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1. INTRODUCTION
Energetic materials (EMs) are compounds with high 
amounts of stored chemical energy and are widely used 
in vehicle airbag inflators, rocket propellants, civil 
constructions and defence applications.1,2 Detonation 
involves a complex combination of chemical, 
mechanical and physical processes. Understanding 
such complex and rapid processes is challenging, but is 
key to the design and safe use of EMs. Estimates of 
chemical kinetics, reaction mechanisms and high-
pressure, temperature, thermodynamic properties are 
crucial to model more realistic detonation events. 
Extrapolations made from data derived from ambient 
conditions are often unreliable, and so in order to 
reduce modelling uncertainties it is essential to 
measure thermodynamic properties of explosives under 
pressure. Moreover, pressure is known to induce 
structural changes (polymorphism) in molecular 
materials, which introduces further uncertainties in 
energetic behaviour. Molecular EMs, including FOX-
7,3 HMX,4,5 RDX,6–8 and TATB9 have all been 
carefully investigated using high-pressure, and many of 
them have shown pressure-induced phase transition 
behaviour. 

This study concerns the effect of pressure on one of 
the most powerful explosives in current use: CL-20, so-
called due to its development at China Lake, USA. It is 
a polycyclic nitramine (2,4,6,8,10,12 
hexanitrohexaaza-isowurtzitane) with six nitro groups 
bonded to an isowurtzitane cage (see Figure 1(a)). First 
synthesised in 1987, the detailed synthetic procedure 
was only published in 1998.10 The inherent strain in the 
isowurtzitane cage, along with the increased density 
(with respect to its monocyclic analogue), and low ratio 
of carbon atoms to nitramine moieties render CL-20 as 
one of the densest (2.04 g/cm3) and most energetically 
explosive (detonation velocity 9500 km/s) compounds 
in current use. To date, a significant amount of 
computational and experimental research has been 
conducted to evaluate the explosive performance,11 
sensitivity12 and thermal properties13–15 of CL-20. In 
general, the high sensitivity of CL-20 makes it unsafe 
for many practical applications in its pure form, 
although its sensitivity has been reported to be reduced 
through the addition of a plasticizer, and the resulting 
composite form has demonstrated success as a rocket 
propellant.16

Considering steric hindrance and the mutual 
repulsion of the nearest oxygen atoms, only eight 
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Figure 1 a) Molecular structure of ε-CL-20 (C6N12H6O12); b) the unit cell of ε-CL-20 (Z=4), intermolecular centroid 
distances (d1-d8) are labelled in order of increasing magnitude.

conformers are found to be stable out of a possible 24 
configurations.13 FTIR spectroscopy and single-crystal 
X-ray diffraction revealed four crystalline phases (the
α-, β-, γ- and ε- forms) at ambient pressure.17 The six
N–NO2 bonds of the CL-20 molecule are quite flexible;
and the six wag angles (δ1- δ6, named with respect to
increasing nitrogen atom numbering, i.e. the angle
between N1-N2 and the C1-N1-N2 plane, etc, see
Figure S1, ESI for more details) are distinct in different
conformers. The four structurally characterized forms
correspond to the three most stable isolated molecule
conformations, as determined by DFT calculations.18

The ε-form (monoclinic, space group P21/n, see Figure
1(b)) is found to be the densest and is the most stable
form under ambient conditions. It is often precipitated
as the final product of the synthesis. The α-form has
been shown to be a hydrate, rather than a true
polymorph of CL-20. This form (orthorhombic, space
group Pbca) along with the β-form (monoclinic, space
group Pb21a) can be obtained by re-crystallization of
the crude product in conc. HNO3 and benzene,
respectively.10 Russell et al  reported that upon heating
to 428-471 K, the -, -, and ε-forms all undergo an
endothermic transition to the  form.17 They also
identified a new high-pressure -form (P21/n) while
compressing the -form above 0.7 GPa which could not
be retrieved at ambient pressure. The structure of the -
form was later determined using a combination of
single crystal X-ray and powder diffraction techniques
by Millar et al.19

