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Abstract Molecular dynamics method was employed to study
the binding energies on the selected crystal planes of the ε-, γ-,
β-conformation 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane
(ε-, γ-, β-CL-20) cocrystal explosives with 1,1-diamino-2,2-
dinitroethylene (FOX-7), 1,3,5,7-tetranitro- 1,3,5,7-
tetrazacyclooctane with β-conformation (β-HMX) and N,N-
dimethylformamide (DMF) in different molar ratios. The oxy-
gen balance, density, detonation velocity, detonation pressure,
and surface electrostatic potential were analyzed. The results
indicate that the binding energies Eb

* and stabilities are in the
order of 1:1 > 2:1 > 3:1 > 5:1 > 8:1 (CL-20:FOX-7/β-HMX/
DMF). The values of Eb

* and stabilities of the energetic-
nonenergetic CL-20/DMF cocrystals are far larger than those
of the energetic-energetic CL-20/FOX-7 and CL-20/β-HMX,
and those of CL-20/β-HMX are the smallest. For CL-20/FOX-
7 and CL-20/β-HMX, the largest Eb

* appears in the cocrystals
with the 1:1, 1:2 or 1:3 molar ratio, and the stabilities of the
cocrystals with the excess ratio of CL-20 are weaker than those
in the cocrystals with the excess ratio of FOX-7 or β-HMX. In
CL-20/FOX-7, CL-20 prefers adopting the γ-form, and ε-CL-
20 is the preference in CL-20/β-HMX, and ε-CL-20 andβ-CL-
20 can be found in CL-20/DMF. The CL-20/FOX-7 and CL-
20/β-HMX cocrystals with low molar ratios can meet the re-
quirements of low sensitive high energetic materials. Surface
electrostatic potential reveals the nature of the sensitivity
change upon the cocrystal formation.

Keywords Binding energy . Cocrystal . Detonation
performance . Electrostatic potential . Molar ratio .Molecular
dynamics

Introduction

Power and safety are both the most concern in the field of
energetic materials, but there is an essential contradiction be-
tween them: the highly energetic materials are often not safe,
and at present the rareness of pure low-sensitive and highly
energetic explosive has been found [1–8]. Due to the stringent
requirements for both the low sensitivity and high power si-
multaneously, the cocrystallization of explosive, a technique
by which a multicomponent crystal of several neutral explo-
sive molecules forms in a defined ratio through non-covalent
interactions (e.g., H-bond, electrostatic interaction, etc.) [9,
10], has attracted great interest since it can alleviate to a certain
extent the power-safety contradiction [11–14]. Recently a lot
of cocrystal explosives have been synthesized and character-
ized [14–29]. An evaluation of the power and safety of ener-
getic cocrystals has been carried out [30]. The intermolecular
interactions in energetic cocrystals have also been discussed
[31].

The stability (sensitivity) and detonation performance (en-
ergy, detonation velocity, and detonation pressure, etc.) of
cocrystal explosive could be influenced by the molar ratio of
molecular combination. Generally, when a cocrystal has too
much content of high energy explosive, the packing density
and detonation performance will be increased with the possi-
ble increased explosive sensitivity. On the contrary, the sensi-
tivity will be decreased in a cocrystal explosive with much
content of the low energetic or non-energetic explosive, ac-
companied by the possible decreased packing density, energy,
and detonation velocity. The high sensitivity, low density, and
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inferior detonation performance are all the disapproving prop-
erties of the energetic materials. The search for the stable
insensitive and highly energetic explosive is the primary goal
in the field of energetic material chemistry [1, 7, 13].
Therefore, the molar ratios of two or more kinds of explosive
components should be controlled in a reasonable scope, and it
is very necessary to clarify the influence of the ratio of molec-
ular combination on the stability and detonation performance
of cocrystal explosives, such as packing density, oxygen bal-
ance, detonation velocity, and detonation pressure, etc.

In most previous literature, only the cocrystal explosives
with defined molecular ratio were synthesized and character-
ized. Very recently, our group computed firstly the structures
and binding energies on the selected crystal planes in the dif-
ferent molar rat ios of 1,3,5,7- tet rani t ro-1,3,5,7-
tetrazacyclooctane (HMX)/nitroguanidine (NQ) [32], 2,4,6,
8,10,12-hexanitrohexaazaisowurtzitane of ε-conformation
(ε-CL-20)/NQ [33], and ε-CL-20/1,1-diamino-2,2-
dinitroethylene (FOX-7) [34] cocrystals by molecular dynam-
ics (MD) technology. The predicted results indicated that the
cocrystals had the high forming probability in lowmolar ratio.
To our knowledge, few theoretical investigations into the in-
fluences of molar ratios on the bonding and detonation perfor-
mance of cocrystal explosives were presented.

The power of cocrystal explosive will be diluted [30]. To
avoid too much power dilution in cocrystal explosives, very
powerful coformers are favored. Thus, CL-20 was considered
to be one of the most powerful applied coformers to design the
cocrystal explosives. CL-20-based cocrystals of energetic-
energetic materials were prepared, such as CL-20/2,4,6-trini-
trotoluene (TNT) (in a 1:1 ratio) [13, 35], CL-20/HMX (in a
2:1 ratio) [14], and CL-20/benzotrifuroxan (BTF) (in a 1:1
ratio) [17]. Furthermore, CL-20 was also cocrystalized with
some non-energetic compounds [19], such as CL-20/N,N-
dimethylformamide (DMF) (in a 1:2 ratio), CL-20/1,4-diox-
ane (in a 1:4 ratio), etc. Although the energies in the energetic-
nonenergetic cocrystals with CL-20 were diluted badly, they
had shorter intermolecular distance and higher stability than
the energetic-energetic CL-20 cocrystal explosives [31].

Under ambient temperature and pressure conditions, there
are four crystalline forms of CL-20 (α, β, γ, ε) [36, 37], in
which the ε-CL-20 form has the highest density and greatest
stability [38]. However, up to now, no ε-form is observed in the
cocrystal of CL-20, and the β- and γ-forms are favorable in the

CL-20 cocrystals. For example, in the CL-20/BTF [17] and
CL-20/TNT [13, 35] cocrystals, the CL-20 molecule adopts
the β-form, and in CL-20/HMX, the β and γ-forms are both
found [14]. In general, the morphology of a single crystal is
affected by its lattice symmetry and the relative strength of the
intermolecular interactions between molecules along different
crystallographic directions [39], and the molecular interactions
at the binder interfaces between two or more coformers of
cocrystal depend on the types of crystal faces [32–34, 39].
These facts suggest that it is possible to clarify the reason for
the formation of the different CL-20 morphology in cocrystal
by using the comparison of the relative strength of the attach-
ment energies or binding energies on the different crystal faces
of different CL-20 morphology. The attachment energy or
binding energy, which gives a useful prediction of the mor-
phology [40] and controls the habit in various cocrystal
growth models [34, 41], is defined as the energy released
when an additional growth face of thickness dhkl is attached
to the crystal plane [42]. In general, the faces with more neg-
ative attachment energies or binding energies have stronger
attractive interactions between two coformers of cocrystal.
The stronger the attachment energy or binding energy on the
cocrystal face of certain CL-20 morphology, the more stable
this cocrystal is. With this in mind, very necessary in the
energetic cocrystal material field is the investigation for the
relative strength of binding energies between the coformers
of cocrystal on the different cocrystal faces of the different
CL-20 morphology.

