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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Polynitrogen compounds have attracted significant interest as high-energy-density materials (HEDMs), while their
extreme synthesis and preservation conditions hinder their practical applications. Metal incorporation into nitrogen frame-
works has emerged as an effective strategy to reduce the synthesis and stabilization pressures of polynitrogen compounds.
In this study, we theoretically predict three novel lithium-alkaline-earth metal nitrides: cage-like R-3m Li;BeNg, cage-like
R32 Li;MgNg, and layered P-62m Li;CaNg. Phonon spectrum calculations indicate that R-3m LipBeNg remains stable
between 50-100 GPa, and that R32 Li;MgNg and P-62m Li,CaNg are stable under ambient pressure conditions. Ab initio
molecular dynamics (AIMD) simulations indicate that R-3m Li;BeNg, R32 Li;MgNg, and P-62m Li;CaNg remain ther-
mally stable up to 2500 K, 1500 K, and 500 K, respectively. Electronic band structure analysis indicates that R-3m Li;BeNg
is semiconducting, while R32 Li,MgNg and P-62m Li;CaNg exhibit metallic characteristics. These differences arise from
variations in cation radius and electronegativity, which influence the electron distribution within the lattice. The cage-like
R-3m Li;BeNg with a chair-shaped Ngf ring exhibits an energy density of 4.38 kJ/g upon decomposition into LizN, Be3N»,
and N», indicating its potential as an HEDM. These findings not only highlight the role of metal insertion in stabilizing
polymeric nitrogen at lower pressures but also provide novel guidance for the design of energetic materials.
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1. Introduction higher stability and milder synthesis conditions remains a
hall .

Polymeric nitrogen has been widely investigated as a chatienge . i )

sine hich densit terials (HEDMs). Its high Theoretical and experimental studies have demonstrated

romising high-energy-density materials s). Its hi . . - .

P & .g . gy Y ) . g that doping with metal elements facilitates the formation

energy density is attributed to the differences in bond energies .. __

. . of polymeric nitrogen compounds at pressures significantly

among various nitrogen bonds. There are three types of chem- . L

lower than those required for pure polymeric nitrogen. Metal

ical bonds between nitrogen atoms: single bonds N-N, dou-

dopants not only induce a chemical pre-pressure effect but also
ble bonds N=N, and triple bonds N=N, with bond energies

donate electrons to the nitrogen framework.>! This electron

of 160 kJ/mol, 418 kJ/mol, and 954 kJ/mol, respectively.[!!
Due to the significant energy difference between N-N and
N=N, a substantial amount of energy is released when single-
bonded nitrogen compounds convert into triple-bonded ni-
trogen molecules, surpassing that of any known non-nuclear
explosive reactions.’! Since the first discovery of single-
bonded cubic-gauche nitrogen (cg-N) in 2001, the explo-
ration of pure nitrogen materials has attracted considerable at-
tention. The discovery of a pure nitrogen phase stable at am-
bient pressure and with an energy density of approximately
11.31 kJ/g has further stimulated exploration of high-energy-
density polynitrogen compounds under ambient conditions.!

However, achieving a pure polymeric nitrogen structure with
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transfer enhances the ionicity of chemical bonds and optimizes
bonding characteristics.®! These two effects complement each
other, thereby reducing the synthesis pressure and enhanc-
ing the structural stability of polymeric nitrogen. In recent
years, several nitrogen-rich HEDMs have been reported, in-
cluding Be-N,[7-!11 Mg—N,[12-141 A]_N, [6.15-18] Fe_N [19-21]
Cu-N, 2224 7N, [25-281 Hg_N, 1?1 Ta-N,3% and W-N.[31]
Research findings indicate the presence of diverse nitrogen
species in these systems, ranging from small units such as N3
to larger clusters up to Ny3. Under high-pressure conditions,
various nitrogen molecular or ionic configurations have been
identified, including N4 chains, N5 molecules, zigzag nitro-
gen chains, extended chains linked by folded Ng rings, as well
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as Njp and Njg rings. For instance, in LiN3,[32 NaN3,[33]
and KN3,3# applied pressure induces a structural evolution in
which initially linear N3 units transform into hexagonal Ng
rings, eventually forming extended polymeric nitrogen net-

1321 and analogous

works. As these structures, including LiN3,
compounds, contain stabilized Ng rings, they exhibit potential
for application as HEDMs. Nevertheless, the successful syn-
thesis of such compounds remains limited.

