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mposition under shock:
cocrystalline versus amorphous

Yan Li, *ab Wen-Li Yua and Huang Huangb

The cocrystallization strategy is considered to be an effective means to adjust the properties of explosives.

Nevertheless, the underlying mechanism of the effect of the special cocrystal structure on the

decomposition process is not clear enough. The present work compares the response processes of

a CL-20/TNT cocrystal structure and an amorphous structure under shock waves with different

velocities. The thermodynamic evolution, reactant decay, product formation, main initial reactions and

cluster evolution are analyzed. As a result, we find that the amorphous structure is easier to compress

than the cocrystal structure, achieving higher stress and temperature. These thermodynamic parameters

have a strong correlation. For the amorphous structure, 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, NO2 is the most important

intermediate product, and its quantitative change can directly reflect the reaction process. The

amorphous structure is more prone to decomposition reaction, and the cocrystal structure is more

prone to polymerization reaction. The cluster size in the amorphous structure is smaller and more

conducive to decomposition.
1 Introduction

Explosives play an important role in both military and civil
elds. People's demand for explosives has changed from blindly
pursuing great power to considering power and security. This
requires that energetic materials not only have high energy
density but also have low sensitivity. However, there is an
obvious power-safety contradiction for explosives. To solve this
contradiction, scientists have carried out a lot of work, among
which the cocrystallization strategy has attracted extensive
attention. Recently, Zhang systematically explained the deni-
tion of a cocrystal. A cocrystal refers to a single phase crystalline
solid composed of two or multiple components in a stoichio-
metric ratio, and the components of a cocrystal can be atoms,
molecules, anions and cations in pairs, and/or metallic cations
with free electrons shared.1 The cocrystallization strategy can
change the assembly and arrangement of molecules and
reconcile energy density and sensitivity.2

CL-20 has the highest energy density among the explosives
that can be mass produced at present, but its high sensitivity
greatly limits the wide application. Many studies focus on the
desensitization of CL-20, and cocrystallization strategy just
meets this demand. In 2011, Bolton and Matzger prepared CL-
20/TNT energetic cocrystal, a milestone work.3 The material has
the respective characteristics of CL-20 and TNT. It not only
10025, China

30033, China

46
maintains a good energy density but also has a signicantly
reduced sensitivity compared with CL-20. Aer that, a variety of
cocrystals based on CL-20 were prepared.4–15 Their preparation
expanded a new direction for the development of CL-20 and
brought CL-20 closer to large-scale use.

In addition to preparation, people are curious about the
reasons why cocrystal explosives can show excellent compre-
hensive properties. Shreeve pointed out there are still some
fundamental issues associated with structure–property rela-
tionships of energetic cocrystals that needed to be explored.16

To explore the internal mechanism of cocrystallization strategy
for the improvement of explosive properties, scholars have
carried out a lot of research by using theoretical analysis,
simulation calculation and other methods. Zhang and his team
systematically explained the mechanism of cocrystallization
strategy on the performance reconciliation of explosives. Firstly,
they analyzed the energy and safety characteristics of a variety of
energetic cocrystals. The results show that the power is diluted
but the safety may be improved aer cocrystallization in
contrast to the more energetic pure component.17 For the study
of the structure, electronic and energy features of CL-20 based
cocrystals, they found that relative to the pure CL-20 poly-
morphs, the cocrystallization of CL-20 with HMX, TNT and BTF
cause little molecular deformation except some torsion of its
nitro groups, and the narrower band gaps.18 Subsequently, the
team carried out a lot of research on the intermolecular inter-
actions of cocrystals.19–23 These studies have a deeper under-
standing of cocrystals from the perspective of crystal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cocrystal structure and amorphous structure.
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engineering and provide theoretical support for the design and
composition selection of cocrystals.

