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Featured Application: We aimed to obtain a dense e-CL-20/polydopamine core-shell structure by
chemical bionic technology that can effectively inhibit the solid-solid phase transition existing
for CL-20 crystals and greatly enhance the thermal safety. Obtained well-coated CL-20 particles
could be employed in high-energy insensitive polymer bonded explosives (PBX), thus promoting
the development of weapons and equipment.

Abstract:  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) is a widely used
high-energy explosive for the application of energetic materials. However, the phase transformation
from e-CL-20 to y-CL-20 restrains its further application in polymer bonded explosives (PBXs) and
propellants. To inhibit the phase transition of CL-20, dopamine was first used in an efficient and
facile method of in situ polymerization to passivate CL-20 crystals. The core-shell microcapsule
particles were obtained, and the morphological characterization demonstrates the formation of a
dense core-shell structure. The differential scanning calorimetry (DSC) and in situ X-ray diffraction
(XRD) test results show that the compact and dense coating delays the ¢-CL-20 crystal transformation
temperature by about 30 °C, which enhances thermal stability. In addition, with the coating via
polymers, the friction sensitivity of e-CL-20 crystals decreases significantly. The findings indicate a
successful application of dopamine chemistry in high-energy explosives, which provides an attractive
method to modify the properties of CL-20 crystals.

Keywords: energetic crystal; phase transition; CL-20; dopamine; core-shell structure

1. Introduction

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) is one of the most promising
explosives and propellant formulations that was synthesized first by the Naval Weapons Center,
China Lake, in 1987 with higher detonation performance than conventional nitramine explosives
including cyclotrimethylenetrinitramine (RDX) and cyclotetramethylenetetranitramine (HMX) [1,2].
LX-19 (e-CL-20 95.2%, wax 4.8%) is more powerful relative to the presently widely used LX-14
formulation consisting of 95.5% HMX and 4.5% wax, even though LX-19 is slightly more sensitive
compared with LX-14 [3]. Five polymorphic phases exist for CL-20: ¢, 3, , and y phases at ambient
temperature, and C phase at high pressure [4]. The energy density of e-CL-20 is the highest with the
lowest sensitivity [5], and under certain conditions, such as a certain thermal stimulus or mechanical
shock, e-CL-20 transfers into other phases [6]. The solid—solid phase transition of CL-20 is the transition
of ¢ into y phase under thermal stimulation. The rapid phase transition described above can lead to
an expansion in volume, causing stress cracking. The resulting defects may induce hot spots and the
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sensitization of explosives to deflagration. The internal defect structure of explosive crystals adversely
influences the mechanical and thermal sensitivity of polymer bonded explosives (PBX) [7,8]. Therefore,
the phase transition of CL-20 must be investigated.

In recent years, the research on crystal phase transition of e-CL-20 has mainly focused on two
aspects: (1) the phase transition of ¢-CL-20 during the recrystallization in a liquid-phase environment.
Crystallization parameters, such as temperature, solvents, agitation rate, and the methods of adding
solvents, can significantly affect the polymorphs and transition of e-CL-20 [9-14]. (2) Additives are
incorporated via conventional coating or physical mixing to investigate the phase transformation of
e-CL-20 crystals. The additives usually have a high dipole moment or slightly dissolve CL-20, which can
easily polarize ¢-CL-20, thus promoting its transition to y-CL-20 [15,16]. Neutral polymers, such as
glycidyl azide polymer (GAP), isocyanate desmodur (N100), ethylene propylene diene monomer
(EPDM), and butadiene rubber (BR), inhibit the crystal change of CL-20 [6,17].

Despite the conventional coating method improving the coverage of the explosive particle
surface to a certain extent, this method cannot completely remove the defects of the particle surface
coating [10-12]. Thus, new materials must be found with strong adhesion for modifying energetic
crystal particles. Recently, mussel coatings inspired by dopamine in situ polymerization attracted
interest and are usually used to passivate large amounts of substrates such as glass, metals, polymers,
and nano-carbon materials [18-25]. Dopamine chemistry was reported for crystal modification of
energetic materials, such as HMX, RDX, and 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) [11,26-28].
However, few studies have reported the application of dopamine chemistry technology for CL-20
solid-solid phase transition studies.

