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Abstract A detailed study of the structural, electronic,
and vibrational properties of crystalline octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) under hydrostatic
pressure of 0—100 GPa was performed with density func-
tional theory (DFT). The results show that the compress-
ibility of HMX crystal is anisotropic. With the increasing
pressure, the lattice constants and cell volumes calculated
by local density approximation (LDA) gradually approach
these by the PWO91 functional of generalized gradient
approximation (GGA). The band gap reduction is more
pronounced in the low-pressure range compared to the
high-pressure region. The band gaps calculated by LDA
and GGA pseudopotential plane-wave reproduce the trend
of pressure-induced variation of band gap by all electron
calculations. The calculated pressure-induced frequency
shifts indicate that the pressure produces a more significant
influence on the ring deformation and stretching vibrations
than on other modes. The vibrational modes associated
with the motions of the CH, and NO, side groups are quite
sensitive to pressure. The mixing between different vibra-
tional modes becomes stronger under compression. Our
results also show that DFT can well describe the inter-
molecular interactions in HMX under high pressure.
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1 Introduction

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) is
one of the most widely used energetic ingredient in various
high-performance explosives and propellant formulations
due to its thermal stability and high detonation velocity
relative to other explosives [1, 2]. Over the past several
decades a large number of studies have been devoted to the
structural properties and decomposition mechanism of
HMX. Unfortunately, many fundamental and practical
problems of HMX are still not well understood because it
possesses a complex chemical behavior. Thus, HMX con-
tinues to inspire new research efforts [3-21] to better
understand its structure and thermal decomposition.

HMX experiences enormous pressure effects during the
detonation process. Therefore, one fundamental aspect of
its decomposition and burning is its structure during a high-
pressure explosion. Although the detailed decomposition
mechanism by which HMX releases energy under
mechanical shock is still not well understood, it has been
suggested that its decomposition may result from trans-
ferring thermal and mechanical energy into the internal
degrees of freedom of tightly bonded groups of atoms in
solid [22-24]. In addition, interpreting and understanding
shock-induced chemical decomposition of energetic
material requires the knowledge of the mechanical
response of the material. Therefore, the knowledge of the
structural and vibrational properties of HMX under high
pressure appears to be very important in understanding its
decomposition and burning.

The investigation of the microscopic properties of
energetic materials remains to be a challenging task. An
important challenge for experimental measurements is to
study the pressure effects in energetic materials. Many
experiments were carried out to investigate the structure
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and decomposition of HMX under different pressures [3, 12,
23-26] and shock loading [14, 27, 28]. However, despite
these efforts, little work has been done to investigate the
structure and vibrational properties of HMX with the
increasing pressure. In fact, a few studies on HMX under
high pressure report many discrepancies. These discrepan-
cies indicate the complexity and incomplete understanding
of the structural properties of HMX. An alternative approach
is atomistic simulation, an effective way to model the
physical and chemical properties of complex solids at the
atomic level as a complement to experimental work.
Recently, density functional theory (DFT) method with
pseudopotentials and a plane-wave basis set has been well-
established and has been successfully applied to study the
structures and properties of energetic solids under hydro-
static compression effect [18, 29—40]. There have been many
theoretical studies on compression of crystalline f-HMX.
Zerilli and Kuklja [17] have used Hartree-Fock approxima-
tion method to investigate the structural properties of crys-
talline 1,1-diamino-2,2-dinitro-ethylene and -HMX under
hydrostatic compression of 0-11 GPa. Byrd and Rice [18]
have studied the crystal structures of five energetic molecular
crystals including HMX over the pressure range of 0-10 GPa
by using the three DFT functionals. Later, Lian et al. [20]
have employed DFT method to examine the structural
properties of f-HMX under hydrostatic compression up to
40 GPa. Recently, Conroy et al. [21] have performed DFT
calculations to investigate the structures of f-HMX under
hydrostatic and uniaxial compression. These studies are
centered on the structural properties of f~-HMX under com-
pression up to low pressure. Little work has been done to
investigate their vibrational properties with the increasing
pressure.

