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Zusammenfassung 

 Die Entdeckung der Verkettung von Stickstoffatomen unter hohem Druck hat einen 

neuen Weg für die Synthese von Polynitrogenverbindungen eröffnet. Theoretische Studien 

sagen zahlreiche Hochdruck-Polynitride mit exotischen Strukturen voraus, die Oligo- und 

Polynitrogen-Anionen enthalten und Eigenschaften aufweisen, die auf eine Eignung als 

Materialien mit hoher Energiedichte schließen lassen. 

 Diese kumulative Dissertation präsentiert eine experimentelle Untersuchung der Terra 

incognita der Chemie von Hochdruck-Seltenenerdnitriden und -carbonitriden. Die Hauptziele 

waren: (1) experimentell zu bestimmen, welche Phasen bei Drücken bis zu 125 GPa gebildet 

werden, (2) die Regelmäßigkeiten in der Hochdruck-Phasenbildung und der strukturellen 

Organisation von Seltenenerdnitriden und -carbonitriden zu identifizieren und zu identifizieren 

und umfassende Muster in der in der Hochdruck-Chemie des Stickstoffs zu finden, (3) die 

theoretischen Vorhersagen zu überprüfen. 

 Für die Hochdruck-Hochtemperatur-Synthese wurden Laser-beheizte 

Diamantstempelzellen (engl. laser-heated diamond anvil cell, LHDAC) verwendet, 

Phasenidentifikation, Strukturlösung und Verfeinerung wurden mittels in-situ Einkristall-

Röntgenbeugung (engl. single-crystal X-ray diffraction, SCXRD) mit Synchrotronstrahlung 

durchgeführt. Die Herausforderungen bei der Analyse von mehrphasigen polykristallinen 

Proben, die in den LHDACs gebildet wurden, wurden mit der Entwicklung der Software DAFi 

bewältigt. Dieses ermöglicht das Sortieren von SCXRD-Daten einzelner Kristallite in 

Mehrkornproben ohne vorherige Kenntnisse der Phasenzusammensetzung. Mithilfe von DAFi 

wurden zunächst binäre Y-N- und Sc-N-Systeme und anschließend komplexere Systeme mit 

seltenen Erden (La, Ce, Eu, Gd, Tb, Ho, Yb), Stickstoff und Kohlenstoff untersucht. 

Dichtefunktionaltheorie (DFT) Berechnungen wurden durchgeführt, um die experimentellen 

Entdeckungen zu bestätigen und zusätzliche Informationen über die strukturellen Merkmale 

und Eigenschaften der synthetisierten Verbindungen zu gewinnen. 

 Die Reaktionen zwischen Yttrium und Stickstoff wurden in den LHDACs bei 50 GPa 

und 100 GPa durchgeführt. Dabei wurden drei neuartige Feststoffe mit ungewöhnlicher 

Stöchiometrie entdeckt: Y5N14 bei 50 GPa und YN6 sowie Y2N11 bei 100 GPa. Die 

Kristallstruktur von Y5N14 enthält drei unterschiedliche Arten von Stickstoffdimeren. 

Kristallchemische Analysen und DFT-Berechnungen zeigen, dass die Dimere [N2]x- 

kristallographisch und chemisch nicht äquivalent sind und unterschiedliche nicht-ganzzahlige 

Formalladungen (x) besitzen, was Y5N14 von allen bisher bekannten Dinitriden unterscheidet. 
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Die Kristallstrukturen von YN6 und Y2N11 weisen eine einzigartige Anordnung von 

Stickstoffatomen auf – ein bisher unbekannter anionischer N18-Makrozyklus bzw. eine 

Polynitrogen-Doppelhelix. Die chemischen Reaktionen zwischen Scandium und Stickstoff bei 

78-125 GPa und 2500 K in LHDACs führten zur Bildung von vier neuen Verbindungen: Sc2N6, 

Sc2N8, ScN5 und Sc4N3. In den Kristallstrukturen der stickstoffreichen Phasen Sc2N6, Sc2N8 und 

ScN5 bilden kettenförmig verknüpfte Stickstoffatome bisher unbekannte [N6]6-, und [N8]6-

Einheiten, die aus kondensierten N12-Ringen bestehen. DFT-Berechnungen zeigen, dass die 

Feststoffe Sc2N6, Sc2N8 und ScN5 vielversprechende Materialien mit hoher Energiedichte sind. 

Diese Ergebnisse erweitern die Liste der bekannten kettenförmigen Stickstoffspezies erheblich 

und zeigen, dass der Grad der Bildung von Stickstoffketten mit dem Druck zunimmt. 

 Eine Reihe isostruktureller Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, Yb)- 

Oxoguanidinaten wurde unter Hochdruck-Hochtemperatur-Bedingungen (bei 25 – 54 GPa und 

2000 – 3000 K) synthetisiert, deren Kristallstrukturen das [CN3]5- Guanidinat-Anion aufweisen. 

Experimente zur Dekompression haben gezeigt, dass die Ln3O2(CN3)-Verbindungen auch unter 

Normalbedingungen nachweisbar sind. Bei höheren Drücken wurde eine neue Klasse von 

Materialien entdeckt, die aus einer aus CN4-Einheiten aufgebauten, anionischen 3D-

Polycarbonitrid-Gerüststruktur und Metallkationen bestehen. Die ersten Vertreter dieser 

Polycarbonitride, LaCN3, TbCN3, CeCN5 und TbCN5, wurden in LHDACs bei Drücken 

zwischen 90 und 111 GPa synthetisiert. Die Kristallstrukturen dieser Verbindungen bestehen 

aus dreidimensionalen, anionischen Kohlenstoff-Stickstoff-Netzwerken aus di- oder oligo-

Stickstoff-verknüpften CN4-Tetraedern, wobei die Kohlenstoff- und Stickstoffatome durch 

kovalente Einfachbindungen aneinander gebunden sind. Aus der Perspektive der Chemie 

vervollständigen die neu entdeckten Verbindungen die Reihe der kovalent gebundenen 

anionischen C-N-Spezies, von den bei Normalbedingungen bestens bekannten Cyaniden [CN]- 

und Carbodiimiden [NCN]2-, bis hin zu den unter Hochdruck gebildeten Guanidinaten [CN3]5- 

(25-54 GPa) und Polycarbonitriden [CN4]4-
∞ (90-111 GPa). Die Stabilisierung des [CN3]5- 

Guanidinat-Anions unter Normalbedingungen eröffnet neue Möglichkeiten für die 

anorganische und organische Synthesechemie. 

 Abschließend präsentiert diese Dissertation Ergebnisse zur Synthese von Selten-Erd-

(Poly-)Nitriden und -Carbonitriden in LHDACs bei Drücken von 25-125 GPa und 

Temperaturen bis zu 3000 K. Die Kristallstrukturen wurden mittels Synchrotron-SCXRD gelöst 

und verfeinert. Das Programm DAFi wurde entwickelt, um SCXRD-Reflexe einzelner 

Kristallite in Mehrkornproben ohne vorherige Kenntnisse der Phasenzusammensetzung zu 

sortieren. Diese Software stellt einen Durchbruch in der Strukturuntersuchung von 

Mehrkornproben dar, sowohl unter Normal-, als auch unter Extrembedingungen. Die SCXRD-
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Analyse ergab 17 neuartige Verbindungen, 7 neue Strukturtypen und 6 bisher unbekannte 

Anionen. Diese systematische experimentelle Studie zeigt, dass: (1) Druck die Bildung 

homoatomarer Oligo- und Polystickstoff-Anionen begünstigt, wobei der Grad der Stickstoff-

Kettenbildung mit steigendem Druck zunimmt; (2) die Vielfalt kettenförmiger Stickstoff-

Anionen mit steigendem Druck zunimmt, wobei bei gleichen Drücken unterschiedliche 

Anionen nebeneinander vorliegen können, (3) die Koordinationszahl von Kohlenstoff in C-N-

Anionen mit dem Druck steigt, was zu drastischen Veränderungen in Struktur und Chemie der 

Carbonitride führt. Unter einer Vielzahl von theoretischen Vorhersagen fanden sich lediglich 

zwei der 17 experimentell entdeckten neuen Strukturen. Dies unterstreicht den Bedarf an 

präziseren Methoden zur Vorhersage solcher Verbindungen. 
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Summary 

 The discovery of nitrogen catenation under high pressure has opened up a route for the 

synthesis of polynitrogen compounds. Theoretical studies predict numerous high-pressure 

polynitrides with exotic structures containing oligo- and polynitrogen anions and properties 

potentially useful for high-energy-density materials. 

 This cumulative thesis presents an experimental investigation of the chemistry of the 

high-pressure rare-earth nitrides and carbonitrides, which hitherto has remained a terra 

incognita. The primary objectives were as follows: (1) to experimentally determine which 

phases are formed at pressures up to 125 GPa, (2) to identify the regularities in the high-pressure 

phase formation and structural organization of rare-earth nitrides and carbonitrides, and to find 

the broader patterns in nitrogen high-pressure chemistry, (3) to examine the theoretical 

predictions. 

 The laser-heated diamond anvil cell (LHDAC) technique was used for the high-

pressure high-temperature synthesis, and in situ synchrotron single-crystal X-ray diffraction 

(SCXRD) was used for the phase identification, structure solution, and refinement. To 

overcome the challenges in analyzing SCXRD data from multiphase polycrystalline samples 

formed in LHDACs, a DAFi program was developed. It enables the sorting of SCXRD data 

from individual crystallites within multigrain samples without requiring a priori knowledge of 

the sample's phase composition. Using this tool, first binary Y-N and Sc-N systems and then 

more complex systems containing rare-earth elements (La, Ce, Eu, Gd, Tb, Ho, Yb), nitrogen, 

and carbon were studied. Density functional theory (DFT) calculations were conducted to 

corroborate experimental discoveries and provide additional information on the structural 

features and properties of the synthesized compounds. 

 The reactions between yttrium and nitrogen were conducted in the LHDACs at 50 GPa 

and 100 GPa. Three novel solids with unusual stoichiometry: Y5N14 at 50 GPa, and YN6 along 

with Y2N11 at 100 GPa were discovered. The crystal structure of Y5N14 contains three distinct 

types of nitrogen dimers. Crystal chemical analysis and DFT calculations demonstrated that the 

dimers [N2]x- are crystallographically and chemically non-equivalent and possess distinct non-

integer formal charges (x) that make Y5N14 unique among known dinitrides. The crystal 

structures of YN6 and Y2N11 feature a unique organization of nitrogen atoms—a previously 

unknown anionic N18 macrocycle and a polynitrogen double helix, respectively. The chemical 

reactions between scandium and nitrogen at 78-125 GPa and 2500 K in LHDACs resulted in 

the formation of four novel compounds: Sc2N6, Sc2N8, ScN5, and Sc4N3. In the crystal structures 
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of the nitrogen-rich Sc2N6, Sc2N8, and ScN5 phases nitrogen is catenated forming previously 

unknown [N6]6- and [N8]6- units and (N5
3−)∞

2  anionic corrugated 2D-polynitrogen layers 

consisting of fused N12 rings. DFT shows that Sc2N6, Sc2N8, and ScN5 solids are promising 

high-energy-density materials. These results significantly extend the list of known catenated 

nitrogen species and demonstrate that the degree of nitrogen catenation increases with pressure.

 A series of isostructural Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, Yb) oxoguanidinates 

was synthesized under high-pressure (25-54 GPa) high-temperature (2000-3000 K) conditions. 

Their crystal structures feature the [CN3]5- guanidinate anion. Decompression experiments 

show that Ln3O2(CN3) compounds are recoverable to ambient conditions. At higher pressures, 

a new class of materials built of a CN4-based 3D polycarbonitride anionic framework 

comprising metallic cations was discovered. These first polycarbonitrides representatives, 

LaCN3, TbCN3, CeCN5, and TbCN5, were synthesized in LHDACs at pressures between 90 

and 111 GPa. The crystal structures of these compounds are built of covalently single-bonded 

carbon-nitrogen anionic 3D framework consisting of CN4 tetrahedra connected via di- or oligo-

nitrogen linkers. From a chemical perspective, these discoveries complete the series of 

covalently bonded anionic C-N species, from the cyanides [CN]- and carbodiimides [NCN]2- 

well-known at ambient conditions, to the high-pressure formed guanidinates [CN3]5- (25-54 

GPa) and polycarbonitrides [CN4]4-
∞ (90-111 GPa). The stabilization of the [CN3]5- guanidinate 

anion at ambient conditions provides new opportunities for inorganic and organic synthetic 

chemistry. 

 To conclude, this thesis presents results on the synthesis of rare-earth (poly-) nitrides 

and carbonitrides in LHDACs at pressures 25-125 GPa and temperatures up to 3000 K. The 

crystal structures were solved and refined using synchrotron SCXRD. The DAFi program was 

developed to sort SCXRD reflections from individual crystallites in multiphase polycrystalline 

samples without knowing their phase composition. This software is a breakthrough in structural 

studies of multigrain samples under both ambient and extreme conditions. The SCXRD analysis 

revealed 17 novel compounds, 7 new structure types, and 6 previously unobserved anions. This 

systematic experimental study demonstrates that: (1) pressure promotes the formation of 

homoatomic oligo- and polynitrogen anions with a higher degree of nitrogen catenation as 

pressure increases; (2) the diversity of catenated nitrogen anions increases with rising pressure, 

and different anions may coexist at the same pressure; (3) the coordination number of carbon 

in C-N anions increases with pressure, leading to drastic changes in the structure and chemistry 

of carbonitrides. Despite numerous theoretical predictions, only two out of 17 experimentally 

observed structures were anticipated by theory which highlights the need for more accurate 

methods in predicting such compounds.  
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1. Introduction 

1.1. High-pressure synthesis 

 The prospects brought forward by the application of the thermodynamic parameter 

pressure for geoscience, materials science and chemistry are tantalizing. According to the 

Inorganic Crystal Structure Database (ICSD), more than 97% of all known inorganic 

compounds have been produced at a single pressure value—ambient pressure—upon which our 

chemical understanding has been empirically built [ICSD search 01.07.2024]. However, given 

how radically pressure alters and modifies chemical behavior and the resulting material’s 

properties, it is only natural for high-pressure chemistry to gain traction.  

 Over the past decades, the high-pressure (GPa scale) high-temperature (up to 

thousands of kelvin) (HPHT) synthetic chemistry has grown up and drastically changed the 

established paradigms of chemistry. For example, the synthesis of noble gases compounds (e.g. 

Na2He1), compounds with unusual for ambient chemistry stoichiometries (e.g. NaCl3,2 Fe25O32 

3), superhydrides with enhanced electron transport properties and close-to-room-temperature 

superconductivity (e.g. LaH10
4), and stabilization of exotic units (e.g. hexazine rings5,6) have 

been reported. 

 There are three main approaches to high-pressure synthesis: using autoclaves, large 

volume presses (LVP), and laser-heated diamond anvil cells (LHDAC). Although the first two 

methods allow the synthesis of samples up to a few cubic centimeters and millimeters 

respectively, they cannot compete with LHDACs regarding the accessible pressure-temperature 

ranges (Fig. 1.1a). Conventional DACs (Fig. 1.1b) operate up to 200 GPa and thousands of 

degrees, but the simultaneous development of double-stage DACs (ds-DACs) and improvement 

in laser-heating systems in recent years considerably increased the pressure limit, and recently 

the possibility of laser heating at 1 TPa was shown.7 Thus, it is not surprising that the majority 

of HPHT syntheses were done using the LHDAC technique.8 
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Figure 1.1. (a) Achievable pressures and temperatures of various high-pressure techniques 

(adapted from Mao et al.9). MAP/WC: multi-anvil press with tungsten carbide anvils; MAP/SD: 

multianvil press with sintered diamond anvils; dsDAC: double stage diamond anvil cell; 

LHDAC/LHdsDAC – laser-heated diamond anvil cell or double stage diamond anvil cell. (b) 

A principal scheme of a laser-heated DAC.  

 The LHDAC technique allows very rapid temperature quenching of the reaction 

products that increases the chance of obtaining kinetically stabilized metastable phases at 

ambient temperature. The LHDAC provides an ideal reaction chamber and is particularly useful 

as it allows structural studies of the novel compounds using X-ray diffraction and optical 

spectroscopy, and allows the recovery of the materials to ambient conditions to be followed in 

situ. This is very important because full pressure release (like in the LVP technique) may lead 

to a decomposition reaction of synthesized compounds. Without knowledge of phases that exist 

at high pressure, it is difficult to make a step towards their recovery at ambient conditions and 

possibly scale up the synthesis using the LVP technique.  

1.2. In situ characterization of reaction products in LHDACs  

 After synthesis in LHDACs, one needs to study what has been synthesized under given 

P-T conditions. DAC environment limits the number of methods that can be applied to study 

the reaction products in situ. Nevertheless, the wide electromagnetic radiation transparency of 

diamonds still allows the investigation of materials under extreme conditions using various 

scattering, emission, and absorption methods. The primary in situ method for determining 

which reaction product or products were synthesized is X-ray diffraction. In most cases, this 

method allows accurate determination of the crystal structure of reaction products. Other 

complimentary spectroscopy methods such as Raman spectroscopy,10 luminescence 

spectroscopy,11 Mössbauer spectroscopy,12 X-ray absorption spectroscopy,13 and solid-state 

NMR spectroscopy14 can be also applied in situ to give more information about element 

composition, their valance states and coordination environment.  
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 The laser-heating of the precursors in LHDACs results in chemical reactions, causing 

the appearance of hundreds of small (micron- or submicron-sized) crystallites (or grains) of one 

or more often several different phases. When the reaction products are studied via X-ray 

diffraction, each of these crystallites gives its own set of spotty Bragg’s reflections. Thus, the 

diffraction pattern of the sample in LHDACs is complex and represents a superposition of 

single-crystal diffraction from hundreds of crystallites. 

 In some simple cases, when the 1D diffraction pattern contains a small number of 

diffraction lines and they can be easily indexed, the powder X-ray diffraction can be applied 

with Rietveld refinement: usually, it is the case of only one reaction product with already known 

crystal structure or known structure type.15 In some more complex cases, e.g. when one or two 

unknown phases are observed, powder X-ray diffraction data analysis including Rietveld 

refinement in combination with ab initio structure search sometimes can be successfully used.16 

 However, in most cases in LHDACs, the mixture of several novel phases, often having 

low symmetry crystal structures, is formed. Hence, the powder diffraction pattern is extremely 

complex with many overlapped lines. In these cases, powder X-ray diffraction data analysis, 

even with the help of ab initio structure search, is not reliable. With a small enough beam, that 

is available at synchrotron facilities, a powerful method of single-crystal X-ray diffraction can 

be applied to the multigrain samples. This method — synchrotron single crystal X-ray 

diffraction from multigrain samples in LHDACs — allows the direct crystal structure 

determination of reaction products without a priori crystallographic information. It was first 

described in detail in the PhD thesis of Elena Bykova in 2015.17 This method has many 

difficulties, the most crucial one is the search and sorting of single crystal X-ray diffraction 

reflections from different crystallites; hitherto this process has to be performed manually by a 

scientist. The development of a software solution to resolve this problem is of utmost 

importance, and it is done within this thesis and presented in Section 5.1. 

1.3. High-pressure chemistry of nitrogen 

1.3.1. Nitrogen inorganic compounds at ambient pressure 

 The chemistry of nitrogen at ambient pressure has long been thought to be very limited 

due to the extreme stability of triple-bonded molecular nitrogen. In inorganic solid-state 

compounds at ambient pressure, nitrogen does not possess the catenation (with the exception 

of azides): it is typically present in the form of a nitride anion N3− in ionic compounds, or as 

distinct N atoms covalently-bonded with non-metal elements.  
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 Nitrides represent an important class of inorganic materials that exhibit outstanding 

physical and chemical properties. Nitrides of the heavier main group elements are interesting 

primarily because of their semiconducting properties. UV/blue light emitting diode materials 

based on Al, Ga, and In nitrides are widely used in industry.18–20 Due to strong covalent 

networks, nitrides of light main group elements often possess high hardness and 

incompressibility (cubic c-BN, c-Si3N4).21 Transition metal nitrides often have exceptional 

hardness, high melting points, chemical stability, and resistance to oxidation and diffusion of 

metals. They show high electrical and thermal conductivities.22 Some transition metal nitrides 

possess different magnetic properties depending on the structural type in which they crystallize 

(e.g. FeN in ZnS23 or NiAs24 structure types). Some of the transition metal nitrides have a 

combination of useful properties, e.g. δ-NbN is a hard and incompressible superconductor.25 

This combination of properties has attracted considerable attention and resulted in numerous 

technical applications and theoretical investigations. During the last decades, a large number of 

new ternary nitrides have been discovered with many of them recently gaining increasing 

attention due to their promising optical and electronic properties.26  

1.3.2. High-pressure behavior of molecular nitrogen 

 In the last two decades, the application of high pressure has broken the established 

understanding of nitrogen chemistry. Up to 110 GPa molecular nitrogen exhibits an impressive 

polymorphism, with 11 experimentally observed crystalline allotropes with different 

arrangements of N2 molecules.27 Above 110 GPa intramolecular bonds in N2 are weakened, and 

heating, breaking the kinetic barrier, leads to the formation of polymeric single-bonded nitrogen 

atoms networks. Currently, three crystalline polymeric nitrogen allotropes are known: cubic-

gauche polymeric nitrogen (cg-N),28 nitrogen with the black phosphorus structure (bp-N),27 and 

hexagonal layered polymeric nitrogen (hlp-N),29 synthesized at high temperatures and at 110–

180 GPa, 124–180 GPa, and 244 GPa, respectively (Fig. 1.2). 
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Figure 1.2. The crystal structures of polymeric nitrogen phases: (a) cg-N, (b) bp-N, and (c) hlp-

N. (d) The diagram (adapted from27) illustrating the experimentally observed high-pressure 

nitrogen phases. 

 

1.3.3. High-pressure binary X-N compounds 

 The discovery of the polymeric nitrogen allotropes cg-N, bp-N, and hlp-N triggered 

interest in compounds with covalent N-N bonds, whose subsequent HPHT synthesis opened a 

new era of nitrogen chemistry, enriched with novel compounds featuring di-, oligo-, and 

polynitrogen units. Pressure is a useful tool to tune nitrogen reactivity.30 It turned out that 

nitrogen easily reacts with metals under HPHT conditions and forms various metal-nitrogen 

compounds featuring charged nitrogen N2
x- dimers5,15,31–47 at low-to-mild pressures (10-50 

GPa), and polynitrogen units (tetra-nitrogen horseshoe-like N4
4- units,48 pentazolate N5

- 

rings,6,41,49,50 N6 rings5,6,51), different polymetic nitrogen chains48,52–58
 and even polynitrogen 

layers57
 at mild-to-high pressures (above 50 GPa) (Table 1.1).  

 Some of the synthesized compounds were found to be recoverable to ambient 

conditions, indicating that polynitrogen chemistry exists not only under high compression. If 

so, conventional chemistry routes for the targeted synthesis of compounds with polynitrogen 

units, first discovered under high pressure, could be found. Indeed, CsN5 containing N5
- 

pentazolate ring was first synthesized under HPHT conditions by laser-heating of CsN3 in N2 

at 60 GPa.50 Although CsN5 was found non-recoverable to ambient conditions, an approach to 

producing the pentazolate anion59–61 at normal pressure was quickly developed. 
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 The discoveries of unique nitrogen entities not only push the boundaries of 

fundamental nitrogen chemistry, but reveal high-pressure nitrogen compounds possessing key 

properties for functional applications. For example, the rhenium nitride pernitride ReN2, which 

is recoverable to ambient conditions, has an extremely low compressibility, high hardness, and 

metallic conductivity;62 a single layer of BeN4 may become a 2D material with unique 

electronic properties,57 and a variety of polynitrides with high nitrogen content are promising 

high-energy-density materials.63 

Table 1.1. Summary of experimentally observed di- and polynitrogen units and layers prior to 

this thesis. 

N2 

dimers  
[N2]x- units 

Found in: 

Li2N2
40,  LiN2 

41,  NaN2
42,  CaN2

43,  SrN2
43,  BaN2

43, 

Na3(N2)4
42,  K3(N2)4

5,  Ca3(N2)4
44,  Sr3(N2)4

44,  Ba(N2)3
44

, 

TiN2
45,  VN2

46,  CrN2
47,  FeN2

31,  CoN2
31,  NiN2

15,32,  CuN2
33,   

RuN2 
34

 RhN2 35,36 PdN2 37, OsN2 
38, IrN2

38,39,  PtN2 
39 

isolated 

polyN 

units 
 

  

[N2]4- units [N5]- and [N5]2- rings 
armchair [N6]6- rings and planar 

[N6]2- and [N6]4- 

Found in: Mg2N4
48 

LiN5
41

,  NaN5
49,  CsN5

50,  

Na2N5
49,  K9N56

6 
WN6

51,  K2N6
5,  K9N56

6  

polyN 

chains  
 

[N4]2-
∞ Polynitrogen chain 

[N10]10-
∞ branched polynitrogen 

chain 

Found in: 

tr-BeN4
57,  MgN4

48, CoN5
52

, FeN4
54,  

ZnN4
58, ReN8·xN2

53,  WN8·N2
55,  

Os5N28·3N2
55, Hf4N20·N2

55,  Hf2N11
55, 

TaN5
56 

polyN 

layers 
 

polynitrogen layers consisting of fused N10 rings 

Found in: m-BeN4
57 

 

 Nitrogen high-pressure chemistry is not limited to reactions of nitrogen with metals 

only. The binary nitrogen–non-metals systems have also been studied under HPHT conditions. 
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For example, novel high-pressure nitrides of non-metal elements of the 14th (c-Si3N4,64
 SiN2

65; 

C3N4, CN, and CN2
66), 15th (PN2, P3N5,

67 AsN,68 Sb3N5
69), 16th (SN2

70), and 18th (Xe(N2)2
71) 

groups of the Periodic system have been reported.  

 Despite the huge progress in the exploration of X-N systems under high pressure 

during the last decade, there are still many blind spots (e.g. nitrogen-halogen systems, nitrides 

of 13th group, and rare-earth nitrides) and our knowledge about nitrogen high-pressure 

chemistry is far from being complete. Numerous computational studies based on ab initio 

crystal structure search predict the stabilization of many exotic X-N compounds under high 

pressure with unique crystal chemistry and physical properties.63,72–77 

 Rare-earth nitrides at ambient conditions present as a series of LnN compounds  

(Ln = Sc, Y, La-Lu) with the rock salt type structure. Under high pressure, their compressional 

behavior and phase transitions were studied,78 however, synthesis of rare-earth di- or poly- 

nitrides has never been carried out. Since polynitrides are often considered as high-energy-

density materials, where the low molecular weight of the compound is important, polynitrides 

of scandium and yttrium — the lightest rare-earth elements — would be the most promising for 

that application. Indeed, there are several theoretical studies,79–82 where nitrogen-rich phases 

with ScN3, ScN5, ScN6, and ScN7 compositions have been predicted to be stable under 30-110 

GPa and may serve as high-energy-density materials. Among Y-N polynitrides, YN5, YN8, and 

YN10 with polynitrogen chains, fused N18 rings, and isolated N5 rings, respectively, were 

predicted to be stable near 100 GPa and are all promising prospects as high-energy-density 

materials.83 Thus exotic Y-N and Sc-N compounds under high pressure with promising physical 

properties comprised of unique oligo- and poly-nitrogen anions are expected. Sections 5.2-5.4 

of this thesis are dedicated to high-pressure studies of Y-N and Sc-N up to megabar pressures. 

1.3.4. High-pressure ternary metal-C-N compounds 

 While the high-pressure chemistry of binary X-N systems has already gained the 

attention of scientists, the high-pressure chemistry of ternary systems, such as metal-C-N for 

example, is almost unknown. Inorganic ternary metal-C-N compounds with covalently bonded 

C-N anions encompass important classes of solids. At ambient conditions, the most investigated 

classes are cyanides (CN-)84,85 and carbodiimides (NCN2-)86–92, although more complex anions 

(i.e. dicyanamides,93,94 tricyanomethanides,95 and acetonitriletriide96) are known. Inorganic 

cyanides have applications in gold mining, metal finishing, electroplating97 and also can be used 

as reactants and/or catalysts in organic syntheses.98 Inorganic carbodiimides exhibit interesting 

optical properties, making them useful in optoelectronics and photonics86–88 and have a 
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potential for energy storage and conversion, e.g. as electrode materials for lithium-ion batteries, 

fuel cells, and supercapacitors.89–92 While CN- and CN2
2- anions are well-known, the next 

members of this anionic series — i.e. the CN3
5- anion, a derivative of guanidine, and CN4

8-, a 

derivative of hypothetical tetraaminomethane — have not been discovered yet, although 

discussed in the literature.99,100  

 The carbon coordination number increase can be expected under high pressures. 

Therefore, the stabilization of the abovementioned CN3
5- and CN4

8- anions or even more 

complex oligo- and poly-anionic species might be expected at high enough pressures. However, 

hitherto, high-pressure studies on metal-C-N systems are limited to the investigation of phase 

transitions in known compounds at relatively low pressures. For example, the polymorphism of 

KCN, Zn(CN)2, and Co(N(CN)2)2 compounds was studied up to 2.2, 5.1, and 3.6 GPa, 

respectively.101–103 Thus, the application of mild and high pressures for the synthesis of novel 

carbonitrides featuring yet unknown structural units is enticing. Sections 5.5 and 5.6 of this 

thesis are dedicated to high-pressure synthesis of lanthanide carbonitrides at high pressures. 
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2. Methods 

2.1. Generation of extreme conditions 

2.1.1. Pressure generation in DACs 

 Pressure, defined as 𝑃 =  
𝐹

𝐴
, can be increased by either maximizing the force (F) or 

minimizing the area (A). The former approach is employed in piston-cylinder104 and multi-anvil 

apparatuses,105 using large devices to apply significant force to larger samples (0.1 to 1 cm). In 

contrast, diamond anvil cells (DACs) use the latter approach, reducing the sample area to 

around 10-100 µm to achieve high pressure. 

 The fundamental concept behind pressure generation in the DAC involves 

compressing the material between the flat tips (culets) of two gem-quality diamond anvils 

precisely driven against each other. Although various DAC designs have emerged over recent 

decades, the core idea remains consistent, with different DAC types sharing similar 

fundamental features. A typical DAC (Fig. 2.1a) comprises a metal body with a pair of seats, 

diamond anvils precisely positioned on them, and a metallic gasket with a circular hole placed 

between the anvils.  

 

Figure 2.1. (a) BX90-type diamond anvil cell (modified after 106): (1) outer cylinder part, (2) 

inner piston part, (3) seats, (4) diamond anvils, (5) metallic gasket, (6) screws for generating 

loading force, (7) pack of conical spring washers, (8) setscrews for diamond anvils alignment. 

(b) Schematic diagram of a sample chamber. (c) Boehler-Almax designed diamond anvil and 

seat for X-ray diffraction experiments. 

 Seats are typically made of hard materials like tungsten carbide, which transfer 

external load to the diamond anvils. A metallic gasket with a circular hole is placed between 

the diamond tips, forming a cylindrical chamber (Fig. 2.1b). This configuration enables the 
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confinement of the sample position during compression and redistributes uniaxial stress when 

filled with a (soft) pressure-transmitting medium. Metallic gaskets are usually made from 

metals or alloys that are chemically inert under ambient conditions. In the studies discussed 

below, all gaskets were made from rhenium, a 5d transition metal known for its high bulk 

modulus (over 350 GPa), shear modulus (over 180 GPa), and melting point of 3453 K.107,108 

 The essential part of DAC is a pair of polished single crystals of diamonds, which 

serve as the diamond anvils. The size of the diamond anvil culet can range from approximately 

a millimeter to tens of micrometers, playing a key role in setting the upper limit of attainable 

pressure. Smaller culets enable the attainment of higher pressures but come with the restriction 

of the studied sample size. 

 The combination of the diamond cut's geometry, seat shape, and the aperture of the 

metallic body can be different and depends on the experiment needed. For single crystal X-ray 

diffraction experiments involving sample rotation, a large opening of the DAC body, large 

aperture diamond anvils and seats are essential (Fig. 2.1c). In this thesis, the large aperture 

BX90-type106 DACs equipped with Boehler-Almax type diamonds109 were used. The culet 

diameters ranged from 80 to 250 μm. Specifically, anvils with 250 μm culet diameters were 

used for pressures up to 50 GPa, 120 μm culets for pressures up to 100 GPa, and 80 μm culets 

for pressures above 100 GPa. 

2.1.2. Pressure transmitting media 

 By definition, the DAC is a uniaxial compression device. To achieve hydrostatic or 

quasi-hydrostatic conditions a pressure-transmitting medium (PTM) is used (Fig. 2.1b). PTM 

fills the sample chamber, surrounding the sample to ensure hydrostatic or quasi-hydrostatic 

stress transmission from the diamond anvils. In order to achieve hydrostatic conditions, true 

fluids—gases or liquids—should be used as PTM. Unfortunately, the solidification of fluids 

inevitably occurs at some pressure. The solidification pressures of the gases He, Ne, Ar, and 

N2, commonly used as PTM, are 12.1 GPa, 4.8 GPa, 1.4 GPa, and 2.4 GPa, respectively, at 

room temperature.110 Known liquids, including alcohol mixtures and paraffin oil, solidify at 

ambient temperature under pressures exceeding ~10-15 GPa.110,111 

 Ideal solid PTM should possess relatively low bulk and shear moduli and, ultimately, 

low tensile strength. Certain materials, such as solidified gases (He, Ne, Ar, N2), satisfy these 

criteria and can be employed. Besides facilitating uniform pressure distribution, PTMs often 

serve as pressure gauges (e.g., Ne, Ar), or participate as reactants in chemical reactions under 

extreme conditions (e.g., paraffin oil, O2, N2). Gases can be loaded into the DAC sample 
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chamber using a high-pressure gas loading apparatus112 or cryogenically,113 while solid and 

liquid PTMs can be loaded manually under a microscope. 

 In the present thesis, nitrogen was used as a PTM as well as a chemical precursor. 

Molecular nitrogen N2 was loaded using a gas-loading system,112 where the gas was pumped 

(up to 1.4 kbar) into the vessel with a DAC. Upon releasing the external gas pressure, the DAC 

was sealed by manually tightening the screws in the piston-driving mechanism.  

2.1.3. Pressure determination 

 Pressure determination in the DAC sample chamber is a crucial aspect of any DAC 

experiment. There are three well-established pressure scales commonly used for this purpose: 

1. Equation of state (EoS) of a standard material. A standard material with the well-known 

EoS is loaded into the sample chamber along with the sample. By measuring the unit cell 

volume via XRD one can compare it to the values reported in the literature. Common EoS 

standards include metals (Au, Pt) or simple binary compounds (MgO, NaCl, KCl, KBr).114–116 

Additionally, the PTM (e.g. Ne after solidification115) or gasket material (e.g. Re107) can also 

serve as pressure markers. 

2. Ruby fluorescence scale. This scale is based on the shift of the R1 fluorescence line of ruby 

(Cr-doped α-Al2O3) as a function of pressure.117 A ruby piece is loaded into the sample chamber 

alongside the sample, and the shift in the fluorescence line is used to determine the pressure. 

3. Diamond anvil Raman gauge. This scale is based on the shift of the high-frequency edge 

of the Raman band of diamond anvil since it is correlated with the normal stress at the anvils’ 

culet face. The calibration of the diamond Raman edge frequency against the equation of state 

of Pt up to 310 GPa allows using it for pressure determination.118 

 In the present thesis, the pressure in the DACs was determined using the Raman signal 

from the diamond anvils118 and additionally monitored by the X-ray diffraction signal of the Re 

gasket edge using rhenium’s equation of state.107 

2.1.4. Temperature generation in DACs 

 The transparency of diamonds to a broad range of electromagnetic radiation is a 

significant advantage in DAC experiments, simplifying sample observation and probing. This 

allows high-power laser beams to focus on the sample while keeping diamond anvils unharmed 

119. Laser wavelength selection depends on sample absorption characteristics, with CO2-based 

infrared (λ = 10.6 μm120) and Nd:YAG near-infrared lasers (NIR, λ ~ 1064 nm121) being 
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common. NIR lasers are ideal for heating non-transparent materials, while transparent materials 

are heated by CO2 infrared lasers. 

 In the present thesis, a portable double-sided laser-heating setup,122 enabling in situ 

temperature determination, was used in the experiments (Fig. 2.2). The temperature during the 

laser heating was determined by fitting of sample’s thermal emission spectra to the grey body 

approximation of Planck’s radiation function in a given wavelength range (570–830 nm). 

 

Figure 2.2. Schematic diagram of the double-sided laser heating system for diamond anvil cells. 

LDMs are the long-pass dichromic mirrors; FOs are the focusing optics; BSs are 50/50 beam 

splitters; SPFs are the short-pass filters with a cutoff at 800 nm; CMOSs are the cameras for 

optical observation; MWHs are the mirrors with a hole; LPFs are the long-pass filters with a 

cut-on wavelength of 550 nm; NFs are the notch filters at 1064 nm; and NDs are neutral density 

filters. The illustration is reprinted from 122, with the permission of AIP Publishing. 

2.2. X-ray diffraction in LHDACs 

2.2.1. Basic principles 

 X-ray diffraction (XRD) is the phenomenon where X-ray photons undergo elastic 

scattering by the electrons of atoms. The wavelengths of X-ray photons fall within the angstrom 

range (0.1 – 100 Å), a scale relevant to the interatomic distances in a solid's crystal structure. 

Consequently, incident monochromatic X-rays that are in phase, when scattered from a long-

range ordered crystal structure, can be constructively or destructively interfered. The condition 

for constructive interference is described by Bragg’s law: 

2𝑑ℎ𝑘𝑙 ∙ sin(𝜃) = 𝑛𝜆  

where dhkl is the spacing between a diffracting family of hkl crystallographic planes, θ is the 

angle of the incident X-ray, n is an integer number, and λ is the wavelength of the X-ray beam 

(Fig. 2.3). 
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Figure 2.3. Schematic illustration of Bragg’s law. Incident X-rays approach parallel atomic 

planes in a crystal, and the diffracted X-ray beam scattered from the lower plane traverses an 

additional path length of 2d‧sin(θ). Constructive interference occurs when this path difference 

is equal to an integer multiple of the wavelength. 

 By illuminating the crystalline matter with a monochromatic X-ray beam, one registers 

a diffraction pattern. When performing XRD experiments, the wavelength of the X-ray beam 

is known and the diffraction angle is measured. Traditionally, XRD is divided into two main 

approaches: single-crystal XRD (SCXRD) and powder XRD (PXRD). Typical SCXRD 

patterns feature diffraction reflections (or Bragg spots) (Fig. 2.4a). As Bragg conditions for a 

given d-spacing and wavelength are met only at defined θ-angles, the crystal should be 

irradiated in various orientations with respect to the incident beam to ensure proper 

measurement of all reflections. PXRD involves working with polycrystalline samples, 

consisting of randomly oriented fine grains. Since there are thousands or even millions of grains 

(crystallites) in an irradiated part of a polycrystalline sample, there are always a bunch of grains 

that fulfill the Bragg equation for each d-spacing. This results in Debye-Scherrer rings in the 

diffraction pattern (Fig. 2.4b). Both techniques — PXRD and SCXRD — can be performed (1) 

using lab diffractometers, where X-rays are generated by X-ray tubes, or (2) at synchrotron 

facilities, where X-rays are produced by the accelerated movement of relativistic electrons. 

Synchrotron facilities have one significant advantage: the intensity of X-rays is several orders 

of magnitude higher than those generated by X-ray tubes. 
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Figure 2.4. XRD patterns collected using a 2D detector produced by (a) a single crystal or (b) 

a powder.  

 Based on the positions of the diffraction line (in the case of PXRD) or reflection (in 

the case of SCXRD) in the diffraction pattern and applying Bragg's law, the corresponding 

interplanar distances (d-spacings) can be calculated. After indexing, i.e. assigning Miller 

indices (hkl) to each line/reflection in the diffraction pattern, the lattice parameters  

(a, b, c, α, β, γ) can be determined. The most general formula representing this relationship, 

applicable to crystals of all symmetries, is: 

1

𝑑ℎ𝑘𝑙
2 =  

𝑇11ℎ2 + 𝑇22𝑘2 +  𝑇33𝑙2 + 2𝑇12ℎ𝑘 + 2𝑇13ℎ𝑙 + 2𝑇23𝑘𝑙

𝑉2
 

where: 

𝑇11 = 𝑏2𝑐2𝑠𝑖𝑛2𝛼 

𝑇22 = 𝑎2𝑐2𝑠𝑖𝑛2𝛽 

𝑇33 = 𝑎2𝑏2𝑠𝑖𝑛2𝛾 

𝑇12 = 𝑎𝑏𝑐2(𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛽 − 𝑐𝑜𝑠𝛾) 

𝑇13 = 𝑎𝑏2𝑐(𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛾 − 𝑐𝑜𝑠𝛽) 

𝑇23 = 𝑎2𝑏𝑐(𝑐𝑜𝑠𝛽 ∙ 𝑐𝑜𝑠𝛾 − 𝑐𝑜𝑠𝛼) 

𝑉 = 𝑎𝑏𝑐√1 − 𝑐𝑜𝑠2𝛼 − 𝑐𝑜𝑠2𝛽 − 𝑐𝑜𝑠2𝛾 + 2𝑐𝑜𝑠𝛼 ∙ 𝑐𝑜𝑠𝛽 ∙ 𝑐𝑜𝑠𝛾 

In the case of a crystal with symmetry higher than triclinic, this formula simplifies. 

Additionally, by analyzing the systematic absences in the diffraction pattern, the space group 

(or at least a limited number of possible space groups) can be determined. 
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 While the position of diffraction lines/reflections provides information about the 

lattice parameters, the intensities of these lines/reflections reveal the electron density 

distribution within the unit cell. This forms the basis for crystal structure determination, as 

electron density distribution can be transformed into information about atom types and their 

positions within the unit cell. SCXRD is the most powerful technique for this purpose, as it 

allows the extraction of the intensities of each distinct hkl reflection. The intensities of Bragg 

reflections (Ihkl) are proportional to the square of the structure factor (Fhkl) amplitude: 𝐼ℎ𝑘𝑙 ∝

|𝐹ℎ𝑘𝑙|2. 

 The structure factor is the Fourier transform of the electron density, ρxyz, taken over 

the whole unit cell, and hence it holds information about the types of atoms and their positions 

within the unit cell. In the static spherical atom approximation, the structure factor can be 

represented as: 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗 ∙ exp[2𝜋𝑖 ∙ (ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]
𝑗

 

where the summing is carried out for the atoms within the unit cell; hkl are Miller indices of a 

given Bragg reflection; xj, yj, zj are the coordinates of the jth atom and fj is the scattering factor 

of the jth atom (tabular value). 

 In real crystals, atoms undergo thermal motion and may have an occupancy smaller 

than one. Taking that into account, the structure factor can be written as:  

𝐹ℎ𝑘𝑙 = ∑ 𝑎𝑗 ∙ 𝑒𝑥𝑝 [−8𝜋2𝑈𝑗
2 ∙ (

sin(𝜃)

𝜆
)

2

] ∙ 𝑓𝑗 ∙ exp[2𝜋𝑖 ∙ (ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]
𝑗

 

where aj is the occupancy of the jth atom, while {𝑒𝑥𝑝 [−8𝜋2𝑈𝑗
2 ∙ (

sin(𝜃)

𝜆
)

2

]} is a Debye-Waller 

temperature factor, where Uj is a mean square isotropic displacement of the jth atom, θ is the 

scattering angle and λ is the X-ray wavelength.  

 The structure factor is always a complex number which can be represented as 

𝐹ℎ𝑘𝑙 = |𝐹ℎ𝑘𝑙| ∙ exp(𝑖𝜑ℎ𝑘𝑙), where |𝐹ℎ𝑘𝑙| is the amplitude and 𝜑ℎ𝑘𝑙 is a phase. Knowing the 

structure factors, the electron density distribution in the unit cell can be obtained using the 

inverse Fourier transform. The electron density in an xyz position inside the unit cell (ρxyz) can 

be derived via the following equation: 

𝜌𝑥𝑦𝑧 =
1

𝑉
∑ 𝐹ℎ𝑘𝑙 ∙ exp[−2𝜋𝑖 ∙ (ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]

ℎ𝑘𝑙

 

where V is the unit cell volume, and the sum is over all the crystal lattice planes characterized 

by Miller indices. 
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 Measuring the intensities of Bragg reflections in diffraction experiments, the values of 

|𝐹ℎ𝑘𝑙| structure factor amplitudes can be derived. However, the information about 𝜑ℎ𝑘𝑙 phase 

can not be derived from the experiment. Hence, the direct determination of the 𝜑ℎ𝑘𝑙 phase is 

unfeasible, which is well-known as the “phase problem”.123 Many methods have been 

developed to overcome the phase problem such as the Patterson syntheses, direct methods, 

charge-flipping algorithms, dual-space methods and others.124,125 Nowadays these methods are 

implemented as automated procedures in software for crystal structure solution and refinement. 

