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Theoretical evaluation of hexazinane as a basic
component of nitrogen-rich energetic onium
salts†

Sergey V. Bondarchuk

In the present paper, we report a comprehensive theoretical evaluation of a hypothetical compound,

hexazinane (cyclo-H6N6), and its 10 onium salts as high-energy density materials. Crystal structure

prediction, which included dynamical and mechanical stability criteria estimation, found a P21/c space

group crystal structure to be the lowest energy polymorph. Prediction of the chemical reactivity

parameters of a hexazinane molecule revealed a strong basic character comparable with those of

secondary and tertiary aliphatic amines. The onium salts of hexazinane with the carbon-free inorganic

anions (NxOy)
− and with several low carbon content organic anions demonstrate excellent detonation

characteristics. Hexazinanium nitrate H7N6
+NO3

− has detonation performance comparable with ε-CL-20,

the most powerful non-nuclear explosive known. The corresponding salts with dinitramide NĲNO2)2
− and

nitrite NO2
− anions have only slightly lower characteristics more powerful than all known explosives, except

for ε-CL-20 and octanitrocubane. The reported “green” energetic materials also demonstrate excellent

propulsive performance, and, if synthesized, these may find potential applications as solid rocket

propellants.

Introduction

Besides one theoretical study of H6N6 isomers1 and the
provocative book of the controversial author Jared Ledgard,2

only two databases, PubChem3 and Mol-Instincts,4 mention
hexazinane (cyclo-H6N6) or its derivatives as possible chemical
compounds. This substance was proposed earlier as a
potential explosive agent in the form of 1,3,5-trinitro, 1,3,5-
triazido derivatives and trisodium hexazinane-1,3,5-triide.2

The book even offers detailed methods for the preparation of
these compounds, although the validity of the latter is highly

doubtful, since the book does not contain any relevant
references. Nevertheless, despite the absurdity of many
statements and approaches in this book, the idea itself about
the use of hexazinane as a potential high-energy density
material (HEDM) can scarcely be considered the same, since
hexazinane has a much higher energy density compared to
its linear isomers.1

Indeed, cyclo-H6N6 has all chances to be synthesized. In
the molecular form, the nitrogen cycle exists in the armchair
conformation, which allows reducing of internal strain
present in triaziridine5–7 or other three-membered nitrogen
cycles.8 The lone pairs of the sp3 hybridized nitrogen atoms
are directed so that the energetically unfavorable overlap is
minimal. Finally, the nitrogen and hydrogen atoms form
simple covalent N–N and N–H bonds, like in hydrazine, while
in the condensed phase, additional stabilization comes from
the N⋯H hydrogen bonds. All these factors suggest the
possible thermodynamic stability of the molecule; however,
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the final verdict should obviously come from its chemical
and thermal stability.

Considering the structure of hexazinane (n-nucleophile),
the most probable role of this compound in a HEDM is to be
a basic component of onium energetic salts. Indeed, such
salts are known for a wide variety of nitrogen-rich
heterocyclic compounds.9–13 These are generally
characterized by low sensitivity and high detonation
performance.14,15 Moreover, nitrogen-rich salts are
environmentally friendly energetic materials, since the main
detonation product is molecular nitrogen N2. Thus, taking
into account millions of tons of explosives applied per year in
the world, a large amount of carbon oxides is released into
the atmosphere facilitating the greenhouse effect. As a result,
carbon-free nitrogen-rich energetic compounds are of special
interest since they produce mostly N2 and H2O as the
detonation products.

In this context, carbon-free HxNyOz energetic salts are
usually a combination of the following anions and cations:
NH4

+, N2H–NH3
+, HO–NH3

+, N3
−, cyclo-N5

−, NĲNO2)2
−, and

NO3
−.15–19 It is obvious that not all the ions are energetic. For

example, the NH4
+ cation has a negative enthalpy of

formation (−132.8 kJ mol−1)20 and replacement of this basic
component in the above-mentioned salts by one with a high
positive enthalpy of formation will significantly increase
detonation characteristics. Therefore, we have tried to model
hexazinane salts with the above-mentioned anions as well as
with some widely used carbon-containing anions in order to
check their detonation and propulsive performances.

