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Xiaoli Wang,e Hongyang Zhu*a and Qiliang Cuia

The pressure-induced structural phase transition in AgN3 was investigated using Raman and infrared

spectroscopy. At ambient pressure, the Raman-active bending and asymmetric stretch modes of

N]N]N indicate the N3
� is nonlinear and/or asymmetrical. Upon compression, a reversible

orthorhombic-to-tetragonal phase transition was observed at �2.7 GPa, while the degeneration of the

lattice modes was present due to the increasing symmetrical element. The softening of the v2(B2u) mode

and hardening of the v2(B3u) mode demonstrate the rotation of the N3
� during the phase transition,

which reveals the essential source of the a-axis expansion and the structural phase transition. The

perpendicular arrangement of N3
� in the tetragonal structure is energetically favorable and beneficial for

structural stability.
Introduction

Metal azides have attracted considerable attention because of
their peculiar structures and physicochemical properties.1–3

They have wide practical applications in industry and the
military, including initial explosives, photographic materials,
and pure nitrogen gas sources.4–7 Recently, azides have been
focused on due to the role azide ions (N3

�) play as starting
materials in the formation of polymeric nitrogen, a potentially
high-energy-density material, under high pressure. This results
from the bonding energy of the N]N double bonds in N3

�

being lower than that of the N^N triple bond in N2.6,8 In this
respect, a crucial aspect of the high-pressure studies of azides is
their use as a better precursor than N2 for synthesizing poly-
meric nitrogen.

Pressure, as a thermodynamic variable, is an indispensable
approach for exploring the structural stability of materials. In
recent discoveries, metal azides exhibited various pressure-
induced behaviors around their structural stabilities, lattice
dynamics, and electronic structures.9–29 The phase transitions
and the rotation or tilt of N3

� stimulated by pressure have been
observed in XN3 (X ¼ Li, Na, K, Rb, Cs), NH4N3, and
TlN3.9,10,13,15–20,22,23,25,27,28 As pressure increased ceaselessly, the
N3

� translates to a ring or chain-like structure then forms
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polymeric nitrogen nets.18,19,21,24,26,29 Nevertheless, the high-
pressure studies of heavy metal azides are scarce due to their
characteristic external stimulus instability (e.g. light, heat, and
shock). Therefore, the high-pressure studies of AgN3 are bene-
cial for investigating the mechanism of phase transitions and
the pressure effect on the evolution of N3

�, which in turn, helps
explore the formation of polymeric nitrogen.

At ambient conditions, AgN3 crystallizes in an orthorhombic
structure with a space group of Ibam (D2h,26 Z ¼ 4) and cell
parameters of a ¼ 5.600(1) Å, b ¼ 5.980(6) Å, c ¼ 5.998(1) Å.30

The N3
� and Ag+ form the layered structure in the direction of

the c-axis with N3
� groups that have a non-perpendicular

arrangement in the a–b plane as shown in Fig. 1a and b. The
high efficiency of AgN3 as a detonating agent for explosives and
gas generators have become the subject of several investiga-
tions.31–34 AgN3 transforms into a monoclinic structure at 170 �C
with the a-axis showing the anomalous behavior of shrinking
upon heating.35 Additionally, the molecular dynamics, elec-
tronic structures, and optical properties of AgN3 have been
investigated.7,36,37 Recently, we observed the orthorhombic-to-
tetragonal phase transition and anomalous expansion along
the a-axis of AgN3 using high-pressure X-ray diffraction (XRD)
measurements.38 However, limited information about N3

� was
obtained because the N atom is insensitive to XRD. Conse-
quently, the vibrational spectroscopic method is crucially
important to explore local structural modications and the
high-pressure behaviors of N3

�. Nevertheless, no experimental
Raman and IR spectroscopic studies of AgN3 over its transition
pressure range were reported, due to the signicant weakening
of the vibrational spectra when the sample was subjected to the
laser beam, especially in Raman experiments.

