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a  b  s  t  r  a  c  t

In order  to understand  the  mechanism  of the  effect  of  solvent  on  the crystal  morphology  of  explosives,
and  be  convenient  for  the choice  of  crystallization  solvent,  the  attachment  energy  (AE)  model  was  per-
formed  to predict  the growth  morphology  and  the  main  crystal  faces  of  1,3,3-trinitroazetidine  (TNAZ)  in
vacuum. The  molecular  dynamics  simulation  was  applied  to investigate  the  interactions  of  TNAZ  crys-
tal faces  and ethanol  solvent,  and the  growth  habit  of TNAZ  in  ethanol  solvent  was predicted  using  the
modified  AE  model.  The  results  indicate  that  the morphology  of  TNAZ  crystal  in vacuum  is dominated
by  the  six  faces  of [0  2 1], [1  1  2],  [0 0 2], [1 0 2], [1  1  1]  and  [0 2 0], and  the  crystal  shape  is similar  to
polyhedron.  In  ethanol  solvent,  The  binding  strength  of  ethanol  with  TNAZ  faces  changes  in the order  of
[0 2  1]  > [1 1 2] > [0 0 2]  >  [1  0  2]  >  [1  1 1]  > [0 2  0],  which  causes  that  [1  1 1]  and  [0  2  0]  faces  disappear  and
the crystal  morphology  becomes  more  regular.  The  radial  distribution  function  analysis  shows  that  the
interactions  between  solvent  and  crystal  faces  mainly  consist  of  coulomb  interaction,  van  der Waals  force
and  hydrogen  bonds.

© 2016  Elsevier  Inc.  All  rights  reserved.

1. Introduction

The melt castable explosive is one kind of explosive mixtures
which solid particles of high energetic explosives are added to the
melted explosive medium. The melt castable explosive plays an
important role in military explosive mixtures because of its many
advantages, that is, simple loading technique, superior formability
and high degree automatization. With the development of society
and science, the research and application of weapons call for more
stringent requirements to the loading. However, the existing 2,4,6-
trinitrotoluene (also known as TNT)-based melt castable explosives
can no longer meet the demand of weapons and equipments in new
period.

1,3,3-trinitroazetidine (TNAZ) belongs to multy nitro hetero-
cyclic nitrogen compounds and has potential molecular tension,
which ensures high energy(with 150% the power of TNT), good
thermal stability(>180 ◦C), low moisture absorption, low melt
point(101 ◦C), basic non-toxic, prominent formability and compat-
ibility, etc. It is reported that as high energetic material, TNAZ
is more powerful than cyclotrimethylene trinitramine (RDX), but
less vulnerable than most other nitramines. Therefore, TNAZ is one
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kind of high performance melt castable explosives which has been
proposed as potential replacement for TNT and has very broad
application prospect in military domain [1].

Many studies on the synthesis of TNAZ [2–6] have been carried
out since it was  first synthesized by scientists at the United States
Naval Laboratory (Archibald and Baum) in 1984 [7]. However, there
are few reports on TNAZ at the molecular level [8,9], and none of the
special researches on the crystal morphology prediction of TNAZ by
molecular dynamics (MD) simulation. MD simulation has proven
itself to be effective in predicting the crystal habit of nitro explosive
crystals influenced by solvent, based on the attachment energy (AE)
model [10] and its modifications, and some useful conclusions have
also been obtained [11–17]. The morphology of a growing cryatal is
determined by the internal structure and the external conditions,
such as temperature level, supersaturation, crystallization velocity,
viscosity, the presence of solvents and impurities. Among them,
solvent is one of the most important factors that should be taken
into account. And according to the previous study [18], ethanol was
chosen as solvent for TNAZ recrystallization in this study.

On the basis, the AE model was  applied to predict the morphol-
ogy of TNAZ and determine the habit crystal faces in vacuum. MD
was used to explore the mechanism of interaction between TNAZ
crystal faces and ethanol solvent molecules, which are critically
important to predict and control explosive crystal growth, based
on the interfacial model. The morphology and the main crystal
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faces of TNAZ in ethanol solvent were obtained using the mod-
ified AE model. The results provide fundamental information on
the potential morphological changes in the stage of the design of a
crystallization process.

2. Theory and MD  simulation method

2.1. The attachment energy model and its modification

The AE model was proposed by Hartman and Bennema based
upon period bond chain (PBC) theory [10]. In the AE model, the
attachment energy, Eatt, is defined as the energy released on attach-
ment of a growth slice of thickness dhkl to a growing crystal surface
(h k l). Eatt is computed as [19]:

Eatt = Elatt − Eslice (1)

where Elatt is the lattice energy of the crystal, Eslice is the energy of
a growth slice of thickness dhkl.

The relative growth rate of the crystal face, Rhkl, is assumed to
be proportional to the absolute value of its attachment energy in
vacuum.

Rhkl�|Eatt| (2)

The crystal faces with the lowest absolute value of the attach-
ment energies are the slowest growing and, therefore, have the
most morphological importance. The attachment energies are cal-
culated for a series of crystal faces (h k l). Subsequently, the growth
rate and the center-to-face distance are assigned to each face from
the energy calculation. And the crystal morphology in vacuum is
deduced from these information using a Wulff plot.

