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Deciphering decomposition pathways of

high-explosives with cryogenic X-
spectroscopy

ray Raman

Oscar A. Paredes Mellone®, Michael Nielsen®, Jeffrey Babicz®, John Vinson®, Trevor WiIIeyb’I, and Dimosthenis Sokaras®2

We employed cryogenic X-ray Raman spectroscopy to investigate the early-stage decomposi-
tion of the high explosive molecule hexanitrohexaazaisowurtzitane (CL-20). By systematically
varying the radiation dose under cryogenic conditions, we induced the decomposition of
the molecule using ionizing radiation and observed the evolution of spectral features at
the carbon, nitrogen, and oxygen K edges. Through extensive first-principles calculations,
we identified key intermediates in the early stages of the decomposition process, resulting
from C-C and C-N bond cleavage which leads to the opening of the internal cage structure.
A detailed analysis of spectral trends and fingerprints provided new evidence supporting
N-NO> homolytic cleavage as the primary initial decomposition pathway. The combination
of advanced core-level spectroscopy methods and state-of-the-art theoretical calculations
enabled a comprehensive characterization of the molecular changes induced by controlled
radiation dose exposures. Our findings establish a new benchmark for understanding the
decomposition chemistry of high-explosive materials, offering important insights into their
stability and reactivity under extreme conditions.
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Introduction

High explosive materials release energy at an extremely rapid rate upon detonation.
Gaining a fundamental scientific understanding of the chemical kinetics driving these
reactions is crucial for the targeted design of new explosives that offer enhanced
safety and performance. However, probing the rapid chemical processes that
occur during detonation, especially within the bulk of solid molecular materials,
poses significant experimental challenges. For dynamic detonation environments,
theoretical and computational studies have outpaced experimental efforts, owing
to the complexity of capturing real-time chemical transformations under such
extreme conditions. (1-10). The formation of nitrogen-rich heterocyclic clusters has
been claimed to inhibit reactivity towards final decomposition products on highly
insensitive explosive triamino trinitrobenzene (TATB) (4), while for heat-resistant
hexanitrostilbene (HNS), C-NO2 bond dissociation and nitro-nitrite isomerization
have been proposed as initial decomposition pathways (7). For caged nitro and
nitro-amino compounds, one of the most accepted initial decomposition channels is
the radical decomposition of C-NO2 or N-NOs over their molecular counterparts
(1,2,9).

The decomposition of hexanitrohexaazaisowurtzitane (CL-20), one of the most
powerful explosives ever manufactured, has garnered significant attention over
the past decades in the academic community (1, 2, 9, 11-14). Most theoretical
studies agree that the initial decomposition step involves homolytic cleavage of
N-N bonds, leading to the formation of NO2 groups and the subsequent collapse of
the molecular cage structure (1, 2, 9, 11). However, more recent studies have
proposed alternative mechanisms for the initial decomposition steps, such as
fragment elimination (13) or polymerization of N-O bonds (12). Previous work on
the excited electronic dissociation of nitramines also suggests the NO molecule as
the primary product, with decomposition proceeding by nitro-nitrite isomerization
after internal conversion (15). Despite these substantial advances, experimental
efforts have focused on the final decomposition products, leaving the intermediate
structures formed during detonation or decomposition largely unexamined and not
directly interrogated (13-15).

Although other methods have been used to investigate
condensates during detonation (16-18), few techniques are
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available to directly measure the chemical changes that occur
within the bulk of high explosives, particularly at the required
timescales. Investigating decomposition mechanisms provides
crucial insight into the most favorable and likely chemical
pathways, offering vital experimental validation for various
theoretical models. This work focuses on experimentally
measuring photo-induced quasistatic decomposition interme-
diates, with an eye toward how these methodologies could
be adapted to capture the rapid and dynamic chemical
changes that occur during detonation upon time-resolved
experiments. Core-level spectroscopies are powerful tools for
addressing such fundamental questions, providing element-
specific information with high sensitivity to the atomic
environment by probing the local electronic structure of
excited atoms. However, in synchrotron-based experiments,
special care is required, as sensitive molecular systems such
as high explosives are prone to radiation damage from the
intense X-ray beam (19-21). At the same time, this sensitivity
offers an opportunity to explore X-ray-induced decomposition
mechanisms, particularly when radiation exposure is carefully
controlled. For example, in biological systems, radiation
damage from soft X-rays has been extensively studied (22—
25). By studying the evolution of spectral features with
increasing radiation dose and density functional theory
(DFT) calculations, a detailed mechanism for photo-induced
molecular fragmentation was proposed (24).