For this purpose, we have predict the crystal structure of
parent hexazinane and its salts using evolutionary algorithm
USPEX.21 This method was effectively applied earlier to
perform the crystal structure prediction of NH4

+N5
−.22 And

though the space group was determined incorrectly (Pbcm
instead of Pcca), the obtained arrangement of ions in the
crystal was really close to the one experimentally obtained.16

Computational details

In this work, crystal structure predictions were performed
using both the Universal Structure Predictor: Evolutionary
Xtallography (USPEX)21 and Polymorph23 codes. In the USPEX
calculations, input structures were generated using the
algorithm described in ref. 24. The value of the initial
population size was specified to be 100. The latter are
randomly generated structures, while the next 29 generations
included 50 structures each and these 50 structures were
partitioned according to the following variation operators
applied: fracGene (50%), fracRand (30%), fracAtomsMut
(10%) and fracRotMut (10%). As a total energy code for
structure relaxation, we have applied the Density Functional
based Tight Binding method (DFTB+, version 19.1)25 The
second-order energy expression involving self-consistent
charge (SCC-DFTB) approximation with the Slater–Koster
library 3OB26 and with the Lennard-Jones empirical
correction for van der Waals interactions was applied.

For the Polymorph calculations, molecules and ions were
first optimized using the DFT(B3LYP)/6-311++G(2d,2p)
method27,28 and their Merz–Kollman electrostatic potential
fitting partial charges were obtained. These calculations were
done using the Gaussian09 program package.29 The obtained
charges were applied further within the structure prediction
with the Polymorph code. At the packing step, a simulated
annealing procedure was performed, during which thousands
of crystal structures were built and randomly modified. The
clustering step proceeded until all available frames for the
specified space groups were clustered. For the geometry
optimization step we have applied Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation
Studies (COMPASS) force field.30 Rigid body constraints were
specified for molecules and ions; thus, the B3LYP optimized
geometries were utilized at this step.

The crystal structures obtained with the USPEX and
Polymorph calculations were then completely relaxed with
the Cambridge Serial Total Energy Package (CASTEP) code31

implemented in the Materials Studio 7.0 program suite.32

Norm-conserving (NC) pseudopotentials and the functional
due to Perdew–Burke–Ernzerhof (PBE)33 were applied entirely.
Wave functions were expanded in a plane wave basis set with
an energy cutoff of 830 eV (61.0 Ry). Sampling of the
Brillouin zones was performed using k-point grids generated
by the Monkhorst–Pack algorithm. The direct spacing
between k-points was specified to be 0.08 2πÅ−1 for all the cell
relaxations. The convergence criterion of the total energy was
set to 5 × 10−6 eV per atom. Dispersion effects were taken into
account (in the CASTEP and DMol3 calculations) by means of
the Grimme form of the damped C6 term.34

Frequency analyses were then performed using the DMol3

code.35 For this purpose, all the crystals were relaxed again
using the all-electron approximation along with the PBE
functional and the triple numerical basis set TNP.35 Note that
energies obtained with these calculations were then applied
for estimations of sublimation enthalpies. DMol3 cannot
produce the second derivatives analytically; thus, a finite
difference approximation is applied to the first derivatives.
Within this approach, the second derivatives are computed
numerically using eqn (1).35

∂2E
∂qi∂; qj

≡ ∂
∂qi

E qj þ Δ
� �

− ∂
∂qi

E qj
� �� �

=Δ; (1)

where Δ is an arbitrary distance by which the equilibrium
geometry is displaced.

Results and discussion
Crystal structure, stability criteria and reactivity parameters
of hexazinane

Since the hexazinane ring is built from the sp3 hybridized
nitrogen atoms, it exists in the most thermodynamically
stable chair conformation, like in cyclohexane. However, the
most preferable equatorial positions of hydrogens in the
latter compound become absolutely unfavorable in
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hexazinane. As one can see in Fig. 1, the most energetically
preferable conformer corresponds to the a,a,a,a,a,a positions
of the hydrogen atoms and the energy difference between
marginal conformers exceeds 140 kJ mol−1. This situation is
similar to the 1,4,2,3,5,6-dioxatetrazinane molecule, another
very powerful green explosive, which is studied in our
laboratory.36 It is interesting that bond lengths and torsion
angles are quite different in the equatorial and axial
conformers. In the a,a,a,a,a,a conformer, the N–N and N–H
bonds are shorter meaning that the molecule is more robust
mechanically.