Using any of these methods, it becomes possible to establish the distribution of electronic 

density and complete the initial structural model. At the subsequent stage, the structural model 

undergoes refinement against the experimental dataset through a least-squares minimization, 

adjusting parameters such as atomic coordinates, occupancies, and thermal displacement 

parameters. 

2.2.2. XRD experiments in LHDAC: features and limitations 

 Compared to a routine XRD experiment at ambient conditions, the application of this 

technique for LHDACs is more complex. 

 The first bunch of difficulties refers to DAC itself. Firstly, the sample environment 

gives an additional XRD signal coming from (1) diamond anvils, (2) gasket material, and (3) 

the solidified pressure-transmitting media. All these parasitic reflections contaminate the signal 

of interest from a sample. Second, the metallic body of a DAC restricts angles, at which the 

sample can be irradiated. This problem is not that important in the case of PXRD, but affects a 

lot the quality of SCXRD data worsening the statistics on the collected data. The third issue is 

the size of a sample: for the DAC experiments at pressures higher than 40 GPa, the sample size 

is usually about 10-20 μm, and at megabar pressures and above, sample dimensions do not 

exceed 3-5 µm. This, of course, imposes strong requirements for (1) the intensity and size of 

the X-ray beam and (2) the goniometer’s and sample stage motors' precision as well as 

reproducibility of movement for aligning the sample to the X-ray beam. Talking about SCXRD, 

it still can be applied at lab diffractometers to relatively big single crystals at low pressures in 

DACs. However, for smaller samples at higher pressures, the synchrotron high-brilliance X-ray 

beam focused down to 1-5 µm in diameter is the only option. 

 Another difficulty corresponds to laser heating. The laser-heating of the precursors 

results in chemical reactions, causing the appearance of dozens/hundreds of small (micron- or 

submicron-sized) crystallites of one or more often several different phases. Each of these 

crystallites would act as a single crystal and give its own set of spotty Bragg’s reflections. Thus, 
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the diffraction pattern of the sample in LHDACs (Fig. 2.5) is usually in between the typical 

XRD patterns produced by a single crystal (Fig. 2.4a) and a powder (Fig. 2.4b).  

 
Figure 2.5. 2D XRD pattern collected from a typical multigrain sample in the LHDAC. 

 Due to the development of 3rd and 4th generation synchrotrons during the last decades, 

current cutting-edge XRD beamlines provide high-brilliance X-ray beams that can be focused 

down to nanosize. Taking into account the goniometer’s and sample stage motors’ precision it 

is reliably possible to work with X-rays focused down to 0.5×0.5 µm2 FWHM. That size 

becomes commensurate with the size of crystallites (grains or crystalline domains) of 

polycrystalline samples making it possible to study each micron- to submicron-size grain 

individually by methods of SCXRD. This method — synchrotron SCXRD from multigrain 

samples in LHDACs — is the main experimental method used in the studies summarized in this 

thesis. Below its full methodology — from data collection to crystal structure solution and 

refinement — is presented. 

2.2.3. Synchrotron SCXRD from multigrain samples in LHDACs: data collection 

1. Beamline setup and calibration for powder and single-crystal XRD data 

 In this thesis, the high-pressure X-ray diffraction studies were done at ID11, ID15b, 

and ID27 beamlines of ESRF (Grenoble, France), P02.2 beamline of DESY (Hamburg, 

Germany), and 13IDD beamline of APS (Lemont, USA). The principal configuration of all 

beamlines for XRD high-pressure studies is essentially the same and consists of the following 

components (Fig. 2.6): (1) X-ray optics which provide a tightly collimated and focused 

monochromatic X-ray beam, (2) motorized sample stage with at least three x, y, z motors 

(usually x direction is set as a direction of the X-ray beam) and rotation ω motor, (3) DAC 

holder, and (4) 2D detector.  
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Figure 2.6. A principal configuration of the beamlines for high-pressure XRD studies. The 

illustration is reproduced from 126 with permission of the International Union of 

Crystallography. 

 Since beamlines are used by different research groups with different scientific tasks, 

for each experiment specific beamline setups are needed. For our purpose – SCXRD from 

multigrain samples in LHDACs – we use a monochromatic X-ray beam with a wavelength of 

λ = 0.28-0.41 Å (corresponds to 30-44 keV). Taking into account the typical micron-submicron 

size of the crystallites in the multigrain samples obtained in LHDACs as well as the precision 

of the motors, the best beam size is from 0.75×0.75 µm2 to 2×2 µm2. 

 At the beginning of the experiment, one should first calibrate an instrumental model, 

i.e. the sample-to-detector distance, detector’s origin, offsets of the goniometer angles, and 

rotation of both the X-ray beam and detector around the instrument axis. For that standard 

calibrants are used: for powder XRD it is usually Si or CeO2. For single-crystall XRD we 

usually use tiny 3×3×3 µm3 single crystal of orthoenstatite [(Mg1.93Fe0.06)(Si1.93,Al0.06)O6. 

2. DAC alignment 

 Accurate alignment of the sample within the DAC is crucial for obtaining high-quality 

XRD data. The alignment procedure includes two steps: (1) the positioning of the sample 

chamber under the beam: DAC alignment along y- and z-directions; and (2) the positioning of 

the sample chamber on the rotation axis: DAC alignment along x-direction. 

 The first step relies on X-ray absorption. As the DAC undergoes movement along the 

y- and z-motors, which is perpendicular to the direction of the beam (Fig. 2.7a), the diode 

records the intensity of the X-ray beam (Fig. 2.7b). The resulting absorption curve has a 

characteristic profile when the beam passes through the indented part of the gasket and the 

sample chamber. The center of the gasket is defined from the absorption curves obtained during 

y- and z-scans. 

29



 

 

Figure 2.7. A scheme of the XRD experiment in a diamond anvil cell on synchrotron facilities. 

(a) The experiment geometry (modified after 127); (b) an illustration of the absorption profile 

acquired during the alignment procedure. 

 The second step — the positioning of the DAC on the rotation axis — is established 

through triangulation (Fig. 2.8). Normally the ω rotation axis is initially aligned with the 

primary beam, and therefore only alignment along the x-direction is needed and can be achieved 

by scanning the sample in a horizontal direction at two different ω positions (-ω and ω). The 

correction must be applied using the x-translation motor above the ω-axis with the formula: 

𝛥𝑥 =
𝑑

sin (𝜔)
. 

 

Figure 2.8. A typical process of sample centering shown in the projection along a z-axis 

(modified after 127). (a) Initial state: the gasket hole is away from the X-ray beam and ω-rotation 

axis. (b) The state after alignment step #1: the center of the sample chamber is under the beam. 

(c) Alignment procedure of the step #2. (d) The state after alignment step #2: the gasket hole is 

aligned with the primary beam and with the ω axis. 

3. Two-dimensional X-ray mapping of a sample in the DAC 

 To identify the optimal spots for single-crystal XRD data collection and further obtain 

information about the distribution of different phases, a 2D map of diffraction still images can 

be generated. The user sets up a script that moves the sample in small steps along the y- and z-

directions. The size of the map is selected to cover the whole area of interest, while the step 

size along the y- and z-directions is usually selected to be equal to the size of the beam along 
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corresponding directions. At each step, a still XRD image (without rotation around ω-axis) is 

collected. Then this set of images can be analyzed in the XDI software 128, which allows to 

construct the contrast maps based on the intensity at the specific 2θ angle. Phase analysis can 

be done in the Dioptas program 129. 

4. SCXRD data collection  

 The SCXRD is then measured in the selected points. For that DAC is rotated around 

the vertical goniometer axis ω with the frames being collected within the opening angle of the 

DAC – usually from ω = -36° to ω = 36° with a step of Δω = 0.5°. As a result, one gets a dataset 

composed of 144 frames, that can be processed in crystallographic packages such as 

CrysAlisPro. 

2.2.4. Synchrotron SCXRD from multigrain samples in LHDACs: data processing   

1. Image conversion and calibration 

 In this thesis CrysAlisPro package was used for the single-crystal data processing: peak 

hunting, indexing, data integration, frame scaling, and absorption correction. First, the images 

registered by the detector should be converted to the .esperanto CrysAlisPro format files. 

Currently, this step is done automatically at each of the used beamlines. Second, before the 

dataset processing, the calibration file containing instrumental model parameters should be 

loaded.  

2. Peak hunting 

 After loading a dataset (set of ~144 frames, collected with a step of Δω = 0.5°), we 

perform a standard peak search procedure as implemented by CrysAlisPro program. At the end 

of this procedure, CrysAlisPro creates a peaktable, containing cartesian coordinates, d-spacing, 

and preliminary intensity of each found reflection. The peaktable contains the peaks from all 

crystalline phases, which are present in the collected dataset. These can be reaction products, 

initial reagents, pressure-transmitting medium, diamonds, gasket material, etc. To visualize the 

peaktable, we make a reconstruction of the peaktable in the reciprocal space.  

3. Unit cell finding 

 The next step for the user involves identifying the unit cell(s) of the phase(s) of 

interest. This is the most important and most difficult step in the data analysis. The standard 

unit cell funding algorithms are not able to find the diffraction peaks from one distinct crystallite 

out of “big cloud of reflections” originating from many crystallites of phases of interest as well 

as parasitic diffraction reflections arising from diamonds, the gasket and the PTM. Until 
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recently, this step was done manually by inspecting all reflections in the reciprocal space 

viewer. One should have manually noticed a pattern-arranged set of reflections making a 

reciprocal lattice (Fig. 2.9a). Usually, it was done by finding several rows of equidistant 

reflections along one direction (Fig. 2.9b). Then CrysAlisPro unit cell search can index this set 

of reflections, determining the unit cell parameters and orientation matrix as well as finding 

other reflections (not found manually) belonging to this lattice (Fig. 2.9c). Of course, such a 

manual procedure requires (1) a lot of time and (2) enough expertise. Also, manually it is never 

possible to find all reciprocal lattices, and therefore some phases can be missed during this 

analysis. 

 Some progress in simplification of this search was made by Egor Koemets and Maxim 

Bykov at the University of Bayreuth.130 They created a script, that allows to remove some of 

the parasitic reflections (originating from diamonds, gasket etc.) from the dataset. It is now 

implemented in CrysAlisPro as an ‘Advanced filtering’ function. Application of this function 

helps to clean up the dataset from the “trash” reflections. But still, the manual search for one 

reciprocal lattice out of dozens or hundreds of reciprocal lattices presented in a multigrain 

dataset is an extremely challenging task. 

 
Figure 2.9. Manual search of the reciprocal lattices. (a) SCXRD data from a sample in a 

LHDAC represented in the reciprocal space (cyan color highlights parasitic reflections filtered 

by the ‘Advanced filtering’ function). (b) A manual search of several rows of equidistant 

reflections along one direction. (c) The final reciprocal lattice found by CrysAlisPro. 

 In this thesis, the automatization of the manual reciprocal lattice search is achieved 

using the Domain Auto Finder (DAFi) program, which was developed as part of this work 

(Fig. 2.10). The latest version of DAFi program (v2.2.1) is compatible with CrysAlisPro 

(Rigaku) and APEX4 (Bruker) crystallographic software packages. The next steps 4 and 5 can 

be applied to each of found domains. Usually, the crystal structures of the best crystallites (that 

have the highest number of reflections) of every found phase are solved. 

32



 

 
Figure 2.10. Automized search of the reciprocal lattices using the DAFi program. (a) SCXRD 

data from a sample in a LHDAC represented in the reciprocal space (cyan color highlights 

parasitic reflections filtered by the ‘Advanced filtering’ function). (b) Five reciprocal lattices 

found by DAFi (marked with different colors). 

4. Data reduction and finalization 

 Once the single unit cell is found and indexing is done the standard procedure of 

conventional single-crystal XRD data processing can be applied.  

 With a given unit cell and orientation matrix (UB-matrix), a procedure of extraction 

reflection intensities from the images (data reduction) can be started. In CrysAlisPro the data 

reduction is performed in two stages. In the first step, the program predicts the positions of the 

reflections based on the UB-matrix, then it analyses partial reflections (whose profile is split 

over several frames) and reconstructs the reflection shape in the scanning direction. In the 

second stage, the program extracts reflection intensities based on the reflection shape and the 

background level. By default after the data reduction the program applies frame scaling, and 

absorption corrections and searches for a space group by an analysis of systematic absences 

(data finalization).  

 The user examines the data quality by reviewing the frame scaling curve and 

confidence values provided by the program:  

• 𝐹𝑜𝑏𝑠
2 /𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠

2 ), that indicates a signal-to-noise ratio, 

• 𝑅𝑖𝑛𝑡 =
∑|𝐹𝑜𝑏𝑠

2 −〈𝐹𝑜𝑏𝑠
2 〉|

∑|𝐹𝑜𝑏𝑠
2 |

, quality of merging intensities of the symmetry-equivalent 

reflections. 

Here 𝐹𝑜𝑏𝑠
2  is reflection intensity corrected for Lorentz-polarization, 𝜎𝑖𝑛𝑡(𝐹𝑜𝑏𝑠

2 ) is its standard 

deviation and 〈𝐹𝑜𝑏𝑠
2 〉 is its average value over all measured equivalents. If the integration is of 

dissatisfied quality, it is possible to rerun the procedure with adjusted parameters that influence 

the treatment of detector images, involving background correction, masking of reflections, 

integration range, etc. At this stage, the user can reveal non-optimized parameters of SCXRD 

data collection, e.g. bad alignment of the grain versus ω rotation axis and too low or too high 
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acquisition time per frame. In this case, one needs to recollect SCXRD data with better 

alignment or/and optimized parameters of acquisition. 

 After data finalization, the software produces several output files (the most important 

ones: .hkl, .ins, .p4p .cif) containing information about all observed hkl reflections with 

structural amplitudes 𝐹hkl
2 and the standard deviations, wavelength, unit cell parameters, and 

space group. These files are then used by a separate structure solution program. 

5. Structure solution and refinement 

 The files produced in the previous step (reflection files and instruction files) are 

subsequently imported into structure solution software. In the current thesis, the JANA2006125 

and OLEX2131 are used. In both programs a direct method for crystal-structure determination 

implemented in SHELXT132 was used; the crystal structures were then refined with the 

ShelXL133 refinement package with the least-squares minimization. 

 The quality of the refined structural model is defined by agreement between the model 

and experimental data represented by R-factors: 

𝑅1 =
∑||𝐹𝑜𝑏𝑠| − |𝐹𝑐𝑎𝑙𝑐||

∑|𝐹𝑜𝑏𝑠|
 

𝑤𝑅2 = [
∑ 𝑤|𝐹𝑜𝑏𝑠

2 − 𝐹𝑐𝑎𝑙𝑐
2 |

∑ 𝑤𝐹𝑜𝑏𝑠
2 ]

1
2

 

where Fobs is the observed structure factor amplitude, Fcalc is the calculated structure factor 

amplitude based on the model, and 𝑤 is the weighting factor individually derived for each 

measured reflection based on its standard deviation. The structural model is of high quality if: 

• The R-factors are small (i.e. R1 < 5% is excellent, R1 = 10% is acceptable, R1 > 15% 

indicates serious problems with the data quality or the model solution). 

• The data to refined-parameters ratio is high (i.e. ratio > 10 is excellent, 10 > ratio > 8 is 

good, 8 > ratio > 6 is acceptable if good reasoning is provided, ratio < 6 is unacceptable). 

• No major positive or negative electron residual densities exist. 

• The model makes sense from the crystallographic and chemical point of view. 

2.3. Stability range, equation of state, and recoverability check 

 Once crystal structures of reaction products in LHDACs are determined, the next 

important step is to investigate the (meta)stability range of novel compounds and check whether 

the high-pressure phase can be recovered to ambient conditions or it undergoes a phase 
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transition or decomposition. This can be done within the DAC decompression. At each pressure 

point, the XRD experiment can be performed to check the presence of the phase of interest and 

determine unit cell parameters and crystal structure at a given pressure. 

 Furthermore, after collecting a set of P-V data points in quasi-hydrostatic conditions, 

they can be fitted with an equation of state (EoS), which enables the extraction of an important 

mechanical property of a novel solid: the bulk modulus. The EoS for a system establishes the 

relationship among thermodynamic variables such as volume (V), pressure (P), and temperature 

(T) through parameters like bulk modulus and thermal expansion. In this thesis, all equations 

of state were determined at a constant (ambient) temperature of 293 K. Various types of 

analytical isothermal EoSes exist.134,135 In the present thesis, the Birch-Murnaghan EoS135 was 

used to describe some experimental results in the experiments described below: 

𝑃 =  
3𝐾0

2
[(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

 ] {1 −  
3

4
(4 − 𝐾′) [(

𝑉0

𝑉
)

2
3

− 1]}  

This equation expresses the pressure-volume relationship of matter at constant temperature 

through the bulk modulus (𝐾0 =  −𝑉 (
𝜕𝑃

𝜕𝑉
)) and its pressure derivatives, particularly 𝐾′ =  

𝜕𝐾

𝜕𝑃
. 

Expressions for the 2nd-order Birch-Murnaghan EoS can be obtained by setting K' = 4. 

2.4. X-ray Absorption Spectroscopy 

 X-ray Absorption Spectroscopy (XAS) is a technique based on the interaction of X-

ray radiation with matter causing the excitation of the inner-shell electrons. During this process, 

the photons of specific energies are absorbed depending on the geometric and electronic 

structure of a sample. The probability of an incident X-ray photon being absorbed increases 

significantly when its energy is close enough for the transmission of a specific core electron to 

valence-bound states or to the continuum, resulting in the emission of a photoelectron. This 

process causes a sharp change in the absorption spectrum, called an absorption edge. The value 

of energy level (and the absorption edge position) is unique to the element and every electron 

shell in them. Absorption edges are named based on principal quantum numbers  

(n = 1, 2 and 3 correspond to K-, L- and M-edges, respectively). The XAS spectra are typically 

divided into two main regions: X-ray absorption near-edge structure (XANES) and extended 

X-ray absorption fine structure (EXAFS) regions. The XANES operates with a region near the 

absorption edge, where energy at which a sharp rise in the absorption coefficient of X-rays 

occurs. The absorption spectrum at the XANES range provides information on the oxidation 

state of the atom through a well-recognized shift of an edge position. EXAFS operates with a 

35



 

region of higher energies after the absorption edge. This region is related to the multiple 

scattering of photoelectrons on the surrounding atoms causing the interference patterns to 

appear. By applying Fourier transformation to that region and fitting of a model allows 

obtaining information on the radial distribution function, providing information about the local 

interatomic distances around the atom-absorber. 

 The XAS technique can be applied to samples under high pressure in DACs in situ, 

although diamonds absorb a significant fraction of the X-ray radiation (the exact value depends 

on the diamond's thickness and energy of X-rays) decreasing signal-to-noise ratio in the 

measured spectrum. Usually, the XANES region still can be accurately studied in DACs, while 

the EXAFS region often becomes too noisy for reliable analysis. 

 In the present thesis, the XANES experiments at the La LII edge (∼5.9 keV) were 

performed at the beamline ID12 of the ESRF to confirm the +3 oxidation state of lanthanum in 

La3O2(CN3) compound in a DAC, which is described in Section 5.5. 

2.5. Raman spectroscopy 

 Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of 

monochromatic optical radiation on the irradiated sample. When light interacts with matter, one 

of the processes that occurs is scattering. The majority of photons undergo elastic scattering 

known as Rayleigh scattering, preserving their energy (𝐸 = 𝐸0). However, a minute fraction 

(~10-6 %) of incident light experiences inelastic scattering, resulting in either a loss (i.e.,  

𝐸 > 𝐸0, Stokes Raman scattering) or gain (i.e., 𝐸 < 𝐸0, anti-Stokes Raman scattering) of energy. 

Stokes Raman scattering occurs when the electron cloud absorbs a portion of the incident 

radiation and falls to an excited vibrational level instead of the ground state. In this case, Stokes 

Raman scattering possesses lower energy than the incident light. Anti-Stokes Raman scattering 

transpires when the incident light encounters the electron already populated in an excited 

vibrational state. The electron is excited to the virtual level and then falls to the ground level 

with more energy and higher frequency than the incident light. The intensity ratio between 

Stokes and anti-Stokes scattering relies on the population of vibrational levels described by 

Boltzmann's distribution. Consequently, at ambient temperature, the Stokes component 

predominates in the inelastic spectra and is commonly the sole consideration. The frequency of 

the Raman signals is associated with specific molecular or lattice vibrations, such as symmetric 

or asymmetric stretching or bending. 
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 It is worth noting, that application of Raman spectroscopy to opaque samples 

(narrowband semiconductors and metals) has been restricted to a large extent because of the 

weakness of the Raman signal due largely to the small penetration depth of visible radiation.136 

 In the present thesis, the Raman spectra from the samples in the LHDACs were 

collected using LabRam systems equipped with a He-Ne (632 nm) laser source. The He-Ne 

laser operates in continuous mode with a constant power of 50 mW. Raman spectra were 

collected in the range of 200 – 4000 cm-1 with a resolution of 0.5 cm-1. However, none of the 

discovered compounds gave a reliable Raman signal, since synthesized compounds are metals 

themselves, or semiconductors that were synthesized in the mixture with metallic phases. 

Nevertheless, Raman spectroscopy was still widely used in this thesis for the pressure 

determination inside the sample chamber using the signal from the diamond anvils.  

2.6. Computational approaches 

 Density functional theory (DFT) is a powerful computational quantum-mechanical 

modeling method for exploring material properties. The DFT approach is especially valuable 

for investigating materials under extreme conditions, as experiments under high pressure have 

limitations in directly measuring the properties of samples in DACs.  

 DFT is based on two Hohenberg–Kohn theorems.137 The first Hohenberg–Kohn 

theorem demonstrates that the ground-state properties of a many-electron system are uniquely 

defined by an electron density that relies on only three spatial coordinates. It simplifies the 

many-body problem of N electrons with 3N spatial coordinates to a problem involving only 

three spatial coordinates, through the use of functionals of the electron density. The second 

Hohenberg–Kohn theorem defines an energy functional for the system and proves that the 

ground-state electron density minimizes this energy functional. 

Based on these theorems, Kohn & Sham138 proposed an approach to make the complex 

problem of many-electron systems more manageable. They transformed the intricate problem 

of interacting electrons into a more tractable one involving non-interacting electrons moving in 

an effective potential. In Kohn & Sham approach, the Schrödinger equation for each electron 

can be written as: 

[−
ℏ2

2𝑚𝑖
∇𝑖

2 + 𝑉eff(𝑟)] 𝜓𝑖(𝑟) = ɛ𝑖𝜓𝑖(𝑟) 

where the first term is the kinetic energy, Veff is the effective potential, and ɛi is the orbital 

energy of the corresponding Kohn–Sham orbital ψi.  
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Then the electron density for an N-particle system can be calculated as: 𝜌(𝑟) =  ∑ |𝜓𝑖(𝑟)|2𝑁
𝑖 . 

The effective potential Veff consists of three components:  

𝑉eff(𝑟) = 𝑉ext(𝑟) + ∫
𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟′ + 𝑉𝑥𝑐(𝜌(𝑟)) 

where the first term is the external potential due to the nuclei, the second describes the electron-

electron interaction, and the third is the exchange-correlation potential. 

 The exact form of the third term - exchange-correlation functional 𝑉xc[𝜌(𝑟)] - is 

unknown but can be approximated. The most common approximations are (1) the local density 

approximation (LDA), for which the electronic density is locally approximated as a 

homogenous electron gas of equal density and (2) the generalized gradient approximation 

(GGA), where an additional gradient of the electron density is taken into account.139 Also, more 

advanced functionals such as meta-GGA and hybrid functionals exist.140,141 

The iterative self-consistent calculations allow finding the ground state and energy of a 

system. Once the ground state has been found various physical properties can be calculated. 

 In the present thesis, DFT calculations were used for (1) the validation of crystal 

structures, obtained from the experiment, (2) the analysis of chemical bonding, (3) the 

investigation of the stability of synthesized compounds, and (4) the calculation of physical 

properties, i.e. bulk modulus, energy density, and electronic properties. DFT calculations were 

carried out in Vienna ab initio simulation package (VASP) 142. To expand the electronic wave 

function in plane waves, we used the Projector-Augmented-Wave (PAW) method.143 The 

Perdew–Burke–Ernzerhof (PBE) GGA functional144 was used for calculating the exchange-

correlation energies.  
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3. Thesis synopsis 

 This chapter provides a short overview of the results presented in Chapter 5, which 

have been published in peer-reviewed journals.  

 Section 5.1 is dedicated to the methodological improvement of single-crystal X-ray 

diffraction (SCXRD) data processing from multigrain samples, particularly obtained in the 

laser-heated diamond anvil cells. The developed DAFi program allows the separation of 

SCXRD from the individual crystallites of multigrain samples. It revolutionizes the state-of-art 

of multigrain SCXRD data processing. This program is recognized by giant crystallography 

industry companies such as Rigaku and Bruker as well it is actively used by different scientific 

groups over the world. The synopsis of Section 5.1 is presented below in Section 3.1. 

 With this powerful tool in hand, the high-pressure chemistry of nitrogen was studied. 

First, binary systems — rare-earth elements and nitrogen —, namely Y-N and Sc-N systems. In 

Sections 5.2 and 5.3 we present the synthesis of Y-N compounds at high temperatures and at 

50 GPa and 100 GPa, respectively. In Section 5.4 the synthesis of Sc-N binary compounds in 

50-125 GPa pressure range is presented. The synopses of Sections 5.2-5.4 are presented below 

in Section 3.2. 

 Then, more complex systems containing rare-earth elements, nitrogen, and carbon 

were studied. In Section 5.5 the synthesis of a series of isostructural Ln3O2(CN3) (Ln = La, Eu, 

Gd, Tb, Ho, Yb) oxoguanidinates under high-pressure (25-54 GPa) high-temperature (2000-

3000 K) conditions is presented. In section 5.6 the synthesis of LaCN3, TbCN3, CeCN5 and 

TbCN5 polycarbonitrides at ~100 GPa is presented. The synopses of Sections 5.5-5.6 are 

presented below in Section 3.3. 
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3.1. Methodological development: DAFi program for the analysis of 

single-crystal X-ray diffraction data from polycrystalline samples 

 It has been shown, that single-crystal X-ray diffraction (SCXRD) — a powerful 

method for determining the structure of crystalline solids — can be applied to multigrain 

samples. In this technique, each of the illuminated grains (crystallites or single crystal domains 

in other notations) gives its own set of spotty Bragg’s reflections. The main difficulty in the 

processing of such single crystal X-ray diffraction data from multigrain samples is the 

separation of reflections from different crystallites: superposition of numerous reflections 

originating from a large number of crystallites of the same and/or different (especially 

unknown) phases usually precludes sorting out the reflections coming from individual 

crystallites making their automatic indexing impossible. Hitherto this sorting has to be done 

manually by a scientist, and such a manual procedure is time-consuming and requires enough 

expertise.  

 In Section 5.1, we present the Domain Auto Finder (DAFi) program, which allows the 

separation of SCXRD from the individual crystallites of multigrain samples. The DAFi 

algorithm is designed for the quick search of subsets of reflections from individual grains in the 

whole set of SCXRD data. Further indexing of all found subsets can be easily performed using 

widely accessible crystallographic packages. As the algorithm neither requires a priori 

crystallographic information nor is limited by the number of phases or individual domains, the 

DAFi is a powerful software to be used for studies of multiphase multigrain materials. The 

algorithm is validated by testing on X-ray diffraction datasets obtained from real samples: a 

multi-mineral basalt rock at ambient conditions and products of the chemical reaction of yttrium 

and nitrogen in a laser-heated diamond anvil cell at 50 GPa (Fig. 3.1).  

Figure 3.1. Single-crystal X-ray diffraction of laser-heated Y piece embedded in molecular 

nitrogen in DAC at 50 GPa (from P02.2 beamline of the PETRA III synchrotron) displayed in 
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the reciprocal space: a) all 68846 reflections, b) first 10 domains (marked with different colors) 

of reaction product Y5N14 found by DAFi program   

 The high performance of the DAFi algorithm allows using this program for processing 

SCXRD data online during experiments at synchrotron facilities. Currently, DAFi is compatible 

with CrysAlisPro (Rigaku) and APEX4 (Bruker) crystallographic software packages. 

Moreover, the input and output formats of the DAFi program could be adapted to users’ needs 

and made compatible with other crystallographic software. This breakthrough in the analysis 

of SCXRD from multigrain samples makes multigrain crystallography accessible to a broad 

audience and accelerates the accumulation of high-pressure crystal chemistry knowledge. 

3.2. High-pressure synthesis of novel rare-earth di-, oligo- and poly- 

nitrides 

 As was described in the Introduction Chapter, a significant number of studies on binary 

metal-nitrogen compounds of alkali, alkaline earth, and transition metal elements under high 

pressure have been conducted. Although theory predicts exotic high-pressure Sc-N and Y-N 

compounds with promising physical properties comprised of unique oligo- and poly-nitrogen 

anions, there is no experimental evidence on such rare-earth di-, oligo- and poly- nitrides 

formation under high pressure. Here we study Y-N and Sc-N binary systems under high-

pressure high-temperature conditions. 

 The reactions between yttrium and nitrogen were conducted in the laser-heated 

diamond anvil cells at 50 GPa and 100 GPa (Fig. 3.2). The processing of high-pressure 

synchrotron single-crystal X-ray diffraction data using the DAFi program enabled the 

determination of the crystal structures of three novel solids with unusual stoichiometry: Y5N14 

at 50 GPa, and YN6 along with Y2N11 at 100 GPa. The crystal structure of Y5N14 contains three 

distinct types of nitrogen dimers. Crystal chemical analysis and ab initio calculations 

demonstrated that the dimers [N2]x- are crystallographically and chemically non-equivalent and 

possess distinct non-integer formal charges (x) that make Y5N14 unique among known 

dinitrides. The crystal structures of YN6 and Y2N11 feature a unique organization of nitrogen 

atoms—a previously unknown anionic N18 macrocycle and a polynitrogen double helix, 

respectively. 
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Figure 3.2. Summary of the high-pressure high-temperature induced reactions of Y and N2, and 

structural formulas of di- and poly-nitrogen units found in synthesized di- and poly-nitrides. 

The color pressure scale at the bottom highlights the synthesis pressures of corresponding di- 

and poly-nitrides. 

 Four novel scandium nitrides, Sc2N6, Sc2N8, ScN5, and Sc4N3, were synthesized by 

direct reaction between scandium and nitrogen at 78-125 GPa and 2500 K in laser-heated 

diamond anvil cells (Fig. 3.3). High-pressure synchrotron single-crystal X-ray diffraction 

revealed that in the crystal structures of the nitrogen-rich Sc2N6, Sc2N8, and ScN5 phases 

nitrogen is catenated forming previously unknown N6
6- and N8

6- units and (N5
3−)∞

2  anionic 

corrugated 2D-polynitrogen layers consisting of fused N12 rings. Density functional theory 

calculations, confirming the dynamical stability of the synthesized compounds, show that Sc2N6 

and Sc2N8 possess an anion-driven metallicity, while ScN5 is an indirect semiconductor. Sc2N6, 

Sc2N8, and ScN5 solids are promising high-energy-density materials with calculated volumetric 

energy density, detonation velocity, and detonation pressure higher than those of TNT. 
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Figure 3.3. Summary of the high-pressure high-temperature induced reactions of Sc and N2, 

and structural formulas of oligo- and poly-nitrogen units found in synthesized polynitrides. The 

color pressure scale at the bottom highlights the synthesis pressures of corresponding 

polynitrides. 

 Presented studies significantly extend the list of known catenated nitrogen species 

(Table 1.1) by the discovery of previously unknown oligo-nitrogen units – [N6]6-, [N8]6- and 

[N18]9- anions as well as the unique second-known type of 2D polynitrogen layer. The degree 

of nitrogen catenation increases with pressure: dinitrides are synthesized at low pressures (<50 

GPa); N4, N6, and N8 units are obtained at mild pressures (50-80 GPa), while N18 macrocycles, 

1D-polynitrogen chains and 2D polynitrogen layers are formed at ~100 GPa. Therefore, these 

results give an important contribution to our understanding of nitrogen high-pressure chemistry. 
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3.3. High-pressure synthesis of novel rare-earth carbonitrides 

 As was shown in the Introduction Chapter, inorganic ternary metal-C-N compounds 

containing covalently bonded C-N anions represent different classes of solids. Among these, 

cyanides (CN-) and carbodiimides (NCN2-) are the most extensively studied and find numerous 

applications. While the CN- and CN2
2- anions are well-established, subsequent anions in this 

series, such as CN3
5- (a fully deprotonated guanidine) and CN4

8- (a derivative of hypothetical 

tetraaminomethane), have not yet been discovered, though they are discussed in the literature. 

 Despite numerous attempts to synthesize guanidinate anion by deprotonation of 

guanidine molecule using strong bases, up to date only partially deprotonated guanidine has 

been stabilized. In Section 5.5, we report on the successful stabilization of CN3
5- guanidinate 

anion using not a classic “wet chemistry” approach, but rather a non-conventional route of 

solid-state synthesis under extreme conditions. A series of isostructural Ln3O2(CN3) (Ln = La, 

Eu, Gd, Tb, Ho, Yb) oxoguanidinates was synthesized under high-pressure (25-54 GPa) high-

temperature (2000-3000 K) conditions in laser-heated diamond anvil cells. Decompression 

experiments show that Ln3O2(CN3) compounds are recoverable to ambient conditions. The 

synthesis of the CN3
5- guanidinate anion extends the list of carbon-nitrogen inorganic anions 

and its stabilization at ambient conditions provides new opportunities for inorganic and organic 

synthetic chemistry.  

 After the discovery of the CN3
5- anion, synthesized at mild pressures (25-54 GPa) and 

recoverable to ambient conditions. Knowing that C-N compounds built of CN4 tetrahedra were 

obtained at pressures above 70 GPa, stabilization of CN4
8- units or/and the formation of 

polycarbonitrides built of corner/edge-sharing CN4 tetrahedra in ternary metal-C-N systems are 

expected at pressures above 70 GPa. In Section 5.6, we present the high-pressure high-

temperature synthesis and characterization of four hitherto unknown lanthanide 

polycarbonitrides, LaCN3, TbCN3, CeCN5, and TbCN5, at megabar pressures. Their crystal 

structures were solved and refined based on synchrotron single-crystal X-ray diffraction, 

unveiling an atomic arrangement consisting of previously unobserved anionic single-bonded 

carbon-nitrogen 3D frameworks consisting of CN4 tetrahedra connected via di- or oligo-

nitrogen linkers. Strikingly, despite the theoretical predictions of the high-pressure stabilized 

CN4
8- orthonitridocarbonate anion, we do not observe its formation. This could suggest that 

while CN4 units are indeed the preferred 3D building block, their concatenation is more 

favorable than having a significant negative charge such as in the CN4
8- anion. 
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Figure 3.4. Experimentally observed C-N anions. Anions in red frames were first discovered 

in the present thesis. 

 Discovered CN3
5- guanidinate anion and CN4-based 3D polycarbonitride anionic 

frameworks complement known covalently bonded C-N anions. The geometry of the C-N 

anions illustrates well how high pressure stabilizes higher coordination numbers of carbon 

(Fig. 3.4). In the -N=C=N- anion, which is stable at ambient conditions, the C atom is 

coordinated by two N atoms. At mild pressures (25-54 GPa), CN3
5- anion is formed with the 

carbon’s coordination number of three. At higher pressures (90-111 GPa), we observe tetra-

fold coordinated carbon in the crystal structures of LaCN3, TbCN3, CeCN5, and TbCN5. 

Therefore, these results give an important insight into carbonitride high-pressure chemistry. 
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This paper presents the Domain Auto Finder (DAFi) program and its

application to the analysis of single-crystal X-ray diffraction (SC-XRD) data

from multiphase mixtures of microcrystalline solids and powders. Superposition

of numerous reflections originating from a large number of single-crystal

domains of the same and/or different (especially unknown) phases usually

precludes the sorting of reflections coming from individual domains, making

their automatic indexing impossible. The DAFi algorithm is designed to quickly

find subsets of reflections from individual domains in a whole set of SC-XRD

data. Further indexing of all found subsets can be easily performed using widely

accessible crystallographic packages. As the algorithm neither requires a priori

crystallographic information nor is limited by the number of phases or individual

domains, DAFi is powerful software to be used for studies of multiphase

polycrystalline and microcrystalline (powder) materials. The algorithm is

validated by testing on X-ray diffraction data sets obtained from real samples:

a multi-mineral basalt rock at ambient conditions and products of the chemical

reaction of yttrium and nitrogen in a laser-heated diamond anvil cell at 50 GPa.

The high performance of the DAFi algorithm means it can be used for

processing SC-XRD data online during experiments at synchrotron facilities.

1. Introduction

For more than a century, single-crystal X-ray diffraction (SC-

XRD) has been a powerful method for determining the

structure of crystalline solids. Until very recently it could be

applied to single crystals not smaller than dozens of micro-

metres, but many compounds are only available in a poly-

crystalline form or as fine powders. State-of-the-art powder

X-ray diffraction (XRD) data analysis, including Rietveld

refinement in combination with ab initio structure search, can

help with structure interpretation if sufficiently large crystals

are unavailable and their preparation or growth is infeasible.

This concerns investigations of natural objects or drugs, in situ

studies of matter under extreme conditions, or processes in

solids involving domain formation or reconstructive phase

transitions. However, when it comes to multiphase systems

with unknown microcrystalline compounds, the problem of

structure solution for individual components becomes even

more difficult.

In recent decades, the development of third- and fourth-

generation synchrotrons, such as the Advanced Photon Source

(in Lemont, USA), PETRA III (in Hamburg, Germany) and

the ESRF (in Grenoble, France), with the ESRF–EBS (the

ISSN 1600-5767
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Extremely Brilliant Source, the ESRF’s facility upgrade over

2015–2022, which increases the brilliance and coherence of the

X-ray beams produced by a factor of 100 compared with

present-day light sources; https://www.esrf.fr/about/upgrade),

has provided users with new opportunities. At the cutting-

edge beamlines, such as ID11 at the ESRF, the size of the

X-ray beam (0.5 � 0.5 mm FWHM) is commensurate with the

size of crystalline domains of polycrystalline samples or fine

powder particles, which makes it possible to study each

micrometre- to submicrometre-size grain individually by

methods of SC-XRD, considering the sphere of confusion of

the diffractometer of only a few hundred nanometres. This

approach was devised for and first applied to studying

products of chemical reactions and phase transformations in

laser-heated diamond anvil cells (DACs); this has led to

discoveries of many exotic compounds, revealing their crystal

structures in situ under high pressure (e.g. Bykova et al., 2016,

2018; Laniel, Winkler, Bykova et al., 2020; Laniel, Winkler,

Fedotenko et al., 2020; Bykov et al., 2020, 2021; Aslandukova et

al., 2021; Dubrovinskaia & Dubrovinsky, 2018; Ceppatelli et

al., 2022).

Still, processing SC-XRD data containing a lot of reflections

coming from numerous crystalline grains is a difficult task,

especially in the presence of a few different phases in a

multicomponent system and/or in the absence of any a priori

information about their chemical composition and/or basic

crystallographic characteristics, such as the unit-cell para-

meters. The diffraction data collected from samples under high

pressure in a DAC are additionally complicated by undesired

but unavoidable reflections from diamond anvils, pressure-

transmitting media, gasket materials and other factors.

Therefore, the development of software which would allow an

automatic separation of the reflections originating from an

individual crystalline domain, i.e. a search for the domain in a

complex pattern of spots in the reciprocal space, is an urgent

task aimed at rationalizing SC-XRD data processing and

making it routine for inexperienced users.

To date, several programs have been developed for multi-

grain indexing. If the unit-cell parameters are known a priori,

e.g. from powder XRD data, indexing means finding the

orientation matrices of the grains in the sample and sorting the

reciprocal-space vectors with regard to the grain of origin.

Following the presentation of the program GRAINDEX

(Lauridsen et al., 2001), several alternative approaches have

been proposed (Wright, 2006; Ludwig et al., 2009; Moscicki et

al., 2009; Schmidt, 2014). The programs ImageD11 (Wright,

2006) and GrainSpotter (Schmidt, 2014) are now incorporated

into the FABLE (Fully Automatic BeamLine Experiments)

package (Sørensen et al., 2012). The main limitation of the

above-mentioned software is that it is designed to be applied

almost exclusively to the analysis of mono-phase materials.

Furthermore, the multigrain indexing programs mentioned

above all assume that the space group (or at least symmetry)

and the unit-cell parameters of phases are known. One

straightforward way to generalize the previous approaches is

to apply the multigrain indexing algorithms repeatedly, once

for each phase (Jimenez-Melero et al., 2011; Sørensen et al.,

2012), but this still requires the phases to be identified in

advance.

To our knowledge, there have only been a few proposals for

dealing with unknown phases, based on a fast Fourier trans-

form approach (Sørensen et al., 2012) or on pattern recogni-

tion (Sørensen et al., 2012), or involving a search of reflections

and subsequent unit-cell optimization in 3D space (Wejde-

mann & Poulsen, 2016). Testing of these programs was

performed on data sets artificially created by randomly

rotating ‘grains’ with exactly defined unit-cell parameters, and

there is no information on how well these programs would

computer programs
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Figure 1
A data flowchart for the analysis of single-crystal XRD data from polycrystalline materials. The DAFi program is implemented to sort groups of
reflections originating from individual single-crystal domains (see the text for detailed explanations).
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work with real data sets where one may need to consider

statistical and instrumental errors in the positions of reflec-

tions in the reciprocal space, or deal with ‘junk’ reflections

characteristic of the XRD data sets originating from high-

pressure experiments in DACs. Another important problem is

the long program running time; e.g. according to Wejdemann

& Poulsen (2016), indexing of 500 cementite grains takes

5 days.

In this article, we describe our methodological approach to

the analysis of XRD data from polycrystalline materials and

present the DAFi program which helps to automate the search

for individual crystalline domains. A flowchart of the analysis

is shown in Fig. 1. The DAFi program can be applied at that

stage of the analysis when the diffraction from individual

crystalline domains should be sorted. The algorithm does not

need any a priori crystallographic knowledge, and there is no

limitation on the phase composition of polycrystalline mate-

rial and the number of crystalline domains of each phase. The

algorithm is implemented with C++ code. Its important

advantage is the extremely high speed of data processing.

With the number of reflections in the input XRD data set

(input peak table) equal to Nreflections, the algorithm has

OðN2
reflections log NreflectionsÞ time complexity on a single-core

processor, so that a typical computational time is several

minutes. Implemented multithreading capability allows a

further decrease of the computational time by dividing by the

number of processor cores.

While the DAFi program enables the diffraction data of

each domain to be separated from those of other domains, the

data can be further processed using standard methods of

single-crystal X-ray crystallography aimed at structure solu-

tion and refinement. The output of the current version of the

DAFi program is compatible with the CrysAlisPro software,

which performs indexing of each found domain individually

with just one click. However, there will not be a problem using

the DAFi output file(s) with other standard indexing algo-

rithms implemented in any available crystallographic

programs. The algorithm of the DAFi program is described in

detail below.

2. Algorithm

2.1. Input and output data

The algorithm requires only a set of coordinates of all

reflections in the reciprocal space. Currently, the DAFi

program reads these coordinates from the peaktable.

tabbin file generated by the CrysAlisPro software after ‘peak

hunting’ (Fig. 1). If the XRD data originate from high-pres-

sure experiments in a DAC, ‘advanced filtering’ (Koemets,

2020) is applied to eliminate the peaks produced by diamonds

and the other diffraction artifacts associated with such a type

of XRD raw data. After the ‘DAFi input peak table’ data

processing, the DAFi program generates the output file(s),

which is the ‘DAFi output peak table’ with the subsets of

peaks sorted and numbered in the course of the search (see

below for details). This means that the DAFi program updates

the initial CrysAlisPro
peaktable.tabbin file by marking

each reflection with the number of the subset (subset ID) to

which it belongs.

