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Abstract

There exists an inherent contradiction between the energy density and safety of energetic
materials. To ameliorate and get an accord between energy and safety, cocrystallization
seems to be a remedy which has been getting quite popular in the field of energetic
materials. Energetic cocrystals represent one of the most important classes of research
advances in the area of energetic materials. The cocrystallization significantly improves
performance of energetic cocrystals, such as density, solubility, sensitivity, and thermal
stability. This mini review summaries some of CL-20 based energetic cocrystals in terms
of various aspects of them.

Introduction

Generally, more reaction steps and a longer processing period is required for the
synthesis of novel energetic materials (EMs) in order to modify or ameliorate their
ballistic properties (especially note the contradiction between the energy density and
safety of energetic materials). In other words, this type of approach is an extremely
complicated and time-consuming, often hazardous process. Another approach could be
crystal modifications (such as coating and doping), by means of which the sensitivity of
EMs is reduced. However, they suffer from energy losses and limited applicability areas.
To overcome this problem, cocrystallization technology has been usually applied in the
field of EMs in order to get better balance between the energy and safety.
Cocrystallization could be mainly of two types; energetic-energetic or energetic-
nonenergetic energetic cocrystals (ECCs) for the purpose of achieving different aims.
Hence, the starting point is to choose the suitable components of the cocrystal.
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CL-20, which is also known as 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-
tetracyclo-[5.5.0.05,9.03,11]-dodecane (HNIW), falls in to the class of nitramine-type
energetic materials [1-3].
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Nitramines (acyclic, cyclic, caged etc.) constitute an important class of explosive
materials which include the explosives, propellants, and pyrotechnics [1-4]. CL-20 is a
caged-type nitramine [5,6]. CL-20, is often found in these energetic-energetic type
cocrystals. It is worth mentioning that CL-20 is currently the most powerful
commercially available explosive, thus making it a major focus of cocrystallization
efforts.

Through the centuries, synthesis or some research on EMs has evolved relatively
slowly, due to the many reasons or difficulties have been encountered. Namely the
synthesis of novel EMs possesses some drawbacks which may include many reaction
steps and a longer processing period, etc. They were multiple and strict requirements for
application (e.g., keeping safety, increasing energy, lowering cost, improving mechanic
and ballistic properties, promoting environmental adaptability, etc.), intrinsic energy-
safety contradiction of EMs themselves, in addition to risk of undesired and accident
hurt, inadequate devotion, and so forth [7,8]. The key performance factors for EMs
include the criteria of oxygen balance, density, thermal stability, sensitivity, and
detonation parameters [9]. However, for some highly EMs, it is always difficult to keep
the high energy content in accord with acceptable sensitivity, which is an intractable
problem to be solved for better/longer storage, easy and safe transportation, handling and
applications. Therefore, it is essential to find solution to this balance problem between
energy density and sensitivity. Various strategies have been explored in the past years
(such as design and synthesis of new EMs) with the help of inspiration drawn from
modern science and technology, [10,11] improvement of crystal quality, [12] the fine
coating of energetic particles, [13] and doping of energetic composites with a minor inert
material [14].
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Nowadays there has been a huge demand and challenge to overcome these
difficulties to create novel EMs, which are both energetic and safe but meantime less
hazardous to environment. The cocrystallization concept as a very promising strategy,
has been a recent introduction to EMs. Cocrystallization is now changing the idea for
creating new EMs, with producing more and more energetic cocrystals (ECCs) coming
into sceéne, being as promising alternatives to synthesizing novel energetic molecules.
Note that the principle idea of cocrystallization is to arrange heterogeneous molecules
orderly in lattice with fixed stoichiometric properties [15-19].

The cocrystallization technique for EMs has attracted much attention, and it basically
involves the rearrangement of different molecules at a molecular level, which
consequently and efficiently vary various properties, including ballistic ones such as
reducing the mechanical sensitivity without greatly sacrificing the energy density [20].
Cocrystallization refers to the orderly control and regulation of two or more different
component crystals at the molecular level, so that eventually forming uniform cocrystals.
Thus, the components of an ECC can be already existent energetic molecules, instead of
newly synthesized novel ones necessarily. Hence, by means of the modification of
cocrystallization, it is possible to make even some energetic compounds with the existing
EMs but are already out of use (dead) come back to life having properties more apt to
application [21]. These dead energetic compounds generally suffer one or more fatal
shortcomings such as very high sensitivity, highly hazardous to environment and ready to
be hydrolyzed.

Note that by definition a cocrystal refers to a single phase crystalline solid composed
of two or multiple components in a proper stoichiometric ratio, and the components of a
cocrystal can be atoms, molecules, anions and cations in pairs, and/or metallic cations
with free electrons shared [22]. In recent years, cocrystallization had become a hot focus
for researchers, based on the kinds of their components. Their interactions in crystal
entity may include atomic cocrystal, molecular cocrystal, ionic cocrystal, metallic
cocrystal and mixed-type cocrystal [22]. It had been applied extensively as an effective
method in order to alter the oxygen balance (OB), molecular structure, density, improve
mechanical properties, decrease sensitivity, increase detonation performance and enhance
thermal stability of energetic materials.

An energetic cocrystal (ECC) refers to a crystalline structure that contains at least
two components and at least one energetic component and energetic hydrates and other
solvates [21,22]. Note that since non-energetic coformers will dilute energetic density,
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the energetic-energetic cocrystals (EECCs) whose components are both energetic are
favored.

Compared with the other modification methods, cocrystallization can change the
internal compositions and crystal structures of EMs without destroying the bonding
structure of the original energetic compounds [23]. In the past decades, cocrystallization
technology has been extensively used in pharmaceutical chemistry [24]. Beyond
pharmaceutical materials, nowadays cocrystallization has also been developed as a
common and efficient technique in the field of EMs.

It is worth mentioning that in cocrystals generally, the combination of two or more
different molecules occurs in the same crystal lattice with a fixed stoichiometric ratio
through strong intermolecular interactions, hence forming a unique multicomponent
single crystal [25]. However, in recent years, some other definitions slightly different
from each other have emerged in the literature one after another. The most commonly
used definition in the pharmaceutical field is that “cocrystals are solids that are crystalline
single phase materials composed of two or more different molecular and/or ionic
compounds generally in a stoichiometric ratio which are neither solvates nor simple salts”
[26]. An extended and more popular definition of cocrystal is that “a cocrystal is a single-
phase crystalline solid composed of two or multiple components at a stoichiometric ratio,
and the components of a cocrystal can be atoms, molecules, anions and cations in pairs,
and/or metallic cations with free electrons shared” [22]. On the other hand, an energetic
cocrystal (as the product of cocrystallization) refers to a cocrystal that contains at least
one energetic component. Note that not only a molecule but also an ion can be
cocrystallized to form energetic cocrystals in order to get modified properties [27].

Note that a reliable theoretical basis is still lacking for the experiments on preparation
of cocrystals. Because of the fact that the corresponding formation mechanisms are still
not clear, and hence the theoretical design method is not yet reliable [28]. In addition, the
current preparation techniques for energetic cocrystals have a high risk of producing
unwanted/undesirable structures, especially when the crystallization components and
solvent systems used are complicated. The most important problem originates from the
fact that there are just a few studies involving the cocrystal composition-structure-
performance correlations, which could be too complicated to be clarified. Besides these
problems, few researchers have explored the combustion and explosion mechanisms of
HMX-based and CL-20-based energetic cocrystals, resulting in insufficient
understanding of the energy release process of these types of EMs, which severely limits
their any industrial applications [28].
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Although, any theoretical design methods have not been reliable yet [28] it has been
demonstrated by Shan and Zaworotko that the energetic/energetic cocrystals (EECCs)
can reduce energy dissipation more effectively than an energetic/nonenergetic cocrystal
[29]. Note that stronger intermolecular interactions between the components of cocrystal
are responsible for the emergence of higher insensitivity.

It is worth mentioning that the stability of the cocrystal system is maintained via
noncovalent interactions, such as hydrogen bonding, p-n stacking, m-m stacking, and
halogen bonds. Their formation causes changes in intermolecular interactions rather than
intramolecular covalent bonding. To a large extent, intermolecular interactions determine
the structure and properties of the ECCs. This is also true for single-component energetic
crystals. For instance, the strong intermolecular hydrogen bonding [30] in FOX-7 and
TATB is an important factor that leads to the occurrence of insensitivity behavior. It is
also known that planar conjugated molecular structures supporting - stacking may
result in elevated impact energies for initiation [31].

Also, due to their strong, specific and directional nature, hydrogen and halogen bonds
have gained extensive attention [28]. For instance, HMX molecules combined with DMF
molecules mainly through four intermolecular hydrogen bonds in the HMX/DMF
cocrystal. Molecules with H-donors and acceptors can easily form ECCs via forming
hydrogen bonds [32]. The nitrogen atoms in the -NO, groups of CL-20 molecules can
form intermolecular hydrogen bonds with the hydrogen atoms in -NH, groups of two
nitroguanidine (NQ) molecules [33].

In some cases p-m interactions are observed as one of the dominant interactions in the
cocrystals. In p-m interactions, p and 7 refer to the p-electrons of the NO, groups and the
n-electrons of the coformer molecules, respectively. In fact, the p-m interactions comprise
the sum of electrostatic and van der Waals ones. In addition, the O/H intermolecular
interaction plays an important role in the structure of cocrystals. For instance, the
hydrogen bond is stronger where HMX or CL-20 is considered as the hydrogen donor.
On the other hand, n-r stacking could be found in aromatic energetic compounds such as
2,4,6-trinitrotoluene (TNT), which can form a number of cocrystals with conjugated
structures [34].

Cocrystal explosives

Cocrystal explosives have been synthesized in a variety of ways, including the
solvent evaporation, spray drying, vacuum freeze-drying, ball milling, electron spray
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deposition,  self-assembly, and so on. Liu et al, [35] prepared
hexanitrohexaazaisowurzane (CL-20)/DNDAP cocrystals by employing the slow
evaporation and spray drying methods. Nano-CL-20/1,3,5,7-tetrachitro-1,3,5,7-
tetrachitroheterocyclic octane (HMX) and CL-20/2,4-DNI cocrystals were prepared also
by spray drying method [36,37]. Gao e al., [33] applied the vacuum freeze-drying
method to prepare nano-CL20/NQ Cocrystal. On the other hand, Qiu et al., [38]
synthesized nanoscale CL-20/HMX high explosive cocrystal by the bead milling
technique. Nano-CL-20/2,4,6-trinitrotoluene (TNT) cocrystal explosives were obtained
by mechanical ball milling with 0.38 mm grinding beads [39]. A series of nanosized CL-
20-based energetic cocrystals were obtained by the application of the electron spray
deposition [40]. Liu et al., [41] prepared CL-20/DNDAP cocrystals via an efficient self-
assembly in slightly soluble-medium. By the same method, CL-20 and HMX
nanocrystals were also obtained [42]. In addition, there are some improved new methods.
For example, when prepared pure CL-20/HMX crystal, solvent evaporated from a
saturated solution of the stoichiometric mixture in the presence of a high boiling anti-
solvent [31]. Li et al., [43] developed a novel method, called, micro channel-confined
crystallization strategy, by which CL-20/HMX cocrystal with desired shape and size was
prepared.

Cocrystals of CL-20 with RDX

The intermolecular interactions vary. By cocrystallizing energetic molecules with
energetic or non-energetic ones, which give rise to the variations of molecular stacking,
property and performance, can be modified in the directions of desirable properties for
practical applications.