Based on the concept of the inductive effect proposed

31 the binding energy of these com-

by Etourneau et al.!
pounds primarily arises from the electrostatic interaction be-
tween anions and cations, which stabilizes the metal-nitrogen
bonds in ternary and higher-order nitrides. Notably, metal ni-
trides are not necessarily ionic compounds but may exhibit
distinct valence states and bonding behaviors, reflecting the
complexity of chemical bonding in such systems. Accord-
ing to this theory, the introduction of an additional metal ele-
ment into binary metal nitrides enables the formation of novel
ternary polynitrogen compounds. The complementary elec-
tronic properties of the two metals allow more efficient and
balanced charge transfer in bimetal-doped ternary compounds.
Consequently, enhanced charge transfer improves the stabil-
ity of the polymeric nitrogen component. The compounds
LiBeN, ¢! LiMgN,37! and LiCaN#! have been successfully
synthesized experimentally, providing direct support for the
feasibility of bimetal-doped nitrogen systems, although the
form of nitrogen differs. In LiXN, nitrogen exists as isolated
N3~ anions, whereas in Li;XNg, nitrogen may exist as N clus-
ters. Therefore, by increasing the nitrogen stoichiometry in
the LiXN (X = Be, Mg, Ca) system, the synthesis of stable
high-energy-density Li»XNg compounds is feasible.

In this study, we predict R-3m Li,BeNg, R32 Li;MgNg,
and P-62m Li;CaNg using an efficient and unbiased auto-
mated structure search method. Among them, R-3m Li,BeNg
features a chair-like Ng_ ring structure. Phonon dispersion
calculations and first-principles ab initio molecular dynamics
(AIMD) simulations show that R-3m Li,BeNg, R32 Li,MgNg,
and P-62m Li;CaNg are kinetically and thermodynamically
stable. Electronic property analysis reveals that the high stabil-
ity of R-3m LipBeNg arises from the covalent bonding within
the chair-like Ng* rings. Electronic structure analysis shows
that R-3m LipBeNg exhibits semiconducting properties, while
R32 LipMgNg and P-62m Li;CaNg exhibit metallic behav-
ior. The unique chair-like N g’ ring in R-3m LiyBeNg confers
superior energetic characteristics compared to R32 Li;MgNg
and P-62m Li;CaNg. The theoretical energy density of R-3m
Li;BeNg is 4.38 kJ/g, indicating its potential as a HEDM.

2. Computational details

Structural predictions for the Li,XNg (X = Be, Mg, Ca)
systems were performed using the particle swarm optimization

(PSO) method implemented in the CALYPSO code.3%4%! This
method does not rely on any pre-set structural information and
has been successfully validated in various systems, including
binary and ternary systems, under high-pressure conditions.
Structure optimization and electronic property calculations
were performed within the framework of density functional
theory (DFT)."*!Y The Perdew—Burke—-Ernzerhof (PBE) gen-
eralized gradient approximation (GGA) was employed.[#!=!
A Monkhorst—Pack k-mesh with a spacing of 27t x 0.03 A~!
was used for Brillouin zone sampling, and a plane-wave en-
ergy cutoff of 500 eV was applied.'**! Additionally, the su-
percell method implemented in the PHONOPY code!*! was
used to calculate phonon dispersion curves to determine dy-
namic stability. The NVT (canonical ensemble) was employed
for AIMD simulations,*®! where R-3m Li,BeNg and R32
Li)MgNg were simulated in 3 x 3 x 3 supercells, and P-62m
Li,CaNg was simulated in a 4 x 2 x 2 supercell. Each AIMD
simulation lasted 10 ps with a time step of 1 fs. The electron
localization function (ELF)[*] was used to analyze bonding
characteristics and electron localization. Charge transfer anal-

ysis was conducted using the Bader program.[+7:48]

