NO;), —
NCH,) (B) has no apparent ring structure, but has an NCH moiety interacting with
an NO, group through hydrogen bonding. The theoretical VDE is 4.34 eV, in the
range of the higher EBE tail of the PES spectrum of (HMX — H — (NO,), — NCH,)".
Thereby, (HMX — H — (NO,), — NCH,) can exist as both isomers (A) and (B).

For (HMX — H — (NO;); — NCH,) (Figure 16 (II)), the most stable isomer (A)
exhibits an open ring structure through a C-N bond rupture, while isomer (B) still
has an intact six-member ring with a relative energy of 0.21 eV with regard to that
of (A). Their theoretical VDEs are calculated to be 4.27 and 2.98 eV, respectively,
consistent with the two observed experimental VDEs (4.20 and 2.97 eV). They are
both present in the experiments and contribute to the two PES features of (HMX —
H — (NO,); — NCH,)', respectively.

The two low lying isomers (A) and (B) of (HMX — (NO,); — (NCH,),)" are nearly
degenerated in energy, and are depicted in Figure 16 (III). They have slightly
different structures for the linear C-N-C bond arrangements. Their calculated
VDEs (3.81 and 3.82 eV) are close to the experimental VDE of 4.17 eV. Thus,
both isomers (HMX — (NO,); — (NCH,),) (A) and (B) are probably observed in our
experiments.

¢) TATB

The optimized anionic structure of TATB" and its calculated VDE (2.34 eV) are
shown in Figure 12. The structure shows ring conformation and tightly bound NO,
groups (C-N bond lengths: 1.34 and 1.42A). The theoretical VDE (2.34 eV) is
consistent with the experimental VDE of 2.05 eV, further confirming the anionic

structure present in the gas phase and the accurate VDE prediction based on
B3LYP/6-311++G(d,p) level of theory.
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VI DISCUSSION

Parent anionic species RDX and HMX  are not observed in these MALDI
experiments, while TATB" parent anion is. The lowest energy isomers of anionic
structures RDX™ and HMX" are shown to have one NO, group weakly bound
(elongated axial N-N bonds), while TATB" parent anion has NO, and NH, groups
all tightly bound to the C-ring backbone. Therefore, RDX and HMX" anions are
more likely to undergo dissociation through loss of NO,/NO,H group than TATB,
which can explain why RDX" and HMX  are not observed in our experiments.
Additional NBO analysis is performed in order to understand the parent anionic
species behavior from the view point of electronic structure: the highest singly
occupied molecular orbitals (HSOMO) of the three anionic parent species are
presented in Figure 17. The NBO/HSOMOs of RDX" (A) and HMX" (A) show
main electron distribution on a p orbital component of an N atom forming a ¢~
bond, but with only a weak interaction to an NO, group. TATB" displays a major
electron distribution on one of the NO, group. These electron distributions further
suggest the relatively lower stability of RDX and HMX  with regard to
dissociation of an NO, group than found for TATB'". These comparisons also
suggest that, since the anions are a component of the overall energy release
mechanisms for RDX, HMX, and TATB, TATB should be more stable with regard
to accidental ignition than either of the two nitramines.

RDX" and HMX" can both dissociate through loss of HNO,, NO,, NCH, groups.
RDX" evidences losing up to two NO, groups and one NCH, moiety, and HMX"
can fragment losing up to three NO, groups and two NCH, moieties, as shown in
Figure 18. Note that (RDX — H — NO,) and (HMX — H — (NO;), — NCH,) have
the same mass. They share similar major PES features with high EBE that can be
assigned to nearly identical structures (isomer (RDX — H — NO,) (A) and isomer
(HMX — H — (NO;), — NCH,) (A)) with only a small orientation difference of a
weakly bound NO, group. Similarly, (RDX — H — (NO,),)” and (HMX — H —
(NO,); — NCH;) have the same mass and their corresponding two PES peaks have
nearly the same positions, which can be contributed by two distinct isomers. These
two observed isomers of (RDX — H — (NO,),)” are nearly identical to those of
(HMX — H — (NO,); — NCH,)". (RDX — NCH; — (NO,),) and (HMX — (NO,); —
(NCH,),) also have the same mass and similar PES features with similar isomers
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present. These similarities between fragment ions of RDX™ and HMX' illustrates
that HM X and RDX should undergo similar dissociation reaction pathways.