The cage structure of CL-20 contains two five member rings (FMRs) which
possesses alternating carbon and nitrogen atoms, while the base (bottom portion) form a
boat shaped 6-membered ring (SMRs) in its skeleton. The ring strain possessed by CL-20
makes it special and more energetic among the other cyclic nitroamines (viz. RDX and
HMX). Viswanath et al., studied CL-20.RDX cocrystal [44].

CL-20 being highly energetic among the other nitramines has also high positive heat
of formation value and it is a green energetic material employed as solid propellant [45-
47]. However, it has some drawbacks that it suffers basically from mechanical sensitivity
and cost of synthesis. However, cocrystallization of CL-20 with other suitable HEMs and
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LEMs is considered as the best crystal engineering technique to reduce its sensitivity
[46,48-50] because it masks crystal defects which in turn are responsible for mechanical

sensitivity.

The reported results, indicate that CL-20/RDX cocrystals are usually formed in ratios
of 1:1 [44] and 1:2 [51] via EM and GM methods, which was confirmed on the basis of
spectral and other analytical techniques. The driving force for the formation of CL-
20/RDX cocrystals is C—H:--O hydrogen bonds occurring between -NO, and -CH,
moieties. The particles obtained by GM method are near-spherical and of uniform size
[51] and the other cocrystal morphology clearly shows the sharpness of CL-20 crystal
edges being masked and distortion in the orthorhombic structure happens [45]. New
crystal phases were presented in the XRD pattern of CL-20/RDX cocrystal. However, the
authors comment that single crystal data are needed to be further studied to confirm the
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refined crystal structure.

Hang et al., considered CL-20/RDX cocrystal within the constraints of molecular
dynamics approach [52]. They have chosen ¢-CL-20 to establish the cocrystal model and
investigated its properties, because among the four polymorphs (a-, B-, A-, &-) of CL-20,
€-CL-20 has the highest energy density, best detonation performance and seems the most
promising polymorph [52].

In the study, CL-20/RDX cocrystal models possessing different molar ratios were
established by the substitution method and molecular dynamics (MD) simulation method
was applied to investigate the influences of molar ratios on mechanical properties,
stabilities and detonation performance of cocrystal explosives. In the work, the crystal
parameters, structures, binding energies, mechanical properties and some detonation
parameters of different cocrystal explosives were got and compared [52]. The results
obtained have illustrated that the molar ratio has a direct influence on properties of
cocrystal explosive and each of the cocrystal model shows different mechanical
properties, binding energies and detonation parameters. The results have revealed that the
mechanical properties of CL-20/RDX cocrystal explosive can be effectively improved
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and the cocrystal model with molar ratio in 1:1 has the best mechanical properties.
Additionally, it has the highest binding energy, so that the stability and compatibility is
the best. In this article, the molar ratios of CL-20 and RDX (CL-20:RDX) was 10:1, 9:1,
8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1, 1:1, respectively, so that in total 10 kinds of different
cocrystal explosives have been investigated. The cocrystal model was established by
random substituting method, namely, RDX molecules were used to replace the CL-20
molecules randomly. During the MD simulations conducted, the total number of
molecules, volume and temperature were constant. The mechanical properties, stabilities
and detonation performance of different cocrystal explosives were got by molecular
dynamics (MD) simulation method. The detonation parameters show that the cocrystal
explosive has better detonation performance than RDX. The cocrystal explosive with
molar ratio in 1:1 has the best mechanical properties, highest binding energy and
excellent energy density and detonation performance, hence the authors suggest that it is
quite promising and can satisfy the requirements of high energy density compounds
(HEDC).

This paper could offer some theoretical instructions and novel insights for the
designing of CL-20 cocrystal explosive [52]. The major findings and results were
summarized by the authors as follows:

1. The mechanical properties of cocrystal models could be improved owing to the
adding of RDX. For the cocrystal explosive with molar ratio in 1:1, the values of tensile
modulus, shear modulus and bulk modulus were the least, while Cauchy pressure was the
highest, thus implying that the cocrystal model had the best mechanical properties.

2. The binding energies were in the order of 1:1 > 2:1 > 3:1 > 4:1 > 5:1 > 6:1 > 7:1 >
8:1 > 9:1 > 10:1, namely, the compatibility and stability of cocrystal model with molar
ratio in 1:1 was the best. Besides, it also meant that CL-20 preferred cocrystalizing with
RDX at 1:1 molar ratio.

3. Compared with raw &-CL-20, the density, oxygen balance (OB), and detonation
parameters of cocrystal model decreased gradually, i.e., the energy density and power
would be weakened, while the values of detonation parameters were still higher than that
of RDX, so the cocrystal explosive had excellent detonation performance.

Namely, the CL-20/RDX cocrystal model with molar ratio in 1:1 had the best
mechanical properties, highest binding energy and excellent detonation performance.
Therefore, the authors remark that it is worth more further research and experimental
tests.
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Molecular dynamics is used widely in research on cocrystal explosives [53]. The
material models can refer to perfect, defected, and PBX explosives. In such studies,
external stimuli such as high temperature, electric field and shock can be considered.
Research in the field is currently focused on design and synthesis, structure and
properties, the reaction mechanism of decomposition, and sensitivity reduction. Overall,
molecular dynamics simulation results provide detailed micro-level information for in-
depth understanding of the structure and properties of cocrystal energetic materials [53].
In the work of Wang et al., [54] molecular dynamics simulations of CL-20/RDX
cocrystal at different temperatures (200K, 298K, 400K) have been performed. The
simulation results were analyzed by radial distribution function (RDF), Hirshfeld surface
analysis, and growth simulation. The results show that the CL-20/RDX cocrystal g(r)
peak values of O...H at 200K, 298K, and 400K were 1.55, 1.76, and 2.00, respectively.
As the temperature of the cocrystal decreases, the hydrogen bonding interaction
strengthens. On the other hand, the g(r) peak value of the N-N bond was higher than that
of the pure component CL-20, which indicates that the cocrystal enhanced the strength of
the N-N bond and therefore reduced the sensitivity of CL-20. At the same temperature,
the g(r) value of the N...N bond is lower than N...O, thus CL-20 decomposition starts
from the N-N bond. Hirshfeld surface analysis has showed that the O...H contact
contribution to the Hirshfeld surface area was 38.2%, which accounted for the largest
proportion of interactions, and the de+di value was the smallest. Thus, the interaction
distance was the shortest, indicating that the driving force of CL-20/RDX cocrystal
formation was derived from hydrogen bonding. The strong interaction of the cocrystal
formation should be mainly generated at the nitro group. Also, the hydrogen bond force
of the central molecule CL-20 as a hydrogen bond donor is greater than that of a
hydrogen bond acceptor. The simulated morphology is long columnar, which is similar to
the experimentally prepared morphology, and its rounded shape provides certain
advantages in terms of sensitivity [54].

Cocrystals of CL-20 with HMX

A typical new energetic material, CL-20/HMX co-crystal (energetic/energetic type)
has been discovered to ameliorate some properties of HMX and CL-20. It is a very
promising explosive owing to its high energy (9484 m/s) and low mechanical sensitivity
(similar to B-HMX) [36,55-57]. Notably, CL-20/HMX co-crystal has a unique crystal
structure formed by orderly arrangement of CL-20 and HMX molecules.
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The prepared CL-20/HMX cocrystals possessing high performances and good
sensitivity, showed much better overall properties than CL-20/RDX cocrystals [55]. The
first cocrystal of CL-20/HMX at a molar ratio of 2:1 had been prepared in 2012 by
Matzger [55]. The cocrystals were well characterized by spectroscopic, thermo analytical
tools, X-ray diffraction studies, and microscopic techniques. Also a correlation of
percentage of cocrystal formation with evaporation rate has been obtained through
quantitative analysis by using Raman spectrometry [55]. Later on, much work has been
done on CL-20/HMX cocrystals as the most promising high energy combination. A
pressure-induced effect of CL-20/HMX cocrystal has been found by DFT technology,
[56] indicating that CL-20 plays a dominant role in the electronic structure of this
cocrystal. In addition, analysis of the mechanical properties of the CL-20/HMX cocrystal
also proves its strong anisotropy. However, a detailed study on the cocrystallization
mechanism of the CL-20/HMX may be helpful to improve its quality [57]. Therefore,
much work has been done on preparation and performance of CL-20/HMX cocrystals,
and in the article the reported preparation methods are summarized [56].
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Usually some digital photos assisted with SEM images could be sufficient to
determine the morphologies of CL-20-based cocrystals prepared under various
experimental conditions, which indicate that the majority of these cocrystals are plate-like
in shape. Generally speaking, raw CL-20 particles are spindle-shaped with a size of 30-
300 pm, and raw HMX sample particles are usually polyhedral with an average size of
100 pm. [36]. The CL-20/HMX microparticles are composed of many tiny cocrystals,
which are plate-shaped. However, the majority of nanosized cocrystal particles show
spheroidal morphology. Cocrystals of CL-20/HMX at a 2:1 molar ratio are presented as
typical examples with different shapes and sizes depending on the preparation methods.
However, it is worth mentioning that the uniformity of cocrystals needs to be further
improved for better sensitivity and processability. The density range of CL-20/HMX
cocrystals obtained by different preparation methods is 1.95-1.96 g-cm™.
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In the work of Sun et al., the proposed kinetic model was evaluated based on the non-
isothermal DSC data by using a non-linear optimization method, which was identified as
a complicated reaction comprising two parallel autocatalytic paths. The contribution of
the two reaction paths was revealed to vary depending on the heating rate [58]. The
thermal hazard simulation has indicated (the data based on the kinetic model) that the
temperature when the occurrence of thermal decomposition after 24 hours (Td,24) of CL-
20/HMX co-crystal is 151.64 °C, and the critical temperature of 1000™ second explosion
has been determined as ~196 °C. Besides, the simulation results of self-accelerating
decomposition temperature has demonstrated that the package mass of CL-20/HMX co-
crystal, rather than the package material, has a remarkable effect on the thermal safety of
CL-20/HMX co-crystal [58].

Note that HMX possesses four different kinds of polymorphs (a-, S-, y-,0-). Among
them, f-HMX is more stable than a-, y-, and 0-HMX. Previous studies have revealed that
crystal defects would directly and greatly affect the properties of EMs. Therefore, the
authors also have considered to explore the effects of adulteration crystal defect on
properties of HMX. The influences of adulteration crystal defect on sensitivity, energetic
properties, and mechanical properties of explosives were explored and investigated by
MD method. Some MD simulations were performed with constant pressure and
temperature (NPT) ensemble and COMPASS force field in order to accurately predict the
properties of different crystal models [58].

Their results have indicated that (the non-isothermal DSC and in-situ XRD analysis)
CL-20/HMX co-crystal does not experience a phase transformation or melting process
before thermal decomposition, which is quite distinct from the behavior of pure CL-20
and HMX crystals. Moreover, according to the isothermal experimental results, the
thermal decomposition of CL-20/HMX co-crystal is identified as a typical autocatalytic
reaction, so that the heat and gas production rates undergo an acceleration period to
approach the maximum value, then followed by a deceleration process.

