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Abstract: A series of derivatives of azetidine were designed by stepwise replacing 
the hydrogen atoms of azetidine with nitroimine groups. At the G3MP2 level, 
the heats of formation (HOFs), bond dissociation energies (BDEs), 
molecular densities (ρ0), detonation velocities (D), and detonation pressures (P) 
of the nitroimine-substituted azetidines were investigated to look for high-energy-
density compounds (HEDCs). It was found that the nitroimine-substituted azetidines 
have high HOFs and large BDEs, and sufficient thermal and kinetic stability. 
Furthermore, the covalent bond strength in the four-membered ring, accompanied 
by intramolecular hydrogen bonds, are the determining factors for isomer stability. 
Based on our calculations, derivatives E and F have better detonation performance 
than RDX and can be regarded as potential high-energy-density compounds. 
This work may provide basic information for further study of the title compounds.

Keywords: high-energy-density compounds, Kamlet-Jacobs equations, 
azetidine derivatives

1 Introduction

The search for new high-energy-density compounds (HEDCs) for use 
in the fields of both military and civilian applications is the research 
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topic of many groups [1-5]. In past decades, many high-energy-density 
molecules have been designed in theory and synthesized in the laboratory, 
i.e. hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX), hexanitrohexaazaisowurtzitane (CL-20), 
and so on [6-10].

Of these species, derivatives of azetidine are important ones. 
Azetidine has a strained four-membered heterocyclic ring, high-nitrogen-content, 
and seven hydrogen atoms available for substitution by additional energetic groups. 
Therefore, it is not surprising that the derivatives of azetidine have excellent 
energetic parameters, for example 1,3,3-trinitroazetidine (TNAZ) [11]. 
TNAZ is particularly attractive because of its excellent characteristics, 
including low sensitivity, easy manufacture, and steam castability. Its melting 
point is 101 °C and it is solid at room temperature [12]; its density is equal 
to 1.84 g/cm3, close to that of RDX; a high detonation velocity (D) of 9.56 km/s, 
better than that of HMX [13]. Its excellent thermal stability causes it to be regarded 
as a replacement for TNT. Therefore, many studies have been performed on it, 
including synthetic routes [13, 14], character confirmation [15], and so on.

Considering that only three nitro groups have been introduced 
to create TNAZ, further improvements in the detonation character and molecular 
density are still possible for derivatives of azetidine. High-energy-density 
materials usually have a large content of nitrogen atoms, which causes 
the molecule to be energetic because of the superior stability of the N2 
produced in detonation reactions [16, 17]. Therefore, the introduction of nitro 
groups [18], nitroso groups [19], or any other groups with high nitrogen 
content is an effective strategy for raising the detonation performance 
of a molecule. This is why polynitro-substituted derivatives are an important 
class of energetic materials [20-24]. Of these energetic groups, the most 
popular one is the nitro group, but more attractive to us is the nitroimine 
group (=NNO2). Compared to the nitro group, the nitroimine group contains 
more nitrogen atoms and same oxygen atoms. A larger nitrogen content 
should induced better detonation parameters, and a lower oxygen content 
will result in a more negative oxygen balance, accompanied by a less heat 
release in a detonation reaction, which may effectively reduce the explosive’s 
sensitivity [25]. Evidently, nitroimine derivatives may be more competitive 
than nitro derivatives as HEDCs. Therefore, the hydrogen atoms of the azetidine 
molecule were stepwise substituted by nitroimine groups to design novel 
energetic compounds. To explore their potential use as HEDCs, the thermal 
and kinetic stability accompanied by the detonation parameters were calculated 
in detail using the density functional theory.
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2 Computational Methods

All calculations were performed at the G3MP2 level by using the Gaussian 03 
program [26]. Harmonic vibrational analyses at the same level were performed 
to confirm the nature of the potential energy surfaces. All of the object molecules 
are shown in Figure 1.

