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Abstract A detailed study of the structural, electronic, and
optical absorption properties of crystalline 1,4-dinitrofura-
zano[3,4-b]piperazine (DNFP) under hydrostatic pressures
of 0—100 GPa was performed using periodic density function-
al theory. As the pressure increases, the lattice constants and
cell volumes calculated by LDA gradually approach those
obtained by GGA-PWO1. It was found that the structure of
DNFP is much stiffer in the b direction than along the a and ¢
axes, indicating that the compressibility of the crystal is an-
isotropic. As the pressure increases, the band gap gradually
decreases, and this decrease is more pronounced in the low-
pressure range than in the high-pressure region. An analysis of
the density of states showed that the electronic delocalization
in DNFP gradually increases under the influence of pressure.
DNFP exhibits relatively high optical activity at high pressure.
As the pressure increases, the bands in the fundamental ab-
sorption region of the absorption spectrum of DNFP become
more numerous and intense.
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Introduction

Energetic nitrogen-rich heterocyclic compounds have attracted
considerable attention due to their novel properties: high den-
sity, high positive heat of formation, and good thermal stabil-
ity. Among these heterocyclic systems, nitraminofurazan
derivatives have drawn a great deal of interest since the
1980s [1, 2]. 1,4-Dinitrofurazano[3,4-b]piperazine (DNFP) is
a nitraminofurazan containing two N-NO, structures, a piper-
zine ring, and a furazan ring [3]. The furazan ring—an ener-
getic, nitrogen-rich, heterocyclic group—presents a high
enthalpy of formation, good thermal stability, and an active-
oxygen-bearing cycle. A great deal of research has shown that
the furazan ring is a very effective structural unit for enhancing
the performance of high-energy density materials [4—7].

DNFP is a relatively insensitive energetic material; its
impact sensitivity (Hsp) is 162 cm [8]. It is more dense
(1.828 gem ) [3] than the commonly used explosive RDX
(1,3,5-trinitro-1,3,5-triazine), and its detonation velocity and
pressure are close to these of RDX [8]. Thus, it has the
potential for application in propellants and explosives. Willer
et al. [9, 10] used ethylenediamine as a starting material to
synthesize DNFP by three-step reactions involving condensa-
tion—cyclization, dehydration, and nitrification. Bi et al. [§]
synthesized DNFP through condensation—cyclization be-
tween N,N'-ditertbutyl ethylenediamine and dichloroglyox-
ime, dehydration, and nitrolysis. It is well known that the
efficacy of chemical propellants and high-energy materials is
closely linked to their solid-phase properties and their charac-
teristics upon thermal decomposition [3]. Oyumi et al. [3, 11,
12] studied the thermal properties of DNFP and found that it
has very reasonable thermal properties. However, DNFP is
still not well understood at a fundamental and even practical
level—it exhibits complex chemical behavior. Thus, there is a
pressing need to gain a better understanding of its structure
and properties.
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When propellants and explosives are sufficiently excited
they can undergo exothermic dissociation because these
materials contain tightly bonded groups of atoms [13]. The
macroscopic properties of these materials ultimately depend
on their microscopic structures, such as their electronic
structures. During the detonation process, DNFP experien-
ces enormous pressure effects. Therefore, one fundamental
aspect of its decomposition and burning is its structure dur-
ing a high-pressure explosion. In addition, knowledge of the
mechanical response of DNFP is useful for interpreting and
understanding the shock-induced chemical decomposition
of DNFP.

It is a challenging task to investigate the microscopic
properties of energetic materials under high pressures ex-
perimentally (i.e., practically). As a complement to such
experimental work, theoretical simulation provides an effec-
tive way to model the physical and chemical properties of
complex solids at the atomic level. Recently, methods uti-
lizing density functional theory (DFT) with pseudopoten-
tials and a plane-wave basis set have become well
established. Such methods have been successfully applied
to study the structures and properties of energetic solids
under hydrostatic compression [14, 15]. Much work has
been done to investigate the synthesis of DNFP, but work
studying the structural properties of DNFP with increasing
pressure appears to be scarce.

In this study, we performed periodic DFT calculations
to study the structural, electronic, and optical absorption
properties of DNFP under hydrostatic pressures of 0-—
100 GPa. To investigate the crystal structure of DNFP
at different pressures, atomic positions and unit-cell
parameters were allowed to relax to their minimum
energy configurations. Then we examined the variations
in the structural and optical absorption properties of
DNFP under different pressures.

