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Sodium chloride induced nitrogen salt with cyclo-Ns anions at high pressure
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The energy landscape of sodium chloride-nitrogen mixtures has been comprehensively explored to examine
the ability of the formation of unknown compounds under pressures of up to 100 GPa, using swarm-intelligence
structure prediction methodology and first-principles calculations. We identified a thermodynamically stable
NaN;CIN5 compound containing two cyclo-Ns species under pressures exceeding 53 GPa, representing milder
conditions in comparison to those requisite for pure solid nitrogen. In NaN5sCINjs, the high electron affinity of
the cyclo-Ns motif allows it to oxidize the chlorine atoms, resulting in the formation of two cyclo-Ns anions.
Additionally, the weak covalent interactions between Cl and nearby N atoms plays a key role in stabilization of
structure. It has been demonstrated that simple NaNs salt was a suitable precursor for the synthesis of NaN5sCIN
at high pressure. Ab initio molecular dynamics simulations demonstrated the recoverability of NaNsCINjs
as a metastable phase at ambient pressure-temperature conditions. Additionally, NaNsCINs exhibits a higher
energy density of 3.86 kJ/g and a lower mass density of 1.67 g/cm? in comparison to metal pentazolate salts,
highlighting its potential as a high energy-density material.
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I. INTRODUCTION

Polynitrogens have garnered significant attention in con-
densed matter physics and materials science as they are
considered promising for the development of environmentally
friendly high energy-density materials (HEDMs) [1-3]. The
successful preparation of polynitrogen in the experiment is
encouraging despite the need for more than a million atmo-
spheres of pressure [4—7]. However, the practical application
of pure polynitrogen as HEDMs presents challenges due to its
inherent instability under atmospheric conditions [8-25].

The approach to address the challenges associated with
pure polynitrogen is the incorporation of additional ele-
ments, which can effectively lower the required pressure for
nitrogen polymerization, a phenomenon referred to as “chemi-
cal precompression” effects [26—28]. Numerous nitrogen-rich
compounds have been investigated in experiments and theory,
such as MNs (M = Li, Na, K, Rb, Cs, Cu, etc.) [29-36],
MNg (M = Ba, W, Sn, Gd, etc.) [37-40], MN;y (M = Be,
Mg, Ba, Zn, etc.) [41,42], and MN 5 (M = Al Ca, Sc, Y, etc.)
[43]. Theoretical studies have suggested that these compounds
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usually exhibit thermodynamical stability at pressures below
100 GPa and have the potential for recovery under ambient
conditions [44-52]. Of particular note is the potential retrieval
of LiNs at ambient conditions [30], suggesting the possibility
of utilizing alkali-metal pentazolate salts as HEDMs.

Ionic compounds can capture nitrogen molecules, and even
induce the formation of a polymeric nitrogen network under
high-pressure conditions [53]. Our work has demonstrated
that alkali metal fluorides can act as catalysts for the decom-
position of nitrogen molecules for the formation of MNsNsF
(M = Li, Na, and K) compounds under high-pressure condi-
tions [54]. This catalytic activity allows for the creation of
the elusive cyclo-N;L cation and the assembly of the long-
sought NI Ny salt, indicating the ability of ionic compounds
to induce the formation of a polymeric nitrogen network. The
ability to create polymeric nitrogen networks through tailored
ionic compounds opens up new possibilities for the synthe-
sis and stabilization of nitrogen-rich materials with desirable
properties.

In this work, we selected NaCl as a catalyst to investigate
its potential for storing nitrogen molecules and catalyzing
the formation of a polymeric nitrogen network under high-
pressure conditions. Of particular interest is that we identified
a thermodynamically stable NaNsCIN5 compound under pres-
sures exceeding 53 GPa, and N atoms polymerize into two
cyclo-Ns species in this compound. Bader analysis and Mul-
liken population analysis revealed that two cyclo-Ns species
are ionic due to a stronger oxidizing power of cyclo-Ns than
that of the CI atom. Additionally, there exists the weak cova-
lent interactions between Cl and nearest neighbor N atoms.
Phonon spectra calculations and ab initio molecular dynamics
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(AIMD) simulations suggest that NaNsCIN5 has the potential
to maintain its cyclo-Ns framework under atmospheric condi-
tions, highlighting its promise as HEDMs.

