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In this paper, a primary model is established for MD (molecular dynamics) simulation for the PBXs (polymer-bonded explo-
sives) with RDX (cyclotrimethylene trinitramine) as base explosive and PS as polymer binder. A series of results from the MD
simulation are compared between two PBX models, which are represented by PBX1 and PBX2, respectively, including one PS
molecular chain having 46 repeating units and two PS molecular chains with each having 23 repeating units. It has been found
that their structural, interaction energy and mechanical properties are basically consistent between the two models. A system-
atic MD study for the PBX2 is performed under NPT conditions at five different temperatures, i.e., 195 K, 245 K, 295 K, 345
K, and 395 K. We have found that with the temperature increase, the maximum bond length (L,,,,) of RDX N—-N trigger bond
increases, and the interaction energy (En.n) between two N atoms of the N-N trigger bond and the cohesive energy density
(CED) decrease. These phenomena agree with the experimental fact that the PBX becomes more sensitive as the temperature
increases. Therefore, we propose to use the maximum bond length L., of the trigger bond of the easily decomposed and ex-
ploded component and the interaction energy Ey.y of the two relevant atoms as theoretical criteria to judge or predict the rela-
tive degree of heat and impact sensitivity for the energetic composites such as PBXs and solid propellants.

RDX (cyclotrimethylene trinitramine), PBXs (polymer-bonded explosives), molecular dynamics (MD) simulation, sensi-

tivity, trigger bond length, interaction energy, cohesive energy density (CED)

1 Introduction

RDX (cyclotrimethylene trinitramine) is a well-known
highly energetic explosive and extensively used in the fields
of defense, aerospace, and civil economy as an oxidant or
solid filler in the formulations of polymer-bonded explo-
sives (PBXs), booster explosives and solid propellants, as
shown in Figure 1. It has been widely studied via experi-
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mental and theoretical methodologies for its structure,
physical and chemical properties [1-13], among which [1-4]
are mainly devoted to experiments, while [5—13] provide a
number of theoretical results.

Sensitivity of energetic materials is defined as the degree
to which they can be initiated to explode by external stimu-
lus. Each of the stimuli, such as impact, heat, friction, shock
wave and electric spark, corresponds to its specific sensitiv-
ity. The sensitivity of energetic materials is used as a meas-
ure of their safety and is one of the most significant proper-
ties that affect their production, storage and application, as
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Figure 1 Chemical structure of RDX (cyclotrimethylene trinitramine).

well as the design of new energetic materials. For example,
in the theoretical design of the currently most popular
HEDMs (high energetic density materials), the sensitivity is
one of the most important performances [14] under consid-
eration.

Although the determination of the sensitivity mainly re-
lies on experiments, it would be of great significance if the
sensitivity can be predicted based on theoretical study. Up
to present, theoretical study about sensitivity prediction only
focuses on the molecules and crystals of energetic com-
pounds. For example, based on the quantum chemistry cal-
culation for the energetic compound molecules, these
methods were proposed, such as oxygen balance OB [15],
electrostatic potential [16], bond order [17], bond dissocia-
tion energy [18], activation energy [19, 20], charge distribu-
tion [21], as well as the recently presented artificial neural
network [22, 23] and QSPR (quantitative structure-property
relationship) [24, 25]. As for the energetic compound crys-
tals, earlier studies are based on semi-empirical X, and
EHCO calculation, a principle of the easiest transition (PET)
[26-28] that has ever been proposed, and recent results are
the band gap criterion for the sensitivity and the review pa-
per [29]. However, as for the energetic composites, to our
best knowledge, only Refs. [30, 31] predict the heat and
impact sensitivity with L., of N-NO, trigger bond (the
initial chemical bond fractured in decomposition and deto-
nation under external stimuli) in the sensitive component
HMX (cyclotetramethylene tetranitramine) for HMX/AP
(NH4C1O,) two-constituent system.

In general, the base explosive added with a small amount
of polymers which comprises PBX or propellant is neces-
sary for practical use due to simple process, low sensitivity
and good mechanical properties. Although many studies on
the PBX safety have been conducted via experiments, few
results are available concerning the theoretical criteria of its
sensitivity up to now. Thus, it is significant to theoretically
study the sensitivity for the PBX and search for effective
theoretical criteria.

In this work, we study the practically used PBX based on
RDX with PS as the polymer binder. We first introduce the
force field and the model construction, followed by the MD
simulation at different temperatures. The L., of N-NO,
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trigger bond, the interaction energy Ey.n among N atoms in
the trigger bond, and the cohesive energy density (CED) are
investigated and discussed in details, and in the meantime
the theoretical criteria to predict the sensitivity are proposed
at the first time.

