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A new ambient-pressure metastable single-bonded 3D nitrogen allotrope (TrigN) of trigonal symmetry
(space group R3) was calculated using density functional theory (DFT). A comprehensive characterization
of this material, comprising thermodynamic, elastic, and spectral (vibrational, UV-vis absorption, and
nuclear magnetic resonance) properties, was performed. Using high-throughput band structure calculation,
the TrigN phase was characterized as an insulator with an indirect band gap of 2.977 eV. Phonon dispersion
calculations justified that this structure is vibrationally stable at ambient pressure. The calculated Raman
activities at the I'-point demonstrated a rich pattern, whereas no relatively intense transitions were
observed in its IR absorption spectrum. The TrigN material is almost transparent to visible light as well
as to ultraviolet A and B. The main absorption peaks appeared within the range of 50-200 nm. The
electron arrangement of the nitrogen nuclei in the studied nitrogen allotrope is much denser compared
to that of the molecular nitrogen, which is in agreement with the calculated magnetic shielding tensor
values. Robust mechanical stability is revealed from the elastic constants calculation. Due to strong

Received 21st December 2016, anisotropy, the values of the Young's moduli vary from 281 to 786 GPa. A huge amount of internal

Accepted 31st January 2017 energy is enclosed in the TrigN material. Upon decomposition to molecular nitrogen, the energy release is

expected to be 11.01 kJ g~! compared to the value of 10.22 kJ g™ for the cubic gauche form of nitrogen.
The TrigN allotrope possesses unique detonation characteristics with a detonation pressure of 146.06 GPa

and velocity of 15.86 km s™%.
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in 1992.° To date, several nitrogen phases have been reported
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Introduction

Gaseous molecular nitrogen is the most abundant component of
the Earth’s atmosphere. It is one of the most stable molecules
known because the dissociation energy of the triple N=N bond
is 954 k] mol . This is a reason why single-bonded nitrogen
allotropes are so unusual and rare. Even molecular forms of
nitrogen, other than N,, have high energy densities,"> whereas
infinite 1D, 2D, and 3D atomic frameworks form nitrogen phases
possessing energy densities that are about five times higher than
those of the most powerful non-nuclear weapons.>

However, to date, a number of different nitrogen allotropes
have been predicted. The discovery of this phenomenon was first
reported by McMahan et al.* in 1985, and was then developed
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and well-documented.®*” The nitrogen allotropes that have
been proposed are as follows: cubic gauche (cg-N),>” chaired
web (CW),® poly-N (pN),® arsenic-like (A7), layered boat (LB),"°
phosphorus-like (BP),” metallic chain (CH),"* zigzag chain (ZZ),"*
simple cubic (SC)"* allotropes, phases of the space groups Pba2,"*
P2,2,2,,* P1,"* C2/c,"® Cmcm,™ and two molecular forms of N,
(a-N, and £-N,),” where the latter are based on the crystal structure
determination of the former by Vegard."®"®

However, Cui et al.'® concluded that in the pressure range
from 0 to 360 GPa, the most favorable structures are Cmcm, A7,
relative cubic gauche (rcg-N), cg-N, BP, P2,2,2,, and Pha2. An
interesting diamondoid (N;,-cage) nitrogen allotrope was recently
proposed by Ma et al.'” This structure was found to be the most
favored above 263 GPa. However, note that among the above-
mentioned nitrogen allotropes, only the cg-N phase has been
experimentally determined in 2004 by Eremets et al.>*>* by laser-
heated diamond anvil cell experiments above 2000 K and 110 GPa.
The phase is a robust material with a bulk modulus more than
300 GPa.”® At ambient temperature, cg-N is metastable at pressures
above 42 GPa and has unique properties including a high-
energy density,®*° 2>
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To search for novel high-energy density materials (HEDM),
calculations of different isolated molecular forms of nitrogen
were performed.>**™” As a result, a number of different neutral
and ionic species were subsequently modeled theoretically and/or
detected experimentally. The vibrationally stable structures
include Ng—,3,23 N4’24—28 N5—729—31 N5+,30,32,33 N6,26,27,34—41
Ng,>”**™** Ny4,*>*® and Ng,*>*” species. Moreover, the systems
with N, and Nj; stoichiometry have been well reviewed.*> To the
best of our knowledge, only three ionic structures have been
experimentally observed among the abovementioned nitrogen
forms.? The well-known azide anion (N;~) has moderate stabi-
lity, whereas the pentanitrogen cation (Ns') is metastable
and can exist only with large counter anions. Moreover, the
pentanitrogen anion (N5~ ) has been detected only in the gas
phase.?

