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a b s t r a c t

1,1-Diamino-2,2-dinitroethylene (C2H4N4O4, FOX-7) quasi-three-dimensional (3D) grids, a promising
high-energy-density material with superior sensitivity properties, were synthesized by a spray freeze-
drying technique. The FOX-7 3D grids were constructed from one-dimensional nanostructures. The sizes
ccepted 18 August 2010
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and structures of the FOX-7 3D grids strongly depend on the concentration of the aqueous solution of FOX-
7. A possible formation mechanism of this structure was proposed in detail. Thermal analysis reveals that
decrease in average particle sizes of FOX-7 grids results in a lower decomposition temperature and a much
higher decomposition rate, which is in agreement with those reported about inorganic nanomaterials.

© 2010 Elsevier B.V. All rights reserved.
ize-dependence

. Introduction

In recent years, 1,1-diamino-2,2-dinitroethylene (C2H4N4O4,
OX-7) has attracted considerable attention because of its excel-
ent performance of high density and low sensitivity since it

as reported in 1998 by the group from FOI [1]. Up to now,
ost of the researches have focused on the theoretical calcu-

ation, structural properties, improvement of synthesis routes,
nd study of thermolysis and sensitivity of FOX-7 microparti-
les [2–11], while few studies on FOX-7 nanostructures. However,
imilar to other inorganic nanostructures and organic nanos-
ructures, energetic materials also exhibit some size-dependent
roperties, such as sensitivity, thermal stability, operational per-
ormance, and so on. For example, 1,3,5-trinitro-1,3,5-triazinane
RDX) nanopowders prepared by a sublimation/condensation pro-
ess have a much higher burning rate than that of micro-sized ones
12]. Reticularly structured 1,3,5,7-tetranitro-1,3,5,7-tetrazocane

HMX) nanoparticles with a size of 50 nm have a lower impact
ensitivity and lower temperature of the maximum energy release
ompared with conventional energetic materials [13]. 1,3,5-
riamino-2,4,6-trinitrobenzene (TATB) nanoparticles also have

∗ Corresponding authors. Tel.: +86 10 68912631; fax: +86 10 68912631.
∗∗ Corresponding author. Tel.: +86 816 2485301; fax: +86 816 2485301.

E-mail address: caomh@bit.edu.cn (M. Cao).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.08.072
a lower temperature of the thermal decomposition and more
weight loss, and short-pulse initiation threshold value of TATB
nanoparticles-based explosives is evidently reduced [14]. There-
fore, there is a need to develop a facile method for control of
synthesis of FOX-7 nanostructures.

As well known, most of organic compounds feature van der
Waals or other weak intermolecular interactions among molecules,
which makes the synthesis of organic nanostructures more diffi-
cult than inorganic nanostructures with covalent bonds [15–17].
To date, there are only a few facile and simple approaches for
the fabrication of micro/nanostructures of energetic and dangerous
materials. Especially for FOX-7, to the best of our knowledge, the
nano-sized structures of FOX-7 have not been reported yet. The rea-
son is due in large part to its crystallographic structure. As shown in
Fig. 1, similar to benzene in solid state, FOX-7 possesses a wavelike
layered packing structure, and O and H atoms in the same layer are
connected by hydrogen bonds. Thus it can be seen that the FOX-7
structure features the hydrogen-bond-aided �–� stacking, which
may lead to the difficulty of the synthesis of FOX-7 nanostructures
by conventional chemical methods.

Spray freeze-drying (SFD) technique has been successfully and

widely used in the preparation of biological medicaments [18] and
inorganic materials with high porosity [19], which is considered
as one of the best ways for the fabrication of micro/nanoparticles
as a physical method. The particles obtained by this method
generally possess intriguing advantages such as molecular scale

dx.doi.org/10.1016/j.jhazmat.2010.08.072
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caomh@bit.edu.cn
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ig. 1. (a) Planar structure and (b) layered structure of FOX-7. C, N, O, and H atoms ar
o colour in this figure legend, the reader is referred to the web version of the articl

omogeneity because of flash freezing in the cryogen, and mini-
al agglomeration because of the sublimation of the water ice in

he low-temperature vacuum drying process [20,21]. In this work,
e first report the synthesis of FOX-7 three-dimensional (3D) grid
anostructures with different unit sizes by the freeze-drying tech-
ique mentioned above. The resulting FOX-7 3D structures are
onstructed from one-dimensional nanostructures. The size of the
s-resulting nanostructures could be easily controlled by changing
he concentration of raw material. A plausible formation mecha-
ism of the FOX-7 grids is also proposed. In addition, studies on
hermal properties of different-sized FOX-7 grids show that the
ecrease in average particle sizes results in a lower decomposing
emperature and a much higher decomposition rate.

