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1 Introduction 

Based on the steadily growing global population and the proceeding technologization, humanity’s 

energy consumption has rapidly increased in the past years and will further grow in the future. So 

far, most of the required energy is obtained from fossil fuels (e.g. black coal, natural gas or mineral 

oil) and nuclear energy.[1] The continuously progressing climate change and the unresolved problem 

of terminal storage, however, necessitate environmentally friendly and renewable energy sources, as 

well as energy efficient solutions for daily life. 

Chemists and materials scientists, therefore, research innovative materials within industrial sectors 

such as lighting, photovoltaic, and mobility. Especially, highly developed functional solid-state 

materials with intriguing electronic and optical properties such as semiconductors, phosphor 

materials or ionic conductors are of essential importance for a variety of possible applications, such 

as data storage media, mobile phones, photovoltaics, solid-state batteries, and phosphor-converted 

light-emitting diodes (pc-LEDs), for instance. According to estimations of the United States 

Department of Energy (DOE), 75% of the energy consumption for illumination can be saved by 2035 

by using solid-state lighting.[2] Today’s widespread optoelectronic semiconductors, however, are 

typically based on Ga and In[3] that both are of rather low availability. Modern solid-state chemistry, 

therefore, researches for new functional materials that are composed of earth-abundant elements, 

prospectively providing indispensable substitutes for Ga/In-based materials.[4] 

As the ammonothermal method has been proven as a promising approach for the preparation and 

crystal growth of semiconducting materials (especially of GaN),[5] this thesis deals with the synthesis 

of nitride semiconductors using the ammonothermal approach and the characterization of their 

optical and electronic properties. The ammonothermal technique is further advanced by accessing 

additional nitride compounds that had been scarcely investigated under ammonothermal conditions, 

prior to this thesis. Therefore, the following sections provide a brief overview on nitride 

semiconductors (Section 1.1) and the ammonothermal technique (Section 1.2), before the precise 

research objective of this thesis is deduced in Section 1.3. 

 

1.1 Nitride Semiconductors 

Semiconductors are key materials for energy efficient technologies and are characterized as solid-

state materials with a moderate electrical conductivity, which increases with temperature. This 

behavior is attributable to their bandgap that can be overcome by thermal or optical excitation of 

electrons from the valence band to the conduction band. The electrical conductivity can originate 
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from both, excited electrons in the conduction band and corresponding holes in the valence band. In 

general, the bandgap of a semiconductor can be classified either as direct or indirect. In a direct 

semiconductor the energy of an electron changes upon excitation, whereas in an indirect 

semiconductor its momentum is changed additionally, causing a significantly lower transition 

efficiency. 

The electronic properties can be modified by doping semiconductors with impurity atoms, creating 

additional localized energy levels in the band diagram that are typically located in the bandgap of the 

host material. The reduced energy difference between the valence and the conduction band causes a 

lower electron excitation energy and thus, a higher charge carrier concentration. In principal, two 

types of doping can be distinguished. In n-doped semiconductors, the electron concentration in the 

conduction band is increased by the introduction of electron donors, while in p-doped materials 

electron acceptors decrease the electron concentration in the valence band (Figure 1.1). By the 

formation of heterojunctions between p- and n-type doped materials, semiconductor devices such as 

light emitting diodes, solar cells or transistors can be manufactured. 

 

Figure 1.1. Band model of p- and n-type doped semiconductors. By introducing dopant atoms into the 

semiconductor, additional energy levels are formed in the bandgap (gray) that may either be filled with 

electrons from the valence band of the semiconductor (p-doping), or provide electrons for excitation into 

the conduction band of the semiconductor (n-doping). 

Silicon is currently the most important semiconductor in diverse application fields such as 

photovoltaics and computer components. However, Grimm-Sommerfeld analogous compounds, 

which are structurally and electronically related to group 14 elements and exhibit a valance electron 

concentration of four,[6] have gained great industrial interest.[3] Most of these compounds crystallize 

in the sphalerite or wurtzite structure type and are predominately used in optoelectronic devices. The 
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most prominent representatives are the group 13 nitrides AlN, GaN, InN, and their solid solutions 

(Al,Ga,In)N. This compound class covers a direct bandgap range from approximately 0.7 to 6.2 eV 

and features a high chemical stability, as well as small electron and hole effective masses, which 

describe the apparent mass of a particle when responding to forces.[4, 7] These so-called III-N 

semiconductors are applied in laser diodes and ultraviolet or blue light-emitting diodes (LEDs), and 

thus have paved the way to white light sources with high efficiency, as has been honored with the 

Nobel Prize in Physics to Isamu Akasaki, Hiroshi Amano, and Shuji Nakamura in 2014.[8] 

The limited abundance and the fact that Ga an In only occur as byproducts during the production of 

other metals, however, is a major drawback of the group 13 nitrides. In recent years, theoretical 

calculations suggested various ternary zinc nitrides (e.g. LiZnN, ZnTiN2, ZnSnN2, Zn2PN3) as 

promising alternatives.[4] Especially, Zn-IV-N2 compounds (IV = Si, Ge, Sn) have gained attention, 

as they crystallize in a wurtzite superstructure and are therefore structurally related to group 13 

nitrides, as well. Furthermore, they are composed of earth-abundant elements and feature an 

appropriate bandgap tunability, small carrier effective masses, and high chemical and thermal 

stability.[9–12] Despite their promising theoretical investigations, however, experimental data is still 

scarce and their bulk synthesis remains challenging. By substituting Zn by Mg or Mn in these 

Zn-IV-N2 compounds, as well as by substituting the tetravalent cation by pentavalent ones, further 

promising semiconducting nitrides can be derived. The structural relation of these II-IV-N2 (II = Mg, 

Mn, Zn; IV = Si, Ge, Sn) and II2-V-N3 (II = Mg, Zn; V = P) compounds to GaN is illustrated in 

Figure 1.2. 
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Figure 1.2. Group-subgroup relations of wurtzite-type III-N (P63mc, no. 186, e.g. GaN)[13] with II2-V-N3 

(Cmc21, no. 36, e.g. Mg2PN3)[14] and II-IV-N2 compounds (Pna21, no. 33, e.g. ZnGeN2)[15] that 

crystallize in wurtzite superstructures. III-N4 tetrahedra are depicted in dark green, II-N4 tetrahedra in 

blue, IV-N4 and V-N4 tetrahedra in lime and unit cell edges in red. ⊙  indicates that the c-axis 

protrudes from the sheet level, ⊗ indicates that the c-axis enters the sheet level. 
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1.2 Ammonothermal Synthesis 

Nitride synthesis has ever been a challenging issue, considering the stability of the N2 triple bond 

(941 kJ/mol) and the positive electron affinity of nitrogen (+ 0.07 eV).[16, 17] Therefore, various 

synthetic methods have been developed, some of them customized to certain nitride classes.[18] 

(Oxide) nitride materials are typically synthesized at high temperatures up to 2300 K by nitridation 

of metals, hydrides or alloys under nitrogen or ammonia atmosphere, by metathesis reactions, or 

carbothermal reduction. However, many (oxide) nitride compounds, especially 

(oxo)nitridophosphates, are prone to the thermally induced elimination of N2 at elevated 

temperatures, as exemplary illustrated for P3N5 in Equation 1.1.[19] 

 

 P3N5  
1020 K
→      3 PN + N2  

> 1020 K
→       3 P + 5/2 N2 (Eq. 1.1) 

 

Following Le Chatelier’s principle, high-pressure methods, such as the multianvil technique, can 

suppress this thermal decomposition enabling high reaction temperatures.[20] Such high-pressure 

high-temperature techniques, however, usually imply small sample volumes, which may limit a 

detailed characterization of the as-synthesized material and narrow industrial applications. In 

contrast, the ammonothermal approach is an innovative technique that enables the synthesis of large-

volume samples at moderate temperatures (≤ 1070 K) and medium pressures (≤ 300 MPa), 

employing supercritical ammonia as solvent.[21, 22] 

By analogy to the well-known hydrothermal method, the ammonothermal method is a solvothermal 

technique, in which a chemical reaction takes place in a closed system in the presence of a solvent at 

temperatures and pressures above ambient conditions.[23] While water (H2O) is mainly used as solvent 

for the synthesis and crystal growth of oxides and hydroxides, reactions in ammonia (NH3) typically 

yield nitrides, amides, and imides. Although H2O and NH3 exhibit quite similar properties 

(e.g. autoprotolysis, polarity), the solubility of most inorganic compounds in NH3 is considerably 

lower than in H2O, which can be explained by a lower relative permittivity constant of NH3.[21] The 

solubility of certain compounds, however, may be increased when supercritical NH3 is used 

(Tcrit = 405.2 K; pcrit = 11.3 MPa),[21] which raises the relative permittivity, leading to a better 

solubility. Furthermore, the addition of mineralizers can facilitate the formation of soluble 

intermediate species, which affects solubility in a similar manner. In principle, three different milieus 

can be adjusted by the use of mineralizers, as there are ammonobasic, ammononeutral, and 

ammonoacidic conditions. The use of alkali metal amides, for example, results in ammonobasic 

conditions, while ammonium halides are typically used to generate ammonoacidic conditions. 

Especially in the case of ammonothermal crystallization processes, the choice of suitable 

mineralizers is of significant importance. 
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Just as to the well-studied Chemical Vapor Transport, the ammonothermal crystal growth process is 

based on the reaction of the nutrient and the mineralizer forming an intermediate compound. This 

intermediate species can subsequently be transported along a temperature gradient to finally 

crystallize on seed crystals. GaN is probably the best investigated compound under ammonothermal 

conditions concerning its synthesis and crystal growth.[21, 22] Here, different intermediate species are 

formed and varying transport behaviors are discussed, both depending on the choice of the 

mineralizer. Mixed amides such as Li[Ga(NH2)4], Na2[Ga(NH2)4]NH2, and Ba[Ga(NH2)4]2 have been 

discussed as intermediates under ammonobasic conditions,[24, 25] which further results in a retrograde 

solubility of GaN (decreasing solubility with increasing temperature). In contrast, intermediates such 

as Ga(NH3)3F3 or [Ga(NH3)6]X3∙NH3 (X = Br, I) are obtained using ammonoacidic mineralizers.[26] 

The ammonothermal crystal growth of GaN has been continuously improved, concerning different 

mineralizers, concentration of starting materials, temperature and pressure, type of nutrient and 

seeds, fluid convection, impurities as well as scalability.[22] Therefore, bulk crystals of high-purity 

GaN can be grown in rates of up to 300 µm per day, rendering the ammonothermal approach a 

promising technique for industrial application.[5, 22, 27, 28] 

Besides GaN, several other binary nitrides were obtained under ammonothermal conditions. The very 

first ammonothermally synthesized nitride was Be3N2, which was obtained in 1966 from Juza and 

Jacobs.[29] In the following years, Herbert Jacobs and co-workers synthesized numerous of other 

binary nitrides, amides, imides, and ammoniates, though only few ternary nitrides were obtained.[21] 

These ternary nitrides include the alkali metal tantalum nitrides MTaN2 (M = Na, K, Rb, Cs), 

Li2Ta3N5, and NaSi2N3, as well as the nitridophosphate K3P6N11.[30–33] Since the first ammonothermal 

synthesis of GaN in 1995,[34] and after the retirement of Jacobs, however, ammonothermal research 

primarily focuses on the crystal growth of GaN rather than in the explorative ammonothermal 

synthesis of binary and multinary nitrides.[35–37] However, many (oxide) nitride materials exhibit 

other interesting material properties that lead to a variety of possible applications such as ion 

conductors, catalysts for photocatalytical water splitting, ceramic materials or phosphor 

materials.[38– 45] Nevertheless, as mentioned above, their synthesis is still challenging. Here the 

ammonothermal method could serve as a promising alternative synthetic tool for an easier access to 

these compounds. In order to reinvigorate this approach, the DFG funded research group “Ammono-

FOR: Chemistry and technology of ammonothermal synthesis of nitrides” was founded in 2011. The 

stated aim of this interdisciplinary research group was to gain a holistic picture of the 

ammonothermal technique, including 

 autoclave design (Prof. Schlücker, University of Erlangen-Nürnberg),  

 synthesis of ternary and multinary nitrides (Prof. Schnick, University of Munich), 

 investigation of possible intermediate species (Prof. Niewa, University of Stuttgart), 
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 in situ X-ray imaging (Prof. Wellmann, University of Erlangen-Nürnberg), 

 in situ Raman spectroscopy (Prof. Schlücker, University of Erlangen-Nürnberg), 

 ultrasonic velocity measurements (Prof. Schwieger, University of Erlangen-Nürnberg), and 

 examination of crystal growth processes (Dr. Meissner, University of Erlangen-Nürnberg). 

Herein, the development of new high-pressure, high-temperature autoclaves (Figure 1.3) from 

nickel-based superalloys (Inconel® 718 and Haynes® 282®) that meet the special requirements of 

ammonothermal synthesis (chemical stability against supercritical NH3) and exhibit high yield and 

tensile strengths at process conditions (up to 1100 K and 300 MPa), was of crucial importance. 

 

Figure 1.3. Scheme (left) and picture (right) of an autoclave, as typically used for ammonothermal 

reactions. The autoclave body (A) is sealed with the lid (B) via a flange construction (C) using a silver 

coated C-ring. A high-pressure tube connects the sealed autoclave body with the upper part, which is 

composed of a hand valve (D), a pressure transmitter (E), and a bursting disc (F). 

Using these newly developed autoclaves as well as the above mentioned in situ techniques, numerous 

binary, ternary and multinary (oxide) nitrides were synthesized ammonothermally and information 

on in situ processes were obtained within the Ammono-FOR research group. Intriguing highlights are 
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the crystal growth of InN under ammononeutral conditions,[46] the synthesis of various ternary 

Grimm-Sommerfeld analogous nitride semiconductors such as I-IV2-N3 and II-IV-N2 compounds 

(I = Li; II = Mg, Mn, Zn; IV = Si, Ge),[15, 47] the synthesis of the new multinary nitrides CaGaSiN3 

and Ca1−xLixAl1−xGe1+xN3 (x ≈ 0.2),[48, 49] as well as the synthesis of numerous oxide nitride 

perovskites, and the Ruddlesden-Popper phase EuIIEuIII
2Ta2N4O3.[50–52] Figure 1.4 summarizes all 

(oxide) nitride materials that have been successfully synthesized under ammonothermal conditions 

and highlights the compounds that crystallize in prominent structure types. Apparently, the NaCl, the 

wurtzite, and the perovskite structure types are the most prominent. 

 

Figure 1.4. Timeline of ammonothermally synthesized (oxide) nitride materials.[15, 21, 22, 29-35, 37, 46–70] 

Compounds crystallizing either in the NaCl (red), wurtzite (green), or perovskite structure type (blue) 

are highlighted. The color change of the timeline from beige to brown in 2011 illustrates the start of 

the Ammono-FOR research group. 

 

1.3 Scope of this Thesis 

The group 13 nitrides AlN, GaN, InN, and their solid solutions (Al,Ga,In)N are today’s most 

important optoelectronic semiconductors for application in LEDs or laser diodes. Owing to low 

natural abundance of Ga and In, however, modern solid-state chemistry researches for sustainable, 

earth-abundant alternative nitride materials. Here, the ammonothermal approach has been claimed 
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as a promising tool for the synthesis and crystal growth of novel semiconducting nitrides. 

Fundamental research on these so-called Grimm-Sommerfeld analogous nitrides, however, is still in 

the early stage of development and the ammonothermal method itself is a rather scarcely studied 

technique with a limited number of accessible (oxide) nitrides covering a negligible structural 

diversity. Therefore, this thesis strives to investigate ammonothermally synthesized semiconducting 

nitride materials (solid solutions of II-IV-N2, II2-V-N3) and to extend the quantity of 

ammonothermally accessible (oxide) nitrides by systematically investigate the ammonothermal 

synthesis of (oxo)nitridophosphates with their complete structural diversity as well as the 

characterization of their properties. For this purpose, custom-built high-temperature high-pressure 

autoclaves were used to screen suitable mineralizers and precursors and to examine reasonable 

reaction conditions, concerning temperature, pressure, and NH3 concentration. 

The first part of this thesis deals with the ammonothermal synthesis of semiconducting nitrides 

(II-IV-N2 and II2-V-N3) and their detailed characterization in terms of optical and electronic 

properties. Due to the above mentioned structural analogy of Grimm-Sommerfeld analogous II-IV-N2 

semiconductors to group 13 nitrides (Figure 1.2), as well as their auspicious optical and electronic 

properties, these materials are currently highly relevant.[4] Herein, Chapter 2 covers the 

ammonothermal synthesis of solid solutions of II-IV-N2 compounds with the general formula 

(IIa
1−xIIb

x)-IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge; x ≈ 0.5), as well as the investigation of their optical 

and electronic bandgap. The initial ammonothermal synthesis of the literature known semiconductors 

Mg2PN3 and Zn2PN3 is presented in Chapter 3. Furthermore, their optical properties were 

investigated for the first time and the initial growth of Mg2PN3 single crystals is reported, providing 

intriguing insights into the crystallization process under ammonothermal conditions.[14, 71] 

Based on these results, the second part of this thesis reports on the expansion of the ammonothermal 

method as a versatile synthetic tool for the synthesis of (oxo)nitridophosphates and -silicates with 

different degrees of condensation. Thus, Chapter 4 summarizes the synthesis of six nitridophosphates 

featuring diverse network types, namely α-Li10P4N10, β-Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and 

LiPN2.[38, 72–76] Moreover, red phosphorus was established as a starting material, replacing commonly 

used but not readily available precursors such as P3N5. Both, the use of simple starting materials and 

the synthesis of large-volume samples by the ammonothermal approach facilitate the detailed 

characterization of their materials properties. These fundamental new insights were further used to 

synthesize the previously unknown (oxo)nitridophosphates Sr3P3N7 and Ba2PO3N, as is presented in 

Chapter 5 and 6. Both compounds are suitable host lattices for the activator ion Eu2+ and show deep 

red (Sr3P3N7:Eu2+) and green (Ba2PO3N:Eu2+) luminescence when irradiated with UV to blue light. 

Moreover, the ammonothermal method was transferred to the (oxo)nitridosilicate class of 

compounds, as reported in Chapter 7. Herein, the synthesis and crystal growth of the 
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oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) is presented, serving as a case study for future 

expansions of the ammonothermal synthesis. Finally, the results of this thesis are summarized in 

Chapter 8 and discussed in their scientific context in Chapter 9. 
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Abstract. Grimm–Sommerfeld analogous II‐IV‐N2 

nitrides such as ZnSiN2, ZnGeN2, and MgGeN2 are 

promising semiconductor materials for substitution of 

commonly used (Al,Ga,In)N. Herein, the 

ammonothermal synthesis of solid solutions of II‐IV‐N2 

compounds (II = Mg, Mn, Zn; IV = Si, Ge) having the 

general formula (IIa
1−xIIb

x)‐IV‐N2 with x ≈ 0.5 and ab 

initio DFT calculations of their electronic and optical 

properties are presented. The ammonothermal reactions 

were conducted in custom‐built, high‐temperature, high‐pressure autoclaves by using the 

corresponding elements as starting materials. NaNH2 and KNH2 act as ammonobasic mineralizers 

that increase the solubility of the reactants in supercritical ammonia. Temperatures between 870 and 

1070 K and pressures up to 200 MPa were chosen as reaction conditions. All solid solutions 

crystallize in wurtzite‐type superstructures with space group Pna21 (no. 33), confirmed by powder 

XRD. The chemical compositions were analyzed by energy‐dispersive X‐ray spectroscopy. Diffuse 

reflectance spectroscopy was used for estimation of optical bandgaps of all compounds, which 

ranged from 2.6 to 3.5 eV (Ge compounds) and from 3.6 to 4.4 eV (Si compounds), and thus 

demonstrated bandgap tunability between the respective boundary phases. Experimental findings 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201903897
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were corroborated by DFT calculations of the electronic structure of pseudorelaxed mixed‐

occupancy structures by using the KKR+CPA approach. 

 

2.1 Introduction 

The investigation of new semiconducting materials is of essential importance due to the increasing 

demand and the large number of possible applications. At present, GaN and solid solutions of group 

13 nitrides (Al,Ga,In)N are the most important (opto)electronic semiconductors with different 

application fields in modern electronic technologies. These include areas such as light‐emitting 

diodes, field‐effect transistors, and laser diodes.[1, 2] By using solid solutions of group 13 nitrides, a 

large bandgap range from around 0.7 to 6.2 eV can be covered.[3] However, the major problem of 

these compounds arises from the limited availability of the constituent elements. Ga and In only arise 

as byproducts during the production of copper, aluminum, lead, and zinc and are therefore difficult 

to access. In contrast, the natural abundance of elements such as Zn or Si is considerably higher. 

Therefore, one goal of modern semiconductor research is to synthesize compounds composed of 

earth‐abundant elements. Recently, DFT calculations indicated various zinc nitrides such as Grimm–

Sommerfeld analogous Zn(Si,Ge,Sn)N2 compounds as possible next‐generation semiconductors.[4] 

These materials exhibit similar electronic and optical properties to GaN, including high carrier 

mobility and small carrier effective masses, as well as high chemical stability and dopability. 

Additionally, such II‐IV‐N2 compounds show lattice parameters similar to those of (Al,Ga,In)N, 

which enable the formation of hybrid structures or epitaxial growth on group 13 nitrides. In the last 

few years, different studies examined the synthesis and properties of II‐IV‐N2 compounds.[5–10] 

However, the bulk synthesis of these materials is still challenging. Recently, we employed the 

ammonothermal method as a suitable synthetic approach to Zn‐IV‐N2 compounds (IV = Si, Ge), as 

well as other Grimm–Sommerfeld analogous nitrides such as II‐IV‐N2 (II = Mg, Mn; IV = Si, Ge), 

II2‐P‐N3 (II = Mg, Zn), CaGaSiN3, and Ca1−xLixAl1−xGe1+xN3 (x ≈ 0.2).[11–15] By employing this 

method, we were able to synthesize crystalline ZnSiN2 and ZnGeN2 with crystal sizes of several 

micrometers and, for the first time, single crystals of Mg2PN3 with lengths of up to 30 μm. 

Furthermore, well‐defined crystallites of InN were obtained ammonothermally quite recently, 

indicating the ammonothermal process as an auspicious method for synthesis and crystal growth of 

semiconducting nitrides.[16] 

Herein, we present the synthesis of the solid solutions Mg1−xMnxSiN2, Mg1−xZnxSiN2, Mn1−xZnxSiN2, 

Mg1−xMnxGeN2, Mg1−xZnxGeN2, and Mn1−xZnxGeN2 (x ≈ 0.5) under ammonothermal conditions. The 

Si compounds were synthesized at 1070 K and pressures up to 150 MPa, whereas the Ge compounds 

already decompose at such high temperatures and were therefore synthesized at 870 K and maximum 
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pressures of up to 200 MPa. The products were analyzed by powder X‐ray diffraction (PXRD) and 

energy‐dispersive X‐ray spectroscopy (EDX). Diffuse reflectance spectroscopy and DFT 

calculations were used for evaluation of optical and electronic properties. Due to the mixed‐

occupancy sites in solid solutions, DFT calculations are challenging without relying on extensive 

supercell calculations. Previous works on mixed‐occupancy CaMSiN3 (M = Al, Ga) materials and 

fully ordered II‐IV‐N2 materials were successfully used to describe the electronic structure in the 

framework of the Korringa–Kohn–Rostoker (KKR) Green's function method together with bandgap 

corrections by the Engel–Vosko formalism.[12, 17] Here we advance the described method to show 

successful application to solid solutions of these nitride materials. The presented results again 

demonstrate the great potential of the ammonothermal approach for synthesis of semiconducting 

materials and mark another step of II‐IV‐N2 compounds towards next‐generation semiconductors as 

alternatives for commonly used group 13 nitrides. 

 

2.2 Results and Discussion 

2.2.1 Synthesis 

The solid solutions of II‐IV‐N2 compounds Mg1−xMnxSiN2, Mg1−xZnxSiN2, Mn1−xZnxSiN2, 

Mg1−xMnxGeN2, Mg1−xZnxGeN2, and Mn1−xZnxGeN2 (x ≈ 0.5) were synthesized by using supercritical 

ammonia as solvent in custom‐built, high‐pressure, high‐temperature autoclaves. The respective 

elements (Mg, Mn, Zn, Ge, and Si) were used as starting materials. NaN3 (Ge compounds) and KN3 

(Si compounds) were added to the reaction mixture. They decompose during the reaction and form 

the corresponding amides (NaNH2 and KNH2), which act as ammonobasic mineralizers. The azides 

were used instead of metals or amides because of their high purity and chemical stability towards 

hydrolysis. The mineralizers increase the solubility of the other starting materials in supercritical 

ammonia by formation of soluble intermediates (e.g., K2[Zn(NH2)4]).[18, 19] In the case of the Si 

compounds, the use of KNH2 instead of NaNH2 resulted in products with higher crystallinity. These 

findings are consistent with previous reports in which MgSiN2 and MnSiN2 were synthesized with 

KNH2, and MgGeN2 and MnGeN2 with NaNH2.[12] Due to the preferred formation of intermediates 

around 700 K and the following transformation into the nitrides at higher temperatures, the syntheses 

were conducted in two temperature steps (see Experimental Section). 

Whereas all Si compounds were synthesized at 1070 K with an autogenous pressure of around 150 

MPa, Ge‐containing compounds are thermally less stable and already decompose at these 

temperatures. Therefore, Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) were 

synthesized at 870 K and maximum pressures of about 200 MPa. To prevent uncontrolled diffusion 
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of the starting materials through the autoclave, the reaction mixtures were contained in closed Ta 

liners. The lids of the liners contain a small hole to ensure filling with ammonia. After reaction, 

residual amides and other impurity phases were removed as far as possible (see below) by washing 

the products with ethanol and acetic acid. Optical micrographs of the products are shown in 

Figure 2.1. 

 

Figure 2.1. Optical micrographs of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2 

(d), Mn1−xZnxSiN2 (e), and Mn1−xZnxGeN2 (f) with x ≈ 0.5. 

2.2.2 Crystal structure 

The purified compounds were analyzed by PXRD. Rietveld plots of all products are shown in 

Figure 2.2. Wyckoff positions, atomic coordinates, and lattice parameters as starting values for the 

refinement were taken from ammonothermally synthesized II‐IV‐N2 phases in the literature.[11, 12] 

Obtained crystallographic data are summarized in Table 2.1, and refined atomic coordinates and 

displacement parameters in Tables A.1–A.6 in the Supporting Information. All compounds 

crystallize in orthorhombic space group Pna21 (no. 33) and can be derived from the wurtzite structure 

type (P63mc, no. 186) by ordering of tetrahedrally coordinated divalent and tetravalent cations to 

form sechser rings along [001] (Figure 2.3).[20] The ordering can be verified by the expected (011) 

and (110) superstructure reflections for the orthorhombic structure,[21] which occur as the first two 

reflections of the target phases in the powder patterns. Further ordering of the different divalent 

cations in the solid solutions (e.g., Mg2+ and Zn2+ in Mg1−xZnxGeN2) could not be detected by PXRD. 

The occupation of the divalent cation positions were refined and slightly deviate from 0.5 for each 
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divalent cation (see Supporting Information Tables A.1–A.6). The largest deviation is found in 

Mg0.375Mn0.625GeN2, whereas the deviations of all other compounds are in the range of ±0.05. The 

chemical compositions of the products were verified by elemental analysis (see below). Cell volumes 

of the solid solutions are within the range of those of the respective boundary phases reported in the 

literature.[11, 12] However, the values of the solid solution deviate slightly from those expected from 

Vegard's rule (see Supporting Information Figure A.1).[22] Possible explanations for this slight 

divergence could be a certain heterogeneous phase width of the solid solutions, which could also 

explain slight reflection broadening in the PXRD patterns of the solid solutions compared to the 

boundary phases, vacancies in the crystal structure, and measuring inaccuracies. 

 

Figure 2.2. Rietveld refinement of PXRD patterns of solid solutions of II‐IV‐N2 compounds (II = Mg, Mn, 

Zn; IV = Si, Ge) with experimental data (black lines), calculated data (red lines), difference profiles (blue 

lines), and reflection positions (black bars). Green bars indicate reflection position of K3MnO4 side phase. 
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Table 2.1. Crystallographic data of Mg1−xMnxSiN2, Mg1−xMnxGeN2, Mg1−xZnxSiN2, Mg1−xZnxGeN2, 

Mn1−xZnxSiN2, and Mn1−xZnxGeN2 (x ≈ 0.5) obtained by Rietveld refinement. 

Formula 
Mg1−xMnxSiN2 

(x = 0.543) 
Mg1−xMnxGeN2 

(x = 0.625) 
Mg1−xZnxSiN2 

(x = 0.515) 
Mg1−xZnxGeN2 

(x = 0.545) 
Mn1−xZnxSiN2 

(x = 0.53) 
Mn1−xZnxGeN2 

(x = 0.55) 

Crystal system orthorhombic 

Space group Pna21 (33) 

a / Å 5.27579(12) 5.50086(8) 5.26264(8) 5.48149(8) 5.26071(10) 5.48798(9) 

b / Å 6.49871(17) 6.65560(11) 6.36667(11) 6.51446(11) 6.35726(15) 6.54510(13) 

c / Å 5.03780(13) 5.22654(8) 5.00805(7) 5.18384(7) 5.04257(11) 5.22186(9) 

Cell volume / Å3 172.725(7) 191.352(5) 167.797(5) 185.110(5) 168.642(6) 187.566(6) 

Density / g·cm−3 3.732 5.001 3.972 5.286 4.592 5.676 

Formula units / 

cell 
4 

T / K 293(2) 

Diffractometer STOE STADI P 

Radiation Cu-Kα1 (λ = 1.5406 Å) 

2θ range / ° 5.0 ≤ 2θ ≤ 100 

Profile function fundamental parameters model 

Background 

function 
Shifted Chebyshev 

Data points 6365 

Number of 

reflections 
104 116 100 111 101 114 

Refined 

parameters 
56 51 50 56 64 52 

R values 

Rp = 0.0266 Rp = 0.0342 Rp = 0.0395 Rp = 0.0413 Rp = 0.0339 Rp = 0.0368 

Rwp = 0.0340 Rwp = 0.0452 Rwp = 0.0490 Rwp = 0.0575 Rwp = 0.0419 Rwp = 0.0491 

RBragg = 

0.0191 

RBragg = 

0.0134 

RBragg = 

0.0146 

RBragg = 

0.0158 

RBragg = 

0.0114 

RBragg = 

0.0105 

Goodness of fit 2.08 2.47 3.07 3.54 2.60 2.47 
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Figure 2.3. Crystal structure of solid solutions of II‐IV‐N2 compounds (II = Mg, Mn, Zn; IV = Si, Ge) along 

[001]. Mixed occupied II‐N4 tetrahedra are depicted in blue and IV‐N4 tetrahedra in orange. 

To show that, in principle, solid solutions with other compositions are possible, Mg1−xZnxGeN2 with 

x ≈ 0.8 was synthesized. The Rietveld plot, atomic coordinates, and crystallographic data are given 

in the Supporting Information (Figure A.2, Tables A.7 and A.8). 

2.2.3 Scanning electron microscopy 

SEM was conducted for verification of the chemical composition of the solid solutions as well as for 

examination of crystallite size and morphology. EDX values are summarized in Tables A.9 and A.10 

in the Supporting Information. The slightly differing compositions measured at different measuring 

points suggest a phase width. A possible explanation could be the different solubilities of the starting 

materials (Mg, Mn, and Zn) in supercritical ammonia resulting in a varying transport through the 

autoclave, which could not be prevented completely by the use of Ta liners. Nevertheless, on the 

basis of the obtained values, it can be assumed that the solid solutions have an atomic ratio of the 

divalent cations close to 1:1, which is consistent with the findings obtained from Rietveld refinement. 

Exemplarily, SEM images of Mn1−xZnxSiN2 and Mn1−xZnxGeN2 (Figure A.3 in the Supporting 

Information) show crystallites with sizes up to several micrometers. The sizes and well‐defined 

crystal faces suggest a solution‐based growth mechanism, as already reported for ZnGeN2.[11] SEM 

images of the Mg‐containing compounds only show nanocrystalline products and were therefore not 

presented in the Supporting Information. 
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2.2.4 UV/Vis spectroscopy 

The optical properties of the solid solutions were investigated by diffuse reflectance spectroscopy. 

Whereas the Si compounds show absorption bands in the region between 200 and 350 nm, the 

absorption bands of the Ge compounds are shifted to higher wavelengths between 300 and 500 nm 

(see Figure A.4 in the Supporting Information). In the case of Mn‐containing compounds, sub‐

bandgap absorption was observed. These absorption bands can be attributed to the absorption of Mn2+ 

[transition of the ground state 6A1(6S) to the excited states 4T1(4G), 4T2(4G), 4A1,4E(4G), 4T2(4D) and 

4E(4D)] according to the literature.[8, 23] In the case of the germanium compounds, these absorption 

bands are partially overlaid by the bandgap absorption. 

