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Calculations predict a stable molecular
crystal of N8
Barak Hirshberg1, R. Benny Gerber1,2 * and Anna I. Krylov3
Nitrogen, one of the most abundant elements in nature, forms the highly stable N2 molecule in its elemental state. In
contrast, polynitrogen compounds comprising only nitrogen atoms are rare, and no molecular crystal made of these
compounds has been prepared. Here, we predict the existence of such a molecular solid, consisting of N8 molecules, that
is metastable even at ambient pressure. In the solid state, the N8 monomers retain the same structure and bonding
pattern as those they adopt in the gas phase. The interactions that bind N8 molecules together are weak van der Waals
and electrostatic forces. The solid is, according to calculations, more stable than a previously reported polymeric nitrogen
solid, including at low pressure (below 20 GPa). The structure and properties of the N8 molecular crystal are discussed
and a possible preparation strategy is suggested.

N

itrogen is one of the most abundant elements on Earth,
constituting 78% of the atmosphere in its elemental form
(diatomic gas N2). Under cryogenic conditions it exists in
the solid state as a crystalline solid in which N2 molecules, which
feature a very strong intramolecular triple bond (225 kcal mol21),
are held together by weak van der Waals intermolecular forces.
A question of great fundamental interest is whether other molecular
crystals made of pure nitrogen molecules may exist. Indeed, there has
been an intensive quest in recent years for new polyatomic molecules
and ions only made of nitrogen1–7, and theoretical studies have played
an important role in exploring the range and conditions of existence
of different metastable nitrogen species8–13.
A major motivation for this pursuit is that polynitrogen molecules
are expected to release large amounts of energy when decomposing
into the very stable N2 molecules. Therefore, these species are potentially promising as high-energy-density materials (HEDM). Among
the different energetic nitrogen compounds (nitrates, ammonia,
nitramines, azides, polyazides and so on), pure polynitrogen
molecules are particularly attractive, both because of the expected
high energy density and because the sole product of their decomposition is N2 , which is inert, non-toxic and not a greenhouse gas.
To date, most studies on polynitrogen species have involved isolated compounds in the gas phase. These include the experimental
detection of N3 , N4 and N5 − (refs 1–5). A notable discovery of nitrogen-rich species in the condensed phase is that of the ion N5þ
(ref. 6). This can be stabilized with various counter ions (including
nitrogen-rich ones) such as [B(N3)4]2 (ref. 7), and can be prepared on
a macroscopic scale. However, no molecular solid consisting purely of
Nn species has been detected or synthesized experimentally to date.
A number of nitrogen compounds have been predicted to be stable
in the gas phase8–10,12. In addition, several theoretical studies have also
investigated different phases of solid nitrogen14–16. Several chain-like
and three-dimensional solids have been predicted to be stable at
high pressure, including the polymeric, cubic gauche (cg-N) structure,
which was ﬁrst predicted in 1985 (ref. 17), which is the most stable
below 170 GPa (ref. 16). Among the high-pressure phases, at pressures
below 47 GPa, a molecular phase E-N2 has been predicted to be the
one with lowest enthalpy (at ambient pressure, the lowest enthalpy
phase is a-N2). The structures of a-N2 , E-N2 and cg-N are given in

