
ORIGINAL PAPER

Design and theoretical study of 15 novel high energy
density compounds

Wei-peng Lai & Peng Lian & Ying-zhe Liu & Tao Yu &

Wei-liang Zhu & Zhong-xue Ge & Jian Lv

Received: 13 July 2014 /Accepted: 21 September 2014 /Published online: 19 October 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract In order to seek the potential high energy density
compounds (HEDCs) with excellent performance and satis-
factory safety, some combination rules are presented and 15
HEDCs are designed and sifted, and followed by the proper-
ties predicting. From the results, HEDC-3, HEDC-4, HEDC-
9, HEDC-10, HEDC-11, HEDC-12, HEDC-13, and HEDC-
14 have good comprehensive properties. They are furoxan,
fused ring or cage-type compounds, whose frame is composed
of some single ring by single (double or multi) point addition.
Their densities are over 1.95 g cm−3, and detonation velocities
are over 9500m s−1. Their BDEs are over 85 kJmol−1, and the
values of available free space (ΔV) are lower than the ΔVofβ-
CL20 (ΔV=86). In view of the synthesis feasibility, the syn-
thesis routes of HEDC-4, HEDC-9, HEDC-10, HEDC-12,
HEDC-13, and HEDC-14 have been designed.

Keywords Combination rules . Design . High energy density
compounds . Properties

Introduction

The three most important reasons for the development of
energetic materials for military purposes today are the needs
for increased performance, increased safety and certain tailored
properties. This is important for warhead, propulsion, and

launch applications [1]. High energy density compounds
(HEDCs), which can increase performance, have been investi-
gated for many years [1–10]. Molecules with furoxan,
nitrogen-containing polycyclic or three-dimensional cage-type
frame have great potential as HEDCs. Such as,
hexanitrohexaazaisowurtzitane (CL-20) has a density of
2.04 g cm−3, and detonation velocity of 9380 m s−1 [11].
Dinitrodiazenofuroxan (DNAOF) based on density
2.02 g cm−3, and detonation velocity 10,000 m s−1 is the
highest energy density compound synthesized [12].
Octanitrocubane (ONC) which was predicted to possess deto-
nation velocity 10,100 m s−1 when theoretical density is
2.1 g cm−3, but the experimental density is lower
(1.979 g cm−3) [10]. Cis-syn-cis-2,6-dioxo-1,3,4,5,7,8-
hexanitrodecahydro-1H, 5H-diimidazo [4,5-b:4′, 5′-e] pyrazine
(HHTDD) was supposed to be the explosive with the best
performance ever prepared [13]. 2,4,6,8-Tetranitro-1,3,5,7-
tetraaza-cubane, the calculated performance is 1.4 times that
of HMX [1–4]. Tetrazino [5,6-e] [1–4] tetrazine-1,3,5,7-
tetraoxide (TTTO) has not been prepared but has the calculated
properties with density 2.38 g cm−3, and relative performance is
2.2 times as large as HMX [1]. However, so far, only CL-20 has
good applications. Both DNAOF and HHTDD have the weak-
ness of high sensitivity and chemical instability. ONC is limited
to its high cost of the reaction agents and the severe preparation
condition.

For the purpose of finding HEDCs with detonation veloc-
ity, sensitivity, and stability close to or exceeding CL-20, some
new compounds with furoxan, nitrogen-containing polycyclic
or three-dimensional cage-type frame were designed by the
combination principle. Fifteen high energy density com-
pounds were sifted firstly according to their oxygen balances,
densities, and detonation velocities. Then, seven HEDCs were
selected based on the stability and sensitivity analysis. Finally,
the synthetic routes of six compounds were designed by the
inverse synthetic analysis.
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Calculation details

Design of HEDCs

Nitrogen-rich heterocycles (such as tetrazine, piperazine, imidaz-
ole, furoxan, and so on) have become the ideal building blocks
for HEDCs owing to their novel properties, such as high density,
high positive heat of formation, high thermal stability, low sen-
sitivity, and so on [14–21]. In the present work, some combina-
tion rules were presented to build new HEDCs. The rules can be
classified as four types. We assumed that there are two nitrogen-
rich heterocycles, A and B. The first type can be named simple
single-point addition. That is, there is only one point inA that can
be connected directly to one point in B (see Fig. 1). In the second
type named simple double-points addition, there are two points
in A that can be connected directly to two points in B (see Fig. 2).
The third type can be named complicated double-points addition.
Firstly, B is divided into two parts from two nonconsecutive
points, and secondly the two points in each part can be connected
to two points in A (see Fig. 3). In the fourth type, there are multi-
points in A, and they can be connected to multi-points in B (see
Fig. 4). This type can be named complicated multi-points addi-
tion. The first and second rules are also fit for groups. The
combined frame can also be new building blocks to design
HEDCs according to the rules. All the rules are achieved by
computers with C++ self-program.

