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High energy density is always a key goal in the development of energy
storage or energetic materials (EMs). Apart from exploring novel EMs
with high chemical energy, it is also desirable for traditional EMs to be
assembled at a higher density. It has been shown that a molecular level
compression eﬀect occurs due to the stacking of 2D triaminoguanidine–glyoxal polymer (TAGP) layers, resulting in a higher
density packing of HMX molecules with changed conformation (qyHMX). The qy-HMX crystal formed under compression in the solvent
has a unit cell parameter very close to that of a reported system
observed under a pressure of 0.2 GPa. This shows that the qy-HMX
molecules are trapped in the TAGP layers, resulting in a higher
density (e.g. 2.13 g cm3), heat of formation and better stability.
Certain types of constrained qy-HMX crystals are free from defects,
where no polymorphic transition and melting point are observed upon
heating. Experiments and relevant calculations show that the best
resulted hybrid HMX crystal has a detonation velocity of 10.40 km s1
and pressure of 53.9 GPa, respectively. Its ground speciﬁc impulse
reaches about 292 s, much better than that of CL-20, making it
a promising propellant component for use in future space
explorations.

It is essential to develop energy storage or energetic materials
(EMs) with higher energy densities. In recently years, more and
more attention has been paid to this eld, due to the high
demands of deep-space exploration, aerospace and defense
technologies. Typical novel highly EMs include energetic ionic
liquids,1 metastable intermixed composites (MICs),2 novel
insensitive nitro-compounds,3 full nitrogen compounds,4,5 polynitrogen compounds,6 boron–nitrogen based EMs,7 as well as
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carbon nanomaterial-based energetic nanocomposites.8
However, most of these newly developed high EMs are still not
qualied to replace currently used EMs due to various problems, including chemical incompatibility, thermal instability,
high sensitivity, as well as high cost. Another group of fancy
disruptive EMs are so-called extended solids, with typical
representatives of these being metallic hydrogen9 and polyCO.10 Solid molecular hydrogen under an extremely high pressure (e.g. >495 gigapascals) is metallic with a reectivity of over
0.9, which is considered to be a room-temperature superconductor and very promising for use as a rocket fuel if it could be
stabilized under mild conditions. However, these materials are
only stable under extreme conditions. Theoretically, they are
revolutionary in terms of structure and performances, but much
more eﬀort still has to be made before their practical
applications.
Despite great progress in the development of novel EMs, the
widely used energetic ingredients in formulations are dominated by 1,3,5-trinitro-1,3,5-triazinane (RDX), 1,3,5-triamino2,4,6-trinitrobenzene
(TATB),
1,3,5,7-tetranitro-1,3,5,7tetrazocane (HMX), hexanitrohexaazaisowurtzitane (CL-20)
and aluminum (Al).11 For enhanced performances, these
conventional EM materials have to be modied by new processing technologies.12 Much research work has been done on
this issue over the past decades, where successful strategies
have included particle polishing,13 coating,14 co-crystallization,15 and doping with 2D materials such as graphene.16 In the
case of coating and doping strategies, polydopamine17 and
graphene oxide18 have been widely used to improve the safety of
energetic composites19 or energetic crystals.20 To improve the
homogeneity and safety of energetic composites, some
advanced fabrication techniques may also be implemented,
including vapor deposition21 and electrospinning methods.22
Alternatively, if the abovementioned energetic molecules or
fuels could be packed at a higher density during modication, it
would be highly desirable, since the performances of these
materials are largely dependent on their density. However, it is
very diﬃcult to surpass their theoretical maximum density
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under ambient conditions, even though a higher molecular
density packing could be achieved due to conformation changes
of the component molecules under ultra-high pressure (gigapascals, usually using a diamond anvil).23 It has been demonstrated that such solid-state phase changes are reversible, and
hence this high density packing is not able to be maintained
under ambient conditions.
