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ABSTRACT: Thermodynamically stable phases of sodium amide (NaNH2) at pressures up to 20 GPa have been determined
using the ab initio evolutionary structure prediction. We find that the ground-state phase α-NaNH2 (orthorhombic, Fddd) first
transforms into β-NaNH2 (orthorhombic, P21212) at 2.2 GPa; then, γ-NaNH2 (monoclinic, C2/c) becomes stable at 9.4 GPa. In
addition to strong ionic bonding between Na+ and [NH2]

− ions and covalent bonding between H and N in NH2 groups, the N−
H···N hydrogen bonding between neighboring NH2 groups could not be ignored anymore in the high-pressure β-NaNH2, as
suggested by the analysis of charge density distribution and structural and vibrational properties. The covalent N−H bonds in the
high-pressure phase of NaNH2 are weakened by additional hydrogen bonding, which could be favorable for the hydrogen
desorption.

1. INTRODUCTION
Considerable effort has been devoted to developing feasible and
safe hydrogen storage materials that can not only store
hydrogen reversibly with high gravimetric and volumetric
densities but also allow hydrogen adsorption and desorption
under near-ambient conditions.1−3 Currently, complex metal
hydrides, such as borohydrides M(BH4)n, alanates M(AlH4)n,
and amides M(NH2)n, have attracted great attention as
promising materials for hydrogen storage due to their innately
high hydrogen content (for example, 8.7 wt % in LiNH2 and 7.5
wt % in NaAlH4).

4−7 However, these hydrides exhibit such
strong metal−hydrogen bonding (B−H, Al−H, and N−H) in
the anion subunits (i.e., BH4

−, AlH4
−, and NH2

−) and are so
stable that they can be dehydrogenated only at elevated
temperatures. Thus, improving the poor dehydrogenation
kinetics of the light complex metal hydrides is a critical
problem in this field. Experimental studies have verified that the
addition of proper catalysts such as TiO2, Ti3Al, TiAl3, and
AlCl3 is an effective way to reduce the dehydriding temperature
of these hydrides. The underlying mechanism of catalysts,

however, is not yet fully understood, which prevents further
systematic improvements.8,9 Recently, many high-pressure
investigations have been motivated by a theoretical study of
Vajeeston et al.,10 in which a new high-pressure modification of
LiAlH4 was found to have accelerated dehydrogenation kinetics
accompanied by some structural changes in Al−H bonding.
Thus, a detailed study on the high-pressure behavior of these
materials is highly desirable.
In recent years, sodium amide (NaNH2) has also attracted

considerable attention, although its theoretical hydrogen
capacity is only ∼5.1 wt %11 and obviously lower than that
of its counterpart LiNH2. Recent studies have indicated that
NaNH2 plays an important role in dehydrogenation of other
light metal hydride systems by forming some composite
hydrogen storage materials (i.e., NaNH2−LiAlH4,

12 NaNH2−
MgH2,

13 and NaNH2−LiBH4
14). Structural properties of the
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ambient-pressure phase of NaNH2 (hereafter, α-NaNH2) have
been extensively studied by X-ray and neutron diffraction
experiments.15,16 Under ambient conditions, α-NaNH2 crystal-
lizes in an orthorhombic lattice (space group Fddd) with lattice
parameters: a = 8.949 Å, b = 10.456 Å, and c = 8.061 Å.16 The
Na atoms are located at the 16f positions, N at the 16g
positions, and H at the 32f sites, and the structure contains
NaN4 tetrahedra with Na−N distances of 2.4 to 2.5 Å. The
electronic structure of α-NaNH2 has been studied by
Tsumuraya et al.17 using ab initio methods. However, there
have been very few studies of the high-pressure behavior of this
compound. Recently, Liu et al.18 have found pressure-induced
phase transformations of NaNH2 based on high-pressure
Raman and infrared (IR) spectroscopies. Under compression,
two phase transitions occur at about 0.9 and 2.0 GPa, as
evidenced by the changes in the characteristic Raman and IR
modes. However, detailed structural characterization of the
high-pressure polymorphs is extremely lacking. In addition, an
open issue is whether pressure leads to the formation of
hydrogen bonds between the neighboring NH2 groups in alkali
metal amides. Hydrogen bond is considered to play a significant
role in altering their physical and chemical properties including
frequency shifts of IR and Raman bands.19 In our previous
study on LiNH2,

