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[ ABSTRACT]

The effect of external pressure on 4-amino-3 ,7-dinitrotriazolo-[ 5,1,¢] [1,2,4] triazine (ADT) crystal

in the pressure range of 0-130 GPa was investigated by the density functional theory ( DFT) periodic calculation with LDA/

CA-PZ function. With the increasing pressure, the volume of ADT crystal decreases while the energy increases. The topolo-

gical analysis shows that the energy of hydrogen bonds increases as the pressure increases. At 81 GPa, hydrogen bonding

between atoms 02 and H5 converts into covalent interaction. And the covalent interaction is formed between atoms N4 and
H6. At 82 GPa, the interaction between atoms 02 and HS, N4 and H6 become hydrogen bonding. At 92 GPa, H6---N4

turns into a covalent bond, and there is s covalence interaction between the two atoms. The band gap decreases first and

then increases with the increasing pressure.
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Introduction

Nitrogen-rich energetic crystals, as a category of
the high energetic density crystals, have been an im-

portant direction in the developing new energetic mate-
13]

rials' The nitrogen-rich energetic crystals exhibit

* WFs A HI.2018-11-07

high positive heats of formation and possess a large
quantity of intermolecular and intramolecular hydrogen
And the gas

generated by the detonations is more environmental

bonds which reduce the sensitivity*!.

than that of the traditional energetic materials.
In recent decades, a large number of new nitro-

gen-rich energetic crystals have been synthesized. Wu
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et al® improved the performance of 3-nitro-1,2 ,4-tria-
zo0l-5-one (NTO) and 5,6,7 ,8-tetrahy-drotetrazolo| 1,
5-b][1,2,4]-triazine (TZTN) successfully by cocrys-
tallizing NTO with TZTN in the ratio of 1 : 1. Zhang et
al'®! completed the synthesis of [2,2'-bi (1,3, 4-
oxadiazole ) ]-5, 5'-dinitramide ( ICM-101), a high-
energy-density material. However, there are great limi-
tations in the experimental study of high-pressure be-
havior of energetic crystals. Therefore, scientists start
to study the high-pressure behavior of energetic crystals
under extreme condition by the theoretical calculation,
which contributes to understand the detonation mecha-

78] Wu et al® studied the detonation and de-

nism
composition mechanism of 1,3, 5-triamide-2, 4, 6-
nitrobenzene ( TATB) crystal at different decomposi-
tion temperatures and pressures by molecular dynamics
simulation. Zhang et al''’ explored the structure,
mechanics and vibration performance of 2 ,6-diamino-
3, 5-dinitropyrazine-1-oxide ( LLM-105) in the range
of 0-100 GPa by using density functional theory.

In 2016, David et al'""! synthesized the energetic
crystal 4-amino-3 ,7-dinitrotriazole-[ 5,1,c¢] [1,2,4]
trazine ( ADT) crystal. ADT (impact sensitivity of
29.0 J, friction sensitivity > 300 N) is less sensitive
than RDX (impact sensitivity of 4. 6 J, friction sensi-
tivity of 157 N). In this paper, to further get more
detailed insight into ADT crystal, the DFT was used to
investigate the volume, total energy and band structure
of ADT crystal within 0-130 GPa. And the hydrogen
bonding was studied under different pressures by topo-

logy analysis.

(a)crystal structure

1 Computational methods

Density functional theory ( DFT ) based on
CASTEP code''? was applied in the study with Van-
derbilt-type ultrasoft pseudo-potentials. The local den-
sity approximation ( LDA) with Ceperley-Alder ex-
change-correlation potential parameterized by Perdew
and Zunder (CA-PZ)'"' was employed to the calcula-
tions on the ADT crystal. The electronic wave functions
were obtained by using Pulay density-mixing scheme.
Brillouin zone sampling was performed by using the
Monkhorst-Pack scheme with k-point grid of 2 x 1 x 1.
The experimental ADT crystal (CCDC 1481755) ")
used as initial structure, belongs to the monoclinic
space group Ce with @ =6.205 A, b =22.370 A and
¢=17.547 A as shown in Fig. 1.