II. COMPUTATION METHODS

Structure prediction simulations for NaCIN, (x = 1-10)
compounds with 1-4 formula units were performed using
the CALYPSO method [55-59] at pressures of 30, 50, and
100 GPa. Structure relaxations and electronic property cal-
culations were performed within the framework of density
functional theory [60] using the Perdew-Burke-Ernzerhof
generalized gradient approximation [61], as implemented in
the Vienna ab initio simulation package [62]. The electron-ion
interactions are considered by the projector-augmented-wave
potentials [63], with s!, s?p°, and s*p’ configurations as
valence electrons for Na, Cl, and N atoms, respectively. A
plane-wave cutoff energy of 600 eV was employed, along
with Monkhorst-Pack k-point meshes [64] with a grid spac-
ing of 277 x0.03 A~!. These settings were chosen to ensure
energy and force convergence with precisions of 1076 eV
and 0.01 eV A~ respectively. Phonon spectra calculations
were carried out using the direct supercell (2x 1x 1) methods
implemented in the PHONOPY code [65]. AIMD simulations
are performed using the Nosé-Hoover chain thermostat for 10
ps with a time step of 1 fs at 300 K. The simulation supercell
had dimensions of 2x 1 x 1, containing a total of 96 atoms. The
temperature-dependent effective potential method was used
to determine the influence of thermal effects on the phonon
dispersion relations [66—68]. This method is based on AIMD
and accounts for anharmonic phonon-phonon interactions
occurring at finite temperatures. It does so by constructing in-
teratomic force-constant matrices using information obtained
from AIMD trajectories.

III. RESULTS AND DISCUSSION

Figure 1(a) presents the convex hull diagram at selected
pressures based on the formation enthalpy calculations of
NaCIN, compounds. At ambient pressure, our calculations
indicate the absence of any thermodynamically stable NaCIN,
compounds, as they exhibit positive enthalpies in comparison
to sodium chloride and «-N. At a pressure of 50 GPa, three
compounds, namely (NaCl),N,, NaCIN,, and NaCI(N, )4, are
predicted to be stable, forming the vertices of the convex hull.
At a pressure of 100 GPa, only NaN5CINs becomes the only
thermodynamically stable phase. Figure 1(b) illustrates the
pressure-composition phase diagram of these thermodynam-
ically stable structures. At pressure as low as 18 GPa, P-1
(NaCl),N, becomes stable, and at 26 GPa, P1 NaCIl(N,)4
stabilizes; both remain stable until 58 GPa. Cmcm NaCIN,
exhibits stability at 44 GPa and transforms into P63/mmc
NaCIN, at 51.5 GPa. (NaCl),N,, NaCIN,, and NaCl(N,)4
are hybrid compounds, in which nitrogen is stored within the
crystal lattice in the form of nitrogen molecules (Fig. S1 and
Table S1 in the Supplemental Material (SM) [69]). Electronic
properties calculations show that these hybrid compounds are
semiconductors with band gaps of 0.92-3.25 eV. The valence
band maximum and conduction band minimum are mainly
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FIG. 1. (a) Convex hull of formation enthalpies (AH) of NaCl
- N system with respect to decomposition into solid NaCl and N,
at selected pressures, defined as AH = [H(NaCIN,) - H(NaCl)
- xH(N)]/1 + x. (b) Pressure-composition phase diagrams of the
predicted NaCl-N, compounds at 0—100 GPa. The stable phases of
solid nitrogen and sodium chloride at varying pressures were selected
as reference structures. Nitrogen adopts «-N (0-9.5 GPa) and €-N
(9.5-100 GPa) phases [16], while sodium chloride adopts the fcc
(0-30 GPa) and Pm3m (30-100 GPa) structures [70]. (c) Formation
enthalpy of P2,2,2; NaNs;CINs with respect to different decom-
position paths as a function of pressure. (d) Crystal structure of
NaN5CINs. Yellow and green spheres represent Na and Cl atoms,
respectively. N atoms in two Ns rings are shown in gray and pink
spheres, respectively.

