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aracterization of potential
polycyclic energetic materials using bicyclic
triazole and azetidine structures as building blocks†

Xin-bo Yang, ‡ab Chen-hui Jia, ‡c Xiang-yan Miao,a Yu-chuan Li *a

and Si-ping Pang *a

Exploring the design strategy of new energeticmaterials is crucial to promote the development of energetic

materials. In this study, a method for designing polycyclic energetic materials is proposed by combining the

azetidine structure with azobis-1,2,4-triazole or bi-1,2,4-triazole. A series of typical triazolyl polycyclic

compounds were designed and synthesized by simple nucleophilic reaction, which included 5,5′-

dichloro-3,3′-bis(3,3′-difluoroazetidine)-4,4′-azobis-1,2,4-triazole (1), 5,5′-dichloro-3,3′-bis(3,3′-

difluoroazetidine)-4,4′-bi-1,2,4-triazole (2), 5,5′-dichloro-3-(N,N-dimethyl)-3′-(3,3′-difluoroazetidine)-

4,4′-bi-1,2,4-triazole (3) 5,5′-dichloro-3,3′-bis(3,3′-dinitroazetidine)-4,4′-bi-1,2,4-triazole (4), 5,5′-

dichloro-3-(N,N-dimethyl)-3′-(3,3′-dinitroazetidine)-4,4′-bi-1,2,4-triazole (5), and 5,5′-diazido-3,3′-

bis(3,3′-difluoroazetidine)-4,4′-azo-1,2,4-triazole (6). These designed and synthesized polycyclic

compounds (1, 2, 3) have high decomposition temperatures (>200 °C). The molecular van der Waals

surface electrostatic potentials suggested the reactivity of compounds 1, 2, and 3 when attacked by

nucleophiles. The natural bond orbital and Hirshfeld surface analysis proved the essential reason for the

stability of these compounds in theory. The formula design example suggests that some triazolyl

polycyclic compounds (4, 5, and 6) are potentially explosives, suggesting that this strategy is feasible for

constructing the triazolyl polycyclic energetic compounds.
1 Introduction

Energetic materials have important applications in modern
national production and national defense construction. It is
generally believed that the crystal density and energy level of
energetic materials with cyclic molecular skeletons are oen
higher than those of chain-like molecular skeleton materials. In
the ring skeleton energetic compounds, the double-ring or
multi-ring skeleton structures have higher crystal density and
energy than the single-ring skeleton structures. For example,
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-
20), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and
1,3,5-trinitro-1,3,5-triazinane (RDX) all belong to non-aromatic
cyclic nitramine compounds.1,2 The molecular structure of CL-
20 can be considered a cage of multiple rings, which
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determines that CL-20 has a higher energy potential among the
three from the molecular skeleton. Furthermore, the cage
structure increases the stacking efficiency, which increases the
density of CL-20 higher.

In addition, there is a similar phenomenon for aromatic ring
energetic materials. For example, the crystal density and enthalpy
of a solid formation of bi-1,2,4-triazole and azobis-1,2,4-triazole
are higher than those of the energetic compounds with the
mono-triazole ring skeleton.3–5 Therefore, the study of polycyclic
skeleton energetic compounds is one of the development trends
of energetic materials in future. The selection of a suitable
building block is crucial for the design of polycyclic energetic
materials. 1,3,3-Trinitroazetidine (TNAZ)6,7 is a well-known azeti-
dine structure that is a highly energetic material more powerful
than RDX. However, TNAZ has the characteristics of relatively
high vapour pressure, large volume shrinkage, forming pores in
the process of melt solidication, and expensive price, which
limits its practical applications. Another important azetidine
structure is 1H-3,3-dinitroazetidine (DNAZ),8,9 which is also
a precursor for TNAZ preparation.10,11 Compared with TNAZ
because the nitrogen atom in azetidine is easily protonated,
DNAZ tends to exist in the cationic form, making it easy to form
ionic salts with other anions.12,13 In addition, DNAZ is prone to
nucleophilic addition reaction with electron decient reagents,14

