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Abstract: HNIW or CL20
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane) is a nitramine,
which is considered as the highest ener-
getic molecular compound known to
date, therefore, attracting increasing in-
terest in propulsion applications. Addi-

host lattices for trapping guest mole-
cules. Herein, a new CL20 structure
that contains inserted CO, molecules is
reported. A combination of Fourier

materials -
inclusion
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transform infra red (FTIR) spectrosco-
py, scanning electron microscopy
(SEM), single-crystal X-ray diffraction,
and thermal analyses (thermogravimet-
ric analysis coupled with mass spec-
trometry and differential scanning calo-
rimetry) was used to characterize this

tionally, CL20 is an interesting system
for fundamental studies, exhibiting sev-
eral polymorphs, which can behave as

compounds

Introduction

Host—guest inclusion compounds, defined as complexes in
which one chemical compound (host) forms cavities in
which molecules of a second compound (guest) are located,
have been known and studied for years.™? Some of the
most well-known host systems are supramolecular organic
materials, such as cyclodextrins®® and calixarenes,*! which
are of particular interest to selectively trap small organic
molecules for enantiomer separation and recognition,?
active substance delivery,® or polymerization in matrices.”
Organic crystals as guests for host molecules® are yet an-
other example of these complex systems, being considered
as a prototype example of multicomponent self-organiza-
tion.l”! Similar to what can be observed with atoms in inor-
ganic solid-state chemistry, guest molecules trapped within
host organic crystal lattices can induce deformation of the d
spacings and/or rearrangement of the molecules."”! These in-
clusions and further modifications of the host organic crystal
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often end up with changes in the material characteristics,
which can lead to benefits through the appearance of new
interesting properties, or to a loss of the initial characteris-
tics of the crystal.

There has been increasing interest in studying energetic
materials inclusion compounds,'!! because their polymorph-
ism is a crucial parameter that influences many of their
properties’?! and their use in propulsion applications. Most
applications seek the most stable polymorph that exhibits
the highest energy and mass density at ambient conditions,
because the detonation velocity increases proportionally
with density."”! Among these materials HNIW (2,4,6,8,10,12-
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane), also known as
CL20, which is one of the most energetic materials, was de-
veloped in recent years.¥

The crystalline structure of CL20 can behave as a host lat-
tice for small molecules. CL20-guest inclusion compounds
are generally obtained during crystallization processes. For
instance, it was reported that CL20 can trap solvent mole-
cules, such as disulfolane,™ methanol," or N,N-dimethyl-
formamide (DMF)."”! This latter adduct is the only clathrate
compound that has been characterized by single-crystal X-
ray measurement; it exhibits a CL20/DMF molar ratio of
1:2 and crystallizes in a triclinic system (P1 space group).
The authors assumed the molecules are linked by van der
Waals interactions, whereas no hydrogen bonding or dipolar
interaction exist within the adduct.'”! Additionally, other
small molecules, such as dimethylsulfoxide (DMSO) (form-
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ing a 1:1 complex), dioxane (3:2 complex), y-butyrolactone
(2:1 complex), and hexamethylphosphoramide (3:1 com-
plex) have also been reported to form molecular complexes
with CL20, but have not been characterized by X-ray dif-
fraction (XRD).l'®!

Photolytic and thermal decompositions are yet other ways
to form CL20 inclusion compounds, because several gaseous
products generated from its gentle decomposition are ob-
served within CL20 crystals.'® For instance, electron para-
magnetic resonance measurements of the decomposition of
CL20 indicate that NO, products are trapped within the
crystal lattice at extremely low temperatures and atmospher-
ic pressure, and these compounds remain stable for extend-
ed periods of time at room temperature. This stability sug-
gests the formation of clathrate with near-neighbor mole-
cules that form an inclusion site.'”’ One amongst the other
decomposition products of CL20 is CO,, which was identi-
fied as a guest molecule within CL20 crystal lattices during
the heating and simultaneous decomposition of a particular
polymorph of CL20 (e-CL20).?" However, except Fourier
transform infra red spectroscopy (FTIR) analysis, no report
to date is made about any characterization of the potential
new inclusion compound CL20-CO.,.

Herein, we demonstrate the formation of a CL20 inclu-
sion compound from the exposure of e-CL20 crystals to con-
densed carbon dioxide, leading to the formation of a new
CL20-CO, structure. Through the combination of different
characterization techniques, such as FTIR spectroscopy,
scanning electron microscopy (SEM), XRD, and thermal
analyses—thermo gravimetric analysis coupled to mass spec-
trometry (TGA-MS) and differential scanning calorimetry
(DSC)—the inclusion of CO, molecules within the CL20
crystal lattice is investigated. Finally, the characteristics of
this new CL20-CO, host—guest material are presented.

