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Abstract: This paper reports the synthesis, experimental and theoretical studies of a novel
inorganic-organic cocrystal energetic material: methylamine triethylenediamine triperchlorate
(MT). MT is synthesized by a rapid “one-pot” method. The performance test of MT shows that
it is more powerful and has lower sensitivity in comparison to the benchmark energetic material,
i.e., 2,4,6-trinitrotoluen (TNT). The molecular and crystal structures of MT are determined by
means of x-ray diffraction (XRD). The compound crystallizes in a monoclinic system (space group
Pn) with cell dimensions a = 8.975(18), b = 17.836(4), and ¢ = 10.455(2) A. The band structure
and the density of states are calculated by an abbreviated form of the CASTEP code. The first
principle tight-binding method within the general gradient approximation is used to study the
electronic band structure, density of states, and Fermi energy. The results indicate that the main
mechanism of cocrystallization originates from the C1—O --- H hydrogen bonding between —ClOy4
and fNHQ
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INTRODUCTION

Energetic materials are a class of compounds
with much chemical energy stored in their structure,
which are widely used both in military and civil
engineering [1-4]. Now more and more scientists
are trying to synthesize new kinds of energetic ma-
terials with properties of higher energy and lower
sensitivity [5, 6]. However, it is not easy to find
such materials that possess both a high detonation
speed and low sensitivity [7-9]. The cocrystallization
technology introduces a new way to obtain high-energy-
density materials with excellent performance [10-12].
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Cocrystallization is widely used in pharmaceutical
chemical areas because it can combine two or more com-
ponents together by using weak interactions without
destroying the chemical structure [13, 14]. Therefore,
the cocrystallization technology can be used in the area
of energetic materials to modify the performance, such
as the energy and sensitivity [15, 16]. By using this
method, outstanding contributions in the field of ener-
getic materials were made in [17-24]. Various cocrystal
energetic materials with excellent performance, such as
higher density, better thermal stability, etc., were re-
ported. Until now, nearly all the reported cocrystal
energetic materials (CoEMs) have been organic com-
pounds, such as CL-20/HMX [20] and CL-20/TNT [25],
because of the easy formation of hydrogen bonds. Most
of the CoEMs can be only prepared in a laboratory
grade, which limits their wide application because of the
low yield. Meanwhile, the synthesis of inorganic com-
pounds is fast and provides a high yield. Our previous
work shows that inorganic cocrystal energetic salts con-

0010-5082/17/5303-0319 (© 2017 by Pleiades Publishing, Ltd. 319



320

sisting of amine and perchlorate are characterized by
low sensitivity and high energy [26, 27]. Also, they are
easy to be prepared from raw materials that are widely
used and are not expensive. At the same time, plenty
of hydrogen bonds in amine perchlorate compounds in-
dicate the possibility for the formation of cocrystals.

In the present work, a new kind of an inorganic-
organic cocrystal energetic material, namely, methy-
lamine triethylenediamine triperchlorate (MT) was syn-
thesized. The synthesis method was described. The
crystal structure was analyzed. A density functional
theory calculation was employed to find out the rela-
tionship between the hydrostatic pressure and crystal
structure.

1. EXPERIMENTAL TECHNIQUE

The title compound (MT) is an energetic mate-
rial that tends to explode under certain conditions.
Therefore, appropriate safety precautions are required.
CoEM generating can be divided into two steps: the
first step is to obtain ligands (such as C1-20 and TNT),
and the next step is cocrystallization. In this paper, we
introduce a new “one-pot” synthesis method, which can
be considered as a simplified two-stage method: the raw
materials are charged into one reactor and a cocrystal
is formed when the reaction is finalized.

The sample used in this work was prepared by the
following method: 10 ml of methylamine and 0.03 g
of triethylenediamine were charged into a glass reactor
containing 50 ml of distilled water. The charged sub-
stances were kept under mechanical stirring. Then 36 g
of perchlorate acid were dropwise added to the glass re-
actor, which resulted in a vigorous exothermic reaction
leading to an increase in the temperature of the con-
tent. The solution turned from turbid to clear, and the
temperature of the solution rapidly increased. The tem-
perature should be controlled below 70°C; otherwise,
the solution would turn to yellow and the quality of the
product would be deteriorated. The solution obtained
was stirred for 30 min. Then, it was naturally cooled to
room temperature and allowed to stand for 1 h until a
white precipitate was formed. After that, the content of
the reaction flask was continuously stirred at room tem-
perature until white crystals of MT were obtained. The
crystals were washed with alcohol (50 ml) three times
and dried at 60°C. The mother liquor was collected for
recycling so the theoretical yield was 100% [25]. The ele-
mental analysis of MT was performed by using the Vario
MICRO cube analyzer (Germany). The theoretical ele-
mental composition was 18.90% C, 4.50% H, 23.96% Cl,
9.43% N, and 43.19% O; the experimental results were
18.89% C, 4.50% H, 23.97% Cl, 9.42% N, and 43.20% O.
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1.1. X-ray Crystallography

