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Abstract: A glycidyl azide (GAP)-based polyurethane-urea (PUU) modifier used
in the 1,3,5-trinitrotoluene (TNT)-based composite explosive was investigated
by molecular simulation. Inter-molecular interactions were investigated using
quantum chemistry calculation on the dimer of TNT and GAP-PUU, and attractive
forces were found between the two molecules. The cohesive energy densities and
the solubility parameters were obtained through molecular dynamics simulations
combined with thermodynamic calculations on the TNT and GAP-PUU amorphous
cell models, and the miscibility of the modifier in molten TNT was predicted to be
good. The interaction energies and the mechanical properties were then obtained
by molecular simulations and mechanical calculations on the solid-phase models
ofthe GAP-PUU with TNT along three crystalline directions, and an improvement
in the mechanical properties was predicted.
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1 Introduction

The 1,3,5-trinitrotoluene (TNT)-based melt-cast explosive is a widely-used
composite explosive, it is easily manufactured and loaded [ 1], but some problems
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still exist. The anisotropic thermal expansions of the explosive crystals in
composite systems during heating affect the shape, micro voids and sensitivity
properties during the manufacture, detection and storage processes [2-4]; the weak
intermolecular interactions between the TNT molecules make the mechanical
properties of TNT-based explosives brittle and weak [5]. In order to enhance
the properties of TNT-based composite explosives, a reinforcing modifier should
be designed and investigated.

Polyurethane (PU) elastomers and energetic co-polymers are commonly-
used modifiers for composite explosives. Each kind of modifier has advantages as
well as disadvantages. Polyurethane can form a polymeric net or cage, package
the explosive particles and absorb TNT exudation. Energetic thermoplastic
elastomers can reduce the loss of energy, for example glycidyl azide polymer
(GAP) has high energy and good thermal compatibility with TNT [6-9]. However,
polyurethane’s miscibility with TNT is bad, and will reduce the detonation energy.
Energetic thermoplastic elastomers are often too viscous to be machined, and
GAP is expensive and needs to be used in a large amount [6-9]. A GAP-based
polyurethane, which combines the advantages of both these modifiers can be
used as a candidate for a modifier of the TNT-based composite explosive [10].
Furthermore, the carbamido groups in polyurethane-urea (PUU) will give the hard
segment more chance to assemble, which in turn could improve the mechanical
properties [11].

In order to make reinforcing modifications of TNT-based composite
explosives, a kind of GAP-based polyurethane-urea (GAP-PUU) modifier
was designed, and molecular simulations and calculations were carried out on
the polymeric segment, thermal compatibility of the modifier with TNT was
predicted, and the mechanism of the modification was investigated.

2 Simulation and Calculation Details
2.1 Theoretical basis

2.1.1 Thermal compatibility

Because the molten TNT and the amorphous polymeric modifier are complex
multi-particle systems, the cohesive energy density (CED, J/cm?) is used to judge
the inter-molecular interactions, and the solubility parameter (d, (J/cm?)'?) is
defined as [12]:
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0=\E,V,

coh

—AH,-RT,CED=E,, |V, (1)

coh

where AHy is the heat of vaporization per mole (kJ/mol), R is the ideal gas constant
(J/(mol-K)), T is the temperature (K), and ¥, is the molar volume (cm?/mol).
When TNT is mixed with the modifier, the heat of mixing (AH.,, kJ/mol) can be
described by the semi-empirical Hildebrand equation:

AH,, / (V(ﬂlfﬂz) = (51 - 52)2 (2)

where Vis the total volume, ¢, and ¢, are the volume percentages (%), and J, and
0, are the solubility parameters of the two components. A spontaneous process
needs a negative free energy change:

AGn=AH, — TAS,, <0 (3)

where AG,, is the molar free energy change (kJ/mol), and AS,, is the molar entropy
change (J/(mol-K)). Ifthe solubility parameters of the two components are close
[A0 <4 (J/em?)2], the mixture will have thermodynamic compatibility, which is
known as the similarity principle of the solubility parameter [12-16].

The thermodynamic parameters, such as cohesive energy and CED can be
obtained by thermodynamic analysis of the molecular dynamics (MD) simulation
results, from which the solubility parameter can also be calculated. Then the
miscibility of the two components can be determined.

