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ABSTRACT: In this paper, we have analyzed the possibility of various = -
neutral and anionic forms of both cyclic and acyclic N, species to be o I:I m ‘
recovered to ambient conditions using state-of-the-art computational W e D23 ) QOOQ“
: . . . . . ul L\ anion charge - o
techniques. Phonon dispersion and mechanical properties calculations as —— v T
well as ab initio molecular dynamics simulations revealed that syn- TENRANITROGER
tetranitrogen units are kinetically stable only in the form of N,*  anion. Mg MR
Meanwhile, salts of cyclic N, (c-N,, tetrazete) with alkali, alkaline earth ‘O’ e ‘G“ O SR © fgx
metals, and aluminum appeared to be dramatically stable at ambient o o. o R -~ I ‘

conditions for a wide range of oxidation states of ¢-N,*~ from x = 1-3.
Varying both metal and stoichiometry, one can obtain salts with a wide Qf@fé
range of properties: band gap (1—5 eV), bulk modulus (36—196 GPa),

enthalpy of formation (from —21 to 660 k] mol™'), and so forth. Thus,

crystal structure prediction and comprehensive characterization, which included bonding nature, stability criteria, spectral properties
along with thermodynamic and energetic characteristics of ¢-N, and its salts (Na,Nj, Li,N,, MgN,, and AIN,) as well as calcium salt
of syn-N,*~ (Ca,N,) are performed in this work. The obtained results significantly expand our understanding of the possible forms of
nitrogen existence in nature, which, if synthesized, can find a number of interesting applications.

1. INTRODUCTION energy allotropes, cg-N and Ny, were first predicted using first-
principles calculations'®'” and then obtained experimentally.

Dinitrogen is the most abundant gas in the Earth’s atmosphere.
For a more detailed review of the predicted forms of nitrogen,

Having an extremely robust molecule, N=N is a chemically

inert compound, and its name originates from “azoos”, Greek for please refer to the recent papers.lg .
“lifeless”. In this regard, it is remarkable to realize that nitrogen, Concerning the study of the tetranitrogen (N,) unit, it can be
in fact, is an essential part of living matter, and it forms a variety divided into the period before and after the development of
of minerals and chemical compounds, both organic and methods for predicting crystalline structures. Before such
inorganic. It becomes obvious that a huge quantity of energy algorithms, the proposed forms of N, were cyclic (Dzh'N4);
is needed to transform dinitrogen into other compounds bearing tetrahedral (T;N,), various acyclic forms, radical cations
the N=N or N—N bonds. But this expense of energy is justified (N,**), dications (N,>*), and so forth.”>”*® The interest in
since one may obtain a nitrogen-rich high-energy density this topic was restored within the latter five years, when a
material (HEDM), which has a number of advantages compared number of various forms of nitrogen binary compounds were
to a conventional HEDM, namely, environmentally friendly predicted under a wide pressure range. Thus, using evolutionary
gaseous products and high detonation/propulsive character- (USPEX) or particle swarm optimization (CALYPSO)
istics (heat of formation, explosive power, specific impulse, flame algorithms, the following forms of N, were predicted at high
temperature, etc.).! pressures: anti-N,*~ anion in CsN,”” CaN,*® and BaN,;’'
This is the reason why a growing numbgr ofnegv uniquf forms catena-N,>~ in LiN,** and three-pointed stars D;,-N(N);*" in
of nitrogen are obtained ex erimentallgf: cg-N,” LP-N, " HLP- MgN2.33 Two great recent discoveries, however, have only

N,” —(NH),—,° ReNg-aN,,” Ng,* Ng~,” and cyclo-Ng~.'"~"> All
of these materials, except of the latter two anions, survive only at
extreme pressures (tens to hundreds of gigapascals), but
encapsulation of cg-N into a carbon nanotube allowed one to
obtain even such a polymeric form of nitrogen at near ambient
conditions.”> Therefore, this gives a reason to hope for a
successful synthesis of other 1predicted nitrogen allotropes, in
particular, bipentazole N,o,'*"> which has the lowest enthalpy
among all of the other nitrogen allotropes in the pressure range
of 0—42 GPa.'"* Moreover, it is known that two the lowest-

partially confirmed these calculations. Indeed, within the
diamond anvil cell (DAC) experiments, the catena-N,*~
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polyanions were detected in FeN, at high pressures. On the
other hand, discovery of syn-N,*~ anions at ambient pressure in
the form of Mg,N, was a real surprise.”>** This makes us take a
completely new look at the possible forms of nitrogen in nature,
especially at the cyclic N, form, whose anions are expected to be
more thermodynamically stable than that of the open chain
forms (Chart 1).

