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High-pressure and high-temperature synthesis of crystalline Sh;Nj;
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Abstract: A chemical reaction between Sb and N, was
induced under high-pressure (32-35 GPa) and high-
temperature (16002200 K) conditions, generated by a
laser heated diamond anvil cell. The reaction product
was identified by single crystal synchrotron X-ray
diffraction at 35 GPa and room temperature as crystal-
line antimony nitride with Sb;N; stoichiometry and
structure belonging to orthorhombic space group Cmc2,.
Only Sb—N bonds are present in the covalent bonding
framework, with two types of Sb atoms respectively
forming SbN; distorted octahedra and trigonal prisms
and three types of N atoms forming NSb, distorted
tetrahedra and NSb; trigonal pyramids. Taking into
account two longer Sb—N distances, the SbNj trigonal
prisms can be depicted as SbN; square antiprisms and
the NSb; trigonal pyramids as NSb, distorted tetrahedra.
The Sb;Nj structure can be described as an ordered
stacking in the bc plane of bi- layers of SbN¢ octahedra
alternated to monolayers of SbNy trigonal prisms (SbNj
square antiprisms). The discovery of Sb;Ns finally
represents the long sought-after experimental evidence
for Sb to form a crystalline nitride, providing new
insights about fundamental aspects of pnictogens
chemistry and opening new perspectives for the high-
pressure chemistry of pnictogen nitrides and the syn-

thesis of an entire class of new materials. j

Introduction

Binary crystalline nitrides of group 15 elements represent a
class of elusive compounds, which has remained largely
unexplored so far. The reason behind this lack of knowledge
is evidently found in the challenging pressure and temper-
ature conditions required for their synthesis, which make
the effective reactive paths inaccessible to conventional
ambient pressure chemistry. As a result, the absence of
crystalline nitrides of group 15 elements heavier than P has
always represented an open issue in inorganic chemistry.!'

Indeed, until recently and for more than 20 years, the
experimentally reported and structurally characterized crys-
talline pnictogen nitrides have been limited to a-P;Nj,
synthesized from chemical precursors at ambient pressure
and high temperature, and y-P;N;, obtained a few years
later by high-temperature compression of a-P;N;."!

However, in the last couple of years, a few experimental
studies, based on the use of laser heated diamond anvil cells
(DAGs) to generate high-pressure (HP) and high-temper-
ature (HT) conditions, have provided game changing
advancements on this topic and established new foundations
for the exploration of these elusive materials in the high-
pressure domain.*!

This method has not only allowed the direct synthesis of
a- and y-P;Ns from P and N, in condensed phase,®” but also
provided experimental evidence for the existence of a
predicted crystalline P;Ns polymorph containing hexa-coor-
dinated P atoms (J-P;Ns) and of the new pyrite-type PN,
and a’-P;N; structures.’! The HP-HT synthesis of these
compounds demonstrates the role of pressure in increasing
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the coordination number of P and highlights the possible
existence of further crystalline nitrides of P and N.

In the last years, theoretical and computational studies
have predicted the existence of new compositional spaces
for crystalline inorganic nitrides,”! indicating pnictogen
nitrides specifically, among chalcogenides, other pnictides,
and halides, to match the most negative cohesive energy
with the highest metastability (defined as the energy above
the ground state),'” thus representing a target class of
materials to be potentially synthesized under high-pressure
conditions and recovered at ambient pressure as metastable
materials.'*!"

Within this context, the recent synthesis and structural
characterization of crystalline single-bonded cubic arsenic
nitride AsN,! unveiling a markedly different structural
chemistry of As with N compared to lighter P, has
represented a major breakthrough, opening bright new
perspectives about the discovery of new structures and
stoichiometries for crystalline nitrides of group 15 elements
heavier than P, and making Sb, which occupies the fifth
period of group 15, the key element to look at in the
exploration of emerging crystalline pnictogen nitrides.

Beyond the pure advancement of fundamental chemical
knowledge about the chemistry of Sb and N, understanding
the stability of the Sb—N system in terms of structure,
composition and metastability, is technologically relevant
for the synthesis of phase change memory and thermo-
electric materials>' and of semiconductors for applications
in optoelectronics, photovoltaics and photoelectrochemical
cells.'*'%1 Moreover, further interest concerns the intriguing
properties predicted by calculations for the different 2D
polymorphs of single layer Sb—N materials such as a-,[' g-1'¥!
and 6-SbN.I""?)

