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Abstract: Hexanitrohexaazaisowurtzitane (CL-20) with a negative oxygen balance, is currently the most powerful commercially
available explosive. In this work, the CL-20/H,O, host-guest energetic material (CL-20/H,O,) was constructed by using urea hy-
drogen peroxide (UHP) as raw material through the solvent volatilization at low temperature and negative pressure. The struc-
ture of the complex was confirmed through X-ray diffraction (XRD) and Raman spectra. Results indicates that CL-20/H,O, crystal-
lizes in orthorhombic system space group Pbca with a long-range ordered stacked structure. The ratio of CL-20 molecule and
H,0, molecule is 2: 1 stoichiometry according to the thermogravimetry and simultaneous differential scanning calorimetry
(TG-DSC) analyses. Furthermore, the polymorph transitions of CL-20/H,0O, with increasing temperature were investigated by in
situ high temperature XRD. Results show that CL-20/H,0, gradually converts to y-CL-20 with elevated temperature and the rate
of transition is faster than that of £-CL-20. The CL-20 acetonitrile solvate (CL-20/CH,CN) is a key intermediate via a solid state
phase transition to form the CL-20/H,0O, host-guest energetic material by tracing the growing process of CL-20/H,0,.
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cerns about the level of environmental compatibility
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getic materials is a long-term challenge with remark-
able obstacle. Current interest has been focused on
the development of host guest energetic materials,

such as hexanitrohexaazaisowurtzitane (CL-20)/N,O
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host-guest energetic material and CL-20/H,0O, host-
guest energetic material(CL-20/H,0,) ,which can im-
prove the explosive performance significantly"'™'*.

As is well known, CL-20 has been widely stud-
ied as one of the most powerful commercially avail-
able explosives. Given an insight into the lattice
packing model of CL-20, the instinct cavities can be
used to insert the specific small molecules, such as
H,0,CO, and N,O"""", As a result, the CL-20/H,0,
attracted our attentions. Matzger incorporated H,O,
into CL-20 crystal by solvent crystallization, which
improved the OB and the crystal density. However,
the high concentration H,0O, (98%) was used as a
solvent, which was a extremely dangerous method.
Therefore this synthesis route appeared to be difficult
in a large number production of CL-20/H,0O,. There-
fore, it is urgent to develop a convenient and safe
method to prepare CL-20/H,0,.

In this study, a safe and mild method was devel-
oped to prepare the CL-20/H,O,. Especially, urea
hydrogen peroxide (UHP) is adopted to replace con-
centrated H,O,. The structure determination, mor-
phology characterization, thermal behaviour, sensi-
tivity and phase transition of this complex were car-
ried out. Furthermore, the mechanism was exam-
ined by PXRD and Raman spectra in detail. This
study provides an effective method which encapsu-
lating the specific molecules in the lattice cavity to

design high-performance energetic materials.
2 Experimental

2.1 Materials

Raw CL -20 was provided by the Institute of
Chemical Materials, Chinese Academy of Engineer-
ing Physic (CAEP). Acetonitrile (CH,CN, 99.9%,
Superdry, dried in the 4A molecular sieve) , was
provided by J&K Chemical Reagent Factory. Anhy-
drous ether (99.5%) was purchased from Chengdu
Kelong Chemical Reagent Factory. Urea Hydrogen
peroxide (UHP, 97%) and molecular sieve were
from Aladdin

Chemical Reagent Factory.

purchased industrial corporation
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2.2 Preparation of CL-20/H,0,

According to the properties of H,O,, ether was
applied to extract hydrogen peroxide from UHP at
low temperature, since it had a high solubility for hy-
drogen peroxide but not for urea and low boiling
point which is easy to volatile. In addition, in this
work, it was a good selection to adsorb the solution by
molecular sieve. CL-20/H,0, was obtained until the
solventdisappeared and there were no by-products.

