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Abstract The pyrazole-pyridine derivatives were optimized
to obtain their molecular geometries and electronic structures
at the DFT-B3LYP/6-31G(d,p) and DFT-B3P86/6-31G(d,p)
levels. Molecular mechanics (MM) calculations were
performed for the title compounds. Heats of formation
(HOFs) were predicted through designed isodesmic reactions.
Detonation performance was evaluated by using the Kamlet-
Jacobs equations based on the calculated densities and heats of
formation. The thermal stability of the title compounds was
investigated via the bond dissociation energies (BDEs). The
simulation results reveal that the compound with one pyrazole
ring that is fully nitro-substituted performs similarly to the
famous explosive HMX, and the compoundwith two pyrazole
rings that are fully nitro-substituted outperforms HMX.
According to the quantitative standard of energetics and sta-
bility as high energy density materials (HEDMs), the com-
pound with two pyrazole rings that are fully nitro-substituted
essentially satisfies this requirement.

Keywords Bond dissociation energy . Density functional
theory . Detonation properties . Heat of formation .

Pyrazole-pyridine derivatives

Introduction

There is an ongoing need for powerful but insensitive high
energy density materials [1–4]. For HEDMs, besides high
detonation performance, sensitivity is a prerequisite require-
ment [5–7]. They should be safe, stable, and reliable enough
to detonate under specific conditions. Among various types

of HEDMs, pyridine derivatives constitute a unique class of
energetic materials and have received a substantial amount
of interests due to their favorable insensitivity, good explo-
sive performance, and environmental acceptability during
the past two decades [8–10].

Pyridine is a six-membered heterocyclic compound. The
derivatives of pyridine have higher nitrogen contents than the
carbocyclic analogues, enabling these compounds to release
more nitrogen gases and in turn higher energy in explosion.
On the other hand, since a N atom contributes more to the
density than a C atom, the presence of pyridine in molecule is
supposed to improve its density and correspondingly increase
the detonation velocity and pressure [11]. Therefore, energetic
pyridine derivatives are promising candidates for HEDMs and
have become a hot research area owing to their novel proper-
ties including high density, high positive heat of formation and
high thermal stability [12–14].

As a pyridine based compound, 2,6-diamino-3,5-
dinitropyridine-1-oxide (DADNPO), originally reported in
1993 [15] and investigated subsequently in the US [16], was
synthesized in the late 1990s and found to have high insensi-
tiveness. 3,5-Dinitro-2,6-bispicrylamino pyridine (PYX) [17]
was reported as an attractive thermally stable explosive with
decomposition temperature 460 °C, which can offer higher
velocity of detonation (7.50 km/s) and detonation pressure
(30.8 GPa). Li et al. [18, 19] reported 3,5-diamino-2,4,6-
trinitropyridine and its N-oxide were most possibly low-
sensitive or insensitive explosives. The energies for 3,5-
diamino-2,4,6- trinitropyridine and its N-oxide were about
15 % and 25 % larger than that of TATB, respectively. There-
fore, efforts in the area are focussed on the target pyridine
derivatives, which would have higher explosive power.

The insensitive property of explosives containing pyridine
is combined with the high nitrogen contents of pyrazole, and
the concept of new explosives containing pyrazole and pyri-
dine is proposed, into which nitro group with C-N bonds are
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introduced as much as possible. Properties are often manipu-
lated by making structural modifications. The optimization of
molecules with high energy and density is the primary step for
searching and synthesizing HEDMs. Owing to the difficulties
in the synthesis of the molecules under consideration, com-
puter tests become an effective way to design high energy
density materials theoretically [20–23]. Theoretical studies
not only make it possible to screen candidate compounds,
but also provide understanding in terms of the relationships
between molecular structure and property. Therefore, they can
help to design better and more efficient laboratory tests.

