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a b s t r a c t

The solvent has a large effect on the crystal morphology of the organic explosive compound octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX, C4H8N8O8). The attachment energy calculations predict a
growth morphology in vacuum dominated by (0 2 0), (0 1 1), (1 0 2̄), (1 1 1̄) and (1 0 0) crystal forms. Molec-
vailable online 15 September 2009

eywords:
rystal morphology
MX

ular dynamics simulations are performed for these crystal faces of HMX in contact with acetone solvent.
A corrected attachment energy model, accounting for the surface chemistry and the associated topogra-
phy (step structure) of the habit crystal plane, is applied to predict the morphological importance of a
crystal surface in solvent. From the solvent-effected attachment energy calculations it follows that the
(1 0 0) face becomes morphologically more important compared with that in vacuum, while the (0 2 0)
and (1 0 2̄) are not visible at all. This agrees well with the observed experimental HMX morphology grown

.

E model
olecular dynamics simulation from the acetone solution

. Introduction

The control of crystal morphology during the crystallization
teps constitutes an important industrial challenge since the shape
f a crystal affects solid–liquid separation characteristics, packag-
ng, handling, drying, storage behavior and end-use properties of
he crystallized material. For the explosive compounds, an impor-
ant product performance parameter is the packing density. A high
acking density is needed to obtain a high explosive power in a
mall volume. The particle shape largely determines the packing
ensity. Needles and plate-like crystal have a low density and thus
re unwanted shapes. Higher packing densities can be obtained
ith isometric crystals. Besides, the sensitivity of the explosive

ompound is dependent on the crystal morphology to a great
xtent. Therefore, investigations on crystal morphology control are
ery important for the energetic materials.

The morphology of a growing crystal is governed by two factors,
he internal structure of a crystal and external parameters, such as

upersaturation, temperature level, the presence of solvents and
mpurities. Among them, solvent is one of the most important fac-
ors that should be taken into account. The determination of the
asic crystal morphology, as well as the assessment of the sol-
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vent effects on the crystal morphology, becomes more and more
important in modern industry. A great number of attempts have
been made to investigate the solvent effects on the crystal mor-
phology experimentally and theoretically (simulation) [1–15]. In
this, the work of Lahav and Leiserowitz [1,2] is seminal in relat-
ing the mechanistic aspects associated with habit modification to
the specificity of the intermolecular interactions between crystallo-
graphically ordered crystal habit surfaces and solvent/or impurity
molecules. In a later review article [3], the influence of the sol-
vent environment on the crystal morphology for a number of amino
acids was reviewed. Enthalpy changes associated with the docking
of solvent molecules on specific crystal surfaces have been used to
predict the morphology. Winn and Doherty [4] provided an excel-
lent review of current and emerging modeling approaches in terms
of practical applicability, from the standpoint of process engineer-
ing. Wang et al. [5] summarized the advances and future directions
in morphology monitoring and control of organic crystal grown
from solution. They pointed out that the integration of on-line real-
time 3D shape measurement, multi-scale modeling of morphology,
multi-dimensional population balance modeling and computa-
tional fluid dynamics is the goal of the further research. Molecular
dynamics [8,9,12,13] and Monte Carlo [9–11,14,15] methods have
been applied to study the most favored interactions between the

crystal habit surfaces and specific solvents in order to establish the
modification to the crystal shape in terms of relative growth rates.

HMX is an important and commonly used energetic ingredient
in various high performance explosives and propellant formulation
due to its thermal stability and high detonation velocity relative to

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:dxhui812@163.com
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ther explosives [16,17]. It is known to occur in three polymor-
hic forms �, �, and � (�-HMX identified as a hydrate) [18–20].
he industrially preferred form �-HMX is the stable form at room
emperature and atmospheric pressure. Thomas et al. [21,22] have
alculated the geometrical structures and mechanical properties
f the three pure polymorphic forms of crystalline HMX using
onte Carlo method. ter Horst et al. [23] have determined the
orphologically important surfaces of �-HMX and �-HMX with

he aid of a periodic bond chain (PBC) analysis, but few exam-
les including solvent effects on the HMX crystal morphology
an be quoted. In this paper, the morphology modification of the
odel compound �-HMX induced by solvent is studied using the

orrected attachment energy (AE) model. For the sake of con-
enience, we use HMX as a substitute for �-HMX in the next
ections.