The preparation of CL-20/H,0, was carried out
at 0-5 °C.As shown in Fig.1a, UHP(5 g)was added
into anhydrous ether (20 mL) and exhaustively

stirred for 3 h at 0 °C.Then H,0, was extract by filter

a. dissolution

b. filtration

Refrigerator

Vacuum dryer

Molecular sieves

c. evaporation

Fig. 1 The preparation sketch of CL-20/H,O,
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operation, as depicted in Fig.1b, 10 mL H,O, extract
was injected to a glass vial which was loaded with
the solution of £-CL-20 (0.2 g) in dry acetonitrile
(1 mL).As seen in Fig.1c, the vial was put into a
vacuum dryer with molecular sieves at 0—-4 °C and
-0.06 — —0.05 MPa. CL-20/H,0, was obtained until
the solution evaporated completely.
2.3 Mechanism Experiment of Solid - state Phase
Transition
To verify the formation of CL-20/H,0O, via a solid-

state phase transition, mechanism experiments were

a. experiment A

b. experiment B

c. experiment C

Fig. 2 Mechanism experiments of CL-20/H,0, solid-state

phase transition
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carried out.

Experiment A: As shown in Fig.2a, 0.3 g e-CL-20
was dissolved into 600 wL acetonitrile and the solu-
tion was added into vial, then 10 mL H,O, was load-
ed into the vial. The vial was put into a vacuum dry-
er with molecular sieves to volatilize (the tempera-
ture of the vacuum dryer was remained at 0-4 °C
and the pressure of the vacuum was kept at =0.06 —
—0.05 MPa).

Experiment B: As shown in Fig.2b,0.3 g CL-20/
CH,CN was loaded in dense gauze and was sus-
pended in the mouth of vial. And 10 mL H,O, ex-
tract was loaded in vial, then the vial was put in a
vacuum dryer in the same condition as experi-
ment A.

Experiment C: As shown in Fig.2c, a vial loaded
with 10 ml H,0O, extract was placed into a vacuum
dryer to volatilize at 0—-4 °C and -0.05- -=0.06 MPa.
When H,O, extract was less than half in vial, the vi-
al was taken out, 0.3 g CL-20/CH,CN was placed in
a dense gauze and suspended into the mouth, and
then put back. Keep evaporating until the disappear-
ance of the solution.

2.4 Characterizations

PXRD were recorded on a Bruker D8 Advance
X -ray diffractometer equipped with Cu K, radiation
source (40 kV, 40 mA). Raman were conducted on
a Renishaw (UK, model InVia) with the 532 nm la-
ser excitation. The thermal behavior was investigat-
ed at 25— 300 °C through the TG-DSC, the sample

" under

was heated with a heating rate of 10 °C-min~
the nitrogen flow. Microstructures of CL - 20/H,0,
were collected on a scanning electron microscope
on an Apollo 300 operating at an acceleration of 3 kV.
The crystal morphologies were observed via ZEISS
2000-C optical microscope in reflection mode. The
polymorph transitions were analyzed by in situ high
temperature XRD with a temperature programming.
The scanning data were collected during tempera-
ture from 30— 185 °C in an interval of 5 °C at a fixed

heating rate of 5 °C -min™'

. At last, the temperature
was reduced to 30 °C and the final scanning process
was carried out. Moreover, the polymorphic con-
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tents of y - CL-20 were quantified by Topas soft-
ware'"”’. The impact sensitivity was according to the
GJB772A-1997 standard method 601.2. Conducted
by small-scale impact drop testing with a 2 kg drop
mass on approximately 30 mg samples, which was
determined statistically with the drop height of 50%
explosion probability (H,,). The friction sensitivity
was determined with a WM-1 type friction sensitivity
instrument according to GJB-772A-1997 standard
method 602.1. Measured with 1.5 kg pendulum
mass on 20 mg sample. For comparison, the sensitiv-

