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ABSTRACT

Nitrogen-rich transition metal nitrides are of great interests due to the unique

physical and chemical properties. Here, we perform a detailed structural

investigation of ReN8 in the pressure range of 0–200 GPa via particle swarm

optimization algorithm and first-principles calculations. Interestingly, four ReN8

phases are firstly revealed to be stable within 200 GPa, N2 dimers are found to

be preferred in T-ReN8 at pressure lower than 15.8 GPa and the infinite N?

chains become dominated in M-, T’- and M’-ReN8 at higher pressure up to

200 GPa. We find that the Young’s moduli of M- and T’-ReN8, about 850 GPa

along [0.88 0 0.47] and [0 0 1] direction, are comparable to cubic BN, due to the

presence of electronic accumulation in the N? chains. Furthermore, M- and T’-

ReN8 are found to be of high energy density of * 1.9 kJ/g (* 11.0 kJ/cm3).
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GRAPHICAL ABSTRACT

Ultra-incompressibility of ReN8 in special direction due to the high electronic

accumulations in the polynitrogen chains.

Introduction

Transition metal nitrides (TMNs) have attracted

extensive attention due to the unique physical,

chemical and mechanical properties, such as high

chemical stability, special magnetic behaviors,

superconductivity, catalytic activity, ultra-incom-

pressibility and high hardness [1–4]. For instance,

Mn4N was identified as a ferromagnetic material

with a central magnetic moment 3.5 lB [5] as early as

1960s. Subsequently, magnetic Fe4N, Fe3N and

Mn3N2 were also synthesized successively [6, 7].

Superconductive NbN and MoN thin films with Tc of

16 K and 12 K were synthesized by Thakoor and Cao

et al. [8, 9] In addition, good catalytic activity for

hydro-denitrogenation and production of ammonia

were reported for Re3N [10, 11]. Moreover, when

more nitrogen atoms meet with transition metals,

directional covalent bonding can be formed and the

mechanical properties of TMNs can be effectively

improved. Extremely high bulk modulus

(360–400 GPa) was found for Ta2N, Re3N and Re2N

[12–14], which was comparable to traditionally

superhard c-BN and diamond [15]. However, due to

the high triply bond enthalpy of N2 molecule

(946 kJ mol-1) and the high ionization potential

(1505 kJ mol-1), it is difficult to obtain N-rich nitrides

with the highest oxidation state, just like oxides and

halides [16–19].

In the past decades, high-pressure and high-tem-

perature (HPHT) process provides an opportunity to

synthesize unusual stoichiometric nitrides with novel

properties. Platinum dinitride (PtN2) was synthe-

sized at 45 GPa and 2000 K [20, 21], followed by IrN2

and OsN2 with higher bulk moduli (428 GPa and

358 GPa) [22, 23], which are proposed to be potential

candidates for (super)hard materials. Recently, more

theoretical and experimental researches of nitrogen-

rich rhenium nitrides have been reported. Ultra-in-

compressible ReN2 was reported by Kawamura et al.

[24]. ReN3 and ReN4 were also predicted [25] in the

pressure range of 0–100 GPa. Due to the intrinsic

chemical bonding, the nitrogen-rich nitrides were

also found to be promising candidates of high energy

density materials (HEDMs), due to large differences

between the triple N:N bonds and single N–N

bonds (160 kJ�mol-1) or double N = N bonds

(419 kJ mol-1). Diverse configurations of nitrogen

have been found in nitrogen-rich transition metal

nitrides, such as Nx rings (x = 4–8), N�
5 molecules

and N? chains [26, 27]. R-3 m-ReN6 and R-3 m-WN6

were reported to be stable above 50 GPa and 65 GPa

with benzene- or armchair-like N6 rings [28, 29].