Supplementary Fig. 1. A non-polymeric, molecular phase of nitrogen
consisting of a mixture of planar N6 and N2 has been considered
theoretically15. At pressures around 60 GPa, a barrierless transformation of E-N2 into a hybrid N6/N2 structure, in which the two
molecules appear in the unit cell, has been observed in calculations.
However, this structure has higher enthalpy than cg-N.
Experimentally, the cg-N form was characterized in 2004 (ref. 18).
This single-bonded form of nitrogen was synthesized directly from
molecular nitrogen at temperatures above 2,000 K and pressures
above 110 GPa. Such high temperature and pressure were required
because of the large energy barrier associated with this phase transition, which involves signiﬁcant rearrangement of bonds and a
large change of volume per nitrogen atom (35%). This leads to large
hysteresis in the phase transition, which explains previous failures to
produce cg-N. It also suggests a wide range of metastability for this
polymeric form. At room temperature, cg-N was found to be metastable down to 42 GPa (ref. 18). Another experimentally observed
form of nitrogen was a semiconducting dark amorphous form19 produced at 300 K and 240 GPa. It has been speculated that this form
consists of a mixture of small clusters of non-molecular phases.
Here, we report a theoretical prediction of a molecular crystalline
solid consisting of N8 molecules—a molecular form of solid nitrogen that is not composed of N2 molecules. As will be discussed
below, the solid is predicted to be stable even at ambient pressure.
It is computed to be highly energetic upon decomposition into
nitrogen molecules. The crystalline solid was obtained spontaneously (as discussed below) during the optimization of a tetramer
of N4 using periodic boundary conditions. The fact that N4 was
detected experimentally may suggest a strategy (admittedly speculative) for experimental preparation of this solid.

Results and discussion
For a molecular solid to be stable on a macroscopic scale, three
requirements must be satisﬁed. First, the molecular building
blocks should be stable in the gas phase. In addition, the molecules
(or ions) should retain chemical stability in the crystal, that is, they
should not react with their neighbours. Finally, the interactions
between molecules in the crystal should be of van der Waals and
electrostatic types, such that the chemical identity of the constituting
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Figure 1 | Crystal structure of the predicted N8 solid and bonding pattern in N8 molecules. a, Unit cell of the crystalline solid N8 showing the two isomers
EEE and EZE. b, Lewis structure of N8 as derived from NBO analysis. c, Crystalline lattice of the N8 solid, featuring the unit cell shown in a. The unit cell
contains two different isomers of N8 , EZE and EEE, 3.2 Å apart.

molecules is preserved. The study of the possible existence of solid
HArF is a dramatic example where this is not satisﬁed20; in this
case, bringing together HArF molecules results in decomposition.
On the other hand, a different compound, HXeCCH, was predicted
to be stable as a crystalline solid, retaining the chemical identity of
the isolated molecules21.
Initially, we intended to study the possibility of the formation of a
crystal composed of N4 molecules by studying the stability of small
clusters of N4. After ﬁnding a stable structure for a tetramer on the
potential energy surface, we initialized an optimization procedure
using periodic boundary conditions. This procedure converged
spontaneously to the crystal structure of solid N8 given in the following. Then, using plane-wave density functional theory
(PW-DFT) with periodic boundary conditions and the Perdew–
Burke–Ernzerhof (PBE) functional22 augmented by dispersion correction23 (PBE-D), we found that a solid consisting of two isomers of
N8 is stable at low pressure. To examine the robustness of the equilibrium structure we carried out calculations using several different
initial structures, including one in which an N8 molecule in the unit
cell is separated to N3 and N5 fragments 2 Å apart, and one in
which the terminal N3 group is rotated out of plane. The optimization led in all cases to the same ﬁnal structure.
Enthalpy calculations were also carried out and revealed that this
structure is more stable than the cg-N form below 20 GPa. At
ambient pressure, it shows 0.5274 eV per nitrogen atom stabilization relative to the cg-N form. For comparison, a-N2 is
1.4143 eV atom21 more stable than cg-N at ambient pressure. The
corresponding cohesive energy is found to be 41.1 kJ mol21
(9.8 kcal mol21), which is almost ﬁve times stronger than that in
solid N2. In the following we describe the computed properties of
this material, analyse its electronic structure and bonding patterns,
and present vibrational spectra calculations that might be helpful for
experimental detection and characterization of this exotic material.
Figure 1 shows the optimized unit cell structure of N8. The lattice
parameters are given in Table 1. The atomic volume V0 of this structure is 14.89 Å3, which is signiﬁcantly larger than that of cg-N
(6.767 Å3) but lower than that of a-N2 (21.202 Å3). The structure
is a true energy minimum, as veriﬁed by the fact that all computed
vibrational frequencies are positive. The structure is close to
monoclinic and the unit cell contains two N8 molecules 3.2 Å
apart (distance between N5 of EZE and N6 of EEE) (ref. 10).
Interestingly, the solid is composed of two different isomers of
N8 , cis (Z) and trans (E) linear chains (using the notations from
ref. 10, these are EEE and EZE isomers of N8).
The cohesive energy of N8 (computed as the difference between
the energy of the solid divided by the number of molecules in the
unit cell and the monomer energy) is 41.1 kJ mol21

