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Abstract

In this study, we investigate the potential of the 18-crown-6-like two-dimensional
(2D)-Ng structure to accommodate electrons from metals without compromising its
covalent nitrogen network. To address this inquiry, a series of M@2D-Ng complexes
were examined, with M representing a metal likely to exhibit a range of oxidation
states. Because of the layered structure of the parent bulk 2D-Ng structure, several
polymorphs were additionally studied to ensure the correct global minimum energy
structures were located on their respective potential energy surface. Employing our
crystal structure prediction enhanced by evolutionary algorithm and density functional
theory methodology, we successfully predicted the existence of 16 layered M@2D-Ng
complexes from a total of 39 MNyg systems investigated at 100 GPa (M = s-block Na-
Cs, Be - Ba and d-block Ag, Au, Cd, Hg, Hf, W, and Y). Among those, there are
13 quenchable M@2D-Ng compounds, which are dynamically stable at 1 atm. Orbital

interactions and bonding analysis show that the 2D-Ng presents a flat localized 7* band
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that can accommodate one or two electrons without breaking the 2D covalent nitrogen
network. Depending on the metal-to-polynitrogen charge transfer (formally 1 to 4
electrons), these N-rich phases are semiconducting or metallic at ambient conditions.
Ab initio molecular dynamics simulations show that the K(I)@2D-Ng and Ca(II)@2D-Ng
are thermally stable up to 600 K, while the Hf(IV)@2D-Ng compound is thermally not
viable at 400 K because of the weakening of the N=N bonds due to a strong 4-electron
reduction. These metal 18-crown-6 ring-based polynitrogen compounds, as expected
due to their high nitrogen content (8 nitrogen atoms per metal), could potentially
serve as new high-energy density materials. Metallic 2D-Ng intercalation compounds,
specifically K,@2D-Ng with x = 0.5 and 0.75, are predicted to be stable at ambient
pressure. The stoichiometric number of alkali has the capability to modulate the Fermi
level, thereby crossing a peak in the high density of states spectrum, which could
indicate the potential presence of superconductivity. Finally, we show that the 2D 18-
crown-6 polynitrogen 2D-Ng net functions as a cryptand which can stabilize oxonium
H30" and ammonium NHI cations through hydrogen bonding, opening up possibilities
for designing other intercalated guest-species within this w-conjugated layered 2D-Ng

allotrope.
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1 Introduction

Polynitrogen-containing materials have been extensively studied as high energy density
materials due to the significant difference in average bond energy between N-N single or
double bonds (160 and 418 kJ/mol, respectively) and triple bonds (954 kJ/mol) in the N,
molecule, which contributes to an impressive energy content of polynitrogen compounds.
While various theoretical studies predicted that pure nitrogen would have stable polymeric
phases - see prior in silico extended covalent allotropes of nitrogen- — it was not until 2004

that the experimental synthesis of the cubic gauche structure (cg-N) took place at extremely
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high pressures and temperatures (110 GPa, 2000 K).” This three-dimensional covalent ma-
terial, composed of single-bonded tricoordinated nitrogen atoms, has a remarkable property:
its estimated energy capacity is over five times greater than that of the most potent non-
nuclear energetic substances. However, upon release of pressure to ambient conditions, cubic
gauche nitrogen undergoes transition to the molecular phase. The weak N-N bonds do not
hinder bond cleavage due to the low activation barrier. An effective method of increasing
the stability of a polynitrogen compound is to establish a nitrogen network consisting of
single and double bonds, and to form nitrogen-rich alloys with other elements. Stabilizing
the bond between metal cations and anionic polynitrogen motifs allows the formation of
new high-energy density materials (HEDMs). Linear double-bonded azide N3 and aromatic
5-ring pentazolate N5 are two experimental molecular motifs that illustrate this concept.
Their salts are known to be viable under ambient conditions."™ The quest of materials with
a high nitrogen content remains a coveted goal in scientific research. This is due to their

significant chemical value and potential as eco-friendly, HEDMs.

