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Abstract
Context  High-energy density materials (HEDMs) have emerged as a research focus due to their advantageous ultra-high 
detonation performance and better sensitivity. The primary aim of this study revolves around crafting HEDMs that strike a 
delicate balance between exceptional performance and minimal sensitivity. Density functional theory (DFT) was utilized 
to evaluate the geometric structures, energies, densities, energy properties, and sensitivities of 39 designed derivatives. The 
theoretical density (ρ) and heat of formation (HOF) were used to estimate the detonation velocity (D) and pressure (P) of 
the title compounds. Our study shows that the introduction of fluorine-containing substituents or fluorine-free substituents 
into the CHOFN backbone or the CHON backbone can significantly enhance the detonation performance of derivatives. 
Derivative B1 exhibits the better overall performance, including superior density, detonation performance, and sensitivity 
(P = 58.89 GPa, D = 8.02 km/s, ρ = 1.93 g/cm3, and characteristic height H50 = 34.6 cm). Our molecular design strategy 
contributes to the development of more novel HEDMs with excellent detonation performance and stability. It also marks a 
significant step towards a material engineering era guided by theory-based rational design.
Methods  GaussView 6.0 was used for construction of molecular system coordinates, and Gaussian 16 was used to obtain 
optimal structures, energies, and volumes of all compounds at the B3LYP/6-31+G(d,p) level of theory. It was characterized 
to be the local energy minimum on the potential energy surface without imaginary frequencies at the same theory level. 
Molecular weight, isosurface area, and overall variance were obtained using the Multiwfn 3.3. The detonation properties 
of the materials were analyzed using the C-J thermodynamic detonation theory. Our broad analysis facilitated an extensive 
assessment of these properties.

Keywords  CHOFN-containing energetic materials · Density functional theory · Heat of formation · Detonation velocity · 
Detonation pressure

Introduction

Energetic materials have been recognized for their ability to 
store large amounts of chemical energy and release it rap-
idly upon detonation. These materials play a crucial role in 

both military forces and civil construction, including gre-
nades, mortars, warheads, and rocket propellants [1]. The 
invention of black powders in 220 BC marked the origin of 
energetic materials. This mixture of flammable charcoal and 
sulfur with the oxidizer potassium is considered one of the 
four greatest inventions in China and has set the foundation 
for the development of energetic materials [2]. Over time, 
pioneering scientists have developed various types of ener-
getic materials, including nitroglycerin, 2,4,6-trinitrotolu-
ene (TNT) [3], cyclotrimethylenetrinitroamine (RDX) [4], 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) [5], 
hexanitrohexaazaisowurtzitane (CL-20) [6], octanitrocubane 
(ONC) [7], and dinitroanisole (DNAN) [8]. However, the 
applications of these materials are by their relative disad-
vantages, such as TNT’s toxicity and environmental con-
cerns, as well as the low detonation performance of DNAN. 
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Although HMX and CL-20 have been recognized as high-
energy density materials (HEDMs), their instability has also 
restricted their applications.

In response to the growing demand for new and improved 
energetic materials, scholars are actively engaged in the 
design and synthesis of HEDMs with enhanced stability 
and minimized hazardous waste production upon detonation. 
The past two decades have witnessed significant advances in 
both computational and experimental chemistry of HEDMs 
with superior heat of formation (HOF), nitrogen content, and 
detonation properties compared to conventional explosives 
[9–11]. Striking an ideal balance between excellent deto-
nation performance, high thermal stability, and acceptable 
mechanical sensitivity remains a major challenge. Heterocy-
clic systems have emerged as a promising area for the design 
and synthesis of novel HEDMs, gradually becoming a hot 
spot in this field [12]. Nitrogen-rich heterocyclic backbones 
have proven to be effective for enhancing HOF, density (ρ), 
oxygen balance (OB100), and overall performance. Nitrogen-
containing energetic materials feature N–N bonds and C–N 
bonds, which contribute to positive HOF. It is widely rec-
ognized that nitrogen-rich energetic materials often exhibit 
remarkable insensitivity toward electrostatic discharge, 
friction, and impact [13–15]. As the carbon and hydrogen 
content decreases, the density of the energetic material 
increases, leading to improved oxygen balance and higher 
gas (N2) production per gram of material than conventional 
explosives. This study focused on investigating a series of 
compounds characterized by a significant nitrogen content.

