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Models of plastic-bonded explosives were created with the aim of studying the mechanical properties
and sensitivity because the latter is one of the most important problems in relation to energetic materi-
als. Previous models proposed in the literature used short plastic chains, which are appropriate for in-
teraction modeling. In the present work, a model with a single, long chain was built, which is more ap-
propriate for modeling mechanical properties. The representative hydroxyl-terminated polybutadiene
(HTPB)/dioctyladipate (DOA)/cyclotrimethylenetrinitramine (RDX) system was used (81.4 w/w%
of RDX and 18.6 w/w% of the amorphous HTPB/DOA phase, with a 60/40 ratio between the poly-
mer and plasticizer). The HTPB chain was composed of 48 trans groups, 16 cis groups, and 16 vinyl
groups. Due to the length of the chain, superposing the crystalline RDX cell [cleaved at the crystalline
(2 0 0), (0 2 0), and (2 1 0) planes] to the amorphous HTPB/DOA cell introduced considerable void,
and therefore resulted in low density—much more so than when using models with shorter chains.
A compression/minimization iterative procedure was used to converge to the optimal density. Pair
distributions were calculated to verify that the procedure did not lead to abnormal changes in the
RDX crystal model. Comparable energies were obtained for models built with each cleavage plane,
contrary to previous work with small molecules. Long chains have lower entropy and are less able
to change conformations and maximize interactions with the crystal surface. Models with densities
higher than the minimum value were shown to have energy stored in two main components; i.e., the
internal energy was stored mainly in the bond and torsion contributions, whereas the external energy
storage was performed by van der Waals interactions. These preliminary models show the potential
for studying the sensitivity of explosives through molecular modeling.

KEY WORDS: energetic materials, simulation and modeling, sensitivity, HTPB,
RDX, plastic-bonded explosives
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1. INTRODUCTION

Energetic materials are intensively studied to determine their physico/chemical prop-
erties. The most common form of energetic materials is polymer-bonded explosives
(PBXs), in which the explosive crystals are imbedded in a plastic matrix that acts as
a binder and provides a measure of protection against shocks, thereby improving their
insensitivity and making them easier to handle. The major problem with PBXs is that
testing is dangerous and costly; however, it is essential in order to determine their prop-
erties. This is even more of a problem when developing new formulations because these
are apt to behave in unforeseeable ways, which further increases the hazard.

Computational chemistry can be a great approach used to obtain information about
energetic materials at low cost and in a safe environment. Molecular modeling has al-
ready been used to predict the mechanical properties and interaction energies of PBXs.
Numerous PBX systems have been studied, such as CL-20-based systems (Xu et al.,
2006, 2007; Qiu et al., 2007), HMX/estane systems (Xiao et al., 2008), and cyclotrimethy-
lenetrinitramine (RDX) with fluorinate polymer systems (Zhu et al., 2009). Also, Xu
et al. (2007) studied the sensitivity of explosives (Xu et al., 2007), in which molecular
dynamics (MD) and orthogonal method (OM) OM3/molecular orbital (MO) quantum
chemistry methods were used to show that the heat capacity is related to the sensitiv-
ity of the explosives. More recently, Li et al. (2011a,b,c) studied various RDX-based
PBX systems [RDX/glycidylazide polymer (RDX/GAP), 3,3-bis (azidomethyl) oxetane
(RDX/BAMO), and RDX/3-azidomethyl-3-methyloxetane (RDX/AMMO)]. Finally, the
use of MD to investigate various aspects of PBX systems has been studied for a number
of years, including miscibility (Abou-Rachid et al., 2008), glass transition temperature
(Jaidann et al., 2008), and interface interactions and mechanical properties (Jaidann et
al., 2009).

Most studies in the literature show similarities in terms of modeling approach. First,
in all cases the models include more than a single crystal cell;typically, a (2 × 2 × 3)
or (2 × 3 × 3) array for RDX that allows minimizing the surface effects and better
calculationof longer-range interactions such as electrostatic interactions. Second, in all
models studied the polymer is simulated by short chains; typically, composed of 5–10
repeat units per chain with one or a few chains present in the system (Xiao et al., 2008).
The advantage of using small chains is that small molecules easily fi in the available
volume, are less constrained, and move around more freely. The models require less
minimization and optimization and lead to realistic explosive/plastic interactions in a
minimum amount of time.