A fruitful approach to obtain "polymerized nitrogen" involves adjusting the pressure to
overcome the significant kinetic barriers present in the reaction of metal M and Ny, while also
achieving thermodynamic stabilization of the resultant M;N, products.” A few examples of
such high-pressure products containing polynitrogen units are KyNg, 7 YNg, * TaN5, © and
TiN,. @ Alongside these characterized polynitrogen anionic motifs, there is an expanding
collection of proposed polynitrogen networks arising from thorough intensive crystal structure
prediction (CSP) studies. A large number of metal-nitrogen binary systems under pressure
have been studied in the last decade yielding new (meta)stable nitrogen-rich compounds,
such as Ti-N, " Mg-N,"” Ba-N, " and Sn-N, ' from our research among others. Molecular,
one-dimensional, and few two-dimensional polynitrogen networks have been predicted, with
a few being successfully synthesized (e.g. TiN,,'" MgNy, '), although most have not yet

been investigated experimentally by high-temperature/high pressure (HT/HP) techniques.
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In this active field, our team has recently proposed a new two-dimensional (2D) nitrogen
allotrope, henceforth referred to as 2D-Ng, a phase derived from the predicted high-pressure
stable layered Xe@Ng compound at 100 GPa. = Figure 1 displays the covalent network of
this 2D nitrogen structure. Within the extended covalent nitrogen monolayer, each 18-ring
unit contains six N=N moieties and six 3-coordinated sp® nitrogen atoms, which can be
formally reduced via an oxidizing agent. Furthermore, the approximately 5 A hole has the
capacity to accommodate a cation, which is stabilized by the bonding of lone pairs from the
nearest sp? nitrogen atoms. In M@2D-Ng, each 18-crown-6 moieties can play the role of a
cryptand that is able to complex a cation (electropositive metal M). Additionally, the layered
nature of the bulk Ng structure enables cation intercalation between monoatomic nitrogen
layers. This opens up possibilities for tuning the electronic properties of M@2D-Ng materials
through charge transfer from M to the nitrogen network. Moreover, the anisotropy of the
binding forces in these layered materials may provide intriguing characteristics. Finally,
it is conceivable that a sea of cations could stabilize 2D-Ng. The imbalance caused by the
reduction of the N=N units in M@QNg could be compensated for by the ionic bonding between
cations and anionic polynitrogen sheets. Ultimately, the existence of M@2D-Ng can boost

the feasibility of such a nitrogen-rich systems and expand the hypothetical HEDMs.

o N!

Figure 1: Schematic structure of the 2D-Ng monolayer. N%nd N° refer to 2- and 3-
coordinated nitrogen atoms, respectively.
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2 Methodology

To address these hypotheses, we have conducted an wn silico investigation of M@2D-Ng
using ab initio crystal structure prediction (CSP) searches. From the only knowledge of the
composition (1 M, 8 N), the lowest energy phase on the potential energy surface (PES), i.e.,
global minimum, is determined using the evolutionary algorithm (EA) method implemented
in the USPEX code, "~ as well as metastable phases, i.e., local minima. This CSP technique
has demonstrated success in predicting a vast range of chemical systems (e.g., clusters,
polymers, surfaces, 2D and bulk materials).”” We then extensively conducted EA-DFT CSP
searches for the MNg compounds at 100 GPa, where M represents alkali (Li to Cs), alkaline
earth (Be to Ba), and 29 d-block (Sc to Zn, Y to Cd, and Hf to Hg) elements, utilizing the
fixed-composition (FC) EA combined with DFT calculations at the Perdew-Burke-Ernzerhof
(PBE) gradient-corrected exchange and correlation functional.”” The total number of atoms
included in the primitive cell is up to 36 for FC-EA searches (Z = 1-4), unless otherwise
stated. Find detailed information in Section S1 regarding to the CSP-EA DFT methodology,

including the different levels of theory applied to fully explore the potential energy surfaces.

All structure relaxations (shape, volume, and atomic positions) and energy calculations
were carried out using the the Vienna Ab Initio Simulation Package (VASP).”*” We care-
fully checked the viability - thermodynamic, dynamic, and thermal stabilities- of selected
predicted compounds, and the methodological details to optimize chosen low-energy M@2D-
Ny candidates, determine their electronic and bonding properties, and the M@2D-Ng kinetic
and thermal stabilities through ab initio molecular dynamics (AIMD) simulations are given
in the Supporting Information (SI). In the following, the structural parameters and en-
thalpies are presented at the r2SCAN-+rVV10 level of theory.””* The r2SCAN revision
of the strongly constrained and appropriately normed (SCAN) meta-generalized gradient
approximation (meta-GGA) coupled with rVV10 for dispersion forces is recommended as

