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ABSTRACT

Development of advanced energetic materials with promising properties has been intensely-pursued over the
past decades. However, traditional strategies for integrating fuel skeleton and oxidizing groups into an organic
molecule are very difficult to balance the contradictory relationship between high energy and low sensitivity of
energetic materials. In this work, we present a promising approach to develop advanced energetic materials
through intermolecular assembly of nitrogen-rich triazine energetic compounds and high-energy oxidants. Under
the direction of electrostatic potential and proton affinity calculations, a novel energetic compound 2,4,6-tria-
mino-1,3,5-triazine-1,3-dioxide (TTDO) was rationally designed and synthesized. The easy and effective self-
assembly of TTDO with high-energy oxidants afforded a series of novel advanced energetic materials with a good
balance between energy and sensitivity. Among these self-assembled energetic materials, TTDOP (a self-as-
sembled energetic material between TTDO and HCIO,) showed a very high density (2.047 g cm ™2 at 100 K),
detonation properties (9284 m s~ ' and 41 GPa) as high as that of HMX and better mechanical sensitivity (13 J
and 144 N). Moreover, TTDOP exhibited great promise as a substitute for ammonium perchlorate (AP) in solid
propellant formulations due to its high combustion and propulsion performances. This work opens a new avenue
to develop intermolecular energetic materials with well balanced energy & sensitivity and versatile functionality.

1. Introduction

propellants and pyrotechnics [1,2]. In the development of human so-
ciety, energetic materials have provided immense impetus to remake

Energetic materials are a class of special reactive substances with
high amounts of stored chemical energy, which include high explosives,
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nature, especially in the field of engineering construction and space
propulsion [3-6]. As the development of this material subject with long

E-mail addresses: ywang0521@caep.cn (Y. Wang), ginghuazhang@caep.cn (Q. Zhang).

https://doi.org/10.1016/j.cej.2020.125114

Received 22 January 2020; Received in revised form 13 March 2020; Accepted 15 April 2020

Available online 18 April 2020
1385-8947/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.125114
https://doi.org/10.1016/j.cej.2020.125114
mailto:ywang0521@caep.cn
mailto:qinghuazhang@caep.cn
https://doi.org/10.1016/j.cej.2020.125114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.125114&domain=pdf

S. Song, et al.

history, the era of pursuing superior single performance (like explosive
applications) has passed. Compared with typical high explosives like
cyclotrimethylenetrinitramine = (RDX), cyclotetramethylenetetrani-
tramine (HMX) and solid propellant oxidizers ammonium perchlorate
(AP) and ammonium dinitramide (ADN), modern advanced energetic
materials should meet more strict requirements and meanwhile have
excellent comprehensive performances including high-energy, low-
sensitivity, and functional versatility, etc [7,8]. Thus, it is highly de-
sirable to explore new design strategies for the development of ad-
vanced energetic materials.

Due to the intrinsic need of rapid self-sustained redox exothermic
decomposition reaction, the development of new advanced energetic
materials can be understood as an integration process of fuel and oxi-
dant components via intramolecular or intermolecular ways [9]. In
general, intramolecular integration of fuel (e.g., carbon skeleton and
amino group) and oxidizing organic groups (e.g., -NO3, —ONO,, etc.)
within a molecular scaffold is the primary choice, because this method
can generate a certain molecule with precise element composition,
crystal structure and its easily addressed structure-property relation-
ship. For these one-component energetic materials, however, it is dif-
ficult to achieve a good energy-safety balance owing to the close linking
of fuel and oxidizing groups in a single molecule. Moreover, with the
ascertained element composition and molecular structure, these
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energetic materials usually exhibit poor adjustability in their energy
levels with an obvious energy limit (Fig. 1a). As an alternative method,
intermolecular self-assembly strategy of integrating fuel and oxidant
molecule into an energetic system has attracted increasing interest in
the development of advanced energetic materials. A typical example is
the metastable intermixed composites (MICs), an important kind of
nanometre scaled intermolecular fuel-oxidant mixtures, which are
widely studied and used for combustion applications (Fig. 1b) [10].
Very recently, energetic molecular perovskites and oxidant-loaded
porous energetic materials (such as MOFs and ZIFs) were also devel-
oped as novel intermolecular integrated energetic systems [11,12].
Nevertheless, the fuel parts in them are non-energetic components (e.g.,
1,4-diazabicyclo[2.2.2]octane for energetic molecular perovskites and
1,4-benzenedicarboxylate for oxidant-loaded MOFs), resulting in their
relatively low oxygen balances (OB) and thereby undesired detonation
performances (Fig. 1c) [13].