Stepwise polynitrogen species were reported by Wu

et al. [30] in Fe–N system; FeNx (x = 4, 6, 8) were

predicted to have high energy density of

1.37–2.02 kJ g-1. Immm-HfN10 with infinite nitrogen

chains and N2 molecules inside was discovered to

have an energy density of 2.8 kJ g-1 [31]. A large
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amount of energy was usually released during the

decomposition of polynitrogen units in the N-rich

nitrides. Very recently, ReN8�xN2 (x = 0–0.8) with

Immm symmetry was successfully synthesized by

Bykov et al. [32] at 134 GPa and 2700 K, and subse-

quently WN8�N2 was reported with the same con-

figuration [33]. Infinite nitrogen chains have been

revealed in the structures. Unfortunately, there is no

more information about the phase transition and

electronic structures of the host ReN8. Here, we per-

formed the crystal structure, phase transition, elec-

tronic structure and mechanical property of ReN8

using the first-principles calculations combining the

particle-swarm structural searching, in order to pro-

vide a theoretical perspective for nitrogen-rich

nitrides.

Method of calculations

The crystal structure searching was firstly performed

by CALYPSO (crystal structure analysis by particle

swarm optimization) method [34, 35] at the pressure

of 0, 50,100 and 200 GPa, with the simulation cell

sizes of 1–4 formula units (f.u.). In the structural

search process, the population size of each generation

is defined as 50 and the maximum number is 30.

Furthermore, for reliability, a variable composition

research was also carried out at 50 and 100 GPa,

using the USPEX code [36]. The population size of

each generation was fixed to 60 with maximum 40

atoms, and the number of generation is set to 45. The

structure optimizations of the obtained structures are

performed with Vienna ab initio simulation package

(VASP) code based on the density functional theory

(DFT) [37]. For exchange and correlation functional,

the generalized gradient approximation method

(GGA)–Perdew–Burke–Ernzerhof (PBE) [38] is used.

The outer electrons, 4f145d56s2 and 2s22p3, were con-

sidered as valence electrons for Re and N atoms,

respectively. A cutoff energy of 600 eV was set for the

plane-wave expansions. A dense k-point grids less

than 2p 9 0.03 Å-1 for Brillouin region integrals in

the Monkhorst–Pack [39] scheme were used to ensure

that the total energy converges to less than 1 meV per

formula unit. The phonon spectra of the obtained

phases were calculated by the finite displacement

method [40, 41]. Structural visualizations were

obtained by using VESTA package [42]. The bulk

modulus (B), shear modulus (G) and Young’s mod-

ulus (E) were estimated through the Voigt–Reuss–

Hill (VRH) approximation [43] with CASTEP code

[44]. Young’s modulus (E) and Poisson’s ratio (m)

were obtained from the following equation:

E ¼ 9BG

3Bþ G
ð1Þ

m ¼
B� 2

3G

2 � B� 1
3G

� � : ð2Þ

The chemical bonding analysis was performed

through the crystal orbital Hamilton population

(COHP) [45] method implemented in the LOBSTER

code [46].

Results and discussion

Crystal structure, thermodynamic
and dynamical stability

To understand the energy landscape of ReN8 within

200 GPa, we performed the structure searching

within CALYPSO code [34, 35]. Several candidates

were found for ReN8, including P4/mmm, P4/mnc,

P21/c and C2/m-phase as well as the experimental

Immm-phase. The lattice parameters and Wyckoff

positions after fully atomic relaxations of ReN8 are

summarized in Tables 1 and 2. For comparison, we

also calculated the lattice parameters of the experi-

mental Immm-ReN8�xN2 at 126 GPa [32]. We can see

that under pressure, the calculated a and b values are

slightly larger than those of experiment (the devia-

tions are 0.9% and 2%, respectively), and the c value

is reduced by about 3.5% [32], validating the relia-

bility of the present work. Nevertheless, when there

are no molecular nitrogen in Immm structure, the

parameter in c-axis direction decreases sharply upon

compression, and b-axis direction increases, and the

volume is reduced by 19.6%, indicating the high

distortion of Immm-ReN8 under high pressure, while

the experimental Immm-ReN8�xN2 remained

stable under pressure due to the presence of molec-

ular N2 in the interstitial void. The molecular N2

observed in the voids should be contributed to the

excess nitrogen as the pressure transmitting medium

in experiment.

