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Abstract

The existing cocrystal preparation of CL-20 is difficult to form large-scale production. And new ligands and processes are needed
to change the current situation. Molecular dynamics simulation was performed on CL-20/DNDAT7(3.5-dinitro-3.5-diazaheptane)
and CL-20/HMX cells. Radial function analysis, Hirshfeld surface comparison analysis, and growth simulation analysis were
performed on the simulation results. The results show that: Decreasing the temperature is beneficial to increase the strength
of the hydrogen bond of CL-20/DNDAY7 cocrystal, especially at 203K; The maximum initiation N-N bond length is smaller
than that of CL-20 crystal and CL-20/HMX cocrystal; The hydrogen bond interaction of CL-20/HMX cocrystal is lower than
that of CL-20/DNDA5 and CL-20/DNDAT cocrystal. Decreasing the temperature is beneficial to cocrystal formation. The
sensitivity of CL-20/DNDAT is lower than that of CL-20 and CL-20/HMX cocrystal. CL-20 is more likely to form hydrogen
bonds with linear nitroamine explosives than CL-20/HMX. Keywords: cocrystal; Molecular dynamics simulation; hydrogen

bond interaction; sensitivity
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Abstract: The existing cocrystal preparation of CL-20 is difficult to form large-scale
production. And new ligands and processes are needed to change the current situation.
Molecular dynamics simulation was performed on CL-20/DNDA7(3.5-dinitro-3.5-
diazaheptane) and CL-20/HMX cells. Radial function analysis, Hirshfeld surface comparison
analysis, and growth simulation analysis were performed on the simulation results. The results
show that: Decreasing the temperature is beneficial to increase the strength of the hydrogen
bond of CL-20/DNDA7 cocrystal, especially at 203K; The maximum initiation N-N bond
length is smaller than that of CL-20 crystal and CL-20/HMX cocrystal; The hydrogen bond
interaction of CL-20/HMX cocrystal is lower than that of CL-20/DNDA5 and CL-20/DNDA7
cocrystal. Decreasing the temperature is beneficial to cocrystal formation. The sensitivity of
CL-20/DNDAY7 is lower than that of CL-20 and CL-20/HMX cocrystal. CL-20 is more likely
to form hydrogen bonds with linear nitroamine explosives than CL-20/HMX.
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1. Introduction

2,4,6,8,10,12-hexanitro- 2,4,6,8,10,12-hexaazaisowurtzitane, commonly known as CL-20,
is one of the most energetic dynamites in current energetic materials. However, its high
mechanical sensitivity limits its use. In order to reduce the sensitivity of CL-20, a series of
modification measures have been carried out. For example, CL-20 was used and blended with
TNT to prepare the explosive mixture. However, the disadvantage is that CL-20 will change
from e-crystalline to B-crystalline when heated, which not only increases the sensitivity but also
decreases the density of CL-20. [ It is an excellent improvement method to modify CL-20 by
using the advantages of cocrystal to not only retain the high energy density characteristics of
CL-20 but also reduce its mechanical sensitivity. 21 Most scholars mainly focus on the
experimental and simulation study of the cocrystal formation of CL-20 with cyclic explosives,
such as with TNT, 1,3, 5-tri-amino-2,4, 6-trinitrobenzene (TATB), 4,10-dinitro-2,6,8,12-
tetraoxa-4,10-diazatetracyclododecane (TEX), dinitrotoluene (DNT), Cyclotetramethylene
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tetranitramine (HMX), Cyclotrimethylenetrinitramine (RDX), dinitrophenol (DNP), etc. (-20]
When these substances form cocrystals with energetic materials, most of them are prepared by
slow solvent volatilization, -1 but it is time-consuming. It is difficult to form cocrystals when
prepared by fast solvent evaporation, solvent/non-solvent method, *8-21 and mechanical mixing.
[21-221 1t s difficult to form a large-scale production, which limits the use of CL-20.

