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ABSTRACT: The exploration of the microstructural evolution and reaction kinetics of energetic materials with high-temperature
and high-pressure water contributes to the understanding of their microscopic physicochemical origin, which can provide critical
experimental data for the use of energetic materials. As a promising high-energy and insensitive energetic material, LLM-105 has
been investigated under extreme conditions such as high pressure and high temperature. However, little information is available
about the effect of water on LLM-105 under high pressure and high temperature. In this work, the interaction between LLM-105
and water under HP-HT was investigated in detail. As a result, the dissolving behavior of LLM-105 in water under high pressure and
high temperature is related to the initial pressure. When the initial pressure is less than 1 GPa, LLM-105 crystals are dissolved in
high-temperature water; when the initial pressure is above 1 GPa, LLM-105 particles are only decomposed in high-temperature
water. When the solution is saturated at a high temperature, recrystallization of the LLM-105 sample appears in the solution. High
pressure hindered the dissolution process of the sample in HP-HT water because the interaction between the solute and the solvent
was weakened by high pressure. The initial pressure is one of the significant parameters that determines whether LLM-105 crystals
can be dissolved in high-temperature water. More importantly, water under high pressure and high temperature can not only act as a
solvent when dissolving the samples but also act as a catalyst to accelerate the decomposition process. In addition, the HP-HT water
reduced the decomposition temperature of the LLM-105 crystal to a large extent. The research in this paper not only provides
insights into the interaction between LLM-105 and water but also contributes to the performance of energetic materials under
extreme conditions and their practical applications in complex conditions.

1. INTRODUCTION
Water is a common solvent, but many organic materials hardly
dissolve in ambient liquid water. On the other hand, water
tends to become a weakly polar solvent with increasing
temperature and pressure, so some organic materials, such as
wood, willow, cellulose, and polyethylene terephthalate,
possess high solubilities in HP-HT water.1−8

Generally, explosives undergo a series of extreme conditions,
such as high pressure and high temperature, during detonation.
Many explosives generate intermediate water and the final
product of water in the process of decomposition. Some works
have investigated the role of water from the decomposing
product during detonation by experiments and calculations.
Wu et al. found that water may catalyze complex explosive

reactions in the decomposition process of PETN, which is
contrary to a previous work showing that water is simply a
stable detonation product.9 Additionally, He and Chen et al.
tracked the dissociation process of HMX and discovered the
special catalytic action of intermediate water.10 The
intermediate water catalyzes decomposition by affecting the
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transport of oxygen, proton, and hydroxyl groups. However,
the interactions between high-temperature high-pressure (HP-
HT) water and energetic materials still remain insufficient.
2,6-Diamino-3,5-dinitropyrazine-1-oxide, known as LLM-

105, is a typical nitro energetic material with some excellent
properties, such as low sensitivity and high energy density.11−20

The density of LLM-105 crystals is 1.919 g/cm3 under ambient
conditions, and the calculated energy content of LLM-105 is
approximately 85% that of HMX.20 The higher nitrogen
content and density of LLM-105 lead to a higher detonation
heat of 3.721 kJ/g, detonation velocity higher than 7.5 km/s,
and detonation pressure higher than 30 GPa.21 It possesses a
monoclinic structure (space group P21/n(14)) with a wavelike
π−π stacking packing arrangement, which has four molecules
in the unit cell, as presented in Figure S1a. In addition, each
molecule consists of one pyrazine ring, two amino groups, two
nitro groups, and one exposed oxygen atom.22−25 Moreover,
extensive intra- and intermolecular hydrogen-bond interactions
exist in the LLM-105 crystal and maintain its structural
stability up to 615 K at ambient pressure.26−28