. Computational details and theory

.1. Computational details

According to neutron diffraction experiments of HMX [19], the
nit cell model is constructed. Molecular mechanics potential-
nergy minimization is performed on the unit cell (Smart
inimizer, optimization of the cell parameters). The AE model is

sed to predict the crystal morphology in vacuum, which gives
list of possible crystal faces with different inherent multiplici-

ies. The morphologically important surfaces (h k l) can be obtained
rom the AE calculations. The HMX crystal is cleaved parallel to
he (h k l) plane with a depth of four unit cell. A crystal slice is
onstructed as a periodic superstructure of 3 × 3 unit cells. Subse-
uently, the crystal slice is optimized by the molecular mechanics
nd molecular dynamics (MD) methods in turn. The chosen solvent
s acetone with the reflective index n of 1.3588, static dielectric
onstant ε0 of 21 and density of 0.78 g/cm3 [24]. A solvent layer
ontaining 200 acetone molecules is constructed by the Amor-
hous Cell tool and refined by MD technique. Two-layer interfacial
odel is employed for the MD simulation to study the influence

f the solvent on the crystal shape. One part of the model is the
rystal slice and another is occupied by the solvent layer, i.e., the
olvent layer is adsorbed on the (h k l) crystal face along c axis.
0 Å thickness vacuum slab is built in above the solvent layer to
liminate the effect of additional free boundaries on the struc-
ure. The final simulation model consists of 72 HMX molecules and
00 acetone molecules (4016 atoms in total). The crystal slice is
onstrained during the MD simulation process. The energy mini-
ization for the interfacial model is carried out before the dynamics

imulation. MD simulation is carried out in the NVT ensemble at
he HMX crystallization temperature of 550 K. The temperature
ontrol method is set to be Andersen, which chooses atom col-
ision times from a Poisson distribution at each time step and
hanges their velocities according to the Boltzmann distribution
25]. For the equilibration stage, the time step for the MD simu-
ation is 1 fs with a period of 60 ps. When equilibration has been
chieved, energy and temperature fluctuate around their averages,
hich remain constant over time. After equilibrating the system

t the target temperature, the production stage has been per-
ormed, during which data and statistics are collected. The time
tep is 1 fs with a period of 80 ps. All the calculations are run with
he commercial molecular modeling software package Materials
tudio 3.0 [26], using the Compass force field [27]. Compass is
powerful ab initio force field supporting atomistic simulations
f condensed-phase materials and stands for condensed-phase
ptimized molecular potentials for atomistic simulation stud-
es. For potential-energy calculations, the Coulombic and van der

aals interactions are calculated by employing the standard Ewald
ethod [28].
Materials 174 (2010) 175–180

2.2. Theory

The solvent can be assumed to reduce the growth rate. First, the
solvent has to be removed from the surface before the crystal face
can grow. This costs energy and herewith the apparent attachment
energy decreases. An energy correction term Es for the vacuum
attachment energy Eatt can be introduced which represents this
solvent effect

Es
att = Eatt − Es (1)

where Es
att denotes the solvent-effected attached energy. A crystal

surface becomes morphologically more important if, due to spe-
cific solvent interactions with this crystal surface, the attachment
energy of a (h k l) slice is decreased more than the attachment ener-
gies of the other (h k l) slices. The calculations of all the surface
specific energy correction terms Es (h k l) then result in a solvent
influenced morphology prediction.

Since the effect of solvent depends on both the different surface
chemistry and the associated topography (step structures) of the
crystal face, the correction term Es describing the energy of solvent
binding on the crystal habit surface (h k l) can be calculated using
the following formula:

Es = EintAacc

Amodel
(2)

where Eint is the interaction energy between the solvent layer and
the surface, Amodel is the surface area of the simulated model in
the (h k l) direction, and Aacc is the accessible solvent surface of the
crystal face in the unit cell. Eint is evaluated using the relationship:

Eint = Etot − Esurf − Esolv (3)

where Etot is the total energy of the surface and the solvent layer,
Esurf is the energy of the surface without the solvent layer, and
Esolv is the energy of the solvent layer without the surface. Binding
energy is defined as the negative value of the interaction energy,
that is,

Eb = −Eint (4)

The accessible solvent surface Aacc is obtained by calculating the
Connolly surface. The Connolly surface [29] modeling, i.e., which
revealed the van der Waals surface of the host system accessible to
the solvent molecules, is used to provide a quantitative approach
for locating the regions of the crystal surface, which would be likely
areas for solvent binding.

The relative growth rate for each face is taken to be proportional
to Es

att [see formula (5)] [30,31], and hence face with the lowest
attachment energy is predicted to be the slowest growing surface
and hence to have the highest morphological importance.