Motivated to resolve these issues, we represent the high-
pressure Raman and IR spectroscopic measurements of AgN3

up to 24.0 and 13.0 GPa using the diamond anvil cell (DAC)
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Crystal structure of AgN3 at ambient conditions. (a) Along a–b–
c axes. (b) Along a–b axes. The blue and orange balls represent N and
Ag, respectively. (c) The Rietveld refinement result of the XRD patterns
of the samples prepared at room temperature.
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technique at room temperature. Abundant information on the
phase transition and evolution of N3

� in AgN3 is revealed.
Experimental section
Sample preparation

The AgN3 powder was synthesized by performing a metathetical
reaction between NaN3 and AgNO3 as reported by C. D. West,39

NaN3 + AgNO3 / AgN3 + NaNO3.

As shown in Fig. 1c, the Rietveld renement result shows
that all the diffraction peaks of the sample were indexed to the
orthorhombic structure with a space group Ibam of AgN3.
Raman measurements

The high pressure was generated by a symmetric DAC with a at
anvil of 500 mm in diameter. A sample compartment (diameter:
200 mm, thickness: 56 mm) was preindented by the T301 steel
gasket for packing the sample. A ruby sphere loaded with the
sample served as the pressure sensor. A mixture of methanol
and ethanol with a 4 : 1 volume ratio was selected as the pres-
sure transmitting medium to provide hydrostatic conditions.
Notably, we explored the experimental conditions by adjusting
the intensities of the exciting light and time of the spectral
acquisition using different test systems to avoid the laser-
induced ablation and decomposition of the sample. Finally,
the solid-state, diode-pumped Nd : Vanadate laser (Coherent
Inc.) with an excitation wavelength of 532 nm was selected as
the excitation source. The laser output power on the sample
position was z0.1 mW. All Raman spectra were collected using
This journal is © The Royal Society of Chemistry 2016
a backscattering conguration, and the acquisition time for
each spectrum was 20 s. The Raman signals were recorded
using a CCD camera cooled by liquid nitrogen with the grating
of an 1800-groove mm�1.
IR measurements

The high-pressure mid-IR experiments were conducted with
a DAC of type II diamonds (diameter: 400 mm). The sample
compartment (diameter: 100 mm, thickness: 80 mm) was
generated by the T301 steel gasket. The powdery KBr was chosen
to ensure quasi hydrostatic pressure enviroment. A ruby sphere
was loaded in the sample compartment to determine the pres-
sure. The IR spectroscopies were carried out using a Bruker
Vertex80 V FTIR spectrometer with an excitation wavelength of
514 nm, and the acquisition time for each spectrum was 520 s.
The IR signals were recorded using a liquid nitrogen-cooled
CCD camera with a spectral resolution set at 2 cm�1. The
spectra ranged from 500 to 4000 cm�1.
Computational method

All the modes within the primitive cell of the AgN3 were simu-
lated using the ab initio calculations with plane wave pseudo-
potential density functional computer code Cambridge Serial
Total Energy Package (CASTEP). The exchange and correlation
effects described by the generalized-gradient-approximation
(GGA) of Perdew–Burke–Ernzerhof (PBE) was used in the
norm-conserving pseudopotential. In the convergence tests, the
energy cutoff Ecutoff of 770 eV and the electronic Brillouin zone
(BZ) integration with the K-points of 0.03 Å�1 were employed. In
the geometry relaxation, the self-consistency convergence on
the total energy was 5.0 � 10�6 eV per atom, and the maximum
force on the atom was 0.01 eV Å�1.
Results and discussion
Raman and IR spectra at ambient pressure

The D2h (ref. 26) point-group symmetry for AgN3 contains eight
atoms in one primitive unit cell. The group theoretical analyses
indicate that a total of 24 vibrational modes are associated with
AgN3 with the following irreducible representation

Gacoustic ¼ B1u + B2u + B3u (1)

Goptical ¼ 2Ag + 2Au + 3B1g + 2B1u

+ 2B2g + 4B2u + 2B3g + 4B3u. (2)