3. Results and discussion
3.1. Crystal structure

The ternary phase diagrams of LioXNg (X = Be, Mg, Ca)
at pressures of 0—100 GPa were determined through a compre-
hensive search for stable crystalline structures. The thermody-
namic stability and synthesis pathways of LioBeNg, Li,MgNg,
and Li;CaNg were evaluated by constructing the convex hull
using elemental solids (Li, Be/Mg/Ca, N) and all competing
binary compounds as reference phases (Figs. 1(a)-1(c)). This
provides theoretical support for understanding their stability
under high pressure. The formation enthalpies of these ternary
nitrides relative to their decomposition products were calcu-
lated as a function of pressure, as shown in Fig. 2. Li;BeNg
becomes thermodynamically stable above 25 GPa and remains
stable beyond 50 GPa, consistent with the phonon calcula-
tions presented in the following section (Fig. 2(a)). In con-
trast, LipMgNg is metastable at ambient pressure but stabilizes
above 1 GPa (Fig. 2(b)). LioCaNg exhibits negative forma-
tion enthalpies relative to a mixture of CazNj, LisN, and N,
across the entire 0—100 GPa range (Fig. 2(c)), demonstrating
its thermodynamic stability throughout the investigated pres-
sure range.

Based on a systematic structural search and optimization
of the LioxXNg (X = Be, Mg, Ca) systems, three thermody-
namically stable crystal structures were identified, as shown in
Figs. 3(a), 3(c), and 3(d). For Li;BeNg, the most stable phase
is a cage-like structure crystallizing in the R-3m space group
(Fig. 3(a)), which exhibits the lowest energy at 50 GPa. A
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distinctive feature of this phase is a chair-shaped NE’ ring lo-
cated at its center (Fig. 3(b)), with N-N bond lengths of 1.37 A
and bond angles of 116.97°. Compared to boat-shaped[>3!
and planar configurations,*! the chair-form N&™ ring displays
bond angles closer to the ideal value of 120°, reducing elec-
tron cloud overlap and Coulomb repulsion, thereby lowering
the total energy and enhancing stability. In contrast, Li,MgNg
(Fig. 3(c)) and Li;CaNg (Fig. 3(d)) exhibit different nitrogen
connection patterns. LiMgNg adopts a cage-like structure
with an R32 space group, featuring a three-dimensional en-
closed inner cavity formed by Li and N atoms at the center

Li;N LigN 1.0 iNCLIN, LiN,

.oMg ()

Li,MgN,

iN_LiN; Li)N LigN

of the structure, whereas Li;CaNg crystallizes in a layered P-
62m structure and does not contain a cavity. Notably, Ng*
rings are absent in these two compounds. The Li-N distances
in LipBeNg, Li;MgNg, and Li,CaNg are 2.60 A, 2.20 A, and
220 A, respectively. Meanwhile, the Be-N, Mg—N, and Ca—
N bond lengths increase from 1.86 A to 2.19 A and 2.46 A,
consistent with the increasing atomic radii of Be, Mg, and
Ca. This trend suggests that from Be to Mg to Ca, the nitro-
gen polymerization modes and overall structural frameworks
evolve accordingly. The detailed crystallographic parameters
of all three compounds are listed in Table 1.

