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Abstract: Molecular dynamics (MD) simulation was conducted for a DNB 
(1,3-dinitrobenzene) crystal, a  ε-CL-20 (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane) crystal, a CL-20/DNB co-crystal and a CL-20/DNB 
composite.  From the calculated maximum bond length (Lmax) of the N−NO2 
trigger bond, the cohesive energy density (CED) and the binding energy (Ebind), it 
was found that the CL-20/DNB co-crystal is more insensitive than its composite.  
Its thermal stability is also better than that of its composite.  The pair correlation 
function (PCF) analysis method was applied to investigate the interfaces between 
different molecular layers in the CL-20/DNB co-crystal, and in the composite.  
Additionally, the calculated mechanical data showed that the moduli of the 
CL-20/DNB co-crystal and its composite are smaller and their elastic elongation 
and ductility are better than those of the ε-CL-20 and DNB crystals. 

Keywords: CL-20/DNB  co-crystal, composite, interactions, mechanical 
properties, molecular dynamics (MD) simulation

1	 Introduction 

In the field of energetic materials, high performance and insensitive explosives 
have always attracted much attention by researchers [1].  For the current 
single compound explosives, high performance and safety are somewhat 

Central European Journal of Energetic Materials
ISSN 1733-7178; e-ISSN 2353-1843
Copyright © 2016 Institute of Industrial Organic Chemistry, Poland



678 T. Sun, J.J. Xiao, G.F. Ji, F. Zhao, H.M. Xiao

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland

mutually exclusive, which seriously limits their development and applications 
[2].   Fortunately, the recent formation of energetic co-crystals [3-14] offers 
opportunities to modify the properties of energetic materials, such as oxygen 
balance, sensitivity, detonation velocity, and safety.  A co-crystal [16, 17] is 
a  multiple component crystal that is constructed from two or more neutral 
molecular components, which co-exist at an intrinsic stoichiometric ratio by 
non-covalent interactions (such as hydrogen bonding, van der Waals, and π–π 
stacking interactions, etc.).

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20, 
Figure 1a) is the most famous high energy density compound (HEDC) for 
practical applications at present, having high density, a good oxygen balance 
and high detonation velocity.  The ε polymorph [18-20] of CL-20 crystals is 
the densest and most thermodynamically stable form of the reported crystalline 
forms (α, β, γ and ε).  However, the ε-CL-20 crystal has also failed to meet 
the high demands of safety for modern ordnance due to its high sensitivity.  
Recently, researchers have attempted to reduce the sensitivity of ε-CL-20 crystals 
via the strategy of co-crystallization [5, 10-15], which reduces the sensitivity 
of ε-CL-20 crystals without a significant decrease in its energy performance.  
DNB (1, 3-dinitrobenzene, Figure  1b) is even more insensitive than TNT 
(2,4,6-trinitrotoluene), and is a well-known insensitive explosive [14, 21].  In 
this paper, we have studied a CL-20/DNB co-crystal, where the molar ratio is 
1:1.  This CL-20/DNB co-crystal features much better insensitivity and makes 
it a promising ingredient in CL-20 propellant formulations [14]. 
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Figure 1.	 Molecular structures of: (a) CL-20, and (b) DNB. 

For comparison, a CL-20/DNB composite with the same molar ratio as its 
co-crystal, ε-CL-20 and DNB crystals were also considered.  It is well known 
that with increasing temperature, energetic materials become more sensitive 
and less stable.  In view of this, molecular dynamics (MD) simulations were 
conducted at different temperatures.  Structural data, cohesive energy densities 
(CED), binding energies (Ebind) and pair correlation functions (PCF) as well as 
the elastic properties were calculated from MD equilibrium trajectories.  These 
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data were analyzed in order to compare and explore the sensitivity, thermal 
stability and mechanical properties of the materials.

