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3,5-Dinitro-1-(3,3,3-trifluoropropyl)-1H-pyrazol-4-
amine as an insensitive and thermostable
energetic melt-castable material†
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Yi Wang * and Qinghua Zhang *

A trifluoropropyl functionalized energetic compound, viz.

3,5-dinitro-1-(3,3,3-trifluoropropyl)-1H-pyrazol-4-amine

(TFDNPA), was designed and synthesized, which exhibited

potential for TNT replacement as an energetic melt-castable

carrier in aluminized explosive formulation due to excellent

thermal properties (Tm: 100 °C and Td: 261 °C), good detonation

performance (D: 7330 m s−1 and P: 23.3 GPa), low impact

sensitivity (IS: 35 J) and enhanced reaction activity with

aluminium powders in melt-cast explosive formulations.

Introduction

Energetic melt-castable materials are a special class of
energetic compounds with melting points in a narrow
temperature range of 70–120 °C.1,2 This reversible ability to
change from a solid phase to a liquid phase makes them
irreplaceable carriers in melt-cast composite explosives.3–5

Due to the high calorific value (31 MJ kg−1), aluminium (Al)
powders are usually added to currently widely used composite
explosive formulations to increase the detonation heat and
detonation temperature.6,7 However, for traditional melt-cast
composite explosive formulations (such as TNT/RDX/Al,
DNAN/HMX/Al, etc.), Al powders transform into various
condensed phase particles (including molten Al droplets,
aluminum oxide particles, etc.) during the detonation reaction
to show an adverse effect on the propagation of detonation
waves. In contrast, aluminium fluoride (AlF3) would be
gaseous under the conditions of the detonation reaction to
effectively prevent the agglomeration of condensed phase Al
particles.8–10 For this reason, the introduction of fluorine
elements into Al-based composite explosives is very beneficial
for improving the detonation performance. Therefore, a

promising strategy is to develop fluorine-containing melt-
castable energetic compounds.

With increasing attention on the high-efficiency energy
release of Al-based composite explosives, there has been
significant interest in fluorine-containing energetic melt-
castable materials.11–13 At present, several fluorine-containing
melt-castable compounds have been reported and they could
be divided into three main categories (Fig. 1). Due to the
flexible structural feature and high reliable synthesis,
fluorodinitroethanol is a widely used structural segment in
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Fig. 1 (a) Chemical structures and properties of fluorodinitroethanol-
based energetic melt-castable materials; (b) chemical structures and
properties of polynitro fluorobenzene-based energetic melt-castable
materials; (c) chemical structure and properties of the azole-based
energetic melt-castable material; (d) chemical structures, synthetic
route and properties of TFDNPA.
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these fluorine-containing energetic melt-castable compounds
(Fig. 1a). Although they exhibit high detonation velocities
(usually exceeding 8000 m s−1), their decomposition
temperatures are relatively low (around 200 °C), which
narrows the range of the molten liquid phase and makes
them unsuitable for practical applications.14–17 Polynitro
fluorobenzene derivatives are an important type of energetic
melt-castable compounds. However, their detonation
velocities are usually relatively low (mostly ranging from 6000
to 7500 m s−1) (Fig. 1b). Moreover, introducing nitro groups
into the fluorobenzene skeleton usually requires harsh
reaction conditions due to the strong electron-withdrawing
effect of fluorine atoms.18,19 For five-membered nitrogen
heterocyclic compounds, there are very few options for
fluorine-containing melt-castable compounds (as shown in
Fig. 1c). Therefore, it is highly desirable to develop new
fluorine-containing melt-castable molecules by introducing
fluorine into heterocyclic energetic skeletons.20–23

In our continuous efforts to develop new melt-castable
energetic materials, we have found that the combination of
energetic heterocyclic skeletons and flexible substituents is
beneficial for regulating the melting point of energetic
molecules to meet the requirements of energetic melt-castable
materials.24–27 Here, we have designed a new fluorine-
containing pyrazole compound (TFDNPA) by integrating
3,5-dinitro-1H-pyrazol-4-amine and 1,1,1-trifluoropropane. In
addition, TFDNPA exhibits excellent properties including high
density, good detonation performance, low mechanical
sensitivities, etc., (Fig. 1c), demonstrating its good potential as a
TNT replacement.

Results and discussion
Synthesis

As shown in Fig. 1d, the target 3,5-dinitro-1-(3,3,3-
trifluoropropyl)-1H-pyrazol-4-amine (TFDNPA) was prepared by
a one-step substitution reaction. First, we synthesized
3,5-dinitro-1H-pyrazol-4-amine (1) from the reported literature.28

Then, it was reacted with 1,1,1-trifluoro-2-iodoethane in an
alkaline environment to give TFDNPA with a yield of 94.3% (see
ESI†).

