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Abstract: The crystal morphologies of B-HMX (octahydro-1, 3,5, 7-tetranitro-1, 3, 5, 7-tetrazocine) in eight pure organic sol-
vents were predicted based on the modified attachment energy (AE) model by using molecular dynamics (MD) method. Results
demonstrate that the morphological dominant crystal faces of B-HMX in vacuum are: (01 1), (1 1-1), (020), (100) and
(10 -2), respectively. The (1 0 0) face is the most polar crystal face and has the largest interaction energy with the solvent mol-
ecules, which results in a slow growth rate and appears as dominant face in the final crystal morphology. The (1 0 —-2) and
(0 2 0) faces have the small interaction energies with the solvent molecules, which appear as small areas or even disappear in
the final crystal morphology. The order of the aspect ratio of the crystal morphology is: cyclopentanone>cyclohexanone>N,
N-dimethylacetamide (DMAC) >pyridine>acetone>triethyl phosphate>propylene carbonate>Dimethyl sulfoxide (DMSO) ,
which indicates that DMSO and propylene carbonate are more favorable for the spheroidization of B-HMX in crystallization ex-
periments. The experimental crystal morphologies of B-HMX in eight pure organic solvents were investigated using a natural cool-
ing recrystallization method. Results show that the predicted morphologies are in good agreement with the experimental results.
The attached energy (AE) model is suitable for predicting the crystal morphology of B-HMX, which may serve as a guide in
B-HMX recrystallization experiments.
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solvents, additives, super-saturation and the growth

[9]

kinetics during crystallization'”. Among them, the

influence of solvent molecules on the crystal mor-

phology is enormous'® ,

which can be accom-
plished by experiments and molecular dynamics sim-
ulation. Up to now, there are many calculation
methods of crystal morphology reported in litera-

Bravais-Friedel

[11-13]
b

tures, such as
(BFDH) the periodic bonded chain

(PBC) theory''*', Occupancy Model'" and the modi-

Donnay-Harker
rule

17200 'In calculat-

fied attachment energy (AE) model
ing the crystal habit of explosive compounds, the
modified AE model is the most commonly used and
guaranteed prediction method. For example, Han et
al”".. studied the effects of four solvents such as
methanol, ethanol, ethyl acetate and acetone on
the morphology of CL-20 crystals Song et al**.. used
the attached energy (AE) model to calculate the
crystal morphology of 3, 4-Dinitro-1H-pyrazole
(DNP) in different solvents (ethyl acetate, water,
water/EtOH and water/AcOH) All these examples
mentioned above illustrated that the AE model is ef-
fective in predicting the crystal morphology of explo-
sives >,

HMX is high energy explosive with excellent
detonation performance and thermal stability®' ,
and extensively used as energy ingredient in poly-
mer-bonded explosives (PBXs) , solid propellants,
and so on. HMX has four solid-phase polymorphs,
labeled as a, B, y, 6-HMX"*. The B-HMX is the sta-
ble form and most commonly used in industry due
to its highest crystal density, lowest mechanical sen-
sitivity. The crystal morphology of B-HMX has a
great influence on its application and performance.
llana G et al.'””! obtained prismatic, flake-like and
needle-like HMX by slow evaporation in a single or
binary solvent. Leif S, van der Heijden'”’ and
Kriber H"’' obtained prismatic HMX in y-butyrolac-
tone and propylene carbonate by cooling method. In
the reported literature on theoretical calculations,
Duan et al”*". and Yan et al."’* studied the effect
of solvents on the morphology of HMX crystals and

successfully predicted the crystal morphology of
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HMX in acetone and acetonitrile, respectively. Chen

et al. ¥

also predicted the crystal morphology of
HMX in a mixed solvent such as acetone/y-butyro-
lactone, DMF/H,O and acetone-ethyl acetate-water
ternary system. There are limited several solvents
used for crystallization and lack of the influence rela-
tionship of solvents on HMX crystal morphology.
However, HMX can be dissolved in many solvents
and different solvents have a great influence on the
crystals morphology. Therefore, it is very important
and necessary to systematically investigate the ef-
fects of different solvents on the morphology of
HMX, which may guide the modification of HMX
crystal morphology and greatly improve efficiency.

