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A B S T R A C T   

In this paper, a theoretical design and characterization of a novel nitrogen-rich polymeric material (CarNit4) 
based on 1,5-tetrazolediyl unit was performed using density functional theory. The theoretical analysis includes 
crystal structure prediction, estimation of dynamical and mechanical stability of the monoclinic (space group 
P21) crystal, topological analysis of electron density, band structure and spectral (IR, Raman, UV, NMR) char
acterization as well as detonation and propulsive properties calculation. The modeling of both the crystalline and 
amorphous phases reveals high enthalpies of formation and densities. Detonation and propulsive properties of 
CarNit4 as a single explosive are close to that of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). However, mixing 
of CarNit4 with oxidants (gaseous O2) improves sharply the propulsive properties which become much higher 
than that of RDX. The same effect on detonation velocity and pressure is expected for formulations of CarNit4 
with various positive oxygen balance explosives. Decomposition of CarNit4 in the presence of O2 demonstrates 
the highest propulsive parameters under oxidation to carbon monoxide rather than carbon dioxide.   

1. Introduction 

Tetrazoles form a core of synthetic heterocyclic compounds, which 
are not found in nature. The synthesis of the tetrazole ring was first 
performed in far 1885 and now these molecules and their derivatives 
occupy a very important place in our life. The tetrazole ring is present in 
a number of drugs because its possesses bioisosterism to carboxylic acid 
and amide moieties, metabolic stability, etc. [1,2]. Apart of the phar
maceutical applications, tetrazoles are also used as components of 
polymer membranes in fuel cells, nanomaterials, catalysts and corrosion 
inhibitors [3]. 

Another very important area of application of tetrazoles is energetic 
materials [4]. Upon detachment of a proton, tetraloze formed a strongly 
aromatic tetrazolate anion, which can form salts with a number of cat
ions [4] including transition metals [5]. At the same time, the N4 atom 
can accept a proton to form an onium (tetrazolium) cation. The latter 
also forms salts with various anions. Such reactivity enables a great 
variety of tetrazole energetic salts to be effectively synthesized for the 
last decade [4]. Tetrazolate anion can be oxidized to form 1N- and 
2N-oxides, which are also applied as components of energetic salts [6]. 

When tetrazole or its N-oxides are coupled via the C5 atoms, a new 
class of energetic materials is obtained. Chart 1 demonstrates four ex
amples of such compounds, but the other combinations of tetrazole and/ 

or its N-oxide are also possible [7–14]. Meanwhile, one salt is of 
particular interest of researches among the great variety of such ener
getic compounds; this is dihydroxylammonium 5,50-bistetrazole-1, 
10-diolate (TKX-50) [15]. This compound demonstrates enhanced 
detonation properties and response to external energetic perturbations 
compared to the commonly used explosive materials [15]. Theoretical 
aspects of the decomposition mechanisms of TKX-50 and the related 
salts is briefly reviewed in our recent paper [16]. 

Such nitrogen-rich salts have a number of advantages compared to 
the organo-nitro explosives [17]. At first, this is enhanced detonation 
and propulsive performance, including specific impulse, flame temper
ature, etc. Secondly, the environmental safety is much better due to the 
inert gaseous products formed [17]. The latter reason is the driving force 
for researchers to discover compounds with even higher nitrogen con
tent. In this regard, the most promising compounds are salts of 
cyclo-pentazolate N5

� anion [18–20]. For many years, this species 
remained to be elusive structure, but now a simple versatile method for 
preparation of cyclo-pentazolate salts with a number of cations is pre
sented [21]. Obviously, the highest nitrogen content is in pure allotropes 
of nitrogen [22–24], but now these structures are only hypothetical and, 
with rare exceptions [25], are not yet synthesized. 

