
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 2
:4

9:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Synthesis and hig
aSchool of Physics and Electronic Engineeri

China
bState Key Lab of Superhard Materials, Colle

130012, P. R. China. E-mail: hongyangzhu@
cShandong Key Laboratory of Optical Comm

of Physics Science and Information Techn

252059, P. R. China

† Electronic supplementary informa
10.1039/d0ra00789g

Cite this: RSC Adv., 2020, 10, 26308

Received 25th January 2020
Accepted 6th July 2020

DOI: 10.1039/d0ra00789g

rsc.li/rsc-advances

26308 | RSC Adv., 2020, 10, 26308–
h-pressure studies of strontium
diazenide by synchrotron X-ray diffraction and DFT
calculations†
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Pinwen Zhu*b and Hongyang Zhu *ab

In this work, strontium diazenide (SrN2) was synthesized using strontium azide as a starting material in

a Walker-type module under high-pressure and high-temperature conditions. The synthesized SrN2 was

further studied under high pressure up to 43.2 GPa using in situ synchrotron X-ray diffraction to

supplement the high-pressure exploration of alkaline earth diazenides. The SrN2 underwent a possible

phase transition from a tetragonal structure into an orthorhombic structure at 12.0 GPa. SrN2 shows

anisotropic compressibility due to the orientation of the diazenide anions. The bulk modulus of SrN2 is

132.4 (10.2) GPa, which is larger than that of Sr(N3)2. The larger bulk modulus of SrN2 is attributed to the

stronger covalent strength between Sr and N atoms in SrN2, which is confirmed by our theoretical

calculations.
Introduction

Metal–nitrogen compounds have attracted extensive attention
in recent years due to their outstanding physical and chemical
properties including high energy density,1,2 superior hard-
ness,3,4 and high luminous efficiency.5,6 Among them, only the
nitride (N3�) and azide ([N3]

�) based compounds have been
known for a long time in spite of the fact that numerous theo-
retical studies have shown that all-nitrogen anions with
different valences might be stable.7–9 In recent years, the
progressive developments of high-pressure synthesis of new
materials have greatly expanded the class of metal nitrides and
stimulated the study of nitrogen compounds. Several novel
nitrides with remarkable properties have been synthesized
under high pressure and high-temperature conditions. One
type of the compounds consists of nitrogen and noble metals
(such as osmium, iridium, or platinum) named metal perni-
trides.3,4,10–12 The other is named alkaline earth diazenide con-
taining alkaline earth metals (such as calcium, strontium, and
barium) and nitrogen.13–17 The alkaline earth diazenides and the
metal pernitrides have the same formula of MN2, but the
anionic dinitrogen units are not identical. In contrast to metal
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pernitrides which contain the pernitride units [N2]
4� with N–N

single bonds, alkaline earth diazenides incorporate quasi-
molecular units [N2]

2� with N]N double bonds with two
surplus electrons within the antibonding 1p*

g molecular
orbital.11,15,18 Metal diazenides have good conductivities similar
to metal. Vajenine et al. theoretically calculated interactions of
Ba 5d and N 2p and concluded that the signicant width of the
p* band is responsible for the metallic nature of the dia-
zenides.14 Subsequently, Schneider et al. conrmed alkaline
earth diazenides are of temperature-dependent true metallic
behavior by conductivity measurements.9 Lithium diazenide
(Li2N2) exhibits characteristics of both electron conduction and
ionic conduction due to the ion pathways and relatively smaller
radius of lithium ions.9

In 2012, Schneider et al. successfully synthesized metal
diazenides (CaN2,17 SrN2,17 BaN2,17 and Li2N2 (ref. 8)) employing
the controlled thermal decomposition of the corresponding
azides at high-pressure and high-temperature conditions. The
phase stabilities, structures, chemical bonding, optical, and
electronic properties of metal diazenides have been theoreti-
cally predicted under high pressure.18–21 Li2N2 has been pre-
dicted with density functional theory to have three phase
transitions of Pmmm / Immm / Pnma / Cmcm in the pres-
sure range of 0–100 GPa,8,22,23 and the nitrogen was polymerized
with further compressed to 242 GPa.23 BeN2 were predicted Be
and adjacent N connect with covalent bonds to enhance the
structural stability using performed using density functional
theory.24 Wessel and Kulkarni et al. calculated and found that
the bulk moduli of alkaline earth diazenides are smaller than
those of the metal pernitrides.11,15,18,25,26 Although extensive
theoretical high-pressure studies on metal diazenides have
This journal is © The Royal Society of Chemistry 2020
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been carried out, the experimental high-pressure study of metal
diazenides is a challenge and has not been reported due to the
difficulty of synthesis of sample and the property of sensitive to
moisture.