Chart 1. Resonance Structures of Various Anions of Cyclic
and Acyclic Form of N,*

TETRANITROGEN

I Exists at ambient pressure
syn- catena- syn-

Exists at extreme pressures
Does not exist

Does it exist?
“cyclo-

“Lone pairs and unpaired electrons are marked with dots.

Indeed, the corresponding syn-N,*” anion has intrinsic
instability with respect to the N2—N3 bond, which is clearly
seen from its resonance structure (Chart 1) and decomposes
into the N, species. This is the reason why it was obtained only
in the form of a catena-polyanion (Chart 1) having the N2=N3
bond and only at high pressures as a ferrous salt with a formal
unit FeN,.> As our preliminary calculations showed, all acyclic
anions, including syn—N44_, are unstable in the gas phase; the
same picture is characteristic for the anions of T4N,.
Conversely, the anions of cyclo-N, (with anion charges —1,
—2, =3, and —4) are all stable in the gas phase.

Thus, in this work, we have tried to find out if these cyclic
anions could form metal salts that are stable at ambient
conditions. For this purpose, we have applied state-of-the-art
computational methods which were aimed at crystal structure
prediction and checking dynamical, mechanical, and thermal
stability of the latter species at ambient conditions. These
stability criteria were recently put forward as a good “screen” for
new predicted materials.’”® Of course, for a precise crystal
structure prediction one needs to obtain a convex hull as well as
to be sure that all of the potential energy landscape is scanned.’”
But this still does not guarantee that the predicted structure is
the lowest energy one, but instead may be a higher energy
polymorph. For example, high- and low-pressure Mg, N, crystal
structures, which were recently predicted by means of the
USPEX method utilizing a sophisticated evolutionary algo-
rithm® do not match with the experimentally obtained ones
using DAC experiments.”* On the other hand, the prediction of
a metastable catena-MgN, polymorph at high pressure
(Cmmm)*> means that its thermodynamically stable form
(Ibam) can exist at given conditions and can be synthesized.”*

2. COMPUTATIONAL DETAILS

Crystal structure predictions were performed using Polymorph
module of the Materials Studio 2017 program suite.”* All anions
were first optimized using the DFT(wB97XD)/6-31+G(d,p)
method®** and their Merz—Kollman electrostatic potential
fitting partial charges were obtained. These calculations were
performed using the Gaussian09 program package.”' The
obtained partial charges were then applied for the structure
prediction using the Polymorph module. This procedure

includes four steps: (a) simulated annealing, during which
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thousands of crystal structures are built and randomly modified;
(b) clustering when all available frames for the specified space
groups are clustered; (c) geometry optimization with rigid body
constraints using the Universal force field** (thus, only
interionic interactions were relaxed at this step); (d) final
clustering. The crystal structure prediction was performed for
seven of the most frequent space groups, which are the
following: P2,/c (34.3%), P1 (25.0%), C2/c (8.3%), P2,2,2,
(7.0%), P2, (5.1%), Pbca (3.3%), and Pna2, (1.4%)."
Thereafter, the lowest-energy crystals were treated according
to our recently proposed vibrational eigenvector-following
scheme.*** In total, these seven space groups cover 84.4% of
all crystal structures in Cambridge Structural Database.
Moreover, inclusion of the high-symmetry crystal systems
(cubic, hexagonal, etc.) is absolutely unlikely in the case of a D,
Dy, or C,, molecular system plus metal atom(s), especially since
the eigenvector-following scheme allows transition to another
space group expanding the search boundaries.

According to this scheme, crystals obtained with the
Polymorph were completely relaxed using Cambridge Serial
Total Energy Package (CASTEP) code® implemented in the
Materials Studio 2017 program suite.”® Norm-conserving (NC)
pseudopotentials with the states H-1s', N-2s?2p®, Li-2s', Na-
25%2p°3s!, K-3s*3p°4s’, Mg-2s?2p°®3s?, Al-3s?3p’, Ca-3s?3p°4s?,
Cl-3s3p°, and Br-4s*4p° treated as the valence electrons were
applied entirely in this work. Cell relaxations, phonons, elastic
constants, spectral and energetic properties calculations, as well
as molecular dynamics simulations were performed using pure
GGA functional due to Perdew—Burke—Ernzerhof (PBE),"’
whereas the band structure calculations were done with a much
more expensive, but more accurate hybrid exchange-correlation
functional HSE06.**

