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A metastable zigzag sheet phase of polymeric nitrogen has been theoretically predicted in phase transfor-
mations from the theoretically predicted structures of a denser nitrogen molecular zeta phase. Built from this
sheet structure, a polymeric nitrogen nanotube is postulated to comprise 18 zigzag single-bonded N6 motifs and
computationally modeled using first-principles density-functional theory. The metastability of the nitrogen tube
was demonstrated with structural optimization calculations, phonon dispersion calculations, and finite-
temperature first-principles molecular-dynamics simulations. Band-structure calculations show that this meta-
stable polymeric nitrogen nanotube is an insulator with a band gap of about 3.0 eV.
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I. INTRODUCTION

At near-ambient conditions, nitrogen as the major con-
stituent of air exists exclusively in a molecular form �i.e., as
a gas, liquid, or molecular solid� due to the very strong triple
bond of N2 molecules, the second strongest only to the CO
bond. The energy difference between the single- or double-
bonded nitrogen and the triple-bonded nitrogen systems sug-
gests that a huge amount of energy can be stored in single-
bonded polymeric nitrogen provided it is metastable. Thus,
polymeric nitrogen was considered as one of potential high-
energy density materials. In 1992, Mailhiot et al. theoreti-
cally predicted cubic gauche �CG� nitrogen to be the most
probable form of high-pressure polymeric nitrogen.1 Its ex-
istence was proved by Eremets et al. in 2004 using diamond
cell anvil experiments at 110 GPa and 2000 K.2 This new
member of single-bonded nitrogen materials has unique
properties including an energy density of about 27.89 kJ/g
and remains metastable at lower pressures down to a limit of
42 GPa. Since then a number of new metastable polynitrogen
phases have been computationally predicted3,4 while numer-
ous finite clusters of nitrogen were considered and computa-
tionally modeled using ab initio methods during the last
decade.5 Stable dodecahedral N20 was also predicted at vari-
ous levels of theories.6–8 A stable nanoscale fullerenelike N60
structure was found using a semiempirical computational
method but has not yet been confirmed by a subsequent
ab initio calculation.9,10

Theoretically, polymeric nitrogen may have a number of
solid-state covalent phases. Depending on the repulsion of
electron lone pairs, the energetically favorable polymeric ni-
trogen phases in general are characterized by the electron
lone pairs separated as much as possible, thus leading to a
great reduction in repulsion of lone pairs from the single-
bonded N-N moiety.1,11 In polymeric nitrogen CG, for in-
stance, the lp-N-N-lp dihedral angle is about 107° �lp repre-
sents the lone pair�, which results in gauche angle effects for
electron lone pairs.1,11 Black phosphorus �BP�, arsenic �A7�,
and layered boat-shape �LB� polymeric nitrogen phases all
exhibit layered structures; their internal energies can be re-
lated not only to the gauche N-N bond but also to trans and

cis N-N bonds in order to adapt two-dimensional characters.
These layered polymeric nitrogen structures, however, are
unstable at lower pressures because the bonds between
chains are the weakest in the structure. These weakest bonds
break at the ambient pressure, leading to the separation of
chains.12

Since the discovery of carbon nanotubes in 1991,13 the
fact that a graphitic sheet is the basic building block of all
carbon nanotubes has promoted synthesis studies of a class
of new nanotubes derived from stable layered structures of
various materials. Numerous examples of nanotubes have
been constructed from either main group elements or transi-
tion metals. For instance, single-walled stoichiometric
boron-nitrogen nanotubes, isoelectronic with carbon nano-
tubes, were synthesized14 and have been a subject of ab ini-
tio electronic-structure calculations.15 The graphitelike pla-
nar structures of boron nitride can be formed as a basic block
to build boron nitride nanotubes. Pure boron sheets and the
derived nanotubes have been predicted where the boron
sheets are not planar and the nanotube walls are “kinked.”16

Nonstoichiometric BxCyNz �Refs. 17 and 18� and CNx �Ref.
19� nanotubes have also been studied and synthesized. Phos-
phorous nanotubes based on the two-dimensional black
phosphorus allotrope20,21 and phosphorus fullerenes22 have
been reported. The question naturally arises is whether the
synthesis of nitrogen nanotubes and fullerenes is possible.
Nitrogen fullerenes9 were previously suggested together with
finite-size nitrogen nanoneedles and nanotubes23 but to the
authors’ knowledge, studies of pure polymeric nitrogen
nanotubes have not reported in the literature.