stable, general-purpose meta-GGAs for materials discovery. Meanwhile, the band structure
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and energy gap are determined using the hybrid Heyd-Scuseria-Ernzerhof (HSE06) func-
tional level of theory.”” Dynamic stability of the structures is established by the absence
of imaginary phonon frequencies, which are computed using the finite displacement method
implemented in the PHONOPY code.” To perform chemical bonding analysis, we carry out
crystal orbital bond index’* (COBI), crystal overlap Hamilton population (COHP), using
the LOBSTER package’’), and electron localization function’® (ELF) from the optimized
geometries obtained from VASP. Finally, images of the crystalline structures are produced
using VESTA software.”” Additional details for the USPEX, VASP, and PHONOPY calcu-

lations are provided in Section S1 of the SI.

3 Results and discussion

We start our discussion on novel predicted MNg with M being a s-block element. The global
minima for MNy all contain the extended 2D network of 18-crown-6 with M representing an
alkali or alkaline-earth metal, with the exception of LiNg and BeNg that exhibit alternative
ground-state structures, i.e., a one-dimensional anionic polynitrogen chain, -(N=N-Ng ), (see
Figure S2). The ground-state structures of high-pressure LiNg and BeNg phases are discussed
in Section S5.1. The smaller size of the LiT and Be?" cations can explain the dynamical
instability of the 18-ring-based R-3 LiNg and Cc BeNg stationary points on the 1:8 MNg PES
at 100 GPa, but also the more compact volume of their ground-state phases; 5.642 A3 /atom
for R-3 LiQ2D-Ng vs 5.468 A3 /atom for ground-state P-1 LiNg and 5.653 A?/atom for Ce
Be@2D-Ng vs 5.357 A3 /atom for ground-state P-1 BeNg (see figure S2).

Table 1 summarizes the dynamically stable ground-sate M@2D-Ng systems discovered
at 1 atm and 100 GPa (T = 0 K). All these 18-ring-based phases exhibit no imaginary

frequencies in their complete phonon dispersion curves, as demonstrated in the Section S6.

Over 80000 different structures of bulk MNg were examined at 100 GPa through extensive

EA-DFT CSP searches resulting in the identification of 11 different low-lying layered M@Ng
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Table 1: Predicted M@2D-Ng Phases at 0 and 100 GPa. The Calculated Enthalpy of For-
mation (AHy) and the Velocity of Detonation (VoD) for Predicted M@2D-Ng Phases at 0
and 100 GPa. The AH; and VoD Are Given in meV /atom and km.s™!, Respectively, at the
r’SCAN+1rVV10 Level of Theory.

M Pressure Space eTol AH® VoD
(GPa) | PPACC B (1ev /atom) | (km.s™?)
Na 0 Ce 526 13.1
100 Ce 624 7
K 0 P6/m 195 12.4
100 P6/mecc -598 /
Rb 0 P6/mcc 502 11.5
100 P6/mecc -487 /
|0 P/6m 516 10.4
100 P/6m 202 7
Mg 0 Cc 462 13.9
100 o 729 7
Ca 0 Ce 219 10.9
100 Cc -1033 /
gy 0 Ce 243 10.2
100 o “098 7
Ba 0 Cc 256 10.1
100 o 7655 7
Au 0 P-1 991 16.0
100 P-1 200 7
0 P2, 757 14.9
Cd 59 Cc 313 7
Hf 0 P2, 311 13.8
100 P2, 2655 7
He 0 Pm 868 14.7
100 P-1 55 7
W 0 P-1 881 17.9
100 o 7303 7
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prototypes which constitute our M@Ng database. In each prototype, M is substituted by the
desired metal either from the s- or d-block elements. Those structures were fully optimized

using different functionals (refer to Table S5).

Among the 11 optimized prototypes, the 5 low-energy phases of M@2D-Ng are lying in an
energy window of 7 kJ.mol™! and 9 kJ.mol™!, at 0 and 100 GPa, respectively. The difference
in weak forces related to e.g., the layer stacking, cation intercalation sites, cation-cation
interatomic separation, should govern the thermodynamic stability of M@2D-Ng. Therefore,
depending on the experimental conditions of their synthesis, e.g., temperature, crystallization
process, reactants, it can be expected that M@2D-Ng can crystallize in different space groups,
but all exhibiting the 18-crown-6 topology for the two-dimensional covalent nitrogen network.
We note that our EA-DFT CSP searches successfully recovered the P6/mcc KNg at 70
GPa as previously reported by Steele and Oleynik.”” However, no information regarding the

quenchability of this high-pressure phase KQ2D-Ng under ambient pressure was provided.

