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In the present work we have focused our attention  
towards the complete description of structural proper-
ties of energetic solids, namely inorganic azides,  
secondary explosives and oxidizers through density 
functional theory-based calculations. We find large 
deviations in structural parameters calculated with 
the standard exchange-correlation functional such as 
local density approximation and generalized gradient 
approximation (GGA). On the other hand, dispersion-
corrected density functional of (GGA + G06) describes 
the crystal structure of the energetic solids with good 
accuracy. This leads to the fact that the dispersion-
corrected density functionals are essential to describe 
the crystal structure and thereby the related physical 
and chemical properties of the energetic solids.  
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Introduction 

SOLID energetic materials find numerous applications as 
explosives and fuels in defence, space and civilian sec-
tors1. The performance characteristics of energetic  
materials can be assessed by looking at their sensitivity 
towards external stimuli and other properties such as 
detonation pressure and detonation velocity which solely 
depend upon the crystal density and crystal structure2. 
Thus for any energetic system, the accurate crystal struc-
ture description is mandatory to assess the fundamental 
properties related to its performance. In general, the cry-
stal structure of energetic materials consists of molecular 
units composed of a large number of atoms. These mole-
cular units bind through weak dispersive or van der 
Waals interactions3,4. As the energetic systems contain a 
large number of atoms and complex chemical bonding, 
simulation of these kinds of molecular solids is a con-
tinuous challenge. 
 Density functional theory (DFT) is a successful tool in 
simulating and predicting the physical and chemical 
properties of a wide spectrum of materials5,6. In many 
cases the results obtained through DFT calculations are in 
reasonable agreement with experimental data. However, 

most of the energetic materials have complicated crystal 
structures with weak intermolecular interactions and 
hence the investigation of different physical and chemical 
properties of energetic materials through DFT is really a 
challenging task7. Byrd et al.8 have applied DFT to pre-
dict the structural properties of various energetic materi-
als at ambient conditions. However, the predicted lattice 
parameters had large errors relative to the experiments. 
This is due to the fact that the usual DFT-based  
exchange-correlation functionals obtained within the  
local density approximation (LDA) and generalized gra-
dient approximation (GGA) are not accurate enough to 
describe the systems having very small electronic overlap 
between the constituent atoms. Nevertheless, DFT can 
predict the lattice parameters of the energetic materials 
that are in close agreement with experiments provided the 
exchange-correlation functionals are corrected to describe 
the weak intermolecular interactions9–14.  
 In this present study, we have considered three kinds of 
energetic materials, namely inorganic azides NaN3, 
Ca(N3)2, Sr(N3)2; secondary explosives nitromethane 
(CH3NO2), HMX (C4H8N8O8), FOX-7 (C2H4N4O4) and 
oxidizers LiNO3, NaNO3 and KNO3. The motivation  
behind choosing these three categories is the following: 
inorganic azides can be used as gas generators and also 
they are potential precursors to synthesize polymeric  
nitrogen, which is considered to be an ultimate green 
high-energy density material15. On the other hand, the 
secondary explosives are highly energetic systems and 
are used in war heads16. Oxidizers are oxygen-rich solids 
that decompose at moderate-to-high temperatures liberat-
ing oxygen gas17. The concentration of oxygen within an 
explosive or oxidizer is represented by a term known as 
‘oxygen balance’, which is an important parameter for 
identifying its potential as an explosive or oxidizer. In 
general, the secondary explosives like HMX (–21.62%), 
and RDX (C3H6N6O6) (–21.6%) have oxygen deficiency 
and hence it is necessary to bind an oxidizer to the explo-
sive18. The alkali metal nitrates LiNO3, NaNO3 and KNO3 
can act as oxidizers with positive oxygen balance 58.1%, 
47.1% and 39.6% respectively. They find applications as 
fertilizers, pyrotechnical compositions, and industrial  
explosives and in black powder18. To the best of our 
knowledge the complete description of the crystal structure 
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of these energetic materials is not presented in detail at 
the ab initio level. Hence we focused our attention  
towards the description of the crystal structure of these 
energetic solids by recently developed density functional 
methods. The remainder of the article is organized as fol-
lows: in the next sections we discuss the computational 
details followed by results and discussion. In the final 
section we give a brief conclusion of the present study.  