The Kubelka–Munk function F(R) = (1−R)2/2R, where R is reflectance, was used to calculate pseudo‐

absorption spectra.[24] Figure 2.4 shows Tauc plots, which were used for evaluation of the bandgaps 

Eg, whereby the energy hν was plotted against [F(R)hν]1/n with n = 1/2 for direct bandgaps.[25] Direct 

transitions were assumed according to DFT calculations (see below). Table 2.2 summarizes the 

measured bandgaps. The evaluated bandgaps are in similar ranges to those already described in the 

literature for the boundary phases.[9, 11, 12, 26–31] Compared with the boundary phases prepared by 

ammonothermal syntheses (Figure A.5 in the Supporting Information), the measured Eg values of the 

mixed phases do not exactly match the mean values of their constituent boundary phases. 

Table 2.2. Evaluated optical bandgaps Eg
exp of the mixed‐occupancy (IIa1−xIIbx)‐IV‐N2 (x ≈ 0.5) compound 

series from Tauc plots at room temperature and optical bandgaps Eg
JD of the mixed‐occupancy 

(IIa0.5IIb0.5)-IV‐N2 compound series from joint DOS calculations based on the EV‐PBE functional within the 

Munich SPRKKR program package. 

 Mg1−xMnxSiN2 Mg1−xMnxGeN2 Mg1−xZnxSiN2 Mg1−xZnxGeN2 Mn1−xZnxSiN2 Mn1−xZnxGeN2 

Eg
exp 

(x ≈ 0.5) 
3.6 eV 2.7 eV 4.4 eV 3.5 eV 3.8 eV 2.6 eV 

Eg
JD 

(x = 0.5) 
3.4 eV 2.8 eV 4.9 eV 4.3 eV 3.4 eV 2.5 eV 

 

This is in line with the aforementioned minor deviations and possible measuring inaccuracies of 

lattice parameters observed from structure refinement. Considering the extensive Urbach tailing 

observed in the diffuse reflectance spectra (see Figure A.4 in the Supporting Information), such 

deviations may well be explained by slight variations in the occupation of the divalent cation sites, 

possible defect sites, or resulting increased phonon‐assisted absorption in the nanocrystallites 

obtained from ammonothermal synthesis.[17, 32] In the case of Mg1−xZnxGeN2 the evaluated bandgap 

(3.5 eV) is larger than those of the corresponding boundary phases (both 3.2 eV). On the basis of 
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numerous theoretical calculations, it can be assumed that the bandgap of MgGeN2 should actually be 

larger (around 4 eV) than previously estimated (3.2 eV).[12, 33] 

 

Figure 2.4. Tauc plots of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2 (d), 

Mn1−xZnxSiN2 (e), and Mn1−xZnxGeN2 (f) with x ≈ 0.5. Red lines indicate tangents at the inflection points. 

2.2.5 DFT calculations 

To validate and investigate the observed trends of the experimentally deduced bandgaps of the 

examined solid solutions, DFT calculations were carried out for all boundary phases and the solid 

solutions Mg0.5Mn0.5SiN2, Mg0.5Zn0.5SiN2 and Mn0.5Zn0.5SiN2, as well as the isotypical Ge series 

Mg0.5Mn0.5GeN2, Mg0.5Zn0.5GeN2, and Mn0.5Zn0.5GeN2, in which the mixed occupancy was fixed at 

0.5 for the sake of consistency. Each mixed‐occupancy model was constructed from a symmetrized 
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average of three VASP‐relaxed orderings with regard to atomic position and lattice parameters (for 

models, see Figure A.6 in the Supporting Information). 

These pseudorelaxed models were used as starting points for electronic‐structure calculations of the 

mixed‐occupancy models (IIa
0.5IIb

0.5)‐IV‐N2 by means of the Munich SPRKKR package, which has 

been shown to be a sensible approach according to our previous work.[17] Figure 2.5 depicts the 

calculated plots of the density of states (DOS) for each material. Excluding temperature effects, all 

(Mn0.5II0.5)‐IV‐N2 (II = Mg, Zn / IV = Si, Ge) compounds (Figure 2.5 a, b, e, f) exhibit spin 

polarization with total magnetic moments ranging between 4.17 and 4.23 μB. The obtained electronic 

bandgaps for the calculated solid solutions lie in between the calculated values of the respective 

boundary phases for all compounds calculated within the framework of the used code. These obtained 

Eg values for purely electronic transitions are estimated from the respective Bloch spectral functions 

(see Figures A.7 and A.8 in the Supporting Information) and are summarized in Figure 2.6. For spin‐

polarized Mn compounds Eg is given in terms of the respective spin‐up and spin‐down channels along 

values of magnetic moments. Owing to the underestimation of the exchange correlation by PBE we 

utilize the EV‐PBE functional implemented in SPRKKR to correct the exchange‐correlation and 

increase the bandgap accordingly. For a variety of materials including group 13 nitrides, EV‐GGA 

has been shown to provide accurate band dispersion with gaps lying somewhere between those of 

LDA/GGA and those from the modified Becke–Johnson (mBJ) potential, the latter of which is widely 

considered to reproduce gaps with good accuracy.[34–40] Due to the smearing of the bands introduced 

by the mixed‐occupancy disorder and the induced smearing of the Bloch spectral functions, together 

with the relatively flat progression of the valence states, the assignment of the transition types for the 

solid solutions is not without ambiguity. For better analysis we performed subsequent calculations 

on the respective ordering models within VASP and the therein‐available mBJ potential. For all 

ordered compounds Mg0.5Zn0.5SiN2, Mn0.5Zn0.5SiN2, and Mn0.5Mg0.5SiN2, the ordered models suggest 

that indirect transitions are slightly favored over direct transitions, whereas for Mn0.5Zn0.5GeN2 and 

Mn0.5Mg0.5GeN2 direct and indirect transitions arise depending on the cation ordering with only 

Mg0.5Zn0.5GeN2 showing consistent direct transitions. From the respective KKR calculations of the 

solid solutions indirect transitions are found for the (IIa
0.5IIb

0.5)‐Si‐N2 compounds, albeit with only 

about 0.05 eV difference to direct transitions. For the (IIa
0.5IIb

0.5)‐Ge‐N2 compound series, direct and 

indirect transitions were found to be energetically identical. 
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Figure 2.5. DOS as calculated by the KKR formalism with the coherent potential approximation and 

Engel–Vosko exchange correlation (EV‐GGA) for the mixed‐occupancy (IIa0.5IIb0.5)‐IV‐N2 compound series. 

(Mg0.5Mn0.5)SiN2 (a), (Mg0.5Mn0.5)GeN2 (b), (Mg0.5Zn0.5)SiN2 (c), (Mg0.5Zn0.5)GeN2 (d), (Mn0.5Zn0.5)SiN2 (e), 

and (Mn0.5Zn0.5)GeN2 (f). 

As both types of transitions are found for the ordering models, KKR+CPA calculations appear to 

consistently describe the solid solution for statistical mixed occupancy. With regard to the minimal 

difference in direct and indirect transitions, we estimate that optically allowed direct transitions are 

more likely to occur and thus best described with the Kubelka–Munk formalism for direct transitions, 

as chosen accordingly for the experimental evaluation by UV/Vis spectroscopy. 
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Figure 2.6. Electronic and magnetic properties as calculated by the KKR formalism with the coherent 

potential approximation and Engel–Vosko exchange correlation (EV‐GGA) for the mixed‐occupancy 

(IIa0.5IIb0.5)‐IV‐N2 compound series. Top: Si series, bottom: Ge series. Arrows indicate direct electronic gaps 

for up and down spin channels. 

With regard to the bandgap the ordered mBJ calculations on average further increase the bandgaps 

from EV‐PBE by about 1 eV. Lambrecht et al. have further published a number of computationally 

dedicated bandgap estimates from QSGW calculations for MgSiN2, ZnSiN2, MgGeN2, and ZnGeN2. 

For MgSiN2 and ZnSiN2 indirect transitions of 5.84 and 5.44 eV are reported, whereas for MgGeN2 

and ZnGeN2 direct transitions of 5.14 and 3.42 eV in magnitude were obtained from the QSGW 

calculations, respectively, while more recent calculations that explicitly correct the influence of 

semicore d states suggest a corrected bandgap of 4.11 eV for MgGeN2.[33, 41, 42] 



2 Solid Solutions of Grimm-Sommerfeld Analogous Nitride Semiconductors II-IV-N2 
(II = Mg, Mn, Zn; IV = Si, Ge): Ammonothermal Synthesis and DFT Calculations 

 

 
29 

Although our bandgap determined for MgGeN2 from EV‐GGA appears to still underestimate Eg, it 

seems to be a reasonable cost‐efficient correction for the exchange correlation compared to PBE 

while qualitatively describing the trend in bandgap progression between the II‐IV‐N2 boundary 

phases correctly. Hence, we assume that the fundamental electronic bandgaps of both 

(IIa
0.5IIb

0.5)-Si-N2 and (IIa
0.5IIb

0.5)‐Ge‐N2 should be increased by approximately 1 eV, which would 

place them closer to the QSGW calculations.[33, 41, 42] A summary of our bandgap determinations, 

along with experimental and QSGW evaluations from the literature where available, is given in 

Tables A.11 and A12 of the Supporting Information. 

Figure 2.5 shows that the edges of the conduction bands (CBs) for the majority spin channels are 

characterized by a slow ascent for all II‐IV‐N2 compounds. This is due to the limited number of states 

originating from a single band (conduction band minimum at the Γ point, see also Figure A.7 in the 

Supporting Information), which is mostly characterized by mixed N and M2+ states with s character. 

In turn this implies reduced optical transition probabilities for the optical absorption, as can be seen 

from calculations of the joint DOS shown in Figure 2.7. These calculations are in good agreement 

with the experimentally determined pseudo‐absorption spectra from Kubelka–Munk theory, even in 

terms of analogous bandgap estimates, as shown in Table 2.2. 

Whereas the experimentally determined bandgaps may be lowered due to defects during introduced 

synthesis and Urbach tail absorptions, the herein‐estimated bandgaps from the JDOS are expected to 

overestimate the fundamental bandgap due to the decreased transition probability of the CB edges. 

This effect is, however, likely compensated by underestimations for Eg from DFT. The low‐energy 

transitions to the CB at the Γ point seen from the JDOS may also further influence the broad 

absorption tails observed in the diffuse reflectance spectra. Accordingly, advanced experimental 

measurement techniques to determine the fundamental bandgaps with more accuracy, such as XAS‐

XES, may be promising for future investigations of this materials class, which are so far only 

available for MgSiN2 (XANES‐XES: 5.6 eV).[31] 
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Figure 2.7. JDOS calculations for (IIa0.5IIb0.5)‐Si‐N2 (a) and (IIa0.5IIb0.5)‐Ge‐N2‐compounds (b) within the KKR 

formalism. Extrapolated linear fits (dotted lines) were used for the estimation of optical bandgaps. Inset: 

JDOS of spin down channels. 

2.2.6 Magnetic measurements 

Magnetic measurements were performed to investigate the magnetic behavior of the Mn‐containing 

solid solutions. However, due to paramagnetic impurities, a precise statement on the magnetic 

properties is difficult. A corresponding discussion together with detailed information on the magnetic 

measurements is presented in the Supporting Information. 



2 Solid Solutions of Grimm-Sommerfeld Analogous Nitride Semiconductors II-IV-N2 
(II = Mg, Mn, Zn; IV = Si, Ge): Ammonothermal Synthesis and DFT Calculations 

 

 
31 

2.3 Conclusion 

We have reported the synthesis of the solid solutions Mg1−xMnxSiN2, Mg1−xZnxSiN2, Mn1−xZnxSiN2, 

Mg1−xMnxGeN2, Mg1−xZnxGeN2, and Mn1−xZnxGeN2 (x ≈ 0.5) using supercritical ammonia 

(Tcrit = 405.5 K, pcrit = 11.3 MPa) as reaction medium and alkali metal amides as mineralizers.[19] 

Special autoclaves constructed of nickel‐based superalloys (Inconel 718 and Haynes 282) were used 

for the syntheses. All six compounds crystallize in a wurtzite‐type superstructure in space group 

Pna21. The measured optical bandgaps range from 2.6 to 3.5 eV (Ge compounds) and 3.6 to 4.4 eV 

(Si compounds). Additionally, DFT calculations of (IIa
0.5IIb

0.5)‐IV‐N2 (II = Mg, Mn, Zn; IV = Si, Ge) 

provided detailed insights into the electronic structures, electronic and optical bandgaps, and type of 

band transitions. The resulting values for the electronic bandgaps and the values for the optical 

transitions obtained by JDOS calculations are of the same order of magnitude as the measured ones 

and thus corroborate the validity of our approach to calculate both solid solutions and boundary 

phases of II‐IV‐N2 semiconductors. 

Although the ammonothermal synthesis of ternary and higher (oxide) nitrides is still challenging and 

only a small number of synthesized compounds are known in the literature, these studies once again 

demonstrate the great potential of this method.[11–15, 43–46] Furthermore, it could be shown within the 

scope of this work that bandgap tunability is possible in this system, paving the way for possible 

future applications of bandgap engineering. With regard to the semiconducting properties of II‐IV-N2 

and their potential as alternatives to commonly used group 13 nitride semiconductors, the crystal 

growth and further characterization of materials properties of these solid solutions, for example, 

electronic band structure measurements by means of XES‐XAS measurements, is the next step in the 

exploration and contribution to a better understanding of II‐IV‐N2 compounds. 

 

2.4 Experimental Section 

The autoclaves were loaded in an Ar‐filled glovebox (Unilab, MBraun, Garching, O2<1 ppm, H2O 

<1 ppm) to prevent contamination with oxygen or moisture. Ammonia was condensed into the 

autoclaves by using a vacuum line (≤0.1 Pa) with argon and ammonia (both: Air Liquide, 99.999 %) 

supply. Gas‐purification cartridges (Micro torr FT400‐902 (for Ar) and MC400‐702FV (for NH3), 

SAES Pure Gas Inc., San Luis Obispo, CA, USA) were used for further purification, providing a 

purity level of <1 ppbV H2O, O2, and CO2. 
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2.4.1 Ammonothermal synthesis of Mg1−xMnxGeN2, Mg1−xZnxGeN2, and 

Mn1−xZnxGeN2 

Mg1−xMnxGeN2, Mg1−xZnxGeN2, and Mn1−xZnxGeN2 (x ≈ 0.5) as well as Mg1−xZnxGeN2 (x ≈ 0.8) 

were synthesized under ammonothermal conditions starting from the corresponding metals [Mg 

(1.5 mmol, 36.5 mg, Alfa Aesar, 99.8 %), Mn (1.5 mmol, 82.4 mg, Alfa Aesar, 99.95 %), and Zn 

(1.5 mmol, 98.1 mg, Alfa Aesar, 99.9 %)], Ge (3 mmol, 217.9 mg, smart‐elements, 99.99 %), and 

NaN3 (7.5 mmol, 487.5 mg, Sigma‐Aldrich, 99.5 %) as mineralizer for x ≈ 0.5 and Mg (0.75 mmol, 

18.2 mg, Alfa Aesar, 99.8 %), Zn (2.25 mmol, 147.2 mg, Alfa Aesar, 99.9 %), Ge (3 mmol, 

217.9 mg, smart‐elements, 99.99 %), and NaN3 (7.5 mmol, 487.5 mg, Sigma–Aldrich, 99.5 %) for 

x ≈ 0.8. The starting materials were mixed and transferred to a Ta liner, to protect the mixture against 

contamination by the autoclave material. The liners were closed by means of a Ta lid with a small 

hole. Afterwards, the liner was placed in the autoclave (Inconel 718, max. 900 K, 300 MPa, 10 mL), 

which was sealed with a lid by means of flange joints with a sealing gasket (silver‐coated Inconel 

718 ring, GFD seals). The autoclave body is connected via an Inconel 718 high‐pressure tube to the 

upper part, consisting of a hand valve (SITEC), a pressure transmitter (HBM P2VA1/5000 bar), and 

a bursting disk (SITEC). After closing under argon, the autoclave was evacuated and cooled with an 

ethanol/liquid nitrogen mixture to 198 K. Subsequently, ammonia (≈ 7 mL) was directly condensed 

into the autoclave via a pressure regulating valve. The amount of NH3 was determined by means of 

a mass flow meter (D‐6320‐DR, Bronkhorst, Ruurlo, Netherlands). The autoclave was heated to 

670  K within 2 h, held at this temperature for 16 h, heated to 870 K within 2 h, and kept at this 

temperature for 96 h, reaching pressures around 200 MPa. After cooling, residual ammonia was 

removed and the products were separated in air, washed with EtOH and acetic acid, and dried at 

350 K. Mg1−xMnxGeN2, Mg1−xZnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) were obtained as light brown, 

beige, and ocher powders, respectively. 

2.4.2 Ammonothermal synthesis of Mg1−xMnxSiN2, Mg1−xZnxSiN2, and Mn1−xZnxSiN2 

The ammonothermal method was used for synthesis of the solid solutions Mg1−xMnxSiN2, 

Mg1−xZnxSiN2, and Mn1−xZnxSiN2 (x ≈ 0.5). The corresponding metals [Mg (1.5 mmol, 36.5 mg, Alfa 

Aesar, 99.8 %), Mn (1.5 mmol, 82.4 mg, Alfa Aesar, 99.95 %), and Zn (1.5 mmol, 98.1 mg, Alfa 

Aesar, 99.9 %)], Si (3 mmol, 84.3 mg, Alfa Aesar, 99.9 %), and KN3 (7.5 mmol, 608.4 mg, Sigma‐

Aldrich, 99.9 %) as mineralizer were used as starting materials. Si was ball‐milled under argon for 

10 h in a planetary ball mill (Retsch PM 400) to support reaction in supercritical ammonia. The 

reactants were mixed and placed in a Ta liner. The liner was closed by means of a Ta lid with a small 

hole. Subsequently, the liner was transferred into the autoclave (Haynes 282, max. 1100 K, 170 MPa, 
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10 mL), which was closed under argon. The autoclave setup was similar to that described above. 

After evacuating and cooling the reactor to 198 K, NH3 (≈ 4.5 mL) was condensed into the autoclave. 

The amount of NH3 was determined by means of a mass flow meter (D‐6320‐DR, Bronkhorst, 

Ruurlo, Netherlands). The autoclave was heated to 670 K over 2 h, held for at that temperature for 

16 h, heated to 1070 K within 3 h, and kept at this temperature for 96 h, resulting in maximum 

pressures of up to 150 MPa. After cooling to room temperature and removing residual ammonia, the 

samples were extracted from the liners and washed with ethanol and acetic acid. Mg1−xMnxSiN2 

(x ≈ 0.5) was obtained as a white powder, and Mg1−xZnxSiN2 and Mn1−xZnxSiN2 (x ≈ 0.5) were 

obtained as brown powders. 

2.4.3 Digital microscopy 

Optical micrographs of the obtained powders were recorded with a digital microscope (VHX‐5000, 

Keyence) under white‐light illumination. All images were collected with a magnification of 200. 

2.4.4 Powder XRD 

The products were ground and filled in glass capillaries (0.3 mm diameter, 0.01 mm wall thickness, 

Hilgenberg GmbH). The data were collected with a Stoe STADI P diffractometer with Cu-Kα1 

radiation (λ = 1.5406 Å), Ge(111) monochromator, and Mythen 1K detector in Debye–Scherrer 

geometry. TOPAS was used for Rietveld refinement.[47] 

CCDC 1903084, 1903085, 1903088, 1903087, 1903086, 1903089 (Mg0.375Mn0.625GeN2, 

Mg0.455Zn0.545GeN2, Mn0.55Zn0.45GeN2, Mg0.457Mn0.543SiN2, Mg0.515Zn0.485SiN2, Mn0.47Zn0.53SiN2) 

contain the supplementary crystallographic data for this paper. These data are provided free of charge 

by The Cambridge Crystallographic Data Centre. 

2.4.5 Scanning electron microscopy 

A Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope, equipped with an EDX 

detector (X‐Max 80 SDD, Oxford instruments), was used for determination of crystal morphology 

and chemical composition. The samples were placed on an adhesive carbon pad and coated with a 

conductive carbon film by using a high‐vacuum sputter coater (BAL‐TEC MED 020, Bal Tec A). 
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2.4.6 UV/Vis spectroscopy 

For determination of the optical bandgaps, diffuse reflectance measurements on samples at room 

temperature were performed with a Jasco V‐650 UV/Vis spectrophotometer equipped with Czerny‐

Turner mount, photomultiplier tube detector, and deuterium (190–350 nm)/halogen (330–900 nm) 

lamps as light sources. 

2.4.7 Computational details 

Initial structural relaxations for the ordered models for all (IIa
0.5IIb

0.5)‐IV‐N2 compounds were 

performed by means of the VASP program package with the implemented projector augmented wave 

(PAW) method.[48–52] The generalized gradient approximation (GGA) functional of Perdew, Burke, 

and Ernzerhof (PBE) was used to model the exchange correlation.[53, 54] A plane‐wave cutoff energy 

of 535 eV was used for all calculations together with Brillouin zone sampling on dense gamma‐

centered Monkhorst–Pack meshes of 10×8×10. Electronic and structural convergence criteria of 10−8 

and 10−7 eV were set in order to ensure precision of total energies. For the respective ordering models 

the exchange‐correlation was further corrected with the modified Becke–Johnson formalism (mBJ‐

GGA) to estimate the bandgaps more accurately.[40, 55, 56] Subsequently, to accurately estimate the 

electronic properties of the experimental solid solution the relaxed structures were averaged, 

symmetrized, and converted with the CIF2Cell program[57] to formats compatible with the Munich 

SPRKKR program package.[58, 59] The electronic structure was further converged to values of 10−5 eV 

utilizing the implemented fully relativistic Korringa–Kohn–Rostoker (KKR) Green's function 

method with the PBE functional.[53, 54] Owing to the currently missing implementation of the mBJ‐

GGA potential the EV‐GGA (Engel Vosko) formalism was used to obtain more reliable bandgaps 

by calculating the respective Bloch spectral functions and DOS.[60] The chemical disorder was treated 

by the coherent potential approximation (CPA) self consistently and fully relativistic within the four‐

component Dirac formalism. For all calculations an angular momentum expansion of l = 3 was used. 
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Abstract. The phosphorus nitrides, Mg2PN3 and Zn2PN3, are wide bandgap semiconductor materials 

with potential for application in (opto)electronics or photovoltaics. For the first time, both 

compounds were synthesized ammonothermally in custom‐built high‐temperature, high‐pressure 

autoclaves starting from P3N5 and the corresponding metals (Mg or Zn). Alkali amides (NaNH2, 

KNH2) were employed as ammonobasic mineralizers to increase solubility of the starting materials 

in supercritical ammonia through formation of reactive intermediates. Single crystals of Mg2PN3, 

with length up to 30 μm, were synthesized at 1070 K and 140 MPa. Zn2PN3 already decomposes at 

these conditions and was obtained as submicron‐sized crystallites at 800 K and 200 MPa. Both 

compounds crystallize in a wurtzite‐type superstructure in orthorhombic space group Cmc21, which 

was confirmed by powder X‐ray diffraction. In addition, single‐crystal X‐ray diffraction 

measurements of Mg2PN3 were carried out for the first time. To our knowledge, this is the first single‐

crystal X‐ray study of ternary nitrides synthesized by the ammonothermal method. The bandgaps of 

both nitrides were estimated to be 5.0 eV for Mg2PN3 and 3.8 eV for Zn2PN3 by diffuse reflectance 

spectroscopy. DFT calculations were carried out to verify the experimental values. Furthermore, a 

dissolution experiment was conducted to obtain insights into the crystallization behavior of Mg2PN3. 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201803293
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3.1 Introduction 

Optoelectronic semiconductors in the system Al/Ga/In/N are important materials for different 

application fields in electronic technologies (e.g., light emitting diodes or field effective 

transistors).[1, 2] However, a drawback of these compounds is the low elemental abundance of Ga and 

In. Therefore, the quest for new semiconducting compounds with properties comparable to group 13 

nitrides is an important task of modern materials research. Recently, first principle calculations 

showed that various ternary zinc nitrides exhibit electronic and optical properties, as well as stability 

and dopability comparable to GaN.[3] The significant advantage of these nitrides is their composition 

containing earth‐abundant elements like Zn, Si, P, and N. In particular, Grimm–Sommerfeld 

analogous Zn‐IV‐N2 compounds, with IV = Si, Ge, and Sn, represent promising new semiconductor 

materials.[4–6] Zn2PN3 was also predicted to be a semiconductor with a bandgap around 4 eV. 

However, until now there are no experimental data of the optical bandgap or other semiconductor 

properties of Zn2PN3.[3] 

The main problem of these compounds is their challenging bulk synthesis. For example, bulk ZnSnN2 

could so far only be synthesized by high‐pressure synthesis at pressures above 5.5 GPa in 

microcrystalline form.[7] However, applications in semiconductor technologies require synthesis of 

single crystals with acceptable sizes and high quality. In particular, the ammonothermal process has 

been identified as a suitable method for both synthesis and crystal growth of binary nitrides like high‐

quality GaN.[8] Quite recently, Niewa and co‐workers succeeded in preparation of InN single crystals 

with well‐developed crystal faces by employing the ammonothermal method.[9] In addition, it was 

possible to obtain crystals of ZnSiN2 and ZnGeN2 in the μm range with this method.[10] Furthermore, 

the ammonothermal method was used for synthesis of other nitrides, oxonitrides, and other 

compounds with crystallites in the μm range.[11–13] Accordingly, the ammonothermal method could 

be applicable for synthesis and crystal growth of other nitrides, like phosphorus nitrides and 

nitridophosphates, where single crystals are often hard to access.[14] 

A major challenge regarding the synthesis of phosphorus nitrides and nitridophosphates is the limited 

thermal stability and the low decomposition temperature of P3N5 (1070 K). Consequently, only a few 

phosphorus nitrides, for example, Ca2PN3 or Li10P4N10, were synthesized at ambient pressure.[15–17] 

To prevent decomposition of P3N5, high‐pressure synthesis techniques in the 10–20 GPa range, such 

as the multi‐anvil approach, have been used. Thereby, numerous P‐N‐compounds like SrP2N4 or 

LiNdP4N8 became accessible.[18, 19] With the synthesis of K3P6N11 and HPN2 in 1997, Jacobs and 

Nymwegen demonstrated that the ammonothermal method can also be used for the synthesis of 

nitridophosphates.[20, 21] So far, these are the only known nitridophosphates synthesized under 

ammonothermal conditions. 
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Herein, we report on the synthesis of Zn2PN3, as well as the synthesis and crystal growth of Mg2PN3, 

in supercritical ammonia at moderate temperatures and pressures. Initially, Mg2PN3 was synthesized 

at 1070 K in nitrogen atmosphere at standard pressure, whereas Zn2PN3 could only be obtained under 

high‐pressure conditions (1470 K and 8 GPa) starting from the binary nitrides.[22, 23] The products 

were analyzed by powder X‐ray diffraction (PXRD) and single‐crystal X‐ray diffraction in the case 

of Mg2PN3. The optical bandgaps of both compounds were determined by diffuse reflectance 

spectroscopy. DFT calculations, with the modified Becke–Johnson formalism (GGA‐mbj), were 

conducted to determine the band structures of both materials. Furthermore, the dissolution behavior 

of Mg2PN3 was investigated in supercritical ammonia at 670 K with NaN3 as mineralizer. Our results 

demonstrate that the ammonothermal method is a promising alternative for the synthesis of P‐N 

compounds. Furthermore, the determined bandgaps and the observed crystal quality make these 

ammonothermally synthesized nitridophosphates auspicious candidates for application in 

optoelectronics or photovoltaics. 

 

3.2 Results and Discussion 

3.2.1 Synthesis 

Colorless transparent single crystals of Mg2PN3, as well as submicron‐sized crystallites of Zn2PN3, 

were synthesized ammonothermally, using custom‐built high‐temperature, high‐pressure autoclaves. 

The pure metals (Mg and Zn), P3N5, and alkali metal azides (NaN3 for Mg2PN3, KN3 for Zn2PN3) 

were used as starting materials. The azides react in supercritical ammonia in situ to the corresponding 

amides ANH2 (A = Na, K), which act as ammonobasic mineralizers.[11] The azides were used because 

of their high purity and their chemical stability in air, compared to the alkali metals or amides. After 

formation of the amides, the latter react with the other starting materials, increasing their solubility 

by forming intermediates like K2[Zn(NH2)4].[24] In contrast to alkaline earth or transition metals 

which form amides, there are only very few investigations in the literature concerning the behavior 

of phosphorus nitrides or nitridophosphates under ammonothermal conditions. At much lower 

pressure (ca. 3 MPa), polymeric phosphorus nitride imide HPN2 is formed by ammonolysis of 

P3N5.[25] Under supercritical conditions soluble intermediates like hexaaminocyclotriphosphazene 

(PN(NH2)2)3
[26] or Na10[P4(NH)6N4](NH2)6(NH3)0.5

[27] could be formed. The latter compound was 

already synthesized in supercritical ammonia.[27] After the reaction, remaining amides or side phases 

were washed out with ethanol or 1 M HCl (see Experimental section), resulting in phase‐pure 

products. Mg2PN3 was synthesized at 1070 K and an autogenous pressure of 140 MPa. Under these 

conditions, colorless single crystals of Mg2PN3 were obtained for the first time, with sizes up to 
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30 μm. It is noteworthy that these are the first crystals of ternary or higher nitrides suitable for single‐

crystal X‐ray diffraction experiments that have been obtained by the ammonothermal method. 

Single‐crystal formation was only observed at temperatures of 1070 K, whereas reactions at 870 K 

only yielded microcrystalline products. Furthermore, the selection of the liner material was essential 

to obtain phase‐pure samples. While the reaction with molybdenum liner resulted in phase‐pure 

products after washing, the reaction in tantalum and niobium liners promoted the formation of Ta or 

Nb containing side phases (e.g., Mg2.6−xTa1.3+xN4)[28] at reaction temperatures of 1070 K. This 

observation can be explained by the inertness of Mo in supercritical ammonia, and the reaction of Ta 

and Nb with hydrogen, which is formed in situ due to decomposition of ammonia.[29, 30] The shape 

and size of the obtained crystals suggest a solution growth mechanism. To underline this assumption, 

a dissolution experiment was conducted (see Dissolution experiment section). In contrast, 

submicron‐sized Zn2PN3 could only be synthesized at temperatures between 800 and 870 K and 

pressures up to 200 MPa. A second temperature step at 630 K was added, since the mentioned 

intermediates are primarily formed at lower temperatures. At higher temperatures and with NaN3 as 

mineralizer, the product decomposes to Zn and NaZnP,[31] which is the first known phosphide 

obtained by ammonothermal synthesis. This temperature limitation results in a relatively low 

crystallinity of the product, as higher temperatures are probably needed to improve crystal growth. 

To overcome decomposition at higher temperatures, higher pressures seem to be required, which 

cannot be achieved with the current setup. This assumption is supported by the fact that previously, 

Zn2PN3 was only synthesized under high‐pressure conditions (8 GPa).[23] However, crystal growth 

can occur in particular areas of the autoclave and very thin filaments are accessible at the selected 

reaction conditions (see Scanning electron microscopy section). 

Besides K3P6N11,[20] Mg2PN3 and Zn2PN3 represent the first nitridophosphates which have been 

synthesized in supercritical ammonia. Nitridophosphates with a low degree of condensation (i.e., the 

atomic ratio P : N < 0.5) have been typically synthesized in thick‐walled silica ampoules and 

pressures up to 3 MPa. In contrast, synthesis of highly condensed nitridophosphates (P : N > 0.5) 

usually requires high‐pressure conditions (several GPa) which can be provided by the multi‐anvil 

technique.[32] High nitrogen pressure prevents the thermal decomposition of P3N5, and therefore has 

a decisive influence on the synthesis of nitridophosphates. With the ammonothermal approach, a 

powerful synthetic tool can be used for synthesis of nitridophosphates, which offers significant 

advantages in crystal growth and scalability compared to high‐pressure methods employing the 

multi‐anvil technique. 
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3.2.2 Crystal structure 

The crystal structure of Mg2PN3 was solved and refined from single‐crystal X‐ray diffraction data in 

the orthorhombic space group Cmc21 (no. 36). Structure determination details, as well as 

crystallographic data, are summarized in Table 3.1. Mg and P atom positions were refined 

anisotropically. Atomic coordinates and anisotropic displacement parameters are given in Table B.1 

and B.2 in the Supporting Information. Interatomic distances are summarized in Table B.3. The 

crystal structure can be derived from the wurtzite structure type (translationengleiche subgroup of 

P63mc) by ordering of the tetrahedrally coordinated sites of Mg and P cations (see Figure 3.1) and is 

isotypic to that of Li2SiO3.[33] The relation of both crystal structures was illustrated recently by 

Häusler et al.[34] 

 

Figure 3.1. Crystal Structure of M2PN3 (M = Mg, Zn). MN4‐tetrahedra are depicted in blue, PN4‐tetrahedra 

in green. 