Calculation methods of properties for HEDCs

DFT B3LYP method (Becke’s three-parameter hybrid func-
tion [22] with the non-local correlation of Lee et al. [23]) with
a 6-31G* basis set has been proved [24–30] to be able to give
quite reliable energies, molecular structures, and other prop-
erties after fully optimizing the molecular geometry. So
B3LYP/6-31G* were carried out for investigating the de-
signed compounds, using Gaussian 09 program [31]. The
geometries of all compounds were fully optimized, and the
frequency calculations were performed, which indicated that
these geometries correspond to be minima (no imaginary
frequency) in the potential energy surfaces.

The density and enthalpy of formation play a key role during
the design and estimate of energetic materials. In the work,
densities of the designed compounds were predicted by Eq. 1,

which was first introduced by Politzer and coworkers [32].
Their molar volumes [Vm], which were defined as inside a
contour of 0.001 electrons/Bohr3 densities were evaluated
using a Monte Carlo integration [33, 34]. Their solid phase
enthalpies of formation [ΔHf (solid)] can be obtained from the
gas phase enthalpies of formation using Hess’ law of constant
heat summation (see Eq. 2) [35]. The gas phase enthalpies of
formation [ΔHf (gas)] can be calculated at B3LYP/6-31G*
level with the help of the following reactions:

mC sð Þ þ nH2 gð Þ þ oN2 gð Þ þ pO2 gð Þ ¼ CmH2nN2oO2p gð Þ:
With the calculated enthalpies of all species and the exper-

imental sublimation enthalpy of graphite, it is easy to obtain
the gas phase heat of formations of 15 HEDCs. The enthalpies
of sublimation [ΔHsub] can be calculated by Eqs. 3, 4, 5, 6,
and 7 first presented by Politzer and coworkers [36].
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Where A is the molecular surface area on the specified
isosurface, ν is balance parameter, V (r) is electrostatic poten-
tial, V(ri) is the value of V (r) at any point ri on the surface,
V+(ri) and V

−(rj) represent the positive and negative value of V
(r) on the surface, V

þ
S and V

−
S are their averages, σtot

2 is the
total variance, and a, b, c, a’, b’, c’ are coefficients. In this
paper, A, V+(ri) and V−(rj) of the designed compounds were
calculated at B3LYP/6-31G* level.

The detonation properties can be predicted according to
enthalpy of formation and density by the formulae of Kamlet-
Jacobs [37], VLW [38], and BKW [39] etc. In the present
work, the detonation velocities (D) and detonation pressures
(P) of the designed compounds were estimated by the formula
of Kamlet-Jacobs.

Bond dissociation energies (BDEs) can be used to evaluate
the thermal stabilities of energetic materials [15, 40, 41]. The
BDEs of trigger linkages for the designed HEDCs are com-
puted (see Eq. 8) [15]. On the basis of these results, the
thermal stabilities of the HEDCs are discussed.

BDE A−Bð Þ ¼ E A˙ð Þ þ E B˙ð Þ−E A−Bð Þ ð8Þ

Impact sensibility is one of the most important parameters
to evaluate HEDCs’ security. Pospíšil et al. [42–44] proposed
a method that permitted a rough estimate of the impact sensi-
tivity based on the correlation between the available free space
per molecule (ΔV) in the unit cell of the energetic solid and
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the impact sensitivity of the corresponding molecule. They
defined ΔV as:

ΔV ¼ V eff−V int; ð9Þ

where Vint is the intrinsic gas-phase molecular volume, which
obtained at the 0.003 electrons/bohr3 isodensity surface is the
best [44]. Veff is the effective volume of the molecule, which
corresponds to 100 % packing of the unit cell. The optimized
structure obtained at the B3PW91/6-31G** level of theory
was used to predict the impact sensitivity of each molecule
using Eq. 9.

Design method of synthesis route for HEDCs

In order to obtain a promising synthesis route, the inverse
synthesis analysis was performed, and it is one widely used
method of designing synthesis route.