In this study, a convenient in-situ polymerization method was applied to prepare the core-shell
e-CL-20/polydopamine (¢-CL-20/PDA) microparticles. The obtained core-shell structure significantly
improves the thermal stability, phase transition stability, and safety of e-CL-20 crystal. Four kinds
of dopamine materials were selected and employed for coating experiments. Scanning electron
microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) were used to confirm the firmness and
compactness of the core-shell structure. The solid—solid crystal transformation temperature of ¢-CL-20
and passivated crystals, which has been little studied before, was measured via differential scanning
calorimetry (DSC) and in situ X-ray diffraction (in situ XRD).

2. Experimental Section

2.1. Chemicals

e-CL-20 was obtained from Liaoning Qingyang Special Chemical Co., Ltd. (Liaoyang, China),
which was synthesized and purified using the solvent/anti-solvent method. Four dopamine series
(dopamine, levodopa, norepinephrine, and 6-hydroxydopamine) were purchased from Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China. Their molecular structures are shown in Figure 1.
2-amino-2-hydroxymethylpropane-1,3-diol (Tris) was provided by Shanghai Aladdin Chemical Ltd.,
Shanghai, China.
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Figure 1. Molecule structures of (a) dopamine, (b) levodopa, (c) norepinephrine,

and (d) 6-hydroxydopamine.
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2.2. Sample Preparations

The core-shell structure e-CL-20/PDA particles were prepared as follows: 50 mg PDA was
dissolved in 300 mL Tris-HCI (10 mM, pH 8.5) and stirred for 10 min. We added 100 g ¢-CL-20 crystals
to this solution, followed by stirring at 25 °C for 24 h. Twelve hours after PDA coating, the color of
¢-CL-20/PDA became dark brown, different from pristine white ¢-CL-20, revealing the completeness of
the PDA self-polymerization. The composite particles were filtered from the suspension and washed
with ethanol several times, followed by drying at 50 °C to obtain the e-CL-20/PDA particles. Figure 2
illustrates the preparation method of the core-shell structure. The preparation methods of the other
three core-shell structures (e-CL-20/poly-L-dopamine (PLD), e-CL-20/poly-norepinephrine (PNE),
and e-CL-20/poly-6-hydroxydopamine (POHDA)) were similar to the above method.

Figure 2. The schematic diagram of the preparation method of the core-shell structure.
2.3. Characterization Method

The microstructure and the electronic binding energy of the elements of raw e-CL-20, e-CL-20/PDA,
e-CL-20/PLD, ¢-CL-20/PNE, and e-CL-20/POHDA were characterized via SEM and XPS. DSC (STA449C,
Netzsch, Selb, Germany) and in situ XRD (Bruker, Karlsruhe, Germany) were used to evaluate the
crystal transformation. In a typical DSC, ~5 mg of sample was heated from ambient temperature
to 450 °C with a heating rate of 5 °C/min in an Ar atmosphere. In situ XRD was conducted on a
Bruker D8 Advance (Bruker, Karlsruhe, Germany) diffractometer (Cu Ko radiation, 40 kV, and 40 mA),
scanning over the 20 range from 5° to 50° at a rate of 0.01°/0.1 s. To determine the crystalline phase of
compositions, the obtained spectra data were refined using the Rietveld method [29]. The mechanical
sensitivity was characterized via a WL-1 type impact sensitivity instrument and a WM-1 type friction
sensitivity instrument [30]. The impact sensitivity was tested with a 2 kg drop weight, and the sample
mass was 30 mg. The impact sensitivity of each test sample is expressed by the drop height of 50%
explosion probability (Hsg). For the impact sensitivity test, a 20 mg sample was weighed for each test
at the relative pressure of 2.54 MPa. The pendulum weight was 1.5 kg and the pendulum angle was
80°. The fraction sensitivity of each test sample is expressed by explosion probability (P).