R ∝ Es
att (5)

3. Re-crystallization experiment

The raw HMX material is provided by Institute of Chemical
Materials, China Academy of Engineering Physics. The temperature
dependence of the HMX solubility in the acetone solvent is used to
determine the supersaturation. 0.75 g HMX is dissolved in 25 mL
acetone solvent (analytical grade) under agitation and then slowly
heated up to 60 ◦C on a water bath maintained at constant tem-

perature to make it completely dissolved. The resulting solution is
cooled down to ambient temperature. Seed crystals are obtained
by spontaneous nucleation when the acetone solvent is gradually
evaporated. The morphology of the final HMX crystal is observed
using the SEM (TM-1000, Hitachi, Japan).



X. Duan et al. / Journal of Hazardous Materials 174 (2010) 175–180 177

crystal (b) structures of HMX.
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Table 1
Surface areas for the crystal habit surfaces.

Surface (0 1 1) (1 1 1̄) (0 2 0) (1 0 0) (1 0 2̄)

Aacc (Å2) 112.560 143.902 73.899 197.793 139.432
Ah k l

a (Å2) 86.208 94.041 47.003 96.135 120.299
Sb 1.306 1.530 1.572 2.057 1.159
Fig. 1. Molecular (a) and

. Results and discussions

HMX molecular conformation in HMX unit cell is depicted in
ig. 1(a). HMX crystal belongs to the monoclinic system (a = 6.54 Å,
= 11.05 Å, c = 8.70 Å, ˇ = 124.31◦, R = 5.9%, � = 1.8937 g/cm3) with
21/c symmetry and 2 molecules per unit cell (see Fig. 1(b)) [19].
he external morphology of crystals is predicted using the AE model
ased on the optimized unit cell geometry. The morphology in vac-
um is displayed in Fig. 2(a). The prediction of the crystal shape
ccording to the AE model results in a shape similar to the hex-
hedron with an aspect ratio of 2.06. The unique exhibiting faces
re (0 2 0), (0 1 1), (1 0 2̄), (1 1 1̄) and (1 0 0). The (0 1 1) face is mor-
hologically the most important whose percentage area is above
0%. Its Eatt is calculated to be 26.01 kcal/mol comprised of the
lectrostatic interaction (12.26 kcal/mol) and van der Waals force
13.75 kcal/mol). The (1 1 1̄) face has 29.9% area to be the second
arge existing surface. The (1 0 0) and (1 0 2̄) faces have almost equal
xisting area, 1.76% and 1.61%, respectively.

The crystal packing diagrams (see Fig. 2) reveal the surface
hemistry and topography of the HMX crystal habit faces. Exam-
nation of the (1 0 0) face reveals a rather open and rough surface
opography on the molecular level with the nitro groups of the HMX

olecules exposed out of the surface. The (0 1 1), (1 1 1̄) and (0 2 0)
abit faces are found to be smooth on the molecular level. Both oxy-
en and hydrogen atoms are observed to be exposed at the (0 1 1)

nd (1 1 1̄) surfaces, different only from the densities and positions.
ith respect to the (0 2 0) surface, the surface chemistry is mainly

ominated by the exposed oxygen atoms. The (1 0 2̄) face is found
o be very smooth on the molecular level allowing the exposure of
nly the hydrogen atoms of the HMX molecules.

Fig. 2. Molecular arrangement of the cr
a The surface area of the crystal face (h k l) in unit cell.
b The accessible solvent surface of unit area.

The results for the surface area of the crystal face are presented
in Table 1. For the Connolly surface calculations, the grid inter-
val is 0.4000 Å at a probe radius of 1.0 Å. The accessible solvent
surface of unit crystal area denoted as S in Table 1 is calculated
convenient for comparing the step structures of different crystal
faces. From Table 1, we can find that the (1 0 0) face has the high-
est S value, while the (1 0 2̄) has the least S value among all the
exhibiting surfaces. The Aacc and S calculations quantitatively indi-
cate the difference of the step structures of the crystal faces. The
HMX–acetone solvent interfaces for five different crystal faces are
shown in Fig. 3, which illustrates the affinity ability of the acetone
solvent on the particular crystal face. The interaction energies of the
solvent molecules on the different habit faces are listed in Table 2,
column 5. The interaction energy calculations and the snapshots
of the solute/solvent interfaces indicate the different degrees of
solvent binding on the habit faces. For the (1 0 0) surface, the inter-

facial snapshot indicates that the solvent molecules have moved
into the crystal face and formed a dense solvent layer. This should
owe to the face-specific and much strong solvent–solute inter-
action of −177.28 kcal/mol. We analyze the result looking at the

ystal face of HMX, 2 × 2 supercell.
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ig. 3. Snapshots from the molecular dynamics simulations of the HMX–acetone s
0 2 0) crystal faces, respectively.