It is known that tetrazoles bearing an unsaturated moiety as a ring 
substituent can polymerize to form energetic polymers [26,27]. These 
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polymers are usually insensitive to various external stimuli (impact, 
electric discharge, friction, etc.) and had a very good thermal stability 
[27]. The unsaturated moiety (say, a vinyl radical) can be bound to both 
the carbon and nitrogen atoms; as a result, one can find poly-5- and 
poly-1-vinyltetrazole, respectively [26]. As we have mentioned above, 
due to acidity of hydrogen at the N1 atom, the polymeric tetrazoles can 
form onium salts with typical n-nucleophiles. We should stress, how
ever, that we are not familiar with any polymers bearing tetrazole units 
not as the side groups. In the present paper, we have predicted and 
characterized a new type of tetrazole-containing polymer built on the 1, 
5-tetrazolediyl fragments. Such structure has benefits of both a strong 
covalently-bound solid and highly energetic explosophore. 

Recently, we have found that insertion of the carbon atoms into a 
pure nitrogen backbone significantly improves dynamical and me
chanical stability of the latter [28,29]. With CN stoichiometry, such 
structures form very hard carbon nitrides. But what happens if the 
stoichiometry will change to CN4? In this case, the nitrogen content will 
exceed most of the above-mentioned tetrazole salts (82.35 wt%). Thus, 
the results of such structure search and characterization are described 
below. 

2. Computational details 

In this work we performed first-principles calculations within the 
generalized gradient approximation (GGA) using Materials Studio 7.0 
suite of programs [30]. Geometry optimizations, band structure (BS), 
phonons and vibrational spectra as well as optical properties calcula
tions were done with Cambridge Serial Total Energy Package (CASTEP) 
code [31]. Elastic constants were obtained using DMol3 code [32]. The 
functional due to Perdew-Burke-Ernzerhof (PBE) [33] was utilized 
entirely, except of BS and heat of formation (HOF) calculations. For 
these purposes we have applied hybrid functional, namely, HSE06 [34]. 
Compared to pure GGA functionals, the latter method was found to 
provide better performance in prediction of band gaps [35,36]. How
ever, the accuracy of different functionals is a cornerstone of DFT and 
must be the issue of a separate study. 

All the CASTEP calculations were performed with norm-conserving 
pseudopotentials (NCP) allowing correct description of the electron- 
core interactions. The electronic wave functions were expanded in a 
plane wave basis set with an energy cutoff equals 800 eV (58.8 Ry). 
Recently, we have shown this approach to be reliable for description of 
various tetrazole-based crystals [37]. The DMol3 calculations were 
performed using all-electron approximation and a triple numerical basis 
set TNP [32]. Sampling of the Brillouin zone was performed using 
k-point mesh generated by the Monkhorst-Pack algorithm. Separation of 
k-points was specified to be 0.08 Å� 1 for all the calculations, except of 
BS, optical properties, electron transitions and elastic constant calcula
tions. In these cases the tightness of k-points was set to be 0.05 Å� 1. 
Convergence criteria of the total energy were specified to 5 � 10� 6 eV 
atom� 1 in the SCF calculations and 1 � 10� 6 eV atom� 1 during the fixed 
geometry calculations. For GGA/PBE approach the long-range effects 
were taken into account entirely using the Grimme form of the damped 
C6 term [38]. Time-dependent DFT (TD-DFT) calculations were per
formed using the Tamm-Dankoff approximation [39]. 

To perform the Quantum Theory of Atoms in Molecules (QTAIM) 
analysis, wavefunctions were obtained using the projector augmented 
wave based method (PAW) [40]. This calculation was performed using 
the Quantum Espresso 5.3.0 program package [41]. Topological analysis 

of the electron density was done by means of the Critic2 software [42]. 
To model the amorphous state, a hydrogen terminated polymer (fifty 

1,5-tetrazolediyl units) was constructed. Thereafter, the Amorphous Cell 
module of the Materials Studio 7.0 suite was applied to perform mo
lecular dynamics modeling. A cubic supercell (V ¼ 47103.5 Å3, ρ ¼ 1.2 g 
cm� 3) containing two polymer units (total number of atoms is 504) was 
then completely relaxed using Condensed-phase Optimized Molecular 
Potentials for Atomistic Simulation Studies (COMPASS) forcefield [43] 
within the Forcite module of the Materials Studio 7.0 [30]. Further, the 
supercell was relaxed using Density Functional based Tight Binding 
method (DFTBþ, version 1.3) [44] as part of the Materials Studio 7.0 
program suite [30]. The second-order energy expression involving 
self-consistent charge (SCC-DFTB) approximation with the Slater-Koster 
library MIO and with the empirical correction for van der Waals in
teractions was applied [31]. 