For some traditional high explosives, although they are designed
through intramolecular combination of fuel and oxidizing moieties
within a molecular scaffold, they are also capable of further assembling
oxidant molecules to fabricate new intermolecular energetic systems
[14,15]. This novel strategy of assembling explosive and oxidant mo-
lecules in an energetic system can help to overcome the energy limit of
traditional high explosives and as a consequence facilitate to accelerate
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Fig. 1. (a) Ilustration of explosive-oxidant self-assembled strategy and its comparison with traditional energetic material. (b) Schematic of metastable intermixed
composites. (¢) Schematic of energetic molecular perovskite and oxidant-loaded porous materials.
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the discovery of novel multifunctional energetic materials (Fig. 1a).
With this consideration, very recently we developed three advanced
energetic materials through self-assembly of 2,4,6-triamino-5-ni-
tropyrimidine 1,3-dioxide (ICM-102) and different oxidants with the
aid of non-covalent interactions [16,17]. These self-assembled energetic
materials exhibit good energy-safety balance and combustion behavior.
For the explosive precursor of ICM-102, however, its capability of as-
sembling different oxidants is relatively limited, and the experimental
studies demonstrate that only one N-oxide group in the structure can be
utilized to combine the oxidants. Here, we designed and synthesized a
novel explosive precursor with relatively higher proton affinity, 2,4,6-
triamino-1,3,5-triazine-1,3-dioxide (TTDO), which is an analogue of
ICM-102 and also has two N-oxide bonds in its molecular structure. As
expected, two N-oxide bonds of TTDO are capable of combining more
than one oxidant molecules to form new self-assembled energetic ma-
terials, e.g., the ratios of TTDO and three oxidants (H,O,, HNO3; and
HClO,) in the crystals of three self-assembled energetic materials are
1:1.75, 1:2 and 1:2, respectively. As a result, the density of assembled
energetic material 2,4,6-triamino-1,3,5-triazine-1,3-dioxide-HClO4
(TTDOP) is as high as 1.988 g cm™> at room temperature
(2.047 g cm ™2 at 100 K). The detonation properties (9284 m s~ ' and 41
GPa) of TTDOP is comparable to that (9235 m s~ ! and 38.9 GPa) of
HMX, while its impact sensitivity (13 J) is close to that (impact sensi-
tivity: 15 J) of TNT (2,4,6-trinitrotoluene). Moreover, the combustion
and propulsion properties reveal that TTDOP may also has potential
application in solid propellant. This work also demonstrated the uni-
versality of the explosive-oxidant self-assembled strategy for the de-
velopment of advanced energetic materials.

2. Experimental section
2.1. General

Reagents were purchased from commercial resources and were used
without further purification. **C spectra were collected on a Bruker
Avance Neo 400 NMR spectrometer operating at 100 MHz, respectively.
X-Ray single-crystal diffraction data were collected on an Oxford
Xcalibur3 diffractometer with MoKa radiation (A = 0.71073 /:’\).
Impact and friction sensitivity measurements were made using a stan-
dard BAM Fall hammer and a BAM friction tester. Combustion test were
launched by a self-built test platform with a high speed camera oper-
ating at 1 kHz.