In this study, we performed periodic DFT calculations to
study the structural, electronic, and vibrational properties
of HMX under hydrostatic pressure of 0—100 GPa. The
atomic positions and the unit-cell parameters were allowed
to relax to the minimum energy configuration to investigate
the crystal structure at different pressures. Next we
examined the variations in electronic structure under
compression. Finally we discussed the pressure effects on
the vibrational properties.

The remainder of this paper is organized as follows.
A brief description of our computational method is given in
Sect. 2, results and discussion are given in Sect. 3, and a
summary of our conclusions is given in Sect. 4.

2 Computational method
The calculations performed in this study were done using the

DFT method with Vanderbilt-type ultrasoft pseudopoten-
tials [41] and a plane-wave expansion of the wave functions
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as implemented in the CASTEP code [42]. The self-consis-
tent ground state of the system was determined by using a
band-by-band conjugate gradient technique to minimize the
total energy of the system with respect to the plane-wave
coefficients. The electronic wave functions were obtained by
a density-mixing scheme [43] and the structures were
relaxed by using the Broyden, Fletcher, Goldfarb, and
Shannon (BFGS) method [44]. The local density approxi-
mation (LDA) functional proposed by Ceperley and Alder
[45] and parameterized by Perdew and Zunder [46] named
CA-PZ, was employed. The cutoff energy of plane waves
was set to 300.0 eV. Brillouin zone sampling was performed
by using the Monkhost-Pack scheme with a k-point grid of
4 x 3 x 3. Table 1 presents experimental and relaxed lat-
tice constants at different cutoff energy of plane waves for
crystalline HMX. The results show that the cutoff energy of
300.0 eV may be a compromise between computation effi-
ciency and accuracy. The computational parameters adopted
here were demonstrated to be reasonable by our previous
study [19].

To compare with experiments, we used the crystal struc-
ture of f-HMX at ambient pressure and temperature as input
structure. The experimental crystal structure of f-HMX [47]
was first relaxed to allow the ionic configurations, cell shape,
and volume to change at ambient pressure. Then from this
relaxed structure, we applied hydrostatic compression of 0—
100 GPa. All the calculations are based on the same crystal
structure of HMX. In the geometry relaxation, the total
energy of the system was converged <2.0 x 107> eV, the
residual force <0.05 eV/A, the displacement of atoms
<0.002 A and the residual bulk stress <0.1 GPa. Based on
the equilibrium, the phonon frequencies at the gamma point
have been calculated from the response to small atomic
displacements using linear response theory [48].

3 Results and discussion
3.1 Crystal structures

The LDA and PWO91 (the generalized gradient approxi-
mation (GGA) proposed by Perdew and Wang [49])

Table 1 Experimental and relaxed lattice constants (A) at different
cutoff energy of plane waves with a k-point grid of 4 x 3 x 3 for
crystalline HMX

Expt [47]  Cutoff energy (eV)
300 400 500 600 700
a 6540 6.539 6.385 6.375 6.379 6.374
b 11.050 11.030  10.321 10.310  10.309  10.302
c 8700 8.689 8.498 8.500 8.504 8.488
p o 124.3° 123.9° 124.5° 124.6° 124.6° 124.5°
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functionals were used to fully relax bulk HMX without any
constraint at different pressures. The effect of pressure on
the lattice constants of HMX is shown in Fig. 1. The results
show that our calculated variation trend of the lattice
constants with the increasing pressure is reproduced by the
experiments [3, 14]. The LDA and PW9I results present
similar variation trend: the lattice constants gradually
decrease with the increasing pressure. In the whole pres-
sure range, the lattice constants calculated by PW9I are
larger than those by LDA. Previous studies [18] on
cyclotrimethylenetrinitramine  (RDX), 1,3,5-triamino-
2,4,6,-trinitrobenzene (TATB), and pentaerythritol tetrani-
trate (PETN) under compression have shown that GGA
generally overestimates lattice constants, while LDA
underestimates the lattice constants when compared to
experiments. This is consistent with our results here.

