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The search for stable novel polynitrogen clusters has garnered significant attention in the field of energetic materials
due to their potential applications as high-energy-density materials. In this study, a chair-like Ng’ ring with N-N single
bonds in the AIN3 compound is theoretically predicted through first-principles calculations in conjunction with an unbiased
structure searching method. The predicted AIN3 phase exhibits high kinetic and thermodynamic stability, along with
a high energy density of 5.04 kJ/g relative to AIN and N, gas. Additionally, its detonation velocity and pressure are
estimated to reach 12.93 km/s and 1009.63 kbar, respectively. These values are greater than those of TNT and HMX,
positioning it as a promising candidate for high-energy-density materials in the field of explosive combustion. The analysis
of electronic properties and the related chemical bonding patterns indicates that the compounds are stabilized by both
Coulomb interactions and covalent bonds. More importantly, the calculated formation of enthalpy indicates that the Ngf
anions within AIN3 can be synthesized by compressing AIN and Nj at a moderate pressure (46 GPa). These findings
present a viable approach for synthesizing and stabilizing the all-nitrogen Ngf anions.

Keywords: high pressure, aluminum nitride, electronic property, high-energy-density materials

PACS: 62.50.—p, 82.40.Fp, 91.60.Gf

1. Introduction

Recently, all-nitrogen salts have drawn much attention
in the high-energy-density materials (HEDMs) field due to
their potential as ideal candidates in propellant or explo-
sive applications.!!! Generally, the high energy of these com-
pounds is primarily attributed to the substantial disparity in
bond energy between N-N or N=N bonds in nonmolecular
nitrogen (160/418 kJ/mol) and the N=N triple bond in N,
molecule (954 kJ/mol). In the past decade, several nitrogen-
rich metal compounds with high energy density have been re-
ported, including Be-N, >0 Mg—N,[7:8] A]-N, -1 §_N,[12]
Fe-N,[13-15] Cu-N,[16:17] 7 N, 118201 g N, 1211 Hg N, [22]
Ta-N, 23 W-N,[24 Y_N,[25] Ne-N,[26] and others. Theo-
retical calculations and experimental synthesis have demon-
strated the existence of diverse all-nitrogen ions or clusters

27281 However, the successful prepa-

ranging from N3 to Nyl
ration of such compounds remains rare. In 2001, Christe’s
work demonstrated the stability of NJSbF, and N SbyFj,
salts up to 70 °C.[*1 More recently, Lu’s group achieved
a breakthrough in the field by experimentally synthesizing
cyclo-N5 331 The achievement opens up new possibilities
for further advancements in the field, particularly in the areas
of explosives and propellants. As we all know, one notable
example of a high-energy-density compound is cubic gauche
nitrogen (cg-N), which is solely connected by N-N bonds and
possesses a high energy density of 9.7 kJ/g — twice that of tra-
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ditional energetic compounds like TNT and HMX. However,
the synthesis of cg-N requires extremely high pressures and
temperatures (2000 K, 110 GPa) conditions.*?! Finding high-
energy-density single-bond poly-nitrogen compounds that can
remain stable at lower pressures is a challenging task that re-
quires a specific solution approach. Fortunately, the discov-
ery of t-N,133] a dynamically and mechanically stable com-
pound at ambient pressure with an estimated energy density
of approximately 11.31 kJ/g, encourages further exploration
of high-energy-density materials within poly-nitrogen com-
pounds under ambient conditions. This successful theoreti-
cal prediction was made in 2018, prompting researchers to
continue the search for other potential candidates with simi-
lar properties. More recently, it has been observed that cg-N
can exhibit stability in an acidic condition or when the surface
is saturated with less electronegative adsorbates. 3!
Numerous planar or quasiplanar cyclo-Ng anions have
been predicted in Li, Mg, Ca, and Ba nitrides under high

