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ABSTRACT: All-nitrogen solids, if successfully synthesized, are ideal high energy
density materials because they store a great amount of energy and produce only
harmless N, gas upon decomposition. Currently, the only method to obtain all-nitrogen
solids is to apply high pressure to N, crystals. but the products such as cg-N tend to
decompose after releasing the pressure. Compared to covalent solids, molecular crystals
are more likely to remain stable during decompression because they can relax the strain
by increasing intermolecular distances. The challenge of such a route is to find a
molecular crystal that can become a favorable phase under elevated pressure. In this
work, we show, by designing a novel N4 molecule (tripentazolylamine) and searching
its crystal structures under a series of pressures, that the aromatic units and high
molecular symmetry are the key factors of achieving an all-nitrogen molecular crystal.
Density functional calculations and structure searches reveal that this new all-nitrogen
molecular crystal exhibits a particularly slow enthalpy increase with pressure due to the
highly efficient crystal packing of these highly symmetric molecules. Vibration mode
calculations and molecular dynamics (MD) simulations show the Njs crystal is
metastable at ambient pressure and could remain inactive up to 400 K. The initial
reaction steps of the decomposition are calculated following the pathway of concerted

excision of N, from Ns group revealed by MD simulations.
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INTRODUCTION

Nitrogen rich compounds are promising high energy density materials, not only because
they can release great amounts of energy upon decomposition'-2, but also because their
major gas product, diatomic nitrogen (N), is inert. non-toxic, and non-polluting. The
large energy release comes from the fact that the triple bond (N=N) of N, has the
greatest binding energy (~226 kcal mol-!) among all molecules®#. For these reasons, an
all-nitrogen solid would be an ideal high energy density material. However, these
materials have proven to be difficult to produce and stabilize. For example, the aromatic
pentazolate anion Ns  (with 6 electrons in its conjugated pi system) traditionally
requires binding with organic functional groups to be maintained in a controllable
metastable state and has only been successfully realized recently by organic synthetic
methods>!!. Alternatively, exciting progress has been made in high-pressure studies
showing that many metal pentazolates are thermodynamically stable under high
pressure'?!7. Recent experiments have demonstrated that lithium pentazolate produced
at high pressure could be recovered upon the release of pressure down to atmospheric
conditions. However, most of the pentazolate compounds, with very rare exceptions!3,
contain metals and/or organic groups that lower the energy density and contribute to
undesired products upon decomposition. The goal of obtaining metastable all-nitrogen

compounds remains unfulfilled.
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While applying the concept of high-pressure synthesis to all-nitrogen compounds,
we encounter a fundamental difficulty: aside from N, crystals, nitrogen compounds are
either not thermodynamically stable throughout the pressure range or cannot be
recovered in a controllable metastable form at ambient conditions!®-?*. At lower
pressure, the stable forms of nitrogen are N, molecular crystals in various lattice
arrangements>>-2’, The first stable high-pressure form of nitrogen is the “cubic gauche”
(cg)-N that was first predicted by Mailhiot et al.?® to form at pressures above 60 GPa
and subsequently confirmed by Eremets et al.?® in DAC experiments at about 110 GPa.
Many other polymeric nitrogen materials also have been predicted’*-33 including a
diamondoid Ny, structure that becomes the most stable form of nitrogen at pressures
above 263 GPa. All of these high-pressure forms of nitrogen consist of extended N-N
covalent networks. Unfortunately, these extended structures of nitrogen cannot be
recovered and maintained in a metastable state at ambient conditions because the N-N
bonds largely stretch away from their equilibrium length as high pressure is released

and reorganize into N, molecules.

The above results suggest that a more productive search for all-nitrogen high-energy
materials would focus on all-nitrogen molecular crystals rather than extended solids.
The crystals of all-nitrogen molecules, small or large, can more easily adapt to
atmospheric pressure conditions by increasing the inter-molecular distances and
avoiding significant deviations of intra-molecular N-N or N=N lengths from their

equilibrium values. So far, high-pressure methods remain the most feasible means to
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producing such materials. However, in order to apply such a methodology, the proposed
all-nitrogen compound needs to be, in a specific pressure range, either
thermodynamically stable or in a metastable structure not much higher in enthalpy and
be connected to the precursor state within a structure subspace constrained by kinetic
barriers. Generally speaking, we need to find an all-nitrogen molecular crystal that is
low in energy at ambient conditions (1 atm), and has a low enthalpy increase rate while
applying pressure. Ideally, the H-P curve of this compound can intercept the H-P curve

of a N, phase before it intercepts that of the cg-N.