Let start our structural, energetic, and electronic density analysis on M@Q2D-N8 with M an
alkali or alkaline earth metal. The calculated enthalpy of formation (AH/) and the velocity of
detonation (VoD) for predicted s-block M@2D-Ng phases at 0 and 100 GPa are presented in
Table 1. Their low-energy phases crystallize into three different space groups, namely P6/m
(Z = 1), P6/mcc (Z = 2), and Cc (Z = 2). These phases differ mainly by the oxydation state
of the metal and the repulsive cation-cation interactions; for the alkaline earth dications (Cc
phases) the larger M-M separations are the more stable is the phase. We note that the
ground-sate M@2D-Ng is not found by ‘direct” USPEX CSP EA-DFT searches, but from
our collected 11 prototypes (See Section S3). Nevertheless, the energy difference between
USPEX-based phase and polytypes-based one is tiny (< 0.030 eV /atm, 3 kJ/mol at PBE

level of theory).
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Figure 2: Crystal structures at 0 GPa of (a) P6/m K@Ng and (b) Cc Ca@Ng at the
r’SCAN-+1VV10 level of theory. Distances are given in Angstroms. Nitrogen, potassium,
and calcium atoms are represented in grey or darkblue, purple, and green spheres, respec-
tively.

These structures exhibit notable distinctions in comparison to the stacking of 2D-Ng mono-
layers, specifically regarding the positioning of the cations. They can either be found within
the hole of 18-crown-6 moieties (referred to as an intralayer position) or situated between
two layers (as depicted in Figure 2). As a result, the separation between cations is greater
in the Cc phase compared to the P6/m phase. For instance in Ca@2D-Ng at 0 GPa, the
cation-cation separation measures 4.10 A in the Cc phase compared to 3.17 A in the P6 /m
phase . Similarly, at 100 GPa, these distances are 2.97 A and 2.33 A, respectively. Such a
characteristic elucidates the slight energy variation observed in the studied s-block M@2D-Ng

phases.

Following the Zintl-Klemm concept,”” when electropositive M is intercalated in bulk 3D-
Ny, the electropositive element gives one electron (alkali cation) or two electrons (alkaline

earth dication) to the polynitrogen network Ng (See our ELF analysis in Section S8). The
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closest M—N interatomic separations of ~2.4 A (M = Mg) - 3.2 A (M = Cs) are calculated
in M@2D-Ng phases at 0 GPa at the r?SCAN-+1VV10 level of theory, an expected range
of such ionic bonds.”™ The cation M"* (n = 1, 2) is eventually stabilized through ionic
bonding to polynitride (Ng)"~ network in alkali/alkaline earth-based M@2D-Ng. Thus, due
to this charge transfer, one can expect a structural modification of the two-dimensional
covalent polynitrogen framework. The main structural feature that happens is related to
the elongation of the six NY=N? units of the 18-ring, as expected for the reduction of a
double-bond molecular unit. The N%-N? bond distance is going from 1.26 A in pure 2D-
Ng to, e.g., 1.31 A in K@2D-Ng and 1.36 A in Ca@2D-Ng. This bonding effect is well
reflected by the crystal orbital bond index (COBI)? analysis. From pure 2D-Ng to K@Ny,
the averaged ICOBI of N%-N¢ bond are 1.64 and 1.30, illustrating the N%-N¢ elongation upon
one electron transfer from K to 2D-Ng. In the alkali series, Na to Cs, the N-N¢ ICOBI values
do not significantly vary, a signature of the full electron transfer from electropositive metal
to the polynitrogen 2D network. Furthermore, the N*-N?¢ ICOBI - formally the single N-N
bond depicted in a resonant structure - are 1.09 (pure Ng) and 1.15 (K@2D-Ng). The 7
delocalization, represented by the symbol §, indicates the variance between the N4-N¢ and
N?-N? COBIs values. The pure 2D-Ng structure displays a ¢ value of 0.55, while the K@2D-
Ny structure exhibits a lower § value of 0.15. The introduction of K atoms into the layers of

2D-Ng promotes enhanced delocalization of the 7 electrons within the 18-ring layer.

