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A hybrid material where polymeric nitrogen chains are sandwiched between graphene sheets in the form of
a three-dimensional crystal, is predicted by means of ab initio simulations. It is demonstrated that chainlike
polymeric nitrogen phase becomes stable at ambient pressure when intercalated in a multilayer graphene
matrix. The physical origin of this stabilization is identified by studying the electronic properties of the system.
This approach of stabilizing polymeric nitrogen by means of external three-dimensional matrix constitutes a
path toward synthesizing different types of nitrogen-based high-energy materials.
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I. INTRODUCTION

The search for efficient and environmentally friendly
high-energy materials is among the most important tasks of
science and technology. A potential use of nonmolecular
forms of nitrogen as a propellant or explosive is extremely
promising in this regard.1 The idea of creating nitrogen-
based high-energy-density materials is based on a uniquely
large energy difference between single and triple N-N bonds.
The energy density of single-bonded polymeric nitrogen was
estimated to be at least three times higher than that of the
most powerful energetic materials known today.2,3 Moreover,
as a result of reaction, these systems decompose into mo-
lecular nitrogen which is environmentally safe. Several
stable forms of polymeric nitrogen have been proposed by
extensive theoretical studies4,5 and one of them, the so-called
cubic gauche �CG� form, has already been experimentally
demonstrated at high pressure and temperature.1 Several
other metastable forms of polymeric nitrogen have also been
proposed recently,6–8 they tend to consist of continuous ni-
trogen polymeric chains or chainlike clusters, packed to-
gether to form three-dimensional crystals. Some of these
structures were shown to be thermodynamically competitive
with the CG phase but none to be stable at ambient pressure
and temperature.

Recently, several authors of this paper proposed a concep-
tually different way of stabilizing polymeric nitrogen.9 It was
theoretically demonstrated that nitrogen chain can be effec-
tively stabilized when encapsulated in carbon nanotubes
�CNT� of proper diameter.9 This so-called “confined” poly-
meric nitrogen was shown to be stable at ambient pressure
and temperature by total-energy calculations. The mecha-
nism of stability was found to be due to a piece of elegant
physics, namely, a charge transfer from the nanotube to a
hybridized orbital that is created by conduction states of the
nanotube and the nitrogen chain.9 This charge-transfer
mechanism is however found to be sensitive to the radius
and chirality of the nanotube. For example, calculations
showed that for �3,3� and �9,9� carbon nanotubes, the stabi-
lization mechanism disappears and nitrogen chain breaks
into N2 molecules.

In this study, we theoretically propose a bulk hybrid com-
pound where polymeric nitrogen chains are sandwiched be-

tween multiple graphene layers. We show by total-energy
calculations that being intercalated in this multilayer
graphene matrix, polymeric nitrogen phase becomes stable at
ambient pressure conditions. We demonstrate that the stabil-
ity is also caused by charge transfer from the graphene ma-
trix to the nitrogen chain which also stabilizes the entire
three-dimensional structure. Since graphite structure does not
involve geometric parameters, such as radius and chirality in
carbon nanotubes, the polymeric nitrogen intercalated graph-
ite crystal should be a promising candidate for bulklike
nitrogen-based high-energy material.

II. METHODOLOGY

Our calculations were performed within density-
functional theory �DFT� approach,10 and generalized gradi-
ent approximation �GGA� �Ref. 11� was used to describe
exchange-correlation interactions. We used an accurate
PWSCF electronic structure code12 which employs norm-
conserving pseudopotentials13 and expands electronic eigen-
states on a set of plane waves. A 75 Ry plane-wave energy
cutoff was used in all calculations. A unit cell contained one
graphene sheet and one armchair-type nitrogen chain. The
nitrogen chain is placed on top of the graphene and oriented
along the zigzag carbon bonds of the graphene. We applied a
commensurability condition in the nitrogen chain direction,
taking two unit cells of nitrogen chain �eight atoms� and
three unit cells of graphene in the same direction. This re-
sulted in a small lattice mismatch of 0.04 Å per N atom and
allowed to keep the system size at computationally afford-
able level. Figure 1 shows the unit cell of the hybrid material
�which we refer to as N8@graphene�, doubled in the nitrogen
chain direction, as well as in direction perpendicular to the
graphene layers. For geometry relaxations, Brillouin zone
was sampled in 8 and 4 k points along the chain and inter-
sheet directions, respectively, which showed a good total-
energy convergence. The k sampling was significantly in-
creased for calculation of electronic properties, such as the
density of electronic states. The structure was completely
relaxed both with respect to atomic positions and to the unit-
cell size and geometry.