[7.35-37] However, they have not paid close attention

pressure.
to the microstructural characteristics of these cyclo-Ng an-
ions. It’s worth noting that an in-plane distortion may occur in
the cyclo-Ng sub-lattices when the neutral -aromatic system
transforms into a charged anion. For instance, chair-like Ng
anions have been predicted in h-WNg, TeNg and GdNg, 38401
where strong chemical bonding and charge transfers are be-

lieved to contribute to the structural stability. The synthesis of
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WNg, as mentioned in Ref. [24], has led to an increased in-
terest in the study of Ng anions. However, it is important to
note that the content of nitrogen in these compounds will be
decreased, resulting in relatively lower energy density due to
the larger molar mass of tungsten (W) and tellurium (Te). In a

(1] they reported the ex-

separate study conducted by Liu et al.,
istence of GaNs and GaNg compounds with high nitrogen con-
tents. It is worth mentioning that gallium (Ga) and aluminum
(Al) are elements belonging to the same group. Generally,
aluminum has a small atomic radius, high valence electron
density, and high electronegativity, which makes it capable of
forming strong covalent bonds with nitrogen atoms. Mean-
while, the relatively lower molar mass of aluminum compared
to Te, W, Gd, and Ga allows for higher nitrogen content in
aluminum-based compounds. Moreover, Cui et al. have pre-
dicted the existence of a notable monoclinic phase with poly-
meric nitrogen chains (P2 /c-AlN3) for AIN3.11 This phase is
stable within a specific pressure range of 43—-85 GPa, which in-
dicates that aluminum and nitrogen can indeed form nitrogen-
rich compounds under high pressure. Based on these factors, it
is reasonable to consider binary AI-N compounds as potential
candidates for the search of Ng anions.

In the present study, the R-3m-AIN3 phase has been suc-
cessfully designed, featuring a chair-like Ng* ring with N-N
single bonds. The phonon dispersion calculations and first-
principles molecular dynamics (FPMD) simulations indicate
that the compound exhibits good kinetics and thermodynamic
stabilities. The calculated electronic properties and chemical
bonding patterns of R-3m-AlINj3 reveal that its high stability
arises from a combination of Coulomb interactions and cova-
lent bonds. These factors contribute to the compound’s struc-
tural integrity and overall stability. Furthermore, the study cal-
culates the formation of enthalpy for R-3m-AIN3, suggesting
that the compound can be synthesized by condensing AIN and
N, under appropriate pressure.

2. Computational details

The structure prediction for the AI-N system was carried
out using the particle swarm optimization (PSO) methodology
implemented in the CALYPSO code.*>*3] This approach does
not rely on any known structural information and has been suc-
cessfully validated in various systems under high pressure, in-

5144501 For the structural

cluding binary and ternary system
optimization and electronic properties calculations, density
functional theory (DFT) with the Perdew—Burke—Ernzerhof
(PBE) exchange—correlation functional and generalized gra-
dient approximation (GGA) was employed.!! These calcu-
lations were performed utilizing the VASP code.®?! The all-
electron projector augmented wave (PAW)!33 method was
adopted to represent the ionic potentials, the valence elec-
trons of Al and N atoms are 3s’3p' and 2s?2p°, respec-

tively. The plane-wave basis set cutoff (700 eV) and appro-

priate Monkhorst—Pack k-meshesP¥ (27 x 0.03 A~1) were
used to ensure all enthalpy calculations converged less than
1 meV/atom. In addition, phonon dispersion curves were
computed using the supercell method implemented in the
PHONOPY code!®! to determine the dynamical stability.
FPMD simulations were performed in the NVT ensemble from
300 K to 700 K through the Nosé—Hoover method>%>"! to
assess the thermodynamic stability of the system at different
temperatures. We calculated the elastic constants employing
the strain—stress method*! as adopted in the VASP code. Rel-
ative elastic property parameters were determined using the
Voigt—Reuss—Hill approximations.®”! The chemical bonding
mode of AIN3; was executed by the solid state adaptive nat-
ural density partitioning (SSAANDP) method. ! Orbital cal-
culations were carried out at the B3LYP/6-311+g(d) level of
theory using the Gaussian 09 code.®!] Bader analysis®?! was
utilized to determine the transfer of charge within the sys-
tem. The crystal structure patterns were visualized through
VESTA %3 software.

