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Multiscale Modeling of Crystalline Energetic Materials.

O. U. Ojeda1 and T. Çaǧın1

Abstract: The large discrepancy in length and time scales at which characteristic
processes of energetic materials are of relevance pose a major challenge for cur-
rent simulation techniques. We present a systematic study of crystalline energetic
materials of different sensitivity and analyze their properties at different theoretical
levels. Information like equilibrium structures, vibrational frequencies, conforma-
tional rearrangement and mechanical properties like stiffness and elastic properties
can be calculated within the density functional theory (DFT) using different lev-
els of approximations. Dynamical properties are obtained by computations using
molecular dynamics at finite temperatures through the use of classical force fields.
Effect of defects on structure is studied using classical molecular dynamics meth-
ods. Temperature induced reactions at elevated temperatures have been studied us-
ing ab initio molecular dynamics method for moderate size crystals of nitroethane.
Furthermore, while presenting the state of the art in the study of modeling ener-
getic materials, the current advances in the area as well as the limitations of each
methodology are discussed.
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1 Introduction

The need for a multi-scale modeling approach that can probe a material system
to provide a description of processes ranging from molecular level to macroscopic
behavior is nowhere more obvious than in the study of energetic materials (EM).
In order to understand the chemical, physical and mechanical behavior of these
materials one needs to employ theories ranging from quantum mechanics/quantum
chemistry, molecular dynamics with reactive an non-reactive potentials, statistical
thermodynamics, micromechanics, solid mechanics and fluid dynamics allowing
for reactions. The energetic materials are stable organic compounds with large neg-
ative enthalpies of formation, which are characterized by their ability to undergo
chemical transformations starting from the initiation of reactions at the molecular
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level to sustaining a supersonic detonation at macroscopic scale. This multi-scale
phenomenon is observed if enough external energy, either in the form of a heat
pulse or a large pressure wave, is supplied to a secondary EM so that it reacts, a
detonation front will form. In this front, a sudden increase in the material density
will be accompanied by a release of temperature, detonation products (usually hot
gases), and light, in the opposite direction of the detonation front. This sudden
release in pressure and temperature, will effect on the un-reacted mass, ahead of
the detonation front, increasing the velocity of its propagation. The time scales and
characteristic lengths can vary from a few angstroms, as in the case of lengths of
bonds and ordering of molecules within a crystal, to a few nanometers; as in the
case of the thickness of initiating reactive layer, and up to a large distance as in
the case of the of the material experiencing a shock compression of the expanding
wave. The study of effect of the steep changes in density and pressure as the shock
propagates through the media if defined through a continuum description requires
incorporation of high gradients and rapid variation of field variables (Srivathsa and
Ramakrishnan 2008). Although the theory of explosions in gas phase is well devel-
oped (Zel’dovich and Raizer 2001; Terao 2007), for a condensed detonating sec-
ondary energetic material, which is initiated by another more reactive material, like
a metal azide or perchlorates (Campbell, Holland, Malin and Cotter 1956; Volker
Weiser 2001) a molecular description is far from being complete (Dlott, Peter and
Jane 2003).

In the formulation of plastic bonded explosives, crystals of energetic materials are
fragmented and compressed with a binder. In order to describe dynamic response of
explosive determination of their mechanical properties is essential, since localiza-
tion of strain energy has long been the suspect of the formation of reaction zones
(Sewell, Menikoff, Bedrov and Smith 2003), or “hot-spots”. In addition to this,
fracture along a given plane can act as energy barriers and hinder a reaction from
completing, hence causing unexpected behavior in some cases.

In the following sections, we aim to present our current effort and relevant results in
modeling the complex behavior of energetic materials as well as referring to critical
work conducted in this area by other researchers.

We mainly will present a systematic study of crystalline energetic materials and
analyze their properties using different levels of theory: at the most fundamental
level, we study the ground state properties through the use of the ab initio and den-
sity functional theory (Kohn and Sham 1965) (DFT) methods. In this study we
have used various energetic materials such as cyclotetramethylene tetratintramine
(β tHMX), pentaerythritol tetranitrate (PETN), RDX, Fox-7 and nitromethane (NM).
We report on structure, electronic structure, and charge densities as a function of ap-
plied mechanical stimuli, under volumetric compression, and anisotropic compres-
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sion. The structural, mechanical and dynamical properties at finite temperatures are
obtained by molecular dynamics simulations with classical atomistic force fields.
From these classical simulations various macroscopic properties are extracted. In
order to study the reactions in condensed phase we have used ab initio molecular
dynamics methods at elevated temperatures. Furthermore, current advances in the
area as well as the limitations and failures of each methodology are discussed.

2 Ab Initio Level Modeling of Energetic Materials

Since the earlier studies(Perger, Pandey, Blanco and Zhao 2004); it was clear
that a systematic study of the structure and properties of energetic materials was
not a simple task that could give meaningful information by the use of a generic
basis set. For example, the initial calculated energy barrier for the rearrange-
ment(Dewar and Ritchie 1985) of nitromethane (NM) to methylnitrite (MNT) was
47.0 Kcal/mol. Later, the value of 73.5 Kcal/mol reported by Mckee(McKee 1986)
indicated dissociation of NM as the most probable pathway. Nonetheless, Hu’s
group(Hu, He and Chen Liu, Fan-Chen) reported NM breakdown via C-N bond
rupture (61.9 kcal/mol) and Nguyen’s group(Nguyen, Le, Hajgato, Veszpremi and
Lin 2003) have reported direct dissociation to CH3 and NO2 via radical formation
(63 kcal/mol). Twenty years later, investigations with a transfer Hamiltonian indi-
cates that the radical formation is the most probable pathway(McClellan, Hughes
and Bartlett 2005).

The adiabatic potential energy surface (PES) of the simplest secondary energetic
material, NM, shows a multiple energy minima’s, caused by the interaction of the
nitro oxygen atoms with the methyl hydrogen (Figure 1). We can expect a more
complex potential energy surface (PES) for larger and more complex molecules
like pentaerythritoltetranitrate (Gruzdkov, Dreger and Gupta 2004) (PETN) and
cyclotrimethylenetrinitramine (RDX).

Due to the size and low symmetry of the relevant systems, earlier studies of EM’s
focused on simple molecules (Miller 1995; Son, Asay, Bdzil and Kober 1995; Soto
1995; Soulard 1995; Tsai 1995; White, Barrett, Mintmire and Elert 1995) and the
development of electrostatic potentials(Pinkerton and Martin 1995). The appear-
ance of periodic boundary condition studies came about much later, with the use
of the Hartree-Fock approximation and tools like fixed bonds/angles to reduce the
degrees of freedom and thus the size of the calculations(Kunz 1995).