For the LLM-105 explosive, extensive research has focused
on the mechanism and the products of thermal decom-
position.29−31 Xiao et al. studied the gas release mechanism
with three stages for LLM-105 at different temperatures by
infrared spectroscopy.29 Yu et al. investigated the mechanism
of the two-step thermal decomposition for LLM-105.31 In our
previous works, we investigated the initial decomposition of
LLM-105 under high temperature (HT) and/or high pressure
(HP) and found that the reversibility of intramolecular H
transfer is responsible for the low sensitivity mechanism of
LLM-105.32,33 The results indicated that the initial decom-
position mechanism varies under high pressure and high
temperature.
These investigations mentioned the role of water in the

products during the thermal decomposition of the explosives.
As described above, these products and raw explosives should
undergo a high-pressure and high-temperature environment. In
the process of detonation, transport, and storage, explosives

should exist in a small amount of water under high pressure
and high temperature. The dissolution evolution of explosives
in water under high pressure and high temperature can help us
understand the explosive performance in water.
In previous thermal decomposition investigations of LLM-

105, H2O was one of the main decomposition products. H2O,
as an intermediate and/or final product, should modify the
reaction progress of LLM-105 under HP and HT. However,
very little information is available about the solubility evolution
of energetic materials in water under HP and HT. In the
current work, the solubility evolution of LLM-105 crystals in
water under high pressure and high temperature is investigated
by microscopy, Raman spectroscopy, and IR spectroscopy. The
results provide deep insights into the dissolving properties of
organic energetic materials in water under high pressure and
high temperature.

2. EXPERIMENTAL SECTION
LLM-105 crystals from the China Academy of Engineering
Physics were prepared by the reported method and used
without further purification.26,27 A diamond anvil cell (DAC)
with heaters was employed to generate the high-pressure and
high-temperature environment. The diameter of the diamond
culet was 400 μm, and a hole was drilled in a stainless-steel
gasket with a diameter of 200 μm. The pressure calibration was
determined by the R1 line of ruby luminescence.34 A resistive
heater wrapped around the diamond was used to control the
temperature of the DAC, and the accuracy of the temperature
was estimated to be 1 K. A K-type thermocouple was used to
measure the temperature. The heating rate was kept at 3 k/min
during all of the experiments. In the high-temperature high-
pressure experiment, the LLM-105 crystal, ruby, and distilled
deionized water were packed into the sample chamber. After
preparing the sample and water in the DAC, the pressure was
loaded first, and then, the temperature was increased to the set
point.
The Raman spectra were obtained through a micro Raman

system (HR800, JY-Horiba) equipped with a confocal

Figure 1. Temperature-dependent Raman spectra of the LLM-105 crystal without water with an initial pressure of 0.7 GPa. Raman spectra in the
ranges of (a) 50−1000 cm−1, (b) 1000−1800 cm−1, and (c) 3100−3500 cm−1.
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microscope, a stigmatic spectrometer, and a multichannel air-
cooled CCD detector. A 632.8 nm He-Ne laser was employed
for excitation of the sample. The focal spot of a laser beam on
the sample was around 20 μm. To reduce the fluorescence
background and avoid damage to the sample, the incident
power on the sample was controlled below 20 mW. During the
heating process, in situ Raman spectra were measured, and
optical micrographs were obtained.

3. RESULTS AND DISCUSSION
3.1. Stabilities of LLM-105 Crystals with/without

Water at an Onset Pressure of 0.7 GPa with Increasing
Temperature. The XRD pattern in Figure S1b exhibits
diffraction peaks in accordance with the monoclinic crystal,
suggesting the pure phase of LLM-105. The Raman and IR

spectra of the crystal under ambient conditions agree well with
those previously reported for samples of LLM-105, as shown in
Figure S2. Figure 1 shows the temperature-dependent Raman
spectra of LLM-105 crystals without water at a primitive
pressure of 0.7 GPa. There are no apparent changes except for
Raman peak shifting and broadening for LLM-105 crystals up
to 400 °C, as shown in Figure 1. In our previous work, we
demonstrated that the decomposition temperature is greatly
enhanced when the initial pressure is less than 1 GPa due to
the pressure-induced strengthening of the hydrogen-bond
network. The decomposition temperature of the LLM-105
crystal increases to 470 °C for an initial pressure of 0.7 GPa
from 352 °C at ambient pressure.13,33 However, the water may
decrease the decomposition temperature to a large extent
under HP-HT conditions.

