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Structures, mechanical properties, equations of
state, and electronic properties of b-HMX under
hydrostatic pressures: a DFT-D2 study
Qing Peng,*a Rahul,a Guangyu Wang,b Gui-Rong Liub and Suvranu Dea
We report the hydrostatic compression studies of the b-polymorph of a cyclotetramethylene tetranitramine
(HMX) energetic molecular crystal using DFT-D2, a first-principles calculation based on density functional
theory (DFT) with van der Waals (vdW) corrections. The molecular structure, mechanical properties,
electronic properties, and equations of state of b-HMX are investigated. For the first time, we predict the
elastic constants of b-HMX using DFT-D2 studies. The equations of state under hydrostatic compression
are studied for pressures up to 100 GPa. We found that the N–N bonds along the minor axis are
responsible for the sensitivity of b-HMX. The analysis of the charge distribution shows that the electronic
charge is transferred from hydrogen atoms to nitro groups with the amount of 0.131 and 0.064e for
the nitro groups along the minor axis and major axis, respectively, when pressure changes from
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0 GPa to 100 GPa. The electronic energy band gap changes from direct at a pressure of 0 GPa to
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pressure, implying that the impact sensitivity increases with compression. Our study suggests that the
van der Waals interactions are critically important in modeling the mechanical properties of this
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molecular crystal.

indirect at a pressure of 50 GPa and higher. The band gap decreases with respect to an increase in

1 Introduction
Density is one of the most important physical properties of
solid energetic materials1,2 because it determines the detonation velocity and detonation pressure, which are used to assess
the potential performance of energetic materials.3 In addition,
density plays an important role in the equations of state
describing thermodynamic properties, which can be used to
describe materials at a continuum level.4 Despite its importance, the accurate prediction of the densities of energetic
materials is challenging.5 Although first-principles calculations
based on density functional theory (DFT) provide overall better
predictive power than force field models, they fail in predicting
densities of energetic materials with standard approximations,
partially due to their poor descriptions of dispersion forces in
molecular crystals.6–10
There are extensive studies to improve the modeling of
dispersion interactions or van der Waals (vdW) interactions.
These studies can be classified into two approaches. One approach
is the modification of the exchange–correlation functionals in
a
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the standard DFT formula.11–13 The other approach is to add an
energy term for empirical corrections to the total energy.14–23
The latter approach is more popular since it takes much less
computing resources than the former, within the acceptable
accuracy. Although there are dramatic improvements referring
to standard DFT calculations, previous modeling8,24,25 with
vdW corrections in the DFT-D1 method14 still shows considerable errors in densities compared to experiments. A significant
improvement in the prediction of equilibrium densities and
isothermal equations of state for hydrostatic compression of
energetic materials at nonzero Kelvin temperatures was achieved
by combining van der Waals corrections with thermal and zeropoint energy corrections (denoted DFT-D1-T method).4 However,
substantial complexity and computing demand associated with
the reported DFT-D1-T method render its application impractical
for large systems. The DFT-D2 method16 is a revised version of
the DFT-D1 method14 and has a considerable improvement over
its predecessor with negligible extra computing demand compared to the standard DFT calculations. Its application in studying
the structural properties and equations of state of b-HMX under
high pressure needs further investigation.
HMX, also known as octahydro-1,3,5,7-tetranitro-1,3,5,7tetrazocine, is an important secondary explosive that is most
commonly used in polymer-bonded explosives and as a solid
rocket propellant. The HMX molecular crystal exists as three
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Fig. 1 Geometry of b-HMX. (a) The unit cell of b-HMX containing two HMX
molecules with a ring-chain structure. The four carbon atoms (yellow) and
four nitrogen atoms form the ring-chain. (b) A molecule with a ring-chain
structure in the b-HMX crystal. The molecule is center-symmetric. The
N1–N3 and N2–N4 form the major and minor axes of the ring-chain structure,
respectively. The four carbon atoms are coplanar on the C4-plane. The four
nitrogen atoms on the ring-chain are also coplanar on the N4-plane. The
angle between C4-plane and N4-plane is 30.31.

pure crystallographic polymorphs a, b, and d phases. The P21/c
monoclinic b-phase molecular crystal (as shown in Fig. 1a) is
the thermodynamically most stable polymorph of HMX at room
temperature and has the highest density. A molecule with a
ring-chain structure in the b-HMX crystal is shown in Fig. 1b.
Due to its importance, HMX is subjected to extensive studies,
both experimental and theoretical. It is generally believed that
the b phase exists only below 375 K at ambient pressure, or at
room temperature with pressure below 10 GPa.
Here we model b-HMX using the DFT-D2 method,16 which
describes the van der Waals interactions as a simple pair-wise
force field. This method is chosen as a result of compromise
between two opposite considerations, accuracy and feasibility.
We investigate the molecular structure, mechanical properties,
and equations of state of b-HMX. To the best of our knowledge,
for the first time, we predict the elastic constants of b-HMX
using DFT-D2 calculations. The paper is organized as follows.
In Section II, we provide a detailed description of the method
and parameters used in this study. We discuss our results of
atomic structures and geometry, elastic properties, equations of
state, bulk modulus and their pressure derivatives, structural
and electronic properties under pressure in Section III, followed
by conclusion in Section IV.