hree contributions present in the compass force field: the van
er Waals energy, the Coulomb energy, and the hydrogen-bond
nergy. The three contributions to the energy as well as the total
nergy are averaged for the MD run. The solvent binding energy of
77.28 kcal/mol for the (1 0 0) surface is principally caused by the

an der Waals energy (103.94 kcal/mol), followed by the Coulomb
ontribution (73.34 kcal/mol), without hydrogen-bond interaction.
ontrary to the (1 0 0) surface, the (0 2 0) face has the lowest binding
nergy of 80.08 kcal/mol, also comprised of van der Waals energy
58.63 kcal/mol) and Coulomb energy (21.45 kcal/mol).

able 2
alculated attachment energies for dominant crystal habit faces together with corrected

Face dh k l
b Eatt Rc Eint

(0 1 1) 6.025 −26.01 1 −102.52
(1 1 1̄) 5.523 −39.52 1.52 −138.74
(0 2 0) 5.525 −37.06 1.42 −80.08
(1 0 0) 5.403 −51.59 1.98 −177.28
(1 0 2̄) 4.317 −42.28 1.62 −137.53

a All energies are in kcal/mol, distance in Å, and area in Å2.
b Lattice-plane spacing.
c Relative growth rate in vacuum.
d Relative growth rate in acetone solution.
t interfaces. (a), (b), (c), (d) and (e) correspond to (1 0 0), (0 1 1), (1 0 2̄), (1 1 1̄) and

Table 2 and Fig. 4 summarize the results from these simulations
and experimentally observed crystal habits for HMX growth from
the acetone solution. It can be found that the relative growth rates
of the (0 1 1) and (1 1 1̄) faces have negligible change in acetone
solution; solvent effects have brought out of significant change of

the growth rates for other faces. Accordingly, the crystal habit is
largely different from that in vacuum. A comparison of Fig. 4(a)
and (b) reveals that the (0 2 0) and (1 0 2̄) disappear due to the
faster growth, while the (1 0 0) face becomes the morphologically
important crystal face for the growth retardation in the presence

attachment energies and relative growth rates of facesa.

Aacc Amodel Es Es
att R*d

112.56 748.75 −15.42 −10.59 1
143.90 838.14 −23.82 −15.70 1.48

73.90 444.64 −13.28 −23.78 2.24
197.79 834.45 −42.07 −9.52 0.90
139.43 1019.22 −18.83 −23.45 2.21
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ig. 4. Crystal habit for HMX as predicted via the AE model in vacuum (a), as deriv
rystal habit re-crystallized from the acetone solution (c).

f acetone. Its percentage area increases up to 27% from the 1.76%
n vacuum. The crystal habit prediction, as adjusted to allow for the
olvent effects (Fig. 4(b)), provides a good match to the experimen-
al morphology (Fig. 4(c)). As discussed above, the solvent effects
epend on the different surface chemistry and the step structure of
he crystal faces, and are quantified as the energy correction term
s in our work. For example, the low growth rate of the (1 0 0) face
n the acetone solvent can be attributed to the polar nitro groups
xposed out of the face and large accessible solvent surface, which
ould be expected to be conducive to easy solvent binding. Its

s absolute value is calculated up to 42.07 kcal/mol. So, the des-
lvation process becomes very difficult owing to the high energy
arrier, and the solute molecules are hampered in reaching the sur-
ace. For the (0 2 0) face, in contrast, its absolute value of the Es term
as been the lowest, resulting in the fastest growth in this direc-
ion. Inspite of the nearly equal interaction energies of the (1 1 1̄)
nd (1 0 2̄) faces with the acetone molecules, the difference in the
ccessible solvent surface of unit area (see the S value in Table 1)
as brought faster growth of (1 0 2̄) face than (1 1 1̄).

. Conclusion

In this work, through the molecular dynamics simulations of a
olvent layer of acetone adsorbed on the HMX habit crystal sur-
ace, we report the solvent-mediated crystal habit for HMX by a
orrected AE model. This model takes the solvent effects on the
rystal morphology as a corrected term for the attachment energy
n vacuum, considering the surface chemistry and the step struc-
ure of the habit crystal plane. The crystal shape of HMX in vacuum
s dominated by (0 2 0), (0 1 1), (1 0 2̄), (1 1 1̄) and (1 0 0) crystal faces
redicted applying the AE model. The corrected attachment energy
alculations suggest that the (0 2 0) and (1 0 2̄) crystal faces will
ot be visible on a HMX crystal grown from the acetone solution,
hile the (1 0 0) face becomes morphologically more important

s compared to that in vacuum. This result of the morphological
rediction is in reasonable agreement with the experimental habit
e-crystallized from the acetone solution. Clearly, further work is
eeded to test the applicability of this corrected AE model via vali-
ated studies using a number of different HMX/solvent systems and
o further obtain the solvent selectivity on the crystal morphology
uring the solution crystallization process of HMX.
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