Soft X-ray spectroscopies face significant limitations in
investigating the decomposition mechanisms of high explo-
sives. Many decomposition products (i.e. N2, CO2), certain
intermediates, and even some high explosives themselves are
incompatible with the ultra-high vacuum conditions required
for these techniques due to their high vapor pressures. In
addition, much of the relevant decomposition chemistry
occurs beneath the surface of the material. Soft X-ray
absorption is typically limited to transmission measurements
through ultra-thin samples or fluorescence measurements
within =1 pm of the surface. More commonly, soft X-ray
spectroscopy is defined by surface sensitive measurements
that rely on measurement modalities beyond the primary
excitation, involving charge emission where detection is
limited to atoms excited within only a few nm of the sample
surface. This is especially critical for techniques that will
ultimately need to operate under detonation conditions,
where reactions of interest take place very rapidly at high
temperature and pressure, deep below the material’s free
surface.

An alternative technique, core-electron excitation by
inelastic X-ray scattering, also known as X-ray Raman
scattering (XRS), is a photon-in/photon-out method that
enables the study of low-Z elements using hard X-rays
(26, 27). XRS offers bulk sensitivity and eliminates the
inherent constraints of soft X-ray techniques related to
sample environment limitations. In a previous study from
our group, we developed a methodology for probing the
electronic structure of high explosives using XRS (21). We
demonstrated that by performing measurements at cryogenic
temperatures and reducing the acquisition time of energy-loss
scans, the effects of radiation damage on explosives could be
largely mitigated. In this work, we advance this approach by
conducting a detailed investigation into the early molecular de-
composition, systematically increasing the radiation exposure

time, and monitoring the evolution of key spectral fingerprints.
Cryogenic temperatures not only slow the effects of radiation
damage but also largely trap intermediates and products
within the sample. The experimental results are directly
compared with various decomposition mechanisms proposed
in the scientific literature, which differ fundamentally in their
initial decomposition steps. These comparisons are made
through simulations of core-level spectra of intermediate
structures, employing the Bethe-Salpeter equation.

Through the combination of novel experimental techniques
and state-of-the-art ab initio calculations, we have identified
key intermediate molecular states that the pristine system un-
dergoes during decomposition. This identification, achieved
by discerning characteristic spectroscopic fingerprints asso-
ciated with these intermediates, is supported by the strong
agreement between experimental data and first-principles
calculations. These results highlight the potential of XRS for
investigating the decomposition mechanisms of systems like
high explosives, while also underscoring the critical role that
accurate calculations play in the unambiguous interpretation
of experimental results in transient systems.

Results and discussion

To investigate the characteristic spectroscopic fingerprints of
potential intermediate structures formed during decomposi-
tion due to X-ray energy deposition, we employed decompo-
sition models proposed in the literature. We focus on three
distinct mechanisms that differ in their initial decomposition
steps: (a) N-NO2 homolytic cleavage as proposed in Refs.
(1, 14), (b) decomposition from the electronically excited
state through nitro-nitrite isomerization followed by NO
release (15), and (c) molecular fragmentation (13). The
intermediate structures and fragments associated with each
of these mechanisms are presented in Fig. 1.

(a2) ?

nitro-nitrite (b) ;O
isomerization L

Fig. 1. Molecular structure of intermediate candidates and fragments corresponding
to the considered decomposition models (at), (a2), (b) and (c) as indicated along
with the pristine CL-20 molecule. Carbon atoms are brown, nitrogen atoms are gray,
oxygen atoms are red, and hydrogen atoms are white. Figures were made using
VESTA.(28). See the text for details.
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A comprehensive explanation of the decomposition chem-
istry leading to each of these intermediate structures is
provided elsewhere (1, 13-15). Here, we briefly describe some
fundamental aspects of each considered decomposition model
and focus on those structure candidates which are relevant for
rationalizing the experimentally observed spectral changes.
In model (al), as proposed in Ref. (1), the first relatively
stable neutral intermediate INT31 (see Fig. 1 (al)) arises
after multiple processes: a NO2 homolytic cleavage followed
by a C-C ring-opening reaction and another NOgz cleavage
for stabilizing the system. INT44 occurs upon further decom-
position via nitrous acid (HONO) elimination. Furthermore,
we investigated the possibility for the cage-structure to break
down via C-N bond cleavage, also corresponding to NO2
release as the initial decomposition step, as proposed in
Ref. (14) and referred through the manuscript as model
(a2). The corresponding intermediate structure is labeled
INT-A2 (Fig. 1 (a2)). We also considered the possibility
of decomposition from the electronically excited state, as
proposed in Ref. (15), and labeled throughout this work
as model (b). Here, the authors suggest that the excited
system undergoes an internal conversion (see candidate SO in
Fig. 1) via nitro-nitrite isomerization and, subsequently, the
initial decomposition product is NO resulting in intermediate
S1. Finally, in model (c), instead of elimination of NO3 or
HONO, as in conventional high-energy materials, fragment
elimination of the CL-20 molecule into smaller energetic
molecules: one F1 and two C2 (see Fig. 1 (c)) is proposed.
Next, experimental XRS spectra of CL-20 measured at two
different radiation doses will be compared with simulated
XRS spectra of the potential intermediate decomposition
candidates mentioned above. Details on the simulations and
experimental setup are provided in the methods section.