Thus, the latter conformer was used for the crystal
structure prediction. In the USPEX calculations we have
applied 4 runs with different Z′ values (1 to 4). The predicted
crystal structures are illustrated in Fig. 2, and correspond to
the following Z′ values: C2/m (Z′ = 1), P21/c (Z′ = 2) and Cmca
(Z′ = 4). Despite the hexazinane molecule having the D3d

point group symmetry, none of the predicted crystals has a
third order axis. In contrast, a mirror plane was found in two
crystals (Fig. 2). In the case of Z′ = 3, the calculation gives a
P1 space group structure being significantly higher in energy

and not discussed herein. The corresponding crystal packing
is illustrated in Fig. S1 in the ESI.† Along with these
calculations, we have applied our modified eigenvector-
following scheme37 to perform the crystal structure
prediction of the highest-energy conformer e,e,e,e,e,e. The
calculations give a crystal structure with the space group R3̄
(Z′ = 1) (Fig. S2 in the ESI†) with a relative enthalpy of
formation +85.3 kJ mol−1. The fractional coordinates of the
symmetry-unique atoms in the predicted crystals are listed in
Table S1 in the ESI.†

Additionally, we have determined crystal morphologies in
a vacuum using the attachment energy method,38 which was
found to be reliable for a number of compounds, including
nitrogen-rich bistetrazole-based energetic salts.39 The
corresponding crystal habits are illustrated in Fig. 2. In all
the cases, the crystals have prismatic habits with two unique
faces. The numerical data on the habits' properties including
face multiplicity, growth slice thickness (dhkl) and relative
facet areas are listed in Table S2 in the ESI.† In the case of
the P21/c crystal, the habit has a plate-like shape with the
biggest aspect ratio. Of course, the growth morphology is
dependent on the solvent40 and, if synthesized, the crystal
habits may be somewhat different. However, as one can see
in Fig. S3 in the ESI,† the corresponding Connolly surfaces
are rather flat that disfavors the solvent adsorption and
weakens its influence.40 Conversely, the other two habits
(especially the Cmca crystal) are expected to be strongly
solvent-dependent.

To justify the predicted crystal structures as stable ones at
ambient pressure, we have performed calculations of their
dynamical and mechanical stability. The corresponding
Born–Huang criteria41 along with the Brillouin zone
integration paths in terms of the high-throughput
approximation42 are presented in Fig. S4 in the ESI.† The
obtained phonon dispersions are illustrated in Fig. 3. These

Fig. 1 The calculated energies of the hexazinane chair conformers.

Fig. 2 Crystal structure of the three most stable polymorphs of hexazinane predicted at ambient pressure.

MSDE Paper



1006 | Mol. Syst. Des. Eng., 2020, 5, 1003–1011 This journal is © The Royal Society of Chemistry 2020

are characterized by the complete absence of soft modes
inside the entire Brillouin zone indicating the dynamical
stability. Moreover, the analysis of the calculated elastic
stiffness constants Cij (Table S3 in the ESI†) indicated the
mechanical stability of all the three polymorphs. The
obtained 3D-surfaces of the Young's modulus are illustrated
in Fig. 3. Thus, the predicted polymorphs are robust
crystalline materials, stable at ambient pressure. Note that
the high-energy polymorph e,e,e,e,e,e is also predicted to be
dynamically and mechanically stable (Fig. S5 in the ESI†).
The calculated infrared (IR) spectra along with the
temperature dependence of the main thermodynamic
functions for the four hexazinane polymorphs are presented
in Fig. S6 in the ESI.†

As follows from Fig. 2, the P21/c crystal is the lowest
energy polymorph. Thus, all further discussion will be
concerned with this crystal. It is interesting to estimate
chemical properties of hexazinane as a pure substance.
Obviously, this molecule is an n-nucleophile, like ammonia
or amines. But what is the performance of hexazinane

compared to those of various well-known nucleophiles? In
Table 1, we have gathered several calculated parameters of
chemical reactivity, namely, proton affinity (PA, kJ mol−1),
adiabatic ionization energy (IE, eV) and electron affinity (EA,
eV), as well as electrophilicity index43 (ω, eV) and
nucleophilicity index44 (N, eV). The latter two quantities are
calculated according to eqn (2) and (3).