Results and Discussion

The novel CL20-CO, inclusion compound is prepared by
contacting e-CL20 crystals with condensed carbon dioxide at
high pressures (up to 16 MPa), at temperatures ranging
from 20 to 80°C, and with various contacting times (2 to
24h) by using a high pressure set-up detailed elsewhere.”!!
More details are given in the Experimental Section.

CL20 exhibits three anhydrous polymorphs (g, 3, and v)
and one hydrate form (o), which are presented in Figure 1:
e-CL20—considered in this study—is the polymorph of
CL20 with the highest mass density, y-CL20 is the thermo-
dynamically stable form at high temperature, which is ob-
tained from heating either &-, a-, or f-CL20.”") Another re-
ported polymorph, the high pressure T-CL20 phase, was dis-
covered from a reversible phase transition from the y-phase,
however, it was not yet characterized by XRD.*

FTIR spectroscopy studies: The obtained CL20-CO, crys-
tals were first characterized by FTIR spectroscopy. Typical
spectra taken before and after exposure of CL20 to con-
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Figure 1. The CL20 molecule and its different known conformations: a-,
f-, €-, and y-CL20. White, red, blue, and gray stands for H, O, N, and C
atoms, respectively, V is the cell volume.™!

densed CO, (2 h, 15 MPa, 80°C) are presented in Figure 2.
A strong absorption band centered at 2345 cm™' appears in
the spectra of the crystals exposed to CO, (Figure 2a). This
band can be assigned to the antisymmetric stretching vibra-
tion of CO,. However, it appears to be shifted to lower
wavenumber by about 15 cm™ compared to the free CO,
molecules absorption band, generally located at 2360 cm™
(Figure 2b).

This slight difference indicates that the CO, molecules do
not have the same free motion as in the gas phase, which re-
sults from the modification of their environment through in-
termolecular interactions with surrounding CL20 molecules.
Nevertheless, such a small shift suggests that the CO, mole-
cules remain linear within this inclusion compound.

When considering the 1200-700 cm ™' region of the spectra
(Figure 2¢), generally defined as the CL20 polymorph IR
“fingerprint”,®® the CL20-CO, spectrum exhibits slight dif-
ferences compared to the e-CL20 starting material, however,
it can be easily superposed with the IR spectrum of a-CL20,
suggesting that a phase transition to the alpha phase has oc-
curred. The similarity between IR spectra of the a-CL20
(hydrate form of CL20) and CL20-CO, suggests that CO, is
located into similar inclusion sites as H,O within the a-
CL20 lattice. The main differences between spectra of
CL20-CO, and a-CL20 are observed in the wavenumber re-
gions of 3075-3000 cm™! and 1670-1520 cm™', typical for C—
H stretching and NO, vibration modes, respectively (Fig-
ure 2d and e).?Y These differences can be explained by a
different environment for the hydrogen atoms and probable
interaction between the CO, molecules and the NO, groups
of CL20 in CL20-CO,.

Although CO, can be adsorbed on the crystal surface of
CL20, the IR spectra strongly suggest that CO, mostly pene-
trates into the bulk, leading to a solid-state transformation.
Further investigations have been performed to determine
the thermal stability of the CL20-CO, inclusion compound.

Thermal investigations: TGA-MS and DSC measurements
have been carried out in order to study the behavior of the
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2345 crystal sizes are evaluated con-
sidering the pyramid height). In
both cases, the crystals have ir-
regular pyramid shape with
AR, smooth surfaces.

The surface aspect of the
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Figure 2. Different wavenumber regions of the IR spectra of e-CL20, CL20-CO,, and a-CL20: a) comparison
of €-CL20 and CL20-CO, in the range of 4000-400 cm'; b) comparison of the antisymmetric vibration modes
of trapped CO, in the CL20-CO, structure and gaseous CO,; c¢), d), and e) comparison of &-CL20, CL20-CO,,
and a-CL20 in the range of 1200-700 cm™', 3075-3000 cm ', and 1670-1520 cm™', respectively.

CL20-CO, inclusion compound upon temperature change
(Figure 3). The DSC analysis shows an endothermic phe-
nomenon in the temperature range 160-200°C, which corre-
sponds to a solid—solid phase transition from the CL20-CO,
to the y-CL20 polymorph, followed by an exothermic phe-
nomenon above 210°C due to thermal decomposition of the
¥-CL20 polymorph (Figure 3a).?**! TGA-MS characteriza-
tion displays two weight-loss signals in the same tempera-
ture ranges (i.e., 160-200°C and above 210°C, Figure 3b).
The mass to charge ratio (m/z) of 44 that corresponds to
CO,, demonstrates that CO, molecules are released during
the solid—solid phase transition (Figure 3¢). Therefore, the
CO, insertion within the CL20 crystal lattice is stable for
temperatures up to 160°C, beyond which temperature CO,
is released.

