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Alkaline-earth metal polynitrides can be used as a type of starting materials in the synthesis of polymeric
nitrogen, which is used as a potential high-energy-density material. The structural evolutionary behaviors

of nitrogen in CaNs were studied at the pressure up to 100 GPa using a particle-swarm optimization

structure search combining with density functional theory. Two new stable phases with P1 and C2/m
space groups at the pressures of 26 and 60 GPa were identified for the first time. Throughout the stable
pressure range, these two structures are semiconductors and consist of the N atoms in sp?-hybrid
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states. To the best of our knowledge, this is the first time an Ng chain is reported in case of alkaline-

earth metal polynitrides. The stable polynitrogen compounds and polymeric nitrogen as high-energy-
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1 Introduction

To discover and synthesize environmentally harmless high
energy-density materials (HEDMs) is becoming increasingly
important at present. Among the myriad HEDMs, the poly-
nitrogen compounds are of significant interest due to their
particularly high energy and high enthalpy of formation among
other features." Nitrogen exists in form of N, molecules in
nitrogen gas with N=N bonds. It is significantly interesting if
the abundant N, molecules can be transformed into poly-
nitrogen with N-N bonds and N=N bonds. The N-N and N=N
or N=N bonds have large energy difference between them,
which can be used in industrial applications. Although
numerous theoretical studies predicting that some high-
pressure nitrogen phases might be stable,”'® it was not until
2004 that the cubic gauche phase of nitrogen (cg-N) was
experimentally synthesized using high pressure and high
temperature treatment (110 GPa, 2000 K).** It has been pre-
dicted that the single-bond phase of solid nitrogen has more
than three times higher energy storage capacity than that of the
most powerful energetic materials."

Recently, metal azides, as a type of precursors, have been
proposed to be used in the formation of polymeric nitrogen.
One feasible approach to obtain such polymeric nitrogen
phases is to form nitrogen-rich alloys with other elements.
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density materials have potential applications. The present results open a new possible avenue to
synthesize high-energy-density polynitrogen.

Such “chemical precompression” may reduce the pressure of
polymerization significantly. Theoretical and experimental
studies are inspired by elusive polymeric nitrogen and
considerable progress has been achieved in the exploration of
stable nitrogen-rich compounds. Recently, metal azides can
be used as the starting materials to synthesize numerous types
of potential high-energy-density materials because the
synthesis pressure of metal azides is potentially lower than
that of pure nitrogen gas. Over the years, various metal azides
have been proposed in numerous experimental and theoret-
ical studies, for example, LiN;,"*™"® LiN;,»® NaN;,'7>*
KN;,2%22727  CsNj3,2*?® and AIN3.>° Moreover, N,H,**3' C-N
system,*** S-N system,** and the P-N system® are also
studied as high-energy materials. These successes precipitate
an increasing interest in searching for other forms of stable
polynitrogen in metal polynitrogen compounds in the
recent years.

The chemistry of calcium is relatively underdeveloped
compared to that of its analogues (Be, Mg, Sr, and Ba). Recently,
we theoretically explored the phase diagram of the Mg-N system
at the pressures ranging from 0 to 100 GPa*® and discovered
a series of new compounds in this family, including Mg,N3,
MgN, MgN;, MgN,, and MgNs. The predicted compounds
contain a rich variety of polynitrogen forms ranging from small
molecules (N,, N3, N4, and N) to the extended nitrogen chains.
Alkaline-earth metal calcium and alkali metal potassium are
adjacent in the periodic elements table. In addition, calcium
can exhibits a similar chemical activity as compared to that of
alkali metal element potassium. Thus, we can expect that mix-
ing reactive calcium element with nitrogen will realize more
diverse structures that obtain higher energy densities of the
products. Therefore, a study of calcium polynitride would help