. Experimental

.1. Chemicals

Micro-sized FOX-7, which was synthesized by nitration of 4,6-
ihydroxy-2-methylpyrimidine and subsequent hydrolysis of the
esulting intermediate 2-dinitromethylene-5,5-dinitropyrimidine-
,6-dione [7], was recrystallized one time in 1-methyl-2-
yrrolidinone (NMP)/H2O (70/30) and the purity was higher than
9.7%. Ultra-pure water (resistivity = 18.2 M� cm) was produced
sing a Milli-Q apparatus (Millipore) and filtered using an inorganic
embrane with a pore size of 0.02 �m (Whatman International,

td.) just before use.

.2. Preparation of FOX-7 quasi-three-dimensional grid
anostructures

The preparation process of FOX-7 3D grid nanostructures by
he SFD technique is shown in Fig. 2. In a typical preparation,

icro-sized FOX-7 as raw material was first added into 100 mL
f ultra-pure water at 80 ◦C with constant stirring. After com-
lete dissolution, the solution was quickly transferred into the
pray chamber and sprayed with an air-atomization nozzle into
he refrigerator containing liquid nitrogen to form droplets under
tirring. Second, the droplets begin to freeze while passing through
he cold vapor phase, and then completely froze after contacting
ith the liquid nitrogen. Finally, the dispersed frozen droplets were

ollected from the liquid nitrogen and transferred to the shelf of a
re-cooled Thermo Savant ModulyoD-230 (USA) freeze-dryer, and

he water ice was sublimed from the frozen FOX-7 under a reduced
ressure at −54 ◦C for 96 h. A green-yellow product was obtained.
o elucidate the effect of the concentration of FOX-7 raw material
n the size and morphology of final product, four different concen-
rations (CFOX-7 = 0.1, 0.2, 1, and 2 g/L, respectively), were used in
Fig. 2. Flow chart of the FOX-7 quasi-three-dimensional grids fabricated via SFD
technique.

our experiments and four samples were obtained and labeled as
a–d.

2.3. Characterization

The overall crystallinity and phase composition of as-prepared
samples were characterized by X-ray diffraction (XRD) with Cu
K� radiation (� = 1.5418 Å) on a D8 Advance X-ray diffractometer.
The morphology and size distribution of the products were ana-
lyzed by field emission scanning electron microscopy (FE-SEM) on
a Nova 600i field emission microscope operated at an accelera-
tion voltage of 15 kV. Thermal gravimetric and differential scanning
calorimetric analyses (TG-DSC) were carried out on a Simultaneous
DSC-TG (SDT) Q600 unit in the N2 atmosphere with a heating rate
of 10 K/min.

3. Results and discussion

3.1. Composition of the samples

X-ray powder diffraction (XRD) pattern shows that the micro-
FOX-7 raw material as-used exhibits a high crystallinity (Fig. 3A(e)).

The samples obtained by the SFD technique with different con-
centrations of micro-FOX-7 exhibit almost same XRD patterns
(Fig. 3A(a–d)), and are in good agreement with the raw mate-
rial. It indicates high stability of FOX-7 under the SFD process
and no detectable impurities from decomposition of FOX-7 were
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particle sizes. This phenomenon can be explained by the theory of
Fig. 3. (A) XRD pattern and (B) SEM image of micro-FOX-7 raw material.

roduced. Furthermore, the diffraction peaks gradually sharpen
ith the increase of the concentration of FOX-7 raw material,
emonstrating that higher concentration of raw material favors the
ormation of highly crystalline product.