We have focused first on developing knowledge at the electronic level within the
DFT approximation on the following systems; β -HMX(Cady, Larson and Cromer
1963; Yoo and Cynn 1999; Stevens and Eckhardt 2005), FOX-7 (Gilardi and George
1984; Bemm and Ostmark 1998; Evers, Klapotke, Mayer, Oehlinger and Welch
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Figure 1: Potential Energy Surface (PES) of NM. The dihedral angle, initially at
the optimized position ca. 90◦ is formed by hydrogen, the central carbon atom and
one of the nitro group’s oxygen. Increments of 2◦ used.

2006; Meents, Dittrich, Johnas, Thome and Weckert 2008; Meents, Dittrich, Johnas,
Thome and Weckert 2008), TATB(Cady and Larson 1965; John R. Kolb 1979;
Bower, Kolb and Pruneda 1980; Lewis L. Stevens 2008), NM(Trevino, Prince and
Hubbard 1980; Bagryanskaya and Gatilov 1983; Cromer, Ryan and Schiferl 1985)
and PETN-i (Booth and Llewellyn 1947; Olinger, Halleck and Cady 1975; Olinger
and Cady 1976; CCSDT 2001).

Energetic materials systems usually have a low symmetry crystal structures. TATB,
the system with the lowest symmetry in the unit cell, has a space group P-1, only
inversion as the symmetry operation. The higher symmetry system, PETN, is a
tetragonal crystal, but its tetrahedral four arm chemical structure, with a sp3 hy-
bridized central carbon has four resonant nitro groups at the end of these arms, with
this stiffer structure, the convergence to small tolerances in both energy (smaller
than 3 10−6 eV, or 10−7 A.U.) of the self-consistent field cycle, and forces (5
10−4eV/A) is required, in ab-initio quantum chemistry calculations.
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In the case of plane-wave approximation, we have used both ultra-hard and reg-
ular projected-augmented wave method potential lists, with the use of the VASP
software. At the above tolerances used, we have found convergence to 700 eV for
normal potentials, and 1000 eV for ultra-hard potentials. K-point sampling space
converged at a Monkhorst-Pack grid size of 2x2x2. Troullier-Martin pseudopo-
tentials(Troullier and Martins 1991), as well as PAW potentials(Kresse and Hafner
1993; Kresse and Hafner 1994; Kresse and Furthmüller 1996; Kresse and Furth-
müller 1996; Kresse and Joubert 1999) for the case of plane wave basis have been
used, Further calculations on the systems have been performed with the Crystal06
package using an 6-31G* basis set.

2.1 Equilibrium Properties

Under a specified volume or pressure, the corresponding energy for each system can
be describe through the use of a proper equation of state (EOS). We have performed
calculations on the crystals of cyclotetramethylene tetratintramine (β tHMX), pen-
taerythritol tetranitrate (PETN), RDX, FOX-7 and nitromethane (NM), the results
are displayed in Figure 2, in order to determine the EOS and equilibrium properties
of each.

Studies on the thermochemical properties of β -HMX and its polymorphic phases.
(Choi and Boutin 1970; Brill and Goetz 1979; Main 1985), (Pople, von Rague
Schleyer, Kaneti and Spitznagel 1988), (Lyman, Liau and Brand 2002) for schemes
based on isodesmic (having the same type of bonds) and isogyric (spin-conserved)
in which the effect of different basis sets is explored, indicate that a larger 6-
311++G(3df,3pd) basis set on geometries optimized with the 6-31G(d) basis set
(Cobos 2005) are required. We have performed calculations with the gradient
corrected PBE functional (Perdew, Burke and Ernzerhof 1996) on single crystal
models using periodic boundary conditions. Extended basis sets(Gatti, Saunders
and Roetti 1994) with primitive coefficients for carbon, hydrogen, nitrogen and
oxygen, as implemented in the crystal06 package were employed (Dovesi, Saun-
ders, Roetti, Orlando, Zicovich-Wilson, Pascale, Civalleri, Doll, Harrison, Bush,
Ph. and Llunell 2007). Initial structures for these crystals were obtained from the
Cambridge crystallographic data base (Database 2007). For the case of molecular
crystals, the determination of equations of state is the initial step in understanding
how different changes in structure can alter the sensitivity of the material (Zeman,
S. 2007).

At each state, relaxation of the atomic positions is achieved through optimization
of the ionic degrees of freedom; cell shape is optimized through the corresponding
cell parameters. The total energies for each system at a given strained volume were
used for fitting through the Birch-Murnaghan(Birch 1947) equation of state (Birch
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Figure 2: EOS data for PETN, RDX, β -HMX and fox-7; the experimental data
(diamond symbols), and the calculated values (squares), using 6-31G*/PBE func-
tionals (squares). In each case, the Birch - Murnaghan EOS fit also shown (solid
black lines).



Multiscale Modeling of Crystalline Energetic Materials. 133

1978) from which one can infer the equilibrium volume, Vo, bulk modulus at zero
pressure, Bo, and derivative of bulk modulus, Bo’, with respect to pressure. For
materials in which cohesive forces in the crystal unit cell are mostly covalent, (as
opposed to weaker dispersion forces), usually the equation of state is sufficient to
predict phase changes and their relative stability.

It is well known that the impact/shock sensitivity of the EM depend strongly on the
geometry of the contact relative to the shape of the sample, the material’s structure,
morphology and its chemical and thermodynamic properties. Finite linear stress
models (i.e., second order elastic constants) may give a best initial approximation
to the response of the material under hydrostatic pressures. PETN, which has a
tetragonal crystal structure, the optimized volume is found to be 3% higher than
the experimental one of 574.638 Å3. Comparison with experimentally observed
bulk modulus and equilibrium volumes is summarized in the following table:

Table 1: Equilibrium properties for PETN.

Vo(Å3) Bo(GPa) Bo’ Reference
600.3 14.5 6.7 (Sewell, Menikoff et al. 2003)
590.8 9.4 11.3 (Olinger, Halleck et al. 1975)
579.47 14.1 10.4 (Sorescu, Rice and Thompson 1999)
595.46 11.26 10.28 This work

Nitromethane, which is a liquid at ambient conditions, has a crystal unit cell of
orthorhombic symmetry (No.19). The equilibrium parameters are summarized in
Table 2:

Table 2: Equilibrium Parameters for nitromethane

Vo(Å3) Bo(GPa) Bo’ Reference
310.35 6.78 5.88 (Sorescu, Rice and Thompson 2000)
291.87 9.14 6.10 (Sorescu, Rice et al. 2000)
292.7 7.0 5.7 (Cromer and Schiferl 1985)
290.83 8.22 8.47 This work

The use of larger basis sets, better correlation functions, and an improvement in
computational hardware, has made DFT the method of choice of most of the ab-
initio calculations reported on energetic materials, which now encompass decom-
position mechanisms (Maharrey and Behrens 2005) studies, geometry and elec-
tronic structure optimization (Xiao, Ju, Xu and Fang 2004; Ju, Xu and Xiao 2005;
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Li, Huang and Dong 2005; Zhang, Shu, Zhao, Dong and Wang 2005), heats of
formation (Chen and Wu 2001; Korolev, Petukhova, Pivina, Sheremetev, Mirosh-
nichenko and Ivshin 2004; Qiu, Xiao, Ju and Gong 2005; Byrd and Rice 2006)
and models for correlation of sensitivity and heats of detonation (Edwards, Eybl
and Johnson 2004; Drake, Hawkins, Hall, Boatz and Brand 2005; Moore, Funk
and McGrane 2005; Zhao, Zhang and Li 2005; Badders, Wei, Aldeeb, Rogers and
Mannan 2006).