The thermodynamic stability of ReN8 structures

was firstly evaluated by calculating the relative for-

mation enthalpy as depicted in Fig. 1, and the cor-

responding crystal structures are shown in Fig. 2. At
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ambient pressure, ReN8 prefers a tetragonal P4/mmm

symmetry (denoted as T-ReN8). In T-ReN8 structure

(Fig. 2a), N atoms occupy three different Wyckoff

sites to forming N2 dimers: 2h (0.5, 0.5, 0.1124), 4o

(0.5, 0.1123, 0.5) and 2g (0, 0, 0.1083), respectively,

whereas Re atoms occupy the Wyckoff sites of 1d

(0.5, 0.5, 0.5). Each Re atom is coordinated by six

neighboring nitrogen atoms forming ReN6 octahe-

dron. As a result, ReN6 octahedra were connected by

N2 dimers with the bond lengths of 1.159 Å (N2-N2)

and 1.155 Å (N3-N3), forming a tunnellike three-di-

mensional structure. Among them, the bond lengths

of Re–N in ReN6 octahedron are in the range of

1.995–1.998 Å. Molecular-like N1-N1 dimers are just

located in the tunnels with the bond length of

1.116 Å, close to the N:N bonds (1.10 Å) [47]; sim-

ilar bond order has been observed in Immm-ReN8�xN2

and HfN10 (1.114 Å) [31, 32]. Above 15.8 GPa, a

monoclinic P21/c phase (denoted as M-ReN8)

becomes more favorable in energy, which remains

stable up to about 43.6 GPa. Further compression, a

tetragonal P4/mnc phase (denoted as T’-ReN8) stands

out. Different from T-ReN8, the nitrogen atoms in M-

ReN8 and T’-ReN8 are all polymerized forming one-

dimensional infinite armchair N? chains. Mean-

while, the coordination number of rhenium is

increased from 6 to 8, resulting in ReN8 hexahedron,

similar to ReN2 and ReN4 [25, 48]. As shown in

Fig. 2b, c N? chains in both are connected by Re

atoms, constructing three-dimensional framework

with channel along [100] for M-ReN8 and [001] for T’-

ReN8. The N–N bond lengths in N? chains in M-

ReN8 are 1.353–1.359 Å, and N–N–N bond angles are

alternative with 112.5� to 113.1�. Due to the high

symmetry, the N? chains in T’-ReN8 are more reg-

ular with alternative bond lengths of 1.324 Å and

1.339 Å and unique N–N–N bond angle 113.47�. The

Re–N bond length in the ReN8 hexahedron in T’-

ReN8 is 2.164 Å, comparable to those in M-ReN8

Table 1 Optimized lattice

parameters a, b and c (Å); b
(�), and unit cell volume (Å3)

Phase a b c V0 b Ref.

P4/mmm 5.145 5.145 5.156 136.3 – This work

P21/c 3.734 6.839 7.814 175.4 62 This work

P4/mnc 6.828 6.828 3.716 173.2 – This work

C2/m 8.009 3.691 5.992 165.3 111 This work

Immm 3.735 6.850 6.850 175.3 – This work

Immm-ReN8�xN2
a 3.520 6.599 5.837 135.6 – This work

Immm-ReN8�xN2
a 3.488 6.465 6.07 135.3 – Exp [32]

Immm-ReN8�xN2
a 3.4475 6.491 6.048 135.4 – Theo [32]

aThe results are calculated or tested at 126 GPa

Table 2 The Wyckoff positions of new proposed ReN8 structures

S.G Atoms x y z Site

P4/mmm Re 0.5 0.5 0.5 1d

N1 0.5 0.5 0.1124 2h

N2 0.5 0.1123 0.5 4o

N3 0 0 0.1083 2g

P21/c Re 0 0 0.5 2c

N1 0.5066 0.8141 0.3144 4e

N2 1.1354 0.8145 0.6851 4e

N3 0.5061 0.1858 0.3143 4e

N4 0.1348 0.1856 0.6851 4e

P4/mnc Re 0 0 0.5 2b

N1 0.6743 0.3015 0.6782 16i

C2/m Re 0 0 0 2a

N1 0.7284 0.8188 0.2150 8j

N2 0.8865 0.3188 0.2188 8j

Figure 1 Formation enthalpies of ReN8 phases relative to the T’-

ReN8 as a function of pressure.
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(ranging in 2.157–2.164 Å), but longer than those in

ReN6 octahedron in T-ReN8.