With the aim of achieving irreversible high density packing,
molecular level in situ compression of energetic molecules
during their crystallization in solutions would be an appropriate
choice. However, there are few chemical reactors that can reach
pressurization of over a gigapascal due to limited sealing technology and material strength. Interestingly, we found that
a molecular level compression eﬀect could be achieved between
layers of 2D materials during their stacking at a high temperature (150  C), resulting in a large conformational change in
energetic molecules trapped between these layers. This 2D
material was actually recently reported, which has large hollow
defects on its layered structure.24 It is an analogue of graphitic
carbon nitrite (g-C3N4) named TAGP (triaminoguanidine–
glyoxal polymer).
To symbolically depict this compression and the following
molecular packing process, herein the term “net-shing” has
been selected to give a vivid description. As a demonstration,
highly energetic nitramine HMX molecules were used for this
research, and the corresponding reaction scheme is presented
in Fig. 1A. The dragging force of the “net-shing” process is the
strong interaction of p–p stacking among the in situ generated
TAGP networks in concentrated dimethylsulfoxide (DMSO)
solution, and the preconditions for squeezing the DMSO
molecules out is the absorption force of water as the antisolvent and large hollow defects present on the TAGP layers,
which act as the “shing net”. Such a stacked 2D network has
a size of one or two nanometers, so that it is diﬃcult for the
large HMX molecules to travel through as the trapped “big
shes”, whereas the solvent DMSO molecules are squeezed out
(Fig. 1C). Also, the hydrogen bonds between the –NO2 group and
–NH– on the TAGP skeleton is another force that prevents HMX
molecules from being expelled. It has been found that a large
variety of doped/modied qy-HMX crystals can be obtained
under diﬀerent experimental conditions. This is a very facile
and exible method combining in situ cross-linking and cocrystallization techniques, where the insensitive high-nitrogen
2D TAGP networks can be integrated or doped in HMX crystals via a constraining force. The TAGP layers play a dual role as
both compressing “anvils” and dopants, so that various hybrid
energetic crystals with diﬀerent structures and densities were
obtained, depending on the experimental conditions (details of
the experiments and nomenclature of the typical products are
presented in the ESI†). Typical selected products with diﬀerent
colors are shown in Fig. 1B and S1.†
As shown in Fig. S1,† cream white industrial grade b-HMX
was transformed into various colors, including yellows, grey,
dark brown and black due to the change in compositions,
crystal structures, and molecular conformation aer doping of
the TAGP network. In order to compare the crystal morphologies of these products, the scanning electron microscopy
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(SEM) images (Fig. 2A–G and S2†) coupled with elemental
analyses by EDS (Fig. 2p1–p4 and S3†), as well as transmission
electron microscopy (TEM) images (Fig. 2H–L) were obtained.
As shown in these gures, it is clear that the qy-HMX crystals
obtained under diﬀerent conditions show very diﬀerent
morphologies. In general, the shapes of these HMX crystals can
be simply divided into three categories: polyhedral (Fig. 2A and
E), stick (Fig. 2B and C), and ake (Fig. 2D, F, and G). It is clear
that the slow growth of crystals H-1 and H-4 resulted in the
formation of very diﬀerent morphologies to those of their
counterparts obtained by fast crystallization. However, in the
case of HT-7, both fast and slow crystallization led to the same
ake structure, where the only diﬀerence is the dimensions
(aggregations of tiny akes vs. large plates of hundreds of
microns in size). This means that at a higher temperature,
a larger TAGP network could be formed with less defects, and
under the guidance of these layers, the crystal could be inclined
to grow in 2D pattern.
As a common fact, nitramine crystals are very sensitive to the
electron beam used in SEM and TEM techniques. TEM images
were obtained by measurements on the ltrated precipitates
aer dissolving of the corresponding qy-HMX crystals, mainly
the TAGP dopants. However, it is clear that some blocks of tiny
HMX crystals were still trapped inside the layers of TAGP and
did not dissolve (Fig. 2I, J and S18†). It is clear from the presented SEM (Fig. 2F) and TEM (Fig. 2I) images that some black
spots are present on the surfaces of the involved crystals aer
short-exposure to the electron beam, even at a lower voltage of 5
kV, where HT-0, HT-1, HT-2 and HT-4 are even more sensitive
than the others. The nontransparent blocks shown in Fig. 2I
and J are the carbonized remnant HMX crystals aer exposure
to a high voltage electron beam.25 Typically, there are two types
of 2D TAGP materials formed in the mother DMSO solution.