In this work, the crystal structures of pyrazole-pyridine
derivatives were obtained using molecular packing calcula-
tions. A systematic study on the HOFs, detonation properties,
and thermal stability of pyrazole-pyridine derivatives by using
the DFT method was reported. First, the HOFs of seven
pyrazole-pyridine derivatives were calculated using different
methods via designed isodesmic reactions, and the reliability
of methods was compared. Then, the detonation velocities and
pressures were predicted using the calculations of HOFs and
molecular densities. Finally, the thermal stabilities were eval-
uated based on the bond dissociation energies. The seven
pyrazole-pyridine derivatives are 2,3,5-trinitro-6-(1H-
pyrazol-1-yl)pyridine (A), 2,3,5-trinitro-6- (4-nitro-1H-
pyrazol-1-yl)pyridine (B), 2-(3,4-dinitro-1H-pyrazol-1-yl)-
3,5,6-trinitropyridine (C), 2,3,5-trinitro-6-(3,4,5-trinitro-1H-
pyrazol-1-yl)pyridine (D), 3,5-dinitro-2,6-bis(4-nitro-1H-
pyrazol-1-yl)pyridine (E), 2,6-bis(3,4-dinitro-1H-pyrazol-1-
yl)-3,5-dinitropyridine (F), 3,5-dinitro −2,6-bis(3,4,5-trinitro-

1H-pyrazol-1-yl)pyridine (G). The structures of seven title
compounds are listed in Fig. 1.

Computational methods

Geometry optimization of the molecular structures was carried
out with the Gaussian 03 package [24]. It is known that the
DFT has emerged as a very reliable theoretical method [25,
26] and the DFT functional with appropriate basis set is able to
reproduce experimental molecular geometry, electronic struc-
ture and heat of formation [27, 28]. The hybrid density func-
tional used in this study are semi-empirical exchange-
correlation functionals B3LYP [12, 29] and B3P86 [30–32]
with the 6-31G(d,p) [33] basis set.

The optimized structures were characterized to the rela-
tive energy minimum of the potential surface by frequency
calculation. Thermal corrections to the enthalpy at 298.15 K
were also obtained from frequency calculation. The mole-
cules that possess internal rotation and a thermodynamic
degree of freedom have been treated in the default level as
it is implemented in Gaussian 03 package.

The hybrid DFT-B3LYP andDFT-B3P86methods with the
6-31G(d,p) basis set were adopted for the prediction of HOFs
via designing isodesmic reactions. The method of isodesmic
reactions has been employed very successfully to calculate
HOF from total energies obtained from ab initio calculations
[34–36]. The isodesmic reactions used to obtain the HOFs of
pyrazole-pyridine derivatives at 298 K are as follows:

For the isodesmic reaction, the heat of reaction (ΔH298)
at 298 K can be calculated from the following equation:

ΔH298 ¼
X

ΔH f ;p−
X

ΔH f ;R

¼ ΔE0 þΔZPE þΔHT þΔnRT

where ΔHf, p and ΔHf, R are the heats of formation of the
reactants and the products at 298 K, respectively. ΔE0 is the
change in total energy between the products and the reac-
tants at 0 K, ΔZPE is the difference between the zero-point
energy (ZPE) of the products and the reactants, and ΔHT is
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the thermal correction from 0 to 298 K. ΔnRT is the work
term, which equals zero here.

Detonation velocity (D) and pressure (P), two important
parameters reflecting the explosive performance of energetic
materials, were estimated by empirical Kamlet-Jacobs for-
mulas [37] as follows:

P ¼ 1:558NM 1=2Q1=2ρ2 ð1Þ

D ¼ 1:01 NM 1=2Q1=2

� �1=2

1þ 1:30ρð Þ ð2Þ

where P is detonation pressure in GPa, D is detonation
velocity in km⋅s−1, N is the number moles of gaseous deto-
nation products per gram of explosive, M is the average
molecular weight of the gaseous products, Q is the energy of
explosion in J⋅g−1 of explosive and ρ is the crystal density in
g⋅cm−3. N, M and Q are determined according to the largest
exothermic principle [38], i.e., for the explosives with

CHNO elements, all the N atom converts into N2, the O
atom forms H2O with H atom first and the remainder forms
CO2 with C atom. The remainder of C atom will exist in
solid state if O atom does not satisfy full oxidation of C
atom. The remainder of O atom will exist in O2 if O atom is
superfluous.