In K@2D-Ng, the polynitrogen ring is flat, while the 2D covalent Ng monolayer, P-3
phase, is slightly buckled (as well in bulk 3D-Ng) at atmospheric pressure with a calculated
layer thickness of 0.2 A (0.2 A in bulk R-3). This buckling is related to the expected
pyramidalization of sp®-N, as encountered for instance in the mixing of symmetry-allowed
s/p orbitals when NHj goes from planar to pyramidal trigonal configurations.” This known
Jahn-Teller effect stabilizes the buckled structure and opens a band energy gap (1.4 €V in
P-3 2D-Ng at HSE06/ /r2SCAN+1VV10 level of theory). In the formal intercalation of K

atoms into the layered 3D-Ng compound, a notable change occurs in the structure of each
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nitrogen layer, specifically the 2D-Ng. The originally trigonal pyramidal N* atom becomes
trigonal planar, resulting in a flat configuration. The energy difference between these two
structures is relatively small, approximately 30 meV /atom, as denoted by AH(buckled P-3
- planar P6/m). This observed buckled-to-planar phenomenon appears to be linked to the

chemical precompression induced by K.
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Figure 3: A scheme of the 7* at I" k-point is indicated in (a). The p, denotes the 2p,(N) =
orbital that is perpendicular to the Ng monolayer. The calculated projected band structures
at the HSE06/ /r2SCAN+1rVV10 level of theory for (b) P6/m 2D-Ng, (c) P6/m 3D-Ng, (d)
P6/m K@2D-Ng,(e) Cc Ca@2D-Ng and (f) P2/m Ky 5@2D-Ng at 0 GPa.
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In order to comprehend the effects of M-to-N charge transfer on the structural and elec-
tronic characteristics of M@2D-Ng, a thorough examination of the electronic structures of
pure hexagonal P6/m 2D-Ng followed by P6/m M@QNg was conducted. In the manuscript, M
= K was chosen as a case study, utilizing the rigid band model. The HSEO06 band structure
of the hypothetical high-symmetry P6/m 2D-Ng is shown in Figure 3 (b). In 2D-Ng, there
are 8 m bands per unit cell, and 5 are fully occupied. This electron count of 10 7 electrons
per unit cell follows the 4n+2 Hiickel aromaticity rule. From the band structure of P6/m
2D-Ng, one can see a flat band at approximately 0.25 eV, not dispersed in energy along the
entire K-paths, and 7 (2p, N) in character. This 6th © band, lowest unoccupied orbital,
is mainly based on the molecular 7*(Ny) orbital of each N, unit. Its localized antibonding
character is demonstrated by the analysis of the COBI curve (see Section S8). Due to the
symmetry property of the P6/m space group, i.e., the presence of a 2; glide plane, no 2p(N)
atomic contribution can appear on each tri-coordinated sp? nitrogen N? of 2D-Ny, as illus-
trated in the Bloch orbital displayed in Figure 3 (a). Therefore, the localization of the 74
band on the N, units elucidates the non-delocalized nature of the band, thereby providing
a comprehensive explanation for the principal structural effect observed in K@Q2D-Ng and
Ca@2D-Ng. Occupancy of this 6th 7* band by one and two electrons in K@2D-Ng and
Ca@2D-Ng, respectively, is predicted to result in an elongation of the N%-N¢ bond length,
consistent with our observations of the transition from pure 2D-Ng (1.28 A) to Ca@2D-Ng
(1.37 A). In layered bulk 2D-Ng, the staking of the nitrogen monolayers leads to a weak but
significant m — 7 overlapping along the {c}-axis, as shown in its band structure (see I'-A
dispersion band by roughly 1.8 eV at HSE06 level of theory). This 7§ band leads to a sharp
spike in the calculated density of states (DOS) diagram of P6/m K@2D-Ng (see Figure S5).
The Fermi level cuts this high density of states peak, conferring a metallic property to this
compound, in perfect agreement with previous findings at 80 GPa.”" All alkali-based phases
M@2D-Ng demonstrate intrinsic metallicity with several bands crossing the Fermi level at

both 0 and 100 GPa (see their HSE06 band structures in Figure S5).
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In Ca@2D-Ng (1 atm), Ca atom gives two electrons to the Ng monolayer that fully occupy
this 7§ band. An indirect energy gap of 0.30 eV is calculated between the valence (7§) and
conduction (7%) bands at the HSE06 level of theory (see Figure S5). To summarize, the
lowermost conduction bands have the potential to accommodate one or two electrons from

the electropositive s-block M element without breaking the polynitrogen 2D-Ng network.