One is curly and round-packed layers of TAGP with large hollow
defects that look like a shing-net (Fig. 2H). Another is
a smooth transparent graphene-like lm without any defects. In
the presence of highly concentrated HMX molecules, a part of
the original defected TAGP skeleton could be repaired. As
a demonstration, aer dissolving of the crystals of HT-1, HY-4
and HT-7 in a mixed solvent of acetone and ethyl acetate, the
doped TAGP materials could be separated by simple evaporation of about 1/3 of the saturated solution. The materials are
very diﬀerent in morphology: the TAGP inside HT-1 is a mixture
of nanobers and thin lm (Fig. 2J), and it is a hollow thin lm
in HT-4 (Fig. 2K), whereas defect free 2D layers are presented in
the HT-7 crystals (Fig. 2L).
HMX is a exible eight-membered ring compound and can
exist in diﬀerent conformations, leading to diﬀerent crystal
structures with diﬀerent thermal stability, sensitivity, and
reactivity. These crystals are named as a-, b-, g- and d- polymorphs.26 b-HMX is the most stable and is widely used in
various applications. In the beginning, we believed that these
crystals were hybrid crystalline materials (multi-phase, dopants
with various molecular weights), and it was very diﬃcult to
analyze their structures using single-crystal X-ray diﬀraction.
Therefore, to clarify their structural discrepancies, aside from
mass spectrometry and NMR spectroscopy (Fig. 3A, and S6, S7
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Fig. 1 The reaction mechanisms and proposed concept of “net-ﬁshing”: (A), the chemical reaction mechanism of triaminoguanidine nitrate with
glyoxal in the presence of dissolved b-HMX in DMSO. (B) Digital photos of typical as-prepared products: crystalline powders of HT-1, HT-4 and
HT-7 (DMSO/H2O solvent/anti-solvent system). (C) Scheme of the packing and squeezing process of the DMSO molecules from HMX aggregations by 2D TAGP stacked layers with hollow defects, which is therefore vividly so-called a “net-ﬁshing” process. (D) The trapped HMX
molecules crystalize in enclosed TAGP layers as the dopants, as shown in Fig. 2H.

and S12†), various popular techniques used in materials science
were attempted, including FTIR (Fig. S4†), Raman (Fig. S5†),
XPS (Fig. 3B, C, S10 and S11†), powder XRD (Fig. 4C, S8 and S9†)
and small-angle X-ray scattering (SAXS) analyses (Fig. 4A and B).
It is clear from the MS, FTIR and NMR spectra that these
techniques do show us some diﬀerence between the pristine
HMX and the modied/doped HMX crystals, and one thing that
can be conrmed is that the HMX molecules did not decompose
during crystallization under constraint. The Raman spectra are
greatly dependent on the capability of the light scattering used
for the samples, therefore the crystals that are deep in color (e.g.
dark brown HT-3 and black HT-7, see Fig. S1†) have fewer peaks
or broader peaks. As reported in the literature, HMX displays
a ngerprint-like quality for b-HMX in the region of 200–
600 cm1, whereas peaks in the 800–960 cm1 and 1000 to
1500 cm1 region are attributed to the ring-stretching vibration
and symmetric vibrational stretching of the NO2 and N–NO2
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groups of the HMX molecules, respectively. Only HT-7 does not
show these typical peaks due to very weak light scattering,
which contains the highest mass ratio of TAGP dopant among
all of the prepared samples (about 24.67%), whereas HT-4
contains a TAGP content of about 1.96 wt%, as determined by
gel permeation chromatography (GPC) (Fig. S13†).