Results and discussion

Structures

Fifteen novel HEDCs (see Fig. 5), whose predicted densities
and detonation velocities are over 1.95 g/cm3 and 9500 m/s
respectively, have been obtained through the combination of
energetic group with single cycle, double cycle, fused ring,

and cage. It is shown that most of these compounds have fused
rings or cage-type frames. For example, four energetic groups
-N (NO2)2 and an energetic frame constitute the HEDC-1
through the single-point addition, and the energetic frame is
composed of two 1,3,5-triazinane molecules through the
multi-points addition. Similar to HEDC-1, HEDC-2′s frame
is composed of one 1,3,5-triazinane and one planar N4

through the multi-points addition. The structure of HEDC-3
is composed of 1,2,4,5-tetrazine, ligand oxygen, -N=N-, and
>N-NO2 by single-point addition. The fused rings of HEDC-4
to HEDC-12 are composed by double-point addition. For
example, 1,2,3,4-tetrazine-1,3-dioxide, pyrazinyl-1-oxide
constituted the frame of HEDC-4, and the energetic groups -
NH-NO2 and

N N NO2

O
combine with the frame to form

HEDC-4. HEDC-5 and HEDC-6 are composed of 1,2,3,4-
tetrazine-1,3-dioxide, piperazine, imidazolidine, and different
energetic groups. HEDC-8 and HEDC-9 have the same frame
(imidazolidine). In HEDC-10, HEDC-11, and HEDC-12, the
same frame is composed of furozan, piperazine, and
imidazolidine, and the different groups are combined to form
them. However, HEDC-13 and HEDC-14 are chain com-
pounds composed of furoxan and energetic groups by
single-point addition. HEDC-15 is a cage-type compound
through the multi-points addition of 1,3,5,7-tetrazocane,
followed by the single-point addition of the nitro group.

Table 1 Predicted properties of 15 HEDCs

Compd. OBa CN ρ ΔfHm D P Q

HEDC-1 2.73 43.00 2.05 1439 10,226 50.0 7727

HEDC-2 2.29 52.15 2.02 1413 10,419 51.5 8475

HEDC-3 −18.35 57.80 2.01 1858 9553 43.1 7422

HEDC-4 −2.42 46.53 1.97 828 9660 43.0 7328

HEDC-5 3.56 43.56 2.03 922 9772 45.4 6962

HEDC-6 3.24 39.68 2.05 941 9862 46.5 7177

HEDC-7 5.76 40.29 2.07 810 9798 46.1 6577

HEDC-8 7.80 34.15 2.06 327 9533 43.6 6188

HEDC-9 10.57 37.00 2.07 641 9635 44.6 6283

HEDC-10 0.00 41.38 2.03 716 9816 45.8 7210

HEDC-11 7.31 38.36 2.06 619 9673 44.9 6460

HEDC-12 −9.88 38.02 2.04 728 9853 46.2 7406

HEDC-13 5.80 30.43 2.04 326 9537 43.4 6887

HEDC-14 4.06 35.53 2.01 564 9655 44.1 7072

HEDC-15 −10.96 38.36 2.07 701 9842 46.5 6905

a OB is oxygen balance (in %), CN is nitrogen content (in %), ρ is density
(in g cm−3 ),ΔfHm is enthalpy of formation (in kJ mol−1 ),D is detonation
velocity (in m s−1 ), P is detonation pressure (in Gpa), andQ is detonation
heat (in kJ kg−1 )

Table 2 Computed data for BDE (in kJ mol−1), Veff (in Å3),Vint (in Å3),
and ΔV (in Å3) of 15 HEDCs, and corresponding values for reference
compounds (TNT, RDX, HMX, β-CL20)

Compd. BDE Veff Vint ΔV

HEDC-1 46.5 475.3 383.3 90.1

HEDC-2 63.0 288.0 228.0 59.9

HEDC-3 85.9 358.4 286.1 72.3

HEDC-4 130.8 277.1 215.2 61.9

HEDC-5 54.5 365.5 288.1 77.4

HEDC-6 58.6 397.2 317.7 79.4

HEDC-7 99.4 446.3 357.8 88.4

HEDC-8 64.5 328.2 263.6 64.7

HEDC-9 107.5 363.0 288.1 74.9

HEDC-10 88.7 332.2 261.9 70.3

HEDC-11 130.0 352.1 278.8 73.3

HEDC-12 88.8 360.2 288.4 71.8

HEDC-13 140.0 227.6 177.8 49.7

HEDC-14 124.1 330.3 260.3 70.0

HEDC-15 163.9 467.6 379.1 88.5

TNT 228.0a 169.9a 58.0a

RDX 204.2a 158.6a 46.0a

HMX 259.7a 210.5a 49.0a

β-CL20 366.6a 281.0a 86.0a

a The values were extracted from ref. [45]
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Properties