In this work, we systemically investigate the binding
energies of the ε-, γ-, and β-CL-20 cocrystal explosives
with FOX-7, β-HMX, and DMF on the different cocrystal
faces in the different molar ratios by the MD method. The
molecular structures of CL-20, HMX, FOX-7, and DMF are
shown in Fig. 1. Since the α-CL-20 is often a hemihydrate,
the cocrystal explosive with α-CL-20 is not considered.
The oxygen balance (OB), density (d), detonation velocity
(VD), and detonation pressure (PD) are estimated. The sur-
face electrostatic potential was also analyzed. Our aim is
mainly to explore the reason (or nature) of the formation of
the different CL-20 morphology in cocrystal and clarify the
influence of the ratio of molecular combination on the sta-
bility and detonation performance of cocrystal explosives
of CL-20. These studies can provide some novel insight for
the design of the CL-20 cocrystal explosive.
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Fig. 1 Molecular structures of
CL-20, HMX, FOX-7, and DMF
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Computational details

Molecular dynamics calculations

The unit cell models of ε-, γ-, and β-CL-20 [43, 44], FOX-7
[45], and β-HMX [46, 47] were constructed according to their
experimental cell parameters, respectively. Initial models were
obtained by Discover module in COMPASS force-field;
1.0×10−5 kcal mol-1 of accuracy was required. The ε-, γ-
and β-CL-20, FOX-7, and β-HMX crystal morphologies in
vacuum were predicted by Growth morphology model.

Different cocrystal molar ratios can be treated by substituted
method: molecules of ε-, γ- and β-CL-20 super cells were
substituted by equal number of FOX-7, β-HMX or DMF at
molar ratios of 8:1, 5:1, 3:1, 2:1, and 1:1 (CL-20:FOX-7/β-
HMX/DMF). Molecules of FOX-7 orβ-HMX super cells were
substituted by equal number of CL-20 (ε-, γ- and β-forms) at
molar ratios of 1:2, 1:3, 1:5, and 1:8 (CL-20:FOX-7 or β-
HMX). Substituted molecules in this method were determined
by the Miller indices hkl. The molar ratios, super cell patterns,
and the number of substituted molecules are listed in Table 1.

For the substituted models, NVT ensembles were selected.
Andersen was set as the temperature control method (298.15
K). COMPASS force-field was assigned. Summationmethods
for electrostatic and van der Waals were Ewald and Atom-
based, respectively. The accuracy for Ewald method was
1.0×10−4 kcal mol-1. Cutoff distance and buffer width for
Atom-based method were 15.5 Å and 2.0 Å, respectively;
1.0 f. of time step was set for MD processes, and the total
dynamic time was performed with 100,000 fs. All the MD
calculations were carried out with MS 7.0 [48].

Because the binding energies of cocrystals obtained from
theMD calculations are of different number of molecules, i.e.,
different super cells and different molecular molar ratios (see
Table 1), and those of the same number of molecules should
be adopted as a standard for assessing the component interac-
tion strengths and stabilities of cocrystals. Therefore, accord-
ing to our recent investigation [34], an energy correction

formula for binding energy was used to standardize
(uniform) the differences caused by diverse super cells and
different molecular molar ratios as follows:

Eb
* ¼ Eb � N0

.
N i ð1Þ

,where Eb
* denotes the binding energy after corrected, and Ni

and N0 are the number of molecules for different super cells
and a standard pattern (molar ratio in 1:1), respectively. The
binding energy Eb is calculated by the following formula:

Eb ¼ Etot– nECL−20 þ mE
FOX‐7

.
β‐HMX

.
DMF

0
@

1
A ð2Þ

,where Etot, ECL-20 or EFOX-7/β-HMX/DMF is single point energy
of cocrystal or monomer; n and m are the number of mono-
mers in cocrystal.

Quantum-chemical calculations

The CL-20:FOX-7 (1:1) and CL-20:HMX (1:1) complexes
with the intermolecular C−H⋯O−NO hydrogen bonds as well
as the CL-20:DMF (1:1) complexes with the intermolecular C
−H⋯O=C contacts were selected and optimized at the
B3LYP/6-311++G** level. The most stable structures corre-
sponding to the minimum energy points at the molecular en-
ergy hypersurface (NImag=0) were obtained. The above cal-
culations were performed with Gaussian 09 [49]. The electro-
static potentials on the 0.001 au molecular surface are com-
puted by the Multiwfn programs [50], utilizing the B3LYP/6-
311++G** optimized geometries.

Detonation performance calculations

Except for HMX/FOX-7(1:1) [34], CL-20/β-HMX (2:1) [14],
and CL-20/DMF (1:2) cocrystals [19], the experimental den-
sities of cocrystals in this work can not be obtained since they

Table 1 The molar ratios, super
cell patterns, and the number of
substituted molecules

Molar ratio a Super cell Total number of molecules Number of substituted molecules

8:1 3×3×2 72 8

5:1 3×2×2 48 8

3:1 2×2×2 32 8

2:1 3×2×2 48 16

1:1 2×2×2 32 16

1:2 3×2×2 48 16

1:3 2×2×2 32 8

1:5 3×2×2 48 8

1:8 3×3×2 72 8

a For the ratios of 8:1, 5:1, 3:1, 2:1, and 1:1, molar ratio means CL-20:FOX-7, CL-20:β-HMX or CL-20:DMF.
For the ratios of 1:2, 1:3, 1:5, and 1:8, molar ratio means CL-20:FOX-7 and CL-20:β-HMX
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have not been synthesized. However, Zhang et al. have found
that there is a good linear relationship between the theoretical
mixing density (dmix) and experimental cocrystal density at
room temperature (d298K) [30]. Thus, the d298K can be predict-
ed through the d298K–dmix relationship. Here, we calculated
the dmix using Eq. (3) and supposed that the systems were
composed of mixtures of pure components,

dmix ¼ Σmi

Σmi

.
d298K;i

ð3Þ

where mi is the mass of component i. d298K,i is the density of
component i at room temperature.

According to the literature [30], the density of cocrystal at
room temperature (d298K) is calculated by Eq. (4).

d298K ¼ 0:9967dmix � 0:005 ð4Þ

For a cocrystal with a formula of CaHbOcNd, its OB is
computed by Eq. (5).

OB ¼
c−2a−b

.
2

c
� 100% ð5Þ

According to the literature [30], VD of cocrystal is calculat-
ed by Eq. (6).

VD ¼ 9:5863 þ 0:0155OB

þ 1:7218 � 10−5
� �

OB2

þ 7:0106 � 10−9
� �

OB3 ð6Þ

,where VD is in km/s, and OB is in %.
Based on the above MD simulation of substituted

models, the lattice energy was calculated. The heat of
formation of a solid cocrystal (HOF(s)) is the summa-
tion of its lattice energy and the heats of formation of
the gaseous state of molecules (HOF(g)). Since the HOF
(g) values obtained from the semiempirical PM6 calcu-
lations are close to those computed by the DFT-B3LYP/
6-31G* method [51], HOF(g) was calculated by using
the PM6 method. The heats of detonation reactions (QD)
were obtained by calculating HOF differences. VD and
PD can be evaluated by Kamlet approximation, as
shown by Eqs. (7) and (8) [52]:

VD ¼ 1:01 N2MQD

� �1
4
1þ 1:30d298Kð Þ ð7Þ

PD ¼ 1:558 N 2MQD

� �1
2
d2298K ð8Þ

,whereN is the moles of gaseous detonation products per gram
of explosive and M is the average molecular weight of gas-
eous products. The design of detonation reactions proceeds

according to the principle of the most heat release.
Therefore, VD was also evaluated by Kamlet approximation.