2.2 Electronic Band Structures and Charge Densities

If we let the molecular fragments stand apart at a large distance, while keeping the
translational symmetry of the system intact, and perform a SCF calculation, we
can obtain the electron density of the non-interacting system. We can determine
the difference density map between the electron density of this non-interacting
density, and the charge density obtained from the optimized crystal structure of
nitromethane. Here, we have used a linear scale, since the difference in the two
charge densities is expected to be small. The degree and number of hydrogen bonds
can also play a role in the stability and sensitivity of each type of system.

The electronic band-structure, obtained using a 8x8x8 symmetric k-space Monkhorst-
Pack integration grid, shown in the following Figure 3 for NM. We have included
the Fermi level as a dotted line, to facilitate comparison of the energy levels with
the atom projected density of states. To determine the density of states the integra-
tion path over the reciprocal space is taken along the high symmetry directions; as
displayed in the inset.

The calculated energy band gap at Γ is 1.9E-1 A.U. or 5.24 eV of PETN, Figure
4; which is a characteristic large value for an insulating crystal. There is a larger
amount of population coming from oxygen states near the valence band, while the
first conduction or exited state band is mostly populated from oxygen and nitrogen
states. This indicates the activity the nitrogen and oxygen atoms, which for ni-
tromethane arises only from the nitro groups, in the valence and conduction states.

2.3 Adiabatic Isotropic and Anisotropic Compression of Energetic Materials

If we consider that the first part of a supersonic detonation or shock is always an
adiabatic compression of the solid to the Hugoniot line, the behavior of energetic
materials through adiabatic compression is of relevance. The effect of compression
in the observed temperature has been studied for shocked states (Zel’dovich and
Raizer 2001) assuming a vanishing surface upon detonation as:

T = T0 exp

(∫ p

p0

dP
∂E
∂V + p

)
(1)
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Figure 3: The characteristic large band-gap of these materials can be observed
from the electronic band structure (far right), and density of states (center) of Ni-
tromethane. The charge density around each atom is displayed on the left.

 

Figure 4: Electronic band structure of PETN. Contribution to the first two available
regions above the Fermi energy are due to contributions mostly from oxygen and
nitrogen atoms(left). The PETN unit cell (right), the reciprocal space construct is
displayed as the outer cube concentric to the primitive cell.

There is an exponential behavior on temperature upon compression. We have stud-
ied the uniaxial compression of NM, β -HMX and PETN. Through axial planes and
high symmetry family of planes [100], [010], [001], [110], [011], [101] and [111]
axes. Prior to each deformation, the system was rotated so the desired plane was
oriented along the ‘z’ axis. We have chosen a somewhat large value of volumetric
compression maximum of 30% to understand the behavior that could be encoun-
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tered for high-pressure impacts, such as a shock. This value of compression also
gave an estimation of each system behavior without compromising the molecular
integrity, which constituted each crystal.

Due to symmetry, the compression along [100] and [010] and as well as [101] and
[011] directions for PETN are equivalent. This was also observed in the calculated
band-structures at different volumetric compression values.

  
 Figure 5: The adiabatic compression behavior of nitromethane (NM) and β -HMX.

From the total change in energy per atom for each system from Figure 5 and Fig-
ure 6, we observe that there is a higher energy requirement to attain the compressed
state for β -HMX than for the other two systems studied. PETN required a larger en-
ergy than NM to be compressed. Uniaxial compression showed the largest change
in energy per atom for β -HMX. We can correlate this energy requirement with the
trend in sensitivity β tHMX < PETN < NM.

The relationship between an increase in energy that could cause the formation and
exited states and anisotropic behavior has been proposed as the cause of anisotropic
sensitivity for some systems. We further explore this effect on an adiabatic com-
pression along particular high symmetry planes, for different systems. As the
change in energy is correlated with the change in pressure, one would expect there
would be substantial change in local temperature along the compression direction
with highest energy change.

2.4 Effect of Compression on Electronic Properties: variation of band gap.

The variation of band gap as a function of compression is investigated in these
energetic material systems. Figure 7 displays the calculated values of band gap for
PETN under hydrostatic compression up to 33%. The variation is non linear in
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Figure 6: The adiabatic compression of PETN.

volumetric strain. We observe substantial decrease in band gap values, but no band
gap closure for the volumetric strain ranges we explored (0% up to 33%).

 

Figure 7: The variation of band gap in PETN under hydrostatic compression.

For PETN and NM, we have calculated the band structure and corresponding band
gap along the EOS path. For PETN and NM, we have applied uniaxial compres-
sions along [100], [001], [010], [110], [101], [011] and [111] directions. We ob-
serve no band gap closing, even to a value that could be considered to be closed
at room temperature (ca. 26 meV) for a hydrostatic compression or for anisotropic
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Figure 8: Band structure calculation at the optimized and uniaxially compressed
states of NM.

compression. For PETN, we observe almost 2 eV decrease in [111] direction, for
NM the decrease is less pronounced even increase is observed in some directions
[100], [010] and [001]. The systematic behavior under uniaxial tension is a small
but consistent decrease in band gap in all directions tension applied. In order to
completely assess the variation of electronic structure as a function of isotropic
compression and uniaxial stress one might need to include the effect of defects.

2.5 Vibrational Spectra Analysis of Energetic Materials

Coupling of phonons to low frequency or “doorway” modes have been suggested
as an initiation path in energetic materials. In the long range limit, ab initio meth-
ods allow for the study of changes with respect to a corresponding pressure via
vibrational frequency calculations(Tokmakoff, Fayer and Dlott 1993). We have
used the optimized geometries for each system to obtain analytical first derivatives
with respect to ionic displacements. Each atom is moved in directions along the
three axis by a small step; the energy is then calculated self consistently. A to-
tal of 3N+1 calculations should be performed, but this number is reduced when
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the symmetries of crystal are taken into account, as it is commonly implemented
in the crystal06 code (Pascale, Zicovich-Wilson, López Gejo, Civalleri, Orlando
and Dovesi 2004; Zicovich-Wilson, Pascale, Roetti, Saunders, Orlando and Dovesi
2004). The analytical first derivatives are then used to construct the “Hessian” at
Γ point through numerical differentiation. The Hessian is the matrix of second
derivatives, or force constants that is diagonalized to calculate the mass-weighted
dynamical matrix. The number of eigenvalues obtained follows the 3N-6 rule for
non-linear molecules, where N is the number of atoms in the molecule and 6 modes
correspond to translations and rotations in three dimensions.

 
Figure 9: Band structure calculation results at the optimized and under uniaxially
compressed states of PETN.