Wave functions were expanded in a plane wave basis set with
an energy cutoff, which depends on the convergence test for
each element.”® These are the following: H (720 eV), N (770
eV), Li (500 eV), Na (770 eV), K (440 eV), Mg (990 eV), Ca
(880 eV), CI (830 eV), and Br (280 eV). Thus, for any
combination of these elements the energy cutoff was determined
by the highest value. For the band structure calculations,
however, a basis set cutoff of 700 eV was applied for all of the
crystals as a reasonable compromise between computational
cost and accuracy.'”*” Sampling of the Brillouin zones were
performed using k-point grids generated by the Monkhorst—
Pack algorithm. Direct spacing between k-points was specified to
0.08 2zA™" for all of the calculations. Convergence criterion of
the total energy was set to S X 107® eV atom™". For a more
correct prediction of the enthalpies of formation, dispersion
effects were taken into account using the Grimme form of the
damped Cg term.”® These play an important role in the
considered metal—nitrogen salts; for example, in AIN, the
dispersion forces equal 121.6 k] mol ™.

The DMol® calculations were performed within the all-
electron approximation along with the PBE functional and the
double numerical basis set DND (basis file version 3.5).”' The
DMol’ code allows calculation of both periodic and nonperiodic
structures without application of the supercell approximation,
which significantly speed up the calculation. Topological
analysis of the electron density distribution in real space
(QTAIM) was performed using AIMQB program within the
AIMStudio suite using the Proaim basin integration method.””
For this purpose, 3 X 3 X 3 supercells (the Rubik’s cube form)
were built and transformed into nonperiodic structures.
Thereafter, the corresponding wave functions were obtained
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for the whole cubes on the basis of the DFT(wB97XD)/6-
31+G(d,p) calculations, but the QTAIM properties were
analyzed only for inner asymmetric cells. Such an approach
allows taking into account all possible interactions of the inner
asymmetric cells with neighbors.

3. RESULTS AND DISCUSSION

3.1. Structure and Stability. First of all, we have tried to
check whether parent tetrazete (c-N,) is kinetically stable in the
crystalline environment. As a result, we have obtained a
tetragonal crystal of the P4,/mnm space group (Figure Sla in
the Supporting Information). Indeed, ¢-N, forms D,,-symmetric
molecules with two stretched bonds (1.546 A). This is much
higher than the N—N bond length in hydrazine (1.459 A),
therefore ¢-N, is expected to have a small thermal stability.
Moreover, its relative enthalpy is very high and even exceeds that
of polymeric nitrogen cg-N (140.1 kJ mol™' atom™)"* at
ambient pressure (Figure S1b in the Supporting Information).
At 50 GPa, ¢-Ny is still far from a-N,, although the latter is no
longer the lowest energy allotrope. Nevertheless, ¢-N,
demonstrates dynamical and mechanical stability at 0 K,
which can be seen from the corresponding phonon dispersion
and the 3D Young modulus; however, at finite temperatures, at
least 200 K, this forms two isomeric Ny structures, namely, 1-
tetrazetyltetraaza-1,3-diene and 1,2-diazidodiazene, which is
following from our ab initio molecular dynamics simulations
(Figure lc—e in the Supporting Information). It is interesting

® 00

MO16

MO15

Figure 1. Frontier molecular orbitals of acyclic (a) and cyclic (b)
neutral N, unit.

that the latter isomer was recently detected experimentally at 3
GPa.® Thus, such high enthalpy of formation along with its weak
N—N bonds makes synthesizability of ¢-N, extremely hard.
As we have mentioned above, acyclic N,*~ has intrinsic
instability with respect to the N(2)—N(3) bond (Chart 1). This
also can be easily seen from the corresponding frontier
molecular orbitals (MO) of the C,h-N, (Figure la). As one
can see, it has the triplet ground state, while the singlet state is
kinetically unstable. This is clearly seen from the antibonding
character of MO14 with respect to the N(2)—N(3) bond. The
same situation is for the reduced (anionic) form of C,;-N,, when
only highly reduced forms C,,-N,*~ and C,;-N,*~ (occupied
MOL16) are expected to be kinetically stable. The calculations
show, however, that only the C,;- and C,,-N,*" anions appear to
be stable. Conversely, the cyclic form (D,;,-N,) appears to be
stable in the singlet ground state due to a bonding character of
MO14 with respect to the N(2)—N(3) bond and in oxidation
states from —1 to —2 since one- and two-electron reduction of
D,;-N, leads to occupation of MO1S, which has a bonding
character with respect to the stretched bonds (Figure 1b).
Further reduction to D,;-N,*~ put an electron on MO16 with an
antibonding character with respect to the stretched bonds, but it
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is still not enough to break them; thus, D,,-N,>~ anion is
expected to be also stable. Finally, in D,,-N,"~ the MO16 is
doubly occupied; this means instability of a planar structure,
which distorts to the out-of-plane D,;-N,*~ structure, weakening
the overlap of the 2p electrons.