A TM compound with the edges of 0.30 X
0.20 x 0.20 mm was studied at 293 (£2) K by using
a CAD4/PC four-circle diffractometer with graphite-
monochromatized radiation MoK, (A = 0.71074 A).

The data were obtained in the w/26 scan mode,
with three standard reflections measured every 120 min.
Data reduction was carried out using the XCAD-4 pro-
gram. An absorption correction based on the 1-scan
method was applied. The structure was solved by direct
methods and refined by the full-matrix least-squares
technique on F2 with anisotropic thermal parameters
for all non-hydrogen atoms using the SHELXS97 pro-
gram [28]. All hydrogen atoms were located from differ-
ent Fourier maps and refined isotropically. Detailed in-
formation on crystallographic data collection and struc-
ture refinement is provided in Table 1.

1.2. Structure Description

The asymmetric unit of MT shown in Fig. 1 con-
sist of one methylamine cation, two triethylenediamine
cations, and six perchlorate anions. The organic cation
and the inorganic anion are held together by hydrogen
bonds N—H--- O (see Fig. 1 and Table 2). Hydrogen
bonds can form intermolecular and intramolecular in-
teractions, so it can be seen from Fig. 1 that a zigzag
chain structure is generated between the crystals, i.e.,
MT is a kind of a supramolecular structure. An inter-
molecular hydrogen bond is formed between the methy-
lamine cation and the perchlorate anion and also be-
tween the triethylenediamine cation and the perchlorate
anion. In particular, hydrogen from methylamine can
form three different hydrogen bonds, which are called
trigeminal-type hydrogen bonds (Fig. 2). This typical
kind of inter- and intramolecular hydrogen bonds can
stabilize the crystal lattice to a large extent.

The calculations are performed using the CASTEP
code implemented in the Materials Studio 4.4 envi-
ronment [29]. The code is an ab initio quantum
mechanics code based on the density functional the-
ory (DFT). Geometry optimization was carried out by
using the Broyden—Fletcher—Goldfrab—Shanno (BFGS)
method [30]. Our previous work showed that stan-
dard DFT methods, such as the latent Dirichlet allo-
cation (LDA) and generalized gradient approximation
(GGA), are suitable for this kind of cocrystals. In or-
der to test the accuracy of the LDA and GGA meth-
ods, we compared the calculated lattice parameters and
cell volume with experimental data (Table 3). As com-
pared to experimental data, the volume obtained by
the LDA method is lower by 9%, while that predicted
by the GGA method is larger by 6%. Concerning the
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Table 1. Crystal parameters and structure refinement

for the MT compound

Empirical formula
Molecular weight
Temperature, K
Wavelength, A
Crystal structure
Space group

a, A

b, A

c, A

«a, deg

B, deg

7, deg

Volume, A3

Z

Crystal size, mm?

Density (calculated), mg/m3
F(000)

Absorption coefficient

f-range for data collection, deg

Goodness-of-fit on F2

C14H40ClgNgO24
889.22
293(2)
0.71073
Monoclinic
Pn
8.9750(18)
17.836(4)
10.455(2)
90.00
91.30(3)
90.00
1673.2(6)

2
0.30 x 0.20 x 0.20
1.865
920
0.616
1.14-25.36
1.007

Fig. 1. Molecular unit of MT

Table 2. Intermolecular interaction distances

and angles of MT

Donor—H:--- Acceptor

N(1)—H(1A)---O(3)
N(1)—H(1A)---O(8)
N(1)—H(1A)---O(18)
N(2)—H(2A)---0(2)
N(2)—H(2A)---0(7)
N(2)—H(2A).--0(20)
\}‘ "

\ /
/ N

D—H, H---A, D---A, D—H---A,
A A A deg

1.051 1.776 2.622 134.4
1.051 1.941 2.597 117.3
1.051 2.258 2.809 110.8
1.049 199 2.613 114.9
1.049 195 2.64 120.3
1.049 2.127 2.767 117

Cl

Fig. 2. Trigeminal hydrogen bond.

lattice parameters, the GGA method is much closer
to experimental data. As a whole, the standard DFT
method GGA reproduces well the ground state struc-
ture and can be employed to calculate other properties.
On-the-fly (OTF) pseudopotentials generated by using
the CASTEP software package were used, along with
a plane-wave cutoff energy of 650 eV, which ensured
convergence of both lattice parameters and total ener-
gies (to less than 5 meV per unit cell). The Brillouin
zone sampling was performed by using the Monkhost—
Pack scheme with a 2 x 3 x 1 K-point grid. The
starting atomic coordinates were taken from the final

x-ray refinement cycle.