N-nitrosation,15 and even the Mannich condensation reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
under some conditions.16 For example (see Scheme 1), DNAZ–
triuoride methane sulfonate reacts with activated halogenated
benzene (1-uoro-2,4,6-trinitrobenzene) to produce 1-dini-
troazetidine-2,4,6-trinitrobenzene.17 When DNAZ–triuoride
methane sulfonate reacts with cyanuric chloride, 2,4,6-tris(3,3-
dinitroazetidin-1-yl)-1,3,5-triazine could be synthesized. Ma
et al.18 obtained 1-(2,4-dinitrophenyl)-3,3-dinitroazetidine by the
reaction between DNAZ and 2,4-dinitrochlorobenzene. Hiskey
et al.16 also investigated the nucleophilic aromatic substitution of
DNAZ with 3,6-dichloro-1,2,4,5-tetrazine. The main product and
subproduct of this reaction are 3-chloro-6-(3,3-dinitroazetidineyl)-
1,2,4,5-tetrazine and 3,6-di(3,3-dinitroazetidineyl)-1,2,4,5-
tetrazine, respectively. Other studies have shown that DNAZ
reacts with paraformaldehyde to produce 1,1′-bis-(3,3-
Scheme 1 Some energetic materials (a–e) with azetidine structures invo
this work (1–6).

© 2023 The Author(s). Published by the Royal Society of Chemistry
dinitrosacyclobutane-1-yl)methane (DNAZ–CH2–DNAZ).16,19

These compounds containing azetidine structures encouraged us
to further explore other energetic materials containing such
structures. With the development of nitrogenous heterocycles,
triazolyl energeticmaterials have gradually attracted the attention
of researchers because of their high nitrogen content and
stability. The common construction idea of triazolyl polycyclic
compounds is to combine triazole rings with other nitrogen-rich
heterocyclic groups by bridging20–22 or fused-ring23,24 connections.
However, the process of synthesizing these fused-ring and
bridged polycyclic structures are relatively cumbersome. In the
multi-membered ring molecular structure, with the increase in
the number of nitrogen atoms in the ring, the molecular stability
decreases gradually. It is extremely attractive to develop polycyclic
lved in previous works and triazolyl polycyclic compounds designed in

RSC Adv., 2023, 13, 2600–2610 | 2601
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energetic compounds with simple synthetic route and good
stability. Therefore, we attempted to construct new polycyclic
energetic compounds by nucleophilic substitution mechanism
using bicyclic triazolyl structure (azobis-1,2,4-triazole3,25–27 and bi-
1,2,4-triazole5) and azetidine structure (DNAZ or 3,3′-diuor-
oazetidine (DFAZ)28), which is a different strategy from fused
rings and bridges. The azetidine structures not only can increase
the nitrogen content of the molecule, but also has higher ring
strain, which can improve the energetic performance from the
additional energy release upon opening of the strained ring
system during decomposition.18,29 Furthermore, it is generally
believed that nitro can improve themolecular density, enthalpy of
formation, oxygen balance and nitrogen content, which promotes
the application of DNAZ in energetic materials; uorine atoms
can increase density and release a large amount of heat by
reacting with metal aluminum or aluminum oxide, which
suggests that DFAZ derivatives may be used as uorine-
containing oxidants in propellants28 and melt cast explosives.30

The purpose of this work was to explore and verify a design
method for developing new polycyclic energetic compounds.
Some new triazolyl polycyclic intermediates were prepared
successfully by nucleophilic substitution reactions between
chlorinated azobis-1,2,4-triazole/chlorinated bi-1,2,4-triazole
with DNAZ or DFAZ under alkaline conditions. Owing to the
steric hindrance of the azetidine structures, all chlorine atoms
in azobis-1,2,4-triazole/bi-1,2,4-triazole cannot be substituted.
The strategy of introducing high ring strain azetidine structure
Scheme 2 Brief synthetic processes (A and B) of compounds 1–6.

2602 | RSC Adv., 2023, 13, 2600–2610
into nitrogen-rich triazole structure could be used as a reference
for the development of other energetic materials.
2 Experiment

A series of chlorinated triazolyl polycyclic intermediate
compounds were obtained through the synthetic process
described in Scheme 2. In the presence of K2CO3 and N,N-
dimethylformamide (DMF), the nucleophilic substitution reac-
tion between chlorinated bicyclotriazole and DFAZ/DNAZ was
carried out to introduce the azetidine into the framework of
bicyclotriazole. The reason that compounds 3 and 5 contained
dimethylamino structure may be that DMF contains some
degraded samples of dimethylamine upon the long-term
storage process.