2.2. Synthesis

2.2.1. TTDO (2,4,6-triamino-1,3,5-triazine-1,3-dioxide)

Melamine (12.6 g, 100 mmol) is completely dissolved in tri-
fluoroacetic acid (130 ml) at 50 °C to give a clear solution, then 30%
hydrogen peroxide (12 ml) was added dropwise into the above solution.
After stirring for 6 h, white precipitates formed and were filtered out.
The precipitates then completely dissolved in water and were neu-
tralized to pH = 7 to give new white precipitates. After filtration and
drying, white sample of TTDO was obtained at a yield of 51%. TTDO is
difficult to be dissolved in organic solvents like DMSO and was slightly
soluble in water, thus only its 13¢C were recorded as: '*C NMR (D-0,
100 MHz) 8: 151.904, 150.776 ppm. The crystallographic data and *3C
spectra for TTDO was provided in Supporting Information (see Table S1
and Fig. S5).

2.2.2. TTDOH  (2,4,6-triamino-1,3,5-triazine-1,3-dioxide-H,0,  self-
assembled energetic material)

0.2 g TTDO was suspended in 10 ml 30% H,0, aqueous solution and
then the mixture was filtered to give a saturated solution. After slow
solvent evaporation at 30 °C in drying oven for several days, colorless
crystals (named as TTDOH) suitable for single-crystal X-ray diffraction
analysis were collected at a yield of 80%.
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2.2.3. TTDON  (2,4,6-triamino-1,3,5-triazine-1,3-dioxide-HNO3  self-
assembled energetic material)

1 g TTDO was dissolved in 2 ml white fuming nitric acid (WFNA).
After evaporation in ambient condition for several hours, colorless
crystals (named as TTDON) suitable for single-crystal X-ray diffraction
analysis were collected at a yield of 40%.

2.2.4. TTDOP  (2,4,6-triamino-1,3,5-triazine-1,3-dioxide-HCIO,  self-
assembled energetic material)

1 g TTDO was completely dissolved in 12 ml 70% perchloric acid
(HCIO,4) aqueous heated to 70 °C under stirring. Once the solution
turned into clear, the stirring and heating was shut down to cooling
crystallization. After half an hour, colorless crystals (named as TTDOP)
suitable for single-crystal X-ray diffraction analysis could be obtained
after filtration at a yield 54%.

3. Results and discussions

With the aims of designing and screening new explosive precursors
with a good capacity of capturing oxidants, we first used the surface
electrostatic potential (ESP) as an effective tool for interpreting and
predicting the reactive behavior of molecules with high proton-affinity
[18-21]. We particularly calculated and compared the ESPs of ICM-102
and its two analogues (i.e., 2,4,6-triaminopyrimidine-3,5-dioxide,
TPDO and 2,4,6-triamino-1,3,5-triazine-1,3-dioxide, TTDO). As shown
in Fig. 2a, the surface minimum points of three compounds are all lo-
cated on their N-oxide bonds with the values of —31.7 kcal mol ™!,
—35.0 kcal mol ! and —38.8 kcal mol ™!, respectively, which clearly
indicates that the N-oxide bond is the first site to accept proton. In
addition, we further calculated the ESPs of monoprotonated ICM-102,
TPDO and TTDO, respectively (Fig. 2a). Because these molecules pos-
sessed one positive charge after protonation, all ESPs were positive (all
the surfaces were red). The minimum of ESP on ICM-102
(36.6 kcal mol 1) transferred to the area close to the nitro group, which
well explained why N-oxides of ICM-102 could not be doubly proto-
nated to capture two oxidant molecules. In contrast, minimum values of
ESP on TPDO (31.7 keal mol ~') and TTDO (31.0 kcal mol ~') were still
close to N-oxide, enabling a possibility to be doubly protonated for
TPDO and TTDO. Next, we directly calculated and compared the proton
affinity of ICM-102 and TTDO (Fig. 2b) [22]. For the two steps of
protonation, the proton affinities of TTDO are 9.51 eV and 5.74 eV,
respectively, which are both higher than those of ICM-102 (9.16 eV and
5.50 eV). Based on above analysis, we can clearly find that TTDO has
the lower negative ESP and higher proton affinity than that of ICM-102
and could be expected to show higher capacity of capturing more oxi-
dant molecules. Thus, in this study we concentrate on the synthesis and
self-assembly behavior between TTDO and different oxidants (H,O,,
HNO;3; and HCIO,4) and further evaluate their thermal, energetic and
combustion properties as advanced energetic materials. The calculation
details about ESPs and proton affinities are described in the Supporting
Information.