The aim of the present study was to search for potentially
favorable nitrogen phases that demonstrate high-energy density,
dynamical stability at low pressure, and robust mechanical
characteristics that are comparable or better than that of the
experimentally obtained cg-N phase.”® The reported results
suggest that the simulated TrigN allotrope conforms to all the
abovementioned conditions. Therefore, if synthesized, this
structure will be a potentially favorable, green high explosive
possessing enhanced detonation properties.

Computational details

The first principles calculations of the equilibrium geometries,
spectral, thermodynamic, and mechanical properties presented
in this study were performed using the Cambridge Serial
Total Energy Package (CASTEP) module*® implemented in the
Materials Studio 7.0 program suite*® within the generalized
gradient approximation (GGA). Exchange and correlation inter-
actions were described using the functional parameterized by
Perdew-Burke-Ernzerhof (PBE),>® except for the mechanical
propertties calculations for which the interactions were described
using the PBE for solids (PBEsol) functional.>® Moreover, for
band structure calculations, we used a more accurate hybrid
exchange-correlation functional by Heyd-Scuseria-Ernzerhof
(HSE06).”*> A norm-conserving pseudopotential (NCP) in reciprocal
space was entirely used to describe the electron-core interactions.
In the case of the equation of state calculations, the projector
augmented wave based method (PAW)> was used instead of the
previous approach. These calculations were performed using the
Quantum Espresso 4.3.2 suite of programs.> For all the calcula-
tions, the electronic wave functions were expanded in a plane
wave basis set with an energy cut-off of 1000 eV (73.5 Ry). The
Monkhorst-Pack k-point sampling scheme with a 8 x 8 x 8
(0.03 A7) k-point mesh was specified during all the calculations.
The SCF tolerance was set to be equal 1 x 10~° eV per atom and
the force convergence criterion during the optimizations was set
tobel x 1072eVA™"

For the GGA/PBE approach, the long-range electron correla-
tions entirely were considered during the calculation using the
Tkatchenko-Scheffler (TS) scheme,> which has been proven to
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produce reliable results.>® Therefore, the Cg coefficients were
calculated using the following equation:

eff free 2 Veff 2
Ccff _ ’/IA KA A Cfrce (1)
6AA T free eff free 6AA?

A~ \ *A Va

where 7 is the effective frequency, V is the atomic volume, and x
is the proportionality constant between volume and polarizability
for the free atom and the atom in a molecule. Superscripts “free”
and “eff” stand for the isolated atom and the atom in a molecule,
respectively. The phase decomposition energy was calculated
according to eqn (2) and the cohesive energy was obtained using

eqn (3):
Edec = ETrigN - 6ENZ (2)

Econ = —(Errign — 12Ey)/12 (3)

where Eryigy is the total energy (PBE-TS) of the TrigN unit cell,
and Ey, and Ey are the total energies of an isolated nitrogen
molecule and atom, respectively. The latter were obtained using
the supercell approximation (vacuum slab thickness is 15 A). The
phonon dispersion calculation was carried out in terms of the
finite displacement method. The latter provides reliable results
even when ultrasoft pseudopotentials are used.>” Molecular visua-
lizations were performed using the Virtual NanoLab 2015.1
program package.’®