Caution! The compounds reported in this work are potentially
energetic materials that could explode under certain conditions,
such as impact, friction, or electric discharge. Therefore, exper-
iments should be performed on a small scale. Appropriate safety
precautions, including the use of safety shields and personal
protections (safety glasses, ear plugs, and gloves) is suggested all
the time when handling these compounds.
2.1 Synthesis of 5,5′-dichloro-3,3′-bis (3,3′-diuoroazetidine)-
4,4′-azo-1,2,4-triazole (1)

Compound 1 was synthesized according to the following
procedure: 30 ml of N,N-dimethylformamide (DMF), 4.5 mmol
© 2023 The Author(s). Published by the Royal Society of Chemistry
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of DFAZ hydrochloride and 0.5 g (4.7 mmol) anhydrous sodium
carbonate were added to a 100 ml three-necked ack. The
mixture was stirred for 30 minutes. Then, 1 mmol 3,3′,5,5′-tet-
rachloro-4,4′-azo-1,2,4-triazole (TCAT) was added to the above
solution with stirring for 10 minutes. 0.5 g (3.6 mmol) anhy-
drous potassium carbonate was added to the reaction solution
at 30 °C under stirring for 24 hours. The reaction solution was
ltered for the next step. The ltrate was extracted with ethyl
acetate (30 ml× 3). Then, the extracted organic phase was dried
with anhydrous magnesium sulfate. The solution was ltered
and the organic phase was removed by vacuum evaporation to
obtain the 0.30 g yellow solid with a yield of 73.2%; 1H NMR
(DMSO-d6) d:4.58 (dd, 4H), 4.51 (dd, 4H); 13C NMR (DMSO-d6) d:
64.00, 116.88, 135.32, 153.16 ppm; Fourier-transform infrared
spectroscopy (FTIR) (KBr) n: 2957, 2872, 1578, 1484, 1461, 1442,
1395, 1353, 1250, 1209, 1160, 910, 884, 725, 650 cm−1.
Elemental analysis (%) calcd for (13): C, 25.91; H, 1.93; N, 36.94;
found: C, 25.64; H, 1.86; N, 36.76. The structure of (1) was
supported by single crystal X-ray analysis.

2.2 Synthesis of 5,5′-dichloro-3,3′-bis(3,3′-diuoroazetidine)-
4,4′-bi-1,2,4-triazole (2) and 5,5′-dichloro-3-(N,N′-dimethyl)-3′-
(3,3′-diuoroazetidine)-4,4′-bi-1,2,4-triazole (3)

Compounds 2 and 3 were synthesized according to the following
procedure: 30 ml DMF, 4.5 mmol DFAZ hydrochloride, and 0.5 g
(4.7 mmol) anhydrous sodium carbonate were added to a 100 ml
three-necked ack with stirring for 30 minutes. 1 mmol 3,3′,5,5′-
tetrachloro-4,4′-bi-1,2,4-triazole (TCBT) was added to the above
solution with stirring for 10 minutes. Then, 0.5 g (3.6 mmol)
anhydrous potassium carbonate was added into the reaction
solution at 30 °C for stirring 24 hours. The solution was ltered
and the ltrate was extracted with ethyl acetate (30 ml × 3).
Anhydrous magnesium sulfate was used to dry the extracted
organic phase and lter it. The organic phase was removed by
vacuum evaporation to obtain two white solids 2 (0.2844 g, yield
79%) and 3 (0.066 g, 21%), the total yield is 93%. For 2, m.p.:
194.0 °C; 1H NMR (acetone-d6) d: 4.61 (dd, 4H), 4.49 (dd, 4H): 13C
NMR (acetone-d6) d: 63.69, 116.05, 137.20, 154.89 ppm; FTIR
(KBr) n: 2956, 1577, 1496, 1463, 1453, 1360, 1298, 1249, 1228,
1214, 918, 716 cm−1; For 3, m.p.: 169.2 °C; 1H NMR (acetone-d6)
d: 4.54 (dd, 2H), 4.47 (dd, 2H), 2.91 (s, 6H); 13C NMR (acetone-d6)
d: 38.85, 63.29 ppm; FTIR (KBr) n: 3009–2814, 1597, 1577, 1512,
1495, 1464, 1445, 1443, 1431, 1416, 1359, 1278, 1245, 1220, 1056,
990, 914, 877, 706 cm−1. Elemental analysis (%) calcd for 2: C,
31.03; H, 2.08; N, 28.95; found: C, 31.26; H, 2.16; N, 28.75;
elemental analysis (%) calcd for 3: C, 31.88; H, 2.97; N, 33.04;
found: C, 31.61; H, 3.04; N, 33.16. The structure of 2 and 3 were
supported by single-crystal X-ray analysis.