Above 98.1 GPa, a monoclinic C2/m phase (de-

noted as M’-ReN8) becomes stable, which persists its

stability at least to 200 GPa. As shown in Fig. 2d, M’-

ReN8 is a layer-like structure rather than three-di-

mensional framework. Two neighboring Re atoms

are connected by two N? chains forming ReN8 slabs,

and ReN8 slabs are stacked together along the [001]

direction. The thickness of ReN8 slab is 2.426 Å, and

the slice gap is 3.176 Å. Within the slabs, the N–N

bond lengths in the armchair-shaped N? chains are

1.356 Å and 1.337 Å alternatively, with the N–N–N

bond angle of 112� and the Re–N bond length is

varying between 2.167 Å and 2.188 Å with an aver-

age value of 2.177 Å, which is the longest among all

of the ReN8 phases.

Moreover, the stability of the ReN8 phases is also

verified by constructing the convex hull of the Re–N

system by the variable composition method. As

shown in Figure S1, the T’ and M’-ReN8 are located at

the convex hull at 50 and 100 GPa, respectively,

supporting their intrinsic stability. To further evalu-

ate the thermodynamic stability in detail, the forma-

tion enthalpy of ReN8 phases was also calculated

relative to available experimental rhenium nitrides

and N2. The results are shown in Figure S2. It can be

found that T’ and M’-ReN8 are also stable in the

corresponding pressure region mentioned above.

However, M-ReN8 is stable in different pressure

regions when different referred phases are consid-

ered. With the increase in the nitrogen content of the

nitride, higher pressure is needed for M-ReN8 to be

stable, from 21.5 GPa for ReN0 to 39 GPa P21/c-ReN2,

which are higher than the transition pressure

Figure 2 Optimized crystal structures of ReN8: a T-ReN8; b M-ReN8; c T’-ReN8; and d M’-ReN8.

J Mater Sci



15.8 GPa. Considering the high dissociation energy of

N2, M-ReN8 may be realized in experiment higher

than 39 GPa. Unfortunately, the formation enthalpy

for T-ReN8 is positive relative to different rhenium

nitrides, indicating that it is metastable.

The phonon dispersion curves were calculated for

evaluation of the dynamic stability of the candidates

and are shown in Fig. 3 and Figure S3. Except for M’-

ReN8, no imaginary frequency throughout the Bril-

louin zone is found for all ReN8 structures proposed

here, which indicates their dynamical stability. For

M’-ReN8, it becomes dynamically stable at about

40 GPa (Fig. 3d), which means the phase may be

observed during the high-pressure and high-tem-

perature process in experiment, but cannot be

quenchable to ambient conditions.

Mechanical property

The elastic constants (Cij) play a vital role in judging

the mechanical stability of a crystalline material and

determine various physical properties such as speci-

fic heat capacity, melting point and Debye tempera-

ture. A series of accurate calculations of mechanical

properties, including elastic constants, bulk modulus,

shear modulus, Young’s modulus, Poisson’s ratio

and elastic anisotropy, were performed on the pre-

dicted ReN8 phases, and the results are listed in

Table 3.

As summarized in Table 3, besides M’-ReN8, all the

ReN8 phases are satisfied for the Born–Huang criteria

[49] at zero pressure, suggesting their mechanical

stability. For M’-ReN8, it is also mechanically

stable above 40 GPa. At zero pressure, T’-ReN8 phase

possesses the largest C33 value of 873 GPa, compa-

rable to c-BN, C22 (869 GPa) of OsN2 [50], and C11

(869.51 GPa) of ReN2 [51], indicating its ultra-in-

compressibility along [001] direction. Furthermore,

C33 value is significantly larger than C11 and C22,

consistent with the direction of nitrogen chain

extending in the structure; similar phenomena can

also be found in M and M’ReN8. Therefore, the ultra-

incompressibility should be contributed to the strong

covalent N–N bond in the N? chains. On the other

hand, C44, C55 and C66 of T-ReN8 are quite small, only

about 10 GPa, which means that it is easy to be shear-

deformed under external force. The bulk moduli,

Figure 3 Calculated phonon dispersion curves of ReN8: a T-ReN8; b M-ReN8; c T’-ReN8; d M’-ReN8 at 40 GPa.
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shear moduli and Young’s moduli can also be found

