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The oxygen balance (OB) of energetic materials plays a critical role in determining the efficiency and
effectiveness of energy release during combustion or detonation. To enhance the OB and
comprehensive properties of 3-picrylamino-1,2,4-triazole (PATO), which is a high-energy and low-
sensitivity explosive, this study employed a self-assembly strategy to combine nitric acid with PATO,
resulting in a novel 3-picrylamino-1,2,4-triazole-nitric acid self-assembled energetic material (PATO-N).
Its structure was characterized by single crystal X-ray diffraction, and the thermal decomposition
properties and impact sensitivity were measured. The detonation performances were predicted by
EXPLOS and the OB was calculated based on its molecular formula. The results indicate that the self-
assembly of PATO and HNOs effectively enhanced the explosive's OB (—67.7% to —44.6%)and promoted

Received 22nd July 2025 the completeness of the detonation reaction. PATO-N exhibits good thermal stability with an improved
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decomposition temperature of 315.9 °C. Its theoretical detonation velocity is 7.8 km s~%, while the

DOI: 10.1038/d5ra05291b detonation pressure is 25.2 Gpa. PATO-N exhibited an impact sensitivity (Hso) exceeding 112.2 cm,
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1 Introduction

Energetic materials are a class of special substances that rapidly
release energy and generate gas in a short time through their
own redox reactions after being stimulated by a certain external
environment, including explosives, pyrolite, propellants, etc.'”
Self-oxygenation is a basic characteristic of explosives. The
oxygen balance (OB), defined as the oxygen surplus or deficit per
unit mass of the explosive after complete oxidation of its
combustible elements, is an important indicator for character-
izing the explosive performance,* and is related to the detona-
tion velocity, detonation pressure, detonation heat, and work
capacity.” In the field of modern energetic materials, widely
used elemental explosives generally exhibit negative OB. Such
explosives include TNT (—74%),° RDX (—21.61%),” HMX
(—22%),* and CL-20 (—10.95%).° A negative OB causes the
explosive to produce incomplete oxide during the detonation
process, reducing the energy release efficiency. Recently, in
response to this important issue, studies have mainly con-
ducted OB optimization research in three directions, with
relevant findings reported in each. First, the introduction of
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classifying it as an insensitive energetic material.

oxygen-containing groups in the molecular skeleton of explo-
sives regulates the molecular OB directly."*** However, this
method encounters challenges such as complex synthesis
routes and long development cycles or it may affect the stability
and safety of explosives. Second, the explosive and oxidant'® are
mechanically mixed in specific proportions to form composite
explosives,’*?' aiming to enhance energy release efficiency,
such as thermobaric explosives.?*** However, mechanical mix-
ing is challenging owing to the need for sophisticated tech-
nology and strict safety measures. Third, the supramolecular
self-assembly of oxidizing molecules and explosives based on
the self-assembly strategy is a promising modification method
with simple operation and an environmentally benign process.