The idea of computationally searching for promising all-nitrogen molecules is not
new, and numerous candidates have been predicted by quantum chemistry
calculations3#+42, However, these studies neglect the arrangement of these molecules in
crystals and the consequential response to pressure, largely due to the difficulties in
predicting the crystal structures of specific molecules. A few exceptions include the
linear Ng molecule whose crystal structure was recently reported*? and our recent work
that predicts the crystal structure Nj, molecules*. Calculations showed that the
enthalpy of crystalline Ng increases quickly with increasing pressure and exceeds that
of cg-N at about 20 GPa, a pressure that is much lower than the transition pressure (~50
GPa) from &-N, to cg-N. The rapid increase in enthalpy with pressure for crystalline Ng
is caused by the inefficient packing of these low symmetry molecules. This geometric

consideration poses a dilemma: larger nitrogen molecules possess more N-N and/or
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N=N bonds and store more energy, but they also pack poorly into crystals resulting in

low stability under high pressure.

In this work, we put forward a new all-nitrogen N;¢ molecule consisting of three N5
rings connecting to a center N atom that captures the advantages of size and good crystal
packing. This molecule maximizes aromaticity and is therefore low in energy. Using a
structure search method based on particle swarm intelligence®, we identified the most
likely crystal structure that features efficient packing of Nj¢ as a result of its high
molecular symmetry. Further first-principles calculations revealed that this compound
is low in energy at ambient conditions and its enthalpy increases at a relatively low rate
with increasing pressure. Although crystalline N still does not become globally stable
under high pressure, its enthalpy is much closer to those of cg-N and N, around their
transition point. This work demonstrates that all-nitrogen molecular crystals could be
prepared by high-pressure techniques if molecular and crystal structures are both
optimized. We also demonstrate in this work that electron doping can stabilize N¢ such

that it can become thermodynamically stable under high pressure.

METHODS

Molecular structure searches are performed using the CALYPSO code with the local
PSO minimization schemes*. Local structural relaxations are performed by density
functional theory as implemented in the Vienna ab initio simulation package (VASP
code)*’*%, The electron-electron interaction was treated with a generalized gradient

approximation (GGA) parametrized by Perdew-Burke-Ernzerhof (PBE) functional®.
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Projector-augmented-wave (PAW) was employed to describe the interaction between
valence electrons and the core’®!. To describe the intermolecular interaction of
molecular structured material, the van der Waals interaction of the optB88-vdW method
was added in calculations®>>3. Electronic wave functions are expanded with plane
waves up to a kinetic energy cutoff of 500 eV. The geometries were optimized using
the conjugate gradients (CGs) scheme until the force components on each atom were
less than 0.01 eV A, and the self-consistent field calculations were stopped when
energy was smaller than 1 x 108 eV atom!. Brillouin zone (BZ) integrations were
performed using a Gamma centered k-point mesh of 5 x 3 x 6. A phono spectrum was
calculated to examine dynamical stability, with a 2 x 2 x 1 supercell using the
PHONOPY package*. The canonical ensemble (NVT) was implemented in molecular
dynamics simulations with a large 2 x 2 x 1 supercell containing about 128 atoms to
check the thermal stability. All the molecular geometry optimization and transition state

calculation were performed with Gaussian 16 software at B3LYP/6-31G(d) level>>-3.