The remainder of this paper is organized as follows. A
brief description of our computational method is given in
the second section. The results and discussion are presented
in the third section, followed by a summary of our conclusions
in the final section.

Fig. 1 Atomic structures of
crystalline and molecular
DNFP. Gray, blue, red, and
white spheres represent C, N,
O, and H atoms, respectively
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Computational methods

The calculations performed in this study were done within
the framework of DFT based on the CASTEP code [16],
using Vanderbilt-type norm-conserving pseudopotentials
[17] and a plane-wave expansion of the wavefunctions.
The self-consistent ground state of the system was deter-
mined by using a band-by-band conjugate gradient tech-
nique to minimize the total energy of the system with
respect to the plane wave coefficients. The electronic wave-
functions were obtained using a density-mixing minimiza-
tion method [18] for the self-consistent field calculation, and
the structures were relaxed using the Broyden, Fletcher,
Goldfarb, and Shanno (BFGS) [19] method. Geometry op-
timization is achieved by reducing the magnitudes of the
calculated forces and stresses until they become smaller than
defined convergence tolerances. Therefore, it is possible to
specify an external stress tensor to model the behavior of the
system under tension, compression, shear, etc. In such cases,
the internal stress tensor is iterated until it becomes equal to
the applied external stress. The LDA functional proposed by
Ceperley and Alder [20] and parameterized by Perdew and
Zunder [21] (and thus termed “CA-PZ”) was employed in
this work. The cutoff energy for plane waves was set to
550 eV. Brillouin zone sampling was performed using the
Monkhorst—Pack scheme with a k-point 2x2x1 grid. The
values of the kinetic energy cutoff and the k-point grid were
chosen to ensure the convergence of the total energy.

We used the crystal structure of DNFP at ambient
pressure and temperature as the input structure. DNFP
crystallizes in a monoclinic lattice with the space group
P2,/c, and contains four C4H4N¢Os molecules per unit
cell [3]. Figure 1 displays the atomic structures of
crystalline and molecular DNGP. The experimental crys-
tal structure of DNFP [3] was first relaxed to allow the
lattice configurations, cell shape, and volume to change
at ambient pressure. We then applied hydrostatic com-
pression (in the range of 1-100 GPa) to relax the
crystal structure without any symmetry constraints. All
of the calculations performed in this work were based
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Table 1 Experimental and relaxed lattice constants (A) and angles
(degrees) for crystalline DNFP

This work Experimental
value [3]
LDA PBE RPBE PWO1
a 9.151 10.990 11.399 11.005 9.743
b 6.680 7.419 7.517 7414 6.636
c 12.029 14.897 15.360 14.892 12.165
Ié] 92.7° 97.7 98.6 97.7° 94.2°

on the same crystal structure of DNFP. Geometry relax-
ation was performed until the system converged, which
meant that the total energy of the system was less than
2.0x10° eV, the residual force was less than 0.05 eV/A, the
atomic displacement was less than 0.002 A, and the
residual bulk stress was less than 0.1 GPa. Previous
studies that employed the same approach to simulate the
hydrostatic compression of other energetic crystals [22—24]
produced results that were in agreement with those
obtained experimentally.

Results and discussion
Crystal structures

We applied four different functionals to bulk DNFP at
ambient conditions as a well-studied benchmark test. The
LDA (CA-PZ) and the generalized gradient approximation
(GGA) (PBE [25], RPBE [26], and PW91 [27]) functionals
were selected to fully relax the DNFP phase without any
constraint. The calculated lattice parameters are given in
Table 1, together with experimental values [3]. The differ-
ences between the calculated and experimental values were
found to be typical of those observed for the LDA and GGA
to DFT. The errors in the LDA (CA-PZ) results were slightly
smaller than those seen in the GGA (PBE, RPBE, and
PWO1) results when compared with the experimental val-
ues. This shows that the accuracy of LDA is better than that
of GGA in predicting crystal structures. Table 2 lists the
LDA-relaxed bond lengths and bond angles of crystalline
DNFP at ambient conditions, together with the corre-
sponding experimental data. The results show that the bond
lengths and bond angles compare well with the experimental
values. The discrepancies between the calculated and exper-
imental values are typical of the LDA approximation to
DFT. These comparisons confirm that our computational
parameters are reasonable.