In this study, the crystal morphology of HMX in
vacuum and eight commonly pure organic solvents
with certain solubility, including dimethyl dulfoxide
(DMSO) , acetone, triethyl phosphate, propylene
carbonate, N, N-dimethylacetamide (DMAC) , cy-
clopentanone, cyclohexanone and pyridine, were
predicted by the modified attachment energy (AE)
model and molecular dynamics (MD) method. The
important factors affecting the morphology of HMX
crystals are analyzed at the molecular level. Further-
more, the aspect ratios of different crystal morpholo-
gies obtained from the simulation results were calcu-
lated and compared, and the spheroidization degree
of HMX was quantitatively characterized. Finally,
the recrystallization experiment of HMX in the

above pure organic solvents have conducted.
2 Predicted model and simulation details

2.1 Attachment energy model
The attached energy (AE) model has been wide-
ly used to predict the crystal morphology of explo-

sives and medicine”**

; it was put forward by Hart-

man based on the periodic bond chain (PBC) theo-
[15]

ry

in the prediction process, and the system energy is

. The AE model fully considers the crystal unit

more stable. Therefore, the AE model is more accu-
rate than the BFDH method. The attachment energy
can be defined as the energy released when the crys-
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tal flakes is attached to the surface of a growing crys-

tal face, expressed as E, "

“which can be calculated
as Eq (1). The AE model predicts crystal morpholo-
gy by analyzing the 1/2 symmetry plane distance of
the crystal and the distance is related to the linear

growth rate of the crystal face, as shown in Eq(2).

Ewi = B = Eiice (1)
thl o Eatt (2)
Where E,, is the crystal lattice energy (kJ-mol™) ,
and E. is the energy (kJ-mol™) released by a wafer

growth with a thickness of d. R, is the relative lin-
ear growth rate of crystal faces (h k [) in a vacuum,
which is proportional to its attachment energy.

When the crystal grows in solution, the crystal
morphology is affected by the different adsorption in-
teractions between solvent molecules and different
faces of the crystal. Therefore, the solvents play an
important role in the process of crystal growth and
the final crystal morphology. If the stronger the ad-
sorption interaction between the solvent molecule
and a certain face of the crystal, the easier the for-
mation of the solvation layer by the solvent mole-
cules adsorbed at the crystal face, therefore, the
growth of the corresponding crystal face is sup-
pressed ””’. The growth of the crystal faces has to re-
move solvent molecules adsorbed on the crystal
face, and the energy will be lost during the de-solva-
tion process. The attachment energy decreases on
the different crystal faces of the crystal, thus, the
crystal morphology cultured in the solution is
changed compared with that in the vacuum. The in-
teraction energy between the solvent layer and the
crystal face E,, can be calculated by Eq.(3):

E.=E, -E, . ~E, (3)

tot
Where E,, is the total energy of the solvent and the

int = surf
crystal face, E; is the energy of crystal face without

solvent layer, and E

solv

is the energy of the solvent
layer without the crystal face.

The binding energy of the crystal face in the
unit cell with solvent layer expressed as E,. E, can be
introduced as an energy correction term to correct
the attachment energy on the vacuum model, which

can be calculated by Eq.(4):
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Aucc
: (4)

box
Where A, is the area of the crystal face (h k 1) in

the unit cell, and A, is the total crystal face area of

box
the simulated model along the crystal face (h k7).

We defined the solvent-effected attachment en-
ergy as E,', which can be calculated according to
the following Eq.(5).

E., =E, - E (5)

The modified morphological theory proposed
by Hartman is based on the relative growth rate of
each surface (R,,") proportional to the absolute val-
ue of E,’, as shown in Eq.(6).

R., o E,’ (6)

The crystal face with the lowest attachment en-
ergy has the greatest influence on the overall mor-
phology of the crystal, because it has the slowest
growth rate and becomes the dominant crystal face
of the crystal.

2.2 Computational details

All simulations in this work were performed us-
ing Materials Studio (version 8, Accelrys Inc.,
USA). The COMPASS force field in the simulation
was selected to predict the structure of HMX crystal.
The COMPASS force field has proven to be a power-
ful ab initio force field that can be parameterized
based on extensive experimental data'*'. The param-
eterized COMPASS force field can accurately simu-
late thermo-physical properties and structure of vari-
ous condensed-phase materials, especially for ener-
getic materials.

The initial structural file of HMX, used in the
calculation of this work, is from the reported litera-
ture"”” including the lattice parameters a = 6.540 A,
b=11.050 A, c=8.700 A and the space group P2,/c.
A simple schematic diagram of the entire simulation
process taking DMAC and HMX as an example is
shown in Fig.1. The molecular and unit cell struc-
tures of HMX are displayed in Fig.2a and Fig. 2b.
Firstly, the initial crystal structure of the HMX was
optimized using the Forcite module in MS. The mor-
phology of the HMX crystal under vacuum condi-
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tions was simulated by the AE model, and the mor-
phologically important surface (h k I) was obtained.
The results show that the crystal of HMX in vacuum
has five important faces, which is (01 1), (02 0),
(11-1),(100) and (1 0 =2), respectively. The
above five important crystal faces were cut out by
"cleave" and "super-cell", and the periodic super-
structure of each important crystal face of length and
width approximately 30 A was constructed. The op-
erations on the above five important crystal faces are
consistent. Secondly, the solvent layers were con-
structed by the Amorphous Cell module, which had
300 randomly distributed solvent molecules at the
target density of each solvent. The size of the solvent
box is determined by the size of each periodic super-
structure. Third, the HMX crystal face-solvent mole-
cule adsorption model of important face (h k [) was
constituted by each important face and the corre-
sponding different solvent boxes. In the established
adsorption model, a vacuum layer with thickness
40 A was created above the solvent layer in order to
eliminate the effects of additional free boundaries.
The HMX crystal face-solvent molecule adsorption
model of each important face (h k /) was optimized