2 Methods, modeling and computation

2.1 Force field

Classical molecular dynamics simulation is appropriate for
studying the structure and property relationships for large
and complicated systems such as PBXs, and it is able to
provide statistical and average results approximately. We
have used COMPASS force field to conduct classical MD
simulation for PBXs and investigated their binding energy
and mechanical properties [12, 32-34]. Later we studied the
explosive, cohesive, and thermal properties under this force
field, and applied them to the formulation design.

The COMPASS force field [35] adopts the framework of
CFF-type force field [36, 37], and is especially suitable for
studying condensed phase and interaction between different
types of constituents. Its total energy is expressed as:

Egu = [K,(b=b) +K,(b=b)) +k,(b—b))']
+bZ[H2(¢9—00)2 +H,(0-6,) +H,(0-6,)']
+i[Vl(1—COS(p)+V2(1—cos2(p)+V3(1—cos3(p)]
+ka(z—;co)2+be;E,,,,f(b—b0)(b’—b(§)
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This function can be divided into two categories: valence
terms and nonbond interaction terms. The valence terms
represent internal coordinates of bond (b), angle (&), torsion
angle (¢), out-of-plane angle (y), and the cross-coupling
terms including combinations of two or three internal coor-
dinates. The nonbond interactions, which include a LJ-9-6
function [38] for van der Waals (vdW) term and a Cou-
lombic function for an electrostatic interaction, are used for
the interactions between pairs of atoms that are separated by
two or more intervening atoms or those that belong to dif-
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ferent molecules. g; denotes the net charge for atom i, and
&j, 1;jand r,.f)j are the LJ-9-6 parameters.

In this force field, the valence parameters and atomistic
partial charges are derived by fitting to ab initio data, and
the vdW parameters are derived by conducting MD simula-
tions of molecular liquids and fitting the simulated cohesive
energies and equilibrium densities to experimental data. The
combined parameterization procedure significantly im-
proves the quality of a general force field.

2.2 Modeling

Based on the initial RDX in Ref. [1], we cut along the (001)
crystalline surface of its (2x3x4) crystal cell with Cartesian
z axis parallel to lattice vector ¢ and at the same time per-
pendicular to (001) crystalline surface. The vacuum layer
height was set as zero and the area of (001) crystalline sur-
face was equal to 23.15 x 32.13 A% The RDX crystal pri-
mary cell containing 192 RDX molecules, corresponding to
4032 atoms, was then built and written as RDX(001).

For the establishment of a PBX primary cell with PS, the
mass ratio RDX:PS = 9:1 was used to be consistent with
experiments. Thus, we used a PS molecular chain having 46
repeating units or two PS molecular chains with each hav-
ing 23 repeating units, which are denoted as PS1 and PS2,
respectively. The periodic cell containing the PS molecular
chain was firstly built with the bottom plane having the
same shape and size as (001) surface of RDX(001) and the ¢
axis perpendicular to the bottom plane. A ¢ value was set so
that the periodic cell density was about half of the PS den-
sity. Gradually press ¢ value and after each pressing, opti-
mize the PS chain so that its total energy was minimized.
This process continued until the cell density was about the
same as the PS density. A PS periodic cell and a ¢ value
were obtained ultimately, and the ¢ value is denoted as c.
Another RDX(001) periodic simulation cell was thus set up,
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but with the vacuum layer height set as ¢. The PS molec-
ular chain in the periodic cell was then put on the RDX(001)
crystalline surface, and a PBX periodic cell, i.e. a PBX
model, was thus established. It is correspondingly abbrevi-
ated as PBX1 with PS1 and PBX2 with PS2. Figure 2 shows
the structures of RDX(001), PBX1 and PBX2 primary cells.

2.3 Computation

The above obtained RDX(001), PS1, PS2, PBX1 and PBX?2
evolved dynamically in isothermal-isobaric (NPT) ensem-
bles with Andersen temperature control [39] and Parrinel-
lo-Rahman pressure control [40]. The pressure was set as
0.0001 GPa. Five temperatures of 195, 245, 295, 345 and
395 K were considered. During the simulation, the van der
Waals interactions were truncated at the radius of 9.5 A, the
electrostatic (Coulomb) interactions were calculated via the
standard Ewald summation [41], and the equations of mo-
tion were integrated with a step of 1 fs. The equilibration
runs of 0.5 ns duration were performed, followed by pro-
duction runs of 1 ns, during which data were collected for
subsequent analysis and the sampling interval was taken as
10 fs. The MD modeling and computations were carried out
using software program-MS (Material Studio) from Accel-
rys Inc. (San Diego, CA).