It is seen from Fig. 1 that the b axis is the most com-
pressible, whereas the ¢ axis essentially remains unchanged
with pressure, which are in agreement with the experi-
mental reports [3, 14]. The largest compression of the unit
cell takes place in the pressure region of 0-30 GPa. With
the increasing pressure from about 30 GP, the lattice
parameters decrease slowly and the lattice constant a par-
allels c. The lattice constant ¢ versus pressure curve crosses
the b versus pressure one at about 30 GPa. The structure is
much stiffer in the a and ¢ direction than along the b axis.
This shows that the compressibility of HMX crystal is
anisotropic. Figure 2 displays the variation of the unit-cell
angles with the increasing pressure. The non-continuous
behavior in Fig. 2 may be due to numerical fluctuations.
The results show that our calculations are in reasonable
agreement with previous measurements [3, 14]. In the
pressure range from 0 to 50 GPa, the deviation of the unit-
cell angle f remains very small, while f increases slightly
after that. Throughout the overall pressure range the unit-
cell angles o and y remain unchanged.
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Fig. 1 Lattice constants of HMX as a function of hydrostatic
pressure
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Fig. 2 Unit-cell angles of HMX as a function of hydrostatic pressure

Pressure-induced changes of the unit-cell volumes are
presented in Fig. 3 together with available experimental
data. Our calculated results well reproduce the trend of
pressure-induced variation of volume by the experiments
[3, 14]. At a given pressure, the experimental unit-cell
volume is underestimated by our LDA calculations but
overestimated by our GGA-PWO9I1 results. This is consis-
tent with previous DFT studies on several energetic solids
[18]. As the pressure increases, the volume decreases
monotonically. Up to 80 GPa the volume compression is
52%. The dependence of the LDA volume on pressure was
determined by fitting the calculated values to the Murna-
ghan equation [50]. When the fit is done in the pressure
range of 0-30 GPa we obtain a bulk modulus of
13.07 GPa, which is close to the experimental values of
12.4 GPa [3] and 13.5 GPa [25] but smaller than the the-
oretical value of 14.53 GPa based on empirical MD [4].
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Fig. 3 Unit-cell volumes of HMX as a function of hydrostatic
pressure
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It is seen from Fig. 3 that as the pressure increases, our
calculated results gradually approach the experimental
values; moreover, the cell volumes calculated by LDA are
close to these by GGA-PWOI1. This shows that the DFT
calculations performed under high pressure might be more
reliable due to the enhanced intermolecular interaction. It is
well-know that conventional formulations of DFT do not
include dispersion interactions and appears to be inade-
quate for studies of organic molecular crystals weakly
bonded by van der Waals forces at low pressures. However,
there is evidence that DFT can better treat weakly bound
molecular systems under sufficient degrees of compression
[18, 31]. Our calculations also show that DFT can well
describe the intermolecular interactions in HMX crystal
under high pressure. Also, note that the errors in the LDA
results are slightly smaller than that in the GGA results in
comparison with the experimental values. The LDA func-
tional was used in the following calculations.

3.2 Electronic structures

Figure 4 displays the effect of pressure on the band gap of
HMX. As the pressure increases, the band gap gradually
decreases without any significant discontinuity. This is
because the decrease of intermolecular space under com-
pression leads to an increase of the overlap of different
groups of bands and hence to the increase of charge overlap
and delocalization in the system. However, in different
pressure ranges, the average decrease of the band gap is
different. When applying a linear fit in the different pres-
sure ranges, the average decrease of the band gap up to
5 GPa is 0.066 eV/GPa, 0.024 eV/GPa from 5 to 10 GPa,
and 0.008 eV/GPa from 10 to 100 GPa. This shows that the
energy reduction is more pronounced in the low-pressure
range compared to the high-pressure region, which is in
agreement with previous theoretical studies on anthracene
[51] and nitromethane [31] under high pressure. With a
compression of 52% (p = 80 GPa), the band gap drops
from 3.62 eV at ambient pressure [19] to 2.07 eV. In the
pressure region of 0-20 GPa, the decrease of band gap is
1.05 eV. This magnitude is higher than the pressure-
induced band gap reduction of 0.23 eV in nitromethane
[31] from DFT calculations up to 20 GPa and of about
0.63 eV in anthracene [51] using DFT-LDA method up to
10 GPa. It is seen from Fig. 4 that there is no significant
change of the band gap in the vicinity of the pressure
39 GPa, which is close to the detonation pressure of HMX
determined by experiment [52]. This shows that com-
pressing the crystal HMX to a pressure, an order of mag-
nitude higher than that observed in developed detonation
waves, is not sufficiently low to provide a significant
thermal population of conduction electrons at detonation
temperatures. Previous theoretical studies on nitromethane
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Fig. 4 Band gaps of HMX as a function of hydrostatic pressure

