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ABSTRACT: To gain an atomistic-level understanding of the experimental observation that the 

cocrystal TNT/CL-20 leads to decreased sensitivity, we carried out reactive molecular dynamics 

(RMD) simulations using the ReaxFF reactive force field. We compared the thermal decomposition 

of the TNT/CL-20 cocrystal with that of pure crystals of TNT and CL-20 and with a simple 

physical mixture of TNT and CL-20. We find that cocrystal has a lower decomposition rate than 

CL-20 but higher than TNT, which is consistent with experimental observation. We find that the 

formation of carbon clusters arising from TNT, a carbon-rich molecule, plays an important role in 

the thermal decomposition process, explaining the decrease in sensitivity for the cocrystal. At low 

temperature and in the early stage of chemical reactions under high temperature, the cocrystal 

releases energy more slowly than the simple mixture of CL-20-TNT. These results confirm the 

expectation that co-crystallization is an effective way to decrease the sensitivity for energetic 

materials while retaining high performance. 
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1 Introduction 

Development of new energetic materials with low impact 

sensitivity and high performance is of great interest for 

applications in civil constructions, explosives, rocket propellants, 

and airbag inflators1. We consider here a promising engineering 

strategy for achieving this goal: combining two or more energetic 

compounds into a “cocrystal” that have solid-state properties 

distinct from their pure component materials or from just simple 

physical mixtures2. This co-crystallization3 strategy is also being 

pursued for pharmaceuticals4, optical materials5, and 

semiconducting materials6. This strategy provides a new 

direction to address such sensitivity and performance problems 

as low density, thermal instability, and high impact and shock 

sensitivity. In this paper we use first principles based reactive 

molecular dynamics simulations to predict the change in the 

initial reaction kinetics for cocrystals and its relation to the 

decreased sensitivity. 

We consider here the 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane (CL-20) cage structure, which is one of the 

most promising new energetic materials, because it exhibits high 

oxygen balance (-10.95%), high density (about 2.0 g/cm3), a 

large heat of formation (order of 460 KJ/mol), and superior 

performance (about 14% higher than HMX)7. However, CL-20 

has not achieved widespread engineering applications because of 

relative high sensitivity to heat, friction, and shock. Recently, a 

1:1 molar ratio co-crystal of TNT and CL-20 has been 

synthesized experimentally8 that displays greatly reduced 

sensitivity compared to pure CL-20 while retaining the high 

performance due to the incorporation of TNT, a relative stable 

low-power explosive. 

We report here an atomistic investigation of how the 

cocrystal changes the chemical reaction mechanisms at high 

temperatures, which should be useful for designing other 

cocrystal combinations with improved properties. Of particular 

interest is to understand the events occurring at the reactions of 

these materials9. 

Various decomposition mechanisms of CL-20 and TNT have 

been proposed. For example, Nedelko et al.10 proposed a self-

acceleration mechanism of CL-20, based on autocatalysis in the 

pure solid state, which leads to first-order kinetics. Bohn11 

observed auto-catalytically accelerated thermal decomposition of 

CL-20 and inferred that decomposition is not accompanied by 

liquefaction. Olexandr et al.12 studied the thermal decomposition 

of CL-20 using ab initio molecular dynamics simulations to 

predict the chemical behaviour and degradation pathways. Cohen 
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et al.13 investigated thermal decomposition of a single TNT 

molecule using DFT methods, proposing three possible 

decomposition paths. Brill and James14 examined the different 

thermal decomposition mechanism of TNT under various 

temperatures and stages. 

However, little progress has been made in elucidating 

atomistic details of the complex phenomena occurring in 

condensed-phase chemistry under extreme conditions of high 

temperature and high pressure. Indeed, the complexity of the 

reactions in such systems with numerous intermediates 

interacting simultaneously might appear to preclude ever 

obtaining a detailed atomistic understanding of the chemical 

processes because of the requirement to know the reaction 

surfaces of thousands of atoms for nanoseconds or longer. 

In this paper, we focus on the differences in the initial stages 

of thermal decomposition among cocrystal, pure crystals, and 

simple mixtures, as a first step in understanding the complex 

chemical reaction mechanisms underlying the formation of 

primary products and aggregates. In order to obtain the different 

mechanism, we employ the reactive force field (ReaxFF-lg)15 in 

a series of reactive molecular dynamics (RMD) simulations. 

2. Methodology 

2.1. ReaxFF reactive force field 

The ReaxFF reactive force field was developed to extend 

RMD to the study of systems far too large for quantum 

mechanics (QM), millions of atoms for long periods (many 

nanoseconds) while retaining nearly the accuracy of QM. The 

ReaxFF reactive dynamics decompositions have been compared 

directly with QM for TNT16 and CH3NO2
17, 18 where we find 

excellent agreement. 