To check these arguments in practice, we have tried to
compare relative energies of acyclic and cyclic anions in
crystalline state. For this purpose, we have predicted crystal
structures of NaN,, MgN,, AIN, and Mg,N, in the P1 space
group neglecting the energy differences between possible
polymorphs, which usually do not exceed 2 kJ mol™' for
molecular crystals.” As we have recently shown for RDX, within
a 1% error for D the error of prediction of d. and AH; can be
varied in the ranges of —1.4—1.4 and —220.2—42.0%,
respectively. Similarly, for P these ranges are —0.5—0.5 and
—53.0—26.4%, respectively.”* The calculations completely
confirm instability of the acyclic N,~, N,*7, and N,*~ forms,
which decompose due to breaking of the N2—N3 bond.
Conversely, the cyclic N,"~ anion appears to be more energetic
than the acyclic form despite the distortion of the cycle (out-of-
plane D,; symmetry), which prevents unfavorable conjugation
of 8 m-electrons. This completely agrees with the available
experimental data on Mg,N, (P2,/n).”*

Thus, in this work we have varied both the metal and the
anionic charge (stoichiometry) to check accessibility of the c-
N, , N7, ¢-N,*7, and syn-N,* anions as well as various
metals (Li, Na, Mg, Al, and Ca) as cationic components. As a
result, we have obtained salts for all the anions, except of ¢-N,~,
for which recombination of the radical anions takes place at high
temperatures (600 K) with the subsequent formation of a
dianion Ng*~, in which a ¢-N, moiety possesses formal charge —1
(Figure 2, Na,N;). Meanwhile, NaN, is also dynamically and
mechanically stable and probably can exist at low temperatures;
therefore, we also report the calculated data for this salt (Figure
S2 in the Supporting Information). We should also stress that c-
N, and ¢-N,*~ possess odd numbers of electrons; therefore,
their salts may demonstrate ferromagnetic or antiferromagnetic
properties.

In the salts of ¢-N,, anions have point group symmetry C;
(Na,Ng), Dy, (Li;N,), and Dy, (MgN, and AIN,). However, in
the first two cases the symmetry is very close to C,, and Dy,
respectively. Bond lengths vary from 1.358 to 1.461 A, but in the
oxidation state —2, the bond lengths are distributed more
uniformly and are slightly shorter (Figure 2). In the case of
Ca,N,, the calculated parameters of the syn-N,*" anion appear
to be close to ones experimentally obtained for a-Mg,N,: N1—
N2 (1.357 versus 1.388 A), N2—N3 (1.330 versus 1.325 A), and
ZN1-N2—N3 (120° in both cases).”* Different projections of a
4 X 4 X 4 slab for the studied crystals are illustrated in Figure S3,
and the corresponding fractional coordinates are listed in Table
S1 in the Supporting Information.

An interesting question arises about the nature of bonding in
such salts. In particular, it is interesting if the N,*” species form
ionic bonds with the cations or, probably, coordination or even
covalent bonds. For this purpose, we have performed a
Quantum Theory of Atoms in Molecules (QTAIM) analysis.
In Table 1, the V?p(r) and h,(r) values correspond to the critical
point of the shortest metal—N distance (see Figure S4 in the
Supporting Information) and the g(r) values correspond to the
N, ring critical point. The nature of bonding was analyzed in
accord with the Cremer—Kraka criteria,>> which can be
effectively applied even in stretched or dissociative systems.*
Itis seen in Table 1 that p(r) at the metal—N bond critical points
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Na,Ng Space group P1, NICS(0) =-0.2, NICS(1) = -3.5
a=4.100A, b =5.027A, c=6.250A, a =102.4°, f = 91.6°, y = 90.1°

Li,N, Space group P2y/c, NICS(O) 4.0, NICS(1) =-1.4
a= 5772A b=4780A, c=6.8914, [3 137.7°

MgN, Space group C2/m, NICS(O) 4.0, NICS(1) =-14
a=6.052A, b=6204A, c=3.2414, p=123.6°

AIN, Space group Immm, NICS(0) = 8.6, NICS(1) =2.4
a=5.858A, b=4.779A, c=3.069A

Ca,N, Space group Pmn2;
a=5.791A, b="7514A, c = 3468A

© o°

Figure 2. Optimized asymmetric cells of the studied salts.