ity of raw material £-CL-20 was also tested.
3 Results and Discussion

3.1 Crystallization of CL-20/H,0,

The PXRD pattern of the experimental CL -20/
H,O, is shown in Fig.3a, which mathches with the
simulated pattern of CL-20/H,0, (CCDC: 1495520).
Additionally, the experimental data of CL-20/H,0,
are in accordance with those of a-CL-20 (CCDC:
1495519) which indicate that experimental sample
of CL-20/H,0, and «-CL-20 have the same space
group of Pbca and exhibit in a rhombic packing'"".
Moreover, Raman spectra of the CL-20/H,0,, a-CL-20
and raw materials (UHP and &-CL-20) are displayed
in Fig.3b and Fig.3c. The spectrum of the experimen-
tal CL-20/H,0, is similar to that of a-CL-20 and is
different from that of £-CL-20. The strong peak of ex-
perimental CL-20/H,0,at 3557 cm™ could be attrib-
uted to the stretching vibration of O—H bond as-
signed to H,0,. In contrast with a-CL-20, O—H vi-
bration at 3610 cm™ is assigned to H,O. Moreover,
the characteristic peak of O—O bond stretching vi-
bration for sample could be seen at 866 cm™ in the
experimental CL - 20/H,0,. Compared with that of
UHP (located at 871 cm™), the peak decreases ap-

1

proximately at 866 cm™, which is caused by the hy-
drogen bond between H,0, and CL-20. The results
of Raman spectra are in good agreement with that of
CL-20/H,0, in reference[ 11].

The thermal behavior of experimental CL - 20/

H,O, and raw material £-CL-20 are shown in Fig.4a
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Experimental CL-20/H,0,

Sirulated CL-20/H,0,
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c. zoomed in (500 = 1000 cm™) Raman spectra

Fig. 3 Identification of obtained CL-20/H,0,

and Fig.4b. Compared to £-CL-20,the TG analysis of
experimental CL-20/H,0, shows a remarkable mass
loss about 3.4% at 160-167.3 °C. Corresponding to
the DSC profile, there are two exothermic peaks
(162.5,252.0 °C) and a sharp endothermic peak at
167.3 °C for CL-20/H,0O,. In contrast with £-CL-20,
there is no mass loss before 200 °C in TG curve, and
its DSC profile displays an endothermic peak at
166.9 °C and one exothermic peak at 238.7 °C''"°.
The mass loss is confirmed to be H,O, and the stoi-
chiometric ratio of CL-20 to H,O, is 2: 1 (calculated
value: 3.7%). The H,O, molecules embedded in
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Fig. 4 TG-DSC curves of CL-20/H,0O, and &-CL-20.

voids of CL-20 crystal lattice firstly decomposes at
165 °C, followed by a phase transition to the y-CL-
20 at 167.3 °C (supported by in situ PXRD below).
H,O, is unstable and easily broken down in the air.
However, the embedding of H,O, into the capsule-
shaped voids of CL-20 could delay the decomposi-
tion, in other words, the H,O, in the voidsis more
stable than that in air. Additionally, the structure sta-
bility and the decomposition temperature of CL-20/
H,O, are higher than £-CL-20, due to the incorpora-
tion of guest molecule and the change of lattice
packing.

The SEM images of CL-20/H,O, are showed in
Fig.5, which revealed the three-dimensional porous
distribution on the surface and the inner of experi-
mental CL-20/H,0, randomly. This may result from
the embedding of H,O, molecule. In addition, there
are some cracks on the surface of the sample. The
thermal phenomenon of CL-20/H,0, have a higher
decomposition temperature which may be related to

its porous microstructure of CL-20/H,0,. In addi-
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EHT= 300KV Sigrel A= 5E2 Dete 11 Jui 2018,
WD=11.0mm Mag= 100X Time 119:38:14

a. integral

ENT = 300KV Signal A= SE2 Dete 114u 2018 —
WO=110mm Mag= 100KX Time 1195623

b. surface

EFT= 300KV Signal A= SE2
wo=11.1mm Mag= 500KX

c. cross-section
Fig. 5 SEM images of CL-20/H,0O,
tion, the appearance of small inhomogeneous holes
and cracks may be due to its growth mechanism.
Table 1 shows the impact and friction sensitivity

of £-CL-20 and CL-20/H,0,. The 50% impact height

Table 1 Sensitivity of £-CL-20 and CL-20/H,0O,

sample Hso / cm friction sensitivity / %
e-CL-20 14 100

CL-20/H,0, 13.8 100

Note: H,, represents the height from which the impact has 50% probability
of causing detonation.