3. Results and discussion 

3.1. Structural features and topological analysis 

The crystal structure prediction reported here was performed with a 
CN4 unit as a separate molecule. The latter can be either a diradical 
(Chart 2a) or a biradical (Chart 2b-c). 

In the present work, a biradical (Chart 2b) appeared to be a mono
meric unit of the studied polymer (Chart 2d). The crystal structure 
predicted in this work was obtained using our modified eigenvector- 
following scheme (Fig. S1 in the ESI). This method, allows to avoid 
optimization of hundreds or thousands of crystal structures, often very 
odd or improbable (like in the purely automatic algorithms), and restrict 
the number of structures to just a few. Of course, it does not guarantee 
that the resulting crystal will be the most thermodynamically stable 
polymorph (however, this cannot be excluded too). In the present work, 
our primary goal was to find possible structure, which is dynamically 
and mechanically stable at ambient conditions, and to estimate its 
density and enthalpy of formation. 

If one assume that the crystal obtained this way is a metastable phase 
of poly(1,5-tetrazolediyl), this means that another stable polymorph 
does definitely exist. Meanwhile, Nyman and Day showed that for ma
jority of organic crystals energy separation between polymorphs does 
not exceed 2 kJ mol� 1 and the difference between their densities is about 
0–2% [45]. A similar result we have recently obtained for crystal 
structure prediction of benzene diazonium chloride using Polymorph 
predictor [46]. As we will discuss below, such deviation causes very 
small effect on the resulting values of detonation velocity and pressure; 
therefore, one can neglect possible difference between polymorphs 
when calculating detonation properties. We should stress, however, that 
the true crystal structure is a crucial matter for estimation of explosives’ 
sensitivity. 

Thus, we have called the obtained polymer CarNit4 due to its stoi
chiometry as beginnings of the elements names (CN4). The optimized 
asymmetric cell of CarNit4 is illustrated in Fig. 1a–d. 

In crystalline state, CarNit4 has a monoclinic crystal system of the 
P21 space group. The other possible orthorhombic space group (Cmc21) 
is dynamically unstable due to the planar arrangement of the tetrazole 
rings. In the P21 space group crustal, these rings are out of plane by 21.3�
(Fig. 1b). Therefore, the polymeric chains form zigzag alignment in 
perpendicular direction along the a axis (Fig. S2c in the ESI). The 
separate chains are clearly seen along the b axis (Fig. S2d in the ESI). 

Chart 1. Several compounds with 5,50-bistetrazole backbone.  

Chart 2. Possible arrangement of two unpaired electrons in a CN4 residue.  
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To find out the interaction energy between the polymeric chains, we 
have performed a QTAIM analysis of the electron density distribution 
inside the asymmetric cell. The positions of all the bond (3, � 1), ring (3, 
1) and cage (3, 3) critical points (CPs) are shown in Fig. 2 and their 
fractional coordinates are listed in Table S1 in the ESI. The numerical 
values of electron density ρ(r), its Laplacian r2ρ(r) and potential energy 
density v(r) are listed in Table 1. The latter values were calculated from 
the first two quantities using the Abramov gradient expansion (eq (1)) 
[47]. 

νðrÞ ¼ � 3
5
�
3π2�2=3ρðrÞ5=3

�
1
12
r2ρðrÞ (1) 

As one can see in Fig. 2, all the critical points (except of 4–10 and 
17–18) characterize interactions between the polymeric chains. This 
also reflects in smaller values of the electron density (Table 1). It is 

known, that the energy of weak bonding can be simply estimated by 
means of the Espinoza formula (eq (2)) [48]: 

E¼ ​ 1 = 2νðrÞ (2) 

Thus, taking into account the total potential energy density value 
and eq (2), the total energy of interaction between the polymeric chains 
is 50.9 kJ cell� 1. 

