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Crystal structure prediction and characterization data have been computed for two novel carbon-free energetic
compounds, namely 1,4,2,3,5,6-dioxatetrazinane (DOTZ) and its 2,5-dinitro derivative (DNDOTZ). Dynamic and
mechanical stability of these crystalline materials at ambient pressure has been confirmed. Ab initio molecular
dynamics simulations confirmed thermal stability of DOTZ at 298 K and of DNDOTZ at 77 K. A comprehensive
spectral characterization (IR, Raman, UV/Vis, NMR) has been performed to provide information for future
experimental identification. The parent molecule exhibits powerful detonation properties, which exceed those of
most compounds hitherto obtained experimentally or predicted theoretically. Meanwhile, DNDOTZ is predicted
to be an effective solid oxidant for common explosives with negative oxygen balance, such as TNT, TNB, DATB,
and TATB. Such mixtures demonstrate better propulsive properties than corresponding mixtures of these ex-
plosives with gaseous oxygen. By virtue of its zero oxygen balance, the only detonation products of DOTZ are
environmentally friendly molecular nitrogen and water. Therefore, this compound is of great potential interest

for further energetic applications.

1. Introduction

According to an analysis of the explosives market by Global Industry
Analytics, Inc., the global market for explosives is projected to reach 30
million metric tons in 2024 [1]. Since most explosive formulations
contain a significant amount of carbon, a huge mass of carbon oxides is
released into the atmosphere, exacerbating the greenhouse effect. In this
context, carbon-free nitrogen-rich explosives are highly desirable, since
these would release environmentally friendly molecular dinitrogen as
the primary detonation product. Ideally, pure nitrogen allotropes other
than Nj [2-4] could replace conventional C-H-N-O explosives, but, to
date, only three allotropes of nitrogen, both molecular and polymeric
(cg-N, LP-N, and Ng), have been characterized experimentally [5-7]. We
should stress that these allotropes have been obtained only in very small
quantities under extreme conditions; thus, their practical application is
still unachievable.

Meanwhile, various H-N-O compounds have attracted close atten-
tion due to their superior performances as high-energy-density materials
(HEDM). Among these compounds, the family of ammonium salts with
various nitrogen-rich carbon-free anions occupies a special place
[8-12]. For example, the burning rate of ammonium dinitramide is
about 10 times faster than those of ammonium perchlorate, RDX, and
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HMX [13]. The most widely used cations and anions, as components of
these salts, are illustrated in Chart 1. The latter not only have high ni-
trogen contents, but also display high enthalpies of formation, favorable
detonation properties, and remarkable insensitivities [8]. The most
promising species among those presented in Chart 1 is the long-sought
pentazolate anion cyclo-N5 [14]. Though this anion was first observed
in 2002, its synthesis in the form of an ammonium salt was only reported
in 2017 [15,16]. A synthetic route to various salts of the cyclo-N5 anion
has now been developed, making this hitherto elusive species much
more readily available [9]. We should stress that the crystal structure of
NH{ cyclo-N5 was predicted earlier using an evolutionary algorithm, and
it was calculated that this salt should be thermodynamically stable at
pressures above 30 GPa [17]. Despite the wrong space group, the pre-
dicted crystalline environment is impressively close to that determined
experimentally [9]. This clearly demonstrates the predictive force of
modern theoretical methods.

Steele and Oleynik performed an extensive study of ternary C-N-O
and H-N-O systems at 50 and 200 GPa using an evolutionary algorithm,
and obtained the corresponding phase diagrams [18-21]. A few inter-
esting compounds, namely hydrazinium hydroxide (NoHs)(HO)-P2;/m,
diammonium oxide (NH4)20-Cmcm, and nitric acid (HNO3)-P2;/m,
were found to be stable at 200 GPa [18]. At 50 GPa, six ternary
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Chart 1. Typical building blocks for carbon-free nitrogen-rich energetic salts.

compounds were located on the convex hull: H;gN,0O-C2/m,
H3N40-R§m N HNOg—PZ]/m, H6N203-PT 5 H3N20-P§m1 5 and
H12N203-Cm [18]. Bogdanova et al. [22] calculated detonation pa-
rameters of different condensed high explosives of the general compo-
sition HyN, O, using a multiphase model of detonation products based on
the equations of state.