Incorporating fluorine into organic compounds has sig-
nificant effects on their chemical, physical, and biological 
properties. Firstly, due to the similarity in atomic radius 
between F and H or hydroxyl, fluorine can easily replace 
these groups in a molecule, resulting in little change in the 
overall molecular volume. Moreover, the C–F bond length 
is shorter, and its bond dissociation energy is greater than 

that of C–H bonds. Secondly, fluorine has a simple structure, 
good target ability, and small volume. Upon explosion, it 
forms HF, releasing a significant amount of heat energy, 
which is highly favorable for both detonation velocity (D) 
and detonation pressure (P) [16, 17], as we have calculated. 
Although CHOFN-containing energetic materials may pose 
ecological concerns due to the formation of HF, they could 
also act as excellent biocides [18].

Given their promising properties, CHOFN-containing ener-
getic materials have become a preferred research focus and 
are considered as promising candidates [19–23]. Incorporat-
ing fluorine-containing substituents or a fluorinated backbone 
often leads to excellent performance compared to conventional 
explosives such as RDX and HMX [24–26]. In support of the 
development of a new family of HEDMs, we designed 39 
novel derivatives based on three parent compounds:

1.	 2-nitro-5,7-bis(trifluoromethyl)-[1,2,4]triazolo[1,5-a]
pyrimidine

2.	 5-methyl-2-nitro-7-trifluoromethyl-[1,2,4]triazolo[1,5-a]
pyrimidine

3.	 5,7-dimethyl-2-nitro-[1,2,4]triazolo[1,5-a]pyrimidine

CHOFN-containing energetic materials can be classified 
into two types: those with fluorine-containing substituents 
or conventional substituents, incorporated into CHON com-
pounds or CHOFN compounds. Such substituent groups 
include –C(NO2)3, –NO2, –CN, –NHNO2, –N3, –NC, 
–NH2, –ONO2, –NF2, –CF(NO2)2, –N(NO2)2, –N(NH2NO2), 
and–N(NO2ONO2) in line with the bridging strategies pro-
posed by Tsyshevsky et al. [27], which utilize a fragment-
based combinatorial approach to design new heterocyclic 
HEDMs. The detailed structures of each derivative and its 
substituents are illustrated in Fig. 1.

Given the poor measurement accuracy of kinetic data and 
the rapid decomposition rates of explosives, it is challenging 

Fig. 1   Molecular structures of 
all derivatives



Journal of Molecular Modeling (2023) 29:228	

1 3

Page 3 of 11  228

to establish structure-activity relationships from experimen-
tal data alone. To address this issue, accurate theoretical 
calculations based on quantum chemistry are essential for 
achieving a balance between performance and safety [28]. In 
this study, we calculated the energy, density, and sensitivity 
of these derivatives and provided a comprehensive analysis. 
Our research design is expected to contribute to the expan-
sion of the HEDM family with excellent properties.

Computation methods

Two types of CHOFN-containing energetic materials were 
investigated in this study using the Gaussian 16 program 
at the B3LYP/6-31+G(d,p) level of theory, with a focus on 
performing vibrational frequency analysis and structural 
optimization [29]. The default convergence criteria of the 
program were used for the optimization process, without any 
symmetry constraints. All optimized structures were con-
firmed to be true local energy minima on potential energy 
surfaces, with no imaginary frequencies. HOF values of 
the derivatives were calculated via DFT calculation and 
isodesmic reactions [30]. To minimize the calculation error 
of HOF, we employed the bond separation reaction (BSR) 
rule to design isodesmic reactions, in which the bond num-
bers remained constant. Isodesmic reactions were chosen 
because they have similar electronic environments between 
reactants and products, allowing for the cancellation of elec-
tron correction energy errors and greatly reducing the overall 
calculation error of HOF [31].