To test pseudopotentials and the basis set cutoff we first
performed structural relaxation of two forms of bulk nitro-

PHYSICAL REVIEW B 80, 115409 �2009�

1098-0121/2009/80�11�/115409�5� ©2009 The American Physical Society115409-1

http://dx.doi.org/10.1103/PhysRevB.80.115409


gen: CG structure and an unstable simple-cubic �SC� phase.
The obtained lattice parameter for the CG phase �3.78 Å�
agrees well with the experimental value �3.75 Å�;14 as well
as with previous theoretical results �3.79 Å�.14 The lattice
parameter for the SC structure �1.79 Å� is also consistent
with the one obtained by Mailhiot et al.4 �1.84 Å�. As one of
the test calculations, we also performed relaxation of the
“empty” graphene matrix, containing one graphene layer per
unit cell. The obtained interlayer distance of 4.54 Å agrees
with previously reported GGA results �4.5 Å� �Ref. 15� and
overestimates the experimental interlayer distance in graph-
ite �3.35 Å�. This is a well-known feature of generalized
gradient approximation, which fails to correctly describe the
van der Waals interactions between the graphene layers.
However, our choice of GGA was dictated by its higher abil-
ity �as compared to local-density approximation� to correctly
describe atomic and electronic structures of complex hybrid
compounds with inhomogeneous electronic-density distribu-
tions. In particular, using of GGA became standard in calcu-
lations of nitrogen structures in linear, planar, and bulk
phases, as well as in hybrid systems.8,9,16

III. RESULTS AND DISCUSSION

A. Atomic structure

The N8@graphene structure was relaxed starting from dif-
ferent geometric configurations of the nitrogen chain. Both
armchair and zigzag nitrogen chains were used as starting
configurations in parallel and perpendicular orientations rela-
tive to the graphene sheet. For each of four starting configu-
rations, nitrogen atoms were additionally shifted by 0.3 Å in
random directions to break a possible symmetry of initial
configuration. As a result of structural relaxation, the perpen-
dicular orientation of the nitrogen chain was always trans-
formed into a parallel one. Figure 1 shows the final lowest
total-energy configuration obtained as a result of geometry
optimization. The relaxed distance between the N chain and
the graphene sheet is 3.6 Å, which is smaller than the dis-
tance between the graphene sheet and the N2 molecule, re-
laxed on top of it �4 Å�. The following important conclusion
can be made from the geometry analysis of the relaxed struc-
ture: the nitrogen chain sandwiched between the graphene

sheets has a perfectly planar structure as a stable lowest total-
energy configuration. This is obviously not the case for free-
standing nitrogen chains which show strong off-plane defor-
mations due to electrostatic repulsion of the “lone-pair”
electrons localized on neighboring nitrogen atoms. The same
planar configuration of the nitrogen chain was observed in
the previously studied N8@CNT�5,5� structure9 which sug-
gests that a similar stabilization mechanism takes place in
both CNT and graphite cases.

B. Electronic structure

To understand the physical mechanism leading to the sta-
bility of the N8@graphene, we turn to the electronic structure
of this hybrid compound. Figure 2 shows the band structure
of N8@graphene, plotted along the momentum direction ori-
ented along the nitrogen chain. Band structures of the iso-
lated nitrogen chain and of the graphene sheet are shown for
sake of comparison. Here the atomic coordinates of both
isolated structures were taken from the relaxed
N8@graphene geometry to highlight the effects of chain-
graphene interaction. We observe in Fig. 2 that in the energy
range from −1 to +1 eV the band structure of the
N8@graphene is formed by a superposition of electronic
bands of the graphene sheet and the nitrogen chain, and no
hybridization takes place between the states of two systems
in this energy interval. At the same time, due to the differ-
ence in electronegativities between carbon and nitrogen, the
electronic bands of the two systems are rigidly shifted rela-
tive to each other by 0.6 eV, leading to a charge transfer from
the graphene sheet to the nitrogen chain.

The charge-transfer effect can be clearly seen on the elec-
tronic density of states �DOS� projected onto the atomic or-
bitals �Fig. 3�. To calculate this projection we use the SIESTA

program package17 which is a self-consistent DFT pseudopo-
tential code, employing atomiclike numerical orbitals as a

FIG. 1. �Color online� Left: the unit cell of the N8@graphene
crystal structure, doubled in the stacking direction, as well as in the
direction of the nitrogen chain periodicity. Right: the same system
viewed from the stacking direction, showing the configuration of
the planar nitrogen chain. The graphene sheet is represented sche-
matically for sake of clarity.

FIG. 2. �Color online� Band structure of isolated graphene sheet
�left�, isolated nitrogen chain �center�, and the N8@graphene sys-
tem, plotted along the periodicity direction of the nitrogen chain.
The zero of energy corresponds to the Fermi level for each system.
The central panel shows the squared wave functions for valence-
band maximum and conduction-band minimum of standalone nitro-
gen chain.