Along the c‐axis, the structure has infinite chains of corner sharing PN4‐tetrahedra with a periodicity 

of P = 2 (zweier single chain, see Figure 3.2). The stretching factor is fs = 0.89.[35] These chains, and 

the fact that c is the shortest lattice parameter, may explain the growth direction of the single crystals 

along [001], and therefore the needle‐shaped habitus of the crystallites. As mentioned above, both 

cations are coordinated tetrahedrally by N. Therefore, both compounds can be described as double 

nitrides of the constituting binary nitrides. The interatomic distances P–N range from 1.616(3) to 

1.693(4) Å. As expected, the P–N distances to nitrogen atoms, which are involved in the P–N chain 

(bridging two PN4‐tetrahedra) are shorter (1.616(3) Å) than to the nitrogen atoms linking a PN4‐ and 

a MgN4‐tetrahedron (1.676(4) and 1.693(4) Å). The Mg–N distances range from 2.075(2) to 
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2.149(4) Å agreeing well with the sum of the ionic radii.[36] All distances are in good agreement with 

values reported earlier for Mg2PN3 on the basis of PXRD data.[22] 

Table 3.1. Crystallographic data of Mg2PN3 from single crystal X‐ray diffraction, standard deviations in 

parentheses. 

Formula Mg2PN3 

Crystal system orthorhombic 

Space group Cmc21 (no. 36) 

a / Å 9.7234(16) 

b / Å 5.6562(9) 

c / Å 4.7083(7) 

Cell volume / Å3 258.94(7) 

Formula units per cell 4 

Density / g·cm−3 3.120 

Crystal size / mm 0.02×0.004×0.004 

μ / mm−1 1.234 

T / K 293(2) 

Diffractometer Bruker D8 Venture 

Radiation / Å Mo-Kα (0.71073) 

F(000) 240 

2θ range / ° 8.383–47.68 

Total no. of reflections 3693 

Independent reflections 307 

Refined parameters 23 

Flack parameter 0.14(9) 

GooF 1.184 

R indices (all data) R1 = 0.0205, wR2 = 0.0432 

R indices [F2≥2σ(F2)] R1 = 0.0203, wR2 = 0.0431 

Δρmax, Δρmin / e Å−3 0.43, −0.36 

Rint, Rσ 0.0219, 0.0268 



3 Ammonothermal Synthesis, Optical Properties and 
DFT Calculations of Mg2PN3 and Zn2PN3 

 
47 

Figure 3.3 shows the Rietveld plot of a Mg2PN3 powder sample. The refinement is based on the 

structure model obtained from single‐crystal X‐ray data. Cell parameters are given in Table 3.2, 

details on crystallographic data are listed in the Supporting Information (Table B.4). 

 

Figure 3.2. Infinite chains of PN4‐tetrahedra running along the c‐axis. 

Isotypic Zn2PN3 was also analyzed by PXRD (see Figure 3.4). Atomic coordinates were taken from 

literature.[23] The lattice parameters are given in Table 3.2. Further crystallographic details, as well 

as atomic coordinates and intermolecular distances, are presented in the Supporting Information 

(Table B.5, B.6, and B.7). Because of the poor crystallinity of the product and the resulting overlap 

of the reflections in the PXRD, distance restraints were applied during the refinement, (see 

Supporting Information). On the basis of the PXRD data it can be concluded that, analogous to 

Mg2PN3, a preferred growth direction (along c) occurs in Zn2PN3. This conjecture is illustrated by 

the 002 reflection (36.3°), which has a narrower shape and is therefore fitted less accurately than the 

other reflections. This assumption can also be confirmed by SEM images (see below). The stretching 

factor fs of PN4‐tetrahedron chains is 0.89, analogous to Mg2PN3. 

 

Figure 3.3. Rietveld refinement of powder X‐ray diffraction pattern of Mg2PN3 with experimental data 

(black line), calculated data (red line), difference profile (blue line), and reflection positions (black bars). 
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Table 3.2. Cell parameters of Mg2PN3 and Zn2PN3 obtained by Rietveld refinement, standard deviations 

in parentheses. 

Formula Mg2PN3 Zn2PN3 

Crystal system orthorhombic 

Space group Cmc21 (no. 36) 

a / Å 9.70545(4) 9.4177(4) 

b / Å 5.64482(2) 5.4399(3) 

c / Å 4.70160(2) 4.9477(2) 

Cell volume / Å3 257.58(2) 253.48(2) 

Formula units per cell 4 

 

 

Figure 3.4. Rietveld refinement of powder X‐ray diffraction pattern of Zn2PN3 with experimental data (black 

line), calculated data (red line), difference profile (blue line), and reflection positions (black bars). Enlarged 

part shows the narrower shape of the 002 reflection. 

3.2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) images show needle‐shaped single crystals of Mg2PN3 with 

sizes up to 30 μm (see Figure 3.5 a). In Zn2PN3, acicular crystallites are recognizable as well 

(Figure 3.5 b). In contrast to Mg2PN3, the crystallites are in the nm range. With regard to PXRD data, 

it can be assumed that these needles also grow along the c‐axis. Needle‐shaped crystals of Zn2PN3 

were only observed with NaN3 as mineralizer. 
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Figure 3.5. SEM images of (a) Mg2PN3 and (b) Zn2PN3. 

Energy‐dispersive X‐ray spectroscopy (EDX) values for both compounds are summarized in the 

Supporting Information (Table B.8 and B.9). The values are consistent with the composition of the 

products. K and Na impurities can be explained with residual mineralizer, oxygen, and chlorine by 

washing treatment. 

3.2.4 UV/Vis reflectance spectroscopy and DFT calculations 

To investigate the optical properties of both compounds, diffuse reflectance measurements were 

conducted. The spectra show absorption bands around 250 nm for Mg2PN3 and 350 nm for Zn2PN3 

(see Figure B.1 and B.2 in the Supporting Information). To estimate the optical bandgaps, pseudo‐

absorption spectra were calculated using the Kubelka–Munk function F(R) = (1−R)2/2R, where R 

represents the reflectance.[37] Subsequently, the bandgap was determined using Tauc plots, where hν 

is plotted versus (F(R)⋅hν)1/n with n = 1/2 for direct and n = 2 for indirect bandgap, by drawing 

tangents at the inflection points (see Figure 3.6).[38] The absorption band of Mg2PN3 was attributed 

to an indirect bandgap (Ζc−Γv) according to DFT calculations (see Figure 3.7), whereas the 

absorption band of Zn2PN3 was attributed to a direct transition, due to the small difference (0.1 eV) 

between direct (Γc−Γv) and indirect (Ζc−Γv) bandgap in the DFT calculations (see Figure 3.7). 
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Figure 3.6. Tauc plots of (a) Mg2PN3 and (b) Zn2PN3. Red lines are tangents at the inflection points. 

 

Figure 3.7. Calculated band structures of (a) Mg2PN3 and (b) Zn2PN3. Red arrows indicate the transitions. 

Experimental bandgaps were determined to 5.0 and 3.8 eV for Mg2PN3 and Zn2PN3, respectively. 

Both values are in good agreement with the electronic bandgaps determined from DFT. With a value 

of 3.8 eV, especially Zn2PN3 is a promising candidate as an earth‐abundant semiconductor, similar 

to ZnGeN2 and ZnSiN2.[10] In addition, recent calculations indicated high charge carrier mobility and 

small effective masses for Zn2PN3.[3] 

3.2.5 Dissolution experiment 

Ammonothermal crystal growth can be achieved by solution (dissolution and recrystallization of 

already formed crystallites), or by growth from an amide melt at the bottom of the autoclave. A 

dissolution experiment was conducted to illuminate which growth process is the most probable one 

for Mg2PN3. Based on this experiment we observed that Mg2PN3 was partially dissolved, using 

NaNH2 in ammonia at 670 K and 110 MPa. PXRD data show reflections of NaNH2, Mg2PN3, 

Na2Mg(NH2)4, and an unknown species. In particular, the formation of Na2Mg(NH2)4 suggests a slow 

dissolution of Mg2PN3, nonetheless further experiments have to be made to clarify the growth 
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mechanism and possible phosphorus containing intermediates during synthesis of nitridophosphates 

under ammonothermal conditions. 

In addition, we attempted an in situ X‐ray absorption monitoring experiment to capture the 

dissolution behavior similar to ZnGeN2.[10] However, the results have not proven to be reasonable, 

because both the mineralizer cation Na+ and the constituting cations within the nitride‐Mg and P‐

have similar atomic numbers, resulting in very similar X‐ray absorption contrast. As a result of this 

and the large excess of used azide, no statement could be made about the decrease in the transmitted 

X‐ray intensity due to dissolving Mg2PN3. 

 

3.3 Conclusion 

Herein we present the ammonothermal syntheses of the two phosphorus nitrides Mg2PN3 and 

Zn2PN3. Both compounds crystallize in a wurtzite‐superstructure with space group Cmc21 (no. 36). 

Custom‐built autoclaves made of nickel‐based super alloys (Inconel 718 and Haynes alloy 282) were 

used to achieve supercritical conditions of ammonia (Tcrit = 405.5 K, pcrit = 11.3 MPa). Besides 

K3P6N11, Mg2PN3 and Zn2PN3 are the first ternary P‐N compounds (nitridophosphates, phosphorus 

nitrides) synthesized under ammonothermal conditions, illustrating the great potential of the 

ammonothermal method for the synthesis of nitride materials. Furthermore, we were able to grow 

single crystals of Mg2PN3 for the first time. In addition, this is the first ammonothermally‐synthesized 

ternary nitride, which is suitable for single‐crystal X‐ray diffraction measurements. Diffuse 

reflectance spectra were collected to determine the bandgaps of Mg2PN3 (5.0 eV) and Zn2PN3 

(3.8 eV). The measurements were confirmed by band structure calculations using DFT. Especially, 

Zn2PN3 shows a bandgap suitable for semiconductor applications. In addition, theoretical 

calculations have already shown that other properties, such as carrier mobility, are in favorable 

ranges.[3] Further materials property measurements are now planned for better understanding of such 

nitrides. A dissolution experiment of Mg2PN3 was conducted to obtain insights into the crystallization 

process and suggests a solution growth mechanism. Together with previous studies in our group, this 

work demonstrates the great potential of the ammonothermal method in the synthesis and crystal 

growth of nitrides as well as possible semiconducting materials. 
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3.4 Experimental Section 

3.4.1 Synthesis of P3N5 

P3N5 was synthesized according to Stock et al.[39] by reaction of P4S10 (Sigma Aldrich, 99 %) in a 

continuous flow of NH3 (Air Liquid, 99.999 %). After saturation for 4 h with NH3, the silica tube 

was heated to 1125 K with a heating rate of 5 K min−1 and held at this temperature for 4 h. The 

reaction product was then cooled down to room temperature with 5 K∙min−1. The orange product was 

washed with concentrated HCl, water, and ethanol and then dried in vacuum. Powder X‐ray 

diffraction was used to confirm phase purity. 

All further operations were performed in argon filled glove boxes (Unilab, MBraun, Garching, 

O2 < 1 ppm, H2O < 1 ppm) or in dried Schlenk‐type glassware connected to a vacuum line (≤0.1 Pa) 

with argon or ammonia supply, to prevent oxygen or moisture contamination. Ammonia and argon 

(Air Liquid, 99.999 %) were further purified through gas purification cartridges (Micro torr MC400‐

702FV (for NH3) and FT400‐902 (for Ar), SAES Pure Gas Inc., San Luis Obispo, CA, USA). 

3.4.2 Ammonothermal synthesis of Mg2PN3 

Mg2PN3 was synthesized under ammonothermal conditions using a custom‐built nickel‐based 

superalloy autoclave (Haynes® 282®) reaching a maximum temperature of 1100 K and a maximum 

pressure of 170 MPa. Mg (3 mmol, 72.9 mg, Alfa Aesar, 99.8 %), P3N5 (0.5 mmol, 81.5 mg), and 

NaN3 (7.5 mmol, 487.5 mg, Sigma Aldrich, ≥99.5 %) were mixed and transferred to a Mo‐liner, to 

prevent contamination of the reaction mixture by the autoclave. Subsequently, the liner was placed 

in the autoclave body which is sealed with a sealing gasket (silver coated Inconel® 718 ring, GFD 

seals). An Inconel® 718 high‐pressure tube connects the vessel (10 mL internal volume) with the 

upper part, which is composed of a hand valve (SITEC), a pressure transmitter (HBM P2VA1/5000 

bar), and a bursting disc (SITEC). After closing under argon, the autoclave was evacuated and cooled 

with an ethanol/liquid nitrogen mixture to 198 K. Subsequently, liquid ammonia (≈ 4 mL) was 

condensed directly into the reaction vessel via a pressure regulating valve. The autoclave was heated 

in a vertical tube furnace (Loba, HTM Reetz) to 1070 K within 5 h, and kept at this temperature for 

96 h reaching a maximum pressure of 140 MPa. After cooling to room temperature, the white product 

was separated, washed with 100 % ethanol, and dried at 350 K in air. Transparent, needle‐shaped 

crystals of Mg2PN3 were obtained. 
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3.4.3 Ammonothermal synthesis of Zn2PN3 

For synthesis of Zn2PN3, Zn (3 mmol, Alfa Aesar, 99.9 %), P3N5 (0.5 mmol, 81.5 mg), and KN3 

(6 mmol, 486.7 mg, Sigma Aldrich, ≥99.5 %) or NaN3 (6 mmol, 390.0 Sigma Aldrich, ≥99.5 %) were 

mixed and transferred in an Nb‐liner. The filled liner was placed in the autoclave (Inconel® 718, 

Tmax = 870 K pmax = 300 MPa, internal volume: 10 mL) and closed under argon. The setup of the 

autoclave is similar to the previous one. After evacuating and cooling to 198 K with an ethanol/liquid 

nitrogen mixture, liquid ammonia (≈ 7 mL) was directly condensed into the high‐pressure reactor via 

a pressure regulating valve. Subsequently, the autoclave was heated to 630 K within 2 h, held for 

16 h, heated to 800 K within 2 h, and kept at this temperature for 96 h. The autoclave reached a 

maximum pressure of 200 MPa. After cooling down, the white product was washed with 1 M HCl 

and dried at 350 K in air. 

3.4.4 Single-crystal X-ray diffraction 

For the single‐crystal XRD measurement, a Mg2PN3 crystal was purified with deionized water and 

placed on a MicroMountTM (MiTeGen) with an aperture size of 20 μm. The diffraction data was 

recorded with a D8 Venture single‐crystal X‐ray diffractometer (Bruker) with Mo-Kα radiation 

(λ = 0.71073 Å). The program SADABS was used for absorption correction.[40] The crystal structure 

was solved by direct methods (SHELXS)[41] and refined by full‐matrix least‐squares methods 

(SHELXL).[42] 

Further details of the crystal structure investigations of Mg2PN3 may be obtained from 

Fachinformationszentrum Karlsruhe, 76344 Eggenstein‐Leopoldshafen, Germany (fax: (+49)7247‐

808‐666; e‐mail: crysdata@fiz‐karlsruhe.de) on quoting the deposition number CSD‐434689. 

3.4.5 Powder X-ray diffraction 

A Stoe STADI P diffractometer with Cu-Kα1 radiation (λ = 1.5406 Å), Ge(1 1 1) monochromator, 

and Mythen 1 K detector, in modified Debye–Scherrer geometry was used to collect PXRD data of 

Mg2PN3 and Zn2PN3. For this purpose, the products were filled and sealed in glass capillaries with a 

diameter of 0.3 mm (Hilgenberg GmbH). The program TOPAS was used for Rietveld refinement of 

the received data.[43] 

Further details of the crystal structure investigations of Zn2PN3 may be obtained from the 

Fachinformationszentrum Karlsruhe, 76344 Eggenstein‐Leopoldshafen, Germany (fax: (+49)7247‐

808‐666; e‐mail: crysdata@fiz‐karlsruhe.de) on quoting the deposition number CSD‐434690. 
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3.4.6 Scanning electron microscopy 

The chemical compositions, as well as the crystal morphologies, of the samples were recorded using 

a Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope, equipped with an EDX 

detector (X‐Max 80 SDD, Oxford instruments). Therefore, the products were placed on an adhesive 

carbon pad and coated with a conductive carbon film using a high‐vacuum sputter coater (BAL‐TEC 

MED 020, Bal Tec A). 

3.4.7 UV/Vis spectroscopy 

A Jasco V‐650 UV/VIS spectrophotometer equipped with Czerny‐Turner mount, photomultiplier 

tube detector, and deuterium (190–350 nm)/ halogen (330–900 nm) lamps as light sources was used 

for diffuse reflectance measurements at room temperature for determination of the optical bandgaps 

of both samples. 

3.4.8 DFT calculations 

Structure relaxations were performed with VASP.[44–46] Exchange correlation was treated with 

generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)[47, 48] and the 

projector‐augmented‐wave (PAW) method.[49, 50] A plane‐wave cut‐off of 535 eV was used while the 

Brillouin zone was sampled on a Γ‐centered k‐mesh (6×9×9 for Zn2PN3 and 6×9×11 for Mg2PN3) 

produced from the method of Monkhorst and Pack.[51] Total energies of the unit cells were converged 

to 10−7 eV∙atom−1 with residual atomic forces below 4×10−3 eV∙Å−1. Bandgap evaluation was based 

on additional calculations with the modified Becke–Johnson formalism (GGA‐mbj).[52, 53] 

3.4.9 Dissolution experiment 

For the dissolution experiment, ammonothermally synthesized Mg2PN3 (2 mmol) and NaN3 

(15 mmol) were mixed and transferred to an Inconel 600‐liner. The liner was placed in the autoclave 

(Haynes® 282®, Tmax = 1073 °C pmax = 170 MPa, internal volume: 10 mL) and closed under argon. 

Ammonia (≈ 7 mL) was directly condensed into the autoclave. The autoclave was heated to 670 K 

and kept at this temperature for 96 h reaching a maximum pressure of 110 MPa. After cooling down, 

the received colorless product was analyzed by PXRD to verify the dissolution of Mg2PN3. 
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Abstract. Nitridophosphates are a well‐studied class of 

compounds with high structural diversity. However, their 

synthesis is quite challenging, particularly due to the 

limited thermal stability of starting materials like P3N5. 

Typically, it requires even high‐pressure techniques 

(e.g. multianvil) in most cases. Herein, we establish the 

ammonothermal method as a versatile synthetic tool to 

access nitridophosphates with different degrees of 

condensation. α‐Li10P4N10, β‐Li10P4N10, Li18P6N16, 

Ca2PN3, SrP8N14, and LiPN2 were synthesized in supercritical NH3 at temperatures and pressures up 

to 1070 K and 200 MPa employing ammonobasic conditions. The products were analyzed by powder 

X‐ray diffraction, energy dispersive X‐ray spectroscopy, and FTIR spectroscopy. Moreover, we 

established red phosphorus as a starting material for nitridophosphate synthesis instead of commonly 

used and not readily available precursors, such as P3N5. This opens a promising preparative access 

to the emerging compound class of nitridophosphates. 

 

4.1 Introduction 

By analogy with well‐known hydrothermal syntheses, the ammonothermal method was developed 

by Jacobs and co‐workers and was established as an innovative synthetic approach for amides, imides 

and nitrides.[1–5] The ammonothermal technique gained fundamental interest in materials science as 

https://onlinelibrary.wiley.com/doi/full/10.1002/chem.201905227
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it facilitates the growth of high‐quality GaN single crystals up to 50 mm in diameter with growth 

rates of several hundred μm per day.[6–9] 

Recent explorative syntheses under ammonothermal conditions made crystalline wurtzite‐type 

Grimm–Sommerfeld analogous nitrides available, such as InN, II‐IV‐N2 compounds (II = Mg, Mn, 

Zn; IV = Si, Ge) and CaGaSiN3, as well as oxide nitride perovskites such as LnTaON2 (Ln = La, Ce, 

Pr, Nd, Sm, Gd).[10–15] Applying the ammonothermal technique, even the challenging preparation of 

a few nitridophosphates has been accomplished successfully as reported for K3P6N11 and the double 

nitrides Mg2PN3 and Zn2PN3.[16–18] Furthermore, various phosphorus‐containing imidonitrides were 

synthesized in supercritical ammonia and thus, the ammonothermal method appears as a promising 

general synthetic approach for nitridophosphate synthesis.[19–22]  

Nitridophosphates are built up from PN4 tetrahedra and their tetrahedra‐based networks can be 

characterized by the degree of condensation κ = n(T)/n(X), which represents the atomic ratio of 

tetrahedral centers (T = P) and coordinating atoms (X = N). Accordingly, compounds that are built 

up from non‐condensed PN4 tetrahedra (e.g. Li7PN4)[23] possess a degree of condensation of κ = 1/4, 

whereas highly condensed frameworks feature κ ≥ 1/2 (e.g. LiPN2).[24] For 1/4 < κ < 1/2, partially 

condensed PN4 tetrahedra may form complex anions, such as adamantane‐like groups (α‐Li10P4N10, 

β‐Li10P4N10),[25, 26] chain structures (e.g. Ca2PN3),[27] or layers (e.g. Ho2P3N7).[28] The degree of 

condensation may further be correlated with materials properties, such as chemical inertness and 

rigidity of the network as well as physical properties like ion conductivity.[18] Nitridophosphate 

synthesis, however, is a challenging issue, as these compounds are prone to thermal decomposition 

starting at 1020 K and the elimination of N2 at elevated temperatures [Eq. 4.1]: 

 

 P3N5  3 PN + N2  3 P + 5/2 N2 (Eq. 4.1) 

 

Consequently, the number of nitridophosphates synthesized at ambient pressure so far is limited (e.g. 

Ca2PN3, α‐Li10P4N10, β‐Li10P4N10, LiPN2 or Mg2PN3).[24–27, 29] Following Le Chatelier's principle, 

thermal decomposition, however, can be suppressed by applying pressure. In this context, especially 

the multianvil technique (p ≤ 25 GPa) turned out to be a powerful synthetic tool.[18] This high‐

pressure high‐temperature method revealed numerous nitridophosphates with different types of 

anionic tetrahedra‐based networks (e.g. SrP8N14, Li18P6N16 or LiNdP4N8).[30–32] Nevertheless, 

utilizing high‐pressure techniques implicates small sample volumes, which limits detailed 

characterization of materials properties as well as practical applications. Furthermore, precursors like 

P3N5 are typically used,[18] requiring a multistep synthesis procedure. Thus, the ammonothermal 

method is a promising and innovative alternative, as it enables the preparation of large‐volume 

samples, while suppressing thermal decomposition by medium pressures (p ≤ 300 MPa). However, 
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there has been no systematic investigation on the ammonothermal synthesis of nitridophosphates that 

covers their broad structural diversity. 

In this contribution, we exemplarily present the ammonothermal synthesis (T ≤ 1070 K, 

p ≤ 200 MPa) of six nitridophosphates that feature non‐condensed PN4 tetrahedra groups, infinite 

PN4 tetrahedra chains, layered substructures, and highly condensed frameworks, namely α‐Li10P4N10, 

β‐Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2. This is a major extension of the structural 

diversity of ammonothermally accessible ternary and multinary compounds, which have hitherto 

been limited mainly to wurtzite‐type derivatives and oxide nitride perovskites. In addition, red 

phosphorus (Pred), which was up to now only used for the synthesis of HPN2 in ammonia,[33] is 

employed as a starting material for nitridophosphates. This makes highly reactive and chlorine‐

containing precursors (e.g. PCl5, (PNCl2)3) dispensable, which can produce toxic and corrosive 

byproducts, emphasizing the innovative character of the ammonothermal approach. 

 

4.2 Results and Discussion 

4.2.1 Ammonothermal synthesis 

Nitridophosphates α‐Li10P4N10, β‐Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2 were synthesized 

ammonothermally using custom‐built high‐pressure, high‐temperature autoclaves. P3N5 or Pred were 

used as phosphorus source during syntheses. The other starting materials as well as the corresponding 

reaction conditions (maximum reaction temperature Tmax, maximum pressure pmax, reaction time at 

maximum temperature t) are summarized in Table 4.1. Ammonobasic mineralizers, such as alkali 

metals, alkali metal nitrides, alkali metal azides or alkaline earth metal azides, which react in situ to 

the corresponding metal amides, were added to increase the solubility of the starting materials by 

forming soluble intermediate species. Since such intermediates are preferentially formed at lower 

temperatures, an additional temperature step at 670 K (holding time: 16 h) was conducted for all 

reactions before heating to Tmax.[5] The addition of these mineralizers can also dissolve compounds 

such as Pred, which are actually insoluble in NH3 even at temperatures above the critical point.[34] 

Therefore, in the case of the synthesized lithium nitridophosphates (α‐Li10P4N10, β‐Li10P4N10, 

Li18P6N16 and LiPN2), Li3N or Li was added, respectively, in excess to increase the solubility of Pred. 

While NaN3 was added for the synthesis of Ca2PN3, to increase both, the solubility of Ca and Pred, no 

additional mineralizer was added for the synthesis of SrP8N14. Instead, Sr(N3)2 acts as an 

ammonobasic mineralizer itself by forming Sr(NH2)2, as the heavier alkaline earth metals have been 

discussed as ammonobasic mineralizers as well.[35] Possible intermediates are mixed‐metal amides, 

such as NaCa(NH2)3, and reactive P/N compounds, for example, hexaaminocyclotriphosphazene 
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(PN(NH2)2)3, the corresponding ammoniate (PN(NH2)2)3⋅0.5 NH3 or imidonitrides in analogy to 

Na10[P4(NH)6N4](NH2)6(NH3)0.5, which have already been synthesized using the ammonothermal 

method.[20, 36–38] A possible condensation mechanism of phosphorus containing intermediates is 

illustrated in Scheme 4.1. When starting from Pred, the element has to be oxidized in a first step to an 

oxidation state of +V forming an intermediate species like hypothetical „P(NH2)5“, in which two 

possible mechanisms are conceivable. On the one hand, N2, which originates from the decomposition 

of NH3, could act as oxidizing agent, on the other hand, NH3 could directly react with Pred under 

elimination of H2. „P(NH2)5“ could immediately form „NP(NH2)2“ by elimination of ammonia, 

which can react to reactive P/N compounds such as (PN(NH2)2)3.[37] However, for a precise statement 

on possible reaction mechanisms or phosphorus containing intermediates, in situ measurements like 

Raman or NMR spectroscopy could be helpful. 

Table 4.1. Starting materials, mineralizers and reaction conditions of the ammonothermal synthesis of 

α-Li10P4N10, β‐Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2. 

Compd. Starting material Mineralizer Tmax [K] pmax [MPa] t [h] 

α-Li10P4N10 Li3N + Pred Li3N 920 100 72 

β-Li10P4N10 Li3N + Pred Li3N 1070 135 72 

Li18P6N16 Li3N + P3N5 Li3N 970 165 50 

Ca2PN3 CaH2 + Pred  NaN3 870 200 96 

SrP8N14 Sr(N3)2 + P3N5 Sr(N3)2 1070 170 96 

LiPN2 Li + Pred Li 1070 135 96 

 

 

Scheme 4.1. Simplified condensation sequence of nitridophosphates during ammonothermal synthesis, 

starting from Pred. 
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Subsequent heating from 670 K to the maximum temperature Tmax (see Table 4.1) leads to 

decomposition of the discussed intermediates and formation of the corresponding nitridophosphates 

under elimination of NH3 (see Scheme 4.1). After reaction, residual mineralizers and intermediate 

species were removed by washing of the products with dry ethanol (α‐Li10P4N10, β‐Li10P4N10, 

Li18P6N16, and Ca2PN3) or 1 M HCl (SrP8N14 and LiPN2). SEM images of octahedrally shaped β‐

Li10P4N10 and needle‐shaped SrP8N14 crystallites are illustrated in Figure 4.1, while the other 

compounds were obtained as microcrystalline powders. 

 

Figure 4.1. SEM images of octahedrally shaped crystals of β‐Li10P4N10 (a) and crystalline needles of 

SrP8N14 (b). 

As mentioned above, both P3N5 and Pred were used as starting materials. While α‐Li10P4N10, 

β-Li10P4N10, Ca2PN3, and LiPN2 were synthesized starting from Pred, Li18P6N16 and SrP8N14 could 

only be obtained starting from P3N5. A possible explanation could be the higher reactivity of P3N5 

compared to Pred, which is needed for the synthesis of Li18P6N16 and SrP8N14.[24–27, 30, 31] Probably, 

higher synthesis temperatures and pressures would lead to successful synthesis of these two 

compounds starting from Pred as well. 

The introduction of Pred as a starting material for nitridophosphate synthesis as well as the use of 

simple starting materials like pure elements, lower reaction temperatures, pressures and larger sample 

volumes compared to other synthesis methods, indicates the high potential of the ammonothermal 

approach as an alternative synthetic tool for a systematic access to nitridophosphates. 

4.2.2 Crystallographic investigation 

The purified products were analyzed by PXRD. Rietveld refinements of α‐Li10P4N10, β‐Li10P4N10, 

Li18P6N16, Ca2PN3, and LiPN2 were conducted starting from atomic coordinates and Wyckoff 

positions known from the literature.[24–27, 31] An exemplary Rietveld plot of Ca2PN3 is illustrated in 

Figure 4.2. The Rietveld plots of α‐Li10P4N10, β‐Li10P4N10, Li18P6N16, and LiPN2 can be found in the 
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Supporting Information (Figures C.1 and C.6, Supporting Information). The crystallographic data as 

well as atomic coordinates are summarized in Tables C.1–C.4, C.6–C.7 and C.10–C.11 in the 

Supporting Information. In the case of Li18P6N16 additional reflections could be observed, which can 

be attributed to α‐Li10P4N10 and LiPN2. Due to the fact that Li18P6N16 is so far only reported using 

high‐pressure conditions (1270 K, 5.5 GPa), a possible explanation for these side phases could be 

that higher reaction pressures would be necessary to achieve phase purity.[31] In analogy, higher 

pressures as well as temperatures would be necessary for the synthesis of SrP8N14, as the synthesis 

at 1070 K and 170 MPa resulted in broad reflections in the measured PXRD pattern (see Figure C.5 

in the Supporting Information), suggesting a nanocrystalline sample morphology. However, further 

increases of temperature or pressure are challenging and not possible with the current high‐pressure 

equipment. Therefore, the measured PXRD was only compared with a simulated pattern from 

literature data (see Figure C.5, Supporting Information)[30] and may most likely be characterized as 

SrP8N14. 

 

Figure 4.2. Rietveld refinement of PXRD pattern (λ = 1.5406 Å) of Ca2PN3 with experimental data (black 

line), calculated data (red line), difference profile (blue line) and reflection positions (black bars). Start 

values for Rietveld refinement were taken from literature.[27] Unknown reflections between 6 and 10° only 

occur after washing treatment and were, therefore, not taken into account during the refinement. 

EDX measurements of all compounds are summarized in Tables C.5, C.8, C.9, and C.12 in the 

Supporting Information. Deviations from the theoretical values can be explained by surface 

hydrolysis during sample preparation, washing treatment or by crystalline and amorphous side 

phases. The absence of any NHx functionality in the Li containing nitridophosphates was confirmed 

by FTIR spectroscopy (Figures C.2–C.4 and C.7 in the Supporting Information). 
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4.2.3 Crystal structures 

α‐Li10P4N10, β‐Li10P4N10, and Li18P6N16 are built up from corner sharing PN4 tetrahedra. While 

α-Li10P4N10 and β‐Li10P4N10 contain adamantane‐like T2 supertetrahedra ([P4N10]10−) with a degree 

of condensation of κ = 2/5, Li18P6N16 is built up from [P6N16]18− anions corresponding to a degree of 

condensation of κ = 3/8 (see Figure 4.3). These [P6N16]18− units consist of four PN4 tetrahedra 

forming a vierer‐ring, which is connected to two further PN4 tetrahedra forming two dreier‐

rings.[39, 40] In contrast to these non‐condensed tetrahedra groups, the anionic P/N‐structure of Ca2PN3 

is composed of zweier single chains running along [100] made up of corner sharing PN4 tetrahedra 

(see Figure 4.3).[39, 40] The chains exhibit a stretching factor of fs = 1.0 and a degree of condensation 

of κ = 1/3. The crystal structure of SrP8N14 is composed of PN4 tetrahedra forming a layered structure 

(see Figure 4.3) and can be described as a highly condensed nitridophosphate with a degree of 

condensation of κ = 4/7. This is the highest degree of condensation observed in nitridophosphates so 

far. LiPN2 is composed of all‐side vertex‐sharing PN4 tetrahedra, which are connected via common 

corners forming a 3D anionic network with a degree of condensation of κ = 1/2 (see Figure 4.3) 

isoelectronic and homeotypic to β‐cristobalite (SiO2). Detailed crystal structure descriptions of all 

six compounds are given in the literature.[24–27, 30, 31] As shown in Figure 4.3, the above described 

nitridophosphates can be divided into different groups regarding their anionic P/N‐substructures 

(non‐condensed tetrahedra groups, tetrahedra chains, tetrahedra layers, and tetrahedra networks). 