The deconvolution of the XPS spectra (Fig. S10 and S11†) and
elemental analyses (see in Fig. S3, S4 and Table S1†) show the
successful doping of the TAGP materials inside the HMX crystals. The presence of C–C and N–H bonds, with binding energies of about 283.4 and 398.3 eV, respectively, conrm the
presence of –[NH–N–C(]N–N–)–N–NH–C–C]n– networks
(Fig. 1A) inside the modied HMX crystals. The elemental
analyses using combustion shows that aer doping, there is
about a 0.06–0.13 wt% increase in the C content and 0.09–
0.20 wt% increase in the O content, whereas the N content
decreases by 0.22–0.24 wt% with the hydrogen content almost
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The SEM/EDS and TEM images. (A) The SEM images of pristine b-HMX as the starting material. (B–D), SEM images of the HT-1, HT-4 and
HT-7 crystals obtained via a slow crystallization process (DMSO/H2O solvent/anti-solvent system, diﬀusing and dissolving for over one month in
DMSO at room temperature). (E–G) SEM images of the HT-1, HT-4 and HT-7 crystals obtained via a slow crystallization process (DMSO/H2O
system, water added in 10 minutes). (H and I) TEM images of nanomaterials that disperse in DMSO/H2O solutions after the crystallization process
of HT-4 and HT-7, respectively. (J–L) TEM images of the separated dopants after slow half evaporation of saturated solutions of the HT-1, HT-4
and HT-7 crystals using acetone/ethyl acetate in a 1/1 volumetric ratio. (A1), (E1), (F1) and (G1), the appearance of the DMSO saturated solutions of
b-HMX, HT-1, HT-4 and HT-7 at room temperature, respectively. (P1–P4) EDS spectra of the marked areas in the corresponding SEM images.
Fig. 2

unchanged. In order for better comparison, these changes are
based on the measured elemental content of HMX as the
starting reference material. The measured O content of HMX is
about 1.43 wt% higher than the theoretical value, whereas the
other elements are lower. Since the TAGP dopants are diﬀerent
in size (due to extent of crosslinking) and structure due to
diﬀerent reaction conditions, as shown by TEM, we could not
simply use a single formula to represent these TAGP.
For better comparison, the experimentally measured
formula with normalized number of carbon atoms for the
modied HMX and raw b-HMX crystals are presented in Table

This journal is © The Royal Society of Chemistry 2019

S1.† However, such a small change in elements aer TAGP
doping resulted in large diﬀerences in the crystal structure and
density. According to the SAXS results shown in Fig. 4A and B,
we obtained the phase dimensions of the pure HMX crystal and
hybrid crystals of qy-HMX (HT-4 and HT-7), which is connected
to the level of doping. Guinier analysis (Fig. 4A, when q is very
small) provides important information about sample aggregation and interparticle interference. An increase in the concentration of TAGP dopant greatly aﬀects the value of log (I0) due to
changes in interparticle repulsion. There are single peaks with
almost the same maximum value of scattering vector q located
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Fig. 3 The atomic and molecular spectrometry. (A) The 13C NMR spectra of the starting material HMX, products HT-4 and HT-7. (B and C) The C
1s and N 1s XPS spectra of the b-HMX, as-prepared HT-0, HT-4 and HT-7 crystalline powders, respectively. (D) Raman spectra of the b-HMX, and
HT-1, HT-2, HT-4 and HT-7 crystals powders, where only the black sample H-7 shows a broad peak, due to a high absorption coeﬃcient.

at 0.09 nm1. The sharp peaks indicate that both HMX and qyHMX are fully crystalline. As shown in Fig. 4B, the pair distance
or vector length distance function P(r) distribution is related to
the position of electrons within the scattering samples.27 When
samples are aggregated, the P(r) distribution does not approach
zero in a smooth way. The Dmax value represents the longest
linear distance across a qy-HMX crystal, or, in simpler terms,
the maximum width of the crystals. With the TAGP layers doped
inside the HMX crystals, two shoulder peaks could be observed
above the Dmax of HMX at about 28 nm. These can be attributed
to the scattering from the TAGP dopants dispersed in the crystals of HT-4 and HT-7, where the latter has a higher concentration of TAGP, resulting in a larger Dmax value. Moreover, the
general overall structure of a protein can be determined by the
shape of the P(r) distribution. This indicates that HT-7 is a at
disk, whereas HT-4 and pure HMX are solid spheres, according
to the reference curves,28 which is in agreement with the SEM
results (Fig. 2).