Figure 2. (a, b) Raman spectra of the LLM-105 crystal in water with an initial pressure of 0.7 GPa at different temperatures. (c) Temperature-
dependent Raman shifts for the modes involving hydrogen bonds for LLM-105 crystals with/without water at an onset pressure of 0.7 GPa. The
modes for the sample in water are labeled γ(NH2), ν(NO2), and ν(NO), and the modes for the sample without water are γ′(NH2), ν′(NO2), and
ν′(NO). The modes of γ(NH2) and γ′(NH2) represent the rocking vibrations of NH2 groups; the ν(NO2) and ν′(NO2) modes correspond to the
symmetric stretching vibrations of nitro groups; and the ν (NO) and ν′(NO) modes correspond to the stretching vibrations of the O−Nin‑ring bond.

Figure 3. Optical microimages of the sample in water under high temperature with an initial pressure of 0.7 GPa. (a−g) With a heating rate of 3 k/
min, (g−l) with a duration of 12 min for the chamber held at 320 °C.
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Temperature-dependent Raman spectra of LLM-105 in
water with an onset pressure of 0.7 GPa are displayed in Figure
2a,b. As the temperature increases, the Raman peaks also
broaden and move to low frequencies below the dissolution
temperature. At 320 °C, the LLM-105 crystal gradually
dissolved into the water, as observed in the micrographs of
Figure 3. During dissolution, the Raman spectra of the LLM-
105 crystal maintain consistency with each other, as shown in
Figure S3. After the LLM-105 crystal was completely dissolved,
there was no signal relative to the LLM-105 crystal in the
Raman spectrum. The results show the decomposition
temperature in water is much lower than that without water
under HP-HT, which demonstrates the catalyst behavior of
HP-HT water.
As mentioned above, the pressure-induced hydrogen-bond

enhancement lifts the decomposition temperature for the
LLM-105 crystal without water. Although LLM-105 crystals
are insoluble in water under ambient conditions, they can be
soluble in water under high temperature and high pressure.
The existence of water modifies the structural evolution
pathway of the LLM-105 crystal under high temperature and
high pressure.
Figure 2c compares the Raman shifts involving hydrogen

bonds for LLM-105 without and with water under HP-HT
conditions. At room temperature, the 1385 cm−1 peak is
ascribed to the rocking vibration of the NH2 group (γ(NH2)),
and the modes at 1350 and 1254 cm−1 correspond to the
stretching vibrations of NO2 groups and the stretching
vibrations of the O−N ring bond, where the N atom is
embedded in the ring. The peaks of γ(NH2), ν(NO2), and
ν(NO) are the Raman shifts of the crystal in water, while the
peaks of γ′(NH2), ν′(NO2), and ν′(NO) are from the sample
without water. Three peaks of γ′(NH2), ν′s(NO2), and

ν′(NO) linearly shift to red with increasing temperature for
water-free LLM-105, as shown in Figure 2c. Three peaks of
γ(NH2), ν(NO2), and ν(NO) maintain the sample red-shift
rate below 240 °C and then accelerate the red-shift speed.
The same phenomena can be found, and the inflective point

is approximately 200 °C for LLM-105 with water at an initial
pressure of 0.3 GPa, as shown in Figure S4. First, heating
improves the solubility of LLM-105 crystals in water under
high pressure due to the properties of HP-HT water, which can
also be found in other organic materials.1−8 This is because
water near its critical point (374 °C, 218 atm) possesses
properties very different from those of ambient liquid
water.35−38 Water as a polar solvent under ambient conditions
transfers to a weakly polar solvent due to the decreasing
dielectric constant with increasing temperature under high
pressure. The weakly polar solvent can dissolve some organic
compounds, such as DAAF39,40 and LLM-105. Therefore, the
inflection points of 200 and 240 °C correspond to the initial
soluble temperatures for LLM-105 crystals at the onset
pressures of 0.3 and 0.7 GPa, respectively.
Figure 3 presents the optical micrograph of the sample in