In this paper, first-principles calculation results are pre-
sented to reveal a stable layered polymeric nitrogen
phase—a zigzag sheet at lower pressures, and a pure poly-
meric nitrogen nanotube constructed with 18 zigzag N6 mo-
tifs along with the structural properties, metastability and
electronic structures of this nanotube.

II. TECHNICAL DETAILS

The present work is based on the calculations of density-
functional theory with the Perdew-Burke-Ernzerhof
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exchange-correlation functional24 implemented in the SIESTA

�Ref. 25� and VASP �Ref. 26� programs. The norm-conserving
pseudopotentials27 in the parameterization of
Troullier-Martins28 were used in the reference configuration

of nitrogen �He� 2s22p3 with a cutoff radius of 1.24 Ǻ. A
costumed SIESTA basis set of numerical “double zeta with

polarization” SEISTA basis set29 was used. A 20 Ǻ cutoff for
k-point sampling was employed based on the convergence of
geometries and relative thermodynamic stabilities. The real-
space mesh cutoff was set to 200.0 Ry using the SIESTA pro-
gram. VASP was used with the projector-augmented wave
method of Blöchl to treat the core states.30 A plane-wave
cutoff of 80 Ry was used and the Brillouin-zone integration
was performed using a Monkhorst-Pack grid with the same
number of k-point sampling generated by a 20 Å cutoff us-
ing SIESTA. In both SIESTA and VASP programs, a variable-
cell-shape conjugate gradient method under constant pres-
sure was applied to the minimization of the geometries, and
the standard Verlet integrator with Nose-Parrinello-Raman
method was used for the molecular dynamics with a 1 fs time
step.

For the stability of this pure polymeric nitrogen nanotube,
we calculated the phonon-dispersion relation following the
scheme proposed by Kunc and Martin.31 Within this method,
a 1�1�3 supercell is first created and all irreducible direc-
tions within the cell are searched for. This supercell contains
324 nitrogen atoms with sufficient size to limit the forces
inside the cell. After this, each plane of atoms perpendicular
to each direction is displaced along the three degrees of free-
dom to calculate the forces exerted on all atoms by the dis-
placement. The force constant matrix is then constructed and
used to calculate the dynamical matrix for the primitive cell
for different k vectors along the high-symmetry axes. The

square roots of the eigenvalues for the dynamical matrix give
the frequencies of the phonon modes for each k. The imagi-
nary frequencies correspond to directions of barrierless phase
transitions indicating instability of the phase.

