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a  b  s  t  r  a  c  t

The  interaction  potential  energy  and  heat  of  sublimation  of  nanoparticles  of  HMX  crystal  polymorphs  are
studied by  using  molecular  dynamics  methods  with  a previously  developed  force  field  [Bedrov,  et  al.,  J.
Comput.-Aided  Mol.  Des.  8 (2001)  77].  Molecular  dynamics  simulations  of  nanoparticles  with  10,  20,  30,
40, 50,  60,  70,  80, 90,  and  100  molecules  of  HMX  are  carried  out  at 300  K. The  intermolecular,  intramolec-
vailable online 3 September 2011
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ular  and  total  interaction  energies  per  mole  for  the nanoparticles  are  calculated  at  300  K.  Then,  we  have
calculated  sublimation  enthalpy  of HMX  crystal  polymorphs  with  different  sizes.  For  the  all  sizes,  the �-
HMX is  found  to  be  the  most  stable  phase,  due  to having  the  least  total  interaction  energy.  Also,  �-HMX
is more  stable  than  �-HMX.  An  increase  in  the  sublimation  enthalpy  with  the  size  of  the  nanoparticle  can
be  seen.
ublimation enthalpy

. Introduction

Very fine particles of materials in fact exhibit properties signif-
cantly different from those of the same material with large sizes.
n the case of solid explosives and propellants small particles are
equired to improve the combustion process. Indeed, the maximum
nergy output from a detonation is related to the particle size of
aterial [1].
Development of energetic materials with improved perfor-

ance and reduced sensitivity characteristics are major goals in the
rea of high energy materials (HEMs). Crystal morphology of these
aterials plays a vital role in the sensitivity aspects. The physical

haracteristics of a HEM such as crystal size, shape, morphology,
urity, internal and external defects and the microstructure of

nternal crystalline voids play vital roles in sensitivity of HEMs. One
f the approach to lower the sensitivity towards mechanical stimuli
s to control the crystal size [2,3].

The microstructural properties of an energetic material strongly
nfluence the combustive and explosive behavior of the formula-
ions [4,5]. These differences can be attributed in part to the strong
nfluence of the heat and mass transport rate which are affected by

any factors. Among these, the particle size of the energetic mate-

ials [6] and the homogeneity of the formulations play the major
ole.
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HMX  (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) is a
high explosive material used in many plastic bonded explosives
(PBX), double base propellants and propellant composite because of
its high calorific potential, high density and smokeless combustion
products [7,8].

Preparation of nanoscale high explosive materials like pentaery-
thritol tertanitrate (PETN) and cyclotetramethylene tetranitramine
(HMX) has been a challenging task, due to their chemical and
physical properties such as decomposition at relatively low tem-
peratures. HMX  is used almost exclusively in military applications
and also as a propellant. It has also been the subject of various
fundamental studies [9–12]. Although these materials have exten-
sively been studied at the macroscopic level, very little is known
about their behavior at the nanoscale. Engineering and control of
energetic material properties at the nanoscale are of paramount
important when the ignition and detonation properties of high
explosive (HE) are to be determined.

There are four different crystal structures for HMX, three pure
crystal phases, �, � and �, and a hydrated phase � [13]. At ambi-
ent conditions, the relative stabilities of these bulk polymorphs are
known to be � > � > � > � [14].

In recent years, many studies have been done on the HMX  by
molecular dynamics simulations.

Smith and Bharadwaj obtained the force field energies and
geometries for the low-energy conformers of HMX  [15]. Bedrov

et al. used a quantum chemistry-based intra- and intermolec-
ular force field to predict the crystal structures, coefficients of
thermal expansion, and heat of sublimation for three pure poly-
morphs of HMX  (�, �, �); and the sound speed of �-HMX at 295 K;

dx.doi.org/10.1016/j.apsusc.2011.08.101
http://www.sciencedirect.com/science/journal/01694332
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Fig. 1. A snapshot for (a) �, (b) � and (c) � nano-HMX phases with 20 molecules, respectively.
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ll at the atmospheric pressure (via molecular dynamics simula-
ions) [16]. Bedrov et al. performed an extensive MD  simulation
f liquid HMX  within the temperature range of 550 K < T < 800 K at
tmospheric pressure to predict the shear viscosity and molecular
elf-diffusion coefficient [17]. Sewell et al. predicted the isotherms,
sothermal elastic coefficients, and derived isotropic moduli of the
hree pure polymorphs of HMX  at atmospheric pressure and 295 K
18]. Bedrov et al. determined the thermal conductivity of liquid
MX from imposed heat flux non-equilibrium molecular dynam-

cs (NEMD) simulations. The thermal conductivity was determined
n the temperature domain of 550 K < T < 800 K, which corresponds
pproximately to the temperature range of the liquid phase of HMX
t atmospheric pressure [19]. Duan et al. investigated the solvent
ffects on the crystal morphology of HMX  [20]. Cui et al. performed
D simulations to study the phase transition and mechanical prop-

rties of the energetic materials of �-, �- and �-HMX. The effect of
ressure and temperature on the structures and mechanical prop-
rties are discussed [21].