Results and discussion
Structural features and electronic properties

Geometry optimization with complete cell relaxation led to a
trigonal nitrogen allotrope of the space group R3. This space
group can be presented in two ways using the rhombohedral-
centered hexagonal (HEX) or primitive-centered rhombohedral
(RHL,) (for « > 90°) lattice. The latter representation corre-
sponds to the primitive cell for the trigonal crystal system of the
Laue class 3. The nitrogen atoms occupy the Wyckoff positions
18f: N1 (0.245, 0.957, and 0.863) and N2 (0.245, 0.957, and
0.363) in the hexagonal lattice as well as N1 (0.925, 0.594, and
0.393) and N2 (0.893, 0.425, and 0.094) in the rhombohedral
lattice. The corresponding unit cell projections are illustrated
in Fig. 1 and the optimized asymmetric cell parameters are listed
in Table 1.

As can be seen in Fig. 1, the HEX unit cell contains
36 nitrogen atoms and the RHL, cell includes 12 atoms. The latter
space group representation is much more convenient for the
analysis and is directly related to the corresponding hexagonal
lattice. The use of both lattices produces very close values of the
calculated properties; therefore, the RHL, cell has been dis-
cussed hereinafter since this is the simplest representation of
the space group R3, which still cannot be reduced by symmetry.
All the N-N bonds inside the cell are symmetrically equivalent
with the length being equal to 1.436 A, which is very close to the
cg-N allotrope (1.434 A). However, the experimentally measured
N-N bond lengths in the cg-N phase are 1.346 A.2° Therefore,
we speculate that these bonds should be similar to those of the
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Fig. 1 Projections of the unit cell in the hexagonal representation (a—d)
and in the RHL; representation (e), and the Brillouin zone with the corres-
ponding high symmetry points for the latter case (f).

Table1 The optimized asymmetric cell parameters of the TrigN allotrope
in hexagonal (HEX) and rhombohedral (RHL,) representations

Lattice a(A) c(A) Lattice a (&) (%)

HEX 6.886 6.630 RHL, 4.548 98.39

TrigN allotrope. The crystal packing of the TrigN phase is
illustrated in Fig. S1 in the ESL

At zero external pressure, the cell volume is equal to 89.74 A3,
Therefore, the calculated crystal density equals 3.11 g cm .
To elucidate the effect of external pressure, we calculated the
enthalpies and volumes of the TrigN and cg-N allotropes
together with o-N as a reference and the results are illustrated
in Fig. 2a and b.

These calculations confirm that the cg-N phase becomes more
preferable than o-N above 53 GPa, and TrigN behaves similarly
since it is more stable than o-N above 66 GPa (Fig. 2a). However,
note that the cg-N allotrope is always lower in energy than TrigN
by about 0.17-0.20 eV. Very similar behavior of the TrigN and
cg-N allotropes can be clearly observed from the pressure-
dependence of the cell volume (Fig. 2b). We also performed the
equation of state E(V) calculations (Fig. 2c). The E vs. V data were
fitted by the third-order Birch-Murnaghan (BM) equation of
state. The fitted parameters are listed in Table 2. The equilibrium
volumes are close for the cg-N and TrigN allotropes, whereas the
bulk modulus is lower than that for the latter phase.
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Fig. 2 Pressure-dependence of the relative enthalpies (a) and volume (b),
and the equation of state £(V) (c).

Table 2 The results of the third-order BM equation of state fitting

Phase E, Vo By By’

o-N —269.57 22.82 7.2 4.05
cg-N —267.91 7.08 189.8 5.10
TrigN —267.80 7.46 142.2 5.96

To study the electronic properties of the TrigN allotrope, we
performed band structure calculations. To find the most appro-
priate approximation combining high rigor and low-computational
cost, we examined both the effect of the k-point sampling mesh and
basis set energy cut-off on the band gap values. The band structure
calculations were performed in terms of the high-throughput
approach, which includes a standard definition of the high sym-
metry k-path for all the 14 Bravais lattices.>® In the case of the
rhombohedral RHL, lattice, the coordinates of the high symmetry
points are presented in Table 3 and the Brillouin zone path is
illustrated in Fig. 1f. The band structure plot obtained using the
NCP/HSE06/700 eV approach is illustrated in Fig. 3. In Table 3,
n =1/(2tan*(2/2)) and v = 3/4 — y/2.>°