TTDO and its derived self-assembled energetic materials was readily
prepared as described in above sections (Fig. 3a). Gram-scale TTDO was
prepared by the N-oxidization reaction of melamine in CF3COOH/H,0,
condition. TTDOH and TTDON were obtained by dissolving TTDO into
30% hydrogen peroxide or white fuming nitric acid (WFNA) then
crystallized through solvent evaporation. To obtain TTDOP, the TTDO
should be thoroughly dissolved in 70% perchloric acid heated to
70 °C.Then the solution was naturally cooled down to room tempera-
ture, and the desired products precipitated as the white clear crystals.
The crystals of TTDOH, TTDON and TTDOP were directly collected for
the single-crystal X-ray diffraction. The crystallographic data were re-
corded in Tables S2-S4 in Supporting Information.
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Fig. 2. (a) Electrostatic potential (at 0.001 a. u.) of ICM-102, TPDO and TTDO and their protonated derivatives. (b) Stepwise proton affinities for ICM-102 and TTDO.

3.1. Crystal structures

TTDOH crystallizes in triclinic space group P-1, whose asymmetric
unit contains two TTDO molecules and three and a half hydrogen
peroxide molecules with a crystal density of 1.754 g cm ™3 at 170 K
(Fig. 3b). The crystal structure of TTDOH is cross-like framework
(Fig. 3b left), which could be separated into two layered-like structures
(layer distances are 3.173 A and 2.956 f\, respectively) (Fig. 3b middle).
One molecular layer is constructed by the supramolecular chains of
TTDO dimers (the dimer is formed by the hydrogen bond between N-
oxide and amino group with a length of 2.011 A) and hydrogen per-
oxide dimers in an alternative arrangements (triple hydrogen bond
exited with lengths of 2.016 10\, 2.253 A and 2.037 A). In the other layer,
the identical dimers of TTDO (hydrogen bond length of 2.016 A) is also
observed but only one hydrogen peroxide molecule bridged the TTDO
dimers to constructed a different supramolecular chain through hy-
drogen bond of 2.082 A (Fig. 3b right). These supramolecular chains
interwove with each other under the help of hydrogen bonds to give a
complicated cross-like structure.

TTDON crystallizes in triclinic space group P-1 with a crystal den-
sity of 1.825 g cm ™3 at 175 K (Fig. 3c). The asymmetry unit of TTDON
contains one doubly protonated TTDO molecule, two nitrate ions and
one water molecule. Crystal packing of TTDON can be viewed as layer-
like structure (Fig. 3c left). The supramolecular layer with cavities is
constructed by protonated TTDO molecules, nitrate ions and water
molecules. The nitrate ion in the layer has interactions with the ad-
jacent protonated TTDO molecules through hydrogen bonds with
length of 2.164 A, 2.271 A and 1.989 A. Cavities in the supramolecular
layer are occupied by the nitrate ions vertical to the layer (Fig. 3c
right). These vertical nitrate ions are also constrained in the layer
through two hydrogen binds with lengths of 2.092 A and 2.068 A. The

steric effect due to intercalation of nitrate ions weaken the m-r inter-
action between layers and thus leads to a larger layer distance of
3.242 A compared with the layers in TTDOH (Fig. 3¢ middle).

TTDOP crystallizes in monoclinic space group P 21/n with a crystal
density of 2.047 g ecm ™3 at 100 K (Fig. 3d). The asymmetry unit of
TTDOP contains one doubly protonated TTDO molecule and two per-
chlorate anions. The perchlorate anions and protonated TTDO mole-
cules constitute a sandwich layer-like structure (Fig. 3d left). When the
perchlorate ions are removed, the protonated TTDO molecules could be
viewed as wave-like layered structure with a distance of 4.584 A be-
tween layers (Fig. 3d middle). Because there are some cavities and no
obvious hydrogen bonds in the wave-like layer structure, the intra-layer
assembly of protonated TTDO molecules are relatively incompact. As a
result, the perchlorate anions play an essential role in the formation of
wave-like layer structure for TTDOP. The relatively incompact intra-
layer assembly of protonated TTDO molecules and large interlamellar
spacing finally result in the lowest packing coefficient of 0.745 for
TTDOP among these three explosive-oxidant self-assembled energetic
materials (0.754 for TTDOH and 0.768 for TTDON). Thus, the high
density of TTDOP can be mainly attributed to the high content of
oxygen and chlorine elements rather than high packing coefficient.