In the process of actual production, storage, transportation
and use, explosives are oen 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. Guo compared the thermal decomposition of the TNT/
CL-20 cocrystal with pure crystals of TNT and CL-20 and with
a simple physical mixture of TNT and CL-20.24 This research
found that cocrystallization well reconciled the performance of
the two components, which is difficult to achieve in a physical
mixture system. Xue compared the thermal decomposition of
the CL-20/HMX cocrystal with the pure crystals of CL-20 and
HMX.25 It is found that the initial decay steps in pure crystals
remain still in the cocrystal. The heat transfer caused by
different decay rates between components is the essence of
cocrystallization's mediation. Through the analysis of thermal
decomposition of two typical cocrystals processes of CL-20/TNT
and CL-20/HMX, Ren summarized three stages of CL-20 based
cocrystals thermal decomposition: the rst stage is the fracture
of N–NO2 bonds and the destruction of cage skeletons, the
second stage is the secondary reaction of the initial products,
and the third stage is the rapid consumption of intermediate
products to form stable products.26,27 Liu studied the initial
decomposition mechanism of CL-20/HMX cocrystal under
steady shock wave.28 The results show that aer the application
of the shock wave, the cocrystals successively undergo an
induction period, fast compression, slow compression, and
expansion processes. Zhang performed quantum based multi-
scale shock simulation under shock loading by self-consistent
charge density-functional tight binding method to study the
initial chemical mechanism of CL-20/TNT under shock
loading.29 The results demonstrate that the temperature and
pressure increase with the decrease of volume when shock
strength constantly increases. They also found that NO2 is the
dominant primary intermediate resulting from a weak bond
barrier. Our previous work focused on the anisotropy of the
response of CL-20/TNT cocrystal under shock.30 The results
show that the special layered structure of cocrystal makes the
response have clear anisotropy under shock wave.

The existing theoretical researches make people have
a certain understanding of the response process of cocrystal
explosives under heat and shock. Recently, Sinditskii's experi-
mental study on the thermal decomposition processes of CL-20
based cocrystals shows that the lattice decomposition is an
important reason to accelerate the thermal decomposition of
CL-20. In the process of thermal decomposition, CL-20 will
change into the amorphous structure, which greatly affects its
thermal stability.31 Michael Sakano also conducted a compara-
tive study on the thermal decomposition processes of amor-
phous and crystalline RDX.32 The results show that aer
heating, the crystal undergoes a rapid endothermic process,
which is related to the loss of crystal order. The process takes
place before chemical decomposition and reduces the actual
temperature of the reaction. This makes us very interested in
the decomposition process of amorphous structure and coc-
rystal structure. In this paper, the response processes of CL-20/
© 2022 The Author(s). Published by the Royal Society of Chemistry
TNT cocrystal structure and amorphous structure composed of
these two conformers under shock are investigated. A CL-20/
TNT supercell model and an amorphous structure model are
constructed with the same number of molecules. Using ReaxFF
reactive force eld molecular dynamics in conjunction with
a multiscale shock technology, 6–9 km s�1 shock waves are
loaded on the two models respectively. The temperature, stress,
volume, reactants decay, products formation, initial decompo-
sition paths, and the clusters in the reaction process are
analyzed.
2 Methods and computational details

The CL-20/TNT co-crystals cell data used in this paper was
derived from the X-ray crystal structure.3 The initial single
crystal cell contains 8 CL-20 molecules and 8 TNT molecules.
Based on this, the single crystal cell was expanded to a 4� 2� 1
supercell, which contains 64 CL-20 molecules and 64 TNT
molecules, totaling 3648 atoms.

Firstly, the conjugate gradient algorithm was used to relax
the cocrystal structure. The convergence tolerance of force was
10�7 (kcal mol�1) Å�1. Subsequently, we carried out a canonical
ensemble (NVT) MD simulation for 10 ps at 298 K using
Berendsen thermostat to relax the supercell. To obtain the
structure at atmospheric pressure, the NPT ensemble is used for
15 ps relaxation at 298 K and 0 GPa, the Nosé–Hoover method is
selected for temperature and pressure control. The cocrystal
structure of CL-20/TNT at room temperature and pressure is
obtained (Fig. 1), the density is 1.89 g cm�3.