The isodesmic reaction (Fig. 2) operates through a mech-
anism whereby the conjugated bond within the heterocy-
clic skeleton remains unaltered, while the larger molecules 
undergo conversion into smaller molecules where R is

–C(NO2)3, –NO2, –CN, –NHNO2, –N3, –NC, –NH2, 
–ONO2, –NF2, –CF(NO2)2, –N(NO2)2, –N(NH2NO2), 
–N(NO2ONO2) (Fig. 1).

The heat of reaction (ΔH298) at 298 K was calculated 
and confirmed using the equation in the reference  [32]. The 

HOF in solid state could be predicted using the following 
equation:

The sublimation enthalpy (ΔHsub) was evaluated using 
Eq. (2), suggested by Rice and Politzer et al [33, 34]:

where SA is the area of the isosurface of 0.001 e/Bohr3 
electron density of a molecule calculated using a self-com-
piled program.

In order to gain a thorough understanding of the safety 
properties of certain compounds, an investigation was con-
ducted into their shock sensitivity. An essential parameter for 
predicting the safety and shock sensitivity of HEDMs during 
storage or use is the characteristic height (to − 1.75%). To 
estimate the H50 value for all novel derivatives, a reliable 
method proposed by Pospíšil et al. was employed [35]:

The theoretical density was obtained by Eq. (4), which 
was proposed by Politzer et al. [36]:

where M is the molecular weight (g/mol), and Vm is the 
volume of the 0.001 a.u. (electrons/bohr3) contour of elec-
tronic density calculated using Monte Carlo integration. The 
coefficients α, β, and γ were taken from reference [37].

One of the fundamental objectives in the field of ener-
getic materials is to predict D and P of novel HEDMs 
before their synthesis. The Chapman-Jouguet (C-J) ther-
modynamic detonation theory has conventionally been uti-
lized to investigate the detonation of CHOFN explosives. 
It is universally acknowledged that the abovementioned 
thermodynamic detonation theories yield satisfactory 
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Fig. 2   Isodesmic reaction of a 
series of compounds of A, B, C
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concordance between the measured and calculated values 
of the detonation pressure for any CHOFN ideal or less 
ideal explosives.

For the CHOFN explosives, the C-J method was used 
to explore the detonation performance [38]:

where D is the detonation velocity (km/s), P is the deto-
nation pressure (Gpa), M ̅ is the average molecular weight 
of the gaseous product (g/mol), and α is the number of 
moles of detonation gaseous product per gram of explo-
sive. Detonation heat (Q) (cal/g) is the heat of detonation 
which can be calculated in Eq. (7) and the basic compo-
nent of detonation pressure and detonation velocity:

The quantity ρQmax represents the maximum heat of 
detonation per unit volume of the compound, and it plays 
a crucial role in predicting the compound’s sensitivity. It 
was suggested by Politzer et al [39]:

ρ0 was obtained from Eq. (9) above, where g/cm3 is the 
unit of molecule density.

In the case of explosives containing CaHbOcFdNe, the 
OB100 was accomplished through the use of Eqs. (10) 
and (11), which also provides a means for predicting the 
impact sensitivities of the explosives:

In the case of each CHOFN or CHON compound, all 
N atoms are assumed to convert into N2. Additionally, a 
subset of the O atoms preferentially reacts with H atoms, 
resulting in the formation of H2O and CO rather than CO2 
with C atoms. If the number of O atoms is excessive for 
the complete oxidation of H and C atoms, the redundant O 
atoms transform into O2. However, if the number of atoms 
is not enough to satisfy full oxidation of H and C atoms, 
any remaining H atoms become H2, and the C atoms exist 
as solid-state C. Depending on the composition of CHOFN 
explosives, the primary detonation products may include 
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OB

100
= [c − 2a − 0.5 × (b − d)]∕M × 16 × 100%(4a + b > d)

CO, CO2, H2O, N2, HF, and solid carbon, along with minor 
quantities of H2, NH3, O2, NO, and other chemical species.

Equation (12) was employed to calculate the content of 
specific decomposition products. The detonation perfor-
mance of HEDMs is contingent on characteristics such as 
α, M ̅, Q, and others, which may be regulated by controlling 
the decomposition pathways of the compounds to achieve a 
dependable correlation for computing both ideal and non-
ideal explosives. The quantities of diverse products rely on 
various parameters of the detonation process and other equi-
librium effects.