Calculation of the intensities is related to the derivative of the dipole moment with
respect to the normal mode coordinate, times its degeneracy. The dipole mo-
ment can be obtained from the calculation of the Born effective charges (Zicovich-
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Figure 10: Variation of calculated band gap values of PETN (left) and NM (right)
under uniaxial compression conditions.

 

Figure 11: Vibrational spectra of the zero stress structure of NM.

Wilson, Dovesi and Saunders 2001), i.e.; the proportionality constant in the change
of polarizability in one direction, with respect to a displacement along another di-
rection.

Large integration grids (XLGRID) and number of K-points (6x6x6 mesh) are re-
quired to fulfill the Born charge sum-rule, or the neutrality of the cell. We have
further used a tolerance for the differences in the energy for a SCF calculation with
a value of 1E-8 A.U. The vibrational spectra, with intensities fitted with the use of
Lorentz fits for nitromethane, with a point group C2v (order 4), is displayed Figure
11.

Assignment of each mode has been performed by direct visualization of the eigen-
values(Ugliengo, Viterbo and Chiari 1993; Ugliengo 2006), and from referenced
work (McKean and Watt 1976; Ouillon, Pinan-Lucarre, Ranson and Baranovic
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2002). The peak, at 650 cm−1, is due to the symmetric NO bending that is accom-
panied by a C-N stretching, B2-mode. The C-N stretching mode has a frequency
of 910 cm−1, versus the reported values(McKean and Watt 1976; Ouillon, Pinan-
Lucarre et al. 2002) of 917 cm−1 and 920 cm−1. Higher in frequency, at 1088, the
CH3 deformation mode (B1) can be found(Ouillon, Pinan-Lucarre et al. 2002). The
next peak corresponds to a CH3 bending mode (δ 2), adjacent to the symmetric NO
stretching mode. The maximum at 1441 cm-1 corresponds well with the CH3 bend-
ing mode (υ10). The dominant peak at 1548cm−1 corresponds the antisymmetric
NO stretching mode.

At higher pressures, the relative intensities of low frequency modes (closer to 50
cm−1) increase with respect to the modes close to the largest NO-antisymmetric
mode. In general we can see that there is no longer a distinction in from the sym-
metric NO-stretching from the rest of the deformations with the CH3 molecule.
There are also new peaks appearing in the region from 1432 to 1473. The most
predominant peak at pressure of 13.55 GPa is the B1 mode, which is higher in fre-
quency than the other two NO antisymmetric modes (B2, B3), as compared with
the 2.89 GPa and 0 GPa states.

At 1432cm−1, the NO-symmetric stretch is accompanied by a deformation of the
hydrogen bonds of the methyl group. The symmetric stretch is not so pronounced.
We also found that the mode at 1358 cm−1 and other modes at lower energies now
have non-zero intensities; this would indicate the formation of new bonds or dipole
interactions in a regular IR experiment. Also the stretching of the C-N bond, with
an oscillation frequency of 975 cm−1, has reduced its intensity to the normalized
value of 1.

Table 3: Vibrational and ZPE corrections from vibrational frequencies. Modes
at 0 and higher pressures of Nitromethane, frequency values reported in inverse
centimeter (cm−1), pressure values reported in GPa, energy in Hartree/unit cell.

Frequency Mode
Pressure 0 2.89 13.55

1584 1589 1609 NO stretching Anti symmetric
1443 1437 1473 CH3 bending
1402 1410 1432 NO stretching Symmetric
1355 1348 1438 CH3 bending
1087 1095 1397 CH3 bending
910 926 975 C-N stretching
650 660 686 NO-CN deform

ZPE 0.1996 0.2021 0.2086
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The difficulty of assigning fixed position for the hydrogen atoms, led to the con-
clusion in earlier reports that at ambient conditions the methyl group was able to
rotate freely. We can imagine that now that at these high pressures, most likely the
methyl group is fixed, due to electrostatic interactions and hydrogen bonding (as
indicated by the large increase in the ice peak closer to 3000 cm−1).

Extension along the nitromethane backbone is limited, as indicated by the drastic
reduction of the C-N stretch mode. In this way, changes in the structure of the
crystal with respect to changes in hydrostatic pressure can be deduced. Changes in
conformation and structure can have a direct relationship to properties like elasticity
and impact sensitivity.

2.6 Mechanical Properties of Energetic Materials by DFT methods.

It is well known that high energy materials (EM’s), for which application ranges
from initiators in safety bags, detonation charges, propellants and as secondary
explosives, are anisotropically sensitive to heat and mechanical shock (Dick 1984;
Dick 1993; Dick 1997). It has been found experimentally, that these materials
may undergo detonation by unplanned stimuli. This has raised issues related to
transportation cost, safety, logistic and time burdens related to handling of these
materials.

For the formulation of plastic bonded explosives, crystals of energetic materials are
fragmented and compressed with a binder. Understanding the mechanical prop-
erties is required, since localization of strain energy has long been the suspect of
the formation of reaction zones (Sewell, Menikoff et al. 2003), or “hot-spots”. In
addition to this, fractures along a given plane can act as energy barriers and hinder
a complete reaction, causing unexpected behavior in some cases. When the applied
mechanic shear exceeds the strength of the lattice, plastic deformation arises and
multiple dislocations, growth of defects can occur. Therefore the knowledge of the
elastic properties is crucial in understanding the material’s initial response.

We have performed calculations on the crystals of (β tHMX), NM, RDX, TATB,
Fox-7 and PETN using CRYSTAL program. In our earlier work we have studied
anisotropic elasticity of various metals, ceramics and oxides using mainly plane
wave approaches (Uludogan, Çaǧın, 2006; Uludogan, Guarin, Gomez, Çaǧın, God-
dard, 2008; Kart, Uludogan, Karaman, Çaǧın, 2008; Bilge, Kart, Kart, Çaǧın 2008;
Chakrabarty, Çaǧın, 2008; Kalay, Kart, Kart, Çaǧın, 2009; Sevik, Çaǧın, 2009;
Pham, Çaǧın, 2010).

By applying small strains to the crystallographic unit cell, a change from the origi-
nal, optimized cell energy is obtained. This difference in energy can then be com-
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pared in terms of polynomial expansion, to the strain energy;

E0−E = VoCiη j +
Vo

2
Ci jηiη j+ (2)

Where Vo is the initial “un-deformed” cell volume, and η i and η j are the applied
elastic Cauchy or “engineering” type of strains. Since we are interested only on
the symmetric part of the strain tensor, we can employ the contracted or “Voigt”
notation. Ci j are then the second order elastic constants.