2.2. General structure of the algorithm

The ‘peak table’ generated by the CrysAlisPro software

presents all diffraction peaks produced by a polycrystalline

sample, which are visualized as a set of points in the reciprocal

space. The whole set of points is a result of a superposition of

numerous ‘subsets’ – the reciprocal-lattice points which

belong to individual crystalline domains. Thus, if a subset is

identified, then it can be indexed separately using standard

crystallographic programs, and the crystal structure of the

associated domain can be solved and refined.

Sorting subsets in the whole pattern of points in the reci-

procal space is exactly the task of the DAFi program. The

advantage of the implemented algorithm is that it selects the

subsets purely geometrically, considering only a definition of a

lattice (no time-consuming indexing is involved). As any 3D

lattice is defined by three lattice vectors, the latter define three

directions in a 3D space and the distances between the adja-

cent lattice points in these three directions. Obviously, a lattice

can be recognized if considered as rows of equally distant

computer programs
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Figure 2
Illustration of the two main stages of the algorithm. (a) First stage: finding a set of possible directions (shown here by arrows) for a given set of reflections
(here blue points A through F) and selecting the ‘best’ one(s) to consider at the second stage. Among the ten directions found for the set of points A, B,
C, D, E, F, the ‘best’ one (shown by the green arrow) is identified as that corresponding to the largest number of collinear vectors. (b) The second stage:
finding the ‘proper’ distance between the reflections (here denoted as ‘d’) in the selected direction. (c) An example of a view of the reciprocal space with
the subset of points (orange dots) found in the initial set (blue dots).
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points aligned in one direction, so the algorithm relies on

finding such rows (i.e. a direction vector and a ‘proper’

distance between the adjacent points along the direction

vector). This simplifies the search, which is realized iteratively.

As soon as one subset of points is found, it is separated from

the pool of all points, and only the remaining ones are

considered in the next search.

The algorithm consists of two main stages:

(i) Finding a set of possible directions [Fig. 2(a)] and

selecting the ‘best’ ones to consider at the second stage.

(ii) Finding the ‘proper’ distance between the reflections for

a given direction [Fig. 2(b)] and identifying the nodes of the

reciprocal lattice [Fig. 2(c)] generated by the chosen pair

(direction, distance).

Combining these two parts we can find the ‘best’ pair

(direction, distance), which corresponds to the biggest group

of reflections belonging to one single-crystal domain. In

Section 2.3 we describe different approaches to finding a set of

possible directions, while in Section 2.4 we present an effective

way to find the correct group of reflections for the given

direction.

For the convenience of further mathematical description of

the algorithm, the terms used below are defined as follows:

A point is a single diffraction reflection in the reciprocal

space. The points are denoted as p1; p2; . . . ; pNreflections
and are

represented as radius vectors rp1
�!; rp2

�!; . . . ; rpNreflections

�����! in a 3D

space.

A row is a subset of reflections that lie on the same line in

the reciprocal space.

A group is a subset of reflections in the reciprocal space

belonging to a distinct single-crystal domain.

2.3. First stage of the algorithm

Before the main algorithm, point normalization is applied:

(i) All radius vectors are shifted by the vector

ð�
Pn

i¼1 rpi
�!
Þ=n, which shifts the center of the points’ system

to the coordinate ð0; 0; 0Þ.

(ii) The coordinates ðxi; yi; ziÞ of each radius vector are

divided by the maximum absolute value of the corresponding

coordinate among all radius vectors (i.e. X ¼ maxi¼1...n jxij,

Y ¼ maxi¼1...n jyij, Z ¼ maxi¼1...n jzij). After that all radius

vectors’ coordinates are transformed into ðxi=X; yi=Y; zi=ZÞ

and belong to the range [�1; 1].

The shift described in the first step of the normalization

procedure aims exclusively to improve the stability of the

algorithm during the calculations. Although in practice the

shift is very small, the shifting at the very beginning makes the

algorithm more stable due to coordinates being transformed

into a more uniform distribution. At the same time, the second

part of the normalization procedure is important for further

calculations [especially for the correct use of allowed absolute

and relative errors (epsilon constants) in the second stage].

It is easy to see that the direction vector that determines the

group will be equal to the direction vector between some two

initial points. So, the most straightforward approach is to

create a set of possible directions as a set of all direction

vectors between each pair of initial points. However, such a set

has a size of OðN2
reflectionsÞ; which is too large for the second

stage of the algorithm. In Section 2.3.1 we propose a simple

way to select only Ndirs ‘best’ directions out of all OðN2
reflectionsÞ,

where Ndirs is any integer constant (naive approach), and in

Section 2.3.2 we propose an improved version of such a

selection (smart approach). Both naive and smart approaches

are implemented in DAFi and the user can select which one to

use in the configuration file.

2.3.1. Naive approach. Ideally, we would like to select

directions along which the second part of the algorithm will

produce the largest possible group. We do not know in

advance which directions are the ‘best’; however, we can see

that if a group consists of k rows with sizes s1; s2; . . . ; sk, then

there are exactly S ¼
Pk

i¼1½siðsi � 1Þ�=2 pairs of initial points

that produce the same direction vector. This allows us to

define the ‘best’ direction as the direction with a maximum

number of pairs of initial points that produce it. However,

because the initial points are real valued (have non-integer coor-

dinates), all S generated vectors can differ slightly. To compare

different real-valued vectors we transform them in two steps.

Before the first step of transforming a vector ðx0; x1; x2Þ
������!

,

where x0; x1; x2 are the coordinates of the real-valued vector

that we are transforming, index k 2 f0; 1; 2g is found such that

jxkj ¼ maxfðjx0j; jx1j; jx2jÞg.

In the first step we make a transformation after which

opposite vectors are considered to be equal: ðx0; x1; x2Þ
������!

!

sgnðxkÞ � ðx0; x1; x2Þ
������!

.

In the second step we transform the obtained vector to an

integer-valued triplet: ðx0; x1; x2Þ
������!

! fk; ½ðxi þ 0:51=2Þ="1�,

½ðxj þ 0:51=2Þ="1�g, where i and j are two indices from f0; 1; 2g

not equal to k, "1 is a constant representing the allowed

absolute error, and square brackets denote the integer part of

a fractional number.

To illustrate this, let us consider a numerical example.

Suppose that we want to transform a direction vector

ð�0:36;�0:8; 0:48Þ
������������!

. x0 ¼ �0:36; x1 ¼ �0:8; x2 ¼ 0:48. Note

that x2
0 þ x2

1 þ x2
2 ¼ 1, because we are working with just a

direction. Then the three steps of the transformation will be

the following:

(i) k ¼ 1 because jx1j is maximum among jx0j; jx1j; jx2j.

(ii) ð�0:36;�0:8; 0:48Þ
������������!

! sgnð�0:8Þ�ð�0:36;�0:8; 0:48Þ
������������!

=

ð0:36; 0:8;�0:48Þ
�����������!

.

(iii) i ¼ 0; j ¼ 2 because there are only two indices from

f0; 1; 2g which are not equal to k ¼ 1.

Let us also assume that "1 ¼ 0:01. Then we get the following

integer-valued triplet:

0:36; 0:8;�0:48ð Þ
�����������!

! 1;
x0 þ 0:51=2

0:01

� �
;

x2 þ 0:51=2

0:01

� �� �

¼ 1;
0:36þ 0:51=2

0:01

� �
;
�0:48þ 0:51=2

0:01

� �� �

¼ 1;
1:067

0:01

� �
;

0:2271

0:01

� �� �
¼ 1; 106; 22ð Þ:

ð1Þ
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After such a transformation, each direction is represented

as an integer-valued triplet with values in the range

ð0 . . . 2; 0 . . . X; 0 . . . XÞ, where X ¼ ½ð2ð0:5Þ1=2
Þ="1 � 1�, so we

can calculate a distribution of all directions using an array of

size 3X2. After distribution calculation, we can find the top

Ndirs directions in time OðX2Þ using a standard selection

algorithm for finding the kth-order statistic (Blum et al., 1973).

To transform the integer-valued triplet back to the real-valued

vector, we can use the following formula:

k; a; bð Þ ! x0; x1; x2ð Þ
������!

; ð2Þ

where xi ¼ ðaþ 0:5Þ"1 � 0:51=2, xj ¼ ðbþ 0:5Þ"1 � 0:51=2, xk ¼

ð1� x2
i � x2

j Þ
1=2, and i; j are two indices from f0; 1; 2g not equal

to k.

This approach is the most straightforward way to select the

‘best’ Ndirs directions; however, it has drawbacks. The main

one is that this approach does not use information about

distances between points, which means that even with a large

number of points lying on the same line, the second part of the

algorithm may still not find the group if these points are

located at unequal distances.

2.3.2. Smart approach. Below we present the second

approach to select the ‘best’ Ndirs directions, which does not

have the drawbacks mentioned above. We are still going to

select the ‘best’ Ndirs directions from some distribution;

however, instead of creating a distribution from all

OðN2
reflectionsÞ vectors, we will use only some of the more

important of them. Namely, let us iterate over the ‘center’

point pc and find all possible rows of size at least 4 that go

through the point pc and consist of only equidistant points. In

order to do this, first of all let us group all other Nreflections � 1

points in rows with respect to our center point pc. This can be

done by clustering all direction vectors pc pk
��!
¼ rpk
�!
� rpc
�!

ðk 6¼ cÞ, similarly to the method described in Section 2.3.1.

After this, for each row, we can independently find the largest

subset of points where each point lies at an equivalent distance

from the previous one. To do this, let us find out, for each point

pi, at which distances d it will be in the same row as a point pc.

Let us denote by D the distance between points pi and pc.

Then we can say that pi is the kth point in a row with 0th point

pc if the following holds: jD� kdj � d"2, where "2 is some

small constant that allows a small absolute error. From this

inequality we can obtain that valid distances form the

following range: d 2 ½D=ðkþ "2Þ; D=ðk� "2Þ�. After finding

such ranges for all points pi we can find the value of d that

belongs to the largest number of ranges using the scanline

algorithm (Klee, 1977). If this value is at least 3, then there

exists a row that contains at least 4 points and with high

probability belongs to a group. Only in such a case will we use

the corresponding direction vector in our distribution. Such an

approach takes ðN2
reflectionsKmax log NreflectionsÞ time, where Kmax

is the maximum point’s relative number on the row under

consideration and Kmax ¼ 5 works well in practice.

The smart approach catches fewer ‘junk’ reflections (Fig. 3)

and, therefore, provides a better distribution of direction

vectors to the second stage of the algorithm. However, this

approach is a bit slower, because instead of OðN2
reflectionsÞ time,

it requires OðN2
reflectionsKmax log NreflectionsÞ.

2.4. Second stage of the algorithm

Given a direction vector ~vv ¼ ðvx0; vx1; vx2Þ
��������!

, we have to find

the ‘best’ distance d between adjacent points towards a

direction ~vv that generates the group of maximum size. Let

k ¼ arg max jvxij. Then we can project all initial points to a

plane xk ¼ 0: radius vector rp!ðrpx0; rpx1; rpx2Þ of point p will

be transformed to rp!
0
¼ ½rp!� ~vvðrpxk=vxkÞ�. After such a

transformation, all points that belong to the same row in the

direction ~vv will be projected to the same point on a plane. This

allows all different rows to be obtained by clustering of all

projected points. Such clustering can be done in linear time

using radix sort (Cormen et al., 2001) and two linear passes

that select equal points in 2 � 2 grid squares. After grouping

all points into rows, we can create an array ds of all distances

between adjacent points in the same row and choose d as the

most frequent number in the array ds. Because all distances

are real numbers, we have to use tolerance "3 and choose d

such that an interval ½d� "3; dþ "3�

contains the most values from the array

ds. Such a d can be found in linear time

using the two pointers technique for

maintaining a sliding window of size 2"3

after sorting the array ds.

After finding the d value, we can find

the exact group formed by a pair ð~vv; dÞ

as a union of all largest valid subsets of

points for each independent row. In

order to find the largest valid subset for

a given row, we introduce an auxiliary

array ‘shifts’, where shiftsi denotes the

distance from a point pi to the plane

xk ¼ 0 towards the direction ~vv. Since the

distance between all adjacent points in a

group’s row is equal to d, for a valid

subset of points it holds that all

computer programs
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Figure 3
Comparison of naive and smart approaches. The naive approach implies consideration of all
directions, while the smart one considers only the directions with rows of equidistant points.
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remainders shiftsi mod d are equal, where mod denotes the

modulo operation, i.e. a mod b ¼ x, 0 � x<b, a� x ¼ Kb,

K 2 Z. This allows us to find the largest valid subset as the

largest subset of points with equal values of shiftsi mod d and

pairwise different values of shiftsi=d. It can be found in

Oðn log nÞ time using the two pointers technique for main-

taining the set of all values shiftsi=d in a sliding window, where

n is the number of points in the current row. Similarly to

Section 2.3.2, the values shiftsi1
mod d and shiftsi2

mod d are

considered equal iff jshiftsi2
mod d� shiftsi2

mod dj � d"2.

The program has a configuration file that allows one to flexibly

adjust all necessary parameters and in particular values "1 and

"2. Smaller values of tolerance will result in a more precise

group; however, the found group will contain fewer reflec-

tions.

The time complexity of this stage can be estimated as

OðNreflections log NreflectionsÞ per direction, so the total time

complexity for processing all best Ndirs directions found in the

previous stage is OðNdirsNreflections log NreflectionsÞ.

2.5. Speed optimizations

Without any optimizations, the program finds all

groups one by one, so the total time complexity is

O½NdomainsðNreflections log NreflectionsÞðNreflectionsKmax þ NdirsÞ�:

ð3Þ

There are, however, some implemented optimizations that

allow the algorithm to be significantly speeded up:

(i) Both stages of the algorithm allow the use of multi-

threading (in the first stage several threads uniformly process

Nreflections ‘center’ points, and in the second stage several

threads uniformly process Ndirs different best directions from

the first stage).

(ii) The distribution of the ‘best’ directions is calculated

only at the beginning of the program and, instead of recal-

culation from scratch on the following iterations, the

distribution is just maintained by subtracting the impact

of the removed points from the found group in time

OðNremovedNreflectionsÞ, where Nremoved is the number of points in

the last group found.

(iii) In fact, the algorithm finds Ndirs different groups in one

iteration (one for each direction from the first stage), so there

is an option to choose not just the largest group, but Ngroups > 1

largest groups at once. This is done by firstly selecting the

largest group, then the largest group with points not selected

in the first group, and so on. Such an option allows the algo-

rithm to be speeded up Ngroups times; however, it may slightly

decrease the quality of the search.

When combined, such optimizations allow the algorithm to

be speeded up to the time complexity

O
n�

N2
reflectionsKmax log Nreflections þ ðNdomains=NgroupsÞ

� N2
reflections log Nreflections

� 	
�
Ncores

o
; ð4Þ

where Ncores is the number of processor cores and Ngroups is the

number of groups to be found in one iteration. Assuming that

Kmax, Ncores, Ndomains and Ngroups are all constants, the total time

complexity can be simplified to OðN2
reflections log NreflectionsÞ.

3. Examples of application

The testing of the DAFi program was performed on SC-XRD

data sets obtained from real polycrystalline samples: (i) a

natural basalt rock and (ii) a piece of yttrium (Y) embedded

into molecular nitrogen and laser-heated in a DAC. The results

of these tests are described below as examples 1 and 2.

Example 1. Study of a sample of basalt rock from the Rauher

Kulm mountain/SC-XRD data collected using an in-house

diffractometer. Basalt rock is a natural polycrystalline aggre-

gate of several minerals. A sample of basalt was collected by

LD and ND at the Rauher Kulm mountain, which is a

paleovolcano located in the Upper Palatinate region of the

state of Bavaria, 23 km southeast of Bayreuth (Germany). A

small isometric dark-gray grain of the rock (of about 40 mm in

diameter) with sub-grains barely distinguishable under an

optical microscope (�200) was mounted on a goniometer

head. A single-crystal XRD data set was collected using a

diffractometer equipped with a Bruker D8 platform (the

three-axis goniometer), an APEX detector and an Ag K�
Incoatec ImS source (beam size of �50 mm FWHM, half-

sphere data collection, a collection time of 60 s with a step of

0.3�, 1265 frames). The peak hunting procedure in the Crys-

AlisPro software found 2928 reflections.

The search for 18 groups of reflections (the number set by

the user) in a pool of 2928 reflections took the DAFi program

31 s (Fig. 4 and Table 1). Each of the 18 groups found had its

own size (the number of reflections included in the group). In

the course of further data processing and indexing using

CrysAlisPro, some groups were merged, as the CrysAlisPro

program recognized them as related to the same single-crystal

domain. For example, eight groups (3, 5, 6, 9, 10, 14, 16 and 18)

were merged with group 1, whose size increased from 421 (as

found by DAFi) to 1312 reflections after indexing (see

Table 1). Further processing in CrysAlisPro revealed crystal-

lographic parameters of the mineral olivine. The olivine

crystallite is mosaic, and its nine slightly misaligned domains

were recognized by DAFi separately, whereas CrysAlisPro, due

to the higher tolerance (0.125 in this particular case), counted

the whole crystallite as one domain. Thus, CrysAlisPro

revealed the crystallographic data for seven independent

computer programs
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Figure 4
Reciprocal space representing SC-XRD data from a sample of basalt: (a)
all reflections; (b) reflections of group 1 as found by the DAFi program;
(c) reflections of group 1 extended by CrysAlisPro software.
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single-crystal domains of three different minerals: three

domains of phlogopite, three of chromite and one domain of

olivine (Table 1).

Example 2. Study of products of the reaction of yttrium and

nitrogen in a double-sided laser-heated DAC at 50 GPa.

A piece of yttrium was placed in the sample chamber of a

BX90-type large X-ray aperture DAC (Kantor et al., 2012)

equipped with Boehler–Almax-type diamonds with 250 mm

culets. Molecular nitrogen was then loaded into the DAC using

a high-pressure gas loading system. The sample was

compressed to �50 GPa and laser-heated (� = 1064 nm) to

2000 (200) K using the double-sided laser heating system

operating at the P02.2 beamline at the PETRA III synchro-

tron. A single-crystal data set was collected at the same P02.2

beamline (� = 0.2908 Å, beam size 1.8 � 2 mm FWHM,

acquisition time 4 s, angular ! step 0.5o, 132 frames). See

Aslandukov et al. (2021) for more experimental details.

The peak hunting procedure in CrysAlisPro found 68 846

reflections. Since this high-pressure experiment was conducted

in a DAC, a lot of undesired reflections from diamonds, the

pressure-transmitting medium, the material of the gasket and

other artifacts were present in the data set. Therefore, a

procedure of ‘advanced filtering’ was applied to remove such

reflections before the execution of the DAFi program. To

realize such a ‘clean-up’, a special script was written by E.

Koemets and M. Bykov, and then incorporated into the

CrysAlisPro software. After the filtering, 44 312 reflections

were left out of 68 846. The size of the DAFi input data set

(‘DAFi input peak table’) was still huge. In such cases, it is

more reasonable to search for several strongly diffracting

domains of different phases than for all single-crystal domains.

A search for ten groups in 44 312 reflections took the DAFi

program 5 min 25 s.

The results of the search are shown in Fig. 5 and Table 2. It

appeared that all ten groups of reflections belong to the same

phase. Each group was indexed independently in CrysAlisPro

[see Table 2 and Figs. 5(b) and 5(c) as an example], and the

crystal structure of the phase (identified as Y5N14) was solved

computer programs
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Table 1
Results of the DAFi run on the data set collected from a sample of basalt.

Lattice parameters

Group
No.

Size of group
found by DAFi

Size of group after
indexing in CrysAlisPro† a (Å) b (Å) c (Å) � (�) � (�) � (�) Minerals

1 421 1312 4.7881 (7) 6.0329 (10) 10.3079 (2) 90 90 90 Olivine
2 197 494 5.2989 (17) 8.911 (3) 9.755 (3) 90 105.47 (3) 90 Phlogopite
3 171 Merged with group 1
4 137 372 8.425 (3) 8.425 (3) 8.425 (3) 90 90 90 Chromite
5 107 Merged with group 1
6 57 Merged with group 1
7 82 Merged with group 2
8 57 Merged with group 3
9 38 Merged with group 1
10 41 Merged with group 1
11 25 140 8.425 (3) 8.425 (3) 8.425 (3) 90 90 90 Chromite
12 28 Merged with group 3
13 15 98 5.317 (8) 8.907 (5) 9.723 (9) 90 105.35 (12) 90 Phlogopite
14 16 Merged with group 1
15 21 86 5.286 (9) 8.970 (17) 9.752 (19) 90 106.0 (2) 90 Phlogopite
16 20 Merged with group 1
17 20 85 8.398 (6) 8.398 (6) 8.398 (6) 90 90 90 Chromite
18 26 Merged with group 1

† Indexing performed with a tolerance of 0.125.

Figure 5
Reciprocal space representing SC-XRD data from a sample of Y+N2 in a
DAC: (a) all reflections (cyan reflections are those filtered after applying
‘advanced filtering’); (b) reflections of group 1 belonging to the first
Y5N14 domain found by the DAFi program; (c) reflections of group 1
belonging to the Y5N14 domain extended by CrysAlisPro; (d) reflections of
ten groups (1 through 10) belonging to ten Y5N14 domains marked by ten
different colors.
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and refined for each of its single-crystal domains (Aslandukov

et al., 2021) (e.g. for domain 6, the integration led to Rint =

6.47%; based on 597 independent reflections, the structure of

Y5N14 was solved and refined to R1 = 4.88%). Note that the

unusual stoichiometry of the Y5N14 phase was not known

initially and was determined as a result of the crystal structure

solution and refinement using the standard crystallographic

software OLEX2 (Dolomanov et al., 2009), considering that

the elements present in the system were known. In the

example of Y5N14, only a piece of yttrium and nitrogen were

loaded into the DAC, thus limiting the set of possible elements

(Y, N) in the new compound. Other possible elements (for

example, C from the diamond anvils, Re from the gasket or

other impurities in the initial sample) would have to be taken

into consideration in the case of unsatisfactory structure

refinement (which was not the case for Y5N14).

The DAFi program could have been run to find more

domains. However, this would have made sense only if there

were other phases in the sample. In this particular case, a quick

check of the powder diffraction pattern generated for the

whole data set showed no extra reflections apart from the

found phase; therefore there was no reason to continue the

search.

4. Summary

Existing indexing algorithms for single-crystal data analysis

implemented in available crystallographic programs have no

proven record of application to SC-XRD data processing from

a multiphase mixture of microcrystalline samples. Super-

position of numerous reflections originating from a large

number of single-crystal domains of the same and/or different

(especially unknown) phases precludes the sorting of reflec-

tions coming from individual domains, making their automatic

indexing impossible. The DAFi algorithm presented in this

work is designed for a quick search for subsets of reflections

from individual domains in a whole set of SC-XRD data from

a seemingly polycrystalline sample. Further indexing of all

found subsets can be easily performed in one click using

widely accessible crystallographic packages such as Crys-

AlisPro. The fact that the algorithm presented above neither

requires a priori crystallographic information nor is limited by

the number of the various phases and their individual domains

makes DAFi a powerful software tool to be used for studies of

multiphase polycrystalline and microcrystalline (powder)

materials. It has been shown to be especially valuable for the

analysis of single-crystal diffraction data from products of

chemical reactions being realized in laser-heated DACs. Such

data are always very complex due to (i) the presence of

undesired reflections from diamond anvils and gaskets, and

other technical and diffraction artifacts (e.g. ‘bad’ or ‘satu-

rated’ detector pixels, or reflections from the body of the DAC

itself), and (ii) the limited opening angle of DACs, which

shadows a part of the Ewald sphere. To our knowledge, there

are no existing software tools capable of finding the domains

of unknown phases in such a complicated XRD data set as in

example 2. The DAFi program tackles the task within a few

minutes and finds several strongly diffracting domains, so that

their XRD patterns can be indexed, the data integrated, and

the crystal structures solved and refined. The high perfor-

mance of the proposed algorithm allows the use of this

program for online processing of the XRD data directly

during experiments at synchrotron facilities.

The DAFi program is not designed to be effective with non-

merohedral twins, where a large fraction of reflections are

overlapped, while some of them overlap only partially or do

not overlap. Once DAFi finds the reflection group, the

program removes it from consideration for the next iterations.

If reflections do not overlap, DAFi finds two separate reflec-

tion groups which can be processed afterwards by the user. If

reflections overlap partially, DAFi finds two separate reflec-

tion groups; however, the first group would contain all

reflections of the first crystal in a twin, while the second group

would contain only non-overlapped reflections of the second

one. If a large number of reflections overlap, the second group

most likely will not be found.

The current version of the DAFi program does not find all

reflections belonging to a particular single-crystal domain, as

the algorithm searches for rows of at least three reflections

along a certain direction, so that single reflections or those

which are only two in a row are overlooked. Also, several

groups of reflections can be found to belong to the same

computer programs
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Table 2
Results of the DAFi run on the data set collected from a sample of Y+N2 in a DAC at 50 GPa.

Lattice parameters

Group
No.

Size of group
found by DAFi

Size of group after
indexing in CrysAlisPro† a (Å) b (Å) c (Å) � (�) � (�) � (�) Phase

1 617 1286 8.4595 (3) 8.4595 (3) 4.7032 (5) 90 90 90 Y5N14

2 590 1044 8.4788 (6) 8.4788 (6) 4.6883 (3) 90 90 90 Y5N14

3 499 954 8.4527 (8) 8.4527 (8) 4.7034 (11) 90 90 90 Y5N14

4 485 997 8.4459 (5) 8.4459 (5) 4.7182 (7) 90 90 90 Y5N14

5 531 1199 8.4538 (4) 8.4538 (4) 4.711 (2) 90 90 90 Y5N14

6 483 1095 8.4737 (5) 8.4737 (5) 4.6922 (4) 90 90 90 Y5N14

7 478 1011 8.4710 (5) 8.4710 (5) 4.6977 (4) 90 90 90 Y5N14

8 375 984 8.4690 (5) 8.4690 (5) 4.7047 (19) 90 90 90 Y5N14

9 361 823 8.4606 (5) 8.4606 (5) 4.7065 (3) 90 90 90 Y5N14

10 308 935 8.4677 (9) 8.4677 (9) 4.699 (3) 90 90 90 Y5N14

† Indexing performed with a tolerance of 0.05.
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domain, as in the 3D reciprocal space the algorithm searches

for rows of reflections in only one direction. These technical

peculiarities of the program are not crucial for further data

processing, as the input and output format of the DAFi

program are compatible with the CrysAlisPro software.

Moreover, the input and output formats of the DAFi program

could be adapted to users’ needs and made to be compatible

with other crystallographic software.

5. Distribution

The DAFi program and its documentation can be downloaded

from https://github.com/AsMaNick/Domain-Auto-Finder/.
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ABSTRACT: Yttrium nitride, Y5N14, was synthesized by direct reaction between yttrium
and nitrogen at ∼50 GPa and ∼2000 K in a laser-heated diamond anvil cell. High-pressure
single-crystal X-ray diffraction revealed that the crystal structure of Y5N14 (space group
P4/mbm) contains three distinct types of nitrogen dimers. Crystal chemical analysis and ab
initio calculations demonstrated that the dimers [N2]

x− are crystallographically and
chemically nonequivalent and possess distinct noninteger formal charges (x) that make
Y5N14 unique among known compounds. Theoretical computations showed that Y5N14 has
an anion-driven metallicity, with the filled part of its conduction band formed by nitrogen
p-states. The compressibility of Y5N14, determined on decompression down to ∼10 GPa,
was found to be uncommonly high for dinitrides containing +3 cations (the bulk modulus
K0 = 137(6) GPa).

■ INTRODUCTION
Nitrides of metals often possess technologically relevant
properties, e.g., superior chemical stability, high electrical
conductivity, unique electronic structure, large bulk moduli,
and high hardness.1−3 While at ambient pressure nitrogen is
typically present in nitrides in the form of N3− anion, over the
past 20 years it has been shown that high pressure opens new
possibilities for the synthesis of dinitrides with [N2]

x−

units.4−13 Usually, dinitrides have a MN2 composition, in
which the metal atoms (M) possess their common oxidation
state, while the dinitrogen anion formally accommodates from
1 to 4 electrons. Thus, four charge states of nitrogen dimers
have been established:

(1) [N2]
− in MIN2 (M = Li, Na);4,5

(2) [N2]
2− in MIIN2 (M = Ca, Ba, Sr, Ni, Pd);6−8

(3) [N2]
3− in MIIIN2 (M = Cr, Fe, Co, La, Ru, Rh);9−13

(4) [N2]
4− in MIVN2 (M = Ti, Pt, Ir, Os).14−17

The charge transferred from the metal to the nitrogen
dimers significantly affects the properties of the materials; e.g.,
the bulk moduli (K0) of dinitrides decrease as follows:
K0(M

IVN2) > K0(M
IIIN2) > K0(M

IIN2) > K0(M
IN2).

18

Recently, uncommon compounds such as Na3(N2)4,
5,19

K3(N2)4,
20 Ca3(N2)4,

19 Sr3(N2)4,
19 and Ba(N2)3

19 containing
[N2]

x− units with noninteger formal charges (x) were reported.
The discovery of these phases not only indicates the possibility
of a more complex organization of N2 units but also gives
impetus to a paradigm shift in consideration of the electron
distribution in structures.19 Still, the uniformity of the [N2]

x−

units in a distinct dinitride remains unchallenged: in each of all
known phases featuring nitrogen dimers, there is only one kind
of [N2]

x− species, with a given N−N bond length and charge.
Despite a significant number of studies on binary metal−

nitrogen compounds of alkali, alkaline earth, and transition
metal elements under high pressure,4−17,19−21 dinitrides of
rare-earth elements (with the exception of LaN2)

11,21 have not
been investigated yet. That would be of interest, as even known
rare-earth nitrides possess a wealth of interesting electronic and
magnetic properties at ambient conditions and, therefore, may
have potential applications in electronics, spintronics, and
magnetic refrigeration.22 Unlike typical transition metals, rare-
earth elements in compounds exhibit usually the same
oxidation state of +3, thus enabling control of this very
important variable and generalization of the results of the
analysis of experimental observations.
Prior to this work, only one binary yttrium−nitrogen

compound was known: cubic yttrium nitride YN with the
rock salt structure. Still, ab initio calculations predict stable
phases at high pressures with YN23 and YN2

24 stoichiometry.
Here, we report the results of the synthesis and character-
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ization of a previously unknown high-pressure yttrium nitride,
Y5N14, containing three distinct [N2]

x− species that break
down the previously observed uniformity of nitrogen dimers in
one compound.

■ EXPERIMENTAL METHODS
Sample Preparation. The BX90-type large X-ray aperture

diamond anvil cell (DAC)25 equipped with 250 μm culet
diameter Boehler−Almax-type diamonds26 was used for the
experiments. The sample chamber was formed by preindenting
of a rhenium gasket to ∼25 μm thickness and drilling a hole of
∼105 μm in diameter in the center of the indentation. A piece
of yttrium (99.9%, Sigma-Aldrich) was placed in a sample
chamber, and molecular nitrogen was loaded using a high-
pressure gas loading system (1300 bar).27 The sample was
compressed to ∼50 GPa and laser-heated (λ = 1064 nm) up to
2000(200) K using the double-sided laser-heating system of
the P02.2 beamline (PETRA III). The temperature during
laser heating was determined by a blackbody radiation fit. The
sample pressure was determined using the equation of state of
pure N2,

28 and cross-verified with the diamond anvils’ Raman
edge.29

X-ray Diffraction. XRD measurements were performed at
beamline P02.2 of the PETRA III synchrotron with the X-ray
beam (λ = 0.2908 Å) focused to 1.8 × 2 μm2 by a Kirkpatrick−
Baez mirror system, and the XRD patterns were collected on a
PerkinElmer 1621 XRD flat-panel detector. XRD measure-
ments upon sample decompression were performed at the
ID15B beamline (ESRF) with an X-ray beam (λ = 0.4103 Å)
focused to a size of 8 × 8 μm2, and the XRD patterns were
collected on an Eiger2X CdTe 9 M hybrid photon-counting
pixel detector. Powder diffraction images were collected during
the continuous rotation of the DAC around the vertical ω axis
in a range ±20° with an acquisition time of 40 and 4 s at the
P02.2 and ID15B beamlines, respectively. The powder XRD
images were integrated into powder patterns with the Dioptas
software.30 Powder patterns were analyzed with the Le Bail
fitting technique using the TOPAS 5.0 software. For single-
crystal XRD measurements, the sample was rotated around the
vertical ω axis in the range of ±35°. The XRD images were
collected with an angular step of Δω = 0.5° and an exposure
time of 4 s/frame at the P02.2 beamline and 0.2−0.4 s/frame
at the ID15B beamline. The CrysAlisPro software package was
used for the analysis of the single-crystal XRD data (indexing,

data integration, frame scaling, and absorption correction). To
calibrate the instrumental model in the CrysAlisPro software,
i.e., the sample-to-detector distance, detector’s origin, offsets of
the goniometer angles, and rotation of both the X-ray beam
and detector around the instrument axis, a single crystal of
orthoenstatite [(Mg1.93Fe0.06)(Si1.93,Al0.06)O6, Pbca space
group, a = 8.8117(2) Å, b = 5.18320(10) Å, and c =
18.2391(3) Å] was used. Using the Jana2006 software package,
the structure was solved with the ShelXT structure solution
program31 using intrinsic phasing and refined with the
ShelXL32 refinement package using least-squares minimization.
Crystal structure visualization was made with the VESTA
software.33 The equation of state of the synthesized material
was obtained by fitting the pressure−volume data using the
EoSFit7-GUI.34

Raman Spectroscopy. Raman spectra were measured
using the LabRam spectrometer equipped with a × 50
Olympus objective. Sample excitation was accomplished
using a continuous He−Ne laser (excitation wavelength is
632.8 nm) with a focused laser spot of about 2 μm in diameter.

Ab Initio Calculations. Density functional theory (DFT)
based calculations were performed with the plane-wave
approach and periodic boundary conditions using the Vienna
ab initio simulation package (VASP).35,36 We use the
projector-augmented-wave (PAW) method37 and atomic files
(with valence configurations of 4s24p65s24d1 for Y and 2s22p3

for N) provided in the VASP potential database38 and
approximate exchange and correlation by the generalized
gradient approximation.39 The planewave energy cutoff was
chosen as 600 eV and Kohn−Sham eigenvalues computed on a
Monkhorst−Pack40 k-point grid of 4 × 4 × 6 in the Brillouin
zone. All structures were relaxed until the energy difference for
the electronic self-consistent calculation was smaller than 10−8

eV/cell and the Hellman−Feynman forces became less than 2
× 10−3 eV/Å. The resulting charge densities were evaluated in
terms of electronic band structure and the electron localization
function. Simulations were performed for 11 unit cell volumes
each for Y5N14, ε-N2, YN, and three phases of YN2,

24 covering
the pressure range between 0 and 100 GPa, found with
constant pressure simulations with 10 GPa distances. Using
energy, pressure, and volume values from the simulations, the
enthalpy difference between Y5N14 and assemblies of other Y-
nitrides plus ε-N2 was calculated to determine the (static)
stability of Y-nitrides as a function of pressure. Lattice

Figure 1. (a) 2D XRD patterns and (b) integrated powder XRD patterns of the sample before (at 47(1) GPa) and after (at 49(1) GPa) laser
heating. The black and blue triangle symbols identify reflections of dhcp Y and ε-N2, respectively.
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dynamics calculations for the Y5N14 phase were carried out
using the finite displacement method as implemented in the
PHONOPY code41 with a 2 × 2 × 2 supercell of the Y5N14

phase on a 2 × 2 × 3 q-point mesh for two unit cell volumes,
corresponding to 0 and 50 GPa.

■ RESULTS AND DISCUSSION

A diamond anvil cell containing a sample composed of a piece
of yttrium embedded in molecular nitrogen was compressed to
47(1) GPa. Synchrotron X-ray diffraction data obtained before
sample laser heating showed the expected yttrium powder with
the dhcp structure (space group P63/mmc, a = 3.0173(7) Å,
c = 9.716(3) Å) and ε-N2 (space group R-3c, a = 6.934(2) Å,
c = 9.786(4) Å), the stable polymorphs of yttrium42 and
nitrogen43 at this pressure. After laser heating to 2000(200) K,
pressure increased to 49(1) GPa, and new diffraction lines
characteristic of a new phase were observed (Figure 1). High-
quality single-crystal X-ray diffraction data were collected from
the sample and revealed the formation of a novel yttrium
nitride for which the crystal structure could be determined
(Figure 2).
The new yttrium nitride crystallizes in the tetragonal

structure (space group P4/mbm, #127) with the lattice
parameters of a = 8.4510(16) Å and c = 4.7316(9) Å at
49(1) GPa (see Table S1 and the CIF for the full
crystallographic data) and adopts an unusual stoichiometry,
Y5N14. The structure of Y5N14 (Figure 2a) is composed of
yttrium and nitrogen atoms, each occupying three crystallo-
graphically distinct positions. All nitrogen atoms form dimers
but, strikingly, of three different types: four N01−N01, two
N02−N02, and one N03−N03, per Y5N14 formula unit, with

the lengths of 1.227(8) Å, 1.290(11) Å, and 1.338(15) Å at
49(1) GPa, respectively (Figure 2b).
The yttrium−nitrogen distances in the Y5N14 structure at

49(1) GPa vary from 2.193(3) Å to 2.487(6) Å. The
coordination environments of all three yttrium atoms in
Y5N14 are markedly different. The Y01 atom possesses the
largest coordination number, CN = 14, which is achieved due
to seven N2 units (four N01−N01, two N02−N02, and one
N03−N03) in a side-on manner (Figure 2b). The Y02 atoms
have a CN = 12 and display distorted cuboctahedron
coordination with 12 end-on N2 dimers (Figure 2c), and the
Y03 atoms are 10-fold coordinated (CN = 10) by eight end-on
N2 units and one side-on N2 unit (Figure 2d). The orientation
of the dimers is found to influence the length of the Y−N
contact; e.g., Y03−N02 distances are 2.354(6) Å and 2.320(6)
Å for N02−N02 dumbbells in end-on and side-on config-
urations (Figure 2d), respectively.
While the structural type of Y5N14 is unique, the framework

of yttrium atoms resembles the structure of U3Si2,
44 if the

difference in elements in the latter is ignored. As a whole, the
Y5N14 structure can be described as the stacking along the c-
axis of two 2D nets built of crystallographically different
yttrium atoms, Y03 (Figure 2e) and Y01 (Figure 2f). The nets
have the same 32.4.3.4 vertex symbol45 and are separated on
1/2c. The Y02 atoms are located in the centers of the square
tiles in the Y03 net, whereas the N02−N02 dumbbells bridge
the sides of the triangle tiles (Figure 2e). Considering the
centers of the N02−N02 dumbbells as the nodes of a separate
net, the latter appears to have the same vertex symbol 32.4.3.4
like the Y03 net (Figure 2g). There are no other atoms except
Y01 in the plane of the Y1 net (Figure 2f). As the N01−N01
and N03−N03 dumbbells are aligned along the c-axis, they are

Figure 2. Crystal structure of Y5N14. All Y atoms are greenish; N01 atoms are gray; N02 atoms are blue; and N03 atoms are pink; gray thin lines
outline the unit cell. (a) A projection of the structure on the ab plane. The coordination environment of (b) Y01, (c) Y02, and (d) Y03 atoms.
Representation of the crystal structure as a set of 2D networks alternating along the c-direction: (e) the network formed by Y03, Y02, and N02−
N02 dimers (blue dumbbells), all laying in the same plane; Y02 atoms are located in the centers of squares formed by the Y03 net with the 32.4.3.4
vertex symbol; (f) the net formed by Y01 atoms; the N01 and N03 are seen in the projection, as only the middle points of the dumbbells are
located in the same plane with the Y01 atoms; (g) 2D net drawn through the centers of N02−N02 dimers; and (h) 2D net drawn through the
centers of N01−N01 and N03−N03 dimers.
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seen in the projection in Figure 2f, but only their middle points
are located in the same plane with the Y1 atoms, forming their
own plain 2D net (Figure 2h) with two types of vertexes:
3.5.4.5 (related to N01 atoms) and 3.5.3.5 (related to N03
atoms) (Figure 2h).
Density functional theory (DFT) based calculations using

the Vienna ab initio simulation package35 show that relaxed
structural parameters for Y5N14 (Table S2) closely reproduce
the corresponding experimental values at 49(1) GPa. The
calculations agree well with the experimental determination
that the structure of Y5N14 contains three different kinds of
N−N dimers (Table S2): the calculated N−N distances are
1.232 Å, 1.267 Å, and 1.320 Å for N01−N01, N02−N02, and
N03−N03 dimers at 50 GPa, respectively. Phonon dispersion
relations calculated in the harmonic approximation show that
the Y5N14 phase is dynamically stable at 50 GPa (Figure 3a)
but unstable at ambient pressure (Figure S1). To estimate the
thermodynamic stability of Y5N14, we compared its static
enthalpy to that of the well-known YN in the rock salt
structure and the predicted YN2 structures

24 in the 0−100 GPa
pressure range (Figure S2). We found out that in the 20−100
GPa pressure range Y5N14 is thermodynamically more
favorable than YN and the three previously reported YN2

structures. Below 20 GPa, Y5N14 is not thermodynamically
stable, and the assembly of YN plus N2 is favored.

The computed electron density of states (DOS) shows that,
at 50 GPa, Y5N14 is a metal (Figure 3b). The metallic nature of
Y5N14 may explain the absence of a Raman signal from this
phase (Figure S3). Remarkably, the electronic DOS at the
Fermi level comes almost exclusively from the nitrogen
p-states, with a negligible contribution from yttrium states. A
similar observation has recently been reported for dinitrides of
alkali and alkaline earth metals,5,19 and the corresponding
compounds attributed to an anion-driven metallicity.19 One of
the chemical bonding features of this class of compounds is a
predominately ionic bonding between cations and N−N units
and a covalent bonding between nitrogen atoms forming
dimers.19 Indeed, for Y5N14, the calculated electron localization
function at 50 GPa demonstrates a strong covalent bonding
between nitrogen atoms (Figure 3c,d). At the same time, there
is no obvious sign of covalent bonding between nitrogen and
yttrium atoms, and there is no sign of electron localization
between atoms, as expected for electrides.
After the synthesis of Y5N14 at 49(1) GPa, the sample was

decompressed in a few pressure steps down to 1 bar. The X-ray
diffraction reflections of the Y5N14 phase can be traced down
to ∼10 GPa (Figure S4). Further decompression to 2 GPa
resulted in the disappearance of the Y5N14 diffraction
reflections and the formation of a Y (hcp structure, space
group P63/mmc, a = 3.5866(2) Å, c = 5.6663(8) Å) and YN

Figure 3. Results of DFT-based calculations for Y5N14 at 50 GPa. (a) Phonon dispersion curves along high-symmetry directions in the Brillouin
zone and phonon density of states and (b) electron density of states; the Fermi energy level was set to 0 eV. The electron localization function
calculated in (c) the (001) plane and (d) a selected plane containing both N01−N01 and N03−N03 dimers.

Figure 4. Bulk modulus of binary dinitrides, including the novel Y5N14, as a function of the formal charge of the (a) cations and (b) [N2]
x− units.