Figure 2 shows the effect of pressure on the lattice con-
stants of DNFP calculated using the GGA and LDA func-
tionals. It was found that the use of GGA and LDA lead to

the same trend: the lattice constants gradually decrease as
the pressure increases. Over the whole pressure range con-
sidered, the lattice constants calculated by GGA are larger
than those calculated by LDA. Previous studies [28, 29] on
several energetic crystals have shown that GGA generally
overestimates the lattice constants while LDA underesti-
mates them when compared to experimental data. This is
consistent the results obtained in this work. To examine the
pressure dependence of the lattice constants of DNFP, we
fitted a quadratic of the form ay+a,P+a,P* for each LDA-
calculated lattice constant as function of pressure. The

Table 2 Experimental and relaxed bond lengths (A) and bond angles
(degrees) for crystalline DNFP at ambient conditions

Experimental value [3] Calculated in this work

Bond lengths

Cl1-C2 1.496 1.505
C2-N4 1.479 1.464
N4-C4 1.387 1.375
C4-C3 1.426 1.427
C3-N3 1.388 1.376
N3-C1 1.479 1.463
N1-C3 1.295 1.311
N1-01 1.387 1.384
O1-N2 1.388 1.378
N2-C4 1.295 1.312
N3-N5 1.389 1.404
N4-N6 1.382 1.402
N5-02 1.215 1.221
N5-03 1.216 1.230
N6-0O4 1.221 1.229
N6-05 1.212 1.221
Bond angles

N3-C1-C2 109.5 109.6
C1-C2-N4 109.5 109.9
C2-N4-C4 116.0 116.8
N4-C4-C3 120.2 119.9
C4-C3-N3 120.2 120.7
C3-N3-Cl1 116.9 118.0
N1-C3-C4 109.7 109.4
C3-C4-N2 109.9 109.4
C4-N2-01 103.9 104.2
N2-O1-N1 112.3 112.7
OI1-N1-C3 104.0 104.1
C2-N4-N6 117.6 118.2
C1-N3-N5 117.4 117.6
N4-N6-04 115.6 115.5
N4-N6-05 117.4 116.8
N3-N5-02 116.1 116.1
N3-N5-03 117.0 116.4
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Fig. 2 Lattice constants of DNFP as a function of hydrostatic pressure

coefficients a; and a, for lattice constant ¢ are —0.044 A/
GPa and 0.00028 A/GPa?, respectively. For lattice constant
b, a; and a, are —0.015 A/GPa and 0.00008 A/GPa’, re-
spectively, and for lattice constant c, a; and a, are —0.049 A/
GPa and 0.00033 A/GPa?, respectively. This shows that the
magnitudes of the quadratic coefficients a; and a, (which
reflect the pressure-induced changes in the lattice constants
for the a, b, and c axes) are different. The structure is much
stiffer in the b direction than along the a and ¢ axes.
Therefore, the compressibility of the DNFP crystal is aniso-
tropic. As shown in Fig. 2, the ¢ and ¢ axes are more
compressible than the b axis. The order of compressibility
for the lattice constants of the DNFP crystal is as follows:
c>a>b. The greatest compression of the unit cell occurs for
pressures of 0—10 GPa. Above that pressure range, the
lattice parameters decrease slowly with increasing pressure.

Figure 3 presents the variations in the unit-cell angle 3
with increasing pressure, calculated using the GGA and
LDA functionals. The GGA and LDA results show the same
trend for the unit-cell angle 3: it decreases slowly with
increasing pressure. The decrease in 3 is more irregular in
the high-pressure region than in the low-pressure region.
The unit-cell angles « and ~y are 90°; they remain unchanged
over the entire pressure range from 0 to 100 GPa (not shown
in Fig. 3). The observed lack of continuous behavior in
Fig. 3 may be due to numerical fluctuations.