Ci j =
1

V0

∂ 2E
∂ηi∂η j

(3)

If we realize that the initial reference cell is subject to no additional forces, this is,
in its “zero stress” state, the first term in the expansions is ignored. Comparison
to a second or higher order polynomial fit against a strain-energy curve will enable
us to obtain the corresponding second order elastic constants. The resulting second
and higher order elastic constants can in turn be related to the anisotropic response
of the crystal to mechanical stimuli. Due to the ample experimental data avail-
able(Winey and Gupta 2001; Sun, Winey, Hemmi, Dreger, Zimmerman, Gupta,
Torchinsky and Nelson 2008), elastic constant values of PETN allow for a direct
assessment of the accuracy of the calculation. A summary is found in the following
table.

Table 4: Second order elastic constants of PETN. Comparison is made with ex-
perimental data, values in GPa. Value of the calculated Bo from the equation of
state.

6-31G*/PBE Exp Exp
(Sun, Winey et al. 2008) (Winey and Gupta 2001)

C11 17.88 17.12 17.22
C12 8.10 6.06 5.44
C33 13.44 12.18 12.17
C13 10.17 7.98 7.99
C44 5.42 5.03 5.04
C66 2.95 3.81 3.95
Bo 11.79 10.05 9.94
V 592.73 574.64 574.64

For the case of PETN, we have studied the full elastic tensor at different applied
pressures. Stability conditions for this tetragonal system are;

C11−C12 > 0 (4)
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C11 +C12 +C33 > 0 (5)

(C11 +C12)C33−2C2
13 > 0 (6)

C44 > 0 (7)

C66 > 0 (8)

The last two conditions are fulfilled clearly for all the applied pressures. This ap-
plies for the second condition two, as none of the involved constants takes a nega-
tive value. The rest of the conditions at the studied pressure values are summarized
in the following table:

Table 5: Mechanical Stability Conditions for PETN.

P c11-c12 (C11+C12)C33-2C13
2

0.00 9.78 142.35
0.12 10.90 161.44
0.25 12.27 176.68
0.41 13.58 198.24
1.39 21.46 414.79
4.25 41.54 1334.39

For crystal of other symmetries, no instabilities were found.

The value of the elastic constants can provide an insight into the anisotropic strength
of the intermolecular interactions. Although there are other various reports that try
to relate Cauchy strains with respect to pressure with the value of the elastic con-
stants, we can only take the values as approximate, as the methodology of obtaining
them is rather indirect. For example, Brand attempted to obtain the first three elastic
constants(Brand 2006) with a STO-3G basis sets and Hartree Fock approximation,
but the elastic constants were obtained from stress/strain curves, along each crystal
vector (only 3 constants total). For the case of NM, although no available data on
the elastic constants was available, the predicted higher sensitivity along the [001]
direction, as predicted by the model of steric hindrance, is supported by the lowest
value of this constant predicted in our study

Our calculated values for PETN agrees with the calculated by Gupta’s group with
sound speed experiments(Winey and Gupta 2001). Values of the bulk modulus
and its pressure derivative correspond well to the ones found experimentally by
Ollinger, Halleck and Cady, (Olinger, Halleck et al. 1975). The trend C11<C33
for this system is an indication of the increased sensitivity found along the [110]
plane. For β -HMX there has been evidence(Palmer and Field 1982) of a cleavage
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Table 6: Calculated elastic constants of Energetic Materials. For the systems, NM
and b-HMX, this represents the full elasticity tensor. Only the diagonal terms are
reported for the remaining systems. The values are in GPa.

NM β−HMX Fox-7 RDX TATB
C11 17.38 19.00 37.56 79.66 23.62
C22 11.98 17.66 19.79 18.23 76.55
C33 11.92 17.88 46.60 17.40 15.00
C44 5.02 10.65
C55 3.44 6.01
C66 4.91 8.51
C12 6.42 10.7
C13 9.19 9.93
C15 - -0.22
C23 7.13 11.81
C25 - -3.72
C35 - -2.01
C46 - -3.83

plane along the (011) plane, is further supported by the observation of a weaker
C11 constants as compared to C22 and C33. Calculated values for bulk modulus and
pressure derivatives are in good agreement with experimental observations(Stevens
and Eckhardt 2005).

2.7 Empirical Van der Waals correction to DFT energies.

Despite its successful application in many strongly bound systems, current approxi-
mations employed within Density Functional Theory(Kohn and Sham 1965) (DFT)
methodologies have been unable to correctly predict interactions that are significant
to various biological and biochemical molecules (Grimme, Antony, Schwabe and
Muck-Lichtenfeld 2007) and neutral molecule crystals like those of rare-gas dim-
mers(Tsuzuki and Luthi 2001; Tao and Perdew 2005), polycyclic and aromatic hy-
drocarbons(Suzuki, Green, Bumgarner, Dasgupta, Goddard and Blake 1992; Gour-
sot, Mineva, Kevorkyants and Talbi 2007), and energetic materials (Olinger, Hal-
leck et al. 1975; Hemmi, Dreger, Gruzdkov, Winey and Gupta 2006; Byrd and Rice
2007) (EM). Besides being a requirement for developing engineering models and
to understand the behavior of the material in the conditions of its envisioned appli-
cations, a proper description of the potential energy surface bears further implica-
tions when determining thermodynamic properties like bulk modulus, and second
and higher order elastic constants.
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It has been suggested in literature that the lack of a proper description of the equilib-
rium volumes in these molecular systems (Blöchl 1994; Kresse and Joubert 1999;
Wu, Vargas, Nayak, Lotrich and Scoles 2001; Kurita, Inoue and Sekino 2003;
Stefan 2004; Chakarova and Schroder 2005; Thonhauser, Cooper, Shen, Puzder,
Hyldgaard and Langreth 2007) can be attributed to the lack of a proper descrip-
tion of the long range induced dipoles by neighboring molecules. To overcome
this hurdle, some recent efforts have been directed towards developing method-
ologies to specific type of systems, like polymers (Kleis and Schroder 2005) or
rare-gas dimers. Some attempts to improve current description of intermolecular
forces at a higher level of theory include the choosing of a better description of the
exchange functional, with some success mostly from parameterized generalized
gradient approximations (Tao and Perdew 2005) and other hybrid functionals, i.e.;
X3LYP (Xu and Goddard 2004), the use of orbital-dependent functionals(Engel
2003), optimized effective potentials (Qin Wu and Weitao 2003) or the addition of
an external correction to the total ground state energy (Gonzalez and Lim 2003;
Stefan 2004; Ortmann, Bechstedt and Schmidt 2006). Perturbation methods, like
the spin-component-scaled MP2, have been estimated as inadequate for common
pi-stacking and hydrogen bonded interactions (Bachorz, Bischoff, Hofener, Klop-
per, Ottiger, Leist, Frey and Leutwyler 2008).