The amorphous structure is obtained via the melt and
quench method. We use the non-reactive potential by Smith
and Bharadwaj33 starting from the 4 � 2 � 1 cocrystal supercell.
The crystal is heated at 800 K and 0 GPa for 300 ps under the
NPT ensemble to ensure that the crystalline order of the coc-
rystal is completely broken. Then we quenched the structure at
300 K and 0 GPa for 50 ps under the NPT ensemble. Aer that,
the amorphous structure is relaxed using the ReaxFF force eld
via energy minimization. To match the density of cocrystal, the
structure is deformed at 300 K under the NVT ensemble. Finally,
another NVT MD is conducted at 300 K for 20 ps to relax the
sample. We obtain the amorphous structure shown in Fig. 1.

Aer obtaining the required models, steady shock waves of
6–9 km s�1 are applied along X using multiscale shock tech-
nology.34 A total of 8 processes (list in Table 1) are simulated,
RSC Adv., 2022, 12, 6938–6946 | 6939
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Table 1 Processes of Simulations

No Model
Velocity of shock
wave

1 Cocrystal structure 6 km s�1

2 Cocrystal structure 7 km s�1

3 Cocrystal structure 8 km s�1

4 Cocrystal structure 9 km s�1

5 Amorphous structure 6 km s�1

6 Amorphous structure 7 km s�1

7 Amorphous structure 8 km s�1

8 Amorphous structure 9 km s�1
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and the simulation time is 50 ps. All shock process simulations
use the Lammps package, the potential function is ReaxFF/lg,35

the time step is set to 0.1 fs, and the periodic boundary condi-
tion is adopted.

3 Results and discussion
3.1 Evolution of temperature, stress and volume

The temperature evolutions are shown in Fig. 2. The tempera-
tures rise under various conditions. When the shock wave
intensity is low (6 km s�1, 7 km s�1), the system temperature
rises sharply at the beginning and tends to be stable when it
reaches a certain value. In this case, under the action of shock
wave, the systems have obvious physical changes at the begin-
ning, resulting in the sharp rise of temperature. Aer that, there
is no large-scale chemical reaction and the temperature stabi-
lizes. The temperature rise of amorphous structure is slightly
higher than that of cocrystal structure, indicating that the
physical changes inside the amorphous structure are more
violent. When the shock wave velocity reaches 8 km s�1, the
temperature of the system rises sharply at the initial stage and
then gently rises. In this case, the physical change of the system
makes the temperature rise sharply. Then, chemical reaction
occurs. The heat released by the chemical reaction makes the
system temperature rise at a low rate. It can be found that the
temperature rise of amorphous structure is signicantly higher
than that of cocrystal structure, indicating that the chemical
Fig. 2 Evolution of temperature.

6940 | RSC Adv., 2022, 12, 6938–6946
reaction in amorphous structure system is more intense than
that in cocrystal structure system. When the shock wave velocity
reaches 9 km s�1, the temperature change process of the system
goes through three stages, rising sharply in the initial stage,
then rising at a high rate, and nally rising at a low rate. In this
case, aer the physical change, a large-scale chemical reaction
occurs, releasing a large amount of heat, and the system
temperature rises at a high rate. Finally, as the chemical reac-
tion gradually slows down, the temperature rise rate also
decreases. Moreover, in the second large-scale chemical reac-
tion stage, for amorphous structure, in addition to higher
system temperature, the time required to enter the third stage is
also shorter, which indicates that the chemical reaction of
amorphous structure is stronger and can complete the large-
scale reaction in a shorter time.

The stress evolution under shock wave loading is shown in
Fig. 3. When the shock wave intensity is not high (6 km s�1, 7
km s�1, 8 km s�1), the stress of the system rst increases to
a certain value and then tends to be stable. The stronger the
shock wave is, the higher the stress value in the stable state is. At
the same time, the stable stress of amorphous structure is
slightly higher than that of cocrystal structure. When the shock
wave velocity reaches 9 km s�1, the stress of the system reaches
a certain value at the beginning, then increases gently, and
nally decreases gradually.