20 hydrogen bonding was confirmed in high-
pressure phase. The existence of hydrogen bond is expected to
weaken the N−H polar covalent bonds in amides ions.
In this work, we identify the energetically favorable high-

pressure structures of NaNH2 up to 20 GPa using ab initio
evolutionary structure searches and further conduct a system-
atic theoretical study of pressure-induced structural transitions,
electronic structure, and lattice vibrational properties by first-
principles total-energy calculations.

2. COMPUTATIONAL DETAILS

To find the most stable structures at different pressures, we
employed an ab initio evolutionary algorithm (EA), as
implemented in the USPEX (Universal Structure Predictor:
Evolutionary Xtallography) code.21,22 This method has been
widely used to predict stable high-pressure crystal structures
without requiring any experimental information.23−25 In the
present work, variable-cell structure simulations for NaNH2
with one to four formula units (f.u.) were performed at 0, 10,

and 20 GPa without any symmetry constraints. The first
generation of structures was randomly produced. Each
subsequent generation was obtained from the lowest-enthalpy
60% structures of the preceding generation by applying
variation operators including heredity (65% structures), lattice
mutation (25%), and atomic permutation (10%).
The underlying total-energy calculations were carried out

with the Vienna ab initio simulation package (VASP), in the
framework of density functional theory (DFT)26 using a plane-
wave basis set.27,28 The exchange-correlation term was
approximated by the Perdew−Burke−Ernzerhof (PBE)29

functional, and the all-electron projected augmented wave
(PAW) approach30 was used to describe the core electrons and
their effect on valence orbitals. The valence states used were
2p63s1 for Na, 2s22p3 for N, and 1s1 for H. Plane-wave kinetic
energy cutoff of 600 eV and the k-point meshes with resolution
better than 2π*0.03 Å−1 in the reciprocal space were used.
Structural optimizations for cell geometry and atomic positions
were performed until the self-consistent total energy is
converged to 10−5 eV/cell, and the force on each atom is
<10−3 eV/Å.
The phonon calculations were performed using the frozen

phonon method as implemented in the FROPHO code.31 In
this method, the atoms in the crystal are displaced with respect
to their equilibrium positions, subject to constraints imposed by
crystal symmetry, and the resulting Hellmann−Feyman forces
are obtained through DFT calculations.32,33 The force constant
matrices were calculated in the 1 × 1 × 2, 2 × 2 × 2, and 2 × 2
× 2 supercells for α-, β-, and γ-NaNH2, respectively, using the
Parlinski−Li−Kawazoe method34 with a finite atomic displace-
ment of ±0.01 Å.

3. RESULTS AND DISCUSSION

In the pressure range of 0−20 GPa, seven energetically
competing structures are detected in our evolutionary structure
searches for NaNH2 with different unit cells. They are, namely,
the ground-state orthorhombic Fddd α-NaNH2, monoclinic
P21/m (KNH2-type structure), triclinic P-1, orthorhombic
P21212, monoclinic C2, monoclinic C2/c, and orthorhombic
Amm2 structures. Considering the structural similarity among
alkali metal amides, the tetragonal I-4 LiNH2-type structure is
also explored. As shown in Figure 1, except for the C2/c and