III. RESULTS AND DISCUSSION

Figures 1�a�–1�d� show theoretically predicted layered
structures of polymeric nitrogen. These structures include
BP, A7, LB, and a new layered polymeric nitrogen phase,
which we name ZS since it is featured with a perfect zigzag
sheetlike structure. This phase was transformed from either
Pbcn or P212121 molecular nitrogen zeta phases32 at about
190 GPa with simple instantaneous homogenous isotropic
compression simulations. This predicted transition pressure
is consistent with the overpressure of �200 GPa required to
cause a transition in some experiments with cold
compression.33 The primitive cell of ZS is triclinic with
Pnma space group. At the ambient pressure, the primitive
cell vector lengths are a=8.6637 Å, b=2.3340 Å, c
=3.8588 Å and angles are �=�=�=90.0°, respectively. The
equivalent atomic positions, 4c�x , 0.2500, z� Wyckoff po-
sitions, could be recovered from �0.8014, 0.7500, 0.0550�
and �0.6985, 0.7500, 0.1672� in fractional coordinates by the
use of symmetry. Its pressure boundary range is from the
ambient pressure to 320 GPa in structural optimization cal-
culations. The space between two neighboring layers at the
ambient pressure is about 3.656 Å, along the �0,1,0�-
direction projection, it shows perfect zigzag chains charac-
terized with a 1.531 Å bond length and a 99.29° bond angle.
In contrast to the unstable BP, A7, and LB layered structures
in which the weakest bond between chains breaks at low
pressures,12 the ZS phase is stable even at the ambient pres-
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FIG. 1. Crystal structures of layered polymeric nitrogen; �a� BP with space group 63: a view with a 2�2�2 supercell, �b� A7 with space
group 167: a view with a 2�2�2 supercell and �c� LB with space group 11: a view with a 3�1�2 supercell and �d� ZS with space group
62: a view with a 2�2�2 supercell.
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sure because the connection bond between zigzag chains has
a length of 1.496 Å and is therefore not the weakest bond of
the structure. The calculated phonon dispersion at the ambi-
ent pressure is shown in Fig. 2. There are no negative fre-
quency modes, thus indicating its stability at the ambient
pressure. Moreover, first-principles molecular-dynamics
simulations also show its metastability at the room tempera-
ture.

Pure polymeric nitrogen nanotubes were then constructed
based on the ZS layered polymeric nitrogen phase. Figure
3�a� shows a simulated unit cell of the constructed polymeric
nitrogen nanotube with lattice constants, a=6.9011 Å, b
=30.2296 Å, and c=29.4123 Å, and lattice angles, �=�
=�=90.0°. The lattice constants and angles were all opti-
mized together with atomic positions using the variable-cell-
shape conjugate gradient method. At the end of optimization,
the simulated cell showed symmetry with space group Pmma
though no any symmetry constraints were applied in the
simulations. In terms of structural properties, it was found
that this nitrogen nanotube consists of 18 zigzag N6 which
are connected by nitrogen single bonds, shown in Figs. 3�b�
and 3�c�. There are two types of N6 zigzag motifs; the first
one is characterized with a bond length of 1.509 Å and an
angle of 99.28° while a bond of 1.444 Å and an angle of
105.57° are found for the second one. Chains 1 and 10 in
Fig. 3�b� belong to the second motif and the rest are the first
one. The chain-connection bond lengths vary depending on
the curvature of the tube surface, following the order of
1.544 Å, 1.522 Å, 1.518 Å, 1.522 Å and 1.544 Å from
chain 1 to chain 6, respectively. Obviously, the bond lengths
of zigzag chains are all larger than the chain-connection
bond lengths. In comparison with polymeric sheet structures
of BP, A7, and LB, this nanotube would appear to be com-
posed of four stripes from the sheets of A7 linked by short
stripes of BP and LB based on polymorphism of the tube
surface. However, this is not true since the connection bonds
between the chains are no longer the weakest bonds in the
structure as found in the PB, A7, and LB phase. In fact, the

stability of this nitrogen nanotube is related to its structural
properties, characterized by zigzag motifs and nonweakest
bonds between chains. It has already been observed from
previous simulations that zigzag chainlike polymeric nitro-
gen phases were always energetically more stable than other
chainlike ones such as trans-cis chainlike phases.4,12