\» Li;N LigN

iNCLIN, LiN,

0.0
1.0 Li

No.o 02 04

0.6 0.8

No.o 02 04

0.0 : 0.0
06 08 10ri NOO 02 04 06 08 1.0Li

Fig. 1. (a) Ternary phase diagram of LipBeNg at 50 GPa. (b) Ternary phase diagram of LipMgNg at 0 GPa. (c) Ternary phase diagram of
Li,CaNg at 0 GPa. Pure elemental Li, Be, Mg, Ca, and N, optimized at their respective pressures, were used to construct the convex hull. Binary
lithium nitrides (LiNs, LiN3, LiN,, LiN, LizNs, Li3N, and LisN), beryllium nitrides (BeN4, BeN3, BeN,, Be;N3, BeN, BezNy, and Be;N),
magnesium nitrides (MgNy4, MgN3, MgN,, MgyN3, MgsN7, MgsNy, MggN3, MgzN», and MgsN3), and calcium nitrides (CaNs, CaNy4, CaN3,

CaN,, CayN3, CaN, CazNy, and Ca;N) were optimized at their corresponding pressures.[ .
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Fig. 2. (a) Enthalpy difference of Li;BeNg relative to a mixture of Be3Ny, LisN, and N,. (b) Enthalpy difference of Li,MgNg relative to a
mixture of Mg3N», LizN, and N». (c) Enthalpy difference of LiCaNg relative to a mixture of CazNy, Li3N, and Nj.

Table 1. Detailed structural information of Li;BeNg, Li,MgNg, and Li,CaNg under selected pressures.

Structure  Pressure (GPa) Lattice parameters Wyckoff position ~ Atomic coordinates (fractional)
Li (0. . —0.704
' d—bec—3763 A 6¢ i (0.000, 0.000, —0.704)
Li;BeNg 50 3a Be (0.000,0.000,0.000)
o=p=y=281.131° 18h N (0.159, —0.159, —0.484)
: Li (0. . .
‘ d—b—c—4.964 A 6¢ i (0.000, 0.000, 0.335)
LiMgNg 0 3a Mg (0.000, 0.000, 0.000)
o=f=y=61508° 18f N (—0.001, 0.339, 0.550)
. a—b=5271 A c—4.088 A 2¢ Li (0.333, 0.667, 0.000)
Li;CaNg 0 la Ca (0.000, 0.000, 0.000)
o =f=90.0°, y=120° 6i N (0.000, 0.377, 0.646)
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Fig. 3. (a) Crystal structure of Li;BeNg at 50 GPa (green, red, and gray
spheres represent Li, Be, and N atoms, respectively). (b) Isolated Ng*
ring structure in Li;BeNg. (c) Crystal structure of LiyMgNg at 0 GPa
(green, orange, and gray spheres represent Li, Mg, and N atoms, respec-
tively). (d) Crystal structure of Li;CaNg at 0 GPa (green, blue, and gray
spheres represent Li, Ca, and N atoms, respectively).

3.2. Kinetic and thermal stability

To determine the kinetic stability of Li;BeNg, Li,MgNg,
and LipCaNg, the phonon spectra were calculated using the
supercell method, ! as shown in Fig. 4. No imaginary fre-
quencies were observed across the entire Brillouin zone at
the investigated pressures. This confirms that Li;MgNg and
Li;CaNg are dynamically stable at ambient pressure. How-
ever, LioBeNg exhibits dynamical stability only at 50 GPa,
adopting a cage structure containing Ng* rings, which is chal-

lenging to stabilize at ambient pressure. Phonon spectrum

calculations (supplementary material, Fig. S1) indicate that
at 30 GPa and 40 GPa, Li;BeN¢ exhibits imaginary frequen-
cies in the Brillouin zone, reflecting its dynamical instability
at these pressures.

The AIMD simulations were performed to evaluate the
thermal stability of Li,BeNg, Li,MgNg, and LipCaNg at
300 K, as shown in Fig. 5. The total energy and tempera-
ture of the system showed significant oscillations during the
initial stage of the simulation, resulting from atomic thermal
motion and kinetic—potential energy interchange. The overall
trends gradually converge, indicating that the system reaches
an equilibrium state. The inset shows the structural evolution
from the initial configuration to the final equilibrium state af-
ter 10 ps, demonstrating structural stability under the simu-
lated conditions. To further assess thermal and dynamical sta-
bility, additional simulations were performed at higher tem-
peratures. The temperature profiles of LiyBeNg, LipMgNg,
and Li,CaNg (supplementary material, Fig. S2) indicate that
Li;BeNg, Li,MgNg, and Li;CaNg remain stable up to 2500 K,
1500 K, and 500 K, respectively. Chemical bond breaking in
Li;BeNg, LipMgNg, and Li;CaNg occurs beyond these tem-
peratures (supplementary material, Figs. S3-S5), suggesting
that their structural stability is compromised at elevated tem-

