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New methods that are suitable for the rapid screening of energetic
material (EM) impact sensitivity are needed for the high-throughput
discovery of EMs. We here demonstrate a proof-of-concept experi-
mental vibrational spectroscopy (inelastic neutron scattering
spectroscopy and low-frequency THz-Raman spectroscopy) study
that has promise in this regard. Specifically, we show that a
modified version of the vibrational up-pumping model can be
applied to experimental vibrational spectroscopy data, to provide
a screening tool to rank the impact sensitivities of EMs. We demon-
strate the potential of this method on a preliminary set of EMs — CL-
20, HMX, FOX-7, NTO, and TATB — with our findings indicating that
portable spectroscopic probes could become suitable for the con-
tactless and non-destructive evaluation of miligram quantities of
EMs, expediting the design and discovery of new EMs. We expect
such analyses could become useful for ensuring novel EMs are safe
to handle before performing larger scale sensitivity tests.

Introduction

Energetic materials (EMs; explosives, propellants, pyrotechnics
and gas generators) are characterised by their ability to rapidly
release energy in response to external stimuli such as mechan-
ical impact. This behaviour makes EMs essential in many
technologies, from mining and demolition through to defence
applications. With growing pressure to improve the safety and
reduce the environmental impact of EMs, there are consider-
able efforts being devoted to the design of new EMs. Unfortu-
nately, there is limited understanding of how to target critical
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EM properties, most notably their sensitivity to initiation by
mechanical impact. Correspondingly, new EMs must be synthe-
sised in gram-scale quantities without prior knowledge of their
sensitivity, and then tested. Not only does this approach delay
progress of EM technologies, but it poses significant risk to the
safety of those involved in the development and handling
of EMs.

To expedite EM discovery, and mitigate the associated risk
to safety, the community has sought methods to predict the
impact sensitivity of EMs, with the aim of evaluating EMs
in silico. A common approach has been to fit empirical equa-
tions to large datasets of EM properties (including via machine
learning),"® targeting parametric correlations with impact
sensitivity. These methods are particularly well suited to screen
large datasets very quickly and provide powerful routes for
screening purposes. However, as these models are not based
on a physical model of reactivity, their use to identify the
chemical origins for EM sensitivity - and hence guide the
design of new EMs - is limited.

In this regard, another strand of research has focused on
developing mechanistic models for EM sensitivity, often through
linking reactivity indicators (bond dissociation energies,” charge
density distribution,? etc.) against sensitivity, usually based on
properties of isolated molecules. Whilst useful for linking reac-
tivity to molecular features, these methods are unable to
describe why different crystal forms of an EM (polymorphs® and
cocrystals'®) often exhibit different impact sensitivity. Capturing
this behaviour requires a more complete picture of impact
sensitivity that accounts for behaviour in the solid state.

A promising effort in this direction is based on the concept
of phonon energy transfer,""* wherein the mechanical energy
from an impact or shock couples to low-frequency phonons of a
crystal, and scatters (up-pumps) into higher frequency pho-
nons. Once the energy localises in molecular degrees of free-
dom, it distorts the molecule and causes bond dissociation.***”
This is the initiation step of the explosive reaction. Using this
concept, both our group'®'” and others'®'® have shown that
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here. Molecules include CL-20 (hexanitrohexaazaisowurtzitane), HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine), FOX-7 (diamino-

Scheme 1 Molecular

dinitro-ethene), NTO (nitrotriazolone), and TATB (triamino-trinitro-
benzene). Atoms are coloured as: oxygen (red), nitrogen (blue), carbon
(grey), hydrogen (white).

phonon energy transfer rates based on ab initio phonon frequen-
cies offer predictive capability to assess EM impact sensitivity.
Moreover, with this up-pumping model we can predict, and
therefore rank, the relative impact sensitivities of different EM
crystal structures, including polymorphs®>*! and cocrystals.””