water under high temperature and high pressure. The heating
rate was 3 K per minute. Some small LLM-105 particles
initially dissolve in water at 280 °C for an onset pressure of 0.7
GPa, as indicated by the red circle labeled in the upper part of
Figure 3e,f. The small particles at the upper corner from Figure
3e,f disappear at 320 °C, and the large particles enhance their
transparency due to the dissolution of the cover tiny particles
at approximately 300 °C. Holding the sample at 320 °C, the
large crystal particle attenuates its size and completely dissolves
after 12 min, as shown in Figure 3l. The optical micrograph
shows that the initial soluble temperature is 280 °C higher
than the value obtained from the Raman shift, as shown in

Figure 4. Schematic diagram of the dissolution behavior of LLM-105 in HP-HT water. The NO2 group and the O atom bonding with the N atom
in the ring can form intermolecular hydrogen bonds with nearby water molecules. When the interactions between molecules from the surface area
of the LLM-105 crystal and HP-HT water are strong enough, the LLM-105 molecule can be dragged out and then form a water solution. When the
temperature increases, the dielectric constant of water decreases and can act as a solvent. The distance between molecules shortened under high
pressure, which enhanced the hydrogen-bond interaction between water and LLM-105 molecules.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03107
ACS Omega 2023, 8, 24654−24662

24657

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03107/suppl_file/ao3c03107_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03107/suppl_file/ao3c03107_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03107?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03107?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. This demonstrates that Raman spectroscopy is more
sensitive for detecting the primitive soluble temperature.

3.2. Dissolution Mechanism of LLM-105 Crystals in
Water under High Pressure and High Temperature. The
possible initial steps of molecular dissociation for the LLM-105
crystal in water are illustrated in Figure 4. The NO2 group and
the O atom bonding with the N atom in the ring can form
intermolecular hydrogen bonds with nearby water molecules.
When interactions such as hydrogen bonding between
molecules from the surface area of the LLM-105 crystal and
HP-HT water are strong enough, the LLM-105 molecule can
be dragged out and then form a water solution. When the
temperature increases, the dielectric constant of water
decreases and can act as a solvent. The distance between
molecules is shortened under high pressure, which enhances
the hydrogen-bond interaction between water and LLM-105
molecules.
The variation in hydrogen-bond interactions between the

LLM-105 molecule and H2O molecules can also be seen from
the Raman spectra, as displayed in Figure 2c. Above 240 °C
with an initial pressure of 0.7 GPa, the enhanced hydrogen-
bond networks constrict the vibrations involving the nitro and
amino groups and result in the fast red-shift of the modes
connected to these groups. Below 240 °C, few hydrogen bonds

hardly suppress the vibrations for these modes, so the red-shift
rates are the same as those of LLM-105 without water, as
shown in Figure 2c. HP-HT water dissolves LLM-105
molecules from the surface of the crystal, and then, the
disengaged molecules diffuse into water. As observed in Figure
3, the dissolution is along the edges of the original crystals.
This can also be speculated from the fact that small particles
are easier to dissolve in HP-HT water, which will be discussed
in the next section. With increasing separation of molecules
cleaved from the crystal surface, the dissolved molecules
further diffuse into the water, and finally, the solution saturates
for the low ratio of LLM-105 particles in the chamber or the
sample completely dissolves for the large ratio of water in the
hole.

3.3. Saturated Dissolution and Particle Size-Depend-
ent Dissolving Rate for LLM-105 Crystals in Water at an
Initial Pressure of 0.3 GPa with Increasing Temper-
ature. Figure 5 shows the temperature-dependent micro-
graphs for LLM-105 crystals with water at an initial pressure of
0.3 GPa. These images reveal that the LLM-105 crystals
initially dissolve at 260 °C and completely dissolve after 12
min at 260 °C. With the increasing dissolution of LLM-105
crystals, the color of the solution deepened slowly. After
cooling the solution to room temperature, there were no

Figure 5. Micrographs of the LLM-105 sample in water with increasing temperature and an initial pressure of 0.3 GPa.