using the Forcite module. Finally, the MD simula-

tions were performed in an NVT ensemble with a
temperature of 298 °C under the Anderson thermo-
stat for the uniform distribution of solvent molecules.

The calculations for electrostatic non-bond inter-
actions were performed by using the standard E,,,
method with a calculation accuracy of 0.418 J-mol™,
and the calculation of Van der Waals forces (VdW)
is based on atom-based summation. The molecular
dynamics calculation was carried out on the geomet-
rically optimized HMX crystal face-solvent molecu-
lar adsorption model, using an NVT ensemble with
a temperature of 298 °C. The balanced run was per-
formed with a total simulation time of 200 ps and a
time step of 1 fs, during which data was collected

every 20,000 steps for subsequent analysis.
3 Experimental section

3.1 Materials and characterization

HMX is a compound with molecular mass of
296.16 and the CAS registry NO.2691-41-0, and its
purity is 99.5%, determined by high performance
liquid chromatography (HPLC, UltiMate3000DG-
LC). In this work, The HMX used comes from Insti-
tute of Chemical Materials, CAEP. DMSO, acetone

f

Amorphous cell

cleave supercell HMX layer

Fig.1

g

i dynamic

A simple schematic diagram of the entire simulation process taking DMAC and HMX (0 2 0) as an example

a—DMAC molecule, b—Amorphous solvent box, c—HMX unit cell, d—One of the important surfaces of HMX (0 2 0),e—The

super cell of (0 2 0), f—The two-layer structure model of (0 2 0) and the amorphous solvent box of DMAC, g—The balanced

state after dynamic of the two-layer structure model, h—Solvent molecules adsorbed on the crystal face, i—the crystal morpholo-

gy of HMX affect by DMAC molecules
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and triethyl phosphate used are from Tianjin Chemi-
cal Industry Co., Ltd. Propylene Carbonate, cyclo-
pentanone and cyclohexanone were produced in
Chengdu United Institute of Chemical & Reagent.
DMAC and pyridine are from Sinopharm Chemical
Reagent Co., Ltd. The purity of all solvents used was
greater than 99.0%. The scanning electron microsco-
py (SEM) images of HMX crystals were obtained us-
ing a ZEISS sigma-HD-0129 operated at an accelera-
tion voltage of 3 kV. The power X-ray diffraction
(PXRD) patterns were determined by Bruker D8 AD-
VANCE X-ray powder diffractometer.
3.2 Recrystallization

All of the recrystallized samples of HMX in sol-
vents were obtained by the natural cooling method.
Firstly, 20 mL of solvent and excess HMX were add-
ed to a 50 mL round bottom flask, and the solution
was heated from room temperature to 85 °C (acetone
at 50 °C) in an oil bath and stirred at 300 r-min™" for
2 h to ensure the formation of a solution mixture
containing excess HMX solids. After that, the saturat-
ed supernatant was taken out and placed in a 50 mL
vial, cooled down to room temperature at a certain
rate, subjected to suction filtration and dried at
60 °C to obtain the recrystallized samples of HMX.
(1KIA, RET con-

trol-visc) was used to control the temperature and

The heated magnetic stirrer

agitation speed of the entire experimental system.
4 Results and discussion

4.1 HMX crystal morphology in vacuum

The crystal morphology of HMX in vacuum was
simulated by the AE model, and the parameter infor-
mation of five important crystal faces (h k ) of HMX
ideal crystal was calculated and shown in Table 1.
Especially, the area of each important crystal face
and the proportion in the crystal are more intuitive
as shown in Fig.2. The aspect ratio of HMX simulat-
ed by the AE model in vacuum is 1.934, and the as-
pect ratio reported in the literature is 2.06"*°". The dif-
ference may be caused by different simulation condi-

tions. In the reported literature, simulations were

CHINESE JOURNAL OF ENERGETIC MATERIALS

56.24%
32.29%

011
{111

}
}

{100} 1.77%
{10-2} 1.60%

]
=
]
]
(]