3. Results and discussion
3.1. Crystal structure

We conducted a comprehensive search for all potential
structures within the AIN3 system across a pressure range from
0 to 100 GPa. Subsequently, we identified a crystal structure
that features an Ng ring and proceeded to optimize these struc-
tures. The total energy of structures containing N¢ rings was
calculated under ambient conditions. The results indicated that
the structure with the R-3m space group exhibited the lowest
energy among all the selected structures at 0 GPa, as shown
in Fig. 1(a). Furthermore, it was observed that structures with
chair and boat Ng rings generally had lower energies compared
to structures with planar Ng rings in AIN3. Simultaneously, the
energy of structures with chair Ng rings was generally lower
than that with boat Ng rings. This disparity arises since the
bond angles between nitrogen atoms in chair Ng rings tend to
align more closely with the ideal angle (120°) in contrast to
boat Ng rings. This alignment reduction minimizes the elec-
tron cloud overlap and Coulomb repulsion, consequently el-
evating the energy level of the conformation. Additionally, a
comparison was made between the energy of P2; /¢ -AIN3 and
R-3m-AIN3 in the pressure range from O to 100 GPa (Fig. S1).
The findings revealed that the P2;/c structure had lower en-
ergy compared to the R-3m structure. However, recent high-
pressure experiments have encouraged us to continue the re-
search on R-3m-AlINj3. It is worth noting that the recently syn-
thesized bp-N is not the lowest in energy,/**%! and materi-
als like silicon and ice can form different phases under vary-
ing pressure—temperature paths.[°7 This suggests that the
phases with higher energy can be formed by controlling the
synthesis conditions.
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Table 1. Calculated structural parameter for R-3m-AINj3 structure at 0 GPa.

Space group Lattice parameters Wyckoff position Atomic coordinates (fractional)
R-3m a=b=5504A y=B=90° 6¢ Al(0.333,0.667,0.406)
c=7.59%A Y= 120° 18h N(0.858,0.142,0.959)
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Fig. 1. Crystal structure of AIN3. (a) Energy of AIN3 with planar, chair, and
boat Ng rings units. (b) and (c) The structure of R-3m-AIN3 phase. (d) Sep-
arate chaired Ng ring structure. (e) The structural unit of 4-fold bonded N.
Light blue and gray spheres represent Al and N atoms, respectively.

The R-3m-AlN3 phase (Figs. 1(b) and 1(c)) and the sepa-
rate chaired Ng ring structure (Fig. 1(d)) are illustrated. Under
atmospheric conditions, the bond length and bond angle for
the chaired N ring structure are equal, measuring 1.486 A and
103.96°, respectively. In the R-3m-AlN3 phase, six N atoms
form an Ny ring network, and each Al atom is bonded to six
N atoms, forming an octahedral structure with a sixfold coor-
dinated mode. Each N atom is driven by the sp> hybridization
of two adjacent N atoms and Al atoms, forming four covalent
bonds. The AI-N distances in the structure are 2.019 A and
2.149 A, respectively (Fig. 1(e)). The detailed information on
the structure is summarized in Table 1.

3.2. Kinetic and thermal stability

To assess the kinetics stability of the R-3m-AIN3 structure
at 0 GPa, phonon spectra were computed using the supercell
method. In general, the presence of imaginary frequencies in
the phonon spectra typically suggests the potential for vibra-
tion mode instability. Conversely, the absence of imaginary
frequencies indicates a lack of vibration modes that could lead
to structural instability. This also implies that the structure re-
mains stable across a range of vibration modes. As shown in
Figs. 2(a) and 2(b), the absence of imaginary frequency in the
over Brillouin zone demonstrates that the structure is kineti-
cally stable. Based on the analysis of phonon density of states
(PHDOS) for the R-3m-AINj3 structure, it was observed that
there are strongly coupled vibrations between the Al and N
atoms, which contribute to the low-frequency vibration modes.
Furthermore, the stretching mode of the N-N bond induces
high-frequency vibrations.
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Fig. 2. The dynamical and thermodynamic stabilities of the R-3m-AIN3
structure. (a) and (b) Phonon spectra and phonon DOS, respectively.
(c) Fluctuations of the total energy of R-3m structure at the tempera-
ture of 300 K during FPMD simulations. The inset shows the structure
pictures after 10 ps simulations at 300 K.