The structures were relaxed (by

the BFGS method) to allow both atomic coordinates
and unit cell vectors to be optimized simultaneously,
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Table 3. Comparison of the calculated parameters
of the MT crystal lattice

Method a, A b, A c, A Vv, A3
LDA 8.346 15.964 11.386  1519.32
GGA 9.025 17.772 11.037  1770.15

Experiment 8.975 17.836  10.455 1673.19

Table 4. Measured velocities of detonation
for MT, TNT, and HMX

Substance  p, g/cm? D, m/s
1.204 6356
MT
1.537 7102
TNT 1.620 6900
HMX 1.890 9110

while constraining space group symmetry [the conver-
gence criteria were the maximum change in the system
energy of 2-107% eV, the maximum root-mean-square
(RMS) force of 0.025 eV/A, the maximum RMS stress
of 0.01 GPa, and the maximum RMS displacement of
0.002 A].

2. RESULTS AND DISCUSSION

2.1. Performance Test

Sensitivity is a key property for energetic materials
because it is closely linked with the safety of handling
and applying. The impact sensitivity was measured for
the MT cocrystal by using the Kast drop hammer ap-
paratus with a 10 kg drop hammer. The components of
MT, PETN, and TNT were also tested. Each material
was tested by using 30 £ 0.05 mg samples. The impact
sensitivity of MT was found to be Hsy = 8.75 cm, which
means a 50% probability of detonation at this height.
The impact sensitivity was Hsy = 4.43 cm for PETN
and Hsg = 15.81 cm for TNT. It is seen that MT is a
much safer material than PETN, but more sensitive to
an impact than TNT. Therefore, MT can be used as
both primary and secondary explosives.

The detonation velocities (D) of MT, HMX, and
TNT were tested by a ZBS-10A100MHz intelligent ten
segments detonation velocity measuring instrument at
room temperature (Table 4). The detonation veloc-
ity is a critical property to evaluate the performance
of energetic materials. The density exerts an impor-
tant effect on the detonation velocity: the higher the
density of energetic materials, the higher the detona-
tion velocity. MT samples (20 £+ 0.05 g) for the det-
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Fig. 3. DSC and TG curves for MT.

onation velocity tests were shaped as cylinders with
diameters of 10.0 £ 0.1 mm. The lowest detonation
velocity (6356 m/s) was measured for low-density MT
cocrystals (p = 1.204 g/cm?3). In MT cocrystals with
a higher density (p = 1.537 g/cm?), the detonation ve-
locity (7102 m/s) was much higher than that for TNT
(6900 m/s), but still slightly lower than that for HMX
(9110 m/s). This may be explained by the lower density
of the MT cocrystal as compared to HMX.

2.2. Thermal Analysis

The differential scanning calorimetry (DSC) and
thermogravimetry (TG) methods were employed to
study the thermal decomposition of MT (Fig. 4). The
DSC trace of MT shows a strong exothermic peak at
273°C, much higher than that of TNT (210°C) and
CL-20 (245-249°C) [31]. The TG curve of MT shows
only one weight loss step, appearing in the tempera-
ture range of 250-280°C, which is mainly attributed to
intense thermal decomposition of MT.

2.3. Band Structure

The band structure plays an important role in opto-
electronic materials. The exchange correlation potential
was defined by using the GGA method based on geom-
etry optimization, and the electron—ion interaction was
described by an ultrasoft potential generated. The cal-
culated band structure and density of states are shown
in Figs. 4 and 5, respectively.

Several studies [32-36] reported that the electronic
structure of energetic compounds produces a signifi-
cant effect on their structures and properties. Zhu and
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Fig. 4. Energy band structure for MT.