In our experiment, the used micro-FOX-7 raw material is first
haracterized by X-ray powder diffraction (XRD) and field emission
canning electron microscopy (FE-SEM) to determine its crys-
allinity, size, and morphology, as shown in Fig. 3. It has been seen
rom Fig. 3A(e) and B that the used raw material exhibits a high
rystallinity and a non-uniform particle size distribution, ranging
rom 50 to 200 �m. The overall crystallinity and composition of
he samples prepared by the SFD technique were also examined by
RD measurements. As shown in Fig. 3A(a–d), the samples obtained
ith different concentrations of micro-FOX-7 exhibit almost same
RD patterns, in good agreement with that of the raw material. So

t can be concluded that no detectable impurities were produced
y this SFD technique. Furthermore, it can be clearly seen that with
he increase of the concentration of FOX-7 raw material, the diffrac-
ion peaks gradually sharpen, indicating that higher concentration
f raw material favors the formation of highly crystallized product.

.2. Morphologies of the typical nanostructures
Field emission scanning electron microscopy (FE-SEM) image
eveals non-uniform particle size distribution of the raw material
anging from 50 to 200 �m (Fig. 3B). The size and morphology of
he as-prepared samples were characterized by FE-SEM measure-
Materials 184 (2010) 561–566 563

ments. Fig. 4 shows FE-SEM images of the samples obtained with
SFD technique with different concentrations of FOX-7 raw mate-
rial. When CFOX-7 = 0.1 g/L was used, it can be seen from the low
magnification FE-SEM image (Fig. 4a) that the sample exhibits a
clear 3D grid structure. Fig. 4b shows a higher magnification FE-
SEM of the same sample, from which it can be found that the
3D grids are constructed via crossed one-dimensional nanowires
with ∼100 nm in diameter. In addition, nanoparticles attaching on
the grids are occasionally observed. When CFOX-7 was increased
to 0.2 g/L, the 3D grids almost cannot be observed, as shown in
Fig. 4c. From the higher magnification FE-SEM image (Fig. 4d),
many irregular particles with ∼160 nm in diameter instead of
three-dimensional grids were formed and 3D grids could be seen
only in small region. With further increase of CFOX-7 to 1.0 and
2.0 g/L, 3D grids completely disappear and relatively regular par-
ticles are formed with a size of 300 nm for CFOX-7 = 1.0 g/L (Fig. 5a
and b) and irregular particles with a size range of 200–800 nm
for CFOX-7 = 2.0 g/L (Fig. 5c and d), respectively. As a result, it can
be seen that lower concentration of FOX-7 raw material favors
the formation of quasi-three-dimensional grids of one-dimensional
nanostructures, while higher concentration easily leads to the for-
mation of larger nanoparticles. The possible mechanism will be
discussed below.

3.3. Formation mechanism of the FOX-7 quasi-three-dimensional
grids

Based on above SEM observation, a possible formation mech-
anism of FOX-7 quasi-three-dimensional grids was proposed, and
a scheme was summarized in Fig. 6. When lower concentration
of FOX-7 aqueous solution is sprayed into liquid nitrogen, a high
degree of super-cooling leads to a high nucleation rate and small
particles and ice were rapidly formed due to the rapid heat transfer
between the aqueous solution and the cryogen. Thus the formed
ice limited the aggregation of small particles. After sublimation
of the ice, small particles with a relatively high energy started
to aggregate by self-assembly, leading to the formation of quasi-
three-dimensional grid structures, as shown in Fig. 6 (upper route).
For concentrated solution, larger particles were obtained in the
same volume compared with the dilution solution after the aque-
ous solution was injected into liquid nitrogen. Contrary to the case
for the dilution solution, the self-assembly process did not happen
after sublimation of the ice due to the high stability of the larger
particles and thus the grid network structures did not form, but
leading to the formation of irregular particles as shown in Fig. 6
(lower route).