The topology analysis was performed using Multiw-
" with the input files (. fchk) gained from Gau-
ssian 09" using the functional B97-D at 6-311+G ™ *
level. The electron density (pgep) and its Laplacian
(V’pyer) at the bond critical point ( BCP) , the total
electron-energy density ( Hy., ), the electron potential
energy density (Vo) and the Lagrangain kinetic ener-
gy (Ggyep) were used to characterize the BCP. The re-

lationships of these parameters were given by Equation
(1):

1 2

3 VP =2Gycp + Vi

Hyep = Gyep + Vo (1)
The hydrogen bond energy ( E, ) was calculated

02 04

(b) atomic number

Fig.1 Crystal structure and atomic number of ADT
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as Equation(2) ;

1
EHZTVBCPO (2)

2 Results and discussion

2.1 Unit-cell volume and unit-cell angle

To visually illustrate the effect of hydrostatic pres-
sure on molecular structures, the molecular configura-
tions in ADT crystal under different pressures are dis-
played in Fig. 2. It is obvious that the molecular struc-
tures scarcely change below 80 GPa, because the ex-
ternal compression mostly squeezes out intermolecular
space as the pressure increases to 80 GPa. When the
hydrostatic pressure gets higher and higher, the planar
conjugated structure deforms greatly, at the same time,
there are remarkable rotations of the amino groups
(—NH,) and nitro groups (—NO, ) on the ring.

Fig. 3 describes the effect of pressure on the unit-
cell angle and unit-cell volume of ADT ecrystal. It is
clearly found that the unit-cell angle is greatly affected
by hydrostatic pressure especially at 81, 82 and 92
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(a) Unit-cell angle

(b)80 GPa

GPa. The curve of unit-cell volume shows that the
unit-cell volume decreases gradually, correspondingly,
the crystal density increases with the increasing pres-
sure. At low pressure, the distance between two mole-
cules is large and the intermolecular forces are weak.
Therefore, the unit-cell volume decreases fast at 0-10
GPa. Nevertheless, with the increase of hydrostatic
pressure, the intermolecular repulsive forces become
stronger gradually, hence the molecular conformation
changes obviously. Fig. 4 presents the total energy of
ADT crystal with the change of pressure. From Fig. 4,
the total energy of ADT crystal rises with the increasing
pressure, which means that the intermolecular interac-
tion increases.
2.2 Topology analysis

The topology analysis proposed by Bader is an ef-
fective tool to obtain further insight into hydrogen bonds
in ADT crystal by analyzing electron distribution in the
‘ atoms in molecules’ ( AIM) theory. The first neces-
sary condition for the existence of hydrogen bond is that
there is a bond critical point ( BCP) for proton:--ac-

ceptor’ contact. The other criterion is that the value of

(¢)130 GPa

Fig.2 Variation trend of molecules in ADT crystal at different pressures
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Fig.3  Unit-cell angle and unit-volume as a function of pressure for ADT crystal
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Fig. 4 Total energy as a function of

pressure for ADT crystal

electron density at BCP (pyep) should be in the range
of 0.002-0.040 a. u. and the corresponding Laplacian
(V’pyep) value in the range of 0. 024-0. 139 a. u..
Hydrogen bond is classified by Rozas et al into three
categories : if both V?p,., and Hy., >0, the H-bond is
weak (E,<50.2 kJ/mol) ; if V’pye >0 and Hy, <
0, the H-bond is medium (50.2 < E,, <100.5 kJ/
mol) ; however, if both V’p,., and H,, <0, the H-
bond is strong (£, >100.5 kJ/mol).