This journal is © The Royal Society of Chemistry 2018
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to theoretically investigate more promising high-energy mate-
rials among alkaline-earth metal polynitrides. High pressure-
treatment has emerged as a powerful tool to investigate the
physical and chemical behaviours of materials and it can be
a crucial thermodynamic parameter. This study has led to the
synthesis of new and unexpected products. A new orthorhombic
phase was predicted as the thermodynamic ground state of
CaN,, which has considerably lower energy than that of the
synthesized phase as well as the theoretical models considered
earlier.’” Zhang et al. identified a tetragonal Ca,N structure
under high pressures, giving an excellent agreement between
the theoretical and experimental XRD data.*® Recently, Zhu et al.
theoretically explored the phase diagram of the Ca-N system,
including Ca,N3;, CaN, CaNj3, CaN,, and CaNs.** The predicted
CaN, compounds contained a rich variety of polynitrogen forms
ranging from small molecules (N,, Ny, N5, and Ng) to the
extended chains (N ). The CaN, crystals with polynitrogens
were expected to be highly exothermic, making them as the
potential high-energy-density materials. The newly predicted
CaN; phase was calculated to become thermodynamically
stable under low pressure (P = 8 GPa). At 8 GPa, CaN; has an
orthorhombic Pmma structure.

In the present study, the possible formation and the stability
of the polymeric nitrogen compounds were investigated in the
binary CaNj; under high pressure. The structure searches for the
stable CaN; compound were performed using an unbiased
structure prediction method based on particle-swarm optimi-
zation algorithm in conjunction with density-functional calcu-
lations. Then, the electronic properties and chemical bonding
of the identified Ca-N compounds were investigated systemat-
ically in order to study the properties and the potential appli-
cations of the binary CaN; compound as high energy-density
materials. The lattice dynamics, structural stability, electronic
structure, and bonding nature were studied, providing more
insights into the mechanism of the pressure-induced physical
properties. The understanding of metal-nitrogen interactions
and the bonding nature in these polynitrogens is of great
importance to the research on nitrogen chemistry.

2 Computation details

The crystal structure prediction for the CaNj; system via global
minimization of free energy surfaces was performed through
CALYPSO code, which has demonstrated recent success in
predicting the high-pressure structures of numerous
substances from the elemental to binary and ternary
compounds and validated with various known compounds.***
The lowest-energy structures for CaN; were determined at 0, 20,
50, 80, and 100 GPa with the systems containing one to six
formula units (f.u.) in the simulation cell. The underlying ab
initio structural relaxations and electronic band structural
calculations for CaN; were performed in the framework of the
density functional theory (DFT) within generalized gradient
approximation Perdew-Burke-Ernzerhof (GGA-PBE)* as
implemented in the VASP (Vienna ab initio simulation package)
code.* The projector-augmented wave (PAW)* pseudopoten-
tials are used from the VASP potential library. The 3s*3p®4s” for
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Ca and 2s*2p® for N were treated as the valence states. The
computational parameters were tested such that the energy
calculations were well converged to better than 1 meV per atom.
A plane-wave energy cutoff of 620 eV and appropriate Mon-
khorst-Pack® k-meshes (k-points grid of 0.03 A~") were used in
the Brillouin zone. We calculated the net charge based on Bader
analysis.””*®* The supercell method with PHONOPY code was
used to calculate the phonon frequencies for all structures.*® In
addition, we used the DFT + D2 approach,®*** which is a simple
and efficient way to approximately account for the long-range
van der Waals interactions. In this method, the sum of the
induced dipole-dipole interactions (Eg;sp) was added to the self-
consistent total energy calculated within Kohn-Sham DFT (Eks.
prr), Eprrip2 = Exsprr + Edisp- We choose a cutoff radius of 30
Afor the van der Waals interactions and the global scaling
parameter s, was set to 0.75.