3.4. Thermal analysis study of FOX-7 nanostructures

The thermal properties of the as-prepared FOX-7 nanos-
tructures were investigated using thermogravimetry (TGA) and
differential scanning calorimetry (DSC) measurements. As shown
in Fig. 7A, the DSC patterns of both the as-prepared FOX-7 nanos-
tructures and raw material all show two exothermal peaks with
the maximum in the range of 240–256 ◦C and 280–298 ◦C, respec-
tively. The first one can be elucidated by the fact that the emergence
of nitro-to-nitrite rearrangement in this molecule leads to the
destruction of conjugated system and hydrogen bonds and thus
the fracture of nitro– leads to the formation of nitrogen monoxide
(NO) [22]. Furthermore, it can be clearly seen that this exothermal
peak shifts toward higher temperature with the decrease of FOX-7
topochemical reactions [23]. It is well known that there are many
lattice defects on the surfaces of the bigger crystals and these lattice
defects could act as the active centers, on which condensed-phase
products are formed. The existence of the condensed-phase prod-
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ig. 4. (a) Low magnification; (b) high magnification of FE-SEM images of FOX-7 na
f FE-SEM images of FOX-7 nanostructures prepared with CFOX-7 = 0.2 g/L.
cts on the crystal surfaces results in an additional internal stress
nd as a consequence the crystals break into pieces. The repeat-
ng occurrence of this process makes FOX-7 bigger crystals partly
ecompose, leading to the formation of small crystals. In contrast,

ig. 5. (a) Low magnification; (b) high magnification of FE-SEM images of FOX-7 nanostr
f FE-SEM images of FOX-7 nanostructures prepared with CFOX-7 = 2 g/L.
ctures prepared with CFOX-7 = 0.1 g/L; (c) low magnification; (d) high magnification
the small sized FOX-7 particle generally requires a higher decom-
position temperature because of its less lattice defects and smaller
internal stress. In addition, it is interesting to note that the first
exothermal peak of the smallest sized particles (Fig. 7A(a)) is hardly

uctures prepared with CFOX-7 = 1 g/L; (c) low magnification; (d) high magnification



B. Huang et al. / Journal of Hazardous Materials 184 (2010) 561–566 565

etwor

o
c
s
c
t
s
s
c
s
a
i
n
a
s

F
m

Fig. 6. A probable formation process of FOX-7 n

bserved. That may be due to the fact that accumulated heat effects
an be dispersed effectively due to the higher surface area of the
mall sized FOX-7 nanostructures and thus the first decomposition
annot occur. For the second exothermal peak, it can be ascribed
o the fracture of carbon skeleton in FOX-7 molecule, and this peak
hifts toward lower temperature with the decrease of the particle
ize. There is a shift of approximate 13 ◦C toward lower temperature
ompared as-synthesized FOX-7 nanostructures with the smallest
ize with mirco-FOX-7. This result reveals that the decrease in aver-
ge particle sizes leads to a lower decomposing temperature. This

s probably due to that decrease of the size of FOX-7 particles to
anometer range increases the ratio of surface atoms to interior
toms significantly. The small sized particles possess thus a higher
urface energy, which may result in the decrease of decomposition

ig. 7. DSC (A) and TGA (B) curves of FOX-7 nanostructures (a–d) and FOX-7 raw
aterial (e) between 40 ◦C and 500 ◦C at a heating rate of 10 ◦C/min.
k structures under the same super-cooling rate.

temperature. Fig. 7B shows the TG curves of as-prepared FOX-7
nanostructures and raw material, all of which exhibit a distinct
weight loss. When the particle size reduces to nanoscale, no evident
inflexion is observed. It suggests that compared with micro-sized
raw material, nano-sized FOX-7 has a much higher decomposition
rate, which is in accordance with the results of DSC. Moreover,
study on the electrostatic spark sensitivity of nano-FOX-7 obtained
with the concentration of 2.0 g/L indicates that its 50% critical igni-
tion voltage (V50) and 50% critical ignition energy (E50) are 13.19 kV
and 2.65 J, respectively, which are lower than those of FOX-7 raw
material, 16.42 kV and 4.11 J. The decrease may be explained by
the possibility that the FOX-7 nanoparticles with a higher surface
energy are easy to be stimulated.

4. Conclusion

FOX-7 3D grid nanostructures with different unit sizes were
first synthesized by a freeze-drying technique. The size of FOX-7
nanostructures was tunable by controlling the aqueous solution
concentration of micro-FOX-7. The as-synthesized nanostructures
exhibit size-dependence of thermal properties. This simple synthe-
sis strategy may represent a general approach for the preparation
of nanostructures of other water-solubility organic molecules.
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