Table 1. Selected QTAIM Properties (in 10° au) and Cationic
Charges (qy in e7)

entry p(r) V2p(x) h(r) () au

Na,N; 13273 68.960 2936 199.346 0.978
Li,N, 22484 146.654 7.748 226.290 0.886
MgN, 37.416 244915 8.541 220.625 1.631
AIN, 62.385 421.103 3.915 179.090 2918
Ca,N, 34.573 189.033 4388 1.430

in all of the salts is lower than 0.1 au; moreover, the Vp(r)
values are all positive. This indicates the metal-N bonds as
closed shell interactions. Finally, the positive values of h,(r)
specify these interactions as ionic, rather than coordination. This
is also reflected in the values of the QT AIM charges on the metal
cations (qy). On the other hand, the metal—N bond in AIN, is
close to that of AIN (1.885—1.915A)%" in length and, obviously,
in nature. It is known that the latter is partially covalent but,
nevertheless, has essentially ionic character.”® The QTAIM
analysis of AIN also suggests a strong similarity of these bonds.

Surprisingly, as it follows from the corresponding values of
nucleus-independent chemical shifts (NICS) in Figure 2,
aromatic character of N,*” is very weak. For example, despite
formal 6p electrons in the 7-system of N,*~, the corresponding
NICS(1) is close to zero. Conversely, o-aromaticity is higher,
which was also found in the case of in-plane bishomoaromaticity
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of specifically preor1ented bisdiazenes forming cyclic tetrani-
trogen dianions.”” Tt is also interesting to estimate ring strain
energies (RSE) of the N,*™ rings. Qualitatively, this may be done
using the known direct dependence between RSE and g(r) in the
corresponding ring critical point.”’ Among the studied salts,
AIN, has the lowest ring strain, while Li,N, has the highest one,
which is caused by the shorter N—N bonds in the latter. More
information can be obtained by comparing g(r) of these salts
with ones for other nitrogen cycles known experimentally. Thus,
we have calculated g(r) for N5~ ring in potassium pentazolate ol
(0.13332 au), N; ring in ethyl 2,3- dusopropyltrlaurldme 1-
carboxylate®” (0.26314 au), and N,** ring in tetraisopropyl
tetrazetidine-1,2,3,4-tetracarboxylate radical cation®® (0.20358
au). Thus, one can conclude that RSE in the studied metal salts
should occupy an intermediate position between the syntheti-
cally available five- and three-membered nitrogen cycles and
does not cause excessive destabilizing effect.

As in the case of the parent tetrazete, we have performed a
series of calculations to check dynamical, mechanical, and
thermal stability of the above-described salts; the results are
presented in Figures 3 and 4. Note that the Brillouin zone
integrations were performed within the standardized high-
throughput approach which offers the standard integration paths
for all the 24 Brillouin zones (the corresponding paths are
illustrated in Figure SS in the Supporting Information).®* As one
can see in Figure 3, all salts are dynamically stable and
demonstrate no soft modes in the phonon spectra. Moreover, all
salts are mechanically stable, which can be seen from the positive
values of the Young modulus in whole 3D space (Figure 3).

To check mechanical stability, we have calculated elastic
constants using energy versus strain method. Thereafter, the
mechanical stability was examined accordlng to the Born—
Huang criteria for the 11 Laue classes.®® For all stable materials,
the corresponding 3D plots of the Young modulus were built on
the basis of the elastic comphance constants (Tables S2 and S3
in the Supporting Information).®® For polycrystalline materials,
the corresponding bulk moduli (K) are illustrated in Figure 3
and other mechanical properties, Lamé parameters (# and 1),
Young modulus (E), and Poisson ratio (v) in the Hill
approximation, are gathered in Table 2. It is clear that all salts
are mechanically hard materials since their bulk moduli are
higher than typical values for molecular crystals and metal
salts.””*® In particular, AIN, demonstrates very high K and E
values which are close to that of AIN (K = 202.7 GPa and E =
336.1 GPa).