Results and discussion

The compounds under investigation were divided into three 
distinct groups: Group A, Group B, and Group C. Group A 
was obtained from 2-nitro-5,7-bis(trifluoromethyl)-[1,2,4]
triazolo[1,5-a]pyrimidine; meanwhile, a sequence of 
5-methyl-2-nitro-7-trifluoromethyl-[1,2,4]triazolo[1,5-a]
pyrimidine-based energetic derivatives and 5,7-dimethyl-
2-nitro-[1,2,4]triazolo[1,5-a]pyrimidine-based derivatives 
were designed, which were named Group B and Group C, 
respectively.

HOF

Heats of formation (HOF) is viewed as a crucial gauge of the 
“energy content” of energetic materials. Due to its impact 
on detonation velocity and detonation pressure, the accu-
rate prediction of HOF is pivotal in estimating the overall 
properties of HEDMs. Nevertheless, obtaining HOF through 
experimental means is both dangerous and challenging. 
Therefore, theoretical research and HOF prediction hold 
particular significance.

In the case of CHOFN or CHON compounds, the 
isodesmic reaction that was designed can be utilized. Prior 
research has revealed that this approach yields theoretical 
HOF values that correspond satisfactorily with the most 
precise experimental values [30, 40]. Table 1 shows the cal-
culated HOFg, ΔHsub, and HOFs for the derivatives under 
study. It is apparent that the value of HOFs experiences a 
substantial increase with an increase in the number of nitro-
gen atoms in the substituent groups. This finding indicates 
that the –N3, –NC, –CN, and –NO2 groups play a crucial 
role in conferring energetic properties to the azole skeleton 
present in CHOFN compounds or CHON compounds. The 
existence of a double heterocycle and numerous N–N bonds 

(12)
CaHbOcFdNe

c≤a
→ dHF + (e∕2)N2

+ cCO + (a − c)C(s) +
[

(b − d∕2)
]

H2
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contributes to achieving superior propellant performance 
by providing higher HOFs. Fluorinated energetic materials 
contain F atoms that boast high levels of chemical activity; 
thus, utilizing fluorinated energetic materials in the field of 
energetic materials may make a significant contribution to 
advancing combustion reactions [41].

Notably, not all derivatives exhibit higher HOF values 
than their parent compound, potentially due to an increased 

fluorine content [22, 23]. The majority of HOF values for 
Group A and Group B are negative, while those of Group C 
are positive. Calculation of HOF in a quantitative manner 
has established that the distinctiveness of fluorinated ener-
getic materials compared to conventional energetic materials 
may be dependent on the extent of fluorination.

Furthermore, the majority of substituent groups contrib-
ute to HOF values. For instance, the addition of groups such 
as –N3 is conducive to higher HOFs, while the incorpora-
tion of groups such as –CF(NO2)2 does not improve HOFs. 
When the –N3 group is added to 2-nitro-[1,2,4]triazolo[1,5-
a]pyrimidine, the resulting compound exhibits the high-
est HOF value (A5: − 488.36 kJ/mol, B5: 38.69 kJ/mol). 
The HOF value of C5 is also higher. This finding suggests 
that the –N3 group is among the most energetic functional 
groups and plays a vital role in augmenting HOF values. 
Conversely, when the substituent group shifts from –N3 
to –CF(NO2)2, the HOF value becomes the smallest in the 
corresponding series of derivatives, indicating that different 
substituents exert varied effects on HOFs.

Additionally, for isomers containing the same atoms 
(derivatives A3 and A6, derivatives B3 and B6) but dif-
fering substituent groups (–CN, –NC), the HOF values of 
derivatives A6 and B6 are higher than those of derivatives 
A3 and B3. This finding implies that the –NC substituent 
group is more effective at enhancing HOFs. The order of 
contribution of substituent groups to HOF is as follows: –N3 
> –NC > –CN > –N(NO2)2 > –N(NH2NO2) > –C(NO2)3 
> –N(NO2ONO2) > –NHNO2 ≈ –NF2 > –NO2 > –NH2 > 
–ONO2 > –CF(NO2)2

Explosive performance

The addition of elemental fluorine has captured the atten-
tion of chemists due to a variety of performance is usually 
as much as doubled, such as D and P [16]. Density is an 
important parameter of energetic materials and a key factor 
to determine detonation performance. Table 2 shows the cal-
culated densities of derivatives, most of which are excellent. 
Densities of many derivatives surpass 2.00 g/cm3, satisfying 
the necessary criteria for advanced energetic materials.