Similarly, the thermal stability of the NE’ anion in the
R-3m-AIN3 structure was assessed using a 2x2x2 supercell
with 192 nitrogen atoms in the model. The evaluation was
conducted through FPMD simulations, which were performed
at a temperature of 300 K for 10 ps with a time step of 1 fs.
The duration of 10 ps was chosen primarily because it allows
for the observation of significant dynamic changes in the ini-
tial stage, such as structural changes and energy fluctuations,
while also ensuring that the computational costs remain man-
ageable. In Fig. 2(c), the potential energy of the analog system
is observed to fluctuate around 1330.2 eV. The inset shows the
picture of the equilibrium structure at the end of 10 ps simula-
tions, demonstrating that the Ng* anion remains intact and is
not broken, except for some thermal fluctuations. To further
assess the thermal and kinetic stabilities, additional simula-
tions were performed at higher temperatures. Figures S2 and
S3 depict the temperature profiles at 500 K and 700 K, using
a 1 fs time step. It is discovered that the N-N bond is bro-
ken at the 700 K temperature, leading to the disruption of the
integrity of the Ng ring. The plots of radial distribution func-
tion (RDF) for N-N separations are shown in Figs. S4 and S5.
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The first sharp peak in the RDF represents the nearest distance
between the selected atom and its nearest neighboring atoms.
It is shown that there is a single RDF peak at approximately
1.488 A corresponding to the N-N distance without significant
change at 300 K and 500 K, which supports the conclusion that
the R-3m-AlIN3 with Ng’ remains stable at ambient conditions
and high temperatures.

3.3. Mechanical stability

It is widely known that the mechanical properties of any
crystal are strongly influenced by its fundamental elastic con-
stants (C;;). To verify the mechanical properties of the R-3m-
AINj structure at 0 GPa, the elastic constants were calculated

using the strain—stress method.’® The R-3m phase requires
the determination of six independent elastic constants, and the
Born—Huang criterion/®8 was employed to verify the mechan-
ical stability of the R-3m-AINj structure at 0 GPa. The me-
chanical stability criteria for the hexagonal phase are eval-
uated based on the following conditions: Cyq > 0, zCi1 >
|C12| (C11 +2C12) Ca3 > 2C%3. Obviously, the elastic constants
of the structure satisfy these criteria, indicating its mechani-
cal stability. Through the elastic constants, the corresponding
shear modulus (G), bulk modulus (B), Young’s modulus (E),
and Poisson’s ratio (V) can be deduced by the Voigte—Reusse—
Hill approximation,®®! as shown in Table 2.

Table 2. Calculated elastic constants C;;, bulk modulus B, shear modulus G, Young’s modulus £, and Poisson’s ratio v of R-3m-AINj structure

at ambient pressure.