Herein , we discuss the intermolecular and intra-
molecular bond on the basis of the topological parame-
ters and total electron density . Tab. 1 lists the calcu-
lated values of topology analysis and hydrogen bond

energies for intermolecular hydrogen bonds under

different hydrostatic pressures. It is clear from Tab. 1
that from O to 80 GPa, the hydrogen bond energies of
H2---05, H6:--03 and H5---02 bonds increase with
the increasing pressure and hydrogen bonds undergo a
change from weak ( V?p,, >0 and Hy, >0) to me-
dium ( Vpyep >0 and Hy,,, < 0). Several distinct
transformations in intermolecular hydrogen bonds occur
within the pressure region of 80-130 GPa. At 81 GPa,
both the electronic density and the Laplacian are posi-
tive in H2:--N6, therefore, the H2:--N6 forms which
belongs to a weak hydrogen bond. At the same time,
another new bond is formed by H6 and N4. The values
V?puer <0 and Hy, <0 at the BCP show that the
N4—HG6 is a strong covalent bond and the bond energy
reaches up to —595.99 kJ/mol. Since V’p,., >0 and
H,., <0 at the BCP, the H5---02 bond can be treated
as a covalent bond, and what is more, the bond energy
increases to —242.86 kJ/mol. Under 82 GPa, on the
basis of the analysis of topology parameters and hydro-
gen bond energy, it can be concluded that H2---05,
H5---02 and H6---03 are considered as weak hydrogen
bonds with the values V’py., >0 and Hy, >0, while
the H6---N4 is regarded as a medium hydrogen bond
with the values V’p,., >0 and Hy,, <0. When the
pressure turns to 92 GPa, the V’p,, and H,, at BCP

Tab.1 Topology parameters and bond energy of intermolecular hydrogen bonds under different pressures
Pressure/ Interaction Pgcp Y% ZPB(;P Vice Gyer Hyp E,/

GPa H---Y (a.u.) (a.u.) (a.u.) (a.u.) (a.u.) (kJ + mol™")

H2---05 0.024 0.158 -0.032 0.036 0.004 -42.01

0 H6---03 0.017 0.077 -0.015 0.017 0.002 -19.69

H5---02 0.024 0.131 -0.025 0.029 0.004 -32.82

H2---05 0.056 0.463 -0.120 0.122 -0.002 -157.53

80 H6---03 0.054 0.347 -0.092 0.090 -0.002 -120.77

H5---02 0.070 0.547 -0.154 0. 145 -0.009 -202.16

H2---N6 0.029 0.184 -0.043 0.044 0.001 -56.45

81 H5---02 0.078 0.622 -0.185 0.170 -0.015 -242.86

H6---N4 0.309 -0.014 0.454 0.053 -0.401 -595.99

H2---05 0.043 0.328 -0.078 0.080 0.002 -102.40

% H5---02 0.046 0.333 -0.080 0.081 0.001 -105.02

H6---03 0.042 0.239 -0.050 0.055 0.005 -065.64

H6---N4 0.050 0.372 -0.102 0.097 —-0.005 -133.90

H2---N6 0.023 0.134 -0.028 0.031 0.003 -36.76

92 H5---02 0.047 0.329 -0.081 0.081 0 -106.33

H6---N4 0.153 -0.730 -0.419 0.118 -0.301 -550.04
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in H2---N6 and HS5--- 02 bonds are positive or zero
which elucidates that H2---N6 and H5---02 bond are
classified as weak hydrogen bonds. Furthermore, the
hydrogen bond interaction between H6 and N4 changes
into much stronger covalent interaction. The V’p,..
and Hy.p of H6—N4 bond at the BCP are lower than
zero and the E,; of H6—N4 bond is as high as
-550. 04 kJ/mol.