[29, 31], RDX [53], and lead azide [54] have shown that
these materials also indicate some band gap lowering under
compression to densities associated detonation, but not
enough to produce a significant population of excited states
at detonation temperatures. These observations agree
qualitatively with our results here.

The band gaps by the GGA-PWO91 and all electron
calculations are also listed for comparison. The all electron
calculations were performed with the DMol3 program
package [55, 56] employing the LDA functional [57] and a
double numerical basis functions augmented by polariza-
tion functions (DNP) [55]. The results show that the band
gaps by pseudopotential calculations reproduce the trend of
pressure-induced variation of band gap by all electron
calculations. It can be inferred from Fig. 4 that there is a
band gap closure in the system and HMX has metallic
properties. Gilman [58] has proposed metallization at the
shock front resulting from bending of covalent bonds. Such
metallization has been also found to occur under hydro-
static compression in the covalently bonded energetic
materials nitromethane [29] and RDX [53].

Finally, we try to correlate the HMX’s stabilities (or
explosive characters) under compression with the elec-
tronic structure. Previous theoretical studies [59, 60] have
shown the relationship between the band gap and impact
sensitivity for the metal azides. Our recent reports on the
heavy-metal azides [61], the nitro anilines [62], the K-
doped cuprous azides [63], the four HMX [19], and CL-
20 [33] polymorphs within the framework of periodic
DFT have also confirmed the relationship between the
band gap and impact sensitivity. Gilman [64-67] has
emphasized the role of HOMO-LUMO (highest occupied
molecular orbital-lowest unoccupied molecular orbital)
gap closure in the explosion of molecules suffering shear
strain. Further investigations [68, 69] on the excitonic
mechanism of detonation initiation show that the pressure
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inside the impact wave front reduces the band gap
between valence and conducting bands and promotes the
HOMO-LUMO transition within a molecule. These
studies have suggested that the HOMO-LUMO gap in gas
molecules suffering shear strain, impact wave, or distor-
tion can be directly related to the sensitivity. It can be
thus expected that the smaller the band gap is, the easier
the electron transfers from valence band to conduction
band, and the more HMX becomes decomposed and
exploded. A possible explanation may be that the
increased sensitivity is caused by the increased number of
excited states due to pressure-induced optical band gap
reduction [70]. As can be seen in Fig. 4, the band gap of
HMX gradually decreases with the increment of pressure.
Our further calculations (not presented here) show that a
band gap closure is at about 320 GPa. Therefore, it may
be inferred that the impact sensitivity for HMX becomes
more and more sensitive with the increasing pressure.
This is supported by numerous experimental observations
that an applied pressure increases the sensitivity of
explosives to detonation initiation [71].

3.3 Vibrational properties

In this section, we turn to investigate the vibrational fre-
quencies of HMX under compression. Both the internal
modes due to intramolecular interactions and the lattice
modes due to intermolecular interactions were considered
here. Figure 5 displays the frequency shifts of representa-
tive lattice vibrations in the region of 30-80 cm™' and of
NO, twisting modes in the region of 80-120 cm™' for
HMX. As the pressure increases, all of these modes shift
toward higher vibrational frequencies (so-called mode
hardening). However, in different pressure ranges, the
average increase of the frequency is different. The
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Fig. 5 Pressure-induced frequency shifts of lattice modes and NO,
twisting modes for HMX

fluctuation behavior for the lattice modes in Fig. 5 is
caused by numerical errors. This shows that DFT method
cannot well describe extremely low energy lattice modes.
The results agree with recent theoretical studies on RDX
under compression [37]. Note that compression can also
enhance the mixing between the NO, twisting and lattice
modes. Table 2 presents a comparison of the linear fitted
coefficients for the pressure-induced frequency shifts in the
different pressure ranges. It is found that the frequency
increase is more pronounced in the low-pressure range
compared to the high-pressure region, and furthermore,
different vibrational modes show distinctly different pres-
sure-dependent behaviors. The coefficients for pressure-
induced frequency shifts of the NO, twisting are larger
than those of the lattice modes. This shows that the
hydrostatic compression produces a more significant
influence on the intramolecular interactions than on the
intermolecular interactions.