VII CONCLUSIONS

Nitramine highly energetic molecules, RDX and HMX, are generated through the
MALDI method and their negative ions are subsequently characterized employing
anion photoelectron spectroscopic experiments. The PES data are analyzed through
DFT calculations of their anion structures and VDEs. The isolated dissociation
anions (RDX — H - NO,)’, (RDX — H— (NO,),)’, (RDX — NCH,; — (NO,),), (HMX
-NO,), (HMX — H - (NO,),), (HMX — H — (NO;), — NCH,), (HMX — H — (NO,);
— NCH,), and (HMX — (NO,); — (NCH,),) are observed through RTOFMS and
their corresponding photoelectron spectra are recorded. Their VDEs are
experimentally determined. Based on the excellent agreements between
experimental VDEs and theoretical VDEs, the anionic structures are definitively
assigned.

The parent anions RDX" and HM X" are not detected in the TOFMS or PES spectra.
Their electron binding energies and anionic structures can be assigned based on the
tested, accurate calculational algorithm. Both RDX™ and HMX" parent anions have
their lowest energy structures with one NO, group weakly bound. This further
explains why parent anions are not accessible in RTOFMS: parent anions can
dissociate easily by losing NO,/HNO, followed by secondary dissociations and
fragmentations. The anionic electronic structures of RDX and HMX have a
significant and important effect on their decomposition reactions mechanisms; the
missing parent anions further emphasize the active nature of negatively charged
RDX and HMX. These anions can decompose readily and rapidly, as has been
previously determined for the neutral, electronically excited and other anionic EM
molecules.

Anions (RDX — H - NO,), (RDX - H - (NO»),), and (RDX — NCH, — (NO,),) are
the characteristic dissociated fragments of RDX upon capturing an extra electron.
(RDX — H — NO;)" mainly exhibits a ring structure with one NO, group weakly
bound. Both open and closed ring structures are assigned to contribute to the
experimental photoelectron spectra for (RDX — H — (NO,),). (RDX — NCH, —
(NO,),)" shows open ring structures with one NO, group. The structural change
gives insight into the dissociation, energy release process for RDX: RDX anion can
lose an HNO, group first, followed by losing another NO, group and an NCH,
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moiety. Fragmentation anion (RDX — H — NO,) is observed from the
RTOFMS/PES but not (RDX — NO,)". This observation suggests that (RDX — H —
NO,) is more energetically favorable than (RDX — NO,) during the fragmentation
process.

Anions (HMX -NO,), (HMX — H — (NO,),), (HMX — H — (NO,), — NCH,),
(HMX — H — (NO,); — NCH,), and (HMX — (NO,); — (NCH,),) are identified as
the dissociation pattern of HMX with an extra electron. Only open ring structures
are identified to contribute to the PES spectrum of (HMX — H — (NO,),). (HMX —
H — (NO,), — NCH,), (HMX — H — (NO,); — NCH,), and (HMX — (NO,); —
(NCH,),)" show nearly the same structure as comparable anions for RDX related
anionic species. These structural similarities indicate that HMX can access the
same decomposition structures as does RDX during dissociation processes: the
decomposition scheme for HMX is similar to that of RDX.

The mass units of (RDX — H — NO,), (RDX — H — (NO,),)’, and (RDX — NCH, —
(NO,),)" are the same as those of (HMX — H — (NO;), — NCH,), (HMX — H —
(NO,); — NCH,;), and (HMX - (NO,;); — (NCH,),), respectively. These
dissociation anions with the same masses share nearly identical photoelectron
spectra and geometrical structures. These explicit results emphasize the structural
and dissociation mechanism similarities between RDX and HMX anions. NO, and
NCH, moieties are the major loss units from the respective anions.