3.2. Stability criteria 

To be accepted as a stable crystal, it must satisfy at least dynamical 
and mechanical stability criteria. Dynamical stability is determined by 
the absence of soft modes in phonon spectrum; thus, we have performed 
phonon dispersion calculations. The Brillouin zone integration path was 
specified in accord with the standardized approach for each of the 24 
Brillouin zones within 14 Bravais lattices [49]. For an MCL lattice the 
corresponding path is illustrated in Fig. 1e and the coordinates of high 
symmetry points are listed in Table S2 in the ESI [49]. The calculated 
phonon dispersion along with the density of phonon states is presented 
in Fig. 3. As it follows from Fig. 3, CarNit4 is dynamically stable due to 
the absence of soft modes. Also, the highest frequencies are more than 
1400 cm� 1 suggesting strong covalent bonds formed. 

Meanwhile, the estimation of mechanical stability is a rather chal
lenging task for such low-symmetry system as a monoclinic crystal. An 
MCL lattice has 13 independent elastic constants, which are presented in 
eq S(1) and the numerical values of constants Cij and Sij are listed in 
Tables S3 and S4 in the ESI. It is known that a necessary and sufficient 
condition of the mechanical stability of an MCL lattice is positive defi
niteness of the matrix S1. Algebraically, this can be expressed via the six 

Fig. 1. Structural parameters at different projections of a CarNit4 unit cell 
(a–d); the Brillouin zone along with the corresponding high symmetry 
points (e). 

Fig. 2. Positions and type of the critical points in an asymmetric cell of CarNit4.  

Table 1 
The calculated QTAIM parameters (in a. u.) for an asymmetric cell of CarNit4.  

CP Type ρ(r) r2ρ(r) v(r) 

1 (3,-1) 0.0049785 0.0163421 � 0.00219539 
2 (3,-1) 0.0077029 0.0251848 � 0.00382400 
3 (3,-1) 0.0078917 0.0259849 � 0.00396173 
4 (3,-1) 0.0178884 0.0627999 � 0.01225950 
5 (3,-1) 0.2274540 0.0427942 � 0.49026008 
6 (3,-1) 0.2312330 0.0403498 � 0.50360772 
7 (3,-1) 0.2733410 � 0.1819290 � 0.64595053 
8 (3,-1) 0.2771770 0.4064530 � 0.71051771 
9 (3,-1) 0.2802110 0.3987220 � 0.72226282 
10 (3,-1) 0.3338190 0.2830580 � 0.94605698 
11 (3,1) 0.0021809 0.0063296 � 0.00073809 
12 (3,1) 0.0022257 0.0063510 � 0.00074713 
13 (3,1) 0.0026180 0.0076398 � 0.00092222 
14 (3,1) 0.0030230 0.0094419 � 0.00114976 
15 (3,1) 0.0044237 0.0136275 � 0.00182018 
16 (3,1) 0.0047218 0.0146153 � 0.00198110 
17 (3,1) 0.0147645 0.0477882 � 0.00908502 
18 (3,1) 0.0863407 0.2852110 � 0.12062344 
19 (3,3) 0.0020097 0.0058634 � 0.00067240 
20 (3,3) 0.0020694 0.0058147 � 0.00067754 
21 (3,3) 0.0020710 0.0058903 � 0.00068409  
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conditions in eq (3) [50]: 
8
>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>:

C11 > 0
C44 > 0
C11C22 � C2

12 > 0
C44C66 � C2

46 > 0
T ¼ C11C22C33 þ 2C12C13C23 � C11C2

23 � C22C2
13 � C33C2

12 > 0
C2

15

�
C2

23 � C22C33
�
þ C2

25

�
C2

13 � C11C33
�
þ C2

35

�
C2

12 � C11C22
�

þ2C15C35ðC13C22 � C12C23Þ þ 2C15C25ðC12C33 � C13C23Þ

þ2C25C35ðC23C11 � C12C13Þ þ C55T > 0

(3) 

Even such simple relations (eq (3)) take much time and efforts to be 
checked. If one performs a crystal structure prediction, the problem 
becomes much more acute since this procedure may be repeated many 
times. Therefore, we have developed a simple Pascal ABC.NET code, 
which checks the corresponding Born-Huang criteria [51] for a given 
Laue class. If the crystal satisfies the mechanical stability criteria and the 
corresponding elastic compliance matrix (in GPa� 1) is presented in the 
input file, a MatLab script is generated for plotting 3D map of the 
Young’s modulus. 

