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Abstract The effect of crystal modifier 2,2°,4,4°,6,6’-
hexanitrostillbene(HNS) on the reinforcement of crystalline
1,3,5-trinitrotoluene (TNT) was investigated by molecular
simulation. The intermolecular interactions between HNS
and TNT were revealed by quantum chemistry calculations
in detail, strong attractive forces were found between HNS
and TNT. The solid interface models of TNT/HNS along three
crystalline directions were studied, the distance between HNS
molecule and TNT system was narrowed after optimization;
the mechanical properties were calculated, showing the mech-
anism of the reinforcement.

Keywords 2,2°,4,4°,6,6’-hexanitrostillbene(HNS) -
Intermolecular interaction - 1,3,5-trinitrotoluene(TNT) -
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Introduction

1,3,5-Trinitrotoluene(TNT)-based melt-cast explosive is a
kind of widely-used composite explosive[l]. The toughness
test of the explosive showed that the physical nature of TNT is
fragile [2], the intermolecular interaction in TNT crystal is
weak and the anisotropy of thermal expansion is obvious,
which induce micro cracks for TNT-based explosive parts
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during heating cycling, and affect the sensitivity and charging
properties [3]. Portnoy et al. [4] analyzed the reason for TNT’s
weak mechanical property, and the crystallography of TNT
was considered to be the main reason. Experiments show that
when 2,2°,4,4°,6,6’-hexanitrostillbene(HNS) was added into
the composite explosive, the mechanical property of TNT
crystal can be enhanced. Trevino [5], Parry [6, 7], and Cart-
wright et al. [8] carried out experimental investigations to
validate the positive effect of HNS on TNT crystal, however,
the mechanism of the intermolecular interactions was not
discussed.

Recently molecular simulation methods such as quantum
chemistry (QC), molecular mechanics (MM), molecular dy-
namics (MD), and so on were applied in the field of composite
explosives [9]. The intermolecular interactions between dif-
ferent explosive molecules can be calculated and analyzed in
detail; Li et al. [10] had investigated the intermolecular inter-
actions between explosive 1,3,5-trinitrobenzene(TNB)
and 1,3,5-triamino-2,4,6-trinitrobenzene(TATB) by QC
method at PM3 level, and the interaction energies were
calculated; Niu et al. [11] studied the intermolecular
interactions between TNT and 1,3,5-trinitro-1,3,5-
triazacyclohexane(RDX)by density functional theory
(DFT) method at B3LYP/6-31G(d) level, and the deto-
nation properties were calculated theoretically; Our
group investigated the energetic systems N-methyl-N’-
nitroguanidine (MeNQ) - ammonium nitrate (AN) [12]
and 2,4,6,8,10,12-hexanitro- 2,4,6,8,10,12-
hexaazaisowurtzitane(CL-20)/TNT co-crystal [13, 14],
DFT and MD methods were used to investigate the
intermolecular interactions and mechanical properties.
In this paper, QC and MD methods were applied to
investigate the effect of HNS on TNT crystal, the inter-
molecular interactions were analyzed, and the mecha-
nism of the reinforcement of TNT crystal was discussed.
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Fig. 1 Structures of HNS and
TNT (a) Molecular structure of
HNS; (b) Molecular structure of
TNT; (¢) Crystal structure of TNT

(b)

Simulation and calculation details
Molecular modeling

The molecular configuration of HNS was constructed in
Materials Studio Modeling [15], as shown in Fig. la.
The TNT molecule (Fig. 1b) and crystalline TNT
(Fig. 1c) were constructed according to the experimental
data [16] from Cambridge Crystallographic Data Center
(CCDC), the crystal belongs to P, space group, with
cell parameters ¢=1.4911 nm, b=0.6077 nm, c=
2.0017 nm, a=0p=v=90°. It was obvious that HNS
has a very similar molecular configuration with TNT,
just like two TNT molecules added together head by
head.