Cy Cpp Ci3 Cs3 Cu

Ceo B (GPa) G (GPa) E (GPa) v

R-3m-AIN3 447 117 97 233 165

124 185 133 322 0.21

It can be seen from Table 2, that the R-3m-AINj3 phase
exhibits a shear modulus of 133 GPa and a bulk modulus of
185 GPa. The Pugh criterion serves as an empirical approach
used to predict the brittle or ductile behavior of crystalline ma-
terials. Importantly, it has been successfully applied to antici-
pate various material-related characteristics, and the outcomes
of its predictions have gained recognition within the scien-
tific community. According to Pugh’s criterion,[®) the ratio
of k = G/B determines whether the materials behave in a brit-
tle or ductile manner. If k£ > 0.57, the material behaves in a
brittle manner; otherwise, it is ductile. In the case of R-3m-
AIN3, the calculated value of G/B (0.72) is larger than 0.57,
similar to the diamond (1.10) and c-BN (0.86),"") meaning
the brittle materials. Additionally, the stiffness of a material
can be characterized by Young’s modulus,!”!! the high value
(322 GPa) indicates that the R-3m-AlNj3 structure can be used
as a potential hard material. Poisson’s ratio reflects the de-
gree of covalent bonding in a material.!”?! The value (0.21) is
lower than 0.33, indicating a strong degree of covalent bond-
ing. Taken together, these excellent mechanical parameters
demonstrate the good mechanical stability of the R-3m-AIN3
structure.

3.4. Electronic properties

The electronic band structure and projected density of
states (PDOS) of the R-3m-AlIN3 phase at 0 GPa were cal-
culated to explore its inner nature and formation mechanism,
as shown in Fig. 3. The calculations reveal that the R-3m-
AINj; structure possesses semiconductor property with a large
band gap of 4.14 eV. This suggests its potential for applica-
tions in electronic devices and optoelectronics. However, den-
sity functional calculations usually lead to a significant under-
estimation of the energy gap due to several primary factors,
such as the approximation of exchange—correlation function-

als, self-interaction errors, the size of the basis set, etc. There-
fore, the actual band gap is expected to be greater than 4.14 eV.
In addition, the electronic band structure shows a clear overlap
between the Al 3p and N 2p orbitals, demonstrating the forma-
tion of a strong chemical bonding as depicted in Figs. 3(b) and
3(c). To gain further insights into the behavior of the chemical
bonds, Bader[©%! charge analysis (shown in Table S1) was per-
formed. The analysis revealed that there is a significant elec-
tron transfer (2.4¢) between aluminum and nitrogen atoms.
This information provides insights into the behavior of chem-
ical bonds within the R-3m-AINj3 structure.

(a) (b) (c)
8 ;’
af = Al-3s N-
—Al3p - N

Energy (eV)
© A o
m ‘
| :
VWM

N ] p
—12F - =
—16r
. B
—20T
- T : i
I A H K I' M L HPHDOS (eV-!) =10 1-20 2

COHP

Fig. 3. Electronic properties of the R-3m structure of AIN3. (a) Band
structure. (b) and (c) Partial densities of states (PDOS) for Al and N, re-
spectively. (d) and (e) The COHP between Al and N atoms and between
N atoms, respectively.

The crystal orbital Hamiltonian group (COHP) is a tar-
get of energy resolution to measure the overlap strength and
crystal orbital overlap population, which helps to understand
the contribution of atomic pairs to the structural stability de-
termining the bonding information based on the COHP in the
LOBSTER program.!”3 Generally speaking, the positive and
negative COHP values indicate the presence of antibonding
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and bonding states, respectively. The COHP plot of the AI-N
pairs and N-N pairs are shown in Figs. 3(d) and 3(e), respec-
tively. It is obvious that bonding states are fully occupied, and
the antibonding states are not occupied, which demonstrates
the strong covalent bond feature between them. In addition,
the ICOHP values quantify the strength of the antibonding in-
teraction. In this case, the ICOHP values corresponding to
Figs. 3(d) and 3(e) are —4.49 and —9.18, respectively. These
results reflect the strong covalent bonding characteristics be-
tween Al and N atoms in the Al-N pairs and the strong cova-
lent bonding between neighboring N atoms in the N-N pairs.