The strength of bonding, which can be evaluated by the
bond dissociation energy, is fundamental to understanding
chemical processes [39]. BDE is the required energy in
homolysis of a bond and is commonly denoted by difference
between total energies of product and reactant after zero-
point energy correction. The expressions for the homolysis
of A—B bond (3) and for calculating its BDE (4) are shown
as follows [40]:

A—B gð Þ→A � gð Þ þ B � gð Þ ð3Þ

BDE A—Bð ÞZPE ¼ E A�ð ÞZPE þ E B�ð ÞZPE−E A—Bð ÞZPE ð4Þ

where A—B stands for neutral molecules and A•and B•for
the corresponding product radicals after bond dissociation;

A B C D

E F G

Fig. 1 Structures and atom numbering of pyrazole-pyridine derivatives

Table 1 Molecular packings for
pyrazole-pyridine derivatives
obtained with the Compass force
field

Compound Z space groups a (Å) b (Å) c (Å) α (°) β (°) γ (°)

A 8 Pbca 7.202 17.567 16.784 90.00 90.00 90.00

B 4 P212121 27.008 4.683 9.126 90.00 90.00 90.00

C 4 P21/C 9.451 24.576 7.212 90.00 129.49 90.00

D 2 P−1 9.559 9.193 8.551 89.94 113.03 77.89

E 4 P21/C 4.724 26.778 11.910 90.00 108.23 90.00

F 2 P21 8.510 6.611 16.180 90.00 113.43 90.00

G 4 P21/C 19.642 20.470 10.517 90.00 153.22 90.00
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BDE(A—B) is the BDE of bond A—B; E(A—B)ZPE,
E(A•)ZPE and E(B•)ZPE are zero-point energy corrected total
energies of parent compound and corresponding radicals,
respectively.

Because high energy density materials are usually in
condensed phases, especially solid forms, we predicted the
possible polymorphs and crystal structures of pyrazole-
pyridine derivatives by rigorous molecular packing calcula-
tions using polymorph module of Materials Studio [41]. The
Compass force field capable of predicting the condensed
phase properties by searching the possible molecular pack-
ing among the most probable space groups.

Results and discussion

Crystal structure

In this study, the crystal structure has been predicted from
the crystal packing calculations based on the molecular
mechanics (MM) method. Compass force field [42] has
been employed, which is based on the generation of possible
packing arrangements in all reasonable space groups to
search for the low-lying minima in the lattice energy sur-
face. Since more than 80 % organic compounds crystallize
in seven space groups (P21/c, P−1, P212121, Pbca, C2/c,

P21 and Pna21) on the basis of statistical data [43, 44], the
search of the possible crystal structure has been confined to
these most typical groups only. The B3LYP/6-31G(d,p)
optimized structures were taken as the input geometry for
the polymorph search.

The lattice parameters of the pyrazole-pyridine deriva-
tives are presented in Table 1. Some of the representative
crystal structures are shown in Fig. 2. The results reveal that
all the molecules fall under five space groups, viz., P21, P−
1, P21/C, Pbca and P212121. Molecule A offers a crystal
density of 1.75 g/cm3, and further the packing efficiency in
the condensed phase increased by the introduction of−NO2

to the basic skeleton. Molecules D and G have the crystal
densities of 2.05 g/cm3 and 1.99 g/cm3 respectively, which
may exhibit good detonation performance because density is
the key factor affecting the detonation properties of high
energetic density materials. We carefully compared the den-
sity of CL-20 predicted from the Compass force field
(2.173 g⋅cm−3) and from the volume inside an electron
density contour of 0.001 e⋅Bohr−3 using Monte Carlo meth-
od (2.040 g⋅cm−3) with the experimental value (2.035 g⋅
cm−3). For CL-20, the value predicted from the molecular
structure is closer to the experimental one. Therefore, we
believe the Monte Carlo method from the volume inside an
electron density contour of 0.001 e⋅Bohr−3 for pyrazole-
pyridine derivatives is more reliable.