The corresponding equations are taken from ref [52]. For an MCL 

lattice this is the following (eq (4)). 

1
E
¼ l4

1s11 þ 2l2
1l2

2s12 þ 2l2
1l2

3s13 þ 2l3
1l3s15 þ l4

2s22 þ 2l2
2l2

3s23 þ 2l1l2
2l3s25

þl4
3s33 þ 2l1l3

3s35 þ l2
2l2

3s44 þ 2l1l2
2l3s46 þ l2

1l2
3s55 þ l2

1l2
2s66

(4)  

herein, l1 ¼ sin θ cos ϕ, l2 ¼ sin θ sin ϕ and l3 ¼ cos θ are the directional 
cosines of angles with the three principal directions. As it follows form 
eq (3) and Table S3, CarNit4 is mechanically stable material at zero- 
pressure. The plotted 3D map of the Young’s modulus is illustrated in 
Fig. 4 and the numerical values along with the Poisson ratios are listed in 
Table 2. The calculated bulk modulus is 22.3 GPa, while along the y axis, 
the Young’s modulus reaches 139.3 GPa revealing a good mechanical 
strength of CarNit4. 

3.3. Electronic and spectral properties 

This section describes a series of calculations of spectral properties in 
order to provide data for further experimental identification of CarNit4 
and for estimation of thermodynamic properties. The calculated elec
tronic band structure and partial density of states plots of CarNit4, 
illustrated in Fig. S3 in the ESI,demonstrates an indirect bandgap (Γ→Y) 
of 4.203 eV wide. Taking into account underestimation of band gaps by 
HSE06 functional (ca. 0.24 eV) [35], the obtained polymer is rather 
insulator than a wide bandgap semiconductor. 

Additionally, we have calculated vibrational spectra of CarNit4. The 
infrared (IR) and Raman spectra are plotted in Fig. 5 and the tabulated 
data along with the corresponding eigenvectors are presented in 
Table S5 and Fig. S4 in the ESI. Due to the relatively low symmetry of 
CarNit4, a number of normal modes have non-zero intensities and both 
the IR and Raman spectra are informative. In Fig. 5, we have compared 
the calculated spectra for CarNit4 with experimental spectra of 1H-tet
razole [53,54]. Remarkably, we have an excellent agreement on the 
frequencies of the tetrazole bands in CarNit4; the difference is often a 
few cm� 1 (Fig. 5). 

It is interesting that mode 1452 cm� 1 (νC–N) in 1H-tetrazole [54] is 
transformed into mode 1451 cm� 1 (νC–N) in CarNit4, where C and N 
atoms belong to different tetrazole moieties. This is valence vibration of 

Fig. 3. Zero-pressure phonon dispersion and density of phonon states 
of CarNit4. 

Fig. 4. The 3D plot of Young’s modulus of CarNit4 together with the three projections on secant planes.  

Table 2 
Young’s modulus (E, GPa) and Poisson ratios (v) of CarNit4.  

Axis E (GPa) Poisson Ratios (v) 

x 69.3 Exy 0.0898 Exz 1.2802 
y 139.3 Eyx 0.1806 Eyz 0.4362 
z 14.5 Ezx 0.2678 Ezy 0.0454  
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the formed C–N bond. Instead, a new band appears in the CarNit4 
spectrum (mode 1322 cm� 1), which is the C–N1 bond valence vibration. 
Another change in the spectral picture is mode 1525 cm� 1 (νC––N) [54]. 
In CarNit4, this vibration appears with slightly lower frequency (mode 
1475 cm� 1), but it is directly related to the C–N bond between the tet
razole rings (Fig. S4 in the ESI). The other vibrational modes in the IR 
spectrum of CarNit4 are directly related to the corresponding modes of 
1H-tetrazole (Fig. 5). In the Raman spectrum of CarNit4, the main 
change is a sharp increasing of intensity of mode 1451 cm� 1 (νC–N), 
which becomes the most active band (4602 Å4). The new mode 1322 
cm� 1 also has relatively high activity (1384 Å4). Finally, several 
low-frequency bands, modes 580 and 516 cm� 1 (δNCN), appear in the 
Raman spectrum of CarNit4 (Fig. 5). 