This paper is arranged as follows.  We first introduce the construction of 
the models and the computation conditions for the simulations.  Then, the lattice 
parameters and the cell densities of the CL-20/DNB co-crystal at different 
temperatures are discussed and compared with experimental data to further 
verify that the COMPASS force field [22] is suitable for the MD simulation 
of the CL-20/DNB co-crystal.  Subsequently, the N−NO2 trigger bond lengths 
of the ε-CL-20 crystal, the CL-20/DNB composite and co-crystal at different 
temperatures are presented and discussed in order to disclose their relationship 
with sensitivity.  CED and Ebind values between CL-20 and DNB molecules of 
the composite and the co-crystal are also provided and discussed in terms of their 
relationship with sensitivity and thermal stability.  In addition, an analysis of the 
interaction of CL-20 and DNB molecules in the composite and the co-crystal is 
made by using PCF.  Finally, mechanical properties such as tensile modulus (E), 
Poisson’s ratio (ν), bulk modulus (K), shear modulus (G), the quotient K/G and 
the Cauchy pressure (C12-C44) are presented and discussed for the DNB crystal, 
the CL-20/DNB composite and co-crystal, and the ε-CL-20 crystal.

2	 Modelling and Simulation Details 

All simulations were conducted under the COMPASS (condensed-phase 
optimized molecular potentials for atomistic simulation studies) force field, which 
is suitable for MD simulations of nitramine- and nitro-compound explosives 
[23].  Based on the crystal parameters derived from X-ray diffraction [24, 25, 
14], three primary simulation cells containing individually 72, 160 and 96 
molecules, equivalent to 2592, 2560 and 2496 atoms, were used for the ε-CL-20, 
DNB crystals and the CL-20/DNB co-crystal, corresponding to 18 (2×3×3), 
40 (2×2×10) and 6 (3×2×1) unit cells, respectively.  In the co-crystal, the numbers 
of CL-20 and DNB molecules were both 48.

The simulation model for the CL-20/DNB composite was constructed as 
follows.  The molar ratio of ε-CL-20 and DNB molecules was 1:1.  Primary cells 
each containing 48 molecules were first built, having 12 (2×2×3) and 12 (2×1×6) 
unit cells for the ε-CL-20 and DNB crystals, respectively.  The molecules in the 
ε-CL-20 and DNB primary cells were considered as two molecular clusters, 
and placed in a cubic box of length 100 Å.  The cubic box was then compressed 
gradually and step by step; after each step the MD run at 295 K in a constant 
particle numbers, constant volume and constant temperature (NVT) ensemble 
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was performed until the system arrived at thermal equilibrium.  The modelling 
of the composite was not completed until the density of the composite was close 
to its calculated value.  The composite model contained 96 molecules, having 
a total of 2496 atoms. 

The models of the ε-CL-20 and DNB crystals, the CL-20/DNB co-crystal 
and the composite were allowed to evolve dynamically in isothermal-isobaric 
(NPT) ensembles under Andersen temperature control using the stochastic 
collision method [26] and Parrinello-Rahman pressure control, fully relaxing 
all cell parameters [27] at atmospheric pressure.  The temperature started from 
195 K, increasing in increments of 50 K, to 395 K for the ε-CL-20 crystal and the 
CL-20/DNB co-crystal, and to 345 K for the DNB crystal and the CL-20/DNB 
composite due to the melting point (364 K) [21] of the DNB crystal.  In the 
condensed phase simulation cases, van der Waals interactions were truncated at 
9.5 Å with long range tail corrections [28], and electrostatic interactions were 
treated via the standard Ewald summation [29].  The motion equations were 
integrated with an increment of 1 fs.  After an equilibration run, a production run 
of 1 ns was performed, during which data were collected with 10 fs sampling 
intervals for subsequent analysis.  The computation for all of the materials was 
carried out using software program-MS (Material Studio) from Accelrys Inc. 
(San Diego, CA).