Moreover, the incorporation of F-containing substitu-
ents can significantly enhance detonation performance by 
exerting a notable influence on density [44]. As observed in 
Table 2, the addition of substituent groups such as –NF2 and 
–C(NO2)3 leads to an increase in density, which promotes 
the enhancement of explosive performance. Conversely, add-
ing the –CN group results in a decrease in density.

The majority of the compounds analyzed exhibit supe-
rior performance when compared to their parent compounds. 
Interestingly, the derivatives A1, A10, A11, A13, B1, B2, 
B8, B10, B11, B12, B13, and C2 display notably higher det-
onation pressures than HMX (39.0 GPa) [42]. Additionally, 

Table 1   Calculated all heats of formation (HOF, kJ/mol) of the title 
compounds at the B3LYP/6-31+G(d,p) level of theory

Compounds HOFg ΔHsub HOFs

A1 − 634.53 53.77 − 688.31
A2 − 742.79 54.34 − 797.14
A3 − 597.96 56.71 − 654.67
A4 − 724.90 56.99 − 781.89
A5 − 426.23 62.13 − 488.36
A6 − 516.23 57.53 − 573.75
A7 − 799.66 68.37 − 868.03
A8 − 846.46 59.51 − 905.96
A9 − 679.98 59.31 − 739.29
A10 − 876.05 52.90 − 928.95
A11 − 608.98 53.75 − 662.73
A12 − 626.94 58.66 − 685.60
A13 − 648.19 56.91 − 705.10
B1 − 116.34 52.95 − 169.29
B2 − 216.23 57.44 − 273.67
B3 − 67.48 56.68 − 124.16
B4 − 178.87 70.19 − 249.07
B5 107.97 69.28 38.69
B6 16.15 58.36 − 42.21
B7 − 248.71 60.29 − 309.00
B8 − 306.53 47.26 − 353.79
B9 − 212.84 49.93 − 262.77
B10 − 349.87 52.63 − 402.51
B11 − 70.98 53.37 − 124.35
B12 − 85.34 57.47 − 142.80
B13 − 116.10 61.56 − 177.66
C1 288.78 58.78 230.00
C2 150.96 59.24 91.72
C3 389.58 60.30 329.28
C4 293.10 56.31 236.79
C5 442.50 54.53 387.97
C6 331.50 62.17 269.33
C7 631.76 64.85 566.91
C8 527.65 55.23 472.42
C9 294.04 69.77 224.26
C10 208.57 60.61 147.96
C11 439.08 60.78 378.30
C12 434.85 63.86 370.99
C13 389.25 60.23 329.02
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the detonation pressures of derivatives A8, A12, B4, B8, 
and C1 exceed that of RDX (34.0 GPa) [42]. Derivative B1 
boasts excellent detonation pressure, superior density, low 
sensitivities (ρ = 1.93 g/cm3, P = 58.89 GPa, and H50 = 
34.6 cm, ρQmax=1.78 kcal/cm3) but detonation velocity (D 
= 8.02 km/s) is unsatisfactory. Some exceptional properties 
of derivatives highlight the benefits of our proposed design 
strategy, and some bad properties motivate us to further 
improve them.

When analyzing the –NO2 group, it is worth noting 
that it constitutes one of the most versatile and commonly 
employed functional groups, featuring robust electron-
attracting capabilities. In this study, the detonation perfor-
mance of the derivatives exhibits a substantial increase as 
the number of –NO2 group increases. The number of –NO2 
groups contributed to the detonation performance, but 
exerted a less effect on HOF. Furthermore, we have estab-
lished that the –NH2 group not only reduces HOF but also 
diminishes detonation performance.