Applications with ReaxFF have been reported for many 

systems (such as RDX, HMX, TATB, and PBX)15, 19-22 involving 

thermal and shock-induced decompositions at high-temperature 

and high pressure. These studies have provided valuable 

information on the atomistic mechanisms of the chemical 

reactions during decomposition and subsequent reactions under 

extreme conditions. 

2.2. Simulation models and thermal decomposition. 

The systems studied herein are  

•  molecular cocrystal of CL-20/TNT,  

•  pure crystal of CL-20, 

•  pure crystal of TNT and 

•  a supercell containing separate grains of CL-20 and 

TNT. 

Among the five temperature-dependent condensed phases of 

CL-20 (α, β, γ, ξ and δ), we consider here the γ-CL-20 

polymorph, which is the most stable phase at room 

temperature23. The initial unit cell structures of cocrystal 

TNT/CL-20, γ-CL-20 and TNT were taken from the Cambridge 

Structural Database available at the Cambridge Crystallographic 

Data Centre. Each unit cell was then duplicated in all three 

directions,  

• by (4 × 2 × 1) for cocrystal TNT/CL-20 to obtain a 

supercell with 64 CL-20 and 64 TNT molecules;  

•  by (2× 4× 2) for γ-CL-20 to provide a supercell with 

64 molecules; 

•  by (1× 2 × 4) for TNT, to provide a supercell with 64 

molecules,  

as shown in Figure 1. 

 

 Figure 1. Structures of the CL-20 and TNT molecules and structures of 

the CL-20 crystal, TNT/CL-20 cocrystal, and TNT crystal. The 

cocrystal, composed of a 1:1 molar ratio of molecules CL-20 and TNT, 

leads to a sandwich structure of CL-20 molecule layers separated by 

TNT ones. 

 

We first optimized the atomic positions and cell parameters 

to minimize the potential energy and geometry. Then we carried 

out isothermal-isobaric (NPT) MD simulations until the system 

relaxed the internal stresses to zero at room temperature. Here, 

we used the Nose-Hoover (100 fs damping constant for 

temperature and 8000 fs constant for pressure). The equilibrium 

densities from ReaxFF were ρ0 = 1.81 g/cm3, 1.912 g/cm3, 1.71 

g/cm3 for CL-20/TNT cocrystal, γ-CL-20 and TNT, respectively. 

These results are in reasonable agreement with the experimental 

values of 1.91 g/cm3, 1.915 g/cm3 and 1.65 g/cm3, respectively. 
The predicted density, as shown in Table 1, from ReaxFF at 

ambient condition for the cocrystal is 5.2% below the experiment 

value, for CL-20 it is 0.5% below experiment, while for TNT it is 

3.6% above experiment. This is reasonable since PBE DFT 

calculations on the pure crystal of CL-20 is 6% lower than 

experiments12. 

The contributions of the energy components to the stability of 

the crystals are shown in Table 2. This indicates that for the 

cocrystal, the binding energy for Van der Waals attraction, 

Coulomb interactions and  Hydrogen Bond energy are 3.61, -0.60 

and -2.3×10-4 Kcal/g; whereas for CL-20 are 3.51, -0.54 and -

7.1×10-5 Kcal/g; and for TNT are 3.79, -0.69 and -7.3×10-5 

Kcal/g, respectively. 
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Table 1. The lattice parameters and density (ρ) of the cocrystal 

of TNT/CL-20, compared to the pure crystals of CL-20 and TNT 

Comp. Method 

Parameters of cocrystal  

a(Α
o

) b(Α
o

) c(Α
o

) ρ(g/cm3) 

cocrystal 
ReaxFF-lg 9.98 19.67 24.91 1.81 

Experiment 9.67 19.37 24.69 1.91 

CL-20 
ReaxFF-lg 13.30 7.88 15.37 1.912 

Experiment 13.23 8.17 14.89 1.915 

TNT 
ReaxFF-lg 22.10 15.23 5.7 1.71 

Experiment 21.41 15.02 6.09 1.65 

 

Table 2. The contributions of the energy components at ambient 

conditions to the stability of the crystals 

Comp. 