(9.8 kcal mol21), which is substantially higher than that of N2
(the cohesive energy of the a-phase of N2 is 8.3 kJ mol21). This
stronger cohesive energy is due to considerable contribution of electrostatic interactions, as illustrated by the partial charges shown in
Fig. 2. Accordingly, a more reasonable comparison would be CO2
and acetonitrile, which have cohesive energies of 26 and
53 kJ mol21, respectively (Supplementary Table 4). Thus, cohesive
energy of the predicted solid N8 is similar in magnitude to the cohesive energy of a non hydrogen-bonded polar molecular solid such as
acetonitrile. To validate the methodology, we computed the optimized unit cell structures and cohesive energies of N2 , CO2 and
acetonitrile (Supplementary Table 4). We found that the methodology used gave structures and cohesive energies within a few
percent of the experimental values.
To examine the robustness of the prediction made with the PBE
functional we also re-optimized the structures and computed cohesive energies using another functional with empirical dispersion
correction (BLYP-D) and a non-local VDW-DF (van der Waals
density functional) designed for a more rigorous treatment of dispersion within DFT24. The variations in computed atomic
volumes were less than 10%. We note that VDW-DF predicts an
even larger cohesive energy than PBE-D (Supplementary Table 1).
The similarity of the results obtained by three different functionals
(and three different treatments of dispersion interactions) greatly
strengthens the conﬁdence in the prediction made here for the N8
solid. To further validate the plane-wave DFT calculations, we optimized the structures of the two isomers (EEE and EZE) and their
dimer using plane-wave PBE-D, PBE-D and vB97X-D with the
aug-cc-pVDZ basis set (see Supplementary Section II for full calculation details). The respective structural parameters and natural
bond orbital (NBO) charges are given in Supplementary Table 2.
We found that the variations in structural parameters due to different levels of theory are relatively small, for example, a maximal
change of 0.1 Å for N–N bond lengths. We also note that the
Table 1 | Unit cell parameters and lattice energy for
crystalline N8.
Parameter
a (Å)
b (Å)
c (Å)
a
b
g
V0 (Å3)
Lattice energy (kJ mol21)
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Value
10.72
4.53
6.90
91.5
84.9
45.9
14.89
41.1
53
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Figure 2 | Structures and HOMOs of the components of the solid. The structures and data calculated by NBO are shown on the left, the corresponding
HOMOs on the right. a, EZE and EEE isomers of N8. b, EZE–EEE dimer from the optimized unit cell. c, Lowest-energy dimer of the two isomers. Black, bond
lengths (Å); red, partial charges. Structures, molecular orbitals and charges are computed with vB97X-D/aug-cc-pVDZ. The unit cell geometry is the ﬁnal
geometry from the PW-PBE-D optimization.
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Figure 3 | Thermodynamic stability of different forms of solid nitrogen. a, Pressure dependence of the enthalpy (H ¼ E þ PV) difference with that of cg-N,
per nitrogen atom, and comparisons with other high-pressure phases of solid nitrogen. It is seen that solid N8 is predicted to be more stable than other
polymeric forms of nitrogen at low pressures (under 20 GPa). b, Computed energy versus volume dependence for cg-N and N8 solid, showing large
differences in atomic volume.

NBO charges computed by different methods are similar, which
provides additional support to the PBE calculations of the solid.
The electronic structure and energetics of N8 isomers have been
characterized in ref. 10, which investigated possible products of the
54

reaction between N5 + and N3 − . The structures and NBO charges
(as well as molecular orbitals) of the EEE and EZE N8 molecules
as well as relevant dimers are shown in Fig. 2. Additional data are
summarized in Supplementary Section VI.
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Figure 4 | Relevant energies (DH/DG, in kcal mol21) of the N8 isomers
and the barriers for decomposition (from ref. 10). The values for the EZE
isomer are shown in parentheses.