As can be seen in Fig. 3, the TrigN allotrope possesses an
indirect band gap since the valence band maximum (VBM) and
conduction band minimum (CBM) lie at different k-vectors.
Note that the gap width is strongly dependent on the method
applied. Therefore, the correct description of the gap width is a
challenging task. If the accuracy of the used approximation is

Table 3 Definition of high symmetry k-points in the RHL, (¢ > 90°) case
of rhombohedral lattice

k X ka x kg xkg k Xlea X kg xkg
r 0 0 0 Py v v—1 v—1
F 1/2 —1/2 0 Q n n n

L 1/2 0 0 Q1 1—7 —-n -

P 1—v —v 1—v V4 1/2 -1/2 1/2
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Fig. 3 Band structure and partial density of states (PDOS) for the TrigN
allotrope calculated using the NCP/HSE06/700 eV approach.

appropriate for the calculation, the band gap width is only related
to the method applied to describe the exchange-correlation term.
However, in the case of an inappropriate Brillouin zone inte-
gration, one can provide a wrong conclusion about the nature of
the band gap.” For this purpose, we used a standardized scheme,
the high-throughput approach, for Brillouin zone integration.”
Moreover, while using hybrid functionals for band structure
calculations, which require a huge computational cost, a set
of minimum accuracy parameters needs to be determined.
These include (i) density of the k-points, (ii) cut-off energy,
and (iii) computational approach (potential/functional). Therefore,
we attempted to account for the influence of the latter three factors
within the following set of trials.

Preliminary band structure calculations using the NCP/
PBE-TS/1000 eV approach provide a gap value that is equal to
1.517 eV. However, it has been recently found that the hybrid
functional HSE06 usually provides gaps closer to the experi-
mental values than the GGA functionals.®® However, considering
that HSE06 requires a huge computational cost, we performed
a set of calculations for the band gap with the NCP/PBE-TS
approach using different cut-off energies (from 100 to 1000 eV)
and different k-point sampling n X n x n (n changes from 1 to 8).
The abovementioned functional was chosen because of its com-
putational ease. The results are graphically shown in Fig. S2 and
the tabulated data are presented in Table S1 in the ESL¥

As can be seen in Fig. S2 (ESIT), the band gap values strongly
increase towards higher cut-off energies. When small cut-off
energies (100-200 eV) are used, the values obtained are negative.
In addition, more or less reproducible results appear when a cut-
off energy of 700 eV is applied. The influence of k-point sampling
is less pronounced. Even when only the I'-point is applied, the
band gap is about 80-90% from the value obtained using the
densest grid. Generally, the mesh of 4 x 4 x 4 is enough to obtain
a stable result (Fig. S2, ESIT). Therefore, the calculation at the
NCP/HSE06/700 eV level of theory and a 4 x 4 x 4 grid provided
the band gap values equals to 2.977 eV and 2.962 eV in the HEX
lattice case (Fig. 3). To check if the HSE06 results exhibit the
same trend as that of the PBE-TS functional, we performed one
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more calculation using 500 eV with a 3 x 3 x 3 mesh. In this
case, the band gap was 2.923 eV, thus proving that the HSE06
results show the same trend as those for the PBE-TS functional
(Table S1, ESIt). The obtained value is much lower than that
of cg-N phase, which was found to be 8.1 eV using the Monte
Carlo method.**

Spectral pattern and phase stability

To ensure that the predicted TrigN nitrogen allotrope is dynamically
stable, we performed phonon dispersion calculations. Remarkably,
this structure displays no soft modes even at zero external
pressure. The high-symmetry points within the Brillouin zone
were chosen in accordance with the abovementioned high-
throughput approximation.®® The obtained plot along with the
calculated phonon density of states is illustrated in Fig. 4. Since
the RHL, lattice of the TrigN phase contains 12 nitrogen atoms,
this results in a total of 36 phonon branches. As can be seen in
Fig. 4, the acoustic branches remain linear in the region of the
small k-points. Moreover, towards the I'-Q direction, two modes
are degenerate, which suggests the equality of the sound velocity
values. Upon applying an external pressure, the TrigN allotrope
conserves dynamical stability at least up to 200 GPa.