As an illustration, one equilibrium structure of the CL-20/DNB co-crystal 
and its composite at 295 K are shown in Figure 2.

  
a                                                   b

Figure 2.	 Equilibrium structures of: (a) CL-20/DNB co-crystal, and 
(b) its composite.
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3	 Results and Discussion 

3.1	 Equilibrium lattice parameters and cell densities 
The calculated lattice parameters and cell densities by MD simulations at different 
temperatures and one atmosphere pressure are summarized in Table 1 for the 
CL-20/DNB co-crystal, with comparison to experimental data.  The experiment 
was performed at 293 K and one atmosphere pressure.  A comparison of the 
simulation data at 295 K and the experimental data shows that the simulation 
lattice lengths (a, b, c) and cell density are slightly different and deviate by 
0.5%, −4.8%, 4.3% and 0.5%, respectively.  On the other hand, the interaxial 
angles (α, β, γ) hardly change with the temperature and are almost equal to the 
experimental values.  Moreover, all of the lattice lengths increase gradually with 
increasing temperature, while the density changes trend is the opposite direction.  
This further confirms that the COMPASS force field [21] is suitable for MD 
simulation of the CL-20/DNB co-crystal.

Table 1.	 Equilibrium lattice parameters and cell densities of the CL-20/DNB 
co-crystal at different temperatures

Temperature
[K]

a 
[Å]

b 
[Å]

c 
[Å]

α 
[°]

β 
[°]

γ 
[°]

ρ 
[g·cm−3]

195 9.43 12.70 34.90 90.00 90.00 89.99 1.93 
(0.05) (0.04) (0.16) (0.27) (0.21) (0.30) (0.01) 

245 9.47 12.75 34.98 90.01 90.00 90.00 1.91 
(0.05) (0.05) (0.16) (0.32) (0.24) (0.35) (0.01) 

295 9.52 12.81 35.06 90.00 90.00 90.01 1.89 
(0.06) (0.06) (0.18) (0.38) (0.27) (0.39) (0.01) 

345 9.57 12.92 35.14 89.72 90.00 89.97 1.85 
(0.08) (0.07) (0.22) (0.51) (0.30) (0.44) (0.01) 

395 9.55 13.05 35.40 89.77 90.08 90.08 1.83 
(0.10) (0.09) (0.26) (0.67) (0.35) (0.48) (0.01) 

Exp. [14] 9.47 13.46 33.62 90.00 90.00 90.00 1.88 
Deviations are listed in parenthesis.

3.2	 Trigger bond length and sensitivity
The sensitivity of energetic materials is the degree to which they can be initiated 
to explode by external stimuli.  The trigger bond of energetic molecules breaks 
preferentially due to external stimuli, causing decomposition.  Therefore, there is 
a significant correlation between sensitivity and trigger bond strength.  Politzer 
et al. [30] have used the reciprocal of the lengths of the trigger bonds to measure 
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the bond strength and described the impact sensitivity of nitramine and nitro 
compounds.  Since CL-20 is more sensitive than DNB, and both experimental 
and theoretical studies have verified that the trigger bond of CL-20 is N–NO2 
[31-34], in this study we are concerned with the trigger bond length of CL-20.  The 
statistical distribution of bond length can be obtained via MD simulation based 
on the production trajectory, as shown in Figure 3.  In the ε-CL-20 crystal, the 
average bond length (Lave) of N–NO2 is 1.397 Å, which is close to the experimental 
data of 1.369 Å [24] and the quantum optimized data of 1.371 Å [35].  On the 
other hand, considering that molecules having the maximum bond length are 
“activated” molecules, we have predicted the relative sensitivity of the energetic 
systems based on the maximum bond length (Lmax) of the trigger bonds [36, 37].
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Figure 3.	 N–NO2 bond length distribution of ε-CL-20 at 295 K.

Table 2.	 Trigger bond (N−NO2) lengths of CL-20 in ε-CL-20 crystal, 
CL-20/DNB composite and the co-crystal at different temperatures 

Model Bond length 
[Å] 195 K 245 K 295 K 345 K 395 K

ε-CL-20 Lave 1.395 1.396 1.397 1.398 1.399
(0.025) (0.028) (0.031) (0.033) (0.036)

Lmax 1.544 1.568 1.592 1.617 1.638
Composite Lave 1.394 1.395 1.396 1.396 --

(0.025) (0.028) (0.031) (0.033) --
Lmax 1.538 1.566 1.590 1.607 --

Co-crystal Lave 1.394 1.394 1.395 1.396 1.397
(0.025) (0.028) (0.031) (0.033) (0.036)