PCCP

(KS-DFT)28,29 with the generalized gradient approximations
as parameterized by Perdew, Burke, and Ernzerhof (PBE) for
exchange–correlation functions.30 The electrons explicitly
included in the calculations are the 1s1 for hydrogen atoms,
2s22p4 electrons for carbon atoms, 2s22p5 for nitrogen atoms,
and 2s22p6 for oxygen atoms. The core electrons are replaced by
the projector augmented wave (PAW) and pseudo-potential
approaches.31,32 The kinetic-energy cutoff for the plane-wave
basis was selected to be 800 eV in this study. The calculations
are performed at zero Kelvin temperature.
The criterion to stop the relaxation of the electronic degrees
of freedom is set by total energy change to be smaller than
0.000001 eV. The optimized atomic geometry was achieved
through minimizing Hellmann–Feynman forces acting on each
atom until the maximum forces on the ions were smaller than
0.001 eV Å1. The atomic structures of all the deformed and
undeformed configurations were obtained by fully relaxing a
168-atom-unit cell. The simulation invokes periodic boundary
conditions for the three directions. The irreducible Brillouin
zone was sampled using a 5  3  4 gamma-centered k-mesh.
The initial charge densities were taken as a superposition of
atomic charge densities.
In the DFT-D2 method,16 the van der Waals interactions are
described using a pair-wise force field. Such a semi-empirical
dispersion potential is then added to the conventional Kohn–
Sham DFT energy as EDFT-D2 = EDFT + Edisp, such that
Edisp ¼ 

N X
N X
1X
C6;ij
fd;6 ðri j; LÞ;
2 i¼1 j¼1 L0 rij;L6

(1)

where N is the number of atoms. The summations go over all
atoms and all translations of the unit cell L = (l1, l2, l3). The
prime indicates that for L = 0, i a j. Cij,6 stands for the
dispersion coefficient for the atom pair ij. rij,L is the distance
between atom i in the reference cell L = 0 and atom j in the
cell L. f (r) is a damping function whose role is to scale the force
field such as to minimize contributions from interactions
within typical bonding distances r. Since the van der Waals
interactions decay quickly in the power of 6, the contributions
outside a certain suitably chosen cutoff radius are negligible.
The cutoff radius for pair interaction in this study is set to
30.0 Å. Here Fermi-type damping function is used as
 
s6

;
fd;6 rij ¼
(2)
r
ij

2 Density functional theory
calculations
We consider a conventional unit cell containing two HMX
molecules (56 atoms in total) under periodic boundary conditions, as depicted in Fig. 1. The total energies of the system,
forces on each atom, stress, and stress–strain relationship
of b-HMX under the desired deformation configurations are
characterized via first-principles calculations based on densityfunctional theory (DFT). DFT calculations were carried out
using the Vienna Ab initio Simulation Package (VASP),26,27
which is based on the Kohn–Sham density functional theory
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where S6 is the global scaling parameter. The global scaling
factor S6 = 0.75 is used for PBE exchange–correlation functions.
sR is fixed at 1.00. The damping parameter d = 20.0 is used.
Compared to the DFT-D2 method, the DFT-D1 method14 has
a few shortcomings: (1) it has parameters available only for
elements H, C–Ne. (2) There are systematic errors for calculations of molecules containing third-row elements. (3) It leads to
inconsistencies for thermochemistry due to double-counting
problem.16 In addition to overcoming these shortcomings,
DFT-D2 generalized the dispersion correction and improved
the accuracy. The newly developed DFT-D3 method advanced
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one more step using coordination number geometry dependent
dispersion coefficients that do not rely on atom connectivity
information.19 It also provides a consistent description of all
chemically relevant elements (nuclear charge 1–94). We tested
the DFT-D3 method for b-HMX and notice that it overshot the
density about 0.29%. We will focus on the DFT-D2 method in
this study.

3 Results and analysis
3.1

Atomic structure and geometry

We first optimize the geometry of the monoclinic crystal (also
shown in Fig. 1) by full relaxation of all the atoms and lattice
constants. The optimized lattice constants are: a = 6.542 Å,
b = 10.842 Å, c = 8.745 Å, a = g = 901, and b = 124.4131. For
the comparison, we also optimize the structure without the
van der Waals corrections. Our results of the lattice constants,
the volume of the unit cell, and the densities are summarized
in Table 1 and compared to the experiment and previous
theoretical results. Our optimized crystal structure is in the
space group of P21/c. The one non-standard cell commonly
used is P21/n which is derived from P21/c. The lattice vectors a0,
b0, and c0 in space group P21/n can be transformed to space
group P21/c as a = a0, b = b0, and c = a0 + b0.
Four experiments listed in Table 1 were in chronological
order. Choi and Boutin studied the crystal structure using
neutron diﬀraction,33 which is one of the early experimental
measurement and is widely accepted. Thus we take it as a
‘‘standard’’ experimental value in this study. Herrmann et al.34
measured the crystal structures under various temperatures
using X-ray diﬀraction. Yoo and Cynn examined the crystal
structures under pressure using a diamond-anvil cell, angleresolved synchrotron X-ray diﬀraction, and micro-Raman
spectroscopy.35 Recently, Deschamps et al. studied the thermal
expansion of b-HMX using X-ray diﬀraction and the crystal
structure data were reported in space group P21/n.9 The standard
deviations of the experimental measurements9,35 are also listed
in Table 1. Our standard DFT calculations without van der Waals
corrections agree well with the previous theoretical prediction.8
It shows that the standard DFT calculations give poor predictions. For example, the volume of the unit cell is 6.7% higher
than the experimental value. The prediction of the density of
b-HMX from our DFT-D2 calculations is more accurate, with a
diﬀerence of 1.47% compared to the experimental value.33