The experimental C K edge XRS spectra for two different
radiation doses are shown in Fig. 2 (i). All experimental
data throughout this study were collected at cryogenic
temperatures T = 10 K. The near-edge of the C K edge
spectrum exhibits two main features, at low-dose (high-dose)
the pre-edge A’ peaks at 286.90 +0.04 eV* (286.84 +0.05 eV)
and the main peak A at 291.73 £0.05 eV (291.9 0.1 eV).
The Methods section provides a detailed description of
the methodology employed to obtain low- and high-dose
deposition spectra. The larger the radiation dose, the larger
the intensity at A’ with a concomitant decrease in the
spectral weight at A. As previously reported (21), these
spectral changes are indications of molecular modifications
induced by the incident beam energy deposition. To interpret
these observations and identify which modifications might be
occurring on the system due to exposure to X-ray radiation,
we performed systematic first-principles calculations of the
XRS spectra, using the ocean code (29), for the different
candidate structures presented in Fig. 1. The corresponding
simulated C K edge XRS spectra are shown in Fig. 2 (ii).
For a direct comparison, we have also included the simulated
spectrum for the pristine molecule within each set. The
pristine system accounts for the main peak observed at A.
This feature arises from transitions to T molecular states of
saturated carbon atoms in the molecular cage (see Fig. 2
(iii)). In model (al), we observe that INT31 gives rise to an

*Uncertainties were determined by error propagation on the zero-crossing of the experimental data
first derivative for the peak maximum.
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additional feature around A’ and, for this intermediate, a
small decrease in the intensity at A is also observed. As the
C-C bond breaks and the cage opens, new p-like states (see
Fig. 2 (iv)) become available on the cleaved carbon sites with
a concomitant decrease in the number of molecular bonding
ni-like states per molecule. INT44 yields similar features as
those of INT31 with slightly more (less) intensity at A’ (A).
Similarly, model (a2) shows a decrease in A as compared
to the pristine system for intermediate INT-A2. Moreover,
for this intermediate a weak feature is also predicted around
A’ but with lower intensity as compared to the experiment.
Hence, though the rupture of C-N bond as suggested in
model (a2) is consistent with experiment, the cage-structure
breakage via C-C bond cleavage, as proposed in model (al),
shows better agreement and captures most of the spectral
features.

As previously mentioned, decomposition from the electron-
ically excited state SO occurs via NO release (15) leading to
intermediate S1. The spectral shape of SO and S1 exhibits
only subtle differences with respect to the pristine molecule
(see Fig. 2 (ii) model (b)). As expected, the nitro-nitrite
isomerization leads to molecular re-arrangements in the N-
NO2 groups without directly affecting the inner cage structure,
leading only to minor changes in the local environment of the
carbon atoms.

For model (c), strong features are predicted around A’
with a marked decrease in intensity around A. Structures C2
and F1 are formed through the cleavage of the top strained
fragment of the pristine molecule. The former results after
fragment detachment from the five-membered rings, while
the latter retains the bottom six-membered ring. Transitions
around A’ predicted for those fragments correspond to p-like
states on non-saturated C sites, with the C-C bond in the six-
member ring resulting in transitions at slightly lower energies
for F1 than the N-C-N bonds in C2. Additional higher energy
transitions for C2 and F1 are predicted to appear at energies
=0.7 eV below the main resonance A.

