PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Journal Name

COMMUNICATION

Physical Chemistry Chemical Physics

RSCPublishing

Facile fabrication of Porous CL-20 for Low
Sensitivity High Explosives

Cite this: DOI: 10.1039/X0XxX00000X

Jinpeng Shen,““ Weimei Shi, ““ Jun Wang, “ Bing Gao,” Zhigiang Qiao, “ Hui Huang,

Fude Nie,” Rui Li, ““ Zhaogian Li, ’ Yu Liu, ¢ and Guangcheng Yang,

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

A facile solvent/non-solvent co-crystallization technology is
applied to fabricate porous CL-20, which exhibits interesting
morphologies and low sensitivity with p-cyclodextrin as a
crystal modifier.

The self-assembly of micro- and nanostructures is a
facile and efficient method for controlling the structure
of porous materials. This method has elicited
considerable attention because porous materials often
exhibit outstanding properties because of their micro-
and nanostructures ' and have found various
applications in catalysis, adsorption, separation, sensing,
and biotechnology to date."

Nowadays, CL-20 (2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane),”’  which is a
typical high explosive with cage structure, has been one
of the most powerful explosives that have drawn much
interest because of their potential application in
propellants and military fields.! CL-20 has five
polymorphs (a, B, v, €, and ). Several factors such as
recrystallization method and the solvent influence the
crystal type, which determine the phase being produced.
However, drawbacks, such as high sensitivity to
external stimuli, shock, friction, and flame, have limited
the industrial application of CL-20. In this study, we
attempted to design a new porous structure by
integrating self-assembly with crystal engineering
technology to preserve high energy and reduce
sensitivity. A promising approach known as
solvent/non-solvent (S/NS) co—crystallization[s] uses

This journal is © The Royal Society of Chemistry 2012

*a,c

organic additives and/or templates by controlling the
nucleation and growth and by forming porous materials
from molecule to crystal” Crystal engineering
technology is also one of the most important methods
for understanding the intermolecular interactions of
crystal packing and the design of new materials with
desired physical and chemical properties.”’ Beta-
cyclodextrin (B-CD) is selected as a crystal modifier
because of its significance in self-assembly and crystal
engineering.” B-CD is also easy to remove by washing
in running water.
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Fig. 1 Schematic S/NS co-crystallization method of preparing porous-CL20, (a)
CL-20 (C6HgN12012), (b) B-CD (C42H7003s), (¢) CL-20, B-CD and DMAc solution,
(d) co-crystallization of CL-20 and B-CD, and (e) schematic of porous-CL20.

In this study, we report a facile S/NS co-crystallization
method for synthesizing low-sensitivity porous CL-20
in contrast to -CL-20 with $-CD as a crystal modifier.
A possible formation process of porous CL-20 during
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the crystallization process of CL-20 is proposed via
experimental and molecular dynamics (MD) simulation.
Fig. 1 shows the schematic of the porous CL-20
preparation. The use of B-CD as a crystal modifier for
controlling the nucleation, growth, and alignment of
CL-20 molecules could be a promising strategy. More
importantly, the whole preparation process of CL-20 is
performed in the solution, thereby ensuring safety.

Fig. 2 SEM of (a) e-CL20 crystal, (b) internal surface of e-CL20 crystal, (c)
magnification of a part of (b), (d) CL-20 of recrystallization without 3-CD, (e)
cross-section view of porous CL-20, and (f) magnification of cross-section view.

Fig. 2 shows the typical scanning electron
microscopy (SEM, FEI-Nova NanoSEM600) images of
e-CL-20 (Figs. 2a-2c), CL-20 of recrystallization
without B-CD (Fig. 2 d), and porous CL-20 (Figs. 2e
and 2f) crystals. Figs. 2a and 2b reveal the
morphological characteristics of e-CL-20 crystal with a
prismatic microstructure and particle size of 10 um to
40 pm (Fig. 2a) as well as the internal surface of the ¢-
CL-20 crystal (Fig. 2b). Fig. 2c shows the magnification
of the internal surface of the &-CL-20 crystal. The
surface and inside of the &-CL-20 crystal do not have
tiny holes (Figs. 2a—2c). Interestingly, a kind of porous
CL-20 (Fig. 2e) was fabricated via S/NS co-
crystallization method with B-CD as a crystal modifier.
Several tiny holes with a mean pore diameter of 500 nm
are observed on the cross-section. These holes also form
many microchannels (Fig. 2f) in one direction (more
details are shown in ESI, Fig. S1). The porous CL-20
had a Brunauer—Emmett—Teller surface area of 5.5 m*/g
and pore sizes of 5.9 and 17.7 nm (Fig. 3a). The XRD
patterns also indicate that the porous CL-20 is the a-CL-
20 crystal [Fig. 3b (1)], which is in agreement with the
a-CL-20 [Fig. 3b (2)] from the Cambridge Structural
Database (CSD, PDF2#: 00-052-2431). Fig. 3b (3) also
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shows that the crystal type of the raw material is e-CL-
20 (CSD, PDF2#: 00-050-2045). Fig. S2, Fig. S3, and
Table S3 show the thermal behavior of porous CL-20
and &-CL-20. For porous CL-20 and &-CL-20, the solid—
solid phase transition of a« — y and € — v is observed at
about 159.2 °C and 152.5 °C, respectively. The
exothermic decomposition peak of the porous CL-20
also reaches 232.3 °C and decreases by 3.3 °C
compared with that of e-CL-20 at 235.6 °C (Fig. $3).”!
More importantly, the decomposition enthalpy (AH =
1975.8 J-g™") of porous CL-20 during the decomposition
process is close to that of the e-CL-20 (AH = 1980.3
J.gh. This finding implies that excellent thermal
behavior is maintained before and after microstructure
change. In addition, the purity of porous CL-20 is
99.7%, which is in agreement with that of raw CL-20,
as  determined via  high-performance  liquid
chromatography (HPLC). The results of impact
sensitivity tests indicated that the Hs, value for the
porous CL-20 is 49 cm. The Hs, values for e-CL-20 and
0-CL-20 are 21 and 19 cm, respectively (Table S4).
Consequently, the higher value of Hs, indicates that the
impact sensitivity of porous CL-20 was reduced. This
finding can be attributed to the porous structure, which
may disperse the shock forces that act on the explosives.
The smart structure also prevents the formation of “hot
spots” at which the chemical reaction was induced for
explosion.
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Fig. 3 (a) Adsorption isotherm and corresponding pore size distribution curve
(inset) of porous CL-20 from BET, (b) XRD patterns of (1) porous CL-20, (2) a-
CL-20 (Cambridge Structural Database, CSD: PDF2#: 00-052-2431), and (3) -
CL-20 (CSD: PDF2#: 00-050-2045).