Figure 6. (a) Micrographs of LLM-105 particles with different sizes and an initial pressure of 0.3 GPa at different temperatures. (b) Dissociation
rate of the largest particle and the smallest particle at 260 °C with an initial pressure of 0.3 GPa.
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significant changes, and no recrystallization was observed after
standing for several days. In the heating process, no obvious
changes were found in the Raman spectra of LLM-105 crystals
below the dissolution temperature of 260 °C, as shown in
Figure S6. The Raman spectra of the solution at 260 °C and
back to room temperature display no signal relative to LLM-
105 crystals. The pressure in the chamber increases with
increasing temperature, as shown in Figure S5.
As described above, particle size is an important parameter

for solubility. In Figure 6, we compare the large particles and
small particles of the LLM-105 powder crystals under HP-HT

with an initial pressure of 0.3 GPa. There are three particles of
LLM-105 crystals in the chamber, and the smallest particle is
dissolved first. The dissociation rates of the largest and smallest
particles are shown in Figure 6b. The smaller particles dissolve
faster than the larger crystals because they have a larger
surface-to-volume ratio. Figure 4 is a schematic diagram of the
dissolving mechanism for LLM-105 crystals in water under
high pressure and high temperature. It is clear that LLM-105
molecules in the interface area of the crystal are first dissolved.
Moreover, small particles possess a high specific surface area,
so they contact HP-HT water and can be dissolved directly.

Figure 7. Optical micrographs of LLM-105 with increasing temperature. The initial pressure is 0.3 GPa. The sample occupying a large part of the
hole begins to decompose as the solution reaches saturation when kept at high temperatures.

Figure 8. (a) Optical images of the sample in high-temperature water with an initial pressure of 1.2 GPa. (b) Raman spectra of LLM-105 during the
heating process.
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This process can be found in Figure S7. With an initial
pressure of 0.3 GPa, the powder crystals occupy the majority of
the DAC chamber. As the temperature increased, the small
particles dissolved first, and the solution reached saturation.
Finally, the remaining larger particles became transparent.
As shown in Figure S8, when the solution saturates under

high temperature, small rodlike crystal particles of LLM-105
occur from the solution while maintaining the temperature at
260 °C. As shown by the red circle-labeled particles in Figure
S8, the crystal size becomes larger after 30 min in the solution.
It is comprehensible that the recrystallization of the LLM-105
sample would appear when the solution is saturated at high
temperatures.
Figure 7 displays the evolution process of LLM-105 crystals

in water at an initial pressure of 0.3 GPa with increasing
temperature, where the ratio of water to sample is
approximately 1:3. When the sample particles occupied the
majority of the chamber, the sample dissolved partially as the
temperature increased to 300 °C. The sample would not
continue to dissolve due to rapid saturation. Holding the
sample at 300 °C, the remaining crystals began to decompose.
This indicates that the HP-HT water can not only dissolve the
organic sample but also catalyze the decomposition process.
The sample was completely decomposed after 8 min. The
larger amount of gas products generates abundant bubbles in
the chamber, as shown in Figure 7.