The foundation of this predictive model is the input of a set
of simulated phonon frequencies. However, one might expect
that phonon frequencies obtained by any appropriate technique
could be suitable for this model, for example from vibrational
spectroscopy.'" If true, a combination of our phonon up-pumping
model with readily measurable experimental vibrational spectra
could offer a new non-destructive, small-scale, and rapid tool to
screen EM sensitivity. Crucially, as this approach would rely on
having only enough material to record a vibrational spectrum, it
could facilitate the high-throughput experimental design of new
EMs. Simultaneously, this method would also make EM testing
significantly safer, as it would provide a route to screen EM
sensitivity prior to the need to synthesise larger quantities (typically
multiple grams) for drop-weight impact-sensitivity testing.

To explore this possibility, herein we investigate whether
experimental vibrational spectra can be used for sensitivity
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predictions using a small, proof-of-concept family of EMs
including &-CL-20, B-HMX, o-FOX-7, o-NTO, and TATB,
Scheme 1. These EMs exhibit a wide range of structure types
and impact sensitivities (from literature: &-CL-20, ca. 2 J;
B-HMX, ca. 10 J; o-FOX-7, ca. 30 J; «-NTO, > 50 J; and TATB,
> 120 ]),”**>** providing a range of responses against which to
evaluate a successful proof-of-concept study.

Our study makes use of inelastic neutron scattering spectro-
scopy (INS), as available at the ISIS Neutron and Muon facility,
and a lab-based portable low frequency Raman spectrometer
which enables the measurement of frequencies in the THz
range. THz frequency spectroscopies are important tools for
material diagnostics,>® where they have been demonstrated to
successfully identify the structure and content of materials. For
example THz frequency spectroscopy has been used to assess the
water content in biological materials,*® to characterise the
composition of minerals,”” and to monitor transformations
between solid forms (i.e., polymorphs).>®*** Recently, the EM
community has also recognised THz frequency spectroscopies as
potential tools for the detection and identification of EMs.>%!
Our study therefore adds a new dimension to the range of
opportunities enabled by this low frequency vibrational spectro-
scopy for the study of materials and, specifically, EMs.

Background theory

A full description of the up-pumping theory can be found
elsewhere,'®*? and only a brief summary is given here.

The vibrational up-pumping model describes the redistribu-
tion of vibrational (kinetic) energy according to,

T oC |V(3)|(3(w3 — Wy, — »4) (1)

where |1¥)] is the strength of scattering between a set of three
phonon modes w;, w,, and w,;, which conserve energy as
imposed by the Dirac delta function. Momentum conservation
is taken as implicit.
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Fig. 1 Inelastic neutron scattering (INS) spectra as a screening tool for EM impact sensitivity prediction based on the up-pumping model (see S|, S3 for a

worked example). Shown for (a) e-CL-20 and (b) TATB, the (top image) background-subtracted INS spectra measured for polycrystalline samples,
(bottom image) the pseudo phonon density of states g’ (w) generated from the INS data (black), alongside the two-phonon density of states (blue, p*®) and
its projection onto g'(w) (shaded areas). (c) The up-pumping metric obtained from the integration of p@ projected onto g'(w). Note that experimental

sensitivity follows as e-CL-20 > B-HMX > a-FOX-7 > a-NTO > TATB.
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To bypass the extreme computational costs associated with
the calculation of |V*)|, models have traditionally adopted the
average anharmonic approximation,*® which enables the order-
of-magnitude of |V{*)] to be approximated based on the type of
vibrational modes involved. The larger the number of external
vibrational modes (usually characterised by » < 200 cm ™" with
the upper bound defined as Q,,.x) involved in the scattering
process, the stronger the scattering strength. This approxi-
mation leads to the set-up of a three-step up-pumping model:
(1) excitation and equilibration of energy across the external
vibrational modes with @ < Qp,4,; (2) the transfer of energy into
vibrations with intermediate frequencies of Q.x < © < 2Qax;
and (3) the final transfer and localisation of energy into high
frequency molecular vibrations (with frequency up to 3Q.y)-
Once energy has been transferred through these three steps, we
take the integral of the up-pumped energy that is resonant with
the fundamental frequencies of the EM as an indication for the
impact sensitivity. It follows from the above discussion that
sensitivity prediction based on the phonon up-pumping model
only requires a set of vibrational frequencies as input.