The rst three B1u, B2u, and B3u modes are the acoustic
modes, and the rest correspond with the optical modes. For the
optical modes, the ones with subscripts of g and u are Raman-
and IR-active, respectively, except for the Au mode, which is
neither Raman- nor IR-active. In this work, we tested the Raman
and mid-IR spectra of AgN3 at ambient conditions, as depicted
in Fig. 2a and b. Additionally, all the modes within the primitive
cell were simulated, as displayed intuitively in Fig. 3a–n (Fig. 3o
shows the coordinate systems). Moreover, the comparison
between our measurements and the achievements of our
RSC Adv., 2016, 6, 82270–82276 | 82271
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Fig. 2 (a) Raman and (b) IR spectrum of AgN3 collected at ambient
conditions. The shaded peaks in (a) and (b) are from the testing system
and the multiphonon absorption of the diamonds. The vertical bar
labels in (b) are the scale of the absolute absorbent intensity.

Fig. 3 (a)–(n) The calculated simulations of all the vibrational modes.
The vibrational directions of the atoms are marked with arrows. (o) The
coordinate systems of the primitive cell.
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predecessors are summarized in Table 1. In our measurements,
three lattice vibrational modes at 123, 159, and 233 cm�1

labeled as L1, L2, and L3 were observed, as shown in Table 1 and
Fig. 3b–g. It is worth noting that the two Ag+ translation modes
82272 | RSC Adv., 2016, 6, 82270–82276
(T(B1g) and T(B3g)) and four N3
� rotation modes (R(B2g), R(Ag),

R(B1g), and R(B3g)) are included in the three lattice modes due to
of all the lattice modes' interference.41,43 However, the Ag+

translation mode of T(B2g) (Fig. 3a) was not observed due to the
limits of the frequency range in our measurements. Remark-
ably, the N]N]N bending modes (Fig. 3h–j) were observed
simultaneously in Raman (605 and 620 cm�1, v2(B2u) and
v2(B3u)) and IR (617, 630, and 650 cm�1, v2(B2u), v2(B3u), and
v2(B1u)) spectra.41,42 This phenomenon indicates that the N3

� is
nonlinear and/or asymmetrical.30 Unlike AgN3, the N3

� in alkali
azides is linear and symmetrical, resulting in the N]N]N
bending modes just being observed in the IR spectra.13,17,27,28

The v2(B1u) mode cannot be identied in the Raman spectra due
to the essentially weak character of its intensity. Additionally,
the overtone of N]N]N bending mode (2v2(Ag)) with a weak
intensity was observed at 1245 cm�1 in the Raman spectra.43

Moreover, the N]N]N symmetric stretch modes v1(B1g) and
v1(Ag) (Fig. 3k and l) which were detected at 1339 cm�1 with only
one peak were displayed in the Raman spectra due to their
interference.43 The N]N]N asymmetric stretch modes v3(B2u)
and v3(B3u) (Fig. 3m and n) were detected at 1990 and 2070 cm�1

in the Raman spectra.41 However, in the IR spectra they were not
identied because of interference from the multiphonon
absorption from the diamond anvils. Additionally, the series
modes located at 3206, 3222, 3262, 3300, 3317, and 3356 cm�1,
labeled as Ci (i ¼ 1, 2, 3, 4, 5, 6), were assigned to the combi-
nation frequencies of 2v2 + v3 and v1 + v3.41
Raman spectra upon compression

The Raman spectra of AgN3 in the lattice and internal regions
were collected with pressures up to 24.0 GPa, as shown in Fig. 4a
and b. Additionally, the pressure dependencies of the Raman
shis are plotted in Fig. 4c, which is benecial for under-
standing the transition mechanism of AgN3. The evolution of
the lattice modes is considered an indication of structural
change. Fig. 4a and c shows that as the pressure increased from
ambient pressure to 2.8 GPa, all the lattice modes kept blueshi
due to the reduction of the interatomic distances. Meanwhile,
the pressure dependencies of L1 and L2 modes were sizably
different and they gradually merged with increasing pressure.
At 2.8 GPa, three new modes (labeled as L4, L5, and L6) were
observed with the linear ts of the L5 and L6 modes performed,
as depicted in Fig. 4a. Concurrently, the L1 and L2 modes
merged into one mode, accompanying the disappearance of the
L3 modes. Undoubtedly, all of these features consistently indi-
cate the occurrence of the phase transition at 2.8 GPa, which is
consistent with our previous XRD study.38 Upon subsequent
compression, no further phase transitions were observed up to
the highest pressure of this work (24.0 GPa) where all modes
became weak and broad.