Herein, we focus on the stable ambient pressure ε-form
of CL-20. While there have been several reports on the
vibrational spectra of the various polymorphs of CL-
20,20–24 to date there has been no  thorough analysis
offering a complete listing of the fundamental modes.
Characterization of the low energy lattice mode region
has recently been highlighted as being of fundamental
importance in predicting the impact sensitivity

behavior of energetic compounds.25,26 These data can 
be obtained by inelastic neutron scattering (INS) 
measurements and simulated using density functional 
theory (DFT) condensed matter simulations. The 
former provides benchmark data for the latter, which 
then permits full characterization of the experimental 
data, such as assignment of the individual vibrational 
eigenvectors.
A previous experimental compression study on the ε-
form has been performed by Gump et al, who reported 
an absence of any phase transition up to 5.6 GPa at 
ambient temperature.27 The pressure transmitting 
medium (PTM) used in their study was Dow Corning 
Fluid 200 (1cSt, silicone oil), which only remains truly 
hydrostatic up to pressures of ~0.9 GPa, thus 
warranting a re-investigation. A vibrational 
spectroscopy study using helium as a PTM was later 
conducted by Ciezak et al,28 who observed intensity 
changes and discontinuities in the pressure shifts of  
vibrational modes which hinted towards two potential 
pressure-induced phase transitions: the first (proposed 
as ε  ) occurred between 4.1 and 6.4 GPa, and the 
second (proposed as    ) occurred near 18.7 GPa.  
These apparent discrepancies in the high-pressure 
behaviour of CL-20 may arise in part from the different 
experimental techniques and conditions used. The 
literature also appears to report two different pressures 
to access the ζ phase: 0.7 GPa17 by Russell et al starting 
from the γ-phase, and 18.7 GPa by Ciezak et al starting 
from the ε-form. Previously we also conducted a high 
pressure XRD study on polycrystalline ε -CL-20 and 
did not observe any phase transformation up to 7.2 
GPa.29 X-ray powder diffraction studies of organic 
solids are often hindered by the low atomic number of 
their constituent atoms (C, H, N, O). This can be 
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circumvented through the use of neutron diffraction 
techniques, which have become important tools for the 
study of molecular explosives.30 
CL-20 has been extensively studied using various
modelling techniques. Molecular dynamics (MD)
simulations have been used to calculate the lattice
parameters and equations of state for the four
polymorphs of CL-20.31 A more recent MD study,
using a flexible-molecule force field, did not observe
the ε    phase transition.32 Similarly, multiple DFT
studies on crystalline CL-2033–35 have also noted the
absence of a phase transition over low (0–2.7 GPa)33,35

and high (up to 75 GPa)36 pressure ranges. With an
apparent discrepancy between simulation and
experiment (and disagreement between experiments) a
new investigation into the pressure response of this
important energetic material is now warranted.
The objectives of this research effort are therefore to (i)
perform the first inelastic neutron scattering studies on
ε-CL-20, ii) to assign the vibrational (phonon) density
of states using DFT-D simulations, iii) to undertake a
hydrostatic compression study of CL-20 using powder
XRD to check the validity of the pressure induced
transition as observed in the spectroscopic study, iv) to
conduct the first neutron powder diffraction study to
facilitate the calculation of an improved equation of
state (EoS) of ε-CL-20, and v) to rationalize the change
in intermolecular interactions upon application of
pressure using PIXEL calculations.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

2.1 Sample Preparation. Crystalline samples of ε-
CL-20 used for X-ray diffraction and neutron
diffraction studies were kindly provided by Dr.
Bernard Garatay (QinetiQ, Fort Halstead).

2.2. X-ray Powder Diffraction. High-pressure X-
ray powder diffraction (XRPD) experiments were 
conducted on beamline I15 at the Diamond Light 
Source at Harwell Campus, UK. Finely ground 
powders of polycrystalline ε-CL-20 were loaded into 
diamond-anvil cells (DAC) of Merrill Bassett type with 
600 µm diameter culets.37 The samples were contained 
within 250 µm thick tungsten gaskets (pre-indented to 
a thickness of 100–150 µm with a 300 µm hole), along 
with 2-3 µm diameter ruby spheres included for 
pressure measurement.38 A 4:1 methanol:ethanol 
mixture, known to maintain  hydrostaticity up to 10 
GPa,39 was used as the PTM. The X-ray beam was 
collimated to a diameter of 50 µm and samples were 
exposed for 60 s. The distance between the sample and 
detector was optimised in each case to obtain the 
maximum amount of crystallographic information. 
Data were collected on two-dimensional MAR345 
image plates, integrated and reformatted using Fit2D,40 
and then exported to GSAS for Rietveld refinement.41 
This proceeded according to the following strategy: i) 

a background data fit was obtained using a shifted 
Chebyshev polynomial function, ii) a peak shape fit 
was performed using a pseudo-Voigt shape function 
(type 2 in GSAS), iii) initial unit cell parameters were 
obtained from ambient pressure crystal structure10, and 
refined, iv) atomic positions were refined, treating CL-
20 as a rigid body, and finally v) where possible, 
thermal displacement parameters (Uiso) were refined 
though constraining all like atoms. 