Therefore, the signicance and absence of a high-pressure
study of SrN2 prompted our endeavor to explore its structural
properties under high pressure and compressibility. In this
work, SrN2 was synthesized by controlled decomposition of
Sr(N3)2 in a Walker-type module under high-pressure and high-
temperature conditions. The high-pressure structure and
compressibility properties of the synthesized SrN2 were inves-
tigated by measuring synchrotron angle-dispersive X-ray
diffraction (XRD) patterns under high pressure up to 43.2 GPa
using a symmetric diamond anvil cell (DAC). The crystal orbital
Hamiltonian populations (COHP) and integral crystal orbital
Hamiltonian populations (ICOHP) values were calculated to
obtain deeper insight into the nature of chemical bonding and
bonding strength between metal and N atoms.
Experimental and theoretical section
Synthesis of SrN2

The SrN2 was synthesized under high-pressure and high-
temperature conditions in a Walker-type module in combina-
tion with a 1000 t pressure. MgO-octahedra with edge lengths of
14 mm (14/8 assembly) were used as the pressure medium.
Eight tungsten carbide cubes with truncation edge lengths of
8 mm compressed the octahedra Sr(N3)2 was carefully ground
and lled into a cylindrical boron nitride crucible in the glo-
vebox. The process of assembling the sample is given in Fig. S1
in the ESI.† The assembly was pressurized to 9.0 GPa within 214
minutes at room temperature, then heated to 823 K in 30
minutes and held at this temperature for 15 minutes, and then
cooled down to ambient temperature in 10 minutes. Aer that,
the pressure was released within 623 minutes. The black
metallic bulk SrN2 was obtained from the boron nitride crucible
and kept in silicone oil as SrN2 is highly sensitive to moisture.17

The synthesized sample is shown in Fig. S2.†
Fig. 1 Rietveld refinement patterns of SrN2 at 0.4 GPa with R indices
Rp ¼ 0.1423 and wRp ¼ 0.1044. The observed data and the simulated
profile are provided by the red sphere and black line. The difference
curves are shownwith a blue line at the bottom. The solid short vertical
green lines mark the positions of the Bragg peaks for SrN2. The arrow
(Y) denotes the diffractions of the SrN2 unidentified impurity.
Synchrotron XRD measurements under high pressure

High-pressure experiments were performed in a symmetric
diamond anvil cell with at anvils of 300 mm in diameter. The
synthesized SrN2 powders were loaded into a 120 mm diameter
sample chamber of a T301 steel gasket which was pre-indented
to 70 mm thickness. Pressures were measured by the ruby
luminescence method.27 Silicon oil was chosen as a pressure-
transmitting medium as the sample is sensitive to moisture.
The in situ high-pressure synchrotron XRD experiment was
carried out at the 4W2 beamline (l ¼ 0.6199 �A) of Beijing
Synchrotron Radiation Facility and the average time of a col-
lecting spectrum was 300 seconds. The images were collected by
a Pilatus image panel detector. CeO2 was used to calibrate the
distance and geometric parameters between the sample and the
detector. The diffraction patterns were transformed into one-
dimensional diffraction angle and diffraction intensity using
This journal is © The Royal Society of Chemistry 2020
Fit2D soware. The crystal structure was rened using Rietveld
renements packages of Materials Studio soware.
Theoretical calculations

The electronic structure calculations for the SrN2 were per-
formed via density functional theory (DFT) within the general-
ized gradient approximation Perdew–Burke–Ernzerhof (GGA-
PBE)28 as executed in the Vienna Ab initio Simulation Package
(VASP) code.29 The projector-augmented wave (PAW)30 method
was performed for Sr 4p65s2 and N 2s22p3 as valence states
adopted from the VASP potential library. Plane-wave cutoff
energy of 600 eV and appropriate Monkhorst–Pack31 k-mesh (k-
point grid of 0.03�A�1) was chosen to ensure the convergence of
less than 1 meV per atom. The COHP and ICOHP values were
calculated using the LOBSTER program.32
Results and discussion