3. Results and Discussion

3.1. Morphology and Characteristics

The polymer content in the composites was tested by high-performance liquid chromatography
(HPLC). Table 1 shows that the polymers concentrations for e-CL-20/PDA, e-CL-20/PLD, e-CL-20/PNE,
and e-CL-20/POHDA composites were 1.6, 0.7, 1.3, and 1.4 wt.%, respectively. The morphologies of raw
e-CL-20 and four core-shell structures (e-CL-20/PDA, ¢-CL-20/PLD, ¢-CL-20/PNE, and ¢-CL-20/POHDA)
are shown in Figure 3. For the raw e-CL-20 particles prepared via a recrystallization process, the crystal
shape was a more regular polyhedron (Figure 3f). The shape of the passivated ¢-CL-20 crystal particles
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remains polyhedral. To compare the surfaces of raw ¢-CL-20 and core-shell structures, SEM images with
high magnification are shown in Figure 3a—e. The white CL-20 crystals gradually turned brown-black
with progressing polymerization. After 24 h of reaction, the color of the crystal particles did not
change, indicating the polymerization finished. As shown in Figure 3a-d, four polymers in a dense
protective film formed on the surface of the e-CL-20 particles. In comparison with the protuberance
and cracks appearing on the surface of ¢-CL-20 crystals (Figure 3e) caused by the electron beams
during the SEM test, similar phenomena were significantly improved in the well-coated samples
(Figure 3a—d). This reveals that even though the raw explosive crystals are extremely sensitive to
electron beams, dense polymer films coated on the crystals could effectively improve the resistance to
electron beams [25].

Table 1. Composition of core-shell microcapsules.

Sample e-CL-20 Content (wt %)  Content (wt %)
epsilon-CL-20 (e-CL-20) 100 0
e-CL-20/polydopamine (PDA) 98.4 1.6
e-CL-20/poly-L-dopamine (PLD) 99.3 0.7
e-CL-20/poly-norepinephrine (PNE) 98.7 1.3
e-CL-20/poly-6-hydroxydopamine (POHDA) 98.6 1.4

Figure 3. Scanning electron microscopy (SEM) images for (a) epsilon-CL-20 (e-CL-20)/polydopamine
(PDA), (b) e-CL-20/poly-L-dopamine (PLD), (c) ¢-CL-20/poly-norepinephrine (PNE),
(d) e-CL-20/poly-6-hydroxydopamine (POHDA), and (e f) e-CL-20.
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The change in the electronic binding energy of the elements on the surface of e-CL-20 determined
by the XPS test provided valuable insights into the costing effectiveness. The C1s, Ols, and N1s spectra
for e-CL-20, PDA, and e-CL-20/PDA samples are shown in Figure 4. The spectrum data of the other
three groups (¢-CL-20/PLD, ¢-CL-20/PNE, and e-CL-20/POHDA samples) are shown in Figures 5-7.
The percent contribution of the C1s, Ols, and N1s atom to e-CL-20, PDA, and e-CL-20/PDA samples
were integrated and are presented in Table 2. The coating effect of explosive particles can be accessed
via analyzing the N/C ratio on the particle surface [25]. The N/C ratio on the surfaces of PDA, PLD,
PNE, and POHDA are 0.11, 0.13, 0.12, and 0.12, respectively. The N/C atomic ratio of CL-20 (1.06)
is relatively higher, which is due to the existence of various -NO, and -NH; groups. After being
coated with PDA, PLD, PNE, or POHDA, the N/C ratio decreased from 1.06 to 0.51, 0.70, 0.63, and 0.55,
respectively, which indicated successful surface coating.
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra for e-CL-20, PDA,

and ¢-CL-20/PDA composites.

PLD

Ao 08 a6 a4 a0
Binding Energy/eV.

m

a

0 W8 46 40 AR a0 W8
Binding Energy/eV.

xxxxx

:::::

2
H

Counts/s

10000

0 0

288 2
Binding Energy/eV

x

al0

an
Binding Energy/eV

a8 0604 a0 s 3

s34 2 0 28
Binding Energy/eV'

Figure 5. XPS spectra for e-CL-20, PLD, and e-CL-20/PLD core-shell composites.
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Figure 7. XPS spectra for e-CL-20, POHDA, and ¢-CL-20/POHDA core-shell composites.