Binding energy quantitatively represents the interaction
strength of molecules. Higher binding energy means
stronger interaction between constituents and thus more
stable PBX. It has important influences on the compatibility,
the mechanical and the explosive properties of energetic
composites. The binding energy is calculated as:

~Einer = —~(Eror—Erpx—Eps) ()
where Ei1, Erpx and Eps respectively stand for the potential
energies of the PBX, RDX and PS in the equilibrium sys-
tem.

Next, we define the interaction energy Enxn between N

Eping =

(a)

Figure 2 Primary cells of RDX(001) (a), PBX1 (b) and PBX2 (c).
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and N atoms in N-NO, trigger bond as follows:

Exn = (Eww—E)/n 3)
where E,, represents the total energy of the system, E’ is
the system energy with all N atoms fixed purposely, and n is
the number of N-NO, trigger bonds. The Ey.y value is actu-
ally one kind of difference value. Obviously, Eyy is a
measure of N—N bond strength in the prescribed force filed
framework as in Eq. (1). Higher Exn means stronger N-N
bond which is not easily to break, and thus the correspond-
ing system is not sensitive.

All of the interaction energies presented in this paper
were calculated by averaging over 10 equilibrium configu-
rations in the trajectory, and these configurations are inde-
pendent of each other, since the time interval between them
is 100 ps and long enough.

The CED is the amount of intermolecular energy needed
for a material to transfer from condensed phase to gas phase,
ie.,

CED = (AH-RT)xp/M “)
where AH is the heat of sublimation, M is the molecular
weight, and p is the density. It is measurable via experi-
ments. In atomistic simulations, it is defined as the increase
of the energy per mole per unit volume of the material until
all intermolecular forces are eliminated.

3 Results and discussion

3.1 Bond length, Exnx and mechanical properties of
PBX1 and PBX2

Figure 3 shows the equilibrium structures of RDX(001),
PBX1 and PBX2. The statistical distribution of N-NO,
trigger bond length at the temperature 295 K was obtained
and is shown in Figure 4. In RDX(001), 97% of the RDX
molecules have bond length from 1.330 to 1.450 A; in
PBX1, 98% have bond length from 1.330 to 1.460 A; and in

Figure 3 Equilibrium structures of RDX(001) (a), PBX1 (b) and PBX2 (c).
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PBX2, 97% have bond length from 1.330 to 1.452A. The
most probable bond length L, the average bond length
L., and the maximum bond length L,,x of N-NO, trigger
bond are listed in Table 1. It is seen that both Lo, and Laye
are nearly the same for RDX(001), PBX1 and PBX2. Their
average bond lengths L,,. are 1.389, 1.390 and 1.390 A,
respectively, and approximate to the experimental value
1.413 A for RDX crystalline state [1]. The trigger bond
length calculated by B3LYP/6-317[6] in RDX gaseous state
is 1.424 A. In contrast to RDX(001), L. of PBX1 and
PBX2 is obviously increased due to the interfacial interac-
tion between PS and RDX. They are respectively 1.590 A
and 1.592 A, which are almost the same.

Table 2 gives En.n data and its components for PBX1
and PBX2, which are found unchanged. Table 3 shows the
mechanical properties such as tensile modulus, shear mod-
ulus, bulk modulus, and Poisson’s ratio for PS1, PS2, PBX1,
and PBX2. It is seen that for the two models, PBX1 and
PBX2, the structure, energy and mechanical properties do
not have much change. This means that either of the two
models is suitable for searching for statistical regulations of
the structure and properties through MD simulation. There-
fore, we use PBX2 model to study the correlation of the
structure and properties with the sensitivity as follows.

3.2 Relationship of L,,,, and sensitivity

Previous studies based on quantum chemical calculation
proposed the principle of smallest bond order (PSBO) [17,
27]: for series of energetic compounds with similar molec-
ular structure, smaller bond order of trigger bond in mole-
cules means the compound is more sensitive, and the small-
est bond order means the compound is the most sensitive.
This principle has been used extensively in the prediction of
impact sensitivity for various types of energetic compounds.
Moreover, in reactive force fields, energies are built as
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Figure 4 N-NO; trigger bond length distributions of RDX(001) (a), PBX1 (b) and PBX2 (c).