2.3 Neutron Powder Diffraction (NPD) High-
pressure time-of-flight (ToF) neutron powder 
diffraction (NPD) experiments were conducted at the 
UK spallation neutron source, ISIS, at the STFC 
Rutherford Appleton Laboratory using the PEARL/ 
HiPr diffractometer.42 Due to the complexity of the 
synthetic procedure, a deuterated sample of ε-CL-20 
could not be obtained, but the small percentage of 
hydrogen in the sample gave rise to only a very low 
incoherent scattering. A lightly ground sample (ca. 100 
mg) of ε-CL-20 was loaded into an encapsulated null-
scattering TiZr gasket, together with a small amount of 
4:1 perdeuterated methanol/ethanol as the PTM and a 
sample of lead as the pressure calibrant.43 The assembly 
was then compressed with a type V3b Paris–Edinburgh 
(P–E) press,44 equipped with standard single toroidal 
zirconia-toughened alumina (ZTA) anvils. Sample 
pressures were calculated from the refined lead lattice 
parameters with an uncertainty of ± 0.05 GPa. Data 
collection times per pressure point ranged between 1 
and 6 hours. ToF NPD data were collected using the 
2 = 90 detector bank with a transverse (through-
anvil) scattering geometry. The resulting summed 
pattern was then normalised with respect to the incident 
beam monitor and the scattering from a standard 
vanadium calibration sample using MANTID.45 Lastly, 
the diffraction pattern intensity scale was corrected for 
the wavelength and scattering-angle dependence of the 
neutron attenuation by the anvil (ZTA) and gasket 
(TiZr) materials. Full-profile Rietveld refinements of 
the ToF NPD patterns were carried out using the GSAS 
package.41 Parameters obtained from instrument 
calibration was not refined. Pseudo-Voigt function is a 
linear combination of Gaussian (σ terms) and 
Lorentzian functions (γ terms) and only two parameters 
σ1 (sig-1), and γ1 (gam-1) were refined. Constraints 
were imposed such that thermal vibration parameters 
are refined collectively for each atom type. Unlike the 
XRPD study now all Uiso values could be successfully 
refined throughout the whole pressure range.

2.4 Inelastic Neutron Scattering. INS spectra (24-
4000 cm-1) were recorded using the TOSCA 
instrument46 at the ISIS Neutron and Muon facility, 
which has an energy resolution of ~1.25%. 
Approximately 2.5 g of polycrystalline ε-CL-20 was 
loaded into an aluminium sample can and cooled to T 
< 20 K in a conventional closed cycle refrigerator. 
Spectra were recorded for 3–6 h. INS data were 
visualised and compared to the simulated spectra of the 
DFT-D calculations using the aCLIMAX program.47
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2.5 Computational methods. Structure 
optimisations (at ambient pressure and under externally 
applied hydrostatic pressure conditions) and 
vibrational frequency calculations were performed 
using density functional theory plus dispersion (DFT-
D) and the plane-wave pseudopotential method as 
implemented in CASTEP version 5.5,48 utilising the 
dispersion correction scheme of Grimme49 coupled to 
the PBE functional.50  On-the-fly (OTF)51 
pseudopotentials and a plane-wave cut-off energy of 
650 eV was used throughout, which ensured 
convergence of both lattice parameters and total 
energies to less than 5 meV per atom. Brillouin zone 
sampling was obtained using an MP52 grid of 2   2  2 
(2 k-points). The structures were relaxed using the 
BFGS method53 to allow both atomic coordinates and 
unit cell vectors to optimise simultaneously while 
constraining space group geometry (convergence 
criteria: maximum change in system energy = 2  10-5 
eV, maximum RMS force = 0.025 eV Å-1, maximum 
RMS stress = 0.01 GPa and maximum RMS 
displacement = 0.002 Å). Following successful 
geometry optimisation of the experimental starting 
structure, external hydrostatic pressures were applied at 
pressures corresponding to experimental data. Phonon 
frequencies (at the gamma point in k-space) for the 
optimised structures were then calculated by finite 
displacement methods.