The excellent performance is significantly affected by
the material structure. To further understand the self-
assembly  mechanism  during  porous  CL-20
crystallization, grown facets were predicted via MD
simulations. The experimental results indicate that a a-
CL-20 crystal model was built. The grown facets were
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predicted based on morphology with the attachment
energy model in the Materials Studio 5.5 (more details
in ESI). The compass force field and force field
assigned charges were used in the prediction of grown
facets (Table S1). Five main crystal grown facets were
detected, namely, (00 2),(020),(102),(021),and (1
1 1). Among these facets, (0 0 2) has the largest total
facet area. The length of dy follows the relationship djg
02> do200>daoz > do21y) > da11. According to the
balance of crystal morphology theory,"” the relation is
R o 1/d ) < hpiy among the crystal face growth rate
(R), the interplanar crystal distance (dm)), and the
distance A, from crystal center to each crystal face.
Therefore, the relative order of R is Rpo2 < Ro20 < Ra
02 < Ro21 < Raqi11) The surface free energy of each
crystal face is also directly proportional to its Ay, based
on the Curie-Wulff theory.[“] Therefore, R 1is
proportional to the specific surface energy. The CL-
20/B-CD composite model is most stable when the CL-
20 molecule is substituted by B-CD on the surface (0 0
2) of CL-20 with the lowest surface free energy.

Fig. 4 MD simulations: (a) CL-20/B-CD composite model and (b) magnification
of a part of the image shown in (a).

According to the growth facets prediction, the CL-
20/B-CD crystal is built by cleaving the (002) facet, and
then built a vacuum slab for 10 A. There are eight CL-
20 molecule in the crystal unit (CL-20 molecule is
shown as stick-and-stick model), and add a B-CD
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molecular on the (002) facet (B-CD molecule is shown
as ball-and-stick model) (Fig. 4a). The molar ratio of
CL-20 and B-CD is 8:1 based on our experimental data.
Abundant intermolecular hydrogen bonds (N-O - - - H)
(Table S2) were detected between the CL-20 and B-CD
molecules between -NO, (CL-20) and -OH (B-CD)
(Fig. 4b).
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Fig. 5 Schematic of self-assembly process of porous CL-20: (a) growth of the
crystal nucleation, (b) ordered crystallite aggregates, and (c) formation of porous
and further growth.

Based on the above results, a three-step process is
proposed for porous CL-20 formation (Fig. 5). (1)
Nucleation: When the dimethylacetamide (DMAc)
solution of CL-20 and B-CD was slowly poured into the
distilled water, which is a non-solvent for CL-20 and f3-
CD, the DMAc solution was separated into small
droplets. Each small droplet containing CL-20 and -
CD molecules was surrounded by a large volume of
distilled water. Given the principle of DMAc solution in
distilled water, these droplets quickly became
supersaturated and provided critical sites for nucleation
in phase transformations. Based on the CL-20/B-CD
composite model (Fig. 4), abundant intermolecular
hydrogen bonds were found within the cell, which also
benefited the nucleation. (2) Ordered crystallite
aggregates: Supersaturation can be the main driving
force for continuing growth based on crystal nucleation.
With increasing CL-20 and B-CD concentrations, the
velocities of nucleation and crystal growth of CL-20/pB-
CD crystallites were also accelerated. Moreover, (0 0 2),
which is one of the crystal grown facets, has the largest
total facet area that contributed most to the orientated
growth of CL-20/B-CD composites. The crystallite
directly merged with their neighboring crystallite, which
has a similar crystallographic orientation to minimize
their interfacial energy through Ostwald ripening
growth!"” in a solution environment, thereby resulting in
3D growth (Fig. 5b). (3) Formation of porous: B-CD
was almost removed after washing the 3D CL-20/8-CD
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composites with a large volume of distilled water. This
finding is ascribed to the difference in the solubilities of
CL-20 and B-CD in distilled water. Given that B-CD
exists in the crystallite aggregate process, the removal
of B-CD would definitely result in porous CL-20
structure (Fig. 5¢).

Conclusions

In summary, a novel porous CL-20 was prepared via
an efficient S/NS process with B-CD as a crystal
modifier. The obtained porous CL-20 structure displays
sufficiently reduced sensitivity in contrast to that of -
CL-20. The Hs, value increased from 21 cm (e-CL-20)
to 49 cm (porous CL-20), which may be attributed to
the porous structure. The decomposition enthalpy
during the decomposition process had no significant
difference before and after the microstructure change.
We also proposed a possible formation process based on
theoretical calculations and experimental results. This
interesting porous structure offers new insights into
preparation of other low sensitivity energetic materials.
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