Models built with small molecules are efficien when studying the compatibility of
explosives and polymers. Unfortunately, this approach does not take into account the
polymeric nature of the matrix; therefore, it is not as effective in modeling properties
that are dependent on chain length, such as mechanical properties and energy storage in
the PBXs. These are related to short- and long-range conformational changes along the
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A (2 × 3 × 3) crystallographic supercell periodic system consisting of 144 RDX
molecules was built. This size was selected to limit surface effects while maintaining
a relatively small system in terms of the number of molecules, while having propor-
tions close to real-life plastic-bonded explosives. The cells were cleaved following the
(2 0 0), (0 2 0), and (2 1 0) crystalline planes, which have been shown experimen-
tally to be present at the surface of RDX crystals grown from solution (ter Horst et al.,
1999).

An amorphous cell containing a single chain of HTPB and eight molecules of DOA
was then built, using a 60/40 ratio between the polymer and plasticizer, which is the pro-
portion used in a real-life system to ensure that an amorphous polymer is obtained. The
constructed HTPB chain was composed of 48 trans, 16 cis, and 16 vinyl groups. This
ratio was chosen to be as close as possible to military grade HTPB or HTPB/R45M,
which has (depending on the supplier) between 50 and 100 groups per chain. A sin-
gle chain was selected as being more representative than previous models based on a
smaller chain because all chains in an actual PBX are cross-linked with an additive
for HTPB such as isophorone diisocyanate (IPDI). Eight amorphous cell configuration
were built following the Theorodou and Suter (1986) method. Each configuratio was
subjected to 10,000 minimization steps performed under periodic boundary conditions.
The minimizations were carried out with the Smart Minimizer approach in MS, which
consists of successive steepest descent, conjugate gradients, and Newton–Raphson min-
imization steps. The non-bonded interactions, spline width, and buffer width were trun-
cated at 0.95, 0.1 and 0.05 nm, respectively. To make sure that these configuration
were at equilibrium at room temperature, the MD simulations were carried out under
constant number of atoms, volume, and temperature (NVT) conditions until the energy
reached a stable value (less than 7% energy variation). The dynamics were carried out
for 2.5 ns and the temperature was controlled via the Andersen (1980) technique. The
configuratio with the lowest energy was used to build the HTPB + DOA/RDX sys-
tems.

The MD simulations of the HTPB + DOA/RDX system were performed under peri-
odic boundary conditions. Minimizations were initially carried out for 10,000 iterations
to equilibrate the models. Afterward, the cells were slightly compressed (3%) along the
z direction (Qiu et al., 2007). The amorphous phase was placed on top of the crys-
talline phase, as shown in Fig. 3. An additional 10,000 iterations were carried out to
reach the minimum energy of the compressed cells. This procedure was carried out for
a large number of configuration until the configuratio with the lowest total potential
energy was attained. A representative example of the fina model is also reported in
Fig. 3.

After minimization, the MD simulations were conducted under NVT conditions for
250 ps at the optimal density. At this point, equilibration was reached, as verifie by a
low variation in energy. A 50-ps run was added for data acquisition. The temperature
was controlled via the Andersen (1980) method.
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Realistic Approach to Model Energetic Materials 325

producer) to have a density of 0.9 g/cm−3. For a composition with 81.4 w/w% of RDX
and 18.6 w/w% of the amorphous phase, the estimated HTPB + DOA/RDX density was
of 1.62 g/cm−3.

The initial density value of the supercell built by superimposing the crystalline and
amorphous cells, reported in Table 1, was between 1.26 and 1.28 g/cm−3, much smaller
than the estimated value. This was caused by a bad contact between the two initial cells,
which was related to the chain length and adjacent reentry of the chains under periodic
conditions and caused an abnormal void zone, as shown in the presentative initial model
in Fig. 3 (left). This problem is well recognized, and other research groups that have car-
ried out simulations of PBX have compressed the cells until the estimated density value
was reached (Qiu et al, 2007). However, when using short chains, the void introduced
during cell superposition is much smaller, and in the present case a compression pro-
cedure much more drastic than what was previously used in the literature was essential.
Therefore, the height of the cell (along the z axis) was reduced by 3% steps instead of the
more usual 0.3% steps until a density of 1.8 g/cm−3 was reached, which is the density
of pure RDX. Fifteen different configuration were obtained.