ω ¼ IEþ EAð Þ2
8 IE − EAð Þ (2)

N = IETCE − IENu, (3)

where subscript TCE stands for tetracyanoethylene (IETCE =
11.27 eV) as a reference. In this approach, the nucleophilicity
index for TCE is zero, presenting the highest ionization
energy in a long series of organic molecules already
considered.44

As follows from Table 1, hexazinane has the highest PA
after dimethylamine and the highest EA values. At the same
time, this molecule possesses the highest N value. Thus, we
can safely conclude that hexazinane is a very strong
nucleophile comparable with secondary and tertiary aliphatic
amines. Such chemical reactivity of hexazinane makes this
molecule to be an effective basic component of various
onium salts. We should stress that our calculated results in
Table 1 are in an excellent agreement with the available
experimental data taken from the NIST database.45

Since hexazinane has an energetic structural motif, a six-
membered nitrogen ring, it is important to know its standard
enthalpy of formation in solid state to estimate its detonation
and propulsive characteristics. For this purpose, we have applied
a two-step scheme which assumes the calculation of the gas
phase enthalpy of formation and the lattice energy. Both these
quantities are then used to calculate the solid-state enthalpy of
formation. Thus, the first step assumes the calculation of the
gas-phase enthalpy of formation ΔHgas (eqn (4)).46

ΔHgas = ECiHjNkOlClm − (iEC + jEH + kEN + lEO + mECl) (4)

where ECiHjNkOlClm and EX are the ZPE corrected total energies
of the given molecule and the constituting elements in their
stationary states (graphite, 1Σ+g H2,

1Σ+g N2,
3Σ−g O2 and

1Σ+g Cl2).
At the B3LYP/6-311++G(2d,2p) level of theory, these values are
the following: EC = −38.12160, EH = −0.58498, EN = −54.77927,
EO = −75.18198 and ECl = −460.20999 Ha. These energies are
slightly modified in order to obtain the best fit with the
standard gas-phase enthalpies of formation of twenty C–H–

N–O–Cl compounds of different families (Table S4 in the
ESI†).

The next step is the calculation of the sublimation
enthalpy (ΔHsub), for which the lattice energy (Elatt) is
required (eqn (5)):

ΔHsub ¼ −Elatt − 2RT ¼ −Esolid

Z′
þ Egas − 2RT ; (5)

Fig. 3 Zero-pressure phonon dispersion and 3D presentation of the
Young's modulus.

Table 1 Parameters of chemical reactivity calculated using DFT and
available experimental values in parentheses

Entry PA IE EA ω N

H6N6 901.2 6.93 −0.48 0.70 4.34
NH3 844.2 (853.6) 10.19 (10.07) −0.69 1.04 1.08
CH3NH2 891.5 (899.0) 8.91 (8.90) −0.63 0.90 2.36
(CH3)2NH 921.4 (929.5) 8.14 (8.24) −0.61 0.81 3.13
NH2NH2 855.8 (853.2) 7.93 (8.10) −0.66 0.77 3.34
NH2OH 805.7 9.16 (10.00) −0.72 0.90 2.11
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where Esolid and Egas are the energies of an asymmetric cell
and an isolated molecule, respectively; Z′ is the number of
formula units per asymmetric cell. Finally, the solid-state
enthalpy of formation ΔHsolid can be easily obtained using
eqn (6).

ΔH0
solid = ΔH0

gas − ΔHsub (6)

We have also checked how this approach reproduces the
known solid state enthalpies of formation for the three
crystalline salts (Table S5 in the ESI†). It is interesting that
the reported value of ΔHsolid for TKX-50 determined
experimentally on the basis of bomb calorimetry
measurements is 473 kJ mol−1.47 Actually, we have been very
surprised to obtain the value which is more than three times
lower and equals 115.9 kJ mol−1 (Table S5 in the ESI†).
However, after a careful literature review, we have found that
another group of researchers also faced with this problem.48

In their experiment, the ΔHsolid value for TKX-50 was found
to be 114.0 kJ mol−1 being very close to the one calculated in
the present work. Thus, we can conclude that our theoretical
approach is reliable and accurate.