Figure 1. The structures of the azetidine derivatives optimized 
at the B3MP2 level in this study

The atomization reaction [27] was applied to calculate the heats 
of formation (HOFs) of the title compounds. For A, B, C, D, and E, 
reaction R1 was used. For F, reaction R2 was used. The HOFs were obtained 
via Equations 1-3.
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C3H(7 – 2x)N(2x + 1)O2x   →   3C + (7 – 2x)H + (2x + 1)N + 2xO (R1)

where x = 1-3

C3N8O8   →   3C + 8N + 8O (R2)
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where ΔH298 is the standard enthalpy change of reactions R1 and R2 at 298 K. 
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The experimental HOF values of the product atoms were obtained from Ref. [28]. 
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298 Mfpf HHH ����� �  is the standard HOF of compound M. ΔE298 is the energy 

change between products and reactants in reactions R1 and R2 at 298 K. 
0
,,0,0298 MTMMp HZPEEEE ������ �  is the sum of the calculated total energy of the product atoms. 

E0,M is the total energy of compound M. ZPEM is the zero point energy 
of compound M. 0

,,0,0298 MTMMp HZPEEEE ������ �  is the thermal correction from 0 to 298 K for M. 
∆(PV) equals (∆n)RT and ∆n =10 + 2x for reaction R1.

The pyrolysis mechanism and thermal stability can be evaluated by using 
the bond dissociation energy (BDE), which is the difference between the energies 
of the parent molecule and the corresponding radicals in the unimolecular 
dissociation reaction [29, 30]. The gas-phase BDE for a bond R1–R2 is defined 
as the enthalpy change of the bond homolysis reaction in terms of reaction R3 
and Equation 4.

R1–R2(g)   →   R1●(g) + R2●(g) (R3)

BDE(R1–R2) = H298(R1●) + H298(R2●) – H298(R1–R2) (4)

The bond dissociation energy with zero-point energy (ZPE) correction 
can be represented by Equation 5.

BDE(R1–R2)ZPE = BDE(R1–R2) + ∆ZP (5)

where ΔZPE is the ZPE difference between the products and the reactants.
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For each title compound, the explosive reaction was designed in terms 
of the Kamlet-Jacobs rules, that is, all the N atoms turn into N2, the O atoms 
react with H atoms to give H2O at first, and then form CO2 with the C atoms. 
If the number of O atoms is more than that needed to oxidize the H and C atoms, 
the redundant O atoms will be converted into O2. If the number of the O atoms 
is not enough to satisfy full oxidation of the H and C atoms, the remaining 
of H atoms will be converted into H2O, and the C atoms will exist as solid-state C. 
For the CHNO explosives, the detonation velocity and detonation pressure (P) 
were estimated by the Kamlet-Jacobs equations [31] (Equations 6 and 7).

)30.11()(01.1 0
2/12/12/1

ρ�� QMND  (6)
2/12/12

0558.1 QMNP ρ�  (7)

where N is the number of moles of detonation gases per gram of explosive, M— is 
the average molecular weight of these gases, Q is the heat of detonation, ρ0 is the 
loaded density of the explosive. In previous work, the ρ0 can be replaced by the 
theoretical density (ρ). In general, ρ was obtained from the molecular weight divided 
by the average molecular volume. The volume was defined as that inside a contour 
of 0.001 electrons/bohr3 density. We performed 100 single-point calculations for 
each optimized structure to obtain an average volume. Further corrections from the 
gaseous-state to crystal were also performed following the method from Equations 
8-12, which take the electrostatic interaction into account [32].

Crystal density ρ0 = α(M/Vm) + β(νσ2
tot) + γ (8)
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where ν is a balance parameter, V(r) is the electrostatic potential, V(ri) is the value 
of V(r) at any point ri on the surface, V +

S (ri) and V –
S (rj) represent the positive 



112 B. Li, L. Li

Copyright © 2020 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

and negative values of V(r) on the surface. 2 2 2 2 2
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3 Results and Discussion

3.1 Heats of formation
The total energies, zero-point energies, values of thermal correction, 
and HOFs of the nitroimine-substituted derivatives were calculated 
at the G3MP2 level and are listed in Table 1. In Table 1, all of the azetidine 
derivatives have positive HOFs, which increase with the introduction of more 
nitroimine groups. Linear regression was performed and the correlation equation 
between the HOFs and the substitution number was:

y = 232.83x – 46.183 (13)

with R2 = 0.94. Obviously, the correlation meets the group additivity principle 
and one substituent group can raise the HOF by about 232 kJ/mol. Positive HOFs 
are typically characteristic for high energy density molecules, so the derivatives 
designed in this paper do have the potential to be used as energetic materials 
from the view point of the HOFs. 