2.1.2 Mechanical properties
The mechanical parameter calculation is based on Hooke’s Law and the stiftness
matrix for materials. The generalized Hooke’s Law is often written as:

0:=Cig 4)

where o; is the stress tensor (GPa), ¢; is the strain tensor (GPa), and Cj is the
6 x 6 stiffness matrix of elastic constants. If the material is idealized as an
isotropic material, the stiffness matrix of the stress-strain behaviour can be fully
described by specifying only two independent coefficients (Lamé coefficients)
as in Scheme 1, wherein A and u are referred to as the Lamé coefficients.
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[A+2u A A 0 0 O]
A A2 A 0 0 0
A A A2 0 0 0
0 0 0 u 0 0
0 0 0 0 u 0
| o 0 0 0 0 u

Scheme 1. Stiffness matrix described by the Lamé coefficients.

Thus Young’s modulus (£, GPa), the bulk modulus (K, GPa), the shear
modulus (G, GPa) and Poisson’s ratio (y), can be written in terms of the Lamé
coefficients as follows [17, 18]:

3A+-2u
E=
'u( Atu

A

= 5
2Cu+A) ©)

J, K=ﬂ+§u , G=u , v

The atomic MD simulation is based on microscopic molecular models,
however, for the macroscopic explosive crystals, the anisotropy is the same as that
of the unit cell, so that the calculated mechanical parameters are meaningful; for
amorphous cells, the property is isotropic, so that the mechanical parameters are
the same; and as for the mixtures, the real mechanical properties are statistically
close to the isotropic properties, thus the parameters from the calculation are
still useful.

2.2 Structure modelling

The molecular configuration of the newly-designed GAP-PUU, with 10 repeat
units (n=3, x=10), was constructed in the manner of a co-polymer in Materials
Studio Modeling [19], then the structure was geometrically-optimized and
energy-minimized under the COMPASS (Condensed-phase Optimized Molecular
Potentials for Atomistic Simulation Studies) [20] force field. The parameters
for the azide groups have been included in the COMPASS force field, and the
validity of the force field for the use of azide groups had been confirmed [21].
The optimized structure with minimized energy is shown in Figure 1.
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Figure 1. Molecular model of GAP-PUU: (a) chemical formula; (b) repeat
unit; (¢) optimized molecular configuration (x=10).

It can be seen that the newly-designed polymer has energetic segments (—Nj5)
to increase the detonation energy, TNT-like segments to improve the miscibility
with TNT and carbamido groups to increase the mechanical properties.

The molecular structure of TNT is shown in Figure 2a. The crystal structure
of TNT (Figure 2b) was constructed based on Carper’s experimental data [22]
from the Cambridge Crystallographic Data Center (CCDC), the crystal belongs
to the P.n; space group, with cell parameters @ =1.4991 nm, »=0.6077 nm,
¢=2.0017 nm, a==y=90°.
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(a)
Figure 2. Molecular model of TNT: (a) molecular conﬁguratlon, (b) crystalline
structure.

2.3 Inter-molecular interactions and thermal compatibility analysis
The GAP-PUU segment, which contains one repeat unit, was stacked with TNT
to form a molecular pair or dimer (Figure 3), the structure was then optimized
using the DFT method at GGA/PBE level [23] with DNP basis set, and the process
was carried out in Dmol® module [24]. Thus the details of the inter-molecular
interactions can be discussed according to the optimized structure of the dimer.

it

Figure 3. Initial configuration of the TNT-modifier molecular pair.

In order to investigate the miscibility of the GAP-PUU modifier with TNT
in the molten phase, the amorphous cell of GAP-PUU was constructed based
on the optimized molecule, with a density of 0.8 g/cm®. Then the structure
was geometrically-optimized and energy-minimized; the optimized structure
is shown in Figure 4a. The amorphous cell of TNT containing 80 molecules
with an experimental molten-phase density of 1.016 g/cm?, which has a similar
number of atoms as the modifier, was also constructed and optimized as shown
in Figure 4b. All of the amorphous cells were constructed and optimized under
the COMPASS force field; the validation of the forcefield on TNT was confirmed
in a previous study [25].
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(b)
Figure 4. Amorphous cells of TNT above the melting point: (a) GAP-PUU;
(b) TNT (n=280).