The nitrogen K edge spectra at two different X-ray
exposures are shown in Fig. 3 (i). At the lowest dose, the
spectra exhibit a strong resonance A at 405.30 % 0.01 eV
and a pre-peak A’ at 401.65 % 0.03 eV. Similarly to the
observations for C K edge spectra, as the radiation dose
increases A’ gains intensity, and feature A loses spectral
weight. Furthermore, we observe a marked shoulder around
404 eV at low-dose and a very weak feature at = 400 eV
which is only appreciable at higher dose. Calculated N K
edge XRS spectra for the candidate structures in the different
decomposition methods along with the simulated pristine
molecular N K edge spectrum are shown in Fig. 3 (ii). By
analyzing in detail the fine structure of the pristine molecule
calculated spectrum, we observe a main resonance which
corresponds well with experimental peak A. However, the
smaller pre-edge like feature appears at energies =1.3 eV
higher than experimentally observed and no marked shoulder
below the main peak is predicted for the pristine system.
This main resonance at A arises from transitions to molecular
orbitals highly localized around the NO2 moieties attached
to the inner cage (see Fig. 3 (iii)). A close examination
of the results obtained for the structure candidates from
model (al) reveals that, after the inner cage opens via
C-C bond cleavage, INT31 and INT44 show a relatively
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Fig. 2. (i) Experimental near-edge C K edge XRS spectra for two radiation doses. A sub-set of the data included in the spectra has been presented in Ref. (21), whereas the
depicted data contain an additional ~50% of acquired data. (ii) ocean calculated C K edge XRS spectra for intermediate candidate structures for models (a1), (a2), (b) and (c)
along with Pristine CL-20, as indicated. Excited-state electron densities for selected transitions at the C K edge in pristine CL-20 (jii) and intermediate INT31 (iv). Dashed circle

surrounds the excited site. See text for details.

smaller intensity at A as compared to the pristine molecule.
Additionally, INT31 exhibits spectral features below the main
edge around =403.5 eV in close correspondence with the
experimentally observed shoulder at low-dose. Furthermore,
a new peak emerges at =400.2 eV. These new features arise
from those nitrogen sites within the five-member rings of
this intermediate as shown in Figs. 3 (iv) and (v), where
the shoulder-like feature is associated with the nitrogen sites
attached to the NOz groups and the low energy peak to the
nitrogen sites involved in the homolytic cleavage. Hence,
they constitute an indirect probe of the C-C bond cleavage
and the consequent inner cage opening consistent with the
analysis of the C K-edge results. Regarding model (a2), INT-
A2 exhibits fair agreement with experiment by capturing
a decrease in intensity at A related to pristine CL-20 and
weak features around A’. Nitro-nitrite isomerization leads to
changes in the NOy moiety attachment to the inner cage of
the molecule. For intermediate SO, interestingly, this yields
an additional feature appearing around A’ (see Figs. 3 (ii)
and (iv)). After NO release, a distinctive peak emerges in S1
at =400.6 eV. It should be noted that, for either SO or S1,
no major changes in the intensity at A as compared to the
pristine molecule are predicted. This observation contrasts
with experiment where an appreciable decrease in intensity at
A occurs upon increasing radiation dose, and such decrease
is correlated with a larger intensity at A’ In consequence,

though nitro-nitrite isomerization and subsequent NO release
predict sharp features around A’, they fail to account for
the decrease in intensity at the main peak. Simulated N K
edge XRS spectra of fragmentation product C2 yield features
around = 2 eV below the main peak which are not clearly
observed in the experiment at these radiations doses. For F1
no marked features around A’ are predicted, the main peak
shift towards higher energies, and its intensity decreases as
compared to the pristine CL-20 molecule.

From the considered decomposition models, the simulated
N K edge spectra for those candidate structures corresponding
to initial decomposition through NO2 homolytic cleavage
yield the best agreement with experimental N K edge for
the considered radiation doses. Particularly, this observation
holds for INT31 and INT-A2 from models (al) and (a2),
respectively. However, the simulated spectra of these
structures do not reproduce the marked feature A’ observed
in the experiment. This specific feature shifts towards lower
energies upon higher radiation dose, as shown in Fig. S1, and
for the highest dose peaks at 401.41 % 0.05 eV. This value is

close to the first resonance of frozen No at 401.31 + 0.01 V.

These observations suggest Ny as a potential product of the
photo-induced decomposition.

Another important remark should be made here. Though
we do see concrete evidence of the inner cage opening induced
by radiation energy deposition across both C and N K
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Fig. 3. Same as Fig. 2 but for N K edge XRS. Arrows indicate noticeable structures associated to the inner-cage opening. Electron densities: (iii) CL-20 main resonance A, (iv)

and (v) transitions appearing after inner-cage opening for INT31. See text for details.
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