Tab. 2 depicts the topology parameters and hydro-
gen bond energies for intramolecular hydrogen bonds
under various pressures. The topology parameters
Vpyep and Hyp in HI1+-O1, H5---04 and H3---07
bonds are positive within the pressure region of 0-130
GPa, except that at 82 and 123 GPa. From 81 to 82
GPa, the H3---07 bond turns from weak ( V’pye >0,
Hyp >0) to medium strength H-bond ( VZp,e >0,
Hyep <0).

2.3 Band structure

The self-consistence band structures, basing on
equilibrium crystal structures under different pressures,
are illustrated in Fig. 5, in which only the energetic
band structure from —0.75 to 2. 00 eV is appeared.
As shown in Fig. 5, when the pressure is lower than
81 GPa, the energy bands including conduction bands
and valence bands are almost flat because the ADT

crystal is a molecular crystal and the intermolecular in-

teractions are weak in ADT crystal. With the augment
of pressure, the energy bands fluctuate obviously and
shift to lower energy region. In the pressure range of
8192 GPa, the widths of conduction and valence
bands broaden which are caused by transformations of
When
the pressure is above 123 GPa, the energy bands shift

configuration and intermolecular interactions.

obviously to higher energy region compared with those

at 92 GPa.

3 Conclusions

In this study, periodic DFT calculations with
LDA/CA-PZ function were performed to explore the
effect of external pressure on ADT crystal in the range
of 0-130 GPa. In the whole pressure, the volume of
ADT crystal decreases gradually and the energy increa-
ses monotonously.

Overall , the hydrogen bond energy (E,) increases
as the pressure increases and hydrogen bonding in ADT
crystal becomes stronger under high pressure. At 81
GPa, there is a covalent interaction between atoms N4
and H6. The hydrogen bonding between atoms HS5 and
02 converts into covalent interaction and the E} rea-
ches —202.16 kJ/mol. At 82 GPa, the E,; of H5---02
decreases to —102.40 kJ/mol and belongs to a hydro-

Tab. 2 Topology parameters and bond energy of intramolecular hydrogen bonds under different pressures

Pressure/ Interaction Picp \YAT I Vicp Gycp Hyeo E./

GPa H---Y (a.u.) (a.u.) (a.u.) (a.u.) (a.u.) (kJ + mol™")

H1---01 0.023 0. 125 -0.023 0.027 0.001 -30.19

0 H3---07 0.023 0.124 -0.023 0.027 0. 004 -30.19

H5---04 0.023 0.124 -0.023 0.027 0. 004 -30.19

H1---01 0.042 0.264 -0.057 0.061 0. 004 -74.83

80 H3---07 0. 044 0.313 -0.073 0.076 0. 003 -95.83

H5---04 0.041 0.258 -0.059 0.062 0.003 -77.45

H1---01 0.038 0.241 -0.052 0.056 0. 004 -68.26

81 H3---07 0.046 0.296 -0.073 0.074 0.001 -95.83

H5---04 0.023 0.127 -0.027 0.029 0. 002 -35.44

H1---01 0.053 0.394 -0.097 0.098 0.001 -127.34

82 H3---07 0.070 0.575 -0.162 0.153 -0.009 -212.67

H5---04 0.036 0.239 -0.053 0.057 0. 004 -69.58

H1---01 0.040 0.256 -0.059 0.062 0.003 -77.45

92 H3---07 0.052 0.364 -0.091 0.091 0. 000 -119.46

H5---04 0.046 0.301 -0.070 0.072 0.002 -91.89
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Fig. 5 Self-consistence band structures of crystalline ADT under different pressures.

The Fermi energy is shown as a dashed horizontal line

gen bond. Meanwhile, the covalent interaction between
atoms N4 and H6 transfers into hydrogen bond interac-
tion. When the pressure further increase to 92 GPa,
there exists a covalent effect between the two bonding
atoms N4 and H6 and the £, up to —643.25 kJ/mol.

The energy bands fluctuate obviously at 81, 82
and 92 GPa, respectively. With the increasing pres-

sure, the band gap decreases first and then increases.
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