Fig.2 The crystal morphology of HMX in vacuum simulated
by the AE model

a—The molecular structure of HMX, b—The cell structure of
HMX, c—The crystal morphology of HMX in vacuum simulat-
ed by the AE model

performed using 200 solvent molecules at a simula-
tion temperature of 276.85 °C (550 K) and a total
simulation time of 140 ps. In this work, 300 solvent
molecules were used to simulate at a simulation tem-
perature of 298 °C and a total simulation time of 200
ps. The results show that there are five important sur-
faces (h k 1) in the ideal crystal of HMX, which are
(011),(11=1),(020), (100) and (10 -2).
Among them, the morphological importance of the
(0 1 1) is the strongest, which has the largest in-
ter-planar distance (d,,,, =6.025 A) and the biggest
proportion area in the crystal (Total facet area,, =
56.237%). The absolute value of attachment energy
of (01 1) is minimum with 110.083 kJ-mol™, includ-
ing Van der Waals force (VdW) -83.627 kJ-mol™
and electrostatic potential energy —26.456 kJ-mol™.
And, the (1 0 —-2) plane is the lowest important
crystal face in the crystal, the total facet area is only
1.605% and

4.317 A. The information of other important crystal

the minimum growth distance is

faces was listed in Table 1.

Futherly, the surface chemistry of the important
crystal faces was analyzed to study the adsorption of
solvent molecules on various important crystal faces.
And the molecular arrangement and the Connolly
surface of the HMX ideal morphology in vacuum
was obtained as shown in Fig.3. In Fig.3, the purple

N XK 2020 % F 284K H 4 (317-329)
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Table 1 Calculate attachment energies for dominant crystal habit faces and other information simulated by AE model in vacuum
hkim multiplicity — d,,* R E,, (total) E,.(VdW) E,(electrostatic)  distance  total facet area total facet area/%
(01 1) 4 6.025 1 -110.083 -83.627 -26.456 26.293 10595.28 56.237
(020) 2 5.525 1.340 —147.546 -89.316 -58.229 35.241 1526.990 8.105
(11-1) 4 5.523 1.396 -153.676 -96.543 -57.137 36.705 6082.869 32.286
(100) 2 5.403 1.880 —206.953 -125.909 -81.043 49.430 332.894 1.767
(10-2) 2 4.317 1.548 =170.360 -107.969 -62.391 40.690 302.373 1.605

011

e .
r' ity

STLRRE e

HHan el
S U R

102

{100}

Connolly Surface

Nitrogen
atom

Hydrogen
atom

Oxygen
atom

Nitro
group

Fig.3 Molecular arrangement and Connolly surface of the crystal face of HMX

grid on the surfaces indicates the Connolly surface.
Obviously, (1 0 0) is the roughest surface because
the nitro group are directly exposed and perpendicu-
lar to the surface. Secondly, the relatively smooth
surfaces are (1 1 =1), (02 0) and (0 1 1), and
their nitro, hydrogen, oxygen and nitrogen atoms
are exposed at different positions and angles on the
surface. (1 0 —2) is the smoothest surface and only
the hydrogen atoms are exposed on the surface and
the nitro groups are paralleled to the surface. The val-
ue of Sis the ratio of the solvent accessible area (A, )
on the unit crystal face to the corresponding unit crys-

tal face area (A,,)"”", which defined as Eq (7).
A

acc

Ahkl

S = (7)

The parameters S listed in Table 2 can quantita-
tively indicate the difference in the step structures
and surface chemistry of the important crystal surfac-
es. It can be seen from Table 2, the Svalue of (1 00)

is 1.907, which is the largest among the five impor-

Chinese Journal of Energetic Materials, Vol.28, No.4, 2020 (317-329)

tant crystal surfaces. This means that the (1 0 0) sur-
face is most exposed to the solvent, and the rough-
est, which is favorable for the adsorption of solvent
molecules. For (1 1-1), (020), and (01 1), the S
values are not much different. The S value of (1 0 -2)
is the smallest, which indicates that the surface is
the flattest and the proportion of solvent molecules
contacted on the surface is the smallest. Based on
the above analysis, the relative polarity order of the
five important crystal surfaces is: (1 0 0)>(1 1 =1)>
(020)>(011)>(10-2).