Table 1 Ly, Lave and Ly (;\) of N-NO, trigger bond in RDX(001),
PBX1 and PBX2

RDX(001) PBX1 PBX2

Lorob 1.390 1.390 1.392

Lave 1.389 1.390 1.390

. 1.570 1.590 1.592
(5.2x107%) (1.7x107%) @ (1.7x107%) @

a) Percentage of the molecules with L.

Table 2 Ey_n (kcal/mol) and relevant energies in PBX1 and PBX2 2

PBX1 PBX2
Exn 41.5 41.5
Internal 0.3 0.3
Nonbond 41.1 41.1
vdW -0.5 -0.5
Repulsive 1.4 1.5
Dispersive -1.9 -19
Electrostatic 41.7 41.6

a) Ex~= E(Internal) + E(Nonbond); E(Nonbond) = E(vdW)(E(Repulsive)
+ E(Dispersive)) + E(Electrostatic).

Table 3 Mechanical properties (GPa) of PS1, PS2, PBX1 and PBX2

PS1 PS2 PBX1 PBX2
Tensile modulus E 14 1.8 3.7 3.0
Poisson’s ratio y 0.4 0.4 0.3 04
Bulk modulus K 2.4 2.6 34 4.1
Shear modulus G 0.5 0.6 1.4 1.1

functions of bond order. Classical MD simulation does not
involve electronic structure, and cannot give the bond order
data. However, it is able to give statistical distribution of the
bond length, as shown in Figure 4. Usually, for chemical
bonds in molecules, higher bond order corresponds to

Table4 L. and L. (A )of N-NO, in PBX2 at different temperatures

shorter bond length, and vice versa. Politzer et al. [42] have
used the reciprocals of the lengths of the N-NO, and
C-NO, bonds to measure the bond strength and described
the impact sensitivity of nitramine and nitro compounds.

Table 4 shows the data of L,. and L. of the trigger
bond N-NO, in PBX2. As the temperature increases, Ly
does not change much, while L, increases monotonously
and significantly, although the percentage of the molecules
with L.« (10_8 as seen in the bracket) is very small. As the
temperature increases, the molecular movement becomes
faster, and the atoms away from the equilibrium position
vibrate higher, leading to longer bond length. The minority
of the molecules with L., is activated and tends to induce
decomposition and explosion, which thereby makes the
sensitivity become higher as the temperature increases. In
Refs. [30, 31], the trigger bond L, of HMX was used to
correlate with the heat and impact sensitivity of HMX/AP
composite and the obtained results for different ratios and
temperatures agree well with the experimental results. Here,
the trigger bond L,,,x of RDX is firstly involved in the sensi-
tivity prediction for RDX crystal and its PBXs, and is
shown to be suitable as a theoretical criterion for the heat
and impact sensitivity.

3.3 Relationship of interaction energy and sensitivity

3.3.1 Binding energy Epinq

Table 5 shows Ey;,q of PBX2 as well as E\, Eps, and Erpx
at different temperatures. The change of Ey;,q with tempera-
ture is shown in Figure 5. It is observed that Ey;,q decreases
rapidly and to a minimum point at 295 K, and goes up as the
temperature increases, and then goes down slightly as the
temperature increases further. This complicated change is
understandable, as Ey;,q is affected by many factors and only

195K 245K 295 K 345 K 395K

Lave 1.388 1.389 1.390 1.391 1.391

L 1.542 1.561 1.592 1.614 1.624
e (1.7x107%)® (3.5x107%)® (1.7x107%)® (3.5x107%)® (3.5x107%)®

a) Percentage of the molecules with L.
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Table 5 Ey;ng (kcal/mol) of PBX2 at different temperatures

T (K) Eioral Eps Egrpx Eyina
195 ~52641.9 196.8 -52427.3 4114
245 -51778.3 308.9 -51726.3 360.9
295 -51040.5 421.6 -51132.7 329.4
345 -50181.7 5313 -50370.3 3426
395 -49175.3 636.6 ~49470.9 341.0
420 -
400 -
:C?‘
£ 3801
[v]
£
£ 360 -
Ly
340 4 —
320 ——————— ——
200 250 300 350 400
T(K)

Figure 5 E,;, versus temperature of PBX2.

characterizes the entire thermal stability of the system,
whereas the sensitivity acts within “hot spot” theory as a
local property. Thus, the binding energy cannot be used to
predict the sensitivity.