Figure 1. Crystal structures of competing NaNH2 phases: (a) orthorhombic Fddd α-NaNH2, (b) tetragonal I-4 LiNH2-type, (c) monoclinic P21/m
KNH2-type, (d) triclinic P-1, (e) orthorhombic P21212, (f) monoclinic C2, (g) monoclinic C2/c, and (h) orthorhombic Amm2. The large, medium,
and small spheres are Na, N, and H, respectively.
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Amm2 phases, all proposed structures are composed of slightly
distorted NaN4 tetrahedra in various packing arrangements and
NH2 amide group in different orientations. In the structurally
distinct C2/c and Amm2 phases, the distorted Na-centered
NaN6 octahedra and NaN8 cubes, respectively, are the building
blocks. One has to remark the orientational disorder of NH2
groups in the ambient-pressure α-NaNH2 and pressure-induced
ordering appearing in its high-pressure competing phases like
the P21212, C2/c, and Amm2 structures. For instance, the
layered P21212 structure is composed of a layer of Na+ ions
sandwiched between two NH2 layers. The C2/c structure also
has a layered packing of Na+ ions and NH2

− groups but is less
ordered than the P21212 and Amm2 structures.
The structural stability is investigated by calculating the free

energy of competing phases. In present work, all total-energy
calculations are performed at zero temperature. Therefore, the
Gibbs free energy becomes equal to the enthalpy, H = E0 + PV,
where E0 is the internal energy of the system. The calculated
enthalpy difference (ΔH) relative to α-NaNH2 as a function of
pressure is displayed in Figure 2. As observed in the recent

high-pressure experiment,18 two pressure-induced transitions in
NaNH2 occur upon pressure increase. The first transformation
from α-NaNH2 to P21212 phase (hereafter, β-NaNH2) occurs
at 2.2 GPa. Above 9.4 GPa, the C2/c phase (hereafter, γ-
NaNH2) becomes more stable than β-NaNH2. The Fddd→
P21212→C2/c (α→β→γ) structural transition sequence clearly
indicates a decrease in symmetry of NaNH2 with pressure. This
result is very similar to our previous prediction for the high-
pressure behavior of a related compound LiNH2 (I-4→Fddd→
P21212)

20 and also agrees with the proposal by Chellappa et al.
from the high-pressure Raman spectroscopy experiments on
LiNH2,

35 although the predicted transition pressures (around
2.2 GPa for α→β and 9.4 GPa for β→γ) are several GPa higher
than the experimental observations (0.9 and 2.0 GPa).
Figure 3 shows the pressure−volume relation of NaNH2

derived by fitting the third-order Birth−Murnaghan equation of
state.36 The α→β transition for NaNH2 is accompanied by a
large volume shrinkage of ∼11.3%, which is much larger than
the volume contraction (4.5%) induced by the same transition
for LiNH2.

20 The occurrence of structural transition from
orientationally disordered α phase to ordered β phase needs

substantial structural modifications in α phase (i.e., breaking
and reforming Na−N bonds). This means that the α→β
transition is sluggish and reconstructive. The β→γ transition
with volume reduction of 1.3% is expected to be a displacive
phase transition, which can be easily realized by slightly
adjusting the atomic position of Na ions and orientation of
NH2 amide groups.
The optimized equilibrium lattice constants and internal

atomic positions for α- (0 GPa), β- (2.2 GPa), and γ-NaNH2
(9.4 GPa) are listed in Table 1. Theoretical structural
parameters for α-NaNH2 are in good agreement with the
experimental values. The characteristic geometries of amide
ions in β- (2.2 GPa), and γ-NaNH2 (9.4 GPa) are shown in
Figure 4. The neighboring NH2 groups in β-NaNH2 are
perpendicular to each other, and each N−H bond is aligned
almost linearly with the N atom on its neighboring NH2 group,
forming the N−H···N bond. The calculated N−H···N bond
angle is ∼164.8° at 2.2 GPa (Figure 4a). For γ-NaNH2
displayed in Figure 4b, two neighboring NH2 groups
approximately lie on a plane, and the four N−H bonds form
a parallelogram with the N−H···N bond angle of 117.2° at 9.4
GPa. The intermolecular N···H distances in β- (2.2 GPa) and γ-
NaNH2 (9.4 GPa) are 2.472 and 2.413 Å, respectively, which is
significantly less than the sum of the van der Waals radii of N
and H (2.75 Å).37 As a result, the formation of hydrogen bond
in NaNH2 under compression is possible due to the specific
orientation of amide anions and short intermolecular N···H
distances, which can also be understood from our latter analysis
on electronic structure and vibrational properties of NaNH2. In
addition, as suggested in Figure 4, the strength of the
approximately linear N−H···N bond in β-NaNH2 is expected
to be stronger than that of the bent N−H···N bond in γ-
NaNH2.
Figure 5 shows the changes in the nearest intermolecular