Fig. 2 Solid interface model of
HNS on crystalline TNT (a) along
TNT (0 0 1); (b) along TNT

(0 1 0);(c) along TNT (1 0 0)

(a)
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Quantum chemistry calculations

The QC calculations were carried out in Dmol® program [17,
18] at GGA/PBE [19] level [with an exchange-correction
function of Perdew-Burke-Emzerhof (PBE) form under gen-
eralized gradient approximation (GGA)], the double-numeric-
quality (DNP) basis set and dispersion-corrected density func-
tional theory (DFT-D) correction were used. Structures of
HNS molecule as well as two stable trimers consisted of one
HNS molecule and two TNT molecules (HNS-2TNT a,b)
[6-8] were constructed and optimized. Then hydrogen-bond
(H-bond) interactions of HNS-2TNT were examined. En-
ergy and property calculations were performed, and the
corrected total energies were obtained. The intermolecular
interaction energies can be calculated from the total
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Fig. 3 Hydrogen bonds (shown

in light blue) in HNS, TNT, and

two optimized configurations of

HNS-2TNT trimer (a) Intramo-

lecular H-bonds in TNT; (b) in-

tramolecular H-bonds in HNS; (c) C

intermolecular H-bonds in HNS-

2TNT a; (d) intermolecular H-

bonds in (a)
HNS-2TNT b

o,

; © (d)

energies of TNT, HNS and the HNS-2TNT by the sim-
plified equation [20] as:

Einter = Ecomplex_(zETNT + EHNS); (1)

where Ejy., i1s the interaction energy, Ernt, Epyns and
Ecomplex are the total energies (kJ mol_l) ofthe TNT molecule,
the HNS molecule and HNS-2TNT respectively.

The molecular electrostatic potential (ESP) is the potential
energy of a proton at a particular location near a molecule
[21], the ESPs of HNS as well as HNS-2TNT were examined
based on the QC calculations. Negative electrostatic

Fig. 4 Electrostatic potentials of
HNS and HNS-2TNT (a) TNT
[13]; (b)HNS molecule; (¢)HNS-
2TNT a;(d)HNS-2TNT b Red:
positive electrostatic potential,
blue: negative electrostatic poten-
tial ( between 2.283-1072 and
—2.036- 102 Hartree)

Isosurfacel
- 2.238e2

- 1.102e-2

- -3.400e-4

- -1.170e-2

- -2.306e-2

(b)

S

potential (colored in shades of blue) corresponds to attraction
of the proton by the concentrated electron density in the
molecules, while positive electrostatic potential(colored in
shades of red) corresponds to repulsion of the proton by the
atomic nuclei in regions where low electron density exists and
the nuclear charge is incompletely shielded.

Molecular dynamics simulations

In order to investigate the reinforcement of the modifier along
each TNT crystalline direction, a 2x5x2 TNT supercell was

(b)

(@

@ Springer



2461, Page 4 of 7

J Mol Model (2014) 20:2461

Table 1 Inteaction energies in HNS-2TNT using DFT-D correction

System Etrnr [kJ/mol] Eyns [kI/mol] Ecompiex [kJ/mol] Einer [kJ/mol]
HNS-2TNT a —2322206.208 —4638179.385 —9282862.861 271.060
HNS-2TNT b —2322206.208 —4638179.385 —9282832.481 240.680

Note: Ernt, Erns and Eqompiex are molecular energies of TNT, HNS and the complex, respectively. iy is intermolecular interaction energy.

constructed based on the TNT primitive cell. Then the
supercell was cleaved along three different crystal faces
(1 00), 010) and (0 0 1). The optimized HNS
molecule was put in three different boxes which have
periodic boundary condition, and each box has a basal
face the same as each cleaved TNT supercell. Then each
box was combined with the matched cleaved TNT
supercell to build the TNT/HNS interface model as
shown in Fig. 2. The structures were optimized by
molecular mechanics and energy-minimized.

Then MD simulations were performed on the opti-
mized structures under constant particle number, pres-
sure, and temperature (NPT) ensemble with condensed-
phase optimized molecular potential for atomistic simu-
lation studies (COMPASS) [22, 23] force field, and the
validation of the force field was confirmed in previous
studies [13, 14, 24]. To simulate the normal condition,
the target temperature and pressure were set to 298 K
and 100 kPa, Anderson method [25] was used to con-
trol the temperature and Berendsen method [26] was
used to control the pressure. Initial velocity was sam-
pled by Maxwell distribution, and velocity Verlet arith-
metic [27] was utilized. Van der Waals force was cal-
culated by atom-based method, and coulomb interaction
was calculated by Ewald method [28, 29]. Each MD

Fig. 5 Solid molecular structures
of TNT/HNS after MD simulation
(a) along TNT (0 0 1); (b) along
TNT (0 1 0); (¢) along TNT
(100)
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simulation lasted 200 ps to ensure the system properly
equilibrated both in energy and temperature, and the
time step was 1 fs.