Nevertheless, whereas the formation of diatomic molec-
ular SbN units®™? and amorphous films of SbN,??!
SbN,[4#2) and Sb, N, (x=0.17, 0.41, 0.45) compositions’
has been reported in literature, excluding antimony azide
Sb(N;);,7#! to the best of our knowledge, no extended
crystalline compound entirely formed by antimony and
nitrogen has ever been conclusively synthesized and struc-
turally characterized by X-ray diffraction (XRD) so far.””!
Theoretically, the increase of the chemical potential of a N-
containing precursor has been proposed by Sun et al. as an
effective route to the synthesis of new metastable inorganic
crystalline materials, including antimony nitride SbN!""! and
other predicted ternary nitrides.’” Experimentally, this
approach has been successfully applied to the synthesis of
theoretically predicted®™ ternary nitrides Zn,SbN,;"! and
Mg,SbN,,"! in which Sb exhibits its oxidation state 5.
Noticeably, Zn,SbN;, featuring previously unreported tetra-
hedrally coordinated SbN, units, represents the first synthe-
sized ternary nitride of antimony.™ Interestingly, the
presence of excess of plasma activated N in the reaction
environment likely suppresses the formation of secondary
Sb phases, favoring the crystalline growth of Zn,SbN;.P!

By the same method, Chen et al. have recently reported
the transient experimental observation of a metastable
layered crystalline compound formed by Sb and N, lasting
17s at 500°C and ambient pressure, during the rapid
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thermal annealing (RTA) decomposition of an amorphous
antimony nitride film."”

However, no conclusive Rietveld refinement and struc-
tural assignment of their diffraction data was possible, with
additional uncertainty introduced by the presence of layer
stacking disorder. Based on first-principle crystal structure
predictions Chen et al. proposed an orthorhombic structure
with SbN composition (Pca2;, n. 29) for the short-lived
layered compound observed in their study, where Sb has
oxidation state + 3 in trigonal pyramidal coordination.

Interestingly, according to the calculations of Chen
et al.*® whereas a compound of SbN stoichiometry contain-
ing Sb with 43 oxidation state is expected to form for
positive variations of the N chemical potential between
+0.78 and +1.75eV, a compound of Sb;Ns stoichiometry
containing Sb with oxidation state +5 could possibly form
for positive variations of the N chemical potential higher
than +1.75eV.["*? As suggested by Sun etal, and
demonstrated by the recent synthesis of crystalline AsN!
and 6-P;N,,®! HP-HT conditions can indeed represent
effective thermodynamic handles to achieve sufficiently high
values of the chemical potential of N for the activation of
chemical reactivity and the formation of metastable crystal-
line nitrides also in the case of Sb and N.

In this respect, the ab initio structure search calculations
performed by Lian et al.™ have provided further computa-
tional insight, predicting the existence of three dynamically
stable crystalline polymorphs with different stoichiometry in
the compositional space of the Sb—N system at high pressure
(SbN,, SbN,, Sb,N;). Each of these structures, some of them
containing N, molecules at low pressure, has been predicted
to undergo a sequence of phase transitions with increasing
pressure, essentially leading to a higher coordination
number of Sb by N: Sb,N; (Cmcm, 100-120 GPa), SbN,
(SbN,-I, C2/m, 12-23 GPa; SbN,-II, C2/m above 23 GPa),
SbN, (SbN,-1, C2/m, 14-31 GPa; SbN,II, P1 31-60 GPa;
SbN,-III, P1 above 60 GPa). Noticeably, SbN,, featuring
higher N content, has been calculated to be a high-energy
density material for the amount of released energy associ-
ated to its decomposition reaction into Sb and N,.*

Sb and N, do not react spontaneously at ambient
conditions and not even at high pressure along the room T
isotherm. In this study we exploited pressure, statically
generated by a membrane DAC, to increase the density and
reduce the interatomic distances, and temperature, gener-
ated by laser heating, to overcome the thermodynamic and
kinetic barriers and access new reactive paths. Within this
approach, Sb was used as reactant and laser absorber, while
N, was used as reactant and pressure transmitting medium.