to be similar for M-ReN8 (B = 213 GPa, G = 107 GPa,

E = 275 GPa) and T’-ReN8 (B = 214 GPa,

G = 110 GPa, E = 283 GPa). The G/B ratio proposed

by Pugh is commonly used to validate the ductility

and brittleness of materials with a critical value of

0.57, i.e., G/B[ 0.57 corresponding to brittleness,

and G/B\ 0.57 corresponding to ductile behavior

[52]. The G/B ratio of T-ReN8, M-ReN8, T’-ReN8 and

M’-ReN8 is calculated to be 0.32, 0.50, 0.51 and 0.56,

respectively, indicating they are all ductile, and T-

ReN8 phase exhibits the strongest ductility. Fracture

toughness (KIC) and hardness are important for the

potential technological applications of material.

Using the Mazhnik–Oganov [53] and Niu–Oganov

[54] models, the calculated KIC of M-ReN8 and T’-

ReN8 is 2.25 and 2.29 MPa�m1/2, respectively, com-

parable to that of AlN and HfB2. The estimated

hardness, by the Mazhnik–Oganov model for M-

ReN8 and T’-ReN8, is 13.9 and 14.1 GPa, respectively,

which are close to the experimental values of ZrO2,

ZrN and Si [54].

The Young’s modulus (E) is an important

mechanical parameter to measure the stiffness of

solid material. To more visually understand the ani-

sotropy of Young’s modulus, three-dimensional (3D)

surface and the corresponding two-dimensional (2D)

projection profiles of ReN8 phases are depicted in

Fig. 4 and Figure S4. For an ideal isotropic material,

the three-dimensional surface is spherical, whereas

for anisotropic materials, the three-dimensional sur-

face is deformed, and the degree of deformation

depends on the degree of crystal anisotropy. Gener-

ally, all of the ReN8 phases exhibit a significant ani-

sotropy. For T-ReN8 (Fig. 4a), it completely deviates

from the spherical surface, meaning significant

Table 3 Calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear modulus G (GPa), G/B ratio and Poisson’s ratio m of ReN8

Phase C11 C22 C33 C44 C55 C66 C12 C13 C15 C23 C25 C35 C46 B G E G/B m

P4/mmm 276 276 276 10 9 10 26 31 111 35 96 0.32 0.35

P21/c 649 244 323 133 221 139 89 130 176 182 - 67 76 10 213 107 275 0.50 0.28

P4/mnc 255 255 873 149 126 149 216 55 55 214 110 283 0.51 0.28

C2/ma 707 1352 376 133 176 261 180 242 - 144 121 - 35 - 8 - 84 348 197 497 0.56 0.26

aCalculated at 40 GPa

Figure 4 Three-dimensional Young’s modulus and corresponding two-dimensional projection for a T-ReN8; b M-ReN8; c T’-ReN8; and

d M’-ReN8 in 40 GPa.
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anisotropy. Moreover, the 2D projections of the xy, xz

and yz planes are overlapping, indicating the similar

2D anisotropy behavior. On the other hand, T’-ReN8

(Fig. 4b and c) exhibits large separations between

Emax and Emin; 787 GPa and 788 GPa are found for M-

and T’-ReN8, respectively. Here, there are extremely

large Young’s moduli, 850 GPa and 859 GPa along

[0.88 0 0.47] direction of M-ReN8, [0 0 1] direction of

T’-ReN8 phase, respectively, further suggesting that

the zigzag polynitrogen chain significantly boosts the

mechanical properties. For M’-ReN8 (Fig. 4d),

Young’s modulus anisotropy was calculated at

40 GPa, and the difference between the maximum

and minimum value is 1032 GPa, indicating a weak

interaction between the neighboring ReN8 slabs.