Finally, we have checked thermal stability of the studied
materials by means of ab initio molecular dynamics simulations.
For this purpose, we have built the corresponding supercells
being 1 X 2 X 2 slabs of the corresponding asymmetric cells.
Thus, these simulations were performed with the NVT
ensemble at 600 K, which should be enough for justification
of thermal stability at ambient temperature. Time step was 1 fs
and the total simulation time was 10 ps (Figure 4). As one can
see, no substantial rise of temperature or constant of motion was
observed. Temperature fluctuates uniformly and constant of
motion slowly increases. Moreover, all N, rings remain
unbroken and any decomposition was not observed.

3.2. Spectral and Energetic Properties. To facilitate
spectral identification of the studied compounds, we have
calculated their IR and Raman spectra (Figure S6 in the
Supporting Information). All salts of ¢-N,, except for Na,Ng,
anions demonstrate a triplet of the IR bands and a doublet of the
Raman bands, which vary within the range of about 200—600
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Figure 3. Calculated phonon dispersions and 3D maps of the Young modulus of the studied salts.

and 1150—1300 cm™', respectively. Meanwhile, Na,Ng has a
doublet of the IR intense bands at about 200 cm™" and a single
intense band at 1150 cm™". In the Raman spectrum, Na,Ng
demonstrates an intense band at about 1250 cm™. The spectra
of Ca,N, have a somewhat different pattern, which is
characterized by the presence of the IR intense bands at about
820 and 1020 cm™" and a Raman active band at about 880 cm™.

Also, we have calculated band structures for the studied
materials, and the corresponding plots are presented in Figure
S7 in the Supporting Information. It is interesting that the band
gap values vary from 0.948 to 5.206 eV (Table S4 in the
Supporting Information). Thus, AIN, is expected to be a direct
band gap semiconductor (AE,, = 0.946 eV). At the same time,
Na,Ng, MgN,, and Ca,N, demonstrate indirect band gaps of
3.905, 3.687, and 2.442 eV, respectively, and can be
characterized as wide band gap semiconductors. Finally, Li,N,
is a typical insulator with an indirect band gap of 5.206 V. Thus,
by varying stoichiometry and the nature of metal one can obtain
a wide spectrum of electronic properties of the tetranitrogen
anion salts.

Avery important question about the nature of the studied salts
concerns their enthalpies of formation and accompanying
energetic properties (detonation, propulsive). The latter must
be calculated with a maximum accuracy and compared with the
similar properties for other experimentally known forms of
nitrogen, azides, and pentazolates. Thus, we have started from
calibration of our calculation method. In this work, we have
applied two approaches for the prediction of AHY 4.

The first approach is based on the estimation of both the gas-
phase enthalpy (AHgaS) and sublimation enthalpy (AH,,)

EX - Z nEatom

Esohd

0
AHD,

(1)

+E s — 2RT

AI_Isub (2)
where Ey and E, are the zero-point corrected total energies of
a given compound and its constituting elements in their
stationary states (in Ha), and n is the stoichiometric index of
each atom in the molecule; Ej;g and Eg,, are the total energies of
the studied molecule in its crystalline form and in vacuum (in
eV); R and T are the gas constant and absolute temperature.
Thus, the solid-state enthalpy is easily calculated as in eq 3
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AHsohd - AHO - AH (3)
In this method, E,, are obtained by the least-squares fitting of
the calculated and experimental gas-phase enthalpies.”%°
Species included in the benchmark set in this work are listed
in Table SS in the Supporting Information and their
experimental values are taken from the NIST Chemistry
WebBook.®” Thus, the obtained E values are listed in
Table 3.

As one can see in Table S§, this method demonstrates a rather
accurate prediction of both AHgas and AH,, for all compounds
with known gas-phase and solid-state enthalpies of formation.
Also, we have checked this approach for NH,Cl and metal azides
for which only AH?, is known experimentally.”’ Again, this
method reproduces the latter values rather accurately. Finally,
we have tried to predict AHY, for potassium pentazolate
(KNjy), for which this value was estimated to be 136.8 kJ
mol™.”" In the present work, we predict this enthalpy of
formation to be 101.2 k] mol™". Thus, the calculated enthalpies
for ¢-N, and its salts are listed in Table 4.

As one can see, eq 3 fails in the prediction of AHY ;4 for Ca,N,,
since syn-N,*~ anion is unstable in the gas phase. Thus, we have
developed another method for a direct estimation of AHY 4
using the corrected atomic energies E

D 1 om )

The corrected DMol’ atomic energies E,,, are listed in Table
3 and the calculated enthalpies of formation are presented in
Table S6 in the Supporting Information. Such an approach is
very simple and convenient because it allows a direct estimation
of the solid-state enthalpy of formation using a simple cell
relaxation. However, it provides some divergence with the
previous method, in particular for magnesium and aluminum
containing crystals. This is obviously due to a too small
benchmark set, and an extension of which should significantly
improve the results.