3.4. Repression of Dissolution of LLM-105 Crystals in
Water under High Temperature and Pressure above 1
GPa. The abovementioned initial pressure is limited below 1.0
GPa, and the LLM-105 crystal can dissolve in HP-HT water.
In addition, experiments with an initial pressure above 1.0 GPa
were carried out as well. The LLM-105 crystals with an initial
pressure of 1.2 GPa are not dissolved below 300 °C and
decompose above 350 °C, as shown in Figure 8a. The surface
of the crystal becomes rough at 300 °C. The decomposition
process was basically complete when the temperature was
increased to 380 °C. As the temperature cools down to room
temperature, bubbles start to appear in the chamber. Under
high temperature and high pressure, the gases are miscible35,38

in water, which leads to a few bubbles. The pressure in the
sample chamber decreases with cooling, as shown in Figure S5.
The lowering pressure results in the weak solubility of gas
products in water and blows the bubbles, as shown in Figure
8a.
After complete decomposition, the residual black matter is

presumed to be decomposition products such as carbon
clusters. The Raman spectra during the heating process are
illustrated in Figure 8b. Similar to the results of the initial
pressure below 1 GPa, the Raman signal was almost unchanged
except for the peak shifts and broadening before decom-
position of the crystal. At 350 °C, the remaining products were
measured by Raman spectroscopy, and there was no signal
relative to the LLM-105 crystal.
Although the LLM-105 crystals occupy a very small rate

relative to water in the sample chamber, they do not dissolve in
water at an initial pressure above 1 GPa, which is totally
different from the situation when the initial pressure is less
than 1.0 GPa. After repeating the HP-HT experiments for
LLM-105 in water several times, we concluded that the initial
pressure is one of the significant parameters that determines
whether LLM-105 can be dissolved in high-temperature water.
As the pressure increased, the diffusion of the solution was

restricted, and then, the surface of the LLM-105 crystal was

surrounded by the solution, thus making the contact area
between the solute and solvent small. As a result, the whole
dissolution process of the sample was repressed by high
pressure. Finally, the crystal is decomposed with increasing
temperature. In this case, HP-HT water only acts as a catalyst
during the decomposition of the organic crystal.
Figure 9 shows a comparison of the pressure−temperature

boundaries of the LLM-105 crystal under high pressure with

and without water. In a previous work, we concluded that
increasing pressure decelerates the thermal decay processes.23

At a relatively low pressure (<1 GPa), high-temperature water
can directly dissolve the organic crystals. From Raman peak
shifts, 200 and 240 °C correspond to the initial soluble
temperatures for LLM-105 crystals at the onset pressures of 0.3
and 0.7 GPa, respectively. Also, the decomposition temper-
atures are a little higher than the soluble temperatures when
the initial pressure is below 1 GPa. From Raman spectra and
microscopic images, the decomposition temperature is 300 °C
at 0.3 GPa, while it is 320 °C with an initial pressure of 0.7
GPa. As a consequence, HP-HT water accelerates the thermal
decay processes. From Figure 9, it is clear that the existence of
HP-HT water reduced the decomposition temperature of the
LLM-105 crystal to a large extent. This is because HP-HT
water can act as a catalyst in the decomposition processes of
LLM-105.

4. CONCLUSIONS
In conclusion, the interaction between LLM-105 and water
under HP-HT was investigated. The dissolution behavior of
LLM-105 in high-pressure and high-temperature water is
related to the initial pressure. When the initial pressure is less
than 1 GPa, LLM-105 crystals first dissolved in high-
temperature water. For initial pressures above 1 GPa, LLM-
105 particles only decompose in high-temperature water. At
lower initial pressures, the LLM-105 sample particles can be
completely dissolved in high-temperature water. The saturating
solution facilely recrystallizes rodlike LLM-105 crystals for the
large ratio of LLM-105 in the chamber. At higher pressures,
the dissolving process is repressed and the sample decomposes
with increasing temperature. In addition, the temperature−

Figure 9. Decomposition/dissolution boundary of the LLM-105
crystal under high pressure with/without water.
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pressure decomposition boundary of the water environment
was established. The results reveal that the presence of water
significantly lowered the LLM-105 crystal decomposition
temperature. As a consequence, high-pressure high-temper-
ature water can not only act as a solvent in the dissolving
process but also act as a catalyst in the decomposing process.
This work not only provides insights into the interaction
between LLM-105 but also contributes to the response of
energetic materials under extreme conditions and their
practical applications in complex situations.
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