The values of bulk moduli are taken from K0(Na3(N4)2) = 41 GPa,5 K0(LiN2) = 63 GPa,46 K0(BaN2) = 46 GPa,47 K0(SrN2) = 65 GPa,47 K0(SrN2)
= 77 GPa,47 K0(PdN2) = 135 GPa,8 K0(CoN2) = 216 GPa,10 K0(RhN2) = 235 GPa,13 K0(FeN2) = 250 GPa,18 K0(OsN2) = 362 GPa,48 K0(PtN2) =
372 GPa,17 K0(TiN2) = 385 GPa,14 and K0(IrN2) = 428 GPa.16
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(rock salt structure, space group Fm-3m, a = 4.8638(9) Å)
powder mixture (Figure S4).
The lattice parameters of Y5N14 (Table S3) were extracted

from the single-crystal X-ray diffraction data collected between
10 and 49 GPa. The c/a ratio (∼1.79) was found not to
change, within the accuracy of the measurements, in the whole
studied pressure rangeunderlining the isotropic response of
Y5N14 to pressure. The quality of the structural data collected
on decompression was sufficient to accurately locate the
position of yttrium atoms, but uncertainties in the position of
the nitrogen atoms do not allow us to precisely evaluate
changes in the intramolecular N−N bond lengths with
pressure. Still, the N03−N03 bond is found to be systemati-
cally longer than N01−N01 and N02−N02 at all pressures
(Table S3).
Fitting of the Y5N14 experimental pressure−volume data

with the second-order Birch−Murnaghan equation of state
gives the bulk modulus K0 = 137(6) GPa (V0 = 423(2) Å3)
(Figure S5) that agrees with the bulk modulus K0 = 139.8(4)
GPa obtained as a result of fitting the energy−volume points of
Y5N14 DFT-relaxed structures in the pressure range of 0−100
GPa, also using the second order Birch−Murnaghan equation
of state (V0 = 424.37 Å3 was fixed) (Figure S5). The obtained
bulk modulus is significantly lower than expected for dinitrides
stabilized by +3 cations. Indeed, Figure 4 shows a trend of bulk
moduli of different dinitrides as a function of formal charges of
cations and [N2]

x− units. The bulk modulus of Y5N14 is off-
trend, if the cation’s charge (i.e., 3+) is considered, but it is on-
trend if instead the formal charge of the [N2]

x− dimers is
consideredusing, for Y5N14, the average [N2]

x− dumbbell’s
formal charge, ∼2. This suggests that the charge state of the
nitrogen dimers, rather than the oxidation state of the metal,

could be used to estimate the compressibility of binary solids
containing [N2]

x− units.
The calculated intramolecular N−N distances in the relaxed

structures are found to decrease with increasing pressure. The
rigidity of the nitrogen−nitrogen bond, which correlates with
the slope of the pressure−bond length dependence (Figure
5a), increases from the longest bond in N03−N03 dimers to
the shortest in the N01−N01 dimer. The different behavior on
compression of each type of [N2]

x− dimers emphasizes the
correlation of the bond rigidity with the charge state of the N−
N dimers.
Both crystal-chemical analysis and ab initio calculations show

three different types of nitrogen dimers in the Y5N14 structure
with distinct nitrogen−nitrogen bond lengths and compressi-
bility. The multiplicity of the N−N bond and the charge states
of the [N2] units are usually considered using a nitrogen
molecular orbital diagram (Figure 5b, inset). If the bonding
orbitals 1πu and 2σg are filled up with six electrons, neutral N2
species are formed with a triple bond. Further electrons on the
1πg* antibonding molecular orbitals result in the formation of
charged [N2]

x− (x = 1, 2, 3, 4), a reduction of the bonding
multiplicity, and the elongation of the N−N bond. By now it is
well established that in nitrogen dimers the bond length
correlates with its multiplicity and the formal charge of [N2]

x−:
N−N distances of 1.16−1.20 Å,49 1.23−1.29 Å,6,7 1.30−1.34
Å,50−52 and 1.38−1.42 Å14,50 are typically observed in the
charged dinitrides [N2]

−, [N2]
2−, [N2]

3−, and [N2]
4−,

respectively, at ambient pressure and barely change upon
compression of a few dozen of GPa.5

First considering that only an integer number of electrons
can be located on the 1πg* antibonding orbitals, at the
synthesis pressure of 49(1) GPa it would be reasonable to
assign the shortest intramolecular bonds of 1.227(8) Å and

Figure 5. Characteristic bond lengths of N−N dimers. (a) Nitrogen−nitrogen bond lengths extracted from the DFT-relaxed structure of Y5N14 as a
function of pressure. (b) Calculated d(N−N) distances for 20 binary compounds containing [N2]

x− units (circle symbols) and for Y5N14 (star
symbols). All distances were computed at 1 bar, except for LiN2 (20 GPa). The linear correlation between the N−N bond lengths (BL) and the
formal charge (FC) of [N2]

x− dimers is expressed as BL = 0.074(1) Å FC + 1.104 Å and is drawn as a dashed line. Inset: Qualitative molecular
orbital diagram of N2. Panel b adapted from with permission from ref 19.

Table 1. Nitrogen−Nitrogen Bond Length and Charge States of N2 Units in Y5N14 Structure Determined by Various
Approaches

bond length charge state of N2 dimer

exptl calcd bond length analysis

dimer at 49(1) GPa at 50 GPa at 1 bar CHARDI DDEC6 only integer noninteger

N01−N01 1.227(8) Å 1.232 Å 1.241 Å −1.96 −0.96 −2 −1.70
N02−N02 1.290(11) Å 1.267 Å 1.292 Å −2.34 −1.22 −2 −2.47
N03−N03 1.338(15) Å 1.320 Å 1.348 Å −2.50 −1.36 −3 −3.26
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1.290(11) Å to the double-bonded [NN]2− dimers and that
of 1.338(15) Å to the [ −⃛ ] −N N 3 dimers, with a bond
multiplicity of 1.5. In total, there would be six [NN]2−

dimers and one [ −⃛ ] −N N 3 dimer per Y5N14 formula unit,
corresponding to the typical Y3+ oxidation state for all yttrium
atoms. The yttrium nitride chemical formula could then be
written as Y3+

5[N2]
2−

6[N2]
3−. However, with this integer-

charge hypothesis, all six [N2]
2− dimers (i.e., N01−N01 and

N02−N02 dumbbells) should be identical and behave equally
upon compression. This strongly contradicts the crystal
chemistry analysis and theoretical calculationsthus forcing
us to rule out this interpretation.
A second interpretation, in line with recent results,19 is

suggested from charge analysis using the CHARDI method53

and DFT-based DDEC6 method54 (Table S4). These
computations unambiguously point out that the charges of
the three distinct N−N dimers differ significantlycorrelating
with the nitrogen−nitrogen bond lengths (Table 1)and can
thus not be described by integer values. The Y5N14 phase has
to instead be considered as containing three noninteger
charged nitrogen dimers. Figure 5b shows the dependence of
the N−N bond length as a function of the formal charge of
[N2]

x− for many different compounds computed at ambient
pressure. Based on this plot and the parameters of its linear
fit,19 the charges of the nitrogen dimers in Y5N14 were
calculated using the least-squares method (Table 1), using the
+3 oxidation state of Y as a constraint on total charge. The
chemical formula of the Y5N14 compound calculated in this
fashion can be written as Y3+

5[N2]
1.70−

4[N2]
2.47−

2[N2]
3.26−, at

ambient pressure. The noninteger charges of the N2
x− dimers

are due to the delocalization of the electrons in the conduction
band and also provide an explanation for the metallicity of
Y5N14 adding further credibility to the recently proposed
model of compounds with anion-driven metallicity.19 The
presence of the structurally and chemically distinct [N2]

x−

units with noninteger formal charges in Y5N14a unique case
despite the plethora of known binary nitrogen compounds
bearing themexplains all of our experimental and theoretical
observations on the different bond lengths and compressibility
of the N−N dumbbells. Similar nitrides are expected to be
found in lanthanides, transition metals, and may represent a
wide class of inorganic and even metal−organic compounds.

■ CONCLUSIONS

In this study, we reported that a reaction between yttrium and
molecular nitrogen under laser heating at ∼2000 K at ∼50 GPa
yields a novel compound, Y5N14. High-pressure single-crystal
X-ray diffraction revealed that the crystal structure of Y5N14
contains three distinct types of nitrogen dimers. Upon
decompression at ambient temperature, Y5N14 was observed
down to ∼10 GPa. Its compressibility (the bulk modulus K0 =
137(6) GPa) is uncommonly high for dinitrides containing +3
cations, but it is on-trend if the average formal charge of the
[N2]

x− dimers is considered.
Ab initio calculations reproduced well the crystal structure,

and the experimentally determined properties of Y5N14 showed
the dynamical stability at 50 GPa and disclosed that Y5N14 has
an anion-driven metallicity, with the filled part of its
conduction band formed by nitrogen p-states.
Both crystal-chemical analyses and ab initio calculations

showed three different types of nitrogen dimers in the Y5N14
structure with distinct nitrogen−nitrogen bond lengths,

compressibility, and charge state, which cannot be described
with integer formal charges. The noninteger charges of N2

x−

dimers are due to the delocalization of the electrons in the
conduction band and also explain the metallicity of Y5N14.
Thus, Y5N14 is the first example of the presence of three
different types of charged nitrogen dimers in the same
structure, which indicates more complex chemical processes
of dense dinitride formation under high pressure and opens up
a new class of inorganic compounds.
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Table S1. Structure refinement details of Y5N14 at 49.1 GPa. The full crystallographic dataset was 

deposited to the CCDC under the deposition number 2085508. 

Chemical formula Y5N14 

Temperature (K) 293  

Pressure (GPa) 49.1 

Crystal data 

Mr 640.6 

ρ (g/cm3) 6.296 

Crystal system, space group tetragonal, P4/mbm 

a (Å) 8.4510(16) 

c (Å) 4.7316(9) 

V (Å3) 337.93(14) 

Z 2 

Radiation type X-ray, λ = 0.2908 Å 

µ (mm-1) 3.968 

Data collection 

No. of measured, independent and observed  

[I > 3σ(I)] reflections 
1554/586/439 

Rint 5.05% 

(sin θ/λ)max (Å-1) 1.056 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 0.0348, 0.0788, 1.08 

data/parameters ratio 586/30 

Δρmax, Δρmin (e Å-3) 2.40, -2.47 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

Y01 4g 0.67473(6) 0.17473(6) 0.5 

Y02 2a 0 0 0 

Y03 4h 0.13326(6) 0.63326(6) 0 

N01 16l 0.1909(4) 0.0609(4) 0.3703(8) 

N02 8i 0.1263(6) 0.2658(6) 0 

N03 4f 0 0.5 0.3586(15) 
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Table S2. Experimentally determined crystallographic data for the Y5N14 phase at 49(1) GPa in 

comparison with the corresponding DFT-relaxed structure 

 Experimental Calculations 

Pressure (GPa) Pexp = 49(1) GPa Ptheor = 50 GPa 

Space group P4/mbm P4/mbm 

a (Å) 8.4510(16) 8.4813 

c (Å) 4.7316(9) 4.6978 

V (Å3) 337.93(14) 337.93 (fixed) 

Fractional 

atomic 

coordinates  

(x y z) 

Y01   0.6747    0.1747    0.5 

Y02   0             0             0 

Y03   0.1333    0.6334    0 

N01   0.1909    0.0609    0.3703 

N02   0.1263    0.2658    0 

N03   0             0.5          0.3586 

Y01   0.6749    0.1749    0.5 

Y02   0   0     0     

Y03   0.1338    0.6338    0  

N01   0.1907    0.0601    0.3689  

N02   0.1269    0.2674    0 

N03   0             0.5     0.3595 

N-N distances 

(Å) 

N01-N01  1.227(8)  

N02-N02  1.290(11)  

N03-N03  1.338(15) 

N01-N01  1.232 

N02-N02  1.267 

N03-N03  1.320 

 

 

 

Figure S1. Phonon dispersion curves for Y5N14 along the high symmetry directions in the Brillouin zone 

and the phonon density of state at ambient pressure. Imaginary frequencies indicate the dynamic 

instability of the compound. 
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Figure S2. Calculated static enthalpy as a function of pressure of YN (rocksalt structure) plus 0.9 N2  

(ε-N2 structure) and YN2 (three predicted polymorphs1) plus 0.4 N2 (ε-N2 structure) relative to Y5N14. 

Following the approach of Menescardi et al.,1 the ε-N2 polymorph was used to model solid nitrogen over 

the whole pressure range as it is reported to be the most stable polymorph between 16 and 62 GPa.2 
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Figure S3. Raman spectra collected on the sample chamber of DAC at 49(1) GPa after laser heating. 

Signals from a region of the sample chamber with nitrogen only (black) shows the Raman spectrum of  

ε-N2, for a region containing Y5N14 (red) the signal does not differ significantly. 
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Figure S4. Background-subtracted X-Ray diffraction profiles from the sample collected on 

decompression. Black tick marks are the position of the reflections belonging to Y5N14 phase; the ▼, ▼ 

and▼ symbols identify dhcp Y, ε-N2 and δ-N2 phases, respectively. The orange and magenta tick marks 

represent the position of the reflections corresponding to hcp Y and fcc YN phases at 2 GPa, respectively. 
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Table S3. Structure refinement details of Y5N14 from measurements upon decompression. 

Pressure (GPa) 49.1 41.6 33.7 26.2 21.1 10.5 

ρ (g/cm3) 6.296 6.196 6.019 5.824 5.701 5.386 

Space group P4/mbm P4/mbm P4/mbm P4/mbm P4/mbm P4/mbm 

a (Å) 8.4510(16) 8.5189(15) 8.6091(16) 8.6787(16) 8.752(2) 8.9197(16) 

c (Å) 4.7316(9) 4.7316(5) 4.7692(9) 4.8500(9) 4.8718(9) 4.9649(9) 

a/c ratio 1.79 1.80 1.80 1.79 1.80 1.80 

V (Å3) 337.93(14) 343.38(18) 353.48(11) 365.30(12) 373.21(12) 395.01(12) 

Z 2 2 2 2 2 2 

No. of 

measured, 

independent, 

observed 

[I>3σ(I)] 

reflections 

1554 

586 

439 

819 

317 

219 

917 

349 

239 

887 

366 

262 

1030 

280 

177 

1124 

337 

175 

Rint 5.05% 7.38% 4.46% 9.79% 6.66% 9.06% 

R[F > 3σ(F)], 

wR(F), 

GOF 

0.0348 

0.0788 

1.08 

0.1137 

0.1296 

1.93 

0.0479 

0.0486 

1.83 

0.1056 

0.1202 

1.98 

0.0369 

0.0358 

1.19 

0.0595 

0.0742 

1.32 

data/parameters 

ratio 
586/30 317/30 349/30 366/30 308/30 337/30 

Atoms fractional coordinates 

Y01 

x 

y 

z 

0.67473(6) 

0.17473(6) 

0.5  

0.6743(2) 

0.1743(2) 

0.5 

0.6731(1) 

0.1731(1) 

0.5 

0.6735(2) 

0.1735(2) 

0.5 

0.6726(1) 

0.1726(1) 

0.5 

0.6717(2) 

0.1717(2) 

0.5 

Y02 

x 

y 

z 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Y03 

x 

y 

z 

0.13326(6) 

0.63326(6) 

0 

0.1340(2) 

0.6340(2) 

0 

0.1333(1) 

0.6333(1) 

0 

0.1339(2) 

0.6339(2) 

0 

0.1338(1) 

0.6338(1) 

0 

0.1335(2) 

0.6335(2) 

0 

N01 

x 

y 

z 

0.1909(4) 

0.0609(4) 

0.3703(8) 

0.1896(18) 

0.0610(18) 

0.381(3) 

0.1906(8) 

0.0601(8) 

0.3727(14) 

0.1917(13) 

0.0597(14) 

0.374(2) 

0.1954(7) 

0.0617(7) 

0.3770(13) 

0.1962(12) 

0.0662(11) 

0.375(2) 

N02 

x 

y 

z 

0.1263(6) 

0.2658(6) 

0 

0.112(4) 

0.286(4) 

0 

0.1266(12) 

0.2662(12) 

0 

0.128(3) 

0.267(2) 

0 

0.1261(11) 

0.2698(11) 

0 

0.134(2) 

0.270(2) 

0 

N03 

x 

y 

z 

0 

0.5 

0.3586(15) 

0 

0.5 

0.353(4) 

0 

0.5 

0.358(2) 

0 

0.5 

0.361(4) 

0 

0.5 

0.361(2) 

0 

0.5 

0.361(4) 

N-N distances 

N01-N01 1.227(8) 1.13(3) 1.214(14) 1.22(2) 1.200(13) 1.25(2) 

N02-N02 1.290(11) 1.23(7) 1.31(3) 1.29(5) 1.290(2) 1.21(4) 

N03-N03 1.338(15) 1.39(4) 1.35(2) 1.35(4) 1.34(2) 1.37(4) 
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Figure S5. Experimental (red points) pressure dependence of the Y5N14 unit cell volume and the fit of the 

experimental P-V data (red curve) using the 2nd order Birch-Murnaghan equation of state. Errors in 

experimental data are within the symbol size. As well as pressure points calculated by Hellmann-Feynman 

stresses (black points) and the fit of calculated E-V data (black curve) using the 2nd order Birch-

Murnaghan equation of state. Calculated E-V data also can be fitted using a 3rd order Birch-Murnaghan 

equation of state, yielding K0=131(2) GPa, K0’=4.46(3) and V0=424.6(4) Å3. 

Table S4. Results of charge analysis 

Atom 
Charge 

CHARDI DDEC6 

Y01 +2.97 +1.37 

Y02 +2.92 +1.62 

Y03 +3.07 +1.61 

N01 -0.98 -0.48 

N02 -1.17 -0.61 

N03 -1.25 -0.67 
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Abstract: Two novel yttrium nitrides, YN6 and Y2N11,
were synthesized by direct reaction between yttrium and
nitrogen at 100 GPa and 3000 K in a laser-heated
diamond anvil cell. High-pressure synchrotron single-
crystal X-ray diffraction revealed that the crystal
structures of YN6 and Y2N11 feature a unique organiza-
tion of nitrogen atoms—a previously unknown anionic
N18 macrocycle and a polynitrogen double helix, respec-
tively. Density functional theory calculations, confirming
the dynamical stability of the YN6 and Y2N11 com-
pounds, show an anion-driven metallicity, explaining the
unusual bond orders in the polynitrogen units. As the
charge state of the polynitrogen double helix in Y2N11 is
different from that previously found in Hf2N11 and
because N18 macrocycles have never been predicted or
observed, their discovery significantly extends the
chemistry of polynitrides.

The chemistry of nitrogen has long been thought to be very
limited due to triple-bonded molecular nitrogen’s extreme
stability. As a result, in inorganic solid-state compounds at
ambient pressure, nitrogen is typically present in the form of
a nitride anion N3� and does not form catenated polyanions
(with the exception of azides). However, over the past
20 years, it has been shown that at high pressure nitrogen’s
chemistry significantly changes. For example, charged nitro-
gen N2

x� dimers,[1–16] tetranitrogen N4
4� units,[17] pentazolate

N5
� rings,[18–20] hexazine N6 rings,

[21–23] and different polyni-
trogen chains[17,24–29] have been synthesized, and an even
greater variety of nitrogen species is expected to form under
high-pressure conditions according to theoretical
calculations.[30–37] Such a diversity of nitrogen species can
suggest that the scale of nitrogen chemistry under high
pressure may be close to the scale of the rich carbon
chemistry at ambient pressure. In addition to the discoveries
of unique nitrogen entities that push the boundaries of
fundamental nitrogen chemistry, nitrides synthesized under
high pressure often possess key properties for functional
applications, e.g. ReN2, which is recoverable to ambient
conditions,[4] has an extremely high hardness, a single layer
of BeN4 is a 2D material with unique electronic
properties,[29] and a variety of nitrides with high nitrogen
content are promising for applications as high energy density
materials.[38] Recently, YN5, YN8, and YN10 with polynitro-
gen chains, fused N18 rings and isolated N5 rings, respec-
tively, were predicted to be stable near 100 GPa and are all
promising prospects as high energy density materials.[37]

Whereas a significant number of studies on binary
metal-nitrogen compounds of alkali, alkaline earth, and
transition metal elements under high pressure have been
conducted,[1–7, 9–29] the high-pressure chemistry and physical
properties of rare earth metal nitrides are almost unknown.
Until recently, in the yttrium-nitrogen system, only one
binary Y� N compound was known: cubic yttrium nitride YN
with the rock salt structure.[39] In 2021 our group demon-
strated that even at moderate compression (�50 GPa)
yttrium and nitrogen form a novel compound, Y5N14, with a
new structural type.[8] In the Y5N14 structure, all nitrogen
atoms form [N2]

x� dimers but, strikingly, there are three
crystallographically distinct nitrogen dimers with different
N� N bond lengths and charge states x, indicating the
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complexity of chemical processes leading to the formation of
dense rare earth metal nitrides under high pressure.

In this study, we present the synthesis and character-
ization of two novel never predicted yttrium nitrides YN6
and Y2N11 at 100 GPa, demonstrating a unique organization
of nitrogen atoms in their structures, forming anionic N18
macrocycles and a polynitrogen double helix.

A diamond anvil cell, containing a sample composed of
two pieces of yttrium embedded into molecular nitrogen,
was compressed to 100(1) GPa and laser-heated to 3000
(200) K (see Figure 1a and Supporting Information for
details). The precise 2D X-ray diffraction map, collected
with a step of 0.5 μm at ID11 ESRF beamline from the
bigger piece of yttrium after heating, revealed the crystal-
lization of novel phases and allowed to pinpoint the location
of crystallites most appropriate for single-crystal X-ray
diffraction measurements (Figure 1b). High-quality synchro-
tron single-crystal X-ray diffraction (SCXRD) data were
then collected from the sample (Figure 1c). The subsequent
crystal structure solution and refinement revealed the
formation of two novel yttrium nitrides with chemical
formulas of YN6 and Y2N11. The refinement against SCXRD
data resulted in very good reliability factors (R-factors, see
Tables S1, S2). For cross-validation of the structural models,
we performed density functional theory (DFT) based
calculations (see Supporting Information for details). We
carried out variable cell structural relaxations for both
compounds and found that the relaxed structural parameters
closely reproduce the corresponding experimental values
(Table S3). The distribution of the YN6 and Y2N11 phases
shown in the 2D X-ray diffraction map (Figure 1b) demon-
strates that the heated area consists of many tiny crystallites
and there is no obvious chemical gradient in the distribution.
The formation of a mixture of phases with different chemical
compositions and structures is a very common phenomenon
at high-pressure synthesis in a laser-heated diamond anvil
cell mainly attributed to the temperature gradient during
laser heating.

The structure of YN6 (Figure 2) has the monoclinic space
group C2/m (#12) with two Y and five N atoms on
crystallographically distinct positions (see Table S1 and the
CIF for the full crystallographic data[40]). Nitrogen atoms
form isolated, almost planar N18 macrocycles aligned in the
(4 0 -1) planes (Figure 2b). The Y1 atoms are located in the
centers of the N18 macrocycles, while the Y2 atoms occupy
the space between the stacking planes (Figure 2a). Thus, Y1
atoms are twelve-fold coordinated (coordination number
CN=12) by six nearest nitrogen atoms of the N18 ring itself
and by three nitrogen atoms of the previous and next rings
in the stack (Figure 2c). The equatorial coordination of Y1
is very similar to the coordination of the rare-earth metals in
complexes with hexaaza-18-membered macrocyclic
ligands.[41–43] Y2 atoms are thirteen-fold coordinated (CN=

13) by N atoms of the six surrounding rings (Figure 2d).
Both Y1 and Y2 atoms are located in the ac plane forming a
2D tiling which can be described by two types of parallelo-
grams (Figure S1). The nets of Y atoms are alternating in
the b-direction.

Although 2D polynitrogen layers composed of fused N18
rings were predicted for YN8

[37] and K2N16,
[44] the isolated

anionic N18 rings observed in YN6 have never been reported
from experiments or calculations. Hypothetically, a non-
charged N18 ring would be an aromatic planar ring with 18
electrons in the conjugated π-system with the N� N bond
order of 1.5. However, in the case of the YN6 compound,
assuming +3 charge of yttrium atoms, the π-system of each
N18 ring should accommodate additional 9 electrons at the
π* orbitals, which results in 27 electrons in the π-system,
losing aromaticity and thereby decreasing the average N� N
bond order to 1.25 and consequently increasing of the N� N
bond length. Moreover, the N18 rings in YN6 are non-planar
(the biggest torsion angle is 6.2(6)°), not satisfying the
aromaticity condition. The N� N distances (dN� N) in the N18
macrocycle obtained from the SCXRD data are not equal
and vary from 1.270(5) Å to 1.364(7) Å with the average
dN� N=1.306(9) Å, in good agreement with the values

Figure 1. Experimental details. a) Microphotograph of the sample chamber. b) 2D X-ray diffraction map showing the distribution of the two yttrium
nitrides phases within the heated sample. The color intensity is proportional to the intensity of the following reflections: the (2 0 0), (0 2 0), and (1
1 -2) of YN6 for the blue regions; the (1 0 1), (2 -1 0), and (2 -1 4) of Y2N11 for the green regions. c) Example of an X-ray diffraction pattern collected
from the laser-heated sample at 100 GPa.
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obtained from the DFT-relaxed structure (Figure 2e). The
analysis of N� N bond lengths suggests that N1� N2 and
N5� N5 are single bonds (single N� N bonds vary from 1.30
to 1.44 Å at �100 GPa[24,27,29,45]), N2� N3 and N3� N4 have a
bond order of 1.5 (the length of N� N bonds with the
multiplicity of 1.5 is known to be in the range of 1.24 to
1.30 Å at �100 GPa[25]), while the multiplicity of the N4� N5
bond should be in between of 1 and 1.5. If one assumes the
bond order of 1.125 for the N4� N5 bond, the average bond
order in the [N18]

9� ring is of 1.25, which corresponds to 27
electrons in the π-system and a total 9- charge. Non-integer
charges and bond orders were previously reported in
metallic nitrides under high pressure.[2,7,8,26]

Although 18-membered cycles are not common, they are
known for a number of organic compounds. As an example,
one can mention 18-crown-6 ether, whose molecule is non-
planar as all ring-forming atoms are sp3-hybridized. A closer
analog to the N18 rings we observed in YN6 would be an
unsaturated cyclooctadecanonaene C18H18 ([18]annulene).
The [18]annulene C18H18 is a fully planar aromatic com-
pound, and until now the most nitrogen-substituted known
derivative is hexaaza[18]annulene C12N6H12.

[46] The existence
of [N18]

9� anionic macrocycle allows us to assume that high-
pressure could provide a route to the synthesis of N18

aromatic molecule–full nitrogen substituted [18]annulene
derivative.

The Y2N11 compound, also synthesized at 100(1) GPa,
crystallizes in the structure with the hexagonal space group
P6222 (#180), in which there are one Y and four N distinct
atomic positions (see Table S2 and the CIF for the full
crystallographic data[40]). Notably, the introduction of a
racemic twinning law during the final structure refinement
against SCXRD data leads to a slight decrease in the R1
factor, therefore, Y2N11 with the space group P6222 coexists
with its enantiomorph Y2N11 with the space group P6422
(#181). The structure of Y2N11 (Figure 3) is built of Y atoms
(CN=10) coordinated by discrete nitrogen atoms, N2 dumb-
bells, and polynitrogen chains (Figure 3c). Each discrete
nitrogen atom is surrounded by four yttrium atoms forming
regular tetrahedra NY4, which are connected through
vertexes, forming a motif similar to the SiO4 tetrahedral
motif in β-quartz[47] (Figure 3a,b). Like SiO4 groups in the
structure of β-quartz, the NY4 tetrahedra in Y2N11 form
channels along the c-axis (Figure 3a), which are occupied by
nitrogen dumbbells with their centers on the 62 axis (Fig-
ure 3a). The dumbbells themselves are also in a tetrahedral
coordination environment of Y atoms (Figure 3d). Two
polymeric nitrogen chains are running along the channels in

Figure 2. Crystal structure of YN6. All Y atoms are greenish, N atoms are blue; grey thin lines outline the unit cell. a) A view of the crystal structure
along the c-axis. b) A view of the crystal structure along the b-axis; yttrium atoms are omitted. c) The coordination environment of the Y1 and d) Y2
atoms. e) A view of a N18 macrocycle; values of bond lengths and angles obtained from the experiment are shown in black, while those obtained
from the DFT calculations are shown in red.
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the c-direction (shown in blue in Figure 3a,b,e) forming a
double helix arrangement (highlighted in blue and red in
Figure 3f) around the 62 screw-axis. The crystal-chemical
formula of Y2N11 may be written as Y2N(N4)2(N2).

It appears that Y2N11 is isostructural to previously
reported Hf2N11 (space group P6422) synthesized by laser-
heating Hf in nitrogen at 105 GPa.[26] The difference in the
oxidation states of the cations Y3+ and Hf4+ in the
isostructural compounds should lead to the difference in
charge states of the corresponding nitrogen units. Indeed,
taking into account that in the Hf2N11 structure at 105 GPa
the N� N distance in N2 dimers is equal to 1.186 Å, and the
average N� N distance in polynitrogen chains is 1.32 Å, the
charge distribution was proposed as (Hf4+)2N

3� (N4
2� )2-

(N2
� ).[26] In Y2N11 at 100(1) GPa, the N� N distance in N2

dimers is 1.13 Å 1.127(15), and the average N� N distance in
polynitrogen chains is 1.29 Å, noticeably shorter than those
in Hf2N11, indicating smaller charges on the nitrogen species.
Since the N� N distance in N2 dimers is longer than that in
the triple-bonded non-charged N2 molecule, but shorter than
the bond length in N2

� , one can suggest the N2
0.5� charge

state for the dumbbells. Contrary to Hf2N11, the N� N
distances in the polynitrogen chains in Y2N11 are almost
equal and the length corresponds to a bond order between 1
and 1.5. Thus, one can assume the following charge
distribution: (Y3+)2N

3� (N4
1.25� )2(N2

0.5� ). This example dem-
onstrates that the π-system of polynitrogen chains is flexible
in terms of charge accommodation.

Inorganic double helixes are extremely rare[48–50] and the
fact that such an arrangement of nitrogen atoms in the
compounds was observed for the second time at about
100 GPa may indicate the existence of such a class of
polynitrides under high pressure. Furthermore, the structure
of Y2N11 can be considered as a host–guest, where yttrium
and discrete nitrogen atoms form a β-quartz-type host
framework (Figure 3), where inside and around the channels
are guest nitrogen dimers and a polynitrogen double helix.
Therefore, perhaps β-quartz-motifs could serve as a tem-
plate for the synthesis of other inorganic double helixes.

In order to get a deeper insight into the chemistry and
physical properties of the novel compounds, further DFT-
based calculations were performed (see Supporting Informa-
tion for details). As mentioned above, variable-cell struc-
tural relaxations for both compounds at the synthesis
pressure closely reproduced structural parameters and bond
lengths obtained from the experimental data. Phonon
dispersion relations calculated in harmonic approximation
show that both YN6 and Y2N11 phases are dynamically stable
at 100 GPa (Figure 4a and Figure 4d). To estimate the
thermodynamic stability of the novel phases, a static
enthalpy convex-hull for all known yttrium nitrides was
calculated at 100 GPa. Within the used approximations, YN6
lies on the convex hull together with YN and Y5N14, while
Y2N11 lays 189 meV per atom above the convex hull
(Figure S2). Being smaller than kBT at synthesis temperature
(3000 K, 258 meV), this suggests that the structure repre-

Figure 3. Crystal structure of Y2N11. All Y atoms are greenish, blue balls represent nitrogen atoms of the infinite chains, green balls—nitrogen
atoms that form dumbbells, orange balls—discrete nitrogen atoms; grey thin lines outline the unit cell. a) A view of the crystal structure along the
c-axis. b) A view of the crystal structure along the b-axis. c) The coordination environment of the Y atom. d) The coordination environment of
discrete nitrogen atoms and nitrogen dumbbells. e) The coordination environment of polymeric nitrogen chain; values of bond lengths obtained
from the experiment are shown in black, while those obtained from the DFT calculations are shown in red. f) Double helix built of two polynitrogen
chains running along the c-direction around the 62 screw-axis.
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sents a local minimum in the potential energy landscape at
synthesis conditions which is preserved as a meta-stable
state under rapid T-quench to room temperature.

The agreement between theory and experiment at the
synthesis pressure created the basis for the further analysis
of chemistry and physical properties. To obtain an equation
of state for YN6 and Y2N11, variable-cell structure relaxa-
tions for both compounds were performed at target
pressures between 0–150 GPa (using 10 GPa steps). Both
structures were found to keep their respective symmetry in
the relaxations within the full pressure range considered,
however, the calculated phonon dispersion curves of YN6
and Y2N11 at atmospheric pressure show imaginary modes
indicating dynamical instability at T=0 K (Figures S3 and
S4). A 3rd order Birch–Murnaghan equation of state was
subsequently fitted to the obtained energy-volume-points
(see Supporting Information). The obtained bulk moduli are
lower than the bulk moduli of other experimentally known
yttrium nitrides, YN and Y5N14, and the bulk modulus
decreases with the decrease of yttrium content: K0(YN)=
151.0 GPa[51] > K0(Y5N14)=137.0 GPa

[8] > K0(Y2N11)=
115.7 GPa > K0(YN6)=92.6 GPa. It is also worth noting
that the bulk modulus of Y2N11 is significantly lower than
the bulk modulus of the isostructural Hf2N11 compound
(K0(Hf2N11)=193 GPa

[26]) due to the higher compressibility
of M3+� N bonds in Y2N11 compared to M

4+� N bonds in
Hf2N11.

The calculated electron localization functions for YN6
and Y2N11 at 100 GPa demonstrate a strong covalent

bonding between nitrogen atoms in the N18 macrocycles,
polynitrogen chains and nitrogen dimers (Figure 4c, f). At
the same time, there is no obvious sign of covalent bonding
between nitrogen and yttrium atoms and there is no sign of
electron localization between these atoms, as expected for
electrides.[52] The N� N bond orders estimated from the
crystal-chemical analysis were corroborated by calculated
crystal orbital bond index[53] (Tables S4 and S5). The
computed electron density of states shows that both phases
are metals (Figure 4b and Figure 4e). Remarkably, the main
electronic contribution at the Fermi level comes from the
nitrogen p-states, with an almost negligible contribution
from yttrium states. The metallicity through the nitrogen π-
system explains the observation of non-standard charges and
bond multiplicities in the nitrogen units. Worth noting is
also that the anion-driven metallicity was found for the
majority of high-pressure di- and poly-nitrides,[2,7, 8,25,26,54]

which, therefore, seems to be a regular phenomenon for
high-pressure nitrides.

In conclusion, at 1 Mbar pressure, we have discovered
two novel yttrium polynitrides YN6 and Y2N11, which are
built from extremely unique nitrogen structural units: N18
macrocycles and double helix polynitrogen chains, respec-
tively. The discovery of such compounds encourages further
exploration of the remarkable inorganic chemistry of
polynitrides. Moreover, the ability of nitrogen to form such
structural units shows that perhaps humanity is on the verge
of opening a new branch of chemistry—nitrogen organic
chemistry under ultrahigh pressure.

Figure 4. Calculated properties of YN6 and Y2N11 at 100 GPa. YN6: a) Phonon dispersions, b) electron density of states (red line indicates the Fermi
level), c) electron localization function calculated in (4 0 -1) plane. Y2N11: d) The phonon dispersions, e) the electron density of states (red line
indicates a Fermi level), f) the electron localization function calculated in (0 0 1) plane (upper figure) or in (3 -2 0) plane (bottom figure).
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Experimental Procedures 

Sample preparation. The BX90-type large X-ray aperture DAC[1] equipped with Boehler-Almax type diamonds[2] (culet diameter 

is 120 μm) was used in the experiment. The sample chamber was formed by pre-indenting of a rhenium gasket to ~20 μm 

thickness and drilling a hole of ~60 μm in diameter in the center of the indentation. Two pieces of yttrium (99.9%, Sigma Aldrich) 

were placed in a sample chamber, then molecular nitrogen was loaded using a high-pressure gas loading system (1300 bars).[3] 

The sample was compressed to ~100 GPa and laser-heated (λ = 1064 nm) up to 3000(200) K using the home-made double-

sided laser-heating system at BGI,[4] as well as the double-sided laser heating system of ID18 beamline of the ESRF (Grenoble, 

France).[5] The temperature during laser-heating was determined by the blackbody radiation fit. The pressure in the cell was 

determined using the equation of state of Re[6] and additionally monitored by the Raman signal from the diamond anvils.[7]  

 

X-ray diffraction. XRD measurements were performed at ID11 beamline of the ESRF (Grenoble, France) with the X-ray beam 

(λ = 0.2852 Å) focused down to 0.5 × 0.5 μm2, and the XRD patterns were collected on a Eiger2X CdTe 4M hybrid photon 

counting pixel detector. For single-crystal XRD measurements, the sample was rotated around a vertical ω axis in a range of 

±36°. The XRD images were collected with an angular step of Δω = 0.25° and an exposure time of 3s/frame. The CrysAlisPro 

software package was used for the analysis of the single-crystal XRD data (peak hunting, indexing, data integration, frame 

scaling, and absorption correction). To calibrate the instrumental model in the CrysAlisPro software, i.e. the sample-to-detector 

distance, detector’s origin, offsets of the goniometer angles, and rotation of both the X-ray beam and detector around the 

instrument axis, we used a single crystal of orthoenstatite [(Mg1.93Fe0.06)(Si1.93,Al0.06)O6, Pbca space group, a = 8.8117(2) Å, 

b = 5.18320(10) Å, and c = 18.2391(3) Å]. The DAFi program[8] was used for the search of reflections’ groups belonging to 

individual single-crystal domains. Using the OLEX2 software package,[9] the structures were solved with the ShelXT structure 

solution program[10] using intrinsic phasing and refined with the ShelXL[11] refinement package using least-squares minimization. 

Crystal structure visualization was made with the VESTA software.[12] 

 

Density functional theory calculations. Kohn-Sham density function theory based structural relaxations and electronic 

structure calculations were performed with the QUANTUM ESPRESSO package[13–15] using the projector augmented wave 

approach.[16] We used the generalized gradient approximation by Perdew-Burke-Ernzerhof (PBE)[17] for exchange and 

correlation, with the corresponding potential files: for Y the 3d electrons and lower and for N the 1s electrons are treated as 

scalar-relativistic core states. Convergence tests with a threshold of 1 meV per atom in energy and 1 meV/Å per atom for forces 

led to a Monkhorst-Pack[18] k-point grid of 8x8x24 for YN6, 12x12x12 for Y2N11, 8x8x16 for Y5N14, 8x8x8 for YN,16x16x16 for 

cg-N, and 8x8x3 for hR24-Y. For all calculations a cutoff for the wave-function expansion of 80 Ry and a gaussian smearing of 

0.005 Ry was used. Phonon calculations were performed with PHONOPY[19] in 2x2x2 supercells with respectively adjusted k-

points. The crystal orbital bond index (COBI)[20] was calculated using LOBSTER v4.1.0 software[21]. 

We performed variable cell relaxations (lattice parameters and atomic positions) on all experimental structures to optimize 

the atomic coordinates and the cell vectors until the total forces were smaller than 10-4 eV/Å per atom and the deviation from 

the experimental pressure was below 0.1 GPa. Furthermore, we calculated equation of states (EOS) by performing variable cell 

relaxations to respective target pressures until forces are < 10-3 eV/Å and pressure is matched within 0.1 GPa. A third order 

Birch Murnagham EOS was fitted to the calculated energy versus volume points. We obtained 

YN6:   K0 = 92.6 GPa,   K' = 5.13,   V0 = 423.59 Å3 

Y2N11:  K0 = 115.7 GPa, K' = 4.38,   V0 = 401.48 Å3 

  

93



SUPPORTING INFORMATION          

 

 

 

Results 

Table S1. Structure refinement details of YN6 at 100(1) GPa. The full crystallographic dataset was deposited to the CCDC under 

the deposition number 2173746. 

Chemical formula YN6 

Temperature (K) 293  

Pressure (GPa) 100(1) 

Crystal data 

Mr 172.97 

ρ (g/cm3) 6.180 

Crystal system, space group monoclinic, C2/c 

a (Å) 9.667(3) 

b (Å) 8.7071(15) 

c (Å) 3.3592(9) 

β (o) 99.52(3) 

V (Å3) 278.86(12) 

Z 6 

Radiation type X-ray, λ = 0.2852 Å 

µ (mm-1) 2.823 

Data collection 

No. of measured, independent and observed  
[I > 2σ(I)] reflections 

918/648/526 

Rint 1.17% 

(sin θ/λ)max (Å-1) 1.205 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 0.0470, 0.1270, 1.023 

data/parameters ratio 648/53 

Δρmax, Δρmin (e Å-3) 2.83, -1.96 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

Y1 2a 0 0 0 

Y2 4i 0.34719(6) 0 0.28733(18) 

N1 4i 0.1516(6) 0 0.5598(16) 

N2 8j 0.3011(4) 0.3817(3) 0.1879(12) 

N3 8j 0.3391(4) 0.2562(4) 0.3655(12) 

N4 8j 0.0804(5) 0.2245(3) 0.2976(12) 

N5 8j 0.0469(5) 0.3630(3) 0.1695(12) 

Anisotropic displacement parameters 

Atom U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2) Ueq (Å2) 

Y1 0.0114(4) 0.0047(2) 0.0117(3) 0 -0.0038(3) 0 0.00990(19) 

Y2 0.0111(3) 0.0047(2) 0.0119(2) 0 -0.0039(2) 0 0.00991(16) 

N1 0.012(3) 0.0069(16) 0.011(2) 0 -0.003(2) 0 0.0105(12) 

N2 0.009(2) 0.0063(11) 0.0112(13) -0.0002(7) - -0.0039(13) -0.0003(7) 0.0096(8) 

N3 0.010(2) 0.0070(13) 0.0148(17) 0.0004(7) -0.0028(16) 0.0000(7) 0.0112(9) 

N4 0.0108(19) 0.0062(11) 0.0132(15) 0.0020(7) -0.0046(14) 0.0002(7) 0.0108(8) 

N5 0.012(2) 0.0068(12) 0.0129(15) -0.0012(8) - -0.0032(14) 0.0005(7) 0.0112(8) 
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Table S2. Structure refinement details of Y2N11 at 100(1) GPa. The full crystallographic dataset was deposited to the CCDC 

under the deposition number 2173750. 

Chemical formula Y2N11 

Temperature (K) 293  

Pressure (GPa) 100(1) 

Crystal data 

Mr 331.93 

ρ (g/cm3) 6.104 

Crystal system, space group hexagonal, P6222 

a (Å) 6.478(4) 

c (Å) 7.454(6) 

V (Å3) 270.9(4) 

Z 3 

Radiation type X-ray, λ = 0.2852 Å 

µ (mm-1) 2.900 

Data collection 

No. of measured, independent and observed  
[I > 2σ(I)] reflections 

1111/744/551 

Rint 4.94% 

(sin θ/λ)max (Å-1) 1.222 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 0.0517, 0.1278, 1.004 

data/parameters ratio 685/32 

Δρmax, Δρmin (e Å-3) 1.73, -1.85 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

Y1 6j 0.20989(7) 0.41978(14) 0.5 

N1 12k 0.2661(9) 0.4451(9) 0.0785(8) 

N2 12k 0.1052(9) 0.3831(10) 0.2012(7) 

N3 6g 0.0870(11) 0 0 

N4 3c 0.5 0 0 

Anisotropic displacement parameters 

Atom U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2) Ueq (Å2) 

Y1 0.00700(18) 0.0076(2) 0.0107(2) 0.00379(12) -0.00008(18) 0 0.00836(14) 

N1 0.0077(15) 0.0067(16) 0.0097(17) 0.0032(14) -0.0004(12) -0.0001(13) 0.0082(7) 

N2 0.0066(16) 0.011(2) 0.0086(19) 0.0042(14) 0.0023(12) -0.0003(13) 0.0090(8) 

N3 0.0088(16) 0.007(2) 0.015(3) 0.0033(10) 0.0016(12) 0.003(2) 0.0104(10) 

N4 0.0027(16) 0.008(3) 0.007(3) 0.0040(15) 0 0 0.0054(11) 
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Table S3. Experimentally determined crystallographic data for the YN6 and Y2N11 phases at 100(1) GPa compared with the 

corresponding DFT-relaxed structures. Note that pressure was fixed in theoretical simulations, while the volume of the unit cells, 

lattice parameters and equilibrium state parameters were calculated. 

 YN6 Y2N11 

 Exp. Calc. Exp. Calc. 