The self-assembly strategy refers to the spontaneous orga-
nization of different components through non-covalent inter-
actions, such as hydrogen bonds, van der Waals forces, or ©-m
stacking, to form an ordered structure in the target material.>***
In early-stage research, hydrogen peroxide (H,0O,), nitric acid
(HNO3), and perchloric acid (HClO,) have been frequently
employed in conjunction with explosives to improve the OB
performance of explosives through self-assembly. For example,
Song et al.*® designed and prepared three self-assembled ener-
getic materials by combining 2,4,6-tria-mino-1,3,5-triazine-1,3-
dioxide (TTDO) and strong oxidizers (H,O,, HNO3z;, HCIO,).
The OB of the novel composite materials was noticeably
improved, with 2,4,6-triamino-1,3,5-triazine-1,3-dioxide-HNO;
self assembled energetic material (TTDON) exhibiting
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particularly outstanding performance, specifically achieving
a high density of 2.047 g cm > and detonation performances (D,
= 9284 m s ', P = 41 GPa) comparable with those of HMX.
Similarly, Jiang et al.>” demonstrated that the self-assembly of
triazene-bridged triazole with HNO; and HCIO, produced
energetic composites, among which the triazene-bridged tri-
azole-HClO, (1:2) adduct exhibited optimal overall perfor-
mance (OB = —10.5%, D = 8135 m s ', P = 29.3 GPa),
surpassing TNT in terms of both detonation capability and
safety. Furthermore, Liu et al.”® reported that the supramolec-
ular materials of 3-amino-4-(4,5-diamino-1,2,4-triazole-3-yl)-fur-
azan (TATF) with strong acid (HNO;, HCIO,) achieved detona-
tion parameters approaching those of RDX while offering
enhanced safety. In addition to the three oxidizing molecules of
H,0,, HNO;, and HCIO,4, some studies have combined iodine-
containing iodic acid (HIO;) and periodic acid (HsIO¢) with
explosive molecules. Li et al*® prepared four iodine-rich self-
assembled energetic materials. They found that these four
materials exhibited better OB and detonation compared with
TNT, suggesting their potential applicability as biocidal agents.
Similarly, Yang et al.*® synthesized 4,7-diaminotriazolo [4,5-d]
pyridazine, and then prepared three self-assembled energetic
materials with HNOj3, HIO;, and HClO,. They achieved excellent
detonation performance, safety performance, and thermal
stability. In summary, self-assembly is an effective and prom-
ising strategy for developing new energetic materials and
improving the OB of explosives.

1,2,4-Triazole serves as a key structural component in high-
performance energetic materials because of its high nitrogen
content, significant enthalpy of formation, and optimal balance
of energy and sensitivity.*" It is extensively utilized in the design
of heat-resistant, high-energy, and low-sensitivity compounds,
for example, it serves as a key scaffold for constructing nitrogen-
rich fused ring systems,***° as an ideal precursor for energetic
ionic salts,>*° and an excellent ligand for synthesizing high-
energy metal complexes.*” As a classical triazole-based ener-
getic compound, 3-picrylamino-1,2,4-triazole (PATO) was first
synthesized by Coburn in 1968.*%** It exhibits excellent thermal
stability with a decomposition temperature exceeding 300 °C,
low mechanical sensitivity (impact sensitivity Hs, = 137 cm),
and low production cost. These properties once made PATO
a promising candidate as a substitute for the high-energy
explosive TATB.***” However, the negative OB (—67.7%) of
PATO affects its energy output efficiency. In this study, PATO
was combined with oxygen-rich oxidant HNO; to synthesize
a new supramolecular energetic compound 3-picrylamino-1,2,4-
triazole-nitric acid self-assembled energetic material (PATO-N)
with the research background for the self-assembly of ener-
getic materials and oxidants. The crystal structure of PATO-N
was characterized by X-ray crystal diffraction (SXRD). Its
thermal stability was investigated based on thermogravimetry-
differential scanning calorimetry (TG-DSC) analysis, and its
safety was evaluated through impact sensitivity (Hso). The
detonation performances were computationally simulated
using EXPLO5. Furthermore, the PATO-N stored at 50 relative
humidity was characterized by powder X-ray diffraction. And the
phase stability of PATO-N under specific storage conditions and
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its compatibility with the high-energy material CL-20 were also
investigated (see supplementary information).

2 Experimental section
2.1 Materials

In this study, PATO was synthesized based on the study by
Leonard*® (Scheme S1). Phenol, nitric acid, sulfuric acid, and
dimethylformamide were obtained from Chengdu Cologne
Chemical Co., Ltd, while phosphorus oxychloride and 3-ami-
notriazole were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. CL-20 was self-synthesized in Southwest
University of Science and Technology. All pharmaceutical
reagents used in the experiment were of analytical grade and
did not require further purification.