The accuracy is within the variation of experimental values,
which is 1.95% diﬀerence between Yoo’s and Choi’s measurements. This is a significant improvement over standard DFT
calculations without van der Waals corrections.
3.2

Elastic properties

We next calculate the elastic properties of b-HMX. The elastic
constants are the second derivatives of the total energy with
respect to strain. For the first time, we predict the elastic constants of b-HMX using the DFT-D2 method. Our results of all
13 elastic constants, in the standard Voigt notation,36 are listed
in Table 2, and compared with experiments. Three experiments
listed are in the reverse chronological order. Zaug firstly
reported 13 non-zero elastic constants using impulsive stimulated thermal scattering.37 Stevens and Eckhardt studied the
elastic constants using Brillouin scattering.38 Most recently
Sun et al. measured the second-order elastic constants using
impulsive stimulated thermal scattering.39 The standard deviations are shown in the parenthesis.
For a valid comparison, the Cartesian system to which the
elastic constants are referenced must be the same for all these
data sets. We used the reference system of the x and y axes
parallel to the a- and b-crystallographic axes, respectively,
which is the same as Stevens.38 Notice that the experimental
studies prefer using the P21/n space group to the standard P21/c
space group. The elastic constants in these two space groups
are identical except that Cc15 = Cn15, Cc25 = Cn25, Cc35 = Cn35, and
Cc46 = Cn46, where the supper index c refers to space group P21/c
and the super index n refers to space group P21/n. For a valid
comparison, we transformed our results of Ccij into the form of
Cnij (Table 2).
Overall, our results show that the prediction from standard
DFT studies is far oﬀ the experiments, but the prediction from
DFT-D2 agrees reasonably well with the experiments. For example,
the standard DFT calculation predicts C11 to be 75.1 GPa, whereas,
with van der Waals correction our DFT-D2 calculation gives
C11 = 29.3 GPa, which is much closer to the experimental value
of C11 that ranges from 18.41 GPa to 20.8 GPa with the average
value as 19.9 GPa. In addition to the large deviation of DFT
calculations, the signs of some of the elastic constants are
diﬀerent, indicating that the mechanical properties predicted
from standard DFT calculations are totally wrong. Thus the
van der Waals corrections must be considered in modeling the
mechanical properties of HMX using first-principles calculations.

Table 1 Geometry. Lattice constants a, b, c, lattice angle b, volume of the unit cell V, and density r predicted from DFT and DFT-D2 calculations,
compared with experiments and previous calculations. The numbers in parentheses are diﬀerences in percentage referring to the experimenta

Expt.a
Expt.b
Expt.c
Expt.d
DFT
DFT-D2
Theorye
a

Ref. 33.

b

a (Å)

b (Å)

c (Å)

b

V (Å3)

r (103 kg m3)

6.54
6.537
6.495(0.014)
6.5255(0.0010)
6.673(+2.03%)
6.542(+0.03%)
6.70(+2.45%)

11.05
11.054
10.952(0.010)
11.0369(0.0018)
11.312(+2.37%)
10.842(1.88%)
11.35(+2.71%)

8.70
8.7018
8.693(0.024)
7.3640(0.0012)
8.894(+2.23%)
8.745(+0.52%)
8.91(+2.41%)

124.30
124.443
124.53(0.20)
102.670(0.010)
124.395(+0.08%)
124.41(+0.09%)
124.13(0.14%)

519.39
518.558
509.44
517.45(0.14)
553.99(+6.66%)
511.73(1.47%)
560.86(+7.98%)

1.894
1.897
1.931
1.901
1.775(6.23%)
1.923(+1.53%)
1.754(7.39%)

Ref. 34. c Ref. 35.

d

303 K space group P21/n in ref. 9. e DFT study using PAW-PBE(GGA) in ref. 8.
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Table 2 Elastic constants. 13 non-zero elastic constants Cij, bulk modulus B, shear modulus G, Poisson’s ratio n, and Cauchy pressure CP (CP = C12  C44)
of b-HMX predicted from DFT and DFT-D2 calculations using P21/n space group, compared with experiments. The units are in GPa except the
Poisson ratio

C11

C12

C13

C15

a

20.58
9.65
9.75
0.61
(0.08) (0.18) (0.10)
(0.06)
18.41
6.37 10.50
1.10
Expt.
c
20.8
4.8
12.5
0.5
Expt.
DFT
75.1
18.6
1.4
23.4
DFT-D2 29.3
10.6
13.8
2.1
Expt.

b

a

Ref. 39.

b

C22

C23

C25

19.69 12.93
4.89
(0.12) (0.08) (0.12)
14.41
6.42
0.83
26.9
5.8
1.9
28.9
24.6
1.0
25.0
16.6
6.2

C33

C35

C44

C46

C55

C66

18.24
1.57
9.92
4.42
7.69 10.67
(0.08)
(0.06) (0.09) (0.08) (0.07) (0.09)
12.44
1.08
4.77
2.75
4.77
4.46
18.5
1.9
4.2
2.9
6.1
2.5
44.5
14.2
23.4
8.0
18.7
28.7
27.5
1.1
13.6
6.8
12.8
13.9

B
13.69

G

n

CP

7.40 0.271 0.27

10.20 4.26 0.317
1.6
12.49 5.43 0.310
0.6
26.41 21.09 0.185 4.8
18.20 10.78 0.253 3.0

Ref. 38. c Ref. 37.