N···H distance (dN···H), intramolecular N−H bond length
(dN−H), and H−N−H bond angle (∠H−N−H) with the applied
pressure for α-, β-, and γ-NaNH2. The dN···H as a function of
pressure in α-NaNH2 is not shown in Figure 5 because there
are no direct atomic contacts between N and H on the
neighboring NH2 groups in this phase. The intramolecular N−
H bond length dN−H in α-NaNH2 is highly compressed and
reduced from 1.031 Å at 0 GPa to 1.016 Å at 20 GPa, whereas
in the high-pressure phases, the corresponding reduction is only

Figure 2. Calculated enthalpies relative to α-NaNH2 as a function of
pressure for various structures. The structural transition points
induced by pressure are marked by arrows.

Figure 3. Calculated volume−pressure relationship for NaNH2
polymorphs.
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about 0.007 and 0.004 Å, which may be partially attributed to
the resistance against pressure effect resulting from the
hydrogen bonding in these two phases. Notably, in β-
NaNH2, dN−H is larger than in α- and γ-NaNH2 in the whole
pressure range considered here. This means that the strength of
N−H bond in each NH2 group in β-NaNH2 is lower than that
in α and γ phases. The weakening of N−H bond may facilitate
the hydrogen release from β-NaNH2. We also note that in the
high-pressure phases, especially in β-NaNH2, the ∠H−N−H angle
increases during compression; a similar phenomenon has been
observed in hydrogen-bonded systems like water in bikitaite.38

Data presented in Figure 5 imply that β-NaNH2 has rather
strong N−H···N hydrogen bonds.
To further analyze the nature of chemical bonding in

NaNH2, we present the total density of states (DOS) and
partial DOS of α, β, and γ phases at different pressures in
Figure 6. All three phases are insulators with a finite energy
band gap (Eg) between the valence band (VB) and conduction
band (CB). The calculated DFT band gap Eg for α- (at 0 GPa),
β- (at 2.2 GPa), and γ-NaNH2 (at 9.4 GPa) are 2.0, 2.9, and 3.1
eV, respectively. Note that it is well known that DFT
underestimates band gaps. The VBs are mostly composed of
N 2p and H 1s states, while the contribution from Na is
negligible. Therefore, even upon compression NaNH2 is
predominantly an ionic solid with the ionic interaction between
Na+ cations and the [NH2]

− anion complexes. The N 2p and H
1s states are energetically degenerate in the VB region, which
indicates that the N−H hybridization is remarkable and there is

strong covalent bonding between N and H in the [NH2]
−

subunits. It can also be found from Figure 6 that there is no
obvious difference in DOS between the α- and β-NaNH2. Their
VBs are split into three separate regions in the range from −8
to 0 eV, except for a little difference in peak profiles. On going
from β- to γ-NaNH2 the DOS peaks in the VB region become
broader, which mainly originates from the increase of the
density and modification of the coordination environment in
NaNH2 (i.e., NaN4 tetrahedra in β vs NaN6 octahedra in γ).
This broadening shows that electronic delocalization in γ-
NaNH2 increases under the influence of pressure. Moreover,
the Eg gradually increases accompanying the α→β→γ