Apart from the hydrogen bonds discussed above, more complicated
hydrogen bond networks are existed in the crystal structures of TTDOH,
TTDON and TTDOP and their detailed information are summarized in
Tables S5-S7.

3.2. Detonation property, mechanical sensitivity and thermal stability

In general, the most attractive properties for energetic materials are
their energy levels including detonation velocity (defined as the speed
at which a detonation wave propagates steadily in an explosive column)
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Fig. 3. (a) Synthesis routes of TTDO and the corresponding explosive-oxidant self-assembled energetic materials (TTDOH, TTDON and TTDOP). (b) 3D crystal
structure and step-by-step enlarged view of TTDOH. (c) 3D crystal structure and step-by-step enlarged view of TTDON. (d) 3D crystal structure and step-by-step

enlarged view of TTDOP.

and detonation pressure (defined as pressure on the detonation wave
front when explosives explode) and mechanical sensitivities. The de-
tonation properties that have a close correlations with heat of formation
and density are also estimated by Explo5 (version 6.02) [23]. The heat
of formation for the compounds were calculated by G4(MP2)_6x
method [24] (more details were provided in Supporting information).
Impact and friction sensitivity were tested experimentally by employing
a standard BAM fall hammer and a BAM friction tester. All the property
results are summarized in Table 1.

Despite no classical explosophores like nitro groups in the structure,
TTDO has a higher CO,-based OB (—70.9%), higher density
(1.72 g ecm™~3) and higher heat of formation (—6.41 kJ mol ') than
those (—74%, 1.65 g cm ™2 and —67 kJ mol 1) of TNT. Hence, the
calculated detonation velocity and pressure (6924 m s~ ' and 20.7 GPa,

respectively) of TTDO are very close to those of TNT (6881 m s~ ! and

19.5 GPa). When the oxidants were integrated into the crystal systems
of TTDO, the OBs of self-assembled energetic materials are significantly
increased. As a consequence, the detonation properties of three novel
self-assembled energetic materials are significantly higher than those of
TTDO. Among them, TTDOH possesses a relatively low detonation ve-
locity of 8159 m s~ ' and a detonation pressure of 24.3 GPa, respec-
tively, probably due to its low crystal density of 1.75 g cm ™3, negative
heat of formation of —551.2 kJ mol™! and low CO,-based OB
(—38.6%). However, when compared with TNT (6924 m s~ ! and 20.7
GPa) , TTDOH has also demonstrated more desirable detonation per-
formances (8159 m s~ ! and 24.3 GPa) but better mechanical sensitivity
(>20J vs 15 J and > 360 N vs 353 N). With self-assembling TTDO
with HNO; and HClO, respectively, the as-synthesized self-assembled
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Table 1

Physicochemical properties.
Cmpd p(gem™®) AHP (kJ mol™ ) OB° (%) D4 (ms™) P (GPa) 18 () T4 (°C)
TTDO 1.72° -6.41 -70.9 6924 20.7 > 20 340
TTDOH 1.721/1.754(170 K)° -551.2 -38.6 8159 24.3 > 20 311
TTDON 1.791/1.825(175 K)° -315 -11.3 8900 34.2 14 180
TTDOP 1.988/2.047(100 K)° 714.2 45 9284 41.0 13 176
TNT! 1.650 -67.0 -74.0 6881 19.5 15 295
RDX! 1.806 70.3 -21.6 8838 34.3 7.5 204
HMX! 1.905 116.1 -21.6 9235 38.9 7.4 280
AP 1.950 —295.8 34.0 6368 15.8 15 350