These results suggest that the detonation velocity and 
pressure of HEDMs are more sensitive to substituent groups. 
Our analysis reveals that different substituent groups exert 
varied effects on explosive performance of HEDMs. The 
order of contribution of substituent groups to D, P, and Q 
is as follows: –C(NO2)3 > –N(NO2ONO2) > –N(NO2)2 > 
–CF(NO2)2 > –N(NH2NO2) > –ONO2 > –NO2 > –NHNO2 
> –N3 > –NH2 ≈ –NC ≈ –CN ≈ –NF2.

Figure 3 illustrates a clear correlation between the product 
distribution of the HEDMs and their global performance. For 
example, the detonation properties (D = 7.83 km/s, P = 55.08 
GPa) of derivative A1 surpass those of some conventional explo-
sives. The generation of a substantial volume of N2 gas is highly 
favorable for enhancing the D, P, and Q of the HEDMs.

An increase in the proportion of F in the products leads 
to a decrease in the hydrogen content of the compound. The 
minimal hydrogen content ensures complete oxidation of the 
carbon element, thereby contributing to high detonation prop-
erties observed in several H-deficient compounds studied.

Our findings on the correlation between product distribu-
tion of the HEDMs and their detonation performance are 
consistent with the observations made in previous sections 
on the preferred molecular backbones and functional sub-
stituent groups of HEDMs. Specifically, high N and F con-
tent contribute significantly to various detonation properties 
when designing high-performing HEDMs.

To derive the plausible physicochemical characteristics 
of high-performing HEDMs, the performance parameters 
(D, P, H50, and OB100) are plotted as a function of material 
densities for all the HEDMs studied, as depicted in Fig. 4. 
Our findings reveal that the performance parameters (D, P, 
H50, and OB100) of the HEDMs exhibit dependence on their 
material densities.

Table 2   Predicted density (g/cm3), explosive heat (cal/g), detona-
tion pressure (GPa), and detonation velocity (km/s) of all derivatives 
together with RDX and HMX (ρ0 is molecular density, ρ0 = M/V and 
rectification density value is ρ)

a [42]
b [43]

Compounds ρ0 ρ D P Q

A1 2.14 2.11 7.83 55.08 967.27
A2 2.08 2.09 6.49 32.01 877.71
A3 2.01 2.03 5.44 18.29 873.93
A4 1.81 1.86 6.09 26.30 851.30
A5 2.06 2.09 6.08 26.26 949.19
A6 2.05 2.07 5.58 19.87 933.21
A7 2.05 2.05 5.81 22.67 740.33
A8 2.07 2.01 6.72 35.54 840.04
A9 2.17 2.13 5.19 15.55 1119.9
A10 2.17 2.13 7.12 42.15 921.40
A11 2.08 2.04 7.33 45.88 957.10
A12 2.04 2.04 6.85 37.71 878.47
A13 2.11 2.10 7.62 51.12 959.40
B1 1.95 1.93 8.02 58.89 921.59
B2 1.87 1.88 6.97 39.63 802.84
B3 1.77 1.79 6.13 26.97 799.01
B4 1.80 1.89 6.90 38.43 782.73
B5 1.88 1.96 6.80 36.82 889.65
B6 1.77 1.79 6.21 28.04 870.95
B7 1.77 1.81 6.22 28.13 661.02
B8 1.87 1.83 7.15 42.64 784.73
B9 1.97 1.93 6.42 31.02 1052.77
B10 1.95 1.92 7.39 46.91 870.47
B11 1.88 1.86 7.61 50.92 917.29
B12 1.80 1.81 7.06 41.21 825.05
B13 1.93 1.96 7.92 56.94 914.55
C1 1.68 1.71 6.75 36.13 571.38
C2 1.75 1.78 7.51 49.11 1014.39
C3 1.76 1.79 7.63 25.42 1248.83
C4 1.60 1.63 6.42 17.01 982.3
C5 1.49 1.52 5.25 10.84 631.39
C6 1.60 1.65 6.44 17.07 952.66
C7 1.59 1.66 5.77 13.64 631.87
C8 1.47 1.50 5.24 10.73 653.49
C9 1.48 1.59 5.53 11.93 616.8
C10 1.60 1.65 6.69 18.47 1085.53
C11 1.71 1.75 7.27 22.66 1127.12
C12 1.59 1.66 6.50 17.35 941.06
C13 1.67 1.71 7.37 23.05 1210.44
Ab 1.85 7.63 26.11
Bb 1.69 6.66 18.96
Cb 1.53 6.64 14.61
HMXa 1.91 8.75 34.00 1343.81
RDXa 1.82 9.10 39.00 1345.57
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Of particular importance, our findings reveal that 
OB100 (− 100% to 0) linearly increases with material 
densities, further supporting the notion that HEDMs typi-
cally display optimal performance as the value of OB100 