Table 1. Total energy (E0), zero-point energy (ZPE), thermal correction (∆HT) 
and heat of formation (HOF) at the G3MP2 level, and HOF 
for the atomization reaction 

Compounds E0 [a.u.] ZPE [a.u.] ∆HT [a.u.] HOF [kJ/mol]
A –431.27111 0.09294 0.10006 264.5
B –431.29759 0.09315 0.10032 195.2
C –689.62783 0.09036 0.10067 399.4
D –689.65002 0.09044 0.10052 340.6
E –947.96310 0.08694 0.10058 590.9
F –1207.99350 0.09059 0.10923 958.9

For the mono-substituted derivatives, the HOF value of B is higher than 
A by about 70 kJ/mol, indicating that A is more stable than B. As shown 
in Figure 1, the distance of O∙∙∙H in molecule A is 3.764 and 2.764 Å, 
respectively, a little longer than the 2.660 Å of B. Clearly, hydrogen 
bonding can stabilize B somewhat better than A. However, the difference 
between the HOFs of A and B is so great that it cannot be attributed 
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entirely to hydrogen bonding, but to the covalent bond strength in the four-
membered ring. Furthermore, in the structures of A and B, the four-membered 
ring is planar for B and twisted for A. This indicates that N1 is sp2 hybridised 
for B, but sp3 hybridised for A. C1 of B and C2 of A are both sp2 hybridised. 
Therefore, the bond N1–C1 of B is stronger than the bond N1–C1 (N1–C3) of A. 
Considering that a C–N bond is more energetic than a C–C bond, the C–N bond 
may be responsible for B’s better stability over A. We also noticed that the angles 
in the four-membered ring are all close to 90°, which indicates that the sp2 
hybridised N1 of molecule B may induce more ring strain than the sp3 hybridised 
N1 of A. Therefore, A is more stable than B, which contradicts the results based 
on the above covalent bond and hydrogen bonding analysis. Taking our final 
data on HOFs into account, it is concluded that the effect of the covalent bond 
strength in the four-membered ring accompanied by the hydrogen bonding effects 
for evaluation of the isomer stability, the covalent bond strength is dominant. 

These conclusions can be extended easily to derivatives C and D. 
For the disubstituted derivatives, C and D are both planar, which indicates N1, 
C1, and C2 of molecule C and N1, C1 and C3 of molecule D are all sp2 hybridised. 
Therefore, the C–N bonds in the four-membered ring are both composed 
of sp2-sp2 bonding for molecule D, but sp2-sp2 and sp2-sp3 bonding for molecule C. 
Because sp2-sp2 bonding is stronger than sp2-sp3 bonding, molecule D is more 
stable than molecule C. More hydrogen bonds are confirmed in molecule D 
compared to molecule C, meaning that molecule D is stablised further. As regards 
ring strain, C and D are both planar and all atoms except for one carbon atom 
are sp2 hybridised, so ring strain may be similar in both, without evident 
influence on the stability.

In summary, the covalent bond strength of the C–N bonds in the four-
membered ring accompanied by hydrogen bonding are the determining factors 
for isomer relative stability. 

3.2 Bond dissociation energies
The sensitivity and stability of energetic compounds are directly relevant 
to the bond strength, which is commonly described by the BDE [30, 33]. 
In general, the stronger the weakest bond is, the more stable the energetic 
material is. The weakest bond has the least bond order and may initiate 
the explosion in a detonation reaction, and is accordingly named 
as the “trigger bond” [34]. Therefore, the bond orders were calculated 
at the G3MP2 level, and all trigger bonds were located at the N–NO2 position, 
for which the bond dissociation energy was calculated at the same level. 
The final results are listed in Table 2.
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Table 2. Bond dissociation energies (BDE), bond dissociation energies 
corrected by zero point energy (BDEZPE) and bond order (PN–NO2) 
of the trigger bonds calculated at the G3MP2 level

Compound BDE [kJ/mol] BDEZPE [kJ/mol] PN–NO2

A 165.7 147.6 0.9310
B 227.9 207.4 1.0256
C 142.1 124.8 0.8903
D 183.0 165.0 0.9580
E 156.5 139.4 0.8689
F 157.1 144.8 0.8652

From Table 2, it may be seen that the BDE values without zero point energy 
correction are larger than the BDEZPE values (zero point energies corrected). 
However, the sequence of dissociation energies is not affected by the zero-
point energies. Although the BDEs of the trigger bonds are lower than that 
of TATB (276.93 kJ/mol), the BDEZPE values are over 120 kJ/mol and satisfy 
the stability needs of an explosive.