From the spectrum of PDA in Figure 4, four fitted Cls peaks centered at 284.5, 285.8, 287.9,
and 291.2 eV are attributed to C-H or C-C, C-O, or C-N, C=0, and n—7* shake up. Three peak spectra
of N1s appeared, corresponding to CN=C, C-NH-C, and C-NHj; bonds, respectively, and their binding
energies were 398.2, 399.5, and 401.3 eV, respectively. The Ols spectrum was fitted to two peaks at
530.8 and 532.7 eV, which were C=0 and C-OH, respectively. The characteristic peak of C=0O appeared
in both the C1s spectrum and the Ols spectrum, indicating that during the dopamine polymerization
process, the catechol group of dopamine was oxidized to a quinone group. The emerged peaks
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at 398.2 and 530.8 eV from N1s and Ols spectra could be attributed to C-N=C and C=0 for PDA,
respectively [31].

Table 2.  Surface element composition of samples as evaluated by X-ray photoelectron
spectroscopy (XPS).
Sample C1s (%) N1s (%) O1s (%) N/C
e-CL-20 32.76 34.68 32.56 1.06
PDA 72.38 8.21 19.41 0.11
PLD 63.29 8.45 28.26 0.13
PNE 67.24 8.2 24.56 0.12
POHDA 67.72 8.08 24.2 0.12
e-CL-20/PDA 46.33 23.83 29.84 0.51
¢-CL-20/PLD 39.8 27.78 3242 0.70
e-CL-20/PNE 41.58 26.29 32.13 0.63
e-CL-20/POHDA 44.89 24.66 30.45 0.55

3.2. Thermal Properties of e-CL-20 Composite Structures

The thermal stability of energetic materials is an important aspect of the material properties.
DSC was employed to explore the thermal behavior of e-CL-20 crystals and the coated samples
(Figure 8). As shown in the DSC curve of ¢-CL-20, the endothermic and exothermic peaks appeared at
156.3 and 328.5 °C, respectively, which were attributed to the transition from ¢ into y phase and the
thermal decomposition of CL-20. The temperature of the thermal decomposition modified by PDA is
basically the same as that of the original explosive crystal [32].
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Figure 8. Differential scanning calorimetry (DSC) curves for epsilon-CL-20 (e-CL-20) and
different composites.

According to the analysis in Table 3, the phase transition temperature of ¢-CL-20 crystal coated by
self-oxidizing polymerization increased considerably. In detail, the peak temperatures of e-CL-20/PDA,
e-CL-20/PLD, e-CL-20/PNE, and e-CL-20/POHDA samples increased from 156.3 to 179.0, 165.3, 172.5,
and 176.0 °C, respectively. The SEM images shown in Figure 3 indicate that the dense coating of
PDA on each crystal may be the main reason that the small amount of PDA could inhibit the phase
change significantly. Compared with the samples prepared via mechanical mixing, the initial crystal
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transformation temperature of e-CL-20 after PDA self-oxidative polymerization coating increased by
about 30 °C, which indicates a markedly improved thermal safety of e-CL-20 during application [25].

Table 3. Thermal analysis data of epsilon-CL-20 (e-CL-20) and different composites.

Endothermic Peak

Sample
T, 0 T,(°0 T.(°O AH(g™
e-CL-20 144.5 156.3 1714 -41.3
e-CL-20/PDA 172.3 179 187.1 -28.1
e-CL-20/PLD 157.6 165.3 174.7 -35.8
e-CL-20/PNE 164.8 172.5 184.5 =329
e-CL-20/POHDA 173.4 176 185.2 -30.4

3.3. Phase Transition Stability of e-CL-20 Composite Structures

Figure 9 shows the standard spectra of four polymorphs of CL-20 and the X-ray spectra of e-CL-20
at various temperatures. In the diffraction angle (20) ranging from 12° to 14°, the two crystal forms of
CL-20 are significantly different. In comparison with the peaks at 12.8° and 13.8° of e-CL-20, the new
peaks appear at 12.9°, 13.3°, and 14.2° for y-CL-20 [6]. According to Section 2.2, four kinds of CL-20
samples coated with different polymers were prepared, and the phase transition behavior of CL-20
in the composite system was characterized by in situ XRD [4]. Figure 10 shows the X-ray patterns of
e-CL-20/PDA, e-CL-20/PLD, e-CL-20/PNE, and e-CL-20/POHDA at different temperatures. The phase
composition of the e-CL-20 crystals was calculated via the Rietveld refinement method through the
Topas Academy procedure, which is standardless X-ray diffraction [29]. The refinement fit test results
are presented in Figure 11.
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Figure 9. X-ray diffraction (XRD) patterns of (a) the conformers from four polymorphs of CL-20 and (b)
e-CL-20 at various temperatures.