We have showed that M@2D-Ng compounds with M = Na, K, Rb, Cs, Mg, Ca, Sr, and Ba
are thermodynamical stable phases at 100 GPa, and metastable compounds at atmospheric
pressure. The peculiar existence of a localized 7*(N,) band allows the transfer of one and two
electrons from intercalated metals into 2D-Ng layers without breaking the covalent polynitro-
gen 18-ring network at both 1 atm and up to at least 100 GPa. It is important to note that
this statement is made under static DFT calculations (0 K), thus we also evaluated the ki-
netic and thermal stabilities of M@2D-Ng (M = K, Ca as illustration) by performing ab initio
molecular dynamics simulations at temperatures in the range of 300 — 1000 K (see Section
S9). All the nitrogen atoms in the 2D layers vibrate only slightly around their equilibrium
positions during annealing at 300 K for 10 ps, indicating the stability of the layered structure
at room temperature. Despite the fluctuation of the atoms positions, the whole structure is
maintained at 800 K and 600 K for K@2D-Ng and Ca@2D-Ng, respectively, while the system
exhibits nitrogen-nitrogen bond breaking at 1000 K and 800 K, respectively. This indicates
that the dynamically stable M@2D-Ng (M = K, Ca) structures are definitely viable up to
about 600 K: no structural transformations are observed in the nitrogen network, indicating
the existence of substantial kinetic barriers leading to the trapping of this metastable layered

M@2D-Ng compounds.

It has been shown that the intercalated s-block M(I or I1)@2D-Ng 1:8 compounds, which
are predicted to exist at high pressure, can be quenchable to ambient conditions. Following
the example of graphite intercalation compounds such as the superconducting CaCg at 1
atm, "’ we have investigated the stoichiometric modulation of the metal intercalant M into

the interlayer spaces of M,@2D-Ng (x = 0.5 - 1; M = K as an example). We have chosen
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two K-doped 2D-Ng polytypes with x = 0.5 and 0.75, both of which are dynamically stable
and metallic, see Figures S14 and S16 for the optimized crystals and band structures of
K,@2D-Ng. We demonstrate the ability to tune the Fermi level crossing a high DOS peak by
modulating the alkali concentration in conjugated layered M,@2D-Ng. Whether this doping
effect is beneficial for superconductivity in ambient pressure layered compounds needs to be
further investigated in the future. Interestingly, we find that the m-electron concentration, i.e.
the number of m-electron per atom in a 2D w-conjugated polymer, ranges from 1.31 to 1.34 in
M, @2D-Ng (0.5 < x < 0.75, M alkali) while it is 1.33 in superconducting CaCg. Simulation
and analysis of the superconducting properties would be the next step in substantiating
this 'm-electron concentration’ hypothesis and studying the doping-critical temperature (Tc)

relationship in bulk 2D 7w-conjugated polymers in more detail.

Following our study of the stability of the 18-crown-6-like 2D-Ng compound in a reduction
process by embedded metals, we can ask wether this layered structure is capable of acepting
more than 2 electrons without breaking its covalent nitrogen net? To answer this question,
we have studied several M@Q2D-Ng where M is a transition metal because of their diversity
of oxidation states, and the ability of the cation to be stabilized by a cryptand in different
structural forms. We predicted 6 M@2D-Ng as global minima of their respective MNg PES
over the investigated d-block based 29 MNjg systems at 100 GPa using our CSP EA-DFT
approach. M are Ag, Au, Cd, Hf, Hg, and Y. We note that the polynitrogen network in the
predicted ground-state MNg phases (global minimum; M, d-block element; at 100 GPa) is
mainly based on one-dimensional polynitrogen chains containing two-coordinated N atoms
(anionic polyacetylene-like all-N chains). Nevertheless, our preliminary results show that 18-
rings 2D-Ng motifs may show up in thermodynamically metastable but dynamically stable
M@2D-Ng phases (local minima on the PES, such as W@Q2D-Ng). These findings will be
the subject of a dedicated publication. The crystal structure of each selected ground-state
or metastable M@2D-Ng at 0 and 100 GPa is listed in Table S4. Beside the 7 selected