MD simulations were carried out on the optimized amorphous cells under
the COMPASS force field and the ensemble with constant particle Numbers,
Pressure and Temperature (NPT). Velocity Verlet arithmetic [26] was utilized;
the initial velocity was sampled by the Maxwell distribution; the van der Waals
force was calculated by the atom-based method and coulomb interactions were
calculated by the Ewald method [27, 28]. To simulate the molten conditions, the
target temperature and pressure were set to 354 K (above TNT melting point)
and 100 kPa, respectively. The Anderson method [29] was utilized to control
the temperature and the Berendsen method [30] was used to control the pressure.
Each MD simulation lasted 200 ps with time intervals of 1 fs to ensure the system
equilibrated properly, both in energy and temperature. The equilibrium trajectory
documents were selected to analyze the thermodynamic properties, such as
cohesive energy and CED, and the solubility parameter could be calculated.
Thus the miscibility of GAP-PUU with molten TNT can be predicted.

2.4 Simulation and calculation of the mechanical reinforcement

In order to investigate the reinforcement of the GAP-PUU modifier,a2 x5x2 TNT
supercell was constructed based on the TNT primitive cell. The supercell was
then cleaved along three different crystal faces (100), (010) and (001). The
optimized GAP-PUU segment with density 0.8 g/cm?® together with a 5 nm
vacuum layer was placed on each crystalline direction to construct the interface
solid models. The dimensions of the interface models, as shown in Figure 5, were
29.982 nm % 30.285 nm x 177.923 nm, 40.034 nm x 29.982 nm X 144.592 nm,
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30.385 nm x 40.034 nm x 152.630 nm, respectively. The structures were
optimized by molecular mechanics (MM) and energy-minimized.

(a) (b) (c)
Figure 5. Solid molecular models of TNT/GAP-PUU: (a) along TNT (1 0 0);
(b) along TNT (0 1 0); (c) along TNT (0 0 1).

The interaction energies can be calculated from the total energies of the
TNT super cell, the GAP-PUU segment and the TNT/GAP-PUU models using
the following simplified equation [31]:

Eimer = Etotal - (ETNT + Emodiﬁer) (6)

where Eiy. is the interaction energy, Ernt, Emodifier and Erora are the total energy
of pure TNT, the modifier and TNT/GAP-PUU respectively (kJ/mol). The
contributions of the van der Waals forces and the electrostatic interactions
(including hydrogen bonds) were given separately; here hydrogen bonds are
anatural consequence of the standard van der Waals and electrostatic parameters
and special hydrogen bond functions were not included. The interaction energies
were normalized by the cross-sectional area, as shown in the following equation:

E ,inter = Einter / S (7)

where E iy 1S the normalized interaction energy (kJ/mol), and S is the cross-
section area of the optimized interface model (nm?).
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Then MD simulations were performed on the optimized structures under the
NPT ensemble with the COMPASS force field. To simulate normal conditions,
the target temperature and pressure were set to 298 K and 100 kPa, the Anderson
method was used to control the temperature and the Berendsen method was
used to control the pressure. The initial velocity was sampled by the Maxwell
distribution, and the time interval was 1 fs. Each MD simulation lasted 200 ps.
To ensure the system equilibrated properly, the equilibrium both in energy and
temperature is needed.

The equilibrium trajectory documents were selected for the mechanical
property calculations. The optimization process was done before the calculation.
The elastic constants were obtained by the mechanical analysis, and then other
mechanical parameters such as Young’s modulus, the bulk modulus, the shear
modulus and Poisson’s ratio can all be calculated.

3 Results and Discussion

3.1 Inter-molecular interactions between the GAP-PUU segment
and TNT

(b) (d)
Figure 6. The hydrogen bond interaction (a, b) and n-n conjugation stacking
(c, d) between TNT and GAP-PUU.

As shown in Figure 6 (a, b), a large number of hydrogen bonds (shown in
light blue) exist in the optimized structures. Intra-molecular hydrogen bonds exist
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inthe TNT and GAP-PUU molecules, which is good for molecular stability. The
inter-molecular hydrogen bonds formed between the O and N atoms and H atoms
at multiple sites, strengthen the inter-molecular attraction [32]. In addition, the
H atom in the urethano group of GAP-PUU and the O atom in a nitro group of
the explosive can form a coordinate interaction to enhance the inter-molecular
attractive force [33].