They observed that the compatibility of non-isothermal DSC results at high heating
rates was quite poor, which is probably due to the violation of temperature uniformity in
the co-crystal under high heating rates, which has resulted in a micro-explosion with
ultra-high exothermic rate. In contrast, the experimental data at lower heating rates can be
fitted well by a proper kinetic model, and the thermal decomposition kinetic of CL-
20/HMX co-crystal was found to comprise two parallel autocatalytic reactions (paths).
The contribution of the two parallel paths was revealed to vary with diverse heating rates
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because of their different activation energy and heat production. Based on the kinetic
model, the simulation results show that the Td,24 of CL-20/HMX co-crystal is 151.64 °C,
and the critical temperature of 1000™ second explosion is ~196 °C, agreed well with
experimental results (199 °C). Besides, according to TCL, it shows that the conversion
limit of CL-20/HMX co-crystal at 70 °C will reach 0.1% and 1% after 65 years and 243
years, respectively, indicating good stability of CL-20/HMX co-crystal [58].

In another work of Sun et al., [59] a molecular dynamics (MD) simulation was
performed for a e-CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexazisowurtzitane)
crystal, a p-HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazocane) crystal, as well as for a e-CL-
20/HMX cocrystal and its composite with the same molar ratio as in the cocrystal using a
COMPASS force field with NPT ensemble at different temperatures. The maximum bond
length (Ly.x) of the N-NO, trigger bond, cohesive energy density (CED) and binding
energy (Eping) between HMX and CL-20 molecules as well as elastic properties were
calculated. The data have revealed that L, increases with rising temperature and is
found to be in the order of e-CL-20/HMX cocrystal < CL-20/HMX composite < e-CL-20
crystal at the same temperature. On the other hand, CED and Ey;,g of the cocrystal
decrease with increasing temperature and are all greater than those of the composite at the
same temperature. All these findings indicate that the cocrystal is the most insensitive and
moreover, its thermal stability is better than that of the composite. Furthermore, the pair
correlation function g(r) analysis reveals that hydrogen bonds exist. Also the data
revealed that the tensile modulus (E), bulk modulus (K) and shear modulus (G) of the &-
CL-20/HMX cocrystal and the composite are smaller than those of &-CL-20 and B-HMX
crystals which decrease with increasing temperature. However, the K/G values of the
cocrystal and the composite are larger than those of the other two crystals, implying that
they have better ductility [59].

Ding, et al., [60] studied the thermal decomposition behavior of CL-20/HMX mixed
system under different pressure which was investigated by means of high-pressure DSC.
Using the thermal decomposition characteristics data of the mixed systems under
different pressure some comparisons were done. The thermal decomposition kinetic
parameters of CL-20/HMX mixed system (under 0.1 MPa, 1 MPa, 3 MPa pressures) were
calculated by means of Ozawa method. The effects of ingredient mixture ratio and
pressure on thermal decomposition kinetic parameters were analyzed. The resultant data
have revealed that the apparent activation energy of CL-20 in the system increases with
pressure and HMX content [60].
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Although, usage of high energy, energetic materials (EMs) have been widely applied
in the composition of explosives, propellants, and pyrotechnics due to their outstanding
combustion efficiency and high energy releasing rate [61,62] potential applications of
several nitroamine explosives, such as hexanitrohexaazaisowurtzitane (CL-20), 1,3,5,7-
tetranitro-1,3,5,7-tetrazacy-clooctane (HMX) and hexahydro-1,3,5-trinitro-1,3,5-triazine
(RDX), [63] are still impeded by their high mechanical sensitivity. To overcome this
drawback nowadays, employment of co-crystallization has become popular. As
mentioned before, it is a novel technology, which depends on noncovalent interactions
including hydrogen bonding, [64] van der Waals forces and m-m stacking [65-67] to
efficiently combine independent molecule components.

In the work of Zang et al., [68] nanocrystals of raw e-CL-20 (37.3 g) and B-HMX
(12.6 g) with molar ratio of 2 : 1 were produced by mechanical grinding in water in order
to decrease the particle size further and obtain sufficient dispersion and blending of these
two explosives, which was followed by centrifugation and freeze drying [68]. For the
structure determination of the CL-20/HMX co-crystal, a single crystal was prepared by
the interfacial self-assembly strategy in pure H,O for 4 hours. It was used for the
structure determination by single-crystal X-ray diffraction (SCXRD). The quasi-static
compression method was employed to evaluate the coherence strength of the as-prepared
CL-20/HMX co-crystal [68].

The CL-20/HMX co-crystal (after hydrothermal treatment) exhibited a uniform
polyhedral morphology of about 20 um with a narrow particle size distribution in a
reactor. To further explore the CL-20/HMX co-crystal obtained, the size distribution was
determined. The results revealed that the CL-20/HMX co-crystals were characterized by
a narrow size distribution (19.1 um) than the individual components, which is consistent
with the SEM results.

As outline in their work, CL-20/HMX co-crystals with high purity, uniform
morphology, well-proportioned size distribution, compact internal structure and reduced
sensitivity were fabricated by a solvent-induced self-assembling approach using
corresponding nanoparticles as the basic units. It is worth mentioning that the strategy of
interfacial self-assembly is a novel, facile and general method for the fabrication the CL-
20/HMX co-crystal. They proposed a mechanism for the assembly of CL-20/HMX
cocrystal, and also studied the assembly kinetics of CL-20/HMX co-crystal.

The work is also interesting because of the fact that an interfacial self-assembly
strategy was reported for the first time as a novel route to fabricate CL-20/HMX
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energetic co-crystals. The formation processes were investigated at a particle level, which
revealed that they are significantly different from the processes of traditional solvent/non-
solvent crystallization occurring at a molecular level. The obtained CL-20/HMX co-
crystals, as mentioned, possessed uniform morphology, well-proportioned size
distribution, high density, few impurities or defects, characteristic thermal performance
and improved safety performance as well. The proposed method in this study was found
to be facile, general and environmentally friendly. They claimed that the method can be
influenced very slightly by the mass and heat transfer, facilitating its scale-up.

In the study of Zhao et al., [58] the kinetic model was evaluated based on the non-
isothermal DSC data and by using non-linear optimization method. The data indicated
that a complicated reaction involving two parallel autocatalytic paths occurs, and the
contribution of the two reaction paths vary depending on the heating rate. Based on the
kinetic model, the thermal hazard simulation indicates that the temperature when the
occurrence of thermal decomposition after 24 hours (Td,24) of CL-20/HMX co-crystal is
151.64 °C. The critical temperature of 1000"™ second explosion is determined as ~196 °C.
Besides, the simulation results of self-accelerating decomposition temperature
demonstrate that the package mass of CL-20/HMX co-crystal, rather than the package
material, has a remarkable effect on the thermal safety of CL-20/HMX co-crystal. To
obtain CL-20/HMX co-crystal by using &-CL-20 and B-HMX as raw materials, a
“solvent-media recrystallization” method was employed. The non-isothermal DSC
experiments were measured using about 0.8-1.2 mg sample and the temperature range
which was set from 30 °C to 280 °C at the heating rate of 0.2, 0.4, 0.6, 0.8, 1, 2, 5, 10
°C/min. On the other hand, the isothermal DSC experiments were carried out in which
the isothermal temperature set as 232 °C and 240 °C, respectively. During the DSC
experiments pure nitrogen (99.999%) was used as protective carrier gas with a flow rate
of 30 ml min™".

In order to investigate the thermal decomposition behavior of CL-20/HMX co-
crystal, the non-isothermal DSC analysis was employed. It was observed that CL-
20/HMX co-crystal exhibited only an exothermal peak at heating rates of 1 and
10°K/min, but no endothermic process could be observed. This indicates that CL-
20/HMX co-crystal did not undergo a phase transformation or melting process before
thermal decomposition. To verify this, the authors performed in-situ XRD experiment to
examine the crystal stability of CL-20/HMX co-crystal. In order to determine the reaction
type of decomposition of CL-20/HMX co-crystal, they performed non-isothermal DSC at
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several heating rates to evaluate the thermal kinetic parameters. Since CL-20/HMX co-
crystal exhibits only one exothermic peak, they have concluded that the parallel paths are
coupled during the thermal decomposition [58].

In order to evaluate the thermal stability or storage aging life of a substance, time fo
conversion limit (TCL) was exploited. Also self accelerating decomposition temperature
(SADT) was investigated.

As an outline, in this study, the thermal decomposition behavior of CL-20/HMX co-
crystal was carefully investigated by DSC, in-situ XRD, and isothermal accelerating rate
calorimeter (ARC) analysis. The kinetic model of the thermal decomposition of CL-
20/HMX co-crystal was successfully created for the first time, and to predict the thermal

hazard under different conditions, the kinetic-based simulation was performed [58].

Ghosh et al., described a new preparation method for CL-20/HMX (2:1) co-crystal
and supplied structural data and thermo kinetic analysis [31]. The employed solvent
evaporation technique yielded pure co-crystals from a saturated solution of the
stoichiometric mixture in the presence of a high boiling anti solvent (comparatively a
very efficient and cheaper method). The obtained co-crystals were well characterized by
spectroscopic, and thermo analytical tools, as well as the X-ray diffraction and
microscopic techniques. A correlation of percentage co-crystal formation with
evaporation rate has been obtained through quantitative analysis using Raman
spectrometry. Evaporation rate of <1 ml/min consistently produced pure co-crystal
confirmed by Raman and powder-XRD analysis. The thermo kinetic analysis suggests
that the co-crystal to be more stable than CL-20 with energy of activation of 65 kcal/mol,
higher than CL-20 but inferior to HMX. Enhanced insensitivity towards friction and
impact forces and higher measured velocity of detonation all indicate the improved
performance on incorporation into high explosive formulations.

On the other hand, the structural analysis revealed propagating non bonding
interactions contributing towards lattice built-up and platelet morphology of the co-
crystal. On the other hand, organic additives used showed little control over the alteration
of morphology. A detailed analysis of Raman spectra along with mode assignments using
a computational method helped to understand the solid phase vibrational modes and thus
supporting the observed molecular conformations in the lattice. The characteristics
obtained with friction and impact insensitivity figures of 300 N and hsos= 48 cm,
respectively indicate the enhanced insensitivity. The observation that the velocity of
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detonation is well above HMX, endorse the co-crystal to be a better candidate for future
insensitive munitions (IMs) [31].

In order to enhance the understanding of the mechanism cocrystal formation, the
formation process of CL-20/HMX cocrystal was investigated by Sun et al. The research
was based on the XRD qualitative/quantitative analysis and using the methods of SEM
images in anhydrous acetone, acetone/H,O solvent admixture and slightly-soluble-
medium transition experiment [57]. They have found that the formation process of CL-
20/HMX cocrystal experiences significant phase transition from CL-20 and HMX
separated precipitations to CL-20/HMX cocrystal in acetone solvent, and also in slightly-
soluble-medium. The solvent media and the presence of tiny active secondary nuclei
seemed to be necessary in the phase transition process.

It has been found that the formation of CL-20/HMX cocrystal experiences a
significant coformers converting process from separated precipitation to cocrystal in
acetone solvent. Specifically, p-CL-20 and B-HMX precipitate in anhydrous acetone,
while B-HMX, B-CL-20 and a-CL-20 precipitate in acetone/H,O solvent pair [57]. They
verified this process by performing a slightly-soluble-medium transition experiment in
ethanol solvent. Accordingly, solvent media and tiny active secondary nuclei are
identified as having the key roles in phase transition. The conversion from tiny active
nuclei (produced by secondary nucleation) to cocrystal with heterogeneous molecules in
solvent is thermodynamically allowed. All the three crystal phases (B-, a-, &-) of CL-20
together with B-HMX can be converted to cocrystal. Based on this, they found the solvent
evaporation is a long and useless process. Cocrystal, they have reported, can be obtained
more efficiently by the slightly-soluble-medium transition experiment. The authors
believe that some environmentally slightly soluble solvents can play an unexpected role
in cocrystal preparation. Also the feasibility of slightly-soluble-medium transition method
is verified by CL-20/TNT, BTF/TNT and BTF/TNB cocrystals [57].