We also performed infrared (IR) intensities and Raman
activities calculation at the I'-point. These data together with
the corresponding vibrational frequencies are listed in Table 4.
The symmetry constraints lead to 11 doubly-degenerate modes
with a total of 33. Moreover, similar to the vibrational spectra of the
2D nitrogen phases of the A7 and zigzag sheet (ZS) topologies,®* the
IR spectrum of TrigN also does not provide much information
because most of the vibrations are strongly forbidden by sym-
metry. However, the Raman spectrum is much more informative
(Table 4). Above 459 cm ™, the TrigN phase becomes visible for
Raman spectroscopy. Especially, the vibration of the a, symmetry
at 873.88 cm ™!, which has Raman activity equal to 4632.9 A*
(Table 4). The form of vibrations can be found in Fig. S3 in
the ESL.¥

Spectral identification of the TrigN phase can also be per-
formed via UV-vis spectroscopy. To obtain the corresponding
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Fig. 4 Phonon dispersion and density of phonon states for the TrigN allotrope.
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Table 4 The calculated IR and Raman spectra of the TrigN allotrope

IR Raman
Mode Symmetry v(em™) (km mol ™) (A%
1 ey 285.24
2 ey 285.24
3 a, 379.34
4 ay 423.78 0.2939
5 a 437.11
6 [ 459.07 260.3247
7 [ 459.07 260.7697
8 €y 481.89 0.4740
9 [ 481.89 1.4186
10 ag 542.38 0.2945
11 ag 545.02 394.2054
12 €y 597.55 1.0502
13 ey 597.55 1.0502
14 €y 623.85
15 eu 623.85
16 ag 696.18 0.6057
17 ag 718.38 668.5242
18 [ 798.68 642.6735
19 ey 798.68 643.3702
20 [ 855.79 0.5255
21 €y 855.79 1.5744
22 ag 873.88 4632.8956
23 a, 874.10
24 eu 875.17
25 €y 875.17
26 ay 886.83 3.2558
27 ey 898.82 2.8881
28 €y 898.82 2.8881
29 [ 933.46 0.3398
30 ey 933.46 0.9983
31 ag 948.34 0.2858
32 [ 1006.89 181.5198
33 ey 1006.89 182.1329

optical properties, we carried out the calculations of the complex
dielectric function &(w) = &;(w) + ie,(w). Herein, the imaginary part
includes momentum matrix elements, which allow the descrip-
tion of the electronic transition between the valence and con-
ducting bands in a solid (eqn (4)).*

2
20) = () S IRlen O3 (5 — £ o). ()

4mey \mw =

where subscripts c¢ and v indicate conducting and valence band
states, respectively. The imaginary part of the function was also
used to obtain the real part ¢ () in terms of the Kramer-Kronig
transform (eqn (5)).%*

ao) =1+ (3)[[aw 2 5

n/))o w'? — w2

Therefore, the absorption coefficient () can be expressed as
follows (eqn (6)):

12
a(w) = \/5{ e () + &2(w) — sl(w)] (6)

The calculated absorption spectrum of the TrigN allotrope is
presented in Fig. 5. The dielectric function itself and the other
derivative optical properties, such as reflectivity, refractive index,
conductivity, and loss function, are illustrated in Fig. S4 in the
ESL{ Due to the symmetry constraints, the absorption spectra
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Fig. 5 Calculated absorption spectrum of the TrigN allotrope.

calculated for the three directions of the polarized incident light
([1t 0 0] =[0 1 0] =[0 0 1]) are identical. The optical properties
were calculated at the NCP/HSE06/700 eV level of theory, which
is sufficient for this case.®® As can be seen in Fig. 5, the lowest-
energy band has a Apa, of 269 nm. Note that we detected the
positions of /. using the plot of 3*¢/0E> vs. E. Therefore, the
abovementioned band does not correspond to the VBM-CBM
transition, which is significantly red-shifted.