Moreover, the powder X-ray (PXRD) spectra (Fig. 4C) show
that at least HT-1, HT-2, HT-4 and HT-7 do not belong to any
form of polymorphs of existing HMX or their mixtures, showing
extra peaks (e.g. 18.6 , 34.1 ) or shied peaks at various
diﬀraction angles (Fig. S8 and S9†). The calculated space groups
from the PXRD patterns for these modied HMX are quite
diﬀerent from the existing polymorphs of HMX, except for HT-0,
HT-5 and HT-8 (Table S2†), which show almost identical PXRD
patterns to those of b-HMX (Fig. S8†). This means that the TAGP
material is not well assembled with the HMX molecules,
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resulting in a decreased density. The other qy-HMX crystals with
a diﬀerent crystal structure have a higher density than pristine
b-HMX, where HT-7 has the highest density of 2.13 g cm3.
As mentioned earlier in this work, if we dissolve the qy-HMX
powder with a higher density, the solutions are homogenous
with a diﬀerent color (Fig. 2), from which slow recrystallization
could be achieved. For instance, powdered qy-HMX with TAGP
dopants and pristine b-HMX were recrystallized naturally by
slow dissolving of these materials in DMSO solutions with
ethanol as the anti-solvent. It is easy to grow micron-sized qyHMX crystals, but these crystals are not as homogenous as
their as-prepared powdered counterparts due to the random
doping of TAGP layers with diﬀerent sizes during the slow
crystallization process, resulting in a discontinuous color
(Fig. 5A1–A3). In this case, it is extremely diﬃcult to clarify how
these TAGP layers are intercalated in the crystals of these
composite HMX-based crystals. Interestingly, if we separate the
dopant TAGP layers and the HMX molecules using a mixture of
acetone and ethyl acetate as the solvent, based on which the
crystals of squeezed HMX (qy-HMX) molecules can be obtained,
the structure can be determined (CCDC 1850523†) by singlecrystal X-ray diﬀraction. The qy-HMX crystal obtained from
HT-4 and HT-7 shows almost the same cell parameters, but
a higher crystal density than that of the original b-HMX (Table
S4†). This means that even aer removal of the dopants, the
modied HMX molecules assemble with a higher density due to
permanent conformational change upon compression of the 2D
TAGP material.
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Fig. 4 (A) The dependence of the scattering intensity, I(q), as a function of the scattering vector q; (B) pair distribution functions, P(r), related to
the position of electrons within the scattering qy-HMX samples from small-angle X-ray scattering (SAXS); (C) powder X-ray spectra of b-HMX, gHMX, and the as-prepared HT-1, HT-4, HT-7 crystals.

The crystal lattice unit cell parameters of qy-HMX are as
follows: monoclinic, space group P21/c (no. 14), with a ¼
6.527(5) Å, b ¼ 10.926(7) Å, c ¼ 8.699(7) Å, b ¼ 124.59(2) , V ¼
510.6(7) Å3, Z ¼ 2, Dcalc ¼ 1.926 g cm3. The conformation of the
squeezed HMX molecules and the resulting qy-HMX crystal is
very close to that of b-HMX when it was hydrostatically pressed
at a pressure of 0.2 GPa, named as HMX-II.17 The rened cell
parameters of HMX-II are as follows: space group P21/c, a ¼
6.495(0.014) Å, b ¼ 10.952(0.010) Å, c ¼ 8.693(0.024) Å, b ¼
124.53(0.20), Dcalc ¼ 1.931 g cm3. These pressed/squeezed
structures are both consistent and proportional to those of bHMX under ambient conditions: a ¼ 6.54 Å, b ¼ 11.05 Å, c ¼
8.70 Å, b ¼ 124.30 , Dcalc ¼ 1.893 g cm3.28
The same single-crystal X-ray experiment was carried out on
squeezed RDX, but little change was observed for its conformation (CCDC 1850522†), even though the corresponding
doped RDX crystal has a density of 2.04 g cm3. This means that
the doping method of TAGP with constraining eﬀect is
universal, but that the extent of conformational change greatly
depends on the rigidity of the molecules, since the HMX
molecules with an eight-membered ring are much more exible
than RDX. This reveals that aer squeezing by the TAGP layers,
the conformation of HMX was largely changed (Tables S5–S10
and Fig. S16†). DFT calculations using the experimental CIF le
(CCDC 1850523†) of pure qy-HMX show that it is a completely
new crystal phase of HMX. Its stability is even better than the

This journal is © The Royal Society of Chemistry 2019

most stable form (b-HMX) as reported. In the presence of
solvent molecules (liquid state), such change is irreversible, and
hence the new conformation was maintained during the
recrystallization process even aer removal of the dopants,
resulting in a higher packing density (Table S4 and Fig. S16†).