In order to examine the metastability of this nanotube, we
performed a full phonon-dispersion curve calculation shown
in Figs. 4�a�–4�d�. A lack of negative modes in 324 phonon-
dispersion bands establishes the structural metastability of
the tube at the ambient pressure. Moreover, the lowest fre-
quency of acoustic branches is about 120 cm−1, which is
horizontal at the zone boundary position X, indicating no
weaker lattice modes. While the phonon-dispersion calcula-
tion rigorously confirmed the metastability of the nitrogen
tube, it does not elaborate the lifetime of this metastable
state. To further probe the metastability, first-principles mo-
lecular dynamics runs were performed at the room tempera-
ture using SIESTA due to its much higher efficiency. Several
independent runs were initiated at starting configurations
with randomly displaced coordinates by 5% of their inter-
atomic distance around the optimal positions and velocities
randomly chosen from the Maxwell distribution. The cumu-
lative time of all the runs was 10 ps. All these calculations
showed the stability of this nitrogen nanotube at the ambient
condition. Based on the structural properties shown above,
one can see that like the other purely single-bonded poly-
meric nitrogen phases, the stability of the tube is governed to
a large extent by the repulsion of lone pairs. The electronic
density and electron localization calculations showed that the
neighboring nitrogen lone pairs are generally pointing away
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FIG. 2. �Color online� Phonon dispersion of ZS calculated at
ambient pressure using a 3�3�3 supercell and a 2�6�2 k-point
mesh.

1

2

3
4

5 6

7
8

9

10

14
13

12

11

15

16
17

18

(a)

(b) (c)

FIG. 3. �Color online� The polymeric nitrogen nanotube; �a�
simulated unit cell of nitrogen tube with space group 51: a view
along �100�, �b� the cross section of the nitrogen nanotube showing
18 zigzag N6 motifs, and �c� a zigzag N6 motif.

METASTABLE POLYMERIC NITROGEN NANOTUBE FROM A… PHYSICAL REVIEW B 82, 125410 �2010�

125410-3



from each other. The exceptions to this are the segments
between chain 5 and 6 or between chain 14 and 15 by sym-
metry, which leads to the longest bond lengths between the
zigzag chains in the tube. In our calculations, some nitrogen
nanotubes with smaller diameters were also found by struc-
ture optimization simulations. However, further calculations
on the metastability show that they were dynamic unstable
due to negative frequency modes. In general, there were
more the weakest bonds between chains for nitrogen nano-
tubes with smaller diameters. Finally, we calculated the
nanotube band structure shown in Fig. 5. Like the other
single-bonded polymeric nitrogen phases again, the tube is
an insulator with an about 3.0 eV band gap. The enthalpy of
this nitrogen tube calculated at the ambient pressure is about
0.1 eV/atoms lower than the value of ZS phase but 0.2 eV/
atoms higher than the value of CG phase, indicating that this
tube is energetically favorable over ZS at the ambient pres-
sure. Thus, the energy capacity of this nitrogen nanotube is

about 1.378 kJ/g higher than that of nitrogen CG considering
potential high energetic materials.

It is challenging to experimentally synthesize this novel
polymeric nitrogen nanotube since the layered ZS phase is
required. Based on the calculations, synthesis of the ZS
phase from denser nitrogen molecular phases will need about
200 GPa pressure along with lower temperature. In general,
transformations of zigzag chainlike phases are theoretically
found much more favorable in cold compression than other
polymeric nitrogen phases. Thus, prevention of any transfor-
mation of zigzag chainlike phases in cold compression is one
of the key issues in experimental synthesis of this nitrogen
nanotube.

IV. CONCLUSION

We have presented an example of a metastable nanotube
composed of nitrogen atoms alone. This nitrogen nanotube is
wrapped with our recently predicted stable layered polymeric
nitrogen phase, which is transformed from denser molecular
nitrogen structures in cold compression. The metastability of
the nitrogen tube was confirmed by both a phonon-dispersion
curve and molecular dynamics calculations at room tempera-
ture. Their structural properties have been described together
with the band structure. A brief discussion on the possibility
of experimental synthesis of the pure nitrogen nanotube was
also included.
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FIG. 4. �Color online� Phonon dispersion of the nitrogen nano-
tube calculated at ambient pressure. There are 324 phonon disper-
sion bands. The dispersion relations are; frequencies �a� above
900 cm−1, �b� between 900 and 600 cm−1, �c� between 600 and
400 cm−1, and �d� between 400 and 0 cm−1.
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FIG. 5. �Color online� The band structure of the nitrogen nano-
tube calculated at ambient pressure with an energy band gap of
about 3.0 eV.
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