The volume evolution under shock wave loading is shown in
Fig. 4. The volume is the ratio of the current volume to the
volume before compression, which is the degree of compres-
sion of the system. When the shock wave intensity is not high
enough (6 km s�1, 7 km s�1, 8 km s�1), the system volume tends
to be stable aer being compressed to a certain extent. The
degree of compression of amorphous structure under the action
of shock wave with the same strength is signicantly higher
than that of cocrystal structure. For the cocrystal structure, the
maximum compression ratios are 0.78, 0.73, and 0.69 when
shocked with the velocities of 6, 7, and 8 km s�1 during the rst
50 ps. For the amorphous structure, the maximum compression
ratios are 0.74, 0.70, and 0.64 when shocked with the velocities
of 6, 7, and 8 km s�1 during the rst 50 ps. When the shock wave
Fig. 3 Evolution of stress.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evolution of volume. Fig. 5 Evolution of reactants.
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velocity reaches 9 km s�1, the volume change of the system also
goes through three stages: sharp compression in the rst stage,
continuous compression in the second stage and slow expan-
sion in the third stage.

Under the action of shock wave, cocrystal explosives will be
compressed to produce stress. Under the stress, the system will
change physically, resulting in the rise of temperature. The
higher compressibility lead to higher stress and higher
temperature. When the temperature reaches a certain degree,
chemical reactions occur in the system. The heat released by the
chemical reaction will further increase the temperature, which
corresponds to the increase of compression and stress. There-
fore, the changes of temperature, stress and compression
degree of the system have strong linkage. For the same system,
the times corresponding to the inection point of the three
evolution curves coincide. Amorphous structure is easier to
compress than cocrystal structure, resulting in greater stress,
higher temperature and more violent chemical reaction (if any).
Each stage of the evolution process also comes earlier than
cocrystal structure. This indicates that the reaction energy
barrier is lower in the amorphous structure than the cocrystal
structure which is consistent with the experimental results.31

3.2 Reactants and products

3.2.1 Reactants. Fig. 5 shows the decay of reactants CL-20
and TNT with time in cocrystal system and amorphous struc-
ture system respectively. When the shock wave velocity is 6 km
s�1, CL-20 and TNT in the cocrystal structure are almost not
consumed, while the two reactants in the amorphous structure
are consumed to a certain extent (within 50 ps, CL-20 is
consumed by 25% and TNT is consumed by 18.8%). When the
shock wave velocity reaches 7 km s�1, the reactants of cocrystal
structure begin to decay, while the reactants of amorphous
structure decay more rapidly. The reaction degree is still not
high enough, and all reactants are not completely decomposed
within 50 ps. When the shock wave velocity reaches 8 km s�1,
the reactants can be completely decomposed within 50 ps, and
the number of reactants in the amorphous structure can reach
0 in a shorter time. At 9 km s�1, the decomposition rate of
© 2022 The Author(s). Published by the Royal Society of Chemistry
reactants is faster and almost exhausted within 10 ps. On the
whole, for the same reactant, the amorphous structure
decomposes more rapidly and thoroughly than the cocrystal
structure. In the same system, the decomposition rate of CL-20
was signicantly faster than that of TNT.

3.2.2 Products. Fig. 6 shows the changes of main products
in cocrystal structure and amorphous structure with time. There
are few products of cocrystal structure under the shock wave
with a velocity of 6 km s�1, which is not shown in the gure. It
can be observed that under the shock wave with a velocity of 6
km s�1, a certain number of C12H12O24N24 and C13H11O18N15