Space group C2/c C2/c P6222 P6222 

Volume 278.86(12) Å3 286.19 Å3 270.9(4) Å3 275.7 Å3 

Lattice 
parameters 

a = 9.667(3) Å 
b = 8.7071(15) Å 
c = 3.3592(9) Å 

α = 90o 
β = 99.52(3)o 

γ = 90o 

a = 9.7902 Å 
b = 8.7467 Å 
c = 3.3938 Å 

α = 90o 
β = 100.01o 

γ = 90o 

a = 6.478(4) Å 
b = 6.478(4) Å 
c = 7.454(6) Å 

α = 90o 
β = 90o 
γ = 120o 

a = 6.4863 Å 
b = 6.4863 Å 
c = 7.5667 Å 

α = 90o 
β = 90o 
γ = 120o 

Atomic 
positions 

Y1 
x 
y 
z 

0 
0 
0 

Y1 
x 
y 
z 

0.00000    
0.00000    
0.00000 

Y1 
x 
y 
z 

0.20989(7) 
0.41978(14) 
0.5 

Y1 
x 
y 
z 

0.20842    
0.41667    
0.50000 

Y2 
x 
y 
z 

0.34719(6) 
0 
0.28733(18) 

Y2 
x 
y 
z 

0.34799    
0.00000    
0.28283 

N1 
x 
y 
z 

0.2661(9) 
0.4451(9) 
0.0785(8) 

N1 
x 
y 
z 

0.26628    
0.44517    
0.07838 

N1 
x 
y 
z 

0.1516(6) 
0 
0.5598(16) 

N1 
x 
y 
z 

0.15206    
0.00000     
0.56359 

N2 
x 
y 
z 

0.1052(9) 
0.3831(10) 
0.2012(7) 

N2 
x 
y 
z 

0.10570    
0.38217    
0.20044 

N2 
x 
y 
z 

0.3011(4) 
0.3817(3) 
0.1879(12) 

N2 
x 
y 
z 

0.30237    
0.38133    
0.18711 

N3 
x 
y 
z 

0.0870(11) 
0 
0 

N3 
x 
y 
z 

0.08823    
0.00000    
0.00000 

N3 
x 
y 
z 

0.3391(4) 
0.2562(4) 
0.3655(12) 

N3 
x 
y 
z 

0.33794    
0.25598    
0.36799 

N4 
x 
y 
z 

0.5 
0 
0 

N4 
x 
y 
z 

0.50000    
0.00000    
0.00000 

N4 
x 
y 
z 

0.0804(5) 
0.2245(3) 
0.2976(12) 

N4 
x 
y 
z 

0.07877    
0.22361    
0.29871 

  
    

N5 
x 
y 
z 

0.0469(5) 
0.3630(3) 
0.1695(12) 

N5 
x 
y 
z 

0.04678    
0.36250    
0.16765 
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Figure S1. A layer of Y atoms in the ac plane in the YN6 structure. 

 

 

Figure S2. The calculated convex hull in the Y-N binary system for known yttrium nitrides at 100 GPa. Static enthalpies were 

calculated for Y (hR24 structure[22]), nitrogen (cg-N structure[23]), YN (rocksalt structure), Y5N14
[24] and two compounds, YN6 and 

Y2N11, from the current study. The phases YN, Y5N14 and YN6 lie on the convex hull. 

97



SUPPORTING INFORMATION          

 

 

 

 

Figure S3. Phonon dispersions of YN6 at 1 bar. 

 

Figure S4. Phonon dispersions of Y2N11 at 1 bar. 
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Table S4. Crystal orbital bond index of nitrogen-nitrogen bonds in N18 macrocycle in YN6 

Bond Bond length Bond index COBI 
Bond order estimated from 
crystal-chemical analysis 

N1-N2 1.364 0.996 1 

N2-N3 1.275 1.232 1.5 

N3-N4 1.287 1.256 1.5 

N4-N5 1.313 1.122 1.125 

N5-N5 1.331 1.043 1 

 
Table S5. Crystal orbital bond index of nitrogen-nitrogen bonds in polynitrogen chains and nitrogen dimers in Y2N11 

Bond Bond length Bond index COBI 
Bond order estimated from 
crystal-chemical analysis 

N1-N1 (chains) 1.315 1.092 between 1 and 1.5 

N1-N2 (chains) 1.296 1.184 between 1 and 1.5 

N2-N2 (chains) 1.293 1.242 between 1 and 1.5 

N3-N3 (dimers) 1.145 2.051 2.75 
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Stabilization of N6 and N8 anionic units and
2D polynitrogen layers in high-pressure
scandium polynitrides

Andrey Aslandukov 1,2 , Alena Aslandukova 1, Dominique Laniel3,
Saiana Khandarkhaeva1, Yuqing Yin 2,4, Fariia I. Akbar 1, Stella Chariton 5,
Vitali Prakapenka 5, Eleanor Lawrence Bright6, Carlotta Giacobbe6,
Jonathan Wright 6, Davide Comboni6, Michael Hanfland6,
Natalia Dubrovinskaia 2,4 & Leonid Dubrovinsky 1

Nitrogen catenation under high pressure leads to the formation of polynitro-
gen compounds with potentially unique properties. The exploration of the
entire spectrum of poly- and oligo-nitrogen moieties is still in its earliest
stages. Here, we report on four novel scandium nitrides, Sc2N6, Sc2N8, ScN5,

and Sc4N3, synthesized by direct reaction between yttrium and nitrogen at 78-
125 GPa and 2500K in laser-heated diamond anvil cells. High-pressure syn-
chrotron single-crystal X-ray diffraction reveals that in the crystal structures of
the nitrogen-rich Sc2N6, Sc2N8, and ScN5 phases nitrogen is catenated forming
previously unknown N6

6− and N8
6− units and 1

2ðN3�
5 Þ anionic corrugated 2D-

polynitrogen layers consisting of fused N12 rings. Density functional theory
calculations, confirming the dynamical stability of the synthesized com-
pounds, show that Sc2N6 and Sc2N8 possess an anion-driven metallicity, while
ScN5 is an indirect semiconductor. Sc2N6, Sc2N8, and ScN5 solids are promising
high-energy-density materials with calculated volumetric energy density,
detonation velocity, and detonation pressure higher than those of TNT.

The discovery of nitrogen polymerization under high pressures has
significantly extended the nitrogen chemistry. While the polymeric
single-bonded nitrogen allotropes are formed only at pressures above
110GPa1–3, the introduction of electropositive elements facilitates
breaking the N2 triple-bond and initiates nitrogen catenation at sig-
nificantly lower pressures. Indeed, under high-pressure high-tem-
perature conditions nitrogen easily reacts with metals and forms
numerous compounds featuring charged nitrogen N2

x− dimers4–19 at
low-to-mild pressures (5-50GPa), or various catenated nitrogen units
(e.g. tetranitrogen N4

4− units20, pentazolate N5
− rings21–23, N6 rings24–26,

andN18macrocycle27) and 1D-polynitrogen chains20,28–33 atmild-to-high

pressures (>50GPa). Some of the nitrogen species discovered under
high-pressure (e.g. pentazolate-anion, whose first stabilization in bulk
was achieved in CsN5 at 60GPa22) were subsequently synthesized by
conventional chemistry methods under ambient pressure34–36.

In addition to the discoveries of unique nitrogen entities thatpush
the boundaries of fundamental nitrogen chemistry, nitrides and
polynitrides synthesized under high pressure often possess key
properties for functional applications such as high hardness7, unique
electronic properties33, and high energy density37. Polynitrides with a
high nitrogen content are especially promising as high-energy-density
materials (HEDM) because their decomposition results in the
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formation of molecular nitrogen, which is accompanied by a large
energy release. The latter is due to a large difference between the
energy of the triple intramolecular bond in N2 and the energy of
double and single bonds in polynitrogen units37. For HEDMs the
molecularweight of the compound alsomatters: with other properties
being similar, the lighter the elements in the solid, the higher the
gravimetric energy density of the compound. Since scandium is the
lightest transition metal, its polynitrides may be especially promising
as HEDM.

Hitherto, only one binary Sc-N compound is known: cubic scan-
dium nitride ScN with the rock salt structure, which exists at ambient
conditions and is predicted to be stable up to ~250GPa38. There are
several theoretical studies39–42, where nitrogen-rich phases with ScN3,
ScN5, ScN6, and ScN7 compositions have been predicted to be stable
under 30–110GPa and may have potential as HEDM (gravimetric
energy density ranges from 2.40 kJ/g to 4.23 kJ/g).

In this study, we experimentally investigated the behavior of the
Sc-N system at pressures between 50 to 125GPa and high tempera-
tures. Herewe present the synthesis and characterization of four novel
Sc-N phases, whose structures were solved and refined on the basis of
single-crystal X-ray diffraction. The nitrogen-rich polynitrides Sc2N6,
Sc2N8, and ScN5 feature a unique nitrogen catenation: previously
unknown N6

6− and N8
6− nitrogen units and 1

2ðN3�
5 Þ anionic 2D-

polynitrogen layers consisting of fused N12 rings, respectively.

Results and discussion
In this study diamond anvil cells (DACs) loaded with scandium
pieces embedded in molecular nitrogen were used (see Methods
section for details). Samples were compressed to their target
pressures and laser-heated at 2500(300) K. Laser-heating experi-
ments were carried out at pressures of 50(1), 78(2), 96(2), and 125(2)
GPa (Supplementary Table 1). After laser-heating, detailed X-ray
diffraction maps were collected around the heated spot to pinpoint
the location of crystallites most appropriate for single-crystal X-ray
diffraction measurements (Fig. 1). Then single-crystal X-ray dif-
fraction data (Supplementary Fig. 1) were collected at the selected
positions to identify the phases’ crystal structure and chemical
composition.

According to the synchrotron single-crystal X-ray diffraction
data, only the well-known ScN phase (rock-salt type structure,
a = 4.2492(7) Å, V = 76.72(4) Å3 at 50GPa) was formed at 50GPa. The
obtained volume is in good agreement with the published ScN equa-
tion of state38. At 78GPa, two novel scandium nitrides with chemical
formulas Sc2N6 and Sc2N8 were obtained along with ScN. At 96GPa, a
mixture of ScN, Sc2N8, as well as the previously unobserved ScN5,
was obtained. And, finally, at 125GPa the collected synchrotron

single-crystal X-ray diffraction data and the subsequent crystal struc-
ture solution and refinement revealed the formation of the ScN5 and
Sc4N3 phases. Overall four novel Sc-N phases were synthesized by
chemical reactions of Sc andN2 at 2500K in the pressure rangeof 78 to
125GPa (Supplementary Fig. 2).

Remarkably, at 50GPa, scandium behaves like at ambient pres-
sure producing only ScN, while at higher pressures a rich variety of
phases was observed. In addition to a significant increase in the che-
mical potential of nitrogen under high pressure43, another possible
reason explaining such difference in chemistry between 50 and 78GPa
is a significant drop in scandium’s electronegativity at 60GPa (Sup-
plementary Fig. 3a) and as a result, scandium is predicted to be the
least electronegative atom in 60–110GPa pressure range44. It leads to
the significant increase of difference in electronegativity between N
and Sc above 60GPa (Supplementary Fig. 3b), which increases the
chemical reactivity of scandium, decreases the potential kinetic bar-
riers of reactions, and leads to the appearance ofmore local minima in
the energy landscape.

The refinement against single-crystal X-ray diffraction data for all
synthesized compounds resulted in very good agreement factors
(Supplementary Tables 2–6). For cross-validation of the crystal struc-
tures, weperformeddensity functional theory (DFT) calculations using
the Vienna ab initio simulation package45 (see Methods section for
details). We carried out variable cell structural relaxations for Sc2N6,
Sc2N8, and ScN5 and found that the relaxed structural parameters
closely reproduce the corresponding experimental values (Supple-
mentary Tables 7–9).

Sc2N6 synthesized at 78GPa (Fig. 2a) crystalizes in the triclinic
crystal system (space group P−1 (#2)). The structure of Sc2N6 has one
Sc and three N distinct atomic positions (see Supplementary Table 3
and the CIF for the full crystallographic data). Nitrogen atoms form
isolated “zig-zag” N6 units (Fig. 2a, b). The existence of this phase was
predicted at pressures of 30–100GPa39.

The structure of Sc2N8 (Fig. 2d) has the monoclinic space group
P21/c (#14) with one Sc and four N distinct atomic positions (see Sup-
plementary Table 4 and the CIF for the full crystallographic data).
Nitrogen atoms form isolated “zig-zag” N8 units (Fig. 2d, e) that have
never been observed or predicted.

The bond length analysis of the N6 and N8 units suggests that N1-
N2, N2-N3 (in N6 unit) and N1-N2, N2-N3, N4-N4 (in N8 unit) are single-
bonded, while N3-N4 (in N6 unit) and N3-N4 (in N8 unit) are double-
bonded (Fig. 2b,c,e,f). Then, the charges can be described in a classic
ionic approach: the total charge of [N6]

6− and [N8]
6− units is 6-, which

corresponds to the +3 oxidation state of Sc atoms. The angle values
and a small difference in bond length indicate the strong electron
delocalization (indeed several different resonance Lewis formulas can

10 μm

Re

N2

laser-heated
Sc

non-heated
Sc

Re

Sc

ScN

ScN5

Sc2N8

a b

Fig. 1 | Sample chamberof thediamondanvil cell at 96GPa. aMicro-photo of the
sample chamber. b 2D X-ray diffraction map (collected with 0.75 µm steps at the
ID11 beamline of the ESRF) showing the distribution of the scandium nitrides
phases (determined by single-crystal XRD) within the heated sample at 96GPa.

The color intensity is proportional to the intensity of the following reflections: the
(1 1 1) and (3 3 1) of ScN for the green regions; the (1 1 1) of ScN5 for the red regions;
the (0 2 1) of Sc2N8 for the purple regions.
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be drawn for N6 and N8) and nitrogen atoms cannot be considered as
purely sp2 or sp3 hybridized.

The two novel catenated nitrogen units N6
6− and N8

6− discovered
in this study—being intermediate non-cyclic species between dinitride
and 1D-polynitrogen anions—significantly expand the list of anionic
nitrogen oligomers (Fig. 3). Notably, all these units are built of an even
number of nitrogen atoms suggesting their formation via the poly-
merization of dinitrogen molecules. The degree of polymerization
increases with pressure: dinitrides are synthesized at low pressures
(<50GPa); N4, N6, N8 units are obtained atmild pressures (50–80GPa),
while 1D-polynitrogen chains are usually formed above 100GPa. Since
the dinitrogen ([N2]

x− x =0.66, 0.75, 1, 2, 3, 4), and 1D-polynitrogen
([N4]∞

x−, x = 2–6) anions are able to accumulate different charges, one
can expect that the N6 and N8 units can also exist in different charge
states, and therefore can be found in other metal-nitrogen systems.

The structure of ScN5 has the monoclinic space group P21/m (#11)
with one Sc and three N distinct atomic positions (see Supplementary
Table 5 and the CIF for the full crystallographic data). Nitrogen atoms
form corrugated 2D polymeric 1

2ðN3�
5 Þ layers alternating along the a-

axis built of fused N12 rings (Fig. 4a). Sc atoms are located in between
the layers, in the way that the projection of Sc atoms along the a-axis is
in the center of the N12 rings (Fig. 4b). Sc atoms are eight-fold coor-
dinated (coordination number CN= 8, coordination polyhedron is a
distorted square antiprism)by fourN atomsof the lower layer and four
N atoms of the upper layer (Fig. 4c).

The analysis of N-N lengths in ScN5 suggests that all N-N bonds are
single bonds (Fig. 4d). All N atoms canbe considered as sp3-hybridized,
which also explains that the values of N-N-N angles in the N12 cycles are
close to the ideal tetrahedra angle (98.7°−114.5°, Fig. 4e). N1 atoms
make three covalentN-Nbonds,whileN2 andN3 atomsmakeonly two,

therefore one can suggest a −1 charge on the N2 and N3 atoms. It
corresponds to the +3 oxidation state of Sc atoms.

Despite the theoretical prediction of four different structureswith
the ScN5 composition39–41, the here observed structure was not pre-
dicted. Usually in polynitrides nitrogen prefers to form 1D polymeric
chains20,28–33, and among all the experimentally synthesized poly-
nitrides up-to-date there is only one discovered polynitride with 2D
polynitrogen layers—monoclinic BeN4

33 with layers consisting of the
fused N10 rings. The polynitrogen layers in ScN5 can be considered as
distorted bp-N layers2, where 1/6 atoms are missing (Supplemen-
tary Fig. 4).

ScN5 is isostructural to a familyof polyphosphides LnP5 (Ln=La-Lu,
Y (except Eu and Pm)) known at ambient conditions46,47. It fully obeys
the ninth high-pressure chemistry rule of thumb formulated in 1998:
“Elements behave at high pressures like the elements below them in the
periodic table at lower pressures” 48. The adoption of this structure type
is also advantageous from a geometric point of view, since the ratio of
ionic radii r(N3−)/r(Sc3+)=1.97 in ScN5 perfectly fits r(P3−)/r(Y3+) = 1.95 in
the above-mentioned family member YP5.

Sc4N3 synthesized at 125GPa has a well-known anti-Th3P4 struc-
ture type (space group I−43d (#220)) and contains only distinct, not-
catenated N atoms (see Supplementary Table 6, Supplementary Fig. 5,
and the CIF for the full crystallographic data), which we do not discuss
in detail here. This Sc4N3 structure was predicted to be thermo-
dynamically stable above 80GPa39.

In order to get a deeper insight into the chemistry and thephysical
properties of the novel compounds, further DFT calculations were
performed (see Methods section for details). As mentioned above,
variable-cell structural relaxations for the Sc2N6, Sc2N8, and ScN5

compounds at the synthesis pressure closely reproduced structural
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1.308 Å

1.302 Å
1.302 Å

1.297 Å
1.289 Å

1.323 Å
1.314 Å 106.5o

107.7o116.0o
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111.0o

d e

f
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1.320 Å

1.325 Å
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c -

-

-2

-2
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-
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Fig. 2 | Crystal structure of Sc2N6 and Sc2N8 at 78GPa. aA view of Sc2N6 along the
a-axis; b an N6 unit; c structural formula of anN6 unit;d a view of Sc2N8 along the a-
axis; e an N8 unit; f structural formula of an N8 unit. Sc atoms are purple, N atoms

are blue; thin grey lines outline the unit cell. Values of bond lengths and angles
obtained from the experiment are shown in black, while those obtained from the
DFT calculations are shown in red.
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parameters and bond lengths obtained from the experimental data.
The phonon dispersion relations calculated in the harmonic approx-
imation show that Sc2N6, Sc2N8, and ScN5 phases are dynamically
stable at 96GPa and remain dynamically stable at ambient pressure
(Supplementary Figs. 6–8). Considering dynamical stability at 1 bar, we
have attempted to quench Sc2N6, Sc2N8, ScN5 phases, however, due to
technical limitations of the decompression experiment (see footnote
Supplementary Table 1), no conclusion regarding their recoverability
could be made. To trace the structures’ behavior during the pressure
release and to get the equations of state of all synthesized nitrogen-
rich high-pressure scandium polynitrides, the full variable-cell struc-
ture relaxation for the Sc2N6, Sc2N8, and ScN5 compounds were per-
formed with 10GPa pressure steps in the range of 0–150GPa
(Supplementary Fig. 9). The volume-pressure dependences of DFT-
relaxed structures of Sc2N6, Sc2N8, and ScN5werefittedwith a 3rd order
Birch-Murnaghan equation of state (Supplementary Fig. 10). The
obtained bulk moduli (K0(Sc2N6) = 160GPa, K0(Sc2N8) = 173GPa,
K0(ScN5) = 205GPa) are lower than or comparable to the bulkmodulus
of known ScN (K0(ScN) = 207GPa)38.

Under the samepressure, the volumeper atom for all investigated
nitrides monotonously linearly decreases with increasing nitrogen
content (Supplementary Fig. 11a). Interestingly, the volume per nitro-
gen atom in the ScN-Sc2N6-Sc2N8-ScN5 series does not decrease with
the degree of nitrogen polymerization (Supplementary Fig. 11b), so
nitrogen polymerization probably is a way of crystal structure adap-
tation to closer N-N contacts.

While the structure of Sc2N6 has been predicted39, the crystal
structures of Sc2N8 and ScN5 we observed have not been predicted.

Remarkably, four different crystal structures with the ScN5 composi-
tion were proposed39–41, but the one we synthesized in the present
study (P21/m ScN5) was not among them. Our calculations of relative
formation enthalpies of ScN5 for various predicted structures (Cm
ScN5

39, P−1 ScN5
39,C2/m ScN5,

40 and P21/c ScN5
41) with respect to P21/m

ScN5 (Supplementary Fig. 12a) in the range of 0 to150 GPa have shown
that above 46GPa the P21/m ScN5 phase is thermodynamically more
stable than all other predicted phases. Below46GPa P−1 ScN5

39 ismore
favorable. The C2/m ScN5

40 and P21/c ScN5
41 phases are not energeti-

cally competitive with P21/m ScN5 in the whole pressure range studied
(Supplementary Fig. 12a).

To estimate the thermodynamic stability of the Sc2N6, Sc2N8, and
ScN5 phases, the nitrogen-rich part of the static enthalpy convex hull
was calculated at different pressures. Sc2N6 and ScN5 phases were
found to be stable at the synthesis pressures (78 and 96GPa, Supple-
mentary Fig. 13a and Supplementary Fig. 12b), but Sc2N8 appears to be
out of the convex hull (40meV and 50meVper atomabove the convex
hull at 78 and 96GPa, respectively). Such insignificant departures from
the convexhull, smaller than kBT at the synthesis temperature (2500K,
215meV), suggest that Sc2N8may be thermodynamically stable at high
temperatures and preserved as a metastable state under rapid
T-quench to room temperature. ScN5 remains thermodynamically
stable at least down to 40GPa (Supplementary Fig. 13b), and Sc2N6—

down to 30GPa (Supplementary Fig. 13c), while at 20GPa all nitrogen-
rich scandium phases are out of the convex-hull (Supplementary
Fig. 13d).

The calculated electron localization functions for Sc2N6, Sc2N8,
and ScN5 demonstrate a strong covalent bonding between nitrogen
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Fig. 4 | Crystal structure of ScN5 at 96GPa. a A view of the crystal structure along
the c-axis. b A view of the crystal structure along the a-axis. c The coordination
environment of the Sc atom. d A specific view of N12 cycle along the a-axis.
e A general view of N12 cycle. Sc atoms are purple, N atoms are blue; thin grey

lines outline the unit cell. Values of bond lengths and angles obtained from the
experiment are shown in black, while those obtained from the DFT calculations are
shown in red.

n

Mg2N4
52-58 GPa

MxNy
5-50 GPa

Sc2N6
78 GPa

Sc2N8
78, 96 GPa

MxNy
84-135 GPa

N4
4- [N4]∞ 

x-N8
6-N2

x- N6
6-

Pressure

Degree of catena�on

[ ]

Fig. 3 | Experimentally observed catenated nitrogen units and chains. The units in blue were first discovered in the present study.

Article https://doi.org/10.1038/s41467-024-46313-9

Nature Communications |         (2024) 15:2244 4

104



atoms within the N6, N8 units, and 2D-polynitrogen layers (Fig. 5a–c),
while there is no covalent bonding between nitrogen and scandium
atoms. The computed electron density of states (DOS) shows that
Sc2N6 and Sc2N8 are metals (Fig. 5d, e) with an anion-driven
metallicity10, since the main electronic contribution at the Fermi level
comes from the nitrogen p-states. At the same time, ScN5 is an indirect
semiconductor with a band gap of 1.8 eV at 96GPa (Fig. 5f). One can
explain such different electronic properties considering the chemical
bonding in these compounds. In ScN5 there are only single N-N bonds,
which means all π* antibonding nitrogen molecular orbitals are fully
filled, whereas, in Sc2N6 and Sc2N8, containing delocalized π-bonds
within N6

6− and N8
6− units, π* antibonding nitrogen states are partially

filled and can conduct electrons through the π*-band. A similar trend
of electronic properties with respect to the presence of N-Nπ-bonds is
observed for many known polynitrides27–33. Among all known poly-
nitrides there are only two compounds with solely σ N-N bonds: TaN5,
which contains single-bonded branched polynitrogen chains31, and
m-BeN4, which contains single-bonded 2D-polynitrogen layers33. Both
compounds are semiconductors, as reported for TaN5

31, and calculated
for m-BeN4 in the present study (Supplementary Fig. 14). Other poly-
nitrides contain N-N π-bonds and the majority of them (tr-BeN4, FeN4,
α-ZnN4, β-ZnN4, TaN4, ReN8·xN2, WN8·N2, Os5N28·3N2, Hf4N20·N2,
Hf2N11, Y2N11, YN6)

27–33 exhibit an anion-driven metallicity.
Considering the dynamical stability of Sc2N6, Sc2N8, and ScN5 at

ambient pressure, these phases might be preserved at ambient con-
ditions as metastable and potentially can serve as high-energy-density
materials. The key metrics of energetic materials’ performance49, such
as volumetric and gravimetric energy densities, detonation velocity,
and detonation pressure, were estimated for Sc2N6, Sc2N8, and ScN5

(Table 1) considering their decomposition to ScN and molecular
nitrogen at 1 bar (see Methods section for details).

The energy densities and explosive performance increase from
Sc2N6 to ScN5 along with the increase in nitrogen content. Due to the
higher density of scandium nitrides compared to organic explosives,
they possess extremely high volumetric energy densities that are
higher than the typical energy density of TNT. The estimated gravi-
metric energy densities are lower than that of TNT, but higher than
those of many other polynitrides31 since scandium is a light metal. The
estimated detonation velocity and detonation pressure of scandium

polynitrides are also higher than those of TNT. Thus, the Sc2N6, Sc2N8,
and ScN5 are promising high-energy-density materials.

To summarize, in this study, four novel Sc-Nphases—Sc2N6, Sc2N8,
ScN5, and Sc4N3—were synthesized from Sc and N2 by laser-heating at
2500K at pressures between 78 and 125 GPa. Nitrogen-rich scandium
polynitrides Sc2N6, Sc2N8, and ScN5 demonstrate a unique nitrogen
catenation: they feature N6 units, N8 units, and 2D polynitrogen

1
2ðN3�

5 Þ layers consisting of N12 fused rings, respectively. DFT calcu-
lations showed that all three scandium polynitrides are dynamically
stable at the synthesis pressure as well as at 1 bar. Sc2N6 and Sc2N8 are
metals with the main electronic contribution at the Fermi level that
comes from the nitrogen p-states, while ScN5 is an indirect semi-
conductor. Synthesized Sc2N6, Sc2N8, and ScN5 compounds are pro-
misinghigh-energy-densitymaterialswith volumetric energydensities,
detonation velocities, and detonation pressures higher than those
of TNT.

One can expect that the N6 and N8 units will be stabilized at
ambient conditions in the future, considering a positive example of
CsN5 high-pressure synthesis and subsequent stabilization of the N5

−

anion at atmospheric pressure. It may not only open access to novel
high-energy-density materials but also to analogues of Li- and Mg-
metalorganic compounds that are currently widely used in organic
synthesis. N6 and N8 units, if used as building blocks in organic
chemistry, may provide new routes for the targeted synthesis of novel
N-heteroatomic organic, metalorganic, and coordination compounds.

Methods
Sample preparation
The BX90-type large X-ray aperture DACs52 equipped with Boehler-
Almax type diamonds53 (culet diameters are 250, 120, and 80μm)were
used in the experiments. The sample chambers were formed by pre-
indenting of rhenium gaskets to 20, 18, and 15μm thickness and laser-
drilling a hole of 115, 60 and 40μm, respectively, in diameter in the
center of the indentation. A DAC equipped with 250-μm culet anvils
wasused for the experiment at 50(1) GPa; aDACequippedwith 120-μm
culet anvils was used for experiments at 78(2) and 96(2); and a DAC
equipped with 80-μm culet anvils was used for the experiment at
125(2) GPa. A piece of scandium (99.9%, Sigma Aldrich) was placed in a
sample chamber, then molecular nitrogen (purity grade N5.0) was

Fig. 5 | Calculated electronic properties of Sc2N6 at 78GPa, and Sc2N8, ScN5 at 96GPa. Electron localization function calculated for (a) Sc2N6 in the (3 0 2) plane,
(b) Sc2N8 in the (−2 4 1) plane, and (c) ScN5 in the (1 0 0) plane. The electron density of states of (d) Sc2N6, (e) Sc2N8, and (f) ScN5.
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loaded using a BGI high-pressure gas loading system (1300 bars)54. The
sizes of the scandium pieces were 40 × 40 × 8μm3 for 250μm culet
anvils and not bigger than 15 × 15 × 5μm3 for DACs with anvils of all
other sizes. The samples were compressed to target pressure (50(1),
78(2), 96(2), and 125(2) GPa) and then laser-heated up to 2500(200) K
using a home-made double-sided laser-heating system equipped with
two YAG lasers (λ = 1064 nm) and the IsoPlane SCT 320 spectrometer
with a 1024 × 2560 PI-MAX 4 camera for the collection of thermal
emission spectra from the heated spot55. The temperature during the
laser heating was determined by fitting of sample’s thermal emission
spectra to the grey body approximation of Planck’s radiation function
in a given wavelength range (570–830nm). The pressure in the DACs
was determined using the Raman signal from the diamond anvils56 and
monitored additionally byX-ray diffraction of theRegasket edge using
the rhenium equation of state57.

X-ray diffraction
The X-ray diffraction studies were done at the ID11 beamline
(λ =0.2843 Å and λ =0.2846Å) and ID15b beamline (λ = 0.4100Å) of
the Extreme Brilliant Source European Synchrotron Radiation Facility
(EBS-ESRF) as well as at the GSECARS 13IDD beamline of the APS
(λ =0.2952Å). At ID11 beamline of ESRF the X-ray beam was focused
down to 0.75 × 0.75μm2 and data was collectedwith Eiger2X CdTe 4M
hybrid photon counting pixel detector. At ID15b beamline of ESRF the
X-ray beam was focused down to 1.5 × 1.5μm2 and data was collected
with Eiger2X CdTe 9M hybrid photon counting pixel detector. At
13IDD beamline of APS the X-ray beam was focused down to 2 × 2μm2

and data was collected with Pilatus 1M detector. In order to determine
thepositionof thepolycrystalline sample onwhich the single-crystal X-
ray diffraction acquisition is obtained, a full X-ray diffraction mapping
of the pressure chamber was achieved. The sample position displaying
the most and the strongest single-crystal reflections belonging to the
phase of interest was chosen for the collection of single-crystal data,
collected in step-scans of 0.5° from −36° to +36°. The CrysAlisPro

software package58 was used for the analysis of the single-crystal XRD
data (peak hunting, indexing, data integration, frame scaling, and
absorption correction). To calibrate an instrumental model in the
CrysAlisPro software, i.e., the sample-to-detector distance, detector’s
origin, offsets of the goniometer angles, and rotation of both the X-ray
beamanddetector around the instrument axis, we used a single crystal
of orthoenstatite [(Mg1.93Fe0.06)(Si1.93,Al0.06)O6, Pbca space group,
a = 8.8117(2) Å, b = 5.18320(10) Å, and c = 18.2391(3) Å]. The DAFi pro-
gram was used for the search of reflection’s groups belonging to the
individual single crystal domains59. Using the OLEX2 software
package60, the structures were solved with the ShelXT structure solu-
tion program61 using intrinsic phasing and refined with the ShelXL62

refinement package using least-squares minimization. Crystal struc-
ture visualization was made with the VESTA software63.

Theoretical calculations
First-principles calculations were performed using the framework of
density functional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP)64. The Projector-Augmented-Wave (PAW)
method65 was used to expand the electronic wave function in plane

waves. The Generalized Gradient Approximation (GGA) functional is
used for calculating the exchange-correlation energies, as proposedby
Perdew–Burke–Ernzerhof (PBE)66. The recommended PAW potentials
“Sc_sv” and “N” with the following valence configurations of
3s23p64s23d1 for Sc and 2s22p3 for N were used. We used the
Monkhorst–Pack schemewith 10 × 10 × 10 for ScN, 12 × 8 × 8 for Sc2N6,
10 × 6 × 4 for Sc2N8, 12 × 6 × 12 for ScN5 k-points for Brillouin zone
sampling, and the plane-wave kinetic energy cutoff was set to 800 eV,
with which total energies are converged to better than 2meV/atom.
The electronic convergence criterion was set to ΔE = 10−8 eV, this
minimized the interatomic forces to Fatom < 10−3 eV/Å. For electron
band structure calculations the 1.5−2 fold denser k-points grids were
used. The finite displacementmethod, as implemented in PHONOPY67,
was used to calculate phonon frequencies and phonon band struc-
tures. The 4×3×3, 3×2×2, and 3 × 2 × 3 supercells with 4 × 4 × 4 k-points
grids for Sc2N6, Sc2N8, and ScN5, respectively, were used for phonon
calculations and displacement amplitudes were of 0.01 Å.

The gravimetric and volumetric energy densities of Sc2N6, Sc2N8,
and ScN5 were calculated considering the enthalpy change ΔH for the
following chemical decomposition reactions at ambient pressure at
0K (the Fm−3m-ScN and α-N2 structures of products were used in the
calculations since they are the most stable polymorphs at such con-
ditions):

Sc2N6 ! 2 ScN+2N2

Sc2N8 ! 2 ScN+3N2

ScN5 ! ScN+2N2

The detonation velocity (Vd, km/s) and detonation pressure (Pd,
GPa) of the Sc2N6, Sc2N8, and ScN5 were estimated by the Kamlet-
Jacobs empirical equations50:

Vd = ðN�M0:5�GED0:5Þ0:5�ð1:011 + 1:312ρÞ ð1Þ

Pd = 1:588�N�M0:5�GED0:5�ρ2 ð2Þ

where N is the number of moles of gaseous detonation product
(nitrogen gas) per gramof explosive,M is themolarmass (28 g/mol) of
nitrogen gas, GED is gravimetric energy density in cal/g, and ρ is den-
sity in g/cm3.

Data availability
The full crystallographic data for structures reported in this article
have been deposited at the Inorganic Crystal Structure Database
(ICSD) under deposition numbers CSD 2252030−2252036. These data
can be obtained from CCDC’s and FIZ Karlsruhe’s free service for
viewing and retrieving structures (https://www.ccdc.cam.ac.uk/
structures/). The crystallographic information (CIF files, FCF files,
and the corresponding CheckCIF reports) is also available as Source
data. All other datasets generated and/or analyzed during the current

Table 1 | Characteristics of Sc2N6, Sc2N8, ScN5 and TNT as energetic materials

Compound Density
ρ, g/cm3

Energy density Detonation velocity
Vd, km/s

Detonation pressure
Pd, GPagravimetric

GED, kJ/g
volumetric
VED, kJ/cm3

Sc2N6 3.65 2.28 8.31 6.9 30

Sc2N8 3.58 3.07 11.0 8.3 43

ScN5 3.71 3.76 14.0 9.8 60

TNT 1.6450 4.351 7.251 6.950 1950
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study are available from the corresponding author upon
request. Source data are provided with this paper.
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Supplementary Tables 

Supplementary Table 1. List of the samples investigated in the present study 

Sample 

Culet 

size, 

μm 

Reaction 

mixture 

Temperature,

K 

Pressure, GPa 

Reaction 

products 

Attempt to 

decompress 

Raman 

diamond 

edge  

Re 

EoS 

DAC#1 250 Sc + N2 2500(200) 50(1) 50(1) ScN No 

DAC#21 120 Sc + N2 

2500(200) 78(2) 79(2) 
ScN, Sc2N6, 

Sc2N8 
Yes2 

2500(200) 96(2) 98(2) 
ScN, Sc2N8, 

ScN5 

DAC#3 80 Sc + N2 2500(200) 125(2) 125(2) Sc4N3, ScN5 No 
1Two scandium pieces were loaded into the sample chamber of DAC#2. One of the pieces was laser 

heated at 96(2) GPa, while another one at 78(2) GPa. 

2In order to check the recoverability of Sc2N6, Sc2N8, ScN5 phases DAC#2 was decompressed. 

Unfortunately, at 50(2) GPa nitrogen pressure transmitting medium went out through microcracks in the 

diamond resulting in the complete gasket closure and dropping pressure to 1 atm. The sample could not 

be found afterward, therefore no conclusion regarding the recoverability of Sc2N6, Sc2N8, and ScN5 can 

be made. Unfortunately, it is a technical limitation of the decompression experiment started from the 

pressures above ~70 GPa in a gas pressure transmitting medium. It is a typical behavior of the culets 

(i.e. 120 µm or smaller) of double-bevel diamonds: above ~70 GPa the square-like cracks appear around 

the culet, and during the decompression in a gas-pressure transmitting medium diffuses into the crack 

resulting in a crack expansion and cell depressurization. 
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Supplementary Table 2. Structure refinement details of ScN at 50 GPa. The full crystallographic data 

was deposited to the ICSD under the deposition number CSD 2252036. The A and B alerts revealed by 

CheckCIF are listed and explained after the table. 

Chemical formula ScN 

Temperature (K) 293  

Pressure (GPa) 50(2) 

Crystal data 

Mr 58.97 

ρ (g/cm3) 5.105 

Crystal system, space group cubic, Fm-3m 

a (Å) 4.2492(7) 

V (Å3) 76.72(4) 

Z 4 

Radiation type X-ray, λ = 0.29521 Å 

µ (mm-1) 0.709 

Data collection 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
40/19/19 

Rint 6.88% 

(sin θ/λ)max (Å-1) 0.849 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 3.41%, 7.72%, 1.202 

data/parameters ratio 19/3 

Δρmax, Δρmin (e Å-3) 0.630, -1.025 

Atomic positions and equivalent isotropic ADPs 

Atom Wyckoff site 
Fractional atomic coordinates Ueq (Å2) 

x y z 

Sc1 4a 0 0 0 Ueq = 0.0070(7) 

N1 4b 0.5 0.5 0.5 Ueq = 0.0051(14) 

 

Datablock: ScN_50GPa 

PLAT088_ALERT_3_B Poor Data / Parameter Ratio .................... 6.33 Note 

• Author Response: This measurement was performed at high pressure. The diamond anvil cell 

metallic body typically shadows more than 60% of the reflections. 

PLAT113_ALERT_2_B ADDSYM Suggests Possible Pseudo/New Space Group Pm-3m Check 

• Author Response: Fm-3m spacegroup is correct. 
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Supplementary Table 3. Structure refinement details of Sc2N6 at 78 GPa. The full crystallographic data 

was deposited to the ICSD under the deposition number CSD 2252033. The A and B alerts revealed by 

CheckCIF are listed and explained after the table. 

Chemical formula Sc2N6 

Temperature (K) 293  

Pressure (GPa) 78(2) 

Crystal data 

Mr 173.98 

ρ (g/cm3) 5.092 

Crystal system, space group triclinic, P-1 

a (Å) 2.9170(3) 

b (Å) 4.3283(10) 

c (Å) 4.812(2) 

α (o) 99.36(3) 

β (o) 104.29(2) 

γ (o) 99.517(15) 

V (Å3) 56.73(3) 

Z 1 

Radiation type X-ray, λ = 0.2846 Å 

µ (mm-1) 0.471 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
302/224/213 

Rint 0.25% 

(sin θ/λ)max (Å-1) 1.121 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 4.12%, 12.34%, 1.188 

data/parameters ratio 224/22 

Δρmax, Δρmin (e Å-3) 0.564, -0.707 

Atomic positions and equivalent isotropic (or isotropic) ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Uiso or Ueq (Å2) 

x y z 

Sc1 2i 0.41540(12) 0.79589(14) 0.1946(2) Ueq = 0.0054(7) 

N1 2i 0.2595(7) 0.2909(8) 0.1278(14) Uiso = 0.0072(3) 

N2 2i 0.1124(7) 0.1685(9) 0.3293(14) Uiso = 0.0083(4) 

N3 2i 0.0020(7) 0.3614(8) 0.5348(13) Uiso = 0.0074(4) 

 

Datablock: Sc2N6_78GPa 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low .  0.293  Why? 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L= 0.600  143  Report 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections.  
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Supplementary Table 4. Structure refinement details of Sc2N8 at 78 and 96 GPa. The full 

crystallographic data were deposited to the ICSD under the deposition numbers CSD 2252034 and CSD 

2252035. The A and B alerts revealed by CheckCIF are listed and explained after the table. 

Chemical formula Sc2N8 Sc2N8 

Temperature (K) 293  293  

Pressure (GPa) 78(2) 96(2) 

Crystal data 

Mr 202.0 202.0 

ρ (g/cm3) 4.857 4.994 

Crystal system, space group monoclinic, P21/c monoclinic, P21/c 

a (Å) 3.3278(6) 3.2884(16) 

b (Å) 5.6802(8) 5.6390(9) 

c (Å) 7.3964(4) 7.342(2) 

β (o) 98.905(9) 99.36(4) 

V (Å3) 138.13(3) 134.32(8) 

Z 2 2 

Radiation type X-ray, λ = 0.2846 Å X-ray, λ = 0.2843 Å 

µ (mm-1) 0.401 0.411 

Data collection 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
946/575/429 388/320/215 

Rint 2.40% 2.01% 

(sin θ/λ)max (Å-1) 1.161 1.045 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 4.38%, 11.78%, 1.074 4.11%, 11.07%, 1.009 

data/parameters ratio 575/46 320/26 

Δρmax, Δρmin (e Å-3) 1.147, -0.722 0.552, -0.584 

Atomic positions and equivalent isotropic ADPs at 78(2) GPa 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq (Å2) 

x y z 

Sc1 4e 0.1326(2) 0.87943(11) 0.32610(6) Ueq = 0.00742(15) 

N1 4e 0.3159(11) 0.6093(5) 0.1307(3) Ueq = 0.0087(5) 

N2 4e 0.3777(10) 0.2554(5) 0.3724(3) Ueq = 0.0077(5) 

N3 4e 0.3769(10) 0.1903(5) 0.0434(3) Ueq = 0.0078(5) 

N4 4e 0.0859(10) 0.0525(5) 0.0761(3) Ueq = 0.0077(5) 

Atomic positions and equivalent isotropic (or isotropic) ADPs at 96(2) GPa 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Uiso or Ueq (Å2) 

x y z 

Sc1 4e 0.1314(3)  0.88020(12) 0.32608(14) Ueq = 0.0084(3) 

N1 4e 0.3111(15)  0.6111(6) 0.1312(6) Uiso = 0.0100(6) 

N2 4e 0.3781(17) 0.2583(5) 0.3726(6) Uiso = 0.0096(6) 

N3 4e 0.3759(16) 0.1906(5) 0.0444(5) Uiso = 0.0090(6) 

N4 4e 0.0891(17) 0.0513(6) 0.0773(6) Uiso = 0.0099(6) 

 

Datablock: Sc2N8_78GPa 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low . 0.545 Why? 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L= 0.600 111 Report 
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• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 

 

Datablock: Sc2N8_96GPa 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low . 0.407 Why? 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L= 0.600 144 Report 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 
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Supplementary Table 5. Structure refinement details of ScN5 at 96 and 125 GPa. The full 

crystallographic data were deposited to the ICSD under the deposition numbers CSD 2252030 and CSD 

2252031. The A and B alerts revealed by CheckCIF are listed and explained after the table. 

Chemical formula ScN5 ScN5 

Temperature (K) 293  293  

Pressure (GPa) 96(2) 125(2) 

Crystal data 

Mr 115.01 115.01 

ρ (g/cm3) 4.971 5.282 

Crystal system, space group monoclinic, P21/m monoclinic, P21/m 

a (Å) 3.3225(6) 3.203(5) 

b (Å) 6.440(3) 6.3576(8) 

c (Å) 3.7067(4) 3.6943(6) 

β (o) 104.339(13) 105.99(6) 

V (Å3) 76.84(4) 72.31(12) 

Z 2 2 

Radiation type X-ray, λ = 0.2843 Å X-ray, λ = 0.4100 Å 

µ (mm-1) 0.373 0.373 

Data collection 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
446/264/202 172/106/98 

Rint 3.21% 2.02% 

(sin θ/λ)max (Å-1) 1.067 0.876 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 3.63%, 8.77%, 1.008 4.43%, 11.96%, 1.154 

data/parameters ratio 264/31 106/15 

Δρmax, Δρmin (e Å-3) 0.724, -0.789 0.605, -0.668 

Atomic positions and equivalent isotropic ADPs at 96(2) GPa 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq (Å2) 

x y z 

Sc1 2e 0.4779(2) 0.25 0.13202(18) Ueq = 0.0076(3) 

N1 4f 0.1061(6) 0.5835(8) 0.4462(5) Ueq = 0.0082(9) 

N2 4f 0.1897(7) 0.5396(8) 0.1165(5) Ueq = 0.0099(10) 

N3 2e 0.1740(10) 0.25 0.5651(8) Ueq = 0.0078(13) 

Atomic positions and isotropic ADPs at 125(2) GPa 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Uiso (Å2) 

x y z 

Sc1 2e 0.4623(11) 0.25 0.1205(3) Uiso = 0.0102(4) 

N1 4f 0.102(4) 0.5853(6) 0.4492(11) Uiso = 0.0106(8) 

N2 4f 0.187(4) 0.5457(6) 0.1196(10) Uiso = 0.0109(8) 

N3 2e 0.184(5) 0.25 0.5551(15) Uiso = 0.0097(10) 

 

Datablock: ScN5_96GPa 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low . 0.547 Why? 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body 

typically shadows more than 60% of the reflections. 