Table 2

the value of parameter S"

Surface areas for the important crystal surfaces and

surface (011) (020) (11-1) (100) (10-2)
Aaccz)//&2 109.933 62.213 126.021 183.316 132.737
Ahkﬁ)//o\z 96.208 47.003 94.041 96.135 120.299
S 1.276 1.324 1.340 1.907 1.103
Note: 1) The value of S quantitatively indicate the difference in the step

structures of the important crystal surfaces. 2) Connolly surface area
exposed to solvent in unit cell. 3) The surface area of the important

crystal face (h k1) in unit cell.
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4.2 HMX crystal morphology in solvents

The adsorption characteristics of solvent mole-
cules on the important crystal surfaces of HMX can
be analyzed from the adsorption behavior of differ-
ent solvent molecules on a same important crystal
surface. Taking (0 1 1) crystal surface as an exam-
ple, a series of (0 1 1)-solvent molecule adsorption
models were constructed with DMSO, acetone, tri-
ethyl phosphate, propylene carbonate, DMAC, cy-
clopentanone, cyclohexanone and pyridine. The
equilibrium configurations of the (0 1 1)-solvent
molecule adsorption model structures are simulated
as shown in Fig.4. It can be seen from Fig.5, that the
solvent molecules are constantly approaching the
(0 1 1) surface of the HMX crystal with different dis-
tances. This phenomenon is caused by the mutual at-
traction between the solvent molecules and the polar
groups exposed on the (0 1 1) surfacedue to the nitro
groups. It can be seen that the binding degree of
DMSO molecule to (0 1 1) is the closest, which has
the largest interaction energy (E,.=—557.346 kJ-mol™)
and solvent binding energy (E=-88.889 kJ-mol™).
The negative sign of all mentioned energy indicates

the interaction between the solvent and the crystal

surface is absorption. The interaction energy (E,,)
and the solvent binding energy (E) of pyridine to
the (0 1 1) crystal surface is the smallest, which is
1.297 kJ-mol™ and 0.205 kJ-mol™, respectively. Ta-
ble 3 shows that the order of the interaction energy
(E,) and the solvent binding energy (E) of the
(0 1 1) crystal surface with different solvent mole-
cules is: DMSO>DMAC>triethyl phosphate>propyl-
ene carbonate>cyclohexanone>cyclopentanone>ac-
etone>pyridine. For the (0 1 1) crystal surface, the
solvent binding energy increases with the increase of
the polarity of the solvents, and adsorption behavior
of the other four surface-solvent molecule adsorption
models is basically the same as that of (0 1 1).

The adsorption characteristics of solvent mole-
cules on the important crystal surfaces of HMX can
be analyzed from the adsorption behavior of the
same solvent molecule on five important crystal sur-
faces. Taking DMSO as an example, the different ad-
sorption effects of solvents on the five important crys-
tal surfaces of HMX were analyzed. Under the influ-
ence of DMSO, the morphology of HMX and the at-
tachment energy of the five important crystal surfac-

es have changed. The interaction energy (E,) and

int

DMAC Cyclopentanone

Pyridine

Cyclohexanone

Fig.4 The equilibrium configurations of the surface-solvent molecule adsorption model structures after molecular dynamics cal-

culations of (0 1 1) crystal face
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solvent binding energy (E,) of (1 0 0) crystal face
are the largest, which is =1135.694 kJ-mol™" and
-180.467 kJ-mol™, respectively. This result may be
due to the preferential adsorption of polar solvents
on polar surfaces. The ideal morphology of HMX in
vacuum showed that the (1 0 0) face is the roughest
and has the strongest polarity, which results in sol-
vent molecules are preferentially adsorbed at (1 0 0)
face. A dense layer of DMSO molecules will be
formed on the (1 0 0) plane, which leads to higher
energy barriers for HMX molecules in solution to con-
tinue to grow on this face. Therefore, the (1 0 0) face
will grow slowly and become the dominant crystal
face in the final form. The (1 0 —2) is the flattest crys-
tal surface, which is not conducive to the adsorption
of DMSO molecules, so that solute molecules are
easy to attach and grow on this surface. A faster
growth rate may cause the surface to eventually disap-
pear. The order of the solvent binding energy (E,) of

DMSO molecules to different crystal faces is as fol-

lows: (100)>(11-1)>(10-2)>(011)>(020).
The (0 2 0) crystal face has the largest absolute value
for the solvent—effected attachment energy (E,’ ),
which is 107.964 kJ-mol™. While the (0 1 1) and
(1 1 =1) crystal faces have the smallest absolute val-
ues, which are 21.193 kJ-mol™ and 21.641 kJ-mol™,
respectively. The order of the absolute values for the
solvent—effected attachment energy (E,) is as fol-
lows: (020)>(10-2)>(100)>(11-1)=(011).
During the growth process, (0 2 0) and (1 0 -2)
may be disappeared, which is consistent with the
theoretical basis of the AE model, because the rela-
tive linear growth rate is proportional to its attach-
ment energy. The relative area size of the important
crystal face in the entire crystal morphology is:
(011)>(11-1)>(100). The expected crystal

habit characteristics of the final morphology is

shown in Fig.5a. The aspect ratio of the predicted
HMX crystal morphology in DMSO is 1.838. The

comparison result shown in Fig.5a.