peratures.
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Fig. 4. (a) Phonon spectrum of LipBeNg at 50 GPa. (b) Phonon spectrum of Li;MgNg at 0 GPa. (c) Phonon spectrum of Li,CaNg at 0 GPa.
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Fig. 5. Temperature and total energy of LipBeNg, LipMgNg, and Li;CaNg during AIMD simulations at 300 K. (a) Li;BeNg at 50 GPa.

(b) Li;MgNg at 0 GPa. (c) Li;CaNg at 0 GPa.

3.3. Electronic properties

To explore intrinsic electronic properties, the electronic
band structures and projected density of states (PDOS) of
LipBeNg, Li,MgNg, and Li;CaNg were calculated, as shown

in Fig. 6. Li;BeNg exhibits semiconducting behavior with a

bandgap of 0.45 eV, whereas Li,MgNg and Li,CaNg display
metallic properties. It should be noted that the PBE func-
tional typically underestimates band gaps. The PDOS plots in
Figs. 6(a)-6(c) show that within the energy range from —6 eV
to 0 eV and near the Fermi level, the density of states is pri-
marily contributed by N 2p orbitals, with weaker contributions
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from Li and Be/Mg/Ca s orbitals. To further understand chem-
ical bonding, Bader charge transfer was calculated, as shown
in Table 2. As the common cation in the Li,XNg (X = Be,
Mg, Ca) compounds, Li exhibits consistent Bader charges of
approximately —0.850 |e|/atom, indicating its stable electron-

actions exist among Li, Mg/Ca, and N atoms.

Table 2. Bader charge analysis results for LiBeNg at 50 GPa and
LipMgNg, Li;CaNg at 0 GPa. Positive values represent electron loss,
and negative values represent electron gain; the charge transfer value cor-

responds to the total charge of all atoms of the same type.

. . Structure Pressure (GPa) Atom  Charge (|e|)
donating behavior. In contrast, the central metal atoms ex-
o . Li;BeN 50 Li 1.698
hibit decreasing Bader charges from Be (—1.709 |e|) to Mg 12Bee Bl 1709
€ .
(—1.612 |e|) to Ca (—1.426 |e|), indicating a gradual reduction N _3.407
in the electron-accepting ability of nitrogen from Li;BeNg to Li,MgNg 0 Li 1751
LipMgNg and Li;CaNg. The analysis indicates that ionic inter- Mg 1.612
" 1 i1 role in stabilizine th ds: i N ~3.363
actions play a crucial role in stabilizing these compounds: in LiyCaNe 0 Li 1741
LipBeNg, ionic interactions occur among Li atoms, Be atoms, Ca 1.426
and the Ng* ring, while in Li;MgNg and LiyCaNg, ionic inter- N —3.167
(a) 6 H w‘/—a‘/ T ; T\/) o ) 6 mlz/ B (c) 6 ‘ ‘ ?
~ 4 Bed —~ 4 o~ 4 N Lis
- —— Mg s N
i211‘111@7§52 = T oK =
B0 W — |l o f = | 5 obsx- By
g _ol/! ‘ /1 g — Mg op 3 ) o Ca_p
= NI [ g  Na g o | —nNs
M4 [ | H 72:1, Bt oo —Nop
N /1 Y = TN et | | 3 ]

_ ]
6FA HK I'MLH 1 2

I'A HK I'MLH 1 2

A HKTMLH 1 2

Fig. 6. Electronic properties of Li;BeNg, LixMgNg, and Li;CaNg. (a) Band structure and PDOS of Li;BeNg at 50 GPa. (b) Band structure and
PDOS of Li;MgNg at 0 GPa. (c) Band structure and PDOS of Li;CaNg at 0 GPa.