3 Results and discussions
3.1 Phase stability

The most favorable Ca-N compounds obtained in the structure
search at various pressures are presented in Fig. 1a.* For the
energetically most favorable CaNj; structures, the calculated
formation enthalpies AH¢ in the pressure range from 0 to
100 GPa are shown in Fig. 1b. The AH; of each CaNj; structure
was calculated by AH; (CaN;) = H(CaN;) — H(Ca) — 3H(N) at T=
0 K. The known solid calcium (a, B, and y phase) and solid
nitrogen (o-, Pbcn-, P2/c-, and cg-phases)® were used as the
reference structures. These structures are energetically most
favorable in their corresponding stable pressure ranges. In
order to determine the phase transition pressure for the pre-
dicted CaNj;, we have plotted out the enthalpy curves relative to
the ambient pressure P1-CaN;. The enthalpies of the most
energetically competitive structures are compared over the
pressure range from 0 GPa to 100 GPa as shown in Fig. 1. The
most stable structure has a monoclinic phase with P1 symmetry
from 26 GPa up to 40 GPa, which is then replaced by a lower-
enthalpy C2/c structure that has been proposed by Zhu et al.*®
With further compression above 60 GPa, another monoclinic
phase, C2/m-CaNj;, becomes the most thermodynamically stable
phase and remains the lowest-enthalpy phase up to 100 GPa.
Since the two low-pressure P1-CaN; and high-pressure C2/m-
CaNj; phases are novel for alkali-earth metal polynitrides and
metal azides, the investigation about the properties of the two
high-pressure phases in detail is essential. The ambient-
pressure decomposition of P1-CaN; and C2/m-CaN; to CaN,
and N, are estimated to release 1.04 eV and 1.34 eV energy per
formula unit (f.u.), which corresponds to an energy density of
approximately 1.14 kJ ¢~ and 1.47 kJ g, respectively. Such
high energy content can establish that CaNj; is indeed a high
energy density material. It can replace modern high explosives,
such as TATB, RDX, and HMX, which typically have energy
densities ranging from 1 to 3 kJ g~ *.5* Thus, we may find their
applications as a high energy materials. This study, therefore,
represents an exciting prediction and can hopefully encourage
the experimental efforts in their synthesis.
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(a) Relative enthalpies of the formation of Ca—N phases with respect to solid calcium and nitrogen. Reference to the results of Zhu et al.>”

(b) Relative enthalpies of the CaNs5 relative to the Pmma-CaNs calculated by the DFT + D2 approach as a function of pressure.

The calculated relations of phonon dispersion of low-
pressure P1-CaN; and high-pressure C2/m-CaN; also
confirmed their mechanical and dynamical stability as shown
in Fig. 2. No imaginary phonon mode can be observed, which
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Fig. 2 Phonon dispersion curves for (a) PI-CaN3z at ambient pressure
and (b) C2/m-CaNsz at 60 GPa.
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proves clearly their lattice dynamical stability. Under some
kinetic regimes at ambient conditions, the calcium polynitride
CaN; also has the possibility of stabilizing. Advantageously,
these two structures P1-CaN; and C2/m-CaN; are mechanically
stable at ambient conditions and they may possibly quench
under an ambient pressure.

Another important indicator of the existence of these struc-
tures is their mechanical stability. According to the Born-
Huang criterion,® it was found that P1-CaN; and C2/m-CaNj
were mechanically stable at an ambient pressure and 60 GPa. In
order to be used in potential technological and industrial
applications, the understanding of the mechanical properties
(elastic constant and anisotropy) of the predicted CaNj struc-
tures is important. The elastic constants (C;), bulk modulus (B),
shear modulus (G), Young's modulus (Y), and Poisson's ratio (v)
of the P1-CaN; and C2/m-CaNj; structures are summarized in
Table 1. The elastic constants for both P1-CaN; and C2/m-CaN,
were calculated using the strain-stress method. For the mono-
clinic crystals, if they are mechanically stable, the elastic
constants need to satisfy the following mechanical criteria:

Ci1>0,Cn>0,C35>0,Cyy>0,Cs5>0, Cg6>0
[Cii + Cop+ G35 + 2(Crz + Ci3 + C23)] > 0
(C33Css — C35°) > 0, (C44Co6 — Ca6)) > 0, (Cop + C33 — 2C3) > 0
[Ca(C33Css5 — C357) + 2C23Ca5C35 — Ca3*Css — Ca3°Ca3] > 0.