3.5. Chemical bonding pattern

To illustrate the reason for the high stability of the R-3m-
AIN3 phase, the SSAANDP method was used to analyze its
chemical bonding patterns, relative results of the analysis are
plotted in Fig. 4. In the primitive cell, there are 36 2¢c-2¢ Al-
N o bonds (Fig. 4(a)) and 18 2¢-2e N-N o bonds (Fig. 4(c)),
the total number of electrons involved in these bonds is 108,
which is in complete agreement with the sum of outer valence
electrons in the AIN3 unit cell. It is worth noting that one
unit cell comprises six AIN3 formulas, with Al and N elements
contributing 3s?3p! and 2s?2p>, respectively. The reasonable
occupation numbers of these bonds indicate that the compu-
tational results are reliable. Moreover, the bonding modes
of Al-N and N-N in the R-3m-AINj3 phase are illustrated in
Figs. 4(b) and 4(d), respectively. For the Ng_ anion, each Al
atom is bonded to six N atoms, forming a twisted ring struc-
ture. The distance between adjacent N atoms in the ring is
measured to be 1.486 A, which is close to the typical N-N sin-
gle bond distance of 1.45 A.U4 Furthermore, the R-3m-AIN3
phase exhibits strong covalent bonding between N atoms and
between Al and N atoms. This is evident due to the isosur-
face value exceeding 0.75, along with the presence of lone pair

electrons, as revealed by the calculated electron localization
functions (ELF)!”>! shown in Figs. 4(e) and S6.

Fig. 4. Schematic of the SSAANDP chemical bonding pattern for AIN3
unit cell. (a) 36 2¢-2¢ Al-N ¢ bonds, occupation number threshold:
1.75]e|, the isosurface value =0.15. (c) 18 2¢-2¢ N-N & bonds, occu-
pation number threshold: 1.75]e|, the isosurface value =0.2. (b) and (d)
The bonding modes of AlI-N and N-N, respectively. (e) The calculated
ELF, the isosurface value = 0.8.

To demonstrate the bonding situation, Fig. 5 displays a
scheme of the molecular orbital diagram of the Ng’. The
HOMO to HOMO-5 show that two p,-like lone pair electrons
The HOMO-6 to
HOMO-11 show additional py-like lone pair electrons on each
N atom. HOMO-12 to HOMO-17 show strong s—p ¢ bonds
between N atoms. It is precise because the p, lone pair elec-

occur at each atom of the Ng molecule.

trons of Ng_ enter the 3p orbital of the Al atom, leading to
the formation of the coordinated covalent bond between the
Al atom and the N atom.

ob} {dotg (@ g1 @1 ()

HOMO HOMO-1 HOMO-2 HOMO-3

HOMO-4

HOMO-5 HOMO-6 HOMO-7 HOMO-8

TP & (6

HOMO-9 HOMO-10 HOMO-11 HOMO-12

HOMO-13

HOMO-14 HOMO-15 HOMO-16 HOMO-17

Fig. 5. Occupied orbitals of the Ng_. The isosurface value is +0.05 and the blue and yellow colors denote negative and positive values, respectively.

3.6. Stabilization mechanism

Indeed, the presence of Al atoms significantly enhances
the stability of Ng_ anion in the AINj3 structure due to two
types of interactions between AI** and N g*. Firstly, Coulomb

interactions play a role in stabilizing the structure. Aluminum
atoms in the AINj structure lose their 3s and 3p electrons,
resulting in the formation of AT cations. Conversely, the

Npg gains six electrons, leading to the formation of Ngf an-
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ions. Hence, Coulomb interactions between them are estab-
lished. Secondly, covalent bonding between AI’* and Ng’
is observed in various calculations. These results demonstrate
the presence of covalent bonding characteristics between A3+
and Ngf. In short, the two mechanisms between AI3* cations
and Ng* anions work together for the high structural stability
of the AINj structure.