Van Der 

Waals 

Attraction 

(Kcal/g) 

Coulomb 

Interactions 

(Kcal/g) 

Hydrogen 

Bond Energy 

(Kcal/g) 

cocrystal 3.61 -0.60 -2.3×10-4 

CL-20 3.51 -0.54 -7.1×10-5 

TNT 3.79 -0.69 -7.3×10-5 

 

Previous experiments8 showed that the cocrystal will convert 

to liquid TNT and either β or γ-CL-20 after heating to a 

temperature of 409 K. To examine how initial reaction path and 

energy release rate change for a cooling mixture after reaching 

the melting point, we constructed the mixed system with two 

types of amorphous solids and put them separately into two 

halves of a supercell within a given volume. We equilibrated the 

mixed system by running NPT MD simulation until the internal 

pressure relaxes to 1 atmosphere at ambient conditions, leading 

to density of 1.77 g/cm3, which is similar to the cocrystal of 1.81 

g/cm3, shown in Table 3. 

After equilibration, we performed 100 ps NVT (constant 

volume, constant temperature, and constant number of atoms) 

MD simulations on each system at four temperatures: 1200, 

1500, 1750 and 2000 K. The integration time step was set to 0.1 

fs. In our simulations, we heated the materials quickly (within 3 

ps) to the target temperatures to avoid the preceding stage of the 

shock compression and heating in the detonation wave. To 

examine the chemical reaction induced energy release process, 

we also performed NVE (constant volume, constant energy, and 

constant number of atoms) MD simulations after we heated the 

materials. 

  
Figure 2. Comparison of the TNT/CL-20 cocrystal structures and the 

TNT-CL-20 mixture. The mixture is made by combining a slab of 

amorphous TNT with a slab of CL-20 molecules each separately into one 

half side of the supercell, whereas the cocrystal has an ordered sandwich 

structure. 

Table 3. The lattice parameters and density (ρ) of the cocrystal of 

TNT/CL-20, compared to the mixture system 

Comp. 

Parameters of supercell 

a(Α
o

) b(Α
o

) c(Α
o

) 
ρ(g/cm3) 

cocrystal 39.92 39.35 24.91 1.81 

mixture 23.65 24.59 68.80 1.77 

The algorithm for molecule recognition in the species 

analysis uses the connection table and bond orders calculated by 

the BondFrag analysis for ReaxFF-lg at each step (the bond order 

values ranging from 0 to 1 were tabulated in Table S1 in the 

Supporting Information). We analysed the molecular components 

and their compositions every 40 fs. These data were employed to 

provide detailed information on initial chemical reactions during 

the decomposition process. 

 

3. Results and Discussions 

3.1. Thermal decomposition. 

3.1.1. Potential energy and kinetic rates 

Figure 3 shows the evolution of the potential energy for 

various systems at temperatures 1500 and 1750 K as a function 

of time (other temperature situations are shown in Figure S1 in 

the Supporting Information). No obvious changes of potential 

energy were observed in the TNT system in our simulations. For 

both CL-20 and the cocrystal, as the temperature increases, the 

total potential energy increases initially in the induction 

(endothermic) stage of the decomposition due to the endothermic 

NO2 dissociation. Then the potential energy decreases after the 

transition to the energy-releasing stage due to secondary 

reactions releasing energy from exothermic formation of stable 
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product molecules. This transition happens earlier with increased 

temperatures. 

The reaction rates and induction time, defined as the time at 

which the potential energy peaks due to initiation of exothermic 

chemical reactions, are reported in Table 3. 
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Figure 3. Evolution of potential energy in the NVT MD simulations 

of CL-20, cocrystal and TNT. The initial potential energy is set to zero 

as a reference. For CL-20 and the cocrystal, the rate of potential energy 

decrease depends strongly on the temperature, whereas TNT does not 

react significantly under the conditions studied here. At each 

temperature, the energy release rate of CL-20 is faster than that of 

cocrystal, which is much faster than TNT.  

Compared with the pure CL-20 crystal system, the 

TNT/CL-20 cocrystal shows an induction time 1.5 to 2 times 

longer and an energy releasing rate 1.2 to 1.7 times lower. This 

is because the CL-20 molecules in the cocrystal (TNT/CL-20) 

are surrounded by relatively stable TNT molecules, which 

isolate the sensitive CL-20 molecules to have less chance to 

interact with other CL-20 molecules for further chemical 

reactions.  

Our RMD simulations yield kinetic rates of energy-

releasing reactions for temperatures between 1200 and 2000 K. 

Figure 4 displays reaction rates derived from the potential 

energy decrease at the exothermic step as a function of inverse 

temperature. We fit these data using the transition state theory 

for a first-order reaction rate constant 

† †
S H

B R RT
k T

k e e
h

∆ ∆
−

=

          (1) 

where †S∆ is effective activation entropy. Using the transition 

state theory, we predict that the activation entropy is †S∆  = 53.3 

cal/(mol*K) for cocrystal and 72.0 cal/(mol*K) for CL-20.  