The aforementioned studies inspired us to model a molecular form of
an HyN, O, system having zero oxygen balance (H20),Ny, thus releasing
only Ho0O and Ny, relatively high nitrogen content (>50 wt%), existing
as relatively small molecules, having a high positive enthalpy of for-
mation and crystal density, while maintaining dynamic, mechanical,
and thermal stability. Moreover, as we have recently found, the novel
energetic polymeric material CarNit4, poly(1,5-tetrazolediyl), demon-
strates excellent potential as an explosive, but suffers from a lack of
internal oxidant [23]. Thus, we have also modeled a positive oxygen
balance material of the composition H,N,O; for potential application as
a solid oxidant in explosive formulations or multi-component pro-
pellants, alternatives to various heterocyclic compounds [24], or
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strained nitro-triaziridine derivatives [25-27]. Herein, we present our
crystal structure prediction and characterization with respect to dy-
namic, mechanical, and thermal stability of two crystalline materials, 1,
4,2,3,5,6-dioxatetrazinane (DOTZ) and its 2,5-dinitro derivative
(DNDOT?Z), as well as information for their future spectral identification.

2. Computational details

The first-principles calculations employed in this work were per-
formed in terms of Density Functional Theory (DFT) within the gener-
alized gradient approximation (GGA) using the Materials Studio 7.0
suite of programs [28]. Geometry optimizations and calculations of
band structure (BS), phonons, and vibrational spectra, as well as optical
properties and electron excitation energies, were performed with the
Cambridge Serial Total Energy Package (CASTEP) code [29]. Elastic
constants and lattice energies were obtained using the DMol® code [30].
The Perdew-Burke-Ernzerhof (PBE) functional [31] was utilized
throughout, except for BS calculations. The latter were performed with a
hybrid functional, namely HSE06 [32], which performs better in pre-
dicting band gaps than pure GGA functionals [33].

All CASTEP calculations were performed using norm-conserving
pseudopotentials (NCP), which accurately describe electron—core in-
teractions. Electronic wave functions were obtained by the density
mixing scheme [34] (for PBE) or the preconditioned conjugate gradients
method (for HSE06) [35]. These were expanded in a plane wave basis set
with an energy cutoff of 830 eV (61.0 Ry). In the DMol® calculations, an
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Fig. 1. Structural parameters (a, b), topological analysis (c), and crystal morphologies (d) of the studied H-N-O compounds.
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all-electron approximation along with a triple numerical basis set, TNP,
was applied [30]. Sampling of the Brillouin zone was performed using a
k-point grid generated by the Monkhorst-Pack algorithm. Separation of
k-points was set to 0.05 2rA ! for calculations of BS, optical properties,
electron transitions, and elastic constants. In all other calculations, the
tightness of the k-point mesh was set at 0.08 2rA~!. Convergence criteria
of the total energies were specified as 5 x 10™° eV atom™! in the SCF
calculations and 1 x 107 eV atom ™! in the fixed geometry calculations.
Optimizations of the asymmetric cells were performed by means of the
Broyden, Fletcher, Goldfarb, and Shannon (BFGS) method [36].
Long-range effects were fully accounted for (GGA/PBE) using the
Grimme form of the damped Cg term [37]. Time-dependent DFT
(TD-DFT) calculations were performed using the Tamm-Dankoff
approximation [38].

Topological analysis of the electron density (QTAIM) was performed
using wave functions obtained with the projector-augmented-wave-
based method (PAW) [39]. These calculations were carried out using
the Quantum Espresso 5.3.0 program package [40]. Topological analysis
of the electron density was carried out with Critic2 software [41].
Crystal morphology was calculated by the attachment energy method on
the basis of crystal graphs. The latter were computed using the COM-
PASS (Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies) forcefield [42] with the Morphology Tools module
[28]. The lowest energy at the initial step was set as —2.494 kJ mol !
(thermal energy at room temperature).

Molecular calculations in this work were performed using the
Gaussian09 program suite [43]. We applied the DFT/B3LYP [44]
method with Pople’s split-valence quasi-triple-{ in the valence shell
basis set (6-311G), with the addition of both polarization (2d,2p) and
diffuse (++) functions [45].

