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Though energetic compounds, and explosives in particular,
represent some of the most influential materials in human
history, their modern evolution has been relatively slow.
Aside from being hindered by the inherent dangers of the
field, improving on the state-of-the-art is difficult as novel
energetic materials (energetics) must achieve a challenging
combination of properties including high explosive power,
high stability, and low cost. Moreover, explosive power is
highly dependent on solid-state density, and though chemical
structures with high energies can be designed, engineering
their crystal structures is not possible. In fact, crystal structure
prediction, a problem closely related to crystal engineering, is
fraught with challenges.'! This is especially so for compounds
with nitro groups” a common moiety among energetic
compounds.

Though an admirable amount of work has gone into the
discovery of novel compounds with high chemical potential
energy,®l few of these materials have proven viable for
explosives applications. Work to improve the material proper-
ties of existing energetics has focused primarily on exploring
polymorphism in hopes to find more dense or less sensitive
forms.["! This approach is attractive because it allows one to
improve energetic compounds without the daunting task of
implementing new, safe, and scalable chemistry. This advant-
age is present in another approach that is only starting to
garner interest in solid-state energetics research: cocrystalli-
zation.”!

Until recently, cocrystallization had been absent from the
literature as a method for energetic solid form engineering
despite its current success in engineering solid forms of
pharmaceuticals.’! This imbalance is perhaps due to the
chemical differences distinguishing energetics and pharma-
ceuticals. Most active pharmaceutical ingredients feature
polar groups that are rich in predictable interactions con-
ducive to cocrystal formation: primarily hydrogen bond-
ing."¥l Energetics, in contrast, are defined primarily by nitro
groups, a solitary moiety that offers very few predictable
interactions sufficiently strong or versatile to be useful in
cocrystal design."”
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Recently, we demonstrated that cocrystallization can be
used to generate novel solid forms of energetic materials by
presenting seventeen cocrystals containing 2,4,6-trinitro-
toluene (TNT)."! Though the work proved the viability of
cocrystallization to increase density and improve thermal
stability in energetic materials, these improvements were
achieved to the detriment of explosive power. When cocrys-
tallized with a non-energetic compound, as was the case with
these TNT cocrystals, the energetic component inevitably
sees its explosive power diluted. Several measureable mate-
rial properties are improved, but the resultant cocrystals are
not viable explosives. Moreover, all of these cocrystals were
formed by m—m stacking, a synthon available to the aromatic
class of energetics, but not to the broader and more powerful
non-aromatic class. Therefore, it remains unclear if energetic-
energetic cocrystals can be realized based solely upon C—H
and nitro-group interactions.

Presented here is an energetic—energetic cocrystal com-
posed of 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-
wurtzitane (CL-20) and TNT in a 1:1 molar ratio (1,
Figure 1). CL-20 is a relatively new energetic compound
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developed by the United States Navy.''!' A non-aromatic
cyclic nitramine, it features high density, high detonation
velocity (one measure of explosive power), and favorable
oxygen balance. Disadvantages include high production costs
and high sensitivity (it detonates readily when subjected to
physical impact)."” These issues have slowed the introduction
of CL-20 into explosives applications, failing to meet cost and
safety standards set by its cyclic nitramine cousins 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX),[®! two energetics that
are long established and widely used explosives. Contrasting
with CL-20 in many ways is TNT, which has poor density, low
oxygen balance, and modest detonation velocity, but features
low sensitivity to impact™ and economical production costs.
TNT is also highly detectable and is, in fact, used very widely
as a benchmark for energetic detection technologies.!"”!

In cocrystal 1 the problem of effective dilution of the
explosive is avoided. By being comprised solely of explosive
components the resultant cocrystal retains the explosive
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properties of its constituents. Cocrystal 1 also exemplifies the
capabilities of aliphatic, highly nitrated compounds to co-
crystallize despite their lack of strong, predictable interac-
tions. With no available n—x stacking, this cocrystal forms
based on a series of CH hydrogen bonds between nitro group
oxygens and aliphatic hydrogens as well as interactions
between the electron-deficient ring of TNT and nitro groups
of CL-20. As such, this cocrystal sits at the interface between
aromatic and aliphatic energetics, a common demarcation in
the field, by combining members of each class into a single
solid form.

Cocrystal 1 was formed by growth from saturated organic
solutions as well as by solvent-mediated solid-state conver-
sion. These cocrystals appear as thick colorless prisms easily
distinguished from pure CL-20 and TNT polymorphs by their
distinct habit (Figure 2). High-quality crystals were grown

Figure 2. Prismatic habits of cocrystal 1 (scale bar is 500 pm).

from ethanol solution, and their crystal structure was
determined by single-crystal X-ray diffraction.® Cocrystal 1
is also easily distinguished from pure components by powder
X-ray diffraction or Raman spectroscopy (Figure 3). Differ-
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Figure 3. ldentification of cocrystal 1. a) Raman spectrum measured
with 647 nm laser with magnified high wavenumber region inset.
b) Powder X-ray diffraction pattern, Cuy, radiation.
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ential scanning calorimetry (DSC) of this cocrystal reveals
that the cocrystal converts at 136°C to liquid TNT (7, = 81—
82°C) and B-CL-20 (confirmed by Raman spectroscopy.)
The crystal structure of 1 is defined exclusively by
interactions involving nitro groups, the shortest being five
CH hydrogen bonds that propagate through the crystal. The
closest noncovalent interatomic contact lies between an
imidazolidine CL-20 nitro group and the 3-position hydrogen
of TNT, while the second shortest unites the 6-nitro group of
that same TNT molecule to a hydrogen at the junction of the
imidazolidine and piperazine rings of another CL-20 mole-
cule. These interactions form a repeating zigzagging chain in
the [010] direction (Figure 4a). The third and fourth shortest