Xiao [37] reported the relationship between the band
gap and sensitivity: the smaller the band gap, the eas-
ier it is to transfer an electron from the valence bands to
the conduction bands; consequently, an external stim-
ulus can more easily decompose the energetic material,
leading to an explosion. The band gap of MT is 1.6 eV
between the valence and conduction bands, i.e., MT is
an insulator and has a low sensitivity. It is seen from
Fig. 4 that the band structure is simple and appears
to differ from the SY cocrystal from our previous work
[26] only in the energy band width. The curves of the
total density of states shown in Fig. 5 have five main
peaks: P1, P2, and P3 in the valence bands, and also
P4 and P5 forming the conduction bands. The curves
of the partial density of states for MT reveal that the
C-sp, Cl-sp, N-sp, and O-sp orbitals overlap over the
energy ranges from —30 to 10 eV, which is evidently in-
dicative of covalent interactions between them resulting
from strong hybridization. It is seen from Fig. 5 that
the lowest-lying bands arise from the 2s- and 2p states
of Cl and N, while the bands in the valence region just
below the Fermi energy are predominantly due to the
2p states of C, Cl, N, and O, which is different from the
results for the SY cocrystal [27]. It is found that the
top of the valence bands has large dispersion, whereas
the bottom of the conduction bands has rather small
dispersion, which is similar to SY [26]. The lowest en-
ergy of the conduction bands (1.62 eV) and the highest
energy of the valence bands (0 eV) are both localized
at the point G. The valence bands between —20.0 and
—15.0 eV are created by the 2p states of N, O, and Cl,
mixing with low 2s states of C and Cl. The valence
bands between —15.0 and 0 eV are mostly created by
the 2p states of N, O and, Cl. The conduction bands
between 0 and 10.0 eV are mostly formed due to the

Density of states, electron/eV
[$23
1

. i A A
04 L T

-30 -25 -20 -15 -10 -5 0 5 10
E, eV

Fig. 5. Total and partial density of states in MT.
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Fig. 6. Lattice parameters under high pressure.

contribution from the O-2p- and C-2p states hybridized
with a small amount of the N-2s, N-2p, CI-2s, and CI-2p
states.

2.4. Structure under High Pressure

When an energetic material explodes, the pressure
increases up to 30 GPa. Thus, it is necessary to inves-
tigate the band gap of MT at different pressures. The
relaxed lattice constants of MT at different hydrostatic
pressures (0-100 GPa) are shown in Fig. 6. It can be
seen that the lattice parameters (a, b, and ¢) and the
volume V decrease as the pressure p increases up to
40 GPa. It is worth noting that b and ¢ increase abnor-
mally in the pressure range p = 40-80 GPa. Moreover,
the value of V slightly increases at p = 70 GPa. It can
be deduced that structural transformations may hap-
pen in these ranges of pressure. Obviously, the lattice
parameters decrease sharply at p < 40 GPa, i.e., the
unit cell can be easily compressed in this region. In the
pressure range p = 0-40 GPa, the compressions of a,
b, ¢, and V are 19.45, 12.54, 14.50, and 39.86%, respec-
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Fig. 7. Hydrogen bond length and density of the
optimized unit cell versus pressure.
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Fig. 8. Band gap (a) and density of states in the MT cocrystal (b) for different pressures.

tively, which are much greater than 2.1, 5.09, 10.53, and
14.80% in the pressure range p = 50-100 GPa. In the
low-pressure area, the distance between the molecules is
large; hence, the intermolecular repulsion is rather low.

Therefore, the crystal is easily compressed as compared
to the chemical bond. In the high-pressure range, how-
ever, the intermolecular repulsion is much more intense,
and the crystal is difficult to be compressed. Obviously,



326

the compressibilities along three directions are different,
which indicates that the compressibility of the crystal
is anisotropic.

As the pressure increases, the distance between the
atoms becomes closer, which may influence the length
of the hydrogen bonds in MT. The length of the hydro-
gen bond (Cl1—O04 --- H5D) as a function of pressure is
shown in Fig. 7a. It is seen that the length of the hy-
drogen bond decreases as the pressure increases. This
decrease is abrupt up to p = 60 GPa and smooth at p =
60-100 GPa. Thus, the strength of the hydrogen bonds
increases due to a decrease in the bond length. Hence,
the crystal becomes more stable. However, an increase
in pressure leads to an increase in density (Fig. 7b).
A higher density means a more intense energy release
when blasting; therefore, the pressure-induced density
enlargement would enhance the detonation performance
of MT.