approaches zero, indicating full oxidant utilization. Nota-
bly, the selection of excellent derivatives hinges on the 
following conditions being met: ρ > 1.60 g/cm3 and deto-
nation performance exceeding that of TNT [42].

Fig. 3   Distribution of detona-
tion products for the 39 HEDMs 
studied. Note C is solid with a 
graphene structure

Fig. 4   Correlation between the material density of the 39 HEDMs 
and their (a) detonation velocity, (b) detonation pressure, and (c) char-
acteristic height, and (d) oxygen balance and the favorable deriva-

tives. TNT’s D: 6.95 km/s, P: 22.35 GPa were set as the references, 
as marked by the dashed lines. For characteristic height and oxygen  
balance, the reference was set to be H50: 29.0 cm, OB100: − 25% to 0
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Impact sensitivity (H50, ρQmax, and OB100)

When assessing stability, H50 and OB100 are considered the 
most crucial parameters.

H50 has been predicted for all molecules in this study. As 
illustrated in Table 3, all molecules exhibit potential shock 

sensitivity, with H50 values ranging from 20.4 to 49.7 cm. 
Notably, the H50 value is inversely proportional to sensitivity 
and is closely linked to the properties of the HEDMs. Most 
derivatives feature higher H50 values than RDX (26 cm) and 
HMX (29 cm) [45], with the H50 of all derivatives exceeding 
that of CL-20 (12 cm) [46]. The derivatives of series of C 
have excellent and concentrated H50 values (45.5–49.7cm), 
proving that the sensitivity of our designed derivatives is 
satisfactory. For obtaining low-impact sensitivity, a large 
heat of detonation is undesirable. 

Calculated values of RDX and HMX were taken from 
Talawar, M. B. et al. [45, 47].

For obtaining excellent detonation velocity and detona-
tion pressure, a large heat of detonation is also unnecessary, 
because moderate detonation heat energy can achieve higher 
detonation performance, but also increases the possibility of 
forming a lower sensitivity [48]. Fortunately, the majority 
of our designed derivatives possess a low detonation heat 
(see Table S2). The calculations of ρQmax and H50 produced 
consistent results, indicating that energetic materials we 
designed may exhibit lower sensitivity and provide a safety 
assurance.

Oxygen balance serves as an indicator of the degree to 
which HEDMs can be oxidized, as summarized in Table 3. 
OB100, a parameter frequently evaluated by scholars, is sel-
dom close to zero, as observed for RDX (− 21.61%) and 
HMX (− 21.61%) [47]. Furthermore, derivative C1 exhib-
its an oxygen balance value of − 1.75%. When the oxy-
gen balance approaches zero, derivatives typically exhibit 
robust detonation performance due to full oxidant utiliza-
tion. Thus, achieving a near-zero oxygen balance represents 
an effective strategy for balancing detonation performance 
and sensitivity. Derivatives C1-C13 have oxygen balance 
values of − 8.65 to − 1.75%, consistent with the oxygen 
balance at about zero strategy. Moreover, near-zero oxygen 
balance allows for significant increases in the proportion of 
environmentally friendly molecular nitrogen and water in 
the product.