2.2 T
(a)]
j
2.0 z\o\,:
\:/\O\O\O\Q
' -
< 18} !
Q 1 —o— Al1-N
= -—2 P
3 20 GPa AI2—N
é 1.6F E —— N—-N
1
1
i
1.4 :
1
1
] 1 1 1
0 20 40 60 80 100
Pressure (GPa)
1.0

—u— AH
—e— AF

(b)

Energy (eV)

0 20 40 60 80 100
Pressure (GPa)

Fig. 6. Pressure-driven reaction mechanism between AIN with Nj. (a) The
relationship between atomic distance and external pressure. The blue line
represents the sum (1.96 A) of Al-3p and N-2p covalent radii; the green
line indicates the N-N distance for cg-N. (b) Calculated enthalpy differ-
ence (AH), internal energy (AE), and volume term (PAV) with pressure
for the formation of AIN3. For the chemical reaction of AIN + N, —
A1N3, we defined AH = HA1N3 — HAIN — HNZ’ AE = EA1N3 — EA]N — ENZ’
PAV = PVaN; — PVAIN — PVN,, where P and V represent the pressure and
volume per formula unit, respectively.

Subsequently, we investigated the formation mechanism
of Al-N covalent bonds by analyzing the relationship between
Al-N distances and the ever-increasing pressure, as depicted
in Fig. 6(a). Our calculations revealed that the distances be-
tween Al and N atoms gradually decrease as the pressure in-
creases. Notably, the AlI-N distance reaches the sum (1.96 A)
of the covalent radiil’® of Al 3p and N 2p at a pressure of
20 GPa. Moreover, it is worth mentioning that throughout
the pressure range studied, the AlI-N distance remains larger
than the N-N distance in the case of cg-N. This result pro-
vides strong evidence supporting the covalent bonding nature
of the AI-N bonds.

To illustrate the decomposition of AIN3 into AIN and N,
at high pressure, we plot the enthalpy difference (AH) between
AIN3 and AIN + Nj. Additionally, we analyze the contribu-
tions to AH from the internal energy (AE) and volume term
(PAV), as shown in Fig. 6(b). It reveals that the decomposition
of AIN3 into AIN and Nj occurs spontaneously at pressures
higher than 46 GPa. Furthermore, the competition between the
AE and PAV terms is crucial in determining the actual chem-
ical reaction. Although AE remains largely positive, the PAV
term is negative due to the associated volume reduction, and
this effect becomes more substantially reduced as the pressure
increases. At 46 GPa, the PAV term dominates the competi-
tion, leading to a negative AH value and the formation of the
stable AIN3 compound.

3.7. Explosive performance

The energy density is a crucial parameter for evaluating
the detonation properties of a material. Here, in the case of
the predicted stable phase of R-3m-AIN3, a significant amount
of chemical energy is released when it dissociates into sta-
ble AIN solid and dinitrogen gas under ambient conditions.
Considering the energy reduction of nitrogen gas concerning
the o nitrogen phase (around 0.25 eV/atom),'3% the chemical
energy densities (Eq) of dense R-3m-AIN3 with a density of
3.45 glem® can be calculated to be approximately 5.04 kJ/g
(Table 3). This calculation is based on the dissociation of
AIN3 (s) — AIN (s) + N3 (g) and referencing to the energy
of their most stable phase at 0 GPa.[81:3%] Strikingly, the per-
formance of R-3m-AIN3 in terms of energy density surpasses
that of the typical explosive material TNT (4.3 kJ/g).!”’! Fur-
thermore, the volumetric energy densities (Ey) of R-3m-AlN3
are estimated to be 17.39 kJ/cm?, which is approximately 2.5
times that of TNT (~ 7.05 kJ/cm?) and 1.6 times that of HMX
(~10.83 kl/cm?).

Table 3. Detonation properties of R-3m-AIN3 estimated by Kamlet—

Jacobs empirical equations, compared to the experimental values of the
known explosives of TNT and HMX.!77-79]

Compounds p (glem®) Eq (KJ/g) E, (kJ/em®) Vy (km/s) Py (kbar)