Using the above-described approach, the calculated
enthalpies for hexazinane are the following: ΔHgas = 608.9 kJ
mol−1, ΔHsub = 169.2 kJ mol−1 and ΔHsolid = 439.7 kJ mol−1.
The latter value reveals a high energy density of hexazinane,
which is expected to be an effective energetic material itself.
But, it is more interesting to study the onium salts of
hexazinane with other energetic (acidic) components, which
can improve the strongly negative oxygen balance of pure
hexazinane, increase its detonation properties and, at the
same time, decrease sensitivity due to the formation of salts.

Detonation and propulsive performance of the nitrogen-rich
onium salts of hexazinane

In this section we describe our crystal structure prediction
and characterization of the 10 onium salts of hexazinane as
high-energy density materials. Since we are focused mainly
on the study of carbon-free salts, we have used all known
anions HxNyOz, which are already used in such salts.
Additionally, we have chosen several nitrogen- and oxygen-
rich anions with a small amount of carbon. Salts formed this
way have improved oxygen balance and higher densities due
to more strong hydrogen bonds formed.

The optimized asymmetric cells of salts 1–10 are
illustrated in Fig. 4 and the lattice parameters are listed in
Table 2. For the crystal structure prediction, we have
combined the features of two popular predictors, USPEX and
Polymorph, since both have own advantages and drawbacks.
The main drawback of the Polymorph predictor is that the
space group must be defined manually. This often may
become critical for prediction. On the other hand, USPEX
also has a disadvantage which allows trapping on another
potential energy surface, which corresponds to a more stable

composition. In both cases, crystal structures obtained this
way will be wrong.

Fig. 4 Predicted crystal structures of ten hexazinane onium salts with
nitrogen-rich anions (dotted lines indicate auto-detected hydrogen
bonds).

Table 2 The optimized lattice parameters and space groups of salts 1–10

Salt SG a b c β

1 P21/c 5.267 18.426 7.372 90.6
2 Pna21 8.880 6.044 9.555
3 P21/c 4.972 15.163 7.442 72.4
4 P21/c 8.495 8.936 7.545 142.8
5 Pna21 10.804 6.289 10.354
6 P212121 14.121 9.696 9.413
7 P212121 7.707 8.848 11.612
8 Pbca 15.560 6.083 10.645
9 P212121 8.805 7.918 8.550
10 Pna21 6.178 19.811 7.014
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Therefore, we have developed the following computational
algorithm. First of all, we have performed a set of USPEX
calculations with Z′ = 2 and Z′ = 4 as the most probable. In
this case, crystal systems up to orthorhombic (space groups
2–74) were allowed for construction as initial structures.
More symmetric crystal systems are too implausible for such
salts and scarcely occur in reality. As a result of the USPEX
calculations, the most probable space groups for salts 1–10
were determined. It is interesting that all these space groups
show hits in the seven most frequent space groups, which
cover 84.5% of all organic and organometallic crystal
structures in the Cambridge Structural Database.49

Thereafter, the crystal structures of salts 1–10 were
predicted using the Polymorph predictor. In this case, we
have performed prediction for all these 7 most frequent
space groups, which are the following: P21/c (34.4%), P1̄
(24.9%), C2/c (8.3%), P212121 (7.1%), P21 (5.1%), Pbca (3.3%)
and Pna21 (1.4%).49 The lowest energy crystals were used for
further calculations. The relative energies of all the predicted
crystal structures are gathered in Table S6 in the ESI.† Thus,
as one can see in Table 2, salts 1, 3 and 4 belong to the
monoclinic crystal system and the other salts show hits in
the orthorhombic crystal system. Moreover, due to the high-
symmetry positions of cations and anions in salt 4, the
crystal corresponds to Z′ = 2, which is relatively rare for the
P21/c space group, for which Z′ = 4 is the most frequent.50

Note that the space groups of salts 1, 3, 4 and 9 are different
in Table S6.† This is because the predicted lowest energy
structures of these salts appeared to have imaginary
frequencies in the vibrational spectra. Thus, the next
polymorph in each series was optimized using first-principles
calculations and its IR spectrum was analyzed. This is
probably ascribed to the artifacts of the COMPASS forcefield
applied within the Polymorph predictions.