Table 1. Optimized Structural Parameters of α- (0 GPa), β- (2.2 GPa), and γ-NaNH2 (9.4 GPa)a

atomic coordinates (fractional)

structure lattice parameters (Å, deg) x y z

α-NaNH2 (Fddd) a = 8.907 (8.949) Na: 0.0000 0.1407 (0.1452) 0.0000
Z = 16 b = 10.726 (10.456) N: 0.0000 0.0000 0.2328 (0.2365)

c = 8.289 (8.061) H: 0.0442 (0.0635) 0.9352 (0.9034) 0.3113 (0.3053)
β-NaNH2 (P21212) a = 4.307 Na: 0.0000 0.0000 0.5021
Z = 2 b = 4.328 N: 0.0000 0.5000 0.7898

c = 3.973 H: 0.1311 0.6305 0.9549
γ-NaNH2 (C2/c) a = 5.022 Na: 0.0000 0.3285 0.7500
Z = 4 b = 5.246 N: 0.0000 0.2222 0.2500

c = 4.839 H: 0.1158 0.0993 0.3972
β = 104.867

aFor comparison, the experimental values for α-NaNH2 from ref 16 are given in parentheses.

Figure 4. Geometries of amide ions in (a) β-NaNH2 at 2.2 GPa and
(b) γ-NaNH2 at 9.4 GPa.

Figure 5. Changes of intramolecular N−H distance (dN−H) in NH2
groups, intermolecular N···H length (dN···H) between neighboring NH2
groups, and H−N−H bond angle with pressure in NaNH2.
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transitions, which suggests that the ionic interaction in NaNH2
will become even more prominent upon compression.
To probe the existence of hydrogen bonding in NaNH2, we

calculated the charge density distribution (CDD). The
calculated CDDs for some selected planes across the NH2
groups for α- (at 0 GPa), β- (at 2.2 GPa), and γ-NaNH2 (at 9.4
GPa) are displayed in Figure 7a−c. The CCDs show that the
bonding interaction between Na and NH2 group is ionic, and a
strong polarized covalent bond exists between N and H atoms
in NH2 groups. In addition, the possibility of the existence of
hydrogen bonding in NaNH2 can be confirmed by investigating
the charge density (ρ) at the bond critical point (bcp). As
pointed out by Scheiner,39 hydrogen bond exists as long as the
electron density ρbcp at the bcp is in the range of 0.01 to 0.03
eÅ−3. As shown in Figure 7b,c, the ρbcp in β- and γ-NaNH2 are

observable and about 0.019 and 0.015 eÅ−3, respectively, which
meets the criterion of the formation of hydrogen bond. In
contrast with this, the ρbcp in α-NaNH2 (see Figure 7a) is 0.002
eÅ−3, indicating no hydrogen bonding in this phase.
The calculated phonon density of states (PDOS) for α-, β-,

and γ-NaNH2 at different pressures is presented in Figure 8.
The absence of imaginary frequencies in all PDOSs reveals that
the three phases are dynamically stable. Similar to the
experimental Raman spectra of NaNH2

18 and other amides
such as LiNH2

35 and KNH2,
40 the calculated PDOSs for

NaNH2 are mainly grouped into three frequency bands, which
correspond to the complex translational and librational motions
of Na+ cations and [NH2]

− anions, the bending mode (v2)
induced by H−N−H bond angle, and the N−H symmetric (v1)
and asymmetric stretching modes (v3), respectively. The

Figure 6. Calculated total and partial density of states for α- (at 0 GPa), β- (at 2.2 GPa), and γ-LiNH2 (at 9.4 GPa). Fermi levels are set to zero
energy and marked by dotted vertical lines; s and p states are shaded-blue areas and red lines, respectively.

Figure 7. Charge density distribution of NaNH2 within the scale of 0 to 0.05 e/Å
3: (a) the slice across the NH2 group for α-NaNH2 at 0 GPa, (b) the