According to the band structure plot, the lowest-energy band
corresponds to the I'-I" electronic transition. The remaining
higher-energy bands include electron transitions from the deeper
valence bands (Fig. 3). Therefore, the TrigN allotrope is trans-
parent to visible light as well as to the ultraviolet A and B regions.
The strongest absorption corresponds to the vacuum ultraviolet
in the range from 60 to 100 nm (Fig. 5).

To gain additional information on the spectral identification
and bonding of the TrigN allotrope, we calculated its nuclear
magnetic resonance (NMR) properties using the gauge-including
projector augmented-wave method (GIPAW)®* and electric field
gradient (EFG) at the nuclei. Nitrogen possesses two NMR-active
isotopes: N (I = 1) and "N (I = 1/2). Despite the fact that '*N
has a very high natural abundance (99.63%), it is rarely used in
solid-state NMR spectroscopy.®>®® The obtained data are listed
in Table 5. We compared these results with those previously
calculated for the A7 and ZS nitrogen sheets®® and the bare
nitrogen molecule. Since the choice of NMR reference in theoretical
calculations may become crucial,”” we analyzed only the absolute
values of the shielding tensors.

Table 5 Chemical shielding and electric field gradient (EFG) tensors at the
symmetry unique atoms in the TrigN allotrope

Shielding tensor EFG tensor

Atom  oy° (ppm)  4° (ppm)  4° Co? (MHz) oS
N1 —29.74 —35.92 0.53 —7.80 0.07
N2 —29.75 —35.93 0.52 —7.80 0.07

¢ Ois0 = (O'xx +toyyt 027)/3. PA= Ozz = Oisor 1= (O'xx - ”yy)/LL ¢ Cq = eQVy/h,
where V,, is the largest component of the diagonalized EFG tensor,
Q is the nuclear quadrupole moment, and # is the Plank’s constant.
g =(Vex — Vi) Vez.
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As can be seen in Table 5, the gy, values for the symmetry
unique nitrogen atoms in the TrigN allotrope are much higher
than those for the A7 and ZS polynitrogen sheets, which vary
from —62.51 to —64.51 ppm.®* These are higher than the values of
the g5, for molecular nitrogen (—91.33 ppm), which is in agree-
ment with our calculations, and are shifted towards a stronger
field. Therefore, TrigN has a denser electron arrangement com-
pared to molecular nitrogen. Among the EFG derived parameters,
we estimated the quadrupolar coupling constants (Cq) and quad-
rupolar asymmetry parameter (1q) (Table 5). The negative
values of the Cq constants suggest that the nuclei have an
oblate spheroid shape along the spin axis. In the case of the
TrigN phase, this effect is more pronounced than in the molecular
nitrogen (—5.60 MHz).*>

Mechanical properties

To estimate the mechanical robustness of the TrigN allotrope,
we calculated the corresponding elastic constants. The values of
the elastic stiffness (Cj) and compliance (S;) constants are listed
in Tables S2 and S3 in the ESL{ To be mechanically stable, the
independent elastic constants of a crystal should satisfy the
corresponding Born-Huang criteria. The rhombohedral lattice
of the Laue class 3 possesses 7 independent elastic constants
and, subsequently, 4 necessary and sufficient criteria.®®

Cii > |Ciaf; Caq > 0;

C]32 < 1/2C33(C11 + C]z); (7)
Cif? + C1s* < 1/2C44(Cyy — C12) = C44Ces.