dynamically (meta)stable high-pressure compounds (M = Ag, Au, Cd, Hf, Hg, and Y,
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global minima; W, local minima), only 2 are not quenchable to 1 atm, namely Ag and Y;
Cc Ag@2D-Ng and Cc Y@2D-Ng present imaginary frequencies in their phonons dispersion
curves at 1 atm (see Figure S4). In this study, we focus our discussion on two new dynamically
stable M@2D-Ng containing a transition metal with an oxidation state higher than 2, namely

Hf@2D-Ng, and W@2D-Ng, both predicted at 0 and 100 GPa.

Hafnium and tungsten are known high oxidation transition metals, known to accept ox-
idation numbers up to +IV and +VI respectively. Bader charge were computed for both
M@2D-Ng structures, and the charges obtained are comparable to those obtained for for-
mal Hf*" and W?' ions in nitrides (see S8.4). This analysis allows us to state that 4 and
3 electrons from Hf and W, respectively, are transferred from M to Ng network. These
high-pressure phases present two-dimensional covalent polynitrogen monolayers containing
18-rings which are strongly buckled (see Figure S21 and S25). Their quenchable phases are
also dynamically stable at ambient pressure and 0 K. Their structures, depicted in Figure 4,
present non-planar nitrogen monolayers in which the metal sits in the void of each 18-ring.
Adding more electrons than 2 to 2D-Ng leads formally to the partial occupation of the dis-
perse 7 bands as shown in the 2D-Ng band structure in Figures 3 and S5. This hypothetical
situation leads to an electronic instability that is elevated mainly through the pyramidal-
ization of the tri-coordinated nitrogen atoms, i.e. a s/p orbital hybridization. This is what
happens in Hf@2D-Ng and W@2D-N with a layer thickness of 0.9 and 1.0 A, respectively.
This deformation allows Hf to make bonds between the nitrogen net, as shown by the COBI
and ELF calculations (see Section S8.5). Moreover, the ELF calculation of the W@Q2D-Ng
illustrates the presence of a metallic bond between the tungsten atoms (see Figure 3(d) and
Section S8.6 in SI). The interatomic distance between the tungsten atoms is observed to
be 3.0 A, which is in close proximity to the established distance of 2.8 A in the W Im-3m
crystal structure. "' This suggests the formation of an infinite metallic chain denoted as (W),

running across the pores of the 2D-Ng monolayers.

15

https://doi.org/10.26434/chemrxiv-2023-2vk53 ORCID: https://orcid.org/0000-0001-5177-6691 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-2vk53
https://orcid.org/0000-0001-5177-6691
https://creativecommons.org/licenses/by-nc-nd/4.0/

o

Figure 4: Crystal structures at 0 GPa of P2; Hf@2D-Ng (a) and (b), and P-1 W@2D-Ng (c)
and (d) at the r?SCAN-+1VV10 level of theory. On Figure (d) the ELF on the 100 plane is
displayed, illustrating the delocalized bonding along the infinite W-W chains (dotted area).
Distances are given in Angstroms. Nitrogen, hafnium, and tungsten atoms are represented
in grey or darkblue, yellow, and brown spheres, respectively.

As we mentioned in the introduction of this study, potentially all the compounds we inves-
tigated could be candidates for HEDMs. To quantify this, we evaluated the energy density
and velocity of detonation (VoD) for all quenchable M@Ng phases (M = Na, K, Rb, Cs, Mg,
Ca, Sr, Ba, Au, Cd, Hg, Hf, and W), which are dynamically stable at ambient pressure, using
the Kamlet—Jacobs empirical equation’” (details of the calculations and other detonation
properties are given in S1.5 and S10, respectively). We assume that the decomposition prod-
ucts are M(s) and Ny(g). All the unary phases are taken from the valuable Materials Project
databank, "’ and fully optimized at the r?SCAN-+rVV10 level of theory. From Table 1, one

may see that the detonation velocity ranges from 10.1 to 17.9 km.s™!, which is higher than
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the experimentally determined range of the secondary explosive cyclotetra-methylene tetran-
itramine (CHy)4(NNO,), HMX (VoD ~9.1 kms™), explosive 2,4,6-trinitrotoluene (TNT)
(VoD ~ 6.9 kms™!), and primary explosive lead azide Pb(N3), (VoD ~ 3.8 kms™!). The
release of a large amount of gaseous N, during the decomposition reaction of M@2D-Ng in
confers to these layered polynitrogen compounds potential applications in propellants and

explosives.