Results and discussion

Molecular dynamics analysis

There are seven major growth faces of isolated ε-CL-20 in
vacuum: (0 1 1), (1 1 0), (1 0–1), (0 0 2), (1 1–1), (0 2 1),
and (1 0 1). Their percentage areas are 34.00%, 21.79%,
16.71%, 9.44%, 6.86%, 6.71%, and 4.50%, respectively.
There are six growth faces of isolated γ-CL-20 in vacuum:
(1 0–1), (0 1 1), (1 0 1), (0 0 2), (1 1 0), and (1 1–1), among
which (1 0–1), (0 1 1), and (1 0 1) are the main growth faces
with percentage area of 34.65%, 25.00%, and 13.28%, respec-
tively, and the percentage area of (0 0 2) or (1 1–1) is no more
than 5.00%. Jessica et al. found that (0 0 1) and (0 1 0) were
the main growth faces in actual β-CL-20 crystals [39]. Our
calculated results indicate that the percentage areas of the (0 0
1) and (0 1 0) faces of β-CL-20 are 31.82% and 39.76%,
respectively. Therefore, in this work, these growth faces and
random face of ε-, γ- and β-CL-20 were selected to study the
binding energies of the cocrystals with FOX-7, β-HMX, and
DMF in different molar ratios, respectively.

Five major growth faces of FOX-7 were found: (0 1 1), (1 0
1), (1 0–1), (0 0 2), and (1 1–1). For β-HMX, there are also
five major growth faces: (0 1 1), (1 1–1), (0 2 0), (1 0–2), and
(1 0 0), among which (0 2 0) is the most stable. These growth
faces and random face of FOX-7 andβ-HMXwere selected to
study the binding energies of cocrystals.

CL-20/FOX-7 cocrystal

The binding energy Eb
* can supply a general evaluation for

screening the preferable substituted pattern and molecular ra-
tio. Based on the MD simulation of substituted models, Eb

* of
the ε-, γ-, and β-CL-20 cocrystal explosives with FOX-7 on
the different cocrystal faces in the different molar ratios are
calculated (see Table 2).

From Table 2, Eb
* of cocrystallized ε-CL-20/FOX-7 pat-

terns can be divided into two situations according to substitut-
ed models at molar ratios of 8:1, 5:1, 3:1, 2:1, 1:1 and 1:2, 1:3,
1:5, 1:8 (ε-CL-20:FOX-7). For the first situation, the binding
energies Eb

* are in the order of 1:1 > 2:1 > 3:1 > 5:1 > 8:1,
indicating that it is more stable for FOX-7 to replace CL-20 in
the 1:1 molar ratio.

For the second situation, the binding energies Eb
* do not

always decrease with the increasing mole ratio of FOX-7. For
(0 1 1), (1 1 0), and (1 0 1), the binding energies Eb

* are in the
order of 1:2 > 1:3 > 1:5 > 1:8. However, for (1 0–1), (1 1–1)
and Random, they are in the order of 1:3 > 1:2 > 1:5 > 1:8, i.e.,
they reach a maximum at a molar ratio of 1:3.
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Furthermore, when compared to the binding energiesEb
* in

1:2 and 1:3, the values in 1:1 are not always the largest, indi-
cating that the ε-CL-20/FOX-7 cocrystal in the 1:1 molar ratio
is not always the most stable. The binding energy has been
used as a scale factor indicating how the molecule is strongly
attached to the crystal face [53]. Thus, the majority of FOX-7
molecules would cocrystallize with CL-20 molecules in the
most stable substituted pattern, which has the strongest bind-
ing energy (or attachment energy). On (0 1 1), (1 1 0), and (0 0
2) facets, the binding energies Eb

* in 1:2 are larger than those
in 1:1, showing that the ε-CL-20/FOX-7 cocrystal with the 1:2
molar ratio may be easier to be synthesized in these cocrystal
faces. On (0 1–1), the binding energy Eb

* in 1:3 is close to that
in 1:1, suggesting that the ε-CL-20:FOX-7 (1:3) cocrystal is
also synthesized. In the other cocrystal faces, the binding en-
ergies Eb

* in 1:1 are the strongest, indicating that the ε-CL-
20:FOX-7 (1:1) cocrystals are the preference.

Moreover, in the low ratios of 1:1 and 1:2, the binding
energies Eb

* on random and (1 1 0) are the strongest.
Therefore, the ε-CL-20/FOX-7 cocrystals on the random and
(1 1 0) faces are the most stable, and the cocrystallization of ε-
CL-20/FOX-7 are dominated by these two facets. As men-
tioned above, the percentage area of (0 1 1) is the largest, while
the binding energies Eb

* on it is not the strongest. This is
perhaps because the area percentage of the (0 1 1) face of ε-
CL-20 was changed due to the intermolecular interaction be-
tween ε-CL-20 and FOX-7. The previous investigation has
indicated that the area percentage of the cocrystal face can

be changed. For example, Shen et al. found that the area per-
centage of the (0 1 1) face of β-CL-20 was increased up to
12.51 % in p-xylene solution from 7.81 % in vacuum due to
the strong solvent interaction [54].

Table 2 also shows the binding energies Eb
* of

cocrystallized γ-CL-20/FOX-7 patterns on the different crys-
tal planes at molar ratios of 8:1, 5:1, 3:1, 2:1, 1:1 and 1:2, 1:3,
1:5, 1:8. For all the cocrystal faces, the order of the binding
energy and stability is 1:1 > 2:1 > 3:1 > 5:1 > 8:1. For the
cocrystals with the excess ratio of FOX-7, in the (1 0 1) and
random, the order is 1:1 > 1:2 > 1:3 > 1:5 > 1:8, while in (0 1
1), (1 1 0), and (1 0–1), the order is 1:2 > 1:1 > 1:3 > 1:5 > 1:8,
and for (0 0 2) and (1 1–1), that is 1:2 > 1:3 > 1:1 > 1:5 > 1:8.
For the (1 0 1) and random, the binding energy and stability in
1:1 are the strongest, while for the other cocrystal faces, those
in 1:2 are the strongest.