 

Table 3. The induction time and reaction rates of cocrystal and CL-20 

during various temperatures 

 
Temperature 

(K) 
1200  1500  1750  2000  

cocrystal 

induction 

time(ps) 
5.2  2.3  1.5  0.8  

inverse 

reaction rates 

(ps) 

1155 241 96 52 

CL-20 

induction 

time(ps) 
3.4  1.5  0.8  0.4  

inverse 

reaction rates 

(ps) 

1957 359 121 61 
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)

1 000 /T (K
-1

)  

Figure 4. Reaction rates for cocrystal TNT/CL-20 and pure crystal CL-

20 vs inverse temperature (1000/T). The calculated effective activation 

entropy of chemical reactions is 53.3 cal/(mol*K) for cocrystal and 72.0 

cal/(mol*K) for CL-20.  

 

3.1.2. Degree of decomposition. To evaluate the degree of the 

decomposition of molecules in each system, we count the 

number of CL-20 and TNT molecules, and the number of 

dissociated NO2 molecules, as plotted in Figure 5.  

Figure 5 shows that the rate of CL-20 decomposition, which 

increases quickly with temperature and is similar for the 

cocrystal and pure crystal. However, the TNT decomposition 

rate increases dramatically for the cocrystal. For instance, for 

1500 K at 100 ps, the number of TNT molecules is 18.75% for 

the cocrystal, and 98.44% for pure TNT. This is because the 

decomposition of CL-20 molecules, releases energy while 

forming small active initial or secondary fragments in the 

cocrystal that can increase the reactivity of the TNT. 
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For each temperature, CL-20 molecules decompose very 

quickly compared with TNT molecules, because the energy 

barrier for C-N bond fission in TNT is higher than N-N bond in 

CL-2024. Moreover, the rupture of the N-NO2 bond dominates 

the initial steps for CL-20 dissociation25. This result agrees with 

previous QM12 and experiment studies on CL-20 reaction 

pathways26.  

0 1 0 2 0 3 0 4 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

 (a )

1 7 5 0 K  C L -2 0

1 7 5 0 K  c o c ry s ta l

1 5 0 0 K  C L -2 0

1 5 0 0 K  c o c ry s ta l

1 2 0 0 K  C L -2 0

1 2 0 0 K  c o c ry s ta l

S
p
ec

ie
s 

C
L

-2
0
/C

L
-2

0
 m

o
le

cu
le

T im e  (p s )

0 2 0 4 0 6 0 8 0 1 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

1 .2

 (b )

2 0 0 0 K  c o c ry s ta l

1 7 5 0 K  c o c ry s ta l
1 5 0 0 K  c o c ry s ta l

1 7 5 0 K  T N T

2 0 0 0 K  T N T

1 2 0 0 K  c o c ry s ta l

1 5 0 0 K  T N T

S
p

ec
ie

s 
T

N
T

/T
N

T
 m

o
le

cu
le

T im e  (p s )

0 20 40 60 80 100
0

1

2

3

4

5

6

7

(c)

 

N
O

2
 f

ra
g

./
v

o
lu

m
e 
(n

m
-3
)

Time (ps)

 1200K cocrystal

 1200K CL-20

 1500K cocrystal

 1500K CL-20

 1750K cocrystal

 1750K CL-20

 2000K cocrystal

 2000K CL-20

 

Figure 5. (a) The number of CL-20 molecules remaining as a function of 

time during MD-NVT simulations. (b) The number of TNT molecules 

remaining as a function of time during MD-NVT simulations. (c) 

Number of free NO2 molecules as a function of time. This shows that 

CL-20 molecules in the cocrystal and CL-20 systems have a similar 

decomposition rate; however, a faster dissociation rate of TNT molecules 

is observed in the cocrystal than for pure TNT. The production and 

disappearance of NO2 fragments is similar for the cocrystals and the 

parent CL-20 system. 

The evolution of the dissociated NO2 molecules for the 

cocrystal in Figure 5 agrees with that for the parent CL-20 

system. With the temperature increase, the rate of NO2 

formation rises quickly in each system. The NO2 concentration 

in the pure CL-20 system reaches a higher limit than for the 

cocrystal system, indicating that pure CL-20 has more intense 

chemical reactions. In addition, the number of NO2 molecules 

in the cocrystal decreases quickly at later times (10-50 ps) at 

high temperature, because more secondary reactions occur, 

resulting in rapid consumption of NO2 molecules and a faster 

production of stable reaction products, such as N2, H2O, and 

CO2. 

3.1.3. Species analysis. Figure 6 shows the detailed species 

analysis with the cocrystal and CL-20 pure crystal at 

temperatures 1200 and 1750 K. For clarity, only components 

with relatively high abundance are shown in this figure (other 

temperature situations are shown in Figure S2 in the Supporting 

Information).   