2.6 PIXEL method. Intermolecular interaction 
energies and lattice energies (broken down into 
constituent Columbic, polarisation, dispersion and 
repulsion contributions) were determined using PIXEL 
calculations,54–57 facilitated by the MrPIXEL 
automation tools.58 In this study the cluster radius was 
15 Å, and the molecular electron densities were 
obtained from GAUSSIAN-0959 utilising the 6-31G** 
basis set at the MP2 level of theory. The PIXEL 
calculations themselves were performed using the 
CLP-PIXEL suite.57 The electron densities were 
calculated on a grid of dimensions 0.08 × 0.08 × 0.08 
Å3; subsequent energy calculations employed a level 4 
condensation grid. 

3. RESULTS AND DISCUSSION
3.1 Ambient-pressure computational structure. ε -
CL-20 crystallises in the monoclinic crystal system
(P21/n, Z=4), and the experimental unit-cell volume at
ambient pressure varies between 1397.2 (at 100 K) and
1430.2 Å3 (at 298 K).60 A DFT calculation by Xu et al.34

overestimates the cell volume by 4.2 % due to the
omission of van der Waals (vdW) dispersion
interactions; including the semi-empirical correction
term (proposed by Grimme) significantly improves the
calculation accuracy, with the deviation now
amounting to just 0.3 %.35 Our results (using the same
DFT-D scheme) are reported in TABLE S1, alongside
previous experiment and dispersion-corrected DFT
studies (DFT-D) and the results obtained from two

molecular dynamics (MD) studies using classical force 
fields. All our calculated lattice parameters agree with 
experiment60 to within 0.6%, and the overall unit cell 
volume differs from experiment by just 1.7%. These 
results are broadly consistent with a previous DFT-D 
study.35 The six wag angles (δ1-δ6) obtained from our 
DFT calculations are in excellent agreement with the 
values obtained from the experimental structure (in 
parenthesis): 36(40), 1(1), 28(30), 29(33), 
19(24), and 37(40), as expected for the ε-form. For 
comparison, the values expected for the γ-form60 are 
36, 40, 15, 37, 49 and 28, indicating that the 
molecular structures in the two different polymorphs 
are geometrically distinct. To summarize, our 
computational studies are able to predict unit-cell 
dimensions in close agreement with experimental 
values. 

3.2 Vibrational Properties. The experimental INS 
spectrum is shown in Figure 2 alongside the DFT-D 
computed spectrum. The majority of the calculated 
fundamental vibrational modes are in good agreement 
(<2.5% difference) with experiment. Computed 
phonon density of states (Brillouin zone -point) for ε-
CL-20 is shown in Figure S2, ESI. A full assignment
of the calculated phonon density of states is given in
Table S3. A comparison of the calculated fundamental
modes for ε-CL-20 with the experimental INS spectra
determined in this study is shown in Table S4, ESI.
From this analysis it is apparent that the character of
the lattice modes near the top of the phonon bath region
of the density of states (ca. 175 cm-1) is dominated by
NO2 amalgamated modes. This is in keeping with other
EMs that are sensitive to impact initiation.26

3.3 High pressure computational structures. The 
ambient pressure unit cell was compressed up to 7.2

Figure 2. Experimental (blue) and computed (red) INS 
spectra of ε-CL-20.
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GPa. The variations in the unit cell parameters are 
given in Table S5 (ESI), and plotted in Figure 3. An 
overall smooth compression trend is observed up to 7.2 
GPa, with ε -CL-20 showing close to isotropic 
compressibility ( , , 𝑏/𝑏0 = 0.90 𝑐/𝑐0 = 0.93 𝑎/𝑎0

); this relative compressibility trend agrees with = 0.94
previous computational studies.35,36 From our DFT-D 
study, and the growing wealth of other recent 
computational studies,31–34,36 it is evident that the 
pressure-induced ε to  transition is not observed. The 
six N–NO2 groups of the ε-CL-20 molecule are quite 
flexible, and it is known that the orientation of the nitro 
groups change with applied pressure.32 Values for the 
δ1-δ6 from the optimized pressure structures are given 
in the ESI (Figure S1 and Table S2, ESI), from which 
a smooth trend is evident for all angles with the 

exception of δ4, which shows a pronounced change 
above 4.4 GPa. The absolute magnitude of the angle 
change does not exceed 4 however, but it may 
potentially account for the subtle changes observed in 
the previous vibrational spectroscopy study.28,61 