Polymorphic HMX crystals form due to diﬀerent arrangements of molecules in the unit cells, and thus display very
diﬀerent solid-state properties, such as density, thermodynamic
and physicochemical properties, including dissolution rate,
stability, hardness, and spectroscopic properties. These properties are strongly related to their product quality and performance. As the most stable form at room temperature, b-HMX is
stable below the temperature of 185  C,29 aer which a polymorphic transition b / d occurs, showing the rst endothermic peak at 190.5  C (Fig. 5A) and followed by partial
melting with a peak temperature of 280.1  C before decomposition. It has been reported that under a pressure of over
0.12 GPa, such transition was excluded and HMX decomposes
in the state of the b-form.17 Interestingly, it is also the case for
HT-1, H-4 and HT-7, where no endothermic peak was shown
before their decomposition. More importantly, the thermal
stability has been improved in the cases of HT-1 and HT-4. This
means that aer squeezing of the TAGP layers as dopants, the
HMX molecules with modied conformation and extra constraining force are no longer sensitive to the temperature. In
addition, interestingly, there is no heat change in the
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Fig. 5 Thermal behavior, density, safety and performances. (A and B) Non-isothermal DSC and TG curves of the starting material b-HMX and
products HT-1, HT-4 and HT-7 with a heating rate of 10 K min1, where the products show no endothermic peaks due to exclusion of the
polymorphic transition and they have obvious diﬀerent mass loss behavior due to the variation in doping content. (A1–A4) Digital photos of the
selected micron-sized modiﬁed HMX crystals; (C), comparison of the crystal density measured by densitometer using helium as the ﬁlling gas. (D)
The impact sensitivity (energy) of raw HMX and the selected modiﬁed HMX, evaluated using a 5 kg dropping hammer according to the military
standard documented as GJB 772.206–1989. (E–G) Experimental heat of formation (DHf), calculated detonation velocity (VoD) and speciﬁc
impulse (Isp) of raw b-HMX and typical TAGP doped HMX crystals under identical conditions.

temperature range of 180–220  C (Fig. 5A, Tables S12 and S14†),
which is supposed to be when the exothermic decomposition of
the TAGP layers occurs.24 This further indicates the successful
intercalation of these 2D materials in the crystal of HMX, and
therefore the hybrid crystal lattice stabilizes the TAGP structure,
resulting in a complex single exothermic peak.
In terms of the decomposition heat under the same experimental conditions, the heat of TAGP-doped HMX is higher than
that of pristine HMX (1574 J g1), except for HT-7, and the
highest heat produced by HT-2 is about 1688 J g1. More
importantly, HT-2 is also the safest material out of all of the
presented samples, with an impact sensitivity (Im) of 112 cm
(54.9 J, Fig. 5D), whereas it is 24 cm (11.8 J) in the case of
pristine HMX. One has to note that these Im values are obtained
based on the Chinese military standard, which is usually over

17812 | J. Mater. Chem. A, 2019, 7, 17806–17814

two times greater than that of the BAM standard. As shown in
Table S14,† the densities of HT-4 and HT-7 are around 2.04 and
2.13 g cm3, respectively, even higher than that of the currently
used most powerful explosive 3-CL-20. In comparison, HT-0 has
the lowest density of 1.62 g cm3, which is much lower than that
of pristine HMX and even close to that of the TAGP material
(1.54 g cm3). This means that the intercalation of TAGP under
diﬀerent experimental conditions results in various states of
molecular assembly with diﬀerent packing densities, which
makes the performances of the doped energetic crystals
tunable. One can also notice that the decomposition residues of
HT-0 and HT-7 (Table S12†) are much higher than those of the
other materials, due to the nonvolatile products from the higher
content of TAGP dopant. It has been reported that TAGP
decomposes with a residue of about 45.4 wt%,24 and herein, HT-
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7 contains about 24.67 wt% TAGP, resulting in a residue of
11.9 wt% (Fig. S15,† 45.7%  24.67% ¼ 11.2%), which further
validates the GPC results (Fig. S13†).