(H,,) of CL-20/H,0, is 13.8 cm,close to the raw ma-
terial £-CL-20 with 14 cm. The friction sensitivity of
CL-20/H,0, is consistent with that of £-CL-20 which
all 100% ignited. The results reveal that CL-20/H,0,

and £-CL-20 exhibited similar sensitivity.
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3.2 Phase Transformations of CL - 20/H,0, with

Elevated Temperature

The phase transitions of CL-20/H,0, with in-
creasing temperature were investigated by in situ
high temperature XRD and the results are presented
in Fig.6a. From ambient temperature to 140 °C, the
results of PXRD of CL-20/H,0, agree well with the
simulated results of CL-20/H,0,""". When the tem-
perature is up to 155 °C, the intensity of the weak

peaks at 12.8° (triplet) and 15.5° increases. With

185°C
170°C M AN
5 165°C A\ "
S hssc A A
=
2 140°C
g
N hhu
VL2 b i
CL-20H,0, k Nl
5 10 15 20 25 30 35 40
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a. in situ PXRD patterns of experimental CL-20/H,0O,
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E\ 1400c k—LA‘ A AN
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= 30°C J L Al A ]
V-CL20 .
e-CL-20 i o .
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20/()
b. in situ PXRD patterns of &-CL-20
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80|
R
% 60 |
f=
8 40t
[
8
| 2}
0
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c. evolution of phase transition of experimental CL-20/H,0O,
and &-CL-20 at elevated temperature
Fig. 6

and &-CL-20 at elevated temperature.

Polymorph transitions of experimental CL-20/H,0,
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the increase of temperature, the intensity of 12.8°
(triplet) and 15.5° becomes stronger which is attrib-
uted to the emergence of the y-CL-20 phase gradual-
ly. In addition, the characteristic peaks of CL-20/H,0O,
(12°,15.1°,17.9° and 18.8°) become weak and disap-
pear. And the rate of transition becomes large during
155=165 °C. Until to 185 °C,CL-20/H,0, pattern is in
accordance with the simulated pattern of y-CL -20
completely. For ¢-CL-20, the result is identical to
the previous work (Fig.6b)"""". The phase contents of
v-CL-20 of CL-20/H,0, and &-CL-20 with elevated
temperature are depicted in Fig. 6¢c. Compared to
£-CL-20, CL-20/H,0, has a higher phase transition
temperature, indicating that CL - 20/H,0O, is more
stable than &-CL-20. Furthermore, it would entirely
transform into y-CL-20 at 185 °C, because the H,O,
resolves into O, and H,O when temperature is over
140 °C, and produce interspace in the crystal struc-
ture to make the transition easier.''"'”’
3.3 Insight Mechanism of CL-20/H,0, Formation

In order to make the formation of the CL-20/
H,O, energetic material clear, Raman spectra were
utilized to analysis the crystallization process of sam-
ples. Crystallization process can be divided into 3 stag-
es. When the H,0O, extract was added into the CL-20
acetonitrile solution, crystal precipitated from the sol-
vent, and its spectrum is shown in Fig.7a. In compar-
ison with the literature''® , the crystal is found to be
CL-20/CH,CN and this process is defined to be stage
1.The crystal was exposed to gaseous environment
gradually as solvent volatilize. The spectral analysis
indicates that the composition of the solid phases
starts to change and the critical state is called state 2.
Peak at 2255 cm™ dominated by CL-20/CH,CN be-
came weaker, simultaneously, two characteristic
peaks at 866 cm™ and 3557 cm™' appeared which
was attributed to the formation of CL-20/H,0,"".
This indicates that the stage 2 is the state in which
CL-20/CH,CN gradually transformed to CL-20/H,0,.
With the disappearance of solvent, stage 3 emerges,
the spectral analysis shows that the characteristic
peak at 2245 cm™ of CL-20/CH,CN has disappeared
totally , peaks at 866 cm™ and 3557 cm™ ascribed
AR A A
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b. PXRD patterns of samples from crystallization process

c. morphology of CL-20/CH,CN

d. morphology of CL-20/H,0,

Fig. 7 The formation process of CL-20/H,O,

to CL-20/H,0, has developed further. These changes
suggest that the complete emergence of CL-20/H,0,.