Internal modes are more stable than the lattice modes due to
the great strength of the quasidouble bonds in N]N]N. As
Fig. 4b and c show, all the internal modes exhibit normal
blueshis due to the expected decrease in interatomic distances
under high pressure throughout the process of the compres-
sion. Additionally, the overlapped N]N]N asymmetric stretch
This journal is © The Royal Society of Chemistry 2016
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Table 1 Vibrational frequencies and assignments of AgN3 at ambient conditions

Raman frequencies (cm�1) IR frequencies (cm�1)

AssignmentExpt Ref Expt Ref

60 (ref. 40) T(B2g) Ag+ translation
123 130 (ref. 40) L1-T(B1g) Ag+ translation

-T(B3g) Ag+ translation
-R(B2g) N3

� rotation
159/233 160/220/230 (ref. 40)/161.2/191.9/216.3

(ref. 40)
L2/L3-R(Ag) N3

� rotation
-R(B1g) N3

� rotation
-R(B3g) N3

� rotation
605 617 618 (ref. 40) v2(B2u) N]N]N bending
620 630 628 (ref. 40) v2(B3u) N]N]N bending

650 v2(B1u) N]N]N bending
1245 1237/1244/1253/1268 (ref. 40) 2v2(Ag) Overtone of N]N]N bending
1339 1338 (ref. 40) v1(B1g)/v1(Ag) N]N]N symmetric stretch
1990 1984 (ref. 40) 1984 (ref. 40) v3(B2u) N]N]N asymmetric stretch
2070 2070 (ref. 30) 2070 (ref. 30) v3(B3u) N]N]N asymmetric stretch

2081 (ref. 40) 2081 (ref. 40)
3206 C1 Combination frequencies of 2v2 + v3 and

v1 + v3
3262 C3

3300 C4

3317 3322 (ref. 40) C5

3356 3354 (ref. 40) C6

Fig. 4 (a) (50–470 cm�1) and (b) (1265–1450 cm�1) are the selected Raman spectra of AgN3 at variable pressures up to 24.0 GPa. The d-0 stands
for the pressure released to 0 GPa and the modes' evolution is shown by the dashed line. (c) The pressure dependency of Raman shifts. The
vertical line indicates the phase boundary.
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modes v1(B1g) and v1(Ag) gradually evolved into double modes as
a result of their different pressure dependencies. The stability of
the internal modes indicates that N3

� maintain their crystallo-
graphical equivalent sites under compression. This phenom-
enon may be due to the fact that our pressure region in this
work was unable to change the interatomic bonding formation
of N3

�. The signicant broadening and weakening of the modes
were observed upon subsequent compression without other
This journal is © The Royal Society of Chemistry 2016
changes. Moreover, the N]N]N bending modes (v2(B2u) and
v2(B3u)), the overtone of N]N]N bending mode (2v2(Ag)), and
the N]N]N asymmetric stretch modes (v3(B2u) and v3(B3u))
were not observed due to their weak intensities because only
a little sample is allowed in the chamber. Therefore, it is
advisable to perform infrared measurements for further insight
into the high-pressure behaviors of the vibrational modes of
AgN3, as described in following sections.
RSC Adv., 2016, 6, 82270–82276 | 82273

http://dx.doi.org/10.1039/C6RA15886B


RSC Advances Paper

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l L

ib
ra

ry
 o

f 
C

hi
na

 o
n 

02
/0

9/
20

16
 0

3:
30

:5
5.