3. Results and discussion
3.1. Structural features and topological analysis

The structures of the studied compounds (DOTZ and DNDOTZ) in
molecular and crystalline forms are illustrated in Fig. 1a and b. In this
work, we applied our modified eigenvector-following scheme to find
crystal structures (Fig. S1 in the Supplementary data). This method
avoids the optimization of a huge number of crystal structures, which
are often very odd or improbable (as with purely automatic algorithms),
and restrict the number of structures to just a few. Obviously, one can
never be 100% sure that the predicted structure is a real Nature-created
crystal, but the fact that a crystal structure (probably a metastable
polymorph) can be accessed under the given conditions means that a
stable form of this compound does definitely exist. On the other hand,
for the majority of organic crystals, energy separation between poly-
morphs does not exceed 2 kJ mol~?}, and the difference between their
densities is of the order of 0-2% [46]. Recently, we obtained a similar
result in the crystal structure prediction of benzenediazonium chloride
using the Polymorph predictor [47].

The modeled compounds, DOTZ and DNDOTZ, belong to the Co and
C; symmetry point groups, respectively. According to our algorithm,
these molecules were pasted into the constructed cells such that their
inversion centers were aligned with the high-symmetry point (0,0,0).
After symmetrization, the resulting space group was P1 and the corre-
sponding Z' values became 1/2. This packing mode is in complete
accordance with the known empirical rules for molecular crystals [48].
The crystals obtained in this way appeared to be well stabilized by
hydrogen bonds, showed a uniform filling of the space, and had good
densities (see Fig. S2 in the Supplementary data). Increasing Z' to 1 led
to the higher-energy structures, as was proven by corresponding calcu-
lations with two popular predictors, namely USPEX [49] and Polymorph
[28].

The optimized asymmetric cell parameters along with the structural
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Fig. 2. Plots of phonon dispersion and density of phonon states for DOTZ (top)
and DNDOTZ (bottom).

features of DOTZ and DNDOTZ are illustrated in Fig. 1. Bond lengths,
angles, and Bader charges are given in angstroms, degrees, and parts of
electronic charges, respectively. According to Fig. 1, the studied com-
pounds appear to be armchair conformers with a,a,a,a positions of the
hydrogen atoms; this conformer was found to be the most energetically
preferable in the crystalline environment.

The values of electrophilicity index () [50] were calculated using
the following expression:

_ (IE+EA)
P T8(IE — EA) )

where IE = —-Egomo and EA = -Ejymo (Egomo and Epymo are the energies
of the highest occupied and lowest unoccupied molecular orbitals,
respectively). In Fig. 1, n = IE — EA, corresponding to chemical hardness
[50]. According to the @ values, DOTZ has nucleophilic rather than
electrophilic character, whereas DNDOTZ is rendered a strong electro-
phile by the influence of the two NO2 groups.

QTAIM analysis of a crystal of DOTZ revealed the presence of O---H
and N---H hydrogen bonds. Numerical data on electron density and its
derivatives at all of the located critical points (CPs) are listed in Table S1
in the Supplementary data. The crystal is additionally stabilized through
van der Waals contacts O---O (CP4), N---O (CP7), and N---N (CP10).
According to the Cremer—Kraka criterion (Vzp(r) > 0, K(r) < 0), these
are weak, closed-shell interactions [51]. A similar picture was found in
the case of the DNDOTZ crystal (Fig. 1c). In this case, however, some
hydrogen bonds were not detected automatically by estimating the
closest interatomic distances between hydrogen atoms and heteroatoms
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Fig. 3. Graphical representation of the Young’s modulus for DOTZ (top) and DNDOTZ (bottom).

(Fig. 1b). This proves the need for topological analysis of the electron
density distribution, whereby all interactions within an asymmetric cell
can be found. Thus, weak hydrogen bonds (CP7) and van der Waals
contacts O---O (CP10 and 12), N---O (CP13 and 14) were also found;
however, N---N contacts are absent in the DNDOTZ crystal (Table S1 in
the Supplementary data).