Electronic structure

To understand the electronic properties of the ReN8

phases, the band structures were calculated and are

shown in Fig. 5 and Figure S5. It can be found that all

of the phases exhibit metallic features due to the

bands spanning across the Fermi level (EF). For T-

ReN8 phase (Fig. 5a), EF catches the bottom side of

the conduction band, implying its electronic con-

duction mechanism. N-px and N-pz bands expand

across the EF along the X–M, Z–R–A–Z and X–R–M–

A directions, while N-py locates the EF near the A

direction. The Re-d bands mostly occupy the top of

the valence band in the energy range of

- 4.7–- 1.2 eV, with some contribution of N-p or-

bitals, which facilitates the Re and N bonding. On the

other hand, at the lower energy region (- 6– - 9 eV),

the N-px, N-py and N-pz bands are very flat. EF of both

M-ReN8 and T’-ReN8 (Fig. 5b and c) locates near the

top of valence band, corresponding to a hole con-

duction nature. The energy bands around EF are

highly dispersive. Typical 3D characteristics can be

observed for N-pz orbitals around S and U points for

M-ReN8 and N-px orbitals around Z and A points for

T’-ReN8. M’-ReN8 (Fig. 5d) is metallic as well with

multiple energy bands crossing EF. In particular,

typical 2D characteristics, highly smooth and degen-

erate energy bands, can be observed in the whole

Brillouin zone, in good agreement with the 2D

structural character.

The calculated total and partial density of states

(TDOS and PDOS) and the crystal orbital Hamilton

population (–COHP) of ReN8 are plotted in Fig. 6 and

Figure S6. For all the considered phases, the finite

DOS values at the Fermi level further verify their

metallic feature. At EF, the states arise mostly from

the N-p orbits for T-ReN8, M-ReN8 and T’-ReN8,

whereas the N-p and Re-d electrons almost contribute

equally to M’-ReN8. The valence bands of T-ReN8

(Fig. 6a) lower than EF can be divided into three

Figure 5 Calculated band

structure curves for a T-ReN8;

b M-ReN8; c T’-ReN8; d M’-

ReN8.
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parts: the lower states (- 14, - 12) eV derived from

N-s, medium states (- 11, - 7) eV dominated by N-p,

and upper states (- 5, - 1.5) eV ascribed to Re-d or-

bital, while at EF, the contributions of N-px, N-py and

N-pz orbitals are almost equal. As shown in Fig. 6b

and c, M-ReN8 and T’-ReN8 have analogous DOS

profiles. The states of N-py and N-pz for M-ReN8 (N-

px and N-py for T’-ReN8) are almost identical in the

whole energy region, suggesting the perfect sp2

hybridization in the nitrogen chains, which plays a

vital role for the stabilization and the outstanding

elastic moduli along the corresponding direction. On

the other hand, some overlapping can be found

between Re-d and N-px/y orbitals near EF, whereas

the overlapping between Re-d and N-pz orbitals can

be neglected, which suggests the partial covalent Re–

N bonding. With regard to M’-ReN8 (Fig. 6d), Re-

d and N-p orbitals are almost contributed equally to

EF. Less similarity can be found for N-px and N-py
orbitals, suggesting the weaker sp2 hybridization in

Figure 6 The density of states (DOS), partial density of states (PDOS) of N atoms and COHP curves for a T-ReN8; b M-ReN8; c T’-

ReN8; and d M’-ReN8. The dotted vertical line at 0 eV represents the Fermi energy level.
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nitrogen chains in comparison with M-ReN8 and T’-

ReN8. However, relatively strong overlapping

between Re-d and N-pz orbitals can be found near the

EF, which indicates that the covalent Re–N bonding

in M’-ReN8 arises from the Re-d and N-pz orbitals

hybridization rather than Re-d and N-px/y. By ana-

lyzing the COHP results, the covalent N–N bonding

in T-ReN8 is strongest with most negative ICOHP

value (ICOHPN-N = - 20.86 eV), well agreeing with

the quasi N:N bonding (Fig. 2a). The N–N bond

strength in M-, T’- and M’-ReN8 is comparative

(ICOHPN-N value, - 14.46 eV for M-ReN8,

- 14.43 eV for T’-ReN8 and - 14.20 eV for M’-ReN8),

which is about two thirds of that in T-ReN8. In

comparison with N–N bonding, the bond strength of

Re–N in these structures is much weaker. However,

the Re–N bond in T-ReN8 is more covalent than that

in M-, T’- and M’-ReN8, with greater -ICOHPRe-

N = 4.66 eV (about 3.0 eV for M-, T’- and M’-ReN8).