2.3 Synthesis of 5,5′-dichloro-3,3′-bis(3,3′-dinitroazetidine)-
4,4′-bi-1,2,4-triazole (4) and 5,5′-dichloro-3-(N,N′-dimethyl)-3′-
(3,3′-dinitroazetidine)-4,4′-bi-1,2,4-triazole (5)

Compounds 4 and 5 were synthesized according to the following
procedure: 30 ml DMF, 4.5 mmol DNAZ hydrochloride, and 0.5 g
(4.7 mmol) anhydrous sodium carbonate were added to a 100 ml
three-necked ack under stirring for 30 minutes. 1 mmol TCBT
© 2023 The Author(s). Published by the Royal Society of Chemistry
was added into the above solution with stirring for 10 minutes.
Then, 0.5 g (3.6 mmol) anhydrous potassium carbonate was
added to the reaction solution at 40 °C and stirred for 24 hours.
The solution was ltered and the ltrate was extracted with ethyl
acetate (30 ml × 3). Anhydrous magnesium sulfate was used to
dry the extracted organic phase and was ltered. The organic
phase was separated by vacuum evaporation. Two types of yellow
oils were obtained by silica gel column chromatography:
Compound 4-0.204 g (55%) and compound 5-0.133 g (45%). The
total yield was 75%. For 4, FTIR (KBr) n: 3012–2960, 1729, 1676,
1576, 1495, 1440, 1368, 1330, 1311, 1220, 1049, 858, 835 cm−1;
For 5, FTIR (KBr) n: 3011–2853, 1679, 1573, 1467, 1358, 1333,
1311, 1211, 866, 843 cm−1. Elemental analysis (%) calcd for 4: C,
24.26; H, 1.63; N, 33.95; found: C, 24.45; H, 1.70; N, 34.02;
elemental analysis (%) calcd for 5: C, 27.50; H, 2.56; N, 35.63;
found: C, 27.63; H, 2.54; N, 35.31.
2.4 Synthesis of 5,5′-diazido-3,3′-bis(3,3′-diuoroazetidine)-
4,4′-azo-1,2,4-triazole (6)

Compound 6 was synthesized according to the following
procedure: 15 ml of DMF and 0.042 g (0.1 mmol) compound 1
were added to a 100 ml three-necked ack. The mixture was
stirred for 10 minutes. 0.016 g (0.25 mmol) sodium azide was
added to the above solution and it was kept in a water bath
temperature at 30 °C. The reaction wasmonitored every 2 hours.
Aer the reaction, the DMF solution was diluted 4–5 times with
distilled water and then extracted with ethyl acetate (30 ml × 3).
The organic phase was dried with anhydrous magnesium
sulfate, ltered, and evaporated to obtain 0.024 g of yellow solid
in 56% yield. FTIR (KBr) n: 3080–2767, 2153, 1721, 1607, 1536,
1500, 1460, 1407, 1356, 1292, 1247, 1227, 1117, 977, 915,
802 cm−1. Elemental analysis (%) calcd for 6: C, 25.12; H,
1.87; N, 55.34; found: C, 25.46; H, 1.66; N, 55.60.
3 Computational methods

The initial geometries in this work were calculated using the
M06-2X exchange–correlation functional31 in conjunction with
6-311G (d, p) basis set32 in the gas phase. All optimized struc-
tures discussed were characterized to be local minima without
imaginary frequencies. Gaussian 09 (D.01) program33 was used
for the quantum chemistry calculations for initial geometries.