@ Density measured by gas pycnometer at room temperature. ° Densities recalculated from low temperature single-crystal X-ray diffraction densities by the
formula: paosk = pr/[1 + 1.5 x 10%(298 — T)]. Values after slashes are measured densities at low temperature. ® Calculated heat of formation in solid state. ©
Oxygen balance based on CO, for C,H,N.O4Cl.: OB = 1600 X [d — 2a — (b — €)/2]/M,,. d Detonation velocity. ¢ Detonation pressure. f Impact sensitivity. & Friction
sensitivity. " Specific impulse. ' Values from references [25,26].J Decomposition temperature.

energetic materials, i.e., TTDON and TTDOP, displayed much higher
densities, OBs and heats of formation than those of TTDOH. For
TTDON, its detonation properties (8900 m s~ ! and 34.2 GPa) are close
to those (8838 m s~ ! and 34.3 GPa) of RDX, but its mechanical sen-
sitivities (14 J and 196 N) are much lower than those (7.5 J and 120 N)
of RDX. More impressively, the detonation properties of TTDOP
(9235 m s~ ! and 41GPa) is comparable to those (9235 m s~ * and 38.9
GPa) of HMX with also better mechanical sensitivities (13 J vs 7.4 J and
144 N vs 120 N). Besides the spacial isolation of fuel (explosive) from
oxidant, the absence of active explosophore groups (such as C-NO, and
N-NO,) may also contribute positively to the relatively low mechanical
sensitivities for these self-assembled energetic materials [27].

To gain more insights into the intermolecular interactions and its
relationship with mechanical sensitivities and crystal packing, the
Hirshfeld surface analysis and the associated 2D-fingerprint plot of
these self-assembled energetic materials were also studied [28]. The
Hirsfeld surfaces, 2D-fingerprints and interaction contribution plots
around the TTDO (or protonated TTDO) in three self-assembled en-
ergetic materials are visualized (Fig. 4). The red regions on the Hirsh-
feld surfaces indicate close contacts, namely strong hydrogen bonds like
O...H and N...H interactions. In three crystals, the proportions of these
relatively strong hydrogen bonds all surpass 50% (Fig. 4a, b and c
right), implying that hydrogen bonds are the main driven force to
construct these self-assembled crystals. The 2D-fingerprint results in-
dicate that the hydrogen bond interactions in three crystals are very
different. For TTDOH, two spikes representing the interior (left spike,
the hydrogen bond acceptor is outside the surface) and exterior (right
spike, the hydrogen bond acceptor is inside the surface) O...H inter-
actions are almost the same, indicating that the fuel component
(namely neutral TTDO) is almost equally interacted with its adjacent
partner and H,O, molecules. In contrast, the spikes representing in-
terior O...H interaction are more obvious in TTDON and TTDOP crys-
tals, implying that fuel components (namely protonated TTDO) in
TTDON and TTDOP are mainly surrounded by oxidant anions (NO3~
and ClO4 ") (Fig. 4a, b and c middle). These ubiquitous hydrogen bond
networks can act as a buffer against the external mechanical stimulus,
consequently their mechanical sensitivities are lower than traditional
high explosives with relatively less intermolecular hydrogen bonds
(such as RDX and HMX) (Table 1) [29,30]. Despite the proportions of
hydrogen bonds are very close for three self-assembled energetic ma-
terials, the undesired O-O interactions that generally cause an increase
in the mechanical sensitivities of energetic materials in TTDON (11%)
and TTDOP (13.2%) are obviously higher than that (3.8%) of TTDOH.
Thus, the TTDON (14 J, 196 N) and TTDOP (13 J, 144 N) are more
sensitive to TTDOH (> 20 J, > 360 N) under mechanical stimulus.
Overall, we have demonstrated that the self-assembly of fuel-rich ex-
plosive TTDO with high-energy oxidants is a promising choice to tailor
the energy levels and safety properties for the development of inter-
molecular energetic materials. Accordingly, three novel assembled

materials have shown great promise as advanced energetic materials
with well-balanced energy and safety.