Fig.5 Simulation results by AE model and experimental crystal morphology of HMX in solvents

a—The fusiform-like crystal of HMX in DMSO and acetone, b—The rod-like crystal of HMX in Triethyl phosphate and Propylene

carbonate, c—The needle-like crystal of HMX in DMAC and cyclopentanone,d—The X-like crystal of HMX in pyridine and cy-

clohexanone
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Table 3 Calculated attachment energy for dominant crystal habit faces in different solvents
solvent hkt E.. E." Ace Aol E> E/Y R total facet asp?ect
area/% ratio
(01 1) —-110.083 -557.346  109.993 689.665 —88.889 21.193 1 50.095
(020) —147.546 -598.130 62.213 940.067 -39.581 107.964 5.095 -
DMSO (11-1) -153.676 -788.252  126.021 752.328 —132.039 21.641 1.021  43.309 1.838
(100) —206.953 -1135.694 183.316 1153.620 —180.467 26.485 1.250 6.596
(10-2) -170.360 -919.157 132.737 1082.692 —-112.687 57.673 2.722 -
(01 1) -110.083 =13.025 109.993 689.665 -2.076 108.002 1 45.913
(020) —-147.546 -177.507 62.213 940.067 -11.748 135.802 1.257 -
acetone (11-1) =153.676 -169.355 126.021 752.328 -28.369 125.310 1.160 21.724 2.854
(100) —-206.953 -860.206 183.316 1153.620 —-136.690 70.262 0.651 32.363
(10-2) =170.360 —-54.696 132.737 1082.692 -6.707 163.657 1.515 -
(01 1) -110.083 —-230.257  109.993 689.665 -36.722 73.356 1 29.813
(020) —147.546 -603.083 62.213 940.067 -39.912 107.638 1.467 3.664
triethyl phosphate (11-1) -153.676 -486.401 126.021 752.328 -81.475 72.201 0.984 24.629 2.663
(100) —206.953 -1037.568 183.316 1153.620 -164.876 42.077 0.574 35.197
(10-2) -170.360 -740.184 132.737 1082.692 -90.744 79.616 1.085 6.697
(01 1) -110.083 -190.863 109.993 689.665 =30.442 79.641 1 45.471
(020) —-147.546 -206.333 62.213 940.067 -13.653 133.893 1.681 1.125
propylene Carbonate (1 1-1) -153.676 -406.370 126.021 752.328 -68.068 85.607 1.075 32915 1.849
(100) —-206.953 -838.703 183.316 1153.620 —-133.27 73.679 0.925 17.547
(10-2) =170.360 -572.645 132.737 1082.692 -70.204 100.156 1.258 2.943
(011) —-110.083 —-323.656 109.993 689.665 -51.619 58.464 1 19.210
(020) —147.546 =755.691 62.213 940.067 =50.011 97.539 1.668 0.701
DMAC (11-1) -153.676 -595.283  126.021 752.328 -99.712 53.963 0.923 20.209 3.554
(100) —206.953 -1128.790 183.316 1153.620 -179.370 27.582 0.472 40.273
(10-2) -170.360 —-1043.165 132.737 1082.692 —127.889 42.470 0.726  19.607
(01 1) -110.083 —22.018 109.993 689.665 -3.5127 106.570 1 16.803
(020) —-147.546 -108.651 62.213 940.067 -7.188 140.358 1.317 -
cyclo-pentanone (11-1) =153.676 -304.489 126.021 752.328 -51.003 102.672 0.963 12.924 4.663
(100) —-206.953 -1038.447 183.316 1153.620 -165.014 41.939 0.394 44.185
(10-2) =170.360 -895.426 132.737 1082.692 —-109.777 60.582 0.568 26.088
(01 1) —-110.083 -1.297 109.993 689.665 -0.205 109.874 1 25.545
(020) —147.546 —27.448 62.213 940.067 -1.817 145.734 1.326 6.592
pyridine (11-1) -153.676 —279.590 126.021 752.328 -46.833 106.842 0.972 21.584 2.890
(100) —206.953 -963.671 183.316 1153.620 —153.132 53.821 0.490 41.801
(10-2) -170.360 -350.363 132.737 1082.692 —-42.952 127.408 1.160 4.477
(01 1) -110.083 =77.372  109.993 689.665 -12.338 97.740 1 19.552
(020) —-147.546 -18.769 62.213 940.067 -1.243 146.307 1.497 -
cyclo-hexanone (11-1) =153.676 -369.216 126.021 752.328 -61.847 91.833 0.940 18.467 3.762
(100) —-206.953 -1002.478 183.316 1153.620 —159.299 47.654 0.488 38.389
(10-2) =170.360 -869.953 132.737 1082.692 —-106.654 63.706 0.652  23.591

Note: 1) The interaction energy between the solvent layer and the crystal face.2) The total crystal face area of the simulated model along the crystal face (h k 7). 3)