Apart of the vibrational spectra, we have calculated absorption 
spectrum of CarNit4 (Fig. 6). The other optical properties, including 
reflectivity, refractive index, dielectric function, conductivity and loss 
function, are presented in Fig. S5 in the ESI. To assign the absorption 
bands in the spectrum, we have performed TD-DFT calculations. The 
numerical data on the first eight transitions are gathered in Table 3 and 
the data on the transitions S9–S20 are listed in Table S6 in the ESI. As one 
can see in Table 3, the TD-DFT calculations are in a complete agreement 
with the band structure. The first five excitations correspond to various 
transitions from a series of five valence bands (VB) to the conduction 

band (CB). The next series of electronic transitions (S5–S8) includes ex
citations to the CB and CBþ1 (Table 3). Note the corresponding crystal 
orbitals are illustrated in Fig. S6 in the ESI. 

Using instrumental smearing 0.5 eV, we have obtained a single ab
sorption band with λmax 207 nm (Fig. 6). To check the reliability of our 
method of calculation, we have modeled the UV spectrum of 1H-tetra
zole. It is known that the latter has a single absorption band with λmax 
193 nm at ambient conditions [55]. Remarkably, despite the CS point 
group symmetry, 1H-tetrazole crystalizes in a very rare triclinic space 
group P1 [56]. According to the Cambridge Crystallographic Data 
Centre (CCDC) space group statistics, this space group has only 1% of 
entries [57]. Thus, we have completely optimized an asymmetric cell of 
1H-tetrazole and obtain an excellent agreement on the lattice parame
ters (Fig. 6). Again, the calculated absorption spectrum of 1H-tetrazole is 
a very good agreement with experiment (λmax 184 nm). Thus, we can 
conclude that our spectral data are reliable. 

Finally, we have also used the gauge-including projector augmented- 
wave method (GIPAW) [58] in order to obtain chemical shielding and 
electric field gradient tensors. The calculated data are listed in Table S7 
in the ESI. 

3.4. Thermodynamic, detonation and propulsive properties 

In order to estimate detonation and propulsive properties of CarNit4, 
we have obtained the temperature dependence of main thermodynamic 
functions, enthalpy (H), Gibbs free energy (G), entropy (S) and isobaric 
heat capacity (Cp) in the temperature range 0–5000 K. These results, 
along with the Debye temperature, are presented graphically in Fig. S7 
in the ESI. The calculation of enthalpy of formation may become critical 
because of a wide variety of the values predicted. Thus, the values of 
ΔH0

f , predicted with a set of pure GGA functionals (along with B3LYP) 
are listed in Table S8 in the ESI. These calculations were done using eq 
(5) [59]: 

ΔH0
f ¼ 1

.
2ECarNit4 � 2EN2 � 1

.
4Egraphite (5)  

where ECarNit4, EN2 and Egraphite are the total energies of CarNit4, an 
isolated nitrogen molecule and graphite, respectively. 

As it follows from Table S8, the values of ΔH0
f are all high but very 

different. Thus, we have decided to apply more accurate hybrid func
tional HSE06 which gives the value of ΔH0

f equals 375.9 kJ mol� 1. In 
addition to the crystalline form of CarNit4, we have modeled this ma
terial in amorphous state; our model is illustrated in Fig. 7. The calcu
lation of ΔH0

f was performed according to eq (6), where Eamorph, EN2 , EH2 

and Egraphite are the corresponding DFTB energies. The coefficient a is 
obtained using the calculations of CarNit4 in the crystalline form as a ¼
ΔH0

fðHSE06Þ=ΔH0
fðDFTBÞ ¼ 1:969. 

ΔH0
f ¼

a
100

�
Eamorph � 200EN2 � 2EH2 � 25Egraphite

�
(6) 

Thus, the calculated value of ΔH0
f for the amorphous phase is 380.2 

Fig. 5. The calculated IR and Raman spectra of CarNit4.  