As can be seen in Table S2 (ESIT), the TrigN allotrope elasticity
obeys the criteria shown in eqn (7). Moreover, we constructed 3D
contours of the Young’s modulus on the basis of the elastic
compliance constants (S;) according to eqn (8).*

1
7= (1- 132)2511 + B3y 4+ 157 (1 = 157) (2913 + 544) )
8

+ 2515317 — 1Y) 514 + 2055 (357 — 1) 525

where /; = sinfcos ¢, I, = sinfsin¢g, and I; = cosf are the
directional sinuses and cosines of angles with the three principal
directions. The obtained 3D plots together with the projections
on the secant planes are illustrated in Fig. 6 and the results of
the direct calculations of the elastic properties are summarized
in Table 6.

The TrigN allotrope exhibits strong anisotropy of the Young’s
modulus. Along the z axis, the E value is rather high and
equals 785.7 GPa, which is about two-third to that of diamond
(1050-1210 GPa), which is the hardest material known.”® In
contrast, along the x and y directions, the Young’s moduli are
much lower. The bulk modulus is equal to 192.5 GPa, which
follows from the direct calculation using the NCP/PBEso0l/1000 eV
approach. The value obtained by fitting the MB equation
(PAW/PBE/1000 eV method) is equal to 142.2 GPa. Note that
the previously obtained value of the bulk modulus of the cg-N
allotrope equals 298-301 GPa by fitting different equations of
state.”® We recalculated the latter quantity using the direct

This journal is © the Owner Societies 2017

View Article Online

PCCP

-XYy —Xz —Yz

Fig. 6 3D plot of the Young's modulus of the TrigN allotrope together
with the three projections on the secant planes.

Table 6 Young's modulus (E, GPa) and Poisson ratios (v) for the TrigN
allotrope

Axis E (GPa) Poisson ratios (v)

x 280.6201 Eyy 0.2789 E., 0.0853
y 280.6201 Eyy 0.2789 Ey, 0.0853
z 785.7471 E,y 0.2389 E,y 0.2389

NCP/PBEso0l/1000 eV approach and obtained a bulk modulus equal
to 273 GPa. Therefore, we can conclude that the TrigN allotrope is
a slightly less robust solid compared to the cg-N phase.

Thermodynamics and energy density

Based on the phonon calculations, we estimated the thermo-
dynamic properties of the TrigN allotrope in the temperature
range from 0 to 1000 K. These include zero-point vibrational
energy (ZPE), enthalpy (H), entropy (S), Gibbs free energy (G),
constant volume heat capacity (Cy), and the Debye temperature
(@p), which can be expressed as follows:

h 3/3n(Nap
Op =—4|—(—— . 9
b kB 4TE<M)Vm ()

where % is the Planck constant, kg is the Boltzmann constant,
n is the number of atoms per unit cell, N is the Avogadro number,
p is the crystal density, M is the molecular weight, and 4, is the
average sound velocity. The results are graphically presented in
Fig. S5 in the ESIf and the numerical values at 298 K along with
the other parameters are listed in Table 7.

The cohesive energy of the studied allotrope is 6.52 eV, whereas
that of the cg-N phase has a value equal to 6.63 e€V. These two
materials have huge robustness of the solid state compared to o-N,
which has a value of 0.080 eV, in accordance with the calculations
presented herein. Despite the recently predicted molecular forms
of nitrogen, Ng and Ng are more thermodynamically favored than
the TrigN and cg-N allotropes since these have the cohesive
energies that are about only 4-5 times stronger than those
in solid N,. Thus, the cohesive energies are 0.307 eV (Ng)" and
0.426 eV (Ng)>.