The bond order is an important parameter for evaluating the kinetic 
stability. From Table 2, the sequence of bond orders is mostly consistent 
with the sequence of bond dissociation energies. However, exceptions exist 
for C and E. The bond order for C (0.8903) is greater than that for E (0.8689), 
but the BDE value for C (142.1 kJ/mol) is less than that for E (156.5 kJ/mol). 
Considering the non-observability of bond orders experimentally, the bond 
dissociation energy is a more reliable parameter for predicting the kinetic 
stability of a molecule. Further comparison of the thermal stability to the HOFs 
was also performed, and consistency between the thermal stability and the kinetic 
stability was obtained. In other words, molecules with good thermal stability also 
have good kinetic stability. Therefore, B is more stable than A, and D is more 
stable than C, not only thermally but also kinetically.

3.3 Detonation performance
Detonation velocity and detonation pressure are two important performance 
parameters for HEDCs. The Kamlet-Jacobs equations have been proved reliable 
for predicting these parameters and were used in this study. The calculated 
molecular densities, heats of detonation, detonation velocities and detonation 
pressures are listed in Table 3. For comparison purposes, the experimental 
detonation parameters of the well-known explosive RDX is also included 
in Table 3. 
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Table 3. Crystal density (ρ0), explosive heat (Q), detonation velocity (D) 
and detonation pressure (P) of the azetidine derivatives, 
together with those of RDX

Compound ρ0 [g/cm3] Q [kJ/mol] D [km/s] P [GPa]
A 1.51 1600.57 7.23 20.71
B 1.57 1456.49 7.26 21.44
C 1.76 1731.66 8.66 32.89
D 1.72 1650.41 8.4 30.43
E 1.77 1855.5 9.03 35.88
F 1.81 1758.23 9.06 36.46

RDXa 1.78 1591.03 8.87 34.67
a Experimental data taken from Ref. [25]

In Table 3, the ρ0 values of the azetidine derivatives become greater 
with the introduction of nitroimine groups. The correlation equation is:

y = 0.1432x + 1.3515 (14)

with R² = 0.937, which means that one nitroimine group enhances the density 
by 0.1432 g/cm3. Molecular density is a critical factor for detonation 
performance. The higher the molecular density, the greater are the detonation 
pressure and detonation velocity, which has been demonstrated by earlier 
research [25] and by our calculations. For example, F has a higher molecular 
density (1.81 g/cm3) than that of RDX, consistent with its greater detonation 
velocity, 9.06 km/s, and greater detonation pressure, 36.46 GPa, compared to those 
of RDX. This situation is similar for E, for which the good molecular 
density (1.77 g/cm3) results in an excellent detonation pressure (35.88 GPa) 
and detonation velocity (9.03 km/s). Compared to E and F, the detonation 
parameters of the other derivatives are inferior to those of RDX. 

4 Conclusions

Based on our calculations, all of these azetidine derivatives possess large 
positive HOFs, which increase with the introduction of nitroimine groups. 
The thermal stability and pyrolysis mechanism were evaluated using 
bond dissociation energies. For these azetidine derivatives, the homolysis 
of the N−NO2 bond is the initial step in explosion reactions. Moreover, the BDEs 
of all of the molecules are over 120 kJ/mol, which meets the criterion for high-
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energy-density compounds (HEDCs). The C–N bond strength in the four-
membered ring determines the isomer stability, aided by hydrogen bonds. 
The predicted detonation velocities and detonation pressures indicate that 
a nitroimine group is an effective substituent group for enhancing detonation 
performance. Based on our calculations, derivatives E (D = 9.03 km/s 
and P = 35.88 GPa) and F (D = 9.06 km/s and P = 6.46 GPa) may be promising 
candidates as HEDCs.
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