Fig. 2 Crystal structures of
molecules D and G

Table 2 Calculated electronic energies (E0), zero-point energies (ZPE) and experimental heats of formation (HOFs) of the reference compounds at
the B3LYP and B3P86 levels with 6-31G(d,p) basis set

Compound CH4 C2H4 C2H6 CH3NO2 C3H4N2 C5H5N

B3LYP E0 (a.u.) −40.47899 −78.54268 −79.76381 −244.96333 −226.13562 −248.20372

ZPE (a.u.) 0.04503 0.05112 0.07492 0.05005 0.07140 0.08889

B3P86 E0 (a.u.) −40.66025 −78.82838 −80.09135 −245.53323 −226.78403 −248.95645

ZPE (a.u.) 0.04513 0.05125 0.07512 0.05037 0.07191 0.08923

HOF (kJ mol-1) [40] −74.78 52.25 −84.60 −74.65 118.29 140.49
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Heats of formation

Heat of formation is usually taken as the indicator of the
“energy content” of the HEDM. Therefore, it is very impor-
tant to predict the heat of formation accurately. We design
isodesmic reactions in which the numbers of all kinds of
bonds remain invariable to decrease the calculation errors of
HOF. Because the electronic circumstances of reactants and
products are very similar in isodesmic reactions, the errors
of electronic correction energies can be counteracted, and
then the errors of the calculated HOF can be greatly re-
duced. In the designed reactions, the basic structural unit of
the pyridine and pyrazole ring skeleton keeps invariable,
and the big molecules are also changed into small ones.

The experimental heats of formation (HOFs) of the ref-
erence molecules CH4, C2H4, C2H6, CH3NO2, C3H4N2,
C5H5N used in the isodesmic approach and the electronic
energies (E0), zero point energies (ZPE) calculated at the
B3LYP and B3P86 levels with 6-31G(d,p) basis set are
listed in Table 2. It is noted from Table 3 that the HOFs
calculated by B3LYP/6-31G(d,p) and B3P86/6-31G(d,p)
methods are similar and the HOFs calculated by B3P86/6-
31G(d,p) method are slightly smaller than those by
B3LYP/6-31G(d,p) method (Fig. 3). Table 3 also shows that
the calculated heats of formation for pyrazole-pyridine de-
rivatives are all endothermic which is desirable for high

energy density materials. In addition, from Table 3, the
studied compounds can be divided into two categories,
one is called monocyclopyrazole pyridine derivatives (mol-
ecules A, B, C and D) and the other is bicyclopyrazole
pyridine derivatives (molecules E, F and G).

It is evident from the data listed in Table 3 that all HOFs of
pyrazole-pyridine derivatives are quite large positive values,
which shows that the introduction of nitro groups is the main
energy origin of this series. For the monocyclopyrazole pyri-
dine derivatives, moleculeC has five nitro groups and its HOF
is 332.54 kJ mol-1 at B3LYP/6-31G(d,p) level. When another
NO2 group is attached to the molecule C, the HOF of mole-
cule D increases and is equal to 386.64 kJ mol-1. If the NO2

group of molecule D at 6-position is replaced by
trinitropyrazole, the HOF of molecule G dramatically in-
creases and its value is 586.63 kJ mol-1. From above analysis,
we can conclude that the value of HOF relates to the number
of the nitro groups and pyrazole groups, and increases with the
augment of the number of the NO2 group for the pyrazole-
pyridine derivatives.

The HOFs of moleculesE, F andG are 413.99, 494.49 and
586.63 kJmol-1 at B3LYP/6-31G(d,p) level, respectively. This
shows that the value of HOF relates to the number of nitro
groups and increases with the augment of the number of the
NO2 group for the substituted bicyclopyrazole pyridine de-
rivatives. That is because the pyrazole ring shows the strong
positive inductive effect, which makes the density of electric

Table 3 Calculated electronic
energies (E0), zero-point ener-
gies (ZPE), and heats of forma-
tion (HOFs) of the pyrazole-
pyridine derivatives at the
B3LYP/6-31G(d,p) and B3P86/
6-31G(d,p) levels

Compound B3LYP/6-31G(d,p) B3P86/6-31G(d,p)

E0 (a.u.) ZPE (a.u.) HOF (kJ mol-1) E0 (a.u.) ZPE (a.u.) HOF (kJ mol-1)

A −1086.609025 0.146355 295.63 −1089.142142 0.147826 293.00

B −1291.094924 0.148788 291.45 −1294.016598 0.150472 289.07

C −1495.563734 0.150680 332.54 −1498.874121 0.152626 329.99

D −1700.027511 0.152288 386.64 −1703.726498 0.154494 384.23

E −1516.059997 0.200501 413.99 −1519.594520 0.202598 395.10

F −1924.998104 0.204343 494.49 −1929.310029 0.206910 475.33

G −2333.929104 0.207574 586.63 −2339.018542 0.210705 566.91
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Fig. 3 Influence of various methods on heats of formation