We detected the formation of several key products and 

intermediates of CL-20 decomposition, such as NO2, HONO, 

NO, OH, H2O, N2, N2O, and CO2, all of which are also 

observed experimentally26-28. Figure 6 also shows the changes 

in products for two different materials at various temperatures. 

In particular, the primary dominant decomposition products, 

NO2, are produced faster and in larger quantities at higher 

temperatures. We found few HONO produced at the early stage 

in the CL-20 decomposition process, indicating that NO2 

fission dominates initially, followed by ring-breaking. We did 

find HONO to be formed during the later stages of the reaction 

probably from NO2 abstracting a hydrogen atom from other 

free radical and intermediates. Under such extreme conditions, 

the HONO molecule is not stable, dissociating rapidly into NO 

and OH radicals. 

These results show that NO2 fission dominates the early 

stages of thermal decomposition for CL-20, which differs from 

the observations in RDX29/HMX30 where both HONO 

formation and NO2 fission are competing mechanisms during 

the initial decomposition. 

At high temperature 1750 K, we found that 58.5% fewer 

CO2 molecules were formed in the cocrystal system than in 

pure CL-20 at 100 ps, despite the cocrystal having 5.5 per nm3 

more carbon atoms than CL-20. This is because the 

decomposition of TNT molecules leads to formation of copious 

amount of large molecular clusters dominated by carbon atoms, 

leading to carbon-poor gaseous products.  

We found that the formation of final products, H2O and N2, 

as shown in Figure 7, begins shortly after the initial dissociation 

of NO2, with the population of these final products at 100 ps 

increasing dramatically with temperature, thereby increasing 

the energy release. These final products in CL-20 appear earlier 

than in the cocrystal. This indicates that pure CL-20 leads to 

faster chemical reaction than the cocrystal. This is because the 

cocrystal system has sensitive CL-20 molecules surrounded by 

insensitive TNT molecules, which decrease the chance of 

fragments from decomposition of one CL-20 molecule to 

contact another CL-20, reducing of the rate of further complex 

chemical reactions. In addition, for the cocrystal more H2O 
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fragments were observed at the late stage of reactions under 

high temperature than for CL-20 because of the participation of 

TNT molecules. 
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Figure 6. Evolution of intermediate and secondary products of 

cocrystal and CL-20 during NVT MD simulation. Chemical reactions 

occur more intensely in CL-20 than in the cocrystal at each 

temperature. NO2 is the dominant product in the early stage of CL-20 

dissociation. 
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Figure 7. The number of final products H2O and N2 fragments during 

MD-NVT simulations. These final products were produced earlier in 

CL-20 than the cocrystal during the decomposition process, indicating 

more intense chemical reactions in CL-20 system. 

TNT molecules start to decompose slowly at high 

temperature, as shown in Figure 8. The important products and 

intermediates observed experimentally31, such as NO2, HONO, 

NO, OH, H2O, N2, and CO2, were observed in the simulations. 

In particular, at 2000 K, both OH and NO2 fragments were 

observed at almost the same time of 10 ps, indicating a different 

decomposition mechanism for TNT compared with CL-20. 

Unlike nitramines with the easily broken N-N bond, for TNT 

both hydrogen bond breaking and C-N bond breaking are likely 

initial chemical reaction steps, leading to more H2O fragments 

formed in the later stage of simulations32. These results also 

help explain the observation that more water molecules were 

produced in the later stages of the simulations at higher 

temperatures (1750 and 2000 K). 
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Figure 8. Time evolution of chemical products of TNT under 2000K. 

The slow dissociation rate indicates that TNT has a different 

decomposition mechanism than CL-20. 

3.1.4. Carbon-rich clusters.  

Experiments have shown that carbon clusters can be formed 

in the detonation process of carbon-rich explosives33. This has 

been confirmed by ReaxFF reactive dynamics simulations 

comparing HMX with TATB, which find that TATB leads to 

early formation of carbon clusters containing extensive 

amounts of N and O that slowly decompose to form stable N2 

and H2O products while leaving large C clusters34. Since the 

TNT of our cocrystal contains carbon rich benzene rings, we 

might expect the co-crystal to form carbon rich clusters just as 

in TATB. If so these carbon clusters might slow down the time 

for the cocrystal to complete the reactions to form the final 

dissociation products. Kinetic mechanisms have been 

developed to characterize the formation of such clusters at the 

front of the detonation wave and their influence on the 

properties of the reaction zone.35-37 

To examine the cluster formation kinetics, we classified the 

carbon clusters with more than 8 carbons into three types: 

carbon clusters with eight to twelve carbon atoms, thirteen to 

seventeen carbon atoms, and more than eighteen carbon atoms. 