We have decided to test the idea of correcting the total energy of the equations
of state for NM and PETN, by introducing a damped Buckingham type of poten-
tial (Hepburn, Scoles and Penco 1975; LeSar 1984) that accounts for dispersion
forces. The implemented empirical term for the dispersion energy was developed
by Elstner and Le Sar (LeSar 1984; Marcus, Pavel, Thomas, Sandor and Efthimios
2001):

EvdW = ∑
i j

cαβ

6

Rαβ6
i j

f (R) (9)

The damping function used here allows a decay to zero at a value ca. 3 Angstrom,
to avoid over counting of energy due to bonding. For ease of comparison, the inner
and outer exponents are constantly kept as 7 and 4, to allow for a similar behavior
of the decay distance as previously reported results. The parameter “d”, called the
decay factor, is related to the value at which the damped function will experience
an inflexion (viz. 1/r6), a value of 3 is chosen for the present calculations. The form
of the functional is important since evaluation of fist and higher order derivatives
(e.g.; gradients, polarization, etc. . . ) is necessary for calculation of other system
properties. In this way, correction of the total energy determined from the Kohn-
Sham Hamiltonian is corrected with the addition of an Evdw term:

Etotal = EKS +Evdw (10)
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Using polarizability values obtained at the MP2 level, Williams and Malhorta(Williams
and Malhotra 2006) have obtained C6 coefficients that can be used in calculations
with the 6-21G(**) basis sets used to reproduced the energetic behavior of 24 hy-
drogen bonding and Van der Waals molecular interaction. These were obtained
from scaling DFT energies to values calculated at the MP2/cc-pVQZ level, for
dimmers like ethane, formaldehyde, benzene, water, etc.

For PETN, in which 2 type of oxygen atoms, one bridging and a pair sharing a reso-
nant bond in the nitro group are present, two different coefficients for nitrogen have
been utilized. For those interactions whose coefficients were not reported, Van der
Waals radii and coefficients have been obtained as described previously(Williams
and Malhotra 2006), based on hybridization or chemical environment of the atomic
species. We have followed the same nomenclature used by Miller, e.g.; a tetra-
hedral sp3 carbon is labeled (CTE), a sp3-hybridized oxygen is named OTE and
so forth. By means of atomic polarizability values (pα ), coefficients can then be
scaled using also the number of effective electrons, with a methodology proposed
by Halgreen. (Halgren 1992),The C6 coefficient is then obtained by means of the
Slater-Kirkwood approximation (Slater and Kirkwood 1931):

Cαβ

6 =
2Cα

6 Cβ

6 pα pβ

Cα
6 p2

α +Cβ

6 p2
β

(11)

Since R−6 interactions should dominate at long enough distances (Alonso and
Man̄anes 2007), we have considered summation of the Evdw interactions not in
one, but in a super-cell considering 4x4x4 primitive cells. Equilibrium parameters
have been additionally been obtained for the systems: m-dinitrobenzene(Trotter
and Williston 1966; Wojcik, Mossakowska, Holband and Bartkowiak 2002), 2-
4-6-trinitrotoluene (Coleburn and T. P. Liddiard 1966; Coleburn 1970; Golovina,
Titkov, Raevskii and Atovmyan 1994; Stevens, Velisavljevic, Hooks and Dattel-
baum 2008), ethanol (Brown, Slutsky, Nelson and Cheng 1988), benzene (Cox
1958; Bacon, Curry and Wilson 1964; Jeffrey, Ruble, McMullan and Pople 1987),
urea (Fischer and Zarembow 1970; Swaminathan, Craven and McMullan 1984;
Haussuhl 2001), cyclohexa-2,5-diene-1,4-dione (Boldyreva 2003) (p-quinone), Benzene-
1,3-diol (resorcinol) (Day, Price and Leslie 2001), g-glycine (Boldyreva 2008).

There is a drastic effect on the results obtained from VdW as opposed to neglect
of dispersion. Although the difference in the bulk modulus is still bigger than
18%, the small discrepancy (below 5%) between the predicted equilibrium volume
and the one used for reference in the initial calculations, indicates that an empirical
correction can be further refined to yield values closer to experimental ones, without
sacrificing computational time.
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Table 7: Effect of VdW correction to DFT energies in the calculation of elastic
constants. Values are in GPa. Volume in A3

C11 C33 C22 V
PETN-NOV 17.67 5.51 - 696.05
PETN-VDW 33.32 11.90 - 609.84
PETN-EXP 23.11 17.35 - 574.64
NM-NOV 58.68 5.25 2.36 254.11
NM-VDW 71.92 9.42 6.06 297.19

Resorcinol-VdW 26.68 57.23 41.96 490.61
Resorcinol-exp 8.60 19.50 28.80 534.70

3 Classical Force Field Based Simulations

Models like the Hugoniot equation have been applied to the processing of energetic
materials(Firsich 1984; Sun, Garimella, Singh and Naik 2005), and the effect of
detonation in pressure shock-waves has been investigated (Novozhilov 2005; Pat-
terson, Lagutchev, Hambir, Huang, Yu and Dlott 2005; Urtiew and Tarver 2005).
To this regard, constitutive relationships, like isotherms and isobars, can be ob-
tained for the unreacted crystal by means of molecular dynamics methods. We
have performed molecular mechanics and molecular dynamics calculations with
the DREIDING force fields (Mayo, Olafson and Goddard 1988) as well as the
following force fields; CVFF (Hagler, Huler and Lifson 1974; Hagler and Lifson
1974; Hagler, Dauber and Lifson 1979; Hagler, Lifson and Dauber 1979; Lifson,
Hagler and Dauber 1979; Kitson and Hagler 1988; Kitson and Hagler 1988; Pnina
Dauber-Osguthorpe 1988), Compass (David Rigby 1997; Sun and Rigby 1997; Sun
1998; Sun, Ren and Fried 1998) and Universal (Rappe, Casewit, Colwell, Goddard
and Skiff 1992).

Whenever the force field assigned atomic charges were not available (i.e. Uni-
versal, DREIDING), a charge equilibration method: the QEq method (Rappe and
Goddard 1991) employed for charge assignments. For these simulations, with the
Isothermal Isobaric ensemble (NPT) the code LAMMPS (Plimpton 1995), Cerius2
and Materials Studio have been used. Multiple in-house scripts and codes have
been developed to analyze and perform data analysis.

We have found that for the pressures closer to ambient conditions, NM will have
the largest thermal expansion.

In common applications, compression of EM’s with a polymeric binder facilitates
casting and machining. This is usually done with a small weight percent of binder
included in the formulation. For example, composition LX-16 has 96%w PETN
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and the rest as polymer binder (1980). Heterogeneities in the microstructure of
polymer-bonded explosives raise difficulties in understanding trends like sensitiv-
ity and mechanical properties, as compared to the homogeneous material. Unlike
other systems, e.g.; metals, the effect of plasticity in detonation properties of ener-
getic materials remains a nascent topic; processing parameters can have an effect in
the sensitivity of the energetic materials. Crystals purified with different solvents,
e.g.; cyclohexanone or acetone, will produce different number of cavities and voids
(Lionel Borne 1999), and become sources of dislocations. Changing from cyclo-
hexanol/ethanol to γ-butyrolactone/water change the crystallization morphology of
RDX from small crystallites to dendrites (Antoine E. D. M. van der Heijden 2008).
The effect of the void and vacancy concentration has been suggested to have an
effect in the sensitivity of systems like RDX and HMX (Ruth M. Doherty 2008).
Crystallization conditions will also have an effect on the specific morphology of
the grown crystal habit (Zepeda-Ruiz, Maiti, Gee, Gilmer and Weeks 2006).