2.2 Preparation of PATO-N

The PATO (0.1 g, 0.338 mmol) was weighed and transferred into
a 50 mL round-bottom flask. Distilled water (6 mL) was added,
and the mixture was heated to 50% in an oil bath under stirring
at 20 rpm. Subsequently, 6 mL of 68% (w/w) nitric acid was
added dropwise to the PATO suspension using a rubber-tipped
dropper. Upon complete addition, the PATO dissolved entirely,
forming a yellow transparent solution, which was stirred
continuously for 1 hour. Finally, the transparent solution was
transferred to a 50 mL beaker, and yellow needle-like crystals
were obtained after solvent evaporation at room temperature
over one week. FTIR (KBr): 718, 1081, 1171, 1237, 1356, 1392,
1444, 1526, 1615, 3148, 3259; "H NMR (600 MHz, DMSO): 6 8.92
(s, 2H), 8.37 (s, 1H); HPLC-MS (ESI ): m/z: 294.2 [M-H |
(Fig. S4-6).

2.3 Characterization

The Fourier transform infrared spectra (FTIR) were recorded
using a Nicolet-5700 spectrometer with KBr pellets in the range
of 4000-400 cm ™.

The nuclear magnetic resonance (NMR) spectra were ob-
tained using the AVANCE 600 superconducting NMR spec-
trometer, with samples dissolved in DMSO-d6.

High-performance liquid chromatography-mass spectrom-
etry (HPLC-MS) analyses were conducted using a Varian HPLC-
MS 325 system.

The X-ray diffraction patterns (PXRD) of the samples were
recorded using a PANalytical Empyrean X-ray diffractometer at
40 kv and 40 mA with Cu Ko radiation A = 1.541874 A.

Single-crystal X-ray diffraction (SC-XRD) was performed on
a Bruker D8 Venture diffractometer using Mo Ko radiation (A =
0.71073 nm) and w-26 scanning mode.

Thermogravimetry-differential scanning calorimetry (TG-
DSC) measurements were carried out on a TA-SDT650 instru-
ment over a temperature range from room temperature to 600 ©
C, at a heating rate of 10 °C min~' under a nitrogen
atmosphere.

The impact sensitivity was investigated on a WL-1 type
impact sensitivity instrument according to the GJB772B stan-
dard method. About 30 mg of material for each sample was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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placed in steel anvils and struck by a free falling 2.0 kg drop
weight. Samples were tested for a 50% probability to detonate
(Hso) when impacted from a specified height by using the up
and down method.

3 Results and discussion
3.1 Crystal structure

The molecular surface electrostatic potential (ESP) of PATO was
calculated using Gaussian 09, and the results are shown in
Fig. 1(a). As can be seen, the lowest ESP value (—44 kcal mol ™)
was localized around the N-N bond of the azole ring in PATO
suggesting significant electron density enrichment character-
istics and strong nucleophilic ability in this region, which was
the dominant hydrogen bond acceptor active site of the mole-
cule. The highest positive ESP value (+56 kcal mol™") appeared
near the N-H group of the azole ring, indicating pronounced
electrophilicity at this site. This region serves as the key active
site for the dominant hydrogen-bond donor in PATO. The
crystal structure of PATO-N was characterized by SXRD, and the
results are presented in Table 1. The supramolecular structure
of PATO-N (1:1) belongs to the orthorhombic system, with
space group Pca2, and density of 1.776 g cm™>. When viewed
along the c-axis, the PATO-N crystal exhibits a wavy lamellar
stacking pattern (Fig. 1(b)). This structural feature arises from
the non-coplanar arrangement of the benzene and azole rings
in PATO, which creates interplanar voids accommodating the
nitrate counterions. The unique wavy lamellar stacking helps to
reduce external mechanical stimuli, while maintaining the
crystalline stability caused by the hydrogen bonding networks,
thereby ensuring the safety of the novel material. As shown in
Fig. 1(c), the intermolecular hydrogen bonds in the PATO-N
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Table 1 Single crystal information of PATO-N

Items PATO-N

Chemical formula CgHgNgOq

CCDC 2434866

Formula weight 358.21

Crystal size (mm?®) 0.26 x 0.23 x 0.22
Temperature (K) 150.0 (1)
Radiation MoKa (A = 0.71073)
Crystal system Orthorhombic
Space group Pca2,

a () 19.0525 (8)

b (A) 4.9314 (3)

c (&) 14.2572 (7)

a(°) 90

6) 9

v (°) 90

Volume (A%) 1339.54 (12)