Ultrafine cocrystal explosives attract scholarly attention in order to reduce
mechanical sensitivity. Because, it is known that mechanical sensitivity can be reduced
by decreasing particle size of explosives [69,70]. Ultrafine explosive particles have some
advantages over larger ones in improving burning rate of solid propellants [71-73].

In the work of An et al., [36] the spray drying method was used to prepare cocrystals
of hexanitrohexaazaisowurtzitane (CL-20) and cyclotetramethylene tetranitramine
(HMX) in 2/1 molar ratio. Raw materials and cocrystals were characterized by using
scanning electron microscopy, X-ray diffraction, differential scanning calorimetry,
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Raman spectroscopy, and Fourier transform-infrared spectroscopy. Impact and friction
sensitivity of cocrystals were tested and analyzed. The XRD and DSC patterns revealed
that cocrystal explosive was not the intimate mixture of CL-20/HMX. The results showed
that, after preparation by spray drying method, microparticles were spherical in shape and
had the size of 0.5-5 pm. Particles formed aggregates of numerous tiny plate-like
cocrystals, whereas CL-20/HMX cocrystals had thicknesses of below 100 nm. Cocrystals
were formed by C-H- - - O bonding between —-NO, groups of CL-20 and —CH,— units of
HMX. The nanococrystal explosives exhibited drop height of 47.3 c¢m, and friction
demonstrated explosion probability of 64%. These tiny cocrystals do not disperse
individually but rather agglomerate into microparticles ranging from 0.5 um to 5 pm in
size. Peak decomposition temperature of the cocrystal explosives is 246.98 °C, which is
3.86 °C lower than that of CL-20. Compared with that of HMX, the nanococrystals
manifested significant decrease in impact and friction sensitivities. The drop height
increased by 141%, and friction probability reduced by 20%. Nano-CL-20/HMX
cocrystal explosive exhibits insensitivity to mechanical action. As compared with raw
HMX, the cocrystals possessed significantly reduced mechanical sensitivity [36].

Great research efforts have been spent in order to tailor and improve the properties of
EMs by adjusting or modifying substance compositions, controlling material morphology
[74], reducing particle size [75], and synthesizing new materials [76]. Through the years,
it has been observed in the field of material science that co-crystals have great potentials
in various important applications by adjusting their crystal structure at the molecular level
[77-83]. Note that by means of co-crystallization technology, the physico-chemical
properties of two independent components can be efficiently combined and produced a
modified material in the direction of amelioration of the properties.

Gao et al., performed a facile, large-scale synthesis of an energetic nanoscale
cocrystal composed of a 2:1 molar ratio of CL-20 and HMX via the ultrasonic spray-
assisted electrostatic adsorption (USEA) method [84]. The product mean particle size was
50 nm, and the particle size distribution was relatively in narrow range. The cocrystal
produced was stable because of a number of C-H hydrogen bonds, each involving oxygen
atoms of the nitro group(s). The density of the nano-sized CL-20/HMX co-crystal was
1.945g cm™ and high to 2.006 g cm™ at 0 °K. Its detonation velocity was 9480 m s,
which was higher than that of pure HMX explosive and comparable with that of pure CL-
20. The cocrystal CL-20/HMX exhibited high energy-release efficiency and a unique
exothermic peak at 243.5 °C. The peak shifts left by 40 °C compared to that of pure
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HMX. This strategy not only combined the advantages of cocrystals and nano effects but
also opens up new perspectives and advances in the development of the science and
technology of organic cocrystal materials. The method is claimed that it may be
employed in industrial production on a large scale preparation of high-performance
materials with excellent properties [84].

There is great interest in the field of explosives for reducing initiation sensitivity of
energetic materials, particularly of those based on more powerful and generally more
sensitive high explosives (HEs) including 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [85-89].
As accidental detonations of them can result in loss of lives and tremendous cost. One of
the strategies that is currently pursued to retain the performance of these explosives while
significantly reducing their sensitivity is to employ their cocrystals in formulations, [90-
91] because cocrystals can have distinct properties compared to the corresponding

coformer crystals.

The 2CL-20 - HMX cocrystal was first produced by Bolton et al., by a solution
precipitation route [55] and has since been made by solvent drop grinding using resonant
acoustic mixing [92]. Note that the solvent drop grinding is a commonly used variation to
the solid-state grinding employed in mechanical cocrystal formation [93]. The addition of
a little amount of suitable solvent can facilitate the formation of cocrystals [94].
However, in the case of these methods impurities, typically in the form of coformer
crystals, are commonly observed in the final product. Furthermore, the 2CL 20 + HMX
cocrystal prepared by these techniques often has a relatively large particle size with

undesirable plate-like morphology.

Qiu et al., in their work prepared energetic nanoscale 2CL-20 + HMX, a cocrystal of
CL-20 and HMX (at a 2:1 molar ratio) by using a novel method (bead milling) and an
aqueous suspension of &-CL-20 and B-HMX [39]. Conversion of the coformers to the
cocrystal form was monitored by powder X-ray diffraction (XRD) and scanning electron
microscopy (SEM) analysis of specimens sampled at various milling times. They found
that complete conversion to the cocrystal form was achieved after the period of 60
minutes of milling. Rounded 2CL-20 + HMX cocrystal particles with a mean size below
200 nm were produced. A mechanism for the conversion of the coformers to the

cocrystalline form is postulated based on the experimental results.
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Compared to other processes, production of 2CL-20 * HMX cocrystal by bead

milling has some distinct features.

(1) The process is shown to completely convert the coformer crystals to the
cocrystalline form. This is important as impurities can affect the properties of HEs,
especially the sensitivities dramatically.

(2) Extremely small cocrystal particles with rounded morphology are attained. These
features are expected to reduce the shock sensitivity of the energetic cocrystal.

(3) The conversion process takes place in aqueous media and the obtained nanoscale
cocrystal particles are in a suspension, which make the aqueous bead milling process
inherently safe and uniquely suitable for the production of HE crystals in terms of process
safety.

So, as an inherently safe manufacturing method, the aqueous bead milling process
has a great potential in advancing the cocrystal research and applications in the field of
energetic materials.

In the work of Han et al, a 24,68,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (CL-20) /1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX)-
isopropanol (IPA) interfacial model was constructed in order to investigate the effect of
temperature on cocrystal morphology [95]. A constant volume and temperature molecular
dynamics (NVT-MD) simulation was performed on the interfacial model at various
temperatures (295-355 K, 20 °K intervals). The surface electrostatic potential (ESP) of
the CL-20/HMX cocrystal structure and IPA molecule were studied at the level of
B3LYP/ 6-311++G (d,p). The surface energies, polarities, adsorption energy, mass
density distribution, radial distribution function (RDF), mean square displacement (MSD)
and relative changes of attachment energy all were analyzed. The results revealed that
polarities of (1 0 0) and (0 1 1) cocrystal surfaces may be more negative and affected by
IPA solvent. The adsorption energy per area indicates that growth of the (1 0 —2) face in
IPA conditions may be more limited, while the (1 0 0) face tends to grow more freely.
The MSD and diffusion coefficient (D) analyses have demonstrated that [IPA molecules
gather more easily on the cocrystal surface at lower temperatures, and hence have a larger
effect on the growth of cocrystal faces. The RDF analysis shows that, with the increasing
of temperature, the strength of hydrogen bond interactions between cocrystal and solvent
becomes stronger, being highest at 335 °K for the (1 0 0) and (0 1 1) interfacial models.
The results of relative changes of modified attachment energy indicate that (1 0 0) and
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(0 1 1) faces tend to be larger than the other faces. Moreover, the predicted morphologies
(at 295 and 355 °K) which are consistent with experimental values, proves that the CL-
20/HMX-IPA interfacial model is a reasonable one for this study [95].

As an outline, in the work the CL-20/HMX-IPA interfacial model was built to study
the effect of solvent on the growth morphology from gaining insights into solvent
behaviors at different temperatures. Quantum chemistry calculations for the CL-20/HMX
cocrystal framework and IPA molecule were also performed. The authors have pointed
out that the following main conclusions can be drawn from their investigation:

(1) The polarities of (1 0 0) and (0 1 1) faces may be more negative because there are
more exposed nitro groups (HMX) than other faces. Therefore, the latter three faces may
be less affected by the IPA layer and will grow more freely in the solvent environment,
and hence be less morphologically important.

(2) The orders of adsorption energy per unit area (Ea, ave) at different temperatures
are the same: (1 0-2) > (1 10) > (11 1) > (0 1 1) > (1 0 0), meaning that the interaction
between the solvent and the (1 0-2) face is strong while that with the (1 0 0) face is weak.
However, the Ea, ave values of all situations are close to each other.

(3) The MSD and diffusion coefficient of solvent molecules shows that the lower
temperature is beneficial to the interaction between cocrystal surfaces and solvent. RDF
analysis shows the existence of strong hydrogen bonds for (1 0 0) and (0 1 1) interfacial
models at 335 K, and, therefore, a more obvious inhibition effect on crystal growth.

(4) The relative changes in modified attachment energy show that cocrystal surfaces
(100) and (0 1 1) will change less at 295 K compared with those at high temperatures,
consistent with the total facet area variations. The predicted morphology of the CL-
20/HMX cocrystal is in accordance with the experimental shape, indicating the
applicability of interfacial model for this study.

Although this work may provide some theoretical guidelines for the preparation of
cocrystal explosives, such as the selection of solvent, it must be kept in mind that
cocrystal morphology can be affected by many factors, and the authors believed that
more work should be done to explain influential factors on the morphology mechanism in
the future.

In the work of Jia et al., 2HNIW.HMX cocrystal is considered and the influence of
temperature and solvent on the solid-liquid ternary phase diagrams of it has been
investigated [96]. The ternary phase diagrams were constructed for the 2ZHNIW.HMX
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cocrystal in acetonitrile and ethyl acetate at 15 °C and 25 °C. HMX and HNIW showed
inconsistent dissolution behavior and congruent dissolution behavior in acetonitrile and
ethyl acetate, respectively. On the other hand, in the HMX—HNIW-acetonitrile ternary
system, the 2HNIW.HMX cocrystal has a narrow thermodynamically stable region at
both temperatures. Whereas, the cocrystal exhibits a wider thermodynamically stable
region in the HMX-HNIW- ethyl acetate system. The results have shown that the choice
of solvent has a crucial influence on the dissolution behavior of the cocrystal and the size
and position of each region in the phase diagram, while the temperature has no apparent
effect on the overall appearance of the phase diagram. Therefore, by properly selecting
the ratios, the 2HNIW.HMX cocrystal could be prepared by the isothermal slurry
conversion crystallization method [96].

It is now being understood that cocrystals with the required characteristics (such as
decreased impact sensitivity of HNIW allows its applicability in various fields) possibly
play an important role in future weaponry, propellant and HEMs. Also note that
decreasing the impact sensitivity of HNIW may help the manufacturers to take due care
at the time of synthesis.

Cocrystallization can change the internal composition and crystal type of EMs
without destroying the chemical structure of the original materials. Thus, it has been the
focus of tremendous effort in order to modify their performances efficiently. These
properties of explosives to be modified (such as higher density, better explosive
performance, lower sensitivity, and better stability) could be acquired through cocrystals
formation with other EMs or non-energetic materials.