As illustrated in Table 1, we can observe that the elastic
constants for the monoclinic P1-CaN; and C2/m-CaN; struc-
tures satisfy the above conditions, which implies that the two
phases, P1-CaN; and C2/m-CaNj;, are elastically stable at
ambient pressure and 60 GPa, respectively. Hence, the calcu-
lations indicate that P1-CaN; and C2/m-CaNj; are elastically
stable. It is valuable to be mentioned that the bulk modulus for
the C2/m-CaNj; phase, which was calculated from the elastic

This journal is © The Royal Society of Chemistry 2018
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Table 1 Calculated elastic constants Cj's (GPa), bulk modulus (Bo), shear modulus (G), Young's modulus (Y), and Poisson'’s ratio (v) for the P1-

CaN3 and C2/m-CaNjs structures under P = 0 GPa and 60 GPa

Cll CZZ C33 C44 CSS C66 ClZ CIS C23 C35 C46 BO G Y v
P1-CaN, 216 208 122 64 50 86 77 46 82 -1.4 —5.5 101 59 149 0.25
C2/m-CaN, 546 546 596 246 193 190 235 194 233 —-0.3 18.0 333 191 481 0.26

constants, is 333 GPa (Table 1). Hence, the C2/m-CaNj; phase is
also a high-incompressibility material.

3.2 Structural features

CaN; is predicted to take the monoclinic P1 space group at
0 GPa as shown in Fig. 3a. The lattice constants of the predicted
Pl-CaN;area =4.744A, b =5.307 A, c = 3.182 A, a = 76.70°, f =
97.94°, and vy = 80.80° at P = 30 GPa. Four inequivalent atoms
occupy the crystallographic structure: Ca at 2i (0.696, 0.198,
0.077), N1 at 27 (0.307, 0.321, 0.399), N2 at 2 (0.140, 0.517,
0.507) and N3 at 27 (0.204, 0.136, 0.262) positions. The C2/m-
CaNj; crystal is predicted to become energetically stable near
70 GPa. This phase has the optimized lattice parameters: a =
8.125 A, b = 5.175 A, ¢ = 3.206 A, a = 90.0°, § = 67.2°, and y =
90.0°. The atomic positions are as follows: Ca atoms at 47 (0.673,
0.00, 0.185) and N1 atom at 8j (0.422, 0.275, 0.204), N2 atom at
47 (0.085, 0.0, 0.542).

The potential energy storage capabilities for the two pre-
dicted new P1-CaN; and C2/m-CaN; have a close relationship
with their structure motifs and the patterns of the N atoms.
Fig. 3a shows the crystal structure of P1-CaNs, in which the N
atoms adopt the Ng chain in the (001) plane. The N atoms in this
structure are sp>-hybridized containing a high content of N-N
single bonds in P1-CaNj. To the best of our knowledge, this is
the first time the Ng chain is reported in case of alkaline-earth
metal polynitrides. In addition, the bond lengths of N-N are
from 1.323 A to 1.352 A, which are greater than that of an N=N
bond (1.20 A) and shorter than that of an N-N single bond (1.45
A). This intermediate distance has a connection with the

Fig. 3 Crystal structures of the predicted stable (a) PI-CaNs and (b)
C2/m-CaNs. The large and small spheres denote calcium and nitrogen
atoms, respectively.

This journal is © The Royal Society of Chemistry 2018

electron delocalization, in which the m-electrons are distributed
equally among six the N atoms. Each N atom of the N chain is
coordinated with two nearest Ca atoms and each Ca atom is six-
coordinated with nearby N atoms (d¢,-n = 2.51 Aato GPa). With
an increase in the pressures to 60 GPa, a promising monoclinic
C2/m phase including partial single N-N bonds was identified
for CaNj;. The high-pressure C2/m-CaNj;, interestingly, has
a puckered layer-like structure with six N atoms forming
a nonplanar N ring as shown in Fig. 3b. The hexagonal Ng ring
has been researched in numerous theoretical studies, but they
are not satisfactory.”®® By adding the coordinate-covalent
bonds from oxygen, the isoelectronic with benzene Ny ring
can be formed.*® Moreover, the planar Ng ring can be remark-
ably enhanced using the incorporation of a metal atom in these
metal-Ng molecule compounds.® We can obtain the Ng rings by
theoretical simulation calculation in the bulk materials. This
shows that additional metal atoms can play a very important
role in stabilizing the Ny ring. More recently, a C2/m-CaNj;
structure containing the N, ring has been reported, which has
been also predicted in LiNj3,'**° NaNj;,>* MgN,,*® and CaN;.*
Moreover, the pressure effect on calcium azide might have
a great impact in the rational design of potential polymeric
nitrogen.