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L= 0.600 68 Report 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 
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Datablock: ScN5_125GPa 

ATOM007_ALERT_1_A _atom_site_aniso_label is missing Unique label identifying the atom site. 

• Author Response: Due to poor data/parameter ratio it is not possible to refine atoms in the 

anisotropic approximation. 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low . 0.392 Why? 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 

PLAT088_ALERT_3_B Poor Data / Parameter Ratio .................... 7.07 Note 

• Author Response: Low number of reflections due to low quality of the crystallite under 

higher-than-megabar pressure and due to limitations of the high pressure apparatus. 

PLAT149_ALERT_3_B s.u. on the beta Angle is Too Large ....... 0.06 Degree 

• Author Response: The precision of beta angle determination is a bit lower than usual, because 

of insufficient statistics. The reason is the low number of reflections, especially at high angles, 

due to low quality of the crystallite under higher-than-megabar pressure and due to limitations 

of the high pressure apparatus. 

PLAT911_ALERT_3_B Missing FCF Refl Between Thmin & STh/L= 0.600 64 Report 

• Author Response: This measurement was performed at high pressure which, due to the high 

pressure apparatus, limits the theta range. Indeed, the diamond anvil cell metallic body typically 

shadows more than 60% of the reflections. 
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Supplementary Table 6. Structure refinement details of Sc4N3 at 125 GPa. The full crystallographic 

data was deposited to the ICSD under the deposition number CSD 2252032. No A or B alerts were 

revealed by CheckCIF. 

Chemical formula Sc4N3 

Temperature (K) 293  

Pressure (GPa) 125(2) 

Crystal data 

Mr 221.87 

ρ (g/cm3) 6.301 

Crystal system, space group cubic, I-43d 

a (Å) 6.1613(13) 

V (Å3) 233.89(15) 

Z 4 

Radiation type X-ray, λ = 0.4100 Å 

µ (mm-1) 2.232 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
246/83/80 

Rint 2.55% 

(sin θ/λ)max (Å-1) 0.8740 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 2.66%, 6.37%, 1.078 

data/parameters ratio 83/6 

Δρmax, Δρmin (e Å-3) 0.481, -0.534 

Atomic positions and equivalent isotropic ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq (Å2) 

x y z 

Sc1 16c 0.06784(8) 0.06784(8) 0.06784(8) Ueq = 0.0080(3) 

N1 12a 0 0.25 0.375 Ueq = 0.0095(11) 
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Supplementary Table 7. Experimentally determined crystallographic data for Sc2N6 at 78 GPa in 

comparison with the corresponding DFT-relaxed structure. Note that pressure was fixed in theoretical 

simulations, while volume of the unit cell, lattice parameters and equilibrium state parameters were 

calculated. 

 Exp. Calc. 

Space 

group 
P-1 P-1 

Volume 56.73(3) Å3 57.25 Å3 

Lattice 

parameters 

a = 2.9170(3) Å 

b = 4.3283(10) Å 

c = 4.812(2) Å 

α = 99.36(3)o 

β = 104.29(2)o 

γ = 99.517(15)o 

a = 2.9135 Å 

b = 4.3291 Å 

c = 4.8517 Å 

α = 99.04o 

β = 104.02o 

γ = 99.731o 

Atomic 

positions 

Sc1 

x 

y 

z 

0.41540(12) 

0.79589(14) 

0.1946(2) 

Sc1 

x 

y 

z 

0.41668 

0.79662 

0.19583 

N1 

x 

y 

z 

0.2595(7) 

0.2909(8) 

0.1278(14) 

N1 

x 

y 

z 

0.25922 

0.29398 

0.12654 

N2 

x 

y 

z 

0.1124(7) 

0.1685(9) 

0.3293(14) 

N2 

x 

y 

z 

0.10949 

0.16759 

0.32841 

N3 

x 

y 

z 

0.0020(7) 

0.3614(8) 

0.5348(13) 

N3 

x 

y 

z 

0.00298 

0.36034 

0.53232 

 

Supplementary Table 8. Experimentally determined crystallographic data for Sc2N8 at 96 GPa in 

comparison with the corresponding DFT-relaxed structure. Note that pressure was fixed in theoretical 

simulations, while volume of the unit cell, lattice parameters and equilibrium state parameters were 

calculated. 

 Exp. Calc. 

Space 

group 
P21/c P21/c 

Volume 134.32(8)Å3 133.59 Å3 

Lattice 

parameters 

a = 3.2884(16) Å 

b = 5.6390(9) Å 

c = 7.342(2) Å 

β = 99.36o 

a = 3.3081 Å 

b = 5.5730 Å 

c = 7.3612 Å 

β = 100.14o 

Atomic 

positions 

Sc1 

x 

y 

z 

0.1314(3) 

0.8802(1) 

0.3261(1) 

Sc1 

x 

y 

z 

0.1291 

0.8826 

0.3270 

N1 

x 

y 

z 

0.3111(15) 

0.6111(6) 

0.1312(6) 

N1 

x 

y 

z 

0.3159 

0.6148 

0.1332 

N2 

x 

y 

z 

0.3781(17) 

0.2583(5) 

0.3726(6) 

N2 

x 

y 

z 

0.3754 

0.2576 

0.3723 

N3 

x 

y 

z 

0.3759(16) 

0.1906(5) 

0.0444(5) 

N3 

x 

y 

z 

0.3775 

0.1905 

0.0441 

N4 

x 

y 

z 

0.0891(17) 

0.0513(6) 

0.0773(6) 

N4 

x 

y 

z 

0.0855 

0.0545 

0.0755 
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Supplementary Table 9. Experimentally determined crystallographic data for ScN5 phase at 96 GPa in 

comparison with the corresponding DFT-relaxed structure. Note that pressure was fixed in theoretical 

simulations, while volumes of the unit cells, lattice parameters and equilibrium state parameters were 

calculated. 

 Exp. Calc. 

Space 

group 
P21/m P21/m 

Volume 76.84(4) Å3 76.53 Å3 

Lattice 

parameters 

a = 3.3225(6) Å 

b = 6.440(3) Å 

c = 3.7067(4) Å 

β = 104.339(13)o 

a = 3.3273 Å 

b = 6.4281 Å 

c = 3.6955 Å 

β = 104.491o 

Atomic 

positions 

Sc1 

x 

y 

z 

0.4779(2) 

0.25 

0.13202(18) 

Sc1 

x 

y 

z 

0.4796 

0.2500 

0.1338 

N1 

x 

y 

z 

0.1061(6) 

0.5835(8) 

0.4462(5) 

N1 

x 

y 

z 

0.1052 

0.5845 

0.4439 

N2 

x 

y 

z 

0.1897(7) 

0.5396(8) 

0.1165(5) 

N2 

x 

y 

z 

0.1868 

0.5405 

0.1180 

N3 

x 

y 

z 

0.1740(10) 

0.25 

0.5651(8) 

N3 

x 

y 

z 

0.1744 

0.2500 

0.5652 
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Supplementary figures 

 

Supplementary Figure 1. The slices of the reciprocal space (also called unwarps) for a given (hkl) 

plane of a given crystallite, reconstructed from the experimental single-crystal XRD datasets in 

CrysAlisPro software, demonstrating the quality of single-crystal reflections: (a) (-2kl) plane of Sc2N6 at 

78 GPa, (b) (-1kl) plane of Sc2N8 at 78 GPa, (c) (h1l) plane of ScN5 at 96 GPa and (d) (h-2l) plane of 

Sc4N3 at 125 GPa. The green-encircled reflections correspond to the crystallites of (a) Sc2N6, (b) Sc2N8, 

(c) ScN5, or (d) Sc4N3 whose structure was determined. The reflections that are not encircled belong to 

other crystallites of the same Sc-N phase or of other Sc-N phases present in multiphase multigrain 

samples. 
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Supplementary Figure 2. Summary of the high-pressure high-temperature induced reactions of Sc and 

N2 studied in this paper. 

 

 

Supplementary Figure 3. Pressure dependence of the (a) electronegativity of N and Sc elements and 

(b) electronegativity difference between N and Sc according to 1, where the electronegativity is defined 

as the average electron energy. This scale might be roughly connected to the Pauling electronegativity 

scale, where 1 Pauling unit ≈ 6 eV/e.1 At 60 GPa electronegativity difference between N and Sc 

increases by ~5 eV/e, changing from 16.2 to 21.2 eV/e. 
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Supplementary Figure 4. The evolution of the bp-N layer to the polynitrogen layer in ScN5. 

 

 

 

Supplementary Figure 5. Crystal structure of Sc4N3. Sc atoms are purple, N atoms are blue; grey thin 

lines outline the unit cell. (a) A general view of the crystal structure. (b) The coordination polyhedron 

of Sc atom: distorted octahedron with three Sc-N distances of 2.0332(7) Å and three Sc-N distances of 

2.2396(7) Å at 125 GPa. 
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Supplementary Figure 6. Phonon dispersions of Sc2N6 at (a) 78 GPa and (b) 1 bar. 

 

 

Supplementary Figure 7. Phonon dispersions of Sc2N8 at (a) 96 GPa and (b) 1 bar. 
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Supplementary Figure 8. Phonon dispersions of ScN5 at (a) 96 GPa and (b) 1 bar. 

 
Supplementary Figure 9. The dependence of the unit cell parameters on pressure of (a) Sc2N6, (b) 

Sc2N8, and (c) ScN5 obtained from DFT. The jump of lattice parameters of Sc2N6 and Sc2N8 between 1 

bar and 10 GPa may indicate the isostructural phase transitions. A comparison of the corresponding 

DFT-relaxed crystal structures at 1 bar and 10 GPa shows that the geometry of N6 and N8 units does not 

change, while the scandium coordination environment changes significantly due to a significant increase 

of some Sc-N distances.  

 

Supplementary Figure 10. Pressure dependence of the unit cell volume for (a) Sc2N6, (b) Sc2N8, and 

(c) ScN5. The black square symbols represent calculated data points obtained from DFT, the red star 

symbols represent experimental data points obtained from SC-XRD data. The black lines are fits of the 

DFT data with the 3rd order Birch-Murnaghan equation of state. For Sc2N6 and Sc2N8 the point at 1 bar 

was not included in the fit. 
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Supplementary Figure 11. (a) Volume per atom for scandium nitrides at 100 GPa. (b) Volume per 

nitrogen atom for scandium nitrides at 100 GPa. Note: the volume of a scandium atom was considered 

to be equal, in each phase, to the volume per atom in the scandium metal according to the published 

equation of state.2 

 

 

Supplementary Figure 12. (a) Calculated relative formation enthalpies of ScN5 for various predicted 

structures (Cm ScN5,3 P-1 ScN5,3 C2/m ScN5, 4 and P21/c ScN5
 5) with respect to P21/m ScN5 synthesized 

in the present study. (b) The calculated nitrogen-rich part of the convex hull in the Sc-N binary system 

for known scandium nitrides at 96 GPa. The phases Sc2N6 and ScN5 lie on the convex hull and are thus 

thermodynamically stable, while Sc2N8 is metastable since it is out of the convex hull. 
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Supplementary Figure 13. The calculated nitrogen-rich part of the convex hull in the Sc-N binary 

system for known scandium nitrides at (a) 78 GPa, (b) 40 GPa, (c) 30 GPa and (d) 20 GPa 

 

 

Supplementary Figure 14. The electron density of states of m-BeN4 6  
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5.5. Stabilization of the CN3
5- anion in recoverable high-pressure 

Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, Yb) oxoguanidinates 

This section contains the following manuscript and the related supplementary material: 

 

“Stabilization of the CN3
5- anion in recoverable high-pressure Ln3O2(CN3) (Ln = La, Eu, Gd, 

Tb, Ho, Yb) oxoguanidinates,” 

A. Aslandukov, P.L. Jurzick, M. Bykov, A. Aslandukova, A. Chanyshev, D. Laniel, Y. Yin, 

F.I. Akbar, S. Khandarkhaeva, T. Fedotenko, K. Glazirin, S. Chariton, V. Prakapenka, 

F. Wilhelm, A. Rogalev, D. Comboni, M. Hanfland, N. Dubrovinskaia, L. Dubrovinsky 
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5� Anion In Recoverable High-pressure

Ln3O2(CN3) (Ln=La, Eu, Gd, Tb, Ho, Yb) Oxoguanidinates

Andrey Aslandukov,* Pascal L. Jurzick, Maxim Bykov, Alena Aslandukova,
Artem Chanyshev, Dominique Laniel, Yuqing Yin, Fariia I. Akbar, Saiana Khandarkhaeva,
Timofey Fedotenko, Konstantin Glazyrin, Stella Chariton, Vitali Prakapenka,
Fabrice Wilhelm, Andrei Rogalev, Davide Comboni, Michael Hanfland,
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Abstract: A series of isostructural Ln3O2(CN3) (Ln=La, Eu, Gd, Tb, Ho, Yb) oxoguanidinates was synthesized under
high-pressure (25–54 GPa) high-temperature (2000–3000 K) conditions in laser-heated diamond anvil cells. The crystal
structure of this novel class of compounds was determined via synchrotron single-crystal X-ray diffraction (SCXRD) as
well as corroborated by X-ray absorption near edge structure (XANES) measurements and density functional theory
(DFT) calculations. The Ln3O2(CN3) solids are composed of the hitherto unknown CN3

5� guanidinate anion—
deprotonated guanidine. Changes in unit cell volumes and compressibility of Ln3O2(CN3) (Ln=La, Eu, Gd, Tb, Ho, Yb)
compounds are found to be dictated by the lanthanide contraction phenomenon. Decompression experiments show that
Ln3O2(CN3) compounds are recoverable to ambient conditions. The stabilization of the CN3

5� guanidinate anion at
ambient conditions provides new opportunities in inorganic and organic synthetic chemistry.

Inorganic ternary metal-C� N compounds with covalently
bonded C� N anions encompass important classes of solids.
The most investigated classes are cyanides (CN� )[1,2] and
carbodiimides (NCN2� ),[3–9] although more complex anions
(i.e. dicyanamides,[10,11] tricyanomethanides,[12] and
acetonitriletriide[13]) are known. Inorganic cyanides have
applications in gold mining, metal finishing, electroplating[14]

and also can be used as reactants or/and catalysts in organic
syntheses.[15] Inorganic carbodiimides exhibit interesting
optical properties, making them useful in optoelectronics
and photonics[3–5] and have a potential for energy storage
and conversion, e.g. as electrode materials for lithium-ion

batteries, fuel cells, and supercapacitors.[6–9] While CN� and
CN2

2� anions are well-known, the next members of this
anionic series—i.e. the CN3

5� anion, a derivative of guani-
dine, and CN4

8� , a derivative of hypothetical tetraamino-
methane—have not been discovered yet, although discussed
in the literature.[16,17]

Here, we present the first stabilization of the CN3
5�

guanidinate anion in the Ln3O2(CN3) (Ln=La, Eu, Gd, Tb,
Ho, Yb) family of compounds. Unexpectedly, these com-
pounds were discovered while studying the polynitride
chemistry of rare earth elements. A series of Ln3O2(CN3)
oxoguanidinates were synthesized at pressures and temper-
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atures of 25 to 54 GPa and 2000–3000 K, respectively, from
molecular nitrogen and metals (La, Gd, Tb, Ho) contami-
nated by oxygen, as well as from O-contaminated azides
Eu(N3)2 and Yb(N3)2 in a laser-heated diamond anvil cell
(DAC). The crystal structures of Ln3O2(CN3) oxoguanidi-
nates were determined and refined on the basis of single-
crystal X-ray diffraction (SCXRD) and corroborated by X-
ray absorption near edge structure (XANES) measurements
and by density functional theory (DFT) calculations. The
family of Ln3O2(CN3) compounds and CN3

5� anion were
found to be quenchable to ambient conditions.

Among all synthesized compounds, the best SCXRD
data quality was obtained for La3O2(CN3), therefore we will
first discuss the crystal structure of La3O2(CN3) and its
evolution on decompression and then discuss other
Ln3O2(CN3) (Ln=Eu, Gd, Tb, Ho, Yb) family members and
the trends in their crystal-chemistry.

For the high-pressure high-temperature synthesis of the
La3O2(CN3) compound, pieces of lanthanum were loaded in
air (leading to the partial oxidization of the metal) into the
sample chamber of DACs, the latter then were gas-loaded
with molecular nitrogen (see Methods section for details). In
two independent experiments, the samples were compressed
to 54(1) and 25(1) GPa and laser-heated to 2500(200) K.
According to synchrotron SCXRD data, in both experi-
ments the same novel solid, adopting an unexpected
La3O2(CN3) composition, was synthesized, and its crystal
structure was determined. It was found to have the
orthorhombic space group Pnma (#62) and lattice parame-
ters a=9.2875(7) Å, b=6.8259(5) Å, c=6.149(2) Å at 54(1)
GPa and a=9.795(2) Å, b=7.0062(11) Å, c=6.3699(11) Å
at 25(1) GPa (see Tables S1–S2 and the CIFs for the full
crystallographic data[18]). The carbon atom in La3O2(CN3)
comes from the diamond anvil; the latter being able to act as
a carbon source and participating in the chemical reactions
is well known.[19–21]

After the La3O2(CN3) synthesis at 54(1) GPa, the sample
was decompressed in a few pressure steps down to ambient
pressure, when the DAC was opened in air. SCXRD
reflections from La3O2(CN3) crystallites could be traced
down to ambient conditions and persisted after air exposure
(Table S3 and CIF for the full crystallographic data[18]).
Thus, La3O2(CN3) is recoverable to ambient conditions and,
at least for some time, resistant to atmospheric oxygen and
moisture. One can assume that the presence of O2� anions in
the phase plays an important role in its stability at ambient
conditions.

Although it is often difficult to distinguish C/N/O atoms
in the crystal structure from the SCXRD data, in the present
study it was successfully done based on the value of the R1

agreement factor, the ADPs ratio, interatomic distances,
and the charge balance. A detailed justification of the
structure model is provided in Supplementary Discussion 1
of the Supporting Information. The structure model was
confirmed by supporting DFT calculations using the Vienna
ab initio simulation package.[22] DFT calculations show that
the relaxed structural parameters for La3O2(CN3) (Table S4)
closely reproduce the corresponding experimental values at
54(1) GPa, as well as at 1 bar. Phonon dispersion relations

calculated in the harmonic approximation show that the
La3O2(CN3) phase is dynamically stable at 54 GPa (Fig-
ure S1a), as well as at ambient pressure (Figure S1b).

Under high pressure, the elements can behave differ-
ently than under ambient conditions, featuring exotic
chemistry and unusual oxidation states.[23–25] Therefore, in
this study, to be sure in charge balance considerations, the
+3 oxidation state of lanthanum in La3O2(CN3) was
confirmed by synchrotron La LII edge XANES measure-
ments at the ID12 beamline at ESRF. The position of the
lanthanum white line in La3O2(CN3) matches the white line
position of the reference sample (La2O3), indicating the
same +3 oxidation state of La in these compounds (Fig-
ure 1). The structure of La3O2(CN3) (Figure 2a–c) has two
La, one C, two N, and two O distinct crystallographic atomic
positions. Carbon and nitrogen atoms form planar trigonal
CN3 units (Figure 2d, e), while both oxygen atoms are
isolated distinct atoms. O1 atoms are surrounded by six La
atoms at the apexes of a distorted octahedron. The O1La6
octahedra are interconnected with each other by common
vertices, forming a three-dimensional framework, whereas
the CN3 triangles and isolated O2 atoms are positioned in
the voids between the octahedra (Figure 2b, c).

La1 atoms are coordinated by five N atoms and four O
atoms (the coordination number CN=9, the coordination
polyhedron is a distorted capped square antiprism), while
La2 atoms are eight-fold coordinated by four N atoms and
four O atoms (coordination number CN=8, the coordina-
tion polyhedron is irregular) (Figure S2).

Compared to the HNC(NH2)2 guanidine molecule, which
has two types of C� N bonds: two single C� N bonds (dC� N=

1.36 Å) and one double C=N bond (dC� N=1.30 Å), the
deprotonated CN3

5� unit (Figure 2d, e) in La3O2(CN3) has
three almost equal C� N bonds indicating the delocalization

Figure 1. La LII edge XANES spectra of La3O2(CN3) sample at 25 GPa
and La2O3 reference sample at ambient conditions. The position of
white lines is 5897 eV in both spectra. The low signal-to-noise ratio in
the spectrum of La3O2(CN3) is because the measurements were carried
out in a DAC, and 2 mm-thick diamonds absorb 98% of the X-ray
radiation at these energies.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2023, 62, e202311516 (2 of 7) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2023, 47, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202311516 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [25/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense131



of π-bond. The average length of the C� N bond in CN3
5� at

1 bar is dC� N�1.40 Å, which is longer than an average C� N
distance in guanidine (dC-N=1.34 Å). At the same time, the
average length of the C� N bond in CN3

5� at 1 bar is between
those of a typical single C� N bond (dC� N�1.47 Å) and a
bond of the order of 1.5 (in pyridine dC� N=1.35 Å),
suggesting an expected bond order of 1.33 (Figure 2d). The
C� N bond in CN3

5� is longer than C� O and N� O bonds in
the well-known trigonal CO3

2� carbonate (dC-O=1.27–
1.29 Å) and NO3

� nitrate anions (dN-O=1.24–1.26 Å) at
1 bar, respectively.

There are known at ambient conditions quaternary
Ln� C� N� O compounds with a stable stoichiometry
Ln2O2CN2: I4/mmm-La2O2CN2

[26] and P-3m1-Ln2O2(CN2)
(Ln=Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb).[27,28]

The crystal structures of Ln2O2CN2 compounds consist of
Ln2O2

2+ layers and linear CN2
2� anions at the interlayer

positions oriented whether along[26] or perpendicular[27,28] to
the layers. Thus, the structure motif of Ln2O2CN2 com-
pounds completely differs from those of La3O2(CN3).

The crystal structure of the La3O2(CN3) compound has
similarities with that of the La3(SiN3O)O
oxonitridosilicate[29] (Figure 3a, b). Both structures are based
on OLa6 octahedra framework. While Si atoms form
[SiN3O]

7� tetrahedra in La3(SiN3O)O, carbon atoms in
La3O2(CN3) prefer a trigonal coordination, and the (CN3O)
ensemble of atoms thereby exists as a CN3

5� unit and a
distinct O2� anion (Figure 3c, d).

The calculated electron localization function for
La3O2(CN3) confirms the expected covalent bonding be-
tween carbon and nitrogen atoms within the CN3 units
(Figure 4a). There is no electron localization between C1
and O2 atoms (Figure 4b) that corroborates the absence of
covalent interactions between the CN3 unit and the O2

atom, and thus there is no CN3O tetrahedron in the studied
material. A reason for that important difference in the
crystal chemistry of carbon and silicon is the smaller radius
of carbon, which therefore prefers a lower coordination
number than its group neighbor silicon at ambient con-
ditions. It is a well-known difference between carbonates
and silicates at ambient conditions: carbon forms trigonal
CO3

2� groups, while silicon prefers SiO4 tetrahedra. Only
under sufficient compression (at least to 20 GPa) carbon
starts to behave like silicon and form CO4

4� tetrahedral
anions.[30–34] The recent high-pressure high-temperature syn-
thesis of C3N4 polymorphs

[21] shows that, above 70 GPa, CN4

tetrahedra can also be formed. Our experimental results
demonstrate that 54 GPa is not a sufficient pressure for the
formation of tetra-coordinated carbon with C� N bonds.
However, one can expect the stabilization of CN4

8� units or/
and the formation of polycarbonitrides built of corner/edge-
sharing CN4 tetrahedra in ternary M� C� N systems at
pressures above 70 GPa.

The structure evolution and compressibility of
La3O2(CN3) were studied experimentally upon the decom-
pression from 54(1) GPa down to 1 bar, as well as using
DFT by variable-cell structure relaxation in the pressure
range of 0 to 100 GPa. The lattice parameters and unit cell
volume of La3O2(CN3) extracted from the SCXRD data
collected upon the decompression are closely reproduced by
DFT (Figure 5).

The evolution of the a, b, and c lattice parameters
(Figure 5a) shows an anisotropic response of La3O2(CN3) to
pressure: its compressibility along the three main directions
increases in the following order: a>c>b (it is also clear
from the evolution of the a/a0, b/b0, c/c0 ratio with pressure,
Figure S3). One can explain the greater compressibility
along the a direction due to the larger spacing between

Figure 2. Crystal structure of La3O2(CN3). (a) A general view. (b) A view along the b-axis. (c) A view along the a-axis. (d) CN3 unit at 54 GPa. (e) CN3

unit at 1 bar. La atoms are green, C atoms are brown, N atoms are gray, and O atoms are red. Red distorted octahedra correspond to O1La6. Thin
grey lines outline the unit cell. The bond length values obtained from experiments are shown in black, while those obtained from the DFT
calculations are shown in red.
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O1La6 octahedra in that direction (Figure 1b). The coordi-
nation numbers and coordination polyhedra of La1 and La2
atoms do not change in the studied pressure range.

The fitting of the La3O2(CN3) experimental pressure-
volume data with a 2nd order Birch-Murnaghan equation of
state yields a bulk modulus of K0=146(3) GPa (V0=
493.95 Å3 was fixed), a value that agrees well with the bulk
modulus K0=139.1(5) GPa (V0=498.16 Å

3 was fixed) ob-
tained by fitting the pressure-volume points of La3O2(CN3)
DFT-relaxed structures from 0 to100 GPa with the 2nd order
Birch-Murnaghan equation of state (Figure 5b).

The synthesis of the other Ln3O2(CN3) (Ln=Eu, Gd,
Tb, Ho, Yb) family members was done under similar high-
pressure high-temperature conditions (pressures of 25 to
54 GPa and temperatures of 2000–3000 K) from partially
oxidized metals (Gd, Tb, Ho) and nitrogen as well as from
oxygen-contaminated azides Eu(N3)2 and Yb(N3)2 in a laser-
heated DAC (Table S1). The crystal structures of
Ln3O2(CN3) (Ln=Eu, Gd, Tb, Ho, Yb) oxoguanidinates
were also determined based on SCXRD (Tables S6–S13).

The fact that Ln3O2(CN3) phases were obtained for different
lanthanides at different pressures and from different
precursors demonstrates the stability of such a structure
type and chemical composition.

It should be noted that contrary to the case of
La3O2(CN3), the crystal structure refinements for Ln3O2-
(CN3) (Ln=Eu, Gd, Tb, Ho, Yb) indicate a possible
splitting of the C1 atom between two crystallographic
positions (see Supplementary Discussion 2). While models
with split C1 atom position resulted in a slightly lower R1

agreement factor, we cannot exclude that this is an artifact
of the limited quality of X-ray diffraction data collected in
the DACs. The investigation of this phenomenon requires
additional studies. Here we will consider the structure
models without splitting for all Ln3O2(CN3) (Ln=Eu, Gd,
Tb, Ho, Yb) compounds.

The structural evolution of these compounds with
pressure was also studied by DFT calculations (Figures S4–
S8). For Tb3O2(CN3) and Ho3O2(CN3), the decompression
down to 1 bar was done, and the experimentally observed
P� V dependence is well-reproduced by DFT calculations
(Figs. S6 and S7). For Ln=Gd, Tb, Ho the recoverability of
the synthesized compounds was examined, and they were
found to be recoverable, just like La3O2(CN3) (Tables S7,
S10, and S12). The volume of the Ln3O2(CN3) unit cell at
the same pressure decreases when going through the
sequence La� Eu� Gd� Tb� Ho� Yb, as expected due to the
lanthanide contraction (Figure 6a). Moreover, the correla-
tion between the unit cell volume and ionic radii3 is linear,
which is similar to known classes of lanthanide compounds
(e.g. nitrides, Figure S9).

The behavior of the CN3
5� anion under compression was

investigated both experimentally and theoretically for all

Figure 3. Comparison of the structures of La3O2(CN3) and La3(SiN3O)O oxonitridosilicate. (a) Crystal structure of La3O2(CN3) viewed along the c-
axis. (b) Crystal structure of La3(SiN3O)O[29] viewed along the c-axis. (c) and (d) The arrangements of CN3O and SiN3O ensembles of atoms in both
compounds. La atoms are green, C atoms are brown, N atoms are gray, O atoms are red, and Si atoms are blue. Red distorted octahedra
correspond to O1La6 octahedra. Thin grey lines outline the unit cell.

Figure 4. Cross sections of the electron localization function calculated
for La3O2(CN3). (a) In the plane of a CN3

5� unit. (b) In the (010) plane
containing C1, N2, and O2 atoms.
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Ln3O2(CN3) (Ln=La, Eu, Gd, Tb, Ho, Yb) phases (Fig-
ure 6b). Due to significant uncertainties in C� N distances
extracted from the experimental data, no remarkable differ-
ences in the C� N bond lengths dependent on a lanthanide
cation at the same pressure was noted, but there is a general
trend of a small decrease of the C� N bond length upon
compression. The analysis of theoretical data provides a
more resolved picture: regardless of a cation, C-N bonds
become shorter by �0.04 Å upon compression from 1 bar to
100 GPa, and furthermore, a small and monotonous contrac-
tion of the C� N bond length in CN3

5� is noted when going
from lanthanum to ytterbium. At the same time, metal-

nonmetal distances change significantly depending on both
the pressure and the cation (Figure S10), indicating that the
decrease in the unit cell volume is primarily attributed to the
decrease in the volume of the Ln coordination polyhedra.
Due to this reason, the calculated bulk moduli of
Ln3O2(CN3) solids decrease along the
Ln=La� Eu� Gd� Tb� Ho� Yb lanthanide row (Table S14, Fig-
ure S11).

To conclude, a series of recoverable Ln3O2(CN3) (Ln=

La, Eu, Gd, Tb, Ho, Yb) oxoguanidinates was synthesized
under high-pressure high-temperature conditions. The fact
that the Ln3O2(CN3) phases were obtained for different

Figure 5. Compressional behavior of the La3O2(CN3) structure. (a) Experimental (red squares, triangles, and diamonds) and calculated (black
squares, triangles, and diamonds) pressure dependence of the La3O2(CN3) lattice parameters. (b) Experimental (red squares) and calculated (black
squares) pressure dependence of the La3O2(CN3) unit cell volume and the fit of the experimental P� V data (red curve) and calculated P� V data
(black curve) using a 2nd order Birch-Murnaghan equation of state. Errors in the experimental data are within the symbol size. The calculated P� V
data also can be fitted using the 3rd order Birch-Murnaghan equation of state, yielding K0=131.3(9) GPa, K’=4.36(4) with fixed V0=498.16 Å3.

Figure 6. Comparison of crystallographic characteristics of the studied Ln3O2(CN3) compounds at 1 bar and in the range up to 100 GPa. (a) The
volume of the Ln3O2(CN3) unit cell at 1 bar versus the volume of lanthanide ion (ionic radii are taken from http://abulafia.mt.ic.ac.uk/shannon/
ptable.php (original reference[35]) for CN=8). (b) The average C� N bond length within the CN3

5� unit in Ln3O2(CN3) (Ln=La, Eu, Gd, Tb, Ho, Yb)
at different pressures.
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lanthanides, under different pressures, and from different
precursors, demonstrates the stability of such a structure
type and chemical composition. Despite the significant
difference in ionic radii of La3+ and Yb3+, all studied
Ln3O2(CN3) compounds are isostructural and the only
difference in their crystal chemistry is the unit cell volumes
and interatomic distances decreasing due to the lanthanides’
contraction. The lanthanide contraction also dictates the
slight decrease in compressibility of Ln3O2(CN3) compounds
going from Ln=La to Ln=Yb. These solids all feature the
hitherto unknown CN3

5� guanidinate anion—i.e. deproto-
nated guanidine. This discovery extends the list of carbon-
nitrogen inorganic anions and may open up new synthesis
routes in inorganic and organic chemistry. Also, based on
the analysis of carbon crystal-chemical behavior under
pressure and its comparison with silicon crystal chemistry,
one can expect the stabilization of currently unknown CN4

8�

unit or/and formation of polycarbonitrides built of corner/
edge-sharing CN4 tetrahedra in ternary M� C� N systems at
pressures above 70 GPa.

Note: At the same time, the high-pressure synthesis of
SbCN3 antimony nitridocarbonate was carried out by
another group,[36] which demonstrates the universality of a
high-pressure approach for the stabilization of CN3

5�

guanidinate anion.
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Methods 

Sample preparation. The BX90-type large X-ray aperture diamond anvil cells[1] equipped with Boehler-Almax type diamonds[2] 

(culet diameter is 250 μm) were used in the experiments. The sample chamber was formed by pre-indenting a rhenium gasket 

to 20-25 μm thickness and drilling a hole of 110-125 μm in diameter in the center of the indentation. The pieces of lanthanides 

(La, Gd, Tb, Ho) (99.9%, ChemPur or smart-elements) were placed in the sample chambers of individual DACs in air, then 

molecular nitrogen was loaded using a high-pressure gas loading system (1300 bars) [3]. The metal pieces were exposed to air 

during the loading into DAC. The exposure time depends on the loading but always was between 20 min and 1 hour. The 

investigation of the metal pieces exposed to air for 20 min by powder XRD at a home diffractometer showed that corresponding 

rare-earth oxides were detectable in the powder pattern at the level of ~3-5wt%. This is an estimation of minimal contamination 

by oxides. The sample chambers of another two DACs were loaded with solid Eu(N3)2 and Yb(N3)2 compounds, whose 

syntheses will be described elsewhere, in the glovebox. The samples were compressed to target pressure (Table S1) and laser-

heated (λ = 1064 nm) to 2000-3000 K using double-sided laser-heating systems BGI (University of Bayreuth, Bayreuth, 

Germany) [4,5] or of P02.2 beamline (Petra III, DESY, Hamburg, Germany). The temperature during laser heating was 

determined by the blackbody radiation fit. The initial pressure in the sample chambers, as well as pressure upon the 

decompression of some of the cells, was determined by the Raman signal from the diamond anvils[6] and additionally monitored 

by the diffraction of Re gasket edge using the equation of state of Re.[7] 

X-ray diffraction. The X-ray diffraction studies were done at the P02.2 beamline of Petra III, DESY (λ = 0.2904 Å or 0.2905 Å 

depending on the experiment); ID15b beamline (λ = 0.4104 Å) of the Extreme Brilliant Source European Synchrotron Radiation 

Facility (EBS-ESRF); as well as at the GSECARS 13IDD beamline of the APS (λ = 0.2952 Å). At P02.2 beamline of DESY the 

X-ray beam was focused down to 2 × 2 μm2 and data was collected with a PerkinElmer 1621 XRD flat-panel detector. At ID15b 

beamline of ESRF the X-ray beam was focused down to 3 × 3 μm2 and data was collected with Eiger2X CdTe 9M hybrid photon 

counting pixel detector. At 13IDD beamline of APS the X-ray beam was focused down to 2 × 2 μm2 and data was collected with 

Pilatus 1M detector. In order to determine the position of the polycrystalline sample on which the single-crystal X-ray diffraction 

acquisition is obtained, a full X-ray diffraction mapping of the pressure chamber was achieved. The sample position displaying 

the most and the strongest single-crystal reflections belonging to the phase of interest was chosen for the collection of single-

crystal data, collected in step-scans of 0.5° from −36° to +36°. The CrysAlisPro software package[8] was used for the analysis of 

the single-crystal XRD data (peak hunting, indexing, data integration, frame scaling, and absorption correction). To calibrate an 

instrumental model in the CrysAlisPro software, i.e., the sample-to-detector distance, detector’s origin, offsets of the goniometer 

angles, and rotation of both the X-ray beam and detector around the instrument axis, we used a single crystal of orthoenstatite 

[(Mg1.93Fe0.06)(Si1.93,Al0.06)O6, Pbca space group, a = 8.8117(2) Å, b = 5.18320(10) Å, and c = 18.2391(3) Å]. The DAFi program 

was used for the search of reflection’s groups belonging to the individual single crystal domains.[9] Using the OLEX2 software 

package,[10] the structures were solved with the ShelXT structure solution program[11] using intrinsic phasing and refined with 

the ShelXL[12] refinement package using least-squares minimization. Crystal structure visualization was made with the VESTA 

software.[13] The equations of state were obtained by fitting the pressure-volume dependence data using the EoSFit7-GUI.[14] 

XANES. The x-ray absorption near edge structure (XANES) experiments at the La LII edge (∼5.9 keV) were performed at the 

beamline ID12 of the ESRF in Grenoble. The beam was focused down to 5 × 5 μm2 using two parabolic two-dimensional 

refractive beryllium lenses having a parabola apex radius of 50 μm fixing the focal distance to be at 2.0 m. The beam size has 

been checked to remain constant within the La LII-edge energy range. The XANES spectra were recorded via the total 

fluorescence yield using a photodiode in backscattering geometry. The XANES spectra were collected from the La3O2(CN3) 

sample in DAC#2 at 25 GPa and from La2O3 reference sample at ambient conditions. 

Theoretical Calculations. First-principles calculations were performed using the framework of density functional theory (DFT) 

as implemented in the Vienna Ab initio Simulation Package (VASP).[15] The Projector-Augmented-Wave (PAW) method[16] was 

used to expand the electronic wave function in plane waves. The Generalized Gradient Approximation (GGA) functional is used 

for calculating the exchange-correlation energies, as proposed by Perdew–Burke–Ernzerhof (PBE).[17] The PAW potentials “C”, 

“N” and “O” with the following valence configurations 2s22p2 for C, 2s22p3 for N, 2s22p4 for O were used for non-metal atoms. 

For lanthanum “La” PAW potential was used with the 5s25p65d16s2 valence configuration, while for Ln = Eu, Gd, Tb, Ho, Yb the 

“Ln_3” PAW potentials were used, in which non-valence 4 f-electrons are kept frozen in the core. We used the Monkhorst–Pack 

scheme with 4×6×6 k-points for Brillouin zone sampling for all Ln3O2(CN3) compounds, and the plane-wave kinetic energy cutoff 

was set to 800 eV, with which total energies are converged to better than 2 meV/atom. The 0 K harmonic phonon calculations 

were performed using the finite displacement approach implemented into PHONOPY.[18] Converged phonon dispersions were 

achieved using a (1×2×2) supercell with 144 atoms and 6×4×4 Monkhorst-Pack k-point sampling.  
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Supplementary Discussion 1. The justification of the selected La3O2(CN3) structure model. 

The crystal structure solution unambiguously suggested two positions of La atoms and five positions of C/N/O non-

metal atoms (two positions of distinct atoms (X1 and X2) and three positions in an AZ3 planar trigonal unit, in general, 

La3X1X2(AZ3)). The assignment of C/N/O atoms required a more detailed analysis, which is described below. 

First, the atoms in the AZ3 planar trigonal unit were determined. The well-known trigonal CO3
2- carbonate and NO3

- 

nitrate anions were ruled out because they did not fit the A-Z distances: d(A-X)≈ 1.35 Å  at 54 GPa and d(A-X)≈ 1.40 Å at 1 bar, 

while C-O and N-O distances in CO3
2- and NO3

- (dC-O = 1.27-1.29 Å and dN-O = 1.24-1.26 Å at 1 bar) are significantly shorter. 

Therefore, we considered two other options: (1) an NN3
4- unit, which was theoretically predicted in several studies[19–23] with dN-

N = 1.35 Å at 40 GPa and (2) an CN3
5- unit. Carbon, nitrogen and oxygen atoms were tested for X1 and X2. The results of the 

analysis of the crystal structure refinement are summarized in Table SD1.1. Upon preliminary analysis, the possibility of the X1 

and X2 positions occupation by carbon atoms was ruled out due to much worse R1 and ADPs values, so we do not include 

these models in Table SD1.1. 

Table SD1.1. Analysis of the structure refinements of different “La3X1X2(AZ3)” models at 54(1) GPa. 

Model 
La3X1X2(AZ3) 

R1, % 

Ueq ADPs1 
Max/min 
ADP ratio 

Distances, Å Charge balance2 

“A” “Z1” “Z2” “X1” “X2” 
“A-
Z1” 

“A-
Z2” 

cations anions 

La3NN(NN3) 2.81 
N 

0.027 
N 

0.006 
N 

0.009 
N 

0.003 
N 

0.005 
9.0 1.35 1.35 +9 -10 

La3NO(NN3) 2.78 
N 

0.028 
N 

0.006 
N 

0.009 
N 

0.003 
O 

0.010 
9.3 1.36 1.33 +9 -9 

La3ON(NN3) 2.76 
N 

0.025 
N 

0.006 
N 

0.008 
O 

0.006 
N 

0.005 
5.0 1.36 1.35 +9 -9 

La3OO(NN3) 2.66 
N 

0.023 
N 

0.006 
N 

0.008 
O 

0.006 
O 

0.010 
3.8 1.34 1.36 +9 -8 

La3NN(CN3) 2.70 
C 

0.016 
N 

0.006 
N 

0.008 
N 

0.003 
N 

0.005 
5.3 1.35 1.35 +9 -11 

La3NO(CN3) 2.65 
C 

0.015 
N 

0.006 
N 

0.008 
N 

0.003 
O 

0.010 
5.0 1.35 1.34 +9 -10 

La3ON(CN3) 2.61 
C 

0.013 
N 

0.006 
N 

0.007 
O 

0.006 
N 

0.005 
2.6 1.35 1.36 +9 -10 

La3OO(CN3) 2.53 
C 

0.013 
N 

0.006 
N 

0.007 
O 

0.006 
O 

0.010 
2.2 1.36 1.34 +9 -9 

La3O(O0.25N0.75)(CN2.25O0.75) 2.60 
C 

0.013 

¾N 
¼O 

0.007 

¾N 
¼O 

0.009 

O 
0.006 

¾N 
¼O 

0.006 
2.2 1.35 1.35 +9 -9 

1Ueq ADPs of both La1 and La2 were Ueq ≈ 0.007 in each structure model. 
2Charges were calculated in classic ionic considerations. 
The colors represent the reliability of the analyzed parameters: green – good, orange – acceptable, and red – inadequate. The 
uncertainty of the Ueq ADPs and of the “A-Z” distances are omitted for clarity. 

The A-Z bond lengths in the AZ3 unit were found to be the same within the uncertainty for all tested structure models. 

All models with NN3
4- units have central nitrogen atoms with relatively large ADPs, which results in a huge max/min ADPs ratio 

of non-metal atoms, indicating that the structure models are not correct. Models with CN3
5- unit have smaller ADP values of 

carbon atoms, resulting in a good max/min ADPs ratio. The R1 factor also drops down compared to structure models with NN3
4- 

unit. The lowest R1 factor and smallest max/min ADPs ratio were achieved with a La3O2(CN3) structure model. Moreover, only 

this composition among all models containing CN3
5- units is reasonable from charge balance considerations. 

For La3O2(CN3) composition we also tested La3O(O0.25N0.75)(CN2.25O0.75) model, where N1, N2, and O2 positions are 

mixed-occupied with N and O in an atomic ratio of ¾:¼, similar to the proposed model for La3(SiN3O)O oxonitridosilicate.[24] 

This change resulted in a slight increase of R1 factor, indicating that the mixed-occupied model is not preferable. 

Table SD1.2. The results of DFT analysis of different La3X1X2(AZ3) structure models at 1 bar 

Model 
Unit cell volume 

Dynamical stability 
Vexp, Å3 Vcalc, Å3 

La3NN(NN3) 493.95(9) 515.67 No 

La3OO(NN3) 493.95(9) 498.92 No 

La3NN(CN3) 493.95(9) 512.71 Yes 

La3OO(CN3) 493.95(9) 498.16 Yes 

 
DFT calculations additionally corroborate the validity of a La3O2(CN3) model. We compared the relaxed structure 

models of the potential compositions, at 1 bar, in terms of (1) dynamical stability, and (2) discrepancy between the experimental 
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and calculated unit cell volumes (Table SD1.2). Phonon calculations show that all relaxed models with NN3
4- unit have imaginary 

phonon frequencies and therefore are dynamically unstable at 1 bar (Fig. SD1.1). On the other hand, models comprised of 

CN3
5- units are dynamically stable (Fig. SD1.2) and the La3O2(CN3) composition has the best agreement between experimental 

and calculated unit cell volumes. 