We also calculated crystal growth morphologies in vacuo, and the
obtained crystal habits, with the stable faces indicated, are illustrated in
Fig. 1d. Corresponding numerical data, including relative areas of the
stable faces and growth slice thicknesses, dyy, are listed in Table S2 in
the Supplementary data. On the basis of crystal habits, an important
parameter, namely sphericity (¥), was calculated for DOTZ and
DNDOTZ as 1.268 and 1.231, respectively. Recently, we have shown
that ¥ values are directly proportional to impact energy [52-55]. In the
case of a strong dependence between crystal habit sphericity and impact
sensitivity, the latter can be easily tuned by altering the crystallization
conditions. Considering the ¥ values for DOTZ and DNDOTZ, the latter
is expected to be more sensitive to impact.

3.2. Stability criteria

In our crystal structure prediction scheme, all of the relaxed struc-
tures were checked for the absence of imaginary frequencies at the
I'-point (NIMAG = 0). However, since the absence of imaginary modes
at the I'-point does not guarantee dynamic stability of the structure, all
of the crystals with NIMAG = 0 were further checked for the absence of
soft modes within the entire Brillouin zone. The obtained plots of
phonon dispersion and density of phonon states are illustrated in Fig. 2.
Integration of the Brillouin zone was performed according to the

standardized approach (high-throughput approximation) for integration
of all 24 Brillouin zones [56]. The coordinates of the high-symmetry
points are listed in Table S3 in the Supplementary data. As one can
see in Fig. 2, the studied crystals are characterized by an absence of soft
modes. Acoustic branches demonstrate linearity near the I'-point. The
N-N and N-O valence vibrational frequencies are about 1500 cm™?,
indicating good mechanical strength of these bonds.

Further, we checked the mechanical stabilities of DOTZ and
DNDOTZ. Actually, for such low-symmetry crystals (triclinic, P1), the
corresponding necessary and sufficient condition of the mechanical
stability is that the elastic stiffness constant matrix A; is positive definite
[57]. Mathematically, this condition can be checked using the theorem
stating that to be positive definite it is necessary and sufficient that the
six leading principal minors of the matrix A; are all positive (Eq. (2)):

detM; >0,i=1,...,6 )

where M; are six principal minors of the elastic stiffness matrix A;;. Note
that Mg = det Aij~

The studied triclinic crystal systems have 21 independent elastic
stiffness (Cy) and compliance (Sj = 1/Cj;) constants. The calculated
values are listed in Tables S4 and S5 in the Supplementary data. As one
can easily check, DOTZ and DNDOTZ are both mechanically stable
crystals. They are characterized by very strong anisotropy of the Young’s
modulus (Fig. 3), which, in some directions, reaches about 40 and 15
GPa for DOTZ and DNDOTZ, respectively. The crystals represent rela-
tively soft matter, with estimated bulk moduli of 28.6 and 9.5 GPa for
DOTZ and DNDOTZ, respectively. Numerical data on the Young’s
moduli and Poisson’s ratios are gathered in Table 1.

To determine the thermal stability range, we performed ab initio
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Table 1

Calculated Young’s moduli (E, GPa) and Poisson ratios (v) of the studied materials.
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Fig. 4. Calculated IR and Raman spectra (bandwidth at half-height: 50 cm ™).
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Fig. 5. Calculated absorption spectra and descriptions of the first eight elec-
tronic transitions.

molecular dynamics simulations within a 5 ps timescale (time step 1 fs)
using a supercell with two molecules. The simulations were performed
with the NVT ensemble by the PBE/DND approach, as implemented in
the DMol® code [30]. DOTZ was found to be thermally stable at 298 K,
with DNDOTZ being stable at around 77 K. At higher temperatures, the
latter compound decomposes into NO,, NO, HONO, HNj, and so on.
Thus, DOTZ should be accessible under ambient conditions and may be
used as a conventional energetic material, while DNDOTZ may only be
stored at liquid nitrogen temperature.

3.3. Spectral data

We performed a series of calculations on the spectral properties of

DOTZ and DNDOTZ to aid their future experimental identification, as
well as for estimation of their thermodynamic properties. The calculated
infra-red (IR) and Raman spectra are plotted in Fig. 4, and the numerical
data, along with the eigenvectors of the vibrational modes, are pre-
sented in Table S6 and Figs. S3 and S4 in the Supplementary data.