Figure 4 shows the evolution of the total potential energy as a function of density for
models built with the three different cleavage planes studied. Upon successively com-
pressing the unit cell, and therefore increasing the density, the total energy of the system
progressively decreased until a minimum (which was taken as the fina density of the
system) was observed between 1.50 and 1.55 g/cm−3, as reported in Table 1. This value
was 8% lower than the density of 1.62 g/cm−3 estimated from the weight fractions of
each component. The unit cell dimensions for the unit cell with the lowest energy, both
before and after compression, are also reported in Table 1. The only unit cell dimension
that changed appreciably was that in the compression direction (the z axis). The unit cell
remained orthorhombic throughout the procedure.

TABLE 1: Unit cell dimensions and density of the HTPB + DOA/RDX models for the
three cleavage planes before and after minimization/compression

Model
Initial Final Initial Final

α (◦) β (◦) γ (◦)density density a ( °A) b ( °A) c ( °A) a ( °A) b ( °A) c ( °A)
(g/cm−3) (g/cm−3)

RDX 1.26 1.50 34.72 21.42 69.84 34.72 21.42 58.54 90 90 90
(2 0 0)
RDX 1.28 1.55 32.13 26.36 60.09 32.13 26.36 49.84 90 90 90

(0 2 0)
RDX 1.28 1.54 32.13 26.64 59.65 32.13 26.64 49.65 90 90 90

(2 1 0)
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is quite important. However, in all cases the three models have similar energies. Table 2
reports the individual values of energy along with the standard deviations calculated for
the various models built in each case. The energy differences between models with dif-
ferent cleavage planes fall within the deviations calculated for different models with the
same cleavage plane, indicating that these differences are not significant

Previous studies have shown that a 33% difference exists in the interaction energy
(calculated as the difference between the total energy of the complete system and the
total energy of the explosive and polymer alone) as calculated along the three different
cleavage planes of HTPB + DOA/RDX systems in which HTPB molecules consist of
six repeat units (Jaidann et al., 2009). On the other hand, in the present case, in which
long HTPB chains of 80 repeat units are used, the interaction energy varied by only 7%.
This difference is attributed to the lower fl xibility of a long polymeric chain, which
cannot organize as efficientl as a smaller chain to maximize the interaction at the RDX
surface. Furthermore, by increasing the chain length, the number of end groups also de-
creases. Because these are less constrained, they are the most susceptible to forming a
strong directional interaction such as hydrogen bonds with a crystal surface. Therefore,
their lower concentrations also contribute to the averaging of the interactions when com-
paring different crystal phases. This observation constitutes an additional advantage of
using long chains; i.e., not only are the models more representative of real explosives
but the differences related to crystal plane cleavages are smaller, and this decreases the
probability of obtaining inaccurate results due to an inappropriate choice of cleavage
plane. This also indicates that simulations may rely on fewer cleavage planes without
loss of exactitude.

3.3 Crystalline Phase Deformation

To make sure that the approach developed is suitable for MD runs, the crystalline de-
formation needs to be addressed. As seen in Fig. 3, during the model building com-
pression/minimization procedure, the atomic positions and cell shape slightly change. In
order to verify the extent of these changes and their effect on crystal phase order, the pair
distribution function was calculated for a RDX unit cell as well as for the RDX atoms
in the compressed supercell. The results are reported in Fig. 9, and clearly show that the
order is maintained throughout the range of distances for all cleavage plane models built.
This is an additional confirmatio of the validity of the models.

4. CONCLUSIONS

Models of PBX systems were built and tested using a slightly different approach, with
the aim of predicting the sensitivity of PBX systems. To achieve this, it is proposed
that the chain length must be increased to allow more energy storage in the bond angle
deformation and torsion angle terms.
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FIG. 9: Pair distribution functions g(r) of RDX: (top) initial RDX cell; (bottom) RDX
in the PBX model after cell construction and compression to the correct density.

