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Abstract The solubility parameters of TNAD, HMX,
RDX, DINA, DNP propellants were predicted by molecular
dynamics (MD) simulation in order to evaluate the misci-
bility of TNAD and the other four propellants. The results
show that the order of miscibility is TNAD/DINA >
TNAD/DNP > TNAD/RDX > TNAD/HMX from the anal-
ysis of miscibility. The densities and binding energies of
TNAD/propellants blends were further investigated. The
results indicate that the better the miscibility between
TNAD and the propellants, the smaller the variation of the
density rate. The larger the intermolecular interaction, the
better the miscibility between components. The analysis of
radial distribution function shows that the main interaction
ways between TNAD and other energetic components are
short-range interactions.
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Introduction

Compatibility is an important safety aspect related to the
production and storage of energetic materials. The incom-
patibility between the energetic material and other compo-
nents may accelerate the aging and alter the thermal stability
of the energetic material itself, impairing the safety and
functionality of the entire system. Therefore, the compati-
bility of an explosive, as well as pyrotechnics and propel-
lants should be investigated carefully before they are used
with safety in technical applications [1]. The physical com-
patibility is also named as miscibility and is the mutual
solubility between the components of propellants or explo-
sives. The solubility parameter § and interaction parameter
can be used to characterize the miscibility of the system [2].
The solubility parameter provides a numerical estimate of
the degree of interaction between materials, and can be a
good indication of solubility. Molecular interaction strength
essentially determines the compatibility of multicomponent
system. For two components system formed by intermolec-
ular force, larger binding energy is beneficial to their
miscibility.

The explosive trans-1,4,5,8-tetranitro-1,4,5,8-tetraazada-
calin (TNAD) is an energetic compound containing two
fused piperazine rings, which can be used as a main ingre-
dient in cast explosives and propellants [3—5]. It is identified
as a promising high energy density material (HEDM) with
low shock sensitivity and good thermal stability. Qiu et al.
[6] have theoretically studied the structural and electronic
properties of TNAD. Prabhakaran et al. [7] studied the
kinetics and mechanism of thermal decomposition of
TNAD. Skare [8] studied the thermal behavior of nitroamine
including TNAD.

Recently, Yan et al. [9] have studied the compatibility of
TNAD with some energetic components by using the dif-
ferential scanning calorimetry (DSC) method. In their study,
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the DSC method evaluated the compatibility according to
the difference of decomposition peak temperature T, of the
energetic material and the binary system. This is to say that
the discharged quantity of gas is a criterion of the compat-
ibility. So the compatibility stated by Yan et al. [9] is the
chemical compatibility.

The miscibility of TNAD with some energetic components
is one of the most important aspects in practical applications.
However, there are no theoretical reports on these aspects.
Therefore, our objective is to theoretically investigate the
miscibilities between TNAD with some commonly used en-
ergetic materials such as cyclotetramethylenetetranitroamine
(HMX), cyclotrimethylenetrinitramine (RDX), dinitropipera-
zine (DNP) and N-nitrodihydroxyethylaminedinitrate (DINA)
by using the COMPASS forcefield based molecular dynamics
(MD) techniques.

Computational details
Molecular modeling process of physical model

Using Amorphous cell module of the software Materials
Studio [10], the amorphous cells of pure TNAD, HMX,
RDX, DNP and DINA were constructed, respectively. In
order to reduce size effect and not to make too much
computation, all the constructed models consist of about
1000 atoms. At 298 K and 1.01x10°Pa, the experimental
densities of TNAD, HMX, RDX, DNP and DINA are 1.74
[11], 1.9 [12], 1.81 [13], 1.53 [14] and 1.67 g/em’ [12].

Four blending amorphous cells were also constructed.
Each blending amorphous cell consists of about 1700 atoms.
The mass ratios of TNAD to HMX, RDX, DNO and DINA
are all 1:1, which are consistent with the experiment by Yan
et al. [9]. The initial densities are obtained according to the
additivity of volume ratio for TNAD/HMX, TNAD/RDX,
TNAD/DNP and TNAD/DINA blends. Because of config-
urational diversity, ten different amorphous cells were con-
structed as the object of the next investigation for each
blending and pure systems. Table 1 lists the molecular
number of each blending and pure systems. Figure 1 gives
the molecular structures and numbering of TNAD, HMX,
RDX, DNP and DINA.