From Table 2, in the low ratios of 1:1 and 1:2, the binding
energies Eb

* on random, (1 1 0), (1 0–1), and (1 0 1) are
stronger than those in the other faces. Therefore, the γ-CL-
20/FOX-7 cocrystals in these cocrystal facets are the most
stable, and the cocrystallization of γ-CL-20/FOX-7 are dom-
inated by them. In the 1:2 ratio, the binding energies Eb

* on (1
0–1) and (1 1 0) are larger than those on the other facets. As
mentioned above, the percentage area of (1 0–1) is the largest.
Furthermore, the oxygen atoms are observed exposed on it.
The (1 0 1) face is rather open and rough on the molecular
level with nitro groups, hydrogen, and oxygen atoms of the
CL-20 exposed on the surface. Thus, γ-CL-20 can

Table 2 The corrected binding energy (in kJ mol mol-1) of the substituted models of CL-20/FOX-7

8:1 5:1 3:1 2:1 1:1 1:2 1:3 1:5 1:8

ε a (0 1 1) −337.2 −625.4 −972.3 −1204.2 −1165.2 −1262.8 −1224.7 −844.1 −607.2
(1 1 0) −303.0 −578.6 −748.5 −1125.2 −1383.6 −1417.7 −1232.2 −1115.3 −642.2
(1 0–1) −348.2 −619.5 −807.7 −1125.9 −1183.1 −1189.3 −806.4 −677.0
(0 0 2) −323.2 −523.8 −839.4 −946.4 −1136.5 −1206.7 −787.9 −728.4 −761.1
(1 1–1) −365.2 −490.0 −867.1 −1079.2 −1290.4 −1074.0 −1267.2 −911.7 −624.6
(0 2 1) −372.5 −572.9 −964.2 −1031.1 −1368.5
(1 0 1) −416.6 −523.0 −938.2 −1184.7 −1422.7 −1122.6 −927.9 −871.6 −681.2
Random −381.5 −581.4 −946.3 −1097.3 −1589.0 −1361.4 −1446.0 −1078.0 −822.1

γ (0 1 1) −393.6 −503.1 −918.0 −1023.5 −1231.6 −1288.0 −1140.1 −1028.2 −518.3
(1 1 0) −363.5 −511.2 −940.2 −1101.6 −1456.7 −1605.1 −1387.0 −1179.4 −735.1
(1 0–1) −452.6 −543.1 −815.2 −1128.4 −1489.2 −1588.2 −1311.8 −1056.6 −726.0
(0 0 2) −428.3 −511.6 −762.3 −878.5 −1003.9 −1257.3 −1157.3 −967.8 −732.3
(1 1–1) −420.3 −493.1 −659.3 −815.2 −979.2 −1137.0 −1024.5 −922.3 −657.1
(0 2 1) −466.0 −526.3 −762.1 −912.1 −1218.1
(1 0 1) −431.8 −527.6 −988.6 −1215.1 −1345.5 −1322.1 −1252.3 −977.8 −511.6
Random −378.9 −515.8 −927.5 −1288.4 −1587.2 −1369.7 −1201.5 −835.6 −417.5

β (0 0 1) −367.0 −578.9 −913.4 −1007.5 −1137.6
(0 1 0) −389.1 −618.0 −985.6 −1123.7 −1165.2
Random −408.5 −579.3 −866.2 −1252.8 −1443.6 −1532.7 −1276.8 −828.1 −497.6

a Data from ref. [34]
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cocrystallize with FOX-7 by the N–H⋯O and C–H⋯O inter-
molecular hydrogen bonds, and strong H-bonding can be
formed between them. This is also probably one of the reasons
that γ-CL-20/FOX-7 prefers cocrystalizing on (1 0–1) and (1
0 1). On the contrary, the (0 0 2) face is smooth on the molec-
ular level, suggesting that it is difficult for FOX-7 to
cocrystallize with γ-CL-20. Therefore, the binding energy
Eb

* on it is weak.
For the (0 0 1), (0 1 0), and random faces of the β-CL-20/

FOX-7 cocrystals with the excess ratio of β-CL-20, the order
of the binding energy and stability is 1:1 > 2:1 > 3:1 > 5:1 >
8:1 (see Table 2). For the cocrystals with the excess ratio of
FOX-7, the order is 1:2 > 1:1 > 1:3 > 1:5 > 1:8 on random. For
(0 0 1) and (0 1 0), the binding energy and stability in 1:1 are
the strongest, while for the random cocrystal faces, those in
1:2 are the strongest.

In the low ratios of 1:1 and 2:1, the binding energies Eb
* are

in the order of random > (0 1 0) > (0 0 1), while in the ratios of
3:1, 5:1, and 8:1, Eb

* follows the order of (0 1 0) > random > (0
0 1). Except for random in 1:1, for each of the ratios, the bind-
ing energies Eb

* among three cocrystal faces are very close, no
more than 250.0 kJ mol mol-1 of a difference among them.

As can be seen from Table 2, except for random, there is a
trend that the strongest binding energies Eb

* in the γ-CL-20/
FOX-7 are larger than those in ε-CL-20/FOX-7 and β-CL-20/
FOX-7. Furthermore, for γ-CL-20/FOX-7, the binding ener-
gies Eb

* on the (1 1 0) and (1 0–1) cocrystal faces of FOX-7 in
1:2 and those on the (1 0–1) and (1 1 0) faces of γ-CL-20 in
1:1 are larger than the other cases. These results indicate that

FOX-7 may prefer cocrystalizing with γ-CL-20 on the (1 1 0)
and (1 0–1) faces of FOX-7 in 1:2, or on the (1 0–1) and (1 1 0)
faces of γ-CL-20 in 1:1. It is noted that, as mentioned above,
for the cocrystal with the excess ratio of FOX-7, the FOX-7
super cells were substituted by equal number of CL-20, while
in the cocrystal with the excess ratio of CL-20, the CL-20
super cells were substituted by FOX-7.

CL-20/β-HMX cocrystal

For ε-CL-20/β-HMX, except for the random situation in the
1:3 ratio, the binding energies Eb

* are in the order of 1:1 > 2:1
> 3:1 > 5:1 > 8:1 and 1:2 > 1:3 > 1:5 > 1:8 (see Table 3). For
random, the order is 1:3 > 1:2 > 1:5 > 1:8, i.e., the binding
energy reaches a maximum at the molar ratio of 1:3. These
results indicate that it is more stable for β-HMX to replace ε-
CL-20 in the 1:1, 1:2, and 1:3 molar ratios.

Similar to ε-CL-20/FOX-7, when compared to the binding
energies Eb

* in 1:2 and 1:3, the values in 1:1 are also not
always the largest, indicating that the ε-CL-20/β-HMX
cocrystal in 1:1 is not always the most stable. On (0 1 1), (1
1–1), and (0 2 0), the binding energies Eb

* in 1:2 are larger
than those in 1:1, showing that the ε-CL-20/β-HMX cocrystal
with the 1:2 molar ratio may be more stable on these three
faces. On random, the binding energy in 1:1 is less than that in
1:3. On the other cocrystal faces, the binding energies Eb

* in
1:1 are the strongest, indicating that the ε-CL-20:β-HMX
(1:1) cocrystals are more stable.