Crystal morphology: The initial CL20 crystals are aggregat-
ed and twinned crystals, with a large particle size distribu-
tion. Two kinds of starting materials were used. The first
sample consists of particles with an average size of 30-
50 um (S1, Figure 4a), whereas the second sample contains
particles with an average size of 250-400 pm (S2, Figure 4b;
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likely induced by stress crack-
ing of the CL20 crystals (Fig-
ure 4¢ and d).

3040 3020 3000

Structural investigation: Single-
crystal X-ray diffraction has
been carried out for determin-
ing the structure of this new in-
clusion compound. The results
confirm the insertion of CO,
within the CL20 crystal lattice,
which shows that exposure to
condensed CO, transforms the
monoclinic lattice of &-CL20
into an orthorhombic lattice
that has similar parameters to
that of a-CL20 (Table 1). Thus,
the insertion of CO, within &-
CL20 leads to a a-CL20-type phase, which, therefore, we
have named a-CL20-CO.,.

Table 1. Comparison of the unit cell parameters and the density values
of &-CL20 at 150 K, a-CL20-0.5CO, at 150 K and a-CL20-0.25H,0 at
293 K.[¥

e-CL20 a-CL20-CO, a-CL20-H,0

space group P21/n Pbca Pbca
a[A] 8.800(1) 9.6895(6) 9.485(2)

b [A] 12.499(1) 13.210(1) 13.225(4)
c[A] 13.299(1) 23.515(2) 23.673(3)
B 106.62 90 90
VA 1401.7 3010.0 2969.5
Pealed 2.076 2.031 1.980

The unit cell of a-CL20-CO, is composed of four CO,
molecules per eight CL20 molecules, which occupy centro-
symmetric cavities within the a-CL20 structure and are lo-
cated on the inversion centers of this structure (Figure 5a).
In comparison, the unit cell of a-CL20-H,O contains eight
CL20 molecules and two H,O molecules, which are located
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Figure 3. Thermograms of a e-CL20 sample after exposure to condensed
CO,: a) DSC, b) TGA, and c) MS analysis, respectively.

Figure 4. SEM micrographies of e-CL20 initial powders S1 (a) and S2 (b)
and of the CL20-CO, crystals obtained after the exposure to condensed
CO, for S1 (c) and S2 (d).

on both sides of the inversion centers (Figure 5b). There-
fore, CO, and H,O do not occupy exactly the same position
in the two structures and have not the same occupancy rate.

As depicted in Figure 6, the insertion of CO, leads to a
solid-state transformation, which results in two main
changes: first, a conformer transition that is induced by the
interaction of two nitramine groups with CO, (Figure 6a),
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(a) (b)

Figure 5. Comparison of the crystal lattice structure of the unit cells of
a) a-CL20-CO, and b) a-CL20-H,0.

(a) Change of conformation

&-CL20

(b) Change of packing

£-CL20

a-CL20-CO,

Figure 6. Representation of the main changes that occurred during the in-
clusion of CO, into the CL20 crystal lattice.

then, a change of the orientation of the molecules into a re-
ticular plane induces the transformation from a monoclinic
to an orthorhombic lattice (Figure 6b).

The PLATONP" software was used to estimate the avail-
able free volume of these two structures. Calculations are
based on geometrical considerations from crystallographic
data gained at 150 K for &-CL20 and a-CL20-CO, and at
293 K for a-CL20-H,O. The results show that e-CL20 and
a-CL20 exhibit cavities of ~39 A and ~63 A®, respectively.
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Considering that the volume of an H,O molecule is com-
monly admitted to be about 40 A® and that the volume of a
CO, molecule is larger, we conclude that e-CL20 voids are
too small to accommodate CO, inclusion.

Assumptions can be made concerning the stabilization of
the CO, molecules within the CL20 crystal lattice by looking
at intermolecular distances. Analysis of the CO, environ-
ment in the a-CL20-CO, structure reveals that the shortest
distances between CL20 and the CO, molecules are located
between the O atoms of CO, and the hydrogen atoms of
CL20 with 2.54(1) A at the origin of the van der Waals inter-
action (Figure 7). To a lesser extent, another short distance
of 2.89(1) A between CL20 and the CO, molecules corre-
sponds to other van der Waals interaction between the C°*
atom of CO, and the O°~ atom of the NO, groups.

/

Figure 7. CO, stabilization into the a-CL20-CO, crystal lattice.