This is a major extension of the structural diversity of ammonothermally accessible ternary and 

multinary nitrides, which have hitherto been limited mainly to wurtzite‐type derivatives and oxide 

nitride perovskites. Furthermore, the degree of condensation of ammonothermally accessible 

nitridophosphates is widely extended and ranges now from κ = 1/3 to 4/7 (see Figure 4.4), covering 

almost the entirely accessible range. These results show the great potential of the ammonothermal 

method and can pave the way for synthesis of hitherto unknown nitridophosphates using the 

ammonothermal approach. 
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Figure 4.3. Crystal structures and/or constituting PN4 tetrahedra units (green) occurring in α‐Li10P4N10, 

β-Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2. Ca2+ and Sr2+ cations as well as LiN4 tetrahedra are 

depicted in red. 

 

Figure 4.4. Ammonothermally synthesized nitridophosphates, arranged in order of their degree of 

condensation. 



4 Crystalline Nitridophosphates 
by Ammonothermal Synthesis 

 
67 

4.3 Conclusions 

Recently, we reported on the synthesis and crystal growth of wurtzite‐type Mg2PN3 and Zn2PN3 

under ammonothermal conditions, raising the question of a systematic access to nitridophosphates 

using supercritical NH3.[17] In this contribution we report on the ammonothermal syntheses of 

α-Li10P4N10, β‐Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2. Those compounds feature a degree 

of condensation in the range 1/3 ≤ κ ≤ 4/7 (Figure 4.4), corresponding to different types of anionic 

tetrahedra‐based substructures, such as non‐condensed tetrahedra groups, chains, layers and 3D‐

networks. In contrast to established high‐pressure techniques, the ammonothermal method requires 

only moderate pressures and temperatures, exemplifying the high potential of this preparative 

approach. Furthermore, readily available red phosphorus was introduced as a starting material in 

nitridophosphate syntheses, avoiding the usage of halide or sulfur‐containing precursors 

(e.g. (PNCl2)3, P4S10). Using simple starting materials and yielding large sample volumes, the 

ammonothermal method enables more detailed characterization of material properties of 

nitridophosphates. Supporting fundamental research on the reaction mechanisms, intermediate 

species and dissolution/crystallization processes, however, might be necessary. Therefore, in situ 

measurements such as X‐ray, NMR, or Raman techniques may provide important insights into these 

processes.[41, 42] 

 

4.4 Experimental Section 

4.4.1 General 

Loading of the autoclaves with solid starting materials (see below) were conducted under exclusion 

of oxygen and moisture in an argon‐filled glovebox (Unilab, MBraun, Garching, O2 < 1 ppm, 

H2O < 1 ppm). The condensation of ammonia into the autoclaves was performed using a vacuum 

line (≤ 0.1 Pa) with argon and ammonia (both: Air Liquide, 99.999 %) supply. The gases were further 

purified by gas cartridges (Micro torr FT400‐902 (for Ar) and MC400‐702FV (for NH3), SAES Pure 

Gas Inc., San Luis Obispo, CA, USA), providing a purity level of < 1 ppbV H2O, O2 and CO2. The 

amount of condensed ammonia was detected using a mass flow meter (d‐6320‐DR, Bronkhorst, 

Ruurlo, Netherlands). 
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4.4.2 Synthesis of P3N5 

P3N5 was synthesized by reaction of P4S10 (Sigma Aldrich, 99 %) in a continuous flow of NH3 (Air 

Liquid, 99.999 %).[43] After saturation with NH3 (4 h), the silica tube was heated with a rate of 

5 K min−1 to 1125 K and held for 4 h. After cooling to room temperature (5 K min−1), the orange 

product was washed with ethanol, water and acetone and dried under vacuum. Powder X‐ray 

diffraction was used to confirm phase purity. 

4.4.3 Synthesis of Sr(N3)2 

Based on the work of Suhrmann and Karau,[44, 45] Sr(N3)2 was synthesized by reaction of in situ 

formed diluted HN3 (by passing aqueous NaN3 (Acros Organics, 99 %) through a cation exchanger 

(Amberlyst 15)) with SrCO3 (Sigma Aldrich, 99.995 %). The HN3‐solution was dropped slowly into 

an aqueous suspension of SrCO3 and stirred until the liquid phase turned completely clear. Residual 

SrCO3 was removed by filtration and the clear filtrate was evaporated under reduced pressure 

(50 mbar, 40 °C). After evaporation, the product was recrystallized from acetone and dried in vacuo. 

PXRD and FTIR measurements were used to confirm phase purity. 

Caution! Since HN3 solutions are potentially explosive and the vapor is highly poisonous, special 

care issues are necessary. 

4.4.4 Ammonothermal synthesis of α‐ and β‐Li10P4N10 

For ammonothermal synthesis of α‐ and β‐Li10P4N10, Li3N (3 mmol, 104.5 mg, Sigma–Aldrich, 

99.99 %) and red P (3 mmol, 92.9 mg, Merck, 99 %) were ground and transferred to Ta‐liners, for 

protection of the samples against autoclave impurities. The liners were then placed in high‐

temperature autoclaves (Haynes® 282®, max. 1100 K, 170 MPa, 10 mL) and sealed with a lid via 

flange joints using a sealing gasket (silver coated Inconel® 718 ring, GFD seals). The autoclave body 

and the upper part, consisting of a hand valve (SITEC) with integrated bursting disc (SITEC) and 

pressure transmitter (HBM P2VA1/5000 bar), are connected by an Inconel® 718 high‐pressure 

tube.[12] The closed autoclave was evacuated and cooled to 198 K using an ethanol/liquid nitrogen 

mixture. Afterwards, NH3 (≈ 4 mL) was directly condensed into the autoclaves via a pressure 

regulating valve. For both reactions, the autoclaves were primarily heated to 670 K within 2 h, kept 

at this temperature for 16 h and subsequently heated to 920 K (α‐Li10P4N10) or 1070 K (β‐Li10P4N10) 

within 3 h and held at this temperature for 72 h, reaching maximum pressures of 100 (α‐Li10P4N10) 

and 135 MPa (β‐Li10P4N10), respectively. After cooling and removal of NH3, the colorless products 

were separated under argon, washed with EtOH and dried in vacuo. 
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4.4.5 Ammonothermal synthesis of Li18P6N16 

Li18P6N16 was synthesized ammonothermally starting from Li3N (3.75 mmol, 130.6 mg, Sigma–

Aldrich, 99.99 %), P3N5 (1.5 mmol, 244.4 mg) and NH3 (≈ 5 mL) in a Ta‐liner. Following the 

autoclave preparation (as described for Li10P4N10), the vessel was heated to 670 K within 2 h, kept at 

this temperature for 16 h, heated to 970 K within 3 h and held at this temperature for 50 h reaching 

a maximum pressure of 165 MPa. After cooling and removing of NH3, the colorless product was 

separated under argon, washed with EtOH and dried in vacuo. 

4.4.6 Ammonothermal synthesis of Ca2PN3 

Ca2PN3 was synthesized under ammonothermal conditions using an Inconel® 718 autoclave 

(max. 870 K, 300 MPa, 10 mL). The setup and preparation of the autoclave is analogous to the 

autoclaves described above. CaH2 (3 mmol, 126.3 mg, Sigma–Aldrich, 99.99 %), red P (1.5 mmol, 

46.5 mg, Merck, 99 %), NaN3 (7.5 mmol, 487.5 mg, Sigma–Aldrich, 99.5 %) as mineralizer and NH3 

(≈ 6.5 mL) were used as starting materials in a Ta‐liner. After autoclave preparation (as described 

above), the reaction mixture was heated to 670 K within 2 h, held for 16 h, heated to 870 K within 

2 h and kept at this temperature for 96 h, resulting in a maximum pressure of 200 MPa. The beige 

product was separated after cooling and ammonia removed under argon, washed with EtOH and 

dried in vacuo. 

4.4.7 Ammonothermal synthesis of SrP8N14 

Sr(N3)2 (0.375 mmol, 64.4 mg), P3N5 (1 mmol, 163 mg) were ground, transferred to a Ta‐liner, which 

was placed in a Haynes® 282® autoclave. After preparation of the autoclave as described above, NH3 

(≈ 5 mL) was condensed into the autoclave. Subsequently, the autoclave was heated to 670 K within 

2 h, held at this temperature for 16 h, heated to 1070 K within 3 h, and kept at this temperature for 

96 h, reaching a maximum pressure of 170 MPa. After cooling and removal of NH3, the colorless 

product was isolated in air, washed with 1 M HCl and dried at 370 K. 

4.4.8 Ammonothermal synthesis of LiPN2 

For the synthesis of LiPN2 in supercritical ammonia, Li (10 mmol, 69.4 mg, Alfa Aesar, 99 %) and 

red P (7.5 mmol, 232.3 mg, Merck, 99 %) were transferred in a Ta‐liner and placed in a 

Haynes® 282® autoclave. After preparation of the autoclave as described above, approximately 4 mL 

NH3 were added. The reaction mixture was heated to 670 K within 2 h, held for 16 h, heated to 
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1070 K within 3 h and kept at this temperature for 96 h, resulting in maximum pressures of 135 MPa. 

After cooling and elimination of NH3, the isolated colorless product was washed with 1 M HCl and 

dried at 370 K. 

4.4.9 Powder X‐ray diffraction 

The purified products were filled and sealed in glass capillaries (0.3–0.5 mm diameter, 0.01 mm wall 

thickness, Hilgenberg GmbH). A Stoe STADI P diffractometer with Cu‐Kα1 radiation (λ = 1.5406 Å), 

Ge(111) monochromator and Mythen 1 K detector in Debye–Scherrer geometry was used for data 

collection. TOPAS was used for Rietveld refinement.[46] 

4.4.10 Scanning electron microscopy 

A Dualbeam Helios Nanolab G3 UC (FEI) scanning electron microscope, equipped with an EDX 

detector (X‐Max 80 SDD, Oxford instruments) was used for EDX measurements. For this purpose, 

the samples were placed on adhesive carbon pads and coated with a conductive carbon film using a 

high‐vacuum sputter coater (BAL‐TEC MED 020, Bal Tec A). 

4.4.11 FTIR spectroscopy 

A FTIR‐IFS 66 v/S spectrometer (Bruker) was used for recording of IR spectra of air‐sensitive 

samples. The samples were mixed with KBr (Acros Organics, 99 %) under argon and pressed into a 

pellet. The spectra were measured in the range of 400–4000 cm−1 and evaluated by OPUS.[47] 

A FTIR spectrum of LiPN2 was recorded on a Perkin–Elmer BX II FTIR spectrometer equipped with 

a DuraSampler Diamond ATR (attenuated total reflection) unit under exposure to air. 
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Abstract. Nitridophosphates exhibit an intriguing 

structural diversity with different structural motifs, for 

example, chains, layers or frameworks. In this 

contribution the novel nitridophosphate Sr3P3N7 with 

unprecedented dreier double chains is presented. 

Crystalline powders were synthesized using the 

ammonothermal method, while single crystals were 

obtained by high-pressure multianvil technique. The 

crystal structure of Sr3P3N7 was solved and refined from 

single‐crystal X‐ray diffraction and confirmed by powder X‐ray methods. Sr3P3N7 crystallizes in 

monoclinic space group P2/c . Energy‐dispersive X‐ray and Fourier‐transformed infrared 

spectroscopy were conducted to confirm the chemical composition, as well as the absence of NHx 

functionality. The optical bandgap was estimated to be 4.4 eV using diffuse reflectance UV/Vis 

spectroscopy. Upon doping with Eu2+, Sr3P3N7 shows a broad deep‐red to infrared emission 

(λem = 681 nm, fwhm ≈ 3402 cm−1) with an internal quantum efficiency of 42 %. 
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5.1 Introduction 

Due to the fact that the element combination P/N is isoelectronic to Si/O, nitridophosphates exhibit 

structural analogies to silicates and are built up from condensed or non-condensed PN4 tetrahedra. In 

recent years, numerous nitridophosphates have been synthesized with a high structural diversity with 

different degrees of condensation  (ratio of tetrahedra centers to ligands) ranging from 1/4 to 4/7.[1] 

Thereby, different structural motifs like non-condensed tetrahedra, chains, layers or frameworks can 

occur.[2–5] Particularly due to their structural diversity, these compounds exhibit diverse, interesting 

physical properties, for example luminescence upon doping with Eu2+. So far, P/N-network and -

layer compounds such as MP2N4 (M = Ca, Sr, Ba), Ba3P5N10X (X = Cl, Br, I) or BaP6N10NH were 

used as host lattices, almost covering emission in the entire visible spectrum.[6–9] Especially, 

Ba3P5N10Br, crystallizing in a zeolite-like structure, exhibits intriguing luminescence properties and 

is discussed as natural-white-light single emitter, demonstrating nicely the potential of 

nitridophosphate materials.[7] 

But in contrast to silicates, only a few nitridophosphates could be synthesized under ambient pressure 

conditions (e.g., Ca2PN3, Li10P4N10).[3, 10, 11] This is due to the fact that the appropriate temperature 

range for crystallization of nitridophosphates is significantly beyond the decomposition temperature 

of the most important starting material P3N5, which can be circumvented by applying high-pressure 

methods. 

Among these, the multianvil approach is the most frequently employed method, following Le 

Chatelier´s principle in order to compensate thermal decomposition. Over the years, different 

synthesis strategies using the multianvil approach were developed, including the azide route, high-

pressure metathesis or the synthesis with ammonium chloride as mineralizer.[5, 6, 12] The most 

valuable advantage of this technique is that the enormous pressure allows for sufficient temperatures 

for the reconstructive cleavage of P–N bonds. Furthermore, in many cases these high temperatures 

enable the formation of single crystals, facilitating structure elucidation significantly. However, a 

drawback of such high-pressure methods is the low sample volume, especially in the context of 

materials characterization and application. 

Therefore, a promising alternative for nitridophosphate synthesis is the ammonothermal approach as 

a medium pressure method. Herein, the reduced pressure, compared to the multianvil technique, is 

compensated by the usage of a highly reactive supercritical ammonia atmosphere. In 1997 Jacobs 

and coworkers used this approach to synthesize K3P6N11.[13] In the meantime, the ammonothermal 

method enabled synthesis of nitridophosphates with isolated tetrahedra units, chains, layers and 

frameworks.[14, 15] Even nitridophosphates like SrP8N14 or Li18P6N16, which were so far only 

accessible by the high-pressure multianvil approach, could be synthesized under ammonothermal 
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conditions in high yield, simplifying the investigation of their physical properties significantly. 

Although, the ammonothermal method was already used for synthesis of numerous nitride 

materials,[16–22] the crystal growth of ternary or quaternary nitrides during ammonothermal synthesis, 

except for a few examples like Mg2PN3 or MTaN2 (M = Na, K, Rb, Cs), is still challenging.[15, 23] 

In this contribution, we present a combination of medium- and high-pressure methods with their 

respective advantages for the investigation of unknown nitridophosphates. Herein, we report on 

Sr3P3N7 as a case study for a complementary approach of ammonothermal and multianvil syntheses. 

Sr3P3N7 extends the class of ternary alkaline earth nitridophosphates by the degree of condensation 

of  = 3/7. Structure elucidation was based on single-crystal X-ray diffraction data, enabled by high-

pressure synthesis, while ammonothermal methods facilitated bulk synthesis targeting for further 

analysis as well as studies on the luminescence properties of Sr3P3N7:Eu2+. 

 

5.2 Results and Discussion 

5.2.1 Synthesis 

The title compound initially has been observed in heterogeneous products obtained by 

ammonothermal as well as high-pressure methods, targeting new nitridophosphates with a low 

degree of condensation. While high-pressure high-temperature synthesis leads to suitable single 

crystals for structure elucidation, ammonothermal synthesis provided the highest yield of bulk 

samples, expressing the complementary approach. The synthesis of single crystals was started from 

stoichiometric amounts of Sr(N3)2 and P3N5 according to Equation 5.1 together with small amounts 

of EuCl2. The starting mixture was treated by high-pressure high-temperature reaction at 5 GPa and 

1270 K. These reaction conditions were achieved by using a hydraulic 1000 t press and a modified 

Walker-type multianvil apparatus.[24, 25] 

 

 3 Sr(N3)2 + P3N5  3 Sr3P3N7 + 8 N2 (Eq. 5.1) 

 

Analogously, translucent orange Sr3P3N7:Eu2+ crystals of up to 40 µm in length were isolated (see 

Scanning electron microscopy section). After optimizing the synthesis based on the results of single-

crystal X-ray diffraction and energy dispersive X-ray spectroscopy, bulk samples of Sr3P3N7 were 

prepared under ammonothermal conditions in custom-built high-temperature autoclaves using SrH2, 

P3N5 and the ammonobasic mineralizer NaN3. NaN3 decomposes at elevated temperatures and forms 

NaNH2 in situ, which increases the solubility of the other starting materials by formation of 
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intermediate species (e.g. Na2Sr3(NH2)8, Na10[P4(NH)6N4](NH2)6(NH3)0.5 or P3N3(NH2)6) which have 

already been observed under ammonothermal conditions at temperatures around 670 K.[26–28] 

Subsequent heating to 1070 K, reaching a maximum pressure of 140 MPa in the autoclave, resulted 

in synthesis of Sr3P3N7 as a crystalline white powder, which hydrolyses slowly on exposure to moist 

air. The product was therefore washed with dry ethanol to remove residual mineralizer and 

intermediate species. Analogous syntheses with red phosphorus instead of P3N5 also resulted in the 

desired product. Doping with Eu2+ (nominal concentration of 2 mole% regarding to Sr) in the form 

of Eu(NH2)2 resulted in deep red luminescence of Sr3P3N7:Eu2+ when irradiated with UV light (see 

Luminescence section). 

5.2.2 Crystal structure 

The crystal structure of Sr3P3N7 was solved and refined from single-crystal X-ray diffraction data in 

monoclinic space group P2/c (no. 13). Details on the structure determination are summarized in 

Table 5.1. Atomic coordinates and anisotropic displacement parameters are given in Table D1 and 

D2 in the Supporting Information. Selected interatomic distances and bond angles are summarized 

in the Supporting Information (Table D3). With  = n(P)/n(N) = 3/7, Sr3P3N7 has a hitherto unknown 

degree of condensation of an alkaline earth nitridophosphate and is composed of infinite PN4-

tetrahedra dreier double chains. A degree of condensation of  = 3/7 is already known for rare earth 

nitridophosphates (RE2P3N7 with RE = La, Ce, Pr, Nd, Sm, Eu, Ho, Yb), however, there is no 

structural correlation between these compounds.[29] Apart from Ca2PN3, Sr3P3N7 is the only known 

alkaline earth nitridophosphate with a chain structure, while Mg2PN3 crystallizes strictly speaking in 

a wurtzite-type superstructure and can be interpreted as a double nitride.[3, 30] The chains in Sr3P3N7 

show a periodicity of P = 3 and a stretching factor of 𝑓𝑠 = 0.90 (see Figure 5.1) and are built up from 

dreier-rings according to Liebau.[31, 32] Two of these dreier-rings, which are structurally related to 

each other by a rotating mirror axis (2/m), are connected via two common corners forming an 

additional vierer-ring. The resulting [P6N16]-units were already found in Li18P6N16 as non-condensed 

[P6N16]18− anion.[14, 33] In the title compound these subunits are connected via two common corners 

on each side, forming infinite chains. The P−N distances vary from 1.575 to 1.683 Å. As expected, 

the shortest distances belong to the terminal P(2)–N(2) atoms. The corresponding N-P-N bond angles 

are between 103.3(5) and 115.0(4)°. Angles as well as distances are in good agreement with values 

observed in other nitridophosphates described in literature.[3, 4, 13, 29] 
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Table 5.1. Crystallographic data of Sr3P3N7 (synthesized by the multianvil approach) obtained from single-

crystal X-ray diffraction. 

Formula Sr3P3N7 

Crystal system monoclinic 

Space group P2/c (no. 13) 

a / Å 6.882(8) 

b / Å 7.416(9) 

c / Å 7.036(8) 

β / ° 104.96(3) 

Cell volume / Å3 346.9(7) 

Formula units/cell 2 

Density / g·cm−3 4.345 

Crystal size / mm 0.02x0.02x0.03 

μ / mm−1 23.617 

T / K 298(2) 

Diffractometer Bruker D8 Quest 

Radiation / Å Mo-Kα (0.71073) 

F(000) 416 

θ range / ° 2.7 - 30.5 

Total no. of reflections 3621 

No. of independent reflections 1064 

Observed reflections (F2 > 2σ(F2)) 728 

Rint; Rσ 0.0858; 0.0970 

Structure solution SHELXT 

Structure refinement SHELXL 

Refined parameters 61 

Goodness of fit (χ2) 1.044 

R1 (all data); R1 (F2 > 2σ(F2)) 0.100; 0.059 

wR2 (all data); wR2 (F2 > 2σ(F2)) 0.131; 0.117 

Δρmax; Δρmin [e·Å−3] 1.892, −1.790 
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Figure 5.1. Infinite dreier double chain (a) and dreier-ring subunit (b). Thermal ellipsoids are depicted at 

90% probability. 

The infinite chains are oriented along [001] and are stacked congruently in a and b (see Figure 5.2). 

The crystal structure contains two crystallographically different Sr sites. The Sr1 site is located 

between two chains stacked along [100] and is coordinated by 10 N atoms with distances between 

2.740(9) and 3.068(10) Å. In contrast, the second Sr site (Sr2) is located between two chains stacked 

along [010] and is coordinated by 9 N atoms with distances ranging from 2.504(10) to 3.283(10) Å. 

The coordination polyhedra of both sites are illustrated in Figure D1 in the Supporting Information. 

All Sr−N distances are in good agreement with values from other Sr (oxo)nitridophosphates known 

from literature (e.g. SrP2N4, SrP3N5O, Sr3P6O6N8).[34–36] 

 

Figure 5.2. Crystal structure of Sr3P3N7 viewed along [001] (a) and [010] (b). PN4 tetrahedra and N atoms 

are depicted in blue, Sr atoms in gray. Thermal ellipsoids are depicted at 90% probability. 
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To confirm the structure model obtained from single-crystal X-ray data, a PXRD measurement and 

subsequent Rietveld refinement were conducted (Figure 5.3). The refined crystallographic data as 

well as Wyckoff positions are summarized in Table D4 and D5 in the Supporting Information. As 

described above (Synthesis section), residual mineralizer (NaNH2) can be removed by washing with 

dry ethanol. However, the sample partially decomposes during the washing process, resulting in the 

formation of an amorphous side-phase. Due to this fact, the unwashed sample was used for Rietveld 

refinement. A comparison of washed and unwashed samples is illustrated in Figure D2 in the 

Supporting Information. 

 

Figure 5.3. Rietveld refinement of PXRD measurements of ammonothermally synthesized Sr3P3N7 with 

experimental data (black line), calculated data (red line), difference profile (blue line) and reflection 

positions (Sr3P3N7: black bars, NaNH2: green bars). 

5.2.3 Scanning electron microscopy 

Energy dispersive X-ray (EDX) spectroscopy was used for determination of the chemical 

composition. The determined atomic ratios are in good agreement with the expected chemical 

formulas (see Table D5 in the Supporting Information). Traces of europium can be attributed to 

doping of the sample and oxygen impurities to surface hydrolysis of the products. Furthermore, a 

scanning electron micrograph of the product was collected and is illustrated in Figure 5.4. 
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Figure 5.4. SEM image of a Sr3P3N7 single crystal obtained from high-pressure synthesis. 

5.2.4 Fourier Transformed Infrared spectroscopy 

A FTIR spectrum was recorded in order to prove the absence of any NHx functionality in Sr3P3N7. 

The spectrum (see Figure D3 in the Supporting Information) shows no significant absorption bands 

around 3000 cm−1, indicating the absence of N−H groups in accordance to the crystal structure 

obtained from single-crystal X-ray diffraction, since the presence of imide or amide groups would 

lead to strong absorption bands.[4] Weak signals could be attributed to partial surface hydrolysis of 

the product. The absorption bands between 500 and 1300 cm−1 can be attributed to symmetric and 

asymmetric stretching modes of the P−N-framework and are characteristic for nitridophosphates. 

5.2.5 UV/Vis spectroscopy 

Diffuse reflectance UV/Vis spectroscopy was conducted to estimate the optical bandgap of the 

undoped sample. Therefore, the Kubelka-Munk function F(R) = (1−R)2/2R was used to convert the 

measured diffuse reflectance spectrum to a pseudoabsorption spectrum.[37] A Tauc plot (see 

Figure 5.5) was then used to estimate the optical bandgap by plotting (F(R)∙hν)1/n versus hν (with 

n = 1/2, assuming direct transition) and drawing of a tangent at the inflection point.[38] The diffuse 

reflectance spectrum shows an absorption band around 250 nm (see Figure D4 in the Supporting 

Information). The determined bandgap is approximately 4.4 eV. 

A diffuse reflectance spectrum of the Eu2+ doped sample is illustrated in Figure D5 in the Supporting 

Information. It shows an additional broad absorption band between 400 and 550 nm, which can be 

attributed to dopant absorption and is in good agreement with the corresponding excitation spectrum 

(see Luminescence section). 
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Figure 5.5. Tauc plot (black line) of ammonothermally synthesized Sr3P3N7. Red line as a tangent at the 

inflection point. 

5.2.6 Luminescence 

Luminescence properties of Sr3P3N7:Eu2+ were measured from crystalline powder samples. 

Sr3P3N7:Eu2+ shows deep-red luminescence when irradiated with UV to blue light (see Figure D6 in 

the Supporting Information). The emission spectrum (λexc = 450 nm) and the excitation spectrum are 

illustrated in Figure 5.6. The excitation spectrum has two maxima at around 405 and 465 nm, while 

the emission spectrum (2 mol-% Eu regarding to Sr) shows one broad band in the deep red to infrared 

region (λem = 681 nm) with a full width at half maximum (fwhm) of 162 nm/3402 cm−1. 

 

Figure 5.6. Excitation (red line) and emission (black line) spectra of ammonothermally synthesized 

Sr3P3N7:Eu2+. 
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The broad emission band probably results from the different coordination of the cations (see Crystal 

structure section). In order to capture the complete emission spectrum, a second spectrometer was 

used for the measurement (λexc = 410 nm) of the emission in the IR region beyond 800 nm. This leads 

to the higher background level above 800 nm. The internal quantum efficiency (IQE) was determined 

with an excitation wavelength of 438 nm to be 42% in the range up to 800 nm. These luminescent 

properties make Sr3P3N7:Eu2+ interesting, as such materials may be applied in horticultural lighting, 

as they can convert green light into the red to IR spectral range with increased photosynthesis 

quantum efficiency. A further possible application field is, for example, hyper- or multispectral 

imaging, with diverse applications in e.g. agriculture, automated driving or molecular biology.[39, 40]  

 

5.3 Conclusions 

In this contribution we present a complementary approach of ammonothermal and multianvil 

techniques as a powerful combination for a simplified and much faster access to a detailed structural 

and physical analysis of nitridophosphates. Exploitation of the advantages of each method leads to 

the discovery of the new nitridophosphate Sr3P3N7. Thereby, the best crystallization conditions were 

realized via a high-pressure approach using the azide route, allowing higher temperatures during 

syntheses compared to the ammonothermal approach. The structure model was solved and refined 

from single-crystal X-ray diffraction data. Sr3P3N7 is composed of unprecedented dreier double 

chains made up of PN4 tetrahedra with a degree of condensation  = 3/7, which is hitherto unknown 

for alkaline earth nitridophosphates. Due to larger sample volumes, studies on the physical properties 

of the title compound were carried out with bulk samples obtained from ammonothermal synthesis. 

The bandgap (4.4 eV) was determined using diffuse reflectance spectroscopy. Upon doping with 

Eu2+, Sr3P3N7 exhibits a broad emission band in the deep-red to infrared region (λem = 681 nm, 

fwhm ≈ 3402 cm−1) with an internal quantum efficiency of 42%, making it practically interesting for 

commercial applications (e.g. horticultural lighting). For this purpose, stoichiometry and doping 

concentration optimization as major parts of an industrial process development will further improve 

the luminescence efficiency. 

 

5.4 Experimental Section 

All manipulations were conducted in argon-filled gloveboxes (Unilab, MBraun, Garching, 

O2 < 1 ppm, H2O < 1 ppm) under exclusion from oxygen and moisture because of the air-sensitivity 

of starting materials and products. A vacuum line (≤ 0.1 Pa) with argon and ammonia (both: Air 

Liquide, 99.999%) supply was used for filling of the autoclaves with NH3. The gases were further 
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purified by gas cartridges (Micro Torr FT400-902 (for Ar) and MC400-702FV (for NH3), SAES Pure 

Gas Inc., San Luis Obispo, CA, USA), providing a purity level of < 1 ppbV H2O, O2 and CO2. 

5.4.1 Synthesis of Eu(NH2)2 

Eu(NH2)2 was synthesized ammonothermally starting from Eu metal (99.99 %, smart elements). The 

experiment was carried out analogously to the synthesis described in literature.[41] 

5.4.2 Synthesis of P3N5 

P3N5 was synthesized following Stock et al.[42] by ammonolysis of P4S10 (Sigma Aldrich, 99%) at 

1125 K for 4 h (heating rate: 5 K/min). Before reaction, the silica tube was saturated with NH3 for 

4 h. After cooling down to room temperature (5 K/min), the received product was washed in multiple 

steps with ethanol, water and acetone and dried under vacuum. Powder X-ray diffraction was 

conducted to confirm phase purity. 

5.4.3 Synthesis of Sr(N3)2 

Sr(N3)2 was synthesized starting from SrCO3 (Sigma Aldrich, 99.995%) and in situ formed HN3 

(using aqueous NaN3 (Acros Organics, 99%) and a cation exchanger (Amberlyst 15)) following the 

syntheses of Suhrmann and Karau.[43, 44] HN3 was slowly added to an aqueous suspension of SrCO3 

until the liquid turned clear. After filtration, the solution was evaporated under reduced pressure 

(50 mbar, 40 °C), recrystallized from acetone and dried under vacuum. FTIR and PXRD 

measurements were conducted to confirm phase purity. 

Caution: Since HN3 solutions are potentially explosive and the vapor is highly poisonous, special 

care issues are necessary. 

5.4.4 Ammonothermal synthesis 

Sr3P3N7 was synthesized under ammonothermal conditions starting from 0.5 mmol P3N5 (81.5 mg), 

1.5 mmol SrH2 (134.4 mg, Materion, 99.5%) and 5 mmol NaN3 (325.0 mg, Sigma-Aldrich, 99.5%) 

as ammonobasic mineralizer. For the synthesis of Eu2+-doped product 0.03 mmol Eu(NH2)2 (5.5 mg) 

was added to the reaction mixture. The starting materials were ground using an agate mortar and 

transferred into a Ta-liner, which protects the reaction mixture against autoclave impurities. The liner 

was placed in a high-temperature autoclave constructed of a nickel based super-alloy (Haynes® 282®, 
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max. 1100 K, 170 MPa, 10 mL). The autoclave is sealed with a lid via flange joints using a silver 

coated Inconel® 718 ring (GFD seals). An Inconel® 718 high-pressure tube connects the lid with a 

hand valve (SITEC), which is equipped with a pressure transmitter (HBM P2VA1/5000 bar) and a 

bursting disc (SITEC). After evacuation, the sealed autoclave was cooled to 198 K using an 

ethanol/liquid nitrogen mixture and filled with NH3 (≈ 3.7 mL). A mass flow meter (D-6320-DR, 

Bronkhorst, Ruurlo, Netherlands) was used for detection of the amount of inserted ammonia. The 

filled autoclave was heated in two steps (heated to 670 K within 2 h, held at this temperature for 16 h, 

heated to 1070 K within 3 h and held at this temperature for 96 h) to 1070 K reaching a maximum 

pressure of 140 MPa. After cooling to room temperature and removal of NH3, the reaction products 

were separated under argon, washed with ethanol and dried under vacuum. While the undoped 

product exhibit a white color, the Eu2+-doped sample is orange. 

5.4.5 High-pressure synthesis 

Single crystals of Sr3P3N7:Eu2+ were synthesized starting from stoichiometric amounts of Sr(N3)2 and 

P3N5 as well as small amounts of EuCl2 (Strem Chemicals, 99.9%) as dopant using a modified 

Walker-type multianvil press.[24, 25] The reactants were mixed and grounded in an agate mortar and 

packed in a capsule of hexagonal boron nitride (Henze, Kempten). After sealing with a BN-cap the 

sample was placed in the middle of a MgO octahedron (doped with 5 % Cr2O3, edge length 18 mm, 

Ceramic Substrates & Components Ltd, Isle of Wight) using two MgO spacers (Cesima Ceramics, 

Wust‐Fischbach). To ensure heating of the sample, the octahedron was further equipped with two 

graphite furnaces (Schunk Kohlenstofftechnik GmbH, Zolling), a ZrO2 tube (Cesima Ceramics, 

Wust‐Fischbach) for thermal insulation and two Mo plates for electrical contact between the graphite 

furnaces and the anvils of the multianvil press. The assembled octahedron was placed between eight 

WC cubes (doped with 7% Co, Hawedia, Marklkofen, Germany) with truncated edges (edge length 

11 mm), which were separated with pyrophyllite gaskets (Ceramic Substrates & Components, Isle 

of Wight, UK). Further details on the experimental setup and the multianvil apparatus are given in 

literature.[25] The sample was slowly compressed to 5 GPa and subsequently heated to 1270 K within 

30 min. After 30 min at 1270 K the sample was allowed to cool down to room temperature within 30 

minutes and slowly decompressed. The crystalline orange product was isolated and stored under 

argon. 