Thus, both detailed structure refinement analysis and DFT calculations unambiguously show that the selected 

La3O2(CN3) structure model is correct. 

a)  b)  

Figure SD1.1. Phonon dispersion curves for (a) La3N2(NN3) and (b) La3O2(NN3) along the high symmetry directions in the 

Brillouin zone and the phonon density of states at ambient pressure. 

a)  b)  

Figure SD1.2. Phonon dispersion curves for (a) La3N2(CN3) and (b) La3O2(CN3) along the high symmetry directions in the 

Brillouin zone and the phonon density of states at ambient pressure.  
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Supplementary Discussion 2. Possible splitting of C1 atom position in Ln3O2(CN3) (Ln = Eu, Gd, 

Tb, Ho, Yb) structures. 

Contrary to the case of La3O2(CN3), for all other lanthanide cations considered in the present study, the refinements of 

Ln3O2(CN3) (Ln = Eu, Gd, Tb, Ho, Yb) crystal structures suggests a residual electronic density peak at the same position 

(Fig. SD2.1a). 

 

Figure SD2.1. A part of the crystal structure of Ho3O2(CN3) at 1 bar: a) model with a non-split C1 atom and b) model with a split 

C1 atom (the chemical occupancies of C1 and C1A positions are 0.696(18) and 0.304(18), respectively). 

Due to a too short distance from the C1 atom to this residual electronic density peak, as well as insufficient electron 

density, the simultaneous presence of two C atoms with full occupancy is unreasonable. Therefore, we considered the splitting 

of C1 between two crystallographic positions (Fig. SD2.1b). This model has a frustrated carbon atom between two CN3 and 

CN2O planar (or almost planar) trigonal coordination environments. The R1 value drops down compared to the model with a 

non-split C1 atom (see Tables S6-S10, S12, S13). Interestingly, in most cases, the chemical occupancy ratio between the C1 

and C1A positions was ~2:1 (see Tables S6-S10, S12, S13). It is important to note that it was not possible to place the C atom 

in the center of the CN3O tetrahedra. 

Despite the disorder model resulted in a statistically significant[25] improvement of the R1 agreement factor, it must be 

pointed out that the C1A-O2 distance is too long for a C-O single bond, and therefore from a crystal-chemical point of view this 

model is dubious. We also can not exclude that the appearance of this residual density peak is an artifact of the limited quality 

of single-crystal X-ray diffraction data collected in the diamond anvil cell. Resolving this question requires additional studies. 
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Supplementary Figures 

 

Figure S1. Phonon dispersion curves for La3O2(CN3) along the high symmetry directions in the Brillouin zone and phonon 

density of states at (a) 54 GPa and (b) ambient pressure. 

 

Figure S2. Coordination polyhedra of (a) the La1 atom and (b) the La2 atom in the La3O2(CN3) crystal structure 
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Figure S3. The compressibility of the a, b, and c crystallographic axes of La3O2(CN3). The experimental points are red, and the 

calculated points are black. 
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Figure S4. Experimental (red points) and calculated (black points) pressure dependence of the Eu3O2(CN3) unit cell volume. 

The black curve is the fit of the calculated P-V data using a 2nd order Birch-Murnaghan equation of state, yielding K0=131.3(9) 

GPa, K’= 4 (fixed), and V0=498.16 Å3 (fixed). 
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Figure S5. Experimental (red points) and calculated (black points) pressure dependence of the Gd3O2(CN3) unit cell volume. 

The black curve is the fit of the calculated P-V data using a 2nd order Birch-Murnaghan equation of state, yielding K0=131.3(9) 

GPa, K’= 4 (fixed), and V0=498.16 Å3 (fixed).  
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Figure S6. Experimental (red points) and calculated (black points) pressure dependence of the Tb3O2(CN3) unit cell volume. 

The black curve is the fit of the calculated P-V data using a 2nd order Birch-Murnaghan equation of state, yielding K0=131.3(9) 

GPa, K’= 4 (fixed), and V0=498.16 Å3 (fixed).  
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Figure S7. Experimental (red points) and calculated (black points) pressure dependence of the Ho3O2(CN3) unit cell volume. 

The black curve is the fit of the calculated P-V data using a 2nd order Birch-Murnaghan equation of state, yielding K0=131.3(9) 

GPa, K’= 4 (fixed), and V0=498.16 Å3 (fixed).  
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Figure S8. Experimental (red points) and calculated (black points) pressure dependence of the Yb3O2(CN3) unit cell volume. 

The black curve is the fit of the calculated P-V data using a 2nd order Birch-Murnaghan equation of state, yielding K0=131.3(9) 

GPa, K’= 4 (fixed), and V0=498.16 Å3 (fixed).  
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Figure S9. The linear dependence of the unit cell volume of LnN compounds at 1 bar versus the volume of the lanthanide ion 

(ionic radii are taken from http://abulafia.mt.ic.ac.uk/shannon/ptable.php for CN = 8). 
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Figure S10. The calculated average O1-Ln bond length within the O1Ln6 octahedra in Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, 

Yb) solids, at different pressures. 
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Figure S11. Calculated bulk moduli for Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, Yb) solids, extracted from 2nd order Birch-

Murnaghan equation of state fits.  
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Supplementary Tables 

Table S1. List of the samples investigated in the present study 

Sample Reaction mixture1 Pressure, GPa Temperature, K 
Decompression 

experiment 

DAC#1 “La” + N2 54(1) 2500(500) Yes 

DAC#2 “La” + N2 25(1) 2500(500) No 

DAC#3 “Tb” + N2 54(1) 2500(500) Yes 

DAC#4 “Tb” + N2 26(1) 2500(500) No 

DAC#5 “Gd” + N2 50(1) 2500(500) Yes2 

DAC#6 “Ho” + N2 53(1) 3000(500) Yes 

DAC#7 “Eu(N3)2” 29(1) 2000(500) No 

DAC#8 “Yb(N3)2” 47(1) 2000(500) No 
1The quotation marks indicate the nominal composition. In fact, the samples were O-contaminated. 

2The Gd3O2(CN3) phase was detected only at the last step of the decompression experiment – at ambient conditions. It was not 

found at higher pressures, presumably because of the presence of other strong-diffracting phases. However, as these phases 

were no longer visible at ambient conditions due to their decompression, Gd3O2(CN3) could be identified. 
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Table S2. Structure refinement details of La3O2(CN3) at 54(1) GPa. The full crystallographic dataset was deposited to the CSD 

under the deposition number 2286277. 

Crystal data 

Chemical formula La3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 54(1) 

Mr 502.77 

ρ (g/cm3) 8.566 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.2875(7) 

b (Å) 6.8259(5) 

c (Å) 6.149(2) 

V (Å3) 389.84(14) 

Z 4 

Radiation type X-ray, λ = 0.2904 Å 

Data collection 

No. of measured, independent and observed  
[I > 2σ(I)] reflections 

2095/703/635 

Rint 3.56% 

(sin θ/λ)max (Å-1) 0.999 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 2.53%, 5.47%, 1.009 

data/parameters ratio 703/49 

Δρmax, Δρmin (e Å-3) 1.920, -2.181 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

La1 8d 0.32330(2) 0.01466(3) 0.07787(8) 

La2 4c 0.47616(3) 0.25 0.60594(11) 

O1 4c 0.2334(4) 0.25 0.8268(14) 

O2 4c 0.2943(4) 0.25 0.3672(15) 

N1 8d 0.0696(3) 0.0736(4) 0.2059(12) 

N2 4c 0.0081(4) 0.25 0.5113(17) 

C1 4c 0.0469(5) 0.25 0.305(2) 

Anisotropic displacement parameters 

Atom U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2) Ueq (Å2) 

La1 0.00470(10) 0.00516(9) 0.0099(4) 0.00069(9) -0.00023(9) -0.00007(4) 0.00660(14) 

La2 0.00537(12) 0.00479(11) 0.0091(6) 0 -0.00011(12) 0 0.00642(18) 

O1 0.0048(13) 0.0084(13) 0.003(7) 0 0.0011(16) 0 0.006(2) 

O2 0.0094(15) 0.0080(14) 0.012(8) 0 0.0032(19) 0 0.010(2) 

N1 0.0065(11) 0.0066(11) 0.005(6) -0.0005(14) -0.0018(13) 0.0005(6) 0.0061(17) 

N2 0.0048(16) 0.0082(15) 0.007(9) 0 -0.0022(19) 0 0.007(3) 

C1 0.009(2) 0.0094(19) 0.020(12) 0 -0.002(3) 0 0.013(4) 

 
  

148



SUPPORTING INFORMATION          

 

 

 

Table S3. Structure refinement details of La3O2(CN3) at 25(1) GPa. The full crystallographic dataset was deposited to the CSD 

under the deposition number 2286275. 

Crystal data 

Chemical formula La3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 25(1) 

Mr 502.77 

ρ (g/cm3) 7.640 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.795(2) 

b (Å) 7.0062(11) 

c (Å) 6.3699(11) 

V (Å3) 437.13(14) 

Z 4 

Radiation type X-ray, λ = 0.2904 Å 

Data collection 

No. of measured, independent and observed  
[I > 2σ(I)] reflections 

1416/594/477 

Rint 5.53% 

(sin θ/λ)max (Å-1) 0.713 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 4.45%, 9.86%, 1.044 

data/parameters ratio 594/32 

Δρmax, Δρmin (e Å-3) 2.524, -2.277 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

La1 8d 0.32371(8) 0.01220(9) 0.07030(10) 

La2 4c 0.47499(11) 0.25 0.60416(15) 

O1 4c 0.2281(13) 0.25 0.8242(19) 

O2 4c 0.2956(12) 0.25 0.3636(18) 

N1 8d 0.0698(11) 0.0742(14) 0.2068(15) 

N2 4c 0.0082(13) 0.25 0.507(2) 

C1 4c 0.051(2) 0.25 0.306(3) 

Anisotropic displacement parameters 

Atom U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2) 
Ueq or Uiso 

(Å2) 

La1 0.0155(4) 0.0061(4) 0.0107(4) 0.00118(19) 0.0001(2) -0.0006(2) 0.0155(4) 

La2 0.0181(6) 0.0061(5) 0.0123(4) 0 -0.0023(4) 0 0.0181(6) 

O1       0.015(2) 

O2       0.011(2) 

N1       0.0132(19) 

N2       0.009(2) 

C1       0.026(4) 
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Table S4. Structure refinement details of La3O2(CN3) at 1 bar. The full crystallographic dataset was deposited to the CSD 

under the deposition number 2286276. 

Crystal data 

Chemical formula La3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 1 bar 

Mr 502.77 

ρ (g/cm3) 6.761 

Crystal system, space group orthorhombic, Pnma 

a (Å) 10.4195(5) 

b (Å) 7.1644(3) 

c (Å) 6.6169(12) 

V (Å3) 493.95(9) 

Z 4 

Radiation type X-ray, λ = 0.2904 Å 

Data collection 

No. of measured, independent and observed [I 
> 2σ(I)] reflections 

2185/848/477 

Rint 4.16% 

(sin θ/λ)max (Å-1) 0.862 

Refinement 

R[F2 > 3σ(F2)], wR(F2), GOF 3.16%, 7.79%, 1.020 

data/parameters ratio 848/49 

Δρmax, Δρmin (e Å-3) 2.285, -1.830 

Atomic positions 

Atom Wyckoff site 
Fractional atomic coordinates 

x y z 

La1 8d 0.32434(2) 0.01033(4) 0.06190(7) 

La2 4c 0.47527(3) 0.25 0.60030(11) 

O1 4c 0.2279(5) 0.25 0.8179(15) 

O2 4c 0.2985(5) 0.25 0.3693(14) 

N1 8d 0.0693(4) 0.0784(5) 0.2071(12) 

N2 4c 0.0084(5) 0.25 0.5038(16) 

C1 4c 0.0506(6) 0.25 0.301(2) 

Anisotropic displacement parameters 

Atom U11 (Å2) U22 (Å2) U33 (Å2) U12 (Å2) U13 (Å2) U23 (Å2) Ueq (Å2) 

La1 0.00929(14) 0.00728(13) 0.0099(4) 0.00136(11) -0.00051(9) -0.00082(6) 0.00884(15) 

La2 0.00981(15) 0.00633(15) 0.0092(5) 0 
-

0.00140(12) 
0 0.00845(17) 

O1 0.0117(18) 0.0118(17) 0.023(7) 0 -0.006(2) 0 0.016(2) 

O2 0.015(2) 0.018(2) 0.007(8) 0 -0.001(2) 0 0.013(2) 

N1 0.0236(18) 0.0065(13) 0.004(6) -0.0018(17) -0.0036(18) -0.0009(10) 0.0115(17) 

N2 0.0072(19) 0.009(2) 0.021(8) 0 -0.002(2) 0 0.012(2) 

C1 0.009(2) 0.013(2) 0.026(10) 0 -0.002(3) 0 0.016(3) 
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Table S5. Experimentally determined crystallographic data for La3O2(CN3) at 54(1) GPa and 1 bar compared with the 

corresponding DFT-relaxed structures. Note that pressure was fixed in theoretical simulations, while the volume of the unit cells, 

lattice parameters and equilibrium state parameters were calculated. 

 

Pressure 54 GPa 1 bar 

Exp./Calc. Exp. Calc. Exp. Calc. 

Space group Pnma Pnma Pnma Pnma 

Volume 389.84(14) Å3 389.83 Å3 493.95(9) Å3 498.16 Å3 

Lattice 
parameters 

a = 9.2875(7) Å 
b = 6.8259(5) Å 
c = 6.149(2) Å 

α = 90o 
β = 90o 
γ = 90o 

a = 9.3333Å 
b = 6.8238 Å 
c = 6.1209 Å 

α = 90o 
β = 90o 
γ = 90o 

a = 10.4195(5) Å 
b = 7.1644(3) Å 
c = 6.6169(12) Å 

α = 90o 
β = 90o 
γ = 90o 

a = 10.4839 Å 
b = 7.1497Å 
c = 6.6460Å 

α = 90o 
β = 90o 
γ = 90o 

Atomic 
positions 

La1 
x 
y 
z 

0.32330(2) 
0.01466(3 
0.07787(8) 

La1 
x 
y 
z 

0.32207    
0.01489    
0.08023 

La1 
x 
y 
z 

0.32434(2) 
0.01033(4) 
0.06190(7) 

La1 
x 
y 
z 

0.32382 
0.00898 
0.06165 

La2 
x 
y 
z 

0.47616(3) 
0.25 
0.60594(11) 

La2 
x 
y 
z 

0.47799 
0.25 
0.60844 

La2 
x 
y 
z 

0.47527(3) 
0.25 
0.60030(11) 

La2 
x 
y 
z 

0.47581    
0.25 
0.60091 

O1 
x 
y 
z 

0.2334(4) 
0.25 
0.8268(14) 

O1 
x 
y 
z 

0.23533    
0.25 
0.82501 

O1 
x 
y 
z 

0.2279(5) 
0.25 
0.8179(15) 

O1 
x 
y 
z 

0.22798    
0.25  
0.81953 

O2 
x 
y 
z 

0.2943(4) 
0.25 
0.3672(15) 

O2 
x 
y 
z 

0.29669    
0.25 
0.37046 

O2 
x 
y 
z 

0.2985(5) 
0.25 
0.3693(14) 

O2 
x 
y 
z 

0.29808    
0.25 
0.37844 

N1 
x 
y 
z 

0.0696(3) 
0.0736(4) 
0.2059(12) 

N1 
x 
y 
z 

0.06979    
0.07400 
0.20527 

N1 
x 
y 
z 

0.0693(4) 
0.0784(5) 
0.2071(12) 

N1 
x 
y 
z 

0.06710    
0.07937 
0.20813 

N2 
x 
y 
z 

0.0081(4) 
0.25 
0.5113(17) 

N2 
x 
y 
z 

0.00921 
0.25 
0.50819 

N2 
x 
y 
z 

0.0084(5) 
0.25 
0.5038(16) 

N2 
x 
y 
z 

0.00856 
0.25 
0.49867 

C1 
x 
y 
z 

0.0469(5) 
0.25 
0.305(2) 

C1 
x 
y 
z 

0.05542    
0.25    
0.30062 

C1 
x 
y 
z 

0.0506(6) 
0.25 
0.301(2) 

C1 
x 
y 
z 

0.04976 
0.25 
0.299746 
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Table S6. Structure refinement details of Eu3O2(CN3) at 29 GPa.  

Crystal data 

Chemical formula Eu3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 29(1) 

Mr 541.92 

ρ (g/cm3) 9.463 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.3222(7) 

b (Å) 6.7074(5) 

c (Å) 6.083(6) 

V (Å3) 380.4(4) 

Z 4 

Radiation type X-ray, λ = 0.2905Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

1434/ 516/ 452 

Rint 3.11% 

(sin θ/λ)max (Å-1) 1.071 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 3.55%, 9.96%, 1.159 3.32%, 8.90%, 1.074 

data/parameters ratio 516/39 516/39 

Δρmax, Δρmin (e Å-3) 2.827, -1.831 1.880, -1.753 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Eu1 8d 0.32594(4) 0.01157(6) 0.0641(2) 1 Ueq = 0.0115(5) 

Eu2 4c 0.47582(6) 0.25 0.5986(3) 1 Ueq = 0.0113(6) 

O1 4c 0.2263(7) 0.25 0.817(3) 1 Uiso = 0.014(7) 

O2 4c 0.2953(10) 0.25 0.354(4) 1 Uiso = 0.013(9) 

N1 8d 0.0767(6) 0.0681(10) 0.193(3) 1 Uiso = 0.0119(10) 

N2 4c 0.0024(9) 0.25 0.528(4) 1 Uiso = 0.0082(14) 

C1 4с 0.0511(18) 0.25 0.318(10) 1 Uiso = 0.028(3) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Eu1 8d 0.32595(4) 0.01154(5) 0.06401(18) 1 Ueq = 0.0117(4) 

Eu2 4c 0.47582(5) 0.25 0.5986(3) 1 Ueq = 0.0112(6) 

O1 4c 0.2267(7) 0.25 0.816(3) 1 Uiso = 0.0076(10) 

O2 4c 0.2953(9) 0.25 0.357(4) 1 Uiso = 0.013(8) 

N1 8d 0.0762(6) 0.0680(9) 0.193(3) 1 Uiso = 0.0116(9) 

N2 4c 0.0028(8) 0.25 0.528(4) 1 Uiso = 0.0078(13) 

C1 4c 0.0504(15) 0.25 0.309(8) 0.67(3) Uiso = 0.013(2) 

C1A 4c 0.135(3) 0.25 0.261(16) 0.33(3) Uiso = 0.013(2) 
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Table S7. Structure refinement details of Gd3O2(CN3) at 1 bar.  

Crystal data 

Chemical formula Gd3O2(CN3) 

Temperature (K) 293 

Pressure (bar) 1 

Mr 557.79 

ρ (g/cm3) 8.501 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.939(2) 

b (Å) 6.849(3) 

c (Å) 6.4028(14) 

V (Å3) 435.8(2) 

Z 4 

Radiation type X-ray, λ = 0.2904Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

1254/ 679 / 399 

Rint 10.97 % 

(sin θ/λ)max (Å-1) 0.806 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 6.86%, 18.22%, 0.950 6.76%, 17.96%, 0.939 

data/parameters ratio 679/32 679/35 

Δρmax, Δρmin (e Å-3) 4.060, -3.935 3.950, -3.915 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Gd1 8d 0.32446(11) 0.0087(2) 0.05350(16) 1 Ueq = 0.0176(4) 

Gd2 4c 0.47615(15) 0.25 0.6008(2) 1 Ueq = 0.0162(4) 

O1 4c 0.225(2) 0.25 0.819(3) 1 Uiso = 0.021(4) 

O2 4c 0.294(3) 0.25 0.354(4) 1 Uiso = 0.030(6) 

N1 8d 0.075(2) 0.084(4) 0.196(3) 1 Uiso = 0.030(4) 

N2 4c 0.010(2) 0.25 0.510(4) 1 Uiso = 0.018(5) 

C1 4с 0.050(3) 0.25 0.300(5) 1 Uiso = 0.022(6) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Gd1 8d 0.32450(11) 0.0086(2) 0.05352(16) 1 Ueq = 0.0178(4) 

Gd2 4c 0.47620(15) 0.25 0.6007(2) 1 Ueq = 0.0163(4) 

O1 4c 0.224(2) 0.25 0.819(3) 1 Uiso = 0.021(4) 

O2 4c 0.294(3) 0.25 0.355(4) 1 Uiso = 0.033(6) 

N1 8d 0.075(2) 0.085(4) 0.198(3) 1 Uiso = 0.029(4) 

N2 4c 0.008(2) 0.25 0.511(4) 1 Uiso = 0.019(5) 

C1 4c 0.049(3) 0.25 0.299(5) 0.72(6) Uiso = 0.008(5) 

C1A 4c 0.138(8) 0.25 0.238(12) 0.28(6) Uiso = 0.008(5) 
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Table S8. Structure refinement details of Tb3O2(CN3) at 54 GPa 

Crystal data 

Chemical formula Tb3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 54 

Mr 562.80 

ρ (g/cm3) 10.930 

Crystal system, space group orthorhombic, Pnma 

a (Å) 8.8178(19) 

b (Å) 6.564(6) 

c (Å) 5.909(2) 

V (Å3) 342.0(3) 

Z 4 

Radiation type X-ray, λ = 0.29521Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

878/ 426 / 379 

Rint 1.57% 

(sin θ/λ)max (Å-1) 0.890 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 3.86%, 10.95%, 1.069 3.66%, 10.40%, 1.070 

data/parameters ratio 426/32 426/35 

Δρmax, Δρmin (e Å-3) 3.361, -2.780 3.270, -2.828 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.32452(6) 0.01311(13) 0.07054(8) 1 Ueq = 0.0074(3) 

Tb2 8d 0.47511(9) 0.25 0.60314(11) 1 Ueq = 0.0072(3) 

O1 4c 0.2294(11) 0.25 0.8208(17) 1 Uiso = 0.0055(18) 

O2 4c 0.2904(16) 0.25 0.355(2) 1 Uiso = 0.017(2) 

N1 8d 0.0711(10) 0.070(2) 0.1966(14) 1 Uiso = 0.0081(15) 

N2 4c 0.0034(13) 0.25 0.522(2) 1 Uiso = 0.006(2) 

C1 4с 0.054(2) 0.25 0.298(3) 1 Uiso = 0.021(4) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.32451(5) 0.01314(12) 0.07054(7) 1 Ueq = 0.0074(2) 

Tb2 8d 0.47512(8) 0.25 0.60313(10) 1 Ueq = 0.0072(3) 

O1 4c 0.2294(10) 0.25 0.8211(16) 1 Uiso = 0.0061(17) 

O2 4c 0.2915(15) 0.25 0.356(2) 1 Uiso = 0.017(2) 

N1 8d 0.0704(9) 0.071(2) 0.1973(13) 1 Uiso = 0.0080(14) 

N2 4c 0.0032(12) 0.25 0.5225(19) 1 Uiso = 0.006(2) 

C1 4c 0.053(2) 0.25 0.300(3) 0.68(4) Uiso = 0.006(3) 

C1A 4c 0.137(5) 0.25 0.265(6) 0.32(4) Uiso = 0.006(3) 
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Table S9. Structure refinement details of Tb3O2(CN3) at 26 GPa.  

Crystal data 

Chemical formula Tb3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 26 

Mr 562.80 

ρ (g/cm3) 9.840 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.399(9) 

b (Å) 6.6399(10) 

c (Å) 6.0873(6) 

V (Å3) 379.9(4) 

Z 4 

Radiation type X-ray, λ = 0.41015Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

1112 / 382 / 297 

Rint 4.53% 

(sin θ/λ)max (Å-1) 0.906 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 4.32%, 11.09 %, 1.063 4.27%, 11.19%, 1.024 

data/parameters ratio 382/32 492/35 

Δρmax, Δρmin (e Å-3) 2.635, -2.405 2.704, -2.198 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.3232(2) 0.01037(11) 0.06292(13) 1 Ueq = 0.0139(8) 

Tb2 8d 0.4759(3) 0.25 0.60687(16) 1 Ueq = 0.0149(11) 

O1 4c 0.222(5) 0.25 0.814(3) 1 Uiso = 0.020(4) 

O2 4c 0.301(5) 0.25 0.357(3) 1 Uiso = 0.016(3) 

N1 8d 0.072(3) 0.0714(17) 0.1960(17) 1 Uiso = 0.008(2) 

N2 4c -0.001(5) 0.25 0.513(3) 1 Uiso = 0.014(4) 

C1 4с 0.056(6) 0.25 0.298(3) 1 Uiso = 0.015(4) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.3233(2) 0.01040(11) 0.06291(13) 1 Ueq = 0.0137(8) 

Tb2 8d 0.4759(3) 0.25 0.60689(16) 1 Ueq = 0.0152(11) 

O1 4c 0.223(5) 0.25 0.814(3) 1 Uiso = 0.021(3) 

O2 4c 0.301(4) 0.25 0.357(3) 1 Uiso = 0.016(3) 

N1 8d 0.072(3) 0.0713(17) 0.1957(17) 1 Uiso = 0.009(2) 

N2 4c 0.000(4) 0.25 0.514(3) 1 Uiso = 0.013(3) 

C1 4c 0.051(8) 0.25 0.305(5) 0.73(7) Uiso = 0.003(4) 

C1A 4c 0.13(2) 0.25 0.253(13) 0.27(7) Uiso = 0.003(4) 
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Table S10. Structure refinement details of Tb3O2(CN3) at 1 bar.  

Crystal data 

Chemical formula Tb3O2(CN3) 

Temperature (K) 293 

Pressure (bar) 1 

Mr 562.80 

ρ (g/cm3) 8.798 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.8390(4) 

b (Å) 6.8043(8) 

c (Å) 6.3464(4) 

V (Å3) 424.88(6) 

Z 4 

Radiation type X-ray, λ = 0.41004Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

846/ 492 / 384 

Rint 2.14% 

(sin θ/λ)max (Å-1) 0.769 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 4.50%, 12.03%, 1.027 4.27%, 11.19%, 1.024 

data/parameters ratio 492/32 492/35 

Δρmax, Δρmin (e Å-3) 2.811, -2.523 2.704, -2.198 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.32343(7) 0.00880(12) 0.05353(13) 1 Ueq = 0.0189(3) 

Tb2 8d 0.47683(10) 0.25 0.60061(15) 1 Ueq = 0.0164(3) 

O1 4c 0.2229(15) 0.25 0.813(3) 1 Uiso = 0.021(3) 

O2 4c 0.2992(18) 0.25 0.359(3) 1 Uiso = 0.030(4) 

N1 8d 0.0785(13) 0.071(2) 0.194(2) 1 Uiso = 0.024(3) 

N2 4c 0.0012(16) 0.25 0.510(3) 1 Uiso = 0.024(4) 

C1 4с 0.052(3) 0.25 0.289(5) 1 Uiso = 0.035(6) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.32342(7) 0.00878(11) 0.05348(12) 1 Ueq = 0.0189(3) 

Tb2 8d 0.47685(10) 0.25 0.60064(15) 1 Ueq = 0.0165(3) 

O1 4c 0.2233(14) 0.25 0.813(2) 1 Uiso = 0.021(3) 

O2 4c 0.3002(16) 0.25 0.357(3) 1 Uiso = 0.027(3) 

N1 8d 0.0779(12) 0.074(2) 0.194(2) 1 Uiso = 0.023(2) 

N2 4c 0.0010(16) 0.25 0.510(3) 1 Uiso = 0.024(4) 

C1 4c 0.050(3) 0.25 0.289(4) 0.68(4) Uiso = 0.014(4) 

C1A 4c 0.147(5) 0.25 0.224(9) 0.32(4) Uiso = 0.014(4) 
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Table S11. Structure refinement details of Ho3O2(CN3) at 53 GPa.  

Crystal data 

Chemical formula Ho3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 53 

Mr 580.83 

ρ (g/cm3) 11.586 

Crystal system, space group orthorhombic, Pnma 

a (Å) 8.7617(19) 

b (Å) 6.487(2) 

c (Å) 5.8586(7) 

V (Å3) 333.00(14) 

Z 4 

Radiation type X-ray, λ = 0.2901Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

1512 / 662 / 459 

Rint 2.88 % 

(sin θ/λ)max (Å-1) 1.038 

Refinement 

Structure model model with a non-split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 3.85%, 9.78%, 1.081 

data/parameters ratio 662/32 

Δρmax, Δρmin (e Å-3) 5.384, -4.830 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Ho1 4c 0.32419(7) 0.01310(12) 0.07024(8) 1 Ueq = 0.00780(18) 

Ho2 8d 0.47499(10) 0.25 0.60337(13) 1 Ueq = 0.00704(14) 

O1 4c 0.2264(17) 0.25 0.819(2) 1 Uiso = 0.012(2) 

O2 4c 0.2920(18) 0.25 0.353(2) 1 Uiso = 0.016(3) 

N1 8d 0.0699(12) 0.067(2) 0.1994(15) 1 Uiso = 0.009(2) 

N2 4c 0.0034(18) 0.25 0.520(2) 1 Uiso = 0.0072(15) 

C1 4с 0.056(2) 0.25 0.290(5) 1 Uiso = 0.033(6) 
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Table S12. Structure refinement details of Ho3O2(CN3) at 1 bar.  

Crystal data 

Chemical formula Ho3O2(CN3) 

Temperature (K) 293 

Pressure (bar) 1 

Mr 580.83 

ρ (g/cm3) 9.276 

Crystal system, space group orthorhombic, Pnma 

a (Å) 9.7962(5) 

b (Å) 6.7318(8) 

c (Å) 6.3066(3) 

V (Å3) 415.90(6) 

Z 4 

Radiation type X-ray, λ = 0.2905Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

2153/ 863 / 697 

Rint 1.96% 

(sin θ/λ)max (Å-1) 0.908 

Refinement 

Structure model model with a non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 2.82%, 7.96%, 1.083 2.57%, 6.97%, 1.063 

data/parameters ratio 863/46 863/49 

Δρmax, Δρmin (e Å-3) 4.059, -2.045 2.934, -2.135 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Ho1 4c 0.32204(3) 0.00820(7) 0.05145(5) 1 Ueq = 0.01184(11) 

Ho2 8d 0.47778(4) 0.25 0.60101(7) 1 Ueq = 0.01014(12) 

O1 4c 0.2233(7) 0.25 0.8094(10) 1 Ueq = 0.0144(18) 

O2 4c 0.2974(9) 0.25 0.3562(14) 1 Ueq = 0.025(3) 

N1 8d 0.0793(7) 0.0711(15) 0.1922(9) 1 Ueq = 0.0184(18) 

N2 4c 0.0025(8) 0.25 0.5127(18) 1 Ueq = 0.018(2) 

C1 4с 0.0505(11) 0.25 0.2925(17) 1 Uiso = 0.023(3) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Ho1 4c 0.32205(3) 0.00822(6) 0.05145(4) 1 Ueq = 0.01181(10) 

Ho2 8d 0.47778(4) 0.25 0.60102(6) 1 Ueq = 0.01008(11) 

O1 4c 0.2232(6) 0.25 0.8100(9) 1 Ueq = 0.0145(16) 

O2 4c 0.2982(7) 0.25 0.3554(11) 1 Ueq = 0.023(2) 

N1 8d 0.0781(6) 0.0714(13) 0.1920(8) 1 Ueq = 0.0186(16) 

N2 4c 0.0022(6) 0.25 0.5132(16) 1 Ueq = 0.018(2) 

C1 4c 0.0496(9) 0.25 0.2922(15) 0.696(18) Uiso = 0.0076(14) 

C1A 4c 0.147(2) 0.25 0.231(3) 0.304(18) Uiso = 0.0076(14) 
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Table S13. Structure refinement details of Yb3O2(CN3) at 47 GPa.  

Crystal data 

Chemical formula Yb3O2(CN3) 

Temperature (K) 293 

Pressure (GPa) 47(1) 

Mr 605.16 

ρ (g/cm3) 12.048 

Crystal system, space group orthorhombic, Pnma 

a (Å) 8.8785(12) 

b (Å) 6.4071(5) 

c (Å) 5.8647(19) 

V (Å3) 333.62(12) 

Z 4 

Radiation type X-ray, λ = 0.2905Å 

Data collection 

No. of measured, independent and 
observed [I > 2σ(I)] reflections 

1333/ 655 / 573 

Rint 1.51% 

(sin θ/λ)max (Å-1) 1.060 

Refinement 

Structure model model with non-split C1 atom model with split C1 atom 

R[F2 > 4σ(F2)], wR(F2), GOF 2.75%, 7.06%, 1.115 2.41%, 5.87%, 1.111 

data/parameters ratio 655/39 651/45 

Δρmax, Δρmin (e Å-3) 6.111, -3.163 2.416, -2.692 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with a non-split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Yb1 8d 0.32577(4) 0.01113(4) 0.06362(8) 1 Ueq = 0.00702(12) 

Yb2 4c 0.47536(5) 0.25 0.59993(11) 1 Ueq = 0.00647(14) 

O1 4c 0.2244(8) 0.25 0.8170(19) 1 Ueq = 0.0063(17) 

O2 4c 0.2949(12) 0.25 0.3540(3) 1 Ueq = 0.015(3) 

N1 8d 0.0792(6) 0.0647(8) 0.1923(15) 1 Uiso = 0.0064(8) 

N2 4c 0.0017(9) 0.25 0.526(2) 1 Uiso = 0.0078(13) 

C1 4с 0.064(3) 0.25 0.308(7) 1 Uiso = 0.047(5) 

Atomic positions and equivalent isotropic (or isotropic) ADPs 
for the model with split C1 atom 

Atom 
Wyckoff 

site 

Fractional atomic coordinates Occupancy 
Ueq or Uiso (Å2) 

x y z 

Yb1 8d 0.32577(4) 0.01109(4) 0.06362(8) 1 Ueq = 0.00701(10) 

Yb2 4c 0.47536(5) 0.25 0.60002(11) 1 Ueq = 0.00633(12) 

O1 4c 0.2233(8) 0.25 0.8192(19) 1 Ueq = 0.0072(15) 

O2 4c 0.2952(12) 0.25 0.3538(3) 1 Ueq = 0.015(2) 

N1 8d 0.0791(6) 0.0653(8) 0.1926(15) 1 Ueq = 0.0066(7) 

N2 4c 0.0016(9) 0.25 0.526(2) 1 Ueq = 0.011(2) 

C1 4c 0.0556(3) 0.25 0.291(7) 0.54(3) Uiso = 0.0081(17) 

C1A 4c 0.1405(4) 0.25 0.251(8) 0.46(3) Uiso = 0.0081(17) 
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Table S14. Parameters of the Birch-Murnaghan equation of state fit of Ln3O2(CN3) (Ln = La, Eu, Gd, Tb, Ho, Yb) DFT-relaxed 
structures  

Compound V0, Å3 

Parameters of Birch-Murnaghan equation of state fit 

2nd order 3rd order 

K0, GPa K’ K0, GPa K’ 

La3O2(CN3) 498.161 (fixed) 139.1(5) 4 (fixed) 131.3(9) 4.36(4) 

Eu3O2(CN3) 439.557 (fixed) 165.3(6) 4 (fixed) 156.0(5) 4.41(2) 

Gd3O2(CN3) 430.982 (fixed) 166.4(5) 4 (fixed) 157.8(6) 4.37(3) 

Tb3O2(CN3) 423.928 (fixed) 168.4(5) 4 (fixed) 159.8(7) 4.37(3) 

Ho3O2(CN3) 411.558 (fixed) 171.8(6) 4 (fixed) 162.5(7) 4.40(3) 

Yb3O2(CN3) 395.793 (fixed) 175.7(7) 4 (fixed) 165.0(9) 4.46(4) 
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5.6. Synthesis of LaCN3, TbCN3, CeCN5 and TbCN5 polycarbonitrides at 
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ABSTRACT: Inorganic ternary metal−C−N compounds with
covalently bonded C−N anions encompass important classes of
solids such as cyanides and carbodiimides, well known at ambient
conditions and composed of [CN]− and [CN2]2− anions, as well as
the high-pressure formed guanidinates featuring [CN3]5− anion. At
still higher pressures, carbon is expected to be 4-fold coordinated
by nitrogen atoms, but hitherto, such CN4-built anions are missing.
In this study, four polycarbonitride compounds (LaCN3, TbCN3,
CeCN5, and TbCN5) are synthesized in laser-heated diamond anvil
cells at pressures between 90 and 111 GPa. Synchrotron single-
crystal X-ray diffraction (SCXRD) reveals that their crystal
structures are built of a previously unobserved anionic single-
bonded carbon−nitrogen three-dimensional (3D) framework
consisting of CN4 tetrahedra connected via di- or oligo-nitrogen linkers. A crystal-chemical analysis demonstrates that these
polycarbonitride compounds have similarities to lanthanide silicon phosphides. Decompression experiments reveal the existence of
LaCN3 and CeCN5 compounds over a very large pressure range. Density functional theory (DFT) supports these discoveries and
provides further insight into the stability and physical properties of the synthesized compounds.

■ INTRODUCTION
In recent years, advancements in the high-pressure chemistry
of nitrides and carbides have unveiled a wealth of surprises.
Indeed, at pressures above 50 GPa, many exotic oligo- and
polynitrides (i.e. containing N4

4−, N6
6−, N8

6− anions,1,2 N6
rings,3−5 N18 macrocycle,6 infinite one-dimensional (1D)-
polynitrogen chains,1,7−12 and two-dimensional (2D)-polyni-
trogen layers2,12) as well as polycarbides (i.e. containing
graphene-, polyacene-, and para-poly(indenoindene)-like
ribbons13−16) were discovered. Recently discovered binary
carbon nitrides C3N4 and CN2, built of CN4 tetrahedra and
synthesized at pressures above 70 GPa,17 possess many
remarkable physical properties, such as superhardness, ultra-
incompressibility, photoluminescence, piezoelectricity, and
superconductivity, making these multifunctional materials
candidates for technological applications, considering that
they are recoverable to ambient conditions. A recent high-
pressure study of the H−C−N system shows that the addition
of another element, namely, hydrogen, helps to produce CN4
tetrahedra frameworks at lower pressures.18 The addition of
metal atoms to carbon nitrides is expected to enable tuning
and controlling of the physical properties of such materials.

Therefore, exploration of the ternary metal−C−N systems at
high pressures is very promising.
Ternary metal−C−N compounds with covalently bonded

C−N anions at ambient conditions encompass important
classes of solids such as cyanides (with CN− anions)19,20 and
carbodiimides (with NCN2− anions).21−27 Recently, this family
of species was extended with the discovery of the CN3

5− anion,
synthesized at mild pressures (25−54 GPa) and recoverable to
ambient conditions.28,29 Knowing that C−N compounds built
of CN4 tetrahedra were obtained at pressures above 70 GPa,17

as well as the fact that mild pressures (up to 54 GPa) are
insufficient for the formation of C−N anions with a tetra-
coordinated carbon,29 the stabilization of CN4

8− units,30 or/
and the formation of polycarbonitrides built of corner/edge-
sharing CN4 tetrahedra in ternary metal−C−N systems are
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expected at pressures above 70 GPa. The discovery of such
compounds might be interesting not only for chemical and
materials sciences but also for planetary sciences since these
solids can potentially be formed at the boundaries between the
rock core and the methane-ammonia-rich mantle of ice-giant
planets.
Here we present the high-pressure, high-temperature

synthesis and characterization of four hitherto unknown
lanthanide polycarbonitrides, LaCN3, TbCN3, CeCN5, and
TbCN5, at megabar pressures. Their crystal structures were
solved and refined based on synchrotron single-crystal X-ray
diffraction, unveiling previously unobserved anionic single-
bonded carbon−nitrogen three-dimensional (3D) frameworks
consisting of CN4 tetrahedra connected via di- or oligo-
nitrogen linkers. A crystal-chemical analysis demonstrates that
polycarbonitride compounds have similarities with lanthanide
silicon phosphides. Density functional theory (DFT) calcu-
lations cross-validate these discoveries and provide further
insight into the stability and physical properties of these
compounds.

■ RESULTS AND DISCUSSION
In this study, diamond anvil cells (DACs) were loaded with
rare earth metal pieces (La, Tb, and Ce) embedded in
molecular nitrogen (N2) or cyanuric triazide (C3N12; see the

Methods Section for details). The samples were compressed to
target pressures between 90 and 111 GPa, and the samples
were laser-heated to temperatures reaching 2500 K (Table S1).
The resulting multigrain samples, consisting of hundreds of
submicron-sized crystallites of the reaction products, were
studied by synchrotron single-crystal X-ray diffraction
(SCXRD) at the P02.2 beamline of DESY and the ID11,
ID15b, and ID27 beamlines of the ESRF. The analysis of the
SCXRD data revealed the formation of four metal poly-
carbonitrides, LaCN3, TbCN3, CeCN5, and TbCN5. The
refinement against SCXRD data (Figures S1−S4) yields very
good agreement factors (see Tables S2−S5 and CIFs for the
full crystallographic data). The carbon atoms in the discovered
polycarbonitrides originate from the diamond anvils, well
known to be able to act as a carbon source and participate in
chemical reactions.17,28,29,31−33 The description of other
reaction products, e.g. binary polynitrides, will be discussed
elsewhere.
The isostructural LaCN3 and TbCN3 solids crystallize in

orthorhombic space group Pnma (#62). The lattice parameters
of LaCN3 are a = 4.1059(12) Å, b = 4.870(5) Å, and c =
7.4758(15) Å at 102(2) GPa, while those of TbCN3 are a =
3.9813(15) Å, b = 4.7305(12) Å, and c = 7.2358(15) Å at
111(2) GPa. The crystal structure of LaCN3 at 102(2) GPa is
described below as an example (Figure 1). LaCN3 consists of

Figure 1. Crystal structure of LaCN3 at 102(2) GPa and that of the high-temperature phase of Pnma-KPO3 at ambient pressure. LaCN3: (a)
Representation of the main building block�the CN4 tetrahedron. (b) Connectivity of the CN4 tetrahedra. Values of bond lengths obtained from
the experiment are shown in black, while those obtained from the DFT calculations are shown in red. (c, d) Views along the crystallographic b- and
a-axes. La atoms are shown as green spheres, C atoms as yellow spheres, and all N atoms (both N1 and N2) as blue spheres; the thin black lines
outline the unit cell. (e) Crystal structure of Pnma-KPO3 at 1 atm34 viewed along the crystallographic b-axis. K atoms are shown as purple spheres,
P atoms as gray spheres, and O atoms as red spheres; the thin black lines outline the unit cell.

Journal of the American Chemical Society pubs.acs.org/JACS Article
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four crystallographically distinct atoms: La1, C1, N1, and N2
(see Table S2 and the CIF for the full crystallographic data).
Carbon atoms are 4-fold coordinated by nitrogen atoms,
forming irregular CN4 tetrahedra named mirrored sphenoids
(Figure 1a). Both N1 and N2 atoms form two single covalent
bonds: the N1 atoms form one N1−C1 and one N1−N1 bond
between two N1 atoms of different tetrahedra, while the N2
atoms are the common nodes of corner-sharing CN4
tetrahedra, thus being bonded with two carbon atoms (Figure
1b). The average C−N distance within the CN4 tetrahedra is
dC−N = 1.407(9) Å, and the N1−N1 bond length between N1
atoms of different tetrahedra is dN−N = 1.423(15) Å at 102(2)
GPa. The average N−C−N and C−N−C/N bond angles are
109.5(4) and 111.6(10)°, respectively. Thus, all nonmetal
atoms are sp3-hybridized. Lanthanum is 11-fold coordinated by
nitrogen atoms. Since all N atoms form two single covalent
bonds, each nitrogen atom has a charge of −1 in the fully ionic
approximation, in turn implying the expected +3 oxidation
state for the La atoms. Carbon, which makes four covalent
bonds, is neutral. The bond order analysis for TbCN3 gives the
same charge distribution as for LaCN3, suggesting a +3
oxidation state for Tb, one of two well-known oxidation states
for this element. The repeating CN3

3− unit in LaCN3 and
TbCN3, as well as its Lewis formula, are presented in Figure
S5a,b.
The structure can be described as being built of corner-

sharing CN4 tetrahedra chains running along the crystallo-
graphic a-axis. These chains are interconnected through the

N1−N1 single bonds (Figure 1c). Each chain is linked to four
other chains, producing a 3D framework (Figure 1d).
Lanthanum atoms are located in the voids of this covalent
3D framework and each surrounded by nine CN4 tetrahedra.
The structure of LaCN3 has similarities with that of the high-
temperature Pnma-KPO3 phase.34 In the latter, atoms are
sitting on the same Wyckoff positions as in LaCN3, with the
nonmetal atoms forming PO4 tetrahedra arranged in infinite
chains along the crystallographic a-axis through corner-sharing
(Figure 1e). However, there are no covalent O−O bonds
between the chains, and the distance between these PO4
corner-sharing chains is larger.
The isostructural compounds CeCN5 and TbCN5 crystallize

in the monoclinic space group P21/n (#14) with one
lanthanide atom (Ce1 or Tb1), one carbon atom (C1), and
five nitrogen atoms (N1 through N5) being crystallo-
graphically unique and all located on the 4e Wyckoff position
(Tables S4 and S5). At a pressure of 90(2) GPa, the lattice
parameters of CeCN5 are as follows: a = 3.889(1) Å, b =
4.740(1) Å, c = 10.487(6) Å, and β = 94.41(4)° (V =
192.72(13) Å3). At a pressure of 111(2) GPa, TbCN5 has
lattice parameters of a = 3.8334(2) Å, b = 4.5221(9)Å, c =
10.3516(5) Å, and β = 94.699(5)° (V = 178.84(4) Å3). The
crystal structure of CeCN5 at 90(2) GPa is described hereafter
as an example of this structure type (Figure 2).
Each C1 atom in the structure of CeCN5 (Figure 2) is

surrounded by four nitrogen atoms (N1−N4), forming a CN4
tetrahedron with C−N single bonds of lengths ranging from

Figure 2. Crystal structure of CeCN5 at 90(2) GPa. (a) Representation of the main building block�the CN4 tetrahedron. (b) Connectivity of the
CN4 tetrahedra. Values of bond lengths obtained from the experiment are shown in black, while those obtained from the DFT calculations are
shown in red. (c, d) Crystal structure of CeCN5 viewed along the crystallographic a- and b-axes. The full red line in (c) helps visualize the atoms
constituting the C6N12 rings, highlighted in (d) by a red dashed line. The thin black lines outline the unit cell. (e) Depiction of the carbonitride
network’s C6N12 ring, when viewed along the crystallographic a-axis. (f) Two adjacent C6N12 rings interconnected through N5−N3 dimers, viewed
along the crystallographic b-axis. Cerium, carbon, and nitrogen atoms are represented as light green, yellow, and blue spheres, respectively.