The pressure-induced frequency shifts of ring deforma-
tion modes for HMX are displayed in Fig. 6a. The ring
deformation modes are collective vibrations of all of the
CN bonds on the ring. All of these modes shift toward
higher vibrational frequencies under compression. As with
the modes in the low-frequency range, the average increase
of the frequency is different in different pressure ranges. It
can be seen from Table 2 that the frequency increase is
more pronounced in the low-pressure range compared to
the high-pressure region; moreover, different vibrational
modes show different pressure-dependent behaviors. Also,
it is found that the frequency shifts of the ring deformation
modes are the largest ones among all the modes. The ring
deformation is related to important initial decomposition
reaction, the concerted symmetric ring fission that produces
four CH,N,O, molecules [72]. Therefore, the ring scission
reaction of HMX would be favorable under high pressure.
Figure 6b displays the pressure dependence of the vibra-
tional frequencies of ring stretching and N-N stretching
modes. To validate the reliability of our results, we also
compare our calculated pressure-induced shifts of the
vibrational frequencies for HMX with available experi-
mental values [3] in Fig. 6b. Qualitatively, our calculations
are in reasonable agreement with the experimental values.
However, the errors between the calculated and experi-
mental results under low pressure are larger than those
under high pressure. This shows that the DFT calculations
performed under high pressure might be more reliable than
under low pressure due to the enhanced intermolecular
interaction. It is obvious that different vibrational modes
show clearly different pressure-dependent behaviors. The
mode M5 associated with N-N stretching exhibits a pro-
nounced shift and the fitted coefficient is 2.62 cm™'/GPa.
The ring stretching mode M2 and mode M3 also display
a significant shift with the coefficients of 2.33 and

@ Springer



184

Theor Chem Acc (2009) 124:179-186

Table 2 Coefficients (cm ™'/

—1 - _
GPa) for the pressure-induced Frequency range (cm™ ) at 0 GPa  Assignment 0-50 GPa  0-100 GPa
shift of vibrational frequencies 34, g Lattice vibration 1.77-2.30 127143
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our calculated results in two 80-120 NO, twisting 2.25-2.48 1.48-1.68
pressure ranges 140450 Ring deformation 240-3.38 1.48-2.47
550-760 NO,-ring deformation and NO, wagging 1.07-1.45  0.79-1.09
760-1,230 Ring stretching and N-N stretching 1.26-2.62 1.01-1.72
1,270-1,330 NO, symmetric stretching 1.21-1.56  1.12-1.39
1,330-1,460 CH, twisting, H, of CH, wagging, 1.62-2.18  1.52-2.14
and HCH bending
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2,900-3,000 CH, stretching 1.70-2.44  1.40-2.14
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Fig. 6 Pressure-induced frequency shifts of a ring deformation
modes and b ring stretching and N-N stretching modes for HMX

2.12 cm™'/GPa, respectively. This shows that the N-N
bonds may be easily compressed in HMX. Another feature
of the N—N stretching modes is that they mix strongly with
the CH, rocking and twisting vibrations. The N-N
stretching modes are related to the HMX decomposition
reactions: N-N homolysis and HONO elimination [72].
Therefore, the strong mixing between the N-N stretching
and the CH, rocking and twisting vibrations provides
potential vibrational channels for the above decomposition.