Fig. 6. The calculated absorption spectrum of CarNit4 in comparison to the 1H- 
tetrazole spectra. Inset represents crystal structure of 1H-tetrazole. 

Table 3 
Energies (eV) and orbital assignment of the first eight electron transitions in 
absorption spectrum of CarNit4.  

State E (eV) Assignment Overlap 

S1 4.633 (268 nm) VB→CB 0.982182 
S2 4.763 (260 nm) VB-1→CB 0.992660 
S3 5.175 (240 nm) VB-2→CB 0.918438 
S4 5.705 (217 nm) VB-4→CB 0.964436 
S5 5.734 (216 nm) VB-3→CB 0.892713 
S6 6.481 (191 nm) VB→CBþ1 0.904278 
S7 6.578 (188 nm) VB-1→CBþ1 0.941822 
S8 6.889 (180 nm) VB-5→CB 

VB-2→CBþ1 
0.653050 
0.133526  
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kJ mol� 1. In this work, we have applied the Kamlet-Jacobs (K-J) 
empirical equations (eqs (7) and (8)) to obtain detonation velocity (D, 
km s� 1) and pressure (P, GPa) [60]: 

D¼ 1:01
�
NM1=2Q1=2�1=2

ð1þ 1:30ρ0Þ (7)  

P¼ 1:558ρ2
0NM1=2Q1=2 (8)  

where N and M are the dimensionless structure specific parameters and 
Q is the detonation energy (cal g� 1). For a CarNit4 unit CN4, the 
appropriate structural criterion is 2a ​ þ ​ b=2 ​ > ​ d ​ � ​ b=2; hence, 
these parameters are defined as the following [60]: 

N¼
bþ 2cþ 2d

4MW
​ (9)  

M¼
56cþ 88d � 8b

bþ 2cþ 2d
(10)  

Q¼

h
28:9bþ 94:05ðd=2 � b=4Þ þ 239ΔH0

f

i

MW
(11)  

where, a, b, c and d are the number of carbon, hydrogen, nitrogen and 
oxygen atoms, respectively; MW is the molecular weight. 

The calculated parameters Q, D and P along with the corresponding 
densities for crystalline and amorphous phases are listed in Table 4. The 
same values for hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) calcu
lated using eqs (7) and (8) are the following: D (35.21 km s� 1) and P 
(8.88 GPa). Thus, as it follows from Table 5, the crystalline form of 
CarNit4 has detonation performance comparable to that of RDX. We 
should stress, however, that CarNit4 suffers from a lack of internal 
oxidizer (oxygen balance � 47.0%). A simple mixture of CarNit4 with 
any positive oxygen balance explosive will improve the detonation pa
rameters sharply. For example, if we add an oxygen atom to the CarNit4 
formula unit (CN4O) and assume that enthalpy and density remain the 

same, the Q, D and P values become 1628.6 cal g� 1, 9.43 km s� 1 and 
42.00 GPa, respectively. At the same time, CarNit4 is a nitrogen-rich 
material and has a significant advantage compared to RDX, since the 
main detonation product is environmental friendly molecular nitrogen. 

As we have mentioned above, the possible difference of the ρ and 
ΔH0

f values between polymorphs can be neglected when estimating 
detonation properties. For example, for the α- and β-polymorphs of 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) the difference between ρ 
and ΔH0

f are the following: 0.014 g cm� 3 [61] and 0.6 kJ mol� 1 [62]. 
Taking into account such small difference, the resulting detonation 
properties (Q, P and D) calculated using the K-J scheme are the 
following: 1500.9 cal g� 1, 8.83 km s� 1 and 34.7 GPa versus 1501.6 cal 
g� 1, 8.88 km s� 1 and 35.3 GPa for α- and β-polymorphs, respectively. We 
should stress that the K-J empirical scheme is a well-established method 
for prediction of detonation properties and, as we have shown in our 
recent paper [63], it outperforms in accuracy the most recent predictors, 
like EMDB, EXPLO5 and Cheetah 8.0. 