The equilibrium trajectory documents were selected
to perform the mechanical property calculations. Opti-
mization process was carried out before the calculation.
The elastic constants were obtained by the mechanical
analysis, and then other mechanical parameters could be
calculated. The generalized Hooke’s law is often written
as:

g; = Cijé‘j, (2)

where o, is the stress tensor (GPa), ¢; is the strain
tensor(GPa), and Cj; is the 6x6 stiffness matrix of elastic
constants. If the material is idealized as an isotropic material,
the stiffness matrix of the stress—strain behavior can be fully
described by specifying only two independent coefficients
(Lamé coefficients) as:

A+2u A

A
A
0
0
0

ooT" oo o
oOT" oo oo
T oocooo o

—~

W

N—

(b) (©



J Mol Model (2014) 20:2461

Page 5 of 7, 2461

Table 2 Elastic constants [GPa] of pure TNT and solid-state TNT/HNS
at normal condition

Systems TNT TNT/HNS  TNT/HNS  TNT/HNS
(001) (010) (100)
Ciy 61.711 58.195 58.828 57.291
C 39.811 36332 36.624 36.107
Cs 47.159 46.135 46.010 46.524
Cus 14.147 11.133 11.047 11.485
Css 4919 7.769 7.007 7.649
Ces 19.419 13.506 13.071 13.560
Ci 30.173 21.332 21.625 21.107
Cis 27.046 20.135 21.010 20.524
Cis 0.194 -0.133 ~0.047 ~0.485
Cis 0.109 0.077 -0.070 0.649
Cis -0.010 -0.151 0.071 ~0.560
Crs 40.097 31.792 31.435 31.538
Cos ~0.025 ~0.147 0.039 ~0.471
Cos ~0.050 0.171 ~0.085 0.805
Cos ~0.010 0.006 0.114 ~0.675
Cs -0.011 ~0.024 ~0.138 ~0.745
Css 0.086 0.260 0.007 0.821
Cse ~0.004 0.072 ~0.046 -0.922
Cas ~0.002 0.133 0.152 0.124
Cus 0.024 0272 0.545 ~0.190
Cse ~0.006 0.044 0.475 -0.019

where A and p are the Lamé coefficients. For the isotropic
case, the familiar elastic modulus can be written in terms of the
Lamé coefficients as follows:

3N+2
At p
K=\ 2
SAtse (4)
G=pu

B A
L TPTEISY)

wherein £ is Young’s modulus (GPa), K is Bulk modulus
(GPa), G is Shear modulus (GPa), and ~y is Poisson’s ratio
respectively [30, 31].

Results and discussion
Configurations and hydrogen bond

Figure 3 shows the two optimized configurations of
HNS-2TNT (one HNS molecule with two TNT mole-
cules according to the literatures [6—8]). The hydrogen
bonds in these systems were shown. It can be seen that
intramolecular H-bonds exsit in HNS and TNT mole-
cules (in Fig. 3a, b), which will improve the molecular
stability; and intermolecular H-bonds exsit between
HNS and TNT as well as two TNT molecules
(Fig. 3c,d), which will enhance the attractive interac-
tions between the molecules and improve the stability of
the trimers [32].

Electrostatic potentials

The ESPs of TNT (Fig. 4a) had been investigated in our
previous study [13], compared with the ESPs of HNS
(Fig. 4b), we can find that the electrons concentrate around
the nitrogen group (—NO,), and the blue in the electrostatic
potentials associated with the negative regions of nitro
oxygen(O)s [21], which is the same as that of TNT. The
potentials of the trimers (Fig. 4c,d) are shown to give a
comparison with the potentials of HNS and TNT sepa-
rately, it can be seen that the red regions hold together
and overlapped to form a stable complex. In addition, it
can be seen that the benzene rings of HNS and TNT
stack face to face, because the benzene rings of both
HNS and TNT have extra m-electrons, the attractive
non-covalent 7t-7t stackings exist between aromatic rings of
HNS and TNT molecules.And these 7t-7t conjugation inter-
actions between the benzene rings contribute to the stability of
the trimer as well [33].