5.4.6 Single-crystal X-ray diffraction 

Single crystals of Sr3P3N7:Eu2+ were placed and sealed in glass capillaries (Hilgenberg GmbH) in 

argon atmosphere for single-crystal XRD measurements. The data were collected using a Bruker D8 
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Quest diffractometer with Mo-Kα radiation (λ = 0.71073 Å). The measured data were indexed and 

integrated with the software package APEX3.[45, 46] APEX3 was also used for semi-empirical 

absorption corrections (SADABS) and the determination of the space group.[46–48] The crystal 

structure was solved using the SHELXT algorithm and refined by full-matrix least-squares methods 

using WinGX with implemented SHELXL.[49–51] 

CCDC 1975990 contains the supplementary crystallographic data for this paper. These data are 

provided free of charge by The Cambridge Crystallographic Data Centre through the CCDC/FIZ 

Karlsruhe deposition service. 

5.4.7 Powder X-ray diffraction 

For powder XRD measurements, the grounded product was filled and sealed in a glass capillary 

(d = 0.3 mm, Hilgenberg GmbH). A Stoe STADI P diffractometer with Cu-Kα1 (λ = 1.5406 Å) 

radiation, Ge(111) monochromator and Mythen 1K detector in modified Debye-Scherrer geometry 

was used for the measurements. TOPAS was used for Rietveld refinement of the data.[52] 

5.4.8 Scanning electron microscopy 

A scanning electron microscope (Dualbeam Helios Nanolab G3 UC (FEI), equipped with an EDX 

detector (X-Max 80 SDD, Oxford instruments)) was used for imaging of the crystals and for EDX 

measurements. Thereto, the crystallites were placed on adhesive carbon pads. A high-vacuum sputter 

coater (BAL-TEC MED 020, Bal Tec A) was used for coating of the samples with a conductive 

carbon film. 

5.4.9 Fourier Transformed Infrared (FTIR) spectroscopy 

An IR spectrum (range between 400 and 4000 cm−1) were collected using a FTIR-IFS 66 v/S 

spectrometer (Bruker). The samples were mixed with KBr (Acros Organics, 99%) and pressed into 

pellets under argon. OPUS was used for evaluation of the measurements.[53] 

5.4.10 UV/Vis spectroscopy 

The optical bandgaps were estimated using UV/Vis spectroscopy. For this purpose, diffuse 

reflectance measurements of the samples at room temperature were performed using a Jasco V-650 
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UV/Vis spectrophotometer equipped with Czerny-Turner mount, photomultiplier tube detector and 

deuterium (190 - 350 nm) / halogen (330 - 900 nm) lamps as light sources. 

5.4.11 Luminescence 

A microcrystalline powder of Sr3P3N7:Eu2+ was used to determine luminescence properties. The 

measurement was conducted on a PTFE sample holder using an in-house built system based on a 

5.3'' integration sphere and a spectrofluorimeter equipped with a 150 W Xe lamp, two 500 mm 

Czerny–Turner monochromators, 1800 1/mm lattices, and 250/500 nm lamps, with a spectral range 

from 230 to 820 nm (λexc = 450 nm). Additional data from a spectrometer sensitive in the 600–

1100 nm wavelength range (Avantes) (λexc = 410 nm) were used to obtain the complete emission 

band by merging data of both measurements. A comparison of integrated emission intensities and 

absorption at excitation wavelength (λexc = 438 nm) of the sample with reference materials (BaSO4, 

Merck for white standard DIN 5033 commercial (Sr,Ca)AlSiN3:Eu2+, Mitsubishi Chemical, and 

Y3Al5O12:Ce3+, Philips) were conducted to determine the internal quantum efficiency (IQE). 
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Abstract. The ortho-oxonitridophosphate Ba2PO3N was 

synthesized under ammonobasic conditions (T = 1070 K, 

p = 120 MPa) in custom-built high-temperature 

autoclaves, starting from red phosphorus, BaO, NaN3 and 

KOH. Thus, single crystals of up to several hundred μm 

were obtained, which were used for singlecrystal X-ray 

diffraction. Ba2PO3N [Pnma (no. 62), a = 7.596(2), 

b = 5.796(1), c = 10.212(3) A, Z = 4] crystallizes in the 

β-K2SO4 structure type with non-condensed [PO3N]4− 

ions and isotypic to its lighter homologues EA2PO3N (EA = Ca, Sr). Powder X-ray diffraction, energy 

dispersive X-ray and Fourier Transformed Infrared spectroscopy corroborate the crystal structure. 

The optical bandgap was determined by means of diffuse reflectance UV/Vis spectroscopy to be 

4.3 eV. Eu2+ doped samples show green luminescence (λem = 534 nm, fwhm = 85 nm/2961 cm−1) 

when irradiated with UV light (λexc = 420 nm). However, Ba2PO3N:Eu2+ shows strong thermal 

quenching, even at room temperature. 
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6.1 Introduction 

During the 1960s, Jacobs and co-workers developed the ammonothermal method, in which 

supercritical ammonia is used as solvent and nitrogen source for the synthesis of various imides, 

amides and nitrides.[1–6] Thereby, supercritical ammonia facilitates the crystallization process, as it 

increases the solubility of the inorganic starting materials, which are quite insoluble in liquid 

ammonia.[7, 8] With the first synthesis of GaN in supercritical ammonia in 1995, the ammonothermal 

approach was established as important method for synthesis and crystal growth of high-quality GaN 

crystals.[9–11] Subsequently, the ammonothermal approach turned out as a promising route for 

explorative synthesis of different (oxide) nitrides such as wurtzite-type Grimm–Sommerfeld 

analogous nitrides [e.g. InN, II-IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge), CaGaSiN3 or 

Ca1−xLixAl1−xGe1+xN3 (x ≈ 0.2)] and oxide nitride perovskites [e.g. EAMO2N (EA = Sr, Ba; M = Nb, 

Ta)] as well.[12–18] Most recently, the syntheses of numerous nitridophosphates with different degrees 

of condensations κ (i.e. atomic ratio of tetrahedra centers to ligand) could be realized. Here, a great 

structural diversity ranging from non-condensed tetrahedra groups up to network structure types, 

exhibiting values for κ from 1/3 to 4/7, was observed.[19–21] Compared to other synthetic methods 

towards nitridophosphates, such as condensation reactions, synthesis in pressure ampoules or high-

pressure synthesis using the multianvil technique, the ammonothermal method exhibits significant 

advantages.[22] This includes the prevention of thermal decomposition of the target compounds, the 

use of simple starting materials including red phosphorus (Pred) as well as large sample volumes for 

a detailed characterization of their materials properties.[21] 

However, there is no ammonothermally synthesized ortho-(oxo)nitridophosphate showing non-

condensed [PO4−xNx](3+x)− tetrahedra, up to now. Such structural features were only observed in 

Li7PN4, Li14[PON3]2O, EA2PO3N (EA = Ca, Sr) and Ho3[PN4]O, which were synthesized in ampoules 

or via high-pressure synthesis, respectively.[23–26] Especially, the EA2PO3N compounds are of special 

interest, as they crystallize isotypically to β-K2SO4. Accompanied with a plethora of compounds 

crystallizing in this structure type, a great diversity of materials properties is observed. Especially, 

the potential as host lattices for luminescent materials is impressive, covering the whole visible 

spectrum from red (LaEASiO3N:Eu2+ with EA = Sr, Ba) over green (Ca2PO3N:Eu2+) to blue 

(KSrPO4:Eu2+) emission.[25, 27, 28] 

In this contribution, we present the ammonothermal synthesis of the ortho-oxonitridophosphate 

Ba2PO3N containing discrete [PO3N]4− ions, extending the degree of condensation range of 

ammonothermally accessible nitridophosphates to 1/4 ≤ κ ≤ 4/7. The structure was elucidated using 

single-crystal X-ray diffraction on ammonothermally grown crystallites with sizes up to several 

hundreds of µm. Bulk samples were used for further analysis as well as for examination of 

luminescence properties of Eu2+ doped Ba2PO3N. Together with earlier reported investigations on 
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the ammonothermal approach, this work demonstrates once again the high potential of this method 

regarding synthesis and crystal growth of (oxide) nitride materials. 

 

6.2 Results and Discussion 

6.2.1 Synthesis 

The oxonitridophosphate Ba2PO3N was synthesized ammonothermally using custom-built high-

temperature autoclaves made of the nickel-based super-alloy Haynes® 282®. Stoichiometric amounts 

of Pred and BaO were used as starting materials. KOH and NaN3 were added as additional oxygen 

and nitrogen sources as well as ammonobasic mineralizers. They form in situ NaNH2 and KNH2, 

which increase the solubility of the other starting materials by the formation of soluble intermediate 

species, such as mixed amides [e.g. KBa(NH2)3] and phosphorus containing compounds like 

hexaaminocyclotriphosphazene [PN(NH2)2]3, the corresponding ammoniate [PN(NH2)2]3·0.5NH3 or 

the imidonitride Na10[P4(NH)6N4](NH2)6(NH3)0.5.[3, 7, 21, 29–31] When using NaOH instead of KOH, 

Ba2PO3N appears only as side-phase without any single crystals of significant size. The remaining 

PXRD reflections could not be assigned to any known compound. A possible explanation could be 

the non-existence of a Na analog to KBa(NH2)3, resulting in a lower solubility. 

Based on the observation that such intermediates are preferably formed at low temperatures, the 

reaction mixture was heated in a first step to a temperature of 670 K. After 16 h the autoclave was 

subsequently heated to 1070 K, reaching a pressure of 120 MPa, in order to transform the 

intermediate species into the oxonitridophosphate Ba2PO3N. Upon adding Eu(NH2)2 to the starting 

materials, the product exhibits green luminescence (see Luminescence section). To prevent the 

product from autoclave impurities, the reaction mixture was filled into a Ta-liner. In addition, the 

liner wall acted as a substrate for single-crystal growth of the product. Thereby, single crystals with 

sizes up to ≈ 600 µm were accessible. Figure 6.1 illustrates ammonothermally grown crystals of 

Ba2PO3N:Eu2+. The size of the crystals, which are up to several hundred µm, as well as the fact that 

the crystals grew on the wall at the upper part of the liner, which is supposed to be the colder zone, 

suggest a solution based transport and growth mechanism via intermediate species. 

The obtained white (Ba2PO3N) and yellow (Ba2PO3N:Eu2+) products are slightly sensitive towards 

moisture and were therefore washed with dry ethanol to eliminate hygroscopic residual mineralizer 

and intermediate species. 



6 Ammonothermal Synthesis of Ba2PO3N –  
An Oxonitridophosphate with Non-Condenses PO3N Tetrahedra 

 

 
96 

 

Figure 6.1. SEM images of Ba2PO3N:Eu2+ crystals. 

6.2.2 Crystal structure 

The crystal structure of Ba2PO3N was solved and refined from single-crystal X-ray diffraction data 

in the orthorhombic space group Pnma (no. 62) with lattice parameters a = 7.596(2), b = 5.796(1) 

and c = 10.212(3) Å. The crystallographic data are summarized in Table 6.1. Wyckoff positions and 

atomic coordinates, anisotropic displacement parameters, as well as interatomic distances and angles 

are given in Tables E.1–E.3 (Supporting Information). Ba2PO3N crystallizes in the β-K2SO4 structure 

type and is isotypic to its lighter homologues Ca2PO3N and Sr2PO3N.[25] As expected, the lattice 

parameters of the three EA2PO3N compounds increase linearly with increasing size of the alkaline 

earth ions (see Figure E.1, Supporting Information). The crystal structure is built up from non-

condensed [PO3N]4− tetrahedra (see Figure 6.2) and therefore exhibits a degree of condensation of 

κ = n(P)/n(O,N) = 1/4, which expands the range of ammonothermally accessible degrees of 

condensation for (oxo)nitridophosphates to 1/4 ≤ κ ≤ 4/7. The assignment of O and N atoms was 

carried out in accordance with the structure model of EA2PO3N (EA = Ca, Sr).[25] Lattice energy 

calculations (MAPLE),[32–35] bond-valance sums (BVS)[36, 37] as well as charge distribution 

(CHARDI)[38] calculations support the ordering and show only slight deviations from expected values 

(see Tables E.4–E.6, Supporting Information). The P–O [1.573(2)–1.602(2) Å] and P–N distances 

[1.578(2) Å] are in good agreement with bond lengths of other alkaline earth oxonitridophosphates 

known from literature (e.g. Ca2PO3N, Sr2PO3N, SrP3N5O, Sr3P6O6N8, Ba3P6O6N8).[25, 39–41] The 

corresponding O/N–P–O/N angles vary between 107.81(9) and 112.6(2)° and deviate only slightly 

from the regular tetrahedron angle and are also in good agreement with values known from literature. 

The crystal structure contains two crystallographically different Ba positions. 
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Table 6.1. Crystallographic data of Ba2PO3N obtained from single-crystal X-ray diffraction. 

Formula Ba2PO3N 

Crystal system orthorhombic 

Space group Pnma (no. 62) 

a / Å 7.596(2) 

b / Å 5.796(1) 

c / Å 10.212(3) 

Cell volume / Å3 449.6(2) 

Formula units/cell 4 

Density / g·cm−3 5.4325 

Crystal size / mm 0.01×0.03×0.04 

μ / mm−1 17.640 

T / K 296(2) 

Diffractometer Bruker D8 Quest 

Radiation / Å Mo-Kα (0.71073) 

F(000) 632 

2θ range / ° 3.343 - 35.687 

Total no. of reflections 15148 

No. of independent reflections 1121 

Observed reflections (F2 > 2σ(F2)) 1029 

Rint; Rσ 0.0432; 0.0182 

Structure solution SHELXT 

Structure refinement SHELXL 

Refined parameters 40 

Goodness of fit (χ2) 1.197 

R1 (all data); R1 (F2 > 2σ(F2)) 0.0210; 0.0177 

wR2 (all data); wR2 (F2 > 2σ(F2)) 0.0344; 0.0335 

Δρmax; Δρmin [e·Å−3] 1.050, −1.327 
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Figure 6.2. Crystal structure of Ba2PO3N along [001] with Ba atoms in green, O atoms in red, N atoms in 

blue and PO3N tetrahedra in blue (displacement parameters with 90% probability, drawings generated 

with VESTA).[42] 

While Ba1 is coordinated by three N and seven O atoms, Ba2 is only surrounded by two N and seven 

O atoms (see Figure 6.3). The Ba–O [2.764(2)–3.131(2) Å] and Ba–N distances [2.731(3)–

3.043(3) Å] are in the same range as already reported for other barium (oxo)nitridophosphates 

(e.g. Ba3P6O6N8, BaP2N4, Ba3P5N10X).[41, 43, 44] Based on the obtained structure model from single-

crystal X-ray diffraction, a Rietveld refinement of powder X-ray diffraction data was conducted in 

order to check phase purity. Thereby, a small amount of an unknown side phase, which is marked 

with asterisks in Figure 6.4, was observed. The washed product shows no evidence of residual 

mineralizers such as NaNH2 or KNH2. Table E.7 and E.8 in the Supporting Information summarize 

the crystallographic data. 
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Figure 6.3. Coordination of Ba1 (a) and Ba2 (b) atoms in Ba2PO3N. Ba atoms are illustrated in green, O 

atoms in red and N atoms in blue (displacement parameters with 90% probability, drawings generated 

with VESTA).[42] 

 

Figure 6.4. Rietveld refinement of PXRD data of Ba2PO3N with experimental data (black line), calculated 

diffraction pattern (red line), difference profile (blue line) and reflection positions of Ba2PO3N (black bars). 

Reflections of unknown side phases are marked with asterisks. 
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6.2.3 Energy dispersive X-ray spectroscopy (EDX) 

EDX measurements on Eu2+ doped Ba2PO3N samples (nominal concentration of ≈ 1 mol-% 

regarding to Ba) were carried out for chemical analysis and no elements other than the expected (Ba, 

P, O, and N) and trace amounts of Eu were detected. The obtained atomic ratio of 

Ba/P/O/N ≈ 2.1:1.0:2.5:0.9 is in good agreement with the sum formula of the title compound 

(Table E.9, Supporting Information). 

6.2.4 Fourier Transformed Infrared spectroscopy (FTIR) 

The exclusion of any NHx functionality in Ba2PO3N was performed by FTIR spectroscopy. As no 

significant absorption bands appear in the region around 3000 cm−1 (Figure E.2, Supporting 

Information), the absence of N-H groups in the crystal structure can be confirmed.[45] However, the 

broad and weak band between 2400 and 3400 cm−1 can be explained by partial surface hydrolysis of 

the sample, owed to the measuring method. The strong absorption bands in the region between 600 

and 1400 cm−1 can be attributed to symmetric and asymmetric stretching modes of the P–N-

framework and are similar to the absorption bands of Ca2PO3N and Sr2PO3N, indicating the structural 

similarity of these three compounds.[25] 

6.2.5 UV/Vis spectroscopy 

In order to investigate the optical properties of Ba2PO3N, diffuse reflectance spectroscopy was 

conducted. The spectrum shows an absorption band around 250 nm (Figure E.3, Supporting 

Information), which is in agreement with the white color of the sample. The Kubelka–Munk function 

F(R) = (1−R)2/2R, where R represents the reflectance, was used to calculate a pseudo-absorption 

spectrum.[46] The bandgap was determined subsequently by drawing a tangent at the inflection point 

of the Tauc plot (see Figure 6.5), where [F(R)·hν]1/n is plotted vs. hν, with n = 1/2 assuming a direct 

transition.[47] The determined bandgap is approximately 4.3 eV. 
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Figure 6.5. Tauc plot of Ba2PO3N (black line) with a tangent at the inflection point (red line). 

6.2.6 Luminescence 

Ba2PO3N:Eu2+ shows strong green emission upon irradiation with UV light (see Figure E.4 in the 

Supporting Information). The excitation spectrum (see Figure 6.6) of a Ba2PO3N:Eu2+ (≈ 1 at.-% 

Eu2+) single crystal shows a maximum at 410 nm. Upon excitation (λexc = 420 nm), the title 

compound shows broad emission at λem = 534 nm with a full width at half-maximum (fwhm) of 

85 nm/2961 cm−1. The broad emission arises most likely from the two emission bands, due to two 

different Ba positions, which can be substituted by Eu2+. The luminescence behavior is similar to that 

of isotypic Ca2PO3N:Eu2+ and the oxosilicates M2SiO4:Eu2+ (M = Ca, Sr, Ba) crystallizing in the β-

K2SO4 structure type as well.[25, 48] Furthermore, the emission wavelength of Ba2PO3N:Eu2+ is similar 

to that of SrP2N4:Eu2+ (λem = 529 nm), however, the emission is broader (fwhm = 2432 cm−1).[43] 

 

Figure 6.6. Excitation (black line) and emission (green line) spectra of Ba2PO3N:Eu2+. 
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Low temperature measurements (λexc = 390 nm) between 6 and 300 K were conducted on thick-bed 

powder samples in order to investigate thermal quenching of Ba2PO3N:Eu2+. For this purpose, the 

luminescence intensities were measured and integrated at different temperatures (Figure E.5 in the 

Supporting Information). Figure 6.7 illustrates the thermal quenching of Ba2PO3N:Eu2+, by 

decreasing the initial intensity (6 K) down to ≈ 40% at room temperature. For this reason, no further 

measurements such as internal quantum efficiency or high-temperature measurements were 

conducted. The stronger thermal quenching of the title compound compared to the isotypic 

orthosilicates (Ba,Sr)2SiO4:Eu2+ (λem ≈ 525 nm, fwhm ≈ 2420 cm−1)[48] that found practical 

application in solid-state lighting can be explained by the smaller optical bandgap of the title 

compound (Ba2SiO4: Eg = 6.81 eV) that results in more pronounced non-radiative de-excitation of 

the activator ion via a photoionization process.[49] Additionally, the low temperature measurements 

reveal a second emission band, which is in accordance with the former mentioned presence of two 

substantially different Ba2+ sites. The observation of this second band, which is not obvious in the 

emission spectrum of the single crystal, might be traced back to the different excitation wavelengths 

or different activation energies of the two different excited Eu states towards photoionization. 

 

Figure 6.7. Thermal quenching data for Ba2PO3N:Eu2+ at low temperatures (6-300 K). 

 

6.3 Conclusions 

The ortho-oxonitridophosphate Ba2PO3N was synthesized in supercritical ammonia starting from 

BaO, red phosphorus, KOH and NaN3 at a temperature of 1070 K and a maximum pressure of 

120 MPa using custom-built high-temperature autoclaves. KOH and NaN3 act as ammonobasic 
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mineralizers to increase the solubility of the other starting materials. In doing so, crystallites with 

sizes up to ≈ 600 µm grew on the wall at the upper part of the liner, which suggest a solution-based 

crystallization process via soluble intermediate species. The crystal structure was solved and refined 

from single-crystal X-ray diffraction. Ba2PO3N crystallizes in the β-K2SO4 structure type and is the 

first representative of an ammonothermally synthesized oxonitridophosphate with non-condensed 

PO3N tetrahedra, expanding the degree of condensation range of ammonothermally accessible 

nitridophosphates to 1/4 ≤ κ ≤ 4/7. The bandgap was determined with diffuse reflectance 

spectroscopy to be 4.3 eV. Eu2+ doped samples show luminescence in the green region of the visible 

spectrum (λem = 534 nm, fwhm = 85 nm/2961 cm−1) when excited with UV light (λexc = 420 nm). 

Low temperature measurements indicated strong thermal quenching even at room temperature, as 

only 40^% intensity remains compared to the intensity at 6 K. For future investigations, it would be 

interesting, if the ammonothermal method is applicable for synthesis of further ortho-

(oxo)nitridophosphates and if the findings on ammonothermal (oxo)nitridophosphates in general 

could be transferred to other oxide or nitride systems such as (oxo)nitridosilicates. 

 

6.4 Experimental Section 

Due to moisture-sensitivity of the product, all manipulations were conducted under exclusion of 

oxygen and moisture in argon filled gloveboxes (Unilab, MBraun, Garching, O2 < 1 ppm, 

H2O < 1 ppm). The filling of the autoclaves with ammonia was performed on a vacuum line 

(≤ 0.1 Pa) with argon and ammonia (both: Air Liquide, 99.999^%) supply. Washing treatments of 

the products were carried out in flame-dried Schlenk-type glassware connected to a vacuum line 

(≤ 0.1 Pa). All gases were further purified using gas purification cartridges [Micro Torr FT400–902 

(for Ar) and MC400–702FV (for NH3), SAES Pure Gas Inc., San Luis Obispo, CA, USA], providing 

a purity level of < 1 ppbV H2O, O2 and CO2 (manufacturer’s data). 

6.4.1 Synthesis of Eu(NH2)2 

Eu(NH2)2 was synthesized starting from Eu metal (99.99^%, smart elements) in supercritical 

ammonia according to the synthesis described in literature.[50] 

6.4.2 Ammonothermal synthesis 

Ba2PO3N was synthesized ammonothermally starting from 0.75 mmol red P (23.2 mg, Merck, 

99^%), 1.5 mmol BaO (230 mg, Alfa Aesar, 99.5^%), 0.75 mmol KOH (42.1 mg, Merck, 90^%) and 
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0.75 mmol NaN3 (48.8 mg, Sigma-Aldrich, 99.5^%). In order to obtain Eu2+ doped samples, 

0.015 mmol Eu(NH2)2 (3 mg) were added to the reaction mixture. All starting materials were ground 

in an agate mortar and transferred into a tantalum liner to protect the sample from autoclave 

impurities. After placing the liner in a Haynes® 282® autoclave (nickel based super-alloy, max. 

1100 K, 170 MPa, 10 mL), the later was sealed via flange joints using a silver coated Inconel® 718 

ring (GFD seals). The autoclave body is connected to a hand valve (SITEC) by an Inconel® 718 high-

pressure tube. The hand valve contains a pressure transmitter (HBM P2VA1/5000 bar) and a bursting 

disk (SITEC). The assembled autoclave was evacuated, cooled to 198 K using an ethanol/liquid 

nitrogen mixture and filled with NH3 (≈ 3.0 mL). The amount of NH3 was determined using a mass 

flow meter (D-6320-DR, Bronkhorst, Ruurlo, Netherlands). After filling, the autoclave was heated 

within 2 h to 670 K and held at this temperature for 16 h, then heated to 1070 K within 3 h and held 

for 72 h reaching a maximum pressure of 120 MPa. Subsequently, the autoclave was cooled down 

and residual NH3 was removed. The white (Ba2PO3N) and yellow (Ba2PO3N:Eu2+) products were 

removed and washed with dry ethanol and dried under vacuum. Irregularly shaped single crystals of 

the product with sizes up to several hundred of µm grew on the wall of the liner. 

6.4.3 Single-crystal X-ray diffraction 

For single-crystal XRD measurements, Ba2PO3N:Eu2+ single crystals were placed and sealed in glass 

capillaries (Hilgenberg GmbH) under argon atmosphere. A Bruker D8 Quest diffractometer with 

Mo-Kα radiation (λ = 0.71073 Å) was used for data collection. The software package APEX3 was 

used for indexing and integration.[51, 52] Furthermore, APEX3 was used for semiempirical absorption 

corrections (SADABS) and space group determination.[52–54] The crystal structure was solved using 

the SHELXT algorithm and refined by full-matrix least-squares methods using WinGX with 

implemented SHELXL.[55, 56] 

CSD 1975933 (for Ba2PO3N) contains the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from FIZ Karlsruhe. 

6.4.4 Powder X-ray diffraction 

The ground product was placed and sealed in a glass capillary (d = 0.3 mm, Hilgenberg GmbH) in 

argon atmosphere for PXRD measurement. The measurement was conducted using a Stoe STADI P 

diffractometer with Mo-Kα1 (λ = 0.71073 Å) radiation, Ge(111) monochromator and Mythen 1K 

detector in modified Debye–Scherrer geometry. The program TOPAS was used for Rietveld 

refinement of the measured data.[57] 
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6.4.5 Scanning electron microscopy 

Single-crystal images as well as EDX measurements were conducted on a scanning electron 

microscope [Dualbeam Helios Nanolab G3 UC (FEI), equipped with an EDX detector (X-Max 80 

SDD, Oxford instruments)]. For this purpose, the samples were placed on adhesive carbon pads. 

Coating of the samples with a conductive carbon film was performed with a high-vacuum sputter 

coater (BAL-TEC MED 020, Bal Tec A). 

6.4.6 Fourier Transformed Infrared spectroscopy 

A Perkin Elmer BX II FTIR spectrometer equipped with a DuraSampler Diamond ATR (attenuated 

total reflection) unit under exposure to air was used for collection of a FTIR spectrum of Ba2PO3N. 

6.4.7 UV/Vis spectroscopy 

UV/Vis measurements were conducted using a Jasco V-650 UV/Vis spectrophotometer equipped 

with Czerny-Turner mount, photomultiplier tube detector and deuterium (190–350 nm)/halogen 

(330–900 nm) lamps as light sources to estimate the optical bandgap of Ba2PO3N. For this purpose, 

a diffuse reflectance measurement of the sample at room temperature was performed. 

6.4.8 Luminescence measurements 

Single crystals sealed in silica glass capillaries were used for investigation of the luminescence 

properties of Ba2PO3N:Eu2+. A HORIBA Fluoromax4 spectrofluorimeter system, attached via optical 

fibers to an Olympus BX51 microscope was used for data collection (λexc = 420 nm). 

Low-temperature measurements were conducted in the range from 300 to 6 K performed on a thick-

bed powder layer using a fiber-coupled spectroscopy system containing a thermally stabilized LED 

light source and a fiber-optic spectrometer from Ocean Optics (HR2000+ES) in an evacuated cooling 

chamber (λexc = 390 nm). The samples was cooled via a liquid-He compressor system from Advance 

Research System Inc. (ARS4HW). 
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Abstract. The oxonitridosilicate Ca1+xY1−xSiN3−xOx 

(x > 0) was synthesized in custom-built high-temperature 

autoclaves starting from CaH2, intermetallic YSi and 

NaN3 using supercritical ammonia as solvent at a 

maximum pressure of 140 MPa and temperature of 

1070 K. In situ formed NaNH2 acts as ammonobasic 

mineralizer and increases the solubility of the other 

starting materials. Air and moisture sensitive rod-shaped 

single crystals of the title compound with length of up to 

200 µm were obtained. The crystal structure was solved and refined by single-crystal X-ray 

diffraction. The results are supported by powder X-ray diffraction, energy dispersive X-ray 

spectroscopy and lattice energy (MAPLE) calculations. Ca1+xY1−xSiN3−xOx (x > 0) is isostructural to 

Ca2PN3 and Eu2SiN3 and crystallizes in the orthorhombic space group Cmce (no. 64) with 

a = 5.331(2), b = 10.341(4), c = 11.248(4) Å and Z = 8 (R1 = 0.0257, wR2 = 0.0447) and contains 

infinite zweier single chains running along [100] which are built up from corner sharing Si(N,O)4 

tetrahedra. 
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7.1 Introduction 

Due to their intriguing structural diversity as well as their auspicious chemical and physical 

properties, (oxo)nitridosilicates gained increased attention in the last decades.[1] These properties 

open the way for different applications such as lithium ion conductors, thermal conductors and 

nonlinear optical (NLO) materials.[1] One of the most important application fields of 

(oxo)nitridosilicates is their usage as host materials (e.g. (Sr,Ba)2Si5N8, (Ca,Sr)AlSiN3) for activator 

ions like Eu2+ and the associated application in phosphor-converted light-emitting diodes.[2, 3] 

Typically, these materials are synthesized via high-temperature reactions in radio-frequency 

furnaces, tantalum ampules or tube furnaces.[1] In doing so, various synthesis routes like metathesis 

reactions or the carbothermal approach were employed accessing new compounds like 

RE4Ba2[Si9ON16]O:Eu2+, La3BaSi5N9O2:Ce3+ or RE4Ba2[Si12O2N16C3]:Eu2+ (RE = Lu, Y).[4–6] 

However, the growth of large single crystals of (oxo)nitridosilicates, which is inevitable for 

numerous applications, is quite challenging. 

In contrast to above mentioned high-temperature routes, the ammonothermal method is a solution-

based process, which could be crucial for synthesis and crystal growth of (oxo)nitridosilicates and 

other nitride materials in general at relatively low temperatures (T ≤ 1070 K). This might open the 

way to hitherto hardly accessible (oxo)nitridosilicates, as already demonstrated for CaGaSiN3.[7] An 

essential aspect of ammonothermal synthesis is the solubility of the starting materials in ammonia. 

The rather low solubility of most inorganic compounds in liquid NH3 is circumvented by using high-

pressurized NH3 in the supercritical state, due to the fact that the relative permittivity is increased 

with increasing density.[8] A further increase of the solubility can be accomplished by adding 

ammonobasic mineralizers like alkali metal amides during synthesis, which form soluble 

intermediate species (e.g. amides, imides, ammoniates) with the other starting materials.[8] GaN for 

example shows how well the ammonothermal method is suitable for crystal growth of a nitride. 

Continuous developments make it possible to obtain high-purity bulk GaN crystals with growth rates 

of up to 300 µm per day by using the ammonothermal approach.[9–11] In recent years, further ternary 

and multinary (oxide) nitrides such as CaAlSiN3, CaGaSiN3, Ca1−xLixAl1−xGe1+xN3 (x ≈ 0.2), II-IV-N2 

(II = Mg, Mn, Zn; IV = Si, Ge), LnTaON2 (Ln = La, Ce, Pr, Nd, Sm, Gd) and various 

nitridophosphates were synthesized ammonothermally.[7, 12–20] 

In 2014, Hintzen et al. calculated the stability of several EA2+RE3+SiN3 compounds (EA = alkaline 

earth metal, RE = rare earth metal), assuming structures isotypic to Eu2SiN3 and Ca2PN3.[21–23] Using 

density functional theory (DFT) calculations they showed that various combinations of alkaline earth 

and/or rare earth metals such as CaYSiN3, CaLaSiN3 or SrLaSiN3 are energetically favorable over 

the respective binary (REN) and ternary nitrides (MSiN2). 
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In this contribution we report on the ammonothermal synthesis and crystal growth of the 

oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) under ammonobasic conditions using custom-built high-

temperature autoclaves. Especially, the fact that single crystals with sizes up to several hundreds of 

µm can be obtained, makes the ammonothermal method interesting for synthesis of further 

(oxo)nitridosilicates. 