R-3m-AIN3 3.45 5.04 17.39 12.93 1009.63
TNT 1.64 4.30 7.05 6.90 190
HMX 1.90 5.70 10.83 9.10 393

The detonation properties of the R-3m-AlNj3 structure,
including detonation velocities (V4) and detonation pressures
(Py), are important indicators for evaluating its suitability as
a HEDM. 33! The empirical Kamlet-Jacobs equations!”! pro-
vide a way to estimate V43 and Py based on certain parame-
ters. The equations for V4 and Py are given as follows: Vg =
LOL(NM®SES3)05(1 + 1.3p) and Py = 15.58p>NMOSESS.
Here, N represents the moles of dinitrogen gas per gram of
AIN3, M represents the molar mass (28 g/mol) of dinitrogen
gas, and Eq is the chemical detonation energy expressed in

126202-6



Chin. Phys. B 32, 126202 (2023)

kJ/g. They have successfully predicted the experimental val-
ues of Vg and Py for TNT (6.90 km/s, 190 kbar) and HMX
(9.10 km/s, 393 kbar), respectively.®*] After simulating the
empirical equations, the detonation velocity and detonation
pressure of the R-3m-AIN3 phase were estimated to be up to
12.93 km/s and 1009.63 kbar. These values are nearly 1.9 and
5.3 times higher than that of TNT, and approximately 1.4 and
2.5 times higher than that of HMX. These high detonation per-
formances manifest the potential application of R-3m-AIN3 in
high explosives. It is worth noting that these values of tradi-
tional energetic materials (TNT, HMX, and CL-20) are typ-
ically measured under experimental conditions. In contrast,
the performance parameters of the R-3m-AlN3 phase are cal-
culated using first-principles methods, without considering the
energy consumption during experiments. Consequently, the
actual performance parameters are likely to be lower than the
calculated values. Nevertheless, these calculations still hold
significant reference value.

3.8. Route to chair-like Ng* anion

In the conducted research, an experimental synthesis of
aluminum nitride (AIN) in the P63mc phase (wurtzite struc-
ture) has been successfully achieved and found to be stable
within the pressure range of 0-20 GPa.!3!! Here, to explore
the feasibility of synthesizing R-3m-AIN3 under high pressure,
the formation enthalpy of AINj3 relative to AIN and N, (Fig. 7)
has been calculated. Additionally, the phase transition pro-
cess of AIN and N is shown in Figs. S7 and S8, respectively.
The result shows that the R-3m-AlN3 exhibits lower energy
compared to AIN and N, under pressures exceeding 46 GPa.
This suggests that the synthesis of Ngf can be achieved by
condensing AIN and N, at 46 GPa. Importantly, the structure
remains mechanically stable under ambient conditions, which
raises the possibility of recovery at ambient conditions.

2

AH (eV/AIN3)
o

Pressure (GPa)

Fig. 7. Enthalpy of formation of R-3m-AlNj3 relative to AIN and Nj.

4. Conclusions

Through swarm-intelligence structure searches, the pres-
ence of all-nitrogen anions Ng* in the AIN3 compound has

been predicted. The calculation results of phonon disper-
sion and FPMD suggest that the R-3m-AINj3 structure exhibits
excellent kinetic and thermal stabilities at atmospheric pres-
sure. Meanwhile, it demonstrates good mechanical stability at
0 GPa. The high stability of R-3m-AINj3 is attributed to the
combined effects of Coulomb interactions and covalent bonds
between A’ and Ng*. Further analysis of the electronic
properties reveals that the structure possesses a semiconduc-
tor character with a large band gap of 4.14 eV. In addition, the
calculated formation enthalpies of R-3m-AlN3 indicate that it
can be synthesized by condensing AIN and N, under appropri-
ate pressure conditions. Upon decomposition, AIN3 releases
a substantial amount of energy, with a calculated energy re-
lease of 5.04 kJ/g. This indicates it possesses outstanding
detonation properties, including high detonation velocity and
pressure. For instance, the detonation velocity and pressure
are approximately 1.9 and 5.3 times higher than that of TNT.
These characteristics position R-3m-AIN3 as a promising can-
didate for high-energy-density material. The findings of this
study are expected to facilitate the experimental synthesis of
the AIN3 phase and stimulate further research on all-nitrogen
salts.
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