Most crystals are grown from solution and the effect of solution
on the different faces of a crystal is different. Therefore, the attach-
ment energies of crystal faces in solution are different from that in
vacuum, which inducing the change of the normal growth rate of
the crystal face and morphology. In order to investigate the effect of
ethanol solvent on the crystal habit of TNAZ, the interaction energy
Eint between the solvent layer and the crystal face was introduced
and used to construct the energy correction term Es for the vacuum
attachment energy Eatt. The interfacial model was employed, which
is composed of a TNAZ crystal layer and an ethanol solvent layer.
The interaction energy Eint can be calculated using the following
formula:

Eint = Etot − Esurf − Esolv (3)

where Etot is the total energy of the solvent layer and the crystal
face, Esurf is the energy of the crystal face without the solvent layer,
and Esolv is the energy of the solvent layer without the crystal face.

In addition to Eint, the accessible solvent surface of the crystal
face in the unit cell Aacc and the total crystal face area in the simu-
lation box Abox are also included in Es. Myerson and Saska [20] have
used the solvent accessible areas of crystal face as a measure of sol-
vent binding and Aacc can be obtained by calculating the Connolly
surface. For the Connolly surface calculation, the grid interval was
set to be 0.15 Å at a probe radius of 1.0 Å in this paper. Thus, the
energy correction term Es which describes the energy of solvent
binding on the crystal habit face (h k l) can be carried out using the
following equation:

Es = Eint × Aacc/Abox (4)

In order to clarify the effect of solvent on the crystal habit, the
modified attachment energy E/

att was introduced and can be cal-
culated with the following relationship:

E′
att = Eatt − Es (5)

According to the AE model, the relative growth rate of the crys-
tal face in ethanol solvent, R/

hkl, is taken to be proportional to the
absolute value of the modified attachment energy E/

att:

R′
hkl�|E′

att| (6)

The crystal faces with the smaller absolute value of the modified
attachment energies grow slower in solution and, therefore, are
more morphologically important.

2.2. Model construction and simulation details

All calculations were performed using the program Materi-
als Studio (MS) 3.0 (Accelrys Inc., USA) [21]. The initial structure
of TNAZ unit cell was  taken from the experiment by Archibald
et al [22]. which crystallized in the orthorhombic space group
of PBCA with four independent lattice parameters a = 0.5733 nm,
b = 1.1127 nm,  c = 2.1496 nm,   ̨ =  ̌ = � =n90◦ and there are eight
irreducible molecules in the unit cell. The model of TNAZ unit cell
was built with Visualizer module and the optimization was per-
formed with the COMPASS force field [23]. On the basis, the crystal
morphology of TNAZ in vacuum was  predicted using the AE model,
acquiring the main stable crystal faces with different Miller indices
(h k l).

The optimized TNAZ crystal was  cleaved along the main
stable faces [0 0 2], [0 2 0], [0 2 1], [1 0 2], [1 1 1] and [1 1 2],
which were extended to 3D periodic super-structures of
2.293nm × 2.225nm × 4.688 nm,  2.150nm × 1.720nm × 4.806 nm,
2.293nm × 4.441nm × 4.918 nm,  2.436nm × 2.225nm × 4.597 nm,
2.503nm × 2.225nm × 4.796 nm,  and 2.503nm × 2.436
nm × 4.354 nm,  respectively. The number of TNAZ molecules
in the [0 0 2], [1 0 2], [0 2 0], [0 2 1], [1 1 1] and [1 1 2] super cells are
as follows: 80, 80, 60, 152, 76 and 72. According to the existing
research results [18], ethanol may  serve as the recrystallization
solvent of TNAZ. A solvent layer filled with 100 random distributed
ethanol molecules was built with the layer density set to be
0.789 g/cm3 by the Amorphous Cell tool. Geometry optimization,
followed by MD simulations (100 ps with time step 1 fs at 298 K,
using the Andersen thermostat [24]) for the solvent layer was done
to make ethanol molecules uniformly distribute in the solvent
layer.

In order to investigate the effect of solvent on the crystal mor-
phology, the interfacial model was employed, which consists of a
TNAZ crystal layer and a ethanol solvent layer. In the study, the sol-
vent layer was  adsorbed on the (h k l) crystal face along c axis. A
vacuum slab thickness of 20 Å was built above the solvent layer to
eliminate the effect of additional free boundaries on the structure.
The schematic diagram of the interfacial model was represented in
Fig. 1.

The crystal layer was constrained along a, b, and c axis directions
during the MD simulation process. The schematic view of the start-
ing conformations for TNAZ face-ethanol solvent interfacial models
was shown in Fig. 2.

The energy minimization for the interfacial model was  carried
out using a molecular mechanic (MM)  method before MD  simu-
lations, which were carried out with the Discover module in MS
along with the use of COMPASS force field [23]. All MD  simulations
were carried out at 298 K with the canonical ensemble (NVT– con-
stant number of particles, volume and temperature) [25] and the
coupling to the heating bath was carried out using the Andersen
method [24]. The MD simulations were performed at a time step
of 1 fs and included two  stages(equilibration stage and production
stage). The equilibration stage ran for 200000 fs, and then the pro-
duction stage ran for 300000 fs. At the same time, the trajectory was
recorded every 500 fs and the data were collected for subsequent
analysis.
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