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ABSTRACT
Anewcomputationalmethodwas established to investigate the solvent
effects on the crystalmorphology of 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB). The modified attachment energy (MAE) method was applied
on TATB in dimethyl sulfoxide (DMSO). This MAE Esatt method account-
ing for the attachment energy effect of the solvent was proposed to
replace the vacuum attachment energy using the solvent-crystal inter-
action energies. In our simulation study, TATB crystals inDMSOgrew into
a hexagonal-flake structure and are in good agreement with the exper-
imental data.

1. Introduction

The crystal morphology of explosive has a direct effect on their physical properties such as
fluidity, packing density, and electrostatic accumulation and even has a significant effect on
the stability, detonation ability, and sensitivity of explosives [1, 2]. As for the packing density,
the needle-like and plate-like crystals have unexpected shapes resulting in high density. In
addition, isometric crystals also have higher density [3]. Thus, the investigations on the crystal
morphology control are important for energetic materials.

Molecularmodeling offersmethods to predict the steady state crystal shapes under various
conditions. The relationship between the apparent structure of a crystal and its internalmolec-
ular arrangement was initially investigated by Bravais, Friedel, Donnay, and Harker, and their
study is collectively known as the BFDH theory [4–6]. This theory takes a crystal structure
and its symmetry into account and computes the morphology based on the inter-facets dis-
tance (dhkl). The BFDH theory works well for relatively simple, isotropic crystalline materials
such as metals. In the 1950s, the attachment energy (AE) model was developed by Hartman
and Perdok using periodic bond chains (PBCs) and connected nets [7]. The Eatt was related to
the growth rate as reported by Hartman and Bennema. The AE method predicts the growth
morphology according to Eq. (1)

Rhkl ∝ Eatt. (1)
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The external morphology of crystals is predicted using the Eatt calculation, where Eatt the
energy is released by the addition of a growth slice of thickness dhkl to the surface of a growing
crystal and is represented by Eq. (2):

Eatt = Elatt − Eslice, (2)

where Elatt is the lattice energy of the crystal, Eslice is the energy of a growth slice with thick-
ness dhkl . The growth rate of the crystal face is assumed to be proportional to its Eatt, i.e., the
faces with the lowest Eatt have the slowest growth, and therefore have the most morphological
importance.

In recent years, the AE model has been applied to study the crystal growth and predict the
equilibrium morphologies of crystals [8–17]. Winn and Doherty estimated the facet growth
rates using the interfacial energies by a set ofmathematical equations [8]. The interfacial ener-
gies were estimated again using the experimental data of pure solvent and crystal properties.
The biggest advantage of their method is that it is computationally inexpensive. Boerrigter
et al. applied theMonte Carlo method to model the morphology of fat crystals and aspartame
[9]. Their method was capable of accounting the polar nature of faces, showing a difference in
the growth rate even in the absence of solvents. Piana and Gale calculated the rates of many
types of materials by incorporating events on the surface usingmolecular dynamics, and then
they simulated the growth of a urea crystal of up to the nanometer scale by the kinetic Monte
Carlo method [10].

The AE model assumes that the growth of a surface occurs under vacuum condition, and
the predictions using this model have been accurate for the crystals grown by sublimation;
however, they have not been accurate for the crystals grown from solution, because thismodel
is intrinsically insensitive to the polar nature of facets and the supersaturation during the
growth as well as to the solvents and additives. Thus, the aim of this studywas to find amethod
to investigate the solvent effects on the crystal morphology and provide guidance in selecting
solvents. A prior prediction may decrease the time and cost in trial and error processes.

1,3,5-triamino-2,4,6-trinitrobenzene (C6H6N6O6, TATB) is a well-known insensitive high
explosive. Since its first synthesis in 1887, it is considered as one of the most important ener-
getic materials owing to its unusual insensitivity to high temperatures, shock, and impact
[18–20]. In this study, the modified attachment energy (MAE) [11–17] was used to predict
the crystal morphologies of TATB in dimethyl sulfoxide (DMSO).

2. Method and simulation details

To account solvent effects, the MAE model developed recently was used [11–17] and it
accounts for the effect of the solvent by decreasing the vacuum Eatt using the solvent-crystal
interaction energies.

In the MAE model, the growth rate of a crystal face [hkl] is proportional to the modified
attachment energy (Es

att) as shown in Eq. (3),

Rhkl ∝ Es
att. (3)

The Es
att accounts for the effect of the solvent by decreasing the vacuum Eatt using the

solvent-crystal interaction energies. The solvent can be assumed to decrease the growth rate
and has to be removed from the surface before the crystal facet can grow. This process requires
energy and therefore the apparent Eatt decreases.
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Figure . The crystal morphology of TATB in vacuum by AE calculation, with aspect ratio = ., sur-
face/volume ratio= ., unique facets= , total facets= .

In this study, the interaction energy between the solvent and crystal facets was used to
calculate Es

att by using Eq. (4):

Es
att = Eatt

(
1 − Eint

Eatt + Eint

)
, (4)

whereEint is the specific interaction energy between the crystal facet [hkl] and the solvent
molecules, expressed by Eq. (5),

Eint = Etot − Esurf − Esolv, (5)

whereEtot is the total energy of the interactive system comprising a specific crystal surface and
solvent molecules.