Moreover, we investigated the thermal stability of TTDO, TTDOH,
TTDON and TTDOP by TG/DSC method. From the TG/DSC curves for
TTDO, we observed a sharp exothermic peak and an obvious mass loss
at 340 °C after a melting endothermic peak at 336 °C which implies the
energetic feature of TTDO (Fig. S1). Before the decomposition of TTDO,
H,0, molecules will first escape from the crystals of TTDOH. Because of
the multiple combination modes of H,O, molecules in the TTDOH
crystals as revealed by its crystal structure, three obvious endothermic
peaks were observed at 89 °C, 115 °C, 161 °C, respectively. After the
complete escape of H,O, molecules from the TTDOH crystals, TTDO
decomposed at 311 °C (Fig. S2). For TTDON, the endothermic peak
around 137 °C corresponds to the escape of H,O molecules in the
crystals of TTDON and a sharp exothermic peaks and mass loss occurred
at 180 °C (Fig. S3). In TTDOP, when the temperature reached 176 °C,
TTDOP decomposed instantaneously and an drastic exothermic peak
and a mass loss were observed from TG/DSC curves (Fig. S4). Overall,
the instantaneous thermal decomposition of these self-assembly en-
ergetic material as revealed by their DSC/TG curves indicate their po-
tential applications as promising high explosives.

3.3. Combustion and propulsion properties of TTDOP

Due to its high positive COs-based OB (34%), ammonium per-
chlorate (AP) is widely used as a high-energy oxidant in solid propellant
formulations [31]. But AP also suffers some drawbacks, such as low
heat of formation (—295.8 kJ mol ™) and specific impulse (157 s, value
calculated by Explo5/6.02). In contrast, TTDOP exhibited better com-
prehensive properties than AP including high density (1.988 g cm ™2 at
room temperature), high heat of formation (714.2 kJ mol™ b, high
specific impulse (284.5 s) and positive CO-based OB (4.5%). Thus, we
think that TTDOP is a promising substitute of AP in solid propellant
formulations. So, we utilized high-speed camera (photography oper-
ating at 1 kHz) to monitor the combustion behaviors of TTDOP and AP
as the high-energy oxidants. All the tested samples were prepared by
mixing 300 mg target compounds (TTDOP or AP) with 100 mg pow-
dered aluminium and packed loosely in a burner (Fig. 5a) [32,33].

As shown in Fig. 5b, the combustion of TTDOP-Al mixed sample
exhibited a sustainable, stable and violent flame, which was rarely
observed for the combustion behaviors of loosely packed sample [34].
However, for the AP-Al mixed sample, no sustainable combustion be-
haviors were observed and its flame was inconsecutive and less bright
(see supplementary video). The total burning duration and burning rate
of TTDOP-AI mixed sample were 867 ms and 0.49 m s, respectively,
which were also much superior to those of AP-Al mixed (557 ms and
0.07 m s~ !, respectively, Fig. 4c). The results of combustion test de-
monstrated the outstanding combustion behavior of TTDOP as a high-
energy oxidant. The excellent combustion performance of TTDOP is
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Fig. 4. (a) Hirshfeld surfaces, 2D fingerprint plots and the individual atomic contact percentage contribution of TTDOH; (b) Hirshfeld surfaces, 2D fingerprint plots
and the individual atomic contact percentage contribution of TTDON; (c) Hirshfeld surfaces, 2D fingerprint plots and the individual atomic contact percentage

contribution of TTDOP.

probably due to the high energy of TTDOP, which is very beneficial for
generating high temperature oxidizing gas products. These high tem-
perature gas products will tremendously boost the mass and heat
transfer, thus the sustainable and violent combustion is observed in the
loosely packed sample of TTDOP.