Upon increasing the chain length, the models tend to incorporate vacuum gaps that
must be allowed to relax. We have shown that it is possible to do this and obtain a rea-
sonable model, as well as to determine the optimal density of a model through succes-
sive compression steps larger than those previously used in the literature. The resulting
models are more representative of real polymer-bonded explosives. Furthermore, larger
chain lengths decrease the number of chain end groups, therefore decreasing their spe-
cifi interactions with the crystal surface. The interactions become less cleavage plane
sensitive, as demonstrated by the decrease in percentage of variations of the interaction
energy when considering different cleavage planes. Therefore, changes due to cleavage
plane selection are less important in large chain models than they are in short chain
models. The obtained models are amenable to further studies. Investigations of possi-
ble correlations with ammunition sensitivity and mechanical property simulations are
specificall targeted for future work. The present models are shown to be more realistic
than the previously used short chain models.

REFERENCES

Abou-Rachid, H., Lussier, L.-S., Ringuette, S., Lafleu -Lambert, X., Jaidann, M., and Bris-
son, J., On the correlation between miscibility and solubility properties of energetic plasti-

Volume 12, Number 4, 2013



332 Brochu et al.

cizers/polymer blends: Modeling and simulation studies, Propellants, Explos., Pyrotech., vol.
33, no. 4, pp. 301–310, 2008.

Accelrys, Materials Studio 4.3, San Diego, CA: Accelrys, Inc., 2008 (http://accelrys.com/).
Andersen, H. C., Molecular dynamics simulations at constant pressure and/or temperature, J.
Chem. Phys., vol. 72, no. 4, pp. 2384–2393, 1980.

Bunte, S. W. and Sun, H., Molecular modeling of energetic materials: The parameterization and
validation of nitrate esters in the COMPASS force field J. Phys. Chem. B, vol. 104, no. 11,
pp. 2477–2489, 2000.

Choi, C. S. and Prince, E., The crystal structure of cyclotrimethylenetrinitramine, Acta Crystal-
logr., Sect. B: Struct. Sci., vol. 28, no. 9, pp. 2857–2862, 1972.

Jaidann, M., Abou-Rachid, H., Lafleu -Lambert, X., Lussier, L.-S., Gagnon, N., and Brisson, J.,
Modeling and measurement of glass transition temperatures of energetic and inert systems,
Polym. Eng. Sci., vol. 48, no. 6, pp. 1141–1150, 2008.

Jaidann, M., Lussier, L.-S., Bouamoul, A., Abou-Rachid, H., and Brisson, J., Effects of interface
interactions on mechanical properties in RDX-based PBXs HTPB–DOA: Molecular dynamics
simulations, Proc. of 9th International Conference on Computaional Science, pp. 131–140,
2009.

Li, M.-M., Li, F.-S., and Shen, R. Q., Molecular dynamics study of RDX/AMMO propellant,
Chin. J. Chem. Phys., vol. 24, no. 2, p. 199, 2011a.

Li, M.-M., Li, F.-S., Shen, R.-Q., and Guo, X.-D., Molecular dynamics study of the structures
and properties of RDX/GAP propellant, J. Hazard. Mater., vol. 186, nos. 2–3, pp. 2031–2036,
2011b.

Li, M.-M., Shen, R.-Q., and Li, F.-S., Molecular dynamics simulation of binding energies, me-
chanical properties and energetic performance of the RDX/BAMO propellant, Acta Phys.
Chim. Sin., vol. 27, no. 6, pp. 1379–1385, 2011c.

Qiu, L., Zhu, W.-H., Xiao, J.-J., Zhu, W., Xiao, H.-M., Huang, H., and Li, J.-S., Molecular dy-
namics simulations of trans-1,4,5,8–tetranitro-1,4,5,8–tetraazadecalin-based polymer-bonded
explosives, J. Phys. Chem. B, vol. 111, no. 7, pp. 1559–1566, 2007.