All these crystals were checked for the absence of
imaginary frequencies at the Γ-point only; see Table 3 for the
numerical values of ν1 (in cm−1) and Fig. S7† for the whole
spectral plots. As follows from Table 3, all the crystals
demonstrate the complete absence of imaginary frequencies.
Of course, one needs to perform phonon dispersion
calculations to prove the dynamical stability of these crystals,
but since this is a very expensive procedure, we have omitted

this step, being satisfied with the results described above. We
should stress that even very sophisticated methods or
advanced procedures do not guarantee that the predicted
crystal structures will reflect the true nature-created crystals.
Sometimes it happens, but sometimes it does not. Therefore,
one should clearly understand how strongly the predicted
crystal properties are polymorph-dependent.

Fortunately, the two parameters we need to predict are the
crystal density and solid-state enthalpy of formation and both
these quantities are usually very well-reproduced. Moreover,
for the majority of organic crystals, the energy separation
between polymorphs does not exceed 2 kJ mol−1 and the
average difference between their densities is about 0–2%.51

We have recently obtained similar results for the crystal
structure prediction of benzene diazonium chloride with the
Polymorph predictor.52 Thus, such small deviations between
polymorphs do not cause significant influence on the
detonation properties and this difference can be simply
dropped.

As one can see in Table 3, all salts have very high solid-
state enthalpies of formation, which means the high energy
density of these crystals. The finite size models used for the
gas phase enthalpy of formation and lattice energy
calculations for salts 1–10 are illustrated in Fig. S8 in the
ESI.† Taking into account relatively high crystal densities
(Table 4), salts 1–10 and pure hexazinane itself are very good
candidates for novel high-performance energetic salts. For
the calculation of the detonation properties, namely,
detonation energy (Q), velocity (D) and pressure (P), we have
applied the Kamlet–Jacobs (K–J) empirical scheme.53 The
latter was recently found to be more accurate than the most
recent predictors, like EMDB, EXPLO5 and Cheetah 8.0.54 We
should stress, however, that this empirical scheme performs
well only for C–H–N–O compounds for which more
experimental data are available. Meanwhile, for inorganic
explosives (especially with heavy metals) or organic
explosives, for which the K–J scheme is not calibrated, the
above-specified software performs better. Thus, taking into
account empirical formulas of salts 1–10, the corresponding
structural criteria are listed in Table 4. Within this approach,
for the general empirical formula CaHbNcOd, the structure-
derived dimensionless parameters N and M̄ are calculated
using eqn (7)–(9).53

N = (b + 2c + 2d)/4MW (7a)

N = (b + c)/2MW (7b)

M̄ = 4MW/(b + 2c + 2d) (8a)

M̄ = (2b + 28c + 32d)/(b + c) (8b)

Q = (28.9b + 94.05a + 239ΔH0
f )/MW (9a)

Q = (57.8d + 239ΔH0
f )/MW (9b)

Table 3 The calculated enthalpies of formation and sublimation (kJ
mol−1) of salts 1–10

Salt ν1 ΔH0
gas ΔHsub ΔH0

solid

1 33.2 914.6 164.3 750.3
2 7.5 857.2 156.1 701.1
3 26.7 435.9 214.6 221.3
4 48.7 413.6 150.5 263.1
5 59.9 668.9 187.9 481.0
6 30.4 1787.0 367.7 1419.3
7 7.9 929.7 245.8 683.9
8 16.6 509.0 153.2 355.8
9 19.2 1012.9 239.4 773.5
10 30.1 598.9 200.4 398.5
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Herein, eqn (7a)–(9a) are applied to salts 4, 5 and 10, while
eqn (7b)–(9b) are utilized for the other salts; MW stands for
the molecular weight.

The calculated detonation parameters are listed in Table 4.
As follows from the D and P values, all the studied salts are
much more powerful energetic materials compared to
conventional explosives (RDX, HMX, FOX-7, etc.).55 Moreover,
only ε-CL-20 and octanitrocubane (ONC) have the D and P
values being close or slightly higher than those of salt 3. We
should stress, however, that ε-CL-20 is evaluated as the most
powerful non-nuclear explosive known. To a large extent, this is
due to its very high crystal density (2.044 g cm−3), which is one
of the highest densities among the organic molecular crystals
known. Conversely, salt 3 is a carbon-free substance which
decomposes to two absolutely safe and environmentally
friendly products, H2O and N2. Similar but slightly lower
detonation properties demonstrate other carbon-free salts 5
and 8 (Table 4). At the same time, oxygen-free salts 2 and 9
demonstrate slightly lower densities, which may be ascribed to
the weaker hydrogen bonds formed.