Simulation details

Condensed-phase optimized molecular potential for atomis-
tic simulation studies (COMPASS) is a powerful force field
that supports atomistic simulations of condensed phase
materials. The force field enables accurate and simultaneous
prediction of structural, conformational, vibrational and
thermophysical properties which exist for organic mole-
cules, inorganic small molecules, and polymers in isolation
and in condensed phases, and under a wide range of con-
ditions of temperature and pressure [15—17]. Bunte et al.
[18] investigated the mechanical and other condensed phase
properties of energetic materials using COMPASS force
field. In addition, the force field is used to compute the
properties of a variety of molecules containing the nitrate
ester functionality. Excellent agreement has been obtained
between the calculated and experimental values for the
studied properties. Cui et al. [19] investigated the phase
transitions and mechanical properties of HMX by molecular
dynamics simulation and COMPASS force field was used.

In this paper, the geometrical optimization was per-
formed on the constructed amorphous cells by using smart
minimization method and COMPASS force field [16].
Using smart minimization method, the constructed amor-
phous molecular models were optimized.

The MD simulations were carried out in normal pressure
and temperature (NPT) with Andersen thermostat method
[20] and Berendsen barostat method [21] to control the
system pressures and temperatures. The initial molecular
speed is Maxwell distribution sampling and solved using
velocity Verlet algorithm [22]. The long-range nonbond
Coulombic and van der Waals interactions were managed
using Ewald method [23] and atom-based summation meth-
od [24], respectively. The cutoff distance was 12.5 A, spline
width was 1.00 A and buffer width was 0.5 A. A fixed time
step of 1 fs was used in all MD simulations. At each
temperature and pressure, amorphous states were built using
the cubic unit cells subjected to periodic boundary condi-
tions. Simulations were performed with the Discover MD
simulation modules. Systems were first relaxed for 50 ps in
the equilibration run, followed by a production run of
200 ps. The data from the production run were collected to
compute the solubility parameter, density, binding energy

Table 1 The molecular number

of each blending and pure Pure amorphous cells

Molecular number

Blending amorphous cell Molecular number

systems
TNAD 40
HMX 45
RDX 60
DNP 60
DINA 50

TNAD/HMX 28/30
TNAD/RDX 28/40
TNAD/DNP 22/40
TNAD/DINA 28/36
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Fig. 1 The molecular structures of TNAD, HMX, RDX, DNP and DINA

and radial distribution functional. Equilibrium criterion is
that the standard deviation of temperature is less than 15 K
and energy fluctuates along a constant value. Figure 2 shows
that the profiles of temperature-simulation time and energy-
simulation time of the pure TNAD system.

The theoretical analysis of miscibility of TNAD with HMX,
RDX, DNP and DINA

When two materials blend, the compatible thermodynamic
condition is as follows:

where AGy;, AH)y;, AS,, are mixing free energy, mixing
heat and mixing entropy, respectively. For a blending sys-
tem, AH,, is always greater than zero if there is not inter-
action between different molecules. The increase of mixing
entropy is limited for the mixing of the blending materials in
propellants [25], so AG),, is determined by the AH,, value.
Hildebrand et al. [26] introduced the concept of solubility
parameter and defined it as the square of cohesive energy.

AE AH, — RT
5= o0 = [ 2)
V V

where AE, V and AH) are the internal energy, volume
and vaporization heat, respectively.

The relationship [2] between the mixing heat and solu-
bility parameter of system is

AHy

— = @1= 5)’ 019 (3)

where @, and @, are the volume fraction of components 1
and 2, respectively. Obviously, the closer the solubility
parameters of two components, the better the miscibility.
So the solubility parameter can be used to predict the mis-
cibility of different components.

Results and discussion
Validation of the COMPASS force field

Before carrying out the calculations here, we applied the
COMPASS force field to TNAD, HMX, RDX, DINA
and DNP. The calculated bond lengths and angles were
given in Table 2 together with the experimental data.
The bond lengths and angles calculated by DFT
B3LYP/6-311++G** method were also listed in
Table 2. In addition, the charges from the COMPASS
for the molecules shown in Fig. 1 were listed in
Supporting information Table S1.