3.4 High-Pressure X-ray Powder Diffraction. In 
order to extend the pressure range of previous 
diffraction studies,27 we conducted our 1st  compression 
experiment29 at beamline I15 at the Diamond Light 
Source, and high quality XRPD data were obtained 
(using λ  = 0.4847 Å) up to 7.2 GPa. The aim of this 
experiment was to critically examine the proposed 
transition to the γ-form which had been observed 
spectroscopically.28 Figure 4 shows the quality of 
Rietveld fit at nearly ambient pressure (the ‘as loaded’ 
sample) and at 7.2 GPa; from this it can be confirmed 
that the sample did not react with moisture or air prior 
to loading, and also did not react with the PTM. While 
the quality of the Rietveld fit at ambient pressure was 
excellent (Rwp = 6.06), the same could not be said for 
the best fit obtained for the highest pressure data set 
(Rwp = 20.29). Crystallographic indices hkl at higher 
d-spacing range were also shown for qualitative
comparison of the Bragg reflections of PXRD patterns
at two different pressures, and it shows no evidence of
formation of any new phase. This set of experiments
allow us to reliably confirm that the ε -form remains
stable and does not underdo a phase transition in the 4.1
 6.4 GPa pressure regime, in contrast to the previous
report.28

Figure 4. Rietveld refinements of the X-ray powder diffraction pattern using ε-CL-20 as the structural model. Left: 
measured at ambient pressure (~0.0001 GPa); Right: measured at 7.2 GPa; some characteristic Bragg reflections are 
labelled for visual comparison of the two XRPD patterns.

Figure 3 Lattice parameters as a function of hydrostatic 
pressure. Solid circle: DFT-D (this work), open circle: 
DFT-D Ref 35.  Blue: a-axis, red: b-axis, green: c-axis, 
orange: β-angle.
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Our second set of compression experiments were 
conducted at the same beamline, in an almost identical 
set up to the previous experiments, with the exception 
that a slightly higher energy ( λ  = 0.3727 Å) X-ray 
radiation source was used. The polycrystalline sample 
was loaded and the phase purity of the sample was 
checked. The sample was then compressed beyond 7 
GPa and up to 11.8 GPa, thereby considerably 
extending the pressure range to search for the potential 
phase transition to the γ-phase. Data collection above 
11.8 GPa was prevented by sudden violent 
decomposition of the sample upon further 
compression, evident from an audible click from the 
DAC. Analysis of the contents of the gasket after this 
event showed the sample chamber retained some 
pressure (ca.  6 GPa). While the quality of the data at 
pressures above 7 GPa was poor compared to the 1st 

compression experiment, it was good enough to obtain 
reliable lattice parameters, and all data sets could be 
refined using ε-CL-20 as a structural model (see Figure 
5).
The compression behavior of the unit cell axes are 
shown in Figure 5b, and reported in Table S6. All the 
refinement plots are shown in Figure S3, ESI. As 
expected, the overall compressibility trend between 0-
7.2 GPa largely mirrors the report from the first (lower 
X-ray intensity study), with , ,𝑏/𝑏0 = 0.93 𝑐/𝑐0 = 0.94

, while between 0-11.8 GPa the lattice𝑎/𝑎0 = 0.95
vectors vary as , , 𝑏/𝑏0 = 0.90 𝑐/𝑐0 = 0.91 𝑎/𝑎0 = 0.93
. The most interesting aspect to note in this study is that
the variation in the lattice parameters with pressure do
not follow an overall smooth trend, as observed in our
DFT-D calculations (Figure 3). The gradients of
relative contraction for the three lattice parameters
decrease around 5 GPa; this may be indicative of a
subtle adaptation of either the compression mechanism