The aim of the present work is to predict the relative stability of
ure polymorphs of nano-HMX (�, �, �) at 300 K and atmospheric
ressure for different sizes, via the molecular dynamics simulation.
e have selected similar sizes for three phases of HMX  (10–100
olecules of HMX).

This paper is organized as follows: Section 2 presents a sum-

ary of molecular dynamics simulation trend, including the force
eld models and simulation details. In Section 3, we have com-
ared potential energy both in bulk and nano-HMX. Also, we have
calculated heat of sublimation of the three pure polymorphs of
nano-HMX with different sizes (�, �, �). This is followed by a con-
clusion in the last section.

2. Molecular dynamics simulations

2.1. Construction of ˛-, ˇ-, and ı-HMX with different sizes

The � phase of HMX  contains eight C4H8N8O8 molecules per
unit cell in an orthorhombic lattice with space group Fdd2 [22].
The � phase contains two  C4H8N8O8 molecules per unit cell in a
monoclinic lattice with space group P21/c [23]. The � phase contains
six C4H8N8O8 molecules per unit cell in a hexagonal lattice with
space group P61 [24].

In the �-phase lattice, each C4H8N8O8 molecule has a so-called
“chair” conformation in which two neighboring NO2 groups are on
one side of the C4N4 ring and the two  other NO2 groups on the
opposite side of the ring. This conformation gives the molecule a
center of inversion. In contrast, each C4H8N8O8 molecule in the �
and � phases has the so-called “boat” conformation in which all
four NO2 groups are on the same side of the ring [25]. So � phase is
less polar, and more symmetric, compared to � and � phases.

We have made the bulk and nano-HMX with different sizes via

Mercury 2.3 [26]. We  have selected similar sizes for three phases of
HMX  (�, �, �) (specifically with 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 molecules of HMX). A snapshot for three nanoparticles with 20
molecules of HMX  (�, �, �) is shown in Fig. 1(a)–(c), respectively.
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Table 1
Intermolecular, intramolecular and total potential energies per mole for given sizes of different phases of HMX  (all in are kcal/mol).

N E� (intra) E� (intra) E� (intra) E� (inter) E� (inter) E� (inter) E� (total) E� (total) E� (total)

10 472.5 466.7 476.0 −21.9 −21.5 −22.1 450.6 445.2 453.9
20 472.7  466.9 476.3 −28.8 −26.8 −29.0 443.9 440.1 447.3
30 472.4  466.4 476.1 −34.0 −32.5 −33.8 438.4 433.9 442.3
40  472.4 466.6 476.0 −39.1 −37.8 −39.4 433.3 428.8 436.6
50 472.6  466.3 476.2 −43.2 −41.1 −43.1 429.4 425.2 433.1
60  472.2 466.8 475.9 −46.5 −43.1 −46.8 425.7 423.7 429.1
70  472.8 466.6 476.2 −48.9 −44.7 −49.0 423.9 421.9 427.2
80  472.5 466.7 476.1 −50.6 −46.0 −50.4 421.9 420.7 425.7
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90 472.9  466.6 476.2 −51.9 

100  473.0 466.7 476.15 −52.8 

Bulk 472.9  466.9 476.2 −52.9 

.2. The force field of HMX

A flexible force field used for HMX  was developed by Smith and
haradwaj [15] some with minor modifications of Bedrov et al. [16].
his force field was developed by using quantum-chemistry calcu-
ations. In this paper we shall present results of the MD  simulations
sing the same force field for the three pure crystal polymorphs of
MX.

The intramolecular potential, Vintra, has the functional form:

intra = Vbond + Vbend + Vtorsion + Vinversion (1)

here Vbond, Vbend, Vtorsion, and Vinversion are bonding potential,
ending potential, torsional potential and inversion potential,
espectively.

The bonding potentials are described by the harmonic functions:

bond = 0.5kb(r − r0)2 (2)

here kb is the force constant and r − r0 is the displacement from
he equilibrium position.

The twenty-eight bonding potentials correspond to the O–N
eight), N–N (four), N–C (eight), and C–H (eight) bonds. The bending
otentials are described by the harmonic functions as,

bend = 0.5ka(� − �0)2 (3)

here ka is the force constant and � − �0 is the angular deviation
rom the equilibrium value.

The forty-eight bending potentials corresponds to the ONO
four), ONN (eight), NNC (eight), CNC (four), NCH (sixteen), HCH
four), and NCN (four) angles.