A similar approach has very recently led to the HP-HT
synthesis of SbCNj, due to the reaction of carbon from the
diamond anvils for temperature in excess of 2200 K (2200-
2800 K). SbCNj, containing C, N and Sb, is made of
guanidinate ([CN;]°") and Sb>* ions.P]

By this method, we report here the successful activation
of a direct chemical reaction between Sb and N, in
condensed phase under HP (32-35 GPa) and HT (1600
2200 K) conditions generated by a laser heated DAC and
the synthesis of a crystalline nitride of antimony with SbsNj
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stoichiometry, whose structure was solved and refined using
single crystal synchrotron XRD.

Results and Discussion

The samples containing Sb and N, were prepared as
described in the Experimental Section SI-1. Synchrotron
XRD was used to monitor the sample after loading, during
compression to the laser heating (LH) pressure and after
LH. No sign of reactivity was observed under room T
compression in the explored pressure range up to ~50 GPa.

Before and after LH, the sample was mapped by
acquiring single crystal and powder XRD patterns across a
grid covering the laser heated area and the surrounding
regions with 3-10 um step resolution, depending on the
sample size after reactivity. No chemical reaction between
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Sb and N, was detected when laser heating the sample to
1600 K and 15 GPa. A chemical reaction was instead
repeatedly observed during different experiments, when
compressing Sb in the presence of N, at 32-35 GPa and laser
heating at this pressure at temperature between 1600 and
2200 K (Figure 1). This occurrence, observed also in the As/
N, system,”) indicates the reduction of the interatomic
distances to be a key factor for the activation of the chemical
reaction and the formation of the reaction product along a
given isotherm, suggesting the existence of a threshold
pressure for the transformation. Based on existing literature
data, the HP-HT conditions, at which chemical reactivity
was detected, correspond to the fluid phase of SbP and
N,.P*I Noticeably, also in the case of P! and likely in that of
As ) reactivity with N, appears to take place in the fluid
phase in this pressure regime.

Pl

Intensity (arbitrary units)
IIII|IIII|I\\I|IIII|IIII|IIII‘l\II|IIII|IIII|IIII‘IIII|IIII|IIII|III\|IIII|IIII|IIII|II|I|IIII|IIII|IIII|\\II|IIII|IIII
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Figure 1. XRD patterns (1=0.3738 A) and photomicrographs of a sample containing Sb and N, at room T and high pressure before and after the
activation of chemical reaction upon laser heating. The photomicrographs respectively show a sample containing crystalline bcc Sb-11 (central dark
spot) and &-N, (surrounding transparent area) at 32 GPa and room T before LH (A) and at 35 GPa and room T after LH (B). The two images,
acquired using different microscopes (respectively inside (A) and outside (B) the experimental hutch of ESRF-1D27), clearly show the change in the
size and shape of the initial Sb crystal after LH. Purple trace: XRD pattern acquired at 32 GPa and room T before LH at the center of the sample in
the microscope image A, indicating the presence of crystalline bcc Sb-111 and &-N,. Green trace: XRD pattern acquired in the transparent region of
microscope image B at 35 GPa and room T after LH, indicating the presence of &-N,. Blue trace: XRD pattern acquired at the center of the laser
heated area (microscope image B) at 35 GPa and room T after LH, indicating the presence of a crystalline reaction product and of excess &-N,.
Orange trace: calculated XRD pattern using the structure obtained from single crystal data. The white scale bars on the top and bottom of
photomicrograph B respectively correspond to 27 and 90 ym.
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The microscope images displayed in Figure 1A and 1B,
clearly showing the change in the shape and size of the
starting piece of Sb after LH, provide a visual indication for
the occurrence of chemical reactivity, which is confirmed by
the XRD data.

The panoramic XRD patterns plotted in Figure 1
indicate that at 32 GPa and room T, before LH, the sample
contains body centered cubic (bec) Sb-IIIP and &-N,,P¥ as
expected at these pressure and temperature conditions
(Figure 1, purple trace).

The diffraction patterns acquired after LH at the center
of the laser heated area reveal instead the complete
consumption of Sb-III, whose reflections completely disap-
peared, and the formation of a new crystalline product
exhibiting distinct and sharp diffraction peaks (Figure 1,
blue upper trace). Unreacted excess ¢-N, can be detected
after LH both at the center of the laser heated areas and in
the surrounding transparent regions (Figure 1, blue and
green traces).

It is worth to highlight that the reaction between Sb and
N, proceeds upon LH until the complete disappearance of
crystalline Sb in excess N,, whereas unreacted Sb-III was
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found at room T in samples in which LH was reduced or
intentionally stopped (Figure 2).