or a change in the structure itself in this pressure 
regime. Full profile Rietveld refinements of all the 
subsequent patterns using the ε-CL_20 structure 
confirmed that the absence of any phase transition. The 
calculated XRPD patterns of γ-form and ε-form are 
compared in Figure S4, ESI, from which it could be 
ascertained that the characteristic diffraction peaks 
arising from γ-form were not observed in this data set. 
This apparent discrepancy between theory and 
experiment prompted a complementary high pressure 
neutron powder diffraction study. 
3.5 High-Pressure Neutron Powder Diffraction.
Experiments were performed over the pressure range 0 
– 7.1 GPa. Results are shown in Figure 6, with the good
quality of Rietveld fit (Figure 6a, the ‘ as loaded ’
sample at near ambient pressure) confirming that the
sample did not react with moisture or air prior to
loading, and also did not react with the PTM. The
lattice parameters obtained at near-ambient pressure
closely mirror the values obtained from the XRPD data
[NPD: a = 8.8629(9), b = 12.596(2), c = 13.380(1) Å,
β = 106.917(8), V = 1429.0(2) Å3; and XRPD: a =
8.8669(2), b = 12.6023(3), c = 13.3916(3) Å, β =
106.891(2) , V= 1431.87(4) Å3]. The additional
reflections observed in the NPD patterns correspond to
Pb (the pressure calibrant), Al2O3 (the gasket material),
and ZrO2 (the anvil material), as marked in Figure 6a
and 6b. The quality of the Rietveld fit of NPD data both
at ambient pressure and at 7.2 GPa is satisfactory (Rwp
= 2.29 and 4.94, respectively). The pressure series of
NPD patterns collected for ε -CL-20 up to 7.1 GPa are
shown in Figure 6c; all the refinement plots are shown
in Figure S5 and corresponding refinement data are
included in Table S7, ESI. In keeping with our HP
XRPD studies discussed above, all data collected in
this pressure series could be fitted to the ε-form of CL-

Figure 5. a) Sequence of XPRD patterns obtained for ε-CL-20 upon increasing pressure; b) Relative unit cell compression 
(%) of ε-CL-20 from current XRPD study under hydrostatic condition.
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20, and no transition to the γ-form between 4.5 and 6.4 
GPa as previously proposed was observed.28

The compression behavior of the unit cell axes is 
shown in Figure 6d, which shows broadly similar 
behavior to that obtained in the HP XRD studies 
between 0-7.2 GPa ( , ,  𝑏/𝑏0 = 0.91 𝑐/𝑐0 = 0.93 𝑎/𝑎0

). While the general trends are consistent, = 0.94
differences are apparent at the highest pressure point 
(7.2 GPa), with a larger unit cell recorded by the XRPD 
data [NPD: a = 8.344(2), b = 11.472(3), c = 12.391(2) 
Å, β= 104.18(2), V = 1149.9(3)Å3; XRPD: a = 
8.461(3), b = 11.672(4), c = 12.624(3) Å, β = 
104.43(2), V= 1207.3(4) Å3]. While it is quite 
evident that the initial lattice parameters were 
consistent in both experiments, ε-CL-20 appears to 
have behaved differently at higher pressures in the X- 
ray beam compared to the neutron beam: the kinks 

observed in the X-ray study are not present in the 
neutron study.
Since the ε-CL-20 used in the NPD study was not 
deuterated, we can rule out this factor as a potential 
cause for the differences in compression behaviour 
observed between the high pressure X-ray and neutron 
studies. Likewise, the same PTM was used in both 
studies, ruling out possible differences in hydrostaticity 
or reactions with the PTM as the underlying cause. This 
leaves the radiation source as the only significant 
variable between the two experiments, and thus the 
logical reason for the disparity in results is that the 
incident high flux of the synchrotron X-rays induced 
radiation damage in the ε-CL-20 sample. We note a 
recent report of a similar event.62 

3.6 Further investigation into the XRPD and 
NPD study discrepancies. Our concerns on X-ray 
induced radiation damage for ε-CL-20 were confirmed  

Figure 6. a), b) Rietveld refinement of neutron diffraction for ε CL-20 at ambient pressure (0.0001 GPa)  and at 7.12 
GPa;, experimental (obs) data are shown as red dots, the solid black and green line show the calculated profile from 
Rietveld refinement and background fit, respectively, and the bottom blue trace shows the residual intensity (I), I(obs)-
I(calc). The simulated Bragg reflections for each phase are given as vertical lines; from top to bottom ε CL-20, Pb, Al2O3 
and ZrO2; c) sequence of NPD patterns obtained upon increasing pressure; d) Relative unit cell compression (%).