The NBOs isosurface and molecular electrostatic potential
analyses were performed using the Multiwfn 3.8 (dev) code34

based on the formatted checkpoint le of Gaussian 09. The
isosurface maps of NBO orbitals and ESP were rendered by
means of Visual Molecular Dynamics (VMD) soware35 based on
the les exported from Multiwfn.

The calculation of enthalpy of formation consisted of the
following parts: the double hybrid PWPB95 level of theory
functional in the ORCA program36 was used to calculate the
nal single point energy of the stable molecular structure and
the input les of ORCA program was prepared with the help of
Multiwfn code. The DFT single-point energy calculations were
conducted with ORCA applying TightSCF and Grid4 options.
The quadruple-z def2-QZVP37 basis set was used for DFT
RSC Adv., 2023, 13, 2600–2610 | 2603
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calculations. The D3 London dispersion correction was gener-
ally applied to DFT calculations. The resolution-of-identity (RI)
approximation38 for coulomb (RIJ) and exchange (RIJK) inte-
grals were used in combination with matching auxiliary basis
sets as implemented in ORCA (def2/J, def2/JK options, def2-
QZVPP/C39 for the MP2 correlation part) to speed up the DFT
calculations.40 The vibration analysis les of the initial structure
were used to calculate various thermodynamic constants by the
Shermo program.41 For M06-2X functional, the resonant
frequency correction factor of zero-point energy (ZPE) was 0.97.
Finally, according to the denition of enthalpy of formation, the
enthalpy of formation in the gas phase was calculated. See ESI†
for a detailed calculation method for the enthalpy of formation.

The two-dimensional ngerprint and Hirshfeld surface42

plot spectra of the compounds were calculated by using Crys-
talExplorer 17 code43 based on the crystallographic information
le (cif) of the corresponding compounds.
4 Experimental results and analysis
4.1 Crystal structures

Compound 1, which possesses disordered fragments, crystal-
lizes in the monoclinic space group P21/c with two molecules
per unit cell (Z = 2). The molecular structure is shown in
Fig. 1 (a) Molecular structure of compound 1. (b) Packing diagram of co

Fig. 2 (a) Molecular structure of compound 2. (b) Packing diagram of c

2604 | RSC Adv., 2023, 13, 2600–2610
Fig. 1(a). The measured crystal density is 1.813 g cm−3 at 153 K.
It can be seen from the crystal structure that the atoms in
a skeleton and the chlorine atoms connected with them are in
the same plane. Along the a axis, the layers are stacked by p–p
interactions and separated by distances of 3.515 Å (see in
Fig. 1(b)), which is helpful to transform the external mechanical
energy into intermolecular interaction energy to elude the
accumulation of hot spot formation, molecular vibration during
explosive decomposition and subsequent nal detonation.44

The detailed information is given in Table S1 in the ESI.†
Compound 2 crystallizes in the triclinic space group P�1 with

two molecules per unit cell (Z = 2). The molecular structure is
shown in Fig. 2(a). The measured crystal density was
1.726 g cm−3 at 296 K. The angle between the two triazole rings
in compound 2 is 85.68°, which is not different from that in
TCBT (84.53°). The results show that the introduction of two
DFAZ rings has little effect on themolecular structure of BTR. In
addition, the two DFAZ rings have a certain torsion angle, which
relieves the ring strain of azetidine itself and helps stabilize the
four-membered ring structure. Other relevant crystallographic
parameters and diffraction data are shown in Table S1 in ESI.†

Compound 3 crystallizes in the triclinic space group P�1 with
two molecules per unit cell (Z = 2). The molecular structure is
shown in Fig. 3(a). The measured crystal density was
mpound 1.

ompound 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Molecular structure of compound 3. (b) Packing diagram of compound 3.
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1.601 g cm−3 at 296 K. The angle between the two triazole rings
in compound 3 is 89.88°, which is almost a right angle. The
DFAZ rings have a certain torsion angle, which is similar to that
of compound 2, that is, the existence of a twist angle further
stabilizes the strain of the four-membered rings and promotes
its stable existence in the molecule. The detailed information is
given in Table S1 in ESI.†