3.3.2 Atom interaction energy En_y

Table 6 shows the interaction energy Ex_n of N atoms in the
N-NO, trigger bond at different temperatures and other
component energies. The change of Ex_y with the tempera-
ture is visibly shown in Figure 6. It is noticed that En_y de-
creases monotonously with the temperature increasing. Less
En_n means that the material is more sensitive, which agrees
with the fact that materials are more sensitive with a higher
temperature. This is easily understood, as less energy is
required to separate two N atoms connected by the trigger
bond at a higher temperature, and the system is more easily
to decompose and explode, i.e., more sensitive. Overall,
Ex_~ can be used as a theoretical criterion to predict the heat
and impact sensitivity of the PBX. Also from Table 6, Ex_n
approximates to the nonbond energy under COMPASS
force field, which is mainly due to the electrostatic energy
and small portion of vdW.

3.3.3 Cohesive energy density CED

The cohesive energy densities (CEDs) are listed in Table 7,
and shown in Figure 7. Under COMPASS force field for
MD simulation, CED is actually a nonbond energy between
molecules, i.e., the sum of vdW and electrostatic energy.

As seen in Table 7 and Figure 7, with the temperature
increasing, CED, vdW, and electrostatic energy all decrease
monotonously. This agrees with the experimental fact that
the sensitivity becomes higher with the temperature in-

Sci China Chem  December (2012) Vol.55 No.12

Table 6 Ey_n (kcal/mol) and relevant energies in PBX2 at different tem-
peratures

195 K 245K 295 K 345K 395 K

JONES 42.1 41.6 41.5 40.7 40.3
Internal 0.2 0.3 0.3 0.4 0.4
Nonbond 41.8 41.3 41.1 40.3 39.9
vdW -0.5 -0.5 -0.5 -0.5 -0.5
Repulsive 1.5 1.5 1.5 1.3 1.1
Dispersive -2.0 -2.0 -1.9 -1.8 -1.6
Electrostatic 423 41.8 41.6 40.8 40.5

a) Exn= E(Internal) + E(Nonbond); E(Nonbond) = E(vdW)(E(Repulsive)
+ E(Dispersive))+ E(Electrostatic).

42.24

42,01
41.84
41.6

41.4.
41.21]
= 410
W 40,87
40.6
40.4]
40,2

kcal/mol)

200 250 300 350 400
T(K)

Figure 6 Ex. versus temperature of PBX2.

Table 7 Cohesive energy density CED (kcal/cm®) and relevant energies
of PBX2 at different temperatures *

195 K 245 K 295K 345K 395 K

CED 0.21 0.20 0.19 0.18 0.16
vdW 0.08 0.08 0.08 0.07 0.07
Electrostatic 0.13 0.12 0.11 0.11 0.10

a) CED = E(vdW) + E(Electrostatic).

—a— cohesive energy density
—e— van der Waals
—a— glectrostatic

0.21
0.204

8
200 250 300 350 400
T (K)

Figure 7 CED, vdW, and electrostatic versus temperature of PBX2.

creasing, as lower energy needed for the material to transfer
from the condensed phase to gas phase tends to cause de-
composition and explosion, leading to higher sensitivity.
Therefore, CED can also be used as a theoretical criterion
for the heat and impact sensitivity.
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4 Conclusions

The structure and the energy properties of RDX crystal and
its PBXs with PS as the binder have been studied through
MBD atomistic simulation. The conclusions have been drawn
as follows:

(1) Two PBX models separately having one PS chain
with 46 units and two PS chains with each having 23 units
have been considered. MD simulation has shown similar
structure, energy, and mechanical properties, which implies
that the two models are both applicable in terms of the study
on structure and properties via MD simulation.

(2) The N-NO, trigger bond length distribution of RDX
and its PBX has been obtained, and the average bond length
L,.. approximates to the experimental bond length. The
maximum bond length L., increases monotonously with
higher temperature, which is consistent with the experi-
mental fact of the increasing sensitivity. The trigger bond
L. 18 thus found to be an effective structure factor that can
be used to judge the heat and impact sensitivity.

(3) Binding energy characterizes the thermal stability of
the whole system, and is not so related to the local property,
sensitivity. As a measure of N-N bond strength, the interac-
tion energy Enxn among N atoms in N-NO, trigger bond
decreases as the temperature increases. Thus, it can be used
as a theoretical criterion to predict the heat and impact sen-
sitivity of the PBX.

(4) The cohesive energy density CED decreases with the
temperature increasing which means less energy needed to
transfer from condensed phase to gas phase, leading to easi-
er decomposition and explosion, and higher sensitivity.
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