In the following, we will discuss more about the mechanical
properties of b-HMX, including the bulk modulus, shear modulus,
Poisson ratio, and Cauchy pressures.
The bulk modulus B measures the resistance to hydrostatic
compression and it can be calculated using the Voigt notation
from the elastic constants as:
B¼

3
1X
Cij :
9 i; j

(3)

Our calculated value of the bulk modulus is 18.2 GPa, which
is larger than the average value 11.9 GPa of the listed experimental values. This overestimation could be attributed to three
factors: (1) the quality of the exchange–correlation functional,
(2) the contribution of van der Waals interactions, and (3) the
neglect of the anharmonic softening of the lattice at finite
temperatures.40 Our DFT studies are performed at zero Kelvin
temperature where the thermodynamics as well as the anharmonic
softening are excluded. This is reflected in the larger value of our
predicted bulk modulus.
The shear modulus measures the resistance in shearing.
The shear deformations have been proposed to be critical components in the initiation of detonation. Therefore, a precise
determination of the shear modulus is necessary for substantiating the possible detonation mechanisms. The shear
modulus G can be calculated using the Voigt notation from
elastic constants as:
G¼

1
ðC11 þ C22 þ C33  C12  C23  C13 Þ
15
1
þ ðC44 þ C55 þ C66 Þ:
5

(4)

Our result of the shear modulus is 10.8 GPa, which is larger
than the listed experimental values. This is partially attributed
to the preclusion of the anharmonic softening of the lattice
with temperature.
The Poisson ratio measures the shape change under mechanical loading. For an isotropic material, the Poisson ratio n is
related to bulk modulus and shear modulus as:
n¼

3B  2G
:
2ð3B þ GÞ

(5)

We predicted that the Poisson ratio is 0.253, which is slightly
smaller than the average (0.278) of the experimental values.
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Interestingly, opposite to the bulk modulus and shear modulus,
the Poisson ratio agrees well with the experiments.
The Cauchy pressure CP = C12  C44 can be used to evaluate
the ductility of a material.41 The positive value of CP indicates
that the material is ductile whereas the negative value implies a
brittle material. The larger positive value means that the
material is more ductile. The results of ductility from both
experiments and molecular dynamics studies are controversial.
For example, one experiment39 indicates that b-HMX is brittle,
but the other two37,38 imply that b-HMX is ductile. Our DFT and
DFT-D2 studies indicate that b-HMX is brittle, but with much
larger magnitudes. The possible reasons that our model predicts much lower ductility than experiments are twofold. First,
the simulation boxes in the DFT and DFT-D2 modeling are
small, which exclude the long wavelength phonon modes that
contribute to the ductility. Second, the zero Kelvin temperature
applied in our models precludes the thermodynamic eﬀects,
which are essential for the ductility. As a result, the ductility of
our model appears to be much smaller.
The diagonal elements Cii describe the crystal stiﬀness under
uniaxial compression (i = 1, 2, 3) and shear (i = 4, 5, 6), whereas
the oﬀ-diagonal elements Ciaj present the crystal stiﬀness under
biaxial compression (i a j = 1, 2, 3) and distortion (i a j = 4, 5, 6).
Our results show that there is a remarkable anisotropy in
the diagonal elements of the elasticity tensor. Furthermore,
it indicates that b-HMX is anisotropic upon compression and
has a good stability to shear deformation perpendicular to the
c-axis.
Here, C22 is relevant to the ‘‘doorway mode’’ anharmonic
coupling model, which is an important feature of detonation of
secondary explosives.42 Experimental and theoretical vibration
analysis illustrates the presence of low-energy modes that have
the necessary symmetry for such anharmonic coupling. The
experimental value of C22 varies from 14.41 GPa to 26.9 GPa,
with an average of 19.63 GPa. Our predicted value (25 GPa) of
C22 agrees with experiments. Especially, it is very close to the
experimental finding (26.9 GPa).37
3.3

Equations of state: P–V curve

The equations of state are important in describing the properties of materials.43 We study the isothermal equations of state
of b-HMX at zero Kelvin temperature under hydrostatic pressures. The corresponding volume is obtained after the system is
fully relaxed. The pressure–volume curve of unreacted b-HMX
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with the experimental data of Gump and Peiris.44 As observed in
previous studies,24,45 the calculated isotherm appears to approach
the experimental curve with an increase in pressure. However, as
discussed below, the sample from the experiment of Yoo and
Cynn35 is no longer in the b phase for pressures beyond 12 GPa.
3.4

Bulk modulus and pressure derivative

In order to determine the bulk modulus and its derivative with
respect to pressure, the calculated hydrostatic-compression data,
up to about 12 GPa, were fit to the third-order Birch–Murnaphan
(BM) equations of state,8,46 as