Fig. 7. Three-dimensional ELF of Li;XNg (X = Be, Mg, Ca).
(a) LipBeNg at 50 GPa (green, red, and gray atoms represent Li, Be, and
N, respectively; isosurface value = 0.8). (b) Li,MgNg at 0 GPa (green,
orange, and gray atoms represent Li, Mg, and N, respectively; isosurface
value = 0.8). (c) LipCaNg at 0 GPa (green, blue, and gray atoms represent
Li, Ca, and N, respectively; isosurface value = 0.8).

To characterize the chemical bonds of Liy;BeNg,
LipMgNg, and Li;CaNg, the electron localization function
(ELF) was calculated, as shown in Fig. 7. In Li;BeNg, the
Ngf ring exhibits classical covalent bonding between nitrogen
atoms (Fig. 7(a)), while metal cations interact with the Né-,
contributing to the high structural stability of the compound.
As shown in Figs. 7(b) and 7(c), the nitrogen-nitrogen bonds
in LiMgNg and Li;CalNg exhibit localized electrons, confirm-
ing their covalent nature. The charge density difference plots
for Li;BeNg, LiMgNg, and Li,CaNg are presented in Fig. 8§,
where blue regions represent electron loss and yellow regions

represent electron accumulation. It can be observed that ni-
trogen atoms gain electrons, consistent with Bader charge
analysis,[®! and significant electron accumulation between
nitrogen atoms indicates covalent N-N bonding, further con-
firming the stability and high energy density of Li,BeNg.
Furthermore, the cage-like structure effectively isolates elec-
tron density regions, minimizing electron cloud overlap, as
evidenced by the charge density difference plot in Fig. 8(a),
where electron accumulation is localized around bonding
regions with negligible density between adjacent cages.

Fig. 8. Schematic diagram of charge density difference. (a) Li;BeNg at
50 GPa (green, red, and gray atoms represent Li, Be, and N, respectively;
isosurface value = 0.19). (b) Li;MgNg at 0 GPa (green, orange, and gray
atoms represent Li, Mg, and N, respectively; isosurface value = 0.19).
(c) Li;CaNg at 0 GPa (green, blue, and gray atoms represent Li, Ca, and
N, respectively; isosurface value = 0.19).
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Consequently, this spatial confinement of electrons reduces
inter-cage repulsion and contributes to the lower total energy
of the cage-like LipBeNg structure. Figures 8(b) and 8(c) show
electron transfer from Li, Mg, and Ca to N, suggesting ionic
character in the Li—N, Mg-N, and Ca—N bonds.

3.4. Explosive performance

Energy density is a crucial parameter for evaluating
the detonation performance of energetic materials. Here, a
large amount of energy is released when the predicted stable
LiXNg phase decomposes into stable X3N, and LizN solids,
along with N, gas, under ambient conditions. The dissociation
energy of LipXNg is calculated according to the following de-

composition pathway under ambient conditions: [492%-37]

3LipXNg — X3N» (S) +2LisN (S) + 7N (g) . @))

Here, X (X = Be, Mg, Ca) denotes the metal atom, and the
labels ‘(s)’ and ‘(g)’ represent the solid and gas phases, re-
spectively. The density of Li,XNg at 0 GPa is calculated from
the relative molecular mass of one Li)XNg formula unit and
the corresponding equilibrium volume at 0 GPa. The energy
density of Lip X Ng is obtained by dividing the released dissoci-
ation energy (AE) by the mass of Li)XNg. The energy density
of LipBeNg is 4.38 kJ/g, which is slightly higher than that of
the conventional explosive TNT (4.3 kJ/g). In contrast, the
energy densities of LipMgNg and Li,CaNg are relatively low,
with values of 0.24 kJ/g and 0.02 kJ/g, respectively. Therefore,
the following discussion focuses on Li, BeNg.