Thus, the calculated solid-state enthalpies of formation of all
the studied compounds are presented in Table 4. As one can see,
the AHY,; values are scattered a lot; Li,N, and Ca,N, have
negative enthalpies and the other salts have positive ones being
in the same range as that of most energetic materials. We have
also estimated AHY;4 for Ca,N, using the enthalpy of the

atom

atom

0
AI_Isolicl = EX -
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Figure 4. Results of the ab initio molecular dynamics simulations. From left to right: snapshot of the final geometry, temperature, constant of motion,
and radial distribution function.

Table 2. Calculated Mechanical Properties of the Studied Table 4. Calculated Gas Phase and Solid State Enthalpies of
Compounds in the Forms of Polycrystalline Materials Formation and Sublimation
entry 1 1 E v entry AHgas AI“{sub AHgolid (eq 3) AI-Igolicl (eq 4)
Na,N; 167 242 432 0.29607 Na,Nj 980.9 3214 659.5 660.2
Li,N, 25.0 33.5 64.4 0.28635 Li,N, 452.2 473.0 —20.8 11.9
MgN, 70.7 67.6 175.9 0.24440 MgN, 780.4 624.1 156.3 86.1
AIN, 120.7 115.9 300.5 0.24490 AIN, 760.6 464.4 296.2 362.4
Ca,N, 46.3 52.5 117.3 0.26558 Ca,N, -172.3
following reaction: Ca;N, = 2Ca(y) + 2Ny (). This value is close Having the values of solid-state enthalpies of formation, we
to the one calculated using eq 4, —170.2 versus —172.3 k] mol ", have calculated detonation properties of the studied com-
respectively. pounds, namely, detonation energy (Q), velocity (D), and

Table 3. Atomic Energies E,,,,, (in Ha) applied in Equation 1 and Equation 4 for Calculation of Enthalpies of Formation

method Li Na K Mg Ca Al H N Cl Br
eql —7.5363 —162.2883 —599.8961 —200.0732 —677.5379 —242.4343 —0.5801 —54.7512 —460.1706 —2571.7554
eq 4 —=7.5273 —162.2201 —599.7441 —199.9975 —677.3644 —242.3593 —0.5854 —54.7363 —460.0181 —2573.8301
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Table S. Equilibrium Detonation Patterns and the Calculated Detonation Properties of the Studied Compounds

entry equilibrium composition of the detonation products
Na,Nj 0.6688 Ny + 0.22449 Nagg) + 0.00321 Nay(g) + 0.10350
MgN, 0.82925 Nyg) + 0.16259 Mg:Ny ) + 0.00816 Mg,
AIN, 0.60537 Ny + 0.36781 AIN() + 0.02682 Al

Na(l)

p (gem™) Q(calg™) D (ms™) P (GPa)
2.088 960.22 3566 6.11
2.633 688.18 5840.2 18.38
3.210 1165.20 6373.2 23.76

pressure (P). For this purpose, we applied the Kamlet—Jacobs
empirical scheme. Being originally proposed for CHNO
explosives, this was extended to various metal-containing
compounds.”” Within this scheme, Q can be expressed as the
following

(X nAH]) - AHS
- MW

©)

where AH}( and AH}) are enthalpies of formation of the given
explosive X and its detonation products P, scaled by their mole
fractions n; MW is the molecular weight of X.

To determine D and P, one needs to calculate moles of
detonation gases per gram of explosive (N), and average
molecular weight of detonation gases (M)

1
N w2 ©
— Zilisl niMVVi &
M==Sm—(1- X k

Zizl n; i=NG+1 (7)

Herein, n, is the mole fractions of gases; k; is the mole fractions of
condensed species. Note, the indexes NG and NS correspond to
gases and total number of species in the mixture. Thus, gases are
indexed from 1 to NG and condensed species from NG+1 to
NS.”?