RESULTS AND DISCUSSION

The proposed N molecule consists of three N5 units that are isoelectronic to Ns-.
The N5 ion has 26 valence electrons (25 from the 5 N atoms and 1 from the charge),
10 of which occupy the bonding states of the five ¢ bonds in the ring and another 10
represent the 5 lone pairs. The remaining electrons occupy the m orbitals and apparently
follow the 4n+2 Hiickel Rule for aromaticity (n=1). Thus the N5 unit, as suggested by

Schleyer et. al.>*%0, is a fundamental stable all-nitrogen unit. The N4 molecule brings
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three of these N5 units together by replacing three H atoms in NH; (Figure 1a), and
thus named tripentazolylamine. It is important to emphasize that the tripentazolylamine
molecule is not aromatic and the central nitrogen in N¢ is bent like that in ammonia. It

features a dihedral angle of 24.35° between the central nitrogen atom and three

neighboring nitrogen atoms. This is in contrast to triphenylamine in which the central
N and the three neighboring C atoms are in the same plane corresponding to a dihedral
angle of 0°. Although the delocalization of the lone pair electrons on the central N atom
contribute to the stabilization of the whole molecule, the central N is between sp? and
sp? hybridization because of the spatial repulsion. The electronic structure calculations
of N¢ show that all of the N atoms in this N molecule are close to neutral by NBO
charge calculation and the number of w electrons on each Ns ring satisfies the 4n+2
rule of aromaticity. Vibration mode calculations show no negative frequencies for the
optimized N;¢ molecule structure, confirming that N;¢s can remain metastable as an

isolated molecule (Table S1).

To evaluate the stability of the Nc molecule, its energy was calculated and compared
to those of many previously proposed all-nitrogen molecules N, (2 <n =20). The
calculated energies with zero-point energy correction are shown in Figure 1b. Among
these N, molecules, N, molecule is most energetically stable due to its triple bond.
Besides N, the molecules bearing Ns rings (N6, N 158, and N143° — the latter two linking
the rings with one or two N=N units) show relatively low energies. In addition to these

molecules, the previously studied linear-Ng* and recently proposed Ng-EZE*
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molecules also have energies close to Ny¢. Although many high symmetry all-nitrogen
molecules such as the cubic Ng? and tetragonal N** are quite high in energy relative
to Ny¢, they can efficiently pack in a crystal and might assume significantly smaller
volumes under high-pressure and exhibit consequently lower strain energies (PV). It is
a major objective of this work to bring high pressure crystal strain energies into

consideration for predicting candidate all-nitrogen molecules.
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Figure 1. (a) Structures of the proposed N molecule and previously reported N¢-cage
cluster. The black and red color numbers are responding for bond length (A) or angle
and NBO charges, respectively, (b) Energy sequence of our predicted N along with
other nitrogen molecules by the energy per atom calculated at B3LYP/6-31G(d) level.
Configurations of Ny, N4, N¢¥, Ng (EZE* and cubic3®), No*7, N5, N 4%, N cage”

and Njy*! molecules are also provided for clarity.

In order to study the crystal strain energies due to compression, we need the crystal

structures of the all-nitrogen molecules under different pressures. In cases where the

10
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crystal structures were not known (as was the case with N¢ and cubic Ng), they were
predicted through an automatic crystal structure search method based on first principles
geometry optimizations and total energy calculations and the use of a particle swarm
optimization (PSO) algorithm. The thus predicted crystal structure of Nj¢ is shown in
Figure 2, together with the crystal structure of linear Ng conceived in the work of Benny

Gerber et al*3.

Only one crystal structure consisting of N;¢ molecules was found in the pressure
range from O to 100 GPa indicating that there is no pressure-dependent crystal structure
change for this compound. The obtained structure consists of 32 N atoms per cell and

is in the Cm space group (Figure 2a), detailed discussion can be seen in SI (Figure S1).

The average N-N bond length between the central nitrogen and pentazole rings
stretched slightly in the solid state compared to that in the gas phase. The average angle
between pentazole rings also decreased after packing in condensed phase (Table S2).
The dihedral angle between the central nitrogen atom and three pentazole nitrogen
atoms increases slightly from 24.35° in the gas phase to 25.75° in the solid phase. The
optimized lattice parameters for this structure are provided in Table S3. The structure
shows efficient packing for N;¢ molecules, not only because the N;¢ molecules are
highly symmetric, but also because the tridendritic geometry allows a good filling of
the space between neighboring molecules. The effective packing of N;¢ molecules
suggests that its crystal might have lower strain energy and become more stable than

other all-nitrogen molecular crystals under high pressure. The formation energy of Ny¢

11
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in the gas and solid states were calculated (Table S4). At OGPa the value for the solid
state (12.799 eV) significantly decreased from that in gas phase (17.178eV). Although
the formation energy is positive at 0GPa, it is negative when the pressure is higher than

80GPa. This suggests that synthesis under high pressure is possible.

i
)
T

23
P

1
E1t
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e

Figure 2. Crystal structures of (a) predicted Ny¢ crystal, (b) the reported Ng crystal

structure and (c) predicted cubic-Ng crystal structure.