contributed by the Cl p and N p states, respectively (Fig. S2
within the SM [69]). Phonon spectra calculations indicate
their dynamical stability at high pressure (Fig. S3 within the
SM [69]). The formation enthalpy of NaN5CINj5 in relation to
its decomposition pathways into NaCl + 5N,, NaCI(Ny)4 +
N,, NaCIN; + 4N,, and (NaCl);N; + 4.5N, has been pro-
vided in Fig. 1(c). Results demonstrated that NaNsCINj
becomes stable beyond 53 GPa and persists until the highest
pressure (100 GPa) considered in our study. NaNsCINs crys-
tallizes in an orthogonal structure with space group P2,22;.
N atoms polymerize into two types of Ns rings which are
distinguished by different (pink and gray) colored atoms
[Fig. 1(d)]. This structural arrangement is reminiscent of the
XN;5NsF (X = Li, Na, and K) structure reported in our previ-
ous work. The average N-N bond length within the cyclo-Ns
rings is ~1.28 A, falling between a single bond and a double
bond. The Cl atoms preferentially bond to one type of Ns ring
with the N-CI bond length of 1.65 A. Electronic properties
calculations for NaN5CIN;5 reveal the semiconductive nature
with a band gap of 1.82 eV (Fig. S2 within the SM [69]).

It was demonstrated that in NaNsN;sF, the cyclo-Ns moiety
transfers the electron to the F atom, driven by the higher
oxidizing ability of F in comparison to cyclo-Ns, leading to
the formation of a cyclo-NZ cation and the assembly of NI Ny
salt in a NaF compound [54]. Consequently, a natural question
arises: how is the oxidizing ability of the cyclo-Ns moiety in
comparison with Cl and Br atoms at high pressure?
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FIG. 2. (a) NsF, CINs, BrNs, and NaNs units in corresponding
compounds. (b) Bader charges of A-type and B-type cyclo-Ns for
NaN;sNsF and NaNsXNs (X = CI and Br). (c¢) The average lengths
of N-N bonds in A-type cyclo-Ns for NaNsNsF, NaNsCINs, and
NaN;sBrNs at 100 GPa.

NaN;5BrNs structure was first constructed by substituting
Cl with Br in NaN5CIN;s. After performing a full optimization,
it was observed that NaNsBrNs possesses a higher symme-
try compared to NaNsCINs. Specifically, the space group of
NaN;5;BrNs was determined to be P-42;m. The two Ns rings
were found to be equivalent and Br atoms do not show a pref-
erence for one of the N5 rings (Fig. S4 within the SM [69]).

Figure 2(a) depicts the two types of cyclo-Ns rings in
NaN;5NsF, NaN5sCINs, and NaNsBrNs which are designated
as A-type and B-type cyclo-Ns. Bader charge analysis, based
on the partition of charge density, was used to determine

charge transfer between cyclo-Ns and halogen elements, as
depicted in Fig. 2(b) and Table S2 within the SM [69]. It
was demonstrated that A-type cyclo-Ns in NaNsNsF transfers
0.168 |e| to the F atom due to the stronger oxidizing power
of F compared to cyclo-Ns. As a contrast, A-type cyclo-Nj
species in NaNsXNs (X = Cl and Br) gain 0.592 and 0.731 |e|
from Cl and Br atoms, respectively, indicating that cyclo-Ns
exhibits stronger oxidizing power than Cl and Br. Therefore,
the two N; rings in NaN5;XNs (X = CI and Br) are cyclo-Ng
anions.

The ability of the cyclo-Ns species to gain or lose electrons
compared to halogen elements can influence the bond length
between N and the halogen element. As indicated in Fig. 2(c)
and Table S3 within the SM [69], the N-halogen bond length
exhibits a gradual increase as the electronegativity of the
halogen element decreases. Specifically, the N-halogen bond
lengths in NaNsNsF, NaNsCINs, and NaNsCINs are 1.31,
1.59, and 1.91 A, respectively. Correspondingly, the angles of
Z N1-N2-N3 (@) in A-type cyclo-Ns are gradually decreased
from 112.79° (NaN5NsF) to 110.28° (NaN5BrNs).

Mulliken population analysis derived directly from the
overlap of atomic orbitals [71] was used to further examine
the electron-accepting/donating ability of CI and N atoms in
compounds. As tabulated in Table I, the calculated results are
consistent with those from the Bader analysis. In NaN5CIN,
Cl loses 0.45 |e| to the nearby cyclo-Ns group, forming cyclo-
N5 ions. Based on Mulliken population analysis, we noted
weak covalent interactions between N and Cl atoms and the
ionic interactions between N and Br atoms. The electron pop-
ulation in N-CI bonds is 0.19, which is significantly smaller
than the electron population (0.90-0.94) in the N-N bonds.
This indicates that the N-Cl interactions have a relatively weak
covalent character compared to the stronger N-N bonds. Addi-
tionally, the electron localization function (ELF) calculations,
as shown in Fig. 3, further support the conclusion of weak
covalent N-Cl interactions and ionic interactions between N
and Br atoms. ELF also exhibit a polarized covalent N-CI
bond, which is biased toward the N atoms. Furthermore, the
electron density difference calculations (Fig. 4) show that
the CI and Br atoms indeed transfer electrons to the nearest
neighbor N atoms. Therefore, two cyclo-Ns units are anions
in NaN;5NsF and NaNsBrNs.