Conclusion

A new inclusion compound, a-CL20-CO,, was synthesized
by exposing e-CL20 crystals to condensed carbon dioxide.
Characterization by FTIR spectroscopy revealed the pres-
ence of CO, molecules. XRD confirmed the formation of an
a-type CL20-CO, inclusion compound, which shows no no-
ticeable change in CO, content over months or upon tem-
perature treatment. To the best of our knowledge, this is the
first time that the complete characterization of this com-
pound is reported. The a-CL20-CO, crystals were obtained
without any dissolution/precipitation process in organic sol-
vents. The inclusion compound is obtained in the solid state
through pressure-driven CO, insertion in the CL20 crystal
lattice, which induces a transition from the e-phase to the o-
phase.

Experimental Section

Materials: CAUTION! CL20 is an explosive material highly sensitive to
shock, heating, or static electricity. Small-scale and upgraded safety prac-
tices are strongly recommended. CL20 powders were obtained from
SNPE Matériaux Energétiques with a certified purity of 95 wt% of e-
CL20 as indicated by IR characterization. Two grades were used for ex-
periments: one with a specified particle size range between 30-50 pm
(S1) and another one with a specified particle size range between 250—
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400 um (S2). CO, (99.998% purity grade from Air Liquide) was used as
received.

Apparatus and procedures: Safety warning: Experiments with condensed
CO, are performed at high pressure and should be carried out with ap-
propriate equipment. The set-up used to form CL20-CO, consists of a
high-pressure reactor (255 cm®) made of 316 stainless steel equipped with
a pressure sensor and a thermocouple. In a typical experiment, e-CL20
powder (~500 mg) is introduced at the bottom of the reactor. The reac-
tor is further closed, pressurized, and heated to the desired temperature.
CO, is pumped by a feeding system composed of a CO, tank, a cooling
apparatus, a high pressure pump (constant flow rate of 0.73Lh™'), and a
preheater that allows the fluid to be at the same temperature as inside
the reactor. Once the operating conditions are reached inside the reactor
(T, p), the conditions are maintained for a fixed period of time (z.). Final-
ly, the reactor is cooled, the purge valve is opened in order to slowly de-
pressurize the system, and powders are collected at the bottom of the re-
actor.

FTIR spectroscopy: IR spectra were taken through KBr pellets (0=
10 mm) made by pressing a fine powder mixture consisting of CL20
powder (2mg) and of dry KBr powder (200 mg) under a pressure of
about 10 tonscm 2 The spectra were taken with 4 cm™' resolution in the
range 4000-500 cm™ by using a Thermo Electron Corporation (Nicolet
380 FTIR) Fourier transform IR interferometer, and data were collected
and analyzed by using the EZ OMNIC software.

Scanning electron microscopy: Samples were characterized with a JEOL
JSM-6390LV, allowing observation of the CL20 crystals despite their
poor surface conductivity. Special sample preparation has been per-
formed by using a JEOL SM-09010 cross-section polisher (ion beam
mills) in order to observe crystals cross-sections.

Thermogravimetric analyses: TGA-MS and DSC experiments were car-
ried out by using a TGA/DSC1 Mettler calorimeter coupled to a
PFEIFFER mass spectrometer. Experiments were conducted under an
argon atmosphere (Alphagaz 1 quality) as buffer gas (40.0 mLmin™").
Samples between 2-5 mg, weighted with a METTLER TOLEDO preci-
sion balance (+0.001 mg), are placed in aluminum pans and were heated

from room temperature to 250°C with a heating rate of 3°Cmin~".

Single-crystal data collection: Colorless small prismatic single crystals
with approximate size of 10 pm were coated in oil. To ensure sufficient
diffraction peaks, Bragg peaks intensities were collected at 150(2) K by
using a Rigaku Rapid R-axis diffractometer with a MMO007 microfocus
rotating anode generator with Cu radiation. The structural determination
by direct methods and the refinement of atomic parameters based on
full-matrix least squares on F* were performed by using the SHELX-97
programs® within the WINGX package.” The crystal structure is of
average quality due to the weak number of observed Bragg peaks due to
the alteration of the crystal quality during the e-CL20-to-a-CL20-CO,
transition.

[CsH 2N ,01,]-0.5 H,O: a=9.6895(6), b=13.210(1), ¢=23.515(2) A, V=
3010.0(4) A%, d,0q=2.031, orthorhombic, space group Pbca, 2922 unique
reflections (R;,,=0.15) for 287 refined parameters, R,,=0.080, wR2,,=
0.15, (A/0)pax=0.000, largest difference peak and hole 0.32/—0.31 e A~
CCDC-771863 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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