Due to the nonplanar shape of the molecules, it is difficult to assign
individual vibrations, which are often mutual and include bond
stretching (v), in-plane () and out-of-plane (y) deformations. All of the
IR-intense and Raman-active vibrations in the spectrum of DOTZ are
yn-n and vn_y (Table S6 and Fig. S3 in the Supplementary data). The IR
spectrum of DNDOTZ is similar, but with some additional intense o,
bands (1560, 1212, and 769 cm ).

Plots of BS and partial density of states (PDOS) are illustrated in
Fig. S5 in the Supplementary data. According to these plots, DOTZ and
DNDOTZ are both insulators, with band gaps of 5.384 and 4.816 eV,
respectively. Moreover, we calculated the optical properties of the
studied materials. Their absorption spectra are illustrated in Fig. 5, and
their other properties (reflectivity, refractive index, dielectric function,
conductivity, and loss function) are presented in Fig. S6 in the Supple-
mentary data. To elucidate the nature of the absorption spectra, we
calculated the first eight electronic transitions using TD-DFT (Fig. 5).

Due to the indirect band gap of DOTZ, the first vertical transition
occurs from VB-1 to CB (VB and CB denote the valence band and con-
duction band, respectively). This corresponds to the first absorption
band with Apax = 200 nm (Fig. 5). Note that frontier crystal orbitals,
which are involved in these electron transitions, are illustrated in Fig. S7
in the Supplementary data. In the case of DNDOTZ, the band gap is
direct and CB and CB+1 are close-lying, as are VB, VB-1, and VB-2
(Fig. 5). As a result, the first six electronic transitions form a much more
intense band with Amay = 240 nm and & = 23600 M~ em ™, as compared
with 3800 M~! cm™! in the case of DOTZ (Fig. 5). Thus, the studied
materials are expected to be transparent solids.

Finally, we calculated nuclear magnetic resonance (NMR) and elec-
tric field gradient (EFG) properties (Table S7 in the Supplementary
data). If synthesized, we hope that the collected spectral data will help
experimentalists to identify the studied compounds.

3.4. Detonation, thermodynamic, and propulsive properties

To estimate the detonation properties of the studied compounds, we
calculated their solid-state enthalpies of formation (AHSDM) according to
Eq. (3) [58]:

AH.?nlid = AHgas — AHg (3)
where AH?,_ is the gas-phase enthalpy of formation and AHgy, is the

gas
sublimation energy. In turn, the gas-phase enthalpies of formation were
calculated according to Eq. (4):

AHQM =EuNo, — (iEu +JEx +kEo) 4

where Eyno, and Ex are the zero-point energy (ZPE)-corrected total
energies of the given molecule and the constituent elements in their
stationary states ¢ 2; Ho, 12; N», and 32g 0y). In this work, we slightly
modified the B3LYP/6-311++G(2d,2p) energies of the H, N, and O
atoms in order to better reproduce the known enthalpies of formation for
different HyN,O, molecules. The final energies were evaluated as Eyy =
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Table 2

Calculated enthalpies of formation (kJ mol ™).
Phase AHY, AHgp AH 4
DOTZ 422.8 157.1 265.7
DNDOTZ 526.4 115.9 410.5

—0.58498, Ey = -54.77927, and Eo = —75.18198 Eh/atom.

Substituting AHg,p in Eq. (3) in its form of the lattice energy (Eiat)
expression, one obtains Eq. (5):

E.
0 _ 0 solid
AHsolid 7AHgas + 7

— Eyus +2RT 5)
Here, 1/Z Esolid - Egas = Elatt and _Elatt - 2RT = AHsub'

The calculated AH? ., values are gathered in Table 2. It can be seen
that the studied compounds have high enthalpies of formation, being
much more energy-dense than conventional explosives (RDX, HMX,
TATB, etc.) [59]. The obtained enthalpies of formation along with the
crystal densities (Table 3) were used within the Kamlet-Jacobs (K-J)
empirical scheme for prediction of detonation energy (Q), velocity (D),
and pressure (P) [60]. Recently, we found that the K-J scheme out-
performs the most recent predictors (EMDB, EXPLO5, and Cheetah 8.0)
in terms of accuracy in the estimation of detonation velocity [61].