TIMOSHEVSKII et al. PHYSICAL REVIEW B 80, 115409 �2009�

115409-2



basis set. Comparing DOS projected on the graphene sheet
and on the nitrogen chain with the one of the isolated
graphene and standalone nitrogen chain, we observe that
charge transfer brings the Dirac point of the graphene sheet
to 0.5 eV above the Fermi level of the system. Integrating the
graphene-projected DOS from the Fermi level up to the
Dirac point gives 0.4 missing electrons which the graphene
sheet is donating to the nitrogen chain. Interestingly, the
same amount of charge transfer was found in previously
studied N8@CNT�5,5� structure.9 To visualize the redistribu-
tion of electronic charge in the system, we plot in Fig. 4 the
difference between the real-space charge distribution in
N8@graphene system and the superposition of real-space
charges for isolated graphene sheet and isolated nitrogen
chain. The accumulation of negative charge on the nitrogen
chain and the positive one on the graphene sheet creates an
effective electric field, which stabilizes nitrogen chain in its
planar form and counter forces possible off-plane deforma-
tions. Moreover, the accumulation of negative charge be-
tween positively charged graphene layers �Fig. 4� creates an
effective electrostatic attraction between them which stabi-
lizes the entire hybrid structure.

To get a more detailed understanding of the stabilization
mechanism, let us have a look at the electronic structure of
the standalone nitrogen chain, “extracted” from the graphene

matrix �Fig. 2�. The chain shows an insulating behavior, with
a small band gap of 60 meV. The top valence and lowest
conduction bands are formed by �-character states. Their
anticrossing behavior with the formation of the gap at the
Fermi level is a well-known effect of Peierls distortion
�chain dimerization�. Indeed, the observed bond alternation
for the nitrogen chain is �4% �1.27, 1.32 Å� and the same
effect was previously observed for zigzag nitrogen chains.18

To visualize the valence and conduction states of the nitro-
gen chain, we calculated the squared wave function of these
states, integrated in the energy window of 0.1 eV below the
valence-band maximum and above the conduction-band
minimum. The results are plotted in �Fig. 2�. We clearly see
that both states are of � type. Also, it can be noticed that the
orbitals of the valence states are oriented within the plane of
the N chain while those of the conduction states are oriented
perpendicular to this plane. When the chain is placed in the
graphene matrix, these conduction states become partially
populated by the charge transfer from the graphene sheets.
Their orientation toward the graphene sheets creates a set of
directed electrostatic bonds, which, in our opinion, stabilizes
the polymeric nitrogen chain by counterforcing any off-plane
deformations.

Together with a “rigid-band-model” type of charge trans-
fer, Figs. 2 and 3 also demonstrate a weak hybridization
between certain electronic states of the N chain and the
graphene sheet. This effect happens at 1.1 eV below and 1.6
eV above the Fermi level, and is due to the interaction be-
tween the � bands of the N chain and the graphene sheet.
This weak coupling leads to band repulsion with the forma-
tion of gaps of the order of 0.2 eV and modifies the DOS of
the nitrogen chain at the energies below −1 eV.

C. Total energy

To complete our study, we now discuss the total-energy
characteristics of the proposed N8@graphene structure, in-
cluding its cohesive energy, as well as total-energy differ-
ences with other nitrogen phases. As in any calculations of
binding energy for complex structures, the interpretation of
the obtained value strongly depends on the choice of refer-
ence systems. These systems should be carefully defined
based on our choice of “building blocks” of the complex
structure, between which the interaction needs to be esti-
mated. In the case of N8@graphene system it is the interac-
tion between nitrogen chain and the graphene matrix, which
needs to be estimated, and the problem becomes even more
complicated, as far as one of these building blocks—
standalone nitrogen chain—is itself an unstable system. To
overcome this problem we decided to take as reference sys-
tems a standalone, completely relaxed graphene sheet, and
nitrogen chain, which atomic coordinates equal to those in
relaxed N8@graphene system. Using of the N-chain configu-
ration, “extracted” from N8@graphene structure allows us to
estimate the interaction between nitrogen chain and graphene
matrix, caused only by changes in their electronic structure,
namely, by the discussed above charge transfer.

Using the described above reference systems, we found
that nitrogen chain gains 45 meV per N atom when it is
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FIG. 3. Electronic DOS for the N8@graphene system, as well as
for the isolated graphene sheet and nitrogen chain. DOS, projected
on the orbitals of graphene and nitrogen chain is shown for the
N8@graphene structure. A 0.05 eV broadening is used.