Figure 9 shows the time evolution of the three types of 

carbon clusters in the cocrystal and CL-20 system for 

temperatures of 1200 and 1750 K (other temperature situations 

are listed in Figure S3 in the Supporting Information). In the 

CL-20 crystals, the vast majority of carbon clusters are small 

clusters (C8-C12) during all simulation times. However, for the 

cocrystal, we observe many larger carbon-reach aggregates 

(C13-C17 with larger than C18). For the low temperature of 1200 

K, there are still many more big clusters in the cocrystal even 

though CL-20 produces more small carbon clusters in CL-20 

because of more intense chemical reactions. 
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Figure 9. Time evolution of three types of carbon cluster formed during 

decomposition for cocrystal and CL-20. More and bigger carbon-rich 

aggregates are observed in the cocrystal than for CL-20, leading to a 

slower chemical reaction process. 

 

As the simulation temperature increases, the number of the 

big clusters increases in both systems, but the cocrystal leads to 

formation of much larger carbon-rich aggregates than CL-20. 

For instance, at the high temperature of 1750 K, the cocrystal 

leads to an average value of 0.036 per nm3 of carbon clusters 

larger than C18 and of 0.16 per nm3 of C13-C17 aggregates 

during the last 40 ps, but CL-20 form only 0.009 per nm3 and 

0.006 per nm3 clusters, respectively. In addition, we found that 

any clusters formed in CL-20 are unstable and quickly 

decompose soon after initiation of secondary reactions. 

Our results show that the formation of carbonaceous 

clusters in the cocrystal begins before complete decomposition 

of TNT molecules. These clusters slowly release oxygen and 

nitrogen, producing additional secondary products while 

transforming into clusters with increased carbon content instead 

of forming directly the gaseous detonation products of CO2 or 

CO that is assumed in common continuum models36. We expect 

that the cluster formation process substantially affects the 

condensed-phase kinetics of energy-releasing reactions in 

carbon-rich explosives. These phenomena are consistent with 

the difference between HMX and TATB carbon cluster 

formation34. 

3.2. Stability of carbon clusters after expansion.  

To examine the evolution of the carbon-rich clusters after 

expansion of the reaction products into a free volume, we 

applied the “linear expansion” procedure using variable-volume 

MD simulation without thermostat: system volume V0 is 

linearly increased (with fractional atom coordinates being 

scaled to the new periodic box) at each time step until it reaches 

8V0.
34 
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We started from the final state of system obtained after 100 

ps NVT-MD simulation at 2000 K and expand each cell 

dimension gradually for 10 ps. After expansion, we fixed the 

volume and run NVE simulations for 20 ps to examine the 

dissociation of clusters.  

The simulations show that many reactions occur within the 

initial one ps for the cocrystal and two ps for CL-20 as the 

clusters decompose, resulting in a decrease in the potential 

energy. Furthermore, clusters in CL-20 dissociate easily, 

leading to more decreased potential energy than cocrystal. 

Since we pump external energy into the system (because the 

rescaling of atom coordinates during cell expansion imposes an 

external stretch on the each bond), the potential energy, total 

energy, and system temperature increases continuously after 1 

ps for cocrystal and 2 ps for CL-20, as shown in Figure 10. 
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Figure 10. Time evolution of temperature, potential energy, and total 

energy for 10 ps variable-volume MD simulations. 

Figure 11 shows the changes of the three types of clusters 

during expansion and the next NVE simulations. For CL-20 

system, we can’t find any big clusters and only a few six to 

twelve clusters, which decompose quickly in the expansion 

simulation and finally disappear within 5 ps of NVE simulation. 

In contrast, more and bigger clusters form in the cocrystal, 

which then dissociate very slowly in relatively stable 

configurations over the whole 30 ps of simulation. These 

carbon clusters play an important role in the thermo chemical 

reactions, so that the cocrystal has a lower energy release rate 

and forms fewer final products over our time scale.  
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Figure 11. Time evaluation of three types of carbon clusters during 

expansion and the next NVE simulations 

These results are in agreement with detonation experiments, 

which observed the formation of ultrafine diamonds, graphite, 

and amorphous carbon in post detonation soot from TNT, TNT/ 

RDX, TNT/HMX, TNT/TATB, and other pure and composite 

explosives38. 

3.3. Energy release process from chemical reactions 

To examine the evolving chemical reaction processes 

including the role of potential energy release with increasing 

temperature and product formation, we do not want to use the 

constant temperature NVT dynamics. Instead we carried out 

NVE simulations to allow the temperature to adjust to reaction 

dynamics. The time evolution of potential energy (Ep) directly 

reflects energy changes along reaction dynamics. Figure 12(a) 

and (b) shows that the Ep and temperature changes of pure CL-

20, TNT and the cocrystal systems during the NVE simulation 

with initial temperature of 1500K (other temperature situations 

are shown in Figure S4, S5, and S6 in the Supporting 

Information).   