The effect of pressure on the unit-cell volume, as calculated
using LDA and GGA, is presented in Fig. 4. We can see from
Fig. 4 that the GGA and LDA results show the same trend: as
the pressure increases, the volume decreases monotonically.
Up to 70 GPa, the volume compression is 50 %. At a given
pressure, the unit-cell volume estimated by LDA is lower than
that estimated by GGA. This is consistent with previous DFT
studies on several energetic solids [29, 30]. The two curves are
also closer together in the high-pressure region, implying that

@ Springer
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Fig. 3 Unit-cell angle 5 of DNFP as a function of the hydrostatic
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the DFT calculations performed for high pressures may be
more reliable (due to the enhanced intermolecular interactions
at such pressures). Since conventional formulations of DFT do
not include dispersion interactions, DFT appears to be inade-
quate for studies of organic molecular crystals that are weakly
bonded by van der Waals forces at low pressures. However,
there is evidence that DFT can be used to treat weakly bound
molecular systems under sufficient degrees of compression
[30]. Our previous calculations also show that DFT can accu-
rately describe the intermolecular interactions that occur in
HMX [29] and HNS crystals [12] subjected to high pressures.
Since the LDA results present the same trend as the GGA
ones, the LDA functional was used in subsequent calculations.

The crystal packing of the DNFP molecule is quite effi-
cient. We performed statistical averaging of the lengths of
different bonds in DNFP (obtained using LDA) to investi-
gate the effect of pressure on them. Figure 5 displays the
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Fig. 4 Unit-cell volume of DNFP as a function of hydrostatic pressure
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Fig. 5 Bond lengths of DNFP
as a function of hydrostatic
pressure
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bond lengths in DNFP at different pressures. It is clear that
the bond lengths in DNFP gradually decrease under the
influence of pressure, although the lengths of the bonds
N3-N5 and N4-N6 decrease more than those of the other
bonds with increasing pressure. This means that the two
bonds N3-N5 and N4-N6 are easier to weaken than other
bonds under compression. We can therefore infer that the
trigger linkage in DNFP is N-NO,, while the other bonds
are relatively strong and resistant to rupture. This is sup-
ported by experimental data [3].

Electronic structures

Figure 6 displays the effect of pressure on the band gap of
DNEFP, as calculated using GGA and LDA. As the pressure
increases, the band gap gradually decreases without any sig-
nificant discontinuity. This is because the decrease in
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Fig. 6 Band gap of DNFP as a function of hydrostatic pressure

Pressure (GPa)

intermolecular space under compression leads to an increase
in the overlaps among different groups of bands, and hence
increased charge overlap and delocalization in the system.
However, the average decrease in the band gap varies depend-
ing on the pressure range. When linear fits are performed in
different pressure ranges, the average decrease in the band gap
up to 10 GPa is 0.0511 eV/GPa, while it is 0.0336 eV/GPa
from 10 to 50 GPa and 0.0057 eV/GPa from 50 to 100 GPa.
This indicates that the decrease in energy is more pronounced
in the low-pressure range compared to the high-pressure re-
gion, which is in agreement with previous theoretical studies
on HNS [12], AP [24], anthracene [31], and nitromethane [23,
28] subjected to high pressures. For 50 % compression (P=
70 GPa), the band gap drops from 3.17 eV at ambient pressure
to 1.67 eV. In the pressure region 0-20 GPa, the decrease in
the band gap is 0.86 eV. This value is larger than the pressure-
induced band-gap reduction of 0.23 eV calculated for nitro-
methane [28] using DFT for pressures up to 20 GPa, and the
calculated reduction of about 0.63 eV in anthracene [31] up to
10 GPa, which was obtained using DFT-LDA. In addition,
Fig. 6 indicates that there is no significant change in the band
gap in the vicinity of the pressure 34 GPa, which is close to the
detonation pressure of DNFP determined experimentally [32].
This shows that compressing the crystal DNFP to a pressure
that is an order of magnitude higher than that observed in
developed detonation waves does not lower the band gap
enough to provide a significant thermal population of conduc-
tion electrons at detonation temperatures. Previous theoretical
studies on HNS [12], nitromethane [28], HMX [29], RDX
[33], and lead azide [34] have shown that these materials also
present some band gap lowering under compression to the
densities associated with detonation, but not enough to pro-
duce a significant population of excited states at detonation
temperatures. These observations agree qualitatively with our
results here.