Results and discussion

Within the framework of the phonon up-pumping model, there
are two major challenges with using experimentally-derived
data: (1) the model requires low-frequency vibrational data,
which are typically inaccessible, and (2) many vibrational bands
are not observed because of restrictions imposed by the rele-
vant quantum mechanical selection rules.

An immediate route to overcoming both challenges is to
obtain inelastic neutron scattering (INS) spectra, which we have
measured for all our model EMs (see Fig. 1(a), (b) and SI, S3).
Immediate inspection of the INS spectra does suggest a qualitative
correlation between the spectra and impact sensitivity. The more
sensitive compounds (e-CL-20 and B-HMX) have markedly denser
INS spectra as compared with the less sensitive materials (NTO
and TATB). Importantly, the intensities of INS spectra are propor-
tional to the (neutron scattering strength-weighted) phonon den-
sity of states. Moreover, the neutron scattering strength of a given
EM is proportional to the relative proportions of C, H, N, O atoms
that it contains. As this proportion is approximately the same for
each of the EMs in Scheme 1 (e.g. hydrogen content: CL-20 17%,
HMX 28%, FOX-7 28%, NTO 18% and TATB 25%), we make the
crude approximation that the neutron scattering weighting is also
roughly equivalent for this set of materials. With this approxi-
mation, we can use the INS spectra as inputs for the phonon
density of states g(w)) within our up-pumping model.

To perform up-pumping calculations using experimental
INS spectra (see worked example in SI, S3), all data were first
background subtracted, and the two-phonon density of states
were generated,

o = [3(03 (01 + oaglonglondodo; @)
The curve of p® is indicative of the amount of energy that

is transferred through three-phonon scattering processes
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(i.e. first-order anharmonicity) into higher frequency phonon
modes. However, the EMs can only absorb up-pumped energy
that is resonant with existing vibrational states, which we
approximate by projecting the p® (normalized to unity) onto
g(w). When using the INS spectra as the input data for g(w),
however, it proved numerically challenging to avoid projection
onto the residual background features of the spectra.

To overcome this issue, we generated a pseudo density of
states g’(w) by convoluting a Gaussian function (width 5 cm™*)
with the Dirac delta functions centred on each identified peak,
onto which p® was projected (see Fig. 1(a) and (b) and SI, S3).
Peak identification was automated using SciPy’s wavelet trans-
form algorithm and the outputs were manually verified to ensure
all spectra peaks were identified.** Computed vibrational fre-
quencies derived from density functional theory (see SI, S2) were
also used as a guide, when required, to differentiate between
weak bands and background noise. We note that only the
spectral coverage of g’(w) is important, not its intensity, as this
determines the amount of p® being absorbed.

The final metric of impact sensitivity was obtained by
integrating the projection of p® across the region Qpax—32max,
normalized by the integration range. Q,,.x denotes the highest
frequency lattice vibration, and integration to 3€;,.x accounts
for all allowed 3-phonon scattering processes (see details in
ref. 16). For the INS data, we selected Q.. values to be
consistent with our calculated values (see details in ref. 16),
adjusted for shifts observed in the experimental data: e-CL20
(195 em™), B-HMX (200 cm™ '), a-FOX7 (185 cm™'), a-NTO
(200 em™"), and TATB (150 cm ™).