As discussed above, both the unit cell and the
cocrystal geometry are affected by hydrostatic pressure.
Therefore, the bond length may also be influenced by
external pressure. Figure 7c shows the change in the
length of selected bonds (C1—C2, C2—N1, Cl1—02,
and C13—N5) at different pressures. Some bonds, such
as C1—C2 and Cl1—O02, shorten gradually and mono-
tonically, while the C13—N5 bond length increases at
p = 20 GPa and decreases drastically at p = 70 GPa.
The C2—N1 bond changes only slightly, which indi-
cates that the group of triethylenediamine cannot be
compressed. The change in the bond length shows that
the C11—02 bond can be compressed easier than other
bonds in the low-pressure zone (0-10 GPa). In the pres-
sure range p = 20-60 GPa, all bonds shorten gradu-
ally, except for C13—N05, which lengthen a bit. In the
high-pressure area, the C13—N5 bond suddenly short-
ens from 1.47 to 1.23 A. This indicates that methy-
lamine is more likely to be compressed.

2.5. Electronic Structure

The band gaps d of MT were also calculated as
functions of pressure (Fig. 8a). As a whole, the band
gap decreases with an increase in pressure. In the range
p = 0-60 GPa, the band gap gradually decreases from
1.62 to 1.506 eV. This is because of the compression
of the unit cell, leading to an increase in the charge
overlap. In the interval p = 70-100 GPa, the band gap
decreases suddenly, with a similar change in the C13—
N5 bond (see Fig. 7c). The smaller the band gap, the
easier the electrons move from the valence band to the
conduction band. This means that MT is more sensitive
at high pressures.

The density of states is a useful method to ana-
lyze pressure-induced changes in the electronic struc-
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Table 5. Calculated bond orders
in the MT cocrystal

Bond Bond order
Cl1—O1 0.44
Cl12—07 0.45

C13—010 0.44
Cl4—O015 0.46
C15—020 0.43
Cl6—021 0.42
N1—C2 0.73
N2—C5 0.74
N3—C9 0.72
N4—Cr7 0.74
N5—Cl3 0.6
N6—Cl4 0.61

ture. The calculated density of states of MT is shown in
Fig. 8b with the Fermi level plotted by the dashed line.
Several conclusions can be drawn from Fig. 8. First,
the number of peaks becomes smaller as the pressure
increases. There are five main peaks at p = 0, and only
three main peaks are left at p = 80-100 GPa. This
happens because more and more orbitals become hy-
bridized at high pressure. Second, the top of the va-
lence band and the bottom of the conduction band are
mainly composed of p orbitals, indicating that they play
an important role in the chemical reaction. Moreover,
the conduction band is shifted to a lower energy area
with an increase in pressure.

2.6. Bond Order Analysis

The bond order is a measure of the overall bond
strength between two atoms, i.e., the larger the bond or-
der, the greater the bonding overlap, leading to bonds
that are stronger and more resistant to rupture. The
calculated natural bond orders of MT are listed in Ta-
ble 5. The orders of C1—O bonds (such as Cl1—O1,
C12—O07, C13—010, etc.) are much lower than those of
other bonds, indicating that the C1—O bonds are much
weaker and easier to break up.

CONCLUSIONS

In this work, a “one-plot” method was employed
to synthesize a new kind of a cocrystal energetic ma-
terial: methylamine triethylenediamine triperchlorate.
The performance tests of MT show that the sensitivity
of MT is much lower than that of PETN, but a little
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higher than that of TNT. The detonation performance
of MT is much better than that of TNT. The inves-
tigations of the crystal structure show that there is a
new typical kind of trigeminal-type hydrogen bonds in
the structure: the hydrogen atom from amine can form
three hydrogen bonds with the oxygen atom from three
different perchlorates, which can form strong inter- and
intramolecular hydrogen bonds to stabilize the cocrys-
tal. The band structure analysis of MT shows that the
top of the valence bands has large dispersion, whereas
the bottom of the conduction bands has rather small
dispersion. It is demonstrated that the lattice parame-
ters and the unit cell volume are affected by pressure.
At high pressures, the hydrogen bonds become shorter,
while the density increases, which can enhance the det-
onation performance. The density of state analysis of
MT at high pressures indicates that p-orbitals plays an
important role in the chemical reaction. The bond or-
der analysis shows that the CI—O bond is much weaker
than other bonds.?

The work was supported by the China Postdoc-
toral Science Foundation (Grant No.2014M551579) and
by the Priority Academic Program Development of
Jangsu Higher Education Institutions and Postdoctoral
of Jiangsu Province (Grant No. 1401104C).
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