 
View Article Online
The lattice vibrational modes reveal more details of the
structural evolution. The T(B2g) and T(B3g) modes present the
translations of Ag+ perpendicular to the z axis along different
directions, as displayed in Fig. 3. Our previous study reveals that
the high-pressure tetragonal structure of AgN3 has a fourfold
axis parallel to c-axis.38 Compared with the twofold axis of the
orthorhombic structure, the increased symmetric element
results in the degeneration or decrease of the lattice vibrational
modes. The T(B2g) and T(B3g) modes evolved into the doubly
degenerate mode in the tetragonal structure. Similarly, the
R(B2g) and R(B3g) modes (the rotation of N3

� parallel to z axis)
and R(Ag) and R(B1g) modes (the rotation of N3

� perpendicular
to z axis) evolve into a doubly degenerate mode respectively in
the tetragonal structure. From this respect, the merging of the
L1 and L2 modes and the appearance of the L5 and L6 modes at
2.8 GPa are attributed to the degeneration of the lattice modes
in the tetragonal structure.

IR spectra upon compression

As mentioned above, the Raman spectroscopic measurement
shows the disadvantage in exploring the high-pressure behav-
iors of the bending and asymmetric stretch modes of N]N]N.
Accordingly, the IR spectroscopy measurement is necessary due
to its unambiguous identication of these modes. As depicted
in Fig. 5a, the selected mid-IR spectra of AgN3 from ambient
pressure to 13.0 GPa were collected. Additionally, all pressure
dependencies of the mid-IR shis are plotted in Fig. 5b to better
understand the mechanism of the phase transition. No obvious
changes were observed in the IR prole due to the great strength
of quasidouble bonds in N3

�, except that the C3 and C6 modes
were depleted gradually then disappeared with increasing
pressure. Notably, at 2.6 GPa, all the pressure dependencies of
the IR shis presented inection (Fig. 5b). This phenomenon is
Fig. 5 (a) Selectedmid-IR spectra of AgN3 at variable pressures up to 13.0
evolution is shown by the dashed lines. (b) The pressure dependency of

82274 | RSC Adv., 2016, 6, 82270–82276
reasonably consistent with the occurrence of the phase transi-
tion in our Raman measurements. Upon subsequent compres-
sion, no other changes were observed up to the highest pressure
(13.0 GPa). However, more high-pressure behaviors of v3 modes
are inconsiderable due to the interference from the multi-
phonon absorption of the diamond anvils.

Curiously, the N]N]N bending modes showed complex
behaviors. The obvious soening of the v2(B2u) mode was
maintained throughout the whole process of compression.
Simultaneously, the v2(B3u) mode evolved from hardening to
soening upon full compression, while the v2(B1u) mode pre-
sented a normal hardening character during the process of
compression. In our previous study of RbN3, the interesting
behaviors of the N]N]N bending modes were reasonably
interpreted to be the rotation of the N3

�.27 This motivated us to
investigate whether a similar mechanism is applicable for
AgN3.

As presented in Fig. 6a and b, the bending vibrations of N3i
�

(i¼ A, B, C, and D) in the v2(B2u) and v2(B3u) modes are along the
[1�10] and [11�0] directions, respectively, while they are along
the [110] direction for N3E

� (Here, the N3i
� (i¼ A, B, C, D, and E)

corresponds to the N3
� labeled from A to E). In the ortho-

rhombic structure, each N3
� rotates on the axis through the

central nitrogen atom in the a–b plane upon compression.38

During the process of rotation, each N3
� interacts with its

nearest neighbor N3
� and rotates along these demonstrated

paths (the red arrows). As shown in Fig. 6a, the dAE, the distance
between the electropositive central N atom of N3A

� and the
electronegative terminal N atom of N3E

�, decreases with
increasing pressure induced by the rotation, resulting in the
increase of the attraction between the two atoms. As a result, the
frequency of the bending vibration of N3A