Understanding the thermodynamic and elastic effects in sensitivity can help tailor
some of the applications of EM’s to the civilian realms..(Lozano and Fernandez
2007), and also reduce associated hazard of transporting and handling of the mate-
rials. The prepared crystals are usually compressed to achieve high density either
with other type of energetic materials, or with a plastic binder. Detonation pressure
for a given system will depend (Hartmut Kröber 2008) on the density of the mate-
rial; therefore, compression to achieve high density in this binder-energetic material
matrix is performed. Since there is a small weight percent of plastic binder, stresses
localization caused by the close contact of different crystal faces can be expected,
specially under conditions of high stress rate (as in direct impacts) or supersonic
shock strains.

3.1 Effects of Defects in Energetic Materials.

It has already been shown that defects have an effect on the sensitivity to impact
of the energetic materials. We want to explore the effect of crystal defects on the
anisotropic mechanical response of the energetic materials under both hydrostatic
and axial compression, and with the application of shock. It has been suggested
that grain size and orientation more than void concentration can have an effect on
the detonation pressure of some energetic materials (Czerski and Proud 2007; Lan-
derville, Oleynik and White 2009). By means of molecular dynamics simulations,
we show the results of the studies on a commonly used secondary explosive; PETN,
which has an anisotropic response to shock detonation. The goal is to understand
the role of deformation mechanisms in the initiation of the energetic materials.

The slip plane has been suggested as the (110) plane, with possible Burgers vectors
in <111> (Gallagher, Halfpenny, Miller, Sherwood and Tabor 1992), other studies
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suggest the formation of a slip system in [110](001) (Dick 1984). By means of layer
projection, we have created large super cells (up to 868 molecules) of the latter, and
studied by means of molecular mechanics and molecular dynamics simulations.
Creation of the [110]- and [001]- layers with 3-D periodic boundary condition was
performed initially on the single crystal system. This layers were then expanded to
a matching length of ca. 35 A per side. Stacking along the z-axis of the [001] was
used for alignment. This created the first set of bi-crystals for simulation. After
the results of molecular dynamics simulations were obtained, a larger grain system
was set up. In this case the z-direction was doubled in size, with the intention of
reducing the finite size effects of the stacking fault in the grain system. The crystal
packing of PETN facilitates identification of a discrete number of layers on each
side of the grain system.

In order to assess the quality of the force fields, molecular dynamics simulations
have been performed in a large (4x4x6) super cell of PETN. The initial applied tem-
perature (50K) was ramped in increments of 50K up to a value of 550K. Averages
were obtained for the last 40 ps from the 60 ps run. Equilibrium volumes at 300K
(621 Å3) are comparable to the experimental reported values(Booth and Llewellyn
1947).

From these runs initial structures of obtained for the succeeding molecular dynam-
ics simulations to obtain the relaxed system’s energies, at 50, 250 and 300K. The
initial 50K temperature is employed in order increase the temperature gradually of
the system to the target value of 300K. There is already a change in the density of
the material when prepared along one phase, as compared to the denser packing
found in the [110] direction. There is a stacking fault caused by the atom mismatch
in the inter-planar spacing of the [110] direction as compared to the [100] direction.

The surface energy is calculated using the following formula:

∆E = E1−nE0 (12)

Here E1 indicates the grain system energy, Eo the minimum energy per face (Eo/2)
and n is the number of molecules in the system.

From molecular mechanics calculations, which were iterated up to 2000 steps, with
a convergence on the energy of 10−3 Kcal/mol and a convergence on the forces of
0.5 Kcal/mol/Å, we are able to obtain the energetic of the formation of the system.
The first set of results can be observed in the following figure.

Molecular Dynamics Simulations show also a positive energy of formation for the
interface. In here, we have been able to construct a thicker bi-crystal. We can see
a change in the energy profile close to 9. Closer inspection of the structures shows
a change in the crystal orientation, caused by the plane mismatch. We see also a
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Figure 12: Vibrational spectra of NM, (IR region), corresponding pressure of 13.55
GPa.

reduction in the total energy with respect of temperature.

At the interface, there seems to be a larger number density of nitro groups expand-
ing from the [110] crystal, this could explain the increased reactivity observed for
compressions along this direction. Formation of the grain system shows an initial
change in the density of material, although the density increases to with the number
of layers, it is not expected to reach the value of the defect free system.

After the initial observation of the effect of crystal orientation and sensitivity found
in PETN by Dick(Dick 1984), a model of steric hindrance was put forward. In this
model, it is assumed that sensitivity will be related to the number of intermolecular
close contacts that can be found when straining along a particular direction. Based
on surface etchings, Sherwood (Gallagher, Halfpenny et al. 1992) has reported a
Burgers vector as b<1,-1,1> and a length of 1.48 nm. Their study has concluded
that for the suggested slip system, steric hindrance would be limited to half as the
one observed in our studied system; Although both in the early reports by Dick and
Sherwood, acknowledge is made to the high number of intermolecular contacts
is made in the (110)(001) grain system, no further discussion is presented. Our
simulations indicate that possible smaller Burgers vector can be realized for this
type of grain.

4 Ab initio Molecular Dynamics Simulations

The specific properties of high performance and sensitivity have to be considered
for stable energetic materials. Higher risk efforts are underway to explore the pos-
sibility of meta-stable energetic materials. There has been extensive research to
measure the kinetics and elucidate the mechanism of their decomposition for a long
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time. The study of thermal decomposition mechanism is essential to engineering
design and fundamental to the design and optimization of materials. The kinetics
of thermal decomposition is expected to illustrate the mechanisms of initiation and
stability. In this section, we will focus on the decomposition pathways in gas-phase
and investigate their thermodynamic properties in condense phase, from molecular
dynamics simulations within a ‘first principles’ methodology.

C–NO2 bond rupture is often suggested as an initial step in the thermal decom-
position of nitro compounds, because the attachment of nitro groups is relatively
weak(Manaa and Fried 1998; Manaa, Reed, Fried and Goldman 2009). The C–N
bond dissociates without an apparent transition state structure, and affords two rad-
icals. The calculated reaction enthalpy for gas-phase nitroethane to form radicals
is 56.1 kcal/mol at the B3LYP/6-31+G(d) level. To better understand the C–NO2
bond rupture, a detailed reaction profile was calculated as a function of C–NO2
bond length.

The converged (10−7 atomic units (au)) wavefunctions from the initial position
were used as initial guess for the first Car-Parrinello molecular dynamics run. Since
the initial gradients can be very large, an initial kinetic energy of 50K was used.
Atoms were allowed to move, and then the kinetic energy was slowly removed.
From this “annealing” procedure an equilibrium configuration of the electron den-
sity and ionic positions was obtained. The electronic density for each atom was
used for the Parrinello-Rahman microcanonical ensemble simulations that followed
the damping run.