Linear nitramine energetic materials have a straight chain structure, which has its unique
advantages over cyclic energetic materials. Firstly, hydrogen bonding is an important driving
force for cocrystal formation. 23271 The molecular bending and folding of linear nitramine
energetic materials are greater than that of cyclic structures. We can make full use of the
hydrogen atoms and their nitro group to form more hydrogen bonds with CL-20. This is also
the reason why the formation of pharmaceutical cocrystals is easier than that of energetic
materials. Secondly, the nitro group on linear nitramine energetic materials has a higher power
supply and forms larger hydrogen bonding energy. 8IFinally, small molecule linear nitramine
energetic materials have smaller steric hindrance and cocrystal cells with greater stability.
Therefore, the development of CL-20 and linear nitroamine explosive cocrystals is of great
significance.

This paper, selected a linear nitramine energetic material, 3.5-dinitro-3.5-diazaheptane
(DNDAT) as a CL-20 cocrystal ligand. The cell configuration was established in a molar ratio
of 2:1, and molecular dynamics simulation of the cell configuration at different temperatures
was conducted to analyze the influencing factors of cocrystal formation. A large number of
scholars have studied cyclic ligands such as CL-20/HMX cocrystal. [2°-%1 Therefore, compared
with the simulation results of CL-20/HMX cocrystal under the same conditions, the advantages
and disadvantages of the two types of CL-20 cocrystal were explored, the driving force of
cocrystal formation was revealed, and the feasibility and advantages of linear ligands and CL-
20 cocrystal were demonstrated, which provides a new idea for the study of the cocrystal of
CL-20 and linear energetic materials.

2. Calculation method

Step 1: CL-20/DNDA7, CL-20/HMX supercell construction.

CL-20/DNDAT cell prediction was obtained using the method of my previous research.
[28] The 2*2*2 supercell is shown in Figure 1(b). The CL-20/DNDAS5 cocrystal supercell is
shown in Figure 1(a). According to the crystallographic database (CCDC-1919565), the CL-
20/HMX cocrystal model with a molar ratio of 2:1 was established and its 2*2*2 supercell
was constructed as shown in Fig. 1(c). The yellow part is CL-20 and the blue part is CL-20

cocrystal ligand.


http://xlink.rsc.org/?ccdc=1919565&msid=c9ce01447k
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Step 2: Supercell molecular dynamics simulation

Molecular dynamics simulation was performed on the CL-20/DNDA7 supercell.
Calculations setting of MS: The forcite module was selected to use. The computational task is
Dynamics. Accuracy is Ultra-fine. The force field is selected as the COMPASS force field.
The task is under the domain. The Andersen temperature control and Parrinello pressure
control methods are chosen. The initial velocity of the atomic motion is determined randomly
according to the Maxwell-Boltzmann distribution, the integration time step is set to 1.0 fs, and
the total number of simulation steps is 200,000. For the convenience of the later experiments,
the temperatures were set as 203 K, 223 K, 253 K, 273 K, 303 K, and 323 K according to the
temperature conditions achievable in the laboratory.

(a) (b) (c)
Figure 1. CL-20/DNDAS5 (a), CL-20/DNDA7 (b) supercell, CL-20/HMX (c) supercell

3. Results and Discussion

3.1. Molecular dynamics simulation results

Variation of total energy and density of CL-20/DNDAJ5, CL-20/DNDAY7 cocrystal at
different temperatures., as shown in Table 1 and Table 2. The cocrystal energy change curve
with temperature is shown in Figure 2.