3 
3 0
P ¼ B0 Z7=3  Z5=3 1 þ B0  4 Z2=3  1 ; (6)
2
4

Fig. 2 Equations of states. The pressure–volume relationship of the solid
b-HMX at zero Kelvin temperature. The volume corresponds to the 56-atomunit-cell volume. The upper panel shows pressures from 0 to 100 GPa. The
corresponding volume in the present DFT-D2 calculations varies from
512.64 Å3 (100%) to 265.95 Å3 (51.9%). The lower panel shows pressure
from 0 to 10 GPa for better comparison. Gump, Yoo, Conroy, and Landerville
refer to the work from ref. 44, 35, 8, and 4, respectively.

at the temperature of 0 K is illustrated in Fig. 2. The volume
corresponds to the 56-atom-unit cell volume. The isothermal
hydrostatic equation of state of b-HMX is compared with experiments (Gump44 and Yoo35) and previous calculations (Conroy8 and
Landerville4). The upper panel shows pressures from 0–100 GPa.
The corresponding volume in the present DFT-D2 calculations
varies from 512.64 Å3 (100%) to 265.95 Å3 (51.9%). The lower panel
shows pressures from 0–10 GPa for better comparison. Unlike
standard DFT calculations (blue-circle line), our DFT-D2 study
(red-square line) shows reasonably good agreement with the
hydrostatic-compression experiments,35,44 suggesting that the
van der Waals interaction is critically important in modeling
the mechanical properties of this molecular crystal.
It is worth pointing out that the experimental data were
collected at room temperature, whereas, our results are for zero
Kelvin temperature and we have not corrected the results to
account for finite temperature. Moreover, our calculations are
performed using the b polymorph of HMX, which is consistent
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where Z = V/V0 is the ratio of volume V in response to P to the
equilibrium volume V0 at zero pressure. B0 is the bulk modulus
@B0
0
and B0 ¼
is the pressure derivative of the bulk modulus.
@P
The values of B0 and B0 0 from both standard DFT and DFT-D2
calculations are listed in Table 3, and compared to experimental
values35,39,44 that are also obtained from fitting hydrostatic
compression data to the BM equations of state. The errors from
the fitting process of this study are also listed in Table 3.
Yoo and Cynn examined the pressure–volume relationship of
unreacted HMX using angle-resolved synchrotron X-ray diffraction
up to 45 GPa.35 They obtained the third order BM EOS below 27 GPa
in the hydrostatic compression, where B0 = 12.4 GPa and B00 = 10.4.
Gump and Peiris studied the isothermal EOS of b-HMX at various
temperatures.44 These two experiments have a large controversy,
which we can consider as the lower and upper boundaries. Our
results of DFT-D2 calculations agree with experiments,35,44 because
both values of B0 and B00 fall in the range of the experimental value.
However, B00 = 6.5 from the standard DFT prediction is out of the
range of experimental value, which is from 7.45 to 10.4. Moreover,
our bulk modulus from this BM EOS fitting also agrees with elastic
constant calculations in previous subsection.
By comparing the predictions from DFT-D2 and standard DFT,
one can conclude that the van der Waals correction is necessary
for accurate modeling of the elastic properties of b-HMX.
3.5

Structures under pressures

We next study the evolution of the structures of b-HMX under
high pressures. Firstly, we studied the lattice structures including lattice constants and lattice angles. We observed that the

Table 3 Bulk modulus. The bulk modulus B0 and its derivative with
respect to pressure B 0 fitted from the isothermal equations of state from
DFT and DFT-D2 studies, compared to experiments. The error-bar rises in
the least-square fitting process

a

Ref. 35
Ref. 44
DFT-D2
DFT
a

Source

B0 (GPa)

Expt
Expt
Theory
Theory

12.4
21.0
14.46
13.62

Error

B0 0

Error

1.02
0.98
2.8

10.4
7.45
9.96
6.5

0.95
0.98
0.8

At 303 K below 27 GPa in hydrostatic.
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lattice constant b and the lattice angle b are more sensitive to
the applied pressures. We then studied the bond lengths of
C–H, C–N, N–O, and N–N bonds. We noticed that the N–N
bonds are vulnerable to pressure. We further studied the
bending angle between N–N bonds with the plane formed by
carbon atoms. We found that the N–N bonds along the minor
axis of the ring are more susceptible to pressure.
3.5.1 Lattice constants. The lattice constants a, b, and c as
a function of hydrostatic pressure p are plotted in Fig. 3, and
compared with experimental results of Gump44 and Yoo.35 For
a good comparison, three panels for the pressure ranging from
(a) 0–10 GPa, (b) 0–40 GPa, and (c) 0–100 GPa are presented,
while keeping the y in the same scale. There is a good agreement of the lattice constants between our DFT-D2 predictions
with the experiments under the pressure of 10 GPa where
there is no phase transition. At the pressure of 12 GPa, there
is a phase transition in experiment. At the pressure of 36 GPa,
there is another phase transition observed in the experiment.
However, those phase transitions were not observed in our
computations, partly due to the small computational cells
which exclude the long wavelength phonon modes in addition
to the zero Kelvin temperature that precludes the dynamic
instabilities.
We noticed that the lattice constant b is more sensitive to
the pressure than lattice constants a and c.
3.5.2 Lattice angles. Similar to the lattice constants, we
studied the lattice angles as a function of hydrostatic pressure.
We found that the angles a and g vary little under pressure.
In contrast, the angle b is more sensitive to pressure. The
b angle as a function of hydrostatic pressure p is plotted in
Fig. 4, and compared with experimental results of Gump44
and Yoo.35
Notice that the phase transition is clearly reflected in the
experimental plots, whereas, it is absent in the simulation plots
due to the small cell and zero temperature constraint in the
DFT-D2 modeling. In spite of these diﬀerences, there is a
reasonably good agreement between the lattice constants
obtained in our DFT-D2 calculations and experiments. Furthermore, we noticed that the lattice angle b is most sensitive to
pressure among all three lattice angles.
3.5.3 Bond lengths. Next, we examine the bond lengths
under various pressures in order to find the atomistic mechanism corresponding to the variations of lattice structures. The
bond lengths of the bonds C–H, C–N, N–O, and N–N as a
function of hydrostatic pressure p ranging from 0–100 GPa are
illustrated in Fig. 5. In our unit cell, the number of bonds is 16,
16, 16, and 8 for C–H, C–N, N–O, and N–N, respectively. The
bond lengths are averaged over the unit cell.
Our results show that the N–N bonds are the most sensitive
to the applied hydrostatic pressure, which indicates that they
are vulnerable to compression.
3.5.4 Bending angles. In order to find the atomic mechanism corresponding to the variation of the lattice structure, we
further examine the bending angles under pressure. There are
two kinds of N–N bonds in a HMX molecule: one along the
major axis along N1–N3 of the ring-chain (Fig. 1b) and the other
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Fig. 3 Lattice constants under high pressure. The lattice constants a, b,
and c as a function of hydrostatic pressure p in the range (a) 0–10 GPa,
(b) 0–40 GPa, and (c) 0–100 GPa, compared with experiments from
Gump44 and Yoo.35