Both the structures and NBO analysis suggest that the bonding in
linear N8 can be described as a terminal triple bond (N4–N5 and N7–N8 ,
bond lengths of 1.13 Å), a central double bond (N1–N2 , 1.24 Å), a
weak single bond (N2–N3 , 1.4 Å) and a bond with a strong ionic character between N3 and N4 (1.26 Å) (N3 is assigned two lone pairs10)
(Fig. 1b). The structures of the two isomers (EEE and EZE) are very
similar, and the structural parameters are not strongly affected by the
interactions between the fragments in the isolated dimer (Fig. 2c)
and in the solid (Fig. 2b). The comparison10 with reference molecules
containing N–N bonds suggest that terminal bonds are stronger than
those in CH3N3 , whereas inner bonds are slightly weaker. The
double bond is weaker than that in CH3N ¼ NCH3 , and the single
bonds are stronger than those in (CH3)2N–N(CH3)2. A relatively
strong ionic character (charge separation of 0.2e between N3 and
N4) suggests that the individual N8 molecules will be stabilized in the
lattice environment, consistent with relatively strong cohesive energy.
Figure 2 also shows molecular orbitals of the isolated N8 molecules
and within the unit cell. We observe that the character of the highest
occupied molecular orbital (HOMO) does not change in the unit cell,
as expected for a molecular, non-metallic solid. We note that the solid
HOMO is localized on a lower-energy EEE isomer.
It is instructive to compare the computed cohesive energy
with the interaction energy of the isolated EZE–EEE dimer
(Eb ¼ 0.97 kcal mol21). If the solid was composed of unrelaxed
EZE–EEE dimers (and assuming only pairwise interactions
between the nearest neighbours), the cohesive energy would be

Infrared cross-section (km mol–1)