Table 1. Total energy and density at different temperatures of CL-20/DNDA7 cocrystal

T(K) 203 223 253 273 303 323
Total energy (kcal-mol-1) -20734.4 -20342.1 -19744.9 -19460.3 -18829.5 -18454.2
Max-Min (kcal-mol-1) 2280.2
Density (g-cm-3) 1.818 1.806 1.794 1.784 1.778 1.755

Van der Waals force energy
(kcal-mol-1)

-577.0 -549.4 -513.1 -429.3 -489.2 -439.6

Table 2. Total energy and density at different temperatures of CL-20/DNDA?7 cocrystal

T(K) 203 223 253 273 303 323
Total energy (kcal-mol-1) -19603.5 -19325.1 -18788.9 -18404.1 -17865.5 -17481.5
Max-Min (kcal-mol-1) 2122
Density (g-cm-3) 1.831 1.832 1.824 1.799 1.796 1.776

Van der Waals force energy
(kcal-mol-1)

-462.1 -457.5 -447.9 -390.6 -414.1 -362.2
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As can be seen from Table 1 and Figure 2, with the decrease in temperature, the energy
of CL-20/DNDAT7 cocrystal decreases obviously. The total energy decreases from -18454.2
kcal'-mol-1 to -20734.4 kcal-mol-1 and the energy decreases by 19.0 kcal-mol-1 for every 1K
decrease. The energy is linear with the decrease in temperature. The CL-20/DNDAJ5 cocrystal
energy decreases by 17.7 kcal'-mol-1 for every 1K decrease and is slower than that of CL-
20/DNDAT7 cocrystal. The density of CL-20/DNDA7 and CL-20/DNDAJ5 super crystals
varies from 1.755-1.847 g-cm-3 and 1.776-1.832 g-cm-3, CL-20/DNDAJ5 is slightly larger
than CL-20/DNDA7, and the van der Waals force energy is slightly smaller. In terms of
structure, DNDA7 has two more carbon chains than DNDAS, which provides a greater
dispersion force than DNDADS. At the same time, more hydrogen atoms participate in the
hydrogen bonds of the co-crystal system, which reduces the energy of the system. At the same
time, more hydrogen atoms participate in the hydrogen bonds of the co-crystal system, which
reduces the energy of the system. However, after the same carbon chains increase, the steric
hindrance of the co-crystal becomes larger, and the density of the system decreases.
Therefore, when preparing the cocrystal formation of CL-20 and linear ammonium nitrate
explosive, the energy release characteristics and the difficulty of preparation should be

considered.
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Figure 2. Variation of energy with temperature for three pressures in CL-20/DNDA7, CL-20/DNDAS cells
3.2 Radial distribution function analysis
3.2.1 Analysis of O --H RDF

The O --H RDF was analyzed for the dynamics simulation results of CL-20/DNDA?7 and
CL-20/DNDADS5 cocrystals. (Including CL-20 supplying the O atom and the ligand supplying
the H atom and CL-20 supplying the O atom and the ligand supplying the H atom to form the
hydrogen bond.) The O --H RDF of CL-20/DNDA7 and CL-20/DNDAJ5 cocrystals at different
temperatures are shown in Figure 3 and Figure 4. The peak data are shown in Table 3.

4
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Figure 3. The O --H g(r) chart of CL-20 /DNDAY at different temperatures
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Table3 The O --H g(r) values of CL-20 /DNDA7 and CL-20 /DNDAJ5 at different temperatures

CL-20 H/DNDA7 O

CL-20 O/DNDA7 H

CL-20 H/DNDA5 O

CL-20 O/DNDA5 H

T(K)
203
223
253
273
303
323

r(nm)
0.25
0.25
0.25
0.25
0.25
0.25

g(r)
1.46
1.30
1.25
1.23
1.20
1.09

r(nm)
0.27
0.27
0.27
0.27
0.27
0.27

g(r)

0.9

0.83
0.74
0.75
0.73
0.66

r(nm)
0.24
0.24
0.24
0.24
0.24
0.24

a(n
1.37
1.28
1.25
1.16
1.18
1.08

r(nm)
0.26
0.26
0.26
0.26
0.26
0.26

a(n
0.74
1.00
0.94
0.94
0.90
0.89

e As shown in Figure 3, Figure 4, and Table 3, the peak of the hydrogen bond between
the H atom of CL-20 and the O atom of DNDAY7 in the CL-20/DNDAT7 cocrystal appears at
0.25 nm. As the temperature decreases (203K-323K), the g(r) value and the corresponding peak

area become larger, i.e., the low temperature increases the hydrogen bond interaction.