The significant instability of RDX and HMX with an excess electron, as well as
identification of their dissociation ions, further reinforces their highly reactive and
explosive nature. All of these species can release their stored energy through anion
and subsequent dissociation anions. Both these anionic and neutral excited states
species can be highly involved in the release of stored energy from RDX and HMX
molecules and from energetics in general.

The TATB parent anionic species is observed in our RTOFMS/PES system. This
difference from the situation for RDX and HMX, further demonstrates TATB’s
higher thermal stability than that of RDX and HMX.

Supplementary Material

See supplementary material for the discussion of contamination possibility of RDX
and HMX samples.
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Figure 1 Schematic structures of RDX (left) and HMX (right).
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Figure 2 Mass spectrum of RDX sample (RDX/DCM) sprayed on a Zn surface.
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Figure 3 Mass spectrum of HMX sample (HMX/DCM) sprayed on a Zn surface.
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Figure 4 Photoelectron spectra of (RDX — H — NO,) recorded with 266 nm photons. Sample for MALDI
is RDX/DCM spayed on a Zn surface.

T T T T T T T T
0 1 2 3 4

Electron binding energy (eV))

Figure 5 Photoelectron spectra of (RDX — H — (NO;),)” recorded with 266 nm photons. Sample for
MALDI is RDX/DCM spayed on a Zn surface.
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25 Figure 6 Photoelectron spectra of (RDX — NCH, — (NO»),)” recorded with 266 nm photons. Sample for
26 MALDI is RDX/DCM spayed on a Zn surface.
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51 Figure 7 Photoelectron spectra of (HMX —NO,) recorded with 266 nm photons. Sample for MALDI is
52 HMX/DCM spayed on a Zn surface.
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Figure 8 Photoelectron spectra of (HMX — H — (NO,),)” recorded with 266 nm photons. Sample for
MALDI is HMX/DCM spayed on a Zn surface.
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Figure 9 Photoelectron spectra of (HMX — H — (NO,), — NCH,) recorded with 266 nm photons. Sample
for MALDI is HMX/DCM spayed on a Zn surface.
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24 Figure 10 Photoelectron spectra of (HMX — H — (NO;); — NCH,) recorded with 266 nm photons. Sample
25 for MALDI is HMX/DCM spayed on a Zn surface.
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49 Figure 11 Photoelectron spectra of (HMX — (NO,); — (NCH,;),) recorded with 266 nm photons. Sample
for MALDI is HMX/DCM spayed on a Zn surface.
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Figure 12 Photoelectron spectra of TATB™ recorded with 266 nm photons with sample (TATB/DCM)
spayed on a Zn surface (left) and optimized geometry of TATB™ based on B3LYP/6-311++G(d,p)
calculations (right). The calculated VDE is indicated.
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Figure 13 Optimized geometries of the typical low lying anionic isomers of RDX and HMX  based on
B3LYP/6-311++G(d,p) calculations. Relative energies are indicated.

LouuuuvuuuuubdbbdsDdDBDDBDMDMDADDAEDDNWWWWWWWWWW
oNOOUL D WN—_ODVOVONOOCULLdMWN—_OOVONOUVULIA, WN =0

25

w
O

ACS Paragon Plus Environment

(o))
o



oNOYTULT D WN =

The Journal of Physical Chemistry Page 26 of 32

(I)
%90
d I/’
0 9°
(RDX — H = NO,) (A) 0.00 eV (RDX — H—NO,) (B) 1.46 eV

(IT)