are produced in the amorphous structure. These two products
are combined by two CL-20 molecules, one CL-20 and one TNT
molecule respectively. Only a small amount of NO2 and NO3 are
produced in the system. At this time, the consumed CL-20 and
TNT are mainly combined into larger clusters. At 7 km s�1, the
amorphous structure decomposes and produces a certain
amount of NO, NO2 and NO3, that is, the N–NO2 bonds in CL-20
and the C–NO2 bonds in TNT break. A certain amount of stable
product N2 is also produced in the system. At the same time, the
cocrystal structure is still dominated by the combination of
reactants, the amount of NO, NO2 and NO3 produced is small.
There is no considerable decomposition. At 8 km s�1, the
amorphous structure undergoes a large-scale decomposition
reaction, producing a large number of intermediate products
such as NO, NO2 and NO3, which are converted into a large
amount of stable product N2. Besides, there are a certain
amount of stable products H2O and CO2 in the system. The
emergence of CO2 marks the rupture of the carbon rings of CL-
20 and TNT. The system decomposition has reached a high
degree. However, N2 in cocrystal structure is relatively small,
and CO2 does not appear in the system. At 9 km s�1, a certain
number of N-containing intermediates NO, NO2 and NO3 are
produced both in the two systems at the beginning. Then, the N-
containing intermediates gradually convert to stable product
N2, resulting in its number gradually decreases. When the
number of N-containing intermediates decreases to 0, the
number of N2 does not increase signicantly. Interestingly, the
time point at which NO2 disappears coincides with the time
RSC Adv., 2022, 12, 6938–6946 | 6941
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Fig. 6 Evolution of products.
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point at which the system volume begins to expand. This shows
that the reaction process of the system is highly related to its
thermodynamic evolution. NO2 plays an important role in the
6942 | RSC Adv., 2022, 12, 6938–6946
decomposition, and its quantity can directly reect the reaction
process. In addition, there are a considerable number of stable
products such as H2O, CO2 and NH3 in the system. The number
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of products in amorphous structure is close to that in cocrystal
structure at 50 ps, but the number of products in amorphous
structure stabilizes earlier. On the whole, comparing the
product evolution of amorphous structure and cocrystal struc-
ture, it can be found that amorphous structure is more prone to
reaction, the reaction is more intense and the reaction process
is more rapid.

3.2.3 Reactions. Table 2 shows the main reactions of coc-
rystal structure and amorphous structure system in the rst 10
ps under the shock wave with different velocities. It can be
observed that the polymerizations of reactants occur in the
system under various conditions. From the frequencies of
reactions, the polymerizations between CL-20 and TNT
Table 2 The initial reactions in shocked amorphous structure and cocry

Velocities (km s�1)

Systems

Disorder

Total reaction number

High frequency reaction (th
numbers in parentheses ar
frequencies of occurrence)

6 13 (5)C6H6O12N12 + C7H5O6N3

C13H11O18N15

(1)C6H6O12N12 + C6H6O12N1

C12H12O24N24

(1)C13H11O18N15 / C13H11

NO2

(1)C13H11O16N14 + NO2 /
C6H6O12N12 + C7H5O6N3

(1)C6H6O12N12 / C6H6O10N
NO2

7 125 (16)C6H6O12N12 + C7H5O6N
C13H11O18N15

(8)C6H6O12N12 + C6H6O12N1

C12H12O24N24

(5)C13H11O18N15 / C6H6O1

C7H5O7N3

(4)C6H6O12N12 / C6H6O10N
NO2

(3)C13H11O18N15 + C6H6O12

C19H17O30N27

8 2424 (14)C6H6O12N12 + C7H5O6N
C13H11O18N15

(10)C6H6O12N12 / C6H6O1

NO2

(10)C13H11O18N15 + C7H5O6

C20H16O24N18

(10)C6H6O12N12 + NO2 /
C6H6O14N13

(7)C6H6O12N12 + C6H6O12N1

C12H12O24N24

9 3200 (15)C6H6O12N12 + C7H5O6N
C13H11O18N15

(14)C6H6O12N12 / C6H6O1

NO2

(10)N3O3 / NO3 + N2

(6)C6H6O12N12 + C6H6O12N1

C12H12O24N24

(5)NO2 + NO3 / N2O5

© 2022 The Author(s). Published by the Royal Society of Chemistry
molecules are more likely to occur. Comparing the main
responses of amorphous structural under shock waves with
different velocities, it can be found that at 6 km s�1, the overall
reaction degree of the system is low, and the reaction frequen-
cies of various reactions are relatively low. Under the shock
waves with velocities of 7–9 km s�1, the frequencies of poly-
merization reactions are relatively close, and the frequencies of
decomposition reactions increase signicantly with the
increase of shock wave strength. Especially when the shock
wave reaches 9 km s�1, there is a mutual conversion of N-
containing intermediates and N2 in the high-frequency reac-
tions, indicating that he reaction reaches a high degree. For
cocrystal structure, with the increase of shock wave velocity, the
stal structure within 10 ps