The binding energy of the solvent to the crystal face.4) The attachment energy of solvent influence. 5) The relative growth rates of crystal face in solvent.6)

All energies are in kJ-mol™, distance in A and area in A,
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4.3 Comparison of simulation and experimental
results

It can be seen from Fig.4, that the types and
strengths of the bonds formed between HMX mole-
cules and solvent molecules are different, and these
differences will cause different adsorption effects of
the important crystal surfaces and solvent molecules.
According to the theoretical basis of the AE model
(Section 2.1), the attachment energy of the crystal
surface will change with the influence of solvent
molecules. The crystal habit characteristics of crystal
can be obtained according to the solvent-effected at-
tachment energy. With the increase of the solvent-ef-
fected attachment energy, the growth rate of the
crystal face increases. Under the continuous influ-
ence of the solvent, the crystal face with a rapid
growth rate will be submerged, while the slow grow-
ing crystal face will be exposed. The final morpholo-
gy of the crystal will be composed of the crystal face
with small attachment energy. The interaction energy
(E,) , solvent binding energy (E,) , solvent-effected
attachment energy (E,/ ) and relative growth rate
(R") of other solvent molecules and the five impor-
tant crystal planes of HMX are listed in Table 3. The
negative sign indicates the interaction between the
solvent and the crystal surface is absorption. In the
Table 3, the interaction energy (E,,) of the (1 0 0)
face with various solvent is the highest, while the in-
teraction energy of (1 0 —2) with various solvent mol-
ecules is relatively weak. Therefore, the dominant
crystal faces of HMX are mainly (1 0 0),(0 1 1) and
(11 =1). While (1 0 =2) is the smallest proportion
area and even disappeared in various solvent. The re-
sults of the predicted HMX crystal morphologies in
eight solvents are presented in Fig.5.

Recrystallization experiments of HMX were per-
formed in the above solvents and the SEM images of
the obtained recrystallized sample are shown in
Fig. 6, which can be divided into four types: fusi-
form-like crystal (Fig.5a), rod-like crystal (Fig. 5b),
needle-like crystal (Fig. 5c)
(Fig.5d).

Fig.6 is the power X-ray diffraction of recrystal-

and X-like crystal

Chinese Journal of Energetic Materials, Vol.28, No.4, 2020 (317-329)

lized HMX samples. The results show that all recrys-
tallized samples are B-HMX. The prediction results
are in good agreement with the experimental sam-
ples except for pyridine and cyclohexanone. As
shown in Fig. 5d, the HMX samples recrystallized
from pyridine and cyclohexanone are twinnings.
Twinnings are a type of surface defect, while the AE
model predicts the morphology of crystal under ide-
al conditions. Thus the experimental samples recrys-
tallized in pyridine and cyclohexanone are not com-
pletely consistent with the predicted results by AE
model. The results of theoretical predictions indicate
the trend of crystal growth of HMX in solvents and
only are used as a reference, because only the ef-
fects of solvents and thermodynamics are studied,
and these effects factors are very limited. In the actu-
al recrystallization experiments, the kinetic factors
and other external factors also play important roles
in the morphology of HMX, such as stirring intensi-

ty, cooling rate, super-saturation and impurities.

A A l cyclohexanone
La | | A pyridine
An A ann A ~—cyclopentanone

ropylene carbonate
triethyl phosphate

intensity

~ .DMSO
_A_A__A_.\.A_AJ\.\_A_L HMX
10 15 20 25 30 35 40 45 50
201()

Fig.6 The power X-ray diffraction of the HMX recrystallized

in eight solvents

The total facet area (% ) of HMX crystal surfac-
es in vacuum and eight solvents are shown in Fig.7.
In general, the crystal morphology of HMX is affect-
ed by solvent effects compared with that in vacuum.
The area of (0 1 1) face decreased while the area of
(1 0 0) face increased in all solvents. The (0 2 0)
face area decreases in all solvents and even disap-
pears in DMSO, acetone, cyclohexanone and cyclo-
pentanone. The area of (1 0 —2) face increases ex-
cept for DMSO and acetone. (0 1 1) faces occupy a
relatively large area. It can be seen that the crystal
morphology of HMX in vacuum and in triethyl phos-
AR A A
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phate, propylene carbonate, DMAC and pyridine
dominated by five faces, while there are only four
faces in cyclopentanone and cyclohexanone, and
three faces in DMSO and acetone. For particle mor-
phology, the aspect ratio can be used to determine
whether the shape is close to spherical. The aspect
ratio is defined as the ratio between the longest and
shortest diameters of habit. The aspect ratio value is
close to 1, indicating that the morphology of HMX
tends to be more spherical. The aspect ratio is the re-
sult of the interaction of various solvent molecules
with all important crystal faces. The aspect ratio val-
ues of the predicted HMX crystal morphology in dif-
ferent solvents are listed in Table 3, and the order of
the aspect ratio is: cyclopentanone > cyclohexa-
none > DMAC > pyridine > acetone > triethyl phos-
phate > propylene carbonate > DMSO. The smaller
the aspect ratio of the crystal morphology, the closer
the crystal morphology to the cube, recrystallization
of HMX in this solvent is more conducive to the

spheroidization.