Page 7 



by a further set of experiments at the same synchrotron 
source, where samples were compressed to 0.6 and  2.5 
GPa, respectively and then repeatedly exposed to 
prolonged irradiation with high-flux X-rays (λ=0.4119 
Å). Figure 7 clearly shows that there are significant 
changes in unit cell volumes even after short time 
periods. The relative changes caused by radiation 
damage are similar at both pressures. These increases 
in unit cell volume will lead to errors in the equation of 
state, as the volume change will not be solely due to the 
changes in pressure, but rather a combination of the 
effects of pressure and radiation damage. Hence we 
attribute the anomalous data from the high-pressure X- 
ray diffraction experiment to localized radiation 
damage of the sample. The increase in the lattice 
parameters is also likely to be caused decomposition 
products being trapped in interstitial positions or voids 
in the crystal lattice.
3.7 The Equation of State for ε -CL-20. Figure 8a 
shows the variation of unit-cell volume for ε-CL-20 as 
a function of pressure, as determined in this work by 
NPD, XRPD and DFT-D simulations. While the unit-
cell volume calculated from the simulation is slightly 
larger than the values obtained from the NPD 
experiment, the hydrostatic compression trend 
predicted by the DFT-D method is in excellent 
agreement with the compression trend determined from 
the NPD experiment. The model derived from the X-
ray data deviates strongly from this line at above 2 GPa. 
Figure 8b compares our NPD data with the previous 
XRPD data obtained from Gump and Periis,27 which 
clearly shows that the earlier XRPD has significantly 
larger errors (due to non-hydrostatic conditions) and 
also significantly higher unit cell volumes than our 
NPD data. Given the outcomes of our radiation damage 
study (Figure 7), it is likely that this earlier study using 
synchrotron source with a monochromated X-ray beam 
(λ=0.49595 Å), also incurred significant radiation 
damage.

The overall compression trends shown in Figure 8a 
were fitted with a 3rd order Birch–Murnaghan (BM-3) 
EoS. This equation relates the pressure (P) at a given 
volume (V) to the ambient pressure volume (Vo), the 
bulk modulus (B0) and the derivative of the bulk 
modulus (B′). B0 and B′ values are determined from the 
current NPD data and DFT-D data from this work, 
along with the previous experimental XRPD (Gump & 
Peiris)27, and previous computational DFT-D study.35 
We have used P and V data from previous studies and 
re-calculated B0 and B′ values, to compare all values in 
the same manner wherever possible. All the determined 
EoS values are presented in Table 1. From this we note 
that the B0 value arising from the NPD study is very 
close to the values obtained from the DFT-D studies 
(current and previous work35), and the variation of bulk 
moduli are only within ~1 GPa of each other. In our 
work we compared B0 and B′ by both fixing V0 to initial 
values and also allowing it to refine during EOS fitting; 
we noticed the bulk modulus values remain similar in 

Figure 8. a) Unit cell volumes as a function of pressure 
for ε-CL-20; solid blue circles: current NPD data, solid 
green circles: current XRPD data, DFT-D is shown with 
small open red circles; both the NPD and DFT data are 
fitted with BM-3rd equation of state; b) comparison of
P-V curve between NPD (this work) and previous XRPD
study.27

Figure 7. Increase in unit-cell volume due to Radiation 
damage over time.
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Table 1: Comparison of bulk moduli (B0) and its 
pressure-derivative (B′) determined from the EOS 
analyses of ε-CL-20. Values are shown in italics when 
V0 is not refined. Approximate errors are shown for our 
work; the experimental pressure and volume errors are 
also used to estimate the standard errors for calculated 
values. 

both cases. The previously determined B0 value from 
non- hydrostatic XRPD data is found to be slightly 
higher with larger standard deviations, and this can be 
rationalized when the volume increase due to radiation 
damage is factored in. In our previous report29 we 
found B′ is substantially larger than any other 
experimental or theoretical study, but this can now be 
attributed to radiation damage affecting the reliability 
of unit cell volume response to increasing pressure. 
3.8 The effects of pressure on intermolecular 
interactions. To complete this study, we have also 
explored the effect of pressure on the strength of the 
nearest neighbor intermolecular interactions using 
PIXEL calculations. The total interaction energies as a 
function of pressure are shown in Figure 9(a), where 
the total molecule–molecule energies (Etot) or lattice 
energy (Elat) are broken down into Coulombic (Ecoul), 
polarisation (Epol), dispersion (Edisp) and repulsion (Erep) 