To check the dynamic stability of this Ny crystal, its phonon band structure along
high symmetry line was calculated. As shown in Figure S2, no imaginary frequencies
were found, confirming its dynamic stability. In order to examine its thermal stability,
we performed ab initio molecular dynamics (AIMD) simulations for 6 ps containing
4000 MD steps at temperatures up to 350 K. No sign of dissociation to N;c molecules

in the crystal, which indicates the good stability of this new nitrogen molecular crystal.

12
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The final configuration and energy changes for molecular dynamic simulation are

shown in Figure S3.

The crystal enthalpies of N¢ were compared with those of linear and cubic Ng, cg-
N, &-N,, and dimondoid-N;, under a series of pressures up to 100 GPa (Figure 3a).
Under 0 GPa, crystalline N4 is the most stable among the studied all-nitrogen materials
except €-Nj itself. The crystal enthalpy of linear Ny is only modestly higher (0.048 eV
atom!) than that of N4 crystals while that of cubic Ny is significantly greater (1.13 eV
atom™'). Further, crystalline Ny is significantly lower in energy than the extended all-
nitrogen solids (0.52 eV atom!' and 1.21 eV atom™! for cg-N and diamondoid-N solids,
respectively). On the other hand, crystalline Ny¢ is 0.80 eV atom™! higher in energy than

€-N, which represents the large potential energy stored in the N¢ crystal.

2
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PV-PV cg {eV/atom

Figure 3. Pressure dependence of the (a) enthalpy, (b) internal energy and (c) PV
difference per atom of the N¢ crystal and some typical nitrogen crystalline solid relative

to the experimentally synthetized cg-N,.
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As external pressure increases, the enthalpies for the molecular crystals increase
faster than the extended solids (cg-N and diamondoid-N). However, among all the
molecular crystals, Nj¢ is the one that shows the slowest enthalpy increase with
pressure. The enthalpy of Nj¢ under pressure shows two important cross points as
pressure increases. At 40 GPa, it becomes higher than that of cg-N, and at 80 GPa, it
becomes lower than that of &-N,. Because cg-N becomes more stable than &-N, at 53.6
GPa, there is no pressure range that Nj¢ is the most stable allotrope. However, Ny is
the most stable all-nitrogen molecular crystal under high pressure. At 53.6 GPa, it is
0.128 eV atom™! higher than cg-N and &-N,, significantly lower than that of 0.327 eV
atom™! for linear Ng. Interestingly, electron doping (perhaps from metal incorporation)
can make crystalline N,¢ thermodynamically stable under high pressure. When 0.75%
extra electrons (i.e. 0.6 electron per N molecule) are doped into crystal models, Nyg
becomes more stable than cg-N up to 80GPa and is only 0.089 eV atom™! higher in

enthalpy over cg-N at 100GPa (Figure 4).
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Figure 4. Pressure dependence of the (a) enthalpy, (b) internal energy and (c) PV
difference per atom of the N4 and &-N, crystal relative to the experimentally

synthetized cg-N, with 0.75% extra electrons.

To understand the pressure induced stability changes for the all-nitrogen materials
and the underlying mechanisms, the crystal internal energies (Figure 3b) and PV terms
(Figure 3c) were calculated. Figure 3b reveals that the internal energies for the
molecular crystals increase almost linearly relative to that of cg-N under increasing
pressure, and this is the major driving force destabilizing them. It is interesting that,
among all the molecular crystals, the internal energy of N increases slowest. This is
largely due to the aromaticity of the N5 units in N;¢ molecules. On the other hand, the
contribution of the PV term is less significant and does not always change
monotonically with increasing pressure. The PV terms for the molecular crystals
relative to cg-N increase rapidly at lower pressures. However, they reach a plateau
around 20 GPa indicating that the compressibility of molecular crystals and cg-N
become similar beyond 20 GPa. Among all the molecular crystals, cubic Ng and N¢
have the lowest PV due to efficient packing within their crystal structures. Of the
molecular all-nitrogen materials, crystalline N distinguishes itself for having the
slowest increase in the crystal internal energy and PV term as a result of its aromatic

units and efficient crystal packing.