Note that 2HNIW-HMX co-crystals are crystals composed of HNIW and HMX
molecule are combined with noncovalent bonds in a lattice at a 2:1 ratio. In the study of
Zhang et al., the 2HNIW-HMX co-crystals were synthesized and characterized by XRD,
Raman spectra, DSC, and HPLC [97]. The collected data have revealed that the standard
enthalpy of formation of 2HNIW-HMX cocrystals is 861.9 + 18.6 kJ-mol™' under the
direction of a designed thermo chemical cycle with a Calvet micro calorimeter. The
thermal decomposition behavior of 2HNIW-HMX co-crystals was studied under the non-
isothermal condition with DSC. The apparent activation energy (E) of the decomposition
is 332.23 kJ-mol™' by Kissinger method, 324.10 kJ-mol™" by Ozawa method, 314.06 +
4.26 kJ-mol™' by Friedman-Reich-Levi method, respectively. Whereas a smaller value;
306.81 + 3.12 kJ-mol™' was obtained by NL-INT-SY3 method. The pre-exponential
factor (logA/s™") is 29.33 + 0.33 via compensation effect. A continuous Cp mode of
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Micro-DSC III was used to determine the specific heat capacity (Cp,m) of the target
co-crystals from 283.15 to 333.15K, and the Cp,m is 1114.04 + 10.92 J-mol™"- K" at
298.15 K.

The thermal decomposition parameters (TeO = 498.82 K, Tp0 = 505.03 K, and Tb =
505.75 £ 0.12 °K) of 2HNIW-HMX co-crystals have been acquired. The entropy of
activation (AS*), enthalpy of activation (AH*), and Gibbs free energy of activation (AG*)
of the exothermic decomposition stage are obtained as 303.88 + 6.32 J-mol™-K™', 302.64
+3.12 kJ-mol™", and 149.17 + 3.86 kJ-mol™". Note that these parameters can contribute to
the understanding the thermal property of 2HNIW-HMX cocrystals. The specific heat
capacity of 2HNIW-HMX co-crystals is Cp,m/(J-mol™"-K™") = —-4.35692 x 10° + 4.32914
x 10'(T/K) — 1.13468 x 107'(T/K)* + 1.00000 x 10~*(T/K) from 283.15 to 333.15 °K and
the Cp,m is 1114.04 + 10.92 J-mol™'- K" at 298.15 °K. In addition, also the enthalpy
change and entropy change of 2HNIW-HMX co-crystals within 283.15 and 333.15 °K,
(taking 298.15 °K) have been obtained. These results obtained can provide valuable
information for both the theory and applications of co-crystalline materials.

In the work of Zhang et al., co-crystal of (HNIW).(HMX) in a 2:1 molar ratio was
prepared by a solvent/non-solvent method, and then the co-crystal has been characterized
by several methods [98]. The enthalpies of dissolution of 2HNIW-HMX co-crystal in
N,N-dimethylformamide at different temperatures have been measured by using a DCO8-
1 Calvet micro calorimeter under standard atmospheric pressure, and it is indicated that
the dissolutions are exothermic process. The empirical formulae for the calculation of the
molar enthalpy (Dg;s,;H) of dissolution, relative partial molar enthalpy (DgissHparial),
relative apparent molar enthalpy (DgissHapparenr), and enthalpy of dilution (DgH;,) at
298.15 K are all obtained. Additionally, the differential enthalpies (Dg;H) and kinetic
equations describing the dissolution process at different temperatures are deduced.
Furthermore, the apparent activation energy E = 10.54 + 0.22 kJ mol” and pre-
exponential constant A = 0.34 + 0.03 s of 2HNIW.HMX co-crystal are obtained. The
standard molar Gibbs free energy of activation at different temperatures are found to be
86.44 + 0.02 kJ mol™ (298.15 K), 88.02 + 0.03 kJ mol™ (303.15 K), 89.61 + 0.01 kJ mol
(308.15 K), 91.18 + 0.01 kJ mol™ (313.15 K), and 92.75 + 0.02 kJ mol” (318.15 K),
respectively. Whereas, the standard molar entropy of activation and standard molar
enthalpy of activation values are - 262.55 + 0.72 J mol” K and 7.98 + 0.22 kJ mol”,

respectively.
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The main points in the work are

1. Acetonitrile and distilled water are chosen as solvent and non-solvent to prepare
the 2HNIW.HMX cocrystal by S/NS method. To investigate the structure and properties
of the co-crystal is characterized by PXRD, FTIR, Raman spectra, DSC, and HPLC.

2. The values of heat effect of 2HNIW-HMX co-crystal dissolving in DMF at
different temperatures are measured by a DCO08-1 Calvet micro calorimeter, and the
dissolutions are found to be exothermic processes. The empirical formulae (AgsH,
AdissHapparents  AdissHpariat,  and — AgiH;.») describing the dissolution properties of
2HNIW.HMX at 298.15 °K are obtained according to the experimental data. In addition,
the values of Ag;H at different temperatures are acquired.

3. The kinetic equations for the dissolution processes of 2HNIW-HMX co-crystal at
different temperatures have been obtained as follows:

do/dt = 10271 - 2)"™ (T =298:15 °K)
da/dt = 10%%°(1 - )" (T =303:15 °K)
da/dt = 107°%(1 - a)"'® (T =308:15 °K)
da/dt = 107%(1 - 2)"*? (T = 313:15 °K)
da/dt = 107%'(1 - 2)"*® (T =318:15 °K)

4. The apparent activation energy E and the preexponential factor A are obtained as
10.54 + 0.22 kJ mol™ and 0.34 + 0.03 s™, respectively. The activation values of AG, AS
and AH at different temperatures, are obtained by calculation.

Song, et al., gives a good account of the thermal decomposition and various
properties of some C20-based cocrystals [51]. The thermal decomposition temperature of
CL-20/RDX cocrystal has found to be completely different from that of raw e-CL-20,
RDX, and it is reduced. It shows that the CL-20/RDX ECCs has weak intermolecular
forces, which leads to a reduced thermal stability [51]. When CL-20 is combined with
HMX, a more attractive cocrystal with reduced sensitivity can be obtained. In the work
various the DSC curves of CL-20/HMX cocrystal explosive, and their experimental data
are provided. It has been shown that the thermal properties of CL-20/HMX cocrystals
make them more chemically stable. Several cocrystals exhibit sharp decomposition peaks
at around 247 °C, slightly higher than the other cocrystals due to a smaller cocrystal
particle size. On the other hand, the CL-20/HMX prepared by RAM has the best thermal
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stability, showing an exothermic peak at 248.3 °C. In a word, the peak decomposition
temperature of CL-20/HMX cocrystals is close to that of CL-20. It is inferred that the
decomposition of CL-20 based cocrystals is initiated by collapse of CL-20 molecules.

In addition, due to the strong nonbonding interactions (hydrogen bond and strong van
der Waals force) between CL-20 and HMX molecules, the released heat from their
cocrystals is significantly higher than that of the physical mixture with the same molar
ratio. In order to make the energy release of EMs more efficient, transition metal
compounds are usually added as combustion catalysts.

It is shown that CL-20/HMX ECCs are less sensitive to the same external impact and
friction stimulation in comparison with the pristine e-CL-20. For example, compared with
that of B-HMX, nano-cocrystals manifested significant decrease in impact and friction
sensitivities, with drop height increased by 141.3%, and friction probability reduced by
20%.

At the same time, they also carried out some comprehensive analysis based on the
morphology and sensitivity data. It has been shown that the mechanical sensitivity of the
ECCs largely depends on their shape and particle size. The 2 CL-20/HMX cocrystals
with relatively larger particle size and undesirable plate-like morphology have higher
sensitivity than the nanospherical counterparts. The authors have explained it believing
that it is because of the larger cocrystal particles should have introduced some crystalline
defects and have fewer interfaces between particles to absorb and disperse the energy
from the external stimuli. The impact sensitivity thereby decreases with the decrease of
particle size.

The authors contemplate that, if interfaces of the particles and defects could be
ignored, the enhanced intermolecular physical forces of attraction (for example, the
hydrogen bonding between CL-20 and HMX molecules) may account for the improved
insensitivity. Furthermore, stronger nonbonding interactions may promote heat
dissipation through nonradiative heat transfer mechanisms, thereby reducing the
generation of hot spots. Thus, tailoring intermolecular interactions by incorporating
molecules that can create stronger interactions over those of parent materials may be
fruitful to elevate the insensitivity of EMs in terms of detonation performance [51].

The velocity of detonation (VD) of HMX/CL-20 cocrystal is 9480.0 m-s™', which is
higher than that of pristine B-HMX, even reaching the level of pristine &-CL-20.
Moreover, the calculated VD of CL-20/HMX crystal was higher than that of HMX but
lower than that of CL-20.

http://www.earthlinepublishers.com



Some CL-20 based energetic cocrystals - A review 347

For the purpose of achieving insensitive CL-20 based ECCs, plenty of cocrystals
have been fabricated with the combination of CL-20 and HMX. In the article there exist a
list of those cocrystals. It shows that the composite modified double base propellant with
CL-20/HMX cocrystal as the high-energy component has high stability, low mechanical
sensitivity, and good combustion performance. However, the authors remark that the
stability of CL-20/HMX cocrystals during manufacturing of this propellant cannot be
ignored due to presence of polar plasticizers, which partially dissolve cocrystals during
curing and storage stages. In order to promote practical applications of CL-20/HMX
cocrystals, the thermal decomposition kinetics of the cocrystals has been investigated.
The decomposition kinetic parameters of cocrystals have been calculated by using the
methods Kissinger and Ozawa [31]. The results have shown that the thermal stability of
the CL-20/HMX cocrystal is between those of f-HMX and &-CL-20. For the purpose of
achieving insensitive CL-20 based ECCs, plenty of cocrystals have been fabricated with
the combination of CL-20 and HMX. In addition, the isothermal DSC experiments
demonstrate that the thermal decomposition of the CL-20/HMX cocrystal is a typical
autocatalytic reaction. It has been found that the ultrafine CL-20/HMX cocrystal has
better compatibility with common components of solid propellants, such as NG/BTTN,
AP, and Al [99].

The Cocrystals of CL-20 with TNT

Jia, et al., investigated the phase behavior of a HNIW-TNT cocrystal system [100].
Firstly, the 1:1 HNIW-TNT cocrystal was successfully prepared by solvent evaporation,
solvent/nonsolvent, and isothermal slurry conversion crystallization techniques. Then, the
formed cocrystal was comprehensively characterized by powder X-ray diffraction
(PXRD), differential scanning calorimetry (DSC), Fourier transform infrared (FTIR)
spectroscopy, Raman spectroscopy, and scanning electron microscopy (SEM). The
influence of temperature and solvent on the phase behavior of a 2,4,6,8,10,12-
hexanitrohexaazaisowurtzitane-2,4,6-trinitrotoluene (HNIW-TNT) cocrystal system has
been investigated. To design and operate the cocrystal manufacturing process, a
systematic study of cocrystal phase diagrams is essential and necessary [101,102]. The
ternary phase diagrams can describe the thermodynamic stability region of the desired
cocrystal, depending on the solubilities of the two components in a given solvent [103-
105]. It has been found that a similar solubility likely leads to a congruent system;
conversely, a large solubility difference is likely to obtain an incongruent system.
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Therefore, the solubilities of the two components play an essential role in the size and
position of the thermodynamic stability region of the cocrystal. In the work, the ternary
phase diagrams for HNIW and TNT in acetonitrile and ethyl acetate have been
constructed at 25 and 35 °C, indicating that the cocrystal dissolves incongruently in
acetonitrile and congruently in ethyl acetate. The results show that the solubility ratio of
the two cocrystal components does not provide a reliable and accurate way to predict
whether the phase behavior of the HNIW-TNT cocrystal is congruent or incongruent. The
construction of the ternary phase diagram identified the thermodynamic stability regions
for the cocrystal. In each phase diagram, a broad thermodynamic stability region of
cocrystal exists. The appearance of the phase diagram depends strongly on the choice of
solvent, and the temperature has a weak effect on the phase diagram. By proper selection
of the ratios, the HNIW-TNT cocrystal has been prepared by an isothermal slurry
conversion crystallization method and systematically characterized. Compared with the
temperature, the choice of solvent has a more critical influence on the dissolution
behavior of cocrystal and the appearance of the phase diagram.