Table 3 The corrected binding energy (in kJ mol-1mol) of the substituted models of CL-20/β-HMX

8:1 5:1 3:1 2:1 1:1 1:2 1:3 1:5 1:8

ε (0 1 1) −287.3 −411.5 −618.0 −813.7 −928.3 −1105.2 −912.6 −680.5 −527.3
(1 1–1) −304.8 −423.7 −635.8 −891.5 −1057.5 −1089.7 −868.3 −715.9 −518.0
(1 1 0) −326.7 −503.2 −628.0 −855.3 −996.7
(1 0–1) −287.1 −562.3 −723.5 −837.0 −938.2
(1 0 1) −332.0 −640.5 −798.1 −917.2 −1068.9
(0 2 0) −1105.1 −1187.9 −956.3 −723.8 −511.9
Random −303.4 −417.6 −625.7 −815.2 −989.6 −914.8 −1025.2 −801.6 −615.3

γ (0 1 1) −317.9 −415.5 −725.8 −846.4 −1006.8 −1015.2 −988.7 −769.9 −382.5
(1 1–1) −339.6 −427.8 −529.6 −702.6 −828.0 −1056.9 −1001.2 −618.9 −529.6
(1 1 0) −288.0 −379.9 −630.8 −792.5 −968.3
(1 0–1) −375.0 −504.8 −723.6 −889.3 −1003.7
(1 0 1) −315.4 −468.7 −670.1 −808.3 −987.1
(0 2 0) −1037.9 −984.3 −912.0 −685.7 −443.0
Random −322.6 −487.0 −701.1 −889.5 −967.5 −1017.2 −814.7 −640.2 −355.9

β (0 0 1) −388.5 −518.3 −727.6 −915.1 −1026.5
(0 1 0) −367.0 −479.5 −658.3 −921.4 −1000.8
(0 2 0) −819.1 −826.2 −719.3 −552.8 −476.8
Random −336.9 −415.2 −703.6 −845.4 −975.1 −1013.5 −836.7 −613.5 −427.6
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FromTable 3, in 1:1 and 1:2, the binding energiesEb
* on (0

1 1), (1 1–1), (1 0 1), and (0 2 0) are stronger than those on (1 1
0), (1 0–1), and random. Therefore, the ε-CL-20/β-HMX
cocrystals on (0 1 1), (1 1–1), (1 0 1), and (0 2 0) are more
stable, and the cocrystallization of ε-CL-20/β-HMX are dom-
inated by these four facets.

For the γ-CL-20/β-HMX cocrystal, the order of the bind-
ing energy and stability is 1:1 > 2:1 > 3:1 > 5:1 > 8:1. For all
the cocrystals with the excess ratio ofβ-HMX, the order of the
binding energy and stability follows 1:2 > 1:3 > 1:5 > 1:8.
Except for random, for each of the cocrystal faces, the binding
energies in 1:2 and 1:3 are very close to each other. For (0 2 0),
the binding energy in 1:1 is larger than that in 1:2. However,
for (0 1 1) and random, the binding energies in 1:1 are less
than those in 1:2, and on (1 1–1), the binding energy in 1:1 is
even less than that in 1:2 or 1:3.

From Table 3, for the γ-CL-20/β-HMX cocrystal, in the
low ratios of 1:1 and 1:2, the binding energies Eb

* on (0 1 1),
(1 1–1), and (0 2 0) are the strongest. Therefore, the γ-CL-20/
β-HMX cocrystals on the (0 1 1), (1 1–1), and (0 2 0) faces are
the most stable, and the cocrystallization of ε-CL-20/β-HMX
are dominated by these three facets. It should be mentioned
that, in the ratios of 1:1 and 1:2, the binding energies in all the
cocrystal faces are close, with the largest difference of
158.9 kJ mol-1. These results show that, although γ-CL-20
prefers cocrystalizing with β-HMX on the (0 1 1), (1 1–1),
and (0 2 0) faces, the cocrystallization on the other faces, such
as (1 1 0), (1 0–1), and (1 0 1), could also form.

From Table 3, for the β-CL-20/β-HMX, the order of the
binding energy and stability is 1:1 > 2:1 > 3:1 > 5:1 > 8:1 for
(0 0 1), (0 1 0), and random cocrystal faces. For the cocrystals
with the excess ratio of β-HMX, the order is 1:2 > 1:1 > 1:3 >
1:5 > 1:8. For (0 0 1) and (0 1 0), the binding energy and
stability in 1:1 are the strongest, while for the (0 2 0) and
random cocrystal faces, those in 1:2 are the strongest.

In the ratios of 1:1 and 2:1, the binding energies Eb
* on (0 1

0) and (0 0 1) are larger than that on (0 2 0). Furthermore, the
binding energies Eb

* on (0 1 0) and (0 0 1) are very close to
each other. These results suggest that β-CL-20 prefers
cocrystalizing with β-HMX on the (0 1 0) and (0 0 1) faces.

As can be found from Table 3, the strongest binding ener-
gies Eb

* in the ε-CL-20/β-HMX are larger than those in γ-
CL-20/β-HMX and β-CL-20/β-HMX.

Furthermore, for ε-CL-20/β-HMX, the binding energies
Eb

* on the (0 2 0) and (0 1 1) cocrystal faces of β-HMX in
1:2 and 1:1 are larger than the other cases. These results indi-
cate that β-HMX prefers cocrystalizing with ε-CL-20 on (0 2
0) and (0 1 1) in 1:2 or 1:1. However, it is not the case: ε-CL-
20/β-HMX is not synthesized but the γ-CL-20/β-HMX and
β-CL-20/β-HMX cocrystals have been found [14].
Furthermore, from Table 3, the binding energies in the
cocrystals with the excess ratio of β-HMX are far larger than
those in the cocrystals with the excess ratio of CL-20,

suggesting the cocrystals with the excess ratio of β-HMX
are more stable than the cocrystals with the excess ratio of
CL-20, and the former should be synthesized more easily than
the latter. However, a 2:1 cocrystal of CL-20:HMX was re-
ported by experiment [14], while the 1:2 cocrystal of CL-
20:HMX was not synthesized. It should be emphasized that
the factors influencing the formation of cocrystallization are
complicated: besides the binding energy, some more impor-
tant factors like the solvent effect and temperature effect
should also be considered.

As can also be found from Table 3, the strongest binding
energies Eb

* in γ-CL-20/β-HMX are close to those in β-CL-
20/β-HMX, suggesting these two kinds of cocrystals may
coexist. Indeed, Bolton et al. found that both the β- and γ-
forms of CL-20 occupied half in the CL-20:HMX (2:1)
cocrystals [14].

CL-20/DMF cocrystal

High energy is one of requirements of energetic materials, and
the detonation performance (such as detonation velocity and
detonation pressure) of the cocrystal with the excess ratio of
the high energetic CL-20 may be better than that with the
excess ratio of DMF. Since DMF is a nonenergetic molecule,
the energy will be decreased in the cocrystal with the excess
ratio of DMF. Therefore, in the energetic material field, the
cocrystal with the excess ratio of CL-20 is more important

Table 4 The corrected binding energy (in kJ mol-1) of the substituted
models of CL-20/DMF

8:1 5:1 3:1 2:1 1:1

ε (0 1 1) −528.9 −1369.5 −1982.0 −2285.2 −2318.5
(1 1 0) −467.5 −1527.0 −2160.3 −2537.9 −2606.3
(1 0–1) −511.8 −1428.8 −2189.1 −2415.3 −2582.9
(0 0 2) −546.0 −1348.0 −1884.0 −2188.5 −2389.3
(1 1–1) −689.3 −1425.6 −2202.5 −2468.7 −2687.2
(0 2 1) −712.0 −1566.7 −1879.3 −2132.3 −2218.6
(1 0 1) −456.8 −1460.1 −2137.6 −2418.6 −2689.0
Random −478.0 −1357.9 −2219.0 −2461.7 −2517.8

γ (0 1 1) −468.9 −1392.8 −1769.7 −1998.3 −2167.3
(1 1 0) −721.0 −1476.0 −1992.5 −2013.5 −2259.3
(1 0–1) −493.1 −1502.8 −2209.6 −2459.7 −2602.8
(0 0 2) −475.6 −1437.0 −1755.8 −1987.9 −2147.5
(1 1–1) −491.7 −1388.5 −1629.0 −1979.0 −2015.8
(0 2 1) −524.8 −1416.9 −1781.8 −1852.6 −2189.7
(1 0 1) −477.6 −1512.6 −1832.7 −2127.9 −2318.0
Random −428.5 −1378.0 −1902.6 −2218.6 −2454.6

β (0 0 1) −459.1 −1568.7 −2235.8 −2409.3 −2628.7
(0 1 0) −427.3 −1479.8 −2167.9 −2380.1 −2579.3
Random −462.9 −1523.9 −2083.7 −2357.0 −2589.0
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than that with the excess ratio of DMF. So in this work, only
the excess ratio of CL-20 was discussed.