Performing this up-pumping procedure for all the INS
datasets leads to a clear trend in EM sensitivity, Fig. 1(c). For
the most sensitive EMs &-CL-20 and B-HMX, most of the up-
pumped density is resonant with the material’s fundamental
frequencies, indicating effective vibrational energy transfer and
high sensitivity to mechanical impact. In contrast, for the
lowest sensitivity materials «-NTO and TATB, very little of the
up-pumped energy is resonant with the fundamental frequen-
cies, indicating the opposite. Though the variation in sensitivity
response obtained from the up-pumping model based on INS
data is not as stark as that based on DFT calculated
frequencies'® (presumably because of the additional approxi-
mations made in the former), analysis based on INS data clearly
provides a facile basis for differentiating between sensitive and
insensitive materials.

Our ability to evaluate the relative impact sensitivities of the
model EMs using INS spectroscopy is reassuring. However,
access to this method requires large-scale specialised facilities
and >1 g of material. INS is by no means suited for on-site
laboratory screening and does not alleviate the safety hazard
associated with novel EM development. For this reason we next
turned our attention to an emerging laboratory probe, the THz-
Raman spectrometer,*® which uses new notch filter technology
to provide access to low-frequency Raman shifts within
~5 c¢cm™ ' of the excitation wavelength. While THz-Raman
spectroscopy does give access to the low-frequency region
required to solve the first challenge posed above, it is a Raman

This journal is © the Owner Societies 2025
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Fig. 2 THz-Raman spectra as a screening tool for EM impact sensitivity using the up-pumping model (see Sl, S4 for a worked example). (a) and (b) For CL-
20 and TATB, the (top) background subtracted THz-Raman spectra measured on powder samples, (bottom) the pseudo density of states g’(w) generated
from THz-Raman spectra (black), alongside the two-phonon density of states (blue, p'?) and its projection onto g'(w) (shaded). (c) The up-pumping metric
obtained from the integration of p@ projected onto g’(w). Note experimental sensitivity follows as e-CL-20> B-HMX > o-FOX-7 > a-NTO > TATB.

scattering technique and is thus restricted to measuring
Raman-active bands. We were therefore uncertain if sufficient
vibrational bands could be measured in each EM for the
vibrational up-pumping model to operate correctly.

To explore the suitability of experimental THz-Raman spec-
tra as a screening tool for IS prediction, we collected room-
temperature spectra on polycrystalline samples of our model
EMs (see Fig. 2 and SI, S4 for worked example). As expected, all
the spectra comprise somewhat fewer vibrational bands as
compared with the INS spectra. We note also that, unlike our
INS spectra, the intensity of the THz-Raman data is not
proportional to the density of states, and therefore require
some modification to our phonon up-pumping model.

Our method for processing the experimental THz-Raman
data follows the same procedure as for the INS data, except that

1
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Fig. 3 The DFT simulated phonon density of states, g(w)), for (top) CL-20
and (bottom) TATB. Simulations were performed at PBE-D3 (black) and
PBE-D4 (blue) levels of theory. The g(w)) were additionally calculated
(shaded area) using only the Raman-active vibrational bands. In all cases
glw) were prepared using a Gaussian broadening of £5 cm™ A full set of
simulated data are given in SI, S2.

This journal is © the Owner Societies 2025

the initial g{w) are replaced by g'(), i.e. p® is first generated using
2'(w), and is subsequently projected back onto g'(w) to calculate
the total amount of transferred energy. The procedure is given in
full in SI, S4 and examples are shown in Fig. 2 for the most
sensitive (e-CL-20) and least sensitive (TATB) compounds in our
study. We note that the choice of peak width when generating
2'(w), which we set to 5 cm™" for all peaks throughout the data
sets for all molecules, will have particular influence on the up-
pumping metric calculated in this way, as it is influences both the
shape of p® and its subsequent projection onto g'(w). Our
analysis, SI, S4, shows that, while numerical values do alter
depending on our choice of peak width, with the exception of
unphysically small Gaussian broadening, the relative ordering of
our sensitivity predictions is invariant to the choice of peak width.