I vacuum
60 | I DMSO

I acetone
i [ triethyl phosphate
| | Bﬂ;ylene carbonate
L1 bMAC

B cyclopentanone
pyridine
[ cyclohexanone

50
40 -
30 -
20

total facet area/ %

(011) (11-1) (100)
crystal surface

(10-2)  (020)

Fig.7 The total facet area of HMX crystal surfaces in vacuum

and eight solvents

5 Conclusion

In this work, the MD simulations of HMX in

eight solvents including dimethyl sulfoxide
(DMSO) , acetone, triethyl phosphate, propylene
carbonate, N, N-dimethylacetamide (DMAC) , cy-
clopentanone, cyclohexanone and pyridine systems
were performed to obtain the attached energy be-
tween the solvent molecules and the dominant crys-

tal face. Different morphologies of HMX crystal were

CHINESE JOURNAL OF ENERGETIC MATERIALS

obtained by using the attached energy (AE) model.

(1) The dominant crystal faces of HMX in vacu-
umare (01 1), (11-1),(020), (100) and
(1 0-2). The (1 0 0) face is the most polar crystal
face and has the largest interaction energy with the
solvent molecules. Hence, it has a slower growth
rate and appears as dominant surfaces in the final
crystal morphology. And (1 0 =2) and (0 2 0) are
crystal faces with large attached energy, which ap-
pear as the smallest area or even disappears in the fi-
nal crystal morphology.

(2) The crystal morphology of HMX is affected
by solvent effects. The area of different crystal faces
is changed with the variation of the solvent. The or-
der of the aspect ratio of the crystal morphology in
eight solvents is: cyclopentanone>cyclohexanone >
DMAC > pyridine > acetone > triethyl phosphate >
propylene carbonate > DMSO. The smaller the as-
pect ratio of the crystal morphology is in DMSO and
propylene carbonate, the closer the crystal morphol-
ogy is to the cube or spherical and the higher pack-
ing density. Recrystallization of HMX in DMSO is
more conducive to spheroidization, which will be
more beneficial to the subsequent use of HMX.

(3) The recrystallization experiments results
show that all of the recrystallized samples are
B-HMX. The prediction results are in good agree-
ment with the experimental results. The attached en-
ergy (AE) model is suitable for predicting the crystal
habit of HMX, which can guide the HMX crystal

morphology control by recrystallization experiments.
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NFBEFMERP HMX RERR S FII A FR UM LG R

T EVHE ORLFEDLRRENTEA
(1. FhAFFRFELERATESFER, UE KE 030051; 2. PELIBRWESF R R DAL, I 4 621999; 3. H§H
BEAFATER, W %M 621999)

O OE: R RRAAL (AERIRLD) A4 8l 1 2% 7 2 (MD J7 80 500 1 3 5 464 (HMXO 72 /N RR 8 FH A LA 7 i F 25 B A .
SER ] 7E B S A B HMX R TE 0 PE 3 T 43 53024 : (001 1) ,(1 1 =1),(020),(1 00)AI(10-2). HF (100
AR P e 01 b T, O L5 9 00 43 0 R EL A T R i K PR T S B2 T 1 A R R A 1, DA 5 601 i AR T 2 v B A T R A R g A
. (10=2)F1(0 2 0) /259 5 5-F B A B/ ELAE FH A8 11 &b VR TAT , 76 B 26 110 b P TR 245 vl 33k 79 A THT 2 9 Ay T AR A /DN 199 4t T 6L &8 0
W, TR T SRR SR K AR L, R - BRI > ER O B> N, N-— 3 2 BE I (DMAC) > I > P4 i > B 2 — 20 15 > B 192 1N 4 T >
AW (DMSO) , ik 2 B 5 - FF 5L I 0k IR 1A 0 TR v 64T T 45 W SR TR R T HMX I kA o SR TT A SRV J) 7 VA e\ 4l
AL HMX HEAT T 45 f e g, 45 T c b 45 SR 5 AR AR B B0 45 SR ) & B4, 3 36 B AR B RIS T F 00 HMX A & 1R T8
ALK HMX T 45 & 9030 A 48 2R .

E g MB B (AE)BIEL B-HMX; S IATE 25 5 43 T3 127 B ftl
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