The binding energies Eb
* are summarized in Table 4. For

the ε-, γ-, and β-CL-20/DMF cocrystal on all the faces, the
values of Eb

* in the ratios of 1:1, 2:1, and 3:1 are close to each
other, and the largest difference between 1:1 and 3:1 is
552.0 kJ mol-1, and the maximum deviation of Eb

* between
the ratios of 1:1 and 3:1, defined as [(Eb

*
(max) –Eb

*
(min))/

Eb
*
(min))] × 100%, is 22.49%. This result shows that the sta-

bilities of the cocrystals in the ratios of 1:1, 2:1, and 3:1 are
very close. Since the γ-CL-20/DMF cocrystal in 1:1 has been
synthesized [19], the cocrystals of the 2:1 and 3:1 ratios can
also be synthesized by the suitable method.

The differences of binding energies between 3:1 and 5:1 are
large (up to about 700.0 kJ mol-1), showing that, from 3:1 to
5:1, the binding energies and stabilities of cocrystals decrease
remarkably. The differences of binding energies between 5:1
and 8:1 are larger, in the range of 700.0~1000.0 kJ mol-1. The

deviations of Eb
* between the ratios of 5:1 and 8:1, defined as

[(Eb
*
(max) – Eb

*
(min))/Eb

*
(min))] × 100%, are in the range of

50.0~80.0%.
For all of the substituted patterns, the binding energies Eb

*

are in the same order of 1:1 > 2:1 > 3:1 > 5:1 > 8:1. In the
ratios of 1:1, 2:1, and 3:1, the binding energies are the largest,
and thus CL-20/DMF cocrystal may prefer cocrystalizing in
the 1:1, 2:1, and 3:1 molar ratios. In other words, the cocrystal
in the low ratio might be stable. In deed, most of the energetic-
nonenergetic cocrystal explosives with the 1:1 or 2:1 molar
ratio are reported experimentally [19].

From Table 4, in the ratio of 1:1, for the ε-CL-20/DMF
cocrystals, the binding energies Eb

* on (1 0 1), (1 1–1), (1 1
0), and (1 0–1) are stronger than those in the other cocrystal
faces. Therefore, the ε-CL-20/DMF cocrystals on (1 0 1), (1
1–1), (1 1 0), and (1 0–1) are more stable, and the
cocrystallizations of ε-CL-20/DMF are dominated by these
four facets. For the γ-CL-20/DMF cocrystals, the binding

Table 5 Predicted properties at different molar ratios

OB(%) dmix
(g/cm)

d298K
(g/cm)

VD

(km/s)
N
(mol/g) M

(g mol-1)

QD

(kcal/kg)
VD(K-J)

(km/s)
PD
(GPa)

γ-CL-20 −25.000 1.916 a 1305.87 a 9.12 a 38.8 a

64γ-CL-20:8FOX-7 −26.000 1.915 1.908 9.195 0.034502 28.98 1300.05 9.0968 38.715

40γ-CL-20:8FOX-7 −26.563 1.914 1.908 9.187 0.034645 28.86 1296.77 9.1004 38.746

24γ-CL-20:8FOX-7 −27.500 1.913 1.906 9.173 0.034884 28.67 1291.32 9.1003 38.722

32γ-CL-20:16FOX-7 −28.571 1.911 1.905 9.157 0.035156 28.44 1285.09 9.1029 38.732

16γ-CL-20:16FOX-7 −31.250 1.908 1.901 9.119 0.035836 27.90 1269.57 9.1052 38.705

16γ-CL-20:32FOX-7 −35.000 1.903 1.896 9.065 0.036785 27.19 1247.90 9.1092 38.681

8γ-CL-20:24FOX-7 −37.500 1.899 1.893 9.029 0.037415 26.73 1233.51 9.1111 38.661

8γ-CL-20:40FOX-7 −40.625 1.895 1.889 8.985 0.038200 26.18 1215.57 9.1112 38.615

8γ-CL-20:64FOX-7 −43.182 1.892 1.886 8.949 0.038841 25.75 1200.94 9.1114 38.581

FOX-7 −50.000 1.883 b 1167.86 c 8.93 d 28.4 c

ε-CL-20 −25.000 2.044 e 1294.95 a 9.53 f 43.3 a

64ε-CL-20:8β-HMX −26.923 2.032 2.026 9.181 0.034737 28.79 1282.53 9.4821 43.509

40ε-CL-20:8β-HMX −27.941 2.026 2.020 9.167 0.034996 28.57 1275.96 9.4666 43.296

24ε-CL-20:8β-HMX −29.545 2.017 2.010 9.143 0.035404 28.25 1265.62 9.4416 42.949

32ε-CL-20:16β-HMX −31.250 2.007 2.000 9.119 0.035836 27.90 1254.66 9.4149 42.589

16ε-CL-20:16β-HMX −35.000 1.985 1.979 9.065 0.036785 27.19 1230.62 9.3602 41.849

16ε-CL-20:32β-HMX −39.286 1.961 1.955 9.004 0.037864 26.41 1203.27 9.2930 40.967

8ε-CL-20:24β-HMX −41.667 1.949 1.942 8.970 0.038462 26.00 1188.13 9.2556 40.486

8ε-CL-20:40β-HMX −44.231 1.935 1.928 8.934 0.039103 25.57 1171.87 9.2138 39.956

8ε-CL-20:64β-HMX −46.053 1.925 1.919 8.908 0.039558 25.28 1160.34 9.1873 39.620

β-HMX −50.000 1.905 f 1135.44 a 9.000 f 38.3 a

a The data comes from ref. [30]
b The data comes from ref. [45]
c The data comes from ref. [55]
d The data comes from ref. [56]
e The data comes from ref. [43]
f The data comes from ref. [57]
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energy in (1 0–1) is far stronger than those on the other
cocrystal faces. For the β-CL-20/DMF cocrystals, the binding
energies in three cocrystal faces ((0 0 1), (0 1 0), and random)
are close. Therefore, the γ-CL-20 and β-CL-20 cocrystals
with DMF are dominated by the (1 0–1), (0 0 1), and (0 1 0)
facets, respectively. As a whole, the binding energies in the γ-
CL-20/DMF cocrystals are weaker than those in the ε-CL-20/
DMF and β-CL-20/DMF cocrystals, suggesting that DMF
prefers cocrystalizing with ε-CL-20 and β-CL-20, and the
stabilities of ε-CL-20/DMF or β-CL-20/DMF cocrystal are
higher than those of γ-CL-20/DMF.