By following this procedure, and subsequently integrating
the projection of p® onto g’(w) we obtain a normalised quanti-
fication for the amount of p® that is effectively absorbed by the
EM, thereby resulting in chemical initiation. Note that the final
integration is performed over the up-pumping window of Q,,ax
to 3Q,ax, With values of Q... for the THz-Raman data: e-CL20
(200 ecm ™), B-HMX (200 cm %), a-FOX7 (185 cm™ '), o-NTO
(215 em™ "), and TATB (140 cm ™).

When this procedure is performed for each of the model
systems, we observe a strong, albeit qualitative, trend between the
up-pumped density and the experimental impact sensitivity, as
shown in Fig. 2(c). As observed for the INS data, the proportion
of up-pumped energy absorbed by the sensitive materials
(eCL-20 and B-HMX) is significantly higher than for the low-
sensitivity materials («-NTO and TATB). Our findings suggest that,
although it may not currently be possible to use spectroscopic data
to differentiate decisively between materials of similar impact
sensitivity, it should be possible to distinguish materials of notably
different sensitivity. This THz-Raman approach is particularly
useful as a method for the rapid evaluation of impact sensitivity
using only very small quantities (mg) of a novel material, thereby
informing the precautions that must be taken for its safe handling.
It is also non-destructive, in contrast with the current methods to
deduce impact initiation, such as the BAM fall hammer test.

Although initially one might expect that the loss of Raman-
inactive bands in the THz-Raman spectrum would make it
impossible to perform up-pumping calculations, this clearly
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is not the case. We can understand this by considering DFT-
simulated vibrational spectra for the selected compounds,
Fig. 3 and SI, S2. Through mode-symmetry analysis of the
calculated eigenvectors, the phonon density of states can be
recast to omit the Raman-inactive bands. The comparison
shows that for the EMs studied here there is very little differ-
ence in the overall structure of the phonon density of states,
affecting only the absolute intensity of the density of states with
little alteration of the coverage of frequency space. In turn this
means that, by omitting the Raman-inactive bands, we do not
significantly change the ability of the density of states to absorb
energy from up-pumping (i.e. the projection of p® onto g(w)).

Conclusions

Using a small proof-of-concept set of EMs we demonstrate that,
with minor modifications, it is possible to perform a phonon up-
pumping calculation using as input either the high-resolution data
obtained from INS spectroscopy or low-frequency data obtained
from THz-Raman spectroscopy. For both data sets, our model
provides a qualitative trend consistent with the experimental
impact sensitivities of a set of EMs. Given that some of the
pioneering work on vibrational up-pumping in the 1990s sought
to use experimentally derived data as input,''*® but were restricted
by low quality instrumental resolution at the time, it is gratifying to
see how advances in both spectroscopic measurements and the
theoretical framework of the up-pumping model are beginning to
make this early hypothesis a reality.

Whilst we have only been able to test our spectroscopy-based
up-pumping model on a small set of EMs, our results suggest
that an up-pumping approach, combined with experimental
spectroscopic data, may provide a non-destructive, facile route
for the rapid evaluation of impact sensitivity of small-scale (mg)
samples of novel EMs that can differentiate between highly
sensitive and insensitive compounds. With further develop-
ments of our up-pumping model theory, we plan to extend
our test set to a broader range of EMs, including multi-
component materials, in follow up investigations.

Although such a spectroscopic method will not replace more
accurate and well-established drop-weight impact testing, we
propose that lab-based THz-Raman spectroscopy could become
an important diagnostic technique to evaluate sensitivity,
thereby informing the safety precautions required for subse-
quent scale up of synthetic procedures. Such an approach is
likely to expedite the design and discovery of new EMs.
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Raw INS data are available from the data repository of the
ISIS Neutron and Muon Facility (https://data.isis.stfc.ac.uk/
datagateway).
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