4.2 Physicochemical properties

In order to preliminarily understand the thermal stability of the
compounds in this paper, differential scanning calorimetry was
Fig. 4 Differential scanning calorimetry curves of DFAZ (a), compound 1
and green spheres correspond to the F, C, N, H, and Cl atoms, respectiv

© 2023 The Author(s). Published by the Royal Society of Chemistry
used for analysis. The thermal behaviour of the DFAZ,
compound 1, compound 2, and compound 3 was determined
using the TA-DSC Q2000 differential scanning calorimeter (New
Castle, DE, USA) at a heating rate of 5 °C min−1. In Fig. 4(a),
DFAZ has an obvious exothermic peak at 147.05 °C, which
indicates that decomposition occurred at this temperature.
However, in (b), (c), and (d), the thermal decomposition
temperatures are 210.1 °C, 267.2 °C, and 254.4 °C respectively,
which are higher than 147.05 °C in (a). It is not difficult to nd
that azetidine in polycyclic 1,2,4-triazole has higher stability
than DFAZ. In addition, the higher decomposition temperature
(b), compound 2 (c), and compound 3 (d). The cyan, grey, blue, white,
ely.
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also shows that the triazolyl ring skeleton increases the thermal
stability of the DFAZ ring. The reason for this phenomenon may
be the p–p conjugation effect between the lone pair electrons of
the N atom in azetidine and the p electrons in the 1,2,4-triazole
ring.

In order to further illustrate the stability mechanism of tri-
azolyl polycyclic compounds, the p–p conjugation effect in the
molecular structures was analyzed. The natural bond orbital
(NBO) theory45 is a powerful tool to study the p–p conjugation
effect. The conjugation effect from the p lone electron pair of
the nitrogen atom in the azetidine group with the p–electron of
the C]N double bond in the 1,2,4-triazole ring is presented by
the orbital overlap. As can be seen from Fig. 5, there is
a conjugation effect between p–p in the two parts of the poly-
cyclic triazole energetic compounds (azetidine and 1,2,4-tri-
azole). The second-order perturbation theory analysis of the
Fock matrix in the NBO conrms strong intramolecular con-
jugative interactions. The second-order perturbation energies
(2nd-perturbation energy, E(2)) of compounds 1, 2, and 3 are
25.13 kcal mol−1 (for NBO91–NBO510 and NBO92–NBO493 in
compound 1), 50.04 kcal mol−1 (for NBO85–NBO460 in
compound 2), 38.61 kcal mol−1 (for NBO84–NBO470 in
compound 2) and 42.20 kcal mol−1 (for NBO79–NBO430 in
compound 3), respectively. These interactions are formed by the
orbital overlap between two orbitals (p with p orbital), which
results in the increase of the system's stabilization energy. The
expanded conjugated region is helpful to stabilize the molec-
ular structure. This intramolecular conjugative interaction
dominates the contributions of all delocalizations for the
stabilization energies, which further explains the experimental
results of DSC.
Fig. 5 The p–p conjugative NBOs isosurface of compound 1 (a), compo
cyan, grey, blue, white, and green spheres correspond to F, C, N, H, and
311G (d, p).

2606 | RSC Adv., 2023, 13, 2600–2610
The molecular van der Waals surface electrostatic potential
(ESP)46,47 is a very useful descriptor in understanding non-
covalent interactions and chemical reactions. The negative
(blue) regions are related to electrophilic reactivity and the
positive (red) ones to nucleophilic reactivity. The surface local
minima and maxima of ESP are represented as cyan and orange
spheres (in kcal mol−1). As shown in Fig. 6, among compound 1
(a), compound 2 (b), and compound 3 (c), the surface minima of
ESP basically appear near the nitrogen atoms, while the surface
maximum prefers to be mainly distributed near the hydrogen
atoms and carbon atoms. The global maxima of ESP on
compound 1, compound 2 and compound 3 are 32.98, 32.50,
and 29.69 kcal mol−1, respectively, which implies that the order
of the reactive activities of these four compounds is 1 > 2 > 3
when attacked by nucleophiles.