Computational details 

DFT calculations were performed with the Cambridge 
Sequential Total Energy Package (CASTEP) program  
using Vanderbilt-type ultrasoft pseudopotentials and a 
plane wave expansion of the wave functions19,20. The 
crystal structures were relaxed using the Broyden, 
Fletcher, Goldfarb and Shannon (BFGS) method21.  
Exchange-correlation (XC) potential of Ceperley and Al-
der22, parameterized by Perdew and Zunger23 (CA-PZ) in 
LDA and also GGA in Perdew–Burke–Ernzerhof (PBE)24 
were used. The Monkhorst–Pack scheme k-point sam-
pling was used for integration over the Brillouin zone25. 
The plane wave cut-off energy and k-point grid of 520 eV 
and 5  8  5 k-point mesh for NaN3 and 410 eV and 
3  3  4 for Ca(N3)2, Sr(N3)2 were used. The plane wave 
cut-off energy and k-point grid of 650 eV, 6  5  4, 
540 eV, 5  2  3 and 520 eV, 5  5  3 were used for ni-
tromethane, HMX and FOX-7 respectively. Whereas for 
LiNO3, NaNO3 and KNO3, the plane wave cut-off and  
k-point grid of 700 eV and 6  6  6 for (Li/Na)NO3 and 
5  3  4 for KNO3 were used. In the geometry relaxa-
tion, the self-consistent convergence on the total energy 
is 5  10–6 eV/atom and the maximum force on the atom 
is found to be 0.03 eV/atom. 

Dispersion corrections to DFT 

Non-covalent forces such as van der Waals (vdW) inter-
actions are crucial for the formation, stability and func-
tion of molecules and materials. The correct long-range 
interactions, for example, interactions in the case of sepa-
rated molecules, are absent from all popular local-density 
and gradient-corrected XC functionals of DFT. To treat 
these interactions efficiently, there exists a variety of  
hybrid, semi-empirical solutions that introduce damped 
atom-pairwise dispersion corrections of the form C6R−6 in 
the DFT formalism. The most well-known schemes were 
put forward by Grimme (GGA + G06)26. According to the 
semi-empirical dispersion correction approach, the total 
energy of the system can be expressed as 
 

 Etotal = EDFT + EDisp, 

where  
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Here C6,i j is called dispersion coefficient between any 
atom pair i and j, which solely depends upon the material 
and Ri j is the distance between the atoms i and j respec-
tively. Differences between DFT exchange-correlation 
functionals in the description of short to medium-range 
dispersion interaction are taken into account by a suitable 
modification of the correction potential through the para-
meters SR. 

Results and discussion 

Inorganic metal azides 

Sodium azide crystallizes in monoclinic structure with 
C2/m space group and contains two formula units per unit 
cell (z = 2)27, while both Ca(N3)2 and Sr(N3)2 are isomor-
phic28 and crystallize in orthorhombic structure29, with 
eight formula units per cell (z = 8). The equilibrium cry-
stal structure of the metal azides is achieved using three 
different functional, namely LDA (CA-PZ), GGA (PBE) 
and GGA + G06. The optimized crystal structures within 
GGA + G06 functional are shown in Figure 1. The opti-
mized lattice parameters of the three azide systems are 
shown in Table 1. The computed crystal volume is under-
estimated by 9.5% for NaN3, 3.8% for Ca(N3)2 and 3.9% 
for Sr(N3)2 in the CA-PZ-based computation. Whereas 
the PBE volume is overestimated by 7.9% for NaN3, 
7.9% for Ca(N3)2 and 8.5% for Sr(N3)2 respectively. The 
errors in computed equilibrium volume can be attributed 
to the fact that both functionals are inadequate to treat the 
weak dispersive forces present between the azide ions. 
The theoretical equilibrium volume calculated with 
GGA + G06 functional is underestimated by 0.08% for 
NaN3 and overestimated by 3.5% for Ca(N3)2 and Sr(N3)2 
respectively. It can be clearly seen that the DFT corrected 
with van der Waals interactions describes well the crystal 
structure of the studied inorganic metal azide systems.  
 