 

7.2 Results and Discussion 

7.2.1 Synthesis 

Ca1+xY1−xSiN3−xOx (x > 0) was synthesized in supercritical NH3 using custom-built high-temperature 

autoclaves. CaH2 and YSi as an intermetallic precursor in a molar ration of 1:1, as well as NaN3 were 

used as starting materials. Intermetallic YSi was used in order to achieve a better mixing of Y and Si 

on an atomic level, as reactions with elemental Y and Si instead of YSi resulted in significantly 

smaller amounts and poorer crystallinity of the target phase. NaN3, which decomposes to Na and N2 

during reaction, forms in situ the respective amide NaNH2 and acts as ammonobasic mineralizer. 

Presumably, the mineralizer increases the solubility of the other starting materials through the 

formation of soluble intermediate species such as NaCa(NH2)3, NaY(NH2)4, Na3[Y(NH2)6] or 

Si2N2NH.[24–26] NaN3 was used instead of Na or NaNH2 due to its high purity and insensitivity towards 

hydrolysis. As such intermediates are preferably formed at lower temperatures, a first heating step to 

670 K was conducted. During subsequent heating to 1070 K (pmax = 140 MPa), the intermediates 

decompose and form the air and moisture sensitive product Ca1+xY1−xSiN3−xOx (x > 0) as well as YN 

as a side phase. Transparent red rod-shaped single-crystals with sizes up to 200 µm in length were 

obtained (see scanning electron microscopy section). These represent the first ammonothermally 

grown crystallites of oxonitridosilicates, which are suitable for single-crystal X-ray measurements. 

Presumably, there are several reasons why it is not possible to form the desired pure nitride CaYSiN3. 

On the one hand, the formation of YN as side phase could implicate an excess of Ca in the crystal 

structure, which has to be compensated by incorporation of oxygen to achieve charge neutrality. 

Furthermore, a partial hydrolysis of CaYSiN3 during reaction could also result in an incorporation of 

oxygen, which has to be compensated by an excess of Ca. These small amounts of oxygen may 

originate from oxide layers of the autoclave and liner wall or from oxygen impurities of the starting 

materials. Nevertheless, an excess of Y did not result in the synthesis of the pure nitride CaYSiN3 

with an atomic ratio Ca to Y of 1:1. 

Analogous reactions at lower temperatures (870 K) also resulted in formation of the product. 

However, the crystallinity as well as the yield of the target phase improved with increasing 
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temperature. With respect to air and moisture sensitivity of Ca1+xY1−xSiN3−xOx (x > 0), residual 

mineralizer and intermediates were removed by washing the product with dry ethanol. 

7.2.2 Crystal structure 

The crystal structure of Ca1+xY1−xSiN3−xOx (x > 0) was solved and refined from single-crystal X-ray 

diffraction data. The compound crystallizes in orthorhombic space group Cmce (no. 64). 

Crystallographic data and details on the structure determination are summarized in Table 7.1. Atomic 

coordinates and Wyckoff positions are listed in Table 7.2. Anisotropic displacement parameters as 

well as interatomic distances are given in Tables F.1 and F.2 (Supporting Information). The crystal 

structure of Ca1+xY1−xSiN3−xOx (x > 0) (see Figure 7.1) is isostructural to Ca2PN3 and Eu2SiN3 and 

contains infinite zweier single chains[27] built up from corner-sharing Si(N,O)4 tetrahedra.[22, 23, 28] 

These chains (see Figure 7.2 a) run along [100] and exhibit a periodicity of P = 2 and the maximum 

possible stretching factor of 𝑓𝑠 = 1.0.[28] The Si(N,O)4 tetrahedra contain three crystallographically 

independent anion sites. While two of them (N1/O1 and N2/O2) are terminal, the third position (N3) 

is bridging two tetrahedra centers. The corresponding Si–(N,O) distances vary between 1.714(1) Å 

for the bridging nitrogen atom to 1.736(4) Å for the terminal N2/O2 atoms and are in the same range 

as reported for other oxonitridosilicates in literature.[6, 22, 29] 

The crystal structure contains two crystallographically different Ca/Y sites, which are both mixed 

occupied by Ca and Y, according to single-crystal XRD analysis (see Table F.3, Supporting 

Information). Both sites are coordinated in a distorted pentagonal bipyramidal way by N and O atoms 

(see Figure 7.2 b). The corresponding distances vary between 2.321(4) and 2.7086(11) Å for Y1/Ca1 

and 2.396(4) to 3.036(4) Å for Y2/Ca2, which is in accordance with values known from 

literature.[6, 30–32] Corresponding to the different bond lengths, the smaller Y3+ ion preferably occupies 

the atom site with the shorter M-N/O distances (Y1(≈ 79%) / Ca1(≈ 21%)), whereas Ca2+ preferably 

occupies the second cation position (Ca2(≈ 95%) / Y2(≈ 5%)) (see Table 7.2).[33] This results in an 

atomic ratio of Ca:Y of approximately 1.16(2):0.84(2). If the positions (Ca1/Y1 and Ca2/Y2) are not 

refined under the assumption of a mixed occupation, the R values of the refinement increase 

significantly (see Table F.3 in the Supporting Information). Therefore, a value of x of 0.16 was 

assumed during single-crystal refinement. 

To obtain charge neutrality, mixed occupation of N and O was assumed for the two terminal anion 

positions (N1/O1 and N2/O2) and constrained to 92.1% N and 7.9% O for both sites. To verify the 

crystal structure, lattice energy calculations (MAPLE) were performed.[33–36] Detailed information on 

the MAPLE calculations are given in Table F.4 in the Supporting Information. All partial MAPLE 

values for the cations and anions are in the expected ranges. The total MAPLE value of 
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Ca1+xY1−xSiN3−xOx (x > 0) agrees within a deviation of 0.34% with the MAPLE value calculated from 

a hypothetical reaction of the binary nitrides and oxides. 

Table 7.1. Crystallographic data of Ca1+xY1−xSiN3−xOx (x > 0) from single-crystal X-ray diffraction, standard 

deviations in parentheses. 

Formula Ca1+xY1−xSiN3−xOx (x > 0) 

Crystal system orthorhombic 

Space group Cmce (no. 64) 

a / Å 5.331(2) 

b / Å 10.341(4) 

c / Å 11.248(4) 

Cell volume / Å3 620.1(4) 

Formula units/cell 8 

Density / g·cm−3 4.107 

Crystal size / mm 0.05×0.02×0.01 

μ / mm−1 17.948 

T / K 293(2) 

Diffractometer Bruker D8 Venture 

Monochromator Göbel mirror optics 

Radiation / Å Mo-Kα (0.71073) 

F(000) 729 

θ range / ° 3.623 - 30.484 

Total no. of reflections 3205 

No. of independent reflections 522 

Rint; Rσ 0.0568, 0.0404 

Refined parameters 38 

Goodness of fit (χ2) 1.063 

R1 (all data); R1 (F2 > 2σ(F2)) 0.0373; 0.0257 

wR2 (all data); wR2 (F2 > 2σ(F2)) 0.0465; 0.0447 

Δρmax; Δρmin [e·Å−3] 0.588, −0.827 
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Figure 7.1. Crystal structure of Ca1+xY1−xSiN3−xOx (x > 0) viewed along [100]. Ca/Y atoms are depicted in 

green, Si atoms in black, N/O atoms in blue and Si(N,O)4 tetrahedra in purple. 

 

Figure 7.2. Infinite chains of Si(N,O)4 tetrahedra viewed along [010] (a) and coordination of the two 

different cation sites with bond lengths [Å] of the Ca/Y–N/O bonds (b) in Ca1+xY1−xSiN3−xOx (x > 0). 

Ellipsoids are displayed at 90% probability level. 
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Figure 7.3 illustrates the result of the Rietveld refinement of the product in order to check phase 

purity. Starting values for the refinement were taken from the structure model obtained from single-

crystal X-ray data. Details on the refinement as well as Wyckoff positions are summarized in 

Table F.5 and F.6 in the Supporting Information. The occupation of Ca and Y changes only 

marginally during refinement and were therefore fixed on the values of the single-crystal analysis. 

In addition to the target phase Ca1+xY1−xSiN3−xOx, YN and an unidentified side phase occur (see 

Figure 7.3) in the PXRD. Starting values for the side phase (YN) were taken from literature.[37] In 

particular, as already mentioned above, the formation of YN (11 weight-%) might explain the excess 

of Ca incorporated into Ca1+xY1−xSiN3−xOx (x > 0). 

 

Figure 7.3. Rietveld refinement of powder X-ray diffraction pattern of Ca1+xY1−xSiN3−xOx (x > 0) with 

experimental data (black line), calculated data (red line), difference profile (blue line) and reflection 

positions (Ca1+xY1−xSiN3−xOx (x > 0): black bars, YN: green bars). Reflections of unknown side phases are 

marked with asterisks 

7.2.3 Scanning electron microscopy 

In order to confirm the chemical composition of the compound, energy dispersive X-ray 

spectroscopy (EDX) measurements were conducted on Ca1+xY1−xSiN3−xOx (x > 0) crystallites. The 

obtained data is summarized in Table 7.3. The determined atomic ratio of Ca and Y with 

approximately 1.10(6) : 0.90(3) agrees with the determined Ca:Y ratio obtained from single-crystal 

XRD measurements within one standard deviation. The fact that the ratio of anions (O and N) to 

cations (Ca, Y and Si) does not lead to charge neutrality can be explained by the uncertainty of EDX 

measurements on light elements. However, EDX measurements also show charge neutrality within 

two standard deviations. Despite the agreement of the EDX values with single-crystal XRD data, a 

determination of an exact value of x is only possible to a limited extent with these methods. The 
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excess of detected oxygen can be attributed to partial surface hydrolysis of the crystallites during 

sample preparation. 

Table 7.3. SEM EDX measurements in atom-% of Ca1+xY1−xSiN3−xOx (x > 0) crystallites, standard 

deviations in parentheses. 

 Ca Y Si N O 

measurement 1: 19.2 15.6 16.9 38.6 9.7 

measurement 2: 19.1 15.7 17.4 39.1 8.7 

measurement 3: 18.3 15.6 17.6 40.3 8.2 

measurement 4: 18.4 15.8 17.4 40.1 8.3 

measurement 5: 20.4 15.5 17.9 36.9 9.3 

Ø 19.1(7) 15.6(1) 17.4(4) 39(2) 8.8(7) 

calculated 19.3 14.0 16.7 47.3 2.7 

 

Figure 7.4 shows SEM images of Ca1+xY1−xSiN3−xOx (x > 0) crystals. The size as well as the shape of 

the crystals suggest a solution based growth mechanism of the compound, as already reported in 

literature for ZnGeN2 and Mg2PN3.[15, 18] 

 

Figure 7.4. SEM images of two different crystals of Ca1+xY1−xSiN3−xOx (x > 0). 

 

7.3 Conclusions 

The oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) was synthesized under ammonothermal conditions 

using custom-built high-temperature autoclaves, starting from CaH2, intermetallic YSi and NaN3. In 

situ formed NaNH2 acts as ammonobasic mineralizer to increase the solubility of the starting 



7 Ammonothermal Synthesis and Crystal Growth of the 
Chain-type Oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) 

 

 
119 

materials, facilitating crystal growth of the product. In doing so, rod-shaped crystallites with sizes up 

to 200 µm were obtained, representing the first single crystals of oxonitridosilicates from 

ammonothermal synthesis, which are suitable for single-crystal X-ray diffraction measurements. The 

shape as well as the size of the crystallites suggest a solution based growth process. Ca1+xY1−xSiN3−xOx 

(x > 0) is built up from corner-sharing Si(N,O)4 tetrahedra forming zweier single chains running 

along [100] and is isostructural to Ca2PN3 and Eu2SiN3.[22, 23] Based on these results as well as on 

earlier calculations,[21] it can be assumed that further substitutions in this structure type should be 

possible. Not only the substitution of the divalent and trivalent cations seems possible, but also the 

substitution of tetrahedra centers, as already demonstrated in Ca2PN3.[23] Furthermore, we recently 

reported on the ammonothermal synthesis of nitridophosphates with different anionic frameworks 

including non-condensed tetrahedra groups, chains, layers and networks, indicating that the 

ammonothermal method can provide access to a wide variety of structurally diverse nitrides.[20] In 

future work, the acquired knowledge should be applied to ammonothermal syntheses of further 

(oxo)nitridosilicates, to get access to hitherto unknown compounds with new structure types. 

 

7.4 Experimental Section 

All manipulations were conducted in argon filled gloveboxes (Unilab, MBraun, Garching, 

O2 < 1 ppm, H2O < 1 ppm) or in dried Schlenk-type glassware connected to a vacuum line (≤ 0.1 Pa) 

with argon or ammonia supply. Argon and ammonia (both Air Liquide, 99.999%) were further 

purified by gas cartridges (Micro Torr FT400-902 (for Ar) and MC400-702FV (for NH3), SAES Pure 

Gas Inc., San Luis Obispo, CA, USA), providing a purity level of < 1 ppbV H2O, O2 and CO2. A 

mass flow meter (D-6320-DR, Bronkhorst, Ruurlo, Netherlands) was used for determination of the 

amount of inserted ammonia. 

7.4.1 Preparation of starting materials 

YSi was synthesized according to Parthé[38] by mixing 5 mmol Y (444.5 mg, smart-elements 99.99%) 

and 5 mmol Si (140.4 mg, Alfa Aesar, 99.9%) and transferring the mixture into a Ta ampule. The 

ampule was weld shut and placed in a silica tube. The evacuated tube was placed in a tube furnace, 

heated to 1220 K with a heating rate of 5 K/min and held at this temperature for 24 h. After cooling 

to room temperature, the product was ground in an agate mortar and stored under argon. 
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7.4.2 Ammonothermal synthesis of Ca1+xY1−xSiN3−xOx 

Ca1+xY1−xSiN3−xOx (x > 0) was synthesized ammonothermally in custom-built high-temperature 

autoclaves (Haynes® 282®, max. 1100 K, 170 MPa, 10 mL), starting from CaH2 (1.5 mmol, 67.4 mg, 

Sigma-Aldrich, 99.99%), YSi (1.5 mmol, 185.9 mg) and NaN3 (4.5 mmol, 292.5 mg, Sigma-Aldrich, 

99.5%). The starting materials were ground and filled into a Nb-liner. After placing the liner in the 

autoclave, the reactor was sealed using flange joints and a silver coated Inconel® 718 ring (GFD 

seals). An Inconel® 718 tube connects the autoclave body with the upper part, which is constructed 

of a hand valve (SITEC), a pressure transmitter (HBM P2VA1/5000 bar) and a bursting disc 

(SITEC). After cooling the autoclave to 198 K using an ethanol/liquid nitrogen mixture, ammonia 

(≈ 4mL) was directly condensed into the vessel via a pressure regulating valve. The reaction mixture 

was heated to 670 K within 2 h, held at this temperature for 16 h and subsequently heated to 1070 K 

within 3 h. The temperature was held for 90 h reaching a maximum pressure of 140 MPa. After 

cooling to room temperature, the product was separated, washed with dry ethanol and dried under 

vacuum. A reddish powder with red, transparent rod-shaped crystals, which are sensitive towards air 

and moisture, were obtained. The red color may result from point defects in the compound. 

7.4.3 Single-crystal X-ray diffraction 

For single-crystal X-ray diffraction measurements, rod-shaped crystallites were placed and sealed in 

glass capillaries (0.2 mm, Hilgenberg GmbH) in argon atmosphere. Diffraction data were collected 

with a Bruker D8 Venture single-crystal X-ray diffractometer with Mo-Kα radiation (λ = 0.71073 Å). 

SADABS was used for absorption correction.[39] The crystal structure was solved using direct 

methods (SHELXS)[40] and refined by full-matrix least-squares methods (SHELXL).[41] 

Crystallographic data (excluding structure factors) for the structure in this paper have been deposited 

with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, 

UK. Copies of the data can be obtained free of charge on quoting the depository number 

CCDC-1975994 (Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, 

http://www.ccdc.cam.ac.uk). 

7.4.4 Powder X-ray diffraction 

Powder X-ray measurements were conducted on a STOE STADI P diffractometer with Cu-Kα1 

(λ = 1.5406 Å) radiation, Ge(111) monochromator and Mythen 1K detector in modified Debye-

Scherrer geometry. The samples were sealed in a glass capillary (0.3 mm, Hilgenberg GmbH). 

TOPAS was used for Rietveld refinement of the data.[42] 



7 Ammonothermal Synthesis and Crystal Growth of the 
Chain-type Oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) 

 

 
121 

7.4.5 Scanning electron microscopy 

EDX measurements and images of the crystals were collected on a scanning electron microscope 

(Dualbeam Helios Nanolab G3 UC, FEI), equipped with an EDX detector (X-Max 80 SDD, Oxford 

instruments)). Therefore, the crystals were placed on adhesive carbon pads and coated with a 

conductive carbon film using a high-vacuum sputter coater (BAL-TEC MED 020, Bal Tec A). 
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8 Summary 

The main objectives of this thesis were the ammonothermal synthesis of Grimm-Sommerfeld 

analogous nitride semiconductors and the characterization of their optical and electronic properties, 

as well as the further development of the ammonothermal method in terms of number, structural 

diversity and crystal growth behavior of ammonothermaly accessible (oxide) nitride materials. 

Details of the results achieved within this thesis are summarized below. 

 

1. Solid Solutions of Grimm-Sommerfeld Analogous Nitride Semiconductors  

II-IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge): Ammonothermal Synthesis and DFT 

Calculations 

Mathias Mallmann, Robin Niklaus, Tobias Rackl, Maximilian Benz, Thanh Giang Chau, Dirk 

Johrendt, Ján Minár, and Wolfgang Schnick 

Chem. Eur. J. 2019, 25, 15887 - 15895. 

 

Solid solutions of Grimm-Sommerfeld analogous II-IV-N2 nitride semiconductors with the 

general formula (IIa
1−xIIb

x)‐IV‐N2 with x ≈ 0.5 (II = Mg, Mn, Zn; IV = Si, Ge) were successfully 

synthesized starting from the corresponding metals, using supercritical NH3 as solvent. NaNH2 

and KNH2 were used as mineralizers, in order to increase the solubility of the starting materials 

through the formation of intermediate species. All six solid solutions crystallize in wurtzite-

type superstructures in orthorhombic space group Pna21 (no. 33), which was confirmed by 

powder X-ray diffraction, and are therefore structurally related to group 13 nitrides. Diffuse 

reflectance UV/Vis spectroscopy indicated the optical bandgaps to range from 2.6 to 3.5 eV 

for the Ge-compounds and from 3.6 to 4.4 eV for the Si-compounds. In addition, magnetic 

measurements of Mn-containing compounds were conducted to indicate the magnetic behavior 
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of the solid solutions. In order to corroborate the experimental findings, DFT calculations were 

conducted to calculate the trends of electronic, optical and magnetic properties. For this 

purpose, the Korringa-Kohn-Rostoker Green’s function method was used to account the mixed 

occupied phases. These results demonstrate the possibility to tune the bandgaps of the 

respective boundary phases by the formation of solid solutions, marking another step of 

II-IV-N2 compounds towards next-generation semiconductors as alternatives for commonly 

used group 13 nitrides. 

 

2. Ammonothermal Synthesis, Optical Properties and DFT Calculations of Mg2PN3 

and Zn2PN3 

Mathias Mallmann, Christian Maak, Robin Niklaus, and Wolfgang Schnick 

Chem. Eur. J. 2018, 24, 13963 - 13970. 

 

The ammonothermal approach was used to synthesize the phosphorus nitrides Mg2PN3 and 

Zn2PN3, starting from P3N5 and the corresponding metals. To increase the solubility of the 

starting materials, the alkali metal amides NaNH2 for the synthesis of Mg2PN3, and KNH2 for 

the synthesis of Zn2PN3 were employed as ammonobasic mineralizers. Thus, needle shaped 

single crystals of Mg2PN3 with length up to 30 µm were obtained at 1070 K and 140 MPa for 

the first time. To obtain insights into the crystallization behavior of Mg2PN3, dissolution 

experiments were conducted, suggesting a solution-based growth mechanism. Due to the fact 

that Zn2PN3 already decomposes at these conditions, only submicron-sized crystallites were 

obtained at 800 K and 200 MPa. Both compounds crystallize in orthorhombic space group 

Cmc21 (no. 36) in a wurtzite-type superstructure and are structurally related to group 13 

nitrides, which was confirmed by single crystal XRD (Mg2PN3: a = 9.7234(16), b = 5.6562(9), 

c = 4.7083(7) Å, Z = 4) and PXRD (Zn2PN3: a = 9.4177(5), b = 5.4399(3), c = 4.9477(2) Å, 

Z = 4). As Zn2PN3 was predicted as possible wide bandgap semiconductor, the optical 

bandgaps of both compounds were estimated to be 5.0 eV (Mg2PN3) and 3.8 eV (Zn2PN3) 

using diffuse reflectance spectroscopy. To verify the experimental values and to obtain 

insights into the electronic properties, DFT calculations were carried out indicating indirect 

bandgaps for both compounds. Altogether, the presented results provide first experimental 



8 Summary 

 

 
127 

information about the semiconducting properties of Mg2PN3 and Zn2PN3 and indicate these 

phosphorus nitrides as auspicious candidates for application in optoelectronics or 

photovoltaics. 

 

3. Crystalline Nitridophosphates by Ammonothermal Synthesis 

Mathias Mallmann, Sebastian Wendl, and Wolfgang Schnick 

Chem. Eur. J. 2020, 26, 2067 - 2072. 

 

The six nitridophosphates α-Li10P4N10, β-Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14 and LiPN2 

were synthesized under ammonobasic conditions at temperatures and pressures up to 1070 K 

and 200 MPa, establishing the ammonothermal method as a versatile synthetic tool to access 

nitridophosphates. Moreover, red phosphorus was established as starting material for 

nitridophosphate synthesis, making commonly used and not readily available precursors such 

as P3N5 dispensable. In this context, a possible reaction mechanism as well as possible 

involved intermediates were discussed. All compounds were analyzed by powder X-ray 

diffraction and energy dispersive X-ray spectroscopy measurements. The absence of any NHx 

functionality in Li containing nitridophosphates was confirmed by Fourier transformed 

infrared spectroscopy. The synthesized nitridophosphates cover degrees of condensation  

between 1/3 and 4/7, featuring different structural motifs ranging from PN4 tetrahedra groups 

over infinite PN4 tetrahedra chains and layered substructures to highly condensed frameworks. 

Thus, a major extension of the structural diversity of ammonothermally accessible nitrides was 

achieved, which was hitherto limited mainly to wurtzite-type derivatives and oxide nitride 

perovskites. In addition, using simple starting materials and yielding large sample-volumes, in 

contrast to commonly used high-pressure techniques, the ammonothermal method facilitates 

a more detailed characterization of materials properties of nitridophosphates. 
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4. Sr3P3N7: Complementary Approach of Ammonothermal and High-Pressure 

Methods 

Mathias Mallmann, Sebastian Wendl, Philipp Strobel, Peter J. Schmidt, and Wolfgang Schnick 

Chem. Eur. J. 2020, 26, 6257 - 6263. 

 

A complementary approach of high-pressure and ammonothermal methods as a powerful tool 

for a detailed characterization was used for the preparation of the novel nitridophosphate 

Sr3P3N7. While single crystals could only be obtained using the multianvil approach following 

Equation 8.1, ammonothermal synthesis with SrH2, P3N5 and NaN3 as starting materials 

yielded phase-pure crystalline powders for a detailed characterization of materials properties.  

 

 P3N5 + 3 Sr(N3)2  Sr3P3N7 + 8 N2 (Eq. 8.1) 

 

The structure was elucidated by single-crystal XRD and confirmed by Rietveld refinement. 

Sr3P3N7 crystallizes in monoclinic space group P2/c (no. 13) (a = 6.882(8), b = 7.416(9), 

c = 7.036(8) Å, β = 104.96(3)°, Z = 2) and is built up from unprecedented dreier double 

chains, extending the class of ternary alkaline earth nitridophosphates by the degree of 

condensation of  = 3/7. The chemical composition was verified by energy dispersive X-ray 

spectroscopy. The absence of any NHx functionality was confirmed by Fourier transformed 

infrared spectroscopy. Sr3P3N7 exhibits an optical bandgap of 4.4 eV and a deep-red to infrared 

luminescence (λem = 681 nm, fwhm ≈ 3402 cm−1) upon doping with Eu2+, when excited with 

UV to blue light. The internal quantum efficiency was determined to be 42%, making it 

practically interesting for a further improvement of luminescence efficiency with respect to 

possible commercial applications such as in horticultural lighting. 
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5. Ammonothermal Synthesis of Ba2PO3N – An Oxonitridophosphate with Non-

Condensed PO3N Tetrahedra 

Sebastian Wendl, Mathias Mallmann, Philipp Strobel, Peter J. Schmidt, and Wolfgang Schnick 

Eur. J. Inorg. Chem. 2020, 2020, 841 - 846. 

 

The ortho-oxonitridophosphate Ba2PO3N was synthesized under ammonobasic conditions 

(T = 1070 K, p = 120 MPa) starting from of red phosphorus, BaO, NaN3 and KOH. Thus, 

single crystals with sizes up to ~600 µm grew at the upper part of the used Ta-liner, suggesting 

a solution-based growth mechanism. The crystal structure was elucidated with single-crystal 

XRD (Pnma (no. 62), a = 7.596(2), b = 5.796(1), c = 10.212(3) Å, Z = 4) and verified by 

Rietveld refinement. Energy dispersive X-ray and Fourier Transformed Infrared spectroscopy 

as well as bond-valance sums (BVS), lattice energy calculations (MAPLE) and charge 

distribution (CHARDI) corroborate the crystal structure. Ba2PO3N crystallizes in the β-K2SO4 

structure type, is isotypic to its lighter homologues Ca2PO3N and Sr2PO3N and is built up from 

non-condensed [PO3N]4− ions, extending the range of ammonothermally accessible degrees of 

condensations for (oxo)nitridophosphates to 1/4 ≤  ≤ 4/7. The bandgap was estimated using 

diffuse reflectance UV/Vis spectroscopy to be 4.3 eV. Eu2+ doped samples show green 

luminescence (λem = 534 nm, fwhm = 85 nm/2961 cm−1) when irradiated with UV light. 

However, low temperature measurements indicated a strong thermal quenching of the 

luminescence even at room temperature. 
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6. Ammonothermal Synthesis and Crystal Growth of the Chain-type 

Oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) 

Mathias Mallmann, Christian Maak, and Wolfgang Schnick 

Z. Anorg. Allg. Chem. 2020, DOI: 10.1002/zaac.202000018. 

 

The oxonitridosilicate Ca1+xY1−xSiN3−xOx with x > 0 was synthesized ammonothermally 

(T = 1070 K, p = 140 MPa) using CaH2, intermetallic YSi and NaN3 as starting material. 

Intermetallic YSi was used to prevent an increased formation of YN as side-phase. Oxygen 

may originate from oxide layers of the autoclave and liner wall or from oxygen impurities of 

the starting materials. NaN3, which decomposes in situ and forms NaNH2, increases the 

solubility of the other starting materials by the formation of intermediate species, which 

facilitates the crystal growth process. Thus, rod shaped single crystals with sizes up to 200 µm 

were obtained. The crystal structure was elucidated by single-crystal XRD (Cmce (no. 64) with 

a = 5.331(2), b = 10.341(4), c = 11.248(4) Å and Z = 8), which was supported by Rietveld-

refinement, energy dispersive X-ray spectroscopy and MAPLE calculations. 

Ca1+xY1−xSiN3−xOx is isostructural to Ca2PN3 and Eu2SiN3 and is built up from infinite zweier 

single chains, running along [100]. These results may serve as a suitable starting point for 

future explorative screenings targeting novel (oxo)nitridosilicates and may trigger a future 

transfer of the ammonothermal approach to other (oxide) nitride systems. 

 

  



9 Conclusion and Outlook 

 

 
131 

9 Conclusion and Outlook 

This thesis presents fundamental and applied investigations on (oxide) nitride materials that have 

been prepared by the ammonothermal method. Within the first part, the syntheses and examination 

of semiconducting nitrides are reported in Chapter 2 and 3. Here, the ammonothermal technique was 

used to synthesize solid solutions of Grimm-Sommerfeld analogous II-IV-N2 nitrides (II = Mg, Mn, 

Zn; IV = Si, Ge) to investigate the bandgap tunability of these compounds. Moreover, the optical and 

electronic properties of the semiconducting phosphorus nitrides Mg2PN3 and Zn2PN3 were examined 

on the basis of ammonothermally synthesized bulk samples. Within the second part, Chapters 4–6 

report on the development of an ammonothermal access to (oxo)nitridophosphates, which 

significantly expands the structural diversity of ammonothermally accessible nitrides and emphasizes 

the great potential of the ammonothermal method itself for (oxide) nitride synthesis. In Chapter 7, 

finally, the lessons learned were used for further methodical development in terms of the 

ammonothermal synthesis of an oxonitridosilicate, representing a case study for future preparation 

of other (oxide) nitride materials. Within the following sections the presented results are briefly 

discussed in their scientific context and prospects for future investigations are provided that concern 

the field of ammonothermal synthesis. 

 

9.1 Grimm-Sommerfeld Analogous Nitride Semiconductors 

Ga and In belong to the technology-critical elements, with application in state-of-the-art 

optoelectronic semiconductors, for instance.[1] The steadily increasing demand of optoelectronic 

semiconductors in combination with the limited availability of Ga and In, however, triggers research 

for earth-abundant alternatives. Various theoretical calculations indicated Grimm-Sommerfeld 

analogous II-IV-N2 and II2-V-N3 compounds as promising semiconductors. These materials are 

suspected to feature auspicious optical, electronic, and chemical properties, including good bandgap 

tunability, low carrier effective masses, as well as high chemical and thermal stability.[2, 3] Therefore, 

II-IV-N2 and II2-V-N3 nitrides appear as very interesting candidates for different application fields 

such as photovoltaics, photocatalysis, UV detectors or power electronics.[4, 5] Experimental 

investigations on these compounds, however, had been rather scarce as their syntheses appeared quite 

challenging. For instance, Zn-IV-N2 (IV = Si, Ge, Sn) could only be prepared using either 

metalorganic vapor-phase epitaxy, or high-temperature high-pressure methods. Since both methods 

only provide small sample volumes, a detailed characterization of chemical and physical properties 

has been hindered.[6–10] 
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Prior to this thesis, the ammonothermal approach was introduced as a promising synthetic tool for 

the bulk synthesis of Grimm-Sommerfeld analogous nitrides such as above mentioned II-IV-N2 

(II = Mg, Mn, Zn; IV = Si, Ge), I-IV-N3 (I = Li; IV = Si, Ge), or CaGaSiN3.[11–13] At moderate 

temperatures and pressures NH3 is reacted in a solution-based process, which hinders thermal 

decomposition and may facilitate crystal growth of the targeted compounds. Within this thesis, the 

research on II-IV-N2 compounds was further expanded by synthesizing solid solutions with the 

general formula (IIa
1−xIIb

x)-IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge; x ≈ 0.5). Optical measurements as 

well as corresponding DFT calculations suggest that bandgap tunability is achieved. Furthermore, 

the family of ammonothermally accessible Grimm-Sommerfeld analogous nitride semiconductors 

was extended by the synthesis of the II2-V-N3 nitrides Mg2PN3 and Zn2PN3. Altogether, the II-IV-N2 

and the II2-V-N3 nitrides cover a bandgap range from 2.5 to 5.3 eV, which is already more than 50% 

of the energy range of group 13 nitrides (0.7 to 6.2 eV).[14] There is, however, still room for 

improvement, especially in the narrow bandgap range, as is illustrated in Figure 9.1. To specifically 

access this bandgap range, future investigations may deal with the ammonothermal synthesis of 

II-Sn-N2 compounds and their solid solutions (II = Mg, Mn, Zn).[2, 9, 10, 15] Here, the synthesis of InN 

under ammononeutral conditions that uses InCl3 and KNH2 as starting materials could serve as a 

possible starting point (T = 773 K, p = 280 MPa).[16] Thus, a similar approach starting from SnF4, 

ZnF2, and KNH2 appears conceivable targeting ZnSnN2, for instance. Since ZnSnN2 and MgSnN2 

have only been prepared at high pressures (p > 5.5 GPa) thus far,[10, 15] pressures above 300 MPa may 

be required under ammonothermal conditions, as well. Such pressures, however, are out of the range 

of the current autoclave equipment, in turn necessitating further mechanical improvements such as 

internally heated capsules.[17] Moreover, future investigations on Sn containing intermediate species 

may support the screening of suitable synthesis parameters for ammonothermal synthesis of II-Sn-

N2 compounds. In contrast to Sn, intermediates of the nitridation of Zn, Mg or Mn have already been 

extensively studied in both, ammonobasic (e.g. Li4[Zn(NH2)4](NH2)2, Na2[Mn(NH2)4], 

K2[Zn(NH2)4], K2[Mg(NH2)4] Cs2[Zn(NH2)4]), and ammonoacidic environments (e.g. Zn(NH3)3F2, 

[Zn2(NH3)2(NH2)3]Cl, [Zn(NH3)2(NH2)]Br).[18–24]  
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Figure 9.1. Optical bandgaps of ammonothermally synthesized Grimm-Sommerfeld analogous II-IV-N2 

and II2-V-N3 compounds together with the accessible bandgap range of (Al,Ga,In)N solid solutions. Red 

squares are values obtained from diffuse reflectance UV/Vis spectroscopy, the area illustrates the 

bandgap range of group 13 nitrides, and the green area highlights the accessible bandgap range of II-IV-N2 

and II2-V-N3 compounds.[11, 12] 

To replace group 13 nitrides by Grimm-Sommerfeld analogous nitrides in semiconducting devices 

as a long-term goal, the growth of single crystals is indispensable. Therefore, future examinations of 

the crystallization behavior of II-IV-N2 compounds appear essential. For this purpose, in situ methods 

such as X-ray imaging experiments are of decisive importance. Exemplarily, this method has 

successfully been used for in situ investigations on the ammonothermal crystallization process of 

GaN, and recently insights in the dissolution behavior of ZnGeN2 have been obtained.[11, 25, 26] 

Accordingly, ZnGeN2 dissolves at temperatures around 670 K, while its formation proceeds at 

870 K. This information is crucial for a successful solution-based crystal growth and may pave the 

way to further solid solutions with general formula II-(IVa
1−xIVb

x)-N2 (II = Mg, Mn, Zn; IV = Si, Ge, 

Sn), which are hardly accessible due to different synthesis temperatures of the ternary compounds. 