For accurate estimation of the above-mentioned quantities,
the equilibrium composition of the detonation products must be
obtained. For this purpose, we have defined new reactants for
the NASA CEA2 program’” using the temperature dependence
of the main thermodynamic functions (Figure S8 in the
Supporting Information) obtained with CASTEP. Using
previously described procedures,”* these data were converted
into the NASA 9 coefficients as the least-square fit coeflicients
(ay...a,) for the polynomials of the following forms’”

CO
—P=alT_2+azT_l+113+¢14T+¢15T2+¢16T3+¢17T4
R
(8)
° T T2 B
=—a T +a,T ' +InT+ ay + a,— + ag— + agz—
RT 1 2 3T AT e 5y
+ T4+a8
a— 4 5
s T )
s° -2 1 2 TS
— =—a— —a, T +a;InT+ a,T + a;— + ag—
R 12 2 3 4 52 63
+ T—4+
e (10)

These coeflicients are presented in the Supporting Information.
Thus, the calculated equilibrium compositions of the detonation
products are listed in Table 5. The entries for Li,N, and Ca,N,
are missing since these salts have negative Q and are not
explosive. All of the remaining salts demonstrate lower
performance compared to conventional CHNO explosives,
which is attributed mainly to their low detonation energies.
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To check the accuracy of the Kamlet—Jacobs scheme, we have
used metal azides as the most relevant metal—nitrogen systems
for which experimental data on detonation velocities are present.
We have found in the literature the D values for Pb(Nj),, AgN;,
and Cu(Nj;), and the corresponding calculations usin% one of
the most popular commercial software Explo5.”® The
corresponding input data and the results are presented in
Tables S7 and S8 in the Supporting Information. As one can see,
the Kamlet—Jacobs scheme provides results which are
comparable with that of ExploS software. Thus, the predicted
detonation velocity is underestimated (11.1 and 25.3%) and
overestimated (28.3%) for Pb(N;), Cu(N,), and AgN,,
respectively.

Finally, we have calculated propulsive properties of the
positive detonation energy salts as monopropellants in terms of
the finite-area combustor (FAC) approximation”” (Table 6).

Table 6. Calculated Propulsive Properties of the Positive
Detonation Energy Compounds as Monopropellants

entry CCT (K) I (s) L, (s) Gt

Na,Nj 2680 218 229 1356
MgN, 1541 151 166 901
AIN, 2617 189 209 1127

These data include combustion chamber temperature (CCT),
specific impulse (I,), vacuum specific impulse (I,.) and
characteristic velocity (c*). Again, all of these salts are inferior
to conventional explosives such as RDX in their propulsion

characteristics.

4. CONCLUSIONS

In summary, we have performed a comprehensive theoretical
study of possible forms of nitrogen N, as both the pure allotrope
and its alkali, alkaline earth metal and aluminum salts. Thus, we
can safely conclude that syn-N,*~ anions cannot be achieved at
ambient pressure. Obviously, catena-polyanions N,*~ can exist
in extremes, and their stability domain at low pressures still
remains an enigma. Conversely, syn-N44_ anions, as it has
already shown experimentally’* and supported theoretically in
the present work, may appear to be widely available at ambient
conditions with other metal cations, beyond Mg,N,. Therefore,
if synthesized these can become the youngest generation in the
family of nitrogen salts with its “aged” azides and “adult”
pentazolates, which, nevertheless, still continue to acquire new
members.””””7*

Remarkably, we have found in this work that the cyclic form of
nitrogen ¢-N, (tetrazete) and its alkali and alkaline earth metal
salts are also thermally, dynamically, and mechanically stable at
ambient pressure. Moreover, ¢-N,* anions are available in a
wide ranges of oxidation states (when x = 1, 2, and 3). This fact
can dramatically change strategies of synthesis of the
tetranitrogen units in order to obtain its cyclic form. We have
shown that by varying both metal and stoichiometry, one can
obtain salts with a wide range of properties: band gap (1-5 €V),
bulk modulus (44—196 GPa), enthalpy of formation (from —21

https://doi.org/10.1021/acs.jpcc.0c11425
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to 660 kJ mol™), and so forth. The latter values for the studied
compounds are not so high and are comparable or even lower
than that for other synthesized energetic materials, for example,
1,1'-azobis(3,5-diazido-1,2,4-triazole) C,N,,.”” Thus, Na,Nj
and C,N,, have enthalpies of formation equal 66.0 and 89.6 kJ
mol™" atom™, respectively. Therefore, one can conclude that
the studied salts are in the achievable energetic region.

The power of cutting-edge computation methods already
proved its crucial role in the guidance of experimental studies,
like in the case of cg-N (12 years from prediction to discovery),
cyclo-N;~ (15 years from prediction to discovery), or Ng (4 years
from prediction to discovery). Thus, we hope this work inspires
experimentalists to find synthetic routes to metal salts of c-N,*~
anions. This will significantly expand our understanding of the
possible forms of nitrogen existence in nature and, obviously,
provides novel materials for various practical applications.
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