 
Table 1. Equilibrium structural parameters of inorganic metal azides 
NaN3, Ca(N3)2 and Sr(N3)2 calculated within LDA, GGA and GGA + 
  G06 functionals 

Compound  Method a(Å) b(Å) c(Å)   V (Å3) 
 

NaN3 LDA 5.868 3.568 5.081 102.5 103.8 
 GGA 6.446 3.748 5.473 110.3 123.9 
 GGA + G06 6.217 3.647 5.229 104.7 114.7 
 Expt27 6.211 3.658 5.323 108.4 114.8 
 
Ca(N3)2 LDA 10.802 10.882 5.879 – 691.1 
 GGA 11.537 11.148 6.028 – 775.3 
 GGA + G06 11.229 11.074 6.002 – 746.4 
 Expt28 11.620 10.920 5.660 – 718.2 
 
Sr(N3)2 LDA 11.404 11.429 6.083 – 792.8 
 GGA  12.283 11.706 6.229 – 895.5 
 GGA + G06 11.842 11.650 6.191 – 854.1  
 Expt29 6.941 6.569 11.315 – 824.9 
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Figure 1. a, Optimized monoclinic crystal structure of NaN3 using GGA + G06 functional. b, Optimized ortho-
rhombic crystal structure of M(N3)2 (M = Ca, Sr) using GGA + G06 functional. Violet colour ball represents Na, 
green colour ball represents Ca or Sr and blue colour ball represents N atom respectively.  

 
 

Table 2. Equilibrium structural parameters of secondary explosives 
  calculated within LDA, GGA and GGA+G06 functionals 

Compound  Method a(Å) b(Å) c(Å)   V(Å3) 
 

Nitromethane LDA 4.906 6.034  8.102 – 239.82 
 GGA 5.471 6.731  9.102 – 334.59 
 GGA + G06 5.193 6.287  8.577 – 280.01 
 Expt30 5.183 6.235  8.518 – 275.31 
 
HMX LDA 6.377 10.299  8.507 124.63 459.81 
 GGA 6.954 11.625  8.921 122.23 610.10 
 GGA + G06 6.561 10.940  8.712 124.31 516.13 
 Expt31 6.540 11.050  8.700 124.30 519.39 
 
FOX7 LDA 6.747 6.206 11.047 90.62 462.51 
 GGA 7.226 7.777 11.648 92.02 654.22 
 GGA + G06 6.998 6.516 11.305 91.23 515.45 
 Expt32 6.941 6.569 11.315 90.55 515.89 

 

Secondary explosives 

Nitromethane (CH3NO2) is one of the simplest molecular 
crystals which belongs to the class of secondary explo-
sives. It is a solid at low temperature of around 4.2 K and 
crystallizes in an orthorhombic structure with space 
group P212121 (Figure 2)30. 1,3,5,7-Tetranitro-1,3,5,7-
tetraazacyclooctane (HMX, C4H8N8O8) is a secondary 
explosive belonging to the nitramine group and exists in 
four polymorphic phases – , ,  and . Of these, -
HMX is the stable phase at low and ambient tempera-
tures, and crystallizes in monoclinic structure with two 
molecules per unit cell31. The experimental crystal struc-
ture of -HMX is shown in Figure 2. FOX-7 (1,1-
diamino-2,2-dinitroethene, C2H4N4O4) is a layered mo-
lecular crystal with monoclinic structure belonging to the 
space group P21/n and contains four molecules (56  
atoms) per unit cell32. In order to perform complete struc-
tural optimization of these three compounds, we have 