The presence of a common cyclo-N5 motif in simple metal
salts suggests that the NaNs salt provides a suitable starting
material for the synthesis of NaNsXN;5 (X = CI and Br) com-
pounds. We calculated the formation enthalpy of NaNsXNs

TABLE 1. Mulliken population analysis for NaNsCINs and NaNsBrN5 at 100 GPa.

Compounds Species s orbit (e) p orbit (e) Charge (e) Bond Length A Population
NaN;CINj; Na 1.95 5.59 1.36 N-N 1.27-1.29 0.86-0.96
Cl 1.95 4.59 0.45 N-Cl1 1.59 0.19
cyclo-Ns 7.73 18.16 —0.89 Na-N 1.99 —0.38
cyclo-Ns 7.84 18.07 —-0.92
NaNsBrNjs Na 1.92 5.99 1.09 N-N 1.27-1.30 0.79-0.90
Br 1.65 4.40 0.95 N-Br 1.90 —0.41
cyclo-Ns 7.87 36.1 —-0.94 Na-N 2.04 —-0.20
cyclo-Ns 7.83 18.26 —1.10
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FIG. 3. Three-dimensional (isovalue = 0.75) and two-dimens-
ional ELF maps of (a) NaNsCINs and (b) NaNs;BrNs at 100 GPa.

with respect to NaNs, €-N, and X elements as a function of
pressure. Figure 5 illustrates that NaNsCINs and NaNsBrN;s
become energetically stable at pressures of 59 and 73 GPa,
respectively, lower than the pressure required to synthesize
cg-N.

The absence of imaginary frequencies throughout the en-
tire Brillouin zone in the phonon dispersion curve indicates
the dynamical stability of NaNsXNs (X = CI and Br) un-
der high pressure [Figs. 6(a) and 6(b)]. Based on AIMD
simulations at 300 K, it has been observed that the energy
oscillation of NaN5sCINs and NaNsBrNs compounds remains
within a small energy range of 10.5 meV/atom at 55 GPa
and 11.9 meV/atom at 75 GPa, respectively [Figs. 6(c) and
6(d)]. Furthermore, a comparison between the initial and final
structures of NaN5CINs and NaNsBrNj5 reveals that the cyclo-
N5 motif and overall crystal structure are well preserved. This
suggests that the NaNsXNs compounds maintain their struc-
tural integrity without significant changes under the examined
temperature and pressure conditions. Phonon spectra calcula-
tions were further conducted to assess the dynamical stability
of NaNsXNs at ambient pressure. As shown in Fig. 7(a),
the absence of unstable vibration modes in the full Bril-
louin zone confirmed the dynamical stability of NaN5CIN.
For NaNsBrNs, the negative frequencies are presented in

(b)

FIG. 4. Electron density difference (isovalue = 0.028 e/bohr?)
for (a) NaNsCINs and (b) NaNsBrNs at 100 GPa. The yellow
and blue regions represent electron accumulation and deflection,
respectively.
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FIG. 5. Calculated enthalpy as a function of pressure of
NaN5;XNs (X = Cl and Br) compounds relative to the experimentally
found NaNs. Negative relative enthalpy indicates the stability of the
NaN5sXNs compounds. We adopted Cmca Cl, Cmca Br (65-80 GPa),
and Immm Br (8§1-90 GPa) as decomposition products.

the phonon relation curves, suggesting dynamical instability
[Fig. 7(b)].