 

Figure 13: Isotherms for PETN(left), NM(centre), and TATB (right)

An initial equilibration run of 2000 steps, with a step size of 4 au (1 au= 0.024188843
femtoseconds). Then a longer run of 2000 steps, with velocity scaling of 200 K was
realized, All at 50K and doubled initial temperature. We see from the instantaneous
values (Figure 19) that the system is closer to its equilibrium configuration. The
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Figure 14: Structure Parameters of TATB at different pressures.

conserved energy (E-con) is in fact stable ca. -225.1261 Hartree. From these simu-
lations we can extract the average value of the electronic (fictitious) kinetic energy,
and use as input for constant temperature simulations, with Nose thermostats for
the ions and the electrons. This simulation can further be used to obtain equilibrium
values and averages at higher temperatures. An upper limit of 300K is proposed,
with increments of 50K and averages of 80000 steps.

At the detonation transition, the temperature of NM has been estimated(Bouyer,
Darbord, Hervé, Baudin, Le Gallic, Clément and Chavent 2006) as 2500K Tem-
peratures in excess of 104 K have been found (Tarasov, Karpenko, Sudovtsov and
Tolshmyakov 2007) in compressed air inside detonating PETN.

After the equilibrium volumes were found, a larger Nitroethane cell was con-
structed, with an approximate density of that of the liquid (1g/cm3). Here again
the challenge was first to obtain an appropriate wavefunction to be used in calcu-
lations at higher temperatures. The obtained wavefunction was used as input to
perform car-parrinello molecular dynamics at constant volume and energy. This
procedure applied to explore determining any or which chemical reactions occur-
ring at a given elevated temperature.

From the different snapshots taken at this initial step, we see even at the lower
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Figure 15: [110] plane (TOP) and [001] layer of PETN. Bottom: [110][001] Grain
boundary system of PETN

 

Figure 16: Change in energy and density with respect of number of layers (left), 8
layers system observed from the [001] direction.(right)
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Figure 17: Change in Energy with respect to bi-crystal thickness
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Figure 18: Interface at the [001] direction (LEFT) and the [110] plane(RIGHT),
snapshot from the MD simulation at 250K. Oxygen atoms represented in red, ni-
trogen in blue and carbon as gray (hydrogen is white)

 

Figure 19: Internal energy of NE as a function of temperature (LEFT); Instanta-
neous values for the components of energy for 2000 steps of MD simulation of
Nitroethane.

temperature of 1000 K, that the initial bond to break is the NO2-ethylene bond.
Mulliken population analysis shows a large positive charge on nitrogen (0.65) and
a large negative charge on the nearest carbon, -0.67. The Mayer bond order for this
atom is less than one (0.68), indicating a looser interaction as in a regular sp3 bond.

In a recent study, Mathews et al (Mathews and Ball 2009) analyzed the optimized
bond lengths and structures of amino substituted nitroethanes, their equilibrium
bond distances were never in excess of 1.7 Å. Kwok have suggested a very fast
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Figure 20: Running average of the larger 15 molecule NVE simulation run (left).
Electrostatic potential mapped into the molecular charge density isosurface (0.16
Hartree).

transfer from an exited NO2 to the C-N bond as this was suggested as the primary
mechanism as studied from Raman spectra (Kwok, Hung and Phillips 1996). Our
results indeed find that even in the initial phases of equilibration, NO2 bond scission
occurs for temperatures of 2000K.

5 Concluding Remarks

Based on known compounds, current theoretical calculations are made to design
new possible compounds with desirable properties (Kim, Lee, Hyun, Park, Kwack,
Kim, Lee and Lee 2004; Zhang, Shu et al. 2005; Zhang, Liu and Lv 2005). Al-
though up until 2004 results using the Hartree-Fock method were usually reported;
this has largely evolved to the uses of larger basis sets and exchange correlation
functions within the density functional theory (DFT) formalism. Latter use of
molecular dynamics and other atomistic level modeling has shown of use when
studying the effects of temperature and defects.

Although the value of the C11 constant correlate directly with the experimentally
observed sensitivity of the particular systems, (namely TATB > Fox-7 > RDX >
b-HM > PETN > NM, TATB, being the most insensitive), prediction of the reactiv-
ity and sensitivity of an explosive is complex since it depends on the interaction of
mechanical, chemical and thermodynamic conditions. For a perfectly symmetric
crystal, compression up to close the initiation pressure showed no signs of me-
chanical instability. Adiabatic compression showed the largest change in energy
for β -HMX. We can correlate this energy requirement with the trend in sensitivity
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β -HMX<PETN<NM. Through the calculation of the effect of pressure upon band-
gap closing, we can conclude that metallization as the initiation step in an adiabatic
uniaxial compression of a perfect crystal can be excluded.

In addition to this, fractures along a given plane can act as energy barriers and
hinder a complete reaction, causing unexpected behavior in some cases.

We have studied the [110][001] system in PETN. Γ surface calculations showed
interaction in the surface of these grains up to molecular layers. Observed changes
in density resulting from the stacking of two grains can have an effect on the det-
onation pressure. Molecular dynamics simulations have shown the effect of tem-
perature. Constant temperature constant pressure dynamics on large systems have
shown a higher number of nitro groups oscillating at the interface. Comparison
with other types of systems could provide information about the effect of higher
nitro number density in the reactivity and sensitivity to detonation. The observa-
tion of the increased stability with respect to applied temperature could indicate the
formation of this interface at extreme conditions available through compression or
heating. Quenching to lower temperatures would nonetheless render the interface
unstable.

Explicit modeling of the electronic degrees of freedom at finite temperatures has
emerged as a possibility within the Car-Parrinello method. Here, dynamic behav-
ior at different temperatures that govern the behavior of energetic materials can
be studied. Processes like hydrogen bonding, structure evolution and preferential
conformations can be easily observed. In our particular case study, fission of the
C-NO2 bond is identified as the initial step of nitroethane thermal decomposition.
This is confirmed by Mulliken population analysis.

With regard to novel high energy compounds, multiscale modeling could be applied
to the study of nitrogen rich compounds (triazolium salts, and their amino and azido
substituted relative compounds) and the effects of the structure. The family of nitro-
gen rich extended ring systems, triazolim, tetrazolium, by-ciclic salts, utropinium,
and tetrazine can be compared. These higher volume salts seem to have increased
stability to air, light and a low temperature emission. It has been commonly stated
that strain in the molecular structure can be related to the detonation pressure and
pressure velocity. Elasticity measurements for these compounds will be of spe-
cial interest for compounds like cubane and azetidinium based compounds, versus
aromatic nitrogen salts, like imidazole based compounds.
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Uludogan, M., Çaǧın, T., Goddard W.A. (2006): First Principles Approach to
BaTiO3 Turk. J. Phys. 30, 277-285.

Uludogan, M., Guarin, D.P., Gomez, Z. E., Çaǧın, T., Goddard W.A. (2008):
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