The torsional potential is a cosine function:

torsion = 0.5kd[1 − cos(nϕ)] (4)

here kd is the force constant and nϕ is the dihedral angle.
The eighty-eight torsional potential terms correspond to the

NNC1 (sixteen), ONNC2 (sixteen), ONNC3 (sixteen), HCNC (six-
een), CNCN1 (eight), CNCN2 (eight), and CNCN3 (eight) dihedrals.

Each inversion potential is taken to be harmonic,

inversion = 0.5kiı
2 (5)

here ki is the force constant and ı is the out of plane angle.
The eight inversion potential functions correspond to the CNCN

four) and ONON (four) out of plane bending.
The intermolecular potential is summation of the Buckingham

nd Coulombic terms:

intermolecular =
∑

i

∑
j

[
Aij exp(−Brij) −

(
Cij

r6
ij

)
+
(

qiqj

4�ε0rij

)]
(6)
here rij is the interatomic distance between atoms i and j of two
ifferent molecules and qi and qj are their electrostatic charges. The
etails regarding the force field parameters are given in references
15,16].
46.9 −52.0 421.0 419.7 424.2
47.7 −52.6 420.2 419.0 423.5
47.8 −52.8 420.0 419.1 423.4

2.3. Simulation protocol

In the present study, molecular-dynamics calculations on bulk
and nanoparticles of HMX  (for �, �, and � phases of HMX) were
carried out by the DLPOLY 2.18 program [27]. The bulk calcula-
tions were done with the NPT ensemble at ambient pressure and
with the periodic boundary conditions, applying a Nose–Hoover
thermostat–barostat [28–30] with the relaxation times for the tem-
perature and pressure of 0.1 and 1.0 fs, respectively. The Verlet
leapfrog scheme was  used to integrate the equations of motion.
The Ewald’s method was applied to deal with the long-range elec-
trostatic forces [30,31]. In these calculations, a time step of 1 fs was
used and trajectories were carried out for a total of 100 ps, with the
first 50 ps used to equilibrate the system.

Simulations of the nanoparticles were done with the NVE
ensemble with no periodic boundary conditions. A time step of
0.1 fs was  used, and the total duration of the nanoparticle simu-
lations was 2 ns, with the first 1 ns used for the equilibration. The
electrostatic forces were directly calculated for the finite number
of nanoparticles. Ten sets of nanoparticle simulations, specifically
with 100, 90, 80, 70, 60, 50, 40, 30, 20, and 10 HMX  molecules, were
performed for the �, �, and � HMX  phases.

All interatomic interactions were determined for the atoms in
the simulation within a cutoff distance of Rcutoff. For the largest
nanoparticle, the value of Rcutoff = 12.0 Å was used. The cutoff dis-
tance was appropriately adjusted for the smaller nanoparticles.

3. Results and discussions

In these simulations, we  have calculated the intermolecular,
intramolecular and total interaction energies per mole for differ-
ent sizes of solid HMX. The results of obtained potential energy are
summarized in Table 1 at 300 K for given sizes of �-, �-, �-HMX, in
which Eintra, Einter, and Etotal are the intramolecular, intermolecular
and total potential energies per mole.

As shown in Table 1, the �-phase in both bulk and nanopar-
ticles states has a higher intermolecular potential energy than its
corresponding � and � phases. Owing to the fact that the former
molecular conformation is nonpolar such a result is expected, due
to the existence of the dipole–dipole interactions among the latter
conformations. Therefore, the intermolecular potential energy in
the � and � phases is more negative than that of the � phase.

Also, as shown in Table 1, the �-phase in both bulk and nanopar-
ticles states has a lower intramolecular potential energy than its
corresponding � and � phases. The lower intramolecular potential
energy of � phase may  be attributed to the following factors: since

in the � and � phases, all four NO2 groups are on the same side of
the ring but in �-phase, two neighboring NO2 groups are on one
side of the C4N4 ring and two  others on the other side, we may
expect that,
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Table  2
Intermolecular and intramolecular potential energies per mole for the �, �, and
�-HMX ideal gas (in terms of kcal/mol).

Ideal gas �-HMX �-HMX �-HMX
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Einter 0 0 0
Eintra 465.9 466.1 466.3

. When NO2 groups with the negative charges are located on one
side of the C4N4 ring, there would be strong Columbic repulsions
among them.

. Also, when four NO2 groups are in the same side of the ring, the
steric factor becomes more significant.

Both mentioned factors lead to a lower intramolecular potential
nergy for the � phase, compared to two other phases.

We have also simulated the HMX  molecule with same confor-
ations as in the crystal phases, without any interactions among

ifferent molecules, i.e. in the ideal gas state. Table 2 shows the
inter and Eintra for the ideal gas of the �-, �-, and �-HMX (in units
f kcal/mol).