In a next step, the optical and electronic properties of Grimm-Sommerfeld analogous nitrides may 

be examined in terms of their electronic bandgap, defect concentration, as well as charge carrier 

concentration, lifetime, and mobility. Furthermore, doping experiments would provide further 

information on their semiconducting properties. Theoretical calculations concerning ZnGeN2 already 

indicated possible p-type dopants such as Li, Al or Ga.[27] 
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Recapitulating, the ammonothermal synthesis of Grimm-Sommerfeld analogous nitride 

semiconductors as well as the subsequent characterization of their optical and electronic properties, 

presented in the first part of this thesis, is a further step towards the development of possible 

alternatives for group 13 nitride semiconductors. Based on these results, the ammonothermal method 

seems promising for the further synthesis of theoretically predicted wurtzite-type semiconductors 

such as ZnTiN2, Zn2VN3, Zn2TaN3, and Zn3WN4.[3] 

 

9.2 Extension of Ammonothermally Accessible (Oxide) Nitrides 

Although the ammonothermal approach has been developed continuously for over 60 years, the 

number of synthesized ternary and multinary (oxide) nitrides, as well as their structural diversity has 

been rather limited, prior to this thesis. The successful synthesis of HPN2, K3P6N11, Mg2PN3, and 

Zn2PN3, however, inspired to do systematic investigations on the ammonothermal synthesis of 

nitridophosphates, within this thesis.[28, 29] Accordingly, the nitridophosphates known from literature, 

α-Li10P4N10, β-Li10P4N10, Li18P6N16, Ca2PN3, SrP8N14, and LiPN2, were for the first time synthesized 

under ammonothermal conditions. Hence, a huge variety of structures is now accessible, including 

PN4 tetrahedra groups, infinite PN4 tetrahedra chains, layered substructures, and highly condensed 

frameworks.[30–35] Moreover, red phosphorus was established as a starting material for 

nitridophosphate synthesis, making inconvenient precursors such as P3N5, PCl5 or (PNCl2)3 

dispensable.[36] The ammonothermal approach even allowed to expand the (oxo)nitridophosphate 

compound class by the preparation of the ortho-oxonitridophosphate Ba2PO3N, with single crystal 

sizes up to  600 µm in diameter, and the chain-type nitridophosphate Sr3P3N7. Thus, both the total 

number, as well as the overall structural diversity of ammonothermally accessible multinary (oxide) 

nitrides have significantly been extended. 

In addition to the explorative screenings, future investigations may shine a light on the reaction 

mechanism of nitridophosphate crystallization. Especially, the mobilization of red phosphorus in 

supercritical ammonia might be considered of interest for nitride material research. Jacobs and co-

workers already succeeded in the synthesis of various soluble compounds, such as P3N3(NH2)6, 

Na10[P4(NH)6N4](NH2)6(NH3)0.5, and Cs5[P(NH)4](NH2)2, which may be conceived as intermediate 

species in a solution-based crystallization process.[37–39] Prospective in situ Raman and UV/Vis 

investigations, as well as ultrasonic velocity measurements may provide additional information on 

possible intermediates and their concentrations, respectively.[40, 41] 

(Oxo)Nitridophosphates are commonly prepared employing high-pressure high-temperature 

techniques, which however provide rather limited sample volumes.[36] In contrast, the novel straight-

forward ammonothermal syntheses of (oxo)nitridophosphates yield large-volume samples, which 
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enable a detailed characterization of their materials properties. Accordingly, bulk samples of 

ammonothermally synthesized Ba2PO3N:Eu2+ and Sr3P3N7:Eu2+ were investigated within the scope 

of this thesis. Featuring a broad red to IR emission (λem = 681 nm, fwhm = 162 nm/3402 cm−1, 

IQE = 42%), Sr3P3N7:Eu2+ turned out as an intriguing phosphor for future optimization, as such 

infrared emitters are currently discussed for commercial applications in horticultural lighting, for 

instance. Thus, the ammonothermal technique was introduced as an innovative approach for 

(oxo)nitridophosphate synthesis, which may enable mid-term applications of P/N based materials. 

Deducing from the lessons learned, the chain-type oxonitridosilicate Ca1+xY1−xSiN3−xOx (x > 0) was 

synthesized in supercritical NH3, and single crystals of several hundred µm in length were obtained. 

This exemplary synthesis of an oxonitridosilicate will serve as a suitable starting point for future 

explorative screenings targeting novel (oxo)nitridosilicates. Moreover, this case study may trigger 

future transfer of the ammonothermal approach to other (oxide) nitride systems such as 

(oxo)nitridogermanates, (oxo)nitridoaluminates or (oxo)nitridogallates. For the latter two, the deep 

knowledge on the ammonothermal synthesis of group 13 nitrides in general could certainly be 

helpful. 

Furthermore, noncentrosymmetric (oxo)nitridosilicates are discussed as possible nonlinear optical 

(NLO) materials, as they exhibit a high chemical and thermal stability.[42] However, the investigation 

of such nonlinear optics requires large single crystals, which are hardly feasible with conventional 

high-temperature techniques. With respect to the herein reported growth of large Ba2PO3N and 

Ca1+xY1−xSiN3−xOx (x > 0) single crystals, the ammonothermal method could be a promising approach 

for the crystal growth of such NLO materials. 

 

9.3 Final Remarks 

Within this thesis, the ammonothermal technique was improved in terms of fundamental and applied 

investigations on (oxide) nitride materials. Through systematic investigations on suitable reaction 

conditions, new starting materials, and possible mineralizers, compounds that had previously not 

been studied ammonothermally could be accessed. Moreover, these investigations allowed for 

ammonothermal synthesis of large single crystals of ternary and multinary (oxide) nitrides for the 

first time, which may provide promising insights for a future ammonothermal preparation of 

functional materials. Recapitulating, this thesis further established the ammonothermal method in the 

field of preparative solid-state chemistry, and may therefore pave the way to the future synthesis and 

crystal growth of numerous (oxide) nitride materials. 
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A.1 Additional crystallographic data 

Table A.1. Wyckoff positions and atomic coordinates of Mg1−xMnxSiN2 (x ≈ 0.543) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mg1 4a 0.0810(4) 0.6251(6) -0.0116(5) 0.457(12) 0.0127 

Mn1 4a 0.0810(4) 0.6251(6) -0.0116(5) 0.543(12) 0.0127 

Si1 4a 0.0646(5) 0.1356(6) 0.0082(7) 1 0.0127 

N1 4a 0.0468(12) 0.0799(15) 0.3611(11) 1 0.0127 

N2 4a 0.1235(9) 0.6388(17) 0.4167(12) 1 0.0127 

Table A.2. Wyckoff positions and atomic coordinates of Mg1−xZnxSiN2 (x ≈ 0.515) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mg1 4a 0.08133(16) 0.6226(3) 0.0043(3) 0.485(3) 0.0127 

Zn1 4a 0.08133(16) 0.6226(3) 0.0043(3) 0.515(3) 0.0127 

Si1 4a 0.0742(3) 0.1225(5) 0.0048(7) 1 0.0214(5) 

N1 4a 0.0560(7) 0.1010(11) 0.3610(5) 1 0.0127 

N2 4a 0.1086(6) 0.6528(10) 0.4168(5) 1 0.0127 
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Table A.3. Wyckoff positions and atomic coordinates of Mn1−xZnxSiN2 (x ≈ 0.53) obtained from powder X-

ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mn1 4a 0.08166(18) 0.6227(4) 0.9652(5) 0.47(2) 0.0127 

Zn1 4a 0.08166(18) 0.6227(4) 0.9652(5) 0.53(2) 0.0127 

Si1 4a 0.0709(4) 0.1213(9) 0.9672(17) 1 0.0171(1) 

N1 4a 0.1097(12) 0.6601(15) 0.3690(8) 1 0.0127 

N2 4a 0.0397(14) 0.1082(19) 0.3118(8) 1 0.0127 

Table A.4. Wyckoff positions and atomic coordinates of Mg1−xMnxGeN2 (x ≈ 0.625) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mg1 4a 0.0827(3) 0.6217(7) 0.0880(10) 0.375(6) 0.0127 

Mn1 4a 0.0827(3) 0.6217(7) 0.0880(10) 0.625(6) 0.0127 

Ge1 4a 0.0711(2) 0.1267(4) 0.0814(6) 1 0.0265(4) 

N1 4a -0.0621(14) -0.0877(12) -0.0476(12) 1 0.0127 

N2 4a 0.1065(11) 0.6248(18) 0.4827(11) 1 0.0127 

Table A.5. Wyckoff positions and atomic coordinates of Mg1−xZnxGeN2 (x ≈ 0.545) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mg1 4a 0.0843(3) 0.6251(7) 0.9629(7) 0.455(4) 0.0127 

Zn1 4a 0.0843(3) 0.6251(7) 0.9629(7) 0.545(4) 0.0127 

Ge1 4a 0.07434(19) 0.1261(5) 0.9691(4) 1 0.0203(3) 

N1 4a 0.0745(14) 0.125(2) 0.3342(9) 1 0.0127 

N2 4a 0.0954(13) 0.6515(14) 0.3697(9 1 0.0127 
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Table A.6. Wyckoff positions and atomic coordinates of Mn1−xZnxGeN2 (x ≈ 0.45) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mn1 4a 0.0839(3) 0.6255(10) 0.9900(11) 0.55(2) 0.0127 

Zn1 4a 0.0839(3) 0.6255(10) 0.9900(11) 0.45(2) 0.0127 

Ge1 4a 0.0733(3) 0.1277(9) 0.9922(8) 1 0.0137(1) 

N1 4a 0.0743(19) 0.117(5) 0.3587(19) 1 0.0127 

N2 4a 0.0998(18) 0.652(3) 0.3886(19) 1 0.0127 

 

 

Figure A.1. Comparison of the cell volumes of the solid solutions Mg1−xMnxSiN2 (a),  

Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), Mg1−xZnxGeN2 (d), Mn1−xZnxSiN2 (e) and Mn1−xZnxGeN2 (f) with the 

cell volumes of their corresponding edge phases.[1, 2] Error bars represent the standard deviations obtained 

from Rietveld refinement. The red lines were interpolated using Vegard’s rule. 
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Figure A.2. Rietveld refinement of PXRD pattern (Cu-Kα1) of solid solution of Mg1−xZnxGeN2 (x ≈ 0.826) 

with experimental data (black line), calculated data (red line), difference profile (blue lines), and reflection 

positions (black bars). Asterisks mark reflections from unknown phases. 

Table A.7. Wyckoff positions and atomic coordinates of Mn1−xZnxGeN2 (x ≈ 0.826) obtained from powder 

X-ray diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Mg1 4a 0.0785(4) 0.6273(7) 0.9696(6) 0.174(6) 0.0127 

Zn1 4a 0.0785(4) 0.6273(7) 0.9696(6) 0.826(6) 0.0127 

Ge1 4a 0.0802(4) 0.1249(7) 0.9719(7) 1 0.0528(5) 

N1 4a 0.1161(12) 0.093(2) 0.3733(13) 1 0.0127 

N2 4a 0.0567(15) 0.645(3) 0.3334(13) 1 0.0127 
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Table A.8. Crystallographic data of Mg1−xZnxGeN2 (x = 0.826) obtained by Rietveld refinement. 

Formula Mg0.174Zn0.826GeN2 

Crystal system orthorhombic 

Space group Pna21 (no. 33) 

a / Å 5.47260(10) 

b / Å 6.44130(13) 

c / Å 5.18932(10) 

Cell volume / Å3 182.927(6) 

Density / g·cm−3 5.766(6) 

Formula units / cell 4 

T / K 293(2) 

Diffractometer STOE STADI P 

Radiation / Å Cu-Kα1 (λ = 1.5406) 

2θ range /° 5.0 ≤ 2θ ≤ 90 

Profile function fundamental parameters model 

Background function Shifted Chebyshev 

Data points 5668 

Number of reflections 89 

Refined parameters 56 

R values Rp = 0.0539 

 Rwp = 0.0699 

 RBragg = 0.0161 

Goodness of fit 1.52 
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A.2 Details on scanning electron microscopy 

All EDX measurements showed small amounts of impurities like Na, K and O which originate from 

residual mineralizer as well as washing steps with ethanol and acetic acid. For the quantification of 

the composition of the compounds, the peaks of Na, K and O were deconvoluted. 

Table A.9. SEM EDX measurements of Si-compounds. 

Mg1−xMnxSiN2 Mg Mn Si N 

measurement 1: 11.3 10.6 23.7 54.4 

measurement 2: 11.8 12.0 25.7 50.5 

measurement 3: 11.9 12.1 25.7 50.3 

measurement 4: 11.3 11.8 24.3 52.6 

Ø 11.6 11.6 24.9 51.9 

     

Mg1−xZnxSiN2 Mg Zn Si N 

measurement 1: 13.1 14.9 26.9 45.1 

measurement 2: 11.4 13.2 27.1 48.3 

measurement 3: 14.4 11.3 28.1 46.2 

measurement 4: 12.4 10.4 27.0 50.2 

Ø 12.8 12.5 27.3 47.4 

     

Mn1−xZnxSiN2 Mn Zn Si N 

measurement 1: 12.6 12.4 27.9 47.1 

measurement 2: 12.6 12.4 28.0 47.0 

measurement 3: 11.5 11.3 25.9 51.3 

measurement 4: 12.0 9.4 26.6 52.0 

Ø 12.2 11.4 27.1 49.3 
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Table A.10. SEM EDX measurements of Ge-compounds. 

Mg1−xMnxGeN2 Mg Mn Ge N 

measurement 1: 12.5 11.8 22.7 53.0 

measurement 2: 12.2 11.2 21.8 54.8 

measurement 3: 12.8 12.8 23.8 50.6 

measurement 4: 13.6 12.9 24.3 49.2 

Ø 12.8 12.2 23.1 51.9 

     

Mg1−xZnxGeN2 Mg Zn Ge N 

measurement 1: 14.6 13.0 22.7 49.7 

measurement 2: 14.6 14.8 25.5 45.1 

measurement 3: 13.6 13.8 24.8 47.8 

measurement 4: 13.3 13.9 27.1 45.7 

Ø 14.0 13.9 25.0 47.1 

     

Mn1−xZnxGeN2 Mn Zn Ge N 

measurement 1: 10.8 11.2 25.4 52.6 

measurement 2: 13.3 12.5 25.6 48.6 

measurement 3: 14.2 12.8 28.8 44.2 

measurement 4: 10.9 10.4 23.0 55.7 

Ø 12.3 11.7 25.7 50.3 

 

 

Figure A.3. SEM images of Mn1−xZnxSiN2 (left) and Mn1−xZnxGeN2 (right). 
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A.3 Details on UV/Vis reflectance spectroscopy 

 

Figure A.4. Diffuse reflectance spectra of Mg1−xMnxSiN2 (a), Mg1−xMnxGeN2 (b), Mg1−xZnxSiN2 (c), 

Mg1−xZnxGeN2 (d), Mn1−xZnxSiN2 (e) and Mn1−xZnxGeN2 (f). Sub-bandgap absorption bands in the case of 

Mg1−xMnxSiN2 (a) and Mn1−xZnxSiN2 (e) can be attributed to the absorption of Mn2+ (transition of the ground 

state 6A1(6S) to the excited states 4T1(4G), 4T2(4G), 4A1,4E(4G), 4T2(4D) and 4E(4D) according to literature.[3] 
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Figure A.5. Evaluated bandgaps (Eg
exp) of the mixed occupancy (IIa1−xIIbx)‐IV‐N2 compound series. Top: 

Si-series, bottom Ge-series. Bandgaps of edge phases were taken from literature.[1, 2] 
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A.4 Additional data of DFT calculations 

 

Figure A.6. Different ordering variants (A-C) and model for mixed occupation of divalent cations in 

(IIa1−xIIbx)‐IV‐N2 (x = 0.5). IIa-N4 tetrahedra are depicted in red, IIb-N4 tetrahedra in yellow, IV-N4 in blue and 

mixed occupied IIa/b-N4 tetrahedra in orange. 
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Figure A.7. Bloch spectral functions as calculated by the SPRKKR formalism (EV‐GGA) of 

(Mg0.5Mn0.5)SiN2 (a) (left: ↑/right: ↓), (Mg0.5Mn0.5)GeN2 (b) (left: ↑/right: ↓), (Mg0.5Zn0.5)SiN2 (c), 

(Mg0.5Zn0.5)GeN2 (d), (Mn0.5Zn0.5)SiN2 (e) (left: ↑/right: ↓) and (Mn0.5Zn0.5)GeN2 (f) (left: ↑/right: ↓). 
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Figure A.8. Bloch spectral functions as calculated by the SPRKKR formalism (EV‐GGA) of MgSiN2 (a), 

MgGeN2 (b), MnSiN2 (c) (left: ↑/right: ↓), MnGeN2 (d) (left: ↑/right: ↓), ZnSiN2 (e) and 

ZnGeN2 (f). 
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Table A.11. Bandgap values [eV] for the different (IIa1−xIIbx)-Si-N2 compounds from experiment and theory 

in comparison to values of preceding literature. 

 
a)mBJ-GGA 

ØA+B+C 
a)KKREV-GGA 

QSGW 

0.8∑ + Δ0 (+ Exb) 
EXP. 

Transition 

↑ to ↑ ↑ to ↓ ↑ to ↑ ↑ to ↓ 

direct indirect  
direct ≈ indirect direct ≈ indirect 

MgSiN2  4.1 6.28[4] 5.84[4] 4.8–5.6[2, 5, 6] 

Mg0.5Mn0.5SiN2 2.78 2.28 1.65 0.63   a)3.6 

MnSiN2  1.2 0.85   3.5–4.3[2, 7] 

Mn0.5Zn0.5SiN2 2.44 2.4 1.4 1.1   a)3.8 

ZnSiN2  3.45 5.66[8] 5.44[8] 3.7–4.4[1, 9–11] 

Mg0.5Zn0.5SiN2 4.55 3.7   a)4.4 

MgSiN2  4.1 6.28[4] 5.84[4] 4.8–5.6[2, 5, 6] 

a) Bandgap values from this work 

Table A.12. Bandgap values [eV] for the different (IIa1−xIIbx)-Ge-N2 compounds from experiment and theory 

in comparison to values of preceding literature. 

 
a)mBJ-GGA 

ØA+B+C 
a)KKREV-GGA 

QSGW 

0.8∑ + Δ0 (+ Exb) 
EXP. 

Transition 

↑ to ↑ ↑ to ↓ ↑ to ↑ ↑ to ↓ 

direct  
direct ≈ indirect direct ≈ indirect 

MgGeN2  3.1 5.14[4] 3.2[2] 

Mg0.5Mn0.5GeN2 1.42 1.8 1.3 1.15   a)2.7 

MnGeN2   0.7 1.1  2.5[2] 

Mn0.5Zn0.5GeN2 1.09 1.43 0.75 1.1   a)2.6 

ZnGeN2  2.0 3.42[8] 3.1–3.5[1, 10–13] 

Mg0.5Zn0.5GeN2 3.14 2.6   a)3.5 

MgGeN2  3.1 5.14[4] 3.2[2] 

a) Bandgap values from this work 
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A.5 Magnetic measurements 

 Experimental 

Magnetic measurements were performed with a Quantum Design PPMS-9 using the vibrating sample 

magnetometer (VSM) option. Temperature dependent magnetization measurements were carried out 

between 2 and 400 K with applied fields of 0.01 and 3 T. The isothermal magnetization was 

determined at 2 and 400 K with variable fields of B = ± 5 T. 

 Results and Discussion 

The magnetic properties of MnSiN2 and MnGeN2 have been reported in literature. Both compounds 

order anti-ferromagnetically with Néel temperatures of TN = 453 K (MnSiN2) and TN = 448 K 

(MnGeN2).[14, 15] The magnetic structure of MnSiN2 was determined from neutron powder diffraction 

and magnetization data. Above 500 K the nitride appeared to be paramagnetic with strong 

antiferromagnetic fluctuations. Antiferromagnetic order occurs below 490 K, which changes into a 

capped antiferromagnetic state with spin tilting disorder at 442 K.[16] 

We first reinvestigated the magnetic behavior of MnSiN2 synthesized via solid state methods or via 

ammonothermal reactions with and without mineralizer, according to literature.[2, 16] In the range 

between 300 and 400 K, we find linearly decreasing susceptibility for MnSiN2 from solid state and 

ammonothermal synthesis without mineralizer, both in agreement with the antiferromagnetic state 

reported in literature (Figs. A.9, A.10).[16] The upturn at lower temperatures is probably caused by 

paramagnetic impurities. Samples prepared with KNH2 in the ammonothermal reaction reveal 

increasing paramagnetic susceptibility over the whole temperature range. This is probably caused by 

higher amounts of paramagnetic impurities like K3MnO4 (see Figure 2.2), which has an effective 

moment of 2.80μB.[17] It is also possible that the samples contain amorphous proportions of potassium 

manganites. Thus the magnetic measurements of all samples synthesized with mineralizer are mainly 

affected by impurity phases and therefore of limited significance. 

The solid solutions Mg1−xMnxSiN2, Mn1−xZnxSiN2, Mg1−xMnxGeN2 and Mn1−xZnxGeN2 (x ≈ 0.5) 

were synthesized using a mineralizer. The susceptibility data are similar to those of magnetic MnSiN2 

synthesized via the same synthetic method. Consequently, the magnetism of the solid solutions are 

also mainly affected by paramagnetic impurity phases (see Figure A.12-A.15), which impedes a 

reliable determination of the intrinsic magnetic properties. However, the data shown in Figs. A.12-

A.15 are compatible with antiferromagnetism in the solid solutions similar to the boundary phases 

MnSiN2 and MnGeN2. 
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MnSiN2 (solid state reaction) 

 

Figure A.9. Magnetic measurements of MnSiN2. Left: Susceptibility and inverse susceptibility (red) at 3 T 

in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K (black). 

MnSiN2 (Ammonothermal without mineralizer) 

 

Figure A.10. Magnetic measurements of MnSiN2. Left: Susceptibility and inverse susceptibility (red) at 

3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K (black). 
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MnSiN2 (Ammonothermal with mineralizer) 

 

Figure A.11. Magnetic measurements of MnSiN2. Left Susceptibility and inverted susceptibility (red) at 

3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K (black). 

Mg0.457Mn0.543SiN2 

 

Figure A.12. Magnetic measurements of Mg0.457Mn0.543SiN2. Left: Susceptibility and inverted susceptibility 

(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K 

(black). 
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Mn0.47Zn0.53SiN2 

 

Figure A.13. Magnetic measurements of Mn0.47Zn0.53SiN2. Left: Susceptibility and inverted susceptibility 

(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K 

(black). 

Mg0.375Mn0.625GeN2 

 

Figure A.14. Magnetic measurements of Mg0.375Mn0.625GeN2. Left: Susceptibility and inverted 

susceptibility (red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) 

and 400 K (black). 
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Mn0.45Zn0.55GeN2 

 

Figure A.15. Magnetic measurements of Mn0.45Zn0.55GeN2. Left: Susceptibility and inverted susceptibility 

(red) at 3 T in the temperature range of 2 – 400 K. Right: Magnetization isotherms at 2 (red) and 400 K 

(black). 
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B Supporting Information for Chapter 3 

Mathias Mallmann, Christian Maak, Robin Niklaus, and Wolfgang Schnick 

Chem. Eur. J. 2018, 24, 13963 - 13970. 

B.1 Additional crystallographic data of Mg2PN3 

Table B.1. Wyckoff positions and atomic coordinates of Mg2PN3 obtained from single-crystal X-ray 

diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z Uiso 

Mg1 8b 0.66317(9) 0.83405(13) 0.9773(4) 0.0068(3) 

P1 4a 1 0.83886(15) 0.99993(10) 0.0041(3) 

N1 8b 0.8598(2) 0.6970(4) 0.9297(6) 0.0059(5) 

N2 4a 1 0.8911(6) 0.3539(9) 0.0051(7) 

Table B.2. Anisotropic displacement parameters [Å2] occurring in Mg2PN3 obtained from single-crystal X-

ray diffraction, standard deviations in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Mg1 0.0052(4) 0.0062(4) 0.0089(6) -0.0003(5) -0.0003(4) -0.0004(3) 

P1 0.0047(4) 0.0034(4) 0.0042(5) -0.0001(4) 0 0 

Table B.3. Selected interatomic distances [Å] occurring in Mg2PN3 obtained from single-crystal X-ray 

diffraction, standard deviations in parentheses. 

P1 – N1 1.616(2) 

P1 – N1 1.616(2) 

P1 – N2 1.675(3) 

P1 – N2 1.693(4) 

Mg1 – N1 2.075(2) 

Mg1 – N1 2.077(2) 

Mg1 – N2 2.116(3) 

Mg1 – N1 2.149(4) 
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Table B.4. Crystallographic data of Mg2PN3 obtained by Rietveld refinement. 

Crystal system orthorhombic 

Space group Cmc21 (no. 36) 

a / Å 9.70545(4) 

b / Å 5.64482(2) 

c / Å 4.70160(2) 

Cell volume / Å3 257.58(2) 

Formula units / cell 4 

Density / g cm−3 3.136 

T / K 293 

Diffractometer Stoe STADI P 

Radiation / Å Cu-Kα1 (1.5406) 

2θ range / ° 5.0 ≤ 2θ ≤ 100.5 

Profile function fundamental parameters approach 

Background function Shifted Chebyshev 

Data points 6365 

Number of reflections 86 

Refined parameters 34 

Rp 0.0453 

Rwp 0.0589 

RBragg 0.0122 

Goodness of Fit 1.191 
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B.2 Additional crystallographic data of Zn2PN3 

Table B.5. Crystallographic data of Zn2PN3 obtained by Rietveld refinement. 

Crystal system orthorhombic 

Space group Cmc21 (no. 36) 

a / Å 9.4177(5) 

b / Å 5.4399(3) 

c / Å 4.9477(2) 

Cell volume / Å3 253.48(2) 

Formula units / cell 4 

Density / g cm−3 5.340 

T / K 293(2) 

Diffractometer Stoe STADI P 

Radiation / Å Cu-Kα1 (1.5406) 

2θ range / ° 9.9 ≤ 2θ ≤ 110.5 

Profile function fundamental parameters approach 

Background function Shifted Chebyshev 

Data points 6702 

Number of reflections 98 

Refined parameters 45 

Rp 0.0338 

Rwp 0.0458 

RBragg 0.0088 

Goodness of Fit 1.511 
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Table B.6. Wyckoff positions and atomic coordinates of Zn2PN3 obtained from powder X-ray diffraction, 

standard deviations in parentheses. Isotropic displacement parameters for P and N were restrained to 

typical values for solids. 

Atom Wyckoff x y z Biso 

Zn1 8b 0.1698(2) 0.3380(2) 0.9823(4) 1.07(5) 

P1 4a 0 0.1632(4) 0.475(1) 0.7 

N1 8b 0.1451(5) 0.3143(7) 0.3826(5) 0.7 

N2 4a 0 0.1175(9) 0.8165(7) 0.7 

 

Because of the poor crystallinity of the product and the resulting overlap of the peaks in the PXRD, 

distance restraints were applied during refinement. These are limitations on the distances between 

nearby anions and cations that should vary within a reasonable range (restraints: P-N distances: 

1.6 - 1.8 Å and Mg-N distances: 1.95 - 2.2 Å). 

Table B.7. Selected interatomic distances [Å] occurring in Zn2PN3 obtained from powder X-ray diffraction 

data, standard deviations in parentheses. 

P1 – N1 1.659(5) 

P1 – N1 1.659(5) 

P1 – N2 1.708(6) 

P1 – N2 1.717(6) 

Zn1 – N1 1.969(4) 

Zn1 – N1 1.992(5) 

Zn1 – N1 1.998(3) 

Zn1 – N2 2.161(3) 
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B.3 Details on scanning electron microscopy 

Table B.8. SEM EDX measurements of Mg2PN3. 

Mg2PN3 Mg P N O 

measurement 1: 32.3 16.3 48.1 3.3 

measurement 2: 31.4 15.4 50.7 2.5 

measurement 3: 35.5 18.6 43.7 2.2 

measurement 4: 32.8 17.1 47.6 2.5 

Ø 33.0 16.9 47.5 2.6 

calculated 33.3 16.7 50.0 - 

 

EDX measurements of Zn2PN3 showed small amounts of impurities like Na, K or Cl, which originate 

from residual mineralizer, washing steps with HCl or impurities of the autoclave. For the 

quantification of Zn, P, and N the peaks of Cl, Na, and K were deconvoluted. 

Table B.9. SEM EDX measurements of Zn2PN3. 

Zn2PN3 Zn P N O 

measurement 1: 32.5 15.0 45.8 6.7 

measurement 2: 29.7 15.8 46.6 7.9 

measurement 3: 29.0 16.9 46.3 7.7 

Ø 30.4 15.9 46.2 7.4 

calculated 33.3 16.7 50.0 - 
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B.4 UV/Vis spectra 

 

Figure B.1. Diffuse reflectance spectrum of Mg2PN3. 

 

Figure B.2. Diffuse reflectance spectrum of Zn2PN3.
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C Supporting Information for Chapter 4 

Mathias Mallmann, Sebastian Wendl, and Wolfgang Schnick 

Chem. Eur. J. 2020, 26, 2067 - 2072. 

C.1 α-Li10P4N10, β-Li10P4N10 and Li18P6N16 

 

Figure C.1. Rietveld refinements of α-Li10P4N10 (a), β-Li10P4N10 (b) and Li18P6N16 (c). Experimental and 

calculated data are displayed in black and red lines, and difference profiles are shown as blue lines. 

Vertical bars mark Bragg reflections of the refined phases. Unknown side phases are marked with 

asterisks. Start values for Rietveld refinement were taken from literature.[1–3] 
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Table C.1. Crystallographic data of α-Li10P4N10, β-Li10P4N10 and Li18P6N16 obtained by Rietveld refinement, 

standard deviations in parentheses. Li sites were not refined for all three compounds. 