Co-crystal

e
e the

Total reaction number

High frequency reaction (the
numbers in parentheses are the
frequencies of occurrence)

/ N/A

2 /

O16N14 +

11 +

3 / 19 (3)C6H6O12N12 + C7H5O6N3 /
C13H11O18N15

2 / (2)C6H6O12N12 + C6H6O12N12 /
C12H12O24N24

1N12 + (2)C12H12O24N24 / C6H6O11N12 +
C6H6O13N12

11 + (2)C12H12O24N24 + C7H5O6N3 /
C19H17O30N27

N12 / (1)C6H6O12N12 + C6H6O12N12 +
C6H6O12N12/ C18H18O36N36

3 / 699 (8)C6H6O12N12 + C7H5O6N3 /
C13H11O18N15

0N11 + (8)C6H6O12N12 + C6H6O12N12 /
C12H12O24N24

N3 / (7)C6H6O12N12 / C6H6O10N11 +
NO2

(6)C13H11O18N15 + C7H5O6N3 /
C20H16O24N18

2 / (5)C7H5O6N3 + C7H5O6N3 /
C14H10O12N6

3 / 3490 (21)C6H6O12N12 + C7H5O6N3 /
C13H11O18N15

0N11 + (8)C6H6O12N12 + C6H6O12N12 /
C12H12O24N24

(6)C6H6O12N12 / C6H6O10N11 +
NO2

2 / (6)C7H5O6N3 + NO2 / C7H5O8N4

(6)C26H22O34N29 / C26H22O32N28 +
NO2
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frequencies of polymerization reactions increase gradually, and
some decomposition reactions appear. Comparing the amor-
phous structure and the cocrystal structure under the shock
waves with the same velocity, the total reaction numbers of
amorphous structure are more (except 9 km s�1). In the high-
frequency reactions, the decomposition reactions of amor-
phous structure account for a higher proportion, while the
polymerization reactions of cocrystal structure account for
a higher proportion. Especially when the shock wave velocity
reaches 9 km s�1, the total reaction number of amorphous
structure is slightly lower than that of cocrystal structure. But
there is a mutual conversion of small molecules containing N in
the high-frequency reaction of amorphous structure, and the
proportion of polymerization reactions in cocrystal structure is
still very high.
3.3 Cluster

3.3.1 Number of clusters. In this paper, the products with
molecular weight greater than a CL-20 molecular are dened
clusters. Fig. 7 is the evolution curve of the number of clusters
in the amorphous structure and cocrystal structure system
under the shock wave with velocities of 7–9 km s�1. At 7 km s�1,
the number of clusters in the system is increasing within 50 ps.
The number of clusters in the amorphous structure system is
signicantly more than that in the cocyrstal structure. Under
the action of this shock wave, themovement rate of atoms in the
system increases, the probability of mutual collision increases,
and carbon containing clusters continue to be produced. Due to
the low degree of decomposition reaction, clusters gradually
accumulate, resulting in the gradual increase of their number.

Compared with cocrystal structure, amorphous structure is
easier to be compressed, and the atomic collision probability in
the system is higher, resulting in more clusters in the system. At
8 km s�1, the number of clusters in the system rst increases
rapidly and then decreases gradually. Under the action of this
stronger shock wave, the atom velocity in the system is faster,
the collisions are more frequent, and the carbon containing
clusters can accumulate to a certain number more quickly in the
initial stage. Subsequently, due to the decomposition reaction,
Fig. 7 Evolution of cluster number.