Lmax 1.534 1.553 1.564 1.590 1.617
Deviations are listed in parenthesis.
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Table 2 gives the trigger bond length (N–NO2) of CL-20 molecules in the 
ε-CL-20 crystal, the CL-20/DNB composite and the co-crystal calculated from 
the production trajectory.  As the temperature increases, Lave of all three models 
increases slightly, while Lmax increases gradually and significantly.  Therefore, 
the change trend of Lmax reflects well the fact that the sensitivity increases with 
higher temperatures.  Furthermore, at the same temperature, Lmax is compared 
as CL-20/DNB (co-crystal) < CL-20/DNB (composite) < ε-CL-20 (crystal).  
Therefore, we can rank the impact sensitivities of these systems in ascending 
order as CL-20/DNB (co-crystal) < CL-20/DNB (composite) < ε-CL-20 (crystal). 

It was anticipated that adding DNB to ε-CL-20 would reduce the sensitivity 
relatively to ε-CL-20 itself by diluting the more sensitive component, whereas 
Lmax reduction in the co-crystal is more significant than in the composite, 
suggesting that the co-crystal is less sensitive than the composite.

3.3	 Molecular interactions in the CL-20/DNB co-crystal and the 
composite

3.3.1	Cohesive energy density of CL-20/DNB co-crystal and composite
The cohesive energy density (CED) is the amount of energy needed to completely 
separate molecules from each other per mole for unit volume until there are no 
interactions, i.e., the energy required to transfer from the condensed phase to 
the gas phase.  In atomistic simulations, the cohesive energy is defined as the 
energy needed for one mole of a material to reduce all intermolecular forces to 
zero, and the CED corresponds to the cohesive energy per unit volume.  Thus, 
the CED is essentially a measurement of the intermolecular interactions among 
molecules in materials.

The calculated CED of the CL-20/DNB co-crystal and composite are listed 
in Table 3.  The CED is the sum of the van der Waals (vdW) and electrostatic 
energy, i.e., the nonbonded energies between molecules.  Obviously, CED, vdW, 
and electrostatic energy all decrease monotonously with increasing temperature.  
This agrees with the experimental fact that sensitivity becomes higher with 
increasing temperature, as lower energy is required for material to transfer from 
the condensed phase to the gas phase, tending to cause easier decomposition 
and explosion [37].  Likewise, impact transfers mechanical energy to thermal 
energy and then the heat may in general cause decomposition and explosion.  
Therefore, the CED can also be used as a theoretical criterion for heat and impact 
sensitivity.  At the same temperature, the CED of the co-crystal is obviously 
higher than that of the composite, indicating that the co-crystal is more stable, 
which is consistent with the result obtained from Lmax.
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Table 3.	 Cohesive energy density CED a) and its component energies of 
CL-20/DNB composite and co-crystal at different temperatures 
(kJ/cm3) 

Model Energy Temperature, K 
195 245 295 345 395

C
om

po
si
te CED 0.77 (0.01) 0.74 (0.01) 0.71 (0.01) 0.69 (0.01) --

vdW 0.34 (0.00) 0.33 (0.00) 0.32 (0.00) 0.32 (0.00) --

Electrostatic 0.42 (0.01) 0.41 (0.01) 0.39 (0.01) 0.37 (0.01) --

C
o-
cr
ys
ta
l CED 0.89 (0.01) 0.86 (0.01) 0.83 (0.01) 0.80 (0.01) 0.77 (0.01) 

vdW 0.43 (0.00) 0.41 (0.00) 0.40 (0.00) 0.38 (0.00) 0.37 (0.00) 

Electrostatic 0.46 (0.01) 0.45 (0.01) 0.43 (0.01) 0.42 (0.01) 0.40 (0.01) 
a) CED = EvdW + EElectrostatic.  Deviations are listed in parenthesis.