Although an energy density value of 27.89 kJ g~ was reported
for the cg-N phase,” a lack of calculation details is a reason why we
could not reproduce this energy density value during the present
study. Moreover, at the GGA/PBE level of theory, the calculated
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Table 7 The calculated thermodynamic properties (at 298 K) for the
TrigN nitrogen allotrope

ZPE®? Hb Gb TS? G 07 @lime

137.32 12.81 —5.25 18.06 29.13 1301 1914

“ Zero point energy. ” Values in kJ mol™". © Value in cal cell™* K.
 value obtained at 131 K. ¢ Value corresponds to the high temperature
limit (K).
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energy density was found to be 9.7 kJ g ~.”” This value is very
close to that obtained in the present study (10.22 kJ g %).
Probably, this big difference between the calculated values of
energy density of the cg-N allotrope is related to the calculation
methods applied. As is known that the absolute values of the
calculated energies significantly depend on the calculation method
applied, therefore, we computed and compared the energy density
values for the TrigN and cg-N allotropes to obtain a relative
description. The energy density value for the TrigN allotrope
equals 11.01 kJ g~ ', which is slightly higher than that of cg-N.
The abovementioned molecular forms (N and Ng) are char-
acterized by much lower values equal to 2.30 and 2.43 kJ g™,
respectively.?

Upon decomposition to molecular nitrogen, the TrigN allo-
trope releases 1850.76 k] mol * and the relative increase in the
volume is V,/V; = 2487. Taking the value of 1850.76 k] mol™* as
the enthalpy of formation of the TrigN phase, we applied the
Kamlet-Jacobs empirical scheme to determine three important
detonation parameters such as detonation energy (Q, cal g %),
pressure (P, GPa), and velocity (D, km s™").”* Although this
method was developed for C-H-N-O explosives, it can be effectively
applied to nitrogen allotropes that are expected to be metastable at
zero external pressure and decompose to molecular nitrogen. Thus,
the detonation pressure and velocity can be calculated according to
eqn (10) and (11).”

D = 1.01(NM2QY2)Y2(1 + 1.30p,) (10)
P = 1.558p>NM">Q"? (11)

where N and M are dimensionless structure-derived quantities.
These two parameters along with the Q value can be calculated
in three ways depending on the appropriate structure criterion
in which the studied system falls. Since the TrigN does not
include any oxidants and reductants, the appropriate structural
criterion is as follows: d > 2a + b/2, where a, b, and d stand for the
number of carbon, hydrogen, and oxygen atoms in the asym-
metric cell, respectively. Therefore, the N, M, and Q quantities
were calculated as follows (eqn (12) and (13)):”

1 2c
- = 12
N M AMW ( )
239AH?
0= ™MW (13)

where ¢ stands for the number of nitrogen atoms per asym-
metric cell and MW is the molecular weight.

According to our results, the calculated Q, P, and D para-
meters for the TrigN phase are 2631.66 cal g ', 146.06 GPa,
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and 15.86 km s~ ', respectively. These enhanced detonation
parameters are a few times higher than those of the most
powerful examples of conventional explosives. For these explo-
sives, the range of detonation pressure is about 20-40 GPa and
the detonation velocity is about 7-10 km s~ *.7*7°

Conclusions

In summary, we predicted and described a novel nitrogen allo-
trope of the trigonal crystal system and rhombohedral lattice
type, which is called TrigN. This new phase can be characterized
as a chemical twin for the experimentally obtained cg-N allotrope.
Almost all the studied physical properties of these two structures
are rather similar, whereas the mechanical stability of the cg-N
phase is slightly better. Moreover, the energy density of the TrigN
phase is higher, which implies a more enhanced detonation
performance.

In addition, note that the recent interest for molecular crystal
forms of nitrogen,"* as well as for molecules including nitrogen—
boron strained cycles, is increasing.”* 2D materials with similar
structural motifs have been recently reported.”” Indeed, the mole-
cular forms are expected to be much more stable than the solid
forms of nitrogen, such as TrigN or cg-N. The latter forms can
scarcely be simply applied as explosives because these forms suffer
from a lack of stability. Therefore, the computational search for
potentially preferable high-energy density new molecular crystal
forms of nitrogen represents definite importance due to high
environmental safety and unique detonation characteristics.
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