Especially when the temperature is 203K, the value of g (r) increases most obviously. This rule

is consistent with the molecular dynamics simulation results of CL-20/DNDAJ5 cocrystal. The
peak of the hydrogen bond between the O atom of CL-20 and the H atom of DNDAY in the CL-
20/DNDAY cocrystal appears at 0.27 nm., and its bond length is larger than that formed when

the H atom of CL-20 is provided, and the g(r) value is smaller. Therefore, the main driving

force of the cocrystal formation between CL-20 and the linear ligand originates from the

5
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hydrogen bond formed by CL-20 providing the H atom, and the linear ligand providing the O

atom.
3.2.2 RDF analysis between CL-20 atoms

The RDF of the N-N bond of CL-20 in the cell of the CL-20/DNDA7 cocrystal was
analyzed. The RDF curves of the N-N bond at different temperatures were shown in Figure 5.
The N-N g(r) peak values of CL-20 in CL-20/DNDA7, CL-20/DNDAS cocrystal and e-CL-20
crystal are shown in Table 4.

203K

< 223k
= 203K 253K

223K 273K
% 253K 303K

A
ANY 273K 323K
3 303K

323K
20

\
‘/’ \
4
15 -
4
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Figure 5. The N-N g(r) chart of CL-20/DNDAY cocrystal at different temperatures
Table 4 The N-N g(r) peak values of e--CL-20 and two cocrystals

Temperature/K €-CL-20 crystal CL-20/DNDA7 CL-20/DNDA5
203 19.1 25.8 24.9
223 18.8 24.6 23.7
253 17.7 23.9 22.9
273 17.2 23.1 22.0
303 15.9 22.1 21.1
323 15.1 21.4 20.62

e According to Figure 5 and Table 4, when the temperature is 203K, the g(r) value of the
N-N bond of CL-20 in CL-20/DNDA7 cocrystal is 25.8. The g(r) value of the N-N bond of CL-
20 in the DNDAZ7 cocrystal cell is 25.8. With the increase in temperature, the value of g(r)
decreases, the N-N bond of CL-20 is more easily decomposed, and the sensitivity increases;
CL-20/DNDAS5 and &-CL-20 crystals have the same change. The g(r) value of e-CL-20 crystal
at 203K is 19.1, and that of CL-20/DNDAS cocrystal is 24.9. The g(r) value of CL-20 is smaller
than that of the two kinds of cocrystal, Therefore, the N-N bond strength of CL-20 was
enhanced and the sensitivity was decreased by the cocrystal. Compared with the two cocrystals,
the g(r) value of the CL-20/DNDAY is always greater than that of CL-20/DNDAS5 at the same
temperature, and the N-N bond strength is slightly stronger, and its sensitivity is slightly lower.
It can be speculated that with the increase of the carbon chain, the linear ligand is conducive to
the low sensitivity of CL-20.

RDF analysis of N --O atoms of CL-20 in CL-20/DNDA7, CL-20/DNDAJ5 cocrystal, and
6
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e-CL-20 cell was carried out. The peak of g(r) values of N --O atoms at different temperatures

are shown in Table 5.
Table 5. The N---O g(r) values of e-CL-20 crystal and CL-20/DNDA7, CL-20/DNDAS5 cocrystal

Temperature/K €-CL-20 crystal CL-20/DNDA7 CL-20/DNDA5
203 36.3 49.3 48.1
223 35.4 47.5 46.9
253 333 455 445
273 32.2 44.7 42.9
303 31.2 42.8 41.2
323 30.0 415 40.2

As can be seen from Table 5, when the temperature is 203K, the g(r) value between N --O
atoms of CL-20 in the CL-20/DNDAY cocrystal is 49.3, and that of CL-20/DNDAJ5 cocrystal
is 48.1 at the same temperature. According to the g(r) value of two kinds of cocrystal, The CL-
20 nitro group in the CL-20/DNDA7 cocrystal is more stable than that in CL-20/DNDAS5. With
the decrease in temperature, the g(r) value of the three crystals increases, which means that
cooling is conducive to reducing the probability of N-O bond decomposition.