To provide a more accurate assessment of the recoverabil-
ity of NaN5sXN5 under atmospheric conditions, kinetic stabil-
ity which indicates a resilience against structural changes was
evaluated through AIMD simulations performed at 300 K.
AIMD simulations take into account the thermal motion of
atoms and provide insight into the materials’ behavior under
realistic conditions. Figures 7(c) and 7(d) present the energy
oscillation profiles of NaNsXNs compounds. For NaNsCINs
at ambient pressure, the energy oscillation is comparable to
that observed in the high-pressure state. This indicates that
there are no significant changes in the structural stability of
NaN;5CINs during the 10-ps simulation runs. The final state
structure closely resembles the initial structure, suggesting
that NaN5CINs maintains its structural integrity. In the case
of NaN;BrNs, a slight increase of ~18 meV /atom in energy
oscillation is observed compared to the high-pressure state.
However, this increase remains within an acceptable range.
The cyclo-Ns species in NaNsBrNs retain their structural
integrity and largely remain in their original crystal posi-
tions. The results from the AIMD simulations confirm the
thermal stability and recoverability of NaNsXNs compounds
under ambient pressure-temperature conditions. Therefore,
upon synthesis at high pressure, NaNsXNj5 is likely to be re-
coverable as a metastable phase once the pressure is released.

Given the inherent recoverability of NaNsXNs (X = CI
and Br) as a metastable phase in environmental conditions,
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FIG. 6. Phonon dispersion curves of (a) P2,2,2; NaNsCINj;
at 55 GPa and (b) P-42;m NaNsBrNs at 75 GPa (300 K). Evo-
lution of energies during the AIMD simulations at 300 K of
(c) P2;2;2; NaN;sCINs at 55 GPa and (d) P-42;m NaNs;BrN;s at
75 GPa.

we conducted further assessments to evaluate its potential
as a HEMD. Total energy calculations were performed to
compare NaNs;XNs compounds with NaX ionic compounds
and «-N,. The results indicate that the energy density of
NaN5CINs is estimated to be 3.86 kJ/g, slightly larger
than that (3.77 kJ/g) of NaNsBrNs. In addition, NaN;5CINs
possesses a smaller mass density of 1.67 g/cm® than that
(2.78 g/cm?) of NaNsBrNs. Figure 8 provides a compar-
ison of energy density versus mass density for NaNsXNs
compounds with well-known HEDMs and metal nitrides con-
taining N5 molecules. It is noted that NaNsCINs exhibits
comparable energy density (3.86 kJ/g) and mass density
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FIG. 7. Phonon dispersion curves of (a) P2,2;2; NaNsCINj;
and (b) P-42;m NaNsBrNs at 0 GPa. Evolution of energies
during the ambient-pressure AIMD simulations at 300 K of
(c) P2,2;2; NaN;5CIN5 and (d) P-42;m NaNsBrN;s.
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FIG. 8. Energy density versus mass density for NaNsXNs (X =
Cl and Br), compared to various metal nitrides with Ns ring, cg-N,
and the well-established HEDMs.

(1.67 g/cm3) to TNT (3.76 kJ /g and 1.64 g/cm3) [72], also
possessing higher energy density and lower mass density than
metal nitrides. Although the energy density of NaNsCIN; is
lower than that of cg-N (9.7 kJ/g) [51], its mass density is
only half of cg-N (3.42 g/cm?). Our findings highlight the
potential of NaN5CINs as a HEMD, attributed to the balanced
combination of elevated energy release and reduced mass
density.

IV. CONCLUSION

In summary, using the CALYPSO method in conjunc-
tion with first-principles calculations, we comprehensively
explored the high-pressure phase diagram of sodium chloride-
nitrogen mixtures. Three thermodynamically stable hybrid
compounds, including (NaCl),N,, NaCl(N;)4, and NaCIN,
have been identified at low pressure. We also identified a
NaN5CINs compound with polymeric nitrogen which is ther-
modynamically stable at pressures above 53 GPa. The bond
characteristics analysis reveals that the cyclo-Ns motif has a
stronger electron-accepting ability compared to the Cl atom,
leading to the formation of two cyclo-Ns anions. The same
conclusion can be drawn from the analysis of the NaNsBrNj
compound, where a similar charge transfer and anion forma-
tion process occurs. Furthermore, the analysis indicates the
presence of weak, polar covalent interactions between the
Cl atoms and the neighboring cyclo-Ns units, play a criti-
cal role in structure stability. It has been demonstrated that
NaNs salts containing the cyclo-Ns motif can serve as suitable
starting materials for the synthesis of NaNsCINs under high
pressures exceeding 59 GPa. AIMD simulations suggested
the stability and recoverability of NaNsCIN5 as a metastable
phase under atmosphere conditions. The combination of a
higher energy density and lower mass density in NaN5CIN
makes it a promising candidate for HEDM applications. These
findings highlight the potential of NaNsCIN5 and the compre-
hensive exploration of sodium chloride-nitrogen mixtures in
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advancing the understanding of high-pressure chemistry and
the development of materials with desirable properties.
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