FIG. 4. �Color online� Electronic density redistribution upon
intercalation of the N chain into the graphene matrix. Accumula-
tions of positive and negative charges are shown with red and blue
color, respectively.
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introduced in graphene matrix. At first glance this interaction
is on the order of van der Waals interaction between neigh-
boring carbon layers in graphite ��43 meV,15�. However,
one should keep in mind that our calculations were per-
formed with GGA XC functional, which almost neglects van
der Waals interactions. For sake of comparison we calculated
the binding energy between two bare graphene sheets, relax-
ing the interlayer distance to the minimum of the total en-
ergy. Indeed, the obtained binding-energy value ��2 meV�
is considerably smaller, and agrees well with the results of
previous study, where the same value was obtained using
GGA functional.15 We also calculated the binding energy for
the system where polymeric nitrogen was replaced by the N2
phase, taking the graphene sheet and N2 molecules as refer-
ence systems. The obtained binding energy of �5 meV was
significantly smaller than 45 meV, observed in the case of
polymerized N chain. These test calculations demonstrate
that the interaction between nitrogen chain and graphene ma-
trix is more of electrostatic nature, and is due to the charge
transfer, caused by modifications in their electronic structure.
We should also note that the correct description of van der
Waals interactions should bring graphene sheets even closer
to each other, thus increasing the charge transfer between
two subsystems, which, in turn, should further increase the
stability of the whole system.

To have an idea about possible ways of experimental syn-
thesis of the proposed structure, we calculated the energy
difference between N8@graphene system and the molecular
phase of nitrogen, confined between graphene sheets. The
results show that these two phases are separated by a signifi-
cant energy gap of 2.2 eV per N2 molecule. The most natural
way to reduce the energy separation between these two
phases can be, in our opinion, the application of external
pressure in the direction perpendicular to graphene sheets.
We believe that applying pressure in stacking direction, com-
bined with employing certain catalysis elements, which al-
low to extend the bondlength of N2 molecule,19 could be
the most probable way of experimental synthesis of
N8@graphene structure. Of course, one should be aware of
additional reaction barrier, which separates the metastable
N8@graphene phase from the lower-energy N2 gas phase.
The estimation of this barrier would be of large importance
because it will give us the interval of temperature stability of
the N8@graphene system. This shows the necessity of a
separate profound study of formation barriers and thermal
stability of N8@graphene structure, in a similar way as it has
already been performed for N8@CNT�5,5� system.20

D. Comparison with N@CNT(5,5) system

It is interesting to discuss the analogy of the presently
proposed structure with previously studied N@CNT�5,5�
system9 where nitrogen chain is encapsulated in carbon

nanotube. In both systems the polymeric nitrogen is stabi-
lized via interaction with the graphene sheet: in the
N@CNT�5,5� case this sheet is rolled around the nitrogen
chain in the form of a nanotube while in the graphene case
the nitrogen chain is sandwiched in a multilayer graphene
matrix. This similarity explains exactly the same amount of
charge �0.4e� transferred to the nitrogen chain in both sys-
tems. We do observe two important differences between the
CNT and graphite polymeric nitrogen structure. First, the
charge transfer in graphite-polymer nitrogen hybrid structure
occurs without the formation of hybridized orbital between
the nitrogen chain and the host carbon matrix. For this rea-
son, the stabilization mechanism should be less sensitive to
the geometry and size of the system. Second, the proposed
graphite system has a layered bulk structure where the dis-
tance between the graphene layers can change thus allowing
to maximize their interaction with the nitrogen chain. This is
clearly not the case when a nanotube with a fixed diameter is
used as a host material. A further advantage of a bulk layered
form is that by changing the type of stacking we can build a
structure where one nitrogen chain is sandwiched between
two effectively independent graphene surfaces. This may in-
crease the amount of charge transfer and therefore increase
the stability of the confined polymeric nitrogen. Finally, a
possibility to effectively squeeze the N8@graphene structure
in the stacking direction, which is obviously not the case for
N8@CNT�5,5� system, opens more perspectives for experi-
mental synthesis of this high-energy material.

IV. CONCLUSION

In conclusion, we theoretically propose a hybrid com-
pound where polymeric nitrogen chains are intercalated in
multilayer graphene matrix. First-principles calculations of
structural and electronic properties of this system have
shown that the hybrid structure is stable at ambient pressure.
We found that polymeric nitrogen chains are stabilized in the
planar form by charge transfer from the host graphene ma-
trix. We have identified several advantages of using
multilayer graphene matrix to stabilize polymeric nitrogen in
a form of a three-dimensional bulk crystal, as compared to
the one-dimensional nanotube-based system. This result of-
fers a path toward experimental synthesis of bulk nitrogen-
based high-energy materials and invites further studies of
hybrid systems containing polymeric nitrogen.
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