In order to further understand the chemical bond-

ing of Re–N interaction and N–N dimers, the electron

localization function (ELF) of T-ReN8 is calculated

and shown in Fig. 7 and Figure S7. Significant elec-

tronic accumulation can be observed in the N2 dimers

(T-ReN8) and the N? chains (M-ReN8), verifying the

strong covalent N–N bonding. For T-ReN8, two

neighboring nitrogen atoms are connected together

with r bond by sp hybridization, forming N2 dimers,

and the ELF value is up to 0.9. Two lone pairs locate

on the two sides. By the Bader charge analyzing,

about 1.8 e was donated by each Re atom, Re atom

should adopt ? 2 valence state, while the N2 dimers

in the framework take N2. Besides the two p bonds as

in the N2 molecule, the one more electron is half filled

in the p* bond, which weakens the bond strength and

leads to a longer bond length of 1.16 Å ([ 1.10 Å for

N:N), agreeing well with the COHP result. For M-

ReN8, each N8 units receive 1.85 e from Re atom.

Therefore, the N8 units exhibit - 2 valence state as

well. As shown in Fig. 7, each N atom connects with

two neighboring N atoms with r bonds in sp2

hybridization, and the rest of the sp2 orbital was filled

with lone pair. The remaining 10 electrons in the N8
2-

units are delocalized, with about 8 electrons in the p
state and 2 electrons in the p*, which is also in good

agreement with the COHP value. The ELF value

between the adjacent N atoms is 0.75; the N–N bond

in the N? chain is weaker than that in the N2 dimers

Figure 7 Calculated

electronic localization

functions (ELF) with

isosurfaces 0.75 for (a) and

(b) T-ReN8 in (0 1 0) plane;

(c) and (d) T’-ReN8 in (1 1 0)

plane.
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in T-ReN8, but can be classed to strong covalent bond

as well.

Energy density

Due to the energy difference between the single N–N

bond (160 kJ mol-1) and the triple N:N bond

(954 kJ mol-1), an exotherm reaction often accompa-

nies with decomposition of the N-rich nitrides at

ambient conditions. During the reaction of ReN8-

? Re3N ? N2, the chemical energy of about

568.6 kJ/mol (1.91 kJ/g) and 572.8 kJ/mol (1.92 kJ/

g) can be released for M-ReN8 and T’-ReN8, respec-

tively. The corresponding gravimetric energy density

should be * 1.9 kJ/g, comparable to FeN6 (1.83 kJ/

g) and FeN8 (2.02 kJ/g) [30], whereas the volumetric

energy density is estimated to be * 11.0 kJ/cm3,

higher than TNT (7.2–8.0 kJ/cm3), close to 1,3,5-

trinitroperhydro-1,3,5-triazine (RDX) (10.1 kJ/cm3),

pentaerythritol tetranitrate (PETN) (10.6 kJ/cm3) [55]

and ZrN10 (12.9 kJ/cm3) [31].

Conclusions

In summary, we successfully predicted four new

phases, T-ReN8, P4/mmm, P4/mnc, P21/c and C2/m-

phase for ReN8, using CALYPSO method. Based on

the first-principles calculations, the thermodynamic

and dynamical stability, electronic structure, elastic-

ity and mechanical properties of the proposed phases

were studied in detail. Under pressure, the structures

of ReN8 are predicted to be changed as follows: T-

ReN8 (S.G. P4/mmm) within 0–15.8 GPa, M-ReN8

(S.G. P21/c) between 15.8 and 43.6 GPa, T’-ReN8 (S.G.

P4/mnc) phase between 43.6 and 98.1 GPa, and M’-

ReN8 (S.G. C2/m) above 98.1 GPa. The nitrogen atoms

adopt N2 dimers in T-ReN8 under lower pressure,

whereas zigzag polynitrogen chains in M-, T’- and

M’-ReN8 under high pressure. High energy density,

1.9 kJ�g-1 (11.0 kJ�cm3), was estimated for M- (T’)-

ReN8. The most outstanding character of the ReN8

phases is the significant elastic anisotropy. Particu-

larly, ultra-high directional Young’s modulus, about

850 GPa, was found for M- and T’-ReN8. As unveiled

by the electronic analysis, the sp2 hybridization of the

nitrogen atoms and the strong covalent N–N bonding

in the zigzag polynitrogen chains play a key role in

the prominent mechanical properties and the struc-

tural stability. We hope that the current work can

stimulate an enthusiasm for further investigations on

nitrogen-rich nitride.
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