3.3 Electronic structures

To better understand the nature of the chemical bonding
between two atoms and the formation mechanism of low-
pressure P1-CaN; and high-pressure C2/m-CaN;, we have
calculated their projected density of states (PDOS) at ambient
pressure and high pressure P = 60 GPa as shown in Fig. 4. We
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Fig.4 Band structure and projected density of states of (a) PI-CaNs at
ambient pressure and (b) C2/m-CaNs at 60 GPa.
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can observe that P1-CaN; and C2/m-CaNj; are semiconductors
characterized by an indirect band gap of ~0.76 eV and ~2.38 eV,
respectively. The atom-resolved DOS of the low-pressure P1-
CaNj; and high-pressure C2/m-CaNj; structures reveal that the
densities of states near Fermi levels are primarily originated
from the N orbital electrons. In the “Ng” chain of P1-CaN;
(Fig. 3a), all N atoms are sp>-hybridized, forming five N-N &
bonds with neighboring N atoms and six lone pairs. The sp’-
hybridized orbitals of the four central N atoms in the “Ng” chain
form two o bonds with the sp*hybridized orbital located at
both N atoms at each side. The remaining sp>-hybridized
orbitals at four central N atoms as well as the two sp>-hybridized
orbitals at both terminal N atoms are filled and form lone pairs.
Therefore, all of the bonding states and lone pair states are
filled and all of the anti-bonding states are unoccupied in P1-
CaNg3, leading to a semiconductive state. The strong covalent
bondings between different inequivalent N atoms and the lone
pairs on the side N atoms are also revealed by the ELF (Fig. 5a).
This 6-membered ring with 10 m-electrons in high-pressure C2/
m-CaNj; follows the aromatic 4n + 2 Hiickel rule and it is similar
to the well-known isoelectronic inorganic cyclic S;N;~ and Pg*~
species.® In case of MgN3, Yu et al. reported that three bonding
m-molecular orbitals (MO) as well as two degenerated anti-
bonding w*-molecular orbitals in the Ng rings were fully occu-
pied over the six m-levels, leading to only one m-bond
delocalized over the 6 nitrogen atoms.®” Their electronic situa-
tion explains well the structural feature encountered in Ng*~, in
which the N-N bonds are slightly stronger than the known N-N
single bonds. Thus, in C2/m-CaN;, an energy gap exists in
between 7t; and 7, MO—top of the valence band and the empty
TCZ MO—Dbottom of the conduction band; hence, it behaves as
a semiconductor.

In addition, to study the impact of the partial occupation of
N-2p orbital on the electronic properties, we calculated the
charge of Ca and N atoms of P1-CaN; and C2/m-CaNj; based on
Bader analysis. The Bader method is used to analyze the charge
transfer by implementing an algorithm developed by Henkel-
man et al.*** The result reveals that the Ca atoms contribute
almost 1.3e to the N atoms forming the charged “Ng” chain,
which suggests that P1-CaN; has ionic characteristics in the
chemical bonds. In the predicted P1-CaN; and C2/m-CaNj
crystal, the Ca atoms behave as electron donors, whose
concentration strongly influences the N-N bonding. This
finding contributes to better understanding the chemical
bonding behaviors.