For a specific initial temperature, the CL-20 system has a 

fast drop in potential energy and rapid increase of temperature 

whereas these changes are moderate for the cocrystal. However, 

TNT molecules alone do not react under these conditions, 

resulting in no change of potential energy or temperature. 

Furthermore, the potential energy of CL-20 drops more rapidly 

than that of the cocrystal until 50 ps. The fast decomposition of 

NVE results agree with the autocatalytically accelerated 

thermal decomposition of CL-20, whose cage structure offers 

opportunities for easy and rapid secondary reactions, leading to 

efficient energy release capability of CL-20.39 In addition, there 

is a fast drop of energy with quick temperature increase and 
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followed by a rise of potential energy in CL-20 system during 

the NVE simulation. 
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Figure 12. Normalized potential energy and temperature as a function 

of time in the NVE MD with an initial temperature T = 1500K. The 

initial potential energy is set to zero as a reference. 

 

For both two systems, the NO2 products, first increase 

significantly due to CL-20 decomposition, and then decrease 

gradually after 10 ps due to redox reactions, which in turn form 

further products, leading to a gradually decreasing of potential 

energy, as shown in Figure 12 (c) and (d). The CO2 and N2 

releases cause more rapid potential energy drop than NO2 

dissociation, which leads to an obvious slope change of 

potential energy and temperature for CL-20 during the NVE 

simulation. For instance, the potential energy drops sharply 

from 35 to 50 ps because of the exponentially increasing of N2 

and CO2. N2, H2O and CO2 molecules appear from about ~5 ps 

and increase to their maximum number at ~50 ps for CL-20.  

The CL-20 system decomposes faster than the cocrystal, 

leading to increased amounts of final products. For example, 

compared with the 4 N2, 2.6 H2O and 0.5 CO2 per nm3 in 

cocrystal at 60 ps, we found more than 12 N2, 3 H2O and 7 CO2 

per unit volume final products in CL-20. 

For CL-20, the product profiles indicate that most 

endothermic reactions were completed within 50 ps. Indeed, the 

evolution of reaction products is consistent with the potential 

energy release and temperature rise. From 50 to 60 ps, the 

amounts of H2O molecules are in a slightly downward trend, 

but at the same time, OH increases. This indicates that some 

water molecules were further decomposed above 4000 K, 

leading to the potential energy increase. The water dissociation 

was also found in the first-principles molecular dynamics study 

of PETN40 and NTO,41 where the number of OH increases as 

the temperature goes above 3000 K. Consequently, the reactive 

OH radicals could be involved in subsequent reactions to play 

roles of catalysts to drive high temperature dynamics further. 

Similarly, we counted the number of three types of carbon 

clusters in each system under various temperatures to get 

information of thermal expansion as shown in Figure 13. Larger 

and more carbon aggregates, which slow energy release in 

chemical reactions, were observed in the cocrystal system, 

playing significant roles in slowing down the chemical reaction 

process. 
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Figure 13. Time evolution of three types of carbon cluster formed 

during NVE-MD for cocrystal and CL-20 

3.4 Comparison between the cocrystal and physical mixed 

systems 

3.4.1 Potential energy 
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To examine the effects of changing sensitivity in the 

cocrystal, we compare the thermal decomposition of the 

cocrystal with the physically mixed system. NVT-MD 

simulations were carried out to examine the thermal 

decomposition of the TNT/CL-20 mixed system for the same 

set of temperatures (from 1200 to 2000 K).  

Figure 14 displays the evolution of the potential energy per 

unit mass (gram) produced by two systems at various 

temperatures. The decreasing rate of potential energy for each 

system increases monotonically with the temperature. However, 

the energy release processes between these two systems are 

different. For instance, at low temperature 1200 K, the 

mixture’s potential energy change is 16.4% larger than the 

cocrystal at the end of 100 ps. The reason is that at low 

temperature, the CL-20 molecules decompose slower in the 

cocrystal structure than in the mixed structure. This is because 

that the sandwich arrangement of the cocrystal system makes 

CL-20 layers isolate by TNT layers. As a result, the initial or 

secondary fragments dissociated from CL-20 molecules have 

fewer opportunities to contact with other CL-20 molecules or 

their products, resulting in less energy release in the early 

chemical reactions. However, at high temperature 2000 K, 

although the energy release rate of cocrystal system is lower 

than mixture system before 20 ps, the potential energy drops 

faster in cocrystal than mixture in the later process. Now the 

sandwich arrangement of the cocrystal system makes the TNT 

molecules decompose faster because of the interactions of the 

products from CL-20 decomposition. This leads to the potential 

energy change in mixture 13% less than the cocrystal at 100 ps. 
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Figure 14. Evolution of potential energy in MD-NVT simulations of 

cocrystal and CL-20/TNT mixed system. 