3.3.2	Binding energy between CL-20 and DNB molecules in the 
CL-20/DNB co-crystal and composite

The binding energy (Ebind) is defined as the negative value of the intermolecular 
interaction energy (Einter), that is, Ebind = −Einter, which can reflect well the 
miscibility of the two components blended with each other.  A higher binding 
energy means a stronger interaction between components and thus a more stable 
system.  The intermolecular interaction energy can be evaluated from the total 
energy of the whole system and the individual component energies in the system.  
As such, Ebind between CL-20 and DNB molecules can be expressed as follows.

Ebind = − Einter = − (Etotal − ECL-20 − EDNB)

where Etotal is the total energy of the whole system, and ECL-20 and EDNB are the 
energies of the CL-20 and DNB molecules, respectively.  In this paper, it has 
an important influence on the miscibility for the CL-20/DNB composite, the 
formation of the co-crystal and the thermal stability of the energetic systems. 

Ebind and its components of the composite and the co-crystal at different 
temperatures are tabulated in Table 4.  Ebind is equal to the nonbonded energy 
because the internal energy difference is zero.  The nonbonded energy is derived 
from the vdW and electrostatic energies.  Considering that the electrostatic energy 
is much larger than the vdW energy for both the composite and the co-crystal, we 
can know that the interaction between the CL-20 and DNB molecules is mainly 
from the contribution of the electrostatic interactions.  It is noticed that Ebind and 
its components decrease monotonously with increasing temperature, which means 
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that the thermodynamic stability of the system decreases.  Furthermore, Ebind of the 
co-crystal is much larger than that for the composite at the same temperature, which 
means that the co-crystal is more stable.  This can be explained from Figures 2a 
and 2b, where it can be seen that the DNB layer is placed alternately between 
CL-20 bilayers in the co-crystal, and interactions exist between the two layers, 
while in the CL-20/DNB composite, the interface area of different components is 
much smaller.  Thus, it is not difficult to understand that the interaction between 
the DNB and CL-20 molecules in the co-crystal is stronger.  Also, compared with 
Table 3, Ebind differences between the co-crystal and the composite are much larger 
than that of the CED at the same temperature, implying that the dependence of 
Ebind on spatial molecular ordering is greater than that of the CED.

Table 4.	 Binding energies and the component energies of CL-20/DNB 
(composite and co-crystal) at different temperatures

Model Energy 
[kJ/mol] 195 K 245 K 295 K 345 K 395 K

C
om

po
si
te

Ebind 67.3 (-1.0) 65.8 (-0.5) 63.9 (-1.1) 59.9 (-1.8) --
Internal 0.0 (0.0 ) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) --

Non-
bonded 67.3 (-1.0) 65.8 (-0.5) 63.9 (-1.1) 59.9 (-1.8) --

vdW 26.4 (-0.4) 26.0 (-0.5) 24.7 (-0.5) 24.9 (-0.7) --
Repulsive -64.9 (-2.4) -62.7 (-1.8) -60.3 (-3.1) -56.0 (-3.4) --
Dispersive 91.2 (-2.2) 88.7 (-1.7) 85.0 (-2.7) 80.9 (-2.9) --

Electro-
static 40.9 (-1.2) 39.8 (-0.4) 39.2 (-1.5) 35.0 (-1.7) --

C
o-
cr
ys
ta
l

Ebind 128.5 (-1.1) 126.5 (-1.1) 124.5 (-1.2) 116.9 (-1.6) 112.2 (-1.5)
Internal 0.0 (0.0 ) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Non-
bonded 128.5 (-1.1) 126.5 (-1.1) 124.5 (-1.2) 116.9 (-1.6) 112.2 (-1.5)

vdW 43.0 (-0.5) 42.0 (-0.9) 41.5 (-1.2) 40.0 (-1.0) 39.2 (-1.2)
Repulsive -135.5 (-2.3) -132.1 (-2.2) -130.3 (-4.8) -120.7 (-4.6) -112.6 (-3.1)
Dispersive 178.5 (-2.5) 174.1 (-1.8) 171.8 (-3.9) 160.8 (-4.2) 151.8 (-2.3)

Electro-
static 85.5 (-1.1) 84.5 (-0.8) 83.0 (-1.3) 76.9 (-1.9) 73.1 (-1.3)

Ebind = Einternal + ENonbond; ENonbond = EvdW + EElectrostatic= ERepulsive + EDispersive+ EElectrostatic. 
Deviations are listed in parenthesis.