It is interesting to estimate the properties of hexazinane and
its salts as solid propellants. For this purpose, we have applied
the NASA CEA code.56 The latter requires new reactants to be
defined in the form of NASA 9-coefficients as a result of
simultaneous fit of the following three polynomials:57

Cp
0

R
¼ a1T−2 þ a2T−1 þ a3 þ a4T þ a5T2 þ a6T3 þ a7T4 (10)

H0

RT
¼ −a1T−2 þ a2T−1 þ lnT þ a3 þ a4

T
2

þ a5
T2

3
þ a6

T3

4
þ a7

T4

5
þ a8

T

(11)

S0

R
¼ −a1

T−2

2
−a2T−1 þ a3lnT þ a4T

þa5
T2

2
þ a6

T3

3
þ a7

T4

4
þ a9

(12)

The temperature dependence of Cp, H and S, obtained after the
thermodynamic property calculations, is presented graphically

in Fig. S9 in the ESI.† Using our previously described code
i97creator54 and the PAC99 routine,56 these data were
converted into the NASA 9-coefficients, which are listed in the
ESI.†

Thus, the calculated propulsive properties in terms of the
finite-area combustor (FAC) approximation56 are listed in
Table 5. These data include combustion chamber
temperature (CCT), specific impulse (Isp), vacuum specific
impulse (Ivac) and characteristic velocity (c*), which are
calculated with various oxidant-to-fuel weight ratios (O/F). As
follows from Table 5, all the compounds, both
monopropellants and those in mixtures with O2, possess a
substantially higher Isp than ε-CL-20 (272.6 s).58 Additionally,
due to the high nitrogen content (Table 4) and complete
absence or low carbon content, when used as solid rocket
propellants, hexazinane and its salts are expected to produce
missile trails of low visibility.59

The decomposition schemes corresponding to the
maximum propulsive performance are presented in Table S7†
and the mole fractions of species formed upon

Table 4 The calculated detonation properties along with nitrogen content (N), oxygen balance (ΩCO2
) and crystal density (ρ)

Crystal Formula Structural criterion N (wt%) ΩCO2
(%) ρ (g cm−1) Q (cal g−1) D (km s−1) P (GPa)

H6N6 H6N6 b/2 > d 93.3 −53.3 1.740 1166.5 9.78 41.6
Salt 1 CH7N11O2 b/2 > d 75.1 −27.3 1.905 1437.7 9.75 43.6
Salt 2 H7N9 b/2 > d 94.7 −42.1 1.725 1258.8 9.66 40.3
Salt 3 H7N7O3 b/2 > d 64.0 −5.2 1.903 1478.0 10.06 46.4
Salt 4 H8N8O4 d ≥ 2a + b/2 60.9 0.0 1.766 1597.3 9.61 40.5
Salt 5 H7N9O4 d ≥ 2a + b/2 64.0 +4.1 1.862 1609.5 9.90 44.3
Salt 6 C2H14N20O2 b/2 > d 80.0 −41.1 1.806 1298.5 9.36 38.9
Salt 7 CH7N11O3 b/2 > d 69.7 −18.1 1.855 1523.3 9.53 41.0
Salt 8 H7N7O2 b/2 > d 71.5 −17.5 1.808 1463.4 9.95 44.0
Salt 9 H7N11 b/2 > d 95.6 −34.8 1.796 1147.3 9.53 40.2
Salt 10 CH7N9O6 d ≥ 2a + b/2 52.3 +3.3 1.866 1624.0 9.72 42.8
DOTZa H4N4O2 d ≥ 2a + b/2 60.9 0.0 1.834 1945.5 10.36 48.2

a 1,4,2,3,5,6-Dioxatetrazinane.36

Table 5 The calculated propulsive properties of hexazinane and its salts
with various O/F ratios at 300 K