Figure 4. Interactions between CL-20 and TNT in 1. a) Propagating CH
hydrogen bonding. b) Nonpropagating nitro—aromatic (dashed line)
and nitro—nitro interactions (dotted).

contacts, also CH hydrogen bonds, appear between adjacent
CL-20 molecules along with a fifth connecting the 5-position
TNT hydrogen to another imidazolidine CL-20 nitro oxygen.
These interactions stack the zigzag chains to complete the
cocrystal. There are no significant TNT-TNT interactions in
1

Cocrystal 1 exhibits two interactions between CL-20 nitro
groups and the electron-poor ring of TNT (Figure 4b). These
are somewhat analogous to the defining interactions of TNT-
aromatic cocrystals in which electron-rich rings of the
cocrystal former stack with the electron-poor ring of
TNT.' The interactions in 1 do not, however, appear to
direct the crystal structure as they do not propagate through
the crystal. The third CL-20 nitro group facing this TNT
molecule donates an oxygen to the 2-nitro nitrogen atom of
TNT in an N=0O--NO, arrangement that appears frequently
elsewhere in 1, though at lengths suggesting that these
interactions are rather weak. These CL-20/TNT ring inter-
actions are oriented approximately in the [120] direction. In
addition to these directional interactions, molecular charac-
teristics such as size, shape, and polarity are reported to assist
in cocrystal formation and may contribute to stabilize 1."!

Cocrystal 1 has a crystallographic density of 1.91 gcm ™ at
95 K, which is somewhat lower than those of CL-20 poly-
morphs (1.95-2.08 gecm ™), but substantially higher than
those of either monoclinic or orthorhombic TNT (1.70-
1.71 gcm™).") The packing coefficient of 1, measured as the
ratio of total molecular volume to unit cell volume, is 0.802,
which is higher than CL-20 polymorphs a (anhydrous 0.640),
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B (0.774), and vy (0.762). This packing coefficient is lower,
however, than those of pure TNT (monoclinic 0.824, ortho-
rhombic 0.820) and &-CL-20 (0.816). All forms of CL-20 and
TNT were observed to convert to 1 during solvent-mediated
experiments.

At 296 K the crystallographic density of 1 measures
1.84 gcm™ as the unit cell exhibits thermal expansion in two
of three dimensions. Relative to its unit cell at 95K,
dimension a expands from 9.67 to 9.77 A (+0.99%) and b
from 19.37 to 19.86 A (+2.53 %), while ¢ remains unchanged,
24.69 to 24.70 A (+0.04%). Packing in the directions of cell
dimensions a and b primarily involve the interactions
depicted in Figure 4, those between CL-20 and TNT. Inter-
actions in the [001] (c¢) direction are predominantly those
between adjacent CL-20 molecules (Figure 5).

Figure 5. Nitro—hydrogen and nitro-nitro interactions between CL-20
molecules propagating throughout 1.

Turning to the performance characteristics of 1, impact
sensitivity was measured using a drop test. The device
employed a 2940 g weight, stainless-steel impactor and
anvil, and samples of one mg each sealed inside an aluminum
DSC pan (to consolidate the sample and prevent sample
ejection during testing). Thirty samples of each material were
tested with ks,,, measured as the dropping height at which
there was a 50 % probability of detonation. An /sy, of 47 cm
was measured for e-CL-20 while 1 exhibited an #5,., of 99 cm,
more than twice the height of CL-20.”"! Incorporating
insensitive TNT into a cocrystal with sensitive CL-20 greatly
reduces its impact sensitivity, potentially improving the
viability of CL-20 in explosive applications.

The thermal properties of 1 make it a sensitivity-change-
able energetic, a property that highlights the unique potential
for cocrystallization to produce energetic smart materials. At
136°C cocrystal 1 converts to liquid TNT and either 3 or y-
CL-20, depending on the degree of overheating. Cooling the
resultant mixture does not lead to the recrystallizion of 1.
Thus, an insensitive energetic that is not easily detonated by
impact, 1, is transformed into a sensitive energetic that is
readily detonated by impact, CL-20, simply through heating.
Samples of 1, each of 1 mg sealed in DSC pans just as in prior
drop tests, were heated to 150°C and held for 10 min to ensure
complete conversion to their pure components. Samples were
then cooled to ambient temperature. Drop tests on these
“activated” samples yielded an ks, of 41 cm indicating
greater sensitivity than €-CL-20. This demonstrates the ability
of cocrystallization to yield an energetic smart material that
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can be transported or stored in an insensitive form then
converted to an activated form for deployment.

In conclusion, we have discovered and characterized an
energetic—energetic cocrystal composed of a 1:1 molar ratio of
established explosives CL-20 and TNT. This cocrystal forms
readily despite the lack of strong predictable interactions in
the chemical structures of its components and appears to be
stabilized by a number of CH hydrogen bonds each involving
nitro group oxygen atoms. This holds promise that more
energetic—energetic cocrystals may be discovered from
among the nitro-rich, non-aromatic compounds that domi-
nate the field. Exemplifying the practical merits of energetic
cocrystallization, this cocrystal combines the economy and
stability of TNT with the density and power of CL-20 into a
homogenous energetic with high explosive power and excel-
lent insensitivity. An approximate doubling of the impact
stability is achieved, relative to pure CL-20. Furthermore, the
cocrystal demonstrates the potential of cocrystallization to
realize explosive smart materials. Here, the impact-insensitive
cocrystal becomes highly impact-sensitive simply by heat,
making this cocrystal an energetic with “turn-on” sensitivity.
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