Intermolecular interaction energy

The intermolecular interaction energies were calculated
(Table 1) by Eq. (1). For both configurations, relatively
strong attractive forces exist between HNS and TNT.
The force of attraction between HNS and TNT is the
result of the combined effect of van del Waals forces,
hydrogen-bonds, and electrostatic interactions.

Table 3 Mechanical properties
of pure TNT and solid-state TNT/

Systems TNT

TNT/HNS (00 1)  TNT/HNS (010)  TNT/HNS (10 0)

HNS at normal condition

Young’s modulus (E)[GPa] 34.004 29.095 28.055 29.328
Bulk modulus (K)[GPa] 32.457 31.622 31.607 31.655
Shear modulus (G)[GPa] 12.828 10.803 10.375 10.898
Poisson’s ratio () 0.325 0.347 0.352 0.346
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Interface interaction

During the optimization and MD simulation process, the
distance between TNT system and HNS was narrowed, prov-
ing the existence of relatively strong attractive forces between
HNS and TNT. Equilibrium TNT/HNS structures are shown
in Fig. 5, it can be found that the attractive forces exist along
each crystalline direction.

Accordingly, intermolecular interactions esxisting be-
tween HNS and TNT are stonger than just van del
Waals forces, which help to form a stable complex of
HNS-2TNT, and also make HNS absorb on the TNT
crystal face more easily to prevent the TNT crystal from
growing too fast, so that more tiny crystal particles can
form to reduce the internal stress in composite explosives
[4-8].

Mechanical properties

The mechanical property calculation and analysis were carried
out on the equilibrium structures, and the elastic constants (Cj;,
GPa) of pure TNT and interface model TNT/HNS at normal
condition along each crystal face were obtained. The results
are shown in Table 2.

It can be seen that in the elastic constants matrix, all
diagonal elements C; and the off-diagonal elements
Ci2, Ci3, Cy3 are larger than other elements, and the
other elements are almost zero, which indicate consid-
erable anisotropy of the systems. The elements can be
divided into three groups: Ci, Css, Ci3; Caq, Css, Cee;
Cis, Cy3, Cr3. Compared to pure TNT, the differences
in each group of TNT/HNS’s elements are narrowed
slightly; the equalization of Cj indicates that the addi-
tion of the TNT-like HNS molecule will improve the
isotropy of the composite explosive [20].

The mechanical parameters of pure TNT and solid-
state TNT/modifier at normal condition along each crys-
tal face were calculated and compared, the Young mod-
ulus (£,GPa), bulk modulus (K,GPa), shear modulus

(G,GPa), and Poisson’s ratios () are shown in Table 3.

The mechanical properties of TNT/HNS along each
crystal face were compared to that of pure TNT. It was
found that the moduli are reduced when adding HNS
molecule, indicating the attenuation of stiffness, the
reinforcement of elasticity and the reduction of brittle-
ness [20]. The Poisson’s ratios of TNT/HNS are all in
the range of plastics 0.2~0.4, which indicates that the
composite explosive will show good plasticity and will
be easy to be machined. In addition, the properties
along different crystalline faces are not so different,
showing improvements along each direction. It can be
conclude that HNS has positive effects on the mechan-
ical reinforcement of TNT crystal.

@ Springer

Conclusions

Molecular simulations and calculations were carried out to
investigate the effect of HNS on TNT crystal. The results are
as follows.

(1) Quantum chemistry analysis showed that strong attrac-
tive forces exist between HNS and TNT because of
intermolecular hydrogen-bonds, electrostatic potentials
and 71-7t conjugation interactions.

(2) The interface models of TNT/HNS along different crys-
tal faces were investigated, during the optimizations and
MD simulations, the distance between HNS and TNT
molecules was narrowed in each direction.

(3) MD simulations and mechanical property calculations
were carried out on the solid molecular models, mechan-
ical parameters were obtained, proving improvement of
the isotropy and the reinforcement of the mechanical

property.

The consequences show the mechanism of the reinforce-
ment of TNT crystal by HNS, which indicates that TNT
modifiers need to have a TNT-like structure, strong interac-
tions with TNT, and better mechanical property to improve the
properties of the TNT crystal. The conclusion is helpful in the
design of reinforcing modifiers for TNT-based composite
explosives.
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