In order to compare the performances of these new EMs, as
routine work, the heat of formation was calculated based on the
experimental heat of combustion data. Then, the detonation
velocity (VoD) and ground specic impulse (Isp) were calculated
using commercial code “Explo-5” based on the experimental
data: density, heat of formation (DHf), as well as elemental
content. For better comparison, pristine HMX as a starting
material was also measured in all cases, resulting in slightly
diﬀerent formulae (Table S14†). The heat of combustion values
(DHc) vary a lot, and the DHc per unit mass values are all
increased aer doping, but the DHf values of b-HMX, HT-0, HT1 and HT-4 do not diﬀer too much due to the corresponding
changes in elemental content (Fig. 5E). Even using the experimental formula, the obtained VoD value of pristine b-HMX
(9277 m s1) is very close to the average value of the reported
VoD using its theoretical formula. It has been shown that the
heat of combustion (DHc) of the doped HMX is higher than that
of pristine HMX, especially in the case of HT-7, the DHc value of
which is as high as 10.36 kJ g1. As a common fact, the
performances of EMs are highly dependent on their density,
especially in the case of detonation pressure (PC-J). One could
notice that HT-7 reaches a PC-J of 53.87 GPa (Table S14†), which
is 35% higher than that of the pristine HMX, even higher than
the most powerful energetic compound 3-CL-20 (44.98 GPa)
currently in service. In terms of VoD and Isp, the values of HT-4
and HT-7 are both higher than those of pristine HMX and even
3-CL-20 (Fig. 5F and G). In particular, the calculated values of
VoD for HT-7 and HT-4 are 10.40 and 9.88 km s1, respectively,
indicating that these materials could be widely used in both
military and civil applications if these values were experimentally conrmed. Also, the Isp value of HT-7 reaches about 292 s,
making it a very promising propellant component for use in
future space explorations.
In order to experimentally validate the performance
enhancement aer doping of TAGP, HT-4 was selected for
scaling up due to the better shape of the crystal and promising
theoretical performance. Unfortunately, the scaling up brings
about large inhomogeneity, which is the nature of the crystallization process with in situ 2D material doping. It was quite
challenging to obtain homogeneous crystal density, and the
average density of the obtained 50 g batch was about
1.94 g cm3. Modeling of the HT-4 powder and corresponding
cylindrical pressed charges of the detonation velocity
measurements are presented in Fig. S17.† Black spots can be
clearly observed on the surfaces of the pressed charges, so that
the pressed density is only 94% of the theoretical maximum
density due to inhomogeneous doping. The measured VoD
value for scaled HT-4 is about 9292 m s1, whereas it is
9158 m s1 for pristine HMX under the same experimental
conditions. Such results show possible further improvement of
the performance via the use of better preparation techniques
using this constraint doping strategy.
In summary, we demonstrated herein a new synthetic route
to the in situ generation of TAGP in the presence of HMX
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molecules to modify and improve the performance of the
resulting hybrid crystalline EMs. It is a facile and eﬃcient
approach that can be used to improve the energy density of
nitramine crystals, resulting in the formation of fairly good 2D
materials with reinforced crystal structures. More importantly,
the dual-eﬀect of constraining and doping of TAGP greatly
increased the density of the resulting crystals, and hence the
energetic performances were signicantly improved, surpassing
that of the most powerful energetic compound CL-20 currently
used. We believe that the successful demonstration of this
interesting “net-shing” system in crystal engineering or
materials science could somehow inspire more scientists to
conceive better ideas for the construction of novel crystalline
materials for use in various applications.
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