PXRD was employed to detect the formation

CHINESE JOURNAL OF ENERGETIC MATERIALS

process accurately. As seen in Fig. 7b, the results
show a good agreement between the PXRD pattern
of the samples from solvent (stage 1) and the simu-
lated CL-20/CH,CN (CCDC: 1569059).Once the
crystal exposed to gas environment (stage 2) , the
PXRD pattern begins to change. Diffraction peak at
8.94° of CL-20/CH,CN becomes increasingly weak-
er as the solvent volatilizes, and the diffraction peaks
referred to CL-20/H,0, (a triplet around 13.7° and a
peak of 17.62°) can be observed clearly.As the dis-
appearance of the solvent (stage 3) , diffraction
peaks of CL-20/H,0O, can be observed merely"'*
The changes of PXRD are in accordance with Raman
results, revealing that the CL-20/CH,CN is a key in-
termediate for the formation of CL-20/H,0O.,.

Along with morphological change of the sample
in preparation process, CL-20/CH,CN as an interme-
diate and preparation process can be concluded as a
solid -state phase transition. The image of sample at
the end of stage 1 is shown in Fig.7c. It is a transpar-
ent sample with a colourless cubic crystal. By con-
trast, the crystal from stage 3 (Fig.7d) retained origi-
nal shape, however, it becomes an opaque crys-
tal ™. It can be implied that the CL-20/H,0, is ob-
tained based on CL-20/CH,CN without the dissolu-
tion-recrystallization process.

To explore mechanism further, the crystal struc-
ture of CL-20/CH,CN and CL-20/H,O, were investi-
gated (Fig.8).The formation of CL-20/CH,CN de-
pends on hydrogen bonds between CL-20 molecules
and acetonitrile molecules, with intermolecular dis-
tances of 2.362 A,2.573 A and 2.411 A, respective-
ly. For CL-20/H,0,, the H,O, molecule interaction
with two CL-20 molecules are via hydrogen bonds,
with bond lengths of 2.224, 2.294, 2.224 A and
2.259 A, respectively. Manifestly, each hydrogen
bond in CL-20/H,0, is stronger than that of CL-20/
CH,CN. Therefore, the transformation from CL-20/
CH,CN (metastable phase) to CL-20/H,0, (stable
phase) is a spontaneous process thermodynamical-
ly
tion of CL-20/H,0, via an intermediate of CL-20/
CH,CN.

/1t was a convincing evidence that the forma-
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a. hydrogen bonding interaction between CL-20 and
CH,CN

®0
¢C
©H
oN

b. crystal packing diagram in the unit cell of CL-20/CH,CN

along the b-axis

C.

[S “ k h
} = 8 ! ®oN
«C
'}W\ CH
®0
d. crystal packing diagram in the unit cell of CL-20/H,0,

along the a-axis

Fig. 8 Hydrogen bonding and crystal packing diagrams of
CL-20/H,0, and CL-20/CH,CN