6944 | RSC Adv., 2022, 12, 6938–6946
the clusters are gradually decomposed into small molecules,
and their number gradually decreases. In the initial stage, the
clusters in the amorphous structure accumulate more rapidly.
Then, due to the higher system temperature and the higher
frequency of decomposition reaction, the number of clusters
decreases rapidly, which is less than that in the cocrystal
structure. At 9 km s�1, the cluster number in the system
increases in a very short time, reaches the peak value and then
decreases rapidly, and nally stabilizes. The difference between
the two systems is small. It takes less time for amorphous
structures to move to the next stage.

3.3.2 Mass ratio of clusters. There are great differences in
the size of clusters, so the evolution of the number of clusters
can not fully reect the overall situation. It is also necessary to
analyze the mass proportion of clusters in the system. Fig. 8
shows the change curve of cluster mass ratio in the two systems
under the shock wave with velocities of 7–9 km s�1. At 7 km s�1,
the mass ratio of clusters in the two systems is increasing, and
there is a great difference. At 50 ps, the mass ratio of clusters in
amorphous structure is 0.68, while that in cocrystal structure is
only 0.23. At 8 km s�1, the mass ratio of clusters increases
gradually at rst, reaches the peak value and then decreases.
The overall change trend of the mass ratio is similar to that of
the number. The mass ratio of amorphous clusters is 0.54 at 50
ps, and the cocrystal structure is 0.79. A large number of carbon
atoms in the cocrystal structure are bound in the clusters, which
makes it difficult for the system to generate CO2. At 9 km s�1,
the mass ratio of clusters rst increases rapidly and then
decreases continuously, which is different from the number of
clusters. Aer 20 ps, although the number of clusters increased
slowly, the mass ratio continued to decline, indicating that the
size of clusters gradually decreased under the action of
decomposition reaction. In addition, aer 20 ps, the number of
clusters in the two systems is close, but the mass ratio of
amorphous structure is signicantly less than that of cocrystal
structure, that is, the clusters in amorphous structure tend to
exist in the form of small size.

Experiments show that energetic materials will produce
a large amount of carbon black in the process of detonation.
Fig. 8 Mass ratio of clusters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These carbon black are C-containing clusters, and their exis-
tence will seriously affect the decomposition of energetic
materials. Through the previous analysis, it can be found that
when the shock wave intensity is low (7 km s�1), the amorphous
structure is easier to be compressed, the atomic collision
probability is higher, and more clusters are produced. With the
shock wave intensity increases, the cluster size in the amor-
phous structure is smaller and more conducive to decomposi-
tion than that in the cocrystal structure. Many carbon atoms are
bound in large-size clusters, which is difficult to decompose.
The differences in clusters also affect the reaction process of the
two systems, resulting in differences in the types and quantities
of main products.
4 Conclusions

The CL-20/TNT cocrystal model and amorphous structure
model are constructed respectively. The shock waves with
velocities of 6–9 km s�1 are applied to the two models by mul-
tiscale shock technology. The response processes of the two
models under different shock waves are simulated. The ther-
modynamic evolution, reactants decay, products formation,
main initial reactions and clusters evolution in the response
process of the two models are compared and analyzed. The
following conclusions are obtained:

(1) under the action of shock wave with the same velocity, the
amorphous structure is easier to be compressed than the coc-
rystal structure, resulting in higher stress and higher tempera-
ture, and the corresponding chemical reaction is more intense.
There is a strong linkage between the changes of various
parameters.

(2) Because the chemical reaction in the amorphous struc-
ture is more intense, the reactants decay faster, the products are
more abundant, and the intermediate products can complete
the transformation to stable products earlier. NO2 is the most
important intermediate product, and its quantitative change
can directly reect the reaction process.

(3) Molecular polymers appear in the initial products. The
polymerization between CL-20 and TNT is more likely to occur.
In the rst 10 ps, the amorphous structure is more prone to
decomposition reaction, and the cocrystal structure is more
prone to polymerization reaction.

(4) Under the shock wave with a velocity of 7 km s�1, amor-
phous structure produces more clusters because it is easier to
be compressed. When the shock wave velocity further increases,
the cluster size in the amorphous structure is smaller and more
conducive to decomposition.
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