To better understand the interactions within crystals, the
two-dimensional ngerprint plot and Hirshfeld surface plot
analysis of TCBT, compound 1, compound 2, and compound 3
in the crystal structures were investigated and the data are
shown in Fig. 7. The red dot region mainly appears near the
hydrogen atom in the DFAZ group and the nitrogen atom in the
1,2,4-triazole ring in compounds 1 (b), 2 (c), and 3 (d), indi-
cating that the intermolecular interaction mainly occurs
between the atoms of the external molecule and these H atoms
or nitrogen atoms. From the relative contribution of the
contacts, the major interactions are N/Cl (22.3%), Cl/Cl
(29.3%), Cl/N (26.6%) for TCBT (e), N/N (12.8%), F/H
(12.8%) for compound 1 (f); and N/H (10.6%), Cl/H (10.1%)
for compound 2 (g) and N/H (12.9%), Cl/H (13.9%), and
H/H (14.6%) for compound 3 (h). To sum up, the close inter-
molecular contacts for hydrogen bonds in molecules are 47.3%
und 2 (b), and compound 3 (c) with isovalue of +0.05 and −0.05. The
Cl atoms, respectively. The theoretical calculation level is M06-2X/6-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Isosurface maps of ESP of compound 1 (a), compound 2 (b), and compound 3 (c) with the isovalue of 0.001 a.u. (electrons per bohr3). The
cyan, grey, blue, white, and green spheres correspond to F, C, N, H, and Cl atoms, respectively. The theoretical calculation level is M06-2X/6-
311G (d, p).

Fig. 7 Fingerprint plots and Hirshfeld surfaces (inside) in crystal stacking for TCBT, compound 1, compound 2, and compound 3 (a–d),
respectively; the pie graphs for TCBT, compound 1, compound 2, and compound 3 (e–h) show the percentage contributions of the individual
atomic contacts to the Hirshfeld surface, respectively.
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(f), 59.8% (g), and 61.1% (h) for compound 1, compound 2, and
compound 3, respectively. The remarkably abundant hydrogen
bonds may give rise to the lowest sensitivity of compound 3
(61.1%) among them.48
4.3 Detonation and safety performance

The detonation performance of triazolyl polycyclic compounds
was calculated, as described in this section. The impact and
friction sensitivity measurements were performed using a BAM
fall hammer apparatus (BFH-10) and a BAM friction apparatus
(FSKM-10) (San Diego, CA, USA). Densities were measured at
25 °C using a Micromeritics Accupyc II 1340 gas pycnometer
(Norcross, GA, USA) for 1, 2, 3, and were calculated for others.49

The gas-phase formation enthalpy of all compounds was
calculated by quantum chemistry. The solid-phase formation
enthalpy was obtained by subtracting the enthalpy sublimation
from the gas-phase formation enthalpy.50 The enthalpy of
sublimation was predicted from the method in the literature.51
© 2023 The Author(s). Published by the Royal Society of Chemistry
Various physical quantities of related compounds are listed
in Table 1. The results showed that: (1) the higher densities of
all triazolyl polycyclic compounds than those of bi-1,2,4-
triazole, azobis-1,2,4-triazole, DFAZ and DNAZ$HCl shows that
the introduction of azetidine derivative group strategy can
effectively improve the molecular density with a simple way
than positional isomerism;52 (2) when nitro and azido groups
were introduced into the molecule, the enthalpy of formation of
these triazolyl polycyclic compounds increased signicantly
(1039.2 kJ mol−1 for 4, 1104.6 kJ mol−1 for 6); (3) because of the
four-membered ring distorted spatial structure of azetidine and
the larger space volume of chlorine atoms are not conducive to
the close packing of molecules, the detonation performance of
chlorinated intermediates (1–3) are not good as a whole; (4) the
comprehensive detonation performance of 4, 5, 6 are better
than that of TNT; (5) chlorinated intermediates (compound 1 to
compound 5) containing diuoroazetidine substituents maybe
provide new ideas for the development of new uorine-
RSC Adv., 2023, 13, 2600–2610 | 2607
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Table 1 Physiochemical and energetic properties of the compounds
(1–6) and comparison with azobis-1,2,4-triazole, bi-1,2,4-triazole,
DFAZ, DNAZ$HCl and TNT