Fig.5 The ELF distributions of (a) PI-CaNs at ambient pressure and (b)
C2/m-CaNs at 60 GPa. The value of isosurface is 0.75.
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3.4 Chemical bonding

Subsequently, in order to understand the bonding character of two
CaNj structures, the electronic localization function (ELF)* was
calculated as shown in Fig. 5. For two CaNj structures, the strong
covalent bonding between nitrogen atoms and the lone pair elec-
trons is revealed clearly by the ELF (Fig. 5). The large areas with the
large ELF values between N and N atoms are shown in Fig. 5, which
is typical of a strong covalent bonding. In the “Ng” chain of P1-
CaNj; shown in Fig. 1b, all N atoms are sp>-hybridized. For inter-
mediate four N atoms, two sp>hybridized orbitals form two N-N &
bonds with neighboring two atoms. The remaining sp>-hybridized
orbital of this N atom is filled and forms one lone pair. For
bicephalous two N atoms, one sp*-hybridized orbital forms one ¢
bond with the sp>-hybridized orbital of one neighboring N atom.
The remaining two sp*-hybridized orbitals of the N atoms are filled
and form lone pairs. The covalent bondings between different
inequivalent N atoms and the lone pairs on the side N atoms are
also revealed by the ELF (Fig. 5). Therefore, all of the bonding states
and lone pair states are filled and all of the anti-bonding states are
unoccupied in P1-CaNj3, leading to a semiconducting state.

To get further insight into the N-N bonding information in
the P1-CaN; compound, we performed crystal orbital Hamilton
population (COHP) analysis. COHP can partition the band-
structure energy into the orbital-pair interactions and it is
useful to indicate bonding, nonbonding, and antibonding
contributions for the band-structure energy. Herein, the
familiar COHP approach that stems from a plane-wave calcu-
lation was adopted and it was dubbed “projected COHP”
(pCOHP).**** Then, we analyzed the COHP and integral COHP
(ICOHP) to characterize the bonding nature of the N-N pairs in
P1-CaN;. Fig. 6 shows that the nitrogen atom pairs with
different distances exist in the form of the covalent bonds. The
COHP plot of the N1-N3 pairs and N1-N5 pairs are shown in

(2) (b)

Energy (eV)
A, /\/A
A

" 1 I " 1 " 1 "
2 -1 0 1 -4 2
-pCOHP

<

Fig. 6 Plot of COHP for PI-CaNs. The positive and negative COHP
values denote bonding and antjbonding interactions, respectively. (g)
N1-N3 pairs separated by 1.34 A. (b) N1-N5 pairs separated by 1.30 A.
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Fig. 6a and b, respectively. It is clear to see that the bonding states
in P1-CaN; are fully occupied and the antibonding states are
unoccupied, which can lead to the covalent bonding between two
adjacent nitrogen atoms. The bonding strength based on
counting the energy-weighted population of wave functions
between two atomic orbitals in P1-CaN; can be expressed by the
theoretical values of ICOHP. The values of ICOHP corresponding
to those shown in Fig. 6 are listed in the order —4.243 and
—3.044. It is shown that the interaction between N1-N5 nitrogen
atoms is stronger than that between N1-N3 atoms. For high-
pressure C2/m-CaNj, all N atoms in the “Ng” ring are sp>
hybridized, two sp>hybrid orbitals form two N-N & bonds with
neighboring two atoms, and the remaining sp>hybrid orbital of
this N atom is filled and forms one lone pair. The single-bond
feature can be inferred from the similar bond lengths and
strengths of these N-N bonds. As a potential high-energy-density
material, the dissociation of P1-CaN; and C2/m-CaNj; is highly
exothermic because of the existence of the single-bond feature.

4 Conclusions

In summary, the high-pressure polymeric nitrogen phase of
CaN; was explored using first-principles calculations up to
a high-pressure of 100 GPa. One new monoclinic P1-CaN; was
predicted to become energetically stable under low pressure.
For the first time, we identified a novel phase featuring the
charged “Ng” chain in the P1-CaNj; structure. On further
compression above 60 GPa, another monoclinic phase C2/m-
CaNj; becomes the most thermodynamically stable phase and
remains the lowest-enthalpy phase up to 100 GPa. Moreover,
this new predicted high-pressure structure can be mechanically
stable at ambient conditions, which may make an ambient-
pressure recovery possible. The nitrogen atoms are sp>-hybrid-
ized in the “Ng” chain and the “Ng” ring, which indicates that
each N atom forms one or two ¢ bonds with its neighboring N
atoms, suggesting an exceptionally high content of the single
N-N bonds. The present study provides new insights into the
understanding of polynitrogens and encourages the experi-
mental exploration of these promising materials in the future.
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