The Fig. 1 shows the renement of synchrotron XRD pattern of
the synthesized SrN2 measured at 0.4 GPa, which was indexed
with the tetragonal structure (I4/mmm, Z ¼ 2, Fig. 2) based on
the positions of nine diffraction peaks using Rietveld rene-
ments packages of Materials Studio soware, yielding a ¼ b ¼
3.8187 �A, c ¼ 6.279 �A, and V ¼ 91.56 �A3. These cell parameters
are in good agreement with the reported results.17 The Wyckoff
positions of Sr atoms and N atoms are assigned to 2a and 4e,
respectively. SrN2 structure is occupied by all octahedral voids
consisted of the strontium ions with [N2]

2� units along [001].
Each strontium ion is coordinated “end-on” by two and “side-
on” by four diazenide units, and each diazenide unit is sur-
rounded by six strontium ions as illustrated in Fig. 2. The
distance of the N–N bond is 1.226�A, which is shorter than that
of the Sr–N bond of 2.528 �A and 2.764 �A.
RSC Adv., 2020, 10, 26308–26312 | 26309
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Fig. 2 Crystal structure of the ambient condition tetragonal phase
(space group: I4/mmm, Z ¼ 2) of SrN2 along [010]. Red colour
represents Sr atoms, and blue colour represents N atoms.

Fig. 3 X-ray diffraction patterns of SrN2 at selected pressures
(l ¼ 0.6199�A, T ¼ 298 K). The arrow (Y) denotes the diffractions of the
SrN2 unidentified impurity. The asterisk (*) denotes the disappearances
of the peaks.

Fig. 4 The cell parameters versus the pressure of SrN2.
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The SrN2 was compressed up to 43.2 GPa. The XRD patterns
are demonstrated in Fig. 3. Nine diffraction peaks of SrN2,
which belong to (101), (002), (110), (112), (200), (103), (211),
(202), and (004) planes, were observed. The diffraction peaks of
(200) disappeared at 6.4 GPa, and (211) and (202) disappeared at
10.0 GPa. The strongest diffraction peak of (101) nally dis-
appeared at 12.0 GPa. The disappearance of the diffraction
peaks is temporarily assigned as a possible phase transition.
The high-pressure phase is stable up to 43.2 GPa in this study.
The peaks of HP-SrN2 indexing results led to an orthorhombic
structure. However, it is difficult to determine the structure of
the phase of HP-SrN2 because the diffraction diagrams are
signicantly broadened and low intensity at higher pressure. It
is worth noting that the detection of the changes of the
26310 | RSC Adv., 2020, 10, 26308–26312
diazenide anions positions is an inherent challenge for
synchrotron XRD measurements owing to their greatly low
scattering cross-section. Therefore, a symmetry breaking due to
the changes of diazenide anions orientation cannot be observed
in synchrotron X-ray diffraction. The similar phenomenon in
SrO2 was observed.33 The inuence of oxide atoms in SrO2 was
entirely ignored on the XRD patterns owing to their low scat-
tering cross section. We temporally ascribe the phase transition
of SrN2 to the rotation of diazenide units and the rearrangement
of Sr ions according to the rotation character of diazenide units
in CaN2 (ref. 19) under high pressure. As pressure is released to
0.6 GPa, the tetragonal structure recovered from the high-
pressure orthorhombic structure, demonstrating a reversible
phase transition of SrN2. Compared to the starting conditions,
the gure of the back-transformed SrN2 shows differences in
intensities and is broadened, which are presumably caused by
preferred orientation and grain size effects, respectively.

The variation of unit cell lattice parameters of the tetragonal
structure with pressure is plotted in Fig. 4. SrN2 shows aniso-
tropic compressibility with pressure coefficients of 1.16 � 10�2

�A GPa�1 for a- and b-axis, and 1.66 � 10�3 �A GPa�1 for c-axis
from 0.4 GPa to 11.2 GPa, respectively, which indicates that a-
and b-axis are more compressive than c-axis. Analysis of the
crystal structure of SrN2 reveals that vector projections of
repulsive force of diazenides ions are constrained to [001]
direction, and without components in [100] and [010] directions
as shown in Fig. 2. Therefore, we identify that the orientation of
the diazenide anions is the dominant factor that affects the
compressibility behaviour of SrN2.

The bulk modulus of SrN2 was tted to the Birch–Murna-
ghan equation of state (EOS):

P ¼ 3

2
B0

"�
V0

V

�7=3

þ
�
V0

V

�5=3
#

�
(
1þ 3

4

�
B

0
0 � 4

�"�V0

V

�2=3

� 1

#)
; (1)
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The plot of COHP for (a) SrN2, Sr1–N1 pairs separated by 2.528
�A (b) Sr(N3)2, Sr2–N2 pairs separated by 2.628 �A. The positive and
negative COHP values denote antibonding and bonding interactions,
respectively.