3.3.3	Pair correlation function (PCF) for the CL-20/DNB co-crystal 
and composite

To explore the interactions between molecules in the CL-20/DNB co-crystal and 
composite, molecular surface electrostatic potentials was the method adopted, 
which is based on quantum mechanics calculations [39, 40], while the PCF 
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function was used in this work where classical MD simulations were conducted.
The PCF gives an insight into the structure of the material through a measure 

of the local spatial ordering, and uses a measure of conditional number probability 
density g(r) for finding an atom at certain distances from a reference atom.  In the 
present work, three atom pairs (H···O, H···N and C···O) were considered.  H, 
O, and N (negatively charged) atoms in CL-20 molecules were denoted by H(1), 
O(1), and N(1), and H, O, C atoms in DNB molecules as H(2), O(2) and C(2), 
respectively.  In order to explore the interactions between the CL-20 and DNB 
molecules, PCFs of H···O, H···N and C···O atomic pairs in the CL-20/DNB 
co-crystal and composite at 295 K are plotted in Figure 4. 
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Figure 4.	 PCFs of H···O, H···N and C···O atom pairs in the CL-20/DNB 

co-crystal and composite at 295 K. 

It is known that the usual interaction distance range (r) for a hydrogen bond 
is 2.0-3.1 Å, and for strong vdW is 3.1-5.0 Å.  When r is longer than 5.0 Å, the 
vdW interaction is very weak [32].  In Figures 4a and 4b, the first peaks of the 
curves all locate at about 2.5 Å.  This means that hydrogen bonds exist in the 
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H(1)···O(2) and H(2)···O(1) pairs.  In Figure 4c, the first peak of the curves for 
H(2)···N(1) locate at about 4.2-4.9 Å, which indicates that the most significant 
part of the interaction in these atomic pairs is a vdW one.  The nitro-aromatic 
interaction ordering in the co-crystal is shown in Figure 5, corresponding to the 
g(r) curve in Figure 4d.  The benzene ring of DNB has an electron deficient 
π-system due to the strong polarizing effect of the nitro groups, and one of the 
nitro groups of CL-20 lies almost above the center of the benzene ring of DNB.  
Therefore, a donor-acceptor p-π stacking interaction exists between the CL-20 
nitro group and the electron-deficient benzene ring of DNB.

Figure 5.	 Nitro-aromatic interaction structure of CL-20 and DNB molecules 
in the co-crystal.

In Figures 4a-4d, we also found that the g(r) value of the co-crystal is higher 
than that of the composite.  This implies that the interaction between CL-20 and 
DNB in the co-crystal is stronger than that in the composite, which is consistent 
with the conclusion that Ebind of the CL-20/DNB co-crystal is much larger than 
that of the composite.
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Figure 6.	 PCF for (a) H(1)···O(2), and (b) H(2)···O(1) in the co-crystal at 

different temperatures. 



688 T. Sun, J.J. Xiao, G.F. Ji, F. Zhao, H.M. Xiao

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland

Figure  6 shows the g(r) values of H(1)···O(2) and H(2)···O(1) in the 
co-crystal, and their variation with temperature.  The peak value obviously 
decreases and is slightly shifted to the right as the temperature increases.  This 
is mainly attributed to the enhanced atomic motion at higher temperatures, and 
indicates that the interactions between CL-20 and DNB in the co-crystal decrease 
as the temperature increases.  This conclusion agrees well with the trend that the 
binding energy of the co-crystal decreases at higher temperatures.