3.4.2. Degree of decomposition.  

The abundance ratios of undecomposed CL-20 and TNT 

molecules during the simulations are shown in Figure 15. As 

the temperature increases, the decomposition rate of CL-20 

molecules was greatly increased so that these molecules in the 

systems decompose quickly. At the same time, although TNT 

molecules’ decomposition proceeds were much slower than that 

of CL-20, they also presented an accelerating dissociation rate. 

In addition, the difference of dissociation rate of TNT of two 

systems was obvious. For instance, 37.5% TNT molecules in 

cocrystal have initial chemical reactions at 100 ps compared 

with 6.25% TNT molecules decompose in mixed system at 

1200 K.  
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Figure 15. The number of remaining CL-20 and TNT and dissociated 

NO2 molecules during MD-NVT simulations. 

 

3.4.3. Species analysis. 

Figure 16 shows a detailed species analysis for the mixture 

and cocrystal systems at 1200 and 1500 K (other temperature 

situations are listed in Figure S7 in the support information) for 

the products with relatively high concentrations, such as NO2, 

N2O, NO, HONO, H2O, N2, CO2 and OH that exhibit 

substantial dependence on the system temperature.  

Generally, the species produced for these two systems are 

quite similar, but the production rates are different. For 

instance, in the mixture system, the NO2 production reaches to 

the maximum value within 50 ps at 1200 K whereas cocrystal 

system takes 30 ps. At high temperature 1500 K, 64.7% fewer 

CO2 fragments are found in the cocrystal due to easier 

formation of carbon clusters because sensitive CL-20 molecules 

were surrounded by TNT molecules and the initial or secondary 

active fragments from CL-20 were trapped into these carbon 

aggregates. However, TNT molecules have less influence to 

CL-20 decomposition in mixture system because of less 

opportunity for these two molecules to contact with each other. 
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Figure 16. Evolution of intermediate and secondary products of the 

mixture and cocrystal systems from NVT MD simulations.  

The formation of the final products H2O and N2 was 

observed shortly after NO2 fragments appeared, and the 

quantity increasing with the increasing temperature. Both H2O 

and N2 were produced later in the cocrystal system than in 

mixture system, indicating less intensive reactions in the 

cocrystal during the early stage because of inhibition of CL-20 

dissociation by the nearby TNT molecules. However, for 

temperatures above 1500 K, more amounts of these final 

products were attained in cocrystal than in mixtures in the later 

chemical process, indicating more intensive reactions in the 

cocrystal systems due to the increased decomposition of TNT 

molecules. 

4. Conclusions 

Summary, we report ReaxFF reactive dynamics studies to 

compare the thermal decomposition processes in cocrystal 

TNT/CL-20 with pure crystals of TNT and CL-20 and with the 

simple physical mixtures of these two crystals. We found that 

the TNT/CL-20 cocrystal releases energy at a lower rate with a 

higher energy barrier compared to pure crystal of CL-20 and 

mixture structure, but at a higher reaction rate than pure crystal 

of TNT.  

The rupture of the N-NO2 bond dominates the initial steps 

of CL-20 dissociation followed by ring-breaking reaction. The 

cage structure of CL-20 offers opportunities for easy and rapid 

secondary reactions, leading to efficient energy release with an 

autocatalytically accelerated thermal decomposition process. 

The carbonaceous clusters formed in the decomposition of the 

cocrystal confine the active fragments, preventing their 

participation in the secondary reactions. Furthermore, we found 

that cocrystal releases energy slower than physical mixture of 

CL-20 and TNT molecules at low temperature and in the early 

stages of chemical reactions at high temperature. 

Our studies demonstrate that ReaxFF MD provides detailed 

atomistic information that helps to explain the differences 

between cocrystals and pure crystals or mixtures. This shows 

that ReaxFF MD captures the fundamental differences in the 

mechanisms of such systems and illustrates how ReaxFF may 

be applied to complex chemical phenomena. Developing such 

detailed chemical kinetics of thermal decomposition reactions 

could assist in understanding what determine the sensitivity of 

solid energetic materials to mechanical and thermal shocks, 

evolution of hot spots, and formation of the reaction zone in the 

detonation wave. Such thermal and chemical kinetic data is also 

essential to develop continuum decomposition models that 

predict the critical conditions for ignition and energy release in 

hotspots. 
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