CH3

O2N NO,

NO,

Hu et al., in their work, published in 2020, successfully prepared nano-CL-20/TNT
cocrystal explosive by mechanical ball milling with 0.38 mm grinding beads [39]. The
high energy level of CL-20 is accompanied by high sensitivity. Previous studies have
demonstrated that the characteristic drop height of elemental CL-20 is approximately 10
cm, [106] which severely limits its application in energetic materials. Hence, great effort
has been invested in reducing the sensitivity of CL-20 [107-109]. In the work of Hu et
al., the micro morphology and particle size of cocrystal explosive were characterized by
scanning electron microscopy. The average particle size of nano-CL-20/TNT cocrystal
explosive was found to be 119.5 nm and showed a spherical-like micro morphology. The
crystal structure of cocrystal explosive was characterized by powder X-ray diffraction,
infrared spectroscopy, and Raman spectroscopy. The results show that mechanical ball
milling does not change the molecular structure of the raw material, but the sample after
ball milling has a new crystal phase, rather than a simple mixing of raw materials. On the
other hand, differential scanning calorimetry tests show that nano-CL-20/TNT cocrystal
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explosive has a higher decomposition temperature and impact sensitivity tests show that
the properties of cocrystal explosive are 26 and 21.7 cm higher than those of CL-20 and
CL-20/TNT mixture, respectively, which clearly indicates that nano-CL-20/TNT
cocrystal explosive has better thermal stability and safety [39].

In order to gain an atomistic-level understanding of the experimental observation that
the cocrystal TNT/CL-20 leads to decreased sensitivity, Guo et al., carried out reactive
molecular dynamics (RMD) simulations using the ReaxFF reactive force field [110].
They compared the thermal decomposition of the TNT/CL-20 cocrystal with that of pure
crystals of TNT and CL-20 and with a simple physical mixture of TNT and CL-20. It has
been found that the cocrystal has a lower decomposition rate than CL-20 but higher than
TNT, which is consistent with experimental observation. The rupture of the N-NO, bond
dominates the initial steps of CL-20 dissociation followed by ring-breaking reaction.
They have found that the formation of carbon clusters arising from TNT (a carbon-rich
molecule) plays an important role in the thermal decomposition process, which explains
the decrease in sensitivity for the cocrystal. At low temperature and as well as in the early
stage of chemical reactions under high temperature, the cocrystal releases energy more
slowly than the simple mixture of CL-20-TNT. These results clearly confirm the
expectation that co-crystallization is an effective way to decrease the sensitivity of
energetic materials while retaining their high performance [110].

Yang et al., published an article on preparation, structure and properties of CL-
20/TNT cocrystal [111]. In the work, a novel CL-20/TNT cocrystal explosive was
prepared by cocrystallization in solution, and its morphology was characterized by
scanning electron microscopy (SEM). Its crystal structure was determined using single
crystal X-ray experiment. The results show that the crystal is orthorhombic, having space
group Pbca with crystal parameters of a=0.9735(2) nm, b=1.9912(6) nm, c=2.4695(6)
nm, a=Pp=y=90°, V=4.787 nm’, and Z=8. The thermal decomposition and impact
sensitivity of the product were measured by differential scanning calorimetry (DSC) and
sensitivity test, respectively. The results reveal that the exothermic decomposition of CL-
20/TNT cocrystal explosive occurs in the temperature range of 180-275°C, and the
melting point of TNT significantly increases by about 50°C. Additionally, CL-20/TNT
cocrystal has lower impact sensitivity and the results have shown that the impact
sensitivity of CL-20 reduces by 87% [111].

In the study of Cao et al,some molecular dynamics (MD) simulations were carried
out to investigate the polymer-bonded explosives (PBXs) in which the base explosive
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was the well-known (CL-20/TNT), that is high energy co-crystal compound,
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexazaisowurtzitane/2,4,6-trinitrotoluene [112].
The polymer binders used were fluorine rubber (F23112311), fluorine resin (F23142314),
polyvinyl acetate (PVAc) and polystyrene (PS), respectively. In their article, the binding
energies, pair correlation functions (PCFs) and mechanical properties of the PBXs have
been reported. According to their theoretical results of binding energies, the compatibility
of the PBXs is predicted to be in the order of CL-20/TNT/PVAc >>
CL-20/TNT/F23112311 >> CL-20/TNT/PS >> CL-20/TNT/F234 2314.

Also, the binding energies of the PBXs on three crystalline surfaces, namely (100),
(001), and (010), of the CL-20/TNT co-crystal were obtained and compared. The orders
have been found as CL-20/TNT(100) >> CL-20/TNT(001) >> CL-20/TNT(010) for
F23112311, F23142314, and PS, whereas the order is CL-20/TNT(001) >>
CL-20/TNT(100) >> CL-20/TNT(010) for PVAc. On the other hand, the PCF analysis
reveals that there exist many H-bonds between H and O, F, and N atoms on all three
interfaces. Among all H-bonds, N H-bond has the fewest number. For the CL-20/TNT
co-crystal, the moduli can be reduced by adding a small amount of the polymer binders
but the ductility can be prolonged only by F23112311 and F23142314 [112].

In the process of actual production, storage, transportation and use, explosives are
often likely to suffer from external stimuli, especially heat and shock. Under the action of
these two common stimuli, the response of cocrystal explosives is of concern. Since, it
has been generally accepted fact that the cocrystallization well reconciled the
performance of the two components, which is difficult to achieve in a physical mixture
system, Li and coworkers investigated CL-20/TNT decomposition under shock [113]. In
the wok, the cocrystallization strategy is considered to be an effective means to adjust the
various properties of explosives. It has been found in some previous studies that the
initial decay steps in pure crystals remain still in the cocrystal. Nevertheless, the
underlying mechanism of the effect of the special cocrystal structure on the
decomposition process is not clear enough. Their work compares the response processes
of a CL-20/TNT cocrystal structure and an amorphous structure under shock waves with
different velocities [113]. The CL-20/TNT cocrystal model and amorphous structure
model are constructed respectively. The shock waves with velocities of 6-9 km s~ are
applied to the two models by multiscale shock technology. The response processes of the
two models under different shock waves are simulated. The thermodynamic evolution,
reactant decay, product formation, main initial reactions and cluster evolution are
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analyzed. As a result, it has been found that the amorphous structure is easier to compress
than the cocrystal structure, achieving higher stress and temperature and these
thermodynamic parameters have a strong correlation. For the amorphous structure, the
results reveal that the chemical reaction of the system is more intense, the reactants decay
faster, the products are more abundant, and the intermediate products can complete the
transformation to stable products earlier. Furthermore, NO,is the most important
intermediate product, and its quantitative change can directly reflect the reaction process.
On the other hand, the amorphous structure seems to be more prone to decomposition
reaction, whereas the cocrystal structure is more prone to polymerization reaction.
Furthermore, the cluster size in the amorphous structure is smaller and more conducive to
decomposition [113].

In the investigation of Wang et al., ultrafine CL-20/TNT cocrystal explosive was
prepared by a spray drying method [114]. Thereafter, scanning electron
microscopy(SEM) was employed to characterize the particle size and morphology of the
crystals. To determine whether the cocrystal explosive was prepared or not techniques of
X-ray diffraction(XRD) and differential scanning calorimetry (DSC) were utilized.
Furthermore, the impact sensitivity of cocrystal explosive has been tested. The results
show that the prepared samples are not the mixture of CL-20 and TNT but rather ultrafine
CL-20/TNT cocrystal explosives. The particle size of cocrystal explosives are under 1 pm
and they aggregate into many microparticles, which are spherical in shape and range
between 1-10 pm in size. The melting point of ultrafine CL-20/TNT cocrystal explosive
is 132.32 °C. The thermal decomposition process can be divided into two stages. The
peak temperatures of exothermic decomposition for first and second stage are 218.98 °C
and 253.15 °C, respectively. The characteristic height of CL-20/TNT cocrystal explosives
has been found to be 49.3 cm, which is 36.2 cm higher compared with raw CL-20
explosive [114].

Co-crystallization has splendid advantages or merits for ECs. For example, co-
crystallization could strengthen thermal safety, improve mechanical properties, increase
energy density, and reduce mechanical sensitivity and so on. In the article, by Hang et al.,
the CL-20, TNT, HMX, CL-20/TNT, CL-20/HMX and different ternary CL-
20/TNT/HMX cocrystal models were established [115]. In this work, the crystal
polymorph of CL-20 was chosen as e-CL-20 because this polymorph was more stable and
had better energetic performance than other polymorphs (a-, B-, y-CL20). In cocrystal
models, the molar ratio of different components affects the properties of cocrystal
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explosives. If the mass percent of high-power component was too much, the cocrystal
explosive might have a high crystal density and superior energetic performance.
However, the mechanical sensitivity would also be increased. Therefore, too much of a
molar ratio of high energy density component would have a positive influence on
energetic performance, but a negative effect on safety of cocrystal explosives. On the
contrary, if the low power component occupied too much, the cocrystal explosive might
present low sensitivity. However, the energy density would be severely weakened at the
same time. It was also a negative factor for cocrystal explosives. Therefore, to ensure that
the cocrystal explosive has desirable energetic performance and appropriate mechanical
sensitivity, the molar ratio of different components should be determined or controlled at
a reasonable and proper extent. After establishing the models, molecular dynamics
method was selected (the COMPASS force field) to optimize the structures, predict the
stability, sensitivity, energetic performance, and mechanical properties of cocrystal
models. Note that the force field directly affects the parameters of crystal systems and
each force field might be only suitable for limited crystal models. In the work, the
binding energy, trigger bond length, trigger bond energy, cohesive energy density,
detonation parameters, and mechanical properties of each crystal model were obtained.
The influences of co-crystallization and molar ratios on performances of cocrystal
explosives were investigated and evaluated. The results show that the CL-20/TNT/HMX
cocrystal explosive with a molar ratio of 3:1:2 or 3:1:3 had larger binding energy and
better stability, i.e., CL-20/TNT/HMX cocrystal explosive was more likely to be formed
with these molar ratios. The cocrystal explosive had shorter maximal trigger bond length,
but larger trigger bond energy and cohesive energy density than CL-20. Namely, the
cocrystal explosive had lower mechanical sensitivity and better safety than CL-20 and the
safety of cocrystal model was effectively improved. On the other hand, the cocrystal
model with a molar ratio of 3:1:2 had the best safety. The energetic performance of the
cocrystal explosive with a molar ratio of 3:1:1, 3:1:2, or 3:1:3 was found to be the best.
These ternary CL-20/TNT/HMX cocrystal models exhibited better and more desirable
mechanical properties. Thus, the cocrystal model with molar ratio of 3:1:2 exhibited the
most superior properties and was a novel and potential high-energy-density compound.
The paper could provide some practical and helpful guidance and theoretical support to
better understand co-crystallization mechanisms and design novel energetic cocrystal
explosives [115].