@ Springer
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The calculated total density of states (DOS) and the
partial DOS (PDOS) of the DNFP crystal are displayed
in Fig. 7 for various pressures. As the pressure increases,
the DOS peaks in the valence bands become more and
more dispersed, and they tend to shift to lower energy.
This shows that the electronic delocalization in DNFP
gradually increases under the influence of hydrostatic
pressure. In the upper valence band, DNFP has a relative
sharp peak near the Fermi level at 0 GPa, indicating that
the top valence bands of the band structure are flat. As

the pressure increases further, the sharp peak becomes
increasingly smooth. This means that the band splitting
and band dispersion increase, and the DOS broadens.
This may be because the intermolecular distances are
reduced, so the intermolecular interactions strengthen
with increasing pressure. Upon compression, the DOS
peaks in the conduction bands have a tendency to shift
to lower energies. This leads to a reduction in the gap
between the conduction and valence bands. It can be
inferred from Fig. 6 that the band gap closes in DNFP

Fig. 7a—d Total and partial 30 44—
density of states (DOS) for the 20 40N NG,

O states in NO,, O states in the 10 —/\
furazan ring, N states in the 04 =
piperazine ring, N states in NO,, g | O in furazan

C states, and DNFP at pressures
of a 0 GPa, b 20 GPa, ¢ 60 GPa,

and d 100 GPa. The Fermi
energy is shown as a vertical
dashed line
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Fig. 7a—d (continued)
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under compression, and that DNFP has metallic proper-
ties. Gilman [35, 36] has proposed that metallization
occurs at the shock front due to the bending of covalent
bonds. Such metallization has been also been found to
occur under hydrostatic compression in the covalently
bonded energetic material nitromethane [28]. These con-
clusions support our findings here. At low pressure, the
DOS from —15 eV up to the Fermi level is dominated by
the p states, while it is dominated by the s and p states
at high pressure. This indicates that there is an increase
in charge overlap in the system with increasing pressure.

-15
Energy(eV)

-10 10

The atom-resolved DOS and PDOS of DNFP at different
pressures are also shown in Fig. 7. As the pressure increases,
the DOS peaks of the N states in the piperazine ring, the N
states in NO,, the N states in the furazan ring, the C states,
the O states in the furazan ring, and the O states in NO, in
the valence bands become more and more dispersed, and
those in the conduction bands have a tendency to shift to
lower energy. This shows that crystal compression greatly
increases the likelihood of electronic excitations. In the
upper valence bands from —10 to 0 eV, compression moves
the N states in the piperazine ring toward the Fermi level,
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and several of the main peaks relating to those states merge
together. Also, the states of N in the piperazine ring contrib-
ute more to the upper valence bands than the other atoms.
This shows that the N in the piperazine ring acts as an active
center. Thus, the electrons from the N states in the pipera-
zine ring become more and more excited under compres-
sion. This implies that N-NO, bond fission may be
favorable in the decomposition of crystalline DNFP. These
results show that compressing the DNFP crystal increases
the probability of N-NO, bond fission. This is in agreement
with experimental results on the thermal decomposition
mechanisms of DNFP [3, 8]. In addition, in the upper
valence bands from —10 to 0 eV, compression moves the C
states and N states in the furazan ring toward the Fermi
level, and several of the main peaks relating to these states
merge together. This indicates that the electrons from the C
states and N states in furazan become more and more
excited under compression. This indicates that the furazan
ring may decompose and produce some small gas mole-
cules, which again is in agreement with experimental data
[3].

Finally, we tried to correlate the stability (or explosive
character) of DNFP under compression with its electronic
structure. The electronic structure of a solid is intimately
related to its fundamental physical and chemical properties.
The band gap is an important feature of the electronic
structure of a material. Xiao et al. [37, 38] used the semi-
empirical discrete variational Xa (DV-X«) and extended
Hiickel—crystal orbital (EH-CO) methods to study the
band structure of metal azides, and found that the energy
gap between the HOCO and LUCO (the highest occupied
crystal orbital and the lowest unoccupied crystal orbital)
was correlated with the corresponding impact sensitivity.
Since then, many theoretical studies of the polymorphs of
HMX [29], alkali metal azides [34, 39], heavy-metal
azides [40, 41], nitroanilines [14], and K-doped cuprous
azides [42] performed within the framework of periodic
DFT have also confirmed this relationship between the
band gap and impact sensitivity. Gilman [35, 36] has
emphasized the role of HOMO-LUMO gap closure in
the explosion of molecules suffering shear strain and
shocks. Luty et al. [43] reported that band gap closure
is related to the stability of the material. Further, inves-
tigations on the excitonic mechanism of detonation initi-
ation [44, 45] have shown that the pressure inside the
impact wavefront reduces the band gaps between valence
and conduction bands and can promote the HOMO-
LUMO transition within a molecule. These studies sug-
gest that the band gap in gas molecules undergoing shear

strain, impact waves, or distortion relates directly to the
sensitivity. Our previous studies [46, 47] derived a first-
principles band-gap criterion to measure impact sensitivity for
a series of energetic crystals. For energetic crystals that have a