To well evaluate the potential as novel high-energy oxidants in solid
propellant formulations, we further calculated the propulsion perfor-
mances of glycidyl azide polymer (GAP) based propellant formula using
TTDOP as a substitution of AP and RDX by EXPLO5 (version 6.02)
(Table 2). The basic propellant formulation consists of 10 wt% GAP,
5 wt% Aluminium, 60 wt% AP, and 25 wt% RDX. The specific impulse
(Ip), characteristic velocity (C*), combustion temperature (T.) and
average molecular weight of combustion gas products (M,) are calcu-
lated as 2566.6 N s kg ™!, 1478 m s~ !, 3360 K and 26.875 g, respec-
tively. As AP was gradually replaced by TTDOP, the energy level of the
GAP propellants was elevated in detail. The highest calculated energy
parameters were obtained when the content of TTDOP was up to 55 wt
%, with the values of 2829.26 N s kg™ ', 1623 m s~ !, 3803 K and
23.924, respectively. When AP was totally replaced by TTDOP (a con-
tent of 60 wt%), the specific impulse (I;) is up to 2802.80 N s kg’l, a
little lower than the one (2829.26 N s kg_l) of 55 wt% TTDOP. Due to
that the detonation properties TTDOP are superior to RDX, we think
that further replacing RDX by TTDOP would endow the GAP propellant

formulations with higher propulsion capability. Thus, we further in-
creased the content of TTDOP in GAP-based propellant formulations by
replacing RDX with TTDOP. As expected, the highest calculated energy
parameters of GAP propellants were obtained when the content of
TTDOP was increased to 85 wt%, with the values of 2862.58 N s kg ~*,
1624 m s~ 1, 3955 K and 24.492 g, respectively, whose specific impulse
is 11.5% higher than that (2566.62 N s kg~ ') of the basic GAP pro-
pellant formulation. Based on above combustion tests and calculations
of propulsion parameters, we think that TTDOP has the great promise
as high-energy oxidizer components in the solid propulsion formula-
tions.

4. Conclusion

In conclusion, we demonstrated a promising approach of designing
explosive-oxidant self-assembled energetic materials by improving
proton affinity of explosive precursor. With the direction of ESP and
proton affinities calculations, a precursor TTDO was rationally designed
and synthesized using melamine as the raw material. Three self-as-
sembled energetic materials (i.e., TTDOH, TTDON and TTDOP) were
readily prepared through intermolecular assembly of TTDO with oxi-
dants (H,0,, HNO3, HCIO,4). Their structures and properties were fully
characterized. Most impressively, the self-assembled energetic material
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Fig. 5. (a) Schematic of combustion test device. (b) Combustion snapshots of TTDOP-Al mixed sample and AP-Al mixed sample. (c) Total burning duration and
burning rates of TTDOP-Al mixed sample and AP-Al mixed sample.

TTDOP possesses a high density (2.047 g cm ™2 at 100 K), detonation increased by 11.5% compared with original propellant formula), de-
properties (9284 m s~ ! and 41 GPa) comparable to HMX, and mean- monstrating its great promise as an AP replacement in solid propellant
while relatively low mechanical sensitivities (13 J and 144 N). formulations.

Moreover, the combustion experiments and propulsion property cal-

culations showed that TTDOP has a sustainable and violent combustion

behavior (total burning duration 867 ms and burning rate 0.49 m s~ ')

and high specific impulse values (maximum 2862.58 N s kg~ !,

Table 2
Propellant performances.
GAP (%) Al (%) AP (%) RDX (%) TTDOP (%) I, Nskg™) C* (ms™ 1) T, (K) Mc (g)
10 5 60 25 0 2566.62 1478 3360 25.879
10 5 55 25 5 2592.10 1492 3410 25.703
10 5 50 25 10 2615.62 1507 3456 25.523
10 5 45 25 15 2640.12 1521 3500 25.338
10 5 40 25 20 2662.66 1534 3542 25.153
10 5 35 25 25 2691.08 1548 3583 24.968
10 5 30 25 30 2704.80 1561 3622 24.784
10 5 25 25 35 2744.98 1573 3660 24.603
10 5 20 25 40 2769.48 1586 3696 24.426
10 5 15 25 45 2771.44 1600 3733 24.252
10 5 10 25 50 2779.28 1614 3768 24.085
10 5 5 25 55 2829.26 1623 3803 23.924
10 5 0 25 60 2802.80 1639 3837 23.773
10 5 0 20 65 2840.04 1635 3864 23.924
10 5 0 15 70 2847.88 1633 3890 24.072
10 5 0 10 75 2853.76 1630 3913 24.215
10 5 0 5 80 2858.66 1627 3935 24.355
10 5 0 0 85 2862.58 1624 3955 24.492
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