Crystal structure

High-quality crystals of TFDNPA (CCDC: 2402298) were
obtained by slow solvent evaporation from a saturated ethyl
acetate solution (Fig. 2a). TFDNPA belongs to the Pca21 space
group, with a crystal density of 1.699 g cm−3 at 293 K.
Additionally, the five-membered rings of the crystals are
nearly coplanar with the nitro and amino groups. The torsion
angle of O1–N3–C1–C2, H1–N4–C2–C3 and O3–N5–C3–N1 are
−179.98°, 177.91° and 177.09°, respectively. Moreover, each
molecule of TFDNPA has two hydrogen bond donors that
form intramolecular and intermolecular hydrogen bonds
with varying distances ranging from 2.242 to 2.449 Å.
Through these hydrogen bonds, each individual molecule is
connected to form a tight network of hydrogen bonds.

Additionally, TFDNPA shows a layer-by-layer packing
structure (Fig. 2b and c), which can reduce the influence of
external stimuli by sliding between layers. Moreover, the
trifluoropropyl groups are adjacent to each other, and the
amino group is connected to the amino group; these give the
TFDNPA molecule more hydrogen and halogen bonds,
forming a powerful network of intermolecular forces. The 2D
fingerprint plot and Hirshfeld surface were handled using
Crystal Explorer 21.5,29,30 as shown in Fig. 2d–f. It is evident
that the O⋯H and F⋯H hydrogen bonds occupy a large
proportion in the intermolecular interactions, which further
enhances the thermal and mechanical stability of TFDNPA
on the other hand. In Fig. 2e, some red areas around the
nitro group and the amino group can be seen, which
represents the higher electron density in these places due to
the strong interactions. The oxygen of the nitro group acts as
the hydrogen bond acceptor, and the hydrogen of the amino
group acts as the hydrogen bond donor, creating a strong
hydrogen bond interaction force here.

To gain more information on the intermolecular forces,
electrostatic potential (ESP) analysis was applied to
TFDNPA.31,32 In Fig. 2g, the maximum ESP values are +43.71,

Fig. 2 (a) Crystal structure; (b) crystal stacking diagram along the a-axis;
(c) crystal stacking diagram with the hydrogen bond network along the
b-axis; (d) the individual atomic contact percentage contribution to the
Hirshfeld surface; (e) Hirshfeld surfaces; (f) 2D fingerprint plot; (g) ESP plot
(kJ mol−1); (h) NCI isosurface (isovalue = 0.5).
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+41.95 and +36.37 kJ mol−1, concentrated near the hydrogen
atoms, while the electrostatic potential minimum are −29.36,
−28.69 and −28.36 kJ mol−1, concentrated near the nitro
groups. This is because the oxygen atom obtains more charge
when bonding, and the electron shielding on it is
strengthened, so that the gravity of its lone pair electrons is
weakened and the electron density is reduced, which is the
blue region in the figure. While hydrogen loses its charge
when bonding, the gravity of its electrons is strengthened
and the electron density is increased, which is the red region
in the figure. To visualize the intramolecular weak
interactions, noncovalent interaction (NCI) analysis was
performed. As shown in Fig. 2h, there are numerous green
and brown areas around trifluoropropyl groups due to the
strong halogen bonding interaction. In addition, there are
small green and brown areas between the amino group and
the nitro group, suggesting the hydrogen bonding force.33,34

These analytical results contribute to the evidence of
abundant intermolecular forces in the crystals.

Thermal properties

For energetic melt-castable materials, the melting point and
thermal decomposition temperature are two important
indicators. Therefore, the thermal properties of TFDNPA were
measured at different heating rates in a nitrogen atmosphere
by differential scanning calorimetry (DSC). As shown in
Fig. 3a, the melting point of TFDNPA is 100 °C at a heating
rate of 5 K min−1; this temperature falls within the melting
point range of energetic melt-castable materials.35,36 The
thermal decomposition temperature of TFDNPA is 261 °C at
a heating rate of 5 K min−1. The thermal decomposition
temperature is higher than that of its precursor compound 1
(Td: 178 °C), and comparable to TNT (Td: 295 °C), showing its
excellent thermal stability. In order to analyze the non-
isothermal thermal decomposition kinetics of TFDNPA, the
Kissinger and Ozawa methods were applied, as shown
Fig. 3b. The apparent activation energy (Ea) of TFDNPA
determined by the Kissinger and Ozawa methods is 87.40 ±
0.98 and 92.03 ± 0.98 kJ mol−1, respectively. Both values are
close to but slightly lower than that of TNT (Ea: 110.93 kJ
mol−1), indicating a slightly lower thermal stability compared
to TNT.