Finally, we have estimated propulsive properties of CarNit4. For this 
purpose, we have first converted the CASTEP thermodynamic properties 
(Fig. S7 in the ESI) to the NASA 9 coefficients form [64] using our 
previously described code i97creator [63] and the PAC99 routine. 
Thereafter, the propulsive properties, namely, combustion chamber 
temperature (CCT, K), specific impulse (Isp, s), vacuum specific impulse 
(Ivac, s) and characteristic velocity (c*, m s� 1), were calculated with 
NASA CEA2 program [65]. The obtained propulsive properties are listed 
in Table 5 and the NASA coefficients for CarNit4 are presented in the 
ESI. 

Being used as a monopropellant (oxidant-to-fuel weight ratio O/F ¼
0), CarNit4 decomposes to the following equation:  

CN4(s) → C(s) þ 2N2(g)                                                                           

The corresponding mole fractions of decomposition products for 
various exit-to-throat area ratios (Ae/At) are presented in Table S9 in the 
ESI. As one can see in Table 5, CarNit4 has slightly poorer propulsive 
performance compared to RDX (Isp ¼ 268 s) [66]. Nevertheless, when an 
oxidant (say, gaseous O2) is added, the propulsive properties signifi
cantly exceed those of RDX. As it follows from our calculations, the most 
effective weight ratio of O2 and CarNit4 is O/F ¼ 0.23516 that corre
sponds to the following equation (Tables 5 and S10 in the ESI):  

0.5O2(g) þ CN4(s) → CO(g) þ 2N2(g)                                                         

Addition of a more amount of oxidant leads to unexpected results. 
For example, if one assumes the complete oxidation of carbon to CO2 (O/ 
F ¼ 0.47031), then the formation of a complex mixture of CO, CO2, NO 
and unreacted O2 will take place (Table S11 in the ESI). This also results 
in a lowering of the propulsive properties of the mixture (Table 5). 

4. Conclusions 

In summary, we have predicted crystal structure and performed a 
comprehensive theoretical study of a new polymeric material based on 
1,5-tetrazolediyl units. This polymer is a nitrogen-rich material (82.35 
wt%) with high energy density. Thus, the most probable area of appli
cation of CarNit4 is energetic materials. Indeed, in both the crystalline 
and amorphous state, CarNit4 has high enthalpies of formation and 

Fig. 7. The optimized supercell with two hydrogen terminated polymeric 
chains of poly(1,5-tetrazolediyl). 

Table 4 
The calculated detonation properties of CarNit4.  

Phase ρ (g cm3) Q D P 

P21 2.005 1320.4 35.40 8.65 
amorph. 1.717 1335.5 26.11 7.78  

Table 5 
The calculated propulsive properties of CarNit4 as monopropellant (O/F ¼ 0) 
and in a mixture with O2 (O/F 6¼ 0) at 300 K.  

O/F CCT Ma Isp Ivac с* 

0 3502 34.0 257 281 1525 
0.23516 4763 28.0 300 319 1843 
0.47031 3590 30.3 273 299 1639  

a Molecular weight of the reaction products. 
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crystal densities, which makes its detonation properties being close to 
the conventional explosives, like RDX. On the other hand, a lack of in
ternal oxidant prevents demonstration of the highest potential of Car
Nit4 as energetic material. Thus, formulations of CarNit4 with positive 
oxygen balance explosives allow obtaining enhanced detonation per
formance of CarNit4 in comparison with conventional explosives. The 
same situation is expected when use CarNit4 as solid propellant. A 
simple addition of a half of mole of oxygen per mole of CarNit4 produces 
enhanced propulsive properties compared to RDX, which can also find 
its application in future. 

We have found that insertion of carbon atoms into the nitrogen 
backbone significantly improves dynamical and mechanical stability 
[28,29]. Thus, one can obtain nitrogen-rich material bearing single- and 
double-bonded nitrogen. On the other hand, the presence of carbon in 
explosive materials is less desirable due to formation of carbon oxides. 
From this point of view the most potentially favorable energetic mate
rials need to be inorganic carbon-free HxNyOz formulations. The recently 
synthesized, pentazolate cyclo-N5

– salts are good examples of such ma
terials [21]. The main detonation products in this case are environ
mental friendly substances. Thus, prediction and characterization of 
such compounds is of great practical interest and will be the issue for 
further studies. 
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