Chen and coworkers performed molecular dynamics simulations (MD) (within
Discover code) for the purpose of studying the difference of mixing and cocrystallization
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of TNT (2,4,6-trinitrotoluene) and CL-20(2,4,6,8,10,12-hexanitrohexaazaisowurtzitane)
[116]. Three kinds of mixing models were created as follows: 1) An amorphous cell
containing eight TNT molecules and eight CL-20 molecules was created by Amorphous
cell module. The density of the cell was set as 1.91g/cm’, the same with of TNT/CI-20
cocrystal. 2) A periodic box of 200Ax200Ax200A was created, a supper cell of
TNT(2x3x1) and CL-20(3x2x2) were put into the box. Then, the MD simulation was
carried out in normal volume and temperature (NVT) conditions for 20ps with
COMPASS force field to reach the equilibrium state. After that, they reduced the volume
of the box gradually and performed the calculation repeatedly until the density reached to
1.91g/cm’. 3) The main planes of TNT and CL-20 were predicted by Morphology
module and the crystals were cleaved by the most important face, respectively. A layer
combining a supper cell of TNT(2x3) and CL-20(3x2) was made. After the equilibrium
of the system, the average bond length of trigger bond (L,,.) is almost unchanged after
mixing or cocrystallization. However, the largest bond length of trigger bond (L) of
CL-20 in cocrystal is shorter than that of it in pure CL-20, which indicates that the
cocrystal is more difficult to be detonated than CL-20. The Ly, of TNT shows the same
result. The cocrystal shows a larger cohesive energy density than composite ones,
suggesting the cocrystal is more insensitive. Besides, trigger bond energy of cocrystal is
larger than physical mixture of TNT and CL-20, suggesting the cocrystal is more
insensitive. The results show that the mechanical properties of the cocrystal are more
harder than pure TNT or CL-20, but has a weaker ductibility and tenacity.

Formation of cocrystals having high-energy low-sensitivity explosives are research
objectives in the field of energetic materials, and the cocrystals of that sort is an
important method to improve the safety of explosives. However, the sensitivity reduction
mechanism of cocrystal explosives is still unclear. In the work Wang et al., CL-20/TNT,
CL-20 and TNT crystals were taken as the research objects. They used the data excerpted
from the literature results of X-ray single-crystal diffraction experiments, and the unit-
cell structures of CL-20/TNT, CL-20 and TNT crystals were established. Then, by
simulating with ReaxFF-lg reactive force field they investigated the propagation process
of the wave front in the crystals at different impact velocities [117]. The molecular
dynamics data were used to analyze the molecular structure changes and initial chemical
reactions, and to explore the sensitivity reduction mechanism of the CL-20/TNT
cocrystal. The results have revealed that the chemical reaction of the CL-20/TNT
cocrystal, compared with the CL-20 single crystal, is different under different impact
velocities. When the CL-20/TNT cocrystal was impacted at low velocity (e.g, 2 km/s),
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polymerization and separation of the component molecules easily occurred, which
weakened the decomposition of the CL-20 molecules. At a medium impact velocity (3
km/s), the decay rates of CL-20 and TNT in the cocrystal decreased, prolonging the
primary reaction process and promoting formation of the intermediate products (such as
nitrogen oxides). At a high impact velocity (4 km/s), the cocrystal had little effect on the
decay rates of the molecules and formation of CO,, but it enhanced the formation of
N, and H,0O. This may explain the reason for the impact-sensitivity reduction of the CL-
20/TNT cocrystal. At an impact velocity of 2 km/s, polymerization and separation of the
component molecules weakened the decomposition of CL-20. At an impact velocity of 3
km/s, the decay rates of CL-20 and TNT in the cocrystal decreased, and the formation of
intermediate products were enhanced, such as nitrogen oxides. Whereas at an impact
velocity of 4 km/s, the cocrystal exhibited little effect on the decay rates of the molecules
and formation of CO,, but it enhanced formation of N, and H,O. This may explain why
the impact-sensitivity of the CL-20/TNT cocrystal reduces [117].

Cocrystals of CL-20 with 1,4-DNI

The emerging of an energetic cocrystal technique provides a potential opportunity to
synthesize and construct new energetic compounds. Of the dinitroimidazole isomers, 1,4-
dinitroimidazole ((1,4-DNI) has been considered for cocrystalization with CL-20.
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In the work of Tan ef al., a new 1:1 cocrystal explosive composed of 2,4,6,8,10,12-
hexanitrohexaazaiso-wurtzitane (CL-20) and 1,4-dinitroimidazole (1,4-DNI) was
synthesized through cocrystallization by slow solvent evaporation (ethyl acetate at room
temperature) [118]. Single crystal X-ray diffraction (SXRD) and powder X-ray
diffraction (PXRD) analyses were done. The data revealed that the cocrystal has a crystal
density of 1.922 g/cm® at 296 °K and belongs to the orthorhombic system with P212121
space group. The properties of the cocrystal including thermal stability, impact
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sensitivity, and detonation performances were studied. The DSC test shows that the
cocrystal has a melting point of 115 °C with a decomposition temperature of 253 °C,
which suggests an excellent thermal stability. The detonation velocity and pressure of the
cocrystal were calculated according to the calculation method of the empirical nitrogen
equivalent equations [119]. For comparisons, €-CL-20, 1,4-DNI, HMX, CL-20/TNT
cocrystal, and CL-20/DNB cocrystal were also calculated by the same method. The
results show that the cocrystal exhibits an impact energy with 50% ignition probability of
10 J, showing a substantial reduction in impact sensitivity compared to pure CL-20 and
HMX. The predicted detonation velocity and detonation pressure of the cocrystal are
9242 m/s and 39.01 GPa, respectively, which are similar to those of HMX. Therefore, the
authors contemplate that the CL-20/1,4-DNI cocrystal may be an attractive high energy
explosive with low sensitivity thus, may act as a promising explosive candidate instead of
HMX for low vulnerability formulations in the future.

In the work of Li et al., the CL-20/1,4-DNI unit cell structure was geometrically
optimized by the COMPASS force field [120]. The AE model was used to predict the
morphology of CL-20/1,4-DNI under vacuum, resulting in the most morphologically
important growth planes. Ethyl acetate was selected as the solvent. The interaction energy
between the solvent and the crystal plane, and the attachment energies in solvent at
298°K, 320°K, 340°K, 360°K, and 380°K were predicted. The morphologies of
hexanitrohexaazaisowurtzitane (CL-20) and 1,4-dinitroimidazole (1,4-DNI) co-crystal
under vacuum or solvent at different temperatures were predicted. The NVT ensemble is
used in the molecular dynamics calculation process. The simulation step is 1 fs and the
total simulation time is 500 ps. The Andersen thermostat is selected as the temperature
control method. In the potential energy calculation, the atom-based and Ewald methods
were selected to calculate the van der Waals force and the electrostatic interaction force,
respectively.

The CL-20/1,4-DNI co-crystal has six important growth crystal planes, namely (002),
(011), (101), (11-1), (110), (111). The areas of (002), (101), and (011) planes account for
a relatively large proportion, which are important crystal planes that affect the crystal
morphology. Also the crystal habits at different temperatures were simulated. The
simulation results revealed that the crystal plane attachment energy of CL-20 and 1,4-
DNI co-crystal increases with the increase of temperature, indicating that the increase of
temperature is conducive to the growth of crystal planes. On the other hand, the aspect
ratio decreases with the increase of temperature and the morphology of co-crystal
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becomes more spherical at a higher temperature. The results showed that the theoretical
predictions are in good agreement with the experiment. The simulation results can
provide guidance for the crystallization of CL-20/1,4-DNI to obtain a nearly spherical
crystal morphology [120].

In the study of Dong et al., the thermodynamic criterion for the cocrystal formation
has been investigated considering the thermodynamic of hexanitrohexaazaisowurtzitane
(CL-20)/1,4-dinitroimidazole (1,4-DNI) cocrystal formation to provide the theoretical
basis for the screening and optimization of crystallization solvents and parameters [121].
As solvents; acetone, ethyl acetate and methanol were used. The solubility data of CL-20,
1,4-DNI in pure solvents and CL-20 in 1,4-DNI solutions with different concentrations
(0.04, 0.06, 0.08, 0.10, 0.12, 0.16, 0.20, 0.24 g~mL'1) were achieved with the help of high
performance liquid chromatography. The ternary phase diagrams of CL-20/1,4-DNI
solvents were built. The thermodynamic parameters of the solubility product K, the
complexation constant K;;, and the reaction free energy AG’ were obtained through
fitting the solubility data based on the mathematical models of solution chemistry theory
[121]. The results have shown that if the solubilities of CL-20 and 1,4-DNI are larger and
their discrepancy is less in a solvent, the cocrystal region is larger and its shape is more
symmetrical. The order of the cocrystal regions in the three solvents (ranging from large
to small) is acetone > ethyl acetate > methanol. The shape of the cocrystal region in the
acetone and ethyl acetate is more symmetrical. Among the three solvents employed, the
calculated thermodynamic parameters indicate that the acetone is the most beneficial to
the formation of CL-20/1,4-DNI cocrystal, followed by ethyl acetate. The ternary phase
diagram and thermodynamic parameters in acetone solvent at different temperatures
reveal that lowering the crystallization temperature is beneficial to the precipitation of the
CL-20/1,4-DNI cocrystal [121].

In the work, by Xu, ef al., all cocrystals have been synthesized and downloaded from
the Cambridge Crystallographic Data Centre (CCDC) and all the calculations were
performed with the Gaussian 16 software package [122]. The B3LYP-D3/6-311 + G(d,p)
method was used to fully optimize the molecular structures of the three cocrystals under
the EEF and no EEF. The cocrystals considered are (CL-20/1,4-DNI), HNIW/1-methyl-
2,4-dinitro-1H-imidazole = (CL-20/2,4-MDNI) and HNIW/1-methyl-4,5-dinitro-1H-
imidazole (CL-20/4,5-MDNI). It has been found that the external electric field (EEF) has
a significant influence on the sensitivity of the energetic cocrystal materials. In this work,
density functional theory (DFT) at B3ALYP-D3/6-311 + G(d,p) and M062X-D3/ma-def2
TZVPP levels were employed to calculate the bond dissociation energies (EBDE) of
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selected N-NO, trigger bonds, frontier molecular orbitals, electrostatic potentials (ESPs)
and nitro group charges (QNO,) under different EEF. The results show that as the
positive electric field increases, the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy gap and EBDE become smaller,
and the local positive ESPs becomes larger so that the energetic cocrystals tends to have
higher sensitivity. In addition, the linear fitting results show that the trigger bond length
and nitro group charge changes are closely related to the EEF [122].