The morphology change has implied that there

is a solid-state phase transition between the CL-20/
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H,O, and CL-20/CH,CN. To make the transforma-
tion process clearer, the mechanism experiments
were carried out. The samples from experiment A, B
and C were tested by PXRD and Raman spectra. As
shown in Fig.9a,the PXRD patterns of the samples of
experiment A and C were assigned to CL-20/H,0,.
However, the peaks of sample in experiment B can
be well identified to 8-CL-20.The results of mecha-
nism experiments were further confirmed by Raman
spectra shown in Fig.9b. In experiment A, CL-20/
CH,CN was soaked in solution, as the ether evapo-
rated, phase transition occurred until it is exposed to
the concentrated H,O, gas molecules. In experiment
B, however, when the CL-20/CH,CN was suspended
in vial, the gas molecules were almost ether vapor,
few H,O, molecules exist. And in experiment C,
CL-20/CH,CN was surrounded by the gas molecules
H,O, and ether.Therefore, it can be concluded that
the preparation of CL-20/H,O,is a solid-state phase
transition process which is induced by H,0, gas mol-

ecules.

experiment C

experiment B

experiment A

simulated 3-CL-20
n sidulated CL-20H,0,
10 20 30 40

2601(°)
a. PXRD patterns

experiment C

ﬂ3557cm'1
experiment B

experiment A Js&gln;

1500 2000 2500 3000 3500
raman shift / cm-'

b. Raman spectra

500 1000

Fig. 9 PXRD patterns and Raman spectra of mechanism ex-

periments A, B and C

Sttt

www.energetic-materials.org.cn



A Mild Method for the Construction of CL-20/H,O, Host-guest Energetic Material 135

4 Conclusions

A mild method is utilized to prepare CL - 20/
H,O, by evaporation of the solution contained H,O,
and CL-20 without by-product. It is found that CL-20/
H,O, would have cause a mass loss about 3.4%
around 162.5 °C caused by the deformation of H,O,,
and the phase transitions was detected with in situ
high temperature XRD. It is found that the CL-20/H,0,
was stable up to 140 °C, then converted to y-CL-20
quickly during the temperature range of 140-170 °C.
And the SEM show that CL-20/H,0, by this method
would have a three -dimensional porous structure,
and it may lead to a similar impact sensitivity and
friction sensitivity to &-CL-20. Moreover, a convinc-
ing evidence given by PXRD patterns, Raman spec-
tra and optical images pointed out that the formation
of CL-20/H,0, via a metastable phase CL-20/CH,CN
solvate. The conditions of the phase transition was
studied by the mechanism experiments, which re-
veal that CL - 20/CH,CN transformed into CL-20/
H,O, is a process induced by the H,O, molecules.
The simple preparation strategy of CL-20/H,0O, host-
guest energetic material makes it possible for a large-
scale production. Furthermore, the preparation
method of stable phase via a metastable phase can
be a promising approach to construct a novel ener-

getic materials.
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B RNEH H,0, 7 FHCL20 EE XK EHHRTNEG &

FRE L RAILLDER L THEEVKER L BRG AFRELIHE D AT
(1. AEREAFHRAFEE THESR, W %0 6210105 2. PETAEYEAE KA THRFRHA, W %1 621999)

o OE: NN EEFMERE(CL-20) /2 H HRE It fie & (SR BT KRG, Oy 1k — 20 s U SR PR Re , DLk SR IR AE S 1,0, 1 J50R
TEAREARE TR RS T R SRR R B3 T CL-20/H,0, E R IR REFEZY o AR AR X-GF i 4 (PXRD) ML & O 1% % H 2%
T RAE . Z5HR W], T4 19 CL-20/H,0, ERKSEZ R IEAC M AWM K, 2 BB P, B A RBEA P HERR WS . &R L35
L(TG-DSC) M X145 2 F 14k CL-20 4> F 5 F K H,0,5r FZ IR EE/R Lok 221, I A =5 3 XRD WF5E T CL-20/H,0, 9 #4 i A5 47
g, GERFW BEE IR TR, CL-20/H,0, B 578 g y-CL-20, I H B 28 30 R 8 T e-CL-20, il id %t CL-20/H,0, 2k K i T 438
B, WL B AE VR W45 d ok B, CL-20/CH,CN E FRURE S 3 221 b (R4, O 28 dok — A [ A % & i 2 05 2408 i CL-20/H,0, & R HEZY
LR

KR BRI NN AL A 2406 (CL-20) s H,0, ; W R A 5 BB AR % 5
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