(RDX — H — (NO,),)" (A) 0.00 eV (RDX — H — (NO,),)" (B) 0.21 eV

(I11)
- N

' 9 r,
J 9
(RDX — NCH, — (NO,),) (A) 0.00 eV (RDX — NCH, — (NO,),)" (B) 0.04 eV

Figure 14 Optimized geometries of the typical low lying anionic isomers of (I) (RDX — H — NO,)", (I)
(RDX — H — (NO»),)’, and (III) (RDX — NCH, — (NO,),)" based on B3LYP/6-311++G(d,p) calculations.
Relative energies are indicated.
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30 (HMX- H — (NO,),) (A) 0.00 eV (HMX — H — (NO,),) (B) 0.26 eV

32 Figure 15 Optimized geometries of the typical low lying anionic isomers of (I) (HMX — NO,)", and (II)
33 (HMX — H — (NO,),)" based on B3LYP/6-311++G(d,p) calculations. Relative energies are indicated.
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(I)

%

(HMX — H — (NO,), - NCH,) (A) 0.00 eV (HMX — H — (NO,), - NCH,) (B) 0.53 eV

(IT)

(HMX — H — (NO,), -~ NCH,) (A) 0.00 eV (HMX — H — (NO,), — NCH,) (B) 0.21 eV

(I11)
9 ¥
(HMX — (NO,); — (NCH,),)" (A) 0.00 eV (HMX — (NO,); — (NCH,),)" (B) 0.06 eV

Figure 16 Optimized geometries of the typical low lying anionic isomers of (I) (HMX — H — (NO,), —
NCH,), (I) (HMX — H — (NO,); — NCH,)’, and (III) (HMX — (NO,); — (NCH,),)” based on B3LYP/6-
311++G(d,p) calculations. Relative energies are indicated.
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23 Figure 17 NBO/HOMOs (highest occupied molecular orbitals) of anionic parent species of RDX", HMX’,
24 and TATB’ from an NBO analysis based on B3LYP/6-311++G(d,p) DFT calculations.
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Figure 18 The dissociation pathways of RDX and HMX anions.
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1

2

3 Table 1 Relative energies (AE) of the low energy isomers of RDX', and HMX related species, and
4 comparison of their calculated VDEs based on a B3LYP/6-311++G(d,p) algorithm. Experimental
Z measurements are at the right hand column. All energies are in eV.

; B3LYP/6-311++G(d,p) | Exp. VDE
9 AE Theo. VDE

10 . RDX (A) 0.00 4.38 —
11 RDX RDX  (B) 0.51 1.77

12 ) (RDX —H -NO,) (A) 0.00 4.51 >4.4
13 (RDX —H-NO,) (RDX — H-NO,) (B) 1.46 2.56

14 (RDX - H-— (RDX — H— (NO,),) (A) 0.00 427 4.15
12 (NO,),) (RDX — H— (NO,),) (B) 0.21 2.97 2.97
17 (RDX —NCH, - (RDX — NCH, — (NO,),) (A) 0.00 3.94 4.10
18 (NO,),) (RDX — NCH, — (NO,),)" (B) 0.04 3.95

19

20 HMX HMX (A) 0.00 2.21 —
21 ] (HMX —NO,) (A) 0.00 4.99

;g (HMX - NO) (HMX — NO,) (B) 0.63 3.93 ~2.84
>4 (HMX -H - (HMX — H — (NO»),) (A) 0.00 4.93

25 (NOy),) (HMX — H — (NO,),) (B) 0.26 3.90 > 3.5
26 (HMX —H - (NO;), | (HMX —H - (NO,), —NCH,) (A) 0.00 4.22 3.99
27 — NCH,) (HMX — H — (NO,), — NCH,) (B) 0.53 4.34

28 (HMX —H - (NO,); | (HMX —H - (NO,); - NCH,) (A) 0.00 4.27 4.20
29 — NCH,) (HMX — H — (NO,); — NCH,) (B) 0.21 2.98 2.97
;‘1’ (HMX — (NOy); — | (HMX — (NO,); — (NCH,),) (A) 0.00 381 4.17
3 (NCH,),) (HMX — (NO,); — (NCH,),) (B) 0.06 3.82
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