along the minor axis along N2–N4 of the ring-chain (Fig. 1b).
The four carbon atoms are co-planar, marked as C4-plane. Due to
the symmetry, there are two angles between the N–N bonds and the
C4-plane. The angle along the major axis is denoted b1 and the
angle along the minor axis is denoted b2. During the compression,
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Fig. 5 Bond lengths under high pressure. The bond lengths of the bonds
C–H, C–N, N–O, and N–N as a function of hydrostatic pressure p ranging
from 0 to 100 GPa. The bond lengths are averaged over the unit cell.

Fig. 6 Bending angles under high pressure. The angle between the N–N
bond and the plane formed by the four carbon atoms as a function of
hydrostatic pressure p ranging from 0 to 100 GPa.

Fig. 4 Lattice angle under high pressure. The lattice angle b as a function
of hydrostatic pressure p in the range (a) 0–10 GPa, (b) 0–40 GPa, and
(c) 0–100 GPa, compared with experiments from Gump44 and Yoo.35

the two angles b1 and b2 might respond differently, causing the
anisotropy of the crystal.
b1 and b2 as a function of hydrostatic pressure p ranging
from 0–100 GPa are plotted in Fig. 6. We found that b1 increases
with respect to an increase in pressure, opposite to the decrease
of b2. Furthermore, the angle b2 is more sensitive to the applied
pressure than the angle b1, indicating that the N–N bonds along
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the minor axis are more vulnerable to the compression. Therefore, we may conclude that the N–N bonds along the minor axis
are responsible for the sensitivity of b-HMX.
3.5.5 Ring structure. The main geometrical characteristic
of the HMX molecule is the ring structure formed by four
nitrogen atoms and four carbon atoms arranged alternatively
along the cyclic chain. The four carbon atoms are coplanar on
the C4-plane. The four nitrogen atoms on the ring-chain are
also coplanar on the N4-plane. The angle between C4-plane and
N4-plane is 30.31.
Once the hydrostatic pressure is applied, all the bonds along
the ring-chain shrink. The evolution of the ring structure under
various pressures is examined by observing the variation of the
dihedral angles formed by every successive four atoms along
the ring-chain. The dihedral angles as a function of hydrostatic
pressure are illustrated in Fig. 7. Due to the center symmetry
of the crystal structure, each dihedral angle has an equivalent.
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Fig. 7 Dihedral angles along the ring under high pressure. The dihedral
angles formed by every successive four atoms along the ring-chain as a
function of hydrostatic pressure p ranging from 0 to 100 GPa.

For example, the dihedral angle formed by N4–C3–N3–C2 four
atoms (refer to Fig. 1) is the same as the dihedral angle formed
by N2–C1–N1–C4 atoms.
Overall, the dihedral angles respond diﬀerently to the
applied pressure, but there is no abrupt change. The dihedral
angles of N4–C3–N3–C2 and C2–N2–C1–N1 increase with
respect to an increase in pressure. In contrast, the dihedral
angles of C3–N3–C2–N2 and N3–C2–N2–C1 decrease with an
increase of pressure. The general trend is that the ring structure
becomes more flat as pressure increases to 60 GPa. At this
pressure only two kinds of dihedral angles are observed: one is
about 301 and the other is 1151.
3.5.6 Intermolecular nitro groups. After we have studied the
intra-molecular structures, the evolution of the inter-molecular
structures besides intra-molecular structures is also of interest
considering their roles in phase change and/or chemical decomposition. Under high pressure, all the distances in general are
shortened. Based on our study of bending angles in subsection
3.5.4, we are especially interested in the nitro groups (NO2) as
these are more vulnerable to bending and compression.
We take one nitro group in one molecule and examine the
intermolecular distances between this nitro group and those in
the other molecules, A1, B1, A2, and B2, respectively. A1 and A2
nitro groups are along the major axis of the ring. B1 and B2
nitro groups are along the minor axis of the ring, as shown in
the inset of Fig. 8. The intermolecular nitro distances decrease
with respect to an increase in pressure. The variation of the
intermolecular distances is mild in nitro groups of A1 and B1,
while the change in the distance in A2 and B2 is more severe.
However, all of them are in compliance with the global strain
and there is no prominent changes referring to the large
volumetric strain. The diﬀerent response of the intermolecular
nitro distance to the pressure could be understood from the
polarization. In principle, one might expect a repulsive interaction
among the nitro groups because oxygen atoms bear a partial
negative charge, as shown in the following subsection 3.5.7.
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Fig. 8 Separation of inter-molecular nitro (NO2) groups under high pressure.
The distances between the inter-molecular nitro groups as a function of
hydrostatic pressure p ranging from 0–100 GPa. The inset shows the locations
of these nitro groups in the unit cell.