The analysis of the diffraction data allowed to select and
identify single crystal domains, which indicate the formation
of a crystalline reaction product with Sb;Njs stoichiometry
and structure belonging to orthorhombic space group Crmc2,
(space group n. 36).

Relevant refinement parameters are reported in Table 1
for one of the investigated sample points, whereas the cif file
of the solved crystal structure of Sb;Ns, containing the
supplementary crystallographic data for this paper, has been
deposited in the CSD CCDC-ICSD database under Deposi-
tion Number 2301543. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures
service.

As far as we know, the observation of the Cmc2,
structure of Sb;Ns;, which was consistently determined in
several points across the same sample and in different
samples, represents the experimental evidence for the
existence of a long sought-after crystalline nitride of
antimony. It is worth to mention that the crystal structure of
Sb;N; was observed to persist at the pressure of synthesis

ks s
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Figure 2. Lower panel: Pawley fit of a panoramic XRD pattern (A=0.2647 A) acquired in one of the sample points at the center of the laser heated
area at 33 GPa and room T after LH, showing the presence of Sb;N; (Cmc2,) and of excess crystalline &-N,®® and unreacted Sb-11I (bcc).®” Upper

Panel: zoom of the experimental pattern shown in the lower panel.
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Table 1: Selected refinement parameters and atomic coordinates for
the crystal structure of Sb;N; at 35.0 GPa and room T. m, i, o
respectively indicate measured, independent and observed reflections.

Chemical formula Sb;N;
Formula Weight 435.30
Pressure (GPa) 35.0
Temperature (K) 293(2)
Crystal system Orthorhombic
Space group Cmc2, (n. 36)
a (A 12.305(7)

b (A) 5.0531(7)

¢ (&) 5.1945(7)
a () 90

B () 90

7 () 90

v (A% 323.002)

Z (formula units) 4
density (g cm™) 8.952
Wavelength (A) 0.3738
No.of m /i [ o[l >20(l)] reflections 289, 222, 216
Rin 0.026

Final R indices [I >2 o(l)] R1=0.0537, wR2=0.1385
Final R indices [all data] R1=0.0541, wR2=0.1387
S (goodness of fit) 1.15

No. of parameters 19

Atom (Wyckoff site) Coordinates

X y z
SbOT (8b) 0.6642(3) 0.7552(3) 0.2771(6)
Sb02 (4a) 05 0.7233(5) 0.7232(4)
NO1 (4a) 05 0.896(8) 0.365(7)
NO2 (8b) 0.600(5) 0.550(4) -0.009(4)
NO3 (3b) 0.693(5) 0.115(6) 0.151(4)

without decomposition, indicating Sb;Ns to be stable or
metastable at ~35 GPa and room T conditions.

The Cmc2, structure, obtained by single-crystal data, was
used for the multi-phase Pawley fit of the panoramic XRD
pattern acquired on a different sample of Sb and N, laser
heated at comparable HP-HT conditions and containing,
besides Sb;Ns, also unreacted bcc Sb-III and &-N,. The
agreement of the fit with the experimental data is shown in
Figure 2.

The asymmetric unit of crystalline Sb;Ns (Cmc2,)
contains two types of independent Sb atoms (SbO1 and
Sb02) and three types of independent N atoms (NO1, N02
and NO3), respectively located on Wyckoff positions 8b
(Sb01), 4a (Sb02), 4a (NO1), 8b (N02) and 8b (NO3).

The analysis of the interatomic distances and angles
indicates that every Sb is coordinated by N atoms and vice
versa. Only chemical bonds between Sb and N are present in
the connection scheme of Sb;Nj, indicating the complete
cleavage of the N=N triple bond, without formation of
azides, diazenides and pernitrides units or polynitrogen
chains. A complete list of the bond lengths and angles is
reported in Table SI-1. According to the van Arkel-Ketelaar
triangle, requiring a (Pauling) electronegativity (x) differ-
ence Ay>1.7 for ionicity in binary compounds,”® the
relatively small value of Ay=0.99 between Sb (yz=2.05)
and N (yy =3.04) indicates a covalent rather than ionic
nature of Sb;Ns. Even if these electronegativity values refer
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to ambient pressure, no significant effect is expected at the
experimental pressures of this study.*!