@ Springer

similar structure and thermal decomposition mechanism,
the smaller the band gap, the easier it is to transfer an
electron from the valence band to the conduction band,
and the more the material decomposes and explodes. As
can be seen in Fig. 6, the band gap of the DNFP crystal
gradually decreases as the pressure increases. Therefore,
it may be inferred that the impact sensitivity for DNFP
increases with rising pressure. This is in agreement with
numerous experimental observations that applying pres-
sure increases the sensitivity of explosives to detonation
initiation [48].

Optical absorption spectra

In this section, we describe our investigation of the optical
absorption coefficients of the DNFP crystal at different
pressures. The interaction of a photon with the electrons in
a system can result in transitions between occupied and
unoccupied states. The spectrum resulting from these exci-
tations can be described as a joint density of states between
the valence and conduction bands. The imaginary part e,(w)
of the dielectric function can be obtained from the momen-
tum matrix elements between the occupied and unoccupied
wavefunctions within the selection rules, and the real
part £;(w) of the dielectric function can be calculated from
the imaginary part £,(w) by the Kramer—Kronig relationship.
The absorption coefficient a(w) can be evaluated from & (w)

and e,(w) [49].

1/2

afo) = Vio( H(0) + Ho) - a @) m
The absorption coefficients a(w) of DNFP at different
pressures are shown in Fig. 8. The absorption spectrum is
active in various regions corresponding to the molecular or
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Fig. 8 Optical absorption spectrum of DNFP at different hydrostatic
pressures
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lattice structures of the individual materials. The absorption
spectrum of DNFP has a qualitatively similar appearance at
different pressures. There is an absorption band from 0 to
25.0 eV and strong optical absorption from 2.5 to 17.5 eV.
The magnitudes of the absorption coefficients of these peaks
allow optical transitions due to excitons. At ambient pres-
sure, DNFP exhibits a relatively high absorption coefficient
over a few closely spaced bands. The absorption bands from
2.5to 4.4 eVand 14.3 to 16.8 eV correspond to the frequen-
cy of C—H stretching. The bands in the range 5.1-12.6 eV
overlap, forming the strongest absorption region, which
corresponds to N—O vibrations and ring distortion. The peak
at 13.3 eV corresponds to C=N stretching. As the pressure
increases, the absorption peak of DNFP becomes wider and
taller. This suggests that DNFP has relatively high optical
activity at high pressure. In addition, DNFP exhibits higher
absorption coefficients at high pressure than at low pressure
in the frequency range 0—12.5 eV, indicating a shift toward
higher frequencies in the absorption spectra. The results
calculated here indicate that the bands in the fundamental
absorption region of the absorption spectrum of DNFP are
more numerous and intense at high pressure than at low
pressure.

Conclusions

In this work, we performed a systematic theoretical study of
the structural, electronic, and optical absorption properties
of crystalline DNFP under hydrostatic pressures of 0—
100 GPa using density functional theory. The results show
that the structure of DNFP is much stiffer in the b direction
than along the a and ¢ axes, indicating that the compress-
ibility of the crystal is anisotropic. As the pressure increases,
the band gap gradually decreases, and this decrease is more
pronounced in the low-pressure range than in the high-
pressure region. An analysis of the density of states shows
that electronic delocalization gradually increases in DNFP
under the influence of pressure. Our improved understand-
ing of the stability of DNFP under compression, obtained by
studying DNFP’s electronic structure, indicates that apply-
ing pressure increases the impact sensitivity of DNFP to
detonation initiation. As the pressure increases, DNFP
presents increasingly high optical activity. The bands in
the fundamental absorption region of the absorption spec-
trum of DNFP are more numerous and intense at high
pressure than at low pressure.
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