The detonation properties of Li;BeNg, including the det-
onation velocity (V4) and detonation pressure (Py), are im-
portant indicators for assessing its potential as a high-energy-
density material (HEDM).58 The Kamlet-Jacobs empirical
equations provide a practical method to estimate Vg and Py
based on characteristic parameters. The expressions for V3 and

Py are [39]

0.5
Vy=1.01 (NM°~5E§;-5) (14+1.3p), )
Py =15.58p>NM 3 ES”. (3)

Here, N represents the moles of Ny gas generated per gram
of LipBeNg, M is the molar mass of Ny (28 g/mol), E4 is
the chemical detonation energy (kJ/g), and p is the density of
Li;BeNg. The experimental detonation velocity and pressure
of TNT (6.90 km/s, 190 GPa) and HMX (9.10 km/s, 393 GPa)
have been successfully reproduced using this approach. (0]
According to the empirical equations, the estimated detonation
velocity and pressure of LioBeNg are 10.60 km/s and 618 GPa,
respectively. These values are approximately 1.5 and 3.3 times
higher than those of TNT and about 1.2 and 1.6 times higher
than those of HMX. These high predicted detonation param-
eters indicate the promising potential of Li;BeNg as a high
explosive (Table 3).

Table 3. Estimated detonation properties of Li;BeN¢ using the Kamlet—
Jacobs empirical equations, compared with experimental values for con-
ventional explosives TNT and HMX_[5%:61.62]

Compounds p (g/em®) Eg (kJ/g) Ey (kJ/em3) Vg (km/s) Py (GPa)

Li;BeNg 2.73 4.38 11.93 10.60 618
TNT 1.64 4.30 4.30 6.90 190
HMX 1.90 5.70 10.83 9.10 393

It should be noted that the values for traditional ener-
getic materials (TNT and HMX) are obtained from experi-
mental measurements, whereas the performance parameters of
LipBeNg are derived from first-principles calculations, without
accounting for energy losses under practical detonation condi-
tions. Therefore, the actual detonation performance may be
lower than the theoretical predictions. Nevertheless, these cal-
culations provide valuable reference data for evaluating its en-
ergetic potential.

4. Conclusion

The structures of Li;BeNg, Li,MgNg, and Li,CaNg were
successfully predicted using the PSO algorithm as imple-
mented in CALYPSO combined with first-principles calcu-
lations. Kinetic and thermodynamic analyses show distinct
pressure-dependent stabilities: LiyBeNg is stable at 50 GPa,
while LioMgNg and LiCalNg are stable at ambient pressure.
These stabilities are attributed to differences in crystal pack-
ing and chemical bonding. AIMD simulations indicate that
Li;BeNg, Li;MgNg, and Li,CaNg are thermally stable up
to 2500 K, 1500 K, and 500 K, respectively. Furthermore,
these compounds exhibit thermodynamic stability at 50 GPa,
0 GPa, and 0 GPa, respectively. Notably, Li,BeNg demon-
strates potential applications in extreme high-temperature en-
vironments. In terms of electronic properties, Li;BeNg is a
semiconductor with a band gap of 0.45 eV, whereas Li,MgNg
and LiyCaNg exhibit metallic properties. This behavior is re-
lated to electron distribution characteristics caused by cation
radii and electronegativity. The smaller ionic radius and higher
electronegativity of Be>* result in a more localized electron
distribution in the Ngf ring, leading to a finite band gap. In
contrast, the larger Mg?* and Ca’* cations delocalize elec-
trons in the lattice, resulting in metallic conductivity. Notably,
Li;BeNg shows great potential as a HEDM. Under ambient
pressure, it releases 4.38 kJ/g upon decomposition into Li3N,
BesN», and N», with detonation velocity and pressure approx-
imately 1.5 and 3.3 times higher than those of TNT, respec-
tively. This high energy release is attributed to the high bond
energy of the Ng* ring, consistent with the strong covalent
bonding observed in charge analysis.
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