Both types of Sb atoms (Sb01 and Sb02) have six N
atoms as nearest neighbors, forming SbN; units, which
exhibit different coordination geometry. Whereas Sb01
atoms are indeed hexa-coordinated, adopting a distorted
octahedral coordination with Sb—N distances ranging be-
tween 1.97(3) and 2.189(16) A and N-Sb—N angles between
77.2(18) and 108.0(11)° (equatorial-equatorial and axial-
equatorial) (Table SI-1 and Figure 3G), the Sb02 atoms are
instead hexa-coordinated in a trigonal prismatic coordina-
tion, with Sb—N distances ranging between 2.05(4) and
2.21(4) A and N—Sb-N angles between 74.4(6) and 99.0(11)°
(Table SI-1 and Figure 3H).

In the case of the Sb02 atoms, two additional N atoms
are located at longer distance (2.54(6) A), suggesting the
occurrence of weaker secondary bonding interactions and an
increase in the coordination number of the Sb02 atoms from
6 to 81 (Table SI-1 and Figure 3J), ultimately leading to
SbN; units in square antiprismatic coordination (SAPR-8)*!
and possibly becoming more evident at higher pressure.

Of the three types of N atoms, NO1 has four nearest
neighbor Sb atoms (2 Sb01 and 2 Sb02), forming NSb, units
in a distorted tetrahedral coordination with two NO1-Sb01
distances of 2.192 A and two N01-Sb02 distances of 2.055
and 2.061 A (Table SI-1 and Figure 3L).

The NO2 atoms have four nearest neighbor Sb atoms (2
Sb01 and 2 Sb02), forming NSb, units too, but in severely
distorted tetrahedral coordination, with NO2-Sb distances
ranging between 1.98 and 2.21 A and the off-center Sb02
almost lying on the plane defined by three Sb atoms (Sb01,
Sb01 and Sb02) (Table SI-1 and Figure 3M).

Finally the NO3 atoms have three nearest neighbor Sb
atoms (Sb01), with NO03-Sb01 distances ranging between
1.97(3) and 2.08(2) A, in trigonal pyramidal coordination
(Table SI-1 and Figure 3N), and a fourth next nearest
neighbor Sb atom (Sb02) at a N03-Sb02 distance of 2.54
(6) A, which, according to the square antiprismatic coordi-
nation of the Sb02 atoms, leads to a distorted NO3Sb,
tetrahedral coordination of the NO3 atoms (Table SI-1 and
Figure 30).

Adopting the same notation used to describe phosphorus
nitrides,*>® the structure of Sb;Ns can be represented in
terms of polyhedral symbols as [Sb¥ ™ NI*/ NI/ NI*]
(or as 3[SbP sb¥ NI NI NP7 if adopting the SbN;
trigonal prismatic description for the coordination of the
Sb02 atoms), where ?[-] indicates an infinite 3D polymeric
network of polyhedra, and the subscripts and superscripts of
each element respectively denote the number of atoms of
the element and its coordination number. The letters in the
superscripts indicate: o octahedral coordination, ach square
anti-prismatic coordination, p trigonal prismatic coordina-
tion, ¢ tetrahedral coordination, n an electron lone pair.***

Details of the crystal structure highlighting the two
additional Sb--N distances with respect to the trigonal
prismatic coordination are shown in panels J and K.

Experimental structural data about bond lengths in
crystalline compounds of Sb and N available in literature are
essentially limited to antimony triazide Sb(Nj); (2.119(4)-
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Figure 3. Ball-and-stick and polyhedron views of the unit cell structure of Sb;N; at 35.0 GPa and room T along different crystallographic directions
obtained by single crystal synchrotron XRD at 35 GPa and room T, represented according to a cutoff Sb—N bond length of 2.50 A (panels A, B, C,
G, H and 1), leading to Sb01N; octahedra (blue) and Sb02N; trigonal prisms (orange), and to a cutoff Sb—N bond length of 2.54 A (panels D, E, F,
J and K), leading to Sb0TNg octahedra (blue) and Sb02N; square antiprisms (orange), which include the two Sb02-N03 distances at 2.54 A. The
NSb, distorted tetrahedra at NO1 (L, NO1Sb,) and NO2 (M, N0O2Sb,) and the NSb; trigonal pyramids at NO3 (N, N03Sb;), also becoming distorted
NSb, tetrahedra when including the 2.54 A N03-Sb02 distance (O, N03Sb,), are represented by gray polyhedra. Sb and N atoms are represented by
orange and gray spheres, respectively. The two additional Sb--N distances with respect to the trigonal prismatic coordination are highlighted in
panels ] and K.
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2.151(5) A),7# to the [Sb(N;),]” (2.071-2.280 A),®’ [Sb-
(N3)s]> (2.099(2)-2.324(2) A)) and [Sb(N;)¢]~ (2.065(2)-
2.085(2) A)54I anions, to the neutral base stabilized dmap-
Sb(N;)s compound (2.0636-2.1366 A, dmap=4-dimeth-
ylaminopyridine) and to Zn,SbN; (1.990-2.068 A)!"! at
ambient pressure.