Fig. 5 The volume changes with the pressure for SrN2. The red line
exhibits the fitting of data to the Birch–Murnaghan equation of state
(EOS).
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where V0 is the unit cell volume at ambient pressure and V is the
volume at the pressure of P. B0 is the bulk modulus at zero
pressure and B

0
0 is the pressure derivative of B0. The data

measured below 11.2 GPa were used to yield the bulk modulus
because the phase transitions occur at 12.0 GPa. The bulk
modulus of B0 ¼ 132.4 (10.2) GPa of SrN2 is conforming to the
Birch–Murnaghan EOS. The bulk modulus of SrN2 is close to
that of CaN2 (113.2 GPa),21 which can be interpreted by the fact
that SrN2 and CaN2 are isostructural at ambient conditions. The
experimental pressure evolutions of the unit cell volume of SrN2

are plotted in Fig. 5. The bulk modulus of SrN2 was theoretically
predicted to be 96.08 GPa and 65 GPa using pseudo-atomic
calculations with the local density approximation (LDA) and
the generalized gradient approximation Perdew–Burke–Ernzer-
hof (GGA-PBE), and the ab initio calculations with the GGA-PBE,
respectively, by Zhang et al.20 and Wessel et al.,15 in which the
pseudo-atomic calculations results are closer to the experi-
mental results. The different calculation methods employed
different empirical or theoretical approximations are suitable
for different materials. Compare our experimental results with
reported calculations results, the pseudo-atomic calculations
with the LDA and the GGA-PBE were better tted diazenides
than the ab initio calculations with the GGA-PBE. The bulk
modulus of SrN2 is two times larger than its corresponding
metal azide Sr(N3)2 (123.7 GPa of SrN2 vs. 49.1 GPa of Sr(N3)2
(ref. 34)). The nitrogen bonds are formed as double bonding in
both diazenides anions (N]N)2� and azides anions (N]N]
N)�.11 The previous studies proved that the N]N plays a crucial
role in the compressibility of both Sr(N3)2 and SrN2. The N]N
bond distance of 1.226 (3)�A in SrN2 is longer than that of 1.184
(2)�A in Sr(N3)2 leading to weaker N]N bonds in SrN2. The bulk
modulus of SrN2 is larger than that of Sr(N3)2, which contradict
to the longer N]N bond of SrN2. We thus infer the interaction
This journal is © The Royal Society of Chemistry 2020
between Sr and N in SrN2 is much stronger than that in Sr(N3)2.
To obtain deeper insight into the nature of chemical bonding
between Sr and N in SrN2 and Sr(N3)2, we performed crystal
orbital overlap population (COHP) analysis. COHP can divide
the band-structure energy into the orbital pair interactions,
which is used to indicate the contribution of bonding,
nonbonding, and antibonding to the band-structure energy.
Our analysis showed that bonding states are fully occupied and
antibonding states are partially occupied in SrN2, while both
bonding states and anti-bonding states are partially occupied in
Sr(N3)2, as shown in Fig. 6, leading to strong covalent bonding
between Sr and N atoms in SrN2 and Sr(N3)2. Furthermore, the
bonding strength can be expressed by the values of integrated
crystal orbital Hamilton population (ICOHP), which are in the
order of�1.233 and�0.736 for SrN2 and Sr(N3)2, respectively, as
shown in Fig. 6. It is conrmed that interaction between Sr1–N1
atoms is stronger than that of Sr2–N2 atoms. Hence, covalent
bonding between Sr and N atoms is stronger in SrN2, which
resulted in a larger bulk modulus.
Conclusions

In this work, the SrN2 was synthesized by using the controlled
decomposition of the Sr(N3)2 under high-pressure and high-
temperature conditions. The high-pressure in situ synchrotron
XRD study of the synthesized SrN2 up to 43.2 GPa revealed
a pressure-induced tetragonal-to-orthorhombic phase transi-
tion at 12.0 GPa due to the rotation of diazenide units and the
rearrangement of Sr ions. The compressibility of SrN2 is
anisotropic due to the orientation of the diazenide anions. The
bulk modulus of SrN2 is B0 ¼ 132.4 (10.2) GPa. In order to
further analyze the bulk modulus of SrN2 and Sr(N3)2, we
calculated the bonding strength via computing the values of
ICOHP, which shows stronger Sr–N covalent bonds in SrN2 than
RSC Adv., 2020, 10, 26308–26312 | 26311
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that in Sr(N3)2, leading the larger value of bulk modulus than
that of Sr(N3)2.
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