A good high energy material not only needs to store a large quantity of energy but

also needs to maintain stability and release the energy in a controlled fashion. The latter

15
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two qualities are determined by the decomposition pathways and kinetic barriers. While
calculation of a full energy landscape for such a complex material is impractical,
molecular dynamic simulations can provide a good estimation of its stability. We
performed AIMD calculations on canonical ensembles with large supercells containing
about 128 atoms at 400K, 800K, and 1000K, respectively. Figures 5a-5¢ depict total-
energies as functions of the simulation steps as well as the final equilibrium structures
at each temperature. These simulations exhibit stepwise curves corresponding to steps
in the decomposition pathway. The simulation at 400 K features a single significant
step representing the initiatory dissociation of one of the three Ns units in each Ny
molecule to N3 and N,. At 800 K, the energy curve shows two distinct steps for the
cleavage of two Ns units to N3 and N, in each N;¢ molecule. At 1000 K, the energy
progressively decreases with no obvious intermediate stages, and all the N5 units in the

crystal are decomposed by the end of the simulation. The decomposition pathway of

pentazole has been studied®!, and results show that the pentazole ring prefers to lose a
nitrogen molecule to form azide, this is the same as what we found in Nj¢* and N

molecular crystal decomposition.

Inspired by the AIMD simulations on the decomposition processes in N4 crystals,
we investigated the decomposition pathway of the N;¢ molecule using a DFT method
at the B3LYP/6-31G(d) level. The schematic potential energy surfaces for
decomposition products and transition states (TS) of the N;¢ molecule are illustrated in

Figure 5d. As predicted by the AIMD simulations, it is clear that the decomposition of

16
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the Nj¢ molecules begins with the concerted excision of N, from the N5 rings and
progresses with the sequential opening of all three Ns™ rings. Our DFT calculations
show that the transition barriers of the three ring opening processes are 7.1 kcal mol-!
for TS1 [N(Ns5);—>TS1—->N(Ns5),N3+N,], 4.8 kcal mol! for TS2 [N(Ns),N3;—
TS2—->NNj5(N3),+2N,], and 6.6 kcal mol! for TS3 [NNs(N3),— TS3—>N(N3);+3N,].
The low barriers for these reaction steps concur with the AIMD simulations that the Ny¢

crystal can easily release its energy along a well-defined initiation pathway.
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Figure 5. The structure and total-energy evolution for a Nj¢ crystal in AIMD

Energy (kcal/mol)

simulations at different temperature 400K (a), 800K (b), and 1000K (c), respectively;

(d) the energy profile of N molecular decomposition at the B3LYP/6-31G(d) level.

In conclusion, we propose a new all-nitrogen high-energy density material formed
by effective crystal packing of N;¢ molecules consisting of three linked aromatic Ny

rings. The combination of high molecular symmetry and aromaticity leads to

17
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superlative properties. At atmospheric pressure, Ny¢ is the lowest energy all-nitrogen
compound aside from molecular N, itself. Among molecular all-nitrogen materials, the
crystal enthalpy of Nj¢ increases slowest with increasing pressure due to its high
packing efficiency such that it becomes more stable than €-N, near 80 GPa. Although
the polymeric cg-N still is the most stable high-pressure form of all-nitrogen
compounds, the favorable low energy, dynamic stability, and slow crystal enthalpy
increase with pressure for crystalline molecular N4 makes it a potential candidate as an
all-nitrogen high energy density material. The demonstration of such a material that
combines the low energy metastability at atmospheric pressure and the low enthalpy
increasing rate shows that high pressure might be a promising route toward finding all-

nitrogen energy materials.
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