3.4	 Mechanical properties of DNB crystals, ε-CL-20 crystals, the 
CL-20/DNB co-crystal and composite

Mechanical properties are some of the most important properties of energetic 
materials due to their relationship with material preparation, storage, 
transportation and usage.  The elastic modulus is an indicator of material stiffness 
and a measurement of the material’s resistance to elastic deformation.  Plastic and 
fracture properties can be related to the elastic moduli.  A higher shear modulus 
means greater hardness and more yield strength which reflect the resistance to 
plastic deformation.  A higher bulk modulus means greater fracture strength.  The 
quotient K/G indicates empirically the extent of the plastic range of a material.  
A high value of K/G is associated with ductility and a low value with brittleness 
[41].  The Cauchy pressure (C12–C44) [42] can also reflect the brittle/ductile 
behaviour.  (C12–C44) is positive for a ductile material, and negative for a brittle 
material.  The methodology of ductility evaluation using the Cauchy pressure 
based on the morphology of a fracture cross sectional surface is different from 
that of the K/G quotient [43]. 

Table 5 tabulates the predicted moduli, Poisson’s ratios, quotients K/G and 
Cauchy pressures of the four models based on the fluctuation analysis of the 
production trajectories and the Reuss average [44, 45].  As the temperature increases, 
the elastic moduli of the four systems all decrease, indicating that their stiffness, 
hardness, yield strength and fracture strength are diminished at higher temperatures.  
For the same temperature, the moduli of the CL-20/DNB composite and co-crystal 
are smaller than those of the ε-CL-20 and DNB crystals, while the quotients K/G 
of the composite and the co-crystal are higher than those of the ε-CL-20 and DNB 
crystals.  This indicates that the stiffness of both the composite and the co-crystal 
are lower, but their ductility is better.  As the Cauchy pressure (C12-C44) values of 
DNB and ε-CL-20 crystals are negative, except for DNB at 195 K, and those of the 
CL-20/DNB composite and co-crystal are positive, the former are brittle materials 
and the latter are ductile ones.  In addition, the Poisson’s ratios of the co-crystal and 
the composite are larger than those of the two component crystals, indicating that 
the elastic elongations of the co-crystal and the composite are larger. 
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Table 5.	 Tensile modulus (E), Poisson’s ratio (ν), bulk modulus (K), shear 
modulus (G), quotient K/G and Cauchy pressure (C12-C44) for 
DNB, CL-20/DNB composite and co-crystal, as well as ε-CL-20, at 
different temperatures.  Deviations are listed in parenthesis.  Units 
for E, K, G and C12-C44 are GPa.

Model Para-
meter 195 K 245 K 295 K 345 K 395 K

D
N

B

E 9.9 (0.0) 9.9 (0.0) 9.2 (0.0) 8.0 (0.0) --
ν 0.3 (0.0) 0.3 (0.0) 0.3 (0.0) 0.3 (0.0) --
K 8.0 (0.1) 7.5 (0.1) 6.7 (0.0) 6.0 (0.0) --
G 3.8 (0.0) 3.9 (0.0) 3.6 (0.0) 3.1 (0.0) --

K/G 2.1 (0.2) 1.9 (0.1) 1.8 (0.1) 1.9 (0.1) --
C12-C44 0.1 (0.0) -0.4 (0.1) -0.6 (0.1) -0.7 (0.0) --

C
om

po
si
te

E 5.3 (0.1) 4.8 (0.1) 4.0 (0.0) 3.5 (0.1) --
ν 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) --
K 6.1 (0.1) 5.6 (0.1) 4.8 (0.0) 4.6 (0.1) --
G 2.0 (0.0) 1.8 (0.0) 1.5 (0.0) 1.3 (0.0) --

K/G 3.1 (0.1) 3.1 (0.1) 3.3 (0.1) 3.6 (0.2) --
C12-C44 3.4 (0.2) 3.2 (0.1) 2.7 (0.1) 2.5 (0.1) --

C
o-
cr
ys
ta
l

E 6.8 (0.1) 6.6 (0.1) 6.2 (0.0) 5.3 (0.1) 4.7 (0.0) 
ν 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 0.4 (0.0) 
K 7.9 (0.1) 7.8 (0.2) 7.1 (0.1) 7.0 (0.1) 6.5 (0.1) 
G 2.5 (0.0) 2.4 (0.0) 2.3 (0.0) 1.9 (0.0) 1.7 (0.0) 