As expected from the involvement of the electron lone
pair in the chemical bond formation, the Sb—N distances in
Sb;Ns, ranging from 1.97 to 221 A (Table SI-1), are
consistent with the available experimental and calculated
literature data at ambient pressure (section SI-3), with the
single bond length values estimated from the sum of the
calculated covalent radii of Sb and N (~2.1 A) at ambient
pressure™ and with recently synthesized SbCN; at high
pressure (2.0179 A at 32.7 GPa, 2.022 A at 32.8 GPa).**

The Sb—N bond lengths in Sb;Njs are also in agreement
with the Sb—N bond lengths of the antimony nitride
crystalline structures calculated by Lian etal® at high
pressure: 2.105-2.153 A for C2/m SbN,-I at 20 GPa, 2.092-
2.168 A for C2/m SbN,-II at 40 GPa, 2.105-2.208 A for C2/m
SbN,I at 20 GPa and 2.052-2.183 A for PI SbN,II at
40 GPa.

However, Sb—N distances ranging between 2.35 and
2.56 A at ambient pressure, comparable to our Sb02-N03
distances of 2.54 A at 35 GPa, have been reported in the
(PNP),[Sb(pc*),]Br2 Et,0 complex of Sb(V) (PNP=
triphenylphosphine, pc =phthalocyaninate), where Sb exhib-
its square antiprismatic coordination by eight N atoms, four
of which are located on one of two crown ether like
chelating rings and four on the other.™”

Considering a cutoff Sb—N single-bond length of 2.50 A,
well beyond the longest experimentally reported Sb—N
single bond length of 2.324(2) at ambient pressure ([Sb-
(N3)s]*)™! in non-chelating ligands, and thus excluding the
two Sb02-N03 distances of 2.54 A (Table SI-1), the crystal-
line structure of Sb;Ns can be described in terms of
polyhedra as made of octahedral and trigonal prismatic
SbN; units, respectively involving the Sb01 and Sb02 atoms,
of NSb, distorted tetrahedra, respectively involving the NO1
and NO2 atoms, and of NSb; trigonal pyramids, involving the
NO03 atoms, which are illustrated in Figure 3 (panels A, B, C,
G,H,I,L,M and N).

Opverall, considering all the experimental Sb—N nearest
neighbor distances and thus including also the two Sb02-N03
distances of 2.54 A (Table SI-1), the polyhedra involving the
Sb02 atoms can be described as SbNg square antiprismatic
units (Figure 3, panels D, E, F, J and K) and those involving
the NO3 atoms as distorted NSb, tetrahedra (Figure 3, panel
O). Interestingly, in spite of tetrahedral SbN, being reported
in Zn,SbN,™ at ambient conditions, the fact that no
tetrahedral four-coordination of Sb is observed in Sb;Ns at
35 GPa may be related to the effect of pressure in stabilizing
higher coordination numbers,*! as also confirmed by the
report of octahedrally coordinated Sb’" in SbCNj;, where
Sb’* is hexacoordinated by the N atoms belonging to six
guanidinate ([CN;]°7) ions.*¥

The high-pressure chemistry of Sb with N can be
compared to that of P** and As.”!
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The framework of chemical bonding connecting Sb and
N in Sb;N;s markedly differs from the connection scheme of
lighter As with N in AsN[ synthesized (>25GPa,
>1400 K) and structurally characterized (28-40 GPa, room
T) at comparable pressure conditions, which appears instead
similar to that of cubic gauche N (cg-N).’”! Whereas As
prefers the oxidation state +3 with coordination number 3
in trigonal pyramidal coordination and electron lone pair
expression, Sb adopts instead the oxidation state +5, with
coordination number 6 and 8, respectively in octahedral and
square antiprismatic coordination (or coordination number
6 in octahedral and trigonal prismatic coordination, accord-
ing to the structure description with 2.50 A cutoff Sb-N
bond length).