Compound ra Db Pc ISd FSe DHf
f Td

g

1 1.813 6652 16.8 14 230 370.3 210.1
2 1.726 6307 15.3 17 270 75.6 267.2
3 1.601 6285 14.6 16 280 361.9 254.4
4 1.825 7932 26.9 13 220 1039.2 196.2
5 1.716 7054 19.4 14 230 837.9 215.5
6 1.750 7727 22.4 12 220 1104.6 230.4
Azobis-1,2,4-triazole 1.58 7833 21.5 14 240 896.8 315.8
Bi-1,2,4-triazole 1.57 7379 18.4 >40 >360 634.0 268.0
DFAZ28 1.52 5931 11.9 — — −321.0 147.1
DNAZ$HCl54 1.63 6881 20.9 — — 145.3 194.7
TNT55 1.65 6809 18.7 15 353 −67.0 295

a Measured densities-gas pycnometer at room temperature (g cm−3) for
1, 2, 3. b Detonation velocity (m s−1). c Detonation pressure (GPa).
d Impact sensitivity (J). e Friction sensitivity (N). f Enthalpy of
formation (kJ mol−1). g Thermal decomposition temperature (onset)
under nitrogen gas (DSC, 5 °C min−1, (°C)). All the detonation
performance of triazolyl polycyclic compounds were predicted by
empirical Kamlet–Jacobs56 in EXPLO5 v6.05.57
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containing oxidants.53 However, the conclusion that the azeti-
dine structure increases the density of the compounds is
questioned among compounds 1–5 for chlorine atoms. There-
fore, we theoretically designed four compounds, calculated
their densities, and compared them with those of azobis-1,2,4-
triazole or bi-1,2,4-triazole (see in ESI†). The results show that
the azetidine structure can indeed increase the density of the
system. In brief, the introduction of azetidine structure into
molecules is an effective strategy for the design of polycyclic
energetic compounds.
4.4 Application potential

Compared with TNT, compounds 4, 5, and 6 have higher
density and formation enthalpy and have the potential to
replace TNT in mixed explosives. In addition, more oxidizing
groups (uorine atoms and nitro groups) can further improve
energy performance.

Compounds 4, 5, and 6 can replace TNT in classical B
Explosive (40% TNT and 60% RDX, F0 in Table 2) to obtain
formulations F1–F3. These formulations have detonation
velocities exceeding that of F0. These results show that the
prepared triazolyl polycyclic compounds have good application
potential.
Table 2 Formulations and properties of designed mixed explosive

Formula TNT RDX Compound Da Pb

F0 40% 60% — 8002.1 26.96
F1 — 60% 40% 8470.5 30.87
F2 — 60% 40% 8148.9 27.55
F3 — 60% 40% 8446.9 29.22

a Detonation velocity (m s−1). b Detonation pressure (GPa).

2608 | RSC Adv., 2023, 13, 2600–2610
5 X-ray crystallography

Data collection for 1, 2, and 3were performed using theMercury
CCD and the Saturn 724 CCD diffractometer with graphite
monochromatic MoKa radiation. The raw data were rened
using SHELXL-97 and SHELXS-97 program.58 CCDC-1589971,
1589973, and 1589972† contain the details of the structures of
compounds 1, 2, and 3.
6 Conclusions

In this work, a strategy method for designing new triazolyl
polycyclic energetic materials was established by combining the
structure of azetidine with bi-1,2,4-triazole or azobis-1,2,4-
triazole. This strategy can effectively improve the density and
decomposition temperature (>200 °C) of the system. The strong
p–p conjugation effect and abundant intra-crystal interactions
explain the stability of these compounds. X-ray single crystal
diffraction analysis intuitively showed that the introduction of
azetidine structure does not affect the molecular skeleton
conguration of bi-1,2,4-triazole or azobis-1,2,4-triazole. The
calculation of the energetic formula design shows that some
triazolyl polycyclic compounds designed in this work are
potential energetic materials. Furthermore, chlorinated inter-
mediate compounds encourage us to further develop research
on triazolyl polycyclic derivatives with various energetic groups
replacing chlorine atoms in future work. We hope that this well-
proven design strategy will help the researchers develop other
novel polycyclic energetic materials.
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