Table 4 Detonation properties of pyrazole-pyridine derivatives

Molecule V (cm3 mol-1) ρ (g/cm3) Q (J/g) D (km/s) P (Gpa)

A 157.18 1.78 1336.98 7.47 24.64

B 177.37 1.83 1421.60 7.98 28.53

C 195.15 1.90 1514.87 8.48 32.89

D 212.60 1.95 1595.41 8.91 36.90

E 218.86 1.79 1284.10 7.42 24.32

F 256.61 1.87 1452.49 8.23 30.81

G 287.73 1.98 1572.67 8.97 37.75
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cloud increase greatly and has effect on the properties of the
substituted bicyclopyrazole pyridine derivatives. Comparing
the calculated HOFs by B3LYP/6-31G(d,p) and B3P86/6-
31G(d,p) methods, one can obtain that the discrepancy of
the two levels is very small, with deviations ranging from
2.38 to 19.72 kJ mol-1. Further, the effects of the number and
position of nitro groups on HOFs for the two levels are
consistent with each other.

Detonation performance

Detonation velocity (D) and pressure (P) are the most im-
portant targets of scaling the detonation characteristics of
energetic materials. Table 4 presents the calculated ρ, Q, D
and P. For known explosives, the Q and ρ can be measured
experimentally; thus the D and P can be calculated
according to Eqs. (1) and (2). However, for some com-
pounds, their Q and ρ can not be evaluated from experimen-
tal measures. Therefore, to estimate the D and P, we first
need to calculate the Q and ρ.

For the pyrazole-pyridine derivatives, Q was evaluated by
the HOF difference between products and explosives
according to the principle of exothermic reactions. In the
Kamlet-Jacobs equations, the products are supposed to be
only CO2, H2O, and N2, so released energy in the decompo-
sition reaction reaches its maximum. The theoretical density
was obtained from the molecular weight divided by the aver-
age molecular volume. The molecular volume V was defined
as inside a contour of 0.001 electrons/bohr3 density that was
evaluated using Monte-Carlo integration. The molecular vol-
umes thus obtained were random digits with normal distribu-
tion. We therefore performed 100 single—point calculations

from optimized structure to get an average volume. The the-
oretical density of the molecule is slightly greater than practi-
cal loaded density. Therefore, according to the Kamlet-Jacobs
equations, the D and P values can be regarded as their upper
limits. The theoretical density and HOFs calculated by
B3LYP/6-31G(d,p) level are used.

It can be found from Table 4 that all pyrazole-pyridine
derivatives have good detonation properties (Q=1284.10–
1595.41 J⋅g−1, D=7.42–8.97 km⋅s−1, P=24.32–37.75 GPa).
Meanwhile, with the number of nitro groups increasing, D
and P of the corresponding compounds increase. Molecule
G is calculated to have the highest D and P values among
pyrazole-pyridine derivatives. As a whole, D and P linearly
increase with the increasing number of−NO2 groups.
Figure 4 presents the relationships between D, P and the
number of nitro group (n), which all exist in linear relation-
ships. This may show good group additivity on detonation
properties and support the claim that introducing more nitro
substituents into a molecule usually helps to increase its
detonation performance [38, 45]. The correlation equations
are as following:

D A−Dð Þ ¼ 6:04þ 0:48n R2 ¼ 0:9977
P A−Dð Þ ¼ 12:23þ 4:11n R2 ¼ 0:9993
D E−Gð Þ ¼ 5:88þ 0:39n R2 ¼ 0:9986
P E−Gð Þ ¼ 10:81þ 3:36n R2 ¼ 0:9993

Compared with the famous nitramine explosive RDX
(1,3,5-trinitro-1,3,5-triazinane) (ρ=1.82 g/cm3, D=8.75 km/s,
P=34.70 GPa) [46, 47], they have better detonation perfor-
mance when the number of nitro groups is not less than 6,
which indicates that they are potential energetic materials.
Calculation results of detonation velocity and detonation
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Fig. 4 Correlations between D,
P and the number of nitro group
(n) for pyrazole-pyridine
derivatives