From this point of view, the structural and chemical
behavior of Sb with N rather appears closer to that of P, the
second element in group 15, in J-P;Ns;, at much higher
pressure (72 and 118 GPa).! Indeed clear similarities
emerge when comparing the crystalline structures of Sb;Nj
(Cmc2,, space group n. 36) and recently discovered J-P;Njs
(C2/c, space group n. 15).1

The two crystalline nitrides have the same stoichiometry
and, similarly to J-P;Ns, which features two types of P atoms,
also Sb;Ns contains two types of Sb atoms. Furthermore, in
both cases all the P and Sb atoms are at least hexa-
coordinated, respectively forming PN, and SbNg or SbN;
units.

Nevertheless, whereas in J-P;Ns only octahedral PNy
units are present on both Wyckoff sites (8f and 4a), in Sb;Nj;
the coordination polyhedra formed by the two types of Sb
atoms, located on 8b and 4a Wyckoff sites, respectively
exhibit octahedral SbN; and square antiprismatic SbNyg (or
trigonal prismatic SbNg) coordination.

Furthermore, in J-P;N; the three types of N atoms occupy
different Wyckoff positions, respectively forming tetrahedral
NP, (4e and 8f) and trigonal pyramidal NP; (8f) units. A
similar occurrence is found in Sb;Ns, where the three types of
N atoms occupy the 4a (NO1), 8b (N02) and 8b (NO03)
Wyckoft positions, adopting distorted tetrahedral NSb, coor-
dination as NO1Sb,, N02Sb, and NO3Sb, units, with the last
ones exhibiting one markedly longer NO03-Sb02 distance
(2.54 A) and actually becoming NO03Sb; trigonal pyramidal
when adopting a 2.50 A cutoff distance for the Sb—N bond.

Within this assumption, in both cases 2/3 of the N atoms
are four coordinated in a fully saturated tetrahedral
coordination, whereas 1/3 of the N atoms is three-coordi-
nated and likely hosts an electron lone pair.

Noticeably, the existence of tetrahedral coordination of
N, firstly reported in 6-P;Ns for P nitrides, is here confirmed
for Sb in Sb;N;. As suggested for the formation of
tetrahedral NP, units in 5-P;N,®! also in Sb;N; the presence
of tetrahedral NSb, units may likely be explained by the
pressure induced formation of a dative bonding involving
the electron lone pairs of N atoms and one of the
surrounding Sb atoms.

According to ab initio molecular dynamics simulations,
the local formation of four-coordinated NSb, tetrahedra
sharing corners or edges seems to drive the bonding
mechanism of N to Sb in amorphous N-doped Sb, persisting
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also after crystallization and apparently representing an
important feature in phase change materials performances
of N-doped amorphous Sb.l'*"?

Within this scenario, the existence and evolution with
pressure of the trigonal prismatic hexa-coordination into a
square antiprismatic octa-coordination, including the two
additional distances in the coordination sphere, represents a
unique feature among crystalline pnictogen nitrides.

Interestingly, although not pointed out by Lian et al. in
their paper, a similar occurrence can be found in the
predicted Sb,N; structure (Cmcm) at 120 GPa.” In this
calculated structure one of the two types of Sb atoms
exhibits octahedral SbN; coordination, whereas the second
one has six nearest neighbor N atoms in trigonal prismatic
coordination at distances between 2.016 and 2.191 A and
two additional second nearest neighbor N atoms at 2.318 A.

Despite the significantly higher pressure of the calcu-
lated structure, the coordination of the Sb atoms in Sb,Nj;
appears fully consistent with the coordination of Sb in the
experimental Sb;Nj structure reported here.

On other side, no SbN; units in trigonal pyramidal
coordination are here found in Sb;Nj, as instead observed in
the calculated SbN,-I and SbN,-II structures at high
pressure® and in the proposed structure of the transient
SbN compound observed by Chen et al. at ambient pressure
and high temperature during RTA.F4

Another common feature, relating Sb;N5 and J-P;NG, is
the presence of characteristic structural motifs made of
polyhedra connected through shared vertexes and edges.