Generally, it is found that the bond lengths and
angles computed by COMPASS forcefield and DFT
method are all closer to the experimental values for

Fig. 2 Profiles of temperature-

simulation time and energy- 360
simulation time of pure TNAD
system
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Table 2 Bond lengths and angles for TNAD, HMX, RDX, DINA and DNP with experimental results by COMPASS forcefield and DFT B3LYP/6-

311++G** method

Compds  Methods CI-N1 C2-N1 N1-N2 N3-N4 CI-N1-N2 CI-N1-C2
TNAD COMPASS  1.460 1.480 1.400 1.407 119.100 113.969
DFT 1.4786 1.4798 1.411 1.4213 117.5 111.03
HMX COMPASS  1.456(1.450°  1.452(1.43) 1.396(1.410)  1.394(1.370)  119.19(117.3) 122.073(124.3)
DFT 1.479 1.4528 1.4008 1.3918 118.4566 123.3926
RDX COMPASS  1.453(1.467)°  1.448(1.443)  1395(1.392)  1.392(1.391)  116.956(116.6) 118.408(119.723)
DFT 1.4603 1.4604 1.4231 1.4224 118.1428 115.8245
DINA COMPASS 1474 1.471 1.416 1.4102 119.574 113.503
DFT 1.4673 1.463 1.438 1.3872 116.3411 112.3673
DNP COMPASS 1480 1.480 1.407 1.407 116.93 114.00
DFT 1.4658 1.4658 1.3991 1.3991 116.0177 115.3826

#Data from ref [26]
®Data from ref [27]

HMX and RDX. Some computed bond lengths and
angles by COMPASS force field are even closer to the
experimental values than those computed by DFT
B3LYP/6-311++G** method. This shows that the
COMPASS force field is suitable for the energetic mate-
rials studied in the work. The computed values by DFT
method for TNAD, DNP and DINA were also listed in
Table 2.

The prediction of the solubility parameter for TNAD
with some energetic materials

Table 3 gives the computational solubility parameters of
pure materials and the solubility parameters predicted by
group contribution method. dyx was obtained by van
Krevelen parameters [28]. Table 4 lists the Ad values
obtained by different methods. Research [2] indicates that
two components are compatible when |A§| < (1.3~2.1)
J'2 . em=3/2 if there is no strong polar group or hydro-
gen bond interaction. From Table 4, it is noted that | ASyp|

—3/2

Table 3 Solubility parameter § (J'*/cm %) calculated using MD

values of TNAD/DINA and TNAD/DNP are 0.007 and
0.653, respectively. For TNAD/RDX and TNAD/HMX
systems, |ASyp| values are 2.451 and 2.501, respectively.
This shows that TNAD/RDX and TNAD/HMX systems are
incompatible and TNAD/DINA and TNAD/DNP systems are
compatible.

In addition, in order to validate our computation, we
computed the solubility parameters of DINA and TNAD
for different cutoffs 10.5, 12.5, 15.5 A. The computational
results were listed in Supporting information Table S2.
Obviously, the obtained |A§] is closer to the result by van
Krevelen parameters when the cutoff is 12.5 A, which
validates our computation.

The experimental results [9] show that TNAD/RDX
system is compatible and TNAD/DNP is incompatible,
while our computational results show that TNAD/RDX
system is incompatible and TNAD/DNP is compatible.
The reason is that only the miscibility is considered in
our computation. Physical change happens in the compo-
nents of the system, which includes the changes of
mutual penetration or migration, the density and strength
of the components of system. However, the experimental
test of compatibility for the TNAD/energetic component

method
b a

System dwp dvk Table 4 A& (J'?/em ) calculated using various approaches

TNAD 22.301 21.23 Blends | A8y | AG k|

HMX 24.802 25.34

RDX 24.752 22.64 TNAD-HMX 2.501 4.11

DNP 21.648 22.10 TNAD-RDX 2.451 1.41

DINA 22.294 21.37 TNAD-DNP 0.653 0.87
TNAD-DINA 0.007 0.14

#§yk is obtained using the Hansen approach and the parameters
tabulated by van Krevelen and Hoftyzer [21]. ® 8y;p is obtained using
the MD simulation results

@ Springer
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binary systems was carried out by the DSC method [9]
and the experimental result is the outcome of chemical
compatibility.

According to our results, the order of miscibility is
TNAD/DINA > TNAD/DNP > TNAD/RDX >
TNAD/HMX. From Table 5, we can see that the |ASyp|
values of TNAD/RDX and TNAD/HMX are closer because
of the similar structures of RDX and HMX. In addition, the
order of miscibility is consistent with the order by van
Krevelen parameters, which shows that our computational
results are reliable.

The relationship between the miscibility and density

For comparison, we took TNAD/DINA and TNAD/HMX for
examples and gave the conformation change of blend before
and after MD simulations (see Fig. 3). Before MD simulation,
the components of system distribute uniformly. After 150 ps
MD simulation, the components of the system have stronger
interaction for TNAD/DINA system, and the volume of
blending becomes smaller and the density becomes larger.
However, for TNAD/HMX system, after MD simulation, the
volume becomes larger and the density becomes smaller. The
density change rate is defined as follows:

_ pbefore - paﬁer % 100% (4)

pbefore
Table 5 listed the density change rates of systems before
and after MD simulation. From Table 5, the order of density
change rates is TNAD/DNP > TNAD/HMX > TNAD/RDX >
TNAD/DINA. This shows that the better the miscibility be-
tween TNAD and other energetic materials, the smaller the
density change rate.