Figure 7 shows the pressure-induced frequency shifts of
NO,-ring deformation and NO, wagging for HMX together
with available experimental data. The calculated results
reproduce the experimental trend of the frequency shifts of
these modes. It is obvious that the agreement between the
calculated and experimental results varies with compres-
sion. These modes shift toward higher vibrational fre-
quencies with the increasing pressure. The NO,-ring
deformation modes are coupled to the N-N stretching
vibrations. It is seen from Table 2 that these modes are
quite insensitive to pressure. The frequency shifts of NO,
stretching modes for HMX are displayed in Fig. 8. The
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Fig. 7 Pressure-induced frequency shifts of NO,-ring deformation
and NO, wagging for HMX
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NO, stretching modes have frequencies higher than the
N-N stretching vibrations. An important feature of the NO,
stretching modes is that they are strongly coupled to the
CHj, stretching and twisting vibrations. This is because the
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NO, and CHj; locations on the periphery of the HMX mol-
ecules are very close. The mixing provides potential vibra-
tional channels for the decomposition of HMX. In Table 2, it
is interesting to note that under high pressure, the pressure-
induced frequency shifts of NO, asymmetric stretching are
larger than those of NO, symmetric stretching modes.
Moreover, the NO, asymmetric stretching modes have larger
frequency shifts under high pressure than under low pres-
sure. This indicates that the NO, asymmetric stretching
modes are quite sensitive to pressure, especially under high
pressure. Therefore, it can be inferred that the vibrational
modes of these side groups act as important vibrational
channels for H migration reactions. These findings are sup-
ported by the experimental results [73] that the torsion
motions of the NO, groups may act as doorway through
which kinetic energy can flow into the molecule from its
surroundings since the torsion motions of the molecule’s
functional groups are usually supposed to be highly coupled
to the other moiety of the molecule.

Figure 9a shows the pressure-induced frequency shifts
of CH, twisting, H, of CH, wagging, and HCH bending
modes for HMX. The frequency shifts of these vibrational
modes are relatively large under pressure. Moreover, these
modes are strongly crossed. This large pressure depen-
dence of the CH, vibrational modes is attributed to their
locations on the HMX molecules. The frequency shifts of
CH, stretching modes are displayed in Fig. 9b. The CH,
stretching modes have frequencies higher than the CH,
twisting, H, of CH, wagging, and HCH bending vibrations.
As with the above CH, modes shown in Fig. 9a, the CH,
stretching modes have large frequency shifts under com-
pression. These modes are coupled strongly to the NO,
stretching vibrations. This mixing provides important
vibrational channels for the HMX decomposition reactions.
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Fig. 9 Pressure-induced frequency shifts of a CH, twisting, H, of
CH, wagging, and HCH bending modes and b CH, stretching modes
for HMX

4 Conclusions

In this study, we have performed a systematic study of the
structural, electronic, and vibrational properties of crys-
talline HMX under hydrostatic pressure of 0-100 GPa
within density functional theory. The results show that as
the pressure increases, both the structural parameter and the
frequency shifts agree more closely with experimental
results. The largest compression of the unit cell takes place
in the pressure region of 0-30 GPa. The structure is much
stiffer in the a and ¢ direction than along the b axis,
showing that the compressibility of HMX crystal is
anisotropic. With the increasing pressure, the lattice con-
stants and cell volumes calculated by LDA gradually
approach these by GGA-PWO1.

As the pressure increases, the band gap gradually
decreases; moreover, the gap reduction is more pronounced
in the low-pressure range compared to the high-pressure
region. The band gaps calculated by LDA and GGA
pseudopotential plane-wave method reproduce the trend of
pressure-induced variation of band gap by all electron
calculations. An understanding of the stabilities of HMX
under compression based on the electronic structure shows
that an applied pressure increases the impact sensitivity of
HMX to detonation initiation.

The calculated pressure-induced frequency shifts indi-
cate that the hydrostatic compression produces a more
significant influence on the ring deformation and stretching
vibrations than on other modes in the whole pressure range.
The pressure also has a stronger effect on the vibrational
modes associated with the motions of the CH, and NO,
side groups, moreover, the NO, stretching modes are
strongly coupled to the CH, vibrations. This shows that the
vibrational modes of these side groups can act as important
vibrational channels for H migration reactions. The mixing
between different vibrational modes becomes stronger
under compression. This strong mixing between the N-N
stretching and the CH, rocking and twisting modes pro-
vides potential vibrational channels for a proposed con-
certed N—N homolysis and HONO elimination [68].
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