Whereas in J-P;N;5 these motifs consist of linear chains of
single vertex-sharing PNy octahedra formed by one of the
two types of P atoms and of chains of edge- and face-sharing
double PNy octahedra involving the other type of P atoms,
the crystal structure of Sb;Ns can be viewed as the ordered
stacking in the bc plane of bi-layers of vertex sharing SbNg
octahedra alternated to mono-layers of vertex- and edge-
sharing SbNy square antiprisms (Figure 4A—H). The mono-
layers can be alternatively described in terms of trigonal
prismatic SbN, polyhedra, depending on the selected cutoff
distance for the Sb—N bond (Figure SI-1). Within the bi-
layer, every SbNy octahedron is connected by shared
vertexes to eight octahedra in the same bilayer (Figure 4B
and 4E), whereas within the monolayer, every SbNg square
antiprism (SbNj trigonal prism) is connected to four other
polyhedra of the same type, sharing the two opposite edges
of one square face with two of them and the two vertexes
opposite to the shared edges with the remaining two of them
(Figure 4C and 4F and Figure SI-1). The bi-layers of
octahedra and the mono-layers of square antiprisms (trigo-
nal prisms) are connected with each other by shared
vertexes and edges.

Interestingly, the electron lone pairs of two N0O3 atoms,
belonging to the two bi-layers of SbNg octahedra on the
opposite sides of a trigonal prism monolayer, appear to have
favorable orientation to interact with the same Sb02 atom
through the square faces of the corresponding SbNj trigonal
prism (Figure 3, panel I). The two NO03--Sb02 distances
correspond indeed to the two additional 2.54(6) A distances
leading to square antiprismatic coordination of the Sb02
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atoms (Figure 3, panels J and K), which is possibly further
favored at higher pressure.

Overall, from a chemical point of view, these are
relevant pieces of information, providing insight on bond
theory of pnictogens under high density conditions, partic-
ularly concerning the progressive evolution with pressure of
non-bonding electron lone pairs into bonding interactions.
The processes of bond formation through the progressive
strengthening of weaker secondary bonding interactions
represents a relevant topic in bond theory description.*!!

A similar occurrence has been observed for example in
the inter-layer bond formation mechanism during the A7 to
simple cubic phase transition in P, leading to the discovery
of the pseudo simple-cubic (p-sc) structure.'*?

Conclusion

In this study we report the direct chemical reaction of Sb
and N, under HP-HT conditions generated by a laser heated
DAC, leading to the synthesis of crystalline Sb;Ns according
to the following chemical equation:

5 P>32.0 GPa
38b+5N, ————SbyN; 1)

T=1600-2200 K

The Cmc2, crystal structure of Sb;Ns, was determined at
high pressure and ambient temperature using synchrotron
XRD and its persistence without decomposing indicates
thermodynamic or meta- stability at the experimental
conditions, in agreement with theoretical prediction suggest-
ing the existence of metastable crystalline pnictogen ni-
trides.

From a chemical point of view, the discovery of
crystalline SbsNs not only represents a landmark in the
chemistry of Sb and N, but also sets a milestone along the
road to the exploration of crystalline pnictogen nitrides,
expanding the family of these so far elusive compounds to
the fifth period of the periodic table of the elements and
possibly paving the way to the discovery of other structures
and stoichiometries in the Sb—N system. In a broader
perspective, the structural characterization of Sb;Ns provides
new insights about fundamental aspects of pnictogens
chemistry with respect to the crystalline nitrides of lighter P
and As known so far, marking a significant advancement in
the knowledge of crystalline nitrides of group 15 elements
and possibly leading to the high-pressure synthesis and
discovery of an entire class of new pnictogen nitrides with
different structures, stoichiometry and multivalent composi-
tion. Implications concern new advanced and innovative
materials of energetic and technological relevance poten-
tially recoverable to ambient conditions as stable or
metastable systems, like phase change materials, layered
compounds and high energy density N-rich materials.
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Figure 4. Polyhedron views of the unit cell structure of Sb;N; at 35.0 GPa and room T along different crystallographic directions obtained by single
crystal synchrotron XRD (panels A, D, G) highlighting the presence of bi-layers of Sb0TN, octahedra (panels B, E) and of layers of Sb02Ng square-
antiprisms (panels C, F, H). Sb and N atoms are represented by orange and gray spheres, respectively. The distorted octahedral SbN4 and square
antiprismatic SbN; units are represented as blue and orange polyhedra, respectively. The cutoff Sb—N bond length has been set to 2.54 A. An
alternative view obtained with a cutoff Sb—N bond length of 2.50 A, excluding the two Sb02-N03 bond lengths at 2.54 A and leading to a structure
description in terms of Sb02N, trigonal prisms, is shown in Figure SI-1.
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