Sun, H., COMPASS: An ab initio force-fiel optimized for condensed-phase applications:
Overview with details on alkane and benzene compounds, J. Phys. Chem. B, vol. 102, no.
38, pp. 7338–7364, 1998.

ter Horst, J. H., Geertman, R. M., van der Heijden, A. E., and van Rosmalen, G. M., The influenc
of a solvent on the crystal morphology of RDX, J. Cryst. Growth, vols. 198–199, no. 1, pp.
773–779, 1999.

Theodorou, D. N. and Suter, U. W., Atomistic modeling of mechanical properties of polymeric
glasses, Macromolecules, vol. 19, no. 1, pp. 139–154, 1986.

van der Heijden, A. E. D. M. and Bouma, R. H. B., Crystallization and characterization of RDX,
HMX, and CL-20, Cryst. Growth Des., vol. 4, no. 5, pp. 999–1007, 2004.

Xiao, J., Huang, H., Li, J., Zhang, H., Zhu, W., and Xiao, H., Computation of interface interac-
tions and mechanical properties of HMX-based PBX with estane 5703 from atomic simula-
tion, J. Mater. Sci., vol. 43, no. 17, pp. 5685–5691, 2008.

Xu, X., Xiao, J., Huang, H., Li, J., and Xiao, H., Molecular dynamics simulations on the struc-

International Journal of Energetic Materials and Chemical Propulsion



Realistic Approach to Model Energetic Materials 333

tures and properties of ε-CL-20-based PBXs, Sci. China, Ser. B: Chem., vol. 50, no. 6, pp.
737–745, 2007.

Xu, X.-J., Xiao, H.-M., Xiao, J.-J., Zhu, W., Huang, H., and Li, J.-S., Molecular dynamics sim-
ulations for pure ε-CL-20 and ε-CL-20-based PBXs, J. Phys. Chem. B, vol. 110, no. 14, pp.
7203–7207, 2006.

Yang, J., Ren, Y., Tian, A.-M., and Sun, H., COMPASS force fiel for 14 inorganic molecules,
He, Ne, Ar, Kr, Xe, H2, O2, N2, NO, CO, CO2, NO2, CS2, and SO2, in liquid phases, J. Phys.
Chem. B, vol. 104, no. 20, pp. 4951–4957, 2000.

Zhu, W., Xiao, J., Zhu, W., and Xiao, H., Molecular dynamics simulations of RDX and RDX-
based plastic-bonded explosives, J. Hazard. Mater., vol. 164, nos. 2–3, pp. 1082–1088, 2009.

Volume 12, Number 4, 2013



CAN UNCLASSIFIED 

CAN UNCLASSIFIED 

DOCUMENT CONTROL DATA 
(Security markings for the title, abstract and indexing annotation must be entered when the document is Classified or Designated) 

 1. ORIGINATOR (The name and address of the organization preparing the document. 
Organizations for whom the document was prepared, e.g., Centre sponsoring a 
contractor's report, or tasking agency, are entered in Section 8.) 

DRDC – Valcartier Research Centre
Defence Research and Development Canada
2459 route de la Bravoure
Quebec (Quebec) G3J 1X5
Canada

 2a.  SECURITY MARKING  
(Overall security marking of the document including 
special supplemental markings if applicable.) 

CAN UNCLASSIFIED 

 2b.  CONTROLLED GOODS 

NON-CONTROLLED GOODS 
DMC A 

 3. TITLE (The complete document title as indicated on the title page. Its classification should be indicated by the appropriate abbreviation (S, C or U) in
parentheses after the title.) 

MOLECULAR MODELING: TOWARD A REALISTIC APPROACH TO MODEL ENERGETIC
MATERIALS

 4. AUTHORS (last name, followed by initials – ranks, titles, etc., not to be used) 

Brochu, D.; Jaidann, M.; Abou-Rachid, H.; Neidert, J.; Brisson, J.

 5. DATE OF PUBLICATION 
(Month and year of publication of document.) 

December 2017 

 6a. NO. OF PAGES 
(Total containing information, 
including Annexes, Appendices, 
etc.) 

17 

 6b. NO. OF REFS  
(Total cited in document.) 