Figures 9 and 10 show that with increasing sample temperature, the characteristic peak of e-CL-20
gradually weakened, and the characteristic peak of y-CL-20 appeared and increased, indicating more
e-CL-20 changed to y-CL-20. The XRD patterns did not change when the temperature decreased
from 190 to 30 °C, which demonstrated an irreversible process for the crystal form change in
this situation. As shown in Figure 11, the initial crystal transformation temperatures of e-CL-20,
e-CL-20/PDA, ¢-CL-20/PLD, ¢-CL-20/PNE, and e-CL-20/POHDA are 145, 175, 160, 160, and 170, °C,
respectively. With the temperature increasing to 190 °C, we found that almost all e-CL-20 of ¢-CL-20,
e-CL-20/PLD, and e-CL-20/PNE converted to y-CL-20. However, the y-CL-20 contents of e-CL-20/PDA
and ¢-CL-20/POHDA were 37.9% and 73.3%, which indicated that PDA and POHDA could inhibit the
CL-20 crystal transformation well.
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Figure 11. Phase analysis of e-CL-20 and different composites.
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XRD patterns of core-shell composites at various temperatures: (a) ¢-CL-20/PDA,

Different from the crystallization from a solution, no polymorphic transition occurs when the
medium is a solid matrix with a solvent. The activation energy for forming a new crystal phase in a solid
environment is much higher than in a liquid environment, leading to a more complicated polymorphic

transformation process in the solid matrix. The intense interfacial interaction between the PDA and
the explosive crystal results in the high polycrystalline transition temperature. The polymorphic
conversion could be reduced greatly via PDA coating, especially when the nucleation processes is the

rate-limiting step [33].
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3.4. Mechanical Sensitivity of e-CL-20 Composite Structures

The mechanical sensitivity of explosive crystals is a key parameter for characterizing the safety of
explosives. e-CL-20 particles have lower mechanical sensitivity, which is beneficial for their application
in weapons and equipment. According to Table 4, the friction sensitivity of e-CL-20 crystals coated
with PDA, PLD, PNE, and POHDA with shell-core structure decreased greatly from 96% to 48%, 60%,
60%, and 56%, respectively. Among these composites, the friction sensitivity of e-CL-20/PDA was the
lowest. The significant decrease in friction sensitivity of e-CL-20 crystals via coating may be attributed
to the stronger interfacial interaction between e-CL-20 crystals and polymers. However, the shell-core
structure prepared by self-polymerization had no significant effect on reducing the impact sensitivity
of e-CL-20. The irregular shape and defects of the crystal are the main reasons for its high impact
sensitivity [34]; this correspond to the results in Figure 3—the shape of ¢-CL-20 does not change
considerably after the self-polymerizing coating. We proved that a uniform and compact passivating
shell was formed by PDA on the CL-20 crystals, which could help optimize the properties of energetic
crystals for applications in special service environments, which is worth further research.

Table 4. Impact and friction sensitivity of e-CL-20 and different composites.

Sample Impact Sensitivity (Hsg, cm) Friction Sensitivity (P, %)
e-CL-20 13+1 96
e-CL-20/PDA 12+1 48
¢-CL-20/PLD 13+1 60
e-CL-20/PNE 14+1 60
e-CL-20/POHDA 12+1 56

4. Conclusions

The dopamine surface chemistry was found to be a highly efficient and concise method for
passivating energetic crystals, resulting in a stable core-shell CL-20/PDA structure. The structural
characterization confirmed the morphology and formation mechanism of the PDA series, which is
helpful for exploring the structural evolution and deposition mechanism of PDA on the ¢-CL-20
surface. The experimental results showed that the compact and dense coating increases the ¢-CL-20
crystal transformation temperature by about 30 °C and significantly improves the thermal stability of
e-CL-20 crystals, which is important for ensuring the safety of energetic materials. With the coating via
polymers, the friction sensitivity of e-CL-20 crystals decreased significantly. Our findings provide new
opportunities for the surface modification of high-energy explosive crystals and the preparation of
energetic materials with high-level performance.
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