All in all, from Tables 2, 3, and 4, for all the cocrystals,
the binding energies Eb

* and stabilities are in the same order
of 1:1 > 2:1 > 3:1 > 5:1 > 8:1, suggesting that the cocrystals
with the low ratios are synthesized more easily. Moreover,
the values of Eb

* of the CL-20/DMF cocrystals in all the
substituted patterns with all the ratios are far larger than the
corresponding results of the CL-20/FOX-7 or CL-20/β-
HMX cocrys ta ls , sugges t ing that the energet ic-
nonenergetic CL-20/DMF might be cocrystallized more
easily than the energetic-energetic cocrystals CL-20/FOX-
7 and CL-20/β-HMX. This is perhaps due to the strong
electron donating C=O group in DMF which can form
strong intermolecular H-bonds with the C–H group of
CL-20.

FromTables 2 and 3, the binding energiesEb
* in 1:1 are not

always the largest, and the largest Eb
* may also appear in the

cocrystals with the 1:2 or 1:3 molar ratio. This result shows
that the cocrystals in 1:1 are not always the most stable, and it
is more stable for CL-20 to replace FOX-7 or β-HMX in the
1:2 and 1:3 molar ratios. Furthermore, the values ofEb

* of CL-
20/FOX-7 are larger than the corresponding results of CL-20/
β-HMX, indicat ing that CL-20/FOX-7 might be
cocrystallized more easily than the CL-20/β-HMX. For CL-
20/FOX-7 and CL-20/β-HMX cocrystals, the binding ener-
gies Eb

* in the cocrystals with the excess ratio of CL-20 are
weaker than those in the cocrystals with the excess ratio of
FOX-7 or CL-20/β-HMX, suggesting that the stabilities in the
former are weaker than those of the latter.

By the comparison of the relative strength of the binding
energies on the different crystal faces of the different CL-20
morphology, we can draw a conclusion as follows: β-HMX
prefers cocrystalizing with ε-CL-20 on the (0 2 0) and (0 1 1)
cocrystal faces of β-HMX in the ratio of 1:2 or 1:1; FOX-7
may prefer cocrystalizing with γ-CL-20 on the (1 1 0) and (1
0–1) cocrystal faces of FOX-7 in the ratio of 1:2, or on the (1
0–1) and (1 1 0) cocrystal faces of γ-CL-20 in the ratio of 1:1.
The stabilities of ε-CL-20/DMF and β-CL-20/DMF cocrystal
are higher than those of γ-CL-20/DMF. In other words, in the
CL-20/FOX-7 cocrystal, the CL-20 molecule prefers adopting
the γ-form, and ε-CL-20 is the preference in the CL-20/β-
HMX cocrystal. ε-CL-20 and β-CL-20 can be found in the
CL-20/DMF cocrystal.

Density, oxygen balance, detonation velocity,
and detonation pressure

The density (d), oxygen balance (OB), detonation velocity
(VD), detonation pressure (PD), and heats of detonation reac-
tions (QD) have been adopted to evaluate the power of an
explosive. In general, higher d, VD, PD, QD, and an OB closer
to zero suggest higher power. OB has also been used as one of
the indicators for safety, as a more negative OB corresponds to
higher safety. As mentioned above, in the CL-20/FOX-7
cocrystal, the CL-20 molecule prefers adopting the γ-form,
while ε-CL-20 is the preference in the CL-20/β-HMX
cocrystal. Therefore, OB, VD, PD, QD, and d of the
energetic-energetic cocrystallized systems γ-CL-20/FOX-7
and ε-CL-20/β-HMX in the molar ratios 8:1, 5:1, 3:1, 2:1,

RH4···O5=2.524 Å RH3···O7=2.857 Å 

CL-20···FOX-7  

RH4···O7=2.502 Å RH3···O5=2.918 Å   RH8···O6=3.117 Å 

CL-20···HMX  

RH3···O5=2.305 Å RH4···O5=2.419 Å   RH7···O6=3.280 Å 

CL-20···DMF 

Fig. 2 The optimized geometries (the most stable structures) of CL-
20⋯FOX-7, CL-20⋯HMX and CL-20...DMF at the B3LYP/6-311++
G** level
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1:1 and 1:2, 1:3, 1:5, 1:8 (CL-20:FOX-7/HMX) are calculated
(see Table 5).

From Table 5, for γ-CL-20/FOX-7, with the increases
of the components of FOX-7, the values of VD predict-
ed through the VD–OB relationship are decreased, while
those computed by using the Kamlet-Jacobs equations
are almost unchanged, close to 9.1 km/s. For ε-CL-20/
β-HMX, although the values of VD obtained from the
VD–OB relationship are smaller than those from the
Kamlet-Jacobs equations (in each of the molar ratios,
the difference between them is about 0.3 km/s), the
values computed by using two methods have the same
variation tendency: with the increases of the components
of β-HMX, the values of VD are decreased.

On one hand, for γ-CL-20/FOX-7 and ε-CL-20/β-HMX,
the OB values become more negative after cocrystallization in
contrast to that of the pure CL-20, leading to a possible lower
sensitivity than CL-20. On the other hand, the values of d, VD,
PD, and QD are compromised by two related components,
indicating that the power of CL-20 is diluted by FOX-7 or
HMX. Moreover, the more the component of FOX-7 or
HMX is, the more notable the dilution of CL-20 power
becomes.

However, d, VD, PD, and QD of CL-20/FOX-7 and CL-20/
HMX cocrystals in the molar ratios of 3:1, 2:1, 1:1 and 1:2,
1:3 are not too much different with the pure CL-20. For ex-
ample, the PD values of CL-20/FOX-7 are about 38.7 GPa,
very close to 38.8 GPa of the pure CL-20. In other words, the
power of CL-20 is not diluted badly in these molar ratios.
Therefore, the cocrystals in the molar ratios of 3:1, 2:1, 1:1
and 1:2, 1:3 are satisfactory in view of explosive properties,
and they can meet the requirements of the low sensitive high
energetic materials. Combining with the results of binding
energies (binding energies in 1:1 to 1:3 or 1:1 to 3:1 are very
close), the investigation into the cocrystals with the ratios of
3:1, 2:1, 1:1 and 1:2, 1:3 will be meaningful for experimental
research.

Structure and surface electrostatic potential of the CL-20
complex (1:1) with FOX-7, HMX, and DMF

In order to get more information on the bonding and stability
of cocrystals, the most stable complexes (1:1) of CL-20 with
FOX-7, HMX and DMF are investigated at the B3LYP/6-
311++G** level (see Fig. 2). The intermolecular H-bonds
between the hydrogen atom of the C–H bond of CL-20 and

CL-20                 FOX-7                HMX  

     CL-20/FOX-7               CL-20/HMX                CL-20/DMF 

Fig. 3 Surface electrostatic
potentials of monomers and
complexes

Table 6 Molecular surface
electrostatic potentials (in kcal
mol-1), positive and negative
variances (σ+

2, and σ‐
2 (in (kcal

mol-1)2)) as well as electrostatic

balance parameter
σ2þσ

2
−

σ2þþσ2−ð Þ2 (ν)

CL-20 FOX-7 HMX CL-20⋯FOX-7 CL-20⋯HMX CL-20⋯DMF

Vs,min −15.81 −33.36 −26.75 −29.85 −24.93 −22.21
Vs,max 67.75 62.55 62.51 65.96 65.28 50.28

Vs,max (N/C−NO2) 29.34 29.89 19.21 18.22 23.35(FOX-7) 28.30(CL-20)

σ+
2 232.74 250.82 251.21 225.99 254.68 126.66

σ‐
2 16.46 77.21 43.97 45.15 28.89 24.85

ν 0.0617 0.1800 0.1268 0.1388 0.0915 0.1371
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the oxygen atom of the NO2 group in HMX are found, as is in
accordance with the experimental results of the ε-CL-20/β-
HMX cocrystal by the single crystal X-ray diffraction method
[14]. The hydrogen bonds between the hydrogen atom of CL-
20 and the oxygen atom in FOX-7 and DMF are also con-
firmed by the accepted O···H distances of H-bonds. Therefore,
the CH hydrogen bonding can play an important role in sta-
bilizing the cocrystals of CL-20 with FOX-7, HMX, and
DMF. In the cocrystals of CL-20 with TNT [13] and BTF
[17], the CH hydrogen bonding was also found.