3.3 Comparison of CL-20 with linear ligand cocrystal and CL-20/HMX cocrystal
3.3.1 Comparative analysis of bond lengths of initiating bonds

The maximum initiation bond length determines the beginning of the decomposition
reaction, so the initiation bond length is an important parameter to evaluate the sensitivity of
energetic materials. According to the results of g(r) values, the initiation bond of CL-20 and
CL-20 cocrystal energetic materials is an N-N bond, so the sensitivity of energetic materials is
compared by comparing the maximum bond length. Table 6 shows the maximum initiating
bond lengths of CL-20 in the four crystals of e-CL-20, CL-20/DNDAS5, CL-20/DNDA7, and

CL-20/HMX.
Table 6. The N-N bond maximum initiation bond length

crystals €-CL-20 CL-20/DNDA5 CL-20/DNDA7 CL-20/HMX
maximum initiation bond length (A) 1.470 1.398 1.397 1.494

As can be seen from Table 6, the maximum initiating bond length of the e-CL-20 is 1.470A.
The CL-20/DNDAS5, CL -20/DNDA7, and CL -20/HMX cocrystals are 1.398 A, 1.397 A, and
1.494 A, respectively. The maximum initiation bond lengths of the CL-20/DNDAS5, and CL -
20/DNDAT7 cocrystals are both smaller than those of CL-20 and CL-20/HMX. Therefore, the
cocrystal preparation of this type of energetic material with CL-20 is beneficial to reduce its
sensitivity.

3.3.2 Comparison of Hirshfeld surface analysis
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The 2D fingerprints of e-CL-20, CL-20/DNDAS5, CL -20/DNDAY7, and CL -20/HMX
cells are shown in Figure 6(a)-(d), and the O --H contact contributions to the Hirshfeld

surface area in the e-CL-20 crystal and cocrystals are shown in Table 7.

(a) (b) (©) (d)
Figure 6. The 2D fingerprints of CL-20(a), CL-20/DNDAS5(b), CL-20/DNDA7(c), CL-20HMX(d)

Table 7. The Hirschfeld surface analysis contact contribution of the four structures

Contact

type CL-20/HMX (%) CL-20/DNDAS5 (%) CL-20/DNDA7 (%) €-CL-20 crystals (%)

00 36.66 32.58 33.54 37.00
O--H 35.65 39.69 41.75 35.79
N--O 12.55 11.71 9.52 13.36
c--0 0 0 0 0

N---H 1.45 1.41 2.05 0.11
N---N 0 0 0 0.26
H---H 4.95 3.43 2.84 2.70

« As can be seen in Figure 6, The lower sharp peak represents the H --O atom interaction
in the cell. In Figure 6 (d), the interaction peak of H --O atoms has obvious asymmetry and the
O --- H interaction force of the central molecule CL-20 as hydrogen bond acceptor is
significantly stronger than that of H --- O interaction force as hydrogen bond donor. Compared
with CL-20/DNDAS5 and CL-20/DNDA7 cocrystals, CL-20 is weaker as a hydrogen bond
donor in CL-20/HMX cells.