terms. The lattice energy steadily weakens (approaches 
and surpasses zero) as the molecules are forced into 
closer proximity with increasing pressure; this result is 
expected as the destabilizing repulsion contributions 
outweigh the combined stabilizing contribution of the 
other three terms. All components of the bonding 
interactions become increasingly more stable with 
increasing pressure, but this effect is cancelled out by 
the energy repulsion term, which dominates at 
pressures > 5 GPa, such that the total lattice energy 
becomes positive (Figure 9(a)); a similar observation 
has been reported in a previous study.63 This suggests 
that a lower energy polymorph likely exists at high 
pressure, but it cannot be accessed through direct 
compression of the ε-CL-20 form, which in turn 
suggests that a kinetic barrier must be overcome for the 
phase transition to occur. Figure 9(b) shows molecular 
interaction energies as a function of molecular centroid 
separation for eight separate centroid-centroid 
distances, with the data point on the far right in each 
cluster representing the ambient pressure structure 
data, and those on the  far left the highest pressure (i.e. 
most compressed) structure. Definitions for d1-d8 are 
highlighted on Figure 1b; and another clear 
representation is given on Figure S6, ESI. All contacts 
(except the longest (and weakest) contact, d8) follow a 
very similar trend, steadily destabilizing (becoming 
more positive) with increasing pressure. All contacts 
rest with positive interaction energies by the final high 
pressure structure, with the exceptions of d4, d6 and d8 
which remain weakly attractive. The lack of any 
apparent discontinuities in this data again indicates that 
there is no phase transition over this pressure range.

V0  (Å3) B0 (GPa) B′
1430.04(83) 11.49(20) 11.16(23)NPD

(this work) 1429 11.72(9) 10.94(13)
1457(3) 10.27(56) 12.13(61)DFT-D

(this work) 1454.23 10.81(17) 11.62(28)
1433(3) 12(1) 10(2)DFT-D

(Ref35) 1434.68 11.61(76) 11(2)
1427(8) 13(3) 11(3)XRPD

(Ref27) 1425.87 14(1) 11(2)

Figure 9. a) Effect of pressure on intermolecular interactions; b) Molecular interaction energies as a function of molecular 
centroid separation, obtained for the DFT-D optimised structures over the pressure range 0-7.2 GPa.
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4. CONCLUSIONS
This work reports the effects of hydrostatic
compression on the crystal structure of ε-CL-20. At
ambient pressure our DFT-D model predicted all of the
lattice parameters of ε-CL-20 to within 0.6% of
experiment and our results are commensurate with
previous modelling reports. Subsequent phonon
calculations generated an INS spectrum which is in
excellent agreement with our experimental spectrum.
The character of the lattice modes at the top of the
phonon bath are dominated by amalgamated NO2 wag
motions, in common with other EMs that are highly
sensitive to shock impact initiation. The smooth
compression trend produced by the neutron powder
diffraction study was in excellent agreement with the
hydrostatic compression trend predicted by the DFT-D
method. No apparent discontinuities in the
intermolecular energies further supports the lack of
phase transition over this pressure window. The small,
yet pronounced variation of one of the N-NO2 wag
angle may potentially account for the subtle changes as
observed in the previous Raman study between 4 and 6
GPa. The combination of DFT-D and neutron results
confirmed that the X-ray powder diffraction study did
not produce results consistent with hydrostatic
compression, and furthermore established that the ε-
CL-20 sample was subjected to radiation damage
during the high pressure X-ray study. The excellent
match between our neutron diffraction results with
computational findings shows the importance of
performing high-pressure NPD for the study of
structural evolution with pressure for energetic
material.
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TABLE S3 Assignment of the DFT-D computed fundamental eigenvectors computed for -CL-20.

Mode no. /cm-1 (calculated) Assignment 

1-3 0 Acoustic 

4-22 32.5-70.0 Lattice modes 

23-79 77.5-173.8 Lattice modes + amalgamated NO2 wags/bends 

79-100 193.3-259.4 Cage deformation bends + NO2 wags/bends 

101-112 292.6-308.6 Cage deformation str + N-N str 

113-116 336.5-339.0 Cage deformation str 

117-128 358.0-375.5 Cage deformation bend 

129-132 396.9-398.2 Cage deformation bend + NO2 bend 

133-140 439.3-459.5 Cage N oop 

141-149 515.9-566.8 Cage deformation bend + NO2 bend 

150-180 567.8-687.8 Cage deformation bend and twist 

181-212 701.2-729.9 Cage deformation str and bend + NO2 bends 

213-384 764.8-1376.3 Whole molecule vibration 

385-408 1636.5-1712.8 N-O str 

409-432 3074.3-3100.9 C-H str 
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Figure S2 Computed phonon density of states (Brillouin zone -point) for ε-CL-20 
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TABLE S4 Comparison of the computationally calculated fundamental modes for -CL-20 compared to 

the INS spectrum reported in this work. * Where there are multiple modes, the DFT-D value stated is an 

average of the contributing modes. All frequencies, ν, are in units of cm-1. 
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