Conclusions

In the present study, we have designed and optimized a 
series of novel 2-nitro-[1,2,4]triazolo[1,5-a]pyrimidineis 
derivatives by introducing various substituent groups at the 
B3LYP/6-31+G(d,p) level. Our findings reveal that the addi-
tion of fluorine elements either to the backbone or as sub-
stituent groups can significantly enhance explosive perfor-
mance, oxygen balance, and material densities of HEDMs. 
Based on our results, some valuable conclusions can be 
drawn, which are outlined below:

Previous studies have highlighted that one of the key 
features of excellent CHON energetic materials is high and 

Table 3   Characteristic height (cm), oxygen balance (%), and nitrogen 
content (%) of the title compounds

Compounds H50 OB100 N

A1 34.4 − 17.77 24.88
A2 38.6 − 32.36 24.27
A3 35.5 − 53.97 25.76
A4 44.5 − 33.23 27.14
A5 45.5 − 42.09 32.74
A6 38.7 − 53.97 25.76
A7 28.7 − 50.61 26.57
A8 20.4 − 26.51 23.20
A9 24.3 − 36.35 23.86
A10 32.3 − 24.58 23.16
A11 31.7 − 19.70 27.58
A12 33.7 − 34.03 29.78
A13 34.7 − 15.16 26.53
B1 34.6 − 32.31 28.27
B2 39.0 − 54.77 28.75
B3 35.9 − 82.31 30.87
B4 44.3 − 54.70 31.91
B5 45.2 − 66.63 38.87
B6 39.0 − 82.31 30.87
B7 28.8 − 79.34 32.04
B8 20.5 − 46.73 27.26
B9 24.7 − 59.03 28.18
B10 32.6 − 41.18 26.55
B11 31.7 − 36.35 31.81
B12 33.9 − 54.63 34.77
B13 46.1 − 30.42 30.42
C1 49.2 − 6.55 34.40
C2 49.4 − 3.17 31.09
C3 48.5 − 1.75 32.73
C4 49.6 − 5.04 35.27
C5 49.7 − 8.25 38.50
C6 47.1 − 5.13 38.71
C7 45.5 − 6.83 47.83
C8 49.3 − 8.25 38.50
C9 49.3 − 8.65 40.35
C10 48.4 − 3.93 33.05
C11 49.1 − 2.68 37.56
C12 48.7 − 5.22 41.76
C13 49.6 − 1.91 35.65
HMX 29.0 − 21.61 37.84
RDX 26.0 − 21.61 37.84
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positive HOF [49]. However, unlike conventional CHON 
energetic materials, the addition of fluorine can lead to 
negative HOF values. Moreover, different substituents 
exert varied effects on HOF. The order of contribution of 
substituent groups to HOF was determined as follows: –N3 
> –NC > –CN > –N(NO2)2 > –N(NH2NO2) > –C(NO2)3 
> –N(NO2ONO2) > –NHNO2 ≈ –NF2 > –NO2 > –NH2 
> –ONO2 > –CF(NO2)2.

Most derivatives have relatively satisfactory H50 values, 
indicating lower sensitivity. This finding contributes not 
only to our understanding of the structural features and 
stabilities of energetic materials but also greatly advances 
the application of fluorinated energetic materials in the 
field of explosives. Most derivatives require both low-sen-
sitivity and excellent explosive properties. The predicted 
detonation velocities and pressures highlight the nitroso 
group as an effective substituent group for enhancing 
detonation performance. While these derivatives may not 
exhibit remarkable detonation velocities, the incorporation 
of fluorine offers several advantages. These derivatives 
effectively fulfill certain explosive characteristics while 
maintaining low sensitivity, thus achieving a balanced 
condition. This insight also serves as inspiration for us 
to further investigate the potential of novel fluorine-con-
taining HEDMs. Finally, the contribution of substituent 
groups to D, P, and Q was ranked as follows: –C(NO2)3 > 
–N(NO2ONO2) > –N(NO2)2 > –CF(NO2)2 > –N(NH2NO2) 
> –ONO2 > –NO2 > –NHNO2 > –N3 > –NH2 ≈ –NC ≈ 
–CN ≈ –NF2.

The performance of derivatives from Group A, Group 
B, and Group C suggests that these derivatives have the 
potential to be good explosives and expand the HEDMs 
family. Introducing substituent groups into the CHOFN 
backbone resulted in better performance than introduc-
ing fluorine-containing substituent groups into the CHON 
backbone. It is likely that this consistency is related to the 
fluorine content of the derivative products.
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