Crystal O/F CCT (K) Isp (s) Ivac (s) c*

H6N6 0 2440 286.9 302.4 1771.7
0.2667 3023 310.8 334.8 1863.1

Salt 1 0 2934 284.8 303.6 1727.6
0.0975 3084 290.3 313.5 1737.4

Salt 2 0 2690 292.6 309.3 1797.8
0.2103 3085 307.0 331.4 1838.2

Salt 3 0 2896 285.3 308.6 1704.5
Salt 4 0 2919 283.1 308.9 1691.6
Salt 5 0 3009 283.3 309.4 1692.2
Salt 6 0 2674 276.0 291.9 1697.5

0.2284 3108 293.3 318.1 1752.3
Salt 7 0 3021 285.7 306.9 1717.1

0.0724 3079 286.0 310.9 1707.6
Salt 8 0 2904 295.3 316.6 1778.8

0.0525 2967 296.8 320.4 1776.0
Salt 9 0 2667 279.8 295.7 1720.6

0.1986 3076 296.8 320.2 1776.3
Salt 10 0 2998 273.6 299.9 1633.8

MSDE Paper



1010 | Mol. Syst. Des. Eng., 2020, 5, 1003–1011 This journal is © The Royal Society of Chemistry 2020

decomposition of the studied salts at various exit-to-throat
ratios (Ae/At) of FAC are listed in Table S8 in the ESI.† Indeed,
only salt 6 produces carbon soot (4 moles per 5 moles of salt)
used as a monopropellant. The other materials produce only
gaseous species (N2, H2, H2O, CO and CO2), among which
only water vapor can be the reason for secondary smoke.59

Meanwhile, the use of hexazinane or salts 2 and 9 as
monopropellants allows avoiding of this drawback since the
only exhaust gases are invisible N2 and H2. Moreover, salt 2
produces very high Isp as a monopropellant (292.6 s).

Conclusions

In summary, we have presented in this paper a comprehensive
theoretical evaluation of hexazinane and its most promising
salts as energetic materials. The results clearly show hexazinane
to be accessible in the crystalline state regardless of its
conformation. Of course, hexazinane or similar compounds are
not yet synthesized, but some efforts are already made towards
the synthesis of HxNy compounds. Thus, at 10 GPa a linear
H10N12 backbone is already synthesized; though, below 10 GPa,
this material transforms into hydrazine.60 We should stress that
a similar situation was in the case of cg-N and cyclo-N5

−, which
took 12 and 15 years from prediction/observation to synthesis,
respectively.61–64 Moreover, in 2004, cg-N was obtained under
extreme conditions (2000 K, 110 GPa), but encapsulation into a
carbon nanotube in 2017 allowed obtaining of cg-N under near
ambient conditions.65 Thus, we believe experimentalists will
find a synthetic route towards hexazinane and its salts in future.

Being a much stronger base than ammonia, hexazinane
should easily form onium salts even with weak acids. Probably,
the subsequent ion exchange reaction can be a route to a variety
of its salts. Its high enthalpy of formation, good crystal density
and high nitrogen content make hexazinane an excellent
energetic material, which outperforms almost all the known
non-nuclear explosives excluding ε-CL-20 and ONC. Meanwhile,
the onium salts of hexazinane demonstrate even higher
detonation and propulsive performance. For example,
hexazinanium nitrate (salt 3) has detonation properties which
are comparable with those of ε-CL-20. Additionally, dinitramide
(salt 5) and nitrite (salt 8) have only slightly lower characteristics,
which make all these compounds one of the most powerful
explosives that has ever been predicted. We should also point
out that the carbon- and oxygen-free salts 2 and 9 may find
practical application as solid rocket propellants which can
produce invisible exhaust plumes.

Of course, an important issue which needs to be studied
is the sensitivity of hexazinane and its salts, which is
expected to be high. Unfortunately, a simple model for the
calculation of the thermal stability of the hexazinane salts
can scarcely be applied taking into account the complex
decomposition pattern of similar ammonium salts (e.g.,
NH4NO3);

68 this is the issue of a separate study. Recently, we
have developed an approach for the prediction of impact
sensitivity,39,66 but a real crystal structure is crucial for such
predictions,67 since bulk modulus, crystal habits and other

properties are strongly polymorph-dependent. However, it is
known that the formation of salts leads to the decrease of
impact sensitivity due to the more chemically hard species
formed. Anyway, the further synthesis of hexazinane and its
salts is very desirable and can shed light on this
phenomenon.
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