As can be seen from Table 7, the O --H contact contributions of CL-20/HMX, CL-
20/DNDA5, CL-20/DNDA?7, and &-CL-20 accounted for 35.65%, 39.69%, 41.75%, and
35.79%. The percentages of CL-20/HMX and &-CL-20 are similar and significantly smaller
than the other two cocrystals. So in terms of hydrogen bond interaction, the two linear
nitroamine explosives have more advantages when combined with CL-20. From the perspective
of structure, DNDAS and DNDAY7 have more hydrogen atoms. Although the main driving force
of cocrystal formation depends on the hydrogen bond formed between the oxygen atoms
provided by linear ligands and the hydrogen atoms on CL-20, in turn, CL-20 provides the nitro
group, and the linear nitroamine explosive provides the hydrogen bond formed by the hydrogen
atom, which plays an important auxiliary role. HMX is an eight-member ring structure, with 4
nitro groups on it and 8 hydrogen atoms on the ring. As the C-N bond on the eight-member ring

structure is difficult to rotate and twist, hydrogen atoms connected with carbon atoms are
8
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difficult to contact with oxygen atoms on CL-20, that is, it is difficult to form hydrogen bonds,
and the auxiliary effect on CL-20/HMX eutectic is very weak, as can be seen from the finger
diagram in Figure 6 (d). However, the straight-chain structure of linear ammonium nitrate
explosive has a much higher degree of bending and folding than that of ring HMX, and it is
more likely to contact oxygen atoms on CL-20, which makes the structure reach a stable state.
Meanwhile, the structural steric hindrance of HMX is greater than that of these two linear
nitroamine explosives, which also increases the difficulty of cocrystal formation.
3.3.3 Comparison analysis of growth simulation shape

The MS software of the Growth morphology module was used, the method of forcite is
selected, the forcefield was selected as Compass, and Charges are selected as Forcefield
assigned. The growth simulation of CL-20/DNDAS5, CL-20/DNDA7, and CL-20/HMX
cocrystal cells was carried out, and the results are shown in Figure 7(a)-(c). Figure 8(a) and (b)
show the SEM images of CL-20/DNDAJ5 and CL-20/HMX cocrystal, respectively.

(a) (b )
Figure 7. Growth simulation results for CL-20/DNDAJ5 (a), CL-20/DNDAY7 (b) and CL-20/HMX (c)

cocrystal

Figure 8. The SEM images of CL-20/DNDADS (left) 81 CL-20/HMX 7] (right)

As can be seen from Figure 7, the morphology of the cocrystals a and b formed by the two
linear ligands with CL-20 has no obvious tip, while ¢ is the CL-20/HMX cocrystal, whose shape
tends to be tetrahedron, and the edges and corners of the two oblique pairs have a small section.
Figure 8 shows the SEM images of CL-20/DNDAS5 and CL-20/HMX cocrystals prepared by
Sun B3l and Zhang(??, respectively. The simulation results are in good agreement with the
experimental results. In terms of shape, CL-20/HMX has very obvious edges and corners, which
are easy to generate hot spots in the case of impact or friction, that is, the shape of this crystal

structure has obvious disadvantages in terms of sensitivity.

9
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4. Conclusion

(1) The energy of CL-20/DNDAY cocrystal supercell decreases linearly with the
decrease in temperature, and the density increases with the decrease in temperature.

(2) The decrease of temperature is beneficial to the increase of cocrystal hydrogen bond
strength, that is, the decrease of temperature is beneficial to the preparation of cocrystal,
especially when the temperature is 203K, the hydrogen bond interaction increases
significantly.

(3) The maximum initiating bond length of CL-20 cocrystal with both linear nitramine
explosives is smaller than that of CL-20 and CL-20/HMX cocrystal. That is, the cocrystal
sensitivity of such energetic materials is smaller than that of CL-20 and CL-20/HMX. From
the crystal growth surface, the two linear ligand cocrystals have a more rounded shape. The
CL-20/DNDAS5 and CL-20/DNDAT7 cocrystals have a significant advantage over CL-
20/HMX in terms of shape.

(4) Compared with CL-20/DNDADS5 and CL-20/DNDA7, CL-20 is weaker as a hydrogen
bond donor in CL-20/HMX cocrystals. CL-20 is more likely to form hydrogen bonds with linear

nitroamine explosives.
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