As shown in Figure 6 (c, d), in the optimized structures, the benzene ring of
TNT and that of GAP-PUU stacked almost face to face as the ring-normals of
the two benzene-ring planes form angles no greater than 20°, and the centroid-
centroid distances of the two benzene-rings are 0.373 nm and 0.379 nm,
respectively, so that the conjugation interaction can be proved according to
definitions in the literature [34, 35]. The existence of m-n conjugation between
the benzene rings will enhance the inter-molecular binding force [34-36].

3.2 Thermal compatibility of GAP-PUU with TNT
From the molecular dynamics simulation and thermodynamic analysis of TNT
and GAP-PUU at 354 K, the cohesive energy and CED were obtained, and the
solubility parameters were calculated, as shown in Table 1.

Table 1.  Solubility parameters at 354 K

System CED [J/cm®] 0 [(J/em?)'2]
TNT 735.3 27.073
GAP-PUU 567.3 23.787

It can be seen that the molecular design improved the solubility value of
the PU modifier (since dpotyurethane = 20.5 (J/em?)2in the literature [37]), and the
solubility parameters of TNT and GAP-PUU are close, Ad=3.286 (J/cm?)"%;
according to the similarity principle of solubility parameter [ 12-16], the modifier,
having relatively good miscibility with TNT, can be mixed in molten TNT.

3.3 Interface interactions between the TNT system and GAP-PUU

According to the equilibrium structures, the distance between the GAP-PUU
and TNT systems is reduced. The interaction energy can be calculated from
the total energy of the equilibrium structures. The results are shown in Table 2.
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Table 2.  Interaction energy between the TNT system and GAP-PUU
ETNT Emodiﬁer Eblend Einter S [nmz] E’inler

Direction |y yof] | (kifmol] | [ki/mol] | [ki/mol] [kJ/mol]
TNT(/IH(I)E()hﬁer -1629.46 | -16720.21 | -18885.82 | -536.15 | 8.82 | -60.77

val der Waals | -1173.58 |-12042.36 | -13602.09 | -386.15 8.82 -43.77
Electrostatic -424.12 | -4351.96 | -4915.63 | -139.55 8.82 -15.82
TNT/modifier
(010)
val der Waals | -1110.08 | -11320.00 | -13009.64 | -579.57 | 10.35 -55.97
Electrostatic -498.93 | -5087.82 | -5847.23 | -260.49 | 10.35 -25.16
TNT/modifier
(001)
val der Waals | -1134.31| -9827.82 | -11238.86 | -276.73 12.75 -21.71
Electrostatic -485.15 | -4203.45 | -4806.96 | -118.36 12.75 -9.29

-1629.46 | -16616.41 | -19096.61 | -850.74 | 10.35 -82.16

-1629.46 | -14117.93 | -16144.92 | -397.53 | 12.75 -31.19

It can be seen that strong interface interactions exist between the TNT
system and GAP-PUU, where val der Waals (vdW) forces contribute most to
the total interactions, and electrostatic interactions also play a main part in the
interaction, while other interactions contribute little. Along the different crystal
faces, the attraction along (010) is the strongest, while that along (100) and
(001) are relatively weak, which may be caused by the different inter-molecular
interaction situations along different TNT crystal faces. The particle density
on the (001) surface (4.71 nm2) is smaller than that of the other two directions
(14.74 and 13.14 nm2), while the wave-like stacking of the (100) surface makes
the interactions along (100) smaller than that along (010), so that both the vdW
force and the electrostatic interaction between the modifier and the surface (010)
are larger than that on the other two directions, resulting in the total interface
interactions being larger than that of the other directions. The layer-like structure
of the TNT crystal is the main reason for the anisotropic situations, which matches
the situations in the equilibrium structures.