VA 4

p (cale.) (g em™) 1.776

|
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crystal mainly exist between two PATO molecules and between
PATO and nitrate. Between two adjacent PATO molecules, the
C-H on the azole ring acts as a hydrogen bond donor, and the
oxygen atom in the -NO, group acts as a hydrogen bond
acceptor to form a medium-strength hydrogen bond Cg-Hg O
(2.241 A, 174.43°). Hydrogen bonding interactions between
PATO and nitrate involve the N-H group on the PATO azole ring,
which acts as a hydrogen bond donor, and the oxygen atom on
the nitro group in the nitrate, which serves as a hydrogen bond
acceptor, to form strong hydrogen bonds N5-Hj;:--09 (1.840 A,
167.95°) and Ng-Hg--Og (1.829 A, 172.74°). The N-H connected
to the benzene ring and azole ring of PATO acts as a hydrogen
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(a) Molecular surface electrostatic potential of PATO, (b) c-axis stacking pattern of PATO-N, (c) hydrogen bond network of PATO-N.
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bond donor to form a medium-strength hydrogen bond N,-
H, -0, (2.227 A, 147.78°) with the oxygen atom on the nitrate
(Table S1). This hydrogen bonding reaction is consistent with
the ESP analysis results for PATO.

3.2 Hirshfeld surface analysis

Hirshfeld surface analysis*® was employed to deconvolute the
weak intermolecular interactions in the PATO-N crystal, and the
results are shown in Fig. 2. The intermolecular interaction 2D
fingerprint reflects the interaction between molecules in the
structure and the contribution of each mode of action to the
overall effect. In the PATO-N crystal system, the O-H/H-O
interactions constitute the most significant intermolecular
contacts, contributing 40.6% of the total Hirshfeld surface area.
This indicates the importance of hydrogen bonding in main-
taining the stability of the PATO-N crystal structure. The second
most prominent contact is the O-O interaction, accounting for
19.2%, which mainly occurs in the light green middle region of
the 2D fingerprint area. The N-O/O-N and C-O/O-C interac-
tions are also important components, accounting for 13.8% and
13.3%, respectively.

3.3 X-ray powder

The pure PATO material and the self-assembled PATO-N
material were tested using XRD. The test results are shown in
Fig. 3. As can be seen, the diffraction peak of PATO is wider and
the peak intensity is lower, owing to the low crystallinity; the
main characteristic diffraction peaks are located at 15°, 18°,
20.3°, 23.3°, 26.2°, and 28.8°. The self-assembled PATO-N
material has good crystallinity, sharp diffraction peaks, and
high peak intensity. The main characteristic diffraction peaks
are located at 20.6°, 22.1°, 23.3°, 26.2°, and 28.5°. The diffrac-
tion peak positions of the two materials are different, indicating
that the self-assembled PATO-N material and the pure PATO
material have different crystal cell structures.

3.4 Thermal stability

The thermal stability of PATO and PATO-N was further investi-
gated through TG-DSC analysis. As shown in Fig. 4, PATO
exhibits a weak endothermic peak starting at 170 °C, with
a peak value of 174.6 °C, corresponding to its melting point. The
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Fig. 3 X-ray diffraction patterns of PATO and PATO-N.

first strong exothermic peak appeared at 322.4 °C, reaching
327.8 °C and the second weak exothermic peak appeared at
369.8 °C, reaching 398.8 °C, which indicates that PATO was
decomposed in two steps. During the decomposition step, the
mass loss rate is 91.7% (Fig. S7). PATO-N began to exhibit an
exothermic peak at 152.3 °C, reaching 159.3 °C, corresponding
to the decomposition of nitric acid, where the mass loss rate is
13.1% (Fig. S8). An exothermic peak appeared at 266.1 °C,
reaching 315.9 °C, corresponding to the decomposition of

e ——PATO
= —— PATO/HNO,
3278
- 398.8
=
g
é 174.6
= 3159

100 200 300

Temparature/°C

400

Fig. 4 DSC curves of PATO and PATO-N.