Table 4 The charge on nitrogen atoms on the ring (NR), nitrogen atoms in the
nitro group (NN), oxygen atoms in the nitro group (O1 and O2), nitro groups (A1,
B1, A2, B2), carbon atoms, hydrogen atoms, and methanediyl group (C1, C2) at
the pressure of 0, 50, and 100 GPa. The units are elementary charge e

0 GPa

50 GPa

100 GPa

A1

NR
NN
O1
O2
Nitro

1.323
0.667
0.472
0.497
0.301

1.353
0.658
0.490
0.520
0.352

1.399
0.731
0.536
0.560
0.365

B1

NR
NN
O1
O2
Nitro

1.408
0.673
0.454
0.477
0.258

1.373
0.675
0.492
0.535
0.351

1.399
0.628
0.516
0.501
0.389

A2

NR
NN
O1
O2
Nitro

1.322
0.667
0.472
0.497
0.301

1.354
0.658
0.490
0.520
0.352

1.399
0.732
0.536
0.560
0.364

B2

NR
NN
O1
O2
Nitro

1.408
0.673
0.454
0.477
0.258

1.372
0.676
0.492
0.534
0.351

1.399
0.628
0.515
0.501
0.389

C1a

CR
H1
H2
Methylene

1.356
0.166
0.125
1.648

1.405
0.151
0.167
1.723

1.435
0.160
0.195
1.790

C2b

CR
H1
H2
Methylene

1.364
0.133
0.146
1.642

1.366
0.197
0.144
1.707

1.383
0.221
0.154
1.761

a
b

Methanediyl group of C3 is equivalent to C1 shown in Fig. 1.
Methanediyl group of C4 is equivalent to C2.

The overall rearrangement of the structure could lead to
polarization of HMX molecules, as detailed in the following.
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3.5.7 Charge distribution and charge transfer. To analyze
the charge distribution, we examine the charge on each atom
using Bader charge analysis.47 We explicitly study the charge on
nitrogen atoms in the ring (NR), nitrogen atoms in the nitrogroup (NN), oxygen atoms in the nitro group (O1 and O2), and
the nitro group at the pressure of 0, 50, and 100 GPa. The
results are listed in Table 4.
The charges on the nitro groups of A1 and A2 are equivalent,
so does B1 and B2. The nitrogen atoms on the ring-chain carry
diﬀerent charges at a pressure of 0 GPa, but becomes the same
(1.399) at a pressure of 100 GPa. The charges on oxygen atoms
increase with an increase in pressure. The charges on the nitro
group also increase with an increase in pressure, where B1 and
B2 groups that are along the minor axis of the ring-chain have a
larger rate than A1 and A2 groups that are along the major axis
of the ring-chain. This result is consistent with the bending
angle analysis in subsection 3.5.4.
We further study the electron charges on carbon atoms and
hydrogen atoms to examine the charge transfer path. We found
that there is no inter-molecular charge transfer at pressure up
to 100 GPa. The charge transfers occurred from hydrogen
atoms to the oxygen atoms on the nitro groups. The amount
of charge transferred is 0.131 and 0.064 elementary charge (e)

Paper

for nitro groups of B (along the minor axis) and A (along the
major axis), respectively, when pressure changed from 0 GPa
to 100 GPa.
3.6

Electronic properties under pressure

All explosive compounds have a certain amount of energy required
to initiate the denotation, which is described as sensitivity.
Depending on the source of initiation energy, there are impact,
heat, and friction sensitivity. Sensitivity is an important consideration in selecting an explosive for a particular purpose.
Among them, the impact sensitivity is a very important characteristic of an energetic material, and it is closely related to
its production, storage, transportation, and detonation. It is
believed that the electronic band gap is correlated with the
impact sensitivity of an energetic material.48,49 The band gap is
the electronic energy diﬀerence between the HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital).50 Therefore, the study of the electronic
properties including the band gaps may give a clue of the
impact sensitivity under hydrostatic compression.
The electronic energy band structures and density of
state (DOS) of b-HMX under pressures of 0 GPa, 50 GPa, and
100 GPa are shown in Fig. 9, together with the reciprocal lattice,