3.4 The mechanical reinforcement of TNT by the modifier

The mechanical property calculations and analysis were carried out on the
equilibrium structures, the elastic constants (Cy, GPa) of pure TNT and solid-state
TNT/GAP-PUU under normal conditions along each crystal face were obtained.
The results are shown in Table 3.
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Table 3.  FElastic constants [GPa] under normal conditions

Systems | TNT | TNT/GAP-PUU [ TNT/GAP-PUU [ TNT/GAP-PUU

(100) (010) (001)
Cu 61.711 38.694 37.641 37.504
[ 39.811 33.605 33.781 33.303
Cy 47.159 36.202 36.188 36.330
Cu 14.147 11.088 11.040 11.903
Css 4919 9.051 10.073 10.599
Ces 19.419 12.047 11.033 11.717
Ci, 30.173 22.062 22.228 22.008
Cis 27.046 17.771 17.097 16.644
Cu 0.194 -0.079 0.330 0.471
Cis 0.109 0.010 0.241 0.025
Cio -0.010 0.034 -0.495 0.482
C 40.097 21.649 21.111 21.085
C -0.025 -0.127 0.454 0.672
Cos -0.050 -0.125 0.358 0.360
Ca -0.010 -0.010 -0.843 0.786
C -0.011 -0.044 0.423 0.737
Css 0.086 -0.031 0.470 0.341
Cso -0.004 -0.086 -0.584 0.842
Cus -0.002 0.427 0.078 0.067
Cus 0.024 0.152 -0.062 0.042
Cso -0.006 -0.034 0.193 0.032

It can be seen that in the elastic constant matrix, all diagonal elements C;; and
the off-diagonal elements C},, Ci3, Cy; are larger than the other elements; the other
elements are almost zero. The three element groups Ciy, Ca, Css; Cas, Css, Ces;
C12, C13, Cy; were compared to those of pure TNT, the difference values in each
group of the TNT/GAP-PUU’s elements being reduced; the equalization of Cj
indicates that the addition of the modifier will improve the isotropy of the matrix.

The mechanical parameters of pure TNT and solid-state TNT/GAP-PUU
under normal conditions along each crystal face were then calculated and
compared; Young’s modulus (£, GPa), the bulk modulus (K, GPa), the shear
modulus (G, GPa) and Poisson’s ratios (y) are shown in Table 4.
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Table 4.  Mechanical properties under normal conditions
TNT/ TNT/ TNT/
Systems TNT GAP-PUU | GAP-PUU | GAP-PUU

(100) (010) (001)

Young’s modulus (£) [GPa] | 34.004 28.499 28.425 30.065
Bulk modulus (X) [GPa] | 32.457 27.646 27.289 27.517
Shear modulus (G) [GPa] | 12.828 10.729 10.715 11.406
Poisson’s ratio (y) 0.325 0.328 0.326 0.318

We have noticed that the parameter values differ from the experimental
values in the literature [38]; the differences may arise from the size effect of the
micro-scale models and the approximations in the mechanical calculations. Thus
the simulated mechanical properties of TNT/GAP-PUU along each crystal face
were compared to those of pure TNT. It can be seen that the moduli are reduced,
which indicates the attenuation of stiffness, the reinforcement of elasticity and
the reduction of brittleness [31]. The Poisson’s ratios of TNT/GAP-PUU are all
in the range of plastics 0.2-0.4, indicating good plasticity. So that when GAP-
PUU is added, the mechanical properties are improved.

4 Conclusions

Molecular simulations and calculations were carried out on the newly-designed
GAP-PUU modifier and TNT/GAP-PUU systems. The results were as follows.

(1) The dimer of TNT and a GAP-PUU segment was constructed and
optimized using quantum chemistry calculations; attractive inter-molecular
forces were found according to the m-m conjugation stacking, hydrogen bonds
and coordinate interactions between the two molecules;

(2) The molecular amorphous cells were constructed, the cohesive energies
and solubility parameters were obtained by MD simulation and thermodynamic
calculation, and the miscibility of the GAP-PUU modifier with molten TNT was
predicted to be good;

(3) The solid molecular models of TNT/GAP-PUU along different TNT
crystal faces were investigated, the interaction energies were calculated from
the total energy of the optimized structures, proving that strong and anisotropic
interface interactions exist between the modifier and the TNT system;

(4) MD simulations and mechanical property calculations were carried
out on the solid molecular models, and parameters such as elastic constants,
Young’s modulus, bulk modulus, shear modulus and Poisson’s ratios were
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obtained, demonstrating an improvement of the isotropy and a reinforcement
of the mechanical properties.

It can be seen that the newly-designed GAP-PUU modifier can be applied

in a reinforcing modification of TNT-based composite explosives.
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