Table 5 Bond dissociation energies (BDEs, kJ mol-1) for pyrazole-pyridine derivatives at B3LYP/6-31G(d,p) and B3P86/6-31G(d,p) levels

Compound A B C D E F G

Bond C5−NO2 C5−NO2 C5−NO2 C8−NO2 C5−NO2 C9−NO2 C8−NO2

B3LYP/6-31G(d,p) 241.36 235.90 232.61 246.74 228.78 267.71 241.34
BDEZPE (kJ⋅mol−1)

B3P86/6-31G(d,p) 257.93 252.55 249.28 263.44 245.42 283.20 256.46
BDEZPE (kJ⋅mol−1)
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pressure for pyrazole-pyridine derivatives indicate that mole-
cule D performs similarly to HMX (1,3,5,7-tetranitro-1,3,5,7-
tetrazocane) (ρ=1.92 g/cm3,D=8.96 km/s,P=35.96GPa) [46,
47], molecule G outperforms HMX. Therefore, in the design
of molecule, we could adjust detonation properties by chang-
ing the substituted group. The above prediction indicates that
pyrazole-pyridine derivatives appear to be promising candi-
dates comparable to the nitramine explosive RDX and HMX.

Thermal stability

As a high energetic explosive, the thermal stability of the
title compounds should be emphasized. The bond dissoci-
ation energy could evaluate the strength of bonding that is
fundamental to understanding chemical processes [48],
and provide useful information for understanding the sta-
bility of the substituted pyrazole-pyridine derivatives.
Studies on BDEs are important and essential to understand
the stability and decomposition process of energetic ma-
terials. At present, people have reached a consensus that
nitro groups often represent the primary cause of initiation
reactivity of organic polynitro compounds [49, 50]. There-
fore, we select the weakest bonds (C-NO2 bonds) as the
breaking bond based on the bond overlap populations to
calculate BDE at the B3LYP and B3P86 levels with 6-
31G(d,p) basis set.

The BDE calculated by B3P86 functional is about
16.26 kJ mol-1 larger than the result calculated by B3LYP
functional. Considering the practical requirements and
based on the results of these studies, a quantitative criteria
associated stability (BDE of the trigger bond) requirements,
i.e., BDE≈80–120 kJ mol-1 [51], is proposed and employed
to filtrate and recommend potential HEDMs. The calculated
BDEZPE values indicate relative stability of energetic mate-
rials. The initial step should be via C-NO2 cleavage in
thermal decomposition. The BDEZPE value of molecule F
(267.71 kJ mol−1) at the B3LYP/6-31G(d,p) level is the
largest while the molecule E is the smallest (228.78 kJ
mol−1) at the B3LYP/6-31G(d,p) level which is less stable
than the former (Table 5).

By analyzing the structures of the compounds, it is easy
to find that molecules E, F and G have symmetric struc-
tures. The symmetry can delocalize π electron cloud density
of system, which makes BDEZPE of molecules E, F and G
increase. However, repulsion is also an important role in
stability of the title compounds. Take molecule G as an
example, the repulsion between neighboring nitro group
rotate oxygen atoms from molecular plane and make the
value of BDEZPE decrease. This shows that the structures of
these compounds have a great influence on their thermal
stability. The above investigations provide important theo-
retic information for molecular design of novel high energy
density materials.

Conclusions

Based on the density function theory and molecular me-
chanics computations for the pyrazole-pyridine derivatives,
the following conclusions can be drawn:

(1) The crystal structures of pyrazole-pyridine derivatives
fall under five space groups, viz., P21, P−1, P21/C, Pbca
and P212121 using molecular packing calculations.

(2) All the title compounds possess large heats of forma-
tion. The HOFs relates to the number of nitro groups
and increases with the augment of the number of−NO2

group for the pyrazole-pyridine derivatives.
(3) The detonation performance are calculated according to

the HOFs calculated by B3LYP/6-31G(d,p) level and the
values ofD and P gradually increase when the number of
−NO2 group increases. Considering the detonation per-
formance and thermal stability, molecules D and G are
very promising candidates of HEDMs with lower sensi-
tivity and higher performance.

(4) An analysis of bond dissociation energies for several
relatively weak bonds suggests that C-NO2 bond is the
weakest one and can happen in thermal decomposition.
These results provide theoretical support for molecular
design and experimental synthesis of HEDMs.
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