Figure 5: Crystal structures at 0 GPa of (a) P1 (H;07)@2D-(Ng ) and (b) Cec2 (NH,")@2D-
(Ng) at the r’'SCAN+1VV10 level of theory. Dashed lines illustrate the O(N)-H-—N hydrogen
bonds. Distances are given in Angstroms. Nitrogen, oxygen, and hydrogen atoms are repre-
sented in grey, red, and white spheres, respectively.

Finally, we conducted a prospective study to investigate the stabilizing capability of 18-
crown-6 2D-Ng towards molecular cations. Specifically, we focused on oxonium (H;O") and
ammonium (NH]) cations as representative prototypes. It is noteworthy that both oxonium
and ammonium ions, akin to alkali cations, possess a propensity to form stable complexes
with crown ethers, cryptands, and other cyclic and polycyclic polyethers.” " Therefore, we
sought to explore the interaction between the 2D multidentate ligands 2D-Ng and these
molecular monocations. To achieve this, we first substituted M with H3O" or NH} in
various M (alkali)@2D-Ng phases at pressures of 0 and 50 GPa. Subsequently, we examined
different spatial arrangements of each molecular guest in the interlayer region and successfully
located a dynamically stable phase for each cation on the PES. Detailed structures of these
stable phases can be found in Figure 5 and Figure S38 . The triclinic crystal structure of
(H;01)@2D-(Ng), characterized by the P1 space group with a unit cell of Z = 1, reveals

that an oxonium cation resides above each void of the 18-ring. Notably, the oxonium cation
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engages in O-H—N hydrogen bonds with three of its 2-coordinated nitrogen atoms. On the
other hand, the orthorhombic crystal structure of (NH; )@2D-(Ny) is described by the Ccc2
space group with a unit cell of Z = 2. In this structure, an ammonium cation is linked
to two monolayers via four N-H—N hydrogen bonds.This discovery provides a glimpse into
the potential of the layered porous 2D-Ng as a cryptand, which may have the ability to

encapsulate various guest species.

4 Conclusions

In conclusion, our study reveals the remarkable capacity of the two-dimensional 18-crown-
6-like 2D-Ny structure to efficiently incorporate metal electrons and molecular species while
preserving its covalent nitrogen network, consistent with conventional chemical principles
governing the partial reduction of unsaturated systems. Through the examination of a series
of M@2D-Ng complexes, we observed that different metals with a variety of oxidation states
could be successfully incorporated into the framework. The stability of these complexes was
also evaluated, with the use of a cryptand in different structural arrangements. By employ-
ing crystal structure prediction enhanced by evolutionary algorithm and density functional
theory methodology, we predict the existence of 16 M@2D-Ng complexes out of the 39 MNg
systems investigated at high pressure conditions. Notably, 13 of these complexes (containing
Na, K, Rb, Cs, Mg, Ca, Sr, Ba, Au, Cd, Hg, Hf, and W metals) were found to be quenchable,
i.e. dynamically stable at ambient pressure. These metal 18-crown-6 ring-based polynitro-
gen monolayer complexes, characterized by a high nitrogen content, hold promise as new
high-energy density materials. We show that the stoichiometric modulation of the alkali
element in metallic M@Q2D-Ng intercalation compounds, which are dynamically stable, can
tune the Fermi level crossing a high density of states peak, i.e. the flat localized 7*(N,)-based
band 7. This result hypothesizes the potential superconducting properties of these func-
tionalized m-conjugated polynitrogen compounds M,@2D-Ng (M, alkali; = < 1) at ambient

pressure. As a prospect, we demonstrate the potential of the theoretical 2D-Ng compound
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as a cryptand for stabilizing oxonium H30" and ammonium NH} cations through hydrogen
bonding. This discovery not only paves the way for the exploration of other encapsulated
molecular candidates, but also offers the opportunity to design bidimensional layers with

adjustable polynitrogen ring size and pores.
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