The relationship of the binding energy and the miscibility

The interaction among the components directly influences
the mechanical strength and sensitivity of the system [2]. In
addition, the physical, chemical and explosive properties are
all related with their aggregation state and molecular inter-
action [2, 29]. The intermolecular interaction energy or the
intermolecular binding energy (AE) can quantitatively char-
acterize the strength of intermolecular interaction [30—34].

Table 5 Density (p) before and after MD simulation (g/cm®) and its
changes (f3)

Fig. 3 The conformation changes of blend before and after MD
simulation (conformation of TNAD/DINA before (a) and after (b)
MD simulation, conformation TNAD/HMX before (¢) and after (d)
MD simulation)

The intermolecular interaction energy AE can be calculated
as follows:

AE = Etotal_ETNAD - Eenergetic material 5 (5 )

where E,, is the total energy of the blending system.
Table 6 listed the energy of each pure component and the
interaction energy of TNAD with some energetic
components.

It is noted that the binding energies of the TNAD/DNP
and TNAD/DINA systems are —5.9 and —26.7 kJmol ',
respectively, which are smaller than those of TNAD/HMX
and TNAD/RDX systems. This indicates that the larger the
AE (the intermolecular interaction energy), the better the
compatibility of components of the system.

The relationship between the radial distribution function
and compatibility

The function of gap(r) is often used to denote radial distribu-

tion function (RDF). The definition of gap(1) is as follows:

Table 6 Interaction energy (kJmol™') of TNAD and other energetic
components

Blends Pbefore Pafter B Blends Etotal(a-u-) E(I)TNAD(a-u-) E(Z) (a-u-) AE
TNAD/DINA 1.73 1.53 11.56 TNAD/DINA  —965.685 —644.471 —347.879  -26.7
TNAD/DNP 1.71 1.44 15.79 TNAD/DNP —641.273 —505.978 —141.235 5.9
TNAD/RDX 1.81 1.56 13.81 TNAD/RDX —2299.5 —644.471 —-1698.55  —43.5
TNAD/HMX 1.85 1.59 14.05 TNAD/HMX —2257.53 —644.471 -1650.32 373
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RDF can show the interaction way among non-bond
atoms. The interaction range of hydrogen bond ranges from
0.26 to 0.31 nm, the van der Waals interaction ranges from
0.31 to 0.50 nm. Figure 4 displays the RDF of TNAD/HMX
and TNAD/DINA systems for comparison. From Fig. 4, the
main interaction ways between TNAD and other energetic
components are short-range interactions. In addition, gap(r)
is often used to judge the compatibility of blends. If the
gap(1r) of the blend is much higher than the gap(r) of the
pure energetic component, the compatibility is better. On
the contrary, the phase separation may happen [35-37].
From Fig. 4, it is noted that the gap(r) graph of
TNAD/DINA is much higher than those of pure TNAD
and DINA, while the gag(r) graph of TNAD/HMX is
much lower than those of pure TNAD and HMX. This
shows that the miscibility of TNAD/DINA system is
much better than that of TNAD/HMX, which is consis-
tent with the above conclusion.

Judged by the solubility parameter, density and RDF, the
miscibility of TNAD/DINA is good while that of
TNAD/DNP is poor. This conclusion is consistent with the
experimental results of Yan et al. [9], which states the
chemical compatibility. When the chemical compatibility
of a binary system is good, there is no chemical reaction
or the chemical reaction of the system is very weak, so the
miscibility is also good and vice versa.

Conclusions

In this paper, the MD simulations using COMPASS force
field were used to evaluate the miscibility of TNAD and
other energetic materials. The analysis of solubility param-
eters shows that the order of miscibility is TNAD/DINA >
TNAD/DNP > TNAD/RDX > TNAD/HMX, which is dif-
ferent from the order of the experimental results that derived

@ Springer

also calculated. It is noted that the miscibility between
TNAD and the other energetic material becomes better with
the decrease of the density change rate. The compatibility of
components of the system becomes better with the augment
of the intermolecular interaction energy. According to the
analysis of RDF, the main interaction ways between TNAD
and other energetic components are short-range interactions.
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