(c)

Other(13.1%)

C-0/0-C(13.3%) 0 ] O--I/T1-0(40.6%)

N--O/O--N(13.8%

0--0(19.2%)

Fig. 2
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(a) Hirshfeld surface of PATO-N, (b) 2D fingerprint of PATO-N, (c) individual atomic contact percentage contribution of PATO-N.
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Table 2 Physiochemical properties of PATO and PATO-N

View Article Online

RSC Advances

Compound p(gem™) AfHyp, (K] mol ™) OB (%) D, (kms™) P (Gpa) IS (cm, height for 50% explosion) Ta (°C)
PATO 1.75% 147.1 (ref. 48) —67.70 7.2 20.8 137 (ref. 45) 327.8
PATO-N 1.77 76.80 —44.60 7.8 25.2 >112.2 315.9

% Density measured using a gas hydrometer at 295 K.

PATO-N. Compared with pure PATO, the decomposition
temperature of PATO-N decreased by 11.9 °C.

3.5 Detonation performance prediction and sensitivity test

The heat of formation of energetic materials is an important
parameter to evaluate the performance and stability of deto-
nation. The enthalpy of formation of the solid state is an
indispensable data to calculate the detonation velocity and
pressure. However, it is often difficult to measure the energetic
materials. Theoretical calculation is an important method to
study the properties of energetic materials.>

In this paper, the enthalpy of PATO-N formation was deter-
mined through calculations in the Gaussian software. The
geometric optimization of PATO-N was carried out at the B3YLP/
6-311G theoretical level, and the vibration frequency calculation
was carried out to obtain the zero point vibration energy. The
single point energy of the molecule was calculated at the MP2/6-
311++G(d,p) theoretical level. The enthalpy of formation was
calculated to be +76.8 k] mol ™~ * by the isobond reaction method
after reading the thermodynamic values and electron energy,
respectively. The OB of PATO and PATO-N were calculated as
—67.7% and —44.6%, respectively, using the OB calculation
formula, indicating that the self-assembly of the oxidizing
molecular nitric acid and PATO led to improved OB. Further-
more, detonation velocity and detonation pressure were pre-
dicted with the EXPLO5 program (Table 2). According to the
measured density of PATO and the enthalpy of formation
provided in literature,* its detonation pressure and detonation
velocity were calculated as 20.8 GPa and 7.2 km s~ ". Combined
with the density and formation enthalpy of the crystal, the
detonation velocity and detonation pressure of PATO-N were
calculated as 7.86 km s~ ' and 27.2 GPa. Compared with PATO,
the detonation velocity and detonation pressure of PATO-N were
improved. The main reason for this is the self-assembly of PATO
with the oxidizing molecule nitric acid to form a supramolec-
ular structure. The overall OB was increased by 23.1%, allevi-
ating the limitation of energy release. The impact sensitivity
(Hso) of PATO-N exceeds 112.2 cm, the explosive exhibits good
mechanical sensitivity.

4 Conclusion

In summary, the self-assembled energetic material PATO-N,
prepared through intermolecular assembly of PATO with
oxidant HNOg;, crystallizes in the orthorhombic system with
a Pca2, space group and exhibits a wavy molecular stacking
pattern stabilized by strong hydrogen bonds, leading to

© 2025 The Author(s). Published by the Royal Society of Chemistry

enhanced structural stability. The storage temperature and
humidity can significantly affect PATO-N, so it is advisable to
store it sealed at room temperature. The peak temperature
difference between the mixed component and the single
component is 8.3 °C. According to the standards established by
STANAG 4147,>* the compatibility of PATO-N with CL-20 is
considered boundary compatibility, which may be attributed to
PATO-N's acidity. The thermal stability of PATO and PATO-N
was investigated using TG-DSC. The decomposition tempera-
ture of PATO was 327.8 °C, while that of PATO-N was 315.9 °C,
both compounds show high thermal stability. The character-
istic drop height (Hs,) for PATO-N exceeds 112.2 cm. The new
energetic compound prepared possesses excellent detonation
pressure and detonation velocity (P: 25.6 Gpa, D: 7.8 km s~ 1),
which is remarkably higher than those of TNT.
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