Cocrystals of CL-20 with NQ

Nitroguanidine (NQ) is one of the insensitive energetic compounds which is
investigated for the cocrystalization purposes. Earlier, Gao et al., in one of their work
considered nano-sized CL-20/NQ co-crystal [33].
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Nano-sized energetic materials with spherical shape were proved to have lower
initiation sensitivity and reduced critical diameter in recent publications [123-126].
Besides, nano-sized energetic materials have been used in some kinds of polymer bonded
explosive (PBX) [127] and composite modified double-base propellant (CMDB) [128] to
bring high energy and low sensitivity together. Therefore, if co-crystallization and nano
technology can be combined, it will be more promising for energetic co-crystals used in
military and civilian applications. NQ, an important industrial raw material which has
two different structures, is usually used as a component of rockets, missiles and bullets
[129-131]. Nano-sized energetic co-crystal consisting of CL-20 (the most powerful used
military explosive 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) and a
typical insensitive explosive used in propellants nitroguanidine (NQ) was prepared by the
vacuum freeze drying method. Note that the vacuum freeze drying, (which also called
sublimation drying), has been widely used in the food industry and raw material
production [132-133]. Its principle is to freeze the solvent in the material to solid state
(like water into ice) and then make the solvent sublimate directly under vacuum condition
to achieve the purpose of drying. The fine particles of material cannot grow and reunite in
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solid state solvent so that vacuum freeze drying is an effective way to prepare nano-sized
material. Material studio 6.1 was used to simulate the hydrogen bonds between CL-20
and NQ molecules. Scanning electron microscopy (SEM) was used to reveal the
morphology and size of the product. Fourier Transform infrared spectroscopy (FT-IR)
and X-ray diffraction spectrum (XRD) proved the formation of the co-crystal at the
molecular level. Differential scanning calorimetry (DSC) was employed to characterize
the thermal behavior of the co-crystal obtained. The result of mechanical sensitivity test
indicated that the sensitivity was effectively reduced compared to neat CL-20 [33].

Cocrystals of CL-20 with BTF

Yin et al., considered CL-20/BTF (HNIW/benzotrifuroxan) cocrystal as a typical
cocrystal explosive to investigate its thermal kinetics and decomposition mechanism. The
thermal behavior of CL-20/BTF shows no phase transition or solid—liquid melting
process before decomposition, which is distinct from those of pure CL-20 and BTF
crystals. Further, they identified the thermal decomposition of CL-20/BTF as a particular
reaction kinetics consisting of two parallel autocatalytic paths. The contribution of these
two paths to the overall reaction varies with the change of heating rate. Based on the
established kinetic model, important thermal safety indicators including TMRad and
SADT are simulated. Finally, in situ infrared spectroscopy was performed to detect the
molecular evolution of CL-20/BTF cocrystal during thermal decomposition, which is
helpful to understand the origin of its thermal kinetics. It is found that the unique
decomposition mechanism of strong intermolecular coupling between CL-20 and BTF
molecules is responsible for the parallel reaction paths of the thermal kinetics of the CL-
20/BTF cocrystal [134].
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In order to find out the relationship between the external electric field and sensitivity
of cocrystals 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso wurtzitane
/benzotrifuroxan (CL-20/BTF), Hao et al., in their work considered the density functional
theory at B3LYP-D3/6-311+G(d,p) and M062X-D3/ma-def2 TZVPP levels to calculate
the frontier molecular orbitals, atoms in molecules (AIM), electron density values, bond
dissociation energies (BDEs) of the N-NO2 bond, impact sensitivity (Hsp), electrostatic
potentials (ESPs), and nitro group charges (Onoz) [135]. The results show that a smaller
highest occupied molecular orbital-lowest unoccupied molecular orbital gap and the
BDEs, as well as Hsy, tend to have a larger sensitivity along with the positive directions
in the external electric field. Moreover, a smaller local positive ESP (V; n.x) leads to
better stability in the negative electric field. The sensitivity of cocrystal molecules
decreases gradually in the negative external electric field with the increase of negative
nitro group charges. Finally, it has been found that the change in the bond lengths, AIM
electron density values, and nitro group charges correlate well with the external electric
field strengths [135].

Li et al., performed some density functional theory (DFT) simulations to investigate
how the structure, interaction and mechanical properties of 2.,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane/benzotrifuroxan (CL-20/BTF) behave under a
hydrostatic pressure in the range of 0—100 GPa. The calculated structure agrees well with
the experimental data at ambient pressure and 293 °K. Whereas, the CL-20/BTF cocrystal
exhibits an anisotropic compression behavior (as shown by the change in lattice constants
with pressure) because it is more difficult to compress along the b-axis. Moreover, the
band gap values decrease rapidly in the range of 0 GPa to 40 Gpa and then decrease
slowly with increasing pressure from 50 GPa to 100 GPa. Furthermore, the analysis of
the active bond reveals that two types of O—N bonds in the furoxan group and four types
of N-N bonds in CL-20 have significant response to the applied pressure. The results
have revealed that the Hirshfeld surface can give an insight into intermolecular
interaction. By combining the analysis of the Hirshfeld surface with two-dimensional
fingerprint plots shows that intermolecular interaction mainly comes from hydrogen
bonding interactions and NO,—r interaction in CL-20/BTF cocrystal. According to the
stronger intermolecular interaction (sum of O~H/H~O, N-H/H-N, O~N/N-O and O-0)
decreasing with increasing pressure, one can speculate that the impact sensitivity of CL-
20/BTF increases as the pressure increases. Investigation of the mechanical properties
reveals that this cocrystal shows an increase in ductility, deformation resistance and
stiffness with increasing pressure. On the other hand, the elastic anisotropy indicates that
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the CL-20/BTF cocrystal varies anisotropically under pressure in the range of 0-100 GPa
but is near isotropy level under 20 GPa [136].

Cocrystals of CL-20 with LLM-105

LLM-105 is the abbreviation for 2,6-Diamino-3,5-Dinitropyrazine-1-Oxide (LLM-
105). It is a relatively new and promising insensitive high-explosive (IHE) material.
Hamilton et al., adopted a multitheory approach based on reactive molecular dynamic
simulations performed with density functional theory, density functional tight-binding,
and reactive force fields to characterize the reaction pathways, product speciation,
reaction kinetics, and detonation performance of LLM-105 [137]. They have found that
the early reaction pathways of LLM-105 decomposition are extremely similar to TATB;
both of which involve intra- and intermolecular hydrogen transfer. Additionally, the
detonation performance of LLM-105 falls between that of TATB and HMX. The authors
have found an agreement between the predictive models for first step reaction pathways

but significant differences in final product formations [137].

02N N\ NO,
LLM-105
HoN N®/ NH,
b

Cocrystal explosive can effectively improve the physical and chemical properties of
explosive and contributed to new unique properties of cocrystal explosive. In the work by
Zhang et al., (based on cocrystal principle) a few recrystallization explosives of LLM-
105 were prepared by using the special solvent/non-solvent technique [138]. Since, the
solubility difference was large among the explosive components in different solvents,
especially in the case of LLM-105, it was very important to choice the proper

crystallization solvent system and the control of the crystallization conditions.

The experimental results showed that the system of LLM-105 and HNIW failed to
form cocrystal with a single pure DMSO as solvent system. However, when they were
joined with trifluoroacetic acid, the system of LLM-105 and HNIW formed cocrystal. It
is true that trifluoroacetic acid damages the hydrogen bonds of LLM-105, resulting in the
LLM-105 and HNIW forming new hydrogen bonding force between the two components
[138]. Therefore, the mixed solvent, as solvent of cocrystal explosive system has
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significant effect on cocrystal explosive system, which can greatly broaden the cocrystal
explosive composition and scope of the choice of solvent system.

The prepared samples in the work were analyzed by IR spectroscopy. The results
revealed that cocrystals such as LLM-105/HNIW (LLM-105/CL-20), LLM-105/HMX
and LLM-105/RDX can be prepared. Melting point and density of the abovementioned
cocrystals changed little. It can be inferred the cocrystal explosive will have better energy
and their application performances will not reduce obviously [138].

In one of articles by Hang et al., the hexanitrohexaazaisowurtzitane/2,6-diamino-3,5-
dinitropyrazine-1-oxide (CL-20/LLM-105) cocrystal models with different component
ratios were reported [139]. The cocrystals were obtained by the substitution method. The
stability, sensitivity, energetic performance, and mechanical properties of CL-20, LLM-
105, and CL-20/LLM-105 cocrystal models were predicted by the molecular dynamics
method [139]. The results revealed that the CL-20/LLM-105 cocrystal model with
component ratio of 2:1 has the highest value of binding energy and is the most stable
model. The authors obtained that the cocrystal model had shorter trigger bond length than
pure CL-20, but higher value of trigger bond energy and cohesive energy density. These
results imply that the sensitivity of cocrystal explosive should have decreased. The
cocrystal explosive has lower energy density than CL-20, but the cocrystal explosive with
molar ratio of 10:1~2:1 still has high energy density and can be regarded as novel high
energy density compound (HEDC). Also the tensile modulus, shear modulus, and bulk
modulus of the cocrystal models are decreased. However, Cauchy pressure is increased,
that means the mechanical properties are improved. In the light of all these, the authors
have reached a conclusion that CL-20/LLM-105 cocrystal explosive with component
ratio of 2:1 has the best stability, lowest mechanical sensitivity, most desirable
mechanical properties, and high energy density [139]. Thus, it is very promising to
become a novel HEDC.

Conclusion

In the energetic material community, energetic cocrystals represent one of the most
important research interests. The preparation and characterization procedures for some
energetic cocrystals have been established and still slowly being developed, however,
there are still some fundamental problems associated with structure - property

relationships of energetic cocrystals that needed to be explored. Densities of energetic
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cocrystals usually tend to fall between those of the precursors. In some rare examples of
CHNO energetic cocrystals there are some reports that cocrystals having higher density
than all coformers. Hence, further studies are expected to increase packing coefficient
and enhance the density to a higher level for energetic cocrystals. In addition, the heats of
formation of most reported energetic cocrystals are theoretically determined. Since those
are important parameters for accurate evaluation of detonation performances, the use of
high precision calculation methods as well as experimental measurements are needed.

In summary, cocrystal technology can effectively improve the properties of
explosives. Researchers actively apply supramolecular cocrystallization to the field of
energetic materials, and explore the designing, characterization, prediction and synthesis
of new high-energy insensitive explosives in the light of theoretical calculations and

experiments.
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Glossary
AIM : Atoms in molecules
ARC : Accelerating rate calorimeter
BDEs : Bond dissociation energies
BTF : Benzotrifuroxan
CED : Cohesive energy density
CL-20 : Hexanitrohexaazaisowurtzitane
CL-20: 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaaza-tetracyclo-[5.5.0.05,9.03,11]-
dodecane
DFT : Density functional theory
1,4-DNI : 1,4-Dinitroimidazole
DSC : Differential scanning calorimetry
EMs : Energetic materials
ECCs : Energetic cocrystals
ESPs : Electrostatic potentials
FMRs : Five member rings
HE : High explosive
HEDC : High energy density compound
HEMs : High energy materials
HMX : 1,3,5,7-Tetranitro-1,3,5,7-tetrazacyclooctane (HMX)

HINIW : 2.4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaaza-tetracyclo-[5.5.0.05,9.03,11]-
dodecane

IPA : Isopropanol

LEMs : Low energy materials

MD : Molecular dynamics

4,5-MDNI : 1-Methyl-4,5-dinitro-1H-imidazole
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MSD : Mean square displacement (MSD)

NQ : Nitroguanidine

NPT : Constant pressure and temperature
NVT-MD : Constant volume and temperature molecular dynamics
OB : Oxygen balance

PBXs : Polymer-bonded explosives

RMD : Reactive molecular dynamics

PCFs : Pair correlation functions

PS : Polystyrene

PVAc : Polyvinyl acetate

PXRD : Powder X-ray diffraction

RDF : Radial distribution function

RDX : Hexahydro-1,3,5-trinitro-1,3,5-triazine
SCXRD : Single-crystal X-ray diffraction
SEM : Scanning electron microscopy

USEA : Ultrasonic spray-assisted electrostatic adsorption
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