Physicochemical properties

The detonation properties and mechanical sensitivity are also
important indicators to reflect the properties of energetic
materials. The Gaussian 09 program and atomization method
were used to calculate the heat of formation (ΔHf) of TFDNPA
as −563.5 kJ mol−1 (more details can be found in the ESI†).
The large negative heat of formation of ΔHf is attributed to
the introduction of trifluoromethyl (ΔHf: −447 kJ mol−1)
groups. By using the single crystal density and heat of
formation, their detonation properties, including detonation
velocities and pressures, could be evaluated by the EXPLO5
(version 6.05) program. The detonation velocity and
detonation pressure of TFDNPA are 7330 m s−1 and 23.3 GPa,
respectively, which are obviously higher than those of TNT
(D: 6881 m s−1, P: 19.5 GPa). In addition, although the
friction sensitivity of TFDNPA is lower than that of TNT, its
impact sensitivity is better than that of TNT. In general,
TFDNPA exhibits similar properties to TNT (Table 1).

Molecular dynamics simulation

It has been reported that the introduction of fluorine is
beneficial to the oxidation of aluminum particles, thereby
enhancing the reactivity and energy level of aluminium-
containing explosives.37–39 To explore the effect on
compound TFDNPA, ab initio molecular dynamics (AIMD),
which offers high precision, strong universality, and the
ability to describe chemical reactions, was applied to analyze
the microscopic reaction between Al with TFDNPA and TNT,
respectively. Details of calculation methods can be found in
the ESI.†

The initial layer models of the compound and aluminum
after structural relaxation are shown in Fig. S1.† After a 5 ps
simulation at 4000 K, a snapshot of the final frame can be
seen in Fig. 4a. It is evident that aluminum oxide
agglomeration is more obvious in the TNT_AL system
compared to that in the TFDNPA_Al system. This is caused
by the production of aluminum fluoride inhibiting the
production of aluminum oxide (Fig. 4a). This result can be
validated by observing the smaller coordination number

Fig. 3 (a) DSC curves of TFDNPA at different heating rates; (b)
calculation of the apparent activation energies of TFDNPA by the
Kissinger and Ozawa methods.

Table 1 Physicochemical properties of TFDNPA

Properties TFDNPA TNT

ρa/g cm−3 1.699 1.65
Tm

b/°C 100 80
Td

c/°C 261 295
Ωd/% −65.39 −74.0
ΔHf

e/kJ mol−1 −563.5 −59.4
Df/m s−1 7330 6881
Pg/GPa 23.31 19.5
ISh/J 35 15
FSi/N 120 360

a Density measured at room temperature. b Melting point.
c Decomposition temperature (onset). d Oxygen balance. e Calculated
heat of formation. f Detonation velocity. g Detonation pressure. h Impact
sensitivity. i Friction sensitivity.
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between Al and O atoms in the TFDNPA_Al system compared
to that in the TNT_Al system (Fig. 4b). Besides, during the
period from 0 to 2500 ps, the diffusion coefficient (D) of the
Al atom in the TFDNPA_Al system (2.25 Å2 fs−1) is higher
than that of the TNT_Al system (1.71 Å2 fs−1). After 2500 ps,
even though it decreases to 1.61 Å2 fs−1 in the TFDNPA_Al
system, it is still more than twice as high as that in the
TNT_Al system (0.60 Å2 fs−1). These results further indicate
that TFDNPA can significantly enhance the reaction activity
with aluminium by increasing the migration rate of
aluminium-containing species and inhibiting the formation
and aggregation of aluminum oxide, demonstrating that
TFDNPA has good application potential in the aluminized
explosive formulations.

Conclusions

In summary, a trifluoropropyl functionalized energetic
compound TFDNPA was efficiently synthesized through a
one-step reaction. It exhibits a suitable melting point (Tm:
100 °C), high thermal decomposition temperature (Td: 261
°C), good detonation performance (D: 7330 m s−1, P: 23.3
GPa) and low mechanical sensitivity (IS: 35 J). Moreover,
AIMD studies suggest that the introduction of fluorine atoms
in TFDNPA is beneficial for the migration of aluminium-
containing species and the inhibition of formation and
aggregation of aluminum oxide. This result highlights the
potential of TFDNPA as an energetic melt-castable material,
particularly for aluminized explosive formulations.

Data availability

The data supporting this article have been included as part
of the ESI.† Crystallographic data for TFDNPA have been
deposited at the Cambridge Crystallographic Data Centre
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