Journal of the American Chemical Society pubs.acs.org/JACS Article
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1.378(15) to 1.434(16) Å (Figure 2a). The N−C−N bond
angle varies between 104.4(10) and 119.4(13)°, with an
average value of 109.5(5)°. Among the five crystallographically
distinct nitrogen atoms, only N2 forms three bonds (Figure
2b): two with nitrogen atoms and one with the C1 carbon
atom, for an average bond angle of 108.1(6)°. All other
nitrogen atoms form two single bonds (Figure 2b): N5�with
two nitrogen atoms (bond angle: 103.3(9)°), while each of the
remaining three nitrogen atoms (N1, N3, and N4)�with one
nitrogen atom and one carbon atom (bond angles: 109.9(10),
115.1(10), and 103.8(10)°, respectively). The 3D polycarbo-
nitride framework in CeCN5 is built of CN4 tetrahedra linked
by single covalent N2−N2 and N4−N1 bonds as well as
through N2−N5−N3 trimer bridges (Figure 2b). Analogously
to the LaCN3 and TbCN3 compounds, all nonmetal atoms in
CeCN5 and TbCN5 are sp3-hybridized.
When viewed along the a-axis, the structure of CeCN5 is

seen to be composed of large corrugated C6N12 rings. The
rings are elongated in a direction close to [011] and arranged
in a herringbone pattern (Figure 2c). Each of these C6N12 rings
is constituted of six carbon atoms linked through N−N dimers
(Figure 2e). There are two distinct dimers within the C6N12
rings, the N2−N2 and the N4−N1 dimers, each with a bond
length of 1.449(15) and 1.422(30) Å, respectively, suggesting a
single-bond character. Single-bonded N3−N5 dimers
(1.419(17) Å) connect the adjacent C6N12 units so that the
N3 and N5 atoms are bonded to the C1 and N2 atoms of the
C6N12 rings, respectively (Figure 2d,f). Although the N2−N5
bond (1.359(14) Å) is distinctively shorter than other N−N
bonds in CeCN5, its length is still within the single-bond
lengths range.2,35,36 Cerium atoms, located between the layers
built of C6N12 rings, are 12-fold coordinated with nitrogen,
featuring an average bond length of 2.351(11) Å.
With four of the five nitrogen atoms only making two single

bonds, it stands to reason that in the ionic approximation, the
repeating CN5 unit bears a charge of −4, indicative of a +4
oxidation state for Ce, one of its two commonly observed
oxidation states. In TbCN5, the bond order as well as the

hybridization of the C and N is identical to that described in
CeCN5. Thus, TbCN5 is composed of the same [CN5]∞

4−

anion, suggesting a +4 oxidation state for Tb, which is also well
known for this element. The repeating CN5

4− unit in CeCN5
and TbCN5 and its Lewis formula are presented in Figure
S5c,d.
Similarly to recently discovered high-pressure C3N4

polymorphs,17 the common building block in LaCN3,
TbCN3, CeCN5, and TbCN5 is the CN4 tetrahedron. The
C−N single-bond lengths and N−C−N bond angles in LaCN3,
TbCN3, CeCN5, and TbCN5 are also similar to those found in
the C3N4 polymorphs at similar pressures. While the
condensed 3D framework in the C3N4 solids is built exclusively
of corner-sharing tetrahedra, the connectivity of these
tetrahedra in the polynitrides discovered here is different.
The 3D anionic polycarbonitride framework of LaCN3 and
TbCN3 is built by corner-sharing CN4 as well as by N−N
bonds (Figure 1b). In the CeCN5 and TbCN5 structures, the
CN4 tetrahedra do not have common nodes and are linked
only by single covalent nitrogen bonds having two types of
linkers: dimers and trimers (Figure 2b).
Among the metal−C-N ternary compounds, hitherto

exclusively featuring isolated anions (i.e., cyanides, carbodii-
mides, and guanidinates), the LaCN3, TbCN3, CeCN5, and
TbCN5 solids form a novel unique class of compounds
composed of a 3D single-bonded polycarbonitride framework.
The geometry of the C−N anions illustrates well how high
pressure stabilizes higher coordination numbers of carbon. In
the −N�C�N− anion, which is stable under ambient
conditions, the C atom is coordinated by two N atoms. At
mild pressures (25−54 GPa), the CN3

5− anion is formed with
carbon having a coordination number of three. Here, at higher
pressures (90−111 GPa), we observe 4-fold coordinated
carbon atoms in the crystal structures of LaCN3, TbCN3,
CeCN5, and TbCN5. Strikingly, despite the theoretical
predictions of the high-pressure stabilized CN4

8− orthoni-
tridocarbonate anion,30 we do not observe its formation. This
suggests that while CN4 units are indeed the preferred 3D

Figure 3. Anionic frameworks of the pairs of compounds with similar connectivity of tetrahedra: (a) LaCN3/TbCN3 and (b) Cmc21-LaSi2P6, both
built of the 3D framework of corner-sharing CN4 or SiP4 tetrahedra connected via N−N or P−P linkers; (c) CeCN5/TbCN5 and (d) I-42d-Eu2SiP4
consisting of CN4 or SiP4 tetrahedra linked exclusively via N−N or P−P bonds, producing a 3D framework. The C, N, Si, and P atoms are shown as
yellow, blue, light brown, and gray balls, respectively. The thin black lines outline the unit cell.
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building blocks, their concatenation is more favorable than
preserving significantly negatively charged anions, such as
CN4

8−.
According to the ninth high-pressure chemistry rule of

thumb formulated in 1998: “Elements behave at high pressures
like the elements below them in the periodic table at lower
pressures”,37 carbon and nitrogen under high pressure should
behave like silicon and phosphorus at lower pressures.
Therefore, one can expect similarities between the high-
pressure LaCN3, TbCN3, CeCN5, and TbCN5 compounds and
the ternary Ln−C−P, Ln−Si−N, and Ln−Si−P solids (Ln
represents lanthanide elements) known under ambient
conditions.
To date, there are no known Ln−C−P compounds with

covalent C−P frameworks. As for the ternary Ln−Si−N
compounds, these belong to the class of nitridosilicates,38

which significantly grew during the last two decades. According
to the ICSD, there are six known structure types of lanthanide
nitridosilicates: Eu2SiN3,

39 Eu2Si5N8,
40 Ln5Si3N9 (Ln = La, Ce,

Pr),41,42 Ln7Si6N15 (Ln = La, Ce, Pr),43 Ln3Si6N11 (Ln = La,
Ce, Pr, Nd, Sm),44 and LnSi3N5 (Ln = La, Ce, Nd).44 The
crystal structures of all mentioned compounds are built of
corner-sharing SiN4 tetrahedra forming 1D chains (Eu2SiN3),
2D layers (Ln5Si3N9), or 3D frameworks (Eu2Si5N8, Ln7Si6N15,
Ln3Si6N11, and LnSi3N5). Although the building block�SiN4
tetrahedra�is similar to the CN4 building block in LaCN3,
TbCN3, CeCN5, and TbCN5, the important difference is the
presence of N−N linkers in the latter, which have never been
observed in nitridosilicates.
Considering the building blocks and their connectivity, the

closest analogues to the polycarbonitrides discovered here
would be ternary Ln−Si−P compounds. According to the
ICSD, there are four known structure types of ternary Ln−Si-P
compounds built of chains, layers, or 3D frameworks of SiP4
tetrahedra linked, in particular, by P−P bonds: P21/c-LaSiP3,

45

Cmc21-LnSi2P6 (Ln = La, Ce, Pr),46,47 P21/c-La2SiP4,
48 and I-

42d-Eu2SiP4.
49 Although none of them are isotypic to LaCN3/

TbCN3 or CeCN5/TbCN5, some of the anionic motifs of these
Ln−Si-P compounds have a tetrahedra connectivity similar to
that observed in LaCN3/TbCN3 and CeCN5/TbCN5.
Topologically, the closest analogue to LaCN3 and TbCN3 is
Cmc21-LaSi2P6,

47 which is built of a 3D framework of corner-
sharing SiP4 tetrahedra and P−P linkers (Figure 3a,b). The
closest topological analogue to CeCN5 and TbCN5 is I-42d-
Eu2SiP4,

49 which consists of SiP4 tetrahedra linked exclusively
via P−P bonds into a 3D framework (Figure 3c,d).
To get a deeper insight into the stability and physical

properties of the novel compounds, DFT calculations were
performed using the Vienna Ab initio Simulation Package
(VASP)50 for LaCN3 and CeCN5. Due to the presence of 4f
electrons in Ce and Tb, their compounds require higher-level
theory. CeCN5 can be sufficiently well described with the DFT
+ U method.51 However, it has been shown that Tb is not
sufficiently well described by DFT + U52 and requires higher-
level theory, e.g., DFT + dynamical mean field theory
(DMFT).53 The latter is computationally very expensive and
requires particular expertise in using it. For this reason, TbCN3
and TbCN5 are not investigated through theoretical calcu-
lations in this study. The relaxed structure parameters obtained
from the variable-cell structure relaxations of LaCN3 and
CeCN5 compounds closely reproduce the corresponding
experimental values (Tables S6 and S7), confirming the
validity of our computational methodology.

To trace the structures’ behavior at lower pressures and to
obtain their equation of state, full variable-cell structure
relaxations for the LaCN3 and CeCN5 compounds were
performed with 10 GPa pressure steps between 0 and 120 GPa
(Figure 4). The lattice parameters of LaCN3 change

monotonously in the whole pressure range (Figure S8) and
the crystal structure does not undergo any significant changes,
indicating the possible recoverability of LaCN3 to ambient
conditions. That is also suggested from phonon calculations:
LaCN3 is dynamically stable both, at the synthesis pressure and
at ambient pressure (Figure S6). On the other hand, CeCN5 is
relaxable without structural changes only down to 10 GPa,
with its lattice parameters changing monotonously down to
that pressure (Figure S9). CeCN5 is also found to be
dynamically stable at its synthesis pressure of 90 and 10 GPa
(Figure S7). However, below 10 GPa, full variable-cell
structure relaxation resulted in a possible electronic transition
in which the 4f electron state is promoted from above the
Fermi energy to below (Figure SD1 in Supporting Discussion).
It is reminiscent of the promotional model of Zachariasen and
Pauling of a γ ↔ α transition in pure Ce,54−57 though in
CeCN5 the transition occurs upon decompression and leads to
a significant modification of the crystal structure of the
compound (Figure SD2 in Supporting Discussion). The above
observations make CeCN5 as well as potentially TbCN3 and
TbCN5 compounds of high interest for investigations of many-
electron effects in these systems at the higher level of the
electronic structure theory, e.g., within the DFT + DMFT.53

An accurate theoretical description of the electronic structure
and vibrational and structural properties of the compounds
with occupied f-states is therefore outside of the scope of the
present study.
The volume-pressure dependences of the DFT-relaxed

structures of LaCN3 and CeCN5 in the pressure range of 0−
120 GPa and 10−120 GPa, respectively, were fitted with a
third-order Birch−Murnaghan equation of state (Figure 4).
The obtained bulk moduli (K0(LaCN3) = 192.5(6) GPa,
K0(CeCN5) = 250.7(14) GPa) are higher than the bulk moduli

Figure 4. Pressure dependence of the unit cell volume of LaCN3 and
CeCN5. The black symbols represent calculated data points obtained
from DFT, and the red and blue symbols represent experimental data
points obtained from SCXRD data. The black and blue lines are fits of
the DFT data with a third-order Birch−Murnaghan equation of state.
The parameters of the fit for LaCN3 are V0 = 198.19(4) Å3, K0 =
192.5(6) GPa, and Kp = 4.214(12), while for CeCN5, they are V0 =
239.98(9) Å3, K0 = 250.7(14) GPa, and Kp = 4.14(3).
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of known nitrides and carbides of lanthanum (LaN,58 La2C3,
59

LaC2
59) and cerium (CeN,60 CeC,59 Ce2C3,

59 CeC2
59) due to

the presence of robust polycarbonitride 3D frameworks with
relatively incompressible short C−N and N−N bonds. At the
same time, the obtained bulk moduli are lower than the bulk
moduli of the ultraincompressible C−N solids,17 likely because
of the dilution of the C−N framework with metal ions. The
degree of this dilution is higher in the case of LaCN3 since the
ratio between metal cations and the framework-forming C and
N atoms is higher in LaCN3 than in CeCN5, which explains the
significant difference in the bulk moduli of LaCN3 and CeCN5.
Another reason for the enhancement of K0 in CeCN5
compared to the K0 of LaCN3 is the smaller size of the Ce4+
cation compared to that of La3+ and, as a consequence, shorter
and less compressible metal-N bonds.
Considering the dynamical stability at 1 bar and the smooth

behavior of the lattice parameters of DFT variable-cell relaxed
structures down to ambient pressure, a first attempt to
experimentally verify the recoverability of LaCN3 was under-
taken. Upon sample decompression, a data point at 75(2) GPa
was successfully collected (Table S8). The unit cell volume of
LaCN3 at 75(2) GPa perfectly matches the DFT-calculated
equation of state (Figure 4). However, when the pressure was
decreased to 50(2) GPa, the sample chamber collapsed, and it
was no longer possible to continue the experiment (see
footnote of Table S8). After an unsuccessful decompression
experiment, another DAC#4 was prepared and loaded with a
lanthanum piece embedded in solid cyanuric triazide (C3N12).
Cyanuric triazide serves as a precursor of nitrogen (and might
be carbon as well) for the synthesis of LaCN3 as well as a
“hard” solid pressure transmission medium. The same P and T
conditions were used for the synthesis: the sample was
compressed to 101(2) GPa and laser-heated to temperatures
reaching up to 2500 K (Table S1). According to synchrotron
single-crystal XRD, the LaCN3 phase was formed (Table S8).
Subsequently, DAC#4 was decompressed, and LaCN3 was
preserved in the cell down to 6(2) GPa. Notably, upon the
decompression of DAC#4, the unit cell volume of LaCN3 lay
systematically below the DFT-calculated equation of state
curve, due to residual stresses in the hard pressure transmitting

medium (Figure 4). Below 6(2) GPa, the cell was opened in an
Ar glovebox and closed again to avoid an interaction with
oxygen and moisture. According to the XRD measurements,
LaCN3 was no longer present. Therefore, LaCN3 exists at least
down to 6(2) GPa, but was not found recoverable under
ambient conditions.
DAC#2, containing the CeCN5 compound, was first

compressed from 90(2) to 115(2) GPa and then decom-
pressed, allowing data collection from 115(2) to 33(2) GPa.
Below that pressure, the sample escaped the experimental
chamber, preventing further measurements from being done.
In total, seven P−V data points were collected for the CeCN5
phase, found to persist even down to 33(2) GPa (Table S9).
The experimental data agree well with the DFT-calculated
equation of state (Figure 4). No decompression experiment
was carried out for DAC#3, containing the TbCN3 and TbCN5

compounds.
The computed electron densities of states for LaCN3 and

CeCN5 at the synthesis pressure and at low pressure are shown
in Figure 5. LaCN3 has band gaps of 2.2 and 1.7 eV at 102 GPa
and 1 atm, respectively. CeCN5 has a gap between the valence
and conduction bands that is 3.2 eV at the synthesis pressure.
Between the valence and conduction bands lie the unoccupied
Ce 4f states. The gap from the valence band to the edge of the
4f band is 1 eV, and the 4f peak has a width of 1.4 eV. Upon
decompression to 10 GPa, the band gap between the valence
and conduction band decreases to 2.7 eV. The gap from the
valence band to the 4f band edge is 0.6 eV, and the 4f peak has
a width of 1.1 eV. The exact position of the unoccupied 4f peak
is influenced by the choice of the U value. A higher value of U
shifts the peak away from the Fermi energy. A larger value of U
also slightly decreases the gap between the valence and
conduction band. A similar effect of shifting the 4f peak and
decreasing the band gap has also been observed in studies on
CeO2.

51 Both LaCN3 and CeCN5 compounds demonstrate a
pressure-induced band gap opening.

Figure 5. Electron density of states of (a) LaCN3 at 102 GPa and 1 bar, and (b) CeCN5 at 90 and 10 GPa.
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■ CONCLUSIONS
In this study, the four compounds LaCN3, TbCN3, CeCN5,
and TbCN5 (first representatives of the class of polycarboni-
trides) were synthesized in laser-heated diamond anvil cells at
pressures between 90(2) and 111(2) GPa. Their crystal
structures are built of a covalently single-bonded carbon−
nitrogen anionic 3D framework consisting of CN4 tetrahedra
connected via di- or oligo-nitrogen linkers. From a crystal
chemistry perspective, the closest ambient condition analogues
of these polycarbonitrides are Ln−Si−P metal silicon
phosphide ternary compounds.
According to DFT calculations, the CeCN5 phase is

dynamically stable down to 10 GPa and not stable under
ambient conditions, while LaCN3 is (meta)stable under
ambient conditions. While experiments did not validate the
recoverability of the LaCN3 solid, one can expect that other
high-pressure metal polycarbonitrides built of CN4 connected
only by vertexes or partially N−N connected can be
recoverable, analogously to the high-pressure C3N4 poly-
morphs, and CN2 compound containing N−N bonds. LaCN3
and CeCN5 are found to be semiconductors with a pressure-
mediated band gap opening.
Due to the presence of hard polycarbonitride 3D frame-

works with relatively incompressible short C−N and N−N
bonds, LaCN3 and CeCN5 exhibit good mechanical properties
with the bulk moduli higher than the bulk moduli of known
nitrides or carbides of lanthanum and cerium. At the same
time, the bulk moduli of lanthanide polycarbonitrides are lower
than the bulk moduli of the ultraincompressible C−N solids,17

and dictated by the degree of dilution of the C−N framework
with metal ions having longer and more compressible Ln−N
contacts.

■ METHODS
Sample Preparation. BX90-type DACs61 equipped with Boehler-

Almax type diamonds62 of 120 μm (DAC#1, DAC#2, DAC#4) and
80 μm (DAC#3) culet diameter were used in these experiments. The
sample chambers were formed by preindenting rhenium gaskets,
initially 200 μm in thickness, down to 15−18 μm and laser-drilling a
hole of 60 μm (DAC#1, DAC#2, DAC#4) or of 40 μm (DAC#3) in
diameter in the center of the indentation. Pieces of lanthanide metals
(La, Ce, Tb, 99.9%, Sigma-Aldrich) were placed in the sample
chamber of individual DACs (DAC#1, DAC#2, DAC#3) directly in
contact with one of the two diamond anvils, and molecular nitrogen
was then loaded using high-pressure gas loading systems at the
Bayerisch Geoinstitut (BGI, 1300 bar)63 or at the Centre for Science
at Extreme Conditions (CSEC, 2000 bar). The Ce metal was loaded
into the DAC in an Ar-filled glovebox, while La and Tb were loaded
in air. DAC#4 was loaded with a lanthanum piece and solid cyanuric
triazide (C3N12), and the lanthanum piece was placed in contact with
one of the two diamond anvils. Caution: Since the energetic cyanuric
triazide compound is to some extent unstable against external stimuli,
proper safety precautions should be taken especially when handling the
materials in amounts exceeding those that are typically used for an
experiment in a DAC. Laboratory personnel should wear protective
equipment like grounded shoes, leather coats, Kevlar gloves, ear protection,
and face shields. The samples were compressed to their target pressure
(Table S1) and laser-heated (λ = 1064 nm) up to 2500(500) K using
a homemade laser-heating system at BGI64 or in CSEC. The
temperatures reached during laser heating were determined by fitting
the sample’s thermal emission spectrum to the gray body
approximation of Planck’s radiation function in a given wavelength
range (570−830 nm). The pressure in the DACs was determined
using the Raman signal from the diamond anvils65 and additionally
monitored by the X-ray diffraction signal of the Re gasket edge using
rhenium’s equation of state.66

X-ray Diffraction. The X-ray diffraction studies were conducted at
the P02.2 beamline of Petra III, DESY (λ = 0.2904 Å); the ID11
beamline (λ = 0.2846 Å), the ID15b beamline (λ = 0.4099 Å), and
the ID27 beamline (λ = 0.3738 Å) of the Extreme Brilliant Source
European Synchrotron Radiation Facility (EBS-ESRF). At the P02.2
beamline of DESY, the X-ray beam was focused down to 2 × 2 μm2

and data was collected with a PerkinElmer 1621 XRD flat-panel
detector. At the ID11 beamline of the ESRF, the X-ray beam was
focused down to 0.75 × 0.75 μm2 and data was collected with an
Eiger2X CdTe 4 M hybrid photon counting pixel detector. At the
ID15b beamline of ESRF, the X-ray beam was focused down to 1.5 ×
1.5 μm2 and data was collected with an Eiger2X CdTe 9 M hybrid
photon counting pixel detector. At the ID27 beamline of the ESRF,
the X-ray beam was focused down to 2 × 2 μm2 and data was
collected with an Eiger2X CdTe 9 M hybrid photon counting pixel
detector. In order to determine on which sample position the SCXRD
data should be collected, a full X-ray diffraction mapping of the
pressure chamber was performed. The sample position displaying the
most and the strongest single-crystal reflections belonging to the
phase of interest was chosen for the collection of single-crystal data,
collected in step scans of 0.5° from −36 to +36°. The CrysAlisPro
software package67 was used for the analysis of the SCXRD data (peak
hunting, indexing, data integration, frame scaling, and absorption
correction). To calibrate the instrument model in the CrysAlisPro
software, i.e., the sample-to-detector distance, detector’s origin, offsets
of the goniometer angles, and inclination of both the X-ray beam and
detector with regard to the instrument axis, a single crystal of
orthoenstatite [(Mg1.93Fe0.06)(Si1.93,Al0.06)O6, Pbca space group, a =
8.8117(2) Å, b = 5.18320(10) Å, and c = 18.2391(3) Å] was used.
The DAFi program was used for the search of groups of reflections
belonging to individual single-crystal domains.68 With the OLEX2
software package,69 structures were solved with the ShelXT structure
solution program70 using intrinsic phasing and refined with the
ShelXL71 refinement package with the least-squares minimization.
Crystal structure visualization was made with the VESTA software.72

Theoretical Calculations. Calculations were carried out by the
Vienna Ab initio simulation package (VASP),50 using the projector
augmented wave (PAW) method.73 Table S10 contains information
about the used POTCARs. For LaCN3, the GGA-PBE functional was
used in standard DFT formalism.74 For CeCN5, due to the presence
of localized 4f electrons, the L(S)DA + U formalism as formulated by
Dudarev et al. was employed to account for the on-site Coulomb
repulsion.75 The label (S) in L(S)DA + U, was omitted for simplicity.
In the Dudarev et al. formalism, the LDA + U functional takes the
form

= + [ ]+E E
U J

2
Tr Tr( )ULDA LDA

where ρ is the density matrix of 4f states, and U and J are the
spherically averaged matrix elements of the screened Coulomb
electron−electron interaction.75 Only the difference between U and J
is significant, and thus, U − J is simply denoted as U. For CeCN5, a U
= 6 eV was used. The value of U was chosen based on a semiempirical
approach to agree with the experimental values of the lattice
constants. The value 6 eV is also justified since values between 5
and 8 eV have been used in previous studies on, for example, pure Ce,
Ce impurities in Ag and Pd, and CeO2.

51,54−57,76 For both LaCN3 and
CeCN5 compounds, spin-polarized calculations were employed to
account for possible local magnetic moments. Calculations for
structure relaxations and eDOS were done for the LaCN3 and
CeCN5 compounds with a 6 × 6 × 6 k-point mesh according to the
Monkhorst−Pack method.77 For the relaxations, a Gaussian smearing
was used with a smearing of 0.03 eV. For eDOS calculations, the
tetrahedron method of Blöchl was used.78 The convergence criteria
for the energy were set to 10−7 eV, and in structure relaxations, the
forces on each ion were less than 10−3 eV/Å. These settings were used
for both LaCN3 and CeCN5. The plane-wave cutoffs were set to 680
eV for LaCN3 and 740 eV for CeCN5. Phonons were calculated with
the finite displacement method, with displacements generated by
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phonopy.79,80 For both LaCN3 and CeCN5, 2 × 2 × 2 supercells were
used with a k-mesh of 4 × 4 × 4 k-points. Displacement amplitudes
were 0.01 Å, as a default phonopy setting.
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Supplementary Tables 

Table S1. Summary of the performed DAC laser heating experiments and their reaction conditions for 

the synthesis of polycarbonitrides. 

Sample Reaction mixture Temperature, K Pressure, GPa 
Polycarbonitride 

reaction product 

DAC#1 La + N2 + Cdiamond anvil 2500(500) 102(2) LaCN3 

DAC#2 Ce + N2 + Cdiamond anvil 2500(500) 90(2) CeCN5 

DAC#3 Tb + N2 + Cdiamond anvil 2500(500) 111(2) TbCN3, TbCN5 

DAC#4 La + СTA1 + Cdiamond anvil 2500(500) 102(2) LaCN3 
1CTA is cyanuric triazide (C3N12) 

 

Table S2. Structure refinement details of LaCN3 at 102(2) GPa. The full crystallographic data was 

deposited to the ICSD under the deposition number CSD 2352230.  

Chemical formula LaCN3 

Temperature (K) 293  

Pressure (GPa) 102(2) 

Crystal data 

Mr 192.95 

ρ (g/cm3) 8.573 

Crystal system, space group orthorhombic, Pnma 

a (Å) 4.1059(12) 

b (Å) 4.870(5) 

c (Å) 7.4758(15) 

V (Å3) 149.49(16) 

Z 4 

Radiation type X-ray, λ = 0.2846 Å 

µ (mm-1) 12.802 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
473/198/152 

Rint 4.30% 

(sin θ/λ)max (Å-1) 0.769 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 3.67%, 8.31%, 1.078 

data/parameters ratio 198/17 

Δρmax, Δρmin (e Å-3) 2.140, -2.327 

Atomic positions and equivalent isotropic (or isotropic) ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq or Uiso (Å2) 

x y z 

La1 4c 0.08304(18) 0.25 0.62043(11) Ueq = 0.0057(4) 

С1 4c 0.012(3) 0.25 0.1698(17) Uiso = 0.003(2) 

N1 8d 0.413(2) 0.007(4) 0.4178(9) Uiso = 0.0042(13) 

N2 4c 0.366(3) 0.25 0.1686(14) Uiso = 0.004(2) 
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Table S3. Structure refinement details of TbCN3 at 111(2) GPa. The full crystallographic data was 

deposited to the ICSD under the deposition number CSD 2352231.  

Chemical formula TbCN3 

Temperature (K) 293  

Pressure (GPa) 111(2) 

Crystal data 

Mr 212.96 

ρ (g/cm3) 10.380 

Crystal system, space group orthorhombic, Pnma 

a (Å) 3.9813(15) 

b (Å) 4.7305(12) 

c (Å) 7.2358(15) 

V (Å3) 136.28(7) 

Z 4 

Radiation type X-ray, λ = 0.4099 Å 

µ (mm-1) 11.798 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
254/144/114 

Rint 3.49% 

(sin θ/λ)max (Å-1) 0.853 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 4.09%, 9.94%, 1.103 

data/parameters ratio 144/17 

Δρmax, Δρmin (e Å-3) 1.729, -2.407 

Atomic positions and equivalent isotropic (or isotropic) ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq or Uiso (Å2) 

x y z 

Tb1 4c 0.0863(4) 0.25 0.61802(12) Ueq = 0.0091(4) 

С1 4c 0.025(7) 0.25 0.172(3) Uiso = 0.009(4) 

N1 8d 0.413(6) 0.501(2) 0.4159(16) Uiso = 0.006(2) 

N2 4c 0.379(6) 0.25 0.155(3) Uiso = 0.009(3) 
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Table S4. Structure refinement details of CeCN5 at 90(2) GPa. The full crystallographic data was 

deposited to the ICSD under the deposition number CSD 2352232. 

Chemical formula CeCN5 

Temperature (K) 293  

Pressure (GPa) 90(2) 

Crystal data 

Mr 222.18 

ρ (g/cm3) 7.657 

Crystal system, space group monoclinic, P21/n 

a (Å) 3.8889(9) 

b (Å) 4.7394(7) 

c (Å) 10.487(6) 

β (o) 94.41(4) 

V (Å3) 192.72(13) 

Z 4 

Radiation type X-ray, λ = 0.28457 Å 

µ (mm-1) 10.553 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
723/423/304 

Rint 4.21% 

(sin θ/λ)max (Å-1) 0.833 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 3.26%, 6.26%, 0.913 

data/parameters ratio 423/34 

Δρmax, Δρmin (e Å-3) 1.851, -1.270 

Atomic positions and equivalent isotropic (or isotropic) ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq or Uiso (Å2) 

x y z 

Ce1 4e 0.1469(2) 0.8419(1) 0.1545(1) Ueq = 0.0074(2) 

C1 4e 0.2350(30) 0.1574(17) 0.6261(15) Uiso = 0.0083(12) 

N1 4e 0.1470(30) 0.9171(14) 0.7001(15) Uiso = 0.0092(14) 

N2 4e 0.0340(20) 0.1486(15) 0.5112(12) Uiso = 0.0071(11) 

N3 4e 0.0890(20) 0.3548(15) 0.1255(11) Uiso = 0.0077(11) 

N4 4e 0.1410(30) 0.4090(13) 0.6833(15) Uiso = 0.0081(13) 

N5 4e 0.2280(30) 0.2175(14) 0.0207(14) Uiso = 0.0105(14) 
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Table S5. Structure refinement details of TbCN5 at 111(2) GPa. The full crystallographic data was 

deposited to the ICSD under the deposition number CSD 2352233. 

Chemical formula TbCN5 

Temperature (K) 293  

Pressure (GPa) 111(2) 

Crystal data 

Mr 240.98 

ρ (g/cm3) 8.950 

Crystal system, space group monoclinic, P21/n 

a (Å) 3.8334(2) 

b (Å) 4.5221(9) 

c (Å) 10.3516(5) 

β (o) 94.699(5) 

V (Å3) 178.84(4) 

Z 4 

Radiation type X-ray, λ = 0.4099 Å 

µ (mm-1) 9.022 

Data collection 

No. of measured, independent and observed  

[I > 2σ(I)] reflections 
428/286/235 

Rint 2.92% 

(sin θ/λ)max (Å-1) 0.866 

Refinement 

R[F2 > 4σ(F2)], wR(F2), GOF 4.48%, 11.32%, 1.004 

data/parameters ratio 286/34 

Δρmax, Δρmin (e Å-3) 2.498, -2.322 

Atomic positions and equivalent isotropic (or isotropic) ADPs 

Atom 
Wyckoff 

site 

Fractional atomic coordinates 
Ueq or Uiso (Å2) 

x y z 

Tb1 4e 0.15275(12) 0.8298(3) 0.15535(5) Ueq = 0.0047(5) 

C1 4e 0.238(3) 0.180(5) 0.6250(12) Uiso = 0.007(2) 

N1 4e 0.147(2) 0.926(4) 0.7006(9) Uiso = 0.0040(17) 

N2 4e 0.041(3) 0.155(4) 0.5068(12) Uiso = 0.009(2) 

N3 4e 0.090(3) 0.338(4) 0.1240(10) Uiso = 0.0042(19) 

N4 4e 0.138(3) 0.427(5) 0.6887(11) Uiso = 0.009(2) 

N5 4e 0.219(3) 0.208(5) 0.0188(10) Uiso = 0.0072(19) 
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Table S6. Experimentally determined crystallographic data for LaCN3 at 102(2) GPa in comparison 

with the corresponding DFT-relaxed structure. Note that pressure was fixed to 102 GPa in the theoretical 

simulations, while the volume of the unit cell, lattice parameters, and equilibrium state parameters were 

calculated. 

 Exp. Calc. 

Space 

group 
Pnma Pnma 

Volume  149.49(16) Å3 148.63 Å3 

Lattice 

parameters 

a = 4.1059(12) Å 

b = 4.870(5) Å 

c = 7.4758(15) Å 

a = 4.0900 Å 

b = 4.8537 Å 

c = 7.4873 Å 

Atomic 

positions 

La1 

x 

y 

z 

0.08304(18) 

0.25 

0.62043(11) 

La1 

x 

y 

z 

0.0815 

0.25 

0.6219 

C1 

x 

y 

z 

0.012(3) 

0.25 

0.1698(17) 

C1 

x 

y 

z 

0.0210 

0.25 

0.1690 

N1 

x 

y 

z 

0.413(2) 

0.007(4) 

0.4178(9) 

N1 

x 

y 

z 

0.4165 

0.0084 

0.4190 

N2 

x 

y 

z 

0.366(3) 

0.25 

0.1686(14) 

N2 

x 

y 

z 

0.3689 

0.25 

0.1664 
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Table S7. Experimentally determined crystallographic data for CeCN5 at 90(2) GPa in comparison with 

the corresponding DFT-relaxed structure. Note that pressure was fixed to 90 GPa in the theoretical 

simulations, while the volume of the unit cell, lattice parameters and equilibrium state parameters were 

calculated. 

 Exp. Calc. 

Space 

group 
P21/n P21/n 

Volume 192.72(13) Å3 191.66 Å3 

Lattice 

parameters 

a = 3.8889(9) Å 

b = 4.7394(7) Å 

c = 10.487(6) Å 

β = 94.41(4)o 

a = 3.8874 Å 

b = 4.7240 Å 

c = 10.471 Å 

β = 94.59o 

Atomic 

positions 

Ce1 

x 

y 

z 

0.1469(2) 

0.8419(1) 

0.1545(1) 

Ce1 

x 

y 

z 

0.1502 

0.8422 

0.1540 

C1 

x 

y 

z 

0.2350(30) 

0.1574(17) 

0.6261(15) 

C1 

x 

y 

z 

0.2600 

0.1553 

0.6300 

N1 

x 

y 

z 

0.1470(30) 

0.9171(14) 

0.7001(15) 

N1 

x 

y 

z 

0.1534 

0.9191 

0.7002 

N2 

x 

y 

z 

0.0340(20) 

0.1486(15) 

0.5112(12) 

N2 

x 

y 

z 

0.0343 

0.1484 

0.5119 

N3 

x 

y 

z 

0.0890(20) 

0.3548(15) 

0.1255(11) 

N3 

x 

y 

z 

0.0928 

0.3554 

0.1250 

N4 

x 

y 

z 

0.1410(30) 

0.4090(13) 

0.6833(15) 

N4 

x 

y 

z 

0.1435 

0.4063 

0.6867 

N5 

x 

y 

z 

0.2280(30) 

0.2175(14) 

0.0207(14) 

N5 

x 

y 

z 

0.2295 

0.2252 

0.0231 
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Table S8. The lattice parameters of LaCN3 at different pressures. 

DAC Pressure, GPa a, Å b, Å c, Å Volume, Å3 

DAC#1 102(2)1 4.1059(12) 4.870(5) 7.4758(15) 149.49(16) 

DAC#1 75(2)2 4.170(3) 4.950(4) 7.592(10) 156.7(3) 

DAC#4 101(2)1 4.1252(10) 4.8659(13) 7.448(2) 149.49(7) 

DAC#4 85(2) 4.111(8) 4.906(5) 7.523(6) 151.7(3) 

DAC#4 64(2) 4.202(5) 4.905(4) 7.632(5) 157.3(2) 

DAC#4 37(2) 4.233(5) 5.109(6) 7.652(13) 165.5(4) 

DAC#4 23(2) 4.335(3) 5.141(2) 7.851(2) 174.98(16) 

DAC#4 6(2) 4.4406(5) 5.3417(7) 8.1055(16) 192.27(5) 
1Pressure of synthesis. 
2After the compound’s synthesis at 102(2) GPa, the DAC was decompressed from that pressure down 

to 75(2) GPa. At the next pressure point, 50(2) GPa, the nitrogen pressure transmitting medium went 

out through microcracks in the diamond resulting in a diamond breaking and the complete gasket 

closure, with the pressure dropping to 1 atm. The sample could not be found afterwards. 

 

 

Table S9. The lattice parameters of CeCN5 at different pressures. 

Pressure, GPa a, Å b, Å c, Å β, o Volume, Å3 

90(2)1 3.889(1) 4.739(1) 10.487(6) 94.41(4) 192.7 (2) 

114(2)2 3.812(1) 4.645(2) 10.464(6) 93.95(3) 184.9(2) 

95(2) 3.857(7) 4.707(4) 10.490(8) 93.56(6) 189.4(2) 

69(2) 3.9250(16) 4.7804(16) 10.611(5) 94.25(4) 198.5(2) 

58(2) 3.9514(10) 4.8448(12) 10.710(3) 94.80(2) 204.3(1) 

49(2) 3.9583(12) 4.8827(13) 10.831(6) 94.54(3) 208.7(2) 

33(2) 4.0081(15) 4.935(5) 10.960(2) 94.51(2) 216.1(3) 
1Pressure of synthesis. 
2After synthesis at 90(2) GPa, the DAC was compressed first to 114(2) GPa, and then decompressed 

from that pressure down to 33(2) GPa. Below that pressure, one of the diamonds broke, and the sample 

escaped. 

 

 

 

Table S10. POTCARs used for LaCN3 and CeCN5. 

Compound Functional Element Core Number of 

valence electrons 

 

LaCN3 

 

PBE 

 

La [Kr4d] 11 

C s2p2 4 

N s2p3 5 

CeCN5 

 

 

LDA 

 

Ce [Kr4d] 12 

C s2p2 4 

N s2p3 5 
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Supplementary Figures 

 

Figure S1. (h 0 l) reciprocal lattice plane of LaCN3 at 102(2) GPa reconstructed from the experimental 

SCXRD dataset in the CrysAlisPro software. The reflections circled in green correspond to the crystallite 

of LaCN3 whose structure was determined. The red circles illustrate the positions of the h 0 0 reflections 

with h = 2n + 1 and the 0 0 l reflections with l = 2n + 1, which are systematically absent in the Pnma 

space group. The reflections that are not encircled belong to other crystallites of the same LaCN3 phase 

or of other binary La-N phases present in the multiphase multigrain sample. 
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Figure S2. (1 k l) reciprocal lattice plane of TbCN3 at 111(2) GPa reconstructed from the experimental 

SCXRD dataset in the CrysAlisPro software. The reflections circled in green correspond to the crystallite 

of TbCN3 whose structure was determined. The reflections that are not encircled belong to other 

crystallites of the same TbCN3 phase or of other binary Tb-N phases and TbCN5 present in the 

multiphase multigrain sample. 
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Figure S3. (h 0 l) reciprocal lattice plane of CeCN5 at 90(2) GPa reconstructed from the experimental 

SCXRD dataset in CrysAlisPro software. The reflections circled in green correspond to the crystallite of 

CeCN5 whose structure was determined. The red circles illustrate the positions of the h 0 l reflections 

with h+l = 2n + 1, which are systematically absent in the P21/n space group. The reflections that are not 

encircled belong to other crystallites of the same CeCN5 phase or of other binary Ce-N phases present 

in the multiphase multigrain sample. 
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Figure S4. (h 0 l) reciprocal lattice plane of TbCN5 at 90(2) GPa reconstructed from the experimental 

SCXRD dataset in CrysAlisPro software. The reflections circled in green correspond to the crystallite of 

TbCN5 whose structure was determined. The red circles illustrate the positions of the h 0 l reflections 

with h+l = 2n + 1, which are systematically absent in the P21/n space group. The reflections that are not 

encircled belong to other crystallites of the same TbCN5 phase or of other binary Tb-N phases and 

TbCN3 present in the multiphase multigrain sample. 
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Figure S5. (a) A representation of the repeating CN3 unit in LaCN3/TbCN3. (b) Lewis formula of the 

[CN3]∞
3− anion in LaCN3/TbCN3. (c) A representation of the repeating CN5 unit in CeCN5/TbCN5. (d) 

Lewis formula of the [CN5]∞
4− anion in CeCN5/TbCN5. 
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(a)  

(b)  

Figure S6. Calculated phonon dispersions of LaCN3 at (a) 102 GPa and (b) 1 atm. 
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(a)  

(b)  

Figure S7. Calculated phonon dispersions of CeCN5 at (a) 90 GPa and (b) 10 GPa. 
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Figure S8. The dependence of the unit cell parameters of LaCN3 with pressure. The black symbols 

represent calculated data points obtained from DFT while the red and blue symbols represent 

experimental data points obtained from SCXRD data collected in DAC#1 and DAC#4, respectively. 
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Figure S9. The dependence of the unit cell parameters of CeCN5 with pressure: (a) a, b, c lattice 

parameters and (b) β angle. The black symbols represent calculated data points obtained from DFT, the 

red symbols represent experimental data points obtained from SCXRD data. 
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Supplementary discussion of CeCN5 compound with occupied 4f-

states.  

CeCN5 is a 4f electron system, with pure Ce having one 4f electron. The cerium 

oxidation state in the CeCN5 compound is expected to be +4 (see main paper). The presence of 

4f electrons requires careful consideration of the many-electron effects, especially when the 

states are occupied. Previous studies on the rare-earth elements, to which Ce belongs, suggest 

that local density approximation (LDA) and semi-local generalized gradient approximation 

(GGA) within DFT may not be sufficient to treat these materials. In this study, the LDA+U 

method was employed (see Methods, Theoretical Calculations). 

At a pressure of 10 GPa and above, all 4f states of CeCN5 are unoccupied according to 

our calculations. Using LDA+U for CeCN5, insulating state was obtained in the pressure range 

from synthesis pressure down to 10 GPa (Fig. 5b in the main text). Comparison of structural 

parameters for CeCN5 shows that the computed results are in very good agreement with 

experimental data (Table S7). This indicates that LDA+U is likely sufficient to describe the 

structural properties of this material in the high-pressure phase.  

At pressures below 10 GPa, LDA+U simulations result in an electronic transition, upon 

which one of the f electron state becomes occupied (Fig. SD1), and CeCN5 becomes metallic. 

The material also gains a magnetic moment, specifically originating from the one 4f electron. 

In this level of theory, the transition is accompanied by a rapid change of structural parameters 

(Figs. SD2 and SD3). For an accurate theoretical study of this transition, a higher-level theory 

is required, such as DFT+DMFT,1 which can treat many-electron effects in strongly correlated 

systems, such as CeCN5 with partly occupied f-states.  

 
Figure SD1. The electron density of states of CeCN5 at 1 atm. 
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Figure SD2. Crystal structure of CeCN5 at 10 GPa and at 1 atm, with an electronic and structural 

transition having occurred in the latter.  

(a) (b)  

Figure SD3. The dependence of the unit cell parameters of CeCN5 with pressure: (a) lattice parameters 

a, b, and c and (b) b-angle. 
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