K/G 3.2 (0.0) 3.2 (0.1) 3.1 (0.0) 3.6 (0.0) 3.8 (0.1) 
C12-C44 0.8 (0.1) 1.1 (0.2) 1.2 (0.1) 2.5 (0.1) 3.0 (0.1) 

ε-
C
L-
20

E 19.6 (0.0) 18.7 (0.1) 17.2 (0.1) 15.7 (0.1) 14.3 (0.1) 
ν 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 0.2 (0.0) 
K 11.5 (0.1) 11.3 (0.1) 10.5 (0.2) 9.7 (0.0) 8.9 (0.0) 
G 8.1 (0.0) 7.6 (0.0) 7.0 (0.0) 6.4 (0.0) 5.8 (0.0) 

K/G 1.4 (0.0) 1.5 (0.0) 1.5 (0.0) 1.5 (0.0) 1.5 (0.0) 
C12-C44 -6.4 (0.1) -5.5 (0.2) -5.3 (0.1) -4.6 (0.2) -4.1 (0.1) 

Generally, a material of lower modulus implies that it deforms more easily 
and is able to disperse the energy applied to it, which makes it less sensitive.  
Due to the molecular arrangements and interactions in the composite and the 
co-crystal, they can easily exhibit elastic and plastic deformation, which is even 
larger than the deformation of the individual crystalline materials.  On the other 
hand, for each material here, as the temperature increases, its sensitivity becomes 
higher although the modulus is reduced.  This is because the temperature increase 
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imposes a straightforward and dominant influence on the movement of molecules, 
leading to more active molecules, easier reaction, and thus higher sensitivity. 

4	 Conclusions

In this study, NPT-MD simulations have been conducted for ε-CL-20, DNB, 
CL-20/DNB composite and co-crystal. The important findings may be 
summarized as follows.
(1)	 The Lmax of the N−NO2 trigger bond increases uniformly with increasing 

temperature.  The Lmax can be used as a theoretical criterion to judge the heat 
and impact sensitivity of the energetic system. Lmax has also been compared 
between these materials at the same temperature.  As a result, it is ranked 
as follows: CL-20/DNB(co-crystal) < CL-20/DNB(composite) < ε-CL-20 
(crystal), indicating that the formation of the co-crystal can reduce the 
sensitivity and improve safety.

(2)	 The CEDs of the CL-20/DNB co-crystal and composite both decrease with 
increasing temperature, suggesting that the energy needed for the transfer 
from the condensed phase to the gas phase can also be used to correlate with 
the heat and impact sensitivity.  On the other hand, the CED of the co-crystal 
is higher than that of the composite under the same temperature conditions, 
indicating that the co-crystal system is more stable and insensitive than the 
ordinary composite, which implies that co-crystallization of CL-20 with 
DNB can reduce sensitivity.

(3)	 The Ebind between CL-20 and DNB decreases with increasing temperature.  
The Ebind of the CL-20/DNB co-crystal is much larger than that of the 
composite, because the interaction between the different components in the 
co-crystal exists between the layers having larger interaction areas, while for 
the composite, the interaction areas are smaller.  The pair correlation function 
g(r) reveals that the hydrogen bonded interactions in the co-crystal and the 
composite mainly comes from the H of CL-20 and the O of DNB, the H of 
DNB and the O of CL-20, and decrease slightly as the temperature increases.  
Additionally, a donor-acceptor p-π stacking interaction exists between the 
CL-20 nitro group and the electron-deficient benzene ring of DNB.

(4)	 Compared with those of the ε-CL-20 and DNB crystals, we found that the 
moduli of the CL-20/DNB co-crystal and composite are smaller, while their 
K/G quotients are larger, and the Cauchy pressure (C12-C44) values are positive, 
indicating that the stiffness of the co-crystal and the composite are smaller, but 
their ductility is better.  In addition, the elastic elongations of the CL-20/DNB 
co-crystal and composite are larger because of the higher Poisson’s ratios.
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