(iii) 2,169 cm–1

equal to Ecoh ¼ 0.5 × (Eb × 8 × 2 2 Eb) ¼ 7.5 Eb ¼ 7.3 kcal mol21.
This estimate (which neglects molecular relaxation, many-body
interactions and pairwise interactions beyond the nearest
neighbours), is close to the computed cohesive energy of the
solid (9.8 kcal mol21).
Figure 3a shows enthalpy versus pressure for several forms of
solid nitrogen (the results for solid N8 are computed with PWPBE-D; the data for all other forms are from ref. 16 and
Supplementary Section VIII presents details). Enthalpy calculations
reveal that at ambient pressure N8 solid is considerably more stable
than cg-N (the enthalpy stabilization per nitrogen atom is
0.5274 eV atom21). It is also more stable than other forms
(except, of course, the most stable high-pressure form, E-N2 ). The
difference is sensitive to pressure, and at 20 GPa, cg-N becomes
more stable. The atomic volumes of the two forms at this pressure
are 6.348 Å3 and 8.897 Å3 for cg-N and solid N8 , respectively. Thus,
due to the large change in atomic volume (40%) we anticipate signiﬁcant hysteresis for the transition between the two phases, as in
the case of the N2 to cg-N transition. Figure 3b, which presents the
computed energy versus volume dependence of cg-N and N8 , illustrates these large differences in atomic volume for the two forms
and that their relative stability can be reversed as a function of volume.
The relevant energetics and stability of N8 are summarized in
Fig. 4 using the values reported in ref. 10. The EEE and EZE
isomers are within 1 kcal mol21 of each other and are
15 kcal mol21 higher than the lowest-energy N8 isomer. The
barrier for EEE to EZE isomerization is 6 kcal mol21 (ref. 10).
Two possible decomposition pathways involve stretching of one
(or two) single bond(s) (N2–N3). As pointed in ref. 10, these barriers
are too low for linear N8 to be stable at ambient conditions.
However, stabilization in the solid should extend the stability of
this compound to a broader range of conditions. Based on the energies from Fig. 4 and the cohesive energy of the solid, the energy that
would be released by decomposing N8 solid into N2 molecules is
260 kcal mol21 (or 32.5 kcal mol21 per N).
We report the calculations of vibrational frequencies and infrared
intensities of solid N8 in Fig. 5. The most prominent feature is a
strong transition at 2,169 cm21. The next strong transitions are at
1,254 cm–1 and 1,231 cm–1. These vibrations can be described as
various combinations of the terminal NNN groups’ motions and
involve considerable amplitude of the polar N3–N4 bond stretch.
The fourth brightest transition is a bipedal-type vibration of the
EZE moiety. Note that the frequency of this mode, which corresponds to EZE to EEE isomerization, is larger than 900 cm–1,
suggesting that the isomerization between the isomers is somewhat
suppressed in the solid. A complete list of frequencies and a
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Figure 5 | Calculated infrared spectrum of N8 molecular solid and normal modes corresponding to the most intense transitions. The most intense
transitions correspond to motion of the terminal N3 groups (1,254 and 2,169 cm21). A bipedal mode is also shown at 923 cm21.
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comparison of the spectra of the solid and the isolated monomers
are given in Supplementary Section XI.
Finally, we would like to point out that the structure of N8 solid
was ﬁrst obtained in a calculation starting from a tetramer structure
of N4 molecules (our initial goal was to investigate the possible stability of a molecular solid composed of N4 moieties). We observed
that the optimization has converged to the solid N8 structure.
This result suggests a possible route for the synthesis of molecular
N8 by trapping N4 species (which were characterized spectroscopically in the gas phase) in a noble gas matrix, then melting the matrix
to enable diffusion. This pathway is, of course, merely speculative at
this stage. However, the key point is that the formation from N4 is
barrierless and, thus, spontaneous.
In conclusion, based on the results of electronic structure calculations, we predict a new molecular phase of solid nitrogen composed entirely of N8 molecules, which is expected to be
structurally stable at ambient pressure. In addition, this phase is
more stable than cg-N at pressures below 20 GPa. The solid is
chemically metastable towards decomposition to N2 due to the
inherent metastability of the N8 monomers. Isolated linear N8
isomers have relatively low barriers10 for decomposition
(10–30 kcal mol21). However, stabilizing interactions in the solid
may raise these barriers sufﬁciently such that this compound may
be synthesized experimentally. The unit cell of this solid features a
nearly monoclinic structure and has no imaginary frequencies at
the G-point (corresponding to zero wave vector). The density of
this solid is 1.561 g cm23 which is signiﬁcantly smaller than that
of cg-N (3.4355 g cm23) but larger than that of a-N2
(1.097 g cm23). On decomposition to N2 molecules, this compound
is expected to release 260 kcal mol21 (or 32.5 per mole of N). The
cohesive energy of this structure is 41.1 kJ mol21, which is almost
ﬁve times stronger than that in solid N2 and is similar to that of
other polar molecular solids with no hydrogen bonds (for
example, acetonitrile). The structure is stabilized by the electrostatic
interactions between the individual N8 molecules featuring signiﬁcant ionic character (charge separation of 0.2e along the N3–N4
bond). The computed vibrational spectrum suggests a way in
which this novel compound could be experimentally characterized.
The calculations of this work predict a conceptually interesting
new material that, if prepared, may ﬁnd applications as HEDM. It
will be an exciting challenge to attempt its preparation.

Methods
For solid periodic boundary conditions calculations, we used Quantum Espresso25.
The calculations made use of PW-DFT with the PBE-D functional22,23 and were
performed at ambient pressure (1 atm). To investigate the relative thermodynamic
stability, we also computed the enthalpies of the N8 solid and cg-N form at pressures
up to 50 GPa. To validate the PW-PBE-D results, we performed additional
calculations, not using periodic boundary conditions, with vB97X-D26 and MP2
(Moller–Plesset perturbation theory) methods using Q-Chem27. In addition, we
investigated the sensitivity of the computed structures and cohesive energies to
different functionals (BLYP-D) and dispersion treatment (that is, non-local DFT) as
well as initial structures used for optimization. The details of the calculations are
given in Supplementary Section II.
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