Formula α-Li10P4N10 β-Li10P4N10 Li18P6N16 

Crystal system cubic trigonal triclinic 

Space group Fd3̅m (no. 227) R3 (no. 146) P1̅ (no. 2) 

a / Å 12.35331(8) 8.72293(2) 5.3986(1) 

b / Å   7.4837(2) 

c / Å  21.4622(7) 9.8333(2) 

α / °   108.933(1) 

β / °   99.118(1) 

γ / °   104.942(1) 

Cell volume / Å3 1885.17(4) 1414.26(7) 350.11(1) 

Density / g·cm−3 2.34922(4) 2.34922(4) 2.53625(10) 

Formula units / cell 8 6 1 

T / K 293(2) 

Diffractometer STOE STADI P 

Radiation / Å Cu-Kα1 (λ = 1.5406) 

2θ range /° 5.0 ≤ 2θ ≤ 90 

Profile function fundamental parameters model 

Background function Shifted Chebyshev 

Data points 5668 

Number of reflections 51 249 569 

Refined parameters 25 60 139 

R values Rp = 0.0608 Rp = 0.0716 Rp = 0.0548 

 Rwp = 0.0865 Rwp = 0.0941 Rwp = 0.0755 

 RBragg = 0.0173 RBragg = 0.0299 RBragg = 0.0133 

Goodness of fit 0.977 1.252 1.218 
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Table C.2. Wyckoff positions and atomic coordinates of α-Li10P4N10 obtained from Rietveld refinement, 

standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uso 

Li1 16d 1/2 1/2 1/2 1 0.0089 

Li2 8a 1/8 1/8 1/8 1 0.0089 

Li3 48f 0.3154 1/8 1/8 0.96 0.0089 

Li4 32e 0.9628 0.9628 0.9628 0.31 0.0089 

P1 32e 0.29376(6) 0.29376(6) 0.29376(6) 1 0.0089 

N1 48f 0.47223(19) 1/8 1/8 1 0.0089 

N2 32e 0.21844(12) 0.21844(12) 0.21844(12) 1 0.0089 

Table C.3. Wyckoff positions and atomic coordinates of β-Li10P4N10 obtained from Rietveld refinement, 

standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Li1 9b 0.905 0.159 0.4168 1 0.0089 

Li2 9b 0.850 0.173 0.2720 1 0.0089 

Li3 3a 1/3 2/3 0.140 1 0.0089 

Li4 9b 0.785 0.211 0.1305 1 0.0089 

Li5 9b 0.155 0.805 0.3556 1 0.0089 

Li6 9b 0.787 0.191 0.8688 1 0.0089 

Li7 3a 0 0 0.7137 1 0.0089 

Li8 3a 0 0 0.101 1 0.0089 

Li9 9b 0.212 1.018 0.6158 2/3 0.0089 

P1 3a 0 0 0.9062(16) 1 0.0089 

P2 9b 0.885(2) 0.0448(2) 0.3490(10) 1 0.0089 

P3 3a 0 0 0.3153(18) 1 0.0089 

P4 9b 0.121(2) 0.559(2) 0.8766(11) 1 0.0089 

N1 9b 0.129(6) 0.575(7) 0.705(3) 1 0.0089 

N2 9b 0.882(5) 0.439(5) 0.2645(17) 1 0.0089 

N3 3a 0 0 0.833(3) 1 0.0089 

N4 9b 0.888(6) 0.791(6) 0.186(3) 1 0.0089 

N5 9b 0.735(4) 0.200(5) 0.620(2) 1 0.0089 

N6 3a 2/3 1/3 0.724(4) 1 0.0089 

N7 9b 0.885(6) 0.138(7) 0.518(3) 1 0.0089 

N8 9b 0.121(6) 0.871(6) 0.707(2) 1 0.0089 
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Table C.4. Wyckoff positions and atomic coordinates of Li18P6N16 obtained from Rietveld refinement, 

standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Li1 2i 0.1297 0.0264 0.4033 1 0.0117 

Li2 2i 0.202 0.2786 0.7920 1 0.0183 

Li3 2i 0.0785 0.1228 0.1450 1 0.0219 

Li4 2i 0.3342 0.3953 0.3881 1 0.0188 

Li5 2i 0.3710 0.0989 0.9653 1 0.0247 

Li6 2i 0.6624 0.3295 0.1917 1 0.0271 

Li7 2i 0.0638 0.4199 0.5862 1 0.0328 

Li8 2i 0.392 0.4440 0.0551 0.6 0.039 

Li9 2i 0.268 0.4588 0.0951 0.5 0.030 

Li10 2i 0.130 0.465 0.113 0.35 0.036 

Li11 2i 0.022 0.429 0.152 0.54 0.066 

P1 2i 0.5435(11) 0.2598(7) 0.6374(5) 1 0.0098 

P2 2i 0.2168(13) 0.8143(8) 0.1188(5) 1 0.0220 

P3 2i 0.6871(11) 0.1306(7) 0.3461(5) 1 0.0108 

N1 2i 0.546(3) 0.5268(17) 0.2702(13) 1 0.0089 

N2 2i 0.193(3) 0.746(2) 0.2672(14) 1 0.0089 

N3 2i 0.055(3) 0.2098(19) 0.9829(15) 1 0.0089 

N4 2i 0.576(3) 0.269(2) 0.4832(14) 1 0.0089 

N5 2i 0.063(2) 0.7343(18) 0.6664(12) 1 0.0089 

N6 2i 0.326(3) 0.6745(16) 0.0186(15) 1 0.0089 

N7 2i 0.430(2) 0.035(2) 0.1862(11) 1 0.0089 

N8 2i 0.278(3) 0.0591(18) 0.6218(12) 1 0.0089 
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Table C.5. SEM EDX measurements of α-Li10P4N10, β-Li10P4N10 and Li18P6N16. Oxygen impurities could 

be due to hydrolysis during sample preparation. 

α-Li10P4N10 P O N 

measurement 1: 25.1 17.6 57.3 

measurement 2: 23.1 19.6 57.3 

measurement 3: 22.7 9.5 67.8 

Ø 24(1) 16(5) 60(6)  

ratio 4 2.7 10 

ideal 4 0 10 

β-Li10P4N10 P O N 

measurement 1: 24.2 5.0 70.8 

measurement 2: 31.4 6.8 61.8 

measurement 3: 25.2 6.2 68.6 

Ø 27(4) 6(1) 67(5) 

ratio 4 0.9 9.9 

ideal 4 0 10 

Li18P6N16 P O N 

measurement 1: 25.5 17.3 57.2 

measurement 2: 22.7 18.6 58.7 

measurement 3: 23.2 17.6 59.2 

Ø 24(1) 18(1) 58(1) 

ratio 6 4.5 14.5 

ideal 6 0 16 
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The vibration bands below 1400 cm−1 are attributed to P–N framework vibrations. There are no 

significant stretching vibrations in the region around 3000 cm−1 where N–H vibrations would be 

expected.[4–6] Weak signals can be explained by surface hydrolysis of the product during washing 

treatment. 

 

Figure C.2. FTIR spectrum of α-Li10P4N10. 

 

Figure C.3. FTIR spectrum of β-Li10P4N10. 
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Figure C.4. FTIR spectrum of Li18P6N16. 
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C.2 Ca2PN3 

Table C.6. Crystallographic data of Ca2PN3 obtained from Rietveld refinement, standard deviations in 

parentheses. 

Formula Ca2PN3 

Crystal system orthorhombic 

Space group Cmce (no. 64) 

a / Å 5.18798(6) 

b / Å 10.31927(14) 

c / Å 11.28164(12) 

Cell volume / Å3 603.976(12) 

Density / g·cm−3 3.36847(7) 

Formula units / cell 8 

T / K 293(2) 

Diffractometer STOE STADI P 

Radiation / Å Cu-Kα1 (λ = 1.5406) 

2θ range /° 10 ≤ 2θ ≤ 90 

Profile function fundamental parameters model 

Background function Shifted Chebyshev 

Data points 5332 

Number of reflections 146 

Refined parameters 57 

R values Rp = 0.0407 

 Rwp = 0.0540 

 RBragg = 0.0160 

Goodness of fit 0.707 
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Table C.7. Wyckoff positions and atomic coordinates of Ca2PN3 obtained from powder X-ray diffraction, 

standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Ca1 8f 0 0.05150(13) 0.14303(11) 1 0.0190(5) 

Ca2 8f 0 0.36211(10) 0.07499(10) 1 0.0089(4) 

P1 8f 0 0.24233(17) 0.33300(15) 1 0.0092(5) 

N1 8f 0 0.3371(4) 0.4484(3) 1 0.0060(6) 

N2 8f 0 0.0889(4) 0.3583(4) 1 0.0060(6) 

N3 8e 1/4 0.2865(4) 1/4 1 0.0060(6) 

Table C.8. SEM EDX measurements of Ca2PN3. All EDX measurements showed amounts of impurities 

(O, Na) which originate from washing treatment, residual mineralizer and hydrolysis during sample 

preparation. For the quantification of the composition of the compounds, Na was not taken into account. 

Ca2PN3 Ca P O N 

measurement 1: 15.9 9.6 46.3 28.1 

measurement 2: 15.5 10.0 44.8 29.7 

measurement 3: 17.2 11.3 44.8 26.7 

Ø 17(1) 10(1) 45(1) 28(2) 

ratio 1.7 1 4.5 2.8 

ideal 2 1 0 3 

 

C.3 SrP8N14 

 

Figure C.5. Experimental PXRD pattern of SrP8N14 (black) and simulated pattern (red) taken from 

literature.[5] 
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Table C.9. SEM EDX measurements of SrP8N14. The atomic ratios deviate from calculated ones, possibly 

due to an amorphous side phase (see PXRD). Traces of oxygen may originate from washing treatment 

with H2O and HCl. 

SrP8N14 Sr P O N 

measurement 1: 7.4 31.4 6.9 54.3 

measurement 2: 5.7 20.1 19.1 55.1 

measurement 3: 7.8 23.4 16.6 52.2 

Ø 7(1) 25(6) 14(6) 54(2) 

ratio 2.2 8 4.5 17.3 

ideal 1 8 0 14 

 

C.4 LiPN2 

 

Figure C.6. Rietveld refinement of PXRD pattern of LiPN2 with experimental data (black line), calculated 

data (red line), difference profile (blue line) and reflection positions (black bars). Start values were taken 

from literature.[6] 
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Table C.10. Crystallographic data of LiPN2 obtained by rietveld refinement, standard deviations in 

parentheses. 

Formula LiPN2 

Crystal system tetragonal 

Space group I4̅2d (no. 122) 

a / Å 4.55609(10) 

c / Å 7.1945(2) 

Cell volume / Å3 149.343(8) 

Density / g·cm−3 2.93214(16) 

Formula units / cell 4 

T / K 293(2) 

Diffractometer STOE STADI P 

Radiation / Å Cu-Kα1 (λ = 1.5406) 

2θ range / ° 5.0 ≤ 2θ ≤ 90 

Profile function fundamental parameters model 

Background function Shifted Chebyshev 

Data points 5668 

Number of reflections 24 

Refined parameters 26 

R values Rp = 0.0692 

 Rwp = 0.0942 

 RBragg = 0.0270 

Goodness of fit 1.283 

Table C.11. Wyckoff positions and atomic coordinates of LiPN2 obtained from powder X-ray diffraction, 

standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso 

Li1 4b 0 0 1/2 1 0.0127 

P1 4a 0 0 0 1 0.0084(5) 

N1 8d 0.1637(6) 1/4 1/8 1 0.0089 
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Table C.12. SEM EDX measurements of LiPN2. All EDX measurements showed small amounts of 

impurities (O, Cl) which originate from washing treatment with HCl. For the quantification of the 

composition of the compounds, Cl was not taken into account. 

LiPN2 P O N 

measurement 1: 34.4 7.1 58.5 

measurement 2: 36.2 1.7 62.1 

measurement 3: 35.4 2.2 62.4 

Ø 35(1) 4(3) 61(2) 

ratio 1 0.1 1.7 

ideal 1 0 2 

 

 

Figure C.7. FTIR (ATR) spectrum of LiPN2. The two vibration bands at 998 and 808 cm−1 are attributable 

to PN framework vibrations. There is no significant valance vibration in the region around 3000 cm−1 where 

N-H-vibrations would be expected.[4, 5] A weak signal can be explained by surface hydrolysis of the product 

during washing treatment. 
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D Supporting Information for Chapter 5 

Mathias Mallmann, Sebastian Wendl, Philipp Strobel, Peter J. Schmidt, and Wolfgang Schnick 

Chem. Eur. J. 2020, 26, 6257 - 6263. 

D.1 Additional crystallographic data 

Table D.1. Wyckoff positions and atomic coordinates of Sr3P3N7 obtained from single-crystal X-ray 

diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z Ueq [Å2] 

Sr1 2f 1/2 0.46228(16) 1/4 0.0188(3) 

Sr2 4g 0.73739(16) 0.89636(11) 0.45130(11) 0.01718(19) 

P1 4g 0.1749(3) 0.7068(3) 0.4251(3) 0.0158(4) 

P2 2e 0 0.3684(4) 1/4 0.0165(6) 

N1 2e 0 0.8006(13) 1/4 0.0177(19) 

N2 4g 0.1711(9) 0.4873(9) 0.4010(9) 0.0147(13) 

N3 4g 0.3899(9) 0.7822(10) 0.4302(9) 0.0190(14) 

N4 4g 0.1178(10) 0.2307(10) 0.1330(9) 0.0198(14) 

Table D.2. Anisotropic displacement parameters [Å2] of Sr3P3N7, standard deviations in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Sr1 0.0172(5) 0.0269(6) 0.0145(5) 0 0.0081(4) 0 

Sr2 0.0154(3) 0.0225(4) 0.0159(3) -0.0013(3) 0.0081(3) -0.0009(3) 

P1 0.0157(9) 0.0208(11) 0.0131(9) -0.0010(8) 0.0080(8) 0.0000(8) 

P2 0.0161(13) 0.0224(17) 0.0138(12) 0 0.0088(11) 0 

N1 0.022(5) 0.021(5) 0.010(4) 0 0.005(4) 0 

N2 0.007(3) 0.024(4) 0.011(3) -0.002(2) 0.000(2) 0.000(2) 

N3 0.018(3) 0.026(4) 0.015(3) -0.002(3) 0.008(3) 0.001(3) 

N4 0.022(3) 0.024(4) 0.017(3) 0.002(3) 0.013(3) 0.001(3) 
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Table D.3. Selected interatomic distances [Å] and angles [°] occurring in Sr3P3N7 obtained from single-

crystal X-ray diffraction, standard deviations in parentheses. 

Sr1 – N1 2.740(9) P1 – N1 1.631(8) N1 – P1 – N1 115.0(4) 

Sr1 – N1 2.740(9) P1 – N1 1.575(10) N1 – P1 – N3 112.3(5) 

Sr1 – N2 2.846(9) P1 – N3 1.646(10) N1 – P1 – N3 106.7(5) 

Sr1 – N2 2.846(9) P1 – N3 1.646(10) N1 – P1 – N3 106.7(5) 

Sr1 – N2 2.883(10) P2 – N2 1.575(10) N1 – P1 – N3 112.3(5) 

Sr1 – N2 2.883(10) P2 – N4 1.638(6) N3 – P1 – N3 103.3(5) 

Sr1 – N1 2.895(7) P2 – N1 1.642(9) N2 – P2 – N4 111.4(5) 

Sr1 – N1 2.895(7) P2 – N3 1.683(10) N2 – P2 – N1 110.2(5) 

Sr1 – N3 3.068(10)   N2 – P2 – N3 108.2(5) 

Sr1 – N3 3.068(10)   N4 – P2 – N1 111.1(5) 

Sr2 – N2 2.504(10)   N4 – P2 – N3 104.5(5) 

Sr2 – N4 2.665(4)   N1 – P2 – N3 111.3(5) 

Sr2 – N2 2.726(9)     

Sr2 – N2 2.740(10)     

Sr2 – N3 2.772(9)     

Sr2 – N3 2.793(10)     

Sr2 – N3 2.978(9)     

Sr2 – N1 3.030(9)     

Sr2 – N4 3.283(10)     

 

Figure D.1. Coordination polyhedra of Sr atoms (Sr1 (a) and Sr2 (b)) in Sr3P3N7. Sr atoms are depicted 

in gray, nitrogen atoms in blue. Thermal ellipsoids are depicted at 90% probability. 
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Table D.4. Crystallographic data of ammonothermally synthesized Sr3P3N7 obtained by Rietveld 

refinement, standard deviations in parentheses. 

Formula Sr3P3N7 

Crystal system monoclinic 

Space group P2/c (no. 13) 

a / Å 6.8970(4) 

b / Å 7.4289(4) 

c / Å 7.0693(4) 

β / ° 104.9555(11) 

Cell volume / Å3 349.94(3) 

Formula units / cell 2 

Density / g∙cm−3 4.3070(4) 

T / K 293 

Diffractometer Stoe STADI P 

Detector Mythen 1K 

Monochromator Ge(111) 

Radiation / Å Cu-Kα1 (1.5406) 

2θ range / ° 5.0 ≤ 2θ ≤ 109.5 

Profile function fundamental parameters approach 

Background function Shifted Chebyshev 

Data points 6968 

Number of reflections 442 

Refined parameters 97 

Rp 0.056 

Rwp 0.073 

RBragg 0.021 

Goodness of Fit 1.19 
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Table D.5. Wyckoff positions and atomic coordinates of Sr3P3N7 obtained from Rietveld refinement, 

standard deviations in parentheses. 

Atom Wyckoff x y z Uiso [Å2] 

Sr1 2f 1/2 0.4601(3) 1/4 0.0191(11) 

Sr2 4g 0.7372(2) 0.8960(2) 0.4557(2) 0.0191(11) 

P1 4g 0.1729(5) 0.7081(5) 0.4218(7) 0.0184(14) 

P2 2e 0 0.3709(8) 1/4 0.0184(14) 

N1 2e 0 0.814(2) 1/4 0.017(2) 

N2 4g 0.1646(17) 0.4822(13) 0.400(2) 0.017(2) 

N3 4g 0.3883(16) 0.7946(17) 0.4309(17) 0.017(2) 

N4 4g 0.1128(16) 0.2332(15) 0.1242(18) 0.017(2) 

 

 

Figure D.2. Comparison of PXRD data of washed (black line) and unwashed (red line) Sr3P3N7 samples 

synthesized ammonothermally. 
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D.2 Detailed Information on scanning electron microscopy 

Table D.6. SEM EDX measurements of Sr3P3N7:Eu2+. 

Sr3P3N7:Eu2+ Sr P N Eu O 

measurement 1: 20.8 19.9 58.5 0.8 - 

measurement 2: 24.2 24.4 47.2 0.7 3.5 

measurement 3: 19.9 21.0 50.9 0.7 7.5 

measurement 4: 19.5 23.3 56.7 0.5 - 

Ø 21.1 22.1 53.3 0.7 2.8 

calculated 22.6 23.1 53.8 0.5 - 

 

D.3 Detailed information on IR spectroscopy 

 

Figure D.3. FTIR spectrum of ammonothermally synthesized Sr3P3N7, measured using the KBr pellet 

method. 



D Supporting Information for Chapter 5 

 

 
186 

D.4 Detailed information on UV/Vis spectroscopy 

 

Figure D.4. Diffuse reflectance spectrum of ammonothermally synthesized Sr3P3N7. The lamp switch 

causes the artifact around 340 nm. 

 

Figure D.5. Diffuse reflectance spectrum of ammonothermally synthesized Sr3P3N7:Eu2+. The lamp switch 

causes the artifact around 340 nm. 



D Supporting Information for Chapter 5 

 

 
187 

D.5 Luminescence properties 

 

Figure D.6. Photograph of ammonothermally synthesized red luminescence Sr3P3N7:Eu2+ powder in a 

glass capillary when irradiated with UV light. 
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E Supporting Information for Chapter 6 

Sebastian Wendl, Mathias Mallmann, Philipp Strobel, Peter J. Schmidt, and Wolfgang Schnick 

Eur. J. Inorg. Chem. 2020, 2020, 841 - 846. 

E.1 Additional crystallographic data 

Table E.1. Wyckoff positions and atomic coordinates of Ba2PO3N obtained from single-crystal X-ray 

diffraction, standard deviations in parentheses. 

Atom Wyckoff x y z Ueq [Å2] 

Ba1 4c 0.15869(3) 3/4 0.58252(2) 0.01504(5) 

Ba2 4c 0.49595(2) 3/4 0.30557(2) 0.01158(4) 

P1 4c 0.73340(10) 3/4 0.58127(8) 0.0087(1) 

O1 8d 0.7994(3) 0.5307(3) 0.6576(2) 0.0201(4) 

O2 4c 0.5226(3) 3/4 0.5847(3) 0.0213(5) 

N1 4c 0.8089(4) 3/4 0.4373(2) 0.0117(5) 

Table E.2. Anisotropic displacement parameters [Å2] of Ba2PO3N, standard deviations in parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Ba1 0.01388(8) 0.01275(8) 0.01849(9) 0 0.00218(7) 0 

Ba2 0.00967(7) 0.01371(8) 0.01135(8) 0 0.00015(6) 0 

P1 0.0085(3) 0.0085(3) 0.0092(3) 0 0.0002(2) 0 

O1 0.0219(9) 0.0160(8) 0.0224(8) 0.0074(7) -0.0031(7) 0.0011(7) 

O2 0.0126(10) 0.029(2) 0.0223(12) 0 0.0003(9) 0 

N1 0.0126(10) 0.0150(12) 0.0074(10) 0 0.0025(8) 0 
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Table E.3. Selected interatomic distances [Å] and angles [°] occurring in Ba2PO3N obtained from single-

crystal X-ray diffraction, standard deviations in parentheses. 

Ba1 – O2 2.764(2) Ba2 – O1 2.711(2) P1 – O1 1.573(2) 

Ba1 – N1 2.9156(8) Ba2 – O1 2.711(2) P1 – O1 1.573(2) 

Ba1 – N1 2.9156(8) Ba2 – N1 2.731(3) P1 – N1 1.578(2) 

Ba1 – O1 2.960(2) Ba2 – O1 2.797(2) P1 – O2 1.602(2) 

Ba1 – O1 2.960(2) Ba2 – O1 2.797(2)   

Ba1 – N1 3.043(3) Ba2 – O2 2.858(3) O1 – P1 – O1 107.81(9) 

Ba1 – O1 3.107(2) Ba2 – N1 2.858(2) O1 – P1 – N1 110.23(7) 

Ba1 – O1 3.107(2) Ba2 – O2 3.110(1) O1 – P1 – O2 107.93(8) 

Ba1 – O1 3.131(2) Ba2 – O2 3.110(1) N1 – P1 – O2 112.6(2) 

Ba1 – O1 3.131(2)     

 

 

Figure E.1. Comparison of lattice parameters of M2PO3N (M = Ca, Sr, Ba) compounds. 
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Table E.4. Results of MAPLE calculations [kJ/mol] for Ba2PO3N. Partial MAPLE values, total MAPLE value 

and deviation to sum of total MAPLE values of binary ionic compounds, forming Ba2PO3N in a hypothetical 

reaction (structural data were taken from literature).[1, 2]  

Ba12+ Ba22+ P15+ O1[1]2− O2[1]2− N1[1]3− total 

MAPLE 

1685 1912 14550 2606 2588 5036 30983 

       

2 ∙ BaO + PON(cristobalite)  

2 ∙ 3519 + 24142 31180 

      ∆ ≈ 0.63% 

 

Typical partial MAPLE values [kJ/mol]:[3] 

Ba2+: 1500-2000 

P5+: 14422-15580 

N[1]3−: 4300-5000 

O[1]2−: 2000-2800 

Table E.5. Bond-valance sums for Ba2PO3N. 

 
Ba1 Ba2 P O1 O2 N1 

 
1.876 2.407 4.686 2.064 1.781 3.063 

oxidation 

state 
2 2 5 2 2 3 

Table E.6. Results of CHARDI calculations for Ba2PO3N. 

Ba1 Ba2 P O1 O2 N1 

2.022 1.985 4.993 −2.350 −1.880 −2.420 

 

 



E Supporting Information for Chapter 6 

 

 
192 

Table E.7. Crystallographic data of Ba2PO3N obtained by Rietveld refinement, standard deviations in 

parentheses. 

Formula Ba2PO3N 

Crystal system orthorhombic 

Space group Pnma (no. 62) 

a / Å 7.5896(2) 

b / Å 5.78984(9) 

c / Å 10.1969(2) 

Cell volume / Å3 448.08(1) 

Formula units / cell 4 

Density / g∙cm−3 5.4496(2) 

T / K 293 

Diffractometer Stoe STADI P 

Radiation / Å Mo-Kα1 (0.71073) 

Detector Mythen 1K 

Monochromator Ge(111) 

2θ range / ° 2.5 ≤ 2θ ≤ 56.26 

Profile function fundamental parameters approach 

Background function Shifted Chebyshev 

Data points 3584 

Number of reflections 618 

Refined parameters 44 

Rp 0.0426 

Rwp 0.0699 

RBragg 0.0190 

Goodness of Fit 2.66 
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Table E.8. Wyckoff positions and atomic coordinates of Ba2PO3N obtained from Rietveld refinement, 

standard deviations in parentheses. Isotropic displacement parameters of P, O and N were taken from 

single-crystal XRD measurement. 

Atom Wyckoff x y z Uiso [Å2] 

Ba1 4c 0.1598(2) 3/4 0.58443(12) 0.0138(4) 

Ba2 4c 0.4959(2) 3/4 0.30508(11) 0.0073(3) 

P1 4c 0.7335(6) 3/4 0.5777(7) 0.00872 

O1 8d 0.7986(10) 0.537(1) 0.6562(9) 0.0201 

O2 4c 0.526(1) 3/4 0.5883(11) 0.0213 

N1 4c 0.809(1) 3/4 0.440(1) 0.0117 

 

E.2 Detailed information on scanning electron microscopy 

Table E.9. SEM EDX measurements of Ba2PO3N:Eu2+. 

Ba2PO3N:Eu2+ Ba P O N Eu 

measurement 1: 31.7 15.1 38.1 14.5 0.6 

measurement 2: 32.3 15.4 38.1 13.7 0.5 

measurement 3: 32.0 15.1 38.3 14.1 0.5 

measurement 4: 31.6 15.6 37.5 14.9 0.4 

Ø 31.9 15.3 38.0 14.3 0.5 

calculated 28.3 14.3 42.8 14.3 0.3 
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E.3 Detailed information on IR spectroscopy 

 

Figure E.2. FTIR (ATR) spectrum of Ba2PO3N. 

E.4 Detailed information on UV/Vis spectroscopy 

 

Figure E.3. Diffuse reflectance spectrum of Ba2PO3N. The lamp switch causes the artifact around 340 nm. 
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E.5 Luminescence properties 

 

Figure E.4. Comparison of a Ba2PO3N:Eu2+ single-crystal irradiated with white light (left) and UV light 

(right). 

 

Figure E.5. Luminescence spectra of Ba2PO3N:Eu2+ powder at temperatures ranging from 6 to 300 K. 
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F Supporting Information for Chapter 7 

Mathias Mallmann, Christian Maak, and Wolfgang Schnick 

Z. Anorg. Allg. Chem. 2020, DOI: 10.1002/zaac.202000018. 

F.1 Additional crystallographic data 

Table F.1. Anisotropic displacement parameters [Å2] of Ca1+xY1−xSiN3−xOx (x > 0), standard deviations in 

parentheses. 

Atom U11 U22 U33 U23 U13 U12 

Ca1/Y1 0.0168(2) 0.0081(2) 0.0089(2) −0.00019(18) 0 0  

Ca2/Y2 0.0173(5) 0.0114(4) 0.0114(4) 0.0007(3) 0 0 

Si1 0.0090(6) 0.0077(6) 0.0097(6) 0.0002(4) 0 0 

N1/O1 0.0162(18) 0.0106(17) 0.0104(16) −0.0012(14) 0 0 

N2/O2 0.018(2) 0.0124(18) 0.0113(17) −0.0014(14) 0 0 

N3 0.0110(19) 0.0174(19) 0.0105(16) 0 −0.0038(15) 0 

Table F.2. Selected interatomic distances [Å] occurring in Ca1+xY1−xSiN3−xOx (x > 0) obtained from single-

crystal X-ray diffraction, standard deviations in parentheses. 

Y1 – N2/O2 2.321(4) Y2 – N1/O1 2.396(4) Si1 – N3 1.714(1) 

Y1 – N1/O1 2.416(4) Y2 – N1/O1 2.459(4) Si1 – N3 1.714(1) 

Y1 – N2/O2 2.429(4) Y2 – N2/O2 2.544(4) Si1 – N1/O1 1.726(4) 

Y1 – N3 2.484(1) Y2 – N2/O2 2.6889(11) Si1 – N2/O2 1.736(4) 

Y1 – N3 2.484(1) Y2 – N2/O2 2.6889(11)   

Y1 – N1/O1 2.7086(11) Y2 – N3 3.036(4)   

Y1 – N1//O1 2.7086(11) Y2 – N2 3.036(4)   
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Table F.3. R values for single-crystal XRD refinements with different occupation models of the two (mixed) 

Ca/Y sites. 

Occupation theoretical composition 
R1 (F2>2σ(F2)); 

R1 (all data) 

wR2 (F2>2σ(F2)); 

wR2 (all data) 

Ca1/Y1: refined (21% / 79%) 

Ca2/Y2: refined (95% / 5%) 
Ca1.16Y0.84SiN2.84O0.16 0.0257; 0.0373 0.0447; 0.0465 

Ca1/Y1: fixed (0% / 100%) 

Ca2/Y2: refined (85% / 15%) 
not charge-neutral 0.0298; 0.0403 0.0664; 0.0677 

Ca1/Y1: refined (26% / 74%) 

Ca2/Y2: fixed (100% / 0%) 
Ca1.26Y0.74SiN2.74O0.26 0.0261; 0.0366 0.0510; 0.0527 

Ca1/Y1: fixed (0% / 100%) 

Ca2/Y2: fixed (100% / 0%) 
CaYSiN3 0.0413; 0.0519 0.1004; 0.1013 

Table F.4. Results of MAPLE calculations [kJ/mol] for Ca1+xY1−xSiN3−xOx with x assumed to be 0.16. Partial 

MAPLE values, total MAPLE value and deviation to sum of total MAPLE values of binary ionic compounds, 

forming Ca1.16Y0.84SiN2.84O0.16 in a hypothetical reaction (structural data were taken from literature).[1–4] 

Ca12+/Y13+ Ca22+/Y23+ Si14+ N1[1]3−/O1[1]2− N2[1]3−/O2[1]2− N3[2]3− total 

MAPLE 

(21.2%/78.8%) (94.6%/5.4%)  (92.1%/7.9%) (92.1%/7.9%)   

3673 1996 9722 4749 4793 5460 30393 

       

0.39 ∙ Ca3N2 + 0.05 ∙ Y2O3 + 0.73 ∙ YN + 0.33 ∙ α-Si3N4 

0.39 ∙ 14125 + 0.05 ∙ 15270 + 0.73 ∙ 8946 + 0.33 ∙ 52989 30289 

      ∆ ≈ 0.34% 

 

Typical values in nitridosilicates [kJ/mol]:[5] 

Ca2+: 1700-2200 

RE3+: 3500-5100 

Si4+: 9000-10200 

N[1]3−:4300-5000 

O[1]2−:2000-2800 

N[2]3−:4600-6000 
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Table F.5. Crystallographic data of Ca1+xY1−xSiN3−xOx with x assumed to be 0.16 obtained by Rietveld 

refinement, standard deviations in parentheses. 

Formula Ca1+xY1−xSiN3−xOx 

Crystal system orthorhombic 

Space group Cmce (no. 64) 

a / Å 5.34388(10) 

b / Å 10.3487(2) 

c / Å 11.2628(2) 

Cell volume / Å3 622.86(2) 

Density / g·cm−3 4.0883(2) 

Formula units / cell 8 

T / K 293(2) 

Diffractometer STOE STADI P 

Detector Mythen 1K 

Monochromator Ge(111) 

Radiation / Å Cu-Kα1 (λ = 1.5406) 

2θ range /° 5.0 ≤ 2θ ≤ 110 

Profile function fundamental parameters model 

Background function Shifted Chebyshev 

Data points 7001 

Number of reflections 229 

Refined parameters (thereof background) 83 (12) 

R values Rp = 0.0323 

 Rwp = 0.0455 

 RBragg = 0.0150 

Goodness of fit 1.700 
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Table F.6. Wyckoff positions and atomic coordinates of Ca1+xY1−xSiN3−xOx with x assumed to be 0.16, 

obtained from Rietveld refinement, standard deviations in parentheses. 

Atom Wyckoff x y z SOF Uiso [Å2] 

Ca1 8f 1/2 0.14089(7) 0.57706(7) 0.788 0.01128 

Y1 8f 1/2 0.14089(7) 0.57706(7) 0.212 0.01128 

Ca2 8f 1/2 0.4538(2) 0.64527(12) 0.946 0.0134 

Y2 8f 1/2 0.4538(2) 0.64527(12) 0.054 0.0134 

Si1 8f 1/2 0.2402(2) 0.3380(2) 1 0.0088 

N1 8f 1/2 0.3365(5) 0.4600(4) 0.921 0.0124 

O1 8f 1/2 0.3365(5) 0.4600(4) 0.079 0.0124 

N2 8f 1/2 0.0741(5) 0.3694(5) 0.921 0.0139 

O2 8f 1/2 0.0741(5) 0.3694(5) 0.079 0.0139 

N3 8e 1/4 0.2835(5) 1/4 1 0.0130 
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G Miscellaneous 

G.1 List of publications within this thesis 

 

1. Solid Solutions of Grimm-Sommerfeld Analogous Nitride Semiconductors  

II-IV-N2 (II = Mg, Mn, Zn; IV = Si, Ge): Ammonothermal Synthesis and DFT 

Calculations 

Mathias Mallmann, Robin Niklaus, Tobias Rackl, Maximilian Benz, Thanh Giang Chau, Dirk 
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G.4 Deposited Crystallographic Data 

Crystallographic data (CIF) of investigated compounds were deposited at the 

Fachinformationszentrum (FIZ) Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-

7247-808-666, e-mail: crysdata@fizkarlsruhe.de) or at the Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/structures and are available on quoting the following CSD depository 

numbers. 

 

 
Compound CSD-Number 

 
Mg0.375Mn0.625GeN2 1903084 

 
Mg0.455Zn0.545GeN2 1903085 

 
Mn0.55Zn0.45GeN2 1903088 

 
Mg0.457Mn0.543SiN2 1903087 

 
Mg0.515Zn0.485SiN2 1903086 

 
Mn0.47Zn0.53SiN2 1903089 

 
Mg2PN3 434689 

 
Zn2PN3 434690 

 
Sr3P3N7 1975990 

 
Ba2PO3N 1975933 

 
Ca1+xY1−xSiN3−xOx (x > 0) 1975994 

 

 

 