� decreases due to the
increasing attraction that is a hindrance for the bending
GPa. The d-0 stands for the pressure released to 0 GPa and themodes'
IR shifts. The vertical dashed line indicates the phase boundary.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 The evolution of N3
� in the a–b plane from an orthorhombic to

tetragonal structure upon compression. The N]N]N bendingmodes
of (a) v2(B2u) and (b) v2(B3u).
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vibration of N3A
�. The conditions are the same for N3B

�, N3C
�,

and N3D
� and all their frequencies decrease in the process of

rotation. The N3B
�, N3C

�, and N3D
� will interact with their

nearest neighbor N in the adjacent unit cells separately.
Therefore, the v2(B2u) modes weakened in the process of rota-
tion. In the case of v2(B3u), the frequency of the bending
vibration of N3A

� increases because the increased attraction
between N3A

� and N3E
� induced by the rotation is favorable for

the bending vibration of N3A
�with increasing pressure (Fig. 6b).

Therefore, the v2(B3u) modes strengthened in the process of
rotation. As stated above, the soening and hardening of the
v2(B2u) and v2(B3u) modes in the orthorhombic structure are
attributed to the rotation of the N3

�. From this perspective, the
rotation of the N3

� is the essential source of the a-axis expan-
sion in the orthorhombic structure and the pressure-induced
orthorhombic-to-tetragonal phase transition observed in
previous XRD study.38

It has been reported that the AgN3 is a mainly ionic
compound with partial covalent character.37,43 We consider
that the complex behaviors of v2(B2u) and v2(B3u) modes in the
orthorhombic structure are mainly affected by the ionic bond,
and that the tetragonal structure may also be affected by the
covalent bond of AgN3. Moreover, the v2(B1u) modes (vibrate
parallel to the z axis) keep monotonously hardening upon
compression (Fig. 5b) indicating that AgN3 maintains
a layered structure in the c-axis direction within the pressure
range of this work. Additionally, the perpendicular arrange-
ment of N3

� is found to be an energetically favorable structure.
Therefore, the tetragonal structure of AgN3 can maintain
stability up to the highest pressure of this study without any
other phase transitions. Furthermore, the reversibility of the
phase transition is conrmed by the completely recoverable
vibrational spectra upon decompression (Fig. 4a, b and 5a).
Generally, our Raman and infrared spectra studies are
extremely useful for exploring the high-pressure transition
mechanism of AgN3 at an atomic vibrational level. Moreover,
the vibrational spectroscopic methods provide truly comple-
mentary information for the XRD study. Nevertheless, further
investigations are imperative for the exploration of more high-
pressure behaviors of AgN3.
This journal is © The Royal Society of Chemistry 2016
Conclusion

In summary, we synthesized the pure AgN3 powder with
a metathetical reaction. The pressure-induced structural phase
transition in AgN3 was investigated using Raman and infrared
spectroscopies with pressures up to 24.0 and 13.0 GPa, respec-
tively. At ambient pressure, the Raman-active bending and
asymmetric stretch modes of N]N]N indicate that the N3

� is
nonlinear and/or asymmetrical in AgN3. Upon compression, an
orthorhombic-to-tetragonal phase transition was observed at
�2.7 GPa. The Raman spectra measurements revealed that
several pairs of lattice modes evolved into degenerate modes
due to the increasing symmetric element as a result of the phase
transition. The detailed analyses of the mid-IR measurements
reveal the essential source for the expansion of the a-axis and
the pressure-induced orthorhombic-to-tetragonal phase transi-
tion, whereas the soening of the v2(B2u) and the hardening of
the v2(B3u) N]N]N modes can be reasonably explained by the
rotation of the N3

�. Additionally, the perpendicular arrange-
ment of N3

� in the tetragonal structure was found to be ener-
getically favorable and benecial for the stability of AgN3. The
recovered spectra upon decompression indicate the reversibility
of the structural phase transition. Generally, our Raman and
infrared spectra studies are extremely useful for investigating
the high-pressure behaviors of AgN3 at an atomic vibrational
level.
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