A TATB model was built according to the experimental data [20, 21], as a triclinic space
group P-1 with a = 9.010 Å, b = 9.028 Å, c = 6.812 Å, α = 108.590°, β = 91.820°, and γ =
119.970°, containing two molecules per unit cell.

The AE model was used to predict the crystal morphology in vacuum, providing a list of
possible crystal facets with different inherent multiplicities. The TATB surfaces were built by
cleaving the TATB crystal parallel to the (hkl) plane, which was constructed as a periodic
superstructure of 5 × 5 unit cells.

An optimized solvent was placed on this surface, and a vacuum slab with a thickness of 50
Å was built above the solvent layer to eliminate the effect of additional free boundaries on the
structure.

Table . Eatt and total facet area (TFA).

hkl Eatt (kcal/mol) TFA (%) hkl Eatt (kcal/mol) TFA (%)

[  ] − . . [ −] − . .
[ −] − . . [−  ] − . .
[− ] − . . [ −] − . .
[  ] − . . [− ] − . .
[− ] −. . [− −] − . .
[−  ] − . . [− ] − . .
[−  ] − . . [− −] − . .
[  ] − . . [− ] − . .
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Figure . Structures of different faces.
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Table . Eint between facet [hkl] and solvent molecular (kcal/mol).

hkl Eint hkl Eint

[  ] − . [ −] − .
[ −] − . [−  ] − .
[− ] − . [ −] − .
[  ] − . [− ] − .
[− ] − . [− −] − .
[−  ] − . [− ] − .
[−  ] − . [− −] − .
[  ] − . [− ] − .

Etot,Esurf , and Esolv are calculated via the GGA-BLYP method DNP and basis set, and the
AE calculations were performed via the COMPASS force field and Ewald summationmethod.

3. Results and discussion

3.1. Crystal habit in vacuum

The result of the crystal shape calculation according to the AE model was found to be similar
to the hexagonal cell (Fig. 1). The total number of unique facets is 16, and the total facet
area of facet [0 0 1] and its symmetrical facet [0 0 −1] is 62%, and thus these two facets are
morphologically more important than the others (Table 1).

3.2. Modified process

The total facet area is determined by its growth speed, and lower growth rate leads to a larger
facet area. The facet growth speed is affected by the surface chemistry and topography of
the crystal habit faces, which is revealed by the structures of different faces (Fig. 2). A TATB
molecule is a near planar structure because of the conjugation effect of benzene ring.

The Eint is related to the chosen facet, calculated by Eq. (5) as listed in Table 2. The MAE
is calculated by Eq. (4), as shown in Table 3.

3.3 Crystal morphology of TATB in different solvents

According to the above-mentioned MAEmodel, the crystal morphology and aspect parame-
ter of TATB in DMSO are calculated as shown in Fig. 3.

Figure 3. shows that TATB crystals grow into a hexagonal-flake like shape in DMSO, and
the facets such as [1 0 −1] /[ −1 0 1], [0 2 −1]/[0 −2 1], [−1 2 −1]/[1 −2 1], and [−2 2
−1]/[2−2 1] disappear compared to themorphology under vacuum condition (Fig. 1), when

Table . The modified attachment energy Esatt (kcal/mol) in solvent.

hkl Esatt hkl Esatt

[  ] − . [ −] − .
[ −] − . [−  ] − .
[− ] − . [ −] − .
[  ] − . [− ] − .
[− ] − . [− −] − .
[−  ] − . [− ] − .
[−  ] − . [− −] − .
[  ] − . [− ] − .
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Figure . The crystal morphology in DMSO by the MAE calculation. Aspect ratio: ., Total facets: .

the solvent effect is taken into account. The value of Eint in Table 2 shows that the attractions
between the solvent and above-mentioned facets are weaker than those in the other facets. It
is intelligible that a weaker solvent-facet interaction will not restrain the attachment behavior
of TATB on the chosen facet, and thus the facet grows faster than the others and eventually
disappears. In contrast, the stronger attraction between the solvent and a selected facet will
restrain the attachment of TATBmolecules onto this surface, thus decreasing the growth rate.

TATB was crystallized to compare the calculation result with the experimental data. TATB
powder was placed in DMSO, heated, and cooled to isolate TATB crystals. Scanning electron
microscope (SEM) image for this sample was recorded, as shown in Fig. 4.

The morphology of TATB is shown in Fig. 4, indicating that our modeling method is in
good agreement with the experimental data.

Figure . SEM image of the TATB crystals in DMSO.
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4. Conclusions

Themodified AEmethodwas used to study themorphological behaviors of TATB in different
solvents, indicating that TATB crystals grew into a hexagonal-flake shape in DMSO, which is
in good agreement with the experimental fact. The high-order facets, observed under vacuum
condition simulation, disappeared when the solvent effect was taken into account. Our result
indicates that the strength of the interaction between the crystal faces and the solventmolecule
varies with the facet types, and a stronger attraction between the selected surface and solvent
would restrain and enhance the attachment of TATB molecules onto this surface, decreasing
the growth, increasing the surface area. This modified AE method is suitable for predicting
the morphological behaviors of TATB and its analogs.
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