started with the experimental lattice parameters as shown 
in Table 2. The obtained equilibrium lattice parameters 
are compared with experiments (Table 2). From Table 2, 
large overestimation with GGA (above 20%) and under-
estimation with LDA (around 10%) were observed for the 
three compounds. However, GGA + G06 functional im-
proved the volumes as well as lattice parameters with a 
greater extent than standard DFT functionals. The com-
puted values within GGA + G06 functional are in close 
agreement with experiments with a variation of 0.5–2%. 
 In the case of FOX-7, we found a large difference in 
the calculated and experimental volumes with both LDA 
(underestimated around 10%) and GGA (overestimated 
around 27% with PBE) functionals. Also, by comparing 
the three calculated lattice parameters of monoclinic 
FOX-7 unit cell, we have observed large deviation for  
b-lattice parameter compared to the other two parameters. 
This is because FOX-7 is a layered molecular system 
with the presence of weak vdW forces between the layers 
along b-axis of the lattice (Figure 2) which the usual den-
sity functionals are inadequate to account. This inconsis-
tency between the experiments and calculated results 
from standard DFT functionals was overcome with vdW-
corrected DFT functional GGA + G06. The calculated 
lattice parameter b is now in good agreement with the ex-
perimental value with 0.6% accuracy. In addition, the 
calculated volume also improves to a greater extent with 
0.1% less compared with experiments.  

Oxidizers 

At room temperature, LiNO3 (ref. 33) and NaNO3 (ref. 
34) crystallize in the trigonal structure with space group 
R3c  and six formula units per unit cell (z = 6), whereas 
KNO3 crystallizes in the primitive orthorhombic structure 
with space group Pmcn and four formula units per unit 
cell (z = 4)35. For these materials also we have performed 
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Figure 2. Crystal structure of secondary explosive systems. Grey, white, blue and red balls represent C, H, N and O atoms respectively. 
 
 

 
 

Figure 3. Equilibrium crystal structures of MeNO3 (Me = Li, Na) 
(left) in Y–Z plane and KNO3 (right) in X–Y plane. The brown, violet, 
red and blue colours represent Li or Na, K, O and N atoms respectively.  
 
 

Table 3. Equilibrium structural parameters of oxidizers calculated 
  within LDA, GGA and GGA + G06 functionals 

Compound  Method a(Å) b(Å) c(Å) V(Å3) 
 

LiNO3 LDA 4.594 4.594 14.294 261.20 
 GGA 4.791 4.791 15.514 308.35 
 GGA + G06 4.752 4.752 15.227 297.73 
 Expt33 4.692 4.692 15.215 290.08 
 
NaNO3 LDA 5.035 5.035 15.506 340.43 
 GGA 5.195 5.195 17.091 399.42 
 GGA + G06 5.175 5.175 16.593 384.91 
 Expt34 5.070 5.070 16.822 374.49 
 
KNO3 LDA 5.241 8.859  5.877 272.91 
 GGA 5.482 9.252  6.620 335.78 
 GGA + G06 5.440 9.251  6.298 316.96 
 Expt35 5.414 9.165  6.430 319.12 

 
full structural optimization to get equilibrium crystal 
structure. The calculated volumes are underestimated by 
about 9–15% with LDA and overestimated about 5–6.5% 
with GGA-PBE. Our LDA values are consistent with pre-

vious theoretical calculations36,37 on KNO3. The obtained 
ground-state lattice parameters using standard LDA/GGA 
functionals show a large deviation from the experi-
ments35–37. Since the molecules within the unit cell bind 
through weak vdW forces and these non-local forces can 
be treated effectively with the semi-empirical dispersion 
correction methods, we have calculated the structural 
properties using GGA + G06 functional. However, the 
obtained volumes using G06 scheme deviate only by 0.7–
2.8% and the equilibrium crystal structures within G06 
are shown in Figure 3. Therefore, the GGA + G06 func-
tional is successful in reproducing the structural proper-
ties of these molecular oxidizers in contrast to standard 
DFT functionals as shown in Table 3. 

Conclusions 

The present study explores the structural properties of  
energetic solids, namely inorganic azides, secondary  
explosives and oxidizers by performing the DFT calcula-
tions. We find that the crystal structure of the studied  
materials is well described by the dispersion-corrected 
functional with small errors of the order of below 2%. 
Whereas the usual density functionals such as LDA and 
GGA result in large errors of the order of above 6% on 
average for all the compounds. The present study con-
cludes that the dispersion-corrected functionals are essen-
tial for proper description of the energetic solids.  
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