Electrostatic potential (ESP) is a real and fundamentally
significant physical property of compounds [58]. The surface
electrostatic potential has been taken into account in the anal-
ysis of the sensitivity of the pure explosives [59–65] and
cocrystal explosives, such as the CL-20/TNT [20] and
HMX/FOX-7 cocrystal [32]. In order to reveal the nature of
sensitivity change upon the formation of cocrystal, the surface
electrostatic potentials of CL-20, HMX, FOX-7, and their
cocrystals as well as the CL-20/DMF cocrystal are investigat-
ed. The results are shown in Fig. 3 and Table 6.

Politzer et al. have found that the local maximum above the
C−NO2 or N−NO2 bond (VS,max (C/N−NO2)) links to the
impact sensitivity: the more positive the value of Vs,max

(C/N−NO2), the higher the sensitivity becomes [63, 66–68].
From Table 6, for CL-20⋯FOX-7, the VS,max of the N−NO2

bonds in CL-20 changes very slightly, while the VS,max of the
C−NO2 bonds in FOX-7 is increased from 19.21 kcal mol-1 in
pure component to 23.35 kcal mol-1 in the complex, indicating
that the C−NO2 bonds become weak and the sensitivity of
FOX-7 in the complex is increased in comparison with those
in the pure FOX-7. In CL-20⋯HMX, the VS,max of the N
−NO2 bonds involving the H-bonds in CL-20 or HMX can
not be distinguished from the strongly positive potential of
hydrogen or N atoms of the −NO2 group. In CL-20⋯DMF,
the VS,max involving the N−NO2 bonds of CL-20 in the com-
plex is slightly less positive than that in the isolated CL-20,
indicating that the N−NO2 bonds become strong and the sen-
sitivity of CL-20 in the complex is decreased in comparison
with that in the pure CL-20.

According to Politzer et al. [69], for the nitramine explo-
sive, the smaller the value of positive variance of VS(r) (σ+

2) is,
and simultaneously the larger the value of electrostatic balance

parameter σ2þσ
2
−

σ2þþσ2−ð Þ2 (ν) is, the lower the impact sensitivity h50

becomes. The values of σ+
2, σ‐

2, and ν are also collected in
Table 6. For CL-20⋯FOX-7 and CL-20⋯HMX, the value of
σ+
2 is close to that of pure CL-20, FOX-7 or HMX, but the

value of ν is larger than that of pure CL-20 while lower than
that of pure FOX-7 or HMX. Therefore, the impact sensitivity
h50 of CL-20⋯FOX-7 or CL-20⋯HMX is lower than that of
CL-20 while higher than that of FOX-7 or HMX. In CL-
20⋯DMF, the value of σ+

2 is far lower than that of pure CL-
20, and simultaneously the value of ν is far larger than that of

pure CL-20, leading to the decreased impact sensitivity h50 in
comparison with the pure CL-20. It should be emphasized
that, in fact, the factors influencing the stability (or sensitivity)
are complicated. In particular, recently Politzer et al. have
pointed out that a high detonation heat release is generally
accompanied by high sensitivity; accordingly, the heat release
must be kept moderate [65, 70]. Therefore, the heat release
should also be considered for cocrystal explosives.

A good (R2=0.9932) linear correlation is obtained between
the strongest binding energies (Eb,max

* ) and positive variances
(σ+

2) as shown in Fig. 4. They fit the following equation:

E*
b;max ¼ 11:47σ2

þ–4148:04 ð9Þ

This suggests that the electrostatic potentials are a good
indicator of noncovalent interactions.

Conclusions

In this work, we systemically investigate the binding energies
of the ε-, γ-, and β-CL-20 cocrystal explosives with FOX-7,
β-HMX, and DMF on the different cocrystal faces in the
different molar ratios by the MDmethod. The oxygen balance
(OB), density (d), and detonation velocity (VD) are estimated.
The surface electrostatic potential was also analyzed. The re-
sults indicate that, for all the cocrystals, the binding energies
Eb

* and stabilities are in the same order of 1:1 > 2:1 > 3:1 > 5:1
> 8:1, suggesting that the cocrystals with the low ratios are
synthesized more easily. Moreover, the values of Eb

* of the
CL-20/DMF cocrystals in all the substituted patterns with all
the ratios are far larger than the corresponding results of the
CL-20/FOX-7 and CL-20/β-HMX cocrystals, suggesting that
the energetic-nonenergetic CL-20/DMF might be
cocrystallized more easily than the energetic-energetic
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cocrystals CL-20/FOX-7 and CL-20/β-HMX. For CL-20/
FOX-7 and CL-20/β-HMX, the binding energies Eb

* in 1:1
are not always the largest, and the largest Eb

* may appear in
the cocrystals with the 1:1, 1:2 or 1:3 molar ratio.
Furthermore, the values of Eb

* of the CL-20/FOX-7 cocrystals
are larger than the corresponding results of the CL-20/β-HMX
cocrystals, indicating that CL-20/FOX-7 might be
cocrystallized more easily than the CL-20/β-HMX. The bind-
ing energies Eb

* in the cocrystals with the excess ratio of CL-
20 are weaker than those in the cocrystals with the excess ratio
of FOX-7 or CL-20/β-HMX, suggesting that the stabilities in
the former are weaker than those of the latter. β-HMX prefers
cocrystalizing with ε-CL-20 on the (0 2 0) and (0 1 1)
cocrystal faces of β-HMX in the ratio of 1:2 or 1:1. FOX-7
may prefer cocrystalizing with γ-CL-20 on the (1 1 0) and (1
0–1) cocrystal faces of FOX-7 in the ratio of 1:2, or on the (1
0–1) and (1 1 0) cocrystal faces of γ-CL-20 in the ratio of 1:1.
DMF prefers cocrystalizing with ε-CL-20 and β-CL-20. In
other words, in the CL-20/FOX-7 cocrystal, the CL-20 mole-
cule prefers adopting the γ-form, and ε-CL-20 is the prefer-
ence in the CL-20/β-HMX cocrystal. ε-CL-20 and β-CL-20
can be found in the CL-20/DMF cocrystal.

The CL-20/FOX-7 and CL-20/β-HMX cocrystal explo-
sives with molar ratios of 1:1, 1:2, 1:3, 2:1, and 3:1 can meet
the requirements of the low sensitive high energetic materials.

The surface electrostatic potential can be used to reveal the
nature of the decreased sensitivity in complex (or cocrystal).
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