Densities and detonation properties

The oxygen balances, nitrogen contents, predicted densi-
ties, enthalpies of formation, and detonation properties of
15 HEDCs are listed in Table 1. In 15 HEDCs, there are 11
compounds having positive or zero oxygen balances (the
maximum is 10.57 %, and the minimum is -18.35 %). The
densities of all the compounds are in the range of
1.97 g cm−1 to 2.07 g cm−1. The nitrogen contents of all
the compounds are over 30 %, and the maximum for their
enthalpy of formation is up to 1858 kJ mol−1. Under the
joint actions of large density and enthalpy, all compounds
have obvious detonation properties. The structures of
HEDC-1, HEDC-2, and HEDC-15 are similar with CL-20
that has the most excellent comprehensive performance up
to now. The predicted densities of three compounds excel or
are close to that of CL-20 [1, 11], and the predicted detona-
tion properties are better than CL-20 [1, 11, 45]. HEDC-7
has the same frame, a similar density, and a higher enthalpy
of formation than HHTDD [1], and its predicted detonation
properties are slightly better than those of HHTDD

evaluated by the same method. It is indicated that the con-
tribution of=N-NO2 group to the energy is larger than that
of=O group. The frame structures of HEDC-8 and HEDC-9
are the same as 1,3,4,6-tetranitroglycouril (TNGU). Their
predicted densities and detonation velocities are larger than
TNGU [46], and the predicted properties of HEDC-9 are
better than those of HEDC-8. It indicates that the contribu-
tions of=N-NO2 and=C(NO2)2 groups to the energy and
density are larger than that of=O group.

Stability

The BDEs (correction factor is 0.96) of 15 HEDCs are calcu-
lated (Table 2). It is seen that the BDE values of HEDC-4,
HEDC-11, HEDC-13, HEDC-14, and HEDC-15 are over
120 kJ mol−1, and their stabilities are good. The BDE values
of HEDC-1, HEDC-2, HEDC-5, HEDC-6, and HEDC-8 are
lower than 80 kJ mol−1, and their stabilities are poor. It
indicates that they hardly can be applied. Remarkably, the
BDE values of HEDC-10 and HEDC-12 are lower than that
of HEDC-11 though they have the same frame.We can draw a
conclusion that the contribution of the geminaldinitro group to
the stability is larger than=N-NO2 and=C (NO2)2 groups.
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Impact sensitivity

The ΔV values of 15 HEDCs along with their effective
volumes permolecule (Veff) and intrinsic gas-phase molec-
ular volumes (Vint) calculated at the B3PW91/6-31G** lev-
el are listed in Table 2. Pospíšil et al. [42] suggested that
there was a predictive and direct correlation between avail-
able free space (ΔV) and impact sensitivity. The larger the
value of ΔV is, the greater the impact sensitivity. HEDC-13
has the fewest number of nitro groups, and the ΔVof HEDC-
13 is the lowest, and the value is similar to the ΔVof HMX

(49.0 Å3). The ΔV values of HEDC-2 (59.9 Å3), HEDC-4
(61.9 Å3), and HEDC-8 (64.7 Å3) are higher than that of
HEDC-13 and lower than the other HEDCs, which is similar
to the ΔV of TNT (58.0 Å3). The ΔV values of HEDC-3,
HEDC-5, HEDC-6, HEDC-9, HEDC-10, HEDC-11,
HEDC-12, and HEDC-14 are in the range of 70.0-79.4 Å3,
which are higher than the ΔVof TNT and lower than the ΔV
of β-CL20 (86.0 Å3). HEDC-1, HEDC-7, and HEDC-15
have the most number of nitro groups, and the ΔV values of
HEDC-1 (90.1 Å3), HEDC-7 (88.4 Å3), and HEDC-15
(88.5 Å3) are similar to the ΔVof β-CL20.
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Synthesis route designing

According to the above calculation results, the comprehensive
properties of HEDC-3, HEDC-4, HEDC-9, HEDC-10,
HEDC-11, HEDC-12, HEDC-13, and HEDC-14 are good.
In view of the synthesis feasibility, we designed the synthesis
route of HEDC-4, HEDC-9, HEDC-10, HEDC-12, HEDC-
13, and HEDC-14 (Schemes 1, 2, 3, 4, 5, and 6).

Conclusions

In the present work, 15 HEDCs which predicted densities and
detonation velocities over 1.95 g cm−3 and 9500 m s−1 have
been designed by some combination rules. Their densities,
oxygen balances, nitrogen contents, enthalpies of formation,
BDEs, impact sensitivities, and many detonation properties,
including detonation velocity, detonation pressure, and deto-
nation heat have been calculated. According to their BDEs
and impact sensitivity values, we designed the synthesis route
of six HEDCs, whose comprehensive properties are good. We
can see from the result that the contributions of=N-NO2 and
=C(NO2)2 groups to the energy and density are larger than that
of=O group for the same frame. The stabilities of HEDC-1,
HEDC-5, and HEDC-6 are poor. The contribution of geminal
dinitro group to the stability is larger than=N-NO2 and=C
(NO2)2 groups. The comprehensive properties of HEDC-3,
HEDC-4, HEDC-9, HEDC-10, HEDC-11, HEDC-12,
HEDC-13, and HEDC-14 are good.
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