Both compounds studied in this work have high internal oxidation
abilities. The corresponding structural criterion used for the K-J calcu-
lations [60] is presented in Table 3. The N, M, and Q values were
calculated according to Egs. (6) and (7):

1 b+2c+2d
Ne—_2T2r
M AMwW ®)
28.9b + 94.05a + 239AH;)
0= @)

MW

Here, a, b, ¢, and d denote the numbers of carbon, hydrogen, nitro-
gen, and oxygen atoms, respectively, and MW is the molecular weight.
The calculated values of Q, D, and P are listed in Table 3. It can be seen
that DOTZ demonstrates enhanced theoretical detonation performance
compared to all of the known conventional explosives. The only ex-
ceptions are single-bonded nitrogen allotropes, but these materials are
either not synthetically accessible at all [2,3] or are not available in
sufficient quantities [5-7]. In comparison, DNDOTZ exhibits smaller
values of Q, D, and P, which may be attributed to its high positive oxygen
balance (43.9%). Thus, the use of DNDOTZ as a pure explosive agent
would not be appropriate, whereas DOTZ might be applied as a
single-component powerful green explosive.

In addition to their detonation properties, we estimated the propul-
sive characteristics of the studied compounds. Considering the vibra-
tional spectra with no imaginary frequencies (Table S6 in the
Supplementary data), we obtained the thermodynamic properties of the
studied crystalline materials. The temperature dependences of the main
thermodynamic functions are presented graphically in Fig. 6. These data
were then converted into the NASA 9-coefficient form through simul-
taneous fitting of the following three polynomials [62]:
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o -2 2 3 4
SE: *al%*azT" +a; lnT+a4T+a5T7+a6%+a7TT+a9 (10)

The obtained coefficients for DOTZ and DNDOTZ are presented in
formatted view in the Supplementary data.

These data were then applied to calculate the propulsive properties
of DOTZ and DNDOTZ as pure propellants and in mixtures with other
components. The calculations were performed in the framework of the
finite-area combustion chamber approximation using the NASA CEA
program [63]. Since both compounds studied in this work have a suf-
ficient amount of internal oxidant (O) with respect to the fuel (H), there
is no need to mix them with an external oxidant. On the contrary,
DNDOTZ has an oxygen balance of 43.9% and may itself be applied as an
oxidant. The calculated propulsive properties of DOTZ and DNDOTZ as
monopropellants, specifically combustion chamber temperature (CCT,
K), average molecular weight of exhaust gas (M, 1/n), specific impulse
(Isp, ), vacuum specific impulse (Iyq, ), and characteristic velocity (c*,
m/s), are listed in Table 4. Note that O/F denotes the oxidant-to-fuel
weight ratio.

According to the data in Table 4, DOTZ demonstrates enhanced
propulsive properties compared to conventional explosives such as RDX
(Ip = 268 s) [64]. At the same time, DNDOTZ demonstrates inferior
performance because of its significant positive oxygen balance. There-
fore, we calculated the propulsive properties of mixtures of DNDOTZ
with various common explosives having negative oxygen balance. The
latter were also mixed with gaseous oxygen as an external oxidant to
compare the effectiveness of O, and DNDOTZ. The obtained results are
listed in Table 5.

The calculations revealed complex chemical compositions of the
detonation products in different zones of the combustor. These zones are
usually divided according to different exit-to-throat area ratios (Ae/At),
namely chamber, throat (Ae/At = 1), and exit (Ae/At = 10, 25, 50, and
68.9). Maximum performance was observed in the case of a simulta-
neous oxidation to CO and CO». Neither CO nor CO3 can be a single
oxidation product of the carbon atoms. In both cases, the propulsive
properties decrease. The mole fractions of detonation products at
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Fig. 6. Temperature dependences of the main thermodynamic functions.

Table 4
Calculated propulsive properties of the studied compounds as monopropellants
(O/F = 0).