Fig. 9 Electronic band structure and density of state. The electronic energy band structure and density of state of b-HMX at pressures of (a) 0 GPa, (b) 50 GPa,
and (c) 100 GPa. (d) The reciprocal lattice of b-HMX, the high symmetric points, and k-path for band structure. The unit of density of state is eV1.
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high symmetric points, and k-path for the band structure. The
energy band structures are shifted so that the Fermi energy is at
zero. For better view and comparison, only the energy bands
ranging from 2.0 eV to 4.0 eV are illustrated. We found that
the band structure changed from a direct band gap to an
indirect band gap under pressure. At the pressure of 0 GPa,
the band gap is direct, from G to G. However, at a pressure of
50 GPa, the band gap is indirect. The band gap is also indirect
at a pressure of 100 GPa, from L1 to G. We observed the larger
band dispersion with a reduced band gap with an increase in
pressure. The band gap is 3.53, 2.77, and 2.39 eV at pressures of
0, 50, and 100 GPa, respectively.
The band gap of b-HMX as a function of hydrostatic pressure
is illustrated in Fig. 10. It shows that the band gap decreases
with an increase in hydrostatic pressure. This trend could
be understood from the change in the electronic charge
density. Clearly, the unit-cell volume is reduced and the
bond length becomes shorter with the external pressure. As
the total number of electrons is fixed in the system, both
electronic charge density and electron overlap and interactions
increase, which enhance the bond strength and reduce the
band gap.
It is worth mentioning that the rate of decrease of the band
gap is not homogeneous: at a lower pressure up to 12 GPa, the
rate is much larger than those beyond 12 GPa. This indicates
that the band gap energy reduction is more pronounced in the
low-pressure region than in the high-pressure region.
With the monotonic decrease of the band gap, one could
expect that there is a band gap closure where HMX becomes
metallic. It is also proposed that the compression in the
detonation fronts causes local metalization which is attributed
to the shear strain.51 The band gap closing produces distortioninduced molecular electronic degeneracy of the highest occupied and lowest unoccupied molecular orbitals of an energetic
molecule.52 The linear fitting of the band gaps in the range of
12–100 GPa gives the reduction ratio of 0.0084 eV GPa1. The
extrapolation of such a linear relationship implies that the zero

Fig. 10 Band gap under high pressure. The electronic energy band gap of
b-HMX as a function of hydrostatic pressure.

This journal is © the Owner Societies 2014

PCCP

band gap occurs at 380 GPa. Our result is consistent with a
previous theoretical prediction of 320 GPa.49
Studies on the excitonic mechanism of detonation show that
the reduction of the band gaps promotes the HOMO–LUMO
transition within a molecule,52,53 thus increases the sensitivity.
The smaller the band gap is, the higher the possibility that the
electron transfers from the valence band to the conduction
band, causing decomposition that may lead to explosion. This
correlation between the band gap and detonation sensitivity
could be understood as follows. The number of excited states
increases as a response to the reduction of the band gap. The
increment of the population of excited states augments the
possibility of the chemical reactions. As a consequence, it
enhances the sensitivity.54 Therefore, the monotonic decrease
of the electronic energy band gap in Fig. 10 indicates that the
impact sensitivity increases with an increase of hydrostatic
pressure.

4 Conclusions
We studied the molecular structures, mechanical properties,
electronic properties, and equations of state of b-HMX using
the DFT-D2 calculation, which is a first-principles calculation
based on density functional theory (DFT) with van der Waals
corrections. The accuracy of the density has significantly
improved from 6.2% to +1.5% using van der Waals corrections compared to the standard DFT calculations. For the first
time, we predict the elastic constants of b-HMX using DFT-D2
calculations. The equations of state under hydrostatic compressions are studied for pressures up to 100 GPa. The agreement of
our predictions with the experiments suggests that the van der
Waals interactions are critically important in modeling the
mechanical properties of this molecular crystal.
Our analysis of the hydrostatic compression of b-HMX
molecular lattice structure reveals that the lattice constant b
and the lattice angle b are more sensitive to the pressure. We
then studied the bond lengths of C–H, C–N, N–O, and N–N
bonds. We found that the N–N bonds are vulnerable to the
pressure. We further studied the bending angle between N–N
bonds and the plane formed by carbon atoms. It turns out that
the N–N bonds along the minor axis of the ring are more
susceptible to pressure. The change in ring-structure with
respect to pressure was examined by observing the variation
of the dihedral angles formed by every successive four atoms
along the ring-chain. The dihedral angles respond differently to
the applied pressure, but there is no abrupt change. The general
trend is that the ring structure becomes more flat as pressure
increases to 60 GPa. Besides the intra-molecular structures, we
studied the evolution of the inter-molecular structures by checking the distances between nitro groups, all of which are in
compliance with the global strain and there is no prominent
changes referring to the large volumetric strain.
The electronic charge distribution was examined by Bader
charge analysis. We found that there is no inter-molecular
charge transfer at pressure up to 100 GPa. The charge transfer
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path is from hydrogen atoms to the oxygen atoms on the nitro
groups. The amount of charge transferred is 0.131 and 0.064 e
for nitro groups of B (along the minor axis) and A (along the
major axis), respectively, when pressure changes from 0 GPa
to 100 GPa.
The electronic properties of b-HMX were also studied. The
electronic energy band structures show that the band gap
changed from direct (G–G) at a pressure of 0 GPa to indirect
at a pressure of 50 GPa. The band gap at a pressure of 100 GPa
is also indirect, from L1 to G. We observed that the band gap
deceases with an increase in hydrostatic pressure. The extrapolation implies the band gap closing at 296 GPa. Our results
indicate that the impact sensitivity increases with compression.
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