There is no interaction among molecules of HMX  in the ideal
as state; therefore Einter is zero for all phases in their ideal gas
tates. But, Eintra is different for the phases, because the molecular
onformations of three phases are different. As shown in Table 2,
or the ideal gas state, Eintra,� > Eintra,� > Eintra,�.

The sublimation enthalpy, �Hsub, can be simply calculated as,

Hsub = Hgas − Hsolid = RT + �Einter + �Eintra (7)

here R is the universal gas constant, �Einter and �Eintra are the
ifferences in intermolecular and intramolecular potential energies
f HMX  molecules in the ideal gas and corresponding crystal phases,
espectively [16]. The values of �Einter and �Eintra can be calculated
y using the data of Tables 1 and 2, for the three phases with any
iven sizes.

The value of �Eintra is negative for the bulk and nanosys-
ems of �-, �-, �-HMX (varies from −7.1 to −6.5 kcal/mol). This

eans that the internal energy in the ideal gas state is less
han its corresponding solids. �Eintra is independent of system
ize, but �Einter depends on the system size (changes within
6–30 kcal/mol depending on the solid phase). For all three phases,
Einter increases with the system size, especially for smaller values

f N. Owing to the fact that the bonding energy of a surface molecule
s less than that of a molecule inside the bulk, such dependence is
easonable.

Then by having the values of �Eintra and �Einter, Eq. (7) can be
sed to calculate �Hsub for the phases with any given sizes.
The calculated values of �Hsub are given in Table 3 at 300 K for
ifferent sizes of �-, �-, and �-HMX.

As shown In Table 3, for all given sizes �-HMX is more sta-
le than �-HMX, and �-HMX is more stable than �-HMX. The

able 3
he calculated value of �Hsub of HMX  polymorphs from the MD simulations at 300 K
in  units of kcal/mol).

N �Hsub(�) �Hsub(�) �Hsub(�)

10 15.9 21.5 13.0
20 22.6 26.6 19.6
30 28.1 32.8 24.6
40 33.2 37.9 30.3
50 37.1 41.5 33.8
60 40.8 43.0 37.7
70 42.6 44.8 39.6
80 44.6 46.0 41.2
90 45.5 47.0 42.7
100 46.3 47.7 43.3
Bulk 46.5 47.6 43.5

[
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experimental value for �Hsub of the bulk HMX  is 44.16 and
42.04 kcal/mol for the � and � phases, respectively [32,33] which
are in good agreement with our MD results.

Also, structural stability and sublimation enthalpy are very use-
ful for understanding safety of HMX  in different crystal phases.
More sublimation enthalpy shows that the system is safer (Since
the solid energetic materials convert to small gaseous molecules in
an explosion, less sublimation energy means higher heat release,
hence stronger explosion is expected. However, the rate of reac-
tion depends on the reaction mechanism.) Therefore, for all given
sizes �-HMX is safer than �-HMX, and �-HMX is safer than �-HMX.
In Table 3 an increase in sublimation enthalpy with nanoparticle
size can be observed. Therefore, in all three crystalline phases, an
increase in safety with nanoparticle size can be observed.

4. Conclusion

In this work the flexible force field is used for the HMX  which
was  originally developed by Smith and Bharadwaj [15] with minor
modifications by Bedrov et al. [16]. In this paper, molecular dynam-
ics simulations for three different HMX  nanoparticles with 10, 20,
30, 40, 50, 60, 70, 80, 90, and 100 molecules have been carried out
at 300 K. Simulations of the nanoparticles were done with the NVE
ensemble with no periodic boundary conditions.

In Table 1, the calculated molar potential energy for HMX crys-
tal polymorphs nanoparticles is listed for different sizes, obtained
by molecular dynamics simulation. For the �-phase of both bulk
and nanoparticles the intramolecular potential energy is lower than
those for corresponding � and � phases. The lower intramolecular
potential energy of � phase may  be attributed to the two factors:
The Columbic repulsions and steric factor of NO2 groups.

Minor difference in intermolecular potential energy is due to the
existence of the dipole–dipole interactions among the molecules of
� and � conformations, but there are not such interactions in the
� conformation. Therefore, the intermolecular potential energy in
the � and � phases is more negative than that of the � phase.

We have also calculated sublimation enthalpy via Eq. (7).  As
shown in Table 3, for the all sizes, �-HMX is the most stable phase,
and �-HMX is more stable than �-HMX. Also, an increase in sub-
limation enthalpy with nanoparticle size can be observed (see
Table 3). As shown in Table 3, regardless of the HMX  phase, we
may  conclude that the nanoparticle becomes more stable when its
size increases. Since on one hand a surface molecule is more unsta-
ble than its corresponding molecule in the bulk, and on the other
hand, the fraction of surface molecules decreases with the particle
size, the mentioned conclusion seems to be generally true.
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