ﬂ—aT’2+aT’l+a +asT +asT? + agT? + a; T* ®)
R 2 3 4 S 6 7 Species ccT M Iy Lae c*
) N . DOTZ 3078 22.3 297.9 326.6 1779.9
H 2 1 T T T " a DNDOTZ 2658 28.0 230.9 246.6 1400.5
—=-—al "+ +InTH+a+au-+as—+a—+a—+—- (O . ’ . ’
RT 1 2 3 ) 53 61 75t (C)]
Table 3
Calculated detonation properties, structural criteria, nitrogen contents (N), and oxygen balances Q2¢o, .
Crystal Structural criterion N (Wt%) Qco, (%) p(gem™) Q(calg™) D (kms™) P (GPa)
DOTZ d > 2a+b/2 60.9 0 1.834 1945.5 10.4 48.2
DNDOTZ d > 2a+b/2 46.2 43.9 1.857 856.4 8.1 29.7
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Table 5

Calculated propulsive properties for mixtures of negative oxygen balance explosives with DNDOTZ (Ox1) and O, (Ox2) as oxidants.
Species O/F CCT M Isp Lyac c*

Ox1 Ox2 Ox1 Ox2 Ox1 Ox2 Ox1 Ox2 Ox1 Ox2 Ox1 Ox2

TNT 0.795 0.345 3099 3085 27.2 27.7 268.8 264.8 292.8 287.9 1604.1 1580.1
TNB 0.585 0.225 3113 3098 28.6 29.0 263.7 259.6 288.2 282.3 1573.3 1549.0
DATB 0.655 0.285 3041 3018 27.7 28.4 263.7 258.9 287.3 281.6 1572.5 1543.7
TATB 0.675 0.295 3029 3006 27.2 27.9 265.0 260.4 288.4 283.4 1580.3 1552.9

different Ae/At ratios are listed in Table S8 in the Supplementary data.
As can be seen in Table S8, a trace amount of hydrogen gas was present;
however, it did not exceed a mole fraction of 0.12. A simple increase in
the relative amount of oxidant led to an increase in the CO5/CO ratio,
not the oxidation of H,, and, as we have mentioned above, this does not
improve the propulsive characteristics.

As one can see in Table 5, DNDOTZ is a more effective oxidant than
gaseous Oy; thus, mixing of negative oxygen balance explosives (those
listed in Table 5, and other similar compounds) with DNDOTZ signifi-
cantly improves their propulsive properties compared to when they are
used alone (Table S9 in the Supplementary data).

4. Conclusions

In summary, the presented results reveal that DOTZ and DNDOTZ are
stable in the crystalline state (with space group P1). This was corrobo-
rated by corresponding calculations of phonon dispersions and elastic
constants as well as molecular dynamics simulations. DOTZ exhibits
excellent detonation properties and outperforms all hitherto known
explosives, both those obtained experimentally and those predicted
theoretically. In comparison, DNDOTZ shows inferior detonation per-
formance, mainly due to a strong imbalance between the internal
oxidant (O) content and the reductant (H) content, leading to a large
positive oxygen balance (43.9%). However, the use of this compound as
an external oxidant may significantly improve the propulsive properties
(and obviously the detonation properties too) of common explosives
with a high negative oxygen balance (TNT, TNB, DATB, TATB). Indeed,
mixtures of DNDOTZ with the latter show higher propulsive character-
istics than the corresponding mixtures with Oz as an external oxidant.

To provide experimentalists with some guidance for construction of
the DOTZ ring, we cite papers on the synthesis of oxazinane and diox-
adiazine rings [65-67]. We hope that this will expedite the development
of an appropriate synthetic protocol. The issue of the sensitivities of
DOTZ and DNDOTZ will be addressed in a separate study. Electrostatic
potential (ESP) on the molecular surface can rationalize intermolecular
interactions and predict chemically reactive sites. At first glance, one
can assume relatively high impact sensitivity of DOTZ, which should be
comparable to that of triacetone triperoxide (TATP). This is primarily
caused by the strongly electron-deficient ring of DOTZ. Our calculations
of decomposition activation energy of DOTZ in the gas phase yielded a
value of 98.4 kJ mol~! (Fig. S8 in the Supplementary data). Considering
the corresponding value for TATP (131.1 kJ mol_l) [68], the impact
sensitivity of DOTZ can be expected to be about 75% of that of TATP.

A good method for increasing the stability of an energetic material is
to convert it into a salt. The most obvious type of salts that might be
derived from these structures are of the ammonium type. However,
protonation at the nitrogen atoms of DOTZ is unlikely due to the pres-
ence of the electron-accepting oxygen atoms. Thus, the structure of
hexazinane (oxygen atoms replaced by NH) as a proton acceptor is of
great interest. Combination of a hexazinanium cation with the anions in
Chart 1 may afford very powerful and stable green explosives, which
will be the subject of further studies.
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