0 

 7. DESCRIPTIVE NOTES (The category of the document, e.g., technical report, technical note or memorandum. If appropriate, enter the type of report, 
e.g., interim, progress, summary, annual or final. Give the inclusive dates when a specific reporting period is covered.) 

External Literature (P)

 8. SPONSORING ACTIVITY (The name of the department project office or laboratory sponsoring the research and development – include address.) 

DRDC – Valcartier Research Centre
Defence Research and Development Canada
2459 route de la Bravoure
Quebec (Quebec) G3J 1X5
Canada

 9a. PROJECT OR GRANT NO. (If appropriate, the applicable research 
and development project or grant number under which the document 
was written. Please specify whether project or grant.) 

 9b. CONTRACT NO. (If appropriate, the applicable number under  
which the document was written.) 

 10a. ORIGINATOR’S DOCUMENT NUMBER (The official document 
number by which the document is identified by the originating  
activity. This number must be unique to this document.) 

DRDC-RDDC-2017-P115 

 10b.  OTHER DOCUMENT NO(s). (Any other numbers which may be 
assigned this document either by the originator or by the sponsor.) 

 11a. FUTURE DISTRIBUTION (Any limitations on further dissemination of the document, other than those imposed by security classification.) 

Public release 

 11b. FUTURE DISTRIBUTION OUTSIDE CANADA (Any limitations on further dissemination of the document, other than those imposed by security 
classification.) 



CAN UNCLASSIFIED 

CAN UNCLASSIFIED 

 12. ABSTRACT (A brief and factual summary of the document. It may also appear elsewhere in the body of the document itself. It is highly desirable that 
the abstract of classified documents be unclassified. Each paragraph of the abstract shall begin with an indication of the security classification of the 
information in the paragraph (unless the document itself is unclassified) represented as (S), (C), (R), or (U). It is not necessary to include here abstracts in 
both official languages unless the text is bilingual.) 

   Models of plastic-bonded explosives were created with the aim of studying the mechanical 
properties and sensitivity because the latter is one of the most important problems in relation to 
energetic materials. Previous models proposed in the literature used short plastic chains, which 
are appropriate for interaction modeling. In the present work, a model with a single, long chain 
was built, which is more appropriate for modeling mechanical properties. The representative 
hydroxyl-terminated polybutadiene (HTPB)/dioctyladipate (DOA)/cyclotrimethylenetrinitramine 
(RDX) system was used (81.4 w/w% of RDX and 18.6 w/w% of the amorphous HTPB/DOA 
phase, with a 60/40 ratio between the polymer and plasticizer). The HTPB chain was composed 
of 48 trans groups, 16 cis groups, and 16 vinyl groups. Due to the length of the chain, 
superposing the crystalline RDX cell [cleaved at the crystalline (2 0 0), (0 2 0), and (2 1 0) 
planes] to the amorphous HTPB/DOA cell introduced considerable void, and therefore resulted 
in low density−much more so than when using models with shorter chains. A 
compression/minimization iterative procedure was used to converge to the optimal density. Pair 
distributions were calculated to verify that the procedure did not lead to abnormal changes in 
the RDX crystal model. Comparable energies were obtained for models built with each 
cleavage plane, contrary to previous work with small molecules. Long chains have lower 
entropy and are less able to change conformations and maximize interactions with the crystal 
surface. Models with densities higher than the minimum value were shown to have energy 
stored in two main components; i.e., the internal energy was stored mainly in the bond and 
torsion contributions, whereas the external energy storage was performed by van der Waals 
interactions. These preliminary models show the potential for studying the sensitivity of 
explosives through molecular modeling.  

13. KEYWORDS, DESCRIPTORS or IDENTIFIERS (Technically meaningful terms or short phrases that characterize a document and could be helpful
in cataloguing the document. They should be selected so that no security classification is required. Identifiers, such as equipment model designation, 
trade name, military project code name, geographic location may also be included. If possible keywords should be selected from a published thesaurus, 
e.g., Thesaurus of Engineering and Scientific Terms (TEST) and that thesaurus identified. If it is not possible to select indexing terms which are 
Unclassified, the classification of each should be indicated as with the title.) 

energetic materials, simulation and modeling, sensitivity, HTTb, RDX, plastic-bonded explosives 