slice across the NH2 group and its neighboring N atoms for β-NaNH2 at 2.2 GPa, and (c) the slice across the neighboring NH2 groups for γ-NaNH2
at 9.4 GPa. The hydrogen bond paths are denoted by the dotted lines.
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calculated peaks of PDOS for α-NaNH2 at 0 GPa are as
follows: bending frequency v2 = 1482 cm−1, symmetric
stretching frequency v1 = 3302 cm−1, and asymmetric stretching
v3 = 3375 cm−1, which are in good agreement with the previous
Raman spectra experiments by Cunningham et al.41 and Liu et
al.18 However, the pressure-induced changes in the PDOSs of
the three structures also exhibit significant differences. In the
low-frequency region, all lattice modes in β- and γ-NaNH2
significantly broaden and shift to higher frequency with
increasing pressure, especially for the librational modes.
Previous neutron scattering studies on NaNH2 have suggested
that the librational motions at about 400 and 550 cm−1 are
mainly ascribed to the wagging and torsion of [NH2]

− ions, and
the vibronic coupling can be found at these frequencies.42

Considerable broadening of these lattice modes is due to the
significant modifications of the [NH2]

− ions and vibronic
coupling of N and H in [NH2]

− ions in β- and γ-NaNH2. In the
medium-frequency region, the H−N−H bending modes show
an increase in frequency accompanying the α→β→γ
transitions. However, for the β and γ phases themselves, the
change in H−N−H bending modes upon increasing pressure is
very small. In fact, the bending modes v2 in β-NaNH2 even
slightly shift to lower frequency from 1562 cm−1 at 2.2 GPa to
1553 cm−1 at 5.0 GPa and then to 1537 cm−1 at 15 GPa, which
is mostly attributed to the influence of hydrogen bond in this
phase. In general, phonon frequencies in solids gradually
increase with increasing pressure, but for hydrogen-bonded
systems (as in β-NaNH2) the opposite effect can be seen. This
inverse effect is even more remarkable for the high-frequency
N−H stretching modes in β-NaNH2. The N−H symmetric and
asymmetric stretching modes in β-NaNH2 at 2.2 GPa distinctly
shift to a lower frequency (v1 = 3247 cm−1 and v3 = 3314 cm−1,
respectively). Moreover, the N−H stretching modes in β-
NaNH2 reach a minimum at ∼10 GPa and then begin to
increase again (v1 = 3258 cm−1 and v3 = 3342 cm−1 at 15 GPa).
γ-NaNH2 does not show such anomalies, and one can conclude
that H-bonding diminishes or disappears altogether upon the
β→γ transition. In addition, compared with the PDOSs of β-
NaNH2, the lattice modes below 480 cm−1 are diffuse and the
peaks of librations of [NH2]

− anions become broad and
overlapped in γ-NaNH2. This indicates the orientational

disorder in the γ phase is increased, being consistent with the
recent experimental observation on NaNH2.

18

4. CONCLUSIONS
We have performed a comprehensive study of the energetic and
structural properties of NaNH2 under compression using ab
initio total-energy calculations and evolutionary structure
prediction. The known α-NaNH2 phase together with other
six energetically competing structures under different pressures
has been identified in our evolutionary simulations. Static
enthalpy calculations have revealed that NaNH2 undergoes two
pressure-induced structural transitions with increasing pressure.
The ground-state α-NaNH2 first transforms into an ortho-
rhombic β-NaNH2 with space group P21212 at 2.2 GPa and
then into a monoclinic γ-NaNH2 with space group C2/c at 9.4
GPa, accompanied by volume reductions of 11.3 and 1.2%,
respectively. The predicted structural sequence (Fddd→
P21212→C2/c) of NaNH2 is very similar to the high-pressure
behavior of the related compound LiNH2 (I-4→Fddd→
P21212), suggesting that the trend of lowering symmetry
induced by high pressure may be common in alkali metal
amides. Calculated DOS and charge density clearly show the
ionic interaction between Na and NH2 groups and covalent
bonding within the NH2 groups. A detailed analysis of the
structural, electronic, and vibrational properties of NaNH2 has
shown that the N−H···N hydrogen bond emerges in β-NaNH2
but diminishes or disappears in γ-NaNH2. The existence of
hydrogen bond in the high-pressure β-NaNH2 weakens the
covalent N−H bonds within the NH2 groups and should
facilitate hydrogen release from NaNH2.
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